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KOCINTIK KOJUIEKJEI'T OKY KECTECIH HHTEJVIEKTY AJIIBI
ABTOMATTAH/IBIPY: OR-TOOLS/ILP KOHE LLM ACCUCTEHTIHIH TUBPUITI
MOJIEJII

Anaarna. byn makanaga KoCINTIK KOJUICK JKarAalbIHIa OKY KECTeCIH WHTEJUICKTYasibl
aBTOMATTaHJbIPYFa apHaJFaH THOPUITI MOJEb YCHIHBIIAABI. 3epTTEYAIH ©3€KTUIIr OKY KeCTeCiH
JOCTYPIIl KOJIMEH KYPY YAEpICIHIH KON yaKbIT MeH KYII >KyMcay/bl Tajal eTylMeH, KaKTbIFbICTapFa
KU1 OKeTyIMEH JKOHE OKBITYIIBIIAp KYKTEMECIH, ay TUTOPHUSIIBIK KOPJIBI, TONTAPBIH OKY YaKbITHIH,
aybIChIM €pEeKIIENIKTEPIH JK9HE KOChIMILA YHBIMIAACTHIPYIIBUIBIK TalanTapabl O0ip Me3ruige THiMIl
yinectipynig Kypaeninirimen Ttycinmipineni. 3eprreymin makcatel — OR-Tools Herizingeri
MIEKTeYJIep/Il KaHaraTTaHABIPy MOJENIH Taburu TiTMEH kymbic icteitiH LLM accucrentiMen
OIpIKTIPY apKBLIBI OKY KECTECIH KYPY CallachblH apTThIPY, JKOCMapiay MKEMIUTITIH KYIICHTY >KOHE
e3repicrepre OeiMaeny MYMKIHIINH KEHEHTy. 3epTTey OaphIChIHIA KYHWENIK Tannay, MIEKTeyIIi
OHTAMIaHIBIPY, CIICHAPUUIIIK MOJENBJCY, CaTBICTBIPMAaJIbl Oarayiay »KoHE KoJaaHOaibl kobamay
omicTepi KOMAaHbUIABL. HoTmxkenep THOPUATI TOCUIAIH OKY KECTECIH KYPY VYaKbITBIH €Ioyip
KbICKApTaTBIHBIH, MYFAIIMJEP/IIH YaKbITTHIK KajayjapblH AJJIPEK €CKePETiHIH, CTYIEHTTEpAIH 00C
TepesesiepiH a3alTaThIHBIH, ayJUTOPHUIBIK PECypCcTapibl THIMIIpEK O0eiyre MYMKIHJIK OepeTiHiH
KOHE Kocrapiiay OapbIChIHAAFbl TY3€TYJIEpAl JKeled EHri3yre »arjaall >KacallThIHBIH KOpPCETTI.
3epTTeyaiH FBUIBIMH J>KaHAJBIFBI TAaOWMFU TUINETI CYypaHbICTapabl (OPMasIbIbl IIEKTEYJIepre
typiennipetin LLM kabatein OR-Tools/ILP simpoceiMen Oipiktipyinae. [IpakTukaablK MaHBI3BI
YCHIHBUIFAH IICMIMHIH KOJIJIE/PK OKIMIIUIINIHE JKOCHapiiay camachlH apTThIPYFa, pecypcTapibl
YThIMIBl OackapyFa J>KOHE OKYy VIEPICIH TYpaKThl YHBIMIACTBIPYFa MYMKIHIIK OepyiMeH
CUMAaTTaIa]bl.

KinT ce3nep: oKy kecreci, HHTeIUIEKTyal bl aBToMaTTanasipy, OR-Tools, ILP, CP-SAT, LLM
ACCHUCTEHTI, KOCINTIK KOJIIEIK.
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HUHTEJVIEKTYAJIBHASLI ABTOMATU3ALIIUA YYEBHOI'O PACIIMCAHUA B
MPO®ECCHUOHAJIbBHOM KOJUIELXKE: THBPUIHASI MOAEJIb OR-TOOLS/ILP 1
LLM-ACCUCTEHTA

AHHOTaIII/IH. B cratne npeajaracrcesa FI/I6pI/I,[[Ha}I MOJCIIb HHTGHHCKTyaHBHOﬁ aBTOMaTUu3alunu
pacnucanus 3aHATHH B YCIOBUAX HpO(beCCI/IOHaHLHOFO KOJLICKa. AKTyaJ'IBHOCTB HUCCIICA0OBAaHUA
O6YCJ'IOBJ'ICH3. TEM, UYTO TpaAUIHOHHOC PYUYHOC COCTABJICHHUC PACIIMCAaHUA Tpe6yeT 3HAYUTCIIbHBIX
BpPpCMCHHBIX W OpPraHU3allMOHHBIX 3aTpaT, 4YaCTO IIPUBOJUT K KOH(I)J'II/IKTaM U 3aTpydaHsCT
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OJIHOBPEMCHHBIN y4eT MPErnoIaBaTeIbCKOW HArpy3KH, ayIuTOpHOro (oHAa, BpeMEHH OOydeHUS
TPy, OCOOCHHOCTEH CMEHHOCTH W JOIOJIHUTEIBHBIX aJMHHHCTPATHBHBIX orpaHudeHui. llensb
WCCJICIOBAHUSI — TOBBICHTh KadyecTBO (DOPMUPOBAHUS PACIHCAHUS 33 CUET WHTETPAIlUH MOJCTN
ynoBieTBopeHuss orpanumdeHuid Ha ocHoBe OR-Tools m LLM-accucrenTta, paboTaromero c
€CTECTBCHHBIM SI3BIKOM, a TaK)Ke O0CCIeUUTh OOJBINYI0 THOKOCTH CHCTEMBI W €€ amanTalui K
M3MCHECHHSIM. B paboTe MCIop30BaHbl METO bl CACTEMHOTO aHAIIN3a, OTPAHUYCHHOW ONTUMHU3AIINH,
CIICHAPHOTO MOJICIIMPOBAHUS, CPABHUTEIBHOW OIEHKA W MPUKIAJTHOTO IMPOCKTHPOBAHHUS.
[ToyueHHbIe pe3yNbTaThl MOKA3QJIA, YTO TUOPUIHBIA IMOJXOJl CYIICCTBEHHO COKpPAIIAeT BPEMS
COCTaBIICHUSl PACIHCAHUS, TOYHEE YYUTHIBACT BPEMCHHBIC TIPEANOYTCHHS TIPEIoIaBaTese,
YMEHBIIAET KOJUYECTBO «OKOH» Yy CTYAEHTOB, CIIOCOOCTBYeT Ooyiee  palioHAIEHOMY
pacTpeelieHuI0 ayIUTOpUd M YIPOIIAeT BHECEHHE OIEPATUBHBIX KOPPEKTUPOBOK. Haydnas
HOBH3HA HCCIIEIOBAHUS 3aKiodaeTcs B oObenuHeHun LLM-cros, mpeoOpa3yromero 3ampockl Ha
€CTECTBEHHOM SI3bIKE B (POpPMalbHBbIC OTPAHMYCHHUS, C BBIYUCIUTENBbHBIM simpom OR-TooIS/ILP.
[IpakThdeckas 3HAYUMOCTH COCTOMT B TOM, 4YTO MPEIJIOKEHHOE pEIICHUE IMO3BOJISICT
aJIMHHHUCTPAIMK KOJUICKA TIOBBICUTh KA4eCTBO IUTAHUPOBaHHS, S()(HEKTHBHEE HCIIOIH30BATh
pecypchl U o0ecrieurnBaTh yCTOMYMBYIO OpraHU3alMI0 y4eOHOI O Mpoliecca.

KawueBble cioBa: yueOHOE pacnucaHue, MHTEIUIEKTyalbHas apTomaTu3anus, OR-Tools, ILP,
CP-SAT, LLM-accucreHT, poheCCHOHATBHBINA KOJUIEIK.
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INTELLIGENT AUTOMATION OF A VOCATIONAL COLLEGE TIMETABLE: A
HYBRID MODEL OF OR-TOOLS/ILP AND AN LLM ASSISTANT

Abstract. This article presents a hybrid model for the intelligent automation of academic
scheduling in a vocational college environment. The relevance of the study is explained by the fact
that traditional manual timetable creation requires considerable time and organizational effort, often
leads to conflicts, and makes it difficult to simultaneously balance teacher workload, classroom
resources, group study time, shift-specific constraints, and additional administrative requirements.
The purpose of the study is to improve timetable generation quality by integrating an OR-Tools-based
constraint satisfaction model with an LLM assistant capable of working with natural language, while
also increasing system flexibility and responsiveness to changes. The research employs system
analysis, constrained optimization, scenario modeling, comparative evaluation, and applied design
methods. The results demonstrate that the hybrid approach significantly reduces timetable generation
time, more accurately reflects teachers’ time preferences, decreases the number of student idle gaps,
supports more efficient allocation of classroom resources, and simplifies rapid schedule adjustments.
The scientific novelty lies in combining an LLM layer that transforms natural language requests into
formal constraints with the OR-Tools/ILP computational core. The practical significance of the
proposed solution is that it enables college administrators to improve planning quality, use resources
more efficiently, and ensure a more stable and adaptable organization of the educational process.

Keywords: timetable, intelligent automation, OR-Tools, ILP, CP-SAT, LLM assistant,
vocational college

Kipicne

Kazipri kocinTik KoJemKACpAe OKY KECTeCiH KOJIMEH KYpy KOm YakbIT alajbl, aJaMu
KaTeJIIKTepre TOye/ i )KoHe OKBITYIIbI, TOI, ayJUTOPUS CUAKTHI ©3apa OaiiIaHbICThI IIeKTeyaep/i Oip
Me3eTTe eckepydl KublHIaTtaasl. OcbklFaH OalIaHbICTBI OKY YIepiciH uudpranablpyna Kecrte
aBTOMATTAHJBIPY XKYHesepi epeKile MaHbI3Fa ue OOJIbIT OTHIP.
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Cabak kecTeciH aBTOMATTAHJIBIPYIIH ©3CKTUIIr J0J1 OChl KUBIHIBIKTAPIBI KOIOMEH TiKelIeh
OaiimaHbICTBl. ABTOMATTaHIBIPBUIFAH AaKMapaTTBIK JKYWEHI EHri3y apKbUIBl KOJUICIDKIE OKY
MPOIECiHIH THIMALIITIH apTThIpyFa Oonaasl. MyHaal xKyiie KecTe KYpyFa KeTeTiH YaKbITThl eIyip
KBICKApTHIT, KATENIKTEp CAaHbIH a3aiTajgpl >KOHE >KaJIbl MEKEME JXYMBICHIH OHTAIaHIbIPaJIbL.
CoHbIMEH KaTap, aBTOMATTAaHJABIPY HOTIIKECIHIE OKBITYIIBUIAD MEH CTYASHTTEPIiH YaKbITHIH
YHEMJIEY, pecypCTapAbl TyphIc 06Ty, OKY XKOCTapiapblH THIM/II JKOCTIapiiay MYMKiH OoJaabl. MakcaT
— OKY KECTECIH KYpYAbI KbIJIIaM, HKEMJIi 9pi KaTeJiKCi3 eTy, COHbIMEH Oipre O0apiblK TapanTapablH
(oKIMUIUTIK,  MYFaliMACp, CTYISHTTEp)  KXKETTUIIKTepi MEH  KajaylapblH  OapbIHIIA
KaHaFaTTaHIBIPAThIH mienriM Taldy. by kommemkae OUTiM camacklH apTTHIPYFa JKOHE OKY MPOIIECiH
OHTAMIIBI YIBIMAACTBIPYFa CENTIrH TUT13€/I1.

Maxkanansig MakcaTel — OR-Tools/ILP Herizinzeri oHTalIaHIBIpy TOCUIIH TaOWFU TUIMEH
xyMmbIc 1cTedTiH LLM accucteHTiMeH OIpiKTipin, KecTe Kypy camnacblH, HKEeMAUIIrIH JKHE
TYCIHIIPUICTIHAINIH apTThIPY. 3€pPTTEY HBICAHBI PETIHIE KOCINTIK KOJJIEIKIErT cabaKk KecTeCiH
YKOCTapJiiay mpoIeci aabIHIbI.

3epTTey dmicTepi MeH MaTepuaLaap

¥cwpHpUTFaH OKYHeHiH ecentey sapockl Google OR-Tools kiranmxanaceieiH CP-SAT
MICIIYITiCiHe Heri3aenai. Mojaenbae ToH, TOI, AayJAUTOPHS, YaKBIT CJIOTHI KOHE OKBITYIIBI
apachIHJIaFbl TaFalbIHAAyJIap OWHAPIIBIK aHBIMATBLIAP MEH MICKTEYJIep apKbUIBI CHITATTAJJIBI.
KarTel mekTeynep KaKThIFbICTApAbl OOJABIpMayFa OarbITTalica, JKYMCAK IIEKTEYIep MYyFaliM
KaJlaybl, CTYACHTTIK Tepe3eep MXKoHE KYKTEME TEHIepiMi CHUSIKTHI CamaJiblK KOpPCETKITepAl
*axcapTyra Kpi3meT erei (Babaei et al., 2015, Bettinelli et al., 2015).

LLM accucTeHTI mMaijanaHyIMIBIHBIH TaOWFU TULAET1 CYPaHBICBIH  KYPBUIBIMJIAIFaH
napameTpJiepre aHaJIABIPBIN, HOTHXKEHI TYCIHAIpIN Oepy, MIEKTeyep i HaKThIIay JKOHE BIKTUMAaJ
TY3€TyJlep/il YChIHY MIHICTIH aTKapaabl. 3epTTeyae KYHelIiK Tanmay, IMIEeKTeyldl OHTaWIaHIBIPY,
CIIEHAPHITIK MOJICTIBJICY XKOHE CaNbICThIpMalibl Oaranay amictepi Koamanbliapl (Cyper 1) (Ceschia
et al., 2023).

CEEmameE
LLM OR-Tools

acCUCTEHTI OHTaunlnaHabipy Hepexkop

Cypert 1. OR-Tools nerizinaeri onraitnanapipy sapocsl Men LLM accucrenti Gipikripinren
THOPHITI KY€ apXUTEKTyPaChIHBIH JHarpaMMachl

byn xyliene BeO-unTepdeiic, oHTalmaHaplpy KbI3MeTi koHe LLM MuKpocepBHCH ©3apa
opekerreceni (Chen et al., 2021).

I'uOpunari apxutekTypa yuI Heri3ri kabaTtan Typajisl: BeO-untepdeiic, OR-Tools Herizinaeri
OHTainmaHaplpy cepBuci >xoHe LLM wmukpocepBucel. Beb-unrepdeiic aepexTeplii €HTi3y MeH
HOTH)KEH1 Kapayfa >kayan Oepefi, ajd HETI3r1 ecelnTey OHTAWIaHIbIpy CEPBHUCIHIE OPBIHIANIA]IbI
(Davison et al., 2025, de Werra, 1985).

Be6-unrepeiic: INaiinananymsinap (omickep, OKBITYIIBI HEMeCe OKIMIII) KyHeMeH Tikemnei
ochbl UHTepdeNc apKplIbl )KYMbIC icTeiial. Beb-untepdeiic 3amaHayn BeO-TEXHOJIOTHUSIAP HETI3IHAE
o3ipnenyi mymkin — mbicansl, ASP.NET Core nemece Python Flask ¢peiimBopki. Mutepdeiic kecteni
KOpPHEKI Typ/ie KepceTell, MATIMeTTepAl eHri3yre (MoHAep, ToNTap, MyFaliMep Typaibl IepeKkTep/i,
HIEKTeyJep/ll eHri3y) 'kKoHe Ty3eTyre MyMKiHIik Oepexni. CoHpjaii-ak, maiianaHymsl TaOUFy TUIIE
CYpaHBICTApblH EHTI3eTIH JMAJOrTIK Tepe3e HeMece 4ar-KbI3MeTi Jieé OChl HHTepdeiicke
MHTerpauusianaabl. Meicaibsl, BeO-0erte «LLM accucTeHTiHE cypak KOWBIHBI3» JETEH epicke
o/icKep ©31HIH OTIHIIIIH jKa3a/bl.

OR-Tools onraitnanapipy cepBuci: by KoMImoHeHT — OyKilT )KYHeHIH «MHbD», HETi3r1 IemiM
Tabymbl Moy, On BeO-untepdeiicten (Hemece LLM apkbuibl eHIeNnTeH cypaHbIcTap/iaH) ajFaH
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aknapat Herizinge |ILP/CP-SAT moaenin Kypazabl sxoHe miemeni. OR-Tools cepsuci tuntik RESTful
APl nemece FastAPI apkbLIbI icke acybl MYMKIH: MbIcaibl, BeO-Kochimmanaan HT TP cypays! apKbuibt
(OKaHAPTBUIFAH constraints >XUHareD» Oepuredi, cepBUC coJl OOWBIHIIA €CENTeN, Kepi «KecTe
nrenrimMiny Karapansl. OHTaiinanpIpy cepBuci sxorapel oHiMai C++/Python Tininne sxaspuibii, OR-
Tools kiTamxaHacbIHBIH MYMKIHAIKTEPIH Maiiganananbl. byl MHKpOCEpBUC KaXETTilIriHe Kapan
JEPEKTEPKOPHIMEH (MBICANIBI, cabaKTap Typayibl JAepekTep cakTailThiH PostgreSQL) OaitnaHbichlr,
HOTIDKEHI TYPAKTHI caKTal Ta KosiJbl. EH MaHBI3IBICH — CepBUC OipHEeIIe MUHYT ilIiHAe KOHPIUKTCI3
KOHE Carachl )KOFapbl KecTe KYphIll Oepyl KakeT, COHIBIKTaH OHBIH aJTOPUTMIIK THIMAUIINT MEH
CeHIMJILTIr1 6acThl Ha3apaa.

LLM mukpocepBHCH: YJIKEH TUIIIK MOJIENb HETi3iHaeri Oy 0ok jxyiiene KOCaIKbl KbI3MET
aTKapajel, OlpaK MaliJaTaHyIIbIFa KOPIHETIH epeKIeTKTepaiH ko0iH KaMmramachki3 etemi. LLM
mukpocepsuci OpenAl GPT-4 nemece coran ykcac moaenb API-1H makpIpy apKbUIbl )KYMBIC ICTEY1
MYMKIiH HeMece JiepOec OpHATBUFaH JIoKal Mojeb (Mbicaiibl, LLAMA 2) 6ona anaael. Oubl FastAPI
TOpI3]11 )KEHUI CEPBUC pETiHIe opicTeTyre 60maapl. Beb-untepdeiicTen kenreHn Taburu TUT CYpaHbICHI
angeiMeH ocbl LLM cepBucine xi0epinenil. Mpicaisl, 9AiCKepAiH «MaTeMaTHKa ca0aFblH )KbUDKBITY
Typasbl cyparbl LLM TapanbiHaH KypbUIBIMIQIFaH epexere alHaIbIPbUIKII, apbl Kapaih OR-Tools
cepBucine xonganansl. Con cuskrbl, OR-Tools ecenren mbirapraH nabiH KecTe (HEMECe OHBIH
e3repici) LLM-ra Tangay yuiiH Oepityl MyMKiH — Oy xarnaiina LLM kecre nepekrepin (JSON ne
Kectenik (opmarra) KaObuImar, >KOFapblaa alTBhIIFAHAAM KOPBITBIHABI CO3 HEMECE YCBHIHBICTAp
T3IMIH TreHepanusutaiael. LLM wmuxpocepsuci cweiptkbl API-m1 maiinananca, »xeni apKbUIbI
CypaHbICTap >ki0epiieni, ajd erep KEpruTikTi MOJENb KOJIIaHbUICA, TIKeNeH cepmepiae inference
OpBIHIATAIL.

Ochl yII KOMIOHEHT e3apa IIbIH YyakbITTa (pean-TaiiM) opekerrece anaibl. MaceneH,
nagananymsl  BeO-uHTEephEc apKbUIbl <«OKaHAa KecTe Kypy» IIOpMEHIH OepreHjae, OHbBIH
napametpiepi OR-Tools cepBucine skibepinei; meniM TabbUIFaH COH, KeCTe BeO-0eTTe KopceTiie .
Erep naiinamanymsl Tabury TUIAE Ty3eTy cypaca, oi cypak LLM-ra erexni; LLM onbl Tanmam, OR-
Tools-ka maiibikTel ©3repic enrizeai; OR-T0oIS kaiita ecenren, )aHa KecTe MIbIFazbl; COHbIHAa LLM
e3repicTi TyciHaipin 6epeai. MyHbIH 0opi CEKyHTTap HEMeCe MUHYTTAp IITIHJE )KY3€ere acajbl.

LLM MukpocepBUCHI TaOWFHU TUIAET1 CYpaHBICTAPIbl KYPBUIBIMIAN, HOTHXKEHI TYCIHIIpemi
KOHE KOCBIMIIIA TY3€Tyjlep YChIHAAbl. MyHIail MOAYABAIK KYPBUIBIM KYHEHI KeHeWTyre,
cy#iemeneyre )koHe 0acka OKy opbIHIapbiHa Oeiimaeyre Konaiiel (Holm et al., 2022).

Tannay MeH HITHIKeJIep

byn 3eprreymiH MakcaTbl - KOCINTIK KOJUICDKAET1 OKY KECTECIH KYPYABIH YII TOCLTIH
CaJIBICTHIPY: KOJIMEH JKOCIapiiay, 3BPUCTHKAIBIK aBToMaTTaHaelpy skoHe OR-Tools/ILP men LLM
ACCHCTEHTIHE HETI3JIeNITeH THOPUATI MOJeThb. 3epTTey OaphIChIHAa MbIHA KOPCETKIIITEp TaldaH/Ibl:
kecte Kypy YakbiThl (Cyper 2), KakTBIFBICTap CaHbl, MYFaNIMAEPIIH YaKbITTBHIK KallayblH
KaHaraTTannelpy neHreii (Cyper 3), crymeHTTIK TepesenepaiH oprtama canbl (Cyper 4) xoHe
aynuTopusiapsl naitnanany naiieizsl (Kecte 1), (Kingston, 2013, Kristiansen & Stidsen, 2013.

Kecte 1. Cabax kecTeciHiH camacel

Onic KakrsirsicTap caHbl Kocnapnay yakbITsl Kecre camacel
(kaHaraTTaHy)
Konmen (moctypoi) 2 (GacTamnkpl ~10 carar (GipHernie ~70% (oprarma)
TaObLIFaH) KYH)
coHpiHa 0
OBPUCTUKATIBIK 0 (TonmbIk cakTanabl) | ~1 carar (aBTOMaTThI) ~80% (>kaKch)
I'ubpunri OR- 0 (TOMBIK CaKTaJIIbI) ~5 MUHYT (TOJBIK ~95% (ete
Tools/LLM aBTOMAT) JKOFaphI)

Op TYpJIi TOCUIIEPiH CalbICThIpMaIbl kepceTkimrepi. KonaMmen onicte kecte Kypy 6apbIChIHIa
OipHelIe KaKThIFbIC (KMBUIBICTAP) TYBIHIAI, OJIAp/bl HISHIYTe Typa KeareHi (ImapTrap/isl 60CaHChITY
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HE KaiiTa KYpy apKbUIbl) OalKallabl; dBPUCTUKAIBIK OJIC KAaTaH IIEKTeyJepi CaKTaraHMEH, Keh
KYMCAK TallanTapJbpl eCKepe aiMajpl; THOPUATI MOJENb OapiblK KaKTHIFBICTBI OOJIBIPMAiA,
Kalaynap/eH 0achIM O6JIIriH KaHaFaTTaHIbIPIbL.

JXorapbinarbl canbICTBIpyJaH KOpIHTeHIEH, THOpPUATI MOJENb HOTIXKENIEpl alKblH Y3IIK.
BipinmiaeH, on oKy kecrecine 0ipe-0ip KaKTHIFBICKA 5K0JI OepreH KoK (0apIbIK KaTThl MIEKTeyIep
100% cakranapl), SFHA TOJIBIK KAaKTBIFBICCHI3 KecTe ImbIFapasl. KoiameH jkacayma ToxipuOeni
oMiCKepIIep JIe alFallIKbl HyCKaJlap/a KaTeliK )i0epyi bBIKTUMa, MbICANIbI Oip MyFaiiMre Oip yakpITTa
eKi cabaK KOHWBUIBIT KeTyi — OHBI Ty3eryre yakpIT keremi. An OR-Tools Oy mraprrapmsl
MaTeMaTUKAIBIK MOJEIbh apKbUIbI KaTaH KaJarallaiijbl, COHABIKTAH anaM (akTopbeiHAH OO0JIATHIH
Karesep TyOereii >KoUbLIaIbI.

ExiHIIineH, yakbIT THIMAUIINT TYPFBICBIHAH YJKEH YThIC Oaiikanmaabl. KonmeH kecre Ty3y
OipHeIle KYHIe CO3BUIBIIN, UTEPALUSIIBIK TEKCEPYIJIep/Il Talarm €Tce, IBPUCTUKAIBIK OarmapiaMa OHbI
IraMaMeH Oip carar iIriH/e aBToMatTThl )acai anisl. bipak 613110 OR-T00IS Herizinaeri moensb 6ap
OosraHbl OipHEIle MUHYTTa ONTHMal HOTIKE Oepni. MyHnbiH Oip cebeb6i — CP-SAT con ecemnke
apHaiibl OHTalIaHAbIpbUIFaH; ekiHuIieH, LLM accucTeHTi apkachlHIa KOChIMIIIA TY3€TY Ke3eHIepi
KBICKap/Ibl (alaM1apMeH Tuajor apKblUIbl OlpHEIe caFaT KOoFalaTHal, sKyle Te3 TYCIHII OPBIH/IAIbI).
By aifbIpMaIbuIBIK 9cipece OKY JKBUTBI 0acTanmapaa YakbeIT KbICKAH COTTEC 6TE MaHBI3/IbI.

Y miHIIiAeH, KECTe canachl )KOHE KaHaFaTTaHy JACHT el OoibIHIIIa THOPUATI TOCLT 03BIK TYp. bi3
MYHBI MYFAIIIMAEP/IH KOHE CTYyJEHTTEP/IH TUIEKTEPIHIH KaHIIAJbIK OpPbIHIAIFaHbIHAH XKOHE KEeWiH
KYPri3ulreH KaHaraTTaHy cayajlHaMachlHaH OalKaJblK. Mplcanbl, THOPUITI MOJAETh MYFaIIMIEPAiH
KeKe KallayaapbIiHbIH ~95%-bIH eckepail (KIMHIH KalaH 00c eMec, KaHJal yaKbITTbl KaJlaMalThIHBI,
T.0.), aJI KOJIMEH JKacajFaH kecteae oy kepcetkim ~70% maMacbiHaa FaHa 0071161, DBPUCTUKAIBIK
ofiCc Kel mapaMeTpiep/ii OHTaHIaHABIPFaHMEH (MBICAIbl, MYFATIMIIEPAIH 00C yaKbITTapbiHa cabakK
KoliMay), OipKaTap ycak Kanayiapisl eiei ammazpl — xambl ~80% aliHanackiHaa KaHaraTTaHy Oepii.
MyraniMaepaiH )KaHa KecTere KaThICThI MIKIpJIepi e COHBbI pacTabl: THOPUIATI MOJIETh KYPACThIPFaH
KecTelle OJIapAbIH Ko0l cabak yaKbITTaphlH «OT€ KOJAMIbD»y Nen Oaranaipl, al OYPBIHFBI KECTEe
KeiOipiHe )KYKTeMe TeHrepiMCi3 TUETIHIH alTaThIH.

CoHbIMEH KaTap, «cabaK KeCTeCiH Kypy camacb» O6ipkarap 0ObEKTUBTI METPUKAMEH OJIIICHII.
Meicaibl, kecTeneri 00C yakpIT CIOTTApbIHBIH MalbI3bl, OIp KYHIEC KaTapblHAaH KEJETiH cabakrap
opTaIlla CaHbl, KeIIKi caFraTTapra KOWbUIFaH cabakTap caHbl, T.0. [MOpHATI omicTIeH )KacalFaH KecTe
Oy1 MeTpuKanap OOMBIHINA JIa )KAKChIPAK HOTHIKETE JKETTI. ATam alTKaHa, CTYACHTTEPIIH KYHIIK
60c Tepesenepi canbl 40%-ra azaipl (SFHU cabaKTap TONTACTBIPBLUIBII, Y3aK Y3UIICTEp KbICKApAbl),
«aywIp KyHIepaiH» (5-6 cabak Karap KeJeTiH KYHJEp) CaHbl €Ki ecere kemimi. Myramimaepiy Oip
KYH/IIK MAaKCUMYM CaraT CaHbl 4-T€H acIalThIHIal O00JAbl (IBPUCTHKAJIBIK 9/IiCTe KeOipl 5 cabak
OTKI3eTIH KyHJep Oap exai). by aiibipManibuibikTap Oip FaHa ClICHApUNIE eMec, op TYPJIi anTara )KoHe
op TYpJ1i OacTanKbl MaJTIMETTEpre (MbICANIbI, OKBITYIIBUIAPABIH KOJDKETIMILUTIT ©3repce) Ky prizuiret
ChIHAKTapAa Ja TYpPakTbl cakTanabl. CTaTUCTHKAIBIK TalJlay HOTHIKECIHAE THOPUATI MOJENJIiH
KaKcapTylapblHbIH OacbiM Oelliri MoHAI €KeHl aHbIKTaNbl (maiiga OoJFaH albIpMAIIBUIBIKTAp
ke3aercok emec, $p<0.01$ meHreitinae MaHbI3IbI).

KecTe 2. ABTOPIBIK MOJENBIIK 3€PTTEY/IC NaiilajJaHblIFaH SKCIIEPUMEHTTIK ClieHapuiliep

Cuenapuii Tonrap OKBITYHIBI Ayauropust AnTanbIK YakpIT
CaHbI CaHbI cadax CJI0TTapbl
OipJaiikTepi
A 12 28 18 184 SKYH X6
CJIOT
B 16 36 24 246 SKYH X6
CJIOT

Cuenapuii A 60iibIHIIIa THOPUITI MOJIENb KOJIMEH JKOCTapiiayMeH CaJbICTBIPFaH/1a KeCTe KYpy
yakpIThiH 420 munyTTaH 4.8 MuUHYTKa JeiiH KbICKapTThl (98.9%), MyfaniM KalayblH OpBIHAAY
neHreiin 72%-nan 94%-ra geiiiH apTTHIPABI JKOHE CTYIEHTTIK Tepesenepni 2.3-teH 0.8-re neifin
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azaiTTel (65.2%). Cuenapuit B OoifpiHIIa &1a yKcac yphaic cakraiaabl: yakelT 690 MunyrTaH 7.2
MuHyTKa jaeiin TeMenaen (99.0%), kamay kepcetkimi 68%-man 92%-ra naeiiin KeTepuii, ani
Tepesenep canbl 2.7-n1eH 1.1-re aeiiin Kpickapasl (59.3%)(Kecre 2), (Ongar, 2026, OpenAl, 2023).

Kecte 3. Hotmxkenepiy )KMHAKTAIFAaH CTATHCTHKACHI

Cuen. ojic YakplIT, Kakrbireic | Kanay, Tepe3e, Aynaur.
MHUH % KYH naiii., %
A Kommen 420 3 72 2.3 62
A OBPUCTUKAIIBIK 48 0 81 1.6 74
A I'uGpuari 4.8 0 94 0.8 86
B Kommen 690 5 68 2.7 65
B OBPUCTUKAIIBIK 71 1 79 1.9 77
B I'uGpuari 7.2 0 92 11 88

3ep| TeJNIreéH KGPCETKiI.I.I: KecTe KYPpPY yaKbiTbl
10 MoAenbAaik NporoH boMbIHWa opTalla yaKbiT; KOJIMEH, 3BPUCTUKANbIK XaHe rmbpuaTi Tacingep canbicThipbiniab!
690

700 1 BN CueHapuin A
mmm CueHapui B

600

500 +

MUHYT

300 1

200+

100 A

4.8 7.2

KonmeH OBPUCTUKANDbIK rmbpuaTi

OR-Tools/LLM
TyciHaipMe: KepceTKilw HeFypabiM TeMeH 6onca, HOTUXKE COFYP/IbIM XKaKchbl.

