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Pospobaeno memoduxy ma anzopummu
dopmysants onmumManvbHUX MHONCUH eleMeH-
mie, axi Gepymv yuwacmv 6 npoueci mMooeno-
8aHHS 8I0M06-8I0H0BJIEHb CKIAAOHUX MEXHIU-
Hux 00'exmie. Bubip mmnosxcun enemenmis, wo
6i0MO6AAI0Mb | 6I0H0611010MbCA, GA3YeMbCA
Ha iepapxivuHil KOHCMPYKMUeHill cmpyxmy-
Pi CKAA0H020 MmexHiuno20 00'ckma, a maxoic
noxasnuxax 6Ge3zeiomosnocmi, pemonmonpu-
dammnocmi i eapmocmi tiozo enemenmie, 610kie
ma 6y3anie. Chopmosani onmumaivoHi MHOMCU-
HU ejleMeHmMi8 BUKOPUCMOBYIOMbCS 0N PO3-
PAXYHKY NPOZHOZHUX NOKA3HUKIE HaAOlUHOCML
i sapmocmi excnayamauii camozo 06'exkma. Ha
npuxaadi noxazawo, Ax 6i0 eubGOpY MHONCUN
ejleMenmie, wio 610MOBIAIOMD i 610HOBIIOI0OMb-
€51, 3IMIHIOIOMBCSA NPOZHOIHI OUIHKU HAOTUHOCMI
i eapmocmi excnayamauii ckaaon0zo0 mexmiv-
H020 00'ckma

Knrwouosi cnosa: cxaadnuii mexuiunuil
00'exm, icpapxiuna KOHCMPYKMueHa cmpyk-
mypa, cepeoHe HANPAUIO6AHHS HA 6I0MO8Y,
numoma eapmicmo excnayamauii, iMimauiiine
cmamucmuumne M00en08AHHS

=, u |

Paspabomanvt memoouxa u anzopummot
dopmuposanus onmumManvHLIX MHONCECME
JleMEHMO8, KOMOpble NPUHUMAIOM Yyuacmue
6 npouecce MOOeAUPOBAHUSL OMKAZ06-60CCMA-
HOBJIEHUTL CTLOJICHBIX MEeXHUMECKUX 006eKmos.
Boibop mmoscecmse omrasvlealowmux u 60c-
CMANABAUBAEMBIX TIEMEHNMO8 0A3UPYeMCS Ha
uepapxu1ecKol KOHCMPYKMuUEHOU cmpyKkmype
CLOJICHO20 MeXHUUEeCK020 00beKxma, a makice
noxazameasx 06e30mKasHoOCmu, pemMoHmonpu-
200HOCMU U CMOUMOCTU €20 dIEMEHMOE, 00~
K06 u y3nos. Chopmuposannvie onmumasv-
Hble MHONCECMBA 3TIEMEHMO8 UCNOIb3YOMCS
0 pacuema npozHO3HLIX XAPAKMEPUCMUK
HAOEHCHOCMU U CMOUMOCMU IKCHIYAMAuUu
camozo obsexma. Ha npumepe noxasano, xax
om 6bIHOPA MHOIICECHE OMKA3LLEAIOUUX U BOC-
CMAaHABAUBACMBIX ITEMEHNMOE UZMEHSIOMCS
NPOZHO3HbLE OUEHKU HAOEHCHOCU U CMOUMO-
CMu IKCRAYAMAYUU CILOHCHO20 MEXHULECKO20
o0sexma

Knrouesvie cnosa: caoxchvlii mexnuuecku
o0sexm, uepapxuueckas KOHCMPYKMUEHAA
cmpyxmypa, cpeouss napabomka na omxas,
YyoenvHas CMouUMOCms IKCNAYAMAUUU, UMU-
MAYUOHHOE CIMamuUcmuuecKoe Mooeauposanue
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1. Introduction

technical objects. Such facilities include power plants,

Vital functions of states, industrial enterprises of the
whole society, is provided by the functioning of complex

production lines, communication and navigation systems,
vehicles, computer systems, etc. From the whole variety
of such objects, a group can be separated that includes




