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NAS RK is pleased to announce that News of NAS RK. Series of geology and technical
sciences scientific journal has been accepted for indexing in the Emerging Sources Citation
Index, a new edition of Web of Science. Content in this index is under consideration by Clarivate
Analytics to be accepted in the Science Citation Index Expanded, the Social Sciences Citation
Index, and the Arts & Humanities Citation Index. The quality and depth of content Web of
Science offers to researchers, authors, publishers, and institutions sets it apart from other
research databases. The inclusion of News of NAS RK. Series of geology and technical
sciences in the Emerging Sources Citation Index demonstrates our dedication to providing the
most relevant and influential content of geology and engineering sciences to our community.

KaszakcmaH Pecniybnukacel ¥immbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonozausi xoHe
MmexHUKarbIK FbiribiMOap cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfFaH Hyckachl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapsaldel. byn uHdekcmerny
b6apbiceiHOa Clarivate Analytics komnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke kabbinday maceneciH
Kapacmbipyda. Webof Science sepmmeywinep, aesmopnap, 6acnawhbinap MeH MekeMmesriepee KOHmMeHm
mepeHdiei MeH canacbiH ycbiHalbl. KP YFA Xabapnapbi. [eonoeusi XeHe MeXHUKasbIK fblibiMOap
cepusicbl Emerging Sources Citation Index-ke eryi 6i30iH KoramOacmbiK YWiH eH e3ekmi xoHe 6edesnodi
2e0/102Us1 XKoHe mexHUKarbIK FbliibiMOap 6olbiHWa KoHmeHmke adanobifbiMbi30bi 6indipedi.

HAH PK coobuwaem, 4mo HayuyHbll xypHan «Mseecmuss HAH PK. Cepusi 2eonoauu U mexHu4eckux
Hayk» 6bin npuHsam 0ns uHlekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web
of Science. CodepxaHue 8 amom UHOeKcuposaHUU Haxodumcsi 8 cmaduu pacCMOMmpeHUs: KoMmrnaHuel
Clarivate Analytics Ons OanbHelweao npuHsmus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadyecmeo u eanybuHy KoHmeHma Ons uccriedosamesiel, asmopos, u3damesiell U y4pexoeHudl.
BkriroueHue Uzsecmusi HAH PK. Cepusi eeonozuu u mexHudeckux Hayk 8 Emerging Sources Citation
Index demoHCmMpupyem Hawy rnpueepXxeHHoCcMb K Hauboriee akmyarnbHOMY U 8/IUSIMEsIbHOMY KOHMeHmy
10 2e0/102UU U MeXHU4YeCKUM Haykam Oris Hauleeo coobwecmsa.
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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 hydroelectric complex parameters and the conditions of
propagation of a breakthrough wave in the downstream most significantly affect the hy,,, values: reservoir
volume before the accident (W, q¢er), reservoir depth at the dam before the accident (Hg), roughness of
the upstream wall (ng), the amount of opening of the gap (Byqp), 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:
H0,98n0,02Q0,05
hpax = Z,SIW ()

water

The limits of applicability of formula (1) are indicated: reservoir volume (W, 4terr) — from 50 to
5000 thousand m’; depth of water upstream of the dam (Hy) — 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 (Byqp),

2) the volume of the reservoir before the accident (W, 4¢¢-) is 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 \-013
hinax = 0,34H, () @)
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As a disadvantage of the formula (2), it should be noted that it does not use such important
parameters of the hydraulic structures as the reservoir volume before the accident (W, 4¢¢r), the amount of
opening of the gap (Bgq,). This fact greatly narrows the applicability of this formula.

To correct these shortcomings, the article proposes the following approach.

The maximum depth h,, ., is sought in the form

— 51 021A703
himax = 0Bek, Ho?W,

gap water

L% 3

In the formula (3) all the coefficients a; > 0,i = 0, 4.

Let n = 4 be the number of information parameters of hydraulic structures that affect the size of the
breakthrough wave; x = (x, ..., X,,) — the vector whose components characterize the hydraulic structures.

