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Abstract

There is presented the contents of the trainingseoaddressed to industry. The curriculum of thersm
includes the methods, algorithms and proceduregléatification of the reliability models of compamts of

the complex technical systems and their applicationpractice. It is based on the theoretical bemkgds
concerned with the semi-markov modeling of the dempechnical systems operation processes, on the
complex technical systems and their componentsistatk reliability models and on the statisticakimoels of
identification of the complex technical system camgnts reliability models. The illustrations of {hv®posed
methods and procedures practical application ibhgmd shipyard transportation are included.

1. Introduction

The training course is concerned with methods,
algorithms and procedures of identification of the
reliability models the complex technical systemd an
their application in practice and it is based oa th
results given in [7], [2] and [1]. The participards
the course are provided training materials andsk di
with the computer program included in [6]. Presdnte
at the training course examples of practical
applications are coming from [8] and [4]-[5].

The training course includes the following items:

- Theoretical backgrounds based on [3]: basic
notions of the system multi-state reliability
analysis, definition of the conditional multi-
state reliability function of the system
components, definition of the conditional
multi-state exponential reliability function of
the system components, definition of the
system components conditional intensities of
departure from the reliability state subsets;

- Methodology of fixing the subsystems and
components of the complex technical

- systems in various operation states on [7]
and [2]: defining the system operation states,
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fixing the subsystems of the system
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 reliability
models based on [3]: fixing the number of
different reliability states of the system
components, defining the reliability states of
the system components, fixing the possible
transitions between the system components
reliability states, fixing the set of unknown
parameters of the system components
reliability models;

Procedure of the system components
reliability data collection based on [3]: In the
case of data coming from experts, fixing the
approximate mean values of the system
components lifetimes in the reliability states
subsets; In the case of data coming from the
system components reliability state changing
processes, fixing the following experiment
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kinds: Case 1 Observations of the
realizations of the component lifetimes up to
the first departure from the reliability states
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 reliability 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 reliability
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 reliability states
subsets, fixing the numbers of the observed
realizations of the component lifetimes up to
the first departure from the reliability states
subsets irCases 1-p

Procedure of evaluating the unknown system
component  conditional intensities  of
departures from the reliability states subset
based on [1]Case 1 The estimation of the
component intensity of departure from the
reliability states subset on the basis of the
realizations of the component lifetimes up to
the first departure from the reliability 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 reliability
states subset on the basis of the realizations
of the component lifetimes up to the first
departure from the reliability states subset on
several experimental posts — Non-completed
investigations, the same observation time on
all experimental posts;Case 3 The
estimation of the component intensity of
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departure from the reliability states subset on
the basis of the realizations of the component
lifetimes up to the first departure from the
reliability —states subset on several
experimental posts - Non-completed
investigations, different observation times on
particular experimental post§€ase 4 The
estimation of the component intensity of
departure from the reliability states subset on
the basis of the realizations of the component
simple renewal flow (stream) on one
experimental posiCase 5 The estimation of
the component intensity of departure from
the reliability 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 reliability 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 reliability
states subsets in &lases 2-6

Procedure of identifying the system
components conditional multi-state
exponential reliability functions based on
[1]: constructing and plotting the realization
of the histogram of the system component
conditional lifetime in the reliability 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
reliability function;

- Procedure of applying the computer
program for identification of system
components reliability models based on [6];

- Application of the procedures and
computer program for identification of the
reliability models of the components of real
complex technical systems operating in
variable conditions: identification of the
reliability of the components of the oil
piping transportation system based on [8],
identification of the reliability of the
components of the ship-rope elevator based
on [4], identification of the reliability of the
components of the ground ship-rope
transportation system based on [5].
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2. Theoretical backgrounds

In the multi-state reliability analysis of non-

repairable systems to define the system ageind’

(degrading) components we assume that:

E is a component of a system,

a componentsE has the reliability state set
{0,1,..2, z=1],

the reliability states are ordered, the statetBds
worst and the stateis the best,

T(u) is a random variable representing the
lifetime of componentE in the state subset
{uu+1,...z}, while it was in the state at the
momentt = 0,

the component reliability states degrade with
timet without repair,

e(t) is a componenk state at the momerit

t < 0,0), given that it was in the state at the

momentt = 0.

We assume that the changes of operation statée of t
multistate system operation proceZggt) have an

influence on the reliability functions of the syste
components and we mark By” (u) the conditional
lifetime T®(u) of the system component in the
reliability states subsefu,u+1,...,zZ}, u=12,...,2.

Consequently, we mark the conditional multistate
reliability function of the system component when
the system is in the operation statg b=12,...,v,

by
[Rt, 01”=[1, [REt, D]V ,..., [R(t, 2] ], (4)

where

[REt, W] =P(T® (u) >4Z(t) = z,) (5)

The above assumptions mean that the states of the fort0<0,,), u=12,...,z b=12...v,

system degrading components may be changed i
time only from better to worse (sd€igure 1).
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Figure 1.lllustration of reliability states changing
of system ageing components

best state

Under these assumption, a vector

Rt,l) = [R(t,0)R(t,1),...R(t,2)], t O< 0,), D)
where
Rt,u) =P(e(t) =2 u | &(0) =2) =P(T (u) > 1), (2

t0d<Q,0), u=0,1,...7,

is the probability that the compondais in the state
subset{u,u+1...,zZ2 at the moment, t[I< 0,c),
while it was in the state at the moment = 0, is
called the multi-state reliability function of a
componentk.

Particularly, foru=0, in (1) and (2) we have

Rt,0) =P(e(t) 2 0] &(0) =2) = P(T (0) >1) = 1, (3)

t 0< 0, ).

345

n
is the conditional reliability function standingeth
probability that the conditional lifetim& ® (u pf

the system component in the reliability states stibs
{u,u+l,...,zZ is greater thart, while the system

operation procesg(t) is in the operation state,,
b=12,...V.
Further, we assume that the coordinates of thewrect

of the conditional multistate reliability functiof#)
are exponential reliability functions of the form

[R(t,u)]™ =exp[-[A(u)]”t]fort O< 0, ), (6)

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

Te above assumptions mean that the density function
of the system component conditional life time
T®(u) in the reliability states subsét,u+1,...,7} ,
u=12,...,z atthe operation statg, b=12,...,v, is
exponential of the form

[fEul® =[Au)]® expHAU)]™t] (7)

for t < 0, ),

where [A(W]®, [AW)]® =0, is an unknown

intensity of departure from this subset of the
reliability states.

3. Procedures of identification of complex
technical system components reliability
models
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3.1. Methodology of fixing the subsystems and 3.3. Procedure of the system components
components of the complex technical systems reliability data collection
in various operation states

To fix the subsystems and components of the syster§'3'1' Data coming from experts

in various operation states, firstly, we shouldlgzea ~ On the basis of the expert opinions the approximate
the system operation process and to fix or to éefin values

its following general parameters:

[4W]®,u=12,..,2z b=12,..V,
- the number of the operation states of the system

operation process, of the mean values

- the operation states of the system operationgsoc [(W]® = E[TW)]®, u=12,...z, b=12,..v
2,2, ..,2,.

of the system components lifetime§T (u)]”,
u=12...,z, b=12..v, in the reliability states

i) to fixing the subsystems of the system operating SUPsetu,u+1...z, u=12,..,z, while the system
in particular operation states; IS operating in the operation state, b=12,...v,
should be fixed.
i) to fix, to describe and to mark the components of
the subsystems operating in particular operation 3.3.2. Data coming from components
states. reliability states changing processes

3.2. Methodology of defining the parameters To estimate the unknown parameters of the system
of the system components multi-state components multistate reliability models, during th
reliability models experiment, we should collect necessary statistical

data performing the following steps:

To make the estimation of the unknown parameters

of the system components conditional multistatei) to fix the experiment kinds subjected to the
reliability functions the experiment delivering the  defined belowCases 1-6;

necessary statistical data should be precisely

Next, we should do the following steps:

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

reliability states subsets:
i) to analyze the processes of reliability states
changing of all system components in different - the experiments duration times,
operation states;
- the realizations of the component lifetimes uphi
i) to fix or to define its following general first departure from the reliability states subsets
parameters:
- the numbers of the observed realizations of the
- the number of the reliability states of the eyst component lifetimes up to the first departure from
componentsz, the reliability states subsets.