complex recoverable technical objects that have a hier-
archical constructive structure and are intended for a
long-term operation. Typical examples of such objects are
objects of electrical and radio-electronic equipment, for
example, radar stations, elements of automated control
systems, etc., which from the reliability point of view,
are recoverable objects. Such objects are characterized
by a high price, both in development and in operation. To
provide the required (preset) level of reliability during
operation, their technical maintenance is carried out. The
need for maintenance is based on well-timed replacement
of elements, which are in a pre-failure state, which leads
to improved reliability. The repair is performed with the
purpose of recovering the serviceable or operational state
of the object or its part [1]. The considered objects are
characterized by certain features that affect and com-
plicate the task of constructing mathematical models for
estimating and predicting the reliability index (RI) as
well as operation cost (OC) of these objects on all stages
of their lifecycle. In addition, these objects are constantly
subjected to modernization during the various lifecycle
periods of development and operation, therefore they re-
quire constant refinements of predicting the RI and OC.
Such objects are quite complicated, primarily in the sense
of a large number (tens and hundreds of thousands) and
the variety of types of component elements. Therefore, the
method of simulation statistical modeling is mostly used
to estimate and predict object’s RI and OC considering
their constructive structure [2].

2. Literature review and problem statement

The question of how the constructive structure of
a technical object affects its RI and OC is not well re-
searched. It is highly important for a developer of a com-
plex technical object to have tools (methods) to quantify
this effect and use it when making certain constructive
decisions on predicting of RI and OC. A large number of
studies are devoted to calculating and predicting the re-
liability, as well as creating models (including simulation
ones). The paper [3] offers a method of inheritance and
development of modern methods of reliability estimation
based on numerical modeling, based on dynamic Bayesian
networks and numerical modeling. Thus, it overcomes the
limitations of the analytical method and the multilevel
synthesis method, and also provides an effective tool for
assessing the reliability of complex dynamic systems. The
paper [4] offers a method of calculating the structural re-
liability, based on graphs. The paper [5] presents a MEMS
method of modeling the structural reliability and FORM
method is described for obtaining the RI and its sensitiv-
ity to the random input values and their parameters that
can not only be used to estimate object’s reliability but
also to help to define key factors for additional structural
improvements. The paper [6] offers a method of assessing
the reliability of a bistable compliant mechanism taking
into account the degradation and uncertainty of the pa-
rameters. The paper [7] offers an extended covariation
Weibull-Corrosion model for assessment of the reliability
of a system, encountering operating voltages. In [8], a
model of dynamic reliability with a cyclic period of multi-
ple missions for non-recoverable discrete systems was de-

veloped. In [9], algorithms are developed to evaluate the
reliability of a system in the form of Bayesian networks
with the exponentially increasing amount of data that has
to be saved as the number of system components increases.
The paper [10] offers a combinational method for analyz-
ing the reliability of a multivariate system. The method is
based on a combination of BDD and MM DD models. It is
proposed in [11, 12] to use the Bayesian semiparametric
approach to obtain reliability indicators for multi-level
hierarchical systems, both with parallel and series con-
nection of components. The reliability of multi-level hier-
archical systems is also discussed in [13], which is devoted
to the problem of determining the reliability requirement
for structural elements of the system in order to ensure
a given level of reliability of the entire system with the
minimum total cost of the product.

In these works, the methodology for determining the
reliability indices of a system for a given set of failing
elements and their characteristics is described in detail.
However, the task of investigating the reduction of the
set of failing elements (enlargement of elements), taking
into account the hierarchical constructive structure, and
its impact on changes in the reliability and value of the
object as a whole, was not considered. Also, the problem
of determining the optimal set of recoverable elements
was not solved.

Thus, it is of considerable interest to develop a methodol-
ogy and algorithms for the formation of optimal sets of fail-
ing and recoverable elements that participate in the process
of modeling reliability indicators and operating costs of a
complex technical facility.

3. The aim and objectives of the study

The aim of the work is to develop a methodology for
determining the optimal sets of failing and recoverable el-
ements in recoverable complex technical objects of various
purposes.

To achieve this aim, the following objectives were set:

—to develop an algorithm for the preliminary formation
of the set of failing elements Ey and the set of correspondenc-
es W between the failing and recoverable elements;

—to develop an algorithm for eliminating the possible
redundancy of the set E;

—to develop an algorithm for the final formation of the
set W.

