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Abstract

There is presented the contents of the trainingseoaddressed to industry. The curriculum of thersm
includes the methods, algorithms and proceduresdentification of the safety models of componeoitshe
complex technical systems and their applicationgractice. It is based on the theoretical backgisun
concerned with the semi-markov modeling of the dempechnical systems operation processes, on the
complex technical systems and their componentsistatk safety models and on the statistical metludds
identification of the complex technical system coments safety models. The illustration of the pemub
methods and procedures practical application iritimer transportation is included.

1. Introduction operating in various operation states, fixing
and describing the components of the
subsystems operating in various operation
states;

- Methodology of defining the parameters of
the system components multi-state safety
models based on [3]: fixing the number of
different safety states of the system
components, defining the safety states of the
system components, fixing the possible
transitions between the system components
safety states, fixing the set of unknown
parameters of the system components safety
models;

- Procedure of the system components safety
data collection based on [1]: In the case of
data coming from experts, fixing the
approximate mean values of the system
components lifetimes in the safety states
subsets; In the case of data coming from the

Sﬂeaﬁrtgrtla from ]Ehfg ;afe'z statebs sutbsets; d system components safety state changing
i ethodology of Tixing the subsystems an processes, fixing the following experiment

components of the complex technical kinds: Case 1 Observations of the
systems in various operation states on [5] realizations of the component lifetimes up to

a'm'd [2]: defining the system operation states, the first departure from the safety states
fixing the subsystems of the system

The training course is concerned with methods,
algorithms and procedures of identification of the
safety models the complex technical systems and
their application in practice and it is based oa th
results given in [3] and [1]. The participants bkt
course are provided training materials and a disk
with the computer program included in [4]. Presdnte
at the training course example of practical
applications is coming from [6].

The training course includes the following items:

- Theoretical backgrounds based on [3]: basic
notions of the system multi-state safety
analysis, definition of the conditional multi-
state safety function of the system
components, definition of the conditional
multi-state exponential safety function of the
system components, definition of the system
components  conditional intensities  of
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subset on several experimental posts -—
Completed investigations, the same
observation time on all experimental posts;
Case 2 Observations of the realizations of
the component lifetimes up to the first
departure from the safety states subset on
several experimental posts — Non-completed
investigations, the same observation time on
all experimental post€ase 3 Observations

of the realizations of the component lifetimes
up to the first departure from the safety states
subset on several experimental posts — Non-
completed investigations, different
observation times on particular experimental
posts; Case 4 Observations of the
realizations of the component simple
renewal flow (stream) on one experimental
post;Case 5 Observations of the realizations
of the component simple renewal flows
(streams) on several experimental posts —
The same observation time on all
experimental postsCase 6 Observations of
the realizations of the component simple
renewal flows (streams) on several
experimental posts — Different observation
times on experimental posts; fixing the
experiments duration times, fixing the
realizations of the component lifetimes up to
the first departure from the safety states
subsets, fixing the numbers of the observed
realizations of the component lifetimes up to
the first departure from the safety states
subsets irCases 1-6

Procedure of evaluating the unknown system
component  conditional intensities  of
departures from the safety states subset
based on [1]Case 1 The estimation of the
component intensity of departure from the
safety states subset on the basis of the
realizations of the component lifetimes up to
the first departure from the safety states
subset on several experimental posts -
Completed investigations, the same
observation time on all experimental posts;
Case 2 The estimation of the component
intensity of departure from the safety states
subset on the basis of the realizations of the
component lifetimes up to the first departure
from the safety states subset on several
experimental posts - Non-completed

safety states subset on several experimental
posts — Non-completed investigations,
different observation times on particular
experimental postsCase 4 The estimation

of the component intensity of departure from
the safety states subset on the basis of the
realizations of the component simple
renewal flow (stream) on one experimental
post;, Case 5 The estimation of the
component intensity of departure from the
safety states subset on the basis of the
realizations of the component simple
renewal flows (streams) on several
experimental posts — The same observation
time on all experimental post€ase 6 The
estimation of the component intensity of
departure from the safety states subset on the
basis of the realizations of the component
simple renewal flows (streams) on several
experimental posts — Different observation
times on experimental posts; The
pessimistic estimations of the components
intensities of departures from the safety
states subsets in &lases 2-6

Procedure of identifying the system
components conditional multi-state
exponential safety functions based on [1]:
constructing and plotting the realization of
the histogram of the system component
conditional lifetime in the safety states
subset, analyzing the realization of the
histogram, comparing the histogram
realization with the graph of the exponential
density function and in the case of their good
conformity formulating the hypothesis
concerning the exponential form of the
system component conditional multi-state
safety function;

- Procedure of applying the computer
program for identification of system
components reliability models based on [4];

- Application of the procedures and
computer program for identification of the
safety models of the components of real
complex technical systems operating in
variable conditions: identification of the
safety of the components of the technical
system of the Stena Baltica ferry based on

[6].

investigations, the same observation time on2. Theoretical backgrounds

all experimental posts;Case 3 The

estimation of the component intensity o
departure from the safety states subset on th
basis of the realizations of the component

lifetimes up to the first departure from the —
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— a componentsE has the safety state set influence on the safety functions of the system
{0,1,..8, z=1, components and we mark Gy” (u) the conditional

— the safety states are ordered, the state 0 is thfetime T®(u) of the system component in the

worst_and the stateis the_best, : safety states subsefu,u+1...,zZ, u=12..,z
— T(u) is a random variable representing the . i
lifetime of componentE in the state subset Consequently, we mark the conditional multistate

{uu+l,...7}, while it was in the state at the safety function of the system component when the

momentt = 0, system is in the operation statg, b=12,...,v, by
— the component safety states degrade with time

without repair, St 01 =11, [st. DI® . [s(t. 2)|® 4
— €t) is a componenE state at the momerit [s(t, D= [ 1 DI oo, [t 2T )

t 0< 0,), given that it was in the stateat the where

momentt = 0.
The above assumptions mean that the states of the[s(t wl® = PT® (u) >t|Z(t) =7) (5)

H b

system with degrading components may be changed

in time only from better to worse (sdggure 1).
fort0<0Q,:0), u=12,...,z, b=12,...,v,

transitions

is the conditional safety function standing the
probability that the conditional lifetim@ ® (u  pf

) ) 4 :
i the system component in the safety states subset
@ @ ‘ {u,u+1,...,z is greater thart, while the system

operation procesZ(t) is in the operation state, ,
b=12,...v.

best state worst state  Further, we assume that the coordinates of thewect
of the conditional multistate safety function (4pa
exponential safety functions of the form

Figure 1.lllustration of safety states changing in

systemwith [ t
y Ith ageing components [s(t,u)]“’) — exp[—[/\ (u)](b)t] (6)

Under these assumption, a vector for t0< 0,00), U=12,...,z, b=12,...v.

qt.1) = [s(t,0) S(t,1),...8(t.2)], U< 0,0), 1)
of the system component conditional life time
T®() in the safety states subsgs,u+1,...,7},
qt,u) = P(e(t) = u| &0) =2) u=12,...,z at the operation statg , b=12,...v,

is exponential of the form

where

=P(T (u) >t), t0< 0,»),u=0,1,..7 (2)

[FEu)]® =[Au)]® exp[HAW)]®1] (7)
is the probability that the componeBt is in the
safety states subséu,u+1,...,zZ at the moment, for t 0< 0, ),
t 0< 0,:), while it was in the safety stateat the
momentt = O, is called the multi-state safety function where [A(W)]® , [AW)]®™ =0, is an unknown

of a componerk. _ intensity of departure from this subset of the tyafe
Particularly, foru =0, in (1) and (2) we have states.
qt.0) =P(&(t) 2 0| &0) =2) 3. Procedures of identification of complex

—P(T (0) >1) = 1, t (1< 0, ). 3) technical system components safety models

3.1. Methodology of fixing the subsystems and
We assume that the changes of operation states of t components of the complex technical systems
multistate system operation proceg§t) have an in various operation states
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To fix the subsystems and components of the syster8.3. Procedures of the system components
in various operation states, firstly, we shouldlgz®  safety data collection
the system operation process and to fix or to defin

its following general parameters: 3.3.1. Data coming from experts
- the number of the operation states of the syster®n the basis of the expert opinions the approximate
operation process values

vV, [aW]®,u=12..,2 b=12..v,

- the operation states of the system operationggc  of the mean values
2,2, . 2. [W]® =ETW]®,u=12,...,z, b=12,...v,

Next, we should do the following steps: of the system components lifetime§T (u)]®,
u=12...,z, b=12,..v, in the safety states subsets
{u,u+l,...,zZ, u=12..z while the system is
operating in the operation statg, b=12,...v,
i) to fix, to describe and to mark the components of should be fixed.

the subsystems operating in particular operation

states. 3.3.2. Data coming from components safety

states changing processes

i) to fixing the subsystems of the system operating
in particular operation states;

3.2. Methodology of defining the parameters To estimate the unknown parameters of the system

of the system components conditional mult- components multistate safety models, during the
state safety models experiment, we should collect necessary statistical
To make the estimation of the unknown parameterglata performing the following steps:

of the system components conditional multistate

safety functions the experiment delivering thei) to fix the experiment kinds subjected to the
necessary statistical data should be precisely defined belowCases 1-6;

planned.
Firstly, before the experiment, we should perfone t i) to fix and to collect, irCases 1-6the following
following preliminary steps: statistical data necessary to evaluating the

unknown intensity of departure from the safety
iii) to analyze the processes of safety states changing states subsets:

of all system components in different operation
states; - the experiments duration times,

iv) to fix or to define its following general -the realizations of the component lifetimes uphe
parameters: first departure from the safety states subsets,

- the number of the safety states of the system the numbers of the observed realizations of the
components component lifetimes up to the first departure from
the safety states subsets.

Z 1

The fixed kinds of the experiments and the coligcte
- the safety states of the system components statistical data are described below.
0,1,..,z; Case 1.

