e-ISSN 1607-3274 PagioenexrpoHika, inpopmaTuka, yrnpasainss. 2020.

Ne 4
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2020. Ne 4

UDC 004.93

ALGORITHMS AND SOFTWARE SUITE FOR RELIABILITY
ASSESSMENT OF COMPLEX TECHNICAL SYSTEMS

Yakovyna V. S."? — ' Dr. Sc., Professor of Artificial Intelligence Department, Lviv Polytechnic National Univer-
sity, Lviv, Ukraine.

? Faculty of Mathematics and Computer Science, University of Warmia and Mazury in Olsztyn, Poland.

Seniv M. M. — PhD, Associate Professor of Software Department, Lviv Polytechnic National University, Lviv,
Ukraine.

Symets L. 1. — Assistant of Software Department, Lviv Polytechnic National University, Lviv, Ukraine.

Sambir N. B. — Assistant of Software Department, Lviv Polytechnic National University, Lviv, Ukraine.

ABSTRACT

Context. One of the most essential properties of technical systems is their reliability, i.e. the ability of the system to perform in-
tended functions, preserving with time the values of operation indicators within the predefined boundaries. The failure cost for mod-
ern complex technical system can be very high, which can result in events of different severity ranging from economic losses to harm
to human life and health. Hence, the requirements for their reliability constantly increase. The reliability assessment of complex
technical systems can be simplified by the combination of analytical research methods with computational capabilities of modern
computers. The most widely used analytical methods are based on the theory of Markov processes which in turn provide the possibil-
ity to determine the time dependencies of probabilities of the system to be in defined states (operating, recovering, failure etc.), and
thus the values and time dependencies of the reliability indices needed. These methods can be successfully used for the reliability
analysis of different kinds of technical systems: both non-recovered and recovered; non-redundant and redundant of different redun-
dancy types, maintenance priorities etc. However, the application of these methods for complex technical systems containing large
number of elements meets the high dimensional calculation problem, which makes it impossible to perform these tasks manually.
Hence the problem of automation of complex technical system reliability modeling using modern computational systems is very
relevant research topic. To solve this problem, one can use specific algorithmic and software techniques described in this paper.

Objective. The goal of this article is to develop the algorithms for automated RBD processing and reliability indices assessment
of complex technical systems along with the software suite for automated reliability assessment.

Method. To perform the reliability analysis the RBD approach is used which allows one to represent and visualize each element
of the system in the form of a rectangle, joined by the lines in parallel or in series with other elements of the system. To obtain the
reliability indices values the mathematical model of technical system reliability behavior using Markovian random process was sug-
gested. The algorithm of RBD processing and automatic determination of operability conditions of a technical system was further
considered. To calculate the minimum and maximum number of operational and failure states for the system of n elements and r
recoveries the paper introduces a mathematical model based on combinatorial approach. To develop the software suite the object-
oriented approach was used.

Results. The algorithms and software suite allows us to easily construct RBD for a technical system, to automatically determine
the operability condition with execution time of about 10 sec for 1,000 elements with mixed type of connection, to form automati-
cally a state-and-transition matrix along with the corresponding differential equation system and solve it with total execution time of
about 35 sec for 109 states and, thus to obtain the numerical values of reliability indices for the technical system studied. A case
study of the reliability assessment for the system consisting of 22 elements using RBD shows that the total time of software
execution is 36.712 sec. During executing of this test case the most time (35.168 sec) was spent for execution of the algorithm for
construction of a state-and-transition graph consisting of 52,694 states.

Conclusions. The algorithms and methods for automated reliability indices assessment of complex technical systems based on
RBD approach, as well as model for estimating the number of total and working system states are presented. The modular structure
of the developed software suite makes it flexible and gives an opportunity to add and make modifications of modules fast and with-
out significant program changes.

KEYWORDS: software, reliability, RBD, states and transitions graph.

ABBREVIATIONS
RBD is a reliability block diagram.

NOMENCLATURE

P(?) is the probability of a system being at time ¢ in
the state x;;

t 1s time;

X; is a system state;

A;(?) is an intensity of transition from state x; to state
X3

N is the number of possible states of a system;

n is the number of elements (modules) in a system;
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r is the number of recoveries for each element in a
system.

INTRODUCTION

Development of complex technical systems sets new
and still more complicated issues before design engineers.
The majority of modern technical systems are hardware-
software, multicomponent and thus difficult in engineer-
ing and development. Besides they are classified as re-
storable and unrestorable, of long and short operation
time, standby and simplex, which also complicates the
process of their design. One of the most important devel-
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opment tasks especially in designing of such systems is
the calculation of their reliability because the lives of
dozens or even thousands of people depend on the opera-
tional activity of the above mentioned systems, their
breakdown can lead to millions of losses and numerous
deaths of people [1, 2]. Therefore, reliable design is one
of the most important stages of technical system devel-
opment in general and complex high-duty technical sys-
tems in particular.

The object of the study is the process of reliability
assessment of complex technical systems.

The subject of the study is algorithms and software
tools for automated reliability assessment using reliability
block diagram.

The purpose of the work is to develop the algorithms
and software suite for automated reliability assessment of
complex technical systems using the RBD approach and
Markov processes formalism.

1 PROBLEM STATEMENT

The main problem of designing of reliability models
of complex technical systems based on Markovian proc-
esses is their large dimension, which reach hundreds of
thousands of states even for a system consisting of rela-
tively small number of elements, in particular if one or
more of the following conditions are satisfied: (i) the ele-
ments are of different types; (ii) the elements can be re-
covered with a limited number of times; (iii) there are
different maintenance teams and the teams are not univer-
sal (i.e. a particular team can repair only particular ele-
ment types)[3].

Reliability behavior of a system in time can be inter-
preted as a random process with a discrete range of values
(states) and continuous change of parameter (time), i.e. as
a discrete-continuous stochastic process. Time depend-
ences of the probabilities of random process can be de-
scribed by the system of Kolmogorov — Chapman differ-
ential equations of the following type [4]:

N N
==Y L (OB@O+ Yk (OP; (1),
i=1 j=l @)

ij=12,.,N.

A set of states and system transitions as well as the
values of transition intensities (i.e. the failure and recov-
ery intensities) are the input data for Kolmogorov—
Chapman differential equations (1). These values are par-
tially obtained directly from the user’s input (failure and
recovery intensities) and partially are formed automati-
cally by the developed software suite based on a RBD
provided by user [5].

The solution of equation system (1) allows us to de-
termine the following reliability indices: probability of
failure-free operation, the availability coefficient and
availability function, the average failure-free operating
time (Time-To-Failure), the average recovery time, etc.
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Thus, these values and theirs time dependencies are the
output of the discussed software suite.

2 REVIEW OF THE LITERATURE

Reliability assessment of complex technical systems,
including both purely hardware and with a software com-
ponent, is often carried out using Markovian models. The
essence of these models is in considering the system reli-
ability behavior as a random process which can be de-
scribed as a set of discrete states changing in time [6]. The
time can be considered both discrete and continuous. The
mentioned models can be characterized by relevant state
vectors of system elements.