4. Research methods of determining the optimal set
of failing elements in the development of a statistical
simulation model of a complex technical object and
verifying its adequacy

The following methods were used to solve the tasks of
the study:

— probabilistic modeling and elements of graph theory
(to determine RI and OC based on the constructive struc-
ture of an object);

— statistical simulation modeling (to obtain predictive
estimates of RI and OC of an object);

— methods of mathematical statistics (to check the accu-
racy of the model).



5. Results of research on the development of a
methodology and algorithms for the formation of optimal
sets of failing Ey u recoverable Eg elements

5. 1. Object constructive structure and the structure
of its reliability

The following indicators are considered as parameters of
reliability and operating costs:

Ty — mean time between failures (RI);

Tk — mean time to recovery (maintainability index);

¢, — unit operating cost (OC index).

Operation cost is understood in a narrow sense — only
the cost of replaced elements, repair work and used consum-
ables is taken into an account.

In [1], the simulation statistical model (SSM) is devel-
oped, which helps to get predictive estimates for RI and OC.
The initial data for the SSM are the parameters of an object,
which can be generalized as an expression (1):

P, ={GRe M,C}, €

where Py, is a generalized parameter that represents object
characteristics; G is a graph that describes a constructive
structure of an object; Re, M and C are generalized parame-
ters that characterize the properties of reliability, maintain-
ability (repairability) and the cost of the object. A more de-
tailed content of these parameters will be considered below.

The constructive structure of an object is described by
a graph (tree) G: G=(E,R>, where E is the set of graph
vertices representing the individual object elements; R is the
set of edges connecting these vertices. The set R defines the
nesting relation of constructive elements. An arbitrary con-
structive element will be denoted by e!, where u is an index
of the constructive level of the element (nesting level), i is the
index of the element (e € E). The constructive level num-
ber is counted from the root vertex e? of the graph, which
represents the object as a whole. The relation R is the set of
pairs <ef‘,e?‘1 , in which the element e}“ is nested into the
element e gelf‘,e_';’i?e R). Every pair <e;‘,e;"1 represents
the corresponding edge on the graph G, shown 1n Fig. 1.

The elements that contain other elements will be called
composite elements. If the elements composition is not
detailed (no other constructive elements are defined in its
composition), then such element will be called simple. Sim-
ple element can be in fact an arbitrary complex technical
product, but in the particular case, we are not interested in
its internal construction. In Fig. 1, composite elements are
shown as rectangles, and the simple elements as circles. At
the bottom level of a constructive structure, all the simple
elements are located.

We will denote the set of all simple elements by El,, the
set of all elements of the (u+1)-th level that are a part of the
element ¢}, will be denoted by E(e}').

The depth of detail in the construction of the graph G
should be such that all potentially removable and replaceable
in the process of operation elements are presented in this
graph. At the lowest level, the smallest elements should be
presented, disassembly of which in the operating conditions
is impossible or impractical.

The structural diagram of the object’s reliability is se-
ries-parallel. All elements of the set E(e}') are considered
connected in series in a sense of reliability. Every present-
ed element in the graph G can represent a group of series

or parallel connected identical elements. Parallel element
connection is, in fact, the structural redundancy. The redun-
dancy in the groups can be loaded (permanent) or unloaded
(replacing).

Fig. 1. The constructive structure tree of an object

5. 2. Concepts of sets of failing and recoverable ele-
ments

It is impossible to model the failure of all simple elements,
because their number is too large. On the other hand, this is
impractical, since for every composite element with known
constructive structure, it is always possible to calculate the
reliability indices that are necessary for modeling, and then
use them as initial data for SSM.

Therefore, when using the SSM, the task of determining
the initial set of constructive elements, for which failure sim-
ulation is to be performed, is solved.

We introduce the notion of a set of failing elements
(we denote it by Ep), by which we mean such a subset of
constructive elements, the failures of which have to be
modeled (simulated) in the SSM when estimating the RI
and OC of an object (E,c E, |E,|<<|E|). The composition
of the set E is defined by the user and can be adjusted
by him. To provide the accuracy of calculations, Ej has
to satisfy the requirements of completeness and non-re-
dundancy.

The requirement of completeness is that Ey has to in-
clude all elements that can lead to the object failure. If the
constructive structure of an object is presented by a tree G,
the requirement for completeness can formally be ensured
by the following condition: there should not exist any path
between the root of the tree (object) and a pendant vertex
(simple element) that does not contain an element belonging
to the set Ej.

