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Abstract

There is presented the contents of the trainingseoaddressed to industry. The curriculum of thersm
includes the methods, algorithms and procedureglémtification of the unknown parameters of therapion
processes of the complex technical systems and #mglication in practice. It is based on theosdtic
backgrounds concerned with the semi-markov modgliai the complex technical systems operation
processes, the statistical methods of identificatibthe complex technical systems operation pseEesThe
illustrations of the proposed methods and procedpractical application in port, shipyard and niauedt
transport sector are included.

1. Introduction the set of the unknown parameters of the
system operation process model;

- Procedure of the system operation process
data collection based on [1]: fixing the
experiment duration time, defining the
system operation process single realization,
fixing the number of the observed
realizations of the system operation process,
fixing the numbers of staying of the system
operation process in the particular operation
states at the initial moments of all observed
realizations of the system operation process,
fixing the numbers of the transitions between
the system operation process states during all
observed realizations of the system operation
process, fixing the numbers of departures of
the system operation process from the
particular operation states during all
observed realizations of the system operation
process, fixing the realizations of the
conditional sojourn times of the system
operations process at the particular operation
states in all observed realizations of the
system operation process;

- Procedure of evaluating the unknown
parameters of the system operation process

The training course is concerned with the methods,
algorithms and procedures of identification of the
operation processes of the complex technical system
and their application in practice and it is basedie
results given in [5] and [1]. The participants bkt
course are provided training materials and a disk
with the computer program included in [2]. Presdnte
at the training course examples of practical
applications are coming from [3]-[4] and [6]-[7].

The training course includes the following items:

- Theoretical backgrounds based on [5]:
mathematical model of the complex
technical system operation process and its
basic parameters and characteristics;

- Methodology of description of the complex
technical systems: fixing the system
designation and operation conditions, fixing
the system subsystems and components;

- Methodology of defining parameters of the
system operation process based on [1]: fixing
the number of disjoin operation states of the
system, defining the operation states of the
system, fixing the possible transitions
between the system operation states, fixing
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based on [1]: fixing the realizations of the 2. Theoretical backgrounds
probabilities of the initial states of the
system operation process, fixing the

realizations of the probabilities of the system d f identificati fih
operation process transitions between the3- Procedures of identification of the

operation states during the experiment time,0P€ration process of the complex technical

evaluating the unknown parameters of System

distributions of the conditional sojourn time

of the system operation process in the3.1. Methodology of description of the
particular operation states for typical complex technical system
distributions;

Procedure of identifying the distributions of
the system conditional sojourn times in the
operation states for the fixed in [5]
distributions based on [1]: constructing and
plotting the realization of the histogram of
the system conditional sojourn times at the -
particular operation states, analyzing the 3-2- Methodology of defining the parameters

realization of the histograms, comparing Of the system operation process

them with the graphs of the density functions To make the estimation of the unknown parameters
of the previously distinguished typical of the system operations process the experiment
distributions and formulating the hypotheses delivering the necessary statistical data should be
concerning the unknown form of the precisely planned.

distribution functions of the conditional Firstly, before the experiment, we should perfonen t
sojourn times in the particular operation following preliminary steps:

states, verifying (testing) the hypotheses

concerning the unknown form of the i) to analyze the system operation process;
distribution functions of the conditional

sojourn times in the particular operation jij) to fix or to define its following general
states; parameters:

- Procedure of identifying the mean values of

the system conditional sojourn times in the - the number of the operation states of the system
operation states for the fixed in [5] operation procesg,

distributions based on [1]: determining the

mean values of the system conditional . the operation states of the system operationgssc
sojourn times in the operation states for the , , .

fixed in [5] distributions, determining ’ ’

approximate e.mp'”ca' valu_es of the system i) to fix the possible transitions between the system
conditional sojourn times in the operation

states; operation states;

- Procedure of applying the computer
program for identification of the system
operation process based on [2];

- Application of the procedures and .
computer program for identification of the 3.3. Procedure of the system operation

operations processes of real complexProcess data collection

technical systems: identification of the To estimate the unknown parameters of the system
operation process of the port oil piping operations process, during the experiment, we shoul
transportation system based on [6], collect necessary statistical data performing the
identification of the operation process of the following steps:

shipyard ship-rope elevator based on [3],

identification of the operation process of the j) to fix and to collect the following statistical dat
shipyard ground ship-rope transportation  necessary to evaluating the probabilities of the
system based on [4], identification of the initial states of the system operations process:
operation process of the ferry technical

system based on [7]. - the duration time of the experime@t,

Training material is given in [5].

The description of the complex technical systems
should include at least the following items:

- the system designation,

- the system operation conditions,

- the system subsystem and components.

iv) to fix the set of the unknown parameters of the
system operation process semi-markov model.
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- the number of the investigated (observed)
realizations of the system operation proce& , n,=n,+n,+..+n ;

- the numbers of staying of the operation processii) to fix and to collect the following statistical tda
respectively in the operations states z,, ..., z , at necessary to evaluating the unknown parameters
the inital momentt=0 of all n(0) observed of the distributions of the conditional sojourn
times of the system operation process in the

realizations of the system operation process : !
particular operation states:

n©, nO,...n0O), - the numbersn,, b, | = 1,2,..y, b#l, of
realizations of the conditional sojourn timés b, |
=1,2,...v, b#I, of the system operations process at
n ) +n, Q)+ n, (0 =n(), the operation state, when the next transition is to

the operation state during the observation time,
- the vector of the realizations of the numbers of

where

staying of the' 'operation process in the operation the realizations, k = 1,2, ..., n,, of the
states at the initial moment " . ,

conditional sojourn timesd, of the system

[n,(0)] =[n, (0),n, (0),...,n, (O)]; operations process at the operation siateshen the

next transition is to the operation stateduring the
i) to fix and to collect the following statistical dat observation time for eadh | =1,2,...y, b#1 .
necessary to evaluating the transient probabilities
between the system operation states: 3.4. Procedure of evaluating the unknown
parameters of the system operation process

- the numbersn,, b, | = 1,2,..y, bZ |, of the _ - o :
transitions of the system operation process froen th After collecting the statistical data, it is possiio
y P P estimate the unknown parameters of the system

operation statez, to the operation statg during all operation process performing the following steps:
observed realizations of the system operation poce
i) to determine the vector

r]11:(:)' n12’ n13’ e nlv’
n.,n,=0,n_, ..n [PO)] =[P, (@), p. (). ... p,O)] (1)
.r; n.n. ...n=0, of the realizations of the probabilitiesp, (0),

vi? v2 !