Cyper 2. Jluarpammajia 3epTTEITeH KOPCETKIII - KeCTe KYPY YaKbIThl (MUHYT); €Ki ClieHapui
OOMBIHIIIA YIIT TOCUT CATTBICTBIPBLIIBI

3epTTenreH KepceTKilu: MyFaniMaepaiH, KanaybslH KaHafaTTaHAbIPY AeHreni

rMbpuaTi Mofenb MyFanimaepliH YakbITThIK KanaynapbiH KaHLWanblKThl »KaKcbl OpbIHAaNThIHbLI CanblCThIPLIIAbLI

94

9L eHapnin A
vn B

80

60

Manbi3 (%)

20 A

KonmeH IBPUCTUKANbIK, rmbpuaTi

OR-Tools/LLM
TyciHaipMe: KepceTKill HEFYPNbIM Xofapbl 6oNca, HITUXKE COFYPNLIM MAKCbI.

Cyper 3. [luarpammaja 3epTTeNreH KOpCeTKILI - MyFalliMIEp/iH YaKbITTHIK KajJayblH
10
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KaHaraTTaHeIpy JaeHreii (%)
3epTTesreH KopceTKill: CTYAEHTTIK Tepe3enepaiH, oprawla caHbl

KecTeperi y3ak boc apanbikTapAbliH KbiCKapy AeHreidi sepTTengi

2.7
BN CueHapuin A

e CueHapwia B

OpTawa Tepese caHbl (KyHiHe)

KonmeH SBPUCTUKANBIK, rmbpunaTi
OR-Tools/LLM

TyciHaipme: KepceTkil HeFypbiM TeMeH Bonca, HaTUXE COFYPAbIM XKaKChl.

Cyper 4. JIlnarpammaza 3epTTeNIreH KOPCETKINI - CTYJACHTTIK Tepe3eep/IiH opTalia CaHbl;
KOPCETKIMITIH TOMEH OOJTybI KaKChl HOTHXKE Oepei

Canvicmvipmanst 6uzyanovl cypemmepoi manoay

Temenperi caapICTBIPMaIbl CYpeTTepe HAKThl KaHall HbICaH 3€pPTTENreHI CypeTTIH 03 IIIiHAe
7€, AacTBIHJIAFbl TYCIHAIpMEne ne KepceTurmi. bipiHmii Busyanna KOJMEH JjKacalfaH KecTe
(dbparMeHTIHAET1 KAaKTBIFBICTAP MEH THOPUATI MOJIEbh YChIHFaH KAaKTHIFBICCHI3 HYCKA CaTbICTBIPBLIIBI
(Cyper 5). ExiHmi Busyanma MyFaldiM JKYKTEMECIHIH anTta KyHAepl OOWBIHIIA Tapaiysl
KapacThIPBLIBIIN, THOPUATI MOJIENb KYKTEMEHI TeHrepimMIi 0eryre KadinerTi ekeHi kepcerinai (Cyper
6).

3ep1'renreu HbICaH: KOJIME@H >XXacaJifaH XXoHe ru6punTi Moaesib KypfaH KecTte cbparMeH'rrepiu
canbiCTbipy
Con XaKTa — KaKTelFbiCTap MeH 6oc apansikTapsl 6ap Hycka; oK akTa — OR-Tools/LLM apKeinbl OKTannaHAbIpbiNFaH Hycka

A) KonMmeH/pacTypni KypacTbipbinifaH (pparMeHT ' B) r'm6puaTi OR-Tools/LLM mopgeni OK ) |
[ Oc Cc Cp Bc HKm Hc Cc T Cp Bc Km
i Mat/Al Phys/B1 1 ‘ Mat/Al Phys/B1
KaKTbifbic KaxThbif bic
2 Tehr/Room Hist/A2 Tehr/Room Ena/Ad 2 Hist/A2 ’ Prog/B2 Lab/C1
KaKTbiFbic
3 Tehr/Room Drop2 3
4 DB/A3 4 ’ DB/A3 ‘ Net/B3
5 Net/B3 ICT/B4 5 Eng/Ad ‘ ICT/B4
6 6

Macene: MyFaniM XKsHe ayAMTOPUSA KaKThIFLICTap! HeTuXXe: KaKThIFbICChI3, YaKbITTRIK Tepe3enep azanfaH,
Tepesenep XeHe TeHrepimcis xykTeme baitkanagel. cabakTap MeH XXYKTeMe TeHrepiMai ynecTtipinrex.

Cyper 5. CanpicThIpMalbl CypeTTe 3€pTTEIreH HbICaH - KecTe (parMeHTIHAET1 KaKTBHIFBICTap,
00C apanbIKTap KOHE OJIapAbl THOPUITI MOJIENb APKBLIBI KO HOTHKEC]
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Hotwxenepni sxunakrait oteipein, rudpunri OR-Tools/LLM Mozeninin eki cueHapuiiae ne
TYPaKThl 0aCBIMBIK KOpceTKeH1 OaiiKanabl. EH yikeH aliblpMalIbUIbIK KeCTe KYPY YaKbIThl OOMBIHIIIA
TIPKENJi: KOJIMEH >KOCTapiayMeH CajbICThIpFaHIa YakplT YHeMi 98%-maH actam KbICKapbl.
ConbiMen Oipre, MyFaliMIEpAiH KajayblHa CoMKecTik 22-24 mnalbl3IbIK TapMaKKa ©cCTi,
ayIUTOpUSIIapbl Mainanany 23-24 nailbI3IbIK TApMaKKa apTThI, aJl CTYACHTTIK Tepesenep 59-65%
apaNbIFbIHIA  KBICKapAbpl. byn  HOTWKenep  YCHIHBUIFAH — TOCUIMIH — TOXipuOemik — KoHE
YHBIMAACTRIPYIIBUIBIK THIMAUTITIH KymeiTin kepcereni (Perron et al., 2023).

3epTTesireH HbicaH: MYFasliM XXYKTeMeciHiH, anTa boubiHLIa Tapanybl

Con XaKTafbl XKblly KapTackl — TEHrepiMCi3 Tapany; OH XaKTafbiCbl — rmbpuAaTi MopensaeH KewniHri TeHrepimai yari

A) naCTVECni vnriCc B) ruﬁpuﬁgi ynri e

Cp Bc Km Cp Bc Km

Allyev 4 car. 1 caf 0car 3 car. 1caf Aliyev 2 car. 2 caf. 2 car. 2 car. 1caf
Bekov 0 caf 5 caf. 1 car. 0 caf 4 car. Bekov 2 caf, 2 caf. 1 caf. 2 caf. 2 caf.
Nurpeis 3 car. 0 car 4 car. 1car 0 car Nurpeis 2 car 1carf. 2 car. 2 ca¥. 1 car
Sarsen 1 caf. 4 car. 0 car. 5 caf. 0 carF. Sarsen 1 caf 2 caf. 2 caf. 2 caf. 2 caf.

Aman 0 car 2 caf. 5 car. 0 car. 4 car. Aman 2 caf. 1 caf 2 caf 1car 2 caf.

Macene: ket kyHaepi Myfanimaepre 4-5 cabak WoFblpnaHfaH HaTuxe: xykTeme 1-2 cabakTelk 6n10KTapMeH TeHecTipinrex

Cypet 6. CanpICTBIpMaIBl CypeTTE 3€PTTEITEH HBICAH - MYFaJIIM )KYKTEMECIHIH anTta O0WbIHA
Tapayrybl; COJI )KaKTa TEHrepiMci3, OH JKaKTa TEHrepiMIi yari

Kytiene eHmeneTiH OKBITYIIBI, CTYICHT KOHE KeCTe AepeKTepl Kopranysl Tuic. CeipTkel LLM
CEepPBUCTEPl KOJIIAHBUICA, JACPEKTEepJl AaHOHHUMH3ALMIIAY, KOJDKETIMAUIIKTI IIEKTEy KOHE
KypHasayasl eHrizy mansi3ansl (Perron & Furnon, 2025).

Al memrimaepi TyCIHIIpUIETIH 0OTybl KepeK, al COHFbI OCKITY JKayarKepIIuIiri ajaMm/aa Kanabl.
CoOHIIBIKTAaH KayillCi3/IiK, alIbIKTBIK JKOHE OUIMIK KYHEH! eHTI3YAiH Heri3ri Karuaajaapbl OOJIBII
cananansl (Qu et al., 2009).

KopbITbhIHABI

Typkictan AxmeT Slcayu KocinTik Kosuieki 6aszachinaa yeoiabiirad OR-ToolS/ILP sxone LLM
ACCHCTEHTIHE HEri3ZieNreH THOPHUATI TOCLT OKYy KECTECIH aBTOMATTAHIBIPY MIHJETIH KOFapbl
TUIMJUTIKIIEH MIEMIeTiHIH KkopceTTi. JXKypri3uireH tanaay MeH ToipuOenik HoTuxkenep Oyl oicTiH
JOCTYpJIl KOJIMEH »OocmapiayFa KaparaHJa alKblH apThIKIIBUIBIKTapbl O0ap €KEeHIH ToJesaeu:
JKocrapriay yakbIThl OHJIaFaH ece KbICKapa/ibl, KaTeIIKTep MEH KaKThIFbICTap TOJIBIFbIMEH JKOMbLIA B,
aJl KECTEHIH camnachl (CTYJIEHTTEp MEH OKBITYIIBUIAP/IbIH KaJayJlapblH eCKepy JeHreill) aiftapibiKTai
ecenl. ['MOpuaTi MOJENb Kypaeni KOMOMHAPHSIIBIK €CeNTi MaTeMaTHKAIbIK OHTaMIaHABIPY apKbLIbI
nrenrin, cousiMeH Oipre LLM kemerimen naiiiananysiMeH HHTEPAKTUBTI TUIZIECY apHACBHIH KYPaJibl
— MyHBIH HOTWXeCiHAe azaM MeH Al MyMmkiHaikTepi Oipirim, MakCUMalibl HOTHXKEre KO
xeTkizieai. Timefold xkoMIaHUSICHIHBIH MaMaHAapbl aTanm OTKeHJEH, YIKEeH TUIIIK MOAENbIep
Kocmapiay ecenTepiH ©3[IriHeH NIelle aaMaybl MYMKiH, Oipak oJapjabl apHaibl skocmapiay
ATOPUTMJIEPIMEH YiJIecTipe KoJIaHy ’kKaHa MHHOBALMSJIBIK HISITIMJIEpre JKO0JI allla ibl.

Annarel 3epTTey OarbITTapbl OipHEIIe KbI3BIKTHI MYMKIHAIKTEpre Ko amajabl. bipiHmrineH,
ca0ak KecTeCiH Kypy/la HeHpOH/BIK KeiIep i KOJIaHy apKblIbl IHHAMHKAIIBIK )KOCIIapiay Maceneci
Typ. bonamaxra »wui e3repeTin xargainapra (MoceneH, MyFalliMHIH KEHEeTTeH HayKaCTaHbIN Kalybl,
TONTAap KYpPaMbIHBIH ©3repyi) jkeaen OedimMaesneTiH, ajablH aja Ooipkan KecTe TY3eHTiH Kyhenep
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KaxeT 0oxaael. Mynsl reinforcement learning nemece rpadtoik HeripoHabIK sxeninep (GNN) apkpuibt
icke acwlpyra OoJiangpl AereH Mikip Oap. MpIcanbl, HEHPOKETUTIK MOJENb OipHEIIe CeMEeCTpIIiH
JCpeKTepiHeH YHUpEHIN, anarbl CeMEeCTpre MyFaliMIep/aiH >KYKTEMECiH MPOrHO3 jkacay, HeMmece
KecTeJie e3repic 0oJica aBTOMATThI Typ/e KaiTa OHTAHIaHABIPY JKaCAUThIH peQIIeKCUBTI XKYiie Kypy
— KBI3BIKTEI MIHJIET.

Exinmrigen, on-device inference — srHM yJaKeH TUIMIK MOJCIBACPAl TiKEIEH OKY OPHBIHBIH
KEPruTIKTI cepBepliepiHie HeMece TINTi KayanTbl TYJIFalapblH KOMIIBIOTEpIIEPIHIE iCKe KOCY —
OareITHL. ByJT IepexTep 1iH KyMUsUTBUTBIFBI MEH JKBUTIAMJIBIFBIH apTThIPabl, OUTKEeHI CBIPTKBI AP|-re
KYTIHY Kaxertiniri Oonmmaiapl. Kaszipmin e3iHme ChIMBIMIBUIBIFRI Kimriripiv LLM Mopenbaepi
(bipHEIIe MIJUTHAP TTApaMEeTPJIi) )KEKe KyPBUTFbUIAP/Ia )KYMBIC iCTeH anabl, ajx 00Jramakra oJiapabiy
MYMKIHZIr apra 6epmek. OCBIHBI cabak KecTeci xyieciHe OIpiKTipy apKbLIbl, MBICAJIBI, Op MEKTEII
©3 CepBEPIHJIC MHTEJICKTyall KOMEKIIIICIH YCTal, JKeJl )KOK Ke3/€ /e OHBIMEH >KYMBIC ICTEH allaThlH
00napl.

YUurHmigeH, ambIKThIK I€H TYCIHIAIPYl *akcapTy yiuiH Al memimaepiH BU3yaau3anusiay
MeH explainable Al omicrepin konaany. bonamak 3eprreynepne ILP mopneniHiH memimaepin
rpadukrep, Tuarpammanap apKelisl TyCiHAIPY, LLM-HBIH yChIHBICTapbIH HET13/11 €Ty (MbICAJIBL, «OYJI
YCHIHBICTBI JKacayra S5 MyFaldiMHIH TajaObl ocep €TTI») TETIKTepl KapacThIpbUTybl THIC. by
nalIaa”yniblIapra sKyhere 1ereH CEHIMIUTIKTI KYIIEHTIN, OHBI OKY YI€PICIH/IE KeHIHEH KOJIJaHyFa
KOJI alllaJIbl.

¥ CBIHBUTFaH THOPHIITI TOCLT KeCTe KYPY YaKbITBIH KBICKAPTHIT, KAKTHIFBICTAPIBI a3alTyFa JKOHE
KeCTe carachlH apTThIpyFa MYMKIHIK Oepeal. Ocipece MyFajliM )KYKTEMECIH TEHIepY, ayIuTOPUSIHbI
TUIM/J1 MaliJaiany jK9HE CTYJAEHTTEpP YILIIH KOJIalbl KYpbUIbIM jKacay arFblHAH Mai1abl.

Mopaynbsaik apXUTEeKTypa KyHeHi 0acka OKy OpbIHIAapblHa Oeiimaeyre KOJIaWibl. AJIarbl
OarpITTap PETiHIE AMHAMUKAIBIK KaiiTa skocmapiay, xepritikti LLM kongany »oHe explainable Al
KypaJJgapblH TaMBITY MaHbI3/IbI.
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CONCEPTUAL FOUNDATIONS OF REAL-TIME MONITORING OF PHYSICAL
EXERCISES BASED ON COMPUTER VISION AND DEEP LEARNING MODELS

Annotation. The article presents a challenge in automatically monitoring and evaluating
physical exercises in real time. The goal of this study is a comparative analysis of the effectiveness
of modern deep learning models for determining human posture (BlazePose, YOLOV8 - Pose,
MoveNet and HRNet) and to identify the possibilities of their inclusion in the training quality
assessment system. The system is built on an RGB video stream and consists of pre-processing,
posture points determination, joint angles calculation and training classification (correct/incorrect)
stages. From the experimental results, it can be found that HRNet model has the highest accuracy
index, but as a result of its high calculation complexity, delay value increases. It had been shown that
BlazePose provides high frame rates at low-resource devices. The YOLOvV8-Pose model showed the
best compromise between accuracy and performance and was suggested as an optimal option for
Real-Time Fitness Systems. The method of biomechanical analysis based on calculating joint angles
allows to quantify the quality of exercise performing has been proved. The systematic alignment score
may be applied in the scope of fitness, sports training and medical rehabilitation and can further be
enhanced by adding on 3D body pose models as well as spatio-temporal neural networks.

Keywords: human posture determination; computer vision; deep learning; physical exercise
monitoring; real-time systems; calculation of joint angles; YOLOv8-Pose; BlazePose; biomechanical
analysis.
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KOMIIBIOTEPJIIK KOPY ’)KOHE TEPEH OKbITY MOJAEJIBJAEPI HET'I3IHAE
OU3UKAJIBIK KATTBIFYJAPABI HAKTbI YAKBIT PEXKUMIH/JIE BAKBIJIAY JIbIH
KOHIENTYAJIABIK HEI'I3JJEPI

AnpaTna. Makaiaja HaKThl YaKbIT peXKUMIHIE€ (PU3UKATBIK )KATTHIFyIapAbl aBTOMATThI TYpJe
Oakbl1ay *koHe Oarayiayarbl KUBIHJBIK KapacThlpbUIFaH. bys 3epTTeyiiH MaKkcaThbl - alaMHbIH JI€HE
OITIMIH aHBIKTayFa apHaJFaH 3aMaHayu TEPeH OKbITY Monenbaepinin (BlazePose, YOLOVS - Pose,

16


https://doi.org/10.47526/3135-6877.165
mailto:erlan.serdaliev@ayu.edu.kz
mailto:nurgul.toilybayeva@ayu.edu.kz
mailto:bboranbek@ayu.edu.kz
mailto:hcakir@gmail.com
mailto:erlan.serdaliev@ayu.edu.kz
mailto:nurgul.toilybayeva@ayu.edu.kz
mailto:bboranbek@ayu.edu.kz
mailto:hcakir@gmail.com

Yassawi Journal of Engineering Science, N2 (1), 2026

MoveNet >xone HRNet) TuiMauIiriH caiaplCTBIpMalbl Talllay >KOHE OJIApIbl KATTBIFY CalachiH
Oaranay Kyiiecine Kocy MyMKiHAiKTepiH aHbikTay. JKyiie RGB Oeiine arbIHbIHA HETI3ACNITEH KOHE
QNJBIH alla eHJey, JeHe OITIMIHIH HYKTEJIepiH aHbIKTay, OybIH OYpBIIITAPBIH €CENTey >KOHE
KATTBIFYIbl KIKTEY (IYypBIC/OYpBIC eMec) Ke3eHIepiHeH Typanbl. ToxipuOenik HOTUXKeIepIeH
HRNet MmozeiHiH eH )oFapbl JoJJIIK HHIEeKC1 0ap eKeHi aHBIKTalabl, OipaK OHBIH OFaphl ecenTey
KYPACNUTIriHIH HOTHXKECiHAe Kimipic MoHi apransl. BlazePose Temen pecypcrapasl Kaxker eTeTiH
KYpBUIFBIJIapAa XOFapbl Kajap JKUUIINH KaMmTamachl3 ereTiHi kepcerinai. YOLOV8-Pose moneni
JONIK TIeH OHIMIUTIK apachlHIaFbl €H JKaKChl bIMBIPAHBI KOPCETTI )KOHE HAKTHI YaKbIT PEKUMIHJCT1
¢uTHec >xkyienepi YILIIH OHTaWJIbl HYCKAa pETiHIE YCHIHBUIABL. BybIH OyphIIITapblH ecenteyre
HEeT13eNITeH OMOMeXaHUKaNBIK Tajaay oMici >KaTTHIFYJbl OpBIHIAY CamachlH CaHABIK Oaraiiayra
MYMKIHAIK OepeTini nonenaenai. XKyieni typanay ynaiibl GpUTHEC, CIOPTTBIK JKATTBIFyJAp JKOHE
MEIUIIMHAIBIK OHAJITY CalachlHAa KOJIaHBUTYbl MYMKIH xoHe 3D nene mozacbl MojenblaepiH,
COHJlali-aK KEHICTIKTIK-YaKBITTBIK HEMPOHIBIK JKEIUIep/l KOCY apKbLUIbl OJaH opi ’KaKCapThUIYBI
MYMKIH.

KinT ce3mep: amaMHBIH T103aChblH aHBIKTAYy; KOMIBIOTEPJIK KOpy; TEpPeH OKBITY; AcHE
KATTBIFyJIapbIH OaKblIay; HAKThl yakKbIT XKyHenepi; OybiH OypsimTapsiH ecentey; YOLOV8-Pose;
BlazePose; bmoMexaHHUKaIBIK TaIIay.
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KOHUIEINTYAJIBHBIE OCHOBbI MOHUTOPUHI'A ®U3NYECKHUX
YIPAKHEHWI B PEAJIbHOM BPEMEHHM HA OCHOBE MOJIEJIEA
KOMIIBIOTEPHOI'O 3PEHUA U I'NTYBOKOI'O OBYYEHUSA

AHHoTanus. B cratbe paccmarpuBaercs 3ajada aBTOMAaTHYECKOI'0O MOHHTOPHHTA U OIICHKU
(GU3HYECKUX YIpaXHEHHH B peaJlbHOM BpeMeHH. Llelaplo JaHHOTO WCCIIeIOBAHUS SIBISETCS
CpaBHHUTEIbHBIH aHamn3 3()(QEKTHBHOCTH COBPEMEHHBIX MoOJENeH TIyOOKOro OOYy4YeHHs s
onpeneseHus ocanku yenoBeka (BlazePose, YOLOvV8-Pose, MoveNet u HRNet) u BoisiBIcHUE
BO3MOXXHOCTEH MX BKJIFOUYEHHUsS B CHCTEMY OI[EHKH KauecTBa TpeHHpPOBKU. CHcTeMa MOCTPOCHA Ha
ocHoBe RGB-BHe0onoTOKa M BKIIOYAET ITAbl IPEIBAPUTEIBHON 00paObOTKHU, ONpEIeICHHs TOYeK
OCaHKH, pacyeTa yrioB CyCTaBOB M KiIacCH(HUKAIMH TPEHUPOBKHU (MPaBUIBHO/HENPABIIBbHO). U3
IKCIEPUMEHTAIBHBIX PE3yJIbTATOB MOKHO YCTaHOBUTH, 4TO Mozesib HRNet nmeer camblii BhICOKUI
MOKa3aTeNlb TOYHOCTH, HO M3-32 BHICOKON BBIUMCIUTEIBHON CII0)KHOCTH YBEIUYMBACTCS 3HAUCHHE
3anepxku. beuto mokasano, yro BlazePose obecrieunBaeT BBICOKYIO YacTOTy KaJpOB Ha YCTPOMCTBaX
¢ orpaHn4YeHHbIMU pecypcamu. Monens YOLOV8-Pose nmokasana Hauaydinii KOMIPOMHCC MEXKIY
TOYHOCTBIO M TPOU3BOIUTEIHHOCTHIO U ObLIA MPEJIOKEHA B KAYECTBE ONTHMAIBHOIO BApHAHTA IS
buTHEeC-cucTEeM pearbHOro BpeMeHu. JlokazaH MeTol OMOMEXaHMYeCKOro aHalu3a, OCHOBAHHBIN Ha
pacueTe YrioB CYyCTAaBOB, IO3BOJSIONUI KOJTMYECTBEHHO OICHUTH KA4eCTBO BBIMOJHEHUS
ynpaxHenuit. CucTemaTuyeckas OleHKa BBIPAaBHHUBAHUS MOXET MPUMEHAThCA B chepe ¢uTHeca,
CHOPTUBHOW MOJATOTOBKH M MEIUIMHCKON peabuIUTaIluH, a TAaKKE MOXET OBITh JOMOIHHUTEIBH O
yaydiieHa 3a cuer qodasnenust 3D-mozaeneir mo3el Tena ¥ MPOCTPAHCTBEHHO-BPEMEHHBIX HEHPOHHBIX
ceTen.
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KiawueBble cioBa: omnpejcicHHe IM03bI 4YelOBEKa; KOMITBIOTEPHOE 3peHHue; TiydoKoe
o0y4yeHre; MOHUTOPUHT (PU3MYECKUX YNPAKHEHUU; CUCTEMbl PEaJbHOTO BPEMEHH; PacyeT YIJIOB
cycraBoB; YOLOV8-Pose; BlazePose; bmomexanndeckuii aHaIu3.

Introduction

Indeed, the topic of monitoring physical activity and health via digital technologies has taken
on particular significance in recent years. The need for monitoring motion correctness in fitness, sport
training and medical rehabilitation is critical due to its high importance regarding injury prevention,
movement quality improvement or at least ensuring the effectiveness of the rehab process. The
conventional monitoring is often on the basis of a trainer or specialist visually assessing performance,
which results in subjectivity, time consumption and lower repeatability (Jo & Kim, 2023).

In particular, the evolution of computer vision technologies and deep learning has enabled
automatic analysis of techniques for physical exercises. Human pose estimation techniques enable us
to spot a person in an image and find the key joint points of his body, thereby depicting movement in
the form of a skeletal model. According to Huang et al. (2025), this approach is suitable for solving
tasks such as joint angles, trajectory analysis of movement and whether the movement of performing
an exercise is correct or incorrect.

There are a number of models available for identifying pose in humans today. Mobile and light-
weight models with processing time in real time like BlazePose or MoveNet in MediaPipe can be
used on mobile or other resource-poor devices (Opifia Jr. & Fajardo, 2024). Detection-based
YOLOV8-Pose architectures enable arising multiple pose tracking with high efficacy in real-time
systems (Dong & Du, 2024; Cai et al., 2025). Moreover, HRNet and transformer-based models have
very high accuracy in detecting pose point but much higher computation costs (Li et al., 2023).

Numerous analyses regarding exercise assessment, action recognition and motion analysis
through pose detection models are available in the scientific literature. Specifically, spatio-temporal
model based on skeletal data has achieved effective results in the assessment of exercise performance
quality (Xie et al., 2024). Furthermore, basic properties of real-time systems and their pros and cons
for low-resource devices have been studied in review papers (Huang & Li, 2024; Zheng et al., 2023).
However, there is still no systematic conceptual framework for embedding state-of-the-art
posture recognition architectures into motion control databases. Models with different accuracy,
speed and computational resource requirements must be systematically compared and adapted to
application scenarios. This article introduces a conceptual approach for realtime physical exercise
analysis, based on posture recognition models, and discusses its scientific and practical implications.

Materials and methods

Dataset Description

This study used a specially collected video dataset to monitor and evaluate physical exercise in
real time. The dataset consists of a total of 200 videos and includes exercises performed by 10
participants. The participants included 5 men and 5 women. This balanced structure was aimed at
reducing the dependence of the model on gender.

Five different physical exercises were considered in the study: squat, push-up, deadlift, jumping
jack and bent-over row. These exercises involve different parts of the body and differ in movement
dynamics. Therefore, their selection allows us to assess the ability of the model to distinguish between
different movement patterns.

Each video clip was approximately 6-12 seconds long, which was enough to capture one or
more complete movement cycles. The videos were recorded in three different environments: a gym,
a laboratory room and a home environment. In addition, the footage was shot from two different
angles: a front view and a side view. Such diversity allows us to assess the generalization ability of
the model despite changes in lighting, background, camera angle, and spatial conditions.

Thus, the dataset used had sufficient diversity for the tasks of recognizing physical exercises
and assessing the quality of their execution.
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Data partitioning principle

In the experimental evaluation, the dataset was divided into training, validation, and testing sets
according to the classical supervised learning approach. The partitioning ratio was chosen as 70%-
training set, 15%-validation set, and 15%-testing set, respectively.

The training set was used to train the model parameters, the validation set was used to tune
hyperparameters and control overfitting, and the testing set was kept for independent evaluation of
the final model performance.

During data partitioning, the distribution of different training types, shooting environments, and
camera angles was kept as equal as possible. This approach prevents the overpredominance of a single
category, ensuring the fairness and stability of the evaluation results. In addition, the results obtained
during the testing period characterize the model’s ability to generalize to new data.

Futhermore, This study investigated several contemporary deep learning models of human pose
detection for monitoring physical exercise in real time. The main criteria used to select models were
real-time performance (FPS), computational complexity, detection accuracy and the possibility of
running on low-resource devices (smartphone, webcam, low-end laptop). Objective: The objective of
this study is to compare the strengths and the weaknesses of different architectures in order to identify
which group of models can be used as a formula for building physical exercises monitoring systems.
To use computer vision for pose detection, we primarily adapted BlazePose from the MediaPipe
platform since it is lightweight and very efficient on mobile devices. The BlazePose Model can run
on stable real time and detect more than 30 key anatomical points of a human body. The key benefits
of this model are low computational load and high frame rate on mobile devices. Due to this,
BlazePose is useful for home fitness training and mobile rehabilitation systems.

We used the YOLOvV8-Pose architecture to operate in a crowded space and in complex scenes.
This system integrates object detection and pose regression tasks into a neural network. High real-
time performance allowing multi-person tracking as seen in gyms or group exercises. Moreover, this
architecture is also highly scalable and hardware platform agnostic. Also, the MoveNet and HRNet
architectures have been considered for comparison purposes and methodology analysis as they are
classified into high-precision models. The MoveNet is available in easily two different models
(Lightning and Thunder), both providing excellent accuracy and robustness. Despite the great
accuracy achieved for pose points detection with HRNet architecture, it has a high computational
complexity (Table 1) limiting its usage in real-time mode on low-resource devices.

Table 1. Comparative characteristics of the considered pose detection models

Model Main Feature FPS Accuracy Resource Application
(approx.) Requirement

BlazePose Lightweight, 25-30 Medium | Low Mobile fitness

(MediaPipe) mobile-friendly

YOLOVS- Detection + Pose | 20-30 High Medium Multi-person

Pose estimation scenarios

MoveNet High stability 15-25 High Medium Individual
exercise

HRNet High precision 5-10 Very high | High Laboratory
analysis

The BlazePose model is aimed at real-time operation on mobile devices using a lightweight
encoder-decoder architecture. The HRNet model allows for accurate pose point detection by storing

high-resolution features, but its computational complexity is high (Figure 1).
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Figure 1. General architecture of pose detection models used ina physical exercise tracking
system.

BlazePose model runs at high frame rate but with a low accuracy. The YOLOvV8 -Pose
architecture provides a good balance of performance and accuracy, and does well in a high number
of people. Although the MoveNet model offers a high accuracy with stable performance, HRNet
architecture provides the top-line accuracy score, but runs at low frame rate because of its
computation complexity. As depicted (Fig. 2), this means there is a clear trade-off between
performance and accuracy in real-time system model selection.
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Figure 2. Comparative chart of performance and accuracy (FPS vs Accuracy) for different
models.

This study retrieves data for physical exercise analysis as video streams in RGB format. The
videos were taken with a webcam or smart-phone camera and modified for immediate processing.
The camera was set up to fully capture the individual from the side or front thus, ensuring accurate
and stable pose points detection. Wir haben Videodaten mit 25 -30 FPS, 720p oder 1080p
aufgezeichnet.

The obtained video streams passed through multiple preprocessing steps before getting as input
to the pose detection algorithms. All these stages were performed to make the system more stable and
the models more computationally efficient.

The video stream was received sliced into single frames first:

V={F1F2,..,Fr} (D
where: Ft — t- time-lapse video, and T — number of frames.

In the next step, each frame was resized according to the model requirements. For example, for
the BlazePose and YOLOV8-Pose models, the input dimensions were converted to 256x256 and
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640x640 pixels, respectively. This operation reduces the computational load and ensures real-time
processing.
Pixel values were normalized to the range[0,1]:

I
= 755 @

I norm

where: I — original pixel value.

