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The paper discusses the methodology based on the Bayesian approach to the assessment
of posterior probabilities of various hypotheses regarding the reliability of technical system
elements. The problem of estimating posterior probabilities of failures for a system with
two nodes is considered. Mathematical modeling of Bayesian probabilities of hypotheses
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depending on the probabilities of trouble-free operation of each node was carried out. The
modeling results were visualized and it was shown that the posteriori probabilities of the
hypotheses significantly exceed the a priori ones. This allows you to use them as more
accurate for calculating the probabilities of future events.

Keywords: Bayesian probability, navigation complex, reliability, trouble-free operation,
mathematical modeling.

Abpamos I'.C., IInomnikoe B.I. 3acmocysanns nioxody baiieca ona euznauennsa Haoiii-
Hocmi HagizayiliHo20 KomMNeKcy. B pooomi 062080poemvbcsi Memooo02is, 3aCHO8ANHA HA
Baiieciscokomy nioxooi, 00 oyinku anocmepiopHux UMogipHOCmel PI3HUX 2inomes uooo
Haoiunocmi enemenmis mexuiunoi cucmemu. Taxui nioxio 003603€ 0ocaioxHcysamu npu-
YUHHO-HACTIOKOGI 38 S13KU, NO2IUOUMU PO3YMIHHA NPOOIeMHOT 00aacmi ma npocHO3y8amu
ULMOBIpHICMb 8I0MOBU HABI2AYIUIHO20 0ONAOHAHHS NPU BUXO00I 3 1A0Y U020 KOMNOHEHIS.
Posenanyma 3adaua no oyinyi anocmepiopHux UMogipHocmel 8iOM08 0Jisk CUCTHEMU 3 080X
8y3nie. 30ilicneno mamemamuuhe mooentosants batieciecokux timogipnocmeil 2inomes 6
3anedcHocmi 8i0 Umosiprocmeti 6e368i0M08HOI podbomu KodicHo2o 8ysaa. IIposedena izya-
Ji3ayis pe3yromamie MoOoent08ants i NOKA3AHO, WO anocmepiopHi UMosipHOCmI cinome3
3HAYHO Nepesuwyroms anpiopti, i ye nepesunjenHs mum Oinvuie, Yum Oaudxicye 00Oymox
timogiprocmeitl 6e38i0M08HOT pobomu 8y31i8 00 odunuyi. Ompumano pe3yromamu, sKi 8i-
0006padcaomsv HU3KY 3aKOHOMIPHOCMEN: UMOBIPHOCMI MO20, W0 NePuUll 8Y301 SULIULO8 3
nady, a Opyeull npayioe, 3IMeHUYIOmMvCs 3i 30IbUUEHHAM HAOTUHOCMI NEPULO20 NPUCIMPOO
ma 3pocmaiomo i3 30i1bUeHHAM HAJIHOCMI 0py2020, MOOi K UMOGIPHOCMI MO20, W0
opyauil Y3071 ULUL08 3 1A0Y, A NePUULL NPAYIOE, 3MEHULYTOMbCA 31 30ITbULEHHAM HAOTUHO-
cmi 0py202eo npucmpoio i 3pocmaioms 3i 30ibueHHAM Hadilinocmi nepuiozo. Tlpu yvomy
LLMOBIpHICMb MO020, WO 00U0BA 8Y371U BIOMOBULU, 3MEHULYEMBC K 31 30ITbULEHHAM HAOTl-
HOCMI nepuioeo npucmpoio, max i 3i 30invenHaM Haodinocmi opyeoeo. Lle dossonse u-
KOPUCMO8Y8amu anocmepiopHi UMOGIpHOCMI 2inomes, K Oiibuwt MOYHI, 051 PO3PAXYHKIE
tLMogipHocmen MatuOymuix noodil, maxKux K iOMo8U HAGieayilino2o 0ONAOHAHHS, HA OC-
HO81 HasABHOI iHghopmayii npo tioco nadiinicme. Hanpuriao, axuio nicis 00Cioy, 8 pe3yib-
mami siKko20 mana micye noodis A, 30iUCHIOEmMbCs 00CHI0, 6 pe3yabmami K020 6i00ysea-
embcsi abo He 8i00ysaembcsi nodis B, mo ymosna timosipnicme nodii B pospaxoeyemucs
no (opmyni noHoi UMOBIPHOCHI, 8 AKY NIOCMAGIEHI 3aMIiCMb NOYAMKOBUX (anpiopHux)
timogiprocmeltl 2inomes, HOGI (ANOCMePIOpHE) UMOBIPHOCHI 2inomes.

