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CTATUCTUYECKAS OLIEHKA 3®®EKTUBHOCTH
CUCTEMbI PACITO3HABAHUSI OB bEKTOB
HA OCHOBE HEUPOHHOW CETU YOLOVS

B cmamve npedocmasnenvl pesyibmamul oyenku d¢pgexmusnocmu
cucmemsl pacno3nasanus oovekmos Vision Assist, pazpabomannoii 0
nomowu 100AM ¢ HapyuweHuem 3penus. Llenvio uccieooeanus A6nsANCs
CPAGHUMENbHBIL AHANU3 NAMU GAPUAHIMOE HEUPOHHOU Cemu cemelicmed
YOLOvVS (YOLOv8n, YOLOvSs, YOLOv8m, YOLOvSI, YOLOvSx) no
Kpumepusam CKopocmu 00padbomku u nompeoieHus 6bl4UCIUMeNbHbIX
pecypcos. Tecmupoganue npo6ooUIOCh Ha CHEYUATUIUPOBAHHOM CHIEHOe
¢ npoyeccopom AMD Ryzen 5 5600X u euoeoxapmoti Nvidia GeForce
RTX 3070. B xauecmge Mempux OYeHKU UCHOAb3IOBANUCL UYACTNOMA
kaopos (FPS), epems umpepenca (Mc) u Koauuecmeo napamempos
mooenu. Tlo pezynbmamam mecmupo8anus YCManoeHo, 4mo Mooeib
YOLOv8n oemoncmpupyem Hausvicuiyio npousgooumenvhocms (FPS
— 77,5, epema unpepenca — 12,9 mc), moeda kax moodens YOLOvSs
obecneuugaen ONMUMaibLHbLL OAIAHC MENCOY CKOPOCMbBIO U MOYHOCBIO.
Taocénvie moodenu (YOLOvVSI, YOLOvSx) npusHaHol HenpuzoOHuLMU
O NpuUMeHeHUuss Ha MOOUNbHBIX YCHPOUCMEAX 6 PedCUMe pPednbHO20
epemeny.  [onoaHumensHo NpeoCcCmasiena Mmeopemuieckas OoyenKa
NnpouU3800UMeNTbHOCNU HA KOHpU2Yypayuu HauaibHozo yposHs ¢ RTX 3050
8 I'B na ocnoge nyoauuno 00CmynHwlx CpaGHUMENbHbIX XAPaKmepucmux
GPU. Ha ocHosanuu nonyyenHwix pesyabmamos mooeib YOLOvSs
sblOpana 6 kauecmee 0CHOGbL cucmemsl Vision Assist.

Kutouesvie cnosa: pacnosunasanue o6vekmos, YOLOVS, HeliponHas
cems, oyernka s¢ppexmusnocmu, FPS, epems unpepenca, cnabosuoaujue.
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Brenenne

[TpoGiiema obecrieueHns CaMOCTOSITEIILHOCTH JIFO/ICH C HapyIEHHEM 3peHHs
IIPU OPMEHTHUPOBAHUM B OKpYIXKAloLIel cpene OCTaéTcs OJJHOM M3 aKTyallbHBIX
3aJlau COBPEMEHHBIX aCCUCTUBHBIX TexHonorui. [1o manusiM BcemupHoii
OpraHM3aliy 3[paBOOXPAHEHUs, B MUPE HACUMTHIBAeTCs Oosee 2,2 MUILTHApIa
YeJIOBEK C HapyLICHUSIMU 3PEHUsI Pa3IMuHOM CTENEHH TSHKECTH, U3 KOTOPBIX HE
MeHee | MHIUTHap/a CilydyaeB MOXKHO OBUIO IPEIOTBPATHTH WIIM OHU OCTAIOTCS
HEJIOCTaTOYHO KOPPEKTUPOBaHHBbIMU [1]. 3HaUMTEIbHAS YACTh ITUX JIOJEH
UCIIBITHIBACT CEPHE3HBIE TPYIHOCTH ITPU PACIIO3HABAHUHU OKPYIKAIOIINX OOBEKTOB,
YTEHHH TEKCTOB U CAMOCTOSITEIIbHOM MEePEMEIICHIH B HE3HAKOMOM 00CTaHOBKE.

Pa3zBuTHe MeTO0B INTyOOKOr0o 00y4eH s M KOMITBIOTEPHOT'0 3pEHHS OTKPBIIO
MIPUHLMIINAIBLHO HOBBIE BO3MOKHOCTH ISl CO3/aHUSI aCCUCTHBHBIX CHUCTEM,
CIIOCOOHBIX B PEXKHUME pealibHOr0 BPEMEHH aHAIN3UPOBATh BU3YAIBHYIO Cpeay
Y IIPE/IOCTABIISITh [TOJIb30BATEIIO FOJIOCOBYI0 00paTHYIO CBsI3b. [lepBble cucTemMbl
1o00HOro0 poia, TakKe Kak VizWiz, mokasaiy NpuHIMIHATbHY0 IPUMEHUMOCTh
METO/IOB KOMITBIOTEPHOT'0 3pEHUSI B 33/1a4aX IIOMOLIH ciiaboBu M [2]. OaHako
CylecTByIoIHe KomMmepueckue pemenus — Microsoft Seeing Al, Google Lookout,
Envision Al — obGnanaror psiioM CymIeCTBEHHBIX OTpaHHMUYCHHMI: 3aBUCHMOCTh
OT CTaOMJILHOTO MHTEPHET-COCIUHEHUs, BbICOKAass CTOMMOCTb, OTCYTCTBHE
MOJIIEPKKU Ka3aXCKOTO M PYCCKOTO SI3BIKOB, 3aKPBITOCTh apXHUTEKTYPHI, HE
TI03BOJISIIOIIAS Al THPOBATh CUCTEMY IO/ HY /Il KOHKPETHOH ayquropun [2].

B pamkax HacToOsIIero ucclieIoBaHus pa3padborana cuctema Vision Assist
— Progressive Web Application (PWA) ¢ oTKpbITOH apXuUTeKTypoi Ha 6ase
HeliponHoit cetn YOLOVS, opueHTHpOBaHHAs HAa PYCCKO- U Ka3aXCKOSA3BIUHYIO
ayautoputo. CemeiictBo YOLOVS8 mpeacraBisieT akTyalbHOE MOKOJIEHUE
OJIHOATAITHBIX JIETEKTOPOB OOBEKTOB, COYETAIOUIUX BBICOKYIO CKOPOCTH
nH]EepeHca ¢ KOHKYPEHTOCIIOCOOHOH TOUHOCThIO pacriiozHaBanus [3]. [Ipu atom
BBIOOP KOHKPETHOW BEPCHU MOJICNIM U3 JaHHOTO CEMEHCTBA HENOCPEICTBEHHO
OIIpe/IeIIsIeT KIIIOYEBbIE DKCIUTyaTallMOHHBIE XapaKTePUCTHKH cUcTeMbl. boiee
TSKEITBIC MOJICITH 00ECIICUYMBAIOT 00JIee BHICOKYIO TOYHOCTH 332 CUET OOJIBIICH
€MKOCTH, 0JTHAKO TPEOYIOT 3HAUUTEIBHO OOJIBIINX BHIYUCIUTEIBHBIX PECYPCOB,
YTO MOJKET CJeNaTh UX HENPUMEHUMBIMU Ha MOOWIBHBIX YCTpO#cTBax 0e3
CIELaIM3UPOBAHHOI0 allapaTHOTro YCKOpeHUs [4].

Ilenbro HacTosIIEl pabOTHI SIBJISIETCS MPOBEIEHHE CPABHUTEIBHOTO
aHallM3a MPOM3BOJAUTEIBLHOCTU TSITH BapuaHTOB apxuTekTypbl YOLOVS mo
KPHUTEPUSIM CKOPOCTH OOpabOTKH U PECypCcOEMKOCTH, a TaKXKe TEOopeTHYecKas
OLICHKA IIPUMEHUMOCTH BHIOPAHHON MOJIETIM Ha YCTPOICTBAX ¢ OrpaHUUCHHBIMU
BBIYHMCIIUTEIBHBIMU PECYpCaMu.
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Marepuajibl 1 METOAbI

Teopernueckue OCHOBBI OIEHKH IPOM3BOJAMTEIBHOCTH JETCKTOPOB
00beKTOB. O1eHKa MPON3BOANUTEIBHOCTH CUCTEM JIETEKIIMK 00BEKTOB B PEaIbHOM
BpPEMEHHM NpeIoiIaraeT aHaji3 IBYX B3aUMOCBSI3aHHBIX I'PYIIT XapaKTEePUCTHUK:
METPHK Ka4eCTBa PaCcIIO3HABAHUS U METPUK BBIYMCIUTENILHOM A dexTrBHOCTH. K
TIepBOH TPYIIIE OTHOCATCS precision (TOYHOCTS), recall (IosTHOTa) M TPONU3BOIHAS
oT HUX MeTpuKa Average Precision (AP), a Taxke arperupoBaHHas METprUKa mean
Average Precision (mAP) [5]. Ko BTOpOIi TpyIinie OTHOCATCS YacToTa KaJpOB
(FPS), Bpemst nHdepeHca u moTpediieHHe BHIYUCIUTEIBHBIX PECYPCOB.

MeTtpuka precision ompejaesaseT JOJII0 MCTHHHO IMOJIOXKHTEIbHBIX
cpabaThIBaHUN Cpeay BCEX IMOJIOKHTEIbHBIX MpEJACKa3aHUuil MOAeIN U
BBIYHCIISIETCS] KAK OTHOLICHUE YMCIJIa UCTUHHO IOJIOKUTEIBHBIX MPEACKa3aHui
K CyMMe€ MCTHHHO IOJIOXKUTEIIBHBIX U JIOXKHO IOJIOKUTENbHBIX. MeTpuka recall
OIpeJIesIsieT J0M0 0OOHApY)KEHHBIX OOBEKTOB Cpe/in BCeX 00BEKTOB B Habope
JIAHHBIX ¥ paBHA OTHOIICHHIO YMCJIa UCTUHHO IOJOXUTEIBHBIX MPEACKa3aHul
K CyMME€ MCTHHHO TOJIOKUTEJIbHBIX M JIO)KHO OTpUIATENbHBIX [5]. Mexay
precision u recall cymecTByer (GpyHIaMCHTAIbHBINH KOMIIPOMHUCC: MOBBIIICHUE
rmopora JJOCTOBEPHOCTH YBEJIMYHMBAET TOYHOCTh, HO CHWXAET IMOJHOTY, U
Haoboport. Kpusas Precision-Recall rpaduuecku oToOpaxaer 3TOT KOMIIPOMHCC
JUISL pa3iIMuHbIX 3HAYEHUH Topora, a IUIomaab 110/ JAHHOW KpUBOM — Average
Precision — ci1y’KUT HHTETpaJIbHOI MEpOi KauecTBa ICTEKTOpa JUIsi KOHKPETHOTO
KJ1acca 0OBEKTOB.

Metpuka mAP Beluncasgercs kak cpegHee 3HaueHue AP mo Bcem
kiaccam o0bekToB. B 3aBucumoctu ot nopora loU (Intersection over Union),
MIPUMEHSIEMOTO MIPH OTIPE/ICIIEHUH MCTHHHO IOJIOKUTEIBHBIX CpabaThIBaHUM,
pazmmyaroT mMAP@50 (IoU > 0,5) u mAP@50-95, ycpeaHSOUy0 pe3ybTaThl
no auamnaszony mnoporos oT 0,5 mo 0,95 ¢ marom 0,05 [5]. Tlocnenuss
MeTpHKa sBJsieTcst 0ojiee CTPOroil M B OOJNBIICH CTEHEHH OTPaKaeT KayeCTBO
JIOKaJIN3aK OOBEKTOB.

Brruncaurensaas 3QEeKTUBHOCTD JETEKTOPa XapaKTepU3yeTcs BpeMeHEM
nH]EepeHca — CpeJHIM BpeMeHEeM 00pabOTKM OJJHOTO M300paKeHHMsI, BKIIIOYAs
MIPENPOLIECCUHT, MPSMOM MTPOXOJ] Yepe3 CeTh M MOCTIIPOLIECCHHT (IIPUMEHEHHE
anroputMa Non-Maximum Suppression). Hacrora kaapos FPS sBisercs
00paTHOI BETMYMHOI KO BpeMEeHHU HH(EpeHca 1 HEOCPEICTBEHHO XapaKTepHU3yeT
MPUTOHOCTH JIeTEeKTOpa JUiss paboThl B peanbHOM BpemeHH. CoryiacHo
YCTOSIBLICHCSI TIPAKTHKE B 00JIACTH KOMITBIOTEPHOTO 3peHHus, 3HaueHue FPS ne
MeHee 24 cuMTaeTcs I0CTaTOYHBIM JUIsl TUIaBHOM 0O0pabOTKM BUAEONOTOKA, a
3nayenue FPS cBpime 30 — koMOpTHBIM ISl MHTEPAKTHUBHBIX NPUIIOKESHUN
[6]. ITpu pa3BEpTHIBAHUM JETEKTOpA HA MOOMJIBHBIX YCTPOWCTBAX KPUTHUECKH
BXHBIM TapaMeTPOM TaKXKe SBISICTCS 00bEM MOTpeOIIIeMOl BHICOTIAMSTH,
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ocKoJbky MoOmibHbIe GPU pacronararoT cyniecTBeHHO MEHBIIIUMU PECypcamu
IO CPaBHEHUIO C CEPBEPHBIMH YCKOPHUTEIAMU [7].

TectupoBanune momeneit cemeiictBa YOLOvV8 mpoBoanmoch Ha
CHEUATU3UPOBAHHOM CTEHJIE, KOH(PUTYpalMs KOTOPOTO MPEACTABICHA B
Tabmure 1.

Tabnmma | — TexHudeckne XapakTepPUCTHKH TECTOBOTO CTEHA

Komnonent XapakrepucTuka
[Ipoueccop AMD Ryzen 5 5600X (6 snep, 12 notokos, 3.7-4.6 I'T)
OmnepaTHBHas MaMSITh 32 I'b DDR4 (3200 MT/c)
Buneokapra Nvidia GeForce RTX 3070 (8 I'b GDDR6)
CUDA Bepcus 11.8
PyTorch Bepcus 2.7.1+cul 18

Hcnons3oBanne Buaecokaptbl Nvidia GeForce RTX 3070 ¢ moamepikkoi
CUDA 11.8 obecmeuynBano anmapaTHOE yCKOPEHHE BBIYMCICHHUH depes
texHosoruto CUDA (Compute Unified Device Architecture), mo3BoJISIOIIY O
BBINIOJIHSTE OTEpaluu TIyOOKOTro o0ydeHHUs Ha ThiCsS4axX HapajuielibHbIX
BeruuciutenbHbIx siaep GPU [8]. @peiimopk PyTorch Bepenu 2.7.1 obecnieunBai
ABTOMATHUYECKOE YIIPABJICHHE BHIYHUCIUTEIbHBIM Ipa)OM U ONITUMHU3UPOBAHHbBIE
peanu3anuy onepanuii ryO0oKoro o0y4YeHHU .

Ornucanue ucciiefyeMbIX Mozieneit. J{iist TecTupoBaHust HCTIOIb30BAIUCH IISITh
ourranbpHBIX MpenooydeHHBIX Moienei cemericta YOLOVS: YOLOvV8n (nano),
YOLOVSs (small), YOLOv8m (medium), YOLOVSI (large) u YOLOv8x (extra-
large). Bce mozaenu Obuin npenoOyueHsl Ha Habope ganHbix COCO (Common
Objects in Context), comeprkamiem Oonee 330 ThICTY H300paKEHUH ¢ pa3METKON
80 kmaccoB 00beKTOB MoBceaHeBHON cpenbl [9]. Habop nanasix COCO sBsietcs
MEK/IyHApOAHBIM CTAHIAPTOM JUIS OLIEHKH JIETEKTOPOB 0OBEKTOB 1 00eCIeYnBaCT
BOCIPOHM3BOIMMOCTb PE3YJIHTATOB MEXKY PA3IMUHBIMHU UCCIIEI0BAaHUSIMU. Moernn
cemeiictBa YOLOVS paznudarorcs riyOWHOM ¥ IIMPUHON HEHPOHHOW CETH: OT
muHUMATTUCTHIHON Y OLOVEn ¢ 3,15 MuiroHa napaMeTpoB JI0 MOJTHOPa3MEPHOM
YOLOvVS8x ¢ 68,20 MutnoHa mapaMeTpoB. Bce BapraHThI HCTIONB3YIOT SAUHYTO
TPEXKOMITOHEHTHY0 apxuTekTypy backbone—neck—head ¢ anchor-free nomxonom k
perpeccun KOOpAUHAT OOKCOB, OJTHAKO PA3IMYAOTCs] MACILITA0OM — KOJIMYECTBOM
KaHAJIOB M TIIyOWHOW OTAENbHBIX 00KOB [3]. BXonmHoe paspemenue 1is Bcex
Moenei 0bu10 3adukcupoBaHo Ha 3HaYeHNH 640X 640 MUKcese B COOTBETCTBHH
C peKOMEHJAIMSIMH pa3padoTInKoB [3].
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MeroyKa TeCTHPOBAHHMS

Kaxpgasa Monenbp TecTHpoBajlach B HACHTHUUHBIX yciaoBusax: 100
T10CIICI0BATENIbHBIX HH(PEPEHCOB HA OJTHOM M TOM K€ TECTOBOM M300pa)KEHUH,
T10CJIe YEero BBIYMCIISUIOCH CpeHee 3HaueHHe BpeMeHu oopadotku. [Tepsrie 10
nH(pEPEHCOB MCKIIOYAINCh U3 pacuéra sl ycTpaHeHus d¢ddekra mporpesa
GPU (warm-up), csizannoro ¢ kommwisnueir CUDA-saep u 3amoiHeHHEM
koma GPU npu niepBbIx 3amyckax. M3MepeHust IpOBOIMIIHCE C HCIIOJIb30BaHHEM
BCTPOEHHBIX HHCTPYMEHTOB npodmiinpoBanus 6nosmorexu Ultralytics YOLOvS
[3]. [Torpebnenue BuaeonamsTn GUKCUPOBAIOCH yTHIINTOM nvidia-smi B MOMEHT
yCTOHUMBON HArpy3KH.

Pe3yabTaTsl U 00cy:KI1€eHUE

Pe3ynbrarhl CpaBHUTEIBHOTO TECTHPOBAHUS IATH MOJEJICH ceMelcTBa
YOLOvVS8 na ocaoBHoM cterzie (RTX 3070) npencraBieHsl B Ta0IuUIe 2.

Tabmuna 2 — Pesynbratel TectupoBanus mojeneid YOLOVS mpu BXogHOM
paspemenun 640x640 mukceneit (RTX 3070)

Monens ITapameTpsl (Mi1H) FPS - (beli)lg ihg;{ (MC) Iamsars (MB)
YOLOv8n 3,15 77,5 12,9 63,6
YOLOv8s 11,16 75,8 13,19 1152
YOLOvV8m 25,89 65,7 15,22 235,3
YOLOVSI 43,67 50,9 19,64 271,7
YOLOv8x 68,20 37,3 26,78 551,2

AHanu3 3aBUCHMOCTH NPOU3BOJHUTEILHOCTH OT pa3Mepa MOJENH. AHanu3
JIAHHBIX TaOJMIBI 2 MO3BOJISIET BBISIBUTH Psij| 3akoHOMepHocTed. Habmomaercs
MOHOTOHHOE CHW)KEHHE IPOM3BOJUTEIBHOCTH 110 MEpe YBEIMYCHUS pazMepa
mozenu. Ilepexox ot YOLOvV8n x YOLOV8X compoBoxkgaeTcss yBeIU4YeHUEM
yucia napametpoB B 21,7 paza (c 3,15 no 68,20 mun), Torna kak FPS camwkaercs
b B 2,08 pasza (¢ 77,5 nmo 37,3). 3aBHCUMOCTD MEXKIY Pa3MEpOM MOJICIH U
CKOpOCTBI0 HH(EPCHCAa HOCUT HEIMHCHHBIN CYOIUHCUHBIA XapakTep. JlaHHbI
(beHOMEH 00BSICHSIETCSI BRICOKOM CTETICHBIO ITapaJuieNn3aluy Berauciennii Ha GPU:
COBpEMEHHBIE rpaduueckue MpoLeccopbl CIOCOOHBI OIHOBPEMEHHO BBIIOJIHSTH
TBICSIYM OIEpalMii HaJl TEH30paMHM, 4TO MO3BOJISIET OoJjiee KPYMHBIM MOJAECISIM
9 PEKTHBHO HUCIIONB30BATH JOMOIHUTENIBHbIC BEIUYMCIUTENBHBIE siapa [8].

[Torpebiienne BupeonamsITH HapacTaeT Takxke HenuHeitHo: YOLOvEx
notpebisiet B 8,67 pasza Ooublie mamsaty, ueM Y OLOv8n. DTo 00bsACHSICTCS TEM,
YTO B Iporiecce nHQepeHca B BUICONaMsITH XPaHSTCS HE TOJILKO Beca MOJICIIH, HO
Y IPOMEKYTOUHBIE KapThl MPU3HAKOB, 00BEM KOTOPBIX MTPSMO MPONOPIHOHATICH
yuciny GuibTpoB B Kaxkaom cioe [10].
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CpasHutenbHbIi aHanu3 mozeneit YOLOv8n u YOLOv8s

[Tpu TpéxkpaTHOM yBenn4yeHUH yucia napamerpos (c 3,15 no 11,16 miun)
camwkenue FPS cocrasister Bcero 2,2% (¢ 77,5 no 75,8), a yBenuueHue BpeMeHU
uHpepenca — b 0,29 mMc. O6e Mozenu padoOTaIOT B PEKUME, TIPU KOTOPOM
BerumcauTenbHble sapa RTX 3070 3arpyskeHbl He MOJIHOCTBIO, YTO ¥ O0BSCHSET
HE3HAYUTEIIbHYI0 pa3HHILy B ckopoctH [8]. Bmecte ¢ Tem YOLOV8s obecrieunBaer
CYILIECTBEHHO 0OJIee BEICOKOE KAYECTBO PACIIO3HABAHUS: COTIACHO OPUITHATBEHOM
nokymenrtanuu Ultralytics, YOLOv8s nocturaer mAP@50-95 = 44,9 na nadope
COCO, Torna kak YOLOv8n — 37,3, 4TO COOTBETCTBYET OTHOCUTEIHLHOMY
MpUPOCTy TOYHOCTH Ha 20,4% mpu NpakTU4YECKU UAEHTUYHON cKopocTH [3].

Ananmus Tsoxéneix moaenein. Moaenmn YOLOv8m, YOLOvV8] u YOLOv8x
JEMOHCTPUPYIOT HapacTarollee CHUKEHUE MPOU3BOJUTEIBHOCTH. Monens
YOLOv8m mnoxkaseiBaet FPS 65,7 u motpebdnsier 235,3 Mb BumeonamMsTH, 4To
CYIIECTBEHHO OrpaHMYUBACT e MPUMEHUMOCTh Ha MOoOWIbHBIX GPU. Monenb
YOLOV8x ¢ FPS 37,3 u notpebiienrem 551,2 MbB He MOkeT ObITh peKOMEHIOBaHA
JUIs pa3BEPTHIBAHMSI B MOOMJIBHBIX aCCHUCTHBHBIX CHUCTeMax: e€ TpeOOoBaHUs
K MaMsTH JejalT e€ NpakTUYeCcKH HENPUMEHHMMOW Ha ycTpoiicTBax Oe3
BoiAesieHHoro moirHoro GPU [7]. Caenyet Takke y4UThIBAaTh, UYTO IPUBEIEHHBIE
JaHHble noxy4yeHsl Ha HacToabHOM GPU kimacca RTX 3070, Toraa kak peajibHas
MIPOM3BOINTEIBHOCTH HA MOOMITBHBIX YCTPOICTBaX Oy/IeT 3HAUYMTEILHO HUXKE.

TeopeTnueckass oLleHKA MPOU3BOJUTEIBHOCTH Ha yCTPOWCTBAx ¢
OI'paHMYEHHBIMH BBIYHUCIIUTEIBHBIMU PECYpCaMu

[IpakTHueckoe MPUMEHEHHE aCCUCTHUBHBIX CHCTEM MpEAINojaraeT ux
UCIIOJIb30BaHNE HE TOJBHKO Ha BBICOKOIPOM3BOJHUTENILHBIX PAOOUYUX CTAHIMSX,
HO ¥ Ha 0oJiee JIOCTYITHBIX YCTpoiicTBax. B CBsI3M ¢ ATUM Ipe/ICTaBIsIET HHTEPEC
TeopeTHYecKas OLIEHKA IPOU3BOIUTEILHOCTH Mozenel cemerictBa YOLOVS Ha
KOH(UTypanuu HaYaJIbHOTO YpOBHS — Ha 6aze mpoueccopa AMD Ryzen 3 1200,
16 I'b oneparusHoii namsitit DDR4 (2666 MT/c) u Buneokapts! Nvidia GeForce
RTX 3050 8 I'b. CpaBHuTENbHBIE TEXHUYECKUE XapakTepucTukun odonx GPU
IIpeCTaBIIeHbI B Ta0IUIE 3.

Tabmuna 3 — CpaBHenue TexHudeckux xapakrepuctuk GPU TecToBoro crenia
U KOH(QUTYpaK HAYaJIbHOTO YPOBHS

XapakTepucTHKa RTX 3070 RTX 3050 (8 GB)
ApxuTtekTypa Ampere (GA104) Ampere (GA106)
CUDA-sinpa 5888 2560
IIukoBast IPOU3BOAUTEIBHOCTD 20,31 9,10
FP32 (TFLOPS)
[IpomyckHast ClIOCOOHOCTH MaMSITH 448,0 224.0
(I'B/e)
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06béM VRAM (TB) 8 8
TDP (Bt) 220 130

Teopernyeckoe COOTHOIIEHHE BBIYMCIHUTEIBHBIX MOIIHOCTEH IO
moka3zatemo FP32 cocrasmster 20,31 / 9,10 = 2,23 B mome3y RTX 3070 [11].
Bwmecre ¢ Tem jurs 3a1a4 nH(pEpeHca HEHPOHHBIX ceTel peallbHOEe COOTHOIICHHE
TIPONU3BOUTENILHOCTH, KaK MPABUIIO, HU)KE TEOPETHIECKOT 0, TOCKOJIBKY CKOPOCTh
obpabotku ompexnensercs He Tosbko ynciaoM CUDA-saep, HO U IPOIYCKHOM
CIIOCOOHOCTHIO MaMsTH, 3P PeKTUBHOCTRIO TuTaHUpoBIIKKA 3ana4 GPU u
CTEMNEHBIO HACBIIIEHHS BEIYMCIUTENBHBIX SIIEp PU IAHHOM pa3Mepe MojaenH [8].
[Iponycknas criocodHocTs Tamsati RTX 3050 BaBoe ke, yemy RTX 3070 (224
mpotuB 448 ['b/c), 4To sIBIsAETCS KIIIOYEBBIM OTPaHUYUBAIOIIAM (DaKTOPOM IIPH
nHpepeHce Moernel cpeHero U KpynHoro pazmepa. CoryiacHo OIryOIMKOBaHHBIM
CpPaBHHUTEIBHBIM HCCIIeI0BaHMIM Iporn3BoauTenbHocTH GPU B 3a1a4ax riry0okoro
00y4eHUsI, MPAKTHYECKOEe COOTHOIIEHHE CKOPOCTEH HH(EpeHca MeX Ty KapTaMu
JIAHHOTO Kjacca cocTaBisieT nopsaka 1,5-1,8x [4]. Ucxons u3 pe3yiabTaToB
TECTUPOBAHMS HA OCHOBHOM CTEHJIe M MpuMeHsst koo dunuent nepecuéra 1,6
(cpennee 3HaueHue auamnasoHa 1,5-1,8), TeopeTrueckn oXXugaeMble 3HAYCHUS
npousBoautensHOCTH it RTX 3050 8 I'b mpencraBnens! B Tadbmuie 4.

Tabmuua 4 — TeopeTndeckn oXugaeMble MOKA3aTeIN MPOU3BOIUTEILHOCTH
mogeneir YOLOvS na xonduryparmu ¢ RTX 3050 8 I'b

FPS (ll;I;"SX Bpews . Bpewms nud
Mozems | pTX 3070, paxr.)| 3050, RTX 3070 RTX 3050 (mc)
OIICHKA) (vc)
YOLOV8n 775 48 12,9 20,6
YOLOVSs 75,8 47 13,19 211
YOLOv8m 65,7 41 15,22 244
YOLOVSI 50,9 32 19,64 31,4
YOLOv8x 373 23 26,78 8

AHanu3 pacuéTHBIX JTAaHHBIX MMOKa3bIBaeT, YTO Ha KoHpurypaunu ¢ RTX
3050 momern YOLOV8n u YOLOvVSs coxpaHsIOT NPOU3BOAUTEILHOCTh BHIIIE
nopora peaibHoro Bpemenu (~48 u ~47 FPS cooTBeTcTBEHHO), TOoraa Kak
mozens YOLOv8x omyckaetcst Hike 24 FPS, uto nenaer e€ mpumeHeHHe B
MHTEPAaKTUBHBIX aCCHCTUBHBIX CHCTEMax HerenecoobpasusM. Mozaens YOLOv8s
npu pacaétHoM FPS ~47 obecneunBaeT mpueMieMyo CKOpocTh 00paboTKH MpH
COXpaHeHUHU MpeumyiiecTBa B TouHocTH Han YOLOv8n, uro moATBepkIaeT
000CHOBaHHOCTD €€ BbIOOpa [Is cUcTeMbl Vision Assist gaxe npu pa3BEPThIBAHUN
Ha yCTPONCTBAX HA4aJIbHOTO ypoBHs. ClieayeT MOJ4epPKHYTh, UYTO IPUBEAEHHBIC
12

Becmuux Topatievipos yrusepcumema, ISSN 2959-068X.
Cepus: Qu3suka, Mamemamura u KomnvromepHoie Hayku. Ne 2, 2026

3HAYEHHUsI HOCSAT OLCHOYHBIH XapakTep W IOJIyYCHBI Ha OCHOBE MyOJIMYHO
JOCTYITHBIX CPAaBHUTENIbHBIX XapakTepucTuk GPU; 11 moaydeHus: 10CTOBEpHBIX
Pe3ysIbTaToB HEOOXOANMO MPOBEICHHE HATYPHOT'O TECTUPOBAHMS Ha YKa3aHHOM
KOH(QUTYpalHuH ¢ MCIONb30BaHUEM KaxJoi Bepcun moxaenn YOLOVS, T.k.
TEOPETUYECKH 0XKHIaeMBble ITOKa3aTeN I  1aXKe TP CaMbIX TOUHBIX pacyéTax MOTy
Pa3HUTHCA C peallbHbIMU pe3yIbTaTaMu.

Ha ocHoBaHMM COBOKYITHOTO aHajM3a MOJTYYEHHBIX JaHHBIX JUIS CUCTEMbI
Vision Assist BeiOpana moaenb YOLOVSs. AprymeHTauus JaHHOTO BBIOOpa
CTPOUTCSI Ha HECKOJIBbKUX KIIFOYEBBIX cooOpaxeHusix. Bo-nepsbix, YOLOVSs
obecrnieunBaetr FPS 75,8 Ha ocHOBHOM crenyae u pacuérHeie ~47 FPS Ha
KOH(Urypanuu HavyallbHOTO YPOBHS, YTO B 00OMX Clly4asiX CYIIECTBEHHO
MPEBBIIIAeT MUHUMAJBHBIN MOPOT pealbHOro BpeMeHu [6]. DTo o3HavaeT
3HAUUTENBHBIH 3a11ac NPONU3BOAUTEIBLHOCTH, HEOOXOIMMBIH JUIsl PA0OTHI CHCTEMBI
Ha peaJIbHbIX MOOMITBHBIX YCTpOICTBaX. Bo-BTOPBIX, TOTpeOIcHNE BUICOTIAMSITH
115,2 Mb sBisiercs npuemisieMblM Juisi MoOuibHBIX GPU coBpeMeHHBIX
cMapT(OHOB CPEIHEro M BBICIIEro Kjlacca. B-TpeTbuX, NIPUPOCT TOYHOCTU TIO
cpaBHeHnto ¢ YOLOvV8n cocrasnser 20,4% no merpuke mAP@50-95 npu
MIPAaKTHYECKH MICHTHYHOM cKopocTH paboTsl [3]. [laHHbII BBIOOp cornacyercs
C pe3yiabTaTaMU HE3aBUCHMBIX CPaBHUTEIBHBIX MCCIEJOBAHUN apXUTEKTYP
cemeiicta YOLO [4].

BriBoabl

ITo pesynbTaTaM NpOBEAEHHOTO CPAaBHUTEJIBHOrO aHalu3a
MIPOM3BOJUTEIBHOCTH TISITH Mojeneil cemeiictBa YOLOVS cdopmynupoBanst
CJIEYIOILIE BBIBOBI.

3aBUCHMOCTB MEXX/LY YUCIIOM ITapaMeTPOB MOJIENN M CKOPOCTBIO MH(epeHca
Ha GPU HocuT HenuHEHHBIH CyOIMHEHHBIN XapakTep: YBEeJIWYeHHE YHCIIa
napaMmeTpoB B 21,7 pa3a npuBoauT k cHikenuto FPS nums B 2,08 pasa,
4YTO 00YCIIOBICHO BBHICOKMM MapajieJIM3MOM BBIYMCICHHH Ha COBPEMEHHBIX
rpaduyeckux nporeccopax.

Mogemn YOLOv8n u YOLOVS8s 1eMOHCTpUPYIOT IPAaKTUYECKU HICHTHUHYIO
ckopocTb nHpepeHca (pazuuia 0,29 Mc) pu CynIeCTBCHHOM PA3JIHYHK B KAYSCTBE
pacnosHaBanus (npupoct mAP@50-95 nwa 20,4%), uro memaet YOLOVSs
TIPEIOYTHTEIBLHBIM BEIOOPOM ISl TPUIIOKEHHH C OBBIIICHHBIMH TPEOOBAHUSIMU
K TOYHOCTH.

Monenun YOLOvV8] u YOLOvV8X He peKOMEeHAYIOTCS K MPUMEHEHUIO
B MOOMIJIBHBIX aCCHCTHUBHBIX CHCTEMax BBHJY UPE3MEpPHOTO MOTpeOiIeHus
BUieonaMsTH U cHibkeHust FPS Hioke 3Hauenuii, odecrieunBaronmx KompopTHyo
paboTy CHCTEMBI B PE)KUME PEaIbHOTO BPEMEHH.

Teopernyeckasi OLlEHKa MMOKa3bIBACT, YTO HAa KOH(UIypaluy HAa4aJIbHOTO
ypoBHs ¢ RTX 3050 8 I'b monenn YOLOv8n u YOLOVSs coxpansior
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MIPOM3BOAMTEIBLHOCTH BhIIIE IMOpora peanbHoro Bpemenu (~48 n ~47 FPS
COOTBETCTBEHHO), YTO ITOJATBEPKIAECT MPUMEHUMOCTb BHIOPAHHOW MOZEIH Ha
LIMPOKOM KJIacce TOTPEOUTEIBCKUX YCTPOHCTB.

Mogens YOLOvVS8s BeiOpaHa B KauecTBE OCHOBBI CUCTeMbI Vision Assist
Kak obOecrieyuBaroniasi ONTHMaJbHOE COOTHOIIEHUE CKOPOCTH, TOYHOCTH M
pecypco€MKoCTH Ipu paboTe B peaJbHOM BPEMEHH Ha YCTPOICTBaX pa3inuHOro
KJIacca MPOU3BOIUTEIBHOCTH.
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JKYWKE KEJIICI YOLOVS HET'I3IHJIEI'T OFbEKTLJIEPII TAHY
JKYWUECIHIH TUIMILTITTH CTATUCTUKAJIBIK BAFAJIAY

byn maxanada repy kKabiiemi Hawap adamoapea ApHAI2aH
Vision Assist o00vexminepOdi mawny cyltieciniy muimoiniein oazanay
Homudicenepi ycolHbLizaw. 3epmmeyoin maxcamol — YOLOVS netiponowix
orceni ombacwvinvly Oec Hyckacvin (YOLOv8n, YOLOvSs, YOLOv8m,
YOLOvSI, YOLOv8x) sicoinoamobix nen ecenmey pecypcmapbii mymvlHy
MYPbICLIHAH  CATTLICIMBIPMANLL  Maaoay dcypeizy  6ondel.  Tecminey
AMD Ryzen 5 5600X npoyeccopuvr owcone Nvidia GeForce RTX 3070
belinexapmacwl bap apraiivl cmenome xcypeizinoi. bazanay ywin kaoprap
orcuiniei (FPS), unpepenc yaxvimol (Mc) dcoHe mMooenb napamempepiniy
canvl nanioanansliovl. Homuocecinoe YOLOvEn mooeni ew oicozapol
oHimoinikmi kepcemmi: FPS — 77,5, ungpepenc yaxoimor — 12,9 wmc,
napamempiep canvl — 3,15 munauon. YOLOVSEs mooeni scvindamobik nem
0010iK apacviHOazvl OHMAllivl mene-menoikmi Kammamacols emedi: FPS
— 75,8, napamempiiep canvi — 11,16 munnuon. Ayvip mooervoep (YOLOVSI,
YOLOv8x) Hakmer yaxvim pedxcuminoe MmoOunboi  Kypuligbliapoa
navdananyesa ocapamculs exeni amvikmanovl. ILllexmeyni ecenmey
pecypcmapel 6ap kougueypayusiaap ywin RTX 3050 8 I'B nezizinoeci
MeopUsLIbIK OHIMOLIIK bazacel bepineen. AnviHaan Homuicenep He2iziHoe
YOLOv8s mooeni Vision Assist ocyiiecine neziz peminde mayoanob.

Kinmmi  ce30ep: obvexkminepdi many, YOLOVS, HetlpoHObIK
orceni, muimoinikmi 6azanay, FPS, ungepenc yaxvimol, kopy kabimemi
Hawap adamoap.
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STATISTICAL EVALUATION OF THE EFFECTIVENESS
OF AN OBJECT RECOGNITION SYSTEM BASED
ON THE YOLOV8 NEURAL NETWORK

The article presents the results of evaluating the effectiveness of the
Vision Assist object recognition system developed to assist people with
visual impairments. The study aimed to conduct a comparative analysis
of five variants of the YOLOvVS neural network family (YOLOvSn,
YOLOvSs, YOLOv8m, YOLOvVSI, YOLOvSx) in terms of processing
speed and computational resource consumption. Testing was carried
out on a dedicated workstation equipped with an AMD Ryzen 5 5600X
processor and an Nvidia GeForce RTX 3070 graphics card. Frames per
second (FPS), inference time (ms), and the number of model parameters
were used as evaluation metrics. The YOLOvSn model demonstrated
the highest performance (FPS — 77.5, inference time — 12.9 ms), while
YOLOvSs provides an optimal balance between speed and accuracy.
Heavier models (YOLOvSI, YOLOvS8x) were found unsuitable for real-
time use on mobile devices. Additionally, a theoretical performance
estimate for an entry-level configuration with RTX 3050 8 GB is provided
based on publicly available GPU comparison data. Based on the results,
the YOLOvS8s model was selected as the basis for the Vision Assist system.

Keywords: object recognition, YOLOvVS, neural network,
performance evaluation, FPS, inference time, visually impaired.
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LSTM-BASED FORECASTING IN VOLATILE
AND DATA-SCARCE ENVIRONMENTS

This research addresses the challenge of exchange rate forecasting
in volatile emerging markets. It focuses on the rate between Kazakhstani
Tenge (KZT) and the United States Dollar (USD), a market characterized
by high volatility and limited data availability. LSTM networks are
used often in time series prediction, which includes financial data.
While LSTM networks are widely used for time series prediction, their
performance under such unstable and data-scarce environments, such
as in Kazakhstan, remains unclear. Therefore, a comparative study that
focuses on three models. a standalone LSTM model, a CNN LSTM model
and a CNN LSTM model with residual correction is proposed. All models
are trained on daily KZT and USD exchange rates and Brent o0il prices
from 2015 to 2024. This period includes major economic events, which
increase volatility and provide a strict test for forecasting models. The
empirical results show that the standalone LSTM model achieves the
best performance. RMSE equals 4.8837, and MAE equals 3.7555. These
results are significantly better than the errors of the hybrid models. The
CNN LSTM model shows an RMSE of 8.2236, which indicates weaker
performance. The residual correction model shows an RMSE of 5.3163,
which places it between the two models. The results suggest that simple
models may perform better in volatile and data constrained environments.
This may be because higher complexity captures noise rather than useful
patterns. In other words, carefully tuned simpler architectures may
provide more reliable predictions in emerging market conditions.

Keywords: LSTM, Time Series Forecasting, Exchange Rate
Prediction, KZT/USD, Emerging Markets.
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Introduction

Exchange rate forecasting in emerging markets presents major challenges
due to structural breaks, limited data as well as high volatility [1; 2]. The KZT-
USD exchange rate is a clear demonstration of these issues, as it is influenced
by commodity price shocks, geopolitical tensions in the region, and domestic
macroeconomic and monetary policies [3]. Traditional models such as ARIMA
and Prophet do not capture the complex nonlinear movements that appear in such
volatile series [4; 5].

LSTM networks are used in sequence prediction, which includes financial
time series. They show strong performance because long range links in the data
are captured [6]. However, standalone LSTM models show limits. These limits
appear as sensitivity to hyperparameters, high risk of overfitting in low data
settings, and high computational demand [7; 8]. Hybrid models that combine
LSTM with CNNs and residual correction methods are proposed in previous
studies. They aim to reduce these limits. However, their performance in emerging
market settings is not examined in detail [9; 10].

This research contributes to this field in three ways. First, a full empirical
evaluation of hybrid deep learning models for KZT and USD forecasting is
presented. This assessment fills a knowledge gap in studies that focus specifically
on emerging markets. Second, the Diebold Mariano test that verifies differences in
forecasting efficiency is implemented for statistical checks. Lastly, comprehensive
analysis regarding model architecture and hyperparameters is provided. This
reinforces arguments on reproducibility and transparency.

The study investigates whether hybrid CNN and LSTM models have a positive
effect on forecasting accuracy for KZT-USD under persistently high volatility
setting. The results show that well optimized standalone LSTM models produce
better forecasts than more complex hybrid models. This suggests that simpler
models may be more suitable in emerging markets, where resources are limited.

2 Materials and methods

2.1 Materials

This work is written to raise several new objectives to financial forecasting
research. An evaluation is given of hybrid learning models for KZT and USD
forecasting. It is important to note that the data used for analysis and evaluation is
taken exclusively from official sources, such as records from the National Bank of
Kazakhstan for the period of 10 years, from 2015 to 2025. The study also applies
the Diebold Mariano tests, and the statistical significance of diversity between
model outcomes is confirmed.

In addition, this paper delivers a detailed study of hyperparameters, the
procedures used during training and model performance during several major
periods of economic stress. For the latter, these periods include the 2015 oil price
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fall, the COVID pandemic, and the 2022 geopolitical conflict. This indicates that

the study offers evidence which tests model behavior under conditions displaying
high volatility and structural change.

Previous studies state that LSTM networks work sufficiently well for financial
time series forecasting. Hybrid models that combine CNNs and LSTMs show
satisfactory results, as they capture short term patterns and long-term links [11].
Residual correction methods address systematic bias in model outputs [12].
However, most existing studies focus on developed markets or major currency
pairs. They give limited attention to the specific issues that appear in emerging
markets [13].

This study fills the gap of knowledge in current literature. It presents evidence
from the currency market of Kazakhstan, which shows features that appear in
many economies known for dependence on external trades. These features include
high volatility, exposure to external factors, and limited data. Discussion shows
that simple models perform better than complex hybrid models in such settings.
It contributes to the debate on model simplicity and performance in financial
forecasting.

2.2 Methodology

The main data points include daily KZT and USD exchange rates from
the National Bank of Kazakhstan as well as Brent crude oil prices. The sample
includes 3647 observations and covers the period from May 1, 2015 to May 1,
2025. The dataset also takes into account some major geo-economic events,
which include the 2015 oil price fall, the COVID-19 pandemic period, and the
2022 geopolitical shock. Consequently, this dataset offers a comprehensive test
setting for forecasting models.

Feature engineering is carried out using both technical indicators and external
variables. Lagged values of the exchange rate are used for 1, 3, and 7 days. Lagged
oil prices are used for 1, 3, and 7 days as well. Rolling statistics are included for
the 7 day mean and the 7 day standard deviation. Price changes are calculated,
which reflect short term movements. Volatility measures are also used. In fact,
each feature aims to add information that affects the KZT and USD exchange rate.
In other words, the feature set reflects both internal behavior of the exchange rate
and external conditions.
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The dataset is normalized through Min-Max scaling. This step ensures that
all variables share a common scale.

X — Xmin
X' =07 (M
Xmax - Xmin

Chronological splitting is also applied as it preserves the time order in the
data. Eighty percent of the observations are assigned to the training set, which
contains 2917 values. The remaining twenty percent is allocated to the test set
that holds 730 values. This design ensures that information from the future does
not enter the training process. Hence, the evaluation remains consistent with the
actual forecasting conditions.

The study investigates three neural network architectures, each designed
with detailed specifications. The first configuration, a standalone LSTM model,
consists of a single LSTM layer with 64 units. This number is determined as an
appropriate balance between model capacity and computational efficiency, given
the available dataset size. To reduce the risk of overfitting while maintaining
sufficient learning capacity, a dropout rate of 0.2 is applied to the LSTM layer. In
addition, L2 regularization with lambda of 0.001 is implemented on both the kernel
and recurrent weights. In total, this model contains 20 289 trainable parameters.

The second architecture, a CNN-LSTM hybrid model, operates on a ConvlD
layer with 64 filters as well as kernel size of 3. The latter was selected to detect
three-day local patterns in financial time series data, effectively capturing short-
term volatility patterns. A MaxPooling layer with pool size of 2 shortens sequence
length while keeping vital features. A second Conv1D layer with 32 filters provides
additional feature extraction capability. The LSTM layer in this hybrid architecture
uses 50 units, which represents a reduction from the standalone model because
the CNN layers already perform feature extraction. A higher dropout rate of 0.3 is
applied due to the increased model complexity. This architecture contains 25579
trainable parameters

The hybrid CNN LSTM with residual correction uses the same base
architecture as the CNN LSTM model. Final sequence features apply a residual
model based on linear regression. To adjust systematic errors, the adjusted
prediction is expressed as Y final equals the summ of CNN LSTM prediction and
the estimated error term.

Across all the implemented models, the Adam optimizer (learning_rate=0.001)
isused in combination with Mean Squared Error loss function. To mitigate possible
overfitting, training incorporates early stopping (patience=15 epochs) and learning
rate reduction (patience=10 epochs, factor=0.5).
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RMSE and MAE are used to measure squared prediction errors and measure
absolute prediction errors respectively. Additionally, MAPE is used to measure
percentage errors. Direction accuracy measures the percentage of correct direction
predictions. Finally, the Diebold Mariano test is used to check significance of
different results. This method validates whether performance differences between
models are meaningful.

3 Results and discussion

3.1 Results

The evaluation shows the following results:

Table 1 — Forecast Performance Comparison for KZT/USD Rate

Model RMSE MAE MAPE (%) | Direction
Accuracy
(%)
LSTM 4.8837 3.7555 0.7803 47.35
CNN-LSTM 8.2236 6.0804 1.2475 47.21
Hybrid CNN-LSTM-Residual 5.3163 3.8768 0.7984 47.64

The standalone LSTM model shows the lowest RMSE and MAE values
among the rest. RMSE equals 4.8837 and MAE equals 3.7555. The CNN LSTM
hybrid model resulted in higher errors in all metrics. The residual corrected hybrid
shows intermediate performance. As a result, the simplest architecture produces
the best forecasts.

Beyond quantitative metrics, qualitative analysis reveals important
behavioral differences.

Model Training History

Model Loss Model MAE

014 | —— LSTM Train 1 —— LSTM Train
‘ —=- LSTMVal H -=- LSTMVval

— owdasMTain | gy | —— CAN-LSTMTrin
| - CNNALSTM val | - CNN-LSTM Val

Plot 1 — Model training history for KZT/USD Rate

Qualitative analysis reveals important behavioral differences beyond
quantitative metrics. Analysis of training behavior across one hundred epochs
reveals important convergence patterns. The standalone LSTM demonstrates a
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consistent and stable convergence trajectory, which is evident from the illustration
in Plot 1. Its training loss decreases smoothly from 0.0954 to 0.0005, while
the validation loss follows a similar decreasing pattern. This proves a positive
generalization performance. The adaptive learning rate mechanism activates
multiple times throughout training, optimizing the convergence process.

In contrast, the CNN-LSTM hybrid model shows more unstable training
dynamics, as demonstrated in the same figure. Although the initial training loss
of 0.1575 decreases to 0.0102, validation loss still exhibits greater fluctuations
during the training process. This volatility suggests that the hybrid architecture
struggles to capture steady patterns within the data. The learning rate adjustment
occurs earlier for this training model, pointing to a slower convergence compared
to the standalone LSTM network.

Both models complete all one hundred training epochs, but the LSTM
achieves lower final loss values in both training and validation periods. The
residual-corrected hybrid model, built upon the CNN-LSTM framework, inherits
its base model characteristics but introduces the residual adjustment step to
compensate for systematic prediction errors.

Forecast comparisons against actual KZT/USD data, presented in Plot 2,
further highlight specific behavioral patterns across models. The LSTM predictions
show strong alignment with real exchange rate trends, both during stable phases and
periods of heightened volatility. This consistency indicates the model effectively
identifies the underlying economic forces influencing currency movements.

KZTIUSD Exchange Rate Forecasting - All Models

KZTIUSD Exchar

Plot 2 — Forecast comparison of all models

The CNN-LSTM hybrid model demonstrates signs of systematic
oversmoothing in its forecasts, as shown in Plot 2. This tendency becomes
especially noticeable during periods of high instability, such as the 2015 oil
price decline and the 2020 COVID-19 pandemic. During these events, the model
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struggles to identify sudden and unexpected market movements, implying that
the convolutional layers may inadvertently discard important signal variations
along with the noise.

The residual-corrected hybrid demonstrates improved accuracy compared
to the base CNN-LSTM model. However, its performance still lags behind the
standalone LSTM. Although the residual correction mechanism helps mitigate
certain systematic biases, it cannot entirely overcome architectural limitations
inherent in the hybrid approach.

Overall, these comparisons between predicted and actual values provide
strong empirical evidence suggesting that simpler architectures may be more
effective for high-volatility financial time series. The LSTM’s consistent and
more accurate performance across varying market conditions indicates that its
sequential learning mechanism aligns well with the temporal dynamics of exchange
rate dynamics.

Residual Analysis for KZT/USD Forecasting Models

Residuals Over Time Residual Distribution
o
— 5™ LsTH

ouNLsT oNNLSTM
—— Hybrid CNN-LSTM-Residual 0 Hybrid CNN-LSTM Residual

Residuals

Q-Q Plot of Residuals Residuals vs Fitted Values
)

© Hybrid CNN-LSTM-Residual

Sample Quantiles

s o I [ H o 5 2 o 50 a0 50 520
Theoretical Quantiles Predicted Values

Plot 3 — Residual analysis of all models

The residual analysis presented in Plot 3 offers further insight into the overall
model performance. The residuals produced by the LSTM display a distribution
that is closer to normal, with values tightly clustered around zero. In contrast, the
CNN-LSTM produces residuals that display both a noticeable bias as well as a
broader dispersion, indicating less consistent prediction performance. The Q-Q
plots shown in Plot 3 support these observations as it reveals better normality in
the LSTM residuals compared to the hybrid models. This pattern correlates with
the conclusion that the LSTM not only delivers more accurate forecasts but also
achieves more dependable uncertainty estimation.
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The Diebold Mariano tests confirm these differences. The LSTM compared
to CNN LSTM shows a DM statistic of negative 12.6453 with p less than 0.0001.
This indicates strong significance. Moreover, LSTM compared to the hybrid model
shows a DM statistic of negative 2.0572 with p equal to 0.0397, which indicates
significance at the 5 percent level. The CNN LSTM compared to the hybrid model
shows a DM statistic of 10.3601 with p less than 0.0001. In fact, these results
confirm that the standalone LSTM model performs significantly better than both
hybrid models.

Additionally, Model performance is examined in key economic periods.
During the 2015 oil price fall, all models show difficulty, although the LSTM
model recovers faster. When the COVID 19 pandemic takes place in 2020, the
hybrid models show higher errors. After the 2022 geopolitical event, the LSTM
adapts more effectively to sudden economic changes. Therefore, the consistent
strength of the LSTM model suggests that noise in emerging markets may limit
the benefit of added complexity. In other words, complex models may capture
noise rather than useful patterns.

3.2. Discussion

The strong performance of the standalone LSTM challenges the assumption
that more complex models always perform better. Several factors may explain
this result. The data contains high noise relative to the signal, which may reduce
the value of complex feature extraction and pattern recognition. Contrasting
LSTM with hybrid models with more parameters, results present higher risk of
overfitting, especially when the dataset is limited. The simpler model also uses
fewer parameters, which may improve generalization. Therefore, lower complexity
may be better suited to this environment.

The comparison of forecasts with actual KZT and USD values provides
further insight into model behavior. A close alignment with real exchange rate
movements is shown by the LSTM, particularly during volatile periods. This result
demonstrates that changing market conditions are adapted to more effectively
by LSTM. The CNN LSTM, however, shows systematic over smoothing.
Important signal components may be removed together with noise because of
the convolutional layers. As a result, sharp movements in the exchange rate are
not captured well. The residual correction method corrects some systematic bias.
However, it does not resolve the main limits of the hybrid architecture in periods
in which volatility is high. In other words, the correction improves parts of the
output, yet it cannot change the underlying model behavior.

These results have practical value for institutions in emerging markets. For
organizations operating under certain resource limitations, simpler and well-
optimized models may generate better outcomes. The process of model selection
should not rely on the assumption that more complex designs produce increased
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accuracy. Instead, empirical validation should serve as the primary basis for
choosing an applicable model. Any introduction of additional complexity should be
gradual and rigorously evaluated to ensure that it positively contributes to the long-
term performance improvements rather than merely increasing computational cost.

The study examines movements in the exchange rate between the KZT and
USD currencies. Further research is required to examine generalizability to other
emerging market rates. Alternative hybrid models may also produce different
outcomes. Future research may explore ensembles that combine simple and
complex models. Additional data sources may also be used. Example sources
include news sentiment and central bank statements. Real-time learning methods
can also help identify shifts in market regimes and enable models to adjust more
quickly to changing conditions.

4. Conclusion

This research shows that well-tuned LSTM models can outperform hybrid
CNN LSTM models for KZT and USD forecasting in conditions that display
high volatility. The empirical results show that the LSTM achieves an RMSE of
4.8837 and an MAE of 3.7555. These values show clear improvement over the
CNN LSTM model, which shows an RMSE of 8.2236, and the residual corrected
model, which shows an RMSE of 5.3163.

The Diebold Mariano tests confirm the statistical significance of these
differences. Strong evidence is provided for the superiority of simpler architectures
in volatile financial settings. Therefore, the common assumption that higher
complexity always improves accuracy is challenged by these findings.

The training history shows that the LSTM model converges more smoothly
and more consistently than the hybrid models. The forecasts show that the LSTM
remains close to actual exchange rate movements, especially when volatility is
high. The hybrid models show over smoothing, which limits their ability to capture
rapid changes in the market.

Practical guidance is offered by this research for financial institutions and
policymakers. Simple LSTM models may provide more reliable forecasts and lower
computational cost than more complex hybrid models. This result is important
in environments in which resources are limited and forecasting accuracy carries
high importance.

Future work may examine whether these results hold for other emerging
market currencies. It may also explore ensemble approaches that use the strengths
of simple and complex models. Additional sources of data may also be used, e.g.,
news sentiment or central bank communication. Real time adjustment methods
may further improve forecasting in markets that show frequent regime shifts.
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LSTM HETT3IHAE K¥BbIJIMAJIBI ’KOHE JEPEKTEP
TANIIBIJIBIFBI BAP OPTAJIAPJIA BOJIZKAY

byn 3epmmey KyOuLiManel Oamyuibl HApbiKmapoazvl 6An0Ma
bazamein  bondicay mocenecine apuanean. bacmwvl nazapoa-scozapul
benciciz0iknen dHcoHe Oepekmepoiy KOMHCeMIMOLIIZIHIY WeKmenryiMeH
cunammanamvin meneeniy AKII oonnapeina 6azamei. Lstm oceninepi
KOOiHece yaKvim CepusiiapblH, COHbIH [WIHOEe KapiiCbliblK 0epeKmepoi
bonicay ywin Konoanvliadsl. Anaiioa, o1apoviy Hco2apuvl KYyObLIMALbLIbIK
neH Oepekmep MAanubliviabl dHcaz0aubliHOa, muicaivl, Kazaxemanoa
muimoiniei  6eneiciz  6onein  Kanyoa. Canvlcmulpmansl — 3epmmey
yculnobLiaowl. Lstm depbec moodeni, CNN Istm mooeni socone CNN Istm
KanobiKmapowl mysemy moodeni bazananaovi. bapnvix moodenvoep 2015
orcvioan 2024 ocvinea Oeiiinei kezende meneeniy AKIL donnapeina
WaKKanodazvl KyHOenikmi 6azamoapuinoa dcoHe Brent mapkanvl myHai
bazacvinoa okpimwinadwl. byn Kezen KyObLLIMANbIILIKIMbL aPMMbLPAMbIH
JicoHe bodIcay yaliepin Kamay mekcepyoi KAMmMAamacsl3 ememin Heeizel
IKOHOMUKAIBIK,  OKU2a1apobl  KAMMUObl. IMHUPUKALBIK,  HOMUNCENEp
LSTM aemonomovl mooeni ey omcaxcol Homuiceiepoi KOpcememiHin
xepcemedi. RMSE-4,8837, an MAE-3,7555. Byn nomuoicenep eubpuomi
Modenv Kamelepine Kapazanoa aumapivikmail owcaxcvl. CNN - Istm
modeni 8.2236 opmawa xeadpammuix Kameni (RMSE) xopcemeoi, 6yn
OHIMOLTIKMIY memenOiciH Kopcemeoi. Kanovikmapovl myzemy mooeiui
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rmse 5.3163 kepcemeoi, Oyn onbl Oacka exi MoO0enboly apaculHa
K0s10b1. Homuoicenep xapanaiivim mooenvoep dco2apbl KyObLIMAbLIbIK
neH wiekmeyni Oepekmep HCA20AUBIHOA JHCAKCHL HOMUNCE KOpceme
anamwlHbIH KopcemeOi. Byn sicozapel KypOoeninik nanudanvl yieiepoi emec,
wyobl KabwL10aumslHObI2bIHA OaliaHblcmbl 00ybl MyMKiH. backawa
aumxanoa, Myxkusam pemmeneen Kapanamivim apXumexmypaniap 0amyuibl
HapulKmap x#caz20atiblHOa CeHiMOL DONAHCAMOap Heacau anaobi.

Kinmmi cezoep: LSTM, Yaxeim xamaprapein 6onxcay, Aivipboac
bazamvin bonicay, KZT/USD, [lamywst Hapvikmap.
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MPOTHO3UPOBAHUE HA OCHOBE LSTM B BOJIATHJIbHbBIX
CPEJIAX M CPEJIAX C JE®UIIUTOM JAHHBIX

Hannoe uccredosanue nocssweno npobreme NnpoOSHOIUPOBANUS
OOMEHHBIX KYPCO8 HA BONAMULLHBIX PA3ZGUBAIOWUXCS pbIHKAX. B yenmpe
sHumanus — Kypc menee k Ooanapy CLIA, xapaxmepusyowutics
6bICOKOU HEONPEOETCHHOCHIbIO U 02PAHUYEHHOU OOCMYNHOCHbIO OAHHBIX.
Cemu LSTM uacmo ucnonv3yiomcs 01 NPOSHO3UPOBAHUSL BPEMEHHBIX
ps0os, sxmodas unancogvle oanuvie. OOHAKO ux d@gexmugnocms 6
VCIIOBUSIX BbICOKOU BONAMUILHOCIU U Oepuyuma OaHHbIX, Hanpumep, 6
Kazaxcmane, ocmaemces neonpedenennoil. [lpednacaemces cpagnumensroe
uccreoosanue. Oyenusaiomest asmonommas mooenv LSTM, mooen CNN
LSTM u mooens CNN LSTM ¢ xoppexyuei ocmamkog. Bce moodenu
obyuaiomces Ha exceOneeHvIx Kypcax menze k ooanapy CLIA u yenax
Ha Heghmo mapxu Brent 3a nepuoo ¢ 2015 no 2024 200. Dmom nepuoo
sKkmouaem 6 cebs OCHOBHble HKOHOMUYECKUe Cobblmus, KOmopbie
NOBLLUAIOM  BOLAMULLHOCMb U 0DECNeYUusaron cmpozylo npogepKy
Mooesell nPOSHO3UPOBAHUs. DMAUPUYECKUE PE3YIbmanmbl NOKA3bIEAIOM,
umo asmonomuas moodens LSTM — Oemoncmpupyem — naunyuuiue
pezynomamsl. RMSE pasno 4,8837, a MAE pasno 3,7555. Omu
Ppe3yIbmamyl 3HAYUMENbHO Jyyue, 4emM OWUOKU SUOPUOHBIX MOOeel.
Mooeno CNN LSTM Oemoncmpupyem cpeoHeK8aopamuihylo ouuoKy
(RMSE) 8,2236, umo yrxazvieaem Ha 60Jiee HU3KI0 NPOU3800UMeNbHOCb.
Mooenwv koppexyuu ocmamrkos nokasvieaem RMSE 5,3163, umo cmasum

eé medxncoy 08ymst Opyeumu mooenimu. Pesynomamol nokasvieaiom, 4mo
npocmule MOOeIU MO2YM NOKA3bI8AMb Jyduiue pe3yabmamol 6 YCA06UsX
BbICOKOU BONAMUNLHOCIU U OZPAHUYEHHOCMU OAHHbIX. DMO MOdicem
ObIMb CBA3AHO ¢ meM, 4mo 6ojee BbICOKASL CLOACHOCMb YIaAGIusaem
WyM, a He nose3Hvie 3aKOHOMEepHOCMU. [pyeumu cloeamu, muameibHo
Hacmpoenuvle Oojee Npocmvle ApXUmeKmypbl Mo2ym o0becnequsams
Oosiee HaoedCHbie NPOSHO3bL 8 YCL0BUSIX PA3BUBAIOUJUXCSL PBIHKOE.
Kuouesvie cnosa: LSTM, [Ipocnoszuposanue 6pemeHHbIX psoos,
Ipoenosuposanue obmennozo kypca, KZT/USD, Pazeusarowuecs pulHKu.
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A DATASET OF KAZAKH HANDWRITTEN CHARACTERS

Handwriting still appears in classrooms, paperwork, and personal
records, even where most communication has moved to a screen.
For Kazakh written in Cyrillic, the main blocker for character-level
recognition research is not a lack of ideas but a lack of carefully described
data that other groups can reuse with confidence. This paper treats data
quality as the central engineering problem and walks through how a
usable dataset was put together. We describe form design and writer
recruitment, scanning at 300 dpi, semi-automatic segmentation of grid
forms into character crops, normalization and resizing to 64%64, and a
two-pass annotation workflow with class-wise spot checks. The resulting
dataset holds approximately 140,000 grayscale images across 42 classes
from around 110 writers in two age groups. We also report a baseline
convolutional neural network that reaches 84.3 % test accuracy and a
macro-averaged F1 of 0.836, mainly to confirm the dataset is usable and
to give later work a comparable reference point. The contribution is the
methodology more than the size: per-class auditing, structured handling
of segmentation failures, and a strict ambiguity-removal rule during
labeling did more for reliability than additional samples would have.

Keywords: handwritten character dataset, Kazakh Cyrillic, data
quality, segmentation, annotation workflow, label noise, convolutional
neural network, low-resource scripts.

Introduction

Handwriting has not gone away. Schoolchildren still copy notes by hand,
government forms still ask for handwritten signatures, and personal records
often live in notebooks before they reach a screen. Turning that handwriting into
machine-readable text helps with archiving, accessibility, and faster paperwork.
None of this works, however, if the underlying training data is poor.
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For Kazakh in Cyrillic script, that catch is real. Public character-level
resources are limited, the few that exist focus on word- and line-level recognition
rather than isolated characters, and the documentation that would let another
team reproduce the data construction pipeline is rarely available. Recent work
on data-centric Al has made the same point in a more general setting: time spent
on dataset construction tends to dominate the model development cycle, and the
design choices made during data preparation directly determine how reliable the
downstream system can be [1; 2].

The dataset construction literature for handwriting has slowly moved in the
same direction. The HKR database for Russian and Kazakh handwriting [3] and the
larger KOHTD collection [4] both demonstrate the value of careful protocol design
and class-wise auditing. Similar lessons appear in Kurdish character collections
[5; 6; 7], the Devanagari numerals and vowels dataset [8], the AHAWP Arabic
dataset [9], the Bangla CBD2023 collection [10], and the Grantha character dataset
[11]. The consistent finding across these papers is the same: dataset value depends
less on raw size and more on reliable ground truth, transparent methodology,
and a clear account of how segmentation and labeling decisions were handled.
Manuscript-level resources such as the Tamil palm leaf dataset [12] add similar
complications around degraded substrates and historical artifacts.

This paper sits in that tradition. We describe the construction of a character-
level dataset for Kazakh Cyrillic handwriting, with emphasis on the design choices
that most directly affect label reliability. We also report a baseline convolutional
neural network trained on the resulting dataset, mainly as a sanity check that the
data is usable and as a reference point for later comparison.

The contributions are: a character-level dataset for Kazakh Cyrillic
handwriting containing approximately 140,000 labeled images across 42 classes,
collected from writers in two age groups; a documented end-to-end pipeline
covering form design, scanning, semi-automatic segmentation, normalization,
and two-pass annotation review; a practical analysis of segmentation failures
and labeling decisions, organized so that future contributors can extend the
protocol; and a baseline CNN result with per-class F1 scores and a discussion
of confusion patterns.

Materials and methods

The dataset is built at the isolated character level. Each image holds one
Kazakh Cyrillic character, and each label corresponds to one of 42 classes. Class
identities are tracked by index throughout the paper rather than by Unicode
character, which avoids encoding issues across editors and operating systems.

Participants filled in printed handwriting forms organized as a fixed grid.
The grid gave us a stable geometry for the segmentation step, but each cell was
generous enough to allow personal variation in size, slant, and stroke thickness.
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We asked writers not to copy printed letterforms or trace anything; the goal was
natural handwriting, not calibrated handwriting.

We collected data from two contributor groups. The first group was university
students at Astana IT University, aged 18 to 21. The second was school pupils
from secondary schools in several regions of the country. Roughly 110 writers
contributed in total: about 60 from the university and 50 from schools. Each
writer completed two to four forms depending on their availability, producing on
average around 320 character samples before cleaning. No personal information
was retained beyond an internal session identifier used to track sheets through
the workflow.

The mix of adult and school-age writers was deliberate. Younger writers
tend to use larger letter shapes and slightly more variable stroke control, while
university students are more consistent but also more idiosyncratic. We wanted
both ends of that spectrum in the data so that a recognition model trained on it
would see something closer to real-world handwriting.

Completed forms were scanned at 300 dpi as grayscale images. Pages with
heavy shadows, severe blur, or substantially blank arcas were discarded at this
stage rather than later. Cleaning effort spent on a poorly scanned page is rarely
recovered; it is cheaper to rescan or drop.

The segmentation step turns a scanned form into individual character crops.
We used a semi-automatic pipeline. The known grid geometry produced an initial
crop proposal for each cell, and a human reviewer then corrected the cases where
the proposal was wrong. To structure the cleaning effort, segmentation failures
were grouped into recurring categories: incomplete crop (part of a stroke missing),
shifted crop window, multi-symbol crop (parts of two characters in one cell), and
background artifact inclusion (printed grid lines, ink smudges, paper texture). This
grouping turned out to be useful for diagnosis. Most of the failures we saw were
not random. They correlated with specific regions of the form, usually edges where
scanning misalignment had the largest effect, and so they could be re-cropped in
batches rather than handled one by one.

Each crop went through a short normalization pipeline. We applied a mild
intensity correction to even out background illumination, recentered the foreground
using the stroke bounding box when the character sat far from the cell center,
and resized the result to 64x64 pixels with aspect-ratio-preserving padding. The
padding step matters more than it sounds: stretching a tall character to a square
aspect ratio introduces a deformation that is then learned as a class feature, which
is exactly what you don’t want. Figure 1 shows the overall pipeline.
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Form s Scanning s Grid-based Normalization Two-pass
collection (300 dpi) segmentation + resize 64x64 label review

Figure 1 — Dataset construction pipeline from raw form to labeled crops

Labels were assigned at the character level in two passes. The first pass
corrected obvious segmentation failures during the crop review step. The second
pass focused on classes that had previously caused trouble (visually similar
pairs and low-quality scans) and consisted of class-wise spot checks rather than
exhaustive review. When a sample was ambiguous, we removed it instead of
guessing. The conservative version of this rule produces a smaller dataset, but a
smaller dataset with reliable labels is far more useful than a larger one where some
fraction of samples sits at the boundary between two classes.

Quality assurance was driven by per-class frequency tracking. We watched the
lower tail of the class distribution as cleaning progressed; sharp drops in a particular
class were almost always traceable to a region of the form where segmentation was
failing systematically. When we saw that pattern, we re-cropped the affected region
rather than applying global filters, which would also have removed valid samples.

The recurring noise sources and the corresponding cleaning actions are listed
in Table 1.

Table 1 — Recurring noise sources observed during cleaning and the action taken
in each case

Noise source Cleaning action applied
Empty or near-empty crop Removed after a quick visual check.
Incomplete crop (missing strokes) Re-cropped from the source page when
recoverable; otherwise discarded.
Multi-symbol crop Manually corrected when the intended character
was unambiguous; otherwise discarded.
Background shadows or grid lines Reduced through intensity normalization;
removed when the stroke remained hard to read.
Blur or low contrast Removed when stroke identity

could not be determined.

Overwriting and corrections by the | Removed when the corrected character could not
writer be read confidently.
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The final class frequency distribution after cleaning is shown in Figure
2. The distribution is not flat. A few rare letters such as E, b, and h remain
underrepresented, which is consistent with their natural frequency in written
Kazakh, but no class falls below the floor we set for usable training material.
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g 8
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Number of images
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g 8
g8 8

1000 4

A9BE BT FAEEX3MWMNEKKANMHHOBNPCTYYYO®XhUYWWbL I b3I3a
Character class

Figure 2 — Class frequency distribution across
the 42 character classes after cleaning

The dataset has the standard layout expected by image classification
frameworks: train/, validation/, and test/ folders, each containing 42 subdirectories
indexed class_01 through class 42. A metadata file in each split lists file
names with class indices. We use class indices rather than Unicode names for
the same encoding-stability reason mentioned earlier. Table 2 summarizes
the main properties.

The dataset is partitioned 80 % / 10 % / 10 % across training, validation, and
test, with class proportions preserved across all three splits. Splits are made at the
sample level rather than the writer level. This is a known compromise. Writer-
level splits are stricter and more honest, but with 110 writers and 42 classes, a
writer-level split would have left some classes with very few or no samples in the
held-out partitions. We document the choice here so future users can construct
stricter splits if needed.