The estimation of the component intensity of
v) to fix the possible transitions between the systemdeparture from the safety states subset on thesbasi

components safety states; of the realizations of the component lifetimes aip t
the first departure from the safety states subset o
iv) to fix the set of the unknown safety parametsfrs several — experimental ~ posts —  Completed

the system components.
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investigations, the same observation time on allj =12 ... n®  (Figure 2 the moment of departure

experimental posts from the safety states subsets of the component on
We assume that during the tin/&”, 7® >0, we the 1 —th observational post, i.e. the realizations of

: - Jenti oo (®)
are observing the realizations of the componenth€ identical —component lifetimes T, (u),

lifetimes T®(u) in the safety states subset i =12...n", to the first departure from the safety
states subsets, that are the independent random

_ _ _ variables with the exponential distribution defirtad
b=12,..v, on n® identical experimental posts. the density function (7).

Moreover, we assume that during the fixed
observation timer® all components have left the
safety states subset and we mark #(u) =t,,

{uu+l...,7Z,u=12,...,z atthe operation statg,

R :

1 a4 |

Ly *

2 . to !

i3 i

:

B * :
N b
T( )

Figure 2.The scheme of the realizations of the componéatiriies up to the first departure from the safety

states subset on® observational posts (completed investigationsstrae observation time on all
experimental posts)

Case 2. Moreover, we assume that during the fixed
The estimation of the component intensity ofgpservation timer®™ not all components have left

departure from the safety states subset on thesbasihe safety states subset and we mark by
of the realizations of the component lifetimes aip t

® () =m, ®y<n®  th b f
the first departure from the safety states subset o m”(W=m mo(W<n © number 0

components that have left the safety states salnskt

several experimental posts — Non-completed o _ ) ,

investigations, the same observation time on allby t” (=t i=12..m"(u), (Figure 3 the

experimental posts moments of their departures from the safety states
subsets, i.e. the realizations of the identical

We assume that during the tinie” 7® >0, we

are observing the realizations of the componentthe first departure from the safety states subs
lifetimes  T®(u) in the safety stgtes subset gre the independent random variables with the
{u,u+1,..,Z2,u=12,...,z atthe operation statg,  exponential distribution defined by the density

b=12..v, on n® identical experimental posts. function (7).

component lifetimesT,® (u), i =212,...m" (u), to
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Figure 3.The scheme of the realizations of the componéatirties up to the first departure from the safety

states subset on® observational posts (non-completed investigatitivessame observation time on all
experimental posts)

Case 3. observation time respectively on the-th
The estimation of the component intensity ofexperimental post. Moreover, we assume that during
departure from the safety states subset on thesbasithe fixed observation timeg® not all components

of the realizations of the component lifetimes @ip t haye left the safety states subset and we mark by
the first departure from the safety states subset o m®u)=m, mPu<n®, the number of

several experimental osts — Non-completed

investigationz, differentp observation timesIO on cOmponents that have left the safety states sabset
particular experimental posts by t®(u)=t,, i=22...m"(u), (Figure 4 the
Or‘noments of their departures from the safety states
subsets, i.e. the realizations of the identical
component lifetimesT,® (u), i =12,...m" (u), to

the first departure from the safety states sub$weds,
statez,, b=12,...v, on n® identical experimental are the independent random variables with the
posts. We assume that the observation times omexponential distribution defined by the density
particular experimental posts are different and wefunction (7).

We assume that we are observing the realizations
the component lifetime3 ® (u in the safety states
subset{u,u+1,...,Z} , u=12,...,z, at the operation

mark by 7®, r®>0 i=22..n", the
1 @ -
g o
2 Sy T - T?b)
t,” @ 2

(b °
m VB ________________________ a4 b
(B),4 1 .t %,

m +J_ ) 4 \ 4
T(b) t(b) (1)
m(®+1 m(®) +1

(b) °

n (b (b)
Tlg(n)) fn(n) (1) o
0 t

Figure 4.The scheme of the realizations of the componéatiriies up to the first departure from the safety

states subset on® observational posts (non-completed investigatidifierent observation times on all
experimental posts)
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Case 4. components is continuing during the observation
The estimation of the component intensity oftime r®, r® >0, and that during this time
departure from the safety states subs_et on thes baS|ml(b) W=m, m®(u)<n®, components have left
of the realizations of the component simple renewal

flow (stream) on one experimental post the safety states subsat,u+1,...,zZ} and we mark

®) (1)) = P = ®) i
We assume that we are observing the realizations ol?y W) =t, '__ 12,...m7~(u), (Figure 9 the
the component lifetimed ® (U in the safety states moments of their departures from the safety states

i subsets, i.e. the realizations of the identical
subset{u,u+1,...,Z , u=12,...,z, at the operation

. component lifetimesT,® (u), i =212,...m" (u), to
statez,, b=12,...v, on one experimental post. We the first departure from the safety states subset

assume that at the moment when the component ig, ,+1,.. 7, that are the independent random
leaving the. §afety states subs¢u,u+1...2, variables with the exponential distribution defirgd
u=12..,z itis replaced at once by the same newthe density function (7).

component staying at the best safety state
Moreover, we assume that the renewal process of the

| =5 = ~ ——

b)
0 t t, t tyyer 7O

Figure 5.The scheme of the realizations of the componemplsi renewal flow (stream) on one experimental
post

Case 5. components is continuing at all experimental posts
The estimation of the component intensity ofduring the same observation tinr& 7 >0. We
departure from the safety states subs_et on thes bas'lassume that during this time® (u), k =12,...,n"®
of the realizations of the component simple renewa

flows (streams) on several experimental posts — Thgli)mpofnents at thk'tg experimental p%st have IEft
same observation time on all experimental posts ~ (N€ safety states subsgt,u+1...,z and we mar

® (O =10 i = () i
We assume that we are observing the realizations ol?y [t (W) 4 . | =12....m”(u), (Figure § the
L ) moments of their departures from the safety states
the component lifetime3 ™ (u in the safety states . o . .
bset{ 1.2 12 f th i subsets, i.e. the realizations of the identical

supsetyu,u+1,...,z;, U= vy Z, @l € operatuon e . (b) K = (b)
state z,, b=12,...v, on n® experimental posts compongnt etimes(T, " W, 1= 2....mc (1),

%, D=L4.00, P POSIS.  to the first departure from the safety states subse
We assume that at the moment when the componerfiy,u +1,...,z, that are the independent random

is leaving the safety states subdetu+1...Z,  yariables with the exponential distribution defirtsd
u=12,..,z itis replaced at once by the same newthe density function (7).

component staying at the best reliability state
Moreover, we assume that the renewal process of the
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1 ~ ~ > T ~ 7 — >
£ (1) (L) £ (@) +@ >
1 2 " 1
) ) (2
2 t2 ti tm2+1
~ ~" ~— —r ~— >
(k) (k) (k) (k)
t1 tz ti tmk+1
— — — >
n t (n) t (n) t (n) t(n)
k 1 2 i mp+1
n(b)

(b)
T
Figure 6.The scheme of the realizations of the componemplsi renewal flows (streams) on several
experimental posts (the same observation time l@xperimental posts)

Case6. _ ' m®(u), k=12....n", components at thek-th

'(;’he testm]]atlonth of tfh(te ctoTponth tmtent?lltyb Ofexperimental post have left the safety states subse

eparture from the safety states Subset on ihes aS'{u,u+J,...,z} and we mark by[t® (u)]® =t",

of the realizations of the component simple renewal’ o . ' P

flows (streams) on several experimental posts —i =12...m”(u), (Figure 7) the moments of their

Different observation times on experimental posts  departures from the safety states subsets, i.e. the

We assume that we are observing the realizations Orfeaglzatlcins. of the |dbent|cal compqnent lifetimes
[TOW)]™, i=12,...m"(u), to the first departure

the component lifetime3 ® (u in the safety states
from the safety states subdet,u +1,...,2}, that are

subset{u,u+1,...,Z, u=12,...,z, at the operation i ) )
the independent random variables with the

— (b) H
state z,, b=12,...v, on n experimental posts. exponential distribution defined by the density
We assume that at the moment when the componeninction (7).

is leaving the safety states subdetu+1,...,7Z,
u=12,...,z, it is replaced at once by the same new
component staying at the best safety state
Moreover, we assume that the renewal process of the
components is continuing at theth experimental

post during the observation timer®, r{” >0,
k=12..n". We assume that during this time
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A ) 1 (i J\?_}H_A b I J;(b)
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Figure 7.The scheme of the realizations of the componemplsi renewal flows (streams) on several
experimental posts (different observation timegperimental posts)

3.4. Procedures of evaluating the system 3.4.2. Data coming from components safety
components unknown intensities of departure  states changing processes

from the safety state subsets On the basis of statistical data described ini&®sct

3.3.2, we want to estimate the value of this unkmow

3.4.1. Data coming from experts intensity of departuri(u)]® from the safety states

On the basis of the approximate values subset{u,u+1,....7, u=12,...,z. The formulae for
) all considered kinds of experiments are presented
[aW]™,u=12,..,z, b=12,...v, below.
of the mean values Case 1.
The estimation of the component intensity of
[W]® =ETW]®,u=12,...,z, b=12,...v, departure from the safety states subset on thesbasi

of the realizations of the component lifetimes aip t

of the system components lifetimegT (u)]® the first departure from the safety states subset o
' several experimental posts —  Completed

u=12..2z b=12..v, inthe safety states SUDSELS j,aqtigations, the same observation time on all

operating in the operation state, b=12,...v, In this case, the maximum likelihood evaluation of
coming from experts and described in Section 3.3.1the unknown component intensity of departure
we want to estimate the valuda(u)]® of the [A(U)]® from the safety states subset is

components unknown intensitiegA(u)]®  of

departure from the safety states suljset +1,...,7} , [j(u)] ® = @L , u=12,...,z. 9

u=12,...,z, while the system is operating in the 2t (u)

operation statez,, b=12,...,v. The formula for all -

system components is given by the following Case 2.

