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To manage the operation of mod-
ern single-use products, it is neces-
sary to evaluate their preservation
indicators as uncontrolled, non-re-
pairable, and maintenance-free
objects. Data for assessing its param-
eters are considered as one-time cen-
sored samples with continuous mon-
itoring, which does not correspond
to the mode of storage of products
during operation. Under the condi-
tions of limited volumes of censored
samples, it is problematic to identify
the parametric model of persistence.

To solve this problem, a
non-parametric estimation-exper-
imental method has been devised,
which is a set of models for data gen-
eration, estimation of the function of
the distribution of the preserovation
period and preservation indicators.

The data generation model is
represented by a scheme of opera-
tional tests and analytical relation-
ships between the quantities of test-
ed and failed articles. The model of
estimating the distribution function
describes the process of its construc-
tion on the generated data. Models
Jor estimating preservation indica-
tors are represented by ratios for
their point and interval estimates,
as functionals from the restored dis-
tribution function. Unlike the well-
known ones, the developed method
implements the assessment of indica-
tors under the conditions of combined
censorship.

The method can be used to assess
the preservation indicators of sin-
gle-use articles with an error of at
least 7%. At the same time, their
lower confidence limits are estimated
at 0.9 with an error not worse than
14 % with a censorship degree of not
more than 0.23. The restored distri-
bution function agrees well (reliabili-
ty 0.9, error 0.1) with the actual per-
sistence of articles with censorship
degrees of not more than 0.73, which
is acceptable for solving the problems
of managing their operation
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1. Introduction

articles that, before being used for their intended purpose,

Among modern complex technical systems, single-use
objects are distinguished [1]. Single-use objects include

are in the mode of storage and (or) waiting for use for their
intended purpose and can be used for their intended pur-
pose only once. These include guided weapons, for example,




aviation weapons, anti-aircraft guided missiles, protection
devices for nuclear power plants, catapults, fire extinguish-
ing devices, etc.

These articles are characterized by a long stay under
a “storage” mode and (or) waiting for use for its intended
purpose and a relatively short duration of use for its intend-
ed purpose. This highlights the problem of ensuring high
reliability and persistence of such articles. As a rule, they
belong to objects of increased danger. Such articles must
be maintained in a high degree of readiness for use for their
intended purpose and trouble-free operation during the
duration of the task while ensuring the predefined level of
safety. To improve the efficiency of the management of the
operation of single-use articles (SUA), it is necessary to eval-
uate the indicators of residual preservation with the required
accuracy and reliability. This is important for making timely
decisions about the possibility of further operation of articles
or its termination.

Reducing the cost of operating such articles while meet-
ing the requirements for safety and efficiency of their use
is possible by improving the accuracy and reliability of the
assessment of preservation indicators. Resolving this issue
for modern SUAs, which during operation are not controlled,
non-restored, and maintenance-free, is problematic.

The application of known methods to solve these prob-
lems is not effective since they usually provide for the type of
function of distributing the storage time known, which does
not correspond to the actual operation of single-use articles.
At the same time, the data for assessing its parameters are
considered as one-time censored samples containing quanti-
tative implementations of the storage time of articles and the
duration of their trouble-free storage before censorship. The
volumes of these samples depend on the size of the batches
of products, the conditions and modes of their operation, the
duration of trouble-free storage before censorship, and are
limited values. Provided that the corresponding parametric
model adequately describes the function of distributing the
storage time of articles, it is possible to assess the preserva-
tion indicators quite accurately even with a censored sample.
Under the conditions of limited sample sizes, especially small
ones, it is problematic to identify a parametric conservation
model since many models can be selected that describe the
sample data equally well in terms of statistically consent
criteria.

Under these conditions, it is advisable to use non-para-
metric methods for assessing the preservation indicators of
single-use articles to obtain their estimates with acceptable
accuracy and reliability.

In this regard, it is relevant to develop methods for as-
sessing the preservation indicators of single-use articles with
minimizing the cost of their operation while maintaining the
predefined level of safety and efficiency of use.

2. Literature review and problem statement

Modern single-use articles belong to uncontrolled, main-
tenance-free, non-restorable, and non-repairable articles [2].
Paper [2] reports a method for assessing the preservation
indicators of on-board equipment of anti-aircraft guided
missiles (AGMs) with periodic monitoring of their technical
condition. The disadvantage of the method is the impos-
sibility of removing workable articles from tests and its
applicability only to one-time censored samples. Study [3]

establishes requirements for the average and gamma-percent
storage time of articles. In [4], the storage period is under-
stood as the calendar duration of storage and (or) transpor-
tation of an object, during which the object retains the abili-
ty to perform the required function. In addition, to solve the
problems of managing the operation of such articles, average
and gamma-percent residual retention periods are used [5].
For the experimental assessment and control over the av-
erage and gamma-percent retention periods, papers |3, 4]
chose the “direct storage method” set out by regulatory
documents. This method involves conducting operational
tests under the conditions of long-term storage of articles
with periodic monitoring of their technical condition. At the
same time, implementations of pre-failure storage durations
are characterized by appropriate interval uncertainty due to
the frequency of control, and the uncertainty of incomplete
sales of non-failed articles at the time of control.

To assess the preservation indicators, in [3, 4], test plans
[NUT] and [NUr]| are used, which involve continuous mon-
itoring of the technical condition of articles and do not take
into consideration these uncertainties. In [3], it is proposed
to evaluate the preservation indicators using parametric
methods under the assumption of continuous monitoring
of the technical condition. Work [4] considers a pilot as-
sessment of the gamma percent persistence of articles for
[NUT], [INMT], and non-failure binomial test plans. At the
same time, the quantitative values of the implementations
of the retention periods are assumed to be known under
the assumption of the exponential law of their distribu-
tion. Study [5] additionally deals with the assessment of
durability indicators. The disadvantages of the cited study
are the impossibility of removing articles (without failure)
before the end of the tests, the continuity of monitoring the
technical condition, which provides for accurate fixation of
the moment of failure. Paper [6] analyzes the state of work
in the field of censored samples and methods for assessing
reliability, including nonparametric ones. A method of se-
quential transition to a new coordinate system for test plans
with continuous control of articles has been developed. The
issues of assessing the performance of articles with period-
ic monitoring are not considered. Study [7] discusses the
planning of abbreviated reliability tests, parametric, and
non-parametric methods for its evaluation. The disadvan-
tages of [3—7] are not taking into consideration the uncer-
tainties associated with the peculiarities of storing SUA
during operation, which, as a rule, leads to significant errors
in assessing the preservation indicators.

The preservation indicators are inherently consistent
with the durability indicators and are determined by the
corresponding dependences. The authors of [8] developed a
non-parametric method for assessing the residual durabil-
ity of a radio engineering system operated according to its
technical condition. The disadvantage of the method is its
inapplicability to uncontrolled, non-recoverable articles.

Paper [9] reports parametric methods for assessing
reliability indicators, involving knowledge of the type of
resource allocation functions (service life) that are used for
engineering articles, radio electronics, etc. The disadvantage
of these methods is the need to confirm the law of distribu-
tion of service life (resource), which is difficult under the
conditions of censored samples.

Methods based on the use of diffusion distributions in-
volve the use of diffusion monotone [10] for mechanical arti-
cles and diffusion non-monotone [11] for electronic products



as a model for the distribution of service life (resources). The
application of these methods is difficult to articles with a com-
plex hierarchical structure, including heterogeneous elements.

Study [12] considers the issues of taking into consider-
ation the nature of statistical information in various plans
for testing technical articles for reliability, grouping data,
and building empirical distribution functions by parametric
and non-parametric methods. However, [12] does not ad-
dress the issues of assessing the distribution function under
periodic inspections and repeated censorship, which does
not make it possible them to be used to assess the preserva-
tion indicators of SUA.

In [13], based on time series analysis methods, a method
for estimating the residual life of mechanical articles and
structures has been developed. The method makes it possible
to predict the fixed values of the resource in the near future.
Study [14] developed an adaptive algorithm for predicting
residual resources using time series analysis methods. These
methods assume a known set of resource values recorded
at given points in time. Their disadvantage is the strict
requirements for the initial data in the form of values of the
technical resources of the product at specified points in time,
which imposes significant restrictions on their use.

Paper [15] considers methods for assessing the reliability
of systems with temporary redundancy. Work [16] considers
an analytical method for assessing the reliability of non-re-
coverable articles with a hierarchical structure and various
redundancy options. Such methods [15, 16] are applicable for
long-term application systems with continuous monitoring.
In [17], a method for predicting the reliability of technical
systems using a model of the Markov degradation process is
investigated. The method is applicable for assessing the re-
liability of non-recoverable articles of continuous long-term
use. However, the cited works [15-17] do not consider the
tasks of assessing the preservation indicators of SUA.

