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Abstract

The paper explores the mathematical and computelelimy of complex technical systems related torthei
operation processes. The complex technical systémtie reliability structure and components’ rbllay
parameters changing at the various operation statedefined. The selected system operation process
parameters and the hypothetical distribution fuomgiof the conditional sojourn times at the operastates

are defined and identified. The reliability funct®of the multistate system and components aredated and
their parameters are identified. The Monte Carlmusation method is proposed to the complex system
reliability evaluation. Moreover, the proposed tregiwal and simulation tools are supported with phactical
application to the multi-state port oil piping tegortation system reliability analysis.

1. Introduction 2. System oper ation process

The main issue of today’s system reliability an@lys The operation processes of most real technical
is evaluation of more than two reliability states systems are very complex because of the large
systems with changing their reliability structures numbers of their operation states and the random
and their components reliability parameters at thetransitions among them and the random sojourn
varying in time the system operation states [2].[16 lifetimes at them. To solve this complexity, the
Examples of such complex technical systems in reaimodels of systems’ operation processes can be
world for instance are energy generation andconstructed using semi-Markov processes [1]
transmission systems, telecommunication systemsproposed in this section.

piping transportation systems of various substances

and maritime transportation systems. Using2.1. System operation process modeling

the traditional analytical techniques is sometimesgnd identification

difficult to implement in the reliability analysis, _ _ ]

modeling, prediction and optimization of those We consider a mul'_ustate system operation process
complex technical systems. Z(t), t0O(0+0) with v, vON, distinguished
The Monte Carlo simulation method [18] applied discrete operation states from the set

to those problems can provide their approximate

solutions in arelatively small amount of time. Z={z,z,...,2}

It allows examining the reliability of complex

technical systems sampled in a number of randonyjith the conditional sojourn timess, at the
configurations in scientific computing. Taking into : : : .
account the importance of reliability of complex operation stateg, when its next operation state is
multistate [17] technical systems in practice, Z. bl=12..v,b#l. We assume thaZ(t )is

the analysis is supported with a direct applicationa semi-Markov process [1] and therefore, the
to a port oil transportation system operating a¢ on sojourn times at the operation states may have
of the Baltic oil terminals. arbitrary probability distributions [11].
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Let © be the duration time of the experiment. of the system operation proce&ét cgnditional

Furthermore, we denote by (Ghe realisation of Sojourn time%bl at the Operation states

the total number of the system operation process

stay at the particular operation states at thealnit Ho® Hy®) - Hy()
11 12 1v

moment t=0 and by [n,(0)],, b=12....v, the

vector of realisations of the numbers of the system [Hy O] =
operation process transitions in the particular : : . :
operation states, at the initial momentt= 0lIn H, @) H,@t) - H,(®)
addition, we denote byn, the realization of the

numbers of the system operation process transitions where Hy (t)= 0 for b=12..v, and the
from the state z into the state z, remaining ones can be estimated using

bl=12..v,b#l and the realisation of the total the suggested suitable distributions and statlstica
methods given in [11].

H21(t) H22(t) HZV(t)

numbers of the system operation process transitions
from the operation state, asn,, b=12,...,v. . .

pl h % o K . del b Since, very often, we do not have numerous times
dConsgt?u;nty,dt% sgfml(;Mar ov mr? ef ﬁan. €of realisation then we assume that the suitable
escri ? and thl enti "T t_usw?g the Tollowing gistriputions  describing the system  operation
parameters and their evaluations. process Z(t ) conditional sojourn timesd,, are

the chimney distributions with the density functon

- the vector[p,(0)],, ,of the initial probabilities of the form [11]:

of the system operation processg(t gt the

moment = Q 0 Lox,
A,
[pb(o)]]_xv =[p1(0)1 pz (O),,pV(O)], T -I Xbl <t< Zél
ZbIC Xol
where t) = B A<t
VOT g g B R
n, (0O bl 2
5, (0= P(Z(0) = 2,) = r:)((O))’ b=12,...v; yo -7 S
0, t> Yy,

- the matrix [p, ], Of the probabilities of the
system operation processZ(t )transitions
between the operation stateg, and gz,

where

0< X, <7 SZ; SV, <+,A;,Cy,Dy 0.

