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THE STATISTICAL SIMULATION OF DATASET IN 3D AREA
WITH "CUBIC"” CORRELATION FUNCTION
ON EXAMPLE RIVNE NPP GEOPHYSICAL MONITORING

(lMMpedcmaeneHo YneHoM pedakyiliHoi kosezii 0-pom 2eon. Hayk, npog. b. 1. Macnoeum)

Background. The model and algorithm were developed by using optimal in the mean square sense "cubic" correlation
function. An example of supplementing the results of geophysical studies of karst-suffuses phenomena with simulated data in the
task of monitoring the density of the chalk stratum on the territory of the Rivne NPP is presented.

The complex geophysical research was conducted on Rivne NPP area. The monitoring observations radioisotope study of soil
density and humidity near the perimeter of buildings is of the greatest interest among these. In this case a problem was occurred
to supplement simulated data that were received at the control of chalky strata density changes at the research industrial area with

use of radioisotope methods on a grid that included 29 wells.

This problem was solved in this work by statistical simulation method that provides the ability to display values (the random
field of a research object in 3D area) in any point of the monitoring area.

Methods. Based on the spectral decomposition of random fields in 3D space, a statistical model of the distribution of the
average density of the chalk layer in the 3D observation area was built.

Results. An algorithm for statistical simulation of random fields with a "cubic” correlation function is formulated. On the
basis of the developed software, additional simulated realizations of the random component of the research subject on the grid of
observations of the necessary detail and regularity were obtained. A statistical analysis of the results of the numerical simulation
of the distribution of the average density of the chalk layer was carried out and their adequacy was tested.

Conclusions. The method of statistical modeling of random fields with "cubic" correlation functions allows you to

supplement data with a given accuracy.

Keywords: Statistical simulation, "cubic” correlation function, spectral decomposition, conditional maps.

Background

Due to the increasing number of dangerous natural and
technogenic disasters in the world, the development of
geological environment monitoring system is actual using
modern mathematical tools and information technology. The
regular local monitoring of potentially dangerous objects of
human activity is an important part of the overall
environment monitoring system. When monitoring such
objects, many actual problems were raised, for example,
such as the lack of some data in the database, or insufficient
quantity or necessity to supplement the database on the grid
with required detail without conducting additional research.

Theoretical aspects of capacity use of the statistical
simulation methods based on spectral decomposition to
solving different apply problems considered in the works
(Yadrenko, 1983; Guyon, 1993; Chiles, & Delfiner, 2012;
Vyzhva, 2003, 2011, 2021). Practical testing on real density
chalky strata data on the Rivhe NPP territory was carried out
for the 3D area — in the following works by using Bessel
correlation function (Vyzhva, Demidov, & Vyzhva, 2013),
Cauchy correlation function (Vyzhva, Demidov, & Vyzhva,
2014b) and spherical correlation function (Vyzhva,
Demidov, & Vyzhva, 2020b).

In this paper, the statistical simulation method for
random field in 3D area we propose to use with the model
and procedure involving enough adequate in the mean
square sense data "cubic" correlation function. It is known
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(Chiles et al., 2005), that the "cubic" covariance model is
used for differentiable variables as well as potential fields in
geological modelling. The potential-field method was
designed by (Chiles et al., 2005) to build 3D geological
models from data available in geology and mineral
exploration, namely the geological map, structural data,
borehole data and interpretations of the geologist, because
most 3D geological known modelling tools were designed
for the needs of the oil industry and are not suited to the
variety of situations arisen in other application domains of
geology. This problem was considered also in paper
(Vyzhva, Demidov, & Vyzhva, 2020a).

Note, that methods of 3D random fields statistical simulation
used in geosciences problems was developed by the scientists:
Mantoglov, & Wilson, 1981; Wackernagel, 2003; Emery, &
Lantuejoul, 2006; Webster, & Oliver, 2007; Chiles, & Delfiner,
2012; Tolosana-Delgado, & Mueller, 2021 and other.

The essential problems of karst-suffusion phenomena
monitoring at Rivne NPP territory. The problems of the
random field simulation in 3D area arise in solving the actual
environmental geophysical monitoring problems. The complex
geophysical research was conducted on Rivne NPP territory
during many years. The radioisotope study of soil density and
humidity near the perimeter of constructed buildings on object
is of the greatest interest among these monitoring observations.
The soil density was determined by gamma-gamma well
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logging, soil humidity was determined by neutron-neutron
logging, when conducting this research.

In this case (Vyzhva, Demidov, & Vyzhva, 2013) a
problem occurred to supplement adequately simulated
adequate data that were received at the control of chalky
strata density changes at the research industrial area with
use of radioisotope methods on a grid that included 29 wells.