The authors of [18] examine a multi-sample hybrid cen-
sorship model of the I type for a particular system with a
sequential structural scheme of reliability. This model makes
it possible to obtain ratios for finding confidence intervals.
This model cannot be used for repeatedly censored samples
(RCSs) with interval uncertainty. Studies [19, 20] develop
procedures for testing hypotheses about the compliance of
product quality with the required level for progressive cen-
sored type I sampling for Gompertzian [19] and Chen [20]
lifetime distributions. The disadvantage of the models re-
ported in [18-20] is their applicability only for once cen-
sored samples of articles with continuous control.

Paper [21] shows that when analyzing values of the “life-
time” type from censored samples, nonparametric criteria
for testing hypotheses lose the property of “freedom from
distribution”. Study [22] investigates the application of var-
ious consent criteria to test simple and complex hypotheses
against unilateral censored samples. In this case, tables of
upper percentages of points for the distributions of statistics
of nonparametric criteria such as Kolmogorov, Kramer-Mis-
es-Smirnov, and others are constructed by modeling meth-
ods when testing simple hypotheses. These results should be
used to correctly select consent criteria in limited censored
samples. However, their application for RCS with interval
uncertainty is limited.

Work [23] solves the problem of estimating the unknown
parameters of the predefined distribution function based on
the data of a progressive hybrid censored sample of type 11
using the methods of maximum plausibility and Monte Car-

lo. The disadvantage of the cited work is the impossibility of
using the obtained results for non-parametric assessment of
the preservation indicators of SUA.

In [24], a hierarchical model is developed for assessing
reliability indicators with a known function of distributing
the MTBF of articles, random censorship of their service
lives, and continuous monitoring of the technical condition.
The disadvantage of the cited work is its limited applicabili-
ty, due to the need to know the laws of distribution of MTBF
of articles and censorship, quantitative values of implemen-
tations of MTBF.

In [25], a Bayesian method for assessing the reliability
of articles from censored samples during acceptance tests
is proposed. This method is designed to justify sample sizes
when planning acceptance tests and meeting the require-
ments for specified risks. The disadvantage of the cited paper
is the assumption of continuous control of articles, a known a
priori distribution, and a single censored sample.

Thus, the known methods for assessing the preservation
indicators are focused on the availability of information
about the type of law for the distribution of the terms of
preservation of articles and large sample volumes, etc. Their
application to assess the preservation indicators of uncon-
trolled, non-recoverable SUAs is problematic.

The development of an estimation-experimental method
for assessing the preservation indicators of SUAs under the
conditions of uncertainties caused by ignorance of the law of
distribution of the preservation period, periodic control, etc.,
is a relevant task.

3. The aim and objectives of the study

The purpose of the research is to develop an estima-
tion-experimental method for assessing the preservation
indicators of single-use articles to improve the efficiency of
their operation management.

To accomplish the aim, the following tasks have been set:

— to develop a model for the formation of data of censored
samples of single-use articles with periodic monitoring;

— to devise a model for assessing the function of distrib-
uting the storage time of single-use articles;

— to build models for assessing the preservation indica-
tors of single-use articles according to censored samples;

— to study the characteristics of the estimation-experi-
mental method for assessing the preservation indicators of
single-use articles.

4. The study materials and methods

When conducting research, methods of probability the-
ory, mathematical statistics, reliability theory, methods of
system analysis, methods of mathematical modeling were
used. When carrying out experimental studies, a computer
algebra system from the class of computer-aided design
systems Mathcad 15.0 M05 (USA) was employed. When
validating the proposed solutions, analytical and empirical
methods of comparative analysis were applied.

The following limitations and assumptions are accepted
in our study:

— anti-aircraft guided missiles (AGMs) of the S-300PS
type anti-aircraft missile system (the range is up to 75 km)
are considered as SUAs [26];



— AGMs are considered as uncontrolled, non-recovered,
maintenance-free, and non-repairable objects;

—the mode of AGM storage during operation under
normal conditions is considered with the assumption of a
monotonic decrease in the level of their preservation;

— the technology of AGM serial production has been
worked out and provided in full on the studied articles;

— control of the performance of AGM samples of differ-
ent age groups are reliable;

— the operating test conditions are the same for all arti-
cles of the AGM samples subjected to the tests.

5. Results of studying the method for assessing the
preservation indicators of single-use articles

5. 1. Development of a model for the formation of data
of censored samples of single-use articles with periodic
control

Periodic monitoring of the technical condition (TCM)
of the SUA sample leads to acquiring information about
their technical condition (TC) in the form of observation
intervals. The high persistence of these articles does not
make it possible for a certain period of their storage to bring
all articles to failure. Therefore, the assessment of SUA pres-
ervation indicators before the failure of all tested articles
is a typical situation in the management of their reliability
and (or) operation. Performance tests (observations) of
SUA during storage will be represented by the test plan
[[NU(Ty, ny), (To, n2), .., (T)-1, ny-1), Ty]], according to which
N articles are tested simultaneous-
ly. Articles that fail during testing
are not restored or replaced. When

random variables Xi, X, ..., Xy (studied variables) with a
distribution function (d. f.) F(x) (unit 2). The generated
data are their independent implementations x1, x3, ..., Xn.
Other components of the censored sample data generation
model are the censorship generation model (unit 1) and the
X1, X9, ..., Xy (unit 3) model of interaction between censor-
ship and data.

The combination of these three components determines
the specificity of the process of generating data of opera-
tional tests (observations) of SUA according to the plan
[[INU(T;, n), T/]] (Fig. 1). The model of the formation of cen-
sorship (unit 1) is deterministic and represents the moments
of conducting the TCM T; planned in accordance with the
period T, and the operational testing (observations) of the
operational testing (observations) of the operational SUA
in the amount of n;. As a result of the influence of censor-
ship (T}, nj) on data x; in accordance with the interaction
model (unit 3), the resulting process is formed in the form
of RCS data (unit 4, Fig. 1). The RCS data are conditional
and incomplete implementations. For clarity, Fig. 2 shows a
diagram of the operational tests (observations) of the SUA
sample (Fig. 2, a) and the corresponding implementation di-
agram (Fig. 2, b) for the test plan [[11U (T}, 1), j=1,4, Ts]].

The values of conditional implementations (——)
(Fig. 2,b) are determined by the duration of trouble-free
storage of articles to the time of TCM, at which their failures
are detected. Incomplete implementation values (——@) are
determined by the uptime of each of the tested articles by the
time the last TCM is completed. In this case, the RCS data
are obtained grouped by the TCM intervals [T}.4, T}, j=1,..., 5.

rl
Censorship formation

the storage time T is reached, ny of
the non-failed articles is removed
from the test (if the number of
operable articles is greater than 7y,

model -
(T mp), j=1,J.

Censoring process Tj(2), nj(t)

T ¥ 3 Y 4
otherwise the tests are discontin- Model of
ued), etc. The tests shall cease at | podel to form Process of SUA failure interaction '
the end of the storage period of 7}. | the SUA storage | _occurrence during storage | between the Resulting process
When conducting operational tests | duration before | process of failure > RCS data
for reliability based on the results failure occurrence and
of periodic TCM, it is known that censoring process

by a certain point in the duration of
storage T, part of the articles isin a
working state, and the other part is
in an inoperable state. In this case,
the implementation of SUA storage durations are censored
samples. In a general case, a selective periodic TCM for a
part of SUAs can be non-destructive, and for another part
of the articles — destructive. For this and other reasons, for
the j-th period of TCM [T}, Tj], we shall distinguish be-
tween failed articles (in the amount 7;) and those that were
removed from the tests at the end of this period, workable (in
the amount of nj). The data of such samples are characterized
by a greater degree of uncertainty of information than with
a complete sample.

When developing (choosing) a method for assessing the
persistence of such articles, it is necessary to clearly under-
stand the process of forming these censored samples and
their structure.

Let us consider this process in more detail (Fig. 1). As
a generator of the shelf life of articles, a “mechanism” is
considered, which assumes the presence of a vector N of

Fig. 1. RCS data generation model for single-use articles in an operational test plan

[LNU(T}, np, T

The implementation diagram (Fig. 2, b) is the resulting pro-
cess of the RCS product data generation model in the test plan
[[NU (T} 1), j=1,4, Ts]]. In the classification [5, 6, 12], these
data represent a progressive censored sample of type I.

Several batches of SUAs are in operation, i.e. serially
manufactured according to the same technology and compo-
nent elements of SUAs of different years of release. To assess
the indicators of SUA preservation, samples of articles from
various batches (hereinafter referred to as articles of differ-
ent age groups) are formed, ordered by the calendar duration
of storage during operation, starting from the moment of
commissioning (Fig. 3, a).