For the convenience of further calculations, we will accept

Y =hpag =1, x; = Bgap; Xy = Hy; x3 = Wyater; X2 = L.
We introduce the following designations:
m-— the number of versions (situations); X;; — the value of the i-th parameter in the j-th version, where
i=0n,j=Tm
Y; — maximum breakthrough wave depth in the j —th situation, where j = 1, m.
Then formula (3) can be rewritten in the form:

Y = ag * (ITi=q x¢ %) *x, ™ 4)

Formula (4) corresponds to the optimization problem, where the coefficients a;, are unknown, which
determine the influence of the k—th information parameter on the overall result.
We will take the logarithm of the expression (4):

In(Y) = ag + Zi=1 ax InCer) — agln(xy) (5)
The coefficients ajcan be found from the minimum condition for the functional
2
S = ;-Zl(ln(Yj) —ayg—Yi_ ln(ij) + a4ln(X4j)) (6)
We introduce the set
A={0<aqa; <10} (7)

It is easy to show that A is a convex closed set in R™ space.

The algorithm for finding the coefficients of functional (6).

Step 1. The minimum of functional (6) is found by the least square method, by reducing to a system
of linear algebraic equations of the form

Cp = d,
where C — (n+1)*(n+1) — the matrix, d — (n + 1) — the vector made up of values
ln(Yj),ln(ij),k =0,n,j=1m.

If all elements of the vector §; > 0,= 0,7, then we take a; = B;, i = 0,n and go to step 5.
Step 2. Denote by a]* the n-th approximation for calculating the coefficient a;.
As a zero approximation, we select

_(Bi,ifpi >0
alp_{é',ifﬁi <0’

Here € > 0 — is a sufficiently small number.
Step 3. The minimum of the functional (6) is defined on the set (7).
Let's build an iterative process

o+t =11, (af = 1,5 (@) ()
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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 ol = S @) = Jps (af — yS (af™))

or in the process of splitting the step.

Step 4. Discrepancy is sought r = min; (abs(ozl-"+1 - a?)).

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 {@]'} 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:

Bmax = 1,34 + Ho ™ Byoyy Wy ** 1714 ©)

In the formula (9), the volume of the reservoir (W,,q¢er) is measured in millions of m’; the water
depth in the upstream wall of the dam (Hy) is in m;the amount of opening of the gap (Byqp) — 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 5 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(zrll)evel Temperature | Precipitation | Securitylevel Watc(e(r:};g;ume Time (tl(;o(;\;;:rﬂow
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 31250,0 13.75
13.00 13.5 14 3 31 500,0 13.50
13.30 13.25 14 3 31750,0 14.25
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Table continuation

1 2 3 4 5 6 7 8
14.00 13 15 3 32 000,0 13
14.30 12.75 15 3 32 250,0 12.75
15.00 12.5 15 3 32 500,0 12.50
15.30 12.25 14 rain 3 32 750,0 11.75
16.00 12 14 rain 3 33 000,0 11
16.30 11.25 14 rain 3 33 750,0 10.25
17.00 10.5 13 rain 3 34 500,0 9.30
17.30 9.75 13 rain 3 35250,0 8.75
18.00 9 13 rain 3 36 000,0 8
18.30 8.25 13 rain 3 36 750,0 7.25
19.00 7.5 12 rain 3 37 500,0 6.50
19.30 6.75 12 rain 3 38250,0 5.75
20.00 6 11 rain 3 39 000,0 5
20.30 5.25 11 rain 3 39 750,0 4.25
21.00 4.5 10 rain 4 40 500,0 3.50
21.30 3,75 10 rain 4 41 250,0 3
22.00 3 9 4 42 000,0 2.50
22.30 2,5 9 4 42 500,0 2
23.00 2 9 4 43 000,0 1.50
23.30 1,5 8 4 43 500,0 1

12/03/2010 00.00 1 8 4 44 000,0 0.50
00.30 0,5 7 4 44 500,0 0
01.00 0 7 4 45 000,0 0
01.30 0 6 4

Figure 1 shows an hourly chart of the reservoir occupancy. As can be seen from table 1 and the graph
in figure 1, the akimat (local administrations) and emergency authorities would have been alerted at 21.00
on March 11. According to the forecast time was still 3.5 hours before the tragedy. Victims could have

been avoided.
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Figure 1 — Graph of fillability of a reservoir
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Based on the formula (9), the situation was simulated in Kyzylagash village. Figure 2 shows a
kilometer-long graph of the passage of a breakthrough wave.