The reliability model of a modern complex technical
system can contain up to several thousands of elements
being in turn in different states (e.g. operating, failure,
recovering) [7]. This results in large space of possible
states in the corresponding Markov model [8]. It is con-
venient to describe the system reliability behavior by a
graph, the nodes of which are attributed to the states of
the system, and the edges to possible transitions from one
state to another [9].

One of the classical approaches to the reliability calcu-
lations is a structurally logical analysis of technical sys-
tems. This approach for calculation of reliability parame-
ters implies the use of structurally logical RBD [10] of
technical systems, which graphically display the intercon-
nection of elements and their influence on the system op-
erability on the whole. Structurally logical diagram is a
collection of previously allocated elements, connected
between each other in series or in parallel. The criterion
for the determination of the joint kind of the elements is
the influence of their failure on the system operability.
Under this approach the condition of the system operabil-
ity can be defined with the help of the algebraic function
of logics, i.e. in analyzing of the diagram topology it is
first needed to determine such segments, which form the
serial connection of elements and thus the joint method of
the allocated segments between each other is being con-
sidered. In serial connection the elements are connected
by the logical operation AND, in parallel connection — by
the logical operation OR [11].

From the first sight it might seem that the execution of
the above described operations is a quite simple task,
which does not require special skills and knowledge and
is of polynomial complexity. In reality it is not so, be-
cause even the construction of the operability condition
for the technical system is not a simple task, especially in
case of the availability of a collection of elements with
diversified joints between them, while solving which
manually there is a very high probability of a human er-
ror, particularly among designers with insufficient work
experience. In its turn the construction and visualization
of a state and transition graph is a sophisticated problem,
because the number of possible states of the system de-
pending on the number of elements, the number of ele-
ment recoveries is growing exponentially which is in its
turn reflected upon the complexity of the differential
equation system.
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By reference to the abovementioned the process of the
reliable designing of complicated technical systems re-
quires the automation of all its stages, starting from the
construction of the RBD and ending with the visualization
of the obtained results respectively and the task of auto-
mated calculation of the reliability indexes of the techni-
cal systems is currently central.

The next step, after the analysis of RDB and definition
of a condition of the system operability of system, is a
construction of a state matrix of a technical system. It
contains the information on the operation of the system
from the viewpoint of reliability [12]. Every matrix line is
a vector, the components of which are the indicators of
the state, in which each element remains, when the system
itself is in state n. The element can be present only in two
states: operating or restoring, it can also be found in a
standby state, which can be caused by different rea-
sons [13].

With reference to the availability of failures and re-
coveries the system randomly transits from one state to
another and as such in the process of a long-term use it
can be found in each of the possible states not once. In
this case the process of its operation can be easily defined
with the help of graphs, where the states of the system
correspond to the graph nodes, and possible transitions
from state to state (to the graph edges) [14, 15]. The use
of Kolmogorov—Chaman differential equation system, see
Eq. (1) allows to explain the reliability behavior of the
system with time as a random process with the finite
number of values and continuous replacement of the ar-
gument (time), i.e. the discrete-continuous stochastic
process [16]. The solution of this equation system allows
us to determine the reliability indices mentioned in the
Sec. 1.

RBD

3 MATERIALS AND METHODS

Besides, for the solving of the problem for automation
of reliability indexes calculation we have developed the
method of automated formulation of operability condition
of the technical systems based upon the RBD [17]. This
method is based on three algorithms, each of them per-
forms a specific functional role in the method operation
and on the whole they allow to obtain the operability con-
dition, based on the RBD for systems with undefined con-
figuration of joints between the elements of the system
(Fig. 1)

As detailed above a state and transition graph is a
convenient method for visual analysis of the system oper-
ating process, which allows to obtain the information on
all possible states, the system can be found in (operating,
standby, failure) as well as particular joints between the
elements [18].

Thus, the algorithm of constructing a state and transi-
tion graph [18] was developed, which uses the operability
condition of the system as an input parameter for the
processing and determination of all possible states and
joints between them based upon successive failures and
recoveries of the system elements (Fig. 2).

We have also developed the algorithm [19] for the
automation of the process for the workup of the Kolmo-
gorov-Chapman differential equation system, which being
based on the set of all system states and transitions allows
to automatically generate and solve such equation systems
without involvement of specialized software products
(Matlab, Mathcad) for the analysis of structural RBD and
automated determination of reliability indexes of complex
technical systems (Fig. 3).

Method Working capacity condition

((M1 OR M2) AND M3 AND
(M4 OR M5)) OR M6

Figure 1 — The diagram of the operating method for the automated formulation of the operability condition of technical systems
based on RBD

RBD
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Figure 2 — Operating algorithm diagram [18]
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Systems of differential equations
of Kolmogorov-Chapman

dPs(t) /dt= - (Ae+As +/\) *Pyt)
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dPs(t) /dt= - (As+A:) *Ps(t)+ (As)*Pult)
dPs(t) / dt = As( Pa(t) + Pa(t) + Ps(t) ) + AeP=(t) + AsP=(t)

Figure 3 — Operating algorithm diagram

Thus it has become necessary to develop a number of
algorithms and methods, that provide opportunities to
automate the process for calculation of reliability indexes
of complicated technical systems based upon RBD [17—
19], as well as for the integration of already developed
program modules [20] into the holistic software suite,
which would allow to build RBD in an automated way for
the description of operation of technical systems with
different configuration and level of complexity and to
formulate the operability conditions of such systems
based upon them.

The software suite must provide the opportunity to
construct a state and transition graph in an automated way
as well as the differential equation system for the descrip-
tion of technical system operation. It also has to be able to
make the calculations of reliability indexes of complex
technical systems automatically as well as to visualize the
obtained results.

As a result of analysis (RBD and Graph states and
transitions) the formulas for the calculation of the mini-
mum and maximum number of acceptable states for the
system of n elements and » recoveries were derived:

— minimum number of acceptable states for the
system of n elements and n recoveries — the number of
states for serial connection of each of n elements and r
recoveries, Eq. (2);

— maximum number of acceptable states for the
system of n elements and r recoveries — the number of
states for parallel connection of each of n elements and r
recoveries, Eq. (3);

— the number of acceptable states for the system of
n elements for the mixed type of connection between
the system elements — this value is variable between the
maximum and minimum permissible values depending on
the configuration of joints between the elements in the
system,;

Q@+ - 1)"+1 2)
@@y G)

Let us consider the derivation of equations 2 and 3 in
detail.

We have got a system of n elements (modules), which
are arranged in parallel and each of the elements can be
recovered r times (7 is the same for each module).

The operation of this system can be represented with

the help of a numeral, where 7 is the digit capacity, and r
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is an index — for each digit position order of module re-
covery (how many times it was already recovered).

