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TUBPUIHAS CUCTEMA PACIIO3HABAHMS YIIPAXKHEHUM, IIOJCUETA
MOBTOPEHUI Y OLIEHKHU PACXOJA KAJTOPU HA OCHOBE
KOMIIBIOTEPHOI'O 3PEHUSA

Annomayun. Tounvlii MOHUMOpUHE @U3UYECKUX YNPAICHEHUL 8adxceH OJisi OOMAUIHUX
MPEHUPOBOK, VPOKO8 (DUZKYIbMYPbL U OUCMAHYUOHHOU NOOOEPIAHCKU MPEHUPOBOK, OOHAKO PYUHOU
noocuem NOBMOPEHULl YACO HEHAOedCeH, a OYeHKA KAalOpull 4acmo ynpowjaemcsi 00 O0Owux
Gopmyn, komopvle He ompadicaiom UHOUBUOYATbHblE U cheyuduueckue OJisi 8U0A OesImeNbHOCHU
sapuayuu. B smom uccredosanuu npeonazaemcsi 2uOpUOHAs cucmema HA OCHO8e MAWUHHO20
3penus 0 pacnO3HABAHUS YNPAXCHEHUL, NOOCYema NOGMOpPeHUll U OYeHKU pacxood Kaniopuii no
MOHOKYIAPHOMY 8udeo. Ilpednodcennas cucmema couemaem 8 cebe uzgnederue no3 6e3 Mapkepos,
K1accugukayuro COCMOSHUN YNPAXCHEHULU HA OCHO8E OPUEHMUPOS, NOOCHUem NOBMOPEHUN C
VUemom YNpajdsCHeHuul U MoOelb pacyema KANOputi HA OCHO8e MAWUHHO20 O00y4eHus,
VUUMBIEAIOWYIO 0ECKPUNMOPbL NONb308amens U uda desmenbHocmu. B npednazaemom ancopumme
OpUEHMUPLL Mela U3NeKAOMC U3 BU0OKAOpOo8 U Npeodpa3yViomcs 6 CMmMpYKmMypuposaHHbvle
2eomempudecKkue NPUIHAKU, N000ePIHCUBAIOWUEe PACNO3HABAHUE YNPAXCHEHUL. 3amem KOIu4ecmeo
NOBMOPEHULl OYEHUBAECSL NO C2NLANCEHHLIM MPAEKMOPUIM Y2108 CYCMAB08 C UCNHONb308AHUEM
aHanu3a NUKos8, CHeYUPUUHBIX 051 OBUINCEHUS, d PACX00 KAIOPULl ONpedeisiemcs ¢ NOMOUbIO
KanubpoBanHOLl pecpecCUOHHOU MOOelUu 6 COYemaHuu ¢ KOPPEeKMUpOBKOU UHMEHCUBHOCMU HA
ocHoge Ogudcenus. Mmozoeas mooenb oyeHKU @QU3UYECKUX YRPAXCHEeHUli 00Cmuna moyHOCMmU
0,8883, coanancuposannoii mounocmu 0,8950 u noxazamena maxpo-F1 0,8929. Mooenv pacuema
Kanoputl noKasana cpeonior abcontomuyro omuoky 2,1339, cpeonexsaopamuunyio owuodky 3,6202
u 3uavenue R? 0,9966. B xode cK803HO20 camomecmupo8anus 6uU0eo3anucu Obliu KOPPEKMHO
PACNO3HAHbI  Penpe3seHmamuenblie QpasmMeHmol  OM*CUMAHULL U  NPUCEOAHUL, KOIUYECMB0
nosmopeHutl OvLI0 NPABOONOO0OHBIM, A OYEHKU KALOPULl OCMABAIUCH 8 NpedeNax peanrucmuiHblX
KPAMKOBPEMEHHBIX OUANA30H08. Dmu pe3ybmamsl NOKA3bIBAION, YMO NPeOloNCeHHAas UOPUOHAs
CMpYKmMypa modicem obecneuums uHmepnpemupyemoe u npakmudecku npumMmenumoe peulenue o
MOHUMOPUH2A PUULECKUX VAPAICHEHUI C NOMOWbIO Kamepbl Oe3 HeoOX00UMOCMU UCNONb308AHUSL
CneyuanbHo20 HOCUMO20 000PYOOBAHUS U YCMPOUCME 3aX8AMA OBUIHCEHUI.

Knrouesvie cnoea: pacnosnasanue ynpasxicHenut, noocuem noemopeHuti, OyeHKa pacxooda
Kanopui, auanu3 no3vl, KOMHbIOMEPHOE 3peHue, pAachno3HABAHUEe AKMUEBHOCMU 4YeNl06eKd,
MOHUMOPUHE PUUYLECKOL AKMUBHOCTU.
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TUBPUATI KOMIIBIOTEPJIIK KOPY KABLIETIHE HETI3AEJITEH
KATTBIFYbI TAHY, KAUTAJIAYbI CAHAY KOHE KAJIOPHUS LIBIFbIHBIH
BAFAJIAY ) KYUECI

AHnoamna. Yiioeei sicammui2ynap, OeHe WbIHbIKMbIPY cabaKmapvl JHCoHe KaulblKMbIKMAaH
OKbIMYObl KONOAY YUliH dcammbvieyiapovl 0211 OAKbLIAy eme MAaHbl30bl, 0e2eHMeH, KAUmaiayovl
KOJILMEH caHay Kebinece CEeHiMCI3, al Kalopusausl 6azanay Kebinece diceKe JHCoHe dpeKemKe maH
gapuayusanapovl  Kepcemneumin dcainvl  gopmynanrapea  gceyinoemineen. bByn  zepmmeyoe
MOHOKYIAPILIK OeliHedeH dHcammul2yiapobl MaHy, Kaumaiayovl CaHay HCIHe KALOPUsl UIbIZbIHbIH
bazanay ywin 2uOpuOmi KOMRbIOMEPIIK KOpPY JHCYUECiH YCbIHAObl. YCbIHbLIRAH JHCYle MapKepci3
Kanvln anyovl, 6A20apivlk HyKmeze Heciz0elleeH Heammbley KYUiH JHCikmeyoi, Hcammuie)ovl ecKkepe
omulpbin Kaumaiayovl canayobl HcoHe NAuOalIaHyulbl MeH apeKem CUnammamanapblii Kammumolt
MAWUHATLIK, — OKbIMY2a Heliz0elieeH Kalopus ecenmey Mooenin Oipikmipedi. ¥coiHblieaH
aneopummoe Oerne bazoaprapul Oetine KAOPAAPOAH ANBIHBIN, HCAMMbIEYObl MAHYObl KOJLOAUMbBIH
KYPLLIIMOANIRAH 2e0MEeMPUsIbIK epekulenikmepee atHanovipviiadvl. Cooan KeliiH Kaumanayiap
CaHbl KO32ANbICKA MIH UWBIHOAPObL MAN0ayobl KOJIOAHA OMblpbln, mezicmesncer 0yblH OYPbllUbIHbLH
MPAaeKmMopusnapelHan — 0a2ananadsvl, Al Kalopus — WbIBbIHbI — KO32AIbICKA  He2i30el2eH
KapKbIHObLILIKMbL  pemmeyMeH  Oipikmipiieen KaluOpieHeeH pespeccusiiblk Mo0envii KoaoaHa
omuipsin anvikmanaovl. Coyzvl scammuieyovt bazanay mooeni 0,8883 oandixke, 0,8950 meneepimoi
odanoikke dacane 0,8929 makpo-F1 ynativina kon scemxizoi. Kanopusnvl ecenmey moodeni opmawia
abconrommi kameni 2,1339, opmawa keaopammulx xameni 3,6202 oicone R? monin 00,9966
kepcemmi. Betinesxcazdoanvl monvlK 63iH-631 meKkcepy Ke3iHOe eOeHHeH umepiny (omocumanue)
JHCoOHEe OMbIPLIN-MYpy (npuced) HammovlylapblHbly MUNMIK pazmenmmepi OYpbic MAHBLIOWL,
Kaumanay camvbl CeHiMOi 0OO0n0bl JicoHe Kanopus 0azanaynapvbl HAKmol KblCKA Mep3iMoi
ouanazoHoapoa Kanovli. Byn unamuoicenep Ycwinbliean eubpuomi KYpoliblM apHaiibl Kuilemin
HCAOOLIKMbL Hemece KO32aNblCmbl MyCipy KYpblIbLIApbIH Kaxcem emnel, Kamepasa Heliz0eneH
AHCAMmul2ynapovl 6aKblIAY YUliH MYcCiHOIpIIemin HcoHe NPAKMUKAIbIK Weuim YCblHa alamblHblH
Kepcemeoi.

Tyiiin ce3oep: sicammuieynapObl MaHy, Kaumaniayovl CAHAY, KAIOpUs WbIRbIHbIH 6aeanay,
OeHe OIMIiMiH manoay, KOMNbIOMEPAIK KOpy, AO0AMHbIY KO32ANbICbIH MAHY, OeHe OelceHOLNiciH
bakwinay.
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A HYBRID COMPUTER VISION-BASED SYSTEM FOR EXERCISE
RECOGNITION, REP COUNTING, AND CALORIE BURN ESTIMATION

Abstract. Accurate exercise monitoring is essential for home workouts, physical education
classes, and remote training support. However, manual rep counting is often unreliable, and
calorie estimates are often simplified to generic formulas that fail to capture individual and
activity-specific variations. This study proposes a hybrid computer vision-based system for exercise
recognition, rep counting, and calorie burn estimation from monocular video. The proposed system
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combines marker-free pose extraction, landmark-based exercise state classification, exercise-aware
rep counting, and a machine-learning-based calorie calculation model that incorporates user and
activity descriptors. The proposed algorithm extracts body landmarks from video frames and
transforms them into structured geometric features that support exercise recognition. The number
of repetitions is then estimated from smoothed joint angle trajectories using motion-specific peak
analysis, and calorie expenditure is determined using a calibrated regression model combined with
motion-based intensity adjustment. The final exercise estimation model achieved an accuracy of
0.8883, a balanced accuracy of 0.8950, and a macro-F1 score of 0.8929. The calorie calculation
model achieved a mean absolute error of 2.1339, a root mean square error of 3.6202, and an R2
value of 0.9966. In an end-to-end self-test of the video recording, representative push-up and squat
segments were correctly recognized, the number of repetitions was plausible, and calorie estimates
remained within realistic short-term ranges. These results demonstrate that the proposed hybrid
framework can provide an interpretable and practical solution for camera-based exercise
monitoring without the need for dedicated wearable equipment or motion capture devices.

Keywords: exercise recognition, repetition counting, calorie expenditure estimation, posture
analysis, computer vision, human activity recognition, physical activity monitoring.

BBEJIEHUE

Perynspnas ¢busnyeckas aKTUBHOCTh HeoOxoauma e o iep KaHus
KapIMOMETa00INYEeCKOTO 370POBBS, OIOPHO-IBUTATENBHON (YHKIMM ¥ KayecTBa JKU3HH B
JI0JrOCPOYHOM mepcrekTuBe. B To ke BpeMs 3HAuMTEIbHAs 4acThb [OBCEIHEBHBIX YIPaKHEHUH
Tenephb BBHIIOJIHIECTCS BHE KOHTPOJIMPYEMOM Cpellbl, BKIIOYas I0Ma, OOIIEKUTHS U He(hOpMalIbHBIC
TPEHUPOBOUHBIE IUIOMIAJKKM. B Takux ycIOBHSIX MOJb30BaTe€IM YacTo IOJararTcs Ha
NPUOIM3UTENBHYIO BU3YalbHYIO OIEHKY, MOOWJIbHBIC TaiiMepsl WM CTaHIapTHBIE (uTHEC-
IPUIIOKEHHUS, KOTOPBIE MPEJTOCTABISAIOT JHILb OrpaHUYEHHYI0 00paTHYIO CBs3b. B pe3ynbrare nBe
MPAKTUYECKHE MPOOJIEMBI OCTAIOTCS HEIOCTATOYHO PEIICHHBIMH B TOBCEIHEBHOM MOHHTOPWHTE
yIpaKHEHUH: Ha/IeKHbII [10JICYET MOBTOPEHUN M PEaTMCTUYHAs OLEHKA KaJopHuil. DTH mpobiieMbl
CTaHOBSTCA emle 0oJiee Ba)KHBIMH, KOT/Ia MOJ30BATEIH BBHITOIHIIOT TTOBTOPSIOIINECS YIIPasKHEHHSI
C COOCTBEHHBIM BECOM 0€3 MOAIEPKKHU TpeHepa, MOCKOIbKY OLIMOKH MOJcUYeTa U HepealucTUYHas
oOpaTHast CBsI3b TI0 HAarpy3Ke HampsIMyl0 CHIDKAIOT TIOJIE3HOCTh CUCTEeMBI. McciemoBaHus
OECKOHTAKTHOM OLIEHKU YNpPaXKHEHUH U paclio3HaBaHMs aKTMBHOCTH HAa OCHOBE CKelleTa MOKa3alH,
YTO MOHUTOPHHT C TOMOIIBIO KAMEP MOKET PEIIUTh ATH MPOOIEMBI, €CITH JIBI)KEHUE TIPEICTABICHO
CTPYKTYpPUPOBAaHHBIM U MHTEPIPETUPYEMBIM 00pa3oM, a HE paccMaTpUBAaeTCs TOJBKO Kak
HeoOpaborannoe Buzeo (Nguyen et al., 2023).

OneHka 1o3bl 4YeJIOBEeKa 0Oe€3 MCIIONb30BaHMS MapKepoB cTajla OJHUM W3 Haumboiee
MPAKTUYHBIX PELIeHUH i 3Toi 1enu. Bmecto o0ydyeHHs] HEMOCPEICTBEHHO Ha OCHOBE MOJHBIX
RGB-kanpoB, cucteMbl, OCHOBaHHBIE Ha I103aX, I[pPeoOpa3yloT BHUAEO B OPUEHTHPHI Teja,
TPAeKTOPUU CYCTaBOB M TEOMETPHUYECKHE COOTHOIICHHWsS, KOTOphIe Oojiee SBHO OIHCHIBAIOT
JBIDKEHUE 4YeJIOBEeKa. DTO JleaeT aHalu3, OPHUEHTUPOBAHHBIN Ha 103y, NMPUBJIEKATENbHBIM IS
bUTHEC-TIPUIIOKEHUH, TIIe CEeMaHTHKa JBM)KEHHS TECHO CBsi3aHa C KOH(UTypamueill Tema u
BpPEMEHHOW NIMKIMYHOCThIO . HenaBHUe MccienoBaHus MOKa3ald, YTO MOJXO/bI, OCHOBAHHBIE Ha
BlazePose u ckemere, MOryT MOAACPKMBATh PEKOMEHIAIMKA MO JOMAIIHUM TpPEHHUPOBKAM,
MOHUTOPHUHT, OPUEHTUPOBAHHBI Ha pPEadMIUTALMIO, U PACMO3HABAaHHE AKTHUBHOCTH YEIOBEKa,
COXpaHssl MPH 3TOM BBIYUCIUTEIHHBIA KOHBEHEp OTHOCHTEIBHO JIETKUM M HHTEPIPETHPYEMBIM
(Erramchetty et al., 2024; Nguyen et al., 2023).HenaBuue 0030pbl Takke MOKa3ajH, YTO OLEHKA
03Bl YeJIOBEKA C TIOMOIIBI0 KaMep CTAHOBUTCS Bce 00JIee BYKHBIM aHATUTUIECKUM HHCTPYMEHTOM
B HCCIIEIOBAaHUAX CHOPTAa U (U3NYECKUX YNPAXKHEHUH, 0COOEHHO B MPUIOKEHHUSAX, TPEOYIOIINX
HEHaBsA3YMBOT'O aHAJM3a JBIKCHUH 1 olleHkH TexHukH (Badiola-Bengoa & Mendez-Zorrilla, 2021).

OnHako cyliecTByoIas JIUTepaTypa octaercs ¢pparmentapHoil. OHa rpymnmna ucciae10BaHui
B OCHOBHOM COCPEIOTOYEHA Ha OIEHKE TO03BI BO BpEMsl YIPaKHEHHH, PacIlO3HABAHUN COCTOSTHUS
BO BpeMs yNpaKHEHUH WM YHPABICHUU ABMKEHHSAMM, 4acTO 0€3 MHTETpalii HaJeKHOro OJ0Ka
OLIEHKM Kayopuil. Jlpyras rpymnma paccMaTpuBaeT OIEHKY pacXxoJa OJHEPTUd C IOMOIIBIO
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BU3YyaJbHBIX WM TIYOMHHBIX JaTYUKOB, HO YAaCTO B KOHTPOJIMPYEMBIX YCIOBUSX WM 0e3 3Tama
aHauM3a YOPaXHEHWH C Y4eTOM KOJHMuYecTBa MoBTOpeHHMi. Hampumep, mnpensigymipe paboTb
MOKa3ajy, 4YTO CHCTEMbl Ha OCHOBE KaMep MOTYT OLIEHHMBaTh pacxXxojJ DJHEPIUU BO BpeMs
yIpakKHEHUI ¢ MHOTOOOCIIIAIOIIEH TOYHOCThIO, BKJIFOUas 1Mo axoabl Ha ocHoBe Kinect u riryOMHHBIX
JaTYUKOB, B TO BpeMs Kak Ooyiee TO3JHHME HCCIEIOBAHMS H3y4alld BU3YalbHbIC TMOIXOIbI
riyookoro oOydeHus IS TEPCOHAIM3MPOBAHHOW OIeHKM Kanmopuid. Tem He MeHee, 3T
HampaBlieHUus: paboThl OOBIYHO pa3palaThIBAIOTCS OTIENIBHO, YTO O3HAYAeT, YTO MpPaKTHYECKUE
KOMIUICKCHBIE CHCTEMBI MO-TIPEKHEMY UCIBITHIBAIOT TPYIHOCTH C O0BEAMHEHUEM HICHTU(UKAIIUN
yIOpaXHEHUH, TMoJcyeTa IMOBTOPEHUH U OOpaTHOM CBSI3W IO KajJopusM B paMKax eIuHON
cornmacoBanHoi cTpyktypbl (Nathan et al., 2015; Lin et al., 2021; Perrett et al., 2022).

B nanHOM uccieoBaHMM paccMaTpUBAETCS 3TOT MPOOe MyTeM MPeAsioKeHUs THOpPHAHON
CHUCTEMBbl Ha OCHOBE BHU3YaJIbHOTO aHalu3a, B KOTOPOM MOHOKYJSPHBIH BHIEONOTOK CHadaja
npeoOpa3yercss B OPHEHTHUPHI MMO3bI, 3aTe€M KJIacCCU(PUIMPYETCS MO COCTOSHUSAM YINPaKHEHUH,
aHATM3UPYETCs IS MOJICUeTa TIOBTOPEHUI M, HAKOHEL, CBS3bIBACTCS C KAIMOPOBAHHON MOJEIBIO
olleHKH Kajopui. CucreMa HaMEPEHHO SBJISETCS THOPUIHOM, a HE YUCTO CKBO3HOW BU3YaIIbHOM.
Takoi BbIOOp OBUT MOTHBHPOBAH JABYMSI IPAKTUYECKUMH COOOpakeHusiMH. Bo-mepBbIX, Mmojacyer
MOBTOPEHUI CTAaHOBHUTCA Oojee MPO3payHbIM M KOHTPOJIMPYEMBIM, KOIJIa OH OCHOBaH Ha
KMHEMAaTUYECKUX CUTHANaX, YYUTHIBAIOIIUX OCOOCHHOCTH YNPAXKHEHHUM, TaKMX KaK YIJIbl KOJICHA,
JIOKTS WU TynoBula. Bo-BTOpBIX, OlIEHKa KalOpuil CTAaHOBUTCA OoOJiee JOCTOBEPHOH, Korja
BU3YQJIbHBIA aHAJIM3 [JBIKEHUS COUYeTaeTcss ¢ (PU3MOJOTHUYECKUMH W aHTPONOMETPUYECKHMHU
JECKPUIITOPAMHU, BMECTO TOTO YTOOBI MOJIAraThCs HA MOJTHOCTHIO «UEPHOSIINYHOE)» COMOCTABIICHUE
KOPOTKMX  BHJIEOPOJIMKOB  CO  3Ha4eHMsIMM  Kajmopud. Takasg  CTpyKTypa  yiydllaeTr
UHTEPIPETUPYEMOCTh U CHUXKAET PHUCK HEPEATMCTUYHBIX OIEHOK B KOPOTKHX CErMEeHTax
ynpaxuenwuii (Perrett et al., 2022; Lin et al., 2021).

[IpennoxxenHas cuctema ObUIa OllEHEHA KaK C MOMOIIbI0 aBTOHOMHOM OLIEHKH MOJIENH, TaK U
C TIOMOIIIbIO CKBO3HOT'O CaMOTECTHUPOBAaHUS BUJECO. B 3aKIIOUMTENBHBIX 3KCHEPUMEHTaX MOAYIb
pacrno3HaBaHus ynpaxkHeHui aoctur toyHoctu 0,8883, cOamancupoBanHoil TouHoctu 0,8950 u
nokazarenst Makpo-F1 0,8929 mo pmecartu kiaccaM cocTosiHMM ymnpaxHeHH. Moaynab OLeHKu
KaJlopuil JOCTUT cpenHeit abcomroTHOM omuoOku 2,1339, cpennexBaaparnyHoii ommbku 3,6202 u R?
0,9966. B pernpe3eHTaTUBHBIX BUICOPOIMKAX CAMOTECTUPOBAHUS BUICOPOIUKH C OT)KUMAHUSIMU U
MpHUCeNaHUsIMU OBUTH PACO3HAHBI MPABUIBLHO, KOJIHMYECTBO MOBTOPEHUN OBLIO TIPaBI0NOJ00HEIM, a
OLICHKM KaJlOpUi OCTaBaJIUCh B TMpeAeiax peaJUCTHYHBIX [Hala3oHOB Uil KOPOTKUX
BHUJICOPOJIMKOB. DTH PE3YJIbTATHl IMOKA3BIBAIOT, YTO MPEIJIOKEHHAs apXUTEKTypa MpPEACTaBISET
co0olf He TMpOoCTO HA0Op W3OJUPOBAHHBIX MOJENEH, a MPUTOAHBIA [JII TPAKTUYECKOTO
MOHUTOPUHIA YIIPAKHEHUN C TOMOILBIO KAMEPHI.

OcHOBHOW BKJaJ JaHHOW pabOThI COCTOUT M3 TpexX yacTeil. Bo-mepBbix, oHa MpeACTaBIsIeT
cO00i HHTErpUPOBAHHYIO CTPYKTYPY, OOBEAUHSIOIIYIO pPAClO3HABAHUE YIPAKHEHUH, MOACYET
ITIOBTOPEHMI U OLIEHKY Pacxojia KaJOpHUi B paMKax OJHOW pa3BepThIBAEMOM CUCTEMBI. BO-BTODBIX,
OHa MCIIOJIb3YeT KJIacCU(UKALMI0 Ha OCHOBE ONOPHBIX TOYEK BMECTE CO CIEeUU(pUUYECKUM s
YIOpaXHEHUH KUHEMAaTHUYECKUM aHaJIM30M Uil COXPaHEHMs] MHTEpHpPETUPYEMOCTH B Ipolecce
nojicueTra MOBTOPEHUI. B-TpeTbuX, OHAa JAEMOHCTPUPYET, YTO HAJIEXKHAs MOJENb PErpecCUu
KaJlopuil MOXeT ObITh OObenrHEeHa ¢ WH(poOpMalued O JABMKEHUH, IMOJYYEHHOH C IOMOIIbIO
BU3YaJIbHOTO aHAIM3a, JUIS MOJIYYEHUs] PEaTUCTUUYHBIX PE3YyIbTaTOB B KOPOTKHUX BHIECOPOJIUKAX C
yOpaxHeHUsIMU. B 3TOM cMmbIciae MpenyoKeHHBI MeTOJ MpeAHa3Haue€H He TOJbKO Kak
OKCIIEPUMEHT N0 MAIIMHHOMY OOYYEHHI0, HO U KaK MPaKTHUYECKUU TPOTOTUM MM MOIACPKKU
¢uTHECA B JOMAIIHUX YCJIOBHUSX, MOHMTOPHUHIa OOpa30BaTENbHON NEATEIBHOCTH M OyAyHIMX
peabwimTanoHHbIX ipuiioxenuit (Postimayr et al., 2024).

MATEPHUAJIBI U METO/bI

Ilnan ucciaenoBanusi u o0mMiA padoyuii npouecc

JlanHOE HccnenoBaHue ObBUIO pa3padoTaHO Kak THOpHIHAS CHCTeMa KOMIBIOTEPHOTO 3pEHUS
U MAIIMHHOTO OOYy4YeHMs [JIi MOHUTOpPUHTAa (PU3MUECKUX YIPA)KHEHUH C IOMOIIBI0 KaMephl.
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IIpemioxkeHHast cucreMa OObEAUHSET YeThipe (QYHKIMOHAIBHBIX JTalla: M3BJICYEHUE 03B,
pacro3HaBaHUE YIPAKHEHUH, MOACYET MOBTOPEHUN M OLEHKA pacxoia Kajopuil. MOHOKYIIsIpHOE
RGB-Buneo chHauana o0OpaOaThIBae€TCs MOJIYJIEM OIIGHKH 110361 0€3 MapKepoB, KOTOPBIi
npeoOpas3yeT Kaapbl H300paXEeHUsI B CTPYKTYPUPOBAHHBIE OPUEHTUPHI Tela. 3aTeM 3TH OPUEHTUPHI
UCHOJb3YIOTCS AJISl ONpENEeNeHuss THIAa WM COCTOsAHUS ynpaxHeHus. Ilocne storo cucrema
OLIEHMBAET KOJMYECTBO NMOBTOPEHU HAa OCHOBE KMHEMATUYECKUX CHTHAJIOB, CIICHU(UYHBIX IS
yIPaXHEHUs, U, HAKOHEL, IPOrHO3UPYET pacxoa Kalopuil ¢ IOMOLIbI KaJluOpOBAHHOU
PErpecCHOHHON MOJIENH, OCHOBAHHOM KakK Ha JECKPHUIITOPAX, CBA3AHHBIX C MOJb30BATEIIEM, TaK H
Ha JIECKPUIITOpAX, CBSI3aHHBIX C aKTUBHOCTBIO. DTa apXUTEKTypa Oblila BbIOpaHa MOTOMY, YTO OHA
coyeraeT B ceOe MHTEPHPETHPYEMOCTh aHAIM3a JBM)KCHUI Ha OCHOBE MO3BI C MPAKTUYECKOH
LIEHHOCTBIO MEPCOHATM3UPOBAHHON OLIEHKU pacxojla SHEpTuM, u3deras pyu 3TOM HENPO3PavyHOCTH
YKCTO CKBO3HOM BU3yalibHOU MoJienu «4uepHoro siuka» (Nathan et al., 2015; Perrett et al., 2022).

Pabounii nmpouecc cucTeMbl MOKHO KPAaTKO OIUCATh CIEAYIOIINUM 00pa3oM:

1. 3anuck BUIEO ¢ MOHOKYJIIPHON KaMephl WIIM COXPAaHEHHUE BUACOKIIHIIA;

2. OOHapykeHHE KIIOYEBBIX TOYEK Tela C MCIOJIb30BAaHHEM JETEKTOpa 103 Ha OCHOBE
MediaPipe;

3. IlocTpoeHue NpPU3HAKOB Ha OCHOBE ONOPHBIX TOYEK JUIsl pacllO3HABAHUS COCTOSHUSA
(bu3nIecKoil Harpy3Ku;

4. Knaccudukanuus ynpaxxHEHHH 110 OJJHON U3 LENEeBbIX KaTeTOpUii;

5. [logcueT NOBTOpPEHMI € YUETOM BBINOJIHAEMBIX YIIPAXKHEHUNH Ha OCHOBE TPACKTOPUI YIJIOB
U 3KCTPEMYMOB JIBHKEHMUS,;

6. I'mOpumHas OIEHKAa KaJOpHiA Ha OCHOBE TIIOJb30BAaTEIIbCKUX JIAHHBIX, JAHHBIX 00
AKTUBHOCTH U UHTEHCUBHOCTH JIBM)KEHUH.

Ora MOAyNlbHas CTPYKTypa Oblla BBIOpaHA HaMEPEHHO, YTOOBI CHeNaTh KaKIBIA ITam
OOBSICHUMBIM U HE3aBHCHUMO OLIEHMBAeMbIM. B KOHTekcTe MOHUTOPUHra (PU3NUYECKUX YIPAKHEHUI
Takas IPO3PAavYHOCTh OCOOCHHO BaKHA, MOCKOJBbKY OMIMOKM MOTYT BO3HHMKATh W3 Pa3HBIX
MCTOYHUKOB: MPOIYLICHHbIE OPUEHTHUPHI Teja, MyTaHULA MEXIY YIPaXHEHUSMHU, HENpPaBUIIbHBINA
MOJICYET MOBTOPEHUI WMJIM MepeolieHKa pacxoda Kajmopui. Takum oOpazom, E€KOMIO3UPOBaHHAsS
apXUTEKTypa TO3BOJSIET IPOBOAUTH Ooyiee TOHATHYIO OTJIaJKy M 0ojiee OCMBICICHHYIO
HWHTEPIPETAINIO, YeM MOHOJHUTHAs MOJIENb MPSIMOro mpeodpa3oBaHus Buaeo B BeiBO (Nguyen et
al., 2023).

HcTouHnkH JaHHBIX

Jlns o0y4yeHHs: OCHOBHBIX MOAYJIEH CHCTEMBbl UCIOJIb30BAIKCH JIBa OOIIEAOCTYHBIX Habopa
TaHHBIX.

IepBblif HAOOP AAHHBIX UCMOJIB30BAICA JUISl paCllO3HABaHUS yIpaKHEHUN. B okoHuaTenpHON
paboueil KOHpHUTypanuu 3TOT MOAYJb ONMUpaics Ha HAOOp JaHHBIX, TMOJYYEHHBIH W3 OMOPHBIX
TOYEK, OCHOBAaHHBIM Ha Mo3ax, cojepxamuil 10 eneBbIX KIaccoB, COOTBETCTBYIOIIMX IISTH
pacIpoCTpaHEHHBIM YIPAXHEHUSIM C COOCTBEHHBIM BECOM, IPEJICTABICHHBIM B COCTOSHHSIX
JIBYDKEHUS BBEPX/BHM3: MPBIKKU HAa MECTE, MOATATUBAHUSA, OT)KMMaHUS, IPUCEAAHUS U YIIPAKHEHUS
Ha mnipecc. [IpeacraBnenne mpu3HaKoB 3TOro0 HaAbOpa JAHHBIX COCTOSIIO M3 132 BXOIHBIX JTaHHBIX,
MOJTyYEHHBIX M3 OMOPHBIX TOYEK, COOTBETCTBYIOIIMX KOOpAMHATaM TOYEK Teja M JECKPUITOpaM,
CBSI3aHHBIM C BHJIMMOCTBIO, M3BJICUCHHBIM M3 OMOPHBIX ToueK Mmo3bl. OOydeHHass Ha 3TOM Habope
JAHHBIX MOJIENIb BbIAAJa OKOHYATEJIbHBIE METPUKU YIPAKHEHHUH, NpeiCcTaBlIeHHbIE B 3TOM
rccaenoBaHud. B kadecTBe MCTOYHMKA MCIOJIB30BAJICS OOIIETOCTYIMHBIA HAOOP MAaHHBIX 103 IS
ynpaxkHeHui ¢ cooctBeHHbIM BecoM (Workout/Exercises Pose Dataset, Kaggle), onophbsie Touku
Tela B KOTOpPOM OBLIM MOJYYEHBI C MOMOIIbI0 KOHBelepa oueHku no3sl MediaPipe BlazePose
(Lugaresi et al., 2019; Bazarevsky et al., 2020); utoroBoe npeacraBieHrue MPU3HAKOB BKIIOYAIIO
132 3nHauenus Ha Kajp (1o 33 opueHTHpa C KOOPAUHATAMH X, Y, Z U OLIEHKOW BUJIUMOCTH).

Bropoii Habop JaHHBIX UCTIONB30BAICA IS OLIEHKU pacxoja kanopuil. OH coaeprxan 750 000
00pasIoB, U MOCJE MPEIBAPUTETHLHON 00paOOTKH M MHKEHEPHUH MPU3HAKOB OKOHYATEIbHAS MOJIEIb
pabotana ¢ 12 osddexTuBHbIME TepeMeHHbIMH. K HHM OTHOCWIHCH JeMorpapuyeckue u
¢dusnonornyeckue aTpudyThl, TaKWe Kak IO0JI, BO3PACT, POCT, BEC, NMPOJIOJIKUTEIBHOCTh, YacToTa
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CEpACUHBIX COKpAILCHUH, TemIeparypa Teja, a TakKe IPOM3BOJIHBIE IEPEMEHHbIE, BKIIIOYast
MHJIEKC MacChl Tella U IECKPUIITOPHI paboyel Harpy3Ku Ha OCHOBE B3auMoJecTBUs. VICTOUYHUKOM
nocyxun obmenoctynaslii Habop nmanHbix Kaggle «Predict Calorie Expenditure» (Playground
Series, ce3on 5, snuzon 5, 2025), copepkamuii geMorpaduyeckre u GU3NOIOTHUECKUE TPU3HAKH
(moJs1, BO3pacT, poOCT, BEC, MPOAOCIDKUTEIBHOCTb HArpy3KH, 4YacTOTa CEpAEYHbIX COKpAllCHUH,
TEMIIEpaTypa Tela) U LEJEBYI0 NEPEMEHHYIO pacxoja Kanopuil. OKoHYaTeabHasi perpecCUOHHas
MoJiesib, OOy4YeHHass Ha 3TOM HaOoOpe MAAaHHBIX, Jaja pPe3ysbTaTbl OLEHKU pPacXoAa KaJOpHid,
npejcTaBiIeHHble B pazzaene «PesymbraTeiy. OOmmii paboumii mporecc mpeiaraéMoil CHCTEMBI
1oka3aH Ha pucyHKe 1. OCHOBHbIE XapaKTEpUCTHKH HAaOOpPOB JaHHBIX, UCIOJb30BAHHBIX B 3TOM
UCCIIIOBaHUH, CYMMHUPOBAHbI B TabmuIe 1.

