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PE3IOME

Beedenue. Kauecmeo 600HbIX pecypcog a6asemes 8axiCHeuuUM aKmopom o0uecmeeHH020 300p08bs U YCMOUMUE020 pa3eumus sKocucmem. B ycaosusx pa-
cmyuell GHMPONO2EHHOU HAZPY3KU U KAUMAMUYECKUX U3MEHeHUl mpaouyUoHHble Memoobl MOHUMOPUH2A Ka4ecmea 600bl He 6ce20a ek mueHsl, 4mo mpe-
Oyem @HedpeHus UHHOBAUUOHHBIX NOOX00068 HA OCHOBE UCKYCCMEEHHO20 UHMeAIeKma.

Ileab uccaedosanus — paspabomra u anpobayus eubpuoHoll Helpocemesoll Mooeu 045 NPOSHOUPOBAHUS NOKA3amenell Kayecmea 600bl.

Mamepuaavt u memoost. B ucciedosanuu ucnonb308an KOMRACKC NPOZPDAMMHBIX UHCMPYMEHMOo8 Ha naamgopme Python ¢ npumenenuem 6ubiuomex mawuH-
Hoeo oOy4enus (TensorFlow Keras, Scikit-learn, Pandas). [Iposedena npedsapumensras o6pabomxa oanHwix memodamu iForest u unmepnoasyuu Jlaepanca.
Paspabomana opucunanvhas eubpuonas apxumeKkmypa, 006eQUHAOWASL CGEPMOYHbIE HelPOHHble cemu U 08YHanpasaelHvle peKyppenmuvie caou (BiGRU).
Obyuenue modeau ocyuecmensiioch Ha pearvhbix OaHHbIX MOHUMOPUHeA Kauecmea 800bi ¢ uchonvzoganuem 50 snox u 120 epemennvix unmepeanos. Tounocmo
npoeH0306 oyenusanracs no yemoipém mempuxam (RMSE, MAE, MAPE, R?) ¢ nocaedyiowum cpasnernuem ¢ mpaouyuontvimu memooamu ARIMA u SMA.
Pesyasmamot. Pazpabomannas eubpuonas Heiipocemesas mooens NPOOEMOHCMPUPO8aa becnpeyedeHmHy Mmo4HOCMb NPOCHO3UPOBAHUS ¢ KO3 duyuenmom
demepmunayuu R? > 0,995 dnsn karouegvix napamempos kavecmea 600vi. Cpednss owubka npoenoza (RMSE) cocmasuaa 0,0309, umo na 44,5% ayuue pesyns-
mamog oauxcatiueeo ananoea u 6 32,2 paza npegocxodum Kaaccuueckue memoovt. Bpems eenepayuu npoenosa na cymicu énepéo ne npesviuaem 0,83 c. Modeaw
aghpexmuero pabomaem 6 ycao8UsX CMAOUAbHbIX ROKA3aMeneil, 8biA6/55 KAKUesble haKkmopsl, 6AUSIOUUE HA OPMUPOBAHUE KA4eCm8a 800bl.

Oczpanuuenus uccaedosanus. Anaiuz npoeoouncs Ha OanHsix 3a nepuod 2014—2022 ze., umo oepanu4uéaem oueHKy 00A20CPOUHbIX MPEHO08 U IKCMPEMANbHbIX
cobbimuii. dgppexmusnocms modeau chuxicaemes npu Hasuwuu 6onee 5% aHOMANbHBIX 3HAUEHUI U NPONYCKOB 8 UCXOOHbIX OAHHBIX 0e3 NpedsapumenbHoll
obpabomku.

3axarouenue. Pazpabomannas eubpudnas neipocemesas mooenv — IhgheKmusHbwlil UHCMPYMEHM ONePAMUBHO20 NPOCHO3UPOBAHUS U KOHMPOAS KAYeCmad 60-
OHbIxX pecypcos. E¢ npumeHenue omkpviéaem 603MONCHOCMU 015 CO30AHUS CUCIEM PAHHE20 NPeOYRPedcOeHUst 0 ROMEHYUANbHBIX Yepo3ax 045 300p08bs Hace-
JeHUsl, ONMUMU3AYUUU NPOUECCO8 B000N0020MOBKU U PA3PAOOMKU NPEGEHMUBHBIX Mep 3ausumsl 600HbIX IKocUcmeM. Bvicokas mounocms u ckopocme pabomeo:
MoOeau obecneuusarom NPAKmMUUecKyo RPUMEeHUMOCMb 8 PeanbHbIX CUCIMeMAX MOHUMOPUHea UCMOYHUKO8 NUMbe6020 6000CHADNCEHUS!.

Karoueavte caosa: Heiipocemegbie mexnonoeull; Ka4ecmeo 600bl; NPOCHO3UPOBAHUE; 2UOPUOHAS MOOeAb;, MAUUHHOe 00y4YeHUe; 300p08be HACeAeHUsl; BOOHbIe PecypCbl;
8pemenHbie PAdbl; MOHUMOPUHR
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ABSTRACT

Introduction. Water quality is a critical factor in public health and sustainable environmental development. With increasing anthropogenic pressure and climate
change, traditional methods of water quality monitoring are not sufficiently effective, requiring the innovative approaches based on artificial intelligence.
Objective. To develop and test a hybrid neural network model for accurate prediction water quality indicators.

Materials and methods. The study used a set of software tools on the Python platform with the use of machine learning libraries (TensorFlow Keras, Scikit-learn,
Pandas). Preliminary data processing was performed using i Forest and Lagrange interpolation methods. An original hybrid architecture was developed, combining
convolutional neural networks and bidirectional recurrent layers (BiGRU). The model was trained on real water quality monitoring data using fifty epochs and
120 time intervals. The accuracy of the forecasts was evaluated using four metrics (RMSE, MAE, MAPE, R?) and then compared with the traditional ARIMA and
SMA methods.

Results. The hybrid neural network model demonstrated unprecedented forecasting accuracy with a coefficient of determination R’>>0.995 for key water quality
parameters. The mean prediction error (RMSE) was 0.0309, which is 44.5% better than the results of the closest analogue and 32.2 times better than classical
methods. The time required to generate a forecast for the next day does not exceed 0.83 seconds. The model works effectively in conditions of stable indicators,
identifying key factors affecting water quality.

Limitations. The analysis was conducted on data for the period 2014—2022, which limits the assessment of long-term trends and extreme events. Model performance
decreases when there are more than 5% anomalous values and gaps in the original data without pre-processing.
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Conclusion. The developed hybrid neural network model is an effective tool for operational forecasting and control of water resources quality. Its application opens
up opportunities for creating early warning systems for potential threats to public health, optimizing water treatment processes, and developing preventive measures
to protect aquatic ecosystems. The high accuracy and speed of the model ensure its practical applicability in real-world drinking water source monitoring systems.

Keywords: neural network technologies; water quality; forecasting; hybrid model; machine learning; public health safety; water resources; temporal series;

monitoring
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BBenenue

Yucras u 6e3omacHast TIUTheBask BOJAa HEOOXOAMMA JIJIsT 300PO-
Bb#, 0;1aronoayyus Jroaeil U yCTOMYMBOIO Pa3BUTHSI SKOCUCTEM.
B mocnennue mecarunetust mpoGIeMBbl KauyecTBa BOABI 00OCTpPH-
JIUCh B CBSI3U C POCTOM HaceJeHUsI, pacCllMpeHUEM MPOMbIIILIEH-
HOI NesITeIbHOCTU U U3MeHeHueM kiumara [1—3]. AHTpornoreH-
Hasl Harpy3ka Ha BOIHBIE OOBEKTHI ITPUBOIUT K 3HAYUTEIHLHOMY
CHIXKEHMIO OOIIETr0 KayecTBa BOJbl, UTO OOYCIOBIMBAET HEOOXO-
IUMOCTh pa3pabOTKA M BHEOPEHWS] MHHOBALIMOHHBIX ITOAXOI0B
K MOHUTOPUHTY Y TMPOTHO3MPOBAHUIO COCTOSIHUS TUAPOCPENbI,
TIPEBOCXOISIIMX TPATUITMOHHBIE METOIBI TI0 CTETIEHU TOYHOCTH,
HaIEXHOCTU U OTIEPATUBHOCTH TTOTyYCHUS Pe3yIbTaToB [4—7].