Introduce the following designations (Fig. 3):

— Ty is the moment of commissioning of articles of the
0-th age group;

— Tijis the moment of the j-th TCM of articles of the ¢-th
age group;



— [Tij-1, Tyj] is the j-th time interval for observing (stor-
ing) a sample of articles of the €-th age group;

— J is the number of the age groups of articles;

— Ty — Tij-1=T. is the TCM period of the selected articles;

— Ny is the number of PCs of articles of the C-th age
group at the beginning of the j-th time interval or the num-
ber of articles of the ¢-th age group observed (tested) in the
Jj-th time interval.

characterize the distribution of the number of censored arti-
cles on the right by L age groups at the time of the j-th TCM.

Elements ny,z, 72 1+1, .., nry of the matrix lIngl char-
acterize the number of non-failing articles established
by the results of the current (last) TCM of articles of L
age groups. The corresponding elements placed to the
left of the above indicate the number of non-failed arti-
cles for each TCM period preceding the current one, and
the unfilled elements placed to
the right — the corresponding

results of SUA TCM for subse-
quent periods.
With J=L (the number of

— — — |—

e grouping intervals is equal to the
number of age groups), these ma-

trices are converted to lower tri-
angular ones, and the elements of

| their main diagonals (r¢j and ny
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Fig. 2. Graphical representation of RCS data from a sample of 11 single-use articles in a test
plan [[11U (7, 1), j=1,4, Ts]]: a — test process diagram; b — implementation diagram

Samples of articles of different age groups brought to a
single point of the beginning of storage Ty (Fig. 3, b) form J
time intervals of observations [7j., Tj] with the number of
observed articles in the j-th time interval

L
N,=YN,, j=1,]. @
=1

The results of operational observations (tests) of samples
of articles of L age groups during J time intervals at J>L
(Fig. 3, b) can be represented by two rectangular matrices
Irgl and Ingl whose dimensionalities are L%/ (Fig.4). The
7y element of the matrix lryl characterizes the number of
articles of the ¢-th age group that failed during the j-th time
interval [T}, Tj]. The ny; element of the matrix Irl charac-
terizes the number of SUAs of the £-th age group censored on
the right at the time of the j-th TCM T;.

The elements of the £-th line 7y, j=1, J—L+/ in the
matrix lr¢l are a time series of the number of failed articles
of the ¢-th age group over J J—L+{ periods of TCM. The
elements of the j-th column 7y, ¢=1,L of this matrix char-
acterize the distribution of the number of failed articles by L
age groups in the j-th time interval.

Elements 7z, a1+1, ..., 71y of the matrix lr¢l characterize
the number of failed articles for each age group as the results
of the current (latest) TCM of articles of L age groups. The
relevant elements placed to the left of the above indicate the
number of failed articles for each period of the TCM preced-
ing the current one, and the unfilled elements placed to the
right — the corresponding results of SUA inspection over
subsequent periods.

The elements of the (-th line ny, j=1, J—L+¢ of the
matrix Ingl are a time series of the number of SUAs censored
on the right of the £-th age group over J—L+{ TCM periods.
The elements of the j-th column ngj £=1,L of this matrix

(Fig. 3,4) makes it possible to
write the following ratios for:

—the number of articles of
the ¢-th age group observed in
the j-th time interval

Ny=ry+ny, 2)

—the number of articles Nj observed in the j-th time
interval (1),

— the number of failed articles of L age groups observed
in the j-th time interval (or the number of conditional imple-
mentations over the j-th time interval)

MI\

r=

s 3)

~
Il

1

—the number of censored on the right articles of L age
groups, at the time of completion T; of the j-th TCM (or the
number of incomplete implementations over the j-th time
interval)

nj = i n,;. 4)

From the known values of 7,1 and n;_1 it is possible to
determine the number of articles observed in the j-th time
interval

N;=N,;, _(r.H +n.*7'*1)’ ®)

or

—1

N,=N-Y(r+n). (6)

J

~.

i
=3

i

All discussed above (Fig. 3, 4), as well as ratios (1) to (6),
characterize the process of formation of RCS in regularly
performed periodic TCM of articles and are used further to
assess their preservation indicators.
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Fig. 3. Scheme of the process of operational tests (observations) of samples of articles of L age groups in the test strategy
[[NUT} n), T]]: a—the initial scheme of operational tests of samples of articles of L age groups at jth observation intervals,

j=1,]; b—ascheme of operational tests of samples of articles of L age groups grouped by Jobservation intervals given to
a single point 7j of the beginning of observations

When conducting one-time SUA technical surveys in
different age groups, data on their technical condition for
previous intervals are not available in whole or in part, and
the initial volumes of Ny samples, as a rule, are not known.
This situation is also typical in the absence or irregular con-

duct of periodic TCM of articles. In this case, the elements of
the lIrgl and Ingl matrices located to the left of the diagonal
corresponding to the one-time survey are undefined. At the
same time, information about SUA failures over the inter-
vals preceding a one-time examination is not available, the




sample is censored not only on the right but also on the left.
Assessment of preservation indicators based on such data is
carried out with significant errors.
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Fig. 4. Results matrices of operational observations (tests) of samples of
articles of L age groups during /time intervals under the test strategy
[[NUT} nj, T]l: a— matrix Ir; | characterizing the number of failed articles;

b — matrix Ingfl, which characterizes the number of censored articles on the right

5. 2. Development of a model for evaluating the func-
tion of distributing the shelf life of single-use articles

The implementation of the plan [[NU(T}, ny), T;]] of oper-
ational tests (observations) produces the RCS of type I, the
statistical structure of which is shown in Fig. 3b. To estimate
the d. f. of sample duration of storage to failure, the research-
er has the following baseline data. L

Test intervals (observations) [Tj.y, Tj], j=1,J, deter-
mined by the TCM plan, and their results grouped according
to these intervals. At the same time, N; articles were ob-
served at interval [0, T1], at the time T} the number of failed
articles 7 and the number of workable articles 7; removed
from the tests are known. In the interval [T, T5] N, articles
were observed, at the time T, — respectively, 7 of failed and
ny removed from the tests of workable articles, etc. At the
last J-th test interval, N; articles were observed, at the time
T — respectively, #; failed and n; withdrawn from the tests of
workable articles. The type of function for distributing the
duration of storage of articles to failure is unknown.

We shall find estimates for the values of the empirical
distribution function (EDF) at certain points for its sub-
sequent construction and use in assessing the preservation
indicators.

Evaluation of EDF values from these initial data should
be carried out under the conditions of combined censorship.
Such censorship is due to the interval uncertainty of condi-
tional implementations based on the results of observations of
the studied continuous random variable (r. v.) only at the mo-

{-th age group
<—

£-th age group

-

ments of TCM, and the uncertainty of incomplete implemen-
tations censored on the right. Incomplete implementations
are due to the completion of the next control and articles that
have not failed by this time. At the same time,
in contrast to the well-known nonparametric
methods for evaluating and analyzing the reli-
ability of articles from censored samples, it is
necessary to use rank ordinal statistics [27],
rather than their quantitative values.

In this regard, a model is being developed
for estimating the values of d. f. of the storage
periods of SUAs at combined censorship with
the use of the theory of rank ordinal statis-
tics [27]. To this end, we shall first select the
appropriate method of assessment in censored
samples according to the criterion of accuracy.

In the case under study, the number of
conditional implementations at the observa-
tion intervals [T}, T;] may be small. At the
same time, the number of observed articles N;
with an increase in the interval number can be
significantly reduced. This leads to the need to
estimate EDF values under the conditions of
limited sample sizes, including small ones.

Among the nonparametric methods of
estimating from censored samples, includ-
ing small ones, the most preferred are the
Kaplan-Mayer method (the so-called PL—as-
sessment) and the method of sequential tran-
sition to a new coordinate system (MST-
NCS) [6]. The MSTNCS assessment is more
general and is represented in an additive
form while a PL estimate takes a multiplica-
tive form. The additive form of evaluation is
more convenient when studying its proper-
ties and computational procedures. In this
case, the estimation problem is considered sequentially at
each j-th interval for Nj articles (which did not fail during
the previous intervals) in the new coordinate system using
the complete sampling apparatus.

The closest analog to the developed model is the EDF
model of MTBF for the right of type I, obtained for
the operational test plan of non-repairable articles of the
[NU(n;, Tj), Tj] type with continuous TCM. In_this case,
complete implementations (MTBF ¢”, (i=1,r;)) in the
j-th observation intervals j=1,] and incomplete imple-
mentations due to censorship on the right are known. In
accordance with the STNCS method developed in [6], the
estimate of d. f. F(¢) is determined from the ratios:

F(r)=
[0, t<0,
fot 0<¢<T,0=01,..7,
N
Y
- ]+(1—E)NL, T,<t<T,i=01,..r, @
Y
]:"jf1 +(1—ﬁj4)i, T, ,<t<T,z= 0,1,.,.,rj.
vy

In (7), the found estimates of EDF F; at points i corre-
spond to the value of the i-th implementation of MTBF (or




the i-th number of the variation series of operation #’). In
this case, it is assumed that all incomplete operations in the
j-th observation interval end at the time 7;. If this condition
is met for the J-th interval, then n/#0 and the estimate F <1
Otherwise, the censored sample ends with full operation, i.e.
m=0and F,=1.

