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PE®EPAT

MosicHioBanbHa 3anucka MictTuTb 69 cTtopiHok, 11 pucyHkiB, 16 oxepen 3a
nepenikoMm nocunaHb.

OB6'eKT gocnimKeHHs — npoLec aBTomaTmaoBchE)qiarHocmm TEXHIYHOrO

CTaHy LUTAHroBKX MMMBUHHO-HACOCHMX ycTaHoBOK (LLIMHY) HadbToBMAO06YBHMX
CBepASIoBUH.

MeTta poboTu — niaBULLEHHS eDEeKTUBHOCTI Ta HaAIMHOCTIi aBTOMaTU30BaHOI
piarHocTuku LUMHY wnsixom po3pobnerHs meToay knacudikaLii guHamorpam Ha
OCHOBI anropuMTMiB MaLLMHHOTO HaBYaHHS, HaBYEHMX Ha i3UYHO OBI'PYHTOBaHUX
CMHTETUYHMX JaHUX 3i CTOXaCTUYHUMM 30ypEeHHAMMU.

Pesynsratom poboTu € po3pobneHHsi NporpamMmHOro MOAyns iHTenekTyanbHoi
knacudikauii ctaxis LUMHY, akuin Bkntovae nigcuctemy reHepadii 3awymMneHmnx
eTanoHHWX AMHamorpam, anropuTM KOHCTPYHOBaHHS iHXEHEPHMX MeTao3Hak Ta
ONTMMI30BaHy MoAEmNb MaLUMHHOIO HABYaHHSA Ans igeHTudiIKaLii npuxoBaHnx
nedekTiB HaCOCHOro obragHaHHsA B peXumi peanbHOro vacy.

Y nepLuomMy po3aini NpoBeaeHo aHania npeaMeTHol obnacTi, ornsa icHyrYMx
TEeXHOSOrYHUX pilleHb Ta MeToaiB iHTepnpeTauii guHamorpam LUMHY. CdhopmoBaHo
3ararnbHy apxiTekTypy po3pobntoBaHoi iHTENEKTyanbHOi cucTeMu.

Y Apyromy posaini npeactaeneHo po3pobrieHe MeToANYHe, MaTemMaTuyHe Ta
anroputmiyHe 3abe3neyeHHs.

Y TpeTboMy po3aini 34iNCHEHO eKCnepuMeHTanbHi AoCNiAXeHHS po3pobneHoro
mMozaynsi. MpoBeaeHo NopiBHANbHUIA aHani3 anropuTmiB knacudikauii. BukoHaHo
Bidyanisauito npoctopy o3Hak (t-SNE) Ta KinbkicHy ouiHKy iHdbopMaTUBHOCTI
CKMafoBMX ChOPMOBaAHOrO BEKTOPY O3HAK.

Kntouosi cnosa: LUTAHTOBA MMBNHHO-HACOCHA YCTAHOBKA,
ONHAMOIPAMA, MALWMHHE HABYAHHA, MATEMATUYHE
MOJEJTIOBAHHA, BEKTOP O3HAK.

ABSTRACT

The explanatory note contains 69 pages, 11 figures, and 16 reference the
bibliography.

_The object of research is the process of automated technical condition

diagnostics of sucker-rod pumping units (SRPUSs) in oil wells.

The purpos the work is to improve the efficiency and reliability of

automated SRPU diagnostics by developing a dynamometer card classification method
based on machine learning algorithms trained on physically grounded synthetic data
with stochastic disturbances.



The result of the work is the development of a software module for the

intelligent classification of SRPU conditions, which includes a subsystem for
generating noisy reference dynamometer cards, an algorithm for engineering meta-
features, and an optimized machine learning model for identifying hidden defects in
pumping equipment in real time.

The first chapter analyzes the subject area, reviews existing technological

solutions and methods for interpreting SRPU dynamometer cards. The overall
architecture of the intelligent system being developed has been established.

The second chapter presents the developed methodological, mathematical, and
algorithmic support.

The third chapter deals with the experimental studies of the developed module.

A comparative analysis of classification algorithms has been carried out. A
visualization of the feature space (t-SNE) and a quantitative assessment of the
information content of the formulated feature vector components have been performed.
Keywords: SUCKER-ROD PUMPING UNIT, DYNAMOMETER CARD,

MACHINE LEARNING, MATHEMATICAL MODELING, FEATURE VECTOR.
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BCTYMN

AKTyanbHicTb TeMu. LLITaHroBi rmmMbrHHo-HacocHi yctaHosku (LUTHY) €

HanBiNbLL NOLUMPEHNM Y CBiTi CNOCOBOM MexaHi30BaHOro BUA0OOYTKy HadTu.
EkoHoMiYHa peHTabenbHiCTb HAahTOBUX POAOBULL KPUTUYHO 3aNexuTb Bif
6e3nepebiriHoi poboTH Lboro obnagHaHHs. HecBoevacHe BUSIBNEHHNA Takux AedekTis,
SIK BUTOKW B KnanaHax, ra3oBi 6r1oKyBaHHS 4un yaapwv nnyHxepa, npu3BoauTb 40
NPUCKOPEHOro 3HOCY 0bnafgHaHHs, aBapiiHUX 3yNUHOK Ta 3HaYHMX (hiHaHCOBKX
BTpaT. TpaguuiiHa aiarHocTuka TexHiyHoro ctany LUMHY 3giicHioeTbest wnsixom
BidyanbHOro aHanidy AvHamorpam (rpadikiB 3anexHoCTi HaBaHTaXeHHS Bif
nepemilleHHs LIToKa) onepaTopom abo 3a JONOMOroK MPOCTUX EBPUCTUYHMX
anropuTmis. [poTe B ymoBax pearnbHUX NPOMUCIOBUX l0T-Mepex AnHamorpamu
3a3HaloTb CYTTEBUX CTOXACTUYHUX CMOTBOPEHb: BUCOKOYACTOTHMX BibpaLii,
TemnepaTypHoro Apendy Hyns AaTyukis, BTpaTy NakeTiB AaHWX Ta (pa3oBoro 3cyBsy.
3a Takvx yMOB KracuyHi MeToau BTpayvaloTb CBOK e(PEKTUBHICTb.

BupileHHAM Uiei npobnemn € BNpOBaKeHHsI CUCTEM MPEaUKTUBHOIO
obcnyroByBaHHsA Ha 6a3i LUTYYHOrO IHTENEKTY Ta MalmMHHOro HaedaHHs (ML). OgHak
X po3pobka CnoBinbHIETLCS AediLUTOM BiOKPUTUX | 36anaHCOBaHNX NPOMUCIIOBUX
6a3 faHux, siki 6 MicTUNM JOCTATHIO KiNbKICTb NPUKNaAiB aBapiiHnX pexumis. Tomy
pPO3pOBNEeHHs1 KOMMNIIEKCHOTO METOAY, SIKUIA NoeaHYe (hisNyHe MOAENOBaHHS
AuHamorpam, reHepadito 3aBaj Ta HaBYaHHs HeniHinHux ML-anropuTmis ans
aBToMaTum3oBaHoi giarHoctukun LUTHY, € akTyansHUM HayKoBO-NpUKNagHNM
3aBAaHHSAM.

MeTa pgocnigxeHHs — nigBuLweHHs ePEeKTUBHOCTI Ta HaQiIMHOCTI

aBTOMaTu3oBaHoi giarHocTukmn LMHY wnsxom po3pobneHHs metoay knacudikadii
AVHaMorpam Ha OCHOBI anropuUTMiB MALLUMHHOTO HABYaHHS, HABYEHUX Ha i3NYHO
0BrPYHTOBaHMX CUHTETUYHMX AaHWX 3i CTOXaCTUYHUMU 30YPEHHAMM.

lnest po6oTn nonsirae y NOeAHaHHI i3nYHOro MoAentoBaHHA XBUNbOBKX

NMPOLIECIB Y KOMOHI WUTaHr (Ans NogonaHHa npobnemun aediunTy AaHnx) i3

3mH. Apk. No gokym. Mignuc Oata
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KOHCTPYIOBaHHSAM BEKTOPY O3HAaK Ta BUKOPUCTAHHAM HEMiHIHUX aHcaMbneBux i
HenpomMepexeBrX anropuTMiB A1 CTBOPEHHSA CUCTEMU AiarHOCTUKK, CTINKOT A0
iHTEHCUBHMX NPOMMUCIIOBMX 3aBafj TeNemeTpii.

O6'exT gocnigkeHHs — npouec aBTOMaTU30BaHOT AiarHOCTUKN TEXHIYHOTO
CTaHy LUTaHroBMX MUBUHHO-HAcOCHKX ycTaHoBok (LUMHY) HadToBMaobyBHMX
CBepAaSIoBUH.

MpeomeT gocnigXeHHS — MeToau, anropuTMmn Ta MoAeni MaLUMHHOIo
HaB4YaHHA Ansa knacudikaLii npocTopoBo-4acoBmx hopm AuHamorpam B yMoBax
CTOXaCTUYHWX CNOTBOPEHb.

MeToan gocnigXeHHs: MaTeMaTuyHe Ta iMiTauiiHe MOAENoBaHHS, Teopid
MNMOBIpHOCTEN Ta MaTemaTnyHa cTaTucTvka, METOAM MALUMHHOTO HaBYaHHA Ta
LUTYYHOrO iHTENEKTY, MeToAM OLiHKM e(PEKTUBHOCTI anropuTMmis.

3mH. Apk. No gokym. Mignuc Oata
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1 AHANI3 METO[IB ABTOMATU3OBAHOT KJ'IACVICDIKALI,@L‘TAHY
LWWTAHIOBUX MUBNHHO-HACOCHMX YCTAHOBOK TA
OBI'PYHTYBAHHSA APXITEKTYPU IHTEJNIEKTYAJIbHOI CUCTEMM

1.1 Ananis npoﬁneME](ompomo TEXHIYHOro CTaHy LUTaHroBUX
IMMBVMHHO-HACOCHMX YCTaHOBOK

EJ.UTaHFOBi MUBUHHO-HacocHi yctaHoBku (LUMHY) € ocHoBHUM | HabinbL
MOLUMPEHNM METOLAOM MeXaHi3oBaHoro BuaobyTky HadpTu y cBiTi. Ockinbku 3a
[OMOMOTOI0 LIbOro MeTofy BUAo6yBaeTbCst OCHOBHUI 0b6csir HadTH, 3abeaneyeHHs
HafiHOCTI Ta e(PEKTUBHOCTI TaKMX YCTAaHOBOK Ma€ KPUTUYHE 3HAYEHHs ANs
€KOHOMIYHOT AisinbHoCTi HadToBMX podosuLy [1].

KoHcTpykTmeHo LUTHY noginsieTbcs Ha ABa B3aeMOMOB’si3aHi KOMMEKCK:

HaseMHe obnagHaHHs (iHAMBIAYyanbHUIA MeXaHivYHUIA NPUBIA Ta rvpnose obnagHaHHs)
i nig3emHe (cBepAnoBMHHE) obnagHaHHs (puc. 1.1). HazemHuin komnnekc obnagHaHHs
BKITHOYAE TaKi KMIOYOBi €NeMeHTH:

— eNeKTPOoABUIyH — BUCTYMNae NEPBUHHUM XepenoM eHeprii, akuii nepenae
06epToBMIN MOMEHT Yepes NacoBi NepeaaYi Ha peayKkTop;

— PEAyKTOp Ta KPMBOLLMMHO-LIATYHHUI MEXaHi3M — NpusHayeHi Ans

3HIDKEHHS YacToTu obepTaHHs Ta NepeTBOpeHHst 06epTOBOro pyxy Bana ABuUryHa y
3BOPOTHO-NOCTYNanbHWUIM pyx 6anaHcupa;

— BanaHcmp i3 NOBOPOTHOIO rONMOBKOIO — 3AIMCHIOE KONMBAIbHI PyX1 HaBKOMO

cBOE€i onopyu. Ha ronosui 6anaHcupa 3akpinneHo rHy4ky kaHaTHY nigBicky;

— nonipoBaHuii (TMPMoBKIA) LUTOK — BEPXHS NOCUNEHAa YacTUHA LUTAHroBOI

KOINOHW, sika MPOXOAUTbL Kpi3b rvprnoBe obnagHaHHs;

— MProBWIA canbHUK (CanbHUKOBUIA MPUCTPI) — 3abe3nedye repmeTn3aLlito

rvpra cBepasIoBMHU y MicCLi BUXOAY MOMipOBaHOro LUTOKA, 3anobiratoyn BUTOKY
HadTh Ta rady B HaBKOSMLLHE CEPEAOBULLE;

3mH. Apk. No gokym. Mignuc Oata
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PucyHok 1.1 TaHroaa HacocHa _ycraHoBka [2]: 1 — ABWryH; 2 — npoTuBara; 3 — KepmMoBa coluka; 4 — 6anka 6anaHcupa; 5 — ronoska 6anaHcupa; 6 —
BEPXHili LLAPHIP KOMOHW _LUTaHr;__7 — rMpno CBepAnoBuHY; 8 — HadpTonposig; 9 — 6eToHHI dhyHaameHTu; 10 — koxyx; 11 — wraHra HacocHa; 12 — Tpy6ku;
13 — Hacoc; 14 — knanaHu; 15 — HadbToBI MickK

— TVPNOBUIA TPIMHUK — CNPSIMOBYE MOTiK BUAODOYTOI HadTOrasoBoi CyMmiLli 3i
CBEepANIOBVHN Y BUKUAHY MiHil0 Ta Aani 40 MPOMMCIIOBOro KonekTopa.

Min3emHuii (cBEpANOBUHHMIA) KOMMNSIEKC 06NaaHaHHSA CKnaaaeTbes 3 Takmx
KOMMOHEHTIB!

— HacocHo-komnpecopHi Tpyou (HKT) — konoHa Tpy6, sika cnyckaeTbes y
CBEPASIOBYHY i CNyrye kaHanom Ans nNignomMy piguHM Ha NOBEPXHIO, a TAKOX OCHOBOK
ONs KpiNneHHs uuninapa Hacoca;

— KOIMOHa HaCOCHUX LUTaHr — BaraTokifilomeTpoBa 3B’s13ka NOCNiA0BHO

3’€[JHaHMX MiX COBOHO LUTAHTOBUX EMNEMEHTIB, LLO po3milyeTbest BcepeanHi HKT i
BMKOHYE pOsib MPOMIKHOT MeXaHi4yHOi aHkv AN nepefadi MexaHiuHoi eHeprii Big
ronosku HGanaHcupa [0 nig3eMHOro Hacoca;

3mH. Apk. No gokym. Mignuc Oata
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— CBEPAMOBUHHUIA LUTAHTOBUI Hacoc — 06’eMHUIA rigponidToBuiA anapar,

KU BCTAHOBMIOETLCA Nif AMHAMIYHMM piBHEM piguHKN. Hacoc cknagaetbes 3
HepyxoMoro LumiHapa, BcepeaunHi SKoro 34ilCHI0E 3BOPOTHO-MOCTYNanbHUM pyx
NpeumsinHnin NNyHxep;

— KnanaHHa cucTemMa Hacoca — BKIoYaE ABa 3BOPOTHI KnanaHu: Hepyxomun
BCMOKTYBaIbHWIA (CTOSIYMIA) KNanaH, po3TalloBaHUI Y HUXHIN YacTuHi uuniHapa, Ta
PYXOMWIA HarHiTanbHWI (MONYTHWIA) kNanaH, 3MOHTOBaHUI 6e3nocepeaHbOo y BEpXHilt
YacTuHi NnyHxepa.

Po6GoTa ycTaHOBKM 32 CXEMOIO MA€E YiTKO BUPAXEHUI LMKIIYHWIA XxapakTep i
CKINaJaeTbCs 3 JBOX OCHOBHUX TaKTiB: X0y Bropy Ta Xoay BHU3.



Xig Bropy: ronoska 6anaHcupa nigHiMae nonipoBaHWUi LUITOK i KOMOHY LUTaHr

pa3om i3 nnyHxepom. [Mig Aieto Baru ctoBna piaguHu, wo 3HaxoamTecs B HKT Hag
NAYHXEPOM, HarHiTanbHUIA Knanax LWinbHO 3akpuBaeTbCs. PianHa, Wo 3anoBHoe
HKT, BUTICHAETECSA Yepes rmproBuii TPINHUK y TpybonpoBig. OgHovacHo 3 LM y
MOPOXHWHI LniHApa nifg NiyHXepoMm CTBOPIOETLCS PO3PIAKEHHS
(BakyyMmmeTpuyHUiA Tuck). Mig adieto Tucky ctoBna piavHW y cBepanoBuHi (BUGINHOro
TUCKY) BCMOKTYBaInbHWIA KnanaH BigKpUBAETbCS, i MNacToBUi (ontoig 3anoBHIOE
3BiNbHEHWUI NpocTip uuniHApa. Ha uboMy TakTi KOfloHa LUTaHr 3a3Hae MakcrMarnbHOro
pO3TAryBanbHOrO HAaBaHTaXEHHS!, OCKINbKW BOHa YTPUMYE siK BNacHy Bary, Tak i Bary
CTOBNA PiAVHW Haf NITYHXEPOM.

Xig BHM3: ronoBka 6anaHcvpa pyxaeTbCsi BHU3, OMycKakouu LTaHrm Ta

nnykxep. BcMoKTyBanbHUiA KnanaH nig Aieto TUCKY piAvuHW BCepeavHi unniHapa ta
CUIM BNACHOI Barn KyrbKn 3aKpUBaETLCS, NepeKpuBaroym 3BOPOTHUIA Xif, brtoiagy y
cBepanoBuHy. TUCK Yy KaMmepi Hacoca 3pocTae, Lo 3MYLUYE BiAKPUTUCS HarHiTanbHUi
KnanaH Ha nnyHxepi. MNnyHxep 3aHyplOETbCA Y PiAWHY, | BOHA nepeTikae 3
nianmyH>XepHOro NpocTopy B HaannyHxepHuii (y konoHy HKT). Ha ubomy TakTi
HaBaHTaXXEHHS Ha KOMOHY LUTaHT Pi3KO 3MEHLLYETbCSI, OCKINbKM Bara CTOBMa PianHM
nepeHoCUTLCA 3 NAyHXepa Yyepes LumniHap Ha KornoHy HKT.