B oGnactu mporHo3uMpoBaHUSI KayecTBa BOIbI YK€ HaKo-
TUTCH 3HAYMTEJIbHBIM OMBIT MIPUMEHEHUS METOIOB MAIIMHHOTO
obyueHnusi. MccrnenoBanusi, mpoBea&HHbIE B IMOCIAEIHUE TOIBI,
MOATBEPXAAI0T 3¢HEKTUBHOCTh UCIIOJIb30BaHUS HEPOCETEBBIX
TEXHOJIOTHUIA JJIsI IPOTHO3MPOBAHMSI TTapaMeTPOB KaueCTBa BOMIBI.
PaspaboTraHa cucteMa MpOrHO3MpPOBaHUs B MpoLEcce BOMOMO-
TOTOBKHM C UCIIOTH30BAHNEM MCKYCCTBEHHBIX HEMPOHHBIX CeTei
[8]. OnucaHbl MeTOAbI IPOrHO3UPOBAHMS MHIEKCA KavyecTBa
BOJbl C NMPUMMEHEHUEM aHAJIUTUKU JaHHBIX [9—11], mokazaHo
MpUMEHEHNE HEeipOCeTEeBBIX METOMOB IS OLICHKU YCTOMYUBO-
CTU BOAHBIX PECYpCOB U UACHTU(DUKALIMU 3arpsi3HuTeneit [12—
15]. I1pu 5TOM TpaAULIMOHHBIE METOJBI MOIEIUPOBAHUSI, TAKUE
kak ARIMA (Autoregressive Integrated Moving Average) u SMA
(Simple Moving Average), Mpoa0JIKaloT IIMPOKO UCIOIb30BaTh-
cs, HO UMEIOT OTPaHMUYCHUS B YCIIOBUSIX HEJIMHEMHBIX M HeCTa-
LIMOHAPHBIX Mporieccos [16, 17].

AKTYaJIbHOCTb JAaHHOTO MCC/IEI0BaHUSI O0yCIOBJIeHa HE00XO-
JIMMOCTBIO Pa3pabOTKM TOYHBIX M OIEPATUBHBIX METOIOB IIPOTHO-
3UPOBAHUSI KauyecTBa BOMAbBI, YTO MOXET CYIIECTBEHHO YJIyYIIUTh
CUCTEMY PaHHETO TMPEeayNpeXkICHUS O 3arps3HEHUM, ONTUMU3H-
pOBaTh OIEPaLMOHHBIC TMPOLIECCHI HAa BOMOOYMCTHBIX CTAHIIUSIX
M TIOMOYb B pa3paboTke 3(DGMEKTUBHBIX CTpaTervid yIpaBICHUST
BOIMHBIMU pecypcamu. CyIIEeCTBYIOIME METONBI, OCHOBAaHHBIE
Ha (pusuko-xummyeckux moaeinsax (QUAL, WASP, MIKE, SW AT,
BASINS u np.), xapakTepu3yroTcs BHICOKO CJIOKHOCTBIO U Tpeby-
10T 3HAYUTETHHOTO 00BEMA MCXOMHOM MH(MOPMAIIMH, YTO OTPaHU-
YUBaeT UX IPUMEHEHUE MTPU HeIOoCTaTKe JaHHBIX [18—22].

1lenws uccaedosanus — pazpaboTKa v IpUMEHEHUE MHHOBALIM -
OHHOTO AJITOPUTMA ITPOTHO3MPOBAHUS MMApaMEeTPOB KayecTBa BO-
JIHBIX OOBEKTOB C MCIMOJIb30BaHUEM THMOPUIHON HeipoceTeBO
MOIEeNN, 00eCTIeYMBaIOIIEi ITOBBIIIIEHNE TOUHOCTH ITPOTHO3UPO-
BaHUS U ONEPATUBHOCTU MPUHSTUS PEIICHUI MO YNpaBIECHUIO
BOOHBIMU pecypcaMu IJisi 00ecTieueHUsT 3M0POBbSl HACEJICHUS
1 0€30ITaCHOCTH Cpelbl OOUTaHMSI.

Marepuajbl 1 METObI

BonocoopHsiit 6acceiid p. Oku B Psi3aHcKol 00J1acTH Xapak-
TEPU3YETCsI CJAOXHBIM THAPOTEOJIOTMYECKIUM CTPOEHUEM, OIIpe-
neasiomuM (popMUpOBaHME KayecTBa BOJIbI B palioHe BO103a00-
pa. OKa OTHOCUTCS K YMCITy KPYITHBIX PaBHUHHBIX peK Pycckoit

PaBHUHBI C YMEPEHHO KOHTUHEHTATbHBIM KJIIIMaTOM BOJ0COOP-
Hoil Teppuropun. I'eomopdosiornyecku OacceiftH pacroioXeH
B nipenenax CpeaHepyccKoii BO3BbIIIEHHOCTH U OKCKO-JlOHCKOM
PaBHUHBI, YTO OIpeNeIsieT pa3HOOOpa3re TeOJIOTMUECKUX ITOPO]T
B paspese: YETBEPTUUHbBIC aJUIIOBUATIbHbBIE OTJIOXEHUS (MEeCKH,
CYTJIMHKU, TJWHBI) 3aJIeraloT Ha KOPEHHBIX MOpoaax IOPCKOTO
1 MeJIoBoro nepuoaoB. ['maporpaduyeckas ceTh MpeacTaBlieHa
pa3BuToii cuctemoit nputrokoB (Mokiua, [lHa, TIpoHs), obe-
crieunBatonux 75—80% mpuToka MOBEPXHOCTHBIX BOA. BOMHBI
PeXUM DPEeKM OTJIMYAeTCs BBIPAXXEHHOW CE30HHOCTBIO: BECEH-
HUI TMaBoIOK (ampelb — Mait) ¢opmupyer 65—70% romoBoro
CTOKa IpU MaKCUMaJIbHBbIX pacxomax 3500—4500 m3*/c, MexeHb
(M10JIb — OKTSIOPb) XapaKTepU3yeTcs MUHUMAJIbHBIMU pacxoia-
mu (35—50 M3/c), nemoctaB HaGMOMAETCS ¢ HOSIOPS IO aTIpeib.
I'maporeonornyeckue ycaioBus Bogo3abopa onpenesiiorcs: 0im-
30CThIO 3aJleTaHUsT BOIOHOCHBIX TOPU30HTOB B aJUTIOBUABHBIX
OTJIOXKEHMSIX TIOMMBI (TIEPBBII OT TTOBEPXHOCTH BOJOHOCHBIM
TOPU3OHT Ha IyouHe 3—8 M), UTO CO3AAET YCIOBUS IJII MHTEH-
CHUBHOTO TUIPABINIECKOTO B3aWMOIEUCTBUSI TTOBEPXHOCTHBIX
U MOA3EMHBIX BOA. AHTPOMOTeHHass TpaHC(hOPMALIUS TEPPUTO-
pyuM (JIONST CeTbCKOXO3SIMCTBEHHBIX YTromuii coctaBisieT 68%,
ypOaHU3UPOBAHHBIX Teppuropuii — 12%) mpuBomuTr K dop-
MUPOBAHMIO KOMILJIEKCHOTO THIIA 3arps3HeHMsl ¢ mpeobiana-
HUEM OpTraHWYeCKUX BELIeCTB, COeAMHEHUI a3ora u docdopa.
JlannmagTHass TeTepOreHHOCTh BOmocOOpa M MHTEHCUBHOCTh
CETbCKOXO3SMCTBEHHOTO 3eMJICTIOIb30BaHMS O0YCIOBIMBAIOT
BBICOKYI0O BapHabOeIbHOCTh TUIPOXMMMUYECKMX ITOKa3aTeseit
B 3aBUCHMMOCTH OT I'MAPOJOTUYECKOU (a3bl 1 METEOpOJIOruue-
CKUX YCJIOBHIiA, UTO TpeOyeT MPUMEHEHUS aTallTUBHBIX METOIOB
MMPOTHO3MPOBAHUS KayecTBa BOMIBI ST 00eCTICUeHUSI CaHUTap-
HO-3MMUAEMHUOJOTUYECKOTO OIaronoayyust HaceJaeHus.

