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MATHEMATICAL MODELING FORECASTING
OF CONSEQUENCES OF DAMAGE BREAKTHROUGH

Abstract. The article is devoted to the development of a mathematical model for preventing a breakthrough of a
dam and predict its possible consequences. In this work, the task of developing a single integrated approach to
ensuring the safe operation of hydraulic structures, based on the notification of interested bodies in real time, was
solved. A mathematical model of the state of the reservoir is developed, on the basis of which a hardware-software
complex for operational notification of interested organizations (akimats) and local emergency departments is
implemented. A mathematical model of predicting the consequences of a dam break is proposed. An algorithm for
calculating the maximum level of the breakout wave has been formulated, taking into account many parameters of
the hydraulic structures. The convergence of the developed algorithm in the form of a theorem has been proved. This
method has a large practical focus, compared with existing formulas.

The Java language implements a hardware-software complex (PAC) for predicting the effects of a dam break,
consisting of the following modules: 1) a module for receiving and transmitting current information about the water
level, humidity and temperature on the crest of the dam; 2) a module for processing constant and operational
information about the threat of dam breakthrough (server); 3) a module for predicting the effects of a dam break.
Based on the solution of the model problem, the effectiveness of the developed hardware-software complex is
shown. The practical basis for the model task was the events that took place in Kyzylagash village of Almaty region
of the Republic of Kazakhstan.

Key words: mathematical modeling, flooding, dam, breach, breakthrough waves, water resources, water level,
hydraulic structure, hardware-software complex.

Introduction. According to the report of the UN Commission, the damage from natural disasters, in
particular floods, has only increased over the years, and economic losses from the consequences of floods
lead to a decrease in gross domestic product. Over the past century, more than a thousand cases of
destruction of hydraulic structures have occurred in the world, the causes of which, among the
meteorological phenomena, were factors of a geological and geophysical nature.

Thus, the St. Francis dam in California was built 70 km from Los Angeles in the San Francisco
canyon in order to accumulate water for its subsequent distribution through the Los Angeles water supply
system. Under a wave wall of 40 m, all living things and buildings were destroyed. The valley was
flooded for 80 km. More than 600 people died during this flood. The second example in Italy in 1963, a
mountain massif collapsed in the Vayont reservoir, resulting in ~ 25 million tons of water overflowed
through the dam, creating waves in the Piave river valley with a height of 70 m. 4 villages were destroyed,
4,400 people were killed [1-3].
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The accident at the Sayano-Shushenskaya hydroelectric station was a man-made disaster that
occurred on August 17, 2009. As a result of the accident, 75 people died, the equipment and the equipment
and premises of the station were seriously damaged [4-6].

In Kazakhstan, the construction of many hydraulic structures was carried out in the 60-80s of the last
century. Their survey today shows that the actual depreciation is more than 60%, the reliability and safety
of strategically important hydraulic structures are sharply reduced [7-9].

The long service life and reduction in the last 20 years of funding for operating expenses, current and
capital repairs, as well as the influence of climatic and seismic factors gradually lead to moral and physical
deterioration of the entire complex of hydraulic structures. There are also objects located close to
hazardous industries [10-12].

The tragic events in the spring of 2010 in the Almaty region and 2014 in the Karaganda region with
human casualties and destruction, as well as floods in other regions of Kazakhstan, served as a serious
lesson to prevent similar situations in the future. It is necessary to develop recommendations on equipping
the hydraulic structures with modern monitoring systems, equipment and means to improve operational
safety. Also, the recent events of May 1, 2020 on the breakthrough of the dam of the Sardobin reservoir
(capacity of 922 million m3) in neighboring Uzbekistan led to the flooding of 4 villages in the Turkestan
region of Kazakhstan. As a result, 620 houses were damaged and the region's agriculture was severely
economically damaged [13, 14].

In this regard, research on the development of a mathematical model of dam breakout and the
prediction of its consequences is relevant.