Vcnonb3oBaHue 3THX JIByX HAOOPOB JIaHHBIX OTpa)KaeT TMOPUIHYIO JIOTHKY IpeajsaraeMoin
cucteMbl. Monysb YIpa)KHEHUH OCHOBaH HA TIE€OMETPUYECKHM HACBIIICHHBIX IPEACTaBICHUSIX
OPHEHTUPOB, IOJYYEHHbIX M3 IO03bl Tela, B TO BpeMs KaKk MOJyJb KaJOpUHl OCHOBaH Ha
(U3NONOTHYECKUX TEPEeMEHHBIX W TEPEMEHHBIX, CBS3aHHBIX C HArpy3koil, KoTopwie OoJjee
HEMOCPEJCTBEHHO OTPa)XKaroT MeTaboIMyecKhe MNOTPEeOHOCTH. DTa KOMOMHALUS COIJIACyeTcsl ¢
MPEAbIIYIIUMH UCCIIEOBAHUSIMH, MOKAa3bIBAIOIIMMU, YTO WHTEPIpPETAlsl YIpPaXXHEHUN M OLEHKa
SHEPIUM YacTO BBIUIPBHIBAIOT OT YACTMYHO PA3HbIX HCTOYHUKOB HH(pOpMAlMM, JaXe €ClIu B
KOHEYHOM UTOT€ OHM MHTETPUPOBaHBI B OAHY cuctemy MoHuTopunra (Nathan et al., 2015; Perrett et

al., 2022).

3A. Exercise Recognition

A landmark-based classifier
predicts the exercise state.

4. Calorie Estimation
1. Video Input 2. Pose Extraction

Monocular camera or RGB —

clip of the user performing

A hybrid regressor combines
MediaPipe Pose detects 33
body landmarks and
frame-wise motion cues.

user features and
motion intensity.
an exercise.

3B. Repetition Counting

N
L

N

Joint-angle signals are
smoothed and counted by
peak or valley detection.

5. Final Output

Exercise type » Repetition count « Repetition rate + Calorie expenditure

Pucynoxk 1. O0miast apxuTekTypa npesiaraeMoil rHOpuIHON cUCTEMBbl HA OCHOBE MAIIMHHOTO
3peHMUs.

Tabauua 1. Cognast uHpopmMaims 00 UCMOJIB30BAaHHBIX B UCCIIEOBAaHUU HAOOpaxX JaHHBIX.
Posab HaGopa

OcHoBHas neJab IIpeacraBurenscrso | Ileaesas crpykrypa
AAHHBIX
10 xaccoB: MPBIKKH
CTPYKTYPUPOBAHHBIE Ha Mecte,
Knaccudukanus PYKTYPHD NOJATATBaHMS,
Ha0Op JaHHBIX JUIS XapaKTEPUCTUKH
COCTOSIHMS OT/)KHMAaHMS,
pacro3HaBaHus . 103bl, TIOJIyYE€HHBIE Ha
o busnueckoi IIpUCENAHU U
YIPAKHEHUI OCHOBE OIIOPHBIX
AKTUBHOCTH ToUeK YIPa)KHEHMS Ha Mpece
(xaxxnoe B azax
BBEpX/BHU3).
Ha0Op AaHHBIX JUIS Perpeccus pacxona Tabnuunsie HenpepsiBHblii
OIICHKH KaJIOPH JSHEpPruu XapaKTEePUCTUKU pacxo]1 KaJIopuil
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(U3HOIOTHYECKUX
IoKa3aTelieil u
ImoKa3aTenei
AKTUBHOCTH

Pa3iesieHue TaHHBIX U MPEIOTBPALIEHHE YTEYKH JAHHBIX

Jlyiss 0ObeKTHBHOW OIICHKU MOJYJIS PAcIo3HABaHHS YIMPaKHEHWH HAOOP JaHHBIX OMOPHBIX
TOYeK OBLT pa3aenéH Ha oOydYarollyl0 M TECTOBYIO BbIOOpKHM B cooTHomeHun 80/20 co
cTpaTuduKanyei mo AecsATH LENIEeBbIM KJIaccaM, YTO 00ECTIEYHIIO COXPAaHEHHE MPOIIOPIHHA KIacCoB
B o0eux BbIOOpKax. [logbop rumepnapamMeTpoB BBITIOIHSUICS HMCKIIOYHTEIBHO Ha OOydaromien
BBIOOpPKE C HMCIOJIB30BAaHUEM NEPEKPECTHON MPOBEPKH, a TECTOBAsi BHIOOPKA MPUMEHSIIACH TOJIBKO
IUTst UTOTOBOM OIIEHKU M HE y4acTBOBaJIa HM B 00yYSHHH, HM B HACTPOUKE MapaMeTPOB.

[TockonbKy cocemHuEe Kaapbl OJHOTO M TOTO K€ IMOBTOPEHHUS CHIBHO KOPPETUPOBAHBI,
cllydaifHoe pa30MeHHEe Ha YPOBHE OTACIBHBIX KaJPOB MOTIJIO ObI MPUBECTU K yTEYKE JAHHBIX, IPH
KOTOPOH MOYTH HJIECHTUYHBIC KaJpbl OAHOBPEMEHHO IOMAJAl0T B OOYYaIOUIYI0 U TECTOBYIO
BBIOOPDKM W HWCKYCCTBEHHO 3aBBIIAIOT TIOKa3areinu KadecTBa. JIJI1 CHIDKEHUS 3TOTO pHUCKa
pa3OueHNe BBIMOTHSAIOCH TaK, 4YTOOBI Kajpbl, OTHOCSIIMECS K OJHOW HENPEPHIBHOM
MOCJICIOBATEIBHOCTH ~ BBITIOJIHGHUSI  YIIPAKHEHHS, HE PacHpeAe/sUICh OJHOBPEMEHHO 110
oOydJaromeil ¥ TEeCTOBOM dacTsM, a HOpMalU3allys MPU3HAKOB IMPOBOAMIIACH IO CTATHCTHUKAM,
paccYrTaHHBIM TOJBKO Ha 00y4varomieil BbIOOpke. Takum 00pa3oM, npuBeAEHHbIC B Tabmnax 3 u 4
MOKAa3aTeM OTPaKalT OO0OOMIAFONIYIO CIIOCOOHOCTh HA paHee He HaOromaBIIUXCs (parMeHTax
JIBYDKEHUS, & HE 3aIIOMUHAHKE OT/ICNIbHBIX KaJIPOB.

AmnHanoru4Hasi TmpoueAypa NPUMEHsIaCh K MOIYIIO OIEHKH KaJIOpWil: JaHHBIE OBLIH
paszencHbl Ha 00yJarollyr0 ¥ TECTOBYIO YacTH B cooTHomieHun 80/20, moadop rumeprapamMmeTpoB
perpeccopa BBINIOJHSUICSA C IOMOINBIO TEPEKPECTHONW MPOBEpKH Ha oOydaromiei BBIOOpKe, a
OTJIOXKCHHAsI TECTOBasi BHIOOPKA KCIIOJIb30BAJIACH TOJIKO JUIsl pacu€ra utoroBeix merpuk (MAE,
RMSE u R?). IIpou3BoaHble IpU3HAKU, TaKWe KaK MHJEKC MAcChl Tejla U JECKPUIITOPHI pabouei
HArpy3Kd, BBIYHUCIISUIUCH BHYTPH Ka)XI0W BHIOOPKM HA OCHOBE €€ COOCTBEHHBIX 3HAUYEHUH, YTOOBI
UCKJTIOYUTH NepeHoC MH(POPMAIIUU U3 TECTOBOI BHIOOPKU B 00Y4aIOIIYIO.

H3Baeyenue no3bl U3 BUAEO

M3Bnedenune mo3sl U3 BUAEO BBHIMOIHSIOCH C TMOMOIIBIO JaeTekTopa opueHTrpoB MediaPipe
Pose. MediaPipe Pose momxoauT i BBOJA H300paKEHWH W BHICO M CO3/MACT OPHEHTHPHI
YeJIOBEYECKOT0 Tella KaK B KOOpAWMHATAX W300paKEHUs, TaK M B TPEXMEPHBIX MHPOBBIX
KoopauHaTtax. ba3oBoe cemeiicTBo MeTonoB BlazePose ocoGeHHO akTyaabHO IS TPHIOKCHUH,
OPUEHTHPOBAHHBIX Ha (PUTHEC, MOCKOJbKY OHO MpPEnoCTaBisieT 33 KIIOYEBBbIE TOYKU Tella U
ONITUMHU3UPOBAHO ISl JIETKOBECHOTO BBIBOJIAa B PEATLHOM BPEMEHH. JTO JIENAaeT €ro XOpOIIo
MOAXOAIINM ISl aHallM3a YIpPaXHEHUH Ha OOBIYHOM MOTPEOUTENHCKOM OOOpYIOBAaHUHU, a HE
TOJMbKO Ha JabopatopHbix cuctemax (Erramchetty et al., 2024). Dror BbeIOOp TaKKe
MOATBEPIKIAETCS MUIOTHBIMHU JaHHBIMH, MMOKa3bIBAIOIIUMU, YTO KOHBEHEpPHI OIEHKH MO3bI MOTYT
MCTIOJIB30BATHCS IS KOJTMYECTBEHHOM OIIEHKU YaCTOTHI JIBIKCHHH YEIOBEKA HEMOCPEICTBEHHO U3
BUJICO, YTO MMEET OOJIbIIOE 3HAUYCHUE JUIS IENIU MOJCYeTa MOBTOPSHU B JAaHHOM HCCIIEIOBAaHUU
(Cornman et al., 2021).

[TycTh mocnenoBaTenbHOCTD 103, H3BJICUEHHAs U3 BUE0, 0003HAYACTCS KaK

P={L; Ly .., Ly} (1)

rae T — KOJWYeCTBO JOMYCTUMBIX KaJpoB, a Lt - Habop OpueHTHpPOB, OOHApPYKEHHBIX Ha
BpeMeHHOM I1are t. Ka)x/1plii BEKTOp OpHEHTHpA HA YPOBHE KaJpa IPEICTaBISAETCs KaK

— 33
Ly = {x;, yj, 2j, v }j24 2)
rae XJ, yj nu ZJ O603HaanOT KOOpI[I/IHaTLI j'FO OpHeHTHpa, av j 0603Ha‘{aeT €ro I1oKasarciib

11



Yassawi Journal of Engineering Science, No2 (2), 2026

BuguMocTH. Ha mnpakTuke ynopsaodeHHass CTPYKTypa OPUEHTHUPOB II03BOJIMJIA BBIYHCIATH
COIJIaCOBAHHBIE TEOMETPUYECKUE NECKPUIITOPBI MEXAY KagpaMH, BKJIIOYas YIiIbl CYyCTaBOB, pa3Max
KOHEYHOCTEH, HAKJIOH TYJIOBUIIA U TOKAJAPOBBIC CUTHAJIBI JBUKCHHUSL.

Jnst ¢puHanbHOrO 3Tama pa3BEepPTHIBAHHS HCIIOJIB30BAINCH OPUEHTUPHI KakK JIEBOW, Tak W
IIPaBOil CTOPOHBI Teja, YTOOBI YMEHBIIUTh HECTAOMJIBHOCTh, BBI3BAHHYIO OJHOCTOPOHHHUM
MEPEeKPBHITUEM WM aCUMMETPUYHONW KOMIIOHOBKOH Kamephl. DTa JIBYCTOPOHHSISI CTpaTerus ObuLia
0COOEHHO BaKHA Uil TAaKUX YINPaKHEHUH, KaK OTKUMaHUS W IOATATMBAHUSA, IJl€ JBUXKECHUE
BEPXHUX KOHEYHOCTEHM MOXET BBIIVIAACTh I10-PA3HOMY B 3aBUCHMOCTHM OT TOYKH 3PEHUS H
MOJIOKEHUs McHoaHUTENsl. TakuM o00pa3oM, H3BIEUEHHE I03bl CIYKWJIO HE TOJbKO 3TalloM
MpeIBapUTENIbHON 00pabOTKH, HO M LEHTPAIbHBIM CIOEM INPEACTaBICHUS, HA KOTOPOM padboTaiu
nocienyromne moaynu. (Roggio et al., 2024).

Moayb pacnio3HaBaHHUA YIPAKHEHHI

Otan  pacro3HaBaHUS YHOPAKHEHUH ObLI peaJn30BaH Kak 3ajJadya KOHTPOJIUpPYeMOH
MHOTOKJIaCCOBOM Knaccupukanuu. ITycts Xi € RY603HauaeT BekTOp MpU3HAKOB, HONYYEHHEIH U3
OPHUEHTHPOB 1036l Isi oOpasua i, rae =132 B UTOroBOM INpeicTaBlICHUU OpHEHTUPOB. Llenb
KJaccu(ukaTropa — H3y4uTh OTOOpaKeHHE

f(x) =y yi€C 3)

rae C— 3To MHOXKECTBO LIEJIEBbIX KJIACCOB COCTOSHUM yIpa)kHEHHH.

HToroBelif HAOOp METOK COJEPKAI IECATh KIIACCOB:

- IPBDKKK Ha MECTEe BHU3,

- IPBDKKH Ha MECTE BBEPX,

- IOJTSATUBAHUS BHU3,

- IOJITSITUBAHUS BBEPX,

- OTKUMaHHUs BHU3,

- OT)KUMaHUs BBEPX,

- yIIpa>kHEeHUS Ha TIPECC BHM3,

- yIIpa>kHEHUsI Ha Tpecc BBEpX,

- IpUCEIaHNs BHU3,

- IpUCEaHUs BBEPX.

Jist kmaccuuKay HCIOIh30BAJICSI MHOTOKIIAcCOBBIN kiaccudukarop CatBoost, mockonbky
IPOCTPAHCTBO MPU3HAKOB, IIOJYYEHHOE HAa OCHOBE TII03bl, SIBJISETCS CTPYKTYPHUPOBAaHHBIM,
CMEUIaHHBIM T0 MacmTaly ¥ XOpOIIO TOAXOMUT Ui JIEPEBbEB PEUICHHH C TpaJueHTHBIM
Ooyctunrom. CatBoost Oblm BhIOpaH B KadecTBE OCHOBHOI'O QJITOPUTMa OOYUYEHMsI C yUUTeleM
Omaronmapst €ro BBICOKOW MPOW3BOJUTEIFHOCTH HAa CTPYKTYPHPOBAHHBIX JAHHBIX M CHOCOOHOCTH
MOJICIUPOBaTh HEJIMHEWHbIE 3aBUCUMOCTH 0e3 HEOOXOJUMOCTH CJIO0XHOM HOpMalu3aluu
NpU3HAKOB Ha Bcex d3ramax koHBelepa (Prokhorenkova et al., 2018). Iloxxoasl rpagueHTHOTrO
Oyctunra, takue kak CatBoost, ocoOeHHO MOAXOIAT Ui TETEPOreHHBIX CTPYKTYPHPOBAHHBIX
NPOCTPAHCTB  TPU3HAKOB W TPOJIEMOHCTPUPOBAIM  BBICOKYIO  IPOU3BOJHUTEIBHOCTH B
KpYIMHOMAcCIITaOHBIX 33J]a4ax Mporuo3noro moaenuposanus (Hancock & Khoshgoftaar, 2020).

JIist TIOBBIIIIEHUS] HAJIS)KHOCTH Pa3BEPTHIBAHUS HA PEaTbHOM BHJIEO CHCTEMa HE IoJlaransach
UCKJIIOUUTENIFHO Ha €AMHOe TIJI00ajJbHOe TpeAcKa3aHue U3 Bcero kiuma. Bmecto »3TOroO,
XapaKTePUCTHKH TIOJOKEHUSI HAa YPOBHE KaJIpOB arperHpOBaINCh BO BPEMEHH, a OKOHYATEIbHBIN
pe3yJbTaT BHIMOJIHEHUS yIIPaKHEHHs BO BpeMsi 00pabOTKH BUAEO ONPENENSICs C UCTIONb30BaHUEM
KOMOWHAINH CIEAYIOMHX (PaKTOpOB:

— BeposTHOCTH K1accOB Ha OCHOBE MOJIEIH;

— KUHEMaTHYeCKHe TI0Ka3aTelH, CIIeU(PHUIHBIC IS KQKI0TO JIBIKCHHS,

— [IpaBuiia cormacoBaHHOCTH CeMeCTBa yIpaKHEHHH.

Ota crparerus ObUTa MPEIOKEHA MOTOMY, YTO KOPOTKHE BHIICOPOIHMKH C YIMPaKHEHHSIMA
4acTO COJEpKaT JIMIIb YaCTUYHbIE IMKIJIBI JIBUKEHHUS, a YUCTO TJI00AJbHOE YCpPEJIHEHHE BCeX
KOHTPOJIBHBIX TOYEK MOXKET pa3MbIBaTh (a3bl IBWKEHUS, CIEIUPUYHBIE IS KOHKPETHOTO
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ynpakaeHus. [103ToMy Ha 3aKITIOUYMTETLHOM JTare BBIBOAA, YAOOHOM IJisi BHCO, UCIIOIH30BAJICS
MECXAaHU3M CMCIIAHHOI'O HpI/IHHTI/I}I pemeHHﬁ, a HC €AMHOC HANBHOC prGI[HeHHOG HpeI[CTaBJIeHI/Ie.
IMoacuer moBTOpEHM
[Toncuer MOBTOpEHUII OCHOBBIBAICA HAa TPACKTOPHSX YIJIOB, YYHUTBHIBAIOUIMX OCOOCHHOCTHU
YOpOKHEHHUS, 2 HE Ha OOIIEM Pa3HOCTHOM aHAIM3E€ KaapOB WJIM WHTEHCHBHOCTH ONTHYECKOTO
IIOTOKa. I[JI?I Kaxxaoro Kanpa YIJIbL CyCTaBOB BBIYHUCIIAJIUCHE HA OCHOBC TpOfIHLIX OHOprIX TOYCK.
Jlins Tpex Touek a, b u ¢ yron B Touke b onpezensics Kak:

_ —1 {(a=b)-(c—b)
6 = cos (Ila—bll IIc—bII) (4)

Paznnunble ynpakHeHUs OBUIM CBSI3aHBl C PA3JIMYHBIMU OCHOBHBIMM KHHEMATHYECKUMU
CUTHAJIaMH:

- yros crubaHus KojeHa IpHu NPUCEIAHUSX,

- YTOJI HaKJIOHA JIOKTS U1l OT)KUMaHUM U MOATATUBAaHUM.

- Yo MeXAy OepoM U TYJIIOBHUIIEM ISl BHITIOJTHEHUS YIIPAKHEHUI Ha Ipecc.

ITycTh S t0003HauaeT curHaj BHIOPAHHOI'O yIiia BO BpeMeHH. [l yMeHbLIeHHs OKaIpOBBIX
KoJIeOaHMH, BBI3BAaHHBIX IIYMOM OT OTOPHBIX TOYEK, CUTHAJI OBLI CIIIaKeH C MOMOIIBI0 (HIBTpPa
CKOJIB3SIIIIETO CPEIHETO:

o Low-
St = —Xk=0 St-k (5)

rae W — UIMHa CIJIQKUBAROILICTO OKHA. 3aTeM KOJIMYECTBO HOBTOpeHI/Iﬁ OLCHUBAJIOCHh IIO

AOIIYCTUMBIM JIOKAJIBHBIM 3KCTPEMYMaM CIJIAJKCHHOT'O CUT'HAJIA:
R =|E| (6)

rae E — 910 Habop 0O0Hapy»KEHHBIX MTMKOB WJIM BIAIMH, COOTBETCTBYIOIIMX ITOJHBIM IIHKIaM
nBwkeHns. Ha mpakTuke cucTeMa MCITOIb30Bala MUHUMYMBI JIJIsl YIIPOKHEHUH ¢ TpeodiiaiaHrueM
KOJICHHOTO M JIOKTEBOTO CYCTABOB M aJalTHpOBalia BHIOOP CHTHAIa K MPOTHO3MPYEMOMY KJaccy
yIIPayKHEHUH BO BpeMs BbIBOJA. Takas KOHCTPYKIIHsI, YYHTHIBAOIIAs OCOOEHHOCTH YIIPAXKHEHUIA, C
OMOMeXaHHYECKONH TOYKH 3peHHs Oojiee IesecoobpasHa, uyeM MPUMEHEHHE OJHOTO M TOTO JKe
NpaBuiia MMOJCYETa KO BCEM JBH)KEHHSM. AHAJOTHYHAS JIOTMKa Oblla MOJYEPKHYTA B HEIaBHUX
paboTax TO TOJCYETY TMOBTOPSIONIMXCS JBHXKCHHIH CKeleTa W KOJMYECTBCHHOW OIEHKE
yrnpaxkHeHuit ¢ momorisio kamep (Postimayr et al., 2024; Mercadal-Baudart et al., 2024).

3aTeM 4acToTa MOBTOPEHUS BBIYMCIISIIACH CIIEAYIOIINM 00pa3oM:

R

(7)

r =
Tmin

rae Tmin — OPOAODKUTEIBHOCTh aHAIM3UPYEMOro (parMeHTa B MUHYTaX. DTOT MapameTp
4acTOThI MOBTOPEHUS BIOCJIEICTBUN MCIIONB30BAIICA B paMKaxX TMOPHUIHOM JTIOTMKU KOPPEKTUPOBKU
KaJIOpHUH.

Ouenka pacxoaa KaJopui

Monysb oLleHKH KajopHil OblT copMyIMpOBaH Kak 3ajgada perpeccuu ¢ yuureneM. Ilycts
Z_i 0003Ha4YaeT BEKTOP MPHU3HAKOB Il CyObEKTa WIIM CETMEHTA |, CoJepiKaIinii (PU3N0IOTHIECKUE
NEpEMEHHbIE U TIepEMEHHbIE, CB3aHHbIE C aKTUBHOCTHIO. Moieb 00ydaeTcst 0TOOpaskeHUI0

9(z) = E; (8)

riae Einporuo3upyemslii pacxoj] KalopHii.

B nrorosom perpeccope HCronb30BaJINCh CIEAYIOIINE BXOIHbIE IEPEMEHHBIE:
- 110J1,

- BO3pAcT,

- pocr,
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- BEC,

- IPOJIOJIKUTEIIBHOCTb,

- YaCTOTa CepJICYHbIX COKpAILlEHUH,

- TeMIIepaTypa Tena,

- uaekc Maccel Tena (MMT),

- IeCKpUNTOp padoueit Harpy3Kku (4acToTa CepACUHBIX COKPAILIEHUNA X MPOAOIKUTEIBHOCTD),
- B3aUMO/ICHCTBUE TEMIIEPATyphl U YaCTOTHI CEPICUHBIX COKpAILlEHUH,

- IPOU3BO/IHBIE TEPMUHBI, CBSI3aHHbIE C pabovell Harpy3Koi.

WNupnexc maccobl Tena pacCYUTHIBAJICS Kak

w
BMI = G007 9)

rne W — macca Tena B kunorpammax, a H — poct B cantumerpax. 910 0003HaUEHUE OBLIO
BKJIFOUEHO, MTOCKOJIbKY ITOKA3aTEeI MACChl T€JIa M COCTaBa TeJa BIMAIOT Ha OTPEOHOCTh B SHEPTUH
BO BPEMsI IBHKCHHUSI.

Ha srame BHeApeHHS HCIIONB30Bajach TMOPHUIHAS OLICHKA KAJIOPHH, a HE YHUCTO TaOJIMYHbBIC
BEIXOAHBIC JaHHble Mojenu. CHadana ObUT TOJNIy9eH MeTabonMueckuii 0a30oBBIM  YPOBEHb,
3aBUCSILIUN OT JBUKCHHUSI, C UCTIOIb30BaHNEM (popmysibl B ctiiie MET:

METX3.5XW
EMET = % X T (10)

rae T — mpoaoMKUTEeNbHOCTh B MUHYTaX, a W — macca Tena B Kuiiorpammax. PasmudabiM
yIpaXxHEHUSIM ObUIM TPUCBOEHBI pa3zHble 3HaueHus MET no ymonuanuto, nmpu 3Tom Oosiee BHICOKHE
3HaYeHUs! ObUIM MPHUCBOEHBI 00JiIee MHTEHCUBHBIM JIBI)KEHUSM BCErO Teja, TAKUM KaK MPBDKKHU Ha
Mecte u noarsruBanusi. Haznauennsie 3nauenus MET npuBenens! B Tabnuie 2.
Ta6auna 2. 3nauenus meradonnyeckoro skBuBanienTa (MET), Ha3HaueHHBIE yIIPaXKHEHUAM
(amanrrupoBano u3 Ainsworth et al., 2011).

Ynpaxkaenue 3unauyenue MET
[TpbDKKH HA MecTe 8,0
IloarsaruBanus 8,0
OTXUMaHUS 8,0
YnpaxHeHus1 Ha Tpecc 8,0
[Ipucenanus 6,0

Bo-BTOpBIX, MONlydyeHHass OLIEHKAa perpeccuu EmodelOblia 0OBbENMHEHA C MONPaBKOM Ha
nekenue B wieHe MET st monydeHust OKOHUATEILHOTO pPe3yJibTara:

Enybria = A Emodel + (1 — 2) Ever - @0(1) (11)

rae A — kanuOpoBouHBIA Bec, a ¢(f) — KOIDPHUIMEHT IBUKEHHS, MOJYICHHBIH U3 YaCTOTHI
noBTopeHus. B peamuzamuu 53ta  rHOpuau3anus Obula BBEJAEHA JUISL  IPEAOTBpPALICHUS
HEPEATUCTUYHBIX TPOTHO30B JJII OYEHb KOPOTKHX BHJIECOPOJIIMKOB, COXpaHsis TpPH HSTOM
MIEPCOHAIN3ALMIO C IOMOLIBI0 MOJENH perpeccuu. JIoruka pa3BepTbiBaHUs HAa YPOBHE KOJa SIBHO
Oo0BEIMHSIET TNPOTHO3UPOBAHUE KaJlOpUH Ha OCHOBE MOJEIU C KOPPEKTUPOBKOW C Y4YETOM
JIBYDKEHUS BO BpeMs infer_video.

r

(,D(T') = clip (_ Pmin» (pmax) (12)

)
Tref

3nech Iref — pedepeHTHas: YacToTa MOBTOpeHuH (mpuHsTa paBHoil 30 MOBTOpEHU B MUHYTY),
@min ¥ @max — HIDKHSISE ¥ BEPXHss IpaHHIBI Kodpduuuenta ABwxKeHUSI (¢min = 0,8 U pmax = 1,5),
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OTrpaHUYUBAIOIIUE IUANIA30H KOPPEKTUPOBKH U MPEIOTBPALIAIOIINE KaK YpEe3MEPHOE YCUIIEHUE, TaK
U 4Ype3MEpHOE IOJABICHUE OLICHKU KaJOpUM IPU HETUIIMYHOW 4YacTOTE MOBTOpPeHUH. DyHKIHA
clip(+) orpaHn4MBaeT HOPMAIU30BAHHYIO YAaCTOTY MOBTOPEHUI YKa3aHHBIM HHTEPBAJIOM.

JlaHHasi KOHCTPYKIHS COTJIACYETCSl € MPEIbIIyIIUMH HCCIEIOBAHUSIMHU, MMOKA3bIBAIOIIUMH,
YTO MPOTHO3UPOBAHUE KATOPHI BHIUTPHIBAET OT COUETAHUS JATYUKOB JIBUKEHHS C MEPEMEHHBIMU,
CBSI3aHHBIMH C TIOJIb30BaTeNIEM, a HE OT PACCMOTPEHUS PacXojia SHEPruM KaK YHCTO BH3YAIbHOTO
ssineaus (Nathan et al., 2015; Perrett et al., 2022; Leone et al., 2022).

IMoka3aTe/u oleHKH

Jlis  BCeCTOpPOHHEH OLICHKHM MOJYJs pacro3HaBaHUS (U3MUECKUX YNPAKHEHUH MBI
MCTIOJIH30BAIIH:

- TOYHOCTb,

- cOaylaHCUpPOBaHHAS TOYHOCTb,

- MaKpo U B3BEIICHHAS TOYHOCTb,

- Makpo ¥ B3BEIIEHHAs MOJIHOTA,

- MaKpo U B3BelIeHHbIN F1-0amn,

- Kammma KosHa,

- Kosdhpunment xoppensunu Matsroca (MCC),

- torapumudeckas moreps,

- mHorokjaccoBasi ROC-AUC «oauH npoTHB BCEX»,

- CpeIHssl TOYHOCTb.

COanancupoBaHHass TOYHOCTh ObUIa BKJIIOYEHA B pacyeT, IIOCKOJIbKY OHa Ooree
nH(POPMATHBHA, YeM HMCXOJHAs TOYHOCTb, KOT/Ia pacIpe/ie]ieHne KJIACCOB HE SIBIISCTCS HACATHHO
paBHOMEpHBIM, TaK KaK OHa YCPEOHSET YYyBCTBUTEIBHOCTh IO KJaccaM, a HE Ype3MepHO
aKICHTHPYeT BHHMMaHME Ha pe3yibraTax OosbiinHCTBAa KiaccoB (Brodersen et al., 2010).
Kosddunument xoppemsiumu Mboteioca (MCC) Ttakke ObUT yKazaH, IOCKOJIBKY OH IIMPOKO
CUMTAETCS HAJASKHBIM OOOOIIAIONIMM ITOKa3aTeNlieM KadecTBa KiacCH(UKAMU W 4YacTo Ooiee
nH(OpPMATHUBEH, YeM TOYHOCTh Win F1l-mepa, korja BaKHBI OallaHC KJIACCOB U CTPYKTypa OMIHOOK
(Chicco & Jurman, 2020). MuoroknaccoBas ROC-AUC 0Obiia paccurTaHa MO MPHHIUITY «OJUH
MIPOTHUB BCEX», YTOOBI OTPA3UTH NOBEJCHUE PAHKUPOBAHUS IO BCEM KJIACCAM.

J171s1 OLIEHKHM KAJIOPUHHOCTH UCTIOIh30BAINCH CIIEAYIONINE PETPECCHOHHBIE METPHKH:

cpenusis abcomotHas ommbka (MAE),

cpenHekBaaparuyuHas omrbka (RMSE),

ko3 durment aerepmunaiuu (R2)

MeanaHHas a0COJIIOTHAs OlInOKa,

00BbsICHEHHas! TUCTIEPCHS,

CUMMETpPUYHAs CPEHsS aOCOMOTHAs TporieHTHas omuoka (SMAPE),
Koppensus [Tupcona,

Koppemsus Cnupmena.

OTH METPUKU ObLIM BBIOpAHBI MOTOMY, YTO OHU OTPAXKAIOT B3aUMOIOMNOJHSIIOIINE ACHEKTHI
sapdexruBHOCTH perpeccuu. MAE orpaxkaer cpemanee abcomotHoe otkioHeHHe, RMSE cuibnee
mrpadyer Oonpiime omubOku, R? omuceiBaeT 00biAcHeHHYIO aucrnepcuto, SMAPE Boipaxaer
OTHOCHTEIIFHOE OTKJIOHEHHE, a KOX(PQHUIIMEHTH KOPPENSIUM YKa3bIBAIOT KaKk Ha JIMHEHHOEe
COOTBETCTBHE, TaK M Ha PAHTOBYIO COTJACOBAHHOCTb MEXAY MPOTHO3aMH M 3TaJOHHBIMHU
3Ha4eHusIMU. Kpome Toro, Ha dTare coCTaBIeHHs OTUeTa UCIOIb30BasIcs aHanu3 branma-AnprMaHa
JUIL OLIGHKHM XapaKTepa COOTBETCTBUS MEXJy HPOTHO3HPYEMBIMH W STAJIOHHBIMHU 3HAYCHHUSIMU
KaJIOPUH, B COOTBETCTBHM CO CTaHAAPTHOM CTPYKTYPOM CpPaBHEHMS METOJOB, IPENIOKEHHOU
brangom u Anprmanom (1986). MeTpuku OLIEHKH, UCIONB3yeMbIe s KiacCHu(UKaiy, aHaIn3a
MTOBTOPEHUI U OLIEHKHU KaJIOpHii, CyMMHUPOBaHbI B TabmuIe 3.

Taoauna 3. ITokazarenn oleHKH, HCIIOIb30BAHHEIEC B HCCIIEIOBAHNH.
Moayab MeTpuxku
Pacno3naBanue ynpaxHeHUH TodHOCTB, COaTaHCUPOBAaHHAS TOYHOCTb,
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MPEU3UOHHOCTb, MOJHOTa, F1-Mepa,
koddurnment Kanma Kosna, MCC,
norapudmuueckas GyHkuus noreps, ROC-
AUC
KonnyecTBo noBTOopeHui, yacrora
NOBTOPEHHI, MTUKH/BIAIMHBI CUTHAJIA.
MAE, RMSE, R?, MedAE, o0bsicHeHHas
nucniepcusi, SMAPE, koaddunment
Pacuer kanopuit koppensinun [Tupcona, koadduureHt
koppessinuu CriupmeHa, K03 GUIEeHT
Koppemsiin branga-AnpTMana

[Toncuer moBTOpEHMIt

JeTanau peaju3anuun

Cucrema Obiaa peamu3zoBaHa Ha Python ¢ wucmonp3oBanmeM KOMOMHAIMKM OHOITHOTEK
KOMITBIOTEPHOTO 3pEHUS, MAIIUHHOTO OOYYCeHHS W HAy4IHBIX BbIYHCICHHU. OOpaboTka BHICO
BHINONIHsTIach ¢ momomipio  OpenCV, wussieuenme mo3 — ¢ nomombio MediaPipe Pose,
CTPYKTYypUpOBaHHas Kiaccupukamus u perpeccusi — ¢ nomomsio CatBoost, a ananu3 curaaios — ¢
nomortpio NUMPY u SCiPy . B niporiecce BbIBOIa BHICOKIIHIT OTKPBIBAJICS MOKAIPOBO, H3BJICKAIUCH
OPUEHTHPHI Tela, TAC¢ OSTO OBbUIO BO3MOXKHO, HAKAIIMBAINCH ITOKAJAPOBBIC IPU3HAKH, a
OKOHYATeNIbHbIE PE3yJbTaThl MPOTHO3UPOBAHUS YIPAKHEHHs, KOJIUYECTBO MOBTOPEHUMN, YacTOTa
MOBTOPEHUM M KOJIHMYECTBO COMOKEHHBIX KAJIOPHA COXPAHSUIUCh B CTPYKTYPUPOBAaHHBIN (haiin
pe3ynbraTtoB. Peanmuzanus Takke MOAJEp)KMBaja aBTOMAaTHYECKOE CaMOTECTUPOBAHHE C
MCIIOJIb30BaHNEM HEOONBIINX OOIICIOCTYITHBIX JEMOHCTPAIMOHHBIX BHJICOIAaHHBIX IS IPHUMEPOB
oTxKuMaHui U npuceganuii. CTpykTypa Monenu u apredakra Oblia pazpadoTaHa Ui MOIAEPKKU
KaK aBTOHOMHOT'O0 O€HYMAapKUHTA, TaK U MPAKTHYECKOTO CKBO3HOTO TECTHPOBAHUSI.

l'unepnapamerpsl o0enx wmojenel rpaaueHtHoro Oyctunra CatBoost mnombupanuch ¢
MOMOIIBIO TMEePEKPECTHON TPOBEPKM Ha OO0ydYaromiei BBIOOPKE M 3aTeM (DUKCHPOBAIHUCH IS
UTOTOBOTO OOYUYEHHUS; UX 3HAUCHUS MIPUBEICHBI B Ta0HIIE 4.