Jnst peanuzaniuy HepoceTeBO MoJeny TTPOTHO3WPOBAHMS
napamMeTpoB KadyecTBa BOIbl ObLI pa3paboTaH KOMILIEKCHBIN
MPOTPaMMHBIN MHCTpyMEHTapuii Ha ocHoBe Python ¢ ncmomb3o-
BaHUEM COBPEMEHHBIX OMOIMOTEK MAIIMHHOTO OOYYeHUS ¥ aHa-
nm3a JaHHbIX. OCHOBHAs apXUTEKTypa CUCTEMbI IpeacTaBieHa
Ha puc. 1.

CucremMa COCTOMT M3 HECKOJIbKMX B3aMMOCBSI3aHHBIX KOM-
TIOHEHTOB, O0ECITIEeYMBAIONINX ITOJHBIA UK OO0pabOTKY JTaH-
HBIX, 00YYEHMST MOIEIN U BU3yaIN3alluy pe3yabTaToB. B eBoii
YacTU CXEMbI MPEICTaBICHbI KJIMEHTCKME KOMIIOHEHTBI, OTBE-
yalone 3a GopMUpOBaHUE 3alIPOCOB U BU3YATN3AIIMIO PE3yJIb-
tatoB. [lonb3oBarenbcKuii MHTEp(PEiic, pealM30BaHHBII C MO-
Molbto JavaScript u 6ubaroTeku graphics, Mo3BoJisgeT 3aaaBaTh
napameTpsbl 3anpoca, a PHP-monynb ocymiectsiser o0paboTKy
NaHHBIX U (opMaTUPOBaHME 3ampoca Ui Mepeaaynd B cepBep-
HYIO 9aCTh CUCTEMBI.

CepBepHasl 4aCTb CHCTEMBI, MPEACTaBIeHHAas B MPaBoOii Yya-
ctu cxeMbl, BKiItodaeT B ce0st IIS (Internet Information Services)
kak BeO-cepBep, MySQL DB kak pensunoHHyoo 06a3y naH-
HBIX IJISI XpaHEHUS MCTOPMUYECKHX NAaHHBIX O KauyeCTBE BOIbI
u Python-Monynb, oTBeuaIMii 32 OCHOBHYIO 00pabOTKY JdaH-
HBIX U IIPOTHO3MPOBaHME.
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Puc. 1. ApxuTekTypa cucTeMbl HEPOCETEBOTO NPOrHO3MPOBAHNS KA4€CTBa BObI.
Fig. 1. System architecture of the neural network prediction of the water quality.

BzauMoneiicTBue MeXIy KIMEHTCKOM M CepBEpHOM YacTs-
mu obecneunBaeTcsi yepe3 REST API, uro mosBossieT rubko
HacTpanBaTh OOMEH HAHHBIMU M OOeCIieYMBaTh MacIITabupye-
MOCTb CUCTEMBI. Python-monyJib, peaausyonimii HepoceTeBYIO
MOJIeNTb, UCTIOB3YET CIICAYIOIINe OUOINOTEKN.

1. Pandas nis 3arpy3ku, OYMCTKM U MpeIBapuTEIbHON 00-
paboTKU JaHHBIX. B mpoliecce MoAroToBKY NaHHBIX MPUMEHSLIICS
meto iForest IS BBISIBJIEHUST aHOMAJIBHBIX 3HAUYEHUI B MacCH-
Be JaHHBIX O Ka4eCTBE BOIbI Xx * m (Tae n = 9 mapaMeTpoB Kave-
cTBa Boabl, m = 1360 rpynn gaHHBIX). BEISIBIEHHBIE aHOMATUU
3aMEHSUTUCh Ha TMYCThle 3HAaYeHUsI, KOTOPbIe BITOCIEACTBUU 3a-
MOJIHSUIMCh METOIOM MHTeproJsaiuu JlarpaHxa.

2. Scikit-learn mnas AONMOAHUTENBLHONW OOPAOOTKM NAaHHBIX
¥ OLIeHKM Moneiau. Ha stame pacmpeHMs] JaHHBIX TTPUMEHS-
JIUCh:

* METOIl YCPETHEHUST B CKOJIB3SIILIEM OKHE (pa3Mep OKHa paBeH 6)

1T DOPMUPOBAHMSI HAO0PA CKOJB3AIINX CPeTHUX Zn * (m — 1);

* TEXHOJIOTYS aHaIu3a IJ1aBHbIX KOMIOHEeHT (PCA) 151 yMeHb-

IIEHUST pa3MEPHOCTU TaHHBIX U COXPAHEHUS NBYX TJIaBHBIX

KOMITOHEHT P2 - m.

3. TensorFlow Keras 2.2.0 nas nmoctpoeHusi U 00y4eHUs
TUOpUIHON HEWPOCETEBON MOIEIN. APXMTEKTYpa MOIEIH
BKJIIOYAsa:

* cJI0ii 00pabOTKU BXOMHBIX MaHHBIX [Zn *+ (m — 1), P2 - m,

Xn - (m—1)];

* JIBa CKPBITBIX CJIOSI TJIYOOKOI CBEPXTOUHON HEHPOHHOM CeTU

IUTSI BBISIBJIEHUSI TPOCTPAHCTBEHHBIX MATTEPHOB;

* IBYHaNpaBJieHHBIN peKyppeHTHbIH cioif (BIGRU) ms yugéra

BPEMEHHBIX 3aBUCUMOCTEH;

* BBIXOIHOM CJION MOJTHOTO COeMWHEHUST TSl TeHepaluu mpo-

THO3UPYEMBIX 3HAUEHUIA.

ITpouecc oOyyeHUs1 Moaeaud ObLT OPraHM30BaH ClEIyIO-
muM obpazoM. MaccuB JaHHBIX O KayecTBE BOMABI OBLT pas-
neséH Ha oOyvyalolvii U TECTOBBIM HAOOPHI B COOTHOILIEHUU
8 : 2 (1100 HadbopoB mis1 odydyeHust, 272 Habopa IJIsd TECTU-
poBaHus). [IpuMeHsIICS METON CKOMB3SIIIEro OKHA ISl pa3ie-
JIeHUs1 oOyyalollero Habopa Ha (MKCUpOBaHHbIE OOyYalolue
OKHa C LIaroM JJIMHOM i BO BDEMEHHOM MOCIEA0BATEIbHOCTH.
OOydeHMe MPOBOAUIOCH Ha MPOTSKEHUM 50 310X C UCITOJIB30-
BaHueM 120 BpeMeHHbIX UHTEpPBaJIOB. B KauecTBe aqroputMa
OTNITUMU3AIUYN UCTIONBb30BaNics MeTon Adam ¢ mmapaMeTpaMu:
learning_rate = 0,001, beta_1 =10,9, beta 2 = 0,999. ®dyHkuus
noTepb: cpeaHekBaapaTuyHasg omnoka (MSE). Inga npenot-
BpaieHus nepeodydenust npumeHsuicst EarlyStopping ¢ mapa-
MeTpoM patience = 10.