bl=12..\v, bzl
The corresponding distribution functiorH, (t )
Pu Pz = P of the conditional sojourn time#d, takes
[Pyl = Por Pz Pav | the following form
cee t
pvl pv2 pvv Hb| (t) — .[ hb| (S)dS.
where °
N 2.2. Parametersidentification of port oil
P, =—>and p,, = 0for b=12,....v; piping transportation system operation
Mo process
- the matrix of the conditional distribution The oil piping transportation system under
functions consideration is designated for reception, sending
and storage the oil products such us petrol and oil
H,, (t) = P(6, <t), bl =12,...v, b#I The terminal is composed of three paws B, C)

linked by three subsysters, S, and S;. The first
and second are the series-parallel subsystems, each

60



Journal of PolishSafety and Reliability Association
Summer Safety and Reliability SeminMelume 1, Number 1, 2012

containing two pipelines, and the last one isUsing the procedure and formulas given in section

“2 out of 3" subsystem [11]. The system scheme is2.1.,

shown inFigure 1

S,
s, (O,
(-
5 u‘“(—ﬂ- (N
"t\““ “‘( B ¢
G
\\’ A
PIRS [TERMINAL DEBOGORZE |

we determine the empirical parameters

of the conditional sojourn time&,, at the operation
states z, .On the basis of statistical data coming

from experts, during the experiment tin@=

329

days which is0.901year, the unknown parameters
are evaluated as follows [11]:

Figure 1. The scheme of a port oil transportation _

system.

The subsystemS consists of k= 2 identical

pipelines, each composedlof  1Z8mponents:

- 176 pipe segments,

- 2valves.

The subsystemS, consists of k= 2 identical

pipelines, each composedlof  7&é®mponents:

- 717 pipe segments,

- 2valves.

The subsystens,; consists ofk =3, pipelines, two

pipelines of the first type and one of the secompe t
each of them composed bE  362mponents:

- 360 pipe segments,

- 2valves.

Taking into account the expert opinion, there are

distinguishedv = 7 operation states shown in the
table below.

Table 1.List of operation states.

State| Medium | Activity | Pipelines| Subsystem
Z 1kind | B> C |2outof3 S
z, lkind | C- B |1loutof3 S;

. 1 out of 2 S

1 kind Ao
% B-Plerlygutof2f S,
1 out of 2 S
z, | 1kind PieriBC 1 out of 2 S,
2 out of 3 S
. 1 outof 2 S

1kind | piar
% Pier-B 1 outof2] S,
1kind | B~ C |2outof3 S,

1 out of 2

| 1king Pier B >
1 out of 2 S
. 1kind | B~ C |1outof3 S
! 1kind | C- B |1outof3 S
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the number of the pipeline system operation
process realizations

n(0) = 41;
the realizations

n(0) =14, n,(0)=2, n;(0)=0, n,(0) =0,
ns(0)=9, ng(0)=8 n,(0)=8,

of the numbers of staying of the system operation
process respectively at the operation states
2,7,,...,Z, atthe initial moments= 0

the vector of realisations

[P, (0], = [034,005 0,0023,019,019],
(1)

of the initial probabilities p, (O)b=12,...,7,
of the pipeline system operation process stay
at the particular stateg, at the timet= 0

the matrix
[ 0 00220022 0 05340.1110.311]
02 0 0 0 O O 08
1 0 0 0O 0 0 0
[pyl=] o o o o o o 1 [(2
04880023 0 0023 0 02330233
0095 0 0 O 0667 0 0238
05310062 0 0 02190188 0 |

of the probabilities of the system operation
process transitions between the various operation
states;

the empirical distribution functions of the system
operation processZ(t ) conditional sojourn

times 6,, bl=12...,7, measured in hours,
at the operation states,z,,... are as
follows