- the reliability states of the system componedis The fixed kinds of the experiments and the collécte
1, ..., 2; statistical data are described below.

i) to fix the possible transitions between the systemCase 1.
components reliability states; The estimation of the component intensity of
departure from the reliability states subset on the
iv) to fix the set of the unknown parameters of thebasis of the realizations of the component lifetime
system components reliability models. up to the first departure from the reliability stat
subset on several experimental posts — Completed
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investigations, the same observation time on allreliability states subsef{u,u+1,...,zZ}, u=12,...,z,
experimental posts is equal ton®, i.e. m® (U) =n®, u=12,...,z.
H i ) (b)
We assume that dur_lng the tinté , T >0, we We mark by
have been observing the realizations of the
component lifetimeT® (u )in the reliability states o W ={t®U):i=12,..m" W}, u=12,....z
subsef{u,u+1...,z, u=12,...,z, at the operation '
statez,, b=12,....v, on n” identical experimental the set of the momentst® (u), i =12,...m® (u),

posts. We assume that at the beginning of the, =12 . 7 of departures from the reliability states
experiment _all _components are new IOIentIC‘sllsubset{u,u+],...,z}, u=122,..,z of the component
components staying at the best reliability statand . . . o
that during the fixed observation time® all on thei —th observational post, i.e. the realizations
: . - ©
components have left the reliability states subsef_)f the |c:ent|cal component lifetimesT, ™ ().
{12,...,2 , i.e. all observed components reached thel ='],2.,:..,n( ', to the first departure from the
worst reliability state OFigure 2. It means that the reliability states subsets, that are the independen
number m® (u) of components that have left the random variables with the exponential distribution
defined by the density function (7).

]
1 L 2 ®) |
2 1= (@) ¢(b) !
a S ) t, (l)
t§” @ !
*
(o) * '
b
tl(lrb)\ (1) : ;
N z—(b)

Figure 2.The scheme of the realizations of the componggtirties up to the first departure from the relidpil
states subset on®” observational posts (completed investigationsstree observation time on all
experimental posts)

Case 2. components reached the worst reliability state 0
The estimation of the component intensity of(Figure 3. It means that the numben® (u) of
departure from the reliability states subset on thecomponents that have left the reliability statesset
basis of thg realizations of the component lifetime {Uu+1..,3, u=12,...,z is less or equal to®,

up to the first departure from the reliability stat . ® A
subset on several experimental posts — Nonl€ M (Wsn”, u=12..z.
completed investigations, the same observation tim&Ve mark by

on all experimental posts

We assume that during the tin® 7 >0, we AP(u) ={t"(u):i=22...m" )}, u=12...z
have been observing the realizations of the
component lifetimesT® (u )n the reliability states the set of the momentst®™ (u), i=122,...m"(u),

subset{u,u+1,...,z}, u=12,..,z, at the operation u=12,...,z, of departures from the reliability states
statez,, b=12,...v, on n® identical experimental subsef{u,u+1...,7, u=12,...,z, of the component
posts. We assume that at the beginning of theon thei —th observational post, i.e. the realizations
experiment all components are new identicalof the identical component lifetimesT ® (u),

components staying at the best reliability s@atand ;- 15  1® 9 the first departure from the
. . - . (b) 10y '

that during the fixed observation time”not all  (gjiapility states subsets, that are the independen

components have left the reliability states subsefangom variables with the exponential distribution

{12...2, ie. m®”, m®<n®, observed gefined by the density function (7).
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Figure 3.The scheme of the realizations of the componggtiriies up to the first departure from the relidpil
states subset on®™ observational posts (non-completed investigatitims same observation time on all
experimental posts)

Case 3. subset {1,2,...,2, i.,e. m?, m® <n®, observed
The estimation of the component intensity ofcomponents reached the worst reliability state 0
departure from the reliability states subset on the(Figure 4. It means that the numben® (u) of
basis of the realizations of the component lifetime N
up to the first departure from the reliability sat components that have left _the reliability statelsism
subset on several experimental posts NondiWu+l...Z, u=12..z2 is less or equal to™,
completed investigations, different observationesm i.e. m®(u)<n®,u=12,..,z.

on particular experimental posts We mark by

We assume that we have been observing the

realizations of the component lifetim@s” (u in)the AP (U) ={t*(u):i =12,...m® ()}, u=12,....2,
reliability states subsefu,u+1,...,zZ}, u=12,...,z,

at the operation statez,, b=12...v, on n® the set of the momentst® (u), i=12,...,m"”(u),

identical experimental posts. We assume that theu=12,...,z, of departures from the reliability states
observation times on particular experimental postssubset{u,u+1,...,2, u=12,...,z, of the component

are different and we mark byr®™, 7”>0, 4, thej—th observational post, i.e. the realizations
i=12,..,n", the observation time respectively on of the identical component lifetimesT® (u),
the i-th experimental post. We assume that at the; =12,..n®, to the first departure from the
beginning of the experiment all components are ne
identical components staying at the best religbilit
state z and that during the fixed observation times
™ not all components have left the reliability state

V\feliability states subsets, that are the independen
random variables with the exponential distribution
defined by the density function (7).
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Figure 4.The scheme of the realizations of the compongatirties up to the first departure from the relidpil
states subset on” observational posts (non-completed investigatidiffierent observation times on all
experimental posts)

Case 4. components reached the worst reliability statetO. |
The estimation of the component intensity ofmeans that the numben®™ (u) of components that

departure from the reliability states subset on thep,ye |eft the reliability states subsét,u+1,...,7}
basis of the realizations of the component simple ’ o

renewal flow (stream) on one experimental post
We assume that during the time” 7" >0, we
have been observing the realizations of theWe mark by
component lifetimeT® (u )in the reliability states

subset{u,u+1,...,.zZ, u=12...,z, at the operation

statez,, b=12,...,v, on one experimental posts. We )

the set of the momentst® (u), i=12,...,m" (),
assume that at the moment when the component is ' T
leaving the reliability states subsf2,...,z} , i.e. the U =12,...,z, of departures from the reliability states
observed component reached the worst reliabilitySubsefu,u+1...z, u=12,..z of the component
state 0, it is replaced at once by the same newn thei —th observational post, i.e. the realizations
component staying at the reliability statgFigure  of the identical component lifetimesT® (u),
5). It means that at the beginning all componengs ar j =12 n®,  to the first departure from the
new identical components staying at the bestgjiapility states subsets, that are the independen

reliability state z. We assume that during the fixed rnqom’ variables with the exponential distribution
observation timem® components have left the gefined by the density function (7).

reliability states subsefl,2,...,z , i.e. m® observed

=12,...,z, is equal either tan® or to m® +1,
e. m®”@W)=m® orm?u)=m” +1, u=12,...,z.

