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KaszakcmaH Pecniybnukacbl ¥nmmebiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonoausi xoHe
MeXxHUKarbIK FbifibiIMOap Cepusicbl” fbinbIMU XypHanbiHbiH Web of Science-miH xaHanaHfaH HyckKachbl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapnaldbl. byn uHdekcmeny
b6apbicbiHOa Clarivate Analytics kommnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke Kabbinday moceneciH
Kapacmebipyda. Webof Science sepmmeywinep, asmopnap, bacnawhbinap MEH MeKeMesiep2e KOHmMeHm
mepeHOiei meH canacblH ycbiHaObl. KP YFA Xabapnapbi. [eonoeusi xoHe mexHUKasblK fblibiMOap
cepusicel Emerging Sources Citation Index-ke eHyi 6i30iH KoramOacmabiK yWiH eH e3ekmi xoHe 6edesndi
2eo0rs102usl XoHe mexHuKarnbIK fblribiMdap 6olbiHWa KOHMeHmke adandblfbiMbi30b! 6ir1dipedi.

HAH PK coobwaem, ymo Hay4HbIl xypHan «3gecmusi HAH PK. Cepusi 2eonoauu u mexHU4eCKUxX
Hayk» bbln npuHsam 0Onsa uHdekcuposaHusi 8 Emerging Sources Citation Index, obHoeneHHoul sepcuu Web
of Science. CodepxaHue 8 amomMm uHOeKkcuposaHuU Haxodumcsi 8 cmaduu paccMompeHuUsi KomnaHueul
Clarivate Analytics Ons OanbHeliweao npuHsamus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadecmeo u enybuHy KoHmeHma Ons uccriedosameriel, asmopos, u3damernel U y4dpexoeHud.
BknoyeHue Useecmusi HAH PK. Cepusi eeonoeuu u mexHudeckux Hayk e Emerging Sources Citation
Index demMoHCmMpupyem Halwy NpueepXeHHOCMb K Haubonee akmyasbHOMY U 8/1USIMESIbHOMY KOHMEHMY
10 2e0/102UU U MEXHUYECKUM Haykam Orisi Hawezao coobujecmea.
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SOLUTION OF THE GRAVITY EXPLORATION DIRECT PROBLEM
BY THE SIMULATED ANNEALING METHOD FOR DATA
INTERPRETATION OF GRAVITY MONITORING
OF THE SUBSOIL CONDITIONS

Abstract. The long-term development of hydrocarbon reservoirs (HCR) in the geological environment,
complex deformation processes occur. Gravity monitoring is carried out to evaluate the possible geodynamic risk and
negative consequences from HCR. As a result, the interrelationships of the continuously changing field-geological
situation (changes in production volumes, changes in reservoir pressure, processes of fluid injection into productive
formations) are investigated. The main tool for solving the gravity inversion when determining areas of increased
industrial hazard is the solution of the gravity direct problem. In these studies, proceeding from a given initial
approximation of the environment, the problem is realized through successive approximations. To assess such
distributions, the authors of the article recommend using the simulated annealing technique within the framework of
stochastic optimization. It is aimed at fitting the optimal parameters of the medium provided that a minimal residual
of the gravity field values occurs.

The approach is implemented using three simple mathematical models of the geological medium such as
horizontal prism, homogeneous sphere, and vertical ledge. This technique allows fitting the media values simul-
taneously by a pair of its parameters. The operation of the algorithm is described and the simulation results are
provided. The results showed acceptable accuracy of the algorithm for solving the direct gravity problem by the
proposed method. The simulated annealing technique made it possible to increase the reliability of the HCR model
while reduce the time for the analysis of the gravity field.

Key words: gravity direct problem, simulated annealing approach, gravity variations, gravity monitoring,
hydrocarbon field.

