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H.®. Hukonaes

Yyumces na acnupanmype 6 Poccutickom 2ocyoapcmeenHom coyuanbHoM yHugepcumene, 001acnb HAYYHbIX
UHMEPEeCos8 C8A3aHA C NPOSPAMMUPOBAHUEM, PA3PAOOMKOU UHPOPMAYUOHHBIX CUCEM, PA3PADOMKOU Memooos u
AnCOPUMMOB UCKYCCMBEHHO20 UHMELIeKMd.

Annotanmsi. B snoxy mudposusannn npomsimmennocta (Mumycrpus 4.0) xio4eBbIM BBI30BOM CTaHOBHUTCS
00paboTKa HENpEephIBHBIX TOTOKOB CEHCOPHBIX JaHHBIX B peasbHOM BpemeHH [1]. Kiaccuueckme crarmcriueckue
MOJIETI ¥ CTaHAAPTHBIC aIrOpUTMbI MamrHHOTO 00ydyenusi (MO) He ycrieBaroT 0oOpabaThiBaTh BO3pOCIINE OOBEMBI
JITAaHHBIX U TEPSIIOT TOYHOCTH M3-3a siBNieHMs npeiida xonnenToB (Concept Drift), BeI3BaHHOTO M3HOCOM 000pYIOBaHMS
WIN CMEHOH ChIpbsi. B nmanHoW pabore mpeanaraercst apXMTEKTypa IMOpHIHON MOJENN MPOTHO3UPOBAaHMS KauecTBa
MIPOYKINH, coueTaronias obicTpeie cratucTdeckne Metoasl (ARIMA), Tounsie Moaenu rirybokoro obydyenust (LSTM)
U MEeTa-MOAENb sl AWHAMHUYECKOTO B3BEIIMBAHUS PE3yJIbTaTOB. Pe3ynbTaThl 3KCIepHMMEHTaIbHON ampolamuu Ha
JITAaHHBIX TIPOMBIIICHHOTO Tpon3BocTBa (HataceT SECOM) neMOHCTpUPYIOT, YTO NPEUIOKESHHBIN THOPUIHBIN ITOIXO0.
MOBBIIIAET TOYHOCTH TpOrHo3a Ha 12—15% 1o cpaBHEHMIO C OAWHOYHBIMH MOJENSIMH B YCIOBUSX jApedda u
obecrieunBaeT NMPUEMIIEMYIO 33JIEP>KKy 00paOOTKH.

KoueBsie ciioBa: ruOpuIHbIe MOEIN MaIMHHOTO 00yYeHUs, HIOTOKOBbIEe HaHHbIe, MHaycTpus 4.0,
MIPOTHO3UPOBAHKE KavecTBa, Apeiid kormnento, LSTM, ARIMA, ADWIN, SECOM.

BBenenne. AxTyanbHOCTb. UeTBepTass TNPOMBINUICHHAS PEBONIOLMSA — XapaKTepU3yeTCs
TOTaNLHOU U poBU3aIMEll MPON3BOACTBEHHBIX MpolieccoB [11]. CoBpeMeHHBIEC 3aBO/IbI OCHAIICHBI
THICAYaMHM JIATYMKOB, KOTOPBIE TEHEPUPYIOT KOJIOCCATIbHBIE 00BEMBI JaHHBIX B PEalbHOM BPEMEHH
[9]. IIporHo3upoBaHuE KadecTBa MPOMYKLIMU HA OCHOBE 3THUX JAAHHBIX IO3BOJISIET MEPEUTH OT
PEaKTUBHOTO KOHTPOJISL K NMPEIUKTUBHOMY YIPABJICHUIO, YTO KPUTUUYECKU BAXKHO JUIS CHIKCHHS
U3JIEPIKEK.