AP () ={t”(u):i=22,...m" ()}, u=12,...,z

t, t, t tna 7

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

Cases5. _ _ We assume that during the tin®” 7" >0, we
The estimation of the component intensity ofhave been observing the realizations of the

departure from the reliability states subset on thecomponent lifetimeT® (u )in the reliability states
basis of the realizations of the component simple

. subset{u,u+1,...,7Z}, u=12,...,z, at the operation
renewal flows (streams) on several experimental )
posts — The same observation time on allState z,, b=12..v, on n® experimental posts.
experimental posts We assume that, at each observation post, at the
moment when the component is leaving the
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reliability states subsefl2,...,7}, i.e. the observed We mark by

component reached the worst reliability state @ it

replaced at once by the same new component staying A” (U) ={[t” (W] : i =12,...m?” (u)},

at the reliability statez (Figure 6). It means that, at

each experiment post, at the beginning all y=12..2z j=12..n®,

components are new identical components staying at

the best reliability state . We assume that, at thie the sets of the timeg® ()], i =12,...m"(u), to

. ® . . .
th, j=12....n"™, experimental post, during the fixed the components departures from the reliabilityestat
observation timem® components have left the subsef{u,u+1....2, u=12,...z atthe at thej-th,

reliability states subsefl,2,...,7} , i.e. m” observed j=12,..,n®, experimental post, i.e. the realizations
components reached the worst reliability statetO. Iof the component lifetimesT® (u) to the first

(b) . -
means that the .nu.n.1bemj (u) of components that  yohartyre from the reliability states subsets, that
have left the reliability states subs¢u,u+1,...,z2,  the random variable with the exponential distribnti

u=12,...,z is equal either tan® or to m® +1,  defined by the density function (7).
i.e. m”(u)=m®” orm”(u)=m® +1, u=12,...,z

~ . ~ 7 T N 7 < == —>

(Oan®  Pan® [t @N® [t @IS

b 2 b 2 b 2 Y

[tl( )(1)]( ) [t; )(1)]( ) [ti( )(1)]( ) [t((m " 1)] @)

M \r(b) (i) b i \r(b) (i) g

[t,”] [t.( )](J) (t9.]
I

0 oy e® ®) ()™ (b) (1y7(n® b ®
o ] 1 @) [t 1" 7

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

Case 6. state O, it is replaced at once by the same new
The estimation of the component intensity ofcomponent staying at the reliability stargFigure
departure from the reliability states subset on the7). It means that, at each experiment post, at the
basis of the realizations of the component simplebeginning all components are new identical
renewal flows (streams) on several experimentalcomponents staying at the best reliability state
posts — Different observation times on experimentaWe assume that, at thej-th, j=12..,n",

posts experimental post, during the fixed observatioretim
We assume that we have been observing then” components have left the reliability states subset
realizations of the component lifetinie” (u ir) the {12,....7+, i.e. m” observed components reached
reliability states subsetu,u+1...,2t, u=12...,z2,  the worst reliability state 0. It means that thenber

at the operation statez,, b=12...v, on n® m®(u) of components that have left the reliability

experimental posts. We assume that the observatiostates subset{u,u+1,...,zZ, u=12,...,z, is equal
times on particular experimental posts are differen gjther to m® or to m® +1, ie. m®(u)=m® or
(b) (b) > — (b)

and we mark byr, 0 i=12,.. , the MO Uy =m® +1, u=12,...2
observation time respectlvely on the -th

. We mark by
experimental post. We assume that, at each
observation post, at the moment when the component
is leaving the reliability states subsfi2,...,7}, i.e

the observed component reached the worst reliabilit

A® (U) ={[t” (W] 1§ =12,..,m? ()},
u=1212,..z j=12,..n",
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realizations of the component lifetim&s” (u) to the

the sets of the timefg!™ (u)]”, i =12,...,m® (u), to first departure from the reliability states subs#tat
the components departures from the reliabilityestat  is the random variable with the exponential
subsef{u,u+1,...,z}, u=12,..,z atthe at thej - distribution defined by the density function (7)

th, j =12,...,n"”, experimental post, i.e. the

1 X 7 C 7 < o>
Y Y “a . B (b)
Lo oW [t 1 [t 1(1)]@ n

2
(b)
OO KOO 017 T

| »
J\ v J\- ~ JH_} H_/\ ~ ¥

. : } . . (b)
. [tl(b) (1)](1) [tz(b) (1)](1) [ti (b) (1)](1) [t(b) (1)](1) [tr(r:)(.)b) +l(1)](l) Z'j
J
n(b) H_/\ J .. A\ ~ A | >4 V
n(b) n(b) n(b') T n(0) (b )
[t [t Q)] [t® )] [t (1)] T

(b)

Figure 7.The scheme of the realizations of the componemplsi renewal flows (streams) on several
experimental posts (different observation timexperimental posts)

3.4. Procedure of evaluating the system

components unknown intensities of departure AN® OLAu® = — 8
from the reliability state subsets AW BT = ®
3.4.1. Data coming from experts u=12,..z b=212..v

On the basis of the approximate values
A 3.4.2. Data coming from components
[a]™, u=12..2 b=12..v, reliability states changing processes
On the basis of statistical data described in 8ecti

of the mean values _ _ R
3.3.2, we want to find the estimafd(u)]® of the

[W]® =E[TW)]®,u=12,...,z, b=12,...v, value[A(u)]® of this unknown intensity of departure
from the reliability states subsefu,u-+1,...,7Z,
of the system components lifetimefT(u)]”,  u=12,...,z The formulae for all considered kinds of

u=122..z b=12..v, in the reliability states experiments are presented below.
subsetu,u+1,...,zZ, u=12,...,z, while the system

is operating in the operation state, b=12,...,v, N _ _

ing f N dd ived in Section 3.3 1The estimation of the component intensity of
coming from expfers and described in (b)ec lon 3.5 departure from the reliability states subset on the
we want to estimate the valudsi(u)]” of the  pasis of the realizations of the component lifetime
components unknown intensitieA(u)]” of  up to the first departure from the reliability stat
departure from the reliability states subsetSubset on several experimental posts — Completed
{uu+1...2, u=12..z while the system is investigations, the same observation time on all
L . _ experimental posts
operating in the operation stafg, b=12,...v. The In this case, the maximum likelihood evaluation of

formula for all system components is given by theéihe  unknown component intensity of departure
following approximate equation

Case 1.
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Ty el sates sbset g = 12)
y naay y - yreny y (b) N (b)
; ti (U) + i:m(g“(u)ﬂri
. X ne
[A)]® =%. u=12,...,z. (9) u=12..z

Assuming  the  observation  times 7,

Case2. _ . i=m®(u),m”u)+1...,.n"”, as the moment of
The estimation of the component intensity ofye o e from the reliability states subset
departure from the reliability states subset on the{u u+l..7}, u=12..z2 of the components that

basis of the realizations of the component lifetime . -
up to the first departure from the reliability stat ~have not left this reliability states subset we get
subset on several experimental posts NonLalled a pessimistic evaluation of the intensity of

completed investigations, the same observation tim&epartureA” (u )from the reliability states subset of
on all experimental posts the form

In this case, the maximum likelihood evaluation of
the unknown component intensity of departure
[AW]® from the reliability states subset