The frames were then subjected to light filtering and contrast correction methods in order to
dampen noise and mitigate differences from changing lighting conditions. Also, temporal smoothing
techniques were explored to smooth abrupt changes between frames in the video stream.

In last step of preprocess, frames were inputed to the model and human pose's key points are
extracted. Therefore, this preprocessing phase is a crucial step that directly impacts the whole
accuracy and stability of the entire system (see Figure 3).

KamepapnaH ansiHraH beiHe

IZ) Kanpnapra 6eny }—»[ [7) Resize L (& Normalization Input Model
| N '—v‘il |- - - : / |
‘f" 2 ; X - 0 - 1 ‘
Frame t X 1”[ - 0 1 ‘

Frame t+1
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Figure 3. Data acquisition and preprocessing stages in a pose detection system.

The proposed data acquisition and preprocessing methods are adapted to real-time physical
exercise monitoring systems. This approach ensures uniformity of input data when using different
pose detection models and increases the overall performance of the system.

Pose Point Detection Method

In this study, the human pose detection method is based on finding keypoints of a human body
from video frames. Pose points are considered as a set of coordinates describing the structure of the
human skeleton and are used for further biomechanical and kinematic analysis. The considered
models (BlazePose, YOLOvV8-Pose, MoveNet and HRNet) detect pose points in 2D space.

Formal description of pose points

For each video frame, the model produces a set of pose points in the following form:

Pt = {(xt, y9), (x4, yY), ..., (xt,yt )}, 3)
1 1 2 2 N N

where:
t—time period (frame index),

N—the number of pose points to be determined,
(xt, y9)—i-2D coordinates of the joint point.
i
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For example, The BlazePose model detects N=33 points, while the YOLOvV8-Pose and HRNet
models typically detect N=17 points.

The principle of pose point regression

Pose detection models solve the problem of regressing the Pt points from the input frame using
a neural network. This process is described as follows:

Pt = fo(Fo), )

where:

Ft — pre-processed input frame,

fo(-) —adeep neural network with parameters 6.

Inthe YOLOV8-Pose architecture, this process simultaneously performs person detection and
pose point detection, while the BlazePose and HRNet models use a direct pose regression approach.

Confidence indicator

Many models provide a confidence coefficient (c;) for each pose point:

Pt = {(x4 y,cH}V ,ct €[0,1] (5)

i 0 =1 i
This indicator allows us to assess the reliability of point detection. Points with low reliability
can be excluded from the analysis or corrected by temporal smoothing.
Representation as a time series

Since physical exercises are dynamic, pose points are considered as a time series, not individual
frames:

S ={P1 P2, . PT} (6)

This sequence describes the continuity of movement and is further used in algorithms for
calculating joint angles, determining movement phases, and evaluating exercise.

Skeleton graph

Position points are represented as a skeleton graph using predefined anatomical connections:

G = (V,E), (7)

where:

IV — points of pose (vertices),

E — connections between joints (edges).

This representation approach is effective in spatiotemporal analysis and the use of graph neural
networks (ST-GCN) (Figure 4).
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Figure 4. Skeleton view of pose points (keypoints).

Implementation details

The proposed system was implemented in the Python programming language. The OpenCV
library was used for video data processing and pre-analysis, and various tools were used to detect
human poses, depending on the corresponding models.

The BlazePose model was implemented using the MediaPipe platform. This model is adapted
to work in real-time at high speed and shows effective results on CPU-based systems. The YOLOV8-
Pose model was implemented based on the Ultralytics YOLOV8 library and implemented human
detection and pose point detection in a single architecture. In addition, the MoveNet model was
implemented based on TensorFlow Lite, and the HRNet model was implemented using the PyTorch
framework.

The experiments were conducted in a CPU-based computing environment. This approach was
aimed at evaluating the ability of the proposed system to work on low-resource devices. The
processing speed and latency values for each model were measured on a real-time video stream.

Method for calculating joint angles

One of the main indicators in assessing the correct performance of physical exercises is the
joint angle. Joint angle is a biomechanical parameter that characterizes the amplitude, phase, and
technical correctness of human movement. In this study, joint angles were calculated based on 2D
pose points.

Determining an angle using three points

Any joint angle is determined using three points: for example, for a knee angle — hip (A), knee
(B), ankle (C).

The joint angle is calculated using the following vector formula:

BA -BC

6 =cos 1 (_a ) (8)
I BA Il BC |
vxihere:
Bfl =A-B
BC=C-B
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- —scalar product

Il v Il — vector length
Writing vectors in coordinate form:

BA = (x4 — xB, YA — ¥B) 9

Scalar product:

- -

BA -BC = (xa—xB)(xc —xB) + (ya—yB)(yc — yB) 11

The resulting angle 6 is measured in radians or degrees.

Key joints

In the biomechanical study of physical exercises joint angles is accepted as the main variable
describing moving quality [3]. The main load in any exercise always lies on specific anatomical joints,
and this is precisely why the correctness of the movement directly depends on the spatial location and
angular changes of these very same joints. Thus, the following key joints were chosen to be analyzed
based on exercise types in this study.

First of all, the knee joint is a main biomechanical component reflecting lower limbs movement.
It is especially crucial in squat and lunge movements. The flexion and extension angle of the knee
joint during these exercises regulates the depth, amplitude and correct technical execution of this
movement. While insufficient flexion of the knee angle can suggest improper execution of the
exercise, excessive forward displacement can also overload the joint. Thus, the next key indicator of
squat and lunge exercise quality is tracking dynamic changes in the knee angle.

Second, Analysis of the elbow joints push up exercise as the main movement mechanism of the
upper limbs. The elbow angle in a push-up describes how low the body went and how symmetric the
movement is. Excessive movement, asymmetrical movements and not achieving sufficient flexion
are considered technical errors. So the elbow is the primary point of control for your upper body
strength movements.

Thirdly, the hip joint plays a pivotal role in this exercise, being part of the body's primary
support system during deadlifting. Particulars of Weightlifting — The Deadlift Movement At the hip
joint, this is based on coordinated work biomechanics are joint-based which start with a deadlift.
When the hip angle is correct, it gives us what should be an acceptable level of anterior pelvic tilt and
a benign position when looking in the lumbar spine. It is the main metric for determining whether
proper biomechanical technique has been followed.

Fourth, once again as upper extremity movement articulations are considered namely, the
shoulder during bent-over row exercise. During this exercise, the shoulder joint, together with the
elbow,DOMINATES back muscle activation. Monitors the shoulder angle Alpha, which is essential
for effective exercise and preventing overload.

Therefore, the angular parameters of biomechanically essential joints were selected for each
exercise to be the primary parameter of calculation to objectively evaluate exercise performance. This
approach enables a systematic analysis of physical exercises and objective evaluation of movement
technique. First, key joints were identified for every exercise.

Angle change over time

Since physical exercises are dynamic in nature, the dependence of the angle on time is
considered:

o(t) = f(PY) (12)
Joint angle speed:
() = 0(t) —jt(t —1) (13)

24



Yassawi Journal of Engineering Science, N2 (1), 2026

This indicator allows you to determine whether the movement is performed too quickly or too
slowly.

Criteria for correct execution

For each exercise, the permissible range of angles is set:

Hmin < Q(t) < emax (14)

For example:

Knee angle during squat: 70° — 110°

Elbow angle during push-ups: 60° — 100°

If the angle is out of range, the system marks the exercise as incorrect.

The calculation of joint angles is based on a kinematic model of human movement. While 2D
analysis does not replace full 3D biomechanics, it provides sufficient accuracy for exercises in the
frontal or sagittal plane. In real-time systems, the 2D approach is computationally efficient and
mobile-friendly.

— 0 BC =c-B

A @& =
Figure 5. Scheme for calculating the joint angle using three points

Results

Experimental evaluation of the proposed real-time physical exercise tracking system was done
based on these models BlazePose, YOLOv8-Pose, MoveNet and HRNet. All models investigated
were tested in the same hardware environment (CPU + mid-range GPU) and the same video data was
applied. The pose detection accuracy, the correct/incorrect recognition quality for each exercise,
frame rate (FPS), and system latency were used as evaluation criteria. The system was found to work
well during real time operation By combining the processes of preprocessing, pose point detection,
and joint angle calculations, the overall latency was minimized. (a) Products for practical use
modeling indicated that the architectural structure shown in Figure 1 and Figure 3 was confirmed to
be a solid/working motion seen as effective as a real copiar.

The skeletal structure used is shown in Figure 4 to obtain visual examples for the pose points.
All models successfully localized the main keypoints of human body, but accuracy differences could
be observed.

Pose Detection QualityThe quality of pose detection was reported with AP (Average Precision)
indicator. HRNet achieved the highest accuracy but incurred a high computational cost. In contrast
YOLOV8-Pose offered an optimal trade-off between accuracy and performance. BlazePose, while
fast (> 30 FPS), showed some point drift amid complex poses or low-light environments. MoveNet
also did well: results were consistent, and it performed particularly well in single-person scenarios.
The relationship between performance and accuracy in figure 2. This of course has a great impact on
the choice of the model, as seen in the figure above.

The correctness of performance was extracted through angles of joints. The angle intervals for
each exercise were exploited (Section 2.4).

A summary table of experimental outcomes is presented below.
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Table 2. Accuracy of correct/incorrect recognition of the exercise (%)

Model Squat Push-up | Deadlift Bent-over Average
Row accuracy
BlazePose 86% 84% 82% 80% 83%
YOLOv8-Pose 91% 89% 88% 87% 89%
MoveNet 90% 88% 87% 85% 87.5%
HRNet 93% 92% 90% 89% 91%

According to the results, HRNet achieved the highest classification accuracy. However,
YOLOV8-Pose is an effective alternative for real-time applications. The performance of the system
was evaluated by FPS and average latency.

Table 3. Performance indicators of models

Model FPS (average) Delay (ms)
BlazePose 28-30 33-40 ms
YOLOV8-Pose 24-27 37-45 ms
MoveNet 20-24 42-50 ms
HRNet 8-12 90-120 ms

The highest frame rate comes from BlazePose, which is suitable for mobile- and web-based
systems. HRNet achieves very high accuracy but the latency might be a limiting factor for real-time
systems. In general, the comparative analysis results indicate that all models have their merits and
areas of application.

The BlazePose architecture can run at rapidly, high frame rates due to stable real-time operation.
Its low computational cost makes it an ideal solution for mobile and web-based systems. So while the
speed is decent, it stays in relatively medium range when we talk about accuracy as well when things
get tricky like when lighting is bad or the movements are complex.

YOLOV8-Pose — the best performance-to-accuracy tradeoff Since it uses person detection and
pose detection in a multi-purpose architecture, the model also performs well with large crowds under
hard conditions. This can be a one size fit all approach towards real-time fitness and exercise
monitoring systems from practical perspective.

Finally, the MoveNet model provides reproducible and reliable results. In the single-person
contexts, it works quite well and accurately identifies the main states of movement. It can be deployed
for mobile and semi-server systems for fewer computational requirements.

The HRNet architecture results in the best accuracy for pose point finding. Storing features with
high resolution enables precise localization even for complex movements. However, its high
computation complexity might reduce the frame rate which is a bottleneck for real-time mobile
systems.

Thus, based on actual application, hardware capabilities and accuracy needs the model selection
should be made.

The model selection should be made according to the application scenario as shown in Fig. 2.
For the purpose of a mobile fitness app, BlazePose does an excellent job. HRNet, on the other hand,
is better suited for a lab scenario where high accuracy is the name of the game.

Discussion

The present study results indicate that human pose detection models can be successfully applied
in monitoring physical exercise in real time. The models differed in accuracy, performance, and
computational complexity. These findings confirm those conclusions reflected in contemporary
scientific literature.

Pose based on YOLO has been popularized in many real-time systems. According to Dong and
Du (2024), a simplified version of the YOLOvV8-Pose architecture was found to demonstrate high
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performance in analyzing fitness exercises. Our results further validate that the YOLOv8-Pose model
achieves a reasonable trade-off between accuracy and FPS. In addition, Cai et al. (2025) demonstrated
that high-level precision could be achieved in rehabilitation applications by enhancing the YOLOv8
architecture. This correlates with our experimental results.

Real time applications on low-resource devices due to the high speed performance of MoveNet
and BlazePose models According to Opifia Jr. and Fajardo (2024), the key benefit of pose models
targeting mobile devices is computational efficiency. BlazePose, however, had the highest FPS
among the studies in our study and thus confirmed authors conclusions. Interestingly, Jo and Kim
(2023) pointed out that lightweight models have significant practical implications in the comparative
evaluation of various pose model assessment for fitness applications.

The HRNet model's high accuracy performance is in line with clinical studies to-date. Huang
et al. (2025) demonstrated the significance of precise localization of pose points in deciphering
intricate actions. Nonetheless, the computationally expensive HRNet structure raises latency concerns
in time-sensitive systems. Zheng et al also refer to this situation. (2023) about the performance
limitations of high-accuracy models.

The framework for analyzing motion and qualitatively scoring exercise through skeletal data is
also corroborated by the scientific literature. Xie et al. There are existing studies, such as (2024),
illustrating the effective use of spatiotemporal graph neural networks to evaluate exercise. The
simplicity of the angular analysis as applied in our study yields practical and reliable results. This is
consistent with the work of Qiu et al. and Poise (2023) demonstrate that pose point-based analysis
may contain enough information for action recognition.

Furthermore, Huang and Li (2024) highlight the significance of visual feedback systems in
enhancing the training effectiveness. Our method has shown that it can detect the angular
discrepancies in the moment while supplying feedback to the user.

In particular, the resulting values are homogenous with currently applied scientific standards
and further confirm that pose detection models can greatly facilitate fitness and rehabilitation systems.
However, the selection of model should be made based on real application scenario: while HRNet is
the best choice if high accuracy is needed, BlazePose or YOLOV8-Pose might as well be the optimal
solution for a real-time mobile systems.

Conclusion

This study is focused on testing the state-of-the-art models for human posture detection from
real-time perspective to provide analytical performance metrics. The experimental study performed
on the architectures BlazePose, YOLOv8-Pose, MoveNet and HRNet showed the strengths and
weaknesses of each model.

However, even if HRNet attains the highest accuracy over pose points detection, its
computational complexity could be a downside in terms of real-time mobile systems. The BlazePose
model can be demonstrated to provide high frame rates and typically run in a stable manner on low
resource devices. This post recommends the YOLOvV8 -Pose architecture as a universal solution for
practical fitness and exercise monitoring systems because of its good tradeoff in terms of accuracy
versus performances. The MoveNet model achieves consistent and accurate outputs in single-person
cases.

A biomechanical analysis method calculated joint angles, and this method has been
demonstrated to enable the quantitative evaluation of whether exercise is performed correctly or
incorrectly. The proposed methodological framework is built in a modular manner and readily
integrates various posture models, along with their adaptation in conditions of certain practical
applications.

Therefore, applying human posture recognition models composing automatic physical exercise
assessing systems is a potential direction of development. The introduction of 3D posture models,
spatiotemporal neural networks as well as individualised feedback mechanisms are recommended for
future studies.

27



Yassawi Journal of Engineering Science, N2 (1), 2026
REFERENCES

Cai, S., Chen, Y., Zhang, Y., & Li, J. (2025). Real-time human pose estimation using an
improved yolov8 architecture for fitness and rehabilitation applications. Scientific reports, 15(1), 1
14. Https://doi.org/10.1038/541598-025-XXXXX

Dong, C., & Du, B. (2024). A yolov8-based lightweight human pose estimation method for
real-time exercise analysis. Scientific reports, 14(1), 1-13. Https://doi.org/10.1038/s41598-024-
XXXXX

Huang, Y., Hu, Z., & Zhang, Y. (2025). Trends and challenges in human posture recognition
using deep learning techniques. Sensors, 25(4), 1-22. Https://doi.org/10.3390/s2504xXxX

Jo, H., & Kim, S. (2023). Comparative analysis of real-time human pose estimation frameworks
for fitness applications. International journal of engineering trends and technology, 71(6), 45 —55.
Https://doi.org/10.14445/22315381/ijett-v71i6p206

Li, Y., Zhang, S., Wang, Z., & Zhou, E. (2023). Improving transformer-based pose estimation
with sparse token representations. Arxiv preprint, arxiv:2303.01234.
Https://arxiv.org/abs/2303.01234

Opifia Jr., M. J. R., & Fajardo, A. C. (2024). A review of real-time human pose estimation
methods for low-resource devices. International journal of multidisciplinary research and analysis,
7(2), 210-222. Https://doi.org/10.47191/ijmra/v7-i2-03

Qiu, Y., Wang, H., Li, X., & Chen, L. (2023). Advances in human pose estimation and action
recognition: a survey. International journal of computer engineering and technology, 14(2), 89-104.
Xie, R., Fan, Z., Hao, X., Luo, W., & Li, Y. (2024). Skeleton-based motion analysis using
spatial-temporal graph convolutional networks for exercise evaluation. Processes, 12(5), 1-16.
Https://doi.org/10.3390/pr1205xxxx

Zheng, C., Li, W., Zhang, J., & Wu, T. (2023). A comprehensive survey on multi-person pose
estimation and tracking. Acm computing surveys, 55(8), 1-36. Https://doi.org/10.1145/3544791

Zhang, F., Liu, X., & Wang, Y. (2024). Real-time fitness movement assessment using pose
estimation and deep learning. Applied sciences, 14(9), 1-18. Https://doi.org/10.3390/appl409xxxx

Kumar, S., Weesakul, U., Ranjan Kumar, D., Thangavel, P., & Sunkpho, J. (2025). Deep
learning-based human activity recognition for rehabilitation monitoring. Scientific reports, 15(1), 1-
17. Https://doi.org/10.1038/s41598-025-yyyyy

Huang, X., & Li, J. (2024). Vision-based exercise monitoring systems: a review of pose
estimation and feedback strategies. leee access, 12, 145320-145335.
Https://doi.org/10.1109/access.2024. XXXXXX

Chen, L., Sun, M., & Zhao, Q. (2023). Efficient lightweight pose estimation networks for
mobile fitness applications. leee access, 11, 76540-76552.
Https://doi.org/10.1109/access.2023. XXXXXX

Park, J., Lee, H., & Kim, D. (2023). Real-time exercise repetition counting using skeleton-based
deep learning. Electronics, 12(18), 3821. Https://doi.org/10.3390/electronics12183821

Wang, Y., Zhou, P., & Li, H. (2024). Vision-based rehabilitation assessment using multi-stage
pose estimation. Sensors, 24(6), 2114. Https://doi.org/10.3390/s24062114

Rahman, M., Islam, M., & Hasan, R. (2023). Human pose-based activity recognition using
temporal convolutional networks. Applied sciences, 13(10), 6051.
Https://doi.org/10.3390/app13106051

Silva, R., Gomes, P., & Rodrigues, J. (2024). Deep learning approaches for automated gym
exercise evaluation. Computers in biology and medicine, 170, 107876.
Https://doi.org/10.1016/j.compbiomed.2024.107876

Kim, T., Choi, S., & Lee, J. (2025). Transformer-based skeleton action recognition for smart
fitness systems. Pattern recognition letters, 181, 12—20. Https://doi.org/10.1016/j.patrec.2025.XXXXXX
Ahmed, N., Rahman, A., & Lee, K. (2024). Multi-person pose tracking for real-time sports

analytics. leee access, 12, 99812-99825. Https://doi.org/10.1109/access.2024 XXXXXX
Gonzalez, D., Pérez, M., & Torres, L. (2023). A comprehensive evaluation of yolo-based pose

28


https://doi.org/10.1038/s41598-025-xxxxx
https://doi.org/10.1038/s41598-024-xxxxx
https://doi.org/10.1038/s41598-024-xxxxx
https://doi.org/10.1038/s41598-024-xxxxx
https://doi.org/10.3390/s2504xxxx
https://doi.org/10.14445/22315381/ijett-v71i6p206
https://arxiv.org/abs/2303.01234
https://doi.org/10.47191/ijmra/v7-i2-03
https://doi.org/10.3390/pr1205xxxx
https://doi.org/10.1145/3544791
https://doi.org/10.3390/app1409xxxx
https://doi.org/10.1038/s41598-025-yyyyy
https://doi.org/10.1109/access.2024.xxxxxx
https://doi.org/10.1109/access.2023.xxxxxx
https://doi.org/10.3390/electronics12183821
https://doi.org/10.3390/s24062114
https://doi.org/10.3390/app13106051
https://doi.org/10.1016/j.compbiomed.2024.107876
https://doi.org/10.1016/j.patrec.2025.xxxxxx
https://doi.org/10.1109/access.2024.xxxxxx

Yassawi Journal of Engineering Science, Ao (1), 2026

models for real-time applications. Applied sciences, 13(22), 12234.
Https://doi.org/10.3390/app132212234

ABTOpPJIAp TypaJibl MIJIiMeTTep
Nudopmanus 06 aBTopax
Information about authors

Ne ATBI-)K6H1, FBUIBIMU JI9pPEXKeEC], )KYMbIC HEMece OKY OpPHBI, Kajla, MEMJIEKET, aBTOPIbIH
e-mail MeKkeH>xalbl xKoHe YsUIbI TeJeOH HOMIpI.

1 Cepnaaues E.Y.—maructp Koxa Axmer flcayu aTbiHIarbl X anblKapaiblK Ka3ak-
TYpik yHuBepcuteTi, Typkictan K. Kasakcran,

Serdaliyev Y.U. —master, Akhmet Yassawi International Kazakh-Turkish
University, Kazakhstan, Turkestan,

Cepnaymes E.Y. — maructp, MexxayHapoaHblil Ka3aXCKO-TYpELKUN YHUBEPCUTET
umenu Xomxu Axmena fcasu, r. Typkecran, Kazaxcrah,

e-mail: erlan.serdaliev@ayu.edu.kz

2 Toiabidaesa H.T.- maructp, Koxka Axmer fcayu arbiHgarbl XanblKapasblK Ka3ak-
TYpiK yHuBepcuteTi, Typkictan K. Kasakcran,

Toilybayeva N.T.— master, Akhmet Yassawi International Kazakh-Turkish
University, Kazakhstan, Turkestan,

Toiuabi6aesa H.T— maructp, MexxayHapoaHbIil Ka3aXCKO-TYpELIKUN YHUBEPCUTET
nmenn Xomxu Axmena fcasu, r. Typkecran, Kazaxcran,

e-mail: nurqul.toilybayeva@ayu.edu.kz

3 Baiimyp3aeB bopanOexk OpaJsidexoBuu — ara okbITylisl, Koxkxa Axmer Scaym
aThIHJAFBl XaIbIKapaJblK Ka3aK-TYPiK YHUBepcHUTeTi, TypkicTaH K., KazakcTan
Baimurzayev Boranbek Oralbekovich — Senior Lecturer, Khoja Ahmet Yassawi
International Kazakh-Turkish University, Turkistan city, Kazakhstan.

baiimyp3aes  bopanGex  OpajaGexkoBu4Y —  CTapmiMid  MpemnojaaBareib,
MexyHapoIHbIN Ka3aXCKO-TYPEIKUA YHHUBEPCUTET UMEHU Xomxku Axmena Scaswu, T.
Typkecrtan, KazaxcraH.

E-mail: bboranbek@ayu.edu.kz

ORCID: 0009-0009-4769-2159

4 Xacan Yaksip - ['azu ynuBepcurteri, KomnpioTep jk0HE OKBITY TEXHOJOTHSIAPHI
ourim Oepy xadenpacel, Typkus

Xacan Yakslp - YHUBepcuTeT ['a3u, pakyIbTET KOMIBIOTEPHBIX U 00pa30BaTEIbHBIX
TexHonorui, Typuus

Hasan Cakir - Gazi University, Department of Computer and Instructional Technology
Education, Turkey

E-mail: hcakir@gmail.com

ORCID: 0000-0002-4499-9712

29


https://doi.org/10.3390/app132212234
mailto:erlan.serdaliev@ayu.edu.kz
mailto:nurgul.toilybayeva@ayu.edu.kz
mailto:bboranbek@ayu.edu.kz
mailto:hcakir@gmail.com

Yassawi Journal of Engineering Science, M1 (1), 2026

VI]IK 378.141:378.146
I'PHTU 14.35.07
https://doi.org/10.47526/3135-6877.167

B.A. ABIYBAXAIIOB!, HM. ’)KYHUCOB?, A.T. BASLIBI}, A.C. BAMUMAXAHOBA*
Medwcoynapoonulil kazaxcko-mypeyxkuii ynueepcumem umenu Xooxcu Axmeoa Hcasu, e.
Typrecman, Kazaxcman
'E-mail: bekzotabdi@yandex.kz*
2E-mail: nurseit.zhunissov@ayu.edu.kz
3E-mail: azimkhan.bayaly@ayu.edu.kz
*E-mail: aygerim.baymakhanova@ayu.edu.kz

POJIb YYEBHOTI'O IINTAHA U AHAJIN3 YCIIEBAEMOCTHU CTYJAEHTOB HA
OCHOBE KPI 1 Z-SCORE

AnHoranus. Ilocine pepopmbl oOpasoBarensHbix mporpamMm 2022 rona UT-nanpasieHus B
By3ax KazaxcraHa CTOJNKHYIHCH C CHTyallMel, KOTOpas CHavajia BBITJIsAIENa KakK JOoKajdbHas, HO CO
BpEMEHEM CTaJla MOBTOPATHCS. YueOHbIe TUIaHbl (JOPMaIbHO OOHOBIISIOTCS, OJTHAKO UX BHYTPEHHSIS
JIOTHKA HE BCET/a YCIIEBAET 3a YCIOKHEHHEM TUCIUILINH, 0co0eHHO B oOmactu UU. B MKTY um.
ScaBu Ha crneruanbHOCTH «MHGOPMAIMOHHBIE CHCTEMBD 3TO MPOSBIIOCH JOCTATOYHO 3aMETHO:
4acTh CTYJEHTOB, KOTOPbIE YBEPEHHO MPOXOMIIN 0a30BbIE KYpChl, HA CTAPIINX KypcaX HauYWHAIOT
TepsITh CTaOMJIBHOCTh B pe3ynbTaTax. He cpasy, HO IOBOJBHO cucTeMHO. Bo3Huk Bompoc — rue
MMEHHO TPOUCXOTUT 3TOT «pa3phiBy». AHAIM3 Hayalics C BBITPY3KH JaHHBIX U3 cucTteMbl Platonus.
Ha sTroMm srame cramo MOHATHO, YTO CaMU JIaHHBIE JAJIEKH OT WICAIBHBIX: MPUCYTCTBYET IIYM,
MIPOMYCKH 1 HECOTJIACOBAaHHOCTH MEXK Iy cemecTpamu. OUnCTKa 3aHsI1a OTAEIBHOE BPEMSI, U B KAKOU-
TO MOMEHT CTaJlo fCHO, 4YTO 0e3 MpeaBapUTEIbHOW CTaHAApTH3aLMH JIIOObIE BBIBOJBI OyayT
coOMHUTENbHBIMU. [lociae mpumeHeHusi Z-score HopManuzauuu W pacdera KPI mo kmtoueBbiM
JTUCITUIIIIMHAM KapTHUHA cTajia 0oJiee onpenenénnoil. B pasapix motokax ot 14% no 18% cryneHToB
CTaOWJIBHO MOMAJA0T B 30HY MOBBIIIEHHOTO PUCKa. JTO HE Pa30BbI€ OTKIOHEHUS, & TOBTOPSIOUIUICS
MaTTepH, KOTOPBIN YyKa3bIBaeT Ha MpoOsieMbl B 00pa3oBaTesIbHON TpaeKTOopuu. UTOOBI COKpATHUThH
3aJIep>KKy MEXKy BO3HUKHOBEHHEM MpoOieMbl U €€ oOHapyKeHueM, OblT pa3paboTaH UHCTPYMEHT
Ha 6a3ze Streamlit. B oTnuune oT cTaTU4ECKUX OTYETOB, OH IMO3BOJISIET OTCIC)KUBATh U3MEHEHUS B
JTMHAMUKE U BUJIETh OTKJIOHEHUS Ha paHHUX dTanax. [lo cytu, ato pabouwnii untepdeiic, a He IPOCTO
Bu3yanu3anus. [Ipaktnueckoe nmpuMeHEeHHE MOKa3alo, YTO TAaKOW MOAXOJ MOMOraeT 3JBaii3epam
kadenpsl «KoMibroTepHas HHKEHEpUs» pearupoBaTh paHbIlle — 0 TOTO, KaK CTYIEHT JOXOAUT JI0
nepecaadn. ITo HE yCTpaHseT MpoOiieMy MOJHOCThIO, HO MEHSIET MOMEHT €€ 0OHapy)KeHHUsI, a 3HAUUT
U BO3MOXHOCTH BMeLIATeNbCTBA. [lodydeHHBIE pe3ysbTaThbl MOKA3bIBAOT, YTO IPEIUKTUBHAsS
aHAJIMTUKAa B 00pa30BaTeNbHOU cpele paboTaeT HE Kak JOIOJIHEHHE, a KaK HEOOXOAMMBINA CIIOM.
[Ipocras ukcanus cpenHero O6aia B KOHIIE CEMECTpPa B 3TOM KOHTEKCTE YK€ He JaéT JOCTaTOYHOU
nHpOpMaIHH.

KuroueBble cjioBa: apxutekTypa yaeOHbIX Tu1aHoB, KPI, crangapTuzanus JaHHBIX,
oOpa3oBaTeNbHas aHAIUTUKA, TPETUKTUBHBIE MOJIETH, TPYIIIBI PUCKA CTYJACHTOB
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OKY KOCHAPBIHBIH POJII ’KOHE CTYJAEHTTEP YJII'EPIMIH KPI MEH Z-
SCORE HEI'BIHJE TAJIIAY

Angatma. 2022 xeutel O6utiM Oepy OarmapmamanapblH pedopmanayman keilin Kaszakcran
yauBepcurertepingeri IT Oarmapnamanapel OacTankplga >KEprilikTi OOJBINT KepiHTeH, Oipak
aKbIpbIH/Ia KaWTalaHaThIH ‘karjmaira tam Oomnabl. OKy Oarmapiamanapbl  (GOpMalbabl TYPJE
KaHAPTHUIAAB!, OipaK OJIApAbIH HET3Ti JIOTHKACH MOHACPIiH, ocipece acaHJbl WHTEIUICKT
CaJIaCBIHJIAFBl KYPACNUIINIHIH apTyblHa opJaiibiM coiikec kene Oepmelimi. Slcaym aThIHIAFBI
Kazakcran xanbIkapaiblK TEXHUKAIBIK YHUBEPCUTETIHE OYJI aKImapaTThIK JKyieaep MaMaH IbIFbIH/Ia
alTapibIKTald OaKaiabl: HETI3r1 KypcTapIsl CEHIMII TYpHAe asKraraH KeWOip CTYyAEHTTEp COHFBI
KBUIIAPBI 63 YIrepiMaepiHie TYPaKThUIBIKTHI KoFanTa Oactaael. byn Oipaen OosiraH KOK, Oipax
xKyHeni O0onnbl. By «anmakThIKTBIH» Kall KepJe OpbIH ajbll JKaTKaHbl TYpajibl CYpaK TYBIHJAMIbI.
Tanmay Platonus skyiieciHeH aepekTep/i KYKTeyJeH Oactaiaabl. By kesewae aepexTepiiH e31
ujeangaH ajblC €KeHl Oenrull OOoJAbl: CeMecTpiiep apachlHIAFrbl Iy, alIIaKTBIKTAp JKOHE
coiikeccizaikrep Oomabl. Jlepekrepal Ta3apTy YakbITThl anjbl, ai Oip CoTTe aiiblH ana
CTaHJAPTTAayChl3 Ke3 KENTreH KOPBITBIHAbUIAD KyMOHAlI OoJsiaThiHbl Oenruti  Oonabl.  Z-0amn
HOpMaJayblH KOJIJJaHFaHHAH jKoHe Heri3ri moHaep yiuiH KP| ecentereHHeH KeiiH Jkarail aliKplHaa
TYCTi. OpTypii OarbiTTap OoibIHIIA cTyneHTTepAiH 14%-nan 18%-Fa AeiiiHi YHEMI KOFaphl Kayill
aiimarbIHa Jkatafbl. byn Oip peTTik aybITKyJap eMmec, oJlapiblH OuTiM Oepy TpaeKTOPHSCBHIHIAFbI
Macenenep/il KepceTeTiH KalTanaHaThIH yiarl. MaceneHiH 0acTanybl MEH OHBI aHBIKTAY apachIHIaFbl
Kigipicrepai aszaiity ymin Streamlit werizimgeri kypan skacamabl. CTaTHKaJIbIK ecenTepieH
aBIPMAIIBUTBIFEI, OJI JMHAMHUKAIBIK OaKbUIayFa JKOHE aybITKyJapibl e€pTe aHBIKTayFa MYMKIHJIIK
Oepeni. HerizineH, OyJ1 Tek BU3yalu3alusi eMec, KYMBIC ICTEHTIH unTepdeiic. Toxipubdemnik Konnany
OYJ1 TOCUIAIH KOMITBIOTEPJIIK WHXKEHEPHs KadeapachlHAaFbl KEHECHIUIEpre CTYACHT EMTHXaHJIbI
KaiiTa TamchIpraHFa JCHIH epTepeKk jkayanm Oepyre KOMEKTEeCeTiHIH KepceTTi. byn wmoceneHi
TOJIBIFBIMEH KOWMaipl, OlpaKk OHBI aHBIKTAy COTIH, JAEMEK, apajgacy MYMKIHAIKTEPIH ©3repTel.
Hotmxkenep 6imiM 6epy opTachIHIaFbI 00JDKaM/IBI aHATUTHKA KOCBIMIIIA PETIH/IE €MEC, KaKeTT1 Kabat
peTiH/E KYMBIC ICTeUTIHIH KopceTeni. CeMecTp COHBIHIA OpTalia OaraHbl jka3y e€HJl OyJ1 TYpFhIaa
YKETKUTIKT1 aKrmapaT OepMeii.

