ISSN 2524-0080
FeuibiMu skypHaI

K.A. Hcayu amvinoazel Xanvikapanvix Kazax-mypik YHUSEepCUmemiHiy

XABAPJIAPDI

MATEMATUKA, ®U3UKA,
MHD®OPMATUKA CEPUSICHI

Hoca Ahmet Yesevi Uluslararas: Tirk-Kazak Universitesinin

HABERLERI

MATEMATIK, FIZIK, BILISIM SERISI

U3BECTUA

Mesicoynapoornoeo kazaxcko-mypeyrxozo ynusepcumema umenu X.A. HAcasu

CEPUA MATEMATHUKA,
OU3NKA, UTHOOPMATHUKA

NEWS

Of the Khoja Akhmet Yassawi Kazakh-Turkish International University

MATHEMATICS, PHYSICS,
COMPUTER SCIENCE SERIES

www.ayu.edu.kz Ne3 (34) 2025


http://www.ayu.edu.kz/

ISSN 2524-0080
FeuibiMu sKypHaJI

Koowca Axmem Scayu amovinoaewt Xanvikapanvlk Kazax-
MYpIK YHUBepCUmMemiHiH

XABAPJIAPDBI

MATEMATHUKA, ®PU3UKA, THOOPMATHUKA CEPUACHI

Hoca Ahmet Yesevi Uluslararasi Tiirk-Kazak Universitesinin

HABERLERI

MATEMATIK, FiZiK, BILiSIM SERiSi

N3BECTUA

Medwcoynapooroco Kazaxcko-mypeyxKozo YyHusepcumema umeHu
Xooowea Axmeoa Hcasu
CEPUSI MATEMATHUKA, ®P13UKA, UHOOPMATUKA

NEWS

Of the Khoja Akhmet Yassawi Kazakh-Turkish International University
MATHEMATICS, PHYSICS, COMPUTER SCIENCE SERIES

Kazaxcman Pecnybnuxacor Uneecmuyusnap sxcane oamy munucmpiuiciniy batinansic,
aknapammanowipy dicane aknapam komumeminoe 04.12.2015 owc. miprenoi, kyanix Nel5721-K.

Kazaxcman Pecnybnukacet Aknapam sicone KOMMYHUKayusiap Mmunucmpiciniy baiinanvic,
aknapammanowvlpy dHcone OYKapanvlk aknapam Kypaioapbl caiacblHOabl MeMAeKemmik
oaxwinay komumeminoe 10.03.2017 owc. katima mipkenzen, kyanix Nel6387-)K. Kvinvina 4 pem
UIbIRAPBLIAODL.

Fornvimu 6acolivim
Kooica Axmem Hcayu amvinoazer Xanvikapanvlk Kazax-mypix yHUgepcumeminiy xabapiapvl
(mamemamuxka, ¢uzuka, ungopmamuxa cepusicot) Ne3 (34) 2025 auc.

AKyprnan 2016 sncoinoviy mamwvip ativinviy 30 dcynovizvinan bacman
Tapuoic kanacvinoaewt ISSN opmanvievinoa mipkenceH.

Peoakuusamnviy meKeHn-caibl:
Peoaxyuanviy mexen-orcaiivr: 161200, Kazaxcman Pecnyonukacet, Typkicman Kanacol,
b. Cammapxanoe danzeinv, 298, pexkmopam, 404 b6eime.
Baiinanvic memixmepi: 8(725-33)6-38-26(19-60)
e-mail:ayu-habarlari@ayu.edu.kz


mailto:ayu-habarlari@ayu.edu.kz

K. A. Acayu amvinoazel Xanvikapanvlk KazaxK-mypiKk yHueepcumeminin xaoapaapol
(mamemamuxka, puzuxa, ungpopmamuxa cepuscwt), No3 (34), 2025

PEJAKIMSIJIBIK AJTKA MYIIEJIEPI

bakanos I'.b.

MATEMATHUKA

- ¢.-m.F.1., mpod. /Kazakcran/

Typmeros B.X. - @.-m.r.1., mpod. /Kazakcran/
Bepixatos M. - PhD /Kazakcran/

Copcentu O. - @.-m.r.1., mpod. /Kazakcran/
Hypeyrranos E.JT, - ¢.-m.F.1., pod. /Kazakcran/

. - PhD /Typxus/
Eckenniporny I'. -PhD /E /
Mopacc B, paswIns
OU3UKA

Typmambekos T.A. - ¢.-m.r. 1., mpod. /Kazakcran/
CetitoB B. XK. - PhD / Kazakcran /

Paxagnnos bB.K.
Cargonnuna JK.b.

- PhD, kaysim.mipod. / Kazakcran /
- PhD, xaysim.nipod. / Kazakcran /

Yopyx A. - mpod., nokrop /Typxus/
Hemupko3 M.b. - ipod., mokrop /Typkus/
Kyp6anos V.T. - .-m.F.1. /O30ekicTan/
NH®OPMATUKA

Mawmeip6ex ©.K. - PhD, mpo¢. /Ka3zakcran/
bunaiidexos E.bl. - ILF. ., mpod. /Kazakcran/
bepkumbaes K.M. - ILF.A., npod. /Kazakcran/
Kazbekona I'.H. - TeX.F.K., no1. /Kazakcran/

Kymagmmnaesa A.K.

Axuaiion M.A.
Kapamxan X.

- TeX.F.K., no1l. /Ka3akcran/
- mpod., nokrop /Typxust/
- npod., noktop /Typkus/



K. A. Acayu amvinoazel Xanvikapanvlk KazaxK-mypiKk yHueepcumeminin xaoapaapol
(mamemamuxka, puzuxa, ungpopmamuxa cepuscwt), No3 (34), 2025

DANISMA KURULU
MATEMETIK
Bakanov G.B. - Fiz.-Mat. Bil. Dr., Prof. /Kazakistan/
Turmetov B.Kh. - Fiz.-Mat. Bil. Dr., Prof. /[Kazakistan/
Borikhanov M. - PhD /Kazakistan/
Sarsenbi A. - Fiz.-Mat. Bil. Dr. /Kazakistan/
Nursultanov E.D. - Fiz.-Mat. Bil. Dr., Prof. /Kazakistan/
Yeskendiroglu G. - PhD /Turkiye/
Moraes W. - PhD /Brazil/
FIZIK
Turmambekov T.A. - Fiz.-Mat. Bil. Dr., Prof. /Kazakistan/
Seyitov B.Zh. - PhD /Kazakistan/
Rakhadilov B.K. - PhD, Dog. Dr. /Kazakistan/
Sagdoldina Zh.B. - PhD., Dog. Dr. /Kazakistan/
Coruh A. - Prof. Dr. /Tiirkiye/
Melehat B.D. - Prof. Dr. /Tiirkiye/
Kurbanov U.T. - Fiz.-Mat. Bil. Dr. /Uzbekistan/
BIiLiSiM SERiSi
Mamyrbek 0O.Zh. - PhD, Prof. /Kazakistan/
Bidaibekov E. - Ped. Bil. Dr., Prof. /Kazakistan/
Berkimbayev K. - Ped. Bil. Dr., Prof. /Kazakistan/
Kazbekova G.N. - Ped. Bil. Dr., Dog. Dr. /Kazakistan/
Kanadilova A.Zh. - Ped. Bil. Dr., Dog. Dr. /Kazakistan/
Akchayol M.A - Prof. Dr. /Tiirkiye/
Karajan H. - Prof. Dr. /Tirkiye/



K. A. Acayu amvinoazel Xanvikapanvlk KazaxK-mypiKk yHueepcumeminin xaoapaapol
(mamemamuxka, puzuxa, ungpopmamuxa cepuscwt), No3 (34), 2025

PEJAKIIMOHHAS KOJIJIEI'UA

MATEMATHKA
bakauos I'.b. - 1.¢.-M.H., mpod. /Kazaxcran/
Typmeros b.X. - 1.¢.-M.H., ipod. /Kazaxcran/
bopuxanos M. - PhD /Ka3zaxcran/
Capcen6bu A. - 1.¢.-M.H., pod. /Kazaxcran/
Hypcynraunos E.JI. - 1.¢.-M.H., ipod. /Kazaxcran/
Eckennuporiy I'. - PhD /Typuus/
Mopaec B. - PhD, npo¢. /Bpazumus/
DPU3UKA
TypmambekoB T.A. - 1.¢.-M.H., mpod. /Kazaxcran/
CeiitoB b.X. - PhD /Kazaxcran/
Paxamunos B.K. - PhD, accorr., npo¢. /Kazaxcran/
Cargonnuua K. B. - PhD, accor., npod. /Kazaxcran/
Yopyx A. - pod., noktop /Typuus/
Menexar b.J] - npo., noktop /Typuus/
Kypbanos V.T. - 1.¢.-m.H. /Y30ekucran/
NDPOPMATHUKA
Mawmsipoex O.2K - PhD, npod. /Kazaxcran/
bunaitbexon E.bI. - I.1L.H., npo¢./Kazaxcran/
bepxumbaes K.M. - I.I.H., ipo¢. /Kazaxcran/
Kaszbexkosa I'.H. - I.I.H., po1. /Kazaxcran/
Kymanunnaea A.K. - A.11.H., gou. /Kasaxcran/
Axuaiton M.A. - ipod., noktop /Typuus/
Kapamxan X. - npod., noktop /Typuus/



K. A. Acayu amoinoazel XanviKapaivlk KazaxK-mypiKk yHueepcumeminiy xaoapnapul
(mamemamuxka, pusuka, ungpopmamuxa cepuscot), Ne3 (34), 2025

Bakanov G.B.
Turmetov B.Kh.
Borikhanov M.
Sarsenbi A.
Nursultanov E.D.
Yeskendiroglu G.
Moraes W.

Turmambekov T.A.

Seyitov B.zZh.
Rakhadilov B.K.
Sagdoldina Zh.B.
Coruh A.
Melehat B.D.
Kurbanov U.T.

Mamyrbek O.zZh.
Bidaibekov E.
Berkimbayev K.
Kazbekova G.N.
Kanadilova A.Zh.
Akchayol M.A.
Karajan H.

EDITORIAL BOARD

MATHEMATICS

- D.Sc. Phys.-Math., Prof. /Kazakistan/
- D.Sc. Phys.-Math., Prof. /Kazakistan/
- PhD, /Kazakistan/

- D.Sc. Phys.-Math. /Kazakistan/

- D.Sc. Phys.-Math., Prof. /Kazakistan/
- PhD /Turkey/

- PhD /Brazil/

PHYSICS

- D.Sc. Phys.-Math., Prof./Kazakistan/
- PhD /Kazakistan/

- PhD., Assoc. Prof. /Kazakistan/

- PhD., Assoc. Prof. /Kazakistan/

- Prof. Dr. /Turkey/

- Prof. Dr. /Turkey/

- D.Sc. Phys.-Math. /Uzbekistan/

COMPUTER SCIENCE

- PhD., Prof. /Kazakistan/

- Dr. Ped. Sc., Prof. /Kazakistan/

- Dr. Ped. Sc., Prof. /Kazakistan/

- Dr. Ped. Sc., Assoc. Prof. /Kazakistan/
- Dr. Ped. Sc., Assoc. Prof. /Kazakistan/
- Prof. Dr. /Turkey/

- Prof. Dr. /Turkey/



K.A. Acayu amvinoazel Xanvikapanvlk Kazax-mypiKk yHueepcumeminin xaoapaapol
(mamemamuxka, pusuxa, ungpopmamuxa cepusacot), Ne3 (34), 2025

MATEMATHKA

90K 519.622.2
MITAP 27.29.17
https://doi.org/10.47526/2025-3/2524-0080.30

Hazaposa K.JK.!, Yemanos K.H.2 HypceiiToB Al
lqbuauka-mame/wamuxa ebLIbIMOapuibly Kanouoamul, Koowca Axmem Hcayu amuvinoagvl Xanvikapanvly Ka3ax-
mypiK ynueepcumemi
(Kaszaxcman, Typxicman x.), e-mail: kulzina.nazarova@ayu.edu.kz
2([)u3u1<a-MamemamuKa EbLILIMOAPLIHBIY KaHOudamsl, Koowca Axmem Hcayu amvinoazel Xanvikapanvix Ka3ak-
mypiK ynugeepcumemi
(Kasaxceman, Typxicman .), e-mail: kairat.usmanov@ayu.edu.kz
3maeucmpanm, Koowca Axmem Acayu ameinoazer Xanrvikapanvlk Ka3ax-mypik yHugepcumemi
(Kazaxcman, Typkicman x.), e-mail: akhmad.nurseitov@ayu.edu.kz

KO NP PEPEHIMAJILIK TEHJAEYJIEP YIITH BEHJIOKAJIJIBI INAPTTBI INETTIK ECENTIH
IEMLIIMILIIK 5KAF TATJIAPBI
CONDITIONS FOR SOLVABILITY OF A BOUNDARY VALUE PROBLEM FOR ORDINARY
DIFFERENTIAL EQUATIONS WITH NONLOCAL CONDITIONS
YCJIOBUS PAPEIIUMOCTH KPAEBOW 3AJJAYH JJ151 OBbIKHOBEHHBIX
JTUPOEPEHLIUAIBHBIX YPABHEHUI C HEJTOKAJILHBIMU YCJIOBUSIMU

Anoamna. byn maxanada 0Oeilnokaneovl wiekapanvlk wapmmapusl 6ap dcaii oupgepenyuandviy menoeyiepoi

sepmmey ywin J]. orcymabaeemoiy napamempaey a0ici Konoanwvinaowvl. Ecenmi weuty 6apuvicvinda apraiivt [ =Y (0)

napamemp eHeizinin, y(x)—u(x)+u anmacmulpy ocacanaovl. Kapacmulpuinein omuipzan ecen exi 0onikke

beninedi: Oipinwici - scall oughpepenyuanovix meyoey yuin Kowu ecebi, exiHwici - encizineen napamempee KamvlCmol
CHIZbIKMBIK MEHOeY.

Kowu ecebiniy wewimin anvikmay ywin opamoap meopuscvina Hezizoencen Mukycunckutioiy onepamopiviy
a0ici natdananviiadvl. Mukycunckutidiy onepamopivlk 20ici - 2ol OupOepenyuanrovl KHcoHe UHMeZPaioblk
menoeynepoi uteuryoe KOJIOAHLLIAMbIH MUIMOT AHATUMUKATLIK Kypan. Byn adic opamoap (ceéepmka) meopuscvina
Hezi30eNleeH  JICoHe ONepamopivlK ecenmeyiep apKblivl menoeyaiepoiy wewimin mabyea MYMKIHOIK 0Oepeoi.
Mukycunckuil  20iciniy necizel epexuwieniei - ougepenyuanovis menoeyoi apHaiibl AHLIKMAL2AH ONePamopiap
KOMe2IiMeH MYpPIeHdipy apKulibl OHbL aleeOpanvik mypoe Kapacmolpy 6orvin mabwiiadsl. Ocel 20ic Heli3iHOe
napamemp A MamOepine 6baiinanvicmol Kowu ecebiniy wiewiMi anvlkmanvin, o1 Wemmix wapmmaped Koblidobl.
Hamuorcecinde, enzizineen o, [J napamempiepae KamviCmbl CI3bIKMbLK MEHOEYIep HCYUeci anbiHaobi.

Anvinean mendeydiy napamempiepine KamviCmuvl wiewimoinicine Oauianvicmsvl 6acmanksvl OelloKanibObl
wemmix ecenmiy wewiMOiNiei Mypanbl Meopemanap MYHCulpblMOaniaovl. 3epmmey Hamudiceaepi 6euI0KaAIbOb
wapmmapwl 6ap Oupepenyuandviy menoeyrepoi wewyoiy muimoi HCOI0aAPbIH KOPCEemin, 01apobly MeopUsLiblK
Hez2i30epin HaKMblIaobl.

Hezizzi co3dep: Oelliokan wapmmol, uexapaivlk ecen, napamemprey 20ici, Kowwu ecebi, 6ipmanoi
wewiniMOLiK, onpeamopavlk 20ic, opamoap meopuscol.

Abstract. In this paper, Dzhumabaev's parameterization method is used to study ordinary differential equations
with nonlocal boundary conditions. The parameter 4= y(O) was introduced and the replacement

y(x) =u (X)+ M was performed. The problem under consideration is divided into two parts: the first is the Cauchy

problem for an ordinary differential equation, the second is a linear equation with respect to the introduced parameter.

To determine the solution to the Cauchy problem, the Mikusinsky operator method is used, based on the
convolution theory. The Mikusinsky operator method is an effective analytical tool used to solve ordinary differential
and integral equations. This method is based on the theory of convolutions and allows finding solutions to equations
using operator calculations. The main feature of Mikusinsky's method is that it is considered algebraically, by
transforming the differential equation using specially defined operators. Based on this method, using the values of A4,
we determine the solution to the Cauchy problem and, by placing it on the boundary conditions, we obtain a system of
linear equations associated with the introduced parameters «, 3 .
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Theorems on the solvability of the original nonlocal boundary value problem are formulated based on the
solvability of the resulting equation with respect to its parameters. The results of the study demonstrate effective
methods for solving differential equations with nonlocal conditions and clarify their theoretical foundations.

Key words: nonlocal conditions, boundary value problem, parameterization method, Cauchy problem, unique
solvability, operator method, convolution theory.

Annomayun. B Oannou cmamve memoo napamempusayuu [[rcymabaesa ucnonvb3yemcs O0as UCCIe008aHUs
00bIKHOBEHHBIX OUPDDEPEHYUATbHBIX YPAGHEHUI C HENLOKAIbHbIMU SPAHUYHbLIMU YCaosuamu. buln eseden napamemp

U= y(O) U 8bINOJIHEHA 3AMEHA y(x) =u (X) + L. Paccmampugaemas 3adaya pazoenena Ha 08e yacmu: nepeas -

3a0aua Kowwu 0na 06viknosenno2o oupgepenyuanrvino2o ypasHenus, 6mopdas - JUHEUHOe YPAGHEHUES OMHOCUMETbHO
86edenno2o napamempa. J{ns onpedenenus pewenus 3adauu Kowwu ucnonssyemes memoo onepamopa

Mukycunckozo, ocHosannblli Ha meopuu céepmok. Onepamophvlii. Memod MuKycuHcKo2o s61siemcs
P PEKMUBHBIM AHATUMUYLECKUM UHCIPYMEHMOM, UCNOIb3YEMbIM OJIsL peuleHus 0DbIKHOBEHHBIX OUPPepeHYUAbHbIX U
UHMESPATbHBIX YPAGHeHUTl. Dmom memod OCHOBAH HA Meopuu C8epmoK U NO360Js1em HAXOOUMb PEuleHUs yPAGHeHULL
nocpeocmeom onepamopHuix gviuucienuil. I nasHot ocobeHHocmvio mMemooa MuKyCUHCKO20 A6NAemcs mo, Ymo OH
paccmampusaemcs aneedpauiecku, nymem npeoopasosanus OUpoepeHyuaIbHo20 ypaeHeHUs ¢ NOMOUbIO CREYUATbHO
onpedenennvix onepamopos. Ha ocnose smozo memoda no snauenusm A onpedensem pewenue 3adauu Koww u,
NOCMABUE €20 HA 2PAHUuHble YCLO0GUs, NOJYYUAeM CUCMEMY JUHCHHbIX YPAGHEHUL, CEA3AHHVI0 C B8EOCHHbLMU
napamempanu &, 3 .

Dopmynupylomecs  meopemvl 0  pa3PeuUMOCmu  UCXOOHOU HENOKANbHOU Kpaesol 3a0auu HA OCHOGe
pA3peuumMocmy  NOJIYYEHHO20 — YPABHEHUs  OMHOCUMENbHO —e20  napamempos. Pesynbmamuvl  ucciedosanus
oemoncmpupyiom sghpexmusnvie cnocobwl pewenus Ouppepenyuaibnblx ypasHenull ¢ Hel0KATbHBIMU YCIO0GUAMU U
NPOACHAIOM UX MeopemuyecKue 0CHOBb.

Knioueevle cnoea:  HenokaivHwie YCi08us, Kpaeeas 3adaud, memoo napamempusayuu, saoava Kowu,
OOHO3HAYHAS PA3PEUUMOCTb, ONEPAMOPHDILL Memo0, Meopust CGePMOK.

Kipicne

HuddepeHumanaplk TeHIEYIACp OPTYpial (U3HMKAIBIK, OMOJOTHSUIBIK JKOHE WHKECHEPIIK
IpoIecTepli MAaTEMATHKAIBIK MOJENBICYJE MaHBI3IbI PO arkapanusl. KiaccukanblK TYpFhIIa
IHIeKapaJiblK IIapTTap KapacThIPbI OTBIPFAH €CenTiH Oenrui 6ip HyKTelepiHaeri MoHaepai Oepy
apKBUTBl aHBIKTATAIBl. AJlaiijla KONTETeH NpPAaKTUKAIBIK €CeNTepai IIenry OapbIChIHIA, MIETTIK
mapTTap IIemiMHIH OYKUI alMakTarbl HYKTEJEpiHAe HeMece OHBIH Oip OeliriHiH HHTerpaibl
apKbUIBl HeMece Oacka Ja TOYEeNAUNIKTED TYPIHJE AaHBIKTANaabl, SFHU OCWIOKaNbIbl IIETTIK
miapTTap naiiia 6osazpl.

MyHnaii ecenTep KbLUTyOTKI3TIILITIK TEOPUACHI, 1ehopMallUsIaHFaH KaTThl IeHE MEXaHUKAChI,
O6nodu3nKa )KoHE HKOJIOTHS CUAKTHI cajanap/a ke3zaecei. Mplcanbl, )by Tapaly ececOiHe KbLTy
KO3JIEpIHIH JKUBIHTBIFBIH €CeNTeyAl MOJENbJey OapbIChIHAA WMHTErpaiJblK IIEKApalIbIK IIapTTap
TYBIHJIANABI, al MNONYJSALMsIIApJblH TapalyblH CHUNATTaThIH OHOJOTHS ecenTepiHje IIeTTIK
HIapTTap WHAWBHUITEPIIH TapallyblHaH >ahaHIBIK TOYeNIUINH KaMTybl MYMKIH O€WIOKalIbIK
mapTTapMeH oepineni.

belinokanpapl meTTik maprrapbl 0ap nuddepeHuanaplk TeHAeYIepAl 3epTTey TEOPHUSIIBIK
KoHe KosgaHOanbl MaHbi3fra ue. bip skarblHaH, memimaepaiH 6ap Oonysl MeH Oipereisirin
aHBIKTay, COHJIali-aK OJIapJbIH AHAJIMTUKAIIBIK JKOHE CAHJBIK OJICTEPIH 93ipyiey MaHbI3Abl. EKiHIII
JKarbIHaH, MYH/1ail MOJIENbJEP/l MPAKTUKAIBIK KOJIJJAaHY THIMJII €CenTey aJrOpUTMAEPIH 1aMBbITY/IbI
YKOHE OJIapbl HaKThI ecenrepre OeliMaey i Tauam eTel.

Conrsl xbutgapaa auddepeHnuanaplk TeHaeynep YiliH OeHIoKalbIK IIeKapaIblK ecenTep
3epTTEYIIUIepiH Ha3apelH OapraH caiibiH KebOipek aymapyna. Cebebi, OSHIOKaNIBIK IMapTTap
HICHTIMHIH MOHJIEPIH TEK OOJIBICTHIH IIE€KapachlHJa FaHa eMeC, OHBIH IIIKI HYKTelepiHle Hemece
WHTETPAIIBIK OAMIaHBICTBIP PETiHAE Oepiieni.

AM. HaxymeB auddepeHunanaplk TeHaeyjlep YIIiH OeHnoKaiabl IMIeKapalblK ecernTep
TEOPHSICHIHBIH JaMyblHA eJeyni yiec KocThl. O anFamr peT BIFbICYBI Oap IIeKapalblK eceTl,
OelIoKaIbl ecenTep KoHe KYKTEIreH TeHAeyJIep YFhIMIaphIH €HI13/11, OYJ1 OCHI caaarkl 0J1aH dpi
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3epTTeyJepiH Heri3iHe aifHamapl. [ 1] )KyMBICBIHIA OJT TIeKapaIbIK MAPTTaPhl MICITIMHIH 00JBICTHIH
0acka HYKTEJepiHIEerlT MOHJEpIHE HeMece OOJIbIC OOWBIHIIA HWHTErpajjapra Toyelal OoJaThIH
ecenTepAl 3epTTeli, Oy IICMIMHIH XEPTUTIKTI KACHETTEPiHE OHBIH FaJaMJIbIK CHUIATTapbIHBIH
oCcepiH KepceTei.

A.A. Camapckuit men H.M. Monkun Oyn ecenTepii MIENIYAIH CAHIBIK 9MICTEpPIH JaMBITYyFa
alTapiabIKTall yJiec KOCThI, ojlap OCMIOKaNIbIK MIEKapaJbIK IIAapTTap YIUIIH OPHBIKTHI aliblpManap
CXeMaJlapbIH Xkacasl [2].

ConbiMeHn kKatap, M.A. CanplOeKOBTHIH Tmapaboja-Turnep0osia THUNTI TEHACYJIEp YIIiH
OCUIIOKANIBIK IIEKAPAJbIK €CeNTEePAiH CHEKTPIIK KAaCHeTTEepiHE apHAIFaH 3epTTeyliepi MaHbI3IbI
[3]. OpTypmai TeHIeynep YIIiH JOKallbJi €MeC ecenTep KONTereH aBTOPJIApAbIH KYMbICTapbIH/IA
KapacTeIpbL1bl [4-8].

byn Makamana Oeiyiokanbbl MIEKapalblK MapTTapel O0ap auddepeHuanabplK TeHASYIep i
3epTTEY/iH HETi3ri Tocimaepi KapacTeipbutansl. [lleTTik ecenrepai mennyaiy xkaHa 0ip omici peTiHae
npodeccop J.JxymabaeBThiH [9] mapamerpiey o/ici KoJaHbuIaAbl. bacTankel ke3ze napaMmerpiey
omici muddepeHIHATBABIK TEHJACYJICpP YIIH MIETTIK eCenTep/i MeNryae KOJJIaHBUIFaH OOJaThIH
[10]. Keitin on unTerpanabik - auddepeHnuaniplk TeHASyAep YIIH METTIK ecenTepl IIenryae
[11-13], mepOec TywiHABUIBI auddepeHIHANABIK TCHACYICp YIIiH OacTamkbl - MIETTIK ecenTepi
nIenry/ie KeHiHeH KOJIaHbLIaThiH 00mbl [14,15].

3eprTey dicTepi AKIHe Heri3ri HOTHKeIep

[0,1] KECIHIICIHIE MHTETPAJIBIK MAPTTHI MIETTIK €CENTI KapacThIpaMbI3:

y'(x)+4y(x)=f(x), x €[0,1] (1)
y'(0)=0, )
y(O)=ay(1)+/3j‘y(x)dx (3)

0

mynnarsl, f(X) - [0,1] KeCIHICIH/E Y3UIicci3 PyHKIMA. «, 5 - TYpaKThuIap. A -mapamerp.
AnpikTama. (1) - (3) ecebiniy mrerrimi gen (1) auddepenimanapik TeHaeya xaue (2), (3)
MIETTIK [apTTap/bl KaHaraTTaHAbIPATHIH [0;1] KeciHaiciHae y3uricciz nuddepeHImanianaTbia
y ( X) (GYHKLHUACHIH aliTaMBbI3.
Kecinainin OacTamkbl HYKTECIHAE 4 = y(O) napaMeTpiH EHri3eMi3 KoHe y(x):u(x)+/,z

anMacTheIpybiH skacaiiMbi3. Conaa (1)-(3) ecebi keneci SKBUBAICHTTI €CETKe KeNTipiiaei:

u"(x)+Au(x)=f"(x),  xe[01] (4)
u(0)=0,  u'(0)=0 5)
,u:au(l)+a,u+ﬂj'u(x)dx+ﬂ,u (6)

MYH/IaFbI, f*(X): f (X)—ﬂ,u.
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Jlemma. (1) - (3) ece6i (4) - (5) ecebine skBuBaneHTTI. Erep (u(x),,u) xyOn1 (4) - (5)
eceOiHIH mmIemiMi 0oJica, oHIa y(x) = u(x)+ M, U= y(O) Oactankbl Oepintren (1) - (3) eceGiHiH
memriMi 6omanel. Kepicinme, erep y(x) ¢byukuuscer (1) - (3) ecebiniy memimi Oosica, OHIA

u (X) =y(X)—pu, u= y(O) ¢byukuuscer (4) - (6) ecebiHiH menimi 0oJaIbI.