3mH. Apk. No gokym. Mignuc Oata
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LLinpoke 3actocyBaHHs LLUTHY B HadbTOorasosii NpomMmncrnoBocTi 3yMoBrieHe

IXHIMW TexHiKo-ekcnnyaTtauinHuMmn xapaktepucTmkamu. [lo OCHOBHVX nepesar
HanexaTtb BifHOCHO HeckraaHWin MOHTa obrnagHaHHSA Ta [OBOJ BUCOKWI KoegilieHT
KOpWCHOT fii. MpoTe ekcnnyaTaLlis yCTaHOBOK CYNPOBOAXYETbCS HU3KOK CYTTEBUX
npobnem, cepen SKMX—iABULLEHUA 3HOC KIOYOBMX MiA3EMHUX ENEMEHTIB —
NNyHXepPHOI Napun, HACOCHO-KOMNPECOPHMX TRYO Ta wTaHr Hacoca. Kpim Toro,

HeonikoM € 3aranbHa CKNafHICTb NPOBEAEHHS PEMOHTY rMMBUHHOTO 06nagHaHHs

[1,3].

KnagHi ymoBM ekcnnyatauii Ta cxunbHicTb enemenTis LUMHY go 3Hocy

3YMOBIIOKOTb HEOOXIAHICTH CBOEYACHOIO AiarHOCTYBaHHS Ta aBToMaTn3aLlii KOHTPOSIH TEXHIYHOMO _CTaHy_ yCTaHOBOK i pEXUMIB

CuctemaTnyHuii

KOHTPOIb TEXHIYHOrO CTaHy obnaaHaHHsi 6e3nocepeaHbO BNNMBae Ha e(PEKTUBHICTb
Ta 3aranbHy 6e3neky ekcnnyatauii HacdToBMx cBepAnosuH [1,3].

CTBOPEHHSI CUCTEM MOHITOPUHIY BUPILLY€E HACTYMHi KMOYOBI 3aBAaHHS:

— MiHimMi3aLis NpocToiB: 3a6e3neyeHHst WBUAKOT AiarHOCTUKK, 3BOAUTbL A0
MiHiIMYMY 4ac NpOCTOK YCTAaHOBKM i JO3BOMSE OnepaTopy CBOEYACHO BMKOHATH
HeobXiaHi KopuryBanbHi Aii;

— eKOHOMIYHa e(PeKTUBHICTb: PO3POBNEHHSI TOYHMX | HAAIMHNX cUCTEM
[iarHOCTYBaHHS HECMPaBHOCTEN A03BOMNSE CBOEYACHO BUSABUTU 3601 Ta 3HN3UTH
iHaHCOBI BUTpaTK;

— 3anobiraHHsi aBapisiM: BUSBNEHHsI AedeKTiB Ha paHHix eTanax 3anobirae
BiIMOBaM KOMMOHEHTIB CUCTEMU Ta YHEMOXIUBIIIOE NOAAMbLLI NMOLUKOIKEHHS
rMUBUHHOTO O6nagHaHHs.

[nsa peanisauii 3aBaaHb 6e3nepepBHOI AiarHOCTUKKU Ta onTuMisadii BuaobyTky
cy4acHi HadTorasosi NiaNpPUEMCTBa BNpoBaaXKyoTb BaraTopiBHEBI aBTOMAaTU30BaHi
cuctemmn kepyBaHHs (ACK). Y3aranbHeHa CTpyKTypa cUCTeMU KepyBaHHS Ta
niarHoctukmn LUMHY npeactaeneHa Ha pucyxky 1.2 [1].

3mH. Apk. No gokym. Mignuc Oata
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PucyHok 1.2 - Y3aranbHeHa CTpyKTypa cuctemun kepyBaHHs LUFTHY

Ak BUAHO 3i cxemu (puc. 1.2), apxiTekTypa cUCTEMU € iEPapXiYHOKO i

cKInafaeTbes 3 TpboX 6a30BUX PIBHIB:

— MONbOBUIA piBEHb: OXONIE Ge3nocepeHbO TEXHOMOTYHUIN 06'eKT —
CBEpASIOBUHY, HAa3eMHWIN NPUBIA (BepcTaT-Ka4asky) Ta KOMNNeKT NePBUHHUX
nepeTBoptoBaYiB (gaBadiB). Kno4yoBy ponb TyT BigirpaloTb AaBadi HaBaHTaXEHHS
(amHamorpadm), SKi BCTAHOBMIOKOTLCSA Ha MOMipoBaHOMY LUTOKY, Ta faBadi
nepemilLeHHs GanaHcupa. IxHe 3aBgaHHsa — 6esnepepeHa peecTpalis 3ycunns B
KOMOHIi LUTaHT 3aneXHo Bif il MOTOYHOro NOnoXeHHs. Takox Ha LboMy pPiBHi

iX poboTu.



3mH. Apk. No gokym. Mignuc Oata
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3HaxXOAATLCA AATUYMKM MapameTpiB enekTpoaBUryHa (CTpyM, Hampyra) Ta TUCKY Ha
rmpni;

— piBEHb NOKanbHOro KoOHTpornepa: 6asyeTbCs Ha BUKOPUCTaHHI

cneuianisoBaHnX NporpaMoBaHuX MNOrYHUX KOHTPONepPiB (KOHTpoNepw KepyBaHHS
BigkavysaHHam POC (Pump-Off Controller)). KoHTponep BUKOHYE NepBuHHe
nepeTBOPEHHSA aHanoroBMx CUrHanis Bif Aasadis y umdgposy dopmy, hopmye macus
TOYOK AMHaMorpamu Ta pearnisye 6a3oBi anroputMu 3axucty (Hanpuknag,
aBTOMaTUYHY 3YNWHKY ABUryHa Y pasi obpuBy LUTaHr abo KPpUTUYHOTO
HefoHanoBHeHHs Hacoca). 3ibpaHi Ta nepBrHHO 06pobneHi AaHi NnepeaarTbCa Ha
BEpXHili piBeHb 3a gonomoroto 6e3apotosux (GSM/LTE/Radio) abo nposigHmx
KaHanis 3B'A3Ky;

— BEPXHill piBeHb: LeHTpanizoBaHa agncnetyepcbka cuctema 36opy ta

06pobku AaHnx (SCADA-cuctema), sika po3ropHyTa Ha fokarnbHUX cepBepax
nignpuemcTaa abo y xmMapHoOMy cepefoBuLLi. Ha LboMy piBHI 3aiCHIOETLCA
HaKonuyeHHsi icTopii poboTn hoHay cBepaoBuH y 6aszax AaHux Ta Bidyanisauis
iHpopmauii ans iHxeHepie. Came Ha LbOMY eTani AOLUiINbHO po3ropTaTv Moayni
MaLLMHHOrO HaB4aHHs (ML) Ta wry4Horo iHTenekTy. OCKinbKW NnoKanbHi KOHTponepu
MatoTb OBMexeHi 0BUNCIoBanbHI MOTYXHOCTI, IMUBOKMIA iIHTeNeKTyanbHUA aHanis
CMHTE30BaHWX AMHamorpam, po3nisHaBaHHS CKMaaHMX (3allymieHnx) naTtepHis
AedekTiB Ta NPOrHo3yBaHHSA TEXHIYHOrO cTaHy obnagHaHHSA BUKOHYETbCS
BMCOKOMNPOAYKTUBHUMU CEpBEpaMmn BEPXHLOTO PiBHS.

Takum 4YnMHoM, po3pobka MeToAiB AiarHOCTUKM € SIK TEXHIYHUM MOKPaLLEeHHSAM,

TaK i eKOHOMIYHO OBI'PYHTOBaHO HeOBXIOHICTIO, Lo 3abe3neyye 6e3nepebinHnin
LMK MexaHi3oBaHOro BUAOOYTKY HadhTh.

1.2 JuHamorpama sik OCHOBHe pkepero iHpopmauii npo ctaH LUMTHY

OCHOBHMM, HanbinbL iIHHPOPMATUBHUM Ta EKOHOMIYHO AOCTYMHUM METOAOM
HepYWMHIBHOTO KOHTPOIIO i NPEAUKTUBHOT AiarHOCTUKMN LUTAHMOBUX MMMBUHHO-

3mH. Apk. No gokym. Mignuc Oata
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HaCOCHWX YCTAHOBOK € AVHaMOMETPYBaHHS CBePANOBUMH [4]. PisnyHa cyTb Lboro
MeToAy nonsirae y 6e3nepepBHilt peecTpadii Ta aHanisi MexaHiYHMUX 3ycunb, LLO AitoTb
y TOMUi MiABICY LUTaHT, MPOTArOM OAHOrO MOBHOIO KiIHEMATUYHOTO LMKy poboTu
BepcTaTa-ka4anku (xogy Bropy Ta xogy BHM3). [padivHe BinobpaxeHHs uiei
3anexHoCTi Y ABOBUMIPHI CUCTEMi KOOPAWHAT «HABaAHTAXXEHHS Ha NONipoBaHU
wToK (P) — nepemilleHHs WwToka (S)» HasMBaeTbCs AUHaMorpamoro abo
AnHamokapToto [4]. Ockinbkv NpoLec BiakavyBaHHSA PiAUHN € LMKNIYHUM, TPaeKkTopis
3MiHW HaBaHTaXeHHs YTBOPIOE 3aMKHEHY KpUBY MiHito, reomeTpuyHa hopma AKoi €
YHiKanbHWM iHTerpanbH1M naTtepHoMm (BiAOUTKOM) CTaHy BCIE€l CUCTEMM «NMacT —
CBEpASIOB/HA — HACOC — KOJTOHA LUTaHT — HA3EMHUIA NMPUBIAY.

Y cy4yacHi HadTONPOMMUCIOBIN NpaKTULi Ta Teopii iIHTeNekTyanbHOro aHanisy

[aHyX AMHamMorpamu YiTko NoAinstoTb Ha ABa OCHOBHUX TUMM, KOXEH 3 SIKUX Ma€ CBilt
hisnyHWMiA 3MiCT Ta 06nacTb 3aCTOCYBaHHS:

— HaseMHa (NoBepxHeBa) AHaMorpama: Le NepBUHHUIA TenemeTpudHuin

curHan, sikuin 6esnocepeaHb0 PEECTPYETHCS AaBavyaMm Ha yCTi CBEPASIOBUHU (Ha PiBHi
noniposaHoro Lwrtoka). BoHa Bigobpaxae peanbHi cunu, WO AitoTb HAa HA3eMHUI
npuBia. MNpoTe, sk NpoAeMOHCTPYBaB y CBOIX knacuyHux npaugsx C. l66c, popma
Ha3eMHOI AMHamorpamm 3a3Hae CUMbHOTO BUKPUBMEHHS Yepes CknafHi XBUMbOBI
npouecwu [5]. Ha curHan, Wwo HagxoanTb 3 rMUOMHK, HaKNaaarTbCs NPYXHi
nedopmallii 6araTokinomMeTpoBOi KOMOHW LUTAHT, CUNK iHepLil, riAPoOAMHaMIYHWIA onip
Ta KonvBanbHi NpoLecK y CToBMi piguHW. Yepes Le npsima BidyanbHa iHTepnpeTauis
Has3eMHWX KapT Ans BUSIBNEHHS AedekTiB 6e3nocepenHbo B HACOCI € YCKNagHEeHo!o.
— rmmbuHHa (NNyHxepHa/HacocHa) AnuHamorpama: Bigobpaxae yncty

3anexHiCTb KHaBaHTaXEHHS — NepeMillieHHs» 6e3nocepenHbO Ha PiBHI NNyHxXepa
cBepAnoBMHHOro Hacoca. OcKinbku 3aHypeHUii HacoC NpaLoe B yMOBaX BiIHOCHO
YKOPCTKOro UuniHapa, “oro ineanbHa (€TanoHHa) AMHamorpama 3a yMOB HOpMarbHOi
po6oTun Mae 4iTky bopMy napanenorpama [6]. OTprMaHHs rMUBUHHOT AuHamorpamm
3AiMCHIOETLCS 3a3BMYal PO3PaxyHKOBUM LLMAXOM 3a AONOMOrol0 PO3B'A3aHHSA
obepHeHoI KpanoBoi 3aaadi MaTeMaTUYHOT i3VKN AN OAHOBUMIPHOTO
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andepeHLianbHOro piBHAHHSA B YaCTUHHKX NOXIAHWX rinep6onivyHoro Tuny
(XBWUMBbOBOTO PIBHAHHSA 3 ypaxyBaHHSIM 3racaHHs KonvBaHb Ta cun TepTs), Lo BrnepLue
6yno 3anponoHoBaHo y 1960-x pokax [5]. IMnMbuHHa anHamorpama fo3BonNse
KOYUCTUTU» CUrHan Bi4 BNMBY KOMOHM LUTAHT Ta igeHTUdiKyBatn aedektn camoro
rMMBUHHOTO KnanaHHoro By3na 3 HabaraTo BULLIOK TOYHICTIO.

Mpuknagn rmMubnHHMX guHamorpam npu TunosBux ctaHax LUMHY nokasaHo Ha

puc. 1.3.

PucyHok 1.3 — luHamorpamu npu Tunosux ctaHax LUrHY

3mH. Apk. No gokym. Mignuc Oata
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MaTemaTuyHMin Ta reoMeTpUYHUA aHani3 opmm AnHamorpamu nependayae
BUAINEHHS HN3KM KMOYOBUX KiNbKICHUX NapameTpiB, siki BUKOPUCTOBYIOTLCS 51K
iHdbopmaTuBHI 03HakK B anroputmax knacudikauii (npyknagm cnoteopeHb hopmu
AvHamorpam nokasaHo Ha puc. 1.4):

— MakcumarnbHe HaBaHTaxeHHs1 (Pmax): gikcyeTbes nig Yac xody Bropy, Konm
LUTaHM CNPUAMaIOTL Bary CTOBMNa PiAMHW Ta BNacHy Bary B piaviHi. MNepesuLLeHHs
KPUTUYHOTO PIBHS CBIQYNTL MPO 3aKNMHIOBaHHst abo aHoMarnbHe TepTs [7];

PucyHok 1.4 - OuHamorpamu npw pisHmx TunoBux gedekrtax LUMHY

— MiHiManbHe HaBaHTaxeHHs (Pmin): dikcyeTbcs nig Yac xody BHU3, KOMK

Bara pigvHu nepeHocutbes Ha HKT. AHomanbHe nagiHHa Pmin go Hyns abo
Bif'EMHUX 3HaYeHb MOXe BKasyBaTV Ha yaap nnyHxepa ob piguHy abo nocaaky LuTaHr
[4%;

— [OBXMHa xoay LToKa (S): BU3Ha4ae amnniTyay KonmeaHb KpUBOI MO OCi

abcuuc;

— nnowa avHamorpamu (W): iHTerpan HaBaHTaXKeHHs1 3a NepeMmiLLeHHsIM,

AKMIA PI3NYHO YNCENbHO AOPIBHIOE MEXaHiYHii poboTi, BUKOHAHI yCTaHOBKO 3a

3mH. Apk. No gokym. Mignuc Oata
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OJVH KpOK xofAy. 3MiHa NnoLyji € iHANKaTopoM 3MiHW koedilieHTa HanoBHEHHS Hacoca
Ta voro nogadi [8];

— KyTW Haxuny MiHin CNPUAHATTSA Ta CKUOAHHS HaBaHTaXXeHHS: reomeTpist

NiHii y niBii Ta Npagiii YacTMHax AMHaMokapTy Bigobpaxae LWBUAKICTb BiAKPUTTS Ta
3aKpUTTH BCMOKTYBAIIbHOIO i HarHiTanbHOro Knanais, Lo € KPpUTUYHO BaXNMBUM ANs
NPeaVKTUBHOI AiarHOCTMKM BUTOKIB [6,9].

Byab-sike BiAXUNeHHs Big HOPManbHOro pexuMy poboTn cBepanoBUHHOIO
obnafHaHHs BUKNUKAe Nepeposnogin Cui y CUCTEMI, LLIO MUTTEBO 3MiHIOE FeOMETPIto
3aMKHEHOrO KOHTYpY AvHamokapTu. IpadivHi wabnoHn TMNoBUX HECTIPaBHOCTEN
ninzemuoi yactuuu LUMHY HaBegeHo Ha puc. 1.4 Ta nosicHeHo B Tabn. 1.1.

Tabnuusa 1.1 — Knacudikauis TexHivHmx ctanis LLUFHY 3a reometpnyHumun
naTtepHamu AvHamorpam

No TexHiuHuii ctaH /
LedekT

eomeTpnyHMIA NaTepH
(cdbopma amHamorpamm)
disnyHa cyTb npouecy

1 HopmanbHa pobota
(ineanbHuii cTaH)
MpaBunbHWin Nnapanenorpam
3 YiTkUMK KyTamu. JiHii
CNpUNHATTA (niBOpyYy) Ta
CKMAAHHSA HaBaHTaXeHHS
(npaBopyy) € NpAMUMY i



napanenbHUMU.
HopmanbHun umkn
BigkayyBaHHs. KyT Haxuny
Bi4HMX NiHIN BU3HaYaeTLCA
BUKIMOYHO TEOPETUYHOO
npy>xHoto Aedopmadiieto
LUTaHT.

2 HepoctaTHe

HanoBHeHHs1 Hacoca

(BNMYB HN3BbKOTO

nebity)

Kpusa xopy BHU3 crnioyaTky
NOBTOPIOE HOPMarnbHY

niHito, ane B cepeavHi xoay
pi3ko BepTMKanbHO nagae
(NpaBuiA BEPXHIN KyT
«BiACIKAETLCAN ).

MnyHxep pyxaetbes y
HaniBNOPOXHBbOMY LMNiHAPI i
3[iNCHIOE XKOPCTKMNN
rinpasniyHnin yoap o6 piBeHb
piovHu [4]

3 MasoBa

iHTepdepeHLUin

(BNNMB BiNbHOMO

rasy)

JliHia xogy BHW3 nagae He
CTPIMKO, @ YyTBOPIOE NNaBHy
YBIrHyTY rinep6oniyHy

KpUBY (3aKpYrmeHHs

npaeoro kyTa).
BinbyBaeTbcsi CTUCHEHHS
rasoBOi «MNOAYLLKUY», LLO
Buainunacs 3 HadTu.
CKuaaHHsa HaBaHTaXeHHs nae
i3 3ani3HEHHSIM, 3HWXYOYN
edeKkTMBHUI Xig nnyHxepa [6]
4 BuTik 'y

HarHiTanbHoOMy

(pyxomomMmy) knanaHi

BepxHsi ninis (xig Bropy)
BTpa4ae ropusoHTasnbHICTb i
NMaBHO 3rMHAETHLCS AOHU3Y.
Yepes HerepMeTUYHicTb
pignHa nig BUCOKMM TUCKOM
nepeTikae Kpi3b NIyHxep
Hasaj y umniHap, 4acTkoBo

3mH. Apk. No gokym. Mignuc OaTa
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MpaBuii BepxHil KyT cTae
OKpYrnuM.