The requirement of non-redundancy is that any path
between the root of the tree G and any pendant vertex of it
should not contain more than one element of Ej,.

Obviously, the set of all simple elements E, is always
complete and non-redundant. Es, may contain a large num-
ber of elements and it is impractical to model every failure.
For reasons of machine-time saving, it is desirable for F to
contain a small number of elements. On the other hand, for
reasons of providing the model adequacy, it is necessary for
E to contain constructive elements that are most likely go-
ing to be replaced during the object operation.

Fig. 2 shows one of the possible options for specifying
the set E.



Fig. 2. One of the possible options of choosing the set £

In case of object failures, its operability is restored by
replacing the failed element. However, the actual failed con-
structive element is not necessarily replaced. The element
of a higher constructive level that requires less amount of
replacement time may be replaced.

Recoverable elements are such elements that are re-
placed during the object operation in case of failures. The
set of recoverable elements will be denoted by Eg, each
failed element e, € E, will be associated with a unique re-
coverable element e, € E,.

The sets Ey and Eg are model concepts and their correct
selection is very important for the adequate modeling of fail-
ure-recovery processes in the SSM. Below we consider algo-
rithms and methodology for determining the sets Ey and Eg.

We will denote by W a relation by which we will establish
a correspondence between the failing and recoverable ele-
ments. The relation Wis a set of pairs <ei”,e;>, where ¢ € E,
is a failing element, and e € E, is an element that is going
to be replaced in case of failure of the element e;. The rela-
tion W defines a functional mapping of the following form:
W:E,— E, [14]. The relation W assigns a single recoverable
e; € E,. element to each element ¢ € E, Considering this
fact, e/ =W(e}"). is the recoverable element that corresponds

J
to the failing element e'.

5. 3. Algorithms and methodology of forming the sets
Eyand Eg

To form the optimal sets Ey and Ep, the following proce-
dure is proposed, including three steps:

— preliminary formation of the sets Eg and W;

— elimination of possible redundancy of the set Ey;

— the final formation of the set (relation) W.

Each of the proposed stages is an algorithm. Let us con-
sider these algorithms.

Algorithm No. 1 is the algorithm for the preliminary for-
mation of the sets Eg and W. Its flow chart is shown in Fig. 3.
Statement 1 carries out preparatory activities. Statements 2,
7, 8 form a cycle, in which all elements of E,, are enumerat-
ed. For each simple element e, € E,, a path P(e,,) is formed
that connects a pendant vertex e,, with the root vertex e’
(statement 3). Among the elements ¢, € P(e,), an element
is defined for replacing of which the least time t_,(e;) is
needed (statement 4). The found element e; is added to the
set Ey and at the same time a pair <em,ej> is formed, which
is added to the set W (statements 5, 6). Statement 9 removes
duplicate elements from the set.

The set Ey, created by an algorithm No. 1 can be redun-
dant, the redundancy lies in the fact that Ey can contain ele-
ments that belong to the same path P(e,,). Elimination of the
redundancy of the set Ey is performed on the second stage of
the considered technique and is implemented by algorithm
No. 2, the structural diagram of which is shown in Fig. 4.

ESC

! ‘E;e =E_;E, ::Q;W::@‘

se

2 ‘ Choose e, €k, ‘
\
3 ‘ Build a way P(e,) ‘
\
4 [ ldentify €
€ :T,(¢)= min T(e)
s -
| E,=E,ule} |
6‘ W::Wu(em,el.) ‘
BBy
no
0 yes

Delete from E,
repeating elements

—— 2N 4
Exit
Fig. 3. The algorithm for the preliminary formation of the sets
Eyand W

Statement 1 forms an auxiliary set E,, that is used to
enumerate the elements of the initial set Ey (obtained as a
result of the algorithm No. 1 execution), and the auxiliary
sign p, the purpose of which will be explained below.

Statement 2 arbitrarily selects an element e; from the
set E, (and immediately removes it from the set E,). If the
element e; was the only one in the set, the algorithm exe-
cution ends here. Statement 4 selects the second element
E, from the set e;. Statement 5 checks, if the element e; is
nested relative to the element e;. If the answer is “yes”,
then the statements 5 and 6 are executed. Statement 6
forms the set E1 of elements that are directly included in
the composition of e;. Statement 7 builds the path P(e;)
that connects the element e; with the root e of the tree
and then finds the vertex (element) e, that lies at the in-
tersection of the path P(e;) and the set E1. Such intersec-
tion always exists because the element e; is nested relative
to the element e;.

