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ABSTRACT 
Context. The process of maintenance of modern radio-electronic facilities is aimed at supporting the serviceability or perform-

ance of the facilities during their technical operation. Specifications for achieving high reliability of operation are often contrary to 
other required characteristics, such as reducing the size of the product, obtaining high accuracy, reducing the cost of operation, etc. 
Therefore, the problem of the optimal choice of maintenance parameters to solve various tasks of operation using different criteria is 
relevant. 

Objective. The objective of this research is developing approaches to determine the optimal parameters of the process of adap-
tive maintenance. 

Method. Within the framework of the general simulation statistic model of the process of maintenance and repair of a complex 
facility (REF), we have developed a simulation model for parameter optimization of one of the maintenance strategies. The general 
simulation statistic model is intended to simulate the process of the TMR of the FEF in order to predict the reliability and value of the 
facility operation. Optimization of maintenance parameters improves both indicators of reliability of the facility and economic indi-
cators of operation of the facility as a whole. The parameters are optimized on the basis of the criterion of a minimum specific cost of 
the REF operation or the criterion of the maximum ratio of technical use. In both cases, limitation means the required value of the 
mean time between failures of the facility, and as a method of optimization, we use the method of directed search within the scope of 
the maintenance parameters. An expert can participate in the process of finding an optimal solution, being involved in the analysis of 
intermediate data and making a decision on the completion of the search process. 

Results. The improved method of optimizing the maintenance parameters is a mathematical and algorithmic basis for the general 
software of the simulation statistic model of the maintenance and repair process. The method is programmed and tested in solving 
testing tasks. The results of the computational experiment are illustrated in the tabular form. 

Conclusions. In our work we have developed the simulation model of the process of adaptive maintenance of a complex radio-
electronic facility. The model enables to substantially simplify and automate the process of research and optimization of the adaptive 
maintenance parameters of a complex radio-electronic facility. By adding the least reliable elements gradually to a plurality of items 
subject to servicing and modeling the random moments of the failure time, the simulation model calculates the optimal maintenance 
options with the adaptive time of condition monitoring. The simulation model is based on the algorithmic model and algorithmic 
optimization methods for adaptive maintenance, developed in our research, and works in the ISMPN software environment. As a 
method of optimization, we use the method of directed search within the scope of the maintenance parameters, with a DN distribution 
as a mathematical reliability model for electronic components and DM distribution for mechanical components. 

The practical value of the research lies in developing software which optimizes the maintenance parameters and predicts the reli-
ability and value of operation for the given REF. The results obtained are to be used when determining the requirements for the pa-
rameters of operation of both new facilities and those of the available stock. 

KEYWORDS: optimization of maintenance parameters, adaptive maintenance. 
 

ABBREVIATIONS 
ISMPN is a simulation statistic modeling program; 
АM is an adaptive maintenance; 
DB is a database; 
REF is a radio-electronic facilities; 
OTM is a operation time maintenance; 
OCM is an on-condition maintenance. 

 
NOMENCLATURE 

)(~
ki ta  is an estimation of the average degradation rate 

of the i-th element; 

iC0  is a cost of the i-element; 

iCrepl  is a cost of replacing the i-th element; 

iCm  is a cost of the maintenance operation for the i-th 

element 

ec  is a cost of operation; 

)(e c  is a function of the specific cost of operation 

with the optimal value of the maintenance level )(m 
iu ; 

)(e
 c  is an optimum value of the specific cost of 

operation in the current step; 

fcs  is a specific cost of the facility in the failure 

mode; 

mcs  is a specific cost, if the facility is in the mainte-

nance state; 

ie  is an i-th constructive element; 
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mE  is a set of elements maintained; 

mE  is a desired set of elements maintained; 

mE  is a conditionally optimal set of elements main-

tained; 

ssaK  is a steady state availability factor; 

)(
ssaK  is a function of the steady state availability 

factor with the optimal value of the maintenance level 

)(то 
iu ; 

)(ssa
 K  is an optimum, in the current step, value of 

the steady state availability factor; 
)( ktL  is a smoothed value for current control time kt ; 

IN  is a number of simulations implemented; 

amP  is a conditionally optimal parameters of adaptive 

maintenance; 

amP  is an optimal parameters of adaptive  mainte-

nance; 


сamP  is an optimal parameters of adaptive mainte-

nance according to the criterion emin c ; 


кamP  is an optimal parameters of adaptive mainte-

nance according to the criterion ssamax K ; 

)( ktS  is a seasonal value of seasonality at the current 

time; 
)( sktS   is a seasonal value for the same period of the 

previous season; 
s is a seasonal period; 

)( ktT  is a current trend value; 

)( kср tT   is a current forecast value of the mean time 

between failures of the least reliable element; 

)(
~

km tT  is a planned time interval of a regular mainte-

nance; 