[Tpo6nema. OnHako paboTa C MOTOKOBBIMH JAHHBIMU CO3JaeT JBa ()yHIaMEHTAIbHBIX BHI30BA.
Bo-nepBbIx, KJIacCHUECKUE MOJIENIN MAIIIMHHOTO 00Y4eHUs, IPEAOIaraoue CTAaTHYHOCTh TaHHbBIX,
HE ycmeBaloT oOpalaThiBaTh MHpOpManuio ¢  TpedyemMoil  CKOpoCThlo.  Bo-BTOpBIX,
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MPOM3BOJICTBEHHAs Cpela JUHAMHUYHA: M3HAIIUBACTCS HMHCTPYMEHT, MEHSIOTCS HapTHH CBIPbS,
KOJICOJIIOTCSL TeMIlepaTypa M BIQXKHOCTb. OTO NPUBOAUT K SBJICHHUIO Apeiida KOHIENTOB —
M3MEHEHMIO CTaTUCTUYECKUX XapaKTEPUCTUK MOTOKA JaHHBIX, U3-32 KOTOPOT0 MOAEIH, 00y4eHHbIE
Ha UCTOPUYECKUX JIaHHBIX, TEPSAIOT TOUHOCTSH [2].

O0bekT M npeaAMeT uccieaoBanusa. OObEKTOM JJTaHHOTO UCCIIET0BaHUS SABISIOTCS MPOLIECCH
MIOTOKOBOH 00pabOTKHU MPOU3BOACTBEHHBIX JAaHHBIX U aJTOPUTMBI POTHO3MPOBAHUS TOKa3aTenen
kayectBa. IIpenqmerom uccnenoBaHMsS BBICTYNAIOT THOPWAHBIE METOJAbI MAIIMHHOTO OOY4YCHHS,
COYETAIOUINE CTATUCTHYECKUE MOJIXOMAbI, ITyOoKoe Oo0ydeHHe M aHcaMOJieBble CTpaTeTHH s
MOBBIIIEHUS] TOYHOCTHU M aJalITUBHOCTH IMPOTHO30B.

Heas padotsl. Llensio paGotbl siBisieTcss pa3paboTka M IKCHEPUMEHTAJIbHAs anpoOarys
rUOpUIHON MOJAEIH TPOrHO3UPOBAHMSI Ka4yeCcTBa, 00ECIIEUNBAOIEH BEICOKYIO TOUHOCTh M CKOPOCTh
00pabOTKHU B YCIOBUSAX MMOTOKOBOTO BBOJIA TAHHBIX M HAJMUUS Jpeii(a KOHIIETTOB.

Hayunast HoBu3Ha paOOThI ONpeAeseTcs CICAYIOIIMMU TE3UCAMU:

1. TlpennoxeHa apXuTeKTypa THOPHUAHOM  MOAENH, HMHTErpUpYIOIas  OBICTPBIH
CTaTUCTHYECKHUH aNrOPUTM JJIS1 KPaTKOCPOYHOTO TPEH 1A M TITyOOKYI0 HEMPOHHYIO CeTh [l aHallu3a
JOJATOCPOYHBIX 3aBUCUMOCTEH, 00BbeIMHEHHbIE METa-MOJIENIbI0 HA OCHOBE CTEKKUHTA.

2. Pa3pabortan mMeToxa ajanTaluyd BECOB TMOPHIHON MOJENH, MPU KOTOPOM OOHapy>KeHHE
npeiipa xoHuenToB JgerekropoM ADWIN uHUIMHpYET JAMHAMHUYECKOE TIEpPEeCMOTp BECOB
KOMIIOHEHTOB aHCaMOJIsl, OT/1aBasi MPUOPHUTET OoJiee YCTOHYUBOMY K U3MEHEHHUSM aJITOPUTMY.

3. Bmepssle npemioxkeHa u anpoOUpoBaHa KOMOMHALIUS METOJIOB «CTAaTHCTUKA + TiTyOoKoe
oOydeHue + IMHAMHYECKUN aHCaMOJTby JIJIS 3a/1a4M KIIACCU(PUKAIIUU TOTHBIX/OpaKOBAHHBIX U3CINN
Ha JTAHHBIX MOJYIPOBOJIHUKOBOT'O POU3BOJCTBA B CUMYJIMPOBAHHOM ITOTOKOBOM PEXHUME.

1. AHa/In3 cylmecTBYHOIIUX MOJAX0A0B M IOCTAHOBKA 3aa4H

1.1. O030p MeTOAOB NPOTrHO3MPOBAHHS KadyecTBAa NPOAYKUMH. TpaauIMOHHO 3aJauu
IIPOrHO3MPOBAHUS KA4eCTBA PEIIAIMCH C TIOMOLIbIO0 CTATUCTUYECKUX METOMOB [5].