{uu+l..,zZ,u=12,..z2is

R ) n®
[/.l (u)]( ) = m(b)(u) n(b) ’ (13)
>t X

i=m(®) (uy+1

u=12,...,z
~ m(b) (U)
(b) —
[A (U)] - m® () o O N ’ (10) Case 4.
2 7 (u)+77[n® -mT(u)] The estimation of the component intensity of
departure from the reliability states subset on the
u=12,...,z basis of the realizations of the component simple

renewal flow (stream) on one experimental post

In this case, the maximum likelihood evaluation of
the unknown component intensity of departure
[AW]® from the reliability states subset

{u,u+1...2,u=12,..,z is

Assuming the observation tin®e” as the moment of
departure from the reliability states subset
{u,u+l,...,zZ}, u=12,..,z, of the components that
have not left this reliability states subset we get
called pessimistic evaluation of the intensity of

departure[A(u)]® from the reliability states subset 2 _ m® (u) _
p [Au)] ) y [AW]® =5 ,u=12,..,z, (14)
{u,u+l,...,zZ} , u=12,...,z, of the form 3 t® () +d® (u)
~ n(b)
[AW]® = - . (11)  where
Z ti(b) (u) + T(b)[n(b) _ m(b) (u)]
i=1 d (b) (U) —
u=1212,..,z m® ()
R ti(b) @ if m®u)=m® (15)
Case 3. - i=1
The estimation of the component intensity of 0 if mMPW=m®+1 u=12,...,z

departure from the reliability states subset on the
basis of the realizations of the component lifetime

i (b) — (b) —
up to the first departure from the reliability stat Inthe case ifm®(u)=m®, u=12..,z, after

subset on several experimental posts — Nonassuming the observation tint€’ as the moment of
completed investigations, different observatioresm departure from the reliability states subset
on particular experimental posts {u,u+l...,zZ, u=122,...,z, of the last component

In this case, the maximum likelihood evaluation of that has not left this reliability states subsetgee so
the unknown component intensity of departurecalled a pessimistic evaluation of the intensity of
[AW)]® from the reliability states subset departure[A(u)]® from the reliability states subset

{uu+l..z,u=12..7 is {uu+1...,2,u=12,..,z of the form
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m® +1 basis of the realizations of the component simple
(b) — —
[/l(u)] T o yu=12...z (16) renewal flows (streams) on several experimental
Z £ (u) +d™ (u) posts — Differenbbservation times on experimental
posts . o _
Case 5. In this case, the maximum likelihood evaluation of

The estimation of the component intensity ofthe unknown component intensity of departure
departure from the reliability states subset on the[A(U)]®” from the reliability states subset
basis of the realizations of the component simple{u,u+1...,2, u=12,...,z is either

renewal flows (streams) on several experimental

posts — The sameobservation time on all o

experimental posts . ij (u)

In this case, the maximum likelihood evaluation of ~[4(U)] R ' (20)
the unknown component intensity of departure Z Z [t )] + Zd“”(u)

[AW]® from the reliability states subset

u= 2,...,z,
{u,u+l,...,zZ,u=122,...,z is either !

where for j =12,...,n"

. m“’)(U)
AW = .ooan
Z Z [t (u)l’ +Zd“’)(U) d®(u) =
m® (u)
] .
u=12,..z P - T @1 i m? ) =m? (1)
0 if mM?W=m®+1, u=12,...,z
where forj =12,...,n" ;) ptL L
4o (u) = In the case if there exigt, j O0{12,...,n®™}, such that
: o m?u)y=m®, u=12..z assuming  the
r® _m’zu[t_(m 1P if m®(u)=m® (18) observation times 7", j=12..n", as the
= : i i i .
_ ;b) " moments of departures from the reliability states
0 if mP(u)y=m”+1 u=12..z subset {u,u+1....2, u=12..z of the last

components on experimental posts that have not left

In the case if there exigt, j 0{12,...,n}, suchthat this reliability states subset we get so called a
the pessimistic evaluation of the intensity of departur

[AW]® from the reliability states subset
{u,u+l,...,zZ, u=12,...,z, of the form

m®(u) =m®, u=12,..,z, assuming

observation timer® as the moment of departures
from the reliability states subsefu,u-+1,...,7Z,

u=12...,z, of the last components on all ®
experimental posts that have not left this religpil . >m? +n®
states subset we get so called pessimistic evafuati  [A(W)]” = o = ) (22)
of the intensity of departurgA(u)]® from the Z Z [t )] + Zd ® (u)
reliability states subsefu,u+1,...,.zZ}, u=12,...,7,
of the form u=12,...z
rg:)m(b) + n(b) . e .
Au]® = & (19) 3.5. Procedure of !(;Ientlfylng Fhe system
W0 W ' components conditional multistate
Z Z [t (u)] + Zd(b)(u) exponential reliability functions
To formulate and next to verify the non-parametric
u=12...,z hypothesis concerning the exponential form of the
coordinate

Case 6.
The estimation of the component intensity of [R(t,u)]® =exp[{A(u)]®t] for t0<0,), (23)
departure from the reliability states subset on the
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u=12,..z b=12..yv, : ®
L L x” = max{mint® (u) - d2 ,0},

of the vector y}b) - Xl(b) + jd ®) =237,

[Rt,01”=[L, [RED]V ... [RE2IVL, (24) oy _
7=y, ]=23..17,
of the conditional multistate reliability functioof
the system component when the system is at thé the way such that
operation statez,, b=12,...,v, it is necessary to act o o

according to the scheme below: PO 0,018 =<x",y5),

- to fix the numbers\® of realizations of the system and
component  conditional lifetimes T®(u ,) G0 forallizj,i,j r®
b=12..v, in the reliability states subsets IPatP=0foralli# j,i,j0{12...,r%},

{uu+1...,z,, u=12,...,z _ o _
- to determine the numbers of reahza‘ucrrj% in

- to fix the realizationst” (u )t (u), ..., t% (u), particular intervald ¥, j =12,...,r”, according to
u=12,..,z of the system component conditional the formula
lifetimes T (u), b=12,...,v, in the reliability states

O =g tPwWOI®,i0{2,...,n},
subset{u,u+1,...,7}, u=12,...,7, & R R

j=12,...,F®,
- to determine the number® of the disjoint h
intervals | ¥ =<x,y"), j=12..F", that where
include the realizationg” (u %" (u), ..., t*(u) of Zfln@ —n®
the system component conditional lifetim&&’(u ) ="' '

in the reliability states subset, according to the
formula whereas the symbai means the number of

elements of a set,
r—(b) D /n(b) ,
the component departurgA(u)]® from the

i . ®) ,
(bt)o de(tfm?:)ne the Iengt_h(dm of th? intervals reliability states subset, applying suitable foranul
17 =<x",y"), j=212..%, according to the {om Section 3.4.2,

- to evaluate the value of the unknown intensity of

formula
- to construct and to plot the realization of the
R® histogram of the conditional system component
d® = . . -
Fo 1’ lifetime T®(u), b=12,...,v, in the reliability states
subset {u,u+1,...,zZ}, u=12...,z, at the system
where operation state, p=12,...v,
R® = rE-?'Xti(b) (U) _r].ginti(b) (U), n®

f_n“’)(t,u)=$ for tO1,
- to determine the ends”, y®, of the intervals

1@ =<x”,y"), j=23..r,, according to the

formulae
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h® (t,u)t
1

t

0 =Y Y X Yr

Figure 8.The realization of the histogram of the conditissgstem component lifetime in the reliability stsit
subset

- to analyze the realization of the histogram, B
comparing it with the graph of the exponential - to fix a new number of intervais®” ,
density function

[FEul®™ =[A(u)]® expHAU)]™t]

