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COMPONENT MODELS OF DEGRADATION ASSESSMENT FOR

RECOVERY OF AVIATION EQUIPMENT DURING ITS
MAINTENANCE

The study set and solved the task of creating models that allow planning actions to ensure
the required level of reliability of aviation equipment (AE) and extend its service life. A
component model has been developed, based on which it is possible to determine the impact of
degradation processes on the state of AE. The model uses a multi-level representation of the
component architecture of an AE sample and system decomposition. The proposed model allows
making decisions regarding the replacement or repair of components that are subject to
degradation. The modeling of maintenance processes during airport operation is carried out. The
relationship between agents of the proposed multi-agent model of AE restoration at the airport is
investigated. A model for optimizing the selection of a supplier of AE components to the airport
has been proposed, which will reduce the duration and cost of maintenance of the AE in operation.

1. Introduction

During operation, aviation equipment (AE) is exposed to various climatic, mechanical,
electromagnetic external influences that accelerate internal degradation processes, which, in turn,
reduce the life of the AE or lead to gradual failures of the technical system as a whole or its
components. Failure is an event that consists in violating the operational state of a technical
product. During the operation of the AE, there is a need to predict the occurrence of failures.
During maintenance (aircraft maintenance, AM), an analysis of changes in parameters that
characterize the ability of the product to perform certain functions is carried out. The occurrence
of possible failures is associated with the process of wear, corrosion, creep of materials, etc.

AM planning consists in determining, even at the stages of the development of the AE, the
requirements for the composition and frequency of scheduled maintenance work, the
implementation of which provides an assessment of the level of reliability and safety of the AE.
For each AE product, a warranty resource and service life are established. After the expiration of
at least one of them, the manufacturer's warranty is terminated.

AM is carried out by the forces and means of operating organizations in accordance with
operational documentation and with the aim of maintaining the operability or serviceability of
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products. Although, in some cases, AM is allowed to be performed by the forces and means of
enterprises that produce AE on the basis of relevant agreements.

A tool for assessing the actual values of characteristics is monitoring of operation processes,
during which data on high-tech products, the condition of its components and actual operating
conditions are collected. In the monitoring process, data on the operation of the technical system,
reliability (failure-free, durability), labor intensity and duration of maintenance work, actual costs
of material resources, total maintenance costs, etc. are collected, statistically processed and
analyzed. To structure and accumulate such information, there is a need to create special
information technologies that will help optimize the forecasting of maintenance needs and
unscheduled repairs [1], [2].

2. Analysis of the latest researches and publications

During the operation of complex technical products, failures inevitably occur and gradually,
as the resource decreases, reliability decreases and the quality of system operation deteriorates.
Often, the cause of failures can be the influence of technical degradation processes on the product.
These circumstances necessitate product repair (current, medium or capital) or component
replacement to eliminate emerging malfunctions or restore the current resource [3]. One of the
processes of AM and repair of AE is the forecasting of needs for service and spare parts [4].

A number of publications [5], [6] consider the issue of predicting the performance of technical
systems that are subject to aging during operation. To solve this problem, a top-down approach
using statistical analysis and machine learning can be used. Therefore, for assessing the aging of a
technical system, it is quite important to have a sufficient amount of statistical information [7]. The
necessary information can be accumulated through the use of Industry 4.0 data collection systems
[8] involving cloud storage [9]. To predict the aging process of technical systems, the publication
[8] proposes to use a mathematical model based on the theory of Markov processes. The
organization of safety due to the aging of complex technical systems covers all stages of the life
cycle of a complex product [10]. There is a need to identify and analyze the facts that have an impact
on the degradation processes of a technical system. During operation, not only individual technical
products are subject to aging, but also the technical base of large manufacturing enterprises [11],
the slow modernization of which affects the quality of the products created. Predictive maintenance
is a promising solution for maintaining long-term operation of industrial systems with high
reliability and low cost. A predictive maintenance model can consist of four stages: degradation
modeling, maintenance effect modeling, maintenance policy development, and -efficiency
assessment [12]. The publication proposes models of degradation processes that can be applied to
complex industrial systems at the maintenance stage and are aimed at varying degrees of reducing
the degradation level or virtual age of the technical system [13]. The article [14] considers the
maintenance stage for system aging depending on operating conditions. The publication [15]
proposes models for managing the operation of technical systems that take into account the
deterioration of product quality under the influence of degradation processes. It is worth noting that
the AE coating is subject to degradation both during active use of aircraft for their intended purpose
at the operation stage and during downtime [16].

When considering warranty service projects, it is worth noting that manufacturers of complex
technical systems use the most profitable strategy to solve warranty service issues [17]. The price
of the product depends on the duration and capabilities of the warranty. In addition, the warranty
may cover preventive maintenance [18] or be limited to system failures. The maintenance policy
applied to aircraft is regulated by a combination of airworthiness rules and the choice of suppliers
and users. This allows airlines to use different strategies to minimize total maintenance costs [19].
At the same time, one of the most priority criteria in the organization of AM is competitiveness and
increasing customer satisfaction [20]. The actual operation of aircraft consists of several complex
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methods of achieving not only safety as a basic element, but also many commercial factors that lead
to protecting the value of the aircraft and ensuring the operation of the airline in an economically
productive state. When finding a balance between safety and operational profitability, it is very
difficult to manage the appropriate settings. These calculations depend on many factors. The
importance of maintenance reserves to maintain profitability is one of the key factors for airlines
[21]. The optimal combination of warranty, reliability and price is achieved by maximizing the total
expected profit over the entire life of the products [22].

After-sales service is a service that allows for the repair of a previously purchased product
from a manufacturer or an authorized dealer. When the factory warranty expires, a contract is
concluded with the client. As part of the agreement, a person may receive the right to repair the
product under the same conditions that were already in effect [23]. After-sales service also has its
own characteristics and can be organized in the form of different maintenance packages. The cost
of different after-sales service packages may depend on the non-financial risk reduction factor for
assessing the effectiveness of the maintenance task and the value added indicator [24].