lZ7
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Hi(t) =

His(t) =

Hys(t) =

His(t) =

H,(t) =

Hy(t) =

H,,(t) =

Ha () =

H,,(t) =

Hs(t) =

0, t<0

0.00104t, 0=t >960

1 t =960

0, t<0

0.00417t, 0=t > 240

1 t =240

0, t<0
0.00029, 0<t<2582
0.00006% + 0.583333 2582<t <6455
1, t = 6455
0, t<0

0.00036t, 0=t >2780

1 t>2780

0, t<0
0.00058, 0<t<1438
0.0000% +0.785519 1438<t <5752
1 t>5752

o} t<0

0.0002, 0>t >4980

1 t>4980

0, 1 <630

0.00278 —1.75, 630>t >990

1 t>990

0, t<0

0.0026%, 0=>t>378

1 t>378

0, t<0

0.00526, 0>t >190

1 t>190

0, t<0

0.0008, 0<t <1906

0.00002 + 0.95229 1906t <4765
1 t=4765

Hs,(t) =

Hs,(t) =

Hee(t) =

Hsg, (1) =

He.(t) =

Hes(t) =

He, (1) =

Ha () =

0, t<0

0.0041%, 0=t >240

1 t=240

0, t<0

0.00661, 0=t >150

1 t=150

0, t<0

0.00154, 0<t<389

0.00051 + 04, 389<t<1167

1 t=>1167

0, t<0

0.0003t, 0<t<2869
0.00002 + 0.89986 2869<t <8607
1 t>8607

0, t<0

0.00323, 0=t>310

1 t=310

0, t <300
0.0013t, 300<t <900
0.00048& —0.00117 900<t <1200
1 t>1200

0, t<0

0.0013, 0<t<615
0.00033 - 0.00055 615<t <1230
1 t>1230

0, t<625
0.00064, 625<t<14325
0.00009 - 0.00034 14325<t< 28025
1 t>28025

0, t<0

H.,(t) =<0.00333, 0=t >300

1 t=>300
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0, t<0 where the coordinates
H..(t) = 0.00018, 0<t<4850 (t.u) = P(E () 2 U |E (0) = 2) = P(T (U) >1)
® 0.00001 - 0.0002 4850<t <14550 RtLW=PEWM2UIEO)=2)=P ’
1 t=14550 for t0(0+w), i =12,...n,, U=12,....2,
0, t<0 are the reliability functions defined as the prahigh
~10.00022, 0<t<3850 that the componerk; is in the reliability state subset
Hoe(t) = 0.00004 — 000046 3850<t < 7700 {u,u+1,...,7Z} at the moment, t[1{0,+), while it
1 t>7700 was in the reliability statez at the moment = 0

andT,(u) is the componentE; lifetime in this

The remaining distribution functions, besides subset of reliability states.
of those for whichb=1, could not be evaluated Further, we assume that the system components

because of the lack of data. at the system operation statgs, b=12,...,v, have
the exponential reliability functions, i.e.

3. Complex technical system reliability
[R &u)]® =exp[[4 u)]®]

Taking into account the importance of the safety
and operating process effectiveness of real teahnic
systems it seems reasonable to expand the two-staf@’ t(0+®), u=12...,z., b=12,..v.

approach to multi-state approach [2]-[17] in their

reliability analysis. The assumption that the syste The approximate data on system reliability
are composed of multi-state components withcomponents estimating the unknown parameters
reliability states degrading in time [11] gives on the basis of expert opinion are used in caseeas
the possibility for more precise analysis of their do not have the statistical data. Mainly, the mean
reliability and operation processes effectiveness.  values

To be able to apply practically the general joint

models linking the multistate systems reliability [x(u)]® = E[T® ()], u=12,...,z, b=12,...\v,
models with the models of their operation processes

to the evaluation the reliability of real complex " b
technical systems it is necessaril/ to use theu’;taFt)is of the system compo.nent Ilfet|.me.sj|" W)
methods concerned with determining unknown U=12.....z, b=12..v, in the reliability state
parameters of the these models [11]. Particularlysubset {u,u+1...,z } while the system is at the
the unknown parameters of the conditional operation statez, are estimated by experts. Further,
multistate reliability functions of the system _ S )
components at the various operation states shauld BV€ estimate the valugsi(u)]™ of the components
identified. It is also necessary to have the megtafd  Unknown intensities of departure from the reliapili
testing the hypotheses concerned with thestate subsets{u,u+1..,z }using the following
conditional multistate reliability functions of the formula

system components at the system various operation

states. 1

[a)®’

[2(W)]® O[Au)® =

3.1. System and its componentsreliability 3)

modeling and identification

In multistate reliability analysis, to define thgseem ~ for u=12,...,z, b=12,...,v.

