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THE USE OF GEOINFORMATION
TECHNOLOGIES TO VISUALIZE
THE RESULTS OF GEODETIC MONITORING
OF THE EARTH’S SURFACE DISPLACEMENT

Abstract. The article provides a comparative analysis of seven spatial interpolation methods used in the construction of digital surface models (DEM) in the tasks of
geodetic monitoring of man-made deformations. The study is based on observations of the subsidence of the Earth’s surface in the mined area of the Zhezkazgan deposit.
The data was processed in the Golden Software Surfer software environment, which implements a wide range of interpolation algorithms. The effectiveness of the methods
was assessed according to the criteria of accuracy, stability and visual smoothness. The results showed that the Kriging method provides the best quality of modeling by
taking into account spatial correlation. A method of complex analysis is proposed, which makes it possible to reasonably choose the optimal interpolation algorithm for
engineering and geodetic applications and monitoring systems.
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7Kep OeTiHiH KBUIKYBIH reoe3usiJIbIK MOHUTOPUHT HITU KeJIePiH BU3YAJIH3ANUAIAY YIIIH re0aKnapaTThIK TeXHOI0-

TUsJIApAbl NalgaaHy

Amnpnarna. Makanazia TeXHOreHIIK AehopMalysiapAblH Ieo1e31sIbIKk MOHUTOPHHT] MiHACTTepiHAe OeTTiH U PIBIK MoAebAepiH (dem) Kypy Ke3iH/e KOIJaHbUIaThIH
KEHICTIKTIK HHTEePIOISIIUSHBIH XKETi 9iCIHE CaIbICTBIPMAIbI Tasidy Jkacauasl. 3eprrey JKes3kasraH KeH OPHBIHBIH OHICICTIH yuacKeciHzae skep OeTiHiH meryin 6akpuiay
JiepeKTepiHe HeriznenreH. Jlepexrepai eHuey MHTEPIONSLHS arOPUTMACPIHIH KeH ayKbIMBIH Ky3ere acblpatblH Golden Software Surfer Gargapiamalbik oprachiHIa
JKy3ere achlpbUIIbl. OJicTepAiH THIMALIITIH Oaranay AQIIIK, TYPAKThUIBIK jkoHe BHU3yasabl Terictik xpurepuiinepi Goiibinina xyprizineni. Hormkenep Kpurunr omici
KEHICTIKTIK KOPPEJSLMSHBI €CKepe OTBIPBII, €H JKaKChl MOJICNIB/ICY CallachlH KAMTaMachl3 €TeTiHIH KopceTTi. MHKeHepIiK-reoe3HsUIbIK KOChIMILIANap MEH MOHUTOPUHITIK
JKyHesIep YIIiH OHTaMIbl MHTEPIIOISILIS aITOPUTMIH Heri3/i TaHAayFa MYMKIH/IK OepeTiH KeleH i Tangay 9/ici YChIHbIIFaH.

Tyitinoi co30ep: 2eo0e3usblk OAKbLIAY, KEHICMIKMIK UHMEPRONAYUA, SU3YATUZAYUALAY CaHObIK bemmik modens, Kriging macini, ceocmamucmuxa, Golden Sofiware
Surfer.

HUcnoan3oBanme FeOPIH(l)OpMaIIl/IOHHbIX TEXHOJIOTHI 115 BU3YAJIU3AIUA PE3yJbTATOB Ie€OAe3HICCKOr0 MOHUTOPHUHIA