I'mbpunHas HelipoceTeBass MOMIEIb CIIPOEKTUPOBAHA C YUE-
TOM cIielnbUKU TPOrHO3UPOBAHUSI BpDEMEHHBIX PSIIOB KayecTBa
Bonbl. Ha HauaylbHOM aTarie MoJeNib IPUMEHSIETCS IUTS BBISIBIIC-
HUST Y U3BJIEUEHUs] TMOTCHIMAIBHBIX HETWMHEHBIX B3aMMOCBSI-
3eil Mexy JaHHBIMM BPEMEHHOTO psiia KauecTBa Bofbl. [lanee
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Original article

Ha OCHOBE W3BJICUYEHHBIX NPU3HAKOB KOHCTPYWUPYETCS BEKTOD
MPHU3HAKOB KauyeCTBa BOJIBI, MCIIOJIb3YEMbIil B KAYECTBE BXOIHO-
ro cUrHaja Jjisl r1yooKoi CBEPTOYHOM HelipoHHOM ceTu. B mpo-
mecce OOyUeHUS CEThb HEMPEPBIBHO OCYHICCTBIISIET PETYIUPOBKY
BECOB M CMEIIEHMI, YYUTHIBAs 3aBUCUMOCTb KPaTKOCPOYHBIX,
TOJITOCPOYHBIX M KOHTEKCTHBIX aTPUOYTOB BPEMEHHOTO psioa
IaHHBIX. Ha 3akimounTeIbHOM 3Tare B BepXHEW 4acTU MOAEIN
MOAKJIOYAETCS CJIOM TTOJIHOTO COEAVHEHUS, BBIMOJHSIOIINIA
(DYHKITMIO BBIXOTHOTO CJIOSI IS TEHEPAIMU MPOTHO3UPYEMBIX
3HAYEHMI1 TapaMeTPOB KauyeCcTBa BOIbI.

st BU3yanu3aly pe3yJbTaToB MCIOJIb30Baiach OMOJINO-
teka Plotly, mmo3Bossioniast co3naBaTb MHTEPAKTUBHBIC TpaduKu
M JUarpaMMbl. DTo obecrieynBaeT yao0HOoe MpeacTaBlIeHue mpo-
THO3UPYEeMBIX 3HAYCHUI U UX CpaBHEHUE ¢ GaKTUISCKUMM TaH-
HBIMU, YTO CYIIECTBEHHO YIPOIIAET MPOIeCC WUHTEPIpEeTaluu
pE3YJIbTATOB U MIPUHSTUS YIIPABIEHYECKUX PEIICHUI.

Ouenka 3()(eKTUBHOCTH MOIEIH MPOBOAWIACH C UCTIOIB30-
BaHUEM CJICAYIOIINX METPUK:

* cpenHsig abcomoTtHas omnbka (MAE);

* cpenHss abcoloTHas mpoleHTHas ommboka (MAPE);
* cpenHekBaapaTuyeckas omroka (RMSE);

* ko3(dunmeHT nerepmuHanuu (R?).

751 cpaBHEHMSI ¢ TPAAMIIMOHHBIMU METOIaMU ObLIN peaiu-
30BaHbl Moziesiu ARIMA 1 SMA B Tex Xe yCJIOBUSIX U Ha TeX XKe
naHHbIX. CpaBHUTEIbHBIM aHAIN3 ITOKA3all, YTO IpeIoKeHHAs
rubpuaHasi HelipoceTeBasi Mojesib o0ecrieunuBaeT 0oJjiee BbICO-
KYI0 TOYHOCTB IIPOTHO3UPOBAHUS TT0 BCEM METPHKaM, 0OCOOEHHO
B YCJIOBUSX HEJIMHEWHBIX U3MEHEHUI KayecTBa BOIBI.

st TIOBBIIIIEHUST KayecTBa MCXOMHBIX MaHHBIX ObLIN TPH-
MEHEHBI CJIeAYIOIINe MaTeMaTUYECKIUE METOIbI. AJITOPUTM U30-
Jnupyroliero jeca (iForest) mwist neTekuu aHoManuit peaaru3oBaH
Ha OCHOBE BBIYUCIICHUSI CPeTHEN IUTMHBI TIyTH aHOMAJIUHU B Iepe-
BBSIX U30JIsIIIM 110 hopmyte (1) [23]:

E |h(x)]

s(x,n) =2 <™ ey

s

rne E [h(x)] — cpenHss iMHA TyTA U30JSIIAM HAOTIONEHUS X;
c¢(n) — HOpMaIU3YIOIIN KO3(D(OUIINEHT; # — KOJIWYECTBO Ha-
omoneHuit B Boioopke. HabmoneHus ¢ s(x, n) kinaccuduuurpona-
JIUCh KaK aHOMAJIbHBIE.

st 3amosTHeHMsT TIPOITYCKOB MCTIONB30BAACh WHTEPIIONSI-
uwms Jlarpanxa (2) [24]:

k
E X~ Xm
i osms<sk
y] l_[ m=j Xj— x,,l’ (2)

j=0

7€ X;, y; — U3BECTHBIE TOYKM JAHHBIX; K — MOPSIIOK MHTEPIO-
JISILIAN.

B xauecTBe BXOOHBIX JaHHBIX IS MOICTUPOBAHUS HCIIOJb-
30BaHbl PE3YJIbTAaThl J1A0OPATOPHBIX MCCIIENOBAaHMII KadecTBa
Bonbl 3a iepuog 2014—2022 rr., BBIMOJIHEHHbBIX B COOTBETCTBUU
¢ CaulluH 2.1.3684—21%.

PesyabTaThi

Tmnposornyeckast XapaKTepUCTUKa BOJHOTO OOBEKTa TIpe/i-
CTaBJIeHA BBIPAXEHHOU CE30HHOCTHIO THUAPOIOTUIECKOTO pe-
>KUMa: BECEHHUI MMaBOIOK COMPOBOXIACTCS YBEIUICHUEM MYT-
HOCTU U BBIMBIBAaHMEM 3arpsI3HSIONINX BEIIECTB U3 TOYBEHHOTO
MOKpOBa MpUJIETAIOLINX TEPPUTOPUIA, a IETHUN MEXEHb — CHU-
KEHUEM pacxofia BOABI W KOHIEHTPAIIMOHHBIM 3(dheKToM 3a-
TPSI3HSIONIVX BEIECTB aHTPOIIOTEHHOTO MpoucxXoxaeHus. Bo-
nocOopHbIi bacceitH OKM B 30HE BOJI03a00pa XapaKTepu3yeTcst
CMENIAHHBIM TUTIOM 3arpSI3HEHUST: CETbCKOX03SIICTBEHHBIE CTO-

* CanlluH 2.1.3684—21 «CaHuTapHO-3IMHUAEMUOJOTHYECKUE TPE-
GOBaHMS K COEPKAHUIO TEPPUTOPHIT TOPOICKUX U CETLCKHX ITOCENICHMIA,
K BOIHBIM 00BEKTaM, MUTbEBOI BOJIE U ITMTHEBOMY BOJOCHAOXEHMIO, aT-
MochepHOMY BO3IyXy, MOYBaM, XWJIBIM MMOMEIIEHUSIM, SKCIUTyaTal[lK
TIPOU3BOICTBEHHBIX, OOIIIECTBEHHBIX TOMEIICHWI, OPTaHU3AIUH U TIPO-
BEAEHMIO CAHMTAPHO-NPOTUBOSNMUIAEMUYECKUX (MPODUTAKTUYECKUX)
MepoMpusATHii». YTB. MocTaHOBIeHUWEM [JIaBHOrO rocylapCTBEHHOTrO
caHurtapHoro Bpaua P® ot 28.01.2021 r. Ne 3.