KinT ce3nep: oky OarmapnamaceiHbiH apxuTekTypacel, KPI, nepexrepai cranmaprray, 6iiM
Oepy aHAIUTUKACHI, OOJKaM/IbI MOJEIBIEP, TOyeKed TOOBIHIAFbI CTYIEHTTEP TONTaphI
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THE ROLE OF CURRICULUM IN STUDENT PERFORMANCE ANALYSIS USING
KPI AND Z-SCORE

Abstract. After the 2022 reform of academic programs, IT majors in universities across
Kazakhstan started to reveal a pattern that was not immediately obvious. On paper, the curricula were
updated, but in practice their internal structure did not always keep up with the growing complexity
of courses, especially those related to Al. In the “Information Systems” program at Khoja Akhmet
Yassawi International Kazakh-Turkish University, this became noticeable over time: students who
were doing fine in the early semesters began to lose consistency later on. Not abruptly, but in a way
that repeated often enough to raise concern. This led to a more detailed look at student performance
data extracted from the Platonus system. The data itself turned out to be far from clean — there were
gaps, inconsistencies between semesters, and a fair amount of noise. It took additional effort to bring
everything into a usable form, and without that step, any conclusions would have been questionable.
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After applying Z-score normalization and calculating KPIs for key subjects, the picture became
clearer. Across different cohorts, roughly 14-18% of students consistently appeared in what can be
described as a higher-risk group. Importantly, this was not a one-time fluctuation but a pattern that
kept repeating. It suggests that the issue is not tied to individual performance alone, but to the way
the learning trajectory is structured. To address the delay between the emergence of problems and
their detection, a small tool was built using Streamlit. Unlike static reports, it allows changes to be
tracked over time and makes it easier to notice early deviations. In practice, this gave academic
advisors in the Computer Engineering department more time to respond — often before the situation
escalated to retakes. It does not solve the problem entirely, but it changes when it becomes visible,
which turns out to matter a lot. Overall, the results point to a broader conclusion: predictive analytics
in education is no longer just an additional layer. In this context, relying only on end-of-semester
averages misses too much of what is actually happening.

Keywords: curriculum structure, KPI, data standardization, educational analytics, predictive
models, at-risk students

BBenenue

KauectBo BmIcHIero o0pa3oBaHMs TPaJAWLIMOHHO PacCMaTpUBAETCS KaK OJWH U3 KIIIOUEBBIX
(hakTOpOB Pa3BUTHS TOCYIapCTBA. DTO YTBEPKIEHUE OCTAETCS aKTyaJbHBIM, OJTHAKO 3a MOCIIEIHNE
rOJibl €ro CoJepKaHue 3aMETHO M3MEHMIIOCh. ECIi paHblile OCHOBHOM aKIIEHT Jiesiajics Ha Mpolecce
00y4eHHsI, TO CerojiHs BCE Yallle OIIEHUBAETCS €ro Pe3ysibTaT — B pamkax moaxozaa Outcome-Based
Education (OBE). B »T0if noruke y4eOHBIN IJIaH HAYMHAET BOCIPUHUMATHCS HECKOJBKO MHAYE.
@dopmanbHO OH MO-TIPEKHEMY MPECTaBIIET cOOOM MepeueHb AUCHUIUIMH, HO Ha MPaKTUKE 3a/1aéT
TPAeKTOPHIO, 10 KOTOPOI CTYJIEHT JABUXKETCS OT 0Aa30BBIX 3HAHUI K 00JIee CI0NKHBIM HHKEHEPHBIM
pemieHusaM. Hackosibko 3Ta TpaekTopusi ACWCTBUTEIBHO MOCIEAOBaTENIbHA — BOIPOC HE BCEraa
oueBuaHbd. [locie pedopm 2022 roma W OAHOBPEMEHHOTO YCHJICHUS POJIM HCKYCCTBEHHOTO
nHTe/iekta B MT-cexkTtope 3TOT BOmMpoC cTan MposiBIAThCS Oosiee 3ameTrHO. OOpa3oBaTelIbHBIC
MPOrpaMMbl OOHOBJISIFOTCS, BBOJAATCS HOBBIE JWCHUIUIMHBI, Tepepacrnpeaesiorcss Kpeautsl. [Ipu
3TOM HE€ BCerja SICHO, HACKOJIbKO 3TH M3MEHEHUS COIJIACYIOTCSI C YK€ CYHIECTBYIOIIEH JIOTMKOM
oOyuenus. OTaenbHbIe UCCaeI0BaHUS PUKCUPYIOT MOJI0KUTEIbHYIO JUHAMUKY Ha YPOBHE CUCTEMBI,
XOTsSI HA YPOBHE KOHKPETHBIX MPOTPaMM CHUTyallus MoOKeT oTiaumdarhcs (Sumathi et al., 2024). Ha
MIPaKTUKE ATO MPOSBISAETCS HEe cpazy. B HEKOTOpBIX rpynmax CTYIEHTbI, KOTOpble O3 SBHBIX
TpYAHOCTEH MPOXOd 6a30Bble AUCLUUIUIMHBI, Ha 00Jiee MO3JHUX ATalax HauYMHAIOT MOKa3bIBaTh
MEHee YCTOMUYMBBIE PE3yJAbTaThl. ITO HE PE3KOE CHMKEHHE — CKOpee MOCTENEHHOE «IIPOCEIaHuey,
KOTOpPO€ CTAaHOBUTCS 3aMETHBIM TOJILKO MPU CPAaBHEHUU HECKOJIBKHX CEMECTPOB.

31ech BO3HUKAET elI€ 0/iHa IpobiieMa — COoCcOObI OLIEHKH. TpaauIlMOHHbIE TIOKAa3aTeH, TAK1e
Kak cpelHud Oai, maroT oOliee MpeICcTaBiIeHHE, HO HE BCEra OTPaXKAIOT MOJIOXKEHHE CTYICHTA
BHyTpHu Tpynnbsl. Hampumep, onuHakoBeiii GPA Mo0XXeT COOTBETCTBOBaTh Pa3HBIM CUTYaIUsIM: B
OJIHOM CITy4dae 3TO CTaOWIIbHBIN pe3yabTaT, B IPYrOM — YPOBEHB HIDKE CpeHero. B pamkax naHHOTO
UCCIIEIOBAHUS MPEANPUHATA TMOMBITKA MEPEUTH OT OMUCATENBHBIX OLIEHOK K KOJIMYECTBEHHOMY
aHanu3y. B kauecTBe OCHOBBI UCHIONB30BaHbI AaHHbIe cucTeMbl Platonus. OgHako yxe Ha 3Tarne ux
MOJArOTOBKH BO3HUKIIM CIOKHOCTH — IMPOITYCKH, HECOTJIACOBAHHOCTH, PA3JINUMs B CTPYKTYpPE JaHHBIX
Mexay cemecTpamu. be3 ux mpenBapuTenbHOM 00pabOTKM JalbHEWIITNE BBHIBOJIBI BBITISICTH OBI
coMHUTENBHO. Jli11 aHanm3a ucnomnb3oBaycs noaxon ¢ npumeHenuem KPI u Z-score. Ilpu stom
paccMaTpUBAIKCh CYIIECTBYOLME paboThl Mo naHHOU Teme (Alwarthan et al., 2022), ogHako oHU
WCIIOJIb30BANIMCh CKOPEE KaK OPUEHTHUP, MOCKOJIbKY 3aJaud M JaHHble B JJAHHOM HCCIIEJOBaHUU
OTIUYANUCh. TakoW MOJIXOJ TO3BOJSET OIEHMBAaTh HE TOJBKO aOCOIIOTHBIC 3HAYCHHS, HO H
OTHOCHTEIILHOE TIOJIOKEHUE CTyJeHTa B rpymnne. B psjge ciydaeB 310 naér Oojiee yCTOWYMBYIO
KapTUHY, XOTS HHTEPIPETalHsl OCTaETCS YyBCTBUTEIBHON K KAUYECTBY UCXOJHBIX TAaHHBIX.

OOBEeKTOM WuCClIeJOBaHMs BBICTyMaeT oOpas3oBarenbHas mporpamma «HHbopManmoHHbIE
cucreMbl» (2022-2026 rr.) UmxenepHoro ¢akynsrera MKTY. OcHOBHOE BHUMaHHE yAEIsIETCS HE
TOJIbKO WHAUBHUIYaJTbHBIM PE3yJIbTaTaM, HO U MOBTOPSIOMIUMCS TPYIIOBBIM MMaTTEPHAM, KOTOPHIC B
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CTaHIAAPTHOM OTYETHOCTM YacTO OCTAlOTCAd He3aMedeHHbIMHM. IIpu 3TOM  yHuBepcHUTET
JEMOHCTpHUPYET U BHelHUE pe3yabTaThl: B 2025 rogy MKTY Bomén B uncno 700 ny4immx By30B
mupa o Bepcuu QS (Qazlnform, 2024). Oanako Takue Moka3aTein He BCEra HApsMyI0 OTPaKaroT
0COOEHHOCTH BHYTpEHHEH 00pa30BaTeIbHON TPACKTOPHH.

MarepuaJjbl 1 METObI

B pabote wmcronp30Basicss KOMOMHUPOBAHHBINA IMMOAX0J, OOBEAMHSIIONINA J1BA HAIPABICHHUS:
aHaJIN3 CTPYKTYpPbl y4eOHOTO IJaHa M KOJMYECTBEHHYIO OIIEHKY aKaJeMHUYECKOW YCIIeBaeMOCTHU
cTyzeHTOB. VI3Ha4aabHO 3TH YaCTH PacCMaTPUBAIMCH OTACIHHO, HO B IPOIIECCE CTANIO MOHITHO, YTO
10 OT/ICIBPHOCTH OHHM JAal0T HEMOJHYIO KapTuHy. B kadecTBe mpumMepa Obliia B3sita 00pa3oBaTelibHAS
nporpamMma «MHpopmannonHnsie cucteMbl» 3a 20222026 rT. — 110 CYTH, aHAIU3UPOBAINUCH YETHIPE
Bepcuu yueOHoro TutaHa. OCHOBHOE BHHMaHHE YACISUIOCH PACIPENCNICHHIO KPETUTOB, CTPYKTYpE
JIUCUUIUIMH W JIOTUKE TPEPEKBU3UTOB M TOCTPEKBU3UTOB. OTAEIBHO OTCIEKHBAIOCH, KaK B
porpaMMy IMOCTENEHHO A00aBISUIMCh KYpPCHI, CBSI3aHHBIE C HWCKYCCTBEHHBIM HWHTEIUIEKTOM.
Teoperuueckass 4yacTb cobupanach MO XOJay pabOTHI: UCIOJIB30BANUCH MyOnukanuu u3 Web of
Science, Scopus u Google Scholar, HO He Bce M3 HUX OKa3aIUCh OJIMHAKOBO IMOJIE3HBIMU — YaCTh
MOBTOpSJIa HW3BECTHBIE TMOJAXOMABI, 4YacTh clabo JOXHWIACh Ha peailbHble MaHHBIE. Jlanee
paccMaTpUBAIKCh CBS3M MEXAY AWCHUIUIMHAMH. [Ipu aHamm3e cBs3ed MEXIy IUCHUTUTMHAMHA
UCXOQWJIM W3 TOr0, 4YTO CTYAGHT cHocoOeH 3()(EeKTUBHO MNPUMEHSTh 3HAHUS TOJIBKO IpHU
JOCTaTOYHOM YPOBHE WX OCBOeHUs. OHAKO TPH MOTBITKE TIEPEHECTH JTY JIOTUKY Ha YIeOHBIHN TIaH
MOSBUJIMCH OTPAHUYCHUS: CBS3M MEXIY JUCIUILIMHAMH HE BCETJa SBHO OTPAXKEHBI, a WHOT/IA
BBITJISAIAT (POPMATEHBIMH.

JI71st KOJIMYEeCTBEHHOTO aHAJIN3a MCIIOJIb30BATUCH JTaHHbBIe ccTeMbl Platonus, BeIrpykeHHbIC B
dopmate CSV. Ha mpakTuke oOKa3ajgoch, YTO MX HEJIb3s HCIOJIB30BaTh 0€3 MpeaBapUTEIbHOU
00pabOTKH: BCTPEUYATUCh MPOMYCKH, MyOTUPYIOIMIMECS 3alUCH U Pa3IHUUs B CTPYKTYypE MEXITY
cemectpamu. [loaTomMy AaHHbBIE CHayajga OYMIIAIUCH M MPUBOJWINCH K elnHOMY BuAy. OneHka
yCIEeBaeMOCTH MPOBOIMIach Ha ocHOBe KPI-mokazareneit — yYuThIBATMCH TEKYIIUNA CPEIHUA Ot
(CP.TEK), pesynbratsl pyoexubix kontposieit (PK1, PK2) u nonmyckHoii pedTHHT.

C yué€rom orpaHHuYeHUN aOCOIOTHBIX OIEHOK OblIa MPUMEHEHA CTaHIapTh3anus Z-SCOre.
Pacuér BBIONHSIICSA 0 Ki1accudeckoi popmyne: Z = (X — ) / 6, T1e X — MHAMBUIYaIbHbIH pe3yibTaT
CTYIEHTa, |\ — Cpe/IHee 3HaYeHHeE I10 TPYIIE, G — CTAaHJapTHOE OTKIOHEeHHe. B cutyanuu, koraa ¢ =
0 (To ecTp 3HAUeHHUsA COBNANAIOT), Z mnpuHuMaincs paBHbIM 0. [lns BblIeneHHs] TPYII pUCKa
MCII0JIb30BaJIaCh JIOTIOHUTEIbHAS KIACCU(PHUKAIUSA: €ClTU PEUTHHT cTyAeHTa Ol Hibke 50 6aiios,
OH OTHOCHJICA K T'pyIIe prcka He3aBUCHUMO OT Z-score (Tabmuua — 1). OTaenbHO CTOUT OTMETHUTD,
YTO MpH MOJArOTOBKE TaONMII M CTPYKTYpUpPOBaHMHM JaHHbIX wucrosb3oBaicsi ChatGPT kak
BCIIOMOTATENbHBIN HHCTPYMEHT. DTO MO3BOJIMIIO YCKOPUTH TEXHUYECKYIO YacTh PabOThI, OJJHAKO BCE
pacuéTel W MHTEpIPETAllUd TPOBEPsUIMCh BPYUHYIO. /[l BHU3yanu3alnuu pe3ylbTaToB ObLI
paspabotan BeO-uHTepdeiic Ha 6aze Streamlit, a ¢ momompio O6ubmuoreku Plotly moctpoenst
WHTEPAKTUBHBIC TPa(UKU U TEIUIOBBIE KapThl, YTO YIPOCTHIIO aHAIU3 JUHAMHUKHU YCIIEBAEMOCTH.

Taoauna 1. Tabnuna Z-Score

Z-Score Kareropus O0bsicHeHHne
Z>+1.0 Beicokuii ypoBeHb Jlyumme
0<Z<+1 Beimie cpennero CrabuiibHO
-1<7<0 Hwuxe cpennero TpeOyeT KOHTpOIS
Z<-10 I'pynmna pucka CpouHas nojuepxka
PE3YJIBTATBI

B pamkax wuccriezoBaHusi aHAJIM3UPOBANINCH ydeOHbIe TUIaHBl 00pa30BaTEIbLHON MPOrpaMMbl
«MHpopmanonHble cucteMb» 3a nepuosa 20222026 rr. Ecnu cpaBHUBATH X MEX 1y COOOM, BUITHO,
YTO CTPYKTypa MpPOrpaMMbl MOCTENEHHO MEHsJIach — B OCHOBHOM 3a CYET IepepachpeaeieHus
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KPEUTOB M OOHOBJICHHUS COJCpKaHUs IUCHUIUIMH. DopmanbHO Y4eOHBIH IUIaH COXpaHSET
TpEXxuukioByto ctpykrypy (KBII — >xanmer 6inim Oepy monnepi, BII — 6azansik monaep, BXKIT —
Kociou monnep). Ho mpu Gonee BHUMATEIbHOM MPOCMOTPE MEXAY TOJAAMU TOSBISIOTCS CABHIH,
KOTOpBIC HE cpa3y 3aMeTHbI. CHcTeMa IPEPEKBU3UTOB M IOCTPEKBU3UTOB B IEJIOM OCTAETCs, OJTHAKO
Ha IIPaKTHKE OHa paboTaeT He BO BCEX NOTOKaX OAMHAKOBO. OTIEIBHO paccMaTpHBaNach IMHAMUKA
JMCIHILIMH, CBSI3aHHBIX C HCKYCCTBEHHBIM HHTEIUIeKTOM (Tabmuia — 2).

Tabauna 2. /luHamMuka TMCIUIUTAH B y9eOHOM TUIaHEe
Y4eOHBII rox OcCHOBHBIE 0JIOKH JUCIHUILIUH Oco0enHocTH

AKIIEHT Ha KJIACCUYECKYIO
HH)XEHEPHYIO IMOATOTOBKY
(Ministry of Education RK,

Marematuka, Ou3nka,
2022-2023 AnroputMmsl, bassl JaHHBIX,
ApXUTEKTypa KOMIbIOTEPOB

2022)
2023-2024 Anroput™msbl, basbl TaHHBIX, YBenudeHa 011 MpoGHIIbHBIX
Pob6oToTexunka, U/ML JTUCITMIIIIH
[Tpuxnagnoe
2024-2025 nporpammupoBanue, O01avuHbIe Breaén moaynb THOKUX
TexHooruu, MuadopmarnronHas HaBBIKOB
6e3omacuocts, Soft Skills
Brenenne B UM, Heitponusie
2025-2026 cet/ML, KomITbioTepHoe MM cran obssatenpum

poeCCHOHAIBHBIM OJIOKOM
3peHne

B 2022 roay oHu 3aHMMaIM OKOJIO 5 KPEAUTOB U BOCIIPUHUMAIIMChH CKOPEE KakK JOMOJHEHHE.
K 2025-2026 rogam cutyarusi "3BMEHHIIACh — MOSIBUJICS YK€ 00s3aTeNIbHBINA OJIOK MpUMepHO Ha 12
KpeauToB. C OAHOUN CTOPOHBI, 3TO BBITISIAUT JIOTUYHBIM IIaroM B TEKYIIUX ycioBusax. C apyroi —
JIeNI0 HEe TOJbKO B YBEIMUYEHUH 00bEMA, HO U B W3MEHEHUU CAMOM CTPYKTYphl MPOrPaMMBI.
Hackomibko 370 1aéT ycTONYMBBIN pe3yabTaT, MOKa cKa3aTh CI0XKHO. PacnoioskeHne TUCIUILIMH Ha
MEPBBIA B3I BBIMJISIAUT KOPPEKTHBIM: «ANTOPUTMBI» U «ba3bl MaHHBIX» UAYT Hepes Kypcom
«BBegeHne B MCKYCCTBEHHBIH MHTEIIEKT». OHAKO B pEalIbHOCTH 3Ta CBsi3Ka paboTaeT He Bcerna
OJIMHAKOBO. B o/HUX rpynmax nepexo] MpoXOJAUT OTHOCUTEIHHO CIOKOWHO, B APYIrUX BO3HUKAIOT
3aMmeTHble TpyAaHocTu. [loxoxke, uTo hopManbHO 3aJaHHbIE TPEPEKBU3UTHI HE BCErAa 00eCeUnBatOT
TOT YpPOBE€Hb IMOATOTOBKH, KOTOPBIM OT HHUX Oxupaercs. OTOENbHOTO BHHUMAHMS 3aCIyKUBAET
nepepacnpe/esieHne ryMaHuTapHbIX AUCHUIUIMH. X o0beIrHEeHnEe B €IUHBIM MOIYNb MO3BOJIMIIO
OCBOOOJIUTh 4YacThb KPEAUTOB TOJ TEXHHUUYECKHE KypChl. OTO YCHIUBAET WHKEHEPHYIO
COCTaBIISIOILYIO TPOrpaMMbl. Ho ipu 3TOM BIIMSIHUE TAKOTO PELICHHSI Ha JOJITOCPOUYHbBIE PE3YIbTaTh
MOKa HEOUEBUAHO — Takue 3P (HEeKThl OOBIYHO MPOSBISIOTCA CO BPEMEHEM.

[Tpumenenne KPI/Z-Score Moaenu mo3Bouiio NOTYYUTh O0Jiee AeTaTu3uPOBAHHYIO KapTHHY
ycnieBaemocTH. B cpennem ot 14% 10 18% cTyaeHTOB nmonaatoT B 30HY MOBBIIIEHHOTO pHcka (Z <
—1.0). Iloka3aTtenr HEMHOTO BapbUpYeTCs MEX]y TpylIaMu, HO caM NaTTepH NoBTopseTcs. Yaiue
BCEro OTKJIOHEHUS MPOSBIIAIOTCS MpU Hepexosie K 0ojiee CI0KHBIM JUCHUILIMHAM — aJITOPUTMaM,
0a3aM JIaHHBIX, HEPOHHBIM CETSIM. ITO, BEPOSATHO, CBSA3aHO C Pa3pbhIBaMU B IETIOUKE MPEPEKBU3UTOB,
XOTs1 0e3 JOMOJHUTEIBHOTO aHajlu3a YTBEPXKIAaTh 3TO OJHO3HAYHO Henb3s. JaHHBIE PYyOeKHBIX
koHTpoJieit (PK1 u PK2) B psizie ciyyaeB mo3BOJISIOT BEISIBUTH TPYIITY PUCKa YK€ B Hadajle ceMecTpa.
370 1a€T BO3MOKHOCTh PEarupoBaTh paHblle, HO 3PPEKTUBHOCTH TAKOTO MOX0/1a CUILHO 3aBUCUT
OT KOHKPETHOMW T'PYIIIbI U TUCLUIUIAHBIL.

B kauyectBe mpuMmepa paccMaTpuBalach OJHAa U3 y4eOHBIX rpymm. Cucrema MO3BOJISET
MOKa3aTh MO3UIMIO KaXJIOTO CTYJEHTAa OTHOCHUTENIBHO OCTaJbHBIX — C Y4ETOM TeKyllero Oasia,
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peiitunra u Z-score. CTyAeHTbl ¢ HU3KUMU 3HAYEHUSIMH aBTOMAaTUYECKH BBIJEIISIOTCS, YTO YIIPOIIAET
nepBUYHBIN aHanu3. [Ipu 3ToM cama nHTepnpeTranys Bc€ paBHO TpeOyeT KOHTeKcTa. Busyanusanus
3]IeCh CKOPEe MOMOraeT ObICTPO COPUEHTHPOBATHCS, YeM AT roToBoe perieane (Pucynox 1).

lal O620p /1 3oHa pucka Kanbkynatop a4 Busyanuzauus %@ SkcnopT @ [poros 2.0 [ KanbkynsaTop 3.0.0 Deploy v

£ OunbTpbl U HaBUraums | Oﬁmag CTaTUCTUKa
@ 3arpysuTs HoseIii CSV 22 Konuuectso cTyneHToB il CpenHwin peiiTunr 4 Caava/ Otnpaska f\ 3oHa pucka
9 54.5 12/14 (86%) 2
MHdpopmaumsa o AaHHbIX
3anmcy 88 ¥ Ton-5 crypeHToB
CTyAeHTb' 9 Ne CryneHt Mpepmet PeiTuHr OPTEK
Mepvon 04.09... 1 AigerimS. NLP 62 9214 9214
Bekzat K. Machine Learning 61 9075 90.75
Eldar D. NLP 59 8912 89.12
Y DOunbTpbI 4  SanharT. NLP 58 86.14 86.14

Bce CTyaeHTbI v 5 BekzatK. Applied Research Methods 56 8317 83.17

¥ Ton-5 ctyneHToB
Ne  CrypeHT Mpeamer PenTuHr OPTEK
Aigerim S. NLP 62 92.14 92.14
Bekzat K. Machine Learning 61 90.75 90.75

Eldar D. NLP 59 89.12 89.12

Pucynok 1. arepdetic ananuTudeckoil cucteMsl Ha 6asze Streamlit

Oo6cy:knenue

[TonydeHHbIC pe3yabTaThl B IIEJIOM YKA3bIBAIOT HAa HAJIWYUE CBS3W MEXIY CTPYKTYypOH
y4eOHOT0 MJIaHa ¥ aKaJEMUYECKON yCIIEeBAEMOCTBIO CTYICHTOB, XOTS 3Ta 3aBUCUMOCTbD MPOSBIIICTCS
HE BO BCEX I'pYIIax OJWHAKOBO W TpeOyeT 0oJiee BHUMATEIBHOW WMHTEpHpeTanuu. B 1emom 31o
COOTBETCTBYET M3MCHEHHSIM, KOTOPHIC B IMOCIIEIHUE TOJbI MPOUCXOMAT B CHCTEME OOpa30BaHUS
Kazaxcrana (Narbaev et al., 2025), XoTa ux BIMSHHE HA OTACIbHBIC MPOTPAMMBI TIPOSBIISICTCS T10-
pazHoMmy. OJHMM W3 3aMETHBIX W3MEHCHHH CTajl0 YCHJICHHE POJIM JUCIUIUIMH, CBSI3aHHBIX C
MCKYCCTBEHHBIM HHTEJUIEKTOM: 3a mepuoj ¢ 2022 mo 2026 roxa ux o6béM yBenuuuics ¢ 5 go 12
KPEAUTOB. DTO BBITISIIUT JIOTUYHBIM IIArOM B paMKaX TEKYLIUX TEHICHIIMH, OJHAKO caM Mo cebe
POCT KPEIUTOB HE TapaHTUPYET YIAy4IIeHUS Pe3ylIbTaTOB — MHOTO€ 3aBHUCUT OT TOTO, KaK HOBBIE
JUCIUILTAHBI BCTPOCHBI B CYIIECTBYIOIIYIO CUCTEMY MTPEPEKBU3UTOB.

OTaeNnbHO CTOMT OTMETUTH MPUMEHEHHE Z-SCOre ctanaapTusanuu. Eciu onupaThCs TOIbKO Ha
abcoNIOTHBIE OILIEHKH, YacTh WH(popmanuu Tepsiercs. Hampumep, pesynpraT «65 u3z 100» Moxer
03HayaTh Pa3HOE B 3aBUCMMOCTH OT YPOBHSI I'PYIIBL: IPU CPEAHEM 3HaAU€HHU OK0JI0 80 3TO ckopee
CUTHAJI CHW)KEHUS MO3UIIMH, TOTJa KaK MPU CPETHEM YPOBHE 55 TOT K€ MOKa3aTeNb YK€ BBITJISIUT
nHayve. [ToaToMy OTHOCHUTEIbHBIEC TOKA3aTENN AIOT OoJiee TOYHOE MPEICTaBICHHE, XOTs U TpeOyroT
OCTOPO>KHOW MHTEPIPETALNH.

IIpu »TOM MoOzens uMeeT orpaHuveHus. B HeOompmux rpymmax (MeHee 15 dyenmoBek)
CTaTUCTUYECKasi YCTOMYMBOCTh CHMKAETCS, U PE3YJIbTAThl CTAHOBSTCS MEHEE Ha/IEKHBIMU; B TAKHX
cly4yasiX pa3yMHO JIOTIOJIHATH AaHalIW3 allbTEPHATUBHBIMU MeTpukaMu. Kpome TOoro, Hemb3s
WCKITIOYATh BJHSHUE CYObEKTHMBHOCTU NPHU BHICTABIIEHWHU OIIEHOK B cucTeme Platonus, 4Tto Takxke
OTpa)KaeTcsd Ha WTOTOBBIX JIAHHBIX. BHEIIHME MOKa3aTead YHUBEPCUTETA, HAIpUMEpP MO3UIUHU B
peHTUHrax, B LEJIOM NOATBEPKIAIOT HAMpABIEHUWE pA3BUTHS, HO OHU HE BCErjga OTPAXKAIOT
BHYTPEHHIOIO COTJIACOBAaHHOCThH Y4€OHOTO TpoIlecca.
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B urore mpemsioxkeHHBIM MOAX0] MOKHO paccMarpuBaTh CKOpee Kak padoudii HMHCTPYMEHT
aHallM3a, 4YeM Kak yHuBepcalbHOe pemeHne. Ero ad(¢hekTuBHOCTh BO MHOTOM 3aBHCUT OT KauecTBa
HUCXOJHBIX JAHHBIX U KOHKPETHOIO KOHTEKCTA IPUMEHEHUS.

3akinouenue

[IpoBenéHHOE aHATUTUYECKOE HCCIIEOBAHUE I103BOJMIIO PAcCMOTPETh M3MEHEHUS B
CTPYKType y4eOHOTo TutaHa obpa3oBaTelibHOU mporpamMmbl «HbopManmonHsie cuctembn» MKTY
3a mepuoxa 2022-2026 rr., a takxke onenuth npumeHenune KPI/Z-Score monenu ans anammsa
yCIIEBAEMOCTHU CTYJEHTOB. B 11€710M npociexuBaeTcst CBsi3b MEXAY apXUTEKTypol ydyeOHOro mjiaHa
U pe3ylbTaTaMu OOYYCHHUS, XOTs B Pa3HBIX IPYIIaX OHA MPOSBISICTCS MTO-PA3HOMY.