3a CABHKCHHEM 3eMHOI1 MOBEPXHOCTH

AHHOTanMs. B cTaThe BBINOIHEH CPABHUTEIbHbIN aHAIN3 CEMH METOJOB MPOCTPAHCTBCHHON HHTEPIOSIINY, IPUMCHSICMbIX IIPU MOCTPOCHUH HU(POBBIX MOzEICH
nosepxHoct (LIMP) B 3a1auax reoae3nyecKoro MOHHTOPHHIA TEXHOTCHHBIX aedopmaruii. VccneoBanne OCHOBAHO Ha JAHHBIX HAOIIONCHUIN 32 OCEJaHUEM 3eMHON
MOBEPXHOCTH HA MojpadaTeiBacMoM ydacTke JKeszkasranckoro mecropokienus. O0paboTKa TaHHBIX OCyHIeCTBIsUIach B mporpammHuoii cpene Golden Software Surfer,
peanu3yrolell MUPOKU CHEKTP aaropuTMoB nHTeprosinun. OreHka 3GGEeKTHBHOCTH METO/IOB IIPOBEICHA 10 KPUTEPHUSIM TOYHOCTH, YCTOMYNBOCTH M BU3yaJIbHOM TV1aj-
KoCTH. Pe3ynbraTsl mokasanu, 4to Metos Kpuruara obecrednBaeT HauIydlee KauecTBO MOJICMPOBAHMS 3a CUCT ydeTa MPOCTPAHCTBEHHOM Koppesiuuu. IIpeiokena
METO/IMKa KOMIIEKCHOTO aHaJIH3a, O3BOJISION[as 000CHOBAHHO BBIOHPATH ONTHMAIBHBII AITOPHTM HHTEPIIOJSALNH [T HHKCHEPHO-TCOC3NUCCKIX PHIOKCHHN 1 MO-
HHUTOPHHIOBBIX CHCTEM.

Kntouesvte cnosa: 2eooeszuueckutl MOHUMOPUH2, RPOCMPAHCMEEHHAS. UHMEPRONAYUS, GU3VATU3AYUSL, Yupposas mooens nogepxnocmu, memoo Kriging, ceocmamuc-

muxa, Golden Software Surfer.

Introduction

Currently, the geographic information system Surfer Gold-
en Software is used to build graphical images of the functions
of two variables. Basically, using this program, surface maps
on isolines or contour maps are created. The main advantage
of the Surfer program is, first of all, the interpolation algo-
rithms built into it, which make it possible to create high-qual-
ity digital surface models based on data unevenly distributed
in space. The Kriging method is most often used to represent
data related to the image of the Earth’s surface.

A digital surface model is traditionally represented as val-
ues at the nodes of a rectangular regular grid, the discreteness
of which is determined depending on the specific task being
solved. To store such values, Surfer uses its own GRD files,
which have long become the standard for mathematical mod-
eling packages.

When building a surface, Surfer proceeds from the follow-
ing principles:

- obtaining an image by superimposing several transparent
and opaque graphic layers;

- using special drawing tools, as well as applying text in-
formation and formulas to create new and edit old images [1].

Modern tasks of geodetic monitoring of man-made de-
formations of the earth’s surface require not only high mea-

surement accuracy, but also the use of effective methods of
mathematical modeling and visualization of spatial data. In
the conditions of mining territories of mining enterprises,
such as the Zhezkazgan deposit, an important direction is
the creation of digital relief models (DEM) that allow de-
tailed analysis of subsidence and deformation of the earth’s
surface, which in turn will allow forecasting possible col-
lapses.

The choice of spatial interpolation method has a decisive
influence on the reliability of geodetic conclusions. An incor-
rect choice of algorithm can lead to local distortions of the
model, underestimation of the amplitude of deformations and
erroneous engineering interpretation. Despite the widespread
use of software packages that automate the construction of
DEM, the question of the optimal choice of the interpolation
method remains controversial.

The purpose of the study is based on a comparative analysis
of the effectiveness of various spatial interpolation methods
implemented in the Surfer software environment in relation
to geodetic subsidence monitoring data, and to determine the
most reliable algorithm for constructing digital models for en-
gineering and geodetic tasks.

The scientific novelty of using Golden Software Surfer in
research lies in the transition from simple visualization of sur-
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faces to the creation of complex digital counterparts of geo-
logical and ecological environments using dynamic analysis
tools. The scientific novelty of using Golden Software Surfer
in research lies in the transition from simple visualization of
surfaces to the creation of complex digital counterparts of geo-
logical and ecological environments using dynamic analysis
tools.

The main aspects of novelty include:

- integration of 3D drilling data with surface models: the
latest versions allow not only to visualize boreholes, but also
to create contact surfaces directly in 3D based on lithologi-
cal data or complex queries. This provides a qualitatively new
level of interpretation of stratigraphy and mineralization in a
single space,

- multi-touch lighting and detailing: Using up to four in-
dependent light sources in 3D models allows you to identify
microrelief features and structural anomalies that were previ-
ously hidden in shadows during standard rendering;

- direct work with georeferentiated data: the novelty lies in
the possibility of seamlessly superimposing analytical grids on
high-resolution satellite images (for example, Google Maps)
directly in the Golden Software Surfer environment, which
eliminates binding errors when combining data;

- two-way data exchange with BIM and CAD: support for
exporting 3D geometry to DXF format while preserving Z pa-
rameters allows you to use the results of Surfer geostatistical
analysis as a design basis for engineering modeling in Auto-
CAD [1].

