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Juceprartiitna po06ota mpucBsYeHa po3poOiri O6araTtopiBHEBOI 1HGOPMAIIHHOT
TEXHOJIOT1i TEXHIYHOIO J1arHOCTYBaHHs JMHAMIYHUX CHCTEM Ta iX €JIEMEHTIB Ha
OCHOBI JaHUX MOHITOPUHTY. AKTyaJdbHICTh JOCIIPKCHHS OOyMOBJIEHAa THM, IO
HernependadyBaHi BIIMOBU TUHAMIYHUX TEXHIYHUX CHUCTEM MPU3BOIATH 10 3HAYHUX
€KOHOMIYHMX BTpaT Ta OE3MEKOBUX PHU3MKIB, a ICHYIOYl METOAW J1arHOCTYBaHHS
XapaKTepu3yIOThcsl  (DparMEHTApHICTIO, TOMOTCHHICTIO aHCAaMOJIEBUX  ITIXOJIB,
BIJICYTHICTIO YHI(IKOBaHUX METOMIB (OPMYBaHHS YAaCOBUX MPEJCTaBICHb IS
PI3HOPIIHMX  KOMIIOHEHTIB Ta HEJOCTAaTHBOK  CHEIIai3alll€el0  KOMIIOHEHTIB
OararopiBHEBUX TEXHOJIOTiIA. MeToro poOOTH € MIABUIICHHS SKOCTI Ta 3a0e3MeueHHs
CTIMKOCTI TEXHIYHOTO J1arHOCTYBaHHS €JIEMEHTIB JMHAMIYHHUX CHCTEM B YMOBax
CKJIaJIHOCTI OIEpalifHUX PEKUMIB IIIIXOM PO3pOOKH OararopiBHEBOi 1HPOpMAIIHHOT
TEXHOJIOT1{ 32 paxyHOK 1HTerpailii KOMIUIEMEHTapHHUX MiIXO0A1B MAIIMHHOTO HaBYaHHS
3 aHCAMOJIOBAHHSM JI1arHOCTUYHUX PILIEHb.

3mict gaumcepramii. Y Berymi  OOrpyHTOBaHO — akKTyaJbHICTh — TEMH,
chopMyTbOBaHO METy Ta 3ajadi JOCHIDKEHHS, BU3HAYEHO OO'€KT 1 MpeaMeT
TOCIIHKEHHS, PO3KPUTO HAYKOBY HOBH3HY Ta MPAKTUYHY IIHHICTH pOOOTH.

VY po3sninai 1 nmpoBeaeHO aHaMI3 ICHYIOUMX MaTeMaTHYHUX MOJENICH, METOMIB Ta
TEXHOJIOTI TEXHIYHOrO JIarHOCTYBaHHS JWMHAMIYHMX CHUCTEM Ha OCHOBI JIaHHMX
MOHITOpPHUHTY. JIOCHIPKEHHS OXOMHJIO METOIM TOMEpPEeNHbOi OOpPOOKM JaHMX,
BU3HAUCHHS CTaHy TEXHIYHUX cucTeM (kmacudikaiisi, BHUSBICHHS aHOMAJIH,
KJIacTepu3allisi), 3MEHIIIEHHSI PO3MIPHOCTI, TPOTHO3YBaHHS 3aJIMIIIKOBOTO pecypcy Ta

OaraTtopiBHEBI IHTETPOBAaHI TEXHOJIOTII 3 aHcaMOJIeBUMH MeTofaMu. BusBieHi



HEeBUpIMIEHI MPoOIeMU MarOTh CUCTEMHHI XapakTep Ta B3a€MHO IiJICUIIOIOTH OHA
OIHY, IO OOTPYHTYBAJIO 3a7adi JOCIIDKEHHS Ta HEOOXIAHICTh PO3POOKM HOBOI
OararopiBHeBOi 1H()OPMaLIHHOT TEXHOJIOTII.