PO3BaHTAXYIOUM LLITAHIU Ll
[0 noyaTky xoay BHM3 [9]

5 Butik 'y

BCMOKTYBaSIbHOMY
(cTostyoMy) knanaHi

HwxHs niHia (xig BHA3)
3rMHaeTbCs Aoropu, a nisun
HVDKHI KyT YTBOPIOE NnaBHe
3aKPYIMeHHs.

[Mpu onyckaHHi WTaHr
3aKpUTUIA KnanaH nponyckae
pignHy B nnact. Tuck nig
NAyHXepom nagae nosifbHille,



Bara pigvHu He Moxe
NOBHICTIO MepeHecTUcs Ha
HKT [7]

6 O6puB KONOHU

HaCOCHWUX LUTaHr

Bysbka, BUTSIrHyTa no
ropusoHTani netns abo
TOHKa CTpiYKa B HUXHIN
YacTuHi rpadika (nobnuay
NiHiT MiHiIManbHoOro
CTaTUYHOTO HaBaHTAXEHHS).
3ycunns Ha WToKy
3anunWaeTbCs MNOCTIHUM i
MiHiMarnbHUM NPOTAroM
YCbOTO LKy, OCKinbK1
NpuBiA Nepemillye nuwe
3anuLok obipeaHoi KonoHu [4]
7 AHOManbHO BUCOKE

TepTs / BUCOKaA

B'A3KICTb

KoHTyp piBHOMipHO
PO3LUMPHOETLCS NO
BepTuMKani (NiHis xogy Bropy
3MiLLYETbCS BULLE, @ Xoay
BHU3 — HUXYeE),
YTBOPHOKOYN «PO3DYTY»
dopmy.

BuHMKaOTh 3HaYHi AoOaTKOBI
cunu onopy nig 4ac pyxy
wraHr BcepeamHi HKT (4epes
BUKPUBIEHHS cToBGYpa abo
BigknageHHs napadiHy) [1]
8 Ynap nnyHxepa o6
CcTOsYMI knanaH /

nocajka LraHr

Pi3ki, BuCOKOYACTOTHI
amnniTyaHi KONMBaHHSA
(BepTVKanbHi «LUMUABKA»
abo 3a3ybpuHn) y
HaMHWKYIN TouLi Xoay.
BrHMKal0Tb XBUNI MEXaHivHNX
HanpyeHb BHACMiAoK
i3NYHOrO 3iTKHEHHS
nia3eMHUX MeTaneBux
KOHCTPYKLUi nig Yac 3MiHn
Hanpsmky pyxy [8]

[onoBHa cknagHICTb NPaKTUYHOrO 3aCTOCYBaHHS AVHAMOMETPUYHOTO

KOHTPOIIO Nonsrae B TOMY, LLO Ha peanbHUX HapTOBUX NpOMUCHAxX CUrHaNU AaBavis
Hikonn He ByBatoTb ineanbHUMK [4,10]. Ha chopmy KpuBOi HaknagaTbCs BUNAAKOBI
npoMucnoBi 3aBaau, Bibpalii Ha3eMHOro NpmBoAy, HeCTabiNbHICTL HanNpyru
XKMBUIbHOI Mepexi enekTpoaBuryHa, BUNagkoBi BUKMAW Yepes riapoanHaMiyHi
36ypeHHs abo nynbcauii TUCKY y BUKUAHIM NiHii [1].

Bracnigok uboro peansHa NpoM1crioBa AMHamorpama € CUIbHO 3aLlyMIIeHO0.
TpaauLinHi ekcnepTHi CUCTeMU, WO CNMPaTLCS Ha XKOPCTKI aHaniTuYHi npaeuna abo
reoMeTpuyHi LWabnoHu, YacTo AatoTb 3607 abo NOMMUIKOBI CnpaLboBYBaHHS NPU NOSBI
LUYMiB pi3HOI NOTYy»HOCTI. Llen dbakTop 06yMOBMOE BUCOKY aKTyanbHICTb
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pO3pO6MeHHs 3allyMIIEHUX CUHTETUYHMX MOAenel Anst HaBYaHHS THYYKNX
CTOXaCTUYHUX MOAEnew LTYYHOro iHTENeKTY, 3aaTHMUX eeKTUBHO (inbTpyBaTH
KOPUCHWI curHan Ta 6eanomunkoBo knacudikysatu ctaH LUFHY B ymoBax peanbHux
NPOMUCNOBUX NEPELLKOA,.



1.3 OrnsAg i aHani3 icHylo4nx MeTogiB po3niHaBaHHS AUHamorpam

ABTOMaTM3aLisi po3ni3HaBaHHA Ta knacudikauii TexHiyHoro ctany LWIHY 3a
dopmoto AnHamorpamu NponLLna eBostoLiio Bifg cy6'eKTMBHOIO BidyanbHOro aHaniay,
LLIO 3AIMCHIOBABCS IHXEHEPHO-TEXHIYHUM NepcoHanoM 6esnocepeaHbo Ha NpoMucnax,
[0 pO3poBKM CydacHMX aBTOMaTU30BaHMX CUCTEM Ha 6asi LUTYYHOro iHTeNneKTy Ta
rmMBoKoro MalLMHHOro HaByaHHs [3]. Ha cborofHi icHytoudi metoam knacudikauii
ANHaMOKapPTOK MOXHAa PO3AINUTY Ha TPU OCHOBHI rpynu: TpaauLinHi aHanmiTUyHi
(excnepTHi) MeToan, METOAM KNACUYHOMO MALLMHHOIO HAaBYaHHS 3 PyYHUM
NMPOEKTYyBaHHSAM O3HaK Ta Cy4acHi MeToam rmubokoro HaB4aHHS [3,4].

MepwrMn aBTOMaTU30BaHNMM IHCTPYMEHTaMKN aHani3y cTanu ekcnepTHi

CMCTEMMU, 3aCHOBAHI Ha XXOPCTKMUX NOTiYHMX NpaBunax Ta AeTepMiHOBaHNX
reoMeTpuyHmMX WabnoHax [3,6]. B ocHOBI Takux cucTem nexanu dyHaaMeHTanbHi
npaui C. l66ca LWo[o MaTeMaTyYHOro ONUCy KOMMBaHb KOMOHM LITAHT 3a 4ONOMOro
XBUIbOBOIO PiBHSAHHSA [5], @ TAKOX KNacuyHi MeToauku BidyanbHoi iHTepnpeTauii
[6,7]. MpuHUKMN Aii Taknx cuctem BasyeTbcst Ha po3paxyHKy Habopy penepHuUx TOHOK
(MiHiManbHe/MakcManbHe HaBaHTaXEHHS, AOBXMHA XOAY, NoLLa) Ta NOopPiBHAHHI
OTPUMAHOIO KOHTYPY 3 ETANOHHUMY reoMeTpUYHUMM dirypamu (napanenorpam,
Tpaneuis, NiHinHa netns). HesBaxatoun Ha BUCOKY LUBUAKICTb PO6OTU, TpaauWuiiHi
aHaniTMYHi cMCTeEMU MatoTb CYTTEBI HeAONIKN. BOHW MatoTb HU3bKY aAanTUBHICTb i
BMMaratoTb NOCTINHOI Py4HOT KOpPEKLIii NOPOroBMX 3Ha4YEHb AN KOXHOT KOHKPETHOI
CBEpANIOBVHN Yepes yHikanbHi reornoro-TexHi4Hi ymosu. BoHn BusBnsaTbCS
He3gaTHUMM KOPEKTHO MpaLoBaTh B yMOBaxX pearnbHUX NPOMUCIIOBUX NepeLukoa. Ak
3a3HavatoTb B [1,4] HasBHICTb BUCOKOYACTOTHMX LUYMIB, Bibpauii npueoay Ta
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BMMNaZKOBMX BUKMAIB NPU3BOAUTL [0 TOrO, LLO KOPCTKI aHaniTUYHi npaevna AarTb
BEMUKY KiNbKiCTb MOMUIIKOBYKX CrpaLboByBaHb abo B3arani He po3nisHaloTb
CnoTBOPEHUI AedekT.

3 po3BUTKOM 0BUMCIOBanNbHOI TEXHIKM DOKYC AoChiAXeHb 3MiCTUBCA Y Bik
BMKOPUCTaHHS METOZIB KNAaCUYHOro MaLUMHHOIO HaByaHHs. [ns nogonaxHs
YyTNMBOCTI A0 LUYMiB AOCMIAHMKM MoYany 3acToOCOBYBaTU NONEpPeaHi0 MaTemMaTuuHy
06pobKy Ta napameTpu3aLito 3aMKHEHOro KOHTYpPY AMHamorpamu [11] — 6yno
3anponoHOBaHO NepeTBOpeHHs rpadhiyHoro obpasy AnHaMoKapTy Y CTiliki BEKTOPU
LndpoBMx 03HaK. [Ns LbOro BUKOPUCTOBYBANMUCS TakKi MaTeMaTuyHi iIHCTPYMEHTH, SK
koediuieHT po3knagy B psan Pyp'e, iHTerpanbHi iHBapiaHTN KPUBKX, MOMEHTU
iHepuji reomeTpuyHoi dirypy Ta metoamn AedekTHoi aekomno3auuii curHany [4,8,11].
CdopmoBaHi TakMM YMHOM BEKTOPU rEOMETPUYHINX O3HAK Yy NOAAnbLLIOMY nogaBanucs
Ha BXif Knacu4Hux knacudikaTopiB MaLMHHOIO HAaBYaHHS, Takmnx SK:

— MeToz, onopHMX BekTopiB (SVM): edbekTMBHO po3ainsie knacu cTaHiB y

NpPOCTOpi 03HaK BUCOKOI PO3MIPHOCTI;

— npuxoBaHi Mogeni Mapkoa (HMM): 3acTocoBytoTbcst Anst aHaniy

AMHamorpamu sk NocnifoBHOCTI YaCoBUX iHTEpPBaniB, LLO [O3BOMSE BpaxoByBaTu
AnHaMIKy 3MiHX curHanis nig vac uukny [4];

— BunagkoB.i nicn (Random Forest) Ta meTtog k-Hanbnmkunx cycigis (k-NN):
BMKOPUCTOBYIOTLCA Ans BaratoknacoBoi knacudikadii.

BukopucTaHHsa knacnyHoro ML 403BONMUAO 3HAYHO NIABULLMTK CTIVKICTb

anropvTmiB 40 3allymneHHs curHanis [3]. MNpoTe uen nigxia Mae KputuiHe
oBMexXeHHs1 — eTan BUAINEHHs] 03HaK BUKOHYETbCSI BPYYHY. AKLLO iHXeHep-
pO3pO6HMK HE BpaxyBaB NEBHWI reOMETPUYHUIA iHBapiaHT abo CToxacTuyHy
nedopmaliito KpMBOi, TOYHICTb knacudikauii Moaeni pisko nagae.

Cy4acHUM eTanom po3BUTKY CUCTEM TexXHIYHOI diarHocTuku LUTHY e
BNPOBa[KEHHS rMUBOKNX LUTYYHUX HEMPOHHMX Mepex (DNN), 3okpema 3ropTkoBmx
HenpoHHux mepex (CNN). lonoBHa nepesara rmMboOKOro HaB4aHHs nonsrae B
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aBTOMaTUYHOMY BUTSITYBaHHi iEpapXiYHNX MPOCTOPOBUX Ta TEKCTYPHUX O3HAK
6e3nocepeHbO 3 cMpUX AaHux 6e3 HeobXigHOCTI PyYHOro MPOeKTyBaHHSA 03HaK [3].
Y Takmx nigxogax AMHamMmorpama moxe posrnsgatucs y asox dopmarax [3]:

— Ak ABOBMMIipHEe BiHapHe abo rpagieHTHe 306paxeHHst: rpaddik KOHTYpPY
NepeTBOPHETLCA Ha MaTpuULto MikceniB ikcoBaHOrO po3Mipy, sika 06pobnsaeTbes



ctaHpapTHumu apxitektypamm CNN (LeNet, ResNet, VGG) aHanoriyHo go 3agau
KOMMN'tOTEPHOrO 30pY;

— K NOCMIAOBHICTb ABOBUMIPHUX CUrHaniB: MacBM TOHYOK HABaHTaXEHHS Ta
nepemiweHHst (Pi, Si) 06pobnsitoTbest ogHoBUMiIpHUMM 3ropTkamu (1D-CNN) abo
pekypeHTHUMK Mepexxamu (LSTM/GRU), wwo fossonsie 36epiratu yacosy
NOCNigOBHICTb KPOKIB [4].

Henpomepexesi knacudikatopy 4EMOHCTPYIOTb HANBUILLLY TOYHICTb

po3nizHaBaHHs AedeKTiB Nia3emMHoro obnagHaHHa Ha BENUKMX obcsrax AaHux,
YCMILLIHO irHOpytoun ApiBHi BUNaKOBi KONMBAHHS Ta CMOTBOPEHHS (DOPMU KPUBOI.
Monpw Bucokuii noteHuian mogenew rmubokoro Hae4aHHa (CNN), ixHe

ycnillHe NpakTU4yHe BNPOBaf)XeHHs B pearnbHUX NPOMUCIOBKX CUCTeMax
MoHiTopuHry (Takux sik WellPilot [12], XSPOC [13] abo SAM Well Manager [14])
CTMKaeTbCs i3 PyHOaMeHTanbHUM 6ap'epom — npobnemoto fediunTy Ta gucbanaHcy
HaBYanbHVX AaHuX.Y peanbHUX BUPOBGHMYMX yMOBaX HahTOBUX NPOMMUCIIIB NOHaA,
90-95% 4Yacy cBepAnOBMHM NPaLoloTb Y LUTAaTHOMY pexuMi. HaseMHi koHTponepu
6e3nepepBHO PeecTPyoTb TUCAYI AUHAMOrpaM HOPMarnbHOro CTaHy obnagHaHHS.
BogHoyac aMHamokapTy, WO BiANOBIAATb KPUTUYHUM aBapiiHM cuTyalism abo
piakicHUM fedektam (Hanpuknag, o6puB KOMOHW LUTAHT, CUMbHWUIA BUTIK CTOSIHOTO
KnanaHa, niwaHumn kopok abo BubinHe razose 6OKyBaHHs), CTAaHOBMATL MeHLwe 1-3%
Bif 3aranbHoro obcary npomucnoBux 6a3 aaHux [15]. Kpim Toro, oTpumaHHs
PO3MiYeHNX peanbHUX 4aHuxX Npo asapii ycknagHeHe TuM, Lo onepatopu
HamaratTbCsl HeraiHO 3yNMHUTW CBEPAOBUHY NpU Nifo3pi AedekTy Ansg 3anobiraHHs
PYNHYBaHHIO 06nagHaHHSA, He BCTUraum HaKoMUUUTK CTaTUCTUYHY BUBIPKY

curHanie. Sk BkasaHo B [15], HaB4aHHS rMNOOKMX HEMPOMEPEXK Ha TakUX
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HeabanaHcoBaHUX BUBipKax Npu3BoAUTL [0 edeKTy NepeHaBvyaHHs: MOAENb ifearnbHO
posnisHae HopmarbHy poboTy, ane NOBHICTIO BTpayae 3AaTHICTb iAeHTUdikyBatu
aBapiiiHi cTaHu.

PiweHHsAM uiei npobnemu, ske nexuTb B OCHOBI AaHoi 6akanaBpcbkoi poboTw,

€ po3pobka MaTeMaTU4HMX Ta NPorpaMHMX Mogenen cuHTesy anHamorpam [3,15].
Hanucanuii y mexax po6oTtu nporpamHuii mogynbs mosoto Python gossonsie 3a
[,0MOMOrO0 YNCENbHOrO MOAENIOBaHHS 3reHepyBaTh HeobMexeHy Ta abCcontoTHO
36anaHcoBaHy KinbKiCTb eTanoHHUX AMHAMOKapT AN BKa3aHOro knacy aedekris.
MpoTe ineanbHi CMHTETUYHI KpMBI He BifobpaxatoTb peanbHuii "3atlymneHnin”
NPOMUCNOBUIA curHan. ToMy BaXMUBMM HayKOBO-NPaKTUYHUM KPOKOM AAHOro
[OCNiOKEHHS € anropuTMiYHE MOJENIOBaHHS Ta HaknagaHHs Ha CUHTE30BaHi
AnHamorpaMm BUNagKoBuMX LLYMIB Pi3HOT NPUPOAK, KoHirypauii Ta amnnitygHoi
noTyxHocTi. Lle fo3Bonsie WTy4HO HABNM3nTK 3reHepoBaHuin fataceT [0 peanbHUX
YMOB eKcniyarauii cBepanoBuH, 3abe3neyvyroumn BUCOKY CTilKICTb Ta e(pekTUBHICTb
HaBYeHOI iHTenekTyanbHoi Mogeni nig vac ii noganbLwoi poboTn Ha peanbHUX
HadpTorasoBmx pogoBuLLaX.

1.4 MocTtaHoBKa 3agadi Ha po3pobneHHs NPorpaMHOro Moayns
aBTOMaTM30BaHOI knacudikauii cTaHy WTaHroBUX MMUBUHHO-HACOCHNX
YCTaHOBOK Ha OCHOBI iHTENEKTYyanbLHOro aHanisy AguHaMmorpam

AHanis npegMeTHOI 06nacTi Ta Cy4acHMX TEXHOMNOTYHMX pilteHs (n. 1.1-1.3)
3acBiguMB, LLO BNPOBagKEHHS METOAIB iHTENEKTyanbHOro aHanisy AMHamorpam €
HanbinbLL NepCneKTUBHUM HanpsIMoM ANs NiABULLEHHSA edpeKTUBHOCTI ekcnnyaTtauii
LUIHY. TpaauuinHi ekcnepTHi cucTeMU, 3aCHOBaHI Ha XXOPCTKUX MaTemMaTUHHNX
npaBunax, BUSIBMSOTLCS HEAOCTATHBO CTIMKUMM A0 peanbHUX NPOMUCIIOBKX LIYMIB.
BogHoyac BUKOPUCTaHHS CyvacHWX METOAIB MallMHHOro HaByaHHs (ML) Ta
rmmbokunx HerpoHHNX Mepex (DNN) 3HauHo obmexyeTbest npobnemoto AediumnTy Ta
3Ha4yHOro AncbanaHcy HaB4YasnbHUX JaHKX.
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[ns nogonaHHs unx obmexXeHb BUHMKaE HayKoBO-NpUKNaaHa HeoOXiaHICTb y
CTBOPEHHI crewianisaoBaHoro NporpaMHoro iHcTpymeHTapito. Liei iHcTpymeHTapin
NOBUHEH KnacudikyBaT AMHaMorpaMu 3a AONOMOror anroputmis MaLLMHHOTO
HaBYaHHS Ta CaMOCTIHO reHepyBaTu (CUHTE3yBaTW) 36anaHcoBaHi HaB4asbHi



BMBIpKM, MaKkcUMarbHO HabNUXeHi 4O peanbHUX MPOMUCIIOBUX YMOB LUMISIXOM
HakKnafgaHHsA CTOXacTUYHUX LWYMIB Pi3HOT NpMpoau.

