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Abstract

Introduction. The article studies the problem of validating the specified levels of reliability during experimental
development of a complex technical series system. Such tasks arise when it is required to make a decision on testing the
system as part of a larger one or on the completion of experimental development and the start of series production. The
study is aimed at validating the reduction of the experimental development time. The task is to determine whether the
hypothesis H, is accepted or rejected.

Materials and Methods. To implement the research objective and task, a critical area described by the inequality was
constructed based on the test results. The formulation of the requirements validation task was based on well-known
approaches to testing statistical hypotheses. The conceptual apparatus of information theory, probability, and statistics
was involved. The theoretical and applied literature on mathematical methods in reliability theory was studied. The
particular tasks of the work were solved by known ways. Thus, the probability of obtaining the exact number of
successful outcomes in a certain number of experiments was determined by the Bernoulli scheme. The exact confidence
interval based on the binomial distribution was derived from the Clopper-Pearson relation. The theorem of
A.D. Solovyov and R. A. Mirny made it possible to assess the system reliability based on the test results of its
components.

Results. Control rules adequate to the stage of experimental development (with insufficient data on the technical
system) and the stage of series production were mathematically defined. The probability of a successful outcome when
testing technical systems was represented by:

— the probability of event for a system element;

— confidence value;

— required scope of tests

In these terms, the null and alternative hypotheses and the corresponding reliability control procedures were
investigated. Two provisions were considered. The first one provided using the null confidence

hypothesis #, ={P>P,} and an alternative # ={P<P,} to confirm the requirements (P,, y) for the reliability
indicator of one parameter for any (P;, v). In this case, one trouble-free test was enough. The second provision

considered a sequential technical system with independent elements that were tested separately from the system
according to the Bernoulli scheme for one parameter. We considered the requirements for the system in the form of a
set of values (P, y) and the requirements for any of its elements (P, y) . They coincided when the planned outcome

of the tests corresponded to the cases when the ratio P= lli_rrgj :P, =P, was fulfilled, and the null alternative
<i<

hypothesis was selected from the theory of statistical hypothesis testing.
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Discussion and Conclusions. The experimental development strategy should be implemented in two stages: the search
and validation of the reliability of the elements through a series of fail-safe tests. In this case, the planned scope of tests
of each element is determined taking into account the confidence probability, the lower limit of the confidence interval,
and the requirements for reliability indices of one parameter of the technical system. If the use of the null confidence
hypothesis is acceptable, one fail-safe test is sufficient to confirm the requirements for the reliability index.

Keywords: experimental development, testing of statistical hypotheses, reliability of a technical system, null
hypothesis, alternative hypothesis, hypothesis of distrust, confidence hypothesis, confidence probability, scope of fail-
safe tests, binomial type test model, Bernoulli scheme, Clopper-Pearson equation, theorem of A. D. Solovyov and
R. A. Mirny.
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AHHOTANUA

Beeoenue. CtaTbs TOCBSIIIEHA TPOOIEME TTOATBEPKACHHUS 3aJaHHBIX YPOBHEH HAIEKHOCTH NPH SKCIICPUMEHTAIBHON
OTpabOTKE CIIOKHOW TEXHHYECKOW CHCTEMBI C IIOCICIOBATEIbHBIM COCAMHCHHEM OJJIEMEHTOB. Takue 3amadu
BO3HHKAIOT, KOT/1a TpeOyeTCsl NPUHATH pelieHre 00 UCIBITAHUH CHCTEMBI B COCTaBe 0oJiee KPYITHOH MM 00 OKOHYaHUH
SKCTIEPUMEHTAIbHOM OTpPadOTKM M 3alycKe cepuiiHOro mnpomsBojacTsa. lLlemb wnccienoBanuss — 00OCHOBATh
COKpalIeHHEe CPOKOB SKCIIEPUMEHTAILHON OTpaboTKM. 3ajaya — ONpeAeNnTb, NPUHUMAETCS WM OTKJIOHSETCS
runoresa H,.