b=12,...v, of the initial states of the system

- the matrix of the realizations of the transitions Operation process, according to the formula
numbers of the system operation process between the

operation states
P 0.0="9 torb=12_.v, @)
n(0)
nll n12 e nll/
n,n,...n, where
[nbl] = )
n.n,..n, n(0) =3, ), (3)

- the numbersn,, b = 1,2,...y, of departures of the is the number of the realizations of the system
system operation process from the operation state@Peration process starting at the initial monten0;
z, (the sum of the numbers of tleeth row of the

. i) to determine the matrix
matrix [n, ])

n=n,+n,+..+n,,

n,=n,+n,+..+n, ,
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P, Py, - P, - the Iength d, of the intervals|; =< ag,,bgl),
[p,]= Py Py -k Py , @) j =12,....,f, , according to the formula
pvl pvz pvv d — ﬁbl ,
"or -1

bl

of the realizations of the probabilitiesp,,
bl =12,...v, of the system operation process Where

transitions from the operation sta to the —_
P ®, R, =max8; - ming;

operation statez, during the experiment time®, ke sk

according to the formula . . . .
- the endsagl, by, of the intervalsl ; =<a;,hb,),

n j =12,...,T,, according to the formulae
P, =n—"‘ for bl =12,...v, b#l, p, =0 (5)
b

[— 1 - H k db\ j— 1 1
forb=12,...v, a, = max{gklln?| g, —7,0}, b, =a, +id,,

where j=212,...1,

a) =b)*, j=23.T,

n=>n,b=12..v, (6)

bzl

_ L in the way such that
is the realization of the total number of the syste

operation process departures from the operatida sta ; _ . gk
z, during the experiment tim®; My = #{k: 6, 01, KDAL2n0 1

i) to determine the following empirical J=12,...5,
characteristics of the realizations of the condio

sojourn time of the system operation process in thevhere
particular operation states:

r .
— l =
- the realizations of the mean valuéy of the § b = Mo s

conditional sojourn time#, of the system operation

process at the operation sta®z when the next Whereas the symbei means the number of
L : _ elements of the set;
transition is to the operation sta , according to

the formula iv) to estimate the parameters of the distributiohs
the conditional sojourn times of the system operati
= 1 m 6. process in the particular operation states for the
&, _n_kzq b Bl =120, b#], () following distinguished distributions respectivaty

the following way:

- the number  of the disjoint intervals

S . i _ - the uniform distribution with a density function
|, =<ay,by), j=12...,F, that include the

realizations 8%, k =12,...,n,, of the conditional 0, t <X,
sojourn times@,, at the operation statg, when the h (1) = 1 X, <t<y
bl - ! bl = * = Jbl
next transition is to the operation stae, according Yo = Xpi
to the formula 0, t>vy,,
[FRENAL where
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0<X, <Y, <+, 0, <X,
C, —q
hy (t) oy +ﬁ(t = Xy )1 Xp = t< Z,
hb| (t) = bl bl
1 Cbl — W,
- Wi +—(ybl -t), z, stsyy,
Yo = Xl Yo = Zy
0, t> Vo,
0 Xol 3 t where
Figure 1.The graph of the uniform distribution’s
density function C = 2- Qs (Zbl B Xbl) W, (yb\ - Zb\)
bl ’
ybl - Xb\

the estimates of the unknown parameters of this
distribution are: 0<x, <z, <Y, <+, 0<(q, <+,

O<sw, <+, 0< - +w -z2)< 2,
Xb| = ali:l;l’ ybl - Xbl + del; bl qbl(zbl Xbl) bl(yb\ b\)

- the triangular distribution with a density furasti hy (1)
0, <Xy &
2 t—x Ol |
= - b x, St<z, w, L
h | Yo T Xa Ly T Xy ‘ ‘ ‘
bl (t) - ‘
2 Yo 1 ° Xbl “ * t
» Zy Sty
Yo = Xoi Yo T Zyi
0, t> Yy,
hy (1)
where i
Oor |-
0<X, <7, <y, <+, Co I
T ot
hy, (©)

Figure 3.The graph of the double trapezium

5 distribution’s density function

YoI ™ Xl

the estimates of the unknown parameters of this
distribution are:

0 Xpl Z, Yol t

Al _ — _n
Xo = 8yis Yo =Xy +7d, q, = ;

Figure 2.The graph of the triangular distribution’s .
n

density function W, =2z =8,
nbldb\
the estimates of the unknown parameters of this
distribution are: - the quasi-trapezium distribution with a density
function

— Al — - -0 -
Xy =y Yy =X, + rdm' Zbl _Hbl’

- the double trapezium distribution with a density
function
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h, (t) =
0, t <Xy
-q
o +M(t_xbl ) Xy Stszb
Zy — Xy
A, z, <t<z}
- W,
W +A)|—2|(Yb| -1), Z§| Sty
Yo = Zy
0, t> Yy,
where

A = 2= Gy (Zy = Xur) = Wor (Vo — 7))
! 2 _ A
Zy = Zy t Yo T Xy

0< Xy <Ztlul Szé < Yy <+, 0<qy < +oo,

0< W, < +oo,

O< qbl(zél = X1 ) + Wy, (Y —Zs')SZ,

0 X1 z z; Yol t

0 %z z Yol t

hy ()

Qi
A+

0 Xz P Yol t
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0 X z z Yol t

Figure 4.The graph of the quasi-trapezium
distribution’s density function

the estimates of the unknown parameters of this
distribution are:

1
— Al — = — nbl
Xbl - abl’ ybl _Xbl + rdbl’ q, = ’
nbldbl
W = n; S =gl 22 =p2
bl ’ bl = “bl bl = “bl
nbldbl
where
_ 1 "me . _ 1 npl .
1 j 2 j
G = 2 6. 6= _ 2.6y,
Nimg  §=L Ny = Nimg 1=0(me +1
_ [nbl +1]
(me) — 2 !