0T  is a mean time between failures; 
reqT0  is a required mean time between failures; 

eT  is a time of operation of the facility; 

kt  is a current time of the k-th maintenance; 

mU  is a vector of defining parameters levels, which 

determines the necessity for maintenance of elements; 

mU  is a required vector of defining parameters levels, 

which determines the necessity for maintenance of ele-
ments; 


mU  is a conditionally optimal vector of defining pa-

rameters levels, which determines the necessity for main-
tenance of elements; 


imU  is a conditionally optimal vector of defining pa-

rameters levels of elements from the 1st to the i-th; 


imu  is a optimal value of the defining parameter ob-

tained in the final (i-th) step; 


imu  is a conditionally optimal value of the defining 

parameter obtained in the last (i-th) step of modeling; 

imu  is an intermediate optimal value of the defining 

parameter for this step; 

)(
imu  is a function which determines the depend-

ence of the optimal maintenance level of the i-th element 
on the ratio  ; 

i  is a ratio of variation of mean operating time to uni 

failure of the i-th element; 
  is a sequence smoothing ratio; 
  is a trend smoothing ratio; 

  is a ratio of seasonality smoothing; 

irep  is a mean time of replacement of the item of the 

i-th element; 

m а  is an administrative time for maintenance; 

im  is a mean maintenance duration of the i-th ele-

ment; 

mc  is a mean time of maintenance control; 

trou  is a mean time of troubleshooting; 
req  is a the necessary accuracy of the results (rela-

tive error); 
  is a desired lead ratio; 
  is a conditionally optimal lead ratio. 

 

INTRODUCTION 
The task of providing the necessary indicators of reli-

ability of complex REF arises very often, both in the de-
sign of new models of equipment (modernization) and in 
the operation of available ones. Complex radio-electronic 
facilities are recoverable facilities of long-term applica-
tion. The cost of such facilities is high, as well as the costs 
of operation. Diversity and the stochastic nature of the 
impact of various operational factors on the radio-
electronic facilities result in the fact that, with the same 
operation time or duration of operation, facilities, in terms 
of reliability, have different actual technical condition. 
Due to this fact, operation or calendar time does not ex-
pressly characterize the technical condition of the facility. 

In order to provide the required level of reliability of 
REFs during their operation, maintenance and repairs are 
usually performed, the essence of which is to timely re-
store the operational condition of the facility and the pre-
ventive replacement of the items in the pre-failure condi-
tion. 

On the one hand, a longer period of maintenance en-
ables to increase the production operation of REF, as well 
as the operation profitability. But this is not the case with 
the use of an outdated equipment stock which signifi-
cantly increases the time of maintenance due to the elimi-
nation of intensively increasing failures and malfunctions. 
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The object of study is the maintenance process of 
complex radio-electronic facilities. 

The subject of study is optimizing the parameters of 
adaptive maintenance. 

The purpose of the work is to develop approaches to 
determining the optimal parameters of the process of 
adaptive maintenance.  

 
1 PROBLEM STATEMENT 

Depending on the criterion used in determination of 
the timing of maintenance, there are two main strategies 
for arranging maintenance: OTM and OCM. When per-
forming OTM, control is exercised according to the avail-
able potential of the facility, and when the residual life 
reduces to some predetermined threshold, the facility 
maintenance is performed. When conducting OCM, the 
current technical condition of the facility is monitored, 
with maintenance performed, if the technical condition of 
the facility deteriorates to some predetermined unaccept-
able threshold. In turn, two types of strategies can be 
identified during OCM: OCM with a constant control 
period and OCM with a variable control period (adaptive 
OCM). 

Each strategy is characterized by its parameters, which 
can be simulated using simulation statistic modeling. The 
modeling criteria of determining parameters of adaptive 
maintenance in our research are as follows: the criterion 
for minimizing the specific cost of the facility operation, 
which is determined at a reference period of operation, 
with the provision of a reference requirement to the reli-
ability level of the facility, and the criterion of maximiz-
ing the coefficient of technical operation with the provi-
sion of the same requirement to the reliability level of the 
facility [1–4]. 

To perform modeling, it is necessary to create simula-
tion models for all maintenance strategies. 

The initial data for ISM are the following variables: 

mE , reqT0 ,  ,   and  .  

Thus, the article solves an urgent scientific problem in 
relation to the development of simulation models to opti-
mize the adaptive on-condition maintenance parameters 

and getting subsequent output variables: 
mE , 

mU , and 

 . Two criteria are used: optimization by criterion 

emin c  and by criterion ssaKmax . The limitation is the 

use of DN distribution, as a mathematical model of reli-
ability of electronic components and DM distribution, for 
mechanical components. 

