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Abstract. The Operation System (OS) of Aviation Radio Equipment (ARE) includes such elements as equipment, or-
ganizational structure, processes, documentation, personnel, measuring equipment, consumables and information
resources, and others. When considering the problems of primary design and modernization of OSs, a large number
of problems arise that can be solved with the help of intelligent decision support systems. During the operation of
ARE, significant material resources are consumed, the amount of which is usually random. Therefore, during design,
one of the main tasks is to ensure the minimum costs. This article considers the task of cost optimization within the
organizational structure of the repair process. At the same time, the article provides analytical equations that allow
to calculate and estimate operational costs for a given organizational structure, tariffs for repair and delivery of
equipment components, and failure flow parameters. Attention is also paid to the task of rationalizing the organiza-
tional structure of the repair process, taking into account the efficiency of the decision-making procedures depend-
ing on the failure type (simple or complex). In addition, the article considers an example of several scenarios for
the possible placement of repair enterprises in the airports of Ukraine during the post-war reconstruction period.
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Notations

Abbreviations

Variables and

Al — artificial intelligence;
ARE - aviation radio equipment;
c.u. — conventional units;

Cq1. Cq12, Cyq, Gy, — costs associated with decision-making
regarding simple or complex failure;
Caet i1 — the average cost of delivering one unit
from the ith airport to the 1st airport;
C;(M|Ty) — the total cost for repairing the aviation

FT - failure type; equipment at the th airport;
OS - operation system. Cos — average operational cost;

functions:

Crep com — the average costs of eliminating
a complex failure;

Cs (M, N|Ty) - total cost of delivery of the failed unit Crep i — the average repair costs of one unit ar-

to the repair center and subsequent

repair;

riving at the main airport from the ith
airport;

Copyright © 2025 The Author(s). Published by Vilnius Gediminas Technical University

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http.//creativecommons.org/licenses/by/4.0/),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.


mailto:maximus2812@ukr.net
https://doi.org/10.3846/transport.2025.24012
http://creativecommons.org/licenses/by/4.0/

Transport, 2025, 40(1): 50-63

Crep i (M) — the average costs of repairing units
of the rth type in the non-serviceable
condition for the jth equipment in the
i th airport;

Crep sim — the average costs of eliminating a sim-
ple failure;

Cy — tariff rates for the performance of cer-
tain technological procedures;

C:q — the tariff for delivery of one unit to the
repair center [c.u./km];

Cy (M, N) — the tariff for performing repair proce-
dures [c.u./h];

E (Cs (M, N|Ts)) — the average total cost of delivery of
the failed unit to the repair center and
subsequent repair;

E (n) — the average total number of units ar-
riving at the main airport from the ith
airport (i =1, 2, 3, 4);

E(np - the average number of units in the
non-serviceable condition for the jth
equipment in the ith airport;

E (ny) - the average number of the rth type
unit in the non-serviceable condition
for the jth equipment in the ith airport;

E(t;) - the average duration of repair of the
rth type unit in the non-serviceable
condition for the jth equipment in the
ith airport;

K; — the quantity of equipment types;

L — the set of limitations;

M — the number of repair centers;

N - the number of civil aviation enterprises
operating ARE;

nj;— the random number of units in the
non-serviceable condition for the jth
equipment at the ith airport;

nyj; — the random number of rth type units in
the non-serviceable condition for the
Jth equipment at the ith airport;

O — the set characterizing organizational
structure of OS;

P11, P12 P21: P2p — conditional probabilities of decision-
making regarding simple or complex
failure;

g1 — the probability of simple failures;

g, — the probability of complex failures;

R; — the repair parameter for the ith airport;

S—the set characterizing tactical and
technical characteristics, types and
number of ARE;

S;1 — the length of the delivery route from
the ith airport (i = 1, 2, 3, 4);

Ts — the observation period;

t,i; — the duration of repair of rth type unit
for the jth equipment from the ith air-
port;

W — the set characterizing reliability char-
acteristics of the equipment;

Y1.2: V3.4 — Coefficients of proportionality be-
tween repair costs;

A — efficiency gain;

¢ — the function that establishes dependence be-
tween operational costs and components of op-
eration system;
A — the failure rate;
A1 _4— the total rate of repair requests for the 1st op-
tion of the organizational structure;
A1 2, A3 4 — the total rates of repair requests for the 2nd op-
tion of the organizational structure;
Acom — the rate of complex failures;
A;; — failure rate for the jth equipment in the ith air-
port;
A — the total failure rate of equipment units for the
ith airport;
Aj; — failure rate of rth type units for the jth equip-
ment in the ith airport;
Asim — the rate of simple failures;
§;; - the quantity of units in the jth equipment.

1. Introduction

To obtain the given level of reliability and operational ef-
ficiency of ARE in civil aviation enterprises, we can usually
use the OSs (Nakagawa 2006; Solomentsev et al. 2019).
The OS forms and implements a set of control and preven-
tive actions for its structural components, namely: equip-
ment, organizational structure, processes, documentation,
personnel, measuring equipment, consumables and infor-
mation resources, and others (Dhillon 2006; Soloment-
sev et al. 2016). The OS is not a conservative structure, it
can be improved and adjusted taking into account new
achievements of science and technology, intelligence in-
formation tools, positive experience of operation of elec-
tronic and related equipment, and others (Jardine, Tsang
2021; Tachinina et al. 2022).