Mathematical model for predicting the consequences of a dam breakout. Catastrophic flooding,
which is the result of a hydrodynamic accident, consists in the rapid flooding of the area by a breakout
wave. Hydraulic structures can be breached due to natural forces (earthquake, hurricane, landslide, etc.),
structural defects, violations of operating rules, impact of floods, destruction of the dam base, etc. During
the breakthrough of the hydraulic structures, a gap (closure channel, passage) is formed, through which the
water flows from the upper downstream to the lower one and the formation of a breakthrough wave.
Breakthrough wave is the main striking factor of this type of accident, characterized by wave height and
speed [15, 16].

In [17], it was found that the following hydroclectric complex parameters and the conditions of
propagation of a breakthrough wave in the downstream most significantly affect the h,,, values: reservoir
volume before the accident (W, ., ), reservoir depth at the dam before the accident (Hg), roughness of
the upstream wall (ng), the amount of opening of the gap (Bgqp). water flow in the downstream of the
hydroelectric facility before the accident (Qg), the distance from the damsite to the observation site (L).
The dependence of the maximum flooding depth on the main influencing factors was obtained and
presented in general form by the expression:

0,98_0,02 0,05
n

— HO 0 QO
hmax B 2,51 I/I/\/(l}t(z)tserl’o'13 (1)

The limits of applicability of formula (1) are indicated: reservoir volume (W, 4¢e,-) — from 50 to
5000 thousand m’; depth of water upstream of the dam (H,) — from 2 to 20 m; water flow in the
downstream of the hydraulic facility before the accident (Qq) — from 1 to 100 m*/s; reservoir length — from
0.8 to 2 km, if there is no backup from the downstream hydraulic structures; distance from the dam site to
the considered section (L) from 0.5 to 50 km; roughness (ng) from 0.02 to 0.2.

In addition, the formula (1) has the following disadvantages:

1) missing parameter ~the amount of opening of the gap (Bg,;,).

2) the volume of the reservoir before the accident (W, 4¢0,) 1s placed in the denominator, which leads
to a contradiction to the basics of hydrology — "a larger volume of reservoir filling leads to a decrease in
the breakthrough wave".

In [18], due to the limitations of the applicability of the formula (1), it was proposed to use the
dependence (2) proposed by V.I. Volkov to determine the maximum depth of flooding:

L\~ 0,13
Bimax = 0,34Ho () @)

— 117—






ISSN 2224-5278 Series of Geology and Technical Sciences. 5. 2020

Here 71, — projection operator onto the set A. The coefficients y,, = 0, the determine the step length
at the n-th stage, can be found from the condition

SC al = yaS'(@) = 1315 (af — yS' (™))

or in the process of splitting the step.

Step 4. Discrepancy is sought 7 = min; (abs(cx}“r1 - a}l)).

If r < g, then go to step 5. Otherwise, increase the iteration number and go to step 2.

Step 5. Algorithm completion.

The convergence of the proposed algorithm is provided by the following theorem.

Theorem 1. Let the set A be convex and closed. Then the sequence {a]'} , defined by the formula (8)
converges to the solution of the problem of minimizing the functional (6) on the set (7).

Proof. Since the set A is convex and closed, the functional (6) is convex and differentiable, then any
limit point of the sequence {a]'} is the minimum point [19].

Based on the available information about the breakthroughs, 30 versions of parametric data were
prepared. Based on this information, the following formula is obtained:

Binayx = 1,34 « Ho>* Byupy Wy ** L7 ©)

In the formula (9), the volume of the reservoir (W, 4ee,-) is measured in millions of m’; the water
depth in the upstream wall of the dam (Hp) is in m;the amount of opening of the gap (Bgyqp) — in m; the
distance from the dam site to the observation site (L) - in km.

Model problem. All further calculations simulate the events that took place in the village of
Kyzylagash of Almaty region on March 11 and 12, 2010. The 45-meter-high dam was designed to store
42 million cubic meters of water. On the night of March 10, the water level reached 30 million cubic
meters. The next day, in the afternoon or in the evening, I can not say the exact time, the water level
exceeded 40 million cubic meters. In other words, 15-16 million cubic meters of water was added to the
Kyzylagash reservoir in 15-16 hours. The dam broke on March 11 at 10.30 p.m. Two hours later, the
water gushed towards the village of Kyzylagash. The wave width of the mudflow was 1.6 kilometers, and
the height was 3 to 4 meters. According to official figures, most of the village was severely damaged.
70% of the village of Kyzylagash was destroyed. The tragedy in Kyzylagash claimed the lives of
44 people.