C paszButnem MO mupoKkoe pacipoCTpaHEHUE MOITYYHIN PETPECCUOHHBIE MOJEIN U METO/IbI
KJaccu(UKaluy, TaKue KaK CIy4JailHbIi Jiec U TpalueHTHbIH OycTHHT [8].

JUist BBISIBIIGHUS CIIOKHBIX HETMHEHHBIX 3aBUCUMOCTEH U pabOThI C BPEMEHHBIMU PSIaMH BCE
qaie MPUMEHSIOTCS HeHPOCeTeBble apXUTEKTYphbl [2], B 4aCTHOCTH, PEKyppEHTHbIE HEHpPOHHBIE
CeTH, CIIOCOOHBIE YUUTHIBATH BPEMEHHON KOHTEKCT.

1.2. AHaM3 NOAX0/10B K 00padoTKe MOTOKOBBIX JaHHBIX. /{151 paboThI ¢ HEMpPEPHIBHBIMU
MOTOKaMH JIaHHBIX UCIIOJB3YIOTCS CHelHaIn3upoBanuble ¢peiimBopku [9]: Apache Kafka, Spark
Streaming, Flink. KimtoueBoii koHILIETIIHEH 3/1€Ch ABISIETCS OKHO — CIIOCO0 paszieneHns 66CKOHEYHOTO
MOTOKA Ha KOHEYHbIE (hparMeHThl 1Js aHanu3a. Pasnuuarot tumbling w sliding windows, a Taxxe
CECCHOHHBIE OKHA. BBIOOp THIIa OKHA HAampsSMYIO BIUSET Ha 3aJCp)KKY IMOJydeHHUs pe3yjbTrara u
MOJTHOTY JAaHHBIX.

1.3. llonsitue Concept Drift B npon3BoacTBeHHBIX HMKJAX. [[peli KOHIIENTOB O3HAYaeT,
YTO 3aBUCUMOCTh MEXIY BXOJHBIMU NPHU3HAKAMH M IIEJICBOW NMEPEMEHHONW MEHSETCS C TEUCHHEM
BpeMeHU [2]. B mpou3BOACTBE 3TO MOXKET OBITh BHI3BAHO:

- MOCTENEHHBIM Ipei(hoM: U3HOC PEKYIIEr0 HHCTPYMEHTA, CTapEeHHE KaTalnu3aTopa.

- BHE3AITHBIM JIpeii(poM: CMEHa MapTHH CHIPhsI, IEpPEHANIaKa CTaHKa, TOJIOMKA JaTYUKa.

WrnopupoBanue apeiida mpuBOAUT K TOMY, YTO MOJIEIb, TOKA3bIBABIIIAs BEICOKUE PE3YIIbTATHI
BYEpa, CEroJIHs HAUMHAET "omundaThes”, Tak Kak JaHHbIE OOJIbIIIE HE COOTBETCTBYIOT €€ BHYTPEHHUM
MIPECTABICHHUSIM.

1.4. O6ocHoBanue BbIOOpa rUOpUAHOro moaxona. Hu ogxa otnenbHO B3ATast MOJENb HE
SABJISICTCS UACAIBHOMN JUIsl TMHAMUYECKOU Cpebl.

- BeicTpble MOJIeNIN XOPOIIO aIaNTHPYIOTCS K U3MEHEHHSIM, HO MOTYT HE YJIaBIIUBATh CJIOKHBIC
J0JATOCPOYHBIE MTATTEPHBI M CTPAJATh OT HIyMa.

- TouHble MOETH OTIUYHO MOJIEIHUPYIOT CIIOKHBIE 3aBUCIMOCTH, HO TPEOYIOT MHOTO JJAaHHBIX
Ui TepeoOydeHHuss W MOTYT  MEUIGHHO  pearupoBaTh  Ha  pE3KME  M3MEHEHMS.
I'uGpuaHbII TOAX0 TO3BOJSAET 0OBEAMHUTH CHIIbHBIE CTOPOHBI Pa3HBIX METO/IOB: CKOPOCTh PEAKIIUU
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OJIHOTO M TOYHOCTh JPYroro, AMHAMHMYECKH PEryJupys MX BKJIaJ B 3aBUCUMOCTH OT TEKyILEH
CUTYyalluu Ha MPOU3BOJICTBE.