One of the important issues in the aviation industry is the continuity of service. Accordingly,
attention should be paid to spare parts management. In the aviation industry, a reliable supply of
spare parts is essential for the continuous operation of the aircraft. High-value spare parts are
repaired and returned to the warehouse after being removed from the aircraft, forming a closed
supply chain. Current methods of planning suppliers for maintenance, repair and overhaul, as well
as the results of research published to date, do not meet the requirements of the commercial
aviation industry. Currently, there is a transition from post-failure and preventive repair strategies
to a strategy of preventive and predictive aircraft maintenance [25]. Typically, spare parts
management in most aviation companies is aimed at achieving a high level of customer service
with minimal inventory and minimal investment in inventory [26]. Aviation companies can
achieve this goal by creating special spare parts management systems. For the Air Force, an
inventory management system is a vital tool that can reduce operating costs while improving fleet
readiness, aircraft availability, and availability. In addition, the system itself improves inventory
management in the military aviation industry and provides reports that improve supply chain and
logistics management, allowing for the minimization of component inventories [27].

Modern publications are mainly aimed at solving individual issues of maintenance and repair.
It is worth noting that the element base used to create AE is potentially high reliability. But under
the influence of time, various factors and operating conditions, both the product itself and its
components age. Economic instability, martial law, globalization of the economy require the search
for new approaches to the organization of AE operational processes. Therefore, there is a need for
a comprehensive consideration of the technical condition of AE at the operation stage. Based on the
analysis of existing publications, we can conclude that a fairly frequent cause of failures There are
degradation processes in a complex system, the analysis of which is not given enough attention.
Therefore, during periodic maintenance of the AE, there is a need to forecast the need for spare parts
and the occurrence of failures, the cause of which may be the aging of the AE.

It is advisable to study and improve the organization of service (technical) maintenance of
AE at the operation stage, which is based on the active use of applied information technologies.
Obtaining information about the course of degradation processes of components of a complex
technical product using these technologies makes it possible to predict the occurrence of failures.
Therefore, the main problem of this study is proposed to consider the development of a number
of models for assessing the level of degradation impact on AE samples for their restoration during
maintenance. To solve this problem, it is proposed to use a component approach, which involves
assessing degradation processes based on the analysis of the state of the multi-level component
architecture of an AE sample subject to periodic maintenance [28].
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3. The purpose and objectives of the research

The aim of the research is to develop a component model for determining the level of
influence of degradation processes on the condition of AE during its AM and repair. Such a
definition is necessary for predicting the needs for AM and spare parts, by implementing the
created multi-agent model of AM at the airport. The multi-agent model is based on the application
of models for determining the level of influence of degradation processes on the condition of AE
and optimizing the choice of suppliers of aircraft components, which further ensures a reduction
in the duration and cost of AM.

To achieve this goal, the following tasks are solved:

— to develop a component model for determining the level of influence of degradation
processes on the condition of AE;

— to build a multi-agent model of actions for the restoration of AE at the airport;

— to develop a model for optimizing the selection of a supplier of AE components to the
airport.

4. Research materials and methods

The operation of complex technical systems involves the introduction of a certain
redundancy (backup connections) so that after the occurrence of local damage there is an
alternative load transfer path and a temporary reserve necessary to eliminate the damage. Such
systems are able to function for a certain time in the presence of local damage. In this case, these
local damage must be identified during maintenance and be eliminated by repair and replacement.

By system degradation we mean the physical process of accumulation of failures due to
deterioration of the characteristics of the components of the object being diagnosed. The presence
of a failure consists in the values of the parameters of the product components going beyond the
established limits.

High requirements for the reliability of AE do not allow considering it in the context of
limited operability, which prompts a more detailed consideration of the issues of degradation and
malfunctions of such a system. The reliability of an AE consists in its ability to maintain over
time, within established limits, the values of all parameters that characterize the ability to perform
the necessary functions in the specified modes and conditions of use, maintenance, repair, storage
and transportation, that is, to perform the necessary functions during operation. Reliability is a
complex property, and certain indicators are used to assess it. They allow assessing the reliability
of an object in different conditions and at different stages of operation. AE reliability indicators
by the number of properties can be both single (failure-free, durability, maintainability, etc.) and
complex. For example, durability is the property of an object to maintain operability until the
onset of a limiting state with an established AM and repair system. Durability characteristics are
resource and service life. The following durability characteristics are established for AE:

— warranty resource, usually 15-30 % of the service life between repairs. If a failure or
damage occurs on a sample of the AE during the warranty life, through no fault of the operating
organization, then a complaint report is drawn up for this sample, on the basis of which the sample
is restored by the capacities and at the expense of the manufacturing enterprise;

— the designated service life until the first repair (the calendar duration of operation
established in the regulatory documentation from the commissioning of the AE sample until its
referral for the first repair, regardless of the technical condition);

— the designated service life between repairs (the calendar duration of operation of the AE
sample from the completion of the repair until its referral for the next repair, regardless of its
technical condition, is established in the regulatory documentation);

— the designated service life before retirement or the full service life (the calendar duration
of operation established in the regulatory documentation from the commissioning of the AE
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sample to its final decommissioning, regardless of its technical condition).

Instead of operating hours (in hours), for some AE samples, the resource is set by the number
of activations, switching on, landings, starts, etc. All types of resources for AE are used
simultaneously and, moreover, are equivalent, that is, the operation of the AE sample is
terminated if at least one of these resources is completely exhausted.

During operation, the built-in resource decreases, thus the product ages (is exposed to
degradation processes). The longer the resource (service life) of the object before the limit state
occurs, the greater its durability. The occurrence of the limit state can be slowed down by
rationally organized maintenance of the product during its operation.

4.1. Component model for determining the level of influence of degradation processes
on the state of aviation equipment

Degradation processes are caused by certain mechanical, physical, and chemical processes.
The change in the physical state, properties, and characteristics of the components of the AE is
usually caused by the influence of energy and consists in the conversion of one type of energy
into another. The most important types of energy corresponding to the degradation processes are
mechanical, thermal, electrical, chemical, and electromagnetic. Most degradation processes are
thermally activated processes that accelerate depending on temperature.