 
2 REVIEW OF THE LITERATURE 

Nowadays, many scientists also investigate the prob-
lem of optimizing the maintenance process for different 
types of facilities. Thus, to minimize the cost of servicing 
systems with the reliability constraint, work [5] suggests 
the approach which uses the methods of Lagrangian re-
laxation embedded in dynamic programming. The ap-
proach can be applied to determined and probable tasks of 
dynamic programming, as well as to Markov partially 

observable decision making process. The computational 
complexity of the approach is polynomial with regard to 
the number of Q-components of the system. The author of 
work [6] addresses the problem of optimizing mainte-
nance in a multi-component system which performs sev-
eral missions with scheduled finite discontinuity. Due to 
the limited time, budget, or availability of resources, 
maintenance can only be performed on a limited set of 
components. To do this, we propose a new integrated 
formulation of nonlinear programming for the sample 
maintenance, which enables to choose the components to 
be serviced, the maintenance levels to be performed, and 
maintenance tasks for several maintenance technicians. In 
work [7], a stochastic optimization model is considered to 
reduce the long-term total cost of maintenance complex 
systems. The work relies on the following principle: op-
timization of cost models for complex multi-component 
systems is based on analyzing the reliability of different 
maintenance approaches (regular block and age ones) and 
on clustering maintenance actions to reduce the total cost 
of maintenance of a complex system. In work [8], in ac-
cordance with the task of optimizing maintenance, the 
author selected the most important components of the 
power system with renewable energy sources. Then a set 
of maintenance strategies is proposed for all critical com-
ponents. The total cost of each strategy for all critical 
components is calculated as the amount of costs for: op-
eration, maintenance and environmental protection. The 
best maintenance strategy for each critical component is 
selected by identifying the lowest total cost of different 
maintenance strategies. 

The author of work [9] addresses a new method of op-
timal strategy of maintenance of a complex system taking 
into account the reference reliability limitation. It is based 
on the direct analysis method which provides accurate 
quantitative determination of the reliability of highly reli-
able maintenance systems. As a discrete maintenance 
model, the article considers a model where each main-
tained component can operate in one or more discrete 
maintenance modes. In work [10] the author considers the 
optimal schedule of preventive maintenance of one ele-
ment on the finite segment on the basis of Bayesian mod-
els of the failure function. In work [11] a new approach to 
the modeling of maintenance of machine tools is devel-
oped taking into account the architecture of stock sys-
tems. The stock architecture is considered, which consists 
of various types of machine tools of different manufactur-
ers of equipment, working with different users, but sup-
ported by one repair shop. The essence of the approach is 
to jointly optimize the decisions on the levels of repairs, 
namely: the schedule of repair, relocation, disposal and 
preventive maintenance, taking into account the structure 
of user costs and policy in the workshops. In work [12], 
the author suggests a new approach to cost-effective op-
timization of maintenance completion strategies for a set 
of repaired elements. The optimization method consists of 
two stages. Firstly, a new concept of matrix modeling is 
introduced to find the scope for solving this optimization 
problem. Secondly, a genetic algorithm is used to find a 
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solution with minimal costs. It is shown that the combina-
tion of matrix modeling and genetic algorithm is a power-
ful method for solving the problem of optimization. In 
work [13], the MINLP model is suggested which repre-
sents a stochastic process of failures and repairs of the 
system in the form of a Markov continuous-time chain, on 
the basis of which the choice of backup and frequency of 
verification and maintenance tasks is optimized for 
maximum profit. The model explicitly takes into account 
all possible conditions of the system. It also offers effec-
tive decomposition methods and reduction of maintenance 
scenarios. 

Thus, the task of developing simulation models and 
improving the procedure of optimizing the adaptive on-
condition maintenance parameters for two different crite-
ria is relevant. 

 
3 MATERIALS AND METHODS 

The development of a simulation model for optimiz-
ing the parameters of the process of adaptive maintenance 
should be based on a pre-formalized adaptive mainte-
nance model. In our work we use an improved model as 
the formalized model of adaptive maintenance, which is 
described in works [1]. The optimization task was solved 
for one of two criteria: optimization by criterion ecmin  

(1) and by criterion ssaKmax  (2): 
 

min),,,,,(  
mme Ec U , (1)

 

req
mm TET 00 ),,,,,(   U  

max),,,,,(  
mmssa EK U . 

(2)

 

Constants of smoothing are not directly related to the 
choice of maintenance options. For this reason, the pa-
rameters  ,,  are not included in the number of opti-

mized strategy parameters, and we regard them as con-
stants. 

When solving a problem (1) the set mE  is fixed, with 

the sequence of partial problems solved. At each step, an 

auxiliary set 
mE  is formed by adding one element from 

the set mE , with a specific task solved for determining 

the optimal parameters satisfying the condition: 
 



 
,

min),,,,,(
mU

mme Ec U . (3)

 

Solution   ,,P mmam UE  satisfying condition (3) 

is a conditionally optimal solution obtained, if the set of 

maintained elements consists of 
mE , and 

}...,,,{ 21
  immmim uuuU  [1,16]. 