Y po3mini 2 Ha OCHOBI BHU3HAaUYCHUX (YHIAMEHTAIBHUX MPUHIUIIB —
KOMIIJIEMEHTAPHOCTI ~ JIarHOCTUYHMUX  MIAXOMIB, OaraTopiBHEBOi  Oprasizaiiii,
MOJYJIbHOCTI, aHCaMOJIIOBaHHS, IIO€JHAHHS TMPOTHO3YBaHHS Ta Kiacudikarii,
BUKOPUCTAHHS YAaCOBUX IPEICTaBICHb — pO3pOo0sIeHO 1H(GOpMAIlIHHY TEXHOJOTII0 Ta
noOynoBaHO MOJeNb 11 (PYHKIIIOHYBaHHS, 1[0 CTPYKTYpY€E MPOIEC A1arHOCTYBaHHS Y
Tpu piBHI. Ha piBHI monepeaHboi 0OpoOKH Ta MiJATOTOBKH JaHUX PO3POOJICHO METOM
KOMITJIEKCHOI OOpOOKHM JTaHUX MOHITOPUHTY Ta (GopMyBaHHA Iu(EpeHIIOBaHUX
YacOBUX TMPEJCTABICHb JJIl PI3HOPIIHMX KOMIIOHEHTIB TexHojorii. Ha piBHI
JIarHOCTYBaHHSI CTaHy 00'ekTa po3poOJIeHO M'ATh METOMAIB, OPTraHI30BaHMX Y JBI
napajgeibHl TUIKH: METON Kiacu]ikaiii CcTaHy Ha OCHOBI aHCaMOIIIOBaHHS
KOHTPOJILOBAHUX Ta HEKOHTPOJIBOBAHUX METO/IB KJIACHYHOTO MAIIMHHOTO HABYAHHS;
METOZl BHSBJICHHS aHOMAaJiii Ta 3MEHIIEHHS pPO3MIPHOCTI Ha  OCHOBI
aBTOKOJYBaJIbHUKIB 3 JU(EPEHIIIOBaHUM HABYaHHSIM; METOJl HEUITKOI KjacTepu3arii
CTaHy Ha OCHOBI ar€HTHO-OPI€EHTOBAHOTO MIAXOY 3 MIATPUMKOIO JACKUIBKOX PEKUMIB
(GyHKIIIOHYBaHHS; METOA TMPOTHO3YBAaHHSA 3aJMIIKOBOIO pPEcypcy Ha OCHOBI
PEKYpPEeHTHOI HEHPOHHOI Mepexi; MeTon kiacu@ikalii cTaHy Ha OCHOBI TiOpUIIHOI
HeHWpoHHOT Mepexi. Ha piBHI MPUHHATTS IHTETPOBAHOTO PIIICHHS PO3POOJIEHO METO]T
aHcaMOJIIOBaHHS JIIarHOCTUYHHX PILICHb 3 MIATPUMKOIO TPHOX CTPATET1i TOIOCYBaHHS
Ta aBTOMATH30BaHUM CHCTEMaTHYHUM ITi100poM KoH(irypartii. J[BoeTanmHuii mporiec
HaJAIITYBaHHA TEXHOJOT1] 3a0e3meuye afanTaiio A0 crenupiku KOHKPETHOTO 00'eKTa
J1arHOCTYBaHHS.

VY po3nini 3 BukoHaHO MareMaTuuHy (hopmaizailito iHhopMaIiiHOT TEXHOJIOTT]
Ta BCIX 11 KOMIOHEHTIB. [[ms wmetomy momepenHboi 00poOku crerrdikoBaHO
MOCITIIOBHICTH OTepariiii Ta 18a MeToau (OpMyBaHHS YaCOBUX MPEICTABICHb: METOJ
KOB3HOTO BIKHA 1 METOJI YaCOBUX BIKOH 3 arperaii€lo CTaTuCTuK. JlJisg m'astu MeToiB
piBHS A1arHOCTYBaHHS BU3HAYEHO MeXaH13MU (JOpMyBaHH 11arHOCTUYHUX PIllIEHb Ta
obumucieHHsa ix goctoBipHOCTi. CrenndikoBaHO METOH aHCaMOJIIOBaHHS 3 TpboMa

CTpaTerisiMM TOJIOCYBaHHs: OiHapHe, 3Ba)XCHE 3a JOCTOBIPHICTIO Ta TiOpuUHE.



dopmaitizoBaHo 1HTerpoBaHe (DyHKIIIOHYBaHHS TEXHOJIOTII Ta JBOETAIHUI mpolec ii
HaJIAIITYBaHHS 3 aBTOMATH30BaHUM T100pOM KOH(Irypailii ancamOItOBaHHS.