- to determine new intervals

[0 =<x",9%), j=12,.,7",
for t O< 0, ),

- to fix the numbersﬁi‘b) of realizations in new
of the system component lifetim&® (u in the

reliability states subset{u,u+1,...,zZz at the

operation statez,, corresponding the reliability - to calculate the hypothetical probabilities thia
function coordinate (20) of the vector of the variable T® (u)takes values from the interveilfb),

conditional multistate reliability function of the . 4er the assumption that the hypothesis is true,
system component (21) and to formulate the null.

hypothesisH, and the alternative hypotheslid,, €. the probabilities

conce_r.ned with th(_e form of the_ component multistate p® = P(T® (u) 0 r;(h)) =P(X” <T®(u) < y®)
reliability [R(t, D]® in the following form:

H,: The conditional multistate reliability function =[RX®,u)]® ~[RF,u)]®, ] =12,...F,
of the system component

intervalsT®, j=12,..,7",

where R”(x”,u) and R”(y”,u) are the values of
the coordinate reliability functiorR™ (t,u Yf the

has the exponential reliability functions coordesat multistate reliability function defined in the null
of the form hypothesisH  ,

[Rt, ™= [1, [RE,D]™,..., [R(Et, ] ],

[R(t,W)]® =expHA(W)]™t] for t0< 0,x), - to calculate the realization of the? (chi-squarg-

. . N . Pearson’s statistidd _, according to the formula
H, : The conditional multistate reliability function " g

A
of the system component has different from the @ (A —n® p®)?
exponential reliability functions coordinates, u =y—— 1 -

n )

=l n® p®

i

- to join each of the intervald ®, that has the o
: - to assume the significance leval (a = 001,

a =002 a =005 ora=010) of the test,

- to fix the numberr® —1 -1 of degrees of freedom,
1"}, this way that the numbers of realizations in all substitutingl =1,

-1’

intervals are not less than 4,

numbern® of realizations less than 4 either with the
neighbor intervall ;) or with the neighbor interval
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- to read from the Tables of thg’ —Pearson’s PU,>u,)=1-a,
distribution the valueu, for the fixed values of the and next to determine the critical domain in therfo
significance levela and the number of degrees of Of the interval(u,,+« )and the acceptance domain

freedom 7 -1 -1 such that the following equality in the form of the intervak Q,u, >,
holds

Cntical domain

i 4

&

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

- to compare the obtained valueof the realization 5. ldentification of the components reliability
of the statisticsU, with the read from the Tables models of real complex technical systems —
critical value u, of the chi-square random variable USING procedures

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 ,

domain, i.e. whenu, >u, ,then we reject the port oil piping transportation system in

5.1. Statistical identification of the port oil
piping transportation system components
reliability models

hypothesisH  in favor of the hypothesisi, . various operation states

) The considered terminal is composed of three parts
4. PVOCEdUVQ of a_p_plyl_ng the computer A, B and C, linked by the piping transportation
program for identification of the system systems with the pier. The scheme of this termimal
components reliability models presented ifrigure 10.

Training material is given in [6]

Ss
s a3
i X -
‘\“%‘g‘(‘=«—ﬂ ( (Ce
=\ B
\\ﬁ’ A
PIRS [TERMINAL DEBOGORZE |

Figure 10.The scheme of the port oil piping transportatigstam.
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The

oil pipeline transportationystem consists of

three subsystems, S,, S;:
- the subsystemS, is composed of two identical

pipelines, each composed of 176 pipe segments of
length 12m and 2 valves, denoted respectively by *

E (6]

([

i=12, j=12..178

- the subsyster8, is composed of two identical

pipelines, each composed of 717 pipe segments of
length 12m and 2 valves, denoted respectively by

E(Z)

ijo?

i=12, j=12,..719

- the subsyster8, is composed of two identical and

one different pipelines, each composed of 360 pipe

segments of either 10 m or 7,5 m length and 2

valves, denoted respectively b)Eij“), i =123
j=12,...362
The subsystems, S,, S,, indicated inFigure 10

an operation state, — transport of one kind of

medium from the pier through part A to B using
one out of two pipelines in subsyste®n and
one out of two pipelines in subsyst&mn

an operation state, — transport of one kind of

medium from the terminal part B to C using two
out of three pipelines in subsyste®, and
simultaneously transport one kind of medium
from the pier through part A to B using one out
of two pipelines in part§; and one out of two
pipelines in subsyster®,

an operation state, — transport of one kind of

medium from the terminal part B to C using one
out of three pipelines in pars, and
simultaneously transport second kind of
medium from the terminal part C to B using one
out of three pipelines in pag.

are forming a general port oil pipeline system At the system operational statg, the system is

structure presented Figure 11

S

S S

Figure 11. General scheme of port oil pipeline
transportation system

However, the pipeline system structure and the
subsystem components reliability depend on its
changing in time operation states.

Taki

ng into account the expert opinion on the

operation process of the considered port oil pigeli
transportation system we fix the number of the

pipe

line system operation process states?7 and

we distinguish the following as its seven operation

states:

an operation state, — transport of one kind of

medium from the terminal part B to part C using
two out of three pipelines in subsyst&n
an operation state, — transport of one kind of

medium from the terminal part C (from
carriages) to part B using one out of three
pipelines in subsyste®,

an operation state, — transport of one kind of

medium from the terminal part B through part A
to pier using one out of two pipelines in
subsystemS, and one out of two pipelines in
subsysteng,,

an operation state, — transport of two kinds of

medium from the pier through parts A and B to
part C using one out of two pipelines in
subsystemS,, one out of two pipelines in
subsystents, and two out of three pipelines in
subsystens;,
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composed of the subsyste®,, with the scheme
showed inFigure 12

[TERMINAL DEBOGDRZE |

Figure 12.The scheme of port oil transportation
system at operation state

At the system operational statg, the system is
composed of the subsyste®), which contains three
pipelines with the scheme showed-igure 13

B

| TERMINAL DEBOGORZE |

Figure 13.The scheme of port oil transportation
system at operation state
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At the system operational statg, the system is each co_nta_lining two pipelines with the structure
series and composed of two subsystefis S,, ~ Showed irFigure 14

TERMINAL DEBOGORZE

PORT GDYNIA |

Figure 14 The scheme of port oil transportation systenpatation state;

At the system operational statg, the system is containing two pipelines and subsystedn with the
composed of two subsystems, S,, each scheme showed ffigure 15

2

[ TERMINAL DEBOGORZE |

[PORT GDYNIA |

Figure 15 The scheme of port oil transportation systenmpatation state,

At the system operational state, the system is containing two pipelines with the scheme showed in

composed of two subsystems, S, each Figure 16
S,
({( ((( (+()
e ({ (-0
_—
A4 B
| TERMINAL DEBOGORZE |

PORT GDYNIA |

Figure 16 The scheme of port oil transportation systenpatation states

At the system operational state, the system is composed of three pipelines with the scheme showed
composed of two subsystemsS, S,, each N Figure 17

2

containing two pipelines and one subsystesn
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Ss
S, (=0
{q ((( (0 (=0
{l (( (-0 o ((C_ (-0
A B C
[ TERMINAL DEBOGORZE |

|PORT GDYNIA |

Figure 17 The scheme of port oil transportation systenmpatation stateg

At the system operational state, the system is state, i.ez= 2, component&™, k = 123, with the
composed of the subsyste®), which contains three conditional multi-state reliability functions
pipelines with the scheme showed-igure 18