The proposed model is based on a component approach, which allows for the analysis of the
aging of a complex system, considering its multi-level component architecture at certain levels of
decomposition. Different types of degradation processes (failure mechanisms) of AE components
are influenced by the corresponding types of energy. For example, mechanical and chemical
energy can lead to the processes of mechano-chemical wear of components, multi-cycle fatigue
of components (subsystems), crack formation, creep, etc. Thermal and electrical energy can
activate such degradation processes of components as electrochemical corrosion, electrodiffusion,
crystallization, oxidation, etc.

The proposed model for assessing the level of degradation impact on the state of the system
uses a priori information. As a priori information about the degradation processes, the model uses
such characteristics as activation energy, fractional participation in the degradation process
(relative, normalized by the sample size, number of failures), and coefficient of variation. The
assessment of the degradation impact is carried out during the sequential decomposition of the
AE sample.

Components of a complex technical product are usually subjected to several almost
uncorrelated degradation processes simultaneously. Therefore, the generalized degradation
process of a component (subsystem, assembly, unit in etc.) at a certain level of decomposition is
a combination of these processes.

Any possible failure of a product can be identified by one or another process of degradation
of its components, and any distribution of failures at the qualitative level is a set of subsets of

failures with a characteristic Pi{( that is a dimensionless quantity is the fraction of failures by the

k-th degradation process (relative, normalized by the sample size, the number of failures), which
affects the i-th component, at the j-th level of AE decomposition:

Pl =1 M)
k=1
where t is the number of degradation processes affecting the i-th component of the j- th level of
decomposition of AE .
The components of a component are subject to degradation processes, in general, at different
rates. It is quite difficult to obtain information about the degradation rate of each component of
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the component under consideration, and sometimes it is impossible at all. Therefore, it is proposed
in the model to determine the average degradation rate of the component as a whole, for a specific
s-th degradation process. Thus, the components of the system considered at a given decomposition
level j can be combined into sets based on the occurrence of the same degradation process.
Therefore, all components at the j-th decomposition level can be structured in the form of subsets
corresponding to certain degradation processes, due to which the components lose their resource
at a certain rate during the operation of the AE. Degradation processes can be represented in the
following form:

R

ip »MiDy > 2> M apyoe Q)
M, ={K{,Kl.f,...}, M, eM,

where M ;D is the set that includes the components of K[j the j- th decomposition level; D is the
S ~

type of degradation process related to the y-th set of components, s =1,_n , n is the number of
degradation processes affecting on the i-th component of the j- th level of decomposition of AE;
y= G , ¢ is the number of sets.

Therefore, the product at each level of decomposition can be represented as a set of
subgroups related to degradation processes.

The rate of the generalized degradation process for the i-th composite component can be
represented as follows:

N | —

f general = (ki—lf kzj . (3)

The share of each degradation process Pi{( for the i-th component at the j-th decomposition

level is used as the rates of degradation processes affecting the i-th component. Then, the
coefficient of variation of the generalized degradation process for the i-th component at the j-th
decomposition level is calculated as follows:

Vijgeneral = z - A5 | - (4)

Within the framework of the model, it is proposed to determine, in addition to the coefficient
of variation of the generalized degradation process of the component, also the relative operating
time indicator, which characterizes the working out of the resource (service life) of the component

(subsystem, unit in etc. ) tij :

t,‘-j =

~
~.

; )

Y

where tij is actual operating time (service life) of the i-th component of the j-th decomposition

level; 7© is established resource (before the first repair; between-repair resource; full service life).

1
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To determine the resource (service life) of the system as a whole (subsystem), the relative

average operating time of the components is used g,y :

S 4
, 2l
Z i=l
j _j= m
l general — - > (6)

where j = 1,7, ris the number of decomposition levels at which the components were considered.

Calculations can be made both based on the resource in hours (hydropneumatic system,
aircraft control systems, liquid cooling systems, etc.), in landings (landing gear), and based on the
service life in years.

In this study, it is proposed to assess the aging process of the AE by taking into account the
number of failed components of the same type, which allows determining the level of reliability
of the equipment being operated during AM. This characteristic is the failure rate. The failure rate
is the proportion of components that failed in the (d+1)-th interval from the number of
components, that have worked flawlessly before the start of this interval:

,Uij () =—F", (7)

where B[.j 41 the number of i- th components of the j- th decomposition level, operating before

the beginning of the d-th time interval; Abl.j 4+1 1 the number of i-th components of the j-th

decomposition level that failed at the (d+1)-th interval; A7 is the time interval.
So, failure rate is a conditional probability component failure rate per unit of time (1/h). The

value ,ul-j (7441)1s calculated based on statistical data obtained during the operation of the AE.

Monitoring the change in this reliability parameter during operation is very important, since its
growth with increasing operating time may indicate the aging of individual components of the
system or the entire product as a whole as a result of wear.

The failure rate during operation varies. At the beginning of the operation of a new product,
the failure rate increases slightly. This is due to the possible presence in the system of components
with undetected defects, after the elimination of which the failure rate decreases. In addition, at
the initial stage of operation, design errors may manifest themselves, which also lead to failures.
After the detection and elimination of defects and errors, a second period occurs, when the failure
rate during operation decreases and remains approximately at the same level. The third period of
operation of a complex technical product is associated with its degradation. After a certain period
of product operation, the failure rate begins to increase.

Therefore, the model for determining the level of degradation impact on the state of
components of a multi-level architecture of the AE involves the calculation of three indicators:
coefficient of variation of the generalized degradation process, indicator of the relative service
life of the component and the intensity of component failures, which is determined if there is a
sufficient amount of statistical data on previous failures of components of a certain type.