Y po3mini 4 BUKOHAHO EKCHEPUMEHTAJbHY MEPEBIPKY pPO3poOIeHOT
1H(opMaIiitHOT TEXHOJIOTIT Ha TaHUX MOJIEIIOBAHHS Jerpaaailii TypOOBEHTHISTOPHUX
asuryHiB HaOopy C-MAPSS NASA. Buxopucrano migmuoxuaun FDOO1 3 ogaum
onepariiinuM pexumom ta FD004 3 mricteMa onepariiiHUMHU peXMMaMHu 1 JBOMa
MexaHi3MamMu nerpaganii. CucremMarMyHe AOCHIDKCHHS II'SSTH METOAIB  PIBHS
TIarHOCTYBaHHS BUSBUJIO 3aJICKHICTh SIKOCTI HEKOHTPOJIHOBAHMX KOMIIOHEHT Bij
CKJIAJIHOCT1 OIepaliifHUX CIEeHapiiB Ta BHUCOKY CTIHKICTh METOJIB Ha OCHOBI
HEUPOHHUX Mepex. JloChmiKeHHsT METOy aHCaMOIOBaHHS BCTAHOBUJIO 3aJICKHICTh
ONTUMaJIbHOI KOH(pIrypalii BiJi CKIAQTHOCTI JaHMX Ta MIATBEPAUIO 3POCTAHHS
I[IHHOCTI aHCaMOJIFOBaHHsI 31 CKJIQAHICTIO. TexHosoria aiarHoctyBaHHs aocsria Fl-
mipu 94.12% na FDOO1 ta 92.31% na FDO004 31 3umwxenusm nume 1.81%, mo
MiITBEPKYE CTIMKICTh 0 MHOKMHHUX OTepaliiHuX pexxuMiB. [TopiBHAIbHUN aHaI3
3 15 migxomamu no GiHapHOi Kiacudikaimii cTaHy HiATBEpAUB HavBuily F1-mipy Ha
CKJIQJIHUX 0araTope:KUMHUX JTaHUX Ta HaMEHIIIe 3HIKEHHS SIKOCTI IPU YCKIIQAHEeHH1
onepariifHux ymoB. OIllIHKa OOYMCIIIOBAJILHUX PECYpPCIB MiATBEpAWSIa MPHUAATHICTH
TEXHOJIOTII JUTsl MPAKTUYHOTO 3aCTOCYBAHHSA 3 MIKOBUM CITOKUBAHHIM mam'siti g0 1,4
I'b Ta yacom omnpairoBaHHsi 01HOTO 3pa3ka 10 41 mc. [lopiBHsHHS 3 27 migxonaMu J10
MIPOTHO3YBAHHS 3aJIUIIIKOBOTO PECYpPCy MIATBEPIUIO HAUBHUIIY CTIMKICTD 13 PI3HUIICIO
RMSE wmix migMuHoxkuHamu 1.59 muxomiB, mo y 4.1 pasu MeHIiIe 3a HaHOMMKUMiA
KOHKYPEHT, IpH KOHKYpeHTH1H skocTi Ha FD004.

Y BHCHOBKax IiJBEACHO MiJCYMKH MPOBEICHHUX OCIIKEeHb. Po3pobieHa
OararopiBHeBa iH(OpMaIliiiHa TEXHOJIOTIS 3 IHTErPaIi€r0 KOMIUIEMEHTAPHUX TT1XO0/IB
MAalIMHHOTO HaBYaHHS Ta AaHCaMOJNIOBAaHHSAM 3a0e3leyye BHCOKY TOUYHICTb
TIarHOCTYBaHHA KPUTHYHUX CTaHIB 13 HAWBHUIIOK CTIMKICTIO JI0 MHOXHHHUX
OMepalifHUX pPEXHUMIB Ta KOHKYPEHTOCIPOMOKHY TOYHICTh MPOrHO3YBaHHS
3JIMIITKOBOTO pecypcey. [IpakTuuHa 3Ha9yIIICTh PE3yIbTATIB MOJATAE Y MOKIUBOCTI X
BUKOPUCTaHHS TPU CTBOPEHHI CHUCTEM MPOTHOCTUYHOTO  OOCITyTrOBYBaHHSI
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IHIIOTO KPUTHYHOTO OOJaJHaHHA B aBlalllifHIi, eHepreTHUYHid Ta OOpOoOHIH
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ABSTRACT

Shevchenko D. O. Information technology for technical diagnosis of
dynamic system elements based on monitoring data. — Qualification scholarly
paper: a manuscript.

The dissertation submitted for obtaining the Doctor of Philosophy degree in
Information Technology: Speciality 122 Computer science. V. N Karazin Kharkiv
National University, Ministry of Education and Science of Ukraine, Kharkiv, 2026.