approximate equation The estimation of the component intensity of

departure from the safety states subset on thesbasi
1 of the realizations of the component lifetimes aip t

[AWI® D[/l(u)](b) _[ (u )]tb) U=12..2. (8) the first departure from the sgfety states subser'z 0
b=12..v. several experimental posts — Non-completed
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investigations, the same observation time on all . . = n®
experimental posts [AW]" = 5o - T (13)
In this case, the maximum likelihood evaluation of Lt 37
the unknown component intensity of departure | _ ., e
[A(u)]® from the safety states subset is T
Case 4.
o The estimation of the component intensity of
) - m™ (u) departure from the safety states subset on thesbasi
[/] (u)](b) - m® (1) ’ (10) p y

of the realizations of the component simple renewal
flow (stream) on one experimental post

In this case, the maximum likelihood evaluation of
u=12,...,z. the unknown component intensity of departure

[A(U)]® from the safety states subset is

Z ti(b) (u) + T(b)[n(b) —_ m(b) (u)]

Assuming the observation time® as the moment

of departure from the safety states subset of the m® (u)

components that have not left this safety statbsetu [AU)]™ = O o u=12..z (14)
we get so called a pessimistic evaluation of the z () +d™(u)
intensity of departurgA(u)]®” from the safety states
subset of the form where
d® () =
~ . n(b)
[AW]® = - o (11) . m® () ) ) )
; t® (u) +7”[n® - m® (u)] _ r® _ El ti( )(1) if m¢ )(U) =m® (15)

u=12..7 0 if mMPwW=m®+1 u=12....z

Case 3. In the case ifm®u)=m", u=12,...,z, after

The estimation of the component intensity ofassyming the observation tinté as the moment of
departure from the safety states subset on thes baSideparture from the safety states sulfseti +1,...,7}

of the realizations of the component lifetimes aip t u=12...z of the last component that has not left

the first departure from the safety states subset o o
several experimental posts — Non-completedth's safety states subset we get so called a pistisim

investigations, different observation times on €valuation of the intensity of departuré(u)]® from

particular experimental posts the afety states subsft,u+1,...,.zZ, u=12,...,z, of
In this case, the maximum likelihood evaluation of the form
the unknown component intensity of departure

AW)]® from the safety states subset is P m® +1
[A(U)] y [AU]® = ,u=12..z (16)

2 tP(u)+d®(u)

&) m® (u)
[/] (U)]( ' = m®) (b) ! (12) Case 5.

(u) n

DR ORSPYE The estimation of the component intensity of

_ e departure from the safety states subset on thesbasi
of the realizations of the component simple renewal
flows (streams) on several experimental posts — The

_ _ , same observation time on all experimental posts

Assuming  the  observation  times 7, In this case, the maximum likelihood evaluation of

i =m®u),m”(u)+1...n"”, as the moment of the unknown component intensity of departure

departure from the safety states subset of thdA(u)]” from the safety states subset is
components that have not left this safety statbsetu
we get so called a pessimistic evaluation of the

intensity of departurgA(u)]®” from the safety states
subset of the form

u=12,...,z.
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. Irn"”(U)
[AU)]® = o P J_l , (17)
Z Z [t(b’(U)]’+Zd(b’(U)
u=12,...,z
where forj =12,...,n"
d®(u) =
gy 18
b b j H b — b
_ r® - E [t® @D if mE)(u)—mE) (18)

0 if mMPu)=m®+1 u=12..,z

In the case if there exist, j 0{12,...,n”}, such that
m®(u) =m®, u=12,..,z, the
observation timer® as the moment of departures
from the safety states subsefu,u+1...,7,

u=12..,z, of the Ilast components on all

experimental posts that have not left this saftdtes
subset we get so called pessimistic evaluatiomef t
intensity of departurgA(u)]® from the safety states

assuming

subsef{u,u+1,...,7Z} , u=12,...,z, of the form
(b)
R zmjfb) + n(b)
AW =5 .19
Z Z [t (W]’ +Zd“’>(U)
Case 6.
The estimation of the component intensity of

departure from the safety states subset on thesbasi

of the realizations of the component simple renewa

flows (streams) on several experimental posts —

Different observation times on experimental posts
In this case, the maximum likelihood evaluation of
the unknown component intensity of departure

[A(W)]® from the safety states subset is

& (b)
£m?”(u)
W® )

Z § [t (W]’ + Zd(b) (u)

’Z!

[A(W]® = (20)

u=12,...

where forj =12,...,n"

409

d J‘(b) (U) =

m{® )

_ rj“’) _ Z [t® @] if m}b)(u):m}b) (21)

0 if MPu)=m®+1 u=12..z

In the case if there exigt, j 0{12,...,n
u=12,...,z assuming the
observation times r{”, j=12..n", the
moments of departures from the safety states subset
{u,u+1,...,zZ}, u=12,...,z of the last components

on experimental posts that have not left this gafet

states subset we get so called a pessimistic digiua
of the intensity of departurl(u)]® from the safety

®1, such that
m® (u) =m?®,
as

states subsdu,u+1,...,zZ} , u=12,...,z, of the form
A(b)
A ij@ +n®
(AW =5 . (@
Z Z [t W)’ +Zd“’)(U)
u=12,...,.z

3.5. Procedure of identifying the system
components conditional multistate
exponential safety functions

To formulate and next to verify the non-parametric
hypothesis concerning the exponential form of the
coordinate

[s(t,u)]® = exp[HA(u)]®t] for t 0< 0,00),

u=12,....z, b=12,...,v.

of the vector

[st, )1® = [1, [s@t, DI ..., [s(t, 2],

of the conditional multistate safety function ofth
system component when the system is at the

operation statez,, b=12,...,v, it is necessary to act
according to the scheme below:

- to fix the numbers® of realizations of the system

component  conditional lifetimes T®(u ,)
b=12..v, in the saety states subsets
{u,u+1...,z, u=12,...,z

- to fix the realizationst” (u )t (u), ..., t® (u),

u=12,...,z, of the system component conditional
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lifetimes T®(u), b=12,...v, in the safety states
subsetdu,u+1,...,7Z}, u=12,...,z,

- to determine the number® of the disjoint
intervals 1" =<x{?,y®), j=12..F®, that
O (), ..., t? () of
the system component conditional lifetim&$s”’ (u

in the safety states subset, according to the flarmu

F® In(b) ’

- to determine the lengthd® of the intervals
1P =<x,y), j=12..,F®, according to the
formula

include the realizationg® (u

B
q® =_R
F® -1
where
R® =maxt® (u) - rpinti‘b) (u),
<I<n

I<isn

(b)

- to determine the ends{”, y!”, of the intervals

1P =<x,y), j=12..,F®, according to the
formulae

d®
,0},
3 }

(b) — int® -
K = max{mint® (u)

yﬁb) =x® 4 jd(b)’ J - :L2,...,I'_(b) ,

(b)
-1

XJ(b) = y J = 2,3,...,r_(b),

in the way such that

®)
NORE

(b) (b) (b) — (b)
10O 0,010 =<x®,y

and

410

1O A 1® =0foralli#j,i,j0{L2,...7},

- to determine the numbers of realizatimj@ in
particular intervals }b), i =12,...,r®, according to
the formula

n® =#{i :t*u)01",i0{12,...,n}},

j=12,..7®,
where
L) — ()

j=1

whereas the symbat means the number of
elements of a set,

- to evaluate the value of the unknown intensity of
the component departurd® (u  Jrom the safety

states subset, applying suitable formula from $acti
3.4.2,

- to construct and to plot the realization of the
histogram of the conditional system component

lifetime T®(u), b=12,...v, in the safety states
subset {u,u+1,...,zZ}, u=12...,z, at the system
operation state, b=12,...v,

(b)
_

£ (b) _
fn (t’u) - n(b)

for tO1,
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h ¢ul
1
0 X2 = yl y2 Xr yr t
Figure 8.The realization of the histogram of the conditimastem component lifetime in the safety states

subset

- to analyze the realization of the histogram, | this way that the numbers of realizations in all
comparing it with the graph of the exponential

intervals are not less than 4,
density function

- to fix a new number of intervals
[F(Ew]® =[Au)]® expHAW]'t]
Fo
for t O< 0, ),
- to determine new intervals
of the system component lifetim&® (u ip the B
safety states subsét,u+1...,74 at the operation 12 =<x,y"), j=12,.,F®,
state z, corresponding the safety function
coordinate (20) of the vector of the conditional - to fix the numbersn® of realizations in new
multistate safety function of the system componentntervalsi’ O j=12,.,7®,
(21) and to formulate the null hypothest and the

alternative hypothesi#i,, concerned with the form _ {5 calculate the hypothetical probabilities thiae
of the component multistate safefg(t, )] in the  variable T® (u)takes values from the interval®,
following form: . _ under the assumption that the hypothesisis true,
H,: The conditional multistate safety function of ; . o probabilities
the system component
(b) p(T(b) (U) 0l (b)) p(x(b) <T® (U) < y(b))
[st, 01 = [1, [s(t, D], ..., [s(t,2)]“'],
— < (3% 1) —s® (v - =)

has the exponential safety functions coordinates of =s7 (XU =s7(y W), j =120,
the form

where s® (X;,u) and s®(y,,u) are the values of

(b) — " (b)
[s(t.WI™ =expHAU)]™t] for t<0,e0), the coordinate safety functiors® (t,u )of the

. Th di | | foty f 1:multlstate safety function defined in the null
H,: The conditional multistate safety function o hypothesisH,,

the system component has different from the
exponential safety functions coordinates,

- to calculate the realization of thg®(chi-squaré-
- to join each of the intervald®, that has the Pearson’s statistidd,, according to the formula

