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tiveness of their operation by using resource-saving tech-
nologies, and, in particular, methods of operation and repair 
based on the technical condition [1]. In order to implement 
these methods, it is necessary to control the limiting state of 

1. Introduction

It is possible to reduce the cost of operating modern 
radio-technical complexes (RTC) at the predefined effec-
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The operation of a radio-tech-
nical complex based on a technical 
condition is represented by cycles. 
Each cycle implies control over a 
limiting state in order to make time-
ly and informed decisions on man-
aging the operation of a radio-tech-
nical complex. That should resolve 
the task of assessing and monitoring 
the indicators of fault-free operation 
with the required accuracy and reli-
ability based on operational observa-
tions and, if necessary, special tests 
that could minimize the cost of spe-
cial tests.

Given the introduction for a 
radio-technical complex of the 
repeated application of a new indica-
tor of fault-free operation "the prob-
ability of trouble-free switching", a 
combined method of its evaluation 
and control has been developed. This 
method is a set of known and devel-
oped criteria, models, methods, and 
schemes that determines the sequence 
of their application for joint evalua-
tion and control of this indicator.

The criteria for verifying the uni-
formity of data on the operational 
observations and special tests for the 
fault-free operation of a radio-tech-
nical complex have been defined, as 
well as the corresponding models for 
assessing the one-sided lower con-
fidence boundaries of the indicator 
under consideration, and the methods 
to control it. 

The devised method makes it pos-
sible to derive estimates of the prob-
ability of trouble-free switching, as 
well as the magnitudes of the observed 
risks of decisions being made with 
acceptable accuracy and reliability.

The results of modeling the devised 
combined method helped obtain the 
accuracy and reliability of its esti-
mates and the observed risks of con-
trols carried out. Recommendations 
have been compiled for applying the 
method to address the challenges of 
joint assessment and control of the 
probability of trouble-free switching 
of the considered complexes
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a particular RTC over a regular period or a period adapted 
to the level of fault-free operation. Based on the results of 
controlling an RTC’s limiting state, timely and informed 
decisions on operational management should be made, in-
cluding the need to repair, decommission, and dispose of. At 
the same time, the operation of a specific RTC is carried out 
in cycles; during each, the task must be resolved of assessing 
and monitoring the indicators of fault-free operation (IFO) 
at the required accuracy and reliability; their results must 
be used to manage the operation and repairs. These IFO in-
clude such reliability indicators as «average failure rate» and 
«probability of trouble-free switching», as well as indicators 
of residual durability «average residual life (resource) per-
formance» and «gamma-percentage residual service life (re-
source)». The need to introduce a new indicator of fault-free 
operation «the probability of trouble-free switching» in the 
range of the rated RTC IFO, which is a product for repeated 
operations, is justified in [1, 2].

The task of assessing and monitoring reliability indicators 
should be solved on the basis of operational observations and, 
if necessary, the results of special tests for fault-free operation, 
which must be carried out when controlling the limiting state. 
Special tests are defined as reliability tests, organized specifi-
cally to determine (control) their indicators [1, 3]. At the same 
time, quantitative assessments of these indicators are used 
to estimate the indicators of RTC residual durability and to 
decide on its maximum (non-limiting) state, as well as to plan 
activities to manage its operation and repair.

The main requirements for the quality of the results of 
the experimental evaluation and control of IFO are [3] the 
accuracy and reliability of the results of the assessment and 
control, the cost-effectiveness of tests (minimization of the 
duration of tests), etc.

The application of known methods to these tasks is not 
effective as they usually involve a separate solution to the 
tasks of assessing and monitoring the indicators of fault-free 
operation for a group of homogeneous articles. In addition, 
they imply separate tests of RTC for reliability and durabili-
ty, and, accordingly, separate assessment and control of their 
indicators. Such tests require significant financial, temporal, 
and other resources, the need to isolate a group of homoge-
neous articles, which is not acceptable during the operation 
of RTC based on technical condition.

In order to implement the operation and repair of RTC 
based on the technical condition, it is necessary to devise 
methods of joint assessment and control of their reliability 
indicators (RI) at the required accuracy and reliability 
while minimizing the cost of special tests. Of these tasks, the 
priority is to assess and monitor such an indicator of fault-
free operation as «the probability of trouble-free switching», 
which is new for RTC.

In this regard, it is relevant to develop methods of joint 
assessment and monitoring of the fault-free operation in-
dicator «the probability of trouble-free switching» for a 
radio-technical complex that could minimize the volume of 
special tests.

2. Literature review and problem statement

The radio-technical complex is a controlled, restored, 
and serviced article of repeated use [2, 4‒6]. RTC is char-
acterized, as an object of operational testing for reliability, 
by high reliability, the means of technical condition control 

and registration of its components, measured in hours, the 
number of switching, which are recorded in operational 
documentation. To assess such RI as «the probability of 
trouble-free switching», it is possible to use data from op-
erational observations in the form of the number of RTC 
switching over a certain interval of operation and their 
results. At the same time, this data can be considered as the 
results of operational tests of RTC based on the indicator of 
«the probability of trouble-free switching» under the bino-
mial scheme [1, 2].