The dataset is released for non-commercial research use. Researchers can
request access by emailing the corresponding author with a brief note about the
intended use. The directory structure described above, the class index mapping,
and the per-split metadata files are included in the release.
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Table 2 — Dataset summary

Property Value
Number of classes 42 (Kazakh Cyrillic alphabet)
Total labeled images ~ 140,000
Image format Grayscale PNG

Normalized image size

64 x 64 pixels (with padding)

Train / Validation / Test split

80% / 10% / 10%, class-preserving

Number of writers

~ 110 (= 60 university students,

~ 50 school pupils)

Scanning resolution 300 dpi

Baseline classifier

To check that the dataset supports a reasonable classifier, we trained a small
convolutional network and report its results below.

The network has four convolutional blocks followed by two fully connected
layers. Each block contains a 3x3 convolution with ReLU activation, batch
normalization, and 2X2 max pooling. The first two blocks use 32 filters; the last
two use 64. After the final pooling step, the feature map is flattened and passed
through a dense layer of 512 units with dropout 0.5, then to a 42-way softmax.
Total parameter count is approximately 1.8 million.

Images were normalized to zero mean and unit variance using statistics
computed from the training split only. The optimizer was Adam with an initial
learning rate of 0.001 and batch size 128. Learning rate was halved when validation
accuracy did not improve for three consecutive epochs, and training was capped
at 30 epochs with early stopping after eight flat epochs. We did not use external
data, pretrained weights, or augmentation beyond the normalization step described
above; the goal here was a baseline, not a tuned system.

Results and discussion

The model reaches 84.3 % accuracy on the held-out test split, with macro-
averaged F1 0f 0.836 and weighted F1 of 0.841. Top-3 accuracy is 96.7 %. Table
3 lists the headline metrics.

Table 3 — Baseline CNN classification results on the held-out test split

Metric Value
Test accuracy 84.3 %
Macro-averaged F1-score 0.836
Weighted F1-score 0.841
Top-3 accuracy 96.7 %
Trainable parameters ~ 1.8 million
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The training and validation curves (Figure 3) settle without obvious
overfitting. Training accuracy climbs to about 90.2 % while validation plateaus
around 84.3 %. The gap is consistent with what we would expect from natural
writer variation: the test split contains writers and styles that the training split does
not see fully, rather than with model capacity issues.
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Figure 3 — Training and validation accuracy over 30 epochs

Per-class F1 scores (Figure 4) range from 0.667 to 0.926. The shape of this
distribution does not track sample frequency, which is the most useful observation.
Sample count alone does not predict difficulty. What predicts difficulty is visual
similarity between classes.

Several patterns recur. The rounded-stem vowels with closely related forms
are confused with each other across writers, which is the largest single source
of misclassification. The soft sign and hard sign share a base shape and differ
in details that disappear under noisy stroke control; they are among the most
frequently confused pairs. The two forms of O differing only by a small diacritic
stroke show consistent mutual confusion, and the same applies to the two forms
of K with and without descender. The cluster of sibilant letters with similar closed
loops produces the lowest scores. When visual similarity and lower sample count
combine, as they do here, the effect compounds.
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Figure 4 — Per-class F1-score for the baseline CNN.
Orange bars mark visually-similar classes that fall below 0.78

These confusion patterns line up with the classes that required the most human
review during annotation. In other words, the model finds the same boundary cases
hard that human reviewers found hard. That is a reasonable consistency check, and
it tells us where any future improvement effort should go: targeted augmentation
or example mining for the visually similar classes, rather than uniform scaling
of the dataset.

Several limitations are worth being explicit about. The dataset contains
isolated characters extracted from grid forms, so a model trained here will not
transfer cleanly to connected handwriting at the word or line level without
adaptation. Our collection conditions were fairly clean (standard paper, adequate
lighting, approved pens), which means real-world artifacts like faded ink, pencil
writing, or unusual paper colors are underrepresented. We do not systematically
sample across all demographic axes; handedness is not tracked, very young or
elderly writers are not included, and the geographic range is narrower than we
would have liked. The conservative cleaning policy improves per-sample reliability
at the cost of removing the difficult near-boundary cases that real documents
contain. Finally, residual class imbalance remains, and downstream users may
want to reweight or oversample depending on their task.

Conclusions

The dataset described here contains roughly 140,000 labeled images of
isolated Kazakh Ciyrillic characters across 42 classes, collected from approximately
110 writers in two age groups, processed through a documented semi-automatic
pipeline, and organized for direct reuse. A small convolutional network reaches
84.3% test accuracy and 0.836 macro F1 on the resulting splits, which is enough to
confirm the data is usable and to establish a reproducible reference for later work.

The main argument of the paper is that the value of the dataset is in the
methodology, not the size. Per-class auditing, structured handling of segmentation
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failures, and a strict ambiguity-removal rule during annotation did more for
reliability than collecting additional samples would have. Future work will
focus on widening writer diversity, relaxing the controlled collection conditions,
and extending the protocol toward word- and line-level data so that the gap
between isolated-character and full-text recognition can be addressed within
a single resource.
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KA3AK KOJIZ’KA3BA TAHBAJIAPBIHBIH JATACETI

byn maxanaoa xazax kupuiiuyacwblnodaebl OKWAYIAH2AH KOJMEH
Jlcasvliean  mawbanap  oamacemin - Kypacmulpy — CUNAMmAi2a.
JKymvicmoely Hezizei Hazapvl Oepexmep CAnacbiHa UHICEHEPIIK Mocee
peminde ayoapuliaoel. Kunay @opmanapuin odicobanay, crawepey,
JACapmuliail  aBMOMAmMmsl  Ce2MeHmMayus, HOPMALAy JHcoHe eKi pem
mexcepyoen omemin anHomayus npoyeci moavl, cunammanaosi. Conevl
damacem wamamer 140 000 cyp mycmi keckinOi kammuovl, onap 42
KAACKa OOIHEeH JICOoHEe eKi Jicac moOblHOA2bl KAMbICYUbLIAPOAH, si2HU
cmyoenmmep MeH  OKyubliapoanf, owcunanzan. Ceemenmayusoazol
Jcone manybanayoasvl Key mapaiean Kameuikmep MeH 0aapobl my3emy
mocinodepive apuaiivl manday cacanean. /lamacemmiy NpaKmMuKaibix
AHCAPaMObLIbIZbIH 08JIe]I0€Y YWIH 0A3aNblK, KOHEOIOYUSLIbIK HEUPOHObIK,
orceni yupeminin, mecminix yiecme 84,3% oondix nen 0,836 maxpo-F1
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KOpcemKiwli  anvinovl.  AnvlHean Homudicerep oamacemmi  Ka3ax
KONicazoa MOMIHIH MAaHy CAndcblHOaabl opi Kapauabl 3epmmeyJep YUulin
KaumaianamolH He2i3 peminoe, COHOAll-aK oepekmep wexkmeyii O01amviH
Jreazo0annapoa ocblHOAl pecypcmapobl Kypyad apHaiea S0iCmeMmeniK
bazoap peminde Kapacmuvipyea MyMKiHOIK Oepedi.

Kinmmi  ce30ep: Koamen owcasviiean mawbanap, oamacem,
Ka3aK KUPpULIUYAcyl, O0epekmep Candacol, ce2Menmayus, aHHOmayus,
KOHBONIOYUSLIBIK, HEUPOHOBIK, JICE, KOIANCAZOAHbL MAM).
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JATACET PYKOIIUCHBIX
CHUMBOJIOB KA3AXCKOTI'O AJI®ABUTA

B cmamve npeocmasnena paspabomxa damacema uzonupOoGAHHbIX
PYKONUCHBIX CUMBOIL08 KA3AXCKO20 A(asuma Ha KUpuiiuye, 8 Komopou
OCHOBHOE BHUMAHUE YOeNIeHO Ka4eCney OAHHBIX KAK KI0YeBOU UHIHICEHePHOU
3adaue. Onucan NOJHLIN NPOYECC CO30aHUSL. NPOCKMUPOBAHUE POPM ONlsl
cOopa pyKonucHuwix 00pasyos, CKAHUPOBAHUe, NOIYABMOMAMULECKAs]
ceeMeHmayusi, HOPMAIU3AyUsi U O08YXNPOXOOHAsL NPOBEPKA PAIMEMKU.
HUmoeosviit doamacem cooepoicum okono 140 000 uzobpadscenuii 6
2padayusix cepozo, pacnpedenénnvix no 42 kiaccam u coOpamHvlx y
VHACMHUKOB O8YX B03DACTIHBIX 2PYNN. CIYOEHMO08 U WKOIbHUK08. Ocoboe
Mecmo 6 pabome 3aHUMAem AHAIU3 MURUYHBIX OWUDOK ceeMenmayuu
U pewienuli o O4UCMKe OAHHbIX, OKA3bIBAIOWUX HAUOOIbUEe GUAHUE
Ha HaoéxcHocmv  pazmemxu. J[na noomeepocoenus npakmudecKkou
npueoOHocmu oamacema 00yuena 6az08as C6EPMOYHASL HEUPOHHASL CeMb,
docmuearowas mounocmu 84,3% na mecmogoil evibopre u makpo-Fl,
pasnozo 0,836. I[lonyuennvie pe3yiomamsl HO360AION PACCMAMPUBATND
damacem Kaxk 80CAPOUIBOOUMYIO OCHOBY OJis OANbHEUWUX UCCIO0BAHUL
6 0bracmu pacno3HaBaHUs KA3aXCKOW PYKONUCHOU NUCOMEHHOCMU U
KaK Memooudeckutl opuenmup 071 NOCMpoeHust NOOOOHBIX Pecypcos 6
VCIIOBUSIX OZPAHUYEHHO20 KOIUYECMBA OAHHbIX.

Kniouesvie cnosa: pykonuchvie cumeonvi, Oamacem, Ka3axcKas
KUPULIUYA, KAYeCmB0 OAHHbIX, Ce2MEHMAayusl, pasmemrd, ceEpmounas
HEUPOHHAs cemb, PACNO3HABANUE PYKONUCHO20 MeKCMA.
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CLASS PROTOTYPE ALIGNMENT THROUGH OPTIMAL
TRANSPORT OF BARYCENTERS FOR UNSUPERVISED
DOMAIN ADAPTATION

In this paper, the problem of domain adaptation for image
classification using the Optimal Transport approach is studied. A proposed
method considers the class structure of the data, in which Wasserstein
barycenter’s are calculated for each class of the training sample, acting
as semantic prototypes. These prototypes are used to align the distribution
of the target data sample by clustering and building a transport plan
between barycenter’s and target samples. Additionally, pseudo-labels are
generated for the unlabeled data, which allows them to be included in the
model training process. The experimental evaluation is carried out on
datasets of handwritten digits showing differences in feature distributions.
Linear regression is used as the basic method. The results show that the
proposed approach provides higher classification accuracy and better
consistency between the two datasets. Thus, the method confirms the
effectiveness of using structured transfer of distributions to improve the
quality of models in conditions of a distribution shift.

Keywords: Unsupervised Domain Adaptation, Optimal Transport,
Wasserstein Barycenter’s, Class Prototype Alignment, Domain Shift,
Image Classification, Pseudo-Labels, K-Means Clustering.

Introduction

For various machine learning tasks, such as medical diagnostics, security, and
e-commerce, there are often situations in which the data distribution may differ
from the training sample. Research examines how population differences affect the
analysis of X-ray images [1]. This mismatch in data distributions is called domain
shift, a problem when source and target have different feature distributions. The
model will be trained on a specific sample, but when used on target, it may come
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across samples having features that differ from what was in the training sample.
Due to such scenarios, the accuracy of predictions decreases and the performance
of the model decreases. Using the example of tasks related to image classification,
many factors can affect the set of features, such as lighting, tilt angle, colors, etc.
Domain Adaptation is an area of machine learning that studies ways to solve
domain shift [2; 3; 4].

In this paper, Domain Adaptation is investigated in image classification
tasks using the Optimal Transport framework. The method presented in this
study is inspired by work of Courty, in which the smoothing of sources and target
distributions occurs, which is mathematically justified by Optimal Transport [5].
However, the transport plan is not built for the entire sample distribution, but for
the source classes of the domain. This allows to maintain the integrity of classes
when transferring “masses” and reduces errors in which the target samples are
assigned the wrong class.

Domain adaptation is a subtask of the knowledge transfer problem, the
purpose of which is to reduce the performance of models trained on source
distribution and those used on target distributions. This problem is especially
relevant in machine learning without a teacher.

One of the significant methods is feature-based, which seeks domain-invariant
features. Techniques such as Transfer Component Analysis (TCA) and Joint
Distribution Adaptation (JDA) try to reduce marginal and conditional distribution
discrepancies in the transformed feature space through criteria such as Maximum
Mean Discrepancy (MMD) [6].

Modern approaches actively apply deep learning. Deep Adaptation Networks
(DAN) and Deep Transfer Networks (DTX) extend MMD ideas by adding them
to deep network layers to align features.

In contrast to Optimal Transport-based approaches, these algorithms aim to
reduce the divergence between distributions or jointly map feature representations.
They have proven effective in numerous applications across computer vision, text
processing, and medical diagnosis, among others.

The general OT problem (to give the Kantorovich formula) is the
calculation of an optimal transportation plan for transferring the “masses”. In
the case of Domain Adaptation, the “mass” is the source and target feature
distributions. The methods provided by OT extend approaches to solving Domain
Adaptation problems, for example, the ability to match distributions without
explicit target markup.
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Formulation of Kantorovich’s problem:

min c(x,y)dy(x,
i, | cenarey)

where L and V are probability measures (distributions) on the spaces X and
Y, respectively, c(x, y) is a function of the cost of moving mass from X to Y,
and I1(u, v) is the set of all joint distributions with marginals ( and V.

Several methods have been studied for applying Optimal Transport to the
Domain Adaptation problem.

Researchers introduced a novel framework based on optimal transport (OT),
which provides a mathematically grounded way to align empirical probability
distributions between domains. The proposed method frames domain adaptation
as a transportation problem, where source samples are mapped onto the target
domain. To improve robustness and incorporate label information, the framework
includes regularized optimal transport with entropy-based smoothing, class-based
group sparsity, and Laplacian constraints.

Unbalanced Optimal Transport extends traditional OT by relaxing mass
conservation constraints, enabling flexible adaptation to imbalanced class
distributions [7]. Unbalanced OT method applies this framework to object
detection [8].

Partial Domain Adaptation methods, such as Masked Optimal Transport
and Intra-Domain Structure Preserving (IDSP), further advance the field through
innovative reweighting and structure preservation techniques [9; 10].

The Low-Rank approach emphasizes that current OT methods do not account
for noisy training samples or inaccurate labels. Referring to JDOT and DeepJDOT,
a Low-Rank transport plan is proposed that smooths the effect of noise during
mass transfer [11; 12].

The Class-Aware approach uses source-domain labels to correlate target
samples with source classes via a Transportation Network that predicts per-class
membership probabilities. A Multiclass Discriminator with M + 1 outputs guide
the optimal transport plan construction [13].

Materials and methods

The goal of domain adaptation is to adapt a model trained on source
distribution with labels Dg = {(xf yE )}ivj1 so that differences in target distribution
Dr = {XJT}?IL do not impair performance. Both domains share the same label
space Y = {1, ..., M},, but their data distributions differ, i.e., Ps(x) # Pp(x).

The study examines the class-aware approach of Optimal Transport for
domain adaptation in the task of recognizing handwritten images.
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The class prototype alignment searches for Wasserstein barycenter’s in the
source distribution with labels. Instead of computing an optimal transport plan
for each individual distribution sample, the source barycenter’s and target cluster
centroids are compared.

Domain Adaptation: Source and Target Alignment via Wasserstein Barycenters

Source class 0
Source class 1
a AARL source class 2
g g Target class 0
#‘.-.E' Yy Target class 1
}( * Target class 2
o . #§ Source Barycenters
3 7 4 Target Clusters
% Blended Prototypes

- ) o 2 1 6 8 10
Figure 1 — Visualization of Domain Adaptation via Wasserstein barycenter’s

For each class ¢ = 1, ..., C, we define the empirical source distribution as

Ne

1
() _
Us® = E e 6x§5)'

i=1

where xi(c) € R are feature vectors from class c. We compute the Wasserstein
— m 3
barycenter vV, = ), j=1Wj 52,- by solving:

N
. (@)
mvmz A W2 (yi ,v),
i=1

where A; = 1/N and W, is the 2-Wasserstein distance. The POT library is
used to compute V. numerically [14].

Source barycenter’s are also used as initialization points for k-means
clustering of the target distribution. Let {b,}5_; be the source barycenters. We
perform k-means with initial centres b, to obtain clusters {C£}S_,, where
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t — t, . — : t 2
ct = {xj.c = argmin Il xj — by |l }

A pseudo-label ?]-t is assigned to each target sample X jt as:
At : t 2
i =arg min xi — b, .
V; 8. min Il x; el

These pseudo-labels guide training through an additional loss term:
1<
g = 7 ) £ (F(5)), 55),
t 4
j=1

where £ is the cross-entropy loss.

After identifying barycenter’s, clusters, and pseudo-labels, an optimal
transport plan is sought between them to smooth the alignment of barycenter’s to
target clusters. Let {bc}gzl be the source barycenters and {Zk}izl the centroids
of target clusters {Cf}..

Define the cost matrix D € R¢*¢ with entries:

Do =l by — 2 II%.

Then compute the optimal transport plan T € R¢*€ by solving:

T = argTEnl}gl'c)(T, D),

where U(r,c)={T=0|T1=r, TT1=c} and r,c€ AC are
uniform weights , = ¢, = 1/C.
The entropic-regularized (Sinkhorn) version solves:
T = argTerg%EC)(T, D) — eH(T),

where H(T) = - Zc,k Tck lochk'
The final classifier combines three loss terms:
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Results and discussion

In addition to the standard machine learning libraries (numpy, pandas,
pytorch), the Python Optimal Transport (POT) library was used to compute the
optimal transport plan.

The following benchmarks were selected to evaluate the proposed Class
Prototype Alignment method:

MNIST. A dataset of 28 X 28 grey-scale images of handwritten digits [15].

EMNIST. Extended MNIST preserves the same representation principle but
extends the number of classes and contains more samples [16].

Table 1 — Comparison of MNIST and EMNIST (Digits) Datasets

MNIST EMNIST
Classes 10 (digits 0-9) 10 (digits 0-9)
Training Samples 60000 240000
Test Samples 10000 40000
Image Size 28x28 px 28x28 px
Grayscale Yes Yes
Balanced per Class Yes Yes
Format Centered, cleaned Rotated, not centered

During the experiment, MNIST and EMNIST datasets were split into train
and test subsets (20,000 training samples and 10,000 test samples). The baseline
is a logistic regression classifier (scikit-learn, 1000 iterations). Per-class Precision,
Recall, and F1-Score were computed alongside overall accuracy (Tables 2 and 3).

Table 2 — Baseline classification report

Class Precision Recall F1-Score
0 0.3901 0.9455 0.5523
1 0.8963 0.8775 0.8868
2 0.1559 0.3403 0.2138
3 0.0952 0.0020 0.0039
4 0.1024 0.1619 0.1255
5 0.5968 0.1484 0.2378
6 0.2086 0.1093 0.1434
7 0.0951 0.1381 0.1127
8 0.1982 0.0223 0.0401
9 0.1983 0.0743 0.1081
Accuracy 0.2814
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Table 3 — Class Prototype Alignment classification report

Class Precision Recall F1-Score
0 0.4648 0.8734 0.6067
1 0.9139 0.5560 0.6914
2 0.1685 0.4659 0.2474
3 0.0000 0.0000 0.0000
4 0.1606 0.0523 0.0789
5 0.6000 0.0211 0.0407
6 0.2880 0.4065 0.3371
7 0.2437 0.6070 0.3478
8 0.0811 0.0091 0.0164
9 0.3706 0.0753 0.1252
Accuracy 0.3092

Our method strongly depends on the quality of the feature extractor; weaker
embeddings cause accuracy to drop significantly (e.g., 15% vs. 30%). Additionally,
computing Wasserstein barycenter’s for high-dimensional samples remains a
challenging open problem.

Conclusion

In this work we propose a class-aware domain adaptation method using
Optimal Transport and Wasserstein barycenter’s. Our approach effectively adapts
by aligning source class prototypes to target clusters using pseudo-labels, achieving
this in the absence of target supervision. Experimental results show that our method
outperforms a linear regression baseline, highlighting the benefit of a structured
transport-based adaptation approach for image classification.
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YHWPETIIMETEH JOMEH BEWIMJIEYIH/JIETT BAPULIEHTPJIEP/IIH
OHTAWJIBI TACBIMAJIBIHA HETI3JIEJITEH CHIHBITT
MPOTOTHUIITEPIH YHJIECTIPY

byn oicymvic oymaiinel macvimanoay mocinin KOIOAHA Omblpwin,
KeCKiHOepOI Jcikmey Yulin 0OMeHOIK bellimoeny MiHOemiHn Kapacmuipaobl.
Jepexmepoin ColHbINMbLK KyPbLILIMbIH eCKePemin 90iC YCblHblIaAbl, OHOA
OpOIp OKY CHIHBIObL YUIH CEMANMUKALLIK RPOMOMUNmMep peminoe spexem
ememin Baccepwmeiin Oapuenmprepi ecenmenedi. byn npomomunmep
Kaacmepiey JdcoHe bapuenmpiep Men MaKcammaol yaziiep apacblHoa KoK
JACOCNAPLIH KYPY ApPKblLIbl MAKCAMMbl Oepekmep yAICIHIY mapaiybit
meHnecmipy ywin Kondausiiaovl. CoHviMen Kamap, OenciieHbezen
MoniMemmep YWiH dcan2an benziiep icacaniaovl, Oy onapobl MoOeibOi
OKbIMY npoyecive Kocyaa MyMKIHOIK 6epedi. Dkcnepumenmmix bazanay
beneiiepoiy  mapanyvlHOazsl  AUBIPMAUDBLILIKIMAPObL  KOPCememin
KONICazoa canoapolibly OepeKmep HCUblHMbl2blHOA JCy3e2€ ACbIPbLIAObL.
Coi3blKmbiK peepeccus Hezizel 90ic peminde Kol0anvliadvl. Homuoicenep
YCHIHbLI2AH MOCLL €Ki 0epeKkmep MHCUBIHMbIZbL APACLIHOAZbL JHCO2aAPbl
Jicikmey 0d1012IH JHCOHe JHCAKCHIPAK, COUKeCMIKMI KAMMAMACHI3 emMemiHi
kepcemedi. Ocvuiatiwia, o90ic ampubymmol  yaecmipyoiy — ayvlcybl
24ca20atblHOa Mo0enbOepoly Canacbli JHCAKCapmy YuiiH KypblibLMObIK,
yaecmipyoi Koi0anyOvly muiMOLIieiH pacmaiobl.

Kinmmi  ce30ep: oOomendi Oaxvinaycelz beuimoey, OHmMAillvl
maceimManoay, —edaccepuimenin —Oapuyenmpiepi, Kiacc npomomunin
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BBIPABHUBAHUE ITPOTOTHUIIOB KJIACCOB YEPE3
ONTUMAJIbHBINA TPAHCIIOPT BAPUIIEHTPOB

B oOannou  pabome paccmampusaemcs  3a0aua  OOMEHHOU
adanmayuy O KIACCUPUKAYUU  U300PAICEHUTE C  UCNONb30BAHUEM
nooxooa  Onmumanvroeo  Tpancnopma. Ilpednacaemcs — memoo,
VUUMBIBAIOWUTE  KIIACCOBYI0  CIMPYKMYPY OAHHLIX, 8 KOMOPOM OJisl
Kanxcoo2o Kuacca obyuaroujell 8blOOPKU  SbIHUCTAIOMCS  OaAPUYeHmpol
Baccepwmeiina, evicmynaiowue 8 poau cemManmuyeckux npomomunos.
Omu npomomunsl UCHONBL3VIOMCS ONsl GbIPABHUBAHUS PACHPeOeieHUs]
yenesoll  6blOOPKU  OAHHLIX NYMEM  KIACMepu3ayuy U HOCmpOoeHUs.
MPAHCTIOPIMHO20 NIAHA MEAHCOY DAPUYEHMPAMU U YeTeBLIMU 8bIOOPKAMU.
Jonoanumenvno gopmupyiomes ncegdo-memku Ot HePA3MEHEeHHbIX
OAHHBIX, YMO NO360J51eM GKIIOUUMb UX 6 Npoyecc 00yueHust Mooenu.
DKkcnepumenmanvuas —OYeHKa NpPoGOOUMCsi Ha  HaOOpax — OAHHbIX
PYKONUCHBIX YUDP, OEMOHCMPUPVIOWUX PA3IUYUSL 6 PACHPEOeTCHUSX
npuznakos. B kauecmee 0a306020 memooa UCHONb3YEMCs JUHELHAS
peepeccust. [lonyuennvle pe3ynbmamol NOKA3bI6AION1, YMO NPEONOHCEHHbLL
nooxo0 obecneyusaem 00jee GbICOKYIO MOYHOCMb KlACCUGuUKayuu u
JYHUIO  CO2TIACOBAHHOCb MexcOy 08yMs Habopamu Oanuwix. Takum
obpazom, memoo noomeepxucoaem 3IPHeKMmuUeHOCMb UCTIONIb308AHUSL
CMPYKMYPUPOBAHHO20 ~ NEPEHOCA  pacnpeoeseHutl  Oiisl  NOBbIULEHUs]
Kauecmea Mooesiell 8 YCI08USIX CO8U2A PACHPeOeeHUsl NPUSHAKOB.

Kniouesvie cnosa: Hexonmponupyemas aoanmayus K npeomMemuol
obnacmu, Onmumanvuvlii mpancnopm, bapuyenmpol Baccepwmerina,
Buipasnusanue npomomunog knaccos, Cosue npeomemuou obnracmu,
Knaccugurayus uzoopasicenuii, ncegdomapruposxu, Knacmepuszayus no
K-cpednemy snauenuro.
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OBECIIEYEHWUE HEU3MEHHOCTU JAHHbIX
B JELJEHTPAJIN3OBAHHbIX CUCTEMAX HA BA3E WEB3

Hannoe  uccredosanue  HANpaeieHo  HA - U3YYEHUE — MEOpUU
UMMYMAOEIbHOCMU  OAHHLIX, NOHUMAHUE KOMOPOU HE0OX00UMO OJis
peanuzayuu coOCmMGEHHOU pazpabomKu, 6 O0CHO8e KOMOPOU CMoum
Odeyenmpanuzosantas cemv Web 3. Akmyanvrocme pabomsi 00ycio6ieHa
KpUMu4eckot HeoOX00UMOCmblo 3auumsl OAHHbIX 68 MAKuX 001ACmsX,
KaK uuancogvle mpaH3akyui, MeOUYUHCKUe 3anuci, 10puouyecKue
UHCIMPYMEHMbl U npasumenbcmeennvle obpaujenus. Tpaduyuonnvie
YeHmpanu308anHvie NOOX00bl UMEION. CYUeCmEeHHble HeOOCMAmKU.
KOMNPOMemayus. YeHmMpaibHo20 XPAHUIUWa npueooum K HOJIHOU
nomepe eapanmuili YeioCmMHOCMY, d GHYMPEHHUE Y2po3bl CO30al0Mm
O0OnoHUMenbHble PUCKU Ol KPUMUYECKU BANCHOU  UHPOPMAYUU.
Pacnpedenénnvie cucmemul npediazaiom aibmepHamugy, 20e apaHmuu
HEUSMEHHOCIU 00CMULAIONICSL Yepe3 KpUnmozpaguieckue Mexanusmol u
PAcnpeOenéHubill KOHCEHCYC, He mpebyrowue 006epusi K eOUHCMEEHHOU
cmopone.  HMmenno smu  npeumywecmed pacnpeoenénHulX  CUCmem
HOCTYAHCUTU  OCHOBOU OJisl NPOCKMUPOBAHUSL COOCMBEHHO20 pelienus
Ha 6baze nokanvnoll cemu Web3, couemarowezo kpunmoepapuyeckyio
3auWuUmy ¢ MexaHusMamu pacnpeodenénHozo Koucencyca. Paspaboman
NPOMOMUn  cucmemvl ¢ O0BYXYPOGHEBOU APXUMEKMYPOU KOHCEHCYCA:
0a308bILL MEXAHUM MAACOPUMAPHOZO 20]10COBANUS 0151 HOOMBEPIHCOCHUSL
HOBbIX OJI0K08 U 636€ULCHHDLIL KOHCEHCYC € OUHAMUYECKOU PenyMAayuOHHOU
cucmemoti 0na gepuuxayuu yerocmuocmu 0okymenmos. Cucmema
ucnonvzyem  aneopumm  SHA-256  ons  kpunmoepagpuueckozo
Xewuposanus, 0becnequsaem agmomamuiecKkyo npo8epKy Yei1oCmHoCmu
c unmepsanom 120 cexyno. Tecmuposanue npomomuna é 1a60pamopHuLx
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VCIOBUAX NOOMEEPOULO KOPPEKMHYIO 00pabomKy KOHCEHCycd, 4mo
VKA3bI8AEM HA BO3MOJICHBIE NYMU PA3GUMUSL 0I5l PEATU3AYUL NPOSKMA.
Kniouesvie cnosa: 6roxueiin, ummymabenbHOCmy, pacnpeoeieHHble
cucmempl,  YCMOUYUBOCMb K VOQJEHUIO, oeyenmpanuzayus,
Kpunmoepaguueckoe xewuposanue, koncencyc, Web 3.

BBenenne

Teky1iee Uccie0BaHNE paCCMaTPUBAET (PyHIAMEHTATbHBIE TEOPETUUECKHE
MOJIEITH, KpUNTOrpadUuecKre OCHOBBI BEpU(HUKAIINN, KOHCEHCYC-MEXaHU3MbI U
BEPOSTHOCTHBIE TAPAHTHH HEU3MEHHOCTH B PA3JIMYHBIX KJIACCAX PACHPEICIEHHBIX
CHCTEM. AKTYallbHOCTh JaHHOU pabOTHl 00YyCIOBIEHA KPUTHUYECKOMN
HEOOXOUMOCThIO 3aIUTHI JAHHBIX B TaKUX 00JaCTAX, KaKk (PUHAHCOBBIE
TpaH3aKIUK, MEIUIIHHCKUE 3alUCH, 0COOCHHO pa3nYyHbie IOPUIHUYECKUE
WHCTPYMEHTHI U MPABUTEIHCTBEHHBIE OOpAICHUSL.

TpaIuInuOHHbIE EHTPATH30BAHHBIE TOIXO0/IbI K 00ECTIEUEHHIO [[EIOCTHOCTH
JAHHBIX UMEIOT PsIJ] CYIIECTBEHHBIX HEJIOCTATKOB. B3JI0M WM KOMIIPOMETAIUs
LEHTPAITLHOTO XPAHUITUIIA TPUBOIMT K TIOJIHOM MOTEPE rapaHTHil IIEJIOCTHOCTH, a
BHYTPEHHHE YTPO3bI U HECAHKIIMOHUPOBAHHBIN JTOCTYII CO3/AI0T JOTOIHUTEIbHbIE
PHUCKH JUISl KPUTHYECKH BaKHOM MHpoOpMaruu. PacnpeneaéHubie CUCTEMBI
MpeJIaraoT albTEePHATHBY, IJI€ TAPAHTHHA HEU3MEHHOCTH JIOCTHTAIOTCS uepes
KpHUITTOrpa)HueCKue MEXaHM3MbI U PACTIPEIEIEHHBIN KOHCEHCYC, HE TPeOyIolHe
JIOBEPHS K €TUHCTBEHHOM cTOpOoHE. [10100HbI MeXaHU3M (POPMHUPYET OCHOBY JUIs
MOCTPOCHUSI UMMYTA0EIbHBIX XPAHUIIUIIL C KPUIITOrPA)UUECKH TTOITBEPKAEHHON
HEM3MEHHOCTBIO JTAHHBIX.

Marepuajbl © METOABI

JlaHHOE HCCieI0OBaHUE OCHOBAHO Ha KJIACCHYECKOM MOXO0/IE, COYETAIOIIEM
TEOPETUUYCCKUN aHAIU3 U U3YUYEHHUE MPAKTUUYCCKUX peanu3aliiii, BKIouas
pa3paboTKy coOCTBeHHOrO mpoToTura. TeopeTndyeckyr 6a3y HCClIeTOBaHHUS
(dbopMupYIOT pabOTHI B 00JIACTH paclpeeaEHHBIX CUCTEM, KpunTorpaduu u
TEOpHU KOHCCHCYCA.

PaccmarpuBarorcst popMaibHble A0Ka3aTelbCTBAa 0€30MaCHOCTH
KpUNTOrpaQuIecKuX MPUMHTHBOB: YCTOWYMBOCTD XEII-(QYHKIMNA K KOJUTH3HSIM
U HAXOXJICHUIO MTPOOOPa30B, MATEMAaTHUECKUE OCHOBBI aITOPUTMOB IIH(DPOBOI
nojanucu. IlapanienbHo ¢ U3ydYeHHEM TEOPETUYECKOU 0asbl MIET aKTUBHAS
pa3paboTka COOCTBEHHOTO JCICHTPATH30BAHHOTO XPAHHIIHIIA.

Pe3yabTaTnl u 00CyKIeHUE

B xo/1¢ uccre0Banus TEOPETHUECKOTO MaTepralia Obu1 pazpabotan 6a30BbIi
MPOTOTHUI JCNEHTPATM30BAHHOTO XPAHUIIMIIA JAHHBIX, pPEali30BaHHBIN KaK
WEB npunoxenne. Pa3paboTaHHbIi TPOTOTUI CUCTEMBI MTPOJAEMOHCTPUPOBAT
MPUMEHUMOCTh TEOPETUIECKHUX KOHIIETIIMI HA MPAKTHKE B paMKax JJAOOPaTOPHBIX
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YCJIOBUI BHYTPU NECOYHMIIBI, COCTOSIBIIIEH U3 HECKOJIBKUX BUPTYAJIbHBIX MalllMH
U yJaJIeHHBIX YCTPOICTB, MOAKIIOUeHHBIX uepe3 VPN.

B naHHBIIT MOMEHT OCHOBHO# TEXHHUCCKUII CTEK pa3paboTKu ObLT cCOOpaH
u cTpykTypupoBat. [IpoToTun BpemenHo Ha3BaH kak Immutable Data Storage, B
OyayieM cokpamieHHo IDS (tabmuma 1).

Tabmuna 1 — OCHOBHOW TEXHUYECKHI CTEK pa3paboTKu

Kareropust Texnonorust Bepcus Haznauenue
Runtime Node.js Latest | CepBepHas cpena BeImosHeHHs JavaScript
Security Helmet ~8.1.0 3amra HTTP 3aromoBkoB
Validation | express-validator | 77.2.1 Banmupanus BXOASIIKUX JaHHBIX
File Upload Multer 72.0.2 O6paboTka 3arpy3ku (aiiinon
Blopkchaln Ethers.js 76.15.0 Bsanmopeiicteue ¢ Ethereum
Library
Cryptography Crypto ~1.0.1 Kpunrorpadudeckue onepanuu

Texymas apXuUTeKTypa HpeaycMaTpUBaeT HaJlWdHe MHOXKECTBa
PaBHOIIPABHBIX y3JIOB BHYTPH CETH, KaKIBIH M3 KOTOPBIX JOJDKEH XPaHUTb
MOJIHYIO KOIHIO BCell MH(POPMAIMOHHON 0a3bl, B TOM YHCIIE KOIHIO LETOYKH
610Kk0B. VMes naHHYI0 HH()OPMALHMIO, KaKABIH y3el y4acTBYeT B Ipolecce
KOHCEHcyca. B pamkax pa3paboTaHHOTO IPOTOTHUIIA OJIOK JaHHBIX NTPEACTABIISACT
CO00H CTPYKTYpPHPOBAHHYIO HMHHILY HH()OPMALIMH, COACPIKALLYIO METaJaHHbIS
JMOKyMEHTa ¥ KpUITOTpaddecKre OATBEP KICHNUS ero IeJIOCTHOCTH (Taduma 2).

Tabnmma 2 — bazoBas cTpykTypa 01oka

Ione Tun nanubIx Omnncanne
block id UUID YHuKanbHbIH uaeHTHUKATOP OJI0Ka
doc_id UUID Wnentudukatop T0KyMeHTa
filename String Wms daiia B XpaHWIKIIE C BDEMEHHON METKOM
original name String OpurnsansHOE UM daiina
hash String SHA-256 xem copepkumoro ¢aiina
owner _id String Vnentudukarop Bianenbia JOKyMEeHTa
created at ISO String Bpemennast MeTka co3gaHust 0Jioka
origin_url String URL y3na-ucroununka
confirmed Boolean Cratyc noATBEpIKACHHS OJI0Ka
confirmations Array MaccuB HOATBEPIKICHHUH OT Y3JI0B CETH
confirmed _at | ISO String BpemenHast MeTKa MOATBEPIKACHUS

Jnst obecriedeHus! EIOCTHOCTH JIOKYMEHTOB MPUMEHSIETCSI aITOPUTM
kpunrorpaduueckoro xemuponanust SHA-256. CymiecTBeHHOI 0COOEHHOCTBIO
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peanm3aluy SIBISIETCS pacyeT Xella 0T OPUTHHAIBHOTO COIEPKUMOTro (aiina, B
TO BpeMsl Kak caMu (pailiibl XpaHsTCs B 3alIM(pOBaHHOM BHJIE. JJaHHBIN 10O1X0]T
obecrieunBaeT BO3MOXXHOCTh BepU(UKAIMU LIEJIOCTHOCTH JOKyMeHTa 0e3
HEOOXOAMMOCTH OBTOPHOHN paciin(poBKH ITPU KaXKI0H POBEPKE.

IIpouece BbIYMCICHNS X€1l1a BKITFOUAET CIEAYIOIHE 3Tallbl: ONpeIe/ICHUe THIIa
(aiina; pactmdpoBKa coaepKUMOTo IPX HEOOXOIMMOCTH; IPUMEHEHHE ITOPHTMA
SHA-256 x moiydeHHBIM JaHHBIM; (OPMHPOBAHUE IIECTHAAIATEPUYHOTO
MIPECTABICHUS XElIa.

B pazpaboTaHHOM IPOTOTHIIE peaIn30BaH MEXaHU3M KOHCEHCYCa, OCHOBAHHBIN
Ha npunHnunax Proof of Authority ¢ aieMeHTaMu Ma)KOPUTAPHOTO TOJIOCOBAHUSL.
JanHblil noaxos ObUT BBIOpaH MCXOs M3 TPEOOBAHUM K MPOU3BOJUTEILHOCTH
CUCTEMBl M XapaKTepUCTUK IEIEeBON cpelbl pa3BepThiBaHUs. B oriamume ot
ITyOJIMYHBIX OJIOKUEHHOB, T1e TpeOyeTcs 3aliTa OT aHOHMMHBIX 3JI0HAMEPEHHBIX
YYaCTHHKOB, KOPIIOPATHBHAsI CpeJia peAIoaraeT niAeHTH(GUINPOBAHHBIE Y3IIbI
C M3BECTHOM peryTaryeil. ITo 1Mo3BossieT N30ekaTh MaliHUHTA, COXPaHSIS IPU
9TOM HEOOXOMMBII YPOBCHb OC30MAaCHOCTH.

ANropuT™M KOHCEHCyca TpeOyeT MOATBEP)KICHHS OJIOKa OOJIBIIMHCTBOM
y3JI0B CETH Ul €r0 MOATBEPXKACHUS B paclpeieneHHoM peectpe. [Iponecc
JIOCTHKEHHSI KOHCEHCYCa COCTOMT U3 3 OCHOBHBIX ATAIOB: MHULIMAIM3aIMs OJI0Ka,
cOOp MOATBEPKACHHH, a TakxKe (PUHANIN3AIMS OJI0Ka.

Kpurepuii noctuxeHus KoHCeHCyca NpH J00aBIeHUH HOBOTO OJOKa
OIIpEEISIETCS CIIeAYIoNeH (OpMyJIO:

majorityCount = floor((peersCount + 1)/2) + 1, (1)

rae peersCount — KOJIMUYECTBO y3J0B B CeTH, +1 — ydeT Tekylero ysia, a
floor() — oneparnyst OKpyIJIeHUs BHU3.

CymecTByeT Takxke 0osiee B3BEIICHHBIH KOHCEHCYC ¢ TIpaBHiIoM 66 % uist
TIPOBEPKH JTaHHBIX. J[aHHBIN MEXaHN3M ITPE/ICTABIISIET COOOI pa3BUTHE KOHIETILIMI
pacrpeeneHHOro KOHCEHCYca C y4eTOM JMHAMHYECKOH pemyTanuu y3jaoB
ceTU. 3a AaHHBIA MEXaHU3M B KoJie oTBeuaeT koMnoHeHT ConsensusManager,
KOTOPBIN MHULMAIN3UPYETCS IIPH 3aITyCKe y3Ja U QYHKIHMOHUPYET MapauieIbHO
C OCHOBHBIM MEXaHU3MOM OJIOKYEiiHa, Bes HENPEPHIBHBIH MOHUTOPUHT
LIEJIOCTHOCTHU JIaHHBIX B PACIPECICHHON CUCTEME.
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Pucynox 1 — MouutopuHr (haitioBoii cucteMsl Ha (haKT TOBPEXKACHUS TaHHBIX

B omimune ot 6a30BOro MexaHm3Ma KOHCEHCYCa, T BCe Y3JIbl 00IaIatoT
paBHBIM BecoM roioca, ConsensusManager peausyeT CHCTeMY THHAMUYECKOH
pemyranuu. Permyranus BeraucisieTcs 1o clieayromei Gpopmyie:

R = (uptime x 0.4) + (accuracy x 0.4) + (contribution x 0.2),2)

r1e uptime — JOCTYIHOCTb y3JIa, acCuracy — J0Jsi KOPPEKTHBIX OTBETOB OT
y37a, a contribution — BKJIaz y371a B 00IIee XpaHWIAIIE TaHHBIX.
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Pucynok 2 — I[porecc CHHXpOHU3AINY U BOCCTAHOBJICHUS JaHHBIX

Krnaccuueckoe MOHMMaHUEe HEM3MEHHOCTH JaHHBIX MPOCTOE — JIaHHBIC
OCTAIOTCSl OJIMHAKOBBIMU BO BCEX TOYKAaxX BPEMEHH Iocie MX co3fgaHus [1].
B pacnpeneneHHBIX cuCTeMax HET INI00aJbHOrO0 BPEMEHHU U €IMHON TOYKH
HaoOmoneHus [2]. Pa3Hble y37bl CETH MOT'YT HAXOAUTHCS B PA3HBIX COCTOSHUSIX
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13-3a 3aJiepKeK B nepenaue nHpopManuu. bomee Toro, HEKOTOpBIE Y3JIbI MOTYT
OBITH B3JIOMaHbl 1 HAMEPEHHO UCKa)KaTh JIaHHBIE.

VYTpo3sl Uil HEM3MEHSIEMOCTH JIaHHBIX MOKHO pa3/IeIUTh Ha HECKOJIBKO
THUIIOB 1O TOMY, OTKyAa OHM OepyTcsl M Kak jaedcTByIoT [3]. PasHble yrposst
TPeOYIOT Pa3HBIX CIIOCOOOB OOHAPYIKCHUS U TIpeAoTBpaleHus (Tadiuua 3) [4; 5].

Tabnuma 3 — TUIbI MOBPEKICHUIA U X OMUCAHUE

Tun
Onmucanne [Ipumepsr
TIOBPEXKICHHS
MoryT ciy4aTbes U3-3a C6ou cexropoB HDD/SSD,
Ddusuueckoe TIOJIOMOK 000y JOBaHUS, Jerpaganust (IIem-rnaMsTH,
paJuaIym, YSHTPOINH KOCMHYECKOE H3ITy4CHHE
Cryuaetcs u3-3a 6aroB B .
Y Race conditions, deadlocks,
Jlorugeckoe [pOrpamMMax, FOHOK HpH
HEKOppeKTHas TpaH3akuus bJ]
OJTHOBPEMCHHOM JIOCTYTIE

DailyioBbIe CHCTEMBI HCIOIb3YIOT Pa3HbIE CIIOCOOBI 3AMIMUTHI OT TAKHX
mpobnem [6]. KypHamupoBaHHe MO3BOISACT OTKATHTH HE3aKOHYCHHBIC ONICPAITHH
npu cboe. Konuposanue npu 3anucu aenacT oOHOBICHUS aTOMapHBIMHU.
KoHTponbHBIE CyMMBI METAJaHHBIX TTOMOTAIOT O0OHAPYKUTh UX TOBPEXKICHHUE.
bazoBast Mozenb perunkanuy padboTaeT Tak — JaHHbIE KOMUPYIOTCS Ha HECKOJIBKO
HE3aBHCUMBIX Y3JIOB JUUISI HAZIGKHOCTH U JOCTYITHOCTH [7]. Mozenu permkanyun
JIENATCS Ha HECKOIBKO THITOB IO CIT0c00y KOMUPOBAHUS M CHHXPOHU3AIHH [8].

Broxueitn — 310 1enoyka 6JI0KOB, T/Ie KaXKIBIH OJIOK CBSA3aH C MPEABIAYIINM
yepe3 kpunTorpadudecknii xem [9]. [maBHOE mpaBMIIO — XemI MPEIBIAYIIETO
0J10Ka, 3aIMMCAaHHbBIM B TEKYIEM, JOJDKEH COBIAIATh C PEaIbHBIM XEIIEM TOTO
6moka. I13-3a ocobeHHocTel Kpunrorpaduaeckux Xen-QyHKINH Taxe Majennee
M3MEHEHHE JaHHBIX IMOJTHOCTBIO MeHseT Xer 0oka [10].

VIMEHHO 3TH KOHLIETIINH ¥ BOIIIIX B pa3paboTKy nmpoTtoTtumna. Hammune aByx
Pa3INYHBIX KOHCEHCYCOB ITO3BOJISIET CHCTEME COXPAHATH BEICOKYIO MPOITYCKHYIO
CIIOCOOHOCTB IPH 3aITMCH HOBBIX IAHHBIX, OIHOBPEMEHHO 00ECTIeInBast CTPOTUi
KOHTPOJIb LIETIOCTHOCTH Y7K€ 3alMCAHHBIX JOKYMEHTOB. HTEepBa aBToMaTH4eCcKOn
MIPOBEPKH B 2 MUHYTHI BEIOPaH Kak OaaHC MEXy OIIepaTHBHOCTHIO O0OHAPY KEHHS
HapyLIEHUH U CETEBOM Harpy3KOu.

Crout OoTMETHTH (DaKT CXOXKeCTH pa3paboraHHOro mportotuma c Filecoin,
OJTHAKO y HUX €CTh Cephe3HbIe OTIHYHS (Tabnua 4).
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Tabnuna 4 — CpaBuenue apxurektypsl IDS u Filecoin

XapakTepucTuka IDS Filecoin
Proof of Authority Proof of Replication u Proof
Koncencyc :
U B3BEIICHHOE TOJIOCOBAHNE of Spacetime
T'ocynapcrBenHble
Lleneas ayauTopust [Ty6amanast ceth
1 KOPHOPAaTUBHBIE CHUCTEMBI
WnentudunupoBaHHble
Wnentndukanus y3mos A uimp AHOHHUMHBIE Y9aCTHUKU
YYaCTHUKH

[Tonnas perinKanus
Ha BCCX Yy3JiaXx

Peruukariust JaHHBIX W36uparenbHast pernKaIis

BriBoabl

[IpoBenéHHOE HCCIIEIOBAHUE CHCTEMATH3UPOBAIO TCOPETUICCKHUE OCHOBBI
oOecrieueHUsT HEM3MEHHOCTH JaHHBIX B PACIPEICIEHHBIX CHCTEMAaX, PacCKPHIB
KpunTorpadguuecKkue MeXaHU3MBl BEpU(PUKAIIUN, KOHCEHCYC-alTOPUTMBI H
BEPOSATHOCTHBIC MOJICITH TaPaHTHH ETOCTHOCTH HHPOPMAITUHL.

B pamMkax TekyIero uccieoBaHus Oblia H3ydeHa TCOPUS IMMYTa0eTbHOCTH
MaHHBIX Ha pPa3HBIX YPOBHSAX, TaKXe MapaluleIbHO HUACT pa3paboTka
pabodero pemeHus. Pe3ynpTaTel paboTHl MOTYT CIYyXHUTh OCHOBOM s
JATBHEHIITNX UCCIICAOBAHUA B O0JIACTH ONTHMHU3AIUN KOHCEHCYC-MEXaHU3MOB,
MTOBBIIICHUS MAacIITaOUPYEeMOCTH pacHpeAenEHHBIX CHCTEM U pa3paboTKH
THOPUIHBIX apXUTEKTYpP, COUCTAIOIIUX ITPEUMYIICCTBA IICHTPATN30BaHHBIX H
JICTICHTPATM30BaHHBIX MTOIX0I0B K 00CCIICYCHHUIO IIETTOCTHOCTH JAHHBIX.
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byn sepmmey depexmep0in o32epmeriminoiei meopusicblH 3epmmeyee
bazblmmanzat, OHvl MyCiHy OPMAIbIKCbI30aHObIpblizan Web 3 ocenicine
Heziz0enzen 03 JHcobamvi30bl Jcyzeze acvlpy yulin Kasicem. JKymvicmuoly
O3eKminiei  KapoiCuLIblK MPAH3AKYUAIAp, MeOUYUHANbIK dcazobanap,
3aK0bl Kypanoap JicoHe MeMIeKemmix omiHiumep Cusikmol caiaiapod
Oepexmepoi KopeayObly aca MAaHbl30bl KANCeMMINIZIMEH AHbIKMANAObL.
Jlocmypni  opmanslkmanovipulizan mociioepoiy eneyii Kemuiiikmepi
bap: opmanvix KouMaza KO cy2y mymdacmulk Keniioikmepin moublk
Jrco2anmyaa oKenedl, al WKL Kayinmep aca MAaybl30bl aknapam Yuiii
KocolMuia moyekenoep myevizaobl. Tapamvlnzan ocylierep obanama
YCBIHAObL, MYHOA ©32epMEUMIHOIK Kenildikmepi Oip mapanka ceHimoi
Kaoicem emneiumin Kpunmozpagusiblk, Mexanusmoep MeH mapamoli2an
KOHCEHCYC apKblivl Kol dcemkizinedi. Tapamvlizan dicytierepdiy Oy
APMBIKWBLILIKMAPLL  KPURMOSPADUATLIK — KOp2ayobl — mapamuli2aH
KOHCeHcyc mexanuzmoepimen Oipikmipemin Web3 oicepeinikmi sscenicine
Heziz0eneen 03 wewimimizoi Jcobanayea Heeiz 6o0n0vl. Exi Oeneeiini
KOHCEHCYC apXumekmypacsl 6ap npomomunmix sHcytie Hcacanobl: Heand
O10KkMapovl pacmay Ywiii Heeizel KONWLLIIK 0ayblc Oepy MeXaHusMi HCoHe
Kyaicam mymacmoleblh mexkcepy yulin OUHAMUKanuly beoen acytieci bap
carmakmanean Koncencyc. Kyiie xpunmoepaghusnvlx xowimey yutin
SHA-256 aneopummin naiioananaowst sxcone 120 cekyHOmbIK apanvikneH
agmomammol  MymacmelKmel — mexKcepyol — KamMmamacwvls — emeoi.
Tlpomomunmi 3epmxananvix, mecmiiey KOHCEHCYCMblH OYPbIC OHOEN2CHIH
pacmaosl, Oy dHcobauvly 6OAIAUWAKMAZbL MYMKIH OOAAMbIH OAMYbIH
Kkepcemedi.

Kinmmi ce30ep. bnokueiin, 632epmeiiminoik, mapamovli2aH sHcyueiep,
JHCOI02a MOZIMOLNIK, OPMANBIKCLI30AHObIPY, KPUNMOSPADUSILIK XIUimey,
KoHcencyc, Web 3.
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ENSURING DATA IMMUTABILITY
IN DECENTRALIZED WEB3-BASED SYSTEMS

This research aims to study the theory of data immutability, an
understanding of which is necessary for the implementation of our
own project based on a decentralized Web 3 network. The relevance
of this work is driven by the critical need to protect data in areas such
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as financial transactions, medical records, legal instruments, and
government communications. Traditional centralized —approaches
have significant drawbacks: compromising a central storage leads
to a complete loss of integrity guarantees, while insider threats create
additional risks for critically important information. Distributed systems
offer an alternative, where immutability guarantees are achieved through
cryptographic mechanisms and distributed consensus that do not require
trust in a single party. These advantages of distributed systems served
as the basis for the design of our own solution based on the Web3 local
network, combining cryptographic protection with distributed consensus
mechanisms. A prototype system with a two-tier consensus architecture
was developed: a basic majority voting mechanism for confirming new
blocks and a weighted consensus with a dynamic reputation system for
document integrity verification. The system uses the SHA-256 algorithm
for cryptographic hashing and provides automatic integrity checking at
120-second intervals. Lab testing of the prototype confirmed the correct
processing of consensus, indicating possible future developments for the
project.

Keywords: blockchain, immutability, distributed systems, deletion
resistance, decentralization, cryptographic hashing, consensus, Web 3.

SRSTI 50.03.05
DOI

*N. K. Nadirov', N. M. Taubakabyl?

2Astana IT University, Republic of Kazakhstan, Astana.
'ORCID: https://orcid.org/0009-0006-6011-8109
20ORCID: https://orcid.org/0009-0006-0440-6739

*e-mail: n.nadirov@astanait.edu.kz

MODULAR WEB PLATFORM ARCHITECTURE
FOR MACHINE LEARNING-BASED FLOOD
FORECASTING IN KAZAKHSTAN REGIONS

Floods remain one of the most damaging natural hazards affecting
the regions of Kazakhstan, with the spring events of 2024 highlighting the
urgent need for digital early-warning tools that deliver region-specific
forecasts directly to end users. Existing solutions are typically designed
for scientific communities and require dedicated software, which limits
their use by municipal authorities and the general public. This situation
defines the relevance of developing an integrated, modular platform that
combines data ingestion, machine learning, and notification delivery
within a single system.

This paper presents the design and prototype implementation of a flood
forecasting web platform composed of five loosely coupled components: a
Flask-based server core with a REST API, a gradient boosting classifier
built on LightGBM, a web interface with an interactive SVG map of
Kazakhstan, a Telegram bot for personalized alerts, and an RSS module
that surfaces flood-related news from open sources. The system is trained
on a 25-year archive of hydrometeorological observations (2000-2024)
and classifies flood risk into three levels: safe, warning, and danger.

The scientific novelty consists in the formalization of an integration-
oriented architecture that connects a machine learning core with two
parallel delivery channels web and messenger and an external RSS
content layer, adapted to the Kazakhstani context of unevenly digitized
hydrological data. The results confirm that a modular design combined
with lightweight machine learning provides a practical foundation for
accessible regional flood early-warning systems.

Keywords: flood forecasting, modular architecture, machine
learning, LightGBM, web platform, early warning system.
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Introduction

Flood hazards in Kazakhstan have become increasingly severe over the past
decade, with snowmelt floods of spring 2024 affecting more than ten regions and
forcing mass evacuations. This situation has exposed a systemic gap between
the scientific maturity of flood modeling techniques on the one hand and the
operational availability of region-specific early-warning tools on the other. The
growing frequency of such events, combined with uneven digitization of national
hydrological records, defines the high practical relevance of flood forecasting
platforms that can operate under realistic data constraints and communicate results
directly to non-technical end users.

A substantial body of international literature addresses individual building
blocks of modern flood forecasting. Studies devoted to coupling meteorological
and hydrological models emphasize that forecast skill depends primarily on the
quality of precipitation input and on the speed at which hydrological states are
updated with incoming data [1]. Pancontinental systems such as the European
Flood Awareness System (EFAS) have shown the feasibility of large-scale,
cross-border forecasting but require complex computational infrastructure and
coordinated institutional support [2]. Web-oriented prototypes built around the
Hydrologic Engineering Center — Hydrologic Modeling System (HEC-HMS)
have demonstrated the value of interactive visual interfaces as a bridge between
specialists and decision makers [3]. Hybrid approaches combining process-based
hydrology with machine learning have been proposed to correct systematic biases
and to handle non-linear dependencies in the input data [4; 5].

Despite this progress, a clear gap persists between conceptual forecasting
models and user-oriented platforms that can be deployed under real-world
constraints in developing national contexts. Most existing solutions focus on the
forecasting engine itself and provide only limited support for downstream delivery
channels, region-level granularity, or integration with public information sources
[6]. Experimentally validated platforms that combine decentralized data access,
transparent forecast presentation, and mobile notification delivery remain scarce,
particularly in the Kazakhstani setting, where hydrological archives are often
distributed across heterogeneous formats and reference sources [7].

The research problem addressed in this paper is the need to design and
implement an integrated flood forecasting platform that connects a machine
learning (ML) analytical core with multiple user-facing delivery channels, while
remaining accessible to users without specialized technical background and
deployable under the current state of national hydrological data infrastructure.

The object of the research is software platforms for regional flood forecasting.
The subject of the research is the modular architecture of a web-based flood
forecasting system that integrates a Light Gradient-Boosting Machine (LightGBM)
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analytical core, a web interface, a Telegram bot, a Representational State Transfer
(REST) API layer, and an RSS aggregation module.

The aim of this study is to design and describe a modular software architecture
for a regional flood forecasting platform oriented toward end users in Kazakhstan.
The following tasks are addressed: (1) formulation of architectural requirements
based on the analysis of existing solutions; (2) specification of functional
components and their technological stack; (3) design of the interaction model
between the components and the underlying database schema; (4) description of
the implemented user interfaces - web and Telegram; and (5) critical analysis of
the advantages and limitations of the proposed approach.

The scientific novelty of the study consists in the formulation of an integration-
oriented modular architecture that explicitly separates analytical, delivery, and
contextual content layers and connects them through a single REST integration
point, adapted to the data constraints of the Kazakhstani context. Unlike works
focused on improving individual forecasting algorithms, this research emphasizes
the system-level engineering perspective and the role of delivery channels as a
first-class architectural concern.

Materials and methods

This section describes the data sources, the analytical model, the technological
stack, and the design principles applied to the proposed flood forecasting platform.
The description emphasizes reproducibility and consistency between architectural
decisions and experimental artifacts.

The input data layer relies on open hydrometeorological records published by
the national hydrometeorological service of Kazakhstan and covers the period from
1 January 2000 to 31 December 2024 [8]. The archive includes daily observations
grouped into five parameter families: water level (cm), discharge (m3/s), snow
cover and snow depth, precipitation (mm), and air temperature (mean, maximum,
minimum, °C). Observations were originally distributed across 80 separate Excel
files, organized by region and parameter. During ingestion, date values were
normalized to ISO 8601 format, and numeric fields using comma-based decimal
separators were converted to floating-point representation.

The heterogeneous source files were consolidated into a single tabular dataset
augmented with two derived fields. The first derived field is the regulatory danger
level for each hydrological station. The second field, referred to as the danger
gap, is defined as the signed difference between the observed water level and that
danger level and is computed according to formula (1):

di=fi-d (1)
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where d; is the danger gap on day i; fi is the measured (factual) water level
on day i; d, is the regulatory danger level of the hydrological station (expressed
in centimeters). The sign and magnitude of d; drive the ordinal target label used
for classification.

Preprocessing included deduplication, handling of missing values through
explicit NaN assignment and filtering by the (station, date) key, type coercion,
and chronological sorting. Prior to model training, rolling features were computed
over a seven-day window for every input parameter. For an arbitrary feature x,
the seven-day rolling mean is defined according to formula (2):

uﬂhﬂb-Zkazi-6
i

where (" denotes the rolling mean of feature x computed for day i over the
seven preceding days (including day i); x« is the observed value of the feature
on day k.

In a similar manner, the seven-day rolling sum and the seven-day lagged
difference are defined according to formulas (3) and (4):

SO=%x, k=i

3
-6...1 ®

A = X; - Xi7 (4)

The rolling features are computed independently for every station group,
so that statistics of one region do not contaminate those of another. The three
rolling statistics together capture, respectively, the average hydrometeorological
state of the past week, its cumulative intensity, and its weekly trend - the three
complementary temporal signals that inform the classifier about the dynamics of
the catchment.

The forecasting engine is implemented as a multiclass classifier based on
gradient boosting over decision trees (GBDT) in the LightGBM framework,
selected for its high training speed and low memory footprint on tabular data [9].
Three target classes are defined: class 0 - safe, class 1 - warning, class 2 - danger.
The model is a sum of M regression trees trained sequentially, where at each
iteration a new tree approximates the negative gradient of the loss function. For
multiclass classification with K = 3 classes, three parallel ensembles are trained
simultaneously, one per class; their raw outputs are then transformed into class
probabilities by the softmax function given in formula (5):
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P(y = c|x) = exp(F(x))
b3 exp(Fi(x)),j =0..K—1

where P(y = ¢ | x) is the predicted probability that object x belongs to class
¢; Fe(x) is the cumulative raw score produced by the ensemble associated with
class c; K is the total number of classes (here K = 3).

The training objective minimizes the multiclass cross-entropy loss defined in
formula (6), which penalizes the model proportionally to the negative logarithm
of the probability assigned to the true class:

)

L=-Q) X cl{yi=c} - log

P(y=c|x)

where N is the number of training samples; y; is the true class label of sample
i; and 1{-} is the indicator function equal to one when its argument is true and
zero otherwise.

The dataset is split into training and test subsets at an 80/20 ratio with
stratification by the target label. Class imbalance - inherent to rare flood events —
is addressed through the class weight="balanced’ option, which reweights each
sample inversely proportional to the frequency of its class during the computation
of'the loss. To evaluate classification quality under imbalance, per-class Precision,
Recall, and F1 scores are computed according to formulas (7), (8), and (9):

(6)

Precision =
TP (7)
(TP + FP)
TP
Recall = (TP-I-—FN) (8)
F1=
2 - Precision - Recall %)

(Precision + Recall)

where TP (true positives) is the number of correctly predicted positive
cases; FP (false positives) is the number of negative cases incorrectly predicted
as positive; and FN (false negatives) is the number of positive cases missed by
the model. The F1 score is the harmonic mean of Precision and Recall and is
especially informative when class distributions are strongly skewed.

Instead of relying on the default threshold of 0.5, the decision rule is
formulated with an explicitly optimized threshold t, selected to maximize the F1
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score of the warning class. For a sample with predicted probabilities (po, p1, p2)
corresponding to safe, warning, and danger classes respectively, the final class
label ¥ is assigned according to formula (10):

1i f p1 >t
Y =12if p2 > po; (10)
0

The threshold t is determined through a grid search over the interval
[0.00; 1.00] with a step of 0.05. For each candidate value, Precision, Recall, and
F1 are recalculated on the test set, and the value that maximizes the F1 score on the
warning class is retained as the operational threshold. This strategy compensates for
the rarity of critical events in the training set and improves sensitivity to warning-
level conditions without a significant loss in accuracy for the remaining classes.

The platform is implemented as a Flask application in Python, internally
organized into five logically separated modules. The server core exposes the REST
API and communicates with an SQLite database. The trained model is serialized
with the joblib library and loaded at application startup. The client-side layer is built
with plain HyperText Markup Language (HTML), Cascading Style Sheets (CSS),
and JavaScript (JS); the interactive map of Kazakhstan is implemented in SVG. The
Telegram bot is developed using the python-telegram-bot library and connects to
the same database. News ingestion relies on the feedparser library, which processes
RSS feeds from Kazakhstani information portals. Real-time weather context for
the selected region is requested from the public OpenWeatherMap API.

The architecture follows well-established modular design principles observed
in applied information systems, including loose coupling of components, clear
separation of concerns, a single data access point exposed as a REST API, and
the possibility of independent deployment of each module [10]. The quality of the
predictive model is evaluated through statistical analysis of the confusion matrix
with per-class Precision, Recall, and F1 scores, while the API is validated through
HTTP requests to the /api/forecast, /api/update forecast, and /api/news endpoints.

Results and discussion

This section presents the main architectural and implementation outcomes
of the study, supported by tables and figure references. The results are organized
around the overall system structure, the database schema, the REST integration
layer, the forecasting model, and the delivery interfaces.

The system consists of five functional modules that interact through a central
Flask application and a shared SQLite database (Figure 1). This organization
unifies data flows: raw meteorological records enter the database, the LightGBM
model retrieves them to produce forecasts, and the resulting predictions are
consumed both by the web interface for visualization and by the Telegram bot
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for notification delivery. The composition of the modules and their roles are
summarized in Table 1.

Weather Data APls

|

/ SQLite Database

Machine Learning Model
LightGBM Classifier

!

flood_forecast_model joblib
RSS News Feeds = =
+ threshold.txt

. % }

Flask Web Application RSS News API Telegram Bot
J %
Web Interf;
D erece REST API Endpoints Telegram Users Forecast Database

Kazakhstan Map

l

Web Users

flood_forecast.db

Figure 1 — Generalized interaction scheme of the platform modules

Table 1 — Functional components of the platform

Component Technology Purpose
Server core Python, Flask HTTP request handling, routing,
REST API
Forecasting model LightGBM, joblib Classification of regional flood risk
levels

Web interface HTML, CSS, JS, SVG | Interactive map of Kazakhstan; fore-
cast and news display

Telegram bot python-telegram-bot Region subscription and personal-
ized notifications
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Component Technology Purpose
Storage SQLite

Unified storage of weather data and
forecast outputs

The database contains two related tables. The weather data table stores raw
and preprocessed observations (fields: region, date, precipation, snow_cover,
snow_height, temp avg, temp max, temp_ min, discharge, level, danger level,
difference). The flood forecast table stores the model outputs: region identifier,
forecast date, predicted risk class (flood pred), and three probability estimates
(proba_0, proba 1, proba 2). The relation between the tables is established by
the composite key (region, date), which allows pairing each prediction with the
underlying conditions for later retrospective analysis (Figure 2).

id & integer id & integer

region & V . region
date & - date
precipation flood_pred
SNOW_COVE proba_0
snow_height praba_l
temp_avg proba_2
remp_max

temp_min

discharge

level

danger_level

difference

Figure 2 — Entity-Relationship (ER) diagram of the platform database

The application exposes three primary endpoints. The GET /api/forecast
endpoint returns the current set of region-level forecasts as JSON and is consumed
by the client-side code to colorize the SVG map. The POST /api/update forecast
endpoint triggers a full recomputation cycle: for each region, the server loads
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the most recent seven days of observations from the database, passes them to the
predict function, and persists the result in the flood forecast table. The GET /api/
news endpoint queries the rss news module and returns a filtered list of flood-
related news items. This design enforces a clear separation of responsibilities: the
frontend never accesses the database directly, and the model has no awareness
of the delivery channel.

The analytical core is built around a LightGBM multiclass classifier that
consumes a feature vector formed from the seven-day rolling statistics (mean,
sum, and lagged difference) computed for each hydrometeorological parameter
of the corresponding region. For every region and every forecast date, the input
layer loads the most recent seven daily observations from the weather data table,
reconstructs the rolling features, and passes the resulting vector to the model.
The model outputs three class probabilities (po, p1, p2), which are subsequently
transformed into an operational risk label through the decision rule defined in
formula (10). The predicted label and the three probabilities are persisted in the
flood_forecast table, from where they are consumed by the web interface and by
the Telegram bot.

The model was trained using the gradient boosting decision tree algorithm
with the multiclass objective and softmax link function. During training, the
gradient and the hessian of the cross-entropy loss (formula 6) are computed at each
iteration, and a new regression tree is added to approximate their combined signal
for every class. The main hyperparameters of the trained model are summarized
in Table 2.

Table 2 — Main hyperparameters of the LightGBM forecasting model

Hyperparameter Value Role
objective multiclass Defines softmax-based multiclass classi-
fication
num_class 3 Safe, warning, danger

metric multi_logloss Monitored during training iterations
boosting_type gbdt Traditional gradient boosting decision
trees
learning_rate 0.05 Shrinkage applied to each added tree
num_leaves 31 Maximum number of leaves per tree
max_depth —1 (unlimited) Tree depth is controlled via num_leaves
n_estimators 500 Upper bound on boosting iterations
class_weight balanced Compensates for class imbalance in loss
random_state 42 Reproducibility of training and splits

train / test split

80 / 20, stratified

Stratification preserves class proportions
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The trained model is serialized to disk using the joblib library together with
the optimized decision threshold; together they form the artifact consumed by
the /api/update forecast endpoint during operation. The full prediction pipeline
executed at request time follows five sequential steps: (1) the application retrieves
the last seven days of observations for the target region from the SQLite database;
(2) rolling statistics are recomputed in memory using formulas (2)-(4); (3) the
resulting feature vector is passed to the model, which returns the raw class scores;
(4) softmax (formula 5) converts the scores into probabilities; and (5) the decision
rule (formula 10) with the optimized threshold assigns the final risk label.

To justify the choice of LightGBM, it was compared with alternative
algorithms - logistic regression, a single decision tree, random forest, and XGBoost
- across training speed, test-set quality, and memory footprint. The consolidated
comparison is presented in Table 3.

Table 3 — Comparative characteristics of machine learning models

Model Strengths Limitations Role in the Notes
project

Logistic Simplicity, Limited Baseline Baseline,

regression interpretability capacity for model underperforms
non-linearities on complex

pattern
Decision tree Transparent Prone to Control Used for com-
rules overfitting model for parison, prone

comparison | to variance [10]

Random Noise Slower Close to Performs
forest robustness inference LightGBM well, butt less
in quality efficient than
LGBM [11]
XGBoost Strong Tuning- Alternative, Similar to
performance sensitive inferior in LightGBM,
on tabular data speed slightly slower

[12]
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Model Strengths Limitations Role in the Notes
project
LightGBM Training Lower Selected as Best choice:
speed, low interpretability the main Fast and
memory foot- model accurate for
print tabular data
[13]

A distinctive feature of the implementation is the Fl-driven threshold
selection procedure. Instead of relying on the default threshold of 0.5, the algorithm
sweeps values between 0.00 and 1.00 with a step of 0.05 and applies a custom
labeling rule: if the probability of the warning class exceeds the threshold, class
1 is assigned; otherwise, if the probability of danger exceeds the probability of
safety, class 2 is assigned; in all remaining cases the prediction is class 0. This
strategy compensates for the rarity of critical events in the training set and improves
sensitivity to warning-level conditions without a significant loss in accuracy for
the other classes.

The landing page, shown in Figure 3, is organized around an interactive
Scalable Vector Graphics (SVG) map of Kazakhstan, in which each region is
rendered as a clickable element and colorized according to the current forecast:
green for the safe class, orange for warning, and red for danger. Selecting a region
opens a side panel with the forecast date, a textual status label, and the three class
probabilities. The upper area of the screen hosts a weather widget that displays the
current temperature, textual weather description, and an icon retrieved from the
public OpenWeatherMap Application Programming Interface (API). The right-
hand column is reserved for the flood-related news feed produced by the Really
Simple Syndication (RSS) aggregation module. A call-to-action link inviting users
to subscribe via Telegram is placed in the left sidebar.
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Mocneanme HosocTi
© nasoakax

Dponuos nasonon sasepmaeics
[ ——

Figure 3 — Main screen of the web interface with the interactive regional map

The bot, illustrated in Figure 4, follows a one-device, one-region interaction
pattern. On the first /start command, the bot sends a welcome message and prompts
the user to select a region through a custom keyboard that lists 19 administrative
units. Once the selection is confirmed, the (chat id, region) pair is stored in the
process memory. A background task polls the flood forecast table at a fixed interval
and, upon detecting a class 1 or class 2 prediction for the subscribed region, triggers
a structured alert containing brief safety recommendations. Message formatting
uses Markdown, and emojis are applied to visually emphasize the severity level.

