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Abstract

There are presented the methods of identification of the climate-weather change process. These are the methods
and procedures for estimating the unknown basic parameters of the climate-weather change process semi-
Markov model and identifying the distributions of the climate-weather change process conditional sojourn times

at the climate-weather states.
1. Introduction

There are presented the methods of identification of
the climate-weather change process. These are the
methods and procedures for estimating the unknown
basic parameters of the climate-weather change
process semi-Markov model and identifying the
distributions of the climate-weather change process
conditional sojourn times at the climate-weather
states. There are given the formulae estimating the
probabilities of the climate-weather change process
staying at the particular climate-weather states at the
initial moment, the probabilities of the climate-
weather change transitions between the climate-
weather states and the parameters of the distributions
suitable and typical for the description of the climate-
weather change process conditional sojourn times at
the particular climate-weather states. Namely, the
parameters of the uniform distribution, the triangular
distribution, the double trapezium distribution, the
quasi-trapezium  distribution, the  exponential
distribution, the Weibull distribution, the chimney
distribution and the Gamma distribution are
estimated using the statistical methods such as the
method of moments and the maximum likelihood
method. The chi-square goodness-of-fit test is
described and proposed to be applied to verify the
hypotheses about these distributions choice validity.
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The general model of the climate-weather change
processes is proposed in the project report [EU-
CIRCLE Report D2.1-GMU3, 2016]. The safety
models of various multistate complex technical
systems are considered in Task 3.3 [EU-CIRCLE
Reports D3.3-GMU1, 2016]. Consequently, the
general joint models linking these system safety
models with the model of their climate-weather
change processes, allowing us for the safety analysis
of the complex technical systems at the variable
climate-weather conditions, will be constructed in
Task 3.4 [EU-CIRCLE Report D3.3-GMU12, 2016].
To be able to apply these general models practically
in the evaluation and prediction of the reliability and
safety of real complex technical systems it is
necessary to have the statistical methods concerned
with determining the unknown parameters of the
proposed models [Barbu, Limnios, 2006], [Collet,
1996], [Hryniewicz, 1995], [Kolowrocki, Soszynska,
2009a], [Kolowrocki, Soszynska, 2009b],
[Kolowrocki, Soszynska J, 2009d], [Kolowrocki,
Soszynska J, 2009¢], [Kolowrocki, Soszynska,
2010b], [Soszynska et al., 2010]. Particularly,
concerning the climate-weather change process, the
probabilities of the climate-weather change process
staying at the particular climate-weather states at the
initial moment, the probabilities of the climate-
weather change process transitions between the
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climate-weather states and the distributions of the
conditional sojourn times of the climate-weather
change process at the particular climate-weather
states should be identified [Kolowrocki, 2014],
[Kolowrocki, Soszynska, 2009¢], [Kotowrocki,
Soszynska, 2009f], [Kolowrocki, Soszynska, 2010a],
[Kolowrocki, Soszynska-Budny, 2011]. It is also
necessary to have the methods of testing the
hypotheses concerned with the climate-weather
change process conditional sojourn times at the
climate-weather  states  [Kotowrocki, 2014,
[Kotowrocki, Soszynska, 2009d], [Kolowrocki,
Soszynska, 2010b].

2. Identification of climate-weather change
process

We assume, as in [EU-CIRCLE Report D2.1-GMU3,
2016], that the climate-weather change process for
the critical infrastructure operating area is taking w,
w € N, different climate-weather states ¢y, ¢y, ..., Cy.
Next, we mark by C(f), te<0,+0>, the climate-
weather change process, that is a function of a
continuous variable #, taking discrete values in the set
{c1, ¢2y ..., ¢y} Of the climate-weather states. We
assume a semi-Markov model [Kotowrocki, 2014],
[Kotowrocki, Soszynska, 2008], [Kotowrocki,
Soszynska-Budny, 2011], [Limnios, Oprisan, 2005],
[Limnios et al., 2005], [Macci, 2008], [Mercier,
2008], of the climate-weather change process C(t)
and we mark by Cj, its random conditional sojourn
times at the climate-weather states Cp, when its next

climate-weather state is ¢/, b,/=12,....w,b = [.

Under these assumption, the climate-weather
change process may be described by the vector

[g5(0)]ixw of probabilities of the climate-weather
change process staying at the particular climate-
weather states at the initial moment t =0, the matrix
(9, (t)],x, Of the probabilities of the climate-weather
change process transitions between the climate-
weather states and the matrix [C,,(t)] of the
distribution functions of the conditional sojourn
times Cp of the climate-weather change process at
the climate-weather states or equivalently by the
matrix [c,(t)],., Of the density functions of the
conditional sojourn times Cy;, b,/ =1,2,...,w, b # [, of
the climate-weather change process at the climate-
weather states. These all parameters of the climate-
weather change process are unknown and before
their use to the prognosis of this process
characteristics have to be estimated on the basis of
statistical data coming from practice.

wXw
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2.1. Defining unknown parameters of climate-
weather change process and data collection

To make the estimation of the unknown parameters
of the climate-weather change process, the
experiment delivering the necessary statistical data
should be precisely planned.
First, before the experiment, we should perform
the following preliminary steps:
i) to analyze the climate-weather change process;
ii) to fix or to define the climate-weather change
process following general parameters:
- the number of the climate-weather states of
the climate-weather change process w,
- the climate-weather states of the climate-
weather change process ¢1, C2, ..., Cw;
iii) to fix the possible transitions between the
climate-weather states;
iv) to fix the set of the unknown parameters of the
climate-weather change process semi-Markov
model.

Next, to estimate the unknown parameters of the
climate-weather change process, based on the
experiment, we should collect necessary statistical
data performing the following steps:

i) to fix and to collect the following statistical data
necessary to evaluate the probabilities g, (0) of the
climate-weather change process staying at the
climate-weather states at the initial moment ¢ = 0:

- the duration time of the experiment ®,

- the number of the investigated (observed)
realizations of the climate-weather change process

n(0),
- the vector of the realizations ¢, (0), b=12,...,w,

of the numbers of staying of the climate-weather
change process respectively at the climate-weather

states €1, C2, ..., Cw, at the initial moments ¢ =0 of
all n(0) observed realizations of the climate-weather
change process

[1,(0)]=[n,(0),n,(0),...,n,(0)],
where

n,(0) = n,(0)= n,(0) = n(0);

i1) to fix and to collect the following statistical data
necessary to evaluate the probabilities ¢,, of the
climate-weather change process transitions between
the climate-weather states:
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- the matrix of the realizations of the numbers nyy, b,

[ =1,2,...w, b # [, of the transitions of the climate-
weather change process from the climate-weather
state Cp into the climate-weather state ¢, at all

observed realizations of the climate-weather change
process

n,n,...n,
[nb,] — nZ] n22 * nZw ,
N, n,..n,
where

n, =0,forb=1.2,.,w,

- the vector of the realizations of the numbers np, b

= 1,2,...,w, of departures of the climate-weather
change process from the climate-weather states c,
(the sums of the numbers of the b-th rows of the

matrix [ne])

[nb] =[n1 s, 5'--5nw]>
where

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

Iw?

Ny, =N, +Ny +...+n

2w ?

