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Abstract. With the constant aging of marine vessels, it is becoming increasingly difficult to ensure their navigational
safety. Despite the efforts being made, the human factor remains the main cause of accidents in marine and river wa-
ters. The necessity of considering the process of keeping a running watch as a system including appropriate subsys-
tems is substantiated. The system of navigation watchkeeping, which includes a subsystem of self-control of the hu-
man factor, is being investigated. A model of the information transformation system in ship safety management has
been compiled, including a subsystem of self-monitoring. It is noted that the process of information transformation in
ship condition management with self-monitoring is capable of ensuring an effective state of safety of the ship, crew
and cargo. The assumption is introduced that the recovery time of the subsystem of self-control of the human factor is
subject to a degenerate distribution law with a certain mathematical expectation, which will significantly simplify the
calculation formulas and create convenient methods for assessing and ensuring reliability (safety) in the navigation
watch system. The probability of trouble-free operation of the watchkeeping system is investigated in the case of a de-
generate law of the recovery time distribution of the subsystem of self-control of the human factor and in the case
when the law of the recovery time distribution is different from the degenerate one. The probability of error-free trans-
formation of information, taking into account self-control, is estimated. The maximum error value in calculating the
probability of trouble-free operation of the information conversion system in control is calculated when replacing any
law of the distribution of the recovery time of self-control with a degenerate distribution law. An experimental as-
sessment was made of the probability of reliable operation of the navigation watch system under the exponential law
of the recovery time distribution of the self-monitoring subsystem.
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AHHoOTanusl. B ycI0BHSX IMOCTOSHHOTO CTapeHMsT MOPCKHX CYIOB BCE CIIOXKHEE CTAaHOBUTCS o0ecrednBaTh NX HaBH-
ranyoHHylo Oe3omacHocTh. HecMOTpst Ha mpeinpuHEMaeMble yCHIINS, YeJIOBEUeCKHH (akTop ocTaeTcs OCHOBHOM
TIPUYNHON aBapuil B MOPCKUX M PeUHBIX akBaTopusix. O6G0CHOBaHa HEOOXOMMOCTE PAaCCMOTPEHUS IpoLiecca HECCHUS
XOJIOBOH BaXTHI KaK CHCTEMBI, BKJIIOYAIONIEH COOTBETCTBYIOIINE TIOACUCTEMEI. Mccienyercst cucreMa HeCeHHs X010~
BOH BaxThl, BKJIIOYAIOIIAs IIOJICUCTEMY CaMOKOHTPOJIS 4esioBedeckoro dakropa. CocraBieHa MOJIENb CHCTEMBI Ipe-
oOpaszoBaHust MHOOPMAIMK B YNPABICHUHM COCTOSIHUEM O€30MAaCHOCTH Cy[HA, BKIIOYAIOLIAs INOJCHCTEMY CaMo-
KOHTpoJst. OTMEUeHO, 4TO mpolece Mpeodpa3oBaHus HHPOPMALUK B YIPABICHUH COCTOSHUEM CyIHA C CAMOKOHTPO-
neM crmocobeH obecreunts 3()(GEKTUBHOE COCTOSHIE 0e30MacHOCTH Cy/HA, YKHUIaKka U Ipy3a. BBegeHo momylieHne
0 TOM, YTO BPEeMs BOCCTAHOBIICHHSI IIOJCHCTEMBI CAMOKOHTPOJIS YeJIOBEUECKOTO (hakTopa MOAIMHIETCS BEIPOXKACHHO-
My 3aKOHY pacIIpe/ieNICHUsI C ONPEe/IeNICHHBIM MaTeMaTHIECKUM OKHIaHUEM, UTO MO3BOJIHT CYIIECTBEHHO YIIPOCTHUTH
pacueTHbIe (QOPMYIBI U CO3/aTh YIOOHBIE METOIHMKH JUIL OIEHKH M obecnedeHHs HameXHOCTH (Oe3aBapHItHOCTH)
B CHCTEMe HECEHHMs XOJI0BOI BaxThl. [ccienoBana BeposITHOCTE Oe3aBapuifHON pabOTHI CHCTEMBI HECEHHS BaXThI IPH
BBIPOXK/JICHHOM 3aKOHE PaclpeleNeHUs BPEMEHH BOCCTAHOBIICHHS IOJCHCTEMBI CAMOKOHTPOJIS 4EJIOBEYECKOro (ak-
TOpa ¥ B Cllydae, KOTJa 3aKOH paclpelieieHNs] BpEMEHH BOCCTaHOBJIICHHS OTJIMYEH OT BBIpOXkIEHHOTo. IIpoBeneHa
OLICHKAa BEPOSTHOCTH 0e30IIMO0YHOr0 mpeoOpa3oBaHMs MH(OpPMALMM C y4eTOM CaMOKOHTpois. Paccuurana mnpe-
JIeNbHAs BEIMYMHA NOTPEIIHOCTH B BEIYUCICHUH BEPOSTHOCTH Oe3aBapUiHOI paboThl CHCTEMBI IPe0Opa3OBaHus HH-
(opManuu B yIpaBJIeHHH IIPU 3aMEHE JI000T0 3aKOHA PaclpeieNeHNs] BpeMEHH BOCCTAHOBIICHUS! CAMOKOHTPOJIS Ha
BBIPOJKACHHBIN 3aKOH pacnpeneieHus. [Ipon3BeneHa sKcliepIMeHTabHAsI OLEHKA BEPOSTHOCTH HAIEKHOH paboTHI
CHCTEMBI HECEHHS XOJIOBOH BAaXThI IIPH AKCIIOHEHIIMAIILHOM 3aKOHE PaclpeaeeHHs] BpEMEHN BOCCTAHOBJICHHS TTOJICH-
CTEMbI CAMOKOHTPOJISL.