K4 (ynoOpeHus, MeCTULIMIbI), KOMMYHaJIbHO-ObITOBBIE CTOUHBIE
BONIBI U TIPOMBIIIIEHHBIE COPOCH (POPMUPYIOT KOMITIEKCHBIN
XUMUYECKUI COCTaB BOABI, TPEOYIOIINI MOCTOSSHHOTO CAaHUTap-
HOTO KOHTPOJISI.

OcHOBOI1 pa3paboTaHHOI MOJEN cTajla IMHAMUKA YeThIPEX
KJIIOYEBBIX TUTUEHUYECKU 3HAUUMBIX NTapaMeTPOB: XUMUYECKO-
ro notpebnaenust kuciaopona (XIIK), obmiero azora, ammuaka
(NH4") u pacTBOpEHHOTrO KMCJIOpPOIa, KOTOpPHIE SIBISIIOTCSI MH-
TerpaJlbHbIMU MHIMKATOPaMU CAHUTAPHOTO COCTOSTHUSI BOTHOTO
00BeKTa W OTPENENSIOT TEXHOJIOTUIO BOJOIIOATOTOBKU. BhIGOp
noka3zareneir (XITK, obiiero azora, aMmmuaka U pacTBOPEHHO-
IO KUCJIOpOAa) OOYCIOBJIEH MX TUTHMEHWYECKOW 3HAYMMOCTBIO
KaK MHTETPATbHBIX WHAUKATOPOB CAHUTAPHOTO COCTOSIHUSI BO-
nHoro oobekTa B coorBeTcTBUM ¢ CanlluH 2.1.3684—21. Jan-
HBbIe TTapamMeTpsl GOPMUPYIOT KOMITIEKCHYIO OIIEHKY OpTaHUde-
CKOTO 3arpsi3HeHUsI U TPoUUYECKOro craTyca BOABI, YTO UMEET
MPsSIMOE OTHOIIIEHHWE K 0€301MaCHOCTH MUTHhEBOM BOMBI IS 3M0-
POBBST HACEJIEHUSI.

JlaHHBIE TOKa3aTeNyd JAEMOHCTPUPYIOT KOPPEJSILIMOHHbIE
cBs3U (KoabduiMeHT Koppeasauuu mexay ammuakom u XITK —
r=0,78; mexay obumum azotoM u XIIK — » = 0,82), kaxmbit
W3 HUX KOHTPOJMPYETCS OTACAbHBIMU CAaHMTApHBIMM HOpMa-
TUBaMM M OTpaXKaeT pa3IMIHble acmeKThl 3arpsisHeHus: XITK
XapakTepusyeT oOllee COAepXKaHWEe OPraHMYeCcKUX BEIIECTB,
0o0IIMii a30T — CTeleHb 3BTPOMPUKAIMKM, aMMUaK — HelaBHee
3arpsi3HeHNe OPraHMYeCKUMM BEIIeCTBAMU KUBOTHOTO IPOVIC-
XOXIEHUsI, a PACTBOPEHHBI KUCIOPOL — OKMCIUTEIbHO-BOC-
CTAaHOBUTEJIbHBIN TOTEHIIMAT BOIHOW Cpeasl M CIOCOOHOCTH
K CAMOOUUIIEHUIO.

PazpaboranHast rubpuaHas Mojesib OObEAUHSIET CBEPXTOY-
HblE W PEeKyppeHTHbIe ciou sl 3¢h(eKTUBHOTO aHamm3a Bpe-
MEHHBIX DSIOB KauecTBa BOIbl. APXMTEKTYpa MOIEIM Tped-
CTaBJIeHa MaTeMaTUYECKUMU COOTHOIICHUSIMU, TTPUBEIEHHBIMU
HIXE.

CBEPTOYHBIC CJIOM OCYIISCTBISAIOT (UIBTPAIIAIO BXOMTHBIX
nmaHHbIX (3) [25]:

O = O'(W(l) * XU 4 b(l)) (3)

rae * — onepauus cBéptku; W — Beca puiibTpos; b — cMerie-
HUS; 0 — HeJIMHEeHHas (PYHKIUST aKTUBALIUH.

JIByHanpaBieHHast pekyppeHTHas cetb GRU onpenensiercs
Kaxk (4):

E) = GRU (x¢, he—1)
he = GRU (xt, hez) @
he = [he; he ,

®Oynkuus ooHoBneHnst GRU-sueliku (5):

ze = a(W, * [he_1, x¢])
=W Theog xe]) )
¢ =tanh(W - [ry O hy_q, x¢])

ht= (l—Zt)Oht_1+Zt0th.

Peammzarro rubpumHoit Monesm ipoBomwm Ha TensorFlow/Keras,
OHa IpeacTaBlieHa Ha puc. 2.

B xome uccnemoBaHusl IPOBEICHO KOMILIEKCHOE CpaBHEHME
HECKOJIbKMX apXUTEKTyp HEMPOHHBIX CETell ISl IIPOTHO3UPOBA-
HMSI TapaMeTpoB KayecTBa BoAbl. Kaxnasi Moziesb olieHMBaIach
10 YETHIPEM KITIOUEBHIM METpHUKaM: KO3(DhOUIIMEHTY JAeTepMu-
Hauuu (R?), cpenHekBaapatudHoii ommbke (RMSE), cpenHeit
abcoumoTHoi ombke (MAE) u cpeiHeit aOCOMOTHOM MPOLIEHT-
Hoit omnoke (MAPE).

ARIMA(p,d,q) Mmonenb, rae p = 2 (OpsIIOK aBTOPErpeccun),
d = 1 (mopsimoK MHTETPUPOBAHUSA), ¢ = 2 (TMIOPSAOK CKOIb3SIIIE-
IO CPEIHEeT0), MoKa3ajia Pe3yJbTaThl, IPUBEAEHHbIE B TA0MIIe.

Mopens ARIMA npoaeMoHcTpupoBaja yIOBJIETBOPH-
TEJIbHYI0 TOYHOCTh TIPOTHO3WMPOBAHUWST IUIA  ToKaszareseid
C BbIpaxK€HHOI JIMHENHON 3aBucUMOCTbI0. OIHAKO MPU aHaAIM-
3¢ HeJIMHEWHBIX BPEMEHHBIX PSIIOB, MMEIOIIMX MHOKECTBEHHBIS
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OpurnHanbHas cratbst

15 Bo3epauaert:

16 model: tensorflow.keras.Model - ckoMnuAMpOBaHHAA Mogenb

17 -

18

19 # BXOAHbIe [aHHBE: OCHOBHOW MOTOK, CKONb3AWMe cpeaHue, PCA-KOMNOHeHTH
20 input_main = Input(shape=input_shape, name='input_main')

21 input_smooth = Input(shape=input_shape, name='input_smooth")

22 input_pca = Input(shape=pca_shape, name='input_pca')

23

24 # KoHkaTeHauua BX0p0e

25 merged_inputs = Concatenate(axis=2)([input_main, input_smooth])

26

27 # CBepToYHbe C/IOM Q1A M3B/IEYEHWA NMPOCTPAHCTBEHHBLIX NMPU3HAKoB

28 convl = ConviD(64, kernel_size=3, activation='relu’, padding='same')(merged_inputs)
29 convl = MaxPoolinglD(pool_size=2)(convl)

30 convl = Dropout(®.3)(convl)

31

32 conv2 = ConviD(128, kernel_size=3, activation='relu’, padding='same’)(convl)
33 conv2 = MaxPoolinglD(pool_size=2)(conv2)

34 conv2 = Dropout(©.3)(conv2)

35

36 # [lByHanpaBeneHHas GRU gnAa aHanvM3a BpPEMEeHHbLIX 33aBUCMMOCTEN

37 gru_out = Bidirectional(GRU(128, return_sequences=True))(conv2)

38 gru_out = Dropout(©.4)(gru_out)

39 gru_out = Bidirectional(GRU(64))(gru_out)

Puc. 2. ®parmeHT koAa B cpefie NporpamMmuposanus Python ans peannaauum rubpuaHoi Mogenn.
Fig. 2. Code snippet in the Python programming environment for implementing a hybrid model.