In the case under study, instead of complete implementa-
tions ¢, the number of conditional implementations that fell
within the observation interval under consideration [7}.1, T}] is
known. These implementations can be represented by a single
point at each interval. The coordinates of this point should cor-
respond to the largest implementation in the examined interval.
Relations for its coordinates can be obtained by methods of the
theory of ordinal statistics. Suppose that the EDF values in
the interval in question are evenly distributed. In this case, in
Nj observations, the event under study is implemented 7; times.
Then the estimate of the value of the EDF F; (an ordinate of
the point) will be found as expectation 7; of the ordinal statis-
tics [27]:

F=r,/(N;+1). ®

The abscissa estimate of this point will be obtained in
the same way. Suppose that the conditional implementations
grouped in this interval are 7; independent evenly distribut-
ed r.v. The problem of finding the moment of occurrence of
the last 7;-th failure in the observation interval of duration
T. (a TCM period) is reduced to the estimation of expecta-
tion of the 7;-th ordinal statistics 7; of independent r. v. It is
known [27] that expectation of the i-th ordinal statistics
under these assumptions is determined from the ratio:

M0 |=i/(r,+1), 1=i; )

Then the abscissa x,; of the EDF point in question relative
to the beginning of the interval in question can be found as

X =T, 1i/(r+1). (10)

From (10), it follows that at 7=1 the abscissa x=T,/2;
at 7,=2 the abscissa x,=(2/3)T, ..., at r;>>1 x,~T,, i.e. the
middle of the j-th interval can be attributed to the EDF value
for this interval only in the special case when one conditional
implementation falls into this interval. With two conditional
implementations, the value of the EDF should be assigned to
the abscissa of the point 2/3 of its length from the beginning of
the interval, and so on. The right end of the interval can only be
used as a limit case if the value of the conditional implementa-
tions 7;in this interval is large enough. Determining the coordi-
nates of EDF points at each grouping interval using ratios (8),
(10) makes it possible to reduce the bias of EDF estimates.

The d. f. estimate F(?) at the observation interval [0, T7]
is determined from the following ratios:

A

F(t)=
[0, 0<t<t,
=1, /(N, +1), tSt<t,
b t.<t<t,,j=2]-1
A i SU< ] =4J L
B (L | (11
F=F  +
J J-
N t,<t,t,<t<T,.
+H1-F, rj/(N]+1), ! ! !

T, +T, =0,
tj: ]}—1+ rj 7:" r]'>0y ]21, ' (12)
(’f“) ‘

Built in accordance with (8), (10) to (12), EDF d. f. F(¢)
for the interval [0, Tj] takes the form of a non-decreasing
step function, the jumps of which occur at the points ¢. The
duration of SUA storage before failure is continuous r.v.,
its d. f. and the corresponding function of the accumulated
failure rate A(¢) are continuous. The relationships for such
functions are F(t)=1-exp(1-A(?)), A@®)=In[1/(1-F@®))] [9].

To represent the EDF F(¢) as a continuous function, let
us find its values at =7;, j=0,/. From (11) to (12), it
follows that F(0)=0; F(T,)=r, /(N,+1), etc. For each
Fat T; j=0,J, we shall find the corresponding value
A= ln[1/ 1-F ] It is known that the persistence of SUAs

is characterized by a monotonic non-decreasing function A(z).
Then, according to the known coordinates of the points (7}, A)),
=0, .., J, we shall construct this dependence by the method of
least squares in the form of a polynomial

value F,

A(t)= at+at’ +..+att, 13)
In this case, it follows from the condition A(0)=0 that
the coefficient of the polynomial ag must be equal to 0. At
the same time, it is assumed that the best (optimal) form of
dependence is chosen in the sense of the minimum residu-
al variance, based on a sequential search of their variants.
For a known dependence A(t), the reduced d. f. takes the
form F(t) :exp(—f\(t)), te[0, Ty]. If the J-th interval ends
with a conditional operation rate, then 7;=0, F =1, and
the construction of F(t¢) d. f. is completed. Otherwise, it
is necessary to define this function for subsequent intervals
[Ty+i-1, Tj+i]- Let us solve this problem under the assump-tion
that the pattern of change A(t) established at the observa-
tion intervals [Tj.4, Tj], j=1,/, continues in the future. To
this end, we extrapolate the A(t¢) function into intervals
[Ty+i1, Tp+il, i=1,m and [T}, o), where the moment 7., is
characterized by a magnitude A J+m» Which corresponds to a
suff1c1ently small value & probability of fail-safe storage, i.c.,
1om =In[1/€]. Thus, the given value £=0.05 corresponds to
Ajn=3, €=001-A,,, =4605, £=0.001-A , =6909.
The desired d. f. is dctcrmmcd from the followmg formula

]:"(t)=1—exp[—1~\(t

When forecasting F(t) for large forecasting intervals,
errors are possible associated with a change in the pattern
A(t) at such intervals. To reduce such errors, it is advis-
able to calculate the dependences A(¢) by the method of
“weighted deviations”, attributing more weight to the points
at the right end of the variation series of the sample [7], for
example, the method of exponential smoothing, etc. Con-
sider a possible application of this method at forecasting
intervals.

Let the J-th observation interval for conditional imple-
mentations be followed by % censored implementations. At
the same time, the J-th observation interval corresponds to a
known estimate A ;- The subsequent % of potential failures
at the intervals [T7.;.q, T}+i] corresponds to k values of the
accumulated failure rate A. The predicted values of the accu-
mulated failure rate A ,,., i=1,k can be found using known

[0, Tj].

)] te 0, ). (14)

JHi?



ratios for grouped type I data [7] characteristic of operation-
al observations (tests) of periodically controlled SUAs. With
respect to the case in question, we obtain

1
j+1 N _1

J+

y eeey

(15)

At certain intervals of the calendar duration of storage
[Tj+i-1, Tj+i], on the extrapolated dependence A(t), we shall
find the corresponding boundaries of the parameter A, i.e.
Ao Then, according to the & predicted Values of Aj+i,
i=1, k and the boundaries of the intervals [A o, | one
can fmd the numbers of conditional implementations that fell
into the corresponding intervals. Let the interval [T}4.1, T}+i]
include k; conditional implementations, and Zki =k, where s

i=1
is the number of the last forecast interval.

Then each of the s forecast intervals at the time TJ+i
corresponds to the forecast value of the accumulated failure
rate A./+k If Aj+k <AJ+Z, then the predicted value A,H,
determined by the extrapolated dependence will be pessi-
mistic from the point of view of the probability of fail-safe
storage and the A . Vvalues at the forecast intervals should
be adjusted to the level AM Otherwise, the extrapolation
results do not need to be adjusted.

The reliability of the developed model is confirmed by
the correct formulation of the problem for its development,
the correct application of the methods of probability the-
ory, mathematical statistics, reliability theory, methods of
system analysis, mathematical modeling, analytical and
empirical methods of comparative analysis. The adequacy
of the model of the d. f. of the shelf life of SUAs to the real
law of their persistence was checked using the Kolmogorov
criterion at various values of the degree of censorship of the
samples.

5. 3. Development of models for assessing the per-
sistence of single-use articles based on censored samples

The developed method involves point and interval es-
timation of the following indicators of SUA preservation
indicators: average (7,,) and gamma-percentage (T,) preser-
vation periods, the average (7,,(t)) and gamma-percentage
(T,(v)) residual storage periods, etc. The preservation indi-
cators of SUAs are calculated as some_functions from the
assessment of the d. f. of their shelf life F(¢).

Determining the point estimates of these indicators is
proposed on the basis of the ratios for their calculation ac-
cording to the d. f. of the shelf life F(¢) (or the probability of
fail-free storage P(t)=1-F(t)) and the known estimate of this
function F(¢) (or P(t)). At the same time, point estimates
of indicators are based on the results of SUA observations
at a limited interval or on these results with forecasting for
an extended operating interval [t, T+¢] or the entire area of
determining the d. f.

The ratios for point estimates of the average and gam-
ma-percent preservation periods take the form

oo

T, =[P, (16)
T, =P"(y), A7)

where P~'(y) is the inverse function P(t) or its quintile of
the level y.

The ratios for point estimates of the mean and gam-
ma-percent persistence periods over the predefined (limited)
observational interval [0, £,},] take the form

j By, (8)

azrb

T, =P'(y) at P(t,)zy. 19)

The ratio for the point estimate of the mean residual
storage period is of the form

T, (x) :le_)[fm, —Ip(t)dt].

