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Abstract

The paper is devoted to the substantiation of the model for the operation costs of electronic
navigation equipment. The air navigation equipment includes a set of ground, near-ground, and
onboard technical means, the quality and reliability of which significantly influence on the
safety and regularity of civil aviation. These technical means include ground radio navigation
and radar systems, radio communications, and automated air traffic control systems, which
generate and provide consumers with information on flight parameters along the entire route
from take-off to landing. The tasks of maintaining the required efficiency level and reliable
operation of this equipment are solved in the operation systems. The article considers the issues
of obtaining analytical relations and determining mathematical relations for estimating the
resources cost for current repairs. Normative documents usually use mathematical expectation
as a cost indicator concept, although the efficiency indicators of resource costs for current
repairs are objectively random variables and therefore the most complete characteristic is the
probability density function or a number of characteristics, not only mathematical expectation
but also variance, asymmetry, kurtosis and other moments of a higher order. In this paper, the
authors considered two options for financing the repair procedures. The first option is related
to the case when the level of the reserve for repairs is determined at the mathematical
expectation level. The second option is related to the case when the maintenance and repair
system has a resources reserve for repair procedures, which differs from the traditional
approach to cost planning. The article analyzes the calculations results of resource costs
mathematical expectations for different interest rates levels and different reserve funds
indicators. Analytical relations are obtained to solve the problem of the resource fund optimal
choice for current repairs. At the same time, modeling was performed and histograms were
built for different reserve funds for repairs values. Based on theoretical calculations, a
nomogram is constructed, which shows that at certain interest rates there is an optimal total
operating costs value. The research results can be used in the process of designing and
improving the ground-based air navigation equipment operation systems.
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1. Introduction

The technical basis of the air navigation system information and technical support is a set of ground,
near-ground and onboard technical means, the quality and reliability of which largely depends on the
safety and regularity of civil aviation (CA). The complex of ground-based radio electronic equipment
includes ground-based radio navigation and radar systems, radio communication equipment, automated
air traffic control systems (hereinafter ground-based electronic air navigation equipment — GEAE),
which form and provide consumers with information on flight parameters throughout the entire route
from take-off to landing of the aircraft (AF).

The tasks of maintaining the required efficiency level and reliable operation of the GEAE are solved
in the operation systems (OS) [1]. The GEAE OS includes the GEAE’s equipment, technological
processes (TP), personnel, documentation, technical equipment means (buildings, structures, etc.) [2].
TP includes processes of maintenance, repair, resource renewal, monitoring, control, etc. [3]. In general,
the OS can be considered as a design and improvement object [4]. Therefore, technological processes
in the OS can be selected as the development and modernization objects [5].

This article considers the issues of estimating the resources cost for the GEAE current repairs
processes implementation.

2. Literature review and problem statement

The issues of technical systems and in particular electronic equipment current repair are considered
in the scientific and technical literature and regulations [6]. Resource costs estimation for current repairs
in [7] is considered in the framework of such efficiency indicators as average cost, average labor
intensity, average time of current repairs, etc.

At the same time, it is clear that in the current repair process the technological operations of technical
diagnosing, i.e. search of the failed element, are carried out. Then the failed element is replaced on
serviceable and the equipment serviceability as a whole is re-checked.

The GEAE OS functioning analysis shows that the cost of resources for the maintenance processes
implementation is stochastic due to the random nature of failure and damage events in the GEAE
[8, 9]. Accordingly, the certain effectiveness indicators values of the GEAE current repair are stochastic.
In [10 — 14] the attention was paid to the fact that the efficiency of resource costs for current repairs are
objectively random variables and therefore the most complete characteristic is the probability
distribution density or a number of factors such as mathematical expectation, variance and moments of
higher order.

Meanwhile, in the normative documents, the current repairs efficiency indicators are considered
within the framework of resource costs mathematical expectations [15 — 25]. Thus, there is a
contradiction between the recommended estimate of resource costs for maintenance in regulations and
the objective costs level that occur during the GEAE operation.

In this paper, as a continuation of the research carried out in works [26], numerical examples and
mathematical relationships are considered, which more thoroughly allow to assess the additional costs
level that occur during a certain contradiction.