1. Introduction. Complex geodynamic processes of a natural and technogenic nature always
accompany the forced deriving of matter in the hydrocarbon reservoirs (HCR) in natural mode. These
processes are especially acute in the HCR located within active faults. The reason for their activation may
be local changes in the tectonic environment and the geofechnical effects (variations in reservoir
pressure). They, in turn, are a consequence of the high modern tectonic activity of faults and the rock
breaking disruptions [1]. Besides the local tectonic geodynamic phenomena (developed in various forms)
geodynamic events of technogenic genesis during the exploitation of the HCRs are known in many oil and
gas bearing basins such as seismic movements, abnormal subsidence of the ground surface, horizontal
shifts of rock masses, and formation of the surface cracks. In this regard, the relevance of obtaining
prompt and reliable information about the geodynamic state of the developed HCRs is indisputable.

An evaluation of the potential geodynamic risk and the possible negative consequences of a
prolonged exploitation of HCRs is impossible without comprehensive geodynamic monitoring of the HCR
[2], including the study of reservoir pressure dynamics. An optimal in accuracy and speed preset of
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methods for evaluation the geodynamic processes combines strain monitoring (levelling, satellite
interferometry, InSAR) with gravimetry. The latter method, as an inexpensive, fast and effective method
of geophysics, has been successfully used in field development process when assessing the effect of fluid
replacement in productive formations, studying reservoir compaction and zones of faults activation,
identifying areas of increased industrial and geodynamic hazard, etc. [3]. Work [4] presents an example of
a comprehensive assessment of geodynamic processes occurring during the development of HCR based on
leveling and satellite observations.

For the successful solution the problems of geodynamic monitoring of the subsoil conditions by
gravity measurements, a convenient data processing service (including the filtration, calculation and
introduction of the necessary gravity corrections and reductions) as well as the interpretation unit for the
calculated gravity variations are required. The main role in this service is assigned to solving the direct
problems of gravimetry for various model assumptions on the structure of the studied geological medium
[5-7]. Such a solution is the result of successive approximations, based on a pregiven initial approximation
of the medium.

The logic of the serial computation algorithm for the direct gravimetry problem solution is simple: we
select a certain set of elementary approximating bodies with a simple given geometry inside a
homogeneous layered medium. Then we assume that these bodies are contained in a confined layer, which
contains the sources of the studied gravity anomalies. The direct problem is solved by fitting the optimal
parameters to obtain the minimal residual between the measured and calculated gravity values [8].

Traditional methods for solving the direct problems of gravimetry [6] do not meet the requirements
for use them in singular conditions. In conditions of singularity, speed of decision making in conditions of
confined initial data is crucial. Because of it, factor analysis is no longer effective due to a lack of time and
the data. Heuristic models may provide a temporary solution, but we must to review them constantly while
new information. Moreover, when you do not have enough basic data to build a hypothesis, and you have
to correct them more and more, Bayesian methods are most effective, but with an eye to using machine
learning (ML) for quick pattern recognition.

Among probabilistic methods, the so-called genetic algorithms, including the generative adversarial
optimization techniques, meet the above criteria. In [8], it was shown that among the set of the genetic
algorithms, the simulated annealing approach is the most acceptable for our purposes.

The purpose of the study is to demonstrate, using a number of simple mathematical models of the
geological medium, the viability of the simulated annealing approach for the stable solution of the gravity
direct problems.

2. Data acquisition. The realization of the geodynamic monitoring (GDM) of the state of bowels of
the Earth in oil and gas fields is an obligatory measure at the development of HCRs. One cycle of
measurements per year is enough to accumulate the data, based on which we can determine the presence
of deformations in the bowels of a developed HCR [2]. During the gradual extraction of oil, it is replaced
by water, which entails a change in the fotal density of the reservoir rocks. This results in the negative
dynamics of gravity anomalies, which are recorded by high-precision gravity monitoring of the HCR. Its
data allows us to prevent quickly the adverse processes in the HCR, providing the subsoil user with the
significant retrenchment of supply and costs.

A special GIS GeoM was created [9,10] for storage and processing of the gravity monitoring data.
PostgreSQL DBMS, PostGIS, GeoServer were used as free software to create GIS. GIS allows us to
import the source files of records from gravimeters, to convert them, to filter the data, to make the
necessary corrections, to extract the statistical information, to do the samplings and summary matrices, to
average the data and to perform other linear transformations on them. The paper [10] describes the
functional modelling of the main business processes for doing gravity monitoring at this HCR, and the
implementation of the general subsystems of the mentioned GIS.