Kommu ecebinig memriMii MUKYCHUHCKUN YCBIHFaH ONEpalusuIbIK ecenteynep [16] apKpuisl
AHBIKTAaMBI3

u”(x) = s’u(x)—su(0)-u'(0)=su(x) (7

Oorca, onna (4) TeHIEy MBIHA TYpre KeNTipiiaei:

s?u(x)+Au(x)=f"(x). (8)
bynaun
1 .
u(x):sz+/1f (x). 9)

Enni A - mapameTpiHiH op TYpJi *KarnanaapbiHaa U (X) (YHKIUSCBIH KapacThIPaMBbl3:

A =0 OosraH xarnaiaa.

Erep 4 =0 6osca, oHaa u(X):Si2 f*(x) Gomanel. Conza U(X) QyHKIMSACHH Keneci Typae
KAa3bII AIAMbI3;
X X 2 X
u(x):si2 f*(x):j(x—r) f*(r)dr:I(X—r) f (r)dz‘—ﬂ,u%zj(x—r) f(zr)dr (10)
0 0 0

HIpIKKaH ©pHEKTI MEeTTIK MapTTapFa KO apKblUIbl 4 TapaMeTPiHiH MOHIH aHBIKTaHMBbI3:

U= au(1)+a,u+ﬂj.u Jax+Bu =

yza'lf(l—r)f (r)dz‘+a,u+ﬂ,u+ﬁj.'x[ r)dzdx

,u—a,u—ﬁ,u:a'l[(l—r dz'+,8j drj x—7 )dx

T

ﬂl‘ dr. (11)

Teopema 1. 2 =0, o+ 8 #1 Goncsn. Onga (1) - (3) Tenaeyinin y(X) wewimi Gap Gonaast

10
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X 1 1
!X T dr+1 00: ﬂj dr+1 - ,BI 2T

0

Honengeyi. (10) »xone (11) TeHaiKTepiHEH aHBIKTAIFaH (u (x), ,u) KyObl (4)-(6) ecebinin
nremrimMi 6osceiH. OHpa U (X) MeH A MOHJEPl apKbUIbl aHBIKTAJIATHIH y(x) =u (X) + 4 memrimi (1)
- (3) eceOiniy memimi GONMATHIHABIFBIH Kepceremi3. On yuriH y(x) =Uu (X) + M anmMacThIpybIHA

u (X) MeH 4 MOHJIEPIH KOMBII y(x) - TBI aHBIKTAHMBbI3:

j.l T dr+

a 1
e g 1- ﬂ! F)dr (12)

I dr+
0

[pikkan (12) memim (1) y”( )+/1y(x) = f (X) mubdepeHIMaNABIK TeHaeyal, (2)
y’(O) =0sxone (3) y( ) o y + ,BJ. y(X dX MICTTIK IMApPTTAPBIH KaHAFATTaHIBIPATHIHBIH

TEeKCepeMis:
1. y'(x)=j f(r)dr | y'(x)=f(x), y'(x)+ay(x)=f(x) = f(x)+0="f(x).
0
Hemex (1) muddepeHnmanapik TeHICY I KaHAFATTaHIbIPAIbI.

2. y'(0)=0 merrik wapTsl OpbIHAATAIEL.

3. y(O):ay(1)+,6’iy(x)dx = a j(l—r)f(r)dr+

Tene-teaik opsiHmanasl. Jlemek (3) meETTIK mApTThl Ja KaHaFaTTaHIbIpanbl. Teopema

TIAJIEIIACH .
A >0 0oJraH Karaai.

f*(x), f°(x)=f(x)-Au Gomamsr. Conma u(Xx)

A >0 OomraH xarmaiima U(X)=
(x) )

(GYHKIMSCBIH KeJecl TypJie Ka3blll aJlaMbl3:

u(x):; f*(x)zﬁjzsin\/z(x—r) f*(r)dr =

()

11
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<

:TI mf(x ) f( )dr—l—\/%j'sin\/z(x—r)df:

:%jﬁsin\/}(x—r)f(r)dr—,u(l—COS\/zX) (13)

[IIpIKKaH OPHEKTI MIETTIK mapTTapfa KOSIMBI3:
1

U= au(l)+a,u+/3’ju Jdx+Bu = u(l-a-p)=«a ()+/3J'u(x)dx

0

bynan

R S +Llu x) dx
e L L o

Gomazer. U(1) xoHe Iu X)dx monnepin anbikran (14) Terairine Kosmbrs. Cona
0

=1 ﬂ{ j;ln\/_l r )dr—y(l—cos\/z)}r

1a,B

OCBII[aH M HapaMeTlelH MOHIH aHBIKTaUMBI3;

B {f [b-cosva@-r))t ()dr—y(l—%sin\/zﬂ

i i—aicosﬁl—ﬂ\/zsin\/zi[a /1sin\/Z(l—r)+ﬁ—/3cos\/Z(1—r)Jf (r)dr (15)

Teopema 2. A >0 Gonranna f =0, a=1, 1=+ 47%k? GochIH.
Onpa (1) - (3) Tenaeyinixn y(x) mrenrimMi 6ap 601abL:

y(x)= %:[sin \/Z(X—T)f (r)dz+

s cosv/Ax Jl'[a
A—alcosyA - BAsinda 0

Nonenneyi. (13) xone (15) TeHmIKTEPIHEH aHBIKTAIFAH (u(x), /1) KyObI (4) - (6) ecebinin

Asiny (1-7)+ - Beos\A (1-7) |f (r)de (16)

mrertriMi 6osiceia. OHna u(X) MeH 4 MOHJEPi apKbUIbl aHBIKTATATHIH y(x) =u (X)+ 4 merrimi (1)

12



K.A. Acayu amvinoazel Xanvikapanvlk Kazax-mypiKk yHueepcumeminin xaoapaapol
(mamemamuxka, pusuxa, ungpopmamuxa cepusacot), Ne3 (34), 2025

- (3) eceOiHiH memiMi 60JATHIHABIFBIH KOpceTeMi3. O yIriH y(x) =u (X) + p anmacTteipysiHa (13)

xoHe (15) TeHIIKTEpiHIH OH >KaFbIH KOWBII y(x) - Thl AaHBIKTANMBI3:
1 7.
=—|sinvA(x—7)f(r)dr+
ARG

A-al cosc\(/);fgx\/zgin Ja ;[[a\/zsin \/I(l_T)JUB—ﬂCOS\/I(l—T)]f (r)dr

Weikkan (16) wemim (1) y"(Xx)+Ay(x) = f (X) mddepennnanupk rerneyai, (2) y'(0)=0
xome (3) y(0)=ay(1)+A _[ y(X)dX merTik mapTTapblH KaHaFaTTaHABIPATBIHBIH Tekcepemis. O

ymiis y'(Xx), y"(X)-Ti aHBIKTaIl aTaMBbI3.

y’(x)_% \/Zcosﬁ(x—r)f(r)dr— JAsinyx

X
ﬂ—a/lcos\/z—ﬁ«/zsin«/z

O ey <

xj'[a ﬂsmfl T)+ 8- ﬁcos\/_(l r)] (7)dz

y”(x):%\/zf (X)_.X[\/Ismﬁ(x_r) f (T)dr_ﬂ—alcojj%s:/if/zsinﬁx

x_l[[a Asind (1-7)+ B - pfeosA(1- z‘)} (z)dr.

EaCTaHKI)I TCHACYTC KOSMBI3:

£ A.c0s~/Ax
X)_lﬁsmﬁ(x_r)f(r)dr_ﬂ—aﬁcos\/z—ﬂ\/zsin\/zx

x‘l[[a\/_smx/—l r)+ﬁ ,BCOS\/_(l r)} ( 7+%I\/}Sinﬂ(x—r)f(1)dr+

Mcojj)—sfgxﬁsmf [[aasinVz (1-7)+ B- peosiA (1-7) |f (z)dr = f ()

Tene-TeHaiK OpHAABI, AEMEK MIEIIIM y(x) - 6acranks (1) TeHaeyiH KaHaraTTaHAbIpaabl. Exl

y ( X) MIETTIK HrapTTapAbl Ja KaHaraTTaHAbIPATbIHAbIF bIH TCKCCpCMi3Z

13
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2.y'(0)=0

1
I y(Xx dX -Ti aHBIKTAN kI (3) MIETTIK MAapTKa KOSIMBI3.
0

y(o):l—aﬂcosﬁ—ﬁﬁsinﬁ:{[a 2-sinvA (1-7)+ B~ peosA(1-7) | f (z)dr,

cos~/4 .
ﬂ—aﬂcosﬁ—ﬂﬂsinﬁ

(1)=%j;-sin\/z(l—r) f(r)dr+

xj.[a ismfl T)+ - ﬂcosJ_(l z')] (7)dr,

h o1 f cos~/Ax
!y(x)dxz'ﬂﬁ-gsmﬁ(x_r)f(T)dTJr;t—alcos\/I—ﬁ«/Zsinﬂx

xj.[a AsinVA(1-7)+ B~ poosyA (1- r)] ()dr}dx=

1 cos~/Ax
_([f drI sm\/_ X—7 dx+j ~arcosdr - ﬂ\/zsm\/_

i

xj.[a /15|n\/_1 T)+ - ﬁcos\/_(l z‘)} (7)dzdx =

siny/4 y
ﬁ(l—aﬂcosﬁ—ﬂﬁsinﬁ)

=_%I(cosﬁ(1—r)—l) f(r)dr+

1
x[| aasinZ (1-7)+ B~ peosa (1-7) | f (z)dr.
0
CoHpa Kejecl TEHIIK albIHAbL

y(0)=ay(1)+ ﬂj y(x)dx =

A—- OM,COS\/_ ﬂ\/zsn']\/_ .”:a ﬂsmf(l T)“'ﬁ ﬁCOS\/_(l T)] ()dz’x

(1 acos\/— :BS\'/%\/_J jsmx/_l T )dr—é(icosﬁ(l—r)—l}f(r)dz‘

HEMECC

14
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j'a\/zsin\/I(l—r)+ﬂ—ﬂcos\/1(1—r) f(r)dr=

:%@ﬁasin\/Z(l—r)—ﬂcosﬁ(l—r)JrﬂJ f(r)dr

CoHbIMEH Y ( X) YIIHIII IApTTHI JIa KaHaFaTTaHaeIpabl. Teopema aonenaeH .

A<0 Gomran xarmaiima u(X)= 21 f*(x):;f*(x), fr(x)=f(x)-Au

s+ 4 sz__(vg:g)z

6omnazasl. Conna u (X) (GYHKUIMSICHIH KeJIeCl TYP/IE Ka3bIIl ajlaMbl3:

17)

. . 1 1 .
im0

(T)dTZ

= I\/—_(X o)t ()dz -2 jshJ_x )z =

—%Jx‘sh\/_ﬂ f(r)dr - ,u(l ChX\/_)

X
[IIpIKKaH 6PHEKTIH u _[u dX MOH/IEPIH €CenTeN IMIETTIK IIapTTapFa KOSMbI3:
0

u(l):%jshma_r)f (o)

O ey
C
o'—,»—\
'—.

(r)drdx=.(1[J_ dr[shJ_x 7)dx =

i (1)) (e

Enmi 44 MoHIH aHBIKTalMBI3:

X

sh/=2 (1-7)f* (r)dz +

15
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- ﬂjJ_J_(chJ_(l r)-1)f"(z)dr =

Iashrl 7)) Ble=2(1-7)-1) f
V2 (1-a-B) NN Z(1-a-p)

z')dz'—

J-ozsh\/_l 7) ﬂ(Ch\/J(l—T)—l)d ~
| V2 (—a-p) NINA(-a-p)

1 1
- N R S o o e s !a\/ﬁshﬁ(l—r)wchﬂ(l—r)_ﬁ) f(r)de

CoHBIMEH

ﬂ=_/1_alchml_ﬂﬂshﬂ':[(a\/qshx/q(l—rhﬂcm/q(l—r)—ﬂ)f(r)dr. (18)

Teopema 3. A1<0 6Gomranma S=0, a=1, A#-4r°k*, A#0 Gonce. Onma (1)-(3)

TEeHJACYIHIH Y ( X) menrimi 6ap 6oJasb:

y(x):%jsh\/j(x—r)f (c)dr+chx/=7

1 1
x aN-Ash=2 (1-7)+ peh-2 (1-7) - B)f (z)dz 19
ST iy s | (1) pe=2 (1) At () 19
Hanenneyi. (17) xone (18) TeHIiKTepiHEH aHBIKTAIFAH (u(x), y) KyOb1 (4) - (6) ecebiniy
mrerrimMi O0omceH. OHma u(x) MeH / MOHJAEPl apKbUIbl AHBIKTAJIATHIH y(x)=u(x)+y (29)

mrenrivi (1) - (3) eceOiniH miemniMi OONATHIHABIFBIH KopceTeMis. O yIimiH y(x) =U (X) +u
anMacteipybsiHa (17) xone (18) TeHIIKTEpiHIH OH aFbIH KOSIMbI3.
Weikkan (19) wemim (1) y"(X)+Ay(x) = f (X) mddepennmanmpk rerneyai, (2) y'(0)=0

xoHe (3) y( ) ay + ﬂjy dX WETTiK IapTTapbiH KaHaraTTanasipamel. On ymin y'(X),

y”(X) -Ti aHBIKTAII aNaMBI3.

 (ehd" Al — . t - Ashy=2(1-7)+ peh/-2(1-7)- .
- !ch\/_/l(x )i (z)d +\/_shx\/_j T T —ad o7~ ﬂsh\/_)f()d

y"(x) = f (X)+ iﬂshﬂ(x - r)f (r)dr +

16
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tan— Ashy— A(1—7)+ fehv/—A(l—7)- 3
oA e ‘/_J J-2=2 —aJ=AchJ=7 - pshv-2 )f()dT

TaOwuTran MoHAEpl OacTankbl AuddepeHITnaIIABIK TCHICYTe KOSIMbI3:
y'(x)+Ay(x)=f(x) = f(x)+jﬁshﬁ(x—r)f(r)dr+
0

ATV O{\/_Sh\/_(l T)-I—ﬁCh\/_(l r)-p
(V2] o3| Nas Nav oy o Sy avy

f( )dz‘+

+%I‘shﬁ(x—r)f (7)dz+ Ach XaJ— A x

le. aN-Ash-2(1-7)+ feW-A(1-2)-f )
o N=A(N=A—av-achV=1 - pshy-7)

1
EHI[I HIETTIK mapTTapabl TeKcepeM13 y J. y dX MQHI[ele ecenTenmis.
0

1)=%l.shﬁ(l—r)f(r)dr+ch\/q 9

1 1
" H(H—aﬁchﬁ—ﬂshﬁ) i(aﬁmﬁ(l_T)JrﬂChH(l_T)_'B)f (r)dz=

Jl-rshr(l 7)- ,Bch\/7+,3chrr { (¢)dr,
0 N=A (V=2 —a=ach=2 - Bshi/-2)

jy dx = J.\/_J.sh\/_x o)f (r)dz +

+fchx a\/_sh\/_(l T)+,3Ch\/_(1 T)-p ] x—l(ChH(l_T)_l)f(T)dT+
o7 [ T el pslr) | O | oy

IaJ_ Ashy=2 (1-7)shy/=2 + fechy/=4 (1-7)shv-2 - ﬂshJ_
] (J_) (V=2 —aN=2echi/=2 - pshi/-7 )
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J0) =)+ AIy(x)ix = [an=AshV=A(1- )+ poh=A(1-2)- p)f (Hie =

O e

= [(an=Ash=A(1- )+ o= A(1-7)- B (e )=

[erim y(x) (3) wrerTik MIAPTHIH KaHAFaTTaHABIPaAbL. TeopeMa JaJesaeH .

KopbITbIHABI

byn xymeicta kol auddepeHIHanaplK TeHACYJIep YIIiH OSHIOKal MapTThl HIETTIK ecer
KapacThIpbULIBL. KapacThIpbUIBINT OTHIPFaH €CEeNTEep/iH MEeMUTIMIUTITH aly KOJIAapbl KOpCeTUIe .
[Hemimuiyg Oipereiniri MeH ©Oap OoOnyblH Jonienjaey YHIiH MUKYCHHCKHH — TEOPHUSCHI
a1 IaHbLIA]IbI.

byn xymeic Kazakcran Pecmybnukacel FbuibiM koHe >KOFaphl OUTIM  MHHHCTPIITIHIH
rpaHThIMEH (cpanm Ne AP23488086) xonnay Tantsl.
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YAKBIT-KEHICTIK BOMBIHIIA CUHI'YJISAPJIbI-BENJIOKAJ NP ®Y3UA TEHAEYI YIIIH TYPA
ECEIl
DIRECT PROBLEM FOR THE SPACE-TIME SINGULAR-NONLOCAL DIFFUSION EQUATION
MPAMASA 3AJJAYA JJISI IPOCTPAHCTBEHHO-BPEMEHHOI'O CHHI'YJIAPHO-
HEJIOKAJIBHOI'O YPABHEHUSA JUODY3UU

Anoamna. Byn oicymvicma KeHiCmiK-yaKblmmolk OOUbIHUIA CUHYIAPAbI-0eliokan Oupgysus menoeyi yuiin
mypa ecen Kapacmuipvliadvl. 3epmmey Oapvicoinoa Jlexcanop oupepenyuandvis menoeyimen OAUIAHbICKAH
CHeKmpiK  6OaUeK-CbI3bIKMbL  MeHoey1epoiy  wewimoepi mandanaosl. Anovimen wiewlivhiy oOap 601y Jicone
JCANEBIZOBIK WUAPMMAPLL 0INENOEHIN, OCbleAH Kadcemmi pe2yapiavlk wapmmap eneizineodi. Ecenmi wewy adici
peminde QUHbLIMAALLIAPObL AXCLIPamy macili KoI0anuliaovl. Byn macin HeeiziHOe wewimoep xamap mypiHoe
epHexmenin, oaapoviy Jlescanopoviy opmozorandvl Kenmywenepi apkulivl bepinyi Kapacmuipuliadvl. Convimen Kamap,
Kamapnapowly HCUHAKMALYbl HCAH-JCAKMbL 3epmmenin, wiewimoepoiy mezicmiei meH (QYHKYUOHANObIK Kacuemmepi
Manoanaowl.

Maxanaoa Kanymo mazvinacvinoazel Oenwexkmi mywvinoviiap, Puman—J/luyeunns unmeepanoapuvl oscane
UHBOMIOYUA MUNIHOe2i onepamopapovly Koadanvlcbl mycinoipinedi. Teopemanap men remmanap Hecisinoe cneKmpiix
ecenmepOiy MeHwikmi MaHOepi MeH Qyukyusnapvl anvikmanaosl. llewinoepdiy OipKaneinmol HCUHAKMATYbI MEH
abconiommi HCUHAKMALYbl 0INENOEHIN, OAAPOLIY KOUbLI2ZAH OACMANKbL-UEMMIK Wapmmapea caukecmici Kopcemineoi.

HKannwr anzanoa, 6yn owcymvic Oonuwiex pemmi Ougppepenyuanoviy menoeyiep meopusicolh MONbIKMbIPA
omulpeln, mypa ecenmepoi ulewtyOiy dHcaya maciioepin YcolHaovl dcaHe Oonauwiaxkma xepi ecenmepoiy meopusacvbiHa
KOJOAHbLLY MYMKIHOIZIH auiadbl. 3epmmey Homudiceaiepi MamemMamukaivlk Qusukaoasel Kypoeii ecenmepoi wieuiyee
bIKNAL emin, Koa0anoanwl mooeiboepoe naudaramny2a neeisz 6ona anaobol.

Heezizei co30ep: Oepbec myvinowvl oupepenyuandvis menoey, Kanymo 6Genwexmi myvlHObICbl, mypa ecen,
uHeoMOYUs, CNeKMpIiK ecen, Jlesicanop kenmyulenepi.

Abstract. This article investigates the direct problem for the space-time singular-nonlocal diffusion equation.
The study focuses on solutions of spectral fractional-linear equations associated with the Legendre differential
equation. First, the existence and uniqueness of the solution are established by introducing certain regularity
conditions. The method of separation of variables is applied to construct the solutions, which are represented as series
in terms of orthogonal Legendre polynomials. Furthermore, the convergence of these series is thoroughly analyzed,
along with the smoothness and functional properties of the obtained solutions.

The paper discusses Caputo fractional derivatives, Riemann—Liouville integrals, and operators of the involution
type. Based on several theorems and lemmas, eigenvalues and eigenfunctions of the spectral problems are derived. The
uniform and absolute convergence of the solutions is proven, and their consistency with the given initial-boundary
conditions is demonstrated.

Overall, this work contributes to the theory of fractional-order differential equations by proposing new
approaches to solving direct problems and laying the foundation for further applications in inverse problem theory. The
results can be applied to complex problems in mathematical physics and serve as a basis for use in applied models.
Moreover, the proposed methods provide opportunities for improving the numerical solutions of specific problems.

Keywords: Partial differential equation, Caputo fractional derivative, direct problem, involution, spectral
problem, Legendre polynomials.

Aunnomayusn. B OanHou cmamee paccmampusaemcsi npsamdas 3a0aya OJs NpOCMPAHCMBEHHO-8PEMEHHO20
CUHZYISIPHO-HENOKAIbHO20  ypasHeHus.  oug@ysuu. Hccredylomess  peutenus CReKMPAIbHbIX — OPOOHO-TUHETIHbIX
ypasHenuil, CesI3aHHbIX ¢ Ougdepenyuanvrvim  ypasuenuem Jlexcanopa. B nauane ycmanaemusaromcs ycioeust
Cywecmeosanust 1 eOUHCMEEHHOCMU PeuleHUst, 6800SIMCs HeoOXoouMble pecyisipHble ocpanudenus. s peuleHust
3a0ayu npuMeHsemcs mMemoo pasoeieHust nepemennvlx. Ha smou ocnoee peuwienus noayyaiomcs 8 euoe psoos,
BbIPAIICAEMBIX Hepe3 OPMO2OHANbHbIE MHO20YeHbL Jlescanopa. Takoice noopobHO aHanu3upyemcs cxoO0uMocmy psioos,
271a0KOCMb peteHull U ux hyHKYUOHAIbHbIE CEOUCIEA.
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B cmamve paccmampusaiomesa Opobuvie npoussoouvie 6 cmvicie Kanymo, unmezpanvt Pumana—/luysunis u
onepamopuvl UHEOMIOYUOHHO20 muna. Ha ocnoee meopem u Jaemm onpedeniaiomcsi coOCMEeHHble 3HAYEHUs U
cobcmeentvle QYHKYUU CREKMpAnbHblx 3a0ad. [JoKkasana pasHoMepHAas u abCONOMHAA CXOOUMOCb peuleHull, a
Makoice Ux COOMeemcmeue 3a0aHHLIM HA4AIbHO-KPAEEbIM YCIOGUSM.

B yenom, paboma enocum exnad ¢ meopuro ougpghepenyuanvhbix ypagueHuti OpobHO20 NOpsioKa, npeonazds
HOBble NOOX00bI K PeuleHul0 Npamuix 3a0ay U co30a6ds NpeonoculiKu 0N NPUMEHeHUs 8 Meopuu 0OpamHelX 3a0ay.
Ionyuennvie pesynomamvl MO2Ym UCHOIb308AMbCA NPU PeUleHUl CLOMHCHBIX 300ai MAmeMamuyeckoll Qu3uxu u 8
npuknaduvlx mooensax. Kpome mozo, npeonoswcennvie memoovi NO360AAIOM  YIVUUMUML HUCTEHHbIE peuleHis]
CNeYUaIbHbIX 3a0ay.

Knroueevie cnosa: ouggepenyuanvroe ypasHenue 6 4acmublx NPou3BoOHbIX, OpodHaa npouzeoonas Kanymo,
NPAMAZA 3a0a4ad, UHBOMIOYUA, CHeKMPAIbHAS 3a0aud, MHO20UeHbl Jledxcanopa.

Kipicne

byn wmakamna Jlexanap auddepeHraabK OnepaTOPblH KAMTHUTBIH OCHIIOKAT CBI3BIKTHI
g depeHManIblK TeHaeYyIepre OailaHbICTB Typa ece0iH 3epTTeyre apHajiFaH. ATam alTKaHza,
Kamyto 6eiekTi TybIHABUIAPBIH KOHE WHBOJIOIMS TUIITI KEHICTIKTIK OrepaTtopiapibl KAaMTHUTBIH
Typa ecen tanganaabl. Ocel TunTeri ecenrep [2-8] skymbicTapia KapacThIpbUIFaH aTall OTKEH KOH.

Herisri makcat - alHbIMalbUIapAbl aXbIpaTy 9JICI apKbUIBI KaTap TYPIHIEri IeurimMaepii
Kypy *oHe Tanaay. bi3 menmikTi QyHkuusuiaps! Jlexxanap kernmymienepi apKbUIbl ©PHEKTEIETiH
CHEKTPJIIK ecCenTepAl IIbIFapambl3 >KOHE OChl (QYHKUIUsIapAsl mienrimai  OelHeney YIIiH
KosganaMbi3. COHBIMEH KaTap, Oenriii Oip peryisipiblK HMIapTTap €Hri3y apKbUIbl MICHIMHIH 0ap
00Jybl MEH KaNFBI3JIBIFbI KaTaH TYpAE AQJENJIEHIN, OOIIeKTI Kepi ecenTepAiH TEOpHUsIChiHA YIIeC
KOCBLIaIbI.

3eprTey dmicTepi xIHe MaTepuaIaap

Amnpikramal [1] g (t) el (O,T) (1S g< oo) GYHKIUSICHI KOHE O € (0,1) CaHbl YIIIiH

1

I5:9(t) :—'t[(t—s)“—1 g(s)ds, te(0,T]
T(a)s
Itﬁg(t):%a)j!'(s—t)“_lg(s)ds, te[0,T)

epHekTepl Puman - JIMyBWIb MarbIHACBIHAAFbI COJI KAKThl YKOHE OH JKaKThl OeJeK peTTi
WHTErpajIapsl Aen ataiaabl. MyHIarsl F(OC ) - Diiniep ramma QyHKIMSCHI.

Amnbikrama2 [1, 91 Oer] ¢ (t) e AC! ([O,T]) (GYHKIUSCHI KOHE ¢ € (O,l) CaHBI YIIiH

D50()= 15§ 0() =5 [(-9) 0 )k, 1=(0T)

KOHE

D:ﬁg(t)z—lif%g(t):‘ﬁj(s‘t)_“9’(S)ds, te[0,T)
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epHekTep KamyTo MarbIHACBIHIAFbl ( - PETTI COJI HKAKThI KOHE OH aKThl OOJIIIEK PETTI TYbIHAbI
JIeTI aTaabl.
Jlemmal [1, 233 6er] O<a <1, f>-a xoHe A€ R GonarbiH

Dfu(t)+At’u(t)=0, t>0,
u(0)=¢, peR,
Ko ecebiniy miemnimMi Kejaeciiel aHbIKTaIa bl

u(t)= (DEQ,HE, (—M‘”ﬁ) :

R >

myHnarsl E, . (2) -Kunbac-Caiiro yHkuusicsr Tomenzerieit 6epineni [1]

k

L T(a(jm+n)+1)

E,ma(2)=1+2 1 T (er(jm+n+1)+1) i

k=1 j=0
o, M - HaKTHI caHmap, an N € C , )koHe MbIHA IIAPTTAp OPBIHIAIA b
a>0,m>0, a(jm+n)+1¢—1,—2,—3,...(j eNO) .

Jlemma2 Ke3s kenren « € (0,1], # > o yuiiH keneci TEHIIKTEp OpbIHAAIA b

Dt{E Y ﬂ(—lt””ﬂ)}:—}tt“E 8 o (A7),

N {tﬁ E 41 (—at=” )} = %{1— E ss (—at=” )} :

a a

HQTI/I)KCJ'Iep /K9HE TAJIKbLIIAY

Dfu(x,t)+t’S,, u(xt)=0, (x,t)e(-11)x(0,T)=Q, €))

X,&,y

(1) Typrmeri 6emiuek perti quddy3us TeHaeyi yiriH

{u(x,o):go(x), xe[-1,1],

)
u(-1t)=u(Lt)=0, 0<t<T,

Oacrankpl-1IETTIK ecebi OepiyniciH. MyHarsl go(x) GyHKkmsicel y3aikeiz xxoHe ¥y >0, O<a <1,

B>0, £>0. D7 - KanyTo MarbIHaChIHIaFbl OONIIEK PETTi TYBIHIBL S, . U (X,t) - OIIEPATOPBIHBIH

KOPIHIC1 KelleciJiell aHbIKTaIa bl

S u(xt) :(x2 —1){yaa—):2u(x,t)+g§x—22u(—x,t)}+ZX{;/%u(x,t)—g%u(—x,t)}. (3)
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Mynna wa OTIepaTOPBIHBIH CcIIeKTpranAbK Kacuertepi [ 10] enderinae 3eprrenrex.