Schematic representation of the measurement results
chalky strata density at the Rivne NPP object that was
investigated, and the well locations are shown on Fig. 1.
These data are obviously not enough in detail to represent
the overall picture of the chalk strata on object, where due
to the aggressive water action the karst-suffusion processes
were significantly intensified.
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Fig. 1. Observation points and chalk strata averaged density at industrial area of Rivhe NPP

This noted problem was solved in following works:
(Vyzhva, Demidov, & Vyzhva, 2013, 2014a, 2014b, 2019,
2020b) by statistical simulation method that provides the
ability to display values (random field in three-dimensional
space) in any point of the monitoring area. The chalk strata
averaged density at the industrial area was simulated using
the built 3D model and the involvement of the Bessel type
correlation function (Vyzhva, Demidov, & Vyzhva, 2013),
Cauchy correlation function (Vyzhva, Demidov, & Vyzhva,
2014b) and spherical correlation function (Vyzhva,
Demidov, & Vyzhva, 2020b).

This paper continues further development of 3D
statistical simulation methods, involving "cubic" correlation
function that is well-known in geostatistic works (Chiles
et al.,, 2005; Chiles, Delfiner, 2012; Vyzhva, Demidov, &
Vyzhva, 2020a). This operation was done for data array of
density chalk strata in the years 1984-2002 for 29 wells at
Rivne NPP industrial area and depths are 28 m, 29 m and
30 m below the surface. The difference between the card
input density values and the trend is in most cases a
homogeneous isotropic random field (Vyzhva, Demidov, &
Vyzhva, 2014b, 2019). The stationary random component in
the three-dimensional area is proposed to modeling on the
basis of spectral decomposition (Vyzhva, 2003, 2011) with
"cubic" correlation function in this paper.

The statistical method of solving the problems at
Rivne NPP territory. The statistical simulation of density
chalky strata data at the Rivhe NPP object was performed
at three levels (28, 29, 30 meters from the surface) in this
paper. While constructing graphs of density chalky strata
data for each specified account, we noticed that it is
expedient to distinguish deterministic and random
components. Deterministic component can be selected as
function by the method of approaching the minimum curve
(separation of the so-called trend). The difference between
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the map of input density values and the trend is a realization
of homogeneous isotropic random field in the most cases,
as we mentioned above and which is very important.

Input data on the each of three level from the surface is
a realization of random field in 3D space n(x,y,z;), i = 1,2,3;
z, = 28m, z, = 29m, z3 = 30m. n(x,y,z) =n;(r,6,0),
(r,8,¢@) — spherical coordinates, i — level numbers. The
trend f;(r,6,¢9) and the random component &(r,6, @)
(frequently homogeneous isotropic random field in 3D
space, so-called "noise") were selected for each level:

n;(r,8,¢) = fi(,6,0) +§,(r,6,), i=1,23.

The imposing array of random field realizations
¢;(,6,9) (i =1,2,3) was got by statistical simulation in add
points from three-dimensional observations area for the
approximation of real data, we superimpose on the trend
fi(r,0,9), i = 1,2,3. As a result of final modelling stage, we
received more detailed addition for the chalk layer density
data in the selected three-dimensional area at Rivhe NPP.

We use the method of statistical simulation of
homogenous isotropic random fields in 3D area for the
solving arising problem, which is based on their spectral
decomposition (Vyzhva, 2003). This technique allows to find
the sufficiently perfect image of input data random fields in
the whole observation area at the Rivne NPP by means of
simulated realizations of random component of this data.

At first it is necessary to make the statistical analysis of
data before building the model and procedure of chalky
strata density simulation at observation 3D area. If the three-
dimensional input data has distribution density with
approximately Gaussian type, then procedure can be used,
which is developed in (Vyzhva, Demidov, & Vyzhva, 2013;
Vyzhva, 2011), to generate on the computer realizations of
the simulated data by means of sequences standard normal
random variables.
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The distribution of chalky strata density data at the Rivne
NPP is determined. The preliminary statistical analysis of 3D
input data shows that the distribution histogram of chalky strata
density at the Rivne industrial area (29 boreholes)
approximately has Gaussian distribution (Fig. 2).

The use of authors' techniques of statistical simulation
involves preliminary statistical processing of data to
determine their statistical characteristics, in particular, the
correlation function model. If the hypothesis of Gaussian

distribution of the investigated data field is confirmed, then
the mathematical expectation and the correlation function
completely define this random field in three-dimensional
area and give us the opportunity to build the adequate
statistical model for data field, which is based on the spectral
decomposition. The principles of constructing the models
and statistical simulation procedures for the "cubic"
correlation function were considered in work (Vyzhva,
Demidov, & Vyzhva, 2020a), and described below.
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Fig. 2. Histogram of the chalky strata density (averaged data for all years of observation):
1 — the number of observations in a separate range of density; 2 — theoretical Gaussian curve

Then for the data correlation function B(p) (p) —t he
distance between vectors x,y € R3(x = (1,081,91),
y = (1,,0,,9,)) statistical models were chosen for the
distribution of the density of chalk strata in the three-
dimensional observation area. This function is determined
by comparing the root-mean-square approximation of
empirical and theoretical variograms of the density data
of chalk layers.