Figure 1 shows the DFD model of the “Solving the direct problem of gravity by simulating annealing
method” business process. The process consists of the following sub-processes:

— selection of a mathematical model,

— selection of the starting point of the objective function f (x0);

— calculation of a new objective function f (x ');

— generation of a random number o;

— |4 ——
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— setE=E’;

— calculation of the probability function;

— checking the stopping criterion;

— obtaining the minimal of the gravitational gravity field values.

To perform these processes, you need: processed data of gravimetric measurements, geological and
lithological characteristics. At the output, we obtain the calculated value of the gravitational field of the
gravity force, the minimum residual, the time of the calculation, the number of performed iterations, the
optimal values of the sought parameters.
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Figure 1 — DFD-model of the “Solving the direct problem of gravity by simulating annealing method” business process

criterion

The computational algorithm of this module is realized based on one of the modifications of the
simulated annealing technique. Its primary testing on synthetic models was carried out earlier in [11]. In
this case, it is necessary to verify the viability of the technique on real field data. For this purpose, the
gravity observations made by one of the companies of the Republic of Kazakhstan, which has been
engaged in this kind of research for a long time, is involved. The initial data are the digital records of the
measurement of gravity variations within the gas-oil field, which is located within the Kzylkoginsky
district of the Atyrau region of the Republic of Kazakhstan (it starts operation in 1995).

Figure 2 — The layout of points and profiles in the M reservoir

The gravity measurements at the M field are distributed through the long, almost linear profiles that
intersect the general structural and tectonic features of the HCR: the arch part, faults, and boreholes pass
in close proximity to the geological sections. The observation system with three profiles and
35 measurement points covers the entire territory of the field and the adjacent areas (see figure 2). The
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profile 1-1 with a length of about 8000 m consists of 14 points, while the profile 2-2 with a length of
1500 m consists of 13 measurement points, and the profile 3-3 that has a length of 3500 m consists of
8 measurement points; the approximate step along the profile is 100 m. At each gravimetric point, several
measurements were made with two gravimeters simultaneously, and then the data were averaged to
increase the accuracy and the stability of the observations.

The preliminary processing of the data from the catalog (with spatio-temporal reference) included the
filtering, averaging, and the calculation of root mean square errors. The correction for the intermediate
layer (a Bouguer correction) was calculated by the formula 6gg = —0.04180.4, where o is the average
density of the rocks of the intermediate layer (g/cm?); 4 is the height of the observation point above the
surface of the geoid (m). The obtained Bouguer anomaly Ags is the difference between the observed and
synthetic gravity field: Ags = gobs — y0 + 0.3086/ + dgp, where gos is the observed field, yo is the normal
value of the acceleration of gravity. The normal gravity was calculated for each profile point according to
the formula yo = ge- (1 + 0.005302-sin2¢ - 0.000007-sin’2¢), where g. is the average value of the normal
acceleration of gravity at the equator of the Earth, and ¢ is the latitude of the observation point. In
calculating the Bouguer anomalies, we took the average density of rocks of the intermediate layer in the
core research area of ~ 2.65 g/cm”.

3. Methods and models. Taking into account a priori geological information about the site structure
for each specific profile, we solve the direct problem of gravimetry with the least-squares fitting approach
for each profile. We solve the problem for various models of the geological medium containing the
sources of gravity anomalies in a certain horizontal layer. We chose the fast simulated annealing approach
[12,13] as the main solution technique while a compared algorithm is a solution of the gravity direct
problem for the Poisson equation by the finite differences technique. To discretize the equation, we chose
a “cross-like” difference scheme [14]. Besides, we took the same initial data and a priori restrictions for
both methods.

Therefore, we tested the simulated annealing algorithm on the example of solving the one-
dimensional (by profile) gravity direct problem for three common classes of sources: a horizontal prism
(see Section 3.1), a sphere (see Section 3.2), and a vertical ledge (see Section 3.3). A horizontally layered
model with a linear change in density inside the anomalous layer is accepted as the initial model of the
medium. Outside the layer, we assumed a uniform enclosing medium, which is described by a monotonic
density distribution having a constant predefined value. Accordingly, one of three states describes the
mathematical model of the studied layer containing the sources of anomalies: a set of horizontal prisms
(with different horizontal lengths and densities); a set of spherical bodies (with different radius and depth
of the centre of mass); a set of vertical ledges (with different depths and lengths of steps).