Jlemma 3 [ 1, Eckeprrie 6.1] AiitansiK ¢, M - HaKTHI caHaap, ain N e C , xoHe
a>0,m>0,a(jm+n)+1=-1,-2,-3..(jeN)

6osica, Kunbac-Caiiro pyHKITUSACH YIIIIH Kelleci Oarajiay OpbIHIbI
1 1
- - <E ~7)<
14T (1-a)z emna(=2) . r(1+(m-1)a)
+
I'(1+ma)

, 220, (4)

myHAa m>1 xone O<a <1.
1 — teopema Aitransik, ¢(X)eC'[-11], o(-1)=p1) =0, ¢ (X) e L*(-11), u(x,t)eC (Q) :

Dfu(x,t), t’S,, u(x,t)eC(Q). Ouma (1) — (2) ecebinin menrimi Gap, KarFb3 KoHE Kesecizeit

AHBIKTaJ1a1bl
u(x,t)=iE ﬁ’é(—ﬂlkt“ﬂ)gokxk(x). (5)

Honenneyi: u (X,t) byHKIMACHIH (hopMan Typle Keneciien i31enmi3

u(xt)=u, ()X, (x), ©6)

k=1

MYHJIArbl U, (t) oenriciz pynkums. X, (X) - Jlexxanap kenMymieci Keieciiei aHbIKTaIa Ibl:

X, (x) = 2”1n! :Xnn (x*-1)". 7)

(6) epHekTepin (1) TeHmeyiHe Koilcak XoHE aWHBIMANBUIAPABI AXBIPATY OMICIH KOJJIAHY

apKBUIBI CIIEKTPJIIK €cell MeH Oemmiek perTi auddepeHanabKk TeHaey agambi3. CIeKTpiiK ecem
KeJeciiel aHBIKTaNaIbl

(x* =D #X () + X" (%) [+ 2x[ 7 X () =X (%) | = =24 X, (%), (8)

myHnarel X €(—-11), 7 xoHe & - OepinreH TypakThuiap, am A, - cmekTpiik mapamerp. (8)
TEHJICY/IiH OH MEHIIIKTI MOH/IEpi MbIHA TYp/ie aHbIKTaNa 6! [9]:

A= (y+ (D e)k(k+1). ©)
Oumaii Goica, U, (t) byHKIISICE YIIiH Keneci TeHACY] araMbI3
Dfu(t)+At’u(t)=0, k=0,1,2,..., (10)

Jlemma 1 Hotmxkecinen (7) TeHaeyiHIH IIETIMI KeJleCiiel aHbIKTalaIbl
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Uy (t) =& Ea,1+ﬁﬂ (_ﬁktaw)' (11)

Bi3 ocputaii u(X,t) bynkupsuiaps! yurin U, (t) MoHiH Taysin amubiK. KypbutbiMel GoibIHIIA
oy ¢ynkiust (1)-(2) ecebiHiH OapiblK MIAPTTapblH (OpPMANIBI TYpAE KaHaraTTaHAbIpaabl. Exji
ochl (DYHKLMSUIAIBIH TETiCTIriH 3epTTey KaxkeT Goxampl. Omail Gonca (5) KaTapbiH Tyitbik Q
oGMBICHIHNA GipKeNKki XMHAKThUIbEBIH, D/ sxome S,.,U omepaTopiapblH KOJJaHy apKbLIbl
(50 c Q Ke3 KelreH KataH TYHBIK iIIKi 00JIBICHIH/IA )KHHAKTBUIBIFBIH KOPCETY KETKITIKTI.

Keneci ke3exkre ¢, kodbduuueHTiH Oaranailblk. AJIbIMEH OepuireH ©pHEeKTi OeiiKTemn

MHTErpAIJaiMBbI3,

!

J¢k X)dx = — %JX [ x2—1)go;(x)} dx,

Jx (¢ -1 (x)] o,

1
k(k+1)

O == @i' (12)

myHzaFsl h (X) = [( X2 _1) o (x)]' Genriney enriserin 6oiscak, OHIa
j e (%) X, (x)dx <oo.

Hemexk,

=1, e 1
:Z‘k(k+1)‘¢k‘zzk(k+l)gc’

Omaii 6osca (12) katapsl TYHbIK 00JIBICTa OIPKAIBINTHI )KUHAKTHI.
Enmi u(x,t) KaTapblHBIH >KUHAKTBUIBIFBIH 3epTen Kopeiik. (4) TeHCI3iriH mnaiaaaaHbIi
KeJeciziel HOTHKeNIep il alamMbl3

SC|(ok|

k=1

2 Ewé,g (_iktwﬂ ) Pr

Omaii Gomca, X, (X) CyHKUMSCH IICHENTeH OONFAHABIKTAH >KOHE (4) TeHCi3AiriHeH

naﬁnaﬂaHmn MBIHAHBbI aJlaMbI3

<Clp|<C.
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gﬁ,f GyHKIMSUTaphI IMICHENTeH OONFaHABIKTaH (5) Karapbl Q TYHBIK OOJIBICBIH/IA a0COJIIOTTI

*oHe OIPKaJIBIIThI XUHAKTHI 6oansl. Jemek, U(X,t) dyHKIus C((S) KJIaCBIH/A JKaTaIbl.

. o a
Opi Kapaii, popmanasl Typae D, omepartopsin (5) katapsiHa 2 ileMMaHBI KOJIJIaHCAK, OH/IA

0

DAu(x,t)=—t> E 45 (-4t ) Ap X, (). (13)

k=1

Mysnna Jlemma 2 Teruikrepin Jlemma 3 TeHCI3IITH NaiiianaHbln, Keneci Oaramayasl alamMbl3
« N, L
IDu(xt)<C> 4, Z|gok| <C.
k=1

Jemex (13) xarapsl Ke3 KeldreH TyHMbIK imki obmbicta Q, cQ Gipkesiki >KMHAKTaIAIbI,
conapikran D u(x,t) e C (Q) Gonazer.
Keneci kesekre S, , u(x,t) omeparopsita (5) TEHIIriH KONIAHBII, KATAP/bl )KHHAKTHUIBIKKA

3epTeimi3

s, u(xt)=u, (1) (14)

k=1

Onmnati 6oiica,

0

2.

k=1

<C/1k|¢k|<c

xgy ‘

Omaii 6orca, (14) KaTapsl GipKaTbINTHI KHHAKTANABL, ONait Gonca S, , U(x,t) € C(Q).

Il ewiimnin rcanzei30o1261
[lenriMHiH KaIFbI3 EKEHIH KOPCETY YIUiH Kepi )KOopbin Kopeiiik, srau (1)-(2) ecebinin U, (X, 1)

xome U,(X,t) exi memimi Gap men amaibik. U(X,t)=U,(X,t)—U,(X,t)=0 GonareiHbIH monenaeiiK.
Ceb6ebi ecen cb3BIKTHI, U(X,t) yrmin 6i3 (1)-(2) ecebinin Giprekti memimin anampi3. [enriMHig
aHbIKTaMachl  OoWbiHIma, U(X,t)  dyHkmuscel Kkejeci kacumerrepre ue  U(X,t) eC((S),
D/u(x,t)eC(Q) some S, u(xt)eC(Q). Omaii Gonca, y3uikci3aikke OGaiIaHBICTHI
u(t)= ( (x,t), X (X)) ¢ynxuuscer Giprexti. Erep & ere kimi ke3 Kenren cadm 0Gojsica, oHua

D/u(x,t), S u(xt)eC (Q_é) , Q_b c Q Gapapik t >0 >0 ymriH, Keneci TEHIiK OpbIHIATAIbL:

D (t)+ At u, (t)=0. (15)

O Ke3 kenreH caH OonraHabikTaH, (15) TeHaeyl 0<t<T obOmpickiHaa opbiHAanaabl. COHIBIKTAH
U, (t):(u(x,t),Xk(X)) OipTekTi ecentiH Imemimi Gombn Tabbuiafbl. Byl ecenTiH ImenIiMiHiH
JKaIFBI3AbIFbIHA OaMIaHBICTEI <u(x,t), X, (x)>=0, arau U(X,t) QyHKIHsICH {Xk (X)} KYHeCiHIH

Gapiblk  oneMeHTTepiHe oproroHans. Commeikran  U(X,t)=0 6Gapaeik te[0,T]  yuwin.
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u(x,t) eC(é) 6onranabikTan, U(X,t)=0, (x,t) eC_) 6omanpl. Oceunaiiima 6i3 TeHACYIIH MIeNIiMi

U(X,t) skareI3 OOIATHIHBIH AJJIEIIEIIK.

KopbITbIHABI

By )kyMBICTa KeHICTIK-YaKbITTBIK CHHTYIISIPIIbI-Oeimokan auddy3ust TeHaeyl YIIiH Typa ece
JKaH-)KAKThl 3epTTeiai. AJIBIMEH IIENIMHIH Oap OONybl MEH JKalFbI3IBIFBI KaTaH TYpHAe
JIOJCIICHIN, KKETTI PETYJSPIbIK MapTTap €HTi3UIAl. AWHBIMAIBUIAPBI aXKbIPATY 9ICI apKBLIbI
€CeNTiH KaTap TYPIHIETi MmenrimMaepi Kypbulbln, onapasiH JIexanap KkenmyuieaepiMeH epHeKTelyl
kepceTinmi. KarapnapaelH J>KWHaKTaly KacHETTEpl TaIaHbll, IMICHIIMISPAiH TEeTIiCTIM MEH
KOWBLIFaH 0aCTaNKbI-IICTTIK MAPTTAPFa COMKECTIT1 HEeT13Ie/Il.

3epTTey HOTHXKECIHAC alIbIHFaH TEOPHSUIBIK TYXKbIpbIMAAp Oeiek peTTi AuddepeHnnanibK
TEHJICYJIep TEOPHUSCHIH TOJIBIKTHIPA TYCII, CIIEKTPIIIK €CeNTEP/IiH MICIIIMIEPIH CUIIaTTay YIIiH KaHa
olicTeMeNiK Heri3 YChIHaAbl. byl oficTepIiH KOMAaHbUTYbI Kepl ecenTepIiH HIenliayine, COH1ai-aK
MaTEeMATHKAIBIK (DU3UKAIAFI KYPAEIi MOJEIBICP Il TAIIayFa MYMKIHIIK Oepei.

Kanmel  anranma, Makaiaga YCHIHBUIFAH TOCUIAep O6JIIeK TYBIHIbIFA HETI3/IENIreH
OCIDKEPTLTIKTI €CeNTepaiH TEOPHUSUIBIK KOHE KOJIIAHOANBI aCTCKTUICpiH JaMBITyFa OaFbITTAlIFaH
JKOHE KEJICHIEKTE CaHJIbIK 9/1ICTEeP/l KETUIAIPYTe JKOJI allla Ibl.
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DEVELOPMENT OF A RESEARCH-TRAINING STAND AND INVESTIGATION OF THE
RELATIONSHIP BETWEEN THE OUTPUT POWER OF A SOLAR PANEL AND LIGHT INTENSITY
OKY-3EPTTEY CTEHAIH 93IPJIEY )KOHE KYH MAHEJITHIH IIBIFBIC KYATBI MEH KAPBIK
UHTEHCUBTLIITT APACBIHJIAFbI BAHJIAHBICTBI 3EPTTEY
PA3BPABOTKA YYEBHO-UCCIEJOBATEJIBCKOTI'O CTEHJA 1 HCCIEAJOBAHUE B3AUMOCBA3U
MEX]Y BBIXOJHOM MOIHOCTBIO COJTHEYHOM NAHEJIM U HHTEHCUBHOCTbIO CBETA

Abstract. In the 21st century, the global energy system has been moving towards renewable energy sources.
Solar energy, as an environmentally friendly and inexhaustible resource, is becoming a strategic source of electricity
production. The efficiency and performance of solar panels are determined by their dependence on external factors,
especially the intensity of incident light and the panel’s tilt angle. Therefore, studying the relationship between the
output power of a solar panel and light intensity is a relevant scientific direction for optimizing solar energy systems,
reducing costs, and increasing efficiency. By developing a special educational and experimental stand, the dependence
of the solar panel’s output power on light intensity was experimentally investigated; the panel’s current-voltage (1V)
characteristic was plotted, and the fill factor and efficiency indicators were determined. The research was carried out
using a research-training stand consisting of a photovoltaic panel, a control panel, projectors, variable loads,
voltage/current sensors, and a lux meter. During the experiment, the light intensity was gradually varied, and the panel
parameters Voc, Isc, Vmax, and Imax were measured. Based on the obtained data, the fill factor (Fill Factor) and the
efficiency coefficient were calculated. The experimental results showed that the output power of the solar panel is
approximately directly proportional to the light intensity. The short-circuit current increased linearly with increasing
illumination, while the open-circuit voltage changed only slightly. The IV curves at different light levels and the
calculated fill factors corresponded to the operating patterns of the photovoltaic panel. In addition, it was observed that
the effect of the panel’s tilt angle on power complies with the cosine law. The obtained results can serve as a basis for
improving the efficiency of solar panels, ensuring their reliable operation under various conditions, and developing
new engineering solutions.

Keywords: solar panel; photovoltaic system; light intensity; output power; current-voltage (IV) characteristic;
fill factor (Fill Factor); efficiency coefficient; educational and experimental stand.

Anoamna. XXI zacvipoa sicahanovlk sHepeemuKa HCyueci JHeayapmuliamvlii dHepeusi Ko30epine Kouiyee bem
oypovi. KyHn sHepeusacwvl 9KONO2UANBIK MA3A Pi CAPKLUIIMAUMbBIH pecypc peminoe I1eKmp IHepeUACbIH OHOIPYOiH
cmpame2usiiblK Kosine atHanvin Kenedi. Kyn nauwenvoepiniy muimoinici men JHCYmblc OHIMOLLIZ] 01apobll CublpmKbl
Gaxmopaapza, acipece mycemin dHcapvlK KapKbIHOLLILIELI MeH NAHeNbOiH OpHANACY OYPblublHa MIYendiliciMeH
anvikmanaovl. COHObIKMAH KYH NAHENiHIY WbIblC Kyambl MeH HCapblK UHMEHCUBMINiel apacblHOagvl OaulanblCmbl
3epmmey — KYH HEPLeMUKACyl HCYienepin OBMAlianoblpy, WbleblHOapobl a3aiimy HcaHe MUIMOLIIKMI apmmulpy Yulin
e3exmi gvlabimu bazeim 60abin MadwLLIAdbl. ApHaiivl OKy-madicipubenix cmeHO 23ipaey apKulivl KYH NAHETIHIH WbIEbIC
Kyamvl MeH JCapblk KaAPKbIHOBbLIbIEbL APACIHOAbl MAYeNOINIKMI madicipubenix mypevloan 3epmmey, NaHeaibOiy MoK-
kepuey (IV) cunammamacein mypevizoin, moamslpy KOIQOuUyueHmin jicane MmuiMOiliK KOPCemKiumepin aHblKmay.
3epmmey orcymuicol homosanekmpik naneisb, 06ACKapy NAHel, NPOICEKMOPAAp, AUHbIMAbL HCYKmeMenep, KepHey/mok
oamuuxmepi JicoHe JTIOKCOMemPOeH MYPamvlH OKy-3epmmey cmeHOl apKblibl HCyp2izinii. IKxcnepumenm 6apvicblHoa
AHCApvIK, KAPKLIHOBLIbIEbL Ke3eH-Ke3eHiMeH o32epminin, nanenvoiy Voc, Isc, Vmax owcone Imax napamempiepi onuienoi.
Anvinean Oepexmep meeizinde moamuipy kKodppuyuenmi (Fill Factor) men muimoinik xosgpguyuenmi ecenmenoi.
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Dkcnepumenm Hamudicenepi KyH RAHENIHIY WbLIZLIC Kyambl JCaApblK  KAPKbIHOBLIbIZLIHA — WAMAMeH — miKenel
NPONOPYUOHAT eKeHiH Kopcemmi. KblcKa mytiblKmany mozvl jcapblk, apmKaHn Catibli Cbl3bIKmbl OCIn, aulblk mizoexmezi
KepHey a3 eana e32epoi. Opmypii dcapulk Oeneetiinoeei IV Kucvlkmap men ecenmeneen moamuipy Ko3guyuenmmepi
Gomosnekmpaix naneavboiy HCYMuic icmey 3aHObLIbIKmapvina calikec xendi. Convimen xamap naneavoiy OpHANACY
OYpoIUbINbIY KYAMKQ 2cepi KOCUHYCMbIK 3aH2d call eKeHOiei 6alKanobl. Anvinean Hamudicerep KyH NAHEIbOepiHiH
MUiMOiciH  apmmulpyad, O0AapoObly PMYPAL HCA0AUOA CEHIMOI JHCYMbICHIH KAMMAMACHI3 emyee JHCIHe IHCaAHa
UHOICEHepIIK wewimoep a3ipieyee Hezis 601a anaowl.

Heeizei co30ep: Kyn naneni; (homodaneKmpiix Jcyiie, Heapvlk KapKbIHObLIbIZbL, WibleblC Kyambl, mok-kepuey (IV)
cunammamacwl, moamoipy koapuyuenmi (Fill Factor); muimoinik kosgpguyuenmi; oKy-maoxcipubenix cmeHo,

Annomayun. B XXI sexe muposas snepeemuyeckas cucmema HAnpaeieHa HA nepexod K B0300HOGIAeMblM
ucmounuxam suepeuu. ConHeuHas 3Hepaus, KaAK DKOJI0SUHECKU YUCTbIL U Heucuepnaemulii pecypc, CmaHOBUmcs
cmpamezuieckuM UCTMOYHUKOM RPOU3B0OCIBA AEKMPU1eckoli sHepeull. Dpdexmuenocmy u npousBo0OUmMensbHOCHb
CONMEUHbIX NnaHenell Onpedersiomces UX 3A8UCUMOCTIBIO OM G6HEWHUX QAKMOpos, OCOOEHHO Om UHMEHCUBHOCHU
naoanwezo ceema u yena ycmanosku nanenu. 1losmomy ucciedoganue 63aumMocesnsu Mexcoy 6bIXOOHOU MOUHOCMbIO
CONMEUHOU NAHeny U UHMEHCUBHOCTNBIO C8eMd ABNAEMCs AKMYANbHbIM HAYYHLIM HANpasieHuem Oid ONMUMU3AYUU
CONMMEUHbIX DHEP2eIUYecKUX CUCIeM, CHUMNCEHUs 3ampam u nosviuienus s@gexmusnocmu. Ilymém paspabomku
CNeyuarbHo20 y4eOHO-NPaKMUIecKo20 cmenoa nposedero dKCNePUMEHMATbHOE UCCIe008aAHUe 3A8UCUMOCTIU 8bIXOOHOU
MOWHOCIYU CONHEYHOU NaHenu om UHMEHCUBHOCIU C8emd, Nocmpoena moxogo-eomvmuasn (IV) xapaxmepucmuxa
namenu, a makdxice onpeoenenvl Kodpguyuenm 3anoamenus u noxasamenu dpgexmusnocmu. Hcecneoosanue
NPOBOOUNOCH C UCNONLI0BAHUEM YUEOHO-UCCIE008AMENLCKO20 CIMEHOA, COCIOAWe20 U3 POMOINIeKMPUIecKoll naneu,
YRpasasowezo 6I0Ka, NPONHCEKMOPO8, NEPEMEHHBIX HA2PY30K, OAMYUKOS HANPANCEHUS/MOKA U JroKcomempa. B xode
IKCNEPUMEHMA UHMEHCUBHOCHb C8eMAa USMEHANACh NOIMANHO, USMEpPANUch napamempuvl nawenu Voc, Isc, Vmax u
Imax. Ha ocHosanuu noiyyeHHvlX OaHHbIX Obliu paccuumansl Kod@pguyuenm 3sanoanenus (Fill Factor) u
Ko puyuenm >¢ppexmugnocmu. Pesyrbmamol sKcnepumenma noKazanu, Mo 6bIXOOHAS MOWHOCHb COJHEYHOU
namenu NpuOIUIUMENbHO NPAMO NPONOPYUOHATbHA UHMEHCUBHOCMU ceéema. TOK KOpOMKO20 3AMbIKAHUA JUHENHO
803paACMAn ¢ y8enuieHueM 0C8eueHHOCMUY, 4 HANPANCEHUe X0A0CO020 X00ad USMEHAN0C, He3HauumenvHo. IV-kpusble
npu  pasiuuHLIX YPOBHAX OCEEWEHHOCMU U paAcCYUmanHvle KodQp@uyuenmol 3anoaHeHUs COOMBEEmcmeos8anu
3aKoHomepHocmam pabomul Gomodnekmpuyecko nawenu. Kpome moeo, 6vlno 6viaeneHo, umo 6nuAHUue yeud
VCMAHOBKYU NaHenu Ha MOWHOCHb COOMEEeMCmsyem KOCUHyCHOMY 3axony. Tlonyuennvie pe3yrtomamel Mo2ym cmamb
OCHOB0U 015 NOSbIUEHUS IPPEKMUBHOCU COTHEUHBIX Nanenell, obecneyeHus ux HAOEHCHOU padomvl 8 Pa3iIUYHbIX
VCOBUAX U paA3paAOOMKU HOBLIX UHIHCEHEPHIX peuleHUl.

Kntouesvle cnosa: conneunas nawenv, PomosneKmpuueckds CUcmema, UHMEHCUBHOCMb CE8emd; GblXOOHAs.
MowHoCcmb, mokoeo-goavmuasn (IV) xapaxmepucmuxa; xosgpguyuenm zanonunenus (Fill Factor);, xosgduyuenm
aghpexmugHocmu; yueOHO-NPAKMUYECKULl CIEeHO.

Introduction

The main trend of the global energy system in the 21st century is the transition from
traditional fossil fuel sources to renewable and clean energy sources. This process is directly related
to climate change, the increase in greenhouse gas emissions, and the urgency of energy security [1],
[2]. In particular, solar photovoltaic systems are widely used as an affordable and environmentally
friendly source of electricity generation. Solar energy, as an inexhaustible, stable, and globally
accessible resource, holds strategic economic and technological significance [3], [4].

The efficiency and overall performance of photovoltaic (PV) modules are closely linked to
external environmental factors, including solar irradiance, ambient temperature, and wind effects
[5], [6]. Changes in light intensity significantly affect key electrical parameters of photovoltaic
cells, such as short-circuit current, open-circuit voltage, fill factor, and efficiency [7], [8].
Therefore, studying the relationship between the output power of solar panels and light intensity is
at the core of scientific research aimed at improving operational efficiency, reducing system losses,
and stabilizing energy production [9], [10].

At present, the modeling of photovoltaic systems and the prediction of their performance are
increasingly utilizing dynamic physical models, advanced mathematical methods, and artificial
intelligence tools (machine learning, deep learning) [11], [12]. These methods enable the
assessment of solar panels’ real-time performance in different climatic regions, the monitoring of
system health, and the early detection of faults [13]. Moreover, studying the relationship between
the output power of solar panels and light intensity with high precision through research-training
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stands allows for comparative analysis of the collected data and integration into system models
[14], [15].

The pedagogical significance of developing a research-training stand is also substantial. Such
a stand provides future specialists with hands-on experience in the field of solar energy, enables
them to learn how to use actual measuring instruments, understand the fundamental laws of energy
production, and acquire research methods [16]. Using the stand, the influence of light intensity,
panel tilt angles, temperature, and wind effects on the operation of PV modules can be
comprehensively studied, thereby developing students’ practical skills and research culture [17].
This approach fosters not only engineering skills but also modern scientific competencies such as
data collection, processing, analysis, and modeling [18].

Overall, the results obtained from research-training stands form the basis for improving the
efficiency of solar panels, ensuring their reliable operation under various conditions, and proposing
new technological solutions. This line of research will contribute in the future to the widespread use
of photovoltaic systems, strengthening national energy independence, and advancing sustainable
development [19], [20].

Methods

During the research, an extensive review of scientific literature related to the development of
an educational and experimental stand for studying the relationship between the output power of a
solar panel and light intensity was conducted. At this stage, the main terms and keywords relevant
to the research topic were identified. The key keywords defined were: “solar panel”; “photovoltaic

99, < 99, <

system”; “light intensity”; “output power”; “current-voltage (IV) characteristic”’; “fill factor (Fill
Factor)”; “efficiency coefficient”; “educational and experimental stand.”

In the process of searching and selecting literature, international and national scientific
databases (Scopus, Web of Science, Google Scholar, etc.) were used. Recently published scientific
articles were reviewed, highlighting the importance of experimental stands for improving the
efficiency of photovoltaic systems. This analysis provided the basis for selecting experimental
approaches, measuring instruments, and calculation methods to evaluate the performance of solar
panels.

This study was carried out in an experimental format and was based on a specially designed
research-training stand. The stand included a photovoltaic panel, a control panel (voltmeter,
ammeter, and switches), light sources (projectors with adjustable intensity), a lux meter, and
variable loads. Such an integrated setup made it possible to measure the electrical parameters of the
solar panel under different light intensity conditions.

The experimental measurements were carried out in the following stages:

e Preparation and connection of equipment: Mounting the solar panel on the stand’s
rotation plane and activating the measuring instruments on the control panel.

e Adjustment of light intensity: Using the dimmer of the projectors to set various light
levels and measuring them precisely with a lux meter.

e Measurement of main parameters: At each light level, determining the open-circuit
voltage (Voc), short-circuit current (Isc), voltage at maximum power point (Vmax),
and current at maximum power point (Imax) of the solar panel.

e Data recording and processing: Entering the measured values into a table and plotting
the IV (current-voltage) characteristic using Vernier Graphical Analysis or GlobiLab
applications.

e Calculation: Using the obtained Voc, Isc, Vmax, and Imax values to compute the fill
factor (Fill Factor) and efficiency coefficient, analyzing their dynamics depending on
changes in light intensity.

This methodology allows for a comprehensive assessment of the photovoltaic panel’s
performance under different lighting conditions, comparing its electrical parameters and identifying
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experimental patterns. In addition, the stand’s rotation plane is used to study the effect of the
panel’s tilt angle on power, enabling the collection of additional data by changing the angle of
incident sunlight.

Results and discussion

Solar panels are photovoltaic devices that directly convert the energy of sunlight into
electrical energy. Their operation is based on the photovoltaic effect: when sunlight strikes the
semiconductor surface of the panel, photoelectrons are released, generating an electric current. The
electrical power produced by the panel depends on the intensity of the incoming radiation, as well
as on the panel’s efficiency, area, temperature, and internal electrical parameters.

A simple relationship is used to calculate the total output power of the photovoltaic panel (1):

Pout = TIAE (l)

Where P,,; is the electrical power generated by the panel (W), n is the efficiency coefficient,
A is the panel area (m?), and E is the light intensity incident on the panel surface (W/m?). This
formula shows that the power output of a solar panel is approximately directly proportional to the
intensity of the radiation.

To characterize the actual electrical parameters of the panel, the voltage V;,, and current
Ly, at the maximum power point are used. Their product gives the panel’s maximum power (2):

Pout = Vmp X Imp (2)

As the light intensity increases, the number of photoelectrons rises, and consequently the
current in the panel increases. This relationship is approximately linear in nature (3).

IyoFE (3)

That is, the current is directly proportional to the intensity of the incident radiation. The
voltage, however, mostly depends on temperature and changes only slightly with variations in light.
The complete description of the photovoltaic cell is given by the following equation (4):

aW+IRs) V+IR
I=1ly—1Iy(e mer —1)—LEs

(4)
Where 1, is the photocurrent (directly proportional to the irradiance), I, is the saturation
current, q is the electron charge, n is the ideality factor, k is the Boltzmann constant, T is the
temperature, and R, and R are the internal resistances. This equation provides a complete
description of the panel and clearly shows the dependence of the current on light.
As the light intensity increases, the current also increases, while the voltage changes only
slightly at a constant temperature. As a result, the power also increases.

Temperature also plays an important role. As the temperature rises, the voltage of the panel
decreases (5).

Vmp (T) = Vmp (Tref) - B(T - Tref) (5)

Where g is the temperature coefficient. Accordingly, even at very high light intensities, if the
temperature also rises, the voltage may decrease, resulting in a slight reduction in power.
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In general, the output power of a solar panel is directly proportional to the irradiance, while
the current depends on light and the voltage depends on temperature. In simple form, this
relationship can be expressed as follows (1):

Po: = nAE (1)

These relationships are considered a fundamental physical principle in solar energy, as well as
in the design and modeling of photovoltaic systems.

To experimentally study the relationship between the output power of a solar panel and light
intensity, a special educational and experimental stand was developed (Figure 1). This stand makes
it possible to measure the main electrical parameters of the panel (voltage, current, power) at
different light intensities using either sunlight or an artificial light source.

| | /|
3 N - '
: 4' ‘ 2
5 ’ l ~ .
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Figure 1. Diagram of the training stand. This diagram shows the layouts of the training stand
(top view, side view, and front view). 1 — Solar panel; 2 — Control panel (volt-ammeter, switch,
etc.); 3 — Projectors; 4 — Body of the training stand; 5 — Rotation plane of the solar panel.