In addition to tasks improvement, a class of tasks re-
lated to primary design can be distinguished (Anand, Ram
2018; André 2019). At the same time, project manage-
ment technologies, intelligent decision support systems,
multi-criteria optimization methods, and others can be
applied (Smith 2022). Intelligent systems are usually built
on the basis of Al technologies, which include statistical
processing methods, a heuristic approach, machine and
deep learning methods, approaches based on the use of
a knowledge base, logical conclusions, fuzzy logic, and
others (Poole, Mackworth 2017; Srivastava et al. 2014).

Optimization issues arise because significant mate-
rial resources are spent during the operation of ARE, the
amount of which is usually random and far exceeds the
initial cost of ARE of aviation enterprises (Ren et al. 2017;
Poberezhna 2021). Therefore, during the design process,
one of the main tasks is to ensure minimum costs (Galar
et al. 2017; Poberezhna, 2017).

Anotherimportant problem during the operation of ARE
is the analysis of the processes of deterioration of the tech-
nical condition (Sugier, Anders 2010). The inevitable factors
of degradation of electronic components affect the efficien-
cy of operational processes, increasing costs and increasing
the risk of dangerous situations, which in particular reduc-
es the level of flight safety (De Jonge, Scarf 2020; Liu 2021).



The modern development of technologies and com-
puting capacity of computer technology has caused a tran-
sition to the concepts of Industry 4.0 (Kant, Gurung, 2023).
Accordingly, there is an urgent need to collect data from
the components of the OS. These data can be a source for
making more effective management decisions regarding
the formation and implementation of preventive actions
in order to increase the efficiency of equipment operation
(Duda, Gasior, 2021; Frenz 2022).

During the design, there are tasks related to the deter-
mination of quantitative and qualitative indicators charac-
terizing all elements of the OS (Modarres, Groth 2023). The
main process in the OS is the process of equipment use for
its functional purpose (Gertsbakh 2000). Other processes
are aimed at ensuring this process, which are auxiliary.
These processes include maintenance and repair, resource
extension, monitoring and control, environmental protec-
tion, labor protection, provision of security and fire alarms,
professional skills development, and others (Karakoc et al.
2024; Raza, Ulansky 2021).

From the point of view of system and process ap-
proaches, each component of the OS should be character-
ized by input, output, auxiliary resources and management
actions (Gasiorkiewicz 2020). The chain of management ac-
tions can be considered as a feedback loop to increase the
efficiency and improve the OS elements based on the pro-
cessing of collected statistical data (Ayers 2000; Gongalves
Machado et al. 2019).

The process of use for the functional purpose is accom-
panied by the occurrence of failure, damages and misfunc-
tions (McPherson 2019; Okoro et al. 2022). To eliminate
their consequences, a repair process is carried out, the pur-
pose of which is to restore the functionality of the equip-
ment. The repair process is implemented in the relevant OS
subsystem. For this subsystem, the tasks of organizational
structure building of this system, determining the control
and measuring equipment, technical personnel, preparing
regulatory documentation must be solved (Rausand et al.
2021; Solomentsev et al. 2024).

Failures can be caused by internal and external factors
(Bourassa et al. 2016; Freisinger, McCarthy 2024). The in-
ternal ones include failures of radio components, structural
connections, wires, generating devices due to aging pro-
cesses, instability of power sources, and others. The exter-
nal factors of failure can be attributed to the environment,
in particular humidity, pressure, temperature, weather con-
ditions, the presence of dust, as well as electromagnetic
compatibility, disturbances and noises that are both natu-
ral and organized in nature. Separately, it is also possible to
highlight the human factor, which is accompanied by the
formation of incorrect decisions and appropriate actions
(Mygal 2024).

The process of eliminating failures and their conse-
quences can be carried out in 2 ways (Chen et al. 2019):
= on the basis of preventive actions;
= by restoring the serviceability.

Preventive actions can be formed within the framework
of the implementation of the basic ideas of predictive and
prescriptive maintenance (Ucar et al 2024; Yildiz, Soylu
2023). In accordance with this, the technical condition of
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the equipment is monitored and information on changes
in the determining parameters is measured. The use of
advanced data processing tools, in particular based on Al,
makes it possible to perform a forecast of the remaining
useful life of the equipment before the predicted failure
occurs (Zhao et al. 2022). Usually, this approach assumes
the presence of preventive and operational tolerances in
the monitoring and data processing system, the crossing
of which is controlled or predicted in the future by the
value of the determining parameter (Grall et al. 2002). The
obtained processing results are the basis for preventive ac-
tions, which are aimed at eliminating the negative causes
of possible failure and bringing the equipment to normal
operational conditions.

The serviceability recovery eliminates the consequenc-
es of failure (Boylan, Syntetos, 2010). This process includes
procedures for: (1) searching for the failed equipment ele-
ment; (2) repair; (3) checking the serviceability of equip-
ment after repair (Rahito et al. 2019). In this case, the failure
has already occurred and it was not possible to eliminate it
preventively. When considering repair processes, it should
be noted a large number of random factors that should be
taken into account. Among these factors are random fail-
ure processes in randomly selected equipment blocks, the
human factor, errors of control and measuring equipment,
and others (Goncharenko 2017). All this leads to the need
to consider repair processes and other related operational
processes from the point of view of the tolls of probability
theory and mathematical statistics.

From an analytical point of view, the task of optimizing
the organizational structure of ARE OS is a quite difficult
one, in particular, due to the large number of parameters
describing OS.

