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Abstract

Basic safety structures of multi-state systems arhmonents with degrading safety states relatechédr t
variable operation conditions are defined. For ¢hegstems the conditional and unconditional mudties
safety functions are determined. A semi-markov esscfor the considered systems operation modeiling
applied. Further, the paper offers an approachecsblution of a practically important problem wiking the
multi-state systems safety models and the syst@@stion processes models.

Theoretical definitions and results are illustratgdthe example of their application in the safatd risk
evaluation of the Stena Baltica ferry operatinghet Baltic Sea. The ferry transportation system been
considered in varying in time operation conditioiifile system safety structure and its componentstysaf
functions were changing in variable operation ctiods.

1. Introduction of operations states and impossibility of precise
describing of changes between these states. One of
the useful approaches in modelling of these
complicated processes is applying the semi-markov

Taking into account the importance of the safety an
operating process effectiveness of technical system

it seems reasonable to expand the two-state a|ciproa<|:n0d(_)I [3]. Modelling of multi-state systems’ safety

to multl-§tate approach in their safety analysise T and linking it with semi-markov model of these
assumption that the systems are composed of multiz

at ts with safety states d dinaria ti systems’ operation processes is the main and
state components with safety states degradingna ti practically important problem of this paper. Thesan
gives the possibility for more precise analysis and

approach to system safety investigation is based on
offectiveness. This assumotion  allows  us tos[he_multi-sta_te system reliability_analysis consade
distinauish ' : ptio | d for instance in [1], [4hnd on semi-markov processes
Istinguish a system saiety critical state to escee modeling discussed for instance in [9], [1Qhis
which is either dangerous for the en\{lronment. Orpaper using the results of the report [11], is desto
does not assure the necessary level of its opeedtio to optimizing the multi-state safety function, tligk

process eﬁectivgn_ess. Then', an important syste nction of the ship technical system on the bdse o
safety pharacterlstlc is the time .tp the moment ints components’ safety functions and its varialsle i
exceeding the system safety critical state and Sime operation process

distribution, which is called the system risk fuoot
This distribution is strictly related to the system
multi-state safety function that is a basic
characteristic of the multi-state system. Deterngni
the multi-state safety function and the risk fuosti We assume that the system during its operation
of systems on the base of their components’ safetyrocess has different operation states. Thus we can
functions is then the main research problem.define the system operation procesg(t ),

Modelling of complicated systems operations’ {j<( +00 >, as the process with discrete operation
processes is difficult mainly because of large nemb states from the set

2. System safety in variable operation
conditions
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Z2={z,,z,,...,2

Ly

}.

In practice a convenient assumption is th@j is a
semi-markov process [3] with its conditional

lifetimes g, at the operation state, when its next
operation state i, b,1=12,..,v, bZl. In this
case the proce&t) may be described by:

- the vector of probabilities of the process initia
operation statepp, (0)],,, ,

- the matrix of the probabilities of the process
transitions between the operation stafgs,]
where p,, (t) = Ofor b=12,...,v.

- the matrix of the conditional distribution funmtis
[H, (t)],, of the process lifetimes,, b#l, in the
operation statez, when the next operation state is
z,where H, (t)=P(g, <t) for b,1=12...v,
bzl, andH, (t) = Ofor b=12,...,v.

Under these assumptions, the lifetimég mean
values are given by

vxy !

M, =E[6,]=[tdH, 1), b1=12..y, (1)

b#l.

The unconditional distribution functions of the
lifetimes 6, of the processZ(t )at the operation

statesz, ,b=12,...,v, are given by
H, ) = épble M), b=12,...v.

The mean values[ g, ] of the unconditional
lifetimes 6, are given by

M, =E[6,] = épblel L b=12...v, )

where M,, are defined by (1).
Limit values of the transient probabilities at the

operation states
p,t)=P(Z(t) = z,), tO<0+w), b=12,...,v,
are given by

M,

, b=12,...v, 3)

v

P, = !im Py (t) =
o é”ﬂvh

where the probabilitiesrz, of the vector[n,],,,
satisfy the system of equations
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[77,] =171 Py ]

S =1 ) (4

We assume that the system is composed nof
componentsk, ,i =12,...,n,and that the changes of

the operation proce&t) states have an influence on
the system components safety and on the system

safety structure as well.
Consequently, we denote the componEntlifetime

by T,® and by
s ,0=1[1, s ¢,D, s ¢,2), ..., s (t, 2)],
where fort 0<0,«), b=12,....v, u=12,...,z
s (t,u) = P(T,” (u) > 1|2 (t) = 2,),

its conditional safety function while the systenats
the operational statg,, b=12,...,v.