J 1
numbern;” of realizations less than 4 either with the - (Y —n® )2

, : : : : ®) =
neighbor intervall ) or with the neighbor interval ~ U." = le n® p®
j
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- to assume the significance leval (a = 001, freedom 7 -1 -1 such that the following equality
a =002 a =005 ora=010) of the test, holds
- to fix the numbe ® | -1 of degrees of freedom, PU,>Uu,)=1-a,

substitutingl =1,
and next to determine the critical domain in thexfo

- to read from the Tables of thg?-Pearson's Of the interval(u,,+ )and the acceptance domain

distribution the valueu, for the fixed values of the N the form of the intervak O.u, >,

significance levela and the number of degrees of

21

Critical domain

u, t

Figure 9.The graphical interpretation of the critical intglrand the acceptance interval for the chi-square
goodness-of-fit test

5.1. Statistical identification of the Stena
- to compare the obtained valug of the realization  Baltic ferry technical system components

of the statisticsU, with the read from the Tables safety models

critical value u, of the chi-square random variable
and to verify previously formulated the null
hypothesisH, in the following way: if the value,
does not belong to the critical domain, i.e. when
u, <u,,then we do not reject the hypothedit, , We assume that the ship is composed of a number of
main subsystems having an essential influenceson it

otherwise if the valueu, belongs to the critical , .
. _ safety. These subsystems are illustrate&igure10
domain, i.e. whenu, >u, ,then we reject the andFigure1l

5.1.1. The subsystems and components of the
Stena Baltic ferry technical system in various
operation states

hypothesisH, in favor of the hypothesisi , . On the scheme of the ship presentedrigure 10,
there are distinguished her following subsystems:

4. Procedure of applying the computer S - a navigational subsystem,

program for identification of the system S, - a propulsion and controlling subsystem,

components safety models S, - aloading and unloading subsystem,

Training material is given in [4]. S, - a hull subsystem,

S, - an anchoring and mooring subsystem,
S, - a protection and rescue subsystem,
S, - a social subsystem.

In our further ship safety analysis we will omieth
protection and rescue subsystesn and the social

subsystem S, and we will consider its strictly
technical subsystemS,, S,, S,, S, and S, only.

5. Identification of the components safety
models of real complex technical systems —
using procedures
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[\
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Q © = ;
™ - @ @

@ \5/ @ @

Figure 10.Subsystems having an essential influence on shifysa

9ol
@

/

The navigational subsysten$, is equipment of: h=40,=2J,=1j,=1 j;=1 j;=1 j, =1L
GPS, AIS, speed log, gyrocompass, magnetic

compass, echo sounding system, paper and electroniche loading and unloading subsyster8, is
charts, radar, ARPA, communication system andcomposed of :

other ~ subsystems according to SOLAS-V . gybsystemS, which consist of 2 remote
convention, and is denoted by upper trailer decks to main deck,
- subsystemS,, which consist of 1 remote

B =1 j=1 fore car deck to main deck,
- subsystemS,, which consist of passenger
The propulsion and controlling subsyste8) is gangway to Gdynia Terminal,
composed of : - subsystemS,, which consist of passenger
- subsystemS,; which consist of 4 main gangway to Karlskrona Terminal,
engines, and elements of subsysten, are denoted
- subsystentS,, which consist of 3 thrusts, respectively by
- subsystemS,, which consist of twin patch
propellers, EY, i=12345 j=1

- subsystem S,, which consist of twin

directional rudders,
and elements of subsysten, are denoted

respectively by

E®, i= 1234567,

iji 7
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Figure 11.Detailed scheme of ship safety structure
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The hull subsysteng, is composed of : * an operation statg —navigation at restricted
- subsystemS,, which consist of an anti- waters from “GD” buoy to the end of Traffic
heeling system, which is used in port durlng Separation Scheme, o
|Oad|ng Opera'nons an Operatlon States - naVIgatlon at open waters
- subsystemS,, which consist of an anti- from the end of Traffic Separation Scheme to
heeling system, which is used at sea to /Angoring” buoy, o _
Stab|||z|ng Ships ro”ing e an Operatlon Stat&ﬁ—naVIgatlon at restricted
and elements of subsystenS, are denoted waters from “Angoring” buoy to “Verko” Berth at
respectively by Karlskrona, _ _
e an operation statez, —mooring operations at
E®, i=12 j=1 Karlskrona Port,
* an operation statez, —unloading at Karlskrona
Port,

The anchoring and mooring  subsysteB) is

composed of : ) _ _
- subsystemS,, which consist of aft mooring * @n operation stat&,, —unmooring operations at

* an operation state, — loading at Karlskrona Port,

winches, Karlskrona Port,
- subsystenS,, which consist of fore mooring ¢ @n operation state,, —ship turning at Karlskrona
and anchor winches, Port,
- subsystensS,, which consist of fore mooring ¢ @an operation statez,, —leaving Karlskrona Port
winches, and navigation at restricted waters to “Angoring”
and elements of subsystenS, are denoted buoy,

* an operation state , — navigation at open waters

respectively by
from “Angoring” buoy to the entering Traffic

E®, =123 j=1 Separatioq Scheme, o _
* an operation statez,, —navigation at restricted
The subsystemsy, S,, S,, S,, S,, indicated in waters from the entering Traffic Separation
Figure 10 are forming a general system structures Scheme to “GD” buoy, o
presented ifFigure 12. « an operation statez,, —navigation from “GD”
buoy to turning area,
* an operation statez, —ship turning at Gdynia
Port,
— S S — S * an operation statez_, —mooring operations at
Gdynia Port,

: , * an operation state, —unloading at Gdynia Port.
Figure 12.General scheme of ship safety structure

At the operation stateg, , i.e. at the cargo loading
However, the Stena Baltica ferry structure and theynq un-loading state the ferry is built of

subsystems and components safety depend on : -
y P y daep 'tﬁ =2subsystemsS, and S, forming a series
changing in time operation states. -
structure shown ifrigure 13

Taking into account the expert opinion on the

operation process of the considered Stena Baltica S5 Sy
ferry we fix the number of the ferry operation S Sz Si
process statesy =18 and we distinguish the ___{ . HE L] S }»__
following as its eighteen operation states: e = [

* an operation state - loading at Gdynia Port,
* an operation state, —unmooring operations at

Gdynia Port,
* an operation state, —leaving Gdynia Port and

navigation to “GD” buoy,

Figure 13.The scheme of the ferry structure at the
operation statez,
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At the operation stateg,, i.e. at the unmooring subsystemsS, S, and S, forming a series structure
operations state the ferry is built ofh, =3 shown inFigure 14

S

Soi S»

S

E

e e H e o e e 1

En

E3

-

Eu

Figure 14.The scheme of the ferry structure at the operatiate z,

At the operation stateg,, i.e. at the leaving Gdynia and S, forming a series structure shown kigure
Port state the ferry is built af, = BubsystemsS, 15

S,

Sz 1 Szz
N Sas S

En Ex
17 En T H Es I I Ey H Es } { Eq H Eq I
;

22

En

Figure 15 The scheme of the ferry structure at the opanatiatez,

At the operation stateg,, i.e. at the navigation at subsystemsS, S, and S, forming a series structure

restricted waters state the ferry is built of =3~ shown inFigure 16
S

Si So3 S4 Sa

Figure 16 The scheme of the ferry structure at the operatiate z,,

At the operation statez,, i.e. at the navigation at subsystemsS, S, and S, forming a series-parallel
open waters state the ferry is built of, =3  structure shown ifrigure 17
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S$s

S

H & s 2
; S = g

13

Figure 17.The scheme of the ferry structure at the operaiate z,

At the operation statez,, i.e. at the navigation at subsystemsS, S, and S, forming a series structure
restricted waters state the ferry is built nf= 3 shown inFigure 18

S

S S22

Sy Sn3 S Si

"{ Ey
L{ E3 ‘l “ Ey H Es) i I Ee H Eq I ‘ En ‘_

Figure 18 The scheme of the ferry structure at the operatiatez,

At the operation statez,, i.e. at the mooring subsystemsS, S, and S, forming a series structure
operations state the ferry is built oh, =3  showninFigure 19

S

S So Ss

I I Ey H Es I } Eq H Eq } I En H Ey H E5 }‘_

Figure 19.The scheme of the ferry structure at the operatiate z,
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At the operation state,, i.e. at the unloading at 5
Karlskrona Port state the ferry is builtof = 2 Sa S S
subsystemsS, and S, forming a series structure ~~{ En I I Ex I I En F
shown inFigure 20.

S3

S Ssa S Figure 21.The scheme of the ship structure at the
HH m HH  HH s B operation state,

At the operation statez,,, i.e. at the unmooring
Figure 20.The scheme of the ferry structure at the Operations state the ferry is built ofh,= 3
operation statez, subsystemsS, S, and S, forming a series structure
shown inFigure 22
At the operation state,, i.e. at the unloading at
Karlskrona Port state the ferry is built of =2
subsystemss, and S, forming a series structure

shown inFigure 21
S

Ey - -
M H 3 I I Ey H Es I } Eq H Eq } I En H Ey H Es }‘_
E

22

Ei3

|

Figure 22 The scheme of the ferry structure at the opearatiatez,,

At the operation stateg,,, i.e. at the ship turning S, forming a series structure shownFigure 23
state the ferry is built oh,, =2 subsystemss, and

S,

S 21 Szz
N Sas S

Ey
Ll R |
H Es | | Ey H Es [ l Eq H Eq |
Epo E

22

En

Figure 23.The scheme of the ferry structure at the operatiate z,,

At the operation statesz,, i.e. at the leaving subsystemsS, S, and S, forming a series-parallel
Karlskrona Port state the ferry is built of, =3  structure shown ifrigure 24
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S$s

S
S S So4 Su

13

Ey4

Figure 24.The scheme of the ferry structure at the operatiate z,,

At the operation stateg, ., i.e. at the navigation at subsystemsS, S, and S, forming a series structure

open waters state the ferry is built of,= 3 shown inFigure 25
Sy

S

S

HH

2

Ey

Figure 25 The scheme of the ferry structure at the operatiatez,,

At the operation stateg,,, i.e. at the navigation at subsystemsS, S, and S, forming a series-parallel

restricted waters state the ferry is built of, =3  structure shown ifrigure 26
S

Sa1

Si So3 S Sa

_‘{ Ey H Esi I I Eq H Eqn I | En

HH

12

Ey

Figure 26.The scheme of the ferry structure at the operatiatez,,

At the operation stateg, ., i.e. at the navigation to subsystemsS, and S, forming a series structure
turning area state the ferry is built af, = 2 showninFigure 27
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S,

Sz 1 Szz

Si

Ex
— =]
12 E

22

Ey

Figure 27 The scheme of the ferry structure at the opearatiatez,,

At the operation stateg,, i.e. at the ship turning

state the ferry is built oh,, = 2ubsystemss, and
Sl

S, forming a series structure shownFigure 28.