Indeed, the concept of equipment operation includes
such life cycle processes as transportation, storage, com-
missioning, maintenance, and repair. These processes are
implemented in the relevant technological systems or
subsystems of OS. This means that in each case there is
a certain vector of parameters for the description of the
technological system, which includes the parameters of or-
ganizational, technological, personnel, and other descrip-
tions of OS. During optimization of the OS organizational
structure, it is necessary to take into account the models of
other descriptions of the OS components. Otherwise, the
found organizational solutions may not be very effective.
In the literature devoted to the theory and practice of the
operation of multi-energetic systems, the task of analysing
the efficiency of the organizational structure of the ARE re-
pair subsystem was practically not considered. At the same
time, it is usually understood that the task of finding the
optimal organizational structure of the ARE repair subsys-
tem is reduced to the analysis of the efficiency of one or
another variant of this subsystem building.

Let's perform the formulation of the problem in gen-
eralized functionals. We will assume that the average op-
erational cost Cps is a generalized indicator of efficiency.
These costs depend on the following constituent elements:
= organizational structure of OS O;
= tariff rates for the performance of individual technologi-

cal procedures Cy;
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= tactical and technical characteristics, types, and number
of ARE S;
= reliability characteristics of the equipment W.
At the same time, the OS functions within certain limita-
tions imposed by the set L. Taking this into account, the av-
erage operational costs can be represented as a function:

Cos = ®(O(S), Cr, WIL). (1)

The main task is to determine such an organizational
structure that will ensure minimum costs, i.e.:

Cos min = iNf@(O(S), G, WIL). @)

Therefore, the purpose of this article is to optimize costs
within the organizational structure of the repair process. At
the same time, the main attention will be paid to analytical
equations that allow to calculate and estimate operational
costs for a given organizational structure, tariffs for repair
and delivery of equipment components, failure flow pa-
rameters, and the type of failure (simple or complex).

The specified problem, which is solved in this article, is
directly related to the tasks of transport sciences:
= optimization of the technological loading of resources
used for the repair of ARE for the flight support;
timely and high-quality repair of ARE for the flight sup-
port in repair centers directly affects the stability of the
functioning of the transport system, in particular the
safety of aircraft flights;
the article is aimed at solving tasks related to the trans-
port economy, in particular, building the organizational
structure of repair centers for the civil aviation airports.

The article's findings give the ability to develop the
optimal structure of repair centers for ARE in Ukraine for
the period of post-war reconstruction. The main theoreti-
cal contribution of the article is associated with new meth-
ods synthesis and analysis in the theory and practice of
equipment operation. The proposed approaches are not
limited to ARE and can be extended to other elements of
the transport sector.

The article is organized as follows:
the Section 1 - is introduction;
= the Section 2 describes the general methodology of or-
ganizational structure optimization for the repair pro-
cess taking into account geographical location of air-
ports, tariffs for repair, tariffs for delivery of equipment
components, and failure flow parameters;
the Section 3 considers the possibility of operational
costs minimization based on improvement of decision-
making on the complexity of failure;
the Section 4 shows the numerical examples and discus-
sions.
the main results are concluded in the Section 5.

2. Method of organizational structure
optimization for the repair process

We will assume that there is one central body at the state
level, located, for example, in the capital, which manages

the operation processes of ARE and performs repair pro-
cedures with equipment units that cannot be repaired by
personnel in civil aviation enterprises. Let's suppose that
the efficiency of the repair subsystem can be estimated
using the average total cost E (Cs (M, N|Ts)) of delivery of
the failed unit to the repair center and subsequent repair
during the observation period Ts. In this case, M is the
number of repair centers, N is the number of civil aviation
enterprises operating ARE.

In case of using Ukraine as a case study, from a geo-
graphical point of view, the central repair center in Kyiv
is located in the northern part of the country, so it can be
intuitively concluded that the delivery of equipment units
with failures from the southern and other regions will be
quite expensive and long-lasting.

Taking this into account, the essence of the proposed
method of improving the organizational structure of the
repair process is associated with the necessity to create
several repair centers to reduce the total costs Cs (M, N|T)
of repairing equipment operated in N enterprises. Ac-
counting the large number of parameters that affect the
value of the Cs (M, N|Ty) indicator, we will perform the cal-
culations for 2 examples of organizational structure.

The 1st option of the organizational structure involves
one repair center. Let there be a total of 4 airports and
corresponding enterprises N = 4, and the repair center is
located at the 1st airport M = 1.

The 2nd option of the organizational structure involves
2 repair centers. Let these centers for 4 airports N = 4 be
located in the 1st and 4th airports M = 2.

The location of airports and repair centers for 2 options
of the organizational structure are shown in Figures 1 and 2.

Airport #1
./'m Repai
epair center
A

Airport #2

Airport #4

Airport #3 1L

Figure 1. The example of organizational structure with
one repair center (source: own elaboration of the authors)

Airport #1
/E Repair center #1

Airport #2

Airport #4

Repair
center #2

Airport #3

Figure 2. The example of organizational structure with
2 repair centers (source: own elaboration of the authors)



We will assume that K; types of equipment are oper-
ated in the ith airport. In the event of equipment failure,
the unit with the failure is searched for and replaced with
a serviceable one from the number of unit spare parts.

To restore the fund of spare parts, the unit that failed is
delivered to the repair center, where procedures are per-
formed to restore serviceability or replace it with a service-
able unit. After that, the unit is returned to the operating
company. At the same time, the efficiency indicator in the
form of total costs C; (M, N|T;) will take into account the
costs of units delivery, repair costs, and reliability proper-
ties of the equipment. In the general case, the value of Cs
(M, N|Ts) is random due to the stochasticity of the failure
flow of ARE and because the repair cost is also random
depending on the type of equipment and the particular
failed unit.