Similarly, we denote the system lifetime BY” (u)
and by
(b) - ©)
S (6 D=11, s

b

t,2), ..., s®

b

¢.0. s® (t.2)]

for n,0{12,...n}, where n, are numbers of
components in the operation states and for
tO0<0Q,), n, O{12,....n}, b=12...v, u=12,...,7

sy (t,u), = P(T® (u) >1Z(t) = z,).

the conditional safety function of the system while
the system is at the operational staje b=12,...,v.

Thus, the safety functios (t,u is the conditional
probability that the componeri; lifetime T,* (u)

in the state subsdu,u+1,...,z is not less thar,
while the proces«(t) is at the operation state .
Similarly, the safety functions(’(t,u) is the
conditional probability that the system lifetime
T®(u) in the state subsdu,u+1,...,z is not less
thant, while the procesz(t) is at the operation state
zZ,.

In the case when the system operation time is large

enough, the unconditional safety function of the
system is given by

s, =[1, s, ., s, .2, ..., s,(t,2)], t=0,



SSARS 2009
Summer Safety and Reliability Semindidy 19-25 2009 Gdaisk-Sopot, Poland

where of seats on a board is 981. The main engines afe 4
the kind MAN 4840 kW, the propellers are 2 of the
kind Ka Me Wa with diameter 4800 mm, the BOW
thrusters are 2 of the kind 1275 kW and 735 kW and
the aft thruster is 1 of the kind 735 kW. The
for t=0,n, 0{12...,n}, u=12..,z,and T(u) is navigation and communication equipments are
the unconditional lifetime of the system in theetpf ~2ccording to SOLAS Convention. The ferry speed is
state subseu,u+1...,2}. 19.5'knots (calm vv_ater) (RPM — 178). The service
restriction are: maximum of 350 NM from land and
wave height of 3.1 m, according to the Stockholm

s, (t,u) = P(T(u) >t) O3 p,s? (t,u) 5)

b

The mean values of the system lifetimes in thetgafe
state subsdtu,u+1,...,zZ are

Agreement.
4(u) = E[T(u)] Di Py iy (U), U=12,...,2, (6) 3. Stena Baltica Ferry in variable operation
b=1 conditions
where [7],[9] We preliminarily assume that the Stena Balticayferr

is composed of five subsysten$, S,, S,, S,, S,

_% o) having an essential influence on her safety [11].
Hy (W) = ({Snb (twdt, n,0{12,....n}, 7) These subsystems are:
u=12..7 S - a navigational subsystem,
S, - a propulsion and controlling subsystem,
The mean values of the system lifetimes in the S, - a loading and unloading subsystem,

particular safety statas, are [4] S, - a hull subsystem
4 7

() = p(U) - g(U+1), u=12,....2-1, S, - an anchoring and mooring subsystem,

7(2) = u(2) ®) S, - a protection and rescue subsystem,
S, - a social subsystem.
3. The Stena Baltica ferry description In our further ship safety analysis we will omieth

L . protection and rescue subsyste®p and the social
The m/v Stena Baltica is a passenger Ro-Ro shu? b q i ider | -
operating in Baltic Sea between Gdynia andSuPsystemsS, and we will consider its strictly

Karlskrona ports on regular everyday line. Her owne technical subsystem§, S,, S;, S, and S; only.
is Stena Line Scandinavia AB. She was build inFurther, assuming that the ship is in the safetest
Gdaisk Shipyard in 2005. subset {,u+1,...,4} if all its subsystems are in this

o subset of safety states and considebwegnition 3.4
[4], we conclude that the ship is a series systém o
subsystemsS, S,, S,, S,, S, with a general
scheme and detailed scheme presented respectively
in Figure2