and[X] denotes the entire part xf

- the exponential distribution with a density fubaot

0, t<X,, X, =0
h, (t) =
ay expla, (t—x,)l, t=x,,

where

O<a, <+w, 0< x, =ay,

0 Xpl t

Figure 5.The graph of the exponential distribution’s
density function
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the estimates of the unknown parameters of this —oo<m, <+, 0<0, <+,
distribution are:

1 1
Xpp =8y Oy == hy (1)
By — X 1
awv2r
- the Weibull's distribution with a density functio
hy (t) =
{O, t<x, ,x, =0
ab\ ﬁb\ (t - Xb\ )ﬁb‘ N exp[_ab\ (t - Xbl )pbl ]’ t 2 Xbl '
0 My t
where Figure 7.The graph of the normal distribution’s

density function

O<a, <+, 0< [ <+w, 0< X, :a;w
the estimates of the unknown parameters of this
distribution are:

h)l (t) ﬁbl =3

bl

3.6, -m,)

O’ t< Xbl
1 ah‘ ! Xb\ St S Z;\
Xpl t Z, = X,
C 1 2
Figure 6.The graph of the Weibull distribution’s h,(t) = — zZ <t<Zz
density function Zbld b
- 2! Zlfl S t S yb\
the estimates of the unknown parameters of this Yo =%
distribution are: ) t>y,,
— Al — n, where
Xb\_a‘bl'ab\_nbl o ’
] bl
,Zi(g"‘) 0<x,<2z <Z <y, <+,

n Nbi ) 0< < 400, o<sw < +o00,
_o 4 len(gbj\ - Xm) q, bl
iz

—_ bl

36" In(6) - x,)

bl

a,20c¢,20 d,20, a,+c,+d, =1

the estimates of the unknown parameters of this

- the normal distribution with a density function distribution are:
- 2 =a , = +rd ,
h, (t) = 1 exp[- (t rnuzx) ], tO(~w,0), Xy =8y» Yo =Xy T 1,
o,N2m 20,

and moreover, if

where _ L
n, =max{n;}, i=j,

1<j<t
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where j 0{12,...,r}, is the number of the interval
having the largest number of realizations i.e. sagh
ntj\ = ﬁbI !

then:

« fori=1

Z;I = Xbl +(i _1)d7 Zti = Xb\ + Id bl

i ni+1+-“+nf
— _ bl — _ bl bl
a, =0 ¢, =—,d, =—"——"—">,
n n,

. ! : n
while n,;* =0 or n;* #0 and—*- >3,

bl

hy ()

S
d

Oy
Yo =X —d

0 Xp1 = Zél Zgl Yol t

Figure 8.The graph of the chimney distribution’s
density function fori =1

Z; =X, * (I _l)de Z; =X, * (I +1)db\’

i i+l i+2 r
—_ - nbl + nbl - r]bl Tt nbl
ab\_o' Cy = 'dbl_ !
n n,

bl

n
when n;* #0 and —- -<3,

bl

i (t)

|

0 X =% 7 Yol t

Figure 9.The graph of the chimney distribution’s
density function fori = 1

e fori=23..7-

z,=x, +(-1d,, z, =x, +id,,

1 i-1
_ N tetn
I r]bl
i i+l T
=My Sty
bl ' bl ’
nb\ r]bl

whenn;*=0or n;' #0 and—- nb' >3 and when

bl

i+1 i+1 bl
T2 3
bl
hy ()
G L —_
d : 3
|
(i-Dd |
i i
(r-id : : : :
0 Xp1 z z Yo t

Figure 10.The graph of the chimney distribution’s
density function fori = 23,....,Fr -1

Z;I :Xbl +(I _l)db|1 Z; :Xb\ +(| +l)d,

Ny bty
Ay = ,
Ny
i+1 i+2 F
— nbl + Ny d = _ Ny~ *...4n,
’ bl ’
Ny Ny

whenn;*=0orn; 20 and B - >3 and
bl
ni
whenn,* #0 and—2- < 3,
b|

h (1)

S L _
2d !
dy |
(F=i-Dd

_8 [
(i-1d

0 X1 z z; Yol t
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My (1)

(F-i-0d |
Cor |
2d

Y
(i-1d

0 X1 z z Yol t

Figure 11.The graph of the chimney distribution’s
density function for = 23,...,F =1
Z;\ =X, t (I - z)dm ’ Z; =X, t idb\ )

i-1 i

1 i-2
:nbl +"'+nb| C =nbl +nb|
| ’ bl ’
nbI nbI
i+l r
g =Mty
bl '
nbl

- n .
when n,*#0 and —-<3 and whenn;* =0 or
nbl

19
i+1 2 3’
bl

n;*#0 and

P (1)
ol
2d

3
(i -2d

A |
(r-i)d

hy,i (1)
|
(i -2d
S |

2d

dbI
(F-i)d

0 Xl z, Z Yol t

Figure 12.The graph of the chimney distribution’s
density function fori = 23,....,Fr -1

Z;\ =X, (I - Z)db\ ) Zj\ =X, * (I +1)dbl )

1 i-2
_n,+..+n,
a, = !
n,

i-1 i i+l i+2 T
= nbI + nb\ + nbI d = nbl + "t + nbI
n ) bl n )

bl bl

bl

while n;* 20 and@ <3 and whilen;* #0 and

-1

bl
Mg
nbl
hy (t)
S
d | i :
& | 1
(i-2d 3 s s
I & 1 | o
BT T
0 X‘bl Za ZE, Yo t

Figure 13.The graph of the chimney distribution’s
density function fori = 23,....,Fr -1

e fori=r
z,=x, +(-1d,, z, =x, +id,,

_npteAnt o o0 o
&= &= d, =0,

bl bl

L . n
while n,* =0 or n;* #0 and—*- >3,

bl
i ()
S | R
d T
A B
r-1d
0 %l Zél Zgl = Yo t

Figure 14.The graph of the chimney distribution’s
density function fori =1

Zl:)l\ =Xb\ +(I _Z)db\v Z; =Xb\ +idb\'

1 i-2
_ My +etn

a'm = Cm
nbl

i-1 i
= nb\ + nbl d — O
n ’ bl 1

bl

. n
whenn,* #0 and—-<3.

i-1
bl
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h, (t) of the previously distinguished distributions,

ho (1) to select one of them and to formulate the null
e | hypothesisH, and the alternative hypothesis,,
2d | | concerning the unknown form of the distribution
CYI * function H,, (t ) of the conditional sojourn timé, in
(F-2)d | | | the following form:
H, : The system conditional sojourn tint§, at the

