BIII'YK
o(iuiiinoro ononenra Makcuma BOHZIAPEHKA
Ha nuceprauiiiny podory Karaesa IEHUCA

«Software and information complex for improving the accuracy of measurements of

geometric parameters of power equipment parts based on a neural network»

(«ITporpamHo-iH(popMaLiiHUI KOMIUIEKC U181 [TiABUILEHHS TOYHOCTI BUMIpIOBaHb
TEOMETPUYHMX MApAMETPIB AeTasei eHEPreTHIHOro 00/IaIHaHHA Ha 0a3i HeMPOHHOT MepeXi»),
110 NMpEACTaBIeHa Ha 3100yTTA CTyneHs AokTopa ¢inocodii
3 rajty3i 3HaHb 17 «EnexTpoHika, aBTomaTH3alis Ta e1eKTPOHHI KOMYHIKaIii»
3a crnietianbHicTio 175 «IHopmaniitHO-BUMIPIOBATIBHI TEXHOOTI»

1. AKTyajibHICTH TeMH AHCepTALil

EnepreruuHa raiy3b € OJHI€I0 3 KIIOUOBUX chep 3abe3neyeHHs CTabiIbHOTO
(yHKLIOHYBaHHSI Cy4acHOro cycruibctBa. HaziiiHicTh, eekTHBHICTH Ta Oe3ne4yHicTh
€HEePreTUYHOro 00JIaAHaHHS, TAKOTO K TYpOiHHM, TEHEPATOPH, KOTIIH IPAMO 3aJIeKAaTh Bil
TOYHOCTI BUTOTOBJICHHA, Ta BiAMOBIAHOCTI J€Tallel CTaHJAPTaM i TEXHIYHUM BUMOTaM.
BiaxuneHHs reoOMeTpUYHHX MapaMeTpiB MOXKe MPU3BECTH J10 3HUKEHHS MPOAYKTUBHOCTI
o0sasiHaHHsA, HOrO NEePEeAYaCHOrO 3HOIIEHHA, 3HAYHUX BUTPAT HA PEMOHT, 4 B KDUTHUHHUX
BHITA/IKAX, /10 aBapiHHUX CUTYallil i3 KaTacTpO(iUHUMH HACITIIKAMH JU1sl BADOOHHULTBA Ta
HABKOJIMILHBOIO CePEIOBUILA.

Buxopucranus cy4yacHux iH(GOpMaLiiiHO-BUMIPIOBATLHMX CHCTEM  JI03BOJISE
JIOCSTTH BUCOKOI TOYHOCTI, IIBUIKOCTI Ta aBTOMATH3allii Mpoiecis koHtposo. [Ipore,
BOHM MalOTh HU3KY OOMEXKEHb, cepe/l IKUX CJIiJl BIIMITUTH HEJOCTATHIO aJanTauito 10
BIUIMBY 30BHIIIHIX aectabinmizyrounx QaxTopiB (BiOpauiid, TepMiuHux aedopmaiiii,
iHepUifHUX e(eKTiB).

AKTyanbHICTh poO0TH 00yMOBIIEHA HEOOXIAHICTIO YCYHEHHS iCHYIOUHX OOMEKEHD i
nojsirae 'y po3pobui nporpamHo-iHGOPMALIiHOTO KOMIUIEKCY 3 IHTErPOBAHOIO
HEeHPOHHOI0 MEpEeKer0, BIPOBAMKEHHS AKOr0 y ckjiaaj iH(GopMauiiHO-BUMIPHOBAILHOT
cucreMu Ha 0a3i  KOOPIMHATHO-BUMIPIOBAJIBHOI PYKH  JO03BOJUTHE  €(PEKTHBHO
KOMIICHCYBATH BIUTMB 30BHILUHIX JecTaOUI3y0uuX (PakTopiB, YUM CYTTEBO MiJABUIIHUTS
TOYHICTb BUMIPIOBaHb F€OMETPUYHUX ITapaMeTpiB JieTajel eHepreTHuHoro 06/aiHaHHs.

2.38’930K po0OTH 3 HAYKOBHMH NPOrpaMamu, JaHaMHu

Juceprauiitna po6ota MoOB’sA3aHa 3 HAYKOBO-JOCTIAHOI poOOTON: «PO3BUTOK
METOAIB Ta 3aco0iB MOHITOPHMHTY CTaHy MAOBKUIIA OO’€KTIB eHepreTuku Ha Oasi
0e3apoToBHX ceHCOpHHUX Mepexo» (0123U100127, 2023-2027 pp.).



3. Ouinka OOIPYHTOBAHOCTI HAYKOBHX pe3yJbTaTiB  JucepTamii, ix
JOCTOBIPHOCTI TA HOBH3HH

OOrpyHTOBaAHICTh Ta JOCTOBIPHICTh HAYKOBMX MOJIOKEHb 1 BUCHOBKIB JAUCEpTaLii
Jlenuca KATACBA 3ymoBIieHI NPOBEACHHUM NOPIBHSUIBHUM aHAJI30M JIiTEpaTypHUX
JDKEpe, O BKIOYarTh 143 HalilMEeHYBaHb CTOCOBHO TEMH JUCEpPTaLii, MATEMaTHYHOIO
Ta JIOTIYHOK CTPOTICTIO NOOYAOBH MIiAXOMAIB i MOJENEH, KOPEKTHICTIO MOCTAHOBKU i
BUPILIEHHS 3aBIaHb [OCHI/DKCHb, BUKOPHUCTAaHHSAM IIMPOKO anpoOOBaHUX METO/IB
aHali3y PHU3MKIB CKJIAQAHUX CHCTEM Ta METOMIB OaraTOKpUTEPIaTbHOTO MNPUHHATTS
pilICHb.

OOTpyHTOBAHICTHL BHCHOBKIB 1 OJ€pKaHUX pe3yJbTaTiB AMCEpTALiiiHOT poOoTH
MiATBEPUKYIOTHCSA Pe3yIbTaTaMi KOMITIOTEPHOTO MOJEIIOBAHHS Ta 3aCBiIUYIOTH BUCOKY
€(EKTUBHICTh 3aMpOIIOHOBAHUX METO/1iB i 3ac00iB. 3100yTi
Karaesum JIEHMCOM HaykoBi pe3ynabTaTd BiAINOBIIAKOTH 3aBIAHHAM JOCHIIKEHb Ta
HiATBEPDKYIOTHCA iX anpoOalliero Ha HAyKOBO-TEXHIYHUX KOH(EpeHIisX i cemiHapax.