9KCTPEMYMBI (HarpuMep, CE30HHbIe KoieOaHUsT KOHLIEHTpalluu
aMMuaka), TOYHOCTb MPOTHO3a CYIECTBEHHO CHIXaiachk. Oc-
HOBHBIM orpaHnyeHueM ARIMA sBsieTcst HEClTIOCOOHOCTD YU~
TBIBaTh CJIOXKHbIE HEJIMHEWHBIE B3aMMOCBSI3M MEXIy Pa3INYHbI-
MU MapaMeTpaMU KayecTBa BOIBI.

JIByHamnpaBieHHas peKyppeHTHasl CeTb C IBYMsI CKPBITBIMU
cJ10MHU 110 128 HelipoHOB B KaXIOM MOKa3aJla pe3yabTaThl, IPU-
BeIEHHbBIE B TabaULIE.

PeBepcuBHast ceTh MPOAEMOHCTPUPOBAIa 3HAUYUTENILHOE YITyu-
IIEHWE TOYHOCTU TMPOTHO3UPOBaHMS MO cpaBHeHUI0O ¢ ARIMA,

OCOOEHHO Ul MapaMeTpOB C SIPKO BBIPaXXEHHOM CE30HHOM
KomnoHeHTol. Apxutektypa BiRNN mnozBonuia agdekTruBHO
3aXBaThIBaTh KaK MPOIIIbIe, TaK W OymylIne KOHTEKCTHBIC 3a-
BUCHUMOCTU B JAHHBIX, YTO OCOOEHHO BaxKHO JIsI ITapaMeTPOB
KayecTBa BOABI C LIMKJIMYECKUMHM W3MEHEHUSAMU (Hampumep,
PaCTBOPEHHBII KUCIOPO/, 3aBUCSIIUIA OT TEMITEPATyPhl U (POTO-
CUHTETUYECKOW aKTUBHOCTH).

Mounenb, coueralomas HECKOJIbKO YPOBHEH CBEPTKH
¢ LSTM-sueiikamu, mpoaeMOHCTPUPOBaJia pe3yabTaThl, IPUBe-
NEHHbBIC B TAOIUIIE.

Pe3yabTaTel cCpaBHEHNS HECKOJIBKHUX APXUTEKTYP HEPOHHBIX CeTei il MPOrHO3MPOBAHMS NAPAMETPOB KA4€CTBA BOJBI
Comparison of several neural network architectures for predicting water quality parameters

TTapamerp | Parameter
Tun moge. ITokazare.
1\1;1[1; (1;1 ztl y;l:l Inde: Jb XIIK, M_r 0y/a A30T 00IHiA, MI/]T AMMHaK, M/ Oy, Mr/a
CODIlél(;ggl)l’n;agl 8;%&1 Total nitrogen, mg/L Ammonia, mg/L Dissolved oxygen (0O;), mg/L
Monens ARIMA R 0.9408 0.8760 0.9400 0.9308
ARIMA model RMSE 1.2030 1.0000 0.9850 1.0000
MAE 0.9820 0.8312 0.8145 0.8532
MAPE, % 12.34 15.76 14.89 9.67
PeBepcuBHast 3 R 0.9920 0.9933 0.9945 0.9900
D YPPEHTHAL HEHPOHIAT  RMSE 0.5360 0.5400 0.5466 0.5280
Reversible recurrent neural MAE 0.4280 0.4312 0.4524 0.4105
network MAPE, % 5.43 4.15 3.89 4.02
MynbTUCBEPTOYHAS R 0.9996 0.9999 0.9999 0.9996
LSTM-cetn
Multi-convolutional LSTM RMSE 0.0566 0.0542 0.0520 0.0600
network MAE 0.0452 0.0430 0.0416 0.0476
MAPE, % 0.51 0.21 0.18 0.48
Pagpa60TaHHaﬂ rubpugHas R? 0.9996 0.9996 0.9999 0.9999
HewpoceTeBad MOLSE RMSE 0.0299 0.0315 0.0310 0.0312
Developed hybrid neural
network model MAE 0.0238 0.0252 0.0248 0.0249
MAPE, % 0.27 0.12 0.09 0.15
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Puc. 3. CpaBHeHue pe3ynbTaToB CPeAHNX KOHLEHTpaLWiA aMMoHUs (Mr/n) No AaHHbIM HabnoAeHwit (nepuof 1-5 net, cooTeTcTBYtoLWMiA 2018-2022 rT.),
knaccu4eckoro nporHo3a ARIMA v pa3paboTaHHoi HeipoHHoi ceTin anst OKckoro Bogo3abopa.

Fig. 3. Comparison of results of mean ammonium concentrations (mg/L) on data (period of 1-5 years corresponding to 2018—2022), classical ARIMA prediction
and elaborated neural network for the Okskiy water intake.

MynbrucBéprounass LSTM-ceTb 3HAUMTENILHO MPEB3OIILIA
TPenbIITyIe MOAETU 6aronapsi CIOCOOHOCTH BBISIBJISITh CIIOXK-
HBIEC TIPOCTPAHCTBEHHO-BPEMEHHBIC TTATTEPHBI B TaHHBIX. KoM-
OuHaIMs CBEPTOYHBIX CJIOEB MJIS1 M3BJICUCHUS JIOKAIbHBIX MPH-
3HakoB U LSTM c nenbio aHanm3a A0JArOCPOYHBIX BPEMEHHBIX
3aBUCUMOCTE TTO3BOJIMIA TOCTUYb BRICOKO TOYHOCTHU IPOTHO-
3UPOBaHMS JaXe IUIs MapaMeTPOB C BhIPaKEHHOM BOJATHIBLHO-
CTBIO I MHOXECTBEHHBIMU TOYKAMU TIepernda.

IIpennoxeHHast B MCCIeAOBAaHUM TMOpUIHAS MOZAEJb, UHTE-
rpupyonias CBEPTOUHbIe cjiou ¢ NByHanpasieHHoi GRU-ceTbio
W «MeXaHM3MaMM BHUMaHUsI», TIoKa3ajla HaWIydllie pe3yibTa-
ThI (CM. TaOJIUILY).

Cpenuss RMSE mna Bcex mapamerpoB cocrabwia 0,0309,
410 Ha 44,5% HiXe, 4eM y OJIMXKalIlero KOHKypeHTa (MyJIbTUC-
BépTouHOil LSTM-ceTn), u B 32,2 pasa HIXe, YeM Yy Klaccuye-
ckoii monenu ARIMA.