Further qualitative assessment of the obtained results is carried out by expert means based
on estimates of the state of the system according to three a indicators. Fig. 1 schematically presents
three levels of decomposition of the component architecture of the AE sample. The sample itself
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is located directly at the zero decomposition level. For each component of a certain decomposition
level, after performing calculations of the coefficient of variation of the generalized degradation
process of the component, the indicator of the relative operating life of the component and the
intensity of component failures, it is proposed to determine the level of component performance
S, which depends on its degradation. In this case, the component can be at one of five levels of
performance:

Oth level‘ qf Aircraft
decomposition S1
Rl]l. T\Jl. qu '
1st level of

\ 4 decomposition 4 i2, Ti2, Wiz

Cu . C »Ci | 8 S2
: 2nd level of ! -
decomposition l Rij3. Tiss. Wi,sl
\ 4 A 4

Cn2 Cx» Ca2 Cij 83

Fig. 1. Fragment of a multi-level architecture of the aviation equipment with determination of the level
of component performance

So— fully functional state of the component;

Si1— the first degradation group (working condition with minor deviations of the normalized
characteristics of the components);

S, — the second group of degradation (a state with some deviations in characteristics, from
which it is possible to return to the Sy state with small resource costs);

S;— the third degradation group (a state from which it is possible to return to the Sy state with
high costs associated with rather resource-intensive maintenance);

S4 — the fourth degradation group, for which it is impossible to restore the component's
performance.

It is assumed that as a complex technical system degrades, the duration of the inspection, the
time and cost of restoration increase, and the reliability decreases. Thus, the transition from the
level of operability S| of the component Cjjon The level of operability So can be achieved by
taking into account the cost of repair Wjji, the duration of component repair Tjj; and the risk of the
component not meeting the requirements after repair Rjj1. The same indicators are calculated for
other levels of component operability Wi, T, Ripp, Wi, Tz, Ryjs.

The level of component performance can be determined depending on each of three
indicators: the coefficient of variation of the generalized degradation process, the component's
operating time, and the intensity and failure rate of the component:
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where Vl./éenem, is coefficient of variation of the generalized degradation process for the i-th

component at the j-th decomposition level; S (Viéenemz) is the level of component performance

depending on the coefficient of variation of the generalized degradation process.

The values of the indicators of the relative component life and failure intensity are relative
values. Therefore, the level of operability of the i-th component at the j-th decomposition level is
determined based on values for these indicators, obtained by expert means. After determining the
level of component performance for each of the possible indicators, the average value of the
component performance level avg Singex 18 calculated. The calculation is carried out by finding the
arithmetic mean of the indices at the values of the performance levels for each of the three
indicators. Depending on the obtained average value of the component performance level, it is
possible to determine the approximate cost of the transition Wi (W2 or Wij3) from the current
average performance level average Sindex in level So; duration of component repair T i (Tjj2 or Tjj3)
and risk of component non-compliance with requirements after repair Rjji (Ti2 or Tij3). Based on
the information received, an expert decision is made on repair or replacement of a component that
has been affected by degradation processes. Usually, if the rounded index of the average level of
component performance is avg index > 2, then component replacement is recommended (Table

1). Definition avg index is carried out according to the formula:

% indexS(f )

avg index = fﬂf , )

where avg index is index of the average level of component performance; indexS(f ) is index of

the component’s performance level for each of the three indicators: the coefficient of variation of
. . . S(1 . g .

the generalized degradation process (index (1) ), the indicator of the component’s relative

operating life (indexs(z) ), and the component’s failure intensity ( indexS(3) ).

Table 1
Making a decision to replace or repair components due to degradation
i ] Component | $(v/ ) St generat) N (#,j (Tan )) ave
name Sindex
1 1 Cu N S, S Si33
2 1 Cai Sz Si S Si.66
1 2 Cn So S Si So.66
2 2 Cxn S, S» S3 S233
1 ] Wj; T R Repair Replace-
ment
1 1 Win T Rin +
2 1 Wain Toz Roiz +
1 2 Wi Ti21 Rz +
2 2 Waz Tan Ro2 +
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4.2. Development of a multi-agent model for the recovery of aviation equipment at the
airport

During maintenance of the AE sample, the technical condition of the system is monitored
and, if necessary, current repairs are carried out, taking into account identified faults and analysis
of the impact of degradation processes. Repair is a set of operations to restore the serviceability
or performance of products and restore the resources of products or their components . During
current and average repairs, products are not removed from operation. Therefore, these types of
repairs belong to the stage of product operation. Major repairs, due to their specific features in
organization and implementation, are sometimes allocated to a separate stage of the life cycle.

To perform a number of maintenance and repair works on the AE, appropriate tools are
required, the characteristics of which must correspond to the parameters of not only the AE
sample in general, but also a list of its constituent elements (subsystems, units, equipment blocks)
to ensure the technological possibility of performing maintenance and repair work, including
access to the objects being serviced and the convenience of performing work, mechanization and
automation of maintenance processes, transportation of the AE and its components. Repair of the
technical system is an integral part of maintenance, which involves resolving issues related to
assessing the overall need for spare parts and materials for scheduled and unscheduled
maintenance for the period of operation.

The AE maintenance management system is quite specific due to the huge number of parts
and devices. Of these, 20% are replaced during the entire period of operation. The functions of
aircraft equipment management include: purchasing, repair, rental (or borrowing), storage,
planning, customs clearance and monitoring of the activities of the repair business provider , etc.
Large airlines are trying to improve management systems by involving special units and
departments, and are also trying to create their own management systems to control all aspects of
aviation resources and processes. Very often, aircraft repair and replacement of spare parts is
carried out directly on the airport territory.

From the airport's perspective, the maintenance process can be verbally described as follows:
AE samples arrive at the airport at the scheduled time, after which each of them undergoes
maintenance, as a result of which AE is diagnosed. If the aircraft is in good condition, it leaves the
airport immediately after maintenance in order to continue flights. If during maintenance of the
aircraft a need for repair or replacement of parts is detected, the loaders search for the necessary
spare parts in the airport warehouse. After the necessary parts are found, they are delivered to the
maintenance station. Then the aircraft are repaired and the aircraft are sent on flights. If the parts
required for repair are not in the warehouse, it is necessary to organize the supply of spare parts
from production (or other warehouses). For formalized presentation of the process described above
in the study is proposed by multi-agent model of airport AE restoration. The proposed agent
representation of measures and actions for AE maintenance and repair allows for effective
management in real time and through regular monitoring of the AE status. The structural scheme of
the proposed multi-agent model of airport AE restoration is presented in Fig. 2.