Materials and research methods

The research methods in Golden Software Surfer are based
on geostatistics and mathematical modeling of spatial data.

Main groups of methods:

1. Methods of spatial interpolation (Gridding):

- Kriging: the «gold standardy of geostatistics. It allows
not only to build a map, but also to estimate a statistical error
(variagram), which is critically important for scientific reli-
ability;

- Radial Basis Function: one of the most accurate methods
for modeling smooth surfaces and complex hydrogeological
frelds;

- Inverse Distance to a Power a classic deterministic meth-
od for fast visualization of local anomalies.

2. Geometric and volumetric analysis:

- Grid Calculus method: calculation of derivatives (slopes,
aspects) and second derivatives (curvature), which is neces-
sary for the analysis of runoff and slope stability,

- Grid Volume: numerical integration methods (trapezoid
rules, Simpson's rules) for precision calculation of volumes
between two surfaces (for example, production volumes or
mineral reserves).

3. Geostatistical analysis (Variogram Graphics):

- The study of spatial autocorrelation of data, the method
allows us to scientifically substantiate at what distance data
points cease to influence each other.

4. Digital Terrain Modeling (DEM) method:

- Creating multi-layered models where vector layers (flow
directions) are superimposed on raster grids, allowing for
cross-factor analysis.
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The main stages of creating a geostatistical model include:

- data analysis and preprocessing (identification of trends
and areas of spatial heterogeneity, analysis of distribution, an-
isotropy),;

- calculation of empirical variogram or covariance values;

- construction of a variogram or covariance model;

- obtaining the prognostic value and the error (uncertainty)
of the estimate at any point of the studied territory [2].

When creating a contour map, in addition to the usual
controls for displaying isolines, axes, frames, markers, leg-
ends, and other features, it was possible to create maps by
filling individual zones with color or different types of lines.
A contour map is usually referred to as an «isolated mapy.
Visualization of geodetic observations of the Earth’s surface
movement in the form of contour maps, vector maps, DEM,
superimposing combinations of various maps, wireframe
maps of the studied area of the Earth’s surface based on in-
strumental observations.

The studies for the construction of the DEM were carried
out using six spatial interpolation methods: Inverse Distance
to a Power method, Modified Shepard’s Method, Triangu-
lation with Linear Interpolation, Natural Neighbor method,
Minimum Curvature method, Radial Basic Function Method,
Kriging Methods [3].

Each of the interpolation methods has its own set of pa-
rameters. To describe the behavior of spatially distributed
phenomena, the concept of a spatial variable is used — it is a
numerical variable Z = Z (X, ¥), which takes on a value at any
point in the studied area; X, ¥ are the coordinates of a point in
space (on a plane). For example, the content of heavy metals in
the upper soil layer, the height of the relief, and the thickness
of the geological layer can be considered as spatial variables in
two-dimensional space [4].

The Inverse Distance to a Power method. As an estimate
of the variable Z at some point in the study area, this meth-
od uses the weighted average of the values of the variable Z
at the sample points. The inverse distance method works on
the assumption that experimental values measured close to the
interpolated position have a greater impact on the evaluation
result than those that are far from it. Therefore, it is necessary
to give more weight to the sampling points closest to the point
where the estimate is made; the weight of the sampling points
should decrease as the distance from the interpolated position
increases.

Modified Shepard’s Method, which works under the same
assumptions as the inverse distance method, but reduces «the
bull’s-eye effect». The weighted average of the approximation
functions at a given point is used as an estimate of the variable
Z at any point (X, Y,) of the studied area.

Triangulation with Linear Interpolation. This method uses
the Delaunay triangulation algorithm to construct a division
of the studied area into a set of triangles. This is a method of
constructing a digital surface model (DMP) by connecting
the source points into a network of triangles (TIN), inside
each of which the value is interpolated along an inclined
plane defined by the vertices. This precise interpolator en-
sures that the values at the nodes match, and is suitable for
data with sharp discontinuities, but it can create a «faceted»
surface (Figure 1) [5].
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Cyper 1. Delone TpuaHryJIsiuscel.
Puc. 1. Tpuanrynsnus Jlesnone.
Figure 1. Delaunay triangulation.