[Rj(k> (t, [I[l(b) :[1I[R11(k> (t,l)]“’) ,[R“(k) (t’z)](m ],

5,
(. (¢ (=0 0=12,...,
EH HE E g with exponential co-ordinates[R™ (t,1)]” and
- . [R" (t,2)]” different in various operation states,
B C b=12,...7.
More precisely, from the performed in Section 3.4.2
[TERMINAL DEBOGORZE | analysis, the unknown reliability parameters of the

system components reliability models in various

Figure 18.The scheme of port oil transportation system operation states are:

t t tion stat
system at operation state I) at the system operation states:
5.1.2. The parameters of the port oil piping o _
transportation system components multi-state - the reliability functions of the subsysters,
reliability models components

After discussion with experts, taking into accotig @t o = @ 19 [R® (t.2)]©
operation conditions influence on the reliabilitf o (RO =1L (RPEDIT [RE(E21T,
the oil pipeline transportation system, in all Gigm

statesz,, b=12,...7, we distinguish the following 1=123 j=12...362
three reliability state =2) of the system and its coordinates
components:
* areliability state 2 — piping operation is fully © (t 1)]© = A9 M9t
2afe. [R D] =expl-{A” @W]"1],
« areliability state 1 — piping operation is less . . , .
safe and more dangerous because of the [RY” (t.2)]" = exp[HA” (2)]1"1],
possibility of environment pollution, _ _
« areliability state 0 — piping is destroyed. 1=123 j=12...362

Moreover, we fix that there are possible the

transitions between the components reliabilityestat with the intensities of departure from the relidpil
only from better to worse ones. states subsetd,2}, {2}, respectively

From the above, the oil pipeline transportation

subsystemsS, k=123 are composed of three- M1, [A2@)]°,1=123 j=12,..362
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ii) at the system operation states:

- the reliability functions of the subsyster§,
components

[RP(t D7 =[L [RP D1, [RP .21,
=123 j=12..362
coordinates
[RP (D] =exp[-H{A7 M]“1],
[RP (t.2)]® =exp[-{A7 (2)]“1],
=123 j=12..362

with the intensities of departure from the relidbpil
states subsefd,2}, {2}, respectively

[A7 @17, [A7 ()7, 1=123 j=12...362
iii) at the system operation states:

- the reliability functions of the subsysterfy
components

[RP(E 01 =[L [RP (D], [R (t.2)]],
i=12 j=12..178
coordinates
[RP (D] = exp[-{A” W)]171],
[RP (t,2)]” = exp[H{AP (2)]”1],
i=12 j=12..178

with the intensities of departure from the relidpil
states subsefd,2}, {2}, respectively

[/1;1) (1)](3}] [/1;1>(2)](3>’ | - 1’21 J - 112!178

- the reliability functions of the subsysters,
components

[R®(t,01° =[L[R® ¢D]°, [R® t2)]°],

1=12 j=12...719

360

coordinates
[R”EDI® = exp[HA” O]],
[R”(€.2)]” =exp[-[A7 (2)]],
i=12 j=12..719

with the intensities of departure from the relidbpil
states subsetd,2}, {2}, respectively

[A7 @17, [A7@)]7,1=12, j=12,..719
iv) at the system operation states:

- the reliability functions of the subsysterfy
components

[RP(L1” =[L [RP €117, [RP E.2]“],
1=12 j=12..178
coordinates
[RP (D] =exp[-[A7 @)]“1],
[RY(t.2)] =exp[H{A] (2)]“1],
1=12 j=12..178

with the intensities of departure from the relidpil
states subsefd,2}, {2}, respectively

(A @O1Y, [AP@17,1=12 j=12..178

- the reliability functions of the subsysters,
components

[RP(tD® =L [R® D], [R? t.2)]“],
i=12 j=12..719

coordinates
[R¥ .11 =exp[HA7 Q1]
[R”(€.2)]° =exp[H{A7” (2)]“1],

1=12 j=12..719
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with the intensities of departure from the relidpil
states subsefd,2}, {2}, respectively

[A7 17, [A7 @17, 1=12, [=12..719

- the reliability functions of the subsysterfs,
components

[RP(t DY =[L [RP D], [RP .21,
i=123 j=12...362
coordinates
[R” D] =exp[HA7? O)]"1],
[R” (. 2)] =exp[-[A7 (2)]],
i=123 j=12,...362

with the intensities of departure from the relidpil
states subsefd,2}, {2}, respectively

[A7 @17, [A7()]°,1=123 j=12..362
v) at the system operation states:

- the reliability functions of the subsyster,
components

[RP(E 01 =L [RP (D], [RP (t.2)]],
1=12 j=12..178

coordinates
[R (D] = exp[-[A”M]1”],
[RY(t.2)]® = exp[-{A] (2)]”1],
i=12 j=12..178

ith the intensities of departure from the reliaili
states subsefd,2}, {2}, respectively

[/1;1) (1)](5), [/li(jl> (2)] (5), | - 1’21 J - 112!178

- the reliability functions of the subsysterB,
components

361

[RP(tDI® =[L [R® D], [R” 2)]7],
i=12 j=12..719

coordinates
[R” D] = exp[-{A7” O]t],
[R”(€.2)]” =exp[-[A7 (2)]1],
i=12 j=12..719

with the intensities of departure from the relidpil
states subsed,2}, {2}, respectively

[A7@17, [A7@)1°,1=12, j=12,..719
vi) at the system operation states:

- the reliability functions of the subsysterfy
components

[RP(t.01® =[L [RP €117, [R” (12171,
i=12, j=12,..178

coordinates
[RP (6117 = exp[-{A” M]1"1],
[RP(t.2)]" = exp[-{A(2)]"1],
i=12, j=12,..178

with the intensities of departure from the relidbpil
states subsefd,2}, {2}, respectively

[/1;1) (1)](6>, [Ai(jm (2)] (6>, | — :L2, J - 1:21178

- the reliability functions of the subsysters,
components

[le(z) (t, m 6 = [:L [Ru_(2> (t,l)] (6)’ [le(2> (t,2)] (6)] ,
=12 j=12..719
coordinates

[R¥ (D] = exp[-{A7 W] 1],
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[R¥ (t.2)]® =exp[-[A”(2)]"1],

i=12, j=12...719

with the intensities of departure from the relidpil
states subsefd,2}, {2}, respectively

[A7 17, [A7@)1°,1=12 j=12,...719

- the reliability functions of the subsyster§,

components

[le(3> (t, ml ® = [:L [Ru‘(3) (t,l)] (6>, [le(3) (t,2)] (6)] ,

=123 |

coordinates

=12,...362

[RF (D] =exp[-{A7 ] 1],

[R¥ (t.2)]° = exp[-[A” (2)]1],

=123 |

=12,...362

with the intensities of departure from the relidbpil
states subsefd,2}, {2}, respectively

[AY@]°, [A°@)]°,i=123 j=12...362

vii) at the system operation states:

- the reliability functions of the subsyster§,

components

[RO0” =L [R” D], [R¥ (£2)] "],

i=123 j=12...362
coordinates

[RP D] = exp[HA7 @)]"1],

[R” (. 2)]7 =exp[-[47 (2)]"1],

i=123 j=12,...362

with the intensities of departure from the relidpil
states subsefd,2}, {2}, respectively

A2@]7, [AP@17,1=123 j=12,..362

5.1.3. The port oil piping transportation
system components reliability data collection

5.1.3.1. Data coming from experts

In the Tables 1-4there are given the approximate
realizations

[A° W], k=123 u=12b=12..7,
of the mean values

[ @]® = E[[T,° W)]®],
u=12 b=12..7,

of the conditional lifetimes[T" (u)]”, k=123,
u=12,b=12..7 in reliabilty states of the
component E of the oil pipeline subsystems
S, k=123 in particular operation states,
b=12,...7, estimated on the basis of the expert
opinions.