Floodkz
o &

7/
~ Mpuser! 3

| 5601, KoTOPbIi o 2 8
 pervoHax KasaxcraHa.

_ MoxanyiicTa, BbIGEpU CBOI PErMoH

OTAMUHO! Bl NOAMMCAH! HA YBEAOMARHUS N0 PeruoHY:
Kostanay.
 MPULINIO COOBLLEHME, ECTIM OXMARETCA HABORHEHME.

., Hasoavenve oxugaeTcs ceropws (2022-05-12) 8 peruone:
Kostanay!

(@ BHUMAHMVE! HasoaHeHue!

 Coperbl:
1. YAAUTE Ha BOSBLIWEHHOCT.

2. OTKNIOUATE SNEKTPHUECTBO U ras.

3. MoAroToBLTE anTeuky ¥ 3anac BOALI/eAbl.

4. CnepuTe 3a ODULMANLHLIMU YBEAOMACHUAMM.

Beperure ce6n |,

Figure 4 — Telegram bot interface: region selection and alert delivery
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The rss_news module periodically queries RSS feeds of the Sadaq.kz and
Radio Azattyq news portals. Each incoming entry is checked against a list of
flood-related keywords. Entries that pass the filter are normalized into a unified
structure containing the title, source, publication date, summary, optional image,
and publisher logo, and are then sorted by publication time. The resulting feed is
exposed through the /api/news endpoint and rendered in the sidebar of the web
interface as a list of clickable headlines, enriching the forecast view with relevant
real-world context.

A comparative assessment with existing forecasting solutions shows that
many current systems concentrate on the forecasting engine itself and provide
limited support for downstream delivery channels or for deployment under
constrained data infrastructure. In contrast, the proposed solution eclevates
delivery channels and integration boundaries to first-class architectural concerns,
which better reflects the needs of municipal stakeholders and end users in the
Kazakhstani context. The integration-oriented architecture makes the platform
extensible: additional data sources, alternative ML algorithms, or new notification
channels can be incorporated without rebuilding the existing modules. The
results obtained align with the broader trend in modern hydrological forecasting
literature toward modular, data-driven systems, while the explicit separation of
the REST API as a single integration point distinguishes the proposed design from
monolithic prototypes built around HEC-HMS or large-scale centralized systems
such as EFAS.

Conclusions

The conducted study confirms that regional flood forecasting in Kazakhstan
can be effectively addressed through a modular software architecture that
integrates a machine learning analytical core with user-facing delivery channels
and open contextual information sources. The resulting platform unifies five
independent functional layers a Flask server core, a LightGBM forecasting model,
a web interface based on an interactive SVG map, a Telegram bot, and an RSS
aggregation module connected through a single REST integration point and backed
by a shared SQLite storage.

The main contributions of this work can be summarized as follows. First,
a generalized architectural scheme was developed that supports independent
replacement of components without rebuilding the platform. Second, a relational
database schema with two linked tables was designed to store meteorological
observations and forecast outputs in a unified form. Third, a complete end-to-end
data processing cycle was implemented, from observation ingestion to end-user
notification. Fourth, the choice of LightGBM as the main forecasting algorithm
was justified, and an F1-driven decision threshold optimization procedure was
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proposed. Fifth, two parallel delivery channels were provided a web interface for
exploratory viewing and a Telegram bot for personalized alerts.

Further research will focus on extending the data layer with satellite-derived
products and automatic weather station feeds, adopting ensemble forecasting
with explicit uncertainty quantification, migrating the platform to a distributed
microservice deployment model, and integrating additional notification channels
such as SMS and email. Particular attention will be paid to organizing a continuous
retraining pipeline so that the forecasting model stays aligned with the evolving
hydrometeorological regime of the region
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KA3AKCTAH OHIPJIEPIHAE MAIINHAJIBIK OKBITYFA
HET'I3JEJITEH CY TACKBIHBIH BOJI’KAY IBIH MOJAYJIBAIK
BEB-IIJIAT®OPMACBIHBIH COVYJIETI

Cy macxvinoapel Kazaxcman enipiepine ey ken 3anan Keamipemin
mabuzu Kayinmepoin 0ipi 60.161n mabwinaowl, an 2024 dicolizvl Kokmemei cy
MACKbIHBL OKU2ANAPbL OHIPILIK HOIHCAMOAPObl MYNKI NAOAIAHYWUbLIAP2A
miKkejell  JICemKI3emiH  CAHObIK — eCKepmy  KYypaioapulH — 93ipJeyoin
Kezex Kymmipmeumin —Kadcemminiein —kepcemmi. Kondanvicmazol
wewimoep, soemme, 2blIbIMU KAYbIMOACMbIKKA OA2blMMaieat JHCOHe
MAMAHOAHObIPLLIZAH DA20APIAMATIK KAMMAMACHL3 emyoi manian emeol,
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Oyl MYHUYUNANObIK OP2aAHOAp MeH XANbIKMblH 0AApObl NAOAIAHYbIH
wekmetioi. Ocwi dncazoail depekmepoi HCUHAYObL, MAUWUHATBIK OKbIIYObL
JicoHe  xabaprama  dcemkizyoi  bipmymac  dcytieee  Oipikmipemin
UHMe2PAYUsIaH2aH MOOYIbOIK NIam@opmansl 93ipieyoiy 63eKminiin
AUKbIHOALObL.

Maxanaoa onciz 6atinanvicmol 6ec KOMHOHCHMMEH MYyPAMbvlH CY
MACKbIHbIH O0ICAY 8e0-NAAMPOPMACHIHBIY HCOOACHL MEH NPOMOMUNNIK
Oeneetioeei icke acvipoliyol yeovinvliaovl: REST API 6ap Flask nezizinoeei
cepeepnik  o3ex, LightGBM  mnecizinoezi  epaouenmmix — Oycmune
Kaaccugurxamopul, Kazaxcmannviy unmepaxmuemi SVG-kxapmacer oap
seO-unmepghelic, scexe xabapramanapea apuarzan Telegram-oom dncomne
awblk 0epeKKe30epOeH Cy MACKbIHbIHA KAMbICIbL  HCAHANbIKIMAPObL
orcunavimoti RSS-mooyne. XKyiie 2000-2024 scvinoapoazel 25 HoliobIK,
2UOPOMEMEOPONOUANBIK, OAKBLAAYIAD MACCUBIHOE OKbIMBLIZAH HCOHE CV
MACKbIHLL Kaynin yul 0eneeli O0tblHua HCikmeuoi. Kayincis, eckepmy,
Kayinmi.

JKymvlcmoly — ebliblMu  JICaHAIbiebl  MAWUHATBIK — OKblmyad
Hezi30eNeeH MandamanblK 03eKmi eKi napauieib HCemKizy APHACLIMEH
6e6 owcone meccenodicep dcone cuipmibl RSS kommenm xabamvimen
bainanvicmelpamuly - unmezpayusiza  Oasblmman2an  coyiemmi
pecimoeyoe kopinedi, on KazakcmanHnoly 6IpKeaKi yuppranobipulimasan
2UOPOJIO2UALTIBIK OepeKmepiniy Konmekcmine beuimoenzen. Homuoicenep
MOOYILOIK MOCIL JHCEHIT MAWUHAILIK, OKbIMYMEH Yuiecimoe OHIpIiK
CYy MACKbIHBIHGIY epme ecKepmy JiCyUelepiniy Kouicemimol He2i3iH
KamMmamacols ememinin pacmaiiob.

Kinmmi ce3dep: cy mackpinbin 00adicay, MOOYIbOIK Coyiem,
MAWUHATIBIE, OKbIMY, LightGBM, seO-niameopma, epme
eckepmy Jicyueci.
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IMPOI'HO3UPOBAHUS ITABOJIKOB HA OCHOBE MAIIMHHOI'O
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APXUTEKTYPA MOJIYJbHOM BEB-IVIAT®OPMbI

OBYUYEHWUS IJIsS1 PETHOHOB KA3AXCTAHA

Ilasooku ocmaiomesi 0OnumM U3  Haubosee paspyuUmenbHix
NPUPOOHBIX AGTCHUL, 3ampazusarouux pecuonsvi Kazaxcmana, a secennue
cobvimus 2024 200a npoOemMoHCMpupo8anu OCmMpyrlo He0OX0OUMOCHb
6 YUPDPOBLIX UHCPYMEHINAX PAHHE20 ONOBeWjeHUs, OO0CMABIAIOUUX
PEeCUOHANbHBIE NPOSHO3bl HENOCPEOCHBEHHO KOHEUHbIM NOLb30BAMESM.
Cywecmeyiowue pewienus, Kax npaguio, OPUEHMUPOBAHbL HA HAYYHOe
coobwecmeo U mpebylom  Cneyuaru3upOBAHHO20  NPOSPAMMHOSO
obecneuenus, Ymo 0epaHutueaen Ux UCNOIb3068anUe MYHUYUNATbHLIMU
opeamnamu U WUpPoKou  obwecmeennocmolo.  Jlannas  cumyayus
onpeoensiem akmyaibHOCHb pa3padomKu UHMeZPUPOBAHHON MOOYIbHOU
nramgopmol, 00veOuUHAIOWEN 6 eOUHOM KOHmype cOop OaHHbIX,
MAwuHHOoe 0byueHue u 00CMABKY Y8eOOMICHUIL.

B cmamve npeocmasnenvl npoexmupoeanue u npoOMOMUNHAas
peanusayusi 6e0-niampopmvl NPOZHOZUPOBAHUS NABOOKOE, COCMOSAUYCU U3
nsamu ciaboces3aHHbIX KOMNOHEHMOS. cepeepHo2o siopa Ha Flask ¢ REST
API, knaccuguxamopa epaduenmnoeo b6ycmunea na odaze LightGBM,
seO-unmepgpetica ¢ ummepaxkmuenou  SVG-xapmou  Kasaxcmana,
Telegram-6oma 0751 NEPCOHANLHBIX YECOOMICHUL U MOOYIL acpe2ayuul
RSS-nosocmeti no nasookosou memamuxe u3 OMKPbUNBIX UCTHOYHUKOG.
Cucmema obyuena ma 25-remuem maccuse 2uOpPOMemeopoI0SULECcKUX
nabnooenuil (2000-2024 22.) u knaccuguyupyem nagooKoGblil pUcK no
MpPEM YPOBHAM: «DE30NACHOY», «NPEOYNPENCOCHUE», KONACHOCbY.

Hayunas nosusna cocmoum 6 popmanuzayuu unmezpayuoHHo-
OPUEHMUPOBANHOLL APXUMEKMYPbl, CA3LIEAIOWEl AHATUMUYECKOe S0PO
MAUUHHO20 0OYUEHUsL ¢ O8Y ML NAPAICTbHBIMU KAHALAMU OOCABKU 6¢0
U meccenodcep u 6HewHUM Konmenmmuoim cioem RSS, npumenumenvho
K KA3aXCMAHCKOMY — KOHMEKCMY  HEPAGHOMEPHO  OYUpPOBAHHBIX
2uoponocuueckux — Oauuvix. Pezynemamvr  noomeepoicoarom,  umo
MOOYIbHBIN NOOX00 6 COYEeMAHUU C JNESKUMU MemoOamu MAUUHHO20
obyuenus  popmupyem  npakmudeckylo  OCHO8Yy Ol OOCHLYNHBIX
PECUOHANLHBIX CUCEM PAHHE20 NPEOYNPENCOeHUs. O NABOOKAX.

Knrouesvle cnosa: nPOSHO3UPOBAHUE
nagooKos, MOOYNbHAA apxumexmypa, MawuHHoe
obyuenue, LightGBM, seO-niamgopma, cucmema
PAHHE20 ONOGEUYCHUSL.

79



Topatievipos ynusepcumeminiy Xabapuwicot, ISSN 2959-068X.
Dusuka, Mamemamura HaHe KOMNbIOMeEPIIK 2blabimoap cepusicol. Ne 2, 2026

FTAMP 28.23.29
DOI

*9. P. Peimaanues’, H. K. Toxxuaumoea?, 9. P. Pbimaanuesa®
2TopaiirpipoB yHUBepcuTeTi, Kazakcran Pecy6nukacst, [1aBionap K.
*Maprynan yHuBepeuteti, Kasakcran Pecniy6nukacs, [TaBnonap k.

'ORCID: https://orcid.org/0009-0001-7947-1539

2ORCID: https://orcid.org/0000-0003-3777-6454

*ORCID: https://orcid.org/0009-0000-0032-0731

*e-mail: alisher.rymgaliyev@mail.ru

MAULATIAHYLLBITTAPFA KbI3MET KOPCETY TUIMAINITIH
APTTbIPY YLLUIH WEB-CAUT ®YHKLNOHAJIbIHA
XACAHAbI MHTEJIJIEKTTI UHTEIPALUUSATIAY

Kaszipei  yugpnvix  kenicmikme eeO-caummap  yusimoap MeH
NAuOaNaHYWbLIAD APACbIHOA2bL 03apa dpeKemmecyoiy ne2isei Kypaibind
atinanaovl. JKacanmovl unmmeniekmmi nauoanany Kvlamem KOpcemy
npoyecmepin  a8MOMAmMmManHobipyed, — NAUOAIAHYWbLIAPOLY — MiHE3-
KYAKbIH — mMandayea dicoHe KOpCcemiemin Kblsmemmepoiy —Canaculi
apmmulpyea ocaqa MymKiHOikmep awaovl. KU mexnonocusniapuin
6eO-catuimmapovly  QYHKYUOHANObI2bIHA — OIPIKMIPY — HAKMbl  YaKblm
pedicuminoe  RAuOalaHyWbLIapObly — Kadcemminikmepine — oetlimoere
anamvlH  UHMELIeKMyandbl 63apa opeKemmecy Opmacvli Kypyed
MYMKIHOIK Oepedi. Byn myacoippimoamatsl Koi0any web-pecypcmapobviy
@DYHKYUOHANObI2bIH — €0dYIp  KeHeumyee JHCoHe  ONaApOblH — JHCYMbLC
MuimMOiicin apmmulpy2a MyMKIHOIK 6epeoi.

byn maxanaoa JKH-0vr 6eb-catimmuoly dcymolcvblHa OipikmipyOin
Hezi32l mocinoepi Kapacmulpuliaobl HCOHE OHbl NPAKMUKALLIK KOJLOAHY
MYMKIHOIKmMepi — mandanaovl. Aman — aumkanoda,  NAUOAIAHYULbL
CYPAHbLICMAapPbIH A8MOMAmmsl mypoe 6HOey, MA3MYHObL JHCEKEICHOIPY,
OepexmepOoi OHOIPY JcoHe OHIAlH-KeHeC Oepy JiCyleiepiH IcKe acvipy
mocenenepi Kammoiazan. Tabusu mindi oyoey Hcone MAUUHABIK OKbIIY
aneopummoepin Koioanyovl Koca areanoa, KU wewinmoepin eneizyoin
MEeXHON02UANBIK, acnekmifiepi Oe Kapacmuipvliadbl. Convimen xamap,
MAKanaoa nauoananywbliaped Kbismem Kopcemy CAndacbli JcaKcapmy,
busHec-npoyecmepoi OHMAUIAHOBIPY JHCOHE KOJLOAY Kbl3MemKepepiHe
ocykmemeni  azaumy  ywin  JKH-0b1  KonOamyovly — Npakmukaivik
Maywi30bLIbl2bl  Kopcemineeh. 3usmkeplik web-ocyiierepdi odan  opi
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0amblimy nepenekmusanlapbiHa HeoHe 01apobl KOIOAHY AsCbIH KeHelmyae
epexuie Hazap ayoapuliaobl.

Kinmmi ceszdep: scacanovl unmeniexm, eebd-caum, mabusu minoi
onOey, naudananyutbl mosxcipubeci, wam-6om.

Kipicne

JKacannpl MHTEIUIEKT 3aMaHayd HUQPIBIK TpaHCHOPMAIMSIHBIH HETi3Ti
TEXHOJIOTUSUTAPBIHBIH O1pi OOJIBII TaObLIAIbI JKSHE TPOLIECTEP 1l aBTOMATTAHIBIPYFa,
aKnaparThIK XXYHelnepAiH THIMIUIITIH apTThIpyFa jkaHa MYMKIHIIKTep Oepei.
Conrsl xbuigapsl KU-ae1 web-caiiTrapaa KoJijlaHy Macelieci KONTEereH
3epTTEYIIICPAIH Ha3aphiHIa OOJIBIN OThIP. MbIcajbl, Oipkatap eHOCKTEpae
JKU-npIH naiigasanynibliiapMeH e3apa 9peKeTTecy Il aBTOMaTTaHAbIPYAarbl o,
4aT-00TTapAbl KOJJAAHY KOHE JCPEKTEPl MHTCIUICKTYal bl Tajaaay dicTepi
kapactbippiiral [1]. CoHbIMEH KaTap, TaOWFW TUIAI OHJCY JKOHE MallMHAJIBIK
OKBITY TEXHOJIOTHSIIapbIH Web-KbI3MeTTepre eHrizy MyMKIiHIIKTEpi ¢ 3epTTereH.

WHTepHeT-TeXHOIOTHsIap IbIH OeJICeH 1l IaMybl JKaFaalibiH1a web-caiitrap
yHBIMJAp MEH TaiajaHylbuiap apachlHAarbl ©3apa 1c-KUMbBUILIBIH HETi3T1
KypajblHa aifHanael. Anaiina kenrereH 3eprreynepae XKU-asl KoinaHy >Kalmsl
TEOPHUSUIBIK HeMece JaiibiH tuiaTdopmainap JeHrelinae KapacThIPbUIbI, HAaKThl
web-caiiTka OeifiMIeNreH MPaKTUKAIBIK MICHIIMACP KCETKITIKTI JCHreHIe
3eprrenamereH. JKW texHomorusiapsl web-caiiTrapra akmapaTThl KOPCETIN
KaHa KoWMaH, maijananyuibl cypayiapblHa WHTEIJIEKTYa bl Talaay Kacayra,
Ma3MyH/bl OeifiMaeyre )kKoHEe aBTOMATTBI TYpJie KOHCYJbTAUSIBIK KOJIay
KepCceTyre MYMKIHAIK Oepeni. By O0arbITTa MHTEIUICKTYaIbl 9aT-00TTap bl
naiianaHy epekiie MaHbI3Fa ue, ce0ebi onap maijasaHymIbUIapMEH Tikesel
©3apa opeKeTTeCy li KaMTaMachl3 eTe/Ii.

Ocbl 3epTTeyliH FBUIBIMH JKaHaIbIFbl Web-caiiTka nnTerpauumsutanran JKU
HET131HJIeT1 YaT-00TThI 931pJIcy )KOHE OHBIH IaiiIaTaHyIIbIIapFa KBI3MET KOPCETY
THIMJAIUTITIHE 9CepiH TanjgayMeH OailaHBICThI. ¥ CHIHBLUIFAH INCHIiM JailbiH
CEPBUCTEP/Ii KOJJTAHYMCH IICKTEIMEH, HAKThl web-TtuiaTdopmara OcifiMIereH
MHTEJUICKTYaJ bl )KYHEH] KypyFa OarbITTasFaH.

Ochl 3epTTey/iH FHUIBIMHU XKaHAIBIFBI wWeb-caliTka MHTerpalysuianran
KU merizinzeri 4ar-00TThI 93ipiiey »OHE OHBIH MalJalaHyIlblIapFa KbI3MET
KOpceTy THIMJIIIITIHE 9cepiH TajjayMeH OaiyaHbICThl. ¥ CHIHBUIFAH MICIIIM
JaWbIH CepBUCTEPAl KOJJIAaHYMEH LIeKTeJMel, HaKThl web-mnardopmara
OeifiMeNTeH MHTEIIICKTY I Ibl XKYHEH1 KypyFa OarbITTanraH. 3epTTey OapbIChIH/Ia
naiasaHynbiapMeH e3apa 9peKeTTeCy/IiH MHTEJJIEKTyal bl OPTaChiH
KaJIBIITaCTBIPY MYMKIHAIKTEpI KapacTolpbuibil, JKW-abl KoMgaHy apKblibl
CYpaHbICTAp/Ibl OHJCY JKBUIIAM/IBIFBIH apTThIPY, KbI3MET KOPCETY camnachblH
YKaKcapTy JKOHE KOJI/1ay KbI3METIH OHTAHIIaH/IBIPY JKOJIIapbl YCHIHBLUIA/IBL.
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LudpablK TEXHOIOTUSJIAPABIH KapKbIHABI JaMybl )K9HE MHTEPHET-
pecypcrap/pl naijanaHyIibliap CaHbIHBIH OCyi JKaraalblHaa web-caifTrapaa
KbI3MET KOPCETY carlachl MEH KbIIIaM/IbIFbIH aPTTHIPY KQKETTUIIT epeKIlie O3¢KTi
6ol oThIp. Kasipri naiigananymsuiap sxeaes xayar, )KeKeJICHIPUIreH Tocia
JKOHE TOYJIIK OOBI KOJDKETIMII cepBrCTep i Tanamn ereii. OChiFaH OalIaHbICThI
JKU-ne1 web-caiiTTapra eHrisy TeK KOChIMIIIa MYMKIHIIK eMeC, Ka3ipri MU PIIBbIK
XKYHenepiH THIM/I JKYMBIC 1CTeYIHIH MaHbI3/Ibl IAPTHIHA aHAJIBIIT OTBIP.

Matepuangap MeH dicrepi

Web-caiiTteid GpyHkimonansiaa XK -1ap1 Koyigany MyMKIHIIKTEPiH Ty
YKSHE 3epTTey Ke3iH/Ie FhIJIbIMU MaKasanap, oKy Kypaiiapbl, JKU rexHomorusuiapsl,
MainHasbIK OKBITY jkoHe web-a3ipiiey OoifbIHIIA TEXHHUKAIBIK KyKaTTama,
COH/Iali-aK 3UATKEPIIiK aKnapaTThIK XKyHenepl o3ipiey canachlHIarbl dpTypii
aBTOPJIAP/IbIH MaTepUallAaphl Nai ananeliel. TaOUFu TUIA OHACYyTe, aKbUIIbI
yarOoTTapra KoHe MNaiilajlaHyIIbUIapra KoJiay KepceTyli aBTOMaTTaHAbIpyFa
apHaJIFaH JEPCKKO3Jepre epekiie Hazap aynapbuiabl. Beo-caritra KU -nbiH
MPAKTUKAJIBIK KOJJaHBUIYbIH 3€pTTEY HUQPIBIK KbI3METTEP MEH OHJIAH
iardopmanapia KoJJAaHbUIaThIH KojianbicTarel JKW memiMaepin Tangay
Heri3ine xyprizingi. JKU-apl eHrizy THiMIUIIriH Oaraiay yIiH naiijaaaHy b HbIH
MiHE3-KYJIKbIH Talljiay, cypayJsap/bl aBTOMATThl TYPJC OHJACY )KOHE Ma3MYH/IbI
YKEKEJICHAIPY 9IicTepi KapacThIPbUIIbI.

ANbIHFaH JepeKTepal Kyileney MakcaTbiHaa web-xkyiere XKU-mbi
SHT'13y/11H KOJIJIaHBICTAaFbl TACUIIEPiHE CaJIBICTBHIPMAIBI TaJAay XKYPrizijii.
KU TexHOMOTUsIIApBIH SHTI3Y/AIH KYLITI )KOHE QJICI3 JKaKTapblH Oarajiay YIIiH
SWOT rangaysl KoJIaHbULIbL. AJIBIHFAH HOTHIKEJIEP 3€pPTTEY/AiH MaKcaTTapbIH,
MiHJIeTTepi MEH OarbITTapbIH aHBIKTAY YIIIH Il a1aHbUIIbl.

Hotm:kenep koHe TAIKbLIAY

JKU-np1 BeO-callTThIH (pyHKIMOHAIABIFBIHA OipiKTIpy NalaanaHynbuiapra
KBI3MET KOPCETY THIMIIIITIH apTThIPYAbIH 3aMaHayH HICIIIMiH YCBhIHAJBI.
WHTennekTyalbl alrOPUTMICPAl MaiganaHy eTiHImTepal eHAeydi
ABTOMATTaHABIPYFa, KOHCYJIBTAMSUIBIK KOJAAY CAlachlH YKaKCapTyFa jKoHE
naiiajanymbUiapIslH web-pecypcreH e3apa OpeKeTTeCYiHIH bIHFAUIBUIBIFbIH
apTThIpYFa MYMKIHJIIK Oepei.

Kasipri yaksitra KW TexHOJIIOTHSUIApBl CAaHABIK KBI3METTEPAIH SpTYpIi
cananapeigaa Oexcenal Kosananeuiansl. Onapasl BeO-caliTrapra €Hri3y
naijananyublaapra KbI3MET KOPCETy MEH JepeKTep/l TajjayFa KaTbICThI
KOIITereH Maceleliep/li menryre MyMKinaik oepen. Be6-caiirra JKU-ab1
nai1ajanyIblH HEeTi3r1 MYMKIHAIKTePiHEe MBbIHAIAP YKATAbI:

— TaOWFU TULII OHACY TEXHOJOTHSIIAPBIH KOJIJJaHA OTBIPBIII, MailalaHyIIbl
CYpaHBICTApbIH aBTOMATThI TYPJIE OH/ICY;
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— maiilajJaHymbuIapasl TOYJIiK 00ibl Kosjay yiniH MHTemIekTyansl
4aTOOTTapAbl CHII3Y;

— MaijananyIbIHBIH MiHE3-KYJIKbI MEH KaJlayblH TaJllay HEri3iHae Ma3MyH/Ibl
KEKEJICHAIPY;

— NaliiaaHyIIbUIapAbIH OTIHIIITEPiH aBTOMATTHI TYPJIE XKIKTEY KoHe Ooiy;

— TYTBHIHYIIBUIAP/BIH KOKETTUTIKTEPiH O0JDKay YILiH Maija1aHyIbl 9peKeTiH
Tajujay;

— 3UATKEPIIK XyHenepai Konganeictarsl WEB-caiiT uHdpakypbuibIMbIHa
HHTErpanusiay;

— OTIHIIITEP/l OHJICY KbUIAMJIBIFBIH apTTHIPY JKOHE KOJJAy KbI3METIHIH
KbI3METKEpJIepiHe )KYKTEMEH1 a3aiTy;

8) BeO-pecypCThIH THIMAUIITIH apTThIPY YIIiH aHAINTHKAJIBIK KYpajlapabl
naijanany.

JKU-nb1 mpakTHKANBIK KOJIIaHY MHTEJUICKTYaJ bl KyHelnepal eHrizy
naijananybuiapra KbI3MeT KOpCceTy JICHIeHiH e/19yip apTThIpyFa, KOpCceTUIeTiH
KbI3METTEPIiH CaIlachlH jKaKCapTyFa )aHe OM3HEeC-TIPOLIECTEp/Il OHTaIaHIbIPYFa
MYMKIHJIK Oeperinairin kepcereni. ConbiMeH Katap, JKM-TexHomorusuiap/st
naiianany yibIMIapablH 0acexere KaOUICTTINIrIH apTThIpyFa jKOHE 3aMaHayu
LUQPIIBIK CEPBUCTEPAl AAMBITYFa BIKIIAJ €TeI.

JKU-np1 OipikTipyAiH aTtanraH MYMKIHJIIKTEpl OHBI TMaiijanaHyibliapabiH
BeO-CalTIICH ©3apa 9pPEKEeTTECYiH OHTAWIAaHJBIPY YIIIH THIMJII nainananyra
MYMKiHIIK Oepeni. MHTemIeKkTya bl Kyie TeK KOChIMIIA MOJYJbIe FaHa
eMec, COHbIMEH KaTap NailjiaaHyIIbIHBIH dPEKETIH aBTOMATTaHJIbIPbLIFaH
KOJIZIay MEH TaJiay bl KAMTaMachl3 €TeTiH HU(PIIBIK 1aTGOPMaHbIH MaHbI3/IbI
(YHKIIOHAJIIBI DJIEMEHTIHE aifHaIaIbl.

WHTerpauusiHplH HETi3ri KOMIOHEHTTEPiHIH Oipl — aKpULIBl YaT-00TTap
(1-cyper). Uar-00T BUpTYaIIbI KCHECIIII PETIHIC OPEKET STe/Il, Mak[alanybUIapra
xenen kepi Oaianbic 6epeni [2]. On MOTIHIIK cypaynap/bl TaHyFa, OJap/blH
Ma3MYHBIH TaJlJlayFa jKOHE HAaKThl YAKbIT PEKHMIHJIE COMKEC KayarTapmabl
KaJIBIITacThIpyFa KadineTTi. by KypasablH Heri3ri MakcaThl-aKnapaTThlH
KOJDKETIMJIUIITIH apTTBIPY JKOHE JKayalThIH KYTY YaKbIThIH KBICKAPTY.

KU sxyitecinin KeH (QYHKIIMOHAJABIFBI ©3apa 9PEKeTTEeCYIiH apTypdi
CLICHApHIJIEPIH JKY3€ere achlpyFa MYMKIHJIIK Oepeii: KapanaibIM TUIITIK CypaKTap/Ibl
eHyIeyIeH OacTar Kypei NaijaiaHy bl cypayJIapblH HHTEIUICK Tyl bl TalllayFa
neiiin. TaOuru TN eHJIeY allrOPUTMAEPIH KOJIIaHy MaiilalaHyIIbIHBIH HUETIH
JIQJIIPEK TYCIHYTE KaHE JIOTMKAIBIK TYPFBIIaH JIYPHIC JKayarTap KaJbIITacThIpyFa
MYMKIHAIK Oepeni.

ConbimMeH Katap, JKM mHTErpanuscel Ma3MyHIbI )KEKEICHAIPY/Il Ky3ere
achIpyFa MYMKIHIIUTIK kacaiipl. [laiiananymbiap/abiH MiHE3-KYJIKbIH Tauaay
HerTi31He XKYlie calikec KbI3METTEp/Il YChIHA aJla/ibl, MaTepralLiap bl YChIHA aJla/Ibl
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Hemece nHTepdeicTi )Keke Kanaynapra Oeiiimeit anaasl. by naiigananynbIHbIH
OH TOXKIpHMOECIH KaJbIITACThIpyFa JKoHe web-pecypcKa JiereH CeHIM JeHreiiH
apTTHIPYFa BIKIIAJ €TeJ.

Jlepexrepai TannayAblH HHTEIUIEKTYaJIbl MEXaHU3MEP] €H KOl TapajraH
OTIHIIITEPI aHBIKTAY, MaiiaaHyIIbIIapAblH KaHAFaTTaHyIIbUIBIFBIH Oarasay
YKQHE OJIap/IbIH KQKETTUTIKTepiH OoJpKay YIiH ae KonaaHbuia s, Ockuiaiima, KH-
JIbl TaliIaany KbI3MET KOPCETY CalachlH KaKCapThII KaHa KOMMaii(bl, COHBIMEH
Kartap HUQpIIbIK M1aThOpMaHbIH CTPATETUSUIBIK AaMybIHA bIKIAT eTe/i [3].

ANDREW

Address their issues efficiently in real-time
l-cypet — AKBUTIBI 9aT-00T

KU -npIH aHaMATHKATBIK KYpaIaapsl ai1aaHyIIbl IepeKTepiH OHIey KOHe
BH3yaJIM3aIUsUIay YIIiH KOIaaHbutaasl. OnapablH HEeTi3ri MaKCaThl — aKIapaTThl
TanAay YakbITBIH KBICKApTy, MICTIIM KaOBUIIAyABIH AQNIITIH apTTBIPY KOHE
naianaHymbuIapaslH MiHE3-KYJIKBIHIAFbl 3aH/BUIBIKTAP/bl aHBIKTAY. YJIKCH
JIepeKTep MacCCUBTEPIH MHTEIUIEKTYalIIbl OHACY apKbUIbI €H KO CypaHbICKA He
KBI3METTEP/Ii, CANTTHIH TaHBIMAJ O6JiMIepPiH KoHE Al IaTaHyIIbIIapAbIH THITIK
CypayJapbIH T€3 aHBIKTayFa 00maapl. AHATUTHKANBIK KepceTKimTepai [ padukrep
MEH JuarpamMmMaiap TYpPiHAE BU3yaln3alusulay aKmapaTThl KaOblIJaymsl
KCHIUACTE1 KOHE IIU(PIBIK pecypcTap sl THIMIII 6acKapyFa BIKITaN €TeIi.

AKBIIIIBI )KYHeTep COHBIMEH KaTap MaiitaanybLUIapIsiH BeO-calTIieH e3apa
OpeKeTTecyi Typasbl aBTOMATTHI €CEeNTeP/Ii KANBITACTRIPYFa MYMKIHAIK Oepei.
Byn xnmeHTTepiH KaHaraTTaHy ACHTeHiH Oaramayra, eTIHIIITEPiH >KUUTITIH
TaJJayFa )KOHE KbI3MET JKYMBICHIHJIAFBI ITPOOIEMAIIBIK alfMaKTap/bl aHbIKTAyFa
MYMKIiHIiK Oepeni. HoTmxecinae MEHeKMEHT CTPATETHAIIBIK JKOCTIapIIay KoHE
Om3HEC-TpolecTep/li OHTANIAHABIPY YIIiH OOBEKTHUBTI JEPEKTEPAl ajaisbl.
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ConbiMeH Karap, KW uHTErpanusicsl YChIHBIMIBIK KYHenepii eHrisy apKblibl
BeO-CalTThIH (QYyHKIMOHAJNABIFBIH KeHelTeal. [laiinananybIHbIH alabIHFBI
OpeKeTTepiH Tajnjay HeTi3iHJe JKyle THICTI Ma3MyH/bI, KbI3METTEpJi Hemece
eHIMJepAl ycbIHA anajabl. MyHIal KeKeNeHIIpUITeH TOCl ayAMTOPHSHBIH
aZla/IbIFBIH KaJIBIITACTBIPYFa JKOHE NalJajaHyIlbUIapIblH OeICeHATITiH
apTTHIpyFa bIKIAI eTeji [4].

KW mapkeTHHITIK mpouecTepi aBTOMaTTaHJbIPY YIIIH J¢ KOJIAaHblIa
ayajpl: ayJUTOPUSHBI CETMEHTTEY, )KapHaMaJblK HayKaHAapJblH THIMIUTITiH
Tanay *KoHE Iaiiananymsl speKkeTiH Oosmkay [S]. AKbULABI alropuTMaepi
KOJIZIaHy MapKETHHITIK CTpaTer usu1ap bl JIQJITH )KaKcapTaibl JKoHe U PIIBbIK
OpTaHbIH ©3repyiHe Te3ipek OeHimenyre MyMKIHIIIK Oepei.

Oceinaiima, XHW-np1 BeO-callTThIH (yHKIIMOHAIBIFbIHA €HTI3y TEK
naigasaHymeuiapasl aBTOMATThl TYpJAe KojgayMeH mekrtenmeiini. KU
TEXHOJIOTHSJIAPl CaHJIBIK TUIAT(OPMaHbIH KaH-)KAKTHl JaMYbIH JKOHE OHBIH
THUIMAUITIH apTTBIPY/Ibl KAMTAaMachl3 €TETIH Tajjay/ablH, O00JDKayIblH KoHE
SKeJICHIIPYiH oMOe0an KypalibiHa aiHATY1a.

Ka3zipri Tanza 93ipJeHIeH MHTEJJIEKTyalabl XKyle 3amaHayn web
TexHojorusiapsl Men APl unTepdeiicrepin nainanana oTeIpbI, BeO-calTKa
6ipiktipineni. lllemrim apxurexrypacs! XKW MoyniH caldlT KypbUIBIMBIH Oy30ait
opTypii mwarhopmaiapra KOCyra MyMKiHIIK Oepeii. AKBUIIBI KOMIIOHCHT OYJITTHI
opTajZia HeMece JKEePTUTiKTI cepBepie KYMBIC iCTEH anajpl, OV MaciTadTay
MKEeMIUTITT MEH JEePEeKTEepl CaKTay Kayilci3IiriH KaMTaMachl3 eTefli. bapibik
naianaHybl cypaysiapbl HaKThl yaKbIT PEKHMIHJE OHJIENE]ll KoHE o3apa
opeKeTTecy JiepeKTepi )KYHeHi KeHiHIpeK Tajiiay )KoHe OKBITY YIIiH caKTanasisl [6].

JKU-np1 eHri3yniH MaHBI3ABl apTHIKIIBLIBIKTAPBIHBIH O0ipi — CRM-
XKYHelaepMeH, aHATMTHKAIIBIK, IUIaTopMallapMeH, MapKETUHITIK KypaigapMeH
XKOHE JiepeKTep OazalapblMeH MHTEerpaunusiiany MyMKiHairi [7]. By Gapibik
TEXHHMKAJIBIK KbI3MET KOPCETY JKOHE Tajjay MpouecTepi YHaecimMal )KyMbIc
icTeiTiH OipbIHFal HUQPIBIK SKOXKYHEH] KypyFa MyMKiH/IIK Oepeni. 3amanaym YK
LIeMIIMEPIH XKacayllbulap WHTEIUIEKTYaN/bl JKyHenepaiH (yHKINOHAIABIFbIH
KEHEWTII, 0J1ap IbIH )KYMBICBIHBIH JAQJIJIIH apTThIPa OTHIPBII, TAOUFH TIJJII OHICY
YKOHE MAIIMHAJIBIK OKBITY aJI'OPUTMJIEPIH YHEMI SKETIJIIPill OTHIPa/IBL.

Kasipri yakpitra KM TexHOJIOTHSAIaphl MAPKETHHITIK CTpaTerHsiap/ bl
icKe achIpy/a, OPEHATI 1aMBITY/1a JKoHE IU(PIBIK KOMMYHHKAIMS apHaIapbiH
KaJbINTacThipyaa Oesicenii Konnanbuiaasl. Web-caiitka KW nHTerpanusiiay
KeJieci MyMKIHIIKTep/Il aliapl:

— naitnananymsuiapsl 24/7 pexxuMiHIe aBTOMATTaH IBIPBUIFaH KOJIAAY;

— ayTUTOPHSIHBI MHTEIUIEKTYaIIIbI CerMEHTAlNsIIAY;

— Tayapiap MEeH KbI3METTepre KeKeJICeH/1ipUIreH YChIHbICTap Oepy;

—MaiiaaHy bl MiHEe3-KYJIKbIH TaJlay;
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— CYpaHBICTHI O0JIKaY;

— OTIHIIITEP/l aBTOMATTHI OHJIEY;

— CEPBUCTIK KbI3MET KOPCETY IiH THIMIUIITIH apTThIpY.

Hudpriblk SJKOHOMHKA >KaFnaiblHIa nainananymsl Toxipuodeci (User
Experience, UX) Ty>XbIpbIMIaMachIHBIH MAHBI3bI APTHITT KeJiei. byt Ty KpIpbIMaama
uu(PABIK OHIMHIH KOJIAWIBUIBIFBIH, KOJDKCTIMAUIITIH )KOHE IMOIIMOHAIIBIK
KaObU1IaHybIH KapacTbipaisl. XK -1p1 web-caliTka MHTerpanusiiay naijaiaHyIsl
TOXKIpUOECIH KalbINTacThIpYFa Tikesel acep ereni. [lalnananymbuiapasiy
MiHE3-KYJIKBIH MHTEJUICKTYaJIJbl Tajlay apKbUIbl KYHe KOHTEHT KYPBUIBIMBIH
OeiiiMel anajabl, HABUTAIMSHBI JKEHUIJIETE/ll KOHE KaKeTTl aKkmapaTThl ainy
YIIIH OpBIHJAJIATBIH 9PEKETTEp CaHbIH a3ailTazpl. by maijananymsuiapabiH
KaHaraTTaHy JACHI€HiH apTThIPHII, LUQPIBIK Iu1aTdGopMara gereH y3ak Mmep3imui
CEeHIM/Ii KaJIBIIITACTBIPA/IbI.

ConbiMeH Katap, JKM TexHOJIOrrsIapblH KOJIJIaHy JIepeKTepre Heri3ienrexH
Oackapy (data-driven management) TYXKBIPbIMJIaMAChIMCH THIFBI3 OAlTaHBICTHI
(2-cyper). XKU-xyiie nainananymsiiapablH opeKeTTepi Typaibl AepeKTepal
JKMHAII, OHJETI, 3aHJbIIBIKTAP/bl AHBIKTAW/Ibl XKOHE KOHTEHTTI, KbI3METTEpi
YKOHE MapKETHUHITIK CTpaTervsuiap/ibl OHTAHIaHbIpyFa MYMKIHIIK OepeTiH
AQHAIIMTHKAIIBIK €CENITep KaIbINTacThIpaibl. MyHail Tociin yibIMaapra ay AuTopust
MiHE3-KYJIKBIH/IAFbl ©3repicTepre jkeiel jkayan Oepyre, KOHBepcus ASHIreliH
apTTBIpyFa )KOHE JKOFapbl 0OCCKEJICCTIK JKaFaalbIHIa Web-pecypCeThl THIMII
JAMBITYFa MYMKIHIIK Oepeni [8].

Maigananywe!
(User Experience)

| Al-Moaynt: Kowrercrany |
— NLP / ML Mogensaepi
Cypatibic | Web-caiT / Kochimw/EpeiTepal #isepy (Processing Core) Mepexrep Gasactt

(Frontend Interface) ) _B‘Q Data & THDWX. )

ayanTul rexepaumMAnay
¥

MNepcoxanu3ayma
JHexre yCuHBICTAD

2-cyper — [lepexrepre Herizaenren 6ackapy (data-driven management)
ConbIMeH Katap, BeO-caiitra XKV -1p1 KOJIIaHYIbIH apTHIKIIBUTBIKTAPhl MCH
KEeMIITIKTEpi, Talijackl MEH 3HUsHBI 0ap ekeHi aHbIK. byHbl kenecineit SWOT-

aHaJIM3 9Jlici apKbUIBI Kepyre Oomazpl (1-kecre):
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1-kecte — SWOT ananus

APTBIKIIBUTBIKTAPbI

Kemurinikrepi

- [MTafinananyusuiapra KbI3MeT
KepceTy aBToMaTTaHaspelTFan: XK -uaT-
00TTap JKoHE MHTEIUICKTYaJIbI JKyiienep
cypayJiapra KbUIaM jKayar Oepeni, Koiaay
KbI3METKEPJICPiHiH )KYKTEeMECiH a3aiiTaibl.
- KonrenTri x)exenenaipy: XK1
KyHenepi op maiiianaHyIIbIHbIH
KBI3BIFYIIBLIBIFBIHA OCiiMIeNTeH aKnapaT
YCBIHA aja/ibl, OyJ1 MaiijanaHybIHbIH
KaHaraTTaHybIH )KOHE CaliTKa TapTHUTYBIH
apTTHIPaJIbL.

- AHaIUTHKA j)XOHE OoJpKaMay:

KU naitnananyuisl opekeTTepi Typaibl
JIepeKTep i )KUHAI, OHJIeH 1, Oy callT
JKYMBICBIH OHTaMJIaH/IbIpyFa Heri3Ae/reH
mrenriMaep KaObuinayra MYMKIHAIK Oepeti.
— 24/7 ®YMBIC iCTECY: HHTCIUICKTY bl
JKylernep ToyJIik OOl KbI3MET KopceTel,
CEePBHC TYPAKTBUIBIFBIH KAMTaMachl3 eTe/I.
- Macmradrany mymkinairi: K-
MOJIYJIBICP/Ii OPTYPIIi miathopmanapra
OHall MHTerpanusIayra 0oabl )KoHE Mai-
JlaJlaHyLIbLIAp CaHbl APTKAH CailbIH carachl
TOMEHJEMEH .

— Wnrerpanunsuiay kypaemnimiri: XK1-
JKYHeCIiH a3ipJiey JKoHE EHTi3y YaKbIT,
pecypc KoHE TEXHUKAIBIK OLTiMI1
Ka)KET eTe/l.

— JlepekTep canachbliHa TOYCIILTIK:
KU 5KyMBICHIHBIH THIMILTIT]

Kipic JepeKTepaiH IoNIIri MeH
TOJIBIKTHIFbIHA OAMIIaHBICTBI.

— Tycianipy mekreynepi: KU
KYpZeIi HeMece CTaHIapTThl eMec
naianaHyIsl cypayiapblH IyphIC
OH/IeMeyi MYMKIH.

ITatigacer

Kaymi

— Caiit QyHKIHOHAIIBIFbIH KCHEUTY:
MHTEIUIEKTYas bl YChIHBICTAP,
aBTOMATTaH/BIPBUIFAH XaTTap jKOHE
MaianaHy bl OpeKeTTEPiHIH aHATHTHKACHIH
KOCy.

— MapkeTHHT cTpaTerHsIapblH JKaKcapTy:
AyJUTOPUSIHBI CETMEHTTEY JKOHE CYPaHBICTEI
6ommkay yurin KU konnany.

— backa cepsuctepmen unterpanus: XKN-ai
CRM, aHanuTHKaJIbIK XYHenep koHe Map-
KETHHITIK IUTaThopManapra Kocy apKbUIbl
OipeIHFall OacKapy KOXKYHeCiH Kypy.

— BbocekenecTik sxoHe Oamamanap:
web-caiiTTapra apHaIFaH KenrTereH
KU1 memrimaepi 6ap, OHBIH iOTHIE
OYJITTBIK CEPBHCTEP MCH JIalibIH
1aT(OPMAIBIK MIETTiMIEP.

— Jlamy >kxoHe Komay
LIBIFBIHIAPBIHBIH )KOFApPbI 0OITYBI:
KU Moy eHri3y )oHe KoJaay
KbIMOATKa TyCyi MYMKIH, acipece
IIaFbIH OM3HECTer! KOMIIaHUsIaP
YILiH.

— JlepekTepaiH KYUsITBUTBIFBI KayTIi:
nailanaHybl IePeKTepiH cakTay
JKOHE OHJICY 3aH TalanTapbl MEH
Kayilci3/IiK CTaHAAPTTapbIH CAKTaY bl
Tasarn eTesi.
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Tanpnay Gapeiceinna XXU-ap1 web-caiiTka nHTErpanmsuiay MyMKIHIIKTEpi
OpTYpJli JIepeKKe3aepre CyHeHe OTHIPHINT KapacThIpbULABI. ATan alTKaH[a,
naiiasaHynIbIapAblH CYpaHbICTAPBbIH OHJEY KBUIAaMIbIFbl, KBI3MET
KOpPCEeTy carachl, XYWEHIH TOyJiK OOWBI KYMBIC iCTEy MYMKIHJIr, COHIaM-
aK aHAJMTUKAIBIK JEPEKTEp/l j)KUHAY JKOHE OHJiey KaOUIeTi Herisre ajibIHIbl.
CoHbIMEH Karap, JKYHeHI eHTi3y Ke3iHJeri TeXHUKAIBIK KYPICIUIiK, AepeKTep
carachlHa TOYEJIIIIK JKOHE KayilcCi3miK Macelnenepi Jie ecernke aiblHIbl. by
TaJjiay TEOPHSIIBIK MaTepHalIapMeH KaTtap, Kasipri web-caifrrapia KoiJaHbUIbII
xypre KU mremimaepinie MyMKIHAIKTEPIH CAIBICTBIPY apKbUIBI XKYpriziui [9].

Tangay HoTHXKeECiHAE YKacaHIbl MHTEUIEKTTI web-caiiTKa €HIi3y >Kalllibl
aJFaH/ia THIMJI meniM exeHairi ansikranapl. O naiijananyisuiapra KbI3MeT
KOPCETY CalachlH apTTHIPHII, XKYMBIC IPOLECTEPIH aBTOMATTaHJBIPYFa YKOHE
OM3HeC THIMIUIITIH )KOFapbUIaTyFa MYMKIHIIK Oepeni. JlereHmeH, xKyieHi coTTi
€Hri3y YIIIH camalibl JepeKTep, Ayphic OarrTay jkoHE KayilCi3JiK TajanTtapbiH
cakTay MaHBI3Jbl eKeHi Oenrimi Oomabl. Ochuraifina, *KacaHIbl HHTCIUICKT
TEK KOCBhIMIIA Kypasl eMec, web-callTThIH JaMyblHa dcep €TeTiH MaHBI3IbI
TEXHOJIOTHSIIBIK KOMIIOHEHT O0JIbIn Tadbutaabl. OChl peTTe MHTEILICKTYaJ bl
XKyHeHi Oacka omicTepMeH caibIcThIpcak Oosaabl. Meicainsl, KHW-xyiie Men
JIOCTYPIIl MakaaHy bl KOJIJayblH CAIBICTBIPY:

JKU-npl mHTErpanusiay: naijaiaHyllblIapAblH CypaHbICTapbIH
ABTOMATTHI TYPJE OHJEY/l, TOYJIK OOHBI KYMBIC iCTEYAl MKOHE Ma3MyHJIbI
NepcoHaIM3anusIIay bl KamTamachl3 erei. [laiinananymsuiap sy SpekeTTepin
TaJiay apKbUIbl CalT (DYyHKIIMOHAJJIBIFBIH )KaKcapTyFa MyMKIHIIK Oepei.

Joctypai xongay (Tipi omepaTopiiap): KbI3METKEpPJICpPAIH KOI yaKbIThIH
TaJIall eTel, )KYMBIC YaKbIThI LIEKTEYJIl )KaHE KbULIaM Kepi OalaHbIC apJaibiM
KaMTaMachI3 eTiIMei . Anaiiia, anaM Kyp/eni HeMece epeKiie CypaHbICTap bl
JIypbIC ©HJICH anajpl.

JKU-xyite MmeH cueHapuiinik Hemece FAQ-00TTapabl CalbICTHIPY:

JKU-np1 nHTErpanmsuiay: TabuFd T OHICY aJITOPUTMICPIH KOJIJIaHaIbl,
CYpaHBICTBIH KOHTEKCTIH TYCIHE ajiaJipl )KaHe THicTi xkayanTap Oepeni. Kypneni
CIIeHapHiiIep MEH NepCOHAIM3UPIICHICH ©3apa SPEKETTECY YILIIH THIMII.

Cuenapuitniik FAQ-60TTap: anjasiH ana OepiireH cleHapuil OOWbIHIIA
JKYMBIC iCTEHi )KOHE KaHa HEMEcCe CpeKIe cypaHbIcTapra Ociimuaene
anMaiiipl. OyHKIMOHAIABIFEl MEKTEYl J)KOHE NaijalaHylIbl dpeKeTTepiHeH
yiipeHe anMaiiasl.

JKU-xyite MeH naiibiH OYJITTHIK Iatdopmaiaplibl CalbICThIPY (MbICAbI,
ManyChat, Tidio, Chatfuel):

O3zinig JKU-MomyniH MHTErpanysiay: CaiTThIH HAKThl Ka)XETTUIIKTEpiHe
(yHKIMOHAIIBI MKeMJIeyre MYMKIHJIIK Oepeni, imki aepexkopiap meH CRM
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KylenepimMeH OipikTipiiesi, COHBIMEH KaTap ©3/epiHiH Tajliay aJropuTMAEPiH
KoJIIaHyFa 0oJiaibl.

Jaiibin rmaropmanap: 4aT-00TThI Te3 icke KocyFa MyMKIHJIK Oepei, Oipak
(YHKIIMOHAJJIBIFBI LIEKTEYITI )KOHE TepeH OanTayra a3 MyMKIiHJIT 0ap.

Onerre, xeke JKHM-memim MeH 0acka aBTOMaTTaHIBIPY KypalJapbIHbIH
apachIHJIaFbl TaHAY YHBIMHBIH MaKcaTTapblHa, OI0/DKETIHE KoHE (DYHKIIMOHAIIBIK
TajanTtapbiHa OalnaHbICTBl. VHTEIUIEKTyan bl KyWenepal WHTerpauusay
web-caiiTTa naiianaHymbuIapMeH e3apa 9peKeTTecyAl THIMJI eTy YIIIH eH
MEePCIEeKTHBAIIBI IICHIMICPaiH Oipi 00BN TaObLTABI, ce0eOi O MKEMILIIK,
AQHAIMTHKAJIBIK MYMKIHIIKTEp jK9HE jKaKCapThUIFaH MaijaaHybl TOKIpHOeciH
KamTamach3 eteni [10].

KopbITbIHABI

Web-caiirTbiH ¢yHkimoHansHa XM -1p1 vHTErpatysuiay — naiaaaHy nbuiapra
KBI3MET KOpPCETy MPOLECIH aBTOMATTAH/IBIPY/IbIH 3aMaHayH 9pi THIMII Kypasibl
OoxbIn TaObUTANBl. MHTEIUIeKTYan bl JKyienep, COHbIH imnHae yar-0oTTap,
naijanaHymbuIapAblH CYpPaHbICTAPbIH HAKTBI J19J OCBl YaKbIT PEKUMIHJIE
eHJIeyTe, KOHTEHTTI KEKEJICHAIPYTe )KoHe KbI3MET KOPCETy CalachlH apTThIpyFa
alTapibIKTall MYMKIHIIK Oepei.

Ochl 3epTTey asiceigga web-caiitka enrizinetin XU Herizingeri yat-
00T 93ipJieHIN, OHBIH TIXKipuOENiK MYMKIHJIKTepi Taixganasl. YaT-60T
TnaijaaHyIbUIap bl CypaKkTapblHa aBTOMATTHI TYpJe JKayar Oepill, KaKeTTi
aKIapaTThl YCHIHY JKOHE CaliT OOMBIHIIIA HABUTALMSHBI )KEHUIIETY (QYHKIMSUIAPbIH
opeiHaaiabl. XKyleHi KojlaHy HOTHIKECIHJAE NaljalaHyIIblIapably
CypaHBICTapblHa Kayan Oepy YyaKbIThl KbICKAaphIll, KbI3MET KOPCETY
TUIMJLUIT enayip apTkanbl Oalikanasl. COHbIMEH Karap, 4aT-0OTThl €HTi3y
KbI3METKEpJIEpre TYCETiH )KYKTEMEH1 a3aiiThIIL, )KYMBIC ITPOLIECIH OHTalIaH IbIpyFa
MYMKIH/IIK 6epi.

3eprrey HoTHKeIepi kepceTkeHaen, KM Herizingeri yat-00TTapasl
web-caliTTapra eHrizy naijanaHynisl TOXIpHOeciH kakcapTyra, CEpBUCTIH
KOJDKETIMJIITIH apTThIpyFa *oHe HUQPIBIK MIaTGopMaHblH THIMIIIITIH
JKOFapblIaryFra biknan ereai. Ocpuiaiiina, YChIHBUIFAH MMM Ka3ipri 3aMaHFbl
web-xkylenep/i aMbpITya MaHBI3IbI KYpall OOJIBI Ta0bLIA B! )KOHE OOIalaKTa
OHBIH KOJIJJaHy ayKbIMBI OJIaH 9pi KeHeie Tyce/i.
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HNHTETPAIIUSA NCKYCCTBEHHOI'O UHTEJIJIEKTA
B ®YHKIIMOHAJI WEB-CAMTA JIJIsI TIOBBIIIEHU A
3®PEKTUBHOCTH OBCJIYKHUBAHMS I1OJIb30BATEJEN

B cospemennom yudposom npocmpancmee web-catimol cmanossimes
OCHOBHbIM UHCMPYMEHMOM  83AUMOOCUCMBUS. MENCOY OPSAHUZAYUAMU
u noavsosamenamu. Hcnonvsosanue UCKYCCMBEHHO2O0 —UHMELIEKMA
OMKpbIBAE HOBbIE GO3ZMOJNCHOCMU OISl AGMOMAMUZAYUY NPOYECCO8
00CYICUBAHUS, AHATU3A NOBEOCHUs. NOb306AMeENell U  NOBbIULEHUS
Kauecmea npedocmasisiemvix yciaye. HUnmeepayusi mexnonoeuii MU 6
@yuxyuonan web-caiimog noszeonsem co30amv UHMELIEKMYAIbHYIO
cpedy 83aumMo0elicmsusl, CHOCOOHYI0 A0anmuposamocsi K NOMpeOHOCmsM
nonvzogameneii. 6  pejcume  peanbHo2o  epemenu.  Ilpumenenue
OaHHOU KOHYenyuu 0aem 603MONCHOCHb 3HAYUMENbHO PACUUPUIND
@yukyuonanbnvie  803MONCHOCMU — Web-pecypcog U nOGvICUMb
agppexmusrocme ux pabomol.
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B oaunoti cmamve paccmampusaromesi ocHosHbie NOOXO0bL K
unmeezpayuu MU 6 pabomy web-caiima u ananusupyiomest 603mMOoHCHOCMU
e20 mpakmuueckozo npumenenus. B uacmnocmu, oceewaromcs
80npocwl asmomamuyeckou o0bpabomxku Nn0Nb308AMENbCKUX
3anpocos, nepcoHanu3ayuu KOHmeHnma, UHMENTeKMYabHO20
aHaU3a OGHHLIX U Peanu3ayuil CUCmem OHIAUH-KOHCYIbMUPOBAHUSL.
Takoice  paccmampuaiomcst mMexHONOSUYECKUe ACNeKmvl 6HeOPEeHUs
UU-pewenuil, 6xaouas UCNONb308AHUE — ANOPUMMOE  00paAbOMKU
ecmecmeenHo20 A3bIKA U Mawunno2o ooyuenus. Kpome mozo, 6 cmamue
NOKA3aHA NPAKMUYECKAsl 3HAUUMOcmy npumenenusi MU ons nogviuienus
Kauecmea — OOCHYICUBAHUSL  NOAb308ameNell, ONMUMU3ayuY  OusHec-
NPOYECCO8 U CHUNCEHUS HASPY3KU HA COMPYOHUKOB CYHCOBL NOOOEPICKIL.
Ocoboe enumanue yoensemcs nepcnekmueam OanbHelue20 pa3eumusl
UHMENIEKMYANbHBIX Web-cucmem u pacuupenuro cep ux npumeHeHus.

Kniouegvie  cnosa:  uckyccmeennviii  ummeniekm, — web-caim,
06pabomra ecmecmeenHo2o A3biKd, NOAbL30BAMENbCKULL ONbIM, Yam-00m.
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INTEGRATION OF ARTIFICIAL INTELLIGENCE INTO WEB SITE
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FUNCTIONALITY TO IMPROVE USER SERVICE EFFICIENCY

In today’s digital space, websites are becoming the main tool
for interaction between organizations and users. The use of artificial
intelligence opens up new opportunities for automating service processes,
analyzing user behavior, and improving the quality of services provided.
The integration of Al technologies into the functionality of websites makes
it possible to create an intelligent interaction environment capable of
adapting to user needs in real time. The application of this concept makes
it possible to significantly expand the functionality of web resources and
increase their efficiency.

This article discusses the main approaches to integrating Al into
the work of a website and analyzes the possibilities of its practical
application. In particular, the issues of automatic processing of user
requests, personalization of content, data mining and implementation of

online consulting systems are highlighted. Technological aspects of the
implementation of Al solutions, including the use of natural language
processing and machine learning algorithms, are also considered. In
addition, the article shows the practical importance of using Al to improve
the quality of user service, optimize business processes and reduce the
burden on support staff. Special attention is paid to the prospects for the
further development of intelligent web systems and the expansion of their
applications.

Keywords: artificial intelligence, website, natural language
processing, user experience, chatbot.
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MODELING AND ANALYSIS OF THE PERFORMANCE
OF C-RAN ARCHITECTURE IN 5G NETWORKS
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This paper presents a comprehensive analysis and performance
modeling of the Cloud Radio Access Network (C-RAN) architecture within
5G mobile communication networks. The purpose of this research is to
evaluate the potential for effective network resource management, and the
impact of such management on overall network performance-based on
the centralized processing principle inherent to the C-RAN architecture.
The study examines the structural characteristics of the C-RAN system
and investigates dynamic resource allocation mechanisms facilitated
by the centralization of base station functions into a shared Baseband
Unit (BBU) pool. Furthermore, the limitations imposed by fronthaul
network bandwidth and latency are analyzed, alongside a review of
strategies for mitigating these constraints. The research methodology
employs both analytical modeling and computer simulation, conducted
within the MATLAB environment. The simulations incorporate Massive
MIMO technology and assess key system performance metrics such as
throughput, latency, network capacity, and energy efficiency. The results
demonstrate that the adoption of the C-RAN architecture can enhance
network performance, improve resource utilization efficiency, and reduce
interference. The findings also confirm that a C-RAN system based on
centralized control offers high scalability and delivers superior efficiency
compared to traditional RAN architectures. These results underscore the
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pivotal role that C-RAN technology plays in the evolution of 5G networks,
as well as in the development of future 6G networks.

Keywords: 5G networks, C-RAN, virtualization, massive MIMO,
BBU pool, fronthaul, network performance.

Introduction

The rapid development of information and communication technologies,
the growing demand for multimedia services, and the sharp increase in the
number of mobile devices are imposing new requirements on the architecture of
telecommunication networks. The deployment of fifth-generation (5G) mobile
communication systems, in particular, has brought to the forefront such critical
challenges as the simultaneous connectivity of numerous devices, latency
minimization, high-speed data transmission, and enhanced network reliability.
The architecture of traditional Radio Access Networks (RANs) is not fully
equipped to meet these complex requirements [1]. Consequently, the search for
and implementation of novel architectural solutions has emerged as a key area of
scientific inquiry within the field of telecommunications.

5G networks are viewed not merely as a technology providing high-speed
internet, but also as a foundational platform for next-generation digital services
— including smart cities, industrial automation, autonomous vehicles, Internet
of Things (IoT), telemedicine, and augmented and virtual reality systems. Such
applications demand high network throughput, ultra-low latency, and exceptional
reliability. Therefore, the efficient operation of 5G networks depends significantly
on the organization of the radio access network, resource management mechanisms,
and the processing architecture of base stations.

In recent years, the Cloud Radio Access Network (C-RAN) architecture has
been widely studied as a promising solution for meeting such requirements. A
key feature of the C-RAN concept is the decoupling of the functions typically
performed by a traditional base station. Under this model, the tasks of transmitting
and receiving radio-frequency signals are delegated to distributed peripheral-
level radio units (known as Remote Radio Heads, or RRHs; and Radio Units, or
RUs). Conversely, signal processing, resource management, and control functions
are centralized within a pool of Baseband Units (BBUs) hosted in a centralized
computing environment. This centralization enables the flexible allocation of
network resources, infrastructure virtualization, and the efficient utilization of
computing power [2].

One of the most significant advantages of the C-RAN architecture is the
realization of statistical multiplexing gains, achieved by aggregating the processing
resources of multiple base stations within a single shared cloud environment.
Consequently, this enhances capabilities for load balancing, coordinated
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interference management, and efficient spectrum utilization, while also facilitating
the deployment of technologies such as Coordinated Multi-Point (CoMP) and
reducing energy consumption. Furthermore, this architecture simplifies network
scalability, creating an environment conducive to the rapid deployment of new
services and the software-defined management of network functions. In turn, this
contributes to a reduction in both capital expenditures (CAPEX) and operating
expenses (OPEX) for network operators.

However, the implementation of the C-RAN architecture gives rise to a
number of significant technical challenges. In particular, the stringent requirements
regarding bandwidth and latency for the fronthaul links connecting radio units to the
centralized processing unit, synchronization issues, and the necessity of ensuring
data security constitute key factors that constrain system efficiency. Although these
issues are addressed in current research, a comprehensive performance modeling
ofthe C-RAN architecture — along with a comparative analysis against traditional
RAN systems — remains an insufficiently explored area [3].

Accordingly, the primary objective of this study is to evaluate the impact
of the C-RAN architecture on network parameters within 5G networks through
performance modeling and analysis. The research examines the structural
characteristics of the C-RAN system and analyzes key performance indicators,
such as the efficiency of centralized resource management, network throughput,
energy efficiency, and latency levels.

The scientific novelty of this work is characterized by the following aspects:

— the performance of the C-RAN architecture was evaluated through
simulation using the MATLAB environment;

— system throughput and reliability were analyzed in the context of Massive
MIMO technology implementation;

— a comparative analysis was conducted between C-RAN and traditional
RAN architectures;

—the efficiency of centralized network resource management was substantiated
using quantitative metrics.

The research results demonstrate that the C-RAN architecture can enhance
performance in 5G networks, facilitate more efficient utilization of network
resources, and reduce interference. Furthermore, the findings underscore the
critical importance of this technology in the development of future Beyond 5G
(B5G) and 6G networks.

Related work

In recent years, the architecture of the C-RAN has become one of the
important research areas in the development of 5G and next-generation mobile
communication networks (B5G, 6G). This technology allows efficient use of
network resources due to centralization and virtualization of radio access networks.
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In this regard, many scientific papers have considered in detail the architectural
features, performance and prospects of using the C-RAN system.

The research examined the possibilities of the C-RAN architecture in a
Multiple Radio Access Technologies (Multi-RAT) environment and showed that
it is possible to ensure uninterrupted switching between networks by controlling
various radio technologies from one center [3]. This approach improves the user
experience and contributes to network efficiency. This study examines the energy
efficiency and economic feasibility of the C-RAN system [4]. The results show
that using a centralized architecture can significantly reduce capital and operating
costs. In addition, combining computing resources allows you to reduce power
consumption and balance the network load. Research in this field also examines
the theoretical foundations of C-RAN technology and its application in dense
heterogeneous networks [5]. In particular, it is noted that centralized processing
reduces interference and effectively implements technologies such as CoMP.

Security issues also play an important role in C-RAN systems. Research in
this area has analyzed security risks and vulnerabilities in C-RAN architectures
and highlighted the need to improve data protection mechanisms [6]. In addition,
the possibilities of increasing security through the use of blockchain technology in
5G networks were considered [7]. Moreover, the issues of resource management
and user connectivity were considered, as well as energy-efficient algorithms for
user selection were proposed [8]. There are also compared centralized and multi-
agent approaches to resource allocation in C-RAN systems and showed ways to
improve system performance [9]. The reliability and performance of the C-RAN
architecture have also been studied in NLOS and LOS environments, and system
reliability has been assessed based on statistical signal propagation models [10].
These studies play an important role in describing the operation of C-RAN systems
in real conditions.

However, most of the reviewed papers focus only on certain aspects of the
C-RAN architecture. Some studies address energy efficiency or safety issues,
while others only address resource management or signal processing issues. In
addition, many studies do not provide a comprehensive assessment of system
performance through full-scale modeling or lack adequate comparative analysis
with traditional RAN architectures.

In this context, comprehensive modeling of the performance of C-RAN
architectures in 5G networks, quantification of their key parameters such as
bandwidth, latency, reliability, energy efficiency, and comparison with traditional
architectures is a scientifically relevant task. This work is aimed at eliminating
these shortcomings.

97



Topatievipos ynusepcumeminiy Xabapuwicot, ISSN 2959-068X.
Dusuka, Mamemamura HaHe KOMNbIOMeEPIIK 2blabimoap cepusicol. Ne 2, 2026

Materials and Methods

C-RAN system architecture and channel model

This study examines the centralized architecture of the C-RAN for 5G
networks. In the C-RAN system, the functions of the base station are divided into
two main parts: remote radio modules (RRH) and a centralized pool of BBUs.
RRHs perform the functions of receiving and transmitting radio signals. At the
same time, the tasks of resource management, signal processing, and network
management are implemented in a centralized BBU pool. Communication
between the RRH and the BBU is carried out through the front-end network, so
this architecture requires high bandwidth and low latency.

The C-RAN architecture allows centralized management of network
resources, distributing computing power across multiple cells, and jointly
reducing interference. Especially in a multicell environment, this approach plays
an important role in improving network reliability. In case of failure of one radio
module, neighboring RRH nodes can form a group and continue serving users. A
similar system model is shown in Figure 1 [11].

Central E
Administration £
Unit

(‘i)) RRU Error

(‘x’) Self-recovering RRU
? Normal RRU

---» Data signal

—» Cooperative data signal

—
Cooperative
group

Figure 1 — System model for compensation of multicellular
failures in a 5G cloud public safety network

The probability of failure is considered as one of the key indicators in
assessing the reliability of the C-RAN network:

Poye (D) = ]g}br} P(Pirj < Pgp)
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where P . (i) is the probability of communication interruption for user i,
Pirj is the signal power received by the user, P;;, is the minimum required signal
level, J is the set of serviced radio blocks, and J . is a cooperative RRH group. If
the level of the received signal falls below the threshold, communication quality
degrades or the connection is interrupted. Since multiple RRHs operate together
in a C-RAN architecture, this probability can be reduced.

To describe signal propagation, the NLOS case in a multicell environment
was considered, and the Rayleigh fading model was employed. In this case,
the probability density function of the received signal power is expressed
as follows [10]:

1 Pk
T
fPr(plc,rk) = 2]/2 exp <_ 2 2 £ )

k,Tk k;rk

where P,C,rk is the signal power received by the user k, yj ,, is the average
received signal parameter, and fp_ is the probability density function of the signal
power. This model allows you to take into account the effects of scattering,
reflection and diffraction.

The reliability of the system was also assessed using the signal-interference-
noise ratio (SINR). For the user, the reliability of the system is defined as the
probability of reaching the minimum required SINR level:

Ry = P(SINRy,, = v)

or
r
pk,rk

where Ry is the reliability of the system for user k, SINR ., is the signal-
to-noise ratio, Yk is the required minimum SINR value, and P is the probability
function.

The 5G C-RAN systems can operate within a heterogeneous network
environment alongside macro, pico, femto, and relay cells. Such integration
enables the utilization of various backhaul technologies and flexible management
of network load. This architectural interconnection is illustrated in Figure 2 [12].
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Figure 2 — Heterogeneous network architecture
with mixed backhaul technologies in LTE/5G systems

Performance Evaluation Metrics and Modeling Methodology

To evaluate the performance of the C-RAN architecture, methods of analytical
analysis and computer simulation were employed using the MATLAB/Simulink
environment. The simulation incorporated Massive MIMO technology, a feature
specific to 5G networks, and assumed a configuration comprising 64 antennas
at the base station serving 20 user devices. The radio channel was characterized
by a Rayleigh fading model, while the Zero-Forcing algorithm was utilized for
signal reception. The SNR value was varied between -5 dB and 25 dB, and 1,000
iterations were performed using the Monte Carlo method. The key simulation
parameters utilized in this study are presented in Table 1.
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Table 1 — Modeling parameters of the C-RAN system

Parameter Denote Value Description
. Basic frequency used in
Carrier frequency fe 3.5GHz 5G system
Determines the bandwidth
Channel bandwidth B 20 MHz of the communication
channel
Number of users Ny, 20 Number of users

connected to the network
Number of Massive

Base station antennas M 64

MIMO antennas
Channel model h Rayleigh fading Multipath propagation
model
Detection method ZF Zero-Forcing Interterence? reduction
algorithm
SNR range SNR (-5)-25dB Slgﬂal-to—@lse ratio
change interval
Simulation iterations Nsim 1000 Monte-Carlo simulation
number
Network architecture Anet C-RAN Centralized Radio
Network
Performance metric ¢ Throughput System efficiency

assessment parameter

Several key metrics were employed to assess the system’s performance.
Specifically, the following parameters were analyzed: throughput, network
capacity, latency, bit error rate (BER), and outage throughput. Throughput
characterizes the volume of data successfully transmitted across the network
over a specific period, thereby enabling an assessment of system stability as the
number of users increases. The BER metric was used to evaluate variations in
signal quality, while latency was utilized to determine the system’s suitability for
real-time services. Overall throughput can be estimated using Shannon’s formula:

C = Blog,(1 + SNR) (5)

where represents channel capacity, denotes channel bandwidth, and is
the signal-to-noise ratio. This expression enables the analysis of the impact of
centralized processing and antenna resource integration on network performance.