MeToto poboTu € po3pobneHHs nporpamHoro moayns (Ha 6asi MmoBum
nporpamysaHHs Python), 3gaTHoro aBTomaT3oBaHO CUHTE3yBaTU €TanoHHI Ta
3awymneHi guHamorpamu LUTHY, a Takox 3aincHoBaTh knacudikauito TeXHIYHNX
CTaHiB nig3emHoro obnagHaHHs 3a OMOMOroK HaBYaHHS Mogeni MallMHHOIO
HaBYaHHS.

O6’ekTOM OOCHiOXEHHS € NpoLec aBTOMaTU30BaHOT TEXHIYHOT AiarHOCTUKN
niA3eMHOro obnagHaHHs LWUTAHIOBUX MMIMBMHHO-HACOCHMX YCTAaHOBOK.
MpeomeTom AocnigXeHHst € METOAN MaTeMaTUYHOTO MOAENBaHHS (CUHTE3Y)
auHamorpam, anroputMuy reHepaldii 3aBaj Ta MoAeni MalMHHOTO HaBYaHHA Ans
knacudikauii n(pPoCTOPOBO-4aCOBUX CUTHarIB.

[Ins LOCSArHEHHS NOCTaBIEHOI METU B Mexax AaHoi poboTn HeobxiaHO

BUPILLNTY TaKi 3aBOAHHS:

— po3pobuTK anropuTMiyHe 3abesneyeHHst AN CUHTE3Y eTanoHHUX
anHamorpam. MporpaMHuic Moaynb NOBUHEH reHepyBaTu 6a30Bi (ineanbHi)
reoMEeTPUYHI KOHTYPW AMHamorpam Afst HopmarnbHoT po6oTu Ta Ans TUNoBMX
nedexTis;

— po3pobuTy Moayrnb reHepadii Ta HaknagaHHs Wwymis. Ons HabnmkeHHs
CUHTETUYHMX JaHUX A0 peanbHUX TeNemeTpuyHnX curHanis HeobxigHo peanisysaTu
MaTeMaTWyHi anropuTMm HaknagaHHs nepeLukos (6inuii rayciBCbkui LWyM, BUNaAKOBI
BMKUAM amMnniTyau, rapMoHinHi Bibpauii Towo). Mogynb NoBMHEH 403BONATW
KepyBaTu piBHEM 3aLLyMEHHS;

— cchopMyBaTK HaBYarnbHi Ta TecToBi Habopu gaHux. 3abe3neunTun

aBTOMaTUYHy reHepaLito Benukux, 36anaHcoBaHnx HabopiB AaHux (BKMoYaymn
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rpadiuHi 306paxeHHst AMHamoKkapT), NpMAATHUX ANs nogadi Ha Bxig ML-anroputmis,
i3 BignoBigHo0 ix nonepeaHboo 06pobkoto (Hopmanisauis, MaclTabyBaHHS);

— CMPOEKTYBaTV Ta HaBYMTM KnacudikaTop MaLLUMHHOIO HaB4aHHs. O6paTtu
onTumarnbsHy apxitektypy ML-moaeni. 34iNCHUTW HaBYaHHS Moaeni Ha 3reHepoBaHnX
[aHUX 3 BUKOPUCTaHHAM BiAMOBIAHNX (PYHKUIM BTpaT Ta ONTUMI3aTopiB;

— NPOBECTN eKCnepuMeHTarnbHy OLiHKY edpeKTUBHOCTI Ta CTikocTi Moaeni.
OuiHnTK sIKiCTb po3ni3HaBaHHA 3a cTaHAapTHUMK MeTpukamu (Accuracy, Precision,
Recall, F1-Score, nobynosa matpuui nomunok). MNpoaHaniayeatu, sik 3MiHIETbCA
TOYHICTb Knacudikauii npy NnocTynoBomy 36inbLUeHHi amnniTyan (MOTy>XHOCTI)
HaKknageHux LWymiB.

Peanisauis nporpamHoro mogyns mae 6yTu BUKOHaHa 3 BUKOPUCTAHHAM

Cy4acHUX IHCTPYMEHTIB 4115 aHani3dy AaHuX Ta MalMHHOTO HaBYaHHS:

— MoBa nporpamyBaHHsi: Python (Bepcii 3.x) — ranyseBuii ctaHgapT Ans

3aBgaHb Data Science;

— BibnioTekn Ana MaTemaTUYHOro MoAerntoBaHHA Ta MaHinynsauii AaHUMn:

NumPy (gns matpuyHux obuucneHs) Ta Pandas (ans dopmyBaHHs gartaceTis);

— 6ibnioTekn ANsa reHepadii Wwymis Ta 06pobku curHanis: SciPy;

— 6ibnioTekn MalMHHOTO HaB4aHHs: Scikit-learn.

— iHCTpyMeHTK Bidyanisauii: Matplotlib, Seaborn gns BigobpaxeHHs

CMHTE30BaHNX AMHamorpam Ta rpacikis NpoLecy HaBYaHHS.

BucHoBku o po3sginy 1

[MpoBeneHun ornag nitepaTypu Ta aHania npeaMeTHoi obnacTi nigTBEpaAXYOTh
BMCOKY aKTyanbHicTb obpaHoi Temu. ChopmynboBaHa NOCTaHOBKa 3aaqi BU3Havae
nepexia BiA TeopeTuyHoro aHaniay (po3ain 1) 4o npakTMYHOT peanisadii Ta BUMarae
[eTanbHOro po3pobneHHst MaTeMaTUYHUX anropuTmiB reHepaldii curHanis, CUHTe3y
LwymiB Ta apxitektypu ML-mogeni, wo 6yae BUCBITNEHO B po3gini 2.
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2 PO3POBJIEHHA METOANYHOIO TA ANTOPUTMIYHOIO
3ABESMEYEHHA KNACU®IKALIT CTAHIB LLUMTHY 3A ®OPMOIO
OVHAMOTIPAMU

2.1 ANropuTtMiYHi OCHOBY CUHTE3Y eTanoHHUX AMHaMorpam Ans pisHux



craHis LUMHY

[ns po3B'sa3aHHsA 3agadi knacudikauii TexHivHux LWFHY metogamum

MaLUMHHOIO HaB4YaHHSA HeOOXiAHa HasiBHICTb penpeseHTaTUBHOI Ta 36anaHcoBaHol
HaB4anbHoi BMGipku. 3 ornsgy Ha AediluT po3MiYeHNX MPOMUCIOBUX AAHUX LLOAO
aBapilHUX pexuMIB, y AaHi poboTi 3acTOCOBaHO NiAXiA CUHTE3y eTanoHHUX
AuHamorpamM Ha OCHOBI KOMMOHEHTHO-OPIEHTOBAHOMO (hi3M4HOro MogentoBaHHs [16].
B akocTi MaTemaTU4HOro aapa BUKOPUCTaHO METOA PO3B'A3KY OQHOBUMIPHOTO
XBUIIbOBOTO PIBHAHHS 3 AemndyBaHHAM (piBHSIHHA [66ca), Lo onvcye No3noBXHi
KOMMBAHHS NPYXXHOI KONOHW wwTaHr [5]:

d2u

o2

=a2

02u

ox2

-c

du

ot

+g, (2.1)

e u(x, t) — nepemillleHHs1 nepepisy KOMOHW LWTaHT, @ — LWBWAKICTb NOLUMPEHHSI
NpY>XHOI XBWUMi B MaTepiani, ¢ — KoediLieHT ekBiBaneHTHOro B'A3KOro TepTs
(meMndpyBaHHs1), g — NPUCKOPEHHS BiNbHOrO NafiHHS.

Mpsamnin aHaniTUYHMIA PO3B'A30K ANdepeHLiiHOro piBHSAHHSA (2.1) B

YaCTUHHUX NOXIAHWUX ANS peanbHUX YMOB 3i CKIaHOK reoMeTpieto CBEPANOBUHN Ta
3MIHHUMU FPaHUYHUMK YMOBaMMW € HEMOXIMBMM. TOMY B poGOTi BUKOPUCTaHO
YucenbHUM MeToA ANCKPETU3aLlii, peanisoBaHuii 3a JONOMOroto Bigkputoi Python-
6ibnioteku pycodyn. Y po3pobneHomy nporpamHomy 3abesneveHHi (Ha 6asi
cepepoBua Python Ta 6ibniotekn pycodyn [16]) ycTaHOBKY nogaHo sik cuctemy
B3aEeMONOB'A3aHNX 30cepemxeHnx mac (Mass), Npy>XHO-B'A3KUX eNeMeHTiB
(SpringDamper) Ta 30BHiLHix 3ycunb (Force).

3rigHo 3 MmeTogororieto pycodyn, HenepepBHa KOMOHA LUTaHr anpoKCUMYETbCS
eKBiBaNeHTHOI CUCTEMOIO i3 30cepe)keHMU napameTpamu. Y pamkax po3pobneHoro
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anropuTtmy (knac PumpSimulator) cuctemy 3moaenboBaHo 3a A4OMOMOIOK TPbOX
6asoBux abcTpakuin [16]:

— Mass (Mrod) — 3ocepemxeHa ekBiBaneHTHa Maca pyXoMuX YacTUH KONOHU
wTaHr. Bignosigae 3a iHepuinHy cknagosy (F = ma);

— SpringDamper (Crod , Drod) — npy>HO-B'A3KWIA eNeMeHT, L0 MOAENoE
XOPCTKICTb KOMIOHM 3a 3akoHOM yka Ta rigpognHamMiyHe TepTs 3a 4ONOMOro
nemndepa;

— Force (Fbase) — reHepaTop 30BHILLHLOrO 3yCUnns, WO Ai€ Ha HMKHIN

KiHeLlb KONOHW (NNyHXep) i 3anexwuTb Bif rApoCTaTMYHOro TUCKY CTOBMNA PiAUHU Ta
MOTOYHOTO TEXHIYHOTO CTaHy Hacoca.

Taka Tonororisi 4O3BOSISIE aBTOMATUYHO hOpMyBaTU CUCTEMY 3BUYANHUX
AndepeHLiiHMX PiBHSHb CTaHy 3a AOMNOMOrol MaTpUYHMX METOAIB Ta Po3B'a3yBaTy il
iHTerpatopom solveDyn y yacogiii obnacTi.

KiHemaTunka Touku nigsicy wranr (TrL) 3agaeTbca rapMOHINHUM 3aKOHOM

pyXy, Lo iMiTye poBOTY KPMBOLLMMHO-LLATYHHOrO MeXaHi3amy BepcTaTa-kavasku:
X(t) = A sin(2fmft),

ne A — avnnityga xogy TTLW, f — vactota xvtaHb. [ns nigBuweHHs
iHBapiaHTHOCTI MaibyTHBLOI MoAeni MaLLMHHOTO HaBYaHHS Lii napameTpu
paHaoMi3ytoTbes B Mexax +5-10% Big HOMiHaNbHUX 3HaYeHb AN KOXXHOro
3reHepoBaHOro LMKY.

[vHamivHe HaBaHTaxeHHs Ha TTLL dopmyeTbCs Sk Cyma cTaTUyHOI Barun

Kononu wraHr (Frods) Ta Baru ctosna piauHn (Ffluid), ska npuknagexa go nnyHxepa.
AnropuTM CUHTE3Y Pi3HUX CTaHIB 6a3yeTbCsa Ha 3MiHi Norikn B3aeMogii nnyHxepa 3
piavHOO 3anexHo Big dasm umkny (Xia Bropy/BHM3) Ta LWBMAKOCTI PyXy NiyHxepa.
3rnagxyBaHHA PO3pUBHUX PYHKLIM Y TOYKaX 3MiHW HanNpsMKY pyxy peanisyeTbes
Yyepes rinepbonivHuii TaHreHc tanh(|v|/0,01).

Po3pobrneHo anroputMmiyHi npaBuna Ans YoTupbox 6a30BMX Kracis:

— HopmanbHa poboTa (normal). B igeanbHoMy cTaHi knanaHu npawuioTb
CUMHXPOHHO 3 pyxoM nnyHxepa. Ha xogi Bropy (v &gt; 0) nnyHxep cnpuiimae Bary
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pianHK, Ha xoai BHM3 (v &lt; 0) HaBaHTaxXeHHs 3HIMaeTbCA. ANrOPUTMIYHO Lie
OMUCYETLCSA YMOBOIO:

— skwo v &gt; 0, Toai F = Frods + Ffluid;

— qakwo v &lt; 0, Toai F = Frods.

Taknm YMHOM (hOPMYETLCS €TanoHHa AMHaMorpamMa y BUrnsigi HabnkeHoro
napanenorpama;

— yaap nnyHxepa o6 piguHy (fluid pound). Llein ctaH BUHMKae npwu

HEMOBHOMY 3amnoBHEHHI UMMiHAPa Hacoca PiAMHOK Yepes3 HedoCTaTHIN NpUNuB 3i
CBEpANoBMHK. Ha noyaTky xody BHU3 MIyHXEP PyXaeTbCs y ra3oBOMY CepefoBULL
(36epirarun YacTUHY HaBaHTaXEHHS Yepesa TepTsl), MiCns Yoro BiAbyBaeTbCs piskuii
yaap 06 piBeHb pignHu. [ns cumynsuii 4boro ctaHy BBEAEHO NapamMeTp BaXXKOCTi
Spound € [0,5; 0,95], siknii BU3Ha4Yae MOMEHT yaapy. ANropuTMiYHO HaBaHTaXEHHS
Ha XoAi BHM3 cnajae He ofpasy:

— sAKWo [sin(21 teycle)| &gt; Spound , HaBaHTaxeHHs 36epiraeTbCs;

— B iHWOMY Bunagky F pi3ko 3aMeHLlyeTbcst 40 6a30BOi Baru LUTAHT,

hopmytouM Ha AuHamorpami xapakTepHy CXOAuHKY (nposan);

— BnnMB rasy (gas lock). MNpu noTpannsHHi BinbHOro rasy nig nnyHxep
BiABOyBaETbCA MOro NpyxHe CTUCHEHHST (Xif BHW3) Ta PO3LLUMPEHHS (Xia Bropy), Lo
3aTpMMy€e MOMEHT BiAKPUTTSA KranaHis. ANroputMm iMiTye Len npouec LWNSAXoM
nnaBHoI, a He CTPUBKONOAIBHOT 3MiHM 3yCcUnns, BUKOPUCTOBYOYM BIACTUBOCTI
dyHKUii tanh :

— Ha xopij Bropy (v &gt; 0): F = Frods + Ffluid tanh(v/0,5);

— Ha xopai BHu3 (v &lt; 0): 3ycunns 3ameHLyeTbcsa nponopLiiHo tanh(v/

0,5). MpadbivHO Le Npu3BOAMTL 40 CYTTEBOrO "CKpPyrneHHa" KyTiB napanenorpama
AvHamorpamu;

— BUTIK knanaHa (valve leak). HerepmMeTUYHICTb KnanaHHOro By3na

NpU3BOAUTL [0 YaCTKOBOI BTpATV CTOBMA PiAvHM Ta nepeTikaHHs pe4oBUHU Nif Yac
po6oyoro xody. Y marematuyHy Mogernb BBeAEHO KoedilieHT HerepMeTUYHOCTi
Sleak € [0,1; 0,4] (B8ia 10% £o 40% BTpaTV TUCKY):
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— Ha xopai Bropy 3ycunns ameHwyetbcst: F = Frods + Ffluid(1 — Sleak );

— Ha XOoAi BHM3 BUHUKaeE 3ycTpivHui onip: F = Frods + Ffluid * 0,1 *

Sleak . 3miHa LMX NapameTpiB reHepye Haxumn BEPXHbOI Ta HKHBOI NiHil
AVMHaMorpamu, Lo € rofIoBHOK AiarHOCTUYHOK 03HAKOK BUTOKY.

Takum YMHOM, PO3pOBNeHUIt anropuTM AO3BONSIE CUHTE3YBaTU MaTeMaTn4yHO

TOYHI eTanoHn AnHamorpam, siki BigobpaxatoTb isuyHy Npupoay NpoLecis y
CBEPANOBUHI i cryrytoTb 6a30t0 AN NOAAnbLIOTO HaKnaAaHHs CTOXacTUYHKX 3aBag.

2.2 MatemaTtuyHe MofentoBaHHA 3aBap

[nsa 3abGe3neyeHHs BUCOKOI 30aTHOCTi MoZeri MallMHHOMO HaBY4aHHS 40
y3aranbHEHHS! Ta CTINKOCTi 4O peanbHUX NMPOMUCIOBUX YMOB, ETaNOHHI AUHaMorpamu
6yno nigaaHo npoueaypi KOMMIEKCHOTO 3aLlyMeHHS.

Ha BiaMmiHy Big cTaHgapTHUX Niaxogdis, Ae BUKOPUCTOBYETHCS nuLle 6a3oBuii

6inun wym, y aaHin poboTi po3pobrneHo anropuTM CTOXacTUYHOTO CMOTBOPEHHS, KNI
[ie Ha Bxe HopmanisoBaHuii BekTop o3Hak (100 Toyok). Mogenb 3aBag BkoYae N'ATb
He3anexHNX KOMMOHEHTIB, KOXEH 3 sikux iMiTye crneuundivHi cisnyHi abo anaparHi
nedekT cucteMmn TenemeTpii.