After that, statement 11 is executed that removes the
element e, from the set E1. Statement 12 adds all elements
that have been left in the set E1 to the set Ey. Statement 13
forms a value of p=1, by doing so it fixes the fact that the set
E, contained redundant elements.

If the element ¢; is not nested relative to the element e;,
statement 8 is executed, that checks, if e; is nested relative
to e;. If “yes”, then statements 9 and 10 are executed, whose
actions are similar to those of statements 6 and 7 (e; and ¢;



swapping places). After that, statements 12 and 13 are exe-
cuted, the purpose of which was considered before.

EO

1 .
‘ E,=E;p=0 ‘ 6
— | ] El=E(e))
Choose e €k, 7 1
. ' Find e
E,:=E \{e} k L
. e} =E1n P(e,)
9
@i ves ’@ — | E=E@) |
no T
4 Choose e, €E, 10 Find e,
E,:=E,\{e,} fe,} = EINPle;)
" E=ENey
|
2l B =R B |
] |
’_/3{ p=1 ‘

Eyp

Fig. 4. The algorithm of elimination of redundancy of
the set £y

Statement 14 checks the completion condition of
viewing all elements that are contained in the initial set
Ey. The resulting information of the algorithm is the set
Ey and the characteristic p. If p=1, this means that the
initial set Ey was redundant and, consequently, actions
were taken to eliminate it (statements 6, 7, 11, 12 or
statements 9—12). As this adds new elements to the set Ey,
redundancy retesting of the set is necessary (re-execution
of algorithm No. 2). If p=0, this means that Ey is complete
and non-redundant.

In step 3, the previously created set (relation) Wis trans-
formed, based on the set F( obtained in step 2. This trans-
formation is implemented by algorithm No. 3, the structural
diagram of which is shown in Fig. 5.

Statements 2, 8 and 9 form a cycle in which all simple
elements e, € E, are enumerated and the path e, is built
for each element P(e,,). In this path, there is an element e,
that belongs to Eq at the same time (such an element always
exists and it is unique). In the set W, which had been formed
earlier right after the algorithm No. 1 execution, there is the
pair <em,e ), where e;is an element that must be replaced in
case of failure of the element e, (statement 5). In the found
pair <em,ej>, the element e, is replaced by the element ey,
(statement 6), after these steps the changed pair is stored in
the set W (statement 7).

Together, the three considered above algorithms imple-
ment the method of forming the optimal sets Ey and Ep, in
that case the set Eg exists implicitly through the set (rela-
tion) W. In Fig. 6 the scheme that determines the sequence
of execution of the algorithms that implement this technique
is depicted.

I E_ E,, W

E,=E W =W,W =02 ‘
2 ‘ Choose e, €E,, ‘
\
3 ‘ Build a way P(e,) ‘
\
41 Identify ¢, :
e {e}=E,NP(e,)
|
Find a couple(em,ek> € W"
6 Form a couple
€,e
[
7‘ W::Wu<ei,ek> ‘
\
L Eo=Eoe)

9
e

yes

Fig. 5. The algorithm for forming the set (relation) W

E,, W

According to this scheme, algorithm No. 2 can be exe-
cuted repeatedly, until the redundancy of the initial set Ej is
eliminated (theoretically, a situation is possible when algo-
rithm No. 2 is executed once, if the initial set F was straight
off non-redundant).

The obtained sets Ey and Eg are optimal in the sense that
using them during the failure-recovery process modeling
corresponds to the real properties of object maintainability
in the greatest extent. The use of the obtained sets Ey and Ex
in the SSM ensures the best approximation of the simulated
process to the actual process performed by the maintenance
personnel.

Enterance

i

" AlgorithmNo. 1|

D

2 ‘ Algorithm No. 2 ‘
3
no @
yes

4l AlgorithmNo.3 |

Fig. 6. The calculation scheme of forming the sets £y and W

In addition, the sets E¢ and Eg, which are obtained
by this method are optimal from the viewpoint of mini-
mizing the expenditure of computer time for modeling,
since E( contains the smallest number of elements and it
is complete.