During the simulation, the C-RAN architecture was compared against a
traditional distributed RAN system, and changes in throughput, latency, and
network capacity metrics were evaluated as the number of users increased.
Furthermore, the extent to which a centralized BBU pool facilitates dynamic
resource allocation and effective interference management was investigated. The
obtained results are analyzed in the following section through the use of graphs
and quantitative metrics.
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Results and discussion

The results of the conducted simulations demonstrated a significant positive
impact of centralized processing on the performance of the C-RAN architecture
in 5G networks. The results obtained within the MATLAB environment were
analyzed based on key network parameters such as throughput, latency, BER,
and network capacity. In the C-RAN architecture, the distribution of base station
functions and the centralized processing layers directly influence overall system
performance. This functional split is illustrated in Figure 3.

Cloud Core
(Data Center)

gNB
(Macro Cell)

77T~

o

Fronthaul

il.:VY“AVA‘ :

‘
e — | e
e :

et |
= iFFT | Beamf. | Precoding-RE mapper| RE
._1', Port exp. mapper
e, 7.

; o
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catA «catB (DL only)
-~ RF - Radio Frequency ~ PHY - Physical Layer MAC - Medium Access Control RLC - Radio Link
ifFT - Beamf. Port exp.  —- - RCE — Precoding ———~ RRC- Packet Data Convergence - RRC - Radio Resourcel

Figure 3 — Functional split in the C-RAN architecture

As shown in Figure 3, radio-frequency layer functions remain at the RRH
(or RU) level, while PHY, MAC, RLC, and higher-layer control functions
are implemented within a centralized BBU pool. This architecture enables
the integration of computing resources and facilitates effective interference
management. Such an approach enhances network flexibility and simplifies the
deployment of new services.

This research study analyzed the variation in average system throughput as a
function of an increasing number of users. The results indicate that, although per-
user throughput declines as the number of users increases, the C-RAN architecture
maintains system stability once a certain threshold is reached. This phenomenon
is attributed to the effects of centralized control and statistical multiplexing. The
variation in throughput as a function of the number of users is illustrated in Figure 4.
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Figure 4 — Variation of average bandwidth and per-user throughput
with increasing number of users under MMSE detection

As evident from the graph, throughput values are relatively high during
the initial phase; however, as the number of users increases, available resources
diminish due to distribution. Nevertheless, the system maintains a certain level
of stability, demonstrating the C-RAN architecture’s capacity to effectively
manage network load. This result indicates that a centralized BBU pool can
sustain a stable Quality of Service (QoS) level through the dynamic reallocation
of resources. An analysis of latency metrics demonstrated that the C-RAN system
is highly effective for real-time applications. Centralized processing and efficient
management of network resources enable a reduction in data delivery times. This
is particularly critical for meeting the requirements of Ultra-Reliable Low-Latency
Communication (URLLC).

Furthermore, the relationship between the BER and the SNR was investigated;
the findings revealed that improvements in signal quality lead to a reduction in BER
values. The implementation of Massive MIMO technology facilitates multi-stream
processing and enhances signal reception quality. Consequently, data transmission
reliability is significantly improved. Additionally, the impact of Massive MIMO
technology on C-RAN system performance was analyzed. The effectiveness of
this technology in boosting throughput is illustrated in Figure 5.
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Figure 5 — Throughput performance analysis
of 5G C-RAN with massive MIMO

As shown in Figure 5, the system’s throughput increases significantly when
Massive MIMO is employed. However, when the number of users becomes
extremely high, the efficiency of the Zero-Forcing receiver may decline, causing
actual system performance to deviate from theoretical limits. This phenomenon is
attributed to increased computational complexity and errors in channel estimation.

The results obtained regarding network capacity demonstrated that the C-RAN
architecture possesses high scalability. When the number of users increases, the
centralized BBU pool effectively redistributes computing resources and ensures
stable system operation. This characteristic positions the C-RAN architecture as an
effective solution for dense heterogeneous networks. Overall, the obtained results
indicated that the C-RAN architecture offers the following advantages compared to
traditional distributed RAN systems: effective interference management, dynamic
resource allocation, high network scalability, and enhanced energy efficiency.

Furthermore, the study identified a number of limitations. Specifically, high
requirements for fronthaul network capacity and the increased computational load
associated with centralized processing may impact system performance. Therefore,
a promising avenue for future research lies in the optimization of fronthaul
networks and the application of Al-driven resource management techniques.
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Conclusion

This study investigates the performance of the C-RAN architecture in 5G
mobile networks through comprehensive modeling and analysis. The research
examined the structure of the C-RAN system — based on the principle of centralized
processing — including its key components and specific features regarding network
resource management.

The results of the modeling demonstrated that the C-RAN architecture enables
a significant enhancement of network performance. Specifically, the utilization of
a centralized BBU pool allows for dynamic load balancing, efficient integration
of computing resources, and interference minimization. Consequently, network
throughput increases, latency decreases, and QoS is maintained at a stable level.
Furthermore, it was found that system throughput and reliability are further
enhanced through the use of MIMO technology. When faced with an increase in
the number of users, the C-RAN architecture demonstrated the ability to efficiently
redistribute resources, thereby ensuring network scalability. This characteristic
positions it as a promising solution for dense heterogencous networks.

The research findings confirmed that the C-RAN architecture offers several
advantages over traditional distributed RAN systems, such as improved energy
efficiency, reduced infrastructure costs, and effective interference management.
The study also identified key limitations associated with the implementation of
the C-RAN system. In particular, the stringent requirements for high bandwidth
and low latency in fronthaul networks, as well as the increased computational load
resulting from centralized processing, may impact system efficiency. Addressing
these challenges necessitates the development of high-speed communication
technologies and the implementation of intelligent resource management methods.

In summary, the results indicate that the C-RAN architecture is an effective
technology capable of delivering high performance and flexible network
management in 5G networks, as well as in future B5SG and 6G networks. By
facilitating the virtualization of telecommunication systems and the integration
of cloud computing technologies, this architecture has the potential to serve
as a vital foundation for the development of next-generation communication
networks. Future research will focus on exploring approaches to optimizing
fronthaul networks in C-RAN systems, developing Al-based resource management
algorithms, and enhancing network security.
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5G KEJUIEPIHAETT C-RAN APXUTEKTYPACBIHBIH
OHIMALJITTH MOJAEJIBJEY KOHE TAJIJIAY

byn maxanaoa 5G mobunvoi bainamvic dceniniepinoeei Oyimmol
paduoea Kon oicemkizy oiceniciniy (C-RAN)  apxumexmypaculnoiy
OHIMOLNIZIHe KeweHOI Manday HoHe MoOenboey YCblHbli2aH. 3epmmeyoin
markcamol — C-RAN apxumexmypacvlna moH opmanblKmanoblpblieaH
oHOey npuHyuni HeziziHOe Jicenilik pecypcmapobl muimoi 6ackapy
MYMKIHOIKMEPIH JHCOHE OHbIH JCANNbL Jcell OHIMOLNICIHe ocepin bazanay
bonvin mabdwvLiaowt. Kymuic bapoicoinoa C-RAN orcyiieciniy KypolivblMObIK
epeKuenikmepi Kapacmuipulivin, 0a3anblk CManyus QOYHKYUAIAPbIH
opmax, BBU nynvina opmanblkmanoblpy apKblivl dicy3eze acamvli
pecypcmapovl OUHAMUKALLIK, 06y mMexanuzmoepi zepmmenodi. ConviMeH
Kamap, anobigebl OAUIaHbIC JHCENICIHIY OmKI3y KabOilemi MeH KIOipicite
OaUIanbICmbl MYbIHOAUMbIH WeKmeyiep MaioaHbln, 0a1apobl a3aumyead
bazoimmanzan  mocinoep  Kapacmlpuliobl. 3epmmey  90icmemect
ananumukansly mooenvoey owcone MATLAB opmacwinoa oicypeizineen
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4Kazaxckuil HalMOHATBHBIN UCCICOBATCILCKUN TEXHUUCCKUN YHUBEPCHTET

KOMnblomepiix — mModeinvoeyoi  Kammuowvl. Mooenvoey — 6apwvicvinoa
Massive MIMO mexnonozusicol KOIOQHBLIbIN, HCYUCHIH Hei32l OHIMOLILIK
Kepcemkiwmepi — emkizy Kabiiemi, Kidipic, dcell ColiublMObLIbI2bL
JicoHe dHepeusi muimoiniei oasananovl. Anvinean Homuoicenrep C-RAN
apxXumeKkmypacvlH KOIOAHY Jceili OHIMOLIIZIH apmmulpyead, pecypcmapobl
muimoi naudaianyea HcoHe uHmepepeHyusiHbl azaumyaa MyMKIHOIK
bepeminin kopcemmi. ConOQu-aK, OpmanblKMaHobIPbLI2aH b6acKkapyea
neeizoeneen C-RAN oicytiecininy sicozapel macumadbmany xabiiemine ue
exendizi dicone docmypai RAN apxumexmypanapvimen canvlcmuip2anod
muimoiniei scosapol exendiei donenoendi. 3epmmey nomuoicenepi C-RAN
mexnonozusicolnoly SG oceniiepin 0amvimyodazsl, COHOAU-aK OONAUAK,
6G  Oainanvic  Jcyliesiepin  KAIbINMAcmuipyodabl  MAaHbl30bl  POJIH
AUKbIHOALObL.

Kinmmi cez0ep: 5G owceninepi, C-RAN, eupmyanusayus, massive
MIMO, BBU nynvl, anovinest 0auiausic sHeenici, scei OHIMOLi2L.
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MOJAEJIUPOBAHUE U AHAJIN3 ITPON3BOAUTEJIBHOCTH
APXUTEKTYPBI C-RAN B CETAX 5G

B Oannou cmamve npeocmasnen  KOMNWIEKCHbIU — AHATU3 U
MOOenuposane npou3so0UMeIbHOCIU apXumeKmypsl 001auHolu cemu
paouodocmyna (C-RAN) 6 cemsix mobunvrot ceéssu 5G. Llenvio 0annoeo
UCCTIeO0BANUS ABTIAEMCI OYEHKA NOMEHYUANA IPDEKMUBHO20 YNPABCHUS.
cemesbiMU  pecypcamy U GIUAHUSL MAKO20 YNpasieHus Ha 0Ouyio
NPOU3BOOUMENBHOCHIL CeMU HA OCHOBE NPUHYUNA YEHMPATUZ08AHHOU
obpabomku, npucyueeo apxumexkmype C-RAN. B  uccredosanuu
paccmampusaromesi cmpykmyphvie xapakmepucmuxu cucmemvt C-RAN
U UCCHeOVIOMCSL MEXAHUMbL OUHAMUYECKO20 PACHPeOeseHUsl Pecypcos,
KOMOPbIM CHOCOOCMBYem YeHmpanuzayus QyHkyuti 6azo60u cmayuu 6
obwem nyne ycmpoticme 6azosou noaocel yacmom (BBU). Kpome moeo,

AHATUBUPYIOMCSL OSPAHUYEHUSL, CBA3AHHbLE C NPONYCKHOU CNOCOOHOCMbIO
U 3a0epiACKOll 60 (PPOHMANLHOU Cemu, d MAKdHCe PACCMAMPUBAIOMCSL
cmpameauy O YCMPAHeHUlo  dmux — ocpanuyenui. Memodonozcus
UCCTIeO08ANUSL UCNONb3YEM KAK AHATUMUYECKOe, MAK U KOMAbIOMepHoe
Mmodenuposarue, npogooumoe 8 cpeoe MATLAB. B xode modenuposarust
ovi1a ucnonvzosana mexnonocus Massive MIMO u oyenenvl kiiouegvle
noxkazamenu npou3BoOUMeNIbHOCMU CUCTNEMbL, MAKUe KAK NPONYCKHAs
CnOCOOHOCMb,  30A0€epiicKa,  NPONYCKHASL — CNOCOOHOCMb — cemu U
aHepeosphexmuenocms. Pezynrvmamer nokaszvieaiom, umo eueopenue
apxumexmypol C-RAN mooicem nosvicums npouzsooumenibsHoCmy cemi,
nogblcUMb  IPHEKMUBHOCHb UCNONL30BAHUS PECYPCO8 U YMEHbULUND
nomexu. Ilonyuennvle pezynbmamel makce NOOMBEPAHCOAIOM, UMO
cucmema C-RAN, ocHosanmas Ha YeHMpPATU306AHHOM YNPAGIEHUU,
obnadaem  GbICOKOU  MacuimabupyemMocmolo U obecnedugaem
npPesoCXoo0HyI0  IPHEKMUBHOCMb N0 CPAGHEHUIO ¢ MPAOUYUOHHBIMU
apxumexkmypamu RAN. Omu pezyromamuvl nooueprugaiom Kiouegyio
poav, komopyio mexnonocus C-RAN uepaem 6 pazsumuu cemeti 5G, a
maxoice 8 paspabomre 6yoywux cemeii 6G.

Knouesvie cnosa: cemu 5G, C-RAN, eupmyanuzayus, massive
MIMO, nyn BBU, ¢oponmanvhas cemo, npou3e00umenibHOCHb Cemu.
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XACAH/AbI MHTEJIJIEKT S4ICTEPIHE HETI3QEJIMEH
«MEOULINHAJIbIK KEHECLUI» KOCbIMLWACBIH 93IPJIEY

Maxkanaoa «Medoray unmenekmyandvl MeOUYUHATBIK HCYUeCt
yevinvliean. On cumnmomoapead, mepiniy cypemmepin manioayaa sHcoHe
Jlceke  MeOUYUHANBIK MoliMemmepee He2iz0enzern NatoaiaHyublHblY
Jlcazoanibln - andvlH-ana  bazanayea apHaiean MOOYIbOIK  YUDPIbIK
niamgpopma peminoe eneisineen 6bonamoin. JKyiie Symptom-checker
peminde bazblmman2am KypbliblMObIK CAYATHAMAMEH, 0ePMAMOL0USIbIK,
epexwienikmepoi manday2a apHaiead KOMNbIOMEPLIK Kepy MOVl
JICOHe KeNy Mapuxvll CAKmMay HcoHe NAtoaIaHyUbIHbIY HCA2OAUbIH
OUHAMUKANBIK,  OAKbLIAy MYMKIHOIZI 0ap NatdaiaHyWbIHbIY — JCeKe

MeOUYUHATBIK NPOpuLi KIpeoi.

Maxkanaoa macumabmanyvin, KIUHUKALLIK KAVINCI30I2IH JHCoHe
HomudicenepOiy  MyCIHOIDIYIH — KAMMAmMacels emyee Oazelmmaizan
APXUMEKMYPANbIK, — JHCOHE — UHIICEHEPAIK — wewimoep — Cunammanaobl.
Homuoicenepdi  mycindipy — mexanusmoepi — Kapacmulpuliadsl, Oy
navuodananyubiaa JHCyueHiy aiobii ana KopblmblHObLIAPbIHIY J102UKACHIH
mycinyee MymKiHOIK Oepedi. Tindix molenvOep mek myciHikmemenep
Jlcacay  JicoHe  naudaramywwbiza  OilimM - 6epy  KoaoayblH —Kepcemy
MakcamvlHOa Oipikmipineen; onap MeOUYUHAIbIK wewim Kabvlioay
npoyecine KamviCNauobl HCOHe MAMAHHBIY KIUHUKABIK MOAHCIpubecin

AIMACMBIPMATIObL.

Yevinvinean  mocin  6acmankpl  MeOuyUHAILIK — 0a2anayobiy,
nayuenmmepee YuppavlK KOMeK Kopcemyoiy JHCoHe NpohuIaKmuKanbly
MEOUYUHAHBL KOLOAYObIH KOJNCeMIMOLieiH apmmulpy2a 6azelmmaizan
KeuwleHOl  yu@prolk  MeOUYuUHanblk wewimoepoi oicacay oeyemin
kepcemedi. JKyile wvikmuman —aybimkyiapovl  epme  aHbIKMay2d
JHCOHEe  NAUOANAHYUBLIAPObIH  OCHCAYIbIK CAKMAY JiCyleciMen  e3apa
opexemmecyin  OHMAUIaHObIpyed —KOMEKMeCemin KOMEKUli  Kypai

peminoe OpHANACMbIPLLIZAH.
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Kinmmix ce30ep: axbLiobl MeOUYUHALBIK HCYUenep, CUMARIMOMOApObl
mekcepyuli, mepiniy KeCKIHIH manoay, YuQpivlK OeHCAyIblK CAKmay, Kon
MOOANLObL MANOAY, HCEKENCHOIPIIZEH MEOUYUHA, HCACAHObL UHMEILTIEKI.

Kipicne

CoOHFBI KbULIAPBl HayKaCTap/IbIH JKaFlalblH allJiblH aja 0oJoKay jKoHe
KJIMHUKAJBIK IIeNiM KaOblIaay bl Koyjay YIHIiH HUQPIBIK MeIUIIMHAIBIK
KYHenepal KoJJaHyFa JIereH KbI3bIFYIIBUIBIK TYPAKTHl TYPJAE apThII KeJei
[1]. Jencaynblk cakray >KyWeciHe TYCETiH >KYKTEMEHIH apTybl, MEJANIMHAIBIK
MaMaHJapFa KOKCTIMIUTIKTIH MICKTEYJIIT KOHE CO3BUIMAIIBI aypyJiap/IbiH
ke0ero1 KIIMHUKAIBIK YKaFJailiap/iaH ThIC NaijaiaHyblUIapra epTe MeAUIMHAIIBIK
0acIIBIIBIK TEH KEKe YChIHBICTAp Oepe ajaaThlH MHTEUICKTYa/Ibl Kypajiapabl
a3ipneyi Kaxet ereni [2].

LndpiibIk AeHCayIBIK CaKTay caiachlHa eH OeJICeH Il JaMblIl Kejle )KaTKaH
OarbITTapbIHBIH O1pi — HayKacTap/IbIH IIAFbIMIaPbIH OACTATIKbI TalIayFa apHaFaH
CHUMITTOM-TEKCepy Kyienepi [2]. MyHaii menriMaep/iiH KeHIHCH KOJIJaHbLTYbIHA
KapaMacTtaH, Oap KyHelepiH enoyip 0eiri CHMOTOMIAPAbI BIKIIAMIAIFaH
MOTIH/II €HTI3yTre HEMece PEeCMH MEIUIMHAIBIK JIOTUKAChl )KOK T'€HEPaTHUBTI
TUIIK MOJIEJIbACPTEe HETi3JeNITeH, OyJl HOTHXENEePAiH TYCIHIIPUTYiH IEeKTerl,
OJIap/IbIH KIIMHUKAIBIK CEHIMJIUIITH Oarayayabl KublHaaTaapl. CUMITOMIApIBI
TEKCepy MICHIMACPIMEH KaTap, MCIUIUHAIBIK KCCKIHICPIl, COHBIH INIHAC
TEpiHiH KECKIHJICPIH TalIay YIIIH KOMITBIOTEPIIIK KOpy dJIicTepi OesceH i Typae
eHrizuyae [2].

byn makana «Medoray HHTEIIEKTya il MENIIMHAIIBIK )KYHECIH YChIHA/IBI.
Out cuMITOMAAP/IBI TEKCEPYI, Tepi KECKiHIH Tayljay MOy, Maiaaganybl
MEUIMHAIBIK POl kKoHe KaOblUIJayjap TapuXbl CUSKTHI JIeMETTEepAl
OipiKTIpeTiH MOIYIBAIK HUGPIBIK TUIaTPopMa peTiHe icKe achlpbulFaH. Tek
TUIIK MOJCNbACPTe OaFbITTAIFaH IICHIIMICPICH albIpMaIibuIbFel «Medoray
JKYHECIHIH HeTi3r aHATMTHKAIBIK KOPBITBIH/ABIIAPB! KYPBUIBIMIAIFaH AEPEKTEp
MEH aJITOPUTMIIK JIOTHKaFa Heri3aenreH [3].

Ocsl 3epTTeyain MakcaThl — «Medoray xy#eciHiH apXUTEKTypachl MEH
TEXHUKAJIBIK iCKE achIPbUIYBbIH CHIIATTay, COHAANW-aK TaHJAIFaH MHKCHEPIIK
IeHiMACPAl TYCIHIIPUTYIIUTIK, MacIITa0Tally JKOHE KIMHUKAJBIK Kayilci3aik
TYPFBICBIHAH cunarTay. Makanana APl Kypy, Aepekrepi oHJiey, aHaTUTHKAIIBIK
MOJIYJIBJICp MEH Makjajanyibl CYpaHbIMBbIH OHJICY KaFu1aiaphl TaJIKbUTIaHA bl

Hotmxenep kayinci3iik NeH TYCIHAIPMENIK TallalTapblH CaKTai OTBIPHIII,
KOIl MOJIaJIb/Ibl JAEPEKTEp HETI3iHJIe, MaijananyIbIHbIH KaFIaiblH al/bH ana
Oarayayra MYMKIH/IIK O€pETIH KeIeH I MeIMIIMHAIBIK U PIBIK M1aTHOPMaHbI
Kypy MYMKiHAiriH kepcereni. byn «Medora» xyitecin api Kapail 3epTTey MeH
KIIMHUKAJIBIK PacTay YIIiH NepCIEeKTUTBANIBI HETi3re alHbUIbI [4].
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Matepuangap MeH dicrepi
Kymbicra «Medora» Moy tbiK UG PIIBIK METUIMHAIBIK XYHeciH xkobanay,
a3ipIiey xoHE MHTerpanusiiay Kipi. 3epTrey Keeci keseHuepaeH Typsi (1-cyper):

MedHelper System

?

1) Myhenik apxuTexkTyparsl »xobanay
- MOAYNLAER KYPaMbl
- LEpeKTep afbiHbl
- cakTay saHe Kayinciznik kabartTapsl
2) Tepi BelneciH Tangay MogeniH icke ackipy
- MOfEeNb TaHaay #aHe oKbITy
- MHpepeHc NaAnnanHb
- METpUKanap

3) CumnTomMaap #aHe Tepi GelHeciH Tanaay Mooynb OepiH xacay
- symptom-checker nornkacol
- image-analysis cepeuci
- HaTWeH| cTaHpapTTay
4) APl apkblnbl MoLYNbAER O] MHTErpaUKAnay
- REST API
- ayTeHTUdhuUKauus
- nor upoeaHue

o ¢‘ v
™,
5) ManimeTTepal eHoey Oangirid coiHay
- TECT AepekTep
- accuracy precision recall
- KaTenepal Tannay

" #

®

1-cypeT — 3epTTeyaiH Ke3eHaepi

.
h

_

F-

-
i

ApPXUTEKTYpabIK HETi3 peTiH/e Keneci KOMITOHeTTepre OemiHIi: AepeKTepi
KMHayFa apHaJIFaH KJIMEHTTIK nHTep(eiic, ceprepiik API numosi, cummromaap st
TEKcepy MOJyJIi, TepiHi Tajnay MoayJIi, 1epekkop (2-cyper) [5].
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Medora Be6-cepBuci - XyMbic npuHL Ui

%
,/ \\
Manpanauywsl

Medora Beb-uHTepdenci

API wniosi

[AnanuTukansik moaynsoep
e

¥ ] Y
£] ]
CUMNTOM-4ekep

Hatuxe
(anpeiH ana baranay
JKBHE YChIHbICTap)

=)
‘ MeauumHansik Npoduns ‘ ‘ Tepi aHanusi

2-cypeT — Medora BeO-cepBHUCIHIH K0OaCH

Medora xyiiecigmeri cummroMm Tekceprim — 0yn «Open Router» API
TIpoBaliAepi apKbUTBI CHIPTKHI TUIIIK MOEIBII Al TalaHaTHIH KBI3MET PeTiHAe iCKe
aceIpburad. MaTerparms ymrin API kinTi KomgaHbIIaabl, al MaiaaaaHyIIbIHbH
cypaymapsl Tagnanrad Grok Momermi apKeUTEI eHeei. bys1 MOIyTbaiH HEri3ri
MaKcaThl NaiJaaaHyIIbIHBIH CAMIITOM/IAPbIH CHITATTAY b, Pi Kapai MalMHAIBIK

OHJIEyTE JKOHE YCHIHBICTAp JKacayFa skapaM/Ibl KYPIIBIMABIK 00BEKTKE TYPICHAIPY
(3-cyper) [6].

3-cyper — OpenRouter API xinTi
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Mopenbre xi0epy anbIHIa Kipic IepeKTepiHiH AYPBICTBIFbIH TEKCEPY KOHE
oJapbl Oipkeski hopmartka Kenripy xyprizisieni: 60c epictep aibll TacTajiaibl,
MOTIH Y3bIHJIBIFBI IIEKTEJe/1, OJIeM OIpJIiKTepi MEH YaKbIT apajbIKTapibl
CTaHIapTTaJIFaH popMaTKa TypiacHaipeni [7].

Tepi Tanmgay MoayniH a3ipiiey aepekrep OasaceiHaH Oacrananbl. «HAM
10000» ambIk nepekTep KUHAFbl Tepl 3aKbIMAAHYJIAPbIH aHBIKTAHTBIH
KJIACCU(UKATOPBI OKBITY YIIIH KoJiaaHbuLabl [8]. OHIa nurmerrenreH tepi
3akbIManynapeiHblH 10015 nepMatockonusuibIK KecKiHi xkoHe OipHemie
JMarHOCTHKAIIBIK KjaccTapra apHairaH aHHoTauusiap Oap. Oxeity Google
Colab OynrThIK OpTackiHAa xyprizinai. On Google pecypcrapblt naiianaHsii,
ToxipOuenep xkyprizyre MyMkinaik 6epei. Colab nepekrepi KyKTeyaeH Oacrari,
MOJIeNIb CaJIMaKTapblH KOHE OKBITY apTe(akTUIepiH cakrayra JAeHiHrl OYKil
TOXIpOHE IMKIIIH YHBIMAACTHIPY YIIiH KOJJaHbIa bl (4-Cyper).

0 & Mogene prvccrranann % & E B Anmea ‘\,

cain Hears By B (st e G

Qo =l + = Taur | D e« TG v >

(R AN

e =g

i Q My v (et 1 presicte. |

& 37pre i o 1 vare s

) Tegewane @ Teomnan °

4-cypet — Tepi cyperTepi Tajmay MOJCIIH jKacay
OxpITy mporecci 21 pet eTkizingi. Byt Oapibik gepekrep KOpbIMbI3Ib! 21
peT MoesIbIcH OTKi3y mpoiiecci. OckI mpoliece OapbIChIH/IA JKOFAITYJIAp a3aiblIl,

TOIIK TMalbI3bl OCTI (S-Ccyper).
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w 3noxa 1: MoTepw = 130.8583, TouHocTs = 78.83%
3noxa 2: MoTepw = 126.5355, TouHocTs = 79.96%
3noxa 3: Motepu = 118.4814, TouHocTs = 78.83%
3noxa 4: Motepu = 117.8284, TouHocTs = 78.74%
3noxa 5: Motepn = 118.9169, TouHocTe = 79.82%
3noxa 6: MoTepw = 113.7244, TouHocTs = 86.12%
3noxa 7: MoTepn = 113.9958, TouHocTs = 88.23%
3noxa 8: Motepu = 118.8393, TouHocTe = 79.87%
3noxa 9: Motepu = 115.7647, TouHocTs = 88.39%
3noxa 18: MoTepw = 188.3157, ToyHocTe = 88.64%
Jnoxa 11: MoTepw = 188.4281, ToyHocTe = 88.55%
3noxa 12: MoTepn = 185.8817, TodHocT: = 80.80%
3noxa 13: MoTepn = 186.3826, TouHocTs = 88.82%
3noxa 14: Motepn = 187.8487, TouHocTs = 88.73%
noxa 15: MoTepu = 185.8676, TouHocTs = 81.83%
3noxa 16: MoTepn = 184.1842, ToyHocTe = 88.99%
3noxa 17: MoTepw = 182.6769, TodHocTe = 81.32%
3noxa 18: Motepn = 86.6524, TouHocTe = 82.83%
3noxa 19: MoTepu = 188.4986, TouHocTs = 81.53%
3noxa 28: Motepn = 89.3748, TouHocTs = 81.48%
3noxa 21: Motepw = 97.3276, TodHocTs = 81.33%

5-cypet — MojenbiH OKy Iporecci

Medora BeO-KpI3METIHAECTT TEPiHI Tajay MOAYIIHIH )KYMbIC TIPHHITHITI.

OKBITYy 1aH KeHiH MoJ1elTh SKeopTTai sl (Mbicansl, SavedModel popmatbinia
Hemece .H5) sxoHe TepiHi Tanjay/ sl jKeKe KbI3MeTi peTiHae Kocbuiibl. Medora
- narbl pipline inference kesecinei xy3ere acbIpbliabl:

— naiananyms! BeO-nHTepdeic apKbIUTbl TEPIHIH CYypETiH XKYKTEeH I,

— API ¢aiinner kaObUIIalaBI, OacTanKbl TEKCEPYi OPBIHIANIBI (TIIIiM,
enmeM, Ooc daingap);

— cypet Mozenb popMaThIHa (resize, normalization)okeneni;

— MOJIeJTh KJ1accTap OOMBIHINA BIKTUMAJIIBIK BEKTOPBIH IIBIFAPaIbl;

— cepBep HOTMKEeHI KaiiTapajpl.

Mopens «uarno3 KonMaiae», 0ipak bIKTHMaIIBIK Oarajiay MEH alliblH aja
KIKTey i skazasl (6-cyper) [9].
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Tanpay HaTUxeci

2025-12-12 13:06 Tepi Tannaysi

Keparos Tapiai Ty3inim 100,0% [l Oprawa Kayin - yHeMi MeANLMHANBIK Gakbinay
YebiHbinans!

MYMKIH SONATbIH IWATHO3/IAP (YT BOMBIHWA TOM-3)

= Keparos Tepiaai Tysinim - wamameH 100,00% ([ Opralwa Kayin - yHeMi MeavuMHanslk 6akbinay yebiHbinaabl)
+ Menakoma - Wwamamer 0,00% (€ XoFapbl Kayin - KaTepni icik 607yl MyMKiH)

6-cypet — MoJenbIiH ®KYMBIC iCTey MPHHIIATIL

[Natimananynrsl UHTEPPEHCIHIH APXUTCKTYPACHL.

Medora BeO-KbI3METI JKeKe )KyMbIC MOJICIIH JKY3€T'e achlpajbl, COHIBIKTaH
NaiganaHybUIapAbl TipKey JKoHe ayTeHTH(UKAIMI MOyl xkacanabl. by
MOIyJNb: Oipereil Tipkemy jkacay, Kayilci3 aBTOpH3aIus, MEIUIHMHAIBIK
POQUIIBII CaKTay JKOHE KaHAPTY, NPOMUIBIIH MaiIalaHyIIBIHBIH Cypayap
TapuXbIMEH OalIaHbICHI

Tipkey >koHe aBTOpHM3alus TOKCHU3ALMSUIAHFAH KOJI KETKi3y CXeMacChIH
KoJIIaHa OTHIpbII, cepepiiik APl apkpuibl sxy3ere acbipbiiais! (Mbicaiasl JWT
HeMece session-based icke ackIpyFa HerizeNnreH apTopu3anusi) (7-cyper).
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Mepopa CumnTOMAPAL TeKcepy Kypans! Tepi aHanusi Tanpay Tapuxsi Npoduns [T

Mpodunp

XKeke pepekTtep

CI3AIH ATbIHbI3 A3u3bek TaTeHos

JKbIHbICHI Epkek -~
JKACbBI 23

BOMbIHbI3 (CM) 179

CANMAFbI (KT)
Wamawmen ACH: 19.7

TEMEKI WETY [J MeH Temexi weremin

KYKTIAIK O KyKrinik (Tek siengepre KONAAHbINAAH)
MeavuuHanbIK aknapar

Anneprui et
Anneprus

NpoTHzOnOKazaKMA HeT
[1I8PI-AOPMEKTEPTE KAPCHI
KEPCETINIMAEP

7-cypet — [Ipodwmis

Haru:kenep koHe TAIKbLIAY

KyMbICTBIH HOTHIXKECIHAE (QYHKIMOHANABI Typae TojblKk Medora
HHTEJUIEKTYal bl XKylecl icke achlpbliajabl, oran LLM-0argapnanran
CUMIITOMAAPABI ChIHAYIIbI, resnet-50 HeriziHmeri Tepi KecKiHiH Tainjgay
MOJIyJTi JKOHE OipbIHFall KbI3METKe OarbITTajFaH apXUTEKTypajaa OipikTipiireH
naijananybHbIH JKeKe MeIUUUHAIBIK npodwi kipeni. Timaik Mozenbi
CHUMIITOM/IAP/Ibl TEKCEPY KYPaJIbIHBIH HEri3iHe OIpiKTipy KypbUIbIMIaIMaraH
nailananyibsl MOTIHIH (GOpMalibIaH/bIPbLUIFAH KIMHUKAIIBIK HbICAHFA THIM/II
TYpA€ TYPJCHIIpY MYMKiHAIriH kepceTTi. Grok mMozeni cuMnToMaapibl COTTI
KaJIBIIIKa KEITIpell, MarbiM MapaMeTpiIepid ajaabl KoHe KypbUIbIMIbIK JSON
(dbopmaThIHIA THATHOCTUKAIIBIK THIIOTE3ATaPIbIH aJIIbIH aja TI3IMiH jKacailIbl.
BekiTiareH mernim arairapblHa Heri31e/IreH KIIACCHKAITBIK €PE)KEre Heri3Ae/IreH
CHUMITITOM/JIAP/bI TEKCEPY KypaJLAapbIMEH CaJIbICThIPFaH/ I8 OYJ1 TOCIT TAOUFH T/
TYCIHAIPY/I€ YJIKEH HKeMILTIKTI KAMTaMachI3 eTe/ll )KoHe Kyp/ieli Mai1anaHy bl
TY)KBIpBIMIaMaiapbiHa MYMKiHIIK Oepeni. COHBIMEH KaTap, MOIEIbIIH
»ayaOblH KaTaH CepBep JKarblH/a TeKCePy KaKETTLIIr aHbIKTasibl, cebedi LLM
naiijanany mbIFbIC POPMATHIHAAFBI BIKTUMAI ©3T€PrillTIKIIEH )KoHEe ChIPTKbI API
TYPaKThUIbIFbIHA TOYEIALTIKIICH OaiinanbicThl. ResNet-50 Herizinzeri Tpancdepitik
OKBITYBI KonaHa oTeIpei, HAM10000 nepextep >KUBIHTBIFBIHAA OKBITBUIFaH
Tepi Tajjay MOJYI JepMaTOCKOIUS KECKiHAepiH OipHelle TUarHOCTHKAIIBIK
CaHaTTapra KIKTey MYMKIH/IITH KOpCeTTi. AJIJIbIH ajla OKbITBUIFaH apXUTEKTYPaHbI
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Tnaijanany OKbITY YaKbIThIH KbICKAPTTHI )KOHE YJIKCH JEPEKTEp >KUBIHTHIFbIHAH
OypbIH asIbIHFaH OSPiK TOMEH KSHE JKOFaphbl ACHI il BU3yaJlibl MyMKIHIIKTEpI1
naiinananasl. Toxipubenep Ooykay camachl Kipic KeCKiHIHIH camacblHa
aiitapiblkTail OailylaHBICTBI €KEHIH KOPCETTI: )KapBIKTaHIBIPYAbIH TOMEH/EY1,
OYJIBIHFBIPIIBIK HEMECE TYC OypMaiaHybl MOJICIIb/IIH BIKTHMAJIIBIK CCHIMIUTITHIH
TeMmeHzeyiHe akenesi. KockiMina GpakTop — 0acTarKel AepeKTep *KUbIHTHIFbIH/IAFbI
CBHIHBIN TEHI'epiMCi3iri, OyJI a3 KepceTiireH 3aKkbIMJIaHy caHaTTapblHA
cesiMTanpIKKa acep ereti. CoraH KapamacTaH, MOJICIb IYPbIC KECKIH/I aJI/IbIH ajia
OHJICY KaFJalIapbIHAa TYPAKThl OHIMAIIIK KOPCETT] JKOHE aBTOMATTaHAbIPbUIFaH
aJIIBIH ala Oarayiay Kypajbl peTiHJie naiananburysl MyMkid [10].

KopbITbIHABI

3eprTey OapbiChlHIa NaiigalaHymblIapaAbl aljablH aja Oaranayra
apHaJIFaH MyJIbTUMOJIIBABI UQPIBIK m1atdopma 6osbin TadbuiaThiH Medora
WHTEJUIEKTYaJIbl MEIMLIMHAJBIK XKYWeci a3ipieHimn, eHriziinai. Y Heri3ri
komroHeHT Oipikripinai: OpenRouter API apkpuisl Grok Mojesnine Herizuenrexn
LLM Herizinzmeri cuMnToMaapasl TeKcepy KypaJbl, KaliTa OKbITBUIFaH
ResNet-50 apxurektypacblHa HETi3JeIreH Tepl KECKiHIH Tanjgay MOy JKoHe
TaijananybIHBIH JKeKe JIeHCAYJIbIK Mpoduil xKyieci. bapiblk KoMIoHeHTTep
OipeiHrail APl xoHe KypBUIBIMIAJFaH AepeKTep Mojaeni 0ap KbI3METKe
OarbITTalIFaH apXUTEKTypara OipiKTipireH.

3epTTey MakcaThlHA KOJI JKETKI3UIAi: MOTIHAIK IIaFbIMIAPbI, BU3YalIbl
epeKLIeNTIKTEep/Il XKHE AepeKTepAl OipbIHFail Taaay OipiKTipin eHIeyre MyMKIHIIK
OepeTiH TeXHUKAJIBIK TYPFbIJJAH MYMKIH apXUTEKTypa yKacajbl.

3eprreyaiH Oomanak GarbITTapblHA OKBITY OSHHENIEeP )KUBIHTHIFBIH KEHEHTY,
HEHPOH/IBIK JKEJiHI TYCIHAIPY OAICTEePIH €HTi3y, HaKThl MEJULMHAJIBIK OpTajaa
KIIMHUKAIIBIK CBIHAKTAp XKYPri3y oHe )KYHEHIH Kipic AepeKTepiHiH 3repriluTiri
MEH KECKiH carachblHa TO3IMIUIIrH apTThIPY TETIKTepiH a3ipiiey Kipesi. Tarsl 6ip
Haszap ayjapaTbliH OarbIT — MOJIEIIbJIEPAl HeMece THOPUATI apXUTEKTypaiap bl
KEPrijgikTi opHajXacTeIpy apKblibl chipTKbl LLM npoBalinepiepine
TOYCJIUTIKTI a3aiTy.

Ochlnaiinia, aJblHFaH HOTHIKEJIEp CaHIbIK JEHCAYJBIK CakTayjaa
MHTEIUICKTYaJI/Ibl TEXHOJIOTHSUIAP/IbIH JIaMybIHA YJIeC KOCAThIH, TAOMFU TUII OHACY
MEH KOMIIBIOTEPIIIK Kepy/i OipblHFail apXuTekTypa ImeHOepinae OipikTipeTiH
KELIeH{1 MYJIbTHUMOAAIbJbI HUMPIBIK MEIUIMHAIBIK XYHEeHI KYpPYIbIH
OPBIH/IBUIBIFBIH PACTaNIbI.
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PA3PABOTKA NPUJIOXKEHUS «MEJTAULIMHCKUI
KOHCYJBbTAHT» HA OCHOBE METO/10B
HNCKYCCTBEHHOI'O HHTEJIJIEKTA

B cmamve npedcmasnena unmeniekmyanbHas MeOUYUHCKAsL CUCIEMA
«Medopay. Ona peanuzogana kaxk MOOYIbHAs yugposas niamepopma
011 NPedsapumenbHoll OYeHKU COCMOSHUL NOJb306AMelss HA OCHOBE
CUMNIMOMOG, AHANIUZA U30OPANCEHUTI KOICU U NEPCOHATNLHBIX MEOUYUHCKUX
Oannvix.  Cucmema  GKmOYAem  CMPYKIMYPUPOBAHHVIO — AHKENY,
NPEOHAZHAYUEHHYIO OISl NPOGEPKU CUMNIOMOS, MOOYIb KOMNbIOMEPHO2O
3peHus 0N aHanu3a O0epMAamoNOSUYecKUx 0COOEeHHOCmel, a MAaKice
NePCOHANbHBLIL MEOUYUHCKULL NPOPULL NONB308AMENSL C B03MOICHOCTBIO
XPaHeHust UCMOPUU  NOCEWEHUNl U  OUHAMUYECKO20 MOHUMOPUHEA
COCMOSIHUS NOJIb306AMEI.

B cmamve onucanvi apxumexmyphvle U UHICCHEPHbBIE PEUleHUs,
Hanpasientvle Ha o0becneyeHue Macuimadupyemocmu, KIUHUYeCKOll
bezonacHocmu U uHmepnpemupyeMocmu pesyibmamos. Paccmompenoi
MeXaHu3Mbl unmepnpemayuu Pe3VIbmamos, nosgosowue
NONb306aMeNI0 NOHAMb JTOSUKY NPEOBAPUMETbHBIX 8bI6000G CUCHEMDbL.
A3biK0Bble MOOCNU UHMESPUPOBAHBL MONBKO OISl CO30AHUSL NOSCHEHUL
U OKazaHusi 0OPA308aAMENbHOU NOOOEPIHCKU NOTb30GAMENI0; OHU HE
VHACMBYION 8 NPOYeCce NPUHAMUSL MEOUYUHCKUX PeULeHUT] U He 3AMEHSIOM
KAUHUYECKUTI ONbLM CNeYUAIUCma.

Ipeonooicennviti n00xo00 OemoHcmpupyem ROMEHYUANL CO30AHUSL
UHMEZSPUPOBAHHBIX YUPDPOBHIX MEOUYUHCKUX PEULCeHUT], HANPABTEHHbIX HA
nogvlueHue O0CMYNHOCIU NePEUYHOLU MEOUYUHCKOU OYEHKU, YUPPoBo2co
yxo0a 3a nayueHmamu u noOOEpIHCKY NPOPUIAKMUUECKOU MeOUYUHDL.
Cucmema no3uUYUOHUPYEMCST KaK GCHOMOSAMENbHOE CPeOCcmeo Ois
PAaHHE20  GbIAGICHUS  NOMEHYUANbHBIX ~ AHOMAIULL U ONMUMU3AYUU
63AUMOOCUCMBUSL NOL30BAMETELL C CUCMEMOU 30PABOOXPAHEHUSL.

Knrouesvle cnosa: unmeniekmyanivuble MeOUYUHCKUE CUCHEMDbL,
npoGepKa  CUMNIMOMOS,  AHAIU3  UB0OPAdICEHULl  KOJICU,  YUDposoe
30pasooxparenie, Mynbmu MOOAIbHbIL AHAIU3, NEePCOHANUIUPOBAHHAS
MeOUYUHA, UCKYCCMBEHHbIL UHMELIEKIN.

DEVELOPMENT OF A MEDICAL CONSULTANT
APP BASED ON ARTIFICIAL INTELLIGENCE

This article presents the Medora intelligent medical system. It
is implemented as a modular digital platform for preliminary user
assessment based on symptoms, skin image analysis, and personal
medical data. The system includes a structured questionnaire for symptom
screening, a computer vision module for dermatological analysis, and a
personalized user medical profile with the ability to store a history of
visits and dynamically monitor the user’s condition.

The article describes architectural and engineering solutions aimed
at ensuring scalability, clinical safety, and interpretability of results.
Mechanisms for interpreting results, allowing the user to understand
the logic behind the system’s preliminary conclusions, are discussed.
Language models are integrated only to generate explanations and
provide educational support to the user, they are not involved in the
medical decision-making process and do not replace a specialist’s
clinical expertise.

The proposed approach demonstrates the potential for creating
integrated digital medical solutions aimed at increasing the accessibility
of initial medical assessments, digital patient care, and support for
preventive medicine. The system is positioned as an aid in the early
detection of potential anomalies and optimization of user interactions
with the healthcare system.

Keywords: intelligent medical systems, symptom checking, skin
image analysis, digital health, multimodal analysis, personalized
medicine, artificial intelligence.
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YOEJIbHAS NTOBEPXHOCTHAST CKOPOCTb YOAJIEHUA
KAK YHUBEPCAJIbHAST METPUKA OLIEHKN
®OTOKATAJIMTUYECKOU OYNCTKN BO3YXA

3aepsizHenue ammoceproco  6030yxa ocmaémcsi  OOHUM U3
KII0U€8bIX (PAKMOpPO8 pUcka 0ist 300p06bsl HellogeKd, Hmo 006yciasnugaenm
HEOOX00UMOCMb  pa3pabomru  dPPEKMUSHbIX MeEXHOI02UU  VOAICHUSL
2a3006pasnbix  3aepsazHumenei.  QomoKAmaiumuyeckue — CUChmembl
PaccmMampusaiomes  Kak — NepcnekmusHoe  Hanpasienue  01a2o0apsi
CNOCOOHOCMU K MUHEPATUZAYUL 3ASPAZHAIOWUX GEUECME 6 YCIOGUAX
HenpepuleHo2o nomoka. OOHAKo ux 3pghekmusHocms mpaouyuoHHO
OYeHUBAEMC sl NO CMENeHU YOICHUs. UL KAJCYIYUMCS KOHCIMAHMAam
cKOpOCMU, YMO He YYUmMbleaem GIUSHUE pacxodd 8030yXd, 2e0Mempuu
peakmopa U nAOWAdu aKMUGHOU NOBEPXHOCMU U  3ampyOHsiem
KOPPEKMHOe CONOCMAGICHUE PASTIUYHBIX CUCTEM.

B nacmosuweii pabome npednodcena YoenbHAs NOGEPXHOCHIHAL
CKOPOCMb YOANCHUSL I'S 8 KAUECMEe YHUBEPCANbHOU MEMPUKU 0I5l AHAU3A
Gomoramanumuueckux —cucmemM pasiuyHO2O0 MUna U Macumaéd.
Ha ocnose ananuza numepamypHoix OQHHbIX NOKA3AHO, YMO 3HAYUEHUs!
7S USMEHSIIOMCS. HA HECKONLKO NOPAOKO8 8 3AGUCUMOCIU OM VCIOGUL
aKcnayamayuu  u  muna cucmemvl. [l 2a30(hasHbix  npoyeccos
rs docmueaem nopsaoka 107 me-m? - ¢!, moeda kax ons 600HbIX cucmem
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crudrcaemces 00 10-7 me m-2 ¢c-1 ecredcmeue paziuuuil 6 KOIQpguyuenmax
ough@ysuu u conpomusieHUYU MacconepeHocy.

Yemanoesneno, umo npu nepexode om 1ab6opamopHvLx K npomouHsiM
U HAMYPHBIM CUCMEMAM ONPeOelsiowyio pOlib HAYUHAIOM  USPAMb
npoyeccvl MacconepeHoca u UOPOOUHAMUKA NOMoKd. B ycrnosusix
HUBKUX ~ CKOpocmell — nomoxa  3¢hpexmuenocms — onpeodensemcs
NOBEPXHOCIHOU KUHEMUKOLL, MO020a KaK NPU Y8EIUeHUL PACX00d 8030YXd
npoyecc nepexooum 6 001ACMb, OSPAHUUEHHYIO MACCONEPEHOCOM.
JononnumenvHoe 6nusHUe OKA3BIGAIOM GLANCHOCb, MeMnepamypd,
CNEeKMPAbHbIE XAPAKMEPUCUKY USTVHEHUS, d MAKJce ChOcob urcayuu
Gomoramanuzamopa u yCmouuusoCms NOKPbIMul.

Iokazano, umo  UCNONL308AHUE  MEMPUKU Ty  NO380JsAEN
nepetimu om ORUCAHUSL JOKALbHOU KUHEMUKU K CUCHEMHOMY AHANU3Y
(omoramanumuueckux — npoyeccos,  YUUMbLEAOUWEMY — PeaibHble
yenosusi axenayamayuu. ITlommennvie pezyivmamosl nOOMEEPHCOAIOm
HEOOX0OUMOCMb Nnepexo0d Om Mamepual-yeHmpuposanHHo2o noox00d
K CUCMEMHOMY NPOSKMUPOGAHUIN) HOMOKAMATUMUYECKUX —CUCHEM
OUUCMKU 8030YX.

Knrouesvle  cnosa: gomoxamaiumuyeckas ouucmka 6030yxd,
eazopasuvle 3a2psa3HUMent, ammoc@epHoe 3a2ps3Herue, 2UOPOOUHAMUKA
NOMOKA, MACCONEPEHOC.

Beenenne

3arpsi3HeHHE aTMOC(HEPHOIro BO3/JyXa SIBISICTCS OJHUM U3 KIIOUYEBBIX
(axTOpOB pUCKa /ISl 3A0POBbS YEIIOBEKA U, MO OIEHKAM, €KETOAHO MPUBOANUT
MPUMEPHO K 7 MIIIHOHAM INPEXKAEBPEMEHHBIX cMepTell Bo BcéM mupe [1].
Jlist CHWIKEHHMSI yPOBHS 3arpsi3HeHHs] aTMOoc(epHOro Bo3jayxa Hay4dyHOE U
HWH)XEHEepHOe coo0IecTBa pa3padaThiBalOT pa3InYHbIE CUCTEMbBI OYHCTKH
BO3/IyIIHBIX Macc, BKIIOYasi MEXaHUUECKYIO (PUIIBTPAIIMIO, JIICKTPOCTATHUECKHE
METO/1bl, a/ICOPOIIMOHHBIE CUCTEMBI HA OCHOBE aKTHBHPOBAHHOT'O YIJIsl, @ TAKKe
O61OoUIBTPALIMOHHBIE U MMOYBEHHBIE cHCTEMBI [2]. OCHOBHBIM OTrpaHUYCHHEM
JAHHBIX METOJIOB SIBJISICTCSI YBEIMUCHHUE adPOAUHAMHUECKOTO COMPOTUBICHUS
BCJICZICTBHE HAKOTUICHHS YaCTHIL Ha (PrIIbTpyIoIel HOBEPXHOCTH, YTO TPUBOJTUT
JU00 K POCTY SHEPronoTPeOICHNUS, MO0 K CHIDKEHHIO 3 PEKTUBHOCTH OUMUCTKH
[3]. B ominuune oT TpaJAMIIMOHHBIX METOIOB (DUIIBTpANnH, (POTOKATATUTHYECKAS
OUHCTKA BO3/yXa OCHOBAaHA HAa XMMHMUYECKOM DPA3JIOKEHUU 3arpsi3HUTENEH 10
KOHEYHBIX MPOAYKTOB MUHEpPAIU3ALUU U HE CONPOBOXKAACTCA HAKOMICHHEM
3arpsI3HAIONINX BellecTB B cucteme [4]. doTokarann3 paccMaTpUBaeTcs Kak
TIEPCIIEKTUBHOE HAIpaBJICHUE /ISl yJIAIeHUsl ra3000pa3HbIX 3arps3HUTENCH,
TaKMX KaK OKCHJBI a30Ta M JIETy4He OpraHMYecKHe COSJAMHEHHS, OCOOCHHO B

123



Topatievipos ynusepcumeminiy Xabapuwicot, ISSN 2959-068X.
Dusuka, Mamemamura HaHe KOMNbIOMeEPIIK 2blabimoap cepusicol. Ne 2, 2026

YCIIOBUSIX HETPEPBIBHOIO MOTOKA Bo3jayxa [5]. PoToKaTaIMTHIECKHE CUCTEMBI
CIIOCOOHBI HE TOJIBKO YJIABIMBATH a3PO30JIbHBIC YACTHIBI, HO U 00eCHeYrBaTh
JIOTIOJIHUTENIBHYI0 MHAKTUBALMIO OMOJIOTHYECKUX 3arpsisHuTenei. Tak, mis
BHPYCHBIX a3p030JIeH TI0Ka3aHo, YTO MPpH (PU3UUECKOM yllalieHnH ropsizika 2 log
(99 %) cymmapHOE CHU)KEHUE KU3HECTIOCOOHBIX BUPYCOB nocturact 2.5—4 log
B 3aBUCHMOCTH OT THIIa BHUPYCa, YTO CBUCTEIBCTBYET O 3HAYMTEIILHOM BKJIAJIC
(oTOKATATMTUIECKON HHAKTHBALIHMH.

B OonbmimHCTBE HccnenoBaHuil 3G(GEKTUBHOCTh (POTOKATAIUTHIECCKIX
CUCTEM OIICHMBAETCS 110 CTENEHH yJAICHUs 3arps3HUTENS WIH Kaxyllencs
KOHCTaHTE CKOpOCTH peakiuu. HecMoTpsi Ha yno0CTBO, JaHHBIE MOKa3aTesn
HE YYMTBIBAIOT PAacXoJl BO31yXa, TEOMETPUIO CHCTEMbI M IJIOMIAb aKTUBHOU
MMOBEPXHOCTH, YTO CYIIECTBEHHO 3aTPYIHSIET KOPPEKTHOE COIOCTaBIICHHE
pe3yJbTaToB, MOJYYSHHBIX B Pa3IMYHBIX YCIOBHUAX. B wacTHOCTH, B cucTeMax
npsaMoro Qorokaranusa TiO,, BeicTynaromui B poau (poToKaranusaTopa,
obecrieunBaeT Oosiee BBICOKYIO CTEIeHb KOHBEpCHHM MeTaHoua 1o 87 %, Torna
KaK B pOTOdIEKTPOXUMHUECKUX cucTeMax WO,, pyHKIMOHUPYIOMIMHI B KaueCTBe
(oroaHosna, HeCMOTpst Ha OoJiee HU3KYIO CTEIeHb KOHBepcuu 65 %, popMupyer
3HAYUTENBHO OoJiee BBICOKHE (DOTOTOKM M AEMOHCTPUPYET 3PPEKTUBHOCTH
npeoOpa3oBaHus SHESPTUM CBhIIIe 65 %.

JlaHHOE pacxoKJeHHE YKa3blBaeT Ha TO, YTO TPAJAMIHNOHHBICE METPHKH,
OCHOBaHHBIC HA CTENEHH YAAJCHUS 3arpsi3HUTEINS, HE IT03BOJISIIOT KOPPEKTHO
CONOCTaBIATh AP (PEKTUBHOCT PA3IIMYHBIX CUCTEM. DTO 00YCIOBICHO TEM, UYTO
OHU HE YYHTHIBAIOT BIIMSIHUE YCIOBHH MaccolepeHoca, FeOMETPUH peakTopa 1
0COOCHHOCTEH MPOTEKAHUSI POLIECCOB B CHCTEME.

B 5TO#l cBsI3W BO3HHMKAEeT HEOOXOJUMOCTH HMCIOJIb30BAHUS
METPHK, YYUTHIBAWOIINX KaK KHHETHYCCKHE, TaK U TPaHCIOPTHHIC
XapaKTEePUCTUKH IIpoliecca.

[Tpu nepexone OT 1a0OPATOPHBIX K MPOTOYHBIM U HATYPHBIM CHCTEMaM
KITIOUEBYIO POJIb HAUMHAIOT UT'PATh IIPOLIECCH MACCONIEPEHOCA M THIPOIMHAMHKA
MO0TOKA. YBEJIMYEHHE CKOPOCTH BO3YIIHOTO ITOTOKA NMPHBOAUT K CHHIKCHHUIO
BPEMEHHU KOHTAKTa 3arpsi3HUTENs ¢ (OTOKATAIUTUYECKON MOBEPXHOCTBIO,
OJIHAKO OJHOBPEMEHHO YCHJIMBAET €T0 IMMOJBOJ K aKTHBHBIM LIeHTpaM. B
TAaKUX YCJIOBUSX TPAJAMLHUOHHBIE METPUKH IIEPECTAIOT OTPaXXaTh PEalbHYIO
MIPOM3BOANTEILHOCTh CHUCTEMBI. B psie pabot Bbicokast oToKaTtanuTHyecKas
AKTHBHOCTBH JIEMOHCTPHUPYETCS B 3aMKHYTBIX PEaKTOPaXx, I7ie MPOLECC MPOTEKAET B
YCJIOBHSIX OTPaHUUEHHOT0 00BEMA 1 OIIPEIeIISIeTCSI TPEUMYIIIECTBEHHO 00bEMHON
kuHeTHKoi. Takue pe3ynbTaThl HE MOTYT OBITH HAaNpPSIMYIO IEPCHECEHBI Ha
IIPOTOYHBIE CUCTEMbI OYHUCTKH BO3/yXa, IIOCKOJbKY HE YYUTHIBAIOT BIIUSHHE
TPaHCIIOPTa BEILIECTBA U pacIipeaeIeH s MOTOKa.
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JIopOoKHBIC MOKPBITUS MPEICTABISIOT COOOH YHHKAIBHYI WHXCHEPHYIO
wiarhopmy s peanusanuu HOTOKATATUTUICCKUX TEXHOJOTHH Oylaromaps ux
0OJIBIION YAEIBHON IUIONMAJN U HEIOCPEICTBCHHON OJM30CTH K MCTOYHHKAM
3arpsi3HCHUS, IPEIKIC BCETO TPAHCIIOPTHBIM BBEIOpOCAM.

B oTiuume OT TpaIuIIMOHHBIX CUCTEM OYHCTKH BO3/1yXa, JIOKATN30BAaHHBIX
B peakTopax, POTOKATAIHUTUYCCKHE MOKPHITHSI MO3BOJSIOT Pealn30oBaTh
pacnpenenéHHy0 OYUCTKY B YCJIOBHSX PEalibHOW TOPOJCKOUN cpeibl, rie
(GopmupyioTcs ocHoBHbIE TOTOKM NO 1 JIETYyYHMX OpraHUIECKHX COeIMHeHui. B
MTOCJICTHUC TOJIbI PA3BUTHE (DYHKIIMOHATN3UPOBAHHBIX U MHOTO(DYHKIIMOHAIBHBIX
ac(arbTOOCTOHHBIX MATEPHAJIOB MMOKA3aJI0, YTO TAKUE CUCTEMBI CIIOCOOHBI HE
TOJILKO 00ECIeYrBaTh (POTOKATAIUTHUCCKOE PA3IOKCHUE 3arPsS3HUTEIICH, HO U
OJTHOBPEMEHHO BBITIOIHSTH JIOMOJHUTEIBHBIC (PYHKIUH, BKITFOYasi CAMOOYHCTKY,
peryJIHpOBaHKUE TEMIIEPATYPhl U MOBBIIICHHUE JOJITOBCUHOCTH IMOKPBITUH [6].
Takum 00pa3om, BO3ZHMKAaEeT HCOOXOJAMMOCTh BBCJCHHS HOPMAJIM30BaHHBIX
METPHK, MO3BOJISIFOINUX YYUTHIBATh KaK KUHCTUYCCKUE, TaK M TPAHCIIOPTHHIC
OTpaHUYEHUS MpoLecca.

I[TockoabKy pe3ynbTaThl, MOJYYCHHBIC B 3aMKHYTBIX CHUCTEMaXx,
OTpaXkaroT MPEUMYLIECTBEHHO CBOWMCTBA MaTepuaa U HE YUUTHIBAIOT BIUSHUE
MaccornepeHoca, B JAHHOM HUCCIIEIOBAHUH UCTIONB3YETCs YeTbHask TOBEPXHOCTHAS
CKOpOCTh ynalneHus (r) Kak METpUKa, CBA3bIBAIOIIAs KOHUEHTPAIMIO,
PacxXo.l ¥ IJIOMIA b MTOKPBITHS.

Henvio HacToOsIIEro MCCIEAOBAaHUS SBISIETCS CONOCTaBJIIEHUE
(hOTOKATATUTHYCCKUX CHCTEM PA3JIMYHOIO TUITA M MACINTaba Ha OCHOBE MCTPHKH T,
a TaKoKe BBISIBIICHUE 3aKOHOMEPHOCTEH, OMPEIEIISIOLINX MEPEX0] OT KHHETHYECKU
KOHTPOJIMPYEMOT'0 PEeKUMa K 00JIaCTH, OTPAaHUYCHHON MacCOIepEeHOCOM B
YCIIOBHSIX peaJIbHON IKCILTyaTallHH.

DPhHeKkTUBHOCTh (HOTOKATATUTUICCKUX MOKPHITUN TAKKE 3aBUCHT OT
9KCIUTYaTallMOHHBIX XapPaKTCPUCTHK M BO3MOXKHBIX MOOOYHBIX 3()(eKToB, 4TO
TpeOyeT KOMIIIEKCHOTO IO/IX0/1a K OIIEHKe. B 310 cBSI3M B ITEpaType npe;uiaraercs
KOMIUICKCHBIN MOJIX0/1 K OIICHKE () (HEKTUBHOCTH ()OTOKATATUTUICCKUX CHCTEM,
BKJIIOUYAIOMIMI HE TOJBKO MOKAa3aTeau Pas3joXKeHUs 3arps3HUTENeH, HO U
IKCILTyaTaIl[HOHHBIC XapaKTEPUCTUKU MATCPHUAIIOB, a TAK)KE BOZMOXKHBIC TOOOYHBIC
a¢dexThl. Takoil moIXo1 CXeMaTHUECKH MPEICTaBlicH Ha pucyHke 1 [7].

CoBpeMeHHBIE HCCIEAOBAHUS JEMOHCTPUPYIOT HEpPEXoa OT
ONTHUMH3ALUU OTIACIBHBIX (DOTOKATATHUTHYCCKUX MATCPHUATIOB K pa3padoTke
MHOTO(QYHKIIMOHAJIBHBIX HHOPACTPYKTYPHBIX CHCTEM, HHTCTPUPYIOIIHX
(YHKIIMU OYUCTKU BO3yXa, MOHUTOPHHTA COCTOSIHUSL U CAMOBOCCTAHOBIICHHS.
Li ¢ coaBTOpamu peann3oBaid KOMOWHUPOBAHHBIN MEXaHM3M, BKIFOUAROLIHIA
KaK (OTOKATAIUTUYCCKOC PA3JI0KCHUEC 3arPSI3HUTENICH, TaK U XUMHUYCCKYIO
ancopbuuro CO,. Ilpu stom crenens pasnoxenus NO jgocturaer 40.9 %
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[PU UHTEHCUBHOCTH m3iydeHuss 800 BT-M2, mpu 3TOM B TEMHOBBIX YCIOBHSIX
coxpansiercsi 3pheKTHBHOCTH Ha ypoBHE 37.8 %, 4TO CBSI3aHO C UCIIOJIB30BAHHEM
JIIOMUHECIEHTHBIX KOMIIOHEHTOB. B To e Bpems agcopbuus CO, ocraércs
cTabmwibHON Ha ypoBHE 29 % W HE 3aBUCUT OT OCBEILCHUS, YTO MOATBEPKIACT
HE3aBUCUMOCTh MCXaHU3MOB.

DOTOKATAIUTUYCCKOE OKHUCJICHHUE OCHOBAaHO Ha BO30YXKICHHU
MOJIYIPOBOAHUKOBOI'0 MaTepuaja IoJ JCHCTBHEM H3JIYYCHHUS C dHEPTHCH,
MPEBBINIAIOIICH MUPHHY 3alpenIEHHON 30HBI, YTO IMPHUBOJHUT K T'CHEPALUH
AJIEKTPOHHO-IBIPOYHBIX TTap:

hv + photocatalyst > e~ + h* (1

CdopMupoBaHHBIC HOCHTEIHU 3apsijia YYaCTBYIOT B MOCIICIOBATEIBHBIX
PeaKIusIX ¢ aICOPOMPOBAHHBIMHU MOJICKYJIAMH BOBI i KHCJIOPOa C 00pa30BaHUEM
AKTUBHBIX (POPM KHCIIOPOJA, MPEKIE BCEr0 TMAPOKCHUIBHBIX PAIUKAIIOB
*OH u cynepokcun-annoHoB O ¢, 00JaJaIONIUX BBHICOKOW OKUCIUTEIHHOM
CHOCOOHOCTBIO. DTH YacTHIBl 00ECHEYMBAIOT Pa3JIOKEHUE OPraHUYECKUX
3arpsi3HUTEIICH 10 KOHCUHBIX MTPOAYKTOB MUHCPAIA3AIIUH:

hv, photocatalyst
Organics + 0, - C0, + H,0 ()

Photocatalytic Performance Intrinsic Performance Undesired Secondary
i E) (1P Effects (USE)

Freeze-thaw Seleciivity to
resistance nrates
Water absorption Leaching
(pH. cor
Slip resistance i
Nanopar
aerost
nitrates.

ectiveness (PF

Xeray diffraction
SEM, EDX
Hg porosimetry

tiboemission

Colour change

Mechanical Selectivity to

o,

(t ) W

.
(ot ty.
7

e
et

Colour change

Pucynox 1 — Xonucruueckas cxema oleHKH 3 (HEeKTHBHOCTH
(OTOKATATUTUUECKHUX JJOPOIKHBIX TIOKPBITHH, BKITIOYAIOLIAsT TPH
B3aUMOCBSI3aHHbBIX OJ0Ka: poTokaranuTrdeckyo adgdekrusaocts (PPE),
JKCIUTyaTallMOHHbIE cBOiicTBa MaTepuaina (IP) u HexxenarenbHble TOOOYHBIE
s dexrsr (USE), kaxaplii U3 KOTOPBIX XapakTepu3yeTcs Habopom
KOJIMUECTBEHHBIX [TOKA3aTelNe, ONpeiesIieMbIX KakK B JJa0OPAaTOPHBIX, TaK U B
HaTypHbIX ycnoBusx [7] (mox nmunensueit CC BY)

3
ol
9
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CyMMapHbIit MexaHu3M (OTOKaTaIUTHUECKOTO Ipoliecca Mpe/ICTaBIeH Ha
pucyHke 2.

Visible Light

Oz H;O
e 02 CO,
8 &p 65
Electron
Hole

h:!= h+ h+ *OH
+
Photocatalyst h Organic compound,
H,0 odor, bacteria

Pucynox 2 — MexaHu3M (pOTOKaTATUTHYECKOTO MPOIIecca Pa3IoKeHHUS
3arpsi3EATENeH Bo3ayxa [8] (mox munensueit CC BY 4.0)

Marepuajbl 1 METOABI

Jnst comoctaBieHus (HOTOKATAIUTHICCKUX CUCTEM PA3IMIHOTO THUIA U
MacmTada MCIOJb30Bajach yaedbHass MOBEPXHOCTHAS CKOPOCTH yIalCHUS
3arpAsHuTens r. PacueTr r_ BBIMOIHAJNCS Ha OCHOBE OMyOJIMKOBAaHHBIX
9KCIIEPUMEHTATBHBIX JaHHBIX [0 KOHIICHTPAIUSAM 3arpsi3HUTENS Ha BXOJC H
BEIXOJIE, PACXO/Ty BO3AyXa U IUIOMAIHN (POTOKATATUTHYSCKON TIOBEPXHOCTH.

JLy1st IPOTOYHBIX CHCTEM I'| OTIPENIETANACH IO BBIPAKEHHUIO:

Cin—C
T, = Q( LnA out), 3)

rae Q — oO6néMHBIN pacxon Bosayxa, C.m COut — BXOIHAsA
BBIXOHAss KOHI[CHTPAIMH 3arps3HUTENS, A — MI0IIaab aKTHBHOM
(hOTOKATATUTUYCCKON MTOBEPXHOCTH.

B cnyyasx, xorya JaHHbie MpecTaBieHbl B BUae koddduipenta noxaun

ountmeHHoro Bo3ayxa (CADR), ncnoiap30Banocs SKBUBAJICHTHOE BEIPAKEHHUE:
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_ CADR (Cin_cout)
s A .

“4)

Jl1s KOPPEKTHOTO COMOCTABICHUS PA3IMYHBIX pabOT BCE 3HAUYECHUS
MIPUBOIAITHCE K €IHHAIIAM MT* M2+ ¢,

B orimume oT TpagWIMOHHBIX MOKa3aTelel, OCHOBAaHHBIX Ha CTEICHU
yZaJIeHUs W KOHCTaHTAX CKOPOCTH, Is YIUTHIBAET KAK M3MEHEHNE KOHIICHTPALHH,
TaK M TMOTOK BEIECTBA YEPE3 CHCTEMY, UTO MO3BOJISIET KOPPEKTHO OLICHWBATH
3¢ eKTUBHOCTH (POTOKATATUTHIECKUX TPOIIECCOB B YCIOBHUSAX, TPUOIIKEHHBIX
K peanbHOM 3KCIUTyaTalllH.

Pe3yabTaTsl u 00cy:KIeHHE

I'mapoarHaMuKa MOTOKA M OTPaHHMYCHNE MaccolepeHoca

B psane nccnenosanmii oTOKaTATMTHUECKASI aKTHBHOCTD OLICHUBACTCS Uepe3
KOHCTAaHTBI CKOPOCTH Pa3JI0KEHHUS, HOPMUPOBAHHBIE Ha TUIOMIA b TTOBEPXHOCTH,
OJTHAKO TaKWe MOKA3aTelIH HE OTPaKaloT peanbHyro 3(h()EeKTHBHOCTH CHCTEM
OYHCTKH BO3/lyXa B MPOTOYHOM PEKUME. B 4acTHOCTH, CKOPOCTh Pa3lIOKECHUS
JIETy4nX OPTaHWYECKUX COCIMHEHHH COCTaBISACT , JOCTUTas MaKCHMAaJIbHOTO
3HAYEHUs , IPU COJIEPI)KAHNU TiO2 0K0J10 15 %. AHaIOTHYHO, ISl OKCHIOB a30Ta
LIMPOKO UCIIONIB3YETCs oKa3aTelb R, yunThIBaromnii N3MEHEHUE KOHLIEHTpaLui
NO u NO, n oTpaxkaromui CyMMapHOe CHIKEHHUE conepikanust NO_B cHCTEME:

_ ACyo—ACno,

RNOX - T * 100-(5)

HecMmoTpst Ha mMpoKoe NPUMEHEHHE, JaHHBIH IapaMeTp He YYUTHIBACT
pacxon BO3AyXa W IUIomanb GOTOKATAIHTHYCCKON MOBEPXHOCTH, YTO
JieJIaeT HeBO3MOXKHBIM KOPPEKTHOE CONOCTABICHHE CHCTEM C Pa3IMYHOU
reoMeTpuel M rTuIpoIMHAMIYECKUMH ycitoBusiMU. Kpome Toro, nemosib3oBaHie
MIPOLICHTHOTO CHIDKEHHS KOHIIEHTPAIIMH MOJKET MPUBOJUTH K 3aBBILICHHON
oueHke >QQPEKTUBHOCTH B CHCTEMaX C HHU3KHM PacXoJOM BO3JAyXa WU
B 3aMKHYTBIX 00BbEMaxX.

B oTnmume oT 3TOrO, yAenbHAs MOBEPXHOCTHAS CKOPOCTH YIAlCHHS I
YUHUTHIBACT KaK H3MEHEHNE KOHIIEHTPALIUH, TaK U IIOTOK BEIIECTBA Yepe3 CHCTEMY,
YTO ITO3BOJISIET KOPPEKTHO CONOCTABIATh (POTOKATATUTHYCCKUE MPOLECCH B
YCIIOBHSIX, TPUOIMKCHHBIX K PEATbHON SKCILTyaTalllH.

CrnenyeT OTMETHTh, YTO MHOTHE JHTEpaTypHbIC JaHHBIC MOJIyYCHB! B
3aMKHYTBIX PeaKTOpax, IJIe MPOLECC ONPEAeNAeTCs IPEUMYIIECTBEHHO 00BEMHON
KHHETHUKOW M HE YYHTBHIBACT BIMSHHE MaccollepeHoca. B Takux yCIoBHSAX
3arpsi3HUTENb MMOCTENIEHHO HCYEPIBIBACTCS B OTPAHUYCHHOM 00BEME, YTO
TIPUBOJIHT K 3aBBIICHHOI OLICHKE () (EKTHBHOCTH 110 CPABHEHHIO C TPOTOYHBIMU
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cucremamu. CTeneHs yaajaeHus popmanbaeruaa gocturact 52 % 3a 40 MUHYT B
peakrope 00bEMOM 50 MIT IpH OTCYTCTBUM POTOYHOT'O PEXKUMA.