¥ Figure No. 1 - O *
File Edit View Inset Tools Window Help

De”d&E NAAA/7 220

Sistema

12

10

Figure 2 — Graph of maximum breakthrough wave in Kyzylagash village

As can be seen from the Figure, the wave of breakthrough came to Kyzylagash village reached a
height of 4.5 meters. In Eginsu village, 16 km from the dam, the wave reached a height of about one
meter.

Conclusion. This article has developed a mathematical model of monitoring the state of the reservoir
and predicting the consequences of a dam break.

The model problem (events that took place in Kyzylagash village of the Almaty region of the
Republic of Kazakhstan) shows the effectiveness of the developed mathematical model of predicting the
consequences of a dam break.

The tragic events in the spring of 2010 in the Almaty region and in 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 hydraulic structures with modern control and measuring devices, equipment and means to
improve the safety of operation.

The practical significance of the work is to develop a system that provides current and forecast
information that contributes to the correctness of decision-making at the territorial or republican level.
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BOTI'ET BY3bLJIBICBIHBIH CAJIIAPBIH BOJIKAY JIbIH MATEMATHUKAJIBIK MOJIEJII

AnHoTanmsi. Maxkana OererTiH Oy3bUIyblHa »OJI OepMey >OHE OHBIH BIKTUMall calJapblH OOJDKayablH
MaTeMaTUKAJIBIK MOJIENIH »acayra apHanraH. OcbuUlaiiliia KOJJAHBICTaFbl SpTYpJi SicTepAi Tanjay Heri3iHue
THIPOJMHAMHKAJIBIK araTThl TOTEHINE >Karaai periHae Oopkay oiCTepiH jkacay YIIIH 3epTTeyIiH MakcaThl MEH
HETI3Ti MIHAETTepi TYKBIPBIMAANIbL. Byl jKyMpICTa MICHIIMHIH KOJIAHBICTAFBI OJICTEpiHE Talmay XKoHE 3epTTey
MaKcaTTapblHA TYXKBIPBIM JKacajbsl. Macerne TajlaHbIl JKOHE OHBI IIeIly OapbICHIHIA TYBIHIAYbl BIKTUMAJ HErisri
npobiemManap aHbIKTaNFaH. MoceNeHIH Kalllbl CHUIIATTaMachl )XOHE 3epTTey MaKCaTTApBIHBIH TYXKBIPBIMIAMACHI
kenripinren. CumarTagrad OICTEPAiH APTHIKIIBUIBIKTAPEI MEH KEMINLIIKTepl KepceTUreH. MaTeMaTHKaIbIK
MOZENBACYAIH 3aMaHayd TEXHOJOTHSIAPBIH JKOHE €CENTey HOTIXKENepiH reorpadisuiblk aKHmapaTThIK JKyhene
KepceTyMeH Karap Oerer Oy3bUIBICHIHBIH MAaTeMaTHKAJbIK MOJENIH 3epTTEYMEH ecenTey TaKIpuOeciH KouiaaHa
OTBIPBIN, KEIICHII TalfayAblH, TAOUFU JKOHE TEXHOTCHIIK CHIIATTAarbl TOTCHINC JKaFdai caliapbhiH OOJIKayIbIH
Oenrini aicTepiHe caNbICTHIPMAIIBI TaJJIAY JKaca/Ibl.