1.5. BeiBoabl o pa3aenay u ¢gopmanuzanus rpedoBanmii. Ha ocHoBe mpoBeieHHOT0 aHAIN3a
MO>KHO C(OPMYJIHPOBATH KIIOUEBbIe TPeOOBaHUS K pa3pabaThiBaeMOi CHCTEME:

1. o06paboTka AaHHBIX JOJDKHA TMPOU3BOAMTHCA B CKOJB3SIIEM OKHE C MHHHUMAJIbHOM
3a/1ePKKOU.

2. Mozenb JOJDKHA COCTOSITh W3 HECKOJIBKMX Pa3HOPOIAHBIX KOMIIOHEHTOB ISl ydeTa
Pa3IMYHBIX ACIIEKTOB JIaHHBIX.

3. Heo0X0AMM BCTPOCHHBIA MEXaHU3M JIETEKIMH Apeiida KOHIETTOB.

4. cucrema J0JKHA YMETh Al TUPOBATh IPOTHO3 MPU OOHAPYKEHUU U3MEHEHUH B ITOTOKE.

2. PazpaGorka ruOpuaHo MoJae/ M NPOrHO3UPOBAHHUSA

2.1. O0mas apxXuTeKTypa peleHus

PucyHOK 1. KOMONENTHAR APXUTEKTYPA FMEPUAHOH MORENM NPOTHO3MPOBANUA

[MoToKORLIA NARRNARH NPOFHOIWPORA A KauSCTES

MetaModel
(Aucambnn)

WiPs 4 wePs |

Pucynok 1. KoMrnoHeHTHas! apXUTEKTypa FrHOpHIHON MOJIENTH POTHO3UPOBAHUS

[Ipemnaraemast apxurektypa (puc. 1) mpeacrasiser co0oi MOTOKOBBIN MaimiaiiH (KoHBeHep
00paboTKM), COCTOSIINI U3 CIEAYIOMINX ITATIOB:

1. HWcrounuk paHHbIX: [IOTOK CBIpBIX CEHCOPHBIX JaHHBIX, HalpuUMeEp, TEIEMETPUS C
000pyI0BaHUSI.

2. TIlpenobGpaboTka B peaJbHOM BPEMEHU: OYUCTKA, MMITBIOTAIHS IPOITYCKOB, HOPMAaJIH3aIHs
B paMKax TEKYIIEro OKHa.

3. Kowmmnonent 1 (BpicTpslit): MOJENb ISl ONEPATUBHOTO pEarupoOBaHUsl.

4. Komnonent 2 (TouHslit): MOJENb TS TITyOMHHOTO aHAJIH3A.

5. [erexTop apeiida: aHAIU3UPYET MOTOK OMIMOOK MIIM paclpeeNieHIe MPU3HAKOB.

6. Meramonenb: MpUHUMAET MPOrHo3bl oT KommonenTa 1 1 2 1 BbIaeT PUHANBHYIO OIICHKY
Ka4yecTBa, PU 3TOM Beca MOJIEIe MOTYT KOPPEKTUPOBAThLCS IETEKTOPOM Jperida.

2.2. Jran npenoOpadOTKH NOTOKOBBIX JaHHBIX. B pealbHOM BpEeMEHUM HEBO3MOXKHO
NPUMEHSATh «TJI00AJbHBIE» CTAaTHCTUKU, TaK KakK MOTOK OeckoHeueH. [loaToMy ucmonb3yroTcs
METO/Ibl aJaTUBHOW HOpPMaIU3aL1H:
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— IPOIIYCKH: 3AIIOJIHAOTCS MTOCJIEIHUM HU3BECTHBIM 3HAYEHUEM WJIM MEAUAHOU IO TEKYIIEMY
OKHY;

- BBIOPOCHI: QMIIBTPYIOTCSI C HUCIOJB30BAHUEM CKOJIB3SILEI0 CPEIHEro M CTaHIApTHOTO
OTKJIOHEHHs B Ipeieax OKHa,

- OKOHHBIE arperamyu: Juisi KaXJI0ro BPEMEHHOI'O OKHA I'€HEPUPYIOTCS HOBBIE NPU3HAKH:
CKOJIB3SIIIIEE CPEHEE, CKOJIB3SIIEE CTAHJAPTHOE OTKJIOHEHUE, MUHUMAJIbHOE U MaKCHUMAaJlbHOE
3HAYEHUE 3a OKHO, YTO MO3BOJISIET MOJAEIN BUAETh HE TOJIBKO TEKYIIME MOKa3aHMUs, HO U KOHTEKCT.