Sz 1 Szz

Si

En
]
E

22

SN

13

Ey

Figure 28 The scheme of the ferry structure at the opearatiatez,

At the operation states,,, i.e. at the mooring
operations state the ferry is built of, =

S

Soi S»

S

subsystemsS,, S, and S, forming a series structure
3 shown inFigure 29

H
%2}
™1
i}

Ey
H B |
E

En H Ey H E3 }‘

En

22

E3

-

Eu

Figure 29.The scheme of the ferry structure at the operatiatez,,

At the operation states g, i.e. at the unloading state
the ferry is built ofn, = 2subsystemsS, and S,
forming a series structure shownRigure 3Q
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Figure 30.The scheme of the ferry structure at the
operation statez,,
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5.1.2. The parameters of the Stena Baltica coordinates
ferry technical system componentsnulti-state
safety models [sO @t 1]® = exp[HA® ®)]“1],

After discussion with experts, taking into accotm o o @ o1
safety of the operation of the Stena Baltica feimy, ~ [Su’ (L2)]™ =exp[H{4; ()17,
all operation stateg, , b=12,...18 we distinguish

the following five safety statesz(=4) of the ferry [s? (€.3)] = exp[H{A7 3)] 1],
and her components:

« asafety state 4 — the ferry operation is fully [ (t,4)]¥ = exp[-{AY (4)]“1],
safe,

» asafety state 3 — the ferry operation is less or the intensities of departure from the safetyesta
safe and more dangerous because of the  subsets {1234}, {234}{34}, {4}, respectively
possibility of environment pollution,

e asafety state 2 — the ferry operation is less @ (1)@ @9y [ 13 (VD [ 13 (4)]®
safe and more dangerous because of the [A @17, [y 17, [AY G, [ (D7,
possibility of environment pollution and @
causing small accidents, for component E,;

e asafety state 1 - the ferry operation is much
less safe and much more dangerous because [s{ (t, 1% =[L[s¥ (t,1)], [s$ (t,2)]?®,
of the_ possibility of_ serious environment [sO3)]?,[s? (t.4)]]
pollution and causing extensive accidents,

» asafety state 0 — ferry is destroyed.
Moreover, we fix that there are possible the
transitions between the components safety statgs on
from better to worse ones.

From the above, the ferry subsystemS, :

k=12,..5 are compoed of five-state i.g.= 4,
componentsE{, k = 12345, with the conditional
multi-state safety functions

coordinates
[si (L D]Y = exp[H{A )] 1],
[si (t.2)]9 = exp[HAZ (2)]1°1],
[si (t.3)]1” = exp[-[45 (3)] 1],
[s22 (1,417 = exp[HAZ @] 1],

[ (61 =[L [ (D] [ (€.2]

[s) €3], [s tH]®], b=12...18 or the intensities of departure from the safetyesta
subsets{1,234}, {234}, {34}, {4}, respectively
with  exponential  co-ordinates [s{ (t,1)]",
[s9 (t,2)], [s¥ (t,3)]® and [R® (t,4)]® different  [42O17, [ @17, [ @17, 142 @17,

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

More precisely, from the performed in Section 3.4.2
analysis, the unknown safety parameters of the

system components safety models in various system [s§} (t, 019 =[L [s5 ¢.1]?, [s5 (t.2)]?,
operation states are: [s9t3)]Y, [ (t4)]Y]

for component E)

i) at the system operation states: coordinates
- the reliability functions of the subsysters, [s9t,1)]® =exp[HAY ®)]“1],
components
[ (1.2)]% = exp[H{A5 (2)1°1],
for component EY
[s 3] = exp[-[15 @) 1],
s (6017 =L [s 6217, [s €217, N N

(s €3 [s2 ¢4]°] [ ()% = exp[{AY @)]“1],
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or the intensities of departure from the safetyesta or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively subsets {1234}, {234}{34}, {4}, respectively

[AZ @17, [A7 @17, [A2 @17, [43 @1°, [A2 @17, 42 @17, 42 @N?, 47 @)1?,
- the reliability functions of the subsyster§, - the reliability functions of the subsyster§,
components components
for componentE/; for component E?

[si (6017 = (% [s? D17, [s 2], [si (6017 =[1 [ D], [s7 €217,

[s? €3], [si? (¢4 “] [s? €3], [sD 4] ] ’
coordinates coordinates

[ (117 = exp[-{A @171, [ (1] = expHA? )71,

[ .21 = exp[-1A (21°1], [ (1,21 = expHA? 1”1,

[ (3] = expHA @]°1], [ (.3)]7 = expl-{A7 @)1

[si 4] = exp[HA7 (D], [si? (t.4)]° = exp[HA? (4)]“1],

or the intensities of departure from the safetyesta or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively subsets {1,234}, {234}{34}, {4}, respectively

[AD @17, [AD @17, [A7 @17, [AY @17, [A2 17, (A7 @19, (47 @17, [A7 @17,
ii) at the system operation statezs: for component E2

- the reliability functions of the subsysters, [s2(t, 01 =[L[s? (t,1)]?, [s2 (t,2)]?,
components [s? t3)]?,[s% t4)]?]

@ ;
for componentE; coordinates

[si) (. 01® =[L[sf (t.1]® [ t.2)]7, [s? (t,1)]? =exp[HA2 ©]®1],
[s €3)],[s] (t4)]?]
[s% (t,2)]® = exp[H{A{ (2)]“1],
coordinates

[s? (t,3)]” = exp[{A5) 3)]“1],
[s 0 D]? = exp[-{A7 @111,

[si? (t.4)]® = exp[HAZ @11,
[s (t.2)]” = exp[HA7 (2)]“1],

or the intensities of departure from the safetyesta

[s% (t,3)]1? =exp[-{A7 (3)]?1], subsets {1234}, {234}{34}, {4}, respectively
[s (6. 4] = exp[-[A7 (4] 1], A2 019, [A5 @17, A7 3N?, [A7 (@12,

for componentE?

422
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[si (6 M® =L [s2 @D, [s5 (t2)] 7,
[si? (13)] . [s2 (t.4]17]

coordinates
[si2 (¢ 1] = exp[-[A55 W] “1],
[si2 (t,2)]® =exp[HAZ (1“1],
[si2 (t,3)]” = exp[{A5 3)]“1],
[s5 €. 4)]” =exp[HAZ (4)]“1],

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[AZ 17, (A7 @17, (476N, [43 @17,

for componentE?

[si (b 0® =0 [s2 DI, [ (t2)]7,
[sid (03] [s13 (¢ 4171

coordinates
[sid (¢ 1] = exp[-[A7 W] “1],
[sid (t.2)]® =exp[HAZ (21“1],
[sid (t.3)]” = exp[{A5 3)]“1],
[si2 €. 4)]® = exp[HAZ (4)]“1],

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

(A2 17, (A2 @17, (42 @17, [A47 @17,

for componentE?

(6 =L s 0], [s2 (02)] .
(5 t3)] 7. [s (£4)] ]

coordinates
[si? (t,)]® = exp[-[A% @)]?1],

[s22 (t.2)]® = exp[HAZ (1“1],

423

[s22 (t,3)]” = exp[{A5) 3)]“1],
[s3 €. 4)]® = exp[HAZ (4)]“1],

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[AZ2 17, [A2 @19, [A2 6N, [47 @1,

for componentE?

[s% (L 01® =[L[s3 (117, [s2 (t.2)]7,
[s2 (€317, [s52 (14171

coordinates
[s2 ()] = exp[-[A2 M)]“1],
[s22 (t.2)]® = exp[HAZ (1“1],
[s% (€.3)]® = exp[-{A5 (3)1“t],
[s% €. 4)]® = exp[HAZ (4)]“1],

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[A2 17, [A2 @19, [42 @17, [15 @1,

for componentE?

[s: (L1 =[L [ (D], [ (1:2)],
[s: t3)]7.[s2 €. 4)]®]

coordinates
[s3? (D] = exp[-[A57 W] “1],
[s3? (t.2)]® = exp[HAZ (1“1],
[s3 (€.3)]® = exp[-{A5? (3)]1“t],

[s3 (€. 4)]® = exp[HAZ (4)]“1],

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[AZ2 17, [0 @19, [42E@N?, [A7 @N?,
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@
for componentE,;

[s2(t,01? =[1,[s2 (t,1)]?, [s2 (t,2)] @,
[s2 (t3)]?,[s2 (t,4)]?] ’

coordinates
[se2 (€] = exp[-[A7 M1 “1],
[se (t.2)]® = exp[HAZ (1“1],
[sq2 (1.3)]” = exp[{A? @) 1],
[sq (1. 4] = exp[HAZ @11,

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[AZ 17, [A2 @19, [A2EN?, [A3 @N?,

@
for component E;;

[s2(t,01? =[1, [s2 (t,1)] @, [s2 (t,2)] @,
[s2 (t3)]?,[s2 (t,4)]?] ’

coordinates
[ss @D = exp[-{AZ7 W] 1],
[se (t.2)]® =exp[H{Ag (1“1],
[s52 (€.3)]® = exp[-{As7 (3)]1“t],
[ss (t.4)]® = exp[H A (4)]“1],

or the intensities of departure from the safetyesta
subsets {1,234}, {234}{34}, {4}, respectively

[AZ2 17, (A2 @19, [A2 @1, [AZ @1?,

@
for component E;

[s2(t,01? =[1, [s2 (t,1)] @, [s2 (t,2)] @,
[s2 (t3)]?,[s2 (t,4)]?] ’

coordinates

[ss @D = exp[-{A5 W] 1],

424

[si2 (€.2)]® = exp[HAZ (21“1],
[ss2 (€,3)]® = exp[-{A5 (3)1“t],
[ss2 (€. 4)]® = exp[H A ()] 1],

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[AZ @17, (A2 @19, [A2EN?, [A8 @N?,

for component E{?