Models created using a multi-agent approach have their own advantages. Each type of agent
has an independent structure, properties and behavior, which can be described by agent activity
diagrams. Despite the fact that agents of the same type have the same structure, they are not
dependent on each other. Due to this, agents of the same type can be given individual properties.
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Fig. 2. Structural scheme of a multi-agent model for the recovery of aviation equipment at the airport

The study proposes to describe the behavior and relationship of the model agents in the form
of a diagram of airport agent activities, which is presented in Fig. 3.

It should be noted that the «<AE Component Agent» describes the structure and properties of
each component of the AE sample at a certain level of decomposition. The component may be in
working condition or require replacement or repair. Therefore, the behavior of each of the
components considered during maintenance is proposed to be described in the form of a UML
component state diagram, the scheme of which is presented in Fig. 4.

Activity diagram of airport agents assumes the need to purchase and transport components
that are not available at the airport warehouse. That is why this study has developed a choice
optimization model supplier of aircraft components to the airport.

4.3. Model for optimizing the selection of an aircraft component supplier to an airport

Important tasks of maintenance are the logistical support of its processes, which include the
processes of production or purchase of new components, repair of the AE, restoration of the
operability of failed AE parts, storage and transportation of spare parts. Management of the
logistical support of these processes requires the development of an appropriate mathematical
apparatus that performs adequate analysis, comprehensive quality assessment and optimization
of decisions made.

The main disadvantage of the traditional procurement system is the need for a warehouse
complex with its inherent administrative and labor costs. The main costs of maintaining
warehouses include: depreciation of warehouse facilities; costs of preventive maintenance; costs
of heating and electricity; wages of warehouse workers.

At the stage of development of the aviation industry, the problem of increasing the efficiency
of the use of AE is associated with with high cost of transportation of spare parts and consumables
for repair aircraft enterprises. Therefore, within the framework of the study, a model for
optimizing the selection of a supplier of missing components of an airline to the airport is
proposed. By implementing the developed model, the risks of failure to timely replace
components are reduced, the cost of delivery is reduced, and the duration of cargo delivery is
reduced by optimally selecting a supplier of aircraft components to the airport.
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Fig. 4. Component state diagram during maintenance

To determine the optimal choice of a component supplier, it is necessary to form the logistics
of the selection and method of cargo delivery, criteria for optimizing the airport supply process,
and also to compile a matrix of selected supplier selection criteria (Table 2).

Table 2
Supplier selection criteria matrix

j 1 4 W st | b Wi "i

1 1 9 wi st | W N

1 2 97 w? st |t Wy 1

1 3 9} W s; | b W) 13

2 1 g wi st | e Wio fi2

2 2 97 wi st |t Wy b5

n ka gfn w sin U Wen Tkn

The logistics supply chain can be represented as a transport network graph, the edges of
which are modeled passage of cargo flow (components and consumables). Within the framework
of the developed model of enterprise selection for the purchase of missing components, it is
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proposed to determine indicators for optimal decision-making and set restrictions for each
indicator. Let us define these restrictions.

Cargo restrictions:

— the volume of cargo that can be accommodated by each vehicle intended for transporting
components, vi;

— carrying capacity of each vehicle, m;.

The presented multi-agent model of airport AE restoration (see Fig. 2) involves the use of
trucks to supply the necessary components.

Time limit:

— speed of vehicles on a given section of the route, 9, ;

— vehicle range taking into account the fuel tank capacity, t;;

— time spent on refueling and driver rest, t,.

Minimum spending restrictions:

— cost of the component, w; ;

— average cost of one liter of fuel, w, ;

— distance between cities (manufacturing enterprises, warehouses of aviation products), si;
— fuel consumption of each vehicle unit per 100 km, wy etc.

Let us introduce a Boolean variable x;;that shows the choice of the i-th alternative as a

manufacturing enterprise or a warechouse of aviation products for the purchase of the j-th
component for replacement at the airport. In this case:

1, selection of the i-th enterprise (warehouse)

Xjj =7 to purchase the j-th component; , (10)

0, otherwise (no choice).

where i=1,k i k i is the number of alternatives as a manufacturing enterprise or warehouse of

aviation products for purchasing the missing j -th component at the airport warehouse ; j:L_n , N

is the number of components that need replacement.
In addition, it is necessary to take into account

Sx; =1, (11)

which means a mandatory choice of one of the alternatives. Then the risks of not replacing
components in time are as follows:

n kj
Rjj =2 25%%;;, (12)
=il

where ;s the risk of failure to replace the j-th component in a timely manner when choosing the

ith alternative component supplier.
Costs for replacing missing components:

n kj
Wi = 2 2wi™Xg (13)
j=li=1

where wj; is spend on replacing the j- th component in time when choosing the i-th alternative
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component supplier

5
Wi =W+ *watw, |*2. 14
ij 1 [100 3 ZJ ( )

Costs may vary depending on the volume of the shipment and the weight of the component
or components to be delivered.
Delivery time for missing components:

T, —ZZtU*x (15)
j=li=1

where t;;is the duration of supply for replacing the jth component on time when choosing the i-

th alternative component supplier.