The purpose of this paper is to obtain analytical equations that will more fully assess the conditions
under which the optimal parameters for planning the resources cost for current repairs can be found in
the framework of the above contradiction.

To achieve the goal of the study, the following tasks were solved:

e Resource costs for GEAE repairs calculation for practically possible distribution of resource

costs for one repair;

e  Obtaining analytical ratios for one scheme of planning the resources cost for the current GEAE

repair;

e  Constructing the nomograms of the repairs total cost dependence on the reserve expenditures

amount and drawing the conclusions about the accuracy of the method used to overcome the

contradiction formed above.



3. Substantiation of Model for Operation Costs

Usually, Poisson’s law [27] describes the number of GEAE failures for a certain observation period
if the failures probability density distributions (PDD) have an exponential model. In cases when the
failures or damages intensities in the GEAE are big enough, i.e. the number of failures or damages is
big enough, then the discrete distribution of the number of events may coincide with the normal
distribution [28 — 32]. To simplify the calculations in this article, a PDD of arbitrary form will be used,
which is as a normal PDD has an asymmetry coefficient equal to zero. Consider the example of
calculating the resources cost for the GEAE repair, which is associated with the justification of the
approach more adequately taking into account the statistical characteristics of the costs that occur in
GEAE OS during the electronic equipment repair.

Let there be a repair body and equipment that needs to be repaired. Suppose that during the

observation time Tobs a distribution of the number of GEAE failures is as shown in Fig. 1. Suppose that

the average cost of one repair is equal to Crp =10C.U
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Figure 1: Example of the number of failures distribution

Then, taking into account Fig. 1 the resource costs distribution for the GEAE repair PLCslTows) will
be as shown in Fig. 2.
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Figure 2: Distribution of resource costs for GEAE repairs

Let's solve the problem of determining a new costs distribution for the GEAE repair P (CslTos) if

there are the initial distribution of costs P(Cs/Tows) and different options for financing repair work -
Option A and Option B.
Option A. In the operation system, the required repair costs level was determined at the mathematical

expectation level m,(C; /Opt. A) , taking into account the costs distribution R(Cs/Tos) . That is, the

design decision on the resources cost for repairs is equal to M(Cs/Opt. A)=100C.U. \yhich is
determined as follows

m, (C, /Opt. A)=0.1-60c.u.+0.2-80c.u.+0.4-100c.u.+

+0.2-120c.u.+0.1-140c.u.=100 c.u.

Consider that the operating system has a sufficient amount of resources to perform GEAE repairs in
the range from 60 to 140 c.u. depending on how many failures occurred in the observation interval

Tobs . In this case, the expected project cost is equal to M (Cs/Opt. A) =100c.u.
Option B. The system has a certain resources reserve to perform repair work. If the actual resources

cost is greater than Creserve , then the OS attracts credit, which then needs to be repaid with a specified
level of interest M %. When calculating, consider the options of interest rates M % at the levels — 0%,
2%, 5%, 7%, 10%, 20%, 30%, 40 — 100%. Of course, in this case, the OS has additional resources costs
for the GEAE repair.

Let's define mathematical expectations of resources costs for GEAE repair m;(C, /Opt.B) for
interest ratess from 0 - 100 % and various resources  reserve  values

Creserve = 060;80;100;110;120 cu.
Taking into account the reserve, the expenditures distribution will change and take a different form

Po(Cs/Tors) , as shown in Fig. 2.
Need to be recalled that for option A, the design decision on future resource costs in the OS was

selected as M(Cy /Opt. A)=100c.u.

Suppose OS has a resources stock Creserve =60 C.U. an the interest rate level M % is equal to 0 %.



If on the Tobs interval it is necessary to spend 60 c.u., then these resources in the OS will be -
Creserve =60 C.U. The probability of such a case is 0.1.
If on the Tobs interval it is necessary to spend 80 c.u., then from the resources stock will take

Creserve = 60 C.U. and add 20 c.u. without interest on additional costs. This event, taking into account
Figure 2, has a probability of 0.2. If it is necessary to spend 100 c.u., then from the stock will take

Creserve =60 C.U. and add 40 c.u. without percent with increase in resources. This event, taking into
account Fig. 2, has a probability of 0.4. And so on. Then the mathematical expectation of resource costs
will be defined as following:

M, (Cy / OPt.B; C, e = 60 C.U; M =0%) =0.1-60 + 0.2(60 + 20) + 0.4(60 + 40) +

+0.2(60+ 60) +0.1(60 +80) =100 c.u.