So the operating state of the module corresponds to
numeral 1 and the failure state to 0, but we should also
take into account the index of the current recovery (1, 1,
1,000, 0, ... 1,0,), when increasing the number of recov-
ery for the system by 1 (r = r+1), the set of elements for
placement increases by 2, because the values 1, ;1 0, 41,
therefore to determine the set of all possible states for
parallel connection (consider — operating states — one of
the elements in the system is operating, standby states —
one or more elements are in the standby state and the oth-
ers are in the state of failure or critical failure — all ele-
ments of the system are failed and cannot be recovered
any more) we can use a specially adapted to this case
combinatorial formula of arrangement with repetition:

A4y =n". 4

n

Therefore, Eq. (3) takes the following form:

Ay =n"=Q2-(r+1)"
states, critical failure.

Eq. (3) also gives the opportunity to derive the equa-
tions for particular subsets of operating states and standby
states, critical failure (this is always one state out of the
overall set).

The state of critical failure for the system with n par-
allel arrangement of elements and with » recovery is as
follows: 0,.0,.0,...0,.

As mentioned above — the states of standby — when
one or more elements are in the standby state, and others
are in the state of failure. Then out of the set {0y 0, 0, ...
0,}we can perform the repeated arrangement, which will
include all standby states and one state of critical failure,
therefore the formula for the determination of the number
of standby states for the system with n parallel arrange-
ment of elements and with r recovery is as follows (5):

— operating states, standby

(r+1)" -1. 5)

Then we need to subtract the number of operating
states from the overall number of states to determine the
number of operating states (6).

Q-+ =((+1)" D)1=

n n n n n (6)
=27 (r+1) (41" +1-1=2" =1)-(r+1)".
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Let us consider the example. We have got a system of
3 (n =3) elements, which are arranged in parallel with the
recovery value 1 (r=1).

Then the set {151, 0,0, } — of all possible elements for
arrangement, and as far as in the system » = 3 — the num-
ber of elements that need to be arranged, that is why the
number of states for this system is equal to:

A" =0 =2-(r+1))" = (2-(1+1))° = 64.

This value is the maximum value of all possible states
for the system with n = 3 and » = 1, for systems with the
same n and r values, but with serial or mixed element
connection — the set of states will be less because this
value is maximum for parallel connection between all
elements of the system.

Q- (r+1))'-=(r+1)" —2=(2~2)3—2" —-2=64-8-2=54
— operating states out of 64 states

(r+1)"-1=(1+1’-1=8-1=7 — standby states out
of 64 states

For the system with serial arrangement of elements the
formula for the determination of the set of states is calcu-
lated as follows.

We have a system with n elements (modules), which
are arranged in serial and each of the elements can be
recovered 7 times (7 is the same for each module).

An important condition for a system with serial ar-
rangement of elements is that we consider the operating
states (all elements of the system are operating), standby
states (one or more elements are in standby state and the
others are operating), critical failure state (one element of
the system is failed and cannot be recovered). It means
that for the arrangement with repetition, which will also
be used to derive the formula for the determination of the
set of states for serial connection of elements in the sys-
tem, the set of all possible elements for arrangement {1,
1;1,000;0, ... 1,0, }will be less by one, because we do
not take into account {0, jngex = rmax}- {10 111200005 ... 1,
}; out of this set we can define the arrangement for all
operating and downtime states and the system will have 1
critical failure state, so the Eq. (2) will look as follows:

A =n"=2-(r+1)-1)" +1.

Eq. (2) also gives the opportunity to derive the formu-
las for particular subsets of operating states and downtime
states, critical failure (this is always one state out of the
overall set).

Operating states for a system with » serial arrange-
ment of elements and with r recoveries will consist of the
arrangement with repetition out of the set of values {1, 1;
1, ... 1,}, therefore the formula for the determination of
the number of operating states for a system with serial
arrangement of elements will look as follows

(r+1)". @)
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The equation (2-(»+1)—1)" allows to determine the

total sum of operating and standby states for the system
therefore the formula for the determination of the number
of standby states with serial arrangement of elements will
look like:

Q-r+)-1)"-+)"=Q2r+1)" - (r+1". ()

Let us consider an example. We have got a system of
3 (n = 3) elements, arranged in parallel with the recovery
value 1 (r=1).

Then the set {10 11 00 } — of all possible elements for
arrangement (as far as 01 in arrangement for a serial sys-
tem is not taken into account), and n = 3 is the number of
elements that need to be arranged, therefore the number of
states for this system is equal to:
Al =n"=Q2-(r+1)-1)" +1 :(2-(1+1)—1)3 +1=28.

This value is the minimum value of possible states for
a system with n =3 and r = 1, for a system with the same
n and r values but with parallel or mixed connection of
elements — the set of states will be greater.

(r+ 1)" =2 = 8 — operating states out of 28 states

Q2r+1)" —(r+1)" =3%-2% =19 — standby states out
of 28 states

The equations (2) and (3) as well as the corresponding
equations (5)—(8) are suitable for fast estimation of the
system for the maximum and minimum permissible num-
ber of states of the system with the determinate n and r
values as far as we do not need any special methods,
complicated calculations, etc. These equations were also
tested in software via the software system, described in
this article.

4 EXPERIMENTS

It has been decided that the developed software suite
must have a modular architecture, where each of the
modules allows to make calculations of particular features
of a technical system (operability condition, state and
transition graph, equation system, diagrams) independ-
ently of each other. A modular structure of the complex
makes it flexible and allows to update or make modifica-
tions of necessary modules fast and without significant
program changes (Fig. 4).

The suite contains one basic module, which is respon-
sible for the interconnection and transfer of data between
all other elements of the system. These modules can be
divided into two groups:

1. Modules, responsible for the processing of particu-
lar features determination:

— Operability condition;

— State and transition graph;

— Differential equation system;

— Diagrams of numeric values of reliability indexes.

2. Modules, responsible for the visualization of in-
formation and configurations of graphic components.

For the implementation of functional capabilities of
the software suite a flexible hierarchy of classes was de-
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veloped. It allows making modifications easily by adding
new functionality and modules.

The main class of the software suite is the class Reli-
ability Schema. It allows us to make manipulations in the
working space and in the space of system configurations.
This is the basic class responsible for the entire operating
of the system and its certain modules, included into it.

WorkabilityCondition — is the class, responsible for
the construction of operability condition, it uses the algo-
rithm of the reliability diagram bypass, the algorithms of
successive and parallel joints of segments for the determi-
nation of an operability condition.

NodePath — is the class for the description of reliabil-
ity diagram segments: the start and the end segment node,
partial operability condition, segment modules, succes-
sion of a segment

SystemState — is the class for the determination of all
possible states and transitions, in which the technical sys-
tem under study might be present.

State — is the class for the description of the system
state. It contains information on the type, order number,
elements, which lead to failure.