As a result, the input data was most adequately
described using of 3 types of correlation functions: the
Bessel correlation function (1) at the value of parameter ¢ = 5,
the Cauchy correlation function (2) at the value of parameter
a = 1, the spherical correlation function (3) at the value of
parameter a ~ 1,25+%1072 and the "cubic" correlation
function (4) at the value of parameter a =~ 1,25 * 1072,

B(p) = ]%(Cp)! c=5, (1)

where Ji (x) is the Bessel function of the first kind of order
k=1/2,

T

2cr

B() = oo, a=1, )
3
B(p)={1—§ §+0%(§) - psw 3)
) p a.
B(p) ={1_7(§)2 +%(§)3 +§(§)5 +%(§)7' P=a; gy
0, p>a.

It is known, that homogenous isotropic random field has
a variogram y(p). In that case the variogram (Chiles et al.,
2005) is linked to the correlation function B(p) by the relation

v(p) = B(0) — B(p). ®)
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Thus, the variogram of a homogenous isotropic random
field is bounded by 2 B(0). Equation (5) shows that if the
correlation function is known, the variogram is also known.
Conversely, if the variogram of a homogenous isotropic
random field is bounded by a finite value, y(p) is of the form (5).
If the variogram has a sill, the value of B(0) must be chosen
equal to or greater than the sill. It is then equivalent to know
v(p) or B(p).

Variograms of input chalky strata density 3D data at the
Rivne NPP was built by using the R software and geoR
package They corresponding to the: Bessel (1) correlation
function (the mean square approximation is 0,0008599),
Cauchy (2) correlation function (the mean square
approximation is 0,002816), spherical (3) correlation
function (the mean square approximation is 0,000480) and
"cubic" correlation function (4) (the mean square
approximation is 0,001360). Variograms plots were
presented at Fig. 3a, according to Bessel type of correlation
function, at Fig. 3b, according to Cauchy type of correlation
function, at Fig. 3c, according to spherical type of correlation
function for the random component of investigation three-
dimensional data.

The built empirical variogram (Fig. 4) of input chalky
strata density 3D data at the Rivhe NPP has the best
approximation by theoretical variogram which is connected
to the "cubic" correlation function (4) with parameter
a ~ 1,25%1072,

We have, that the constructed variogram of realizations
in the studied territory (Fig. 5) has sufficiently adequate
approximation by the theoretical variogram, which is
associated with a "cubic" correlation function (a mean
square deviation is 1,36 * 1073).
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Fig. 3. Empirical (crosses) and theoretical (curve) variograms for input data of the chalky strata, that corresponding to the:
a — the Bessel (1) correlation function; b — the Cauchy (2) correlation function; c — the Spherical (3) correlation function
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Fig. 4. Empirical (crosses) and theoretical (curve) variograms
of input data arrays of chalk layer density,
corresponding to "cubic" correlation function
(a ~ 1,25%1072)

Methods

The spectral representation of homogeneous
isotropic random fields in the 3D area, approximation
theorem, model. Now we present some theorems from the
spectral theory of random fields. We consider a real-valued
homogeneous isotropic random field &(r, 8, @) in the three-
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Fig. 5. Empirical (crosses) and theoretical (curve) variograms

of simulated data arrays of chalk layer density,

corresponding to “cubic" correlation
(a ~ 1,25%1072)

dimensional area (§(r, 0, @) — spherical coordinates). It is
known (Yadrenko, 1983; Vyzhva, 2003; Vyzhva, 2011,
p. 208) that square-mean continuous real-valued isotropic
random field £(r, 8, ), that is in 3D Euclidean space RS,
admit the spectral decomposition by spherical harmonics.
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The correlation function of the homogeneous isotropic
random field &(r,6,¢) in three-dimensional area B(p)
depends on distance p between the vectors x,y € R3 (x =
(Tl' 91 ’ (pl)! y = (TZ! e2 ) (\02):

p=ry 2(1 —cosy) = rsin(y/2),
where cos | — angular distance between vectors x,y € R3:
cosy = cosf;cosf, + sinelsinezcos((p1 - (pz).

However, the spectral decomposition of this random field
is used to solve the problems of statistical modeling of

§(r,8,0) = X=o XiZoCmu Pr(co

where P}, is associated Legendre functions of degree m, &,,,
— constants sequences are calculated by the formula:

- 1 - ) 1, L#0,
=t B OD emen, w={y I
random  processes sequences {gﬁnlk(r)}, k=1,2:
Y
gin_k(r) = fo 2 — 7L, (d\), satisfying the following
conditions:

Mg, ()=0;
2) Mg, (1) ¢k ()= 8 81 6K bu(m), (8)
where Sm' — Kronecker symbol, b,,(r) — the spectral

coefficients and { Z.,(.) }is a sequence of orthogonal random
measures on Borel subsets from the interval [0,+x), i.e.