+n,+..+n

nw =n w2

wl ww 2

iii) to fix and to collect the following statistical data
necessary to evaluate the unknown parameters of the
distributions C,,(¢) of the conditional sojourn times
C, of the climate-weather change process at the
particular climate-weather states:

- the numbers n,, b [ = 12,.,w, b#[, of
realizations of the conditional sojourn times Cp, b, /
= 1,2,...w, b # [, of the climate-weather change
process at the climate-weather state ¢, when the
next transition is to the climate-weather state ¢
during the observation time ©,

- the realizations C), k = 12,...,npy, of the
conditional sojourn times C,; of the climate-weather
change process at the climate-weather state ¢, when
the next transition is to the climate-weather state ¢

during the observation time ® for each b, [ =
1,2,..w,b#1.
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2.2. Estimating basic parameters of climate-
weather change process

After collecting the statistical data, it is possible to
estimate the unknown parameters of the climate-
weather change process performing the following
steps:

1) to determine the vector

[¢(®)]=[q,(0),q,(0),...,q,(0)], (1)

of the realizations of the probabilities g5(0), b =
1,2,...,w, of the climate-weather change process
staying at the climate-weather states at the initial
moment ¢ = 0, according to the formula

7,0 =""2 torb=12 w, )
n(0
where
n(0)=Xn,(0). 3

is the number of the realizations of the climate-
weather change process starting at the initial moment
t=0;

ii) to determine the matrix

qll QIZ e qlw
q q e q w

[q, 1= "2 7, 4
qwl qw2 tee qvv

of the realizations of the probabilities g, b, [ =
1,2,...,w, of the climate-weather change process
transitions from the climate-weather state ¢, to the
climate-weather state ¢; according to the formula

g, = % forb,1=12,.w,b#1, ¢, =0, (5)
b
for b=12,...,w,
where
n, =bZlnb, ,b=12,....w, (6)
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is the realization of the total number of the climate-
weather change process departures from the climate-
weather state ¢p, b = 1,2,...,w, during the experiment
time ©.

2.3. Estimating parameters of distributions of
climate-weather change process conditional
sojourn times at climate-weather states

Prior to estimating the parameters of the distributions
of the climate-weather change process conditional
sojourn times at the particular climate-weather states,
we have to determine the following empirical
characteristics of the realizations of the conditional
sojourn time of the climate-weather change process
at the particular climate-weather states:

- the realizations of the empirical mean values Cp of
the conditional sojourn times Cj of the climate-
weather change process at the climate-weather state
¢y, b= 1,2,....w, when the next transition is to the
climate-weather state c;, / = 1,2,...,w, according to the
formula

_ 1 Np|
Coy=—Cl b, 1=12, . w, b1, (7)
Mol k=1
- the number ry of the disjoint intervals

I, =<aj},b}), j=12,..fo, that include the
realizations C;‘,, k=12,...,n,, of the conditional

sojourn times Cp at the climate-weather state c,
when the next transition is to the climate-weather
state ¢, according to the formula

Ty SNy s

- the length dj, of the intervals 1, =<aj,b)),,

j=L2,...,r,, according to the formula

Rbl

- b
r, —1

dbl =

where

) k : k
R,, = max 6,, — min 6,
1<k<np; 1<k<np;

- the ends a;), b;,, of the intervals I, =<a},,b)),

j=L2,...,r,, according to the formulae

1 : k
a,, =max ﬁmm 6, ——*,0},
<k<np] 2

i 1 . . —
b}fl zabl +.]de’ j :1727"'9rb15
ay =by", j=23..7,,

in such a way that

— gl BB
I,vul,v..VIl, =<a,,b,")

and

Il =D forall i#j, i,je{l2,..r,},

- the numbers nj, of the realizations C,, in the
intervals 7, =<a;,,b;), j=12,...,7,,, according to

the formula
nl, =#1{k:C} el ke{l2, . n,}}, j=12,..7,,

where

bl j
2Ny =Ny,
Jj=1

whereas the symbol # means the number of elements
of the set.

To estimate the parameters of the distributions of the
conditional sojourn times of the climate-weather
change process at the particular climate-weather
states distinguished in [EU-CIRCLE Report D2.1-
GMU3, 2016] we proceed respectively in the
following way:

- for the uniform distribution with the density
function given by (4.5) [EU-CIRCLE Report D2.1-
GMU3, 2016], the estimates of the unknown
parameters are:

Xy = azlyl Vi =Xy +Tydy; (3)
- for the triangular distribution with the density
function given by (4.6) [EU-CIRCLE Report D2.1-

GMU3, 2016] the estimates of the unknown
parameters are:

—_— 1 — by __ .
‘xhl - abl’ ybl _xbl +rhldb1’ Zbl _Chl’ (9)
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- for the double trapezium distribution with the
density function given by (4.7) [EU-CIRCLE Report
D2.1-GMU3, 2016], the estimates of the unknown
parameters are:

1

n
1 _ — _ ny
Xy =@y, Yy =X, +1,d,, q, = d.’
n,ay
nfbl _
_ hy -
Wy = q 2y =Cy; (10)
n,dy

- for the quasi-trapezium distribution with the density
function given by (4.8) [EU-CIRCLE Report D2.1-
GMU3, 2016], the estimates of the unknown
parameters are:

n
s _ — _ hy
Xy =Qyy Yy =%, +7,d,, q, = d
b @
ny 1 _ Al 2 _ A2
_ Ny _ _
g 2y =Cy, 2, =C,, (11)
n,a
where
— 1 me) — 1 np|
1 k 2 k
Cy = 2 Cyy Cy = >Cys
n(me) k=1 I’lbl I’l(me) k=n(me)+1
n, +1
| P
n(me) _|: P :|9 (12)

and [x] denotes the entire part of x;

- for the exponential distribution with the density
function given by (4.9) [EU-CIRCLE Report D2.1-
GMU3, 2016], the estimates of the unknown
parameters are:

1
Xy =y, O = C _x_; (13)
b X

- for the Weibull distribution with the density
function given by (4.10) [EU-CIRCLE Report D2.1-
GMU3, 2016] the estimates of the unknown
parameters are (the expressions for estimates of

parameters ap and fp are not explicit):

n npl

i+}§1n(C,’j, -Xx,)

a, = ; 14

A p——— (14)
k:]( bl) Il( bl _xhl)

- for the chimney distribution with the density
function given by (4.11) [EU-CIRCLE Report D2.1-
GMU3, 2016], the estimates of the unknown
parameters are:

1 p—
Xy =y Vi =Xy +1dy, (15)
and moreover, if

n, =max{n;,} (16)
1<j<mp;

and i, i€{l,2,...,n}, is the number of the interval

including the largest number of realizations i.e. such
as that

nziy/ =n,, (17)

then:
o fori=1

either

i i+1 bl
n, n, +..+np}
K,=—,D, = > (18)
b ny,
while
ni
n' =0 or  m'#0 and >3
i+1
ny,
(19)
or
i . 2 .
zy =x, +(@=Dd,, z, =x, +(@+1d,,
4, =0, (20)
i i+1 i+2 ]
n, +n, n,” +..t+np
K, = , D, = — > (21
ny, n,

while
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i

: n
1
n,' #0 and —2
+1

<3
bl

o fori=23,..,7r,—-1
either

! . 2 .
zy =x, +(@=Dd,, z, =x, +id,,

1 i—1 i
no+..+n n
_ Ny bl _ Ny
Abl - > Kbl - >
nbl nbl
i+l ]
p T et
bl T )
nbl
while
i
a . n
n,' =0 or n,' #0 and —- >3
i-1
bl
and while
i
n* =0 or n*' 20 and —2
oo bl =

bl
or

Zl‘)l szl +(l_1)db[, szl sz/ +(l+1)d,

1 i-1
oy,
b

nbl

ni +ni+l i+2
_ny Moo =
b= s Ly =
ny, n,

while

-1 i1
n, =0 or n, #0

(29)

and while

n' #0 and
(30)

or

1 _ . 2 _ .
Zy =%, +(—=2)d,, z,, =x, +id,,

(22)

(23)

24

(25)

(26)

27)

(28)

90

1 i2 i1 i
4 _ny +.tny % _ny +ny,
b = s By = >
ny ny,
i+1 ]
D et
bl T ’
n,
while
i
- n
1
n, #0 and —*- <3
bl
and while
i
i+1 i+l n

— bl
n, =0orn, #0and —5 >3,
bl

or

21171 =x, +(—2)d,, szz =x, +(+1)d,,

1 i-2
n, +..+n,

4, = 5
ny
i-1 + i + i+1
K Ny, TRy, Ty
bl )
ny,
i+2 ]
D et
bl )
ny,
while
i
- n
1
n, #0 and —*-<3
bl
and while

i

: n
1

n,' #0 and —2

i+l

bl

<3;

for i=7,

either

1 _ . 2 _ .
zy =X, +(-Dd,, z,, =x, +id,,

1 i1

4 = n, +...+ n,

bl T s
ny,

(1)

(32)

(33)

(34)

(35)

(36)

(37

(3%)

(39)
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Kbl ha D, =0, (40)
ny
while
i1 i-1 n}iz
n,, =0 or n, #0 and —5 23,
ny,
(41)
or
le71 =x, +( _2)dbl’ ZZ] =Xy +idbl’
L+ n’
Ab[ — nbl nb/ , (42)
ny,
i—1 + i
K, =" p, <o, (43)
ny,
while
i1 nlizl
ny, #0 and T<3 (44)

bl

- for the Gamma distribution with the density
function given by (4.12) [EU-CIRCLE Report D2.1-

— _(S;l )2

Cbl — Xy

B ; (45)

where (S,)° is the variance of the conditional
sojourn times Cy;, given by

1 n, —
Zbl:(C:, —Cb])z.
— 1=

(S, = (46)

nbl

2.4. Identification of distribution functions of
climate-weather change process conditional
sojourn times at climate-weather states

To formulate and next to verify the non-parametric
hypothesis concerning the form of the distribution of
the climate-weather change process conditional
sojourn time Cy; at the climate-weather state ¢, when
the next transition is to the climate-weather state ¢,

on the basis of at least 30 its realizations Cf,,

k=1,2,...,np, it is due to proceed according to the
following scheme:

- to construct and to plot the realization of the
histogram of the climate-weather change process
conditional sojourn time Cp, at the climate-weather
state ¢;, defined by the following formula

(47)

GMU3, 2016] the estimates of the unknown - nj,
. h (t)y=—"forte I,
parameters are given as follows b1 n, j
C, —x,)
Xy = ay, Ay =w’
(Sy)
h,, () A
1
0 Gy Gy =by by ay byt

Figure 1. The graph of the realization of the histogram of the climate-weather change process
conditional sojourn time Cj, at the climate-weather state ¢,

- to analyze the realization of the histogram 4, (7),

comparing it with the graphs of the density functions

91

coi(t) of the previously distinguished in [EU-
CIRCLE Report D2.1-GMU3, 2016] distributions, to
select one of them and to formulate the null
hypothesis Hy, concerning the unknown form of the
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distribution of the conditional sojourn time Cj; in the
following form:

Hy: The climate-weather change process conditional
sojourn time Cj, at the climate-weather state ¢, when
the next transition is to the climate-weather state ¢,
has the distribution with the density function c;(¢)

- to join each of the intervals /; that has the number
n), of realizations less than 4 either with the
neighbour interval /41 or with the neighbour interval

lj—1 this way that the numbers of realizations in all
intervals are not less than 4;

- to fix a new number of intervals 7y ;

- to determine new intervals

Ij =< aé/lbé/)l j:1I2I"IFbI;

- to fix the numbers 7] of realizations in new
intervals f, , j= 1,2,..,131,1;

- to calculate the hypothetical probabilities that the
variable Cp takes values from the interval /;, under
the assumption that the hypothesis Hj is true, i.e. the

p, =P, EI_/')ZP(EZ”]) <Cy <E[’{)

=C, (b)) —C, (@), j=12,...7,,, (48)

where C, (b)) and C,(a}) are the values of the

distribution function C,,(¢) of the random variable

£, )

C,, corresponding to the density function c,,(¢)
assumed in the null hypothesis Hy;
- to calculate the realization of the y? (chi-square)-

Pearson’s statistics Up, , according to the formula

- = 2

o, (7 _”bzp‘,-)
Uy = 2 )
/= nyp;

(49)

- to assume the significance level o (a = 0.01, «
=0.02, = 0.05 or = 0.10) of the test;

- to fix the number 7, —/—1 of degrees of freedom,
substituting for / for the distinguished in Task 2.1
[EU-CIRCLE  Report  D2.1-GMU3,  2016]
distributions respectively the following values: /=0,
for the uniform, triangular, double trapezium, quasi-
trapezium and chimney distributions, / = 1, for the
exponential distribution and / = 2, for the Weibull
distribution and Gamma distribution;

- to read from the Tables of the y?Pearson’s

distribution the value u, for the fixed values of the
significance level o and the number of degrees of
freedom 7, —/—1 such that the following equality
holds
PU,,

Su)=a, (50)

!

and next to determine the critical domain in the form
of the interval (u_,+00) and the acceptance domain

in the form of the interval <0,u >,

Figure 8.2. The graphical interpretation of the critical interval and the acceptance interval
for the chi-square goodness-of-fit test

- to compare the obtained value u,  of the realization
of the statistics U,,, with the read from the Tables

critical value Uy of the chi-square random variable
and to decide on the previously formulated null
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hypothesis Ho in the following way: if the value

u, does not belong these to the critical domain, i.e.

when u, <u,,then we do not reject the hypothesis

H,, otherwise if the value u, belongs to the

0°
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critical domain, i.e. when u, >u,, then we reject

the hypothesis H .

2.5. Testing uniformity of statistical data of
climate-weather change process

The statistical data that are needed in Section 8.2.4
for estimating the unknown parameters of the
climate-weather change process very often are
coming from different experiments of the same
climate-weather change process and they are
collected into separate data sets. Before joining them
into one set of data in order to do the unknown
parameters evaluation with the methods and
procedures described in Section 2.4, we have to
make the uniformity testing these statistical data sets.