The literature reports methods to derive separate solu-
tions to the tasks of assessing RI of the type «probability» 
and to the tasks on their control [3, 7, 8], to a lesser extent ‒ 
methods of their joint solution, for example, the method of 
control involving confidence boundaries [7]. To solve the 
tasks related to control RI of the type «probability», the 
typical methods used include checking statistical hypotheses 
without taking into consideration a priori information [7]. 
Regulatory documents recommend the use of the most de-
veloped methods to control IFO (single-stage, two-stage, se-
quential, sequential truncated, using confidence boundaries) 
and their modification on two levels. The above methods 
of consistent reliability control are aimed at reducing the 
required test volumes [9]. Analysis of these methods shows 
that their use in binomial tests of highly reliable objects does 
not give a significant effect. In addition, the known methods 
of reliability control do not provide for the possibility of 
planning the rational determining or controlling tests. A ra-
tional plan for a reasonable reliability test [10] is understood 
as the one that, at the predefined test duration, ensures the 
highest accuracy of indicators’ assessment. A rational con-
trol test plan [3] is understood to be one that, at the assigned 
cost of control, is characterized by the lowest area under its 
operational characteristic. The known two-tier methods of 
reliability control can be arranged, in the order of improving 
their level of rationality, as follows: single-stage, multi-
stage, sequential, sequential, optimal generalized sequential, 
combined [3, 10]. Among single-level control methods, two-
stage control is more rational than single-stage control [10]. 
All these methods, except for the method of control based on 
confidence boundaries, do not provide for joint evaluation 
and control of RI.

It is possible for RTC operated on the basis of technical 
condition, along with control methods based on the theory of 
statistical hypothesis verification, to use control methods using 
confidence boundaries [7]. At the same time, it is necessary 
to adhere to the well-known position of this theory about the 
mutually unambiguous correspondence between the regions 
of decision-making and the system of unilateral confidence 
intervals. Control by confidence boundaries implies assessing 
the failure rate, making a decision on acceptance or refusal 
determining the observed risk of supplier α or consumer (op-
erator) β [7]. In this case, a control option is possible without 
planning the scope of tests (operational observations) or with 
their preliminary planning. In the course of monitoring with-
out planning, it is possible to make a decision based on the data 
from operational observations accumulated from the results 
of control of RTC operation, as well as other activities over a 
certain interval of its operation. Hence, the feasibility of using 
this method in the operation of RTC based on technical con-
dition [1]. In addition, when implementing the control of fault-
free operation based on confidence boundaries, it is possible to 
take into consideration a priori information, which makes it 
possible to reduce the volume of special tests of RTC.
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A known method of control using confidence bound-
aries [7, 9] does not involve the use of a priori information, 
which reduces the effectiveness of its application for the 
operation based on technical condition.

Papers [11‒13] address the development of IFO assess-
ment methods, such as readiness ratio, complex systems 
with temporal redundancy during development. The issue of 
assessing the reliability of technical systems during the op-
erational phase with the development of diagnostic systems 
is considered in [14]. A method of assessing the stationary 
readiness factor of the mechatronic system has been devel-
oped in [15]. The authors of [16] considered a method of 
assessing the reliability of a complex technical system with 
cold reservation taking into consideration the priorities of its 
devices for use as intended and for restoring. However, the 
methods reported in [11‒16] solve only the task of assessing 
reliability indicators at the normal operational stage. This 
is due to the regulated method of the operation of objects 
under consideration, under which their operation during 
the «aging» phase is not implied, and ceases.

Study [17] proposes an analytical method for assessing 
the reliability of modular multi-level devices in different 
reservation schemes, making it possible to justify their 
structure based on calculating the reliability of different 
build options. The approach used in [17] is only applicable to 
non-recoverable systems of continuous long-term use with a 
simple mode of operation.

The authors of [18] consider a method of predicting the 
reliability of general-purpose technical articles, based on the 
continuous process of Markovian degradation, which makes 
it possible to assess the reliability of such objects during 
design. The method proposed in [18] is only applicable to 
non-recoverable objects of continuous long-term use.

A method of monitoring the reliability of a complex 
continuous long-acting technical system, which includes 
space-distributed components, is presented in [19]. The 
method makes it possible to solve the problem only by con-
trolling the reliability of the system taking into consider-
ation the emergency states. However, the method reported 
in [19] does not provide quantitative estimates of the reli-
ability of such systems.

The authors of [20] devised a method of monitoring the 
reliability of the recoverable technical system taking into 
consideration the hardware failures and failures caused by 
operator errors. The method from [20] is used to monitor the 
reliability of systems based on experimental data and can be 
applied to monitor the reliability of the operator or equipment 
at the predefined requirements for the system in general. At 
the same time, the issues of joint evaluation and monitoring of 
the system’s reliability indicators were not considered.

There is a growing body of research on the evaluation of 
complex technical systems’ IFO, taking into consideration 
the a priori information [21, 22]; this task, however, has no 
final solution. Thus, to minimize the volume of tests, it is 
possible to use methods of linear combining of non-displaced 
assessments of such articles’ IFO, evaluation on the basis 
of two samples, Bayesian approach [22], etc. The use of the 
above techniques (except for the latter) requires that by the 
time the test is planned, the so-called «information transfer 
model» should be known, to determine the relationship be-
tween the parameters of such articles.

Thus, the known methods of evaluation and control 
of RTC are not used for the «probability of trouble-free 

switching» fault-free operation indicator and are focused on 
the separate solutions to tasks of assessing and monitoring 
reliability indicators without taking into consideration a 
priori information. 

It follows from the above that there is a need to devise 
a combined method of assessing and monitoring such an 
indicator of fault-free operation as «the probability of trou-
ble-free switching» for RTC operation based on technical 
condition involving interconnected solutions to these tasks.

3. The aim and objectives of the study

The aim of this study is to develop a combined method for 
assessing and monitoring the probability of RTC failure-free 
switching that could ensure the accuracy and reliability 
required to operate it on the basis of its technical condition.

To accomplish the aim, the following tasks have been set:
‒ to devise general provisions for joint assessment and 

control of the probability of RTC failure-free switching; 
‒ to develop criteria to verify the homogeneity of ob-

servational and test data and models for the evaluation of 
failure-free turning on probability (FFTP); 

‒ to build a scheme of the joint assessment and control of 
the probability of RTC failure-free switching; 

‒ to investigate characteristics of the combined method 
for assessing and controlling the probability of RTC fail-
ure-free switching.