Consider the ith airport. Let the jth equipment contain
G;; units, where j € [1, Ki]. We denote C,, ;; as the average
cost of delivering one unit from the ith airport to the 1st
airport, where the repair center is located, n; as the ran-
dom number of units in the non-serviceable condition for
the jth equipment at the ith airport, and n,j; as the random
number of rth type units in the non-serviceable condition
for the jth equipment at the ith airport. Let's include the
parameter C,,, ; (M) - the average costs of repairing units
of the rth type in the non-serviceable condition for the jth
equipment in the ith airport, provided that the number of
repair centers is equal to M. Taking into account the intro-
duced variables, the total costs of repair of the jth equip-
ment from the ith airport during the observation period
will be a random variable equal to:

9

Cji <M|Tz) =2:Cher 17N +Zcrep i (M)'nrji'
r=1 (3)
We define the parameter C,,;; using a variable related
to the distance of the ith airport from the repair center:

Coet it = Cia * Sir- (4)

The parameter C,, ; (M) will be determined with the
help of variables that W|I| contain the costs of creating a re-
pair base for the maintenance of aviation equipment from

4 airports:
Crep i (M) =C,r (M. N)-t,;. )

On the one hand, the parameter C,, (M N) will be de-
termined by the cost of control and measuring devices in
the repair center, and on the other hand, will depend on
the average number of repair requests.

Taking into account Equations (3)-(5), we will deter-
mine the total costs for repairing the aviation equipment

at the ith airport: p

Ci(M|Tz)=2-Ctd-S”- ni+
j=1

ZECU (M,N)- 6)

Jj=1r=1
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For the 1st option of the organizational structure, there
will be no delivery costs from the 1st airport. Then the
equation for total costs will take the following form:

K;
CZ(M,N|T =2Cy- Z g Z

j=1
55 ) ™

i=1 j=1r=1
The average value of the costs Cs (M, N|Ts) can be de-
termined by averaging with respect to the random vari-
ables presented in the Equation (7), so:

E(C (M NITy))=2-C, 24: Sn'iE(”ﬁ) *
333 el el .

For an assumption about the simplest flow of failures,
let us denote: A; is failure rate for the jth equipment in the
ith airport, Aj; is failure rate of rth type units for the jth
equipment in the ith airport. Then we will get during the
observation period:

E(nﬁ):)\N.T;

E(nrﬂ):)\rﬁ-Tz;
A= A 9

Taking Equation (7) into account, we present Equa-
tion (6) as:

E((:z (M=1N=4 |T2)) -

4 K;
Z'Ctd'Tz'Z Sn'Z)‘ﬁ +
i=2 j=1
Cp (M=1 N=4)T;x
9

-3 lelul )

i=1 j=1 r=1

N

Similar equations can be obtained for the 2nd option of
the organizational structure. At the same time, the equa-
tion for the efficiency indicator will take the form:

E(G(M=2, NK: 411;))=

K3
2:Cpy Ty 521'2)‘j2+534'2)‘13 +
= =

Ctr( =1, Airpor‘t#1)~T X

5 et

i= r=1

Ctr( =1, Airport#4)~T X
K, t9

322( (fﬂ) ”’) an

i= r=1
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We consider that the tariffs for performing repair pro-
cedures C, (M =1, Airport #1) and C,, (M =1, Airport #4)
in Equation (11) differ in values, since the total flows of
faulty units, which are repaired at the 1st and 4th airports
are also different. Let's define these parameters through
C,r (M=1,N =4}, which corresponds to the 1st option of
the organizational structure. Let )\K[ be the total failure rate
of equipment units for the ith airport, i.e.:

K;
A = Zxﬁ. (12)
j=1

For the 1st option of the organizational structure, the
total rate of repair requests is:

4
Ma=> M- (13)
i=1
For the 2nd option of the organizational structure, the
total rate of repair requests is:
Moo= )\K1 ‘H‘K2 ;
A3 4= )\K3 +)\K4 . (14)

Let the repair centers have control and measuring
equipment of the same value, so we will get it:

G, (M =1, Airport#1) =G, (M =1,N= 4)~y112;

C

i (M=1 Airport #4)=C, (M=1,N=4)-y; ,, (15)

where: 4
L M
Vi =t =B
L W
4
M4 ;}\Ki
Y3,4 = =5 5

Mg A A,

Since the coefficients A, and A3, are greater than 1,
the tariffs for repair procedure for the 2nd option will be
higher than for the 1st option of organizational structure.

Thus, with the help of the obtained Equations (3)—(15),
it is possible to perform an analysis of the efficiency of
the organizational structure of the subsystem of the re-
pair of ARE in the presence of one or more repair cent-
ers. Let's perform the following analysis for the considered
2 options. For this purpose, let's compare Equations (10)
and (11). To simplify the mathematical calculations, we in-
troduce the repair parameter for the ith airport:

K %
Ro= S5 (Eft) A (16)

j=1r=1
Taking into account Equations (15) and (16), Equation
(10) for E(C; (M =1,N = 4|T; )| will have the form:

E(CZ<M:1,N:4|TZ)):

2-Cy 'Tz'(szr)‘/(z +531')‘/<3 4‘541')‘/<4)+

Cyp (M=1, N=4)T;x

(Ry+Ry+ Ry +R,). an

Equation (11) for E(C; (M =2 N=4]T;)] will have
the form:

E(C(M=2,N=4]T;))=

2-Cog Ty (S Mo, +Saa A | +

C, (M =1, Airport #1).T;

(V1,2'R1+V1,2'R2+V3,4'R3+V3,4'R4), (18)

where: S34 — is length of delivery route from 3rd to 4th
airport.