2.3. Onucanue KOMIIOHEHTOB r'UOPUIHOI MO eJIN.

Komnonenm [:B xadecTBe ObICTporo KommoHeHTa BbIOpaH anroput™m ARIMA wmm ero
notokoBas peanuzanus. ARIMA xopoiio MoaenupyeT JIOKaabHblE TPEHIbI U CE30HHOCTh HA MaJIbIX
BPEMEHHBIX MPOMEXKYTKaX U 00J1a1aeT MUHUMAJIbHBIM BpeMeHeM HH(pepeHca.

Komnonenm 2: st BBISIBIEHHS CIIOKHBIX JOJIOCPOYHBIX 3aBHUCHMOCTEM HCIONb3YyeTCA
cerb LSTM. LSTM cnioco6Ha 3armoMHHATh COCTOSTHHE MPOIecca Ha MPOTSKEHUN COTEH TaKTOB, YTO
BaYKHO JUIsl y4€Ta, HallpuMep, IOCTENIEHHOI0 HAKOIIJIEHUS YCTaJIOCTH METaJlIa.

Komnonenm 3: 1y 00beAMHEHUS IPOTHO30B HCIIOJIB3YETCS METOJI CTEKKUHTa. MeTa-MOAebIo
BBICTYTIAET JIOTUCTHYECKAs perpeccusi, Koropas odyyaercs Ha npenckazanusx ARIMA u LSTM. Ee
3ajjauya — HAWTU ONTHUMajbHbIE Beca (W1,w2wl,w2) mis B3BeIIMBaHUS PE3YIbTaTOB «OBICTPOrO» U
«TOYHOT'0» KOMIIOHEHTOB B PAa3JIUYHBIX peXUMax pabOThl MPOU3BOICTBA.

2.4. MexaHHU3M aJaNTalNH.

Hnst obHapyxenus nperida ucnonssyercs nerekrop ADWIN. ADWIN orciexuBaeT mOTOK
omrOOK MPOTrHO3a U, €CIM OOHAPYKUBAET, YTO CPEAHSASA OMIMOKA B ABYX MOJOKHAX CTATHCTUYECKU
3HAYMMO pa3IM4yaeTcsi, CHTHAJIM3UPYET 0 apeide.

[IpaBuno amanrtanmu: npu oOHaApyKeHUH Ipelda mMera-MoJens nepeoOyyaercs Ha JaHHBIX
HOBOT'O OKHA. JTO MO3BOJISIET JUHAMUYECKH U3MEHUTh Beca wlwl nu w2w?2.

B MOMEHT pe3Koro u3MEeHEeHHs! TEXHOJIOTHUECKOro pexunma Obictpas moaens ARIMA moxer
NOJy4YHTh Oousblmii Bec, Tak kak LSTM ermie «He moHs1ay HOBBIX yciioBHid. [1o Mepe HakorieHus
JTaHHBIX 0 HOBOM pexume Bec LSTM cHoBa Bo3pacraer.

3. Onucanme IKCNEPUMEHTATBHOM cpe/ibl U JaHHbIX.

3.1. XapakTepucTuKa JaHHBIX.

Jliis anmpobanuu MoAenu ucrolib3yercs: oomenoctynabiii natacer SECOM [6]. OH comepxut
nanHele 1568 HaOmiogenuit ¢ 590 ceHcopaMu MOJYNMPOBOAHMKOBOTO Mpou3BojacTBa. LleneBas
nepeMeHHas — OMHApHBIN NMpU3HAK KadecTBa. /laraceT xapakTepusyeTcs CHIIbHBIM JHcOalaHCOM
KiaccoB (okoyio 7% Opaka), 4TO THIUYHO ISl pealbHBIX MPOW3BOACTB. I MMHTAIMK TOTOKA
JaHHBIE MOJAIOTCS B MOJAEIH MOCIEI0BATENbHO, ¢ 3aJaHHON ckopocThio (10 3amuceii/cex). Pazmep
okHa 00paboTku Bapbupyetcs ot 50 1o 200 3anmcei.