Tabauna 4. ['unepnapamerpsl Mojenelt rpaguenTHoro o0yctunra CatBoost s knaccudukanuu
YIOPaKHEHUN U PErpecCUU KaJOpHUH.

I'mnepnapamerp KJIaCCI/I(l)I/IKa"lLOp Perpeccop kaJjiopui
ynpa:KHeHHu i
Yucno urepanuii (iterations) 1000 1000
Ckopocth 00yuenus (learning_rate) 0,05 0,03
I'ny6una nepesnes (depth) 6 8
L2-perynsipuzanus (12 _leaf reg) 3 3
@ynkius moteps (loss function) MultiClass RMSE
MeTtpuka oneHku (eval metric) Accuracy RMSE
Panuss OCTaHOBKa 50 50
(early_stopping_rounds)
Cayuaiinoe 3epro (random_seed) 42 42

PE3YJIbTATBI U OBCYKJIEHUE

¢ PeKTHBHOCTH MOAYJISI PACTIO3HABAHUSA YIIPAKHEHUH

Mopayns pacmo3HaBaHHUS YOPOKHEHWH OBUT MPOTECTUPOBAH Ha HaOOpe JIaHHBIX,
BKIIOUaromeM 10 KiaccoB, OXBaTHIBAIOIIUX MATh PACIPOCTPAHEHHBIX YIIPAXKHEHUH ¢ COOCTBEHHBIM
BECOM, KaXKJI0€ U3 KOTOPBIX COCTOWT M3 JIBYX (ha3 IBIIKEHHS: MPBDKKU C Pa3BEJCHHEM HOT BHU3,
MPBDKKU C pa3BeIcHHEM HOT BBEpX, MOJTSATHBAHUS BHH3, MOATSITUBAHUS BBEPX, OT’)KUMAHUS BHU3,
OT)KUMaHUsl BBEPX, NpPUCEIAHWS BHHU3, TNPUCEAAHHUS BBEpPX, YIPAKHEHUS Ha MPECC BHHU3 U
yIpaXHeHUsI Ha Tpecc BBepX. Ha TecToBoil BhIOOpKE OKOHYATEIHHBIA KIACCH(PHUKATOP JOCTHUT
touHoctu 0,8883, cbamancupoBanHoi TounHocTu 00,8950, makpo-F1 0,8929, B3Bemennoro F1
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0,8883, xoadpdunuenta Kanma Kosna 0,8754 u xoaddunmenta koppemssuuun Moteioca 0,8756.
IToxazarenr ROC-AUC nnst cpaBHEHHMS OJHOTO U OCTalbHBIX ympaxkHeHuid goctur 0,9923, uto
yKa3blBaeT Ha BBICOKYIO pa3leIMMOCTh KIAcCOB Jake B MHOTOKJIaccoBOoM cpexe. OOmas
KOJIMYECTBEHHASI TPOU3BOIUTEIBHOCTD PEASIOKEHHON CTPYKTYPHI IPEICTaBICHA B TA0IUIE 5.

Tabanna 5. KonnuecTBeHHbIE XapaKTEPUCTUKU NPEAJIaraéMON CUCTEMBI .

Mopynb [Tokazarenn 3HaueHue
KomuuecTBo cTpok 1372

KonuuecTBo npu3HaKkoB 170

KomauuecTBo kiaccoB 10
TouHOCTH 0,8883
COanancupoBaHHas TOYHOCTh 0,8950
MakpoTO4YHOCTh 0,8930
B3Beriennast TO4YHOCTH 0,8909
Makpo-1nojiHOTa 0,8950
T T — B3Berennas mosHoTa 0,8883
Makpo F1 0,8929
Bissemennsrii F1 0,8886
Kammna Kosna 0,8754
MCC 0,8756
Jlorapudmmueckas nmoreps 0,3573
ROC-AUC OVR (makpo) 0,9923
ROC-AUC OYR 0,0918

(B3BEIICHHBIN)

CpenHsisi TOYHOCTH (MaKpo) 0,9596
KomnuecTBo cTpok 750000

KonndecTBo npu3HaKoB 11
MAE 2,1339
RMSE 3,6202
R2 0,9966
Pacuer kanopuii Menunannas abCcoI0THAsS 1,3277

omuoOKa

OObscHEeHHas AUCTIEPCHs 0,9966
SMAPE 3,7163
Pearson’s r 0,9983
Spearman’s r 0,9987

OTH pe3ynbTaThl MOKA3bIBAIOT, YTO MPEJIOKEHHOE IMpEACTaBIECHUE, LEHTPUPOBAaHHOE Ha
1o3e, J0CTaTOYHO MH(POPMATUBHO ISl pa3InYEHHs TOBTOPSIIOIIUXCS COCTOSHUM YIIpa)KHEHUH. DTO
0CcO0EHHO Ba)KHO, MOCKOJIBKY I1eJieBas 3a7aya He OTPaHUYMBACTCS UACHTHUPHUKAIMENH 00X METOK
aKTHBHOCTH, HO TakXke TpeOyeT pasneneHus (a3 moapemMa 1 Craja OZHOTO U TOTO )K€ yIPaKHEHHS.
Takas xnaccupukanuss Ha ypOBHE COCTOSIHUK Oojiee TMOJ€3HA IS MOHUTOPMHTA C y4ETOM
HOBTOpeHI/II\/'I, Y€M 4YHCTO KaTeropuajbHas MCTKa )IeﬁCTBHﬂ, IMOCKOJIbKY MOJACYCT HOBTOpeHI/Iﬁ
3aBUCHUT OT IMepexoja Mexay OMoMexaHWYecKMMH (hazaMu, a He TOJIBKO OT OOILIeH MIeHTUYHOCTH
aKTUBHOCTH. DTO HAOIIOJCHHUE COTJIACYETCS C MPEOBIAYIIMMH PabOTaMH, MOKA3bIBAIONIMMH, YTO
CTPYKTYpUPOBAHHBIE MPECTABICHHUS HA OCHOBE CKEJIETa UM MO3bl 0COOCHHO AP (PEKTHUBHBI, KOTa
1esieBas 3aja4a CHJIbHO 3aBHCHUT OT JBIDKCHHUS M opraHu3oBana Bo Bpemenu (Nguyen et al., 2023).

Hopmanu3oBanHass mMaTpuia omMOOK JaeT IOMOJHHUTEIbHOE IMPEICTaBICHHE O CTPYKTYpe
omnbok Mozaenu. bonbpmias yacth OmMMOOK BO3HMKAaET MEXIY BHU3YalbHO CBS3aHHBIMU
COCTOSIHUSIMH YNPA)XKHEHUH, UMEIOIIMMHU CXOKee IMOJIOKEHUE BEpXHEH WM HUXKHEW 4acTH Tena,
9TO OKHIaeMO TIPU PACIIO3HABAHUH YIIPAKHEHHW Ha OCHOBE OpueHTHPOB. OqHAKO 00mas KapTuHa
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MO-TIPEXKHEMY YKa3blBaeT Ha CTAaOMJIBHYIO JUCKPHUMMHALMIO KJIACCOB, U OTYET O KiaccH(uKauuu
MOJTBEPXKIACT, YTO BBICOKAs 3(P(PEKTUBHOCTH paclpenelieHa Mo KiaccaM, a He JOMUHUPYETCs
OJHOW WM JBYMs KaTErOpUsIMH YNpakKHEHHH. DTO MOATBEP)KIAeT MPUTOAHOCTh BBIOPAHHBIX
MIPU3HAKOB OPHUEHTUPOB JUISl MPAKTHUYECKON KIACCU(PHUKAIIMH COCTOSHUN (PU3MUECKON MOATOTOBKH.
Marpuipl ommOOK MpeAcTaBieHbl HAa PUCYHKAax 2 u 3, HauOosee MH(OpPMATUBHBIE NPU3HAKU
IIOKa3aHbl Ha PUCYHKE 4, IPOTHO3UPYEMOE paCIpeAeICHUE KIACCOB II0KA3aHO HAa PUCYHKE 5, a
KpHUBBIE€ 00Y4YEHUs NPEACTABICHbI HA PUCYHKE 6.

IloBenenue pacno3HaBaHus 1O KjaccaM

ITomuMo oOmIell TOYHOCTM M MaKpOYpOBHEBBIX IIOKa3aTeslel, BakHa OLIEHKAa Ha YpPOBHE
KJIacCOB, 4YTOOBI ONPENENIUTh, HACKOIBKO MOJEIb NPAKTUYECKH IOJE3HA I OTCIICKUBAHUS
ynpaxsHeHuil. OTdeT 0 KiIaccUpUKAMM IOKa3aJl CTa0WIBHO BBICOKHE II0Ka3aTeld TOYHOCTH,
NOJIHOTBL U F1-Mepbl 1o JecsaTH KiaccaM COCTOSHUM YIHpPa)XXHEHWM, 4TO yKa3bIBa€T Ha TO, YTO
W3yYEHHbIE TPAHMLbI NPUHATUA PEIIEHUH HE OrpaHWYMBAIOTCA HEOONBLIMM IOAMHOKECTBOM
IPOCTPAaHCTBA METOK. J{pyrumu ciaoBamu, KnacCu(PUKaTOp JOCTUT CBOETO OOILEro pe3ysbTara He 3a
cueT nepeoOyueHHs! TOJbKO Ha OJHOM WM JABYX CEMEWCTBaX YHNPaXXHEHHUH, a 3a CUET U3y4YCHMs
Oosee MmMMPOKOro HaOOpa KOH(QUTYpAlMii OPHEHTUPOB, CBS3aHHBIX C pa3IMYHBIMU (hazaMu
JBUKCHMUSL.

Exercise Confusion Matrix

25

jumpingjacksdown

jumpingjacksup

pullupsdown

pullupsup

pushupsdown

True

pushupsup

situpdown

situpup

squatsdown

squatsup

Predicted

Pucynok 2. Martpuua ommOoK MOJIeNTH pacrio3HaBaHMsl yIIPaKHEHHH.

Exercise Confusion Matrix (Normalized)

jumpingjacksdown
jumpingjacksup
pullupsdown
pullupsup

pushupsdown

True

pushupsup

situpdown

situpup

squatsdown

squatsup

Predicted

Pl/lcyHOK 3. HOpMaJ'II/IBOBaHHaSI MaTpuna OIINOOK MOZCIIN paCliO3HAaBaHUA praH(HeHHﬁ.
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Exercise Model Feature Importance
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Pucynok 4. BaxHOCTb IPU3HAKOB B MOJIEJIM PACIIO3HABAHUS YIIPAKHEHUM.

Predicted Class Distribution

Count

.Q@é
Class
Pucynok 5. IIporao3upyemMoe pacrpeeieHie KJIaccoB B TECTOBOM Habope.
Exercise Model Training Curves
learn_MultiClass
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Pucynok 6. KpuBbie 00y4yeHust MOJIeNTH paclio3HaBaHUsl YIIPaKHEHU.

19




Yassawi Journal of Engineering Science, No2 (2), 2026

OTOT BBIBOJ HMMEET BAKHOE 3HAYEHHE C TOYKM 3pPEHHUs NMPAKTUYECKOro mnpumMeHeHus. B
pealbHOM CHCTeME€ MOHUTOPWMHTa Ha OCHOBE KaMep MAucOalaHC KJIacCOB WJIM BBICOKAs
W3MEHUYUBOCTh TIOJIOKEHUS Telda MOTYT JIETKO CMECTUTh Kiaccu(UKATop B  CTOPOHY
JOMHUHHUPYIOIIUX Mojenei nBmwkeHus. [1o3Tomy wucmoiib30BaHHE COATAHCUPOBAHHOW TOYHOCTH,
Makpo-F1, koadpdunuenra Kanna Kosna 1 MCC B nmanHOM uccienoBaHuu oOecrieunBaeT Oosee
HAJCKHOE TMPEJICTAaBICHHE O TOBEICHUU MOJEIU, 4YeM MpocTo HeoOpaboTaHHAsT TOYHOCTH.
COanancupoBaHHass TOYHOCTh OCOOEHHO BaKHa B 3a/layaX MHOTOKJIACCOBOW KiacCU(PHUKAIIU
JIBUKCHHUI YeJIOBEKa, IOCKOJIbKY OHA YYHUTHIBACT IOJHOTY IO KjaccaM, a He Ype3MEepHO
aKICHTUPYET BHUMAaHUE Ha YacTO BeTpevaromuxcs kimaccax (Brodersen et al., 2010), B To Bpems
kak MCC u koodduuuent Kanna KosHa SBISIOTCS HaAEKHBIMH CyMMapHBIMH TOKa3aTesIMHU,
KOrJa CTPYKTypa MHOTOKiIaccoBoii ommbku wumeer 3Hauenue (Chicco & Jurman, 2020).
[TonpoOHbIe 3HAYEHHS TOYHOCTH, MOJNHOTH, Fl-Mepel W TONACPXKKHA JUIsI KaXKAOrO Kiacca
MIPUBE/ICHBI B Ta0IHIIE 6.

Tabauma 6. Tounocth, momHOTa, Fl-mepa u mommepkka MOJEIHM pacro3HABAHHS
YOPAKHEHUH I KaKJI0T0 KJ1acca .

Kiace To4yHOCTB ITonnroTa F1-mepa (F1- Honnepxka
(Precision) (Recall) score) (Support)
IIPEDKKY HA MECTE 0.8929 0,8929 0,8929 28
BHU3
MIPBDKKY HA MECTE 0,8889 0,8889 0,8889 27
BBEPX
HOATATUBAHUSA 0.8261 0,8261 0,8261 23
BHU3
HOATATUBAHUSA 0,8889 0,8000 0,8421 20
BBEPX
OT)KMMAaHUS BHU3 0,9412 1,0000 0,9697 16
OT)KHUMaHUSA BBEPX 1,0000 0,9524 0,9756 21
yOpaXHEHUS Ha 0,9412 1,0000 0,9697 16
MPECC BHU3
ylnpaXKHEHHUs Ha 0,8235 0,9333 0,8750 15
MPECC BBEPX
TIPHCEIaHNs BHU3 1,0000 0,8947 0,9444 19
IIpUCETaAHU 0,7273 0,7619 0,7442 21
BBEPX.
MakpoycpeiHeH e 0,8930 0,8950 0,8929 206
B3Bemennoe 0,8909 0,8883 0,8886 206
cpenHee

CpaBHeHue ¢ 02a30BbIMHU MO/IEJISIMH U a0JIALIMOHHBII aHAIU3

UToOB! OIIEHUTH BKJIA] BRIOPAHHOTO QJTOPUTMA, MPEATIOKEHHBIN KiIacCU(UKATOp Ha OCHOBE
rpaguenTHoro OyctuHra CatBoost cpaBHuMBasics ¢ psiioM 0a30BBIX MOENEH, OOYYCHHBIX |
MPOTECTUPOBAHHBIX HA TE€X e BHIOOPKAX C TEM kK€ HAOOPOM MPU3HAKOB. Pe3ynbTaThl MPUBEACHHI B
Tabimme 7.

Tadauua 7. CpaBHeHue nipenoxkeHHoro kinaccudukaropa (CatBoost) ¢ 6a30BbIMEu MoIeIsIMU Ha
TECTOBON BHIOOPKE pacrio3HaBaHUS YIPAKHEHUH.

Moaean TouyHOCTBH Coanancuponannas Makpo-F1
TOYHOCTD
Jlorucruueckas perpeccus 0,7536 0,7604 0,7558
k ommxkaiimux coceneit (k-NN) 0,7998 0,8035 0,7981
Metoz ONOpHBIX BEKTOPOB 0,8294 0,8351 0,8312
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(SVM, RBF)
CrydaiiHbIH J1ec 0,8623 0,8689 0,8650
CatBoost (ipeyioKeHHBIN) 0,8883 0,8950 0,8929

Bce 6a3zoBbie MOjeny YCTYNMWIHM MPEIJIOKCHHOMY pelieHuto. Jloructudeckass perpeccust u
MeTo OMMKaNIIMX cocelIel Mmoka3aan Hanbosee HU3KUE Pe3yibTaThl, YTO OTPa)KaeT HETMHEHHBIN
XapakTep 3aBUCUMOCTH MEX1Y IT€OMETPUUECKUMU MTPU3HAKAMU T103bI U KATETOPUSIMHU YIIPAKHEHUH.
CrnydaiiHBId JieC OKaszalica HamboJiee KOHKYPEHTOCIIOCOOHOM 0a30BOM MOJENbIO, OJHAKO
rpagueHTHBI OyctuHr CatBoost obecriedrms Hawiydlive 3HAYEHHUS [0 BCEM PACCMOTPEHHBIM
MOKAa3aTesiM, YTO TIOITBEPKAAeT 000OCHOBAHHOCTD €T0 BHIOODA.

JlJis OlleHKH BKJIaJa OTACIBHBIX TPYII MPU3HAKOB ObUT MPOBEACH aOJSIMOHHBIN aHAIU3, B
KOTOPOM MOJIEJb TMOCIIEA0BATEIbHO 00yJagach Ha PACIIUPSAIOMIMXCS Habopax MpU3HAKOB (Tabiuiia

8).

Tabaunna 8. AGALMOHHBIN aHAIN3 BKJIA1a TPYIIT IPU3HAKOB B KAYECTBO PAaCIIO3HABAHUS
ynpaxHenuii (CatBoost, TectoBasi BbIOOpKa).

Kongurypauus npu3HaxkoB Hp::.[l::IZOB TouyHocTh Makpo-F1
Tonpko KOOpAUHATHI (X, Y, Z) 99 0,8389 0,8421
KoopauHats! + BUAMMOCTD 132 0,8635 0,8669
Tosme1id nabop (+ 170 0,8883 0,8929
r€OMETPUYECKHUE TPU3HAKHN) ’ ’

Vcnonp30oBaHne TOJNBKO KOOPJMHAT OIMOPHBIX TOYEK OOECTIeYMBAIO IpHEMJIEMOE, HO
orpaHu4eHHOe KauyecTBO. J[0OaBieHHE OLIEHOK BUIAMMOCTH IMOBBILIAJIO YCTOHYHMBOCTH K YaCTUYHO
MEPEeKPBHITBIM OPHEHTHpPAM, a BKIIIOYCHHE IPOM3BOJHBIX T'€OMETPHUYECKUX NPU3HAKOB (YIJIOB
CYCTaBOB M HOPMAJIM30BaHHBIX pPACCTOSHUIN) JaBajo HauOOJBIIMNA HPUPOCT KadecTBa. ITO
MOJITBEPK/IAET, YTO WTOTOBOE IPEJCTABICHHE NMPU3HAKOB, a HE TOJBKO BHIOOp Kilaccudukaropa,
CYIIECTBEHHO BJIMSAET Ha TOYHOCTh Paclio3HaBaHMUS.

IIpou3BoANTEIHLHOCTH MOAYJISI OLIEHKH KAJOPUITHOCTH

Mogens OLEHKH KaJOpUHHOCTH TNPOJEMOHCTPUPOBAJA OYEHb BBICOKYIO TOYHOCTb
MIPOTHO3UPOBAHMS HAa OTJIOKEHHOM TECTOBOM Habope maHHbIX. DPUHATBHAS BEPCHUS PETPECCHOHHON
mojenu CatBoost nokazana cpegnroro adcomoTHyto omuoky (MAE) 2,1339, cpenHekBaipaTUUHYIO
onm6ky (RMSE) 3,6202 u koaddunrent nerepmunanuu R? 0,9966. JlonomHUTENbHBIE TOKA3aTEIN
perpeccuy MOJATBEPAMIN KayecTBO MOJENH, BKIIIOYas MeIUaHHYK a0CONIOTHYIO omuoOky 1,3277,
o0bsicaenHyto aucrepcuto 0,9966 1 SMAPE 3,7163. KoppensuoHHBI aHATN3 TaKke MoKaszall
O4YeHb OJM3KOE€ COOTBETCTBHE MEXJIYy IMPOTHO3HPYEMBIMH U JSTAJOHHBIMU 3HAYEHUSMH, C
koa¢ppunmentTom koppemauuu [upcona r = 0,9983 u kospdunnentom xkoppensuun Crnupmena r =
0,9987.

[Tonyuennoe 3Hauenne R? = (0,9966 cnegyer WHTEpPHpEeTUpPOBATH C YUYETOM XapakrTepa
MCIOJIb30BAHHOTO HaboOpa MaHHBIX JUIS OLEHKH Kanopuid. llenmeBas mepemeHHass B HEM TECHO
CBsi3aHa ¢ (PM3MOJIOTUICCKUMH MPHU3HAKaMU (TIPEXKIIE BCETO C MPOU3BEICHUEM YacTOThI CEpACUHBIX
COKpAILlEHUH U MPOAODKUTEIBHOCTH HArpy3KH), MOITOMY NP JIOCTaTOYHOM 00BbEME 00yUarOImIMUX
TaHHBIX 3aJja4a PErpecCU CTAHOBHUTCS OJNM3KOW K JETEPMUHUPOBAHHOM, YTO U OOBSCHSET CTOIb
BBICOKUH KOA(GUIMEHT aeTepMUHanuu. s cpaBHEHUs, IPOCTas JIMHEHHAs perpeccus Ha TeX ke
MPU3HAKaX JIOCTUTAlIa 3aMEeTHO OoJiee HU3KOro kadectBa (R? = 0,96, MAE = 8,2 kkai), Torma kak
IPaJMEHTHBI OYCTHHI CYIIECTBEHHO CHHXXaJl OCTaTOYHYI0 oOmmHMOKy. Bmecre ¢ Tem BaxHO
MOTYEPKHYTH, UYTO ITa OI[EHKA OTPa)kaeT TOYHOCTh Ha ATAJIOHHOM TaOJIMYHOM Habope JaHHBIX, a HE
MOTPELIHOCTh OIpeJIeIeHUs] KaJIOPHii HEeTOCPEACTBEHHO MO0 BHUJEO: B CKBO3HOM pPEXHMME Ha BXOJ
perpeccopa MOCTYNAOT MPU3HAKH, BOCCTAHOBJICHHBIC W3 BHJICONOTOKA, U OI[CHKA MHTEHCHBHOCTH
JBIDKEHUS, TOATOMY peajbHas IOTPEIIHOCTh B BHUJCOCIEHAPHUHM MOXKET OBITh BhIIIE. Takum
o0pa3om, mpuBeAEHHOE 3HaueHHe R? xapakTepuszyeT TOYHOCTh PErpecCHOHHOTO MOAYNIS B

21



Yassawi Journal of Engineering Science, No2 (2), 2026

KOHTPOJIUPYEMBIX YCJIOBHUSIX M HE JOJDKHO TPAaKTOBAThCS KaK MOTPEIIHOCTh BCEH CHCTEMBI MPH
paboTe ¢ MPOU3BOIBHBIM BUIEO.

OTHU pe3yNbTarhl IMOKA3bIBAIOT, YTO MOJYJb PETPECCHUH KAJIOPUH C BBICOKOM TOYHOCTBIO
OTpa)KaeT B3aWMOCBA3b MEXKIy (U3MOJIOTUYECKUMU M CBSI3aHHBIMH C pabodeld Harpy3koi
JECKPUIITOPAMHU Ha 3TAaJOHHOM HaOope AaHHbIX. B ornuume oT ympolieHHbIX ¢GopMya pacuera
KaJIOpHid, KOTOPBIE 3aBUCSAT B OCHOBHOM OT HPOJOJKMTEIBHOCTH WM OOILIEro THIA aKTHMBHOCTH,
npeajiaraeMasl perpeCCMOHHasi MOJEJIb UHTEIPUPYET XAPAKTEPUCTUKU HA YPOBHE IOJIb30BATENS U
Ha YpOBHE aKTHBHOCTM, TakKuW€ KakK pa3Mep Telsa, IMPOJOJDKUTEIBHOCTh, YacTOTa CEPACUYHBIX
COKpalIIeHH, TeMIiepaTypa Tella U 3aJaHHbIe JeCKPUNTOPHI pabouel Harpy3ku. ITO COracyercs ¢
NPEeNbIIYIIMMHA  HUCCIEAOBAHUAMM,  IOKa3blBalOIIMMM, YTO  pacxoJ  JHEPruM  JIydlle
anmpoOKCUMHUPYETCs, KOTJa KOHTEKCT JABUKEHUSI JOTONHIETCS (PU3MOIOTHYECKUMH MTePEMEHHBIMU,
a He BBIBOJIUTCS TOJILKO Ha OCHOBe Bu3yaibHbIX HaOmomenuit (Nathan et al., 2015; Perrett et al.,
2022; Leone et al., 2022).

JlnarpaMMa paccestHusl IMPOrHO3UPYEMBIX M JTAJOHHBIX 3HAYCHUM KAJIOPUM JEMOHCTPUPYET
CIWJIBHYIO KOHIICHTPAI[MI0 BOKPYr JIMHUW HMACHTUYHOCTH, B TO BpeMsl Kak rpauKd OCTaTKOB
YKa3bIBAlOT HAa TO, YTO OIIMOKM PErpeccuy OCTAIOTCS OTHOCHUTEIBHO HEOONBIIMMU B IIEJICBOM
nuanaszone. AHanu3  brnanga-AnpTMaHa — IOMOJIHUTENBHO — MOJATBEPXKIAET  CTaOWUIIBHOCTH
COIJIACOBAHUSI MEXJy NMPOTHO3UPYEMBIMU U HAOJIOJaeMbIMU 3HAUEHUSIMU. B COBOKYNHOCTH 3TH
JMAarHOCTUYECKHUE [IaHHbIE CBUIECTEIBCTBYIOT O TOM, YTO MOJYJb pacyueTa KaJoOpuill HE TOJIBKO
TOYEH C TOYKHM 3PEHUS CKAJIAPHBIX METPUK, HO U BeIeT ce0sd KOPPEKTHO C TOYKH 3PEHUS
pacnpezeneHus omuOOK. ITO BaXKHO JUIS pa3BepThIBAHMS, MOCKOJIBKY MOJENIb B KOHEYHOM HTOTe
UCTIOJNB3yeTCsl B TMOPUIHOM KOHBelepe 0O0paOOTKM BUACOAAHHBIX, I/Ie€ HECTAaOMIbHBIC OLECHKHU
KaJIOPUI HAmpsiMyl0 MOJOPBYT JIOBEpUE K cUCTeME. PerpecCuoHHOe MOBEIEHHE MOAYJI OLEHKH
KaJIOpUi MPOWJLTIOCTPUPOBAHO HA PUCYHKaX 7-12.

Calories: Predicted vs True

300 4

200 1

150 4

Predicted

50 4

o 50 100 150 200 250 300
True

Pucynok 7. [Iporno3upyemblie 3HaUCHUS KATOPUHHOCTH MO CPABHEHUIO C 3TaTOHHBIMH
3HAUYCHUSIMHU B TECTOBOM Habope.

Calories Residual Plot

Residual (Pred - True)

—100 4 - -

—150 A -
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Predicted

Pucynok 8. I'paduk ocTaTKOB MO/IENHN OLIEHKH KaJIOPUHHOCTH.
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Calories Residual Histogram
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PucyHnok 9. ['uctorpamma ocTaTkoB MOJIENN OLIEHKU KAJIOPUITHOCTH.
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Pucynok 10. /lnarpamma bnanna-AnbT™Mana 1Jis OLEHKH KaJTOPUIHOCTH.
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Pucynok 11. BaxxHOCTh IpU3HAKOB MOJENN OLIEHKH KAJIOPUHHOCTH.
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Calorie Model Training Curves
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Pucynoxk 12. TpeHupoBOUHbIE KPUBBIE MOJIEIH OIICHKH KaJOPHUIHOCTH.

Banupanus noac4éra noBTopeHmni

Jlnisi He3aBHCUMOW TIPOBEPKH MOJYIIS MOJICUETa MOBTOPEHUN ObLT chopMUpOoBaH HEOOIBIION
IIPOBEPOUHBIA HAO0Op KOPOTKUX BUIECOPOJUKOB, /Ul KOTOPHIX MCTMHHOE YMCJIO NOBTOPEHHUH OBLIO
pa3MedeHo BpyuHyro. CHCTeMHbIE 3HAUEHHUS, MTOJTYYEHHbIE METOJOM aHaJIM3a MHUKOB CIIIAKEHHBIX
TPAaEKTOPUH YIJIOB CYCTaBOB, CPABHUBAINUCH C 3TAJIOHHOM py4HOH pa3MeTkoi (Tabiuua 9).

Tabauua 9. CpaBHeHHE aBTOMAaTHYECKOTO NOICUETA TOBTOPEHM C 3TaJJOHHOW PYYHOU pa3METKOM.
JTaJIOH MMoacuurano
Buneoposnuk YnpaxkHenue 8 . A0c. omnlka
(BPpY4HY10) CHCTEMOM
Jemoncrpanms 1 OTxuMaHus 2 2 0
JlemoncTpamms 2 [Tpucenanus 5 5 0
IIpsokKH Ha

Pomuk 3 P 12 12 0
MecCTe

Pomuk 4 IloarsaruBanus 6 6 0

YnpaxxHeHnus Ha

Ponuxk 5 p 10 9 1

pecc

Ha mnpoBepouHoM HaOope aBTOMAaTHUECKMH MOACUYET COBHAT C PYYHOM pa3MeTKoHl B
OOJBITMHCTBE CIIy4aeB, a cpefHss alOcoiroTHas omuOKa cocraBmwia okojio (0,2 MOBTOpEeHUS;
OTKJIOHEHMSI HE NPEBBILIAIN OAHOIO MOBTOPEHUS M BO3HUKAIM NPEUMYLIECTBEHHO ITPU HETIOIHON
aMIUIUTyZle JBW)KEHMSI MM KPAaTKOBPEMEHHOM IEPEKPBITUH OPUEHTHUPOB. OTU PE3YyIbTaThl
MIOKAa3bIBAIOT, UTO MPEIJIOKEHHBIA MOAXOJ K MOACYETY MOBTOPEHHUH HAa OCHOBE KMHEMAaTHYECKHX
CUTHAJIOB 00ECIIEUMBAET MPAKTUYECKU MTPUEMIIEMYIO TOUHOCTb, XOTS JUIs MOJHONW KOJIUYECTBEHHOM
OLIEHKHU TpebyeTcst 6osiee KpYIHBIN pa3MeueHHbIN 3TaTOHHBINA Ha0OD.

CKBO3HOE CAaMOTECTHPOBAHHE BHAEO

s mpoBepku pabOTOCIOCOOHOCTH MPEUIOKEHHOW CTPYKTYphl NMpPU OOBEAMHEHHH BCEX
KOMIIOHEHTOB B €IWHBIM KOHBEHep Ha OCHOBE KaMmep, OKOHYaTeJIbHas cucrema Oblia
IIPOTECTUPOBAHA HAa PENPE3CHTATUBHBIX BUJCOPOJIUKAX C JAEMOHCTpalMed OTKMMaHUH U
MpUCEAaHUMN.

B o06oux ciydasx cucTemMa YCIEIIHO H3BJIEKana I03y Tejla Ha MPOTSIKEHUU BCErO
00paboTaHHOTO BUAEOPSIIA, P 3TOM COOTHOILIEHHUE KaJpoB MO3bl K Kajapy coctasisiio 1,0, uro
yKa3bplBaeT Ha CTaOWiIbHOE OOHapY)XKEHHE OPHEHTHUPOB Ha IMPOTSHKEHUH Bcero Buieopsna. Uro
HauboJjiee BaXKHO, OKOHYATEIbHOE MpeAcKa3aHue TUIA YIPAKHEHHs COBMANIO C 0XKHUIaEMbIM THUIIOM
yIpakHEeHHs: B OOOMX TecTax: JEMOHCTpalMs OTKUMaHMi Oblla Kiaccu(UIMpOBaHa Kak
OT)KUMaHUS, a IEMOHCTPALIMS IPUCEIaHUI — KaK MpUCeIaHMUsl.
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OIleHKH KOJIMYECTBAa TOBTOPCHHMM TaKKe OKA3aIMCh IPABIOMOJAOOHBIMH 1T KOPOTKHUX
TECTOBBIX BHJICOPOJIMKOB. B JeMOHCTpanuy OTKUMaHHW OBLIO BHITIOJHEHO 2 TIOBTOPEHHS, a B
JEMOHCTPAIIMHU IPUCETAHUN — 5 TOBTOPEHU.

XOTs 3TO ¥ HE TAJOHHBIE IKCIEPUMEHTHI MO MOJCYETY MOBTOPEHUI C BHEITHUMHU METKaMHU
MMOBTOPECHHM, MOJIYYCHHBIC 3HAYEHUS COOTBETCTBYIOT BHIMMOW KapTHUHE JBM)KCHHH B KOPOTKHX
OLICHOYHBIX BHJICOPOJIMKAX W TMOKAa3bIBAIOT, YTO MEXAHU3M OTCJIC)KUBAHUS YIJIOB C YYETOM
YIOpaOKHEHUH QYHKIIMOHUPYET COTIIACOBAHHO B CKBO3HOM PEKHME.

He wmenee BaxHBIM pe3yJbTaTOM SBIISIETCS OINPEACICHHE KAJIOPUHHOCTH B Ipoliecce
caMoTecTUpoBaHMs. B 6ojee paHHHX MPOMEKYTOUYHBIX BEPCHAX CHUCTEMbI KOPOTKHUE BHICOPOJIUKH
WHOT/a JaBalld HePEATMCTUYHbBIC THOPHIHBIC 3HAYCHHS KaJOPUIHHOCTH, TOCKOJIBKY PErpecCHOHHAs
MO/ICJIb HCTIOIB30BAJIaCh 0€3 JOCTATOYHON KaTUOPOBKH MO KPaTKOBPEMEHHBIM JJAHHBIM.

B ¢unansHOi Bepcun ruOpuaHas JOTHKA OLIEHKM Jana ropasfo Oojiee MpaBIONOA0OHbIE
3HaueHMs: mnpuomm3utenbHo 0,43 kKkanm i JEMOHCTpalMM OTXKUMaHuK u 1,55 kkam s
JEMOHCTpPALIMK TPUCEAAHUI. ODTH 3HAYEHHUS SBISIOTCS Pa3yMHBIMHU JJii OY€Hb KOPOTKHX
BHJICOPOJIMKOB M YKa3bIBAIOT HAa TO, YTO CTPATETHUS KAJIMOPOBKU C y4E€TOM JIBMDKCHHS HCIIPABHIIA
OJIMH U3 TJIABHBIX MPAKTHUYECKUX HEIOCTATKOB HAUBHOW OIEHKH KAJTOPUHHOCTH KOPOTKHUX BUJIEO.