Knrouoei cnosa: Baiieciecvka timMogipHicms, HagieayiliHull KOMIIEKC, HAOTUHICMb, 0e3610-
Mo8HA poboma, Mamemamuite MOOen0O8AaHH .

Description of the problem. Electronic transport systems play a role in numerous transportation
systems. The safety and efficiency of transporting humans and cargo are greatly affected by their effec-
tive operation. Safety hazards can occur due to the unreliability of electrical equipment and errors made
by operators [1-4]. The concept of unreliability focuses on studying how equipment damage and opera-
tor errors affect specific measures of unreliability. The theory of safety focuses on the outcomes of harm
and mistakes that result in safety risks. The correct identification of permissible and impermissible states
in the system is crucial from a safety perspective.

The state of safety hazard can sometimes be reversed by taking actions to restore full worthiness,
such as diagnosing damage and attempting repairs, correcting operator errors, or neutralizing external
events. The counter-measure must be carried out within the time it is accessible. If the counter-measure
doesn't work or is too slow, the system transitions from the safety hazard state to the hazard state, also
known as the safety unreliability state.

Enhancing the reliability parameters of electronic transport systems can lead to a boost in their
safety levels. Improved reliability can result from the enhanced reliability of components or by imple-
menting redundant structures [5-8]. The initial solution focuses on avoiding harm. In the second sce-
nario, employing double or triple redundancy may increase the size of the system but allows for the
acceptance of any damages that may occur. Redundancy can apply to the components of devices, system
modules, and computers that oversee transportation operations. The importance of the data received by
sensors for the systems is also crucial. Certain research papers suggest utilizing fuzzy logic [9] or
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artificial neural networks [10]. Vibrations have a significant impact on electronic transport systems [11],
however, they are not discussed in this article.

Analysis of the latest research and publications. Understanding system reliability is crucial for
effective maintenance strategies, offering valuable information on machinery performance and the con-
sequences of failures on machinery availability, extending to system-wide effects [12-14]. Reliability
analysis tools are commonly utilized to aid in determining maintenance strategies that align with organ-
izational goals. They typically assess the impact and potential for failure by analyzing both quantitative
and qualitative aspects of maintenance and operational data from machinery [15].

Various techniques like Bayesian belief networks, Monte Carlo simulation, Markov chains, Petri
Nets, and Weibull analysis have been utilized for modeling maintenance planning [16-18]. Conversely,
analyzing the reliability of complex systems that involve non-binary inputs and continuous stochastic
failure behavior would necessitate a unique approach to consider the temporal state of the system or a
repairable mechanical system that can function acceptably even when degraded. Recent studies have
also concentrated on real-time anomaly detection in ship machinery for diagnosing faults [19]; utilizing
Bayesian and machine learning for fault detection and diagnostics; evaluating real-time data-driven im-
putation of missing data in short-term sensor data from marine systems [19]; and creating a time series
imaging method for fault classification [20]. Hence, more flexibility will be needed to create a model
that represents all possible factors.

As a result, researchers have turned to various tools to address system dependencies and com-
plexities in multi-system setups [19-22]. This approach allows for the utilization of various data types
for conducting reliability analysis and employing tools in a more adaptable way [23]. In this research,
there will be a thorough assessment to examine the pros and cons of the reliability tools that have been
utilized.