A point estimate of the gamma-percent residual storage
period T, (1) is derived from the equation

f’(‘C+Ty(T))
T T

(20)

2y

From (16) to (20), it follows that the relationship be-
tween estimates of average shelf life is:

T, +T,(t,)P(t,)=T,.

avt av (22)

The ratios for point estimation of truncated mean storage
period over a limited observation interval [z, T+¢] are of the
form

(23)

Ratios (16) to (23) demonstrate that the bias and vari-
ance of the estimates of these indicators is mainly deter-
mined by the bias and variance of the estimate P(¢). Since

P(t)=1-F(t), the variance D[P(t)] = D[F(t)]. We shall
find the ratios for expectation M[F, ]and variance D[F, ]in

the d. f.of F(¢) (11), (12). In [6, 28], it is shown that expec-
tation of the d. f. estimate (7) can be found by applying to
it the operation of conditional expectation & times. For the
studied d. f. (11), (12), acting in the same way, we obtain the
following ratio

M[ﬁ(Tk;’l,...,rk;n1,...,nk)]:

In (24), the number of observed articles on the £-th inter-
val Ny is calculated from formula (6), Ny=N-ny, ny=0, F 0.
For the first interval (k=1), from (24), we find

M[ﬁl]:%:ﬂ.

1

(24)

For the second interval (k=2), we obtain

M[rz/n]}

M[E]=E+M{(1—E)N (25)



Given that the conditional r.v. 7, at No>0 is charac-
terized by a binomial distribution, and, at N,<0, is zero,
ratio (25) can be brought to the form

M[ﬁ]:F—FZ_E AZ 1-=-1p(s)
: : 1_E s=N,-n, N1 ,
P(s)=Cy,F,

The estimate E is not biased. The estimate I:‘z is gener-
ally biased. The amount of displacement AM, = M|:F2:|—F2
is determined by the values of the ratios s/Nj, s=N; — ay, ...,
Ni; (Fo—F;)/(1-F;) and the probabilities of occurrence in the
second interval of observations of s failures. At ny<<N; (by
20 times or more), the displacement is not significant. It can
be shown that, at £=3, ..., /, the d. . estimate F(z) for (11), (12)
is generally biased, and, with an increase of n;, the amount
of displacement AM;, increases. However, with large sample
sizes N and small n;, samples, the estimate F, for (11), (12)
can be considered unbiased. _

Variances of estimates D[Fk]
ratios [28]:

plA]-o . J+o[fi-A ]
+2 cov(ﬁk_pﬁk —&_1),

ol J-wfie ]

At k=1, the value n9=0 and the variance of the estimate
F, is determined from the ratio for complete samples [28, 29]:

p|f]-

At k=2, the variance of the estimate ; is determined
from (27). In this case, the variance D[tF F1 , is first
calculated, then, taking into consideration the b}noAmiaAl dis-
tribution of the value r; — the covariance cov|F,F,—F) of
the quantities F; and F,—F, then the final expression is de-
rived for D| F, |. It has a cumbersome form and is not given.
From its analysis, it follows that the presence of a bias in the
d. f. estimation leads, with an increase in ny, to an increase in
variance D Fz] At n1<<Nj, the ratio for the variance takes
the form

(26)

P(-F)"

can be found from known

27

F(1-F)/N,. (28)

D[ £ ]=E(1-E)/N,, (29)
which corresponds to the variance of EDF at point T for a
complete sample.

For k=3, ..., J, doing similarly, one can use (27) to obtain
a ratio for the variance of the estimate D[F ( ) , which is
cumbersome and is not given. Its analysis confirms the con-
clusion obtained at £=2.

Thus, the point estimates of the preservation indicators
obtained from formulas (16) to (23) are generally biased and
ineffective. With large sample sizes N, and n;,<<N}, the point
estimation of EDF (11), (12) can be considered unbiased and
effective.

Consider the interval estimation of preservation indi-
cators on the example of calculating their lower confidence
boundaries (LCB). To this end, we shall first find an esti-
mate of the LCB probability of fail-safe storage P(t) using
its approximation by the normal distribution, i.e.

(30)

where u, is the quantile of the normal distribution of the
level g; 5

D(ﬁ(t){is the variance of the estimate P(t).

With a known function (30), the LCB assessment of the
level g, the preservation indicators can be found from the
following ratios.

The lower confidence boundaries of the mean and gam-
ma-percent storage periods of level g

T, =[P, 31

(32)

The lower confidence bounds of the mean and gam-
ma-percent residual storage periods of level g

T t)de, 33
L, (7)= P()I 10! (33)

Im(r)=£:(v), (34)
where P /P

The lower confldence bound of the truncated mean stor-
age period of level g

ﬁZT) TJ:'L P (¢)de.

The construction of dependence (30) for P, (¢) is reduced
to finding the dependence D(P( )) For this, we shall first
find variances of estimates of the probability of fail-safe stor-
age of SUAs at the end of the intervals [T}y, T], k=1, ..., J+1.
According to the totality of these points and the known field
of determining the function P(¢), the method of least squares
makes it possible to construct a monotonously decreasing de-
pendence D f’(t)) in the form of a polynomial.

To find the variance of the estimates of the probability
of fail-safe storage at the end of the intervals [T, 1, T],
k=2, .., J*1, instead of the cumbersome formulas obtained
from (27), it is proposed to use the approximate Greenwood
formula [6]. This formula is obtained for RCS under the as-
sumption that there is no bias in the estimate P(T,) and a
large sample size. Then, with large sample volumes Njand the
inequality 7;<<Nj, the estimate of this variance will be found
using Greenwood’s formula in the following form

D(P(T))= ()Y 2

Iav/q (T) = (35)

(36)

where [3] is the estimation of the conditional probability of
fail-safe storage at the point 7. In (36), the value N;j is calcu-
lated from (5) or (6), the probablhty value P( k) is calculat-
ed from the previously constructed dependence F(t)and the
ratio P(T,)=1-F(T,). The values of conditional probabili-
ties P, are estlmated from formula P =1-r, /N Note that
the Values N and 7jare known only for observation intervals
[T, T3, j ..J. For intervals [T}4;.1, T}+i], i=1, ..., m, these
values must be predicted.

To predict the number of SUAs NJ.; that are expected to
be observed at the intervals [T+, Tj+i], i=1, ..., m, and the



number of potential failures 7y.; at these intervals, we shall
use the extrapolated data of the recovered d. f. F(¢). At
the same time, the extrapolation of d. f. at the points t=T}.,
i=1, .., m will be carried out in accordance with the depen-
dence established according to the data of operational tests
at the observation intervals [Ty, Tj], j=1, ..., J.

An estimate of the expected number of SUA failures 77+,
at subsequent intervals [T}4i.1, Tj+i], i=2, ..., m can be found

from known estimates of the restored d. f. l:"jﬂq, F,, at

J+i
points Ty, Ty, respectively, and the number of articles
N, that are expected to be observed in this interval.
From the ratio F/+i=1—exp[—AJﬂ.], it follows that
~ -1 P
A :ln(l—FM) and

AJ+i _AJ+1>1 = ln(1_FJ+"*1/1_F *i)'

The expectation of the expected number of failures for
the considered observation interval at Ny; tested SUAs will
be found from the ratio

1-F,,.
r,.=N,;In Ly
1_F]+i

(37)

Then the values 77+; n N+, i=1,m, can be found in the
following order:

1. Find the number Njy; of articles tested in the interval
[T}, Tj+1], according to the known Nj, 77 and ny over the last
observation interval [T}, T}] and (5):
N, =NJ—(rj+nj).

2. Using the known Ny, FJ and FJH and ratio (37), we
obtain:

1-F,
7q=N, Inf —=—1
1_Fj+1

3. According to the known data Njiq, 77+, 774 and ra-
tio (5), we shall find Ny1», then, by using ratio (37), we shall
find 7749, etc.

As a result, we shall get all the initial data for estimating
the variance D([’(t)) by (36).

Calculations of the LCB preservation indicators from
ratios (31) to (35) are obtained under the assumption of the
validity of the assumptions taken for the application of for-
mulas (30), (36). In this regard, we shall consider the assess-
ment of the preservation indicators of SUAs using bootstrap
modeling from the restored d. f.

The restored d. f. F(¢) is used as a true number to gen-
erate pseudo-random numbers — the durations of storage of
SUAs before failure. In this case, the specified number M of
independent copies of data arrays is obtained. To obtain each
copy, the process of observing implementations is simulated,
then, based on implementations, an array of data correspond-
ing to the plan of operational tests (observations) is formed.
Then an ordinal table is formed and, on its basis, estimates
of the preservation indicators are calculated. Baseline data
shall be generated in relation to the operational tests (obser-
vations) of SUAs at a limited interval in accordance with the
test plan [NUz] or [NUT] over the entire area of determining
the d. f. in accordance with the [NUN] plan. In this case, the
original RCS with progressive censorship is converted to a
single censored sample corresponding to the plan [NUz] and

[NUT] with full and incomplete implementations or to a full
sample ([NUN]).