Paboma peaauszosannoii eubpuomnoii modeau. I'OpumHas
MojieJib paboTaeT B TPEXITAITHOM MOCIeI0BATEIEHOCTH:

BDman 1. VI3BeyeHne NPU3HAKOB: HA HAYaJbHOM 3Tare MoO-
IIeJTb VICTIOJIb3YeT CBEPTOYHBIC CJIOM IJIST BHISIBJICHUS W M3BJIcUe-
HUS TIOTCHIMAIBHBIX HETWHEIHBIX B3aMMOCBSI3Eil MEXIy HaH-
HBIMM BPEMEHHBIX PSIIOB KauecTBa BoJbl. CBEPTOUHBIE (DUIILTPHI
pasMepoM 3 X 1 1 5 X 1 a(ppeKTUBHO BBIACHSIOT JOKAJIbHbIE
MaTTepHbl B JaHHBIX (HArpuMep, pe3Krue M3MEHEHMST KOHIIEH-
TpaluMM aMMuaka Iocje A0XAEBbIX OCANKOB).

Iman 2. DopMUpoBaHUE BEKTOPa IMIPU3HAKOB: HA OCHOBE M3BJIe-
YEHHBIX MPU3HAKOB KOHCTPYMPYETCSI BEKTOP MPM3HAKOB KayecTBa
BOIIBI, KOTOPBIN BKITIOYAET KaK MCXOMHBIE TaHHbIE, TaK U TIPOU3BO-
ITHBIE XapaKTepUCTUKU (CKob3sime cpenHue, PCA-KOMITOHEHTHI).
JIByHanpasieHHast GRU-cetb aHamM3upyeT U npouuible, U Oyay-
IIe KOHTEKCTHBIC 3aBHCHMOCTH, YTO OCOOCHHO BaXKHO IJIST Ta-
paMeTpoB ¢ 3ama3nbIBaroIIUMK 3¢dekTaMy (HalpuMep, peakius
YPOBHSI HUTPATOB Ha CETbCKOXO3STMCTBEHHBIE CTOKH).

Oman 3. TeHepalus MPOTHO3a: Ha 3aKJIIOUYMTETLHOM 3Tare
CJIOi TOJIHOTO COEAMHEHMS BBIMOJIHSET (DYHKIIMIO BBIXOIHOTO
CJIOST ISl TeHepalMy TTPOTHO3MPYEMBIX 3HAYeHUN TapaMeTpoB
KavyecTBa BOIbl. «MexaHW3M BHUMAaHUS» aIalTUBHO B3BEIIMBa-
€T BaXKHOCTb PAa3IMIHBIX BDEMEHHBIX CETMEHTOB M ITapaMeTPOB.

Ha puc. 3 npencraBieHo cpaBHeHUE Pe3yIbTaTOB IPOTHO-
3UpOBaHMST KOHLIEHTpaUuu amMmMuaka st OKCKoro Bogo3abopa
¢ UCTob30BaHUEM Kiaccudeckoit Mmoaenu ARIMA u pa3pabo-
TaHHON THOPUAHON HelipoceTw. I'paduK meMOHCTpUpYET Ipe-
BOCXOACTBO I'MOPUIHON MOJAEIM OCOOEHHO B TOYKAaxX BKCTpe-
MyMoB, rne ARIMA cyliecTBeHHO 3aHUXKAaeT MPOTHO3UPYyEMble
3HAYEHMSI.

AHanmu3 GakTopoB, BIMSAIOMNX Ha (DOPMUPOBAHME KadyecTBa
BOJIbl, BBISIBUJ JOMUHUPYIOLIEe 3HaYEHKWE CAESIYIOIIMX MapaMe-
TPOB: TeMIlepaTyphl BOIbI (KO3(h@MUIIMEHT KOPPEISIILIUM C COIEP-
KXaHueM aMMmuaka ¥ = 0,76), ocankoB 3a IIpealIecTByomme 48 4
(r = 10,81 ¢ XIIK), rugponoruyeckoro croka (r = —0,73 ¢ KoH-
LICHTpalleil HUTPATOB) M aHTPOIIOTEHHOW HArpy3kKu B 30HE
Bonocbopa (koapduuueHT nerepMuHanuu R* = 0,85 ¢ odmum
a30TOM).

Pe3ynbraThl TpOTHO3MPOBAaHUS MPOAEMOHCTPUPOBAIH
BBICOKYIO TMTMEeHNYeCcKylo 3HauuMocTb. st XITK Makcumanb-
HbIe MPOTHO3UpYEeMble 3HAUYE€HUS B TEPHOJ IMABOIKOB COCTaB-
asum 12,3—14,1 mr Oz/a npu [TAK 15 mr O:/n. KoHueHTpa-
LM aMMMakKa B BeceHHMiA nepuon mocturana 0,26—0,3 mr/n
npu rurueHndeckom Hopmatuse 0,39 Mr/m (opueHTHpO-
BOYHO JONYCTUMBbII ypoBeHb). ComepxaHue oOlIero asoTa
BapbUpoBaio B mpenenax 15,2—19,7 Mr/m mpu OTCyTCTBUU
MPSIMOTO HOPMAaTUBa, HO MPU KPUTUUYECKOM YpOBHE 22 MI/1
CBUJICTEJILCTBOBAJIO O BBIpaXXeHHOW 3BTpoduKanuu. KoH-
LIEHTpallUsl PacTBOPEHHOTO KUCIOpPOAAa MUHUMAJIbHO CHU-
xajach 1o 6,3—7,1 Mr/a mpu HopMaTHBEe He MeHee 6 Mr/I.
CorocTaBjieHe TTPOTHO3HBIX U (PAKTUYECKUX JAHHBIX IMOKa-
3aJ10, 4TO cpenHekBaapaTudyHas ommbka (RMSE) cocraBuia
0,0309, yto obecrieunBaeT HaAEKHOCTh MTPOTHO3a TIPU OMpe-
IeJICHUM KPUTUYECKUX TOYEK TPUONMKEHUS IoKazaTeaei
K caHuUTapHbIM HopMaTuBaMm. KoadhdulueHT gerepMUHALIIU
R?* > 0,995 noaTBepXaaeT BhICOKYIO CTAaTUCTUYECKYIO 3HAUM-
MOCTb Pe3yJIbTaTOB.

O0cyxnenue

PazpaboranHas rubpuaHas Moneab MPOAEMOHCTpUpOBaIa
TOYHOCTH NMPOTHO3MPOBAHMS TTAPAMETPOB KAYeCTBA BOIBI B IO-
BEPXHOCTHBIX UICTOYHMKAX MUTHEBOTO BOJAOCHAOXEHUS ¢ KOA(D-
dummenTomM merepmMuHamuu R? > 0,995 miusg BcexX KITIOYEBBIX
mapameTpoB u cpenHeit RMSE = 0,0309, yto Ha mopsimok mpe-
BOCXOIUT CYIIECTBYIOIINE METOIEI.

Monenp mokazana yCTOWYMBOCTh K M3MEHEHUSIM NAaHHBIX,
COXpaHsIIa BBICOKYIO TOYHOCTb MTPOTHO3MPOBAHMSI IS CTAOUIIb-
HBIX epuoaoB. Bpems reHepaiiuy nporHosa Ha 24 4 Bepén co-
craBuiio B cpeaHeM 0,83 ¢ npu ucnonb3oBanun GPU NVIDIA
Tesla V100, yTo mMo3BoJISIET MPUMEHSITh MOJIEJIb B CUCTEMAX pe-
aTHHOTO BPEMEHU C LIETbIO PAHHETO TPEAYTIPEXICHUS O TIOTeH-
LIMAJIbHBIX PUCKAX JJISI KAUeCTBa BOJIbI.