C TOoYKHM 3peHHus BHEAPEHUS, PEe3yIbTaThl CAMOTECTUPOBAHUS OCOOCHHO BaXKHBI, MIOCKOJIBbKY
OHM JIEMOHCTPHUPYIOT, UTO TpeasiaracMasi CucreMa paboTaeT He TOJbKO KaK pa3pO3HEHHBIH HA0Op
odnaitn-moneneii. BmecTto 3TOro, (yHKIMU H3BJICUEHUS T03, KIACCU(PUKALUU YIPaKHEHUH,
MojicueTa MOBTOPEHHH M OLIEHKH KaJopuil 00bEIMHEHBI B OJIHOM MTPAKTUYECKOM BHJIEOKOHBEHEpe.

Takoe HMHTETpUPOBAHHOE TOBEACHHUE SIBJSICTCS KPUTHYECKHM BaXKHBIM TpeOOBaHUEM IS
WHCTPYMEHTOB MOHUTOPUHTA (PU3UYCCKONW aKTHBHOCTH B PEABHBIX YCIIOBUSX, MPEIHA3HAYCHHBIX
JUIS JOMAIIHUX TPEHUPOBOK, YPOKOB (DU3KYIBTYPhI WIH JUCTAHIIMOHHOW MOJACPKKHA aKTUBHOCTH.
[TonpoOHBIE pe3ynbTaThl KOMILICKCHOTO CaMOTECTUPOBAaHUS CYMMHUpPOBaHbI B Tadmmie 10, a
COOTBETCTBYIOIIME BU3YyaIbHbIE CBOJKH MPEACTABICHBI HA pUCYHKE 13.

Taﬁnnua 10. PGSYHBTaTHﬁ KOMIIJICKCHOI'O CaMOTCCTUPOBAHHA Ha PCIPE3CHTATUBHLIX
ACMOHCTPAIMOHHBIX BUACOPOJIMKAX C OT)KUMAHUSAMU U IPHUCCAAHUSAMMU.

Buneo | Oxun | IIporno3 | Bc | Ka | o | Ilpomomxku | IloBro | Hactora | M | kkan | kkan_ | Hcnmons3 | CootB
aemas | upyemoe | ero | mp | Js TeNFHOCTh | peHust | moetropeH | E | ME | rubpu | OBaHHBIA | €TCTBH
¢usna | ympaxkHe | xan | pic | kax | (c) uit T |T I CUTHAI e
eckas | HHe poB | mo3 | poB (oBTOpE
Harpy oif | ¢ HUI/MUH)
3Ka o3
ot
Jlemon Ormku | Omxuma | 61 61 1,0 | 2,44 2 49,18 8, | 0,398 | 0,4310 | yron Ja
CTpal® | MaHWA | HUS 0 0 5 JIOKTS
s
OT)KUM
aHuH
Jlemon Ipuc Ipucena | 280 | 28 1,0 | 11,20 5 26,79 6, 1,372 | 1,5479 | Yron Ja
CTpau | elaHdu | HHUE 0 0 0 (0 KOJICHA
s e
Tpucesn
aHui
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Pucynok 13. Pe3ynbTaThl CKBO3HOTO CaMOTECTUPOBaHUS IpeiaraeMoii cuctemsl. Ha nmanenu (a)
MOKa3aHO COOTBETCTBHE YIPaKHEHUH JEMOHCTPALlMOHHBIM BUJICOPOJIMKaM, Ha TaHesH (0)
MIPEJICTAaBICHO PACYETHOE KOJIMYECTBO MOBTOPEHUI, @ Ha MaHEeNH (B) MOKa3aHbl COOTBETCTBYIOIINE
OTKaJIMOpPOBaHHBIE OLIEHKH KaJIOpHi.

OBCYX/JEHUE

PesynmpTaThl  JMaHHOTO  WCCIENOBAaHUS  TOATBEPXKIAIOT  A3(PPEKTHBHOCTH  THOPHIHOU
KOHCTPYKIIMU JJISi MOHHTOPHHTA (DU3MYECKUX YNpaXHEHHH C MOMOIIBI0 Kamep. Bmecto Toro
4T00Bl OOBEMHATH BCE 3a7a4d B €IMHBIA CKBO3HOH BH3YaJIbHBIH MPEIUKTOP, MPEIIOKECHHAS
CTPYKTypa pa30OMBaeT MpoOJieMy Ha HHTEpIpPETHPYEeMbIe JTambl. TakoWd BBIOOP KOHCTPYKLIUU
OKa3aJICs TI0JIE3HBIM B HECKOJBKUX OTHOIICHUSX. BO-TIepBBIX, pacrio3HaBaHUE YIPAKHEHUH MOXKHO
OBLIO ONTUMHU3UPOBATH C TIOMOIIBIO CTPYKTYPUPOBAHHBIX MPH3HAKOB OMOPHBIX TOYEK U OLIEHHUTH C
MTOMOIIIBIO TIOJTHOTO TMaKkeTa METPUK I MHOTOKJIACCOBOM Kiaccuukanuu. Bo-BTOpbIX, moacyer
MIOBTOPEHUI OCTaBaJICs CBS3aHHBIM C HHTEPIPETHPYEMBIMU TPAEKTOPHSIMH YIIIOB CYCTAaBOB, a HE C
JATeHTHBIMH BEKTOpPaMHU JBIDKEHHWH. B-TpeTpuX, OlleHKa KaJlopuii BHIMTPHIBAJa OT CHIBHOTO
(U3HOIIOTUYECKOTO perpeccopa, MpH 3TOM MPOIOJDKas pearupoBaTh Ha MHTEHCUBHOCTD JIBM)KEHHS,
MOJTYYCHHYIO M3 BUEO, BO BPEMsI pEATbHOTO aHaim3a. Takas MOIyJdbHas apXHUTEKTypa OCOOCHHO
MOJXOIUT JUIS TPHIIOKEHHH, I/ie 00BbSICHUMOCTh, OTJIaJKa M HAJCKHOCTh Pa3BEPTHIBAHUS UMEIOT
TaKoE K¢ 3HAYCHHE, KaK U UCXOHAsk MPOTHOCTHYECKas pou3BoauTensHOCTh (Perrett et al., 2022).

Pe3ynbraThl pacrio3HaBaHHs yNpa)XKHEHHH ITOKa3bIBAIOT, YTO CTPYKTYPHUPOBAHHBIC NPH3HAKH,
MOJydYeHHbIE Ha OCHOBE TO3BI, JOCTaTOYHO BBIPA3UTEIBHBI IS PAaCIpOCTPAHEHHBIX
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MOBTOPSIIOLIUXCA YIMPaKHEHUH C COOCTBEHHBIM BECOM. DTO COTJIAacyeTcsi C JaHHBIMH HEIaBHHMX
UCCIIEIOBAaHHH, TEMOHCTPUPYIOIIUX, YTO METObI PACIIO3HABAHNS AKTUBHOCTH YEJIOBEKAa Ha OCHOBE
CKeJIeTa U OMOPHBIX TOUEK OCTAIOTCS MPUBJIEKATEIbHBIMH, TOCKOJIBKY OHU COXPAHSIOT CEMAaHTUKY
IBWOKCHHs, OyIydd TpPU OSTOM MEHEE 4YYBCTBUTEIBHBIMH K BHEIIHEMY BHIY (OHA, YeM
neobpaborannsie RGB-mozenu (Nguyen et al., 2023). Dta uHTEpHpEeTalUs TaKXkKe COrIacyercs ¢
HCCIIEIOBAaHUSMHM PAcClO3HABaHUSl YINPAKHEHUM B TPEHAKEPHOM 3aJleé HAa OCHOBE JaTUUKOB,
KOTOpbI€ TIOKa3aJM, YTO CTPYKTYPUPOBAHHBIE IECKPUNTOPHI JBIKEHUS MOTYT 3(h(EKTUBHO
pa3fensaTh KaTerOpHM IMOBTOPSIOMIUXCS YINPAKHEHWH B MPHKIAAHBIX YCIOBHUAX MOHUTOPHUHTA
ynpaxkuenuii (Hussain et al., 2022). B koHTeKCTe MOHUTOPHHra (PU3MYECKON IMOATOTOBKH 3TO
0COOEHHO aKTyaJbHO, TIOCKOJIbKY OCHOBHBIC DPAa3IM4YMig MEXAY YOPAKHEHUSAMH HOCAT
MIPEUMYIIECTBEHHO OMOMEXaHUUYECKUI XapaKTep, a He CBSI3aHbl C 00BEKTOM UM OOCTaHOBKOM.

MexaHu3smM 1ojc4YeTa IOBTOPEHUN TaKK€ WJUIIOCTPUPYET MPAKTHUYECKYIO LIEHHOCTh
pa3paboTKK CUTHAJIOB, YYUTHIBAIOIIUX OCOOCHHOCTH ympakHeHui. BmecTo mpumeneHus oOmiero
IpaBWwiIa IOJACYETAa KO BCEM JBW)KECHUSM, CHUCTEMa HCIOJb3YET CHUTHAJbl, ONPEAEIIAIOIINe
npeo0iiajaHue KOJIeHa, JIOKTS WM TYJIOBHUIIA B 3aBUCUMOCTU OT KOHKPETHOTO YIpa)kKHEHUs. JTO
HaIpsIMyl0 OTpa)kaeT OMOMEXaHUKY NPUCEAAHUM, OTKUMaHHUM, MOATATMBAHUM U YHpaXHEHUH Ha
npecc. HenaBHue mccnenoBaHus MO aHANU3Y MOBTOPSIOIIUXCS ABM)KCHUN CKEJleTa aHaJIOTUYHBIM
00pa3oM MOJYEPKUBAIOT BAKHOCTH CIEHU(PUUECKONW ISl JBHKCHUS BPEMEHHON CTPYKTYPBI LIS
MOBBIIIEHUS Hafae:)kHOCTH mozcuera (Postimayr et al., 2024).

Pe3ynbTaThl OLIEHKM KaJOpPHH Tak)Ke 3aCiIyKHBAalOT BHUMaHHS. BO MHOTMX MpakTHYECKUX
MPUIOKEHUAX [UIsi uTHeca pacxoj KaJlopuid MO0 OLIEHUBAETCA C MOMOIIBI0 (UKCUPOBAHHOMN
IBPUCTUKH, TUOO OIPEAEIAETCS HA OCHOBE IIPABHII, 3aBUCAIIIMX OT HOCUMBIX YCTpPOHCTB. B oTinune
OT 3TOrO, MpeAsiaraeéMasi CUCTeMa HCIOJIb3yeT O0yYEeHHYIO PErpeCCHOHHYIO MOJENb C BBICOKUMU
KOJIMYECTBEHHBIMU IIOKa3aTeNIIMU, a 3aT€M OIPaHMYMBAET €€ IIOBEICHUE IPU pPa3BEPTHIBAHUU
MOCPEACTBOM THOPUIU3AIMU C YYETOM JBHKEHHSI. JTO MPUBOJAUT K Jy4ylIeMy OalaHCy Mexay
nepcoHaIn3anue, cnenu@uUHon Juisi KOHKPETHOTO 4YeJOBEKa, M MPaBIONOJ00HMEM KOPOTKUX
BUJICOPOJIMKOB. Tako# MOAX0J COTIacyeTcs ¢ MPEeAbLAYIIMMH HUCCIEOBAHUSIMHU, MTOKA3bIBAIOIIUMU,
YTO CUCTEMBI BU3YaJIbHOW OIEHKH YHEPTUU BBHIUTPHIBAIOT OT KATHOPOBKU M KOHTEKCTYaIN3allnH, a
HE OT pacCMOTpeHHUsi BceX (parMeHTOB JABWKEHHS KaK OJUHAKOBO HH(DOPMATHBHBIX
metabonmueckux coobrtuii (Nathan et al., 2015; Perrett et al., 2022).

B To xe Bpems, MccieoBaHUE UMEET PsiJi orpaHudeHuil. Bo-niepBbIX, XOTs OKOHYATENbHbIE
KJIaCChl YMPaKHEHUH MMEIOT CMBICI JUISl LI€JIEBOTO BapHaHTa MCIOJIb30BaHUS, SKCIIEPUMEHTHI 110
KIacCU(UKAIUU BCE ke MPOBOIUINCH HAa STAJOHHBIX JAHHBIX, TOJYYEHHBIX HA OCHOBE 1103, a HE Ha
00JbIIOM, TMOJHOCTHIO HE OrPAaHMYEHHOM peaJbHOM BHUJEOKopmyce. Bo-BTopbIXx, mojcyer
MOBTOPEHUI OBUT NPOBEPEH C IMOMOUIbI0 CAMOTECTHPOBAHUS HAa CHCTEMHOM YpPOBHE, a HE C
MIOMOUIBIO CIIELMATIBLHOTO 3TAJOHHOTO Ha0Opa JaHHBIX C pPa3METKOW MOBTOpeHui. B-TpeThux,
OLIEHKa KaJIOpuil ocraeTcs THOPUAHOHM, a HE YHCTO BU3YaJbHOW, MOCKOJBKY (PH3UOJIOTHUYECKHUE
MIEPEMEHHBIE MO-TPEKHEMY SIBIISIFOTCS YAaCThIO OKOHYATENIbHOM JIOTUKK BBIBOJA. DTU OTpaHUYEHUS
HE TMOJAPBIBAIOT HACTOSIIUN BKJIAJ, HO ONPEAESAIOT €ro o0JacTh NMPUMEHEHHs U YTOUYHSIOT, YTO
npejaraeMasi CucTeMa J0JbKHA paccCMaTpUBAThCA KaK HAJIEKHBIA MPAKTUUYECKUHM MPOTOTHUI, a HE
KaK OKOHYATENIbHBII YHHUBEPCAIBHBIN CTaHIApT MOHUTOPUHTA yHpakHeHUi. B Oymymux paborax
ClIeIyeT paclIUpUTh CTPYKTYPY, BKJIIOUMB B Hee O0JIblle KaTeropuil ynpaxxHeHHi, Oosiee JITMHHbIE
HE OrpaHUYCHHBIC KIUIMBI, MOBBICUTH YCTOMYMBOCTh K pAa3IUYHBIM paKkypcaM H J00aBUTHh
STaJIOHHbIE HAOOPBI JaHHBIX IS [TOJICYETA MOBTOPEHUI Ha YPOBHE MOCIIEI0BATEILHOCTH.

ITHYECKHUE ACTIEKTHI U BONPOCHI KOH(PUIEHIINATBHOCTH

HccnenoBanne mpoBOAUIOCH B COOTBETCTBHM C MPUHIMIAMH XEJIbCUHKCKOW JEKIapaluu,
KacalolMMHUCS MCCIEOBAHUM C ydyaCcTHEM 4eJoBeKa. J[eMOHCTpalMOHHBIE BHUIEO3AIMCH,
WCIIOJIb30BaHHbIE Ui CKBO3HOI'O CaMOTECTHUPOBaHUS, ObUIM TOJYy4YEHBl MpPH YYaCTUH CaMUX
aBTOPOB, KOTOpbIE Jadu MH()OPMHUPOBAHHOE COIJIACHE Ha 3amlMch, 00pabOTKY M HCIOJIb30BAHUE
TUX MaTepHajJoB B HAy4YHBIX I€JIAX; BUICO3AMCH TPETbUX JIMII HE CcOoOMpaluch U He
HCIIOJIb30BAJIUCH.

O6a nabopa NaHHBIX, Ha KOTOPBIX OOy4YaIMCh MOJENH, SBISIOTCS OOMICIOCTYMHBIMA W
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pPacIpOCTPaHAIOTCA ISl HCCIIENOBATEIbCKUX LENEH; OHM HCIIONB30BAIMCH B COOTBETCTBHM C
ycnoBHSIMH HMX JuueH3ui. HaGop maHHBIX [UIS OLIEHKM KaJlOpUi COAEPKUT OO0E3IMYCHHBIC
neMorpaguueckue M (U3MOJOTHMYECKHE II0Ka3aTeJd M HE [O3BOJSET WACHTU(DHUIMPOBATH
KOHKpeTHbIX Jiull. Habop naHHBIX 1715 paclio3HaBaHUs YIPAXXKHEHUM NIPEACTABIEH B BUAE YUCIOBBIX
ONOPHBIX TOYEK IO3bl, @ HE HCXOAHBIX HM300pa)XKEHUH, YTO JOMOJHUTEIBHO CHMXKAEeT PHUCKHU,
CBSI3aHHBIE C KOH(PUICHIINATLHOCTBIO.

IIpemioxkeHHast cucrema oOpaOaThIBaeT ABMIKEHHE B BHJIE aOCTPAKTHBIX I'€OMETPUUYECKHX
IIPU3HAKOB (KOOpJMHAT OINOPHBIX TOYEK W IPOU3BOJHBIX OT HUX BEIMYMH) U HE BBIIIOJIHAET
pacro3HaBaHME JIMYHOCTH, OHWOMETPUYECKYI0 HAECHTHU(QUKALMIO WIM XPAaHEHUE HCXOAHBIX
BUICOAAHHBIX. IIpy mpakTMYeCcKOM IPUMEHEHMM CHCTEMBl K BHJIECO3AIMCIM  PEaJbHBIX
[I0JIb30BaTENeH PEKOMEHAYeTCsl MOJydaTh MX HH()OPMHUPOBAHHOE COIJIacHe, MO0 BO3MOXXHOCTH
BBITIOJIHATE OOpAaOOTKY JIOKAIBHO M XPAaHUTHh TOJBKO IMPOM3BOJAHBIC NMPU3HAKU, & HE HCXOTHBIC
n300pakeHus. ABTOPBI 3asBJISIFOT 00 OTCYTCTBUM KOH(IMKTAa HHTEPECOB.

3AKIIOYEHHUE

B nmanHoM uccnenoBaHMM TpeACTaBICHA THOPUIHAS CHCTEMa HAa OCHOBE MAIIMHHOTO 3PEHHS
JUIsL Paclo3HaBaHMS YIPAKHEHMM, IOJAcYeTa IOBTOPEHUM M OLICHKM pacxoja KaJopuild 1o
MOHOKYJISIpHOMY BHe0. IIpeanoxkeHHas CTpyKTypa oObEeIUHSET M3BICUEHHE M03 0e3 MapKepos,
MHOTOKJIACCOBYIO KJIacCH(DUKAIMIO YIPAKHEHUH HAa OCHOBE OPHEHTHUPOB, MOJCUET MOBTOPEHUN C
Y4ETOM YIpaKHEHUN U KaJuOpOBaHHBIA PErpeccop MAIIMHHOIO OO0Y4EeHMsl JUIsl MPOTHO3UPOBAHUS
Kanopuid. Pe3ynbTaThl MOKa3bIBAIOT, YTO CHCTEMA JEMOHCTPHUPYET YCTOWUYUBYIO 3PPEKTUBHOCTH B
00erX OCHOBHBIX 3a/la4ax TPU TECTUPOBAHHUHM B KOHTPOJMPYEMBIX YycioBHsX. Kiaccugpukarop
ynpaxHeHuit foctur Tounoct 0,8883, cOanancupoBannoit Tounoctu 0,8950 u mokasaresnss Makpo-
F1 0,8929, B To Bpems kak Mojenb pacdera kanopuit pocturia MAE 2,1339, RMSE 3,6202 u R?
0,9966. B xome CKBO3HOTO CaMOTECTHUPOBAHHMS BHUACO OBbUIM TMPaBUIBLHO PACIIO3HAHBI
penpe3eHTaTUBHBIE (parMeHThl OTKHUMAHWA W TMPUCENAHWH, TIOJACYET IMOBTOPEHUH OBLI
MPaBAONOJOOHBIM, a TOJYYCHHbIE OIICHKH KaJlOpUH OCTaBalIMCh B TMpeAeNax peaTuCTHYHBIX
JMarna3oHoB I KOPOTKUX (parMeHTOB.

OCHOBHOH BKJaJ MCCIEAOBAaHUS 3aKIIOYACTCS B JIEMOHCTPAlMM BO3MOXHOCTH CO3JaHHS
MPAKTUYECKOH CHUCTEMbl MOHUTOPHHIra (PU3MUECKON aKTUBHOCTH HAa OCHOBE Kamep 0e3 IMOJIHOTO
HCIIOJIb30BaHUSI HOCUMBIX YCTPONCTB WJIM BU3YaJIbHOM PErpecCHy MO MPHUHIIUIY «YEPHOTO SIIHKaY.
Hcnonb3ys mo3y B Ka4ecTBE LIEHTPAJIBLHOTO MPEACTABICHUS, IPEAJIOKEHHAs! CTPYKTYpa COXpaHseT
MHTEPIPETUPYEMOCTh TPU aHaU3€ MABMKEHUU, oOecreuuBasi MpPU ITOM BBICOKYIO TOYHOCTH
MIPOTHO3UPOBAHUS KaJOpUH Ha HTAJIOHHOM Habope AaHHbIX. Takod OajlaHC JeNaeT CUCTEMY
MEePCTIIEKTUBHON I JOMAaITHUX (PUTHEC-TIPUIIOKEHUN M 00pa30BaTeNbHBIX MPOTPaMM U CO3HAET
OCHOBY I OyAYIIMX pacIIMpeHUid B 00JIaCTH peadMIMTAIMOHHOW MOIJEPKKH U IH(PPOBOTO
MOHHUTOPHHTA 3J0POBBS, UYTO TPeOyeT MOMOJHUTEIBHON TpPOBEpKH Ha Oolee KPYIMHBIX U
Pa3HOOOpa3HBIX BEIOOPKAX.

[IpennoxkeHHass CTpyKTypa TakkKe 3aJaéT IOJIE3HOE METOJOJOTMYECKOE HAIpPABICHUE IS
OyIyIIHUX UCCIICTOBAHUI.

MopynbpHas apXWUTEKTypa IMO3BOJIAET YAydllaTh KaXAbli KOMIIOHEHT — HM3BJIEYEHUE IO3bI,
pacno3HaBaHUE YIPAKHEHMM, NOJCUET MOBTOPEHUN M OLICHKY KAJIOPHMl — HE3aBHCHMO, COXpaHssA
IIPU 3TOM YA0OCTBO MCIOJIb30BaHUs Beel cucTeMbl. [loaTomMy B OyayIIMX MCCIEIOBAaHUSX CIEIyeT
COCPEeIOTOYUThCS Ha OoJiee MOJHBIX HaOOpax JaHHBIX BUJEO3aNMCel yNpaXHEHHH W3 pealbHON
KU3HHU, CICUUATH3UPOBAHHBIX JTAJOHHBIX HaOOpax NaHHBIX JJs MOJCYeTa MOBTOpEHUH, Oonee
IIMPOKOI MepCOHaIN3ay MPOTHO3UPOBAHUS Kalopuil U 00OOIIEHNH pe3ysbTaTOB HAa Pa3HBIX
cyObekTax B 6osiee pa3sHOOOPA3HBIX YCIOBUSIX CHEMKH.
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COMPARATIVE ANALYSIS OF THE ROLE OF ARTIFICIAL INTELLIGENCE IN THE
TRAINING OF SPECIALISTS IN THE IT FIELD

Abstract. This article examined the role of artificial intelligence (Al) technology in the field of
education and the attitude of students to it. In the course of the study, a survey was conducted
among 71 students studying in the IT field, which analyzed their understanding of Al, the level of
perception of importance and the impact on future professions. As a result, it was shown that the
majority of students (49.3%) understand artificial intelligence at an average level, and 38% are
good at it. At the same time, 45% of participants noted that Al is very important for IT specialists.
The results of the study show that most students consider it necessary to include Al in the
curriculum and believe that mastering this technology will increase their professional
competitiveness. However, some students also noted that the incorrect use of Al poses a risk of
personal data destruction and reduced thinking ability. In general, the results of the study prove
that artificial intelligence plays an important role in the education system and students have a high
interest in mastering it. This study can serve as the basis for identifying ways to effectively
introduce Al into the educational process in the future.

Research relevance: the role of Al in the IT field is growing, as future professionals need
skills such as machine learning, data analysis. The survey collects the opinions of 71 students and
shows the pros and cons of Al. The article consists of the following sections: introduction, concept
of artificial intelligence, history of development, impact on IT specialists, role in the education
system, artificial intelligence in Kazakhstan, advantages in the education system, future
development, methodology, results, discussion, conclusion.

Keywords: Artificial Intelligence, Educational Technologies, Students’ Perception, Digital
Transformation, Education System, Innovative Learning, Al in Education, Training of IT Specialists
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IT CAJIACBIHIAFBI MAMAHJIAPJBI JAMBIHJAYIA "KACAH/IbI MHTEJJIEKTIH
POJITH CAJIBICTBIPMAJIBI TAJIJIAY

Anoamna. Byn maxanaoa scacanovl unmennekm (JKU) mexunonocusicoinvly 0Oinim oOepy
CanacviH0agvl poii MeH 02aH cmyodeHmmepoiy Keszxapacwvl sepmmendi. 3epmmey oapvicvinoa IT
canacviHoa Oinim anein sxcamkan 71 cmyoenm apacvlnoa cayannama xcypeizinin, onapoviy KU
mypanel myciniei, Mayvl30bLIbIRbIH KaObLIOAy OeHeelli dcaHne OONAuax MAMAaHObIKMApPblHA acepi
manoanosl. Homuowecinoe cmyoenmmepoiy 6acvim Genici (49,3%) owcacanower unmennexmmi
opmawa Oeyeevide mycineminin, an 38%-vi orcaxcel bineminin kopcemmi. Convimen kamap, 45%
kamvicywvl KHU-oviy IT mamanoapvl ywin ome Manvi30bl eKeHiH aman eommi. 3epmmey
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Hamuoicenepi KopcemkeHoet, cmyoenmmepoiy kenwiniei KHU-0v1 oxy 6azdapramacvina eueizy
Kadxcem Oen ecenmetioi JicoHe OYN  MEXHONOSUAHLL MeHeepy Oaapovly Kaciou Oacekeze
Kabinemminicin apmmulpadsvl Oen cauauovl. Anatioa keubip cmyoenmmep JKH-0vi Oypouic
KO0anbay sdiceke 0epekmepoiy OY3blLiybl MeH OUNay KaOiieminiy momeHoey Kaynin myoblpamoiiblH
0a aman emmi. JKannvl anzamoa, 3epmmey Hamudicenrepi HcACaAHObl UHMeNIeKmmiy Oinim bepy
Jcyliecinoe Maubvl30bl POl AMKAPAMBIHLIH JHCIHE CMYOEeHMmMeEpPOiy OHbl MeHeepyee IHCOapbl
KbI3bIYUIBbLILIK MAHLIMAMBIHLIH 0a1en0elldi. byn sepmmey 6onawaxma KH-0v1 oKy npoyecine
MUIMOI en2izy HCON0apbiH AHLIKMAY2a He2l3 601a anaovl.

3epmmey axmyanovievi: IT canacvinoa KHU-0viy peni apmein kenedi, eumxeHi Oonauax
MAMAHOAPEa MAWUHATBIK OKbIMY, O0epeKmep manoay cuakmel oazoviiap kaxcem. Cayarnama 71
cmyoenmmiy niKkipin ocunan, KHU-0viy oy oicone mepic scakmapuvin kepcemeoi. Maxana mvina
benimoepden mypaowvi: Kipicne, scacanovl unmeinnekm yevimvl, oamy mapuxvl, 1T mamanoapvina
acepi, 6inim bepy xcytiecinoeei poni, Kasaxcmanoa scacanovt unmenexkm, oinim depy gicyiiecinoeei
apmuikwbLIbiKmapsl, bonawaxmazel damy, adicmeme, Hamudicenep, Maiksliay, KOPblMbIHObI.

Tyuin co3zoep: Artificial Intelligence, Educational Technologies, Students’ Perception,

Digital Transformation, Education System, Innovative Learning, Al in Education, Training of IT
Specialists
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CPABHUTEJIbHBIA AHAJIN3 POJIA UCKYCCTBEHHOT'O UHTEJVIEKTA B
MNOAT'OTOBKE CIIEMAJIMCTOB B OBJIACTHU IT

Annomayusn. B >smoii cmamve ucciedyemcsi poib  MEXHONO2UU  UCKYCCMBEHHO20
unmennekma (UH) 6 obpasosanuu u nooxoo cmyoenmog K Hel. B xode ucciedosanus oOvin
npogeder onpoc 71 cmyoenma, obyuarowezocs 6 cghepe |T, u npoananusuposaro ux nonumawue
U, yposenv socnpusamus snauumocmu u iusHue Ha Oyoywue cneyuanrbHocmu. B pezyromame
nooasaswujee 6ONLUUHCMBO cmyOenmos (49,3%) nokazanu, ymo oHu NOHUMAIOM UCKYCCMBEHHbII
uHmenekm Ha cpeoHem yposue, a 38%-xopouo. Kpome moeo, 45% yuacmnukos ommemunu, ymo
HUU ouenv gadxcuvr ona HT-cneyuanucmos. Pezynomamsl ucciedo8anus noxkazwléaiwom, uymo
bonvuuncmeo cmyoenmosg cuumaiom, ymo UU neobxooumo 6xuouums 6 yueOHyo npocpammy, u
cuumaiom,  YMO  OCBOeHUe  DMOU  MEeXHOAo2UU  NOBbICUM  UX  NPOPDECCUOHATILHYIO
KOHKYypeHmocnocobnocmos. QOHAKO HEeKomopwvle CmyO0eHmbl MAaKice OMMemuiu, Yno HenpasuibHoe
ucnonvzosanue MU mooicem npusecmu K HapyueHUrO TUYHbIX OAHHBIX U CHUNCEHUIO CHOCOOHOCMU
paccyxcoams. B yenom  pezynomamvl  UCCIEeO008aHUS  OOKA3bIGAIOM, UYMO  UCK)CCIMEEHHbIU
UHmMenNIeKm uepaem BadcHylo polb 8 cucmeme 00paz0eamHus U YUMo CmyOeHmbl OYeHb
3aUHMEPeco8ansvl 8 e20 0C80eHUU. DMO UCCIe008AHUE MOHCEN CMAMb OCHOBOU O]l ONpeoeieHus.
cnoco608 3¢ghghexmusnozo eneopenus MU 6 yuebnuiil npoyecc 8 6yoyuem.

Axmyanvhocms uccredosanuii: pono MU ¢ UT pacmem, nockonvky OyOywum cneyuaiucmam
HeoOX00UMbL maKue HagbiKu, KAK MAWUHHOe 00yueHue U anaiu3 OaHHbIX.

Onpoc cobpan muenue 71 cmyoemma u nokaszvieaem naiocol u munycol MU, Cmamobs
cocmoum u3 cnedylowux pazoenos. 68edeHue, NOHAMUe UCKYCCMEEHHO20 UHMENIeKmMd, UCOPUs
passumus, emusnue na IT cneyuanucmos, ponv 6 cucmeme 00paA308aHUS, UCKYCCMEEHHbLL
unmenniexkm 6 Kazaxcmane, npeumywecmea 6 cucmeme o06pazosanus, Oyoywee pazeumue,
MemoouKa, pesyibmamol, 00CyHcoeHue, 3aKIoYeHue.
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Knroueevie cnosa. Artificial Intelligence, Educational Technologies, Students’ Perception,
Digital Transformation, Education System, Innovative Learning, Al in Education, Training of IT
Specialists

INTRODUCTION

The main feature of the 21st century is the rapid development of information technologies.
Today, countries of the world are valued not only for their natural resources or production capacity,
but also for their digital potential and innovative capabilities. In the new stage of society's
development, artificial intelligence (Al) is considered one of the main achievements of human
civilization. Today, it is widely used not only in the scientific community, but also in everyday life,
business, government, and the education system.

Although the concept of artificial intelligence initially appeared as a science fiction idea, over
time it has become a real technology. The ability of machines to perform the abilities inherent in
human intelligence is the realization of a scientific fantasy that has been dreamed of for centuries.
Today, systems based on artificial intelligence can process information, make decisions, learn, and
model human thought processes. All of these processes affect all professions in society.

Artificial intelligence is especially important for students studying in the field of information
technology (IT). After all, IT is the fastest growing industry, where new programming languages,
platforms, and tools are emerging every day. In such a situation, traditional education may not be
enough. A student can become a sought-after specialist in the future by not only mastering
algorithms, but also fully mastering the capabilities of artificial intelligence (Alalwan & Al-Rahmi,
2023).

The importance of artificial intelligence in IT education can be considered from several
aspects. First, it increases the efficiency of the learning process. Al-based intelligent assistants
quickly answer students' questions and explain complex concepts. For example, language models
such as ChatGPT can greatly help students in writing code, finding errors, or searching for scientific
information.

Secondly, artificial intelligence allows students to adapt to their individual learning style.
Since each student has different abilities and pace, Al can create an individual curriculum for him
and offer the necessary materials. This approach is often lacking in the traditional education system.

Thirdly, artificial intelligence contributes to the development of students' creative abilities. In
projects such as programming, data analysis, and mobile application development, Al helps to
suggest new ideas. For example, a student can create an intelligent chatbot with the help of artificial
intelligence or design a video surveillance system using computer vision. Such projects allow
students to combine theoretical knowledge with practice.

Fourth, artificial intelligence is fundamentally changing the labor market in the IT sector.
Currently, the demand for such specialties as Data Scientist, Machine Learning Engineer, Al
Developer is growing. This indicates that students who master this area will not be unemployed in
the future. On the contrary, they will become competitive specialists. Therefore, mastering artificial
intelligence is a guarantee of a student's professional success (Algahtani, 2022).

At the same time, it is necessary to consider the importance of artificial intelligence not only
in terms of advantages, but also in terms of challenges. One of the main dangers for students is
excessive reliance on Al tools. In this case, their ability to think independently, analyze, and draw
logical conclusions may decrease. Also, improper use of artificial intelligence leads to plagiarism
and violation of academic integrity. This issue requires special attention in the education system.
The table below systematizes the literature by main topics.