Bucokuii piBeHb OTpPUMAaHHUX pPE3yJbTAaTiB TaKOX MiATBEPIKYEThCA  1X
BIIPOBA/DKEHHSIM Yy MPAaKTUKY KOHTPOJIK) BHUMIPHOBaHb TI€OMETPUYHMX MapamMeTpiB
neraneit TOB «EKO JIFOKC» ta TOB «ABA TEK».

B aucepramniiiniit po0oTi chOpMOBAHO HAYKOBE 3aBJaHHs, IO MOJATAE y pO3poOIL
MporpamMHoO-iHPOPMALIHHOTO KOMIUIEKCY Ha 0a3i HEHpPOHHOI Mepexi, BIPOBAKEHHS
AKOTO JI03BOJIMTH IIBUIIUTH TOYHICTH BHUMIPIOBAHHSA TE€OMETPUYHUX MapaMeTpiB
JeTaned  eHepreTuuyHoro  obsmagHaHHsA.  [Iporpamuo-iHpopmaniiHuii  KOMILIEKC
iHTerpoBanuii B iH(OpMaIlifHO-BUMIpIOBAIbHY ~ cHCTeMy Mae  3a0e3nedyBaTu
KOMIIEHCALlil0 JecTabiizyrounx (akropiB, aganTtaiiio A0 3MiH YMOB €KCIUTyaTalii Ta
BUCOKY MPOAYKTHBHICTh Yy CKJIQAHUX BHPOOHMYMX yMoBax. OTxe, B AMCEpTALiiHINA
poOOTi MOCTaBIEHE HAYKOBE 3aBIaHHA BUKOHAHO B IOBHOMY 00Cs31, a 3100yBa4 MOBHOK
MipOIO OBOJIOJIIB METOJI0JIOTIEK) HAYKOBOT TISTLHOCTI.

4. Ouinka 3micty aumcepranii, ii 3aBeplIEHICTH, TA JOTPHMAHHS NPHHUHIIB
aKkaaeMivyHoi 100po4ecHOCTI

3a cBOIM 3MiCcTOM Jucepraiiiina podora 3q100yBaua Jlenuca KATAEBA nosHicTIO
BIZIMOBiJla€ CTaHIApTy BUIIOI OCBITHM 31 cnewianbHocTi 175  «lHpOopmauiiiHo-
BUMIPIOBAJIbHI TEXHOJOTID» Ta HanpsMKaM JOCHIDKeHb BIANOBIAHO 10 OCBITHBOI
nporpamu «[HpopManiiHO-BUMIpIOBAJIbHI TEXHOJOTT B EHEPTETULLI».

Jluceprauniiina po6oTa € 3aBepIICHOI HAYKOBOK NPALICIO 1 CBIAYHUTH PO HASIBHICTH
0COOMCTOr0 BHECKY 3700yBayua y HAYKOBUI HAIPsIM MiABUILEHHS €()EKTUBHOCTI PEKUMIB
poOOTH PO3MOAUIBHUX MEPEIK.

Po3ryisiHyBIIH 3BIT MOIOHOCTI 32 pe3yJibTaTaMu MEePEBIPKU JUCEPTALiHHOT poOOTH
Ha TEKCTOBI CHiBNAAiHHS, MOXHA 3p0OOUTH BUCHOBOK, 1110 AUcepTaliiiHa podora [lenuca
KATAEBA € pe3yiabTaTroM caMOCTIHHUX JOCIiKEeHb 3100yBaya i He MICTUTh €JIEMEHTIB
danscudikanii, komnisuii, Gadpukauii, muariaty Ta 3ano3uveHsb. Bukopucrani iznei,
pe3ysbTaTH i TEKCTH IHIIMX aBTOPiB MalOTh HaJIeKHI OCUJIAHHS Ha BIAMNOBIAHI JKepena.



5. Ouinka MOBH, CTPYKTYPH Ta 3MicTy AHcepTauliiiHoi podoTn

Juceprauiiina po6oTa BUKOHAHA aHIIIHCHKOI0 MOBOK, O(hopMIIEHa BiIIOBIIHO JI0
BUMOT Haka3y MiHicTepcTBa ocBiTH i Hayku Ykpainu Bif 12 ciuns 2017 poky Ned( «I1po
3aTBEPKEHHSA BUMOT 10 odopmiieHHsA aucepTauiin. CTUIL BUKIALY XapaKTepU3yeThCs
JOTIYHICTIO, CTPYKTYpPOBAHICTIO Ta IOCIIIOBHICTIO BHUKJIAJ@HHs MaTepiaiy, i3 BIaJIHM
3aCTOCYBaHHAM (DaxoBOi HAyKOBO-TE€XHi4HOI TEPMiHOJIOTi, AKa BiAMOBiJa€ Cy4aCHUM
CTaHaapraM Tranys3i iHGOpMalifHO-BUMIpIOBAIILHMX TEXHOJOTiH. ABTOP JAEMOHCTpPYE
JOCTATHIA piBEHb MOBHOI KYJbTYpH, TEKCT MPAKTUYHO HE MICTUTh paMaTU4HUX a0o
CTHJIICTUYHMX TOMMIOK, IO CBiIYMTH MPO BUCOKY SKIiCTh pPeAaKmiMHOI IiAroTOBKH
JHcepTallii. ‘

PoGota ckimagaeTbesi 31 BCTYMy, IUSTH PO3/LdiB, 3arajJbHUX BHCHOBKIB, CITUCKY
BUKOpUCTaHUX pkepen (143 nHaliMeHyBaHb) Ta QoAaTKiB. 3araibHWid 00car pobotu
CTaHOBUTH 157 cTOpiHOK, BKIIIOYae 53 pucynku ta 16 Tabnuib. Bukopucranus 3HauHOT
KiIBKOCTI 1IFOCTPATUBHOTO Martepialy MO3WTHBHO BIUIMBAE Ha PO3YMiHHS CKJIaJHHX
TEXHIYHMX KOHLENNii Ta 3abesnedyye e(QeKTHBHY TMpe3eHTalil0  pe3ysbTariB
JIOCJTLJPKEHHSL.