KnuMaTThIK ManiMeTTepAl TapaTyFa apHajFaH aBTOHOMIbI MUKPOKOMIIBIOTEPIIIK JKYHe jKacajibl, HAKTBI yaKbIT
PEeKUMIHAE CepHiHJI TOJKBIH (pakTopiapblH O0JDKay MAOCEJIECIHIH JKallbl CHIATTaMachl MEH MIHJETI KeNTipiireH.
XKepcepikTik gepektepai Oepy kyieciHiH aepOec 3IIEKTpMEH Ka0AbIKTay KYHEeCiHe KeJeci SHEPTHSHbI Maliaanany
YIIiH 3HEPTUs OHAIPYTre KOHE >KMHAKTayFa KipeTiH >kaOmpIkTap kemieHi kipemi. Cy neHreii emmey >kaOapIKTapbl
oprypai Gomyer mymkin. JKyiie KBI3METiH KaMTamachl3 €Ty YIIiH eIlley Kypalmgapbl AepeKrepnai OepymiH imki
JKYHECIMEeH JKOHE SIIeKTPMEH JKaONBIKTay KyheciMeH OaitmaHbIcTHIpUIanbl. KepceTinreH »xyienepai OipikTipy
OpHaJIacybl KYpJeni e3eH KemiHJeri cy JeHreiin Oaxpuiayra MyMKiHIiK Oepeni. Cy AeHreiliH enmenTiH »xabpIK
TYpJIl KEe3eHIIK CEHCopiiapJaH MaJiMeTTepil aiaybl Kepek. JKHHanFaH MOJIIMETTEp CHTYalHsJIbIK OpTallbIKTapra
ki0epiin, apHailbl KbI3METTEp BIKTHMAJ CY TACKBIHBI MEH CY TACKBIHBIH 00JIXKay, CY IIBIFBIHBIH €CENTeY JKOHEe 0acKa
MakcaTTap YIIiH maiaaaaHabl.

BererrepaiH cumarTamagapbl, MUKPOITPOIECCOPIIBIK TEXHOJIOTHUAHBI KOJIaHyFa HETI3[ENITeH Ka3ipri 3aMaHFbl
Oackapy xylenepiHiH MyMKIHIIKTEpi TajlgaHa bl

Cy KONMAacChIHBIH >KarfaiblH OaKpUIayJblH MaTeMaTHKaJbIK MOJENI >Kacaypbl, OHBIH HETI3iHAe MYIueli
yibIMaapabl (SKIMIIKTEp) JKOHE JKEprulikTi TeTeHIe >karmail OexiMIepiH »kenen xabapray YIIH amnmapaTThiK-
OarmapiaMalbIK KelleH eHri3unmi. Tamnay kenecifeldd KOPBITBIHIBI jKacayFa MYMKIHIIK Oepeii: MYMKIH THIPOIH-
HaMUKAaJBIK anaT calJapblH OOJDKayIbIH YTHIMABI 9ici — aHAIUTUKAIBIK MOJEIbIEpre HeTi3AeNreH KOJIIaHbICTaFbI
MozeIbIey OaFiapiaMaiblk KYpaiblH Naiganany.

MareMaTuKajiblK MOJEIbICY MEH eCelTey SKCIIePHMEHTIHIH 3aMaHayd TEXHOJIOTHSIAPBIH MaiijaaaHa OTBIPHIIL,
TaOMFH TEXHOTCHAIK CHIIATTarbl TOTEHILIE JKaFlai caliapbliH KelIeH i Talaay, MoJelbey JKoHe GomKayIbIH Oenriii
o/licTepiHe CalbICTBIPMAIIBI TAAY KYPTi3UIil, HOTHKENEPl Ie0aKapaTThIK XKYyHeae KopceTe OThIPBII KoHe 0erer
OY3bUIBICHIHBIH MaTeMaTHUKaJIBIK MOJIETIHE 3epTTey Kypri3ingi. TackblHHBIH cangapblH OOJDKayAbIH TYpJIi
MaTeMaTUKaJIBIK MOAEIbEP1, 9MICTEPl MEH allTOPUTMAEP] CHIIATTAJIFaH.