E ZL(S) ZL(Sy) = 8 8 (5. nSy),

for any Borel subsets S; and S,,

e 8,0) =XN_o Xt Cmu Prh(cos)

We need the mean square approximation of random
field §(r,6,¢) by model (11) in the convenient form
for the constructing statistical simulation of homogeneous
isotropic random field realizations in the 3D space
algorithm.

Further we used mean square estimate from the paper
(Vyzhva, Demidov, & Vyzhva, 2018), what we have in
following theorem.

Theorem 2. Let a mean square continuous realvalued
isotropic random field §(r,6, @) on the sphere S;(r) in 3D
space with zero mean (r — radius of sphere). If p, < +oo,
then the mean square approximation of this random field by
model (9) is such that

f®) =2 [ pAsinQp) (1 -7

The spectral coefficients, which correspond to the
"cubic" correlation function (4) of homogeneous isotropic

2
It
mtz

A2

() =2

These spectral coefficients b,,(r),m =0,1,2,..N are
calculated by Mathematica software for density chalky
strata data.

Results

The statistical simulation procedure of random field
in 3D area with the "cubic" correlation function. In this
paper we generated the realizations of homogeneous
isotropic random field in 3D area with the "cubic" correlation
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[

(

AT)
[foa pAsin(Ap) (1 —7 (s)z +

realizations of a random field in three-dimensional space,
where real-valued random variables occur. Let's add this
decomposition.

Theorem 1. Let a mean square continuous realvalued

homogeneous isotropic random field §(r, 6, @) is in 3D space
with zero mean. Then this random field admits (Vyzhva, 2011,
p. 210) the following spectral decomposition:

$8) [Gh, 1 (1) cosld + ¢, ,(r)sinld], (6)

where ®(1) is the bounded nondecreasing function so-
called spectral function of random field §(r, 6, ¢).

The spectral density of homogeneous isotropic random
field §(r, 6, @) is defind as f(A) = d®(N)/d\ and it is obtained

by correlation function of this random field as integral:
fO) =2 [} ohsin(hp) B(p) do. (9)

The spectral coefficients b, (r) of random field &(r, 6, @)
are defined by the spectral density (L) of this random field

in three-dimensional space in the way:
2 an)
fN)dA (10)

w Imel
bn(r) = fo )\72,

Further the statistical simulation of homogeneous

isotropic random fields in the 3D space on the basis the

spectral decomposition (6) coefficients (10) are considered.
Approximation model for the homogeneous isotropic
random field &(r, 0, @) is built by using the partial sums of

series (6) and is presented by the formula:
g, (cosle + I ,()sinl |, NEN.

2
M [E(T, 8, (P) - gN (T, 8, (P)] = (1 2)
where i, = [° A*® (d\) . (13)
If we proposed, that r (radius of sphere) is not fixed, then

the random field £(, 8, ¢) is in 3D Euclidean space R°.
Further, we described the algorithm for the statistical

simulation of realizations of Gaussian homogeneous isotropic
random fields £(r, 8, ) in 3D Euclidean space R®, which was
constructed on the basis of model (11) and estimate (12)

We constructed on this paper the algorithm for the
statistical simulation of Gaussian homogeneous isotropic
random fields on three-dimensional space space with
"cubic" correlation function (4).

The spectral density is obtained for "cubic" correlation
function (4) by means the formula (9) as:

P 2 P 3 P 5 3(p 7

D) 5 () +2() +10)de
random field §(r, 6, ), are calculated by the formula (9) and
we have:

(11)

st
2N2

”31

7
)

35
4

(14)

35
4

7

(&)«

2

5 7

() +3C) o an (15)
function (4) at the values of parametera ~ 1,25 = 1072. The
statistical simulation of density chalky strata data at the
Rivne NPP object was performed by the technique of
spectral decomposition and finding of spectral coefficients.

The procedure of numerical simulation of the realizations
of the 3D data field random component, by means of the
above mentioned model (11), was conducted, which is

described in (Vyzhva, Demidov, & Vyzhva, 2018).