It is believed that the true failure rate of a physical process can be determined using Bayesian
analysis rather than the traditional method [24]. Although a confidence distribution can be generated by
extending the traditional idea of a confidence interval, this method has not been fully formalized accord-
ing to Fraser [25]. The advantage of using the Bayesian approach is that it provides a more intuitive way
of representing the posterior distribution of the estimated random parameter. In addition, considering
this factor as constantly changing and unpredictable simplifies the analysis of situations where the
method is appropriate.

Purpose and objectives of the publication. Consider the task of estimating Bayesian posterior
probabilities of failure for a two-node system. Carry out mathematical modeling of Bayesian probabili-
ties of hypotheses depending on the trouble-free operation of each node.

Summary of the main material. The navigation complex of a sea vessel is a complex system of
interconnected devices, nodes, and elements, the failure of each of which can lead to a whole series of
consequences that will significantly worsen the reliability and stability of the system as a whole.

In this regard, to calculate the probability of failures or the probability of failure-free operation of
both individual elements and the navigation complex as a whole, it is necessary to use the concept of
full probability and Bayesian probabilities of the corresponding hypotheses.

If n mutually exclusive hypotheses Hi, Ha, ... Hi, ... Hy can be made about the circumstances of
system functioning (in our case, the elements of the navigation complex) and if the event A that interests
us (for example, system failure) can appear together with one from these hypotheses, the full probability
of this event P(A) is calculated by the so-called full probability formula:

P(A) = YL, P(H;)Py,(A), (1)
where P (H;) — the probability of the hypothesis H;, a Py, (A) — conditional probability of event A under
this hypothesis.

Essentially (1) is the sum of the products of the probabilities of the hypotheses on the conditional
probability of the event under this hypothesis.

If event A occurred as a result of the experiment, then the new (conditional) probabilities of hy-
potheses P, (H;) can be calculated using the Bayes' formula:

Py (H;) = P(H)Py,;(A) @)
: Y, P(H)PH,(A)

The initial (pre-experimental) probabilities of the hypotheses P(H;) are called a priori, and the

post-experimental ones, calculated according to Bayes, P, (H;) are called a posteriori.
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Based on the above theory, consider the following problem. Consider a device consisting of two
nodes, in which the functioning of both nodes is necessary for the operation of the device as a whole.
Let the reliability (probability of trouble-free operation during the given time) of the first device be P;,
and of the second P,. Let the device be tested, and it turned out that it failed.

Let's find the following probabilities:

1. Only the first node failed, the second is working;

2. The second node failed, the first one is working;

3. Both nodes failed.

Before the test, the following hypotheses were likely:

Ho = {both nodes are working}

Hi = {the first node has failed, the second is working}

H: = {the second node has failed, the first is working}

Hs = {both nodes failed}

Let's determine the a priori probabilities of the hypotheses:

P(Ho) = PyPy; P(Hy) = (1= P)Py; P(Hy) = PL(1 = P;); P(H3) = (1—-P)(A—=P;). (3)

An event A = {device failure} was observed, and since the conditional probabilities in this case
are equal to Py (A) = 0, Py, (A) = Py, (A) = Py, (A) = 1, then the full probability P(A) is equal to:
P(4) = 1'3:1P(Hi)PHi(A) =1 -P)P,+P(1-P)+(1—-P)A—-P)=1-PP,. (4

Then the posterior probabilities of the hypotheses, according to the Bayes' formula:

(1-Py)P.
Pa(Hy) =~ (5)
P1(1-P;)
Pa(H) = =527 (6)
(1=P)(1=P,)
Pa(Hs) = 20— ()

Thus, the posterior probabilities of hypotheses increase by (1 — P;P,)~! times, that is, the closer
P, and P, are to 1, the larger this multiplier is.