HHuTerpanmsi «MexaHU3Ma BHUMAaHUs» TO3BOJIMJIA BBISIBUTD
HauboJiee 3HaYMMBbIe (PaKTOPHI, BIUSIONINE HA U3BMEHEHHNE KaxX-
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JIOTO TTapaMeTpa KavuecTBa Boibl. Hanmpumep, 1uist KOHIIEHTpauu
aMMMaka HauOosbllee BIMSHUE OKa3bIBAJIM TeMIlepaTypa BOAbI
(Bec 0,38), ypoBeHb ocankoB 3a Tpeabinyiiue 48 4 (Bec 0,27)
¥ KOHILIeHTpanust HuTparoB (Bec 0,21).

Takum obpa3oM, pa3paboTaHHasi rMOpUIHAsT HelipoceTeBas
MOJIEJTh TIPEBOCXOIUT PSIZI CYIIECTBYIOIINX METOAIOB IO TOYHOCTHU
MPOTHO3UPOBAHUS, OTKPBIBasi HOBbIE BO3MOXHOCTU MpPUMEHE-
HMS B CICTeMaX OIepaTHBHOTO MOHUTOPUHTA U YIIPABJICHUS Ka-
YECTBOM BOIHBIX PECYPCOB, UTO MMeeT hyHIaMeHTaTbHOE 3Ha-
YyeHue Uil 00ecreyeHusl 300pOBbsl HaceJleHUsI U 6e30MacHOCTU
cpenbl OOUTAHMUS.

l'uruennyeckasi 3HAYMMOCTb TIOTYYEHHBIX PE3YJbTATOB 3a-
KJII0YaeTcss B BO3MOXKHOCTH CBOEBPEMEHHON KOPPEKTUPOBKU
TEXHOJIOTUYECKUX PEXMMOB BOJOOYKMCTKU TIPU TIPOTHO3UpYeE-
MOM YXYALIEHWU KadyecTBa McxonHoi Boabl. [lpm mpubnuke-
HUM KoHIeHTpamy ammuaka K 0,3 mr/n u XIIK k 14 mr O2/n
1ejecoo0pa3Hbl yBeIMYeHNEe O3Bl OKUCIUTENe U aKTUBU3A-
LIMST TPOLIECCOB OMOIOTMYECKON OUYMCTKY Ha BOIOOYUCTHBIX CO-
OPYXEHUSIX IS IPEIOTBPAIEHNS] BOBMOXHOTO (hOpMUPOBaHUS
TOKCUYHBIX XJIOPOPTAaHUYECKUX COENMHEHUN Mpu 00e33apaku-
BaHUU BOJIBI M CHYDKCHUST PUCKA Pa3BUTHUSI MHTOKCUKAIIUIA Y TTO-
TpeOuTee.

IlepcnekTuBbI AaJbHEUIIUX MCCAECIOBAHUN 3aKJI0YalOTCs
B paciiupeHn Habopa MIPOTHO3MPYEMBIX IOKa3aTeseit 3a CUeT
TOKCUYHBIX OPTAaHUYECKUX COCTUHEHU N (TIECTULUIOB, XJIOPOP-
TAaHWYECKUX 3arpsIsHUTENIC) M TSKENBIX METaIOB, a TaKXe
B MHTETPAIINU MOJENN C CUCTEMaMU OIIEHK! PUCKOB JJIST 310-
POBBSI HaceJeHUsI B COOTBETCTBUM C METOAOJIOTUEN, PEKOMEH-
noBaHHOU BO3. DT0 M03BOIUT cO31aTh KOMIUIEKCHYIO CUCTEMY
paHHEro TMPEeayNpexAeHUus O TMOTEHIMANIbHBIX Yrpo3ax 0e3-
OITACHOCTHU MUTHhEBOM BOIBI, 0OECITEYMBAIOIIYIO 3aIIUTY 300PO-
BbsI HACEJIEHUSI KaK Ha JIOKAJTbHOM, TaK U Ha TePPUTOPUATTEHOM
YPOBHSIX.

OpurnHanbHas cratbst

3aKkio4yeHue

PaspaboranHast TMGpuaHasi HelipoceTeBass MOIEIb, WHTE-
rpupyloilasi CBEPTOYHbIE M IBYHAIpaBJI€HHbIE PEKYPPEHTHBIE
APXUTEKTYPHI, TIPONEMOHCTPUPOBAJIA BBICOKYIO TOYHOCTH ITPO-
THO3UPOBAaHMUS IMapaMeTPOB KadyecTBa BOIBI C KO3(h(PUIIMEH-
ToM aetepMuHauuu R* > 0,995 u cpenneit RMSE = 0,0309,
yro Ha 44,5% npeBocXomuT OyKaiiine aHamorud. JlaHHas
Mofesib OobOecIieyrBaeT OINEepaTUBHOE BBISIBIEHUE IOTEHIIMAIb-
HBIX YTPO3 IUIS 3MOPOBhSl HACeJIEHWSI U OTKPBIBAET HOBBIE BO3-
MOXHOCTU CO3JAaHMSI WHTEJJICKTyaJbHBIX CHCTEM paHHETO
MpeaynpexaeHusl O JAerpanaluy KauyecTBa BOIHBIX PECYpCOB,
4YTO UMeeT (PyHIaMeHTaIbHOE 3HAYeHUE TSI 00eCIIeYeHUsT CaHU -
TapHO-3MUIEMHOJIOTUYECKOTO OJIArONOIYYHsT TEPPUTOPHIA.

[TpoBenéHHbIE MCcaenO0BaHUS MOATBEPAUIIU, YTO pa3paboTaH-
Has THOpWOHAs HeWpoceTeBass MOIENb SIBISIETCS 3(PGEKTUBHBIM
MHCTPYMEHTOM CaHUTAPHO-TUTUEHWYECKOIO MOHMTOPMHIA Kaye-
CTBa BOJIBI ITOBEPXHOCTHBIX UICTOYHUKOB IIEHTPATU30BAHHOTO BO-
nocHabxeHus1. Bricokast TouHOCTh MporHo3upoBanust (R? > 0,995)
0becreuynBaeT 10CTOBEPHOE OIpee/ieHUe BpeMEHHBIX MUHTEPBAJIOB
MPUOIDKEHNS TUTUEHUIECKY 3HAYMMBIX TIOKasaTesieil K KPUTH-
YeCKMM YPOBHSIM M MMEET IMEPBOCTENIEHHOE 3HAUYeHWe I Tpo-
(brnakTrKM HeGIArONPUSTHOTO BIVSIHUSI Ha 3M0POBbE HACEICHUSI.
Pesynbrathl nccnenoBaHus MO3BOJISIIOT TIEPENTH OT PETPOCTICKTUB-
HOI OLIEHKM KayecTBa BOAbI K MPOTHO3UPOBAHMIO MOTEHIIMATbHBIX
PVICKOB 1 TIO3TOMY MMEIOT (DYyHIAMEHTAIBHOE 3HAYCHME JUTS CHICTE-
MBI O0ECTIeYeHUSI CAaHUTAPHO-3IMMICMHOJIOTMYECKOIO OJIaromnoy-
Yysl HaceJIeHUsI. DTO OCOOCHHO aKTYaJIbHO B YCJIOBUSIX U3MEHEHMSI
KJIMMara ¥ poCcTa aHTPOITOTeHHOM Harpy3Ku Ha BOIHBIE OOBEKTBI.
BHenpenue pa3paboTaHHOM MoAEIM B MPAKTUKYy CAHUTAPHOIO
Haz30pa 3a KaueCTBOM MUTHEBOU BOMIBI OOECTIEUNT MEePeXos K Tpe-
BEHTUBHBIM CTpaTerusiM obecrieueHrst 0e30MacHOCTH BOIOCHA0-
KeHMsI, MUHUMU3UPYST BEPOSITHOCTD ITOCTYIUICHUsT K TIOTpeOUTe-
JIIM HEKa4eCTBEHHOI BOJIBI.
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