Based on the developed algorithms, simulation-statis-
tical models have been created and implemented by the



program ISMPN, a brief description of which is available
in [1].

6. Discussion of results: implementation of algorithms in
ISMPN

Let us consider a simple example illustrating the depen-
dence of optimal sets Ey, Eg and the predictive estimates of
RI and OC on the maintainability (MA) properties of an
object. For this, we will use a test object, whose constructive
structure (graph G) is shown in Fig. 7.

Object

111 112 121 122 211 212 221 222

Fig. 7. Constructive structure of the test object

The calculations will be made using the program ISMPN,
in the database of which you need to enter all information
about the parameters of the object (1). Such object param-
eters are:

-G =<E ,R) — graph, which determines the composition
and the constructive structure of the object, where E is the set
of all constructive elements of the object; R is the set of edges
of the graph that determine the nesting of elements. This in-
formation was entered interactively, as shown in Fig. 8;
—Re= {<Tmmi, 2 psi>, i= 1,N} — reliability parameters,
where T,,00n: is mean time between failures of the i-th ele-
ment; v; is the coefficient of variation of mean time between
failures; ps; is the type of structure of the i-th element
(0 — single element, 1 — group of consecutively connected
elements, ...). In the program ISMPN, DN-distribution is
used as a model for element failures, which is considered
the most adequate description of patterns of degradation
processes in materials of elements of radio-electronic engi-
neering [15];

-M= {Tm, T, {Tsuhi; i= LW}} — maintainability parame-

ters, where 1., is the duration of control of technical condi-
tion of the facility; 1y is the duration of troubleshooting; ts,i
is the replacement time of the i-th element;

-C= {C CS[,{Csubi;i:m}} — cost parameters, where

cte?

Cete, Csr and Cyyp; are the operating costs for monitoring the
technical condition, troubleshooting and replacing the i-th
element, respectively.

In addition to the object parameters, the simulation pa-

rameters P, :{TE,N;‘“‘"}, should also be specified, where

1

Tgis the duration of operation of the object; N;™ is the num-
ber of the simulation iterations (a parameter that influences
the accuracy of the received estimates of RI and OC).

Pewum “basza ganueix”: Test-1 (11)
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Fig. 8. The screen of the PC program ISMPN while entering the source data



Let us create a database (DB) for the test object and
enter the following initial data in it:

— Tneani=10000 h, ©;=1.0, ps;=0;

= 1Te,e=0h, 1,=0h, 75,5;=1 h (these data correspond to an
ideal control system, in which the state of the object and the
failed element are determined instantly);

— Cye=1cu., Cyg=0c.u., Cgpi=1c.u.

Let us set the following simulation parameters:
T,=10 years, N;"™ =500.

As a result of modeling with the help of ISMPN, the
predictive estimates RI and OC of the object, which are de-
pendent on the given parameters, are obtained:

T, =T,(G,Re,M); T, =T,(G,Re,M); & =¢,(G,Re,M,C).

In addition to the specified point estimates, as a result
of simulation at the given operation interval [0, T,], an esti-
mate of the function of the failure flow parameter @(z,) is
formed. The PC screen after completion of the simulation
with the obtained results (bottom left) and the graph of the
function @(¢,) (in the center) is shown in Fig. 9.

With the given initial data for the test object, the com-
puted (in accordance with the method discussed above) set
E( coincides with the set of all simple elements E,,, the set Eg
coincides with Ey. As a result of simulation, for these initial
data, we obtain the following predictive estimates for the PI
and OC of the test object:

— mean time between failures T, =909.1 h;

— mean time to recovery TR =1 h;

— unit operating cost ¢, =0.003330 c.u./h.
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Next, we will carry out a small study to determine the
effect of object maintainability on the optimal choice of the
sets Ep and Eg on the predictive estimates of RI and OC of
the object. We will change the property of maintainability
of the object (by changing t,,; for a part of the elements), to
determine, taking into account these changes, the optimal
sets Eg and Eg, and by modeling to determine the predictive
estimates of RI and OC for the new sets Ej and Ep.

Let us consider three options for setting the initial data
about the maintainability of the object, with each subse-
quent variant corresponding to improved properties of
maintainability. The constructive structures of the object
are shown in Fig. 10.