4. Devising general provisions for the joint assessment 
and control of the probability of RTC failure-free 

switching

Each cycle of RTC operation based on its technical 
condition (Fig. 1) is split into intervals of fixed duration ΔТ, 
in which the data from operational observations are regis-
tered [1]. These data are treated as results of reliability tests 
and are used to evaluate and control RTC FFTP.

The operation cycle of RTC based on a technical con-
dition is understood to be the least repetitive time interval 
during which all defined types of technical control and 
maintenance operations (MO) controls are executed in a 
certain sequence. The types of control over the technical 
conditions of RTC include periodic control of functioning, 
control of performance and operability during MO at differ-
ent periodicities, as well as control of the limiting state. At 
the same time, the period of control of the limiting state can 
be adapted to the level of failure-free operation, or fixed, and 
equal, for example, the MO period of maximum frequency 
for RTC of a certain type [1]. The timeliness of the decision 
on managing the RTC operation is determined by the time 
of the response of the RTC limiting state control system to a 
change in the level of its failure-free operation. At the same 
time, a significant change in the level of RTC failure-free 
operation is established within several intervals ΔТ within 
the same cycle of operation.

The duration of intervals ΔТ of the operating cycle based 
on technical condition should be sufficient to accumulate an 
acceptable (for the assessment of RI) number of switching, 
and consistent with the periodicity of RTC MO. In addition, 
the RTC failure-free operation over duration ΔТ should not 
change significantly.
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Control over the limiting state of RTC involves func-
tional tests, which are considered as combined tests for fail-
ure-free operation. If there are no enough operational obser-
vations and functional tests of RTC over the final interval 
ΔТ (Fig. 1), it is necessary, to solve the task of the assessment 
and control of failure-free operation, to provide special tests 
on the failure-free operation. The results of the evaluation 
and control of RTC FFTP are then used to estimate the val-
ues of the residual resource (lifetime) indicators [1].

The characteristics of the evaluation and control of 
RTC FFTP RI, operated based on technical condition, are:

‒ assessment and control is carried out, as a rule, sequen-
tially over various adjacent intervals ΔТ of operating cycles 
towards prolonging the duration of operation (Fig. 1); 

‒ in the process of operation, technical maintenance and 
ongoing repairs do not lead to an increase in the value of RI; 

‒ the conditions for special testing and operation over in-
tervals ΔТ correspond to the RTC routine operating regimes.

The following assumptions have been adopted when de-
vising the method:

‒ changes in the value of the controlled (estimated) in-
dicator over the duration of operating interval ΔТ, including 
special reliability tests, can be neglected; 

‒ over a cycle of operation and longer the value of the 
controlled (estimated) indicator of failure-free operation can 
change significantly and is characterized by a monotonously 
non-ascending dependence; 

‒ the requirements for the accuracy and reliability of RI 
assessment and control are set;

– there are known formulae or tables of plans for a sin-
gle-stage control of RI the type of «probability» or a tech-
nique to calculate confidence boundaries.

For the evaluation and control of FFTP, cyclical tests of 
RTC are carried out, consisting of a series of n consecutive 
«on-off» cycles. Each cycle is a single experience and consists of:

‒ disabling RTC in an operating state, established by the 
results of the control of the operation conducted before the 
shutdown; 

‒ expectation when off for at least the duration of transi-
tional thermal processes in RTC equipment; 

– enabling RTC and monitoring the operation to obtain 
the result «RTC is operational» or «RTC is inoperable».

The results from each individual «on-off» cycle can be 
seen as independent random events. At the same time, the 
number of unsuccessful cycles observed as a result of the 
tests «on and off» over interval ΔТ is subject to a binomial 
distribution with a constant probability of failure in every 
single experience.

A certain number of these switching cycles are imple-
mented over an interval ΔТ, the results of which are used to 
evaluate and control the RTC FFTP. At the final interval, 
various operational observation plans and special tests of 
RTC are possible, due to a different number of switching 
cycles, the criteria for their completion, etc. In this regard, 
in order to ensure the predefined accuracy and reliability of 
the assessment and control of FFTP at the final interval, it is 
advisable to provide for the processing of observational and 
testing data taking into consideration their possible hetero-
geneity. At the same time, special tests should be carried out 
in a planned volume taking into consideration the volume of 
operational observations realized at this interval ΔТ.

In terms of the specificity of the baseline data obtained 
during the implementation of RTC operation based on tech-
nical condition (Fig. 1), two cases should be identified. In 
the first case, which is typical of all intervals ΔТ of a cycle, 
except the final one, the results of only operational observa-
tions over ΔТ are used. In the second case, which is typical 
of the final interval ΔТ in a cycle, the results of operational 
observations and special reliability tests are used.

In the first case, it is proposed to use the method of con-
trol through confidence boundaries without prior planning 
for the evaluation and control of RTC FFTP. It makes it 
possible to obtain FFTP assessments and to solve the control 
problem with an assessment of the observed risk by the data 
from operational observations over the interval ΔТ [7].