Mamepuansl u memoosl. J111s1 peanusanuy LeJIU U 3a7ja4l paboThI 10 pe3yIbTaTaM HCHBITAHUM CTPOUTCS KpUTHUECKas
obmnacth, onuchiBaeMasi HepaBeHCTBOM. MDOpMyJNMpOBKa 3ajauyd TOATBEPXKICHUS TpeOOBaHMN Oasupyercs Ha
M3BECTHBIX IIOAXOJaX K TIPOBEPKE CTATUCTHYECKUX THIOTE3. 3aAeHCTBYeTCs TMOHATHHHBIA ammapar Teopuu
nH(popManuy, BEpOITHOCTH M CTaTUCTUKH. V3ydeHa TeopeTHueckas M NPUKIAIHAS JINTEPATypa O MaTeMaTHYECKHX
METO/laX B TEOPUHM HAACXKHOCTH. YacTHple 3amaun pabOTHl pelIeHbl M3BECTHBIMHM crocobamu. Tak, BEpOATHOCTh
MOJTYYSHHs] TOYHOTO YHCIIa YCIEITHBIX UCXOA0B B ONPENEICHHOM KOJIMYECTBE HKCIIEPUMEHTOB OIPEAEseHa 10 CXeMe
Bbeprynmu. TouHbI JOBEpUTENBHBIM HHTEpBaJl, OCHOBAaHHBIH Ha OMHOMHAILHOM PpACIpElENICHUH, IIONy4YeH W3
cootHowenust Knonnepa — IMupcona. Teopema A. 1. ConoBbeBa u P. A. MupHOro mno3posiuia OLEHUTh HAJEKHOCTb
CHCTEMBI 110 pe3yiIbTaTaM UCIBITAHUN €€ KOMIIOHEHT.

Pe3ynomamer  uccnedosanus.  MateMaTH4eCKHM — ONpENENICHbl  NpaBWiIa  KOHTPOJSI,  aJEKBaTHBIE  3Tally
9KCHEPUMEHTAIBHOW OTPabOTKH (IpM HEJOCTATOYHOCTH MAHHBIX O TEXHWYECKOW CHCTEME) W JTally CepUIHOTO
IIPOU3BOJICTBA. BEpOATHOCTH yCIIEIIHOTO MCX0/1a IPH HCIBITAHUH TEXHIHYECKUX CHCTEM TIPEICTaBlIeHa Yepes:

— BEPOSITHOCTH COOBITHS JUI DJIEMEHTA CHCTEMBI;

— 3Hau€HME JOBEPUTEIILHON BEPOSITHOCTH;

— TpeOyeMblil 00beM UCTIBITaHHH.

C 3THUX NO3ULMI HCCIIEJOBAaHbl HyJ€Bas U albTEPHATHBHAS TUIOTE3bl U COOTBETCTBYIOIIME UM MPOLENYpPhl KOHTPOISL

HaJIC)KHOCTH. PaCCMOTpeHBI JABa IIO0JIOKCHUA. HCpBOC JAOITYCKAeT HUCIIOJIb30BAHUC HyﬂeBOﬁ TUHOTE3bl JOBEPUL
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H,={P>P,}c amsrepuatupoii H ={P<P,} mia noxrsepxknenns TtpebGoBanmii (P, y) K IOKa3aTeo

HaJIKHOCTH OTHOTO mapaMeTpa mpu Jo0bix (P, v) . Ilpy 3TOM IOCTATOYHO OAHOTO OE30TKA3HOTO HCIBITAHHSL.

Bropoe monoxeHne paccMaTpUBaeT IMOCIEIOBATENbHYI0 TEXHHYECKYI0 cucteMy ¢ N He3aBHCHMBIMHU 3J€MEHTaMH,
KOTOpBIE MCHBITHIBAIOTCS OTIEIFHO OT CHCTEMBI 10 cxeMme bepHyin 1 ogHoro nmapamerpa. PaccmoTpuM TpeboBaHus

K CHCTeMe B BHIIC COBOKYIHOCTH BenuunH (P, v) u TpeboBaHus K robomy ee anementy (P, v) . OHE coBIanaroT,

€CIIM IUIAHUPYEMbId HCXOJ HCIBITAHUH COOTBETCTBYET CIIy4asM BBIIOJHEHUS COOTHOIeHWs P= lim:P, =P,
- I<isN T -

a HyJIeBasl albTEPHATHBHAsI THIIOTE3a BEIOMPAETCS U3 TEOPHUHU MPOBEPKU CTATUCTUYECKHUX THITOTES.