In this work the simulation was carried out through the fitting of the objective function, sequentially
choosing the location, size, shape, and the density ¢ of anomalous bodies in the application for calculating
the gravity anomalies. The simulation results are presented below.

3.1. Horizontal prism. A horizontal prism as an elementary approximating body within a layer is a
special case of a rectangular parallelepiped. At its base lies a regular rectangle, therefore its numerical
parameters (length, width, height) we set as the difference of the coordinates of the corresponding points
in the Cartesian coordinate system. To calculate the gravity impact of a horizontal prism confined by the
planes x =&, x =&, z = (4, z = {5, we use the following expression:

& 1n (22:22) —&1n (22:22) + 20, <arctg (j—:) — arctg (j—j))

+2¢, <arctg (%) —arctg (%))

where G is the gravity constant and o is the density of the body.

For computing in a horizontal prism, the following initial parameters are set: the depth of the upper
(1 and lower {; edges of the anomalous body and the value of the gravity field Ag. For free parameters, we
treat the values of the beginning & and the end & of the profile, and the sought parameter is the optimal
density value o.

3.2. Sphere. The gravity effect from a homogeneous spherical body of radius R and volume ¥V, with
excess density Ao located at depth £ (see Figure 3(b)), in a one-dimensional version is calculated by the
formula:

U,(0,0) = Go (1)
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_ GAoVh _ h

9s = R3 GM (x2+h?)3/2 2

where M = AoV = AagnR?’ - is the effective mass of a homogeneous spherical body, G is the gravity

constant, / is the depth of the body, x is the center of the spherical body, R is the radius, and o is the
density.

We suppose to be known and fixed a pair of body parameters (the center of the sphere x, radius R).
For a free parameter, we treat the average depth 4 of the anomalous body. The sought medium parameter
to be optimized through the iterative improvement is the density o of the sphere. If necessary (weak
convergence, unsuccessful initial approximation, large residual, etc.), we free the parameters x and R and
repeat the iteration cycle again.

3.3. Vertical ledge. We define a vertical ledge as a body of semi-infinite strike, confined by a pair of
horizontal planes and a rectangular vertical one (see Figure 3 (c)). Its gravity impact is derived as a special
case of the effect for a rectangular parallelepiped. The analytical expression for finding the gravity field
Agieq at the point x (along the x axis at z= 0, y = 0) is as follows:
x2+h3
x2+h?

Jled(x) = GAo [xln +m(h, — hy) + 2h2arctghi — 2arctghi] 3)
2 1

where G is the gravity constant, ¢ is the density, x is the coordinate of the vertical discharge, #; is the depth
of the lower horizontal plane and #; is the depth of the upper horizontal plane.

For this model, the initial parameters of the algorithm are set as follows: the vertical fault x, the depth
of the lower horizontal plane 4;, and the measured gravity value Ag. For a free parameter, we treat the
depth of the upper horizontal plane /4., and the sought one is the density o of the ledge. However, as we did
in other models if necessary, free and fixed parameters can be mutually interchanged.

4. Results and discussions. First of all, we suppose a general condition for all the models mentioned:
due to the small number of measurements and the significant distance between the observation points, we
assume that the value of gravity at each separate point is the consequence of the integral impact of a
separate modeled source of anomalies. That is, gravity at each point is a consequence of the effect of some
material point, in the center of which is concentrated all of its gravitating mass. Then the conditions of the
Poincaré lemma on the sweeping masses to the boundary of a convex region of a harmonic function are
valid. Considering this condition, we present the simulated annealing simulation results with known initial
parameters of the medium.