2.5.1. Procedure of critical infrastructure
climate-weather change process data collection

To make the uniformity testing of the statistical data
collected in two separate data sets coming from the
same climate-weather change process realizations in
two different experiments, we should collect
necessary statistical data performing the following
steps:

i) to fix two independent experiments of the climate-
weather change process data collection and their
following basic parameters:

- the duration times of the experiments ®1, O,

- the climate-weather change processes single
realizations,

- the numbers of the investigated (observed)
realizations of the climate-weather change process
n,(0), n,(0);

ii) to fix and to collect the following statistical data
concerned with the empirical distributions of the
conditional ~ sojourn times C, and C;,
b,le{l,2,....w}, b=l of the
change process at the particular climate-weather
states, respectively in the first experiment and in the
second experiment:

- the number of realizations

n, ble{l2,...w, bl

climate-weather

of the sojourn time C,,, b,/ €{1,2,...,w}, in the first

experiment,
- the sample of non-decreasing ordered realizations

C,, k=12,...,n,, b#l, (51)

n,, ble{l2,..w,b#l,

of the sojourn time C;, b,/e{l2,.,w}, in the
second experiment,
- the sample of non-decreasing ordered realizations

C, k=12,...n2,
(52)

b#l,

of the sojourn time C;

2.5.2. Procedure of testing uniformity of distributions
of climate-weather change process conditional
sojourn times at climate-weather states

We consider test 4 based on Kolmogorov-Smirnov
theorem [Kolowrocki, Soszynska, 2010c] that can be
used for testing whether two independent samples of
realizations of the conditional sojourn time C,,,
b,le{1,2,...w}, b=#l,at the particular climate-
weather states of the climate-weather change process
are drawn from the population with the same
distribution.

We assume that we have defined in previous section
two independent samples of non-decreasing ordered
realizations (51) and (52) of the sojourn times C ;,
and C E, , blef{1,2,...w}, b#l, coming from two
different experiments, respectively composed of nj,
and we

realizations define their

corresponding empirical distribution functions

2
and ny,

C, () =il#{k :Cy <t ke{l2,..m}},
nhl
t>0, b,le{l,2,... w, b#l,
(53)
and

1 :
C,f,(t)zn—z#{k:C,f/‘ <t,ke{l2,..n}}}, (54)
bl

t>0, bl e{l2, .,w, bl

Then, according to Kolmogorov-Smirnov theorem
[Kolowrocki, Soszynska-Budny, 2011], the sequence
of distribution functions given by the equation

A
innz (ﬂ’) = P(Dnlnz < _)

of the sojourn time C ;, ,ble {1,2,...,\4\5_}, in the first experiment,

- the number of realizations

(55)
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defined for A >0, where

1 5 nn
n,=ny, n,=n,, n= —, (56)
n, +n,
and
D,,, = max|C, ()~ C; ), (57)

is convergent, as n—»oo, to the limit distribution
function

0= T(-D'e™™, A>0,

58

Sl"he? distribution function Q(A) given by (58) is
called A distribution and its Tables of values are
available.

The convergence of the sequence Qun,(4) to the 4
distribution Q(A) means that for sufficiently large
ny and n, we may use the following approximate
formula

0,., D) =0(). (59)
Hence, it follows that if we define the statistic
Un = nnp \/;’ (60)

where Dpn, is defined by (57), then by (55) and (59),
we have

Jn <)

PWU, <A)=P(D
< i)
Jn

=Q0,.,(D)=0(), for 1>0.

njny

= P(D

nyny
(61)

This result means that in order to formulate and next
to verify the hypothesis that the two independent
samples of the realizations of the climate-weather

change process conditional sojourn times Cj, and
Cf,,, b,l{1,2,....w}, b=#I[, at the climate-weather
state ¢p when the next transition is to the climate-

weather state ¢; are coming from the population with
the same distribution, it is necessary to proceed
according to the following scheme:
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- to fix the numbers of realizations n,, and n;, in the

samples,
- to collect the realizations (51) and (52) of the

conditional sojourn times C,, and C;, of the climate-

weather change process in the samples,
- to find the realization of the empirical distribution

functions C,,(¢) and C; () defined by (53) and (54)

respectively, in the following forms:
- to find the realization of the empirical distribution

functions C,,(¢) and C, (¢) defined by (53) and (54)
respectively, in the following forms:

n
bl 11
— = 0, t<C,
ny
12
n
bl 1 12
—> C, <t<(C,
ny,
13
bl 12 13
—, C, <t<C,
bl
1
Cu0) = ”flj 1k-1 1 ’ 62)
—, C, <t=(C,
ny
lnl
' Inf, -1 1},
—, C <t<C,
ny,
I}, +1 iy
bl "1
- 1, t=C,
ny
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_ 21
— = 0, t<C,
ny,
n?2
bl 21 b2
— > Cbl <t< Cbl
ny
n3
bl 2 23
— > Chl <t< Cb[
ny,
Cbzl (t) =9 , (63)
bl 2k-1 2%k
— > Cbl <t< Cbl
ny,
2
2n
bl
n 2112 -1 2111
bl bl bl
—, C," <t<C,
ny,
202, +1
bl
n 2n2
bl bl
— = 1, t=C,
ny
where
1
1 _ lnbl+1 _ 1
ny =0, n,"" =ny, (64)
and
1k —#{"Clj<C1k e {l,2 1}} (65)
ny, = -Gy RN AR USSR (R S

k=23,...n,,

is the number of the sojourn time C,, realizations

less than its realization C;f , k =2,3,...,n}),, and
respectively
2 +
n:ll = O > n;”bl 1 = nZ[a
(66)
and
n, =#{j:CY <C},je{l,2,.,n}}, (67)

k=23,...n,,
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is the number of the sojourn time Cp, realizations
less than its realization C;\, k=23,...,n;,

- to calculate the realization of the statistic up
defined by (60) according to the formula

w =d, (68)
"b1"bi
where
dl 2 :max{dll 2’d21 2}, (69)
"p1"p1 "b1"b1 1" bl
d', , =max{C, (C;) - C;(C}}),
"p1"p1 (70)
ke{l,2,..,n,}},
&, =max{C,(C;")—Cy(CH),
nblnbl (71)
ke {1,2,...,1’15,}},
I’ll I’l2
— 1bl b12 , (72)
ny +ny,

- to formulate the null hypothesis H, in the following
form:
Hy:
coming from the populations
distributions,

- to fix the significance level a (¢ =0.01, a=0.02,
a=0.05 or a =0.10) of the test,

- to read from the Tables of A distribution,
corresponding to 1—«, the value A, such that the
following equality holds

The samples of realizations (51) and (52) are

with the same

PU, <2,)=0(4)=1~-a, (73)

- to determine the critical domain in the form of the
interval (4,,+o0) and the acceptance domain in the

form of the interval (0,4, >,
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falt)

Figure 3. The graphical interpretation of the critical domain
and the acceptance domain for the two-sample Smirnov-Kolmogorov test

- to compare the obtained value u, of the realization
of the statistics U, with the read from the Tables
critical value A4,,

- to decide on the previously formulated null
hypothesis A, in the following way:

if the value un, does not belong to the critical
domain, i.e. when u, <A, then we do not reject the

hypothesis Ho, otherwise if the value u, belongs to

the critical domain, i.e. when u, > 4,, then we reject

0°
the hypothesis Hp .