The results of modeling the process of observing imple-
mentations will be shown in Fig. 5 in the form convenient
for assessing the preservation indicators of the nomenclature
under consideration. This makes it possible to estimate the
preservation indicators using known ratios [5] given below,
namely to calculate for the [NUT] plan: .

a) the_point estimates of the average T(t), truncated
average T,(7), and gamma-percent Ty(r) residual periods of
article preservation:

1= 3 K (=), (39)
Jj=k+t

where z, =¢,—1 is the residual (after 1) preservation period
of the j-th article;

Ky(t)=1- [1 - ﬁ(r)]N is the shift coefficient;

k is the number of failed articles in the interval (0, ).

T (T)::[gzj +(r—P)t:|,

where 7, p is the number of failed and observed SUAs in the
interval (r, T+7), respectively.

(39)

where zg,-1), zgm) are the residual storage periods of the (m—1)
and m-th SUA in their variation series, z(1y<z(2)<...<z(m-1)<Z(m),
for which the following inequality holds:

lsr(z(m))ﬁy<13{ (2(7”71)), (40)
="

b) the lower confidence limits (LCB) of the truncated
average T, (1) and gamma-percent T (t)residual preser-
vation periods of articles:

T, (0 =T,/ (142, /7). (1)
_ L
qu(f)—m’ (42)
_ bt iyt
o(v.r)= In(1/y) ro “3)
A : : A
| mt
N pi i E ,
| |
x| . |
k : —
4o .
Y | | »
T T+t

Fig. 5. Representation of the results of modeling the terms
of preservation of articles using the restored d. f. F(t)



_ Each copy of the data set corresponds to estimates E, (¢),
P(t), T, T, etc. The value of operation rate ¢ is put in
correspondence to the variation series formed by the values
of the estimates under consideration ordered by magnitude.
For example, when evaluating the d. f., a variation series is

obtained

(44)

Denote M~ = M1_Ty ., M* =[ HTY], where [x] is the
integer part of the number x. To obtain an analog of y — the
confidence interval for F(¢), one needs to take as the lower (up-
per) boundary M" (M")) the values of the variation series (44),
that is, F ( ) ( (¢)). In accordance with the bootstrap
method, t he value of the difference F (¢) - E,, )( ) roughly

corresponds to the width y of the confl(ience interval for F(z).

5. 4. Study of the characteristics of the estimation-ex-
perimental method for assessing the preservation indica-
tors of single-use articles

The estimation-experimental method for assessing the
SUA indicators of preservation is represented in the form of
a sequence of operations in Fig. 6.

As characteristics of the estimation-experimental
method, the accuracy and reliability of assessing the pres-

ervation indicators of SUA of the predefined nomenclature,
which are used in managing their operation, are consid-
ered. These characteristics are determined by the quality
indicators of the developed models for the formation of
data of censored samples, the assessment of the function of
distributing the storage periods of SUAs on the censored
sample and the assessment of their preservation indicators
from these data.

The study of characteristics was conducted using a com-
puter algebra system from the class of computer-aided design
systems Mathcad 15.0 M05. The adopted limitations and
assumptions are formulated above.

The following parameters are used as inputs for model-
ing. At the considered storage intervals [0, 7}], performance
monitoring with a period of T.=4 years is carried out on a
sample of AGMs. Based on the results of this control, the
fact of operability (inoperability) of AGM at the time of con-
trol is established. Inoperable articles are decommissioned,
workable ones continue to be operated. At the same time,
n; launches of AGMs are carried out from among workable
articles in accordance with the test plan.

Three options for setting observation intervals [0, /],
the duration of which are 20, 28, and 36 years, are consid-
ered. The results of operational tests for each interval under
consideration are censored samples, the structure of which is

C

Start

shown in Fig. 3.

/

Input data (results of operational
observations (tests) of SUA
samples of different age groups)

/

Form data on the multiple censored SUA samples

[

Build the distribution function F(z) of SUA
preservation period

Check meeting
the limits for SUA volumes observed in the
intervals or de-tested

Estimate preservation indicators based on the restored
distribution function F(z) and its upper confidence

Estimate preservation indicators based on bootstrap
method and the restored distribution function £(?)

boundary
[

Correct the plan of SUA technical condition
monitoring based on the estimates for preservation
indicators

C

Finish

)

Fig. 6. The sequence of operations in the estimation-experimental method for assessing the indicators of preservation of
single-use articles



To assess the accuracy and reliability of the developed
method, implementations of the duration of AGM preserva-
tion periods were generated in accordance with the theoret-
ical distribution function of the form

F(t)=1-exp(~t/a) (45)
where the scale parameter a=30 years, the shape param-
eter b=3.

The collected initial data of the results of periodic con-
trol of AGM samples in accordance with the model for the
formation of censored sample data are represented in the
form of implementations (Fig. 3, b) corresponding to the test
plan [[100U(T}, m), Tj]].

As reference estimates of the indicators of AGM preser-
vation, the values of these indicators found from the theo-
retical (reference) function, i.e. the average and gamma-per-
centage conservation periods, were considered:

T, =al (1+1/b),

=a(Int/y)"”,

where I'(x)is the known gamma function [9, 29]
the mean and gamma-percentage duration of residual
preservation:

A

T,(t)=a(ln 1/71)1/b -1,

To assess the variance in the preservation periods and
the residual periods of AGM preservation, their variances
were additionally calculated:

(46)

(47)

(48)

v, =vexp(~(t/a)’). (49)

D=a*[T(1+2/b)-(T(1+1/3))' | (50)
D(1)= ZbaZexp(:l)b F[{Z{;)b H _
2T, (1)~ (T, (%)), (51)

where
F[(a, z)] = Ty“ exp(-y)dy

is the incomplete gamma-function.

The errors in the calculation of point estimates of AGM
preservation indicators were found relative to the benchmark
estimates, and the errors in the calculation of their interval
estimates were found relative to the indicators calculated by
the parametric method. The estimation of the preservation
indicators by the parametric method was carried out under
the assumption about a known type of preservation period
distribution function (45) and the test plan [100UT}]. Point
estimates of the parameters a and b of this distribution were
found according to a known methodology in accordance
with [5, 11]. The point estimates of preservation indicators
(residual persistence) were found from ratios (45) to (49) with
the replacement of the parameters a and b with their point
estimates @ and b. Thus, the ratio for the point assessment of
the d. f. of the preservation period (45) takes the form:

F(t)= 1—exp(—t/&)g.

(52)

The interval estimates of the mean and gamma-percent
storage periods of the level ¢ were based on the following
ratios from [5, 11]:

T, =T, (1+84,). (53)
Ty :f{(1+86"ﬂl)’ G4

where the €dayg, €4yg values are determined from plots given
in [5, 11].

The interval estimates of the mean and gamma-percent
residual storage periods of the level q were derived from the
following ratios:

Iavq E ﬂl} u D Taz (55)
T, (v)=T(t / D(T (x (56)

wherein the variance D(YA’y (‘t)) is calculated from the formu-
la for variance D T, ), given in [5, 11], with the substitution
of the parameter y by y4, which is found from (49).

In accordance with the developed method for implemen-
tations corresponding to the test plan [[100U(T}, 1), T/]],
EDF is found from (9) to (12), and, on its basis, the recon-
structed d. f. from (13) to (15). At the same time, data on the
number of conditional and complete implementations in the
intervals under consideration are obtained from the results
of their modeling using the theoretical d. f. and the model of
formation of the RCS. Fig. 7-9 show plots of the theoretical,
parametric, and reconstructed d. f. of the SUA preservation
period. The parametric and reconstructed f d. f. are built for
three intervals of observations. At the same time, the values
a of the degree of censorship of the sample were 0.73 for the
interval (0, 20], 0.43 for the interval (0, 28], and 0.24 for the
interval (0, 36].

To characterize the accuracy and reliability of the de-
scription of the reconstructed d. f. of the actual preservation
of SUAs, let us determine the boundaries within which
the theoretical d. f. of the shelf life is located with the pre-
defined probability. To this end, we shall use Kolmogorov’s
theorem [29] and the results of research [22]. In the case of
a complete sample (a=0) for the predefined confidence prob-
ability ¢, according to the tabulated values of Kolmogorov’s
d. f. [30], we shall find the quantile ¢,.