In the second case, the evaluation and control of RTC 
FFTP may be executed by using a control method assuming 
confidence boundaries with pre-planning. In this case, the 
task of determining one-way confidence boundaries of the 
predefined level should be resolved on the basis of data ac-

Control of limiting state

ТOTC

ΔТτcls tТcls

Control of limiting state

MRTC

Control of limiting state

Restoration 
operations

Functional tests and 
related tests of failure-free 

operation

Special tests of failure-
free operation
 (if required) 

Estimating the 
indicators of 

residual service 
life (resource)

Deciding on continuing the operation based 
on technical condition and prolonging the 

maintenance and repair periods

Deciding on 
restoration 
operations

Deciding on operation 
termination and medium 
repair based on the 
technical condition

 
Fig. 1. Graphic representation of the possible variant of implementing the operation of RTC based on technical condition: 	

ТOTC ‒ cycle of operation; Тcls, τcls ‒ the frequency and duration of control of the limiting state, respectively; ΔТ ‒ duration of 
the operational cycle interval; MRTC ‒ medium repair based on the technical condition
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cumulated during operational observations and tests taking 
into consideration their possible heterogeneity. At the same 
time, there are three options for processing this data with 
the development of appropriate models for the evaluation 
of RTC FFTP. The first option assumes their belonging to 
one general population, the second and third, respectively, 
their homogeneity or heterogeneity at the predefined level 
of significance. Appropriate criteria for verifying their ho-
mogeneity are used to select a specific option for processing 
operational observations and special test results.

It is proposed to tackle the set of these tasks through 
the development of a combined method of assessment and 
control of RTC FFTP. It should represent a totality of 
known and devised criteria, models, methods, and schemes 
that determine the sequence of their application for the joint 
evaluation and control of «FFTP» in the operation of RTC 
based on technical condition.

5. Developing the criteria to verify the homogeneity 
of observational and test data and the models of FFTP 

assessment

In accordance with the theory of statistical solutions, 
different criteria for verifying the homogeneity of samples 
are possible. In order to implement the operation of RTC 
based on technical condition, the most appropriate are the 
criteria that do not require a significant expenditure of the 
technical resource of the complex, large time, financial, and 
other costs, and that provides for acceptable risks. These 
include a criterion based on the principle of maximum plau-
sibility (first) and a criterion based on the use of a confidence 
interval (second).

In accordance with the first criterion, the decision on 
the uniformity of the results of operational observations and 
special tests is taken if the test of RTC with FFTP 1P



 in 
the volume n produces the most likely number of failures d. 
The 1P



 means a point estimate of the maximum plausibility 
of this probability, derived from the results of operational 
observations.

With a positive decision on this criterion, the data of 
operational observations and special tests are combined, 
which makes it possible to obtain estimates of FFTP with 
the predefined accuracy and reliability. 

In accordance with the second criterion, the decision 
to jointly process data from operational observations and 
special tests is made if the hypothesis of their homogeneity 
is confirmed at the predefined level of significance. These 
data are processed on the basis of their possible heteroge-
neity that allows for the assessments of FFTP of acceptable 
accuracy and reliability.

If in accordance with the second criterion, a decision 
is made on the non-conformity of data from operational 
observations and special tests at the predefined level of sig-
nificance, only special tests are used to evaluate FFTP. This 
employs known ratios for point and interval assessments of 
V FFTP, obtained according to special tests.

The first criterion. According to the principle of max-
imum plausibility, it can be considered that in binomial 
tests in the volume of n the most likely number of failures d 
occurred. The number of failures would be most likely if the 
following conditions are met:

Pn(d)≥Pn(d+1),	 (1)

Pn(d)≥Pn(d–1),	 (2)

where

( ) ( )1 ,
dd n d

n nP d C P P−= ⋅ −

P is the actual value of an article’s FFTP. 
By transforming expressions (1), (2), we obtain:

1
.

1 1
n d n d

P
n n

− − +
≤ ≤

+ +
	 (3)

Then, if inequality (3) holds, the data on operational ob-
servations and special tests for failure-free operation based 
on the FFTP indicator are considered as homogeneous im-
plementations. At the same time, d is the most likely number 
of failures of RTC in tests in the volume of n, and, the actual 
level of failure-free operation used is its assessment 1P



 based 
on operational observations over this interval.

Inequality (3), where 1,P P=


 is to be considered as a 
check rule on the uniformity of data from operational ob-
servations and special tests at the end interval of the cycle 
of operation based on technical condition. At the same time, 
the volume of special tests should be planned taking into 
consideration the realized volume of operational observa-
tions, based on the set requirements for the quality of FFTP 
assessment. Assessment of FFTP by combined data would 
make it possible to obtain estimates for this indicator with 
the required accuracy and reliability for subsequent control 
involving confidence boundaries. That would ensure that 
the RTC’s non-limiting (or limiting) state is decided on 
with risks not exceeding those set. In addition, these results 
are used to assess controlling influence over the subsequent 
RTC operating cycles based on technical condition.

The first model of evaluation. Combining the results of op-
erational observations and tests, considered as homogeneous 
implementations, using the Bayesian method. Then, for the 
results of operational observations and special tests, repre-
sented in the form of (n1, d1) and (n2, d2), respectively, the 
point estimate of FFTP is derived from the following ratio:

1 2
1,2

1 2

1 .
d d

P
n n

+
= −

+


	 (4)

At the same time, one-sided lower and upper confidence 
boundaries P  and Р  at confidence probability γ are found 
as a result of solving the Clopper-Pearson equations [3, 7].

( )
( ) ( )

1 2

1 21 2

0 1 2

!
1 1 ,

! !

d d
rn n r

r

n n
P P

r n n r

+
+ −

=

+
− = − γ

+ −∑ 	 (5)

( )
( ) ( )

1 2

1 2

1
1 2

0 1 2

!
1 .