In the case when the null hypothesis Ho is not
rejected we may join the statistical data from the
considered two separate sets into one new set of data
and if there are no other sets of statistical data
including the realizations of the sojourn time Cp/, we
proceed with the data of this new set in the way
described in Sections 8.2.1-8.2.4. Otherwise, if there
are other sets of statistical data including the
realizations of the sojourn time Cp/, we select the
next one of them and perform the procedure of this
section for data from this set and data from the
previously formed new set. We continue this
procedure up to the moment when the store of the
statistical data sets including the realizations of the

sojourn time Cpy, is exhausted.

3. Procedures of climate-weather change
process identification in case study 2

3.1. Methodology of defining the unknown
parameters of climate-weather change
process of the critical infrastructure

To make the estimation of the unknown parameters
of the climate-weather change process, the
experiment delivering the necessary statistical data
should be precisely planned. To model the climate-
weather change process for the critical infrastructure
we should perform the following preliminary steps:

83

1) to analyze the climate-weather
process;
ii) to fix or to define the climate-weather change
process following general parameters:
- the number of the climate-weather states of
the climate-weather change process w,
- the climate-weather states of the climate-
weather change process €1, €2, ..., Cw;
iii) to fix the possible transitions between the
climate-weather states;
iv) to fix the set of the unknown parameters of the
climate-weather change process semi-Markov
model.

change

3.2. Procedure of the climate-weather change
process of critical infrastructure statistical
data collection

To estimate the unknown parameters of the climate-
weather change process, during the experiment, we
should collect necessary statistical data performing
the following steps:

1) to fix and to collect the following statistical data
necessary to evaluate the probabilities of the initial
states of the climate-weather change process

- the duration time of the experiment @,

- the number of the investigated (observed)
realizations of the climate-weather change process
n(0),

- the numbers of staying of the climate-weather
change process at the climate-weather states ¢1, ¢
,...,Cw, at the initial moment ¢ 0 of all n(0)

observed realizations of the climate-weather change
process

n,(0), n,(0), ..., n,(0),

where

n,(0) = n,(0)= n,(0) = n(0);
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- the vector of the realizations of the numbers of
staying of the climate-weather change process at the
climate-weather states at the initial moment

(7, (0)]=[7,(0),7,(0),....n,,(0)],

i) to fix and to collect the following statistical data
necessary to evaluate the probabilities of the climate-
weather change process transitions between the
climate-weather states:

- the numbers n,,, b, [ = 1,2,..w, b # [, of the
transitions of the climate-weather change process
from the climate-weather state ¢, into the climate-
weather state ¢/ at all observed realizations of the
climate-weather change process

ny =0, ni, ny3, ...y Ny,
Ny, Moy = 0, N3, ..y Ny,
Myyls My2s B3y eees Ry = 05

- the matrix of the realizations of the transitions'
numbers of the climate-weather change process
between the climate-weather states

ng,ny,...n.,
n, n,,...n
_ 21 22 2w
[nbl] - s
nwl an e nww

- the numbers np, b = 1,2,...,w, of departures of the
climate-weather change process from the climate-
weather states ¢, (the sums of the numbers of the b-th
rows of the matrix [#n,,])

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

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

n,=n,+n,+..+n,;
- the vector of the realizations of the numbers of
departures of the climate-weather change process
from the climate-weather states

[n,1=[n,,n,,....n, 1,

iii) to fix and to collect the following statistical data
necessary to evaluate the unknown parameters of the
distributions of the conditional sojourn times of the
climate-weather change process at the particular
climate-weather states:
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b I = 12,...w, b#l, of
realizations of the conditional sojourn times Cp, b, [
= 1,2,..,w, b # [, of the climate-weather change
process at the climate-weather state ¢, when the

- the numbers n,,,

next transition is to the climate-weather state ¢
during the observation time ©,

- the realizations C,, k = 12,...,ny, of the
conditional sojourn times C,; of the climate-weather
change process at the climate-weather state ¢, when
the next transition is to the climate-weather state ¢

during the observation time ® for each b, [ =
1,2,..w,b#1.

3.3. Procedure of estimating the basic
parameters of the climate-weather change
process of critical infrastructure

After collecting the statistical data, it is possible to
estimate the unknown parameters of the climate-
weather change process performing the following
steps:

1) to determine the vector

[¢(®]1=[4,(0),4,(0),..., ¢, (0)], (74)

of the realizations of the probabilities q»(0), b =

1,2,...,w, of the climate-weather change process
staying at the climate-weather states at the initial
moment ¢ = (0, according to the formula

RACIN
q,(0)= n(0) forb=1.2,...,w, (75)
where
n(0)=Xn,(0). (76)

is the number of the realizations of the climate-
weather change process starting at the initial moment
t=0;

ii) to determine the matrix

qll q]Z e qlw
[q,]= 90 9 -9, , (77)
qwl qu tee qvv
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of the realizations of the probabilities ¢, b, [ =
1,2,...,w, of the climate-weather change process
transitions from the climate-weather state ¢, to the
climate-weather state ¢; according to the formula

G = % for b, 1=1,2,..w, b£1, (78)
q,, =0, :‘or b=12,...w,
where
n, inbl ,b=12,....w, (79)

is the realization of the total number of the climate-
weather change process departures from the climate-

weather state ¢p, b = 1,2,...,w, during the experiment
time ©.

3.4. Procedure of estimating the parameters
of distributions of the climate-weather change
process conditional sojourn times at climate-
weather states for critical infrastructure

Prior to estimating the parameters of the distributions
of the climate-weather change process conditional
sojourn times at the particular climate-weather states,
we have to perform the following steps:

i) to determine the following empirical
characteristics of the realizations of the conditional
sojourn time of the climate-weather change process
at the particular climate-weather states:

- the realizations of the empirical mean values Cp of
the conditional sojourn times Cj of the climate-
weather change process at the climate-weather state
¢y, b = 1,2,...,w, when the next transition is to the
climate-weather state c;, [ = 1,2,...,w, according to the
formula

_ 1 Nb1
Coy=—2.Cpy b, 1=12,..w, b =1, (80)
Nbl k=1
- the number ry of the disjoint intervals
l =<a£,,bt’;,), j=12,...,n, that include the

realizations C,’;,, k=1,2,...,n,,, of the conditional

sojourn times Cp at the climate-weather state ¢,
when the next transition is to the climate-weather
state ¢, according to the formula

Ny s

Ty

~
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- the length dj, of the intervals I, =<a;,b)),,

Jj=12,...,1;,, according to the formula

d _ Rbl
| 1 ’
Ty —
where
R, = max 6" — min 6
bl 1<k<np; bl 1<k<np; bl >
J J . Y
- the ends a;,, b;, of the intervals I, =<a;,,b}),

j=L2,...,r,, according to the formulae

1 : k
a,, =max{min 6, —
<k<np]

d

-0,
b, =a, +jd,, j=12,..7,,
aj, =b)", j=23....1,,,

in such a way that

V.Vl

1,01, =<a,,,b)

bl >
and

Il =D forall i#j, i,je{l2,..r,},

- the numbers n), of the realizations C,, in the
intervals 1, =<a;,,b;), j=12,...,7,, according to

the formula

ng =#{k:Cy el ke{l2,. . n,}}, j=12,..7,,

where

bl ;
XMy =Ny,
J=1

whereas the symbol # means the number of elements
of the set.