MaTematuyHa mogenb cnotBopeHoro curHany Sfinal ans i-i Touku uukny mae

BUMMSA;

Sfinal[i] = (Sideal[(i - Aphase)(mod N)]Kscale + Trend(i)) + Spike(i) +

+Abias + Ngauss(i), (2.2)

e KOXEH KOMMOHEHT reHepyeTbCs MPOrpaMHMM LLUMASXOM 3@ HACTYMHO NOTiKO:

— dhazosuit 3cyB (np.roll): UMKNiYHUIA 3CyB MacKBY AaHUX Ha BUNAOKOBY

BennumHy Aphase& [-20, 20] To4ok. IMiTye pO3CMHXPOHI3aLito Mk A4aTYMKOM
NOMNOXeHHS (KIHLEeBUM BUMMKaYeM) Ta AaTYMKOM 3ycunnsi. Y peanbHux cuctemax
LMK 3anmcy MOXe MoYaTUCst He CTPOro 3 HUXKHBOT Y/ BEPXHBOT MEPTBOT TOYKM.
ANropuTMiYHO Takui NiaXia 3mMyLLye MOAEenb MaLLUMHHOMO HaBYaHHS (3okpema
3ropTKOBI Mepexi abo AepeBa pillleHb) BUBYATX TOMOMOrivYHy hopMy KpMBOi, a He
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npuB'a3yBaTUCs [0 abCOMNTHYX iHAEKCIB KOMOHOK (LLIO € FONOBHOK BPa3nuBicTiO
npocToi NiHiiHOI perpecii);

— iMnynbcHi BUknam (Spike): 3 iMmoBipHicTio 50% y BMNagKoBi TOYKM MacuBy

(Bia 1 o 3 To4OK) AopatoTbes rocTpi nikv 3 amnnitygoto 15...30 kH Bunagkosoro
3HaKy. Tak mogentorTbCst KopoTkoyacHi 3601 ALLM KoHTponepa, BTpaTy nakeTis
naHux npy 6e3gpoToBint nepeaadi (pagiokaHan abo GSM) abo piski cTpubkM Hanpyrm
B MepeXi XXVMBMEHHS CBEPANOBVH. ANropuTMIYHO Lie nepeBsipka CTINKOCTi moaeni Ao
aHomanin;

— TpenpoBwuii Haxun (Trend): JogaBaHHs NiHiMHOro Macuey np.linspace, Wwo
MOHOTOHHO 3pocTae abo cnagae B Aiana3oHi 5 kH Big noyaTky 4o KiHUA LMKY.
IMiTye AnHaMiYHy 3MiHy PiBHSI piavHKN y CBepANoBMHI 6e3nocepenHbo nig vac 3HATTS
AvnHamorpamu abo BnnvB TemnepaTypHoi Aerpaaalii TEeH30MOCTa NPOTAroM KinbKox
CeKyHA, BUMIpIOBaHHSA. ANroputMiyHa MeTa: ycknagHioe knacudikadito "Butoky
KnanaHa", OCKinbKu LUTYYHUI TPEHI MOXe BidyanbHO BUKPUBUTU HOPMaIbHY
AnHamorpamy, pobnsium ii CXoxoro Ha BUTIK;

— Apend Hynsa: aguTMBHE AoAaBaHHA BUNAAKOBOI KOHCTaHTU Abias&

[-10, 10] kH po Bcboro umkny. CtaTuyHa NoMuUIIKa TapyBaHHS AaTyvka Baru
BHacMigoK HanvnaHHA napacdiHy Ha LUTOK, 3MiHW HaTAry pemMeHiB BepcTata-Kadanku
abo ce30HHMX TemMnepaTypHUX KonmneaHb. AnroputmiyHa MeTa: gerpagauis
edeKTUBHOCTI anropMTMIB, LLO CNNPaOTLCA Ha abCOMOTHI MOPOrY HaBaHTAXEHHS;
— MYNbLTUMNIKaTUBHUIA Ta (POHOBUI aAUTUBHUI LLYM: MHOXEHHS Ha

BMMNaaKoBuii koediuieHT Kscale € [0,9; 1,1] (noxnbka macwutaby) Ta gogaBaHHs
6inoro rayccosoro wymy Ngauss~N(0; 0,2). Pi3n4HMIN 3MiCT: BUCOKOYACTOTHI
MeXxaHiYHi BibpaLii KonoHW WTaHr, edekT «TepTsa-KoB3aHHa» MydT 06 HKT Ta
CTaHZapTHa noxunbka BUMiptOBarIbHOMO TPaKTy.

Mpuknag 3areHepoBaHUX CUHTETUYHUX AUHamorpam ans 4x obpaHux Tunis
nedekTiB LUMHY pasom i3 xapakTepHO He 3allyMIeHo AMHaMorpamoro Ans
KOXHOro NposiBy AedeKTy Ha AuHamorpami HaBegeHo Ha puc. 2.1,
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PucyHok 2.1 - TopiBHSIHHSA ieanbHUX AMHamMmorpam Ta 3allyMieHux curHanis

Koa moayns, sikuii reHepye 306paxkeHi Ha puc. 2.1 CUHTETUYHI AMHaMorpamu
Ans po3rmaHytux gedpektis LUMHY HaBeaeHo B gogatky A.

2.3 dopMyBaHHSI BEKTOPY O3HaK Ans Modenen MalMHHOrO HaBYaHHS

BukopucTaHHsa BUKMIOYHO "CuMpurX" TOHOK AMHAMOrpamm sik BXiAHOro BeKTopa

ONs anropuTMiB MaLUMHHOTO HAaBYaHHS YacTo NPU3BOAUTL A0 Npobrnemu Benmkoi
PO3MipPHOCTi Ta NepeHaB4aHHs, 0COBNMMBO B yMOBaX CUIIbHOrO ha3oBoro 3cyBy Ta
iMNynbCHUX 3aBap.
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[nsa nigBuULLEHHS po3ainbHOI 3paTHOCTI kKnacudikaTopis (3okpema Moaenen Ha
OCHOBI iepeB pillleHb Ta NiHiNHMX MeToaiB) Byno peanisoBaHo npoueaypy
KOHCTPYIOBaHHSA 03HaK (iHXeHepist 03HaK). 3 KOXKHOro HOPManizoBaHOro LMKy
AuHamorpamu ( To4ok) 3a gonomoroto 6ibniotekn SciPy po3paxoByeTbecs BEKTOP i3
1271 MeTaosHak, ski hisnyHo onucytoTb AnHamiky LLUMHY. O3Hakv po3sgineHo Ha ABi
rpynu. F'pyna 1 — cTaTUCTUYHI Ta eHepreTuYHi xapaktepuctuku. Lis rpyna onvcye
3aranbHWUN PO3NOAiN HaBaHTaXEHHS Ta NOro XaOTUYHICTb:

— nnowla AMHaMorpaMu: po3paxoBaHa MeTofoMm Tpaneui (np.trapz). ®isnyHo
BiANOBiAa€e KOPUCHIN pobOoTi, BUTpaYeHii Ha nigioM pianHn 3a oguH umkn. MNpu
BnnumBi ragdy (Gas Lock) nnowa cyTTeBO 3MEHLLYETbCS;

— cepefHe Ta cTaHAapTHe BiaxuneHHs (mean, std): onucytoTb 6a3oBui piBeHb
HaBaHTaXXeHHs! Ta CTYMiHb Oro KONMBaHHS;



— acuMeTpis) Ta eKCLeC: XapaKTepuayTb BiAXUINEHHst (hopmu curHany Big
HopManbHoro posnoginy. Hanpwknag, yaap nnyrxepa (Fluid Pound) ctBoptoe pisky
acumeTpito;

— po3max: pPi3HULA MiXX MakCUManbHUM Ta MiHIMarbHUM HaBaHTaXEHHSM;

— eHepris curHany: cyma Kksagparis amnnitys, LWo Binobpaxae 3aranbHy
iHTEHCUBHICTb NpoLecy;

— crekTparnbHa eHTPOris: pO3paxoBYETLCS HA OCHOBI Nepiogorpamm

NOTY>HOCTi. Bucoka eHTponis Bkadye Ha "sallyMeHicTb" abo XxaoTUYHICTb curHany,
LLIO € MapKepoOM MeXaHiYHMX YCKNaaHeHb.

Ipyna 2 — reometpuyHi o3Haku. Lis rpyna pospobnena cneuiansHo ans
BUSIBNIEHHSA CTPYKTYPHUX 3MiH hOpMY AMHaAMOrpamm, siki BaXXKO BUGINUTM 3BUYANHOO
CTaTUCTUKOIO:

— KoediLlieHT NPSIMOKYTHOCTI: BiAHOLLEHHS pearnbHOi NMoLi AuHamorpamun o
NoLLi OnNMcaHoro NpsIMOKyTHUKa. [ns igeanbHoi (HopmarnbHOT) AuHamMorpamu Lemn
koediuieHT npsimye Ao 1.0, ToAi Ak Npu BNAMBI rasy BiH 3HA4YHO Najae;
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— Haxun xo4y Bropy: koediLjieHT NiHINHOT perpecii, po3paxosBaHui Ans

ninsHku To4ok (10-40). [lo3Bonsie MaTeMaTUYHO iAeHTUdIKyBaTW BTpaTy
repMeTUYHOCTI KnanaHiB, OCKiNIbKM BUTIK 3MIHIOE KyT HaxuIy Uiel rinku;

— Haxun xogy BHW3: perpecist Ha ainaHui (60-90). [iarHocTye cTaH

HarHiTanbHoOro Knanaxa;

— nepekic HaBaHTAKEHHS: BiAHOLLIEHHS CepeHbOro 3yCUnms nepLuoi TPETUHU
LMKy A0 ocTaHHboi. O3HaKa € YyTNMBO A0 3ani3HINoro CNPUNHATTS HaBaHTaXEHHS
npu BigkadyBaHHi ra30BaHOi PiaAnHN.

CchopMOoBaHUI TaKUM YMHOM PO3LLUMPEHUIA AaTaceT J03BOMsE KOMBiHyBaTH
TononoriyHi o3Haku (cupi Toukn ans 1D-CNN) Ta disvko-maTteMaTnyHi MeTao3Haku
(ana XGBoost Ta Random Forest), wo pobuTb cuctemy giarHOCTUKM MakcuMarbHO
CTilikol [0 AecTtabinidytounx dakTopis.

MporpamHuii Kog eTany oopMyBaHHS 03HaK HaBeAeHo B Aoaatky b.

2.4 Bubip, koHirypauisi Mmogenei MallMHHOTO HaBYaHHS Ans
knacudikauii AMHamMorpam Ta KpuTepii OLiHKM SIKOCTi knacudikauii

3 ornagy Ha cneumndiky BXigHWUX AaHWX (O4HOBUMIPHI Yacosi psau 3

HaKnageHUM IHTEHCUBHUM LLYMOM), ANS PO3B'A3aHHSA 3aaaqvi MynbTUKIacoBoi
knacudikauii craHis LUMTHY 6yno copmoBaHo aHcambrib 3 ceMU anroputMiB pi3Hoi
mMaTemaTnyHoi npupoau. Lie no3sonsie npoBecTy 06'eKTUBHMIA NOPIBHANBHWI aHani3
Ta BUSIBUTW apXiTEeKTYpy, HaGinbLL CTiKYy [0 CTOXaCTUYHUX CMOTBOPEHbD.

[ns BcTaHOBMNEHHSI 6a30BOro piBHS e(PEKTUBHOCTI BUKOPUCTAHO KIacuyHi
anropuTMu:

— NoricTUYHa perpecisi: NiHiHUA knacudikaTop, WO ONTUMI3y€e NOriCTUYHY
dyHKLito BTpaT;

— MeTop OMnopHMX BekTopiB (SVM): BUKOpUCTaHO HeniHilHe pajianbHo-

6asucHe sgpo (RBF) ans npoekTyBaHHA AaHWX Y NPOCTip BULLOT PO3MIPHOCTI;

3mH. Apk. No gokym. Mignuc Oata
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— K-Hanbnwxunx cyciais (KNN): MeTpu4Huin anroputm, Lo Knacugikye

3pasku 3a BiACTaHHIO B MPOCTOPi 03HaK;

— BaraToLwuaposuii nepuentpoH (MLP): HelipoHHa Mepexa npsiMoro

MOLUMPEHHS 3 ABOMA NpuxoBaHumy wapamu (100 Ta 50 HepoHiB BigNOBIAHO).
AHcambnesi anropUtMu Ha OCHOBI AepeB PilleHb:

— Random Forest: aHcambnb 3i 100 He3anexHUX AePEB PillieHb, L0 3HUKYE
[ucnepcito NPorHosis;

— XGBoost (Extreme Gradient Boosting): anroputm rpagieHTHOro 6ycTuHry.
BukopucToBye MeTpuky HGaratoknacoBoi norapudmivyHoi BTpaTi Ta OnTUMi3oBaHy
nobyaoBy NOCMiAOBHOCTI AepeB ANst MiHiMi3aLii noxubkv nonepeaHix itepauiin.
ApxiTekTypa 3ropTkoBoi HermpoHHOT Mepexi (1D-CNN): ockinbku

AnHamorpamMa € YacoBuM psigoM (nocnigoBHicTto 3i 100 3HayveHb), ANs NPOCTOPOBOro
BUIYYEHHS NOKanbHUX 03HaK (NaTTepHiB Haxuny, ekcTpeMymis) 6yno po3pobneHo
apxiTeKTypy OHOBUMIpPHOT 3ropTKOBOI Helipomepesxi Ha 6asi perimBopky PyTorch.



Mepexa cknagaeTtbcst 3 ABOX 3ropTKOBMX GrOKIB Ta MOBHO3B'I3HOIO KnacudikaTtopa:
— 6nok 1: ogHoBuMipHa 3ropTtka (Conv1d: 1 BxigHuiA kaHan, 16 BUXigHMX
dinbTpiB, po3mip sapa K = 5, padding=2), Hopmanisauis 6atyy (BatchNorm1d),
dyHKuis akTnBauii ReLU, cy6anckpetusauis (MaxPool1d, stride = 2);

— 6nok 2: Conv1d (16 BxigHux, 32 BuxigHux dinstpu, K = 5), BatchNorm1d,
ReLU, MaxPool1d(2);

— perynsipusauisi: ans 3anobiraHHst nepeHaB4YaHHIo nepea NiHiMHUM Lapom
3acTtocoBaHo meToa Dropout 3 iMOBIpHICTIO BigkntodeHHs HewpoHiB p = 0,3;

— KknacudikaTop: NiHiHWIA Wwap, LWo Bigobpaxae 3rnamkeHnin TeH30p 03HaK y
BEKTOp iMOBipHOCTen Anga 5 knacie cranis LUMHY.

[ns 3abe3nevyeHHss KOPEKTHOCTI HaBYaHHS Ta 06'eKTUBHOCTI pe3ynbrartis 6yno
po3pobneHo npoueaypy NiaroToBkM AaHUX Ta Banigauii. Ockinbkv BXigHi 03Haku Ta
3reHepoBaHWiA LWYM MOXYTb MaTu Pi3HWA MacluTab, 4O BCbOro MacuBy AaHUX
3aCcTOCOBaHO CTaHAapTu3aLlito:

z=

X—H

o

, (2.3)

3mH. Apk. No gokym. Mignuc Oata
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[e U — cepefHe 3HayeHHsl, 0 — cTaHdapTHe BiaxuneHHs. Lle HeobxiaHo ans
3abesneyeHHs 36xHOCTI MeTpuyHux anroputmis (SVM, KNN) Ta rpagieHTHoro
cnycky B HeMpoHHKX Mepexax (MLP, 1D-CNN).

HaBuaHHs1 3ropTKOBOT Mepexi 3aiicHioBanocs npotsirom 100 enox. B skocTi
dyHKUiT BTpaT Ans 6aratoknacoBoi knacudikadii BUKOpUCTaHO nepexpecHy
eHTponito. MiHimidauis dyHKLiT BTpaT peanizoBaHa 3a JONOMOrol afanTUBHOIO
onTtumisatopa Adam 3i wBmnakicTio HaB4aHHA a = 0,001.

Macus gaHnx posaineHo Ha HaB4anbHy (80%) Ta TectoBy (20%) Bnbipku. [ins
NiATBEPOXXEHHS! CTAaTUCTUYHOI 3HAYYLLOCTI pe3ynbTaTiB (YHUKHEHHSI BUNAOKOBUX
cnneckiB TOMHOCTI Ha BAANOMYy CfiiTi), OKpiM TeCTyBaHHA Ha BiaknageHin Bubipui,
3acTocoBaHo MeTof k-kpaTHoi nepexpecHoi nepesipku (5-fold Cross-Validation).
EdekTuBHiCTE MOgenei ouiHoBanacs 3a 4onomoroto nobyaosu Mmatpuvub
nomunok (Confusion Matrix) Ta po3paxyHKy ABOX FOfIOBHUX METPUK:

— Accuracy (3aranbHa TOYHICTb): BiJCOTOK MPaBuibHO KracudikoBaHmx
AnHamorpam cepep 3arafnbHoi KinbKocCTi;

— F1-Score (3BaxxeHa F-mipa): rapmMoHiuHe cepeHe Mixk TouHicTio (Precision)
Ta noBHoToto (Recall). BukopuctaHHsa napameTpa average='weighted' no3sonsie
BpaxyBaTu Mikpo3MmiHM y BanaHci knacis, 3abe3nevytodn 06'eKTUBHY OLLIHKY
30aTHOCTI MoZeni YHVUKaTV MOMUIIOK NepLLIOro Ta Apyroro poay.

[opaTtkoBo, Ans aHanidy cTyneHs fiHinHOT HepO3ainbHOCTI Kracis B yMoBax
CKNagHUX CTOXaCTUYHWX 3aBaf, BNPOBaAXEHO METOZ CTOXaCTUYHOTO BKMafeHHs
cycigiB 3 t-posnoginom (t-SNE), sikuii npoekTye 6araToBUMIpHUIA NPOCTip 03HaK y
[BOBMMIPHY NMOLLMHY ANA Bidyanisauii knactepis.

BucHoBkm o po3sginy 2

Y po3gini BUKoHaHO po3poBneHHs METOAMYHOro, MaTeMaTUYHOro Ta

anropuTMivyHoro 3abe3neyeHHst Ans aBToMaTU30BaHol knacudikauii TEXHIYHUX CTaHiB
LUIHY 3a dopmoto anHamorpamu. OTprMaHO Taki OCHOBHI pe3ynsraTu:
06r'pyHTOBAHO Ta peanisoBaHO MeToAMKY (Di3YHO afleKBaTHOTO CUHTE3Y eTasrloOHHMX

3mH. Apk. No gokym. Mignuc Oata
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AMHamMorpam Ha OCHOBI YMCENBHOTO PO3B'A3aHHS OAHOBMMIPHOIO XBUTLOBOIO
PIBHAHHS MO3A0BXHIX KOMMBAHb MPYXHOI KOMOHW LUTAHT i3 B'A3KMM AeMndyBaHHAM
(piBHSAHHSA [66ca) 3a Jonomoroto 06'eKTHO-OpiEHTOBAHOIO NiAXoay Ta
KOMMOHEHTHOro MofentoBaHHA siapa bibniotekn pycodyn; 3anponoHoBaHO Moaesnb
KOMMMNEKCHOI CTOXaCTUYHOI Aerpagadlii curHany, sika Aie Ha ikcoBaHui BEKTOP
4acoBOro pafy Ta iMITye M'ATb He3anexHUX TUNiB 3aBag;: dasosuii 3cyB
(PO3CUHXPOHI3aLlis AaTywmKiB), rocTpi iMNynbCHI BUkMAaW (3601 anapaTHOro TpakTy
BMMIpIOBaHHs Ta BTpaTa NakeTiB AaHuX), TPEHAOBUI HaxXui NOXMOKMN BUMIpIOBaHHS,
cTaTUYHWIM apend Hyns (TemnepaTypHe 3MilleHHsi TeH3oMocTa) Ta
MYNbTUMRIKATUBHWIA Ginui Wym; po3pobrneHo Ta peanizoBaHo anroputm



KOHCTPYOBaHHS 03HaK; cpOpMOBaHO Ta CKOHirypoBaHO AOCNIAHULBKUIA aHcambrb
mopenen knacudikadii Ta BusHayeHo metogonoriyHy 6asy Banigauii Ta ouiHKM SKoCTi
mMopernen.