The dissertation is devoted to the development of a multilevel information
technology for technical diagnosis of dynamic systems and their elements based on
monitoring data. The relevance of the study is determined by the fact that unpredictable
failures of dynamic technical systems lead to significant economic losses and safety
risks, while existing diagnostic methods are characterized by fragmentation,
homogeneity of ensemble approaches, the lack of unified methods for constructing
temporal representations for heterogeneous components, and insufficient specialization
of components within multilevel technologies. The objective of this work is to enhance
the accuracy and ensure the robustness of technical diagnosis of dynamic system
elements under complex operational regimes by developing a multilevel information
technology through the integration of complementary machine learning approaches
with ensemble-based aggregation of diagnostic decisions.

Content of the dissertation. The introduction substantiates the relevance of
the topic, formulates the aim and objectives of the study, defines the object and subject
of the research, and elucidates the scientific novelty and practical value of the work.

Chapter 1 presents an analysis of existing mathematical models, methods, and
technologies for technical diagnosis of dynamic systems based on monitoring data. The
study encompassed methods of data preprocessing, technical system state
determination (classification, anomaly detection, clustering), dimensionality reduction,
remaining useful life prediction, and multilevel integrated technologies with ensemble
methods. The identified unresolved problems are of a systemic nature and mutually
reinforce one another, which substantiated the research objectives and the necessity of

developing a novel multilevel information technology.



Chapter 2 describes the information technology developed on the basis of
defined fundamental principles — complementarity of diagnostic approaches, multi-
level organization, modularity, ensemble, combination of forecasting and
classification, use of time representations, together with a model of its functioning that
structures the diagnostic process into three levels. At the data preprocessing and
preparation level, a method of comprehensive monitoring data processing and
formation of differentiated temporal representations for heterogeneous technology
components has been developed. At the object state diagnosis level, five methods have
been developed and organized into two parallel branches: a state classification method
based on the ensemble of supervised and unsupervised classical machine learning
methods; an anomaly detection and dimensionality reduction method based on
autoencoders with differentiated training; a fuzzy state clustering method based on an
agent-oriented approach supporting multiple operating modes; a remaining useful life
prediction method based on a recurrent neural network; and a state classification
method based on a hybrid neural network. At the integrated decision-making level, a
method of diagnostic decision ensembling has been developed, supporting three voting
strategies with automated systematic configuration selection. A two-stage technology
tuning process ensures adaptation to the specifics of a particular diagnostic object.

Chapter 3 presents the mathematical formalization of the information
technology and all its components. For the preprocessing method, the sequence of
operations and two methods of temporal representation construction have been
specified: the sliding window method and the time window method with statistical
aggregation. For the five methods at the diagnosis level, the mechanisms for generating
diagnostic decisions and computing their confidence have been defined. The
ensembling method with three voting strategies has been specified: binary, confidence-
weighted, and hybrid. The integrated functioning of the technology and the two-stage
tuning process with automated ensemble configuration selection have been formalized.

Chapter 4 presents the experimental verification of the developed information
technology using degradation simulation data of turbofan engines from the NASA C-
MAPSS dataset. The FD0O1 subset with a single operational regime and the FD004

subset with six operational regimes and two degradation mechanisms were utilized. A



systematic investigation of the five diagnosis-level methods revealed a dependence of
unsupervised component quality on the complexity of operational scenarios and high
robustness of neural network-based methods. The investigation of the ensembling
method established a dependence of the optimal configuration on data complexity and
confirmed the increasing value of ensembling with growing complexity. The diagnostic
technology achieved an F1-score of 94.12% on FD0OO1 and 92.31% on FD004, with a
decrease of only 1.81%, confirming robustness to multiple operational regimes. A
comparative analysis with 15 approaches to binary state classification confirmed the
highest F1-score on complex multi-regime data and the smallest quality decrease under
increasingly complex operational conditions. Computational resource evaluation
confirmed the technology's suitability for practical deployment, with peak memory
consumption not exceeding 1.4 GB and per-sample processing time not exceeding 41
ms. A comparison with 27 approaches to remaining useful life prediction confirmed
the highest robustness, with an RMSE difference between subsets of 1.59 cycles, which
is 4.1 times less than the nearest competitor, while maintaining competitive
performance on FD004.

The conclusions summarize the findings of the conducted research. The
developed multilevel information technology, integrating complementary machine
learning approaches with ensemble-based aggregation, ensures high accuracy in
diagnosing critical states with the highest robustness to multiple operational regimes
and competitive accuracy in remaining useful life prediction. The practical significance
of the results lies in their applicability to the development of predictive maintenance
systems for turbofan engines, industrial turbines, bearings, gearboxes, and other critical

equipment in the aviation, energy, and manufacturing industries.
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autoencoders, recurrent neural networks, LSTM, hybrid neural network, model
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