Berer Oy3bUIBICHIHBIH 9CEpiH OOJDKAyJblH MaTeMaTHKAJIBIK MOJEN YCHIHBUIFaH. | MIpaBIMKaNbIK KYPbUIbIM-
JIap/IbIH KOITereH napaMeTpiIepiH eCKepe OTHIPBII, CEPIiHl TOIKBIHHBIH MaKCHUMaJIAbl ICHI€iiH ecenTey aaropuTMi
TYKBIPBIMJAJIFaH. O3IpJICHIeH aJrOpUTMHIH TeopeMa TYpiHJeri >KUHAKTBUIBIFBI Janenaenai. by amic KommaHbic-
Tarbl (hOpMyJIaJlapMEH CaJBICTBIPFaH/a YIKEeH NPaKTHKAIbIK OaFbITKa He.

Java Timi Gerer OY3BUIBICHIHBIH OCepiH OoJDKayFa apHairaH Oarnmapiamaibik-anmapartelk kemreHai (BAK)
Ky3ere aceipabl. O KeJeci MOIyIbAepIeH TYPaIbL:

1) Gerer GaraHackIHIAFBI Cy JEHIEHi, BUIFAIIBUIBIFEl MEH TEMIIEPaTyPachl Typalibl aFbIMIaFbl aKIapaTThl aryFa
KOHE )Kibepyre apHaJIFaH MOIYJb;

2) GereTTiH OYy3bLIy KayIli Typasbl TYPAaKThI )KOHE XKeZlesl aKIapaTThl OHIEYTre apHaJIFaH MOJYJIb (CepBep);

3) Gerer OY3bUIBICBIHBIH dCEPIH OOJIKAyFa apHAIIFaH MOYJIb.

Mopernpik ecenTi MIelIyAiH Heri3iH/e 931pJieHreH anmaparThlK-0araapiaMaiblK KelIeHHIH THIMIUIITT KepceTi-
reH. MoJienbiiK ecenTiH MpakTUKaJbIK Heri3i perinae Kasakcran Pecnybnukacel Anmatbl 00IbIChIHBIH KbI3bUTarar
AyblIbIHIA 6OHFaH allaTThl OKUra ajJbIH/bI.

Tyiiin ce3mep: MaTreMaTHKaJIBIK MOJEIBILY, cy Oacy, Oerer, Oy3y, CEpIiHAlI TOJIKBIHAAD, CY PEeCypcTapsl, Cy
JIeHIelii, THPOTEXHUKAIIBIK KYPBUIBIM, alllapaTThIK-OaF1apiIaMaliblK KeIIeH.
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MATEMATHUYECKOE MOJEJIMPOBAHHUE ITPOT'HO3NPOBAHUS
MHOCJEJCTBUI TPOPBIBA JIAMBbI

AnHotanust. CTaThs [OCBsIIEHa Pa3padOTKe MaTEMaTHYECKOW MOAEIH NPEIyPEXICHUS TIPOPHIBA TUIOTUHBI U
MIPOTHO3UPOBAHUIO BO3MOXKHBIX €r0 MociecTBUi. TakuM 00pa3oMm, Ha OCHOBaHWM MPOBEJICHHOIO aHaIu3a pa3iny-
HBIX CYIIECTBYIOIIMX METOJIOB ObUTH c(hOPMyIMPOBaHBI 1IENIb M OCHOBHBIE 33/1a41 MCCIIEI0BaHU, HAlpaBJIeHHBIX Ha
pa3paboTKy METOAMKH ITPOTHO3UPOBAHUS T'MIPOJMHAMHYECKOM aBapHM Kak 4Ype3BbIYaliHON cuTyauuu. B maHHOM
WCCJIEOBAaHUN IPOBEJCH aHAIN3 CYLIECTBYIOIIMX METOJOB pEUIeHWH M (OpPMYJIHPOBKA 3aqad HCCIIEOBaHMS.
[Tpoananu3npoBaHa 3a/ada M BBIIBICHBI OCHOBHBIC IPOOJIEMBI, KOTOPbIE MOTYT BOSHUKHYTh B XOJ€ €€ PEIICHHS.
ITpuBenena oOmiasi xapakTepUCTHKA MPOOJIEMBI M IOCTAHOBKA 3ajad HMCCIEAOBAHUS. BblieneHsl JOCTOMHCTBA W
HEJIOCTaTKN OMMCAaHHBIX METOJOB. BBINONHEH CpaBHHUTENBHBIH aHAIN3 HM3BECTHBIX METOMOB JISI KOMIIJIEKCHOTO
aHaJM3a, MPOTHO3HMPOBAHUS IMOCIEACTBUM YPE3BBIUAMHBIX CHUTYallMd IPHUPOJHOTO M TEXHOT€HHOTO XapakTepa C
IIPUMEHEHHEM COBPEMEHHBIX TEXHOJIOTHH MaTEMaTH4eCKOr0 MOJCIHUPOBAHNS M BBIYMCIUTEIBHOTO SKCIIEPUMEHTA C
0TOOpaKEHHEM pe3yIbTaToB B reorpaduueckoil MHGOOPMALMOHHON CHCTEME M MCCIIEIOBAHHE MaTEMaTHYECKOMH
MOJIETIH TIPOPbIBa JaMOBbI.