SystemConfiguration — is a static class, that contains

RBDconstruction module

system recovery; number of modules; deleted elements;
construction of a state and transition graph; equation sys-
tem composition; construction of diagrams and values of
their definition.

We have processed the software with the help of Mi-
crosoft Visual Studio 2017 using the programming lan-
guage C# and WPF technology for Windows platform
(the software product works on the operating system
Windows XP and higher). The initial stage of the software
work is the creation and configuration of a structural
scheme which describes the operation process of a techni-
cal system. The main window (Fig. 5) consists of a work-
ing space (Fig. 6) and configuration space.

The working space is intended for the RBD formula-
tion. There are initialization nodes at the start and at the
end of the window; the scheme must start and end at these
points. The joint of elements in the scheme must be ar-
ranged from left to right.

The working space is represented by RBD for 12 ele-
ments with different joint types, which corresponds to the
real technical system of a low complexity level. The con-
figuration space is indented for the tracking and control of
the RBD constructing process.

Module for determination of
system operability condition

State and transition graph
visualization module

State and transition
determination module

Differential equation system
visualization module

<«—— Control module J\

Differential equation system
determination module

Differential equation system
solution module

Figure 4 — The diagram of software package modules

N Reliability determination system

@_C)_@ Element count
| 1
| C

|

@

Log table

Pasition
Harizontal Lé
Clear Form
|| Delete Selected
Save scheme as...

| Open scheme

[ Get reliability rating
] Use modules repair

| Show Graph

| Calculate equations

Get Condition

/| Show Charts of reliability

Step |10
Max 210

Figure 5 — The main window of the software suite
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Figure 6 — Working space of the software suite

It includes the chronological chart of RBD graphic
components creation (Fig. 7). This is a convenient
method, which allows to track the process of adding com-
ponents, the RBD consists of as well as it displays the
time of their adding.

Log table
(18:58:39) Added module: M;.
(18:58:40) Added module: M.
(18:58:41) Added module: M.
(18:58:42) Added module: My.
(18:58:42) Added module: Ms.

FACLCO ATV A AAdAdd mmAdualne KA

Figure 7 — The chronological chart of the diagram graphic com-
ponents creation

Besides, the configuration space allows to select the
graphic element which is needed at a particular moment
of time by clicking the mouse (1 — Module, 2 — Node, 3 —
Line) (Fig. 8).

Figure 8 — Selection of a current graphic element for the RBD
construction

As a matter of convenience, it is also possible to select
the number of elements, which must be added simultane-
ously, the direction of their composition, clearing of the
diagram completely or deleting of its particular elements
(Fig. 9): element count — determines how many elements
are built on the working frame by one click (refers to the
module nodes); position — the direction of element com-
position: vertical or horizontal; clear form — complete
clearing of the working window and all elements in it;
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delete selected — if a tick is put opposite this mark, then
after clicking the right mouse button pointed at a particu-
lar element of the working window, it will be deleted;
save schema as an open schema — allows to save and open
a file with the saved RBD.

Element count

1 ~
Position
Horizontal v
| Clear Form |

| [ | Delete Selected

Save scheme as... |

| Open scheme |

Figure 9 — Configurations of a diagram construction

The option of saving the RBD configuration is a con-
venient functionality while working with large systems,
which allows to accelerate and improve the analysis proc-
ess, because it makes it possible to get back to work over
the analysis of a particular diagram fast at any convenient
time.

The basic RBD component is a module. By default,
each module has the following feature values (Fig. 10):
probability of failure = 0.005; intensity of recovery =0.05;
the number of recoveries = 1.

The user can change them by selecting a suitable
module. To select the module, you need to click on it by
the right mouse button (you should consider if the flag
indicator next to Delete select is not selected).

NAME
A 0.005
M 0.05
repairs 1
type Typea_1

Figure 10 — Module features

169



e-ISSN 1607-3274 PapioenexrpoHika, inpopmaTuka, ynpasainss. 2020.
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2020.

Ne
o

4
4

After constructing the RBD for a particular system
you can review the operability condition for this system
(Fig. 11). To do this you need to click the button “Get
Condition” in the configuration space and the result of the
diagram analysis will appear in the window.

((((M4 OR M) AND Ms) AND ((Ms AND M1o) OR
(M31 AND M;5))) OR (((M3 OR M4) AND (M7 OR Mg))
AND Ma))

Figure 11 — Operability condition for RBD

For further work with the saved RBD in a separate
configuration window you can select the following op-
tions (Fig. 12):

— Use modules repair — use modules repair: if selected
the modules repair is considered;

— Show graph — display state and transition graph;

— Calculate equations — build and solve the Kolmo-
gorov-Chapman equation system;

— Show chart of reliability — construct the charts of re-
liability index number changes with the specification of
tab spacing and timeline.

| Get reliability rating
Use modules repair

Show Graph
Calculate equations

Show Charts of reliability

Step
Max

10
210

Figure 12 — Configuration window of reliability analysis pa-
rameters

After construction of RBD and selection of suitable
calculation parameters you need to click “Get reliability
rating” button. After a certain period the calculations will
be made, the time of execution will be displayed in the
logging window. Then the window with an open tab
“Graph of states” will appear — this tab allows to display
all existing states, the system can be found in as well as to
view the general and detailed state and transition graph
(Fig. 13).

This window is divided into three sections: state re-
view section (1) — you can view the exact number of
states, the system can be found in, and their description
with the specified type; state details section (2) — allows
to view each state in a more detailed interpretation with
the description of states, which enter and leave it, as well
as the states, which lead to a critical failure; state and
transition graph review section (3) — this section allows
you to see all possible states and transitions between them
in a graphic representation, zoom in and scale down using
the mouse wheel.
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The software suite also provides the possibility to
transit to a window, which allows to review the differen-
tial equation system and the chart of reliability index val-
ues of the system under study (Fig. 14). This window
consists of two sections:

1. Section of the equation system view;

2. Section of the chart view:

— probabilities of failure-free operation;

— standby function;

— probability of failure.

For the detailed review and analysis of solutions for
the differential equation system you can transit to the tab
“Runge-Kutta method”. Here you can review the informa-
tion on the dependence of probability of system operation
for the states at a particular moment of time (this chart is a
detailed description of the equation system solutions).
There is also an option of saving the chart data to a file or
clipboard.

The program suite also provides an option to select the
interface language from two possible variants: English
and Ukrainian. To set the interface language you need to
indicate which language you want to select in the
App.config file (en-US or uk-Ua).

5 RESULTS

For verification of correct operation and validation of
the developer software suite an integrated testing of all
complex components and modules was carried out as well
as the analysis of the developed algorithms operation was
conducted [17-19] for a different set of input data with
the estimation of the operation highspeed response. As far
as the estimation of the highspeed response is one of the
basic features of this kind of software which works with
schemes, consisting of hundreds or thousands of ele-
ments.