Oécyancoenue u 3axniovenus. CTpaTerHio 3KCIEPUMEHTAIBHON OTPAOOTKH CIELyeT PEealn30BaTh B 1BA JTAll: IOUCK U
MTOJITBEPKICHIE HAIE)KHOCTH SJIEMEHTOB Cepheil 0e30TKa3HBIX WCHBITAaHWHA. B 3TOM ciydae mmanupyemslii oObeM
UCTIBITAaHWH KaXAOTO 3JIEMEHTa OIPENeNseTCs C y4YeTOM JOBEPUTEIbHOM BEPOSATHOCTH, HIDKHEH T'paHMIBI
JIOBEPUTEIHHOTO MHTEpBala M TPeOOBaHMI K IOKa3aTelsIM HAAEKHOCTH OJHOTO HapaMeTpa TEXHHIECKOH CHCTEMBI.
Ecnu nmomycTHMO HCIONIB30BaHME HYJIEBOM THIIOTE3bl JIOBEPUS, Ul IMOATBEPXKICHHS TPEOOBaHMH K IIOKa3aTelio

HAaACKHOCTH AOCTATOYHO OJHOI'O 0€30TKA3HOI'0 UCIILITAHHUS.

Kniouegvle cnosa: skcniepiMeHTaNbHas OTpabOTKa, MPOBEPKA CTaTHCTHYECKUX THIIOTE3, HAJEKHOCTh TEXHHYECKOM
CHUCTEMBI, HyJIeBas TUIIOTE3a, ajlbTEpPHATHBHAS T'MIOTE3a, TMIIOTE3a HEJOBEpHs, TMIIOTE3a JOBEpHS, JOBEpUTEIbHAA
BEPOSATHOCTh, 00BEM OE30TKAa3HBIX HCHBITAHUN, MOJCIb HCIBITAHUN OWHOMHAILHOTO THIA, CXeMa bepHyIw,

ypaBHenue Knonnepa — Ilupcona, reopema A. /1. ConosreBa u P. A. MupHoro.

Enarouapﬂocnl. ABTOpBI BBIPAXKAIOT 6Har0£[apHOCTL PCUCH3CHTAM, Ybsl KPUTHYCCKAs OLICHKA IPCACTABJICHHBIX MATC-
puajioB W BBICKA3aHHBIC MNPCAJIOKCHHUA 1O UX YCOBCPUHICHCTBOBAHUIO CII0COOCTBOBAIH 3HAYUTCIIbHOMY ITOBBIIICHUIO

KadecTBa HACTOAIICH CTAaThH.

Jaa nurupoBanusa: Ilapes O.10., Ilaper 10.A. IloaTBepikaeHne nokasareneil HaJEKHOCTU MPH IKCIIEPUMEHTATBHOM
0TpaboTKe CIIOKHOW TEXHHMYECKOH CHCTEMBbI C IMOCJEIOBATENBHBIM coequHenneM snementoB. Advanced Engineering
Research (Rostov-on-Don). 2023;23(1):26-33. https://doi.org/10.23947/2687-1653-2023-23-1-26-33

Introduction. Rational methods of validating the specified reliability levels are of current concern for experimental
testing of a complex technical system when a decision is made on the possibility of testing it as part of a larger structure
or on the completion of experimental development and the start of series production. The same tasks arise during series
production, if it is required:

— to assess the readiness of the enterprise to produce series products based on the test data of the pilot batch;

— to make a conclusion about the compliance of the products with the requirements of technical documentation,
taking into account the operating data.