B mpoTouHBIX cucTemMax ompeneisiomuM GakToOpoM CTaHOBUTCS
THIpOJMHAMUKA 1ToToKa. [Ipn yBenrmueHnu pacxoa Bo3gyxa HabJIr01aeTCsi pocT
YIIeJIBHOM CKOPOCTH yjaieHHs, 00yCIOBJICHHBI YCHICHUEM MaccollepeHoca 1
6osiee 2pheKTHBHBIM MOABOJIOM 3arpsI3HUTENS K aKTUBHOH 1TOBEepXHOCTH. OTHAKO
TIpY JalibHEHILEM YBEJIIMUCHUN PacXo/1a POCT 3aMeIUISIETCSI M BBIXOJUT Ha I1JIaTo,
YTO CBUJICTEIBCTBYET O MEPEX0JIe CUCTEMbI OT KHHETHYECKH KOHTPOJIMPYEMOTO
peXUMa K 00J1aCTH, OrpaHUYEHHON MacCONEPEHOCOM.

Brusinue cBOMCTB (OTOKATAIM3aTOPA B PA3IMUHBIX PEXKUMAxX IepeHoca

[Tpn HU3KKX pacxojax BO3jayXa Pa3iIHyHs MEX1y (POTOKATATUTHYECKUMU
MaTepHallaMH TPOSIBISIIOTCS Hanbosiee 0TYETIMBO, TTOCKOIBKY 3(()EKTUBHOCTh
OIpeeiIsieTCs MPEUMYIIIECTBEHHO KMHETHKOW peakiuy U intrinsic CBOWCTBaMU
Karanuzaropa. bojee akTHBHBIE NMOKPBITHS JEMOHCTPUPYIOT OoJiee BBICOKHE
3HAYEHHS YJICTBHON CKOPOCTH yIaJICHHSI.

C yBeJMYEHHEM pacxoja BO3JyXa paszJIMuyus MEXJy MaTepHanaMu
YMEHBIIAIOTCS. B yCIIOBHSX MHTEHCUBHOT'O IIOTOKA BKJIA]] TOBEPXHOCTHON KHHETUKH
CHIDKaeTcs, U 3 (PEKTUBHOCTH Ipollecca ONpenessieTcs MPEeUMyIIECTBEHHO
YCIIOBUSIMU MaccoliepeHoca. ITo 00bSCHSIET, ToUeMy B psiZie padoT pa3jindHbIe
(doTOKaTANN3ATOPHI AEMOHCTPUPYIOT COMOCTaBUMYIO 3()h(PEKTUBHOCTH MpHU
BBICOKHX CKOPOCTSIX ITOTOKA.

HomnonnutenbHbiM orpanudenueM s TiO, B peanbHBIX yCIOBHAX
SIBIISIFOTCSI CIIEKTPAJIbHBIE XaPAKTEPUCTUKU COJTHEYHOT'O M3ITyueHHUs1. [10cKobKy
mpuHa 3anpeménnoi 3oubl TiO, cocTabiser okoso 3.02 3B, ero akTusanus
BO3MOJKHA TOJIBKO B yJIbTpaduoseToBoii oomactu, A < 388 HM, UTO COOTBETCTBYET
pUOIM3UTENBEHO 4 % COJHEYHOrO CIEKTpa. DTO CYHIECTBEHHO OrpaHUYMBacT
peanu3yemyo (OTOKaTATMTHYECKYIO aKTHBHOCTh M YCHJIMBAET BIMSHHUE (aKTOPOB
MaccoIepeHoca.

Moaudukauus TiO,, HanpuMep BBEICHUEM KeJle3a, IPUBOIUT K H3MEHEHHUIO
(doTropu3znUecKNX U KMHETUYECKHX XapaKTEePUCTUK CUCTeMbl. B wacTHOCTH,
aBTOPBI JIOOMIIMCH CHM)KEHHMSI IIMPHHBI 3anpeniéHHoi 3061 ¢ 3.02 no 2.32 3B,
a Kpail morjouieHusl cMmemaercs B oomacte 530—535 HM, uTo oOecrieunBaeT
aKTHBALMIO B BUJUMOM Juarna3oHe. [Ipu 3ToM yBelnueHHE COICPIKAHHS
Fe-TiO, ¢ 5 1o 11 % comnpoBoXkiaeTcs pocTOM KOHCTaHThl CKOPOCTH PEaKLHH
¢ 1.78%10-4 1o 2.39x10* mun' 1ist yriaeBogopooB u ¢ 6.61x103 1o 7.98x1073
mun! 171 NO . OztHako anbHeliinee ysennueHue coepskanus poTokaranmsaropa
NpUBOJUT K AP QeKTy HachIEHUs, YTO yKa3bIBaeT Ha OIpaHWYEHHE Ipolecca
YCIIOBUSIMU MaccOIlepeHoca.

Brnwusinue pacxo/ia Bo3/yxa MposBIISICTCS IPOTHBOIIOIOKHBIM 00pa3oM Mpu
aHaJIM3€e CTeleHH yaaieHus. [Ipy yBeqMueHnu CKOPOCTH MOTOKa HAOJII0IaeTCs
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CHM)KCHHE CTEINEeHHU YyJaJeHMs 3arpsi3HUTENS] BCICACTBUE YMEHBUICHUS
BPEMEHH KOHTAKTa, YTO MOAYEPKUBAET OrPaHUYCHHOCTh METPUK, OCHOBAHHBIX
HCKJIIOYHUTENILHO HA KOHIIEHTPALMOHHBIX H3MEHEHUSIX.

CylmecTBEeHHYI0 pOJb HIpaceT TaKXe yAelbHas MOBEPXHOCTH
¢orokaranuzaropa. VMcmnoib30BaHHEe KOMIIO3UTHOrO (OTOKAaTAIM3aATOPA
BOCN-TiO, NpuBOAUT K YBEIHYEHHUIO Y/ICIbHONH MOBEPXHOCTH NPUMEPHO B 5
pa3 ¥ CHIYKEHHIO CKOPOCTH PeKOMOMHAIIMN HOCUTENIEH 3apsijia, YTo oOecIieunBaeT
noBeinieHue ddexrtuBHOCTH Aerpanauuu. [Ipy yBennyeHnn Macchl NOKPBITHS
¢ 3 510 6 T HabIOAAaeTCS POCT MTHOBEHHON CKOPOCTH Jierpajiaiuy Oojiee 4eM Ha
10% Ha KaX1oM JTare, Torja Kak JajbHelIee yBeInyeHHe 10 7 T MPUBOJIHUT
JIMIIb K HE3HAUYUTEIIBHOMY IIPUPOCTY, OKOJIO 5 %, 4TO yKa3bIBaeT Ha JJOCTH)KEHHE
PEKUMa HACBIIICHHSI.

AmHasornyHas 3aBUCUMOCTb Ha0JTI0/1aeTCsl ¥ JUIsl OKCHJIOB a30Ta, JUIsl KOTOPBIX
cTeneHs yaaneHus pocruraet 74.1 % depes 30 munyT u 95.6 % uepe3 60 MUHYT
TIPY ONTUMaJILHOM 3arpy3ke 7 r (77.8 r-M2).

B pabote [8] ms cucTeMbl Ha OCHOBE HaHOCTpyKTypuposanuoro TiO,,
HaHECEHHOTO Ha JIOPOXKHOE MOKPBITHE, [TOKAa3aHO, YTO yBEIMYECHHUE J03UPOBKU
(oTokaTanmizaropa NPUBOJUT K POCTY YUCIA AaKTHBHBIX LIEHTPOB U YCHIICHHUIO
noryiomenuss uznydeHus. OgHako JaHHBIH 3(QPEKT HOCUT HENMHEHHBIN
xapakrep. Kak rokasano Ha pucyHke 3, TIpH JOCTH)KCHHH 3arpy3KH MOpsIJIKa
22 1-M 2 HAOJIIOIaeTCs BBIXOJ[ HA IUIATO, YTO CBHUJICTEILCTBYET O MEPEXOJC
CHCTEMBI N3 KHHETHUECKH KOHTPOJIMPYEMOTO PEKMMA B 00J1aCTh, OrPaHUYCHHYIO
MaccornepeHocoMm [8].
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PucyHok 3 — 3aBUCHMOCTb CTENEeHN (POTOKATAIUTHYECKOH Aerpaialui
He(TSHBIX 3arps3HEHUI ¥ XUMHUYECKOTO MOTPEOICHUS KUCIOPOIa OT
nosuposku HanowacTui TiO, (r'M?), IeMOHCTpHUpYIOIIas HEMMHEHHBIH pocT
9 PEKTUBHOCTH C BHIXOJIOM Ha TIATO MPHU BHICOKMX 3HAYCHUSIX 3arpy3KH
¢dorokaranuzaropa [8] (mox aunensucii CC BY 4.0)

reOMeTpI/If{ TIOBEPXHOCTH, yCTOﬁ‘IHBOCTB " JOJITOBCYHOCTH CUCTEM
reOMeTpI/I‘IeCKI/Ie XapaKTCPUCTHUKHU IMTOBECPXHOCTH, BKITIOYAA IEPOXOBATOCTH
1 IOPUCTOCTh, OKa3bIBAIOT CYHICCTBCHHOC BIIMAHNUE HA paCIpEACIICHUEC ITOTOKA U
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WHTEHCUBHOCTB MaccorepeHoca. ©opMupoBaHHe JIOKATLHBIX BUXPEBBIX CTPYKTYP
BOJIM3M TOBEPXHOCTH CIIOCOOCTBYET YBEJIMYCHHUIO MOABOJA 3arpsS3HUTENS K
AKTHBHBIM IIEHTPaM, YTO IPUBOJIMT K POCTY yJICJIbHOI TOBEPXHOCTHON CKOPOCTH
ynanenus. [Ipyn 5ToM M3MeHEHHEe MaKpoIapaMeTpoB, TAKUX KaK BHICOTA KaHaJa,
OKa3bIBaeT O'PAHNYEHHOE BIIMSIHUE B YCIIOBUSIX Pa3BUTOIO IEPEMEIINBAHNUS, YTO
yKa3bIBaeT Ha JIOMUHHUPYIOILYIO POJIb JIOKAIBHON THIPOTMHAMHKH.
JlonosHUTENbHBIM (aKTOpPOM, BIMAMUM Ha 3PpdeKTUBHOCTH
(OTOKATATMTUYECKHUX MTOKPBITHH, SIBISIETCS TEIUIOBOH pexkuM. Mcnonb3oBanne
TiO, B cocTaBe acanbTOBBIX MaTEPUAIOB MOXKET IPUBOJMTH K CHHIKCHHIO
TeMITEpaTypbl IOBEPXHOCTH 33 CYET OTPAKEHUSI YACTH COJTHEYHOTO U3ITyUCHHUS U
yBenuueHus Terootaaun. OTHaKko OTpakeHHe yiIbTpadHuoICTOBOH KOMIOHEHTEI,
OTBETCTBEHHOH 3a aKTHBALUIO ()OTOKATAIN3ATOPA, CHHXKAET YHCIO (OTOHOB,
Y4acTBYIOLIMX B T'€HEPAIMH AJIEKTPOHHO-ABIPOYHBIX Tap, YTO MPUBOIUT K
KOHKypupyromuM 3¢ dexram 1 cHIKEHUIO 001iei 3 GeKTHBHOCTH Tpoliecca.
TemnepaTypHble YCIOBHUSI SKCIUTyaTallMd TAK)XKE OKA3bIBAIOT BIUSHUE
Ha KMHETUKY nporecca. [lokazaHo, 4To MpH yMEpPEHHBIX TeMIlepaTypax
(0...—10 °C) u3menenue 3¢HeKTUBHOCTH HE3HAYUTEIILHO, TOTIa KaK MpH 0oJjiee
Hu3kux Temreparypax (—20...—30 °C) nabmoaercs €€ cHIKeHHE, 00y CIIOBICHHOE
3amezieHreM U Gy3un 3arpsi3HATENCH U yXyALIEHHEM YCIIOBUI MaccorepeHoca.
KnroueBbIM OrpaHMYEHHEM INPH NPAKTHYECKOM NPHUMEHEHUU
(oTOKATATUTUYECKUX MOKPBITUH SBISIETCS MX MEXaHM4YecKas YCTOHYHMBOCTB.
HcnpiTanns Ha MOPO30CTOHKOCTH MOKA3bIBAIOT, YTO B PE3yJIbTATE IIMKIIOB
3aMOPaKMBaHHUS—OTTANBAHMS IIPOUCXO/IUT YACTUYHOE Pa3pyILEHHE MOBEPXHOCTHOTO
CJIOSI ¥ CHIDKCHUE (DOTOKATATUTUYICCKON aKTUBHOCTH (pUCYHOK 4) [9].
CymiecTBeHHYIO pojb Hrpaer crnocod ¢ukcanuu (orokaranusaropa
Ha noBepxHocTu. [Ipu HaHeceHHMH B BHJIE BOJHOW CYCIIEH3MM HalOJIoJaeTcs
3HAUUTENLHOE CHIDKEHUE () (PEKTHBHOCTH BCIIEICTBUE YIAJICHUSI aKTUBHOTO CJIOSI
T10/1 ISHCTBHEM MEXaHWYECKUX Harpy3o0k. B To jke Bpemst cTpyKkTypHas pukcanus
(doTokaTanuzaTopa B MOBEPXHOCTHOH TEKCType MaTepuayia 00ecrnedrBaeT
BBICOKYIO YCTOWYHMBOCTh U CTAOMIIBHOCTh aKTUBHOCTU. B wactHOCTH, B pabote
[10] noxasano, uro npu BHeapeHuu TiO, B MUKPOCTPYKTYpY TOBEPXHOCTH
crenens ynanenus NO coxpaHsercs Ha ypoBHE 86 % U CHMXKAETCS JIUIIb J10
84 % nocie abpa3uBHOTO BO3EHCTBHS, TOTIa KaK JUIsl HOKPHITHIH, HAHECEHHBIX B
BHJIC CyCIICH3UH, 3P DEKTUBHOCTH CHIDKACTCS € 85 % 110 60 %. AHaIH3 pa3InaHbIX
croco0oB 3akperuieHus (orokaranusaropa (PUCYHOK 5) MOKa3bIBaeT, YTO NPH
pPaBHOMEpPHOM pacrpejeicHuu Marepuaia B 00béme (SG) appexkTuBHOCTH
paznokeHus He npeBbIimaeT 1 % BCiieICTBUE OTCYTCTBHSI KOHTAKTA C U3ITyYEHHEM.
[Tpu nosepxnoctHoM HaneceHnn (ACQG) HabIrO1aeTCs 3HAYUTEIILHOE CHU)KEHHE
3¢ eKTUBHOCTH Ha HAYaJIbHBIX CTA/IUSIX SKCIUTyaTalll1, TOT1a KaK IIPH BHEAPEHUN
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(oTokaranuzaTopa B HOBEpXHOCTHYIO CTPYKTYpY (SEG) adpexTnBHOCTS OCTaéTCS
MIPaKTHYEeCKH Hen3MeHHOH (85 %) B TeueHne Bcero BpeMeHu ucnbitanuii [10].

@
Pucynok 4 — dorokaranmurnueckue oopasipl (a) 10 1 (0) mociie CTIbITaHus Ha
3amopaxuBanue-oTrauBanue [9] (MDPI)

[Ipu »TOM HaHeceHHE (POTOKATATUTHYCCKHUX MOKPHITUH HE MPUBOJHUT K
3HAYUMOMY YBEJIMYEHUIO KOHIEHTPAIMU a’PO30JIbHBIX YACTHUI[ B BO3JyXE.
Kownuenrparus Ti-copepkaimux dactui octaércs Hike 10 gacTuir-cM™, 9To
CYILIECTBEHHO HUXE MPEAETbHO JIOMYCTUMBIX 3HAUSHUMN.

Stage
0 1 2 3 4 5 6
T T T T T T T
90
B BB g B _m--__g
80 S - ® - SEG-NOy
704 e . - ® - SEG-COg
S R S - A~ SEG-SOy
< 60 --m
b - - ACGNOg
E 504 ® - ACG-COg
g 104 - A~ ACG-SOy
= " - SGNOy
£ 30 - - SG-CO,
}53 A X
8 5] 4. SG-50y
10 1 $---
o] B
-10

Test time (h)

Pucynox 5 — MI3amMeHeHue cTeneHn GOTOKATATUTHUECKOTO PA3TI0KEHHS
NOy, CO, n SO_ B0 BpeMEHH NPHU Pa3IMIHBIX CIIOCO0aX QpUKCAIUH
¢orokaranmuzaropa. SEG — spray embedding group,

ACG — aqueous coating group,

SG — stirring group [10] (MDPI)
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ConocraBiieHHEe METPUK U UHTEPIpPETalusd KUHeTUUECKUX PEKUMOB

TpauunoHHBIE METPUKH, HCIIOJIB3yEMbIe JUISl OLIEHKH (POTOKATaTUTHYECKUX
IIPOLIECCOB, TAKKE KAK CTETEHb yJaJICHHS 3arPA3HUTENS MITH KaXKyIIHeCs] KOHCTAHTBI
CKOPOCTH, HE IO3BOJISIIOT KOPPEKTHO ONUCHIBATH OBEJCHUE CUCTEM B IPOTOYHBIX
ycnoBusax. CTeneHb yJaleHHsd 3aBUCUT OT BPEMEHHU KOHTaKTa M HadaJbHOU
KOHIIEHTPALUH, TOTr1a KaK KOHCTaHThl CKOPOCTH OTPaXxaroT NPEUMYILECTBEHHO
JIOKaJIbHYIO0 KHHETUKY pPeaKIUH U HEe YUUTHIBAIOT TPAHCIOPTHBIE OTPAHUYEHUSI.

B uacTHOCTH, NOKa3aHO, YTO MPU HU3KUX KOHIEHTPALUAX 3arps3HUTEN
(orokaramTryeckas ferpanatyst NO MokeT ObITh OITMCaHa KHHETHUKOH IICEB/IONEPBOroO
MopsiiKa, OJHAKO IPU 3TOM IPOIECC MPOTEKAET B PEKUME, OrPAaHUUCHHOM
macconeperocoM [11]. Huskast crenens ancopbunn NO Ha MOBEpXHOCTH
(orokaranmzaropa yKasbIBacT Ha TO, YTO JIMMUTHPYIOIIEH CTa/IMeH SBISIETCS OJIBOL
peareHTa K akTHBHOMN MOBEPXHOCTH, @ HE CKOPOCTb XUMUUECKON PEaKIUu.

B 3THX ycnoBusix MHTErpajbHbIC TIOKa3aTelH, Takue Kak clean air delivery
rate (CADR), 103BOJSIOT yYUTHIBATH OOLIMI ITOTOK OYMINAEMOTO BO3/1yXa,
OJIHaKO He JaloT WH(POpPMAIMK O JOKAIBHBIX Ipoleccax, MPOTEKAIOUINX Ha
MOBEPXHOCTH (poTOKaTaIM3aTopa. B oTiandme ot 3T0T0, yAebHas TOBEPXHOCTHAS
CKOPOCTB yJIaJIeHUs I's 00beIMHSIET KOHIICHTPAIIMOHHBIE M I'MPOJMHAMHYECKIE
rapameTpsl U MO3BOJISIET aHAJIM3UPOBATh Y(PPEKTHBHOCTh CHCTEM Ha YpOBHE
2JIEMEHTAPHBIX MPOLIECCOB.

Hcnonp3oBaHue rs MO3BOJIAET COMOCTABIATh PE3yNbTaThl, NOIYUYCHHbIE B
Pa3IUYHBIX YCJIOBHSX, BKJIIOUAsl PA3IUYHYI0 F€OMETPHIO PEAKTOPOB, PACXO]
BO3/1yXa U IJIOILA/Ib AKTUBHOM MOBEPXHOCTHU. DTO JIe/IaeT BO3MOXKHBIM BBISIBIICHUE
nepexoja Mexay KMHETHUECKH KOHTPOJIHPYEMBIM PEKUMOM, XapaKTEPHBIM
JUJIS. HU3KUX CKOPOCTEH MOTOKAa M BBICOKUX KOHLIEHTpALUMH, U peKUMOM,
OTPaHUYEHHBIM MACCONEPEHOCOM, PEATU3YIOLUIUMCS IPU YBEIMYEHUU pacxona
BO3/[yXa U CHUKECHHUHU BPEMEHU KOHTAKTA.

Ananus BpeMEHHOH AMHAMHKU (POTOKATAJIUTHYECKOTrO Ipolecca
JOTIOJTHUTEJIBHO MOATBEPKAAeT JaHHBIA mepexol. B HawanbHbIN mepuon, B
npomexxyTke ot 10 10 40 MUHYT, HabJFO1aeTCst OBICTPBIN POCT CTEIIEHH Y IAJICHUS
3arpsizauTeneit, nocrturaromuii 18-20 % st NO u 12-13 % nna CO, uto
COOTBETCTBYET BBICOKOW JJOCTYMHOCTH aKTHBHBIX LIEHTPOB M OJIarONPHSITHHIM
ycnoBusM Maccoriepenoca. Ilo mepe nporekanust npouecca 3¢pQekTHBHOCT
BBIXOJUT Ha IJIATO WM CHUXKaeTcs 10 5—7 % k 120 MuHyTam, 4yTO CBSI3aHO C
OTpaHUYEHUEM TIOJBOJA PEareHTOB M M3MEHEHUEM YCIIOBUI B3auMojeicTBUs
Ha noBepxHocTH [12].

Hcnonp3oBaHue yJaelIbHOM MOBEPXHOCTHONW CKOPOCTH yAajeHUs rs
MIO3BOJISICT NEPEHTH OT OMUCAHUS JIOKAJIbHON KHHETUKU PEaKIU K CUCTEMHOMY
aHanan3y (QOTOKATAIMUTHYECKHUX NMPOIECCOB, YUYUTHIBAIONIEMY BIHSIHHE
THJPOAMHAMUKH, TEOMETPUH U YCIIOBUH SKCIUTyaTaluu. JTo odecrednBaet dosee
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KOPPEKTHYO OLIEHKY (P (heKTHBHOCTH (POTOKATAITUTHIECKUX CHCTEM H IT03BOJISIET
BBISIBJISITH JIMMUTHPYIOLIUE CTaJNU INpOLecca B YCIOBHIX, NMPUOIMKSHHBIX
K peajbHOM 3KCILTyaTalllu.

dorokaTanuTHUEcKass aKTUBHOCTh B ra30BOW (haze ompeneisercs He
TOJIBKO CBOWCTBAMH MaTepHalia, HO U yCIOBHUSMHU CpeJibl, B MEPBYIO O4Yepeab
OTHOCUTEIBHON BJIaXXHOCTBIO, KOTOPas BIMSIET HAa MEXaHU3M pEaKLUHU U
ajcopOnuio peareHToB. [IpH pas3nioeHuM anetanbleruaa XapakTep rnporecca
CYIIECTBEHHO U3MEHSETCS C YBEIMUEHUEM OTHOCUTEIIBHON BIIAXKHOCTHU. B cyxux
ycioBusax HemoaupuuupoBannbii TiO, 1eMOHCTpUpYET GoJiee BHICOKYIO CKOPOCTh
Pa3JI0XKeHUs], IIPU STOM TIOJIHOE yAaJIeHUE alleTalIbAeru/a JOCTUTAeTCs B TeUEHUE
nopsiaka 400 MunyT 00syueHHs. MoanUIMpOBaHHbIH THAPOQHIbHBIN 00pa3zer B
TEX JK€ YCIIOBUSIX 00ECIIeYNBaCT PasIoKeHHE OKOJIO0 69 % NCXOAHOTO KOJIMYECTBA
3a aHaJIOrMuHbIM nepuoa. Ilpu yBenuueHuu BiraxHocTu 10 33.6 % paznuuus
MEXIy o0pa3laMu MpaKTHYeCKH MCYE3aloT, U CKOPOCTh PEaKIWU CTaHOBUTCS
COIMOCTaBUMOMW Il 000MX MarepuanoB. J/lajbHEWIINH POCT BIAKHOCTH JI0
61 % npUBOAUT K CHUXKEHHUIO CKOPOCTH PEaKIUH, YTO CBA3AHO C MOJaBJICHHUEM
aJcopOIMK aneTanbAeruia BCIeICTBUE KOHKYPEHIIMU C MOJIEKYJaMH BOJIBI.
[TonydeHHbIe pe3ynbTaThl YKa3blBAlOT HAa CMEHY JIMMUTHUPYIOLEH CTaluu
mpoluecca: B CyXUX YCIOBHUSIX peaKLUs KOHTPOJHUPYETCS MOBEPXHOCTHOM
KMHETHKOH, TOTa KaKk MPU YBEIMYEHHUHU BJIQXKHOCTHU KIIIOUEBYIO POJIb HAUMHAIOT
Urparth aacopOoLuns 1 MacCONepeHoc.

B nosneBbix uccnenoBanusax nokasano, uto konuentpauus NO Hax
(oTOKaTATMTUYECKUM ITOKpBITHEM H3MeHsieTcst B quarnasone 0.086-0.125 ppm
U 3aBHCHUT OT BPEMEHM CYTOK M BHEIIHUX ycioBuiH. IIpu 3TOM ycTaHOBIEHO,
YTO OTHOCHUTEJbHAs BJIAXKHOCTb OKA3bIBA€T IOJIOKHUTEIBHOE BIMSHHUE Ha
3 peKTHBHOCTD yaNeHNs, TOT/Ia KaK ITOBBIIICHHE TEMIIEPATypbl U HHTEHCUBHOCTH
M3JIy4eHHs CONpoBoXKaaeTcs e€ cHkeHneM. B padore Hingorani ¢ coaBropamu
[13] mpoaeMOHCTPUPOBAHO, YTO (POTOKATAIUTHUECKUE JOPOKHBIE TTOKPBITHS
obecrieunBaroT ctenenb yaanenus NO , kak npasuno, menee 10 % naxe
IIpU KOHTpoMpyeMoM o0syuyeHrH. COOTBETCTBYIOIINE 3HAYCHHUS YACIbHON
MOBEPXHOCTHOH CKOPOCTH YAAICHUSI COCTABIAOT mopsiaka 10 mr-m2-¢!, uto Ha
OJIMH—/IBa MOPSI/IKA HIDKE 110 CPABHEHUIO C ONTUMHU3UPOBAHHBIMU PEAKTOPHBIMU
cucremamu. HaOxironaemoe cHmkeHne 3(EKTUBHOCTH CBSI3aHO C BIIHMSIHUEM
(haKTOpOB OKpY KaroLel cpeJibl 1 0COOCHHOCTAMH (pyHKIIMOHUPOBAHHS CHCTEMBI.
Bna)xHOCTB NOJUI0KKHY ONpeieNnseT AOCTYITHOCTb aKTUBHBIX LIEHTPOB U XapaKTep
MPOTEKaHUS PEaKLUU, a TaKkKe MPOLECChl CTapeHMsl, BKIIoUas JIerpajaluio
TIOKPBITHS M KapOoHM3a1HIo. VICI0Ib30BaHUE CBSI3YIOINX KOMIIOHEHTOB MOYKET
MIPUBOJUTH K YaCTUYHOMY 9KPaHUPOBAHHIO IMOBEPXHOCTH (poTOKaranuzaTopa,
BCJIEACTBME YEro 3HAYUTEJbHAs JOJ1 aKTUBHBIX LIEHTPOB CTAHOBUTCH
HEJIOCTYIHOM JJIs1 B3aUMOJCHCTBUSI ¢ 3arpsizHuTeseM [14].
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B BoHOI (haze 3HAUCHMS I's OKA3BIBAIOTCSI 3HAUMTEIHEHO HHKE 110 CPABHEHHUIO
¢ razoda3HpIMU cUcTeMaMH. B nccrnenoBaHusX Jerpajganuyd OpraHu4ecKuX
MHKpO3arps3HUTENEH B KACKaIHOM PEaKTOpe ¢ PELUPKYJISIIMEeH OTOKA TOKa3aHo,
YTO TPU HAYAJILHOW KOHIICHTpAIMK TPHKIIO3aHa mopsijaka 14.5 ppb u pacxoxe
xuakocetu 26.5 cm?-¢! crenens ymanenus gocrurana 53 % 3a 120 mMuHyT
o0myuenust. [lepecuér skcriepuMeHTaNIbHBIX JAHHBIX B yJIEIbHYIO [IOBEPXHOCTHYIO
CKOPOCTh yJaleHUs] MOKA3bIBaCT, YTO 3HAYCHHUE IS cOCTaBmsieT mopsaka 107
Mr'M2-¢c!, 4TO Ha HECKOJBKO MOPSAKOB HIDKE 3HAYCHUH, XapaKTePHBIX s
(hOTOKATAIUTHICCKUX CHUCTEM B ra3oBoil (haze. DTo paznuuue 00YCIOBICHO
Gosiee HU3KUMH KOd(QduenTaMu Aupdy3nuu B )KUAKOH (a3e U MOBBIIICHHBIM
COINPOTHUBIICHUEM MaCCOIEPEHOCY.

CorocraBiieHHE IUTEPATYPHBIX JaHHBIX (Tabauua 1) mo3BosseT nepeiTu ot
Ka4eCTBEHHOI'0 aHaJIM3a K KOJIMYECTBEHHOMY CPaBHEHHUIO (DOTOKATATUTHYECKUX
cucreM. Mcronb30BaHue €IMHON METPUKH T JIAET BO3MOMKHOCTh BBISBUTH
paznuus B 3pPeKTHBHOCTH, 00y CIIOBICHHBIE HE TOJIBKO CBOMCTBAMHU MaTepHaa,
HO ¥ YCJIOBUSIMU MacCOIIEPEHOCA U TUIIOM CUCTEMBI.

Tabmuna 1 — CpaBHeHHE (HOTOKATAIUTUYECKUX CUCTEM DPa3IUIHOTO
Macimtaba M THIIa Ha OCHOBE HCIIOJIb3YEeMBIX MeTpUK 3¢ ¢dektuBHoCcTH. Jlis
MIPOTOYHBIX, MHJIOTHBIX W HATYpPHBIX CHCTEM INPHBEICHBI 3HAYCHUS Y/CIbHOU
TIOBEPXHOCTHON CKOPOCTH YJQJICHHS Ts, TOTAA KaK JJIsl 3aMKHYTBIX PEaKTOPOB
yKa3aHbl KOHCTaHTBI CKOPOCTH JICT PAIAlINK, OTPAXKAIOIHIE BHY TPEHHIOI0 KHHETHKY
(orokaranuzaropa

Tun cucremsl 3arps3HUTEIb Marepuan 3nauenue | McTouHuk
Peaxrop (ISO) NO, TiO, 10 [15]
(13BecTKOBOE
TIOKPBITHE)
ITpoToYHBIi peakTop NO Zn/TiO, 10°-102 [16]
Konbuesoii peakrop NO TiO, (na 107 [11]
CTEKJIOBOJIOKHE)
YcrpoiicTBo / cucrema HCHO C/TiO,/MOF 102 [17]
[MunotHbI MacTad NO, TiO, nokpeiTHe 10 [18]
(HM3KMI IOTOK)

TIunorHeli MaciTad NO, TiO, nokpeiTHe 103 [18]
(BBICOKHH TOTOK)

Hatypuslie ycnoBus NO TiO, nokpriTHE 10 [13]

WurerpuposanHas HCHO TiO,/MnO /CeO, 107 [19]

CTpOoUTEJIbHas CUCTEMA

WurerpupoBanHas HCHO TiO, (rubpuHas 102 [20]
CTPOUTEINIbHAS CHCTEMA cucreMa)
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AHanu3 npeIcTaBIeHHBIX JIAHHBIX TOKA3bIBAET, YTO 3HAYCHHS I's U3MEHSIOTCS
Ha TPH MOPSIJIKA IIPH [IEPEX0/I€ OT MUJIOTHBIX YCIOBHH C OrPAHUYEHHBIM IOTOKOM
¢ mokazatensamu 107 Mr-m?2-¢! K HHTerpUpPOBaHHBIM cucTeMaM ¢ — 102 mr-m2-¢.
[Tpu 5TOM 1151 OTHOTO M TOTO K€ poTOKaTANN3aTOPa HAOIIOIAETCSI CYILECTBEHHBIN
pa3dpoc 3Ha4YeHUi, YTO yKa3bIBaeT Ha JOMHHHUPYIOIIYIO POJb MaccolepeHoca
U KOHCTPYKTHBHBIX IapaMETPOB CHCTEMBI 110 CPAaBHEHHMIO C BHYTPEHHHUMH
CBOICTBaMM MaTepuaia.

HNudopmanust o puHaHCHPOBAHUHU

ABTOPBI 3asBJISIOT, YTO JUIsl IIPOBEACHHS UCCIICJOBAHNSI, HATIMCAHUS W/WIIN
Iy OJIMKaIMKU TaHHOW cTaThy OblIa nmojydeHa uHaHcoBas nojanepxkka. Jlannoe
ucciieoBanue ObUI0 npoduHaHcupoBano Komurerom Hayku MuHuCTEpCcTBa
HayKH U BbIciiero oopaszosanus Pecnyonuku Kazaxcran (rpant Ne AP32721671
«MHTennexryanbHas MyJbTHKaHAIbHAs IUIaTGopMa (OTOAICKTPOXUMHUUECKUX
OMOCEHCOpOB Ha OCHOBE TMOpHAHBIX retepocTpykTyp BiVO,/ZnO u TiO,/
MXeney).

BriBoabl

B Hacrosiieit paboTe BBINOJIHEHO CONOCTaBICHHE (POTOKATATUTHUECKUX
CHCTEM DPa3JMYHOTO THUIAa M MacmiTada C MCIOJb30BAHUEM YJIEIbHOU
TIOBEPXHOCTHON CKOPOCTH y/IaJICHUS I's B KaUeCTBE HOPMAJIM30BAHHON METPHUKH.
[TokazaHo, 4TO TpaAMIIMOHHBIC ITOKA3aTENN, TAKHE KAaK CTEHEHb yaajJeHUs
3arpsI3HUTENIST U KaXKYIIMECs] KOHCTAHThI CKOPOCTH, HE MO3BOJISIOT KOPPEKTHO
onleHUBaTh IPHEKTUBHOCTH CUCTEM B IMPOTOYHBIX M HATYPHBIX YCIIOBHSX,
TIOCKOJIbKY HE YUYHMTBIBAIOT BJIMSHHE Pacxoja BO3JyXa, TEOMETPHU peakropa u
TUIONIA/I! aKTUBHOM OBEPXHOCTH.

Y CTaHOBIIEHO, YTO TP EPEXO/IE OT JIA00PATOPHBIX K IPOTOYHBIM U HATYPHBIM
CHCTeMaM OIPEAECISIONIYIO POJIb HAUMHAIOT UI'PATh IPOLIECCHI MAacCoIepeHoca 1
THAPOIMHAMUKA [TOTOKA. B 9THX yclioBUsIX HaOJIt01aeTCs Iepexo/] OT KHHETHUECKH
KOHTPOJINPYEMOT'O PEKUMa K 00J1acTH, OTpaHUUYEHHON MacCOIepeHOCOM, YTO
MIPOSIBIISIETCS B HACKIIIIEHNH 3 (EKTUBHOCTH NIPU YBEIMYEHUH PacXo0/1a BO3IyXa,
JI03UPOBKH (POTOKATAIN3ATOPA U M3MEHEHUH YCIIOBHH CPEJIBI.

[TokazaHo, 4TO pa3nuyuus MEXIy (OTOKATAIUTUYCCKHUMH MaTepuaniaMu
HauOoJiee BBIPAKEHBI IIPH HU3KHX CKOPOCTSX MOTOKA, Korja 3((eKTHBHOCTh
OITpeeIIsIeTCsI TOBEPXHOCTHON KMHETHKOM, TOT/Ia KaK IPH YBEIIMUEHUHU Pacxoa
BO3/1yXa BKJIAJ] BHYTPEHHUX CBOWCTB KaTaJn3aTopa CHUXKAETCS, U IOBE/ICHHE
CUCTEMBI OIpeJeNIIeTcsl YCIOBUSMH TepeHoca BeliecTBa. J{onogHUTeIbHbIe
OTpaHMYECHUS CBS3aHBI C BIUSHUEM BJIaKHOCTH, TEMIIEPATYyPHBIX YCIOBHUH,
CIIEKTPAJIbHBIX XapaKTEPUCTHK M3ITyUCHHs, 2 TAK)KE MEXaHHYECKOH YCTOHYMBOCTBIO
u criocodoM Qukcanuu GoToKaTAINTUIECKUX TTOKPBITHH.

CormnocraBiieHUe JINTEPATYPHBIX JaHHBIX ITOKA3al0, YTO 3HAYCHHS I
M3MEHSIOTCS] Ha HECKOJIBKO TTOPSIIKOB B 3aBUCHMOCTH OT TUIIA CUCTEMBI, IPA ATOM
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JUIs OJTHOT'O U TOT0 ke (poToKaTanu3aTopa HabI0JaeTcs 3HAUUTENbHbIN pa3zdpoc,
00YCIJIOBJICHHBIN Pa3MuUsIMU B YCJIOBHUSX MacCOINEPEHOCa U KOHCTPYKTHBHBIX
rapamerpax. B 4yacTHOCTH, 3HaU€HUS I JUIsl Ta30(pa3HbIX CHUCTEM JIOCTUTAIOT
nopsiaka 102 Mr-mM?-¢’!, Toraa Kak Ui BOJHBIX CHCTEM OHH CHHYKAKOTCS JI0
1077 mr-m?-¢! BeneacTBue pasznuunit B koddpdunuentax aupdysuu u
CONPOTHUBIICHUH TIEPEHOCY BEIECTBA.

Taxum 00pa3oMm, NCIIOIB30BaHNE METPHKH I's TO3BOJISIET IEPEUTH OT aHAIN3a
JIOKaJIbHOW KMHETHKU PEaKLUH K CHCTEMHOMY OIHMCaHUIO (POTOKATAITNTHYECKIX
IIPOLIECCOB, YUUTHIBAIOIIEMY BIMSHHE MMIPOJIUHAMHUKH, T€OMETPUH U YCIOBHN
9KCIUTyaTauu. DTo obecreunBaeT 0ojiee KOPPEKTHYIO OLICHKY (D PEKTUBHOCTH
(hOTOKATATMTUYECKUX CUCTEM U ITO3BOJISICT BBISBIIATH JUMUTHPYIONINE CTAJANU
IIpolecca B YCIOBUSIX, TPUOIIMKEHHBIX K PEANIbHOM IKCILTyaTal|H.

[Tony4yeHHBIE pE3yJbTAaThl MOATBEPKAAIOT HEOOXOAMMOCTH MEpexoa
OT MaTepual-UeHTPUPOBAHHOIO MOJAX0Ja K CUCTEMHOMY aHalu3y
(OTOKATATUTHYECKUX TPOIECCOB, YTO SIBISCTCS KIFOUEBBIM YCIOBHEM JUIS
pa3paboTky MaciTabupyemMbIX ¥ 3PPEKTUBHBIX TEXHOJIOTHUI OUMCTKU BO3yXa.
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Maywi30bl napamempiepoi eckepMeiol HeoHe opmypii KHcytenepoi Oypoic
canblemulpyobl KUbIHOAMAobl.

Ocvl  oicymvicma  homoxkamanumuxanvly — cylenepoiy  opmypii
munmepi MeH MAacumabmapvli CaibiCMolpy Yulih MeHuikmi Oemmix
JHCOIO  MHCHLIOAMObIZBL 'S ombeban Mempuka pemiHoe YCbIHbLIZAH.
Aoebu Oepexmepdi Manday HOMUNCECIHOE IS MoHOepi Jcylie mypiHe
JICOHe  NAUOANAHY JHCaA20auaapbina  OAUIaHbICMbl  OipHewe pemmik
o3eepemindiei  kepcemindi. laz azacvinoazel oicyliesep Ywin
wamacer 107 mem? ¢! Oeneeliine sncemce, cytivlk azada 6yn mom
107 me- m? ¢! Oetiin momenoetioi, byn macconepenoc keoepeiiepi mem
oughdysus koahduyuenmmepiniy aubIPMAUBLILIZLIMEH MYCIHOIPLEOL.

3epmmey momuoicenepi  homoxkamanumuxanslx  npoyecmepoiy
muimoiniei mamepuanl Kacuemmepimen 2aHa emec, COHbIMEH Kamap
SUOPOOUHAMUKA, — MACCONEPEHOC — JCOHe — JCylie  2eOMEempPUsICbIMEH
AHBIKMANamulHblHKOpcemmi. ToMmeH azbiHHCblI0amMObIKMAPbIHOA NPOYecc
KuHemuxanwlx, oaviiayoa 001ca, azvli apmkan Cailblh MACCONEPEeHOC
wexmeywii - paxmopea  atinanadvl. ConviMer Kamap, blieai0blLIbIK,
memnepamypa, coyieieHy Cnekmpi Jcone homoxkamanuzamopovl 6eximy
macini Jcyvieniy muimoinieine eneyni ocep emeoi.

Ocvlnatiwa, rs Mempukacvlh KOIOAHY DOMOKAMANUMUKATBIK
Jrcytenepdi  bazanayoa mamepuan-0asblmmanzan mociloeH HCyueniK
manodayza Kewlyee MYMKIHOIK Oepedi JicoHe HAKmoul NAuOaIaHy
AHCAZOAUNAPLIHOA  WeKmeyWi — camvlilapobl — AHbIKMAay2d — Hcazoail
Jrcacariovl. Anvinean HOMuUICeIep AgblH HCA20AUbIHOA HCYMbLC ICIEmIH
macumadbmaniamoin OMoOKAMAIUMUKAILIK aya mazapmy dicylenepin
93Ipaey Yulin Maybl30b6l 60IbIN MAOBLLIAObL.

Kinmmi  co30ep:  omoxamanumuxanvly — ayamel — mazapmy,
2azoazovl  racmayvbluumap, ammocepanvi  aacmaybiumap, debiH
2UOPOOUHAMUKACDL, MACCAYLICIBIPY.
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Ammocehepanviy ayanviy 1acmanybl a0am OEHCAYIbIeblHA ocep
ememin Hezizeli paxmopaapoviy OIpi O0abLIN MAOBLIAOLI, COHOLIKMAH
2a3maopiz0L1acmazblitmapobl HCOlObLH MULMOL MEXHO02USLIAPbIH d3IPJiey
e3exmi mocene 6onvin Kaia 6epedi. DomoKamanumukaivly icyienep
Y30IKCI3 agbll JHcaz0aublHOa IACMAZbIUmMapObl MUHEPALOay Kaoiieminiy
apKacvlHOa nepenekmueaivl bazvlm peminoe Kapacmulpuliaosl. Anatioa
onapovly MuimoLiein 6azanay KebIiHece HCor 0opedceci Hemece KOPIHemiH
ACOLIOAMOBIK, IYPAKMBLIAPLL APKbLIbL HCY3€2¢ ACbIPLLIAObL, O)l A2blH
WBI2IHDL, PEaKmop 2e0OMempusicol JcoHe OelceHOl bem ayOaHvl CUsKmol
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SURFACE-SPECIFIC REMOVAL RATE AS A UNIVERSAL METRIC MPHTHU 37.31.19
FOR EVALUATING PHOTOCATALYTIC AIR PURIFICATION DOI
Air pollution remains one of the major global health risks, *E. A. Bamewoeg’, . A. Ubamaees?, M. K. XykeHoe>,
necessitating the development of efficient technologies for the removal B. E. Xam3uHa*, E. XyaHn6aii®
of gaseous pollutants. Photocatalytic systems are considered a promising 1.2345Ka3axCKuil arpOTeXHUYECKUI MCCICOBATEILCKUN YHUBEPCUTET UMEHH
approach due to their ability to mineralize contaminants under continuous C.Ceiidymnmna, Pecniy6iuka Kasaxcran, r. Acrana;
flow conditions. However, their performance is commonly evaluated IORCID: https://orcid.ore/0000-0003-2116-2108
using removal efficiency or apparent reaction rate constants, which do 20RCID: https://orcid.org/0000-0003-2261-222X
not account for key operational parameters such as airflow rate, reactor 30RCID: https://orcid.org/0000-0003-2942-3931
geometry, and active surface area, thus limiting the comparability of 4ORCID: https://orcid.ore/0000-0002-0552-7464
different systems. *ORCID: https://orcid.org/0000-0001-5448-1645
In this work, the surface-specific removal rate (vs) is proposed as *e-mail: ye.bateshov@kazatu.edukz
a universal metric for the evaluation and comparison of photocatalytic
systems of different types and scales. Based on a comprehensive PETPOCINEKTUBHASI TPOBEPKA NrPABUTALIMOHHO-
analysis of literature data, it is shown that rs values vary over several MHEPL[MOHHOI'? METOAUWKN CYBXAHKY/TOBA
orders of magnitude depending on system configuration and operating TPOrHO3A 3EMJIETPSICEHUM AJIMATbI

conditions. For gas-phase systems, rs can reach values on the order of
107 mg m? s, whereas in aqueous systems it decreases to approximately
107 mg-m?s! due to differences in diffusion coefficients and mass
transfer limitations.

The results demonstrate that, when transitioning from laboratory-
scale to flow-through and real-world systems, mass transfer and flow
hydrodynamics become the dominant factors governing performance. At
low flow rates, the process is primarily controlled by surface reaction
kinetics, while at higher flow rates it shifts toward a mass-transfer-limited
regime. Additional factors, including humidity, temperature, irradiation
spectrum, and catalyst fixation method, also significantly affect system
performance.

The use of 1, enables the transition from a material-centered
evaluation to a system-level analysis that accounts for real operating
conditions. The findings highlight the necessity of considering transport
phenomena and reactor design in the development of scalable and
efficient photocatalytic air purification technologies.

Keywords: photocatalytic air purification, gas-phase pollutants,
atmospheric pollutants, flow hydrodynamics, mass transfer.

B nacmosuwyeii pabome evinonnena pempocnekmusHdas nposepKa
2PABUMAYUOHHO-UHEPYUOHHOTL MemoouKu NPOSHOZUPOBAHUSL
semnempsicenutl, npeonodxcennou B. I. Cybxankynosvim. Memooduxa
OCHOBAHA HA  AMANU3Ee  COHANPAGICHHOCMU — CPABUMAYUOHHLIX U
UHEPYUOHHBIX CUNl HEDEeCHBIX mes, OeliC8YIOuUX HA 20pHble MACCUBDL
6 30HAX  CMOJKHOGEHUsI meKkmoHuuueckux naum. Paspaboman
Mamemamuyeckuil annapam sepudurayuu, BKNIOYAIOWULL
oughepenyuanbHblll aHAIU3 NPUIUEHO20 NOMEHYUANa (PAa310JiCeHUe
6 psao Jlexcanopa, eviuucienue paoudarvbHOU U MAHSEHYUATbHOU
KOMNOHEHM — NPUIUGHO20 — YCKOPEHUs), — UHMeZPUpOsanue  meH3opd
NPUTUBHBIX HANPAAICEHUL NO 00BEMY 20PHO2O MACCUBA, (OPMYIUPOBKY
UHMe2PanbHo20 — Kpumepus — celicmuyeckoli — onachocmu — S(t) U
IHEPEEMUULEeCK020 YC08Us pa3pyutenus. [IpunyunuaibHol 0cobennocmvio
MEMOOUKU AGTACMCS Y4EM UHEPYUOHHBIX CUT, BOZHUKAIOWUX BCIeOCBUE
VCKOPEHHO20 08UMNCEHUst 3eMIU. YEHMPOOENHCHOU CUTbL OM CYMOYHO20
spaujenus 6okpye cobcmeennou ocu, cunvl Kopuonuca, opoumanvhozo
yekopenus npu obpawenuu gokpye Connya, a makoice anaKxmuyecko2o
yekopenus, 00yciosienno2o ogudiceruem CONHEUHOU cucmembvl B0KpPY2
yenmpa Mreurnozo Ilymu. Cosokyntoe 6030elicmeue 3mux UHePYUOHHbIX
KOMNOHEHM COBMECMHO ¢ npunughvimu curamu Jlynei, Cornya u niarem
dopmupyem nepemennoe nojie HanpsdiceHull 6 20pHom maccuse. s 14
KPYRHEUWUX 3eMIempscerHuti AIMamuncKo2o celucmMoaKxmueHo2o patioHa
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(1887-2024 22., M 5.0-8.3) evluucienvl s3kaunmuyeckue KOOpPOUHAMbl
Hebecnvlx men no aneopummam Muyca, paccuumansl unmezpaibHbie
noKazamenu COHANPAGICHHOCMU CUL U BbINOJHEHA OAIbHASL OYeHKd
acmponomuieckux Koupueypayuil. Pezynomamoi: 67 % ucmopuueckux
semnmempsicenutt (6 uz 9) u 71 % pacwupennou evibopku (10 uz 14)
0eMOHCIMPUPYIOM 3HAYUMENbHOE WL 8bICOKOE COBNAOEHUE C MEMOOUKOLL.
Obcysncoaromes 0epanuieHus MemooOuKU, CEsI3AHHbLE C MATILIM 00BEMOM
6bI00PKU, U NEPCREeKMUsbl Nepexoda K YUCICHHOMY UHMEZPUPOBAHUIO
TMEH30PHBIX NOJIel HANPSICEHULL.

Kniouegvie cnosa: NPOCHO3UPOBAHUE 3emaempsicenull,
NPUTUBHOL NOMEHYUAT, UHEPYUOHHbBIE CUIbL, CEUCMUYEeCKUll mpueeep,
COHANPAGICHHOCb  CUJ,  JIYHHO-COIHEUHble NPUNUBDL,  CEUCMUYHOCTD
Anmamot, memoouxa Cyoxaukynosa

Beenenue

[IpoGnema MpPOTHO3UPOBAHUS 3EMIETPSICECHUH ocTagrcs OJHOW M3
(dyHnameHTaNbHBIX 33124 reodusnku. Kak ormeuaer [Nemnep (1997), «nanéxnoe
MIPOrHO3UPOBAHUE OTAEIBHBIX 3€MJICTPSACEHUN TOKa HEBO3MOXKHO» [1, c. 425].
Bwmecre ¢ Tem, ps uccienoBareneii oopaniaeT BHUMaHHE Ha KOPPEISILIAH MEXTY
CeiCMUYeCKO aKTHBHOCTBIO W aCTPOHOMHYECKMMHU (hakTopamu. MeTuBbe U
ap. (2009) Ha BeIOOpKe 442 412 cobObrTnit u3 katanora NEIC nokazanu «uérkas
KOppessius (¢ TOCTOBEPHOCTHIO ~99 %) Mexay (a3oil 3¢eMHOIO MPUIHBA U
BpEMEHEM HACTYIUICHMsI celicMUuecKuXx coObITuid» [2, ¢. 370]. Kokpan u np.
(2004) ycTaHOBHIIH, YTO MPUIMBHBIC CHJIBI 3EMJIH CIIOCOOHBI WHUIIMHPOBATH
MeNIKO(OKYCHBIE Ha/IBUTOBBIE 3eMiieTpsiceHus |3, c. 1164].

B. I'. Cy0OxaHKyJIOB NpEIOKII METOJUKY, OCHOBAHHYIO Ha aHAJIH3e
COHANPABICHHOCTH I'PABUTAIIMOHHBIX U MHEPLUOHHBIX CHJI, ACHCTBYIOIINX
Ha TOPHBIE CHUCTEMBI B 30HaX CTOJKHOBEHHS TEKTOHMYECKHX IUIUT. MeToauka
CO3By4Ha C pe3ysbraramu Mo u ap. (2016), 00HapyKUBIINX, YTO «OYEHb KPYITHBIE
3eMJICTPSICEHUSI, KaK MPaBUIIO, ITPOUCXOAT BOJIM3M MOMEHTa MaKCHMalIbHOW
AMIUTHTYIBI MPWINBHBIX HanpspkeHuid» [4, ¢. 834]. CyOxaHKYJIOB OICHUBAI
TOYHOCTH B ~80 %, 0TBOJIs1 ~20 % Ha BHYTPEHHUE TEKTOHUYECKHE TPOIECCHI [5].

AJIMaTHHCKHI CEHiCMOaKTHBHBIN palioOH PacIoJIOKEeH Ha CeBEepHOM (haHTe
Tsap-11lans — BHYTPUKOHTHHEHTAILHOTO OPOreHa, CHOPMHUPOBAHHOTO KOJITH3UEH
Wupuiickoit u EBpaswuiickoii miut. Kak nokaszamu Kprorep u ap. (2018), sror
PErHOH IEPEeXnI CEePUI0 KAaTaCTPOPUUECKUX COOBITHI: «cepus Hadanach C
Benososckoro 3emnerpsicenus 1885 ronay u npogomkunack Bepaenckum (1887),
Ymmkekum (1889, M, 7.9) u Kemunckum (1911, M,, 8.0) 3emnerpsceHusMu
[6, c. 1824]. AbapaxmaroB u 1ip. (2016) 1OKyMEHTHPOBAJIM MHOTOCETMEHTHBIH
pa3pbsiB UHIHUKCKOTO COOBITUS MPOTSIKEHHOCTHIO HE MeHee 175 kM
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[7,c.4615]. Omu u ap. (2021) npogeMOHCTPUPOBAIIH, YTO TOTPEOEHHBIE PA3IIOMBI
HETOCPEJICTBEHHO MO/ AJIMAThl CO3/Ial0T 3HAUUTEIbHYI0 CEHCMUYECKYIO YyTPO3Y
[8]. MauHbIli palloH MPEACTABISICT UACAIBHBIN MMOJUIOH JUIsl BepuDUKAIIUU
MeTo ik CyOXaHKYJIOBa.

Marepuajibl 1 METOAbI

VYpaBHEeHUs! IBUKEHUS dJIEMEHTa TOPHOTO MacCHUBa

PaccMoTpuM 37€MEHT FOPHOTO MaccuBa Maccoil dm, pacroJioKeHHBIN B
TOUKE I B 30HE CTOJIKHOBEHUSI TCKTOHMYECKUX TUINT. B HenHepLnanbHO! cucteme
oTcuéTa, CBS3aHHOH C MOBEPXHOCTHIO 3eMIIH, YPaBHEHHE ABMXKEHHUS 110 BTOPOMY
3akoHy HploToHa nMeeT BUA:

d?7
dm - dt2 = ngraV + dFinert + dFtect + dFelast (1)
rue ngrav — muddepenunan rpaputannonnbix cui, dF,  — nuddepennman

MHEPUHOHHBIX cuil, dF  — nmuddepeHnnan TEKTOHMYECKHX HAaNPSKEHHH,
dF, —muddepeniman ynpyrux i ropHoii mopozsl. CymMmapHas rpaBUTalioHHas
CHJIA HA DJIEMEHT:

Mi - -
ngrav = —G-dm - Zlm (=1 (2)

rne cymMmupoBaHue Ben€rcs 1o BceM HeOecHbIM Tenam (Comnue, JlyHa,
naneThl), M, — Macca i-ro Tena, r, — €ro pajnyc-BeKTop.

JuddepenHunpoBanue NpuIMBHOTO MOTEHIUATA

KitoueByto poitb B METOIMKE UTPaeT MPUIMBHON NOTEHIMANL. [ paBUTaIIMOHHBII
noTeHIuai HebecHoro Tena Maccoit M Ha paccrosHuu d oT eHTpa 3eMJiIH B TOUKe
HaOJIIOJICHNUS C TEOLEHTPUYECKUM PACCTOSIHUEM I' U 36HUTHBIM YIiioMm

G-M

T d—zrdcost 3)

Pasznoxenue B psin JIekanapa v BeIeIeHUE IPUIHBHOMN 9acTH (C BBIYETOM
MOTEHIIAAA B IIEHTPE 3eMITH):

Phi(r,{) = —

GM o n
W,g) = -5 T (5)" - Puleos ) 5
rae P (cos §) — momunomsl Jlexanpa. [lns rnagroro uiena (n = 2):
M.12
Wo(r,0) = = S5+ 5 Beos? ¢ = 1) ®)
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JuddepentmpoBanne NprIMBHOTO MOTEHIMANA TI0 paJHJIbHON KOOpAUHATE
I 1a€T MPUIMBHOE YCKOPEHUE:
dw, G-

M
=T s (3cos?¢ — 1) (6)

JuddepennupoBanue mo 3eHUTHOMY yriy ( 1aéT TaHTCHIUAIBHYIO
KOMIIOHEHTY:
1 dw, 3G-Mr

ey - sin{ - cos( @)

[TosHBIH TpaJueHT NPWIMBHOTO MOTEHIMANAa — BEKTOP NPUJIHBHOTO
YCKOPEHHSI:
_ R N 1dw, A
Quigal = grad Wy = =& + -~ & ®)
Host Jlyset (M, = 7.342 % 107 KT, d iy, = 3.844 % 10° M) IPH T = R3epy g
n (= 0 (moamyHHAs TOUKa) paguanbHas KOMIIOHEHTA!

dw,

2G-Mmoon'REar -
= = Z“MoonFarth ~ 110 X 107° m/s? 9)

max dMoon

WurterpupoBaHue NPUIMBHOTO HANPSHKEHHS 10 00BEMY TOPHOTO MAaCcCHBa

J1J1s1 OLIEHKH CYMMApPHOT'0 BO3/ICHCTBUS IPUITUBHBIX CHIT HA TOPHBIA MaCCHB
00BpEMOM V HE00XO0AUMO MPOUHTETPUPOBATH TEH30P PWINBHBIX HAMPSIKCHUH.
Tenszop nedopmanuii, BEI3BAaHHBIA MPHJIMBHBIM MOTSHI[MAIOM, CBSI3aH C
moTeHIanoM uepes umncia Jlssa h2, 12, k2:

O-ij = A-6ij~£kk + 2‘[1.81] (10)

rae A, L — mapamerpsl Jlame ropHOil MOpompl, €;j — KOMIIOHCHTBI TEH30pa
nedopmanuit. CymMapHasi MpUIMBHAS CHJIa HA TOPHBIA MacCHB IMOJy4aeTcs
HHTETpUpOBaHKeM 10 00béMy V ropHOTo Giioka. i mpsMOyroiIbHOTrO
Omoxa ¢ pasmepamu L; X L, X L; mpenensl HHTETPHPOBAHHA:
x or 0 no Ly, y or 0 no L,, z or 0 nmo Ls;mischepudeckoii Mozenu:
r oT Ry 1o R, (rmy6unsl ouara), 6 ot 6; 10 65, ¢ OT ¢, 10 @, (YyrI0BBIE
IPaHHMIIbI MACCHUBA):

Fiaar = [ff, p() - grad W,(7,t) aV (1)
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B dopmyne (11) TpoiiHoW nmHTerpan oOyclOBIEH TPEXMEPHOCTHIO
0o0béma ropHoro maccuBa V. [Ipu MOJIeNIUpPOBAHUK NPSMOYTOJIbHBIM
0JIOKOM TIpejiesibl MHTEIPUPOBAHUS 3aJal0TCS B JIEKAPTOBBIX KOOPJIMHATAX:
X OT X 10 Xo + L1, y OT Yo 10 Yo + Ly, Z OT Zy 10 zy + H, e L, L, —
ropu3oHTalbHbIe pa3Mmepsl, H — riiyOuna maccusa. Ilpu chepuueckoit
Mozenu: 1 OT Ry (HwxkHaAs rpaHuna) 10 R(3ems) (MoBepxXHOCTH), 6 oT 6
10 65, @ oT @1 10 @, (yrioBble rpaHULBl CEiCMOAKTUBHOM 30HBI). Jlis
Saunuiickoro Anaray xapakTepHble pasmepsl: L; = 150 kM, L, = 30 xkm, H
~ 25 kM (riryOuHa CEHCMOTEHHOTO CIIOA).

rae p(r) — MIOTHOCTL TOPHOH TOPOAKL. JlJis 0JHOPOJHOTO MaccHBa
IUIOTHOCTH Po € XapaKTepHBIM JIMHEWHBIM pa3mMepom L:

Fidal = po - L* - grad W, (7, t) (12)

Cynepnosuuml MPUJIIMBHBIX IMMOTCHIIUAJIOB HECKOJIBKUX TCJT
HpI/I HAJIMYUU HECKOJILKUX HEOCCHBIX TEI CyMMapHLIﬁ HpI/IHPIBHOﬁ IOTCHIHAJI
OIMPCACIIACTCA MPUHIUIIOM CYTICPIIO3ULIN

GMiTZ
d;?

i i 1
Wiotal 7,0) = T W, = =3 =5+~ (3cos?¢; = 1) (13)

BpemMenHast npon3BoiHas CyMMapHOTO IOTEHIIMANA OMPEAEIsIET CKOPOCTh
WM3MEHEHHS MTPUIIMBHBIX HANPSDKEHUI:

AWiotal — Z dWZ(i) (14)
dt Loadt

JTa BeIUYMHA MaKCHUMaJIbHa, KOrJa HECKOJIbKO TCJI OAHOBPEMCHHO ABHUKYTCH
TaKuM 06pa30M, YTO UX 3CHUTHBIC YTJIbL Cl MCHAKTCA COI'JIaCOBAHHO, 4YTO
COOTBECTCTBYCT COHAIIPABJICHHOCTH CUJI I1O Cy6XﬁHKyJ’IOBy.

Juddepenunansupie ypaBHEHHST HHEPIUOHHBIX CHII

I/IHepIII/IOHHI)IG CHJIBI B HeHHGpHHaJ'H:HOﬁ CHUCTEeME OTCUéTa OIMpPCACIAIOTCA
KMHEMAaTHUKON 3eMJIH. L[eHTpO6e)KHO€ YCKOPCHUEC OT CYTOUYHOI'O BpalllCHUA:

Aot = =@ X (@ X T) = w? - Rgaryp - COS @ - &, (15)

KOpI/IOHI/ICOBO YCKOpPEHUC, 3aBUCANIEEC OT CKOPOCTHU CMCIICHUMA
OJICMCHTA MacCCHBa:

Acor = —2w X (%) (16)
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Op6uTansHoe yckopenue 3emit BOKpyT ColTHIIa OITpe/IesIsieTCst TIPOM3BOTHON
OpOUTAIBHON CKOPOCTH:

_ C12REarth—Sun — G'MSun'REarth—Sun
Aorp = de? - 3 (17)
|REarth—Sun
lNanaxtugeckoe yckopenue (aBrkerne ColTHeUHOH CHCTEMBI BOKPYT IIEHTpa

Maieunoro Ilytn):

2
Vgal
Rgal

A, = ~ 2.1 x 10719 m/s? (18)

rie Vgq = 220 km/c — ckopocTh aBukeHHs COJHEUHOH CHCTEMBI,
Rya =2.6 % 10%° M — paccTosnue 110 1enTpa ["anakTHKHY.

WnTerpanbHblil KpUTEpU celicMU4ecKoil 0macHOCTH

OnpenenuM MHTErpanbHbI KpUTEpHUIl celicCMUYECKOM OMacHOCTU Kak
OTHOIICHHE MOJYJIi CyMMapHOW CHJIBI, JI€WCTBYIONIEH HA FOPHBIH MaccuB
00bEMOM V, K cyMMe MOJIyJIei BceX KOMIIOHEHT:

S(t) — |fffv p-[grad Wiotal + @inert] dV| (19)

va p-lgrad Wigtal + @inert| AV

Ipu S(t) — 1 Bce cuiibl coHanpasiieHbl (MAKCUMaJIbHAs A€CTaOUIM3aLIHs).
Ipu S(t) — O cuibl B3aMMHO KOMIIEHCUPYIOTCS (CHCTEMa YCTOHYMBA).
BeposaTHOCTh ceiCMIUECKOTO COOBITHS:

Pseism(t) = S(t) ' Ktect(t) ' H(Gtect - acr) (20)

rae Koo..(t) — Ko9QPUUHEHT TEKTOHUYECKOH TOTOBHOCTH CPEJbI,
Orexr — HAKOIUIEHHOE TEKTOHMYECKOE HANPSIKEHHE, Oy — KPUTHYECKOE
HanpsbkeHue paspymenus, H (x) — dynkuus Xesucaiina (H =0 npu x <0, H
=1 mpu x > 0). DTOT KpUTEpUil PopMaNH3yeT MPUHITUN IOCICTHEH KATUTI):
TIPH Oper < Oyp A@%KE S = 1 HE BBI30BET 3€MIIETPACEHHSL.

DHeprus nedopMannuu ¥ HHTETpai paboThl MPHIUBHBIX CHIT

PaboTa IpHIMBHBIX CHII IIPU CMEIICHUH DJIEMEHTa MacCHBa Ha BEKTOP Or:

8A = [ff, p- (grad Wiora)) - 87 aV (21)

[Nonmas paboTa 3a mepron BpeMeHH ot t1 1o t2 (Hampumep, 3a TyHHBIH [THKI):
t dr
A= ft: de fffvp - (grad Wioral) - i av (22)
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Ecnn pabora A NONOXUTEIbHA W NPEBBILIACT TIPENes YIPYroi sHEeprun
TOPHOTI'O MacCHBa :
P Eyﬂp

Eetase = 5 JIf, 01 - & dV (23)

TO MPOMCXOAHUT pazpyllieHHe — ceificMuueckoe coObITHE. Y CIIOBUE
paspylIeHus 3alIMChIBACTCS KaK:

Atidal(tlntz) + Atect = Eelast (24)

a) Ycronuueas cuctema (S - 0) ©) HeycToiuueas cucrema (S - 1)

Forb
Forb

Frot
gal

ZF = 0 > YcToiumBsa |ZF| » max - Heycroiuusa

3eMneTpsiceHve MaNoOBEPOATHO BLICOKa BEPOATHOCTL 3eMIETPACEHNS

Pucynok 1 — Cxema peiictBus cuil: a) ycroitunpas cuctema (S — 0);
0) HeycroiuunBas cucrema (S — 1)

Meroauka pacuéra

Brruucienue sKIUNTUYECKUX KoopauHaT

DxnunTudeckas goiarora CoJiHIIA BeIYHCILIACE 10 Gopmysiam Muyca
[9, c.477]:

Asun(T) = Lo(T) + C(T),L, = 280.47° + 36000.77° - T  (25)
C(T) = (1.915 — 0.0048-T)- sinM + 0.02 - sin 2M (26)

rae T — ronmuanckue cronetust oT J2000.0, M(T) = 357.53° +35999.05°-T —
cpeansist anomanus. Jlonrora JIyHsr:

AMoon = L'g + 6.289 -sin M’ + 1.274-sin(2D — M) +... (27)

rae L°0, M’, D — cpennsis noiarora, anoManus U dJnoHranus JIyHbl
COOTBETCTBEHHO.
BaibHas OI[eHKa COHAITPABICHHOCTH
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HWuTerpanbHelii nokaszatens S (t) annpoKCUMHUPYETCsl AMCKPETHOM OaapHOM
OLICHKOH, yuuThIBaromei: ¢a3y JlyHsl (HOBosyHHe/moiHONyHHE =~ +3 Oajuia),
coenuHenus/onno3unuu mianer ¢ Connnem (< 20°, +2 Gamna), 6JM30CTh K
COJIHIIECTOSIHUIO U JIMHUM K NeHTpy ['anaktuku (+1 Gan).

MAHETHBIE OPBUTAJIbHBIE
KOH®UrYPALUY ®AKTOPbI

DA3A NIVHBI

(<20 con

1-2: Ymepennan 3-4: 3nauurenuuan

Pucynox 2 — Cucrema GaJuIbHON OIIEHKH COHAIPaBICHHOCTH CHIT

PesyabTaTtsl n 00cyx1eHue

OT00paHb! 9 KPYMHEHIIINX 3eMJICTPSCCHUI AJIMATUHCKOTO CEHCMOAKTHBHOTO
paiiona 1887-2024 rr. (Ta0mx. 1).

TekroHnveckas 00CTaHOBKa AJIMATHHCKOTO pailoHa ONpe/IesIsieTCsl CHCTEMON
AKTHBHBIX Pa3jOMOB, MPOTSHYBIINXCS BJIOJIb CEBEPHOrO (ppoHTa 3aMaHHCKOro
Aunartay (Puc. 3). Ilo nanasim [ensBo u np. (2001), cucrema Kemuncko-
YuIMKCKOro pasioma 00pasyer «JIeBOCIBUIOBYIO TPAHCIPECCHOHHYIO CTPYKTYDY,
KOHTPOJIUPYIOLLYI0 (POPMHUPOBAHUE TOPHBIX XpeOTOBY» Mex 1y Mcchik-Kynbckon
nenpeccueit u Kazaxckum murom [ 10, ¢.1583]. GPS-nabmoaenus (3y0oBud u 1ip.,
2010) hUKCHPYIOT CEBEP-HAMPABICHHOE YKOPOUCHHE CO CTAOMIBHBIM IPAIUCHTOM
ckopocreit Mexkay Tapumom u Kaszaxckum mmutom [11], uTo cormacyercs c
(MOJIETOBBIME CTPEIIKAMH TEKTOHUYECKOT'O CKATHSI Ha CXEMe.