This training stand is an integrated device designed to experimentally study the relationship
between the output power of a solar panel and light intensity. The stand’s structure includes key
components such as a photovoltaic panel, a control panel, projectors, a housing, and the rotation
plane of the solar panel.

The operating principle of the stand is to direct radiation of varying intensity from artificial
light sources (projectors) onto the solar panel, measure its electrical parameters (voltage, current,
power), and determine the relationship based on the obtained data. Through the control panel, it is
possible to record the readings of the voltmeter and ammeter and use switches to connect or
disconnect the electrical circuit.

Main components of the stand:

e Solar panel (1): The main module that converts light energy into electrical energy.
Through the rotation plane, which allows changing the panel’s tilt angle, it can receive
radiation at different angles and compare the results.

e Control panel (2): A unit containing instruments for measuring voltage and current
(voltmeter, ammeter), switch keys, and protective elements. This panel is designed to
control the operating mode of the panel and conduct measurements.

e Projectors (3): Artificial light sources simulating sunlight. By adjusting the intensity
and direction of the light, the experimental conditions can be modified.

e Stand housing (4): The frame that integrates all devices and provides stability. It is
designed to maintain electrical safety and mechanical strength.

e Rotation plane of the solar panel (5): A movable part that allows changing the panel’s
tilt angle. This element is used to study the effect of the angle of incidence and to alter
the direction of incoming light in order to obtain results.
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The stand’s design makes it possible to conduct various experiments by changing the light
intensity and the panel’s tilt angle. In this way, the solar panel’s current-voltage characteristics,
changes in output power, and efficiency parameters can be determined.

As a result of putting the developed educational and experimental stand into operation, the
relationship between the solar panel’s output power and the incident light intensity was
experimentally studied.

The developed educational and experimental stand allows the experimental determination of
the dependence between the solar panel’s output power and the incident light intensity. The
research results are expected to demonstrate the consistency with the operating principles of the
photovoltaic panel.

The electrical power produced by the solar panel depends on the irradiance on its surface and
the efficiency coefficient, and this can be expressed simply by the following equation (1):

Pout = TIAE (l)

Where P,,; is the electrical power generated by the panel (W), n is the efficiency coefficient,
A is the panel area (m?), and E is the light intensity incident on the panel surface (W/m?).
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Figure 2. IV curve.
In the upcoming experiment, the panel’s open-circuit voltage V., short-circuit current /., and
the voltage and current at the maximum power point (Vmax and Imax) will be measured, and the
panel’s fill factor (Fill Factor) will be calculated based on these values (6).

FF = fmemp (6)

VocXIsc

Additionally, based on the obtained data, the panel’s efficiency will be determined using the
following expression (7):

_ Pmax FF*VocXIgc

= U]

n= ExA ExA

As expected, as the light intensity increases, the short-circuit current I, shows an
approximately linear increase, while the open-circuit voltage v,.changes only logarithmically. As a
result, the power increases almost directly proportionally to the light level (8).

Prax = Vinp X Ly and P 0 E (8)

The panel’s tilt angle is also expected to affect the power. When the angle of sunlight incident
on the panel surface changes, the effective irradiance varies according to the cosine law (9).

E(@) =E, cos® = P,,,,(0) = P,,,,(0) cos 6 9)

Based on these formulas, using the constructed stand, the panel’s current-voltage
characteristic will be obtained, its output power dependence on light intensity and angle of

33



K.A. Acayu amvinoazel Xanvikapanvlk Kazax-mypiKk yHueepcumeminin xaoapaapol
(mamemamuxka, pusuxa, ungpopmamuxa cepusacot), Ne3 (34), 2025

incidence will be experimentally determined, and the fill factor and efficiency parameters will also
be calculated.

Procedure of the work

e Connection and setup: Connect the energy or voltage sensor to the computer and
select the external load mode. Correctly connect the solar panel electrodes to the
sensor and launch the graphical analysis software.

e Measuring open-circuit voltage: Fix the panel directed toward the projector and
determine the VVoc value in the no-load state.

e Measurements at high resistance: Connect the variable load in series and, by
adjusting the knobs, record the current and voltage values.

e Measurements at low resistance: Set the load to the minimum parameter, collect
additional data points, and complete the IV curve.

e Measuring short-circuit current: Disconnect the load, short the terminals with a wire,
and determine the Isc value.

e Measuring illumination: Measure various light levels with a lux meter and enter the
values into the data table.

This experiment aims to measure the output power of the solar panel by varying the load
resistance. Such an approach makes it possible to determine the optimal load resistance for
increasing the output power in experiments with solar panels.

The proposed experiment is an improved version of the procedures in previous editions of this
book. The original experiment has been revised and introduced as Experiment 18B. In this version,
it is possible to determine the fill factor (Fill Factor) of the solar panel by constructing its current-
voltage (IV) characteristic.

The fill factor is an important indicator that makes it possible to assess the efficiency of a
solar panel without separately measuring its illumination level or calculating the power produced
per unit area. This factor is one of the main parameters frequently used in the field of solar energy
to characterize solar cells.

It is also possible to find several alternative versions of this experiment online for various data
collection software (for example, Graphical Analysis 4, Logger Pro, LabQuest). Students or users
should be offered the version that corresponds to the hardware and software they are using.

Results

The load resistance at which the solar panel delivers maximum power mainly depends on the
illumination intensity of the radiation incident on the solar panel and on the wavelength of the
incoming light. It also depends, to some extent, on the temperature of the solar panel. For this
experiment, a halogen projector attached to the stand, with brightness controlled by a dimmer, is
used.

The measured value of the short-circuit current is significantly dependent on the illumination
level during the measurement. At low light levels, the measured value may be considerably lower.
However, even at low illumination, the open-circuit voltage and the shape of the IV curve remain
similar to those obtained under higher illumination conditions.

When constructing the IV curve, very low loads—possibly as low as 1-2 ohms—are needed
to obtain good results and reach low voltages. The student should connect two variable loads in
parallel to reduce the total resistance.

Using a lux meter, we calculated the light intensity at four positions of the rheostat. For this,
we placed four marks on the knob of the rheostat controlling the projector brightness. Then, at each
mark, we covered the panel surface with cloth to prevent external light and measured the
illumination. In our case, the illumination levels were 850 Im, 1390 Im, 8000 Im, and 12,200 Im.

The following results were obtained during the experiment.
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Table 1. Data table

Illumination (Im) Var (B) Lir (mA) Vinax (B) Lipgy (MA)
850 15.721 20.013 5.16 19.9695
1390 17.745 57.221 13.508 50.928
8000 18.705 149.277 17.931 128.144
12200 19.173 189.304 18.741 186.677

Using the obtained results, it is possible to calculate the maximum power at different
illumination levels. It is determined by the following formula (10):

Prax = Vmp X Imp (10)

Using the results obtained, draw the current-voltage characteristic (IV curve) of the solar cell.

189,304 S _— 186,677
>~ -777-""‘

.

149,277 A

123,144

current (mA)

50,928

0 uoi
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Figure 3. Data sample for the experiment

Summarizing this experiment, it can be observed that the output power of solar panels directly
depends on illumination. The IV curves at four different illumination levels clearly demonstrate this
dependence.

As a result of the conducted research, it was experimentally proven that the output power of
the solar panel is clearly dependent on the intensity of the incident light. The developed educational
and experimental stand made it possible to measure the panel’s voltage and current at different light
levels, to plot the IV (current-voltage) characteristic, and to determine the parameters at the
maximum power point.

Based on the Voc, Isc, Vmax, and Imax values obtained during the experiment, the fill factor
(FF) and the efficiency coefficient were calculated, and their dynamics under changing light
intensity were analyzed. The results showed that as the light level increases, the short-circuit current
grows linearly, while the open-circuit voltage changes only slightly. As a result, the output power
increases almost proportionally to the light intensity.

It was also determined that the panel’s tilt angle affects the power: when the angle of radiation
changes, the effective irradiance varies according to the cosine law, resulting in a decrease in
power. The obtained data can serve as a basis for improving the operational efficiency of solar
panels, ensuring their stable performance under different conditions, and developing new
engineering solutions.

The results of the conducted research demonstrated experimentally that the output power of
the solar panel clearly depends on the intensity of the incident light. The IV (current-voltage) curves
constructed on the basis of the obtained Voc, Isc, Vmax, and Imax parameters and the calculated fill

35



K.A. Acayu amvinoazel Xanvikapanvlk Kazax-mypiKk yHueepcumeminin xaoapaapol
(mamemamuxka, pusuxa, ungpopmamuxa cepusacot), Ne3 (34), 2025

factors (FF) correspond to the operational patterns of photovoltaic panels. These results are
consistent with the latest studies in the international literature, which provide extensive evidence
that the efficiency and power output of solar panels depend on the intensity, spectrum, and
temperature of the irradiance.

As the light intensity increased, the short-circuit current showed an approximately linear rise,
while the open-circuit voltage changed only logarithmically. This phenomenon, as noted by Hasan
et al., is explained by the direct increase in the number of photoelectrons in photovoltaic cells [21].
Manowska et al. also recorded similar dependencies in monitoring systems designed to optimize
solar potential, identifying parameters that enable increasing the power output of panels [22].

The experimental results confirm, as described by Jaiswal, the physical and environmental
advantages of solar panels. In his work, he highlighted the fill factor as an important metric for
assessing the efficiency of solar panels [23]. By comparing the obtained FF values with the standard
ranges in the field of solar energy, it became possible to objectively evaluate the panel’s
performance under changing light levels.

Furthermore, during the study, the effect of the solar panel’s tilt angle on power was
observed. When the angle of sunlight incident on the panel surface changed, the effective irradiance
decreased according to the cosine law, resulting in reduced output power. This phenomenon, as
presented by Alqaraghuli & Ibrahim, is significant for improving diagnostic and fault detection
algorithms in photovoltaic systems [24].

Alsalem also emphasizes in his work that solar energy is geographically unstable and difficult
to predict, highlighting the importance of such experiments [25]. Our research findings support this
conclusion—measurements at different light levels enable the assessment of the panel’s current-
voltage characteristics and efficiency, providing an opportunity to model its real operating
conditions.

In recent years, extensive research has been conducted to improve photovoltaic materials and
energy storage systems. Dada & Popoola demonstrated that the use of new materials and systems in
solar energy not only enhances efficiency but also expands energy storage capabilities [26]. The
data obtained in our study can serve as a foundation for improving the efficiency of solar panels,
predicting their long-term performance, and developing new engineering solutions.

Overall, comparing the research results with international literature clearly highlights the
relevance of optimizing photovoltaic system operation, introducing new diagnostic methods, and
enhancing the efficiency of solar panels in the future.

Conclusion

As a result of the conducted research, the dependence between the solar panel’s output power
and the intensity of the incident light was comprehensively studied experimentally. The specially
developed educational and experimental stand made it possible to measure the panel’s electrical
parameters at different light levels, to plot its current—voltage (IV) characteristic, and to determine
the indicators at the maximum power point. The modular structure of the stand allowed the
experiment to be conducted flexibly, enabling multifaceted analysis by changing the load resistance,
light intensity, and the panel’s tilt angle.

Based on the obtained data, the open-circuit voltage (Voc), short-circuit current (Isc), and the
voltage and current at the maximum power point (Vmax and Imax) were determined. Using these
parameters, the panel’s fill factor (Fill Factor) and efficiency coefficient were calculated. The
results clearly showed that as the light intensity increases, the output power of the solar panel grows
approximately linearly, while the voltage changes only slightly. This fully corresponds to the
fundamental physical principles of photovoltaic cells.

The research also confirmed the effect of the panel’s tilt angle on power. When the angle of
incidence changed, the effective irradiance decreased according to the cosine law, and as a result,
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the panel’s output power also decreased. These findings demonstrate the importance of correctly
selecting installation strategies for solar panels and adapting them to actual conditions.

Overall, the developed educational and experimental stand is a convenient tool for the
experimental evaluation of the performance of photovoltaic systems. It allows for a comprehensive
analysis of the current—voltage characteristics, fill factor, efficiency parameters, and the effects of
light intensity and angle of incidence on solar panels. The obtained results can serve as a basis for
optimizing the operating modes of photovoltaic systems, testing new materials and technologies,
and advancing scientific research and educational processes in the field of solar energy.
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HVOF 9JICIMEH AJIBIHF AH )KOFAPBI BEPIKTI CR;C,-NICR )KABBIHJIAP/IbIH K¥PbIJIBIM/IbIK
DA3AJIBIK TYPJIEHYJIEPIH 3EPTTEY
INVESTIGATION OF THE STRUCTURAL PHASE STATE OF HIGH-STRENGTH CR3;C,-NICR
COATINGS OBTAINED BY HVOF METHOD
UCCJIEJOBAHUE CTPYKTYPHO-®A30BBIX IPEBPAIIIEHUI BbICOKOIMPOYHBIX CR;C,-NICR
MOKPHITUI MMOJYYEHHBIX METOJIOM HVOF

Anoamna. JKymvicma KypolablMObIK-(asanvlk dicane MUKPOKYPLLILIMbIObIK cunammamacsl oap icogapul
HCBLLIOAMOBIKMBL  2a30canviiovl Oypky (HVOF) adicimen D110 yupronuii xopwimnacwina anvinean CriCy-NiCr
JHCAOBIHBIHGIY KYPAMbIHbIY Kanvinmacysl 3epmmendi. Maxcamul yupxonuii kopuimnacst ywin HVOF mexnonozusanvix
icke acwipuliybin Oaganay dlcone KacuemmepOiy HbICAHANbL JHCULIHMbIZLIHA dCep ememin Qakmopaapovl anblKmay
boavin mabwiradevl. Pazanvi manoay Cr3C, xapbouodi, Cry3sCe memenei kapoudi scane CriNiz unmepmemaniudi o6ap
2HcabbIHOapObly KON hazanst dcai-Kyuin kepcemmi. JHepeooucnepcusiivlk, maioaymen oepekmepi bovivinua 10-78 mxm
KanblHObiebl OIpKeIKi Kabam my3iieeH, ol Oa2aHaIbl MOPQOLOSUSICHL3 HCIHE «HE2I3-)ICAObINY WEKaAPACbIHOA Y30IKCI3
batiianvickan, Oy KaHALAmMmManapivlk aozesusnvl kepcemedi. A yneiciniy cnexkmpiix manoayer Ni-18.504%, Cr-
17.032%, O-3.447%, C-1.017%, B yneicinde, Ni-66.405%, Cr-29.286%, O-3.727%, C-0,581% «kepcemeoi. An
ommekmiy 6onyvl (3-4%) awwix ammocepa xHcagoaivinoa 6ypry scypeizinyimen oaunanvicmol. ConbiMeH Kamap,
Hezizinen oemneni aumMakma OOMUeKaApanblK JicoHe 0aK IWINiK KeyeKmep, JHCepIilikmi MUKpOICApblkmap MeH
KabammapOobvly axcelpay aumMaxmapsl aublkmanobsl, ommeziniy monuwepi wamamen 3-4% awwvlx ammocghepada 6ypry
Ke3iHOe wawblpanobliapovly iwinapa momoeieyvimen oatnanvicaovl. Homuowenepoin scuvinmoieor HVOF a0icininy
D110 neecizinoe Cr3Cy-NiCr sicabblHOapvin any Yulin KOAOAHY2A HCAPAMOBLILIZLIH ~ PACMALObL HCIHE KeyeKMiiKmi
memendemy momwieyowi wexkmey oicane CraC, hazacvinvly ynecin mypaxmanowipy yulin pexcumoepoi Oymatlianobipy
Kaoicemmiein kopcemeol.

Hezizzi co30ep: CriC,-NiCr orcabuinoapsi, Kypolivimovik-ghazanviy manoay, HVOF, XRD.

Abstract. The study investigated the formation of the composition of a Cr3C2-NiCr coating obtained by the high-
velocity oxy-fuel (HVOF) spraying method on the E110 zirconium alloy using structural-phase and microstructural
characterization. The aim is to evaluate the technological feasibility of the HVOF process for the zirconium alloy and to
identify factors influencing the achievement of the target set of properties. Phase analysis revealed a multiphase state of
the coatings, including Cr3C2 carbide, Cr23C6 lower carbide, and CrNi3 intermetallic compound. According to
energy-dispersive analysis, a uniform layer with a thickness of 10-78 um was formed, without columnar morphology
and with continuous bonding at the “substrate—coating” interface, indicating satisfactory adhesion. Spectral analysis of
sample A showed: Ni — 78.504%, Cr — 17.032%, O — 3.447%, C — 1.017%; sample B showed: Ni — 66.405%, Cr —
29.286%, O — 3.727%, C — 0.581%. The presence of oxygen (3—4%) is associated with spraying in an open atmosphere.
In addition, mainly in the transition zone, intergranular and intragranular pores, local microcracks, and layer
separation areas were detected; the oxygen content of about 3—-4% is due to partial oxidation of the sprayed particles
during spraying in an open atmosphere. The overall results confirm the suitability of the HVOF method for obtaining
Cr3C2-NiCr coatings on the E110 base and indicate the need to optimize parameters to reduce porosity, limit
oxidation, and stabilize the Cr3C2 phase fraction.

Keywords: CrsC,-NiCr coating, structural and phase analysis, HVOF, XRD.
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Annomauun. B pabome uccnedosano gpopmuposanue cocmaga noxpvimus Cr3C2-NiCr, nanecénnoeo memooom
BbICOKOCKOPOCTHO20 2aszonaamennozo Hanvinenus (HVOF) na cnnae yupkonua 2110 ¢ ucnonvzosanuem cmpyKmypHo-
@aszosoeo u mukpocmpykmypno2o ananusa. Llenvio aenaemcs oyenka mexnonoeuueckou peanusyemocmu HVOF ons
YUPKOHUEB020 CNIABA U GblAGNEHUE PAKMOPOS, SIUAIOWUX HA dOCMUdICEHUe Yenegoeo Komnaekca ceoticms. Pazosulil
aHanu3 NOKA3an MHO20Q)asHoe cocmosinue nokpvimull, exmouarwee kapoud Cr3C2, wuzwui xapouo Cr23C6 u
unmepmemaniud CrNi3. Ilo oannvim sHep200UCnepcuoHHo20 aHaIu3a CHOPMUposacs pasHOMEPHbII C0U MOTUWUHOL
10-78 mxm, 6e3 xonomnou mopgorozuu u ¢ HenpepuieHbIM COeOUHeHUeM HA 2PaHuye «OCHOBA—NOKPbIMuUe», Hmo
yKasvieaem Ha yoosiemeopumenvhylo aoeesuro. Cnekmpanvuwiti anaiuz obpasya A noxazan: Ni — 78.504%, Cr —
17.032%, O — 3.447%, C — 1.017%, obpasya B: Ni — 66.405%, Cr — 29.286%, O — 3.727%, C — 0.581%. Hanuuue
Kucaopooa (3—4%) ceazano c npogedenuem HanvlieHus ¢ omkpwvimot ammocepe. Kpome mozo, npeumywecmsenmo 6
nepexoOHOl 30He BbIAGNIEHbI MENC3EPEHHble U BHYMPO3EPEeHHble NOPbl, JOKAIbHbIE MUKPOMPEWUHbl U YYACKU
paccioenus cnoés; cooepocanue Kuciopooa okono 3—4% o06ycnoeneHo HacmuiHbiM OKUCTEHUEM PACTIbLIEHHBIX Yacuy
npu Hanvlienuu 8 omkpvimot ammocpepe. COBOKYNHOCMb pe3yabmamos noomeepicodem HPUeoOHOCHb Memood
HVOF ona nonyuenus noxpuimuti Cr3C2-NiCr na ocnose D110 u ykaszvieaem Ha HeoOX0OUMOCHb ORMUMUAYUU
DedANCUMO8 O CHUNCEHUS NOPUCIOCTNU, 0SPAHUYEHUs OKUCIeHus u cmadunuzayuu oonu gasvr Cr3C2.

Knrwouesvie cnosa: noxperrue Cr3C,-NiCr, cTpykrypHo-¢a3zossiii ananmu3, HVOF, XRD.

Kipicne

Cr3C,-NiCr xyiieciHiH >kaObIHIAPHI )KOFaphl TEMIIEpaTypaia KOHE arpecCUBTI OPTaa KYMbIC
icTelTiH OeIIeKTepli KOPpO3UsiAaH >KOHE TO3ylaH KOpFay YLIIH KeHiHeH Kosmaneutaisl [1,2].
3epTTeyiH MaHbI3[bl OarbIThl - Oipereil (M3MKa - XUMHSIIBIK JKOHE MEXaHUKAJIbIK KacHETTep
yisieciMiHe Me KOMIIO3UTTEp MEH >KaOBIHAApIbl d3ipiey. Artam aiTKaH[a, KOFapbsl TeMIleparypa,
MEXaHUKAJBIK >KYKTEMeJIep, KOPPO3UsIbIK OEJICEeH/II OpTa yKoHE pajualus *KaraaiaapblHa Te31M1
MaTepuajiapra epekiie Hazap aynaapbuiaabl. bynm oxaOemmapaeiH  tuimainiri NiCr  meramn
maTpuniacelHblH Cr3Cy KarThl KapOuIATiK (a3acklH CeHiIMII OeKiTyiHe, COHJai-aK a3 KybICTBLIBIFBI
0ap >KOFapbl THIFBI3ABIKTEI KaObIH KYPBUIBIMBIH KaJBIITACTHIpYbIHA OainmanHbicThl [3]. Mynpmai
xaObIHIApABl ally, 9METTe, TEPMUSIIBIK OYPKY SJICTEpIMEH >KY3ere achbIpbUIajbl: aTMOCQEpabIK
wiasManbik Oypky (APS), *orFapbl KbUIIAaMABIKTBI OTTEK-0TbIH/aya-oThiH Oypky (HVOF/HVAF)
JKOHE JICTOHAIUSITBIK OYpKYy [4-6].

Cr3Cy-NiCr KOMIO3HIMSUIBIK KaOBIHIAPBIH aTyIbIH TEXHOJOTHSJIBIK TYPFBIAH OOJIamiarsl
30p Opi THIMAI TocULAEpiHIH Oipi - TepMusUIbIK Oypky. OHBIH IHIHAE MJa3Malblk OYpKYy,
JICTOHAIMSIIBIK OYPKY JKOHE €H aJJIbIMEH, JKOFaphl JKbUIIAMIBIKTEI Ta3-oThiHMeH Oypky (HVOF)
epekmie aran etineni. HVOF mporeci OTBIH—OTTEK KOCHACHIHBIH Y3/IKCi3 JKaHYbIHA J>KOHE [e
JlaBanp canTamachl apKbUIbl YAETIIETIH KOFapbl SHEPTUsIIbl acaJbIOBICTHIK ra3 arbIHBIH TY3Yre
Heriznenred. OCbl aFblHFA YHTaK KOPEKTEHMIIPrilll apKbUIbl MaTepuall eHri3uieni; OesexkTep
KBI3/IBIPBLIBIN, KOFaphl JKbUIIAMJIBIKKA JIEHWIH YAETUIEl >KOHE CyOcTpaTKa OarbITTalIbIN, COKKBI-
IUTACTUKAJIBIK KalbUly apKbUIbl THIFBI3 JIAaMEUIApJbl Kabar Ty3edi. TepmorasoanHaMuKachl MEH
arplH KuHeMmatukachl TyprbickiHaH HVOF cynbacel raz-reHepaTopiiblK jkKaHy KaMepachl MEH e
JlaBanb cantaMachIHBIH JKYMBIC KaFuaanapsiHa ykcac [7-9].

Cr3Cy-NiCr yHTakTapsiHaH aObIH KaJBIITACTBIPY OapbICBIHIA XHMHSUIBIK KYPaMHBIH
BIFBICYBI JKH1 OalfKanaIpl: *KOFapbl TEMIIEpaTypaaarsl ra3-aFbIHMEH o3apa apekerrecy kesinae CriCo
KapOuIiHIH JekapOropu3anusckl MeH TOThIFyel kypemi, anm Cr xone C arommaper NiCr
MaTpuiacbiHa JUGy3usiablK enyl MymkiH [10-16]. Byn kyObuteictap *anslH Kypambl MeH O/F
KaTbIHAChIHA, OOJIIIEK OJIIeMIHe >KOHE YINYy YakbIThiHAa Toyenmi. O: apTeIK OosFaHAa HeMece
H>0O/CO: napuumanislk KeICBIMIaphl skofapbl Oonrana 6actanksl CrsCy da3acsl TOMEH KOMIPTEKTI
kapouarepre, angasiMeH Cr7Cs, opi kapait Crp3Cg TypiieHyl bIKTHMAI; coHbIMeH Katap Cr,Ojz xkoHe
(Ni,Cr)-okcunrep Ty3imemi [10-15]. BemmiekTiH «cepmiMi MICTiHYD» HETi3iHEH >XKaOBICHIT KAy
KO3 UIIMEHTIHE dcep eTell; KypaMmJIblK e3repicTepre OHBIH bIKMalbl jKaHaMa >KOHE MPOIEecC
napameTpiiepi apKpUIbl aHbIKTanagsl. Kabat Ty3y kesiHae kapOuja OeseKTepiHiH TOTBIFYbl MEH
nexapOropusanust eHimaepiniH NiCr marpumaceiHa eHnyi 0ip mesrinae xypyi MyMmkiH [16]. CrsCs
dazacel 3po3usAFa, KOPpO3MsSFa >KOHE aAre3UsUIbIK/a0pa3suBTIK TO3yFa Kapchl KOFapbl THIMII
KOMITOHEHT OOJFaH/BIKTaH, OHBIH KOMIPTEKCI3ZeHYyl Kanaychi3. JKorapbl KapOWa YJECiH cakTay
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YIIIH TOMEH TeMIIepaTypaibl, WHEPTTI/TOTHIKCHI3AAHABIPFBIII OpTa OEpeTiH TEeXHOJIOTUSIIBIK
memrmaep konmaneutanel: HVAF, xopmamanmanran HVOF, oteira 6aii pexum (¢p=>1), Typy
YaKBITBIH KBICKAPTY kKoHE Oemmiek ¢pakiusiceiH oHTainay [10-16]. I[lepcnekTuBaibl Tocinaepain
0ipi - Kypambl KaJBIHABIK OOMBIMEH OacKapbUIATBHIH TPATUEHTTIK XKAOBIHAAPABl KaJIBINTACTHIPY;
onmap cyOcTpaT—kaObIH IIeKapachIHAArbl (hazaapajblK KepHEYIepAi TOMEHJETIN, KOFaphl
KYKTEMeJIep/ie CeHIM/II KYMBIC icTel ananbl. MyHIai rpaiueHTTep IeTOHANUSIIBIK OYpPKYMEH FaHa
emec, HVOF/HV AF napamerpiiepin caTbuibl 3repTy apKbUIbI Ja ajabiHaasl [17].

Xorapeina OassHIAFaH ANFBIIIAPTTAPABI €CKEPE OTBIPHII, OCBI KYMBICTBIH MakcaThl - D110
MapKallbl LUPKOHMW KopbITHAackiHaH kacainraH cybOctparka HVOF  omicimen CrzCy-NiCr
*KaObIHIAPBIH ally TPOIECIH 3epTTEY JKOHE aJbIHFaH KaObIHIApAbIH (a3ainblk Kypambl MEH
MHUKPOKYPBUIBIMBIH TaJIIaYy.

Marepunanaap MeH Taciigep

Cr3C,-NiCr xpoM Heri3iHAeTi HaHOOIIEM Il YHTAKThI )koHe «TepMuKka-3» KOHIBIPFBICHIHIAFbI
JKOFaphl KbULNaMIBIKTBI Ta3-)aneiHael Oypky (HVOF) omiciH KonjgaHa OTBIPBIN >KYPTi3UIreH
3eprrey (l-cyper) >xorapel Oepikrtiri Oap kaObIHIApABl KOJJIAHY IPOLECIH OHTAMIaHIBIPY
YKOJIBIH/IaFbl MaHBI3/IbI KaJ1aM OOJIbIN TaObLIa/IbI.

Cyper 1. XKorapsbl KblI11aMABIKTHI T'a3-KaJbIH/bI OYPKYTe apHaIFaH aBTOMATTaH/IbIPbIIFaH
KoHAbIpFel (HVOF)

bemmexTepaid KoFaphl KbULIAMIIBIKTHI TYHABIPY 9/iCi TOMEH TOTHIFY JCHTEeHIMEH >KOHE
OypikiireH KabarTa KajaabIK KbICYIIbl KEpHEYJIEpiHiH Maiiaa 00JybIMeH CHMATTaNabl; )KUBIHTHIKTA
Oy OemeKkTep apachlHIAFbl OailIaHBICTAPABIH JKOFAPHI THIFBI3ABIFEI MEH OCpIKTITIHE OKEeJeTi.
HVOF Ttexnonorusicel Cr3Cy-NiCr xone WC—Co Tunti »aObIHAapABIH COKKBIFa TO3IMIUIIN MEH
TO3yFa TO3IMIUTITIHIH KQXKETTI MOHACPIH KamTamachI3 etei [18].