In the work, expressions (5)-(7) are tabulated for different values of P, and P,, and in fig. 1-6 they
are visualized and compared with the a priori probabilities P(H;) (i=1, 2, 3).

P(H,)
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Fig. 1 — A priori probabilities of the hypothesis H;
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It can be seen that the surfaces of the posterior probabilities P,(H;) are located much higher than
the a priori ones.

It can also be seen that the a priori and a posteriori probability of the hypothesis H, decrease with
the growth of P, and increase with the increase of P,, while the probabilities of the hypothesis H,, on
the contrary, decrease with the growth of P, and increase with the increase of P;.

The probability of the hypothesis H; decreases both with the growth of P; and with the growth of
P,.

P.(H,)

P,

m0-0,1 m0,1-0,2 m0,2-03 m0,3-04 m0,4-0,5 mO0,5-0,6

Fig. 2 — A posteriori probabilities of the hypothesis H;
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Fig. 3 — A priori probabilities of the hypothesis H,
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Fig. 4 — A posteriori probabilities of the hypothesis H,
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Fig. 6 — A posteriori probabilities of the hypothesis H

The obtained values of the posterior probabilities of the hypotheses are important because they
can be used to calculate the probabilities of future events.

So, if after an experiment, as a result of which event A occurred, an experiment is carried out, as
a result of which event B occurs or does not occur, then the conditional probability of event B is calcu-
lated according to the formula of full probability, in which the initial (a priori) probabilities of hypoth-
eses P(H;), are substituted new (posterior) probabilities of hypotheses P, (H;):

P,(B) = Z?:1 PA(Hi)PHiA(B)- (8)

Therefore, formula (8) is called the formula for probabilities of future events. It can be used to
predict the probability of failure of navigation equipment based on available information about its reli-
ability.

Conclusions

The effectiveness of the Bayesian approach in assessing the reliability of a navigation complex is
demonstrated. This approach makes it possible to study causal relationships, deepen understanding of
the problem area, and predict the probability of failure of navigation equipment when its components
fail.

It is evident that the posteriori probabilities of the hypotheses significantly exceed the a priori
ones, and this excess is greater the closer the product of the probabilities of failure-free operation of the
nodes is to one. As shown in fig. 1-6, the obtained results reflect a number of regularities: the probabil-
ities that the first node has failed and the second one is working decrease with increasing reliability of
the first device and increase with increasing reliability of the second; and vice versa, the probabilities
that the second node has failed and the first one is working decrease with increasing reliability of the
second device and increase with increasing reliability of the first; in turn, the probability that both nodes
failed decreases both with increasing reliability of the first device and with increasing reliability of the
second.

The Bayesian approach is highly effective in assessing the reliability of a navigation complex due
to its ability to handle uncertainty, incorporate prior knowledge, and update reliability estimates as new
information becomes available.
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CYYACHI TEXHOJIOT'TI CHOCTEPEKEHHS 3A OKEAHOM:
AHAJII3 TA HEPCIIEKTUBU PO3BUTKY