! !

d d
rn n r

r

n n
Р Р

r n n r

+ −
+ −

=

+
− = γ

+ −∑ 	 (6)

These roots are denoted via ( )2 1 2 1,2, ,P f n n P= + γ


 and 
( )1 1 2 1,2, , .Р f n n P= + γ



 Tables for f1 and f2 are given in [8].
The second criterion. Suppose that the data from oper-

ational observations produced a priori FFTP assessment 
of 1,P


 while the results of special tests in the control of the 
limiting state ‒ an assessment of 2.P



 Since the estimates 1P


 
and 2.P



 characterize one actual quantity P, their difference 
ΔТ can be considered a random quantity with zero mathe-
matical expectation.
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Then the original hypothesis to determine the possibility 
of evaluating FFTP taking into consideration the a priori 
confidence interval is the hypothesis 0 1 2: .H P P P= =

 

 If the 
H0 hypothesis is rejected, then one of the two competing 
hypotheses is accepted: 1 1 2:H P P<

 

 or 2 1 2: .H P P>
 

The set of all possible outcomes, determined by the 
number of fail-free RTC switching in n tests, consists of 
discrete points {0,1,…,n}. Split this set by points rl and ru 
into the regions of the lower critical values {0,1,2,…,rl}, per-
missible values {rl+1, rl+2,…,ru–1}, and upper critical values 
{ru, ru+1,…, n}.

For the significance level α=αl+αu and the results of 
tests if the Н0 hypothesis holds it is possible to determine 
the boundaries of the lower critical region according to the 
predefined level of significance αl provided:

P{r≤rl|H0}≤αl,	 (7)

and the upper critical region of level αu provided:

P{r≥ru|H0}≤αu.	 (8)

The fact that the H0 hypothesis holds and these inequal-
ities are satisfied warrants that the test outcomes fit one of 
the critical regions with a probability not exceeding α. Then 
one can find the unknowns rl and ru based on the binomial 
law of distribution at 1 2 :P P P= =

 

( ) 2

2
0

1 ,
нr

n ii i
n l

i

C P P
−

=

− ≤ α∑ 	 (9)

( )
2

2

2
1 .

в

n
n ii i

n u
i r

C P P
−

=

− ≤ α∑ 	 (10)

This problem can be solved by using the appropriate 
tables to calculate the confidence intervals [8]. Based on 
the found values rl and ru one can determine the boundaries 
of the 2lP r n=  and 

2 ,uP r n=  interval, which should host 
the a priori value of FFTP 1P P=



 at the predefined α. Then 
with the probability of 1−α one can argue about the homo-
geneity of data from observations and tests if the following 
inequality holds:

1
2 2

.l ur r
P

n n
≤ ≤


	 (11)

At the same time, the level of significance α can be select-
ed within 0.2‒0.05 at αl=αu=α/2. 

Inequality (11) is being considered as a rule of check of 
the uniformity of data from operational observations and 
special tests with a confidence probability γ=1–α over the 
final interval of the cycle of operation. At the same time, 
the FFTP assessments are to be obtained with acceptable 
accuracy and reliability for the decision-making about the 
limiting (non-limiting) state of RTC with the clarification of 
the moment to execute control over the limiting state.

The second model of evaluation. The processing of data 
from operational observations and special tests, considered 
as possible heterogeneous implementations, for the evalua-
tion of FFTP using a priori confidence boundaries. 

Resolving the task of assessing FFTP by a Bayesian 
method at known a priori confidence interval is a laborious 
task of non-linear programming, which necessitates approx-
imate calculations [22].

The classic approach prescribes the use of estimate 
1,2,P


 if 
a hypothesis on data homogeneity is accepted, and estimate 

2,P


 if an alternative hypothesis is accepted. As it is proposed 
in [23], rather than work with a fixed level of significance 
and agree to the adoption (refusal) of the hypothesis about 
data homogeneity, the probability R be found to accept this 
hypothesis based on available statistics. At the same time, 
the choice between the two options of assessments 1,2P



 and 

2P


 is proposed to be carried out by averaging them with ap-
propriate weight ratios, which make sense of the probability 
of selecting each of the cases:

( )*
1,2 21 .P RP R P= + −

  

	 (12)

Then the one-way confidence intervals of FFTP are 
found on the basis of a point assessment *P



 and the heuris-
tic rule of converting the volume of operational observations 
and special tests into some equivalent number of homoge-
neous tests. 

In the devised method for assessing FFTP, we suggest 
using the Bayesian method with a priori fiducial distribution 
of this probability (Fig. 2).

Fig. 2. Stepped fiducial distribution of FFTP P

The one-side lower confidence boundary of FFTP Рlp of 
level γp, as a parameter of this distribution, is found from the 
data on operational observations (n1, d1) from the following 
ratio:

( )2 1 1, , .lp pР f n P= γ


	 (13)

At the same time, it is assumed that the true value of 
FFTP is derived in the interval [Рlp, 1] with probability γp. 
This assumption corresponds to setting the density of the 
FFTP distribution φ(P) in the form of a stepped fiducial 
distribution (Fig. 2):

( )

1
, 0 ,

, 1.
1

p
lp

lp

p
lp

lp

P P
P

P

P P
P

− γ
≤ <

ϕ =  γ ≤ ≤ −

	 (14)

Such an a priori distribution can be attributed to the «least 
favorable» providing maximum entropy. 

Assume that the result of special tests of RTC in n2 
cycles of switching produced d2 failures. The credibility 
function for the test scheme under consideration takes the 
following form:

( ) ( )−= − 22 2 2

22 2, , 1 .
dd n d

nL P n d C P P

Then, in accordance with the Bayesian formula, the a 
posteriori density of the FFTP distribution taking into con-

 

p1 p

P  1 lpP  0 

 

lp

p
P1

  

φ(Р) 
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sideration the data from special tests (n2, d2) is found from 
the following ratio:

( ) ( ) ( )
( ) ( )

22 2

22 2

2 2 1

0

1
, .

1 d

dn d

dn d

P P P
f P n d

P P P P

−

−

ϕ −
=

ϕ −∫
	 (15)

Ratio (15) at a priori density (14) takes the following form:

( )
( )

( ) ( )

−

−

− γ
− ≤ ≤

=  γ − ≤ ≤ −

22 2

22 2

0

2 2

0

1
1 , 0 ,

,

1 , 1,
1

dp n d
lp

lp

dp n d
lp

lp

P P P P
P J

f P n d

P P P P
P J

	 (16)

where 

( ) ( ) 22 2

1

0
0

1 d .
dn dJ P P P P−= ϕ −∫

Then the Bayesian one-sided confidence boundaries 
P  and Р  at γ level are derived from the equations given 
in [24, 25].