Bypky nupkonuit 9110 cyOctparTapsinaa opsiHaanabl. CyOcTpaTTapabiH 0€Ti MEXaHUKAJIbIK
OHJICY JKOHE Tazajlay dJIICTepIMEH JalbIHIAJIBIN, CO/IaH KeWiH KYMMEH Ta3zayiay Kyprizinmi. XKaOwsH
matepuansl petinae HVOF mporeci yiniH OHTalIbl XUMHESUIBIK )KOHE TPAHYJIOMETPHUSUIBIK KYpambl
06ap Cr3C,-NiCr yHTarsl KOMIaHbUIIBL. bBypKy mapamerpiepiHiH Herisri MoHzAepi |-kecrenme
KEJTIpUIreH.
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Anpmaran Cr3Cp-NiCr Herizinzeri »xa0biHAapabH ¢azansik Kypambl Cu-Ko coynenepiMeH
X’Pert PRO pentrenaik agudpakromerpinge, 40 kB kepuey xone 30 MA TOK KYIIiHIE 3€pTTEIII.
Hudpakrorpammanapasl  unHTepnperanmsiiay HighScore  Garpapiamanblk — yKacaKTaMachIHBIH
KOMETIMEH OpbIHIanabl; emmeynep 20°-90° OypelmapanblK auana3oHbiHaa, Kagam 0,02° sxoHe
caHay yakpIThI 0,5 c/KagaM mapaMeTpiepine Ky pri3iii.

Ckanepreymii 3JIEKTPOHABIK MHKPOCKONHUSHBI KOJAAHY ONTHKAIBIK MHKPOCKOINUSIMEH
CaJIBICTBIPFAHAA aWKbIHIBIK TEPEHIITIHIH KOFapbhl OOJYybIMEH, COHJAaii-aKk OakpuIay OYpBIIIBIH
e3repTe OTHIPBIN OcitHenep aly MYMKIHJITIMEH Herizaeneni. bypkenren sxabpiagapasr JSM-6060
(JEOL, Toxuo, XanoHusi) ckaHepieyml 3JIeKTPOHIBIK MHKPOCKOIBIHIA IHEPTHUs-AUCIICPCUSIIBIK
PEHTTEHAIK CIEKTPOMETPHICHIMEH 3epTTeY OJIApAbIH MUKPOKYPBUIBIMBI MEH XUMHSUIIBIK KYpaMbl
Typaiel TYCiHIKTepAl KeHeiTeni. byn Ttocin ¢azamapapiH OIPTEKTUNTIH JKOHE TapalybIHBIH
Oipkenkumirin Oarajayra MYMKIHAIK Oepexi, am Oyl ©3 Ke3eriHje HaKThl IaijajaHny
KaraalIapeIHIaFbl MEXaHUKAJIBIK )KOHE TPUOOJIOTUSUIIBIK KaCHETTEP/i 00JDKay YIIiH aca MaHbI3/IbL.

Kecre 1. Kabpinmaps! xary napameTpiepi

Ne ApakawbikTelK | [Iponan Aya KbIChIMBI OrTeri YHTaK
Yori a 35 cMm 1,7 6ap 3,3 6ap 2,8 Gap Cr3C,-NiCr
2,80 .
Yri 6 35 cm 1,7 Gap 3,7 Gap S bap Cr3C,-NiCr
Hoaruxesnep

PeHTrennik KypbUIBIMABIK Talfay JepeKTepiHe colikec, OypkiireH >xaOblHIapia Kemneci
JOMHHAHTTHI (pazayap 2-cyperre KepceTuirenaeil Kanpimracaabl. bekitinren xpom kapoumi CrasCe
KyOTBIK KpHUCTalbl TOPMEH, KEHICTIKTIK ToOb Fm-3m, Top mapametpi a=10.6600 A. Conpaii-ax,
CrsC, opropom6Tel Topimbl kapbua (Pnma) »xome mapamerpnepi a=5.5400 A, b=2.8330 A,
c=11.4940 A, sxorapbl MeXaHMKAIBIK 5k0HE (U3HKAIBIK CUIATTAMANAPHIMEH TaHbIMaJ, OYJl OHBIH
OHEPKACINTIK KOCHIMIIANAPBIH KEH ayKbIMbl YIIiH KYHIBUIBIFBIH alKbIHAaiAbl. bynan Oerek,
XKOFapbl OalKy TeMIepaTypachIMEeH, KOpPpO3UsFfa TO3IMAUIIIIMEH, YaKChl JKbUIY OTKI3TIIITIFIMEH
’KoHe OepiKTiriMeH CHIaTTadaThiH KyOThIK Topbl (Fm-3m) xone A=3.5400 A mapametpi 6ap CrNig
(azachl aHBIKTANIBI.

ATanFaH TYXKBIPBIMIAPD MHUKPOKYPBUIBIMIIBI JKOHE (asallap[blH TapallyblH €rKeH-TerKenmi
cUMaTTayFa MyMKIHIIK OepeTiH xeprimikTi COM TangayblHbIH HOTHKENEpiHe colikec keneni. 9110
mupkonnii  KopeiTmackiina HVOF opicimen xkacamran CrzCo-NiCr xaObIHIApBIHBIH — (Pa3aibik
KYpaMbIH TYCIHY OJIapJibl MaKCaTThl OHTAWJIaHIBIPY *OHE KOFapbl TemIeparypana, KapKbIHIbI
a0pa3uBTI TO3Y/A )KOHE KOPPO3USIIBIK KOPPO3ZHSUIBIK OpPTa/ia KOJAaHy YIIiH €Te MaHbI3bI [19].
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Cyper 2. 2110 xopoertiaceiaaa HVOF onicimen anbraran CrzCo-NiCr sxaObIHIapbIHBIH
nudpakTorpaMmanapbl

3-cyperTe KepceTuIreH e, KoJaHblIFaH OYpKYy peKUMIEP] ThIFbI3 JKoHE OIpKesKi KaOaTThIH
TY3UIylH KamMTamachl3 ETETIHMIr AaHBIKTAIJbl; OHBIH KAJBIHJIBIFBI IPOIECTIH IMapaMeTpiepiHe
OaiimanbicTel 10-78 MkM apanbirbiHza e3repeni. JKaOblH yariiepaid Oykunl OeTiH Oipkenki
KanTaiinel. CyOcTpaTneH »aOblH apacblHIa KabaTapaiblK axbpIpay OaiikanMaiapl, Oys ceHiMIi
aJire3usiHbl KOpCeTe .

5 t 1
> 5.
o e 003 50 w55 "s000 e o | m=iEe Wi 5,005 0 p35=" s04s ad

Cyper 3. Cr3C,-NiCr a0bIHIapbIHEIH KoJiecHeH MopdosiorusichiHbH COM Oefineci sxone EDX
TanIaybl

JKabbiH-cyOcTpaT IeKapachlHIa alkbplH Oaiikanmaapl, Oipak KeibOip skepiepiae akaysap
Oaifkanmazpl - JKEPriuTKTI KabaTTaHy >KOHE MHUKPOXKapBIKIIAKTap aHBIKTAIAbI. JKaOBIHHBIH alKbIH
KeyeKTurri Oaifikananel. KeyekTep HeridiHeH eoTmHeni aifMakTa >koHE »aOBIHHBIH JIEHECIHJE
TapayFaH, oJjiap OenmiekTep apachbiHAa (Ta3ablH KOCBUTYBl MEH IIery ocepiHe OalIaHBICTHI)
ke3neceni. OmapiablH OO0Nybl OaJKbIMAHBIH TOJIBIK THIFBI3JAIIMAYbIH, OYpPKY KE€31HJE TOTBIFYIbI
KepceTeqi, Oyl MHUKPOKATTBUIBIKTBI TOMEHJETYl MYMKIH COHBIMEH Karap CIHEKTPJiK Talaay
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HOTIKENepl Kecte 2 KepceTinreH. byn karmaiina cyOcTpaTrieH IIeKapajaH albICTaFraH CalblH
YKaOBIH KYPBUIBIMBIHBIH O1pKEJIKUIIT1 )KOFaphl 00JIa IblI.

Kecrte 2. YnrinepaiH CEKTPIIIK TaJaybl

Ne Ni Cr O C
Yori a 78.504% 17.032% 3.447% 1.017%
Yori 6 66.405% 29.286% 3.727% 0,581%

JKaObiHmapmarel  OTTEriHIH ~ OONyBl  TPOIECTIH  amblK  aTMocdepa  JKaFdaibIHIA
KYPri3UIreHJiriMeH TYCIHIIpUTyl MYMKiH, OHAa OYpKUIreH MaTepuall ayaJarbl OTTETIMEH OHal
opekerreceni. HoTwkeciHae dHEProAWCHEpCHICHIH —Tajjay MeETaul KaOBIHHBIH  Oipi3ai
Ka0aTTapbIHBIH KAIBINITACY 3aHIBLIBIFBIH PACTAIBL.

KopbITbIHABI

HVOF opnici D110 mupkonuii xopeitnaceiHa OypkenreH CrzCp-NiCr Kypamzasl Kermda3zalbl
Ka0aTThIH TY311yiH KamMmTamachki3 erefi. XRD nepextepi 6oiibiaima xabbiaaapaa CrsCy, CrysCe xkone
CrNiz ¢azanapsl anbikTanrad; Hotwkenep COM/EDX OoiiblHIIIA MUKPOKYPBUIBIMHBIH JKEPTUTIKTI
CUTIATTAMACBIMCH JKOHE JJICMEHTTEpAIH TapanybiHa coiikec kenemi. Crp3Cg KyOTBIK KpPHCTAIIBI
TopMeH coHpai-ak, Cr3C, opropoMOTBl TOpiabl kapoua. KabGaTTeiH Mopdosorusicel TyTactai
OipKeJKi; KemnTereH aiiMakrapaarbl "cyOcTpaT-)KaObIH" IIEeKapachIHIAFBl Y3IIKCI3MIK CaKTaJIFaH,
OyJ1 KaHaraTTaHAPJIBIK aJIr€3UsIHbI KOPCETE/Il.

Hotmwxenep xubHTBEFB D110 KopbiTnaceiaga CrzCy-NiCr >kaObIHIAPBIH KaXETTI TYTaCTHIK
KOHE aJre3usMeH alyJIblH TEXHOJIOTUSIBIK JY3€re achIpbUTybIH pacTaipl. besmekapanbik
KEPriuTiKTI MEUKPOXKapbIKIIAKTap KoHE KabaTTaHy aiiMakTapbl OCNTiIEHTeH. A YATICIHIH CHEKTPIIK
tannaysl Ni-78.504%, Cr-17.032%, O-3.447%, C-1.017%; B ynriciane, Ni-66.405%, Cr-29.286%,
0-3.727%, C-0,581% xepcetemi. Ai oTTeKTiH 00ysI (3-4%) ambIk aTMocdepa karaaibiHaa OYpKY
KYpri3iryiMeH OaiIaHbICTHI.

MyHnpaii kaOblHIAp KOFapbl TeMmIeparypa, aOpa3uBTIK TO3y KOHE KOPPO3USUIBIK OpTa
KaraalbIHa MaigaJaHbUIaThIH JKa0/IbIK AJIEMEHTTEPIHIE, KOFaphl TeMIepaTypanap/a, abpasuBTIK
TO3Y MEH KOPPO3HSUIBIK dCEpIIep KaFaalbIH/a )KYMBIC ICTEHTIH OeJeKTep/ie KOIIaHbLIa bl

AJFbIC

byn 3eprreymi Kazakcran Pecnybnmukacel FeutbiM koHE >KOFapbl OUTIM MHHHUCTPIITIHIH
FouteiM KOMUTETI KapsKbLIaHABIPAabL. (epanm No AP19579179).
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AUTOMATIC RECOGNITION OF ARTIFICIAL INTELLIGENCE-GENERATED TEXTS. A
COMPARATIVE ANALYSIS OF MACHINE LEARNING MODELS
KACAHABI UHTEJUVIEKTHHEH TEHEPAIIUSIJIAHFAH MOTIHAEPJII ABTOMATTBI AHBIKTAY.
MAIIMWHAJIBIK OKBITY MOAEJIBIAEPIHIH CAJIBICTBIPMAJIBI TAJITAYbBI
ABTOMATHUYECKOE PACIIO3BHABAHUE TEKCTOB, CO3JAHHBIX HCKYCCTBEHHBIM
UHTEJIJIEKTOM. CPABHUTEJIbHBII AHAJIN3 MOJEJENR MAILIMHHOI'O OBYUEHU S

Abstract. This paper investigates the effectiveness of machine learning methods in automatically distinguishing
artificial intelligence (Al)-generated texts from human-written texts. The study was conducted on a balanced dataset
(2,750 essays; 1,375 entries per class). 14 linguistic-statistical features were extracted from the text, among which
vocabulary_richness, word_count, text_length, sentence_count, and complex_word_ratio were found to have high
discriminative value using Cohen’s d. The features were vectorized using TF-IDF and embeddings, and algorithms such
as RandomForest, GradientBoosting, XGBoost, LightGBM, LogisticRegression, SVM, KNN, DecisionTree, AdaBoost,
and MLP were evaluated using stratified cross-validation. The results showed that gradient boosting models (especially
XGBoost) and transform methods performed well; the classification score on the test set reached very high values.
Cluster analysis showed a correlation between thematic structure and class division. However, the generalizability of
the obtained high scores requires further testing in the case of cross-domain evaluation, adversarial attacks, and
manipulations such as reduction/paraphrasing. Future research is recommended to focus on transformer fine-tuning,
adversarial stability, and multilingualism.

Keywords: artificial intelligence, text detection, machine learning, gradient boosting, TF-IDF, lexical richness.

Anoamna. Byn maxanaoa scacanovl unmennexkm (JKH) apkvinel cenepayusnianean MaomiHoepoi adam icaszau
MamiHOepOeH agmomammyl mypoe axicblpamyobly MAWUHANBIK OKbIMY 20icmepimer muimoiniein 3epmmey. 3epmmey
meneepimoi depexmep dcuviHmulewvl (2 750 scce; ap cvinvinka 1 375 owcazda) mezizinde oucypeizindi. Mominnen 14
MINOIK-CIMAMUCTNUKANBIK epeKWeniK wbleapblivin, onapobly iwinoe vocabulary richness, word _count, text length,
sentence_count odicane complex word_ratio scozapvl ouckpumunamuemix monee ue exenoici Cohen’s d apxwinv
anvikmanovl. Epexwenikmep TF-IDF oicone smbedounemep apkwvlivl  eekmopusayusiansvin, RandomForest,
GradientBoosting, XGBoost, LightGBM, LogisticRegression, SVM, KNN, DecisionTree, AdaBoost scone MLP cusxmul
aneopummoep  CmMpamu@uUKAYUAIAHan Kpocc-ganuoayus Komezimen 6asanandvi. Homuoicenep epaduenmmix
b6ycmunemix modenvoepoiy (acipece XGBoost) dicone mpancopmepiix adicmepoiy dHcakcvl OHIMOLLIK KOPCEMKeHIH
Kepcemmi; mecm JHCUbIHMbIZbIHOARbl Klaccugurayus ecebi eme dcozapvl Manoepee dcemmi. Knacmepnix manoay
MAKbIPLINMBIK KYPLLILIM MeH CbIHbINMbIK OOAIHICMIK 63apa OallaHbiCblH Kepcemmi. [leceHMeH, ANbIHRAH HCOapbl
KepcemKiwimepoiy — JCAINbIIAMANILLIbIZEL  0OMEHApanvlK — 0azanay,  aoeepcaputilik — wabyvlioap  JicoHe
Kolckapmy/napagpasune cexinoi MaHunyiayusnap ocaz0aublnoa Kocvimwa mekcepyoi manan emedi. borawax
sepmmeynep mpancopmepoi fine-tune emy, aod8epcapuiliik MYPAKmuLIblK JCIHe KONMIIOLNIK Macenenepine
bazplmmarnysl YColHbLIAObL.

Hecizizi co3dep: sicacanobl unmeniekm, Momin 0emeKyusicol, MAuUuHAaIblK oKbimy, spaduenmmik oycmune, TF-
IDF, nexcukanvik OQUIbIK.

Annomayusn. B oOaunnou cmamve ucciedyemcs 9Q@HeKmusHOCmMs Memoodos8 MAUWUHHO20 00yuenus 6
aABMOMAMUYECKOM PA3TUYEHUU MEKCMO8, C2eHEePUPOBAHHLIX UCKYCCMEeHHbIM uHmennekmom (MH), om mexcmos,
HANUCAHuwIX uenogekom. Hccredosanue nposoounoce Ha coarancuposannom nabope oamuvix (2750 scce; 1375
3anuceu Ha knacc). M3 mexcma 6viiu uzsneuenvl 14 nunegucmuyeckux u Cmamucmuyeckux nPU3HaKkos, cpeou KOmopbix
vocabulary richness, word _count, text length, sentence count u complex word ratio, kax 6vLI0 YCMAHOBIEHO C
ucnonvzoganuem d Koswa, umerom 6vlcOKYI0 OUCKPUMUHAMUBHYIO YeHHOCmb. [IpusHaku Obliu 6eKMOpU308aHul C
ucnonvzoganuem TF-IDF u éekmopnvix npedcmaesnenuil, a maxkue aneopummsl, kak RandomForest, GradientBoosting,
XGBoost, LightGBM, LogisticRegression, SVM, KNN, DecisionTree, AdaBoost u MLP, 6wiiu oyenenvi ¢
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UCHONb308AHUEM — CIPAMUPUYUPOBAHHOTI  nepeKpécmHoti  npoeepku.  Pezynbmamvl  noxasanu, umo Mmodenu
epaduenmuoco oycmunea (ocobenno XGBoost) u memoowvl npeobpaszoeanus nokasaiu xopouiue pe3yivbmamol, OYeHKd
Klaccupurayuu Ha mecmogom Habope 0oCmuzia 04eHb 8blCOKUX 3HadeHutl. Knacmepuvitl ananus Guisi8ull KOppeusiyuio
MedNcoy memamuyecko cmpykmypou u kiaccugurayueti. OOHaxo 0600wjaemocms NOLYUEHHbIX 8bICOKUX PE3VIbIMAMO8
mpebyem OanvHeuuie20 meCmupo8anus 6 Ciyuae Kpocc-OOMEHHOU OYeHKU, COCMA3AMENbHbIX amaK U MAaHUnyIayul,
maxkux Kax pedykyusi/nepegpazuposanue. B OanrbHelluux ucciedo8anusx peKkoMeHOYemcs: COCPeOOmOYUmsbCs Ha
MOHKOU HACMPOTIKe Npeodpazosamens, YCmouuugoCmu K COCMA3AMenbHbIM AmMakam U MHO2OS3bIYUU.

Knrwouesvle cnosa: uckyccmeennviil unmenieKkm, pacno3Hasanie mekcma, MawuHHoe ooyyenue, spaouenmmublii
o6ycmune, TF-IDF, nexcuueckoe boeamcmeo.

Introduction

Over the past decade, the rapid development of artificial intelligence (Al) technologies has
brought new opportunities and complex challenges to the field of natural language processing
(NLP). Large language models (LLMSs) such as GPT have begun to show high-quality results in text
generation, question answering, and creative and technical content production. Al-generated texts,
which are difficult to distinguish from human-written texts, pose significant problems in the
education system, scientific environment, and media in terms of information security and academic
integrity.

The rapid spread of texts created using Al is due to several main reasons. First, the quality and
linguistic base of language models are increasing every day. This allows them to produce products
that are very similar to human-written texts in terms of style, syntax, and semantics. Second, the
availability of such technologies is increasing, allowing any user to create complex texts in a matter
of seconds. Third, unauthorized use of Al in education and scientific environments, including the
automation of academic work and plagiarism, can negatively affect the quality of the learning
process.

These factors bring the issue of automatic recognition of Al-generated texts to the forefront.
Solving such a task is relevant not only in the field of education, but also in the areas of media, law,
content moderation and cybersecurity. For example, the use of Al in the spread of fake news and
disinformation can reduce information trust in society. And in the field of law, it is important to
determine the origin of the text for copyright protection. In this regard, the development of reliable
automated systems capable of distinguishing Al texts from human-written texts is one of the
priority areas of modern research.

This study aims to solve the problem of identifying Al-generated texts using machine learning

(ML) methods. Finding the difference between Al and human-written texts requires the use of a
combination of NLP methods, in particular, text preprocessing, vectorization and classification
algorithms. By analyzing the lexical, syntactic and semantic features of the text, machine learning
models learn to distinguish between two classes (0 - written by a person, 1 - written by an Al).
The dataset used as a data source consists of two types of essays: human-written and Al-generated
texts. Human-written essays are collected from various open repositories, academic papers, and
handwritten samples. Al texts are generated specifically by large language models such as GPT,
which are given tasks similar to human texts. This data is presented in a balanced format, so that the
imbalance between classes does not arise when training the models. The average length of the texts
is between 300-800 words, which contains enough data to analyze the writing style, structure, and
content features. Previous studies on Al detection have used various methods. Earlier works mainly
used classical machine learning algorithms that rely on statistical and lexical features, such as Naive
Bayes, Logistic Regression, Random Forest. In recent years, models based on transformer
architectures, such as BERT, RoBERTa, and GPT-2 Output Detector, have begun to show
significantly better results. However, such complex models require large computational resources
and are not always easy to interpret. Therefore, classical ML models remain relevant as simplified,
fast and understandable solutions.
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The purpose of this study is to compare the performance of several machine learning models
for distinguishing between Al-generated and human-written texts, evaluating their effectiveness. To
achieve this goal, the following tasks were set:

1. Pre-processing the dataset and extracting key features from the text.

2. Using appropriate methods for text vectorization (for example, TF-1DF).
3. Training several machine learning models and comparing their results.
4. Analyzing the results obtained and identifying the most effective model.

The scientific novelty of this work is to conduct a comparative analysis of various ML models
on a given dataset and propose an effective method for identifying Al texts. From a practical point
of view, the results obtained can be used in educational institutions to maintain academic integrity,
as well as in Internet content moderation and copyright protection systems. In addition, the results
of the study can serve as a basis for the development of multilingual Al recognition systems in the
future.

Thus, automatic recognition of Al texts is not only a technical problem, but also a complex
research area that includes ethical, legal and social aspects. This study aims to propose possible
solutions to the problem using machine learning methods and the obtained the results may
contribute to the development of future research in this area.

The task of accurately detecting text generated by artificial intelligence (Al) has been
intensively studied in the last five years. In particular, the development of large language models
(LLMs) has led to indistinguishable text generation from human text, and has attracted significant
attention in social science fields such as content security, academic integrity, and media
trustworthiness.

1. General overview and contrasting approaches
The study by Wu et al. (2025) provides a comprehensive overview of the need and methodological
basis for detecting text written by LLMs, focusing on major challenges such as unpublished
domains, adversarial attacks, and the effectiveness of evaluation methods in real-world scenarios. A
review by Liu, Li, and Li (2025) systematically compares different detection methods, emphasizing
their long-term stability and robustness. Gritsai et al. (2024) suggest that high evaluations of current
Al detectors often stem from low-quality evaluation data, proposing high-quality datasets to
enhance detectors' generalizability in real-world applications. Additionally, a recent survey by
Fagni et al. (2021) on deepfake text detection highlights the evolution from statistical methods to
advanced neural architectures, underscoring the persistent challenge of adversarial robustness.
Another comprehensive review by Tang et al. (2024) categorizes detection techniques into
watermarking, perturbation-based, and classifier-based approaches, noting the trade-offs in
accuracy and interpretability.

2. Transformer-based methods
Mo et al. (2024) proposed an Al text recognition system using a Transformer + LSTM + CNN
hybrid, achieving 99% accuracy. In the study of Yadagiri et al. (2025), transformer-based models
(BERT, DistilBERT, RoBERTa) were evaluated in the COLING 2025 competition, yielding F1-
scores of 0.65-0.68. Mobin and Islam (2025) demonstrated cross-domain effectiveness through a
multi-model transformer ensemble. Further, a benchmark by Chen et al. (2024) on hardness-aware
datasets for LLM-generated text detection reveals that fine-tuned transformers like DeBERTa-v3
achieve up to 92% accuracy but drop significantly under paraphrasing attacks.

3. Zero-shot and graph-based methods

Abbas (2025) proposed a new approach to machine and human-written text detection by
combining zero-shot SBERT, graph-amateurs, Graph Attention, and Graph Convolutional Network
methods (Abbas, 2025).

Chakraborty et al. (2023) explained the detection capabilities from an information-theoretic
perspective and demonstrated the identification capability even in the case of continuous samples
(Chakraborty et al., 2023).

4. Commercial tools and practical applications
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Weinberger et al. (2023) compared commercial Al detectors, finding lower accuracy and human
biases in educational contexts. While non-academic sources like media reports (e.g., Axios, 2024;
The Guardian, 2025) highlight reliability concerns in educational settings, they underscore the need
for rigorous academic validation. Google's SynthID watermarking (DeepMind, 2024) shows
promise for long texts but limitations for edited content. An adversarial study by Gehrmann et al.
(2024) reports accuracy drops from 39.5% to 22% under attacks, emphasizing robustness gaps.

5. Weaknesses of the Creamy Problems and Methods

Social media and research reveal a complex situation. As one Reddit user noted:

“Al detectors are unreliable, sometimes down to 7%. Once, handwritten text was identified as
Al 98% of the time” (Reddit, 2025).

Another study found that detectors that were working with 39.5% accuracy dropped to 22%
after adversarial attacks (Adversarial Study, 2024).

Table 1. Comparison of studies

Authors (Year) Method Feature / Result

Wu et al. (2025) General review Focus on design, attack, and evaluation
issues

Liu, Li & Li (2025) Review Proposal to enhance detector robustness

Gritsai et al. (2024) Review Reliability decreases depending on data

quality

Mo et al. (2024) Transformer + LSTM + Accuracy ~99%

CNN
Yadagiri et al. (2025) | BERT, DistilBERT, F1-score ~0.65-0.68
RoBERTa
Mobin & Islam (2025) | Evaluated ensemble Good cross-domain detection
Abbas (2025) Zero-shot, SBERT, GAT / Detection of specific authorship style
GCN
Chakraborty et al. Theoretical analysis Accurate estimation of required sample size
(2023)
Weinberger et al. Practical comparison Lower accuracy, human bias
(2023)
DeepMind (2024) Watermarking Effective for long text, limited for short
edited text
Reddit (2005) User opinion Doubts about detector reliability

Adversarial study

Adversarial testing

Accuracy drops from 39% to 22%

(2024)

A review of the literature in recent years has shown that Al-generated text recognition
approaches are diverse: from classical ML to transformers to zero-shot methods. Although many
studies have shown high accuracy, their reliability and robustness in practical applications are
guestionable. In addition, data quality and the validity of estimation methods are among the main
issues. This study aims to provide a practical and interpretive solution through dataset and
comparative analysis, taking these gaps into account.

Methods

This study used a machine learning-based methodology to distinguish artificial intelligence-
generated texts from human-written texts. The datasets were drawn from two different sources: the
first was human-written texts of various styles and topics, ranging from scientific articles to blog
posts and news articles, and the second was artificial texts generated by large language models such
as GPT-4, GPT-3.5, Claude, and LLaMA-2. The texts were generated using instructions similar to
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those given to human authors, ensuring that the two sources were thematically and structurally
comparable. The dataset was created in a balanced manner, with each entry assigned a text content
and a corresponding binary label (0 for human, 1 for Al).

In order to adapt the texts to the models, a number of linguistic and structural transformations were
performed during the pre-processing stage. First, HTML tags, special characters, and extra spaces
were removed from the texts, and then all text was converted to lowercase. To process words
sequentially, the tokenization method was used, removing standard root words, and lemmatization
was used to bring words to the root state. In addition, statistical and syntactic characteristics of the
texts were obtained - additional features such as average sentence length, vocabulary richness, and
punctuation frequency.

Two different methods of generating feature vectors were used to convert the texts into a
digital format. The first method is TF-IDF vectorization, which takes into account the frequency of
terms and their significance in the document, where n-grams consisting of one, two, and three
words were considered. The second method is the use of pre-trained embeddings of the BERT
model, which allows for an effective representation of the semantic and contextual relationships of
the text. These methods created a situation for comparing the results of classical machine learning
models and modern transformer-based models.

Several models were used in the study. Classical machine learning methods included
RandomForestClassifier, GradientBoostingClassifier, Support Vector Machine, LogisticRegression,
XGBoost, and LightGBM, which were trained with TF-IDF vectors. In addition, the BERT model
was adapted to perform binary classification on the last layer and trained on the basis of
embeddings. When training models, the data sets were divided into training and test parts, with a
share of 80 and 20 percent. To increase the reliability of the results, the stratified K=5 scraping
method (Stratified K-Fold cross-validation) was used.

The performance of the models was measured using several evaluation metrics. While the
accuracy indicator describes the ability of the model to make a general correct classification, the
precision metric was aimed at reducing the likelihood of errors in the correct definition of the text
of the Al. The Recall metric showed how many of all Al texts were correctly defined, and the F1-
score reflected the compatibility of these two metrics. In addition, the ROC-AUC indicator was
used to assess the model's ability to distinguish between two classes. The joint use of all metrics
made it possible to fully assess not only the overall accuracy of the models, but also the balance
between false positive and false negative results.

Results

The results of the analysis showed that there are clear differences in the linguistic and
statistical characteristics of the text data set. The main differences between texts generated by
human and artificial intelligence (Al) were determined by criteria such as text length, word count,
sentence number, lexical diversity, and the proportion of complex words. For example, the average
text length appears to be significantly larger (average ~ 3172 characters) in human records, and the
average length appears to be significantly shorter (average ~ 169 characters) in Al Records (Figure
1). A similar trend was observed in terms of the number of words: while human texts stretched to
about 555-560 words, Al records were about 24-25 words (Figure 2). These differences prove that
simple statistical features such as length and word number have high discriminative power in the
task of classifying texts.
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Although Al texts on the lexical wealth indicator (vocabulary richness) had high values

(average ~ 0.92), in human writings this figure was low (average = 0.43). These results may seem
unexpected at first; but they show that the variety of commonly used words and contextual
structures appear in different ways in the generation of Al. At the same time, the proportion of
complex words (longer than 6 characters) in Al texts is clearly higher (average ~ 0.448), and in
human texts this figure is lower (average = 0.207), that is, Al often used voluminous and technical
vocabulary. The result of calculating the effect volume (Cohen's d) for each of these signs
confirmed the discriminative value: it was found that the maximum effect volume was related to
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lexical wealth (d = 6.39), followed by word Number (d = 4.51), text length (d = 4.33), sentence
number (d = 4.08) and compound word proportion (d = 3.90) (Figure 3).

Vocabulary Richness Word Count Text Length
(Effect Size: 6.39) (Effect Size: 4.51) (Effect Size: 4.33)
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Figure 3.distribution of features with effect dimensions.

The feature matrix (n_samples = 2750, n_features = 14) was balanced (Al = 1375, Human =
1375) and split into training (2200 samples) and test (550 samples) sets. Model performances,
evaluated via stratified 5-fold cross-validation, are summarized in Table 2, using accuracy,
precision, recall, and F1-score.

Table 2. performance indicators of models (feature-based comparison)
Model Accuracy | Precision | Recall F1-Score
RandomForest 0.731800 | 0.724498 | 0.731800 | 0.727133
GradientBoosting | 0.732070 | 0.716564 | 0.732070 | 0.714987
LogisticRegression | 0.681055 | 0.634783 | 0.681055 | 0.619052

SVC 0.723410 | 0.708056 | 0.723410 | 0.709615
KNeighbors 0.700812 | 0.691851 | 0.700812 | 0.695277
DecisionTree 0.681732 | 0.687200 | 0.681732 | 0.684205
XGBoost 0.745737 |0.736242 | 0.745737 | 0.738447
LightGBM 0.739783 1 0.728956 | 0.739783 | 0.731135
AdaBoost 0.716103 | 0.697694 | 0.716103 | 0.698002
MLPClassifier 0.729635 | 0.717127 | 0.729635 | 0.719530

As can be seen from the table, busting algorithms (especially XGBoost and LightGBM)
showed higher results than classic linear and simple tree models. This confirms the effectiveness of
gradient busting in mastering complex connections; however, it should be noted that the total
accuracy shown in the table is not absolute, but depends on the data set and the character
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configuration used. To visually display the results of the model comparison, a column diagram is
used in terms of accuracy (Figure 4).

Class Distribution (0: Human, 1: Al)
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1000

800 A

Count

600

200 A

Text Type

Figure 4. Model Accuracy Comparison
Cluster analysis was also carried out to extensively test the operation of the models. the t-SNE

visualization and clustering results showed the existence of subject clusters in the data; the division
of cluster composition by class was as follows:

Table 3. Cluster composition by class

cluster | Al Human
-1 66 54

0 6 0

1 5 0

2 1296 | O

3 0 659

4 2 646

5 0 16

The main point seen from this table is that some clusters turned out to be specific to only one
class: for example, Cluster 2 is mostly closely related to Al Records (1296 Al records), while
cluster 3 and 4 were found to be subject groups specific to human records (cluster 3: 659 human
records; Cluster 4: 646 human records, with very few Al Records in a row). In addition, the -1
cluster, designated as a" noisy " cluster, includes both classes, which may mean that there are
different thematic and stylistic disorders in that cluster. When describing this cluster composition
through thematic analysis, the character words of each of the clusters were as follows (only the
most characteristic words were indicated): Shum cluster (-1): "car", "people"”, "driving"; cluster 0:
"ai”, "ethical”, "intelligence”; cluster 1: "nature”, "beauty"”, "bee"; Cluster 2: "context”, "global”,
"exploration”, "education™; cluster 3: "car", "people", "usage", "city"; cluster 4: "vote", "Electoral",
"College”, "State"; cluster 5: "thee", "electoral”, "car", "vote". These results show a strong
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relationship between thematic determinations and class formation, and prove that the thematic
context is sometimes characteristic of Al or human writing.

The classification problem obtained by the classifier model in the test set as a logical
continuation of cluster analysis is as follows. The classification problem shows that the precision,
recall and f1-score indicators of both classes are at the same level — very high results: precision =
0.99 for a person (label 0), recall = 1.00, f1-score = 1.00; precision = 1.00 for GI (label 1), recall =
0.99, Fl-score = 1.00. Overall accuracy was recorded at 1.00 (550 samples) in the test set, while
macro and weighted averages were also around 1.00. These results indicate that the classifier
generalizes very well in the test set under study, however, it should be noted that the appearance of
such high indicators may be due to a very pronounced discriminative effect of established features
(for example, text_length, word_count) and that performance is likely to decrease in data composed
of other, real-world texts.

Classification results (classification report) - formally expressed as follows:

Classification Report:
precision recall fl-score support

0 0.99 1.00 1.00 284

1 1.00 0.99 1.00 266

accuracy 1.00 550
macro avg 1.00 1.00 1.00 550
weighted avg 1.00 1.00 1.00 550

However, these exceptionally high results warrant caution. The pronounced differences in text
length and word count likely introduce data leakage, enabling models to classify based on
superficial features rather than stylistic nuances. This suggests potential overfitting to dataset
artifacts, as real-world Al texts (e.g., edited or length-matched) may not exhibit such disparities.
Cross-validation scores (0.68-0.75) were lower than test accuracy, further indicating possible
overfitting. Future evaluations should include length-normalized data, adversarial perturbations, and
cross-domain testing to validate generalizability.

In order to assess the significant impact of semantic and lexical features, the most predictive
(predictive) phrases derived from a logistics model or a classifier based on TF-IDF were identified.
The list of 20 terms that have the highest weight in predicting Al texts is as follows: "context"”,
"exploration”, "education”, "strategy", "technology", "advance", "context everyday", "persuasive",
"context public”, "public policy”, "develop persuasive”, "persuasive argument”, "modern",
"structured outline”, "structured”, “create structured”, "outline”, "sustainability”, "produce
balanced”, "balanced review". Among the leading words in the prediction of human texts were
"car", "vote", "electoral”, "people”, "college"”, "electoral college"”, "state", "would", "president”,
"thee", etc. These phrases demonstrate a close correspondence with the topics obtained in cluster
analysis and confirm the interpretability of semantic features obtained using the methods of

preliminary vectorization and TF-IDF (Figure 5, Figure 6).
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Figure 5.Diagram of the best predictive capabilities bar of artificial intelligence.
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Figure 5.Diagram of the best predictive capabilities bar of human.

One of the main conclusions that can be drawn from the above results is that since simple
statistical and lexical symbols (for example, text length, word number, lexical wealth) have a very
high discriminatory ability, the classification task is relatively simplified if they are included in the
model. This may be one of the reasons for the high rates in the study and requires additional
verification of how models work in the real world, in situations where texts are edited and modified
or shortened in advance. Therefore, when evaluating the results obtained, it is important to take into
account the conditions for generating data and the impact of pretreatment.
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Conclusion

When generalizing the results of the study, it was found that the proposed method showed
high efficiency in distinguishing texts generated by artificial intelligence (Al) and written by a
person using textual statistics and linguistic signs (for example, text length, word count, sentence
number, lexical wealth and proportion of complex words). Specificity analysis showed that Cohen's
D has the highest discriminative power in terms of lexical richness and word number, which means
that even the simple numerical characteristics included in the models more clearly separated the
classes. In the comparative evaluation of machine learning models, algorithms based on gradient
busting (XGBoost, LightGBM, GradientBoosting) reached the best indicators and showed superior
results than classical methods and linear models. It was also observed that the classification
calculation gave very high — close to perfect in practical terms — results in the test set (accuracy =
1.00), which indicates that the obvious statistical differences in previous analyses led to the model
being more easily trainable.

However, caution should be exercised in terms of the meaning of the high result obtained and
its practical generality. First, the structure and generation conditions of the data set may have
formed clear features that allow models to be easily distinguished; for example, obvious differences
in the average length and word number of Al records are what drives models to be distinguished by
"indirect"” criteria. Secondly, the perfect functioning of the models in the test assumes the likelihood
of significant deterioration in the case of data-location fluctuations, domain transitions or
paraphrasing, redundancy and other manipulations embedded in the text. Therefore, before applying
the proposed methods in a real production environment, it is mandatory to check the adversarial
stability, cross-domain evaluation with real-world texts, and evaluate the tolerance of models to
overfitting.

When putting it into practical use, several recommendations are important: adding a human-
specialist ("human-in-the-loop") to automated solutions based on the predictive reliability of the
model, combining the detector results with the context, and installing self-monitoring systems. As
further steps in the scientific direction, a deeper training of semantic features with the inclusion of
Transformers (fine-tuned BERT/RoBERTa and multimodal ensembles), adversarial training and
paraphrase stability assessment are proposed. It is also necessary to explore multilingualism, cross-
domain generalization, and collaborative approaches with watermarking, and develop ethical
guidelines that ensure fairness and personal data protection in specific applications.

This work showed possible ways to identify Al-generated texts: simple, easy-to-interpret
linguistic cues and busting models achieve high results in specific situations. However, for reliable
and stable practical implementation of the method, additional assessment, stabilization and ethical
control measures are required.

References

1. Abbas, H. M. (2025). A Novel Approach to Automated Detection of Al-Generated Text. Journal of Al-
Qadisiyah for Computer Science and Mathematics.

2. Chakraborty, S., Bedi, A. S., Zhu, S., An, B., Manocha, D., & Huang, F. (2023). On the Possibilities of Al-
Generated Text Detection. arXiv preprint arXiv:2303.XXXXX.

3. Chen, Y., et al. (2024). A Text Hardness-Aware Benchmark for LLM-generated Text Detection. arXiv

preprint arXiv:2407.15286.

DeepMind. (2024). SynthlD: Watermarking for Al-Generated Text. Google DeepMind Technical Report.

Fagni, T., et al. (2021). Deepfake Text Detection: A Survey. arXiv preprint arXiv:2106.XXXXX.

Gehrmann, S., et al. (2024). Adversarial Robustness in Al Text Detectors. Proceedings of ACL 2024.

Gritsai, G., Voznyuk, A., Grabovoy, A., & Chekhovich, Y. (2024). Are Al Detectors Good Enough? A

Survey on Quality of Datasets With Machine-Generated Texts. arXiv preprint arXiv:2410.14677.

8. Liu, X,, Li, Y., & Li, K. (2025). Enhancing the Robustness of Al-Generated Text Detectors: A Survey.
Mathematics, 13(2), 123-145.

No ok~

58



K.A. Acayu amvinoazel Xanvikapanvlk Kazax-mypiKk yHueepcumeminin xaoapaapol
(mamemamuxka, pusuxa, ungpopmamuxa cepusacot), Ne3 (34), 2025

9. Mobhin, M. K., & Islam, M. S. (2025). LuxVeri at GenAl Detection Task 3: Cross-Domain Detection of Al-
Generated Text Using Inverse Perplexity-Weighted Ensemble of Fine-Tuned Transformer Models. arXiv
preprint arXiv:2501. XXXXX.

10. Mo, Y., Qin, H., Dong, Y., Zhu, Z., & Li, Z. (2024). Large Language Model (LLM) Al Text Generation
Detection based on Transformer Deep Learning Algorithm. International Journal of Engineering and
Management Research, 14(3), 45-60.

11.Tang, G., et al. (2024). Detection of Machine-Generated Text: Literature Survey. arXiv preprint
arXiv:2402.01642.

12. Weinberger, M., et al. (2023). Testing of Detection Tools for Al-Generated Text. International Journal for
Educational Integrity, 19(1), 1-15.

13.Wu, J,, Yang, S., Zhan, R., Yuan, Y., Chao, L. S., & Wong, D. F. (2025). A Survey on LLM-Generated Text
Detection: Necessity, Methods, and Future Directions. Computational Linguistics, 51(1), 275-338.

14. Yadagiri, V., et al. (2025). Transformer-Based Models for Al Text Detection in COLING 2025. Proceedings
of COLING 2025.

ABTOpJIAp TYpaJIbl MAJIiMeTTEeP

Ne | AtbI-keHi, FBUIBIMH JOpeKeci, )KYMbIC HEMece OKy OpHBI, Kajla, €I, aBTOPABIH e-mail MeKeH)KaHbl, YSIIbI
TenedoH HoMipi

1 AbeH A.B.- maructp, Koxxa Axmer fcayn aTeramarsl XasIKapanblK Ka3aK-TYpiK YHHBEpCcHTETi, TypKicTaH K.,
Kazakcran, e-mail: arypzhan.aben@ayu.edu.kz
Aben A.B. - master, Akhmet Yassawi International Kazakh-Turkish University, Kazakhstan, Turkestan, e-
mail: e-mail: arypzhan.aben@ayu.edu.kz
AbeHn A.B.-- maructp, MexayHapoIHbIH Ka3aXCKO-TYpPELIKUN YHUBEPCUTET UMEHH XOIKU Axmena fIcaBu, T.
Typkecran, Kazaxcran, e-mail: e-mail: arypzhan.aben@ayu.edu.kz

2 | Xunm3zoB M.X. - OakamaBp, Koka Axmer Slcaym aTBHIHAaFbl XaJIBIKApalbIK Ka3aK-TYPIK YHHBEPCHTETI,

Typkicra# K., Kasakcran, e-mail: milaz.hinizov@ayu.edu.kz

Khinizov M.K.- bachelor, International Kazakh-Turkish University named after Khoja Akhmet Yasawi,
Turkistan, Kazakhstan, e-mail: milaz.hinizov@ayu.edu.kz

Xunnszos M.X. - GaxamaBp, MexIyHapOAHBIM Ka3aXxCKO-TYpPEeLKMH YHHUBEPCUTET MMEHH XOIKH Axmera
Scaswy, r. Typkecran, Kazaxcran, e-mail: milaz.hinizov@ayu.edu.kz

59


mailto:arypzhan.aben@ayu.edu.kz
mailto:arypzhan.aben@ayu.edu.kz
mailto:arypzhan.aben@ayu.edu.kz
mailto:milaz.hinizov@ayu.edu.kz
mailto:milaz.hinizov@ayu.edu.kz
mailto:milaz.hinizov@ayu.edu.kz

K.A. Acayu amvinoazel Xanvikapanvlk Kazax-mypiKk yHueepcumeminin xaoapaapol
(mamemamuxka, pusuxa, ungpopmamuxa cepusacot), Ne3 (34), 2025

90K 004.43
MI'TAP 50.05.09
https://doi.org/10.47526/2025-3/2524-0080.35

Basabl A.T.l, Kynucosn H.M.z, Hazap6ex T.C.3, JlaBieroBa B.M.*
Yaca oxeimywwl, Kooca Axmem HAcayu amvindazw Xarvikapanvlk Kasax-mypix yuusepcumemi, (Kasaxcman, Typkicman
k.),e-mail: azimkhan.bayaly@ayu.edu.kz
PhD, Koowca Axmem Acayu ameinoaser Xanvikapanelx Kazax-mypik ynueepcumemi, (Kazaxcman, Typkicman K.), €-
mail: nurseit.zhunissov@ayu.edu.kz

$yacucmp oxpimywst, Kooica Axmem Hcayu ampindazel Xanelkapansix Kazax-mypik yuusepcumeni,
(Kaszaxcman, Typricman .), e-mail: Tolkin.Nazarbek@ayu.edu.kz

“smazucmp oxpimywt, Kooica Axmem Hcayu ampindazol Xavlkapansix Kazag-mypix yuusepcumeni,
(Kazaxcman, Typxicman .), e-mail: venera.davletova@ayu.edu.kz

MAPAJUIEJ b AJITOPUTM/II MANHJTAJIAHA OTHIPBIII CYPETTEPII OHJIEY 91ICTEPI
IMAGE PROCESSING METHODS USING A PARALLEL ALGORITHM
METO/IbI OBPABOTKH U30BPAKEHU C HCITIOJIb30BAHUEM IMAPAJIJIEJIBHOTO AJITOPUTMA

Anoamna. byzinei mayoa cypemmepoi oHOey MYpii EblIbIMU HCIHE MEXHOLOSUSILIK CAANapoa Manvl30bl
opbiH anadvi. Jlepexmep KoONeMIHIH Yeaiobl MeH aknapammoel dicedell oHOey Kadicemminiei enoey aodicmepin
oicemindipyee umepmenetoi. Ocvl mypevloa Kamap KHCypeiziiemin anecopummoepoi Kondawy cypemmepoi oHOeyOiH
muimoinicin apmmueipyObiy Oacmuvl macindepiniy 6ipine aunarein omeip. Byn oscymvic napannens anecopumm KecKiH
enoey 20icmepin 3epmmeyee apHanean. JKymvic 6apeicbiHOa  KecKiHOepOi onoeyoiy Hezizel Kauoanapul
Kapacmuipoiiadevl. Convimen Kamap, Oyn a0icmep manculpmanapobl OPbIHOAY HCLIOAMOBIZLIH APMMbIPLIN, ecenmey
pecypcmapuiin  YHemMOl nanoanany2a MymKiHOIK 0Oepedi. Ilapannens aneopumm eyoeyoiy He2ci30epi MeH OHblH
APMBIKWBLILIKINAPbL HCAH-IHCAKMbL CURAMMALA0bL. OPMYPIAL CoyIemmepMen HCYMbIC iCmelumin Kamap dHCypeiziiemin
ecenmeynepee epeKue Hasap ayoapuliadvl. Ocipece OipHeule MEXHOIOSUAHbL KAMMUMbBIH AICOPUMMOep MblCAl
peminde kepcemineoi. Ilapannenv aneopumm macil apKvlibl KeCKIHHIY apmypii 6oaikmepine Oip mezemme OipHeuie
cyseinepoi Kondamyza 6onaovl. Byn adic owcylienin oicarnvl onimOinicin komepin, onoeyee KememiH YaKvlmmbvl
asatimaowvl. Convimen 0Oipee, KON s0poibl NPOYECCOPAp MeH SpaAPDUKANbIK NPOYECCOPaap CUAKMbl KYpPblizbliapObl
MuUiMOi nAOAIamy Hcoeapvl candaivl KecKin oHOeyoi Kammamacwvls emedi. Konoanviiamvin apoip cys3einiy 03iHOIK
epexulenikmepi bap scane onap Hakmel maxcammapea bauimmanean. Ilapannens aneopumm a0icmepoiy apKacbinoa
oyn cyseinepoi mes api canaivl KoiOaHy MymMKiHOiei myadwsl. Hakmol yaxvim pesicuminoezi Oeunenepdi oHoeyoe yYiKeH
pen amxapaovl. JKozaper muimOinikke ue Kamap Jcypeiziiemin aneopummoep KecKiHOepOi 6HOeYyOiH HIMuiceci
e0ayip dcaxcapmaovl.

Hezizzi co30ep: Iapannens ancopumm, kimanxaua, OpenCV kimanxana, unmepgetic, cysei, punbmp, Keckin.

Abstract. Today, image processing occupies an important place in various scientific and technological fields.
The increase in data volume and the need for rapid information processing are pushing for improved processing
methods. In this context, the use of parallel algorithms is becoming one of the main ways to increase the efficiency of
image processing. This work is devoted to the study of image processing methods that are carried out in parallel. In the
course of the work, the basic principles of image processing are considered. In addition, these methods allow you to
increase the speed of tasks and use computing resources economically. The basics of parallel processing and its
advantages are described in detail. Special attention is paid to parallel computing working with different architectures.
Algorithms involving several technologies are especially shown as an example. With a parallel approach, you can
apply multiple filters to different parts of the image at the same time. This method improves the overall performance of
the system and reduces the time spent on processing. At the same time, the efficient use of devices such as multi-core
processors and graphics processors ensures high-quality image processing. Each filter used has its own characteristics
and is aimed at specific purposes. Thanks to parallel methods, it becomes possible to quickly and efficiently apply these
filters. It plays a big role in real-time video editing. Parallel algorithms with high efficiency significantly improve the
result of image processing.

Keywords: Parallel algorithm, library, OpenCV library, interface, filter, filter, image.

Annomayusn.Ce2o0usi 0bpabomxa u300padicenuii 3aHUMAem 8adcHOe Mecmo 8 pPA3IUYHbIX HAYYHBIX U
mexHono2ueckux ooaracmsax. Yesenuuenue 06vema OanHbix U HeoOX00UMOCMb OnepamusHol oopabomku ungopmayuu
NOOMANKUBAOM K COBEPULCHCMBOBAHUI) Memodos obpabomku. B smom kowmexcme npumenerue napaiieibHuix
an2opuUmMMO8 CMAHOBUMCA OOHUM U3 2IAGHLIX CNOCOD08 nosviuleHus dpdexmusHocmu 06padomru u300padceHuil.
Jlannas paboma noceswena uzyueHuio mMemooo8 oopabomxu u300padceHull, Komopvle NPoBOOAMCs NApaIieIvbio. B
npoyecce pabomvl paccmMampusarmcs 0CHO8Hvle NpuHYuUNvl 0opabomxu usobpasxcenuil. Kpome moeo, smu memoout
NO38ONAIOM  YBEAUYUMb CKOPOCHb  BbINOJIHEHUA 3A0a4 U IKOHOMHO UCTONb306AMb  GUIYUCTUMENbHbIE PECYPChL.
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IloopobHo onucanvl 0CHOB8bI NapanienvbHol obpabomku u ee npeumyuwecmea. Ocoboe euuUMaHUue YOensIemcs
RAPANNENbHBIM  6bIYUCTICHUAM, pAbOmMarwum ¢ pasiudneivu apxumexkmypamu. Ocobenno 6 Kayecmee npumepa
NOKA3AHbI ANCOPUMMBL, BKIIOUAIOWUE HECKOAbKO mexHonoeull. [Ipu napannenvHom nooxode MOXCHO OOHO8PEMEHHO
NPUMEHAMb HECKObKO  (QUALIMPOS K pA3HbIM  4acmam usobpasicenus. Omom Memoo noseviuiaem oouyio
npouU38oOUMeNbHOCHb CUCTHEMBL U COKpAWaem epems, 3ampavusaemoe na obpabomxy. B mo dce epemsa spdpexmusnoe
UCNONb308aAHUE TMAKUX YCMPOUCMS, KAK MHO205l0epHble npoyeccopvl U gpaguueckue npoyeccopvl, obecneyusaem
8bICOKOKAYECmeenHyio 06padomky uzobpaxcenui. Kadxcowill ucnonv3yemuiii unomp umeem c80uU 0COOEHHOCNU U
Hayenen Ha Konkpemmuvle yenu. brazoodaps napannenvnbiM Memooam NOAGNAEMCA 803MONCHOCMb ObICIMPO20 U
Kauecmeenno20 npUMeHeHUus smux Guibmpos. Mepaem 601vuiyio poib 6 pedakmuposanull 6U0eo0 8 peaibHOM epeMeHuU.
Iapannenvuvle ancopummul, obradaroujue GviCOKOU IPDHEKMUSHOCHBIO, 3HAYUMETbHO YAVYMAIOM  pe3yabmam
0bpabomxu uz300paxdceHull.

Knroueevie cnoea. Ilapannenvnoii ancopumm, oubnuomexa, OpenCV oubruomexa, unmepgeiic, guibmp,
@uremp, uzodpasicerue.

Kipicne

Keckingepai eHaey — OWI BH3YyalJIbl MOJIIMETTEPJII Taljay >KOHE TYPJICHAIPY YIepicTepiH
KAMTHUTBIH aKIapaTThIK TEXHOJIOTHIIAP CalachIHIAFbl MaHbBI3IbI OarbITTapAbIH Oipi. Ka3ipri Tanma
Oyl TEeXHOJOTHS KAyilCi3miK, KK, OWBIH-CAybIK CHSAKTHI KONTETeH cajanapia KeHIHEeH
KOJIJIaHBUIBIN KeneAi. Mbican peTiHae MeIUIIMHA CallaChlH KapacThIpalbIK: PEHTIeH CypeTTepi MeH
MPT keckiHIepiH OHCY apKbUIBI TYPJIi aypyJiapAbl aHBIKTAY JKOHE JUAarHo3 KO MYMKiH OoJafpbl.
Kayincizaik canaceiHna OeliHe0akpuiay Kyheraepi KYMoOHAI OpEeKeTTepAl aHBIKTay MaKCaThIHIA
apHaiipl anroput™maepre cyiieneni. CoHbIMEH KaTap, KOMIIBIOTEPIIIK Kepy KyHenepi aBTOHOMJIBI
KOJIKTep/IiH HETi3ri Kypamjaac Oeliri peTiHae KbhI3MET aTKaphIN, KOJIKTIH KOpIIaraH OpTaHbI
KaObLIaI, capanrayblHa MYMKIiHTIK 6epemi[1].

[Tapannens anropuT™M — eHJEY YAEpICTepiH OipHelle sSApO HeMece MPOIECccCop apachlHaa
Oeicy apKbUIBI OpPBIHAANATBHIH TOCcUI. MyHmail omic eHIEYIiH THIMILUIITIH apTTHIPBIN, YaKBITTHI
yHemzaeyre MyMmKkiHaik Oepeni. Ce0Gebi Oip yakpITTa CypeTTiH OipHele aiiMarblH KaTap eHJAEyre
Oomagpl. MplIcan periHae KecKiHai OipHemie cerMeHTKe Oelim, oJapAbl KaTap XYPTi3iuieTiH Typae
TaJIjay apKbUIbl Kbl OHJIEY YaKbITBIH OlpHele ece KbicKapTyra Oonaabl. COHbBIMEH KaTtap, Oy
o/ic ecemTey pecypcTapblH THIMJAI TNaiagaHy MYMKIHIITIH Oepefi, acipece ecentey KyaTbl
HIEKTEYJ1 KYPBUIFbLIApA O0TE 63€KT1 OOJBIT Ta0bLIabI.

byn 3epTTeyaiH MakcaThbl napajjielb aIrOpUTMAEP KECKIHI1 OHACY KbUIAaM/IbIFbIH apTThIPY.
Busyanuzanus TeXHOJIOTUATIApbIHBIH Ka31pri JaMybIHbIH MaHbI3/Ibl OeJliriHe alHaIAbIPY.

[Tapamnens anroputmiaep — OyJl ecenrtey MpOLECTepiH Karap KYPri3uleTiH Typae, siFHU Oip
yakpITTa OipHemie Kimi Oenmextepre Ol OpbIHAAWTBIH aNrOpUTMIEp. Byl TociamiH Herisri
MaKcaThl — XYHEHIH pecypcTapblH THUIMI NaianaHy >KOHE €CeNnTey/iH bl YaKbIThIH a3aTy.
Bys1 TeXHOJOTHSHBI ICKe achlpy YLIIH KOl SpoJibl Ipoleccopiap MeH rpaduKaibIK mpoieccopiap
(GPU) keHiHeH KOJAaHBLIAABI, OMTKEHI oJjlap OipHEIIe ecenTey onepanusuiapblH Olp Me3riiie
OpbIHAAN amansl. MpIcanbl, Ka3ipri 3aMaHFbl KOMIBIOTEpiepae OipHemie sapojap HeMece
rpadukansik nporeccopnap (GPU) Gap. [Tapannens anropurMmaep ocbl MyMKIHAIKTI MaiiaagaHblI,
opbip sanmpo Hemece rpaduKaibIK Mpoleccop 06JIeK TancChpMaHbl OpbIHAANABL. by omic ocipece
YJIKeH JepeKTepai oHJey, KYpAeli ecenrteynep MeH OeiiHeMa3MYHIIbI OHJIey/le OTe THUIMII OOJBII
tabputanel. An eHpal, OeiHenmepal  eHIEyIe  Karap  KYPri3UIeTIH — alrOpUTMIAEPIiH
apTHIKIIBUTBIKTAPBIH KapacTeipaidbik[1]. Kypaeni Oeiinenepsi oHIey Ke3iHAE KONTETeH ecenTeyep
MEH MaTeMaTHUKaJIbIK OMepalysiap OpbIHaNa/lbl, )K9HE erep opOip onepauusHbl OipiHEH CoH Oipi
opbIHIaca, Oy yakbITThl Kem anaabl. [lapamnens anropurMaep Oyn mpoueccti OipHemie Oeiikke
Oeuir, opOip Oerikke apHaiibl pecypctap OeuHTEHIe, OYKIT Tpolecc oaeKaiia >KbUiiaMm
OpBIHAJIA/IbI:

1. bedinenepni cysriuiey — OipHemie TypJii CYy3TUIep KOJIAHBUIATHIH Ke3ae, opOip Cy3riHi
napaienbi TypJe opblHaayFa 001a bl

2. beitHe aHammTMka — OelHEMa3MyHIAarbl OOBEKTIICPII TaHy HEMece KO3FaJIBICTBI OaKbLIay
CHSIKTBI TarchlpMasiap/Isl OipHeIe siipo OpbIHAaFaH 1 dJieKaiia Te3 eHaeyre 601a bl
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3. AHuManus *oHe >KacaHlbl MHTEIUIEKT — KYpJelli ecenTeyiep MeH MOJENbAEpAl iCKe achIpyna
Katap XKyprizy THIMIUTIK Oepeni.

[Tapannens omici KeNTEereH Kasipri 3aMaHFbl TEXHOJOTHsIIApAA KOJJAHBLIYIA, OWTKEHI O
JKYHEHIH OHIMJIUIITIH apTTHIPHIN, Mai alaHyIIBIHBIH KYTY YakKbITBIH a3alTajbl. bys Tocin acipece
KOII SpOoJIbl rpa)iKka MEH eCeNTey KYPbUIFbUIAPBIH KOJIAUTHIH KOJAaHOamap yurid ete taimai [1].

Grama, Gupta, Karypis xone Kumar (2003) enberi 6onbin TabbuiaTeiH "Introduction to
Parallel Computing" xitadbbr Ilapamiens ecenTeynep canachlHOArbl HETi3ri oneOuerrepnin Oipi
peTiHJE KEHIHEH TaHbUIaJbl. bys eHOekTe mapamienb >KYWelepaiH KYPbUIBIMBI, aJrOpUTMICPIi
napajuiesb TypAe YUBIMIACTBIPY KaFUIANIAphl, €CENTey MOJEIbJACpl MEH OHIMIUIIKTI apTThIPY
TOCUIIEp] JKaH-)KAKThl CUMATTANIFaH. ATalFaH >KYMBIC PECYPCThl KON KaKeT €TETIH ecenTep MeH
KeCKIHJepAl OHJey cajajapbl YIIiH THIMAI QJITOPUTMICPAI KYpyFa TEOPHSUIBIK HETi3
KaJIBIITACThIPFaH.

[Tapamiens KeCKiH 6HACYAIH KOJIAaHOAIbI acIeKTiIepi.

C. B. Eriznep, B. I'. Menenun xone B. A. IlaBmoB (2017) e3 3epTTey >KYMBICTapbIHAA
dazanplk KeCKiHAepAi JKOFaphl JKBUIIAMIBIKIICH OHICY MOCEIECiHe TOKTalaabl. 3epTTeyie
napajuiesib €cenrey KypbUIbIMIapbIH, COHBIH 1IIIHIE MYJIbTUIIPOLIECCOPIBIK KYyHenep i maianany
apKbUTbl  (pa3aNbIK KapTajapAbl TalAay >KbUIJAMIBIFBIH €AQYlp apTThIpy MYMKIH eKEHIri
KepceTinreH. byl Tociiaep TeXHUKAIBIK KOPY Macelenepi YIIiH aca MaHbI3/IbL.

Kneban E. I'. (2020) o3 enOerinme KeckiHaep MeH OeifHe arbIHAAPBIH OHJEYre apHaJFaH
HAKThl Mapauiens anroputMaepiai yebiHaasl. ABTop OpenMP sxone CUDA TexHOoIOrusaapbiHbIH
KOMETiMeH OeiHEeHi Cy3y, HIeKapaitapAbl aHBIKTAY JKOHE JEPEKTEpIi KbICY CHAKTHI KJIACCHKAIIBIK
JKOHE 3aMaHay| 9/IiCTep/Il erKel-Ter kel KapacThIpabl.

Sandipan Dey e3inig "Python Image Processing Cookbook" (2020) artsl enOeringe Python
TUTIHAET 3aMaHayd KiTalxaHajlap apKbUIbl KECKIHIEpHl OHJeyre apHajfaH MPaKTHUKAIbIK
Tocinaepai yceiHaabl. KitanTelH KoimaHOadsl Ma3MyHBIHA KapaMacTaH, aBTOpP KOIl aFbIHABI KOHE
GPU-meH xyMbIC icTey apKbLIbl OHIMAUTIKTI apTTHIPY MACEIeNepiH A€ TalaaiIbl.

Richard Szeliski "Computer Vision: Algorithms and Applications" (2020) arter eHOeriHe
KOMITBIOTEPIIIK KOpy aJIrOpUTMJIEPIH JKYy3€re acblpy MacenenepiH Ko3raiabl. On mapaiiens
QITOPUTMIIEP MEH YJIKEH KOeJeMJeri JIepeKTepMEeH HaKThl YaKbIT PEKHUMIHAEC KYMBIC iCTey
TOCUIIEPiH erKei-Terkei OassHaaiapl.

KazakcranapIK 3epTTeyiep asChlHa.

KazakcranabIK FbUIbIMU OpTajia 1a [lapaniens eHaey TakpIpblObl OesceHal TypAe 3epTTenyae.
Mocenen, CwaitsioB K. (2017) "MomimerTepal mapajuiesib OHACYAETT THIMAI oAuLIeT" aTThI
eHOeriHJie YJIKeH JiepeKTep MacCUBIH Tajaayra apHairaH [lapaniens ecenrtey oicTepiH YChIHAIBL.

bazapbaes C. (2018) xone OO0mipaxmanoB H. (2021) e3 eHOekrTepinae OeitHeOaKpuIay
KyHenepi MEH MEIMIMHAIBIK JIMarHo3 KO cajlajlapblH/ia Mapajuieb alroOpuTMAEpi KOJIAaHyIbIH
HOTHKEJTUIITIH KopceTe/l.

XKapbuikacein E. (2022) keckiHzepAi mnapajulelb CYpPBIITAayIblH TYPJi OAICTEPIH YChIHA
OTBHIPBIT, OHJEY JKBUIAAMIBIFBl MEH EpEeKIICTIKTepAl aHBIKTAy ISJIITiH apTTBIPY JKOJIApBIH
KapacThIPaibl.

HypmeiicoBa A.A. (2021) Ilapamnens oHAEY TOCUIAEPIH WHHOBALMSMIBIK OHIMICPAL
KypacTbIpy OapbIChIH/Ia MOJIEIBCY YAEpiCTepiHae Kanail KogaHyFa O0JaThIHBIH 3€pTTEi 1.

Enemona III. JI. >xoHe oHbiH opinTectepi (2021) MoOMIBAlI KypbUIFbLIApFa apHaFaH
ANEKTPOHBIK OKYJIBIKTapAbl 33ipiiey Ke3iHJle eCenTey pecypcTapblH THIMII YJIECTIpy MoceleciHe
Ha3zap ayJapasibl.

Xacanapl MHTEIEKT TNMEH NPOKTOpHHr OarbiThiHga A. IllaymenoBa sxoHe T. 6. (2022),
conbiMeH KaTtap A. A. Meip3amypatoBa MeH O. I'. XKanabaiikp3el (2024) napamiens eHAeyl
celiyey/ll TaHyFa apHaJIFaH HEHPOH/BIK JKeJIep HeTi31Hae KOJIaHy 9/1iCTepiH 3epTTeiii.

baybipxanyibl b. jkoHe OHBIH FbUIBIMH YKbIMBI (2021) OMOMETPUSIIBIK COMKECTEHIIPYIIH
alllbIK JKYHenepre apHajfaH aJrOpUTMAEPIH YChIHA OTBIPBIN, OYJI ecenTeylepaiH >KOFapbl OHIMII
napajuieib TOCUIIEP Al KaXKeT €TETIHIH aTall oTeIl.
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KopbIThIHIBIIAN KeTie, onedueTTepal capanay KepceTKeHAeH, mapajuieib KeCKiH eHIey - Oy
TEK €CeNTey CalTaChIHBIH TEOPHSJIBIK HETi3/epiHe CYHEHETiH eMec, COHBIMEH Karap MeIHWIUHa,
Kayirnci3aik, OUTiM jKoHE MHXEHEPHs calajapblHAaFbl HAKThl MoceseNep/i IIenryre OarbITTalFaH
CepHiHI JaMBbII )KaTKaH FhUIBIMU OarbIT. [1leTemnaik )koHe OTaHIIbIK 3epTTeyiep Oyl OarbITThIH KEH
AyKBIMJIbI KOJIJIaHY MYMKIHJIIT1H K9HE KOFaphl FHUTBIMU-TIPAKTUKAIBIK MaHbBI3bIH AQJIEIACHII.

3eprrey amicrepi

byn makanana [Tapamiens anropuTMaep/IiH KeCKiHI OHAeyIer apThIKIIBUIBIKTAPbIH KOJIIaHa
OTBHIPBIN, OHJCYAIH  OKBUIIAMABIFBIH  apTThIpyFa MYMKIHIAIK OepeTiH THIMAI IIemiMziep
KapacThIpbUIaabl. AYKBIMIIBI KECKIHAEPI OHJIEYAE KOFaphl OHIMAUNIKKE KOJ JKETKI3y YIIIH JKOHE
HaKThl yaKbITTaFbl OCHHeNepli OHJey YIIiH KaTap JKYprizy eTe maigaibl TOCiT OOJbIN TaObLIaIb.
by omic yakbITTBI YHEMIEN, YJIKSH KOJeMIEri JEpeKTepPMEH >KYMBIC ICTEreHIE OHJICYIIH
TUIMJIUTITIH apTThIpab [2].

KymbicTeiH Heri3ri makcaThl — Python OarmapmamachiHna KecKiHII ©HAEYre apHajlFaH
Oarmapnamansl Kypy. byn Oarmapmama OpenCV  kitamxaHackl MeH Tkinter KOCHIMINIACHIH
HailaaHblll, KOJJAHYIIBUIAPFA CYPETTEP/Al OpPTYPJi CY3riIiep apKbUIBI ©3repTyre MYMKIHIIK
Oepeni. Meicanbl, ['aycc cysrici, mekapaHbl aHBIKTAYy HEMECE CYPETTIH CYp PEHKKE TYCY CHSKTHI
OpTYPJIi OHJIEY aMaJIaphl YChIHBLIA/IbI.

[Mapannens exaey oaici OarmapiaMaHbIH THIMAUITNT MEH >KbUIIAMIBIFBIH apTThIpaabl. by
omic OoWMbIHIIA KECKiH aijiblH ana TepT Oeiikke OemiHeni, anm opOip Oeiik Oip yaKbITTa XKeke
arpIHIapMEH OHJENe . OpOip aFblH ©31HIH OOJITIMEH JKYMBIC ICTEN, HOTIKECIHAC OYKiNT KECKIHII
OHJICY QJIZICKA 1A KbIIIaM OPBIHIAJIA/IbI.

By Tocin KOJIAaHYIIBUIAPABIH KAXXETTUTIKTEPiH TOJIBIK KaHaraTTaHAbIpyFa OarbITTaJIFaH,
cebe01 opTypiii cy3rinepAl KoyigaHa OThIPHIN, OHICY KbUIAAM/IBIFEI MEH OHIMILIIT KOFapbl 00abl
[3].

import cv2
rt numpy as np
rt threading

import tkinter as tk
from tkinter import filedialog, Label, Button
from PIL import Image, ImageTk

Cyper 1. [Tapamiens eHziey KypaiJapblH HIaKbIPY

OpenCV (Open Source Computer Vision Library) - 6y cyperrep mMeH OeliHenepai eHaeyre
apHaJFaH KyaTTsl KiTanxaHa. On rpaukaiblK onepaunusuiapibl OpbIHAAY YLIIH apHaibl Kypajijaap
MEH QJIICTep/Il YCBIHA/Ibl, MBICAJIbI, CYPETTEPAl CY3Y, LIeKapaHbl aHBIKTAy, CETMEHTTEY YKOHE Tarbl
Oacka kemnrereH oHjey oaictepi. OpenCV kiTanxaHachl KECKIHASPMEH MaHUTTYJISAIINS JKacayFa jKOHE
oJIapIbl OPTYPJIi TICUIIEPMEH OHJIEYTe apHaIFaH Oait MyMKiHaikTepre ue [4].

OpenCV-HiH eH Heri3ri apTHIKIIBUIBIKTAPBIHBIH Oipi - OHBIH OPTYpIi CY3TiuIepHi KoJaaHy
MYMKIH/IIT1:

1. Taycc cys3rici - CypeTTiH UIybIH a3aiTy YIIIH KOJJaHbLIa bl

2. Ierrepinzmeri aMKbpIHABIKTHI apTTBIPYy - KECKIHHIH IIE€KapajJapblH AaHbIKTall, KOOJIBIFBIH
KaKCapTalbl.

3. Cyp peHk cy3rici - KeCKiHi TeK CYp peHKTepe KopceTeai, Oy keibip OeiiHeMa3MyH bl OHICY
Ke31H/1e KakeT O0JIybl MYMKIH.

[Tapannens eHaey omiciH Koimany apkbuibl OpenCV 0GapnbIK ocbkl cy3riiepai OipHere
OeJlikke O6JIIHTeH KECKIHJepre mapauieibll TYpAe KoJaHyFa MyMKiHAik Oepexi. Keckinmi
OipHere arblHAapra Oeily apKbUIbI oapibl Oip yakbITTa eHaeyre Oonaasl. byn eHaey mpoueciH
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KBUIAAMJIATyFa, ocipece YJIKeH KeCKiHIAep MeH OciiHeMa3MYHIIbI OHIEY Ke3iHJE YaKbITThI
yHEMIEyre MYMKIHJIIK Oepe/i.

OpenCV imki amroputmaepi C TuTiHAE >Ka3bUIFaH, Oy OHBIH JKOFaphl OHIMIUIITH
KamTamace3 erei. Python Tinmin xommanateiH Oarmapiama OpenCV-ai KoigaHy apKbLIbl ©HJIEY
OpOIECiH KbUIIamaaTyra kemekreceni. Python-ueiH KapamaitbiMasuisirbl MeH OpenCV-aiH
THIMALIIT OipJiecin, KeCKIHAepAl OHIASY/ I THIMII 9pi XKBIIAAM JKYy3ere achlpyFa MYMKIHIIK Oepei.
byran xoceimia, OpenCV 6iprenie nepextep nopmenaepin (SIMD — Single Instruction, Multiple
Data) konmaiiael. bip yakeiTTa OipHEeme aepekTepAl oHaeyre MyMKIHAIK OepeTiH Tocia. Meicalbl,
0ip KOMaHJIaHBI KOJJaHy apKbUIbl OipHelle mukcenbaepre Oipael eHjaey amaiblH Oip Mesriiue
opbIHAayFa Oonanel. by yiakeH kesemueri KeCKiHAEpIi HeMece OelHenepal eHIey Ke3iHIe oTe
MaHBI3/IBI POII aTKapajbl, ce6eOi OHBI eHACY OipHEIIe arblH apKbUIBI JKY3€re acaibl, OYJI KAkl
yaKbITTBl aiiTapiubikTaii KbickapTaabl [5]. Oceburaitima, OpenCV — Oys1 KecKiHAepai OHICYIiH
KOFaphl OHIMAUTIKTI, TUIMAI XKOHE KyaTThl Kypangapbel 0ap KiTamxaHa, >KoHe KaTap >Kypri3iuierin
OHJICY TOCUIIEPIH KOJIaHBIIN, KECKIHIEPAl )KbUIIaM OHIEYyre MyMKIHIIK Oepei.

Numpy (np): NUumPy — MaTeMaTHKaJbIK OHE FhUIBIMH €CENTEYJIep.i Kypridyae KeHiHCH
KOJIJIaHBUIATBIH KyaTThl Kypail. byi kitamxana keckiHAep/i eHaey Ke3iHAe, oJlapbl KecTe TypiHaeri
JEpeKTep peTiHAe KapacTeIpyFa MyMKiHIIK Oepeni. NumPy keMeriMeHn cyperreri opOip MUKCebIi
MacCHB 3JIEMEHTI PETiHAE KapacThIPHIN, OJIApMEH CaHJBIK aMajJapAbl OHAl JKy3ere achlpyra
Oomanel. Byn kiTamxaHa KecKiHAEpAl OHJIEYAIH CamachlH apTTHIPBIN, peCcypcTapiabl THIMII
naiijananyra >K0J1 aiaibl.

Threading: [Napauiens arblHAapMEH KYMBIC icTeyre apHajiFaH craHaaptTel Python momyomi.
Python Timinageri cranmapttel threading momyni OipHeimie arbIlHIApAbI Oip MeE3eTTe iCKe KOCyFa
MYMKiHIIK Oepeni. Keckinaepai eHneyae OnapIblH KEKelereH OeKTepiH Oip yakbITTa OHICY
KakeT OoiraHga THiMAl. ArbiHIap (kinrep) Oip yakbITTa TYpil ecemTeyiepil OpbIHAayFa
Ocitimzenin, opOipeyi KecKiHHIH e3iHe Tuecuri OeiiriH eHjmed anmansl. HoTmkeciHae KecKiH
TOJIBIKTAll apajuiens TypAe OHJeNN, COHbIHAA Oip OYTiH cypeTke OipikTipineai. byn tocin 6apibik
ecenTeylep OITKEHHEH KeiiH HOTIKeNep Al KaiTa OipikTipyre o amaisl [6].

Tkinter (tk): Tkinter — Python-na rpadukansik uHTepdeiic Kypyra apHamFaH CTaHIAPTTHI
Kypan. Python Ttimnneri Tkinter Monmym rpaduxanblk wuHTepdeicrepal »xkacay YIIIH KHI
KOJIJIaHBLIAbI ’KOHE OJ1 KOJAAHYIIBI MEH OaFaapiaMa apachlHIaFbl ©3apa OpeKeTTecy dIEeMEHTTEPiH
— MbICaJibl, TyHMeJIep MEH MJTIH OenriiepiH — oHall jkacayFa MYMKIHAIK Oepexi. byn mMoxynbain
KOMETIMEH CYpeTTep/i TaHJay, eHJey >KoHEe Kapay YIIiH MHTYUTHBTI opi KapamailbiM HHTep(eic
ozipneyre Oonanel. [laiimamanymibiFa CypeTKe €HTI3UITeH e3repicTepial  OipieH Oakpuiayra
MYMKIHZIIK Oepeni. BumkeTTep apKbUibl OHIENITeH KeCKIHIEP Il KOPCETY JKOHE OHIEY OMIMsIIapbIH
OaTeipMaap apKbUIbl ICKE KOCY KaparmaibiM api KOJaiIbl TYpJE KY3€re acajbl.

Tkinter - Python-ga rpadukansik naitnananymsl uarepdeiictepin (GUI) kypyra apHanraH
CTaHJApTTHl KiTamxaHa. Tkinter KOMIOHEHTTEpl apKbUIbl KOJIAHYIIBI HMHTEP(HENCIH Kacayaa
KONTEreH Maijgansl Kypanmap MeH Bujkerrep Oap. KommoHeHTTepai maiganaHy apKbUIbl 013
rpaduKaibIK 37I€MEHTTEp/l OHAll KoHE THUIMJII TypJe OpHalacTeipa aiambl3. Tkinter-miH Kenoip
HET13r1 KOMIIOHEHTTepiHe TOKTAJIBIN OTeHIK:

Filedialog — 6y kommanymibira (aiiasl TaHgayra MYMKIHIIK O€peTiH IMaIOTTHIK Tepese.
Mpicanbl, KOJNJIAHYIIBI CYypeTTi TaHAaraHnaa, ¢aiiael TaHIayFa apHaJIFaH Tepe3e alllbUIajIbl.
Filedialog koMroneHTI apKbUTBI KOJAAHYIIBIFA 0Tl Oip ¢aitn TypiH TaHaay Hemece (hailiibl anry
opeKkeTTepiH jxacayra 6omasr [7].

Meican petinze, Gpainapl TaHaayFa apHaIFaH Tepe3e jKacayabl KapacThIPAbIK:

python

Kemipy/enney

from tkinter import filedialog

file_path = filedialog.askopenfilename() # IMaiinananymisigan Gaiiasl TaHgAY

Label — Oyi1 Tek MoTiH HeMece cypeTTep/i KopceTy YILIiH KOJJaHbIaThiH KoMnoHeHT. Label
kemeriven GUI wuHTepdelicinme MoTiHAEp MEH KecKiHaep KepceTyre Oomaapl. Meicaisl,
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KOJIIaHYIIbIFa CypeT HeMece KaH/ail 1a Oip aknapartsl kepceryne, Label ere tuimni kypan 6obimn
Tabbu1aabl. MBICANbL:

python

Kemripy/enney

from tkinter import Label

label = Label(root, text="byx maorin", font=("Arial", 14))

label.pack()

OpenCV-gae enaenren cyperrepai TKinter-mge kepcery yiuin anabpiMen oiapasl PIL minrimine
TYpJieHIipy kepek. by ymin Image sxone ImageTk moxynsaepin konganambiz. Meicansr, OpenCV
apKbUIBI anblHFaH cyperTi TKinter tepesecinme KepceTy YVIINIH TOMEHIETI KOATHI KapacThIpyFa
0oJ1abI:

byn xoara OpenCV apkwiisl cypeT okbLibill, PIL-re Typmenmipimim, TKinter tepesecinme
kepcerineni. PIL kitanxanacel cyperrepai TKINter KOMHOOHEHTTEpiHAE KOPCETy YIIiH KaXeTTi
Kypanmapmen kamrtamachis ereni. Conesimen, Tkinter men PIL kitamxaHamapbl Oipre »XyMbIC
icterenne, 013 cyperTepMeH >koHE (ailgapMeH KYMBIC ICTeYAl >KCHUIACTIN, KOJIAHYIIIBI
KOCBIMILIAIIApbIH THIMJI TYpJe Kypa anambl3. Keckinaep/i eHaeyre apHajiFraH KOJATa KOJJJaHbUIAThIH
KiTanxaHaiap OipHemie MaHbI3IBI (QYHKIUsUIIApAel OpbIHAAinel. beliHenmep MeH cyperrepai
TYpPJACHAIPYMEH FaHa IMIEKTEIMEH, KaTap KYPri3uieTiH aFbIHAap/bl iCKE KOCY KOHE TpadHKaIbIK
uHTEpQEicTI YUBIMIACTBIPY MYMKIHAIrH e KamTamack3 ereni. OpenCV, NumPy, Threading xone
Tkinter cusKTHI KiTanmxaHajapAsl OipiKTipe NaiiianaHy eHJEyAl >KOFaphl OHIMIUTIKIEH XY3ere
aceIpyFa opl KOJIJaHYIIbIFa BIHFAWIBl Oackapy OpTAaChIH jkacayFa MYMKIHIIK Oepexmi. Opoip
MOJYNBIIH KECKIHAEpMEH JKYMBIC IcTeyle ©3iHAIK epekmeniri MmeH wiHaetri Oap. Ocbl
KiTanmXaHaJIapJblH YWJIECIMIl JKYMBICHI KaTap JKYPri3uIeTiH ecenTey MpOoLeCTepiH >KEHUIIETI,
JKaJIIbI )KYHEHIH THIMALTIriH apTThipaas! [8].

[Tapamiens eHIEYy 9iCcTepi KECKiHACp MEH OCHHEeIepMEH KYMBIC iICTEHTIH KOCBIMINAJIAPIBIH
OHIMJIUTITIH alTapibIKTall apTTHIPHIN, ONAPABIH >KbUIAAM dpi THIMA1I OpbIHAATYybIHA BIKMAT €TEl.
byn TexHosorusnap >kyheHIH »KaJllbl KYMBICBIH KETUIAIpYAe MaHbI3Abl OpbIH anajasl. OpenCV
apKbUIbl TYpJl (QUIBTPJAEpAl CyperTepre KoijaHyra Oomazabl, an NumPy Monyni ecentey
IPOLECTEPIH TONTaN eHAeyre oHTainanaelpaabl. Threading moayni GipHelle aFblH apKbUIbl Oip
yaKbITTa TYpJIi ONepalusIapabl opbIHIayFa MyMKiHAIK Oepexi. Tkinter kiTanxaHachl HOTHXKENEPi
KOPHEKI opl BIHFAMJIbI Typ/e KepceTy YIIH rpadukaiblKk MHTepdelc KypyFa Karaail skacaiibl.
AtanraH Kypanjaapasl OipikTipe KoJJaHy apKbUIbl KYpAEl )KOHE pecypCThbl KaXKeT €TeTiH ecenTepi
YKOFapbl JKbUIIAMIBIKIIEH op1 JQJAIKIIEH MIENIyre *oJj ambliaasl. byn onic xenemi yiakeH OeliHe
aFbIHJIapbIH HEMece CypeTTeplli OHAEY/ll KeHUIETiN, HaKThl YaKblT pEeKUMIHJE HOTHUXKE YChIHYFa
JKOHE aca KypJelti alropuTMAEpIi THIMJII )Ky3ere acslpyFa MyMKiHik 6epeni [9].

Keckinzi enaey — Oyi1 caHIbIK KECKIHEpre TYPICHIIPY, KaKcapTy KoHe Tajljjay MaKcaThbIHIa
KOJIJAHBUIATBIH OMIICTEp MEH TEXHOJIOTHSUIAP KUBIHTHIFBL. Bysr OarbIT KenTereH canamapnia, COHbIH
iriHAe MeuIMHA, OHJIpic, reorpadus, Kayinci3dik, eHep jkoHe Oacka Ja camanapja KeHIHEeH
KoJaaHbaasl. Keckinaepal oHIeyIiH HeT13T1 9[licTepine Keneci aaictep oap.

Keckinre cy3rici naiinanany yuin apple filter pynknusicein naitnanansuiaasl. byn ¢ynkuums
KECKIHHIH Oip OeJiriHe TaHaaMayJsbl CY3TiHI MaiaanaHaasl (2-cyper).
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if filter_type == 'blur':

result[index] = cv2.GaussianBlur(image_section,
elif filter_type == 'edge':

result[index] = cv2.Canny(image_section,

elif filter_type == 'grayscale':

result[index] = cv2.cvtColor(image_section, cv2.COLOR_BGR2GRAY)
elif filter_type == 'sharpen':

kernel = np.array([[®, -1, 8], [-1, 5, -1], -1, 0]11)

result[index] = cv2.filter2D(image_section, -1, kernel)

Cyper 2. ®unbTpre KOJIIaHbUIFaH QYHKIUSIAD

Image_section — cy3ri maiiganaHaThiH KECKiHHIH Oenrimi 6ip Oemirin OimmipeTiH MaccuB. Al
Filtr_type — TanganarteiH Cy3riHiH TYpi, SFHU QYHKIHSHBI HIAKbIPY OapbIChbIHIa Oepiie/ii (MbICAIbL:
blur, edge, grayscale, sharpen). AnbiHFan HoTmxke Result maccuBinge cakrananbl. DyHKIUA
OPBIHAAIBIN OITKEH COH, OHJEITeH KECKiH ()parMEeHTTepi 1)1 OChl MacCUBTE KHHaNabl. COHBIMEH
Kartap, HOTHXKelNep Ti3iMiHae opOip KecKiH OOMiriHiH caKTaly OpHBIH aHBIKTAUThIH index KepceTKilIi
6omazsr [10].

I"aycc cysrici (Gaussian Blur): Keckinai OyIbIHFBIpIay 9/1iCi OHBIH aHBIKTBHIFBIH TOMEH/IETIIL,
OeTki KYpBUIBIMBIH TericTelai. byn Tocin keOiHece mry JeHreiiH aszaiiTy MakcaTblHIa
Kosganbutanpl. CoHmal-ak, KecKiHneri OipKenki aiMakTap[bpl aHbIKTayFa MYMKIHIIK Oepei.
MyHpail 9fic KaXeT eMec BH3YyalAbl dJEMEHTTEPACH apblly YIIIH THIMII IIenriM 0oja amajsbl.
Barmapnamana konnmansuiateiH cv2.GaussianBlur ¢ynknumscer xeckinre Iaycc cysriciH KonnaHy
apKbUIBl OVJIBIHFBIPJIBIK ocepiH Oepemi. byn xepnae snapo emmemi (15,15) Gombim Tanmanblm,
CTaHJAPTTHI AyBITKY MoH1 0-T€ TEH eTill OpHATHIIAIBL.

Cyp penkrep, I'peiickeiin (Grayscale): Cyp mkanara aybICTBIPY 9JiCi — TYpIi-TYCTI KeCKiHAl
Kapa-ak (opmaTKa TYpPJIACHAIPY apKbUIbl OHJACY/l OHainataThiH Tocul. Keneci ofic KeCKiHHIH TEK
Oip apHachl — >KapbIKTBIIBIK KOMIIOHEHTI OOMBIHIIA KyMbIC icTeiai. Kaxerci3 TycTi ManmimerTepi
alblll TacTay apKbUIbl OHAEYAl JKbUIJaM opl THIMAL €Tyre MYMKIHAIK Oepeai. OpOip opeker
cv2.cvtColor (yHKUMACHIH KongaHy apKplUibl oky3ere acaisl, ai cv2.COLOR_BGR2GRAY -
TYPJICHIIPY/IIH apHaANbl KOJIBI PETIH/IE KOJIIaHbLIA b,

Hlaprien cysrici (Sharpen): AMKbIHAAQy CYy3rici KECKIHHIH AaHBIKTBIFbIH KYIIEHTIN, OHBIH
KYPBUIBIMABIK €peKIIETIKTepiH alKbIH eTel. OObeKTiHIH IIeKapaiapblH 06JeKTey YIIiH MaHbI3/bl.
Conpaii-ak, ycak OemmiekTepli HakThl OeliHeneyre MyMKiHAIK Oepemi. Ocbhl TOCUT KECKIHHIH
AHBIKTHIFBIH OJKOFAphUIATy YIIIH apHalbl KYpPBUIFaH KOHBOIIOUMSUIBIK SAPOHBI  KOJJIAHAJIBI.
AtikpiHnay mnpoueci cv2.filter2D ¢ynkuumscel apkpuibl ky3ere acaasl. Mysnarel kernel —
KOHTPACTTHI apTTHIPYyFa apHAJIFaH apHaibl cy3ri e3eri [11].

OyHKIMA QUIBTP TYpiHE Kapail colikec aaropuTMIIi KOJAAaHY apKbUIbl KECKIHHIH Oenriii Oip
aiimarbiH eHzell. On Katap >KYpri3uleTiH aFbIHIAp apKbUIbl opblHAanaisl. Keckin Tept Oesnikke
OeiHel KoHE OopKaWchIChIHAa Oenrum Oip cy3ri Typi KOJAAaHbUIAAbl. OHJey HOTHXKenepi KeHiH
O1pIKTIPY YIIIH OPTaK HOTHIXKEJIEP MACCHUBIH/IE KOPCETIIE 1.

Apply _filter komanpmacel OeifHEeHI OHJEY/AIH JIOTUKACBIH 1CKE AachIpbIN, CY3riuIep apKbUIbI
KECKIHHIH OOJIKTepiH oHAeyre MyMKIHAIK Oepemi. [lapannens eHaeyiH MaHBI3ABI AJIEMEHTI OOJIBIT
TaOBLIaIbL.

JKuexTtepai aHBIKTAy, CYp PEHK JKOHE Kapill CY3Triiepi CHUSKTHI TOCUIACP KECKIH JIEpEeKTepiH
OpTYpJi MakcaTTa OHJEyre MYMKIHAIK Oepeli. Op 9Jlic ©31HAIK ePEKIISTKTEpre Ue KOHE HAKTHI
Mocenenepal menryre OarbITTanFaH. Mplcasbl, >KMEKTEpAl AaHbBIKTAy HBICAHIAPIbIH MIMIHIH
Oenrieyre KeMEKTeceli, Cyp PeHK KapamailbiM eHIey MeH JepeKTepli KbICKapTy YIIiH, aj
AQHTUAJIMA3UHT KECKIHHIH aHBIKTBIFBIH KAKCAPTHIM, OOIIIEeKTep Il alKbIHIayFa MYMKIHIIK Oepei.
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Kepcerinren ¢yHkuus KaTap KYpri3uleTiH eHJEy apKbulbl Oip yakbITTa OipHeme Cy3riHi
KECKIHHIH OOJIIKTEepiHE OpBIHIAayFa MYMKIHAIK Oepeni. bya kem aFbIHABI TOCII KECKIHAI OHILY
KBUIIAMJIBIFBIH  apTTBIPBIN, OHIMIUIIKTI jkakcapTanbl. OchUiaiilna, YIKEH KECKIHIAepAl eHAey
YaKbIThI KbICKApHII, )KYHEHIH ecenTey pecypcTapbl THIM/L MalijalaHbUIa bl

[Tapamiens eHACYAIH MYMKIHIIKTEPI MEH CY3TLIEp/i KOMAaHy OciiHeOaKpuIay, METUIIMHATIBIK
OeifHeney JKoHE yaKbITTaFbl KECKIHIEP/l OHJICY callajapblH/ia aca MaHbI3bl 00JIbIN TabbuTa bl by
TOCUIIEpP KECKIHIEpAlI OHICY MKOHE KOMIBIOTEPIIK KOpy CallaChIHIAFbl KOITEreH KypAeli
MaceseNnep/al menryre MyMKiHaik oepemni.[12]

[Tapamiens anropuTMAl ecenTtey koHe TaHaay. [lapamiens anropuTmaep KeCKiHAI OHACYIiH
THIMJUIITIH apTTHIPY YIIIH KON siAPoJibl (GYyHKIUSIAPAB KOJIITAaHYFa MYMKIHIIK Oepelli, COHbIMEH
Karap KONl arblHAbl JKYHenepli maigananyabpl Kamtamachid eremi. Cyperrep YIKEH KeJemjeri
JEpeKTepAeH Typaabl, Oy oJapabslH 9pOip MHUKCENIH OHJCY Ke31HJE YaKbITThIH KO >KYMCalyblHa
ceben Oomaapl. Erep keckin erte ynkeH Oosca, Oyl aman Kem yakbIT anybl MyMKiH. [lapamiens
anropuTMAEp KecKinai OipHemie Oejiikke Oeirm, op OeiKneH Oip yaKbITTa KYMBIC ICTEH OTBIPHIII,
OHJICY YAaKbITBIH alTapJIBIKTA KbICKAPTa/bl.

[Tapannens anropuTMaep KECKIHI1 OHIEyIe 6Te THIM/I Kypan Ooubin Tadb1aasl, cedbedl onap
OHJICY VaKBITBIH aWTapibIKTail KbICKapTaabl. MyHnmaik amroputmuaep Oip yakeiTta OipHere
ecenTeyyiep Kyprizyre MyMKIHIIK Oepeai, Oyl yJIKeH KecKiHAepl eHAey KEe3iHIE ©Te MaHBI3IbI.
[Mapannens anropuT™aep Kem sIpOJbI MpoLeccopiapia oHe rpaduKaiblK oHIeY OJOKTapbIHAa
(GPU) xonmaHpLIFaH Ke3/1e, opOip aFbIH HEMECE MPOIIeCcCop SAPOCHl KECKIHHIH Oip OeJIiriH eHacmi,
OYJ1 OHJICY KBULIAMIBIFBIH aPTTHIPAIBI.

[Tapamnens anropuTMIi >Ky3ere acblpy VIIH OipHemie Herisri Kagamaap OpbIHAaNaibl.
AnjipiMeH, KecKiHai OipHeme Oeiikke Oeny KakeT. Mpbicaibl, KeCKiHII TOpT Oejikke Oemi
KapacThIpalbIK: >KOFapFbl COJl KaK, JKOFapfbl OH AaK, TOMEHI1 COJl aK, TOMEHI1 OH JKakK.
Ocpinaiimia, opOip Oeltik YIIiH eHAey mporiecci aepoec Kypriziiei.

OpOip arplH ©3 06INiriMeH KeKe KYMBbIC icTeiiai. Mbicanbl, Oip aFblH CYpeTTiH OYJIBIHFBIpIIAY
CY3TICIH KOJIJIJaHCa, CKIHII aFbIH JKHEKTI aHBIKTAy O/ICIH MaiijlajaHa ajajbl, ajl YIIHII aFbIH CYP
PEHKKE aybICTBIPY OMEpausIChiH OpbIHIAWABl. OCbl TOCIT Op aFbIHHBIH Oip YakKbITTa KEKe
TaINChIPMAachlH OpPbIHAAYbIHA MYMKIHAIK Oepejl, HOTHXKeCIHJe OYKU1 KECKIHHIH ©OHJIEY YaKbITh
AWTapIIBIKTA KbICKApa/Ibl.

OpOip aFblH ©3 )KYMBICHIH asKTaFaH COH, OJIapJIbIH HOTHXKeJepl OipiKTipuieal. Op KaJlaMHbIH
MaHbI3Bl 30p, ce0ebi opbip Oemik eHaenin OoNFaHHAH KEWiH, albIHFAH JEpeKTepil KailTtamaH
OIpIKTIpIN, TYMKUIIKTI KECKIHII any KaxkeT Oomaapl. Horwkecinme, Oapiblk Oeik ©HICIIMN
OoJFaHHaH KeiH, KeCKiH TOJBIK 9pi OHJIeITeH TYpAe JailblH OOIaabl.

Meicansl, erep 013 yIKeH KeCKiH/1 TepT Oelikke 0ein, op 06siKTi JKeKe aFblHaap/ia OHIeCeK,
OHJIEY YaKBITBIH TOPT €ce KbICKapTyFa Oonaabl. HakThl yakpITTarbl OeifHEMa3MYH/ bl OHJIEY KE31He
©T€ MaHbI3/1bl, OUTKEHI YaKbITThl YHEMIEYTE€ MYMKIHJIK Oepei.

[Tapannens anroputmaep OipHeme Cy3riHi Oip yakbITTa KOJaHyFa MYMKIHJIK Oepeni. Opoip
arblH 3 OeJIriHAe SPTYPJIl dAICTEpAl KOJJIaHa ajiajbl, MbICAJbl, OYJIBIHFBIPIIAY, )KUEKT1 aHBIKTAy
HEMECe CYp peHK cy3riuiepiH konmany. Ochl oic eHAEY Ke3iHJe OPTYpJi TamchipMaliapabl
napaJuieNib OpbIHIAYFa MYMKIH/IIK Oepil, )KalIbl OHICY YaKbIThIH KbICKapTyFa biKmai etesi [13].

CoHBIMEH, KaTap KYPri3UIeTiH allrOPUTMACP KECKIHII OHACY KbUIIaMIBIFBIH apTTHIPYyIa OTe
THIMI Kypasl OoybIll TaObuIaabel, cebebi omap Kem pecypcTapiabl MapauielbIl TYpAe KOJJaHyFa
MYMKIHJIIK Oepei.

[Tapannmens KecKiHII OHIEY YIKEH KECKIHIEPMEH J>KYMBIC ICTETeH/Ie HeMece Kypaeli
KECKIHJIep/l oHJeY Ke3iH/Ie OHJIey YaKbIThIH KbICKapTyFa MYMKIHIIK Oepeni. Keneci omic keckinmi
OipHeme OeJikke Oedmimn, opOip Oesikke KaTap JKYPri3uUieTIH OHJEY CY3TUIepiH KOJIaHyFa
MYMKIHJIIK Oepei, ocbulaiiiia ecenteyiep/i 0ip yaKbITTa OpbIHAAIL, JKaJIbl OHJCY YaKbITBIH €J19yip
KbICKapTyFa MyMKIHJIK Oepeni (3-cyper).
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Cyper 3. Cyperri 6emin, Katap xxyprizinerin eHjey xacay

Keckinaepai napamiens eHaey o/1iCiH KoJiaHy OYTiHTi TaHJa KeNTEereH MaHbI3bI canajapaa
TUIMII Ienrimaep ycbiHyna. Kemeci omicTiH Heri3iHAe YJIKEH KECKIHIAEp MeH OeliHeMa3MyH]IbI
OHJICY IMPOIICCIH KEACIICTY, KYHEIK pecypcTapabl THIMII Taiganany xateip. barmapiamaHbiH
HET13r1 0eIKTepiH Talfai OTBIPHII, 9p KaJaMHBIH MAaHbI3AbUIBIFBIH TYCIHY MaHBI3/IbL.

Keckin cv2.imread ¢yHKIMSICHI apKbUIbl JKYKTenedi. by (yHKIMsS KecKiHIl alibil, OHbBI
eHJIeyre JalblHaiabpl. MyHa KeCKiHHIH eJIIIeMiH e3repTy HeMmece OHbI 0acka (opmarra cakray
CHSIKTBI OPEKETTep OpPBIHAANYbl MYMKiH. O/1aH KeliH, KEeCKiH TOpT Oellikke OOiHeIi: dKOFapFbl COI
JKakK, KOFaprbl OH KaK, TOMEHT1 COJ JKaK >KOHE TOMEHI1 OH jkakK. byn 0eny KeckiHAl eHIeyIiH
napaienbi TypAe OpbIHIATybIHa MYMKIHIK Oepei, ce0ebdi op 0ok jkeke oHIeNei.

[Tapannens eHaey yuriH opoip Oeiikke TOPT arblH (ki) OeniHeni. OpOip aFbIH KECKIHHIH TEK
Oip Oedxirin eHpeini. AFBIHIAP application filter JEN aTallaJbl JKOHE op arblH €3 Oelirine
Oenrun Olp Cy3riHl KojjaHazabl (MbIcajibl, OYJIBIHFBIpJAY, >KUEKTI aHBIKTAYy HEMECE CYp PEHK
cy3rici). ©Op arblH ©31HIH YMBICBIH asKTaFraHHAH KeHiH, HOTIIKeNepl Ti3iMre xas3bliajbl. bapibix
arbIHJIAP 63 JKYMBICBIH assKTaraH COH, HOTWIKEJEp KaiTa OipiKTipiyiel.

AFBIHHBIH )KYMBICBIH asKTayblHaH KeWiH, HOTHXKeNep KalTa OipiKTipiiesi, ’KoHe HOTH)KECIHe
TOJIBIK OHJENTeH KECKIH anbIHaabl. KonmaHbutiFaH cy3ri cyp peHK Oosica, HOTHKE Oip apHara
(monochrome) neiiiH KbicKapaabl. A erep 0acka cys3rijiep KojijaHblica, KecKiHHiH 6actankel BGR
(keruaip, Kachbul, KbI3bUI) (pOpMATHIHIA CaKTalybl MYMKiH. Bys Kamam opTypii cysrijiep MeH
OHJICY SJIICTEPIH KOJIaHy IbIH MaHbBI3IbIIBIFBIH KOPCETE/I.

[Tapannens eHACY ofiCi JKYHETIK pecypcTapibl THIMAI TaWJalaHblll, OHJACY YaKbIThIH
KbICKapTaapl. OpOip aFblH ©3iHIH OeiriMeH >KYMBIC ICTeTeH Ke3[e MPOIECCOpP MEH Kbl
pecypcTapbl ONTUMAIIBI TYPAE KOJAAHBUIAbI. YJIKSH KOJEeMETi JePEeKTepMEH KYMBIC iCTereHIe
oTe MaHbI3/IbI, ceOeOi KYHEeHIH JKaIbl OHIMIUTITT MEH KbUTAaM/IBIFBI aiTap ibIkTai apTaasi[13].

beitnema3zMyHIbI OHJIEY KE31HIE, ocipece OeitHeOaKpuIay KYHenepiHae HeMece MEIUITTHATBIK
KECKiHJIep/ie, OHJIeYy YaKbIThIH KBICKAPTy ©Te MaHbI3IbL. [lapamnens eHaey omici Oy mocenenepai
HIeNIyTe YJIKEH KOMET1H TUTi3ell, ce0ell KeckiHal eHaey OipHemie OoKke OoiHim, op 06K KeKe
arbIHAapMEH OHJIENe]I.

byn omic Kazipri yakpITTa KONTEreH jaHa TEXHOJOTHsIapaa KoJaaHbUTyna. Meicalbl,
ABTOHOMJIbI KOIIKTEp, KEHICTIK JEPEKTEepiH OHJEY JKOHE JKbUIAaM OciiHe OHJeY CHUSKThl HAKTHI
YaKbITTaFbl JKyHenepae KaTap >KYPri3uieTiH aJrOpUTMIEDP KOFapbl OHIMAUIIK KepceTeai. by omic
OHJIEy TPOIECIHIH KYPACTUIriH JKEHIUIAETel, YJIKeH KeleMJIeri MOIIMeTTepal OHIACYIiH
KBUTIAMJIBIFBIH aPTTHIPAJIBI, XKOHE PEeCypCTap bl THIMJII Tai1aaHyFa KOJI allajbl.
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Tangay MeH HOTHAKeJIep

Python timiame Tkinter KOChIMIIACHIH TMMaiagaHy oOJI AJITOPUTMJL KY3€re achIpybl
KamTamach3 erefi. OyHKIUSIHBI HaliJalaHylIblFa CypeTTi TaHAayFa JKoHE TaHAalFaH CY3TiHi
KOJIaHyFa MYMKIHIIK Oepeni. Dkpanaa Tkinter KOCBIMITIAChI apKBLIbI OHCITEH CYPET KOPCETUIE .
Keckinnai enaey nporecid naiaaganysiFa bIHFAHIb eteai (4-cyper).

() -
el):

file_path = filedialog.askopenfilename()

file_path:

(file_path, filter_type)

je, cv2.COLOR_BGR

Cyper 4. Tagnanran cyperke GUIBTP KOJAaHY

by 6armapnama naiigananylibiFa CypeT TaHaay MYMKIH/IITiH YCBIHY jKOHE TaHIallFaH CypeTTi
Oenrini Oip cysriiepMeH eHjen, HoTWkeciH. Kamammapapl TyciHy yuiiH op OemnikTi OesiiexTer
KapacThIpanbIK.

1. Cyperri Tanaay (File Dialog)

AJnFaiikpl KagaM — Taigananymibiaan cypeT Tangay ymin Filedialog.askopenfilename()
byHKIMACHIH  KonnaHny. byn Qynkums malipananymieira ¢Gaiin  TaHgay Tepe3eciH  almajbl.
[MTaiinananymisl haiaabsl TAHIAI, OHBIH KOJIBIH TaHIaFaHHAH KEWiH, OYJT )KOJIJIbI KalTapaibl.

python

Kemripy/enney

file_path = filedialog.askopenfilename() # INaiinananymbigan Gaiaasl TaHIay

byn xox cypertiH Qaitn sxonbiH Kaitapasasl. [lalinananymisl o3 (aiyibin TaH araHHAaH KeiliH,
KeJecl KaJlaMFa eTeMi3.

2. Cysri Typin any (filter_var.get())

Cysri Typin tanmay yuuiH TKinter uaTepdeiicinae naipanaHylibiFa MYMKIH TaHaayniap
yebiabuianel. by Tanmaynap filter_var.get() apxsuier anmsinagel. Mynna filter_var — Tkinter
Kylecinae aHpIKTamFad StringVar Tuminaeri allHpIMaIbl, OJ1 MaialaHyIIbIHBIH TaHaFaH CY3TiCiH
cakraimel [13].

3. Cyperri enzey (process_image ¢pyHKIuschI)

Cyper process_image (yHKIUSACH apKbpLabl eHjaenaeai. Ocel (QyHKIUAFa €Ki MmapaMeTp
xioepineni: file_path (maiinananymel tapmaran ¢aiin sxonbl) skone filter_type (maiimananyisr
TaHJIam ajFal cy3ri Typi). byt QyHKIus KepceTiareH cy3riMeH KeCKiH Il OHIeH Il )KoHe KaTapasbl.

python

Kemripy/enney

processed_image = process_image(file_path, filter_type) # Cyperri enney

byn kagamma cyper TaHmanbll, eHaey YIIiH QuibTp Typl Oepineni. OmaH KeWiHTi KamaMja
KECKIH OHJEIIMN, JalblH O0Iab.

4. BGR-nan RGB-re Typaenaipy

OpenCV kitanxanacel keckinaepai BGR mimiminge okuabl, Oipak TKinter unrepdeticinme
cypertepai kepcety yuriH RGB minrimiage 00ybl Kaxer.
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=open_image)

=root.quit, =

Cypert 5. Tkinter rpadukanbik HHTEpPEHCIH KYPYy

Tkinter Tepe3ecin Kypy YIIiH aqAbIMEH oot JeM aTanaTblH HeTi3ri Tepese jkacanaabl. byn ko
exi TyhiMmeneH typateiH Tkinter TepeseciH amranmel: Oipeyl cypeTTi TaHmam, eHueynui Oacrayra
MYMKIHIIK Oepeji, ajl eKiHImici 6armapiamanad mbiFyabl KaMmramaces ereni[14]. byn unrepdeiic
nailananymbiFa CypeTIeH KyMBIC icTey MYMKIHJIITIH XoHe OarnapiaMaHbl kaOyibl YChIHAIBI (6-
cyper).

E? CypeT eHaey: MNapannens GuaLTp

(V. R LT ELTEY M [porpammagat Wiify

Cyper 6. Tkinter Tepe3eciHiH HOTHXECI

[TafimananyimplFa CypeTTi TaHJayFa >KOHE OFaH JpTYpJl Cy3rulepAl KojJJaHyFa MYMKIHJIK
O6epeni. benri keckinaepai kepceryre — MyMKiHAIK Oepeni. Kocbimmia KapamaibiM JkoHE
naiaTa”nyIblFa bIHFAUIbI (7-Cyper).

Cypert 7. Tkinter untepdeiicinne GuIbTpai TaHIAY KOHE CYpETTi KOPCeTy

byn Oarpmapnama y3ingici Tkinter uHTepdeiicinae mnaiganaHymbuiapra Cy3ri Tapaay
MYMKIHZITiH Oepeli, COHbIMEH KaTap KecKiHIl KepceTyre e MyMKIHIIK Oepenai. OpOip OemikTi
TOJIBIFBIPAK KapacThIpein eTelik: filter var - Oyn Tkinter-nin StringVar Tuninaeri allHbIMaNbICHI.

[Matimananymisl TyiiMenep/l 6ackaH Ke3/ie KeCKiH TaHIay KoHEe CY3TUIepAl KOJIIaHy CUSKTHI
opekerTep opbiHaaiaas [15].
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Ocpl KOJ apKbUTBI MaliananymbUIapFa Cy3ridi TaHJar, OHbl CypeTKe KOJIJaHyFa MYMKIHJIK
Oepiseni, ar HOTHXKETEp dKpanaa kepcetineni (8,9,10,11-cyper).

# Cyper sraey: Napannens. ¢uastp e

Cyperri ranaaness | [
o

Cyper 8. I'aycc punbTp HoTHXKEC]

¥ Cyper onaey: Mapannens dunstp - [=] X

Cyperri ranaanees | [t

€ Fayce guarpi (Blur)

@ Werrepa ansiray (Edge)
© Tpeicxeiin (Grayscale)

" Wapnen ¢wierpi (Sharpen)

Cyper 9. lllerrepai aHbIKTay QUIBTP HOTHKECI

¥ Cyper ooy Napansess. $unrp o x

Cypern rangaman |

Fayce pumps
© Werreps anaexray (Edge)
@ Tpedcedn (Grayscale)

™ WWapnen st (Sharpen)

Cyper 10. I'pefickeitn GpuiabTp HITHKEC]
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¢ Cyper enaey: Napannens dunstp - o X

e

" Taycc gunstpi (Blur)
C Werrepai ansixray (Edge)

 Ipedicxeiin (Grayscale)

@ Wapnen duneTpi (Sharpen)

Cyper 11. lllaprien ¢punbTp HOTHKEC]
KopbITbIHABI

[Mapamnens anropuTMaepai KOJNAaHY KECKIHAI OHILY MPOIECTEPiHIH KbIIIAM/IbIFbIH
aliTapibikTail apTThipanbl. Ocbl ofic KYHeNK pecypcTapabl THIMII NaiianaHyra >KOHE YIIKEH
KOJIeMJIET1 JIEPEKTEPMEH KYMBIC ICTEyJIe OHJICY YaKbITHIH KhICKAPTyFa MYMKIHIIK Oepemi. Onerre,
KECKIH/Il OHJCY YJIKeH KOJIeMET1 IEPEeKTEePMEH KYMBIC ICTETeH/IE, OJ1 KOIl YaKbIT MIEH pecypcTap/Ibl
KaXeT erenl. Anaija, Karap JKYpri3ijieTiH eHaey opicinme Oy mpomecc OipHemne Kimriripim
TancelpMasiapra OeJliHe[l, oHe op TamcblpMa Oip yakKbITTa OpbIHAANa[bl. OpOip TarcepMa
napauIeIbAl TYP/Ie OPBIHIAIFAHIBIKTaH, OHICY YaKbIThl AUTAPIIBIKTAl KbICKapaIbl.

[Tapannens anropuTMaepal KojiJaHa OTBHIPBIN, KECKIHHIH op OesiriHe Oip yakbITTa opTYpJii
cy3riiep/i Koiganyra 6osaasl. OChl 9fIic KYUCHIH KYMBICHIH alTapJIbIKTal KakKcapTasl, cededl o
O0ip yakpITTa OipHelle TanchblpMalapasl OpbIHAAyFa MYMKIHIIK Oepefdi.. OHIEY yaKbITbIH
KBICKapTYFa oHE JKyile pecypcTapblH THIM/II NIaiiiajaHyFa bIKIal eTel.

[Tapanmnens anropuTMmaep Kem sIIPOJbI MPOIEccCopiap MEeH TrpadUKaNbIK MPOIECCopIapabl
(GPU) Ttuimai maiinananyra MyMKiHAIK Oepeni. MyHnail pecypcrapabl KoJAaHy, ocipece YIKeH
KeJIeM/JIerl KeCKIHIepi OHIey Ke3iHAe, OHIMAUIIKTI alTapibIKTail apTThipaabl. bipHenie arbiHIbI
JKoHE TpaUKabIK OHJIEY KypaslJlapblH NaljalaHy, XYWEHIH >Kajilbl OHIMJIUIIIH apTTHIPHII,
KECKIH/Il OH/Iey YaKbIThIH €19Yip KbICKapTaIbl.

[Tapamniens anropuTMmaep KeCKIHAEPAl OHACYAIH THIMIUITIH alTapibIKTal apTThIpaIbI,
ocipece HaKThl yaKbITTaFbl OCHHEKOHTEHTIIEH JKyMbIc icTereHne. COHBIMEH Kartap, XKyie
pecypCcTapblHbIH THIMJI TNalAaNaHbUTybl, KyaT TYTBIHYABl a3alTyFa JKOHE Y3aK Mep3imjil
THIMIUTIKKE BIKIIAJ €TEI.

[Tapamens anropuTMaep Kasipri yakpITTa TYpJl cajaja KOJJIAHBIC Talysa, OHBIH INIHJE
ABTOHOM/IbI KOJIKTEp, KEHICTIK JepEKTEPiH OHJIEY, HAKThl YaKbITTaFbl OCHHEKOHTEHTTI OHJIEY JKOHE
MEMIIMHAIBIK KECKIHIep CHUAKTHI cananap/a. TeXHOIOTHsUIapabiH JaMybl MEH KOJTAHBUTYBI YIIKEH
JEPEeKTEPMEH JKYMBIC ICTEY THIMIUTITIH apTTHIPHIIN, OHJIEY MPOIECIHIH KYPACTUIIriH KEeHITIETe 1.

[Tapamnens anropuTMaep KeCKIHAEPAl 6HAEY YaKbITBIH €I9ylp KbICKapThIN, KYHEHIH
OHIMILIITIH apTThIpabl. Op TYpPAl CY3ruiepAl KONAaHy Ke3iHJe Mapaienbll OHACY OIICiHIH
apTHIKUIBLIBIKTAPBl allKbIH KepiHeai. Ochl ofic XKyienik pecypcTapbl TUIMII HaiagaHblI, YIKEH
JIEPEKTepPMEH JKYMBIC ICTETeHJE OHJACY KbUIIAMIBIFBIH apTThipaabl. COHBIMEH KaTap, Oys ojic
pecypcTappl OHTAWIIBI TTAHAalIaHy XKoHE KyaT YHEMJIEY CHUSKTBI KOCBIMIIA apTHIKIIBUIBIKTapFa He.
[Mapannens anroputmaep OYTiHTI TaHTa OEHHEKOHTEHTTI OHJAEYIIH MaHBI3Ibl Kypajbl OOIBII
TaOBLIA BT J)KOHE OoJaakTa OyJI TEXHOJIOTHSHBIH TaMYyBI )KaHa MYMKIHAIKTEPTe YKOJT alliabl.
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