~
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The value of number N for the constructed model is
determined by the inequality, which is the estimate of the mean
square approximation of random field §(r, 6, @) by partial sums
&(r, 8, ). This number N corresponds to the prescribed small
number € (approximation accuracy). The mentioned inequality
was obtained in theorem 2. Consequently, the estimate of the
mean square approximation of the random field §(, 6, @) with

My =2 [ A% [f) pPAsin(ap) (1 —7 (E)z *

We define dependence number N on r and ¢ in the case
of-"cubic" correlation function (4) as a following:
5113

N(r,e) =2 |= M, 17)

The statistical simulation procedure of Gaussian
homogeneous isotropic random field §(r,6,¢) in 3D area
with "cubic" correlation function (4) was built by means of the
model (9) and the estimate (15). This random field
is determined by its statistical characteristics: the

2 (K . 2 M2 35
) 3 i —7(% =
Hy = T[J;) A [fo pAsin(Ap) (1 7 (a) +

4

Calculate the spectral coefficients b,,,(r),m = 0,1,2,...N
for the "cubic" correlation function (4) as integral (15).
2. Simulate the sequences of independent Gaussian

normal random variables:

(¢}, k=1 2zm=012..Nl=1.,m
that satisfying the following conditions (8) with spectral
coefficients (15).

3. Calculate the realization of the stochastic random field
§(r,6,9) by formula (11) in given point (r;,6;,¢,),
i=12,.,;j=12,..,G,p=12,.,P in the 3D
observations area by means of substituting in it values from
the previous items 1, 2 and 3, numbers N and sequences of
Gaussian random variables.

4. Check whether the realization of the random field
&(r,6,) generated in step 4 fits the data by testing the
corresponding statistical characteristics (distribution and
correlation function).

The statistical simulation of realizations of the Gaussian

isotropic random fields §(r,6,¢) with "cubic" correlation
function can be done by means of this algorithm.

Note that the procedure can be applied to random fields
with different type of distribution. Then the sequences of

random variables {Ck'i(r),i =12k=012,...,N(r,€) } must

be distributed according to the appropriate distribution type.
The original Spectr software, based on the results of the
statistical data processing and the mentioned algorithm for the
simulation values of such data realization in the 3D area, was
developed in Python, where selected "cubic" type correlation
function (4) was used. We calculate realizations of the random
field &(r,0,¢) in 100 points for each of 3 observations
levels (1,6;,¢,), i=12,..,1; j=1,2,..,6;p=1,2,..,P
in three-dimensional area by means of this software. Based
on these realizations, a statistical estimate of the correlation
function was obtained. This estimate compares with a given
"cubic" type correlation function (4) at the value of parameter
a ~ 1,25+ 1072 and provides a statistical analysis of the
adequacy of realizations. The constructed variogram of
these realizations on the studied area (Fig.6) has an
adequate approximation by theoretical variogram, which is
associated with a "cubic" correlation function. The results
show that the chosen data model on the density of chalk
layers at the Rivne NPP site is quite adequate. The Spectr
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p
a

"cubic" type correlation function (4) by the partial sums §(r, 6, @)
has the following representation:

5
M [5(r,6,0) — Ex (0@ < T,

3

where

(16)

correlation
1,25 % 1072,

3 (3)3 + Z(g)s + %(2)7) dp] d\ K = K(a) — const.

4 \a 2
mathematical expectation and the "cubic"
function B(p) (4) at the value of parameter a
Algorithm:
1. Natural number N (border of summation) is chosen
according to necessary accuracy € > 0 of approximation the

model (11) mentioned below:
smrs <
e Has &

=~

(18)
where

2 4 \a

software developed for generating such realizations of the
random field works with sufficient accuracy.

The results, obtained using additional modeling
procedures, are shown in Fig. 6 a presents an example of
constructed chalky strata density map according to
observations data boreholes (averaged data over the years
to 29 boreholes at a depth of 28 m) by Surfer software.
Using available data, the accuracy of this design cannot
provide a reliable characterization of the state of the chalk
layers, since the number of measurement results is
insufficient.

In Fig. 6 b presents contours of equal chalky strata
density values based on simulation data, including values of
anchor boreholes by calculating spectral coefficients of the
"cubic" type. In addition, the output data (100 simulated
values in the intervals between observation points of this
level) can have more reliable approximation, that allows for
more informed decisions about the state of chalky strata and
identifies places for testing and additional research.

The following results, which were obtained using the
simulating procedure for boreholes of observations data
(averaged data for years up to 29 boreholes at a depth of
29 m, are displayed in Fig. 7. In Fig. 7a presents an example
of a constructed map of the density of chalky strata according
to observations for this data by Surfer software. In Fig. 7b
presents contours of equal density values of chalky strata,
which are based on simulation data, including values of the
anchor boreholes. In addition, the output data (100 simulated
values in intervals between observation points of this level)
can have a more reliable approximation, which allows making
more informed decisions about the state of chalky strata.