— S 52_—55—

Figure 2.General scheme of ship safety structure

Taking into account the operation process of the
Figure 1 Stena Baltica Ferry C(_)nsidered ferry we distinguish the following as it
eighteen operation states:

She is characterized by the following parametés: t , ., operation state, — loading at Gdynia Port
length of 164.41m, the breadth moulded of 27.60 m, '

the summer load draft of 6.313 m, DWT of 4456, the” 2" operation state, —unmooring operations at
displacement of 16618 tons, the cargo capacity of Gdynia PO_fL _ _

466 cars, the total numbers of passengers and cretv an operation state, —leaving Gdynia Port and
capacity of 1200 + 96 = 1296. The number of cabins navigation to “GD” buoy,

is 379 with the number of beds 949 and total number
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e an operation statg —navigation at restricted M, =525 M, =52595 M, =37.16,
waters from “GD” buoy to the end of Traffic
Separation Scheme, M., =702, My, =2143 M,,, =5369,

* an operation state, —navigation at open waters
from the end of Traffic Separation Scheme to M, ,, =293 M, =438 M,,,,=2386,
“Angoring” buoy,

e an operation statez, —navigation at restricted M, =50969, M, =5014, M . =3428,
waters from “Angoring” buoy to “Verko” Berth at

Karlskrona, _ _ M, = 452, M, = 562 M, =1874.
e an operation statez, —mooring operations at

Karlskrona Port, Hence, by (2), the unconditional mean lifetimes in
 an operation stateg, —unloading at Karlskrona the operation states are:

Port,

* an operation state, —loading at Karlskrona Port, M, =5433 M, = 257, M, = 3657,
* an operation state,, —unmooring operations at

Karlskrona Port’ M4 = 525, M 5 — 52595, M 6 — 3716,
* an operation state , — ship turning at Karlskrona
Port M, = 702 M, = 2143 M, = 5369,

« an operation state,, —leaving Karlskrona Port
and navigation at restricted waters to “Angoring” Mo
buoy,

« an operation state,, — navigation at open waters M ; =50969, M, =5014, M, = 3428,

293 M,, = 438 M, = 2386,

from “Angoring” buoy to the entering Traffic M, = 452, M, = 562, M, = 1874
Separation Scheme,

 an operation statez,, —navigation at restricted gjnce from the system of equations (4) we get
waters from the entering Traffic Separation

Scheme to “GD” buoy, n=n,=n=n=7n,="n=1n,=
* an operation statez,; —navigation from “GD”
buoy to tl.":ning area, . . . 778 = 779 = nlO = nll = 7712 = n13 = n14 =
* an operation statez,, —ship turning at Gdynia
Port, . . . Ths = Ty = 7,; = 71, = 0.056
e an operation statez, —mooring operations at
Gdynia Port, then the limit values of the transient probabititie

* an operation state ;, — unloading at Gdynia Port. p, (1) atthe operational states, according to (3),
On thg__basis of daftg coming from experts, _theare given by
probabilities of transitions between the operation

states are approximately given by p, =0.037, p, =0.002 p, = 0.025 p, =0.036
010...00 p, =0364, p, =0.025 p, =0.005 p, =0.014
001...00
[Pul=]--. : p, = 0.037, p,, =0.002 p,, =0.003 p,, =0.017,
000...01
100...00 p,. =0.354 p,, =0.035 p, =0.024 p, =0.003
and the conditional mean values of lifetimes in the ~ Pi» =0.004 p;; =0.013 9)

operation states are:
We assume as earlier that the ship is composed of

M,, =5433, M,, = 257, M,, =3657, n=5 subsystemsS ,i=12..5 and that the
changes of the process of ship operation states hav
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an influence on the system subsysteghsafety and = exp[0.433] exp[-0.08] = exp[-0.483], (12)

on the ship safety structure as well. The subsystem

S, i=12345 are composed of five-state S (t, 2)

components, i.ez = 4, with the multi-state safety

functions = exp[0.59] exp[-0.06G] = exp[-0.65] (13)
s (¢, 0 Sel(c)
=1, s® ¢,D, s® ¢,2), s® ,3, s (t,4)], = exp[0.694] exp[-0.068] = exp[-0.7@], (14)
t0<0,0), b=12,...18 u= 1234, 57(t, 4)

with exponential co-ordinates different in various = expF0.8%] exp[-0.07] = exp[-0.92]. (15)

operation stateg , b=12,...18.