Results. Based on the mathematical forecasting model, the situation for March 11-12, 2010 in the
village of Kyzylagash was simulated. Table presents the chronicle of events. The first two columns
provide information about the date and time. Information in columns 3 through 3 is obtained in automated
mode. Based on the above proposed mathematical model, calculations were performed on the level of
safety, reservoir occupancy and the expected overflow time over the dam crest (columns 6-8).

In the 6th column, the following security level encoding is adopted: 1 - low; 2 - safe; 3 - alarming;
4 — catastrophic.

The simulation results of a dam break

Date Time Wat(ilﬂ)e vel Temperature | Precipitation | Securitylevel Wat?;:fncil)ume Time (tﬁocilxsrﬂow
1 2 3 4 5 6 7 8
11/03/2010 10.00 15 12 2 30 000,0
10.30 14.75 12 2 30 250,0
11.00 14.5 13 2 30 500,0
11.30 14.25 13 3 30 750,0 14.25
12.00 14 13 3 31 000,0 14
12.30 13.75 14 3 312500 13.75
13.00 13.5 14 3 31 500,0 13.50
13.30 13.25 14 3 317500 14.25
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BOI'ET BY3bLIBICBIHBIH CAJIJAPBIH BOJIZKAY ABIH MATEMATHUKAJIBIK MOJEJII

Annoramusa., Makana OercTTiH Oy3BUIYBIHA K07 OCPMCY JKOHC OHBIH BIKTHMAN CANIAPBIH OOJDKAYABIH
MATCMATHKAJBIK MOJCTIH jkacayfa apHajaraH. Ocbulalimia KOJATAHBICTAFBI OPTYPJI OAICTCpAl Tammay HETi3iHAC
THAPOJMHAMHKAIBIK allaTThl TOTCHINE KaFmal peTiHae Oorkay SIiCTepiH »kacay YINIH 3epTTEYIiH MaKcaThl MEH
HETI3r MIHACTTEPl TYKBIPHIMAAIIBL Byl >KyMBICTAa HICIIIMHIH KOJIAHBICTAFBI STICTEPIHE TANAAy >KOHE 3EPTTCY
MaKCaTTapblHA TYKBIPBIM jKacaiasl. Mocene TaIaHBII JKOHE OHBI HICITY OApBICBIHAA TYBIHAAYBI BIKTUMAI HETIRT1
mpoOemManap aHbIKTA/FaH. MOCeNeHIH JKaImbl CHIIATTAMACHI YKOHE 3EPTTEY MAKCATTAPBIHBIH TYSKBIPHIMIAMACHI
kearipinren. CHOarTanraH SiCTEpAiH aPTHIKIIBUIBIKTAPEI MEH KEMIULTIKTEPI KOpCeTiAreH. MareMaTHKAIBIK
MOJCIBACYAIH 3aMAHAYH TEXHOJOTHSUIAPBIH JKOHE CCENTEY HOTIDKEICPIH TeorpaisuIblK aKMapaTThIK >KyHeae
KOpPCETYMEH Karap Oerer Oy3bIIBICHIHBIH MATCMATHKAIBIK MOJCITIH 3CPTTEYMEH ECENTEY THKIPHOSCIH KOJIIaHA
OTBHIPBII, KCIICHIl TANAAYJbIH, TAOMFH >XOHE TEXHOTCHAIK CHIIATTAFhl TOTCHINE >KAFAAN CATIAPBIH OOJDKAYIbIH
Oenrini 9miCTepiHe CaTBICTHIPMAIBI TAIIAY SKACATIIBL.