4.1. Horizontal prism. The calculations were performed with a step along the profile of 100 m, and
the properties of rocks and their depth were taken into account. The charts of gravity anomalies from the
model are obtained in the form of a series of horizontal prisms along three profiles (see figure 3). For this
model, a solution was found in 6905 iterations at 7'=1000° and a cooling rate of 0.001 m/s*, with a
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Figure 3 — Gravity anomaly from the model given as a series of horizontal prisms
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relative error of 15% for (i, (> and . We solve the problem with a constant step in the interval for the
density o and the depth of the spherical body, equal to 0.001. Such a step is defined in order to ensure the
numerical stability of the algorithm: the smaller the iteration step, the more accurate the calculation.

In order to simulate the errors in the initial data, we solved the direct problem of gravimetry at a
different level of measurement errors (5-20% of the maximum value of the anomaly). A pseudo-random
number sensor with a Gaussian distribution (like AnyLogic or ArcGIS) simulates the errors. The average
computation time is 3 s, which proves the speed of the algorithm for a small-dimensional data matrix. The
relative error of calculations is 2.67% and indicates the accuracy of the approach.

4.2. Sphere. Calculations performed at a depth of 900 m along the profile 3-3 displayed that the
solution (the right side of the chart of the gravity field, starting from point 41) has a significant residual of
the gravity. We decided to carry out an additional iterative improvement for the entire profile while fitting
by other free parameters of the model. This approach has resulted in a model with a good residual of
gravity along the entire section (see figure 4). The calculations were performed at 7 = 1000°, a cooling
rate 0.0001 m/s?, with an error of 15% for (1, x, and o, with a step equal to 0.001. The relative error of the
solution lies within acceptable limits, no more than 0.12%. The average computation time is 6 s. The
solution is found at over 69,000 iterations.
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Figure 4 — Gravity anomaly from the model given as a series of spherical bodies

4.3 Vertical ledge. Calculations for a vertical ledge started with a reference depth of 600 m along the
profile. At the beginning of profile 1-1, a significant residual arose in the solution, and we subjected this
part to additional calculations. The final solution (gravity effects from a set of vertical ledges) for all three
profiles were obtained within the acceptable error (see figure 5). The relative measurement error lies
within acceptable bounds, no more than 1.26%. The calculations were performed at 7 = 100° and a
cooling rate of 00001. The average duration of computations is 17 s. Each solution was found at over
46,000 iterations.

In general, the results of calculations by simulating annealing approach showed a fairly stable
solution provided that the initial data bulk is extremely limited. As part of a consistent fitting of
parameters, we obtained the final models of the HCR medium under study that have the acceptable
likelihood, with the accuracy of the solution by the gravity data is reached 107", Thus, the simulated
annealing approach allows us to fit quickly the options for suitable solutions for the express analysis of the
internal structure of the geological medium within the boundaries of the studied HCR.

Due to the small amount of data, the simulation results have limited applicability and need to be
verified using other geophysical methods or by solving the same problems using real field data of
significantly larger dimensions.
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Figure 5 — Gravity anomaly from the model given as a series of vertical ledges

5. Conclusions. The simulated annealing approach provides a solution to the direct problem of
gravimetry for several mathematical models of the geological medium with sufficient accuracy. Given the
number of iterations and the number of possible combinations of parameters, the technique allows to find
quickly the optimal density and depth parameters for homogeneous bodies of regular geometric shape.

While comparing the solutions for different bodies with the same bulk of initial data, it was found
that the calculation time depends on the choice of the initial temperature 7 and the cooling rate, i.e. the
initial density approximation in the simulated annealing approach. The higher the temperature and the
lower the cooling rate, the longer the calculation takes. Thus, for a vertical ledge, the average calculation
duration was 17 s at a cooling rate of 0.0001 s. Nevertheless, such a dependence is a common property of
all gradient-like solution search methods. Of all the above models, the model of horizontal prisms was
calculated faster of all (3 s) at a cooling rate of 0.001 s.