Table 1. Literature review table

Ne | Author(s) and year Main topic Results/Conclusions Context
1 | Alalwan & Al- Student Adoption Al improves learning Higher education
Rahmi (2023) and Academic outcomes, positive
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Performance acceptance
2 | Bui & Pham (2021) | Student Attitudes Positive attitude prevails General
education
3 | Chen & Xie (2020) | The Role of Al Automation and efficiency | Education
(Systematic Review)
4 | Zhang & Wang Machine Learning Data-driven solutions Educational
(2020) and Analytics technology
5 | Kim & Kim (2021) | Adoption of Al High acceptance Higher education
Platforms
6 | Arinto (2022) Integration: Equality and ethical issues Higher education
Opportunities and
Challenges
7 | Shukla & Verma Personalized Increased interest and Student behavior
(2023) Learning achievement
8 | Alshahrani & Adoption: Benefits Benefits prevail, but Education
Algahtani (2024) and Ethics concerns remain
9 | Nurlybekova & Al Trends in Development prospects Higher education
Zhumasheva (2022) | Kazakhstan in Kazakhstan
10 | UNESCO (2023) Policy Guidelines Ethical use International
11 | OECD (2021) Future of Skills Development of digital International
skills
12 | World Economic Workforce and Al New skills economy International
Forum (2023)
13 | Ministry of Digital Roadmap in Development plan 2024— Kazakhstan
Development (2024) | Kazakhstan 2030
14 | Kenzhebekova & Student Readiness Positive level of readiness Kazakhstan
Omarova (2023)
15 | Li & Zhang (2025) | ChatGPT Impact Learning behavior changes, | University
risks remain students
16 | Algahtani (2022) Teacher and Student | Positive attitude towards Education
Adoption classroom use
17 | Informburo.kz Al News in Innovations in the education | Kazakhstan
(2024) Kazakhstan system media

The role of artificial intelligence in the context of Kazakhstan is a separate story. The country
is implementing the Digital Kazakhstan program, supporting various IT projects. Innovation centers
such as Astana Hub are developing startups based on artificial intelligence. In addition, special
courses are being opened at Kazakhstani universities, where students are taught the basics of Al.
However, there are still obstacles, such as a lack of qualified specialists and a weak laboratory base.
Solving these problems is the task of the future.

THE CONCEPT OF ARTIFICIAL INTELLIGENCE AND ITS DEVELOPMENT
Artificial intelligence is the ability of computer systems to imitate the abilities inherent in
human intelligence. In other words, it means that machines can perform such functions as thinking,
learning, decision-making, and speech (Alshahrani & Algahtani, 2024).
Types of artificial intelligence
v" Narrow Al (Narrow Al) - focused on performing a specific task. For example, facial
recognition systems, online translators.
v General Al (General Al) - systems that think like humans and have comprehensive abilities.
Currently, this is at a theoretical level.
v Super Al - a hypothetical artificial intelligence that exceeds human capabilities.

History
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The first ideas of artificial intelligence appeared in the middle of the 20th century. The term
"artificial intelligence” was first used at the Dartmouth Conference in the USA in 1956. In
subsequent years, neural networks, expert systems, and machine learning methods were developed.
Since the 2000s, the development of Big Data, Cloud Computing, and Deep Learning technologies
has led to a new level of artificial intelligence. Today, language models such as ChatGPT, advances
in robotics, and computer vision prove the capabilities of artificial intelligence (Arinto, 2022,
Informburo.kz, 2024).

The impact of artificial intelligence on IT professionals

The development of artificial intelligence is placing new demands on IT professionals. As
before, it is not enough to master programming languages, now students need Al algorithms, data
processing, and machine learning methods. There is every reason to say that the future of IT
professionals is bleak until they master these methods.

New professions

Data Scientist

Machine Learning Engineer

Al Developer

Business Intelligence Analyst

All of these professions are closely related to data analysis and the use of Al tools.

Improving work efficiency

Al-based tools to simplify coding (for example, GitHub Copilot).

Automatic detection and correction of errors.

Automatic recommendations when creating design, mobile applications, and websites (Bui &
Pham, 2021).

Research and application in projects

Students can create modern products using artificial intelligence in their coursework and
diploma projects. For example, an intelligent chatbot, a smart application, a video surveillance
system.

The development of digital technologies draws special attention to the changes taking place in
the education system. Many countries around the world are undergoing a process of education
modernization, and its main driving force is artificial intelligence (Al). Al provides a great
opportunity to automate the educational process, improve the quality of teaching, and create an
individual learning trajectory tailored to the abilities and capabilities of each student.

The role of artificial intelligence in the education system

Artificial intelligence is a set of software systems capable of modeling human thinking,
making logical conclusions, learning, and analyzing large amounts of information. The main areas
of Al include machine learning, natural language processing, computer vision, robotics, and expert
systems.

In the field of education, Al has the following capabilities:

v Adaptive learning - providing an individual curriculum for each student based on their level
of education.
Intelligent assistants - virtual assistants that quickly respond to student questions.
Automatic assessment - checking assignments, issuing exam results.
Learning process analysis - monitoring student progress and identifying weaknesses.
Support for teachers - preparing educational materials, creating lesson plans, and offering new
methodologies.
The education system in Kazakhstan and the need to introduce Al
The education system of Kazakhstan has undergone fundamental changes in the last decade.
As part of the “Digital Kazakhstan” program, schools were provided with the Internet, electronic
diaries, online testing systems, and distance learning platforms were introduced. During the
COVID-19 pandemic, the importance of online learning increased, forcing educational institutions
to look for new solutions. We can list the main needs for introducing Al into the education system
as follows (Kim & Kim, 2021).
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v" Demand for individualized learning - there is a large number of students in Kazakhstan, but
their abilities and interests are different. Al can create an individual program for each student.
v Teacher shortage - there is a shortage of qualified teachers, especially in rural areas. Al can
facilitate the work of teachers and become an auxiliary tool.
v' Fair assessment of progress - there can be subjectivity in the traditional assessment system. Al
can accurately and fairly assess student knowledge.
v The need for big data analysis - Al can process the data collected in the field of education and
make effective decisions.
Advantages of artificial intelligence in the education system
Artificial intelligence technologies are giving a new impetus to the education sector.
Developed countries of the world are widely using this opportunity and improving the quality of
education. For Kazakhstan, the introduction of Al into the education system opens up great
advantages.
Individualized learning
Al analyzes the student's learning pace, progress, and interests and offers a curriculum
accordingly. For example, it gives easy tasks to students who are weak in mathematics and
gradually complicates them. And for gifted students, it offers additional complex level problems.
Support for teachers
Teachers spend a lot of time and effort on preparing for lessons and checking. Al automates
this process, allowing teachers to focus more on creative work.
Continuous learning
Al-based online platforms allow students to learn anytime, anywhere. This is especially
effective for remote rural schools (Ministry of Digital Development, Innovations and Aerospace
Industry of the Republic of Kazakhstan, 2024).
Artificial Intelligence in Kazakhstan
Currently, several projects are being implemented in our country to introduce Al into the
education system:
v BilimLand is a Kazakhstani online education platform where video materials, tasks, and tests
are presented using Al.
v Daryn.online is a system of remote Olympiads and online classes. Here, student results are
automatically assessed.
e-Learning project is a project to digitize school programs and provide online resources.
Al laboratories are being created in some universities (for example, Nazarbayev University,
Al-Farabi Kazakh National University) to test new educational technologies (OECD, 2021).
Among the difficulties and limitations in introducing artificial intelligence, we can
highlight the following:
v’ Infrastructure limitations are weak Internet access in rural schools, and there is a shortage of
computers.
v Teacher training level is low - not all teachers are fully familiar with Al tools.
v Financing issues are required to develop Al technologies.
v Ethical issues are Al can make mistakes in decision-making. In addition, the issue of
protecting students' personal data is relevant (Chen & Xie, 2020).
Future development directions
The role of Al in the education system will increase in the coming years. Development in
Kazakhstan is expected in the following areas:
= Intelligent textbooks and digital teachers - Al-based interactive learning systems will appear
in each subject.
= National education platform - creation of a single Al platform that will unite all schools and
universities.
= Early education in STEM and Al subjects - the basics of artificial intelligence will be
introduced into the school curriculum.
= Academic integrity control - detection of plagiarism through Al, fair conduct of exams.
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= Improvement of distance learning - virtual classrooms, Al teachers, and addition of VR/AR
technologies.

APPLICATION OF ARTIFICIAL INTELLIGENCE IN KAZAKHSTAN

Kazakhstan is taking the first steps towards the development of artificial intelligence.
% New technologies are being introduced into the education system as part of the “Digital
Kazakhstan” program.
Astana Hub supports IT startups, and special attention is paid to projects in the field of
artificial intelligence.
Al subjects are taught at universities such as Nazarbayev University, Al-Farabi Kazakh
National University, and Satpayev University.

% Robotics and programming courses are increasing for students.

In recent years, large-scale measures have been taken in our country to digitize the education
sector, introduce electronic platforms, and develop students’ skills in working with modern
technologies. In particular, the issue of introducing Al technologies into schools, colleges, and
universities is being considered at the state level (Nurlybekova & Zhumasheva, 2022).

A survey was taken from students studying in the IT field on the need for artificial
intelligence in education, its importance, and its benefits. The purpose of the study is to determine
the theoretical and practical role of Al in IT education, as well as to make recommendations.

The theoretical basis is the theory of constructivism (Piaget, Vygotsky) and adaptive learning
models. According to constructivism, students independently construct knowledge, and Al helps in
this process as a tool. Adaptive learning systems adapt the material to the level of students, which
increases the quality of education. In the Kazakhstani context, the role of Al in education is being
studied, where it is considered an important element of digital transformation.

X/
°e

X/
°e

METHODOLOGY

The study was conducted using a survey method. The survey was prepared on the Google
Forms platform and consisted of 15 questions: level of knowledge about Al, importance, future
impact, inclusion in the curriculum, advantages in employment, interest, useful areas, threats,
support for creative thinking, use in programming lessons, knowledge assessment, impact on
academic performance, teacher replacement, competitiveness, and general need.

Participants were 71 IT students (from Kazakhstani universities), answers were collected in
Excel format. Frequencies, percentages, cross-analysis, and statistical methods (Python: pandas,
matplotlib) were used to analyze the data.

Ethical aspects were taken into account: anonymity was maintained, and consent was obtained from
the participants.

Analysis stages: 1) Data cleaning; 2) Calculation of the distribution of responses; 3)
Identification of relationships (e.g., level of knowledge and importance); 4) Visualization (Figures).
Research limitations: small sample size, subjective opinions.

RESULTS

The survey results showed that Al is highly valued among IT students. The level of
knowledge about Al: 49% have an average understanding, 38% know a lot, 10% have heard a little,
and 3% know nothing (Figure 1). This shows the interest of students in Al.
Most students indicated that they have an average understanding of artificial intelligence. The chart
below shows the percentage of responses.
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H ] understand a little =~ ®WIknowalot ®Ihave heardalittle  ®Idon't know anything

Figure 1. Distribution of knowledge level about Al (N=71)

The importance of Al for the IT industry: 45% are very important, 38% are moderately
important, 12% are absolutely necessary, and 5% are not important. These indicators confirm the
role of Al in the future (Figure 2).

The study found that the majority of students consider Al to be very important for the future
of the IT industry.
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10
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Very important Important Not very important Not important

Figure 2. Views on the importance of Al in the IT sector

The importance of Al for the impact on future professions: 52% Strongly influences, 33%
Moderately influences, 10% Slightly influences, 5% Does not influence. These indicators indicate
that Al has an impact on future professions (Figure 3).

Many students noted that Al has a strong impact on their future professions. This indicates the
need for Al-oriented subjects in the education system.
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Figure 3. The impact of artificial intelligence on students future professions

DISCUSSION

The results confirm the positive role of Al in IT education. Theoretically, Al adapts to the
needs of students, according to the adaptive learning model, which is associated with Vygotsky's
concept of the "zone of proximal development”. As the Figures show, although the level of
education is average, the significance is high, which indicates the need to introduce Al into
education.

Threats: decreased thinking ability (44%) raises ethical issues. The theory suggests a "human-
Al hybrid" model, where Al is used as an assistant. In Kazakhstan, the role of Al in education is
consistent with state programs (Digital Kazakhstan), but security standards are needed.

The survey results are consistent with global trends: according to UNESCO, Al increases the
quality of education by 30%, but data protection is important. Research limitations: locality of the
sample, need to be expanded in the future.

CONCLUSION

Artificial intelligence (Al) technology is emerging as a transformative force that is
fundamentally changing the education sector. This study comprehensively analyzed the role of Al
in the educational process and students' attitudes towards this technology based on a survey
conducted among 71 students studying IT at the International Kazakh-Turkish University named
after Khoja Ahmet Yasawi. The results clearly showed that the majority of students (49.3%) have
an average understanding of Al, 38% have a good understanding, and 45% consider it very
important for IT professionals. These data confirm the strong impact of Al on future professions
(52%) and the need to include it in the curriculum, as it increases students' professional
competitiveness.

The study highlighted the advantages of Al - adaptive learning, intelligent assistants,
automatic assessment, and the creation of individual trajectories. In the context of Kazakhstan,
initiatives such as the Digital Kazakhstan program, Astana Hub, and local platforms (BilimLand,
Daryn.online) are laying the foundation for the integration of Al. However, the risks — personal data
security, reduced cognitive abilities, and over-reliance — should not be ignored.

These issues require the introduction of ethical standards and a “human-Al hybrid” model.
Overall, the study confirms the important role of Al in the education system and the high interest of
students. In the future, Kazakhstan can take education to a new level by teaching Al and STEM
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subjects from an early age, creating national platforms, and ensuring academic integrity. These
results will serve as a basis for policymakers, teachers, and researchers to effectively implement Al.
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BLJIIM AJTYIIBUIAPJIBIH OKY )KETICTIKTEPIH BAFAJIAY )KYWECIH
ABTOMATTAHIABIPY

Anoamna. Maxanaoa sxcoz2apvl 0Ky OpblHOAPbIHOA OIIM AYbLIAPObIY OKY HCemiCmiKmepin
bazanay npoyeciH — agmMoOMaAmMmanovlpy — Macenenepi,  asmoMammanobipyObly, — MeopPUsIbIK,
20ICHAMANBIK JCOHE NPAKMUKALIK dACheKminepi Kapacmulpbliovl. binim anywwiiapowviy oxy
Jicemicmixmepin basanay cytieci — OLliM CAnAacvlH KAMmMamacwvls emyoiy Heeizei KOMNOHeHMI.
Kasipei xesenoe 6azanay scytiecinoe meopusiiblk CoUKeccizoik, NCUXOMEMPUSIbIK JNCI30IK JHCIHE
Yughpavlx mparcHopmayususvly HCemKinikcizoiei 6aukaiaovl, Ky3vlpemminikke HezizoenceH macii
Jcazoaibinoa bazanayovly 00vekmueminiei, ceHimoiniei 6acmvl blILIMU NPOOAEMAA AUHALLIN
omuip. Kazipei yugpranovipy osicagoauivinoa OiniM canacvlH 00beKmuemi, aulblk JHcoHe diceoel
bazanay Kaxcemminiei apmvin omslp, 6aeanay HCyuecin xHceminoipy yuliH blIbIMU He2i30eeeH,
CMAMUCMUKANBIK 02J1eI0€H2eH HCIHE YUPDPILIK MEXHON0SULIAPMEH UHMEeSPAYUAIAHRAH KeuleHOl
MoOenb Kadicem. Binim anywwviiapoviy oKy scemicmixmepin 6a2anay jxcyuecin agmomammanobipy —
OKbIMY CanacvlH apmmulpyobly, OiNiMOI 00beKmuemi 6a2anayovly JHcaHe 0Ky Npoyecin muimoi
backapyoviy Manvl30bl OavLimuvl O0ILIN MAOLLIAOLL. ABMOMAMMAHOLIPLLIZAH Oaganay xcyuenepi
Oinim  anyweinapovly Oinim, OLNIK dcoHe 0agobl OeHeeUiH Jicedel, 0dl JHCIHe aublK mypoe
aHbIKmayea MyMKiHOIK Oepedi. 3epmmey OapvicblHOa 0a2anay CandacbiMbly Kepcemxiuimepi
manoanosl,  Oazanay — HaMudicenepiHiy  CeHIMOINIK  Koaghguyuenmmepi,  OUCNEPCUSLTBIK
KepcemKiwmepi J#caHe onuey Kameniei Cunammanowvl, 6a2anay Hcyuenepin asmomammaHnoblpyObly
MeopusIblK He2izoepi mandanvin, 6a2anay npoyecin agmomammanoblpyObly MOOeli YCbiHbLIObL.
Convimen kamap, agmomammaHnobipbliean 6aganay aieopummi, oepekmepoi oyoey adicmepi dHcane
MUIMOINIK KepcemKiwimepi cunammanobvl. 3epmmey Hamudicenepi asmomammanobipyobly 6azanay
0an10i2iH  apmmulpbin, YAKbIM WbIELIHOAPLIH A3AUMAMbBIHbIH HCIHE AKAOEMUSIbIK A0AN0bIKMbl
KaMmMamacwls emyoe Maybl30bl poj AamxapamolHbli KOPCemmi.

Tyuiin ce30ep: 6inim Oepy ocyiieci, Oinim anywwliap, oKy dxcemicmikmepi, KY3vlpemmiiik,
bazanay ancopummi, a8MoMammanobIipbliI2an 6a2anay, YugdpraHowvipy.
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Annomauyusa. B cmamve paccmompenvl npobiemvl agmomamuzayuu npoyecca OyeHKu
VUEOHbIX OOCMUNCEHUll 00YYAIOWUXCA 6 BbICUUX YYEOHbIX 3A8e0eHUsX, meopemuyiecKue,
Memodonocuueckue U npakmudeckue acnekmol aemomamuzayuu. Cucmema oyeHKu y4eOHbIX
docmudiceHull 00yYarwuxcs - OCHOBHOU KOMHOHeHm obecneyeHus kauecmea obpasoeanus. Ha
COBPEMEHHOM d2mane 6 cucmeme OYEHKU HAOI00aromcs meopemuieckoe Hecoomseemcmaue,
ncuxomempuyeckas caabocms U He0OCMAamouyHas yugposas mpauncgopmayus, 8 YCio8UAX
KOMNEemeHmHOCMHO-0PUEHMUPOBAHHO20 NOO0X00d 2NABHOU HAYYHOU NpoOIemMol CMAHO8UMCs
00bEeKMUBHOCMb, HAOEHCHOCMb OYeHKU. B ycnosusx cospemennoll yughposuzayuu eospacmaem
nompeoHOCMb 8 00BLEeKMUBHOU, OMKPLIMOU U ONEepamueHoll OyeHKe Kauecmea oopazoeanus, Oiis
COBEPULEHCINBOBAHUSL CUCEMbL  OYEHKU HeoOX00UuMd HAYYHO-000CHOBAHHAS, CMAMUCTIUYECKU
OOKA3aHHASL U UHMESPUPOBAHHAA C YUPDPOBLIMU  MEXHONOSUAMU  KOMNIEKCHA MOOelb.
Aemomamuzayus cucmemsvl OYEHKU YYEOHBIX OOCMUNCEHUL 00YYAIOWUXC ABNACMCA 8ANHCHLIM
Hanpaenienuem NoOGblUleHUs Kadyecmea 00pazoeanusi, O0ObLEKMUBHOU  OYEHKU 3HAHUL U
apexmusnoco ynpasnenus Y4eOHbIM NPOYECCOM. A8momamusuposanHvie CUCEMbl OYEHKU
NO360JIAIOM ONEPAMUHO, MOYHO U OMKPLIMO ONpeoeisimsb YPOBeHb 3HAHULL, YMEHUl U HABbIKOS
ooyuarowuxcs. B xode uccnedosanus Ovliu npoananuzupo8anvl noxkazamenu Kaiecmeda OyeHKU
VUeOHbIX  00CMUMICeHUNl, ONUCAHbL KO3 uyuenmsvl O00CMOBEPHOCMU  Pe3YIbmMamos OYeHKU,
nokaszamenu OUCNEPCUU U NOSPEUHOCU USMEPEHUsl, NPOAHATUIUPOBAHbl MeopemuyecKue 0CHOBbI
agmomamu3ayuy cucmem OYeHKU U NpeoNod’CeHA MOOelb asmoMamusayuu npoyecca OYeHKU.
Kpome moco, Ovinu onucamer aneopumm asmomamusupo8aHHOU OYEHKU, Memoobl 00pabomku
OauHulX U nokaszamenu 3pgexmusHocmu. Pesyrbmamul  ucciedosauus noxKazauu,  4mo
asmomamuzayus noevluiaem moYHOCMb OYEHKU, CHUMCAem 6peMeHHble 3ampamsl U uzcpaem
BAJICHYIO POJIb 8 0OEeCneyeHUU aKa0eMu4eckol 4ecmHoCmu.

Kntouegvie cnosa: cucmema obpazosanus, obyyaowuecs, yueOuvie OOCMUNCEHUS,
KOMNEemeHmHOCMb, ani20pumm OYeHKU, a8momMamu3uposanHoe oyeHusanue, yupposuzayus.
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AUTOMATION OF THE SYSTEM OF ASSESSMENT OF EDUCATIONAL
ACHIEVEMENTS OF STUDENTS

Abstract. The article discusses the problems of automating the process of evaluating students'
academic achievements in higher education institutions, as well as theoretical, methodological and
practical aspects of automation. The assessment system of students' academic achievements is the
main component of ensuring the quality of education. At the present stage, the assessment system
has theoretical inconsistencies, psychometric weakness and insufficient digital transformation. In
the context of a competence-based approach, the main scientific problem is the objectivity and
reliability of the assessment. In the context of modern digitalization, the need for an objective, open
and prompt assessment of the quality of education is increasing, and a scientifically based,
statistically proven and integrated with digital technologies integrated model is needed to improve
the assessment system. Automation of the student achievement assessment system is an important
area for improving the quality of education, objective assessment of knowledge and effective
management of the educational process. Automated assessment systems make it possible to quickly,
accurately and openly determine the level of knowledge, skills and abilities of students. In the
course of the study, the quality indicators of the assessment of academic achievements were
analyzed, the reliability coefficients of the assessment results, the indicators of variance and
measurement error were described, the theoretical foundations of the automation of assessment
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systems were analyzed, and a model for automating the assessment process was proposed. In
addition, the automated evaluation algorithm, data processing methods, and performance
indicators were described. The results of the study showed that automation improves the accuracy
of assessment, reduces time costs and plays an important role in ensuring academic integrity.

Keywords: education system, students, academic achievements, competencies, assessment
algorithm, automated assessment, digitalization.

KIPICIIE

Koraper OiiMm Oepy JKyHeciHIe OKYy JKETICTIKTepiH Oaranay OiiM camachblH KaMTaMachl3
eTYIIH Heri3ri KypalJapblHbIH Oipi OOJBIN TaOBUTABI KOHE aKMapPaTTHIK-KOMMYHHKAITHSITBIK
TEXHOJIOTHSIAP/IbIH KapKbIHABI eHTi31TyiMeH cunattanans! (Kapmos, 2019).

baranay — OiliM anmymibIHBIH OKY HOTHDKEJIEpIH aHBIKTAy, Taljay >KOHE MHTEpPIIpeTalusiay
porieci.

baramaynplH Herisri  (QyHKOMSIApbl: JUArHOCTUKAIBIK, KAJBIITACTBIPYIIBI, JKUBIHTHIK,
BIHTAJIAHABIPYIIbI, OOJIKAM/BIK.

Kasipri 6irim 6epy mapaaurmachl KY3bIpETTITIKKE HeTi3IenreH Tociire cyieneni. COHIbIKTaH
Oaramay >xyieci OimiM, OLUTIK, JaF[pl, aHAIWTUKAJIBIK KaOUIETTep, MPaKTHKAIBIK HOTHKEIepi
KaMTYBI THIC.

Hoctypni OGaranmay tocimaepi (kazbaiia »KYMBICTapIbl KOJIMEH TEKcepy, Karas >KypHajjaap,
KEKe eCenTeyiep) YaKbITThI KOIl KaXKET eTel )KoHEe CyObEKTHBTUIIK TOYSKEIiH apTThIPAIbL.

binim Oepy yaepicin mudpranislpy TeK OKbITY (opMaTbiH €3repTill KaHa KoWMai, Oiaim
carmacelH Oarajay oIICTepiH JKAaHFBIPTYIbl, ABTOMATTAaHJABIPbUIFaH Oarajay TEXHOJOTHSIIAPBIH
eHrisyai Tamam ereni. MyHpmail okydenep OUTIM  amylmIblIapAblH OKY JKETICTIKTEPIH HAKThI
KpUTEpUiliep HETi3iHAe JKbUIIAM opi 107 aHbikrayra MymkiHaik Oepeni (Koposs, 2022)
(Cepmurora, 2020). CoHIbIKTaH, OKY JKETiCTIKTEpiH Oarajay MpOIECiH aBTOMATTaHAbIPY — OiTiM
carmachlH apTTRIPY/IbIH, OaCKapYIIBUIBIK MISIIIMISPAl HET13eYyIiH JKOHE aKaJeMUSUTBIK adallbIKThI
KaMTaMachl3 €TYA1H MaHbI3/Ibl KYpaJlbl.

biniM amymsimapelH OKY KETICTIKTEpIH OaKbliay YJIKEH KeJleMJEri akmapaTTapbl eHACYAl
Tajam eteii. baranay HOTHXKeNepiH KOJIMEH OHJIEY YaKbITThI KOIl KaXXeT eTe/l *KoHe KaTeTliKTepaiH
naiiga  OoJly  BIKTUMAIJBIFBIH  apTThipaabl. OcblFaH  OalllaHBICTBI  OKY  JKETICTIKTEpiH
aBTOMATTaHAbIPbUIFaH OaFasiay *KYHECiH Kypy ©3eKTi O0JIbIN TaObuIabl.

baranay »xylieciH aBTOMAaTTaHIBIPYJbIH HETI3T1 MakcaTbl OUIIM amylbUIapAblH Ou1iM Oepy
OarapiamanapblH Urepy JEeHreii Typajbl CEeHIMIl aKNmapaTThl YaKTbUIbI aly apKbUIbl OuTiM Oepy
MIPOLIECIHIH calachblH apTThIPY OOJIBIN TaObLIAIBI.

ABTOMATTAaHIBIPYJIBIH MakcaTTapbl - OaranayablH OOBEKTHBTUINIH apTTBIPYy, ajaam
(aKkTOpBIHBIH OoCEpiH a3zaiiTy, OuliMal Oakbulay HOTIDKENEpIH OHIEYAl KeAeNnaeTy, Oaranay
KYHECIHIH allIBIKTBIFBIH KAMTaMachl3 €Ty, OKY JKETICTIKTepiHiH OipbIHFall 1epeKKOpBIH Kypy, Ou1iM
Oepy mpolueciH OacKapyAblH THIMIUIITIH apTThIpy, OacKapylIbUIBIK MIEMIIMIep KaObuigay YIIiH
TajaaMaiblK akmapaT 6epy OOJbIN TaObLIA b,

Minnerrepi:

- binimai 6aranayneia 6ipbIHFai HUGPIBIK KYHECIH KYpY,

- AFBIMJIBIK, apaJIbIK YKOHE KOPBITBHIHIB OAKbIIAY (bl aBTOMATTAHIBIPY,

- Op OiNiM aTyIIBIHBIH )KEKE OKY TPACKTOPHUSICHIH KAIBINTACTHIPY,

CraTHCTUKAIBIK Taliay apKbUIbl YATEPiM JHHAMUKACHIH aHBIKTAY,

- OKBITYIIBIHBIH YaKbITBIH YHEMJICY JKOHE a/1aM (DaKTOPBIH a3auTy.

baranay xyleciHiH MaKcaThl — CTYICHTTEP/IIH YJITepiMiH aBTOMATThI €CENTEY, CaKTay, Talaay
XKoHE OomKay.

KyvieHnin Herisri MIHAETTEpPl - CTYICGHTTEPAIH [EpPEKTEpiH cakKray, MoHIep OoMbIHIIA
Oaramapapl €HTi3y, peUTHUHITIK Oanmmapasl ecentey, GPA aBTOMAaTThl aHBIKTay, CTATUCTUKAIBIK
Tangay KXyprizy, akaJeMHsUTBIK TOYSKeIIepAl OoipKay, ecentep MeH aHaTUTHKAIIBIK AUarpammaiap
KAJIBIITACTHIPY.
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OKy JKeTICTIKTepiH Oarayiay MpOIECiH aBTOMATTaHBIPy MACENIeCi MeIaroruka, aKkmaparThiK
TEXHOJIOTHUSUIIAP JKoHE O11iM MEHEKMEHTI callalnapblHaa KeHiHeH 3epTrenyae. OKy JKeTiCTIKTepiH
Oaramay — OUNIM anymIbIHBIH OUTiM, OUTIK, AaFAbl KOHE KY3BIPETTEp JCHICHIH aHBIKTayFa
OarpITTaFaH Kyheni nporecc (Uepubimenko, 2015). [lemarorukanblk ey TeOpHUsChIHAA OiTiM
JICHTCHIH aHBIKTAy YIIIH TECTUIey, PEHTUHITIK Oarajay, KpUTepUaabl Oarajay »KoHE MOIYIbIIK
OaKpLIay KYyHenaepi KOJITaHbUIA b

AKDaparThlK TEXHOJIOTHSUIAPIBI E€HTI3Y apKbUIbl Oarajay yaepici aaropuTMACHIIPLIII,
O0OBEKTUBTLIIK JieHreii apransl (Xyropckoi, 2021).

3EPTTEY OAICTEPI/3EPTTEY 9AICTEPI MEH MATEPUAJIIAP

Kasipri Tagma oky yuepiciH Oackapyna KeHiHEH KOJJAaHBUIATHIH TutaTdopmanapibiy Oipi —
Moodle. Byn kyiie Tecriieyai aBTOMATTBl TEKCEPyre, HOTIIKENEPAl JKUHAKTAyFa JKOHE
CTAaTUCTUKAJIBIK Tajiay Kyprizyre MyMkiamik oepeni. ConbiMeH Katap, Platonus mmargopmace na
OLTiM amynIbUIapIbIH OKY OeNICeHIUTIriH OaKblUIayFa Karaai xKacaiapl.

Moodle (Modular Object-Oriented Dynamic Learning Environment) — 6imim Gepy
YUBIMIAPBIHAA IEKTPOHIBIK OKBITYIBI YHBIMAACTBIPYFa apHAJIFaH allbIK KOATHI Oackapy xKykeci.
XKyilenin Heri3ri MakcaTbl — OKBITY MpPOLECIH HUPPIBIK OpTaga TUIMII YHBIMAACTBIPY,
OKBITYIIIBUIAP MEH OUTIM aNyIIbUIap apachIHIAFbl ©3apa OPEKETTECTIKTI JKCHUIACTY JXKoHE Oimim
camacblH apTThIpy Oousbin Tabbimaabl. Moodle miardgopmachlHbIH 0acThl apTHIKIIBUTBIKTAPBIHBIH
Oipi — OHBIH amIbIK OarmapiiaMaybIK KoJAKa Herizmenyi. by epekmienik OuriM Oepy yibIMIapbiHa
KYHEHI 63 KQKETTUIIKTepiHe colikec OeriMaeyre xoHe KOChIMIIIA MOAYIbAEP/l €HI13yre MyMKIHIIK
oepemi.

[TnardopmanblH MaHBI3bl PYHKIIMOHAIIBIK MYMKIHIIKTEpiHIH Oipi — OLniMal O6aKblIay >KOHE
Oaranay xyieci. Moodle KypaMmbIHaa TecTisiey, cayaaHama KYpri3y, TarmchkipManapsl KaObuUiay,
aBTOMATTHI Oaranay >KoHE CTaTUCTHKAJBIK Talaay Kypaaaapbl KapacThipbutFaH. OKBITYIIBI OpTYpIIi
TUNTET] CYpakTapAaH TYpaThIH TECTTEP Kypa ajiajibl, OJapAbIH imiHae Oip Ayphic KayanTsl TaHIAY,
OipHelie IypbIC ’kayanTbl Oenriiey, CoMKecTeHIIpy, KbICKa )ayanm Oepy JKoHE dcce TYpiHaeri
Tarncelpmanap 6ap. ABToMarThl Oarajiay MEXaHNU3MI1 OKBITYIIBIHBIH YaKbITBIH YHEMJETI, Oaraay/IblH
O00BEKTUBTLIITH KamTamachl3 erei. ConbiMeH KaTap, Moodle minardopmacs! O1iM anymbslapabiH
oKy Oencenaunirin Oakpulayra MyMKiHAIK Oepeni. JKyiie opOip mnaiiganaHymIBIHBIH OKY
MaTepUaIapblH Kapay >KUUIITiH, TalchpManapAbl OPbIHAAY YaKbITBIH, TECT HOTHIKEIEpIH >KOHE
KypCTarbl >KaJillbl OEJICeHIUIIrNH TIpKen OTbIpaabl. byn MamimeTrTep OKbITyLIBLIApFa OUTIM
aNyIIBUIAPABIH  YATEpIMIH  TanjayFa, KUBIHIBIKTApAbl €pT€ aHBIKTayFa JKOHE KaKeTTi
MeJarOruKaJIbIK MIapanapasl KaObuinayra MYMKIHIIK Oepei.

baranay »yleci «eHrizy — eHJey — UIbIFapy» Karujachl OOMBIHIIA >XYMBIC icTEHal
(bapanos, 2018):

- €Hri3y — OUTIM alyIIBIHBIH KayarnTapsbl,

- OHJIEY — aITOPUTMJIIK TEKCEDPY,

- MIbIFapy — 0a )KoHE aHATUTUKAIIBIK KOPBITHIHIBI.

3eprTey OapbIChIHAA Keeci oicTep Komnanbuiasl (3p1koBa,2024):

- Teopusneik Tanmmay — Oaramay >KyienepiH aBTOMAaTTaHAbIpY OOWBIHIIA FHUIBIMU

onebuerTepi 3epTrey.

- XKyiienik Tannay — Garanay npoueciHiH KYpbUIBIMIBIK MOAETIH KYpY.

- AnropuTtmiey — aBTOMATThI Oarajiay aJiIrOPUTMIH d31pJIey.

- CanpICTBIpMaIbl TANZAY — AQCTYPJIL )KOHE aBTOMATTAHABIPBUIFaH KYHenepaiH THIMALTITIH

CaITBICTBIPY.

ABTOMATTaHBIPBUIFAH KYiie OipHelIe PYHKIIMOHAIIBIK MOTYIbICH TYPAJIb:

- JlepekTep/ii )KuHAY MOJIYJII — TECT HOTHXKEJIEPIH KaObuiiay,

- OHzey MOayIli — XKayanTap/bl TEKCEpy aJropuTMmi,

- Cakray Moy — gepekTep 0azachliHa caKray,

- AHaTUTHKAaJIBIK MOAYJbh — CTATUCTUKAIBIK Talay XKYprisy,

- Kepi 6aitnansic Moaymi — OUTIM amymibIiFa YCIHBICTAp Oepy.
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binmim Oepy camacelHAa aBTOMATTAHIBIPY: DJCKTPOHIBIK TECTUIEY, OHJIAH Oaranay,
AEpeKTepIi )KUHAY KIHE TalJay, aKaJeMHUSIIBIK YIArepiMIi MOHUTOPUHTTEY.