KnnMaTThIK MoTIMETTEPl TapaTyFa apHAIFAH AaBTOHOMIBI MUKPOKOMITBFOTEPIIIK JKYHE >KAcalIbl, HAKTHI YaKbIT
PESKUMIHAC CEPIIHAL TONKBIH (PAaKTOPIApbIH OOIDKAY MOCEICCIHIH KAIIbl CHIIATTAMAChl MEH MIHACTI KEJNTIPLITeH.
Kepcepikrik mepexrepai Oepy KyHECiHIH AepOec 3MCKTPMCH KaOIBIKTAy JKYHCCIHS KeJIeCl SHCPTHAHBI MalIaiaHy
YIIiH 3HEPrUs SHAIPYIE >KOHE >KMHAKTayFa KipeTiH >ka0apIkTap kemreHi kipexi. Cy AcHreli emmey kababIKTaphl
oprypai 6omysl MyMmkiH. JKylie KpI3METiH KamMTamachl3 €Ty YIIH 6JmIcy Kypamaapbl AcpeKrepAi OepymiH imki
JKYHECIMEH JKOHE 3JICKTPMEH >KaOJBIKTAy >KyHeciMeH OaWmaHBICTHIpBIIAAbL. KepcerinreH »kyitenepal OipikTipy
OpPHAJNACYBI KYPACHL ©3C¢H KOTHICTI CYy ACHICHiH Oakpriayra MyMKiHAIK Ocpeni. Cy ACHTCHIH OIICHTIH >KaOIBIK
TYPTl KC3CHAIK CCHCOPMAPAAH MONIMCTTCPAl ajdybl Kepek. JKWHATFaH MOTIMETTCD CHTYAIMAIBIK OPTANBIKTApPFa
SKIOEPLII, apHANHBI KBI3METTEP BIKTUMAJ CY TACKBIHBI MCH CY TACKBIHBIH O0JDKAY, CY IIBIFBIHBIH €CENTCY JKOHE 0acKa
MAaKcarTap YIIiH NaiaanaHaIbl.

BererTepain cHmarTaMamaphbl, MEKPOTIPOLCCCOPIIBIK TCXHOJIOTHAHB KOTAHYFA HETI3ACITCH KA3ipri 3aMaHFHI
Oackapy KyHeIepiHiH MYMKIHIIKTCPI TATAAHAIBL.

Cy KOWMACHIHBIH >KAFJAMBIH OAKBUIAYIBIH MATCMATHKAJBIK MOJCHTI >KACAIAbI, OHBIH HETI3iHAC MyIaemi
YUBIMIApABI (SKIMIIKTEP) >KOHE JKCPriMiKTI TOTCHINE »KaFmai OemiMacpiH kemen xabapiay YINH anmaparThik-
GarmapaaManslk KemeH eHrizingl. Tanmay kenmeciael KOPBITBIHABI XKAacayra MYMKIHIIK Oepemi: MYMKIH THAPOIH-
HAMMKAJBIK aIaT CalTdapblH O0JDKAY IBIH YTHIMIBI 9iCI — AaHATUTHKAJIBIK MOJCIBACPTE HETI3ACIICH KOTIAHBICTAFbI
MOJCIBACY OaraapiaMalbIK KypasbH ITaiaaIaHy .

MareMaTHKaIbIK MOJICIIBACY MEH CCENTEY SKCICPUMEHTIHIH 3aMaHAY M TEXHOIOTHIAPBIH MaHIaNaHa OTHIPHII,
TaOWFU TCXHOTCHIIK CHIATTAFHl TOTCHIIC JKAFAAN CAIIAPhIH KSIICHAl TAIIAY, MOJACIBACY KOHE OOJKayAbIH OCITimi
SmICTEpiHE CANBICTHIPMANBI TANAAY MKYPTi3UII, HOTIKENEPAl TC0AKIapaTThIK JKyHene KOPCeTe OThIPHII XKIHE Oerer
OY3BIIBICHIHBIH MATEMATHKAIBIK MOJCIIHE 3EpTTey >KYpri3indi. TacKbIHHBIH calgapblH OODKayIbIH TYpJi
MaTEMATHKAIBIK MOACIIBACP1, 9AICTEPi MCH ANTOPUTMACPI CHIIATTAIFAH.