This example corresponds to the case when the repair organization was provided with missing
resources without interest.
Now let the interest rate M be 5%. Then:

My (Cy / Opt.B; C,one = 60C.U; M =5%) = 0.1-60 +0.2(60 + 20 -1.05) +
+0.4(60+40-1.05) +0.2(60 + 60-1.05) + 0.1(60 +80-1.05) =102 c.u.

Particular attention is drawn to the option when Creserve =100 C.U. That is, the OS is set to a cost
level that corresponds to the design solution M (Cs/Opt.A)=100 C.u. Then for Toss for costs equal to
60 c.u., 80 c.u. and 100 c.u., it will be enough to have resources at the level of Creserve =100 C.U. The

probability of such an event is equal to 0.7. Here are two formulas for the variant when Creserve =100C.U.
, and the interest rates of M% is equal to 0% and 10%

M, (Cy / Opt.B.;C,orye =100 C.U; M =0%) = 0.7 -100 + 0.2(100 + 20) + 0.1(100 + 40) =108 c.u.,

m, (C /Opt.B,C =100 c.u.;M =10%) =

reserve

=0.7-100+0.2(100+20-1.1) +0.1(100+40-1.1) =108.8 c.u.
The Table 1 shows the calculations data of total costs for GEAE current repairs for options when

M % varies between 0 — 100%, and Creserve is equal to 60, 80, 100, 110 and 120 c.u.
Based on the calculations results of total repair costs, which are given in the Table 1, the conclusions
can be drawn.

For any fixed Creserve value with an increase in the interest rate M %, the average total costs increase.
The total repair costs are the lowest among all results for Creserve = 60 C.u. in the range of 0% — 10%.
The same effect for Creseve = 80 c.u. when M % changes in the range of 20% — 40%. For

Creserve = 100 C.U. average repair costs are lowest when M % changes from 50% to 100%.

Thus, to use a traditional design solution at the level of mathematical expectation of repair resource
costs is optimal for high interest rates. Therefore, for the interest rates level in the range of 0% — 50%,
it is more appropriate to use the resources reserve for precise repairs, which are less than the

mathematical expectation of the expected costs (meaning options when Creserve = 60 c.u., 80 c.u.). Thus,
the traditional approach for planning the resource costs level for the GEAE current repair is not optimal.



Table 1
The GEAE repair total cost calculations results

M % Creserve = 60' Creserve = 80 Creserve = 100 Creserve = 110 Creserve = 120

C.u. c.u. c.u. C.U. C.U.

0 100 102 108 115 122
2 100.8 102.44 108.16 115.1 122.04
5 102 103.1 108.4 115.25 122.1
7 102.8 103.54 108.56 115.351 122.14
10 104 104.2 108.8 115.5 122.2
20 108 106.4 109.6 116 122.4
30 112 108.6 110.4 116.5 122.6
40 116 110.8 111.2 117 122.8

50 120 113 112 117.5 123
60 124 115 112.8 118 123.2
70 128 117.4 113.6 118.5 1234
80 132 119.6 114.4 119 123.6
90 136 121.8 115.2 119.5 123.8

100 140 124 116 120 124

In the general case, it is expedient to have correlations by means of which it would be possible to

solve the optimization problem of resources reserve volume Creserve during current repair subsystem
designing in GEAE OS. In this case, we make the assumption that the PDD of the current repairs total

cost for a certain observation period f(Cs/©;T4ss) has a continuous form. This assumption may exist

despite the fact that the failures number probabilities distribution per Tos period is discrete, but the
resources cost needed to perform certain technological operations has its own PDD with a continuous

function type. We also keep in mind that the parameter vector ® includes a failures number model
description per Tows interval and PDD parameters of the resource costs per one repair.
We give a formula to calculate the Mi(Cs/OPLB;Creerve: Tons: K30) and the conditions that the

resources cost for repairs over Toss time are continuous PDD — T (Cy /@i Tgy) .
The K coefficient is a multiplier of resources increase, which are not enough based on the interest
rate M %
~100% + M % 1. M %
100% 100 |,

where M% s the interest rate for attracting additional resources
To analytically solve the problem of substantiating the optimal resource costs level for repairs

consider two variables X1 and X2. We believe that the X1 variable allows to estimate the resource
costs mathematical expectation for more accurate repairs under the conditions that it is planned to

reserve funds according to the traditional method (repairs cost mathematical expectation where Cres des.
— corresponds to the design solution).