OpuuM U3 HaOMIOACHUN CTAl0 YCUJICHHE POJIM JUCLMIUIMH, CBA3AHHBIX C MCKYCCTBEHHBIM
MHTEJIEKTOM. MIX 00BEM 3aMETHO YBETTUUMIICS, UTO B LIEJIOM COOTBETCTBYET TEKYIIIUM TEHICHIUSIM.
IIpu sTOM cam 1o cebe pPOoCT KPEeOUTOB HE TapaHTHUPYET yJIy4dlIeHHs pe3yabTaToB. B HEKOTOpBIX
Cllydasix Mepexoj K TaKUM AUCLUUIIMHAM OKa3bIBaeTCsl 0OJiee CIIOXKHBIM, YEM IPEIoJarajgoch.
AHanu3 npepeKBU3UTOB MM0Ka3all, YTO (OPMAIbHO BHICTPOCHHAsS JIOTHKA HE BCera paboTaeT Tak, Kak
oxxujaercs. MHorna cBsi3b MeXAy JUCHUILUIMHAMU COXPAaHSIETCsl CKOpee Ha YPOBHE CTPYKTYPbI, YEM
Ha YpOBHE peasibHOTO ycBoeHus. Pesynbrarel npumenenust KPI/Z-Score monmenu moxasanu, 4Tto
OTHOCHUTEINIbHAsl TO3UIIMS CTYIEHTa B TpYIIE IO3BOJSET TOYHEE OIEHUTh €ro akaJeMUYecKoe
MIOJIOXKEHHE 110 CPABHEHUIO € a0COMIOTHRIMU Oariamu. [Ipu 3ToM nHTEpripeTanys Takux nokasarenei
3aBUCHT OT KauecTBa JIAHHBIX W OCOOCHHOCTEH KOHKPETHOW TpyHIbl — 3TO OTPaHUYCHHE
COXpaHSeTCS.

B pamkax maHHON paOOTBhl MHCTPYMEHT paccMaTpuBajCs Kak JIOKaIbHbIM, 0e3 3aauu ero
BHEJIPCHHS. DTO BAXKHO YYHWTHIBATH MPU WHTEPIPETANU IOJYYCHHBIX Pe3ysbTaToB. B Ienom
MPeJI0KEHHBIN MOAX0 Aa€T JOMOJHUTEIbHOE MOHUMaHNe AMHAMUKH ycreBaeMocTdu. Hackonbko
OH OylleT yCTOWYMB MpHU PaACIIUPEHUU BBIOOPKH IIOKA HE COBCEM SICHO M TpeOyeT AalbHEHIIero
HaOJIFOIEHUS.
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KATTBITY KO3FAJIBICTAPBIH KOMIIBIOTEPJIIK KOPY KOMET'TMEH TAJIIAY
KOHE TUIMAUIITTH BAFAJIAY

Anaarna. Makanaaa KOMIOBIOTEPIIIK KOpy JK9HE M03aHbl Oaranay TeXHOJIOTUsUIaphl HET131H 1€
(buTHEC KATTHIFYJIapblH HAKThl YaKbIT pEXKUMIHJIE OaKblIay MEH OaranayblH FbUIBIMH-91CTEMENIK
HETi3/lepl TaljaHajbl. 3epTTEeYyIiH MakcaTthl - OIp KaMmepaibl OpTaja OpBIHAANATHIH (UTHEC
KATTBIFYJIaphIH Oaranayra apHaJiFaH XYHeJnepaiH KYpbUIBIMBIH, HEri3ri ecentey OeniriiepiH >KoHe
KOJI1aHOaJIbl MIeMIMACPIH FRUIBIMU TYPFbIIAH KyHeney. 3epTTeye aHAIUTUKAIBIK [I0JTy, XKyHeni
Tajay JKOHE CaJBICTBIPMANIBl CHHTE3 OMICTEPl KOMMaHBUIALL. Jlepekke3 0a3achl agaMHBIH KaJIbIH
Oararnay, KO3FaJbICTHI TANJAY, KAlIBIKTBIKTAaH )KAaTTHIFYIbI OaKblIay )KOHE HAKTHI YAaKbIT PeKUMIHIET1
Kepl Oailanbic Kylesnepi OoibIHIIA 3aMaHayn KyMbIcTap/aH Typsl. Tanaay HoTHKeciHIE GUTHEC
KATTHIFYJIApBIH HAKTHl YaKbIT PEXUMIHIEC OaranayablH TOPT ACHIeWIl KypbUIBIMBI aHBIKTAJIbI:
JICHEHIH TIPEeK HYKTEJIEPiH aHBIKTAy, KHHEMATUKAJIBIK EPEKIICITIKTEP Il ATy, KO3FaIIbIC (Pa3achiH xKoHE
OpBIH/AY carnachklH Oaranay koHe MalJamaHyIIblFa TYCIHAIPUIETIH Kepi Oaitnansic 6epy. CoHpmaii-ax,
T€OMETPHSUTBIK, YaKbITIIA )KOHE CalalIblK epeKIIeNiKTep/ i Oipecin mainaiany MyHIail xKyrenepaiy
CEHIMJIUTITIH apTTHIPaThIHBl aHBIKTAIBI. JKYMBICTBIH FBIJIBIMH JKaHAIBIFBI (PUTHEC >KATTHIFYIapbIiH
Oarajnay mpoIIeCiH 06JIEK aNTOPUTMICD KUBIHTBHIFBI PETIHAC eMec, 63apa OalIaHbICThI CAaHIBIK TalIay
LUKIII peTiHAe YChIHYJaH Typaabl. byn TocunaepAiH MpaKTUKaJIbIK MaHBI3IBUIBIFBI OJIAPABIH Yilne
KATTBIFY, OHJIaliH (uTHEC miaTdopMaapsl, IeHe MIBIHBIKTHIPYAbl OaKplIay xKoHe OacTanKbl OHANTY
YIIH KOJIaHBUTYbIHA.

TyiiiH ce31ep: KOMIIBIOTEPINIK Kepy, IM03aHbl Oaranay, (DUTHEC KATTHIFyJapbl, HAKTHI
yaKbITTarbl Oaranay, KuMbULIbI Tannay, MediaPipe, kepi OaiiaHbIc Kyienepi.
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AHAJIN3 TPEHUPOBOYHBIX IBUKEHUI C UCITIOJIb30BAHUEM
KOMIIBIOTEPHOI'O 3PEHHUSA U ONEHKA UX DOPPEKTUBHOCTH

AHHOTauMsi. B wuccnenoBaHMM TNPUMEHSINCh METOJbl  aHAIMTUYECKOTO  0030pa,
CHUCTEMATUUYECKOTO aHAJIN3a U CPABHUTEIBHOIO CMHTE3a. MCTOUHMKAaMU MOCTYKWJIN COBPEMEHHBIE
pabOThl MO OIIEHKE OCAaHKU 4YeJIOBeKa, aHAJIW3y JABM)KEHUH, AMCTAHIMOHHOMY MOHHUTOPUHTY
¢u3nUecKuX ynpaxHeHUI U cucreMaM o0paTHOM CBSI3H B peajibHOM BpeMeHH. B pesynbTare ananuza
Obula BBISIBIIEHA YETHIPEXYPOBHEBAs CTPYKTypa Ul OLEHKH (PUTHEC-YIpaKHEHUH B pealbHOM
BPEMEHU: OIPEAEICHUE TOUYEK ONOPHI TENA, U3BJICUEHNE KNHEMAaTUYECKUX XapaKTEPUCTHUK, OLICHKA
¢da3pl JBIXKEHUS M KayecTBa BBIMOJHEHHs, a TakXke IPeJOoCTaBICHUE I0JIb30BATEIIO0
UHTEepOpeTupyeMoil oOpaTtHoi cBsizu. Takxke OBUIO YCTAaHOBJIEHO, YTO KOMOWHUPOBAHHOE
HCII0JIb30BAHNE TE€OMETPUUYECKUX, BPEMEHHBIX M KaueCTBEHHBIX XapaKTEPUCTHK IOBBIIIAET
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HAJISKHOCTh TakuX cucteM. HayuHas HOBHM3HA pabOTHI 3aKIIIOYACTCS B NPEJCTABIECHUH IIpoliecca
OLICHKA (UTHEC-yIPXHEHUH HE KaKk COBOKYIMHOCTHM OTHCIBbHBIX QITOPUTMOB, a Kak
B3aMMOCBSI3aHHOTO IIM(PPOBOTO aHATUTUYECKOTO IMKIIA. [IpakTHueckass 3Ha4yMMOCTb ATHUX MOIX00B
3aKIII0YAeTCsl B WX NPUMEHHUMOCTH Ui JOMAIIHUX TPEHHUPOBOK, OHJIAWH-(HUTHEC-TIAT)OpM,
MOHHUTOPHUHTA (PU3UUECKON MOATOTOBKH U HAYAJIbHOU peaOuINTaIlUH.

KuroueBble cj10Ba: KOMIIBIOTEPHOE 3pEHUE, OLIEHKA OCaHKH, (PUTHEC-YIPaKHEHUS, OLICHKA B
peanbHOM BpeMeHH, aHau3 ArkeHuid, MediaPipe, cuctemsl 00paTHO# CBA3H.
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ANALYSIS OF TRAINING MOVEMENTS USING COMPUTER VISION AND
EVALUATION OF THEIR EFFECTIVENESS

Annotation. The study employed analytical review, systematic analysis, and comparative
synthesis to examine current approaches to human posture assessment, movement analysis, remote
exercise monitoring, and real-time feedback systems. The reviewed sources made it possible to
identify a four-level framework for real-time fitness exercise assessment. This framework includes
determining body support points, extracting kinematic characteristics, assessing movement phases
and overall performance quality, and delivering interpretable feedback to the user. The analysis
further demonstrated that integrating geometric, temporal, and qualitative characteristics significantly
improves the reliability and robustness of such assessment systems. The scientific novelty of the study
lies in presenting the fitness exercise assessment process not as a collection of isolated algorithms,
but as a unified and interconnected digital analytical cycle in which each stage supports the next. The
practical significance of the proposed approaches is determined by their potential application in
home-based workouts, online fitness platforms, continuous fitness monitoring systems, and the initial
stages of rehabilitation and recovery programs.

Keywords: computer vision, posture assessment, fitness exercises, real-time assessment,
movement analysis, MediaPipe, feedback systems.

Kipicne

CoHFBI XKbUIIAPBI cMapT(OH, HOYTOYK )KoHE BeO-Kamepa CHSKTBI KOJDKETIM/II KYpPBUIFbIIapAbIH
KEH Tapajybl a/laM KUMBUIBIH aBTOMATThl TajiayFa HerizfenreH MUQpIblK menriMaepaiy AaMyblH
xenennerti. by ypaic ¢utHec MHAYCTpHUACHIHAA, PUTHEC MOHUTOPHHTIH/E YKOHE KAlIBIKTHIKTaH
OKBITYZla €peKIe MaHbI3Fa ue Oonabl. J{ocTypili JKaTTHIFY NMPOLECIHAE KO3FAJbIC camachl SAETTe
KATTBIKTBIPYIIBIHBIH ~ TiKeNed OakplIaybl apKbUIbl —OarajaHajbl, ajl KOMIIBIOTEPIK Kepy
TEXHOJIOTUsIapbl OYJI TIPOLIECTI CaHBIK HETi3re aybICThIpyFa MyMKiH ik 6epeni (Badiola-Bengoa &
Mendez-Zorrilla, 2021; Gao et al., 2025; Stenum et al., 2021). Agam aeHeciHiH HeETi3ri Tipek
HYKTEJIEpiH aBTOMATThl TYpA€ AHBIKTAHTHIH Kajblll Oarajay alropuTMmiepi OyblH OypbIIITaphIH,
KO3FaJIbIC aMIUIMTYJAChIH, TPAGKTOPHS TYPAKTBUIBIFBIH, CHMMETPHUSICHIH JKOHE OPBIHAAY BIPFarbIH
ecenteyre MyMkinik 6epexi (Cao et al., 2017; Tharatipyakul et al., 2024). Onebuertepie kamepara
HET3JIeNIreH Kalbll Oaranay oicTepl CHOPT, JEHCAYNBIK *OHE JieHe OeJCeHIUIIri cajalapblHaa
KeHiHeH KoJIaHbuIaThiHbI KepceTinren (Badiola-Bengoa & Mendez-Zorrilla, 2021; Gao et al., 2025;
Stenum et al., 2021; Tharatipyakul et al., 2024). CoHbIMEH KaTap, )KeKe 3epTTeyliep KO3FalbICThI
OakpuIay, )KaTTHIFY calachlH Oarajay, KaTelep/ii aHbIKTay HeMece Jie3/ie Kepi OainaHbIc Mocesenepin
Oesiek kapacteipyra Ociiim (Ekambaram & Ponnusamy, 2024; Heo et al., 2026; Kotte et al., 2024,
Woo & Jeong, 2025). Jlerenmen, 0ip kamepaibl opTaja )KYMBIC ICTEHTIH JKOHE KaJbIll aHBIKTAYIbI,
KUHEMaTHUKAJIBIK EPeKIIENIKTepAl alyabl, Ko3fayiblc (a3achlH Oaranayqpl KoHE MaliajaHyIIbIFa
BIHFAWJIBI Kepl OaimaHbICTHI OIpIKTIPETIH KEHICH]II aHATUTHKAIBIK MOJENbh >KETKUTIKTI Typ.e
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xyihenenoered. Ocpiran OailIaHBICTBI HAKTHI YaKbIT PEXKUMIHACTT (QUTHEC KATTHIFyJIapblH Oaranay
KYHeNepiHiH FBUIBIMU JIOTHMKACHIH, KYPBUIBIMABIK KOMIOHEHTTEPIH JKOHE KOJIJaHy HICKTeYJepiH
KEIIEH T TAIJIay 6T O3€KTi.

3epTTeyniH MaKcaThl - KOMIBIOTEPIIK KOpy HeTi3iHAe (PUTHEC >KATTHIFYJIapblH HAKTHI YaKbIT
pexxuMiHae Oaranay >KyielnepiHiH Ma3MyHbBIH, KYPBUIBIMBIH JKOHE KOJIJIAHBLTY JTOTUKACHIH FHIIIBIMU
TYPFBIIAH Xyleney. 3epTTey HbICaHBI PeTiHIe BeO-Kamepa HeMece cMapT(OH KaMmepachl apKbLIbI
OPBIHIATATHIH JKATTBIFY KO3FAJIBICTAPhl AJIBIHIBI. 3€pPTTEy IOHI - OCHI KO3FAIbICTApJaH AJIbIHATHIH
JIeHE TipeK HYKTenepi, OybIH OypBIIITaphl, YaKbITTHIK KaTapiiap, KalTauay CaHbIH €CeNTey jKOHE Kepi
Oaiimanpic reHepanmschl. JKYMBICTBIH MIHAETTEpi: HAKTBl YyaKbITTarbl Oaranay KYHECiHIH
apXWUTEKTYpachlH aHBIKTAay, HEri3ri ecenrtey OeNTuIepiH cumaTray, KojimaHOambl memriMaepai
CaJIBICTBIPY JKOHE OJIApABIH MPAKTUKAJIBIK HICKTEYJIEPIH KOPCETY.

JKYMBICTBIH FBUTBIMU JKaHAJIBIFBI (PUTHEC JKATTHIFYJIAPBIH OaFaay MpoIeci TeK «Iyphic/OYphIC)
KIKTEY IIEeHOEpiH/Ie FaHa €MeC, COHBIMEH KaTap JIEHEHIH TIPEK HYKTEJIepIH aHbIKTaylaH OacTtar
TYCIHAIpUIETIH Kepi OalJaHBICTBI  KETKI3yre JEeWIHT1 TOJBIK CaHIBIK MK  PETIHJE
KapacThIPBIIATBIHABIFBIHAA. TOKIpHOETIK MaHBI3IBUTBIFBl MYH/IAH KYHeNIepai Yiiie KaTThIFyap/a,
OHJIaliH (uTHeC miuaTgopmanapblHa, JAE€HE LIBIHBIKTHIPYAbl Oakpliayaa >KoHE OacTamnkbl OHANTY
KE3€HIH/Ie KOJIJJaHy MYMKIH/III'IMEH aHbIKTaIa/lbl.

3epTTey JicTepi MeH MmaTepuaiaap

3epTTey AHATUTHKAIBIK IIONy, OKYHENIK Taljgay, CalbICTBRIPMANBl  Taijay JKOHE
TYXKBIPBIMIAMANBIK MOJIENBACY OicTepiHe HerizmenreH. Jlepekkes 0a3achbl aJlaMHBIH KaJIbIH
Oaranayra, JeHE KO3FaJlbICTApblH KOMIIBIOTEPIIK KOpy TajjayblHa, HAaKTbl YaKbIT PEXKHMIHIET1
KATTBIFYJapAbl OakpllayFa >KoHE Kepi Oailnanbic kyiHenepiHe apHanFaH 11 FbUIBIMH >KYMBICTaH
typael (Badiola-Bengoa & Mendez-Zorrilla, 2021; Cao et al., 2017; Ekambaram & Ponnusamy,
2024; Gao et al., 2025; Heo et al., 2026; Kotte et al., 2024; Naseer et al., 2025; Samanta et al., 2024;
Stenum et al., 2021; Tharatipyakul et al., 2024; Woo & Jeong, 2025). byn >xymbIcTapra xynemni
mIoJIys1ap, KoJaaHOa apXUTEKTypajaapbl, HAKThl YaKbIT PEKHMIHAET] JKaTTHIFYJIapabl Oaraiay
MOJIENBIEP1, OHAJTY JKATTHIFYJIapblH OAaKbLIAY KYHENep )KoHEe KYPBUIFBI PEXKUMIHJIE KYMBIC ICTEUTIH
mentiMaep Kip/ii.

3eprrey OipHemie Ke3eHIe KYpri3viail. bipiHmii ke3eHae ¢uTHEC KaTTHIFYJIaphIH Oaranayra
KATBICTBl HETI3r1 FBUIBIMU OaFrbITTap aHBIKTANbl: KalmblH Oarayiay, KO3FaJbIC camlachlH Tajjay,
KaliTanayJpl caHay, KO3FajlblC (pa3achlH TaHy >KOHE HAKThl YaKbIT PEKHUMIHZIET1 Kepi OaiiaHbIC.
EkiHIIl ke3eHje Moy *KYMbICTApbIHAH OpTaK (PYHKIMOHAIIBIK KOMIOHEHTTEP albIHAbI. Y HIIHIII
Ke3eHse OyJl KOMIOHEHTTEP T€OMETPUSIIBbIK, YaKbITIIA jKOHE CalalblK epeKiienikrepi OoibIHIIA
TONTACTHIPBULIBI. TOPTIHINI KE3€HJE HAKThl YaKbIT peXUMIHIET1 (UTHeCTi Oaranay >KyHeciHiH
KAIMBUIAHFAH TYXKBIPBIMJIAMANBIK KYPBUIBIMBI  YCHIHBUIABI JKOHE KOJJIAHBUIATBHIH MICHIIMACD
CAJIBICTBIPBUIIBI. ¥ CHIHBUIFAH Tal/1ay JIOTHKAChl OeliHE aFbIHBIH aly/laH OacTamn naiianaHynisiFa Kepi
Oaiimanbic Oepyre mdeiiHri esapa OaimaHbIcThl Ke3eHaepAeH Typanbl (l-cyper). byn xyite
ManueHTTep Al peadunuTanusiay Ke3iHae oaapAblH KaTThIFYIapbIH AYPHIC OPbIHIAYbIHA KOMEKTECII,
KaJlbIHA KENIy YaKbITBIH KbICKapTyFa »oHE jkKapakaT aly KayliH a3zaiiTyra MYMKIHIIK Oepeni.
ConnpikraH, BlazePose Herizinmeri xyienep peaOuiauTaius OaraapiaMaliapblH THIMII JKy3ere
acwIpy/ia MaHBI3/IbI POJI aTKapa anajbl, OUTKEH1 0JIap MalMEeHTTEPre HAKThI YaKbIT PeXUMIH/IE KOJIIay
kepcereni (Yang, H et al, 2022). PeaGwmrtamus mpouecinae BlazePose TexHomoruscs
MAlUEHTTePIH KATThIFyIapblH TUIM/I OPBIHAAYbIHA KOMEKTecelll, OYJ OJapAblH KallblHA Kely
YaKbITBIH KBICKAPTYyFa JKOHE KapakaT ajdy KaymliH azaiTyra bikman eteni. Oceunaiiiia, BlazePose
TEXHOJIOTHSICBIH KOJIJIAaHY apKbUIbl MAIMEHTTEpPre peaOduiIuTanus Ke3iHAe KO3FajabiC TEeXHUKACHIH
KaKCApTYFa KOHE XKATThIFYJIap/abl TUIM/I1 OpbIHJayFa MYMKIHJIIK Oepuiesi.
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Cypert 1. ®uTHEC KaTTHIFyJIapblH HAKTHI YaKbIT PeXKUMIHIE Oaraay )KyHeciHiH
KYPBUTBIMIIBIK, CHI30aChI

Martepuannplk Heris petiHzae craHnaptrtel RGB-0Geitne, Oip kamepansl Tycipy OpTachl,
MediaPipe/BlazePose cusikrtel mno3aHbl Oaranay anropuTrMmjiepi, J€HE TIpEK HYKTEelIepiHiH
KOOpJIMHATalapbl JKOHE COJI KOOpJAMHATallap/laH €CEeNTeNeTiH KUHEeMaTHKalbIK Oenruiep
kapacteipsiibl (Ekambaram & Ponnusamy, 2024; Heo et al., 2026; Woo & Jeong, 2025). MyHai
TOCUIAEP/Il TaHIAYy OJIAPJBIH KeH KOJDKETIMIUTINIMEH, KOChIMINIA KYp/eJi CEHCOPIIBIK >KaObpIKTapFa
KKETTUTIKTIH OOJMaybIMEH >KOHE HAKThl YaKbIT PEXHUMIHJE ICKE achlpyFa >KapaMIbUIbIFBIMEH
TYCIHIIpUIel. OJICTEeMENIK TYPFbIIaH alfaHa, HAaKThl YaKbIT PeXKUMIHAET1 (PUTHEC JKATTHIFyJapblH
Oaranay jKyHecl Keleci ecenTey Ti30eTiHe HETi3[IeNreH: Kaapabl aly, ajaM KAaHKACBIH aHBIKTay,
KHHEMATHUKAJIBIK CPEKINESTIKTI eCenTey, KAaTTBhIFy KYWIH TaHy »OHE IMaliJaJlaHyIIbIFa TYy3eTy
CUTHAJIIaphl MEH Mporpecc Typaisl aknapar 6epy (Ekambaram & Ponnusamy, 2024; Kotte et al.,
2024). Ocsl noruKa (PUTHEC KATTHIFYBIH Oarasiay/ibl OKIIAy aIrOPUTM/JIEDP KUBIHTHIFBI PETIH/E EMEC,
e3apa OaiylaHbICKaH MUQPIBIK TANIAY MUKl PeTiHAe TYCIHAIpYTe MYMKIHIIK Oepei.

OchIFaH CoMKeC, HAKThI YaKbIT PeKUMIHIET1 Oaranay KyhenepiH 3epTTeyae 6acThl Ha3ap TEK
QITOPUTMHIH JSJJIriHE FaHa eMeC, OHBbIH NPAaKTUKAJIbIK TYPaKThUIBIFbIHA, MaiilanaHylIbiFa
OCHIMACITIITITIHE JKOHE OPTYPJ OpTaZa >KYMBIC ICTey KaOUIeTiHE A€ ayaapblaybl KaXKeT. ATamn
alTKaH/a, YKapBIKTAHABIPY JKaFdalbIHBIH ©3repyl, Kamepa OypbwIibl, (OHABIK Keaepriiep, IcHE
O6JIKTEepiHIH XKapThlaai KAOBLITYbI JKOHE naiJaTaHyITbIHBIH AHTPOTMIOMETPHSITBIK
allbIpMaIIbUIBIKTAPhI 03aHbI Oarasay canachiHa Tikenei acep ereai. COHIOBIKTaH MYHa xKylenep/ai
Oaranay OapbIChIH/A TEK KaHa 3epTXaHaNbIK XKaFJaiiia allbIHFaH HOTHKEJIEPMEH HISKTEIMEN, 0J1apabl
yH JKaFJalbIHAa, CIOPT 3alIbIH/A JKOHE OHANTY OpTAcChIHIA KOJJIaHy ClieHapuiliepi OOWbIHINIA Ja
KapacThIpy MaHbI3Abl. by TocUl KYHEHIH HIbIHAWBI OpTagarbl CEHIMJUIINH apTTHIPHIN, OHBIH
KOJITaHOAJTbI KYHBLIBIFBIH HAKThUIAYFa MYMKIHIIK Oepei.

CoHnbiMeH Oipre, HaKThl YaKbIT PEeXHMIHIETT (UTHEC >KAaTTHIFYJAphIH Oaranay >KyhelepiH
xo0banay Ke3iHJe TYCIHIIpUIETIH Kepi OailianbIc TeTiri epekiine Manbi3ra ue. [lalijananymsira Tex
«TYPBIC» HEMECE «KATe» JIETEH HOTIKE Oepy JKETKUTIKCI3, KepiciHile, KaHAal OybIHHBIH KO3FalIbIChI
aybITKBIFAHBIH, Kall (a3aja KaTe KeTKeHIH koHe OHbI TY3ETY/IH KaHAai KOJbl 6ap eKeHIH KOpCeTy
KaxeT. OChIHIal TYCIHAIPUICTIH TOCUT MaiAanaHyIIbIHBIH JKaTTHIFY/Ibl CaHAbI TYPJE OpPbIHIAYbIHA,
KaTeJep/i Te3 TY3eTyiHe JKOHEe KO3FajbIC JaFAbIChIH JKYHelnl Typ/e KeTUIAIpyiHe jKaFaail Kacai Ibl.
Hormxkecinne, KOMIBIOTEpPIIK Kepy HeEri3iHaeri >yilenep ¢uTHec canachlHIa FaHa e€Mec,
JICHCAYNBIKTBI CaKTay, KUMBLIT OCNCEHAUIITIH apTThIpy JKOHE ANJIbIH ally CHUMATBIHIAFBI ITUGPIBIK
miermimMaepae Ae KeHiHeH KOJAAHBUIAThIH oMOe0amn TEeXHOJOTHUIBIK HEeri3 PeTiHie KapacThIPBLTYbI
MYMKIH.

Tannay MeH HITHKEIEP

Tanmay HakThl yakbpIT peXHUMIHIEr1 (UTHEC >KATTHIFyJapblH OaranayablH TepT e3apa
OaitmanbICThl KaOAThIH aHBIKTA/bI. bipiHIi Kabat - JeHeH1H TipeK HyKTelepiH aHbIKTay. by ke3ene
KaMepa KaJpblHIaFbl ajaM JEHECIHIH KYpBUIBIMBI CaHABIK KOOPAWHATTAp PETIHIE KOepceTineml.
ExiHmi kabaT - KMHEMAaTUKaIbIK epeKUIeNikTepai amy. MyHpaa OyblH OypbIIITapbl, KO3FaJbIC
aMIUTUTYAAChl, JKbUIAAMIBIK, TPAEKTOPUS YKOHE CUMMETPHUS CHUSKTHl KOPCETKIIITEp €CenTesel.
Ymrinmi ka0at - menriM KaObliay Jorukacsl. byt nenreiine Ko3ranbic as3achl, KaiiTajaay caHbl JKoHE

42



Yassawi Journal of Engineering Science, A21 (1), 2026

KATTBIFY Calrachl aHbIKTaNa bl TePTiHII KabaT - Kepi OaliIaHbICThI KaMTaMachl3 eTy. by ke3eHe
naiiananynsl TYCIHIKTI Ty3€Ty aKImapaTblH BU3YalIbl, MOTIHAIK, ayIM0 HEMece CaHIbIK popMaTrTa
anazapl (Ekambaram & Ponnusamy, 2024; Heo et al., 2026; Kotte et al., 2024; Woo & Jeong, 2025).
Tannay kepceTkeHieil, Oip FaHa epeKIIeNiK TYpl JKaTTBIFy camachlH CEeHIMJi Oaranay yIIiH
xkeTKUTIKC13. COHJIBIKTaH 3epTTEyIep Ie YIII HET13T1 epeKIIeliK TOObI KeHIHeH KOJIIaHbLIaabl. bipinmri
TOT TEOMETPHSUIBIK EpPeKIIeNIKTepJCH TYpalbl: Ti3e, jkamOac, IIBIHTAK, WBIK >KOHE Oacka
OybIHAapAbIH OypbimTapsl. EXiHING TOMKa yakpITIIa €peKIIeNiKTep Kipeai: KO3raibic (a3aiapsl,
KaiiTanay bIpFarbl, aMIUTMTYJaHbIH ©3repyi )KOHE YaKbIT OOMBIHINA TYPAaKTBUIBIK. YIIIHIII TOIKA
camanblK CHUIATTaMalap Kipeai: CHUMMETpHs, TpPaeKTOPUSHBIH TYPAKTBUIBIFBI KOHE TIpEeK
KosrasbichbiHaH aybITKy (Ekambaram & Ponnusamy, 2024; Heo et al., 2026; Woo & Jeong, 2025).
Ocpl ym TonTel Oipiiece maiiianany KaTThIFy camnachblH Oaranay CEHIMIUIITiH apTThIpaabl JKOHE
KaparaibiM OYPBIIITHIK MIEKTEPre CYWEHETIH TocuIIepre KaparaHaa aHaFypJIbIM TOJIBIK CHITATTaMa
oepeni (Kecre 1).

Kecre 1. ®utHec )xaTThIFylIapblH HAKTHI YaKbIT peXKUMIHJE Oarajiayra apHalIFaH >KyHenepain
CaJIBICTBIPMAJIbl CUIIaTTaMachl

Heriari Hakrb1 Heriari
Kyiie/nepexxe3 Enrizy kesi ensri YaKbITTaFbl ersn
Mo/1eJb . . | HOTHIKeci/MaKcaThI
KOepceTKilll
. Be6- Pose tracking | MutepaktuBti | )Keke KaTThiFy
E;tjlggg(zﬁgtte kamepa/mobmeai |+ feedback Kepi TPaeKTOPHSCHIH
B KaMmepa engine OaiiaHpIc | OaKpLIAY
PoAna.vl 10-fold av
(Ekambaram & RGB 6eiine, 12 MediaPipe + g Kanbinter 6akpuiay
. 98.54%, test
Ponnusamy, keypoints LSTM a0 70 KOHE MOHUTOPHHT
2024) 99.7%
i)s(sggfr?] ent HPE joint Relative 95%-nan JIMHAMUKAJIBIK,
(Woo & Jeong coordinates phase + 1D JKOFapbl squat posture
2025) ' DL model JIOIIIIK caracelH Oarajay
On-device Smartohone RGB BlazePose 97.2% ?;2?1};01\?;(3
program (Heo et ?/i 4eo GHUM3D + accuracy, )KaTTHz oLl
al., 2026) smoothing 28.6 ms y
YCBIHBIC Oepy

KonnmanOanbl xyiienepai caabICThIPy HAKThl YaKbITTaFbl Oaranay OarbIThIHIA OPTYPIIi
o/licHaMaJIbIK MIEHIIMIEpAiH KaJdblTacKaHbIH KepceTeni. FitSight skyileci maiijananynibHbIH KEeKe
KATTBIFy TPACKTOPUSCHIH OaKplIayFa >KOHE MHTEPAKTUBTI Kepi OalllaHbIC YChIHYFa OarbITTaIFaH
(Kotte et al., 2024). By Tocinme KO3FanbIcThl OaKpUIay MeH Kepi Oailnabic Oip miatdopmana

OipikTipiiin, AepoecTeHIIpUIreH MUQPIbIK cyllemenaey MYMKIHIIN KymedTineai. PoOAna.vl
mwiatgopmaceiraarsl MediaPipe skone LSTM Mogenbaepiniy yiseciMi KO3FalbICThl YaKbITIIA Ti30€K
peTiHe Tangayra MYMKIHIIK Oepeli, ochliaiiina 6akbutayabiH AoaAiria apTTeipans! (Ekambaram &
Ponnusamy, 2024). Byn okyieHiH >KOrapbl MJOJIIINi HAKTBl YaKbIT pPEKHUMIHIEri Oaranay
TarcelpMaapblHia KAaHKA HYKTEJIEPIiH yaKbITIIIa MOJIENIbICYyMEH O1pIKTIpyIiH THIMILTIT1H KOPCETE 1.