k=123

Table 1.The approximate mean valug¢g”(u)]” of the subsystens, components conditional lifetimes
[T,” (u)]® in particular operation states

Subsystem E® E” E” E?
S i=12, i=12, i=12, i=12,
components| j=12..176| j=12,...176 j =177178 j =361,362
u=1 u=2 u=1 u=2
Operation | The approximate mean valugs® (u)]” of the conditional lifetimes
statez, | [7o(u)]® of the componenE® (in yeary
Zl
ZZ
z 161 114 60 55
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z, 161 114 60 55
zZ, 161 114 60 55
zZ, 161 114 60 55
Z7

Table 2.The mean value§i,” (u)]” of the subsysten$, components conditional lifetimgd,® (u)]® in
particular operation states

Subsystem E® E® E® E®

S, i=12 i=12 i=12 i=12
components| j=12,..717,| j=12..717, | j=718719 j =718719

u=1 u=2 u=1 u=2
Operation | The mean valuefi” (u)]” of the conditional lifetime$T,® (u)],
statez, of the componenE? (in yeary

Zl

ZZ

zZ, 161 114 60 55

z, 161 114 60 55

zZ, 161 114 60 55

zZ, 161 114 60 55

Z7

Table 3.The mean

value$s? (u)]® of the subsystens, components conditional lifetimeld ® (u)]” in
particular operation states

D

Subsystem E® E’ EJ E”
S, i=12 i=12 i=12 i=12
components| j=12,..360,| j=12..360, | j=361362 j =361362,
u=2 u=1 u=2
u=1
Operation | The mean values| ,[4}3) (u)]® of the conditional lifetimes
statez, @ 71 (0) @
[T, (W]™ of the componenk;” (in yearg
z 170 135 60 55
z, 170 135 60 55
23
z, 170 135 60 55
ZS
z, 170 135 60 55
z, 170 135 60 55
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Table 4.The mean value$i® (u)]® of the subsystens, components conditional lifetimeld ® (u)]” in
particular operation states

Subsystem EC = EC E®
S, i=3 i=3 i=3 i=3
components| j=12,..360,| j=12..360 | |=361362 j =361362,
u=2 u=1 u=2
u=1
Operation | The mean value§i® (u)]” of the conditional lifetimegT,® (u)]”
statez, of the componenE? (in yeary
z 140 127 60 55
z, 140 127 60 55
Z3
z, 140 127 60 55
25
zZ, 140 127 60 55
z, 140 127 60 55

5.1.3.2. Data coming from components

we get the approximate value[sifj“(u)]“” of the
reliability states changing processes

subsystems S, b=123 components unknown

There are no data collected from the port oil mipin intensities[ A (u)]® of departure from the reliability
transportation system components reliability stateS;iqtag subse{12}, {2}, while the system is

changing processes. L .

operating in the operation state, b=12,....,7. The
results are presented below.
At the system operation state, the system is

composed of the subsyster8, containing three

pipelines with the structure showedHigure 12

The subsystens; consists of 2 pipelines of the first
type and 1 pipeline of the second type, each
composed of 362 components. In each pipeline of the
first type there are:

5.1.4. Statistical identification of the port oll
piping transportation system components
reliability

5.1.4.1. Statistical identification of the port oil
piping transportation system components
reliability on the basis of data coming from
experts

functions_of the port oll pip(_eline system composent oy the reliability states subset§l?}, {2},
the statistical data coming from their failure .
respectively

processes are needed. The statistical data that has
been collected is given ifables 1-4

From data given inTables 1-4 of the basis of the
resulting from (8) formula

[A2@)]® =0.0059,[47(2)]® =0.0074,

i=12 j=12,..360
1

A 0 —
A = e

k=123 u=12 - 2 valves with the intensities of departure frdme t

reliability states subse{d,2}, {2}, respectively
b=12,...7, [AP@)]® =0.0166[A7(2)]” = 0.0181

i=12, j=361362
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In the pipeline of the second type there are:

- 360 pipe segments with the intensities of depart
from the reliability states subsetq12},{2},

respectively
[A®@)]“=0.0071,[A”(2)]*“= 0.0079,
i=3 j=12,.360

- 2 valves with the intensities of departure frdme t
reliability states subsefd,2}, {2}, respectively

[A” 1)]®= 0.0166,[A° ()] = 0.0181,
i=3 j=361362

At the system operation state,, the system is
composed of the subsyste®,, which contains 3

pipelines with the structure showedHigure 13
The subsystens; consists of 2 pipelines of the first
type and 1 pipeline of the second type, eac

[A° (@] =0.0166, [A” (2)]* = 0.0181,
i =3, j=361362

At the system operation state,, the system is
composed of two subsystemss, S,, each
containing 2 pipelines with the structure showed in
Figure 14

The subsysteng, consists of 2 identical pipelines,
each composed of 178 components. In each pipeline
there are:

- 176 pipe segments with the intensities of departu
from the reliability states subset§l2}, {2},

respectively
[A”D]® =0.0062[A”(2)]” = 0.0088,
i=12 j=12..176

- 2 valves with the intensities of departure frdme t

preliability states subse{d2}, {2}, respectively

composed of 362 components. In each pipeline of the

first type there are:

- 360 pipe segments with the intensities of departu
from the reliability states subset§l2}, {2},
respectively

[A°(1)]® = 0.0059,[4” (2)]” = 0.0074,
i=12, j=12,...360,

- 2 valves with the intensities of departure fore th
reliability states subse{d,2}, {2}, respectively

[A7M]? =0.0166[A7(2)]” = 0.0181,
i=12, j =361362
In the pipeline of the second type there are:

- 360 pipe segments with the intensities of depart
from the reliability states subset§l2}, {2},

respectively
[AP@)]® =0.0071[A7(2)]® = 0.0079,
i=3 j=12,...360

- 2 valves with the intensities of departure frdme t
reliability states subse{d,2}, {2}, respectively

365

[AY@]® =0.0166,[A% (2)]” = 0.0181,
i=12, j=177178

The subsystens, consists of 2 identical pipelines,
each composed of 719 components. In each pipeline
there are:

- 717 pipe segments with the intensities of departu
from the reliability states subset§l2}, {2},

respectively
[A?@)]® =0.0062,[A4”(2)]® = 0.0088,
i=12 j=12,..,717,

- 2 valves with the intensities of departure frdme t
reliability states subse{d,2}, {2}, respectively

[A?(@)]® = 0.0166,[17(2)]® = 0.0181,
i=12, j =718719.