[ st *WJ
100
S L), (16)

y
t
1

For the smooth operation of the airport, it is necessary to minimize delays to scheduled
flights due to repair activities. Therefore, in the model for optimizing the selection of a supplier
of aircraft components, it is proposed to minimize the duration of the supply of components
necessary for replacement:

min Tij , Tij Z‘iZtlj*x 17)
j=li=
at the same time
R. <R ZZr *x (18)
Y j=li=1
n k;
W <W WJ ZZW *Xij» (19)

j=li=1

where R'ij is the acceptable value of the risk of not replacing components on time ; WiS» is planned

costs for replacing missing components.
We minimize the risks of not replacing components on time:

min Rij , R ZZr *Xij (20)
j=li=1

when fulfilling the constraints Tij < Ti'j , Wij < Wi'j , Where Ti} is the permissible duration of supply

of components .
Next, we minimize costs for replacing missing components:

n Kj
man WJ ZZW *Xij» (21)
j=li=1

28



when fulfilling the constraints Tij < Ti'j , Rij < R'ij )

Next, multi-criteria optimization is performed to ensure the optimal choice of supplier. For
this, we introduce a complex criterion in the form of a sum of individual indicators:

1 1 1> (22)

where OUgys Ol Oy is weight coefficients, respectively, for T, Wy, Ry, obtained through

expert assessment of their importance. In this case:

OSOLTij <], OSocWij <], OSocRij <1,
B (23)
o +0LWij +0LRij =1.
Selection indicators Tija VAVij, ﬁija are normalized (converted to a dimensionless scale [0,1] ):
o T.-T" _  W.-W'. _ R.-R".
Ty =——=%, Wy =———1, Ry =———~, (24)

* * *
where T i, W, Rj; is extreme values of indicators obtained by local optimization.

It is necessary to minimize the complex criterion taking into account the requirements for
selecting a supplier of missing components:

min Fj, (25)
% * *

B —oip T+ ooy W+ ot Ry —oty by i Wi RimRy o0
i 7Oy g T Cw Wi TR N T O T T W T o MR ot
Ti-Ty Wi =W Rjj—R

when fulfilling the requirements T.. <T.., W. <Wi R. <R’
] 1 1 1 1

The solution of such a multi-criteria problem can be carried out on the basis of single-criteria
optimization methods, including functional-cost analysis, the ideal point method, the
lexicographic method, etc. Each of these methods has its own certain advantages, disadvantages
and scope. The above methods take into account the reduction to one criterion, and also allow
preliminarily solve optimization problems as single-criteria.

Functional-cost analysis involves minimizing resource consumption in the production
process by improving product design, improving methods of manufacturing parts, rationalizing
technology and using effective materials. Economic, technical and design information is used to
conduct the analysis. The proposed study does not consider the rationalization of manufacturing
of missing components.

The idea of the ideal point method is based on the existence of an «ideal point» for solving
a problem in which the extremum of all criteria is achieved. Since the ideal point, in the absolute
majority of cases, is not among the permissible ones, the problem arises of finding the point that
is «closest» to the ideal point and belongs to the set of permissible solutions. To solve a multi-
criteria optimization problem using the ideal point method, it is necessary, first of all, to determine
its coordinates, and then to determine the metric by which the distance to the optimal point could
be measured. The model proposed in the study does not provide for the definition of the metric.

The lexicographic method is based on the primary ranking of partial optimization criteria
according to their relative importance. Then, single-criteria optimization problems are gradually
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solved, starting with the most important criterion. The criteria can be evaluated by experts, which
requires a mechanism for coordinating assessments. The possible solution obtained using the
lexicographic method and the ideal point method may be somewhat subjective and inaccurate.

In the proposed supplier selection model, the multi-criteria optimization problem is
transformed into a single-criteria one using the method based on the construction of a generalized
criterion. The search for the extremum of the generalized (complex) criterion is carried out by
applying the coordinate descent method. In model (26), three main criteria are distinguished for
finding the optimal solution: the duration of the supply of missing components Tij ; the risks of

failure to replace components on time Rj;; the costs of replacing missing components Wij , which
are combined into one integral (complex) criterion, which must be minimized taking into account
the requirements for selecting a supplier of missing components. As a result, the original multi-
criteria problem is reduced to a single-criteria optimization problem. The relative importance of
the criteria is taken into account using weight coefficients, which can be changed in the process
of studying the effectiveness of the resulting solution. The number of criteria is insignificant,
therefore, using this approach, the exact optimal solution for selecting a supplier of missing airline
components for the airport will be determined.

All current information obtained as a result of using the models proposed in the study is
stored and accumulated in the database (DB) by involving the «kDB Formation Agent» (see Fig.
2). The conceptual scheme of the formed DB is presented in Fig. 5.

Decision Table Procurements Table
Name AE Name_AE
Date ® « |Name_of_required_component
component_number component_characteristics
Decomposition_level number Planned_purchase
component_name Unplanned purchase

Level_of performance of the component (by_coefficient_of variation_of the_generalized degradation_process)
Level _of operability_of the_component (by the relative_performance of the component)
Level of operability_of the _component (by_intensity of failures) -

x

Average_level of performance_of _the component
e gl cont Suppliers Table
Component_repair_duration Name_of_production_(warehouse)
Risk_of component_nonconformity after repair Address
Making a_decision_regarding_repair Traffic_speed_of vehicle_on_the given_section_of the route
Decision_regarding_replacement Component_cost
% Distance_between_airport_and_supplier
=]
The technical condition of the aircraft components Table Table of the general current state of AE
Name_ AE Name_ AE
Date s 1 |Date
component_number Oil_leaking presence
Decomposition_level number Oil_level lower than_allowable
component_name State_of steering_units
Coefficient_of variation_of the generalized degradation process State_of_the_hydraulic_resistance_chassis_mechanism
Relative_performance_of the component
Failure_Severity

Fig. 5. Conceptual scheme of the maintenance database

The conceptual scheme of the database shown in Fig. 5 can be expanded to provide storage
of information about vehicles (trucks) transporting components; the team of mechanics and
loaders involved in a specific aircraft; the availability of all components in the airport warchouse,
etc.

5. Research results

The experiment was conducted on the example of determining the impact of degradation
processes on an unmanned aerial vehicle (UAV) during maintenance using the component model
proposed in the work for determining the level of impact of degradation processes on the state of
the AE.