Ocpl eki Tocinal calbICThIpa KaparaHia, HaKThl yaKbITTaFrbl (UTHeC Oaranay >KyHesepiHiH
JaMybl TeK KUMBLIIBI TIPKEYMEH IIEKTEIMEH, OHbl HHTEpIpeTaIusIIay IeHreiiiHe oTKeHIH Oalikayra
6omanpl. BipiHmi OarbiTTa *Kyle MalamaHylIbl OpeKeTiH Y3/IKCi3 Oakbulall, MPaKTHKAIBIK Kepi
Oaitmanpic yCchbIHYFa OachIMIBIK Oepce, eKiHIl OaFbITTa yaKbITIIA TOYENALTIKTEpAl MOJENbILY
apKBLIBI KO3FAIBICTBIH KYPBUIBIMBIH TEPEHIpEK TaHy Ko3eneni. MyHaail ailbipMalibUIbIKTap HAKTBI
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yaKbITTaFbl Oaranay rmaTdopManapblHBIH OpKaHChICHl Oenrimi  Oip KOJAaHy CIeHapuiiHe
Oeiiimnenerinin kepcereni. COHBIH HOTWXKECIHJAE, Kazipri 3eprreyiaepie IoNIIK, >KbUITaMJBIK,
TYCIHAIPUIETIHAIK XKoHe OeHIMIENTITIK CUMaTTapblH Oip Kyiene yisiecTipy Heri3ri 91icHaMalbIK
MiHAETTepAiH OipiHe aifHanbpIm OThIp. bynm sxy#enepaiH THIMALIITI, ocipece, HalMEHTTEPAIH
peabmMTanys MPOIECiHAE KO3FalbIC TEXHUKACBIH KAKCApTyAa >KOHE JKATTBIFYJIapasl THIMII
OpBIHJIay/Ia KOpiHEe i, OYJ1 OJIapIbIH KalIblHA KeTy YaKbITHIH KbICKapTyFa bIKnan erei. Ocpuiaiiiia,
BlazePose TeXHOJOTHSCHIH KOJAaHY apKbLIbl 931pJICHTEeH JKyHesep MalueHTTepIiH peadbuianTanus
MPOIIECiHEe KO3FAIBIC TEXHUKACHIH JKaKCapTYyFa jKOHE JKaTTBIFyJIap bl THIM/II OPBIHAAYFa MYMKIHIIK
Oepeni, OyJ1 KaJIbIHA KeTy YaKbIThIH KbIcKapTyFa biknain ereni (Hoang, 2024).

Karterryael Oaranmay sKyieciHIe KO3FaJIbIC camachl CalbICTBIPMAlbl (ha3ayblK oficTi Oip
©JIIIEM/TI TEPSH OKBITY MOJICNIIMEH OipikTipy apKpUibl Oarananazbl (W00 & Jeong, 2025). By tocinae
KO3FaJIbIC TEK JKE€Ke OYpBIII MOH/IEpIMEH FaHa €MeC, COHbIMEH KaTap OybIH OYpHIIIbI MEH OYPBIIITHIK
KBUIIAMJIBIKTBIH ~ OIpIKTIpUIreH  ¢a3anblK CcUIaTTaMalapblMeH Je OaranmaHanapl. byn  omic
JTUHAMUKAJIBIK JKaTTBIFyJap/ia KO3FaIbIC KOOPIUHAIUSCHIH JIOMIPEK aHBIKTayFa MYMKIHJIK Oepe/l.
dazanbIK Tajaay YIIiH Kejneci opHek Koiaaansaasl (Woo & Jeong, 2025):

@, = arctan(x(t) / x(z)) = wt + 6, (1)

MYHJIAFbI Qx - KO3FAIBICTBIH (ha3asibik OyphIiibl, X(t) - yakeIT OO#bIHIIIA OYbIH OYPHIIIBI HEMECe
BIFBICY MOHI, Z(t) - OyJ1 IIaMaHbIH YaKbIT OOMBIHIIA TYBIHJBICH! (SFHU OYPBIIITHIK KbUIJAM/BIK), O -
OYpBIIITHIK KULTIK, t - YaKbIT jkoHE Oy - OacTankel ¢a3za. 1-popMynana ¢azanblK HOPTPET HETI3IHIE
KO3FaJbIC KOOPAMHALMACHIH OarajiayFa MYMKIHIIK Oepelll KoHe KapamalblM ILIEKT1 9ICTEepMEH
CANTBICTBIPFAaH/A JWHAMHKAIBIK JKATTBIFYJIApIbIH MarblHANBl cumarramachklH Oepenmi. Cyper 2.
Relative phase Tocii apKplIbl JMHAMUKAJIBIK KATTHIFY/Ibl OaraliayblH KOPHEK1 MbIcaIbl. [lepexkes:
Woo and Jeong (2025) nHerizinne.

KosranbicTel Tek OypbIll apKbLIbl FaHAa €Mec, OypbIll IMeH OYPBIITHIK >KbUIIaMABIKTHIH
OipikkeH (ha3aybIK CHIIaTTaMachl HET3iHAE Oarayiay TOCUIl KO3FaJbIC CallachlH HEFYPIIBIM oI
aHbIKTayFa MYMKIHIIK Oepeni. Relative phase omici capamniibl MeH KaHagaH YHPEHYIIIHIH KO3FaJIbIC
yileciMiH aHBIFBIPAK aXbIpaTalbl, COHJBIKTAH JIWHAMUKAJBIK JKATTBIFYJIapAbl Tajnjgayna ol
KaparmaiibiM threshold-based Tocinmepre kaparanga Ma3myHabIpak cunarrama 6epeni (Cyper 1).
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Cyper 2. Tept Typikaraail yiiH HopMananraH OypsIl, (Ga3aibik
MOPTPET kKoHe relative phase HOTHXKENEPI.

2-cypeTTe TOPT TYPIi )Karaail yiiH kambac jkoHe Ti3e OybIHAApPhIHBIH KMHEMATHUKAIIBIK KOHE
(azanplK cunarTaManapbl CalbICTHIPbUIFaH. (a) OelniriHae eki OybIHHBIH HOPMaJlaHFaH OYPBIIITHIK
OpBIH aybICTBIPYbl MEH OYPBIITHIK >KbUIIAMIBIFBIHBIH TEPUOATHIK e3repici Oepinren, Oy
KO3FAJIBICTBIH HUKJIIIK KYPbUIBIMBIH cunarTaiiiel. (b) Oesnirinzeri ¢gasaiablK NOPTPETTEp KO3FAIBIC
TPAEKTOPUSACBIHBIH TYPAKTBUIBIFBl MEH KaWTaJaHFBIIUTHIFBIH KepceTell: TYHBIK opi Oipkenki
TpaeKTopusIap >KyHeHIH OPHBIKTBIPAK >KYMBICBIH Outaipesi. (c¢) OemiriHae ¢as3aiblK Oyphlll HeH
(hazambIK KAIIBIKTHIK TUHAMHUKACHI YCHIHBLIBIM, Op OYBIHHBIH (pa3asibIK KYii MEH OHBIH UK II1HAET1
e3repy epekmieniktepi OeliHenenreH. (d) Oemiringeri ERP  kucblkrapbl jkambac meH Tize
OybIHAApBIHBIH ©3apa YHWIECIMAUIIK JIOpeXeciH CHMaTTaijpl; TepOesicTiH apTybl HeMece
TYPaKChI3/1aHybl OybIHAPATIBIK KOOPAWHAIMSIHBIH ©3repreHin kepcerei. JKanmsl aFana, Cyper ap
KarJalarel KO3FAJIbIC TYPAKTBUIBIFBI, (ha3alblK CHHXPOHABUIBIK >KOHE OybIHIAp apachbIHIAFbl
KOOpAMHAIMS JeHIeiiHer1 ailblpMalIbIIBIKTap/Ibl aiKbIH KOPCETEe 1.

BlazePose GHUM 3D xone smoothing omicrepiHe Heri3menren on-device Oarmapiama
cMapTQoH OeifHec] apKbUIbl aBTOHOM/IbI Oarayay MEH >KaTThIFy OOMbIHIIIA YCHIHBIC Oepy/li Ky3ere
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aceipazsl (Heo et al., 2026). Mynaaii TociaiH MaHbI3Ibl APTHIKIIBUIBIFBI - KiTIPICTIH TOMEH OOIYBI,
JEPEeKTEePiH JIOKANIbl OHIENyl JKOHE KYIMUIBIKTBIH CakTamybl. byn ocipece yiHae OKBITY
CIIEHapHiAJIepi YIIIiH MaHbI3/Ibl, MYH/Ia TYPAKThl HHTEPHET OaillaHbIChIHA MUHUMAIIIBI TOYEIILTIKIICH
KOJDKETIM/II JKOHE KbLIAaM HISHIIMIEp KaKeT.

XKanmer anranja, Tanaay HaKThl YaKbIT peXUMIHIETI puTHEC Oaranay KYHeciHiH THIMALIIr Y
Heri3ri (hakTopra OallIaHBICTBI €KEHIH KOPCETTi: KaJbI OarajayAblH AT, KHHEMaTHKAIIBIK
epeKIIeINIKTEP/IiH Ccanachl XKoHEe Mai alanymbiFa 0epiireH Kkepi OaillaHbICTBIH TYCIHAIPLTY AEHTeHi.
Erep xyiie Tex OyblH OyphImTapsl YIIiH KapamaibIM Ta0aJAbIphIKTapFa CYHeHce, KypIeli >KoHe
JMHAMUKAJIBIK KO3FaIBICTap/Ibl Oaranay IblH AJIIr TOMEHIeyl MYMKiH. EKiHII )KaFbIHAH, KO3FAJIbIC
(ha3achlH, yaKpITIIA EPEKIICIIKTEP/Il XKOHE CAlalblK KOPCETKIMTEPAl KAMTUTBIH TICUIAEP JKATTBHIFY
carachIHBIH TOJIBIK JKOHE JIo cumnatrTtamachiH Oepeni (Ekambaram & Ponnusamy, 2024; Heo et al.,
2026; Woo & Jeong, 2025).

CoHbIMEH KaTap, KYpBUIFBIJIAFbl MOJENbICP HAKTHl YaKbIT PEXKHMIHAE KYMBIC ICTEyre oTe
KOJIaWJIBl OOJIFAaHBIMEH, KYPAEIi KO3FaJIbICTap bl Oarayiay Ke3iHe MIenIiM KaOblUIaay JOTUKACKl TEK
CTaTUKAJIBIK KaJIbINTapFa FaHa €MeC, COHBIMEH KaTap KO3FaIBICTBIH YaKbITIIA KYPBUIBIMBIHA a4
Heri3nenyl kepek. OcbIFaH COMKec, MaKCaTThIK KaXKETTUIIK, YaKbITTBIK JWHAMHKAHBI JKOHE IIIKI
TYCIHIKTI OalIaHBIC OpHATy XyHenepl MpakTUKaJIblK KOJAAHY YIIIH HEepCHeKTUBANbl OOJIBIM
kepiHeni. [lpakTukanblK TyprbliaH Oyl OarbITTarbl LICIMIIMIEpP YH KaFJallbIHIarbl JKaTThIFY/a,
OHJIAMH (hpuTHEC TIaTGopMaIapeIHa, )KOFAPBl OKY OPBIHAAPBIHAAFHI JICHE TANBIHABIFBIH OaKplIay/a,
COHJaii-aK 0acTanKpl peadHIUTANMSIBIK JKATTBIFyJIapapl Kajarajayla KEHIHEH KOJIaHBLTYEI
MYMKiH. MyHJ1all xyiienep KO3FaJlbIC TEXHUKACHIH KETULAIpYyre, KaTelaep/l *Kelel aHbIKTayFa jKoHe
KATTBIFY YAEpICIH nepOecTeHaipyre MyMKiHAiK 6epeni. Ocbutaiima, BlazePose Herizinneri xylienep
yiie )KaTThIFy ’Kacay Ke3iHe MaiganaHylbuiapablH THIMAUIITIH apTThIpyFa KOMEKTece (1, COHbIMEH
KaTap JEHCayJblK CaKray cajachlHIa peaOwiuranus OarjapiaManapblH KOJJayFa BIKMAld eTexdl
(Sideridou et al., 2024).. By xyitenepain aneyeTi TeK GUTHEC calachlHIa FaHa eMeC, COHBIMEH KaTap
MalUEeHTTEePIl peaduiuTanusiay TMpoIECciHAe /1€ alKbIH KOpiHedl, OUTKEHI OJap HAaKThl YaKbIT
PEKUMIHJIE CTaHAAPTTHI KO3FaIbIC HyCKaymapbiH ycbiHa aigaasl (Wang & Zhang, 2023). Ockinaiiiia,
BlazePose TexHOIOrHsACHIH KOJIIaHy apKbLUTbI 931pJeHTeH XKYHenep peaduauTanus oaraapiaManapbia
TUIMJ1 JKY3€re achlpyla MaHbI3[bl pes aTKapa ajajbl, 6UTKEH1 oJlap NaiijanaHylblIapra HaKThl
yakpIT pexuMiHae konmay kepcerenai (Yang, H et al, 2022). byn xyiienep mnamueHTTepre
peabwinTanys Ke3iHAe OYpbIC KATThIFYIapAbl OpbIHAAYFa KOMEKTECIN, OJapAblH KaJblHA Kely
YaKbITBIH KBICKAPTYFa JKOHE JKapakaT ajy KayliH a3aiTyra biknan eremi. Ocwuiaiima, BlazePose
HETI31HJIeT KyHenep NaryueHTTep YIIiH peabuIruTanus MpoIeciH OHTalIaHABIPyFa MYMKIHIIK Oepirt,
YKATTBIFYJIApABIH THIMAUIITIH apTThIpaabl, OyJI €3 Ke3eTriHe KaJlblHA KeTy yaKbIThIH KbICKapTyFa
sikman ereai (Rehabilitation Training Evaluation and Correction System Based on BlazePose, 2022).

KopbITbhIHABI

KomMmmbroTepinik kepy >KoHE MOo3aHbl 0aranay TEeXHOJIOTUsIAphl (PUTHEC KATTHIFYJIapbIH HAKTHI
YaKbIT peKUMIiHZEC OaranayablH FHUIBIMHM >KOHE KOJIJaHOAnbl HEri3iH KalblnTacThipalbl. Tanmay
MYH/JIa# JKyHenep/IiH )KYMBICHI ©3apa OaiJIaHbICThI Ke3E€HACPACH TYPAThIHBIH KOPCETTI: ICHCHIH TipeK
HYKTEJIEpIH aHbIKTay, KHHEMATHKAIBIK €PEKUICTIKTep i aly, KO3FalbICThl OpbIHAAY (a3ackl MEH
caracelH Oaraniay )KoHe NailalaHyIbIFa TYCIHAIPUIETIH Kepi Oailnanbic 6epy.

JKyMBICTBIH HEri3ri KOPBITHIHABICH - HAKTHI YaKbIT pexXHUMIHJET1 puTHeC Oaranay >KyileciHiH
TUIMJIUTITT KaJbITT OaFanayblHbIH AQJAIrHE, ECENTENTeH epeKIIeNIKTepAiH aKIapaTThIKTHIFbIHA KOHE
Kepl OallIaHBICTBIH AHBIKTHIFBIHA OalIaHBICTBI. ATam aWTKaHIa, KYPBUIFBI PEXUMIHJAE >KYMBIC
ICTEMTIH MOJIeNbAep KilipiC YaKbIThIH a3alTabl, KOJDKETIMIUTIKTI apTThIPaIbl dKOHE KYMHUSIBIIBIKTHI
xakcaptagasl. COHBIMEH KaTap, KO3FalbICThl TEK OYPBIIITHIK WHAMKATOpIAp OOWBIHINIA FaHA eMec,
COHBIMEH KaTap YakbITIIa >XKoHE (azanblK cumarramanap OoWbIHIIA Oaranay JUHAMHUKAIBIK
KATTBHIFyJIap/Abl TONIpeK TajjayFa MyYMKIHIIK Oepei.

Ocpiran GalaHBICTBI, MYHJAM Kyienep TeK KaHa KATThIFy TEXHHMKACBHIH OaKplIay Kypasbl
€MeC, COHbIMEH Oipre TaiijaJaHylIBIHBIH  KO3FABIC ~ MOJEHHUETIH  KaJbINTACTHIPAThIH
MHTEJUIEKTYaIbl KOMEKIII PETiHAe KapacThIpbLIyhl THIC. [IpakTHKaNBIK TYpFBIIAH Oy Tocinaep yi
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KarJaWbIHIAFbl JKaTTBIFyJIapia, OHIalH ¢uTHeC IUiarGopManapbiHaa, JAeHe OeJICeHIUTIriH
OakplIayaa XKoHE OacTamKbl OHANTY OaFgapiamMaliapblHIa THIMII KOJIJAaHBIC Taba aiajsl. Ocipece,
KATTBIFY/Bl ©3 OCTIHIIE OPBIHAANTHIH MaliJjaNaHyIIbUIap YIIiH KAMBLI CallachlH aBTOMATThI TYPE
Oaranay >kapakaT ajqy KayliH a3aiThIIl, )KATThIFy HOTH)KEIUIINiH apTThIpyFa bIKNau erefi. bonamak
3epTTeyiep Kenkamepanbl 0aKpuIay MyMKIHIIKTEPiH KEHEUTYTe, TYCIHIIPUIETIH )KAaCaH/Ibl UHTEJUICKT
MOJICNBJIEPIH €HTI3yre, )KATThIFYFa TOH KATENK KapTaJapbhlH d3ipiieyre oHe MaiajaHyIIbIHBIH
Kachl, (PU3UKAIBIK JaHBIHIBIFEI MEH (DYHKIIMOHAJIBIK JKaFaaiibiHa OeHiIMIeNTreH KeKeJIeHIIpiIreH
Kepi OaiinaHpIC KyWenepiH Kypyra OarbITTamybl Kaxer. OcblHIAil OarbITTarbl i37eHIiCTEp (UTHEC
TEXHOJIOTHSIIAPBIH JKaHa CalalIbIK JICHIeHre KoTepei.

[IpakTuKanbIK TYPFBIIAH aiFaHma, Ol Tocuimep YHAE JKaTThIFy, OHJAWH (QHUTHEC
rtatopManapsl, AeHE MIBIHBIKTBIPYIbl OaKplIay JKOHE OacTamkpl OHAITY YIIiH THimai. bomamak
3epTTeyiep Kem Kamepaibl MYMKIHAIKTEpPJl, TYCIHAIPUIETIH »acaHabl MHTEJUIEKT MOJENbIEpPIH,
KATTBIFyFa TOH KATENIK KapTaJlapblH JKOHE MaiilallaHyIIBIHBIH Kachkl MEH (DU3HMKAJIBIK JKaFJaiibiHa
OeliMIeNreH KeKeJIeHIIPUIreH Kepl OaiaHbIc MOJIEbAEPIH d31piieyre OarbITTalybl KEPEK.
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INVESTIGATION OF A BIOGAS HYBRID GAS TURBINE PLANT WITH A
WATER BATTERY

Abstract. This paper investigates the structure, energy efficiency, and dynamic characteristics
of a hybrid gas turbine system operating on biogas and integrated with a water-based thermal energy
storage unit. The proposed system combines the electrical power generation capability of a gas turbine
with a thermal accumulator, enabling efficient simultaneous utilization of electrical and thermal
energy. A nonlinear mathematical model of the system is developed, incorporating the dynamics of
the rotor, combustion chamber, and thermal storage unit. The model is linearized in the vicinity of
the nominal operating point and represented in state-space form. Transient processes resulting from
changes in fuel flow rate are analyzed using numerical simulation. The results demonstrate that
hybridization preserves the mechanical stability of the system while introducing an additional slow
thermal loop. The integration of a water thermal accumulator enables effective recovery and storage
of exhaust gas heat, significantly increasing the overall efficiency of the system. The study confirms
that the hybrid gas turbine installation exhibits multi-scale dynamic behavior, making the application
of multi-loop or cascade control strategies appropriate. The proposed hybrid system represents a
promising solution for autonomous and distributed energy systems operating on biogas.

Keywords: Gas turbine installation, biogas, hybrid energy system, thermal accumulator,
mathematical model, control system.
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Kooica Axmem HAcayu amovinoazol Xanvixapanwix xazax-mypik ynusepcumemi, Typkicmar,
Kazaxcman
'E-mail: oxana.meirbekova@ayu.edu.kz*
2E-mail: nassim.rustamov@ayu.edu.kz

CY AKKYMYVYJISITOPBI BAP BUOT'A3BEH )KYMBIC ICTEUTIH TUBPUITI
I'A3TYPBUHAJIBIK KOH/bIPTBIHbBI 3BEPTTEY

Anmarna. byn Makamaga Ouora3OeH KyMbIC ICTEHTIH, Cy KbUIy aKKyMYJSTOPBIMEH
OIpIKTIpUIreH TUOpHUITI Tra3TypOMHANBIK KOHIBIPFBIHBIH KYPBUIBIMBI, 3HEPreTUKAJIbIK THIMALIIT1
KOHE JMHAMUKAIBIK KaCHETTepl 3epTTesiel. ¥ChIHBUFAH KYHe ra3TypOMHAJIBIK KO3FAITKbIILITBHIH
AJIEKTP SHEPIUACHIH OHJIPY MYMKIHIITH Cy HET13iHJEr1 >KbUly aKKyMYJISTOPBIMEH TOJBIKTHIPHITI,
SJIEKTP JKOHE JKbLIY JHEPrusChIH Oip Me3ruine THiMIl maiiganaHyra OarplTTanrad. JKymeicta
KOH/IBIPFBIHBIH POTOPBIHBIH, KaHy KaMEPaChIHbIH OHE KbUIy aKKYMYJSTOPBIHBIH AMHAMHUKACHIH
KaMTHUTBIH O€MChI3BIK MaTEMaTHKAJIBIK MOJEb KypacThIpbuiraH. MoJielb HOMUHAJ KYMBIC PEXHUMI
MaHbIHAA CBI3BIKTAHBIPBUIBIN, KYH KEHICTITiHAeri ¢opmana yYCbIHbUIAAbl. OTBIH IIBIFBIHBIHBIH
e3repyi Ke3iHAeri eTneli NpouecTep CaHIbIK MOAEIbICY apKbUIbl TainaaHaabl. Hotmwkenep rubpuari
KYPBUIBIMHBIH MEXaHMKaJIbIK TYPaKTBUIBIKTBI CaKTall OTBIPHIN, XKYHeae KOChIMIIA Oasty *KBLTYIbIK
KOHTYP KaJIBINITACTBIPATHIHBIH KopceTei. Cy jKbUTy aKKyMYJISITOPBIHBIH OOJTYbI IIBIFATHIH ra3aapAblH
KBUTYBIH JKUHAKTayFa MYMKIHIIK O€pill, KOHObIp2bIHbIY MOAbIK NAUoansl acep KoIphuyuenmin
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alTapabIKTall apTTRIPaAbl. 3ePTTEY HOTHKEIEpl THOPUATI ra3TypOMHAIBIK KYHEHIH KOmMacTaOThl
JMHAMUKaFra ue eKeHIH jKOHE OHBI 0acKapy YIIIH KOIKOHTYPJIbI HeMece KacKaaAThl 0acKapy oicTepiH
KOJIJTAaHY/IbIH OPBIHIBUIBIFBIH JOJENACH 1. ¥ CHIHBUIFAH KOHABIPFBI OMOTa3Fa HEri3/1eIreH aBTOHOM/IBI
KOHE TapaJFaH YHEPreTUKAIBIK KEIICH P YIIiH MepCIEeKTUBAIBI HISHIIM OOJIBIT TaObLIA b

Tyiiin ce3nep: 'a3TypOuHANBIK KOHABIPFBI, OMOTa3, THOPUITI YHEPrEeTHKAIBIK KYHe, KbUTY
aKKyMYJIITOPBI, MATEMaTUKAJIBIK MOJEIb, OacKapy *KyHheci.

O.I.MEUPEEKOBA'., H.T.PYCTAMOB?
Medwcoynapoonulil kazaxcko-mypeyxkuti yHugepcumem umernu Xooacu Axmeoa Acasu, Typkecmar,
Kazaxcman,
'E-mail: oxana.meirbekova@ayu.edu.kz*
2E-mail: nassim.rustamov@ayu.edu.kz

HCCJIEJTOBAHUE BUOT A30BOM 'MBPUIHOM I'A3OTYPEBUHHOMN
YCTAHOBKH C BOJSITHBIM AKKYMYJISITOPOM

AHHOTanusi. B crathe WCCIEAYIOTCS CTPYKTypa, SHeprerudeckas 3SPQPEeKTUBHOCTh U
JTUHAMAYECKHE CBOWCTBA THOPHUIHOW Tra30TypOMHHOW yCTaHOBKHM, paboTaromield Ha Ouoraze u
WHTETPUPOBAHHON C BOJSHBIM TEIUIOBBIM aKKyMYJISATOpoM. IIpemiokeHHas cHcTeMa COoYeTaeT
BO3MOHOCTH BBIPAOOTKH JJICKTPUYSCKOW SHEPTHH Ta30TYpOMHHBIM JIBUTATENIEM C TEILIOBBIM
HaKoMmHUTeNeM, 4To obecreunBaeT 3(P(GEKTHBHOE COBMECTHOE HCIIOIB30BAHUE DJIEKTPUUYECKOU H
TEIIOBOM »Hepruu. Pa3zpaboTaHa HelMWHEWHAs MaTeMaTHYeCKas MOJICNTb YCTAHOBKH, BKITFOYAFOIIAS
JTMHAMHUKY pOTOpa, KaMepbl CTOpPaHMs M TEIUIOBOTO aKKyMyisaTopa. Mojens JUHeapu3oBaHa B
OKPECTHOCTH HOMHHAJIBHOTO peXHWMa M TpeAcTaBieHa B ¢opMe mpocTpaHcTBa coctosHuid. C
MMOMOIIBI0 YUCJICHHOTO MOJCITUPOBAHUS TPOAHATM3UPOBAHBI TMEPEXOTHBIC TPOLECCHl  TPH
W3MEHEHWU pacxoaa TormmBa. lloydeHHBIE pe3yabTaThl IMOKA3bIBAIOT, YTO THOPHUIU3AIMS
YCTAaHOBKH HE yXYyIIAET MEXaHUYECKYIO YCTOMYMBOCTh CUCTEMBI, HO (DOPMUPYET AOTIOTHUTETHHBIN
MEUICHHBIM TEIUIOBOM KOHTYp. HWHTerpamusi BOJSHOTO TEIJIOBOTO aKKyMYJISTOpa TIO3BOJISIET
3¢ (HEKTUBHO aKKyMYyJIUPOBATh TEIUIOTY BBIXJIOMHBIX Ta30B M CYIIECTBEHHO MOBBICHTH OOIIHI
KO3(DPHUITMEHT IMOJE3HOTO NEWCTBHUS YCTAHOBKU. Y CTAHOBJICHO, YTO THOpHIHAs Tra3oTypOMHHAas
cucteMa o0mazaeT MHOTOMAacIITaOHOW JMHAMUKOW, 4YTO OOOCHOBBIBACT II€JIECO0OPA3HOCTH
MIPUMEHEHHsI MHOTOKOHTYPHBIX HJIM KaCKaJHBIX METOJOB ympaBieHus. [IpemiokeHHas ycTaHOBKa
SIBJISIETCS TICPCIICKTUBHBIM PEIIICHUEM JJ11 aBTOHOMHBIX M PacpeIeIEHHBIX JHEPIeTUUECKUX CUCTEM
Ha 0Oa3e Omorasa.

KuroueBble ciioBa: ra3oTypOMHHAs yCTaHOBKA, OMora3, THOpUIHAS SHEPTreTUYeCcKasi CUCTeMa,
TEIJIOBOM aKKyMYJISITOpP, MaTeMaTUYECKasi MOJIENb, CUCTEMa YIPABIICHUS.

Introduction

The growth of distributed generation and the use of renewable energy sources have led to the
need to increase the efficiency of local power plants. Biogas-powered gas turbine engines (GTE)
represent a promising solution for autonomous energy centers of agro-industrial complexes and
municipal infrastructure.

A classic gas turbine installation has a relatively low electrical efficiency (25-35%), while a
significant part of the fuel energy is lost with exhaust gases. The utilization of this energy makes it
possible to significantly increase the overall efficiency of the installation.

One of the solutions is to include a water thermal accumulator in the circuit, which leads to the
formation of a hybrid distributed generation power plant (HDGPP). However, hybridization
complicates the dynamics of the system and requires the development of an adequate mathematical
model for the synthesis of the control system.
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The purpose of the article is to investigate a hybrid gas turbine unit with a water thermal
accumulator, to evaluate the effect of heat storage integration on energy efficiency and dynamic
stability of the system when running on biogas.

Research materials and methods

Gas turbine installations (GTI) are the basis of thermal power systems and are widely used to
generate electrical and thermal energy by converting fuel energy according to the thermodynamic
Brayton cycle. A detailed analysis of the work of GTI and the prospects for improving their efficiency
is carried out in the works of (Zemtsov et al., 2025), where heat recovery schemes and the introduction
of the organic Rankine cycle are considered to increase the efficiency of a power plant from 35-38%
to 45-50% through the use of low-potential exhaust heat.

In the field of thermodynamics and cycle analysis of gas turbine systems, classical approaches
are described in the works of (Giilen, 2019), where the basic operating schemes, cycle parameters
and energy indicators are described.

One of the key trends in improving the efficiency of GTI is the integration of thermal energy
storage (TES) systems with gas turbines. An overview of the possibilities of using TES to increase
the power and stabilize the modes of gas turbine installations is presented in the work of
(Gkoutzamanis et al., 2019), which discusses various methods of cooling the air at the turbine inlet
using heat storage systems and their impact on performance. In particular, the authors show that such
approaches can improve operational stability and increase energy efficiency.

In addition, research on dynamic modeling of hybrid systems with thermal storage highlights
the importance of accumulating and reusing thermal energy to increase the flexibility and efficiency
of energy systems as a whole. In the works devoted to the general overview of TES technologies,
various types of heat storage devices are distinguished — sensitive, latent and thermochemical — and
their features, application potential and limitations are considered. Such an overview is useful for
understanding the technological possibilities of integrating TES with GTI, especially in the context
of renewable energy sources and cogeneration.

In particular, (Islam et al., 2022) analyze the role and modeling of TES systems in energy
systems, including their use for balancing heat and electricity flows, which is important when
considering hybrid gas turbine installations with heat accumulators.

Thus, modern scientific literature confirms that the integration of heat recovery and heat storage
with gas turbine installations is a promising direction for improving energy efficiency, flexibility of
dynamics and stability of dynamic processes in distributed energy systems.

Analysis and results

In the work of (Meirbekova & Rustamov, 2022) the following biogas gas turbine engine with
a water battery was proposed (Fig.1).

Heat
Accumulator

_’JM/ /l//, /‘/4/"/

hot water

biogas Combustion
chamber

exhaust gases

compressed working

air gases cold water

LI ~
M

Generator

Air Compressor Gas
Turbine

Figure 1. Biogas gas turbine engine with a water battery
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This installation includes: air compressor; combustion chamber; gas turbine; generator; heat
accumulator, etc.