with degrading components we assume that its

reliability states may be changed in time only fromThe  selected for  further  considerations,
better to worse [11]. Then, the multistate religpil the exemplary multistate system reliability struegu

function of a component,, i=12,...,n, can be in the reliability state subs¢t,u+1,...,z are given
defined by the vector [11] in Table 2
The numberam, k, | are called the system structure
R(tY=[R ¢0,R D....R (2], shape parameters.
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Table 2.Selected reliability structures subset of reliability statefu,u+1,...,z }while the
Structure Scheme Lifetime Eys(';em Itsh at ths operztitf).n:tagg b; 12,V diional
: nder the above definitions, the unconditiona
Series H B H B |- Eq FT(U) _Jr_ﬂ's?{-ri (W} reliability function of the system is given by
E
R(t) =[L[RED]..[RE 2],
parallel T() = maxT, @)

where R(t,u)=P(T(u)>t), for t0O(0+x),
u=12...,z, and T(u) is the unconditional lifetime
of the system in the reliability state subset

{u,u+l,...,7z.
T, (u) = min(T; (u)} In the case when the system operation tiﬁlei_s'
Series — I<jsl large enough, the coordinates of the unconditional
m out of K reliability function of the system are given by J11

T(U) =Ty (U)

REW O pIREWI®, @
b=1

3.2. System reliability at variable operation

conditions for  tO(O+w), u=12..2z, where p,,

b=12,...v, are the system operation process limit

In reliability analysis of complex systems transient probabilities [11].
at the variable operation conditions we assume thatyrther, for u=r, if r is the system critical

the changes of the system operation procgfs  )ejiapility state, then the system risk function is
states have an impact on the system’s componenigiven by [11]

and its structure.

We denote the conditional multistate reliability r(t) =1- R(t,r), (5)

function [R(t,0]® of the system component

E ., i =12,...,n, while the system is at the operation for t0J{0,+c) and if z is the moment when the
statez,, b=12,...,v, by a vector system risk function exceeds a permitted level

then if r (t) exists we have

[REN® =1 [REDI™....[R .21,

T:r_l(é)' (6)
where
o . where r'l(t) is the inverse function of the risk
[RE W™ =P(M™ (u)>t]Z(t) = z,), function r (t).

for t0{0+w), u=12..,z, b=12..v, and 33 Port oil transportation system

T.® (u) is the componenE, conditional lifetime in ~ componentsreliability identification

the subset of reliability state,u+1...,z While  Based on expert opinion, there are distinguished
the system is at the operation staje b=12,...,v. three (z = 2) reliability states [11]:

Similarly, the conditional reliability function - @ reliability state 2 — piping operation is fully

of the system at the operational state,, safe, o o
b=12....v, is defined by a vector - a reliability state 1 — piping operation is Ie;ﬁ?ga
B and more dangerous because of the possibility of
environment pollution,
[REOI® =[L[RED]®,...[R(t, 2], - areliability state 0 — piping is destroyed.
The components of subsyster§s, v= 123, have
where [R,(t,u)]® =PT®(u)>t|Z(t)=2 ), for reliability functions
t0¢0+), u=12..2b=12..v,nON and

T® () is the system conditional lifetime in the [RY (01 =R €017, [R” .21,
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with the exponential coordinates of the form 4. Monte Carlo approach to system rdliability
evaluation
v) - ()
[R™ (tD] =exp[=4;" @], The Monte Carlo simulation uses randomly
[RJ(V) (t,2)]=exp[—/1ifv) ] generated numbers to calculate approximate

solutions of a given problem. In this article the
The approximate evaluation of the unknown native C# methodNextDouble()was used for all
calculations and each generated sequence of

intensities of departure of components results from ) '
formula (3) P P numbers from O to 1 was converted into time.