Option No. 1. For the element ‘11’, we set the average
replacement time ty,311=0.5 h, for the remaining elements,
the values ty,;; remain the same. With this change, the cal-
culated set E should be as shown in Fig. 10, a (the elements
belonging to Ey are shaded). Element ‘11 is both failing and
recoverable. Let us enter the appropriate changes in the
database (we set the sign of the failing element for the ele-
ment ‘11"), restart the ISMPN program in the simulation
mode and get the predictive estimations of the object RI and
OC. The results are shown in Table 1 (option 1).

Option No. 2. Let us continue the changes improving the
property of the object MA — set the value of ty,;1=0.8 h. for
the element ‘1. Then we enter these changes into the ISMPN
database, perform calculations and verify that the calculated
sets Eq and Ey exactly correspond to those, which are shown
in Fig. 10, 5. Element ‘11’ still remains simultaneously both
failing and recoverable.
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Fig. 9. The PC screen after the simulation process is completed
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Fig. 10. Examples of obtaining a different calculated
(optimal) set £y, with various options of setting the values of
time of elements replacement:

a — Option No. 1; 6 — Option No. 2; ¢ — Option No. 3

For the elements ‘12" and ‘13’, the element to be restored
is the element ‘1’. The other simple elements: ‘211’, 212, ...,
are both failing and recoverable. Run the ISMPN program
in the simulation mode and get new estimates of RI and OC.
The results are presented in Table 1 (option 2).

Option No. 3. In addition to the previously made chang-
es, we also set the value of t4,,=0.2 h (and enter the corre-
sponding changes in the database) for the element ‘2’ (for
example). In view of this change, the calculated set of failing
elements Ey should be as shown in Fig. 10, ¢. Element ‘2’ in
this case becomes both a failing and recoverable one. We
will make the appropriate changes to the database, re-run
the ISMPN program in the simulation mode to get the new
results presented in Table 1 (option 3).

7. Conclusions

To predict the reliability and operating costs of a com-
plex technical object at the stage of its design or modern-
ization, we propose the approach based on the reduction
(enlargement) of the set of failing elements E;, which are
taken into account in the calculation of reliability indica-
tors. To this end, a methodology for determining the optimal
sets of failing and recoverable elements of a complex tech-
nical object was developed. The methodology is based on
the hierarchical constructive structure of the object, takes
into account the redundancy of failing elements, as well as
the maintainability of the product elements and their cost,
which distinguishes this methodology from the known ones.

Structurally, the methodology is implemented as a set of
three algorithms:

— the algorithm for the preliminary formation of the set
of failing elements Ey and the set of correspondences be-
tween the failing and recoverable elements W,

— the algorithm for eliminating the possible redundancy
of the set Eg;

—the algorithm for the final formation of the set W,
whereas the set of all recoverable elements Ex being formed
implicitly through the set (relation) W.

In order to confirm the reliability of the developed meth-
ods and algorithms, computer simulation was performed using
the software product ISMPN. The obtained results confirm
the influence of the object maintainability parameters on the
calculated (optimal) sets Ey and Eg, and on the predictive
estimates RI and OC of the object: with the improvement of
the maintainability property, the predicted values of the indi-
cators Ty and Tgare correspondingly improved. Improvement
of the indicator ¢, is not mandatory; provided different input
data, there may not be such an improvement.

It is practically confirmed that each variant of the values
of the object maintainability parameters corresponds to
“their” optimal sets Ey and Ey at which adequate predictive
estimates of the object RI and OC are provided.

Table 1
The results of calculations of the sets £y, £z and the predictive estimates of Rl and OC of the test object
Number of Object maintainability parameter The set Ey (the number of RIand OC of the test object
option changes elements) 7., h T, h ¢, cu/h
0 Top =1h (Vi) |E,|=11 909.1 1.0 0.00330
1 T =0.5 h |E,|=10 960.1 0.93 0.00320
2 T =050, 7, =08h |E,|=9 1062.3 0.89 0.00373
3 T =0-5h, 1., =08h, 7,,=02h |E,|=5 1504.7 057 0.00361




10.

11.

12.

13.

14.

15.