By subtracting Equation (18) from Equation (17), we get
the value:

A=E(CG(M=1N=4]T;))-

E(C(M=2,N=4]T;))=
2:Crg - Ts Ay, '(531_534)+
2:Cg Ty Mg, S+

c, -Tz-(1—y1’2)~(R1 +R,)+

Cor Ty (1= Vs.4)-(Rs +R,). (19)
It can be proved that:
A +A
T 0)
' )‘/q —H\KZ 1-v3, 4
Then,

A=2-Cpg Ty - N, ~(S31—=S3) +
2:Cog Ts A, "Sar+

Cy Ty (1=v (R R ) +

@1

Let's make a number of assumptions. Let the flows of
repair requests in both repair centers be approximately
the same, then 1-y, , ~ —1. Let's the average duration
of repair of the rth type units for the jth equipment in
the ith airport be a constant value equal to one hour, i.e.
E(trji> =1. Then the repair parameter — Equation (16) — will
be equal to:

K;
R = Z)‘ﬂ' (22)
j=1
From this we get a simplified Equation (18) of the form:
A=2-Cy-Ty-Ny ~(S31—S34)+
2:Cog Ty N, " Sar—
Co Ty +2, + A, A, ) (23)
If we divide Equation (23) by T;-A, and take into ac-

count the assumption made regarding the approximate
equality of the flow of repair requests, we get:

A
Ts Ay

=2:Cog+(S31= 534 +541) = 4Gy, (24)
Let's make an approximate estimate of value — Equa-
tion (24). Let we have the following initial data: S3; =



150 km, S35 = 100 km, S41 = 160 km, C;y = 0.03 c.u./km,
Ci = 2 cu/h. Then:

~2.0.03-(150-100+160)—4-2 = 4.6.
Tz‘)‘/q

Thus, the difference in total costs is a positive value,
which means that the 2nd option of the organizational
structure of the repair process is more effective one. For
arbitrary cases of initial data, Equation (19) should be ap-
plied without unnecessary assumptions and restrictions.

So, using the calculations for 4 airports, we can get the
equations for arbitrary number of airports.

3. Decision-making support for
the ARE repair process

Let's consider the issue of rationalization of ARE OS due to
the use of decision-making schemes regarding the com-
plexity of the repair procedure. At the same time, we as-
sume that the cause of the loss of operational efficiency
of the equipment can be either a simple failure that can
be eliminated directly at the airport where the equipment
is operated, or a complex failure that can be eliminated at
a special repair center.
Logically, the cost of the repair procedure during sim-
ple failures is much less than the cost of the repair proce-
dure during complex failures. It is intuitively clear that if
we apply decision-making schemes regarding the nature
of failures, we can save resources in cases where, during
simple failures, the equipment does not need to be taken
to a special repair center. Mistakes are possible during
decision-making, so the positive effect of the proposed ra-
tionalization will be smaller.
Figure 3 schematically shows the following points:
= the objective state of faulty equipment in which a simple
or complex failure occurred;

= the rate of these 2 types of failures Ay, and A,,. The
sum of these intensities is equal to the intensity of
equipment failures, i.e.:

A=A +A (25)

sim com*

In the general failure flow, equipment with probabil-
ity g has simple failures and with probability g, — com-
plex failures. In this case:

A
sim + com
A
Gy =720 (26)
)\sim + )\com

decisions are made regarding the type of failure (simple
or complex). Let's denote the conditional probabilities of
making a decision as follows: p4; is the conditional prob-
ability of making a decision regarding a simple failure
in the case when a simple failure objectively occurred;
P, is a conditional probability of making a decision
regarding a complex failure in the case when a simple
failure objectively occurred; p, is conditional probabil-
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ity of making a decision on a simple failure in the case
when a complex failure objectively occurred; p,, is the
conditional probability of making a decision regarding
a complex failure in the event that a complex failure ob-
jectively occurred. For these probabilities, the normaliza-
tion condition is fulfilled, i.e.:

Pritpp ="
Py1t+ Py =1; (27)

= costs associated with making relevant decisions are Cy,
Ci2. Cyq, and Cyy.

To check the efficiency of taking into account the type
of failure, we will use the 1st option of the organizational
structure of the repair process (Figure 1). As an efficiency
indicator, we will use the average total repair costs without
classification and with FT classification, i.e.

E(C; (M, N |T;, with FT)) and E(C; (M, N | Ty, without FT ).

As a basic analytical equation, we will use the average
total costs for the repair as follow:

E(G(M=1N=4T;))=
2'Cde121'E(”2>+2'Cde131"-'-(”3)+

2-Ceta1 ‘E(”4)+Crep1 'E(”1)+
Crepz'E<”z)+Crep3'E<”3)+Crep4'E(”4>- (28)

For simplification, we will assume that all repair costs
Crep i are the same in magnitude, then Equation (28) will
take the following form:

E(G(M=1N=4T;))=
4 4
2> Caer 1 E(n)+ Crapis > _E(m). (29)
i=2 i=1
We believe that the 1st airport can repair units that
had simple and complex failures. In all other airports, it is
possible to restore operational capacity only after simple
failures. Let Cpp sim and Crep com be the average costs of
eliminating a simple and complex failures, respectively.
Let's consider the option without failure classification.
In all airports, except the 1st one, costs are formed as fol-
lows. If, objectively, a simple failure occurred at the ith air-
port, then the unit is delivered to the 1st airport, where
a simple repair with the cost of C, sy is performed. After
repair, the unit returns to the ith airport, that is, we have
average costs for one unit at the level of 2.C,,; ;; + Crep sim-
If, objectively, a complex failure occurred at the ith airport,
then the unit is delivered to the 1st airport, where a com-