The assessment of the impact of degradation was carried out during the sequential
decomposition of the UAV sample. The aircraft itself was located at the zero level of
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decomposition. Therefore, the fragment of the decomposed component structure of the UAV, for
which the impact of degradation processes was assessed, had the form shown in Fig. 6:

UAV Oth level of decomposition

1st level of decomposition
| | 1 | |

Target cargo Automatic control
subsystem

Onboard energy
sources

Onboard power
system

Glider

Propulsion system

2nd level of decomposition Fuselage

Plumage

Fig. 6. Fragment of the decomposed component architecture of an unmanned aerial vehicle

An assessment of the impact of degradation on the second-level decomposition component
«Onboard power systemy after several years of UAV operation was carried out. The model for
determining the level of impact of degradation on the state of the components of the multi-level
AE architecture involves the calculation of three indicators: coefficient of variation of the
generalized degradation process, indicator of the relative component life and component failure
rate. The result of calculations regarding The coefficient of variation of the generalized

degradation process has the following form: Vlzgeneml =18%, therefore S (Vlzgenem,)=S2,

according to formula (8).
The calculation of the relative component lifetime indicator is carried out as follows:
» 200
tl =
250
of the component's performance level according to this indicator, the value S; was obtained.
The component failure rate was calculated based on available statistical information about

= 0.8, which indicates a high level of lifetime. Therefore, as a result of expert assessment

previous component failures of the same type: ylz (150, 200 ron.) = ~0.0032 (1/rom). The

31*50
obtained result was evaluated by experts and the level of component performance was determined
as S, according to this indicator.

Further, based on the results of assessing the level of component performance by three
indicators, the average level of component performance is determined according to formula (9):
avg index = 2.33, (avg index > 2). The results of a comprehensive assessment of the impact of
degradation on the component under consideration are given in Table 3.

Table 3
Making a decision to replace or repair the «Onboard power system» due to degradation
i |j |Componentname | = s(y,,) S nera) | S(u (7)) | 38
(subsystems) Sindex
1 |2 | Onboard power Sa S3 Sz Sa33
system
i ] Wi Tj; Rj Repair Replacement
1 |2 3000 $ 168 hours 0.75 +

As aresult of all calculations, a decision was made to replace the «Onboard Power System»
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for this UAV in order to ensure high-quality and coordinated performance of its tasks during
operation.

6. Discussion of the research results

The selection of components when assessing the degradation of the AE can be implemented
on the basis of the proposed model of multi-level component fault finding in diagnosing the AE
[4]. Therefore, the selection of components of a certain level of decomposition to assess the
impact of degradation on them is carried out based on the complete or partial failure of the
component or within the framework of preventive maintenance of a high-tech product.

The study proposes a multi-agent model for AM at the airport. A detailed description of the
behavior and relationship between model agents is provided in the form of an airport agent activity
diagram. Agents of the same type have the same structure, but they can be given individual
properties, which makes the multi-agent model flexible and adaptive to changes in the
composition of agents. Among the shortcomings of the proposed model, one can single out the
fact that the needs for the number of agents of a certain type for specific situations are not
calculated within the model. In the process of assessing the impact of degradation on the AE
sample, an analysis of the multi-level component architecture is carried out at certain levels of
product decomposition. The behavior of each component considered during maintenance is
described in the form of a component state diagram.

The component model developed in the study for determining the level of influence of
degradation processes, unlike existing solutions, provides an assessment of degradation at
different levels of the multi-level architecture of the AE sample and involves taking into account
three indicators: coefficient of variation of the generalized degradation process, the indicator of
the relative operating life of the component, and the intensity of component failures. Due to this,
using the component model proposed in the study for determining the level of influence of
degradation processes on the condition of the AE during its maintenance and repair, an objective
forecast of maintenance and spare parts needs is carried out, which further ensures a reduction in
the duration and cost of maintenance by applying a multi-agent model of aircraft restoration at
the airport and a model for optimizing the selection of aircraft component suppliers.

The research is aimed at further development of information technology based on the
proposed set of models. Information technology will allow to automatically solve the tasks of
maintenance and repair of AE. The limitation in the application of the developed set of models is
that the models are highly specialized and can be used only for the aviation industry and cannot
be used for other types of high-tech products except AE.

The models proposed in the study are used at the stage of operation of the AE. The end of
the operation stage is considered to be the moment of documenting the decision on the
impossibility or inexpediency of further operation of this product due to its technical condition,
due to moral or physical obsolescence, significant material costs and other factors. The
decommissioned product can not only be sent for repair, but also converted into educational
equipment, converted for use not for its intended purpose, or disposed of. One of the promising
areas of further research is the processes of utilization of AE.

7. Conclusions

Operation of such complex products as AE is usually carried out for a long time. During the
operation period, some design, technological and operational shortcomings are revealed, in
addition, malfunctions occur in the system, which must be identified, their causes determined and
eliminated. One of the significant reasons for failures is degradation processes in a complex
technical system. The development of a new product requires significant financial costs, resources
and time, therefore, after a certain period of operation, there is a need to extend the period of
trouble-free operation of the product and improve the level of performance of its components by
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repairing or replacing individual components of the product. Deterioration of the characteristics
of the product components leads to time and resource costs required to restore the AE and bring
it into working condition.

The study considered the operation phase for the purpose of optimizing maintenance
processes and reducing the duration and cost of assessing the impact of degradation processes on
AE and repairs during maintenance. In this study, it was considered and resolved the following
tasks.

1. In order to determine the assessment of the impact of degradation processes on aircraft
during maintenance, a component model for determining the level of impact of degradation
processes on the AE is proposed. The assessment of the level of impact of degradation processes
on the airframe is carried out on the basis of a component approach, which involves considering
the impact of degradation processes on components of certain levels of decomposition of the
product architecture. In addition, the assessment of the impact level is comprehensive. It involves
taking into account three degradation indicators: the coefficient of variation of the generalized
degradation process, the component lifetime and the component failure intensity , which ensures
the accuracy of the assessment of the level of impact of degradation on the AE and allows, with
the involvement of experts, to make a decision on replacement or repair of product components
during maintenance.

2. A multi-agent model of actions for the restoration of AE at the airport, carried out during
the maintenance of AE by replacing or repairing its components, was built. The relationship
between the agents of the proposed model was formed and the sequence of actions of the airport
agents was described in the form of an activity diagram of the model components.