The main parameters that influence the highspeed re-
sponse of the algorithms were determined as well as the
analysis with different configuration and combination of
these parameters was carried out. These parameters in-
clude the number of modules in the system, the number of
joints between the modules in the system and the number
of recoveries for one module. Testing of the system was
carried out on a local machine with the following fea-
tures: OS Windows 10, Intel Core 17, max 2.7 GHz, RAM
8 Gb DDR4 2133 MHz, 256 Gb SATA SSD, NVIDIA
GeForce 940MX 2 Gb.

The analysis of the dependence of the highspeed re-
sponse of method operation on the number of modules in
the system for serial, parallel and mixed joints was carried
out on three different system configurations:

— serial connection — all elements in the system are ar-
ranged in series one after another;

— parallel connection — all elements in the system are
arranged in parallel,

— mixed connection — all elements in the system are
arranged in different combinations of serial and parallel
joints.
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Figure 14 — The view window of the differential equation system and the chart of reliability index values

For program implementation of the method for auto-
mated formulation of operability condition of technical
systems based upon the RBD the analysis with different
number of modules in the system and different configura-
tion of joints between the modules (parallel and serial)
was carried out. The results of the measurement of the
operating time are represented in the Table 1 and Fig. 15.
The number of recoveries for this method is not a deter-
mining factor that influences the operation highspeed re-
sponse, as it is not taken into account at this step.

In its turn the operation analysis of the program im-
plementation for the algorithm of construction a state and
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transition graph was carried out for the schemes of differ-
ent configurations, but this kind of analysis implies that
the number of system module recoveries should be con-
sidered, because this factor has a strong effect on the
number of states and transitions between them. The Table
2 and Fig. 16 displays the effect of the number of recover-
ies for the system of 5 modules with serial and parallel
connection on the number of states in a graph (operating
state, standby and critical failure are considered).

171




e-ISSN 1607-3274 PapnioenexrpoHika, inpopmaTuka, ynpasminsas. 2020. Ne

4
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2020. Ne 4

20,00
18,00 2
16,00 ®
14,00 .
12,00 v
10,00 3 -
8,00 o
6,00 . S
4,00 S
2,00 e

0,00 g2t
1 2 5 10 20 50 100 150 200 250 500 750 1000

Operation time, sec
L ]

Number of modules

== Time (serial connection), sec =+ # # s s Time (mixed connection), sec
= == =1 Time (parallel connection), sec

Figure 15 — Diagram of dependence of the operating time of method operation on the number of modules in the system
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Table 1 — Operation time analysis of the method for automated formulation of technical systems working condition implementation.

Ne | Number of modules | Time (serial connection), sec | Time (mixed connection), secc | Time (parallel connection), sec
1 1 0.0000308 0.0000321 0.0000330
2 2 0.0000474 0.0000484 0.0000488
3 5 0.0000791 0.0000821 0.0000922
4 10 0.0001703 0.0002093 0.0002418
5 20 0.0002004 0.0004931 0.0007001
6 50 0.0003784 0.0058938 0.0037932
7 100 0.0004165 0.0486683 0.0571824
8 150 0.0004484 0.1509184 0.2522243
9 200 0.0005171 0.3154700 0.4550050
10 250 0.0060551 0.6377826 1.1881978
11 500 0.0106783 2.1342265 4.4533016
12 750 0.9105432 5.2297644 11.6021298
13 1000 1.4004321 10.5671256 18.8623663

Table 2 — The number of states in a graph upon the recoveries number of each element for the system of 5 modules

Ne Number of recoveries Number of states in serial connection Number of states in parallel connection
1 0 2 32

2 1 244 1024

3 2 3126 7776

4 3 16 808 32768
5 4 59 050 100 000
6 5 161 052 248 832
7 6 371294 537824
8 7 759 376 1 048 576
9 8 1419 858 1 889 568
10 9 2476 100 3200 000
11 10 4084 102 5153 632
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Figure 17 — The reliability block diagram for the unrecoverable system of 22 elements

The analysis of the operation time of software imple-
mentation of the algorithm for the construction of a state
and transition graph was carried out for a system with
parallel connection of modules without the recovery of
the module states with the increase of the number of
modules in the system (Table 3).

Table 3 — The operation time of software implementation of the
algorithm for construction of state and transition graph
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In its turn the operation of the algorithm for process-
ing of the Kolmogorov—Chapman differential equation
system consists of two parts:

— determination of equations — this process consists of
the determination of equations based on the Eq. (1) — for
each state of the system.

— solving the equation system using the Runge-Kutta
method.

The operation time of software implementation of the

Ne N“g‘bler of I\I“tmber of Algi’,mhm operat- algorithm for processing of the Kolmogorov-Chapman
1 Ilno = ;a = ;)r_l(gmgnllle’ziec differential' equation system is presenteq in the Table 4 for
2 B 4 0.0119204 systems with the number of states varying from 1,000 up
3 5 32 0.3929208 to 1,000,000. It is easy to notice that the developed soft-
4 10 1024 3.3207597 ware suite can solve the differential equation system for
> 15 32768 8.6198466 106 states in a quite short time (near 35 sec).

6 20 1048576 58.1923007

7 25 33554432 > 6 min
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Table 4 — The operation time of the equation workup process

Ne Number of states Processing time, sec.
1 1,000 0.023

2 10,000 0.586

3 50,000 1.127

4 100,000 2.012

5 250,000 4.827

6 500,000 10.142

7 750,000 18.721

8 1,000,000 35.299

6 DISCUSSION

As seen from the Table 1 of the dependence of the
method’s operation time on the number of modules in the
system for serial, parallel and mixed connections the de-
veloped software suite provides the opportunity to formu-
late the working condition for the system of 1000 ele-
ments (modules) with a mixed type of connection (Fig.
15) during the short time, which corresponds to a rather
complex technical system with the most widely used type
of connection between the system elements (mixed).

The obtained data (see Table 2 and Table 3) allow us
to conclude that the visualization of a state and transition
graph for technical systems with a large number of mod-
ules is a sophisticated task (depending on the configura-
tion of the system; for example the number of possible
states for a system of 30 elements, arranged in parallel is
about 1.07 10°). The time of operation of the software
suite is growing, and thus there is a need of decomposi-
tion of such technical systems into smaller subsystems.

For example, Fig. 17 displays the RBD for an unre-
coverable system of 22 elements. Time for determination
of working condition for this technical system is about
0.0004 sec. Time for execution of the algorithm for con-
struction of a state and transition graph (the number of
determined states is 52 694) is 35.168 sec. Time for proc-
essing of the Kolmogorov-Chapman differential equation
system for this system is 1.544 sec.

Total time for execution of a particular task for the re-
liability assessment of technical system consisting of 22
elements using RBD is 36.712 sec. The most time was
given to the construction of a state and transition graph
and this should be improved to increase the operation
time of the developed software suite.