In [11], on the basis of expert opinions concerned’ ' " e .
with the safety of the ship components the ShiIOsh|p conditional lifetimes in the safety state sibs

safety function in different operation conditionea calculated from the above result given by (10)(15)
determined. according to (7), at the operational stateare:

At the operation state,, i.e. at the loading state the
ship is built ofn, =2subsystemsS, and S, forming

The expected values and standard deviations of the

w, (1) C2.07, 4, (2)C 154

a series structure [4] shownfigure 3 #(3) £1.32, py (4L 1.09 years, (16)
S3 Sq 0,(1) £2.07,0, (2) C1.54,
S5 S5 Sa 0,(3) £1.32,0, (4) C1.09 years, (17)
e B f and further, using (8), it follows that the ship
conditional lifetimes in the particular safety st

Figure 3.The scheme of the ship structure at the the operational state; are:

operation state
P ! 7, (1) C0.53, 7, (2) £ 0.22,

Considering that the ship is in the safety statessts H:(3) £0.23, 11, (4) C1.09 years. (18)
{u,u+1,...4}, u= 1234, if all its subsystems are in ! !

this safety state subset, accordingDiefinition 3.4 At the operation states, , i.e. at the cargo loading
[4], the considered system is a five-state series

system and the conditional safety function of thip s anto)l un-loading statg thfe Sh'p IS bl_mt 0} =3
while the ship is at the operational staigs given subsystemss,, S, and s, forming a series structure

[4] shown inFigure 4

by
S o \ \
Il
=15t D. 57 2,5 3,5 4] (10) I
where
—0 " o Figure 4.The scheme of the ship structure at the
S, (tu) = Sg(t u) syt u) (11) operation statez,
for t 0< 0,»), u=1,2,3,4, Considering that the ship is in the safety statesests
{u,u+1,...4}, u= 1234, if all its subsystems are in
ie. this safety state subset, accordingDefinition 3.4
[4], the considered system is a five-state series
59 (t, 1) system and the conditional safety function of thig s
2 )
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while the ship is at the operational statgs given

by

St Iy

=157t .57 2,57 3,57 41,19

where
5P (t,u)

=s@(t, u) s?,,,... (@t U) s, (t, u)
for t 0< 0,), u=1,2,3,4,
ie.
s (t, 1) = exp[0.033][ 12 exp[-0.33
+ 8 exp[-0.42P16exp[-0.36F
- 3exp[-0.46Rexp[-0.099]
= 12 exp[-0.462+ 8 exp[-0.561]
-16exp[-0.49p 3exp[-0.594]
SP(t, 2) = exp[0.04][ 12 exp[-0.38]
+ 8 exp[-0.4]2+ 6 exp[-0.46]
- 16 exp[-0.42- 6 exp[-0.45]
- 3 exp[-0.53 exp[-0.12]
=12 exp[-0.54 + 8 exp[-0.6%)|
+ 6 exp[-0.6]2- 16 exp[-0.5§
- 6 exp[-0.6]l- 3 exp[-0.69],
52 (t, 3) = exp[-0.045][ 12 exp[-0.43)]
+ 8 exp[-0.585+ 6 exp[-0.5F]
- 16 exp[-0.48- 6 exp[-0.50%
- 3 exp[-0.60% exp[-0.145]
= 12 exp[-0.62+ 8 exp[-0.748

+ 6 exp[-0.TP- 16 exp[-0.67]

(20)

(21)

(22)
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- 6 exp[-0.695 3 exp[-0.794, (23)
S5@(t, 4) = exp[0.08][ 12 exp[-0.47]

+ 8 exp[-0.665+ 6 exp[-0.5§

- 16 exp[-0.585 6 exp[-0.5%

- 3 exp[-0.66 exp[-0.165]

= 12 exp[-0.685+ 8 exp[-0.82)

+ 6 exp[-0.795 16 exp[-0.74

- 6 exp[-0.765 3 exp[-0.87H. (24)