The X2 variable is designed to solve the problem of minimizing the resources for repairs cost by
defining a parameter Cresvar..

Formulas for mathematical expectations of X1 and X2 parameters has the following form:

X, =m,(C, /Opt.B;C Ty K;0) =

res.des?



Cres.des ©
= Cres.des J. f (Cz)dcz + J.[Cres.des + (CZ - Cres.des) K] f (CE )dCZ
0 Cres.des
X, =m,(C, /Opt.B;C K;0) =

res.var? T obs?

Cresvar ®©
=Craovar | F(C)ACs + [[Cryar + (Cs —~Craar) K1 (C;)AC,

0 Cres.var

If a priori data on f(Cy 10T o) and the interest rate level of M% are known, then a A variable
can be found

A=X, =X,

Selecting the Cresvar parameter we try to maximize the A value.

In the given expressions for X1 and X2 the interest rate M% is a constant value. In the general
case, it can be considered as a function of borrowed funds. In this case, the functional form of the
expressions for X1 and X2 will be complicated.

Modeling was performed in the MathCad software environment for the data shown in the Table 1.

As can be seen from Fig. 3 — 5 with Cres increasing there is a decrease in the number of total costs
possible values.

The mathematical expectation of costs theoretical calculations results are presented in the nomogram
form in Fig. 6.
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Figure 3: Total repair costs histograms ( Cres =60c.U. )



0.025

002

0.015

0.01

_3
510 20 100 120 0 o

Figure 4: Total repair costs histograms (Cres = 80C-U-)

Graphs in Fig. 6 analysis shows that at certain credit rates there is an optimal value of the maximum
resources stock, which provides a minimum of operating costs. In Ukraine, the loan rate is about 20 —
30%. As can be seen from the graph at 20% there is already an optimum. The optimum value can be
found by studying the analytical ratios above, which compare the cost of resources according to the
traditional method and the method proposed in this paper.

The proposed approach to substantiate operation costs can be considered within the framework of
the methodology for the design and modernization of systems for the operation of ground-based
radioelectronic equipment. According to this methodology, the main attention should be paid to
statistical data processing procedures [30 — 32] regarding reliability parameters and defining parameters
of equipment and parameters of operation system.
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Figure 5: Total repair costs histograms (Cres =100c.u. )
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Figure 6: Repair costs nomogram

The results of this paper as a whole can be considered as the basis for solving an important
operational problem related to the optimization of operational costs during intended use of
radioelectronic equipment.

4. Conclusion

The analysis carried out in the paper showed that to calculate the operation costs it is not enough to
take into account only the mathematical expectation of the forecasted costs. In this paper, the authors
considered two options for financing the repair procedures. The first option is related to the case when
the level of the reserve for repairs is determined at the mathematical expectation level. The second
option is related to the case when the maintenance and repair system has a resources reserve for repair
procedures, which differs from the traditional approach to cost planning.

Taking into account the cost probabilities density distribution makes it possible to design the
operation system more optimally in terms of expected costs for GEAE maintenance and repair. It is
necessary to have some a priori information on the failures number distribution, interest rates and other
data as needed.

The research results can be used in the process of designing and improving the air navigation ground-
based radioelectronic equipment operation.

5. References

[1] I. V. Ostroumov, N. S. Kuzmenko, Compatibility Analysis of Multi Signal Processing in APNT
with Current Navigation Infrastructure, Telecommunications and Radio Engineering 77 (3) (2018)
211-223. doi:10.1615/TelecomRadEng.v77.i3.30.