(s (6017 =[1.[s8? €01, [s? (2],
[ ¢3)] 7. s (£4)] ]

coordinates
[s}? D] = exp[-[A7 ] 1],
[si2 €. 2)]® = exp[HA7 (2]“1],
[s7? (€,3)]® = exp[-{A7 (3)1“t],
[s72 €, 4)]® = exp[HA7 (4)]“1],

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[AZ @17, [A2 @17, [472 N, [A7 @17,

- the reliability functions of the subsyster§,
components

for component E?

[s?(tL01® =[4 [s? €17, [s? ©.2)]®,
[s? t3)]7. [s? t4)]°]

coordinates
[siy € D] = exp[HA? @]?1],
[si? (t.2)]® = exp[{A7 (2)]?1],
[s5? (t,3)]® = exp[-{A; ()11,

[s? (€, 4)]? = exp[HAT @)]“1],
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or the intensities of departure from the safetyesta for component EY

subsets {1234}, {234}{34}, {4}, respectively
[A2 @17, [A2 @19, [A2 @19, [A7 @12,
for component ESY

(5601 =[1[s5 (] [ 21,
[ 3], 58 (4] 7]

coordinates
[sz2 (t.1]? = exp[{A3) W] 1],
[s22 (t.2)] = exp[H{A3) ()11,
[s22 (t.3)]® = exp[-[A5) (3)]“t],
[s32 (6,41 = exp[{A3 (A1),

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

A2 D17, A2 @17, [13 3N, [42 @)]?,
for component E{Y

[ (601 =1 [ (D] [ €21,
[ (03], [s57 (4]

coordinates
[s3? (t.D]° = exp[{A5) W] 1],
[s37 (t.2)] = exp[HA3) ()11,
[s3? (t.3)]® = exp[-{A5) (3)]“t],
[s3? (1,41 = exp[HA3 (A1),

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[AZ2 17, [43 @17, 43 GNP, [43 (412,
iif) at the system operation states :

- the reliability functions of the subsysterfy,
components

425

[si (69 =L [s? 117, [ t.2)]7,
[si) €319, [s t417]

coordinates
[s D] = exp[HA7 O]9,
[si . 2)]9 =exp[HAD (21°1],
[si (t.3)]? = exp[-{A; 3)]“1],
[si (4] = exp[HA (@)1,

or the intensities of departure from the safetyesta
subsets {1,234}, {234}{34}, {4}, respectively

(AR, [A2@17, [ EN7, (A7 @17,

- the reliability functions of the subsyster§,
components

for component E?

[si? (6 M® =L [s? €DI7, [s7 ©.2)] 7,
[si? €:3)17,[s? t.4)]°]

coordinates
[si? €. ]® = exp[-{A W] 1],
[si? €. 2)]® = exp[{A? ()] 1],
[si? €,.3)]° =exp[H{A7 3)]71],
[si? €. 4)]® = exp[{AD (#)]71],

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[/](2) (l)] (©)] [/1(2) (2)] ()] [/1(2) (3)] 3 [/](2) (4)] (3)
for component E?

[si? (b M® =[1[s2 € D7, [s2 ©.2)] 7,
[si? (13)]7.[si7 (t4)]°]

coordinates
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[ (D] = exp[-{AZ ] 1],
[ (.21 = exp[-{AZ @],
[ 3] = expl-1AZ @11,
[ 41 = expl-{A2 @)1

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[A2 @19, [43 @17, [AZ2 @17, [43 @]1°,
for component E2

[si? (b M® =[1[s2 € D17, [s2 ©.2)] 7,
[si2 €:3)]7,[s? t.4)]°]

coordinates
[s52 @ D]® =exp[HAZ O],
[s52 €. 2)]® = exp[{A7 ()] 1],
[si2 (t.3)]? = exp[H{A (3)]“1],
[si2 (6, 4)]° = exp[HAZ @)]1],

or the intensities of departure from the safetyesta
subsets {1,234}, {234}{34}, {4}, respectively

[A3 @19, [43 @17, A2 @17, [43 @]1°,
for component E?

[si? (6 M® =[L[s €D]7, [s2 ©.2)]7,
[si2 €317, [s2 t.4)]°]

coordinates
[si2 @ D]® = exp[HAZ ©]171],
[sid (t,2)]7 = exp[HAZ (2)]71],
[si2 €.3)] = exp[{A7 3)]?1],

[sid (€, 4)]° = exp[HAZ @)]1],

426

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[A2 @19, [A2 @19, [A2 @17, [A7 @17,
for componentE?

[ (601 =[1 [ (D], (s (¢2))°.
(5 €3], [ (4] ]

coordinates
[sz2 (€] = exp[-{A5) )] 1],
[s22 (t.2)]7 = exp[HAZ (2)]1],
[s22 (t.3)]% = exp[H{A) (3)]“1],
[si2 (6. 4)]° = exp[HAZ @)1 1],

or the intensities of departure from the safetyesta
subsets {1,234}, {234}{34}, {4}, respectively

[A2 @19, A2 @17, (A2 @17, [42 @]1°,
for component E?

(10 =[L s (017 [ (121,
[ ¢3)], [s2 (4]

coordinates
[sz2 (t. ] = exp[-{A3} )] 1],
[si2 (t.2)]7 = exp[HAZ (2)]1],
[ (t.3)]% = exp[H{45) (3)]“1],
[s32 (6. 4)]° = exp[HAZ 4)] 1],

or the intensities of departure from the safetyesta
subsets {1,234}, {234}{34}, {4}, respectively

[A2 @19, [A2 @19, [15 @17, [12 (17,
for component E?

[ (601 =[1 [ (D], [ (¢2))°.
[ ¢3)]°, [s5? (4] )
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coordinates
[s3? (€] = exp[-{A5) W] 1],
[s3? (1,2)]7 = exp[HA7 (2)]1],
[s3? (t.3)]% = exp[H{A) (3)]“t],
[s32 (€. 4)]® = exp[{A3 (],

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[A8 @19, [42 @17, (A2 @17, [42 (]1°,
for component E?

(s (1 =[5 (001 [ (121
[ €3], [s1? (4] )

coordinates
[se (€] = exp[-{A) W] 1],
[si2 €. 2)]® =exp[{AZ (2)]171],
[se? (t.3)]% = exp[H{A (3)]“1],
[si2 €. 4)]® = exp[{AZ A1 71],

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

A2 @17, 22 @19, [AQ BN, [A2 @N®,
for component E?

[ss? (6 =[1 [s? @]9, [s57 ©.2)]7,
[ (13)] 7. [s5 (t4)]°]

coordinates
[ss @ D] = exp[HA M]1°1],
[se? (1,2)]7 = exp[HAZ (2)]1],
[ss (t.3)]7 = exp[H{A ()11,

[s52 (€. 4)]® = exp[{AZ (]t

427

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[A8 @19, [42 @17, (A2 @17, [ (]1°,
for component E{?

(s (10 =[5 (0017 [s (121
[ €3], [ €4 ]

coordinates
[se (t. ] = exp[-{Ag) W] 1],
[se2 (t.2)]7 = exp[HAZ (2)11],
[se2 (t.3)]% = exp[H{A) (3)]“1],
[se2 (t,4)]° = exp[HAZ @)1 1],

or the intensities of departure from the safetyesta
subsets {1,234}, {234}{34}, {4}, respectively

[A& @19, [A& @17, [AZ @17, [48 (@1°,
for component E?

[ (601 =[L[s (L], [ €21
[ €3], [ 4]

coordinates
[si2 @ D]® = exp[HA? W171],
[si? (t.2)]® = exp[-[A7 (2)]?1],
[s7? (t.3)]7 = exp[H{A (3)] 71,
[si? (t.4)]® = exp[-{A7) ()] 1],

or the intensities of departure from the safetyesta
subsets {1,234}, {234}{34}, {4}, respectively

[AZ2 @19, [A2 @19, [A7 @)1, [A7 @)N?,
iv) at the system operation states

- the reliability functions of the subsysterfy,
components
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for component E

[si (6 =[L[sf t.D]?, [s7 €21,
[si) @317, [y €. 4)]“]

coordinates
[s D1 = exp[-{A7 @]“1],
[s (2] =exp[HA7 (2)]“1],
[si (t.3)]“ = exp[-{A 3)]“1],
[si 4] = exp[H{A7 @)]“1],

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[AZ @1, [AZ @19, (A2 N, [A7 @,

- the reliability functions of the subsyster§,
components

for component E?