At the system operational statg, the system is
composed of two subsystemS,, S each

containing 2 pipelines and one subsyste®)
containing 3 pipelines with the structure showed in
Figure 15
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The subsysteng consists of 2 identical pipelines,  [A®@)]“ =0.0166,[4"(2)] = 0.0181,
each composed of 178 components. In each pipeline

there are: i=12 j=361362

- 176 pipe segments the intensities of departuma fr

the reliability states subsef2}, {2}, respectively In the pipeline of the second type there are:

- 360 pipe segments with the intensities of depart
[A7 @] =0.0062[A”(1)]“ = 0.0088, from the reliability states subset§l2}, {2},
respectively
i=12, j=12,...176
[A7 M1 =0.0071[A7(2)]“ = 0.0079,
- 2 valves with the intensities of departure frdme t
reliability states subse{d,2}, {2}, respectively i=3j=12,..360,

[A” @] =0.0166,[4" (1)]“ =0.0181, - 2 valves with the intensities of departure frdme t
reliability states subse{d,2}, {2}, respectively
i=12, j=177178
[AP@)]“ =0.0166,[47(2)]“ = 0.0181,
The subsysten§, consists of 2 identical pipelines,
each composed of 719 components. In each pipeline ; - 3, j =361362
there are:

- 717 pipe segments with the intensities of departu At the system operational stat, the system is

from the reliability states subset§l2}, {2}, series and composed of two subsyste8)s S,,
respectively each containing 2 pipelines with the structure
showed inFigure 16
[A?@0)]“ =0.0062,[47(2)]“ =0.0088, The subsysten§, consists of 2 identical pipelines,
each composed of 178 components. In each pipeline
i=12 j=12,.717, there are:

- 176 pipe segments with the intensities of departu
from the reliability states subset§l?2}, {2},

respectively

- 2 valves with the intensities of departure frdme t
reliability states subse{d,2}, {2}, respectively

() (4 — (2) 4) =
[A2 @] =0.0166,[47(2)] = 0.0181, AP @]® = 0.0062,4° )] = 0.0088,

i=12, j=718719 i=12 j=12..176

The subsysten$§ co_nsists of 2 pipelines of the first _ 2 valves with the intensities of departure frdme t
type and 1 pipeline of the second type, each

composed of 362 components. In each pipeline ofeliability states subsefd,2}, {2}, respectively
the first type there are:

[A7 @] =0.0166[4"(2)]” = 0.0181,
- 360 pipe segments with the intensities of depart
from the reliability states subset$l2}, {2}, i=12 j=177178
respectively
The subsysten§, consists of 2 identical pipelines,
[A7M]? =0.0059[A”(2)]“ = 0.0074, each composed of 719 components. In each pipeline
there are:
i=12 j=12,..360 _ : , iy
- 717 pipe segments with the intensities of departu
- 2 valves with the intensities of departure frdme t from the reliapility states subsetgl2}, {2},
reliability states subse{d,2}, {2}, respectively respectively
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[A®@)]® = 0.0062,[4?(2)]® = 0.0088, i=12, j=718719

i=12 j=12,..,717, The subsystens; consists of 2 pipelines of the first
type and 1 pipeline of the second type, each

- 2 valves with the intensities of departure frame t COMPposed of 362 components. In each pipeline of
reliability states subsefd,2}, {2}, respectively the first type there are:

- 360 pipe segments with the intensities of depart
from the reliability states subset§l2}, {2},

respectively

[A2(D)]® = 0.0166,[47(2)]® = 0.0181,

i=12 j=718719

[AP@)]® =0.0059,[47(2)]® = 0.0074,
At the system operational statg;, the system is

composed of two subsystemsS, S,, each i=12, j=12,...360
containing 2 pipelines and one subsyste)

containing 3 pipelines with the structure showed in~ 2 Valves with the intensities of departure frdme t
Figure 17 reliability states subse{d,2}, {2}, respectively
The subsysteng, consists of 2 identical pipelines,
each composed of 178 components. In each pipeline [A”(@)]® = 0.0166,[A”(2)]® = 0.0181,
there are:
i=12 j=361362
- 176 pipe segments with the intensities of departu
from the reliability states subset§l2}, {2},

In the pipeline of the second type there are:
respectively

[A° @] =0.0062,[4”(2)] = 0.0088, - 360 pipe segments with the intensities of depart
from the reliability states subset§l2}, {2},
i=12 j=12,..176 respectively

- 2 valves with the intensities of departure frdme t [AP@)]® =0.0071[A?(2)] =0.0079,
reliability states subsefd,2}, {2}, respectively
i=3 j=12,..360,
[A°@)]® =0.0166,[4"(2)]® =0.0181,
- 2 valves with the intensities of departure frdme t
i=12 j=177178 reliability states subsefd,2}, {2}, respectively

The subsysten®, consists of 2 identical pipelines, [AP@)]® =0.0166,[47(2)] =0.0181,
each composed of 717 components. In each pipeline
there are: i=3 j=361362

- 717 pipe segments with the intensities of departu
from the reliability states subset§l2}, {2},

respectively

At the system operational state, the system is
composed of the subsystef, which contains 3
pipelines with the structure showedHigure 18
A9 (1] = 0.0062,[4?(2)]® = 0.0088 The subsysten®; consists of 2 pipelines of the first

! ' o ' ' type and 1 pipeline of the second type , each
composed of 362 elements. In each pipeline of the

i=12 j=12,..,717, first type there are:

-2 vgl_ves with the intensities of departL_Jre frdmt . 360 pipe segments with the intensities of depart
reliability states subse{d.2}, {2}, respectively from the reliability states subset§l?}, {2},

respectively
[A?@®)]® =0.0166,[47(2)]” =0.0181,

[A°(@)]” = 0.0059,[4” (2)]” = 0.0074,
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i=12 j=12..360 At the system operation state, the system is
composed of the subsyster8, containing three

- 2 valves with the intensities of departure frdme t pipelines with the structure showedFiigure 12

reliability states subse{§,2}, {2}, respectively The subsysten$; consists of 2 pipelines of the first
type and 1 pipeline of the second type, each
[ @] =0.0166,[47(2)]" = 0.0181, composed of 362 components. In each pipeline of the

first type there are:
i=12, j =361362
- 360 pipe segments with the conditional relidypili

In the pipeline of the second type there are: functions co-ordinates

- 360 pipe segments with the intensities of depart ~ [R” (t.1)]” = exp[-0.0054],

from the reliability states subset§l2}, {2},
respectively [R?(t,2)]” = exp[-0.0074],i =12, j =12,..360,

[47 @] =0.0071,[A7(2)]" = 0.0079, - 2 valves with the conditional multi-state reliétyi
functions co-ordinates
i=3 j=12..360
[R?(t,1)]” = exp[0.0164],
- 2 valves with the intensities of departure frdme t

reliability states subse{d,2}, {2}, respectively [R¥(t,2)]¥ = expF0.0181],
[AP@)]” =0.0166,[47(2)]” = 0.0181, i=12, j=361362
i=3 j=361362 In the pipeline of the second type there are:

- 360 pipe segments with the conditional relidypili

5.1.4.2. Statistical identification of the port oil . :
functions co-ordinates

piping transportation system components
reliability on the basis of data coming from

) 2o . RO (t,1)]" = 0.0071],
their reliability states changing processes [R7(tD" = expb ]

As there are no data collected from the system [Ro( 2)]® = exp[-0.0079],
components failure processes their reliability niede '
identification using the methods of Section 3.418 a

Section 3.5 is not possible. 1=3 ]=12..360

- 2 valves with the conditional reliability functie

5.1.5. Identifying the port oil piping co-ordinates

transportation system components
conditional multistate exponential reliability

(3) o =
functions [R¥(t,1)]¥ = exp[-0.0164],

As there are no data collected from the port oil [R® (t,2)]® = exp[-0.0181],
piping transportation system components reliability :
states changing processes, then it is not poskible
verify the hypotheses on the exponential formshef t

port oil transportation system components _ _
conditional reliability functions. We arbitrarily At the system operation state,, the system is
assume that these reliability functions arecomposed of the subsyste®,, which contains 3

exponential and using the results of the previouspipe”nes with the structure showedAigure 13

sect@on qnd the relationships given in Section25.1. The subsysten; consists of 2 pipelines of the first

we fix heir forms. type and 1 pipeline of the second type, each
composed of 362 components. In each pipeline of the
first type there are:

i =3 j=361362
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