0 x;, ZE. 2 ;yb. t operation statez, when the next transition is to the

operation statez, , has the distribution function

Figure 15.The graph of the chimney distribution’s  H_(t),

density function fori =T H, : The system conditional sojourn ting®, at the

3.5. Procedure of identifying the distributions ~ operation statez, when the next transition is to the
of the system conditional sojourn times in operation statez, , has the distribution function
operation states different fromH,, (t ),

To formulate and next to verify the non-parametric

hypothesis concerning the form of the distribution - to join each of the intervalk, that has the number
function H, (t) of the system conditional sojourn

time g, at the operation state, when the next
transition is to the operation state, on the basis of
its realizations@;;, k=12,...,n,, it is necessary to

proceed according to the following scheme:

n, of realizations less than 4 either with the
neighbor intervall,, or with the neighbor interval
|, this way that the numbers of realizations in all
intervals are not less than 4;

1

L - to fix a new number of intervais;
- to construct and to plot the realization of the

histogram of the system conditional sojourn tithe

at the operation state, defined by the following = -
formula 1=12,..1;

to determine new intervals I_J. =<a',b)),

bl ? bl

_ n’ - to fix the numbersn) of realizations in new
h (t)=— fortd 1 , : . —
bl ! intervals| , j=12,..,T,

bl

h dkw - to calculate the hypothetical probabilities thiad
”“'1‘ variable 6, takes values from the interva|, under
the assumption that the hypothesis is true, i.e. the
probabilities
pj = P(abl O I_]) = P(abjl s Hbl <Bbwl)
T :Hbl(t_)b\i)_Hbl(abjl)' jzlzv""rzv
0 a, a,=hb b, a. b ? where H (b)) and H,(a!) are the values of the

distribution functionH  (t ) of the random variable
Figure 16.The graph of the realization of the 6, defined in the null hypothesid, ;
histogram of the system conditional sojourn tighg
at the operation state - to calculate the realization of thg’ (chi-square)-

Pearson’s statistidsjnbl , according to the formula
- to analyze the realization of the histogram,
comparing it with the graphs of the density funetio

296



SSARS 2010
Summer Safety and Reliability Semindime 20-26201Q Gdaisk-Sopot, Poland

_am-np) 3.6. Procedure of identifying the mean values
t = & np of the system conditional sojourn times in

operation states

- to assume the significance level (a = 001, After identifying the matrix of the conditional
a =002 a =005 ora=010) of the test; density functions of the system conditional sojourn
times g , b, =12,....,v, b£1, in operation states

bl 7

- to fix the numberr —| -1 of degrees of freedom,
substituting forl for the distinguished distributions h,(t) h,(t)...h,(t)
respectively the following valuesi =0 for the h,,(t) h,(t)...h, (t)

uniform, triangular, double trapezium, quasi- [h, (1], =
trapezium and chimney distributions=1 for the
exponential distribution| = 2 for the Weibull’s and h,@®) h,(t)...h, ()
normal distributions;
it is possible to determine the mean values of the
- to read from the Tables of thg’ —Pearson’'s system conditional sojourn times in the operation

distribution the valueu, for the fixed values of the states using the following formula

significance levela and the number of degrees of

freedom 7 =1 -1 such that the following equality
holds

M, = E[6,]=th,(t)dt, bl =12...v,b#l. (8)

The results, for the distinguished in [5] distrilouts,

PU, >u,)=1-a, are as follows:

Nbl

and next to determine the critical domain in therfo for the uniform distribution

of the interval (u,,+ )and the acceptance domain

+
in the form of the intervak O,u, > . M, = E[,]= % ; 9)
A - for the triangle distribution
j— —_ Xb\ + ybl + ZbI .
Critical domain Mb‘ - E[gb‘] - 3 ! (10)
T t - for the double trapezium distribution

Figure 17.The graphical interpretation of the critical , ,

interval and the acceptance interval for the chi- M. = E[g]=" Ytz W (V)" -9, (%)

square goodness-of-fit test " 8 3 2
- to compare the obtained value of the realization
) . i ol +Wb|+qbl [(X Zb_y Zh)+xblyb\(xbl+ybl)]

of the statisticsU, ~ with the read from the Tables 6 o 5o ol T Y, — X,
critical value u, of the chi-square random variable
and to verify previously formulated the null _ ()G + (Y)W, (11)
hypothesisH ; in the following way: if the values 3y, —x%,) '

does not belong to the critical domain, i.e. when
u, <u,,then we do not reject the hypothedis, - for the quasi-trapezium distribution

otherwise if the valueu  belongs to the critical q
domain, i.e. whenu, >u,, then we reject the M. = E[6,]= %[(Z;)z‘(xm)z]
hypothesisH  in favor of the hypothesisi , .

_%[2(2; )2 — 93X, Zil - (Xbl )2]
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+%[<z§|)2 - @)1+ R ) - ()]

Wbl - | 2\2 2 27 .
MA@y sy -0 (2
- for the exponential distribution
_ _ 1.
Mbl - E[Hm] =X, t— (13)
bl
- for the Weibull distribution
_ _ % 1
Mb\ - E[em] - Xbl +ab\ . F(1+_)' (14)
where
I(u) = jte*dt, u>0,
is the gamma function;
- for the normal distribution
Mb\ = E[gbl] = n‘lﬂ’ (15)
- for the steep (chimney) distribution
_ _1 1
Mm - E[em] - E[am (Xm + Zbl)
+Cy (Zy +25) +dy (25 + %)) (16)

In the case when the identification of the condislo
density functions of the system conditional sojourn
times 6,, b1 =12,...,v, b#1, in operation states is

bl ?

5.1. Statistical identification of the port oil
piping transportation system operation
process

5.1.1. The port oil piping transportation
system description

The considered port oil piping transportation syste

is the main part of the Oil Terminal inebogdrze

that is designated for the reception from ships, th

storage and sending by carriages or by cars the oil

products such like petrol and oil. It is also desigd

for receiving from carriages or cars, the storage a

loading the tankers with oil products.

The considered terminal is composed of three parts

A, B and C, linked by the piping transportation

systems with the pier. The scheme of this termmal

presented ifrigure 18

—— {
V

——T

((

o | EEE

PIRS [TERMINAL DEBOGORZE |

PORT GDYNIA

Figure 18.The scheme of the port oil piping
transportation system.