The reliability parameters of each pipeline Moreover, the lifetime of a complex system was

components of the port oil transportation systemdeterm'ned and the failures were identified.
based on the data coming from experts are given

in Table 3[11]. 4.1. Monte Carlo simu]ation applica.tion.
to port oil transportation system reliability
Table 3.Reliability parameters evaluation
Subsystem [Coordinate]| Components | I ntensity Th_e ql_gorithm of _Monte Carlo simulatiqn fc_)r_the
i=12 reliability evaluation of the port oil piping
® j=12,..176 0.0062 transportation system is presentedrigure 2
[RPED]
] |.—_12 0.0167 The first step is to define the initial operatidate
j=177178 z,(9), b= 12567, using the formula
3 =12
. 0.0088
=12,...176
RY €21 4, 0<g< 034
| =177178 0.0182 z,, 034<g< 039
=12 z,(g9) =12, 039<g< 062
(2) j=dz, pily | e Z,, 062<g< 081
[R™CD] =15 z,, 081l g<1
j=718719 | 00166
S, i=12 where g is a randomly generated number between O
@ j=12,..717 0.0088 and 1. We can observe that according to (1), the po
[Ri” (t.2)] =12 oil transportation system does not occupy the
| =718719 0.0181 operation statesz, and z, at the initial moment
i=12 t=0, as the probabilites of staying in these
i =12....360 0.0059 operational states are equal to O.
[R® (D] =12 The next operation statez, |=12...7, is
i zine j_=361362 0.0166 generated, according to (2), fromz,(g , )
PIp t r— b= 1256,7, defined as
of the £ =12 0.0074
type @ j=12,...360 '
[(R™C2A] =15 z,, 0< g <0022
j=361362 | 00181 z,, 0.022< g <0.044
i=3 z,(9) =<z, 0.044<g<0.578
(RO ()] L= 12360 B 7., 0.578< g < 0,689
g —=
| % J 61362 0.0166 z,, 0689<g<],
pipeline ] =36],
of the 2¢ i=3
- 0.0079 _Jz, 0sg<02
type © (1 2 1=12,...,36(C zz,(g)—{ 02<0<
j = 361362 0.0181

zy(9)=2z, 0sg<]
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e

Readn, z(9),
z,(9), éb|(H)

!

Generatez, (g )

v

Generatez (g )

|

j=j+1

A

A 4

Generate),

v

GenerateT, (U ) z, =7

A 4
CalculateT (u )

Yes No

Figure 2.Monte Carlo algorithm for piping system
reliability

z,(9)=7z, 0<sg<1

z, 0£g<0488
z,, 0.488<g<0511
z4(9) =12, 0.511<g <0534
z;, 0.534<9<0.767
z,, 0.767<g<],

z, 0<g<0.095
Z5(9) =1z, 0.095< g<0.762
z,, 0.762<g<1,

z, 0g<0531
z,, 0531<g<0.593
z;, 0.593<g<0.812
z;, 0.812<g<1l

z,(9) =

For instance, ifz (g) = z, then the next operation
state would bez,, z;, z;, z; or z, generated from
z,(9) .

To apply the Monte Carlo method we assume that
the particular conditional sojourn times at the
operation state z,, b=12...,7, are randomly

generated using the inverse functicﬁgs(H of)the

empirical distribution functionsH, (t )defined in

subsection 2.2. This way, tlempirical conditional
sojourn times measured in hours are as follows

6,,(H) =960H ,
6,5(H) =240H,
. 344267H, 0<H < 075
O5(H) =
15492x (H - 058), 075<H <1,

6,5(H) =278H,

17(

_ [183018H, 0<H <079
" 120132¢(H - 071), 079<H <1

6,,(H) = 498CH
6,,(H) =360% (H + 1.75),

05,(H) =378H,
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0,,(H) =190H , g is a randomly generated number from O to 1.
The lifetime of the system is counted according to
. 20013H, 0<H < 095 the fo_rmula given irTab_Ie 2 _
051(H):{ In this paper we will focus on the multistate
60039 (H - 092), 095<H <1, approach in the reliability analysis by the
assumption that the reliability state 1 is a caitic
f,(H) = 240H , one. More general approach will be discussed in the

future papers. The simulation was made with 1000
runs. The results for the generated operationtdssta