ii) to estimate the parameters of the distributions of
the conditional sojourn times of the climate-weather
change process at the particular climate-weather
states for the following distinguished distributions
respectively in the following way:

- for the uniform distribution with the density
function
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0, 1< X,
1
Cb/(t)z — X, SISy, (81)
Yo =Xy
0, 1>y,

where 0<x,, <y, <+x;

Cpy(t)

1

Y1 = Xp;

o Xpi Ybi t

Figure.4. The graph of the uniform distribution’s
density function

the estimates of the unknown parameters of this
distribution are:

(82)

—_— 1 —_— 7 .
Xpp = Ay Vg =Xy +rbldbl’

- the triangular distribution with the density function

0, t<x,
2 t—x,
, X, <tz
Yoo =Xy Zp Xy
c, ()= (83)
2 Yy —1 <t<
s Zpy SIS Yy
Yor =X Yo —Zu
0, t>y,,
where
0<x, <z, <y, <+0:,y, #0;
Cb/(t)
2
Yb1 = Xp;
0 Xpi Zpy Ybi t

Figure 5. The graph of the triangular distribution’s
density function

the estimates of the unknown parameters of this
distribution are:

1
bl >

Xy =a =C,;

(84)

Y =X, +1,d,,, Zy
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- the double trapezium distribution with the density
function

0, t<x,
q +[2_qbl(zbl = Xy) =W, (¥ —2,)
" Yo =Xy
t—Xx,
—q,] , Xy Stz
¢ ()= Zy — Xy
bl -
W +[2_Qb/(zb/ =x,)=w, (¥, —2,)
" Yor = Xu
Y —1
_sz] > ZbZSZSbe
Yo —Zy
03 t>ybl’
(85)
where

0<x, <z, <y, <+0,y, #0; 0<q, <+,
0<w, <+%,0<q,(z, —x,)+wW, (v, —z,)<2;

(1)
Chi ;
b ‘.
Wy, '
0 Xpi Zpy Yo t
Cy(t)

W,

Y \/

Chi

0 Xpi Zy Yo t

Figure 6. The graphs of the double trapezium
distribution’s density functions

the estimates of the unknown parameters of this
distribution are:

1
nbl

n,d

bl

—_— 1 —_— 7 —
xbl _abl’ ybl _xbl +rbldbl’ qbl -

s
bl

bl
n J—
bl _ .
d zy =Cy;
ny,dy

(86)

Wy =

- the quasi-trapezium distribution with the density
function
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0, 1<Xx,
A4, —q
bl bl 1
9y +— (t_xbl)’ X, St<z,
Zy — Xy
1 2
c,®)=<4,, z,, St<z,

A, —w
b b 2
Wy, + 2 Yy —1), 2, SE<yy,
b T Ly

0, > Yy

87

where

2
_xbl) — Wy (ybl _sz)

2 1
Zy T Zy TV T Xy

4 = 2_%1(21171

bl

b

1 2
0<x,<z,<z,<y, <+0,y, #0,
0<gqg, <+wo, 0<w,, <+x;

Cp(t)

Abl

1 2
0 Xpi Zp zp, Yoi t

1 2
Xpi  zp, z;, Ybi t

o
N
g
N
!z)—\
EN
A
iy
-

Cpy(t)

o

Xpi zp, z7, Yoi t
Figure 7. The graphs of the quasi-trapezium
distribution’s density functions

the estimates of the unknown parameters of this
distribution are:

1
bl

n,d,

n

J— 1 — T I
Xy =Qys Yy =Xy +1,dy,, q, =

b

n J— J—
bl 1 _ Al 2 A2
Wy = » 2y =Cys 2, =Cy, (88)
n,a,
where
— 1 7me) — 1 np]
1 k 2 k
C, = 2 C,, €= 2Cys
n(me) k=1 n,, }’l(me) k=n(me)+1
n, +1
| P
n(me) _|: 2 :|’ (89)

and [x] denotes the entire part of x;

- the exponential distribution with the density
function

1<Xx,

Cy (t) = {O, (90)

ay expl-a, (t —x,)], 12x,,
where

0<a, <+
Cp,y(t)

|

(o] Xp) t

Figure 8. The graph of the exponential distribution’s
density function

the estimates of the unknown parameters of this
distribution are:

1
Xp = a;w Ay == 5 (29)

o X
- the Weibull distribution with the density function

Chi )=

{O, t<x,
-1

a, py(t _xhz)ﬁbl expl-a,, (t - xbl)ﬂbl L, tzx,,

where

O<a, <+, 0< B, <+o0;
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Cbl (t)

o, =1

Xbi1

Figure 9. The graphs of the Weibull distribution’s
density functions

the estimates of the unknown parameters of this
distribution are (the expressions for estimates of
parameters ap and fp are not explicit):

n npl
L+ ¥ In(C), —x,))
b K

=
kZ::l(Cbkl)ﬁbl ln(Cbkl _xbl)

ay

; 93)

- the chimney distribution with the density function

0, t<x,

, X, <t<z,

Cbl(t): > bll
Zy —Zy

D
bl 2
—5 Zy Sty

Yo —Zy
0, t>9,,

1 2
,Z, Stz

94)

where

1 2
0<x,<z,<z,<y, <+0,y, #0, 4, 20,
K, >20,D, 20, 4, +K,, +D,, =1;

Cpi(t)
Ko ‘
d,, :
Dy, ]
Vi1 —Xp1 —dpy
0 2

100

(7 =i —=1)dy,

€y ()

Ko

2d,, : !

Dy,
Yo = Xp1 — 20y,

Y
o Xp1 = Zp;

Cp(t)
Ko |
Ay

Abi
(i—1)d,,
Dy,

(Fb/ - i)db/

2
zg5, Ybi

1 2
Zy zy, Ybi

o

Xpi

1 2
z,, E9 Yo

Xpi

Cp()
Kb,
2d,,
b1

1 2
2z, zy, Vb1

(i —2)d,,

Dbl
(T — 1)y

o
X
z

Cp(2)
Ay

1
zy, zp Ybi

(i —2)d,,
Ky,
2d,,

Db/
(T — i)y,

Cp(t)
Kby
Ab,3dbl

Y 2
zp, z5, Ybr

(i—2)d,,
Dbl

1 2
z,, z;, Ybr
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Cp()
Ker |

dbl

Ap;
(7 —1)d,,)

12 _
o Xb1 Zb1 Zb1 = Yb1 t

cp(t)

Ko |
2d,,
b1

(7 —2)dy,

1 2
o Xb1 2o 21 = Ybi t

Figure 10. The graphs of the chimney distribution’s
density functions

the estimates of the unknown parameters of this
distribution are:

— 1 — e
‘xbl - abl > ybl - ‘xhl + rbldhl > (95)
and moreover, if

n, =max {nzf/ } (96)
1<j<rp;

and i, i€{l,2,...,n}, is the number of the interval
including the largest number of realizations i.e. such
as that