( )
1

2 2, d ,
Р

f P n d P = γ∫ 	 (17)

( )2 2
0

, d .
P

f P n d P = γ∫ 	 (18)

Consider solving them using an example of the one-sided 
lower confidence boundary .P  We suggest the following order 
of its derivation:

1. Check that the following inequality holds:

( )
1

2 2, d .
lpР

f P n d P ≥ γ∫ 	 (19)

2. If inequality (19) is satisfied, P  is found 
by solving the following equation:

( ) ( ) 22 2

1

0

1 d .
1

dp n d

Рlp

P P P
Р J

−γ
− = γ

− ∫ 	 (20)

3. If inequality (19) is not satisfied, P  is 
derived by solving the following equation:

( ) 22 2

0

1
1 d ,

lpР
dp n d

lp Р

P P P
Р J

−− γ
− = ∆γ∫ 	 (21)

( ) ( ) 22 2

1

0

1 d .
1

lp

dp n d

Рlp

P P P
Р J

−γ
∆γ = γ − −

− ∫

Thus, when inequality (19) holds equation 
(20) to find the one-sided lower confidence 
boundary P  at γ level takes the following form:

( )

( )

( )
=

− + +

=
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( ) ( ) 12 2
2

2 22 2
1

0 2 20

1
1 d ,

1

n d i
lp iР id

d d lpn d

i

C P
J P P P

n d i

− + +

−

=

−
= − =

− + +∑∫ 	 (24)

( )
( ) ( )12 2

2
222 2

1

2
0 2 2

1 1
1 d .

1

n d i

lp

i id
d lpdn d

iР

C P
J P P P

n d i

− + +

−

=

− −
= − =

− + +∑∫ 	 (25)

In the case of fail-safe tests (d2=0) if there is a priori in-
formation (γp=1, Рlp=0) or if it is absent ratio (22) takes the 
known form 2 1 ,nP = − γ  that is 2 1nP = − γ  [3].

Similar ratios were obtained for the case where inequal-
ity (19) is not satisfied, and for finding a one-sided upper 
confidence boundary of FFTP.

6. Devising a scheme to assess and control the probability 
of failure-free switching of a radio-technical complex

Based on the above general provisions, criteria, assess-
ment models, control methods, we have devised a scheme 
to jointly evaluate and control FFTP when operating RTC 
based on technical condition (Fig. 3). It defines the follow-
ing procedure for evaluating and controlling FFTP, includ-
ing transition conditions (criteria) (units 5, 8) between the 
assessment models used.

Step 1. Process data from operational observations, 
registered over interval ΔТ; based on their results, obtain 
an assessment of the one-side confidence boundaries of 
FFTP at the predefined level. Control FFTP using confi-
dence boundaries thereby determining the observed risk α  
or β


 (unit 1).

START

Process data from operational 
observations, evaluate FFTP and 

control using confidence 
boundaries

Check control reliability?
 

  Determine the volume of special 
tests provided the compliance of 

data from operational 
observations and special tests

Conduct special tests and check 
data homogeneity (criterion 1)

Evaluate FFTP based on the 
results from operational 

observations and special tests 
(estimation model 1)

Results of
 checking data homogeneity 

(criterion 1)?

Check the homogeneity of data 
from operational observations 
and special tests (criterion 2)

Results of
 checking data homogeneity 

(criterion 2)?

Determine the volume of 
additional special tests, conduct 

them, evaluate FFTP
 (estimation model 3)

Evaluate FFTP
 (estimation model 2)

11

2

3

4

5

6

10

9

8accepted

unacceptable

homogeneous

heterogeneous

heterogeneous

homogeneous

Control RTC for FFTP indicator 
using confidence boundaries

Finalize results of 
estimation and control 

END

12

12

7
1

11
9

2

  
Fig. 3. The scheme of joint assessment and control of an indicator 

related to the probability of RTC failure-free switching 
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Step 2. Check the validity of FFTP control, that is, the 
acceptability of magnitude α  or β



 (unit 2). If the magni-
tude of the observed risk is acceptable, the evaluation and 
control procedure is completed (unit 12). Otherwise, pro-
ceed to step 3 (unit 3).

Step 3. Determine the volume of special tests of RTC on 
FFTP in accordance with the method of single-stage control 
taking into consideration the data from operational observa-
tions and their homogeneity (unit 3).

Step 4. Conduct special tests in the volume defined in 
unit 3, check the compliance of operational observations and 
special tests for criterion 1 (unit 4).

Step 5. If the results of the test of the uniformity of data 
from operational observations and special tests (meeting the 
first criterion, unit 5) are positive, evaluate the FFTP indi-
cator for the first assessment model (unit 6).

Step 6. If the test results are negative (unit 5), check the 
homogeneity of the data for the second criterion (unit 7).

Step 7. If the data homogeneity check result is positive 
(the second criterion is met, unit 8) the FFTP RIB is as-
sessed for the second estimation model (unit 10); control is 
executed using confidence boundaries (unit 11).

Step 8. If the check results are negative (failure to meet 
the second criterion, unit 8), the operational observation 
data are discarded and the required volume of additional 
tests is determined. Additional special tests are carried out, 
the evaluation of FFTP for the third model (unit 9) using 
all data from special tests (units 4, 9) and control of FFTP 
using confidence boundaries (unit 11).

