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Abstract

The article presents a method of geodynamic evaluation of
control objects with multipolar geoelectric profiling by phase
structure and polarization parameters, which allows to estimate
distortions of current field lines by both near-surface and deep
inhomogeneities. A phasometric method for geoelectric data
recording is presented, which is effective for tracking the geo-
dynamics of near-surface inhomogeneities in cases where it is
necessary to provide increased sensitivity to special changes in
the object of study. High efficiency is achieved by increasing
the sensitivity of the measuring system, initial installation and
operational positioning of the electrical installation by control-
ling the sources of probing signals. The general structure of the
spatial phase spectra of the geoelectric vector field makes it
possible to determine the distribution of secondary anomalous
sources, as well as to estimate the significant heterogeneity of
the medium at the points of convergence of the vectors. An
approach is proposed involving the allocation of elementary
components of geodynamic forms on phase images using spec-
tral elementary geoelectric models. The data of experimental
work for a two-pole geoelectric installation when creating arti-
ficial geodynamic impacts are presented.
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Introduction

Geoelectric methods of geodynamic control are
based on the differentiation of electrical properties
of rocks and the identification of objects that cause
anomalous distortions of probing geoelectric fields
[1-4]. The solution of the problems of geodynamic
control is based on the identification and interpreta-
tion of anomalous manifestations of geoelectric
fields. Which is a broader concept than solving the
inverse problem of geological exploration [5], in
which it is required to determine the electrical
characteristics of the studied section of the geoelec-
tric section with known parameters of probing sig-
nals and the recorded distribution of the electro-
magnetic field. In geodynamic control, it is neces-
sary to identify a relative geodynamic change in the
position of near-surface inhomogeneities, in which
the overall quantitative characteristics of the me-
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dium are of secondary importance. Geoelectric ge-
odynamic control systems are based on special
methods of processing geoelectric information, tak-
ing into account both the method of formation and
the frequency range of probing signals, and geolog-
ical conditions for collecting information [6].

The geodynamic control technique based on
geoelectric methods presupposes the use of basic
principles of electrical profiling when fixing the
dimensions of the measuring installation, and the
sensor position relative to the installation changes in
accordance with the geoelectric electrical profiling
technique [7]. In this case, the depth of the study
does not change, and the apparent resistance deter-
mined at each installation position reflects the
change in the electrical properties of rocks along the
selected profile. The most well-known electropro-
filing methods used in practice, such as symmetric,
dipole and divergent, are characterized by the vol-
ume and reliability of the information provided
about physical fields with sufficient accuracy of
their registration [8]. The accuracy of measurements
in these methods depends on the step of electrical
profiling, which is set based on the detail of the
study and depth. Therefore, an increase in accuracy
and, accordingly, efficiency leads to an increase in
the complexity of exploration work, and in some
cases the required accuracy becomes unattainable
due to industrial exploitation of the sites where re-
search is conducted [9].

In the works [10,11], the application of a mul-
ti-pole method of electro-profiling is justified,
which allows for a circular study of the areas of the
karst in conditions of complex development, char-
acteristic of most industrial facilities. It involves the
registration of a two-component electric field cre-
ated by a multi-pole source at a fixed position of
both sources and the measuring basis. Geodynamic
control is carried out by controlling the parameters
of the probing signals while simultaneously regis-
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tering the phase characteristics of the field at the
observation point. The registration of phase charac-
teristics is based on the fact that the primary and
secondary electric fields, the sum of which we reg-
ister, are vector quantities. Due to a number of rea-
sons, both metrological and practical, vector meas-
urements are rarely used in electrical exploration
and are preferred to areal ones with a linear installa-
tion. However, it should be noted that when carry-
ing out work in cities, difficulties often arise with
the placement of installations, and the use of vector
measurements is a necessary and only possible
method of research [12]. They allow to see objects
that are away from the placed observation system.
In addition, the registration of phase relations of the
vector representation of the electric field makes it
possible to eliminate the paradoxes (ambivalence)
of registering an anomalous field in inhomogeneous
media, since it can exceed the primary field several

Uy = a,+ib,; U,=a,+ib,,
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times and not coincide with it in sign. As a result,
the apparent resistance can take a negative value.