Pa3pa60TaHa ABTOHOMHAasd MHUKPOKOMIIBIOTECpHAasA CHUCTEMa IE€pe€aadr KIUMMATHUYCCKUX [JaHHBIX, IMPUBCACHA
o01asi xapakTeprCTHKa M IIOCTAHOBKA 331a4M ITPOTHO3UPOBaHUs (haKTOPOB NMPOPHIBHBIX BOJH B peajlbHOM MacIlTa-
0e BpeMeHH. ABTOHOMHAsI ITOJICKICTEMa YHEPIOCHA0KEHNUS /ISl CITYTHUKOBBIX CHCTEM Iepe/iaud JaHHBIX BKIIOYAET B
ce0st KOMIUIEKC 00OpynoBaHUs, (YHKIMM KOTOPOTO 3aKJIIOYAIOTCS B BBHIPAOOTKE M HAKOIUIEHMH SHEPTHH JUIs
MOCJIEAYIOIIET0 €ro MCIOJIb30BaHMS B LENSAX OOECHEYECHUs HIICKTPOIUTaHWs O0OpyIOBaHHS Iepenadd IaHHbBIX.
O6opyznoBaHue U3MEPEHUH YPOBHS BOIBI MOXKET OBITH pa3nudHbIM. 11 obectiedeHns: GyHKINOHUPOBAHKS CUCTEMBI
M3MEpHUTENbHOe 000pynoBaHNE OyIeT CONpsraThesl ¢ HOACUCTEMOM Nepefadyl AaHHbBIX U MOJCHCTEMON Heproodec-
neueHns1. ConpspkeHNe YKa3aHHBIX CHCTEM MO3BOJIUT OCYIIECTBIISITH MOHUTOPHHT YPOBHS BOJBI B MOPEHHBIX 03€pax,
pacIojoXeHne KOTOPBIX SBIAETCS KpalHE TPYAHONOCTYNHBIM. TeXHHUYECKHE CPEICTBA, M3MEPSIOLINE YPOBEHb
BOJIBI, JIOJDKHBI OBITH CIOCOOHBI IONy4YaTh JaHHBIE C JAaTYMKOB C Pa3IMYHON NMEpUOAWYHOCThIO. HakarumBaemble
JaHHBIC 6y[lyT nepeaaBaTbCAa B CUTYallMOHHBIC HEHTPBI U UCTIOJIB30BATHCA CIICIIUAJIbHBIMHA CJ'Iy)K6aMI/l JJIsL IPOTrHO3U-
POBaHUsA BO3MOKHBIX IMTaBOJAKOB U HaBOﬂHeHHﬁ, nojacyeTa pacxoga BOAbLI U B IMPOYUX LCIIAX.

HpoaHaHI/l3I/IpOBaHbI XapaKTCPUCTHUKU TIJIOTUH, BO3MOKHOCTU COBPEMECHHBIX CUCTEM KOHTPOJIA, OCHOBAHHBIX Ha
NIPUMEHEHHE MUKPOIPOLIECCOPHOM TEXHUKH.