KiioueBble ci10Ba: 3aKOHBI pacHpe/ieeHus, BOCCTAHOBJICHHE CUCTEMBI, CHCTEMa HECCHHs XOJOBOW BaXThl, Oe3aBa-
puitHas paboTa CHCTEMBI, HAIEKHOCTH pabOTHI CHCTEMBI, Pe0OPa30BaHUsI HABUTAIMOHHON HH(OpMAaLUI
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Introduction

According to expert estimates, the bulk of Russia's
civilian fleet consists of heavily depreciated vessels —
the average age of vessels exceeds 38 years — requiring
special attention to the navigational safety of these
vessels. An annual analysis of accidents involving
maritime and river transport shows that accidents in-
volving older vessels lead to human casualties and
serious environmental consequences. Therefore, it is
essential to prioritize ensuring navigational safety and
minimizing accidents.

Research shows a disturbing trend: human error
often leads to accidents. Fatigue is a particularly press-
ing issue among seafarers. The most recent widely
discussed incident involved a second officer falling
asleep on watch, leading to a vessel running aground
in Norway, narrowly missing a residential building. In
the Russian segment, in July, a tugboat collided with
the hull of a cargo ship in the waters of the Nakhodka
commercial port. The key cause of the navigational
accident was the tugboat captain's fatigue, who fell
asleep and lost control of the vessel.

The human factor, coupled with an aging vessel,
can lead to serious consequences for vessel safety,
confirming the need for further research into the navi-
gational watchkeeping process, considering it as a sys-
tem with corresponding subsystems. This approach
will allow for more comprehensive use of mathemati-
cal distribution laws to ensure accident-free naviga-
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tional watchkeeping.

Thus, the navigational watchkeeping system includes
a “human factor” self-monitoring subsystem, i.e., a pro-
cess of vessel state management with self-monitoring
of the conversion of navigational information into con-
trol, ensuring the safety of the vessel, crew, and cargo.
The self-monitoring subsystem should only be activated
in the event of an emergency, so hidden failures are pos-
sible during prolonged self-monitoring.

In order to identify hidden failures in the operation
of the self-monitoring subsystem with the aim of increas-
ing the reliability of the navigation watch, over time t at
equal time intervals 1o the decision maker must conduct
m sessions of checking the operability and restoration
of the self-monitoring subsystem with a duration .

During time 1 the system for converting navigation-
al information into ship control functions without the use
of the self-monitoring subsystem. However, an emer-
gency can occur either during the interval o, when the
self-monitoring subsystem fails and only then will an
emergency occur, or when an emergency occurs, with
the subsystem being restored again during time .

Further, we will assume that the recovery time
of the human factors self-monitoring subsystem obeys
a degenerate distribution law with a mathematical ex-
pectation M[t3] = C [1, 2]. This assumption allows
us to significantly simplify calculation formulas and
create convenient methods for assessing and ensuring
the trouble-free operation of the watchkeeping system.
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In practice, the recovery time of the self-monitoring
subsystem is a random variable that cannot be consid-
ered constant [3]. In this regard, it is important to analyze
the influence of the distribution of the subsystem recov-
ery time on the probability of trouble-free operation of
the watchkeeping system, taking into account the opera-
tion of the self-monitoring subsystem. For this purpose,
we will compare the probability of trouble-free operation
of the watchkeeping system under a degenerate distribu-
tion law of the subsystem recovery time with the proba-
bility of trouble-free operation of the watchkeeping sys-
tem under other laws, but with the same mathematical
expectation of the subsystem recovery time.