7. Investigating the characteristics of the combined 
method for assessing and controlling the probability of 

trouble-free switching of a radio-technical complex

When investigating the characteristics of the developed 
method, we determined the accuracy and reliability of as-
sessing and controlling the FFTP indicator to ensure the 
operation of the RTC based on technical condition. These 
characteristics of the combined method are defined by the 
criteria for verifying the uniformity of data from operation-
al observations and special tests, by the methods of FFTP 
assessment according to these data, and the methods of 
control in accordance with the scheme shown in Fig. 3.

Our study was conducted employing a computer alge-
bra system from the Mathcad 15.0 M05 automated design 
system. The following restrictions and assumptions were 
adopted:

– as a reusable RTC, we consider the S-300-type sur-
face-to-air missile system (the range is up to 75 km) RTC;

– reusable RTC is considered to be a controlled, recover-
able, serviced, and repairable object;

– two phases of RTC operation are considered: «nor-
mal» (10 years) and «aging» (over 10 years);

– operating conditions are supposed to be standard;
– in the first phase, we accepted a monotonous reduction in 

the level of FFTP under a linear law with a tilt ratio of 0.009 per 
year of operation; in the second phase ‒ 0.05 per year;

– other modeling parameters are given below in the 
forms of dependence charts and tables;

– the adopted initial level of RTC FFTP accepts a 
value of 0.99.

When analyzing the data homogeneity check criteria 
used in the method, we built the regions of possible decisions 
about data homogeneity (region 1), data homogeneity (re-
gion 2), or data heterogeneity (region 3) at the predefined 
probability. Fig. 4, 5 show these regions at d2=0 and d2=n2, 
built by using ratio (3) for region 1 and ratio (11) for region 2 
at γ=0.8; 0.9; 0.95.

The analysis of these regions shows that the first criteri-
on imposes more stringent requirements for the uniformity 
of data from operational observations and special tests than 
the requirements of the second criterion.

We shall analyze the accuracy and reliability of the 
assessment and control of a fault-free indicator of the prob-
ability of failure-free switching using the combined method. 
If the observation and testing data are categorized as homo-
geneous by the first criterion (region 1), the accuracy and 
reliability of FFTP assessment (first model) are consistent 
with predefined ones as their total volume corresponds to 
the planned one. If the observation and test data are het-
erogeneous by the second criterion (region 3), the accuracy 
and reliability of FFTP assessment (third model) are con-
sistent with predefined one as the volume of special tests 
corresponds to the planned one. In this regard, we studied 
the second model of FFTP assessment in order to obtain the 
characteristics of the accuracy and reliability of the devel-
oped method.

The baseline data used for the simulation were the 
magnitude of the one-sided lower confidence boundary Рlp 
at level γp of the a priori confidence interval, the data from 
special tests (n2, d2), and the predefined value of a posteri-
ori confidence of probability γ. The results of assessing the 
one-sided lower confidence boundary of FFTP at level γ 
using the second model are given in Table 1.

Table 1 demonstrates that with an increase in the value 
Рlp at a fixed γp and the predefined probability γ the value of 
the one-sided lower confidence boundary of FFTP behaves 
non-linearly. It rises to a certain magnitude and has an ex-
tremum, characterized by the ratio of a posteriori confidence 
probability γ and the probability of the event «a posteriori 
evaluation of FFTP belongs to a priori confidence inter-
val [Рlp, 1]».

We have compared the accuracy and reliability of FFTP 
assessments reported in [19, 20] and derived by using the 
developed method. The comparison results show that the 
known method gives an inflated accuracy and reliability of 
estimates compared to the devised method.

The results of our modeling show that estimates of the 
one-sided lower confidence boundary of FFTP obtained 
by using the developed method make it possible to execute 
control over RTC for FFTP with the help of confidence 
boundaries at the predefined reliability (γ=0.8–095). 
This, in turn, ensures that informed decisions are made 
to manage the operation of RTC based on technical con-
dition.

The combined method of controlling FFTP using con-
fidence boundaries, in contrast to others, makes it possible 
to assess the observed risk of the decision to be taken and 
confirm the predetermined validity of the control. At the 
same time, the implemented accuracy of the control is 
defined by the width of the uncertainty interval, char-
acterized by the predefined acceptance and defect levels  
of FFTP.
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The results of the simulation of the processes of changing 
an RTC’s failure-free operation and its evaluation according 
to the combined method developed show the following for 
the RTC that is operated based on the technical condition 
at the stage of normal operation:

‒ a high probability (≈0.8) characterizes the assessment 
and control without special tests for failure-free operation; 

‒ a low probability (≈0.1) characterizes the assessment 
for the first model, followed by control with the help of con-
fidence boundaries;
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Fig. 4. Regions of possible decisions on the homogeneity of data from operational observations and special tests at d2=0 
based on: a ‒ criterion 1 (region 1); b ‒ criterion 2 at the predefined γ=0.8; 0.9; 0.95 (regions 2, 3)

Fig. 5. Regions of possible decisions on the homogeneity of data from operational observations and special tests at d2=n2 
based on: a ‒ criterion 1 (region 1); b ‒ criterion 2 at the predefined γ=0.8; 0.9; 0.95 (regions 2, 3)
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‒ a probability of (≈0.09) characterizes the assessment 
for the second model, followed by control with the help of 
confidence boundaries; 

‒ a probability of (≈0.01) characterizes the assessment 
for the third model, followed by control with the help of 
confidence boundaries.

During the aging phase, these events are characterized 
by the probabilities of 0.5, 0.3, 0.16, and 0.04, respectively. 

At the same time, the share of special tests relative to 
their total volume was 0.47 at the «normal» stage of opera-
tion, and at the «aging» stage ‒ 0.56.