Principles of geodynamic control based on
phase parameters of geoelectric signals

The use of multi-pole electrical installations in
geoelectric control systems allows for effective ge-
odynamic monitoring of the environment in condi-
tions of industrial and climatic interference, as well
as complex buildings typical of most industrial fa-
cilities [13,14]. When using multipolar geodynamic
control systems at registration points, we will deal
with an elliptically polarized geoelectric field. This
is due to the fact that the sources are geographically
separated and initially have different parameters of
probing signals. When using monochromatic prob-
ing signals , the vector of spatial parameters of the
recorded field can be represented in the following
form:

(1)

where ay = E,cos @y, b, = E;sing,; a, =E;cosqy, by =E;sin@,; E,, and ¢,, are amplitude
and phase characteristics of the recorded geoelectric field.

In general, equations (1) describe an elliptically
polarized monochromatic field, and its phase struc-
ture can be estimated using polarization parameters
that allow us to estimate distortions of the current
field lines by both near-surface and deep inhomo-
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geneities. Object tracking is carried out by control-
ling the parameters of the probing signals while
simultaneously registering the phase characteristics
of the field and compensating for the current trend of
geoelectric signals at the observation points.
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Figure 1 - The registration principle of the phase structure of the geoelectric field during geodynamic monitoring

The phasometric method of recording geo-
electric data is effective for tracking the geodynam-
ics of near-surface inhomogeneities in cases where it
is necessary to provide increased sensitivity to spe-
cial changes in the object of study. High efficiency is

achieved by increasing the sensitivity of the meas-
uring system, initial installation and operational
positioning of the electrical installation by control-
ling the sources of probing signals [15]. The method
of applying the phase-measuring method of geoe-
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lectric control, which consists in the fact that several
sources located near the object under study and the
required number of vector measuring sensors of the
electric field are used as a probing signal. In the
simplest case, two point sources 4, B and one
measuring sensor O can be used, located along the
AB line and at equal distances from the sources
(Figure 1).

EAx = E}l)x + AEAx:
Epx = Eng + AEBxa Epy = AEBy
where E® is a normal signal in the absence of in-

homogeneity; AE is an anomalous component of
the electric field caused by the presence and geo-

The basic recorded phase characteristics in-
clude the values of the main semi-axes of the polar-
ization ellipse or the maximum and minimum val-
ues of the geoelectric field vector in the plane of the
polarization ellipse, which can be expressed from
the Stokes relations [16]. At the same time, they are
the initial ones for estimating the intensity of sec-
ondary field sources, and their position and features
can be estimated based on the dependences of phase
characteristics on the parameters of probing signals.
As phase characteristics, the phase of the field, in-

tg2¢ =

It can be seen from the relation (3) that alt-
hough it is possible to obtain four values of phases
that differ from each other by a quarter of the period,
however, the phase of origin of the larger axis ¢,

ayby+ayby

¢, = arctg (m)' ¢y = arctg (BZ—(b§+b§

The azimuth of the complex vector of the geo-
electric field can be found similarly to the real vec-
tors (Figure 2)
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Point sources 4 and B form probing signals
shifted in phase by 772 relative to each other. It
should be noted that with a different location of the
sources relative to the sensor, as well as with mul-
ti-pole sensing, the phase shifts between the test
signals may be different. Each of the point sources
generates at point O an electric field signal of the
following type:

EAy = AEAy

()
dynamics of inhomogeneity, determined by sec-
ondary sources of the field.

dependent of the selected coordinate system, and
the azimuth of the field vector, which binds to the
position of the measuring basis, can be used. As an
independent phase, special points of the ellipse and
the time points of their appearance can be used.
These include the phase that determines the coinci-
dence of the full vector of the electric field E with
the semi-axes of the ellipse, which can be written
from the orthogonality condition of the conjugate
half-diameters

)

and the phase of passage of the minor axis ¢ is
determined unambiguously

“4)

a,by+a,b, )
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Representing the azimuth by a complex num-
ber 86 =y +iy =y + arctg ik, the real part is
equal to the azimuth of the major axis of the ellipse
of polarization, and the imaginary part is the azi-

muth of the asymptotes of this ellipse [17]
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Figure 2. Azimuth of the complex vector of the geoelectric field under geodynamic control

The elements of the polarization ellipse of the
harmonic vector can be expressed in terms of the
azimuth tangent of the corresponding complex vec-

2ReT

tor. For the azimuth of the larger axis of the polari-
zation ellipse

tgy

Equations (5) and (6) allow us to determine the
curvature of current lines due to inhomogeneities of
the medium and evaluate their characteristics.