CONCLUSIONS

This paper presents algorithms and methods, that pro-
vide opportunities to automate the process for calculation
of reliability indexes of complicated technical systems
based upon RBD , as well as formulas for estimating the
total and working number of system states based on input
indicators about the system » and r.

According to the mathematical apparatus, a software
was developed for the calculation of reliability indexes of
complicated technical systems, which provides opportuni-
ties to automate the process of their reliability analysis,
reduces the influence of a human factor and thus reduces
the probability of making errors on early stages of reli-
ability indexes calculation.
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The developed software package has a modular archi-
tecture, where each of the modules makes it possible to
carry out the calculation of particular reliability features
of a technical system (operability condition, a state and
transition graph, equation system, graphs of results visu-
alization) independently of each other. Modular structure
of the software suite makes it flexible and gives an oppor-
tunity to add and make modifications of modules fast and
without significant program changes.

This software suite allows us to easily construct RBD
for a technical system, to determine the operability condi-
tion automatically (execution time ~ 10 sec for 1,000
elements with mixed type of connection), to form a
state/transition matrix (up to 10° states), to form the dif-
ferential equation system automatically and solve it (exe-
cution time = 35 sec for 10 states) and, thus to obtain the
numerical values of reliability indexes (probabilities of
failure-free operation and probabilities of failure and
standby).

Besides, the developed software suite is cross-
platform, it has a convenient and ergonomic interface,
Ukrainian and English localization, and other additional
functions for the convenience of a design engineer.

The scientific novelty of the results presented in the
paper lies in the further development of Markov reliability
modelling and in firstly obtained model for the number of
operational and failure states for the system of »n elements
and r recoveries using RBD approach.

The practical significance of the described study lies
in the developed algorithms and software suite which
makes it possible the automated reliability assessment of
complex technical systems with up to 1,000 elements
forming up to 1,000,000 states during the time less than
one minute.

The future research will be focused on improvement
the calculational speed of the developed software suite by
developing appropriate methods and algorithms.
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AHOTAIIA

AKTyaJdbHicTb. OJIHIE0 3 HAWBAXKIIMBIIINX BIACTUBOCTCH TEXHIYHHUX CHCTEM € iX HaIiiiHiCTh, TOOTO 3[aTHICTh CHCTEMH BHKO-
HyBaTy 3ajaHi QyHKUil, 30epiratoun B 4aci 3HaUCHHs eKCILTyaTallilHuX MOKa3HUKIB B 33JaHMX Mexax. BapTicTh BiIMOBH mist Cy-
YaCHHUX CKJIAJHUX TEXHIYHUX CHCTEM MO)Ke OYTH Jy’Ke BUCOKOIO, 1[0 MOXKE IPU3BECTH /10 MOAIl Pi3HOrO CTYINEHs TSKKOCTI, MOYH-
HAIOYH BiJ] eKOHOMIYHUX 30MTKIB i 3aKiHUYIOUH IIKOJOIO IS 3J0POB’I0 1 KUTTS Jitozieit. OTiKe, BUMOTH /10 1X HaJiHOCTI MOCTiHHO
3pocTaroTh. [Iponec OmMiHKA HATIHHOCTI CKIaJHUX TEXHIYHHX CHCTEM MOJYKHA CIIPOCTHTH MOEIHAHHSAM aHATITHYHHX METOJIB JOCHTi-
JDKEHHS 3 OOYHCITIOBaJIbHUMH MOKJIMBOCTSIMH CyYaCHHX KOMIT I0TepiB. Halimommpenin aHamiTHaHi MeToau 0a3yloThCs Ha Teopii
MapKOBCBHKHX IIPOIIECIB, sSIKa B CBOIO YEPTy JNAIOTh MOXIIMBICTh BU3HAYUTH YacOBI 3aJIe)KHOCTI HMOBIpHOCTEH HepeOyBaHHs CUCTEMHU
Yy BH3HAUEHHX CTaHaX (Tpale3JaTHOCTI, BIJIHOBJICHHS, BIJIMOBH), a OT)KE, 3HAUCHHS 1 YacOBI 3aJIGKHOCTI HECOOXIIHUX MOKAa3HUKIB
HaziiHoCTi. L{i MeToan MOXyTh OyTH BUKOPUCTaHI JUIS aHANI3y HAAIHHOCTI TEXHIYHUX CHCTEM PI3HOTO THITY: HEBITHOBIIOBAHUX Ta
BiZIHOBJIIOBAHMX; PE3€PBOBAHMX Ta HEPE3EPBOBAHUX 3 PI3HUM BHIOM PE3€PBYBaHHS UM THIIOM OOCIyroByBaHHs Ta iH. OJHaK 3acTo-
CYBaHHS INX METO/IB JUIS CKJIAJHAX TEXHIYHUX CUCTEM, III0 MICTATh BEJIIUKY KUIBKICTh €JIEMEHTIB BUMarac BUKOHAHHS BEJIMKOT KiJlb-
KOCTI PO3paxyHKiB, 1110 YHEMOXJIMBIIIOE BUKOHAHHS LIUX 3aB/aHb BpyuHy. OTxe, npobiieMa aBTOMaTH3allii MOJEIIOBAHHS HalIHHOC-
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Ti CKJIAIHOI TEXHIYHOI CHCTEMH 3 BHKOPHCTAHHSM CyYacHHX OOUMCIIOBANBEHHX CHCTEM € Jy’Ke aKTyaJbHOIO TEMOIO JIOCIIKEHHS.
Jnst BupiteHHs i€l npo0ieMy MO>KHAa BUKOPHCTOBYBAaTH KOHKPETHI aJITOPUTMIYHI Ta IPOrpaMHi NMpUiloMH, onucaHi B il poOoTi.

Meta. MeToro 1aHoi cTarTi € po3podKa alnropuTMiB aBTOMaTH30BaHOT 00poOKH cTpykTypHHX cxeM HaxiiHocTi (CCH) Ta ouinku
MOKa3HUKIB HAAIHHOCTI CKJIQJHUX TEXHIYHUX CUCTEM IOPsA i3 HabOpOM MPOrpam Jisi aBTOMAaTH30BaHOT OLIHKH HaJiIHHOCTI.