Ha texronnueckoii cxeme (Puc. 3) Bu3yann3upoBaHO MPOCTPAHCTBEHHOE
pacmpesielieHue dMUILEHTPOB UCCIeAYeMBIX 9 3eMIIeTpsACEHUIl OTHOCUTEIBHO
OCHOBHBIX Pa3JIOMHBIX 30H. 3aunuiickuii, AnmmaTuackui, Ynnukckuit, Kemunckuit
u VcebIk-ATHHCKUI pa3iioMbl (GOPMUPYIOT 30HY TIOBBIIIEHHOTO CEHCMUYECKOT0
pucka (KpacHbII MyHKTHp), B Ipejaesax KOTOPOH pacloOKeH T. AJIMAaTHL.
[IpumeyarenbpHo, uTO Haubosee mourHbie coobITHs (Ynmukckoe 1889, M 8.3;
Kemunckoe 1911, M 8.2) npouzomnu Baoias Kemuncko-Yumukckoi pa3noMHon
30HbI Ha yaaneHun 40—150 kM OT ropoja, TOraa Kak COOBITHS CPEIHEH CHIIBI
(Bepuenckoe 1887, M 7.3) — B HemocpeICTBEHHOM OJIM30CTH.
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TekToHNMuYecKan cxeMa AIMaTUHCKOrO Ceil TUBHOTO |
Texronmieckoe cxarne
44.2 TATa)
44.0
438
. W,
436 B0,
LSS
- - R 30Ha noskIWeERHOrO
~_|cericmmeckoro pucka
43.4 7 AnmaTucuus p, ~N

/

3aunuickui pasnom

|

Rgh i e
o Armmcrn pasnon 1038

\ KeTmers

42.8

Kemunckwi pasnom

= OCHOBHEIE Pa3/IoMs!
©®  INUUEHTPLI 3eMAETpsACEHMit
P HanpasneHie TeKT. CKaTUA
42,2 | 30Ha nosuiwentoro pucka
B 1 Anmatel
ESTPDCEECTY —_—
Bon:ieloGEeKTE) TeKTOHHUECKOE CKaTHE
42.0- TOATE
75.5 76.0 76.5 71.0 775 78.0 78.5 79.0 795
DonroTa, °E

Pucynok 3 — TexToHHuecKkas cxeMa AJIMaTHHCKOTO CeiCMOAKTUBHOIO paiioHa:
KpacHbIE JINHUU — OCHOBHBIE Pa3JIOMbl, OPaH)KEBbIE KPYTH — SIUIICHTPHI
HCTOPUUECKHUX 3eMIICTPSICEHUH (pa3Mep MpoIopIHOHaIeH MarHUTyie),

(HOJIETOBBIE CTPEJIKN — HAaNPaBJICHHE TEKTOHMYECKOTO CKaTHsl, KPACHBIN
IIYHKTUP — 30Ha MOBBIIIEHHOTO CEHCMUYECKOTo pucKa

Tabnuna 1 — [epeveHs KpyMHEHUIIIMX 3eMIICTPSICCHUN AJTMATHHCKOTO PETHOHA

1 Bepnenckoe 09.06.1887 7.3 04:35 10-12
2 Yunukckoe 12.07.1889 8.3 03:14 ~150
3 Kemunckoe 04.01.1911 8.2 04:25 ~40
4 | Kemwuno-Uyiickoe 20.06.1936 6.0 - ~100
5 | Ywmmukckoe (1967)  30.11.1967 5.2 - ~120
6 | Capsi-Kambimickoe  05.06.1970 5.0 = ~80
7 AnMaTHHCKOE 28.01.2013 6.6 22:38 225
(2013)
8 Anmar. (2024,  23.01.2024 5.0 00:09 =
SIHB.)
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9 Anmar. (2024,  04.03.2024 5.0 11:22 ~50
MapT)
PesynbraThl pacuéToB

Pacuér npminBHBIX yCKOpeHUH

JI1s KaK10T0 3eMJIeTPsICEHH S BBIUMCIIEHB] 3HAUEHHSI TPUITUBHOIO YCKOPEHHUS
o gopmyiam (6)—(9). st KOMOMHUPOBAHHOTO MPUIMBHOTO YCKOpeHHs JIyHBI
u Comniia B MoMeHT cusurud (= 0):

Ay, = ZGREarth(MM“‘; + MS—) ~ 1.60 x 10°m/s2 (28)

3
dMoon dsun

B xBazgparype ({Jlyna L {Connue):

Aquad = \/(de::w")z + (“””zs)2 ~ 121 X 106 m/s2 (29)

Otnomenune / = 1.32, T.e. NIpUJIUBHOE BO3JeHCTBUE B CU3UTHH Ha 32%
npesbimaer kBaaparypy. C yuérom Briaga IOmmrepa B omnmosunmu (kak 20
utoHs 1936 1.):

(1936 = Qsyz T % ~ 1.6005 x 107°m/s2  (30)

ACTpOHOMI/I‘IeCKHe napamMeTpbl U OasuibHAas OIICHKa

Ta6nnua 2-— ACTpOHOMI/I‘lCCKI/IC napaMeTphbl U OICHKA COHAIPAaBJICHHOCTU

1887 77.8° 296.2° 218° VYobIB. Mepkypuii- 3 3HauuT.
Carypu(7°);
T'L,Comnnr.

1889 109.8° 277.4° 168° ITonHo- Mapc-Connue 7 Bricokas

JIyHUE (19°),
Onurep B omm..
1911 282.5° 320.5° 38° Mooz, —;3UMH.COJTHII. 1 Ymep.

1936 88.5° 98.6° 10° Hogo- Benepa 12 | Beicokas
JIyHHE -Connne(5°),
Mapc-
Comnme(13°),
Onutep B omm.,
Benepa-
Mapc(9°);
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1967 247.1° 223.7° 337° YobIB. - 0 | Hmskas
ceprn
1970 73.9° 84.4° 10.5° Hogo- —T'TI(12°) 4 | 3HauuT.
JIyHHE
2013 308.2° 137.6° 189° Tonxo- — 3 3HauuT.
JIyHUE
01.2024 | 302.5° 91.0° 149° Pacr. Mepkypuii- 1 Ywmep.
Bewnepa(7°)
03.2024 | 343.9° 258.1° 274° Ioca. CatypH- 3 3HAYHT.
YeTB. Counnne(2°)

T'II,Comnnir.
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14 Bann coHanpaBsieHHOCTU cun (S) ANsA 3eMaeTpsAceHnin AIMaTUHCKOro pernoHa

BN Buicokasi (=5)
3HauuTensbHas (3-4)

12

-
124 B YmepeHHas (1-2)
W Huskas (0)

10 A

bann coHanpaBneHHoCTH S

1887 1889 1911 1936 1967 1970 2013 01.2024 03.2024
M7.3 M8.3 M8.2 M6.0 M5.2 M5.0 M6.6 M5.0 M5.0

Pucynok 4 —I'ncrorpamMma 0ayuioB COHaNPaBIEHHOCTH (S) 17151 3eMIICTPSICEHHI

Kemuno-Yyiickoe 3emnerpsicenue 1936 r. (S =12)

Kemuno-Uyiickoe 3emnerpsicenue 20 utons 1936 rona — ungeanbHas
WIDTIOCTPALUS METOIMKH U 3aCITy>KHBAET MOAPOOHOT0 MaTEMaTHUECKOT0 aHAIIN3a.
B oty nmaty peanuzoBaniach YHUKaJbHash KOHQUrypanus HEOECHBIX Tell, PH
KOTOPOH MHTETPANIbHBIH [T0Ka3aTelb COHATPABICHHOCTH JOCTUT MaKCHMaIbHOTO
3HaueHus S = 12.

[IpunuBHOI NoTeHIMaT B MOMEHT HOBOJTyHHs 20 utoHs 1936 T.

B momenT coObitust CoslHIlE HaxOWIOCh Ha SKINUNTHYECKOW JI0JITOTe
MConnue) = 88.5°, Jlyna — na MJlyna) = 98.6°. Dnonramus A = |A(Jlyna) -
MComnrne)| = 10.1°, uTo cooTBeTCTBYET (haze HOBOJIYHHS. 3EHUTHBIC YIIIBI JUIS
Anmartsl (¢ =43.24° c.m., A = 76.95° B.11.):

{(Coumnrre) ~ 20.4° (CouHIie BOJIU3M 36HUTA — COHIICCTOSTHIE, MAKCUMAJIBHOE
cxioHeHue dComnHIe ~ 23.44°);

{(Jlyna) =~ 22.8° (Jlyna nBmxercs psgom ¢ ConHieM, AL = 2.4°).
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[oncrasisas B popmyity (5) IpMIMBHOTO MOTEHITHATIA:

G-M-r?
d3

W,(r,{) = - ~(3cos?{ — 1);

Jlast Jynei: W (JIyna) = -(6.674x10"" x 7.342x10% x (6.371x10°)%) /
(3.844x10%)° x 1/2(30052(22.80) -1)=-2.64 x 106 x 1.277 = -3.37 x 10°®
Mm%/,

Ons Comuna: W (Connme) = -(6.674x10 x  1.989x10% x
(6.371x10%?%) / (1.496><16“)3 x 1/2(3¢0s%(20.4°) - 1) = -1.21 x 10 x 1.317
=-1.59 x 10" M%/c?.

Cymmapuspiii norenuuai: Wiorq = Wao(Jlyna) + Wo(Comare) = -4.96 %
10 m*/c?. B xBanparype (npu {(Jlyna) L {(Connue)) TyHHas U COJHEYHas
KOMIIOHEHTBI 4aCTHYHO KOMICHCHPYIoTCs, AaBas [W | = 3.37 x 10 m?/c’.
Otnomerne Wipeq1/Wquaa = 1.47, T.e. IpunInBHOE BO3AEHCTBHE B HOBOIYHHE
1936 r. Obu10 Ha 47 % WHTCHCUBHEE, YeM B KBaJpaType.

IImaneTHbie BKJIaJIbl U TPAAUCHT MMOTCHIIMAJIA

Benepa (AM(Benepa) = 83°) u Mapc (M Mapc) = 75°) HaXOMIIUCh B COCTUHECHUN
¢ ConnuewMm (yrioBeie paccrosaust 5.5° u 13.5° coorBercTBeHH0). KOmuTep
(MOmnwurep) = 267°) — B onmnosunuu (178.5° ot Conuna). duddepeniupoBanue
cyMMapHOro noteHiuana (13) mo Bpemenn naér:

AW, prar/dt = Xi dWa(i)/dt. TTockonsky d{(JTyna)/dt= 0.55°/uac (6icTpoe
nsikenne Jlynsr) n df(Connue)/dt = 0.04°/4ac, BpeMeHHAs IPOM3BO/IHAS JIYHHOTO
noreHuuajia JOMUHUPYET. B MomMmeHT cuzurumn JIyHHas U COJIHEYHas MPpOU3BOAHBIC
HUMCIOT OJIMHAKOBBIH 3HAK, 4TO Makcumusupyet |[dW/dt|.

Bxuan FOnurepa B onmo3unuu BeraucauM yepes hopmyiy (6): @ =
T

GM(10n)
—?(}O_y@coszc(}on) — 1). Hpu dy, = 6.04 ae. = 9.03 x 1011 m

u {(F0m) = 158° (nononuenue x { (CostHie)):

dW (IOmutep)/dr = -(6.674x107" x 1.899x10°7 x 6.371x10°) /
(9.03x10')® x (3c0s?(158°) - 1) = -1.10x10° x 1.585 = -1.74 x 10 m/c’.

Ot0o B ~630 pa3 cnabee nmynnoro (1.10 x 10 m/c?), omHako Bektop grad
W _(IOnvTep) HanpasseH B TOM e MOIynpocTpancTse, uro u grad W, (Jlyna) +
grad W (Conue) (coHanpaBleHHOCTB), yBEJIMIHBas CyMMapHbIH MoKa3aTensb S.

WHterpanbHas orieHka paboThl TPHIMBHBIX CHII

Wuterpan paboTsl NpUIMBHBIX ¢l (22) 3a myHHbIH osrynuk T1/2 = 14.77
CYTOK IIpH MakcUMaslbHOH KoHpuryparnmu 20 urons 1936 r.:
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T1/2

dr
A= f dt Jﬂ’p : (VWtotal) : a dav
0 v

J1J151 OLIEHKM ITpUMEM T'OPHBINA MaCCHB KaK OTHOPO/IHBIH OJIOK C XapaKTepHbIM
pasmepom L = 30 kM (TUnuyHasl MIMpUHA CerMeHTa 3auiuiickoro Anaray),
wioTHOCTBI0 Po L3 = 7.29 x 10" kr. Toraa macca Mg,,, = MakcumanbHast
MIPUIIMBHAS CHJIA:

Fiigar = Mgnor % lgrad Wigear| = 7.29 x 1013 x 1.60 x 10 = 1.17 x 108

H=117 MH.

3a NyHHBIH MONYOUKJI NPHU aMIIUTyAe cMemeHus or = 0.3 m
(xapakTepHBIil pazMax 3eMHOro mpuinBa) paborta cocraBisieT Apjgq ~
Frigar < 0r = 1.17 x 10% x 0.3 = 3.5 x 107 [l = 35 MJI’. DT0 HHYTOKHO
Majo 10 CpaBHEHHIO ¢ dHeprueit semmerpsicerns M 6.0 (E_, = 6.3 x 10"
JIx), 9TO MOATBEPKAACT POJb NMPUIUBHBIX CHJI HMEHHO KakK TpPHUITEpa,
a HE NCTOYHHUKA YHEPTUH.

Kak momuépkusator Bapra u I'padapenn (2019), mpuimBHBIE HATIPSHKSHUS
(~4 x 10° TTa) Ha Tpu-ueTHIpE TOPSIKA MEHBINE COPOCOB HANPSLKCHUN TIPH
semuerpsicenusix (~10°-107 IMa), «HO gaxke 3TH Mayible HAMPSIKEHHSI MOTYT
MHHULUAPOBATH 3eMJIETPSCCHNUE, €CITH TEKTOHUIECKOE HATPSKEHUE OYEHB OJIM3KO
K ITopory paspyteHus» [ 12, ¢.2674]. Takum 00pa3oM, yHUKaTbHAs KOHPHUTYPATHs
20 wmroHs 1936 r. (S=12) MakcHMU3HUpOBaNa MPUIMBHON TPHUTTEP, CHITPABIITHIA
POJIb KHOCTIEHEH KaIUT» TPU KPUTHYECKOM YPOBHE TEKTOHNUECKNX HAPSHKCHUH
Brosib Kemuncko-Yyickoil pa3ioMHOMN 30HBI.
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KoHdurypauusa HebGecHbix Ten 20 uioHAa 1936 .
(3knunTMYyeckasa npoeKkuus)
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menrp | (o] ©® o=
FanakTuku o |

S = 12 (MakcumMym):
. * HoBonyHue: ® + ) — 88-99°
L0 () *Q+Jd + G+ )BbcekTope 75-99°
* 2| B onno3vumn = 267°
* ConHuecTosHne + LleHTp MNanakTukmn

Pucynox 5 — Kondurypanus Hebecusix Ten 20 uronst 1936 r. (S = 12)
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CBoaHOe pacnpepesieHue cteneHun coenageHusa (N = 9)
Obwee coBnapeHune = 3 banna: 67%

Hunskas (0): 1

Buicokas (=5): 2

YMepeHHasn (1-2): 2

3HaunTenbHan (3-4): 4

Pucynok 6 — Kpyropas quarpamma CTEICHH COBIIAACHHS
(N'=9). CoBnanenne > 3: 67 %

®a3wl JIyHbI 1 ceiicMUYECKHE COOBITHS

U3 9 zemnerpscenuit 4 (44 %) npousonuin B cusuruu. OxujgaeMoe
ciy4aiiHoe 3HaueHue —~25 %. DTo cornacyercs ¢ TeM, 4TO B CH3UTHH HHTErpal
(22) pabGoTsl npWIMBHBIX cHa MakcuManeH, T.Kk. dW2/dr ms Jlynsr n Connua
MMEIOT OIMHAKOBBIN 3HAK U HAIpaBJICHHUE.
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PacnpepeneHue semnetrpsaceHui no ¢gasam JlyHbl

HoBosiynne
1970 1936

1967 .'. 1911

0}

MNocnepHas YeTeepThb Nepeas yeTBepTh
gzm e
. MonHonyHue .
01.2024
1887 e
gy
1889 2013 Cusurum: 44%

(oxxupaemoe: 25%)

Pucynoxk 7 — Pacnpenenenue 3emiuerpscennii o ¢azam JyHsl
(cuzuruun: 44 % vs 25 % oxun.)

JlononuurtenbHas Bepudukanus Ha 5 3emierpsicenusix 2011-2024 rr.

Jnst pacumpeHus craTucTUYecKo 0as3bl BBIMOJHEH pacuéT MokasaTens
JUIsL S JOTIOJIHUTEIBHBIX CEHCMHUYECKUX COOBITHI AJIMAaTHHCKOTO paiioHa,
3aperucTpupoBaHHbIX B 2011-2024 rr. AcTpoHOMHYECKHE TapaMeTphl BHIYUCIICHBI
1o TeM ke anropurmam (popmyiel 25-27), 9TO | i1 OCHOBHO# BBHIOOPKH.

Tabnuna 3 — DKAUNTHYECKUE JOJTOTHI HEOECHBIX TEJ M IIOKa3aTelb JUIS

JOIOJIHUTEIIbHBIX 5 3eMJICTPSICEHUN
Bpemsi (Counne|JIyna|Djonr. | ®@a3a |Mepkyp.| Benepa |[Mapc(FOnutep|Catypn| S

(mecTt.)
01.05.2011 08:31 (+6) 40.4° 16.3° 335.9° ~noB. 15.1° 12.0° |22.2° 22.2° | 192.0°
31.05.2012 03:20 (+6) 69.9° 186.3° 116.4° «ks. 74.1° 79.9° 164.1° 57.0°  203.5°
09.08.2017 05:30 (+6) 136.6° 330.9° 194.3° ~monn. 160.9°  99.6° 132.3° 197.8° 261.3°
05.11.2024 08:00 (+5) 223.2° 263.6° 40.4° pacr. 243.3°  262.0° 120.0° 79.5° 342.3°
15.12.2024 21:33 (+5) 264.2° 88.2° 184.0° moan. 246.4° 309.6° 125.0° 74.6° 343.0°

O — W N 0
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CrpyKTypa rmokasaressi Juisi KaK10ro COObITHS:

1 mass 2011 1. (S=8, BBICOKAS): Jlyna 3a 2 aus 1o HoBosyHust (+1). Mapc
u FOnurep B coenunennu ¢ Comarem (18°, mo +2), Mepkypwuii u Benepa 0mu3ko
k Connnty (25-28°, mo +1), Catypn BOsn3u onmnosuimu (+1). Peikoe ckoruienne
4 nnaner y ConHua.

31 mas2012r. (S =6, BBICOKASI): ®a3a Jlynsl HeliTpaibHa (kBaaparypa, 0
6aoB). OHako TpoitHoe coeuHenne: Mepkypuii (4°), Benepa (10°), FOnurtep
(13°) ¢ Conuem (1o +2 kaxslit). [Ipumep Toro, Kak 1mIaHeTHas KOHQUrypanus
KOMIIEHCHPYET OTCYTCTBHE JIYHHOTO (hakTopa.

9 asrycra 2017 r. (S = 5, BBICOKASI): Jlyna G1M3K0 K HMOJHOJIYHUIO
(14°, +2). Mapc Touno B coenunennn ¢ Connnem (4°, +2), Mepkypuii BOJIM3u
coeauHeHus (+1).

5 HosOpst 2024 1. (S = 1, YMEPEHHA): Munnmansusiii 6ami. Jlyna B
¢aze pocra (40° ot HOBONyHUSI), TONIEKO Mepkypuit BOim3n Comnua (20°, +1).
Amnanornuno Kemunckomy 1911 (S = 1): npu BEICOKOM YpOBHE TEKTOHUYECKOTO
HAaIPSDKEHUS] aCTPOHOMHUYECKUH TPUTTEP HE SIBISIETCSI HEOOXOMMBIM YCIIOBHEM.

15 nexabps 2024 r. (S = 9, BBICOKAS): MakcumanpHbiii 6ami1 B
JOTIOJIHUTENIbHOW BbIOOpKe. TouHoe moxHosyHue (4°, +3), Mepkypuii B
coenunenun ¢ Connnem (18°, +2), FOmmrep B ommosunmu (170°, +2), 3umnee
conHuecrostaue (Connue 264°, +1), Hanpasnenue Ha neHTp ["anaktuku (2.8°, +1).
Kondurypauus conocraBuma ¢ Kemuno-Uyiickum 1936 1. (S = 12).

Hrtoro mo JOMONMHUTENBHOW BbIOOpKE: 4 U3 5 cobbituii (80%) uMerOT
S >= 5 (3HauMTeNbHOE MJIM BHICOKOE COBIIAJ€HUE C METOoaHuKoi). Ha
pacuupeHHoi Beioopke (14 coOwiTHit) ot coBnajeHuit cocrariser 10 u3 14
(71 %), 4TO CTATHCTHYECKH COTIIACYETCSI C OLICHKOH ToYHOCTH ~80%, 3as1BICHHON
B.T. CyoxankymnoBeiM [5]. JIBa coObitusi ¢ S <= 1 (Kemuuckoe 1911 u 5 Hos0ps
2024) noaTBepkKIat0T MHTEPIIPETALNIO: IPH KPUTHUECKOM YPOBHE TEKTOHUUECKOTO
HAaIPSDKEHUST aCTPOHOMUYECKHI TPUITEP HE SIBJISICTCS 0053aTEIIbHBIM.

OdbcyxneHue

[Momyuennsii pe3ynbrar (67 % coBIaaeHui ) AEMOHCTPUPYET CTATUCTHYECKU
3HAYMMYI0 KOPPEJSIHI0 MEX/JIYy aCTPOHOMHUYECKUMHU KOH(PUTYpaALUIMH U
CECMMYHOCTBIO AJIMAaTHHCKOTO paiiona. Metusbe u 1p. (2009) Ha riodansHOI
BBIOOPKE YCTaHOBHJIM, YTO «COOBITHE HECKOIBKO Oosiee BeposTHO (~0.5—-1.0%),
KOT/la NMPUIIMBHOE CMEIeHUEe MaKCUMaibHO» [2, c.374]. B Hamem cnydae
3¢ EeKT BIpaXkeH 3HAUUTENBbHO cuiibHee (44 % coObIThi B cu3uruu npoTus 25 %
0XXHMJAEMBIX ), YTO MOXKET OOBSICHATHCSI OCOOCHHOCTSIMU TEKTOHUYECKOTO PEIKIMA
Cesepnoro Tsub-111ans.

Cornacuo monenu M u ap. (2016), «BeposITHOCTh TOTO, YTO MEIIKOE
pa3pyllieHue MOPOAbl MepepacTéT B TMTAHTCKUN pa3pbiB, BO3PAcTaeT C
YBEJIMUCHHEM YPOBHS NPWINBHBIX HanpspkeHui» [4, ¢.837]. D10 oObscHseT,
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nouemy Metonuka CyOxaHkyloBa Haubosee 3¢ pekTuBHA sl COOBITHIA,
MIPOM3OILEAIINX TPU MAKCUMAJILHOM coHarpaBieHHocTy cuil (Kemuno-Yyiickoe
1936, S=12), koraa aMIUIMTYa IPUIUBHBIX HANPSDKEHUH Obla IpeiesIbHOM.

Kemunckoe 3emnerpsicenne 1911 r. (M, 8.0, S = 1) — ri1aBHOE HCKITFOUCHHE
— SIBJIAETCSI CHJIBHEHIIUM MHCTPYMEHTAJIbHO 3a()MKCHPOBAHHBIM COOBITHEM B
Tsaup-11lane. [To manueiM ensBo u mp. (2001), pa3psiB npotsHyscs Ha ~190
kM Baosb Kemuncko-Uunukckoih U Akcyiickoii pa3inoMubix 30H [10, c. 1583].
Kprorep u Kynukosa (2015) onpenenmnu 8.0 0 HCTOPUYIECKUM CeiicMOrpaMMaM
[6, c. 1826]. Huskuii 6amut S = 1 1t COOBITHSI TAKOW MAarHUTY/IbI IIOATBEPIKIACT,
YTO MPH JOCTATOYHOM ypPOBHE HAKOIUICHHBIX TEKTOHUYECKUX HAIPSDKEHUH
(Arewr >> Atiqqr) aCTPOHOMHYECKHU TPUITEP HE SBISETCS HEOOXOAUMBIM
YCIIOBHEM, YTO COTJIACYETCSI C YCIOBUEM pa3pyiicHus (24).

Kak nokaszano Ha Tekronumueckoil cxeme (Puc. 7), Bce 9 3emierpsceHnit
JIOKAJINU30BaHbl B Mpejeiax 30Hbl MOBBIIIEHHOIO0 CEHCMHYECKOro pUCKa,
orpaHu4eHHol cucremoit 3amnuiickoro, Yunukckoro n KeMHUHCKOro pa3iomoB.
GPS-nannsie (3y6oBuy u ap., 2010) cBUAETENHCTBYIOT O HENPEPHIBHOM
HaKoIUIeHUH JieopMaluii B pexxume ceep-tor cxatus [11], uro obecrieunBaer
MOCTOSIHHBIM POCT TEKTOHHUYECKOTo HampsikeHuss B yciaoBuu (20). Kornma
MIPUOIIMKAETCS K KpUTHUECKOMY 3HAYEHHUIO , JIaKe He3HAUUTEIBbHOE PUIIMBHOE
BO3/IEHCTBUE MOXKET MHUIIUMPOBATh Pa3phIB.

Juddepennumansupii ananus (popmyner 68, 14-18) nokasbiBaer, 4yToO
BpemenHas npousBogHas dWy,q;/dt MakcuManbHa MpU COrIACOBAHHOM
M3MEHEHHH 3€HUTHBIX yIJIOB HECKOJIBKUX Tell. JletanbHblil pacuér aust Kemuno-
Uytickoro coObitus 1936 1. (pasmen 5.3) npoJeMOHCTPHPOBAT, UTO CyMMAapHOE
MPWINBHOE YCKOopeHue Obuio Ha 47 % BhINIE, YeM B KBajapaType, a pabora
NPUIUBHBIX ¢l (~35 MJIX) mpu 3TOM Maja o CPaBHEHUIO C SHEprue caMmoro
semuerpsicerus (~6.3 X 1013 JIx). DTo MOATBEPKAACT TPUTTCPHYIO MPUPOLY
MIPUJIMBHOTO BO3/ICHCTBUSL.

OrpaHuueHus uccieoBanust: (a) BEIOOpKa u3 9 coObITHI HeoCcTaTOuHA [UIst
CTPOTHX CTATUCTHYECKUX 3aKJIIoueHnH; (0) OauibHas cucTeMa arnrpoKCUMHUPYET
HenpepbIBHBIN uHTErpan (19); (B) Koppesnsuus He O3Ha4yaeT IMPUYMHHOCTH.
Jliist TIOBBIIIEHHUST TOYHOCTH HEOOXOANMO: 4MciIeHHOe HHTerpuposanue (11) c
peasbHBIM MPOQHIIEM IIIOTHOCTH TOPHOTO MaccuBa; y4€T nostHoro teHzopa (10)
nedopmarnuii ¢ mapamerpamu Jlame 1yist mopo1 3arIHicKoro Aiatay; MOHUTOPHHT
TEKTOHUYECKUX HATIPSHKCHUMN JIJIsl OLICHKH OJIM30CTH K B yclioBuu (24).

BriBoabl

1. Pa3paboran mMaTremMaTHYECKHH amnmapar BepUpUKAIUH METOIHKH
CyOxankysosa: nuddepeHuaIbHbINA aHaIM3 TPHIMBHOTO NoTeHnnasia (GopmyJibt
3-9), uHTerpanbHbIid KpuTepuil conanpanieHHOCTH (19), ycinoBue pa3pymeHus
(24) v uHTErpaN paboThl MPUINBHBIX cHI (22).
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2. PerpocniexkTuBHbIN aHanu3 14 3emierpsiceHuil AIMaTHHCKOTO peruoHa
(1887-2024) BBIsSIBUII COBHIAJCHUE ¢ METOIMKON B 67% ciydaeB (6 u3 9), uto
OJIU3KO K 3asiBIICHHBIM aBTOpOoM ~80%.

3. MakcumanbHoe cornasienue — Juisi Kemuno-Uyiickoro (1936, S = 12) u
UYnnukcekoro (1889, S = 7) 3emueTpsiceHHH, IPU KOTOPBIX CYMMAapHBIH IIPUINBHOM
MOTEHIIMAIT Wt ot al(t) OBbLI MaKCUMAaJICH.

4. BrlsiBJICHA TOBBIIICHHAS YaCTOTA 3EMIICTPSICCHU B (ha3bl cusuruit (44%
P OKUAAEMBIX 25%), 4TO MOATBEPKAAETCS pacuéToM KOMOMHMPOBAHHOTO
npuiMBHOTO yckopenus (popmya 28).

5. Kemunckoe 3zemiuerpscenne 1911 r. (M 8.2, S = 1) noxrsepxknaer
HEOOXOAMMOCTb COBMECTHOIO Y4&éTa NPUIHBHBIX (A 4,,) ¥ TCKTOHHYECKHX
(A rexr) PHEPrHii B ycioBun paspymenus (24).

6. Ilns mepexona K NPOTHO3UPOBAHHUIO HEOOXOIMMBI: YHCICHHOC
WHTErPUPOBAHNE TEH30PHBIX MOJIEH HANPSHKEHUH, MOHUTOPHHT TEKTOHUYECKUX
nedopmanuii u nmosHas BEKTOpHast MOAEIb CHIL.

3asiBieHUE 00 MCIOJIb30BAHUH UCKYCCTBEHHOTO MHTEIUIEKTa

[Ipu moAroTOBKE HACTOSLICH CTATHU HCIOJIB30BAINCH WHCTPYMEHTHI
reHepaTUBHOro McKyccTBeHHOro nmHTesiekrta (Claude, Anthropic) s
CIIeTyIOIIMX Leliel: (POPMUPOBAHHUE CTPYKTYPBI U TEKCTA PYKOIHMCH, BEIYHUCIICHHUE
ACTPOHOMHMYECKUX TapaMeTpoB, MOCTPOCHHE IpaduYecKuX HILTIOCTPALUN U
Maremarnieckoe ogopmiienue Gopmyr. Bee daxkrndeckne naHHbIE, HaydHbIE
WCTOYHUKHU M PE3YyJbTaThl pacuyéToB ObUIM BepU(GULUHUPOBAHBI aBTOPAMH.
OTBETCTBEHHOCTh 32 COJIEpP)KaHUE, MHTEPIIPETALUIO PE3YIbTATOB U BHIBOIBI
CTaTbU HECYT aBTOpHI. JlaHHOE 3asiBIEHUE OJTOTOBJICHO B COOTBETCTBUHU C
pexomenaamusimu COPE (Committee on Publication Ethics) u monutukamu
BeaylMx Hay4dHbIX n3narensets (Elsevier, Springer Nature, Wiley) B oTHomeHnN
JICKJIApUPOBaHMS UCIIOIb30BaHus IV B Hay4HBIX ITyOJIMKaLUsIX.
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AJIMATBI )KEP CUIKIHICTEPIH BOJI’KAY IbIH
CYBXAHKYJIOBTBIH I'PABUTAIUAJIBIK-MHEPIHIUAJIBIK
OJAICTEMECIH PETPOCIHHEKTUBTI TEKCEPY

By oicymvicma B. I'. Cybxankynoemoty dicep CLIKIHICIH OOHCAYObIH
2PABUMAYUATLIK-UHEPYUSLTBIK d0iCmeMecine pempocneKmuemi mexcepy
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JICypeizindi.  Ooicmeme MEKMOHUKATLIK  NAUMALAPObIH — COKMbIZbICY
auMaKmapulHOazsl may MAaccusmepine ocep ememin aAcnau OeHelepiHiy
2PABUMAYUSTILIK JHCOHE UHEPYUSLIBIK KYUMepiniy 0ip 06azblmmuoliblebliH
manoayea Hezizoenzen. Bepughukayusinolyy MamemMamukaibly annapamol
Jrcacanovl, 02aH:  MOJKBIHObIK — NOMEHYUANIObIH — OUM@epeHyuanoblx,
manoaywt (J/lexcanop kamapuolna sxcikmey, moaKbIHObIK YOeyOiH paouaniobl
JHCOHE MAHSEHYUATIObL KYPAYIUBLIAPLIH eCenmey), may MAacCusiniy Koemi
OOUbIHWA MOTKLIHOBIK KepHEY MEH30PbIH UHMEZPANOdy, CEeUCMUKANbIK
Kayinminix uHmezpanioblk KpUmepuin Jcone 0y3vliyObll IHeP2eMUKAIbIK,
wapmeii  MysHcolpoiMoay Kipeodi. Oodicmemeniy bacmvl epexuieniei —
JKepoin yoemeni K032anblCbIHAH MYbIHOAUMbIH UHEPYUSILIK, Kyumepoi
ecenke any. 03 ocinen MoYIKMIK auHaryOan nauoa 6o0Iamvin yYyeHmpee
mapmgwviut Kyut, Kopuonuc xkywi, Kynoi aiinany resindezi opobumansix
yoey, conoaui-ax Kyn ocyiiecininy Kyc oconvl 2ai1akmukacblHblH Opma/ibleblH
AUHATYLIHAH MYbIHOAUMbIH  2anakmuKanvly, yoey. Ocbl UHEPYUSIbIK
Kypaywwinapovly A, Kyn owcone  eanammwapnapoviyy  monaKbiHObIK
Kywimepimer OipIKKeH ocepi may MAaccugiHoe atHbIMAalbl KepHey OpiCiH
Kaneinmacmelpadsl. Aamamol  celcMukanvlk, Oeicenoi  anumasbiHbly
14 ipi ocep cinkinici ywin (1887-2024 ococ., M 5.0-8.3) Muyc
aneopummoepi  OOUbIHWA — ACNAH — O€HeJePIHIY — IKIUNMUKATbIK,
Koopounamanapel ecenmenodi, KywimepOiy 0Oip 6a2elmmuolibleblHblH
unmezpanobly Kopcemxiumepi anblKmandbl JHCOHE ACMPOHOMUSILIK
KOHueypayusiiapea 6anovlx basanay sicypeizindi. Homuoiwcenep: mapuxu
grcep cinkinicmepiniy 67 %-vl (9-0an 6) sicore Kenelmineen ipikmemeoezi
71 %-v1 (14-men 10) o0icmememen eneyii Hemece HcoO2apbl COUKECMIK
xkepcemedi. Ipikmeme KoseMiniy a30bl2blHA OAUIAHBICMBL d0ICMEMEHIH

RETROSPECTIVE VERIFICATION OF SUBKHANKULOV’S
GRAVITATIONAL-INERTIAL METHODOLOGY FOR
EARTHQUAKE PREDICTION IN ALMATY

This paper presents a retrospective validation of V.G. Subkhankulov’s
gravitational-inertial  earthquake  prediction — methodology.  The
methodology is based on the analysis of co-directionality of gravitational
and inertial forces of celestial bodies acting on mountain masses in
tectonic plate collision zones. A mathematical verification framework
has been developed, including: differential analysis of the tidal potential
(Legendre series expansion, computation of radial and tangential
components of tidal acceleration), integration of the tidal stress tensor
over the rock mass volume, formulation of the integral seismic hazard
criterion , and the energy-based failure condition. A fundamental feature
of the methodology is the consideration of inertial forces arising from
the accelerated motion of the Earth: the centrifugal force from diurnal
rotation around its own axis, the Coriolis force, orbital acceleration
due to revolution around the Sun, and galactic acceleration caused by
the motion of the Solar System around the center of the Milky Way. The
combined effect of these inertial components together with tidal forces of
the Moon, Sun, and planets generates a variable stress field within the
rock mass. For 14 major earthquakes of the Almaty seismically active
region (1887-2024, M 5.0-8.3), ecliptic coordinates of celestial bodies
were computed using Meeus’s algorithms, integral co-directionality
indices were calculated, and a scoring assessment of astronomical

165



Topatievipos ynusepcumeminiy Xabapuwicot, ISSN 2959-068X. Becmuux Topatievipos yrusepcumema, ISSN 2959-068X.

Dusuka, Mamemamura HaHe KOMNbIOMeEPIIK 2blabimoap cepusicol. Ne 2, 2026 Cepus: Qu3suka, Mamemamura u KomnvromepHoie Hayku. Ne 2, 2026
configurations was performed. Results: 67 % of historical earthquakes FTAMP 29.05.37
(6 of 9) and 71 % of the expanded sample (10 of 14) demonstrate DOI
significant or high agreement with the methodology. Limitations of the
methodology related to the small sample size and prospects for transition *B. H. XXymabekoea', b. Ep)xaH?,
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9JICI3 ©3APA OPEKETTECYJIEPLET]
XY¥IMTbIJIbIKTbIH CAKTAJIMAYbIH 3EPTTEY

byn makanaoa onciz esapa opexemmecynepoezi JCynmoiiblKmblY
CAKMaImaybl MmoMeH IHePIUsIblL eKi HYKIOHObIK npoyecmep dscbiHOA
MeOPUANILIK ~ MypeblOaH — Kapacmelpuliaobl.  3epmmeyoiy — Hezizei
makcamol — SOPOAbIK  Jicyliesepoeci  napumem-0y3yulbl  ocepiepoin
mabuzamel  Manday JHcoHe 01apobl CUNAMMmMayod KOJIOAHLLIAMbIH
MeopusiiblK  Mociioepoiy  MyMKIHOIKmepin — atikbinoay. JKymvicma
AnObIMEH  JICYNMbLILIKMbIY — CAKMAIMAYBIHbIY — JHCAINbL  QUSUKATBIK,
He2i30epi  Kapacmulpolibli, OJICI3 JICOHe KYUimi amniumyoanapobiy
uHmepgepeHyusCcol  HOMUICeCiHoe MYbIHOAUMbIH — CNUHee  MaYenol
baxvlLianamein wamanapovly epexutenikmepi cunammanaovl. Convimen
kamap, Hpein—Xupn—I epacumos Kocwulnobl epeoiceci, cnunee moyenoi
Komnmon — wawwvipayvinvly — OUCNepCUsIblK, — KAMbIHACMAPLL  JCOHE
oubapuoHobly  opmanuzmoezi NUOHCHIZ MUIMOL  6pIiC  MeopusiCol
Konoauwlowl. Kapacmulpulizan mociioepoin moMeH SHepeUusiiibl A0POHObIK,
arcytienepoei 9nciz ocepaepOi cCunammayoazvl apmolKUbLIBIKIMAPbL MEeH
KOJLOAHBLLY WeKmepi CAlblCmblpMaivl mypoe manoanosl. Teopusiiblk
3epmmey HOMUICeCiHOe OelMmpPOHHbIY OMOOe3UHMeSPaYUsICobl Ke3iHoe2l
cnuHee moyendi Moavlk KUMALAp aublpbIMbIHbIY (OMOH dHEPeUACHIHA
mayendiniei sepmmenodi. Canovix ecenmeyiiep madaioblpvlK aumayma oy
wamanvly mepic MoH KaObLIOAUMbIHbIH, A1l (POMOH IHEPSUACH] APMKAH
Caublh OHbIH MOOYVIIHIY Kemuminin kepcemmi. Tonvix keneci scemexuti
pemminix (NLO) nomuoicenepi MeH peisimusucmix CRUuH-OpOUmablx,
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mysemyi  ecKkepiimeceH  KUCLIKMApPObl — CANbICIbIPY — PENAMUGUCTIK
my3emynepOoiy, MOMeH JHePSUsIbl OUMPOHOBIK JCYUeHi 081 CUNammayod
Manwi30b6l POL amKapamulHblH Kepcemmi. ANbiH2an Homuicenep moMeH
SHEPSUSALAP AUMARLIHOARbL JIICI3 AOPOILIK ocepiepOl mepeHipeKk mycinyae
JHCOHe DONAUWAK, IKCNEPUMEHMIMIK 3ePmmeyepoi MeopusiiblK mypeblOan
Heziz0eyee MyMKIHOIK bepedi.

Kinmmi ce30ep: ocynmoliblkmoly Ccakmaimayol, OUOAPUOHObIK,
Gopmanusm, onciz  ezapa  opexemmecy, OelmpoHHbIH
ghomodesunmezpayusicel, OUCNEPCUSLTbIK, KAMbIHACMAD.

Kipicne

JKyNTBUTBIKTBIH CaKTaaIMaybl Ka3ipri 3aMaHFbI ipreiti GrU3nKaHbIH MaHBI3 bl
KYOBLIBICTAPBIHBIH Oipi 0OJNBIN TabBIIanbl. OJiCci3 ©3apa dpeKeTTecyliep
KEHICTIKTIK MHBEPCHSIFa KaThICTHl CHMMETPHSIHBI Oy3aThIHBI TOKIPUOEIIK JKoHEe
TEOPUSUIBIK TYPFBLIaH jaaneiieHred. OChbl KacHeT dJICi3 acepiiecyiep/l KYLITi
JKOHE DIICKTPOMATHHUTTIK ©3apa 9pPEeKETTeCyIePICH TyOereni aKbIpaTa/ibl )KOHE
sneMeHTap OOIIIEKTEep MEH SAPOJBIK XKYHESIeP/IiH IIIKI KYPbUTBIMBIH 3€PTTEYIC
epekiie peJl aTkapaibl. byn mMacene acipece TOMEH YHEPTrHUSIIBbl SAPOIBIK
MporecTep e MaHbI3bI, ce0eO1 MyH /1Al KyHelepie JICi3 9CepIIeCyIiH YIeci oTe
Kilri GOoJIFaHBIMEH, OJI JISJI OJIIICHETIH CIMHIIK aCHMMETPHSIIAp MEH OYPBIIITHIK
KOppessiuusuiap apKbUIbl OaliKarybl MYMKiH.

Snponslk GU3KMKaAa KYITHUIBIKTHIH CaKTAIMayblH 3E€PTTEY OICi3 e3apa
opeKeTTeCy/liH apOH/IbIK OpTaJaFbl KOPIHICTEPIH CHITATTayFa MYMKIHJIIK Oepei.
MyHaii sxafFaaiia 9Jci3 ocepliecy KYIITi 9CepIeCyMEH CalbICThIPFAH/Ia [IaFbIH
TY3eTy PETiH/e KapacThIPhLIA/Ibl, COH/IBIKTAH OAKbLIAHATBHIH IIAMANap, OMETTe,
UHTepPEPEHIMSITBIK TaOuFaTKa ue 6onansl. HoTmkKeciHae acuMMETpHSIapIbIH
MmoHzepi ore kimi, mamamed 1077 — 1078 TopriGinge Gomanml, 6y omapabl
TEOPHUSUTBIK TYPFBIIAH TYPBIC CUMATTAY/IbI )KOHE KOFAPBI IQITIKTI SKCTICPUMEHTTIK
enmeynepai Tanan erexi [ 1]. Ockinpail cedentepre 6ainaHbICThI JKYNTHUTBIKTHIH
CaKTaJMaybl SIIPOJIBIK JKYHeJIep/eri aJICi3 e3apa SpeKeTTecyiep/l 3epTTeyIiH
ce3iMTall Kypajbl OOJIbIN CaHaJI/IbL.

TeMeH SHEPrUsUIbl €Ki HYKIOH/IBIK JKYHenep OyJ1 MOceneHi 3epTTey YIIiH
eTe KoJaiiibl HblcaH GoubIn Tabblasl. Ocipece N + P —> d + ympoueci Men
OFaH OaiIaHbICTBI ACHTPOHHBIH (DOTOAC3MHTETPALIMSICHI QNICI3 )KOHE KYIITI 63apa
OpeKeTTeCyIepIiH OipJICCKEH dCepiH TanaayFra MyMKiH/IiK Oepei. By mporectepe
CIIUHTE TOYEIIIi IaManap MEH aCHMMETPHSIIAP apKbUIbI KYNTHUTBIKTBIH OY3bLTY
Genrinepin 3eprreyre 6onans! [2]. CoHbIMEH KaTap, MyHJIal sKyHenepai THIMI1
epic TeOpHsCHl MICHOCPIHIIE KYHeNi Typ/e cumarrayra 0oiaabl, Oy TOMCH
SHEPTUSUIBI TTapaMeTpliepi OakblIal, TeOpUsUIBIK Oenrici3mikrepni Oaranayra
MYMKIHAIK Oepei.
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OcBI KYMBICTBIH MaKCaThl 9JICi3 ©3apa 9peKeTTeCyIepAeri Ky ThUIBIKTHIH
CaKTaJIMayblH TOMEH JHEPTHUsJIbl €Ki HYKJIOHIBIK MPOIECTEP MbICAIBIH/A
TEOPHUSUIBIK TYPFBIAH Tajaay 0oJbI Ta0blIa b1, JKYMBICTA QJIIBIMEH TapUTETTIH
OY3bUTYBIHBIH KaJIIbl (pU3MKAIBIK TAOUFAaThl KapacThIPbUIA/IbI, KEHIH SAPOIBIK
XKy#enepaeri OHbIH KepiHicTepi cumarTanansl. byjnaH coH OEeHTpOH YIIiH
CIIMHTE TAYeJNJIl aMIUIMTyJajlap/bl CHIIaTTayFa MYMKIHJIK OepeTiH Thuimi epic
TEOPHSICHIHBIH allapaThl Iaii1ajJaHbuIa bl )KOHE TOMEH SHEPTUSUIBI IIPOIeCTepAeT
aCHUMMETpUSUIap/bl TAJIIAY YIIIH KQXKETTi (hopMyJianap eHriziiesn.

Matepuangap MeH dicrepi

OJIci3 e3apa OPEKeTTECy KCHICTIKTIK MHBEPCHUSFA KATHICTHI CUMMETPHUSHBI
CaKTaMaWTBIH JKaJIFBI3 ipreni acepiecy Oouibin TaObu1aabl. OHBIH TEOPHUSUIIBIK
CHIIATTaMachl COJIaKai ’KoHe OHAKA KOMIIOHEHTaJIAP/IbIH TEH EMEC POJI aTKapyblHa
Herizaeneni. XKanmel Typae 951¢i3 TOKTBIH KYPbUIBIMBI V—A THIITI 008161, SFHA
(epMHUOHBIK TOKTa BEKTOPJIBIK JKOHE aKCHaJI-BEeKTOPJIBIK OeikTep Oipiecin
Karbicagbl. J{aym OChl KYpPBUIBIM JKYITBUIBIKTBIH CaKTajaMayblHa aJbIl Keie.i
JKOHE QJICI3 NMpoLecTep/iH OaFbITTHIK aCUMMETpHUsIap apKblibl OaiiKamybiHa
Heri3 Oonabl.

Saponblk Kyienaepae aici3 acepiecy KyLITi ©3apa dpeKeTTecyMeH
CaJIBICTBIPFAH/IA dJJICKaiiia Kili mama 0oJbIn Ta0buta s, COHIBIKTaH KYHCHIH
TOJIBIK TaMUJIBTOHBIH KeJIeCiIeH yKa3aMbI3

H=H +H

strong weak ?

H <H

weak weak ? (l)

MYH/IaFbl, HET13r1 JMHAMHKa KYIITi ©3apa SpEeKeTTeCY apKblIbl aHBIKTAJIA/IbI,
aJ QJici3 ocepiecy OfaH Kimn Ty3eTy perinae enemi. OcwiHmail xarganna
JKYITBUIBIKTBIH OY3bUTYbI KYIITI KOHE SJICI3 aMILTUTY/JalapAbIH MHTEP(hEPEHIUSICHI
HOTIXKeciHae naina 6onaael. COHBIH canjgapblHaH OakKblIaHATHIH (PU3HMKAJIBIK
miaMasiapia a3 FaHa, Oipak eJIIICHeTiH aCHMMETPHUsIIap TybIHAANIbI [3; 4; 5].

[MapureTTiH caKkTaaIMaybIHBIH (HU3UKAIIBIK MOHI KapaMa-Kapchl )KYNTHUIBIKKA
ve KyWiepaiH apajiacybIMeH OaiIaHbICThI. OJICI3 9CepIIecy TONKBIHABIK (DYHKLUSFa
LIaFrblH KapChl-)KYNTBUIBIKTEI Kocra eHrizeni [6]. Hotmkecinae OypbIITHIK
Tapastyjiap/a, coyJie IIbIFapyAblH MOJSPU3ALMSIBIK CHITaTTaMallapblHIa KIHE
CHMHJIK KOppessuusuIapia HeJIZICH e3rellle acHMMETpusiiap naina 0oassl.
MyHJaii KyObUIBICTapFa ) — KBAHTTap IbIH ACHMMETPHSUIBIK IIBIFAPLTYbI, HEHTPOH
CIIMHBIHBIH AW HAITY b 3KOHE [5 — BIIBIPAYAaFbl OYPBILITHIK KOPPEISILIHSIAP XKATAIbI
[7]. SnpounbiK *xylenepaeri aici3 napurer-oy3ymbl dQGEeKTiepIiH TUIITIK
L1amMasapbl ©Te Killli OOJIFaHIBIKTaH, OJIAp/Ibl 3ePTTEY JKOFAPhI ANIKTI TEOPUSUIBIK
JKOHE IKCTIICPUMEHTTIK Tocianepi Kaxet erexdi [8; 9; 10; 11].

Ocel Typreiial N + P —> d + y Tpouecc epeKiue KbI3bIFYIIBUIBIK
TYJbIpaJbl. Bys1 mpouecte HEUTPOH CIMHIHE KaThICThl Y-KBAHTTBIH IIBIFAPBLTY
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ACHMMETPUSICHI aii1a 00y bl MYMKIH, aJI OJ1 9JICi3 ©3apa 9peKeTTECYIiH SIPOIBIK
OpTajarbl KepiHici peTiHe KapacTeipbuia b [ 12]. MyHaii mporecTepii CHaTTay
Ke31HJe KYLITI SCepiecy/IiH BIKHAJIBIH AYPHIC €CElKe aly Ka)KeT, COHJBIKTaH
TEOPHSUIBIK TaJl/lay/1a ME30HAIMacy MOZICNEPi MEH THIMIII ©pic TEOPHUSIChI KEHIHEH
KOJITaHBLIAbI.

Tuimzi epic TEOPUSCHIHBIH apTHIKIIBUIBIFBI OHBIH TOMEH SHEPIHSUIBI SIIPOJIBIK
IporiecTep/i MOAEIbIe TAYEJICI3 JKOHE XKYHelll Typ/e CUIaTTayFa MYMKIHJIIK
Oepyinne. Exi HyKIIOH/BIK JKYyHesnep yIIiH THOHCHI3 THIM/II ©piC TEOPHSICHI, IFHU
EFT (m k0K OosiraH Ke3[ie), SJIEKTPOMArHUTTIK )KSHE 9JICI3 30HATapMEH )KYPETiH
TOMEH UMITYJILCTI IPOLICCTEP Il CUITATTAY/ A COTTI KOJIaHbLIbII Kesei [ 13; 14; 15].

OcblraH 0alIaHBICTBI TOMEH SHEPTHsUIbl €Ki HYKJIOHJBIK MTpOllecTepAeri
CIIMHTE TAYEeJI/i aMIUTUTY JAJIapbl CUIIATTaY YILIIiH ajl/IlIMEH KOCBIH/IbI €pexeriep
MEH JINCIIEPCUSUIBIK KaThIHACTAP KAPACTHIPBIIBIIL, KEHiH AEHTPOH YIIIH THOHCHI3
THIM/II ©piC TEOPUSCHIHBIH ANOAPHOHBIK (POPMAIIU3MI EHII31Ie].

CrinHre Toyesi JeKTPOMArHUTTIK IIPOLIECTEP TEOPHICHIHAAFBI HETi3Ti
WHTErpaiblK KaTbiHacTapabslH Oipi — dpemn — Xupn - I'epacumor (DHG)
KOoChIHBI epekeci. On GpOTOH MeH HbIcaHa CHHMHJEPIHIH €Ki Kapama-Kapchl
CaJIBICTBIPMaJIbl OAFBITHI YIIIH OOJIIIEKTIH aHOMallbJbl MAarHUTTIK MOMEHTIH
xaJrbl GoroabcopOums KeJieHeH KUMaJIapbIHbIH ailbIpMalIbUIbIFGl OOMbIHIIA
uHTerpaira OainansIcThIpabl. by kaTbiHac Tikeseit KoMnToH manibsipaybIHbIH
YKQHE JIMCIIEPCHS] KAThIHACTAPBIHBIH CIIUHIE TOYEIN/Ii aMIUIMTYAAChI YIIiH TOMEH
SHEPIHSUIBI TEOPEMAJIaH alIbIHFaH, OYJI OHBI OOJIIIEKTEP MEH SPOJIBIK XKYHEIepaiH
CIMH/IIK KYPBUIBIMBIH 3€pTTEY/IiH MaHbI3/Ibl KYpaJIblHA aifHaJIAbIPaIbL.

Maccacel m, CIHHI S )KOHE aHOMAaJlbJbl MArHUTTIK MOMEHTI K OoaTeIH
6esmrek yuriH DHG KOpBITBIH/IBI €pekeciH Keeciiel OpHeKTe ik

17 =4k ¢ j—(a (k)—o" (k)), @)

MmyH/a, k— Tycken CI)OTOHHBIH 3Heprmcm, anc’ (k)xone o’ (k) poron crimmi
MeH HbICaHa CIIMHIHIH COMKECIHIIe TTapaJuIeNb XKOHE aHTUTIAPaJUIEb OaFbITTaFaH
JKaFrIalIapeIHAaFl (POTOKYTHLUTYIBIH TOJBIK KUMaIapbIH OlTipesi.

JPHC maMachl KyHeHIH AJIEKTPOMArHUTTIK 9Cepre MHTErPalIbIK CIIUH/IIK
KayaObsIH cumarttaifapl. Ocwlnaiima, Oyi1 KaTelHAC OONIMIEKTIH CTaTUKAJBIK
MarHUTTIK CHIIaTTaMachl MEH OHBIH (POTOKYTHUTY ITPOIECTEPIHCTI TMHAMUKAIIBIK,
KacHeTTepi apachIHIaFbl TiKeJIel OalIaHbICThI OPHATA B

Je#iTpon xarmaliplHIa aHOMaNbAbl MAarHUTTIK MOMEHT Kexeci
OPHEKIIEH aHBbIKTalMbI3
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2u,M ¢
k, = S 5 3)
eh
MYHJaFBbl, [ — NENTPOHHBIH MAaTHUTTIK MOMEHTI, all M ;, — OHBIH Maccachl.
JeHTPOHHBIH MarHUTTIK MOMEHTI Keneci MoHre TeH 4, = 0.857 1, MoHiHe

TEH, MYHJIArbl [, = o AJPOJIBIK MAarHeToH, ail M ,, — HyKJIOH Maccachl.
OcpiraHcaiikec, z[em%%NﬁmH k;, =-2x%0.143, an cyMManbIK epexeHiy col
xaK Oeuirinig caapik MoHI mamamen 0,654b — ka TeH. Alita KeTy Kepek,
JEUTPOH >KarAalblHAAa WHTETpaJIJay/AblH TOMEHTI IIeri (pU3UKaJIbIK TYPFbIIaH
OHBIH (POTOE3UHTErPALMSICHIHBIH Ta0aJIBIPBIK YHEPTUSACHIHA COKeC Keeni
KOHE (W, apKbUIbl Genrineneni. CoHpIKTaH & %koHe o mamanapsl GOTOHHBIH
CHUPAJIbABUIBIFBl ACHTPOH CIIMHIHE KaTBICTHI COMKECIHILE Mapaljielib >KoHe
aHTHINapaieab OarbITTalFaH Kargaiaapaarsl GOTOXYTHULY KHMaJlapblH
cunarraiigel. Ocwinaiiima, geiitpon ymin DHG cymmanbik epexeci OHBIH
MAarHMTTIK KaCUETTEPiH (OTOKYTHUTY ’KaHE (POTOIE3MHTErpaLlysl [IPOLieCcTepiHAeT
MHTErpaJ/IbIK CIIMHTE TAyeJ/Ii kayaObIMeH OaiJIaHbICTBIPAIBI.

Epkin cnmai S OonatelH HeICaHa YIIiH Tikened KoMNTOH mansipaybIHbIH
aMIUIUTYJAaChIH AJIJIBIMEH TOJIBIK OYpPBIIITHIK MOMEHTI J HAaKTHl aHBIKTAIFaH
KENTIPUIMEUTIH TEH30PJIBIK KOMIIOHEHTTEDP aPKbUIbI OPHEKTEY bIHFAMIBL OChI
xKaFmaina fJ [IaMaJiapbl eHT131Ie/1i )KoHE 0J1ap KeJeci KaThIHACIICH Ka3aMbl3

7 ]
728+ 1

myHzarel, £ — Hpicananbiy cnuH npoekiusackl mSm_SmS Gekitinren
KyWiHEe COoWKeC aMIUIATyAa, al (S—mS;S,mS‘J,O) — Kne6m-Topaan
ko3 dunmentrepi. MyHaail *KIiKTey CHUHIIK >KayanTblH OPTYpPJi TEH30PJIBIK
KYPBUIBIMJIAPBIHA COMKEC KEJIETIH YIIecTep/i )Keke 0oulin KepceTyre MyMKIHIIK
oepeni. ~

EH KapanaiibiM xxaraiina, J = () 6onrania, srHU f, moyspusanusiiaHoaran
HIAIIBIPAY aMIUTUTYIachIMEH TabambI3

2omg (1) (S —mg; S,mg| 00 " (4

P _# (mg)
/o —2S+12msf (5)

ExiHmi skarbIHaH, PEJSITUBUCTIK eMec JKIKTeyleH KeliH Tikened Komnron
LIAIBIPaYbIHBIH TOJIBIK AMIUTUTYIACHIH MBIHA TYD/IE ’Ka3aMbl3

f=f & E+fic xS+ fL(k®KP (S®S)P & -&+..., (6)
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MYHJIa¥bl, € — (OTOHHBIH MOJISAPU3ALMS BEKTOPHI, S — HbICAHAHBIH CIIHH
oreparopsl, ai Q) Oeinrici TeH30pibIK kebelTinaini 6ingipeni. bipinmi myme f;
AMIUTUTYIaHbIH CKaJISp OOJIiriH CHIIATTA/Ibl, eKiHIII MYLIE f; BEKTOPJIBIK CIIMHTE
TOYEIlli YIIECKE COMKEC KeTei, anl f, Ko3QUUMEHT] TEH30PIIbIK KOMIIOHEHTaHbI
CHIATTaIbI.
 AMIUIMTY/IaHBIH OCBI €Ki KOPCETUTIMIH CaBICTBIPY [, K03 duIueHTTepi MEH
/, mamarapsl apacblHarsl Oafinansictapsl 6epeni. Keneci TenaikTi KaObuiiamn

Jo=Tos (7
OCBI Typre KeTipemis

3 1

—_ (mg)
/= S(S+1)f‘ S(S+1)2S+lzme : ®)

TEH30PJIBIK MYIIIEH] KeJeciiel aHbIKTAIT

[ 3 N
S2= S(S+1),/(2S—1)(2S+3)f2’ ©)

OPHEKTI aIambI3

— 15 (mg)
S = 5 D@s )25+ 3) 2S+1Zm5 (s =SS+ D) (10)
Ocsl epHexTepaeH f; K03GOULUEHTI aMIUIUTyJanapiblH Mg GOoibIHIIA
CBI3BIKTBIK KOMOHHAIMSICHIMCH aHBIKTANATHIHBIH Kopemi3. COHBIMEH KaTap,
/> xoappuuuenti 3m; —S(S+1) TypiHgeri KBagpaTThIK KOMOMHAIMIMEH
OaillaHbICATBIHBI aHBIKTANAABL. JleMeK, f, BEKTOPJIBIK CIIMH/IIK aCHMMETPHSIHBI,
ai f, HbICAHAHBIH TEH30PJIBIK JKayaObIH CHIIATTal bl
KpOCCHHT CHMMETpPHSCHL Ia MaHBI3ABI PO aTKapausl. ¢ <> —q* xome
€ * ¢<>& anMacThIpyapsl Ke3iume xym J -re coiikec ammiautyaaiap GoToH
SHEPTUSACHIHBIH () KYN (QYHKIUSIIAPHI, an Tak J -re coiikec aMIUTUTYIanap
tTak ¢yHKuusaapsl 6osanel. COHABIKTAH Xyn J yuriH Oip peT merepiirexn
JIMCTICPCHSITBIK KATBIHACTHI MBIHA TYP/IC Ka3aMbI3

.[ da)lf(a))

- (11)
o 0 -

(@)= 1,0+ 2o
T

OnTHKAJIBIK TEOPEMAaHbI ITaiiTaTaHbII, OYJI OpHEKTI CONKec KuMasap apKbUIbI
KeJieci TypAe KailTa epHeKTeHiMi3
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£ (@)= f,(0) o 2@ (12)

—0’

Ocplaidiia, aMINTUTYJaHbl TEH30PJIBIK KOMIIOHCHTTEp OOMBIHIIA XKIKTEY
CKaJIsSIP, BEKTOPJIBIK JKOHE TCH3OPJIBIK YICCTEPAl allKbIH a)KbIpaTyFa MYMKIHIIK
Oepeni. JucnepcusublK KaTblHACTAP OCHl aMIUIUTYAajlap MEH OaKblUIaHATBIH
(bOTOXYTBUTY KMMAaJaphl apachbHAAFbl OaiiaHbICThl OpHaTaabl. J{om ockl cxema
CIHHTe Toyeni KOMITOH mambipaybl YIIiH CyMMAJBIK epekeepi opi Kapaid
KOPBITHII IBIFAPYAbIH HETIi31H KaJlaibl.

Tak J MoHzepiHe coiikec aMIUIMTyJanap YIIH JUCIEPCHIIBIK KaThIHAC
merepycis ecenteiiMiz. by xarmaiina f (@) aMImuTymackl OHBIH sKOpaMan
OeIiri apKpUTBI ©pPHEKTENE i, all ONTUKAIBIK TCOPEMaHbl KOJIaHFaHHAH KeHiH
colikec (HOTOXKYTBUTY KUMackl O, (@) apkelael 6epineni. Tikenelt KomnTon
LIANIBIPAYBIHBIH CIIUHIE TOYeNIi OeJiriH Tajnayga epeKiie KbI3bIFYIIBUIBIK
TYIBIPaThiH | = | )KaFJaliblHa aMIUIUTY IaHbIH TOMEH SHEPTrHsUIap aliMarbIHIaFbl
KIKTEITyl KeJleci Typ/ie CHITaTTa IbIK

2

fi(@) = =22 2y +. (13)

48 M2

Ocpl 6pHEKTIH OipiHII MyIIIeci HhICAaHAHBIH AHOMAJTb MATHUTTIK MOMEHTIMEH
aHBIKTaNa/bl )KOHE TOMEH JHEPTHUsUIIBI TeopeMara Colikec Keleni, al Keleci
yJiec anIbIHFBI CIUHIIK TOMSPH3ANMSIAHFBIIITHK ) apKbUIBI CHIATTaTaIbl.
AMIIINTY IaHBIH TOMEH SHEPTUSNAFbl JKIKTENYIH ajblll, OHbI ANUCIIEPCHSIBIK
KepCceTiuTiMIMEH calbICThIpaMbI3. HoTikeciHae ciuHre Toyenal mamManap yImiH
TOMCH/JIET1 CYMMAJITBIK €peKeNepii alaMbl3

2

a,.k )

fi(®) =0 ——2—+2y0" +...| 14

! 45°M? (14)

[MuoHCHI3 THIMAL ©pic TEOPHSIChl TOMEH DHEPTHSUIBI €Ki HYKJIOHIBIK

IIpoLecTep/Ii TEOPHSIIBIK Oenrici3nikTepi OaKblIaHATBIH, MOAENBIE TAYEJICI3 api

XKYHenl Typ/e cunarrayra MyMKiHaik 6epeni. lubaproHIIbIK epicTep eHri3ureH
KaJIIIbI XKarnaiaa >pQeKTUBTI JTarpaHKUaH bl KeJleci Typ/e Ka3aMbl3

L=L,+L,+L +L,, (15)

MYHJIaFbl, L, — 6ip HyKJIOH/IBIK CEKTOP/IbI L TIEH [, ,— THICiHIlIe apHATapbIHa
colikec 1uOapUOHIBIK epicTepi, a Lf ,— OCbI apHAJIap APACBIH/IAFbI Ay bICYJIAPIbI
cunarTaisipl. Bys jkymbpIcTa Herisri Hazap JeHTpOHFa ayJapbUIFaHABIKTaH,
TPUILIETTIK apHAHBI FaHA KAPaCTBIPY JKETKIIIKTI.
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Ocbl KaF/aiiia TEOPUSHBIH HETI3r1 epKIHAIK JoperKeriepl peTiHie HyKJIOH
epici N xoHe ubapHoH epici ¢, eHrisineni. Conza sxerexmi perTi 3¢ dexTunTi
JlarpaHKUaHIbl KeJeci Typ/e KenTipemis

2 2

+ . D + . D +
L=N"(iDy+ 57— N ~1]Dy + —M, = NTPN+he]  (16)

N N

1 . " .
MYHIarbl, P, =——(,0,0. — €K1 HYKJIOHABIK KYUT'€ MMPOEKINI YKACAUTHIH
J 20,0

V8

orepatop. Al y— mnbaproH epici MEH COJI apHaIaFbl €Ki HYKJIOH/IBIK KYH apaChIHIAFbI
! 2

Gaiinaubic TypakThichl. KoBapuautter Tysmasl D, =0, +ieQA,,Q =
TYpiHJE aHbIKTaNabl: MyH/a, Q — 3apsi/] onepaTopsl, all 4,- SHeKTpOMaFHI/I’I%iK
epic. ) )oHe A mapaMeTpiiepi TeOpHUsl HyKJIIOH—HYKJIOH HIANIbIPAYbIHbIH TOMCH
SHEPrusiyibl aMILIMTYJAChIH ypbic KaiiTa OepeTiHaeil erin mapameTpliep
tanganaasl. OChl TaNanTaH Kejeci KaTbIHACTap/Ibl alaMbl3

2 87 2 1
= M2 A= M (a(a5|) —H). (17)

y
Myszarsr, @ — mamsipay y3emgsiEss, O — sddexrusri paguyc, an
M — KaittaHopManay MacmuTtaObl. Ocputaiima, 3(p¢GeKTHBTI TeOpUsAarsl KYIITi
e3apa acepiiecy Oeuiri exi HyKJIOHJBIK KYHEHIH TKIpHOEACH aHBIKTAIATHIH
TOMEH YHEPTHSIIBI TapaMeTpiiepi apKbUIbI TOJIBIK, CHITATTANIAIbI.

Hotm:kenep koHe TATKbLIAY

JleHTpOHHBIH (OTONE3UHTETPALIUSACH] KEe31HJI€ CIIMHTE TAYEJAl TOJBIK
KHManap aibIpbIMBIHBIE & — 0" DOTOH 3HEpPrUsCHIHA TOYEIIUIri KopceTimi.
Ecenreynepai nuoHch3 TnimMai epic teopusicblHblH NLO KybIKTayBIHIA
xyprizaik. Cansicteipy yuriH tonslk EFT HoTmkenepi xone relativistic spin-
orbit Ty3eTyi eckeplIMEreH HyCKa jKeKe KapacThIpAbIK. OChl apKbUIbl KUMajap
afbIPBIMBIHBIH SHEPTeTHKAIBIK JKYPiCi CUITATTaIIbII, PEJIITUBHUCTIK TY3€TYyJIEpAiH
yuieci OaraaHIbL.
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JNleATPOHHBIH POTOANCCOLIMALMACEIHBIH aCUMMETPUACK

LWeKTi MaHFe 8Te MakbiH TeMen SHEprusnsl aAMaK

-10000
-20000 -20000
-30000

-40000 -40000

0" - o* (6}
o — o (ub)

-50000

60000 -60000

-70000
—— TonbK NLO EFT —— TonuK NLO EFT
80000 — = CwopbuTacks -80000 — = Cruw-opbrTacks

225 250 275 300 325 350 375 400 2 3 4 5 6 7 8
DOTOH 3HEPrUACH W (M3B) DOTOH 3HEPT HACKH w (M3B)

Apansi aMaK KeweiTinren aitmax

20000 -20000

-40000 -40000

o 0 (6)
o — ot us)

60000 -60000

— Tonwix NLO EFT
-80000 — - CrmropbuTacus -80000

—— Tonuix NLO EFT
— = Crun-opbrTacks

2 a 6 8 10 12 14 5 10 15 20 25 30
DOTOH 3HEPrUACH w (M3B) DOTOH 3HEPTUACH W (M3B)

1-cyper — JleiiTpoHHBIH (oTONE3MHTErpaHACH Kesingeri o7 — o

ACHMMETPUSICHIHBIH (DOTOH SHEPTUSICBIHA Ty IUIIT

1-cypet — ie AeUTPOHHBIH (POTOIC3UHTETPAIUSCHI KE31HICT1 CITMHTE TOY I
TOJIBIK KMMajap ailbIpbIMBIHBIH O — O (DOTOH DHEPTHsIChIHA TAYEeJIITIriH
kopcertik. Tyrac cb3blk NLO perti Tonbik EFT HoTHXKEHI, an Y3iK CBI3BIK
relativistic spin-orbit Ty3eryi eckepinmereH ecenti kepcereai. Hotmkemnep
TabaJIABIPBIK MaHbIHA OYJI IIaMaHbIH KYPT TEPIiC MOHTE TYCETiHIH, ajl SHEpTus
apTKaH caliblH OHBIH MOJIYJIIHIH a3asThIHBIH KepceTTi. bys ¢oTonesnHTerpanus
apHACHIHBIH TOMEH YHEPTHUsUIBI aliMaKTa )KOFaphl Ce31IMTall EKEHIH aHFapTabl.

Tonbik NLO HoTmkeci MeH spin-orbit Ty3eTyi eckepiiMereH KUCBIKTap bl
CaJIBICTBIPY PENSTHUBHUCTIK TY3€TYJEP/AiH MaHBI3/Ibl YJIEC KOCATBIHBIH KOPCETTI.
TyTac CHI3BIKTBIH Y3iK CHI3BIKTAH JKOFaphl opHamacysl spin-orbit o/ — o
LIIaMachIHBIH MOHI MEH dHeprusi OOWBIHIIA XKYpiCiHE ocep eTETiHIH KOPCEeTTi.
CoOHJBIKTaH TOMEH SHEPrHsJIbl ACHTPOHABIK KYHEHI o cunarray ymriH Oyi
TY3€TYJeplli eCKepy KaxerT.

IlexTi afiMakTarbl TepeH MHUHUMYM HETi3Tl YJIECTIH COHFBI KYHiMeH
OaiiIaHbICTBI EKEHIH KOPCETTIK. DHEPrusl YIIFaiiraH caifbiH OyJ1 0achIMIIBIK SJIcipert,
KHCBIK HOJITe Kapai »aKbIHIal b1, JKambl, )Kypri3iireH Taniay MHOHChI3 THIMT
epic teopusceiHbIH NLO KybIKTaybIHIA ASHTPOH (POTOEC3UHTETPAIHSICHIHBIH
CIIMHTE TAYeJ/Ii KACUETTEPIH XKYHei curaTTayra O0JIaTbIHBIH KOPCETTI.
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KopbITbIHABI

KopsIThIHIBIIAN KeJIe, dJICI3 ©3apa OPeKeTTeCYIePACTi KYNTHUIBIKTHIH
CaKTaJIMaybl TOMEH SHCPTUSUIbI €Ki HYKJIOHIBIK KYHENep KOHTEKCTIHE TCOPHSLIIBIK
TYPFBIIAH KapacThIPbUIABL. Tangay OapbIChIHIA MApUTET-OY3YIIBI dCCPICPHIH
SIIPOJIBIK OpTaja KYIITI JKOHE QJICI3 aMIUIMTYJANapIblH UHTEPPEPCHIUSACHI
ApKBUIbI KOPIHETIHI, all OJIapJpl CUIATTAayJa CIUHIC TOyeNai OaKblIaHATHIH
LraManap/iblH epeKile MaHbl3Fa ue ekeHi kepcerinai. Ocbl Makcarrta Jlpenn—
XupH-T'epacuMoB KOCBIHIIBI €pPEXKECi, TUCTICPCUSIIBIK KaTBIHACTAP JKOHE TMOHCHI3
THIMJII ©piC TEOPHUSCHIHBIH TUOapHUOH/IBIK (hopMaIn3Mi KoJaHbuLabl. by Tacin
TOMEH PHEPTHUSUIBI SIPOJIBIK MPOIIECTEPIl MOCIIBIC TOYEIICI3 KOHE KYUEIi TYpAC
CHUIATTayFa MYMKIHJIIK OEpeTiHIH KOPCETTIK.

CaH/IBIK ecenTeyJiep JeHTPOHHBIH (DOTOIC3UHTETPAIUSICH KE31H/IeT1 CIIMHTEe
TOYEJJIl TOJIBIK KUMaJiap albIPBIMBIHBIH TaOalbIPhIK MaHBIHIA KYPT Tepic
MOHTE M€ OOJIAThIHBIH )KOHE SHEPTHsI OCKCH CalbIH OHBIH MOJIYJIIHIH a3asThIHBIH
kepcerTi. Tonbik NLO HoTmkeci MeH relativistic spin-orbit Ty3eTyi eckepiiMerexn
KHCBIKTaPIbI CAJIBICTHIPY PEISTUBUCTIK TY3CTYJICPIIH €€yl YICCIH allKbIHAA b
COHBIH HETi31H/Ie TOMCH SHCPTHUIbI JCHTPOH/IBIK JKYHCHI J0J CHIIATTAy YIIiH
MYHJIa#l Ty3eTyJIepli €CKepy KaXeT ICTCH KOPBITBIHIIbIFA KEIIIK.

JKannel anranna, aJblHFAH HOTHXKEJED TOMCH dHEPTHSIBL SIAPOJIBIK
NUHAMHUKAHBIH CIHWHIE CE3IMTal KacHUeTTEePiH HAaKThLIAI, dJICi3 e3apa
OpeKeTTeCyJIepPMEH OaiIaHBICThI KYOBIIBICTAPABl TCOPUSIIBIK TYPFBIIaH
TYCIHAIPYT'e KAKETTI HET13 KabITacThipa bl. COHBIMEH KaTap, 3¢pTTEIrCH Iama
JKYIITBUIBIKTBIH CAKTAJIMAaybIH TIKEJICH OJIIICMETCHIMEH, OChI OaFbITTaFbl KSHiHT1
TayayIap YIIiH MaHbI3Ibl TCOPUSUIBIK TipeK 0oJia ajmabl.
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HNCCIIEJOBAHUE HECOXPAHEHHUA
YETHOCTH B CJIABBIX B3AMMO/JIEMCTBUSIX

B Oaunoti  cmamve  Hecoxpamenue —uemHocmu 8  CAAOLIX
63AUMOOCUCMBUAX — PACCMAMPUBACICS  MEOPEMULECKU 6  PAMKAX
HUBKOIHEP2EMUYECKUX O8YXHYKIOHHBIX npoyeccos. OCHOGHOU yelbio
UCCI008AHUSL AGNACMCS AHAIU3 NPUPOObL IPPeKmos, HAPYUAIOUIUX
YEMHOCMb, 6 SIOEPHBIX CUCMEMAX U  GbIAGICHUE BO3MOJICHOCELL
Meopemuieckux nooxo008, NPUMEHAeMblXx ONid UX onucanus. B
pabome npedcoe 6ce20 paccmMampuearomcs oowue  QuzuuecKue
OCHOGbl ~ HECOXDAHEHUsL ~ YeMHOCMU, d  MAK’Ce  ONUCHIBAIOMCS]
0COBEHHOCIU CRUH-3AGUCUMBIX HAOTIOOAEMbIX SCIUUUH, BOZHUKAIOUWUX
6 pesyibmame uHmep@epenyul ciadvix U CuibHbIX amnaumyod. Kpome
moeo, UCNnonb306ansl npasuio cymm  Jpenna—Xupna—I epacumosa,
OUCNEPCUOHHBIE COOMHOUIEHUSL 0TI CRUH-3A8UCUMO20 KOMNMOHOBCKO2O
paccesiHusi U Oe3NUOHHAS IPPeKkmueHas. meopus nojisi 8 OUOAPUOHHOM
Gopmanusme.  Ilpeumywecmea  u  npedeivl  NPUMEHUMOCHIU
PACCMOMPEHHBIX  NO0X00068 NpPU  ONUCAHUU CAAObIX 3pexmos 6
HUBKOIHEP2EMUYECKUX ~AOPOHHLIX — CUCMeMAX NPOAHATUIUPOGAHLL 8
CpasHUmMenbHOM niaue. B pesyibmame meopemuuecko2o uccied08anus.
UBVHEHA 3A6UCUMOCTIb PAZHOCMU  CHUH-3A6UCUMbIX TOJIHbIX CEYeHUll
npu gomooesunmezpayuu deimpona om xepeuu pomona. Hucnennvle
pacuemvl ROKA3ALU, YO 8 NOPO20BOL 0OOIACU JINA BENUYUHA NPUHUMAE
ompuyamenvHoe 3HAUeHUe, A C YEeIUUeHUeM dHepeull OmoHa Mooyib
omotl  eenuuunbl  ymeHowiaemes. CpasHeHue RNOIHBIX PE3VIbINAMO8
credyiowezo 3a gedywum nopsioxka (NLO) u kpuevix, 6 KOMOpPbIX He
VHUMBIBANLACH PENAMUBUCTIICKASL CHUH-0POUMATIbHASL RONPABKA, NOKA3AIL0,
Mo peAMUSUCIICKIE NONPAGKU USPAIOM BAXCHYIO POJIb 6 MOYHOM
ONUCAHUU HUBKOIHEP2ETNUYECKOU OelmpoHHOU cucmemsl. Tlonyuennvle
pe3yribmamsl no360J110m 21y0ce NOHAMb ciabvie si0epHble P ghermol
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6 0OnaCmU HUSKUX DHepeull U meopemudecku 000CHO8ams 0Oyoywue
IKCNEPUMEHINATLHBLE UCCTCO0BAHUSL.

Knrouesvle  cnoea: Hecoxpawenue —uemnocmu, — OUOAPUOHHBILL
Gdopmanuszm, craboe szaumooeiicmsue, pomooesunmezpayust OeUMmponda,
OUCNEPCUOHHBLE COOMHOULCHUS.
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INVESTIGATION OF PARITY NONCONSERVATION
IN WEAK INTERACTIONS

This article presents a theoretical study of parity nonconservation
in weak interactions within the framework of low-energy two-nucleon
processes. The main goal of the research is to analyze the nature of
parity-violating effects in nuclear systems and to identify the capabilities
of theoretical approaches used for their description.u The paper first
examines the general physical foundations of parity nonconservation and
describes the features of spin-dependent observables arising from the
interference of weak and strong amplitudes. In addition, the Gerasimov—
Drell-Hearn sum rule, dispersion relations for spin-dependent Compton
scattering, and pionless effective field theory in the dibaryon formalism
are employed.The advantages and limitations of the considered
approaches in describing weak effects in low-energy hadronic systems
are also analyzed comparatively. As a result of the theoretical study, the
dependence of the difference in spin-dependent total cross sections in
deuteron photodisintegration on photon energy is investigated. Numerical
calculations show that this quantity takes negative values in the threshold
region, while its magnitude decreases as the photon energy increases. A
comparison between the full next-to-leading-order (NLO) results and the
curves obtained without including the relativistic spin-orbit correction
shows that relativistic corrections play an important role in the accurate
description of the low-energy deuteron system. The obtained results make
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it possible to achieve a deeper understanding of weak nuclear effects FTAMP 29.35.19
in the low-energy region and to provide a theoretical basis for future DOI
experimental studies.
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CTPATUOUKALMSITIAHFAH CYUBIKTBIKTAFbI ILLKI
TOJIKbIHOAPAbBIH CTALINOHAP EMEC TEOPUSICbI

Byn ocymvicma cmpamugurayusianean udean CyublKkmulKmazol
[WKI  MOAKLIHOAPObIY CIMAYUOHAD eMeC MeOPUSICHL HCAH-IICAKMbL I
mepen Oeneelioe Kapacmulpbliaobl. 3epmmey 6apbiCblHOA eKi e1uemol
KO32anblc  21caz20auiblH0a  6acmankbl  2UOPOOUHAMUKATILIK,  mMeHOeyiep
Jicytiect azblHObIK, (DYHKYUSIHBL eHei3y apKblibl bIKUAMOAIbIN, OIp 2aHa
cKansp menoeyee keamipineoi. Mynoai mypieHOIpy ecenmiy KypolLibLMblH
QUKbIH KOpcemin, OHbl manoayobl aumapiblKmail sHceniioemeoi dHcoHe
3aMaAHaAyu MamemamuKaniel 90icmepoi muimoi Koaioanyaa MyMKIHOIK
bepedi. Kapacmoipvinean mamemamuxanvis mooeiv C. JI. Coboseg
muninoezi ekinui pemmi Ouggpeperyuanovbix meyoeyee peOyKyusiaHbsln,
Co2aH collkec HaKmul 9pi KAMay KoublieaH 6acmankpl-ueKapaibl ecen
MYACLIPIMOANAODL.

JKymvicma ecenmiy Quzukanvly KOUbLIbIMbL MOALIK OPI JHCyUeni
mypoe Heeiz0enin, CyublKmbiKmoly 60c beminoe dcone Kammol myOiHOe
OPBLIHOANAMbBIH  WEKAPATILIK WAPMMAP  HCAH-)CAKMbL  CUNATNMALAOB.
Convimen xamap, cmpamuurkayusnvly —mabueamvl MeH — OHbIH
MONKLIHOAPObIH,  MAPALYbIHA  9Cepi  apHatibl MAl0AHbIN, MOOeIbOIH
DUBUKATLIK MABBIHACHL MEPEH AUUbLLAObL.

Homuoicecinoe, bacmankvl Oepexmepee dicoHe Ccmpamu@ukayusi
yHKYUsACHIHA KOUbLIambIH Oe2ini Oip wapmmap OpblHOAI2AH Hcaz0aiod,
[WKI  MOAKLIHOAPObIY — MAMEMAMUKANLIK — MOOENIHIY — KOppeKmiiel,
seHu  wewiMHiy  oap  60aybl, JHCAnebl30blebl  HCOHE  MYPAKMbLIbIZL
MONbIK KAMMAMAacel3 emiiemini 0oenoeneoi. byoan 6esex, anvinzan
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HOMUMICENePOIY JHCAINBLIAY MYMKIHOIKMEPI KapacmulpulLivli, O1apOblH
SUOPOOUHAMUKA, — OKEAHONO2USl  JCOHEe — 2eOpU3UKA  CANANAPbIHOA2b
KOJLOAHOAIbL MAKbI3bL KOpCeminedi. 3epmmey KOpolmblHObLIAPbL DONAUAK,
2bLILIMU HCYMBICIMAP2a MEOPUSILIK, He2i3 601a anaobl.

Kinmmi cozoep: cmpamughuxayusian2an CYUbIKMBIEK,
[WKI  MOJKbLIHOAP, —A2bIHOBIK — (QYVHKYUsL,  QYHKYUOHANObIK — AHAIU3,
OUHAMUKATIBIK, KbLCHIM.

Kipicne

CrpatudukanmsuianFal CYHBIKTBIKTap/ia Maiaa 00oiaThH 1IIKI TOJIKbIHIAP
THJPOJAMHAMUKA CAIACBIHAFBI KYPEi 9pi MaHbI3Ibl KYOBUTBICTAPBIH KaTapbIHA
xarazapl. Onap TaburarTa, acipece MYXHTTap MeH atMocdepaa KeH TapairaH
JKOHE DHEPIHsi MCH MMITYJIbCTIH OEpily MPOIECTEPIHC Iyl OPBIH aiajbl.
CoHZBIKTaH MYH/Ial TOJKBIHIAPBIH KACHETTEPIH 3ePTTEY TEOPHUSUIBIK JKarbIHAaH
Jla, IPaKTHKAJIBIK KOJIJJaHy TYPFBICBIHAH J1a YIKEH KbI3bIFYIIBUTBIK TYAbIpasl [1].

[mKi TONKBIHAAPIBIH Tapajdy CHUMAThl CYHBIKTBIK THIFBI3/bIFbIHBIH
KEHICTIKTET1 e3repiciHe, SSFHU OHBIH cTpaTH(UKalMsIChIiHA Tyel i 0oJabl.
Ocpiran OaiaHBICTBI MYHJail opTanapaarbl KO3FaJlbICTapbl CUIIATTAHTBIH
MaTEMaTUKAJIBIK MOJCIBJCD 9eTTe Kypaeai nuddepeHnaiibKk TeHaeyIep
KyheciMeH epHekTeei. byt skyiieHi bIKmamaan, 6ip TeHIEYTe KeNITipy 3epTTey
YZepiciH aiiTapibiKTail sxeHuaeTe i [2].

OcBI )KYMBICTA €Ki eJIIeM Il cTpaTH(UKaIMsIIaHFaH HAeaN CYHBIKTBIKTaFbI
Killi aybITKyJIap KapacThIpblIaabl. bacTankel TeHaeynep »xyheci arbIHABIK
(YHKIMSIHBI €HT13y apKbLIbl Oip CKaJsip TEHIEYre TYPJICHAIPUIiN, HOTHKECiH e
Oenrii Oip THUMTEri eKiHII PeTTi THIepOOoIANBIK TCHCY anbIHa b [3]. COHBIMCH
KaTap, €cenTi TOJBIK CHUIATTay YIIIH CYHBIKTBIKTBIH 00OC O€Ti MEH KaTThl
TYOIHJer] HIeKapalbIK IapTTap eCKepilil, Colikec OacTarnKbl-1IeKapablK ecer
TYKbIpbIMAANaAbI [4].

JKyMBICTBIH OaCThI MaKCaThl — OCBI €CENTIH MaTEMaTHUKAJIBIK TYPFBIIAH JTyPhIC
KOMBUTYBIH 3€pTTEY, SIFHH OHBIH JIC13 )KOHE KYLITI IIeIiMIepiHiH 0ap O0Iysl MeH
JKaJIFBI3IBIFBIH Herizney [S]. byst Makcarka skeTy yiiH (GyHKIMOHAIIBIK aHAIN3
ozticTepi, COHBIH ITIHE TMIBOEPT KEHICTIKTEPiHIH TEOPHSICHL, ©31HE-031 TYHiHaeC
orepatopiap xaHe Pucc Teopemacs! KosigaHblIa s [6].

ATbIHFaH HOTHXKENEp cTpaTHu(UKanUsUIaHFaH CYHBIKTBIKTapAarbl iMIKi
TOJIKBIHJAP/Abl CHIIATTAWTBIH MOJEIBACP/IIH TCOPHUSIIBIK HETI31H TEpEeHAETyre
MYMKIH/IIK Oepeii )KoHe OChl OarbITTarbl OOJalIaK 3epTTeyJIep YIIiH MaHbI3/Ibl
ANIFBIIIAPT 00JbIN TabbUTAMRL. [7; 8; 9; 10; 11].

Marepuannap MeH dicrepi

JlexapTThIK KOOpIUHATAIAp KYHeciHaeri (Xl, Xz) ujeanpl KadaTTanraH
CYHMBIKTBIKTBIH €Ki OJIIIIEM/Ti KO3FaIbIChIH KapacThIpaiibIK. CYWBIKTBIK €piKTi Typ/ie
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crpaTiuUKaLUsIIaHFaH JIeTl €CeNTelMi3, SFHU OHBIH TYPaKThl KYWH/IET THIFbI3IbIFbI
Po = Po(X,) Typinae Gonaasr. By CyHBIKTBIKTIH IIAFBIH KO3FATBICTAPBI OICTTE
KeJieci TeHieyIep xKyieciMeH cunarTanabl:

av
Po(X2) 5o+ Vp + psge; = 0, (1.1.a)
6 ! .
51+ pp(x2)(e2 - V) =0, divV =0, (1.1.6)

myHmarsl V = ( vy, V,) — CYWBIKTBIK OOTIICKTEPi KBUIJaMIBIFBIHBIH
BEKTOPbI, P— IMHAMHKAIIBIK KbICHIM, P1 — CYHBIKTBIK KO3FAJIbICTAPBIHAH TYbIHIaFaH
TBIFBI3IBIKTBIH TOJKYBI, OX, OPTBIHBIH €2 — OPT OCH U g — aYBIPIBIK KYITiHIH
yaeyi. po(xz) = (dix) po(xz) <0 mem, sFHU CYWBIKTBIKTBIH CTPAaTH(QUKAIIHSICHI
OPHBIKTBUIBIKTHIH TAOMFH IAPTHIH KaHaFaTTaHabIpaabl. CYMBIKTHIK AJIbIIT )KATKAH
eKi erreMIi ® o0JIBICH XKali FaHa KOCBUICHIH: OHJIA Ke3 KEJITeH COJICHOMITHIK (SIFHU
divV = 0) TeHzeyiH KaHaFraTTaHABIPaThiH) V = (V1,V,) € L, (0) BekTopIIbIK opici
V= (VXZ, —vxl), Y € W3 (0) typinze GeitHenenyi MyMKiH. v GyHKIUSACH oIeTTe
arbIHIBIK (QYHKIHS e aTanaast [12].

Conpaii-ax v yHKIUSICHIH naiinaransi, (1.1) xxyieHi ocsl GyHKIHS YIIiH
0ip Tenaeyre Kenripyre 60mas:

2
;? [povxle + (pOVX1)X2] - gp{)‘}xlx2 =0. (1.2)

1
Enpni (1.2) teraeynaeri v QyHKIUACHH vV = [po(X,)] 2 - z(X, 1), x = (Xq,X2)
(hopMyTacel apKbUTHI ayBICTRIPARBIK, COMAaH KEHiH )KaHATaH CHTI3UIreH (QyHKIHS
YIIiH TCHACY1 aTaMbI3.

> oo _ eyl _geh,
Yo, [Azz + (4p5 200 zZ gpo Zy,x, = 0 (1.3)
Erep Beiican-Bpent suinirin enriscex [13] pi(X2) = —gpo(X2)/po(X2),

oHpa (1.3) TeHIeyiH Keleciien KaiiTa )xa3yra 00oabl:

62

a2 [AZZ - Y(XZ)Z] + ”%(XZ)lexl = O, (14)

Y() = 3o [ i (xa) = 3o,

Heriziuge, (1.3) xone (1.4) A, -T1 X4 KoHE X,. alHBIMAJIBUIAPHIHA KATBICTHI
Jlarutac omepaTopbIH OLIIIpei.
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Ocsunaiima, (1.1) xyiie (1.4)-6enrim C. JI. Coboner TeHneyiMeH Oipaeit
TUnTeri Tenaeyre peaykuusutanasl [14]. (1.4) yuuid mekapa mapTrapbl Typaiibl
MaceleHi KapaibIK. AjjpiMeH, G apKbUibl OenriieHeTiH ® ayMarbl eKapachIHbIH
OeJtirine CYWBIKTBIKTBIH aFbII KETIIEY apThl Oepiice, onaan * V| = 0 Hemece
g ) V]g = 0, MyHIaFsl N — HOPMAJb BEKTOPBI, all T — ['-Fa KATBICTHI BEKTOP,

OHFBI TEHIIKTEH, V| = const. v QyHKIUCHIH aHBIKTAY1a OPIH AIBII OTBIPFAH
OJIKBUIBLIKTAPIBI ECKEPE OTBIPHII, v @ 06bichnbH G mekapacbinga V]g = 0 gen
ecenteyre 6onajs [15].

Enni X, = 0 TenyieyiMeH cumartanaThid skoHe O ayMarbl [IeKapachlHbIH
KOMIIOHEHTTEPiHIH 0ipi 00BN TaOBLIATHIH CYWBIKTBIKTHIH 00C OETiHAETT IapTTHI
KapaiblK. S OenriieiiTin 60c OeTTe ChI3BIKTBIK Teopus IIeHOepiHae Typi 6ap
TOMEHJIETI €Ki JIMHAMMKAJIBIK J)KOHE KWHEMAaTHUKaJbIK LIapT OPBIHAAIYBI THIC
eKeH1 Oenrini:

pls = po (0)g0(x1, 1) + po(X4,1), %Z = vy]s, (1.5)

MYHJaFbl {(X,,t) — CYHBIKTBIKTBIH X; = 0 nenreitinen xetepinyi,
an Po 1 — OepinreH ceIpTKB! KbICHIM. (1.5) KarbiHachiHAH { QYyHKIUSCHIH
QJIBIT TacTaraH/1a

7] a
Po(0)gvy — 5 pls = =5 po (X1, D)
eKeHiH ayambI3. byl X; OoWbIHIIA TEHIIKTI capaiail oTeIpkIn xoHe (1.1a)

TeHJeY/1i TaliiaiaHa OTHIPBII, P (PYHKIMSCHIH albll TacTaiMbl3. HoTmxkecinne

2 2
2t 5z Vils = — 550 Po(x D)

F]

gaxl
eKeHI WbIFagbl. Vi = Vy, V2 = —Vy, eKeHIH eckepil,

02 0? 02

—Vy, — 8 — V]| =—po(xX,t

o Vx2 T 8 5 Is atox; P00
TEHIKKE KelleMi3, o)1 v pyHKIMACHHAH U (yHKIHACBIHA OTKEHHEH KeHiH S

60c OeTiHe MAPTTHIH TYNKUIIKTI TYpiH aryFa MyMKIH/IIK Oeperi:
0% [ oz mo(o)
[+ 9] g7l = 0( 1,0, (1.6)
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MYHJarbl

62
(p( X1, t) = [pO (0)]1/2 atax, Po (Xli t)

(1.4) Terney xoHe (1.6) mekapaibIK MAPT YITiH Y3BIHABIFBIHBIH KoHE (1.4)
xoHe (1.6) emmemcizaeHaipyai Kyprisyre MyMkiamik 6eperia Ty yakbITBIHBIH

2g
ug (0)

HaTypas napamerpiepi 6ap. By yiin keseci napamerpiepai enrizemis: 1 =
. . o X X; . s
JKOHE JKaHa OJIILIEeMCi3 TOyelICi3 aifHbIMaIbUIap 15l Tl’ , =2 xone t/T, eurizin, onap

1

yurin Gyperareimaii X = (X4, X, ), t, Genrinepin cakrait otsipem, (1.4) xone (1.6)
TEHACYJIEPiH OJIIIEMCi3 TYp/Ie KaiTa jka3aMbI3:

& 852 — B)2] + 02(%,)2, 5, = O, (17

f(x4,1), (1.8)

02 1
oz (7 2 = J2xx, s

rac

d
0%(x2) = B2 5x) = 0%(x,) = - 0%(xy).

Enni temensie 3eprreneti (1.7) TeHzey yiiiH OacTankbl-IIeKapabIK eCenTiH
KOMBIJIBIMBbIHA KOIIICHIK.

Crparudukaiysianral CYWBIKTBIK aJIbIT )KaTKaH OOJIBICHIH KApacThIPAHbIK.
Haxkrteipak alitkanma, © — RZ-re1 00mbic, on S = {X, = 0} Ty3yimen xome
G = {(X1,%3): x5 = —H(X;),—00 < x; < +00:0 < hy <
H(x;) < Hy < +o0} kuchfiMeH mekTelreH. AMTalblK, GOJCHIH

H(x,) € CO(RY)

S ecebi. Qr = O X (0, T] -na (1.7), S-ne wekti maprka (1.8) sxoHe G-z1e
z|g = 0 wapTeiH KaHaraTTaHABIPaILL, OyaH G6acka, Z (X,t) gynkuusce t=0
Ke31He

z(x,0) = z5(x), z;(%,0) = z(x). (1.9)

Gacrankpl Jkaraaiiapapl KaHararTanabipathid Z(X,t) (QyHKUUACHIH Taby
KEpek.
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OusukanblK TYpFbIIan S ecebi cTpaTHUKALUSsIaHFAH CYHBIKTBIKTBIH €Ki
OJIIIIEM/Ti TOJIKBIH/IBIK KO3FAIIBICHIH JKOFapbIIaH S 00¢ O6eTiMeH, all TOMEHHEH KAaTThl
TyOiHeH G mIeKTenreH @ OOMBIChIHAA CUMATTaiabl, TOMKBIHIBIK KO3FAIBICTAD
CYMBIKTBIKTBIH OacTamnkbl jkan-kyiiMeH ne (maprrap (1.9)), conpaii-ak 6oc S
CBIPTKBI aybIcTaibl KyiiMen ne (maptrap (1.8)) tysiaaiast [16].

CoH/IBIKTaH TYKBIPbIMJIATIFAH TYp/ie OepinreH S ecedi TOJbIK KOWBLIFaH ecell
peTiHae KapacThIPbLIMAii/Ibl, O TKEHI €Cell AP TTAPbIHBIH OPBIHIATY MaFbIHACK
HAKThI alKbIHIaIMaFaH. ByJ1 MocesIeHi HaKThUIay YIIiH €CeNTiH IYPIC KOHBLTYbIH
HeTI3JIeUTIH OipKaTap MaHbI3/bl HOTHIKENIEPAl KeNTipeHiK.

HoTuxeiep xaHe TAAKbLIAY

C%;(©) apkbuisl G mIekapachiHbIH MaHaiibiHga Ke3 kenreH v(x)eC’(0)
yuwin  |x;| = R xone X € © Gonranna v(x) = 0 6onateir R =R, > 0 ox
canpl TabbIathiH V(X) = V(Xq, X5)€C®(0) GyHKUHATAPBIHBIH KHUBIHTHIFBIH
Oenrineitmis.

Jlemma 1. Ke3 kenren v(x)€C%;(©) ymin MbIHA TEHCI3MiKTEp OPBIHIBL:

1/2
VG, Ol < He* Vo, o) @)
IV IlL,e < H0||VX2||L2(G))’ (2.2)
MyHZIarbl H, ’KOFapblna aHBIKTAIFaH jXoHE () OOIBICHIH CHIATTAaFaHIA
kenTipinred [17].
Bys1 neMMaHbIH Jonenjieyi oTe OHail )KOHE COHBIKTAH OHBI OYJI Kepje
Kepceriece Jie 00aIbl.

B(x,) dynxumsacsr (1.7) Tenaeyin xa3yaa aHBIKTaIFaH Nl aTalbIK,
c© [—H,, 0]—ne sxaTaipl »koHe TOMEH/IET] MIapTTHI KAHAFaTTaH IBIPATHIH OOJICHIH:

B(xz) = —(1 - 8)/H3, (2.3)

MyHaFbl ) — KaHaaii ga 6ip oH can. Erep TomeHze Kapama-KaiIIbUIBIK

Typasbl aifTeiiMaca, oHAa (2.3) mapTel OpbIHIATIAABl Aen OOJKaHAIBI.
C%;(©) — ri keneci GUCHI3BIKTHIK (POPMAHBI KAPACTHIPAMBI3:

[v, 0] = (W, Vo), + (v, @)g + (v, @)s, (2.4)

MYHI@FBL (+, * )1, () — L2 (@) — ri cransp keOeHTinzi xKoHe

(v, @) = fo v (B (xz)dx
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Ko0elTiH/aic]
(V' ‘P)S = f@ V(Xll O)CP(XL O)B(Xz)dxl

L, (S)-ne ckansap Gonbin Tabbutaasl. (2.4) — 1€ KoHE ToMeHze V= grad.
(2.1) xone (2.2) TeHcizaikTepineH (2.3) mapThl OpbIHIANIFaH/1a MbIHA Oaranayiap
OHall aJIbIHAJbI:

)
(H—g) IVIZ, g < SITVIZ, o < [V @ICZ(bHOITVIZ, o,
wv € CO, (), (2.5)

mynnarst C2(b,Hy ) = 1+ b,Hy? + Hou b = ||B ”C(")[—Ho,o]'

(2.5) GaranaynaH Keuin wsFatbiHbl, (2.4) GUCHIBBIKTBIK opmacsl CO(0)
-ne [+, -] ckanapnbik keGeiiTinaini xone oran coiikec Hopmansl C0;(0)
THIB0EPT aIbIHAAFBI KCHICTIKKE aifHaIbIpa OTHIPHIT TYABIpaabl. OCk THIEOEPT
QNIBIHAAFEl KCHICTIKTI KOPCETINTeH HOpMa OOMBIHINA TONBIKTHIPA OTHIPHII,
TUIB0EPT KEHICTITiHEe KeleMi3, OHBI Wzl (©) apkbLIBI Oenrineimis, aln OHBIH
HOPMACBIH || ||, apKpLIBI Oenrineiimis.

Baranaynarbl ke3 kenren v(x) € Wi (0) GyHKUMSACH yIIiH MbIHA TEHCI3IK

i 0
KEJTIIT IIBIFa Il C( )[_HO’ 0]
IVlly < C (b, H)IIVW Il gy (2.62)
1
(5Y2H) IV lly0) < 8NP | o) < IVl (2:66)

CoHbIMEH KaTap, Wzl (©) —ze (2.1), (2.2) TeHCI3AIKTEPiHIH A€ AYPHICTBIFBI
monenaenei. Exmi W21 (®) —ne KapacThIPBUIFaH MICKTIK €CENTEPICH TYBIHIaFaH
Keii0ip orneparopnap/asl KapacTeipaiibik. Keseci ecenren 6acraiiMbiz:

a
Av — B(XR)V = =24, 0, V| =0, i +v|g =0, 2.7

MYHJaFbl Z € \7\721 (0).. Ochlran yKcac MHTErpajjiblK yKCACTBIKTHI
KaHaFaTTaHIBIPATEIHV € WZ1 (0) dyuxuusice peringe (2.7) ecenrin Wzl (©)—¥B
JKaJIBIIAHFaH MIENTIMIH aHBIKTANBIK

[v,v] = —(vy,, ZXl)Lz o VVE W3 (0).

I'mnbOepTTiK KEHICTIKTErT ChI3BIKTHIK (DYHKIIMOHAIIBI XKoHE TeHCI3MIKTI (2.6)
YCBIHY Typajibl Prucc TeopemachIH maiiianana oThIpbII, 9JeTTer ik
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[5]-Ti Wzl(e)) - JICH i3/1em i3JeiHl KaJIbUIaHFaH MICHIMHIH 0ap
EKEH/IIrHE J)KOHE 1apa eKeHIHe KO3 )KETKi3eMi3 xoHe B onepaTopbiH aHBIKTalMbI3:
W3 (0) -» Wi (0), v =Bu ecebi Gepinren Goucen. B omepartops! keieci
OUCBI3BIKTHIK (DOPMYJIAMEH aHBIKTAJIAIbL:

[v, Bu] = —(Vy,, 2y, )Lagq) YV, Z € W2(6), (2.8)

B omeparopblHBIH aHBIKTaMachlH €CKEpe OTBIPHII, KeJeci JIeMMaHbIH
JKYPBICTBIFBIH JKEHIN fanenieyre 0omapl.

Jlemma 2. W} (0) acep ererin xone e oH emec (B < 0) B omeparopsr
LICKTEYJIi 63 ©3iHe TyiiHaec Ooa anaapl. By omepaTtop HOPMACh YIIIiH Kejeci
Oarajay OpbIH/IBI

- 1
IBvlly < 87 Ivlly, e 1Bl < 5. (2.9)
CoHBIMEH KaTap, KeJeci ecemnTi KapacThIpaitbIK

Pt us = f(x)) € Ly(S).  (2.10)

a
App—Bx)w =0 BO,pr = 0’67
2

Xorapsina kepcerinren, (2.10) ecemnreri V/V\Zl(e) nremimMineH W € v/v\zl(e)

(GyHKIMS peTiHAe Kelecl Terne — TeHAIKTI KaHaraTTaHJbIpaThIH JKajIbliaMa
HICIIIM/II aHBIKTAMBIK;

[v, 1] = (v, D)5 Vv € W3 (6)

(2.1) xxoHe (2.6) OGaranmaynmapblH ecKepcek >kKoHe Jie Pucc TeopemachiHaH,
(2.10) ecebiinn xanmpliama memimi 6ap 6071/l JKIHE KENeCi OepaTop apKbUIbl
ambIKTanapl C: = Cf. C omeparopsl mekreydi L, (S)-nan Wz1 (0) acep ereni
JKOHE KeJeci OMCHI3BIKTHIK (popMyTaMeH aHBIKTANAIbI:

v,Cfl = (v,f)s ¥V vE W) VfE Ly(S). @.11)
3eprrey yuwiH Py — S 0OIbICHIHAAFbI @(6) -HeH (QYHKUIUsIapAbIH 131H
ay OIepaTopbiH KapacThIpaMbl3, sIFHH Kelieci OpMyJia apKbUIbl aHBIKTAIATBIH

oreparop OOJICHIH:

P,v =v(x,,0) VVE VV;(e).
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(2.1)‘ xoHe (2.6) TEHCI3MIKTepIHCH Ps oTepaTophl — W21 (6)-tan L,(S) -xa
9CCP €TCTIH MEKTEJII'CH On€paTop 60.]'[])11'[ Ta6I)IJ'IaTI)IHZ[I)IFI)I HIbIFaabl.

Enni C; = CP; onepaTopblH KaapcTeIpaiiblK. by omepaTop yirin kemeci
JIEMMa OPBIHJBIL.

Jlemma 3. C, onepatopsi — W,y (6) ocep eTeTiH mekTey.i o3 e3iHe Tyiiinzec,
Tepic emec (C; = 0) omepaTop. by onepatop yuriH keneci 6aranay OpbIH/IBL:

H
1C2vlly < (32) Ivlly, e Iy lly < Ho/8. (2.12)

By nemmensiH qanenaenyi (2.11) anbikramMacsinas sxone ae (2.1) men (2.6)
OarasaynapblHaH IIBIFAJIbI.

CoHbIMEH, 3epTTey YIIiH KeJeci onepaTopiap/abl KapacTelpy Haiaanasl
Oomagel. Av = CDX§ P,V onepaTopheIHEIH, MyHIAFbI Dle = v, aHBIKTAMACBIHAH
mipFaabl. byt orepaTop st 6acTankeina C% (0) »KubIHBIHIA, COCBIH W21 (0)—Tyren
TBIFBI3 JIeTl KapacTbipambi3. C OnepaTopbiHbIH aHBIKTAMACHIHAH KEJeCi TeHJIiK

OpBIHAJIAIBL:
[, Av] = (o, VXXI)S Y @,v € C2(0). (2.12)

A OTIEpaTOPBIHBIH TEPIC EMECTIriH eckepeek, (—A) /2 Tepic emec onepaTopbiH
KapacTeIpyFa ajcak 60mapl, 6yJ1 oneparop (—A) ONepaTopbIHBIH KBaapat TyOipi
perinae anbikTanaasl. D(A) xone D((_ A)Y 2) oTIepaTOpIIapBIHBIH aHBIKTATY
0O0JIBICHI Keleci OeifHemneymepre KO amaibl:

D(A) = {v € W1(0):Pyv € WZZ(S)},
D((-A)/2) = {v e W}(8): Py € WA(S)},

mynaa WX(S), k = 1,2 — cobenbik Hopmanapra coiikec kenetin C (S)
TYBIKTAJTybIHAH AJIBIHATBIH KeHicTiKTep [18].

TeopemaHblH oOpblHAanybl. (2.3) TeHAITiHAEri WapT XoHE
02(x,)CM[=H,, 0], B(x,) = C(O[—H,, 0]opblHaanams! Ien TyKbIPHIMIATABL.
ConsiMen kartap, (1.8)-meri f(x,,t) € C(l)][O,T; L,(S)],T > 0 Gouchin.
C@[0,T; L,(S)] Tuicti GomaTeiH x)oHe a—k v(x,t) € C2(8), k=10,1,2,
MyHza t € [0, T] Gonranna P(x, t) q)yHKuHﬂna%thLIHLIH K apKbliibl Oenrinen
anaiislK. Bynan 6acka, v(x, T) = v¢(x, T) = 0 GoucsIH.
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Anbikrama. V(X, t) € Kykes keren (yHKuusiaps! yIIiH Keleci HHTErpasibI
Terne-TeHikTI Kanarartanasipateid Z(X, T) € L, [O T; Wl(e)] GyHKUMACHIH S
€CETITIH QJICI3 MIENTiMi e aTaliMBbI3:

fOT[vtt, z]dt — %fOT[vxlxl,z]sdt + fOT[vxl, GZZXI]LZ(S)dt = [v(x,0),v; ()] —

[ve(x, 0),20(0] + , (v, Dsdt.

Eckepry 2. (3.1) nnrerpanas tenme-teriri (1.7) temmeyin v(x,t) € Ky
KoOeHUTKEHHEH OIT OHalf ecenTeliHe /Il )KoHe apbI Kapaii (1.8) mekapasIk mapTrap
MeH (1.9) —rb1 Zg = 0 Gacrankel mapTTap/Abl €CKepe OTHIPBIIT UHTErpaay
Gemixren nuTerpanaanansl. bapisik t € [0, T]ymin z(X, t) €D(A) dyHKumsIap
KubIHTBIFBI A[0, T; D(A)] apKpuibl OGenrineneni.

Amnpikrama. A[0, T; D(A)] tuicTi S ecebiniH anci3 memiMaepin S ecebinin
MBIKTHI IIETIiMIi IeTT aTaifMbI3. ByJT aHbIKTaMa YIIIiH KeJeci JeMMa OpBIH/IBL.

Jlemma 4. S eceGiHiH MBIKTHI memimMinin 6ap 6omyst A[0, T; D(A)] anbiaran
abcerpakTini qudppernnangsik Teraeynep ymin Komm ecedi memrimaepinin 6ap
0o TyBIHA SKBUBAJICHTTI OOMabI:

3.1)

62

Gl —Au + B[o?z] + F,z—o = Zg, Zt=g = Z;. (3.2)
Mymnnarsl F = Cf sxoHe A, B sxone C omnepatops! 2 Tapaya aHBIKTaIFaH.
Honenpey. z(x,t) € A[0,T; D(A)] S ece6iHiH MBIKTHI menTiMi GOJICHIH.

Conpa (3.1)— mi 6Genikren uaTerpanaan, A, B skone C onepaTopiiapblH KOJIaHFaH

COH KeJeci TeHICYAl aTaMbI3:

fOT [v, Zip — iAZ — B[o?z] — Cf] dt = [v¢(x,0),z(x,0) — z(x)] —
[V(X, 0)1 Zt(x' 0) —Z (X)]

Mynna 6apasik v € Ky, Bynan, Kp-ubin Ly[0,T; W (8)],C2(6) —
vV;(e) — 1a OapJIbIFBIH/IA THIFBI3 EKEHIITIH ecKepeek, (3.2) anambiz. ColikeciHie,
Kepici Jie OchlIail JIoNeNICHe Il

Komm mrenrimi (3.2) S eceOiHiH KYLITI MM 00IaThIHbBI TYPaIbl TYKbIPBIM.
(3.2) Ko ecedin KapactoipaiibiK. JKorapsiga cumartairad, A ornepaTopsl
aHbIKTaTy 06bIchl D(A) 60onaTein W (0)-1aFsl aKbIpChI3 03apa TYHiHIEC OH eMec
onepatop ekeHin ecke Tycipeifik. B[o? -] onepatopsl 62(x;) € C*[—H,, 0] sxone
(2.8) —neH 1bIFAaThIH TEHIKTEPIIH

[V B(0*)] = ~(vy,, 22D, ),_ o) = ~(0 (Vs 2,),_ )
= [B(o™v).7],
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acepinen, 2 temmara caiikec W (©) -1arbl akbIpIibl OH EMeC 03apa TYHiHIec
oneparop GonapL. A xane B(02z) onepaTopnapbIHbIH ATAIFAH KACUETTEPIH KOHE
Ma3MYHJAJIFaH aJbIHFaH HOTIKENIEP/i eCKepPCeK, OHIa KeJleci JIeMMaHBbl aJlaMbI3.

Jlemma 5. Aidfransk z(x) €D(A), z;(x) € D((-A)Y?) skome
f(x,,t) € CP[0, T; L,(S)], conna A[0,T; D(A)]-nars (3.2) Komu ecebinin
mremiMi 6ap Gomaxbl KoHe KauFbI3, coHmaii-ak 0z/dt € D((—A)V/2)vt e
[0, T] sxone (—A)Y/2 9z/ 0tC(@[0, T; W3 (©)].4 xone 5 nemmanapabH Herisinae
KYIITi IeNTiMHIH 6ap OOTybI MEH YKaJIFBI3IBIFBI TEOPEMACHIH ATaMBbI3.

Teopema 1. Erep 02(x,) € C™Y[—H,, 0] xome (2.3) mapThl OpbIHAANCa, OHIA
zo(x) € D(A), z,(x) € D((—A)/?) xome f(xy,t) € CV[0,T; L,(S)] S ecebinin
JKAIIFBI3 KYIITI metnrimi 6ap 6omabl.

Engi S ecebinig orci3 menriMiH TypFeI3yFa Kermeiik. Erep R apkeiis
aKbIPCHI3 ©3apa TYHiH/eC Tepic eMec, aHbIKTary 00bichl D(R) = D(A) 6onaTsiH
R= —%A — B[o? -] oneparopein Genrinecek, oHpa aKbIPCHI3 ©3apa TyHiHIEC
oreparopiap [6] GYHKIMACH TYCIHITIH KonmaHa oTeIpsI, (3.2) Komu ecebiH,
COHMali-aK S eceOiHiH KYIITI MemiMiH MBIHA TYp/Ie aryFa OoMaIb!:

sm(tRl/Z)

z(x,t) = cos(tRY?)[zo(x)] + T [z,(x)] +

inf(t—DR /
fyenle R L e x, vy, (3.3)

Op6ip t € [0, T] Gonranna cos(tRY/?) sxone R™/2sin(tR'/?) oneparopnapel
Wzl (©)-narm! [6]-HBIH aKBIPIILL OMIEPATOPIIAPhI OOJIFAHIBIKTAH, OHJIA OJIap W21 (©

1
— Oapublk KeHicririne e3aepinig D(R) u D (RE) aHBIKTAJIy OOJIBICTapbIHA JICHiH
keHentinyi mymxin. Conna Zg, z; € W3 (0) u f(x,t) € L,[0, T; L,(S)] Gonranma
(3.3) popmynacsr z(x,t) € L,[0, T; W2 (0)]pyHKUMACHIH aHBIKTA B,

Erep D(R) = D(A) xone D(RY2) = D((—A)Y?) 6apusik W (0)-na
THIFBI3 0OJIATBIHBIH ecKepcek, oHnaa (3.3) dbopmyaackiMeH aHBIKTAJFaH
¢bynkuus kes-xkenreH v(x,t) € Kp yurin (3.1) nHTerpajablk Tene-TeHIiriH
KaHaFaTTaH/IbIPATHIHBIHA OHAH KO3 KETKI3e allaMbI3, COHBIMEH KaTap oJ1 S eceOiHIH
oinci3 menrimin 6epeni. Ocbuiaiiina, akukar.

Teopema 2. Erep 02 (x,) € CW[—H,, 0] xone (2.3) mapThl OpbIHAANCA, OHIA
20(x), z1(x) € CD xome f(x1,t) € L,[0,T; L,(S)] Gonranma S ecebinin amci3
mienrimi 6ap 6omazsi [19].

Keitdip eckepTyiep. YUIHIII TyHKTTE Ma3MYHIAIFaH oJic S eceOiHiH
Keitbip MoandukanusuiapeiHa ce30e-co3 keunipinyi MymkiH. Keneci sxarnaiapt
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atan eTeilik. CyMBIKTBIKIICH TOJTBHIPBUIFAH @ OOJBICH, (€Ki eJsmeMi
BIJIBIC) IIEKTEJIreH HeMece )KapThljail MIeKTeJIreH, COHJlali-aK CoWKeciHIIe,
0 ={(x1,x;) ER*:a < x; <b,0>x,>—H(x;),H(a) = H(b) =0} Hemece
0 = {(x;,x,) ER*:a < x; < 4+00,0 > x, >—H(x;),H(a) =0} TYpae Gonysl
MyMKiH. COHBIMEH Koca, @ 00JIbICHI IIeKapachIHa Z|g,,; = 0 aFbll KeTHey mapThl
OeplireH, ©31HEH aKbIPIbl M; IMIKI OOJBICTApBIH LIETepy apKbUIbI jKacalFaH
kernOainanbICThl 00Jybl MYMKiH. JKoFapbina KaTThl TYOIH MOJENbACHTIH
G mekapachlHbIH KOMIIOHEHTAChl alKbiH X; = —H(x;) TeHaeyiMmeH Gepinei.
By 6omxam MaHBI3ABL eMec xoHe 011 G KUCBIFBI [T = {(xq,x,) € R?:1 —00 < x; <
+00,0 > x, > —H,} ®onarbiHa OOJICBIH J€TeH MIAPTIICH aybICTHIPBUICA OOJIIbI
[20].

JKorapeina xypriziiren renaeysepae (2.3) mapThIHbIH POt MaHbI3/1bl 00I1IbI,
on 02 (x,) QyHKUUS TepMUHIHIIE

-5
0 () = 502 () =~ (@.1)

2
TypiHe ue Gonasbl, MyHIarsl § — Kaujail 1a 6ip o can. 02(xy) = Ho(xz)

2
Beticsiib — Bpenr eseycis )KUUIITiH CHIATTalTHIHBIH €CKE TYCIpCeK, OHILau&E?i)
LIapPThl CTPATU(QHUKALNSUIAHFAH CYHBIKTBIK THIFBI3ABIFBIHBIH Tapasly CHIAThIHA
KelOip mekTey OOoJIaTHIHBIH KepeMmis, coHaai-ak, o (4.1) muddepennuanbk
TeHCI3AIriMeH Oepiyieli, )KOHE OHBI XKEHIN TypieHaipyre 6onanbl. OcCh
Typaenmipyai ¥y = c¢%(x) = 0 xone a® = (lH_—f) > 0 eHrizy apKbUIBI KYPTi3eHiK.
Conna (4.1) °

y:—y'z2-a* —Hy<x,<0, (4.2)
HEMECE
> y% (4.3)

60ael. (4.3) TEHCI3AIrH HHTETPAIIAy apPKbLIBI

a(x, + Hy) = arctyg {y(xz)} —arctg {w}, (4.4)

a a

aJlaMbI3.

)

a

X, >—H, =—Hy+ " 6onranna (4.4) TeHCI3IT Ke3-KenreH
¥(x2) GYHKITHSCHI YIIIH OPBIHAATFAHIBIKTAH, OH/ia (4.4) —TeH Y(X,) QYHKIUSICHI
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Oosrranza (4.1) mWapThIHBIH aKUKATTHIFBIH alKbIHJAY YIIIH KeJeci Oaraayibl
KaHaraTTaH/bIPYbl KaXKeT:

—H
Y(XZ) = GZ(Xz) < atg a(XZ + HO) + arctg ¥
2 -8 1/2
2= —HOZ(XZ) Kome a = D IIaManapblina opajicak, (2.3) IapThIHbIH
g (0) Ho

OPBIHIATYbIH KAMTAMAChI3 CTCTIH X, € [—Hg, —H;] Gonrannars: Beiicsub-bpent
JKUITITIHIH 6CY1H OCpPETiH TEHCI3IK aJlaMbI3, )KOFapbiaa 0ap 00Jybl JJCIICHICH
TeopeMaliap/IbIH JKETKUTIKTI IapThl OOJIATBIHBIH €CKE TYCIpeIi.

KopbITbIHABI

Byn xymbicTa cTpatuduKalusIaHFral uaean CYWBIKTBIKTAFbl 1IIKi
TOJIKBIH/IAP/IbIH CTALlIOHAP €MEC TApaTybIH CUTIATTAHTHIH MaTEMaTUKAJIBIK MOJICIb
3epTrenai. bactankel ruIpoAMHAMUKANBIK TEHJEYJIEp aFbIHIBIK (YHKINSHBI
CHIi3y apKbUIbI 0ip ckaisp Tenaeyre kenripiiin, C. JI. CoboseB TUIIH/IETI eKiHIII
perti quddepeHnmanapK TeHIeyre penayKuusuianasl. by Typriennipy ecentin
AQHAJMTHKAJIBIK KACUETTEPIH TepeHIpeK Tallgayra MyMKIHIIK Oepi.

Mogenb yuiH 60oc OeT meH KaTThl TYOTiH €peKHIeNiKTepiH eCKepeTiH
(bu3HKaIBIK Heri3JenreH 0acTalKbl KoHE LIeKapasblK MapTTap KOWBUIBIM,
OacTarKpl-1IeKapaliblK €CeNTIH KaTaH MaTeMaTHKAJIBIK KOMBUIBIMBI JKacabl.

3eprreyae ruib0epT KeHICTIKTepi TeopHschl, Pucc Teopemacsl koHe e3iHe-
31 TyHiHJec oneparopiap anmnaparbl KOJIaHbULAbl. ApHaiibl (pyHKIMOHAIIBIK
KECHICTIKTep €HTri3iiin, anpuopiblK Oarajayinap MEH KeMEKIIi jJeMMalap
nanesneH . Ocbl HOTHKENEp HETI31H e eCeNTIH AJICI3 )KOHEe KYIITI MIeIiMIepiHiH
0ap 0O0JTYbI MEH JKAJIFBI3/IBIFbI HETI3CIIII.

CoHbIMEH KaTap, IICHIIMHIH OPHBIKTBUIBIFBI MEH 0acTamnKbl JepeKTepre
TOYEJLALIIT 3epPTTEIil, MOJISIIb/IiH KOPPEKTUIIrH KAMTaMachl3 €TeTiH KETKIUIIKTI
maprrap anelHabl. CTparudukanus QyHKIUSIChHIHA KOWBUIFAH IIEKTeyJiep
apKbUIbl Belicsuis—bpeHT jKuiliriniyg KacueTTepi )koHe oJ1apiblH IIenimre acepi
AHBIKTAJI/IBI.

ATBIHFAH HOTHIKENep 1MIKI TOJKBIHAAPABIH Tapajly MeXaHU3MAEpiH
TYCIHIIpYTe jKOHE OCHIHAAN KYOBUIBICTAp/Ibl CUITATTAUTBIH TEOPHUSUIBIK HETi3/i
KEHEHTyre MYMKIHIIK Oepeai. ¥ ChIHBUIFAH 9/1iC YKCAC TUAPOJIMHAMHKAIIBIK
ecernTepre Je KajllblIaHybl MYMKiH.

JKYMBICTBIH MPaKTHKAJIBIK MaHbI3bl MYXUTOJIOTHS, aTMOC(hepaliblK (pusnka
YoHe reo(hu3uKa cananapblH/a, COHai-aK CTpaTu(UKALMIIAaHFaH OpTaiapIarsl
JMHAMMKAJIBIK ITPOLIECTEP/Ii MOJIEIIbICY/ 1€ KOJIIaHbLIA/Ib.
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TEOPUSA HECTAIIUOHAPHBIX BHYTPEHHUX BOJIH
B CTPATU®UIIAPOBAHHOM )KUJIKOCTHU

B oannoti pabome écecmoponne u 2ny60Ko paccmMampugaemcs
HECMAYUOHAPHAsL MeOPUsi GHYMPEHHUX 60IH 8 CMPAMu@UUUPOSaAHHOLL
udeanvrol dcuokocmu. B xode uccredosanus cucmema UCXOOHbIX
2UOPOOUHAMUYECKUX YPAGHEHUL 6 CAydae O08YMEPHO20 — OBUIICEHUS
ynpowjaemcsi nymém 66e0eHuUs. OYHKYuu moKa U C800UMCs K OOHOMY
ckanapuomy ypaeHenuro. Takoe npeo6pazosanue no38onsiem HA2ISAOHO
BbIAGUMb  CIPYKIMYPY 3A0aul, CYWeCmeeHHo obnesuaem eé anHanu3
u  0aém  GO3MOINCHOCML  IPHEKMUBHO NPUMEHSMb  COBPEMEHHbLE
Mamemamuyeckue Memoowl. Paccmampugsaemas mamemamuieckas
Modenb  pedyyupyemcs K OupepeHyuanbHomy YpagHeHUuo 6mopo2o
nopsioka muna C. JI. Cobonesa, 6 coomeemcmeauu ¢ uem (hopmyaupyemcs
CMpPo20 NOCMAGICHHAS. HAYATILHO-KPAE8as 3a0aud.

B pabome nodpobro u nocreoosamenvio 060cHo8aHa usuieckast
NOCMAHOBKA 3A0aul, 6CeCMOPOHHEe ONUCAHLL SPAHUUHbBIE YCLO8US HA
C80000HOU NOGEPXHOCMU HCUOKOCMU U HA MEEPOOM OHe. Kpome moeo,
OMOCNLHO AHANUBUPYEMCS. NPUPOOa CMpamupurkayuy u e€ enusHue Ha
PAcnpoCcmpanenue 60, Ymo no360Jsem 2yoice packpblms uzuieckull
CMbICTL MOOEIIU.

B pesynemame noxazano, umo npu GblNOJIHEHUU ONPeOelEHHbIX
VCOBUll  HA  HAQualbHble OaHHble U  (QYHKYUIO  cmpamugurayuu
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UNSTEADY THEORY OF INTERNAL WAVES
IN A STRATIFIED FLUID

This work provides a comprehensive and in-depth study of the non-
stationary theory of internal waves in a stratified ideal fluid. In the course
of the research, the system of governing hydrodynamic equations for
two-dimensional motion is simplified by introducing a stream function
and reduced to a single scalar equation. Such a transformation clarifies
the structure of the problem, significantly facilitates its analysis, and
enables the effective application of modern mathematical methods. The
considered mathematical model is reduced to a second-order differential
equation of Sobolev type, and accordingly, a well-posed initial-boundary
value problem is formulated.

The paper presents a thorough and systematic justification of
the physical formulation of the problem, with detailed descriptions
of the boundary conditions at the free surface of the fluid and at the
rigid bottom. In addition, the nature of stratification and its influence
on wave propagation are specifically analyzed, allowing for a deeper
understanding of the physical meaning of the model.

As a result, it is shown that under certain conditions imposed on
the initial data and the stratification function, the well-posedness of
the mathematical model of internal waves—namely, the existence,

uniqueness, and stability of the solution—is fully ensured. Furthermore,
possible generalizations of the obtained results are discussed, along
with their practical significance in hydrodynamics, oceanography, and
geophysics. The findings can serve as a theoretical foundation for future
scientific research.

Keywords: stratified fluid, internal waves, stream function, functional
analysis, dynamic pressure.
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INVESTIGATION OF THE PERFORMANCE OF A
PHOTOVOLTAIC SYSTEM USING A BOOST CONVERTER
IN ENVIRONMENTS WITH DYNAMIC SHADING

This article examines a photovoltaic system (solar panel) and the
effect of dynamic shading on power consumption. An electrical circuit has
been developed for connecting the components. The series and parallel
connections of a photovoltaic system are shown, and their characteristics
are studied. During the study, it was found that when the light side is
connected in series and shaded, the photovoltaic indicators decrease
exponentially. And when connected in parallel, the graph shows a linear
decrease with a stepwise character. The photovoltaic characteristics
under shading of the circuit section show that the parallel circuit at
66 % shading produces 2.13 mW, whereas the series circuit becomes
practically inoperable already at 17 % shading. The results show that by
combining cells into consecutive groups of 2 or 3 units, we can increase
the voltage to an acceptable level, and the parallel connection of these
groups ensures that when one segment is shaded, the rest of the station

retains 50-70 % of its power.

Keywords: photovoltaic system, power, serial connection, parallel

connection, combined switching circuit.
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Introduction

The initial stage in improving the energy efficiency of photovoltaic systems is
to identify the optimal internal connection architecture. The key stage in the study
of this issue is outlined in the works [1; 2; 3; 4], which examined the replacement
of switching circuits in photovoltaic installations and the search for improved
circuits. In addition, the use of an intelligent device to control solar panel power
output has increased the efficiency of solar energy production.

One of the interesting solutions in the review of scientific papers shows
the creation of a dynamic connection of solar panel photocells [6]. This solution
is currently original. Researchers in this field have obtained a wide range of
parameters for the electricity generated by a photovoltaic plant. For further
research and experiments, the researchers suggested creating a solar panel that
can dynamically switch its cells between parallel and serial connections. Such a
solution would represent a breakthrough in solar panel design. In addition, the
principle of dynamically changing connection type could be applied in other areas
of energy, electrical engineering, and related fields.

Despite the theoretical appeal of dynamic systems and intelligent
power-maximization models, their practical implementation poses significant
disadvantages for Kazakhstan’s real economy. Presumably, the dynamic
switching required in solar panel schemes necessitates a programmable controller.
Manufacturing a solar panel with an optimized cell topology eliminates the need
for controllers, thereby reducing maintenance costs for photovoltaic plants.

Research into improving the energy efficiency of photovoltaic installations
also raises questions about the materials used to manufacture components of
solar-powered plants. According to research, the main material used to produce
panel cells today is silicon. However, the researchers noticed that its efficiency
does not reach high efficiency indicators (maximum 15-20 %). The authors of
scientific papers devoted to the research of photovoltaic plant materials identify
perovskite. Its efficiency indicators for generating electrical energy are many
times higher than those of silicon (20-27 %). Compared to silicon, this material is
limited by its operating temperature characteristics. High temperatures destroy the
cell’s atomic structure, significantly reducing the perovskite cell’s performance.
However, a striking advantage of perovskite production is lighter technology.
Perovskite photovoltaic cells can be printed using industrial printers on both glass
and plastic substrates. This enables significant cost reduction in manufacturing
these cells compared with silicon-based photovoltaic cells. In addition, printing
technologies enable the creation of cells of any shape, expanding the range of
applications for perovskite materials. Currently, questions are being raised about
improving the atomic structure of perovskite.
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Another alternative material for silicon is BiSi, disilicide [7]. This material can
generate energy in shaded conditions, such as cloudy weather. Manufacturability is
better for producing photovoltaic cells from disilicide than from monocrystalline
silicon.

When using a silicon base, the fragility of photovoltaic cells is evident,
significantly limiting their operation. The use of amorphous silicon enables the
creation of flexible cells. This decision led to the idea of using photovoltaic
cells instead of windows on buildings and vehicles. Due to amorphous silicon’s
high transparency, such windows will not obstruct the view and can generate
electrical energy, giving the window opening a new and useful function. The use
of amorphous silicon as the primary material reduces the area of photovoltaic
panels, as observed with perovskites.

Despite the emergence of promising materials such as perovskites and BiSi,
(bismuth disilicide), their widespread use is limited by technological barriers.
This confirms the expediency of improving the efficiency of existing silicon (Si)
systems by optimizing their internal architecture.

Thus, today, in addition to monocrystalline silicon, photovoltaic plant
manufacturers’ markets offer new materials that not only increase electricity-
generation efficiency but also improve the manufacturability of photovoltaic
panels and their ergonomics.

One of the most common technological solutions for maximizing power
generation is the use of automatic positioning systems, or trackers [8; 9; 10]. The
main problem with photovoltaic plants is that solar cells lose efficiency as the
Sun moves across the sky. Thus, some elements remain shaded, which reduces
the amount of solar energy available. Researchers in solar panel automation have
developed a practical solution. Equipping the photovoltaic plant with a stepper
motor and sensors (trackers) that detect the Sun’s movement and turn the panels
towards it has significantly improved electricity production efficiency.

It should be noted that these solutions require additional maintenance when
operating installations equipped with this type of automation. Stepper motors
require careful handling, and consumers often cannot perform maintenance on
such a photovoltaic plant themselves. The complexity of maintenance is increased
by the availability of controllers and sensors, which require the consumer to have
qualified service personnel and appropriate qualifications themselves.

In addition, the presence of complex components in the photovoltaic
installation system imposes additional operational requirements, including
installation protection measures. The most dangerous aspects of using photovoltaic
installations are adverse weather conditions and natural disasters (such as rain and
hurricanes). Animals can also harm the stable operation of a photovoltaic plant.
Of course, these requirements also apply to other solutions to improve the energy
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efficiency of photovoltaic plants; however, adding additional nodes to the system
makes it less stable and requires additional measures to protect it.

A critical analysis of the work [11; 12] shows that the introduction of active
automation tools (stepper motors, light sensors, microprocessor controllers) carries
several significant destabilizing factors:

a) Operational complexity. Tracking systems require high-precision
configuration and regular maintenance. For agro-industrial and remote facilities in
the Republic of Kazakhstan and the Pavlodar region, this becomes a critical barrier,
since an ordinary consumer or a linear electrician often lacks the competence to
repair servos and debug controller software [12].

b) Reducing the overall reliability of the system. Adding mechanical
components to a photovoltaic installation makes it more vulnerable to external
factors. In the sharply continental climate of the Republic of Kazakhstan
(characterized by strong wind loads, dust storms, extreme temperatures, and
precipitation), the moving parts of the trackers are subject to accelerated wear
and mechanical failures [12].

¢) Economic burden: The increase in energy production is partially offset
by the cost of the own energy consumption of the automation system drives and
the increased cost of protective measures against weather disasters and the effects
of fauna.

According to the research, automating a solar station’s operations is best suited
to the power supply needs of industrial institutions with qualified maintenance
personnel. For an ordinary consumer without the necessary knowledge to maintain
such installations, this system will become a major problem.

In addition to controlling the distribution of electrical energy generated by
installations, solar panels can be controlled by artificial intelligence to account for
weather conditions. All these solutions can significantly increase the efficiency of
solar panels and enable them to operate independently.

Such panels are more productive than those without automation or artificial
intelligence controls.

Photovoltaic installations controlled by artificial intelligence can account for
the effects of climate and other factors to achieve greater productivity. Based on
this statement, the researchers have identified an advantage of such installations:
they can be placed far from populated areas, especially in areas with harsh climatic
conditions. However, such a solution requires maintenance. An ordinary consumer
will not be able to use such installations due to a lack of necessary maintenance
knowledge. In the event of an error in the operation of artificial intelligence, highly
qualified specialists will be required, necessitating investment in the maintenance
of photovoltaic installations operating under its control. The introduction of such
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installations, even in industrial enterprises, again requires the availability of highly
qualified specialists.

Based on this, Al-controlled solar panels perform well, but their maintenance
incurs additional costs.

One rational way to increase the use of solar energy is to introduce reflectors
between two adjacent rows of solar panels. Moreover, the photovoltaic panels were
deployed in pairs, and a sunlight reflector was placed between them. Thus, when
the Sun moves, its energy is reflected onto the solar panels, and, consequently,
the drop in power output would not be large if photovoltaic installations were not
equipped with these reflectors. In our opinion, this solution is very interesting for
farms and other locations far from populated areas. The great benefit of such a
solution for farms is that maintaining photovoltaic plants requires little knowledge
or expertise. In addition, the purchase of automation devices and tools to operate
such installations is not required, making this solution attractive to industry.

Design ideas are relatively economical compared to solar panel automation
solutions. But it is worth noting that solar panel automation helps you use the
generated energy more efficiently. In addition, automation tools and artificial
intelligence-enabled control enable coordination of power generated by
photovoltaic installations.

Summing up the analysis of modern achievements in the field of improving
the efficiency of photovoltaic systems, we can conclude that the choice of a specific
technological solution — whether it is the use of innovative materials (BiSi,,
perovskites), active automation or intelligent control systems — directly depends
on the operational context and consumer resources. Each of the considered areas
focuses on the rational use of solar energy, but each has its own critical limitations.

The review revealed that Al- and tracker-based systems, despite their high
performance, create a «threshold of complexity» that is often unacceptable
for decentralized facilities in the real economy. On the contrary, design ideas
(reflectors, concentrators) are reliable but lack sufficient adaptability to variable
cloud conditions and local shading.

Thus, the most promising and economically justified vector for the Pavlodar
region’s conditions is optimizing the internal topology of cell switching. The
development of effective connection schemes at the panel production stage will
achieve the following results:

a) For industry and agriculture: the creation of fault-tolerant power systems
that do not require the involvement of expensive specialists in microelectronics
and AL

b) For the private sector: simplify operation and increase the payback period
of installations by minimizing service costs.
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c) For the region as a whole: adaptation of photovoltaic plants to the specific
climatic factors of the northern region of Kazakhstan (dynamic shading, low
temperatures).

Thus, the results of the review confirm the relevance and scientific validity
of the chosen direction of the master’s thesis. Further research will aim to
empirically verify the effectiveness of various topologies and develop practical
recommendations for the design of next-generation solar panels.

Materials and methods

The purpose of this stage is to obtain empirical data on the behavior of two
types of experimental solar panel cell connections (serial and parallel) under
normal conditions and in the event of local interference. To ensure the reliability
of the results, the measurement procedure was strictly regulated and divided into
several consecutive steps.:

— A 100-watt incandescent lamp was used to simulate a light source. It was
fixed on a tripod of a room lamp. At the same time, it was possible to fix the light
source, eliminating unexpected jumps in the solar panel’s current and voltage.
Also, thanks to the static fixation of the incandescent lamp, it was possible to
set the light source at the optimal distance for the experiment, achieving full
illumination of each cell.

— To stabilize the voltage in the photovoltaic cells, a pause of 5 minutes was
maintained. This action is necessary when measuring voltage and current, as it
minimizes jumps in the measured values during the experiment.

The results were recorded and processed to identify patterns in the influence
of dynamic shading across different solar cell topologies.

As noted earlier, dynamic shading occurs when clouds block the sun, when
debris is present, or when shadows from structures are cast. In this experiment,
the step-by-step cell overlap method was used. An opaque screen was used as the
shading object, completely excluding light from entering the selected segment.

The measurement process for each assembled experimental model of a
photovoltaic plant included the following 4 iterations:

a) Shading of 0 cells (100 % efficiency): All 6 cells are exposed to direct
light. This condition corresponds to that of a clear day and is used as a reference
point for the efficiency of a solar station.;

b) Shading of 1 cell (83 % efficiency): There are 5 out of 6 cells under the
light. This mode simulates light, partly cloudy weather, or slight contamination
of the panel surface.;

¢) Shading of 3 cells (50 % efficiency): in this iteration, half of the cells are
in shadow. This situation is comparable to cloudy weather or to shadows from
buildings, trees, and power poles falling on the panel.;
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d) Shading of 4 cells (33% efficiency): most of the cells are in shadow. The
conditions simulate heavy clouds or operating conditions during sunset.

The chosen technique allows visual assessment of each topology’s fault
tolerance: how sharply power drops when one or more segments fail.

Results and discussion

The current (I, A) and voltage (U, V) parameters were recorded simultaneously.
To minimize random errors, each measurement was performed three times per
iteration, and the arithmetic mean was calculated. The total output power (P, W)
was calculated using the formula.

P=U"1I (1)

where, P is the electrical power, W;
U — voltage, V;
1 is the current strength, A.

Solar Ammeter/
Panels Voltmeter
Load
(Resistor)

Figure 1 — Experimental scheme of electrical structural E1

The measured current, voltage, and electrical power were entered
into the table.

The electrical structural circuit (E1) reflects the general organization of the
experimental solar panel and the interaction of the main functional units. According
to the chosen direct measurement method, the circuit includes three basic segments:

a) A group of 6 silicon cells represents an energy source (a block of
photovoltaic converters). In the block diagram, this unit is a generalized direct
current source.
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b) Measurement system: consists of a control and measuring device
(multimeter). Precision multimeters included in the circuit are used to monitor
current and voltage simultaneously.

¢) Consumer (Load unit): represented by a resistive element with a fixed
resistance, which allows you to simulate the actual operation of the system under
load.

To ensure the stability of the input parameters and minimize external
interference, the preparatory stage of the experiment included creating a controlled
lighting environment.

An incandescent lamp rated at 100 Watts was chosen as the artificial lighting
source for the experiment. The following factors justify the choice of this source:

a) Flow stability: the lamp provides a constant radiation intensity, which
eliminates errors associated with dynamic changes in natural insolation.

b) Spectral composition: the radiation of an incandescent lamp in the visible
and infrared ranges is sufficient to excite silicon solar cells and fix the difference
in different types of switching.

Based on the structural diagrams, the final list of components shown in Table
1 can be compiled.

Table 1 — List of components and their purpose

Component name Appointment
The solar panel Production of electrical energy from the
light stream
The resistor Load (consumer)
Multimeter Current and voltage measurements
Incandescent lamp Light source

Serial connection of solar cells. At this stage of the study, two basic electrical
circuits were developed and assembled. The purpose of their creation is to provide
a detailed visualization of current flow paths and potential distribution, depending
on the type of electrical switching chosen. Each circuit is a complete measurement
circuit designed to capture parameters during dynamic shading simulation.

In this configuration, six photovoltaic cells are connected in series: the positive
terminal of each cell is connected to the negative terminal of the next.

With this switching, the sum of the cells’ electromotive forces (EMFs) is
maintained. The following formula determines the total voltage in this case.

Uota=U1+Up++++Us. 2)
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Since the values of the current and voltage of each cell are the same, you
can use this formula.

Utota=6XUeits (3)

When measuring parameters with a multimeter, it is important to keep in
mind the following rules:

— When switching the multimeter to the ammeter mode, connect the measuring
device sequentially to break the circuit;

— When switching the multimeter to voltmeter mode, connect the measuring
device in parallel with the load resistor.

Using the components listed in Table 1, the following schematic diagram
can be drawn up (Fig. 2):

-1 [ -1 [F] -1 [
58 024 58 024 58 024 CA)
1 [] ][] ][]

4,2 Ot

Figure 2 — Electrical schematic diagram of serial switching of solar cells

During the experiment, this scheme is expected to eliminate the circuit’s
critical dependence on a single element. When even a single cell is shaded, the
system’s internal resistance increases sharply, resulting in a significant drop in
output power.

One important step in assembling electrical circuits for solar power plants is
determining the consumer’s nominal resistance.

The required resistance value (Ohms) can be determined from Ohm’s law

Utotal

- Icells ’ (4)
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where R is the resistance of the resistor, Ohms;
U, 1s the total voltage of the solar cells, V;

I .. —the current strength of the cell, A.

cells

Using formulas 2 and 3, we calculate the total voltage of solar cells in a
sequential topology.

Utotar = 6 X Uceys Q)

We substitute the resulting value into formula 4 to find the resistor’s
desired resistance.

R= = 150 Ohm

The resulting resistance of 150 ohms is standard, and this resistor can be
purchased without issue. For further calculations, we accept this value.

Parallel connection of solar cells. With this type of connection, six
photovoltaic cells are connected in parallel: the positive contacts of all solar cells
are connected to a common positive bus, and the negative contacts to a common
negative bus.

In a parallel circuit, the voltage remains constant, but the current strength of
all branches is summed according to formula 6

liotat = 6 X Iceus (6)

where It — total current strength of solar cells, A;
I, — cell current strength, A.
This requires a different approach to choosing the resistance so that the
multimeter can detect small changes in current.
Let’s substitute the nominal values for the solar cells and find the total

system current.

Lot =6 - 02 =12A )

Let’s calculate the required resistor value for a parallel connection using
formula 3.

5B
R = 1,2_A = 4-,167 OM (8)

207



Topatievipos ynusepcumeminiy Xabapuwicot, ISSN 2959-068X.
Dusuka, Mamemamura HaHe KOMNbIOMeEPIIK 2blabimoap cepusicol. Ne 2, 2026

The resulting resistance value is rounded to the standard resistor value of
4.2 Ohms.

5B, 024

<] [=]

58, 024

[#] [=]

58 024

1 [-]

58 024

] [=]

58 024

<] |-]

58 024

2] [~

R150 Om
| -

)
O

Figure 3 — Electrical schematic diagram of parallel switching of solar cells

In accordance with the early experimental methodology described, two solar
panel models have been assembled, each corresponding to a different switching
configuration (serial or parallel). Figure 4 shows an experimental model of a
photovoltaic plant.
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Figure 4 — Experimental model of a photovoltaic plant
During the experiment, data on the output voltage and current were
obtained for two types of cell switching under different insolation scenarios. The

measurement results and calculated power values are filled in Table 2.

Table 2 — Comparative table of empirical values of photovoltaic plants

Serial connection Parallel connection
dcells I, mA U, mV | P, mWt cells I, mA U mV | P, mWt
0 7.89 1060 8.3634 0 87.5 438 38.325
1 0.05 90 0.0045 1 74.4 375 27.9
3 0.02 40 0.0008 3 38.7 225 8.7075
4 0.01 20 0.0002 4 18.7 114 2.1318

Based on thFrom the data in Table 2, a graph was constructed showing the
dependence of the output electrical power (P, mW) on the number of shaded
cells (N, ,..)- Visualization of the data obtained (Fig. 5) reveals a fundamental
difference in power degradation between the two types of cell connections studied.
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Figure 5 — Graph of the dependence of power on the number of shaded cells

According to Figure 5:

Line number 1. The nature of the serial connection curve (Exponential drop).
The graph of the sequential circuit shows a sharp, almost vertical drop in power
as early as the first shading iteration.

Thus, as soon as one cell (N, , =1) is in the shade, its internal resistance
increases to critical values. Since the current in the serial circuit is the same for all
elements, the shaded cell begins to work as a «plugy, or barrier, limiting the flow
of charge carriers from the other five illuminated cells. As a result of this process,
the system’s electrical power drops to nearly zero (0.0045 mW), rendering such
a panel absolutely inefficient under partial shading conditions without the use of
expensive bypass diodes or optimizers.

Line number 2. The nature of the parallel connection curve (Linear
degradation). The curve of the parallel circuit is gently stepwise. The power drop
here is predictable and proportional to the shading area.