Y BeTyni aBTOPOM JETAIbHO OOTPYHTOBAHA aKTYaJbHICTH TEMH AOCHTIIHKEHHS, AKa
MOB'A3aHa 3 HEOOXIAHICTIO IiJBMIIEHHS TOYHOCTI BUMIPIOBaHb TI'€OMETPUYHHX
napaMeTpiB Jerajed eHepreTHyHoro 00/aJHaHHS LUISIXOM PO3pOOJICHHS MPOrpaMHO-
iHpopMaLiiHOrO KOMIUIEKCY 3  iHTErpOBAHOK HEHPOHHOK Mepexer. YiTko
copMysibOBaHO MeTy i 3ajadi JIOCHIPKEHHS, BU3HAYEHO #HOro oO0'exT i mpeamer,
OKPECJCHO HAyKOBY HOBHM3HY I INpPaKTH4YHE 3HAYEHHS OTPUMAHUX pe3ysbraTiB. Takoxk
HABEJEHO BiIOMOCTI 11040 anpodaii pe3yabTatiB Ha KOHPEPEHLAX, nepeniK HayKOBHX
nmyOJikauiil Ta 0coOUCTHI BHECOK 3100yBaya y NpoBeIeHi J0C/iIKEHHS.

Hepmuii po3ain npucBsUEHUI aHanizy Cy4aCHMX METO/IB TiJABUIIEHHA TOYHOCTI
BUMIPIOBaHb 33  JOMOMOTOK)  KOOPAMHATHO-BUMIipOBanibHOI pyku. IIpoBeneHo
IPYHTOBHMI aHaji3 Jokepen KiHeMaTHMYHUX | HEKiHeMaTHMYHUX MOXHOOK, [IeTajbHO
OMUCAHO NPOOIEMATUKY KOMIEHCaUii BIIMBY AecTadinmizyrouux (axTopiB, 30Kpema,
TEIUIOBUX JAepopmauiil, ModTiB y 3’€AHAHHAX Ta anapaTHUX NOXMOOK EHKOJEpiB.
BcranosiieHo, 110 OUIBIIICTH Cy4acHUX MiAXOAIB He 3a0e3nedyroTh aJIeKBaTHOI
KOMIEHCalii HEKiHEMaTUYHUX MOXMOOK yepe3 iXHIO CKIaaHy npupoay, umo i hopmye
MIATPYHTS [UIsl IHTerpauii HeHpOHHUX Mepek y ckiial iHpopMaliHHO-BUMIPIOBAIBHUX
cucteM. ABTOPOM UiTKO c(OpMySbOBaHA MOCTAHOBKA HAyKOBOI 3ajaui, sKa BU3HA4Yae
NOJAJBILINN HAMPAM JOCIHIIKEHb.

Jpyruii po3ain poOOTH NPUCBAYEHUH CTBOPEHHK) €(PEKTUBHOI KiHEMAaTHYHOI
MOJENi KOOPAMHATHO-BMMIPIOBAJIbHOI PYKM 3 BUKOPUCTAHHAM napamerpiB JleHasiTa—
Xaprenbepra. HaseneHo peranbHuii MareMaTHYHMI ONKMC MOJEINI, 3arpOINOHOBAHO
KOMOIHOBaHMI MeToJ KajniOpyBaHHs, 110 BpaxoBYe€ Pi3HOMaHiTHi MOXMOKH, a TaKOXK
pO3p0o0JIEHO METO/ KOMIEHCallii 3aJMIIKOBUX KiHEMaTMYHUX MOXMOOK 3a J0MOMOTOI0
OJJHOTOYKOBOI Mojeni kopekuii. OTpuMaHi TEOpeTHYHI I[OJIOKEHHS [MiJATBepIKEHO



YiTKUMHM MaTeMaTHYHUMHU (OPMYyJIaMH Ta CXEMaMHM, 110 3a0e3redye MOMXIMBICTb 1X
MPAaKTUYHOTO BUKOPUCTAHHS.

Tperiii po3min € UEHTPaJbLHUM 3 TOYKH 30py PO3pOOIEHHA INPOrpaMHO-
iHOopMaIIiiTHOrO KOMIUIEKCY /sl KOOPAWHATHO-BUMIPIOBAIBHOI PYKH, IHTEIPOBAHOTO 3
HEHPOHHOIO Mepexer. Y HbOMY IPEICTABICHO CTPYKTYPHY CXeMy pOo3po0sIeHOro
KOMILIEKCY, JETaJbHO OOTPYHTOBAaHO BHOIp apXiTEKTypu HEHWPOHHOI Mepexi Ta
peanizaiiii HeWpOHHOI Mepexi, BKa3aHO, L0 JUId CTBOPEHHS HEHPOHHOI Mepexi
3aCTOCOBAHO MOBY TiporpamyBaHHsi Python 3 BMKOpPHCTaHHSM MNOIYJISPHMX CY4YaCHUX
6i6morex PyTorch, NumPy, SciPy, scikit-learn Ta in. Bubip came mmx mporpamHux
iHCTPYMEHTIB € TOBHICTIO OOIPYHTOBAHMM 3 OTJISIY Ha CyYacHi TEHIEHIii PO3BHUTKY
MAlIWHHOTO HABYAHH.

YerBepTHii PO3AIA  MICTUTH IPYHTOBHMH ONHUC pPO3POOJIEHHX aIrOPUTMIB
HiIrOTOBKHU JAaHMX JI1 HABYAHHS HEWPOHHOI Mepeki. ABTOpP po3poOUB i 3aIpOIIOHYBAB
METOJM TeHepallii CHHTeTMYHHX HaOOpiB JaHMX, fKi €(EeKTHUBHO IMITYHOTh BILIUB
30BHILIHIX JecTa0ili3yrounx (hakTopiB, TAKUX AK TeMIeparypHi aedopmaiii, oXuOKu
enkozepiB Ta modTH y 3’enHaHHAX. [IpoBeneHo OOIPyHTYBaHHSA METOAY HOpMaiisauii
BXiJHMX JaHHX, IO 3HAYHO TMOJIMIIye sKiCTh HaBYaHHA Heipomepexi. OTpumani
pe3yNbTaTH € BAXJIUBUMHU is 3a0e3Me4eHHs €(PEKTUBHOCTI NPAKTUYHOIO 3aCTOCYBaHHs
PO3pOOIJICHOT CUCTEMMU.