Mertopn. [Ins mpoBeaeHHs aHammi3y HajaiiHOCTI BUKOpucTOBYeThes miaxing CCH, sikuii 103BosIsie IPEACTABIATH Ta Bi3yalliyBaTu
KOXKEH €JIeMEHT CHCTEMH Y BHTJISAI NPSMOKYTHHUKA, 3’ €JHAHOTO JIHIsIMU TMapajelbHO a0o MOCTIJOBHO 3 iHIIMMHU €JIeMEHTaMH CHC-
Temu. J{7s OTpEMaHHS 3HAYCHb NMOKA3HUKIB HAIIMHOCTI 3alPONOHOBAHO MaTEeMaTHYHY MOJCTH HMOBEAIHKMA HATIHHOCTI TEXHIYHOL
CHCTEMH 3 BUKOPHCTAHHSIM BHIIAJKOBOTO MapKOBCHKOTrO Iporecy. Jdami posriasHyto anroputMm obpodku CCH ta aBTOMaTH4HOTO
BH3HAYEHHS yMOBH IIPaNe3aTHOCTI TeXHIYHOI cucteMu. [ist po3paxyHKy MiHIMaIbHOI Ta MAaKCHMAJIBHOI KUTBKOCTI pOOOYHX CTaHIB
Ta CTaHIB BIMOB JUIsi CUCTEMH 3 N EJIEMEHTIB Ta I BiIHOBJICHHS B POOOTI BBOJWTHCS MaTeMaTHYHAa MOJENb, 3aCHOBaHA Ha
KOoMOiHaTopHOMY Tiaxomi. s po3poOKH NpOorpaMHOro KOMILIEKCY OyB BUKOPUCTaHUH 00’ €KTHO-OPIEHTOBAHUM ITiXiJI.

Pe3yabraTn. HaGip anroput™Mis Ta nmporpamMHoro 3abe3nedeHHs 103Boiisie HaM Jierko no0yayBaru CCH ajist TeXHIYHOI cCHCTEMH,
aBTOMaTHYHO BU3HAYMTH CTaH Mpale3faTHOCTI 3 yacoM BUKOHaHH: 0nu3bko 10 cek. mast 1000 eeMeHTIB i3 3MilIaHUM THIIOM 3 €/1-
HaHHA, aBTOMaTHYHO c(hopMyBaTH MATPHILIO CTAaHIB Ta MEPEXOIIB pa3oM i3 BiAMOBIOHOIO CHCTEMOO AH(epeHIiadbHUX PIBHAHB Ta
BHPIIMNTH ii 13 3arallbHUM Y9acOM BHKOHAHHA Onu3bko 35 cek. mig 109 cTaHiB i, TAKMM YHHOM, OTPHUMATH YMCIIOBI 3HAYCHHS MOKAa3-
HUKIB HaJIHHOCTI TS TOCTIJDKYBaHO! TEXHIYHOI cucTeMH. JIOCHiKEHHsS! OLIHKKA HAMIHHOCTI JUIS CHCTEMH, IO CKIAaTaeThes 3 22
eneMeHTiB i3 BukopucranusiM CCH, mokasye, 110 3araipHuil 9ac BUKOHAHHS IIPOrpaMHoi peanizamii cranoButs 36,712 cek. Iix gac
BHUKOHAHHSI I[bOI'0 TECTOBOTO BHUIMAJKY HaiiOinbiie yacy (35,168 cek.) Oyyio BUTpaueHO Ha poOOTYy alropuTMmy nodymoBu rpada cra-
HIB Ta IEPEXO/iB, IO CKJIAAEThes 3 52 694 craHiB.

BucHoBku. [IpencraBieHi anropuTMy Ta METOIM aBTOMaTH30BaHOT OLIIHKY [TOKAa3HHUKIB HAaIHHOCTI CKJIaJHUX TEXHIYHUX CHCTEM
Ha ocHoBI migxony CCH, a Takok Mozenb [Jisi BU3HAUYSHHS KUJIBKOCTI CTaHIB CHCTEMHU(TaKOXK BKJIFOYA€ BU3HAYCHHS MPALE3IaTHHX
CTaHiB 1 CTaHiB BiIMOBH). MomyJibHa CTPYKTypa po3podiaeHoro Habopy mporpaM poOUTh HOTO THYYKHM Ta Ja€ MOKJIMBICTh 10JaBa-
TH Ta BHOCHTH MOJU]iKamii MOAYJIiB MBUAKO Ta 0€3 3HAYHUX 3MiH IPOTPaAMH.

KJIIOYOBI CJIOBA: nporpaMHe 3a0e3ne4eHHs, HaJiifHICTh, CTPYKTypHa CXeMa HaJiiHOCTI, rpad) CTaHIB Ta IEPEXOIiB.
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JIbBOB, YKpauna.
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JIbBOB, YKpauHa.

AHHOTALUA

AKTyanbHOCTb. OHUM 13 BOXHEHIINX CBOMCTB TEXHUYECKHUX CHCTEM SBISIETCS HX HAaJEKHOCTD, TO €CTh CHOCOOHOCTH CHCTEMBI
BBITIOJTHATD 33/laHHBIE (DYHKIHN, COXpaHAsS BO BPEMEHU 3HAUEHMs SKCILTYyaTAal[MOHHBIX ITOKa3aTelel B 3aJaHHBIX mpenenax. Crou-
MOCTbB OTKa3a JUIl COBPEMEHHBIX CJIOXKHBIX TEXHHYECKHUX CHCTEM MOXKET OBITh OUCHB BBICOKOI, YTO MOXET IPUBECTH K COOBITHIM
Pa3IMYHON CTENEeHHU TSHKECTH, HAUWHAsL OT YKOHOMHYECKHX YOBITKOB M 3aKaHUMBAs YIIEpOOM JUIS 3MOPOBBS M >KU3HU monel. MTaxk,
TpeOOoBaHMs K UX HaJEKHOCTHU IIOCTOSHHO pacTyT. [Iponecc OLeHKN HaJe)KHOCTH CIOKHBIX TEXHHYECKUX CHCTEM MOXKHO YIPOCTHTH
COYETaHHEM AHAJMTHYECKUX METOIOB HCCIEIOBAHMS C BBIYUCIMTEIBHBIMH BO3MOXKHOCTSIMU COBPEMEHHBIX KOMIbIOTEpOB. Camble
pacipoCTpaHEHHbIE aHAIUTUYECKHE METOJbl 0a3UPYIOTCS Ha TEOPUH MApKOBCKHUX MPOIIECCOB, KOTOPAask B CBOIO OYEPEe/b JAET BO3-
MO>KHOCTb ONpPEJEIUTh BPEMEHHbIE 3aBUCHMOCTH BEPOSITHOCTEH HAXOXKAEHMS CUCTEMBI B OMPEJEIEHHBIX COCTOSHUAX (paboTocrmo-
COOHOCTH, BOCCTAaHOBIICHHS, OTKa3a), a CICIOBATEIbHO, 3HAUCHNE W BPEMEHHBIC 3aBUCHMOCTH HEOOXOIMMBIX MOKa3aTeNnel Hamex-
HOCTH. DTH METOJBI MOTYT OBITh YCIEIIHO MCIIOIb30BAaHBI JUIS aHATHW3a HAJIEKHOCTH PA3INIHBIX TEXHUIECKHX CHCTEM: KaK HEBOC-
CTaHABJIMBAEMBbIX, TaK ¥ BOCCTAHABIMBAEMBIX; 0€3 PEe3epBUPOBAHNS U C PE3CPBUPOBAHUEM PA3IMYHBIX THIIOB, IPUOPUTETOB 00CIIY-
*uBaHUA U T. 1. OJJHAKO NIPUMEHEHUE 3THX METOMOB JUIS CIOXKHBIX TEXHUUECKHX CHUCTEM, COAEPXKAIMMX OOJBIIOe KOIMIECTBO dIe-
MEHTOB TpeOyeT BBIIOIHEHUs OOJBIIOr0 KOJMYECTBAa PacyeToB, JeJIacT HEBO3MOXKHBIM BBIIIOJIHEHHE ITHX 33/a4 BpyuHyro. Urak,
npobieMa aBTOMATH3AIMH MOJICIIMPOBAHUS HA/IS)KHOCTH CIIOXKHOH TEXHUYECKOH CHCTEMBI C HCIIOJIb30BAaHUEM COBPEMEHHBIX BBIUHC-
JIUTENBHBIX CHCTEM SBJIAETCS OUCHb aKTyallbHOW TeMOH ncciemoBaHus. [ist perieHns 3Toif mpobaeMbl MOXKHO HCIIOIb30BaTh KOH-
KpETHbIE allTOPUTMUUECKUE U TPOTrpaMMHBIE TIPHEMBI, ONIMCaHHbBIE B 3TOH pabdore.