[si? (6 N = [s? @D, [sD 2],
[si? €:3)],[s? ¢4 7]

coordinates
[si7 (€11 = exp[-[A7 M]1“1],
[si? €. 2)] = exp[HA? (211],
[si7 €.3)] = exp[{A: (3)1“1t],

[si? €. 4] = exp[HAT (4)]“1],

or the intensities of departure from the safetyesta
subsets {1,234}, {234}{34}, {4}, respectively

[/](2) (1)] (4) [/1(2) (2)] 4) [/1(2) (3)] 4) [/](2) (4)] (4)

for component E2

[si2 (t 0 =L [s? @D, [ t2)] 7,
[si2 t:3)1,[s? (t4)]“]

coordinates

428

[si? (¢ D] = exp[-[A57 M]1“1],
[s2 ©.2)]" = exp[HAZ (21“1],
[s2 €.3)] = exp[-{A5 3)1“1t],

[s 4] = exp[HAZ (4)]“1],

or the intensities of departure from the safetyesta
subsets {1,234}, {234}{34}, {4}, respectively

[/](2) (1)] (4) [/1(2) (2)] 4) [/1(2) (3)] 4) [/](2) (4)] (4)

for component E2

[s2 0 =[L[s? &1, [s? (t.2)]“,
[s2 (t3)1“,[s2 (t4)]“] '

coordinates
[s52 @D = exp[-{A W] 1],
[s2 €. 2)] = exp[HAZ (2]“1],
[s52 €,.3)] = exp[-{A57 3)1“1t],
[si2 (6,41 = exp[HAZ @11,

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[/](2) (1)] (4) [/1(2) (2)] 4) [/1(2) (3)] 4) [/](2) (4)] (4)

@
for componentE};

[si (t N =L [s2 @D, [s2 2],
[sid €:3)],[s? tA]1“]

coordinates
[si2 @D = exp[-{A ] 1],
[si2 €. 2)] = exp[HAZ (21“1],
[si2 €.3)] = exp[-{A5 3)1“1t],

[sid (6,41 = exp[HAZ @11,
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or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[A2 @19, [A2 @17, [A2 @17, [42 @]9,
for componentE?

[sa) (601 =[1 [si D], [s52) @21,
[se @319, [s2 tA1“]

coordinates
[se (€11 = exp[-[A7 M1 1],
[se? (t.2)]“ = exp[HAZ (1“1],
[se? (t.3)] = exp[{A7 3)] 1],
[se2 (1,41 = exp[HAZ @] “1],

or the intensities of departure from the safetyesta
subsets {1,234}, {234}{34}, {4}, respectively

[A2 @19, [A2 @17, [42CNY, 42 @17,
for component E?

(s (601 =[1.[s? .01, [ (2],
(s ¢3)]“. [s2 (¢4)] ]

coordinates
[ss @D = exp[-{AZ W] 1],
[se (t.2)]“ = exp[HAZ (1“1],
[s5 (€.3)]“ = exp[-{A (3)]1 1],
[ss (€. 4)] = exp[H A (4)] 1],

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[A8 @19, A2 @17, [48 GNY, 42 @17,
for component E{?

[ (601 = (1. [s? €01, [s? 2],
[ ¢3)]“. [s (4] ]

429

coordinates
[se (¢ D] = exp[-[AZ M]1“1],
[se2 (t.2)]“ = exp[HAZ (1“1],
[se2 (t.3)] = exp[{AZ 3)] 1],
[ss € 4)] = exp[H A (4)]“1],

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[A2 @17, (A2 @17, [A2EN?, [48 @1,

for componentE?

(s (601 =[1.[s8? €01, [s? (2],
[ ¢3)]“. (s (t4)] ]

coordinates
[s}? @ D] = exp[-[A7 ] 1],
[si? (t.2)]" = exp[HA? (2]1],
[si? (t.3)]“ = exp[-{A7 (3)1“1],
[s72 €, 4)] = exp[HA7 (4)]“1],

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[AZ 1, (A2 @17, [A2EN?, [47 @1,

- the reliability functions of the subsyster§,
components

for componentEY

[si? (6 =0 [s? @ DI, [P 2],
[si? €3], [s)y (t:4]17]

coordinates
[s (D] = exp[-[AY @]“1],

[si (t.2)]“ = exp[HA? (1“1],
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[siy (t,3)] = exp[{A1Y 3)] 1],
[siy (¢, 4] = exp[HAT @)1,

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[/](4) (1)] (4) [/1(4) (2)] 4) [/1(4) (3)] 4) [/](4) (4)] (4)
v) at the system operation states

- the reliability functions of the subsysterfy,
components

for component E

[si (6 ® =L [s? 1], [sf t.2)],
[si) €317, [s) t.4)]®]

coordinates
[s D] = exp[{A7 M]1],
[s (.2)]° =exp[HA7 (2)]°1],
[si? (t.3)]® = exp[-{A7 3)]“],
[s . 4]° =exp[HAT (A1),

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

(AR, (A2 @19, [AZ @17, [47 @19,

- the reliability functions of the subsyster§,
components

for component E?

[si? (6 N® =4 [s? @D, [s (€217,
[si? €:3)17,[s? t.4)]°]

coordinates
[s (t,D]® =exp[-[A7 @]°1],
[s (t.2)]® = exp[H{A? (2)]91],

[si? €,.3)]® = exp[H{A;7 3)] 1],

430

[si? (t,4)] = exp[H{AD @)]1],

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[A2 @19, (A2 @17, [A2 N7, [A2@1°,
for componentE?

[si (t M® =[4 [ @ D17, [s5 €217,
[si? (t3)]7. [si2 t4)]°]

coordinates
[si? (€] = exp[-{A;7 M1,
[si2 (t.2)] = exp[HAZ )11,
[si? (t.3)] = exp[-{4;7 (3)]“t],
[s52 €. 4)]® = exp[HAZ @)]°1],

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[A2 @19, [43 @17, [12 @17, [43 @]9,
for component E?

[si (6 M® =[4 [s2 @DI®, [s3 (2],
[si? (t3)] 7. [s:2 (¢ 4]

coordinates
[si2 (€] = exp[{A7 M1 1],
[si2 (t.2)] = exp[HAZ )11,
[si2 (t.3)]° = exp[-{A;7 (3)]“t],

[s5 €. 4)]® = exp[H{AZ @)1,

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[AZ @19, [AZ @17, (42N, 43 @N°,

@
for componentE};
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[si (6 M® =[4 [s2 @D1®, [s2 €217,
[sid (6317, [s:2 (141

coordinates
[sid (€] = exp[{A7 M1,
[si2 (€.2)]® = exp[{A2 (2)]“1],
[sid (t.3)] = exp[-{A;7 ()] “t],
[si2 €. 4)]® = exp[HA7 @)]°1],

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[A2 O, [A2 @19, [A2 3N, [ @)]°,
for componentE?

(s (B =[L s 0017 [si2 0.2,
[ 3], s (4] ]

coordinates
[se? (€] = exp[{A) W] 1],
[se? (£.2)] = exp[HAZ )11,
[se2 (t.3)] = exp[-{A (3)]“t],
[sq (1. 4)]® = exp[H{AZ @)]1],

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[A2 @19, 12 @17, [A2 @17, [42 @17,
for component E?

[ss (6 = [ [s @D, [ss? (2],
[ (63)] 7. [s5) €41

coordinates
[s2 (1] =exp[-[A2 1)]°1],

[se? (£.2)] = exp[HAZ )11,

431

[s& (t.3)] = exp[-{A (3)]“1],
[s52 (€. 4)]® = exp[HAZ (4)]“1],

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

A& @19, [A2 @17, [A8 @19, [A3 @1°,
for componentE?

[ (6,01 =[1.[s&? (£.D) [ (21,
[ 3], s (4] ]

coordinates
[se2 (t. )] = exp[{A5) M1 1],
[se2 (t.2)] = exp[HAZ )11,
[ss2 €,3)]° = exp[-{A) 3)] 1],
[ss2 €. 4)]® = exp[HAZ (4)]°1],

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

A8 19, A8 @19, 412319, A9 419,
for componentE?

(s (6,01 =[1[s? €01, [ (21,
(s 3], s (4] ]

coordinates
[si? D] = exp[HA ©]1°1],
[si? (€.2)]® = exp[{A7 (2)]“1],
[s72 €,3)]® = exp[-{A}? 3)]“1],

[s72 €. 4)]® = exp[{A7) (4)]“1],

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

217, @1, (A2 @)%, (A9 @),
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- the reliability functions of the subsyster§,
components

for componentE/;

[si? (6 N® =4 [s? @D, [s (€217,
[si €:3)17,[s? t.4)]°]

coordinates
[si? (€] = exp[{A;7 M1,
[siy (1.2)] = exp[H{A? )],
[siy (t.3)]® = exp[-{4;7 (3)]“t],
[siy (1. 4)]® = exp[H{AY @)]1],

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[/](4) (l)] (5) [/1(4) (2)] ©) [/1(4) (3)] ©) [/](4) (4)] (5)
vi) at the system operation states

- the reliability functions of the subsysterfy
components

for component E

[si (61 =[L[sf €1, [sy €21,
[si) €31, [s) €.4)] ]

coordinates
[si D1 = exp[-{A7 W11,
[s (.2)] =exp[HAT (211],
[si (t.3)]° = exp[-[A 3)]“t],
[s (t.4)] =exp[H A7 (4)]“1],

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

(AR, (A2 @17, (A7 EN®, A7 (@),

432

- the reliability functions of the subsysters,
components

for component E?

[si? (6 M® =1 [s? €D, [sD t2)],
[si? €:3)]®.[s? 4] ]

coordinates
[si? (€11 = exp[-{A7 M1€1],
[si? €. 2)]® = exp[HA? )1°1],
[si? €,.3)]® = exp[-{A) )] ],
[si? 4] =exp[HA? ()] 1],

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[/](2) (1)] (6) [/1(2) (2)] (6) [/1(2) (3)] (6) [/](2) (4)] (6)

for component E2

[si2 (t N® =L [s? DI, [ (t2)]
[si2 t:3)]®.[s? t4)]“]

coordinates
[si? (€11 = exp[-{A;7 M]1€1],
[s2 €. 2)]® = exp[HAZ 2)1°1],
[s52 ©.3)]® = exp[-{A5 3)] ],
[s5 4] =exp[HA7 ()] 1],

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[/](2) (1)] (6) [/1(2) (2)] (6) [/1(2) (3)] (6) [/](2) (4)] (6)

for component E2

[si (6 M® =10 [s2 DI, [ t2)],
[si2 (t:3)]®.[s5 t4)]“]

coordinates
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[ (0] = exp[-{AZ ] 1],
(s 2] = expl-1A2 @)1,
[ (631 = expl-1AZ (3] 1],
(5041 = explAZ (4] 1)

or the intensities of departure from the safetyesta
subsets {1,234}, {234}{34}, {4}, respectively

[AZ 1, (A7 @19, (476N, [47@N°,

for component E?