IsTuii  po3ain poOOTH Mae EKCIEPUMEHTAIBHUN XapakTep, € aBTOpPOM
NPEACTABIEHO  PEe3yJIbTaTH  EKCIEPUMEHTAILHOTO  OCIIIKEHHS  PO3POOIECHOro
NPOrpaMHO-iH(POPMALIIIHHOTO KOMIUIEKCY 3 I1HTEIPOBAHOK) HEWPOHHOKIO MEPEKEIO.
[IpoBeneHO TPYHTOBHMII aHaji3 BIUIMBY BHOOpY (yHKLil akTmBamii Ta mapamerpiB
HABYaHHd Ha TOYHICTL POOOTH HEHpPOHHOI Mepexi. Pe3ynbraTH eKCIIepHMEHTIB
JEMOHCTPYIOTh 3HAuHe TMiJABMILEHHS TOYHOCTI BHMIPIOBaHb Ta IMiATBEPKYIOTH
e(heKTHBHICTb 3aMPONIOHOBAHUX MMiIXO/IiB 10 KOMIIEHCAIlii HEKIHEMATHYHHUX MOXUOOK.

VYV BHCHOBKAX Y3arajbHEHO pe3yNbTaTH JAOCITIKEHHS, YiTKO CHOPMYILOBAHO
HAYKOBY HOBH3HY POOOTH, IO MiATBEP/DKEHA eKcliepuMeHTanbHO. [IpakTnuHa HiHHICTh
po0oTH OOIPYHTOBAaHA YCHIIIHUM BIIPOBAKEHHSM PE3yJbTaTiB Ha MiANPUEMCTBAX, IO
MiATBEP/KEHO BiIMOBIIHUMH aKTaMH BIPOBA/UKeHHA. JlogaTku 10 poOOTH MICTATH
BAXJIMBI JETalli MO0 MapamMeTpiB MOJENeH, aJropuT™MiB Ta CTPYKTYPH PO3POOJIEHOTO
NPOrPaMHOTO KOMIUIEKCY, IO J03BOJIAE TNEPEKOHIMBO MIATBEPAMTH IIOBHOTY Ta
JOCTOBIPHICTh MPEACTABICHUX PE3YJIbTaTIB.

3araabHa ouwinka podorn: /lucepraiiiiHa poOoTa € MOBHOLIHHUM 3aBEPLICHUM
JOCIIDKEHHAM, B SKOMY OTpPMMaHi pe3yJIbTaTH MarTh CYTTEBY HAYKOBY HOBHM3HY Ta
3HAYHE NPAKTUYHE 3HayeHHs. PoOoTa BHMKOHAaHA HAa BHUCOKOMY METOAMYHOMY,
TEOPETUYHOMY Ta EKCIEPHMEHTAIBHOMY piBHI, BiAMOBifa€ Cy4aCHUM CTaHaapraMm i
BUMOIaM, IO BHCYBAlOThCS A0 AUCEPTALIMHMX JOCHIKEHb. BBaxaro, 1m0 aBTOp
3aCJIyTOBY€ Ha TPHCY/KEHHs HAyKOBOTO CTYHEHs JOKTopa (inocodii 3a pesynbraraMu
NpeACTaBIICHOT IUCepTaliiHOi pOOOTH.



6. HaykoBe 3Ha4eHHsl TA NPAKTHYHA HIHHICTH

VY auceprauiiiHiii poGoTi Bmepiie OTPUMAHO TaKi HAyKOBi pe3yjbTaTH, SKi
BU3HAYAIOTH 11 HOBU3HY:

1. 3anponoHOBaHO  yHIBEPCAIbHHI MeTOA  KamiOpyBaHHs, [0 MOJArae vy
BUKOPUCTAHHI TPbOX KaniOpyBaJdbHUX €TalOHIB B MEXKax OAHi€i mpoueaypw, 1o aae
3MOI'y BpaxyBaTH CUCTEMaTH4HI NOXUOKHU MPH 30H/yBaHHI NIOBEPXHi, OLIIHUTH 3/1aTHICTh
KOOPAMHATHO-BUMIPIOBANIBHOI PYKH CTa0iIBHO BiATBOPIOBATH OAHY i TY K TOYKY B
NpOCTOpi Ta BM3HAYMTHU TAPAMETPU BIATBOPIOBAHOCTI JIHIMHOTO mMepeMillleHHS
KOOPAMHATHO-BUMIPIOBAJILHOT PYKH.

2. Po3pobneHo Meroa KOMIEHCAlil 3adMIIKOBOI KiHEMATH4HOI TOXMOKM 3
BUKOPUCTAHHSM OJTHOTOYKOBOI MOJIE/ KOPEKIii 3aTMIIKOBUX MOXUOOK, IO JAJI0 3MOry
3MEHIIUTH KiHEMaTHYHY CKJIa[J0BY 3aJIHLIKOBOI NOXUOKH Y 4 pa3u.

3. Habyna mnomanbiioro  po3BUTKY TEOpisl HABUYAHHA HEHPOHHHMX MEpex, IIO0
JI03BOJIMJI0 ABTOMATHYHO BpPaxOBYBaTH 3MiHHI YMOBM BHUMIPIOBAaHb Ta KOMIIEHCYBATH
BIUIMB AecTabinizyrouux (pakropis, 110 JaJI0 3MOTY 3MEHLIMTH HEKIHEMATHUHY CKJIaJ0BY
3IMIIKOBOI OXUOKHK y 6 pasiB.

[TpakTuyne 3Ha4YEHHS OEpXKAHHUX Y AUCepPTaLliiiHiil poOOTi pe3ynbTariB 1oJsrae y
pO3po0neHHI MPOrpaMHO-iHPOPMALIMHOTO KOMIUIEKCY, 110 J03BOJIA€ TiJABUILUTH
TOYHICTh BUMIpPIOBAHb N€OMETPUYHHX [ApaMeTPiB JeTajeil eHepreTHuHoro o0ia HaHHs
y CKJIaJHUX BUPOOHUYUX yMOBaX. OCHOBHI aClEeKTH MPAKTUYHOI LIHHOCTI BKJIKOYAOTh:

|. 3anponoHoBaHO CTPYKTYPY iH(OpMaLiHHO-BUMIPIOBATIBHOI CHCTEMH, fKa
OasyeThcsi Ha TOEAHAHHI 1HPOPMAIITHO-BUMIPIOBATILHOT CHCTEMH Ta TPOrPAMHO-
iH(popMaLIHHOrO KOMILIEKCY 3 IHTErpOBAHOK HEHPOHHOK Mepexero I MiJBHIICHHS
TOYHOCTI BUMIPIOBaHb T€OMETPUYHUX MTAPAMETPIB AeTasell eHePreTUYHOro 00IaAHaHHS.