For example, in the study of karst phenomena,
where the lithological composition of rocks and
fracture zones play a significant role, contributing
to the formation of various inhomogeneities, the
behavior of phase characteristics can cause ambigu-

= AT AT s @ Re DE

(6)

ity in the interpretation of the data obtained. This
may occur due to significant anomalies of resistance
in cases of unequal intensity of crack development
in different directions and implicit layering. In this
case, a more complete picture can additionally be
given by the data of the orthogonal-linear decom-
position of the recorded electric field at the obser-
vation point.

1:"y/ux =u-exp(idg), Ap = ¢y — Py (7)

They can be determined by the known phase
parameters k and  based on the following expres-
sions

2 K+tg?y
T 1+k2tg2y’

It is known from the practice of vector meas-
urements and their processing that the anomalous
influence of inhomogeneities on the vector field
during geodynamic control occurs in accordance
with the structure of the anomalous electric field.
Vectors converge to negative sources and diverge
from positive ones. The general picture of the vec-

2k
A¢ = arctg (1—k2 sinzw)’ ®)

which are easily obtained from the relations (4) and (5).

tor field construction makes it possible to determine
the distribution of secondary anomalous sources,
which makes it possible to estimate the significant
heterogeneity of the medium at the points of con-
vergence of the vectors.
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Selection of geodynamic variations based on
spectral processing of phase data

One of the most effective approaches to the
analysis of anomalous components of the geoelec-
tric field in geodynamic monitoring is the use of
adaptive filtering algorithms for recorded spatio-
temporal data. At the same time, this approach as-
sumes the allocation of elementary components of
geodynamic forms on phase images, using spectral
elementary geoelectric models (EGM). In accord-
ance with the fundamentals of the spectral method
of analysis and synthesis of systems, this problem

can be reduced to optimal non-stationary filtration
for a known useful component that describes the
corresponding EGM. This method assumes spectral
optimal estimation of the dynamic characteristics of
filters in the form of spectral representations, based
on the Wiener-Hopf vector matrix equation in ac-
cordance with the minimum of the mean quadratic
error [17]. Assuming the limitation of the geody-
namic control area x = [0, x,],y = [0, y,,], it can
be reduced to the Fredholm equation of the first
order

foxn Ym c(xl y; Tx; Ty) RSS (Tx' TyJ f)deTy = Rms (x’ y’ E) (9)

where G(r,7) is the matrix of pulse transient func-
tions of the optimal filter, Ry(7,§), Ryps(r, &) are

the specified correlation matrices of the phase im-
age and EGM.

Assuming the criterion of the minimum of the
mean square of the error

M{[F(x,y) — H*{L(x,y)}]*} = min, (10)

where is the expectation operator, F(x,y) =
H{L(x,y)} is the true operator of a real object,
H*{L(x,y)} is an operator that characterizes a cer-
tain type of EGM in accordance with equation (9).

bi(to) = Fy(Ms;, d*(t0)),

where Fy is the forming functional of the initial
positioning according to the phase vector of control

¢*(t) by the system of spatio-temporal processing

In this case, control signals for the initial in-
stallation and positioning of measuring geoelectric
systems by the phase method are formed in accord-
ance with:

(11)

of control data at the initial time t = t,, and Mg;
is the vector of model parameters.

Then the geoelectric measuring system oper-
ates directly in semi-automatic mode according to
the following algorithm:

Gi(t) = bi(to) + Ap(Ms;, @) + Fy(AMs;, §* (1)), (12)

where A¢(Mg;, @) is the current positioning con-
trol of the electrical installation according to the
geodynamic variation vector; AMg; is model cor-
rection.

Equation (10) allows spatial dynamic filtering
of the phase image of an object according to a cer-
tain class of EGM. The resulting matrix equation
establishes a correspondence between the spatial
spectral form of the description of a geodynamic
object and its spectral phase image.

HY = (S¥) 7 SXHX = S;H¥, (13)

where Sp is the spectral phase characteristic of the
object.