Statement of the problem and basic relationships

Let the failure-free operation time, the failure-free
operation time of the self-monitoring subsystem, and
the recovery time of the self-monitoring system be
random variables in the watchkeeping system (Fig. 1).
Furthermore, let F(t) be the distribution function
of the failure-free operation time of the system, which
is assumed to be exponential; F(t) = 1 — exp(-At);
Fx(t) is the distribution function of the failure-free
operation time of the self-monitoring subsystem;
Fz(t) is the distribution function of the subsystem
recovery time.

—

Algorithm for transforming
information in management

Vessel

A 4

4

Self-control subsystem for
information transformation
in management

A

Fig. 1. An algorithm for converting navigation information into ship condition management
with a self-monitoring subsystem

Then, in the system (Fig. 1), the probability of fail-
ure-free operation of the watchkeeping system with the
self-monitoring subsystem over the time interval from
11 t0 15, where the times 1; and 1, are counted from the

start of the watchkeeping, with a degenerate distribu-
tion law of the subsystem recovery time, is denoted by
P[Tl! TZ]'

The following expressions are valid for this probability:

P[0, mt,]1= P[0, 7, {Plt,, 25,1}

P[0, 7,]= I—I F(t,—t)dF,();

P, 21,]=[1-F(t,)] [1- { F(t, -1, —t)dF, (t)] .

The probability P[tq, 214] is a function of t3 = C,
the recovery time of the self-monitoring subsystem.
For convenience, when studying the dependence
of P[to, 210] on M[tz], Plto, 210] Will be denoted by
P(M[rz]) or simply P(tp). In the case where the dis-
tribution law of the protection recovery time Fg(t) is
non-degenerate, the probability of an accident-free
watch with self-monitoring for the time from 1, to 1,
where the times 1; and 1, are counted from the start
of the watch, is denoted by P[r; to 1,].

For this probability, the following formulas are valid:

P*[0, mr,]= P[0, 1, {P*[1,, 21,1} ;

P*[t,, 21,] = :f P(ty)dF; (15 /15 < 1y) - (2)
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The probability P*[ty, 210] is a function of the
mathematical expectation M[tg] of the verification
time of the process of converting navigation infor-
mation into controls. We denote this function by
P*(MT[tg]). In particular, for some specific distribu-
tion laws of the failure-free operation time of the self-
monitoring subsystem (Fig. 1) and the recovery time
of this subsystem, expressions (1) and (2) can be rep-
resented as specific, but rather complex dependencies.
At the same time, if we denote the function P[0, mtg]
by P,, and the function of the form P*[0, mt,] by P, ,

then we can assert that the function P[0, mt] is de-
creasing with respect to M[tz].

Further, it can be shown that for any distribution
law Fg(t) the relative positions of the functions
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P[0, mto] and P*[0, mt,] with respect to M[tz] can be
determined. For this purpose, it is sufficient to use
Jensen's integral formula [4], according to which the
following inequality is valid:

P(J f,(t, /1, <ty)t,0t, /] f,(t, /T, <1,)dt,) <
0 0

< P(ty)Pf,(t, /1, <tp)dt, /] f,(1, /T, <1,)dt,.
0 0

If the function P(tp) is convex, then the sign in this
inequality is preserved, and if the function P(tp) is
concave, then the sign in this inequality is reversed.
Accordingly, depending on whether the function P(t)

is convex or concave, the graphs of P lie either not
below or not above the graph P,,.

Analysis of the function P(tg) for convexity and
mutual arrangement

When examining the convexity of the function
P(t3), it is known that the function is convex if its first
derivative is increasing, and concave if its first deriva-
tive is decreasing.

Having considered various distribution laws, we
can conclude that, for any distribution law Fg(t), the
relative positions of the graphs of the functions
P[0, mto] and P*[0, mt,] are as follows:

1) if Fy(t) = 1 —e™y is an exponential distribu-
tion, then for » > A, the P, graphs are not located

below the P,, graph, for A = &, the P, graphs and the

P,, graph coincide, and for A < A5 the P graphs are

not located above the P,, graph;

2)if Fu(t) =1— 2t/ T)e?,— e, is the first
order Erlang distribution, then the P, graphs are lo-
cated not lower than the P,, graph when

2/T, ~1<0, 2/T, % >0

and T, <A/(2/T,)2/T, =1);

3)if Fy(t) = 1 — e P o, p> 0 is the Weibull
distribution, then the P_ graphs are located not lower

than the P, graph when
1 <(1/ap)’
4) if Fit)=te /" G(a+1), >0 (o is an
integer) is a gamma distribution, then the P_ graphs

are located not lower than the P, graph when
A<1/B.