Objective conditions Decisions | Costs

Simple failure

Simple failure Pu Cu
Complex failure |
n
. Simple failure
Failure o Complex failure Cxn
Complex failure
(&7)

Figure 3. Scheme of cost formation in the OS with classification
of equipment FTs (source: own elaboration of the authors)
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plex repair is performed with the cost of C, o and the

average costs will be equal to 2-C,, ”+Crep N |
consider the Airport #1, then the cost formation scheme
will be the same only without the cost of delivery. Then,
the average total repair costs without failure classification

will be as follows:
E(Cs (M =1,N = 4Ty, without FT)) =
E(m)-q,-C

rep sim

+E(n1)~q2~Cr +

ep com

E(n4 9, '(2’ Cde[41 + Crep com) : (30)
After mathematical transformations, we get:

E(Cz (M =1,N = 4]T;, without FT)) -
4
(q1 ' Cfep sim T 92° Crep com)'ZE(ni) +
4 -

=]
2“71'Z<Cdeli1'E<ni))+ |
i—2
4
2-q, 'Z(Cdel i 'E(”i>) =
—2
(q1 ' Crelp sim T2 Cfep Com).ZE(ni) *
i

4
Z-Z(Cde[“-E(ni)). (31)
=2

Let's consider the option with the classification of fail-
ures. 1st, we will determine the costs at the Airport #1. If
objectively there was a simple failure, then we believe that
in cases of correct and false classification, repair procedure
with the cost Cpp, i is still performed. The same situation
occurs in the case of a complex failure. The costs associ-
ated with making these decisions will be equal to:

Ci=GC,= Crep sim’

C=0Cp=C

rep com*

N

32

In the case of the ith airport, we consider that in the
case of a correct simple failure classification, the unit is re-
paired at the ith airport and the costs are Cp 5. In other
cases, the unit is delivered to the 1st airport, where repairs
are carried out according to the actual condition of the
unit. The costs associated with making these decisions will
be equal to:

Ch= Crep sim
Cio=2Chen €

rep sim’

C1=Cp=2Chn+C

rep com*

(33)

Then the average total repair costs with the classifica-
tion of failures will be as follows:

"33 P21 Crep com + E(n1)-q2 P22 Crep com T

G- P11 Crep sim T

'q1'P12'(2'Cde121 +Cep sim)+

0 (Pay +P22)'<2'Cde121 +Crep com)+

01 P11 Crep sim T

"Gy Pra '(2'Cde131 +Crep sim)+

0 (Por+ Pzz)'(z' Caet31+ Crep com) +

01 P11 Crep sim T

Gy P12 '(2'Cdel41 +Crep sim)+

E(ny)-a,-(Par JrPzz)‘(z’cdelm T Crep com)' (34)
After mathematical transformations, we get the follow-

ing:
E(Cs (M =1,N = 4Ty, with FT)| =

4
(Cﬁ ’ Crep sim T2 Crep com ) ZE (ni ) +

-
4 i

2-(¢r Py +q2>'Z(Cde[ ”E(n[)). (35)

i=2
Let's compare the efficiency of 2 options for organizing
repair procedure with and without classification of FTs. To
do this, we will define the difference:

A =E(Cy (M=1,N=4]T; without FT )|

E(Cy (M =1N=4]T; with FT)) =
4

2'(1_‘71'P12_qz)'Z(Cdeln'E(”i))- (36)

i=2

According to the Equation (36), we have A > 0 and, in
principle, the option of organizing repair procedure with
the classification of FTs is more effective than the option
without classification.

If only complex failures occur, then g, = 1 and, ac-
cordingly, g1 = 0 and A = 0. That is, the efficiency of the
compared options is the same. If only simple failures oc-
cur, then gq = 1 and, accordingly, g, = 0. If we make the
assumption that there are no errors during classification,
then we get p;, = 0 and:

A= ZA;(Cde[ i1‘E(”1))-

Thus, on a specific example with a given number of air-
ports, the efficiency of the use of decision-making schemes
regarding the types of failures in the ARE OS is proven.

4. Results and discussions

In this section, we will consider examples of the applica-
tion of the proposed methods for the infrastructure organ-
ization of ARE repair centers in Ukraine. At the same time,



options for the structure of repair centers for Ukrainian air-
ports before the start of the war (January 2022) and during
the post-war reconstruction period will be considered and
compared. We will assume that due to the military actions,
a certain part of airports was damaged, for the restoration
of which significant financial resources are needed.

In general, as of the beginning of the war, 17 interna-
tional airports were functioning in Ukraine, the network of
which is shown in Figure 4. Let us assume that after the
end of the war, 5 airports lost their functionality. Let's these
airports be Mariupol, Mykolaiv, Kherson, Kharkiv, Zapor-
izhzhia. These airports are shown in red dots on Figure 5.
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Figures 4 and 5 contain the following designations
of airports: Boryspil (UKBB), Cherkasy (UKKE), Chernivtsi
(UKLN), Dnipro (UKDD), Kharkiv (UKHH), Ivano-Frankivsk
(UKLI), Kherson (UKOH), Kryvyi Rih (UKDR), Lviv (UKLL),
Mariupol (UKCM), Zaporizhzhia (UKDE), Mykolaiv (UKON),
Odesa (UKOO), Rivne (UKLR), Uzhhorod (UKLU), Vinnytsia
(UKWW), Kyiv (UKKK).