3. To solve the problem of optimal search and transportation of components missing from
the airport warehouse in order to restore AE during AM, a model for optimizing the selection of
a supplier of aircraft components was proposed. The implementation of the developed model for
optimizing the selection of a supplier of components necessary for maintenance to the airport will
significantly reduce the costs of transporting cargo to the airport, reduce the time of cargo delivery
by forming a rational route, ensure uninterrupted supply of spare parts to the airport, as well as
make informed decisions regarding purchases and maintain a high level of service.

The set of models proposed in this study is aimed at further developing applied information
technology, which will allow for automated solutions to the processes of maintenance and repair
of AE at the operation stage, as well as ensuring the necessary level of reliability and extending
the service life of AE.
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1L1O. IAH®HOPOBA, H.b. ' AH)KHJIA

TOCJIUKEHHSI  APXITEKTYP  HEWPOHHMX  MEPEX  JUISA
MIABUINEHHS TOYHOCTI T[IPOTHO3YBAHHS MOIMATY HA
MPOIYKIIIO

Po3risiHyTo BUKOpUCTaHHA PI3HUX apxXiTeKTyp HEHpPOHHUX Mepex Uil 3ajad
MPOrHO3yBaHHA MONUTY Ha NpoyKLito. [IpoaHani3oBaHO OCHOBHI BUKJIUKM Ta Cy4yacHi npobnemMu
B 00J1acTi NPOrHO3yBaHHS, 110 BUHUKAIOTh MIPU POOOTI 3 BEJIMKMMU 00CSAraMu AaHUX i CE30HHUMHU
KonmuBaHHAMM. OcCOONMBY yBary MNpHUIIEHO TOPIBHSHHIO apXiTeKTyp HEHpPOHHMX Mepex 3a
KiJlbKOMa KIIIOYOBMMHU XapaKTepucTUKaMHu, 30kpema, Accuracy, F1-Score, Logarithmic,
cepeqHbOI0 a0COJIOTHOK OMUIIKOI0, KOPEHEM cepelHboKBaapaTuuHoi moMmuiku Ta AUC-ROC.
Ha ocHoOBi meTanbHOro aHajisy Ta MPOBEAEHOTO €KCIIEPUMEHTY OyJo BHU3HAYEHO apXiTEeKTypy
HeWpoHHOT Mepexi, sfka 3a0e3neuye HaWBHILY TOYHICTb MPOTHO3YBAHHS TPH NPOTHO3yBaHHI
MOMMTY Ha MPOIYKLIO.

1. Beryn

[TporHo3yBaHHS MOMUTY Ha MPOAYKIIIO € BaXJIMBOKO CKJIAJOBOIO YCHIIIHOI JisUNTbHOCTI
Oy/lb-IKOTO MiJIMPUEMCTBA, OCKIJIBKM SIKICTh Ta JIOCTOBIPHICTH MPOTHO3IB Oe3rnocepeHbo
BIUIMBAaE Ha e(QEeKTUBHICTh IJIaHyBaHHS BUPOOHHYMX Ta JIOTICTUYHMX mpoueciB. Herouni
MPOTHO3M MOXYTb NMPU3BECTH 0 BUHUKHEHHs HAa/UTMIIKOBHX 3aMacis, 10 30iblIye BUTPATH Ha
30epiranHs, abo 40 HecTaui NPOIyKIIil, IO MOXKE CTPUYMHUTH 3HVKEHHS PiBHS 00CITyrOBYBaHHS
KJTI€HTIB i BTpaTy 10X0Ay. Y CydyacHHMX yMOBaX, KOJIM OOCSTH JaHUX 3HAYHO 3POCIH, 3’ IBUIIMCS
HOBI MOJJIMBOCTI JJIsi 3aCTOCYBAaHHS TEPEIOBUX TEXHOJIOTIM aHamizy, 30KpeMa HEeHMpOHHHX
Mepexx. BukopucTaHHS HEHPOHHMX MepeX MO3BOJISE MiANPUEMCTBAM BHSBISATH IPUXOBaHI
3aKOHOMIPHOCTI B ICTOPMYHMX JaHHUX, MPOTHO3YBaTH 3MiHM MOMUTY Ta (HOpMYBaTH TOUHIlII
MPOTHO3M, 1110 IOTIOMArae MiIMPUEMCTBY CBOEYACHO aJlanTyBaTHUCS 0 PUHKOBHUX yMOB [1].

OnHak BHOIp apXiTeKTypH HEHpPOHHOI Mepexi € CKJIQJHWM 3aBIaHHAM, OCKIJIbKH pi3Hi
apxiTeKTypu MaloTh CBOi TiepeBard Ta HEJOJIKHM B 3aJIe)KHOCTI Bil YMOB 3aCTOCYBaHHS.
Hanpuknan, neski apXiTeKTypH MOXYTh JaBaTH TOUHIII Pe3yJIbTaTH MpU 0O0poOIli BEJIMKHX
00CATIB ICTOPUYHUX JAHWUX, TOAI SK iHII Kpaile CIpaBiIsioThCs 3 3a/Ja4aMi MPOTHO3yBaHHS B
peanbHOMY 4aci abo 3a HecTaHIApTHUMM yMoBamH. HesBakaioum Ha 3HauHMH mporpec y
BUKOPHUCTaHHI HEMPOHHMX MepeXx T 3aiad NpOTHO3YBaHHS, MUTAaHHS BHOOPY apXiTeKTypu
HEWPOHHOI Mepexi, IO HaJae TOYHHWH pe3yNbTaT, 3aJHMLIAETHCS HETOCTAaTHHO BHUBUYEHHM.
BaxnvBUM HampsMOM Cy4acHHMX JIOCHTI/DKEHb € BHBYEHHS Ta BJIOCKOHAJICHHS iCHYKOYHX
apXiTeKTyp IS JOCSTHEHHS HaWKpalux pe3yJbTaTiB y crelu(idHuX yMOBax, 30Kpema y
BUPOOHWYMX 1 JIOTiCTHUHUX MpoLecax, Ae MOMUT Ha MPOAYKLII0 MOXKe 3MIHIOBAaTHCS CE30HHO abo
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