2. Po3pobiieHo nporpaMHo-iH(popMaLiiHHIi KOMIUIEKC 3 IHTErPOBAHOK HEHPOHHOIO
MEpPEKEL0, 110 Ja€ 3MOTY BUKOHYBAaTH KaniOpyBaHHA, 0OpoOIeHHS NaHMX, HABUAHHA
HEMpOHHOT Mepexi Ta aBTOMATHM3allil0 TpoLeciB KommeHcauii aecTabimizyrounx
(axrtopis.

3. CtBopeno 432 moaudikauii HEHPOHHUX Mepex Ul aHali3y MOTOYHMX JaHHX
[poLECy BUMIPIOBAHHS F€OMETPUYHHUX [apaMeTpiB Jeraieil eHepreTuaHoro o0JiaHaHHs,
0 J03BOJIWJIO BpaxyBaTd 3MiHHI yYMOBHM BHUMIpIOBaHb Ta KOMIICHCYBATH BILUTHB
necTabini3yrouux (akTopis.

7. OnpuwioaHeHHA pe3yabTaTiB AHCepTALifiHOT poO0oTH

Hayxogsi pesynbratu auceprauii Jennca KATAE€BA BucBiTIeHI y 6 HayKOBHX
nyOaikauigx 3100yBaya, cepell sIKMX: 5 cTaredl y HayKOBUX BUJAHHSX, BKJIIOYEHUX HA
naty onyOnikyBaHHS 10 TeEpeniKy HayKOBHUX (DaxOBHUX BH/IAHb VYkpainn; | crarta y
MIDDKHAPOJAHOMY BHJaHHI; | mareHT Ha KOpUCHY Mojenb. Takoxk pesysbraTu Juceprarii
OyJin arpoOoBaHi Ha TPHOX HAYKOBUX (PaXxOBHX KOH(pEpEHLsX.

[Ty6Gnikanii 3100yBaua MaroTh BHUCOKMH  HAYKOBHUW  DPiBEHb, MPOXOIWIN
pelLieH3yBaHHs Ta IepeBipKy Ha IuiariaT 3rilH0O yMOB BUAaBHULTB. OcoOMCTHII BHECOK



3100yBaya /10 MpeACTaBIeHUX HAYKOBUX MyOnikaiiiit € BaromuM. ITyOnikaiiii oXOmiowTh
yCi OCHOBHI HAYKOBI pe3yJIbTaTH JUCEPTALIHHOTO AOCTIKeHHs. TakuM YMHOM, HayKOBi
pe3yiabTaTH OIUCaHI B JAMCEpTalliiHIH pPOOOTI MOBHICTIO BHUCBITJIECHI Yy HAyKOBHX
nyOnikanisx 3100yBayva. '

8. Henouniku Ta 3ayBaseHHs 10 AUcepTaniiiHOT po6oTH
3aranom auceprauiiiia po0oTa Ma€ BUCOKMH HAYKOBO-TEXHIUYHUHN PiBEHb, POTE MiJl
yac 11 aHanizy Oyn0 BUSIBJIEHO KiIbKa 3ayBaXKEHb 1 PEKOMEH/AIIIM, sIKi BApTO BpaxyBaTH

JUISL TIOKPALLEHHS SIKOCTI POOOTH:

8.1. V nepumomy posauti auceprauii (crop. 25, crop. 28) HaBeneHo Tabauii (tabm. 1.1,
tabu. 1.2), o onucyroTh (PakTOpU BUHUKHEHHS KiHEMATHYHUX 1 HEKiHEMATHYHHX
OXHUOOK, MpOTE BiJACYTHI MOCWUIAHHA HA KOHKPETHI JITEpaTypHi JpKepena, Lo
3HAYHO NMOCUIWIIO O apryMeHTalliio aBTopa.

8.2. Ilpm posrnsal mMaTteMaTMUHUX MOJENeH KommeHcarii noxubok (crop. 27-32)
BiZICYTHI KOHKDETHI YMCJIOBI NPHKIAN¥ PO3PAaXyHKiB MOXMOOK. IX HaBeaeHHs
J03BOJIMIIO O Kpallle OLIIHUTH MPAKTHYHY €(DEKTUBHICTb 3aPOINIOHOBAHUX IMIIXO/IIB.

8.3. V nmpyromy posaini (crop. 38-42) noknagHO OMMCAHO KiHEMAaTHYHY MOJENb Ha
OCHOBI napamerpiB JleHaBiTa—XapreHOepra, ajie He BUCTayae rpadiyHuX MaTepiasis
(manpuknan, cxem un 3D-Bi3yani3ailii), AKi 3HAYHO MOJETIIWIN O CIPUAHATTS 1Hi€i
MOJIeTi.

8.4. V posaun 3 (m. 3.3, crop. 76-80) 3a3HaueHo BukopuctaHHs Python i 6iGmioTek
PyTorch, NumPy, SciPy Tomio ansi po3poOiieHHs TPOrpaMHOTO KOMILIEKCY, aje
BiJICYTHI TE€XHIYHI XapaKTEPUCTUKN BUKOPUCTAHOTO anapaTHOro 3a0e3neueHHs, Ha
IKOMY BHUKOHYBAJIOCh HAaBYAHHSI HEHPOHHOI MEPEXi, 10 € BAXJIMBUM JIJIsI OLIIHKH
IIBUJKOIT Ta MACIITAOOBAHOCTI CUCTEMH.

8.5. ¥V pozaini 4 (1. 4.1, c. 83-89) onucaHo METOAM TeHEPALlll CHHTETUYHUX JAHUX IS
HelipoMepexKi, ajie BiACYTHIM NOPIBHAIBHUI aHaIIi3 OTPUMAHUX CUHTETUYHUX TaHUX
13 eKCHEPUMEHTAIbHO OTPUMAHUMH PEAUIbHUMH JTaHUMH, 110 MOTJ0 O 10JaTKOBO
MiATBEPAUTH KOPEKTHICTh 3alIPOINIOHOBAHUX ITiIXO/IiB.