The study objective was to obtain an acceptable solution for planning and reducing the scope of tests using methods
of interval estimation of reliability indices of sequential technical systems. To achieve the stated goal, it was required to
determine whether hypothesis H, was accepted or rejected.

Materials and Methods. It is reasonable to formulate the task of validating the requirements in terms of the theory
of statistical hypothesis testing [1-4]. Let P be the reliability of the technical system, Pr — some fixed (required) level

for P. Prior to testing about P, three initial assumptions can be made: P = P., P < P,, P > P,.
Each of them is called a null hypothesis if it is written as:
H ={P =P} H ={P <P} H={P>P}

o o

Set H,= {P = P.} contains only one element, therefore, hypothesis H,= {P = P,} is called simple.

Hypotheses of the form H = {P < P,} and H = {P > P,} are called complex. Along with the null hypothesis
expressing a pre-formulated point of view, an alternative hypothesis H is specified expressing the opposite statement
Ho(Hom H:Q). We use the conceptual apparatus of the theory of information [1], probability and statistics,
applicable to solving such problems. Consider two aggregates of sets H, and H:

H={P<P,),H={P>P,]}, M)
H = {P 2P}, H ={P <P} )

o
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Hypothesis H, in (1) will be called rigid, or the distrust hypothesis. Indeed, in case (1), initially (before the test), we
proceed from a position of distrust of the quality level of the system. Reliability index P is assumed to be no higher than
a certain fixed level P’,. Hypothesis H, in (2) will be called the confidence hypothesis, since in this case, it is initially
assumed that reliability index P is not less than some fixed value Pr.

The meaning of values P’ and Pris different. In (1), P’, — such a rejected value that at P < P’,, the system is
considered unacceptable. In (2), Pr — such a value that at P > P,, the system is considered acceptable for use.
Obviously, P, > P’,.

Research Results. Thus, it is required to determine whether hypothesis H, is accepted or rejected. In the theory of
statistical hypotheses, a critical area is constructed for this purpose based on the test results. It is described by some
inequality. Moreover, the null hypothesis (due to the initial confidence in it) is adhered to as long as it is reasonable

from the point of view of the accepted level of significance a. Therefore, as is already clear that the reliability control
procedure in case (1) will be significantly different compared to case (2).

Indeed, we will further make sure that to reject hypothesis H, in (1) and accept hypothesis /# = {P > P’.} of
meeting the requirement for reliability indices, a critical area (or condition) should be used
P>r, ®)
where P — the lower bound of the confidence interval for P at the value of the confidence probability vy =1 — o ;
P, — the lower bound of the rejected interval for P at the value of confidence probability y = 1 — a..

In case (2), the condition should be used to accept hypothesis H, about the compliance of the value of parameter P
to the requirement

P>P,, (4

where P — the upper bound of the confidence interval for P at the value of the confidence probability y = 1 — a.

In (3) and (4), the requirement for the reliability index of one parameter P is understood as a set of values (#’,, v)
or (P, v), given before testing.

Let one successful test be carried out under the conditions of the Bernoulli scheme. Then, using the Clopper-Pearson
relations, we find the lower and upper bounds of one parameter with the value, for example, y = 0.95:

P=(1-y)"=1-y=005 P=1.
Here, even for very moderate values P, € [0.05; 0.95] , condition (3) is not fulfilled, while (4) is fulfilled at any Pr.

Let us show the validity of the accepted position.
First position. If it is permissible to use the null confidence hypothesis H, = {P > P,} with alternative

H = {P < PT}, then one fail-safe test is sufficient to confirm the requirements (2., y) for the reliability index of

one parameter for any (P, v) .

If the initial hypothesis H, is the hypothesis of distrust from (1), then a significantly larger number of tests are
needed. Thus, for m = 0, we get n>log (1 - y)/ logP, >>1. This is quite fair, because, when testing hypotheses, they
initially proceed from the validity of the null hypothesis H,.

At the stage of experimental development, there are no sufficiently complete data, therefore, it is reasonable to use
control rule (3). At the stage of series production, one can proceed from the confidence hypothesis and use a
significantly easier control rule (4). This is acceptable if, according to the experimental testing, condition (3) was
fulfilled.