Berer Oy3bUIBICHIHBIH OCEpiH OOJDKAYIBIH MATCMATHKAJBIK MOJCHI YCHIHBUFAH. | HAPABIMKAIBIK KYPBLIBIM-
JAPABIH KOIITCTCH MAPAMCTPJICPIH CCKEPE OTHIPHII, CSPIiHAL TOJKBHHBIH MAKCHMAIIIBI TCHICHIH CCeNTCY alrOPHTMI
TYKBIPHIMIATFAH. O3IPJICHICH ANTOPUTMHIH TEOPEMa TYPIHICTI >KHHAKTBUIBIFBI JanenacHal. byn omic konmaHbic-
Ta¥sl (POPMYTATAPMEH CAJIBICTBIPFAH/IA YIKCH IMPAKTHKAJIBIK OaFrbITKA HE.

Java Timi Oeret OY3BUTBICHIHBIH OCCPIH OODKAyFa apHAIFaH OarmapiaManbIK-anmapartelk kemerai (BAK)
JKy3ere aceIpabl. O Keeci MOy TBACPACH TYPATbL:

1) 6erer OaraHACBIHIAFHI CY ACHTCHI, BUFAIIBUIBIFBI MCH TEMIIEPATYPACHI TYPAJIbI aFBIMIAFHI AKMAPATTHI ATy Fa
JKOHE XKiIOepyTe apHATFaH MOIY B,

2) GereTTiH Oy3bLTy KayIIi TyPabl TYPAKTHI KOHE KEAC AKIAPATTH OHACYTC apHATFAH MOIY JTIb (CEPBEP);

3) O6ereT OY3BUIBICHIHBIH 9CCPiH OOJIKAYFA aPHATFAH MOIY Tb.

Mopaenpaik ecenTi MICIIYAiH HETI3H/C d3IPICHICH alnapaTThIK-0aFIapIaMaiblK KeICHHIH THIMALTII KOPCEeTi-
reH. Moaenpaik eCenTiH MpaKTHKAIBIK Heri3i perinae Kazakcran PecryOmmkacsr AmMarhl 0OTBICHHBIH KpI3bTaram
aybUIBIHIA OOJFAH amaTThl OKUFA AJIBIH/IBL

Tyiiin cezaep: MaTeMaTHKAIBIK MOJCIBICY, Cy Oacy, Oerer, Oy3y, CEpHiHII TOJKBIHAAP, CY PECYPCTaphl, CY
JICHT eI, THAPOTEXHUKAIBIK KYPBLIBIM, aIlllIapaTThIK-0aF1apIaMablK KEIICH.
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MATEMATHYECKOE MOJAEJHPOBAHUE NPOI'HO3NPOBAHUA
MNOCJIEACTBUU ITPOPBIBA JAMBbI