8.6. B excnepumeHTanbHOMY po3aini 5 (ctop. 105-125) HenocTaTHiM € IpeICTaBICHHS
rpaQikiB, SIKi UIIOCTPYIOTh IOWHAMIKY IIPOLIECY HABYaHHS HEHPOHHOI Mepexi
(HampuKIaA, 3a1eKHOCTI MOMWIOK HABUAHHS 1 TECTYBaHHs), 10 JAano O Ouibil
J€TalbHE YABIECHHS NPO €(PEKTHUBHICT TPEHYBAHHSA MEPEXI.

8.7. Y po0oTi 3aranom BiACYTHIA OKpEMHUH NIAPO3ALI, y AKOMY Oy O 4ITKO BU3HAYECHI
OOMEXEHHsI 3aCTOCOBAHHUX METO/IB, a TaKOX OKPECIEHI KOHKPETHI HampsMu
MaiOyTHIX JOCIIKEHB, 1110 MOTJIO O CYTTEBO PO3IMIMPHTH NEPCHIEKTUBHICTL POOOTH.
BBakaro, 110 3a3HA4YCHI BUILE 3ayBAKEHHS HE € KPUTHUHUMHU 1 HE 3MEHUIYIOThH

3aralibHy IO3UTHBHY OL[IHKY JHUCEpTaLii, il HAyKOBY HOBU3HY Ta NPAKTUYHY 3HAYYLICTh.

Ilpote, iX BpaxyBaHHs JO3BOJUThH CYTTEBO MiJBHIIMTH SAKICTh Ta LIHHICTh MOJAJIBIIUX

JOCJIiUKEHb.



9. BuchHoBok npo auceprauiiiny podory

Baaxato, 110 auceprauiitna podora 3100yBayua crynens aoktopa ¢inocodii Jenuca
KATAEBA Ha temy «Software and information complex for improving the accuracy of
measurements of geometric parameters of power equipment parts based on a neural
network»  («IIporpamuo-indopmamiiHuii KOMIUIEKC AN MiABMILEHHA TOYHOCTI
BUMIpIOBaHb F€OMETPUUYHUX TApaMETPiB [eTalell eHepreTuuHoro obsajHaHHA Ha Oasi
HEeHpOHHOT Mepexi») BUKOHAHA Ha BUCOKOMY HAyKOBOMY piBHi, HE NOPYIIY€E MPUHLIMIIB
aKazieMidyHol JO0OpOYECHOCTI Ta € 3aKiHYEHUM HAyKOBMM JOCIIIKEHHAM, CYKYIHICTh
TEOPETUYHHUX TA MPAKTHYHUX PE3yJIbTATIB SKOrO PO3B'SI3y€ HAYKOBE 3aBJAHHS, IO Mae
iCTOTHe 3HaueHHA A8 Tranysi 3HaHb 17 «EnekTpoHika, aBTOMaTH3allisl Ta €IeKTPOHHI
KoMyHikauii». Jluceprauiitna poGoTa 3a aAKTYaIbHICTIO, NPAKTHYHOK IiHHICTIO Ta
HAYKOBOI HOBH3HOIO [MOBHICTIO BiJIIOBi1a€ BUMOIaM YHHHOI'O 3aKOHOABCTBA Y KpaiHH,
mo nepexdayeri B m. 6 — 9 «llopaaxky mpuCyDKEHHS cTyneHsi AokTopa ¢inocodii Ta
CKacyBaHHsl pillIeHHsI pa30BOi crenianizoBaHOi BUEHOI pajM 3akialy BHIIOI OCBITH,
HAYKOBOT YCTAHOBH TPO TPHUCYKEHHS CTYNMEHS NOKTOpa (inocodii», 3aTBEPAKEHOTO
[TocranoBoro KaGinery MinictpiB Ykpainu Big 12 ciuns 2022 p. Ne 44,

3n00yBau Jlennc KATAEB 3aciyroBye Ha NPUCYIDKEHHS CTYNEHS [OKTOpa
dinocodii B ramysi 3HaHb 17 «EnekTpoHika, aBTOMaTH3a1lis Ta €1eKTPOHHI KOMYHIKaIii»
3a crietianbHicTio 175 «IHdopmaniiHo-BUMIpIOBaIbHI TEXHOIOTII».

Odiuniiinnii ononent:

JOKTOP TEXHIYHMX HaAYK, npodecop,
3aBiyBay kadeapu npuina o0y yBaHHs,
MEXaTPOHIKH Ta KOMIT I0TEpHU30BaHHX
TeXHOJNOTii YepKkachKoro Aep:kaBHOIO
TEXHOJIOTIYHOIO YHIBEPCUTETY

IMignuc bongapexka
Yuennii cexperap Ye

/X

Ipuna MUPOHELLb



REVIEW
official opponent Maksym BONDARENKO
on the dissertation thesis by Denys KATAIEV
"Software and information complex for improving the accuracy of measurements of
geometric parameters of power equipment parts based on a neural network"
presented for the degree of Doctor of Philosophy
in the field of knowledge 17 "Electronics, Automation and Electronic Communications"
in the specialty 175 "Information and Measuring Technologies"

1. Relevance of the dissertation topic

The energy industry is one of the key areas for ensuring the stable functioning of
modern society. Reliability, efficiency, and safety of power equipment, such as
turbines, generators, boilers, contingent upon manufacturing accuracy and compliance
of parts with standards and technical requirements. Deviation of geometric parameters
can lead to a decrease in the equipment performance, its premature wear, significant
repair costs, and, in critical cases, to emergency situations with catastrophic
consequences for production and the environment.

Modern information and measurement systems facilitate highly accurate, fast, and
automated control processes. However, these systems pose a number of limitations, for
instance, insufficient ability to adapt to external destabilizing factors (vibrations,
thermal deformations, inertial effects). :

The relevance of the dissertation topic stems from the necessity to overcome
existing limitations. It centers on the development of a software and information
system incorporating an integrated neural network, whose implementation within a
coordinate measuring arm-based information and measurement system will effectively
mitigate the influence of external destabilizing factors, thereby significantly enhancing
the accuracy of geometric parameter measurements for power equipment components.