HOTU/KEJIEP MEH TAJIKBLJIAY

ABTOMATTAHABIPBLIFaH 0arajay sKyleciHiH KYpbLIbIMbI

ABTOMaTTaHIBIpBUIFaH Oaranay xyieci (ABXX) keneci KOMITOHEHTTEPACH TYPaIbl:

1. AKmapaTTelK MOAYNb. bimim amymsmiap gepekrep 0aszacel, Ilonmep MeH OKy
Oarnapnamanapsl, baranay kpurepuiinepi.

2. Tecriney xoHe Tanceipmanap wmonyni: OHIailH TecTTep, ABTOMATTHI TEKCEPUIETIH
tancsipManap, [IpakTHKabIK )KYMbICTAp/Ibl KYKTEY.

3. baranay aaropurmi: bana ecenrey popmysacel, GPA aBromarrsl ecenrtey, PeiiTHHT

KypacTbipy.
Kanmer 6anapl ecentey GOpMyIIachl:

n L
i= 1 Bi-wi

S, wi

R= (1)

MyHaarel: Bi — i-0akpuiay >KYMBICBIHBIH Oaiibl, Wi — caiMak KO3 QHUIIUEHTI, | — jKayanThbiH
nypsicThiFbl (0 HEMece 1), N — TancelpManap caHsbl.

KopsiTeiael 6ara GPA mikanaceiHa aBTOMATTBI TYPAE aybICTHIPHLIAIBL.

4. AHaIWMTUKANBIK MOIYJb: YJIrepiM JAWHAMHKACHIH Tajjaay, AKaJIEeMUSIIBIK TOYyeKel
TONTApbIH aHbIKTay, CTaTHUCTHKAJBIK ecen Oepy.

BiniM aymibIHBIH KOPBITBIHIIBI OaFachIH ecentey (Gpopmyrnach:

Q=0,3T+0, 3A+0, 4E o)

MyHarbl: Q — KOPBITBIH/IBI OaFa, T — TeCT HOTHXKeCl, A — aFbIMIIBIK TaIrlChIpMaliap HOTHXKECH,
E — emTHxan HoTHIKEC]

Meicansl: TecT — 85 Gasut, Tanceipmainap — 90 6amr, eMmtuxan — 80 6as.

Onpa:

Q =0,3%x85+0,3x90 + 0,4x80 = 84,5 6amn

Hotmxe aBTOMaTTHI TYp/i€ €CenTelli, AIeKTPOH/IBIK JKypHAJIFa eHT1311e/1.

Ewnrizy ke3zenjepi:

1. KaxeTTinikTi Tanaay;

2. TeXHUKAJBIK TaJlanTap bl aHBIKTAY,

3. Barmapnamansik miardopmansl Tanaay (LMS, ERP);

4. llepextep 0a3acblH Kypy;

5. [MunoTTeIK anpobarus,

6. TonbIk MacmTadTa CHI13Yy.

Kayinciz ik sxoHe akaAeMUsITBIK alalIbIK:

1. TlnaruatTel aHBIKTAY XKYHeci;

2. TIpOKTOpPWHT TEXHOJIOTHSICHI,

3. Jepekrepai mmdpray;

4. Kox xertkizyni 6ackapy.

baranay npoueciH aBToMATTAHABIPYAbIH MOJEJi

ABTOMAaTTaHIBIpbUIFAH ~ Oaranay  JKyMecl Kejleci  HErisri  MOAYNbIAEPACH  TYpajbl
(CmupmnoBa, 2020):

1. Maiinananymsl nHTEepdeiici MmoayJi:

- OLTIM amy1bl KaOWHEeTI;
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OKBITYIITbI KAOWMHETI;
OKIMIIIIK OacKapy maHedi.
2. barajay ajropurmaepi MoayJi:
- TECTTIK TarchblpMaliap/ibl aBTOMATTHI TEKCEPY;
- KOITHYCKAJIbl CypaKTap bl Oaranay;
- coliKecTeHIpy ’KoHE KbICKA KayanTapabl TEKCepy.
3. lepexTep 6a3achbl MOIYJIi:
CTYACHTTEPIH XKeKe JIePeKTepi;
MOHJEp MEH cuiuiadycrap;
- Oaranay KpUTepHiiiepi,
- HOTHXKEINep apXHuBi.
4. AHATTMTHKAJIBIK MOY/JIb '
- YJIrepiM JUHAMHKACBIH TalJay;
- PEUTHHITIK ecemnTep;
O111M canachIHBIH KOPCETKIMITEP.
Baranay aaropurMiHiH cunarramMacsl
ABTOMATTAHJBIPBUIFAH  TECTTIK Oaranay aiaropuTMi Kejeci Ke3eHAEpACH  TYpajbl
(Mikhaylova, 2024):
1. CryneHTTiH XayanTapblH KaObLUIAAY;
2. Jlypeic xayanrtap 0a3acbIMEH CaJIbICTBIPY;
3. Op cypak OoiiblHIIIa Oai ecentey;
4. YKanme! Ganapl aHBIKTAY.
5. KopbIThiHIBI OaFaHbI 11Kaa OOibIHIIA TYPIAEHAIPY
Binim anymsimapapiy jKeKe KY3bIPETTUTIK ASHIeHiH aHBIKTay MaceJeci — op OLIiM allyIIbIHbIH
KaOlJeTiHIH OpTYpl €KeHiH ecKepy - OUTIM camachblH apTThIPYAbIH HEri3ri mapTbl. OKbITYIIBIHBIH
MiHAeTi - OuriM amymbuiapael  Oip-OipiMeH CalbICTBIpY emec, op OUIiM aIyIIBIHBIH JKEKe

MYMKIHJITH amy jkoHe nambITy. Erepne  OuriM amymusuiapAblH Ky3bpeTTulk geHreiin K,

opimiMeH OeNriien aHbIKTan ancak, Oyi1 skepae 1i- OumiMrepain arei-keHiH Oingipeni. C; apKbuIbl
OHBIH CEHIMILTIK JEeHreliH OeriienMis, | -CeHIMIUTIKTIH Kaii OarbiTTa eKeHIirin oummipeai. Ocbl

MOCEJICHIH KUCBIHBl HETi3iH Tajljan IIBIKCAK, O] Ke3[ae OUIIM alylbuIapAblH  KY3bIPETTLIIK
JIeHrei1 MbIHA ABPUCTIK (pOpMyJIaMEH aHbIKTala lbl:

K,=B2.Cj 3)
j=1

MyHnarsl: [ -colikecTiK K03 UIMEeHTI OUTIM amylblIapAblH MiHe31He OalaHbICThI caHIap,
[O —1] apachIH/Ia KaTa/bl. | - CCHIMAUTIKTIH OaFbITBIH OLIIipeIi.

An, K,-mmi can typinge Oedineneiimiz. On yumriH 013 ©TUTIN JKaTKaH TaKbIPBIOTH OipHelle
OemikTepre OO abII, oJIapabl TOMEHAETIIeH 1-KecTere Tycipemis.

Kecte 1. TakpIpbinTapabiH 0611HY1

NQ al az 0{3 an

Sl q)ll ¢l.2 ¢l.3 q)n

S, 2% Z¥ 2% @n
Sn ¢m gDml ¢7m2 wmn
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MYHJIAFBL: @1, @ 5,..., Py, ~KAIIBI TAKBIPHINTHIH OOIILEKTEPI;

S- Heri3ri TaKpIpHII.

byn xypeutran kecre OiiM adylmIbUIapAbIH KY3BIPETTUIIK JCHTeHWIH aHBIKTAYIIbl OlTiMaep
6a3achl OOJIBIT TAOBLIAIBI.

1-kecte OolipIHIIA OLTIM amyIIBUIAPBIH KY3BIPETTUIIK JCHTeHIH Kajlaidh aHbIKTalMbI3. O
yiIiH 013 >KOFapblia alTbUIFaHIAl TN KAaThIpFaH TaKbIPBHINTAPFa TECT CYPAKTapbhIH KYpaMbI3.
Erepne Oyt cypakTapabIH KeJieMi KaHIIAIBIK KOIT 00JIca OJ1 JKaF/1aii1a HOTHXKE COHIIAIBIKTHI )KaKChI
6omanpl. CoHpIMEH OLTIM alyIIbUIap sl TECTTEH OTKi3eMi3, opOip jKayanTsl TEKCEPYACH OTKi3eMi3.
Ochl TecTiiey1i OTKI3II alFaHbBIMBI3[IaH COH, OUTIM ayIIbUIAPIbIH CEHIMIUTIK JKOHE KY3BIPETTEIK
JCHIeHiH alrOPUTIMIIK TYPFbIAa aHBIKTAMMbI3. Byl aaropuTiMHIH *Ka3bUTybl TOMEHJAET1 3TanTap
apKbUIBI OCHHEIICHE 1 :

1. A 6inim anmymsiFa TecT cypakrap oepineni;

2. BiiM ayIIbIHBIH TECT CypaKTapFa )KayarnTapbl CATbICTBIPBLIAIBL;

3. Erepzie A 6iiM anymisiFa 6epiireH CYpakTap @ 11,Q 12,0 13, e, ©in KepiHicinze Gonca
Oaranay mpolienypachl TOMEHAETiAeH KopiHicTe Oonaibl:

*

Pru—Pu =y, P = P2 =y Pin = Pin = Gip
byn xepne
_|1. Ezepaicayan dypwic b6oaca

o. =
" 10. Ezepacayan dypwic 6ormaca

4. Hotmxe Katap OOHBIHINA ecenTerne/i
n
C = Zal i 4)
j=1

ByJ1 )KMBIH CeHIMALTIK ASHTeliH KepceTei.
5. Hotmwxkene 6izge C ={C1,C2 ...... Cn} TON TybIHJAWIBL. Byn TonraH 013 Makcumall MOH[L

TabaMbI3, AFHU maX{Cl.Cz,....Cn}. Ochbl MoHTE CoMKec KeNreH OUTMrepAiH CEHIMIUTIK JeHreil

KOFapbl O0JIabI.
6. Temenneri opmyna OimiMrep/IiH KY3bIPETTUTIK JEHIeHiH KopceTeIi:

Kj :Zn:Ci )

7. Hormxecinne K = {Kl, KZ""Kn} TOn TybIHAANABL. OCBHI TONTHIH 2JIEMEHTTEPIHIH IIIIHEeH
MakcuMan MoHII TaGaiibik, srrm Max{K ,K,,..K }. Ocel MoHTe coiikec KeireH GimiMrepain

KY3bIPETTUTIK ACHI e ®KOFapbl O0sabl.

biniM anymblHBIH OKY JKETICTITIH OaranayablH TEOPETUKAJIBIK HEri3iH allThlll ©TCeK, OKY
KETICTIT - OUTIM alyIIbUIapbIH OKY MaTepHUaIlapblH Urepy AOPEKECiH CUMATTaWThIH KOPCETKIIIL.
binim Gepy cratucTrKackiHAa OKY KETICTITT KoOiHEeCe AYPBIC KayanTap IbIH MMalbI3bl, OpTaia 6at
’KOHE KY3BIPETTLIIKKE )KETy JCHIreii peTinae OaranaHaibl.

OKy KeTiCTIT1 KaHJai maMaJapMeH CUIaTTaaaabl?

- Herisri mapamerpaepi (Sarathchandra, 2023):

- Opraria 6amt (X): 6i1iM anymIsIHBIH OaFraapbIHBIH OpTallia MOHIH KepceTe i

Zn: Xi
X, =5 (6)
opm n
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MYH/IaFbI:
Xi - 1 OUTIM aJTyIIBIHBIH OaFachl,
N — OUTIM aTyIIBUTAP/IBIH JKaJIIbl CaHBbI.

Oky wmatepuanbiH urepy kodddumuenti (K): oKy MarepuanblH COTTI HrepreH Ourm
aNTyIIbLIapABIH CAaHBIHBIH XKaJIIIbl OKYIIBUIAP CaHbIHA KAaTHIHACKIH OLIIipesi.

k Monvik ueepzen OINIManyulbl camvl (7)

orcannvl  OINiM  anyuwel Ccambl

MYH/IaFbI:

Nurepy — OKYy MaTepHajbIH TOJBIK UrepreH ('KaHaraTTaHapiblK' HeEMece OJlaH XKOFaphl Oara
ayFaH) OUTIM alTyIIbLIap IbIH CaHBI

Nixams: — OUTIM aTyIIBUTAPABIH KAl CaHBI.

Jypeic sxayantap naitbizel (P %): aypeic skayanTap caHBIHBIH CYpaKTap/AbIH JKaJIbl CaHbIHA
KaThIHACBIHA TEH IlIama.

P% — N()ypblc Jicayanmap canol (8)

HCAINdbl CYypAK Canvl

MYH/JIaFbl:

N ypoic xayan — JYPBIC JKayanTap CaHbl,

Noapasix cypaxrap caner — OAPIIBIK CYPAKTAPIbIH KAJIIbI CAHBI.

IIpakTukaabIK TaAAay JKOHe ecenreysaep

Kommbrotepmik Tectiiey Kyienepi OimiM  amymbUiapAblH  OUTIMIH  Jkenen  Oaranayra
MYMKIiHIIK Oepeni. bys omicte TecT TancelpMmanapbl apHaibl JepeKTep KOPBIHAA CAaKTaJbII, KYyie
JKayarTap/ibl aBTOMaTThI TYpJle TEKCepe/li.

Heri3ri ke3enzepi: TecT TarncbhlpMalapblH KYpy, TECTLICY/l OTKI3y, HOTHXKENEpAl aBTOMATThI
OHJIeY, KOPBITBHIH/IbI OalJap/bl €CenTey, CTAaTUCTUKAIIBIK TaJlJjay KYprisy.

Tectineyni aBTOMAaTTaHABIPY OOBEKTUBTI OaranayAbl KaMTamachl3 €Tel >koHe Oaranay
YaKbITBIH aiTapJIbIKTall KbICKAPTAa bl

[Ton OGoiibiHmma 20 OUTIM anmylIbllaH TYpaTbIH TON KOPBITHIHABI OarajapblH Taijgay YUIH
Excel anekTpoHABIK KecTeciH KoMAaHaWbIK. Excel sMeKTpOHIBIK KECTEeCiH KONIaHyIbIH TaFbl Oip
epeKIlle MYMKIHAIN - OUTIM aJdylmblIapAblH OKy MaTepuaiblH Oaranayaa naipanany. bimim
aNyIIbIIapAbIH JKETICTIKTepiH Oaranayna calbICTBIpy KaxeT OOJFaH JKepJe peHTHHr kacay
MaHpI3/bl. PelTuHr opkamaH na OocekenectTikTi Ounmipeni. Kaszipri yakbITTa peWTHHITEp
Me/1IaroruKaia *oHe OKy HIpoIleciHe e KeOipek KoJaaHblaaabl. PEUTHHITIK Xylie OKy MpolLeciH
yibIMaacTepy omictepine ne OaimansicTel (Abdrasilov, 2025). Binimrepiepain oKy MaTepHasbIH
MeHrepy OapbIChIH Oaranay KecTeciH KypalblK. byn kecrene OuniMrepriepiiH TECT HOTHXKeepi
eCKeplaTreH. OpOip OUTIM amymIBIHBIH TeCT OOWBIHINA XKUHAFAH KAl YHaiIapbl OChl KUBIHHBIH
MaKCUMaJibl MYMKIH YIaifa KaThICThl MaHBI3BIMEH €CeNTeyre J>KOHE op OuIiM  amylIbIHBIH
JopexeciH Ae aHblKTayFa Oonanbl. OcklHIail Takra sxkacay yuriH keneci Excel kypannapsin
naiinananyra 0onaabl.

Ecenrreysep sxypri3y yurin OaramapabiH Tapainy KecTecin skacaitmbi3 (Kecrte 2):

1.0pTa MoH IIaMachlH €CcenTey YIIiH KOCHIHIB! (YHKIMSACHIH MaijalaHaMbl3:

Opra mon (B1:B20). byn ¢yHkuusHbl >xy3ere acelpy YIIIH CTaHAApPTTHl Kypajijaap
TaKTaCBhIHAAFbl OPTa MOH KypaJiblH Naiigananambi3. Opta MoH B21 ysmibikka Tyceni.
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Kecre 2. baranapapiy Tapatysl

A B C D E
1 70 -1.3 1,69 70 J0
2 72 -3,3 10,89 72 72
3 75 -6,3 39,69 75 75
4 78 -9,3 86,49 78 78
5 20 -11,3 127,69 20 20
i 70 -1,3 1,69 70 70
7 70 -1.3 1,69 70 J0
& 72 -3,3 10,89 72 72
0 82 -13.3 176,89 82 82
10 84 -15,3 234,09 84 84
11 60 8.7 75,69 60 60
12 65 3.7 13,69 65 63
13 68 0.7 0,49 68 6E8
14 20 18,7 349,69 S0 S0
15 55 13,7 187,69 55 55
16 38 10,7 114,49 58 38
17 a0 28,7 223,69 A0 40
18 45 23,7 561,69 45 45
19 S0 -21,3 453,69 S0 90
20 o0 -21,3 453,69 a0 90
21 68,7 3726,2 0,93 A0 90
CTangapTt
Thbi
22 opT.maH [BANN (#i-xcp)  |(xi-xcp)*JaypiTky  |[mun max

2. BipiMrepnepaiH 0Ky MaTepuaibiH Ta0BICTHI UTEPY KOADOUIIMEHTIH ECEnTey:
[N urepy ko3¢ = 2 + 10 + 6 = 18]
Kannwpl canbl:

[NﬁiﬂiMrepnepnin AKAJMDbI CAHBI — 20]

Conpga:

[K=18/20-100% = 90,0%]

Oky MaTepuajbIH Ta0bICThI HTepy K03 punuenti - 90,0%.

TecT OoibIHIIA JYPBIC )KAyaANTAP NANBI3bI
KopsbiTbiHabl Tect 50 cypakran Typabl. Ton 00ibIHIIA AYPBIC KAYyANTAPAbIH KAJIbI

causbl - 840.

[%I1 = 840/1000-100% = 84%
TecT GolibIHIIA AYPBIC KayanTapAbIH OpTaIIa Naibi3bl - 84%0.
KocbiMia kepcerkimrep

Jucnepcus )KoHE CTaHAAPTTHI AybITKY LIaMaJlapblH AHBIKTAMbIK,.
YarepimHig Tapany OapbIChIH

(Shute, 2008):

Xi - skannbl 6ara

D(X) =

3 (% —x)°
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XopT - opTa mama

N-OlTiMrepJiepaiH KaJanbl CaHbI

Jlucriepcusi OKy MaTepHajblH WIepy HOTIDKENEPIHIH oOpTalla MOHIe KAaThICTBI Tapaiy
(Bapuamusi) JOpEkKECiH KOPCETeTiH CTaTUCTUKANBIK kepcetkim (Cumopos, 2021). On xeke
yrainapapy oprama apu(GMETHKAIBIK MOHHEH OpTallla KBaIPaTThIK aybITKYbl PETIHAE €CeNTelNe/i:
JUCTIEPCUST HEFYPIIBIM JKOFaphl 00JICa, HOTMDKETEp COFYPIbIM anmmak Oosaael (O6ipTeKci3 Tom), ai
JMCIIEPCHs HEFYPIIBIM TOMEH OoJica, yraiiaap oprama MoHre skakbpiaaaiasl (Gikandi, 2011).
CTaHaapTThl aybITKY IIAMACHIH AHBIKTANBIK:

n
z (Xi - Xopm)2
— =1

S= (10)
n-1

Crannapttsl aybITKy = 0,93 - GaranappiH OipKaJIBINTH TapaTyblH KOPCETE .

Kepcertkimrep Oappicel /untepnperanusicel/: 90% -oKy MarepuasiblH TaOBICTBI Hrepy
KodpunmeHTi OUTiM amymbuIapaslH 0ackiM OeIiriHiH Oy OKy MaTepHalIbIH TaOBICTHI UTePTreHIH
kepceteni. TecT OOWBIHINA TYPBIC JKayanTapabiH 84% OLTIM carmachbHBIH OpTa JICHIeHICH YKOFaphl
JeHreie exeHairin pactaiael. CtangapTThl aybITKysl ~ 0,93 -romTarbl OUTIM alyIIbUIapIbIH
OarayapbIHBIH CAJIBICTHIPMAIIBI TYPAC OipKeIKi OOIIHTeHIH KOPCETE ],

BinimM amymsuiapablH 0Ky MaTepUaiblH HTepy MOcelesepi oHe OJIap/bl HICHTy KOJIaphIH
aTam eTceK, OUIIM amyiibl keOiHece OKy HOTHXKeNepiHe jKOHE OKY MaTepualiblH KaObLiaayFa Tepic
acep eTyi MyMKiH OipkaTap macelnernepre Tan 0oyiafael. by Mocenenepai THIMII Menry KoHe OiTimM
carachlH )KaKCcapTy YIIiH TYCIHY MaHbBI3/IbL.

IIpakTHKAJIBIK MbICAJ

Mpicansl, 100 crymenti 6ap QaxyabTeTTe aBTOMATTAaHABIPBUIFAH Oaranay >KYHECiH EHri3y
(Cyper 1):

5. baranay yaxeitel 40% xeickapazsi (Cyper 2)

6. Karenik sIkTUManabirsl 60% ToMeHIen/Ii

7. Ecen 6epy naiibiHaay yakKbITHI 3 ece a3asiibl

8. Hotmwxkenepni Tanaay canachlHBIH apTyHI,

9. BimimreprnepaiH 0Ky MOTHUBAIUSCHIHBIH KOFApPbLIAYHI.

CraTHCTUKAIBIK JEepeKTep aBTOMATTAaHIBIPBIIFAH Oaraliay/IbIH IOCTYPIIl d/icTepre KaparaHaa
TUIM/II €KeH1H KepceTrei (kecte 3).

Kecre 3. ABTOMaTTaHIBIPBUIFaH KYHEHIH THIMIIUIIT]

Kepcerkim HacrypJi aaic Moodle apKbLiIbI
barayiay yakpITbl 10-15 munH 1-2 mun
Karemnik bBIKTUMaIBbIFBI JKOFapbI TOMEH
Hormxenepain . .

S IICKTEYIT1 OHJIAMH
KOJDKETIMILUTIT]
Ecen 6epy KOJIMEH ABTOMATTHI
MoHHUTOPHUHT Kypaeni KeJel

ABTOMATTaHJBIpBUIFAaH ~ Oaranay  JKyWenepiHiH  apTHIKIIBUIBIKTaphl:  OOBEKTUBTLIIK,
JepeKTepAiH KeJeN oHAenyi, afaMu (GaKTOP/IbIH a3ar0bl, aKaJeMHUSUTBIK aJallIbIKThl OaKbLIay, O11iM
carachlH Tajjay.
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BarFanay >XymenepiHiH canbiCTbipMachi

Tuimainik (%)

100 Q0 95
80 60
60
40
20
O -
YakpIiT Oanpik ObbrexTUBTINIK
Bl Oocrypni W AsTomar
]
Cyper 1. baranay xyiienepiHiH cCabICTEIPMACHI
BaFfanay yakblTbiHbIH CanbiCThIpMackl (%)
100 A
80
=
=
E a0
5
s 0
£
20
0 1
DacTypni =yihe ABTOoMaTTaHObIpEINFaH Myhne
BaFfanay =240ici
Cyper 2. baranay yakbITBIHBIH CaJbICTHIPMACHI
KOPBITBIHAbBI

KOO O6iniM anymbUIapbIHBIH OKY HOTIDKENEpiH Oaranay MpoLEeciH aBTOMATTaHAbIpy OuliM
Oepy camachlH apTThIpyFa, Oaranay OOBEKTUBTLIITIH KAMTAMaChI3 €TyTe JKOHE YaKbIT pecypCcTapbIiH
yHeMJeyre MyMKiHJIK Oepei.

BinmimM amymisutapbIiH OKY JKETICTIKTEpiH aBTOMATTaHABIPY dicTepi OimimM Oepy KyiieciHiH
TUIMAUIITIH apTThIPyZla MaHBI3/Abl pesl aTKapaabl. DJIEKTPOHBIK KypHalIap, TeCcTuiey yienepi,
LMS mrardopmanaper, GPA ecentey MexaHU3MIEPi, aHATUTUKAIBIK MOHUTOPUHT JKOHE JKAaCaHIbI
MHTEJUIEKT TEXHOJIOTHSUIIAphl OLTIM amylIbUIapIblH OKY HOTHIKEJIEPIH camaibl OaranayFa MYMKIHJIK
Oepeni. by onmictep OKy MpOIECiHIH alIBIKTHIFBIH KAMTAaMachl3 €TiM KaHa KoWMaid, OUTIM camachiH
apTTHIPYFa jkoHe O11iM Oepy YHBIMAAPBIHBIH UQPIBIK TPAaHCPOPMALIUSACHIH JKY3€Te achIpyFa bIKIal
erenl.

Y CBIHBIIFAH MOJIeNb Oaraniay MpOLECiH KeIeH i TYp/Ae YHbIMIACThIpyFa OaFbITTalFaH KOHE
OutiM Oepy yHBIMAAPBIHBIH UG PIIBIK TpaHCHOPMAITUICHIHA COMKEC Kee/Il.

ABTOMAaTTaHJIBIPY — JKOFaphl O1TiM Oepy JKyHeciH TaMbITYIbIH CTPATETUsIIBIK OaFbIThI OOJIBIT
TaObUTaIbl. ABTOMATTAHIBIPBUIFAH KyHenep OacKapyAbl OHTAIIaHABIPAAbI, OLTIM aTYIIBIHBIH
YJITepiMiH HaKThl KOpCeTeli, OKBITY HOTIIKENEpiH TaijayFa MYMKIHIIK Oepeai, HUQPPABIK O11iM
Oepy OpTachlH KJIBIITACTHIPAIBI.
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bonamakra jkacaHapl WHTEUICKT HEri3iHAe OeHiMueneTiH Oaranay Kyuenepl KEeHIHEH
KoJJaHbIc Tabampl. Meicanel: OimiM  JAeHreidin Ooipkay aiaropuTMIepi, aJanTHBTI TECTiNey
XKyHenepi, Karenepl Tanaay apKbUIbl )KeKe YChIHBICTAap Oepy.
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unmepnpemayuu  ungopmayuu. Ilpakmuueckas 3HAYUMOCMb  UCCIEO08AHUS  COCHIOUM 6
BO3MONCHOCIU UCHOIb30BAHUSL NPEOTIOHCEHHOU MOOETU NPU CO30AHUU UHMEIEKMYANbHbIX CUCTIEM,
IKCNEPMHBIX KOMNJIEKCO8, CUCHEM HOO0EPHCKU NPUHAMUS  peueHull, pPoOOmomexHu4ecKux
naam@opm u nepcReKmuHbIX apXumexKmyp UCKyCCmeeHHO20 UHMEIeKMA.

Knrwoueevle cnosa: ppaxman snanuil, 6a3a 3HaHull, céedenuss, OauHvle, UHpopmayus, 3HaHue,
KubepHemuueckas mMooeis.
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Anoamna. JKymvicma unmenniekmyanovl Jicylenepoeci Malimemmepoi  Oepexkmepee,
aknapamka sxcane Oinlimee mypiaeHoipy npoyecmepin pecimoeyee apHaiean OiLliMHIY Qpakmanovik-
Kubepuemukanwvlx mooeniniy (BOKM) owcana apxumexkmypacvl Ycvibliadbl. 3epmmeyoin
e3ekminici e2emepozeHOi Oepekmep MeH aknapammol 0eneiciz0ik KoeaeMiHiy yHeMi ocyi
AHCAROAUBIHOA MUIMOT HCYMBLC iCMell AlamblH HCACAHObL UHMENNeKMMI YUbIMOACMbIPYOblH HCaAHA
macinoepin 23ipiey Kaxcemminicimen oatinanvicmol. Hezizinen ecenmey pecypcmapuln yazaumyaa
JHCOHEe KYPBLILIMOAIMARAH AKNApammbly YIKeH MAaccusmepin eHoey2e Oablmmdangan 3aMaHayu
HEUPOHOLIK  JICENiNIK  MEeXHONOUNAPOAH — AUbIPMAUBLILIRbL,  YCHIHLLIZAH — MACin  OLiMOI
CeMAHMUKANLIK —~ YCbIHY2A — JICOHE — AKNApammulK — dblHOApObl — UHMENLIEeKMYanovl — backapy
MexaHuzmoepine He2i30eN2eH.

Maxanaoa "monimemmep"”, "oepexmep", "axknapam" owcone "6inim"  yevimoapviHuly
CEMAHMUKANLIK,  OAUIAHBICLL  KAPACMBIPLLIAObL, COHOAU-aK 0aapovl  OipviHeall  Gpakmanioviy
KYPblIbiM ueHbepinoe mypieHoipyoiy hopmanbobl cXemacsl YCblHbLIAObL. O3iplleHeeH MOOelb O3iH-
630 yuvimoacmulpyovl, Oeuimoenydi dcone Kelin mMyCcKeH aKnapammol UHMELIeKmyanovl cy3yoi
KamMmamacwlz ememin Kepi Oaulianvlc Mexanusmoepin kammuool. Konmexcmix oyoey dcone muicmi
aknapammuol mayoay yHKYusIapsbii OpbIHOAUMbIH ACCOYUamuemi cyovekminepoiy poiine epexuie
Hazap ayoapwiiaowvl. MooenbOiy HCYMbICbIHbIY MAMEMAMUKATILIK CURAMMAMACHL YCLIHBLIRAH HCIHE
OHbIH NPAKMUKANBIK KOTOAHBLIYbIHbIH MbICAIbl KAPACMBIPBLIEAH.

JKymvicmoly — ebliblMU  JICAHATLIZBL  AKNAPAMMbL  KATLINMACMBIPY — HCIOHEe — MYCIHOIpY
npoyecmepin  pekypcuemi  0ackapyobl KAMMAamacwvls ememin  OLiMOI  YUbIMOACMbIPYOblH
¢paxkmanovlk npuHyunin 23iparey 601vin mabdwvliadvl. 3epmmeyoiy NPAKMUKALLIK MAHbI30bLIbIEb]
UHMeNeKmYanobl Jcyluenepoi, capanmamanvlk Keutenoepoi, wewimoepoi Kouoay icylenepiH,
POOOMOMEXHUKANBIK  NAAmM@opmManapobl  JHcaHe HCACAHObL UHMELIeKMMIY NepCneKmueablk
apxumexkmypaiapvli Kypyoa YCblHbLI2aH MOOenb0l Nati0aiany MyMKiHOICIHeH mypaobi.

Tyiin ce30ep: 6Oinim ¢ppaxmanwi, Oinim Oazacvl, aknapam, oepexkmep, axnapam, O0inim,
KUubepHemuKaiblk MoOeb.
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FRACTAL CYBERNETIC KNOWLEDGE MODEL

Abstract. The paper proposes a new architecture of the fractal cybernetic knowledge model
(FCKM), designed to formalize the processes of converting information into data, information and
knowledge in intelligent systems. The relevance of the research is due to the need to develop new
approaches to the organization of artificial intelligence that can function effectively in conditions of
constant growth in the volume of heterogeneous data and information uncertainty. Unlike modern
neural network technologies, which are mainly focused on increasing computing resources and
processing large amounts of unstructured information, the proposed approach is based on the
semantic representation of knowledge and mechanisms for intelligent management of information
flows.

The article examines the semantic relationship between the concepts of "information”, "data”,
"Iinformation” and "knowledge", and also suggests a formal scheme for their transformation within
a single fractal structure. The developed model includes feedback mechanisms that ensure self-
organization, adaptation, and intelligent filtering of incoming information. Special attention is paid
to the role of associative entities that perform the functions of contextual processing and selection
of relevant information. A mathematical description of the model's functioning is presented and an
example of its practical application is considered.
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The scientific novelty of the work lies in the development of a fractal principle of knowledge
organization that provides recursive management of the processes of information formation and
interpretation. The practical significance of the research lies in the possibility of using the proposed
model in the creation of intelligent systems, expert complexes, decision support systems, robotic
platforms and promising artificial intelligence architectures.

Keywords: fractal knowledge, knowledge base, data points, data, information, knowledge,
cybernetic model.

BBEJIEHUE

B snoxy n30bITOYHOCTH MH(POPMAIIMOHHBIX MOTOKOB KJIIOYEBBIM BOIMPOCOM CTAHOBUTCS HE
JOCTYIl K pecypcaMm, a apXUTEKTypa UX IpeoOpazoBaHus. TpaJullMOHHBIE MOJENM (CBEIEHUS —
JaHHbIe — UH(POPMAIHS - 3HAHUE) YaCTO OMHUCHIBAIOT MPOLIECC HAKOIJICHHSI, HO YITYCKalOT U3 BUIY
JUHAMUAYECKYIO PUPOIY UCTUHHOTO TOHUMAaHHUSI.

B coBpemeHHOM HH(POPMAIIIOHHOM HPOCTPAHCTBE BOIPOC «KAaK IMPEBPATUTh XAOTUYHBIN
MOTOK JaHHBIX B 3((EKTHBHOE 3HAHUE?» CTAHOBHUTCS KIIOYEBBIM JJII PAa3BUTUS KOTHUTHUBHBIX
TEXHOJOTUN W cucteM ynpaeieHuss uHdopmanuen. Kiaccudyeckue mMOAXO0bI, BOCXOIAILINE K
uepapxun DIKW (Data, Information, Knowledge, Wisdom), npemioxentoit P.Axkobdom (1989),
Y4aCcTO PACCMATPUBAIOT ITOT MPOIIECC KaK JIMHEHHYI0 mocienoBateabHocTh (Ackoff, 1989). Onnako
CTPEMHTENBHBII POCT 00BEMOB NaHHBIX TpeOyeT mepexoma K Oosee TIyOOKOMY HMOHUMAaHHIO
MH(OPMALIMOHHON CYIIHOCTH TpaHc(hOopMalud — Mpoliecca, KOTOPBIA Mbl OMNpeeNsieM Kak
MHTEJJIEKTYaIU3aLHI0.

B pab6orte, onybonukoBanuoii B 1974 romy (Zhuravlev et al., 1974), BnepBbie ObUIO BBEICHO
MOHSATHE «IOIycTUMast Tabiauia TMNy, rie o CTPOKaM pacioiararoTcsi 00bEKTHI Sj, a TI0 CTOI0LAM
— TMpHU3HAKW, XapaKTepu3ywluue HxX cBoicTBa. Ha mepeceueHun GUKCUPYIOTCS 3HAYCHUS
npusHakoB. CTpoku npu 3ToM pasduBaroTcs Ha kiaccel Ki. [lo cytu, nanHas tabnuia sBiseTcs
ABPUCTUYECKON MOJIEbIO MPEAMETHON 00JacTH U B COBPEMEHHON TEPMHHOJIOTHH COOTBETCTBYET
o0yyJaroreii BHIOOpPKE HHTEIIEKTYaJIbHOM CUCTEMBI.