[2] M. Zaliskyi, O. Solomentsev, Method of Sequential Estimation of Statistical Distribution
Parameters in Control Systems Design, in: IEEE 3rd International Conference Methods and
Systems of Navigation and Motion Control (MSNMC), Kyiv, Ukraine, October 14-17, 2014, pp.
135-138. doi: 10.1109/MSNMC.2014.6979752.

[3] O. Solomentsev, M. Zaliskyi, O. Shcherbyna, O. Kozhokhina, Sequential Procedure of
Changepoint Analysis During Operational Data Processing, in: 2020 IEEE Microwave Theory and
Techniques in Wireless Communications (MTTW), Riga, Latvia, 2020, pp. 168-171. doi:
10.1109/MTTW51045.2020.9245068.



[4] O. Solomentsev, M. Zaliskyi, O. Zuiev, Radioelectronic Equipment Availability Factor Models,
in: Signal Processing Symposium 2013 (SPS 2013), Serock, Poland, June 5-7, 2013, pp. 1-4. doi:
10.1109/SPS.2013.6623616.

[5] O. Solomentsev, M. Zaliskyi, T. Herasymenko, O. Kozhokhina, Yu. Petrova, Efficiency of
Operational Data Processing for Radio Electronic Equipment, Aviation 23 (3) (2019) 71-77. doi:
10.3846/aviation.2019.11849.

[6] Ukrainian standard 2389-94. Technical diagnosis of technical condition. Terms and definitions.
Approved and put into operation by the order of the State Standard of Ukraine from 01.01.95,
Kyiv, State Standard of Ukraine, 1994. [in Ukrainian]

[7] Ukrainian standard 2860-94. Reliability of equipment. Terms and definitions. Approved and put
into operation by the order of the State Standard of Ukraine from 01.01.96, Kyiv, State Standard
of Ukraine, 1995. [in Ukrainian]

[8] O. V. Solomentsev, M.Y u. Zaliskyi, O. V. Zuiev, M. M. Asanov, Data Processing in Exploitation
System of Unmanned Aerial Vehicles Radioelectronic Equipment, in: IEEE 2nd International
Conference Actual Problems of Unmanned Air Vehicles Developments (APUAVD), Kyiv,
Ukraine, October 15-17, 2013, pp. 77-80. doi: 10.1109/APUAVD.2013.6705288.

[9] R.E.Barlow, F. Proschan, Mathematical Theory of Reliability, New York, John Wiley and Sons,
1965.

[10] O. V. Abramov, Monitoring and Forecasting the Technical State of Critical Systems, Informatics
and Control Systems 2(28) (2011) 4-15. [in Russian]

[11] E. Yu. Barzilovich, Models of Maintenance of Complex Systems, Higher school, 1982. [in
Russian]

[12] Yu. F. Burtaev, V. A. Ostreykovskyi, Statistical Analysis of the Reliability of Objects Based on
Limited Information, Moscow, Energoatomizdat, 1995. [in Russian]

[13] M. H. DeGroot, Optimal Statistical Decisions, New York, John Wiley & Sons, 1970.

[14] B. R. Levin, Theory of reliability of Radio Engineering Systems, Radio, 1978. [in Russian]

[15] V. G. Melkumyan, Technological Systems of Service Type. Elements of Design Theory and
Applied Problems of Operation, Kyiv, NAU, 2003. [in Ukrainian]

[16] I. V. Ostroumov, N. S. Kuzmenko, K. Marais, Optimal Pair of Navigational Aids Selection, in: 5th
International Conference Methods and Systems of Navigation and Motion Control (MSNMC),
Kyiv, Ukraine, 2018, pp. 32-35. doi:10.1109/MSNMC.2018.8576293.

[17] I. V. Ostroumov, N. S. Kuzmenko, Accuracy Estimation of Alternative Positioning in Navigation,
in: 4th International Conference Methods and Systems of Navigation and Motion Control
(MSNMC), Kyiv, Ukraine, 2016, pp. 291-294. doi: 10.1109/MSNMC.2016.7783164.

[18] M. Zaliskyi, Yu. Petrova, M. Asanov, E. Bekirov, Statistical Data Processing During Wind
Generators Operation, International Journal of Electrical and Electronic Engineering &
Telecommunications, 8 (1) (2019) 33-38. doi: 10.18178/ijeetc.8.1.33-38.