3.2. UHCTpyMeHTHI peajM3aluH. OKCIEPUMEHT TMpPOBOAWUTCS Ha s3bike Python ¢
MCIOJIb30BAaHNEM COBPEMEHHBIX OUOIMOTEK MaMHHOTO 00yueHus [9]. s moTokoBoi 00paboTKu
1 MO ucnonb3yrorcst OnOIuOTEKN:

- River - cenmanusupoBanHas 6u0OaMoTeKa U1 00yUeHHsI MOJIeiel Ha MOTOKOBBIX JAHHBIX.
- Scikit-learn - g peanuzanun MeTa-MoJenu U 0a30BbIX AJITOPUTMOB.

- TensorFlow/PyTorch —  mma  moctpoenus u  oOyuenuss cetm  LSTM.
CTpuMUHTOBas cpeia HMYJIHPYETCs MyTeM MTEPaTUBHOW MOJAYM JaHHBIX U3 JaTaceTa, UMHTUPYS
MOCTYTIJICHUE HOBBIX OaT4ei.

3.3. Merpuku ouenku. Orenka 3h(HeKTUBHOCTH POBOAMUTCS 110 IBYM I'PYIIIaM METPHK:

1. KauecTBo mnporsosa: yuyuTbiBasi CHJIbHBIA JAUCOAJaHC KJIacCOB, OCHOBHOM METPUKOM
BbIOpana F1-score, a Takoke AUC-ROC.

2. TIpou3BOAMTENBHOCTD: U3MEPSETCS cpeliHee BpeMs o0paboTku ofHoro Oatya (latency) u
MPOIYCKHAsi CTIOCOOHOCTH CUCTEMBI.
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4. Pe3yabTaThl IKCIIEPHMEHTATBHOI0 MCCJIeI0BAHUS.

4.1. Hacrpoiika nmapaMeTpoB Mojeau. B xone skcrepuMeHTa MPOBOAMIACH HACTpOMKa
pa3Mepa ckonb3smiero okHa. st nerekropa ADWIN mopor 3naunMocTH (60) ObLT yCTaHOBIICH HA
ypoBHe 0.05, 4TO 1NO3BOJIAET pearupoBaTh HAa YMEPEHHBbIE W3MEHEHHs, OTCEMBasl CllydaliHble
byKTyaum.

4.2. CpaBHeHue ¢ OeiiznaiiHamMu. bbuto mpoBeneHO cpaBHEHHE MpeaaraeMoi THOpUIHOM
MOJIETIN C OJIMHOYHBIMU MoJiessiMu (Tabmuma 1).

B craTnueckoM pexxume THOpUAHAS MOJIEb HE3HAYUTEIBHO OINEepekaeT JyUIIUH OJMHOYHBIH
anroput™M. OJHAKO B AMHAMHYECKOM pPEXHME, I/Ie B JaHHBIE ObLT MCKYCCTBEHHO BHECEH Ipei(,
nageane kadectBa Fl-score y LSTM cocraBuno 18%, a y ARIMA — 25%. I'ubpunHas mozenb
Onmarosapst MEXaHU3MYy aJalNTallMyd CHU3MJIA KaYyeCTBO JUIIb HAa 5%, MPOJIEMOHCTPUPOBAB JIyUIIYIO
YCTONYUBOCTb.

Tabnuya 1. CpaBHEHHE TOYHOCTH MOJIENIEH

Mopens CraTuueckuil pexxum JHaMu4ecKuil pexxuM
Jlorucruueckas perpeccus 0.68 0.45
CrnyyaiiHblii 1ec 0.79 0.61
LSTM 0.85 0.67
[IpennoxenHas TnOpUIHAS MO 0.86 0.81

4.3. AHaau3 ycTOMYHMBOCTH. JIJI1 MMHUTAMK PE3KOTO HM3MEHEHHsS B IOTOKE JaHHBIX,
HamnpuMep, 3aMEHbl ChIpbs, OBUIM HCKYCCTBEHHO YBEIMYEHBI 3HAUCHHsSI OJHOTO M3 KIFOUEBBIX
cercopoB Ha 30%. ['uOpugHas MozieIb MPOJEMOHCTPUPOBAJIA IIPOBAI» B TOUHOCTH BCETO Ha 2-3
6arua, mocie yero aerekrop ADWIN 3adukcupoBan apeiid, meta-mMoaens nepecuuTana Beca, U
TOYHOCTh BOCCTaHOBMJAch 10 ypoBHS >0.75. Omgunounas LSTM BoccranaBiuBanace 6onee 20
OaTyen.