Finally, the results, that were obtained using the
simulation procedure for boreholes of the observational data
(averaged data over the years for 29 boreholes at a depth of
30 m, are shown in Fig. 8. Fig. 8 a shows an example of
constructed map of the density of chalky strata according to
observations of these data by the Surfer software. In Fig. 8b
presents contours of equal density values of chalky strata,
which are based on simulation data, including values of
anchor boreholes. In addition, the output data
(100 simulated values in the intervals between the
observation points of this level) can have a more reliable
approximation, which allows making more informed
decisions about the state of chalky strata.

a

)3 n Z(E)S n 5(3)7> dp] d\, K = K(a) — const.
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Fig. 6. The distribution of chalky strata density is on the industrial area of Rivne nuclear power plant at a depth of 28 m from the
surface, according to (a) the averaged data of 29 observational boreholes over 1984-2004 years, for (b) the simulated data that
based on the values in secure boreholes by spectral coefficients the "cubic" type
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Fig. 7. The distribution of chalky strata density is on the Rivhe NPP object at a depth of 29 m from the surface, according to (a)
the averaged data of 29 observational boreholes over 1984-2004 years, for (b) the simulated data that based on the values
in secure boreholes by spectral coefficients the "cubic" type
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Fig. 8. The distribution of chalky strata density is on the industrial area of Rivne nuclear power plant at a depth of 30 m
from the surface, according to (a) the averaged data of 29 observational boreholes over 1984-2004 years,
for (b) the simulated data that based on the values in secure boreholes by spectral coefficients the "cubic" type

The statistical evaluation of the correlation function was
obtained for the simulated realizations of the density
distribution data of chalky strata in the 3D zone at the Rivne
NPP facility. This estimate compares with a given theoretical
"cubic" correlation function (4) at the value of parameter
a ~ 1,25 %1072 and ensures the adequacy of realizations
on their statistical analysis. The constructed variogram of
these realizations in the studied area (Fig.5) has an
adequate approximation by the theoretical variogram, which
is associated with a "cubic" correlation function. The results
show that the chosen model of the correlation function of the
random component of the data is sufficiently adequate and
the developed Spectr software for generating realizations
works with sufficient accuracy.

Discussion and conclusions

The theory, methodology and procedure of statistical
simulation of random fields in a three-dimensional area using
the optimal in the mean square sense "cubic" correlation
function allows significantly increasing the effectiveness of
monitoring observations on the territory of potentially
dangerous objects. This makes it possible to simulate values in
the area between regime observation grids and abroad, more
adequately describe 3D density data of chalky strata in the
industrial area of Rivne nuclear power plant. It should be noted
that the variogram of input data has the best approximation of
the theoretical variogram, which is associated with a "cubic"
correlation function with a mean square deviation of 0,00136,
compared to the mean square approximation for the Cauchy
correlation function of 0,002816.

The method of statistical simulation of random fields with
the "cubic" correlation functions allows supplementing the
data with a given accuracy. It can also be used to detect
abnormal areas when studying geophysical parameters in
three-dimensional space.

There are many other areas of statistical simulation of
random fields in a three-dimensional area methods application
in geosciences. Among them primary are soil science and
environmental magnetism (Menshov et al., 2015).

ISSN 1728-2713 (Print), ISSN 2079-9063 (Online)

Authors' contribution: Zoya Vyzhva — problem formulation,
development of analytical expressions for the model, selection of
scientific novelty, formal analysis, methodology, review and editing;
Vsevolod Demidov — review of publications, data processing,
conclusions, refinement and editing; Andriy Vyzhva — statistical
modeling algorithm development, editing.

References

Chiles, J. P., Aug, C., Guillen, A., & Lees, T. (2005). Modelling
the geometry of geological units and its uncertainty in 3D from
structural data: The potential-field method. In R. Dimitrakopoulos
(Ed.), Orebody Modelling and Strategic Mine Planning_Uncertainty
Management Models, Spectrum Series 14, The Australasian
Institute of Mining and Metallurgy (pp. 329-336). Victoria.

Chiles, J. P., & Delfiner, P. (2012). Geostatistics: Modeling
Spatial Uncertainty (2-nd Ed.). JohnWiley&Sons, Inc.

Emery, X., & Lantuejoul, C. (2006). TBSIM: A computer program
for conditional simulation of three-dimensional Gaussian random
fields via the turning bands method. Computers & Geosciences,
32(10), 1615-1628. https://doi.org/10.1016/j.cageo.2006.03.001

Guyon, X. (1993). Champs Aléatoires sur un Réseau. Modélisations,
Statistique et Applications. Techniques Stochastiques. Masson.

Mantoglov, A., & Wilson, J. L. (1981). Simulation of random
fields with turning bands method. MIT Ralph M. Parsons Lab.
Hydrol. and Water Syst. Rept, 264, 199 p.

Menshov, O., Kuderavets, R., Vyzhva, S., Chobotok, I., &
Pastushenko, T. (2015). Magnetic mapping and soil magnetometry
of hydrocarbon prospective areas in western Ukraine. Studia
Geophysica et Geodaetica, 59, 614—627.

Tolosana-Delgado, R., & Mueller, U. (2021). Geostatistics for
Compositional Data with R. (Chapter: Compositional Direct Sampling
Simulation), 187—-207. SpringerLink. https:/link.springer.com/chapter
/10.1007/978-3-030-82568-3_10

Vyzhva, Z. O. (2003). About Approximation of 3D Random
Fields and Statistical Simulation. Random Operator and Stochastic
Equation, 4(3), 255-266.