[19] T. Nakagawa, Maintenance Theory of Reliability, London, Springer-Verlag, 2005.

[20] I. V. Ostroumov, N. S. Kuzmenko, Accuracy Assessment of Aircraft Positioning by Multiple
Radio Navigational Aids, Telecommunications and Radio Engineering, 77 (8) (2018) 705-715.
doi: 10.1615/TelecomRadEng.v77.i8.40.

[21] Z. Hu et al, Statistical Techniques for Detecting Cyberattacks on Computer Networks Based on an
Analysis of Abnormal Traffic Behavior, International Journal of Computer Network and
Information Security (IJCNIS) 12 (6) (2020) 1-13. doi: 10.5815/ijcnis.2020.06.01.

[22] S. Gnatyuk, Critical Aviation Information Systems Cybersecurity, Meeting Security Challenges
Through Data Analytics and Decision Support, NATO Science for Peace and Security Series,
Information and Communication Security 47 (3) (2016) 308-316. doi: 10.3233/978-1-61499-716-
0-308.

[23] M. Kalimoldayev, S. Tynymbayev, S. Gnatyuk, M. Ibraimov, M. Magzom, The Device for
Multiplying Polynomials Modulo an Irreducible Polynomial, News of the National Academy of
Sciences of the Republic of Kazakhstan, Series of Geology and Technical Sciences 2 (434) (2019)
199-205.

[24] S. Gnatyuk, B. Akhmetov, V. Kozlovskyi, V. Kinzeryavyy, M. Aleksander, D. Prysiazhnyi, New
Secure Block Cipher for Critical Applications: Design, Implementation, Speed and Security


https://journals.vgtu.lt/index.php/Aviation/search/search?field=author&criteria=Olena%20Kozhokhina

Analysis, Advances in Intelligent Systems and Computing 1126 (2020) 93-104. doi: 10.1007/978-
3-030-39162-1 9.

[25] R. Odarchenko, S. Gnatyuk, T. Zhmurko, O. Tkalich, Improved Method of Routing in UAV
Network, in: IEEE 3rd International Conference on Actual Problems of Unmanned Aerial Vehicles
Developments (APUAVD), Kyiv, Ukraine, October 13-15, 2015, pp. 294-297.

[26] Ye. A. Solomentseva, A. V. Solomentsev, On the Planning of Resource Costs in the Technological
Service System, Problems of Informatization and Control 5 (2002), 181-184. [in Russian]

[27] B. N. Tikhonov, S. A. Moiseev, I. A. Khodzhaev, Management of the State of Complex
Radioelectronic Products in Operation, in: B. N. Tikhonov (Ed.), Orel, Academy of FSO of Russia,
2010. [in Russian]

[28] A. K. S. Jardine, A. H. C. Tsang, Maintenance, Replacement, and Reliability: Theory and
applications, Second Edition, Boca Raton, CRC Press, 2017.

[29] I. Gertsbakh, Reliability Theory: with Applications to Preventive Maintenance, New York,
Springer, 2005, 219 p.

[30] O. Solomentsev, M. Zaliskyi, T. Herasymenko, O. Kozhokhina, Yu.Petrova, Data Processing in
Case of Radio Equipment Reliability Parameters Monitoring, in: Advances in Wireless and Optical
Communications (RTUWO  2018), Riga, Latvia, 2018, pp. 219-222. doi:
10.1109/RTUWO.2018.8587882.

[31] O. Solomentsev, M. Zaliskyi, T. Herasymenko, Yu. Petrova, Data Processing Method for
Deterioration Detection During Radio Equipment Operation, in: Microwave Theory and
Techniques in Wireless Communications (MTTW 2019), Riga, Latvia, October 1-2, 2019, pp. 1-
4. doi: 10.1109/MTTW.2019.8897232.

[32] M. Zaliskyi, O. Solomentsev, O. Kozhokhina, T. Herasymenko, Reliability Parameters Estimation
for Radioelectronic Equipment in Case of Change-point, in: Signal Processing Symposium 2017
(SPSympo 2017), Jachranka Village, Poland, September 12-14, 2017, pp. 1-4. doi:
10.1109/SPS.2017.8053676.


https://doi.org/10.1109/MTTW.2019.8897232