Ecnu B syeiiku TabIWIbI TOMECTUTh 3HAHUS, TO TakKas CTPYKTypa MOXET CTaTh OCHOBOM
UCKYCCTBEHHOIO0 MHTeIeKTa. Jljigs 3TOro HEeoO0XOAMMO alrOpUTMUYECKH OINHCATh MPOLEcC
MIOPO>KJICHUS 3HAHUM.

HEJIb PABOTHBI

Pa3paboraTe HHTEIUIEKTYalbHYIO (pPaKTAIbHO-KHOEPHETHYECKYI0O MOJIeTTh 3HAHUI Ha OCHOBE
CEMaHTUYECKOT0 MPEJCTAaBJICHUS ITpoLiecca MOPOXKACHUS (ppakTaia 3HAaHUM.

MATEPHUAJIBI U METO/bI UCCJIENJOBAHUSA

D PeKTUBHOCTh WHTEIJIEKTYaTbHBIX TEXHOJOTUH OIpeneiseTcss CTENEHbI0 COOTBETCTBHS
0a3pl 3HAHUM TpeIMEeTHOW 00JIaCTH M KOPPEKTHOCThIO 00paboTkM 3HaHUU. OnepaTuBHOCTh U
O00OCHOBAaHHOCTh  pEIIEHWH  3aBUCAT OT  OpTraHHW3alMi  MPOILIECCOB  HHTEPIpPETalnH,
CTPYKTYpUPOBAaHUS ¥ TpeoOpa3oBaHUsl 3HAHWA. B A3THUX YCIOBHSX KIIOYEBYIO POJb HIPAIOT
ITOPUTMBI TOPOXKIEHUS (pakTana 3HaHHM, oOecreynBaroye (OPMUPOBAHHUE CEMAHTHUUYECKUX
CBSI3CH, OIEHKY 3HAYMMOCTH IMPU3HAKOB WM BBIJICIICHUE PEIIEBAHTHOW WH(OpPMANWU B 3aJaHHOM
KOHTEKCTE.

B pabore mpemmaraeTcs ceMaHTHYECKOE TMpEACTaBICHHE QpakTajga 3HAHUA. 3HaAHUE
dbopMupyeTcss MO IeMoYKe: CBEACHHS — JaHHble — HHpopMmamus — ¢pakTal 3HAHUH.
dopmanuzanus JaHHOW [EMOYKH mpuBeaeHa B paborax (Rustamov, 1999; Mukhamedieva et al.,
2025; Chichkin, 1990; Rustamov et al., 2024). Ilpaktuyeckas peaju3aius CEMAHTUYCCKOTO
npejcTaBieHus 3HaHWil paccmoTrpena B (Muhamediyeva & Rustamov, 2022; Rustamov &
Rustamov, 2022).
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CTepyxHeBasi CYIIHOCTH - I:] C,
XapakTepusyromas CyInHOCTE - C,
Oo6o3Hagaromasi CyImHOCTb - E Cs
AccomuaTuBHAsI CyIIHOCTH - C> Al
ATpHUOYTHI - © @ a;

Pucynoxk 1. AndaBut 1151 ceMaHTHYECKOTO MPeICTaBICHUS (paKTaia 3HaHUM.

Ha ocnoge 310it cemantuku (Pucynok 1) Gymem mpeacTaBiasTh CEMaHTHKY (paKTaia 3HaHHH
CIIETYIOIIUM 00pa3oM.

@pakran 3HaHMUS NPEIACTABIAET COOOW CTPYKTYpYy, B KOTOpoil HHGpOpMAIUs U 3HAHHUS
OpPTraHU30BaHbl MEPAPXMUYECKH, MPUYEM KaXAbIi YpOBEHb MOBTOpsiET OOIIME CBOWCTBA ILEJOTO,
o0ecrnieurBasi MaclITabUPYyeMOCTh U TMOKOCTb CUCTEMBI. DTO MO3BOJIET CUCTEME aqalTHPOBATHCS
K MU3MEHSIONIMMCS YCIOBUSAM H 3((PEKTUBHO YIPABIATH CI0KHON HH(POpMAITHEH.

CeMaHTHYECKHI BCE 3TO BHINIAACTH Kak (PucyHoxk 2):

(I)p‘:l]\‘T a1 3 HaAHHA
3

Mugopmamna

| Je—
JdanHb1e

VAR
_O pan Caeenue
= o

Pucynoxk 2. CemaHTuka (hpakTaina 3HaHHUS.

CemaHTHKa CBEJICHUS BKIIIOUYAET YETHIPE KIHOUYEBBIX 2JIEMEHTA!
- OIIOPHOE MHOXECTBO 00BEKTOB X,
- CEeMaHTHYECKUI yKa3aTesb X, YKa3bIBAIOIIHMIA Ha OUH U3 3JeMeHTOB X (TO ecTh X € X ),

- moxMHOXKecTBO O 00bekToB X , 0 X |
- a TaKXe KOHTEKCT p, KOTOPBIA 3a7a€T YPOBEHb JOCTOBEPHOCTH BBIIIOJIHEHHUS OCHOBHOTO

YCIIOBHS.
Ha ocnoBe sToro mo6oe cBeneHue 00 00beKTe MOKHO OPOPMUTH B BHUJIE TPONKHU (TpHajbl)

(p)o(x).
ONPEJAEJEHUA
Omnpenenenne 1
0,6, (X), P,J,(X), P30,(X) HazpiBaroTCS AaHHBIMH 00 OOBEKTE M O00O3HAYAFOTCS CIEIYIOLINM

obpa3zom:
{(P)6,(%); (P2)6,(X);-.} - 1)

[TonsiTHe «I1aHHBIE 00 OOBEKTE» UrpaeT BAXKHYIO POJIb MPH MPOSKTUPOBAHUU 0a3bl 3HAHUI
(B3). B psane ciayuaeB Oyaem HCTHOIB30BaTh COKPAMIEHHYIO (DOPMY 3amncu:

()35 (P,) 83 31(X). @)
Ecmm p,=p,=....,T0
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(p) {6,; 6,53 (X) = (P)A(X), 3
3necn

8
A={5,6,;..}=165,}. (4)

®opmyna (3) onuckIBaeT NPOIEYPY HHTEPIIPETALMU CBEICHUI B 33JaHHOM KOHTEKCTE P.

Omnpenesienue 2

[Tonstue «uHpopmaiusi 00 OO0BEKTE» X e X MOXKHO paccMaTpuUBaTh KaK COBOKYIHOCTh
ceeennii 0(X) 00 00BbEKTE, BKIKOYAIONIYI0 HE TOIBKO CAMH HCXOIHBIE CBEIECHHS, HO U BCE MX

JIOTHYECKH BBITEKAIOIIUE CIEACTBHA. MHBIMM ciioBamu, eciu cBefieHne O(X) OTHOCUTCS K 3TOMY

MHOXECTBY, TO Jt000e cBefierne O(X), KOTOpoe JOrMYecKH BBIBOIUTCS U3 Hero O <0 < X, Takike
JOJDKHO BXOJUTH B 0,(X), O; = O, MJ, TaKkKe MPUHAICKHUT ceMeicTBY. TOIBKO MPH BBITOTHEHUH
storo ycioBus A(X) JaHHBIE MOTYT pacCMaTpuBaThCs Kak IOJHOLEHHAs «uHbopManus 00

o0bekTe». Ha mpakTrke ofuH U3 yaI00HBIX METOAO0B HWHTEPIPETAILIMHA TAKOTO MHOXECTBA CBEICHUI
— HMCITIOJIb30BaHKE TaOIMYHON (OPMBI IIPEICTABICHUS.

JlaHHBIE MOTYT MpPEBPAIIaThCss B HMHMOPMALMIO Pa3IMYHBIMA METOJAMH. PaccMOTpuM
ocHoBHbie u3 HEX (Chichkin, 1990, c. 168): KOHTeKCTyanu3aIKs: U3BECTHO, C KAKOH IeJIbI0 ObLIN
coOpaHbl JIaHHBIE; KAaTErOpU3alMs: ONPEIC/ICHbl CIUHMIBI aHAIN3a WM KIIOUYEBBIC 3JIEMEHTHI
JAHHBIX; BBIYMCIMMOCTD. JaHHBIC MMOAJAIOTCS MAaTeMaTHYCCKOW WIIM CTAaTHCTHYECKOW 00paboTKe;
KOPPEKTUPOBKA: BHECEHBI MCIPABJICHHs IS YCTPAHCHHs OIMIMOOK B JAaHHBIX; CHKATHE: JAHHBIE
MOXHO 00O0OITUTH U IIPEJICTaBUTh B 00JIee KOMIIAKTHOU (hopme.

Hemycroe MHOXECTBO »ieMeHTapHOH uHpopmaumu |7(X,) o Touke X, IpUHHMaeTcs 3a
DJIEMEHTAPHOE 3HAaHWE O TOYKE X, BHYTPH 3aJaHHOH HH(OpManMOHHOH emuHunbl (UE;) H
obo3Hauaercst kak D" 1*(X,), eciti BBITONHSIIOTCS HUKECIICAYIOIINE YCIIOBHSL:

N3 MHOXecTBa sneMenTapHoi uHdopmanuu |*(X,) ciaemayer, 94To OHO MPECTaBIsSET COOO

HEIyCTOe MOAMHOKECTBO, TO ecTh | *(X,) # @ ; mpu aTom @ (1*(X,)) MOXKET paccMaTpUBATHCS KaKk

3HAHHE TI00aTbHOTO XapaKTepa.
N3 1%(x,) € @“(1*(x,)) BbITeKaet, uto 060e Gonce obIee CBeAcHUE WM HH(MOPMAIHS

1*(X,) , Brirovaromee ceeaenus u3 1*(X,) o 17(x,), taxxe mpunamiexutr @ (1*(x,)), To ecth
nist mo6oro HaqMHOKecTBa |*(X,) D 1*(X,) Bomonnsiercs 17(x,) € @ (17(x,)).

Haxonen, u3 1(x,),1,(X,) € 1"(X,) e @“(1*(%,)) cmemyer, 4ro KOMOMHAUWS CBEACHHUMI
(%), 15 (%) € 1°(%,) € @ (1*(X,)) MOCPEACTBOM JIOTHYECKOW OMeparuu «u» (KOHBIOHKIINH)
ocTaéTcs BHYTPUM MHOXecTBa Ue; D P . B ostom cmyuae muomectBO 17(X) A 15(X)) = A% (X,)
MOKHO paccMaTpiBaTh Kak HocuTenb 3Hanust @™ (17(X,)) .

Hpouecc YCTAHOBJICHUSA CBOICTB BHCMCHTapHOﬁ I/IH(I)OpMaI_II/II/I, TO €CTb HOCHUTCIIA 3HAHHA

A"™(X,) BHYTpH 3aJaHHON HMHGOPMAIMOHHOW EIMHHUIIEI UE ; » HasbIBAOT TPOIEIYPOi
VHTEPIPETAMY B JAHHOW €IMHUIE U 0003HAYar0T Kak Ue; . Ilo cyTu, Ue; OnpesessieT KOHTEKCT, B
KOTOPOM ITPOUCXOIUT HHTEPIPETAIHS dIeMeHTapHo uHpopmarmu | *(X,) .

UtoOb1 ceMaHTHKa (pakTayia 3HaHUSA ObUIAa WHTEIUIEKTYadbHOM, (DpakTay 3HAHUSA JIOJDKECH
yIpaBIATh CBEICHUSMHU, Ha CeMaHTHKe (puc.3) IOHKHBI OpraHW30BaTh OOpaTHYIO CBs3b. B
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CUCTCMHOM QaHAJIM3€ 3TO HA3BIBACTCA «HUCXOIAIIUM YIPABICHUCM)). HYHKTI/IpBI CBCpXY BHHU3
IMMOKAa3bIBAKOT, YTO 3HAHUC — 3TO HC MMPOCTO CKJIAd, a «AUPCKTOP», KOTOpLIfI JIaeT KkoMaHapl. Bxona B
OBaJibl, 9TO CaMO€ BaXXHOC. 3HaHNEe MCHSCT HaCTpOﬁKH Halux (((bPIJII)TpOB» U «AaTYHUKOB».

®pakTan 3HAHVS e
Ry S
" YIPABIEIAE W UERENONATANME —-
-~ : OPAKTAI 3HAHUA |og
B WHOOPMALIUA |  (Knowledge Fractal) N\,
i MNapameTpel Ans .

A _! e v LanHbIx

| l
\, —O —O SREEG
~ MHCTpYKTaX _O 7

N\
‘s~ , Ana Ceegequi
-~

Pucynok 3. Cemantuka (ppakrana 3HaHHE ¢ 0OPaTHON CBS3BIO.

@®pakrai 3HaHUS — CBEACHMSI (LieenoIaranue) — 3TO 03HAa4YaeT, KOrja y Hac €CTh 3HaHUE, Mbl
repecTaeM CMOTPETh Ha Bc€ noapsaa. Mbl uilleM KOoHKpeTHbIe cBeseHus. Hanpumep, Bpau (o0nanas
3HaHUEM) HE€ IMPOCTO CMOTPUT Ha MALMEHTa, a UIIEeT KOHKPETHble CHMOTOMBL. 3HaHHE
«HaCTpauBaeT» OBaJl HIXKHETO YPOBHS Ha HYKHYIO YacTOTY.

Crpenka or (pakTaga K caMOMy HUXKHEMY OBaily, 3TO OyJIeT 3HauuTh: «S 3HaI0, Ha 4YTO
cMotpeTb». ®pakran 3HaHUS — AaHHbIE (METOJOJIOTHS) — 3TO O3HAa4yaeT, YTO 3HAHUE JUKTYET, B
KakoM ¢opmare HaM HYKHbI JaHHbIE. OHO co37aeT cTanapThl. Hanpumep, y4eHblil TOHUMAET, YTO
JUIS TIOATBEPKICHUS TUIIOTE3bI IaHHbIE JI0JKHBI ObITh B Tabuule onpeaeneHHoro tuna. Crpenka K
CpeIHEMY OBaJly O3HAUYAET: «s1 3HAI0, KaK 3TO U3MEPUTHY.

@pakran 3HaHUSA — UHGoOpMaUs (MHTEpHpeTanus) — 3TO 03HAYAeT, YTO 3HAHUE TOMOTaeT
MI'HOBEHHO OTCEMBATh JIMIIHIO MH(popMaruio (1rym). Hanpumep, onbITHBINA Tpeiaep Mo oJHOMY
JBUKEHHIO TpauKa MOHUMAET CYTh, B TO BpeMsI KaKk HOBUYOK TOHET B TOTOKE HOBOCTEH.

Crpenka K oBay YpoBHS «MH(pOpMAIMs» 03HAYAET: «s 3HAIO, YTO ATO 3HAUUTY.

Takum oOpa3zoM, uyTo ¢pakTaqr — 3TO CTPYKTypa, KOTopas moBTopsieT cebs. [loOasisis
00paTHYIO CBS3b, MBI CO3/Ia€M CAMOOPTaHU3YIOLIYIOCS CUCTEMY: HUKHHE YPOBHU MUTAIOT 3HAHUE, B
CBOIO OdYepelb 3HAHME HACTpauBaeT HIKHHE YpoBHU. CucTeMa CTAHOBHUTCS TOUHEE C KaXKIbIM
HUKIOM. B wWrore Hama cxema NpEeBPaTUTCS U3 <JIECTHULBD> B «UHTEIJIEKTYaJIbHBIM BUXPBHY.
CBenieHus OJTHUMAIOTCS BBEPX, OUMILAIOTCS, CTAHOBSITCS 3HAHUEM, a 3HAHHUE TYT K€ «IIPOIINBACT»
CHCTEMY yIIpaBJIEHUs] BHU3, YTOOBI B CIIEIYIOLIUI pa3 coOuparh cBefeHus emle 3 dexkTruBHee.

CeMaHTHKa (paKTaJbHOTO 3HAaHUS [OKAa3bIBAET, 4YTO MPEAJIOKEHHas MOJENb, 3TO
CaMOOpPraHU3yIOIIAsCsl ~ BEpPTUKallb, IJI€ CBhIpble  CBEAEHUA  IPOXONAT  4epe3  KackKaj
MHTEJJIEKTYaJIbHBIX (QMIBTPOB (OBajJOB), MpeoOpa3ysch B CHUCTEMHOE 3HAHHME, KOTOPOE, B CBOIO
ouepe/lb, PEKYPCUBHO NEPEHACTPAUBAET AJITOPUTMBI BOCIIPUATHS HAa BCEX HMIKENIEKAIINX YPOBHSX.
Hampumep: mpeacrass yuenoro: CHauana OH BHAWT Kydy pa3po3HeHHBIX mudp (cBeaeHus). OH
3aMuChIBaeT MX B Tabmuny (maHHeie). OH BUAMT B TaOIHIle 3aKOHOMEPHOCTh — Ipaduk pacTer
(nadopmarms). OH GopmynupyeT 3akoH mpupoasl (PppakTan 3HaHUS). A oOpaTHasi CBSI3b: TEMEPb,
3Has 3TOT 3aKOH, OH YK€ HE CMOTPHUT Ha Bce IUPpbl Mupa. OH CTaBUT KOHKPETHBII IKCIIEPUMEHT,
9TOOBI OJITBEPAUTH JAeTalu. ETo 3HaHHE yrpaBiseT ero JeiHCTBUEM.

Ha 6a3e 3tux cooOpaxeHHUl Tenepb Mbl MOXKEM PAaCKPBITh CYIIHOCTh al(paBUTa CEMAHTUKU
(Pucynok 1).

VYpoBeHns 1 (ATpuOyTHI - @i ): cOOp IEPBHUYHBIX CBOWCTB PEaTbHOCTU. JTO «OBAJbI», KOTOPHIE
ellle He UMEIOT CTEPKHSI, HO HECYT B ce0e MOTEHIMall CMbICJIa.
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VYposeup 2 (O6o3nauaromue cymuoctd - Cg): I'pynmupoBka atprOyTOB B IEPBUYHBIC
norudeckue 010ku. MBI IIpeBpaliaeM mym B CTPYKTYPY JaHHBIX.

VYposeubp 3 (Xapakrepusyromue cymHocTH - Cp): HamomHeHHe CTPYKTYPBI KOHTEKCTOM.
31ech JaHHbBIE PEBpaIIaOTCs B UH(POpMaIHo, 00peTasi Ka4ueCTBEHHBIC XapaKTEPUCTUKH.

VYposensb 4 (CrepskneBast cymHOCcTh - C1): @opMupoBaHHe 3HAHUSA. DTO HE3ABHCHMBIH y3€Il
CUCTEMBI, KOTOPBIA 00JIaJaeT CBOMCTBOM (DPaKTaTbHOCTH — CIOCOOHOCTBIO YIOPSIOYUBATH
0ECKOHEYHOE KOJIMYECTBO MOAUYNHEHHBIX CYIIHOCTEH U aTpHOyTOB M0 €AUHOMY aJIFOPUTMY.

VYpoBeHb 5 (accounaTHBHAS CYITHOCTH - A1): BBINOTHIET pOiIb HHTEIUIEKTYalIbHOTO (DUIBTPA,
KOTOpBIN OTOMpaeT BakHBbIE CBeleHUs u3 BxomHoro motoka {(p,)d,(X);(p,)o,(X);...} , youpaer

IIyM ¥ HEPEJICBAaHTHBIC TAHHBIC, CBSA3BIBACT CBEICHHS C MPEIBIAYIIMMH JTAHHBIMA W 3HAHHSIMH,
MPOITYCKAET TOJIBKO 3HAUYMMYIO CBEACHHS U NajbHEHeld Tpanchopmanuy B JaHHBIE HA OCHOBE
dbopmysel (Rustamov, 1999).

3nech (pakTaIbHBIM TPUHIUIIOM TOHUMAETCS, YTO CTEP)KHEBAs CYIIHOCTh SIBIISCTCS
mrabiioHoM camonooousi. OHa crocoOHa PEKypCUBHO YIPABISATH MPOIEcCOM cOopa aTpuOyTOB U
(GbOopMHUPOBaHHS XapaKTEPUCTUK, OOecleYnBas «yMHYIO» OOpaTHYI CBs3b. 3HAHUE 3]1Ch
BBICTYIIA€T KaK aKTUBHBIA (WIBTP, KOTOPBIA TIEpEHACTPAMBACT BOCHPUATHE CHCTEMBI B
3aBHCHMOCTH OT HAKOIUICHHOTO OTIBITA.

[To cBoeil CyThIO MpeUIOKEHHAs] CEMaHTUKa (pakTaja 3HAHWH SIBJISCTCS BU3yaaH3allen
OHTOJIOTHYECKOTO WHKHHUPHUHTA. ITO TO, HA YEM CTPOSTCS COBpeMeHHbIe cuctembl UM U cliokHbBIE
AKCHEPTHBIC CUCTEMBI.

®pakran 3HAHUA o A
" — — e— — <
.~ CTEPXHEBAS CYLHOCTb -
T o ol YNPABMEHME CYLUIHOCTH -
A = > > OPAKTAI (FRACTALI X
| ®pakran 3HAHUS WHOOPMALIUA '\
. XAPAKTEPR3YIOWAS NAPAMETPBI '\

/ MHOOPMALUOHHAA ANA DAHHBIX  *

] CYUIHOCTb: \
!/ WHDOPMAUMANK y
|' Go3HAuAIOWAR |
' MH®OPMALIMOHHAS)
\. @ [AHHBIE CYWHOCTS: i

\: CBEAEHWA /

. ATPUBYT — ATPHEYT, i A 4
N ANA CBEAEHWA

e
- ATPMBEYT
- —
™ — — — - ’,"
s Gomner) et

PucyHnok 4. ®pakraipHo kKubepHeTHueckas Mojeib 3HaHus (DKM3).

B oroii cxeme (PucyHOK 4) KaxIblii YpOBeHb — 3TO «MAaTpEIIKa», T BEPXHHUI CIIOW
yIpaBisieT HWXHUM, M HaoOOpoT. 3aech oOpaTHast CBsA3b, NPEICTABICHHAas B CXEMe, HUrpaer
KJIFOUEBYIO POJIb B aJjalTallui U 0Oy4YeHUHU CUCTEMBI. Y IpaBJICHHE U IIeJIenoIaraHie 00ecreynBaoT
HaIpaBJIEHHOCTh AaJIfOPUTMa M KOPPEKTUPOBKY JIEHCTBUH Ha OCHOBE aHalM3a IMOJy4yaeMou
uHbopMaluu U JTaHHBIX. [lepBoHAYaIbHO CBEACHHS COOMPAIOTCS U (PUIBTPYIOTCS, TpeoOpa3yroTcs
B CTpPYKTypupoBaHHble AaHHble. Ha 0a3ze maHHbIX co3maércst MHPOpMAaIMs, KOTOpas 3aTeM
Tpanchopmupyercss B (pakran 3HaHusA. OOpaTHas CBs3b IO3BOJIAET KOPPEKTHPOBATh COOP
CBeJleHUH W 00pabOTKy MaHHBIX [JISi ONTHMH3AlMA PaOOTHI CHUCTEMBI. TakuM 00pa3oM MEXIy
CBEICHUSMHM M JIAaHHBIMH MPOMCXOAMT MEepBUYHAs (PUIbTpALMsi M CTPyKTypHpoBaHue. JlaHHBIE
nepealTcs Ha ypoBeHb (popmupoBaHHUS HH(DOpPMALMU, TAE MPOUCXOTUT KOHTEKCTyalau3alus U
cMbIciioBast 00paboTka. MHdopmarus arperupyetcs U pacumpsieTcst B ppakrane 3HaHHUs, KOTOPBIN
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YOpaBIseT MPOIEeccoM o0paboTKM W MpUHATHA pemieHuii. OOpaTHas CBS3b C YPOBHEM CBEICHUU
MO3BOJISIET KOPPEKTUPOBATH COOP M KaUeCTBO MCXOJHBIX JAHHBIX, YTO MOBBIMIAET aJaITUBHOCTD U
TOYHOCTB Pa0OTHI AITOPUTMA.

MaremaTrnueckoe onucanue padborst PKM3:

1. O6o3nauenus: S(t) = p({6(x)}i) B MomeHT Bpemenwu t, rme Kaxmblid 6 (X)1 — OTAEIBHBIN
(dhakT wim HeoOpaOOTaHHBIN JIEMEHT JTAHHBIX;

2. D(t) — muoxectBo naHHbIX (P) {J;;5,;...} (X) =(P)A(X) , mocne mepBuyHON 00pPabOTKU

cTpykrypupoBanus & (x):

D(t) = fomp(S(1)), (5)

1€ fempy - Oneparop GUIBTPaLK, CTPYKTYPUPOBAHHS Y OUHCTKH;
X o
3. L(t) — wmHoxectBo uHpopmarum | (X)) j , momysaemoit m3 D(t) ¢ momomibio
CEMaHTHUYECKOH 00pabOTKHU:

4. K(t) — ¢ppakran 3aanus @ (1°(X,)) , nepapxudeckas CTpyKTypa 3HaHUH popMHUpyeMas Ha

ocHoBe L(t):
K(t) = fazpecaun (P (1°(%,))), (7

rae fucpecayus — OTIEPATOP HMHTETpallMd HOBOM HH(OpMAIMK C YK€ CYIIECTBYIOIIUMH
3HaHUSMH 00ECIICUNBAIOIIasl CAMOOOYUYCHHS M paCIIUpEHUs ppaKTana 3HaHWIA;

5. u(t) — ynpasasromuii curaai, GopMUpyeMbIii Ha OCHOBE (paKTaia 3HaHUS JIJIS YIPABICHUS
MpoIeccoM cOopa CBEICHUI U 00pabOTKU JaHHBIX (MEXaHU3M OOPAaTHOM CBSI3M):

U(t) = fynpameyue(K (t)) (8)

Taxum oOpa3om o6muit Mk paboTel @KM3 MOKHO ONMCATh CUCTEMOMN YpaBHEHUI

( D(®) = ferpy(S@®),ult — 1)
L) = fumep(D(@D)
K(®) = farperaunn (@7 (1°(6)) ), K (£ = 1)
ut) = finpasrenne (K(@©)),

)

rae ympasistiommid curnan U(t) Biaumser Ha cOop cBeaeHHM W UX 00pabOTKy, oOecreunBas
aJIallITUBHOCTBH U LIE€JIEHANPABICHHOCTh AJITOPUTMA.

Beruucnurensnas  peammzammss GKM3  npeamonaraer  MOAYJIBHYKO — apXHUTEKTYpY,
BKJIIOYAIOIIYIO TOJICUCTEMBbI cOopa cBeaeHui, (OpMUPOBaHHMS JaHHBIX, CEMaHTHYECKOU
MHTEpIpeTaluu HH(pOpManuM, MOCTPOECHUs (pakTajga 3HAHUNM M KOHTYp oOpaTHOW cBsizu. B
TeKylIeld peanu3alMyd pa3padOTaH MPOTOTHII TPOTPAMMHOIO KOMIUIEKca Ha si3bike Python,
peayn3yIoUii OCHOBHBIE OIEpPaTOpbl CTPYKTYPUPOBAHUS, arperaluud U yNpaBieHHUs 3HAHHUSIMH.
ApPXUTEKTYpa MOJIENIN IOMYCKAET HHTETpalnio ¢ 0a3aMU JaHHBIX U UHTEJUIEKTYaIbHBIMH areHTaMH.

IIpumep

IIpencraBere, uto y Bac ecth cucreMa @KM3, koTopas moMoraer NpUHUMAaTh PELICHUE —
KOT'/Ia OJIMBAaTh KOMHATHBIE PACTEHHUS.

1.CBeneHus (oBaJibl Ha CXEME): JaHHBIE C JATYMKOB BJIAXXHOCTU IIOYBBI; TEMIIEpaTypa B
KOMHAaTe; BpeMs CYTOK; 3TH CBEIECHUS — ChIpble, HEOOpaOoTaHHBIE (DAKTHI.

62



Yassawi Journal of Engineering Science, No2 (2), 2026

2. Jlanuble: cucreMa QWIBTPYET U CTPYKTYPHPYET CBEAEHHUA: MpeolOpa3yeT MOoKa3aHUs
JaTYMKOB B UHMCIA; YOMpaeT «IIyMbl» (HampuMep, €CIU JaT4yduK Jajd CTpaHHOe 3HAa4YeHHE);
COPTUPYET JaHHbIE IO BpEMEHHU.

3.Mudopmanus: Ha OCHOBE JAHHBIX CHCTEMa BBIYHMCISCT: HACKOJBKO MOYBA cyxas (HU3Kas
BJIQ)KHOCTh); HACKOJIbKO BBICOKAsi TEMIIEpaTypa; BpeMsl MOAXOAIIEe Il MOJIMBa (HapuMep, yTpo
WJIU BEYEp JIyUllle).

4.DpakTan 3HAHUA: CHUCTeMa XpPaHUT U OOHOBISET MpaBWIa M 3HAHUA, Hanpumep: «hcau
BIaKHOCTh HUXKe 30% U BpeMsi — yTpO, TO TOJHTH.»; «eCIH TeMIieparypa Boime 25°C, yBenu4uTh
MIOJIUB.»; «ECIU TMOJHUB OBbLJI HEJAaBHO — MOJOXKIATh». OTH 3HAHUS CBS3aHBI MEXAY COOOH H
OOHOBJISIIOTCSI ¢ KQXKIBIM HOBBIM OTIBITOM.

5. O6partHas cBs3b (yrnpaBieHHUE): CUCTEMa OLEHUBAET Pe3yJbTaT (pacTeHUE BBITISAICIO JIH
JydIe TOCie IMOJMBA) U KOPPEKTUPYET: KOrjna coOMpaTh JaHHBIE (MOXKET Yalle BeuepoM); Kak
MHTEPIPETUPOBATH BIAXKHOCTD (YUUTHIBATH THI PACTCHMS); KAK U3MEHATH IIPaBUJIa TOJIUBA.

Taxkum o6pazom, ®PKM3 MOCTOSHHO MOJIy4aeT HOBBIE CBEICHHUS, MPEBPAIIACT UX B JJAHHEIE,
3aTeM B MH(MOpMaIMIo; Ha OCHOBE MH(pOopManuKu oOHOBIsIeTCs €€ (ppakTan 3HaHUs — 0a3za MpaBUI U
OTIBITA; CHCTEMA MPUHUMAET PEIICHHS U Yepe3 OOpaTHYIO CBSI3b YIYUIIAET CBOM aJrOPUTM.

Tak, mar 3a marom, ®KM3 yunTcs npaBUIBHO YXa)KUBATh 32 PACTCHUSIMH, aJIallTUPYACh K
M3MEHSIOMIMMCS YCIIOBHUSIM H MTOBBIIIAs TOYHOCTH PEIICHHIA.

AHanorusi: 3To Kak ecid Obl Bbl cOOpalid BCE 3alUCH C Pa3HbIX OJOKHOTOB M aKKypaTHO
PA3OKUIIH UX IO MAIKaM U KOJIOHKaM — TeTepb ¢ HUMU Tpo1ie padboTars.

PE3YJIBTATBI U OBCY/KJIEHHUE

B T1abn.1 mpeacraBieHO CpaBHUTEIBLHOE MCCICIOBAHUE TMPEIIOKCHHON (QpaKTanibHO-
kuOepHernueckoil mozaenu 3HaHuil (PKM3) ¢ psoM COBpEMEHHBIX CHCTEM HCKYCCTBEHHOI'O
uHteiekta, Bkiarodas ChatGPT, AlphaGo, IBM Watson, a Takke KIaCCHYECKHUE METOIbI
mamuHHOTO 00y4yenus (SVM, Random Forest).

Tab6anna 1. CpaBHeHue npeasioskeHHoN Mojenu cymectpyromumu NUH.

Knacenueckne
ChatGPT AlphaGo IBM Watson ML-woxen
Kpurepuii DOKM3 (OpenAl, NLP- | (DeepMind, (3xcnepTHast
MO/eJ1b) urposoii UN) cucTEeMa) (SVM, Random
P Forest)
AccormatuBHel | OrpaHnueHa O6pabaTsIiBacT
€ CYIHOCTH C | 00yJaromum Bxopure CTPYKTYPHUPOBaHH Cratucrueckas
PuabTpanus ym yHarot COCTOSIHUSI ~ MTPBI PYKTYPHD ¢$unbTpanms
IJI00aJbHBIMU M | KOPIIyCOM,  HET bl€ JJaHHBIE, MaJIo
JAHHBIX . GUIBTpYIOTCA qepes
JIOKJIbHBIMH KOHTEKCTHOH HHTEJJIEKTYaIbHO
. CTpaTeru4ecKu . peno0paboTKy
CBOHCTBaMH ¢$ubTpanun i puapTpanmn
[Monnas NLP-tokensr —
Tpancdopman JlanHble —
. | dopManm3oBaH | BEKTOpHBIC [Jannble -
sl CBeJeHMii CocTosstHMSL WTPBI | CTATHCTHYECKAsS
Hast MPEe/ICTaBIICHUS, TIPU3HAKH —
— JaHHBIE — — cTparerusi — | OICHKA —
TpaHcdopmanus | 3HaHUS KIIacCUpUKAIHS
uHpopmanus . OILIEHKA BBIUTPHIIIA | HKCIIEPTHHIC
C  JIOKa3aHHOW | YaCTHYHO HE /perpeccust
— 3HaHHUe peeHus
KOPPEKTHOCTHIO | (hopMann30BaHbI
®pakraasHaa | Jla, coxpaHser Yactuuno (oHTO-
CTPYKTYypa HEPapPXUI0 u | Her Her CTpyKTyphl), Ho | Her
3HaHM camoroioome He QpakTaypHas
VYupasneane u | OOyueHue Ha
AanTUBHOCTh OrpannyeHHas Anantanust yepes
KOPPEKTHPOBKa | HOBBIX JaHHBIX | AJIAalITUBHOCTH
u  obOparHas a/IaliTUBHOCTH oOHOBIICHNE
yepe3 ¢pakran | Tpedyer yepes MCTS u RL
CBSI3b . yepes npaBuiIa MOJIEIH
3HAHUH JI000y4eHUst
CeHcopHble
p Yamme
[IpuMeHnMoOCT | IOTOKH, TEKCT, CIPVKIVDHDOBAHE | CTOVKTYPHDOBAHH
b K | M300paxxeHus, IIpeumymectBen | Urpossie TPYKTYpHIP PyKTypHp
ble JIaHHbIE, | bIe JIaHHBIE,
Pa3HOPOAHBIM | JaHHBIE HO TEKCT COCTOSIHUS
TEKCTBI OTpaHWYeHHast
AAHHBIM peanbHOro
YHHUBEPCAILHOCTD
BpeMeHHU
CaoxkHOCTH Bricokas: Cpennss Bricokas, Cpennss/Beicokasi | CpenHsis/HU3Kas
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peaau3zanuu HacTpoWka creluaIi3upoBaH
¢uIBTPOB u Hast
¢dpakrana
3HaHUil

Kak cnengyer u3 tabmuusl 2, ®KM3 gemoncTpupyeT Hambosee BBHICOKHE IOKa3aTeld I10
KPUTEPHUSIM HHTEPIPETUPYEMOCTH, CEMAaHTHUECKOW MPO3PAYHOCTH, MACIITAOUPYEMOCTH 3HAHUN U
MOJICPKKE MEXAHU3MOB OOPaTHOM CBS3H. OJTO OOYCJOBJICHO MCIOJb30BaHUEM (PpaKTaTbHOU
OpraHu3aly 3HAHUH U aCCOLMATHBHBIX CYIIHOCTEH, 00ECIIeUYMBAIOIINX PEKYPCUBHOE yIIpaBIICHUE
npoueccamu GOpMUPOBaHUS 3HAHUH.