Distances in kilometers between the correspondent air-
ports are marked on the edges of the graph (Figures 4 and 5).
For a more thorough analysis and further calculations, the
distances between airports are also given in Table 1.
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Figure 4. Chart of Ukrainian airports before January 2022 (source: own elaboration of the authors)
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Figure 5. Chart of Ukrainian airports during the post-war reconstruction period (accepted scenario)
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Table 1. The distances between Ukrainian airports (source: own elaboration of the authors)

3 ¢ 2|8 /8 |z|g|¢8

D ) ) ) ) D ) )
UKBB 0 152 480 381 704 534 464 311
UKKE 152 0 487 253 704 562 318 159
UKLN 480 487 0 704 791 97 544 562
UKDD 381 253 704 0 169 789 291 145
UKDD 704 304 791 169 0 866 454 280
UKLI 534 562 97 789 866 0 640 649
UKOH 464 318 544 291 454 640 0 464
UKDR 311 159 562 145 280 649 192 0
UKLL 554 613 209 854 911 123 737 721
UKCM 591 462 886 211 290 976 387 330
UKDE 444 305 722 78 237 811 253 164
UKON 387 249 465 295 443 560 91 163
UKOO 476 354 422 415 565 519 146 286
UKLR 360 444 247 695 729 237 637 575
UKLU 692 729 256 956 | 1033 | 167 796 816
UKWW 250 265 232 504 569 298 425 373
UKKK 68 166 412 415 431 466 453 322

o 0 DO D! O Do Do Do o | oD

554 591 444 387 476 360 692 250 68
613 462 305 249 354 444 729 265 166
209 886 722 465 422 247 256 232 412
854 211 78 295 415 695 956 504 415
911 290 237 443 565 729 | 1033 | 569 431
123 976 811 560 519 237 167 298 466
737 387 253 9 146 637 796 425 453
721 330 164 163 286 575 816 373 322

0 1051 885 652 625 205 161 350 489
1051 0 166 435 532 901 1141 703 626
885 166 0 281 391 738 977 538 471
652 435 281 0 123 547 720 335 369
625 532 391 123 0 558 667 357 444
205 901 738 547 558 0 360 212 299
161 1141 977 720 667 360 0 464 625
350 703 538 335 357 212 464 0 184
489 626 471 369 444 299 625 184 0

During calculation and simulation for efficiency analy-
sis, a number of assumptions were made:
= each airport meets the requirements set for international
airports. Therefore, we believe that each of them has
10 types of ARE, sufficient to perform the functions of
flight support;

= each type of ARE has a number of units that is gener-
ated using a random number generator with a uniform
distribution in the range from 5 to 10;

= failure rates for each ARE unit are generated using
a random number generator with a uniform distribution
in the range from 0.0001 to 0.0003 1/h;

= the repair duration of each unit is a normally distributed
random variable with a mean of 5 h and a standard de-
viation of 1 h;

= the tariff for delivery of one unit to the repair center is
Cg = 0.02 cu/km;

= the tariff for one unit repair is C;, (M, N) = 5 c.u./h.

To determine the possible options for the organiza-
tion of the ARE repair centers infrastructure, one of the Al
methods, namely the method of k -means clustering was
used. This method is non-parametric, which means that it
does not require knowledge about the parameters of the
training sample and their distributions. For the method, it
is enough to specify only the number of clusters. In this
article, we considered infrastructure options with one, 2,
and 3 repair centers within the country. In the case of one
repair center, its location will be determined by averaging
the geographic coordinates of all airports. At the same
time, the center will be selected based on the criterion of
the minimum distance to the airport.

In the case of 2 and 3 repair centers, their location was
chosen based on the criterion of the minimum distance to
the formed centroids. At the same time, the final coordi-
nates of the centroids according to the k-means clustering

method are determined iteratively until they stop changing
at the next iteration.
The formation of clusters for the case of 17 airports
(pre-war period) and 12 airports (post-war period) is shown
in Figures 6 and 7.
For the case of 2 clusters and 17 airports, the nearest
airports to the centroids are the airports in Kryvyi Rih and
Ivano-Frankivsk. For the case of 3 clusters and 17 airports,
the nearest airports to the centroids are the airports in
Dnipro, Cherkasy, and Ivano-Frankivsk.
For the case of 2 clusters and 12 airports, the nearest
airports to the centroids are the airports in Cherkasy and
Ivano-Frankivsk. For the case of 3 clusters and 12 airports,
the nearest airports to the centroids are the airports in Kyiv,
Kryvyi Rih, and Ivano-Frankivsk.
Based on this, we can form 8 research scenarios with
the aim of obtaining quantitative evaluations of efficiency
in the form of average total repair costs:
= scenario 1 - repair center in Kyiv (pre-war period, 17 air-
ports);
scenario 2 — repair center in Boryspil (pre-war period,
17 airports);
= scenario 3 — repair centers in Kryvyi Rih and Ivano-
Frankivsk (pre-war period, 17 airports);

= scenario 4 — repair centers in Dnipro, Cherkasy and Iva-
no-Frankivsk (pre-war period, 17 airports);

= scenario 5 — repair center in Vinnytsia (post-war period,
12 airports);

= scenario 6 — repair center in Kyiv (post-war period,
12 airports);

= scenario 7 — repair centers in Cherkasy and Ivano-
Frankivsk (post-war period, 12 airports);

= scenario 8 — repair centers in Kyiv, Kryvyi Rih and Ivano-
Frankivsk (post-war period, 12 airports).
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During the simulation, it was assumed that the equip-
ment operated continuously throughout the observation
period. The observation interval was limited to one year.