The vertices of the triangles are adjacent sampling points;
the points are connected so that the sides of the triangles do
not intersect. None of the triangulation points fall within
the circle described around any constructed triangle. Using
this method with a small number of sampling points leads
to the appearance of obvious triangular faces on the raster
surface of the model or large rectilinear segments on the
contour map [6].

The estimate of the variable Z at the point (X,, ¥,) will be
the corresponding value on this plane:

— —aXO—bYO—d
ZO= c )

where a, b and ¢ — coefficients.

Linear interpolation triangulation works best if the data is
evenly distributed over the study area.

Building a digital model of the Earth’s surface (DEM/
DTM) based on Delaunay triangulation allows you to create a
TIN model (Triangulated Irregular Network), an irregular net-
work of triangles that describes complex terrain as accurately
as possible with minimal data.

The Minimum Curvature method. Under this name, Surf-
er uses a 2D spline with tension (minimizing curvature). The
surface constructed by this method is like a thin elastic plate,
tending to pass through all experimental points with a mini-
mum number of bends. The method is not an accurate inter-
polator, it generates the smoothest possible surface that comes
closest to the experimental points. The resulting Z estimate is
obtained by summing the polynomial approximating surface
and the interpolated residuals [4-8].

Unlike all the methods described above, which belong to
the deterministic class, the Kriging method is a geostatistical
method. Geostatistical methods are based on a probabilistic
model that considers the spatial variable Z (X, ¥) under study
as a realization of a random function Z (X, Y) [6].

This approach allows you to take into account the spatial
correlation of data and makes it possible not only to create sur-
face models, but also to evaluate the accuracy of these models.
The geostatistical interpolation method is based on statistical
analysis. Statistical techniques allow you to create surfaces
of preliminary values and interpret the degree of reliability of
these preliminary calculations.

Results

The data obtained by the high-precision leveling method
for 2015, 2018 and 2020 years as the initial data for the Zhez-
kazgan deposit under development. The results of geodetic
monitoring showed the spatial variability of the subsidence
of the Earth’s surface in the mined area of the Zhezkazgan
deposit.

In 2020, the areca of maximum subsidence shifted to the
southeastern part of the site, which indicates a gradual in-
tensification of processes in the field’s re-mining area. The
greatest elevation changes are observed in the central part of
the profile, where the main production workings are located,
while the peripheral areas are characterized by relative ter-
rain stability.

Figure 2 shows contour maps constructed using the Kriging
method and the minimum curvature method based on 2020
year, demonstrating the distribution of deformation zones.
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a — the Kriging method,; b — the minimum curvature method
Figure 2. Contour maps based on geodetic subsidence
monitoring data from the Zhezkazgan deposit.

a — Kriging macini; 6 — MUHUMAIObI KUCLIKMBIK, MACLII
Cyper 2. Ke3Kka3raH KeH OPHbIHBIH IIOTYiHiH
reo/ie3usJIbIK MOHUTOPHUHTI iepeKTepi OolbIHIA
KOHTYPJIBIK KapTaJap.

a — metoa Kriging; 6 — MeTo] MUHUMAJIbHOI KPUBU3HBI
Puc. 2. KonTypHble KapThl 110 IaHHBIM reo/ie3u4ecKoro
MOHHUTOPHUHTa ocenannii JKe3kazranckoro
MeCTOPOK/IEHMSI.

On the contour map, the zones of subsidence and rise of
the displacement values of the ground reference points are
expressed in color. The vector map shows the direction and
rate of decrease of the z-indicators of the reference points, and
the arrows on the vector map indicate the downward direction,
and the length of the arrows corresponds to the size (steepness)
of the reference point. tilt.

A comparison of the methods made it possible to identify
not only the absolute values of subsidence, but also their direc-
tional displacement, which is important for predicting further
deformation processes.

Figure 3 shows contour and vector models of the surface
constructed by various interpolation methods.
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a — the IDW method,; b — the Shepard method
Figure 3. Contour and vector models of the surface
constructed by various interpolation methods.

a — IDW macini; 6 — Shepard macini
Cypert 3. UHTepnoJIsIIMSHBIH dPTYPJIi dicTepiMeH
CaJIbIHFAH 0eTTiH KOHTYPJIBIK K9He BEKTOPJIBIK
Mo/ eJIbepi.

a —memoo IDW; 6 — memoo Shepard
Puc. 3. KontypHble 1 BeKTOPHBIE MOJe/IH NOBEPXHOCTH,
MOCTPOeHHbIE PA3JIHYHBIMU METOTaAMH HHTEPIOJISINH.

A comparison of the results of various spatial interpola-
tion algorithms was carried out on the basis of contour and
vector models reflecting the distribution of subsidence of the
Earth’s surface. The methods of inverse distance weighting
(IDW), Shepard and triangulation implemented in the Gold-
en Software Surfer software environment were used for the
analysis [7].

Overlaying a vector layer onto a contour map or 3D sur-
face allows you to see how the flows relate to the terrain. To
increase the visibility and comprehensive interpretation of the
results of spatial interpolation, the contour and frame models
of the site surface were combined (Figure 4). This overlay al-
lows you to simultaneously visualize the distribution of sub-
sidence and the geometric structure of the relief, providing a
three-dimensional perception of spatial changes.

The use of a combined approach increases the information
content of the analysis, as it allows us to identify the relation-
ship between areas of intense subsidence and relief elements.
At the same time, the Kriging method demonstrated the op-
timal balance between smoothness and accuracy of surface
reconstruction, correctly interpolating areas of local defor-
mations and ensuring a minimum value of the RMS error
(RMSE ~ 0,006 m) [8].

The use of overlay models is recommended in engineering
and geodetic research and monitoring systems, where integra-
tion of various types of spatial data and visual comparison of
modeling results with the geometry of the terrain are required.

The standard error map shows minimal values in areas
with a dense observation network, where the main reference
points are located, and a gradual increase in errors to the pe-
riphery of the site. This confirms the correctness of the applied
interpolation model and the high predictive reliability of the
Kriging method in assessing relief deformations. The results
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obtained indicate that the geostatistical structure of subsidence
corresponds to the physical nature of the process and ensures
sufficient stability of the model for practical application in en-
gineering and geodetic monitoring.

Figure 4. Overlay of contour and wireframe models of the
Earth’s surface, built using Surfer GIS.

Cyper 4. Kep 0eTiHiH KOHTYPJIBIK K9HE PAMAJIBIK
Moaenbepinin KadarTacysl, surfer FAYK kemeriven
CaJIBIHFAH.

Puc. 4. OBepJieii KOHTYpHOI M KapKacHON Mojeeii
3eMHOIi IOBEPXHOCTH, MOCTPOeHHBbIe ¢ momombio 'UC
Surfer.

Discussion of the results

The results of the study showed that the use of geostatis-
tical interpolation methods allows not only to reconstruct the
subsidence surface with high accuracy, but also to quantify
the uncertainty of the model. The Kriging method, unlike de-
terministic approaches, takes into account spatial correlation,
anisotropy and trends of the initial data, which makes it the
most preferred tool for engineering and geodetic monitoring
of deformations.

The use of combined approaches, such as pre-smoothing by
the radial basis functions (RBF) method followed by refine-
ment by kriging approximation, further improves the accura-
cy of modeling. Error analysis showed that with an irregular
distribution of benchmarks, the discrepancy between the RBF
and Kriging results does not exceed 10%, however, it is the
kriging model that remains an unbiased predictor and provides
confidence intervals for estimating spatial error [9].

Conclusion

The Kriging method provides an optimal balance between
accuracy and smoothness of the surface when modeling sub-
sidence and allows you to estimate the spatial uncertainty of
the forecast. According to the analysis results, the standard
deviation was RMSE ~ 0.006m, which confirms the high reli-
ability of the model.

For applied engineering and geodetic tasks, it is recom-
mended to use the Kriging method in conjunction with standard
error maps and cross-validation procedures, which provides
an objective assessment of the reliability of the results. The
prospects for further research are related to the consideration
of the anisotropy of subsidence, variations in the geological
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structure and the development of adaptive models combining
geostatistical and neural network approaches to the prediction
of deformations.

The Kriging method is a very flexible method, it can be either
an accurate or a smoothing interpolator, depending on the pa-
rameter values. It allows you to efficiently and naturally incor-
porate anisotropy and trends into the model. If we consider only
interpolation methods that work on the basis of weighted aver-

aging, then the Kriging method is the best unbiased predictor.
If the data has a normal distribution, then the Kriging method
becomes the best predictor among all unbiased predictors [10].

When visualizing quantities using the Kriging method,
good results are obtained for most data, and therefore it is rec-
ommended to use this method to visualize geodetic monitoring
data for the displacement of the Earth’s surface during the de-
velopment of mineral deposits.
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