A numerical module for GIS GeoM has been created, which allows you to fit the appropriate
parameters of anomalous geological bodies by minimizing the residuals in gravity field trough the
simulated annealing approach. Its testing on the example of various bodies and measured values of the
gravity field allowed us to increase the reliability of the original HCR model at each profile. Thus, the
implementation of this technique improves the accuracy, speed, and stability of solving the gravity direct
problems for a multicomponent layered geological medium.
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JKEP KOMHAYBI JKAF TANBIHBIH TPABUMETPUSJIBIK BAKBLIIAY JTEPEKTEPIH
WHTEPNIPETALMSAJIAY YIIIH UMUTAIUAJIBIK KYHIIPY SICIMEH
TPABUBAPJIAY/JIbIH TIKEJIEA MOCEJECIH HIEITY

AnHotanusi. KeMmipcyTekTep LIOFBIpJIApbIH Y3aK Hrepy Ke3iH[e TeoJIOTHSUIBIK OpTaia Kypeil nedopma-
LUSUIBIK TIpOLiecTep Kypeldi. [ eoanHaMuKalIbIK Kayil-KaTepAi )KoHe Tepic cajiapblH Oaranay YIIiH rpaBUTALHSIIBIK
MOHUTOPHHT Kypri3uteai. HoTmkecinae y3IiKCi3 e3repin OThIPAaThIH KACIIIIUIIK-TE0JIOTHSUIBIK KaFIaiIblH e3apa
OaiinaHbIChl 3epTTeNel (OHAIPY KOJeMiHIH e3repyi, KaTThIK KbICHIMHBIH e3repyi, (ironari eHiMal KaTTapra aiinay
npouecTepi). OHEPKICINTIK KayinTuUIri Korapbl alMakTapibl aHBIKTay Ke3iHIe TPaBUTALMSUIBIK WHBEPCHSHBI
HIENIyIiH HETri3ri Kypaibl TiKeJed IpaBUTAlMSUIBIK ecemnTi menry Oonbin TaObutanpl. byn 3epTreynepne opTaHbIH
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OepinreH OacTamkbl XaKbIHAAybIHA CYHEHE OTBIPBIN, TAIChIpMa IOMEKTi XKYBIKTAy apKbUIbI XKY3€re achIpbUIaJIbl.
Mynna#i ynecripimaepai Oaranay yHIiH Makaja aBTOpJIAphl CTOXAaCTHKAJbIK OHTAMIaHIBIPY asChIHIA MOJENbACY
Ta3apTy SMICIH KOIJaHy bl yebiHaAbl. O TpaBUTALMSIIBIK ©PIC MOHAEPIHIH MUHUMAIIBI KaJI/IbIFbI OOJIFaH JKaraaiia
OHTAMJIBI OpTa NapaMeTpIIePiH peTTeyre OarbITTalFaH.

Tacis reosorusuIbIK OPTaHbIH YLI KapanaibiM MaTeMaTHKAIBIK MOZAEIIH KOJIAaHa OTBIPHII )KY3ere achblpbUIaIbl:
KeJIZIEHEeH MpH3Ma, OipTeKTi cdepa jxoHe TiK npoekius. by ozic KopiaraH opTa MOH/EPiH OHBIH MapamMeTpiepiHiH
JKYIIBIHA calikec Oip yakpITTa perreyre MyMKIHIIK Oeperi. ANTOPUTMHIH JKYMBICHI CHITATTAIFaH JKOHE MOJIEIbJICY
HOTWOKENEPl KeNTIpUIreH. AJIBIHFaH HOTHDKEJIED YCBHIHBUIFAH OMICHEH TiKeJNeH I'paBHTALMSUIBIK €CENTi ey ajro-
PUTMiHIH KOJNAHIbI JONAIrH KepceTTi. UMHUTAISITBIK Ta3apTy 9iCi TpaBHTAIMSIIBIK ©PICTi TAJAy YaKbITHIH a3aiTy
ke3iage ['AJXK MoneniHiH CeHIMAUTITIH apTTRIpyFa MYMKIHIIK Oep/Ii.