Heas. Llenpto gaHHO# cTaThU ABISAETCS pa3paboTKa alrOPUTMOB aBTOMATH3UPOBAHHOW 00pabOTKM CTPYKTYPHBIX CXEM HaJekK-
Hoctd (CCH) ¥ oueHKH MoKa3aTeneil Hale)KHOCTH CIIOKHBIX TEXHUYECKUX CHCTEM Hapsay ¢ HaOOpOM MporpaMM Ui aBTOMAaTH3H-
POBaHHO OLICHKH HA/ICKHOCTH.

Metona. {1 IpoBeieHNs aHAIHM3a HaAXKHOCTH Henoib3yercs moaxon CCH, KoTopbIi MO3BOJISIET NPEACTABISTE U BU3YaIn3Npo-
BaTh KQ)XIbIH JIEMEHT CHCTEMbI B BHJIE NPSIMOYTOJIbHUKA, COSANHEHHOTO JTMHHUSAMH IapauieNIbHO WM HOCIEJOBATENILHO C IPYTHMH
9JIEMEHTAaMH cUCTeMBL. [I1s oyTydeHHs 3Ha4eHHH MoKa3aTesell Hae)KHOCTH MPEeIIoKeHa MaTeMaTHYecKas: MOJIelIb IOBEICHUS Ha-
JEXKHOCTH TEXHUUECKOH CHCTEMBI C UCIIOIb30BAHUEM CIIy4aifHOro MapKOBCKOro mporecca. Jlanee paccMOTpeH alroput™M o0paboTKu
CCH 1 aBTOMaTH4eCcKOro ONpeAeieHus yCIOBUS pabOTOCIOCOOHOCTH TEXHUUECKON cucTeMbl. [l pacyeTa MUHHMAIBHOTO U MaK-
CHMAaJIbHOTO KOJIMYECTBA pab0UMX COCTOSHHUI M COCTOSHHN OTKa30B JUIS CHCTEMBI C N DJIEMEHTOB H I BOCCTAHOBIICHHUIT B paboTe BBO-
JUTCS MaTeMaTH4YecKas MOJelb, OCHOBaHHAas HA KOMOMHATOpHOM moaxoze. s pa3paboTku MporpaMMHOrO KOMILIEKCA OBUT HC-
T10J1630BaH 00bEKTHO-OPUEHTHPOBAHHBIA OAXOI.

© Yakovyna V. S., Seniv M. M., Symets I. I., Sambir N. B., 2020
DOI 10.15588/1607-3274-2020-4-16

176



e-ISSN 1607-3274 PagioenexrpoHika, inpopmatuka, ynpasminsas. 2020. Ne 4
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2020. Ne 4

Pe3yasTaTsl. Habop alroputMoB 1 mporpaMMHOTO 00ecIedeH s T03BOosIeT HaM Jierko noctpouts CCH st TexHHYIecKo# cuc-
TEMBbI, aBTOMAaTHYECKH OIIPE/ICNIUTh COCTOSIHIE PAabOTOCIIOCOOHOCTH CO BpeMeHeM BhinosiHeHust okouto 10 cex Ha 1000 snmeMeHTOB co
CMEUIaHHBIM THIIOM COCIMHEHUs], aBTOMaTHYeCKH C()OPMUPOBATH MATPHUIy COCTOSHHH M IEPEXOJOB BMECTE C COOTBETCTBYOLICH
cucreMoil auddepeHunanbHbIX YpaBHEHUI U PELIUTh €€ ¢ OOLIMM BPEMEHEM BBIMOIHEHUs 0Koj0 35 cek st 109 cocrosiamit u, Ta-
KUM 00pa3oM, TMOMy4IHUTh YHCIOBBIE 3HAUCHUS MOKa3aTesied HaJeXHOCTH Ul HCClielyeMol TexHnueckoi cuctemsl. MccnenoBanue
OIIEHKH HAJICKHOCTH UL CUCTEMBI, COCTOAIIEH U3 22 31eMeHTOB ¢ ucroib3oBanrneM CCH, moka3siBaeT, uTo olliee BpeMst BBIION-
HEHHS IPOTPaMMHON pean3aliy COCTaBIsieT 36,712 cex. Bo BpeMs BRIIOHEHHS 3TOTO TECTOBOTO Cirydas Ooipuie Bpemenn (35,168
CeK) OBUIO MOTPavYeHO Ha PadOTy aJiTOPUTMA ITOCTPOCHUS rpada COCTOSIHUIT U TIEPEX0I0B, COCTOAMIETO U3 52 694 cOCTOSHUIA.

BriBoasl. [IpeacTaBineHHbIe aITOPUTMBI M METO/IBI aBTOMaTH3MPOBAHHOHN OIIEHKH ITOKA3aTeNIeH HaJIeKHOCTH CIIOXKHBIX TeXHHUYe-
ckux cucteM Ha ocHoBe nogxona CCH, a Takxke MoJeib Uil ONPEAENICHNs] KOJMYEeCTBa COCTOSIHUM CUCTEMBI (TakyKe BKIIIOYAET OIl-
pelenieHre TPYAOCIOCOOHBIX COCTOSHUI M COCTOSIHMM OTKaza). MoJynpHast CTpyKTypa pa3zpaboTaHHOro Habopa Mporpamm Aenaer
ero ruOKMUM M NO3BOJISET J0OABIATh M BHOCUTDh MOAM(MUKAIIMU MOAYJIEH OBICTPO U 6€3 3HAUUTEeNbHBIX H3MEHEHUI IPOrpaMMBl.

KJIFOUEBBIE CJIOBA: nporpamMmMmHoe obecriedeHue, HaaeKHOCTb, CTPYKTYPHast CXeMa HaJeKHOCTH, rpad) COCTOSIHUI U mepe-
XOJIOB.
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