Consider a system consisting of N independent elements connected in series, which can be tested separately. Then,
the probability of a successful outcome when testing technical systems:

p:ﬁpi, (5)
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Here, P; — probability of the same event for the i-th element. The requirements for value P are specified in the form of
a set of values (P,,y). It is required to plan a procedure for monitoring the reliability of one parameter for each

element of the system, i.e., to specify Vi e[1,n] apair (P, v) .
N
Due to the multiplication of P;j in formula (5), ratio HPT, =P must be fulfilled. Besides, y, = vy .

As a result, the required scope of tests n; of each element increases dramatically, and even with fail-safe results of all
tests, it becomes unacceptable. At Pr=0.9and y=0.95,N=100and m=0, Vi= L, N:

P, ~ P =099, n,=log(1 - y)/logP,, ~ 3000.
This method of planning is logically contradicted by inequality n, >n,, following from P,, > P, when m; =0. It
is clear that with fail-safe outcomes, the required scope of tests n,i of i-th element, conducted separately from the

system, should be equal to the required scope of tests of system n,. To avoid this contradiction, the theorems of
A.D. Solovyov and R.A. Mirny should be used [5-7]. Thus, whenm =0, VYi= L N:

P=min:P,=f (n,0y) = (1-y)" (6)

- 1<i<N
Here, P — the lower bound of the confidence interval for the reliability index of a technical system by one parameter, at
value vy of the confidence probability; P; — the value of the lower bound of the confidence interval for the reliability
index of the i-th element of the system with the same confidence probability; n — minimum number of tests of system
elements; f(n,0,y) — the root of the Clopper-Pearson equation:

—y=Y" (") P"q" = B(n, P, m). @)
k=0

According to [8-12]:

f(n.ng,y) < P< f(n, [ngl.y). ®
- N - - -
Here, q =1-P; P H (I -m/n) = Lﬂlﬂ n,; [ng] — integral part of the product nqg; f(n,nq,y) — root
i=1 <i<
of equation Jp(n,P,nq+1) =1-v.

From (8), it follows:

P=min:P, = Pm, 9)
I<i<N

where P m — minimum of P; at the value of confidence probability y.
P, =min:P, > P, (P,> P,)N(P,> P,)...n(Py, > P,).

1<i<N
This is true not only for case (1), when m=0, Vi= 1N, but also for case (2), i.e., for the outcome

n= (n,n,, ...,ny), m=(m, 0, O, ..., 0) of the tests, where n and m — the vector of tests and the vector of failures,
if n=n.
At this, only one element that has been tested a minimum number of times fails. Indeed, in this case, nq = m, —an

integer. Calculations allowed us to establish that (9) is also approximately performed at the outcome of tests n, m, i.e.,
in case (3), if for pair (n,, m,), Lnirg 1P, =P, ispossible.

In all the cases mentioned (9), the lower bounds are not multiplied, and the system degenerates into one weakest
element. This provides validating the following position.

Second position. Consider a sequential system with N independent elements that are tested separately from the
system according to the Bernoulli scheme for one parameter. The requirements specified for the system in the form of a
set of values (P,, y), and the requirements for any of its elements (P,,, y,) coincide if the planned outcome of the
tests corresponds to the mentioned cases of fulfillment of ratio (9), and the null alternative hypothesis is selected based
on (1) and (2).

Conseguence. In case of (3), execution of (9) — the planned scope of fail-safe tests (N —1) of elements, it is
determined from:
n=n,=log (1 —y) / logP,. (10)
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The volume of failures of the conditionally first element at m; is from the ratio:
Py = f(n,m,y) =P;. (11)
Proof (11) is based on the fact that the condition P = P, > P, is fulfilled if P, =P, = P, and P, <Vie[2,N].
The latter relation is satisfied if (10) is satisfied, because:
n=n, <P = (1-y)"=pP,.