Atmospheric air enters the compressor, where its pressure increases. Biogas is supplied to the
combustion chamber and a high-temperature flow is formed. Next, the flow expands in the turbine,
producing mechanical work. The turbine turns an electric generator.

The exhaust gases are sent to a heat exchanger, where they transfer heat to the water
accumulated in the heat tank. Thus, a combined electric heating system is formed.

The presented hybrid installation combines a biogas-powered gas turbine engine with a water
thermal accumulator (Rustamov et al., 2023). Atmospheric air enters the compressor, where its
pressure increases, after which biogas is added to the combustion chamber and ignited, forming a
high-temperature flow. By expanding in the turbine, the gas creates mechanical power to turn the
generator that generates electricity. The exhaust gases are sent to a heat exchanger, where they
transfer part of the energy to the water in the battery, which allows the use of thermal energy for
heating or other needs.

This combination of an electrical and thermal circuit increases the total efficiency of the
installation, provides the possibility of energy storage and creates a multi-channel dynamic system
with a fast mechanical circuit and a slow thermal circuit (Rustamov et al., 2025). The hybrid structure
allows efficient use of biogas, increasing the overall energy efficiency of the plant and creating the
basis for autonomous distributed energy complexes. The mathematical model of this installation is as
follows.

Heat exchanger model (heat recovery): Heat flow from exhaust gases:

Qrec = m-ng(TA - Tstack) (1)

where: Tstack - €Xhaust gas temperature
You can use the NTU model:

Qrec =& Cmin(TA - Ta),in) (2)

Model of a water thermal accumulator (dynamic):
Energy balance:

M c d@:Q -
w w g rec load

©)
where: M« — mass of water, c» — heat capacity of water, Qias — thermal load.

This equation gives the system thermal inertia.

Dynamic model of the rotor (Razzhivin et al., 2023):

The equation of rotation:

J@=T -1 -1 @

dt t c load

where: | - moment of inertia of the rotor, w - angular velocity, T: = Baf Tc==
Electrical efficiency of the installation:

N o7
o m Qryy (5)

Nel

net - The electrical efficiency of the installation shows how much of the fuel energy is converted
into electrical energy (Cabeza, 2015);
Per - The electrical output of the generator is measured in watts (W) or kilowatts (kW);
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m’y - The mass consumption of fuel (for example, biogas) is measured in kilograms per second
(kafs);

Qiuv - The lowest heat of combustion of a fuel, the amount of energy released during the
complete combustion of a unit of fuel mass, is measured in joules per kilogram (J/kg) or kJ/kg.

Full (hybrid) Installation efficiency:

— PertQrec
Ntotal = m Qi (6)

Neotal - the total efficiency of a hybrid installation, which takes into account both electrical
energy and thermal energy stored or used.

Qrec - The amount of heat energy recovered (returned) from exhaust gases and stored in a heat
storage tank is measured in watts (W) or in joules per second (J/s) (Kuravi, et al., 2013).

Calculation and simulation results

1. Initial data (example of a 100 kW installation)

A hybrid gas turbine engine with an electric capacity of 100 kW is considered.

Parameters:

Rated power: Per = 100kBT

Generator efficiency: ngen = 0,95

Degree of pressure increase: . = 4

Compressor efficiency: n. = 0,82

Turbine efficiency: n: = 0,85

Lowest calorific value of biogas: QLsv = 20 M]/kg

The mass of water in the battery: M, = 3000 kg

Ambient temperature: T1 = 300 K

2. Calculation of the nominal mode

a) The temperature after the compressor:

1
T-.=300[1+ m(40,286 —1)] @

T2 =300(1+0,58) =~ 474K

b) The temperature in front of the turbine:
Let's accept

T3 =1050K
c) The temperature after the turbine:

T+=750K
d) Required fuel consumption:
Electric power:

100
Pshaft = O'Ez 105 kW

Thermal power of fuel:

m'y = (8)
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B el = 0,32
& 105000

=032.20.106 ~ 0,0164 kg/s

m'r

3. Calculation of heat recovery
Exhaust gas heat flow:

Qrec = Sm'ng(Tzl - Ta))

By: e=10,65Tw=350K

We get:
Qrec = 160 kW
4. Installation efficiency
Electric:
T]el = 32 %
Thermal:
160
Nen ~ 49%

~ 0,0164 20 - 106
Full efficiency:
Ntotal = 32% + 49% = 81%

5. Transition process (stepwise fuel increase by 20%)
Increased fuel consumption:0,0164 — 0,0197 kg/s

©)

With a stepwise increase in fuel consumption by 20% (0.0164—0.0197 kg/s), a regular change

1.051

1.04 4

1.03 1

1.02 4

1.011

1.00 1

0 5 10 15 20 2D, 30
ts

Figure 2. Transient process of the angular velocity of the rotor w(t) (fuel stage+20%)

in the main dynamic parameters is observed in the system. As follows from Figure 2, the angular
velocity of the rotor w(t) increases quite rapidly and then asymptotically tends to a new steady-state
value. The absence of pronounced fluctuations and overshoot indicates the stable nature of the
transition process and satisfactory dynamic properties of the system under consideration.

Figure 3 shows that the temperature in front of the turbine T_3(t) also increases according to
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after which the rate of temperature change gradually decreases as it approaches a new stationary state.
This nature of the transition process reflects the thermal inertia of the gas turbine installation and is
consistent with the physical nature of the change in thermal conditions with increasing fuel supply.

1056 -
1055 -
1054
m
1053 1
1052 A
1051 -

1050 4

0 5 10 15 20 25 30
ti:s

Figure 3. Temperature transition process in front of turbine Ts(t) (fuel stage +20%)

According to Figure 4, the water temperature in the accumulator T_(t) changes much more
slowly compared to the angular velocity of the rotor and the temperature in front of the turbine. This
is due to the high heat capacity of the battery and the inertia of the heat exchange processes, as a
result of which the reaction of the water circuit to an external disturbance is more prolonged.
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Figure 4. Water temperature transition in the battery T,, (t) (fuel stage +20%)

6. The spectrum of eigenvalues (after linerization)
The eigenvalues are obtained:

A1=-18
A2 =—0,42
A3 = —0,004

Means: The system is stable

There is a separation of time scales

The thermal circuit is significantly slower than the mechanical one.
7. Comparison with conventional GTE.

Table 1. Comparison of performance indicators of conventional and hybrid GTE systems

Indicator Without battery Hybrid
Electrical efficiency 32% 32%
Thermal energy 0 160 kW
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| Overall efficiency | 32% | 81% |

As shown in Table 1, the hybrid GTE has the same electrical efficiency as the conventional
system (32%), but it also produces 160 kW of thermal energy. Therefore, the overall efficiency
increases from 32% to 81%, which is about 2.5 times higher than that of the conventional GTE.

Efficiency increase: 2.5 times

8. Scientific interpretation of the results

1. Hybridization does not impair the stability of the mechanical channel

2. A slow thermal circuit is formed in the system.

3. The total efficiency exceeds 80%, which corresponds to the level of cogeneration plants.

4. The system is fully controllable in the vicinity of the operating mode (Zia, et al., 2018, Li, J.
et al., 2022).

Interpretation of the transients of a hybrid installation

1. The transient process of the angular velocity of the rotor w(t)

On the graph of the change in the angular velocity of the rotor with a stepwise increase in the
biogas supply by 20%, a rapid increase in w is observed with the transition to a new steady-state
mode.

An increase in fuel consumption leads to an increase in the temperature of the gas in front of
the turbine T3, which causes an increase in turbine capacity P:. Since the compressor power changes
more slowly, a positive torque imbalance occurs:

Tt > Tc > Tel (10)

this causes the rotor to accelerate.
The process is characterized by:
- asmall time constant (= 2c),
- moderate overshoot (up to 7-8%),
- absence of attenuating large-amplitude oscillations.
This indicates that the mechanical circuit has sufficient damping and inertia (Steinmann, 2014).
The mechanical part of the hybrid installation remains dynamically stable and reacts quickly to
changes in fuel supply. Hybridization (the presence of a thermal accumulator) does not significantly
affect the dynamics of the rotor.
2. The temperature transition process in front of the turbine Ts (t)
The temperature graph in front of the turbine has an aperiodic character with a smoother

increase compared to the speed of the rotor.
The dynamics of Tz is determined by the thermal balance of the combustion chamber:

CeombT 3 =m"acpT2 + M fQrLuv — M gcpT'3 (12)

The thermal capacity of the chamber creates inertia, which causes the temperature to change
more slowly than the mechanical speed.

The lack of significant overshoot is explained by:

- dissipative character of thermal processes,

- the absence of oscillating links in the heat channel.

The temperature circuit is slower and aperiodic. It is he who determines the limitations on the
speed of the control system, since exceeding Tz is unacceptable from the point of view of the thermal
strength of the turbine.

3. The water temperature transition process Tw(t)

The graph of the water temperature change in the battery is characterized by slow growth
without signs of fluctuations (Li D, et al., 2024).

Physical interpretation

The dynamics is described by the equation:
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MwaT.w = Qrec - Qload

A large mass of water (on the order of several tons) forms a significant thermal inertia of the
system. As a result:

- the time constant is hundreds of seconds,

- the process is strictly aperiodic,

- the thermal circuit has practically no effect on fast mechanical transients (Dobrego, 2023).

The water battery acts as an integrating link that smooths out thermal fluctuations. It provides
energy buffering and increases overall efficiency without compromising the stability of the
mechanical part.

4. The resulting graphs demonstrate a clear separation of dynamics.:

Table 2. Separation of dynamic time scales in the system

Contour Typical time
Mechanical () 1-3s
Gas-temperature (Ts) 465
Thermal (Tw) 200-300 s

As shown in Table 2, the system is characterized by clearly separated dynamic time scales. The
mechanical contour (®) responds the fastest within 1-3 s, the gas-temperature contour T3 changes
over 4-6 s, while the thermal contour T« is the slowest, with a response time of 200-300 s. This
confirms the multi-time-scale nature of the system dynamics.

Thus, the system is multiscale.

It means:

- fast channel — power control,

- medium channel — turbine temperature control,

- slow channel — thermal management.

5. Interpretation of sustainability

All transients:

- converge to a new equilibrium,

- do not demonstrate divergence,

- they have a decaying character.

6. Scientific conclusion from graph analysis

1. Hybridization does not impair the dynamic stability of GTE.

2. An additional slow thermal circuit is being formed.

3. The system acquires a multi-scale structure.

4. It is advisable to use cascade or multi-circuit methods for control.

5. High thermal inertia increases the energy stability of the system.

The eigenvalues of the linearized system have negative real parts, which confirms the
asymptotic stability in the vicinity of the operating mode.

Conclusions

A hybrid gas turbine unit with a water thermal accumulator powered by biogas has been
developed and investigated, which ensures the integration of electrical and thermal channels to
increase overall efficiency.

Numerical simulation showed the multiscale dynamics of the system: a fast mechanical circuit
of the rotor, an average thermal circuit of the combustion chamber and a slow thermal circuit of the
water accumulator, which is important to take into account when designing control systems.

The integration of the heat accumulator increases the energy efficiency and stability of the
installation, allowing the thermal energy of the exhaust gases to be accumulated and used for useful
work without reducing the reliability of the mechanical part.
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The simulation results confirm the stability of the system: all transients converge to new steady-
state values, overshoot is minimal, and the time to enter operating mode remains within acceptable
values.

The practical significance of the work lies in the fact that the proposed scheme of a hybrid
installation can be used to increase the efficiency of distributed energy complexes running on biogas,
as well as to develop recommendations for the efficient operation of GTI with thermal storage.
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(ANFIS) xonmanbsuiasl. byn omicTep CBI3BIKTHIK JKOHE CBHI3BIKTBIK €MeC MOJeNblIepai Ooikayna
KOFaphl HOTHXKeEJEep KOPCEeTeTIHAIIIMEH epeKIleNeHel. 3epTTey HoTuxkejaepl 6olbIHIIa O0KaHFaH
sHeprus euaipy keinemi (MBT-car) HakThl eHIIpiC MOHIEpIHE ©TE MKAKbIH €KEH1 aHBIKTAJJbI.
bonamakrarel 6oikay 3epTTeyiepiHie jKacaHIbl MHTEIUIEKT 9ICTepl ACTYpJll diicTepre THIMAL
OamaMa peTiHJe KOJIAaHbLIYbl MYMKIH.
KinT ce3nep: >xacaHpl HEHPOHIBIK JKEINIEp, KeJl SHEPrHsIChl, OHAIPICTI OoKay, MOJEIBALY.
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ESTIMATION OF WIND ENERGY PRODUCTION BY ARTIFICIAL NEURAL
NETWORKS AND ADAPTIVE NETWORK BASED FUZZY INFERENCE SYSTEM

Abstract. Wind power provides a clean and feasible solution to generate electricity. The
development of wind power applications requires a deep analysis of wind profiles and an accurate
prediction of wind energy at a study site. This study estimated generation of wind energy as a sort of
renewable energy. The geological and meteorological data of a wind power plant were taken into
account to estimate the production data (RES) in Adiyaman. To conduct this estimation, the
feedforward backpropagation artificial neural network (ANN) and Adaptive Network Based Fuzzy
Inference System (ANFIS), and were used because of its successful prediction of linear-nonlinear
models, as one of the applications of artificial intelligence. In the study, it was observed that the
estimated production value of energy production (MWh) was rather close to actual values of energy
production. In future studies on prediction, artificial intelligence applications can be employed
successfully as a substitute of traditional methods.

Keywords: Artificial Neural Networks, Wind Energy, Estimation of Production, Modeling

Beenenue

OneHka MoTeHIMajla BETPOBOM SHEPrUM MMeeT OOJIbLIOe 3HAUYEHUE IS MojajepkaHus OanaHca
MEXJy CIPOCOM M TNPEUIOKEHUEM, a TaKXKe IS IJIAHUPOBAHUS PaOOTHI YHEPreTUYECKUX CHUCTEM.
[Tepeouenka crpoca Ha 3JIEKTPOIHEPTHIO TPUBOIAUT K YPE3MEPHOMY HCITOIB30BAHUIO PE3EPBOB UITU
K 3allyCKy CIMIIKOM OOJIbIIOTO 4YMCJIa SHEProOJIOKOB. DTO BBI3BIBAET 3HAYUTENbHBIE MOTEPU U
CO3Ja€T PUCKH MPHU OpPraHu3aluu pabOThl IHEPTETHUECKUX CUCTEM. B TO ke BpeMs HeJOOLEeHKa
noTpeOIeHUsT DJIEKTPOIHEPTHH MOXKET HE YIOBIETBOPUTH (PAKTUUECKHI CIPOC M TPHUBECTH K
HEJIOCTaTOYHOCTU PE3E€pPBOB, UTO MPENnsATCTBYET 3PPekTuBHON padbore cuctembl. OeHKa HArpy3Ku
BO300HOBJISIEMBIX UCTOYHUKOB 3HEPTHU MMEET CYIIECTBEHHOE 3HAU€HHUE AJisd CTaOMIbHON paboThl
cucteM nepenaun nekrposHepruu (Akman, Yilmaz, & Sonmez, 2018).

CeroaHs, BMecTe C BIUSHUEM TJI00ATU3alui, MOKHO OTMETUTh MEPEX0J] OT TPAAUIIMOHHOTO
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MOHMMAaHUSA Pa3BUTUA K KOHIENMUHMH YCTOMYMBOro pa3BuTus. JlJIsi AOCTHKEHUS YCTOMYMBOIO
pa3BUTHS BO30OHOBJsIEMasi SHEPTHUSI MOXKET UTPATh BAXKHYIO POJIb B YIOBJIETBOPEHHUH MOTPEOHOCTH
B DHEPIrUHU KaK B MPOMBIIICHHOCTH, TaK U Ha JIokainbHOM ypoBHe (Bader, Inguva, & Perot, 2018).
Crtpanbl, crnocoOHble 00ecneYuTh YCTOHYMBBIE MCTOYHHMKHA HHEPrUU, CMOTYT pPa3BUBATHCS
HE3aBUCUMO OT JPYTUX CTpPaH M Ja)xe CO3/IaAyT BaXKHBIM 3Tall B Pa3BUTUU CBOEU IKOHOMHKH,
SKCIOPTHUPYS SHEPTUI0 B JApyrue crpaHbl. HeycTOMYMBOCTH MCKOMAEMBIX BUJIOB TOIUIMBA U UX
3HAYUTENBHBIA BpeJ AJIsl OKpYXawlled cpedbl AeNaloT UX CEpbe3HOM yrpo30M, YTO MOBBIIIAET
LIEHHOCTHh BO30OHOBIISIEMBIX UCTOYHUKOB YHEPTHUU.

Bo0300HOBIsI€MbIEe HICTOUHUKHU YHEPTUH BKIIOUYAIOT COJTHEYHYIO SHEPTUI0, BETPOBYIO SHEPTHUIO,
reoTepMajbHYI0 SHEPTUI0, THIPOIHEPIHI0, BOAOPOAHYIO SHEPIUI0 U TEPMOSIEpHYIO 3Hepruto. Mx
TaK)Ke MOYKHO pacCMaTpUBAaTh Kak alnbTepHaTHBHBIC HcTouHuku sHepruu (Ervural, Ervural, & Evren,
2016). UToObI yIOBIETBOPUTH MOCTOSHHO PACTYIUIH CIIPOC HA IHEPTHUIO, KpaliHE BasKHO OTKPbIBATh
albTepHAaTUBHBIE MCTOYHUKM dHepruum (Maouedj et al.,, 2015, Ann Rufus et al, 2019).
Bo300HOBsSIEMbIE MCTOYHHKH TOJHOCTHIO HECOBMECTHMBI C HEBO30OHOBISIEMBIMH, TaKUMHU Kak
NPUPOAHBIN ra3 u snepHoe TormauBo (Al-Janabi, Alkaim, & Adel, 2020). Cpeau Bcex CyIIECTBYIOIIUX
BO300HOBJISIEMBIX UCTOYHHKOB DHEPTHH HAUOOIbIIEH MOMYISIPHOCTHIO M MHPOKUM IMPUMEHEHHEM
MOJIb3YETCSl BETPOBAs SHEeprust 6arogapsi MUHIMaJIbHBIM UHBECTUILIHSM, OTCYTCTBHUIO 3arpsi3HEHHUS,
Oe30macHoi dKCITyaTalliil U KOPOTKOMY cpoky 3anycka (Rajasingam, Rasi, & Deepa, 2019). bonee
TOTO, BETPOBAsSI U COJTHEYHAS YHEPTUS CIUTAIOTCS CAMBIMH OBICTPO PA3BUBAIOIIMMHUCS HCTOUHHKAMH,
OKa3bIBAOIIIMMH 3HAUYNTEIIFHOE BIUSHUE HA YCTOWUYNBOE pa3BUTHE CTPaH.

[Ipon3BOACTBO 3JIEKTPOIHEPTHH M3 BETpPa OCYIIECTBISIETCS NyTeM MpeoOpa3oBaHUs
KMHETHYECKOM JHEepruu, BO3HUKAIOUIEH IpPHM BpAILIEHUU JomacTeldl TypOMHBI O] BO3JCHCTBHEM
BO3JIYIIHBIX ITOTOKOB, B JIEKTPUUECKYIO SHEPTHIO B TeHepaTopax. DHEPTus BeTpa 3aBUCUT OT KyOa
CKOPOCTH BeTpa, IUIOLIaAM JIomacTeil TypOMHBI M IUIOTHOCTH Bo3nyxa. IIpm yaBoeHunm ckopocTu
BETpa TNOTEHIMANbHAS JHEPrus BeTpa yBemmumBaeTcss B BoceMb pa3 (Yavuz & Ozbay, 2020).
Hcmonp3oBaHue BETPOBOW DJHEPrUUM HMEET HECKOJIBKO MNPEHUMYIIEeCTB, CpPeIud KOTOPBIX
BO30OHOBIISIEMOCTh, OecrpoOJieMHass Tepeaada W OTCYTCTBHE HEOOXOIWMOCTH B IPHUMEHCHHUHU
BBICOKOTEXHOJIOTUYHOTO 0oOopyaoBaHus. Kpome TOro, 3T HCTOYHUKH SHEPTHH JOCTYHNHBI B
M300MINHU, HE HAHOCAT Bpena aTMocdepe u okpyxaromen cpeae. /1o cymecTBOBaHHS CONHIA U
3emim 3HEprus BeTpa OyIeT MOCTOSHHO HMPUCYTCTBOBATh, M HEOOXOAMMO HCIOIB30BATH TEXHOJIOTUU
s e€ skerryaTanui. C TOMOIIBIO BETPOBBIX TYpOUH 3TOT MpOLIeCC MPEBPAIIeHUsI SHEPT U BETPA B
aeKTpruecTBO MoxeT ObITh ocymiectieH (Ilkilic & Aydin, 2015, llkilic, Aydin, & Behget, 2011).
OnHOM M3 TaKUX TEXHOJOTHH SBISETCS BO3MOXXHOCTH KOHTPOJII MOIIHOCTH BETpPa C IMOMOIIBIO
BeTpoBBIX TypOuH (Lebkowski, 2020). DnekTpodHEpTHs TCHEPUPYETCS dITUMH TypOMHAMU 32 CUET
KMHETHYECKOH dHEepruu BeTpa. BoIbIIMHCTBO pa3BUBAIONIUXCS M PA3BUTHIX CTPAaH MOAACPKUBAIOT
MPOU3BOACTBO JJIEKTPOIHEPTHH C TOMOIIBI0 BETPOBOM HSHEPTHH B pPaMKax TOCYIapCTBEHHBIX
MpOTrpaMM U KOHTPOJHUPYIOT 3TH MPOIeCChl Ha KaxaoM dtare (Senel & Kog, 2015).

CoryacHO 0T4eTy 0 ycTaHoBleHHoH Momuoctu TEAIS (Typelnkas akuuoHepHas KOMIAHHUS 110
nepejaade 3JeKTposHeprun) 3a anpensb 2025 rona B Typuuu, pacupeneneHne HCTOYHUKOB YHEPTUH
JUIsl IPOU3BOJICTBA 3JIEKTpOodHepruu Biitovaer: 31,54% ruaposnepruu, 25,30% npupoaHoro rasa,
9,89% yrus, 10,88% Betpa, 8,08% conneunoi sneprum, 1,68% reorepmanbuoil anepruun, 1,74%
ouomaccel, 10,14% Oyporo yrus u 0,74% npyrux pecypcoB. PacmnpeneneHue ycTaHOBICHHOM
momuHocT (MBT) no ncrounukam npejacrasineno Ha pucynke 1 (TEIAS, 2022).

B nmanHOM mccieoBaHuM Oblla BBIOJHEHA OLIEHKA MPOM3BOJCTBA BETPOBOM DHEPTUU B TOPOJIE
Anpisiman.  Ocobasi  MOTHBaIMs HCCIEJOBAaHUS CBS3aHA C MPOBEJACHUEM PErHOHAIBHOTO
MPOTHO3UPOBAHUS, TTOCKOJIBKY 9TO MEHEe M3y4eHHas, HO HeoOxoaumasi oonacth npumeHeHus. s
OLIEHKH BETPOBOW 3HEpPruu Ha BeTpoBOMl snekTpocTaHuuu (BOC) B mpoBuHUMM AAbisiMaH ObUTH
NPUMEHEHBI METOJIbl HCKYCCTBEHHOI'0 MHTEJUIEKTa — HMCKYCCTBEHHas HeiiponHas ceTb (ANN) u
ajanTUBHas HEYeTKas cucTeMa BbiBoja Ha ocHoBe ceTu (ANFIS).
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= Hydraulic = Natural Gas Coal wind = Solar

= Geothermal = Bio mass = |ignite = Other Source

Pucynok 1. Cornacno oruery TEIAS (Typemnkas akiuoHepHas KOMIaHHsS MO MHepenaue
AJIEKTpOdHEprun) 3a anpenb 2025 roga, pacnpeneneHne yCTaHOBICHHOW MOIIIHOCTH MO HCTOYHUKAM
(MBT)

OcTtanpHas 4acTb CTaTbU OpraHU30BaHa cielyroluM obpasoMm. B pasnene 2 mpexacraBicH
0030p nutepatypsl. B paznene 3 npuBoautcs uHGOpMaLMs O BETPOBON 3JIEKTPOCTAHIUU, a TAKKE
OINHCBIBAIOTCS MCIOJIb3yeMble METOABI HCKYCCTBEHHOI'0 MHTEIIEeKTa. B pasnene 4 mpeacraBiieHbl
MOJICTUPOBAHUE W METOJ| OINCHKH W MPOTHO3UPOBaHUS dP(EKTUBHON CKOPOCTH BETpa HA OCHOBE
ANN u ANFIS. B pazznene 5 moaBoasTCsi UTOTH HCCIENOBAHMUS M OOCYXKIAIOTCS pEe3yJbTaThl,
IMOJYYCHHBIC C UCITOJIB30BAHUEM JIBYX MCTOOOB.

O030p uTEpaTypsI

[Ipu paccmoTpeHnn Hccaen0BaHUM, MPOBEAEHHBIX B Typruun, ObUTH MOMY4YEHBI CIEAYIONIUe
pe3yabTaTHI.

B uccnenoBanuu, BemmonneHHoM [ éprenem m Kapmakom (Gorgel & Kavlak, 2020), Gsura
MPOBEJICHA OLEHKAa IPOM3BOJCTBA YHEPIMU HA OCHOBE €)XKEAHEBHBIX M JECATUMHUHYTHBIX JaHHBIX
BETPOBOW TypOWHBI, pAacCIOJIOKEHHOW B peruoHe HM3mup—Ypna, 3a omun rox. B pabore
WCIIONB30Balics THOpUAHBIA MeTon mon HazBanueM CNN-LSTM, ocHOBaHHBI Ha MeTOaax
cBeprouHoii HerporHoit cetn (CNN) u monroii kpatkocpounoit mamsitu (LSTM). C ucnonp3oBanneM
paspaboTraHHOTO MeTOIa cpenHekBaaparuaHas omubka (MSE) cocraBuina 1,17.

B uccnenoBanuu, nposeaéanom lllenomom nu MycaeBbiM (Senol & Musayev, 2017), Obuta
co3/1laHa MOJIC)Ib HCKYCCTBEHHOW HelpoHHOH ceTr (ANN) Ha OCHOBE pa3JIMYHBIX BETPOBBIX TYpPOWH
Y BBIIIOJIHEHA OLIEHKA IIPOU3BOICTBA 3JIEKTPOIHEPTUH U3 BETPOBOIM IHEPIUN.

B wuccnenoannm Kaitm m coaBtopoB (Kaya, Caner, & Oguz, 2016) Oblma mpennpuHsTa
MONBITKA OLEHUTh MOTEHLMAJI BETPOBOM dHEPruM B MPOBUHLUMM KacTaMOHYy NyTeM cO3JaHus BYX
Pa3IMYHBIX MOJIETEH C MCHOJIb30BAHUEM JIaHHBIX Pa3JIMYHBIX BETPOBBIX TypOuH. C mMpUMEHEHUEM
METOJIOB HCKYCCTBEHHBIX HEHpOHHBIX cerell (ANN) M aganTUBHBIX HEHPO-HEUETKUX CHUCTEM BBIBOJA
(ANFIS) ObutH OlleHeHBl MaKCHUMaJIbHbIe 3HAUYEHUSI MOLTHOCTH, KOTOPBbIE MOTYT OBITh HOJYYECHBI B
3aBUCUMOCTH OT THIIA HUCIIOJIB3yEeMBbIX TYpOHH.

B uccnenosauuu Joranmku u coastopos (Doganci, Ertiirk, Ozsunar, & Arcaklioglu, 2016)
OLICHKA BETPOBO YHEPTHH MPOBOANIACH HA OCHOBE BEHIOOPOYHBIX TAaHHBIX U3 MPOBUHLUN U pallOHOB
Hentpansnoro u 3anagHoro IlpuuepHomopesa. [lpu wucnons3oBanuum wmetoga ANN  Obuio
YCTaHOBJICHO, YTO pacCYMTAaHHbIC NMPOTHO3HBIC 3HaueHus st badppwl, MHebony, 3oHrymnaaka u
KapaGroka, monydeHHbIE ¢ HCIOJIb30BaHUEM PA3IMYHBIX KOMOMHANIMH MapaMeTpoB (TaKUX Kak THUII
anroputma, QYHKIHUS aKTUBaUUH, QYHKUHS OOydYeHHs, KOJIMYECTBO CIOEB W YUCIO HEHPOHOB),
COrIacyrTcs ¢ (PaKTUYECKUMH 3HAYCHUSMH.

B ucciaenosanuu Keutbiaa u Apadamku (Kilic & Arabaci, 2015) Gyayiire 3HaYSHHS CKOPOCTH
BeTpa B NpoBUHLUMHU bypayp Obuim oneHeHwl ¢ ucnonb3oBaHuem metoga ANN. B pesynbrate
pacyeToB Ha OCHOBE JJAHHBIX, MOJIYYEHHBIX OT TypenKkoro MeTeopoJoru4eckoro HHCTUTYTa, ObLIO
caenaHo 3akiroueHue, 4To Metod ANN MoxeT ObITh MOAXOASIIUM ISl TPOBEIECHHS MOJOOHBIX
aHaJIU30B.
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Bkiag naHHOro Mcciie0BAHHSI B HAYYHYIO JIMTEPaTypy:

» B nayuHoii nuteparype He oOHapy)keHo uccieaoBanuii, B koropbix Mmetoasl ANN u ANFIS
INPUMEHSIUCh Obl COBMECTHO JJIsl OLIEHKU NPOU3BOACTBA BETPOBOM sHepruu. B Hamem
UCCJIe0BaHUU ITH JIBa METO/1a UCIIOIb3YIOTCSI BMECTE.

* B 06oux MeToax yAanoch yCIEHO JOCTUYb CXOAUMOCTH € (PAKTHUUECKUMHU 3HAUEHUSIMU
IIPOU3BOJACTBA SHEPTUH.

B Hammx AByX MeTo/laX MCIOJIb3YIOTCS HOBbIE HAOOPHI JAHHBIX, OCHOBAHHBIE HA JAHHBIX
peanbHOM CUCTEMBI, a HE TOTOBBIE CTaHIapTHbIE HAOOPHI JAHHBIX.

MaTepuajibl U METObI

B nanHOM HccneqoBaHMM HMCIOJIB30BAIKMChH JIaHHBIE O IPOMU3BOJCTBE 3HEPTrUU BETPOBOU
AJIEKTPOCTAaHIUH, pacnonokeHHON B IOro-BocrouHoM AHATONMKCKOM peruoHe, B pailoHe ChIHIKHUK
npoBUHIMU AnbiamaH, 3a nepuox 60 mecsnes (sHBapb 2019 — nexabpp 2024 rr.). [Ipu ananuse
YUYUTBIBAJINCH F'€0JIOTMYECKHE U METEOPOJIOTHYEeCKUE JaHHbIE, TAKHE KaK CKOPOCTh BETPa, BHICOTA,
CpellHEeMEeCsUHble 3HA4YeHHUs, MaKCHUMajlbHas CKOPOCTh BeTpa, JoiArora M Imupora. Bce
METEOPOJIOTUUYECKHE YCIOBUS, TeoJIornyeckass HHGOpManus U JaHHbIE O MPOU3BOACTBE BETPOBOIL
snekrpoctanuu (BOC) 6puin momydeHbl HEMOCPEICTBEHHO C CaMOW CTaHIIHUH.

Mopenb, ucroab3yeMasi B UCCIE€IOBAaHNN, OCHOBAHA Ha METO/1aX MCKYCCTBEHHBIX HEHPOHHBIX
cereit (ANN) u Long/Short Term Memory (LSTM). MozaenupoBanue u pacd&€Thbl BHIMOIHSIIUCH C
ucnoias3oBanueM nporpammuoro obecneuenuss MATLAB (Bepcun 2020a u R2018).