Hence, it follows from the Kolmogorov’s theorem [29]:

P{F(t)-t, /NN <F(t)<F(t)+t, /NN } ~q.
Since 0<F(¢)<1, inequality (57) must be refined:
t/\/—)<F <m1n(1F t/\/—) (58)

With a confidence probability g=0.9 according to the
tabulated values of the Kolmogorov d.f. [30], we find
t0.9=1.22. At the same time, the value tog/ 100 in (58) is
0.122, that is, the greatest discrepancy between the the-
oretical and reconstructed d. f. in the case of a complete
sample should not exceed 0.122. For the correct appli-
cation of Kolmogorov’s criterion for censored sampling
(Fig. 8,9) in accordance with [22], we shall determine the
required minimum sample sizes. For the type of censorship

(57)

max (O F



under consideration and the above values of the degree of
censorship of the sample, these volumes are: 20 at a=0.24;
30 — at @=0.43; and 76 — at a=0.73. The sample size re-
quirements can be considered fulfilled. Then the quantile
values ¢ 9(a) of the Kolmogorov criterion statistics for the
established values a are determined in accordance with
[22]: £0.9(0.24)=1.209, £0.9(0.43)=1.167, £0.9(0.73)=0.927.
In this case, the expression £y g(a),/N100 in (58) will take
the values of 0.121, 1.117, and 0.093, respectively. Fig. 7
shows that the greatest discrepancy between the theoret-
ical (curve 1) and the reconstructed d. f. (curve 3) is ob-
served at t=38 years and is 0.082. This allows us to assert
that the reconstructed d. f. agrees well with the theoret-

Aij =|T, _Tij (59)

100% /T, i=1,2,3,4,5,j=1,2,3,
— for interval estimates
Ay =Ty, ~T},|-100%/T,,,, i=6,7,8,9,10;j=2,3, (60)

where T,;, f”ij is the reference value of the i-th preserva-
tion indicator and its point estimate obtained by the j-th
method;

T,, and T, is the LCB of the assessment of the i-th
preservation indicator of level ¢, obtained by the parametric

and examined j-th method, respectively.

ical one at a<0.73. Or, from the
point of view of the model being F(?)

developed, the reconstructed d.

perad

f. with a reliability of 0.9 and an 0.8

o

error of not more than 0.1 de- 0.7
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scribes the actual preservation 0.6
of SUAs, which is acceptable for 0.5
solving the problems of manag- (4
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ing the operation of AGMs. In (3
addition, from Fig. 7, it follows 02

that the discrepancy between the 01
theoretical (curve 1) and para- ‘0

metric d. f. (curve 2) is 0.052, 0 7 14
which satisfies (57) at ¢=0.9.
The accuracy and reliability of
estimating the d. f. according to
the parametric model (Fig.8)

21 28 35 42 49 56 63 1, year

Fig. 7. Plots of the distribution function of single-use articles preservation: 1 — theoretical;
2 — parametric (test plan [100U20]); 3 — reconstituted (test plan [[100U(7}, 1), 20]])

with the accepted assumptions F(s) |

is higher than that according to g /é =
the reconstructed d. f. (Fig.9). (g 4 z
This makes it possible to use it
for the subsequent assessment 0.6 ,/ 1
of the accuracy and reliability 0'5 y/ 4 2 3
of the preservation indicators of ’ //
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Dependence analysis in Fig. 9 0.3 /
shows that with an increase in the 0.2
observation interval (a decrease 0.1
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of censorship), the accuracy and
reliability of estimating the d. f.
of the preservation period by the
developed method increases. In
addition, the plots of these d. fs

Fig. 8. Plots of the theoretical and parametric distribution function of the preservation of
articles in different intervals of observations: 1 — theoretical; 2, 3, 4 — parametric in the
intervals of observations (0, 20], (0, 28], and (0, 36], respectively
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the i-th preservation indicator by
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from the magnitude of the relative
error Aj according to the ratios:

— for point estimates

21 28 35 42 49 56 63 ¢ year

Fig. 9. Plots of the theoretical and reconstructed distribution function of the preservation
of articles in different intervals of observations: 1 — theoretical; 2, 3, 4 — reconstructed in
the observation intervals (0, 20], (0, 28], (0, 36], respectively




Table 1

Point estimates of SUA preservation indicators in the test plan [[100U(7}, n), 20]] and their errors A

Interval estimates of SUA preservation indicators at the level g=0.9
in the test plan [[100U(7}, n), 20]] and their errors A

. o Non-parametric estimation

Number and des- | The refer- | Parametric estimation ~ "

ignation of the | ence value |  for plan [100U20] for F(r) for F(¢) V‘gtl_ bootstrap
point estimate of of the - - - modeling

the indicator indicator Indicator A% Indicator Ao % Indicator As %

score score score
1 T, 26.79 25.50 4.82 28.29 5.60 28.50 6.38
2 7AI:()/ 14.17 13.89 1.98 13.00 8.26 13.41 5.36
3 7. (12) 15.97 14.63 8.39 17.54 9.83 17.40 8.95
4l T,,312) 7.27 7.15 1.65 7.05 3.03 6.90 5.09
50 7,.312) 4.60 4.24 7.83 498 8.26 3.94 1435
Table 2

I:ilgsr?brgtzil;f Parametric estimation Non-parametric estirriation
of t}ige point for plan [100U20] for F(t) for F (tr)n(‘)"’(;zﬁfgomtmp
estimate of the
indicator Indicator score Indicator score | Ajp, % Indicator score A3, %
6 Ty 19.13 25.66 3413 26.5 38.53
7 Ty 10.42 11.3 8.45 11.72 12.48
8 | T.,(12) 11.71 15.52 32.54 15.84 35.27
9 | T.s,(12) 6.6 6.9 4.55 6.05 8.33
10 | Lo, (12) 3.18 2.3 27.67 2.7 15.09
Table 3

Point estimates of SUA preservation indicators in the test plan [[100U(7}, n), 36]] and their errors A

Interval estimates of SUA preservation indicators at the level g=0.9
in the test plan [[100U(7}, n), 36]] and their errors A

Numb dd Parametric esti- Non-parametric estimation
iglnat?(l;l?if thees The reference mation for plan for F (0) for F (¢) with boot-
point estimate of value of the [100U36] strap modeling
the indicator indicator Indicator o Indicator o Indicator o
A117 % AzZ» % Alg, %
score score score
1 T, 26.79 26.55 0.90 27.02 0.86 27.2 1.53
2 YA‘QO% 14.17 14.32 1.06 13.20 6.85 13.5 4.73
3| 7,12 15.97 15.65 2.00 16.58 3.82 15.4 3,57
4l T.,(12) 14.94 14.75 1.27 15.25 2.07 14.32 415
5 ﬁ,o%(12) 4.60 4.55 1.09 4.30 6.52 4.28 6.95
Table 4

Number and desig- | Parametric esti- Non-parametric estimation

nation of the point | mation for plan = for F(¢) with bootstrap
estimate of the [100U36] for F(¢) modeling

indicator Indicator score | Indicator score Ais, % Indicator score A3, %
6 T, 21.77 24.68 13.37 25.03 14.97
7 Ty, 11.45 10.8 5.68 10.3 10.04
8 T,,(12) 13.3 14.29 7.44 14.8 11.28
9 T 4, (12) 14.1 13.6 3.55 13.5 4.26
10 Tyy,,,(12) 3.68 3.14 14.67 33 10.33

Tables 1,3 show that
the point estimates of pres-
ervation indicators at the
observed part of the sam-
ple of 27 % (T;=20 years)
are characterized by errors
of up to 10 % when they
are estimated by the recon-
structed d. f., and up to 14 %
by the reconstructed d. f.
with the bootstrap meth-
od. An increase in the ob-
served part of the sample
to 76 % (T;=36 years) leads
to a decrease in these errors
by about 1.5 times. With
a known type of d. f. and
the period of monitoring
the performance of AGMs,
much less than their aver-
age shelf life, these errors
are significantly smaller,
and, with the observed part
of the sample of 76 %, do not
exceed 2 %.

Tables 2, 4 demonstrate
that the LCB of the esti-
mated AGM preservation
indicators at the level of 0.9
by the developed method
with the observed part of
the sample of 27 % are char-
acterized by errors of the
order of 7-39 %. Increasing
the proportion of the ob-
served part of the sample
to 76 % leads to a decrease
in these errors by about
2 times, which are about
4-15 %.

Note that the errors of
the interval estimation of
the preservation indicators
were calculated relative to
the parametric estimates.
Their greater value in com-
parison with the errors of
point estimates is also due
to the errors of formulas
(36), (55), (56), large er-
rors in estimating the d. f.
in the non-observed part of
the sample, and the sensi-
tivity of interval estimates
to errors.