The unloading of tankers is performed at the pier
placed in the Port of Gdynia. The pier is connected
with terminal part A through the transportation
subsystents, built of two piping lines composed of
steel pipe segments with diameter of 600 mm. In the
partA there is a supporting station fortifying tankers
pumps and making possible further transport of oil

not possible we may determine the approximateby the subsysten$, to the terminal parB. The

empirical values of the system conditional sojourn
times in the operation states according to the fitgm
(7) or use their approximate values coming from
experts.

4. Procedure of applying the computer
program for identification of the system
operation process

Training material is given in [2].
5. Identification of the operation processes of

real complex technical systems — using
procedures
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subsystens; is built of two piping lines composed of
steel pipe segments of the diameter 600 mm. The
terminal parB is connected with the terminal p&t

by the subsyster§;. The subsysterS; is built of one
piping line composed of steel pipe segments of the
diameter 500 mm and two piping lines composed of
steel pipe segments of diameter 350 mm. The
terminal partC is designated for the loading the ralil
cisterns with oil products and for the wagon segdin
to the railway station of the Port of Gdynia and
further to the interior of the country.

The oil pipeline system consists three subsystems

STRSTESY
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- the subsystemS composed of two identical

pipelines, each composed of 178 pipe segments of

length 12m and two valves,
- the subsystel8, composed of two identical

pipelines, each composed of 717 pipe segments of

length 12m and two valves,
- the subsyster8, composed of three different

pipelines, each composed of 360 pipe segments ahe unknown parameters of the system operation
either 10 m or 7,5 m length and two valves.

5.1.2. Defining the parameters of the port oil
piping transportation system operation
process

Taking into account the expert opinion on the
operation process of the considered port oil pigeli
transportation system we fix:

- the number of the pipeline system operation msce
statesy =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
subsystens;,

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 subsystens, 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 subsyste®, one out of two
pipelines in subsyste® and two out of

three pipelines in subsystesy)

an operation state, — transport of one kind

of medium from the pier through part A to B

using one out of two pipelines in subsystem

S, and one out of two pipelines in subsystem
S

an operation state, — transport of one kind

of medium from the terminal part B to C
using two out of three pipelines in
subsystens;, and simultaneously transport
one kind of medium from the pier through
part A to B using one out of two pipelines in
partsS; and one out of two pipelines in
subsystens;,
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* an operation state, — transport of one kind

of medium from the terminal part B to C
using one out of three pipelines in p&it

and simultaneously transport second kind of
medium from the terminal part C to B using
one out of three pipelines in p&kt

Moreover, we fix that there are possible the
transitions between all system operation stategs,Th

process semi-markov model are:
- the initial probabilitiesp, (0) , b=12,...,7,
b #1, of the pipeline system operation
process transients in the particular statgs
at the moment = 0,
- the transition probabilitiep,,,

b,I =12,...,7, of the pipeline system
operation process from the operation state
into the operation state,

- the distributions of the conditional sojourn
timesg,, b,l =12,....,7, b#1, in the

particular operation states and their mean

values.
To identify all these parameters of the pipeline
system operation process the statistical data about
this process is needed. The statistical data that h
been collected is given in the Appendix 1A in
Tables 1-416]. From data given in these Tables, on
the basis of methods and procedures given in the
previous sections, in further sections the piping
system operation process statistical data are fixed
and its unknown parameters are estimated.

5.1.3. The port oil piping transportation
system operation process data collection
The collected statistical data necessary to evalyat

the initial transient probabilities of the pipingssem
operation process in the particular states are:

the pipeline system operation process
observation/experiment time® = 329 days = 47
weeks,

- the number of the pipeline system operation pece
realizationsn(0) = 41,

- the realizationn, (O)of the number of the pipeline
system operation process transients in the paaticul
operation stateg, at the initial moment= 0

n (0)=14,n,(0) =2, n,(0) =0, n,(0) =0,

n,(0)=9, n,0) =8, n,© =8,
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where

n )+ n, 0+ n,©0)+n,(©)

+n,(0) + n, (0)+ n, (0) =41,
- the vector of realizations of the numbers of the
pipeline system operation process transitions & th
particular operation stateg, at the initial moment
=0

[n, (0)]=[n, (0),n, (0),n; (0),n, (0),

n, (0),n, (0),n,(0)] = 14 ,20,0988] .

The collected statistical data necessary to evalyat
the transition probabilities of the pipeline system
operation process between the operation states are:

- the realizationn, of the numbers of pipeline

system operation process transitions from the state

z, into the statez, during the experiment time
© =329 days

0 110 24 5 14
1 000 0 0 4
1 0000 0 O
[n,]=|/0 000 0 0 1],
2121 01 0 10 10
2 00014 0 5
17200 7 7 0

- the realizationn, of the total numbers of the

pipeline system operation process transitions from
the operation statez, during the experiment time

© =329days (the sums of the numbers of the matrix

[n,])

n=n,+n,+n,+n,+n, +n, +n, =45
n,=n,+n,+n,+n,+n,+n, +n, =5,
n,=n,+n,+n_ +n,+n_ +n +n, =1,
n,=n,+n,+n,+n,+n, +n, +n, =1,
n,=n,+n,+n,+n, +n,+n +n, =43,
n,=n,+n,+n,+n,+n +n,+n, =21,
n,=n,+n,+n, +n,+n +n_ +n_ =33,

- the matrix of realizations of the total numbeftsha
pipeline system operation process transitions from
the operation state, during the experiment time

© =329 days

[n,]1=[n,n,,n,n,,n,n,n]=[45 511432133 .

n,=0n,=4Ln,=1n,=0, n, =24,
n,=5, n, =14,
n,=1,n,=0,n,=0,n,=0n,=0,
n,=0,n,=4,
n,=1,n,=0,n,=0,n,=0,n,=0,
n,=0,n,=0,
n,=on,=0n,=0,n,=0n,=0,
n,=0,n_=

n, =0, n, =5,
nn:]_?, n72:2, I’]73=0, nm:O, n
n76=7’n77=0’

The collected statistical data necessary to evalyat
the unknown parameters of the distributions of the
conditional sojourn times of the port oil pipeline
transportation system operation process in the
particular operation states are as follows:

- the realizationsg,, k = 1,2, ..., n,, of the

bl ?

conditional sojourn timeg), of the port oil pipeline

transportation system operation process at the
operation statez, when the next transition is to the

- the matrix of realizations, of the numbers of the ©OPeration state, during the observation time:
pipeline system operation process transitions from

the statez, into the statez, during the experiment

time © =329days

- the variableg.