3mH. Apk. No gokym. Mignuc Oata
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3 PEANI3ALISI MIPOrPAMHOIO MOAYNSI ABTOMATVI30BAHOIT
KNACU®IKALIT CTAHY LUMHY TA OLIHKA MO0 E®EKTVUBHOCTI

3.1 OuiHka HafiMHOCTI Moaenei Ha TecToBin BUGIpL

[ns npoBefieHHs1 ekcnepumeHTy Byno BUKOPUCTaHO po3LUnpeHuin Habip
3reHepoBaHux AaHux (srp_data_engineered_10new_12.csv), sikui Bkntovae 100 Toyok
HopMani3oBaHoi AuHamorpamu Ta 12 cdhopmMoBaHNX MeTao3HaK (reOMETPUYHUX Ta
CTaTUCTUYHMX) OS5 KOXHOO 3reHepOBaHOro LKy (onvcaHo B po3aini 2). OuiHka
eeKTMBHOCTI anropuTmiB NpoBoAMnacs Ha BigknageHin Tectosin Bubipui (20% Big
3aranbHOro MacuBy), a Ans NiATBEPOXKEHHS CTIMKOCTi pe3dynbraTiB 4o4aTKOBO
3acTocoByBanacsi 5-kpaTtHa nepexpecHa nepesipka.

3BefeHi peaynetaTi knacudikauii 3a MeTpukaMu 3aranbHOT TOYHOCTI

(Accuracy) Ta 3BaxeHoi F1-mipn HaBegeHo B Tabn. 3.1.

Tabnuus 3.1 — lMNopiBHANbHa ePeKTUBHICTL anropuTMis knacudikauii cTaHis
LrHy

AnNroput™M MalwmMHHOTO
HaBYaHHS

Accuracy

(TouHicTb)

F1-Score

(TecT)

F1-Score (5-fold cross
validation)

BaratowapoBuin nepuenTpoH
(MLP) 0.8675 0.8672

0.8660

IpapieHTHUI ByCTUHT
(XGBoost) 0.8610 0.8602
0.8610

MeTtoa onopHux BEKTOPIB
(SVM RBF) 0.8405 0.8393
0.8420

Random Forest 0.8285 0.8264
0.8340

3ropTkoBa HeripoMmepexa
(1D-CNN) 0.8035 0.8032
K-Hanbnmxkunx cyciais

(KNN) 0.7875 0.7840

0.8040

JlorictnyHa perpecis

(Logistic Reg.) 0.7400 0.7373
0.7380

3mH. Apk. No gokym. Mignuc Oata
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AHani3 HaBefeHMX B Tabn. 3.1 MeTpuk 403BONSE 3p0OUTM HACTYMHI BUCHOBKM

LLIOA0 3aCTOCOBHOCTI Pi3HMX KNaciB anroputMmis Ans giarHoctukun LWFHY B ymoBax
iHTEHCMBHUX CTOXaCTUYHWX 3aBaf;

1) HECNPOMOXHICTb NiHIHWX METOAIB: NOTICTUYHA perpecis nokasana

HaviHWx4min pesynertat (Accuracy = 74.00%). Lle niaTBepaxye rinotesy npo Te, Lo
NiHiHI po3ainstodi rinepnnowmnHn He 3gaTtHi BnopaTucs 3i CKNagHnuMm
NPOCTOPOBVMM BUKPUBNEHHAMU. Pa3oBuiA 3CyB, iMiTOBaHWI y Habopi AaHKX,
"3MiLLy€e" 03HaKM MiX KONIOHKaMK, a TeMnepaTypHuii Apend Hyns 3millye abcomntoTHi



3Ha4YeHHs1, pobnsAYm MiHilHI anropuTMM HenpuaaTHUMK AN npomucnosux loT-
cucrem;

2) ethbeKTUBHICTb IMUOOKOro HaBYaHHS: Halkpally edPeKTUBHICTb
npoaeMoHcTpyBana HepoHHa mepexa MLP (86.75%), 3 MiHimansHUM BiapnBoM
BunepeamnsLlu XGBoost (86.10%). Ycnix MLP nosicHoeTbes Ti 3AaTHICTIO BUABNATH
rmMBoKi HeMiHiNHI B3aEMO3B'A3kM Mix "CUpUMK" TOYKaMK AMHamorpamm Ta
po3paxoBaHUMK i3UYHUMK METao3HaKaMu (TakKUMU SIK criekTparibHa eHTponist Yn
nepekic HaBaHTaxeHHs). 36ir pesynesraTiB Ha TecToBin BUbipui (F1 = 0.8672) Ta nia
Yac kpoc-sanigauii (CV F1 = 0.8660) cBig4nTb Npo BUCOKY CTIiVKICTb Mogeni 4o
nepeHaBYaHHs;

3) ponb 3ropTkoBux Herpomepex (1D-CNN): po3pobrieHa apxitektypa 1D-

CNN Ha 6a3i PyTorch nokasana 3agoBinbHuii pesynsrat (80.35%), 3Ha4HO
BUNEPEeAMBLUN MiHIHI MeToAan. Taka NoBeAiHKO NOSACHIETLCSA ii 3AaTHICTIO
aBTOMAaTUYHO BUAINSATHA NPOCTOPOBI 03HAKM 3a AOMNOMOIOK 3ropTKOBUX SAEP
(Conv1d). OgHak, gesike BiacTaBaHHs Big aHcambneBux MetofiB (XGBoost) €
TUNOBMM 4151 3afa4 aHani3y CTPyKTypoBaHUX TabnuyHmx gaHux obesirom o 10 000
eKk3emMnnspiB, e anropuTMU Ha OCHOBI EPEB PilLEHb NEPEBAXAIOTL 3aBASKMN LUBUALLIN
36iXKHOCTI.

[MporpamHuii kog Moaynsi NOPIBHAHHS ePEKTUBHOCTI anropuTMiB

knacudikauii ctaHiB LUMTHY HaBegeHo B goaatky B, a pesynbsrat BMBOAY NOKa3aHO
HUKYe:

SRP_Diagnosis_ML\compare_models_advanced.py

3mH. Apk. No gokym. Mignuc OaTa
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3aBaHTaxeHHs faHux 3 srp_data_engineered_10new_12.csv...
leHepauis t-SNE...

Model Name | Accuracy | F1-Score

Logistic Regression | 0.7400 |0.7373 (CV F1:0.738)

SVM (RBF) | 0.8405 |0.8393 (CV F1: 0.842)
KNN |0.7875 | 0.7840 (CV F1: 0.804)
Random Forest |0.8285 | 0.8264 (CV F1: 0.834)
MLP (Neural Net) |0.8675 | 0.8672 (CV F1: 0.866)
XGBoost [0.8610 | 0.8602 (CV F1: 0.861)
1D-CNN (PyTorch) |0.8035 | 0.8032

Process finished with exit code 0

3.2 AHani3 ecbekTMBHOCTI Mofienel 3 BUKOpucTaHHaM anroputmy t-SNE
Ta aHanisy MatpuvLpb NOMUIIOK

[Ina po3yMiHHA CKNaAHOCTI 3a4avi knacudikaLii B yMoBax iHTEHCUBHUX
CTOXaCTUYHMX 3aBaz Byno NpoBedeHO 3HIKEHHS PO3MIPHOCTI NPOCTOPY O3HaK 3a
nonowmoroto anroputmy t-SNE (t-Distributed Stochastic Neighbor Embedding).
Pesynerat npoektyBaHHsA 112-BumipHoro npoctopy (100 cupux Touvok + 12
MeTao3HaK) y ABOBUMIpHY NMOLMHY HaBedeHo Ha puc. 3.1.

3 puc. 3.1 BugHo, wo knac FluidPound (cioneTosi mapkepu) hopmye

BiQHOCHO BiJOKpeMIeHu KnacTep y npasin YacTuHi rpadiky. Lie disnyHo
06r'pyHTOBAHO: pi3ke NafiHHA HaBaHTaXXeHHs Npu yaapi 06 piavHy reHepye HacTinbKu
03HaKy (BMCOKa acCUMETpIs Ta 3CyB), L0 HaBITb CUMNbHWUIA LLIYM He 3aaTHUN ii
3amackyBatu. OkpiM TOro oveBMAHa MiHiHA HEPO3AINbHICTb IHLWKMX KNaciB: knacu
Normal (Hopma), GasLock (BnnuB rasy) Ta ValvelLeak (BuTik knanaHa) yTBOpHOTb
LwinbHe ckynyeHHs ("xmapy") 3 BUCOKUM CTyNeHeM B3aEMHOr0O NepekpuTTs B NiBin
YacTuHi. [logaHi B gatacet aHomanii (pasoBuin 3cyB, NiHIMHUA TPeHA, Ta amMMnNiTyAHWIA
apeiid) LWTYYHO PO3MMBaOTb MEXi MiXK LMK CTaHamu, pobnsyn ix niHinHo
Hepo3ainbHUMU.

3mH. Apk. No gokym. Mignuc Oata
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PucyHok 3.1 — Bisyanisauia posaineHocTi knacis ctaHis LUMHY meTtogom t-



SNE y ABOBMMIpHOMY NpOCTOPI

[nsi po3yMiHHS SIK pi3Hi apXiTEKTYpY MaLUMHHOIO HABYaHHS CMPaBnsOTLCS 3
"xmapoto” nepekputTta (puc. 3.1) 6yno nobynoBaHo MaTpuLi NOMUMOK A5 KOXKHOT
mogeni Ha TecToBil BMGipLi (puc. 3.2-3.3).

Posnogin 3HaveHb B MaTpuusix, HaBedeHunx Ha puc. 3.2-3.3, AeMOHCTpye
HacTynHe:

— cTinkictb go FluidPound: yci anropuTmu ycnilHo ineHTUdiKyoThb yaap
nnykxepa (TouHicTb &gt;99%, abo 512-516 npaBunbHUX Bignosigen 3 517). Lie
niaTBEpAXY€E BUCHOBKM, 3pobneHi Ha ocHoBi t-SNE (puc.3.1);

— HamnnpocTiwa MoAenb NoriCTUYHOT perpecii YacTo nnyTae CTaHu.

Hanpuknag, 3 526 peanbHux Bunagkie GasLock BoHa npaBunbHo Bragana nuie 249,
nNoMUIKOBO BiAHiclumn 186 Bunaakis Ao BuToKy knanaHa (ValvelLeak), a 48 — o

3mH. Apk. No gokym. Mignuc Oata
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Hopmu. Lle noBoauTb, L0 3a HAasiBHOCTI ha30BOro 3CyBY Ta 3MiHW 6a30BOi NiHiT NiHiNAHI
PiBHSIHHS BTpaYatoTh 34aTHICTb po3nisHaBaTh hopmy AMHaAMorpamu;

PucyHok 3.2 — Matpuui noMmunok anropuTMie knacudikadii Logistic Reg., SVM,
MLP, XGBoost Ha TecToBili BUGipLi

3mH. Apk. No gokym. Mignuc Oata
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PucyHok 3.3 — MaTtpuui nomunok anroputmis knacudikauii KNN, Random Forest,
1D-CNN Ha TecToBili BUBIpLi

— nepeBara 6araTtowaposoro nepuentpoHa (MLP) Ta XGBoost: Bka3saHi

mopeni epeKkTUBHO po3nnyTyoTb HENiHINHI 38'A3kn. Herlpomepexxa MLP nigHana
TOYHICTb pO3ni3HaBaHHSA HancknagHiworo knacy GaslLock 3 249 (y perpecii) no 403
npaBUbHUX MPOrHO3iB;

— MeXa YyTnMBOCTI: HaBiTb y Hankpalumx mogenen (MLP, XGBoost)

36epiraeTbCst NEBHWIA BiACOTOK B3aEMHOTO nepenyTyBaHHa Mixx Normal Ta
ValvelLeak (6nunsbko 30-40 xmbHUX cnpaLoBaHb). PisN4HO Lie NOSICHIOETLCS

3mH. Apk. No gokym. Mignuc Oata
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HasBHICTIO Y BMOipLi "Mikpo-BUTOKIB" (MeHLle 10-15%), rpadidHunii NposiB sikmx
mMaTeMaTUyHO rybuTbCs B piBHI HaknageHoro rayccosoro wymy (o = 3,0 kH).
3BefeHa rictorpama npoaykTUBHOCTI po3pobrieHoro aHcambro mogenen 3a
KIH04OBOK METPUKOIo 3BaxkeHoi F1-mipu npegcrasneHa Ha puc. 3.4.

PucyHok 3.4 — PelTUHr Moaenei MallMHHOIO HaBYaHHSA 3a 3BaXKEHOK METPUKOIO
F1-Score

[icTorpama Hao4YHO AEMOHCTPYE 3MiHY ePeKTUBHOCTI anropuTMiB Big NPOCTUX

[0 cknafgHux. BukopucTaHHs BUKIMIOYHO Ppo3poBneHoro KOMMNMIEKCy iHXeHepHNX
03HaK Ta CMPUX AaHUX JO3BOMUIO apXiTekTypi rmubokoro HaB4aHHs (MLP) gocartn
nokasHvka 0.867, Lo € 3Ha4YHUM pe3ynbTaToM AN HACTINIbKN CUMBbHO CNIOTBOPEHOTO
Habopy aaHux. MpagieHTHWI BycTuHr (XGBoost) nokasaB cTaTUCTUYHO iAEHTUYHUIA
pesynbrat (0.860), Wwo pobuTb Moro onTrManbH1UM BUGOPOM AN BNPOBaAXEHHS Y
npommcnosi MikpokoHTponepu (Edge Computing) 3aBaskv MEHLIMM BUMOram Ao
obumcnoBanbHNX PecypciB NOPIBHAHO 3 HEMPOMEpPEXKaMM.

3mH. Apk. No gokym. Mignuc Oata
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3.3 JocnigKeHHst iHbopMaTMBHOCTI CKNagoBUX BEKTOpA O3HaK



[ns 3a6e3neyeHHst NPO30POCTi NPUAHATTS piLleHb MOAENSMU MALLMHHOTO
HaBYaHHS Ta NiATBEPMXXEHHS edPEKTUBHOCTI PO3pobreHoro anroputmMy opMyBaHHS
BEKTOpY 03Hak Byno npoBedeHO aHani3 Ba)nMBOCTi KOXHOI 3MiHHOT (puc. 3.5-3.6).

PucyHok 3.5 — PeWTuHr BaXnmBOCTi CknagoBux BekTopa o3Hak Ans XGBoost Ta
SVM

3mH. Apk. No gokym. Mignuc OaTa
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PucyHok 3.6 — PeWTUHr BaXnMBOCTI CkrnagoBux BekTopa o3Hak Ans Random Forest
Ta MLP

[ns aHcambneBux mogenen Ha 6asi aepeB (XGBoost, Random Forest)
BUKOPUCTOBYBaBCS BOyf0BaHUI KpUTepiit npupocTy iHdopmauii. [ns HemiHiiHux
mogenen (SVM, MLP) 3actocoBaHO MeTO NepecTaHOBOYHOT BaXIMBOCTI, SIKWiA

3mH. Apk. No gokym. Mignuc Oata
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OLiHIOE NadiHHSA TOYHOCTI MoZeni Npu BUNaaKoBOMY NepeMillyBaHHi 3HaYeHb
KOHKPEeTHOT 03Haku. Ko moaynsa aHaniy BaXnMBOCTi CKNaA0BUX BEKTOPY O3HaK
HaBefieHo B goaatky I, a pesynbraT Moro poboTh NokasaHo HUKYeE:
SRP_Diagnosis_ML\analyze_features.py

3aBaHTaxeHHs AaHux 3 srp_data_engineered_10new_12.csv...

Model | Top Feature | Importance

Anani3 mogeni: XGBoost...

XGBoost | F_Entropy | 0.2757
AHnani3 mogeni: Random Forest...

Random Forest | F_Std | 0.2483
Anani3 mogeni: SVM (RBF)...

SVM (RBF) | F_Std | 0.2550
AHania mogeni: MLP (Neural Net)...