[si (t N® =L [s2 €D, [s2 t2)],
[sid €:3)]®,[s2 4] ]

coordinates
[si2 @D = exp[{A7 W] 1],
[si2 €. 2)]® = exp[HAZ ()1°1],
[si2 (€.3)]° = exp[-[A5 3)] 1],
[si2 €. 4)]° = exp[HAZ (4)]“1],

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

(A2 1, (A2 @19, (42 @1, [A7@N°,

for componentE?

[ (01 =[1[s5 (L)), [ (2],
[ 3], s (4] ]

coordinates
[s22 (¢ D] = exp[-{A57 W] 1],
[si2 (t.2)]° = exp[HAZ @)1°1],
[s22 (t.3)] = exp[-[45 (3)]“t],

[s22 (6,41 = exp[HAZ @11,

433

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[A2 @19, [A2 @17, [42 G, [42@N°,
for component E

(s (01 =[1[s (L)) [ (2],
[ 3], (s (4] ]

coordinates
[sz2 (¢ D] = exp[-{A2 W] 1],
[s22 (t.2)]® = exp[HAZ 1°1],
[ (t.3)] = exp[-[432 (3)]“t],
[s22 (1,41 = exp[HAZ @],

or the intensities of departure from the safetyesta
subsets {1,234}, {234}{34}, {4}, respectively

[42 @19, [A2@)1°, [12 G, [45 @)]°,
for component E?

[ (601 =[1[s5? (L)) [ (2],
[ ¢35 (4]

coordinates
[ss (€] = exp[-{A7 W] 1],
[s3? (t.2)]® = exp[HAZ 1°1],
[s3? (t.3)] = exp[-[45) (3)]“t],

[s3? (1,41 = exp[HAZ @11,

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

(A2 17, (A2 @19, [42EN, [47 @N°,

for componentE?

(s (L0 =[L[s2 001, [s2 2],
[ ¢35 (4]
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coordinates
[se2 (€] = exp[-{A2 M]1°1],
[se? (t,2)]® = exp[HAZ 1°1],
[se? (t.3)] = exp[-[A2 (3)1“t],
[si2) 4] = exp[HA2 ()] 1],

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[AZ 1, (A2 @19, [A2EN, 45 @1°,

for componentE?

(s (601 =[1[s5 (L)) [ (2],
[ ¢35 (4] ]

coordinates
[ss @ D] = exp[-{A7 W] 1],
[se? (1.2)]® = exp[HAZ @1°1],
[s5 (€.3)]® = exp[-[A (3)] 1],
[s5 €. 4] = exp[H A ()] 1],

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[A8 @19, A2 @19, [18 G, 42 @17,
for component E{?

[ (601 =[1[s& (L)) [ (21,
[ ¢35 (4]

coordinates
[se (€] = exp[-{A7 M1 €1],
[se2 (t.2)]® = exp[HAZ 1°1],
[se2 (t.3)]” = exp[-[45 (3)1“t],

[ss2 €. 4)] = exp[HAg (4)] 1],

434

or the intensities of departure from the safetyesta
subsets {1234}, {234}{34}, {4}, respectively

[A& @19, [AZ @17, [48 G, [42 @1°,
for component E?

CHE RECHEENCHEILE
[ ¢35 (4] ]

coordinates
[s72 @D = exp[-{A7 W] 1],
[si? (t.2)]® = exp[HA7 (2)1°1],
[s7? (€.3)]® = exp[-[A7) (3)1“t],
[s7? (t.4)] = exp[H{A7 (4)] 1],

or the intensities of departure from the safetyesta
subsets {1,234}, {234}{34}, {4}, respectively

[AZ @1, (A2 @17, [A2EN, [47 @N°,

- the reliability functions of the subsyster§,
components

for componentE;

[si? (t M® =L [s? €D, [P t2)] 7,
[si” €:3)]®.[s? 4] ’

coordinates
[si ¢ D] = exp[-{A;y W] 1],
[si (t,2)]® = exp[HA? 1°1],
[si? (t.3)] = exp[-{4;y 3)]“t],
[si (6,41 = exp[HAT @11,

or the intensities of departure from the safetyesta
subsets {1,234}, {234}{34}, {4}, respectively

8] P P ) R I ) R P COT R

vii) at the system operation states
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- the reliability functions of the subsystes)
components

for componentEY

(2001 =[S 017, s (2],
[ (3], [ 41 ]

coordinates
[ €117 = exp[-[A7 ®171],
[s 6,2)]7 = exp[{A7 (2] 71],
[s? (t.3)]7 = exp[-[A7 (3)] 1],
[s? (t. 4] = exp[-{AZ ()] 1],

or the intensities of departure from the safetyesta
subsets{1,234}, {234}, {34}, {4}, respectively
[A2 17, A2 @17, A2 @17, A2 @17,

- the reliability functions of the subsysters,
components

for component E”

[s7 (607 =[L[s? €D [si7 t.2)] 7,
[s t3)] 7. [s? €] 7]

coordinates
[ (D] = exp[-{A2 @)] 1],
[ (t,2)]7 =exp[{A7? (2)] 1],
[s? (t.3)]7 = exp[-[A: (3)] 1],
[ (t,4]7 =exp[{A7 )] 1],

or the intensities of departure from the safetyesta
subsets{1,234}, {234}, {34}, {4}, respectively

[/](2) (1)] (7) [/](2) (2)] (7) [/](2) (3)] (7) [/](2) (4)] (7)

for component E?

435

[si2 (617 =[L[s? @D [si7 (t.2)] 7,
[s2 t3)]7.[s € 4)]7]

coordinates
[s3 (DI = exp[-{A7 @)1 1],
[s2 (t,2)]7 =exp[{A3 (2)] 1],
[s5 (t.3)]7 = exp[-[A5 (3)] 1],
[ (t,4]7 =exp[{A7 )] 1],

or the intensities of departure from the safetyesta
subsets{1,234}, {234}, {34}, {4}, respectively

[/](2) (1)] (7) [/](2) (2)] (7 [/](2) (3)] (7) [/](2) (4)] (7)

for componentE?

[s:2 (017 =[L[s2 D17, [s2 €217,
[si? 03] 7. [s9 ¢ A]17]

coordinates
[si? (LD]17 = expHAZ O171],
[si7 (t.2)]7 = expHAZ (2)]71],
[si2 (t.3)] = exp[-{A7 3)] 1],

[si2 (1,417 = exp[HAZ @)]71],

or the intensities of departure from the safetyesta
subsets{1,234}, {234}, {34}, {4}, respectively

217, S @17, A2 @17, (A2 @],

for component E?

[s2(t, 017 =1, [s2 ¢, 1], [s? (t,2)] ™,
[s? (t3)]7,[s2 (t4)] ] ’

coordinates
[s 1] = exp[H{AZ @] 1],

[si €. 2)]7 = exp[{AZ (21”1],
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[s2(t,3)]” = exp[-{AD (3)] ], for component E}?

[ (t, 4] = exp[{A (4] 1], [s@(t, 07 =[1,[s? ¢, 1)] 7, [s2 (t,2)] 7,
(2) t’3 (7 ' (i) t’4 (7
or the intensities of departure from the safetyesta [ (L3 Lesr ]

subsets{1,234}, {234}, {34}, {4}, respectively coordinates

[/](2) (h]] (7) [/](2) 3] (W) [/](2) 3)] ) [/](2) (4)] (7) [S—ﬁ) (t,l)] ™ = exp[_[/]gzl) (1)] (7)t] ,
for componentE? [s? (t,2)]™ = exp[HA2 (2)]71],
[0 007 =1 [ L I1, [ 20, (s 0,31 = expHLAY @)1,

[s2) (t3)] 7. [ €. 4)] 7]

[s$ (t,4)] = exp[H{AS (4)] 1],
coordinates

or the intensities of departure from the safetyesta

[s52 (6,17 = exp[-{A%) @)]"t], subsets{1234}, {234}, {34}, {4}, respectively
[s37 (t.2)]17 = exp[-{A5 ()] 1], A2 @17, [A2@17, 217, [A2 )7,

[s22 ©.3)]7 = exp[-{A) 3)] "], for component E?

[s2(t,4)]" =exp[-[AZ (4)]1], [s@ (6017 =[L [s@ ¢, 1], [s2 (t.2)]?,

(2) (7) 2 (7)
or the intensities of departure from the safetyesta [ (L3 [8e (LA

bsets{1,234}, {234}, {34}, {4}, tivel )
subsets{1,234}, {234}, {34}, {4}, respectively coordinates

[/](221) (1)] (7), [/]gi) (2)] (7)1 [Aézl) (3)] (7), [/](221) (4)] (7), [5(2) ('[ 1)] 7 = exp[ [/](2) (1)] (7)t] ,

@
for componentE, [s (t,2)]7 = exp[{A2 (2)] 1],

o (4012 e (DI o (2017 [s? (t,3)]" = exp[-[A? (3)] "]
[3(2) (t,3)] ™ [5(2) (t.4)] (7)] ,
coordinates [s? (t,4)] ™ = exp[{A2 4)] V1],

or the intensities of departure from the safetyesta

[s5 (D] = exp[-[A5 @171, subsets{1,234}, {234}, {34}, {4}, respectively
(522 (201 = explH{ A 171, SO, A2@17, [A2 @, 142 @],

[s? (1,3)] = exp[-[457) (3)] 1], for component Es(i)

[Sg) (t’4)] 0= exp[_[/](zzz) (4)] (7)t], [Ss(i) (t m " = [1. [3(2) (t 1)] (] [5(2) (t 2)] (7)

or the intensities of departure from the safetyesta [s @37 [ 0] 7]
subsets{1,234}, {234}, {34}, {4}, respectively
coordinates
A2, [A2(2)]7, [A23)]D, [A2 (4]
217, [A2@17, [A2EN7, 42 @)] (52 €01 = explLA I

436