2. Connection of work with scientific programs, projects or plans
The dissertation is related to the research topic: “Development of methods and

means for monitoring the state of the environment of energy facilities based on wireless
sensor networks” (0123U100127, 2023-2027).

3. Assessment of the validity, reliability and novelty of the scientific results
presented in the dissertation

The validity and reliability of the scientific provisions and conclusions of Denys
KATAIEV'S dissertation are attested by the comparative analysis of literature sources,
including 143 titles related to the dissertation topic, mathematical and logical rigor in
selecting approaches and constructing models, accurate setting and solving research



problems, amply tested methods for analyzing the risks of complex systems and
methods of multi-criteria decision-making.

The validity of the conclusions and the results of the dissertation thesis are
confirmed by the results of computer modeling and testify to the high efficiency of the
proposed methods and tools. The scientific results obtained by Denys KATAIEV
correspond to the objectives of research and have been approbated at scientific and
technical conferences and seminars.

The high level of the results obtained has been confirmed by their implementation
in the practice of controlling measurements of geometric parameters of components of
ECO LUX LLC and AVA TEK LLC.

The dissertation thesis formulates a clear scientific objective: the development of
a software and information system based on a neural network, aimed at enhancing the
accuracy of geometric parameter measurements for power equipment components.
This system, integrated into an information and measurement system, has been
designed to compensate for destabilizing factors, adapt to fluctuating operational
conditions, and maintain high performance under demanding industrial environments.
Thus, this dissertation thesis demonstrates the full execution of its scientific objective,
and the applicant has clearly mastered the methodology of scientific activity.

4. Assessment of the dissertation content, completion, and adherence to the
principles of academic integrity

In terms of its content, the dissertation by Denys KATAIEV fully complies with
the standard of higher education in the specialty 175 “Information and Measuring
Technologies” and the areas of research in accordance with the academic program
“Information and Measuring Technologies in the Energy Sector”.

The dissertation is a completed research and represents the applicant’s personal
contribution to the field of improving the efficiency of distribution network operation
modes.

After considering the similarity report, we concluded that the dissertation thesis
by Denys KATAIEV is the result of the dissertation candidate’s independent research
where elements of falsification, compilation, fabrication, plagiarism or borrowing are
absent. The ideas, results and excerpts by other authors are presented as proper
references to the relevant sources.

5. Assessment of the language, structure, and content of the dissertation
thesis

The dissertation thesis is performed in English, compiled and formatted in

compliance with the requirements of the Order No. 40 of the Ministry of Education

and Science of Ukraine dated January 12, 2017 “On Approval of the Requirements for

the Preparation of the Dissertation”. The thesis is distinguished by a logical, clearly



structured, and coherent presentation of the material, complemented by the appropriate
use of professional scientific and technical terminology that aligns with contemporary
standards in the field of information and measurement technologies. The author
demonstrates a commendable level of linguistic competence, with minimal
grammatical or stylistic errors, reflecting the high editorial quality of the dissertation.

Structurally, the thesis comprises an introduction, five chapters, general
conclusions, a bibliography listing 143 sources, and supplementary appendices. The
total length of the work spans 157 pages and includes 53 figures and 16 tables. The
substantial use of illustrative material enhances the comprehension of complex
technical concepts and contributes to the effective presentation of the research findings.

In the introduction, the author substantiates in detail the relevance of the
research topic, which hinges on the necessity to enhance the accuracy of geometric
parameter measurements for power equipment parts by developing a software and
information complex with an integrated neural network. The introduction also contains
information about the approbation of the thesis findings at conferences and about the
candidate’s personal contribution to the research, supplemented by the list of the
candidate’s research publications.

Chapter One focuses on the analysis of modern coordinate measuring arm-based
methods for improving measurement accuracy. In the first place, a thorough insight
into the sources of kinematic and non-kinematic errors has been conducted. The
chapter reviews in great detail the problems of compensating for the influence of
destabilizing factors, in particular, thermal deformations, backlash in connections and
encoder hardware errors. The author has established that most modern approaches do
not provide adequate compensation for non-kinematic errors due to their complex
nature, which forms the basis for the integration of neural networks into the
composition of information and measurement systems. The author has clearly
formulated the research objective, thus determining further research.

Chapter Two develops an effective kinematic model of the coordinate measuring
arm based on the Denavit-Hartenberg parameters. The chapter offers a detailed
mathematical description of the proposed model, accompanied by a combined
calibration method that accounts for various sources of error. Additionally, a technique
for compensating residual kinematic errors based on a single-point correction model is
developed, enabling its practical implementation.

Chapter Three serves as the core of the dissertation, focusing on the development
of a software and information complex for a coordinate measuring arm integrated with
a neural network. It presents a structural diagram of the designed system, thoroughly
justifies the selection of the neural network architecture, and outlines the criteria
guiding its development. Particular emphasis is placed on the software tools employed
for the implementation of the neural network, in particular, Python programming
language relying on popular modern libraries PyTorch, NumPy, SciPy, scikit-learn,



etc. The choice of these software tools is fully justified given the current trends in the
development of machine learning.

Chapter Four contains a thorough description of the developed algorithms for
preparing data to train a neural network. The author has developed and proposed
methods for generating synthetic datasets that effectively simulate the impact of
external destabilizing factors, such as temperature deformations, encoder errors and
backlash in connections. The results obtained in this chapter are significant for ensuring
efficient practical application of the developed system.

 Chapter Five is of an experimental nature, whereby the author presents the
experimental study. results of the developed software and information complex with an
integrated neural network. A thorough analysis of the influence of the selected
activation functions and training parameters on the accuracy of the neural network has
been studied in this chapter. The experimental results demonstrate a significant
increase in the accuracy of measurements and attest to the efficiency of the proposed
approach to compensate for non-Kinematic errors.

The conclusions effectively summarize the study’s outcomes and clearly
articulate the dissertation’s scientific novelty, which is substantiated by experimental
validation. The practical significance of the research is demonstrated through its
successful implementation within industrial ~enterprises, as confirmed by
corresponding acts of application. The appendices provide comprehensive
specifications of the developed models, algorithms, and the structural framework of
the software package, reinforcing the completeness and credibility of the reported
results. .