For the second and third cases, with parameter rela-
tionships not considered above, the function P(tp) is
neither convex nor concave. With such parameter rela-

tionships, the graphs of P and P, may intersect.

In the fourth case, the inequality A > 1/ B is only
a sufficient condition for the convexity of the function
P(tp). For A < 1/ B, the analytical expressions obtained
when examining the convexity of the function P(tz) are
so cumbersome that their practical use is impossible.

It should be noted here that the Rayleigh distribution
law can be considered as a special case of the Weibull
distribution law for o = 2, and = 1/ 26 [5, 6]. Conse-
quently, the considered basic distribution laws, for
which the study of the function P(tz) for convexity
yields fairly simple analytical expressions. In other cas-
es (as, for example, for the normal distribution law), the
study can only be carried out by a numerical method.

Estimation of the probability of error-free
transformation of information taking into account
self-monitoring

The conducted analysis of the convexity conditions
of the P(tz) function allows us to formulate a method-
ology for assessing the probability of reliable opera-
tion of the navigation information conversion system
in managing the state of ship navigation safety under
any distribution law of the self-monitoring subsystem
recovery time.

The probability of error-free operation of the in-
formation conversion system in control with the self-
monitoring subsystem over time mt, can be found us-
ing the approximate expression

P, [0, mro] =0, ‘EO]{P" ['509 2 17o:|}’|1171:

where

Pyl 28,11 | F(x, ~0dF, (03 ™01 F, (x, ~ MTx, DM,

with an error A, not exceeding the value:
— for a degenerate distribution law

|A1| <[(P[7o> 2'50]"'81)W1 - Ptrmil['fo’ 27,]]1 PO, o] = (m_l)Szpter [t 27,1710, T,];

— for any other distribution law

|A2| <[(P,[xo, 27,] +5z)m71 - Ptrmil [to> 27,11 P10, 7,]~ (m_l)Sther [0, 27,170, 1,],

where

8, =Mr,] max{h(l— F, (t,))l—e

N, A, (1)~ Fy (1) M, 113
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8, =M([1,] max{A(l— F, (1,))A—€ "®), MF, (t,) — F, (1, — T, I3+

+T£O 1, f, (1, /1, <1,)dr, max {L(1-F, (to))(l—e_ho ), M1-F, (7, )}

In this case, the error A; in calculating the probabil-
ity of trouble-free operation of the information conver-
sion system in control over time mty, when replacing

any distribution law of the self-control recovery time
13 With a degenerate distribution law will not exceed
the value

18, < [(Pyltgs 21,048, +8,)™" =P [t,. 27,11 PO, 7,1 =

~ (=1, + 8,)P [ty 27,1 P[0, 1,].

Experimental assessment of the reliability of the
navigational watchkeeping system

We will conduct an experimental assessment of the
probability of reliable operation of the navigation in-
formation conversion system in managing the ship's
navigational safety status with an exponential distribu-
tion of the self-monitoring subsystem recovery time.

of watchkeeping, which included twenty-five watches,
with hidden failures of the self-monitoring subsystem
occurring during eight watches. To construct a statisti-
cal series, the total watchkeeping time (100 hours) was
divided into ten intervals (categories) of 10 hours each
for each categorization. A histogram of the probability
of failure of the self-monitoring subsystem of the

The initial data was analyzed over 100 hours watchkeeping system is shown in Fig. 2.
04
033 2= 0.9913
0.3
025

0.2

0,15

0.1

probability of failure of the self-monitoring subsystem

- ﬂm
0 L T T T T T
1 2 3 4 5 6 7

intervals of navigational watchkeeping

Fig. 2. Histogram of the probability of failure of the self-monitoring subsystem
of the navigation watch system

The calculated coefficient of determination (0.99)
indicates a very high degree of data conformity with
the model, i.e., the model explains their variation al-
most perfectly. Thus, the exponential distribution
model of the self-monitoring subsystem's recovery
time can be used for an a priori analysis of the reliabil-
ity of watchkeeping, which is important for voyage
planning and ensuring navigational safety.

Conclusion
For information conversion systems in control, the

24

probability of error-free operation of this system with
a degenerate self-monitoring recovery time distribu-
tion law is the lower or upper limit of the probability
of error-free operation of the entire system with any
other self-monitoring recovery time distribution law.
The error in calculating the probability of error-free
operation of a conversion system with self-monitoring
when replacing an exact formula with an approximate
one, or any self-monitoring recovery time distribution
law with a degenerate law, is insignificant and can prac-
tically be ignored altogether. When developing methods
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for assessing and ensuring the reliability of information
conversion systems, taking into account the use of self-
monitoring subsystems, it is practically possible to use

any self-monitoring recovery time distribution that al-
lows for simplifying the calculation formulas.
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