AnnoTtamust. CTarss MOCBAMICHA pa3pabOTKe MAaTEMATHIECKOH MOJICITH MTPEAY PEKACHUS TPOPBIBA IIIOTHHBI U
TIPOTHOZHPOBAHUIO BO3MOSKHBIX €TO MOCICACTBHIL. TakmM 0Opa3oM, HA OCHOBAHHH MPOBEACHHOTO AHANM3A PA3IH-
HBIX CYIIECCTBYIOIINX METOJO0B OBbLTH C(POPMYy TMPOBAHBI IIEITh M OCHOBHBIC 33/1a4H HCCIICAOBAHUH, HAIPABICHHBIX HA
Pa3paboOTKy MCTOAWKH TMPOTHORHPOBAHHUA THIPOAMHAMHYCCKOW aBapHH KAK YPC3BBMAWHON CHUTyarmu. B maHHOM
HCCICAOBAHUH IPOBEICH AHAIN3 CYIICCTBYIOIIMX METOAOB PEIICHWH M (DOPMYIMPOBKA 3374a4¥ HCCICIOBAHMSL.
[Ipoanamm3upoBana 3a1a4a W BBIIBICHBI OCHOBHBIC ITPOOJIEMBI, KOTOPbIE MOTYT BOZHHKHYTh B XOJ€ €€ PCIICHH.
[TpuBeneHa oOmas XapakTepuCTHKA MPOOJEMbI W MOCTAHOBKA 33734 HCCICAOBAHWA. BBIIEICHBI JOCTOMHCTBA H
HEOCTaTKH OIMCAHHBIX METOIOB. BBINONHEH CPAaBHHUTCIBHBIH AHANIH3 HM3BECTHBIX METOJOB A1 KOMILICKCHOTO
aHamM3a, MPOTHOZMPOBAHWS MOCICACTBUHA HPE3BBHMMAMHBIX CHTYAIHMHA IPHUPOJHOTO M TEXHOTEHHOTO Xapakrepa C
MIPUMCHEHHEM COBPEMEHHBIX TEXHOJIOTHH MAaTEMATHYECCKOTO MOJCIHUPOBAHNS M BHIMHCIUTEIFHOTO SKCIIEPHMEHTA C
OTOOpPAKCHUECM PE3YIBTAaTOB B reorpa)uicCkoil MHOOPMAIMOHHONH CHCTCME M HCCIICIOBAHHC MATCMATHUYCCKOM
MOJICITH IIPOPBIBA JAMOBI.

Pa3paborana aBTOHOMHAs MHKPOKOMITBIOTCPHAS CHCTEMA IEpEadvd KIMMATHYCCKHX JAHHBIX, TPHBEIACHA
00Imast XapaKkTepUCTHKA M IIOCTAHOBKA 3aJa4H IIPOTHOZHPOBAHUS (DAKTOPOB MPOPHIBHBIX BOJH B PEATbHOM MACINTa-
6¢ BpeMeHH. ABTOHOMHAS ITOICHCTEMA YHEPTOCHAOKEHIS IUISI CIY THUKOBBIX CHCTEM TIEPEIAvH JAHHBIX BKIFOYACT B
ccO KOMIUICKC 000pYI0BaHHA, (DYHKIHH KOTOPOTO B3aKJFOYAIOTCS B BBHIPAOOTKC W HAKOIUICHWH JHCPTHH UL
MOCIIEAYIOIIETO €T0 HCHONB30BAHMA B LEISIX OOCCICUCHHUS JICKTPONUTAHMSA OOOPYIOBAHHSI MEPEAad JAHHBIX.
O0opyaoBaHNC H3MCPCHUH YPOBHS BOIABI MOXKST OBITH Pa3tuyHbIM. 11 o0ectieucHna ()Y HKIIHOHHPOBAHHUS CHCTCMBI
H3MEPHUTEILHOE 000PYI0BAHUE OYJCT COMPATATHCS C MOACHCTEMON IIepeaui JAHHBIX W MOACHCTEMON SHeproodec-
neucHUA. CONMPHKCHIC YKA3AHHBIX CHCTEM MO3BOJUT OCYIICCTBIATE MOHHTOPHHT YPOBHS BOJBI B MOPCHHBIX 03¢paXx,
PacTONIOKEHIE KOTOPBIX SIBISIETCS KpPAaWHE TPYIHOAOCTYNHBIM. TEXHHYECKHE CPECTBA, M3MEPSIOLINE YPOBCHb
BOJIBL, JOJDKHBI OBITh CIIOCOOHBI MOJy4aTh JAHHBIC C JATUHKOB C PA3IUYHON MEPHOAMYHOCTHIO. Hakarummeaembie
JAHHBIC Oy YT MCPSAAaBATHC B CHTYAI[HOHHBIC LICHTPHI H UCIIOIb30BATHCA CIICHHATBHBIMHE CTy>KOAMH I MPOTHO3H-
POBaHMS BO3MO>KHBIX TABOJKOB M HABOJAHCHHH, ITOJCYETA PACX0AA BOABI H B MPOYMX IICTIIX.

[TpoanammM3upOBaHBI XAPAKTEPUCTUKH IIJIOTHH, BO3MOXKHOCTH COBPEMEHHBIX CHCTEM KOHTPOJISL, OCHOBAHHBIX HA
TIPUMECHEHUE MHKPOIIPOLIECCOPHOH TEXHHUKH.