Table 1

Bayesian lower confidence boundaries of FFTP at level γ at 
the predefined confidence interval [Рlp, 1] at level γp and data 

from special tests (n2, d2)

n2, d2 γ γp
Рlp

0,5 0,6 0,7 0,8 0,9

5, 1

0.9

0.5 0.42 0.46 0.49 0.5 0.48

0.6 0.47 0.51 0.54 0.54 0.53

0.7 0.51 0.56 0.60 0.60 0.57

0.8 0.54 0.63 0.71 0.71 0.64

0.9 0.56 0.65 0.73 0.83 0.83

0.95

0.5 0.35 0.37 0.40 0.41 0.40

0.6 0.38 0.41 0.43 0.44 0.43

0.7 0.43 0.46 0.49 0.49 0.45

0.8 0.50 0.53 0.56 0.56 0.51

0.9 0.53 0.63 0.72 0.71 0.63

10, 2

0.9

0.5 0.55 0.59 0.61 0.62 0.60

0.6 0.57 0.62 0.65 0.66 0.61

0.7 0.58 0.63 0.7 0.71 0.65

0.8 0.58 0.64 0.72 0.78 0.69

0.9 0.59 0.65 0.73 0.82 0.81

0.95

0.5 0.49 0.52 0.54 0.55 0.53

0.6 0.52 0.55 0.57 0.58 0.54

0.7 0.53 0.59 0.61 0.61 0.57

0.8 0.54 0.61 0.67 0.66 0.61

0.9 0.55 0.62 0.7 0.78 0.68

8. Discussion of results of investigating the 
characteristics of the devised combined method of 

evaluation and control

The operation of reusable RTC based on technical con-
dition (Fig. 1) requires resolving the tasks of assessing and 
controlling FFTP at the predefined accuracy and reliability, 
for example, the relative accuracy is 0.1‒0.15; the reliability 
is at least 0.9. At the same time, in order to effectively op-
erate the RTC based on technical condition, it is necessary, 
at each cycle, to minimize the volume of special tests for 
failure-free operation.

The combined method developed here makes it possi-
ble to ensure the required accuracy and reliability in the 
assessment and control of FFTP acceptable for the RTC 
operation based on technical condition while minimizing 
the cost of special tests. This is achieved by using data 
from the operational observations and special tests tak-
ing into consideration their possible heterogeneity. At the 
same time, if their homogeneity is established according 
to the first criterion ‒ expressions (1), (2) ‒ to assess and 
control FFTP the data are used in full, and the scope of 

tests is planned taking into consideration the realized 
volume of observations.

If their homogeneity is established under the second 
criterion ‒ expressions (7), (8) ‒ the data from observational 
and special tests are used to assess and control FFTP taking 
into consideration their possible heterogeneity. In this case, 
the accuracy and reliability of the assessment and control 
of FFTP would be acceptable for the tasks of managing the 
operation of RTC based on technical condition (11).

The devised combined method of the assessment and 
control of RTC «FFTP» RI for the operation based on 
technical condition, based on the results from operational 
observations and tests, is based on the following:

– solving the task of assessing FFTP on the data of op-
erational observations over individual intervals of the cycle 
of operation using the methods of point and interval assess-
ment in binomial tests and, if necessary, the results of special 
tests ‒ expressions (19), (20). We employ the known and 
proposed methods of combining the results from operational 
observations and special tests depending on the results of 
the verification of their homogeneity;

– solving the task of controlling RTC FFTP by using the 
established one-sided confidence boundaries thereby identi-
fying the observed risk as a measure of error of a decision to 
be made (23) to (25).

The derived estimates of the probabilities of implement-
ing the process of assessing and control of an RTC indicator 
of failure-free operation and the proportion of volumes of 
special tests in terms of their total volume during the «nor-
mal» operation and «aging» phases reveal the average cost 
of conducting special tests for failure-free operation. These 
costs represent up to 10 % of the total cost of special RTC 
tests for reliability at the «normal» stage, and up to 30 % at 
the «aging» stage (Fig. 4, 5, Table 1).

The combined method developed is an improvement of 
the well-known method of controlling RI of the type «prob-
ability» through confidence boundaries and methods of their 
evaluation. It takes into consideration the specificity of the 
baseline data obtained during the operation of RTC based 
on technical condition, and provides a solution to the task of 
joint evaluation and control of FFTP.

The reliability of the devised method has been con-
firmed by the fact that in a particular case (failure tests and 
the presence of trivial a priori information) the result of the 
assessment of FFTP takes the form known from [3] (22). 
In addition, the joint assessment and control scheme of 
RTC FFTP (Fig. 3) implies the verification of the validity 
of controlling this indicator through an assessment of the 
observed risk, which does not exceed a predefined one. The 
adequacy of the constructed models for the evaluation of 
FFTP indicator has been confirmed by the results of the 
simulation and their convergence, in particular cases, with 
the results known from [3] (Table 1).

This method is useful to evaluate and control the fail-
ure-free operation of different types of reusable RTC oper-
ated based on technical condition. For example, an anti-air-
craft missile system, a radar system, a radar landing support 
station.

It should be noted that the developed method takes into 
consideration the peculiarities of RTC operation based on tech-
nical condition and, to a lesser extent, accounts for the features 
of other methods of operation and other stages of the life cycle. 
Thus, part of the ratios within the method (19) to (21) are 
obtained under the assumption that the operation is carried 
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out on the technical condition, a change in the level of fail-
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on the scope of the application of this method, which can 
be attributed to its shortcomings. Further research related 
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method for the development phase on the reliability of the 
RTC being developed, as well as the possibility of its im-
plementation for other operating methods. Such a method 
would have a broader scope of application for the tasks of the 
joint evaluation and control of RTC RI at all stages of the life 
cycle and under different operating modes.

9. Conclusions 

1. The operation of RTC based on its technical condition 
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vations are registered, considered as failure-free operation 
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2. Two criteria for verifying the homogeneity of data 
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structed scheme of the combined method.
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