., the number of realizations, = 0,
realizations:

@' -these realizations are not possible,

- the variabled,,, the number of realizations, = , 1

realizations:
g, = 1920,
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- the variabled,,, the number of realizations, =1,
realizations: - the variabled,, , the number of realizations,, =0,
realizations:
g, = 480,

there are no realizations,

- the variabled,, , the number of realizations, =0, h bl h ber of realizati

el ratione -t g vqua ed,. , the number of realizations,, =0,
realizations:

there are no realizations, there are no realizations,

. the number of realizations - the variabled,, , the number of realizations, =0,
n. =24 realizations:

- the variable @

realizations: L
there are no realizations,

g, = 930, 82 =3840, 6; =1290, &, =480,

’ Y15 1 Y15 1 Y15

6>, =5575, 85 =4680, 8, =4350, &7, = 2100,

- the variable @ the number of realizations

27

1715 1 Y15 1715 n27 - 4,
6. =840, 6° = 2460, 8 = 1560, 62 = 1020, i
g2 =1860, & =960, 65 =930, & =910,
6 =480, 6, =410, 6, = 960, 67 = 480, 6. =900, g2, =780, 6%, =840, 6, =720,

6% =1440, 07 =4710, 6% =540, 6% =5180,

1 Y15 1 Y15 1 Y15

- the variabled,,, the number of realizations,, =1,
- the variabled,, the number of realizations, =5, realizations:
realizations:
6, =757,
6, = 1380, 6: =840, & =540, 6, =1930,
67 =1560, - the variableg,,, the number of realizations, =0,
realizations:

- the variable €., the number of realizations

17!

there are no realizations,

n, =14,
realizations: - the variabled,,, the number of realizations,, =0,
g =2400,8° =1020, &, =255, 6 =890, realizations:
g, =435, 8, =470, 6;, =435, 8, =470, 0%, - these realizations are not possible,
g’ =490, 67 =480, 6 =1350, 87 =1770,
67 =4570, 8% =780, - the variabled,,, the number of realizations, =0,
realizations:
- the variabled,,, the number of realizations, =1,
realizations: there are no realizations,
' =9960, - the variabled,, , the number of realizations, =0,
realizations:

- the variableg

22

the number of realizations,, = 0, o
there are no realizations,

realizations:
o : - the variabled,,, the number of realizations, =0,
@,, -these realizations are not possible, o % M
realizations:
- thg vgrlableew the number of realizations,, =0, there are no realizations,
realizations:

- the variableg.

377

o the number of realizations,, =0,
there are no realizations,

301
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realizations:
there are no realizations,

- the variabled, ,
realizations:

there are no realizations,

- the variabled,, ,
realizations:

there are no realizations,

- the variabled,,,
realizations:

there are no realizations,

- the variabled,, ,
realizations:

g;, -these realizations are not possible,

- the variabled,, ,
realizations:

there are no realizations,

- the variabled,, ,
realizations:

there are no realizations,

- the variabled,, ,
realizations:

6, =380,

the number of realizations,, =0,

the number of realizations,, =0,

the number of realizations,, =0,

the number of realizations,, =0,

the number of realizations,, =0,

the number of realizations,, =0,

the number of realizations,, =1,

- the variable g,, the number of realizations

n, =21,
realizations:

6. =1320,82 =930, &7, =811, 8, =450,

1 Y51 LY LY

6, =1270, 6; =960, g, =1200, 6;, =540,

1 Y51 1 Y51 1 Y51

6, =1020, 6.7 =900, &, =360, 6.7 =955,

1 Y51 1 Y51 1 V51

6° =430, 6 = 42, 6° =140, 9:° = 3855,

1 Y51 1 Y51

g;) =780, 8. =300, 6;; =840, 67’ =510,

1 Y51 1 Y51 1 Y51

6 =755,

- the variabled,,,
realizations:

the number of realizations,, =1,
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62, = 480,

- the variableg

.., the number of realizations, =0,
realizations:

there are no realizations,

- the variabled,,, the number of realizations, =0,
realizations:

g, =300,
- the variabled,;, the number of realizations,, =0,
realizations:

6., -these realizations are not possible,

- the variable g, the number of realizations
n, =10,
realizations:

g, =250, 62 =918, 6, =360, 6. =140,

1 ¥'56 1 Y56 1 Y56

6, =390, 6. =290, 6., =360, 6., =405,

1 ¥'56 1 Y56 1 Y56

62, =870, ° = 380,

1 ¥'56

- the variable @ the number of realizations

n, =10,
realizations:
g:, =540, 82, =5760, 6., =930, ., =235,

1 Y57 1 ¥57 1 Y57

6, =345, 8 =670, 6, =350, &, =430,

6, =1000, 6. =165,
- the variableg

..» the number of realizations,, = 2,
realizations:

g, =480, 62 =170,
- the variableg

62 7
realizations:
there are no realizations,

the number of realizations, =0,

- the variable ., the number of realizations
n, =0,
realizations:

there are no realizations,

- the variable @ the number of realizations

647
Ng, =0,
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realizations:
there are no realizations,
- the variable ., the number of realizations
n, =14,
realizations:
g. =960, 8. =60, 6. =560, 6,. =425, ;. =435,
6. =480, 9., =450, 6., =480, ;. =480,
6. =480, 6. =480, 6 =780, 6.} =540,
g =540,
- the variabled,, , the number of realizations,, =0,
realizations:

g - these realizations are not possible,

- the variableg,, , the number of realizations,, =5,
realizations:
9;7 =370, 9627 =445, 9537 =165, 9;7 =430,

6. =780,

- the variable g,, the number of realizations

n, =17,

realizations:
6: =840, 8> =1380, 8, =2460, 8. =2370,
9751 =480, 9761 =480, 9771 =480, 9781 =420,
6; =405, 6:? =850, 4.: =480, 6;* =480,

62 =480, 6 =420, 8 =900, 85 =720,

6 =820,

the variable @ the number of realizations

72

n,=2,
realizations:

6, =

6, =360, 67, = 660,

- the variable 8,;, the number of realizations
n;; =0,
realizations:

there are no realizations,

- the variableg.