MLP (Neural Net) | F_Std | 0.3439

Process finished with exit code 0

AHani3 iHdopmaTUBHOCTI 03HaK [03BONSE CHOPMYBATH Taki BUCHOBKM:

— HanBaroMmilLMMy 03HaKamu A1 BCIX YOTUPbOX apXiTEKTYp cTanm

ctaHaapTHe BigxuneHHs (F_Std) Ta cnektpaneHa eHTtponis (F_Entropy). CtaHgapTHe
BiAXWIEHHS BMNOBIMIOE 3arasibHy aMnniTyay KONMBaHb HaBaHTaXEHHS, sika CyTTEBO
3MIHIOETBCS MPU Pi3HNX pexXnMmax 3anoBHEHHs Hacoca. CnekTparibHa eHTponis
MaTemMaTn4HO Oonucye piBeHb "xaocy" B curHani. Bnnve rasy (Gas Lock) nepeTsopioe
YiTKUIA NapanenorpamM AnHamorpamMm Ha 3aokpyrneHy dirypy 3 BACOKMM piBHEM
HEeniHINHOCTI, Lo (iKCYeTbCS eHTpONiet, A03BOMSAYM ModensM (0co6nmMBo
XGBoost) BinokpemntoBaTy Lt knac Big 3aBag;

— [eTeKTyBaHHS yAapHMX HaBaHTaxeHb: ekcuec (Kurtosis), skuii Bu3Havae
"rocTpoty" nikiB Ta HasiBHICTb XBOCTIB Y pO3nogini, BXOAUTb A0 NepLUNX TPbOX O3HaK
(3okpema ans MLP ta Random Forest). ®isnyHo usi o3Haka pearye Ha ctaH Fluid
Pound (yaap nnyHxepa), ockinbku piske nagiHHA 3ycunns nig vyac XxoAy BHU3 reHepye
aHomanito (CXOAMHKY) B YacOBOMY Psifi, iKY eKcLiec BUAINSE HaBiTk Ha Tni 6inoro
Lymy;

— [AofaHi 03HaKM KyTiB Haxuny niHiv perpecii Ha a3ax BCMOKTYBaHHA Ta

HarHiTaHHs (F_Slope_Up, F_Slope_Down) € BaxnmBumu ans po6oTy HEMIHINHNX
mogenen (ana SVM ta MLP BoHu 3aimatoTb 3-Te Ta 4-Te Micus 3a BaxnueicTio). Came

3mH. Apk. No gokym. Mignuc Oata
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Lii 03HaKu [O3BONWMAN anropuTMam BUSIBMIATU HErepMeTuYHicTb knanaxis (Valve
Leak), ockinbku BUTIK (hi3n4HO NPOSBNAETLCA SIK 3MiHA KyTa Haxuny BignoBigHUX



rinok gnHamorpamu. JliHinHa perpecis, NnposefeHa nNuLle Ha LinboBMX Bigpiskax
(Toukn 10-40 Ta 60-90), BUABMNACS CTilko A0 ha3oBoro 3cyBy Ta Apendy Hyns.
OTxe, 3gaTHicTb Moaenen (3okpema XGBoost Ta MLP) gocsirat To4HoCTi

noHaa 86% B yMoBax KpUTUYHOIO 3allyMIEHHS NOSACHIOETLCSA BAAMNOK KOMBiHaLlieo
rno6anbHunx eHepreTniHux (F_Entropy) Ta nokanbHux reometpuynnx (F_Slope)
meTao3Hak. Lli matematuyHi abeTpakuii gitoTe K umdpoBuii dinsTp, Wo Biacikae
CTOXacCTWYHi 3aBaaM i 3anuwae anropyuTMmamM MallMHHOTO HaBYaHHS YNCTY i3NYHY
CyTb NPOLIECIB y CBEPASIOBUHI.

Ha ocHOBI OTpUMaHUX ekcrnepuMeHTanbHNX pesynsraTie Ta aHanisy

edeKTUBHOCTI anropMTMiB MaLLMHHOIO HaB4YaHHSA, MOXHa cdopmMyBaTh pekoMeHaawii
LLIOAO NPaKTUYHOTO BUKOPUCTaHHSI po3pobneHoro moayns knacudikadii ctaHy
LUMHY 3a Burnsigom aMHamorpam:

1) 3Baxaloumn Ha Te, L0 NoKanbHi KOHTPONEpPU TenemexaHiku, BCTaHOBMEHI
6e3nocepenHbLO 6iNs rpna cBepanoBrHU, MaloTb 0OMexeHi obuncnoBanbHi pecypcu,
pO3ropTaHHsi BaXKkux HevipomepexeBux apxitektyp (MLP, 1D-CNN) Ha Hux €
HedouUiNbHUM. PekoMeHayeTbCA BUKOPUCTOBYBaTW MOAENb rpadieHTHOro ByCcTuHry
XGBoost. BoHa npogeMoHcTpyBana To4HicTb (86.10%), CTaTUCTUYHO CMiBCTaBHY 3
Helpomepexamu (86.75%), NnpoTe y CKOMMiNbOBaAHOMY BUMMSiAi 3aiMae 3Ha4YHO
MeHLLe nam'aTi Ta 3abe3neyye MinicekyHaHy LWBUAKOAIK NPOrHO3Y, WO € KPUTUYHUM
A5 CUCTEeM pearnbHOro Yacy;

2) yMOBOIO YCMILLHOMO BNPOBafKEHHS € BiATBOPEHHSI pO3pobreHoro

anropuTmy nornepeaHbOro onpawBaHHA AaHUX Ha MPOMUCIIOBOMY KOHTPOEPI.
MporpamHuin Moaynb peanizoByBaTh Taky NOCNIAOBHICTb:

- 36ip "cmporo" macvBy TOYOK Bif, AaTUMKIB 3yCUMMs Ta NOMOXEHHS 3a OAUH

MOBHWUIA LK poboTn BepcTaTa-kadvanku;

- iHTepronsAyis (CTUCHEHHS abo PO3TArHEHHS) LMKy [0 (hikCOBAHOrO po3mipy

y 100 TO4OK ;
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- MateMaTuyHe ob4McneHHs 12 po3pobneHnx iHKeHepPHUX MeTao3Hak
(cnekTpanbHa eHTponis, cTaHAapTe BiAXUMEHHS, eKCLeC, KyTW Haxuny perpeci).
Mopaya y npeankTMBHY MOAEMb NKLLE CMPUX TOHOK 6e3 Lnx 03HaK Nnpusseae A0
pi3koro nafiHHs TOYHOCTI Yepes HasiBHICTb LUYMIB;

3) Ans 3abe3neveHHs MaclITaboBaHOCTi CUCTEMU PEKOMEHAYETLCS iHTErpaLis

3 XMapHuMm nnatgopmamu (Hanpuknag, AWS SageMaker):

- nepudepiiHnin KoHTponep nosuHeH nepepasaTtv B SCADA-cuctemy Ta

XMapy He BECb MacuB TOYOK, a M1LLE pO3paxoBaHWi AiarHo3 Ta CTUCHEHWIA BEKTOP
MeTao3HaK, Lo 3MEHLUNTb HaBaHTaXXeHHs Ha pagiokaHanu abo GSM-mepexi
nianpuemcTea;

- OCKiNbKV NepBMHHA MOAENb HaBYeHa Ha CUHTETUYHUX (3reHepoBaHmX)

[aHuX, Nicns BCTaHOBMEHHS CUCTEMU Ha pearnbHy CBEPAMOBUHY HEOOXIOHO
3acTocyBaTy MeToA TpaHcdepHoro HaedaHHs (Transfer Learning). PeanbHi
AnHamorpamMm, po3MideHi onepaTopoM-TEXHOMNOIOM K €TanoHHi ANt KOHKPETHOT
CBepASIOBMHM, NMOBUHHI NEPIOANYHO BUKOPUCTOBYBATUCH AN [OHAaBYaHHSA Mogeni y
XMapi 3 noganbLUMM OHOBMEHHSIM Bar y NoKanbHOMY KOHTporepi;

4) pesynetati kKnacudikauii He NOBUHHI oApa3y NPU3BOAWUTH 4O aBapilHOT

3YMWHKM Hacoca (3a BUHATKOM KPUTUYHMX CTaHIB, TakUX sik 06puB WwTtaHr abo
cunbHuiA yaap nnykxepa — Fluid Pound). [ins Takmx cTaHiB sik Bnnue rasy (Gas Lock)
abo BuTik knanaHa (Valve Leak), cuctema noBMHHa NpaLoBaTi B peXMi CUCTEMM
NiATPUMKN B MPUAHATTI pilleHb, HAKOMUYYHOYM CTaTUCTUKY AiarHo3iB 3a Kinbka
[EeCSTKIB LMKNIB NOocniNnb. SAKLO aHOManbHUiA CTaH NiATBEpAKYETbCA CTabiNbHO -
cucTEMA reHepye TPMBOXHE CMOBILLEHHS ANS AMCNeTYepa Ta NnaHye BUi3g PpEMOHTHOI
6puragun, peaniayroum KOHLUENLi NPeaUKTUBHOTO 06CMYroByBaHHS.

BucHoBku oo po3sginy 3

Y TpeTboMy po3Aini NpoBeAeHo ekcrepuMeHTanbHe AOCNIMKEHHS

po3pobrneHoro NporpamMHoOro MoAynst aBTomaTu3oBaHoi knacudikauii ctanis LUMHY
Ha 6asi areHepoBaHOro Ta 3allymrneHoro Habopy AaHvx. 3a pesynsrataMu HaB4aHHS,

3mH. Apk. No gokym. Mignuc Oata
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HeniHiHMX Ta aHcambneBMX anropuTMiB; 06rPYHTOBAHO HEMPUAATHICTb KNACUYHUX
NiHIMHUX MeToaiB ANs NPoMUCoBMX l0T-cncTem; BidyanizoBaHO TOMOMOriYHY
CKMaAHiCTb NPOCTOPY O3HAK; EKCepUMEHTanbHO NiATBEPAXEHO BUCOKY
iH(popmaTMBHICTb PO3POBNEHMX iHKEHEPHNX MeTao3HaK, chopmoBaHO pekoMeHaaLii
LL|00 MPOMUCIIOBOrO BMPOBagXXeHHs. Po3apobneHuin koHBeep 06pobku AaHux (12
iHXeHepHMX o3Hak Ta knacudikatop XGBoost abo MLP) nokasas BUCOKY CTiliKiCTb
[0 3aBaf. 3BaXxkalumn Ha JOCArHYTY TOYHICTb Ta NOMipHi BUMOTU 10 OBYMCIIOBaNbHUX
pecypcis, anroputm XGBoost pekomeHaoBaHO sik 6a3oBe MaTemaTuyHe SApO ANs
iHTerpauii B nepudepiiiHi KoHTponepu HacpToBMAOBOYBHUX CBEPAMNOBKH 3 METOO
3abeaneyeHHs NpeanKTMBHOrO obcnyroByBaHHs LLUMHY.

3mH. Apk. No gokym. Mignuc Oata

51
KPB.CI - 21.00.00.000 13

BNCHOBKWM

Y kBanigikaLinHii poboTi po3B’si3aHO akTyarnbHy HayKOBO-NpUKNagHy 3ajady

— po3pobrneHHs anropuTMiYHOro Ta NporpamMHoro 3abesneveHHs Ans
aBTOMAaTW30BaHOI 4iarHOCTUKM TEXHIYHOIO CTaHy LUTAHTOBUX MMUBUHHO-HACOCHUX
YCTaHOBOK LUISIXOM iHTENeKTyanbHOro aHanidy AuHamorpam Metogamy MaLlMHHOro
HaBYyaHHS. 3a pesynsratamMmu NPOBEAEHNX TEOPETUYHMX Ta eKCNepUMeEHTanbHNX
nocnigkeHbs 3pobneHo HacTyMHi BUCHOBKW.

BcTaHoBneHo, Wo TpaauuiiHi METOAM BidyarnbHOI Ta pyyYHOl iHTepnpeTaduii
OMHamorpam € cy6'ekTVBHUMMU | He BiAMOBiAaTb Cy4acHUM BUMOram Lindposisadii
HadpTorasoBoi ranysi. O6rpyHTOBaHO HEOOXiAHICTE Nepexoay A0 aBTOMaTU30BaHUX
cucTeM Ha 6asi mawwmHHoro HaevaHHs (ML), 3agaTHMx npautoBaTy 3 "sawwymneHumn’
[aHumu Big nepudpepiiHnx loT-gaTumnkiB y pexumi peanbHOro yacy.

3anponoHoOBaHO LLMSIXM PO3B’A3aHHSA Npobnemu BiACyTHOCTI 36anaHcoBaHUX
npoMucnoBux 6a3 AaHnx aBapiiHMX pexumiB. Ha 0CHOBI YMCenNbHOro PO3B'sA3Ky
OOHOBVMIPHOIO XBUIbOBOTO PiBHSIHHA M66ca (3 BUKOpUCTaHHSAM GibnioTeku

pycodyn) po3pobneHo anropuTM CUHTE3Y eTanoHHUX AnHaMorpam Ans HopMarnbHOro
pexXMmy Ta TPbOX KPUTUYHUX HECTIPABHOCTEN (yaap NnyHXepa, BNnuB rasy, BUTIK
Knanaxa).

[nsi HABNKEHHSI CUHTETUYHUX AaHUX A0 peanbHUX YMOB ekcrnyarauii
3anponoHOBAHO KOMMMEKCHY MaTeMaTuyHy Moaens aerpagauii curHany. [loseaeHo,
L0 HaKnaAaHHS Ha eTanoHHi AMHamorpamu a3oBoro 3cyBy, TeMnepaTypHOro apendy
Hyns, iIMAYNbCHUX BUKUAIB Ta MynbTUNAIKaTUBHOTO LWYMY MNEPEeTBOPIOE KNacu CTaHiB

Ha NiHiNHO Hepo3dinbHi B 6araToBMMIpHOMY NMPOCTOPi 03HaK (Lo NiATBEPAXEHO
aHanisom t-SNE).

Po3pobneHo Ta nporpamHo peanizoBaHO anropuTM opMyBaHHst 12 o3HaK i3

YacoBux psaaiB. BukopuctaHHsA CTaTUCTUYHO-eHepreTMYHMX NnapamMmeTpis

(cnekTpanbHa eHTpOonis, ekcLec) Ta NIoKanbHUX reOMETPUYHUX NaTTEPHIB (KyTH
Haxuny a3 BCMOKTYBaHHS/HarHiTaHHs1) 4O3BONMUIO CTBOPUTU LIMdPOBUIA ineTp, LLO
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Biflokpemnoe isnyHy CcyTb pob6OTK Hacoca Bif CTOXaCTUYHUX CMOTBOPEHb
TenemeTpii.

[MpoBeneHo ekcneprMeHTanbHe NOPIBHSAHHA CEMU anropuTMiB MalLUMHHOMO
HaB4aHHs (Logistic Regression, SVM, KNN, Random Forest, MLP, XGBoost, 1D-
CNN). EkcnepvimeHTanbHO AOBeAEHO, LU0 KNacuyHi NiHiiHi MeToam He 3aaTHi
BMOPAaTMCA i3 3HAYHO 3aLlyMMAEHUMU AaHUMK (TOYHICTb 74.00%). HaTomicTb
apxiTekTypu rmubokoro HaByaHHs (MLP) Ta rpagieHTHoro 6yctuHry (XGBoost)
3abe3neunnn BUCOKY TOYHICTb AiarHocTukn — 86.75% ta 86.10% BignosigHo,
NpPOAEMOHCTPYBaBLUM BUCOKY CTilKICTb 4O NepeHaBYaHHs (3a pesynsratamu 5-
KpaTHOi Kpoc-Banigauii).

3a Jonomoroto aHanisy BaXknmMBOCTi O3HaK NigTBEPOAXKEHO i3nyHy

afekBaTHiCTb NobynoBaHnX moaenei. BussneHo, Wo cnekTpanbHa eHTponisi €
KIOYOBMM NapaMeTpoM ANs ineHTudikauii razoBmnx 6rnokysaHb, ekcuec eheKTUBHO
dikcye yaapv nnyHxepa, a perpecinHuin Haxun JO3BOSSE BUABNATY BTpaTy
repMeTUYHOCTI KnanaHHoro Byana.

Anroputm XGBoost pekomerngoBaHo sik obumcnioBanbHe SApO, Toai K

XMapHe cepegosuLle (Hanpuknag, AWS SageMaker) nponoHyeTbcst



BMKOPUCTOBYBATM [l HAKOMUYEHHS ETANOHHUX JaHUX Ta NepioANYHOro JOHaBYaHHS
anroputmis MeTofoM TpaHcepHoro Hae4aHHs (Transfer Learning). Pospobnenuii
Mozayrb Moxe GyTu iHTerpoBaHUM B CUCTEMU NPEOMKTUBHOMO 0GCIYyroBYBaHHS
HadTOA0OYBHMX NIANPUEMCTB.
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[opatok A NporpamMHWin Ko CUHTE3Y AMHaAMOrpam 3 LyMOM
import pandas as pd

import numpy as np

import math

import random

from scipy.interpolate import interp1d

try:
from pycodyn import SpringDamper, Mass, Force, System, dt

except ImportError:
print("MOMWIIKA: He 3nangeHo daiin pycodyn.py abo B HbOMY MOMUIIKM CUHTaKCHUCY.")
exit()

# --- KOHCTAHTW MOJEIJI (3 dpainy main2s.py) ---
FS_BASE = -34687.0 # Bara konoHu (Section weight)
FR_BASE =-18499.0 # Bara piguHu (Liquid weight)
# HanawTtyBaHHsi KOMNOHeHTIB (Spring, Mass)
C_ROD =44650.0

D_ROD =2120.7

M_ROD =3961.0

# --- NNOT'IKA HECMPABHOCTEWM (Fault Injection) -
class PumpSimulator:

def __init__(self, fault_type='Normal'):
self.fault_type = fault_type

# Panpomisauis ¢isnyHnx napameTpis

self.stroke_amp = (2.1 / 2) * random.uniform(0.95, 1.05)
self.freq_n = (6.4 / 60) * random.uniform(0.9, 1.1)
self.pound_severity = random.uniform(0.85, 0.99)
self.leak_severity = random.uniform(0.10, 0.40)

# IHiujanizauis kKomnoHeHTIB pycodyn

self.s1 = SpringDamper(name="s1', c=C_ROD, d=D_ROD)
self.m1 = Mass(name='m1', m=M_ROD)

self.f1 = Force(name="f1")

# 36ipka cuctemu (Topology)

pegs = self.s1.pinEqgs(1, [self.m1.pins[0]])

pegs += self.m1.pinEqs(1, [self.f1.pins[0]])

self.sys = System(els=[self.s1, self.m1, self.f1], eqs=peqs)

self.ics = {
self.m1.x: 0.0, self.m1.v: 0.0, self.m1.a: 0.0,
self.m1.xp: 0.0, self.m1.vp: 0.0,
self.m1.f1: 0.0, self.m1.f2: 0.0,
self.s1.x1: 0.0, self.s1.x1p: 0.0, self.s1.x2: 0.0, self.s1.x2p: 0.0,
self.s1.vrel: 0.0, self.s1.f1: 0.0, self.s1.f2: 0.0,
self.f1.f: FS_BASE + FR_BASE, self.f1.x: 0.0, self.f1.xp: 0.0
}

self.sys.solve(self.ics)

def motion(self, t):
""KinemaTvka To4ku niggicy (BepxHs Toyka)
return self.stroke_amp * math.sin(2 * math.pi * self.freq_n * t)

def force_logic(self, v, t_cycle_normalized):
# BbasoBa cuna (Bara LuTaHr)
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F =FS_BASE

if self.fault_type == 'Normal":
if v &gt; 0: F += FR_BASE

elif self.fault_type == 'FluidPound":
if v &gt; 0:
F += FR_BASE
else:
if abs(math.sin(t_cycle_normalized * 2 * math.pi)) &gt; self.pound_severity:
pass
else:
F += FR_BASE * 0.8

elif self.fault_type == 'GasLock":
if v &gt; 0:
factor = math.tanh(v / 0.5)
F += FR_BASE * factor
else:
factor = math.tanh(abs(v) / 0.5)

elif self.fault_type == 'ValveLeak':
if v &gt; 0:
F += FR_BASE * (1.0 - self.leak_severity)
else:
F += FR_BASE * (0.1 * self.leak_severity)

return F * math.tanh(abs(v) / 0.01)

def run(self):
# PyHKUiA rpaHnYHUX ymoB Ansa Solver
def fnBC(d, t):
# Busnavaemo, ge mu B uukni (0..1)
period = 1.0 / self.freq_n
t_cycle = (t % period) / period

val = self.motion(t), self.force_logic(d[self.m1.v], t_cycle)
return dict(zip([self.sys.elsd['s1".x1, self.sys.elsd['f1"].f], val))