The expected values and standard deviations of the
ship conditional lifetimes in the safety state ®ibs
calculated from the above result given by (19)-(24)

according to (7), at the operational staeare:

U, ) C 286, 1,(2) C0.43
Uy (3) C2.14, u, (4)C 1.93 years, (25)

0,(2) C£2.74,0, (2) £L2.35,
0,3 [C2.05,0, (4 C1.85years, (26)

and further, using (8), it follows that the ship
conditional lifetimes in the particular safety st

the operational state, are:

H, ) C0.43,1,(2) C£0.29,
H,(3) £0.21, 17, (4) L 1.93 years. 27)

At the remaining operation states,, z,,z, z,,

Z7' ZS’ 29' ZlO’ le’ 212' 213' Z14' Z15' 216’ Z17 and Z18

we proceed in an analogous way. We determined the
system conditional safety functions in particular
operation states and the expected values and standa
deviations of the ship conditional lifetimes.

In the case when the system operation time is large
enough, the unconditional safety function of thgsh

is given by the vector

s (t, Y
=[1, s, .1, s, .2, s, ¢,3, s, (t,4)], t=0,(28)
where, according to (5) and after considering the

values of p, , b=1212,...18 given by (9), its co-
ordinates are as follows:
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s, (t,1) =0.037E" (t,1) +0.002E2 (t,1)
+0.02530 (t,1) +0.0363E (t,1)
+0.3645° (t,1) +0.0255% (t,1)
+0,0053% (t,1) +0.0145% (t,1)
+0.037E (t,1) + 00025 (t,1)
+0.0035% (t,1) +0.017E (,1)
+0.3545" (t,1) +0.035E (t,1)
+0.0248 (t,1) + 00038 (t,1)

+0.004E8" ¢,1) +0.013E° (1), (29)

s, (t,2) = 0.037EY (t,2) +0.002E2 (,2)
+0.02532 (t,2) +0.0363Y (t,2)
+0.3643° (t,2) +0.025E° (t,2)
+0.0058 (t,2) +0.0143EY (t,2)
+0.03732 (t,2) +0.0025% (,2)
+0.0038" (t,2) +0.017E" (t,2)
+0.3548% (t,2) +0.0353 (t,2)
+0.02435" (t,2) +0.0038 (,2)
+0.00458" (t,2) + 00136 (,2), (30)
s, (t,3) =0.037E" (t,3) +0.002E2 (t,3)
+0.0253 (t,3) +0.0363Y (t,3)
+0.3645° (t,3) +0.0255° (t,3)
+0.0058 (t,3) +0.0145° (t,3)
+0.0378” (t,3) +0.0028" (t,3)

+0.0038" (t,3) +0.017E" (t,3)
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+0.3548% (t,3) +0.035E (t,3)
+0.024E (t,3) +0.0035% (t,3)
+0.0043% (t,3) +0.0135% (,3), (31)
s, (t,4) = 0.037E (t,4) +0.002E2 (,4)
+00258P (t,4) +0.036EY (t,4)
+0.36433" (t,4) +0.0258° (,4)
+0.0055" (t,4) +0.0145® (t,4)
+0.03732 (t,4) +0.0028% (t,4)
+0.0038" (t,4) +0.017B (t,4)
+0.35485 (t,4) +0.0353 (t,4)
+0.024E% (t,4) +0.0038% (t,4)

+0.0043E" (t,4) +00138% (t,4)fort=0, (32)

where
5 (t,u), u= 1234, b=12...18 are given in [9]

The mean values and standard deviations of the
system unconditional lifetimes in the safety state
subsets, according to (6)-(7) respectively are:

M@ C 0.037(207 +0.002[ 286 + 0.025[ 494

+0.036[ 4.2 +0.364[4.2 + 0.025[ 401

+0.005[ 286 + 0.014[ 353 + 0.037[ 353
+0.002[ 286 + 0.003[ 391+ 0.017(4.2

+0.354[42 +0.03504.2 +0.024 494
+0.003[ 391 + 0.004[ 286 + 0.013[ 207
C 407, (33)

o C 41

4(2) C 0.0370154 +0.002( 243 +0.025[39
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+0.036[ 380+ 0.364[ 380 + 0.025[ 324 T(4) = p(d) = 287. (37)