A more detailed analysis should take into account not
only repair costs but also the organization of the repair
center, namely: measuring equipment, stands, personnel,
etc. In this simulation, the task was to check the appropri-
ateness of increasing the number of repair centers accord-
ing to the criterion of minimum operational costs.

The simulation results for the specified scenarios are
shown in Figure 8.

According to Figure 8, the introduction of additional
repair centers increases the efficiency of ARE OS from the
point of view of minimizing operational costs. At the same
time, the profit from using 2 repair centers for 17 airports
compared to the one center’s best location is 35.4%. The
profit of using 3 repair centers for 17 airports compared to

the one center’s best location is 42.1%. The difference be-
tween 2 and 3 repair centers is insignificant and equals to
6.7%. This value is relatively small compared to the cost of
organizing a 3d repair center, so the use of 2 repair centers
is more attractive at this stage of the analysis.

The profit of using 2 repair centers for 12 airports com-
pared to one center's best location is 29.5%. The profit of
using 3 repair centers for 12 airports compared to one
center’s best location is 35.6%. As it can be seen, the dif-
ference between 2 and 3 repair centers is insignificant and
equals to 6.1%. In the period of post-war reconstruction
of Ukraine, the use of 2 repair centers looks also more at-
tractive.

Performing a general analysis of the proposed ap-
proaches, it should be noted the use of the clustering
method as an element of Al. Using the clustering method,
it was possible to form a number of alternative options for
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the placement of nodal repair centers. In the future, it is
possible to form other options for the placement of cent-
ers, if we take into account the cost of delivery and repair
operations of ARE, the cost of deploying a repair center
with justification for the types of necessary equipment, the
number of workplaces, personnel, and others.

It should be noted that the development and moderni-
zation of sub-systems for the repair of ARE are carried out
in management decision support systems. These systems
monitor the condition of the repair process components
and, if necessary, make adjustments to certain components.

It is advisable to periodically analyse the parameters in
the equations given in the article using appropriate meth-
ods of examination of this subject area. At the same time,
it is necessary to collect statistical data on fluctuations in
the cost of deliveries of equipment elements, changes in
tariffs for repair procedures, changes in the amount of
equipment at airports and its failure and damage statistics.
This approach makes it possible to develop and optimize
the infrastructure of repair centers for the aviation industry
within any state. In addition, these approaches can be ex-
tended to other types of transport.

In general, the results of the research can be used
in project organizations, state regulatory bodies for civil
aviation activities, individual airports and their associa-
tions, where ARE is operated. The prospects of using the
obtained results should be associated with the wide ap-
plication of Al methods and technologies, the principles of
adaptability, systematicity and functional integrity for the
effective solution of ARE repair issues.

5. Conclusions

The article is devoted to the development of methods for
optimizing the organizational structure of the process of
ARE repair.

The optimization problem is solved from the point of
view of 2 directions. The 1st direction was related to the
evaluation of the efficiency of the organizational structure
of ARE OS during the repair process, taking into account
the costs of delivering units with failures to the repair cent-
er and the costs of the repair procedure. The 2nd direc-
tion was related to the rationalization of the organizational
structure of ARE OS, taking into account the efficiency of
decision-making procedures regarding the implementa-
tion of a certain type of repair procedure, depending on
the type of failure (simple or complex). In the event of
a simple failure, repair procedures can be performed by
the personnel of the airport where the equipment is lo-
cated. In case of complex failures, it is advisable to carry
out repairs in specialized repair centers. Analytical equa-
tions were obtained during the research, and made it pos-
sible to substantiate the possibility of further reduction of
operational costs.

The use of the given approach to improving ARE OS
can be used during solving applied problems with a ran-

dom number of airports, their random geographical loca-
tion, different types of equipment in each of them, differ-
ent reliability properties, and different types of observed
failures.
In general, the scientific novelty of the obtained results
is related to taking into account a large number of param-
eters that characterize the process of repairing ARE. It is
especially necessary to emphasize that possible errors in
the classification of failures are taken into account when
dividing them into simple and complex. It should also be
noted that the clustering method was used when deter-
mining the geographic location of repair centers. This ap-
proach corresponds to the elements of Al.
The article presents a comparative analysis of 8 sce-
narios for the organization of the infrastructure of repair
centers in Ukraine for the pre-war period and the period
of post-war reconstruction (4 scenarios each). The coordi-
nates of the repair centers were obtained based on averag-
ing the data on the longitude and latitude of the airports
in Ukraine (in the case of only one repair center usage)
and using k-means clustering technique for corresponding
data (in the case of k repair centers usage). An approximate
assessment showed that it is enough to have 2 repair cent-
ers for the period of post-war reconstruction of Ukraine to
ensure minimal operational costs and acceptable initial in-
vestment for the deployment of these centers. Analysis of
performed calculations and simulation of various scenarios
shows that the use of 2 repair centers allows to reduce op-
erating costs for repairs in the range of 21 to 43 percent.
Using a 3rd repair center increases efficiency by up to 8%.
The obtained results are of great practical importance,
when in the period of the post-war reconstruction of the
aviation industry of Ukraine there will be significant restric-
tions on expendable resources and it will be necessary to
search for rational options for the organizational infra-
structure of repair centers for elements, blocks and com-
ponents of ARE.
Further scientific research will be aimed at:
= developing an optimal structure for the placement of
repair centers for civil aviation equipment during the
post-war reconstruction of Ukraine;

= justification of the structure, personnel, equipment of
the repair center;

= analysis of the efficiency of the use of mobile repair
teams in the event of failure of ARE;

= substantiation of the management decision support sys-
tem and creation of datahubs in which information on
all processes implemented in ARE OSs is collected and
systematized.
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