# HanawTysaHHs 3miHHUX ans fnBC (pycodyn specific magic)
fnBC.vrs = self.sys.elsd['s1'].x1, self.sys.elsd['f1'].f

# 3anyck AvHaMi4YHOro po3paxyHKy (2 MOBHUX LMKMK)
period = 1.0/ self.freq_n
sim_time = 2.5 * period

T_raw, R_raw = self.sys.solveDyn(self.ics, timeEnd=sim_time, fnBC=fnBC)
start_cut = 1.5 * period

s1_x1_sym = self.sys.elsd['s1'].x1
s1_f1_sym = self.sys.elsd['s1'].f1

pos_data =[]
load_data =]

for t, res in zip(T_raw, R_raw):
if t &gt; start_cut:
pos_data.append(float(res[s1_x1_sym]))
# Cwuna B pycodyn mMoxe ByTu Big'eMHoto abo B HbtoToHax.
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# [linumo Ha 1000 ans kH (sik B main2s.py)
load_data.append(float(res[s1_f1_sym]) / 1000.0)



return pos_data, load_data

def resample_data(x, y, target_length=100):

IHTepnonsuia gaHux o dikcoBaHoi AoBXuHM (100 TOYOK),
o6 e MoxHa byno 36epertu B Tabnuuo CSV.

if len(x) &lt; 2: return np.zeros(target_length), np.zeros(target_length)

indices = np.linspace(0, 1, len(x))
target_indices = np.linspace(0, 1, target_length)

f_x = interp1d(indices, x, kind="linear")
f_y = interp1d(indices, y, kind='linear")

return f_x(target_indices), f_y(target_indices)

if _name__ =="_main__"
NUM_SAMPLES = 10000
dataset =[]
labels =]

classes = ['Normal', 'FluidPound', 'GasLock', 'ValveLeak']
print(f"MoynHaemo reHepadito {NUM_SAMPLES} npuknagis (Final Scientific Mode)...")

foriin range(NUM_SAMPLES):
fault = random.choice(classes)
try:
sim = PumpSimulator(fault_type=fault)
pos_raw, load_raw = sim.run()

# 2. Hopmanisauisi)
_, load_100 = resample_data(pos_raw, load_raw, target_length=100)

# MepeTBOPIOEMO B NUMPY AN 3pYyYHOCTI
cycle = np.array(load_100)

# --- 3. HAKITADAHHS 3ABAl HA TOTOBWW BEKTOP ---

shift = random.randint(-20, 20)
cycle = np.roll(cycle, shift)

if random.random() &lt; 0.5:
num_spikes = random.randint(1, 3)
for _in range(num_spikes):
idx = random.randint(0, 99)
cycle[idx] += random.choice([-1, 1]) * random.uniform(15, 30)

trend = np.linspace(random.uniform(-5, 5), random.uniform(-5, 5), 100)
cycle += trend

cycle += random.uniform(-10, 10)

cycle *= random.uniform(0.9, 1.1) # MacwTab +/- 10%
cycle += np.random.normal(0, 2.0, 100) # PoHOBWUIA LLYM

#
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dataset.append(cycle)
labels.append(fault)

if i % 200 == 0: print(f"3reHeposaHo {i}/{NUM_SAMPLES}...")

except Exception as e:



print(f"Momunka: {e}")

# 36epexeHHs
Is = [fL{i}! for i in range( 100)].

__dff' Label'] = labels

csv_name = 'srp_simulated_data_complex_noice_1 v' df.to_csv(csv_name, index=False) print(f"YCIIX! aHi 36epexeHo B {csv_name}")
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[opaTtok b MNporpamHuin kog Moayns iHxeHepii 03Hak

port pandas as pd

import numpy as np
from scipy. stats import skew, kurtosis, entropy, linregress
from scipy.signal import periodogram

def add_all_features():
# 1. HATAWUTYBAHHA
# BxioHun cann (cvpi gani 10k)
input_file = 'srp_simulated_data_complex_noice_10.csV'
output_file ='srp_data_engineered_10new_12.csV'

print(f"3aBaHTaxxeHHst AaHux 3 {input_file}...")

try:
df = pd.read_csv(input_file)

except FileNotFoundError:
print(f"Momunka: ®ann {input_file} He 3HangeHo!")
return

data_cols = [col for col in Iumns if col.startswith(' L') and col !='Label’]
X_raw = df[data_cols].values.astype(float)

print(f"PospaxyHok MOBHOI'O Habopy o3Hak ans {len(df)} psakis...")

# --- IHILIANI3ALIA CMACKIB ---

# I'pyna 1: basosi

f_area, f_mean, f_std, f_skew, f_kurt =[], [I, [I, [I, [I
f_ptp, f_energy, f_entropy =[], [I, [I

# 'pyna 2: FfeoMeTpuyHi)
f_rect, f_slope_up, f_slope_down, f_load_ratio =], [], [I, [I

for row in X_raw:
# --- PO3PAXYHOK I'PYMU 1 (BA30OBI + EHTPOMIA) ---
# Mnowa
try:
area = np.trapezoid(row)
except AttributeError:
area = np.trapz(row)

# Ctatuctuka

mean_val = np.mean(row)
min_val = np.min(row)
max_val = np.max(row)
ptp = max_val - min_val

f_area.append(area)
f_mean.append(mean_val)
f_std.append(np.std(row))
f_skew.append(skew(row))
f_kurt.append(kurtosis(row))
f_ptp.append(ptp)
f_energy.append(np.sum(row ** 2))
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# EHTponis

fregs, psd = periodogram(row, fs=1.0)
psd_norm = psd / (np.sum(psd) + 1e-10)
f_entropy.append(entropy(psd_norm))

# --- POSPAXYHOK TPYMN 2 ---

# A. Rectangularity (MpsmokyTHiCTb)
rect_area_ref = ptp * 100

if rect_area_ref == 0: rect_area_ref = 1e-6
f_rect.append(area / rect_area_ref)

# B. Slopes (Haxwnwn)
# Xin Bropy (Touku 10-40)
slope_u, _, , , _=linregress(np.arange(10, 40), row[10:40])

f_slope_up.append(slope_u)

# Xin BHM3 (TOukM 60-90)
slope_d, _, , ,_=linregress(np.arange(60, 90), row[60:90])
f_slope_down.append(slope_d)

# C. Load Ratio ([Mepekic HaBaHTaXeHHs)
mean_start = np.mean(row[:30])

mean_end = np.mean(row[70:])

if mean_end == 0: mean_end = 1e-6
f_load_ratio.append(mean_start / mean_end)

features_df = pd.DataFrame({
# Crapi (nonepepgHi)
'F_Area": f_area,
'F_Mean": f_mean,
'F_Std": f_std,
'F_Skew': f_skew,
'F_Kurtosis": f_kurt,
'F_PTP": f_ptp,
'F_Energy": f_energy,
'F_Entropy": f_entropy,
# Hosi
'F_Rectangularity": f_rect,
'F_Slope_Up": f_slope_up,
'F_Slope_Down'": f_slope_down,
'F_Load_Ratio": f_load_ratio

D
df_final = pd.concat([features_df, df['Label]], axis=1)

df_final.to_csv(output_file, index=False)

print("-" * 50)

print(f"fOTOBO! ®ain 36epexeHo: {output_file}")

print(f"Bcboro o3Hak (Feature Engineering): {feature.shape[1]}") _print(f"3aranbHa kinbkictb konoHok: {df_final.shape[1]}")
print("-" * 50)

if _name__ =="__main__"

add_all_features()
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[opatok B MporpamHuii kof moaynsa NopiBHAHHA eeKTUBHOCTI anroputmis
knacudikauii cranis LUFTHY

@_M pandas as pd.
import matplotlib.pyplot as plt import seaborn as sns
port numpy as np
from skleark—+0odel_selection import _train_test_split, cross_val_score
from sklearn. preprocessing_import LabelEncoder, StandardScaler
_from sklearn.metrics _import accuracy_score,_confusion_matrix, f1_score
from sklearn.manifold import TSNE




from sklearn.base import BaseEstimator, ClassifierMixin

# IMnopT moaenen
om sklearn.linear_model import LogisticRegression from sklearn.svm import SVC from sklearn.ensemble import RandomForestClassifier from _sklearn.
neighbors import KNeighborsClassifier
from sklearn. neural_network import MLPClassifier
from xgboost import XGBClassifier

#--- EJ'IO@YTORCH (CNN)_---
_import torch import torch.nn as nn import torch.optim as optim

# 1. Apxitektypa CNN
class SimpIeCNVan.Module): def __init_(self,_num_classes=4, input_len=100):
super(_SimpleCNN,_self).__init__()_self. layer 1 = nn. Sequential(
nn.Conv1d(1, 16, kernel_size=5, padding=2),
nn.BatchNorm1d(16),
nn.ReLU(),
nn.MaxPool1d(kernel_size=2, stride=2)
)
self.layer2 = nn.Sequential(
nn.Conv1d(16, 32, kernel_size=5, padding=2),
nn.BatchNorm1d(32),
nn.ReLU(),
nn.MaxPool1d(2)
)
self.drop = nn.Dropout(0.3)

with torch.no_grad():
dummy = torch.zeros(1, 1, input_len)
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dummy = self.layer1(dummy)
dummy = self.layer2(dummy)
flat_size = dummy.view(1, -1).size(1)

self.fc = nn.Linear(flat_size, num_classes)

def forward(self, x):
out = self.layer1(x)
out = self.layer2(out)
out = out.reshape(out.size(0), -1)
out = self.drop(out)
out = self.fc(out)
return out

# 2. ObropTtka PyTorch
class PyTorchClassifier(BaseEstimator, ClassifierMixin):
def __init__(self, epochs=50, Ir=0.001):
self.epochs = epochs
selflr=1Ir

sedel = None

sel!bvice = torch.device('cuda’ if torch.cuda.is_available() else 'cpu’)
def fit(self, X, y):

self.classes_ = np.unique(y)

input_len = X.shape[1]

X_tensor = torch.FloatTensor(X).unsqueeze(1).to(self.device)
y_tensor = torch.LongTensor(y).to(self.device)

If.model = SimpleCNN(num_classes=len(self.classes_), input_len=input_len).to(self.device)
T biterion = nn.CrossEntropyLoss() optimizer = optim.Adam(_self. model. parameters(), Ir="self.Ir)

seIf.mod()_

optimizer.zero_grad() outputs = self.model(_X_tensor) loss = criterion(outputs, y_tensor) loss.backward() optimizer.step()



return self

def predict(self, X):
self.model.eval()
X_tensor = torch.FloatTensor(X).unsqueeze(1).to(self.device)
with torch.no_grad():
outputs = self.model(X_tensor)
_, predicted = torch.max(outputs.data, 1)
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return predicted.cpu().numpy()

# --- TONTOBHA ®YHKLUIA ---

def analyze_and_visualize():
filename = 'srp_data_engineered_10new_12.csV'
print(f"8aBaHTaxxeHHsa gaHux 3 {filename}...")

try:
df = pd.read_csv(filename)

except FileNotFoundError:
print("®aiin He 3HaaeHo! Cnovatky 3anycTite add_all_features.py")
return

# MigrotoBka
X = df.drop('Label', axis=1).values
y_text = df['Label'].values

le = LabelEncoder()
y = le fit_transform(y_text)
class_names = le.classes_

aler = StandardScaler()

X_scaled = scaler.fit_transform(X)

_train, X_test, y_train, y_test = train_test_split(X_ scaled,_ vy, test_size= 0.2, random_state= 42)

#--- 1. t-SNE ---

print("reHepadis t-SNE...")

limit = min(2000, len(X_scaled))

indices = np.random.choice(len(X_scaled), limit, replace=False)

tsne = TSNE(n_components=2, random_state=42, perplexity=30, init="pca’, learning_rate="auto")
X_embedded = tsne.fit_transform(X_scaled[indices])

plt.figure(figsize=(10, 8))

sns.scatterplot(x=X_embedded][:, 0], y=X_embedded[:, 1], hue=y_text[indices], palette='viridis', s=60,
alpha=0.7)

plt.title('t-SNE: PosgineHicTb knacis')

plt.show()

# --- 2. HABYAHHA TA MATPULI ---
models = {
"Logistic Regression": LogisticRegression(max_iter=1000),
"SVM (RBF)": SVC(),
"KNN": KNeighborsClassifier(),
"Random Forest": RandomForestClassifier(n_estimators=100),
"MLP (Neural Net)": MLPClassifier(hidden_layer_sizes=(100, 50), max_iter=500),
"XGBoost": XGBClassifier(use_label_encoder=False, eval_metric='mlogloss'),
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"1D-CNN (PyTorch)": PyTorchClassifier(epochs=100, Ir=0.001)

fig, axes = plt.subplots(2, 4, figsize=(22, 11))
axes = axes.flatten()



results_acc = {}
results_f1 ={}

print("-" * 65)
print(f'{'Model Name":&It;25} | {'Accuracy":&lt;10} | {'F1-Score":&lt;10}")
print("-" * 65)

for i, (name, model) in enumerate(models.items()):
1. TpeHyBaHHsA Ha cnniTi
@odel it(X_train, y_train)
preds odel.predict(X_test)_

# MeTpukm
fcc = accuracy_score(y_test, preds)
= f1_score(y_test, preds, average='weighted')
results_acc[name] = acc
results_f1[name] = f1

# 2. Cross-Validation

if name !="1D-CNN (PyTorch)":
_scores = _cross_val_score( model, X_ scaled, y, cv=5, scoring="f1_weighted")

cv_str = f"(CV F1: {cv_scores.mean():.3f})"
else:
cv_str=""

print(f"{name:&It;25} | {acc:.4f} | {f1:.4f} {cv_str}")

# Matpuus
= confusion_matrix(y_test, preds)

shs.heatmap(cm, annot=True, fmt='d', cmap='Blues', .ax= axes]i],_
xticklabels= class_names, yticklabels=class_names)

axesli].set_title(f"{name}\nAcc: {acc:.1%} | F1: {f1:.1%}")
axesli].set_xlabel('Predicted')
axesl[i].set_ylabel('True")

for jin range(i + 1, len(axes)):
fig.delaxes(axes[j])

plt.tight_layout()
plt.show()
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# --- 3. OIHANTbHUW TPAGIK (F1 SCORE) ---
plt.figure(figsize=(12, 6))
sorted_res = dict(sorted(results_f1.items(), key=lambda item: item[1], reverse=True))

sns.barplot(
x=list(sorted_res.values()),
y=list(sorted_res.keys()),
hue=list(sorted_res.keys()),
legend=False,
palette='magma’ # 3miHuB naniTpy Ans pis3HOMaHITTS
)
plt.xlim(0, 1.0)
plt.title(fPenTuHr mopeneit 3a F1-Score (Oani: {filename})')

for index, value in enumerate(sorted_res.values()):
plt.text(value, index, f'{value:.3f}='center', fontweight="bold")

plt.tight_layout()
plt.show()

if _name__=="__main__":



analyze_and_visualize()
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[opatok I lMporpamHuin Ko, Moayns aHanisy BaXKNMBOCTI CKNagoBUX BEKTOPY
03HaK

import pandas as pd

poi nimpy as np
impo m atplotlib.pyplot as plt

mport seaborn as sns

m sklearn.model_selection import train_test_split from _sklearn. preprocessing_import LabelEncoder, StandardScaler
om _sklearn. inspection import permutation_importance

# Mopneni.

from sklearn.ensemble import RandomForestClassifier from sklearn.neural_network import MLPClassifier from sklearn. svm import SVC
from xgboost import XGBClassifier

def analyze_feature_importance():
# 1. BABAHTAXEHHA
filename = 'srp_data_engineered_10new_12.csV'
print(f"3aBaHTaxeHHst gaHux 3 {filename}...")

try:
= pd.read_csv(filename)

except FileNotFoundError:
print("®ann He 3HanaeHo!")
return

# MigrotoBka

X = df.drop('Label', axis=1)

y = LabelEncoder().fit_transform(df['Label'])
feature_names = X.columns.tolist()

MacmTaGyBaHHﬂ (Baxknueo anst SVM/MLP)
12 scaled = StandardScaler(). fit_transform(X)

# Cnnit
39 . train, X_test, y_train, y_test = train_test_split(X_ scaled,_y, test_size= 0.2, random_state=42)

# Cnucok mopenen ansa aHanisy
models = {
"XGBoost'B assifier(use_label_encoder=False, eval_ metric='mlogloss', random_state=42),
"Random Forest'ﬂandomForestCIassifier(n_estimators=100, random_state=42),
"SVM (RBF)": SVC(random_state=42),
"MLP (Neural Net)t=JLPClassifier(hidden_layer_sizes=(100, 50),_max_iter=500, random_state=42)

fig, axes = plt.subplots(2, 2, figsize=(18, 12))
axes = axes.flatten()

print("-" * 50)
print(f"{'Model":&It;20} | {'Top Feature":&lt;20} | {'Importance'}")
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print("-" * 50)

for i, (name, model) in enumerate(models.items()):
print(f"AHani3 mogeni: {name}...")
model.fit(X_train, y_train)

# Po3paxyHOK BaXnuBOCTi

if name in ["XGBoost", "Random Forest"]:
# [Ins nepeB BUKOPUCTOBYEMO BOYAOBaHY BaXIMBICTb
importances = model.feature_importances_

else:



# Ina SVM ta MLP BukopuctoByemo Permutation Importance
perm_result = permutation_importance(model, X_test, y_test, n_repeats=10, random_state=42)
importances = perm_result.importances_mean

# CtBopeHHsa DataFrame ans coptyBaHHA
feat_imp 154 .DataFrame({
'Feature': feature_names,
[i;jn_portance': importances
____})-sort_values(by='Importance’, ascending=False)
top_f = feat_imp.iloc[0]
print(f"{name:&It;20} | {top_f['Feature':&lt;20} | {top_f['Importance:.4f}")

sns.barplot(
x='Importance’,
y='Feature’,
data=feat_imp.head(15),
ax=axesli],
palette="viridis',
hue='Feature',
legend=False

)

axesli].set_title(fBaxnusictb o3Hak ansa {name}')

axesli].set_xlabel('Score")

axesli].set_ylabel(")

plt.tight_layout()
plt.show()

if _name__ =="_main__":
analyze_feature_importance()
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