.» the number of realizations, =0,
realizations:

there are no realizations,
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- the variabled,,, the number of realizations, =7,
realizations:
., = 3840, 6;, =960, g, =960, g,, = 10090,

6, =390, 6% =980, 4., = 880,

L) 1 ¥75

- the variable 8, the number of realizations
n,=7,

realizations:

62, =3970, 8% =3705, 62, = 2565, 6 = 1320,
6% = 2600, 87, =120,

- the variableg

., the number of realizations,, =0,
realizations:

@, - these realizations are not possible.

5.1.4. Evaluating the unknown parameters of
the port oil piping transportation system
operation process

On the basis of the statistical data from Sectidn3
using the formulae given in Section 3.4, it is ploies
to evaluate

- the vector of realizations

[p(0)] = [034,005,0,0,023,019,0.19]
of the initial probabilitiesp, (0), b=12,...7, (1)-(3)
of the pipeline system operation process transients
the particular stateg, at the moment= 0,

- the matrix of realizations

[p.]=

0 0022 0022 0 0534 0111 0.311]
0.2 0 0 0 0 0 038
1 0 0 0 0 0 0
0 0 0 0 0 0 1
0488 0023 O 0023 0 0233 0233
0095 O 0 0O 0667 O 0238
10516 0064 O 0 0226 0194 0O |

of the transition probabilitiep,, b,I =12,...,7, (4)-
(6) of the pipeline system operation process frben t
operation statez, into the operation statg during
the experiment timé® = 329 days.
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On the basis of the statistical data from Sectidn34  _ the endsa//, b}, of the intervalsl . =<a/,,b)),
using the formulae given in Section 3.4, it is loss '
to determine the following empirical characteristic
of the realizations of the conditional sojourn tiofe

j =12,...5, according to the formulae

the _ pipeline system operation process in the ming* — d, _ 410- 1291_ 2355,
particular operation states: sz2d 5 o 5
- the realizations of the mean valuﬁ of the a;, = max{-2355,0} = 0,

conditional sojourn timeg#, of the pipeline system
operation process at the operation stgtavhen the b, =&, +1291=0+1291=129],

next transition is to the operation state
a? =b}, =1291

4

MN

— 1l
6. 25 6. =19994 b,1 =12,....7 b#|, b2 = al, +2[1291= 0+ 2582= 2582,

=~
I

1

- the number 7, of the disjoint intervals & =bj = 2582
IJ- =< a&,b&), j=12,..,, that include the
realizations 6, k=12,...24, of the conditional
sojourn timesg,, at the operation state when the a’ =b? = 3873
next transition is to the operation state

b:, = aj, +3[1291= 0+3873= 3873

bt =a’ +4[1291=0+5164=5164,
r, 042405,
a’ =h' = 5164

- the length d,, of the intervals|; =<aj,b)),
bS =& +501291= 0+ 6455= 6455

j=12..5,
5165 - the numbersn,; of the realization®; in particular
di =_£=—=129l intervals| , j =12,...5
r15 _1 4 j il 1 ™~
where nlls =13, n125 =5 n135 =1 nfs =4, nfs =1,

R, = maxg;, —ming; =5575-410=5165,

1<k<24

Histogram of the conditional sojourn ting&
I, =< atl;l ,bbil) 0-1291 1291 — 2582 2582 -3873 3873-5164 518165
Ny 13 5 1 4 1
h.(t)y=n’/n_ 13/24 5/24 1/24 4/24 1/24
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0,6

0,5

04

0,3

0,2

0,1 +

0 ‘

T

T

0-1291 1291-2582

2582-3873

3873-5164 5164-6455

Figure 19.Histogram of the conditional sojourn tingg,

- the realizations of the mean valuég of the
conditional sojourn time#,, of the pipeline system
operation process at the operation statevhen the
next transition is to the operation state

g =¥ =851bl=12..7,b#|,

174
- the number 1, of the disjoint intervals
I =<a},b)), j=12..F, that include the

realizations 85, k=12,...17, of the conditional
sojourn timesg,, at the operation statg when the

next transition is to the operation state
r, 0417 04,

- the lengthd,, of the intervals|; =<aj b)),
j=12..4,

d, =—u =209_ggg
r,-1 3
where
R, =maxd; - miné;, = 2460- 405= 2055,
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of the intervals

= the btj|’
l =<a/,,b)), j=12..4, according to the

formulae

ends a},

G

2

405—6?85 =625,

1

a, =miné.

k<17 7t

bl, = a!, + 685= 625+ 685= 7475,

a’, =b!, = 7475,

b? = a, + 2[685= 625+1370=14325,
a’, =b? =14325,

b? = a, +3[685= 625+ 2055= 21175,
a‘, =b? = 21175,

b = a!, +4685= 625+ 2740= 28025,

- the numbersn, of the realization®; in
particular intervald ;, j=12,...4,

1 - P A— 3 — 4 —
n,=10, n;,; =5 n; =0, n; =2,
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Histogram of the conditional sojourn tingg,
| | =< abiI 7bt£|) 625-7475| 7475-14325 14325-211y.5 2142802.5
n, 10 5 0 2

h.)=n'/n, 10117 5/17 0 217

0,7

0,6 -

0,5

0,4 -

0,3

0,2 -

0,1 . -

0 ‘
62,5-747,5 747,5-1432,5  1432,5-2117,5  2117,5-2802,5

Figure 20.Histogram of the conditional sojourn tingg,

5.1.5. Identifying the distributions of the
conditional sojourn times in the operation
states of the port oil piping transportation
system

Using the procedure given in Section 3.5 we may
verify the hypotheses on the distributions of the
conditional sojourn times), , b, =12,....7, b#1,

bl ?
in the particular operation states. At the moment,
because of the lack of statistical data coming from
experiment it was possible to verify only two
hypotheses on the distributions of the sojourn
times. Namely, we have the following results:

- the conditional sojourn timé, has a chimney
distribution with the density function

0, t<0,
h(t) = 0.0003 0=<t<172167,
° 0.00007 172167<t<688667,
0, t = 688667,

- the conditional sojourn timé,, has a chimney
distribution with the density function
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0, 1 <625
h (O = 0.0006 625<t<14325,
" 0.00009 14325<t <28025,
0, t > 28025.