When adding new elements to 
mE , the mean time be-

tween failures 0T  should increase, and when the require-

ment reqTT 00   is met in a certain step, the process of 

search for a conditionally optimal solution is completed. 
This solution, obtained in the final stage, is taken as the 

general optimal one *Pa m . 

Figure 1 shows the algorithmic model of the task solu-
tion (1)  

Statement 1 generates the output data: the set of the 

maintained elements mE ; records constants of smoothing. 

Statement 2 creates empty sets 
iEm  and 

iUm , and 

initiates the variable i, which is used to calculate the 
number of steps for a solution search (simultaneously, the 
variable i is the number of element ie  which is added to 

the set 
imE ). The set 

imE  is used as the current set of 

maintained elements (one element from the set mE  will 

be added at each stage). A set 
imU  is used to memorize 

the obtained optimal values of the maintenance levels 


imu of elements included in the set 
imE . 

Statement 3 forms the number i of the next (current) 
step of the search process. 

Statement 4 chooses i-th element ie  from the set mE  

and adds it to the set. The elements ie  from the set mE  

are selected in ascending order of their mean time be-
tween failures. 

Statement 5 makes function charts )(
imu  and 

)(
ec depending on the value of the lead ratio  , which 

binds the scheduled time interval to the next maintenance 

)(
~

km tT , with the current predicted value of the mean time 

between failures of the least reliable element )( kср tT  : 

 

)(~
1

)(
ki

kср ta
tT  . 

 
For a two-parameter exponential smoothing model, 

estimation of the average degradation rate of the i-th ele-
ment is determined by the expression: 

 
),()()(~

1 kkki tTtLta   

)()1())()(()(

)]()()[1()()(

11

11









kkkk

kkkik

tTtStStT

tTtStatL
. 
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Figure 1 – Algorithmic model for optimal parameters search of the OCM strategy with adaptive change of the control period 
 
For a three-parameter smoothing model [14, 15]: 
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The function )(
imu  determines the dependence of 

the optimal maintenance level of the i-th element on the 
ratio  . 

The value )(
imu is determined on the basis of the ex-

pression: 
 

imu
imimeim Ecu min),,(:)(   U . (4)

 

Function )(
ec  is the specific cost of operation ob-

tained with the optimum value of the maintenance level 

)(
imU : 

),,()(  
imimee Ecc U . (5)

 
Statement 6 determines the optimal value of the ratio 

  in the current step, which satisfies the condition: 
 

)(min)(  




ee cc . (6)

Statement 7 determines the optimum value of the 
maintenance level: 

)(   imim uu . (7)
 

Statement 8 saves the value 
imu  in the DB as the op-

timal value for this step. 
Statement 9 defines the value of the mean time be-

tween failures, obtained in the current search step 

)P( )(00
  iаmTT , and   ,,P )( imimiаm E U . 

Statement 10 verifies the compliance with the condi-

tion reqTT 00  . If the condition is satisfied, Statement 12 

forms the final solution: 
 

  )(P:P iаmсаm . 
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Thus, the solution search process finishes. 
If Statement 9 does not comply with the condition 

reqTT 00  , Statement 10 verifies if all the elements from 

mE  have already been used. If not, and ( mEi  ), it 

passes control to Statement 3 to continue the solution 
search process. 

Statement 13 forms the optimal values of the adaptive 
maintenance parameters. 

The algorithmic model of the task solution (2) com-
pletely coincides with the model developed above, except 
for the content of Statements 4 and 5. The only difference 
lies in the fact that instead of the criterion emin c  a crite-

rion ssaKmax  is used. Therefore, in Statement 4 a func-

tion chart )(
ssaK  is constructed, with the optimal value 

determined in  Statement 5 on the basis of the condition: 
 

)(max)(  




ssassa KK . (8)

 
The content of all other operators remains unchanged. 
Taking into account the aforementioned, one can for-

mulate the following method of optimizing the parameters 
of the adaptive maintenance process of a complex radio-
electronic facility: 

1. Create a database of the REF, with the task of opti-
mizing the adaptive maintenance parameters solved. 

2. Specify the simulation parameters for ISMPN. 
3. Determine the set of potentially maintained ele-

ments mE  and the required mean time between failures 

based on the maintenance reqT0 . 

4. Choose an item from the set of potentially main-
tained ones, with the highest failure rate, and perform 
modeling according to one of the criteria: ecmin  or 

reqKmax . Determine the conditionally optimal mainte-

nance parameters for one maintained element. 
5. Determine the mean time between failures and 

compare with the required one. If the mean time between 
failures is less than required, add the second one, etc. to 
the list of maintained items, till the mean time between 
failures is no less than necessary. 

6. Determine the optimal parameters of adaptive main-
tenance. 

 
4 EXPERIMENTS 

The problem is solved using the ISMPN program. In 
each step of the task solving, actions are performed in 
accordance with the following procedure: 

1) the formation of the current subset 
imE  of the 

maintained elements (in the i-th step one element mE  is 

added to the subset 
imE ); 

2) the search for a conditionally optimal solution 
  ,,P )( imimiаm E U  (by criterion ecmin  or 

ssaKmax ) and determination of the mean time between 

failures 
0T ; 

3) verification of compliance with the condition 
reqTT 00  . If the requirement is not satisfied, proceed to 

point 1 and continue solving the task. If the request is 
met, complete the closing point of the procedure; 

4) acceptance of the conditionally optimal solution 


)(P iаm  obtained in the final step as the final solution of 

the task   )(P:P iаmаm . 

The procedure is illustrated by the example of the test-
ing facility Test-1. The database for the facility was estab-
lished. The facility contains 15 elements of different lev-
els included in the set of denied elements 0E . For exam-

ple, the set of potentially maintained elements mE  com-

prises 5 least reliable elements from 0E . Table 1 shows 

the data on such elements. Mean time between failures is 
subject to the DN distribution with the coefficient of 
variation of failure time of all elements 8.0i . 

Cost and time characteristics of the facility Test-1: 

irep  = 1 h; im  = 0.2 hours; iC0  = 10 c.u.; irepC = 

1 c.u.; imC = 1 c.u. ( mEi ,1 ); mc  = 0.5 h; 

trou = 1 h; аm  = 1 h. 
 

Table 1 − Characteristics of potentially maintained elements 
of the facility Test-1 

 

Element 
number 

Element name 
Mean failure time 

iсрT , h 

Cost of the 

element iC0 , 

c.u. 
1 
2 
3 
4 
5 

132 
12 

11111 
131-1 
131-2 

10000 
14142 
14142 
20000 
20000 

40 
20 
20 
10 
10 

 
We specify the parameters of modeling and the envi-

ronment for the ICM, namely: eT  = 20 years; 

100max IN ; req  = 0.2; s fc  = 10 c.u./year; s mc  = 2 

c.u./year. 
If maintenance for the facility Test-1 is absent in such 

conditions, the following values are obtained: 0T  = 1,210 

h; ec  = 0.02997 c.u./h; ssaK  0.99835. Permanent 

smoothing equals to 5.0 . 

The required mean time between failures:  
reqT0  = 1.500 h. 

 
5 RESULTS 

Optimization by criterion ecmin . 

The calculations are performed as follows: 
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1. In step 1, we add element 132: 
)1(mE  = {132} to 

the set 
mE . 

2. We launch the ISMPN program in the mode “Opti-
mizing maintenance/adaptive maintenance” and specify 
the following variation parameters: 

– for: mu : mu  [0.4; 0.8]; mu  = 0.05; 

– for:  :   [0.2; 0.7];   = 0.05. 

Figure 2 shows the view of the PC screen after model-
ing is completed in step 1. 

By the function chart )(
ec , we determine its mini-

mum and corresponding conditionally optimal value 

45.0 . According to the chart )(1 
mu , we determine 

the optimal value of the maintenance level for element 

132 )(11
  mm uu = 0.40. 

As a result of the calculations performed in step 1, we 
obtain the following conventionally optimal solution: 

45.0};40.0{};132{,,P 11(1)  
mmаm E U . 

3. According to the chart )(0 T , we determine the 

mean time between failures 
0T  = 1.386 hours, which is 

achieved with these parameters (shown next to the chart 
on the right). 

4. If the requirement reqTT 00   is not fulfilled, we 

take the next step. But before proceeding to the next step, 

we enter the latest value of the maintenance level 
1mu  

(for element 132) in the database. 
The final modeling results are shown in Table 2. 

To ensure the reliability level reqT0  = 1.500 h, the pa-

rameters obtained in step 2: 

40.0};55.0;40.0{};12,132{PP (2)  
аmсаm  are opti-

mal parameters of the adaptive OCM by criterion ecmin . 

With the above parameters, the following values of 
indicators are provided: 

)P(0


саmT  = 1.529 h; )P( 
саmec  = 0.02162 c.u./h; 

)P( 
саmssaK  = 0.99825. 

 

 
 

Figure 2 − View of the PC screen after modeling is completed in step 1 (criterion min ce) 
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The statistical error of the modeling results, with the 
above results obtained, is 148.0 . 

Optimization by criterion ssaKmax . 

1. In step 1, we add element 132 to the set 
mE : 


)1(mE = {132}. 

2. We launch the ISMPN program in the mode “Opti-
mizing maintenance/adaptive maintenance” and specify 
the following variation parameters: 

– for mu : mu  [0.4; 0.8]; mu  = 0.05; 

– for  :   [0.4; 1.0];   = 0.05. 

The result of modeling shows that the function 

)(
ssaK  does not have a stable maximum, so we immedi-

ately proceed to step 2 and add element 12 to the set 


)1(mE : 

)2(mE  = {132, 12}. Figure 3 shows the view of 

the PC screen after completing the simulation in Step 2. 

In step 2, the maximum of the function )(
ssaK  is ob-

tained at the value of the argument  = 0.65. According 

to the chart, we find conditionally optimal value of the 

maintenance level )(11
  mm uu  = 0.65. All these data 

are calculated in a programmatic manner and displayed to 
the right of the corresponding chart. 

Thus, after completing step 2, we obtained a conven-
tionally optimal solution: 

65.0};45.0{};132{,,P 22(2)  
mmаm E U . 

 

Table 2 − Results of calculation of conditionally optimal parameters of the adaptive maintenance strategy for the facility Test-1 
(criterion min ce) 

Conditionally optimal parameters 
(i)аmP  

Values of indicators obtained under conditionally optimal pa-

rameters 
)(P iаm  step 

num-
ber i 

imE  
imu    

0T , h 
ec , c.u./h 

ssaK    

0 – – – 1207 0.03007 0.99834 0.135 
1 {132} 0.40 0.45 1386 0.02427 0.99818 0.138 
2 {132, 12} 0.55 0.40 1529 0.02162 0.99825 0.148 
3 {132, 12, 11111} 0.45 0.45 1706 0.01894 0.99840 0.153 
4 {132, 12, 11111, 131-1} 0.55 0.45 1868 0.01743 0.99849 0.143 
5 {132, 12, 11111, 131-1, 131-2} 0.56 0.40 2057 0.01603 0.99852 0.173 

 

 
Figure 3 − View of the PC screen after completing the calculations in step 2 (criterion max Kssa) 
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3. According to the chart )(0 T , we determine the 

mean time between failures 
0T  = 1469 h, which is 

achieved with these parameters (displayed along with the 
graph on the right). 

4. If the requirement reqTT 00   is not satisfied, we 

proceed to the next step. However, as before, we enter the 

latest value of the maintenance level 
1mu  = 0.45 in the 

database. 
Table 3 shows the complete data obtained for all 5 

steps (for all elements of the set mE ). 

For the requirement reqT0  = 1.500 h, the parameters, 

obtained in step 3, are optimal for the parameters of the 
adaptive maintenance strategy by the criterion ssaKmax : 

.65.0};5.0;45.0;4.0{};11111,12,132{PP (3)  
аmкаm

With the above parameters, the following values are pro-
vided: 

)P(0


каmT  = 1.616 h; )P(e


каm c  = 0.02048 u.c./h; 

)P(ssa


каmK  = 0.99846. 

The statistical error of the modeling results, with the 
above results obtained, is 152.0 . 

 
6 DISCUSSION 

The analysis of the task solution results with regard to 
optimization of adaptive maintenance parameters by two 

different criteria show that the solutions - 
кamР  and 


саmР , by all indicators 

каmР , are better than the solu-

tion 
саmР . Table 4 shows the compared parameters. 

 

The table also shows that the advantage of the solution 


каmР  is obtained only at the expense of a greater number 

of maintained elements: according to the solution 
каmР , 

the number of the maintained elements is equal to 3, and 

according to the solution 
саmР , it equals to 2. This result 

is expectable, since in the output data cost and time spent 
on maintenance are very insignificant and equal for all 
elements. 

 

Table 4 − Comparative data of the optimal parameters of the 
adaptive maintenance of facility Test-1 

 

Compared parameters 

Main-
tenance 
para-

meters 

Optimi-
zation 
crite-
rion 

Number 
of the 
main-
tained 

elements 

mE  

0T , 

h 
ec , 

c.u./h 
ssaK  


am cР  


каmР  

ecmin  

ssaKmax

 

2 
3 

1529 
1616 

0.02162 
0.02048 

0.99825 
0.99846 


(3)Рam c

 
ecmin  3 1706 0.01894 0.99840 

 

The results obtained in this example also show that in 
the case of three maintained elements, the conditionally 

optimal solution 
(3)Pаm , obtained by the criterion 

ecmin , is much better than both solutions 
саmР  and 


каmР . 

The obtained results adequately demonstrate the pecu-
liarities of the simulation model of optimizing the pa-
rameters of the adaptive maintenance strategy, as well as 
the possibility of application of the modeling results ob-
tained. 