General assessment of the dissertation: Overall, the dissertation represents a

thorough and well-executed research. The findings exhibit notable scientific
innovation and substantial practical relevance. Conducted with a high degree of
methodological, theoretical, and experimental rigor, the work aligns with
contemporary academic standards and the formal requirements of dissertation research.
In light of the dissertation’s achievements, I consider the author deserving of the Doctor
of Philosophy degree.

6. Scientific significance and practical value

The proposed dissertation has for the first time yielded the following scientific
results, which determine its novelty:

1. A universal calibration method has been proposed, integrating three calibration
standards into a single procedure. This approach enables the compensation of
systematic errors in surface sensing, facilitates the assessment of the coordinate
measuring arm’s stability in reproducing spatial reference points, and determines the
parameters related to its linear movement reproducibility.



2. A compensation technique for residual kinematic error has been developed
based on a single-point correction model. This method achieves a fourfold reduction
in the kinematic component of the residual error.

3. Advancements in neural network learning theory allow for the automatic
adaptation to varying measurement conditions and effective compensation for
destabilizing factors. As a result, the non-kinematic component of the residual error
was reduced by a factor of six.

The practical significance of the results obtained in the dissertation arise from
the development of a software and information complex that allows for enhancing the
accuracy of geometric parameter measurements for power equipment parts under
challenging production conditions. The key aspects of the dissertation’s practical value
embrace:

1. The structure of the information and measurement system has been proposed,
which relies on integrated information and measurement systems, and a software and
information complex with an integrated neural network to increase the accuracy of
measurements for geometric parameters of power equipment parts.

2. A software and information complex with an integrated neural network has
been developed, which allows for calibrating, processing data, training the neural
network, and automating the processes of compensating for destabilizing factors.

3. 432 modifications for neural networks were developed to analyze current data
of measuring geometric parameters of power equipment components, which achieves
compensating both for variable measurement conditions and destabilizing impacts.

7. Publication of the results of the dissertation thesis

The research findings of Denys KATAIEV’s dissertation are featured in
6 scientific publications, including: 5 articles in research journals included in the list
of scientific professional publications of Ukraine as of the publication date; 1 article in
an international edition; 1 utility model patent. Additionally, the dissertation findings
have been probated at three scientific professional conferences.

The candidate’s publications demonstrate a high scientific standard and have
undergone peer review and plagiarism checks in accordance with the policies of the
respective publishing houses. The candidate’s personal contribution to these works is
significant, reflecting a strong individual involvement in the research and writing
process. The publications comprehensively encompass all key scientific findings
presented in the dissertation. Accordingly, the scientific results outlined in the
dissertation are fully substantiated by the candidate’s published works.



8. Disadvantages and comments on the dissertation
Overall, the dissertation is performed at a high scientific and technical level.

Nonetheless, I would like to make several comments and recommendatlons that may
improve the quality of the dissertation:

8.1.

8.2.

8.3.

8.4.

8.5.

8.6.

8.7.

Chapter One of the dissertation (p. 25, p. 28) contains tables (Table 1.1, Table
1.2) describing the factors of kinematic and non-kinematic errors. However, no
references to specific literature sources are specified, which, if they were present,
would significantly fortify the author’s argumentation.

When considering mathematical models of error compensation (pp. 27-32), the
author offers no specific numerical examples of error calculations. The examples
could serve for a better assessment of the practical efficiency of the proposed
approaches.

Chapter Two (pp. 38-42) describes in detail a kinematic model based on Denavit-
Hartenberg parameters, at the same time lacking graphic materials (e.g., diagrams
or 3D rendering) that would greatly facilitate the perception of the proposed
model.

Chapter Three (Clause 3.3, pp. 76-80) indicates the use of Python and the libraries
PyTorch, NumPy, SciPy, etc., for the development of the software package,
without mentioning technical characteristics of the hardware deployed for neural
network training, which is important for evaluating the speed and scalability of
the system. :
Chapter Four (clause 4.1, pp. 83-89) describes methods for generating synthetic
data for a neural network. Here, a comparative analysis of the obtained synthetic
data with experimentally obtained real data could have further confirmed the
validity of the proposed approaches.

In the experimental section of Chapter Five (pp. 105-125), the graphs that
illustrate the dynamics of the neural network training process (for example, the
dependence of training and testing errors) could have been presented in more
detail, which would enhance the reader’s comprehension of the efficiency of
training the network.

Throughout the dissertation, a section designated to clearly define the limitations
of the methods used or outline specific areas of future research could not be
located. Otherwise, such a section could significantly expand the prospects of the
research.

I believe that the above remarks should not be considered critical and do not

mitigate the overall positive assessment of the dissertation, its scientific novelty and
practical significance. However, considering the above remarks will significantly
increase the quality and value of further research.



9. Conclusion on the dissertation work

I believe that the dissertation of the PhD candidate Denys KATAIEV on the topic
“Software and information complex for improving the accuracy of measurements of
geometric parameters of power equipment parts based on a neural network™ is
performed at a high scientific level, does not violate the principles of academic integrity
and 1s a completed scientific research, the totality of theoretical and practical results of
which solves a scientific problem that is essential for the field of knowledge
17 “Electronics, Automation and Electronic Communication”. The dissertation fully
complies in terms of relevance, practical value and scientific novelty with the
requirements of the current legislation of Ukraine, which are provided for in paragraphs
6-9 of the “Procedure for awarding the degree of Doctor of Philosophy and
cancellation of the decision of the one-time specialized academic council of a higher
education institution, scientific institution on awarding the degree of Doctor of
Philosophy”, approved by the Resolution of the Cabinet of Ministers of Ukraine dated
January 12, 2022 No. 44.

The applicant Denys KATAIEV deserves to be awarded the degree of Doctor of
Philosophy in the field of knowledge 17 “Electronics, Automation and Electronic
Communications’ in the specialty 175 “Information and Measurement Technologies”.

Official opponent:

Doctor of Technical Sciences, Professor,

Head of the Department of

Instrumentation, Mechatronics and D 7‘.\-7.\_.\
Computerized Technologies of Cherkasy f = [
State Technological University

K (Maksym BONDARENKO
5\)" KJ\ %Ndé “U:.u )Lc; 1‘7«/.,"

J

Iryna MYRONETS