PazpaboTtana maremarnueckas MOJEIb MOHUTOPHUHIA COCTOSHHSI BOJAOXPAHMIMIIA, HA OCHOBE KOTOPOH peasu-
30BaH alIapaTHO-IIPOrPaMMHBIH KOMIUIEKC OIEPAaTHBHOTO OINOBEIIECHHS 3aMHTEPECOBAHHBIX OpraHU3aluil (akuma-
TOB) U MecTHBIX moapasneneHnii YC. [IpoBen€HHbIN aHAN3 TO3BOJISIET CHIENATh CICIYIOIINE BRIBOJBL: PaIlHOHAIb-
HBIM CIIOCOOOM NPOTHO3MPOBAHMUS MOCIEACTBHH BO3MOXHBIX THAPOAMHAMUYECKHX aBapUil SIBISETCS MPUMECHEHHE
CYIIECTBYIOIINX NMUTAIIMOHHBIX TPOTPAMMHBIX HHCTPYMEHTOB Ha OCHOBE aHAJTMTHYECKUX MOJIEIICH.

BbInosmHEeH CpaBHUTENBHBIM aHAIM3 HM3BECTHBIX METOJOB Ul KOMIUIEKCHOTO aHaln3a, MOJECIUPOBAHUS H
porHo3uposanus nocneactTsui YC npupoJHOTO TEXHOTEHHOTO XapaKTepa ¢ IPUMEHEHHEM COBPEMEHHBIX TEXHOJIO-
I'Mi MaTeMaTHYECKOTO MOJEIMPOBAHNS U BBIYUCIUTEILHOTO SKCIIEPHMEHTA C 0TOOPaKEHHEM Pe3yIbTaTOB B reorpa-
¢uueckoii MH(MOPMAMOHHOW CHUCTEME M HCCIEeJOBaHHE MaTeMaTH4ecKOW MOZEIHM IpopbiBa AaMObl. OmnucaHbl
Ppa3JIMIHbIC MATEMATHYCCKUE MOJCIIU, METOAbI U AJITOPUTMBI JJId IPOTHO3UPOBAHUA HOCHG[{CTBI/Iﬁ HaBOZlHeHHﬁ.

[peanoxena MaTeMaTH4eckas MOJIENIb IPOTHO3UPOBAHMS TIOCJIEACTBUI TIpOpbIBa IIOTHHBL. CdopMynnpoBaH
ITOPUTM BBIYMCICHUS] MAaKCUMAJIBHOTO YPOBHS BOJHBI NTPOPBIBA, YUUTHIBAIOIIMH MHOXKECTBO IapaMeTpoOB I'HIPO-
TEXHHYECKUX COOpYXeHHH. J[oKa3aHa CXOIUMOCTh pa3pabOTaHHOIO alroOpUTMa B BHJE TeopeMbl. JlaHHBINH MeTon
uMeeT OOJBLIYIO TPAKTHUECKYIO HAIIPABJICHHOCTH IT0 CPAaBHEHHIO ¢ MMEIOIIUMUCS (HOPMyIJIaMH.

Ha s3bIke Java peann3oBaH ammapaTHO-TIPOIPaMMHBIN KOMITJIEKC MOHHUTOPHHTA W MPOTHO3UPOBAHUS TTOCTE-
CTBUI MPOPHIBA TUIOTHHBI, COCTOAIINNA W3 CIEAYIONMX MOIYJeH: 1) MOIyNs MOMYYeHUS U Mepeladn TEeKyIeH HH-
(hopmaiiu 00 ypoBHE BOBI, BI2XXHOCTH M TEMIIEPATYPbI Ha rpeOHE MIOTHHBI; 2) MOYJb 00pabOTKH MOCTOSHHOW 1
omepaTtuBHOW WH(popMammyu 00 yrpo3e MmpopsBa IUIOTHHHEL (CepBep); 3) MOAYNIb MPOTHO3UPOBAHHS ITOCIIEACTBUI
MPOPBIBA IIIOTHHBI.
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