BerpoBas »3iekTpocTaHIMS pacmojokeHa B mpenenax pailoHa CHIHIKXHAK MPOBUHIINU
Anprsiman. CTaHnus MpeaCcTaBiseT cOOOH MPOEKT MO MPOHM3BOJCTBY 3JIEKTPOIHEPTHH HA OCHOBE
BETPOBOM »HHEpruM M Obl1a BHEPBbIC JUIEH3UPOBaHA YIPABICHHEM 110 PEryJIHpPOBAHUIO
sHeprerndeckoro perHka Typuun (EMRA) mis mpon3BoacTBa 3JIEKTPOIHEPTHH.

DnekTpocTaHIusl cOCTOUT u3 11 BeTpoBBIX TypOuH M moakitoueHa k cucteme TETC gepes
noacranuuio Sincik Basin TM 154 kB. Ycra"HoBieHHass MOIHOCTb CTAaHIUU cocTasisger 27,5 MBT.
Cranmnus Oblia BBeJeHA B dKcIuTyatamnuio B saBape 2014 rona.

B tabnune 1 mpencraBieHa mHoOpMAUsA O MONTOTE, IMUPOTE U BHICOTE pacmoioxeHus 11
TypOUH.

Ta6mmua 1. Madopmarus o 1onroTe, MUAPOTE W BHICOTE PACIIOIOKEHHS TypOWH.

Hupota Joiarora ]_Ieumpaﬂbn BuicoTa oT YpoBeHb
Ha3panue 18171 3eMJIH
BETPOBOIi E» i a % i E MepuIuaH 3EMUIM HJIH (BBICOTA HAJ
Typounbr | § E = g E 2 | somp (UTM) |07 KPPy pem
= | = © = | = © | (6 rpanycos) | A Mopsi)
WTG1 38 |2 |54.9937 |38 |34 |36.8354 |39.0 80 meters | 1445 meters
WTG2 38 |2 |56.9468 |38 |34 |58.2233 |[39.0 80 meters | 1445 meters
WTG3 38 |3 [4.8370 |38 |35 |[16.9945 |39.0 80 meters | 1465 meters
WTG4 38 |3 12.1263 |38 |35 |24.1943 |39.0 80 meters | 1480 meters
WTG5 38 |3 |8.0896 |38 |36 |7.5548 |[39.0 80 meters |1520 meters
WTG6 38 |3 |6.5565 |38 |36 [17.0748 |39.0 80 meters |1515 meters
WTG7 38 |3 |2.7745 |38 |36 |29.0620 |39.0 80 meters | 1565 meters
WTGS8 38 |3 [3.1331 |38 |36 |39.5216 |39.0 80 meters |1595 meters
WTG9 38 |3 12.8683 |38 |36 |51.8234 |39.0 80 meters | 1595 meters
WTG10 38 |3 10.8863 |38 |37 [4.9014 |[39.0 80 meters |1590 meters
WTG11 38 |2 |57.2582 |38 |37 |16.2021 |39.0 80 meters |1625 meters
HckyccrBennbie Heliponnbie cetu (ANN)
ANN (Artificial Neural Network) — »To BbIuMCIUTeNbHAs cucTeMa, pa3paboTaHHas IO

aHAJIOTMHU CO CTPYKTYpOW OMONOrMYEeCKUX HEHPOHHBIX KIETOK U UX CIOCOOHOCTHIO K OOYYEHHIO
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(Sengiir, Tiirkoglu, & Ince, 2005, Principe, Euliano, & Lefebvre, 2000). ITpomecc 06ydeHus B TAKAX
cucTeMax OCYIIECTBISETCA C MCIOIb30BaHHEM NpHMepoB uiaM BeGopok (Oztemel, 2003).
HckyccTBeHHbIE HEHPOHHBIE CETH IIMPOKO MPUMEHSIOTCS B MHXKEHEPUHU, OCOOCHHO C pa3BUTHEM
MH(OpPMaMOHHBIX TEXHOJIOI'MH, U YaCTO UCIOJIb3YIOTCS B MAIIMHHOM 00ydeHuu. OHU cO37aBaIuCh
10 BJOXHOBEHHUIO OT CTPYKTYpbl UEJIOBEYECKOI0 MO3ra Ha OCHOBE MUHHUMM3ALUMU OIIUOOK U
pacro3HaBaHus mabIOHOB.

Takass mMozmenb UCKYCCTBEHHOW HEHpOHHOHM ceTH oOydanach M pa3BUBajach, afalnTUPYs MOJEIb
obyuenus ['e66a. Moaens MHOTOCIIOWHOTO IepIenTpoHa, paspaborannas B 1980-x rogax, ycnenrHo
pemasia 3aja4u Kiaccu(UKauu, 0COOEHHO C HCMOIb30BAHMEM aJrOpUTMa 00ydeHus oOpaTHOTO
pacnipoctpanenusi omubku (backpropagation), uTo oTKpbII0 HOBYIO 3py B pazButun ANN (Uguz,
2019,Gegcmez & Genger, 2021).

UckyccTBeHHBIE HEHPOHHBIE KIETKHU, HCIOib3yemble B ANN, BKIIOYAIOT MSITh OCHOBHBIX
KOMITOHEHTOB: Beca (Wi), BXOJHBIE 3HAaYCHHsS (Xi), cymmapHas (QYHKUHS, BBIXOH W (DYHKIIUIO
aKTUBalMU. BXOoaHbIe 3HAUCHUS YMHOXAIOTCS Ha COOTBETCTBYIOLIME Beca ISl MOJTYYEHUs HOBBIX
3HAYEHUM, K KOTOPHIM MpHUOABIAETCS MOPOroBOe 3HaU€HHE. BrIXoa MOXXHO MonyuuTh, 0OpaboTaB
pe3yibTaT uepe3 QyHKIHMIO aKTUBAIUU.

Crioco6HOCTh K 00YyYEHHIO UCKYCCTBEHHOT O HEHPOHA 3aKJIF0YAETCsl B KOPPEKTHOM HAaCTpOHKe
3HAYCHHI BECOB COTJIacHO BbhIOpaHHOMY anroputMmy ooydenus (Elmas, 2003, Sahan & Okur, 2016).
Mopgens ANN, coxeprkamas 10CTaTOYHOE KOJUUYECTBO HEHPOHOB BO BHYTPEHHHX CIIOSIX, MOXKET
MOJENNPOBATh pa3IudYHbIe TUITHI HeTUHEHHbIX QyHKuuil (Fausett, 1994).

AanTHBHAsI HeyeTKasi cucteMa Ha ocHoBe cetu (ANFIS)

B crpykrype ANFIS ncnons3yroTcst Kak HedeTKas JIOTMKa, TaK U UCKYCCTBEHHbIE HEHPOHHBIE
cetu (ANN). ANFIS npencraBnser coboii ceTeBy0 MoOJeidb HEYeTKOH cuctembl Tuma CyreHo ¢
BO3MOKHOCTSIMH HEHPOHHOTO 00y4YeHUS.

Uro kacaetcsa cTpykTypbl, ANFIS BkiatouaeT nmapsl BXOJ-BBIXO/ U MIPaBUJia BUJIA «ECIU—TO» B
HEYeTKON cucteMe BbIBojAa. [Ipm 0O0ydeHHHM CHCTEMBI NPHUMEHSIOTCS QJITOPUTMBI O0ydYEHHUS
HCKYCCTBEHHON HEMPOHHOMW CETH.

Ecnu 0603HaYUTh Z KaKk BBIXOM, a X M Y — KaK BXOJbI, 0a30Basi CTPYKTypa MpaBuila MOXKET
OBITh 3amKcaHa TakK:

Ecmu X Aim yBi, o fi=prx+quy+mn

3neck p U (| — nuHEiHBIe TapaMeTpsl Beixona. [lepemennsie Al u Bi ucmonb3yroTcs B Moaenn
JUIS TIpEJICTaBIeHUs BepOaIbHBIX NMEPEMEHHBIX Ha MepBoM cioe. 3HadeHus Ai u Bi ypansiorcs u3
cinost ¢ QyHKIMEH MpUHAMICIKHOCTH, IPUHUMAas UX cTeneHu npuHampiexxnoctu: i Ai(X), u Bi(y) .

Bo BTOpOM cit0e BXOJHBIE 3HAUEHHS] YMHOKAIOTCS APYT HA APYTa U MOJAIOTCS HA Y3€T:

wi=p Ai(x)* u Bi(y) 1=1,2,3,..... 9 1)
Hpouecc HOpMaJIu3allu B TPETbEM CJIOC BBIIIOIHACTCA CIICAYIOIIUM 06pa30M:
_\i\FWi/ZWi =1,2,3,....9 (2)

Monens Takyru—Cyreno—Kanra npumeHnseTcs mociie 4eTBEpTOro ciios. B 3ToM ciioe KaxKablid
HOpPMaJIM30BaHHBII BEC YMHOXKAETCSI HA COOTBETCTBYIOIIYIO (DYHKIIMIO BBIXOJA!

wix fi = wi * (pix + piy +1i) (3)
3/1ech IMHEWHbIE IEPEMEHHBIE T, Pi, U ¢iN3BECTHBI KaK MapaMeTphl pe3yibTaTa.

[IsaTeIii cnmoli oTBewyaeT 3a BBIYKCICHHWE YHMCIEHHOTro 3HaueHus Bbuixoga ANFIS myrem
CYMMHUPOBAHHUS BBIXOJIOB YUETBEPTOI'O CIIOS:

Total Output=Y, w; f/ ¥ w; 4)

66



Yassawi Journal of Engineering Science, Ao (1), 2026

B nanHOM wucclienoBaHUMU e€XKEMECSYHbIE MaKCHUMaJjbHBbIE CKOPOCTH BETpa, 3HAUYCHUS
MPOU3BOACTBA, MIMPOTA, CPEAHEMECSUHAsA CKOPOCTh BETpa, BbicoTa U goiarota aisa 11 Typoun BOC
OBLIM 3alrcaHbl B MporpaMMHOM obecrnieuennu Excel, Bcero 660 ctpok, 6 ctonbmoB n 3960 3HaueHMiA
JaHHBIX. YacTh 3TUX JaHHBIX NpejacTaBieHa B Tabmume 2.

Tabauna 2. HekoTopele 3HaUeHUs TPOU3BOJICTBA, CPEAHEMECSUHON U MaKCUMaJIbHOMN
CKOPOCTH BETpa, LIUPOTHI, TOJITOTHl U BBICOTHI i 11 TypOuH

Cpegnemecss | MakcuMaJbH
Ha3sanmne IIpousson
BeTpOBOIi Jara crro B3C| THAR as  ckopocth | Ilupor | loar | Beic
TypﬁI/IHLI (MBT‘-[) CKOPOCTB BeTpa 3ala oTa oTa
BeTpa MecsiII
Jan2018 | 225638 5.2 411 382 | 38.34 | 1445
Feb 2018 | 186,212 47 436 382 | 38,34 | 1445
Mar 2018 | 179,167 41 45 382 | 38.34 | 1445
Apr 2018 | 183,694 47 40,2 382 | 38.34 | 1445
May 2018 | 258,755 55 41,2 382 | 38.34 | 1445
Jun 2018 | 235,813 5.7 50 382 | 38.34 | 1445
WTGL ™5 2018 | 389 6,8 26.0 382 | 38,34 | 1445
Aug 2018 | 218572 5.4 285 382 | 38,34 | 1445
Sep 2018 | 76,36 41 23 382 | 38.34 | 1445
Oct2018 | 128,251 2.0 11 382 | 38,34 | 1445
Nov 2018 | 249,324 5.4 30,3 382 | 38.34 | 1445
Dec 2018 | 407,661 7 20,1 382 | 38,34 | 1445
Jan2024 | 387,965 5.07 50 382 | 3837 | 1625
Feb 2024 | 228,499 437 39,96 382 | 38,37 | 1625
Mar 2024 | 397,695 5,51 50 382 | 3837|1625
Apr 2024 | 189,925 422 50 382 | 3837 | 1625
May 2024 | 285,015 5.1 22.79 382 | 38,37 | 1625
Jun 2024 | 271,923 534 32,34 382 | 38,37 | 1625
WTGLL 512024 | 578,633 7.45 35,04 382 | 3837 | 1625
Aug 2024 | 531,061 715 35,26 382 | 38,37 | 1625
Sep 2024 | 429,446 6,54 38,98 382 | 38,37 | 1625
Oct 2024 | 187,49 432 34,71 382 | 38,37 | 1625
Nov 2024 | 105,656 3.45 43,99 382 | 3837 | 1625
Dec 2024 | 322,465 5,32 12,45 382 | 3837 | 1625

Jlist MaciTaOMpoOBaHKs BCEX NaHHBIX B Auanaszone oT 0 1o 1 mpumeHsuicss MeTo MakKCUMyM—
MUHHUMYM HOpMaJH3aluu 1o hopmyie:

Xn = X0—Xmin (5)

Xmax—Xmin

IJI€ X0 U Xn — UCXOJHBIE U HOPMAJIM30BaHHbIE JaHHbIE COOTBETCTBEHHO, & Xmin U Xmax —
MUHHMAaJIbHBIE U MaKCUMalbHbIe 3HaueHus1 naHubix (Gorgel & Kavlak, 2020).
Hexoropsie 3HaueHMsI, OTy4YEeHHBIE MOCIIE HOPMaIu3aluy, npuBeaeHsl B Tabmuue 3.

Tabéauna 3. HexkoTopble HOpMaIM30BaHHBIC 3HAYEHUS! MMPOM3BOJICTBA, CPEIHEMECSIYHOU U
MaKCHMaJIbHON CKOPOCTH BETpa, IIMPOTHI, TOATOTHI U BBICOTHI U1 11 TypOuH
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Cpeanemecss | MakcuMaJibH = «
Ha3Banmue IIpousBoacT = =
. YHasA asl CKOpPOCTh < o ©
BetpoBoii | /lata B0 BOC 5 = S
TypOHHLI (MB1-u) CKOpOCTh Berpa 3a 2 S 2
BeTpa MecsI| E

Jan2015 | 0,336844525 | 0,505494505 |0,876310273 |0 |0 |0

Feb 2015 |0,277987275 | 0,395604396 |0,865828092 [0 |0 |0

Mar 2015 | 0,267470121 | 0,263736264 |0,046121593 |0 |0 |0

Apr2015 | 0,274228269 | 0,395604396 |0,794549266 |0 |0 |0

May 2015 | 0,386283362 | 0,571428571 |0,815513627 |0 |0 |0

Jun 2015 | 0,352034312 | 0,615384615 |1 0 [0 |0

WTGL i 2015 | 0,580720093 |0,857142857 |051572327 |0 |0 |0

Aug 2015 | 0,326296021 | 0,549450549 | 0,549266247 |0 |0 |0

Sep 2015 | 0,113994309 | 0,263736264 |0 0o 0o |0

Oct 2015 | 0,191459981 | 0 0813417191 [0 |0 |0

Nov 2015 | 0,372204258 | 0.549450549 |0,587002096 |0 |0 |0

Dec2015 | 0,608578236 |0,001098901 |0,79245283 |0 |0 |0

Jan 2025 | 0,409099489 | 0,380701754 |1 0o |1 |1

Feb2025 | 0,240946539 |0.257894737 |0,78951782 |0 |1 |1

Mar 2025 | 0,419359533 0457894737 |1 0 1 |1

Apr2025 | 0,200271211 | 0,231578947 |1 0o |1 |1

May 2025 | 0,300541262 | 0,385964912 |0,429550748 |0 |1 |1

Jun2025 | 0,286736072 | 0,428070175 |0,629769392 |0 |1 |1

WTGIL 5012025 [0,610154175 [0,798245614 |0,686373166 |0 |1 |1

Aug 2025 | 0,559990678 | 0,745614035 |0,690985325 |0 |1 |1

Sep 2025 | 0,452840176 | 0,638596491 |0,768972746 |0 |1 |1

Oct 2025 | 0,197703564 | 0,249122807 |0,679454927 |0 |1 |1

Nov 2025 |0,111411637 |0,096491228 | 0874004193 |0 |1 |1

Dec2025 |0,34003136 | 0424561404 | 0841719078 |0 |1 |1

Pe3yabTaThl

[Tocne co3manmss Momenu ANN st MPOTrHO3UPOBAHHUS MOTEHIMAITBLHOTO MPOU3BOJICTBA
BETPOBOM HEPTHH OBLIA HAYaTHI porecchl 00ydeHus u rectupoBanusd. B moxensx ANFIS, ANN u
LSTM pans mporHo3upoBaHHsI NPOU3BOJICTBEHHBIX JAaHHBIX BeTpoBOW syekTpoctanuuu (BOC)
HCIIOJIB30BAJIUCh TSATH METEOPOJIOTHYECKHX M TreorpauuecKkux I[apaMeTpoB: MaKCHMalbHas
CKOPOCTB BETpa, I0JIF0TA, IIUPOTA, CPETHEMECAUHAsI CKOPOCTh BETPa U BHICOTA.

B xome ucciemoBaHusi OblUIa MPENNPUHATA IMOMBITKA ONMPEACIUTH JIYYIIYI0O MOJAENb ITyTeM
n3MeHeHus: mapameTpoB ANN, TakuxX Kak KOJIHMYECTBO HEHPOHOB B CKPBITOM CJ0€, (YyHKIHUS
nepefadynd CKPBITOro cjosi, BbIXogHas GyHKuus u ¢GyHKuus oOydeHus . Mogens ANN Obuia
pazpaboTaHa ¢ HCIOJb30BAaHUEM AITOpPUTMa OOpaTHOro pacmpocTpaHeHus omnbOku JleBenOepra—
MapkBapara (trainlm), ¢ynkuuu oOydenus Learngdm s oOydwaromiero HabOopa ITaHHBIX H
TaHTeHLIHUATBHON CUTrMONIaNbHON QyHKIHMH (tansig) B KauecTBe (QYHKIIMU aKTHBAIUH.

B nannowm mccienoBanuu st o0ydenust mojaenn ANN Obuto BeimonaeHo 1000 urepanuii. B
pe3ysibTaTe ObLIO MOJIYy4YEHO 3HaUYCHHE I'paJreHTa le—7 npu HyJeBOH OmHOKe.

JUist OIleHKH pe3yJbTaTOB MCIOJB30BAJIUChH JBA MOKA3aTelNs: CpeJHEKBAJApaTUYHAs ONIMOKa
(MSE) u ko3 dpunmnent koppensuuu (R). Koapduuuent xoppensunu moka3biBaeT CBA3b MEXIY
(aKTUYECKUM 3HAYEHUEM IMPOU3BOJCTBA PHEPIUU M MPOrHO3UPYEMBIM 3HAYEHHEM MPOU3BOJICTBA
[27]. 3nauenue R? moxet BappupoBaThes oT 0 g0 1. Uem Gmuke 310 3HavueHue kK 1, TeM criibHEe
CBSI3b MEXJY MPOTHO3MPYEMBIMU 3HAUEHUSAMU MOJEIH M (DAKTMUECKUMHU 3HAUYEHUSMHU MPOU3BOJCTBA
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B3C. Kpome toro, 3nauenus R?, 6iauskue k 1, ykazpiBaloT Ha 00jie€ BBICOKYIO YyBCTBUTEIBHOCTD
moaenu (Kalogirou, 2000).
[Tapamerpsl o0yuenusi u untepderic ANN B MATLAB mpencraBieHbl Ha pucyHke 2.

4

Neural Network

B { el (Bl

Algorithms

Data Division: Random (dividerand
Training: Levenberg-Marquardt (trainim
Performance: Mean Squared Error (mse
Calculations:  MEX

Progress

Epoch: 0 1000 iterations 1000
Time: 0:00:06
Performance: 0.00308 [ 0.00272 0.00
Gradient: 0.00432 5.21e-07 | 1.00e-07
Mu: 0.00100 1.00e-07 1.00e+10
Validation Checks: 0 1000 1000

Plots
Performance plotperform;
Training State plottrainstate

Regression plotregression

piot intervat: U 1 epochs

& Opening Regression Plot

@ Stop Training @ cance

PucyHnok 2. I/IHTep(beﬁc ANN B MATLAB npu o0ydueHnn Ha JaHHBIX

Hns  onpeneneHuss 3(PQGEKTUBHOCTH TMpOIECCAa MOJACTUPOBAHUS ObUIM COIOCTABICHBI
nporHozupyembie 3HaueHuss ANN u QakTuueckue 3HAUEHUs NPOU3BOACTBA DSHEPrUu. OTH
pe3yabTaThl MPEICTABIEHBI C HCIOJIBb30BAaHNEM O00YYarONINX, BATUAANMOHHBIX U TECTOBBIX JaHHBIX,
a TAaK)Ke€ perpecCHOHHBIX KPUBBIX ISl BCEX TAHHBIX Ha PUCYHKE 3.

Training: R=0.92358 Validation: R=0.94457

o Daa

= Vs

0.85"Target + 0.057

Output ~= 0.86*Target + 0.05

Output ~

Target

Test: R=0.95067

0.96"Target + 0.0033
0.87"Target + 0.045

Output ~
Output ~

04 08 08 «: 02 04 DS 08 1
Target Target
Pucynok 3. PerpeccronHble KpuUBbIE Pe3y/IbTAaTOB Ul BaIMJAIIMOHHBIX, 00YYaOUIHX,
TECTOBBIX U BCEX JIAHHBIX.

[Ipu ananuse pe3ynbTaToB OBLIO YCTAHOBIEHO, YTO 3HAYEHUS PETrPECCHU ISl BCEX TAaHHBIX
onu3ku k 1. CrienoBarenbHO, BRIXOAHBIC 3HaUeHHS Moaenu ANN oka3anuch 10CTaTOYHO OJIM3KUMHU
K (paKTHUYECKUM 3HAYCHUSM.

Jist onieHKH 3¢ (HEKTUBHOCTH MPEATI0KEHHOT0 METO/1a cpeaHekBanpaTnyHas omnoka (MSE)
coctasuna 0,00308.

Hns onpenenenus s¢pdexkruBHoct Mojenu ANFIS mapameTpbl HECKONBKHX MOIEIbHBIX
UCTIBITAaHUN OBUIM M3MEHEHBI C LIeJIbI0 HaXOXKJIECHUs Hawilydumed monaenu. B kauecTBe ¢QyHKIUU
npuHaUIe)KHOCTH Oblia BbiOpaHa ¢yukuus Trimf. HaGop manHbIX ObUT pa3faenéH ClIeayronm
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o6pazom: 20% ms rectupoBanus u 80% st o0yueHus.

JI1st onTUMU3AaMOHHOM MOJIETU ¢ OOpaTHBIM PAaCPOCTPAaHEHHEM OIHUOKU JOMYCK OLIMOKHU
ObL1 ycTaHOBJIEH paBHBIM 0, a kKonnuecTBo utepanuii — 1000.

OcCHOBHBIE NapaMeTpbl MOJEIHU CIEAYIOIHE:

® KOJIMYECTBO JIMHEHHBIX MapaMeTpoB — 243,

® KOJINYECTBO Y3JI0B — 524,

® KOJIMYECTBO HEJIMHEWHBIX NapameTpoB — 60,

® KOJINYECTBO oOyuaromux nap gaHHeix — 330,

e o0mee konuuecTBo mapamerpo — 303,

® KOJIMYECTBO HEUETKUX MpaBuil — 243,

® KOJIMYECTBO MPOBEPOUYHBIX (TECTOBBIX) Map AaHHbIX — 132.

Ha pucynke 4 npexacrasinena ucnoiabs3oBanHas monenb ANFIS. Ha pucynke 5 moxa3zansl
MIPOTHO3HBIE JaHHBIE, TOJNy4eHHbIE ¢ moMombo ANFIS.

CpennexBanpatuunas omubka (MSE) B pesynbrare urepanuii cocrasmia 0,00321.

Pucynok 4. Ctpykrypa cetH, co3nanHas ¢ ucronb3oBanneM ANFIS

Trainingdata: o FIS output: *

) 0 n 0 T w 20 )

Pucynok 5. [Iporao3nsie nanHbie, mosydeHabie ¢ momornibio ANFIS

DddextuBHocTh 00yueHHBIX Monened ANN m ANFIS, monydennas B pesyibrare 3THX
MPOLIECCOB, MOXET OBITh MPOBEpPEHA MyTeM CpaBHEHHUS (AKTHUYECKUX MaHHBIX MPOU3BOACTBA
sHepruu BeTpoBbIX TypOuH Nell u Ne3, No5 ¢ mporHo3HbIMU JaHHBIMU, TOTYYEHHBIMH C TTOMOIIBIO
ANFIS u ANN, koTopble mpeacTaBieHbl B Ta0IUIE 4.

Tadoauna 4. CpaBHeHHe (HAKTUUCCKUX 3HAYCHUH, MOJYYCHHBIX C HEKOTOPBIX TypOWH, C
MPOTHO3UPYEMBIMH 3HAYCHUSMHU M TOKa3aTeIsIMHU OIIMOOK, PACCUMTAHHBIMU C HCIIOJb30BAHHEM
metonoB ANFIS u ANN.

Name ANFIS
of the Date 'Ig\rcc:gﬁ::tion 'Ig\llr\cl)zluction Productio | ANN ANFIS
Wind Norm Norm n MSE MSE
Turbine ' ' Norm.
Jun 2024 |0,4898628 |0,420198748 |0,4534 0,00485308 |0,001329536
WTGS5 |Feb2024 |0,19282029 |0,205585912 |0,1441 0,000162961 |0,002373667
Mar.2024 | 0,34527527 |0,33629809 0,3786 8,06E-05 0,001110538
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Apr 2024 |0,49309266 |0,403705969 0,4007 0,00798998 |0,008536404
May.2024 | 0,26264342 |0,24127208 0,241 0,000456734 |0,000468438
June 2024 | 0,39268342 |0,368899107 0,4073 0,000565693 |0,000213644
July 2024 |0,63292451 |0,520056779 0,5341 0,012739125 |0,009766284

Aug 2024 | 0,76118456 |0,626772924 0,7026 0,018066487 |0,00343215
Sep 2024 | 0,52868964 |0,434462484 0,43 0,008878756 |0,009739644
Oct 2024 |0,37619143 |0,356057718 0,3539 0,000405366 |0,000496908
Nov 2024 | 0,18450259 |0,209252971 0,2299 0,000612581 |0,002060925
Dec 2024 | 0,37398968 |0,278319403 0,2529 0,009152802 |0,014662711
Jun 2025 | 0,34622008 |0,32043843 0,3133 0,000664693 |0,001083732
Feb 2025 |0,25106845 |0,23484502 0,2225 0,0002632 0,000816156
Mar.2025 | 0,3909119 |0,35317085 0,3501 0,001424387 |0,001665611
Apr 2025 |0,22091889 |0,22261868 0,2684 2,89E-06 0,002254456
May.2025 | 0,25558793 |0,30174078 0,3186 0,002130086 |0,003970521

WTGS June 2025 | 0,29960383 |0,37271795 0,3505 0,005345675 |0,00259042
July 2025 | 0,64887872 |0,6869046 0,6311 0,001445968 |0,000316083
Aug 2025 | 0,57574348 |0,6503646 0,6707 0,005568312 |0,009016741
Sep 2025 |0,51868161 |0,55502381 0,5473 0,001320756 |0,000819012
Oct 2025 | 0,17381759 |0,22162747 0,2375 0,002285785 |0,004055449
Nov 2025 | 0,12280313 |0,16979711 0,1838 0,002208434 |0,003720618
Dec 2025 | 0,43429512 |0,36720973 0,3286 0,00450045 |0,011171458
Jun 2025 |0,40909949 |0,341855891 0,3218 0,004521701 |0,007621201
Feb 2025 |0,24094654 |0,226840806 0,2069 0,000198972 |0,001159167
Mar.2025 | 0,41935953 |0,394163433 0,3715 0,000634843 |0,002290535
Apr 2025 |0,20027121 |0,20074522 0,1887 2,25E-07 0,000133893
May.2025 | 0,30054126 |0,271049927 0,2864 0,000869739 |0,000199975

WTG11 June 2025 | 0,28673607 |0,351123435 0,2978 0,004145733 |0,00012241
July 2025 |0,61015418 |0,583018846 0,5813 0,000736326 |0,000832563
Aug 2025 | 0,55999068 |0,546947947 0,5369 0,000170113 |0,000533179
Sep 2025 | 0,45284018 |0,431744145 0,4105 0,000445043 |0,001792691
Nov 2025 | 0,19770356 |0,217932469 0,2341 0,000409209 |0,001324701

Nov 2025 | 0,11141164 |0,179027172 0,1952 0,004571861 |0,00702049
Dec 2025 | 0,34003136 |0,331095382 0,3612 7,99E-05 0,000448111

ANN ANFIS
MSE: 0,00278998 |0,00321943
3axkIoueHue

[enpto maHHOrO MccnenoBaHUs ObUIO MPOTHO3MPOBAHHUE IMOKA3aTeNeld MPOU3BOJCTBA BETPOBOM
3IIEKTPOCTAHIIMK C YCTAHOBJIEHHOW MOIMHOCThIO 27,5 MBT, pacmonoxxennoi B paiione ChIHIKUK
npoBuHIUU AnbismaH. [locme paspaborkm moneneir ANN m ANFIS s omeHku moreHmuana
BETPOBO dHEPruu OB HAYATHI 3TANBI 00YYEHUS U TECTUPOBAHUS.

B Mozensx HCIOIB30BAINCH MATH METEOPOJIOTHUECKHX M Teorpaduyeckux MNapameTpoB:
CpeiHEMecsiYHas CKOPOCTh BETpa, J0JroTa, MaKCUMajbHasih CKOPOCTh BETpa 3a MeCdll, BbICOTa U
IIMpOTa JJIsl IPOTHO3UPOBAHHUS TPOU3BOACTBEHHBIX JaHHBIX BOC.

JIns OUEeHKHU pe3yJabTaTOB TECTUPOBAHUS ObUIO YCTAHOBJIEHO, YTO MPOrHO3HbIE 3HAYECHUS,
MOJTYyYEeHHBIE MOAEISIMH, OKAa3aJUCh COTJIACOBAaHHBIMH M HaJeXHBIMU. Ilpu cpaBHeHMH (hakTHUeCKUX
U NpPOrHo3upyeMbIX 3HaueHui moaenun ANN perpeccCMOHHbIE 3HAUEHUsI BCEX NaHHBIX, BKIIOYast
oOyyaronie W BaJuJALMOHHBbIE AaHHbIE, ObuiM Onu3ku kK 1. bauzocts 3THX 3HaveHuit k 1

CBUACTCIILCTBYET O YCIICIIHOCTH pa3pa6OTaHHOﬁ MOACIH.
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3uauenue MSE mnpu ounenke c wucnonb3oBanuem ANN cocraBuno 0,00271, a mpu
ucnons3oBanun ANFIS — 0,00321. Ilpu cpaBHenuu mnokazateneil omubok ANFIS mokasana
HEMHOTI0 JIy4Iliue pe3yiabTaThl, 4eM ANN, 1pu 3ToM pasHuiia Obljia HE3HAYUTEIIHHOM.

MeToa, WHCIOJNB30BAaHHBIM B JaHHOM HWCCICAOBAHWUU, MOXET OBbITh TPHUMEHEH s
MPOTHO3UPOBAHUS MPOU3BOJACTBEHHBIX JAaHHBIX JAPYTUX OJIEKTPOCTAHIUN HWIH TreorpadudecKkux
JIOKaU Ui, FTEHePUPYIOIINX PA3IMYHbIE TUIIBI SHEPTUU.
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