Pa3zpaborana MaTeMaTHIECKasi MOJCITh MOHHTOPHHTA COCTOSIHHUS BOAOXPAHWIINING, HA OCHOBE KOTOPOH peaim-
30BaH aMNapaTHO-MPOrPAMMHBIH KOMIUIEKC ONIEPATHBHOIO OMOBEIICHUS 3AMHTEPECOBAHHBIX OpraHM3alMi (aKuMa-
TOB) U MCCTHBIX moapasacicHuit UC. [IposeaéHHbBIN aHAN3 TMO3BOIACT CACIATH CICAYIOIIHC BHIBOIBI, PALHOHAJB-
HBIM CHOCOOOM IPOTHO3MPOBAHMS MOCICACTBHH BO3MOXKHBIX THAPOAWHAMHYCCKUX ABAPHI SIBILICTCS NMPUMCHCHHC
CYIICCTBYIOIHNX HMHUTAHOHHBIX MPOTPAMMHBIX HHCTPYMCHTOB HA OCHOBC AHAMTHUCCKIX MOACIICH.

BbInonHEH CpaBHUTCIBHBIN AHANINW3 W3BECTHBIX METOAOB I KOMIUICKCHOTO AHANM3a, MOJACIMPOBAHUSI H
mporHO3upoBaHus mociaeAcTBri YC mpHpoIHOTO TEXHOTEHHOTO XapaKTepa C MPUMEHEHHEM COBPEMEHHBIX TEXHOJIO-
THH MAaTEMAaTHICCKOTO MOJCIHPOBAHIS M BHIMUCIHTEIFHOTO SKCIICPHMEHTA C OTOOPAKEHUEM PE3yIbTaTOB B TEOTPa-
(rraeckofi MHOOPMATMOHHOW CHCTEME M HCCICIOBAHHEC MATEMATHHECKOH MOACTHM IpopbiBa AaMObL. OIHMCaHbI
pa3MYHBIE MATEMATHYCCKUE MOJCTIH, METObI M AJITOPUTMBI [IJISI IIPOTHO3HPOBAHMUS TIOCIICACTBHI HABOJHCHHH.

[Mpennoxkena MATCMATHYCCKAS MOICITH MPOTHO3HPOBAHUSA MOCACACTBHN MPOPHIBA MIOTHHEL CHopMyHpOBaH
AITOPUTM BBIMHCJICHAS MAKCHMAJBHOTO YPOBHA BOJIHBI MPOPBIBA, YUHTHIBAKOIIHN MHOXCCTBO HMAPAMCTPOB THAPO-
TCXHHICCKUX COOPYKCHHUH. JI0Ka3zaHAa CXOAUMOCTH Pa3pab0TAHHOTO ANTOPHTMA B BHIAC TCOPSMBI. JIAHHBIH METOZ
HMEET OOMBIIY IO MPAKTHHUECKY IO HAIPABJICHHOCTH IO CPABHEHHUIO C MMCIOIMMUMUCS (opMy TaMH.

Ha s3pike Java peannzoBaH anmapaTHO-TPOTPAMMHBIN KOMIUIEKC MOHHTOPHHIA M IPOTHO3MPOBAHHUS ITOCIEI-
CTBUH MPOPBIBA IUIOTHHBI, COCTOANIMH U3 CICAYIOIMX MOAYJICH: 1) MOAyTh MONYyYCHUS W MEPEeJavd TCKyHeH HH-
(opMmarmu 00 YPOBHE BOIBL, BIAKHOCTH H TEMIICPATYPHI HA TPCOHE IIIOTHHEL, 2) MOAY Tb 00PAOOTKH MMOCTOSHHOHN 1
OoTepaTHBHOW HWH(OpMALMH 00 YTPO3¢ MPOpPHIBA IUIOTHHBEI (CEPBEP); 3) MOAYJH MPOTHOZHPOBAHHA TOCICACTBHI
TMPOPHIBA IJIOTHHEL
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