My =My ©7)
then:
o fori=1

either

1 . 2 .
zy =x, +(-Dd,, z, =x, +id,,

i i+1 bl
n,, n, +..+np
4, =0, K,, =—, D, = : > (98)
bl nhl
while
ni
n,' =0 or n,; #0 and —2- >3, (99)
bl
or

Zfl;z =x, +(—Dd,, ZZI =x, +(@+1d,,
4, =0, (100)

101

, " . _
n, +n, ny’ .+ nl
K, = » D, = 5
nbl nbl
while
i
, n
1
n,' #0 and —2 <3;
i+l

bl
e fori=23,..,m-1
either

1 . 2 .
zy =X, +(@(-Dd,, z,, =x, +id,,

1 i1 i
n,+..+n n
bl bl bl
A, =—"— K, =—,

bl

while

i
. . n
-1 -1
n, =0 orn, #0 and 2 >3
i-1
bl

and while

i

. . n

i+l i+l bl

n, =0orn, #0 and —* >3,
bl

or

z, =x, +(i-Dd,, z, =x, +({+1)d,
i-1

1
n,+..+n
_ "'hl bl
Ah/ - >
ny,

i i+l i+2 Bl

K _nb,+nb, D _ny +...+n,
bl T > bl T )
nb[ nbl
while

i
. . n
-1 -1
n,' =0orn, #0 and —2- >3
i-1
bl

and while

i
ny,

i+l
ny,

i+l

n, #0 and

<3,

(101)

(102)

(103)

(105)

(106)

(107)

(108)

(109)

(110)
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or n
K, =n—”’, D, =0, (120)
. . bl
Z;l =x, +(—2)d,, szl =x, +id,,
g, e T e My gy while
nbl bl ;
e (112) ni' =0 or ny' 20 and —2- >3, (121)
bl I’lbl bl
while or
J (113) 21171 =x, +(—2)d,, Zb2[ =x, +id,,
- g byt n?
m A, =TT (122)
nbl
and while
i-1 + i
o K, ="M p, =o, (123)
n,' =0 or n, #0 and —2L >3, (114) My
bl
while
or
ni
. . n'#0 and -2 <3. 124
z, =x, +(i-2)d,, z;, =x, +({i+1d,, bl o (124)
4 :nl',,+...+n,‘,l_2 (115)
bl n, ’ - the Gamma distribution with the density function
i+ 0, t<x
K — bl + nbl + nbl1 w1 b
Y n, ’ Cy (l) = (t _xbl) Y exp[—(t _xbl)/ﬂbl] 1> x
a st = Ay
244 n B, T(a,)
D, = n—”b’ (116)
" where
hil
wate O<a, <+, 0< B, <+oo.
n' #0 and 2 <3 (117)
bl
and while Clt) ay=1/5, By =1
_ b Ay =5, fy =5
ni' %0 and 2 < 3; (118)
bl
ay=1,p,=1
e fori=ny
either
Zzlﬂ =x, +(—1d,, 2131 =x, +id,, o t
1 i-1
A, = My Feee My , (119) Figure 11. The graphs of the Gamma distribution’s
ny, density functions

102
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the estimates of the unknown parameters of this
distribution are given as follows

(Cy —%y)’
Xy allw oy = b(lS*);l ;
bl
(S,)°
By == , (126)
. Cy —xy

where (S,,)? is the variance of the conditional
sojourn times C,;, given by

1 n —
Zbl:(C:, —Cu)’.
=

(S,)* = —

bl

3.5. Procedure of identifying the distribution
functions of climate-weather change process
conditional sojourn times at climate-weather
states for the critical infrastructure

To formulate and next to verify the non-parametric
hypothesis concerning the form of the distribution of
the climate-weather change process conditional
sojourn time Cj, at the climate-weather state ¢, when
the next transition is to the climate-weather state ¢,

on the basis of at least 30 its realizations Cf,,

k=1,2,...,ny, it is due to proceed according to the
following scheme:

- to construct and to plot the realization of the
histogram of the climate-weather change process
conditional sojourn time Cj, at the climate-weather
state c;, defined by the following formula

PN
h,, (t)=—fortel,, (127)

ny,

- to analyze the realization of the histogram 4, (7),

comparing it with the graphs of the density functions
cui(t) of the previously distinguished in Section
4.2.4 distributions, to select one of them and to
formulate the null hypothesis H,, concerning the
unknown form of the distribution of the conditional
sojourn time Cy,; in the following form:

Hy: The climate-weather change process conditional
sojourn time Cj, at the climate-weather state ¢, when
the next transition is to the climate-weather state ¢,
has the distribution with the density function c,(f)

- to join each of the intervals /; that has the number

n], of realizations less than 4 either with the

neighbour interval /41 or with the neighbour interval
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l;-1 this way that the numbers of realizations in all
intervals are not less than 4;

- to fix a new number of intervals 7 ;
- to determine new intervals

lj=<ap,bl), j=12,..;

- to fix the numbers 7} of realizations in new
intervals /;, j=1,2,..,l€b,;

- to calculate the hypothetical probabilities that the
variable Cp takes values from the interval f,-, under

the assumption that the hypothesis H is true, i.e. the
probabilities

p; =P(C, EI_‘/'):P(C_I/J]) =C, <E”{)

=C, (b)) -C,(@)), j=12,...7;, (128)

where C, (b)) and C, (a}) are the values of the

distribution function C,,(¢) of the random variable

bl
C,, corresponding to the density function c,,(¢)
assumed in the null hypothesis Hy;

- to calculate the realization of the y? (chi-square)-

Pearson’s statistics U

. » according to the formula

I (ﬁbjl- _nblpj)z ) (129)
! n,p; ,

-Mgu

Uy =

J

- to assume the significance level « (o= 0.01, a =
0.02, = 0.05 or = 0.10) of the test;

- to fix the number 1y, —/—1 of degrees of freedom,
substituting for / for the distinguished in Section
4.2.4 distributions respectively the following values:
/=0, for the uniform, triangular, double trapezium,
quasi-trapezium and chimney distributions, / = 1, for
the exponential distribution and / = 2, for the Weibull
distribution and Gamma distribution;

- to read from the Tables of the j?Pearson’s

distribution the value u, for the fixed values of the
significance level « and the number of degrees of
freedom 7, —/—1 such that the following equality
holds

PU,, >u,)=a, (130)

and next to determine the critical domain in the form
of the interval (u,,+o0) and the acceptance domain

in the form of the interval <0,u, >,
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- to compare the obtained value up, of the realization
of the statistics U, ~with the read from the Tables

critical value u, of the chi-square random variable

and to decide on the previously formulated null
hypothesis H, in the following way: if the value

u,, does not belong these to the critical domain, i.e.

when u

W S, then we do not reject the hypothesis

H,, otherwise if the value u, belongs to the
critical domain, i.e. when u

the hypothesis H .

U, then we reject

3.6. Procedure of identifying the mean values
of the climate-weather change proces
conditional sojourn times at the climate-
weather states for the critical infrastructure

After identifying the matrix of the conditional
density functions of the climate-weather change
process conditional sojourn times Cy, b, [ = 1,2,...,
w, b=/, at the climate-weather states

cll (t) c12 (t) ce clw (t)

ch (t) 622 (t) e cZw (t)

[ew (D] = (131)

cu®c,(®...c,,@)

it is possible to determine the mean values of the
climate-weather change process conditional sojourn
times at the particular climate-weather change states
using the following formula

My=E[Cy) = [re, (t)dt, (132)

b,1=12,...w, b#l.