Equation (13) can be solved by reducing it to a
linear system of equations with respect to the basic

decomposition coefficients for the current geody-
namic trend using the regression analysis method

Ryy = @7 (x1,Y)SFHY @ (x3,Y;), (14)

where HYY = M{HYH""} = M{n{}.
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Equation (14) is a classical linear regression
model that allows an optimal estimation of the re-
gression parameters of the basic decomposition co-
efficients [18]. To detect an EGM of a certain class
in the phase image, it is necessary to conduct an
independent regression analysis using the spectral

Experimental data

For experimental verification of the algo-
rithms discussed above, studies were conducted
within the framework of the FZWG -2020-0029
project "Development of theoretical foundations for
building information and analytical support for tel-
ecommunication systems for geo-ecological moni-

NTS1

Borehole No 2

89,2

©)

estimation method for each type of EGM. When
assessing the adequacy of models, various statistical
methods can be used, such as estimating variance
ratios or estimating the correlation coefficient of
experimental data with EGM characteristics.

toring of natural resources in agriculture" on the
territory of the Svyato karst Lake of the Nizhny
Novgorod region [19].

Figure 3 shows a diagram of the installation
of elements of the information technology complex
on the reference section of geodynamic control.
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Figure 3 - Layout of the complex at the reference point of hydrogeological control

The measuring geoelectric system was
placed as follows: - the emitting electrode A was
removed from the lake shore at a distance of /7 =
Sm; the first and second blocks of the non-contact
transformer sensor (NTS1 and NTS2) are located at
a distance of /3 and /4 from the emitting electrode
(provided that /3=/4= 30m); electrode B is installed
at the highest possible distance /2= 250 m from the
emitting electrode A. At the same time, phase data
were recorded with long-range filtration and isola-
tion of an artificial geodynamic event in the form of
near-surface drilling with a diameter of 40 cm to a
depth of 0.5 meters at various distances from the
measuring installation. Figure 4a shows the initial
phase data of registration under geodynamic artifi-

cial influence at a distance of 60 meters from the
center of the measuring system. Figures 4b show
the results of processing using the considered ap-
proach to isolate the geodynamic phase trend.
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Figure 4 — Experimental data — geodynamic impact
at a distance of 60 m from the center of the system. Re-
cording time: 5 minutes

Conclusions

The technique of geodynamic evaluation of control
objects presented in this paper using geoelectric multi-
polar electrical profiling by phase structure and polariza-
tion parameters, allows us to evaluate the distortion of
current field lines by both near-surface and deep inho-
mogeneities. It is based on the application of the phas-
ometric method of recording geo-electrical data and al-
lows to see objects that are far away from the distributed
observation system. In addition, the registration of phase
relations of the vector representation of the electric field

makes it possible to eliminate the paradoxes of registering
an anomalous field in inhomogeneous media, since it can
exceed the primary field several times and not coincide
with it in sign. As a result, the apparent resistance can take
a negative value. High efficiency is achieved by increas-
ing the sensitivity of the measuring system, initial instal-
lation and operational positioning of the electrical instal-
lation by controlling the sources of probing signals.

The general structure of the spatial phase spectra of
the geoelectric vector field makes it possible to determine
the distribution of secondary anomalous sources, which
makes it possible to estimate the significant heterogeneity
of the medium at the points of convergence of the vectors.
The basic recorded phase characteristics include the val-
ues of the main semi-axes of the polarization ellipse or the
maximum and minimum values of the geoelectric field



IJCSNS International Journal of Computer Science and Network Security, VOL.22 No.9, September 2022 629

vector in the plane of the polarization ellipse. At the same
time, they are the initial ones for estimating the intensity
of secondary field sources, and their position and features
can be estimated based on the dependences of phase
characteristics on the parameters of probing signals. As
phase characteristics, the phase of the field, independent
of the selected coordinate system, and the azimuth of the
field vector, which binds to the position of the measuring
basis, can be used. As an independent phase, special
points of the ellipse and the time points of their appear-
ance can be used.

An approach is proposed involving the allocation
of elementary components of geodynamic forms on phase
images using spectral elementary geoelectric models. The
data of experimental work for a two-pole geoelectric
installation when creating artificial geodynamic impacts
are presented. As can be seen from the experimental data
obtained, the system based on the phasometric method has
significant sensitivity. This allows us to conclude that the
developed method allows for the directions of changing
the phases of the recorded signals relative to the stationary
state of the system by using a network of multiple re-
ceiving electrodes to effectively isolate the place of oc-
currence of geodynamic effects.
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