Vyzhva, Z. O. (2011). The Statistical modeling of random
processes and fields. Obrii [in Ukrainian]. [Buxaa, 3. O. (2011). Cma-
mucmuyHe ModesosaHHs surnadkosux npoyecie ma rosig. Obpii].

Vyzhva, Z. O. (2021). The Statistical modeling in geology. PPC
"Kyiv University" [in Ukrainian]. [Buxsa, 3. O. (2021). CmamucmuyHe
modeniosarHHsi 8 2eonoeii. Bl "KuiBcbkuin  yHiBepcuteT"].
https://mechmat.knu.ua/wp-content/uploads/2022/12/posibnyk_
vyzhva_z.pdf



~ 08 ~

B 1 C H U K KuiBcbkoro HauioHanbHoro yHieepcurety imeHi Tapaca LleBueHka

Vyzhva, Z. O., Demidov, V. K., & Vyzhva, A. S. (2013). About
methods of 3D dataset statistical simulation on Rivne NPP example.
Geoinformatics. Xll International Conference on Geoinformatics:
Theoretical and Applied Aspects.

Vyzhva, Z. O., Demidov, V. K., & Vyzhva, A. S. (2014a). The
investigation of chalk layer density on Rivne NPP industrial area
territory by Monte Carlo method using 3D models. Geoinformatics,
3(51), 47-56 [in Ukrainian]. [Buxea, 3. O., demupos, B. K., &
Buxsa, A. C. (2014a). [locrnimKeHHs ryCTUHW KperlasaHoi TOBLi Me-
TogoM MoHTe-Kapno Ha npommaiigaHymky PiBHeHcbkoi AEC i3 3a-
crtocyBaHHsiM 3D-mopenen. MeoiHghopmamuka, 3(51), 47-56].

Vyzhva, Z. O., Demidov, V. K., & Vyzhva, A. S. (2014b). Monte
Carlo method and Cauchy model identifying chalk layer density on
Ryvne NPP. Visnyk of Taras Shevchenko National University of Kyiv.
Geology, 2(65), 62—67 [in Ukrainian]. [Buxsa, 3. O., lemuaos, B. K.,
& Buxaa, A. C. (2014b). ocnig)XeHHs ryCTUHU KpenasiHOi TOBLL Me-
ToooMm MoHTe-Kapno Ha npommangaHuuky PiBHeHcbkoi AEC i3 3a-
crtocyBaHHsM mogeni Kowi. BicHuk Kuigcbko2o HauioHanbHo20
yHieepcumemy imeHi Tapaca LllegueHka. eonoeis, 2(65), 62—67].

Vyzhva, Z. O., Demidov, V. K., & Vyzhva, A. S. (2018). About
statistical simulation methods of random fields on the sphere by the
aircraft magnetometry data. Visnyk of Taras Shevchenko National
University of Kyiv. Geology, 3(82), 107-113.

305 BUXKBA, a-p is.-mat. Hayk, npodp.
ORCID ID: 0000-0002-6338-3892
e-mail: zoya_vyzhva@ukr.net

Vyzhva, Z. O., Demidov, V. K., & Vyzhva, A. S. (2019). About
statistical simulation algorithm of dataset in 3D area with spherical
correlation function on Rivne NPP example. 18th International
Conference on Geoinformatics — Theoretical and Applied Aspects,
13-16 May 2019, Kiev, Ukraine.

Vyzhva, Z. O., Demidov, V. K., & Vyzhva, A. S. (2020a). The
method of 3D dataset statistical simulation with "cubic" correlation
function on Rivhe NPP example. 15th International Conference on
Geoinformatics: Theoretical and Applied Aspects.

Vyzhva, Z. O., Demidov, V. K., & Vyzhva, A. S. (2020b). The
statistical simulation of dataset in 3D area with spherical correlation
function on Rivne NPP example. Visnyk of Taras Shevchenko
National University of Kyiv. Geology, 4(91), 85-93.

Wackernagel, H. (2003). Multivariate Geostatistics (3-rd Ed.).
Springer-Verlag.

Webster, R., & Oliver, M. A. (2007). Geostatistics for
Environmental Scientists. John Wiley & Sons.

Yadrenko, M. Y. (1983). Spectral theory of random fields.
Optimization Software Inc., Publications Division.