Oxeanu 6idicparome Karou08y posib Y popMyS8aHHi Kiimamy 3emui ma niompumyi enooaib-
HUX eKocucmeMm, OOHAK iX UBUEHHs N0 A3aHe 3i SHAUHUMU MPYOHOWAMU Yepe3 GeUYe3H]
PO3MIpU ma CKIa0Hicmyb npoyecis, wo 6 Hux 6iodysaromuocs. CmeopeHHs KOMNJIEKCHOT cu-
cmemu cnocmepedsicetv, aKka 06 3abe3neyy8ana OMpPUMAKHL MOYHUX | ONEPAMUBHUX OAHUX
npo cmawu OKeany 8 2100AIbHOMY MACUWIMADI, € aKmyaibHOI NPoOIeMOI0 CYHACHOI OKea-
roaoeii. Tpaduyitini memoou 00CHiONHCEHHs OKeaHy 3 00NOMO2010 HAYKOBO-OOCTIOHUX CY-
OeH Mamb 0OMeIHCEHT MONCIUBOCHI | He D0360I8I0Mb OMPUMYBAMU OAHI 3 OOCMAMHbOKO
NPOCMOPOBO-4ACOB0I0 PO30iNbHOIW 30amHicmio. Mema cmammi — cucmemamusayis ma
aHAani3 CY4acHUX MEXHOI02it CHOCMEPENCEHHS 30 OKEAHOM, 8USHAYEHHS IX MOMNCIUBOCMEL,
0OMedceHb Ma NepcneKmue po3eUmKY 01 (POPMYBAHHS YILICHO20 YABIEHHS NPO KOMNIEKC
Memodig i 3aco0ié OUCMAHYIIHO20 MOHIMOPUHEY OKeaHny. Y cmammi npoananizo8amo oc-
HOBHI MUNU MEXHONO02I CNOCMEPENHCEHHs 34 OKEAHOM: 3AAKOpeHi 0Vi, OKeaHcbKi Opug-
mepu, enaudepu ma CynymHukosi mexnonozii. Pozensinymo ix npunyunu pobomu, nepesazu
ma obmediceHHs. Busigneno 0CHOBHI HANPAMKU PO3GUMKY MEXHON02IN CHOCIMEPENCEHHS 3d
OKEeaHOM, BKIIOYAIOUY BOOCKOHANEHHA OAMYUKIE MA BUMIPIOBANILHUX CUCHEM, PO3POOKY
HOBUX MUNIG ABMOHOMHUX NIAMPOPM, PO3BUMOK MEMO0i8 0OPOOKU OAHUX 3 BUKOPUCAH-
HAM WMYYHO20 THMELeKmy ma IHmMespayito PisHUX CUCTeM CHOCIMEPENCEHHS 8 EOUHY 210~
banvry mepeocy. Iliokpecieno eadxcaugicms CIMBOPEHHS HOBUX MUNIE NAAM@OpM, MaKux
AK ABMOHOMHI anapamu muny HA0800HUX Ma NIOBOOHUX 2aaudepis, 30amHUX 30iliCHIO-
eamu mpueani mMicii 3 MiHiMaTbHUMU suMpamamu exepeii. 3pobaeHo 8UCHOBOK, O KOM-
NJIeKCHe UKOPUCMAHHS PI3HUX MEXHONO02IL CHOCMEPEHCeHHs 00360JI€ OMPUMYBAMU HAU-
Oinbut nosHy xapmuny cmawy oxeary. IiOKpecieHo 8axiciugicms MidCHAPOOHO20 CNiBPo-
OimHUYMBa y cmeopenHti 2100aNbHOI cucmeMu MOHIMOPUHEY OKeaHy, NPUKIA0OM K020 €
2100abHa CUCmeMa CROCMEPEIICEHb 3d OKeAHOM. Busnaueno nepcnexmusHi Hanpsamxu no-
0anbLUUX O0CTIOIICEHD, 30KpeMa PO3POOKY Memodie KOMNAEKCHO20 AHANIZY OAHUX 8i0 pi3-
HUX CUCeM CHOCEPEeNCeHHsl, 600CKOHANLEHHS AN2OPUMMIE 0OPOOKU CYNYMHUKOBUX Od-
HUX, 00CHIOINCEHHS MONCTUBOCHEN BUKOPUCTHAHHS HOBUX MEXHOI02il 0I5t NIOGUUEHHS MO~
YHOCMI BUMIPIOBAHL OKEAHOZPADIUHUX napamempis.

Knirouoei cnosa: oxeanocpaghia, oucmanyiiine 30n0ysanns, 06yi, opugpmepu, Cynymuuxkosi
MeXHON02Tl, MOHIMOPUHE OKeaHy, 2100ANbHA CUCHEMA CNOCMEePediCetb, ANbMUMEempis,
enatioepu, 06pobKa Oauux.
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