The results of our stud-
ies (Tables 1-4) show that
the accuracy of estimating
the preservation indicators
by the developed method is
largely determined by the
accuracy of estimating the
A(t) dependence in the ob-
servation interval. In ad-



dition, it is determined by the results of forecasting A(¢) in
the non-observed part of the field of determining the d. f.
The quality of this dependence is determined by the initial
values of A(¢) at points t=T;, j=1,..., ], the choice of the form
of this dependence, usually nonlinear, by the method of least
squares. Almost any form of the nonlinear dependence A(¢)
can be constructed by the method of least squares. However,
this method restores only functions linear in parameters, or
variables reduced to them by means of linearizing transfor-
mations, for example, power, exponential, etc. The optimal
form of the monotonously non-decreasing dependence A(¢) is
proposed to be chosen according to the criterion of minimal
residual variance.

The results of the simulation show that the point and
interval estimates of AGM preservation indicators obtained
by the developed method provide acceptable accuracy and
reliability. This, in turn, ensures the adoption of informed
decisions on the choice of moments for periodic monitoring
of the technical condition on the samples of AGMs, their
volumes, and other measures to manage their operation.

Unlike the well-known ones, the developed nonparamet-
ric method implements the assessment of AGM preservation
indicators under the conditions of combined censorship,
due to the interval uncertainty of conditional implementa-
tions and the uncertainty of incomplete implementations of
product storage periods censored on the right. At the same
time, the ranks of conditional implementations of the AGM
preservation periods and the quantitative values of their
incomplete implementations at observation intervals and the
predicted number of implementations in the non-observed
part of the field of determining the d. f. are used. They are
focused on the parametric assessment of preservation indica-
tors with continuous monitoring of their technical condition
and one-time censorship. Therefore, no comparison of the
developed and known methods for assessing the SUA preser-
vation indicators was carried out due to different test plans
and conditions.

6. Discussion of results of studying the characteristics of the
developed estimation-experimental method for assessing
the preservation indicators of a single-use product

The operation of modern SUAs requires solving the
problems of assessing the preservation indicators with ac-
ceptable accuracy and reliability, for example, the error is
not worse than 15 % and the reliability is not worse than
0.9 (Fig. 7,9; Tables 1, 3, 4; ratios (58) to (60).

The developed estimation-experimental method makes
it possible to ensure that the accuracy and reliability of the
assessment of SUA preservation indicators are acceptable for
managing their operation when fulfilling the requirements
for the degree of censorship of samples (the region of observa-
tion) (Fig. 7-9). This is achieved by reconstructing the d. f. of
SUA preservation period throughout the field of determining
by converting the initial RCS within a limited interval into
an equivalent full one using bootstrap modeling if necessary.

The developed estimation-experimental method for as-
sessing SUA preservation indicators (Fig. 8) is based on the
following:

— formation of operational test data (observations) of
AGM samples of different ages in the form of RCS (Fig. 3, b),
grouped by observation time intervals and represented in the
matrix form (Fig. 4);

— the reconstruction of the d. f. of SUA preservation peri-
od (ratios (8) to (15)) under the conditions of combined cen-
sorship with an accuracy not worse than 0.1 and a reliability
not lower than 0.9 with a value of the degree of censorship
not exceeding 0.73;

— the calculation, based on the reconstructed d. f., of the
point estimates (ratios (16) to (23)) of SUA preservation
indicators, their interval estimates (ratios (30) to (35)), or
according to the simulated implementations with bootstrap
modeling and reconstructed d. f. (ratios (38) to (44)). The
choice of the calculation option is determined by the volumes
of SUAs observed at observation intervals and removed from
the tests.

The results of modeling the processes of assessing the
preservation indicators (residual preservation) of SUAs
are obtained according to the data of modeling the d. f.
of the terms of preservation of AGMs, selective periodic
monitoring of their technical condition. These results are
represented in the form of d. f. plots (Fig. 7-9), the tables of
point and interval estimates of preservation indicators and
their errors (Tables 1-4). At the same time, the d. f. param-
eters and the technical condition control correspond to the
conditions and storage modes of the S-300PS AGM system
during operation.

The developed method is a development of well-known
non-parametric methods for assessing reliability indicators
according to RCS in relation to the assessment of the pres-
ervation indicators of SUAs during their selective periodic
monitoring. At the same time, the development of models
that form the basis of the method is aimed at correctly tak-
ing into consideration the uncertainties of implementations
of the storage periods of articles under the conditions of
combined censorship, checking the accuracy and reliability
of the reconstructed d. f., and choosing an evaluation model.
The totality of these provisions confirms the theoretical va-
lidity of the developed method.

The reliability of the developed method is confirmed by
the fact that the results of estimating the d. f. of the pres-
ervation period (Fig.9) and the indicators of preservation
(Tables 1, 3) with an increase in the observation intervals
converge to their theoretical values. The adequacy of the
model for estimating the d. f. is confirmed by checking its
agreement with the theoretical d. f. of the preservation pe-
riod using the Kolmogorov criterion at different values of
the degree of censorship of samples. The adequacy of the de-
veloped models for assessing preservation indicators is con-
firmed by the results of modeling (Tables 1-4, Fig. 7-9) and
their convergence in particular cases to known results. Thus,
the known d. f. (7) for the type I RCS, found under the con-
dition of continuous monitoring of the technical condition of
articles [6], is reduced to d. f. (11), (12) for periodic control.

The method should be used to assess the preservation in-
dicators (residual preservation) of various types of SUAs, for
example, anti-aircraft guided missiles, protection devices for
nuclear power plants, catapults, fire extinguishing devices.

It should be noted that the developed method does not
take into consideration the a priori information on the pres-
ervation of articles available at the time of the beginning of
their serial operation. This imposes certain restrictions on
the scope of the developed method, which can be attributed
to its shortcomings. Further research related to their elimi-
nation should be directed to improving the calculation and
experimental method, taking into consideration a priori in-
formation about the preservation of articles. Such a method



could have a wider scope of application for solving the prob-
lems of assessing the preservation indicators of SUAs while
minimizing the cost of managing their operation.

7. Conclusions

1. The developed model for the formation of data of
censored samples of SUAs is represented by a structural
scheme, a graphic scheme of the process of their operational
tests, analytical ratios between the quantities of articles
tested, failed, and removed from the tests in time intervals.
It makes it possible to form initial data for constructing the
d. f. of preservation time of articles in the form of matrices of
the number of failures and the number of SUAs censored on
the right at observation intervals grouped by time intervals.

2. The developed model for estimating the d. f. of the
shelf life of articles according to RCS describes the process
of constructing an empirical d. f. according to the initial
information on the number of observed and failed articles
at the grouping intervals under consideration. According to
the empirical d. ., which takes the form of a stepped func-
tion, the continuous d. f. of the shelf life over the observation
interval is restored by the method of least squares. The
proposed procedure for reconstructing d. f. is completed if
the observation interval ends with a conditional operation,
otherwise the d. f. is extrapolated to subsequent (future)
intervals. It involves the choice of the best (optimal) form
of dependence in the sense of a minimum residual variance
based on a sequential search of variants of dependence forms.

3. Models for assessing the preservation indicators of
single-use articles are represented by analytical ratios for
their point and interval estimates, as a function of the recon-
structed d. f. of the preservation period. The nomenclature
of SUA preservation indicators includes average and gam-
ma-percent preservation periods, including residual ones.
With large volumes of articles observed at grouping inter-
vals and a small number of workable articles removed from

testing, the preservation indicators are calculated directly
from the reconstructed d. f. and its lower confidence bound-
ary. Otherwise, estimates of the preservation indicators of
SUAs are calculated from the implementations obtained by
bootstrap modeling and the reconstructed d. f.

The developed estimation-experimental method is a set
of models for data generation, estimation of the d. f. of the
preservation period, and assessment of preservation indi-
cators. The method provides acceptable accuracy and reli-
ability of estimates of the preservation indicators of SUAs
for making informed decisions on the management of their
operation.

4. Unlike the well-known ones, the developed nonpara-
metric method implements the assessment of the preserva-
tion indicators of SUAs under the conditions of combined
censorship, due to the interval uncertainty of conditional
implementations and the uncertainty of incomplete imple-
mentations of product storage periods censored on the right.
At the same time, in addition to the implementations formed
in the observed part of the incomplete sample, the predicted
number of implementations in the non-observed part of the
field of determining the d. f. is used.

The method makes it possible to estimate the average
and gamma-percent preservation periods of SUAs, includ-
ing residual ones, with an accuracy of not less than 7 %, and
their lower confidence limits with an acceptable confidence
of 0.9 and an error of not less than 14 %. At the same time,
the value of the degree of censorship of the sample is not
more than 0.23. The reconstructed d. f. of the shelf life with
a reliability of 0.9 and an error of not more than 0.1 de-
scribes the actual preservation of SUAs with a censorship
degree of not more than 0.73, which is acceptable for man-
aging their operation.

It is recommended to use the developed calculation-ex-
perimental method to assess and control preservation indica-
tors of uncontrolled, maintenance-free, non-restorable SUAs
in solving the problems of managing their operation, includ-
ing for solving the problems of extending their operation.
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