 
CONCLUSIONS 

The simulation model of the process of adaptive main-
tenance of a complex radio-electronic facility is devel-
oped in the work. The essence of the simulation model is 
that by gradually adding the least reliable elements to a 
set of elements to be maintained, and simulating random 
moments of the failure time of the facility elements, the 
model calculates the optimal parameters of maintenance 
with the adaptive time of the technical condition control. 

The scientific novelty of the research is to improve 
the simulation model of the process of adaptive mainte-
nance of a complex radio-electronic facility, which, 
unlike available ones, is based on the algorithmic model 
and algorithmic optimization techniques used in the soft-
ware package of the ISMPN. As a method of optimiza-
tion,  we  use  the  method  of  directed  search  within the  

 

Table 3 − Results of calculations of conditionally optimal parameters of an adaptive maintenance strategyfor the facility Test-1 
(criterion max Kssa) 

Conditionally optimal parameters 
)(P iаm  

Values of indicators obtained under conditionally optimal pa-

rameters 
)(P iаm  Step 

num-
ber i 

imE  

imu    


0T , h 


ec , c.u./h 


ssaK    

0 – – – 1219 0,02970 0,99834 0,137 
1 {132} – – – – – – 
2 {132, 12} 0,45 0,65 1469 0,02289 0,99836 0,146 
3 {132, 12, 11111} 0,50 0,65 1616 0,02048 0,99846 0,152 
4 {132, 12, 11111, 131-1} 0,55 0,55 1815 0,01801 0,99853 0,164 
5 {132, 12, 11111, 131-1, 131-2} 0,40 0,60 1941 0,01721 0,99860 0,167 
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scope of the maintenance parameters; as a mathematical 
model of reliability, we use the DN distribution for elec-
tronic components, and DM distribution for mechanical 
components, with the scheduled time interval to the next 
maintenance determined on the basis of the three-
parameter exponential smoothing model, which enables to 
significantly simplify and automate the process of study-
ing the reliability of indicators and optimization of adap-
tive maintenance parameters of a complex radio-
electronic facility. 

The practical value of the results obtained lies in de-
veloping software which optimizes the maintenance pa-
rameters and predicts reliability indicators and operation 
cost for the given REF. The results obtained are to be 
used when determining the requirements for the parame-
ters of operation of both new facilities and those of the 
available stock. 

Prospects for further research lie in creating simula-
tion models and software tools for optimizing the parame-
ters of the process of scheduled maintenance of REFs, 
maintenance and repair procedures of the REF groups. 
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AНОТАЦІЯ 

Актуальність. Процес технічного обслуговування (ТО) сучасних об’єктів РЕТ направлений на підтримання справності 
чи працездатності об’єктів під час їх технічної експлуатації. Вимоги, щодо досягнення високої надійності експлуатації часто 
знаходяться в суперечності з іншими необхідними характеристиками, такими як зменшення розмірів виробу, отримання 
високої точності, зниження вартості експлуатації і т. д. Тому питання, оптимального вибору параметрів ТО для вирішення 
різних задач експлуатації та із застосуванням різних критеріїв, є актуальною. 

Мета. Метою даної роботи є розробка підходів щодо визначення оптимальних параметрів процесу адаптивного техніч-
ного обслуговування. 

Метод. В рамках загальної імітаційної статистичної моделі процесу технічного обслуговування і ремонту складного 
об’єкту РЕТ розроблена імітаційна модель оптимізації параметрів однієї із стратегій ТО. Загальна імітаційна статистична 
модель призначена для моделювання процесу проведення ТО и ремонту об’єкта РЕТ з метою прогнозування показників 
надійності та вартості експлуатації об’єкта. Оптимізація параметрів ТО покращує, як показники надійності самого об’єкта 
так і економічні показники експлуатації об’єкта у цілому. Оптимізація параметрів здійснюється за критерієм мінімуму пи-
томої вартості експлуатації об’єкта РЕТ або за критерієм максимуму коефіцієнта технічного використання. Обмеженням в 
обох випадках виступає необхідне значення середнього наробітку на відмову об’єкта, а в якості методу оптимізації викорис-
товується метод спрямованого перебору у просторі параметрів ТО. У процесі пошуку оптимального рішення може прийма-
ти участь людина-експерт, яка залучається для аналізу проміжних даних і для прийняття рішення про закінчення процесу 
пошуку. 

Результати. Удосконалена методика оптимізації параметрів ТО являє собою математичне та алгоритмічне підґрунтя для 
загального програмного забезпечення імітаційної статистичної моделі процесу технічного обслуговування і ремонту. Розро-
блений метод програмно реалізований і досліджений при вирішенні тестових завдань. Результати обчислювального експе-
рименту проілюстровані у табличній формі. 