054(H) =150H, are presented iffable 4 The initial operation state
iS z;. The histogram of the pipeline system lifetime
b (H) = 64833H, 0<H <06 is presented iffable 5and illustrated ifFigure 3
% 1945x(H - 04), 06<H <1, . _ _
Table 4.Comparison of tries and failures
~ _ [318778H, O0<H <09 State | N2 of transitions | N of failures
Os:(H) = _ 12 1098 0
57380x (H — 085), 09<H <1,
13 1047 0
A 15 26923 10
Og1(H) =310H, 16 5545 1
17 15481 3
4200H O0<H <007 21 924 0
Oes(H) =176364x (H + 032), 007<H < 086 27 3759 0
31 1047 3
- 0 <H<
2100x(H - 043, 086<H <1 47 1239 3
51 25468 275
é (H) = 768.75H , O<H <08 52 1204 1
77 13075% (H - 06), 08<H <1, 54 1239 0
56 12307 52
5. vy = [155257H, 0<H <092 21 1222239 2461
" 11645<(H - 08), 092<H <1, o5 17563 707
R 67 6091 30
6,,(H) =300H, 71 20569 73
72 2382 0
G ()= /565833, 0<H <086 ;g 396%1 1%2
YT 167900 (H - 079), 086<H <1,
0.2
. 462(H, 0<H < 083
‘976(H) = 02 1]
23100x(H - 067), 083<H <],
where H is a randomly generated number between : |
0 and 1. 0.1
The system conditional lifetimes in the reliability
states subsef,u+1,...,z are approximated using |0
exponential sampling formula 3 —H_H_"ﬂ—rﬂ—m_
1 SR mRERY R RS g e AMEE R B 2838 S50 EE
T (u) = _mln(l— 9)
! Figure 3. Graph of the histogram of the pipeline
system lifetime
where /lif") (u) i=12..v, is the intensity

of the subsystemS,, v= 123 given in Table 3
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Table 5.Histogram of the pipeline system lifetime

N° o y no | fe

1 470 782.88] 207 |  0.207
2 782.88| 1561.06| 148 | 0.148
3 | 1561.06 2339.24] 120 |  0.120
4 | 2339.24] 3117.41] 99 | 0.099
5 | 3117.41 389559 79 0.079
6 | 389559 4673.77| 66 | 0.066
7 | 467377 5451.95 44 0.044
8 | 5451.95 6230.13] 39 | 0.039
9 | 6230.13 7008.30] 34 0.034
10 | 700830 778648 22 | 0.022
11| 7786.48 8564.66] 32 0.032
12 | 8564.66] 9342.84] 15 | 0.015
13| 9342.84 10121.02 19 0.019
14 | 10121.02] 10899.20] 11 | 0.011
15 | 10899.2q 11677.37| 13 0.013
16 | 11677.37] 1245555 16 | 0.016
17 | 1245559 13233.73 6 0.006
18 | 13233.73] 14011.91 8 0.008
19 | 14011.91 14790.09 5 0.005
20 | 14790.09] 15568.26] 2 0.002
21 | 15568.26 16346.44 3 0.003
22 | 16346.44] 1712462 2 0.002
23 | 17124.67 17902.80 3 0.003
24 | 17902.80] 18680.98 2 0.002
25 | 18680.99 19459.15 0 0
26 | 19459.15] 20237.33] 1 0.001
27 | 20237.33 2101651 1 0.001
28 | 21015.51] 2179369 0 0
29 | 21793.69 22571.87| 0 0
30 | 22571.87] 23350.04 0 0
31 | 23350.04 24128.22] 0 0
32 | 2412822 24906.40 1 0.001

After analyzing and comparing the histogram with

the graph of exponential distribution function

t<0

A@) expFA@t],t=0,

where T (1) is the empirical mean value of system

conditional lifetimes in the reliability state sulbs
{12}.

Hence, we get the following form of the reliability
function coordinate

0, t<0

Rabz{amﬁammZH,tza

To verify the hypothesiH, we join the intervals

I, =(x',y") that the number n' of

realizations less than 4 info= 22 new intervals.
The new intervals and new realizations of the
histogram are presentedTiable 6

have

Table 6.Joined intervals and new realizations of the

histogram of the pipeline system lifetime

f (L) ={°’

where 0< i) <+, we formulate the null

hypothesis:

Hy:
the exponential reliability function.
Further, we estimate the unknown paramet@r

of the density function of the hypothetical
exponential distribution and obtain

1 1

M) ==—1
371956

= [00.00027
T

()
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N2 X1 yi ﬁi pj
1 4.70| 782.88| 207| 0,19
2 782.88| 1561.06| 148| 0,15
3 | 1561.06] 2339.24| 120 0,12
4 | 2339.24| 3117.41| 99| 0,10
5 | 3117.41] 3895.59| 79| 0,08
6 | 3895.59| 4673.77| 66| 0,07
7 | 4673.77] 5451.95| 44| 0,05
8 | 5451.95] 6230.13| 39| 0,04
9 | 6230.13 7008.30| 340,04
10| 7008.30, 7786.48| 22| 0,03
11| 7786.48 8564.66] 32| 0,02
12 | 8564.66] 9342.84| 15| 0,02
13| 9342.84 10121.02] 19| 0,02
14| 10121.02 10899.20, 11| 0,01
15| 10899.20 11677.37| 13| 0,01
16 | 11677.37| 12455.55| 16| 0,01
17 | 12455.55 13233.73] 6| 0,01
18| 13233.73 14011.91) 8| 0,01
19| 14011.91 14790.09] 5/ 0,00
20| 14790.09| 16346.44| 5] 0,01
21| 16346.44 17902.80, 5] 0,00
22 | 17902.80| 24906.40f 50,01
The hypothetical probabilities that the system

The pipe"ne transportation System haslifetime T(U) takes values from the new intervals

are given according to the formula

p;(u) = P(T(W)OT; (u)
= R(X! (u),u) = R (u),u),
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for j=12,...,F, under the assumption that the - the system risk function, whem =1 is the
hypothesisH,, is true. system critical reliability state, is given by
The next step is to calculate the realization & th _

__— , - : r(t)=1-R¢ D,
X~ (chi-square)-Pearson’s statistios according to
the formula given in [11], which amounts for t00(0,+w) , whereR { L)is given in [11] by

0213809 R(t,1) =4exp[-9.9176] +8exp[-10.3496]

o= (' W -p, W)

= np; (u) - 8exp[-125078] - 2exp[-14.396]
- 4exp[-14.8282] + 4exp[-16.9864]
Assuming the significance levela =  005for — 2exp[-110422] - 4exp[-11.4742]

r@-1-1=22-1-1=20 degrees of freedom, from
the tables of they”-Pearson’s distribution we find
the value u, =3141. The critical domain

and acceptance domain in the form of the intervals
are presented iRigure 4

+ 4exp[-13.6324] + exp[-15.5208]
+ 2exp[-15.9528] - 2exp[-18.111];

the moment when the system risk function
exceeds a permitted levél= 005

i ¢ =1"(8) =0.066 year,

Critical domain where r (t ) is the inverse function of the risk

functionr(t).

The values of those characteristics obtained hygusi
u, =2189 u, =3141 t lI;/Icinte Carlo method according to (7) are presented
elow

\ 4

Figure 4. The graphical interpretation of the critical +00
interval and the acceptance interval for the chi- ﬂ(l):jexp[—0.000ZI] dt= 042,
square goodness-of-fit test 0

The obtained valuau, belongs to the acceptance r(t) =1-exp[-0.0002%],
domain

r=r" (005 =-371956In[ 095 (10.022year.
u,=2189<u, =3141,

The graph of the risk function(t 9f the piping

thus, at the significance level=  0D&e do not . hqhortation system is givenFigure 5
reject the hypothesiH, stating that the pipeline
system reliability function is exponential. r(t) 14
4.2. Comparison of theresults 0.8
Based on the analytical formulas (4)-(6) and 0.6/
assumingr =1, the following results were obtained 0.4l
[11]: '
- the expected value of the system unconditional
lifetimes in the reliability state subset {1,2}

2000 4000 6000 8000 1000&200014000?

Figure 5. The graph of the piping transportation

n@= J;R(t 1) dt= 037 year; system risk functiorr (t )
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5.

Conclusions

The Monte Carlo simulation methodas used
for complex technical system reliability evaluation
The obtained results were compared with the results

of the analytical

methods presented in [11].

The differences are enough large and therefor
further analysis of these two methods is necessa@]
and their accuracy have to be investigated and thei
convergence improved.

The first and natural idea of analysis is to observ
whether the increasing the number of runs provides
more accurate simulation results.

[9]
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