5.1.6. Identifying the mean values of the
system conditional sojourn times in
operation states of the port oil piping
transportation system

For the distributions identified in Section 5.1.5,
using the formulae (8) or (16) , we can find the
following mean values of the conditional sojourn
times in the particular operation states:

M,s =19994, M, =874.1.

In the remaining cases of not identified in Section
5.1.5 distributions, using formula (7), it is pdssi

to find only the empirical values of the mean value

M, =E[8,] of the conditional sojourn times in the

particular operation states that are as follow:

M, =192Q M, =48Q
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M,, =125Q M, =11296,
M, =996Q M, =810

M, =575 M, =38Q

M., =8747, M,, =48Q

M., =300 M = 4363 M, =10425,
M, =325 M_, =5107, M,, =438
M, =510 M = 25857, M, = 2380

As there are no realizations of conditional sojourn

times é@,, 6., 6,, 6., 6., 6,, 6, 6,, 6,
e, 6,86, 86,86,.86,.786,.7.8,.8,.:8,.0,
and @,, then it is impossible to estimate their
empirical conditional mean valueM,, M,
M,, M,, M,, M,, M,, M, M, M_,
M,, M,, M,, M,, M,,, M,,, M, M,

M., M., M

5.2. Statistical identification of the shipyard
ship-rope elevator operation process

5.2.1. The shipyard ship-rope elevator
description

Ship-rope elevators are used to dock and undock
ships coming to shipyards for repairs. The elevator
utilized in the Naval Shipyard in Gdynia, with the
scheme presented Figure 21, is composed of a
steel platform-carriage placed in its syncline
(hutch). The platform is moved vertically with 10
rope-hoisting winches fed by separate electric
motors. Motors are equipped in ropes “Bridon”
with the diameter 47 mm each rope having a
maximum load of 300 tones. During ship docking
the platform, with the ship settled in special
supporting carriages on the platform, is raised to
the wharf level (upper position). During undocking,
the operation is reversed. While the ship is moving
into or out of the syncline and while stopped ia th
upper position the platform is held on hooks and
the loads in the ropes are relieved. Since the
platform-carriage and electric motors are highly
reliable in comparison to the ropes, which work in
extremely aggressive conditions, in our further
analysis we will discuss the reliability of the sop
system only.
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Figure 21.The scheme of the ship-rope
transportation system

5.2.2. Defining the parameters of the
shipyard ship-rope elevatoroperation
process

Taking into account the expert opinion on the
operation process of the considered ship-rope
elevator we fix:

- the number of the ship-rope elevator operation
process stateis =5

and we distinguish the following as its five
operation states:

* an operation state — loading over O up to
500 tones,

* an operation state, — loading over 500 up
to 1000 tones,

* an operation state, — loading over 1000
up to 1500 tones,

* an operation state, — loading over 1500
up to 2000 tones,

* an operation state, — loading over 2000
up to 2500 tones.

Moreover, we fix that there are possible the
transitions between all system operation states.
Thus, the unknown parameters of the system
operation process semi-markov model are:

- the initial probabilitiesp, (0), b=12,...,5,
b#1, of the ship-rope elevator operation
process transients in the particular stages
at the moment = 0,

- the  transition probabilities  p,,

b, =12,..5, of the ship-rope elevator
operation process from the operation state
z, into the operation state,

- the distributions of the conditional sojourn
times 4,, b,l=212..5b#l, in the
particular operation states and their mean
values.
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To identify all these parameters of the pipeline

system operation process the statistical data about

this process is needed. The statistical data thst h
been collected is given in the Appendix 2A in
Tables 2-21[3]. From data given in these Tables,
on the basis of methods and procedures given in the
previous sections, in further sections the shigrop
elevator operation process statistical data amdfix
and its unknown parameters are estimated.

5.2.3. The shipyard ship-rope elevator
operation process data collection

The collected statistical data necessary
evaluating the initial transient probabilities dfet
ship-rope elevator operation process in

particular states are:

to

the

- the ship-rope elevator operation
observation/experiment tim@ = 616 days,

process

- the number of the ship-rope elevator operation
process realizations(0) = 19,

- the realizationn, (0)of the number of the ship-
rope elevator operation process transients in the
particular operation states at the initial moment

=0

n0)=8 n,0)=7 n,(0) =4,
n,0)=0 n,(0)=0,

- the vector of realizations of the numbers of the
ship-rope elevator operation process transitions in
the particular operation stateg at the initial

momentt = 0
[n, (0)] =[n, (0),n, (0), n, (0), n, (0), n, (0)]
= [8,7,400].

The collected statistical data necessary to
evaluating the transition probabilities of tkhip-
rope elevator operation process between the
operation states are:

- the realizationn, of the numbers of ship-rope
elevator operation process transitions from theesta

z, into the statez during the experiment time
© =616 days

an = 6’ r113 :1]‘ n14 = 2’ n15 = 0'

n21 = 61 nz3 = 8’ n24 = 3’ nzs = 1’

n,=8 n,=10, n,=2 n, =2
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41 d 42 = 2’ n45 = 1’
=0, n

=2, n,=0,
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- the matrix of realizationsy, of the numbers of

the ship-rope elevator operation process transition
from the statez, into the statez during the

experiment time® = 616days

0 6 11 2 0
6 0 8 3 1
[n,]=/8 10 0 2 2|,
2 2 201
2 0 2 0 0

- the realizatiomn, of the total numbers of the ship-
rope elevator operation process transitions froen th
operation statez, during the experiment time
© =616days (the sums of the numbers of the
matrix [n, ])

n =19 n,=18 n, =22 n, =7, n, =4

- the matrix of realizations of the total numbefs o
the ship-rope elevator operation process transition
from the operation state, during the experiment

time © =616 days
[n,]=[n,n,,n,n,,n,n]=[19182274].

The collected statistical data necessary to
evaluating the unknown parameters of the
distributions of the conditional sojourn times bét
ship-rope elevator operation process in
particular operation states are as follows:

the

L, k=12, ..., n,, of the

conditional sojourn timesg, of the ship-rope
elevator operation process at the operation sate
when the next transition is to the operation state

during the observation time:

- the realizationsg*

- the variabled,,
0,
realizations:

the number of realizations,, =

6! -these realizations are not possible,

- the variable 8, the number of realizations

127
n,=6,
realizations:



