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MODULE OF THE GEOINFORMATION SYSTEM FOR ANALYSIS
OF GEOCHEMICAL FIELDS BASED ON MATHEMATICAL MODELING
AND DIGITAL PREDICTION METHODS

Abstract: This paper describes the software module of the geographic information system, developed in
the framework of research on methods for intelligent detection of anomalies for deep exploration of deposits.
The module is based on the use of a mathematical model for determining the distribution field of a chemical
element at a given depth given by the Fredholm integral equation with a Poisson kernel. The software module
contains the implementation of algorithms for solving the indicated inverse problem for predictive calculations
of the concentration of chemical elements based on measurement data on the day surface, as well as a number
of auxiliary capabilities. The algorithm is implemented using the M. Lavrentiev regularization method and
the Landweber iteration method. The results of predictive calculations are displayed on the map of the QGIS
geoinformation system. The paper describes the structure of the software module and the process of its
development, as well as the algorithm of QGIS user actions for interacting with the functions of the module.
Implemented module is able to import the initial data obtained as a result of field and laboratory research
into the databaseautomatically. The geographic information system database contains data on 29 chemical
elements at 3920 points of material sampling in the Novo-Khairuzovsky area of southern Altai, located on
the territory of Kazakhstan. The approbation of the mathematical model was carried out by comparing the
calculated data with empirical data for gold. On the basis of the comparative analysis, it was concluded that
the mathematical model makes it possible to recover the distribution field of chemical elements at a given
depth of occurrence with an acceptable accuracy.

Key words: Geoinformatics, geographic information system, geographic information system module,
exploration geochemistry, mathematical model.

Introduction. Geochemical searches for mineral deposits are based on the detection of abnormal
concentrations of chemical elements or their compounds in rocks, loose sediments, soils, plants, waters and
the surface atmosphere.

The most important tool in the geochemical search for minerals is geochemical mapping. As a result
of geochemical mapping, maps and graphs of the contents of mineral indicator elements are compiled, for
which the interpretation of the identified geochemical anomalies is carried outtaking into account geological
and other data; as a rule, only a few of them correspond to industrial deposits. Therefore, the assessment of
geochemical anomalies requires a thorough analysis of the scattering conditions and the concentration of
chemical elements based on the theoretical laws of geochemistry.

There are a large number of different methods and techniques for developing geoinformation systems
(GIS) and their modules. In the work of Yu. I. Shokin, V. P. Potapov [1], a brief analysis of the current state of
geoinformation systems is given and promising directions of their development based on modern information
technologies (cloud and intelligent systems, big data processing methods) are considered, examples of specific
implementations are given in relation to solving problems of mining regions. The pace of development and
development of geoinformation systems and technologies can be traced in [2-11].

137



NEWS ofthe Academy of Sciences of the Republic of Kazakhstan

In the work of R.G. Zuo, E.J.M. Carranza, J. Wang [12], geoinformatics is applied in geological exploration
geochemistry for spatial analysis and data visualization. It provides advantages in the study of geochemical
patterns and the identification of geochemical anomalies. In the work of M. Yousefi, O.P. Kreuzer, V. Nykanen,
J.M.A. Hronsky [13], the careful transfer of conceptual ore deposits into effective maps aimed at exploration
is considered and an exploration information system (ISR) is proposed. The purpose of the ISR is exploration,
which displays the components of the target mineral system by automatically converting and combining them
into a set of weighted factual data (proxy maps), as a result, a map of the prospects of minerals is created. In the
study of T. Sun, F. Chen, L.X. Zhong, W.M. Liu, Y. Wang [14], machine learning methods such as the support
vector machine, artificial neural networks and the random forest method were used to map the prospects
of minerals based on GIS. A comparative analysis of these methods showed that the random forest method
surpassed the other two models, achieving greater consistency with respect to changes in model parameters
and better prediction accuracy. The article by Y.H. Xiong, R.G. Zuo [15] trains an autoencoder network for
encoding and reconstructing a population of geochemical samples with unknown complex multidimensional
probability distributions. During training, small probability samples make a negligible contribution to the
autoencoder network. These samples can be recognized by the trained model as abnormal samples due to
their relatively higher recovered errors.

In the proposed paper, a mathematical model based on the Fredholm equation of the first kind is considered.
Due to its ill-posedness, the equation is solved by the Lavrentiev regularization method with the Landweber
iterative method. The algorithm was implemented in the high-performance programming language for
mathematical calculations Julia.A software module for the QGIS geoinformation system has been developed.

Description of the mathematical model and its numerical implementation. The developed software
module is based on the following mathematical model for determining the distribution field of a chemical
element at a depth , in which the source of the anomaly is estimated by a flat model, the Fredholm integral
equation with the Poisson kernel [16]:

b
A@) = [, K& y,9)z(y,s)ds = u(x,y), Ymin <Y < Ymaw 0

z(y,a) = z(y,b) = 0, z(c,x) = z(d,x) = 0, )

where u(x,y) is the known field on the day surface, z(y,s) is the sought field at level h below the surface of
the earth’ a = Xmins» b= Xmaxs> € = Ymin» d= Ymax»

h
K& y,9) = oo )

Problem (1)-(3) belongs to the class of inverse problems and is ill-posed.

Due to the complexity of obtaining an analytical solution to the problem (1)-(3), a numerical
method is used for its solution in this work. Let us dwell in more detail on the question of the numerical
implementation of the integral equation (1). Define a rectangular domain € that covers the set of sampling
points on the day surface. In the resulting domain (), we introduce a homogeneous difference grid
W= {(Xi, y]-), Xj = Xpin T 1AS, ¥j = Ymin TJjAY, i=1n, j= 1,m, X; = Xpax Ym = ymax}

where AS = (Xmax = Xmin) /1 . Based on the rectangle method, replace the integral equation (1) with the
following sum:

) K(xi, y]-,sl)z(y]-,sl)As = u(xi,y]-), i=1n, j=1m. @)

Rewrite (4) in the matrix form:

Az =1, (5)

where Z = {z(y, s))},_15 Is the vector of unknowns, f = {y(x;, Vo is the right-hand side, A is the
square matrix with elements o
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L Q= hAs
L ST )2 +h?'
1,n

A= {ail}i:
1=
The main features of the (5) system are:

a) large dimension;

b) strong sparseness of the matrix Aand the right-hand side f;;

¢) bad conditioning.

Therefore, according to [17-19], the M. Lavrentiev regularization method is usedfor the numerical solution
of the matrix equation (5):

i

Az = ©)

where A = HE + A, p > 0 is a some parameter. To numerically solve the equation (6), the Landweber
iteration method is used
Ek+1—2k

+AZN=F

where Zk is the value of Z at the k-th iteration. The condition for the completion of the iterative process
—k+1 =k
is the achievement of the inequality ” Z 1z ”Oo < € for the given number &.

Description of the software module of the geographic information system. Today, there are many
multifunctional GIS implemented on the basis of web and desktop technologies (i.e. MapServer, MapFish,
GeoMixer, ArcGIS, Google Maps API, QGIS). Each of these systems has some advantages and specific
characteristics. Since 2010, the popularity of QGIS has been growing [20, 21], so in 2019, interest in QGIS
was about two times higher than that of its proprietary counterpart — ArcGIS. QGIS supports all the most
important Open Geospatial Consortium (OGC) specifications:

* WMS — Web Map Service (Client WMS/WMTS);

* WMTS — Web Map Tile Service (Client WMS/WMTS);

* WFS — Web Feature Service (Client WFS and WFS-T);

* WFS-T — Web Feature Service - Transactional (Client WFS and WFS-T);

* WCS — Web Coverage Service (Client WCS);

* SFS — Simple Features for SQL (Layers PostGIS);

* GML — Geography Markup Language.

OGC services are used for the exchange of geospatial data between various GIS and data warehouses.
QGIS can be adapted to special needs with the help of an extensible module architecture that allows you to
solve a variety of tasks from geocoding to geometry simplification, integration with web mapping services
and 3D landscape modeling. In addition, QGIS allows software developers to expand the functionality of
this platform with the help of dynamically connected custom software modules for solving specialized tasks.
They are created using a software development kit in the C++ or Python programming languages.

The authors of thispaper have developed a software module for the QGIS system which provides QGIS
users the necessary set of methods for restoring the distribution fields of chemical elements at a given depth,
and has the following functionality:

1. Import of measurement input data from CSV files to the database;

2. Making predictive calculations based on the input measurement data and the algorithm for solving the
inverse problem,;

3. Visualization of the initial data and the data obtained as a result of solving the inverse problem.

The structure of the software extension consists of two parts. The first part is written in Python and
represents program instructions for user interaction with the information system interface. The second
part, the computational core, contains the implementation of algorithms for solving the inverse problem.
Due to the relatively low speed of execution of programs written in Python, the question of choosing a
suitable programming language is raised. Julia, a high-performance programming language for mathematical
calculations, was chosen as such a language, in which the main emphasis is placed on computing performance.
The standard package includes a JIT compiler based on LLVM, so that applications written entirely in the
language are almost as good in performance as applications written in statically compiled languages, such as C
or C++. A large number of libraries have been created for the Julia language, including for solving differential
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equations, visualization, interaction with databases, and others. One of the priorities in the development of the
language is the support of parallel and distributed computing. This decision on the structure of the software
module was made due to the need to increase the performance of algorithms, the possibility of using the rich
mathematical library of the Julia language, as well as for reusing the computational library for implementing
extensions in other software environments.

The initial information is presented in CSV format files, which contain the geodetic coordinates of the
sampling points, the depth of occurrence and the measurement values for 29 chemical elements. The object-
relational database management system PostgreSQL is used to manage the initial geochemical, geophysical
and geological information. The choice of a DBMS is primarily related to the possibility of indexing geometric
objects and the presence of a PostGIS extension based on it.

The data is grouped into logically named data sets, which are called sessions. The concept of sessions
allows considering data sets independently of each other, to separate them by the time of receipt and by
origin. Several versions of the data of the same deposit can coexist in the database, which can be obtained
not only as a result of sampling, but also as a result of computational experiments with different calculation
parameters. Each session has a parent session based on which it was created.

Figure 1 shows a fragment of the database scheme used by the software module, which includes the
following main tables:

1. “Session”, a table that stores data about sessions, including its name, date and time of its creation, a
type, as well as the ID of its parent session;

2. “Chemicals” which stores the names of chemical elements;

3. “Chemdata”with the fields «Measurement depth», «Chemical element», «Sample sampling coordinatesy,
«Measurement values»which stores the initial measurement data and calculation results;

4. «Sesstypes» which stores the names of session types.
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Figurel — Fragmentof the database schema

The algorithm for the QGIS user actions to interact with the module’s functions is as follows. First of
all, the user needs to upload the source data with the geodetic coordinates of the sampling points and the
measurement values to the database. For this purpose, the possibility of automated parsing of sourceCSV files
and importing information into the database using Python Pandas and psycopg?2 packages is implemented.

At the second step, predictive calculations are performed to determine the distribution field of chemical
elements based on the mathematical model (1)-(3). This functionality is implemented in the computing core,
which contains the implementation of algorithms for solving inverse problems. The kernel allows one to
accept problem parameters as arguments, so the program module can call this program with different input
data. The computing core configuration dialog box allows one to set the following parameters:

1) Calculation grid configuration and theparent session;
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2) The chemical element for which it is necessary to restore the field, and the depth;

3) Calculation parameters (regularization parameter, maximum number of iterations, calculation accuracy,
iteration parameter value).

The next step is to visualize the data. After confirmation, an SQL query is dynamically compiled and
the sample coordinates and measurement values (or values obtained as a result of calculations) are loaded.
Based on the received information, a new vector layer with isolines of values is created. Topographic maps
are used as a substrate, which are accessed via ArcGIS REST Services. The resulting map fragment with the
visualization result can be exported to various graphic formats.

Verification of the software module. To verify the developed software module, anumber of methodological
calculations were carried out using data on the Novo-Khairuzovsky area of southern Altai [12]. The purpose
of the computational experiments is to reconstruct the distribution field Zgz of a given chemical element at a
depth h according to the (1)-(3) model on the base of the known empirical data on the day surface, and also to
compare the results obtained with the empirical data Zg at depth h obtained from field and laboratory studies.
The results of computational experiments carried out for the chemical element gold are given below.

The proposed approach was tested on a grid of 201 X 201 nodes with iy = 0.5, ¢ = 10~6. Table 1 shows
a fragment of data for several randomly selected points. The second column of the table contains the gold
concentration values obtained as a result of the field research. This information is used as initial data for
forecasting calculations using the model (1)-(3). The rest of the columns contain data from computational
experiments Zg for depths from 100 to 400 meters and reference values from field and laboratory studies z.

Table 1 — Fragmentof data comparing the calculated values Zcof gold concentration at depth h with the
values Zg obtained as a result of field and laboratory studies, z = |z, — z|

Abnormal h=100 m. h-200 m. h=300 m. h=400 m.

. h=0 7 yd . Z

point Z- E Zn E Z- B Zr E
1 0.0247 | 0.0314 ] 0.0316 | 0.0392 | 0.0370 | 0.0396 | 0.0371 | 0.0309 | 0.0372
2 0.0221 | 0.0320 | 0.0319 | 0.0288 | 0.0312 | 0.0355 | 0.0323 | 0.0342 | 0.0297
3 0.0477 1 0.0711 | 0.0709 | 0.0694 | 0.0718 | 0.0668 | 0.0724 | 0.0532 | 0.0633
4 0.0192 | 0.0225 | 0.0240 | 0.0249 | 0.0267 | 0.0260 | 0.0273 | 0.0267 | 0.0268
5 0.0194 | 0.0255 | 0.0283 | 0.0288 | 0.0279 | 0.0299 | 0.0263 | 0.0302 | 0.0268
6 0.0220 | 0.0242 | 0.0267 | 0.0264 | 0.0292 | 0.0291 | 0.0349 | 0.0308 | 0.0316
7 0.0160 | 0.0199 ] 0.0204 | 0.0215 | 0.0233 | 0.0228 | 0.0229 | 0.0242 | 0.0226
8 0.0228 | 0.0276 | 0.0295 | 0.0312 | 0.0330 | 0.0335 | 0.0324 | 0.0350 | 0.0319

The reliability of the calculation results was assessed by comparing the calculated values obtained within

the framework of themodel (1)-(3) and the reference values of the gold concentration for the depth ™. The
following criteria were used for the assessment:
1) Average absolute forecast error:
B L0
Az =y, —E& ~ E,
where Az is the mean absolute error in the concentration prediction, 7 is the number of points used for
comparison, Z¢ is the gold concentration according to analytical data, ZE is the gold concentration according
to the model data, the superscript denotes the corresponding value at the i-th point.

2) Root mean square forecast error (RMSE):
_ |1 @ @
RMSE = J; > (zcl -z )

3) The ratio of RMSE to the average reference concentration:

2

8 _ RMSE
mean — z

The analysis results are shown in Table 2.
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Table 2 — Assessment of the reliability of the calculated gold concentration

Criteria for assessing the reliability of| h=100 m. h=200 m. h =300 m. h =400 m.
the calculation

Average absolute forecast error 0.002797 0.002216 0.003856 0.009075

Root mean square forecast error 0.003001 0.002440 0.004349 0.010661

The ratio of RMSE to the average 0.016860 0.019931 0.126216 0.198731

reference concentration

The rootmeansquare error in calculating the concentration according to the model at a depth less than
h =200 m is under 2% of the average empirical concentration value. Such errors can be considered acceptable.
It can be assumed that themodel (1)-(3) allows one to fairly accurately reconstruct the distribution field of a
chemical element. At a lower depth, the forecast RMSE sharply increases, up to 12.62% at h=300 m and up
to 19.87% at h=400 m. The degree of deviation of the calculated concentration according to themodel (1)-(3)
depends on the proximity of the primary source, the composition of the ores and the landscape-geochemical
features of the hypergenesis zone (the degree of acidity and saturation with halogens of surface waters,
draining deposits).

Figure 2 (a) shows the digital surface of the distribution of gold anomalies built in the QGIS geographic
information system and based on the calculated data using the model (1)-(3) at a depth of h = 300 m. For
comparison, Figure 2 (b) shows the digital surface based on the reference values.

Conclusion. Thus, the paper presents the results of developing a software module for the QGIS geographic
information system, which implements algorithms for solving inverse problems to restore the distribution
field of chemical elements at a given depth. The module also contains a number of auxiliary solutions to
expand the functionality of this information system. A comparative analysis of the calculated data with
empirical data carried out for the verification of the model shows that the model makes it possible to fairly
accurately reconstruct the distribution field at a shallow depth, with an error of less than 2%. At a lower depth,
the deviation of the calculated data from the reference data significantly increases, however, due to the ill-
posedness of the inverse problems, the results obtained can also be considered acceptable. Further work will
be aimed at improving the accuracy of the mathematical model.

$6666615S6565v/11°0

o
&

a) calculated values

b) reference values

Figure 2 — Comparison of gold concentrations at a depth of 300 m.
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MATEMATHUKAJIBIK MOJIEJBAEY KOHE BOJIKAY/IbIH LIUPPIBIK
9JIICTEPI HEI'3IHJE T'EOXUMUSLIBLIK OPICTEPII TAJIJAYFA APHAJIFAH
T'EOAKHAPATTBIK 'KYWEHIH MOJIYJII

AHHOTanus: Byt skyMbIcTa KeH OpBIHAAPBIH TEPEH 137eCTipy YIUiH aHOMaIHsIapIbl HHTEIUICKTY AN IbIK
AHBIKTAY JJIICTEPIH 3epPTTEy IICHOCPIHJIC J31PJICHICH Ie0aKNaparThIK KYHCHIH OarnapiaMaliblK MOJYIIiHIH
cunarramacel kentipizeni. Moayns [lyaccon siapocsl 6ap @penronbM UHTErpalabIK TeHACYi MEH OepiireH
TEPEHAIK TEXUMUSUIBIK DIIEMEHTTIH Tapaly ©piCiH aHBIKTayAblH MaTeMaTHKAJIBIK MOJCNIH KOoJJaHyFa
HerizaenreH. barnapnamanbik MOdyTb KYH/Ii3T1 OCTiHET] OJI11Iey AepeKTepi HEeTi31H/1e XUMUSIIBIK SJIeMEHTTED
KOHIEHTPALUSICHIHBIH OOJIKaM/IbI €CENTEYIIEPiH KYPTi3y YIIIH KOPCETIITeH Kepi eCeNTi ey alrOpUTMACPIH,
coHpaii-aK Oip Karap KeMEKIli MYMKIHIIKTepHi iCKe achIpynbl KamTHabl. AnroputM M. JlaBpeHThEBTIH
perymsapuzanusuiay oniciMen JlannBeOepaiH wuTepanMs OMAICiH KOJNJaHY apKbUIBI JKY3€Te aChIPBULABIL.
Bomkamiel ecenreyiepiin reorpadusiibik OaiiaHbICTRIpbUIFaH HOTHKEIepi QGIS reoaknaparThik )KyHeciHIH
KapracblHaa kepcetineni. XKympicta OarmapinaMaliblK MOLYIbIIH KYPBUIBIMBI )KOHE OHBI d3ipIiey Mpoleci,
COH/Iali-aK MoIynb (DYHKUUsUIApbl MEH e3apa apekertecyre apHanraH QGIS maiiianaHyIbICHIHBIH 9pEKeT
eTy alroputMi cumnartanrad. Jlananblk jKOHE 3epTXaHANbIK 3epTTEySiep HOTIIKECIHJE ajbIHFaH OacTamKbl
JepeKTep/li AepeK KOpFa aBTOMATTHI TYPAE UMIIOPTTay KY3€ere achIpblLabl. [ eoakmaparThIK )KYHEeHiH AepeKTep
0a3zaceinga Kazakcran aymarsina opHanackan OHTYCTIK AnTaiiasiy JKaHa — Xalipy30BKa yuackeci OOHbIHIIA
3920 marepuan aimy HyKTeciHaeri 29 XuMHSIIBIK 3JIeMEHT OOlbIHINA JiepekTep Oap. MareMaTuKaiblK MOJETb
QJITBIH XMMUSUIBIK JIEMEHTI OOMBIHIIA aJbIHFAH AMIIMPUKAIBIK JCPEKTEP MEH CallbICTBIPY apKbLIbI CHIHAJJIBL.
CanpIcThIpMabl Talgay HeTi3iHAe KeATIpUIreH MaTeMaTHKaJIbIK MOJEb XUMHUSUIBIK SJIEMEHTTEPIIH Tapaity
epiCiH OepiireH TePeHIIKTE KETKUTIKTI AQJAIKIICH KAJIIbIHA KSNTIpyre MyMKIHIK Oepe/ii IereH KOPBIThIHIbI
KacaJJbl.

Tyiiinai ce3aep: reonHpopmarrka, reorpadusIIbIK aKNapaTThIK Kylie, reorpadusuIbIK aKnapaTThIK Kyhe
MOy, Gapiiay reOXUMMHSCHI, MaTeMaTHKaJIbIK MOJIEIb.
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MOZAYJIb TEOUH®OPMAILMOHHOMN CUCTEMBI AHAJIN3A TEOXUMHUYECKHX
MOJIEIL HA OCHOBE MATEMATHYECKOI'O MOJIEJIMPOBAHUS Y LIU®POBBIX
METOAOB NPOI'HO3NPOBAHMUSA

AnHoTtauus. B ganHoi pabore MpUBOIUTCS OMUCAHUE MPOrPAMMHOIO MOIYJIS T€OMH(POPMAIIMOHHOM
CHCTEMBI, Pa3pabOTaHHOTO B paMKax HCCIEJOBAaHM METOAOB MHTEIUICKTYaJIILHOTO BBISIBICHHUS aHOMAJWN
JUIs TIIyOMHHBIX M3BICKAHUH MECTOpPOXKACHHWNH. MoIynb OCHOBAaH Ha HCIOJIB30BAHUM MaTeMaTHYeCKOU
MOJICTIM OTIPEENICHUsI TOJIsl paclpelesieHHss XUMHUYECKOTO 3JIeMEHTa Ha 3aJaHHOW TIyOWHe 3ajeraHwus,
3aIaHHON MHTErpalIbHbIM ypaBHeHUeM Dpenronsma ¢ sapoM Ilyaccona. IIporpaMmHbIi MOILYNIb COAEPKUT
peanu3anmio aJropuTMOB pELIeHNs YKa3aHHOW OOpaTHOM 3aja4u /Il MPOBEIEHUS MPOTHO3HBIX PACUETOB
KOHILICHTPALIMA XUMUYECKHUX IEMEHTOB Ha OCHOBE JJAHHBIX U3MEPEHUN HA JIHEBHOMU ITOBEPXHOCTH, a TAKKE
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P BCIIOMOTATENILHBIX BO3MOKHOCTEW. Peanmzarius anroputMa oCyIIeCTBICHA ¢ UCTIOIB30BaHUEM METOJIa
perynspuzanmun M. JlaBpeHtbeBa u MmeTon utepauuu JlanaseOepa. Pe3ynbraThl MPOTHO3HBIX PAacYeTOB
oTroOpakaroTcsi Ha kapTe reonHpopMarmonHoii cucreMbl QGIS ¢ reorpaduueckoii nmpussizkoit. B pabdorte
OINMKCaHbl CTPYKTypa MPOrPaMMHOTO MOIYJsl M TPOIECC €ro pa3paboTKH, a TaKkKe alTOPUTM JCHCTBHUN
nons3oBaresst QGIS st B3aumoseiicTBus ¢ PyHKIUSIMEU MOLYJIsl. Peann3oBaH aBTOMaTU3UPOBAHHBIA UMITOPT
HCXOJHBIX JJAHHBIX, IIOJIYYeHHBIX B PE3yJIBTATE MOJICBBIX U JIA0OPATOPHBIX UCCIICIOBaHUH, B 0a3y NaHHBIX. ba3a
JTAHHBIX TEOMH()OPMAIMOHHON CUCTEMBI COJCPKUT JAHHBIC 110 29 XUMHUYSCKUM 3jIeMeHTaM B 3920 Toukax
3abopa Marepuana o HoBo-Xaipy30BCKOMY Y9acTKy FOXKHOTO AJITasi, pacIloIOKEHHOTO Ha TEPPUTOPUU
Kazaxcrana. [IpoBenena anmpobaiusi MaTeMaTHIeCKOH MOJICIIH ITOCPEICTBOM CPABHEHHSI PACUCTHBIX JTAHHBIX
C YMIIUPHUYSCKUMU JAHHBIMH VTSI XUMHYECKOTO dJIEMEHTa 30710T0. Ha 0CHOBE MPOBEIEHHOTO CPaBHUTEIEHOTO
aHaJM3a CACIIaH BBIBOM O TOM, UTO MaTeMaTHICCKass MOJIEIh MTO3BOJISIET BOCCTAHOBUTD ITOJIE PACTIPEICICHIS
XIMHYECKHX JIEMEHTOB Ha 33JaHHOH ITIyOMHE 3aJieTaHusl C MPUEMIIEMON TOYHOCTHIO.

KuaroueBble cjoBa: rTeomHpopMaTHka, reorpaduueckas HWHPOPMAIIMOHHAS CHUCTEMa, MOIYIh
reonH(pOPMAIIMOHHON CHCTEMBI, pa3Bel0OYHas TEOXUMUS, MATEMAaTHIeCKasi MOJIETb.
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