References

Lenkov, S. Forecasting to reliability complex object radio-electronic technology and optimization parameter their technical usage
with use the simulation statistical models [Text] / S. Lenkov, K. Borjak, G. Banzak, V. Braun et. al.; S. V. Lenkov (Ed.). — Odessa:
Publishing house «VMV», 2014. — 252 p.

Shannon, R. E. Systems Simulation: The Art and Science [Text] / R. E. Shannon. — Prentice Hall, 1975. — 368 p.

Brown, J. On the roots of all-terminal reliability polynomials [Text] / J. Brown, L. Mol // Discrete Mathematics. — 2017. — Vol. 340,
Issue 6. — P. 1287-1299. doi: 10.1016/j.disc.2017.01.024

Liang, X. F. Warship reliability evaluation based on dynamic bayesian networks and numerical simulation [Text] / X. F. Liang,
H. D. Wang, H. Yi, D. Li // Ocean Engineering. — 2017. — Vol. 136. — P. 129—140. doi: 10.1016 /j.0oceaneng.2017.03.023

Tu, H. Structural reliability simulation for the latching mechanism in MEMS-based Safety and Arming device [Text] /
H. Tu, W. Lou, Z. Sun, Y. Qian // Advances in Engineering Software. — 2017. — Vol. 108. — P. 48-56. doi: 10.1016/j.adveng-
soft.2017.02.008

Wu, J. Mechanism reliability of bistable compliant mechanisms considering degradation and uncertainties: Modeling and evaluation
method [Text] /J. Wu, S. Yan, J. Li, Y. Gu // Applied Mathematical Modelling. — 2016. — Vol. 40, Issues 23-24. — P. 10377-10388.
doi: 10.1016/j.apm.2016.07.006

Okaro, 1. A. Reliability analysis and optimisation of subsea compression system facing operational covariate stresses [Text] /
I. A. Okaro, L. Tao // Reliability Engineering & System Safety. — 2016. — Vol. 156. — P. 159—174. doi: 10.1016 /j.ress.2016.07.018
Cui, L. Reliability for discrete state systems with cyclic missions periods [Text] / L. Cui, Y. Li, J. Shen, C. Lin // Applied Mathemat-
ical Modelling. — 2016. — Vol.40, Tssues 23-24. — P. 10783-10799. doi: 10.1016/j.apm.2016.08.004

Tien, I. Algorithms for Bayesian network modeling and reliability assessment of infrastructure systems [Text] / I. Tien, A. Der
Kiureghian // Reliability Engineering & System Safety. — 2016. — Vol. 156. — P. 134—147. doi: 10.1016/j.ress.2016.07.022

Li, Y. Y. Reliability analysis of multi-state systems subject to failure mechanism dependence based on a combination method [Text] /
Y. Y. Li, Y. Chen, Z. H. Yuan, N. Tang, R. Kang // Reliability Engineering & System Safety. — 2017. — Vol. 166. — P. 109-123.
doi: 10.1016/j.ress.2016.11.007

Li, M. Proportional hazard modeling for hierarchical systems with multi-level information aggregation [Text] / M. Li, Q. Huy,
J. Liu // IIE Transactions. — 2014. — Vol. 46, Issue 2. — P. 149—-163. doi: 10.1080,/0740817x.2013.772692

Li, M. Bayesian modeling of multi-state hierarchical systems with multi-level information aggregation [Text] / M. Li, J. Liu, J. Li,
B. U. Kim // Reliability Engineering & System Safety. — 2014. — Vol. 124. — P. 158—164. doi: 10.1016/j.ress.2013.12.001

Grishko A. Reliability Analysis of Complex Systems Based on the Probability Dynamics of Subsystem Failures and Deviation of
Parameters [Text] / A. Grishko, N. Yurkov, N. Goryachev // 2017 14th International Conference The Experience of Designing and
Application of CAD Systems in Microelectronics (CADSM), 2017. — P. 179-182. doi: 10.1109/cadsm.2017.7916109

For, R., Kofman, A., Deni-Papen, M. Sovremennaya matematika [Text] / R. For, A. Kofman, M. Deni-Papen. — Moscow: Mir,
1966. — 272 p.

Strelnikov, V. P. Otsenka i prognozirovanie nadezhnosti elektronnyh elementov i sistem [Text] / V. P. Strelnikov, A. V. Feduhin. —
Kyiv: Logos, 2002. — 486 p.