Tyidin ce31ep: TpaBUMETPUSHBIH TiKeJISH Maceneci, IMHTAUMSIBIK KYHIIpy, TPaBUTALMSUIBIK BapHALINS, TPaBH-
METPHUSUIBIK OaKblIay, KOMipCyTeri KeH OpHBI.
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PEIIEHUE NIPSIMOM 3AJTAUN T'PABUPA3BEJKA METO/IOM UMHATAIIMM OTKUT A
JJISI THTEPIIPETAIIMU JAHHBIX TPABUMETPUYECKOI'O MOHUTOPHUHT A
COCTOSIHUSA HEAQP

Annoranus. [Ipy AmuTeT-HOM OCBOSHHH 3aiexei yriieBonopoaoB (YB) B reomorudeckoii cpeie mpoucxomsT
CIIOKHBIE Ie(OPMALIMOHHBIC TIPOIIECChL. ISl OIEHKH BO3MOXKHOTO T€OJMHAMUYECKOTO PHCKA M HETaTUBHBIX MTOCIIE-
ctBuil ot I'KP nmpoBoauTcs rpaBUTallMOHHBIA MOHUTOPUHT. B pesynbrare uccienyroTcs B3auMOCBSI3U HENPEPBIBHO
MEHSIOMIEHCS TPOMBICTIOBO-TEOJIOTHIECKONH OOCTaHOBKH (M3MEHEHHs O0BEMOB JOOBIYM, M3MEHEHHS IDIaCTOBOTO
JTABJICHUS, TPOIIECCH 3aKauyKu (IIIOHa B MPOAYKTUBHBIC IUIacThl). OCHOBHBIM HMHCTPYMEHTOM pEIICHUS TpaBUTa-
IIUOHHOW WHBEPCHU TPH ONPEACICHUU 30H TOBBIIICHHON MPOMEBIIIIEHHOW OMACHOCTH SIBISECTCS PEIIeHHEe MPSIMOM
TPaBUTAIIMOHHON 3a7aun. B 3THX MCClieOBaHMUAX, UCXOMAS U3 33JaHHOTO HAYaIbHOTO NMPHUOIIMKEHHUS Cpemdbl, 3a1ada
peamu3yercss IyTeM IIOCIEAOBATCIBHBIX NPUOMIDKEHUA. I OLIEHKM TakWX pacupefelieHHH aBTOPHI CTAaThH
PEKOMEHAYIOT WCIIONBE30BaTh METOJ HMHTAIIMOHHOTO OTXKHra B paMKaX CTOXacTW4eckod onrumm3anuu. OHa
HaTpaBiIeHa Ha MMOATOHKY ONTHMAJIBHBIX MTAPaMEeTPOB CPEMbI MPH YCIOBUH, YTO MPOUCXOANT MUHIMAJBHEIA OCTaTOK
3HAYCHUH TPABUTAIIMOHHOTO TTOJIS.

[oxxoxn peammsyercs ¢ WCHONB30BAHHEM TPEX MPOCTHIX MATEMAaTHUYECKHUX MOJEIEH T'eOJOTHYECKOH Cpembl:
TOPU30HTAIEHOW TPU3MBI, OJHOPOTHOH c(hepbl W BEPTUKAIBHOTO BBICTYyIA. DTOT METOX IO3BOJISET IOATOHSTH
3HAYCHUS Cpelbl OTHOBPEMEHHO MO Imape ee mapameTpoB. OmmcaHa paboTa alropuTMa M NMPUBEICHBI PE3yJIbTaTHI
MonenupoBaHus. [lomydeHHBIE pe3yibTaThl TOKA3ald IMPHEMJIEMYI0 TOYHOCTH AITOPHTMA PEIICHUS IPSIMOM
TPaBUTAIIMOHHON 3a7a4ll MPEIOKEHHBIM METOIOM. MeTOJ] MMHUTAIIMOHHOTO OT)KUTa ITO3BOJIUII ITOBBICUTH HAIEK-
HocTh Mozenu ['KP nmpu oqHOBpeMEHHOM COKpANIeHUH BPEMEHH aHAIIN3a TPABUTAIIIOHHOTO TIOJIA.

KiroueBble ci1oBa: npsMas 3a/1a4a TpaBIMETPUH, METOI IMUTALINN OTXKHTA, BAPUAIIMH CHJIBI TSHKECTH, TPABH-
METPUIECKAH MOHUTOPHHT, MECTOPOKACHUE YTICBOJOPOIOB.
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