+0.0051 243 +0.0140 250 +0.037( 250 If the critical safety state is = 2, then the system
risk function, according to (129] , is given by
+0.002[ 243 + 0.003[ 337 +0.017[ 380
r()=1-s, .2
+0.354[ 380+ 0.035[ 380 +0.024[ 390

=1-[0.037E" ,2) +0.002E2 (t,2)
+0.003( 337 +0.004( 243 [ 359, (34)

3 (4)
o(2) C 334, +0.02508,” (t,2) +0.03605;” (t,2)

4(3) T 0037132 +0.002( 214 + 0.025( 344 +0364(5;7 (t,2) +0.0255;" (,2)

+0.036[ 338+ 0.364[ 338 + 0.025[ 288 +0.0055;" (t,2) +0.014E7 (t,2)

+0.005[ 214 +0.014[ 217 +0.037[ 217 +0037E2 (t,2) + 00025 (,2)
+0.002[ 214 +0.003[ 307 + 0.017[ 338 +0.0035® (t,2) +0.017E% (,2)
+0.354[ 338 + 0.035[ 338 + 0.024[ 344 +035451 (1,2) + 00355 (t,2)

+ 0. U7 +0. 14 +0. .
0.003[ 307 +0.004[ 214 +0.013(1.32 +0.02453% (1,2) + 00035 (,2)

C 319, (35)

+0.0048% (t,2) +0.013E" (t,2)] (38)
o(3) C 365, fort=>0.
4(4) C 0.037(109 +0.002[193 + 0.025[3.1 Hence, the moment when the system risk function

exceeds a permitted level, for instande = 0.05,

+0.036[ 305+ 0.3641 305 + 0.025( 261 from (13) [6], is

—

+0.005[193 +0.014[192 + 0.037(192 r=r(9C0.19 years. (39)
+0.002193 +0.003[ 276 + 0.017( 305 121
l 4
+0.354( 305 + 0.035[ 305 + 0.024[ 310 o5

+0.003[ 276 + 0.004[193 + 0.013[109

0,4

0,2

C 287, (36)
0 T
0 2 4 6 8 10 12 14
o(4)C 275. .
The mean values of the system lifetimes in the_. ] ) )
particular safety states, by (8), are Figure 5.A graph of a risk functiorr (t) of the ship
AL =p@ - u) =048 4. Conclusion
_ In the paper the multi-state approach [4] to tHetga
H(2)=p(2) - n3) =04, analysis and evaluation of systems related to their
variable operation processes has been considered.
HE) =u@) — u@) =032 The ship safety structure and its safety subsystems
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characteristics are changing in different statestwh

makes the analysis more complicated. A semi-
markov model [3] of this ferry operation process is

applied and its parameters statistical identifaratis

performed. The Stena Baltca ferry operation process
is analyzed and its operation states are definefB]

Preliminary collected statistical data is appliedhe
ferry operation process identification. Basic safet

structures of multi-state systems of componenth wit

degrading safety states related to their variablgl]
operation conditions are applied to the considered
ferry safety determination. For the ferry technical
subsystems the conditional and unconditional multi-
state safety functions are determined. The proposed
approach to the solution of a practically importan{5]
problem of linking the multi-state systems safety

models and the systems operation processes models

is applied to the preliminary evaluation of theetaf
function, the risk function and other

safety[6]
characteristics of the Stena Baltica ferry opetatin
with varying in time her structure and safety

characteristics of the subsystems and components it
is composed. The system safety structures are fixed

generally with not high accuracy in details conegrn

[7]

with the subsystems structures because of their
complexity and concerned with the components

safety characteristics because of the luck ofsticdil

data necessary for their estimation. Whereas, tH8]

input characteristics of the ferry operation praces

are of high quality because of the very good

statistical data necessary for their estimation.

[9]

The results presented in the paper suggest that it
seems reasonable to continue the investigations
focusing on the methods of safety analysis for rothe

more complex multi-state systems and the methods

of safety evaluation related to the multi-stateesys [10]

in variable operation processes and their apptinati
to the ship transportation systems [11].
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