4.4. Ouenka BpemMeHHO# dpekTUBHOCTH. V3MepeHne 3a7epKKi 00pabOoTKH 1MOKa3aio, 4To
ruOpUIHast MOJIENIb BHOCUT TPEICKa3yeMble HaKJIaHbIE PACXOIbI.

Ecmu ungepenc ARIMA 3anumaet ~5 mc, LSTM ~50 Mc, TO MOJHBIN UK «IIpeaoOpaboTka -
> nporHo3 ARIMA u LSTM -> B3BemmMBaHue METa-MOJIEIbIO» YKIIaJbIBaeTCs B cpeqHeM B 190 mc.
370 npueMIeMo il OOJIBIIMHCTBA CLIEHAPUEB KOHTPOJIS KAYeCTBA B pEalbHOM BPEMEHH, /i€ OKHO
M3MEPEHUS COCTABIISET CEKYH bl I MUHYTHI.

BoiBoabl mo 3kcnepuMmenty. PaspaGorannas ruOpugHass MOJeNb YCIEUIHO pelaeT
MIOCTABJICHHYIO 33/1a4y.

3a cueT KOMOWHAIIMN METOJIOB OHa oOecreunBaeT 00Jiee BBICOKYIO U, YTO BaKHEE, CTAOMIIbHYIO
TOYHOCTh TNPOTHO3UPOBAHUS B YCJIOBHUSX JApeii(a KOHIENTOB MO CPAaBHEHHIO C KIACCHYECKHUMH
MIOJIXOJaMHU.

Mexanusm agantanuu Ha ocHoBe ADWIN mno3Bossier cucreMe aBTOHOMHO MOACTPauBaThCs
M0J1 U3MEHEHHSI TEXHOJIOTHYECKOT0 Ipoliecca 0e3 He0OXOMMOCTH YaCTOTO PyYHOTO epeoO0yYeHHUS.

3akiouenue. B pabote npencrasieHa u anpoodrpoBaHa ruOpuIHast MOAETh IPOTHO3UPOBAHUS
Ka4yecTBa JJISl IOTOKOBBIX TAaHHBIX MTPOMBIIIEHHOTO IIPOU3BOICTBA.

Jloka3aHo, 4TO MHTETPALUs CTATUCTUYECKUX MOJIETICH, TITyOOKOT0 00y4eHUs U AUHAMHYECKUX
aHcaMOJlell TO3BOJISIET CO37aTh CHUCTEMY, YCTOMYMBYIO K Jpeidy KoHuenToB. PaszpaboraHHbIN
MEXaHH3M aJlanTally BecoB Ha ocHOBe AeTekTopa ADWIN obecriednBaeT BRICOKYIO TOYHOCTD JaXe
IIPU PE3KUX U3MEHEHHUSAX PEKUMOB pabOThl 000PYAOBAHMS.
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[lepcriekTHBOIM TanbHEHIINX UCCIIETOBAHUM SBISETCS BHEAPEHUE B THOPHIHYIO cXxemy Ooliee
COBPEMEHHBIX AapXHUTEKTYp, TakKux Kak TpaHchopMepsl, a TakKe WCIOIb30BAaHHE METOIOB
¢buznuecKu-uHPOPMUPOBAHHOTO MAITUHHOTO OOYyYEHUsS ISl TOBBIMICHUS WHTEPIPETHPYEMOCTH
IIPOTHO30B.
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Abstract. In the era of industrial digitalization (Industry 4.0), a key challenge is the real-time processing of
continuous streaming sensor data. Classical statistical models and standard machine learning (ML) algorithms struggle to
cope with the increased volume of data and lose accuracy due to the phenomenon of concept drift, caused by equipment
wear or changes in raw materials. This paper proposes a hybrid model architecture for product quality prediction,
combining fast statistical methods (ARIMA), accurate deep learning models (LSTM), and a meta-model for dynamic
weighting of the results. The results of experimental testing on industrial manufacturing data (SECOM dataset)
demonstrate that the proposed hybrid approach increases prediction accuracy by 12—15% compared to individual models
under concept drift conditions while maintaining an acceptable processing latency.

Keywords: hybrid machine learning models, streaming data, Industry 4.0, quality prediction, concept drift, LSTM,
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