If there is lack of sufficient numbers of realizations
of the climate-weather change process conditional
sojourn times at the climate-weather states, it will not
be possible to identify statistically their distributions.
In those cases of not identified distributions, using
formula (103), it is possible to find the approximate
empirical values of the mean values of the
conditional sojourn times at the particular climate-
weather states or use their approximate values
coming from experts.

If there are no realizations of the climate-weather
change process conditional sojourn times at the
climate-weather states of the critical infrastructure,
then it is impossible to estimate their empirical
conditional mean values.
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4. Conclusions

The proposed statistical methods of identification of
the unknown parameters of the climate-weather
change processes allow us for the identification of
the models discussed in [EU-CIRCLE Report D3.3-
GMUI12, 2016] and next their practical applications
in evaluation, prediction and optimization safety of
real complex critical infrastructures.

Acknowledgements

L The paper presents the results
developed in the scope of the EU-
| CIRCLE project titled “A pan —
==| European framework for
strengthening Critical Infrastructure resilience to
climate change” that has received funding from the
European Union’s Horizon 2020 research and
innovation programme under grant agreement No
653824. http://www.eu-circle.eu/

References

e ....|
=

[

Barbu V., Limnios N., Empirical estimation for
discrete-time  semi-Markov ~ processes  with
applications in reliability. Journal of Nonparametric
Statistics, Vol. 18, No. 7-8, 483-498, 2006

Collet J, Some remarks on rare-event
approximation. IEEE Transactions on Reliability 45,
106-108, 1996

EU-CIRCLE Report D2.1-GMU3, Modelling outside
dependences influence on Critical Infrastructure
Safety (CIS) — Modelling Climate-Weather Change
Process (C-WCP) including Extreme Weather
Hazards (EWH), 2016

EU-CIRCLE Report D3.3-GMU3, Modelling inside
and outside dependences influence on safety of
complex multistate ageing systems (critical
infrastructures) — Integrated Model of Critical
Infrastructure Safety (IMCIS) related to its operation
process including operating environment threats
(with other critical infrastructures influence, without
climate-weather change influence), 2016

EU-CIRCLE Report D3.3-GMU12, Integration of
the Integrated Model of Critical Infrastructure Safety
(IMCIS) and the Critical Infrastructure Operation
Process General Model (CIOPGM) into the General
Integrated Model of Critical Infrastructure Safety
(GIMCIS) related to operating environment threads
(OET) and climate-weather extreme hazards (EWH),
2017

EU-CIRCLE Report D3.3-GMU14, Application of
the General Integrated Model of Critical


http://www.eu-circle.eu/

Journal of Polish Safety and Reliability Association
Summer Safety and Reliability Seminars, Volume 8, Number 2, 2017

Infrastructure Safety (GIMCIS) to port oil piping
transportation system safety modelling, identification
and prediction (with climate-weather change
influence), 2017

Ferreira F., Pacheco A., Comparison of level-
crossing times for Markov and semi-Markov
processes. Statistics and Probability Letters, Vol. 7,
No 2, 151-157, 2007

Glynn P.W., Haas P.J., Laws of large numbers and
functional central limit theorems for generalized
semi

Markov processes. Stochastic Models, Vol. 22, No 2,
201-231, 2006

Grabski F., (2002) Semi-Markov Models of Systems
Reliability and Operations Analysis. System
Research Institute, Polish Academy of Science,
2002 (in Polish)

Hryniewicz O., Lifetime tests for imprecise data and
fuzzy reliability requirements. Reliability and Safety
Analyses under Fuzziness. Onisawa T. and Kacprzyk
J., Eds., Physica Verlag, Heidelberg, 169-182, 1995

Kotowrocki K., Reliability of Large and Complex
Systems, Amsterdam, Boston, Heidelberd, London,
New York, Oxford, Paris, San Diego, San Francisco,
Singapore, Sidney, Tokyo, Elsevier, 2014

Kotowrocki K., Soszynska J., A general model of
industrial systems operation processes related to their
environment and infrastructure. Summer Safety &
Reliability Seminars. Journal of Polish Safety and
Reliability Association, Issue 2, Vol. 2, 223-226,
2008

Kolowrocki K., Soszynska J., Modeling environment
and infrastructure influence on reliability and
operation process of port oil transportation system.
Electronic Journal Reliability & Risk Analysis:
Theory & Applications, Vol. 2, No 3, 131-142,
2009a

Kolowrocki K., Soszynska J., Safety and risk
evaluation of Stena Baltica ferry in variable
operation conditions. Electronic Journal Reliability
& Risk Analysis: Theory & Applications, Vol. 2, No
4, 168-180, 2009b

Kotowrocki K.,  Soszynska J.,  Statistical
identification and prediction of the port oil pipeline
system’s operation process and its reliability and risk
evaluation. Summer Safety & Reliability Seminars.
Journal of Polish Safety and Reliability Association,
Issue 3, Vol. 2, 241-250, 2009c¢

Kotowrocki K., Soszynska J., Methods and
algorithms for evaluating unknown parameters of

105

operation processes of complex technical systems.
Summer Safety & Reliability Seminars. Journal of
Polish Safety and Reliability Association, Issue 3,
Vol. 1, 2, 211-222, 2009d

Kotowrocki K., Soszynska J.,  Statistical
identification and prediction of the port oil pipeline
system’s operation process and its reliability and risk
evaluation. Summer Safety & Reliability Seminars.
Journal of Polish Safety and Reliability Association,
Issue 4, Vol. 2, 241-250, 2009¢

Kolowrocki K., Soszynska J., Testing uniformity of
statistical data sets coming from complex systems
operation processes. Summer Safety & Reliability
Seminars. Journal of Polish Safety and Reliability
Association, Issue 4, Vol. 1,123-132, 2010b

Kotowrocki K., Soszynska-Budny J., Reliability and
Safety of Complex Technical Systems and Processes:
Modeling - Identification - Prediction - Optimization,
London, Dordrecht, Heildeberg, New York,
Springer, 2011

Limnios N., Oprisan G., Semi-Markov Processes and
Reliability. Birkhauser, Boston, 2005

Limnios N., Ouhbi B., Sadek A., Empirical estimator
of stationary distribution for semi-Markov processes.
Communications in Statistics-Theory and Methods,
Vol. 34, No. 4, 987-995 12, 2005

Macci C., Large deviations for empirical estimators
of the stationary distribution of a semi-Markov
process with finite state space. Communications in
Statistics-Theory and Methods, Vol. 37, No.
19,3077-3089, 2008

Mercier S., Numerical bounds for semi-Markovian
quantities and application to reliability. Methodology
and Computing in Applied Probability, Vol. 10, No.
2, 179-198, 2008

Rice J. A., Mathematical statistics and data analysis.
Duxbury. Thomson Brooks/Cole. University of
California. Berkeley, 2007



Kotowrocki Krzysztof
Critical infrastructure operation and climate-weather change modelling, prediction and data processing

106