In all the cases considered, it was assumed that there was no information about P before the tests, except for the

obvious fact P €[0, 1]. However, it may be known that P > P, , where P, =0. Hence, P = P<[ P,, 1]. Value Py

can be found from test data or calculations at the time of planning reliability tests. There is no method for determining
Py yet, and its development is the task of future research. But if value Py is known, according to the full probability
formula, you can find:

P =P+ (_]1_3.

From here:
P =(P-P,)/Q-P,), P= (P-P,)/(1 -P,). (12)

The latter relation is fulfilled due to monotonicity of dependence P = (E -P,) inP:
Taking into account (12), ratio (2) will take the form:

P,+@ +P,)f(nngy) <P<P,+ (1 -P,)f(n[nql,y). (13)

Let the condition for making a decision on the compliance of the technical system with the requirements (P;, v)

still be (3), where the lower bound of the confidence interval is determined from (13), taking into account

P= Pe[ P, 1]. Then, from the ratio:

P>P, (14)

we find the planned scope of trouble-free tests by one parameter for each of N elements:
n>=m, =log(l — y) log(P,—P,) I 1L -P,). (15)
Value n’y decreases in Py. It means, no (10) at Py =0and n’o =0 at Py = Py.

N
Example. The requirements for the reliability indices P = []P, of the system are specified for one parameter in the

form of a set of values (Pr=0.90; y =0.95). Number of elements of the technical system is N =100. According to
available data, Pr> Py =0.70. It is required to find the planned scope of tests for each of N elements, if the fulfillment
of reliability requirements is checked by condition (14). From (15), we find:

ni>n’ = log (0.05) / log (0.90 — 0.70) / (1 - 0.70) = 7.

Note that at P =0 ni >n’o = 29.

Ratios (10) and (15) make it possible to plan the required scope of testing of the i-th element of the technical system
with a certain sequence of experimental development of the system. The whole process of experimental development is
divided conditionally into two periods: the search and validation of reliability requirements for a decision on the
transition to the next stage of testing or on the acceptance of a technical system for series production. In the first period,
improvements are possible, and it is reasonable to use models with a variable probability P of a successful outcome of
the system test.

The data obtained in the first period can be used to calculate value P.

In the second period, we deal with an established version of the design of the technical system and technological
process. This makes it possible to use the binomial type test models discussed above with constant probability P.

Let the first period of developing N elements of the technical system be completed, then, the question is raised about
validating the requirements for the reliability index of the system by one parameter. It is reasonable to validate
reliability if a positive decision is made only in case of a fail-safe outcome of the last series of tests for each of N
elements. This strategy is convenient because it is based on the minimum possible number of tests of elements of the
technical system and provides simple analytical solutions (10) and (15).
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In general, it makes sense to investigate a strategy that allows for failures of elements during testing and is based on
optimization of some objective function. But here, we restrict ourselves to considering only the mentioned strategy with
fail-safe final series.

Discussion and Conclusions. The results of scientific research allowed us to formulate the following conclusions.

1. Even with a large number of N elements of the system, it is possible to plan the scope of their tests. In this case,
the methods of interval estimation of reliability indices of sequential technical systems provide obtaining an acceptable
solution, but only for one parameter.

2. The strategy of experimental development of technical systems is closely related to the method of validating the
reliability of elements. The rational strategy of experimental development provides for confirmation of the reliability of
the elements after the search period through a final series of fail-safe tests. In this case, the planned scope of tests of
each of N elements does not depend on N and is determined by ratio (15), which includes the requirements (Pr, y) for
the reliability indices of one parameter of the technical system as a whole and Py. The scope of tests obtained by (15)
for each element of the technical system, for any number of them, is small if moderate requirements (Pr=0.80 ...0.95;
v=0.90 ... 0.95) are specified for a system of N elements, but only for one parameter. At the same time, the scope
decreases with increasing value Pp.

3. In series production, when testing upgraded technical systems, it is possible to use a control method with null and
alternative hypothesis change. If the use of the null confidence hypothesis is acceptable, then one fail-safe test is
sufficient to validate the requirements for the reliability index.
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