OTpumaHo pepakuieto xypHany /| Received: 03.03.24
NMpopeueH3zoBaHo / Revised: 14.07.24
CxBaneHo po Apyky / Accepted: 30.06.24

KuviBcbkui HalioHanbHUI yHiBepcuTeT imeHi Tapaca LLleByeHka, KuiB, YkpaiHa

Bcesonoa AEMUAOB, kaHA. ¢i3.-maT. Hayk, Ao,
ORCID ID: 0009-0003-9472-6530
e-mail: demidov@knu.ua

KuiBcbkui HauioHanbHUM yHiBepcuteT iMeHi Tapaca LLleBuyeHka, KuiB, YkpaiHa

Anpgpin BUXKBA, kaHa. ¢is.-maT. Hayk, ron. cneuianict
ORCID ID: 0009-0003-6699-5848

e-mail: andrii.vyzhva@ugv.com.ua

HaykoBo-pgocnigHuit inctutyT "YkpH[Iras, Kuis, YkpaiHa

CTATUCTUYHE MOOENIOBAHHSA JAHUX Y 3-D OBNACTI 3 "KYBIYHOIO" KOPENSALIAHOIO ®YHKLIEIO
HA MPUKNAJI FEO®I3NYHOIO MOHITOPUHIY PIBHEHCbKOI AEC

BcTyn. Po3po6rneHo Modesns i an2opumm cmamucmu4Ho20 ModesiroeaHHs1 daHux y 3D obnacmi 3 eukopucmaHHsIM onmumasnbHOi e cepeod-
HbOMY KeadpamuyHOMY HabnuxeHHi "Ky6iuHoi" kopensyiliHol ¢yHkyii. HaeedeHo npuknad donoeHeHHs1 3ModenbogaHUMU GaHUMU pe3y/bmamie
2eoghizuyHux docnidxeHb Kapcmoeo-cygo3iliHux seuw, y 3adayvi MOHIMopuHay 2ycmuHu KpelidsiHoi moew,i Ha mepumopii PieHeHcbkoi AEC.

Ha mepumopii po3miweHHs1 PieHeHcbkoi AEC npoeedeHo komrinekc 2eogizuyHux docnidxeHb. Ceped makux MOHIMOPUH208UX CITIOCMePeXeHb
Halibinbwulii iHmepec euknukaroms padioizomonHi ocsidKeHHsI 2ycmuHU ma eosiozocmi rpyHmie 3a nepumempom 36ydoeaHux crnopyd. lMpu ybomy
8UHUKIa npobsiema 0ornoeHeHHs1 MOOesIto8aHHSIM OaHUX, siKi ompuMaHo Mnid Yac KOHMPOJIo 3MiHU 2ycmuHu KpelidsiHoi moew,i Ha mepumopii docni-
0J)KyeaHo20 npoMMatidaH4uKa 3 euKopucmaHHsM padioizomonHux memodie rno cimyi, uyo oxonstoeana 29 ceepono8uUH.

MeTonaun. 3a3HayeHy npobnemy e po6omi 6yso po3e’'s3aHo MeEMOOOM CMamucmMu4YyHO20 MOOesI08aHHsI, Wo Hadae Moxueicmb eidobpa-
)Xamu sisuuwje (eunadkoee nosie 06'ekma docnidxeHHs1 y mpusuMipHili o6nacmi) y 6ydb-sikili mo4yi o6nacmi cnocmepexeHHsi. Ha ocHoei cnekmpa-
NbHO20 po3knady eunadkoeux nosie y 3D-npocmopi no6ydoeaHo cmamucmu4Hy Modesib po3nodiny ycepedHeHol 2ycmuHu kpelidsiHoi moewii y 3D

ob6s1acmi crrocmepexeHHsl.

Pe3ynbTaTtu. CehopmynboeaHo asrzopumm cmamucmu4Ho20 ModesnroeaHHsl eunadkoeux nosie 3 "Ky6i4yHO" KopensyiliHoto ¢pyHKUiero.
OmpumaHo Ha 6a3i po3pobrieHo20 npozpamHo20 3abesneqyeHHs1 0od0amkKoeo 3ModesibogaHi peaniszayii eunadkoeoi cknadoeoi npedmema docni-
O)eHHs1 Ha cimyi cnocmepexeHb HeobxiOHoi demanibHocmi ma peaynspHocmi. [[poeedeHo cmamucmuy4HuUl aHani3 pe3ynbmamie YucesbHO20 MO-
Oesro8aHHs1 po3nodiny ycepedHeHoi 2ycmuHu KpelidsiHol moeuwji ma ixHro nepeeipky Ha adekeamHicme.

BucHoBku. Memod cmamucmu4yHo20 MoOeso8aHHs1 eunadkoeux rnojsiie 3 "Ky6iyHUMu" KopensyiliHumMu ¢pyHKUYissMu 0ae 3Mo2y O0MnoeHo-

eamu daHi 3 docmamHbOI0 MOYHicmio.

Knio4yoBi cnoBa: cmamucmuyHe ModentosaHHs, "KybGidyHa" kopensiyiliHa ¢pyHKuisi, cnekmpasnbHuUll po3knad, KOHOUYiliHicmb Kapm.
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