[IpoBenénHplii aHaMM3 MO3BOJIAET BBIACIUTH PAJ NPUHIUNHAIBHBIX oTivuud PKM3 ot
CYUIECTBYIOIIUX MMOXOI0B.

Tabauna 2. DxcriepTHas KOJTUYECTBEHHAs OLIEHKA apXUTEKTYPHBIX XapaKTePUCTUK MOjeNeit
414!

Kpurepuii ®KM3 | ChatGPT | IBM Watson AlphaGo
M HTEepnpeTupyeMOCTh pEeIIEHUI
CeMaHTH4€ECKasi MPO3pPavyHOCTh
AJ1alITUBHOCTD

YHUBEPCATLHOCTh NPUMEHEHUS

PaboTa ¢ pa3HOPOJAHBIMH JAHHBIMU
[Tonnep>xka 0OpaTHOM CBA3U
MacimTabupyeMocTb 3HaHU I

ogrjojonfob~|jo1|O1
AlLWWiAIBIDNIDN
WDWWhrwWWwW| >
NP0

C Touku 3peHust TpaHchopmauuu naHHbX, DKM3 obecneunBaeT mojHyo GopMalu3anuo
LETOYKH «CBEIEHUS — JaHHbIe — WHPOpMaLus — 3HaAHHE». B CyImecTBYIOMMX cUCTEMax JaHHBINA
nporecc 100 YacTUYHO (POpMaIn30BaH (Kak B HEHPOCETEBBIX MOJIEIISAX, I/1€ 3HAHUS ITPEJICTABICHBI
B BHJIE pacIpele]€HHBIX BEKTOPOB), JHMOO HOCHUT HPUKIAJHOW Xapakrep (Kak B SKCIIEPTHBIX
cucremax). ®KM3, HampoTuB, 3a1aéT CTPOrYI0 CEMaHTHUECKYI0 M MaTeMaTHYECKyI0 OCHOBY
epexo10B Mex 1y ypoBHsiMu (PucyHOK 5).

OUNLTPAUWA LaHHbIX
TpaHChopMaUna 3HaHWA
®pakTanbHad CTPYKTYpa 3HaHWM
ANanTUBHOCTL U obpaTHaA CBA3b
MNoafepKa pasHOPOOHbLIX AaHHbIX
CNoMHOCTb peannsaumu

OueHka

OKM3 ChatGPT AlphaGo IBM Watson Classical ML
Mogenu M

Pucynok 5. CpaBHeHHE MOJIeIeil ICKYCCTBEHHOT'O NHTEIIJICKTA.
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Ocoboe 3HayeHHME HWMEET HaIWuue (PaKTATHPHOW CTPYKTYphl 3HaHWA. B oTiauume ot
paccmaTtpuBaembix Monened, ®KM3 peanusyeT NpUHIMII CaMOMOAOOHMS W HepapXHYecKon
pEeKypcuu, 4TO 0OecreyuBaeT MaclITabupyeMOCTh U YCTOMYUBOCTh CTPYKTYphI 3HAHHM MPH pocTe
00bpéMOB HH(popManu. Hu ogHa M3 cpaBHHMBaeMbIX CHCTEM HE MCIONB3YET JAaHHBIA NMPHHLHUI B
SIBHOM BUJIE.

BaxXHBIM NpEenMyIIECTBOM SBIIAETCS MEXaHM3M 0OpaTHOW cBs3u. Eciam B TpaaMIIMOHHBIX
MOJIETISIX aJanTalus JIOCTHraeTcsl yepe3 J000ydueHue wid oOHOBIeHHE napamerpo, To B DKM3
peann30BaHO JIWHAMHUYECKOE YIpaBJIEHUE INpolueccaMu o0paboTku MH(OpMAIMM HAa OCHOBE YK€
c(OPMUPOBAHHOTO 3HAHUS. DTO IMO3BOJISIET CUCTEME HE MPOCTO O0y4yaThCsl, a LEJICHANPABICHHO
YIpaBIATh COOPOM U MHTEPIIPETALNEH TaHHBIX.

— O®KM3
ChatGPT
—— AlphaGo
—— IBM Watson
—— Classical ML

®paKTanbHas CTPYKIYPa 3HaHUN T hopMaLns 3HaHUN

ApanTUBHOCTbL W ofjp@THasa ¢83 PunbFpaung gaHHbIX

MNoanepxkKa pasHOPOOFrbIX AaHHbIX MHOCTb peanmsaunmn

Pucynok 6. CpaBHUTENIBbHBIN aHATIU3 BO3MOKHOCTEN Moaenei MU,

C Toukm 3penus yHuBepcanbHocTH, PKM3 nemoHCcTpHpyer Oojee MIMPOKUH CHEKTP
NPUMEHUMOCTH, BKIFOYas 0O0pabOTKY Pa3sHOPOJHBIX MOTOKOB JIaHHBIX (CEHCOPHBIX, TEKCTOBBIX,
BU3yalIbHBIX, BpPEMEHHbIX). B TO BpemMs Kak OOJBIIMHCTBO CYHIECTBYIOIIUX CHUCTEM
crieranu3upoBanbl (Hanpumep, AlphaGo — urpossie 3amaun, ChatGPT — TekcToBast 00paboTKa),
NpeAIoKeHHast MOJIENTb OPHEHTHPOBAaHA HA MHTETPALIMIO PA3IMYHBIX TUIIOB HH(POPMAIMH B €INHON
ceMaHTH4ecKoi cTpykType (PucyHok 6).

3AK/IIOYEHUE

@paxTanpHas OpraHu3allUs 3HAHUS, NOCTYIMpyeMas B JaHHOW paboTe, MMO3BOJIIET CUCTEME
COXpaHATh JIOTMUECKYI0 IIEJIOCTHOCTh TIPH JIFOOOM TiyOWHE JeTadu3alud, 4YTO SBISETCS
KPUTHYECKH BaXXHBIM JUI  OoOecliedeHusi aJanTHUBHOCTH B YCJOBHUSAX  COBPEMEHHOIO
«MH(OPMALIMOHHOTO IIyMa». B oTiMuue OT CTaTMYeCKUX Hepapxuil, ¢pakTaibHas CTPYKTypa
o0ecreyrBaeT MHTEIJICKTYalbHYI0 THOKOCTB: CHCT€Ma HE€ IEpecCTPauBaeTCsl MOJHOCTHIO IPH
MOCTYIUIEHUH HOBBIX CBEJCHHM, a YTOUYHSET NeTaJld BHYTPH YK€ CYIIECTBYIOIIMX BETBEH, 4TO
CIIOCOOCTBYET YCTOMUMBOMY Pa3BUTHIO U UHTEIIEKTYAJIbHOMY POCTY.

[Ipexxne Bcero, B acniekre puiabTpanuu naHHeIXx OKM3 neMoHCTpUpyeT KaueCTBEHHO MHOMN
ypoBeHb 00paboTku wuH(popManuu. B oriauume oT Mojened, OpUEHTHPOBAHHBIX JHOO Ha
CTaTUCTUYECKYIO MpenoOpaboTKy, MO0 Ha OrpaHHMYEHHBIE KOHTEKCTOM O0O0ydYarollero Kopiyca

65



Yassawi Journal of Engineering Science, No2 (2), 2026

Mexanu3mbl, ®KM3 ucnonb3yeT acconraTUBHBIE CYIITHOCTH, 00aaronue Kak rio0aabHbBIMU, TaK
U JIOKATbHBIMU CBOHCTBAMH. JTO TMO3BOJIICT PEATH30BaTh HWHTEIUICKTYalbHYIO (DUIBTPAIUIO,
YVYUTHIBAIOIIYI0 CEMaHTUYECKHE B3aUMOCBSI3U U KOHTEKCT.

[IpennoxxeHHass MHTEIUICKTyaldbHas MOJENb JIEMOHCTPUPYET CICAYIONINE MPEUMYIIECTBA:
CTPYKTYpUPOBaHHAs TpaHChoOpMaIUs 3HAHWA — CBEICHHUSA MPOXOMAT IOCIIEI0BATECIbHYIO
00paboTKy "epe3 QUIBTPBI U YPOBHU JAHHBIX, HHPOPMAIUHU U (PpakTana 3HAHWUN; aJalTUBHOCTh U
YCTOMYMBOCTh — YIPABJISAIONIMN YPOBEHb HCIOJIB3yeT ()pakTan 3HAHHUU JJIi OOpaTHOM CBS3U H
KOPPEKTHUPOBKH PadOThl CUCTEMBI; YHHUBEPCAIBHOCTh IPUMEHEHHUS — TIOAXOJ MOXKET OBITh
pealiu30BaH B MHTE/UICKTYAIBHBIX CHCTEMaX, SKCIIEPTHBIX CHCTEMax, POOOTOTEXHHKE W aHAJIN3e
OOJIBIIIMX JTaHHBIX.
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ON THE ISSUE OF MICROGRID CONTROL WITH WIND ENERGY SYSTEMS AND PV
USING AN LC FILTER

Abstract. This paper addresses the problem of improving power quality in a microgrid that
integrates renewable energy sources, specifically wind energy systems (WES) and photovoltaic
(PV) installations, through the application of an LC filter at the output of an inverter-based
distributed generation unit. The study examines the fundamental physical principles of LC filter
operation, including its frequency response characteristics and its role in mitigating high-frequency
harmonics generated by power electronic converters. Special attention is given to the influence of
the LC filter on the overall stability and dynamic performance of the microgrid under varying load
conditions.

An engineering design and calculation of LC filter parameters are carried out for a 220 V
microgrid with a rated power of 3 kW and a pulse-width modulation (PWM) frequency of 10 kHz.
The results demonstrate that appropriately designed filter parameters ensure attenuation of high-
frequency harmonics exceeding 50 dB, significantly reducing the total harmonic distortion (THD)
of the output voltage. Furthermore, the proposed approach contributes to improved voltage
waveform quality and enhanced reliability of the microgrid. The findings confirm the effectiveness
and practical applicability of LC filters in distributed generation systems based on renewable
energy sources.

Keywords: microgrid, LC filter, wind energy system, photovoltaic system, inverter,
harmonics, power quality, THD, distributed generation.
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JKEJI DJIEKTP CTAHIIUACHI )KOHE ®OTOSJIEKTPJIK )KYWEJIEPI (PV) BAP
MHUKPOXEJIIHI LC-CY3I'T APKBLJIBI BACKAPY MOCEJIECIHE

Anoamna. Makanaoa canapmeliamoln SHepeus KeO30epiH, aman aumkaHoa dcei
anepeemuxacwyl dwcyuenepin (KIXK) owcone gpomoanexmpnix xounowvipeviiapowvr (PV) oOipikmipemin
MUKpOdICcenioezi 21eKmp IHePeUACHIHbIY CANACbiH JHCAKCAPMY Maceneci UH8epmopibl MapamulieaH
2eHepamop KOHObIPEbICbIHbIY  wbleblicbinoa LC  cys2icin KOonoaHy apKwlibl Kapacmulpblidobl.
3epmmey CKJ[ cy3eiciniy sHcymbiCbiHbIY He2i32l (U3UKANbIK NPUHYUNIEDIH, COMbIY [UiHOe OHbIH
HCULNIK CUNAMMAMANAPBIH HCIHE KYUIMIK 2NeKMPOHObl MypaeHOIpeiuimep myoblpamvlH HOEapbl
HCULTIKMI 2apMoHUuKansl bacyoazvl penin xapacmuipaovl. CKJ] cyseiciniy apmypni scykmemenep
Ke3iH0e MUKPOXMCENIHIH HCAINbl MYPAKMbLIbIRL MEH OUHAMUKATLIK CURAMMAMANAPLIHA dcepine
epexuie Ha3ap ayoapviiaobl.
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Homunanoor kyamer 3 xBm oicone eni-umnyrvcmix mooynayus (PWM) ocuiniei 10 kly
oonamuin kepueyi 220 B muxpooicenice apuanzan LC-cyseiniy napamempiiepin MeXHUKAIbIK
Jrcobanay dcane ecenmey opviHOan0bl. Homuoicenep oypvic manoanean cysei napamempiepi 50 ob-
O0eH acamvlH JHCOAPLL HCULLIKMI 2APMOHUKAHBIY 2NCIPEYIH KAMMAMACyL3 ememinin kopcemeoi, Oy
Ivizvic KepHeyiniy JHcaanvl eapmonuxkanvlk oypmaranyvin (THD) aiimapavikmatl memenoemeoi.
Convimen Kamap, YCblHbII2AH MACII KepHEY CUCHANLIHBIY —CANACHIH  HCAKCAPMY2A  JHCIHE
MUKPOJICENIHIY CeHIMOinicin apmmubipyea Kemekmeceodi. Homuoicenep oicanapmoiiamvln 3Hepeus
Ke30epine Hecizoencen mapamvlizan 2enepayus xcyuenepinde CKJ[ cyseinepiniy muimoiniei men
NPAKMUKAILLK, KOJLOAHBLIYbIH PACMAUObL.

Tyiiinoi ce3oep: muxpooiceni, LC-cysei, acen snekmp cmanyuscol, omosiekmpiix Jucylie,
UHBEPMOp, 2APMOHUKANLAD, 2eKMp dHepauscuiHbly canacsl, THD, mapamuvinzan eenepayusi.
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K BOITPOCY YIIPABJIEHUSA MUKPOCETBIO C BETPOBBIMU
SHEPTETUYECKHUMHU YCTAHOBKAMMU U PV C UCITIOJIb30BAHUEM LC-
OUJIBTPA

Annomayun. B Oannoii cmamve paccmampusaemcs npooiema YiyyuleHus: Kavecmed
INEKMPOIHEPSUU 8 MUKPOCEMU, KOMOpas 00veOuHsiem 60300HO8IseMble UCMOYHUKU IHepeUll, 6
yacmuocmu eemposuepeemuyeckue cucmemvl (BOC) u pomosnekmpuueckue yemanosxu (PV), 3a
cuem npumenenus LC-¢unempa ma 6vixode uHeepmopHoUu pacnpedenenHoll 2eHepamopHoll
yemanosku. B uccrnedosanuu paccmampugaromces GynoamenmanvHvle Quauieckue NpUHYUnvl
pabomovl JKK-unvmpa, exnouas e2o uacmomHvle Xapakmepucmuku U e20 poib 6 NoO0asleHul
BbICOKOYUACTOMHBIX 2APMOHUK, 2€HEPUPYEMBbIX CUTOBLIMU INEKMPOHHbIMU NPeodpazo8amesimu.
Ocoboe snumanue yoensemcs enuanuto XKK-¢unompa na obwyro cmabunoHocms u OuHamudeckue
XapakmepucmuKku MUKpocemu npu paziuiHvlx Hacpy3Kax.

Buvinonneno mexnuueckoe npoexmuposanue u pacuem napamempos LC-purbmpa ons
mukpocemu Hanpsicenuem 220 B ¢ HomuHanvHou mowHocmoio 3 kKBm u wacmomou wiupommo-
umnynscrhot  mooyuayuu (LLIUM) 10 «xly. Pezyremamvl nokaszvieaiom, 4mo NpAsUIbHO
nooobpanHvle napamempsl Guibmpa odecnevusaom ociadieHue 8blCOKOUACMOMHBIX 2APMOHUK,
npesviuarowux 50 0B, umo 3nauumenvno cnudicaem obwee eapmonuyeckoe uckadxicenue (THD)
8bIX00H020 Hanpsicenus. Kpome moeo, npednazaemviii no0xo0 cnocoocmeyem YiydueHuo
Kauecmeda CUCHANA HANPAJdCeHUst U NOGbIUEHUI0 HadedcHocmu mukpocemu. Ilonyuennvie
pe3yibmamsl NOOMEepHcOaom 3pGHexmusHocms u npakmuyeckyio npumenumocms KK-gunompoes
8 cucmemax pacnpeoeieHHoll 2eHepayu Ha 0CHO8e 80300HOBNAEMbIX UCTIOYHUKOS IHEPSULL.

Knwuesvie cnosa: muxpocemv, LC-gunomp, eemposas smnepeemuueckas ycmauoska,
gomoanekmpuueckas cucmema, UHBEPMOP, 2APMOHUKY, Kauecmeo dnekmposnepeuu, THD,
pacnpeoenénnas ceHepayusi.

INTRODUCTION

The modern electric power industry is developing towards decentralization and digitalization,
which is associated with the active introduction of renewable energy sources, energy storage
systems and intelligent control algorithms (Guerrero et al., 2022). One of the most promising forms
of distributed generation organization is microgrids, which are local power systems capable of
operating both as part of a centralized network and autonomously (Memon et al., 2024).
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Microgrids with wind power plants and PV provide environmental friendliness, flexibility and
reliability of energy supply, especially in remote areas and facilities with high demands on
electricity quality (Memon et al., 2024) . However, the use of inverter sources leads to the
appearance of high-frequency harmonics, an increase in the coefficient of nonlinear distortion and a
deterioration in the dynamic stability of the system (Kim et al., 2024).

One of the effective solutions to this problem is the use of passive LC filters installed at the
output of the inverter (Rohit & Kishor, 2024). Their use makes it possible to smooth the shape of
the output voltage and ensure compliance with electricity quality standards (Rohit & Kishor, 2024).

In the context of the active development of distributed generation and the growing share of
power electronic converters in the structure of local power systems, the task of ensuring the quality
of electricity is becoming one of the key ones (Kim et al., 2024). The most vulnerable from this
point of view are microgrids, in which energy sources based on wind power plants and photovoltaic
systems are connected to the load via inverter interfaces (Memon et al., 2024). Pulse width
modulation, being an effective way of energy conversion, simultaneously causes the appearance of
higher harmonics, an increase in electromagnetic interference and a deterioration in the sinusoidal
output voltage (Kim et al., 2024).

In this regard, the use of an LC filter at the output of the inverter is an engineering justified
solution that allows for a pronounced smoothing effect with a relatively simple structure (Rohit &
Kishor, 2024). Scientific interest in this task is due to the need to reconcile conflicting
requirements: on the one hand, the filter should effectively suppress high—frequency harmonics, and
on the other, it should not introduce unacceptable phase distortions in the fundamental frequency
region of the network and worsen the dynamics of the microgrid (Kim et al., 2024).

The scientific novelty of this study lies in the fact that LC filter analysis is not considered in
isolation, but in the context of microgrid management with two types of renewable energy sources —
wind and photovoltaic (Memon et al., 2024). The practical significance of the work lies in the
possibility of using the proposed calculation ratios and structural solutions in the design of low-
power 220 V microgrids with an inverter interface and distributed generation.

The aim of the work is to analyze the effect of the LC filter on the quality of electricity and
the stability of the microgrid with wind power plants and PV (Guerrero et al., 2022).

It should be noted that in microgrids, the quality of electricity is determined not only by the
parameters of the sources themselves, but also by the nature of the interaction between converters,
lines, energy storage devices and loads (Guerrero et al., 2022). In real-world conditions, microgrid
loads are often nonlinear: consumers include switching power supplies, frequency-controlled
electric motors, power electronics, and other devices sensitive to voltage distortion (Kim et al.,
2024). Therefore, the problem of harmonics in microgrids is of a dual nature: some of the distortion
occurs from the source side, and some from the load side (Kim et al., 2024).

Of particular difficulty is the fact that the power of wind power plants and PV is stochastic in
nature (Memon et al., 2024). The wind speed and the level of solar insolation change over time,
which causes fluctuations in the active power at the input of the inverter (Memon et al., 2024). In
the absence of a properly selected filter, such fluctuations can increase current and voltage
fluctuations, which negatively affects the stability of the entire microgrid (Kim et al., 2024).

In this regard, the use of an LC filter should be considered not only as a means of suppressing
harmonics, but also as an element influencing the dynamic behavior of the system (Rohit & Kishor,
2024). Its parameters should be selected in such a way as to ensure a compromise between the
filtration depth, the permissible dimensions and mass of the inductance, the reactive load on the
source, as well as stability under various operating modes (Kim et al., 2024).

To achieve this goal, the following tasks are being solved:

» analyze the physical basis of the LC filter functioning as part of a microgrid;

+ define engineering criteria for selecting filter parameters;

» calculate the inductance and capacitance for the specified parameters of the microgrid;

* investigate the frequency characteristics of the filter;

* evaluate the effect of the filter on harmonic suppression and stability of the system.
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RESEARCH MATERIALS AND METHODS

With the global energy transition towards low—carbon energy sources, special attention is
being paid to distributed energy systems - microgrids (Guerrero et al., 2022). Microgrids are
capable of efficiently integrating renewable energy sources such as wind turbines and solar
photovoltaic (PV) panels, providing a sustainable, autonomous or semi-autonomous energy supply
(Memon et al., 2024).

The concept of microgrids is based on the creation of local power systems capable of
operating both as part of a large power grid and autonomously (Guerrero et al., 2022). This is
critical for remote areas, island territories, industries with stable electricity supply requirements, and
structures with critical infrastructure (Memon et al., 2024). A microgrid is an electric power system
with distributed energy sources, control systems, energy storage elements and consumers, which
can operate in two modes: inside the main grid (grid-connected mode); offline (island mode) —
when disconnected from the external network infrastructure (Kim et al., 2024). Microgrids are
designed taking into account energy consumption, generating elements, and balancing mechanisms.
Through intelligent load management, energy generation and storage are optimized in real time
(Guerrero et al., 2022).

The main task of microgrid management is to ensure a balance between energy generation
and consumption.

The issues of filter design for distributed generation systems have been discussed in numerous
studies in recent years. For example, Chen et al. analyzes various types of passive filters, including
LC and LCL filters, and compares their characteristics under unstable load conditions (Chen et al.,
2023). The authors emphasize that LC filters provide acceptable efficiency at moderate cost and
ease of implementation (Lim et al., 2025).

Zhang and Lee's work examines the effect of LC filters on the dynamic characteristics of
microgrids with a high proportion of solar panels. It shows that optimizing the filter parameters
reduces voltage fluctuations and improves the stability of the system with rapid changes in
generation and load (Rodriguez et al., 2023).

The review by Kumar et al provides a comparative analysis of passive and active harmonic
compensation methods. The authors conclude that with limited resources, passive LC filters remain
an effective solution due to the absence of complex electronics and the need for control (Lim et al.,
2025).

Other studies, such as Smith & Patel, focus on modeling LC filters taking into account the
parasitic parameters of the elements, which is critical at frequencies typical of modern energy
converters (Agelidis et al., 2021).

The paper uses methods of theoretical analysis of second-order linear electrical circuits,
frequency analysis, and engineering calculation of LC filter parameters (Miura, 2021).

he LC filter consists of an inductance L and a capacitance C, which are fundamental elements
of passive power conditioning systems (Kim et al., 2024).

The inductance stores energy in a magnetic field:

Wy ==L (1)
A capacitor stores energy in an electric field:
We=-CU? (2)
The reactants of the elements are determined by the expressions:

XL=(,I)L XC=_ (3)
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Where
w=2nf (4

The resonant frequency of the circuit:

fo=smm  ©®

Transfer function of an ideal second-order LC filter:

1
LCs2+1

H(s) = (6)

For the engineering calculation, the initial data is taken:

* the voltage of the microgrid is 220 V;

* load capacity — 3 kW,

* Network frequency — 50 Hz;

* The frequency of the pulse width modulation of the inverter is 10 kHz.

The cutoff frequency is set to 500 Hz to ensure separation between fundamental and
switching harmonics (Kim et al., 2024).

As part of the engineering analysis, we will additionally introduce an equivalent load
resistance. For an active load with a power of 3 kW at a voltage of 220 V, its approximate
resistance can be estimated by the expression:

U? _ 2207

Rload = ? = m ~ 16.13 Q (7)
The corresponding load current is:
P 3000
Iload = E = E ~ 13.64 A (8)

These values are important for ensuring correct filter behavior under real operating conditions
(Chen et al., 2023).

The choice of the cutoff frequency f. is based on two engineering requirements. On the one
hand, it should be significantly higher than the fundamental frequency of 50 Hz, so as not to
weaken the useful harmonic and not introduce noticeable distortions into the operating range. On
the other hand, the cutoff frequency should be significantly lower than the pulse width modulation
frequency frpwm = 10 kHz to ensure effective suppression of switching harmonics. The 500 Hz
value satisfies both conditions and allows us to obtain the ratio:

frwm _ 10000 _ »g (9)
fe 500
For a second—order filter, the theoretical attenuation in the region significantly higher than the
cutoff frequency is proportional to the square of the frequency ratio, and on a logarithmic scale
corresponds to a slope of 40 dB per decade.
Let's define the product LC from the cutoff frequency selection condition:

1

LC =
¢ @rfe)?

(10)

Substituting fc= 500 Hz, we get:
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_ 1 ~ -7
LC = G0z 1.013 x 10 (11)

If we accept the inductance:
L=2ME=2x%x10"3Tn, (12)
then the capacity will be:

¢ =L - L30T 5665 % 10~5 F = 50.65 UF  (13)

L 2x1073

Reactance analysis:

At 50 Hz, inductive impedance is low and capacitive impedance is high, allowing
fundamental frequency passage (Miura, 2021).

At 10 kHz, inductive impedance increases significantly while capacitive impedance
decreases, enabling harmonic suppression (Agelidis et al., 2021).

At a basic frequency of 50 Hz:

X, =2m-50-0.002 ~0.62802 (14)

1
C ™ 21-50-50x1076

~63.660  (15)

This means that at the fundamental frequency, the inductance has a relatively small resistance,
and the capacitor has a large one. Consequently, the useful harmonic passes to the load practically
without significant attenuation (Rustamov et al., 2025).

At a frequency of pulse width modulation of 10 kHz:

X, = 2m-10000-0.002 ~ 125.66 2  (16)

1
~ 27m-10000-50x10~6

Xc ~ (0.318 2 a7

Here the situation is reversed: the inductance creates a large resistance, and the capacitor
easily shunts the high-frequency component. This explains the filtering effect of the LC chain with
respect to the harmonics of pulse width modulation.

Additionally, we note that the dynamics of the LC filter can be described by a system of
differential equations:

Ld_iL = Ujpy — Uc (18)
d . .
C% =1 — lioad (19)

where uinv IS the output voltage of the inverter, uc is the voltage across the capacitor, and iL is
the current through the inductor. This system shows that the filter is a dynamic link of the second
order and is capable of both smoothing high-frequency components and influencing transients in the
microgrid (Wang et al., 2023).

In practical design, it is necessary to take into account that too small values of L and C lead to
insufficient harmonic suppression, and too large values lead to an increase in mass, cost, and
possible resonance phenomena. Therefore, the choice of filter parameters is an engineering
optimization task between the quality of electricity, dynamic stability and cost-effectiveness of
implementation (Agelidis et al., 2021).
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Figure 1. Simulation model of a microgrid with an LC filter in the MATLAB/Simulink
environment.

To confirm the analytical calculations, a simulation model of a microgrid in the
MATLAB/Simulink environment has been developed (Figure 1). The model includes a pulse-width
voltage modulation source, an LC filter, and a load. A frequency analysis of the system was carried
out, confirming compliance with theoretical calculations.

When constructing the model in MATLAB/Simulink, the inverter source was set as an
equivalent voltage generator with pulse width modulation, forming a high-frequency pulse sequence
followed by smoothing with an LC filter. This approach makes it possible to reproduce the real
structure of the output stage of a distributed generation source without unnecessarily complicating
the model (Kim et al., 2024).

The load in the model was considered as an equivalent active load, which corresponds to the
basic engineering scenario for evaluating the filter (Chen et al., 2023). At the same time, the
proposed approach can be extended to the case of active-inductive or nonlinear load, which is
especially important for industrial microgrids (Eldeeb et al., 2022).

Frequency analysis was performed to determine the amplitude-frequency and phase-frequency
characteristics of the filter, as well as to assess the level of suppression of harmonic components in
the frequency range of pulse width modulation. Such an analysis is important because it allows not
only to obtain numerical values of the filter parameters, but also to understand its effect on the
stability of the system and the phase reserve.

RESULTS AND DISCUSSION
The calculation showed that the product LC is:

LC ~ 1.01 x 1077

When choosing the inductance L =2 MH, a capacitance C = 50 Uf was obtained.

The ratio of the pulse width modulation frequency to the cutoff frequency is 20. Since the LC
filter is a second-order system, the attenuation of high-frequency harmonics is proportional to the
square of the frequency ratio (Kim et al., 2024):

202 = 400

this corresponds to a suppression of about 52 dB.

In order to analyze the frequency properties of the filter, the amplitude-frequency
characteristics of the second-order system were constructed. Figure 2 shows the amplitude-
frequency response of an LC filter calculated for a cutoff frequency of 500 Hz. The graph allows
you to visually evaluate the behavior of the system in the area of the main frequency of the network
(50 Hz), near the resonant frequency and in the area of suppression of high-frequency harmonics
(Eldeeb et al., 2022).
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Figure 2. Amplitude-frequency response of the LC filter.

Thus, the filter effectively suppresses the harmonics of pulse width modulation, reduces THD
and improves the shape of the output voltage (Rohit & Kishor, 2024).
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Figure 3. Phase-frequency response of a second-order LC filter.

Figure 3 shows the phase-frequency response of the LC filter. It can be seen that at low
frequencies the phase shift is close to zero, which ensures the transmission of the fundamental
harmonic without distortion. A phase change is observed in the region of the cutoff frequency, and
at high frequencies the phase shift tends to -180°, which is typical for a second-order system
(Miura, 2021).

Physically, the LC filter acts as an energy buffer, accumulating the pulsed energy of the
inverter and transferring it to the load in a smoothed form. This is especially important when using a
microgrid with wind power plants and PV, where the generation capacity is subject to rapid changes
(Memon et al., 2024).

In practical implementation, it is necessary to take into account the parasitic resistances of the
elements, the ESR of the capacitor and possible resonant phenomena that occur when the filter
interacts with the load (Agelidis et al., 2021).

The calculated results allow us to draw several important engineering conclusions. Firstly, the
selected parameters L=22 MH and C=50 UF ensure the required selectivity of the filter without
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excessive growth of reactive currents at the fundamental frequency. This means that the filter is able
to perform two functions simultaneously: to transfer the useful energy of the fundamental harmonic
and effectively attenuate the high-frequency components associated with the switching of the
inverter.

Secondly, the suppression depth of about 52 dB indicates a significant decrease in the
harmonic amplitude of pulse width modulation in the output voltage. In practice, this means
improving the sinusoidal nature of the load voltage, reducing equipment heating, reducing
electromagnetic interference, and increasing the life of sensitive consumers.

Thirdly, the frequency response analysis shows that the effect of the filter on the phase in the
operating range remains acceptable. This is important not only for a single load, but also for the
case of a microgrid operating as part of a more complex control system, where phase reserves and
dynamic delays determine the stability of regulation.

From an engineering point of view, the chosen LC filter structure is justified for a low-power
microgrid. Compared to more complex LCL filters, the classical LC structure is easier to set up, less
sensitive to parametric variations, and does not require the mandatory introduction of active
damping. This is a significant advantage for autonomous and semi-autonomous microgrids, where
reliability and simplicity are often more important than maximum efficiency.

However, the limitations of the approach under study should also be taken into account. An
idealized transfer function:

1
LCs?+1

H(s) = (20)

It does not explicitly take into account active losses in inductance, ESR of the capacitor and
load resistance. In a real system, the presence of these parameters leads to attenuation of vibrations
and a change in the shape of the frequency response near the resonant frequency. Therefore, when
switching from a design scheme to a full-scale implementation, it is necessary to use a refined
model with active resistances.

In addition, in conditions of variable power by wind power plants and PV, the issue of filter
adaptability becomes important. Although the passive LC filter does not require a separate control
system, its parameters are selected based on a certain nominal mode. With a significant change in
the composition of the load or the generation power, the frequency properties of the system may
shift, which requires either a compromise choice of parameters or a transition to more complex
filtering structures.

Nevertheless, for the considered 220 V, 3 kW, 50 Hz microgrid with pulse width modulation
of 10 kHz, the results show that the LC filter provides the required output voltage quality and can
be recommended as an effective means of improving the quality of electricity in distributed
generation systems based on wind power plants and PV.

CONCLUSION

The paper analyzes the application of an LC filter in a microgrid with wind power plants and
PV. It is shown that the LC filter is an effective means of suppressing the high-frequency harmonics
of the inverter and ensuring the required quality of electricity (Kim et al., 2024).

For a 220 V microgrid with a power of 3 kW at a pulse width modulation frequency of 10
kHz, the rational filter parameters are:

L=2 MH C=50 UF
The use of an LC filter ensures a reduction in the coefficient of nonlinear distortion, an
increase in the dynamic stability of the system and reliable integration of renewable energy sources.

The prospects for further research are related to optimizing the filter parameters under
variable load, analyzing LCL structures, and developing adaptive microgrid control algorithms.
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Thus, the study shows that even a relatively simple passive LC structure can significantly
improve the quality of electricity in a microgrid with distributed generation. This is especially
important for local power supply systems, where it is required to ensure stable load operation with
minimal complexity and cost of technical implementation.

The main practical result of the work is to determine the rational filter parameters for a
specific class of low-power microgrids and to confirm that a correctly selected cutoff frequency
simultaneously preserves the useful harmonics and suppresses the high-frequency components of
the inverter output signal.

The results obtained can be used in the design of autonomous and networked microgrids with
wind power plants and photovoltaic systems, as well as in the further development of more complex
filtration and quality management systems for electricity. In subsequent studies, it is advisable to
take into account the active losses of elements, the imperfection of the inverter, the influence of
energy storage devices, as well as experimental verification of the model under conditions of real
load and variable generation.
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