Висновки. У роботі розроблена імітаційна модель процесу адаптивного технічного обслуговування складного радіоеле-
ктронного об’єкта. Модель дозволяє суттєво спростити та автоматизувати процес дослідження та оптимізації параметрів 
адаптивного технічного обслуговування складного радіоелектронного об’єкта. Шляхом покрокового додавання найменш 
надійних елементів до множини елементів, які підлягають обслуговуванню, та моделюванню випадкових моментів часу 
відмов елементів об’єкта, імітаційна модель розраховує оптимальні параметри технічного обслуговування з адаптивним 
часом проведення контролю технічного стану. Імітаційна модель базується на розроблених в роботі алгоритмічній моделі та 
методиці оптимізації параметрів процесу адаптивного технічного обслуговування та працює у середовищі програмного за-
собу ISMPN. В якості методу оптимізації використовується метод спрямованого перебору у просторі параметрів ТО, а за 
математичну модель безвідмовності взятий DN розподіл, для електронних компонентів та DM розподіл, для механічніх 
компонентів. 

Практичне значення роботи полягає у розробці програмного забезпечення, яке оптимізує параметри ТО та прогнозує по-
казники надійності та вартості експлуатації для заданого об’єкта РЕТ. Отримані результати пропонується використовувати 
при визначені вимог до параметрів експлуатації як нових об’єктів, так і об’єктів старого парку. 

КЛЮЧОВІ СЛОВА: оптимізація параметрів технічного обслуговування, адаптивне технічне обслуговування. 
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AННОТАЦИЯ 
Актуальность. Процесс технического обслуживания (ТО) современных объектов РЕТ направлен на поддержание ис-

правности или работоспособности объектов при их технической эксплуатации. Требования, по достижению высокой на-
дежности эксплуатации часто находятся в противоречии с другими необходимыми характеристиками, такими как уменьше-
ние размеров изделия, получения высокой точности, снижение стоимости эксплуатации и т.д. Поэтому вопрос, оптимально-
го выбора параметров ТО для решения различных задач эксплуатации с применением различных критериев, является акту-
альной. 

Цель. Целью данной работы является разработка подходов к определению оптимальных параметров процесса адаптив-
ного технического обслуживания. 

Метод. В рамках общей имитационной статистической модели процесса технического обслуживания и ремонта сложно-
го объекта РЕТ разработана имитационная модель оптимизации параметров одной из стратегий ТО. Общая имитационная 
статистическая модель предназначена для моделирования процесса проведения ТО и ремонта объекта РЕТ с целью прогно-
зирования показателей надежности и стоимости эксплуатации объекта. Оптимизация параметров ТО улучшает, как показа-
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тели надежности самого объекта, так и экономические показатели эксплуатации объекта в целом. Оптимизация параметров 
осуществляется по критерию минимума удельной стоимости эксплуатации объекта РЕТ или по критерию максимума коэф-
фициента технического использования. Ограничением в обоих случаях выступает требуемое значение средней наработки на 
отказ объекта, а в качестве метода оптимизации используется метод направленного перебора в пространстве параметров 
ТО. В процессе поиска оптимального решения может принимать участие человек-эксперт, который привлекается для анали-
за промежуточных данных и для принятия решения об окончании процесса поиска. 

Результаты. Усовершенствованная методика оптимизации параметров ТО представляет собой математическую и алго-
ритмическую основу для общего программного обеспечения имитационной статистической модели процесса технического 
обслуживания и ремонта. Разработанный метод программно реализован и исследован при решении тестовых заданий. Ре-
зультаты вычислительного эксперимента проиллюстрированы в табличной форме. 

Выводы. В работе разработана имитационная модель процесса адаптивного технического обслуживания сложного ра-
диоэлектронного объекта. Модель позволяет существенно упростить и автоматизировать процесс исследования и оптимиза-
ции параметров адаптивного технического обслуживания сложного радиоэлектронного объекта. Путем пошагового добав-
ления наименее надежных элементов к множеству элементов подлежащих обслуживанию и моделированию случайных 
моментов времени отказов элементов объекта, имитационная модель рассчитывает оптимальные параметры технического 
обслуживания с адаптивным времени проведения контроля технического состояния. Имитационная модель базируется на 
разработанных в работе алгоритмической модели и методике оптимизации параметров процесса адаптивного технического 
обслуживания и работает в среде программного средства ISMPN. В качестве метода оптимизации используется метод на-
правленного перебора в пространстве параметров ТО, а за математическую модель безотказности взято DN распределение, 
для электронных компонентов и DM распределение, для механических компонентов. 

Практическое значение работы состоит в разработке программного обеспечения, которое оптимизирует параметры ТО и 
прогнозирует показатели надежности и стоимости эксплуатации для заданного объекта РЕТ. Полученные результаты пред-
лагается использовать при определении требований к параметрам эксплуатации, как новых объектов, так и объектов старого 
парка. 

КЛЮЧЕВЫЕ СЛОВА: оптимизация параметров технического обслуживания, адаптивное техническое обслуживание. 
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