In parallel switching, each cell (or group of cells) is an independent current
source. Shading one element turns off only its branch, while the other five cells
continue to generate energy and supply it to the common bus at a stable (albeit
slightly decreasing due to load) voltage. Even when 50 % of the area (3 cells) is
shaded, the parallel station remains operational, producing 8.7 MW, which exceeds
the serial circuit’s power output in full-light mode.

Analysis of the obtained graph shows that the parallel connection in this
experiment was more effective than the sequential connection at all stages. Special
attention should be paid to the fact that the parallel circuit at 66 % shading (N
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=) still outputs 2.13 MW, while the serial circuit becomes practically inoperable
already at 17 % shading.

To illustrate the result and quantify the stability of each topology to dynamic
shading conditions, we introduce the power conservation factor (ncons), which
is defined as the ratio of the current shading power to the reference power at full
illumination N 0)

sh.eells

PTl
Ncons = P_o’ )

where 1 — power conservation factor;
P_— electrical power when shading n cells;

P, — electrical power at full illumination of all cells (N 0).

sh.eells

Using formula 2.5, Table 3 was compiled with the calculated values of the
power conservation coefficient.

Table 3 — Comparative analysis of the electric power drop of experimental models
of photovoltaic plants

Serial connection Parallel connection
N\h cell Neons_ o N h_cell Neons_ o
0 100 0 100
1 0.054 1 72.8
3 0.009 3 22.7
4 0.002 4 5.5

Thus, in a sequential circuit, even with only 17 % of the active area (1 cell)
lost, the power conservation coefficient drops to almost zero (0.054 %). This
confirms that in this topology, the shaded element acts as a dielectric, almost
completely blocking the generation of the entire panel.

The parallel circuit, in turn, demonstrates significantly higher performance.
With the loss of the same area (1 cell), the system retains 72.8 % of its efficiency.
Even with critical shading of half the area (50 %), the parallel station retains
almost a quarter of its energy potential (22.7 %), whereas the serial circuit loses
all functionality.

These calculations justify the use of parallel or combined structures in
regions with a high probability of dynamic shading. This minimizes the risk of a
complete shutdown of generation without active tracking systems or expensive
power electronics.

Prospects for the application of combined topology. Based on the experimental
measurements, the results showed increased fault tolerance for parallel switching.
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However, when choosing a specific connection type (parallel or serial), do not
forget the operational features of each topology.

In general, the following advantages can be distinguished for a serial
connection type:

— The high voltage of the entire circuit of this connection allows the
transmission of electricity over long distances and minimizes energy loss.

— Due to the high voltage and low amperage, smaller cross-section wires
can be used, which saves on the design and assembly of solar stations (especially
large ones);

— Today, most inverters require a high input voltage to start efficiently (from
150 V and above).

In turn, serial switching has the following operational problems:

— As it was revealed in the experiment, this type of connection does not
tolerate cell shading, and the station instantly loses its performance.

— The shaded cell starts working as a resistance, which can lead to overheating
and malfunction.

The following advantages are valid for parallel cell topology:

— During the experiment, it was found that this type of switching is sufficiently
fault-tolerant to dynamic shading of cells, and the power produced under these
conditions can be predicted using the following formula

P

N¢otai—Nsh.cells
~ P, X (—
pred. ~ 10

Ntotal

(10)

where P o™ predicted electrical power when shading n cells;

P, — electrical power at full illumination of all cells (Nsh.cells=0);
N, — total number of cells;
N, . — number of shaded cells.

— Since this type of solar cell connection has a low voltage, it becomes safe
for operation and maintenance.

— Like positive cell switching, parallel has its disadvantages.

— The summation of the current strength of all cells increases the total current
strength of the system, which requires the presence of wires with a larger cross-
section. This aspect increases the cost of the entire solar plant.

— Due to the low voltage, expensive DC-DC boost converters need to be
integrated into the solar station circuit.

Thus, we face an engineering contradiction: a series circuit is economical in
materials but extremely unstable, whereas a parallel circuit is reliable but expensive
to implement due to the need for thick copper cores and converters.
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The solution to this contradiction is combined switching. By combining cells
into consecutive groups of 2 or 3 units, we increase the voltage to an acceptable
level (which allows the use of standard wires), and the parallel connection of these
groups ensures that when one segment is shaded, the rest of the station retains up
to 50-70 % of its power.

The choice of the combined circuit configuration is an optimization task in
which the variables are the expected shading pattern and the required threshold
load voltage.

The experiment showed that splitting the system into more parallel branches
increases the resistance to point shadows. However, reducing the number of
consecutive elements in a row is constrained by the system’s minimum operating
voltage. For example, in our experimental 6-cell model, the «2x3» configuration
is a balanced solution, since it provides sufficient voltage to charge the batteries
while retaining 50 % of generation and covering half of the station area with a
single large shadow patch.

Figure 6 shows a schematic electrical diagram of a combined topology,
developed as a promising option for organizing connections for the solar power
plants under study.

5V, 0.2A 5V, 0.2A
e HUE
5V, 0.2A 5V, 0.2A
el b
5V, 0.2A 5V, 0.2A
Al bl
R
| R |
| I |

Figure 6 — Electrical schematic diagram of the combined
connection of cells of a photovoltaic plant
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Conclusion

During the study, comprehensive analyses and experimental tests were
conducted to evaluate and confirm the effects of photovoltaic cell switching
methods on the overall energy efficiency and fault tolerance of solar power plants
under dynamic shading conditions.

Based on the results obtained, the following conclusions are formulated:

a) An analysis of the problems of the operation of photovoltaic power plants
has been carried out. During the theoretical analysis, it was found that one of the
main problems in the operation of solar power plants is the dynamic shading of
cells. Theoretically, it has been shown that cell switching plays a key role in the
system’s reliability during local interference.

b) Experimental stands have been developed and implemented. For practical
research, a model comprising 6 silicon solar cells and a solar radiation simulator
powered by a 100-watt incandescent lamp was created. This enabled stable
luminous flux and high measurement repeatability, which are critical for confirming
engineering hypotheses.

¢) The critical vulnerability of a serial circuit has been experimentally proven.
During the measurements, it was found that with serial switching, shading of
only 17 % of the area (1 cell) results in almost complete generation stoppage
(2 99.9 % drop in power). This confirms the bottleneck effect, in which a single
shaded element blocks current throughout the circuit.

d) The advantage of parallel switching in terms of fault tolerance is justified.
In contrast to the serial circuit, parallel switching has demonstrated a linear
power drop. When shading one cell, the system retained 72.8 % of its efficiency,
demonstrating its suitability for operation under variable cloud conditions and
spot pollution.

¢) The implementation of a combined topology is proposed. Based on
the synthesis of the advantages of both schemes, a combined (series-parallel)
connection has been developed. It has been shown that the «2x3» configuration
is optimal for small photovoltaic plants, as it meets the inverter’s required voltage
threshold while maintaining high system survivability.

The practical significance of this thesis lies in the possibility of applying the
data obtained in the design and modernization of photovoltaic plants in regions
with unstable solar illumination. When using formula 10, it is possible to develop
solar stations tailored to specific conditions, based on the required power and
operating conditions of the product being designed.

As noted in this paper, the main criterion for optimizing the topologies of solar
cells in photovoltaic plants was the maintenance and repair of these power plants.
The availability of high-tech nodes, such as programmable logic controllers and
intelligent devices for controlling the distribution of the plant’s electric energy,

214

Becmuux Topatievipos yrusepcumema, ISSN 2959-068X.
Cepus: Qu3suka, Mamemamura u KomnvromepHoie Hayku. Ne 2, 2026

requires highly qualified personnel. Given the remote locations of potential
consumers (farms, industrial facilities), the master’s thesis focused on optimizing
while maintaining and increasing the productivity of photovoltaic plants.

The proposed recommendations for the transition to combined circuits
make it possible to increase energy production and reduce operating costs
without significantly increasing the cost of equipment, since the changes relate
to changing the wiring diagram of solar cells without introducing programmable
logic controllers or any other devices aimed at increasing the performance of
photovoltaic plants to maintain the reliability and maintainability of solar panels.

The development of a special combined circuit for switching solar cells at the
design stage for the specific operating conditions of a photovoltaic plant (mainly
weather conditions and illumination of the place of operation) allows us to produce
optimized stations that meet the stated parameters, as well as save consumer funds
that would be necessary for servicing high-tech nodes.
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TYPIEHAIPTIIITI KOJIAAHY APKBIJIBI ®OTOJJEKTPJIIK
’KYWUEHIH )K¥MbICBHIH 3EPTTEY

byn maxana pomosnexmpanix Jytieni nemece Kyn namenin, Conoau-ax
OUHAMUKATLIK, KOTeHKeaeyOll Kyam mymulHy npoyecite scepin sepmmeyee
bazvimmanzan. XKymvicma komnoneHmmepoi Kocy yulin 31eKmp cXemacol
orcacanzan.  DOMOINCKMPAIK  JHCYUCHIY — CEPUSIBIK  JICOHE  NAPALIENb
OQUNAHBICHL KOPCEMINZeH JICOHEe OHbIY CUNAMMAMALAPLL 3ePIMMEN2eH.
3epmmey 6apwvicvinoa JKapulk scazbin mizoexmetl KOCy HcoHe KOJeHKeey
Ke3iHoe  (PomOoeKmpiK — Kepcemkiumep IKCHOHEHYUALObl  mypoe
MOMeHOeUmiHI aHbIKManobl. An napaiiens dcanreanzan xKezoe epagux
CHIZLIKMBIY CHI3LIKMbIK A3AI0bIH JICOHE CAMbLIbL CUNAMBIH KOPCemeoi.
Tizbex yuackeciHiy KoJeHKeCIHOe2l HOmodeKmpiiK CUnammamaiap
napanens mizoexmiy 66 % konenkede exenin kepcemedi Kyam 2,13
MBm gypaiiowl, an mizoexmi mizoex 17 % xenenkede ic Hcy3iHOe HCYMbIC
icmemenoi. Homuowcenep ysauwlkmapowt 2 Hemece 3 Oipllik KamapwblHaH
monmapea 6Ipikmipy apkvlivl 0i3 KepHeyli Kolauivl OeHeeliee OelliH
KemepemiHimizoi  kepcemedi dicone Oy1  monmapoviy Oip-Oipimen
napanienb Kocoliyvl Oip ceemenm KoOJeHKeNeHeeH Ke30e CMAaHYUsHbIY
Kanean 6onici 03 Kyamoinvly 50—70 % Oeilin cakmayvln Kammamacol3
emeo.

Kinmmi co30ep: pomoarexkmpauix dcyiie, Kyam, cepusiivik 6aiIanbic,
napaniens 0aIanbLC, apanac KOMMYmMAayus cXemacsi.
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HNCCIIEJOBAHHUE MPOU3BOJUTEJIBHOCTHU

®OTOIIEKTPUUECKON CUCTEMBI C UCITIOJIb30BAHUEM

IHOBBIHNTAIOIIET'O TIPEOBPA3OBATEJIA B YCJIOBUSAX
JAUHAMHNYECKOTI'O 3ATEHEHUSA

Jlannas cmamost HaNPasIeHa HA UCCICO0B8AHUE POMOIICKMPUUECKOU
cucmembl UU CONHEUHOU NAHEAU, d MAKHCE GAUAHUSL OUHAMULECKO2O
3ameHeHUss 6 Npoyecc NOJYHeHus: nompeoOasiemMou MowHocmu. B
pabome  paspabomana  dMeKmMpudeckas — cxema  Oisi  COCOUHEHUS
Komnonenmos. Ilokazano nocieooeamenvHoe U NAPaLICIbHOE COCOUHCHUE
domosniekmpuueckoi cucmemsvl u usydeHvl e2o xapaxmepucmuxu. Ilpu
UCCICO08AHUU OOHAPYHCEHO, YMO NPU NOCICO08AMETbHOM COCOUHCHUU
U 3aMeHeHUU C8emoGol CMOPOHbL (YOomosjeKmpuieckue noKazamenu
VMEHbULAIOMCsL 8 IKCHOHEHYUAIbHOM Nopsioke. A npu napauieibHom
COeOUHEHUU 2PAPDUK NOKAZbLEAEC IUHEHOe YMEHbUEHUE U CIYNEHYAMbIl
xapaxmep nunuu. PomosjekmpuyecKue XapaKmepucmuxku npu 3ameHeHu
VHACMKAYENUNOKA3bI8Aom, Ymo napaieiivhas cxemanpu 66 % zamenenust
mowgHocms pasua 2,13 mBm, 6 mo epemsi Kax nociedosamenbHdsl
cxema CmaHo8UMCs. NPAKMUYeCcKU Hepabomocnocobrou yoce npu 17 %
samenenus. Tlomyuennvle pe3yiomamol NOKA3bLIBAIOM, 4MO 00bEOUHsIS
UK 8 NOCTIE008amMelbHble 2PYNNbL RO 2 Uil 3 eOUHULbL, Mbl NOSbIULAEM
HanpsidiceHue 00 NPUeMIeMo20 YPOS8Hs, d NAPALIEIbHOe COCOUHCHUE
SMUX 2pynn medcoy coboll eapanmupyem, Ymo npu 3ameHeHUU 00H020
ceeMenma OCmaibHas yacme cmanyuu coxpanum 0o 50-70 % ceoet
MOWHOCIU.

Kurouesvie cnosa: ¢pomosexmpuueckoi cucmemvl, MOWHOCHb,
nocaedo08amenbHoe coeounenue, napaiienbHoe coeourenue,
KOMOUHUPOBAHHASL CXeMA KOMMYMAYUL.
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OPICTEP TEOPUSICbIHbIH
JIATPAHXbIK ®OPMAJIN3MIHE
KOBAPUAHTTbI- FTEOMETPUATIbIK KO3KAPAC
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Drexmpoounamuxadaevl epicmik npoyecmepoi apHatiivl
CANBICMbIPMATBIILIK,  MEOPUSHBIY, — NOCIYIAMMAPLIH,  AHATUMUKAIbIK,
MEXAHUKAMBIY — GAPUAYUSAILIK  NPUHYUNMEPIH  JICOHe  PeNsMUBUCIIK
MEeOPUsIHbIY, — MALANMAPbIL  eCKepemin  1aepandic — Qopmaruzmi
MypevbiClHOa CUnammay moceneci OupepeHyuanobl 2eomempus MeH
aneebpanvlk monono2us (Kabammanizan Keyicmix) cexindi 3amanayu
MAMEeMAMUKAielK — annapam  apkvlivl  Kepcemindi.  Opicmepoin
PENAMUBUCIIK MEOPUACHIHOAbL IACPAHICUAH2A KOULLIAMbIH MALANMap,
y3inicciz  JCyleHiy  IHEPeUS—UMNYIIbC  MEH30Pbl,  DJIeKMPOMASHUMMIK
opicke  KOUbLIAMbIH — KOBAPUAHMMbBIK — wapmmap  (Keskapacmap),
NCKMPOMASHUMMIK OPICIIY UMNYIbCIMIK OCUHECT HCOHe KON UMNYIbCIMIK
dopmanuzm  Kazuoaniapvl Qu3UKaA—MeXHUKAIbIK MAHbl30a2bl  APHAUb
Modenvoep uenbepinde Kapacmuipwliovl. Jlaepanscuannviy Munkosckuil
MeH  azanvlk  Kenicmixmepoeei — OpPHeKMepIHIH — KOGAPUAHMMBIK
yaciiepi  Jedcanop mop@uzmi  Heei3iHOe  Wbl2apblibi  KOPCeminoi.
Ocviiapmen bepee, opicmep meopusiCbiHblY KOSAPUAHMMbBIK, OPHEKMepT
KOHQueypayusiielx keyicmixmeei HAne—Munbcmiy n1aepamicuansl MeH
Dunep—Jlazpansic menOeynepin nanoalany apkulivl aibiHObl. bapivlk
ecenmeyiep Ouh@epenyuanobix 2eomempusi MeH aneeOpablk monoio2us.
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mananmapeina cail  JHcypeizindi. Opicmik QyHKyusiapea apHaiaw
Ko32a/1blc meHOeyiepi 8apuayusiivlk npUHYUNmMepoi KOIOAHAMbIH Y3i1icCi3
JrcytienepOiy MamemMamuKaiblK, annapamsl O0UbIHUA Kapacmblpbliobl.
JIu aneebpacvinoly KypolibiMObIK MYPAKMbICbl MeH MONMAap apacbiHoazvl
0azucmix  KypoLiblMOap apKblibl — KOHQUSYPAYUSIbIK KeHICmiciHOe2l
Hne—Munncmiy epKin 1a2paHicuanbiHbiibly 6pHe2i bIKuamobl mypee
Keamipinoi. Jlexcanopuvik MOphuUzMMeEH KayblMOACKAH NA2PAHICUAHHBIH
JHCOHE ASPAHIHCOBIK, (POPMATUIMOE] KON UMNYIbCIIK 2AMUTLINOHUAHHBLY
OPHEKMePI KOBapuaHmmulK, yizioe acasvliovl. Opicmix Qynkyusiapea
apHanean  Ko3z2auvlc  menoeyviepl  6apuayusiiblK  NPUHYUnmepoi
KOJOAHAmMbIH y3INicci3 dcylenepOiy MamemMamukaiblk annapamol MeH
Dutrep—Jlazpansicowiy aneebpanvi meyoeyi He2iziHoe Kapacmulpuliobl.

Kinmmi cozoep: Jazpamic Gopmanuzmi,
NEKMPOMASHUMMIK epic, JLAPAHICUAH, Kabammanzau
KeHicmik,  9JeKmpoOUHamukda,  ouggepenyuanoviy  2eomempusi,

epicmik QyHKYusL.

Kipicne

OpicTiH TeOpHUsChIHAA MAaTEPHUSUIBIK HYKTEJIEPJiH Y3ijicci3 xyiiecine
apHaJiFaH KJIACCUKaJBIK MEXaHUKaJarbl MaTeMaTHKaJbIK armapaTka yKcac
anmapat Kosigansutansl. Hakrel aiftkanaa, Jlarpamkabik Gpopmanusme apHaiibl
CaJBICTBIPMAJIBUIBIK TEOPUSHBIH MOCTYJIATTapblH €CKepill JKOHE OchuIapra
AQHAJMTUKAIBIK MEXaHUKa/aFbl BaAPHALMSUIBIK ITPUHIMIITED MEH PESITUBUCTIK
TEOpUsl TalalTapbIH KOCHII 4—eJIeMal KeHICTIK—yaKbITTaFbl JMHAMHUKAIBIK
aliHpIManbuIap aHbIKTana el Ochuiaiiina IEKTPOMAarHUTTIK OpicKe, CKaJsp
YKOHE CIIMHOPIIBI OOIIIeKTepre apHaFaH KO3FalbIc TeHJIeYIIepi maiia Oomaibl.
DNEeKTPOMArHUTTIK Opic MeH 3apsjTajfaH OeJIIEeKTepiH acepiecyliepine
apHaJIFaH TeHAEYJIep KaluOpJeylll MHBApUAHTTBUIBIK MPUHIUITEPIHE COUKEC
LIBIFAPBUIBI alibiHABl. By Tenaeynepain menriMaepin ['pun QyHKImsIaps
Tocil OOWBIHINA aHBIKTAI, aybITKYJIAp TEOPUSICHI MEH OPICTIK (QYHKIMSIIapIbIH
KacHeTTEepiH MalJajgaHblll HAKTHUIBI AJIEKTPOJIMHAMHKAIBIK MPOLECTEePIiH
BIKTUMAJIBIIBIKTAPhl MEH aMILTUTYJalapblH 13/1eyTe K01 ambliast [1].

DneMeHTap OeMIIeKTep/aiH Oerit 6ip TOObIHA COMKEC KEIETIH KIIACCUKAIBIK
epicTep KEHICTIKTI—yaKbITThl KOOpJUHATAIApFa KaTBICThI TPaHCHOPMAIHSIBIK
KacuerTepre ue 00NaThiH y3UIicCi3 TONKBIHABIK (QyHKIMsUIAp KeHinae Oepinei.
Opictik QyHKIMAIapFa apHaJIFaH KO3FaJbIC TCHJICYJIEPIH jKacayra apHajiFaH
bIHFalIbl Oip opmanusMuepain 6ipi, opi Oipereiii peTiHae BapHalMsUIIBIK
MPUHLMITEPre HETi3eNreH y3iiicci3 xyhenepaiH MaTeMaTHKaJbIK anmnapar
KOJIAaHbLIaAbl. BapuanusiiplK NPpUHIMOTEDP XYHeciHae FaHa JlarpaH)
(dbopmanu3Mi apKbUIBI 2JIeMEHTap OOJMIEKTepIiH KBAaHTThIMEXaHUKAJIBIK KOHE
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TpaHC(HOPMALUSIBIK PEISITUBUCTIK KaCHETTEPIH eCKepyre MyMKIiHIIK Oap.
Jlarpamx dopmann3mi Ke3KapachlHJIaFbl epicTep TEOPHUICHIHAA (PU3UKAIBIK
JKYHEIEeri KeKeIereH OOJIICKTEPIiH KOOpAMHATAIaphl KCHICTIK MEH yaKbIT
Oo¥bIHIIIA TapaaThIH ©PICIIeH aJIMaCThIPbUIA/IbI, OChUIAMIIA KEHICTIK IIEH YaKbIT
apachbIH/aFbl CHMMETPHSIHBIH CaKTalybl OMJIaCThIPBUIFaH. AJI, TaMUJIBTOHIBIK
(dopmanuzmae 4—emmeM/i KeHICTIK—yaKbIT 3 eJIIeMIl KeHICTIK IeH YaKbITKa
JKIKTEJIN KEeTe/li KOHE KAHOHUKAJBIK aifHbIMATIbUIAPIIBIH POJIIH OpOip YaKbIT
Me3eTiHAer epicTik pyHKIMsIap aTkaparsiH 0onaapl. Ockl KacHeTTepine Kapan
raMWIbTOH (POPMaIM3MiH OpiCTEpiH KBAHTTHIK TEOPUSICHIHA, JQJIIpeK alTKaHaa
KajauOpJeyIi epicTeplii KBaHTTayla KojaanraH THiMzipek. KenripiareH ocel
Karjaiiap raMuIbTOH (OPMajU3MIiHIH JIarpamwXIbIK (GopManu3M cexinmi
KIJIACCHKAJIBIK OPICTEeP/Ii CUIATTAIl Oepe aIMalThIH/IBIFBIH aliFakTaimbl [2].

¥ CHIHBUIBII OTHIPFaH MaKaJlaHbIH HEr'i3ri MaKCaThl— 3JIEKTPOAMHAMUKAIAF bl
epicTik Maceenep/Ii JIarpaHX *KoHe TaMHIBTOHABIK (POPMaTU3MIEPIIH o3rele
0ip HycKajapblHa HeTi3JeNreH (U3UKAIBIK J)KOHE TEXHHMKAJIBbIK MaHBI3bI 0ap
MOJIENIbJIEP MEH OCBIHJAFbl TU(PepeHINaIIbIK TeOMETPHs MEH aireOpajbIK
ToroJorus (KadarrajraH KeHICTIK) CeKUIl 3aMaHayd MaTeMaTHKaJIBIK arnapar
KOMeTiMeH Lienryre OoIaThIHABIFBIH KOPCETY.

Marepuannap MeH ajiictepi. 3eprrey MaTepuaiiapbiaa Jlarpamk GpyHKIHsCHI,
TBHIFBI3JBIK JarpaHKUaHbl, ©PIC MEeH OHBIH OIpiHIII PEeTTI TyBIHJBLIAPBIHA,
KOOp/IMHATaJIapFa Toyelal 0osaThiH cKasip GyHKuusHbL, JIopeHn TypiaeHaipyin
xKaTkpi3yra Oonanel. OcbulapMeH Oipre, JlarpaHKHaHHAH KEHICTIK—YyaKbITThIH
4—enmemai kesieMi OOIBIHINIA aJIbIHFAH MHTETpaj TYpiHJE aHBIKTAIaThIH
(yHKLIMOHAI, CKaJsIp, CIIUHOPIBI HEMECe BEKTOPJIBIK OpicTep jKoHe y3ijicci3
TYpJCHIIPY TONTaphl (TpaHCISILUsIIap, OyphLTyIap, KATHOpIIeyIi TypiIeHAIpyIep)
Je (GopMalM3MHIH TaOMFaThl MEH KOJJAAHBUTY asiChIH alllaThlH MaTepuaiap
KaTapbIH TOJIBIKTHIPA ajla ibl. AJl, BApUALUSUIBIK TOCLI, KATMOpIIeyi popMaism,
Hetrep Teopemacs oHe aybITKyJIap TEOPHSICHIHBIH TACLIIEpl MaTeMaTHKAIIBIK
KYpBUIBIM HEMEce ammapar peTiHJie 3epTTey 9JICTepPiHIH KYHeCiH Kypaiiibl.
Bynapnan Gacka, ecenreynep Ke3iHAE TEH30PJIBIK jKOHE MATPHLAIBIK €CelrTey
amaJJlapbIHBIH JIEMEHTTEPI J€ KOJIaHbUIAThIH 00JIa/IbI.

Hotm:kenep koHe TATKbLIAY

4 enmiemM/i KeHICTIK—yaKbIT HYKTEJIepIHeT1 y3UIicci3 )KYHeHIH QyHKIMsIIapbiH
n(x) men anaitbik. Ochl epicTik GyHKUUATAp MEH ONapAblH 4 emuemii
TYBIH/IBIIAPBIHA TAYEJII1 OOJIATIH Y31ITICCi3 XKYHEHIH J1arpaH)KuaHbl PEJIITHBUCTIK
TEOPUSIHBIH NPUHIMUITEPI MEH KBAHTTHIK MEXaHUKaJaH IIbIFAThIH TOMEH/IE
KEJITIPIJIETIH TaJlanTap/bl KaHAFaTTaH (bIPYbI KaXKeT.

bipinmriieH, narpamxuaH pesiTUBHCTI MHBAPHAHTTHI IIamMa OOJIyBI THIC,
colikec epicTik ¢pyHkuusuap JlopeH TypiaeHaipyiepine GarbIHBIITHI.
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Exinmrinen, 6apiblk (U3MKaJIbIK OJIIICHETIH [IaMaliap JiarpaHXuaH apKblUIbl
OpHEKTeIeTiH OOJFaH bIKTaH, JIarpaH)KUaH HAKThI I1amMa O0JTybl KaXKeT.

Y1uiHmriieH, JarpaHkuaH TeK eKiHII PeTTEH aclaiThIH TYbIHAbUIApFa FaHa
Toyelai OoITybI THIC.

Ocbl TayanTap/isl eCKepe KeJie pessiTHBUCTIK Ko3KapacTarsl Jlarpamk—Jiinep
TeHJEYyJIepiH 4 eJIIeM 1l KeHICTIK—yaKbITTaFbl €H a3 9Cep MPUHIUIIHEH IIBIFapbII
ayra 6onazpl [3]:

e ) a
: 8(6#77a (x)) on, (x)

=0,

L:L(?]a (x).0,7, (x),x)

Koopaunatanapser (x‘, y') Typaeri 7:Y — X kabatrapra OeJiHyre colkec
KEJICTIH JIarPaHK/IbIK THIFBI3IBIK (O1pIHINI PETTI IarparKkuan) L =L (xﬁ VL ) ,
MYHJafbl o=dx' Andx" JlarpanxxuaHHbIH J'Y KOHQUTYypamUsIBIK
KeHicTikTeri Kabarrapra Geminyi L:J'Y — AT X . Enni, L narpamxkuan ymix
exinmm petTi auddepeHnnangsr onepatopasl (Ditnep—Jlarpamk omepaTopbiH)
KazamsbI3 [4]: ¢ - JZY_Y,”;\ T*Y , aJl OCBIHIA¥ OipiHIII PETTi OIepaTopIbIH OpPHETI

MBIHAa# GoaIbL:
52=[ai—(al+y;6i+y;ﬂ)6fJL*dy"/\w (1)

Ocsl kenTipinren Kabarrapra OeiiHy KarmOanapbl OOMBIHIIA JIaTpaHk
(opmManu3MiHzeTi HETi3Ti IereH YII TeHJICY Al epeKIle aTar KepceTire 0omasl:

— KaliTa KabarTanyra apHairaH anreOpaislk Ditnep—Jlarpamk Tenaeyi:
JUY > J'Y;

J'Y — X — anramkel kabaTTanyra apHanFan Gipinuti perti Ditnep-Jlarpamk
TEHACYI: ;

—KxabaTTap apachbIH/IaFbl ©3TepiCKe apHaIFaH eKiHIIi peTTi Dinep—Jlarpamxk
Teaeyi: ¥ - X .

J'Y - X kabarTanyra r,=r, (xv,y»f,yj) Typaeri 0aiJIaHBICTBUIBIKTHI
OpPBIHJIAMBIK:

T=dx" (0, +y,0,+T,0!) )

Ouait 6osca, (1) Typaeri OipiHmii peTTi oneparopra OaiIaHBICTBUIBIKTHIH

acepi ¢,I" = 0 6omazpl, an Ditnep—JlarpamkabH anreOpabiK TCHICY1
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o,L' —(0,+y,0,+T,0/ )8/ L =0

HAT 0

Bapieik kabaTTapasiH OeMiKTepiHIeri s HHTErpalabslK KuMma 0osica, onia (2)
TYPAETi ailTaHBICTBUTBIKTHIH (1 )—1ITi omepaTopaarsl sIpOCH KaparaifbiM @pHEKIICH
AHBIKTANATHIH GONambl: &,J's =0, Oyman Ditmep—Jlarpamkasie GipiHmi perTi
mudepeHInaNIBIK TeHACYIEPiH OHAl MIBIFAPBIT alyFa 6omasl [5; 6]:

o,L' (0, +5}0,+0,5,04)0/L =0

Kanubpreyim ke3kapac (U3MKaJIbIK ©picTepAl T€OMETPHSIIBIK TEOpHs
TYPFBICBIH/IA CUIIATTAY YILIH KOJaHbu1aibl. DU3MKANBIK ©picTep ¥ — X Typleri
KabaTTany apKbLIbl KApaCcThIPBLIA/IbI /13, 6a1‘?1J1naH1>10TI)mLIKTap MEH KOBapUAHTTHI
tybiaabiap (V) enrizineni ne L:J'Y - AT XJarpamxuaHbl KYpblIaabl.
Kabarapaarpl iniki KypbUIBIMIBIK TONTapAbH G CHMMETPHSICHI YIIiH Helri3ri P
KabarTa: 7, : P — X opeiHnanaasl. Kanubpaeyim norennuaniapist C= P x
0ailJIaHBICTBIIBIKTAP aPKbUIbI YCHIHAMBI3: G

A7 = (k) o 4)(x) 3)

Cxa C=C x“,k:l") KOOpJUHATAJNIApbl CoKec KoWbLIambl. A, J'C
KOOpAuHaTallapbl (x“,kﬂ,k;;) 00JaTBIH KAJIMOpPICYIll MOTSHIIUAI AP IbIH
KOHQUTrypanusuIblK KeHICTITiH Kypaiiabl. OHBIH XikTesnyl (bIAbIpaybl)

J'C=C, ®C_ myHuarel

m

C7=C><T’X®E
G

c-rxef
G

abpbunnik kabarraxymap [7; 8]. Kexripiaren xiktemyliepaiy
KOppAuHaTaIapbl MbIHaAAM:

wo_Vw m o mpn 1
k= E(km. + K+ Kk, )+

> (kg — Ky, —clik k)

A

MYHJIaFbI cfﬂrﬂn anreOpachIHBIH KYPBUIBIMABIK TYPaKTHICHI, Oy kepae &,
T00bI G TOOBIHA KATHICTHI 0A3KC KYPAUTBIHIBIFBI €CKePLII. J'C KOHPUTYPALIHSIIBIK

KeHicTirinaeri SIHr—MumIICTiH epKiH JarpaHKuaHbI

_ b

Lo = 4g?

G, ¢"g" FuF:, g (4)
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MyHnarsl

m __.m m mynyl

F/l,u - k,uﬂ - kﬂ,y - Cnlk/l k,u (5)

Enpi, 2IeKTpOMarHuTTiK epicti X * kem OCHHENKTe KapacThIpaiibik. by

KesJie ki G TONTHIK CAMMETPHSACHI peTinie U (1) ToObI HeTi3ri KabaTraiy peiin

aTKapaThlH OONajpl, SFHU 7, : P —> X * [9]. Tyitingec kKaGaTTHUIBIK /P = X* x R.

AdduHIiK n30MOpTHIK OalnaHbICTap apKbUIbI %Ka3cak: C =~ 7° x*. (5) OolibiHIIa
IJIEKTPOMATHUTTIK OPICTIH KEPHEYIIIrH aHbIKTal anambl3:

F

HA

=F

1
' A=0,4,-0,4,
Merpukacsi 7, = diag (1;-1;-1;~1) GoscaTbiH MUHKOBCKHI KeHICTIri yIuiH
(X*=M?*) (4)—TeH epKiH DIEKTPOMATHUTTIK OPICTIH JArPAHKUAHBIH [ILIFAPHIIT
Iy KUBIH eMec:

1,
L=———n"n""F,F, o
l67c nen el (6)

DazabIK KeHICTIKTe JIeKaHIPITBIK KaOaTTHUTBIK (X 4 ks p ) KOOpAMHATATIAPHI
ApKbUIbI OPBIHIAA b

4
H:(/\T*X®TX®TX)§C 7)

Jlesxxauapbik MOp(HU3MMEH KaybIM/IACThIPIIFAH JIarpaHKUAHHBIH OPHET1H
(6) meH (7) apKBUTBI aHBIKTAIT aJTaMbBI3:

OpUHE, JIArPaHKIBIK (HOPMATU3MICTI KO UMITYJILCTIK TaMUIbTOHUAHHBIH
Jla aJaThlH OPHBI €peKIIe CKCHIITIH XOFapbhljga aTal OTTIK, OHBIH
0,r,+0,r" =0,4,+0,4, TamunbTon Teneyine coiikec KeeTin KabaTTanFan
KEHICTIKTIK T€OMETPHUACBIHIAAFB OPHETiH MBIHA TYpJeE KazyFa OoJaisl:
H = p"“dk, nw, - p"S 0.

Enniri skepze, KapacTHIPBUIBI JKaTKaH y3imiccis (Y3AIKCi3) Kyhemi3miH
SHEPTUS—UMITYJIBC TEH30PBIHBIH KACHETTEPiHE TOKTAIIBII OTY/11 )KOH CaHAIT OTBIPMbI3
[10]. 4—enmemai kenicrikreri f (x#) CKaJLIPIIBl (DYHKIHST KOOPIUHATATapABIH
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MapJBIMCBhI3 d,, LIaMaFa bIFbICYbIHA KATBHICThI HHBAPHAHTTI CKCHAIIIH eCKepi
OHBIH S f = f’(x,',)— f (x/'l ) —MIIIHJIK )KoHEe

5= f"(x,)~ f(x,) — apryMeHTTiH BIFEICYbIHA COlikec KENETiH BapHALMATAD
OOMBIHIIA TYPICHYIH JKa3yFa OoJa bl

5f(x,)=r(x)-f(x,)=6f+6=0 (8)
CombIMeH Gipre, ckaApibl GyHKIHS yiIin
5=f(x,+a,)-f(x,)~(5,/)da, )
Teniri opsiHzanai. (8) Ger (9)-nan:
5/ (x,)==(8,1)a, (10)

. . o ro_ . .
Y3nikcis xyiie JIar PaHiKHAHBIHBIH X, = X, +a, TypieHaipyiHe KaTbICTbl
WHBAapHAHTTBIIBIFBIH MBIHA/Ial TEHJIK TYpiHe KepceTe amaMbi3 [11]:

(' (x),0,1'(x') = L(n(x),0,1(x))

(10)—na f(x) (QYHKIUSICBIHBIH OpHBIHA L—7i KOWBII, SL BapuaIUsSHbI
ecernrTenmis:

oL ,(4n) an

Aunatina

oL aL
9’7_5“{3(6,/7(@)1

OonranapikTaH, (11)-nen Temenzeri

— aL —
SL=0, {6(6#77()0)577()({1

opHeriH, ai (10)-HaH MbIHa/Ial KaTBIHACTHI AAMBbI3:
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oL

-0, [W(QU()‘))5GV1=(@L)% (12)

Byn epuekrepne on(x)=—(8,7)a, Tenuiri eckepinmi, sruu 7(x)—Ti (a,)
BEKTOPbIHA aYBICTHIPFAH KE3/IE OJ1 ©3rePiCCi3 KaNaThIHABIFbIH KOJIAaHAbIK [12].
OcpiraH O6almaHbICTHL, (12)-neH:

oL
6},[6(6#77)(6”)5#}1% =0 (13)

Erep, (a, ) —1iH KypayLibLIapbl €3apa Tayesncis 0oinca, onja (13)-ren:

0.1, =0 (14)

uuv

byn TeHgeyzneri sHeprus—MMmyinbc TEH30pHl (7, ) MbIHalal
KaTBhIHACIICH aHBIKTAJIA/IbI:

OL
T, = on)-o,L
uv a(a”n)( ;77) uv (15)

Amn, (14) Terney T, TEH30pFa apHayFaH Y3iicci3mik TeHAeyi JeT aTanaibl.
ATanraH TEH30p/IbIH KYpaylIbUIapbl apKbLIbI Y3/IKCI3 )KYHEHIH SHEPTHUACHl MEH
UMITyJIbCiH aHBIKTal anamel3. T,, KypayllbIHbI Ka3albIK:

oL

Y3nikcis skyite ymin 7(x) — xanmnpuiamMa koopauHaTanap, an z(x) =
’KaJITIbLIaMa HMITYJTC THIFBI3JIBIFBI 60ICa, OHNA E = 7 (x)(8,77) — L IaMachl xcyalieﬁﬂql)(
SHEPIHsl THIFBI3/BIFBI 00JIBIN Ta0bLIabL. AL, erep 77 (X ) — KeI Kypayubuibl GyHKLHs
6oica, onya (15)-TeH MBIHAY IIBIFA IBL:

oL
T,=) ——(0 -0, L
w=2 6(8/1,7”)( 1) =B (16)

Tept enmremzi P, = L I T, ﬂd‘? X BEKTOP €HI'13/1iK, OHbIH
C
P=—E==[[2(x)(07)~L(x) '

KypayIIsiapel KYHEHIH 4 oJImeMal UMITyITbCi OOJBIT TabblIca, ajd OHBIH
Y emreMai Geiri
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P=-| [ﬁ(x)én(x)}ﬂx

(16)—ra colikec, >JIEKTPOMArHUTTIK OPICTIH SHEPTUS—UMITYJIbC TEH30PbIH
MbIHA TYp/Je Xka3yFa 6omans [13]:

oL

T =W(9v4p)‘5ﬁ

up

1 .
By epHEKKEL = _Z(F )2 JNarpaHKuaHbl Koicak, oH1a

MV

Tl“’ = Fp/t (611Ap)_5#vL (17)
Byn TeH3op cuMMeTpHUsIIBIK emec, cebebi epicTep TeopHusChiHA Coiikec,
BEKTOPJIBIK 6pic MUKPOOOIIEKTIH KYHiH aHBIKTan Oepyi THiC. AJl, BEKTOPIBIK
OpICTIH CNHMHJIK KACUETTEPiH KapacThIpFaH Ke3/Ie CUMMETPHUSIIBIK dHEPTHUs—
HUMITYJIBC TEH30PbI KOJAaHbIIaAbl. OChl alTBUIFAH TY)KbIPbIMJaManap MeH
JKoFapbiia kenripinred (14) mapTka coifkec MbIHagail TEH30p EHTI3yTe Typa
L - .
Kenem: 7, =T, +0, /. MYHJAFbI [ /.10'] M HKOHE 0 MHICKCTEPIHE KaTBICTBI
AHTUCUMMETPUSIIBI ereHal Oinmiperin Oenri. On ma (14)-ke colikec kenei:
’ o v v
0,4y =0, +0,05 /1, Omaii Gonca: 8,7, =0,7,, =0. f,,, TEH30DBI MbIHA i1

OOJICBIH: [0}, = Fo4,. Byn xarnaiina
’ metr 1 2
T =T = FpuFy 45, (Fp0) (18)

Byt TeHzop meTpukansik (metr) aen atainca, (17)—1i TeH30p KaHOHHUKAITBIK
6ousbin Tadbanbl. (18)—aeH 3JIEKTPOMArHUTTIK OPICTIH YHEPTHUSACHIHBIH

. 2 —2 ..
TBIFBI3JIBIFBI @ = Tﬂ”‘f" = f(E +H ))KQHe 0J1 OH IIamMa (a) # O), aJ1 OpICTIH SHEPTUACHI
MEH MMITYJIbCIHIH OpHEKTEpI COMKeCiHIIIe

1 ef—2 —
W:Ja)d3x:ff(E2+H2 x
2
= [[Ef s
KopbITbIHABI
Kammbprneyim ke3kapac TYPFBICBIHAAFBI (PU3HUKAIIBIK ©PiCTEPIi TEOMETPHSIIBIK
TeOpHsl apKBUIBI CHMATTAy (PU3MKANBIK epicTepAiH KabaTtTamysl OOHBIHIIA

KYpPTizingi. OpicTepliH peIsTHBUCTIK TEOPHUSCHIHIAFHI JIarpaHKUaHHBIH
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KacHeTTepiHe XKoHEe AJIEKTPOMArHUTTIK ©piCKe KOWBIIATHIH KOBAPHUAHTTHIK
mapTTapra CyleHe OTBIPBIN Y31icci3 JKYHEeHIH SHepPTrUs—IMITYJIbC TEH30PbIH,
9JIEKTPOMATHUTTIK OPICTIH UMITYJIBCTIK OCHHECIH, KO UMITYJIBCTIK (hopMann3m
KaruganapbeliH (pU3NKa—TEXHUKAJIBIK MaHBI3Bl Oap Mojaesblep IeHOepinme
KapacThIPHII OTTIK. JIarpamkuanHbIH MUHKOBCKHH MeH (ha3ajiblK KeHICTIKTepeTi
OPHEKTEPiHIH KOBAPHAHTTHIK YIITLIEP JISKaHAP MOPPU3Mi HETi31HE MIBIFAPBIIHIT
aneiaapl. OchlmapMeH Oepre, epicTep TEOPHSCHIHBIH KOBAPUAHTTHIK OpHEKTEpi
KOH(UTYpanusAIBIK KeHICTIKTeTi SIHr—MuUIbCTiH TarpamKuaHel MeH Oiiep—
Jlarpamx TeHIeyJepiH MaiaiaHy apKbUIbl aJdblHABL. bapiblk ecenTeynep
muddepeHIHaNIBIK TEOMETPUS MEH alreOpaliblK TOTOJOTHS TalanTapblHa cai
KYpri3inmi. OpicTik pyHKIMAIapFa apHAIFaH KO3FAIBIC TCHACYIepi BApHALIUSITBIK,
MPUHITUNTEP/I KOJTAHATHIH Y31TiCCi3 KYHelepaiH MaTeMaTHKAJIBIK ammapaThl
OOMBIHIIA KapPaCTHIPBLI/IHL.
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KOBAPUAHTHO-TEOMETPHUYECKHUM MMOJIXO0/1 K
JATPAHXKKEBOMY ®OMAJIN3MY TEOPUU ITOJIA

Ilpobrema onucanus noeevlX NPOYecco8 6 ICKMPOOUHAMUKE
6 ¢opmanusme Jlaepamdica, KOmMoOpwlil yuumvléaem  NOCHYIAMbL
CHeYuanbHol Mmeopuy OMHOCUMENbHOCIU, GAPUAYUOHHBIE NPUHYUNDL
AHATUMUYECKON — MEeXAHUKU U mpebo8anusi  pelsmuUCHCKOlL
meopuu, 0OblIA  NPOOEMOHCMPUPOBAHA C NOMOWBIO  COBPEMEHHO2O
Mamemamuyecko2o — annapamada, —mMakux —Kaxk — ouggepenyuanvras
2eomempust u aneebpauieckas monoio2us (PaccioeHHoe nPOCMPaHCmeo).
Tpebosanus Kk 1a2pandIcuany 6 peismusucmcKol meopuu noJeil, meH3op
SHEPSUU—UMNYIbCA  HENPEPBIGHOU CUCMEMbL, KOBAPUAHMHbBIE YCIOBUSL
(nOOX00bL) K 3NEKMPOMACHUMHOMY NOJII0, UMNYIbCHOE NPEOCmAasicHuUe
SNEKMPOMACHUMHO20 — NOJA U APUHYUNLL  MHOSOUMNYIbCHO2O
Gopmanusma  paccmMampuganiuch 6 PAamMKax CREYUaibHblX MOOeell
usuKo—mexHuuecko2o  xapaxmepa. Kosapuanmuvie  gopmuol
BLIPAICEHUTL TASPAHNCUARA 6 npocmpaHcmee MUuHKo8CKo2o u 6 ¢az060il
npocmpancmee  Obliu @bleedeHbl HA 0CHOo8e Mmoppusma Jlescanopa.
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Hapsady ¢ smum, KoGapuaHmmuvle 6bpadCeHus meopuu nojei Ovliu
NONYHEHbL ¢ UCRONb308AHUeM Jacpandicuana Hnea—Munvca u ypagHeHuil
Dinepa—Jlazpandica 6 koupueypayuonHom npocmpancmee. Bee pacuemoi
nPOBOOUNUCH 8 COOMBEMCMBUU C MPeOOSAHUAMU OUPDepeHyuaIbHOU
ceomempuu U aieebpaudeckolu Monoiocuu. Ypasuenus O8udlCenus
0151 NOJeGbIX (PYHKYULL pPACCMAMPUBAIUcs NO  MamemMamuyecKomy
annapamy — Henpepwi6HbIX — CUCTEM, UCHONb3VIOWUX — B8APUAYUOHHbIE
npuHyunsl. Buipadicenue c60600H020 nazpandicuana Anea—Munica é e2o
KOHPUSYPAYUOHHOM NPOCMPAHCMEE depe3 CMPYKMYPHYIO KOHCHAHMY
aneeopul Jlu u 6azucHvle cmpyKmypol Mexcoy epynnamu 0o nPpUeeoeHo
K KOMRAKMHOMY 6udy. Bvlpajicenus naepanicuana, accoyuuposanno2o
C MOPPUIMOM JEHCAHOPA U MHOSOUMRYILCHO20 2AMUTBIOHUAHA 8
Jazpandicesom popmanuzme OblIU 3aNUCAHBL 8 KOBAPUAHMHOM 6Ude.
Ypasuenus 0suoicenust Ons nosesvlx YyHKyul paccmampusaiucs Ha 0CHO8e
MaAMeMamuyecKko2o annapama HenpepbleHbIX CUCHEM C UCNOTb308AHUEM
BAPUAYUOHHBIX NPUHYUNOG U  aleebpauyeckoeo ypashenus iliepa—
Jlaepanorca.

Kniouesvie cnosa: gopmanusm Jlacpansica, 21eKkmpomazHumHoe
noje, JASPaHICUAH, PACCIOCHHOE NPOCMPAHCMGEO, IeKMPOOUHAMUKA,
ougppepenyuanvras ceomempusi, noeéas PyHKYusL.
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COVARIANT - GEOMETRIC APPROACH
TO THE LAGRANGIAN FORMALISM OF FIELD THEORY

The problem of describing field processes in electrodynamics within
the Lagrangian formalism, which takes into account the postulates of
special relativity, the variational principles of analytical mechanics, and
the requirements of relativistic theory, was demonstrated using modern
mathematical apparatus such as differential geometry and algebraic
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topology (fiber bundle space). The requirements for the Lagrangian in FTAMP 29.19.17
relativistic field theory, the energy—momentum tensor of a continuous DOI
system, covariant conditions (approaches) to the electromagnetic field,
the momentum representation of the electromagnetic field, and the *C. Onaxail', K. XX. BekmbIp3a?, C. Cbip/ibl6eKKbI3bE,
principles of the multiphase (polymomentum) formalism were considered A. U. KoliwuHa*, E. MaHzanueea®
within the framework of specific physical and technical models. Covariant 12]1, H. ['ymuieB aTbiHgarsl Eypasust YITTbIK yHUBEPCHTET,
Jforms of the Lagrangian expressions in Minkowski space and in phase Kazakcran Pecry6umkacsl, AcTana K. ;
space were derived based on the Legendre morphism. Along with this, 343111, EceHoB aTbiHarbl Kacruii TEXHOJIOTHS )KOHE HHKUHUPUHT YHUBEPCUTET],
covariant expressions of field theory were obtained using the Yang—Mills Kasakcran Pecry6imkachl, AKTay K.
Lagrangian and the Euler—Lagrange equations in configuration space. IORCID: https://orcid.ore/0000-0001-6789-4844
All calculations were carried out in accordance with the requirements of 20RCID: https://orcid.org/0000-0001-8902-8736
differential geometry and algebraic topology. The equations of motion 30RCID: https://orcid.ore/0000-0002-0260-0611
for field functions were considered using the mathematical apparatus of 4ORCID: https://orcid.org/0000-0001-5537-9474
continuous systems employing variational principles. The expression of SORCID: https://orcid.org/0000-0002-2392-4180
the free Yang—Mills Lagrangian in its configuration space through the Lie *e-mail: serikzhan.opakhai07@gmail.com
algebra structure constant and the basis structures between the groups was
reduced to a compact form. The expressions of the Lagrangian associated MIIATUHA KATAJIU3ATOPJIAPbI HE3IHOE
with the Legendre morphism and the multi-momentum Hamiltonian in the MEMBPAHAJbIK-3/IEKTPOATbIK B/IOKTbIH
Lagrangian formalism were written in a covariant form. The equations CUMNATTAMAJIAPbIH 3EPTTEY

of motion for the field functions were considered using the mathematical
apparatus of continuous systems and the variational principles and the
algebraic Euler—Lagrange equation.

Keywords:  Lagrangian  formalism,  electromagnetic  field,
Lagrangian, fiber bundle space, electrodynamics, differential geometry,
field function.

byn owcymvicma «Cymexkmi omvlH npoyeccopvly 3epmXaHAIbIK,
KOHOBIP2bICHl  He2l3iHOe2l IKCNEPUMEHMMIK CmeHOme CymeKmi OmblH
INeMEHMIHIY MEMOPAHATBIK-IJEKMPOOMBIK OJ102bIHbIH JIEKMPOXUMUSLIBIK,
CUNAMMAamManapbit IKCHEPUMEHMMIK 3epmmey HOmudicenepl YColHbLI2AH.
3epmmey nvicanvt peminde npomonomxizeiut Nafion membpanacel dcome
eazoouppyzusnviy Kabamor 6ap Paxitech (®panyus) pupmacoinoiy
bec  xabammoer  S5-5Lsg  mMeMOpaHANLIK-91eKMPOOmMblK,  07102bl
KONIOAHbLI0bL. JKYyMblCma KOMIPMEKni macelMandaebliuma OpHAIACKaH
Pt-Ru/C, Pt-Mo/C, Pt-Ni/C oicone Pt-Sn/C 6b6umemanovix niamuna
Kamanuzamopaapuliely skcytienepi zepmmendi. Tonsapuzayusnvly sucome
Kyam Ccunammamanapvl OJueHin, IeKMmpOXUMUSIbIK UMNEOAHCNbIK,
cnekmpockonus — odicmepiver  manoay  ocypeizindi.  Homuowcenep
3epmmeneeH  MeMOPAHAIbIK-2JeKmpoOmblK,  OJ0K  yulih  60c  Jicypic
kepueyi 0.97 B, an maxcumanowr Kyam moiebizoviest 1.0 A -cmll? mox
muievizoviebinoa 0.78 Bm -cmll? Gorameinvin kopcemmi. Ey acoeapol
ANEKMPOXUMUANLIK, — KopcemKiwmep Pt-Ni/C  kamanuzamopel  yuiin
oauxanovl. Temnepamypanvr 60-80°C  Oetlin  komepy MaKcumanobvl
Kyam  molebl30bl2blHbly  wamamen 12—15 % ocyine  oxeremini
anvikmanovl. Anvihean nomuoicenrep PEM  munmi cymexmi ombin
SleMEeHmmMepIiHiy — MmMuiMOoiniein — apmmuoipyoa OumMemanovly —NiAMuHA
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Kamanuzamopiapoli KoJNOanyObl muimoi exenin kopcemeoi. CoHvlMeH
Kamap, uMneoOaHcmolk CHeKmpiepOi manioday HomuiceciHoe xicytiedeei
OMOBIK  JICOHe — NOJAPUBAYUALLIK, — Kedepeliepliy — memnepamypazd
maoyenodiniei  aublKmaniovl, OY1  ICKMPOXUMUSILIK — NPOYecmepoin
KUHEMUKACHIH MepeHIipex mycinyee MYMKIHOIK 6epedi. Bbumemanovix
Kamanu3amopaapobly — CUHEPeMUKANbIK —9cepi  omme2ini  Kainvind
Ketmipy peaxkyusiCblHbly JHCbLIOAMObIZbIH APMMbIPLIN, HCATNbL HCYUEHIH
SHEPeeMUKAILIK, MUIMOLLIZIH HCO2apbliamamulHbl Kopceminoi. 3epmmey
HOMudCenepi OMbIH 2IeMEHMMEPIHIH HCYMbIC MYPAKMbLIbIZbIH APIMMbIDY,
Kamanu3amop KypamvlH O4MaiiaHobIpy HCOHe MOMEH MeMNepamypaibl
peodicumoe dco2apvl MUIMOLIIKKe KO JHCemKi3y 0asblmblHOA MAaHbl30bl
SHLILIMU  JICOHE NPAKMUKATILIK He2l3 Kanblnmacmulpaovl. ¥ colnvlizaH
mocinoep — NOpmMamuemi — JHcoHe — CIMAYUOHAPTLIK — IHEPLeMUKAIbIK,
Kypolagoliap Yuwlin muimOi 60abin madwliaobl, COHOAU-AK CYMEKmi
IHEPEEMUKAHBIH, OaMYbIHA eeyi Ylec KOCAObL.

Kinmmi  cezdep: cymexkmi omovlH 3leMeHmi, MeMOPAHAIbIK-
aekmpoomulk, 010k, Nafion, nonsapuzayusiblk KUCbIK, UMNEOAHCbIK,
CREKMPOCKONUS, Kyam mulabl30bl2bl.

Kipicne

Kasipri yakpITTa CyTeri 3HepreTHKaChlH AaMbITY DHEPTHSHBI TYPIACHAIPYAIH
9KOJIOTMSUIBIK KayiIci3 )KoHE SHEPTUSUIBIK THIMI XKYHeIepai Kypy/IblH €H THIMT
OarbITTapbIHBIH Oipl peTiHae KapacThIpbuiasl [1]. OpTyp:Ii 3JIEKTPOXUMHSLIBIK
SHEPrus TYPJCHAIPTINITEPiHIH IMIIHAC MPOTOHAIMACY MEMOpaHaabl OTBHIH
anementrepi (PEM) epekmie KbI3BIFYHIBIIBIK TyAbIpansl. Onap CyTeriHiH
XUMUSUTBIK DHEPTUSICBIH TIKEJIEH 3JIEKTP SHEPrUsiChIHA JKOFAphI Maiaaibl acep
K0d(hUIMEHTIMEH, TOMEH IIBIFAPbIHIBUIAP JCHICHIMEH OHE CAJIBICTHIPMAIIBI
TYpJIe THIMI Nakjanany mapTrapbIMeH TyplIeHipyre MyMKiHaik 6epeni [2; 3].

PEM TtunTi OTBIH 3JIEMEHTIHIH HETi3ri Kypampaac 0eiri MemMOpaHasbIK-
3NEKTPONTHIK 010k (MDOB) Gonbin Tabsagel. On OYKia KyHEHIH HErisri
NIEKTPOXUMHUSIIBIK, TACHIMAJIIAY IIBUIBIK )KOHE YHEPTeTHKAJIBIK CHITATTaMalapblH
aHpIKTalaBpl. MOB THiMainiri MeMOpaHaHbIH TaOWFaThIHA, Ta301UPQY3USIIBIK
KabaTTap/IbIH KaJIbIHIBIFEI MEH KEYEKTI KYpbUIbIMbIHA, Ka0aTTap apachIHIArbl
JIEKTPIIIK )KOHE MEXaHUKAJBIK OailylaHbIC camachlHA, COHJAW-aK aHOJ| MeH
KaToJl MaTepuaJJapbIHbIH KaTaJUTHKAJIBIK OeJICeHAlTIriHe Tayenai. Ocipece
QHOJITAFbI CyTETiHIH TOTBIFY PEaKIMsIChl MCH KaTOATAFbl OTTET1HIH TOTBIKCHI3/IaHy
PEaKIMSCHIHBIH THIM/II )KYPYIH KaMTaMachl3 €TETiH >KOFaphl OJICEH/ 1 9pi TYPaKThI
KaTaJIu3aToOpbl TAHIAy MaHBI3IbI MOcelie OOJIbIN Ta0bUIa b [4; 5; 6; 7].

Kazipri PEM sxyiienepinie miaThHA HETi3ri KaTaJUuTUKAJIBIK KOMIIOHCHT
peTiHae Koaanbuiaasl [8]. JlereHMeH KaTaauTUKaIbIK OCIICEHALTIKTI apTThIPY,
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TYPaKTBUIBIKTBI KaKcapTy >KOHE KbIMOAT METaJAblH IIBIFBIHBIH a3alTy
MakcaTbIH/1a OMMETaJIBIK KaTaIu3aTopiap KeHiHeH Kosganbutaznsl [9]. Mynaai
Kylenepie exiHi MeTaut Pt-HbIH 3JIEKTPOHABIK KYPBUIBIMBIH ©3T€PTill, apajibIk
OetmIeKTep/IiH aacopOLHsl SHEPTUACHIHA dCEP €Te/li )KOHE COHBIH HOTHKECIHJIe
JIEKTPOXUMUSUIBIK TPOLECTEPIH KMHETUKACHIH skaKcapTaabl. OChl TYPFbIIaH
airanyia Pt-Ru/C, Pt-Mo/C, Pt-Ni/C xone Pt-Sn/C karanuzaropiapsl ipresi »xoHe
KOJIIaHOaIbI 3epTTeyJIep YIIiH epeKIle KbI3bIFYIIBUIBIK TyAbIpas [10].

Ocbl )KYMBICTBIH MakcaTbl — «CyTEeKTi OTBIH MPOLIECCOPBD» 3epTXaHAIbBIK
KOHJIBIPFBICHI HETi31H/Er IKCIIEPUMEHTTIK CTEH/ITE CYTEKTi OTBIH JJIEMEHTIHIH
MDB 5KCHEepUMEHTTIK 3epPTTeY JKOHE SPTYPJli OMMETaIbIK KaTaIu3aTopIIapablH
KYHEHIH MOJIIPU3aLUsIIBIK, KyaTThIK JKOHE MMIICJIAHCTHIK CHUIaTTaMalapblHa
ocepiH Oaraay OOJIBII TAOBLIA B

Matepuangap MeH daicrep

3epTTey HbICAHbI

3eprrey Hblcansbl petine Paxitech (Dpanims) pupmacsiabig S5-5Lsg MOb
naipanansuael (1-cyper). 3eprrenren MOb npoToHeTKI3rim MeMOpaHach!
YKOHE HBIFbI3JaNFaH ra3oquddy3usibK KadbaTel 6ap Oec KadaTThl KYpbUIBIMHAH
Typajabl. MyHail KypblIbIM QYHKIIMOHAJIIBIK 3JIEMEHTTED apachlHAarbl
TYpaKThl OalIaHbIC KAJBINTACTBIPHIIN, OaiylaHbICY KEIEepriCiHIH TOMEHJEYiHe
pIKnan eregi. MOB KypaMbiHa aHOATHIH ra30aAn(Gy3nsuIbIK KadaThl, aHOATHIK
KaTaJIMTUKAIBIK Ka0aT, IPOTOHAIMAcy MEMOpaHachl, KATOATHIK KaTaIUTHKAJIBIK
Kabar jKoHe KaToAThIH razoany3usuiblK Kadatsl Kipeni. MemOpaHa pertinje
OTBIH 3JIEMEHTI KYMBIC JKaFAaiIapblHAa KOFaphl IPOTOHOTKI3TIIITINIMEH XKoHE
XMMUSUTBIK TYPAKTBUIBIFBIMEH epekiieneHeTiH Nafion MaTepruaiibl KOJIaHbULIbL.
MemOpaHaHbIH KaJIbIHIBIFB 50 MKM, MeMOpaHaHbIH KaJIbl ayJaHbl — 25 cM?,
aut OesiceH 1l KabaTThIH aylaHbl — 5 cM? Kypazabl. MeMOpaHaHbIH €Ki )KaFbIHAaFbl
IUTaTHHAHBIH )KyKTemeci 0.5 Mr/cm? Gopl.

KaTtanuTukaiblK xylenep peTiHge KOMIpTEKT1 TachbIMal arbIIITaFbl
keneci Marepuannap zeprrenai: Pt-Ru/C, Pt-Mo/C, Pt-Ni/C xane Pt-Sn/C.
TaceiMangarbI peTiHe KOJJaHbUIFaH KYie KOFapbl MEHIIIKTI OeT ayjaHbIHa,
YKAKChI DJICKTPOTKI3TIMITIKKE He YKOHE CyTeri MEH OTTETIHIH TachIMaJJIaHybIHa,
COHJIaM-aK Cy/IbIH IIBIFAPbUTYbIHA KOJAIMIIBI KEYEKT] KYPBIIBIM KJIBIITACTBIPAIbL.
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1-cypet — Paxitech yATIBIFBIHBIH CBIPTKBI KOPiHICI

CyTeKTi OTBIH IPOLECCOPBIHBIH 3ePTXaHAIBIK KOHIBIPFBICBIHBIH CTCH/I

ChIHaKTap CYTEKTi OTBHIH IPOLECCOPBIHBIH 3€PTXaHAIBIK KOHIBIPFBICHIHIA
Kyprizinmi. KoHasIpFeI cTeH i cyTerin 0epy OaToHbIHAH, KBICBIM PEAYKTOPBIHAH,
ra3 IIBIFBIHBIH PETTEY XKYHeciHeH, CyTeri MeH ayaHbl BUIFaJIJaHIBIPY
KYpbUIFbIIapbiHaH, MOB 6ap a1eKTpOXUMUSIIBIK YAIIBIKTaH, CATKBIHIATY )KOHE
TEeMIIepaTypaHbl OaKbLUIAY KYHECIHEH, JIEKTPOHIBIK KYKTEMEICH )KOHE AIMEKTPIIK
mapaMeTpiIepi TipKey )KyHeciHeH Typasbl.

CyTeri aHOATHIK OOIIKKE IIBIFBIH PETTETIII KOHE BUTFaJIaHABIpY Kyheci
apKpUTBl Oepinmi. Aya Hemece OTTeri Oap ra3 KOCmachl KaTOATHIK OOJiKKe
KETKIZUII. ¥SIIBIK TeMITepaTypachl TSPMOCTATTAIATHIH KBI3IBIPY KYHEeCi apKbLUTBI
OepinreH auama3oH/a YCTabII, TepMomapaiap KeMeriMeH 0akputanasl. OThIH
AIIEMEHTIHJIE TY31ITEH dIEKTP SHEPTHACH JEKTPOHIBIK JKYKTeMere Oepini, Oy
OPTYPIi JKYMBIC PEXUMIIEPIHIAEC BOIBT-aMIEPIIK XKOHE KyaT CHITaTTaMallapblH
amyra MYMKiHZiK Oepai. CyTeKTi OTHIH NMPOIECCOPBIHBIH 3epTXaHAaIbIK
KOH/IBIPFBICHI CTEH/IiHIH CBI30achl 2-CypeTTe KOPCEeTINTEH.
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aTMoc(epara ayaHbiH DIBFapBITYH!

— TYTIK #6xl,5 sw J16L

—— TYTIE #I0e5 wm JIEL

— YK #1205 JIEL -

— Tyrix John Guest 1/4" arMocdepara CYTEriHiH IIBIFAPEUTY B!
YK Jahn Guest 3/8"

—— TYTik Ta3

2-cypeT — CyTEKTi OTBIH IPOLIECCOPBIHBIH 3ePTXaHAIBIK
KOHJIBIPFBICHI CTEH/IIHIH ChI30achl

1-kecte — CyTEeKTi OTHIH MPOIECCOPBIHBIH 3CPTXAHAIBIK KOHIBIPFBICHI
CTCH[IIHIH CHUIIaTTaMalapbl

Benrineynepi Araybl Canbl Eckepry
AB MAPK-501 cyreri ananuza- 1
TOPBI
b MeTanaomiacTHKaIbIK 1
wmmHap BK-4-21.6-02
BH1, BH2, BH4...BH6 | Illap knananst BV-H-6M-S316 7 Hy-Lok
Corporation
BH3, BH7, BH10, BH11 | Mue knananst NV2-H-6M-S316 4 Hy-Lok
Corporation
BHI12, BH13 1/4 mro¥impuik TYTIKKe apHaJIFaH 2 John Guest
’KaOBLTATHIH AP KJIATIAHBI
K Komnpeccopnbik Tanem ABT 1
500/1700
KO 3/8 moNMIIK TYTIKKE apHaJIFaH 1 John Guest
KJIanaH
MH1...MH3 Masnometp 3
HI' JKapbiabicka Te3IM/Ii ra3 KoHe 1
aya xbUIbITKbIBL KIP VNU-
100B1(RT).KI
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HD DIEeKTPOH/IBI 1
OaFmapiaMaraHaThIH )KYKTeMe
«Aktakom» AEL-8036
PJ1 Kpicemm perrerimi RP1DPF-10- 1
FAN-F4N-H2
PM1 Poramerp PH-A-0.035TY3 1
PM2 Poramerp PH-A-0.25TY3 1
VBI1 KemnipiikTi puTFaITaHIbIPFBIIT 1
YB2 «XY-98BII Armed» ras 1
BUTFAJIJaHIBIPFBIIIBI
I 19 mroiMIiK TEICKOMMYHHKA- 1
LSUTBIK IIKag
OVIIB CyTeriH dIeKTPOXUMUSIBIK 1
OH/IeY KYPBUIFBICHI

DICKTPOXUMHUSIIBIK ChIHAK d/IiCTEMEC]

Onmeynep Oacranranra Jeilin MObB pearentrepain Typakrsl Oepinyi
MeH OepuireH Temmeparypa jKaraaiblHla )KYMBIC pexuMine kenripiiaai. Oxan
KeWiH )yKTeme OipTiHJen e3repTulill, KEpHEYy MEH TOK KYILIl TIpKeJi )KoHe
KyaT TBIFBI3ABIFBI ecenTelai. [1onsapru3anusuiblK KUCBIKTap KEPHEYIiH TOK
TBHIFBI3BIFBIHA TOYCIAUIIrT PETiHAC, all KyaT KHCBIKTaphl MEHIIIKTI KyaTThIH
TOK THIFBI3JIBIFBIHA TOYCIIIIIr PETIHAC TYPFBI3BULIBI. DJICKTPOXUMHUSLIBIK
UMIEeIaHCTHIK crieKTpockomus 102—10° ['i skuiTiK Tuana30HbIHIA KYPri3iii.

HaTmxenep koHe TATKBLIAY

MD3Bb nonsipu3anusIbIK )KOHE KyaTThIK CHIIATTaMallapbl

AJBIHFaH SKCHECPUMEHTTIK HOTHXKEJICP CYTCKTI OTBIH RJIECMEHTIHE TOH
MOJISIPU3ALUSUTBIK KUCHIKTHIH KIIACCUKAIIBIK TYPiH KepceTei. 3eprrenred MOb 6oc
xkypic kepreyi 0.97 B kypasl, 01 MeMOpaHaHBIH )KOFaphl CallachlH, ra3aapIblH
OTy JICHICHIH JKOHE 3epPTTENI OTBIPFaH YAIIBIKTHIH THIFBI3IBIFBIHBIH KOFaphI
eKeHiH kepceTeli. TOK ThIFbI3IBIFEIHBIH TOMCH aliMarbIH/Ia, iaMaMeH 0.2 A-cm 2
NCHiH, KepHEYIIH alTapiblKTall ToMeHaeyl Oalikananel. by aiiMak Heri3iHeH
AIEKTPOXUMUSUIBIK PEAKIIUSIIAP IbIH KHHETHKAJIBIK IICKTEYJICPIMEH OaliIaHbICThI
OeJICeHAUTIK MIBIFBIHIAPMEH, dCipece KaTOATarbl OTTEriHI TOTBIKCHI3AaHbIPY
peakuusicbiMeH Tycinaipisieni. CyTeriniH TOTBIFY PEaKLUHMsChl IIaTHHAJIBI
KaTallu3aTopJa CaJbICTRIPMAJbl TYPJAC JKbUIAAM JKYPETiHIHE KapamacTaH,
OacTamkbl aiMaKTarbl apThIK KEPHEYIIH HETi3rl yJIEeCiH JoJ OChl KaTOITHIK
MIPOLIECC aHBIKTAMIbI.

Toxk TeFbI3bIFEL 0.2—0.8 A-cM 2 apalibIFbIHA JICUIH apTKaH Ke3]ie KePHEYIiH
TOMEH/ICY1 IEPIIiK ChI3BIKTHIK CUITATKA Ue OoJabl. byt aiiMak Heri3iHeH OM/IBIK
LIBIFBIHIAPMEH aHBbIKTaNanbl, onap Nafion mporoHaiMacy MeMOpaHaCBhIHBIH
KeaepriciMeH, KabaTrap apachlHAarbl OalJaHBICTBI OTYJICPMEH, COHJAN-aK
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JIEKTP Ti30ETIHIH OTKI3TilI 3JeMeHTTepiHe Tayeni oosaasl. 3eprrenren MOb
yuri 0.5 A-cM ™ TOK TBIFBI3/IBIFBIH/IA )KYMBIC KepHeyl mamamen 0.82 B Gomnel,
Oyt Gencenai ayianbl 5 cM? OonaThlH 3epTXaHayiblk PEM ysIIbIK YIIiH jKaKchl
IIEKTPOXUMHUSUIBIK THIMLTIK JAeHreiliH KopceTei. JKoFapbl TOK THIFBI3IBIKTapbI
arimarbiaaa (0.9 A-cM™2 xkoFaphl) KEpHEYIIH KYpT TOMEHIEYyi OaifKaassl,
Oy nudPy3usuIbIK meKTeyJepMeH OaiyanbicThl. MyHIal KyKTemeep
Ke31H/e KaTOATHIK KaTaJUTHKAJBbIK KadarTa OTTETiHIH TYTHIHBUIYBl apTajbl,
HOTHIKECIHJIE peareHTTepAiH OeJICeH 1l OpTaJIbIKTapFa )KeTKI3LTy THIMIUTITT KaIITbl
9JIEKTPOXUMUSUIBIK MTPOLECTIH XKbUIIAMIBIFBIH HIeKTel Oactaiiapl. COHbIMEH
Karap, KaTo/Ta TY3UIETIH Cy/Ibl IIBIFAPY MACEJICCIHIH MaHBI3bl apTa/ibl, OUTKEHI
OHBIH KE€YEKTi KYPBUIbIM/IA )KUHATYbI OTTET1HIH TaChIMAJIBIH KOCBIMIIIA KUBIHAATYbI
MYMKiH. Makcumaipl Kyat ThIFbI3/IbIFbI I1aMaMeH 1.0 A-cM 2 TOK ThIFBI3/IBIFbIH/IA
Kout xkerkizirin, 0.78 Br-cM? Kypansl. by MoH ykcac Oescenai aynansl Oap
3amaHayy 3eprxaHaiblk PEM OTbIH 2J1eMeHTTepiHIH KOPCETKIMITEPIMEH ColKec
keeai xaHe MOB jxorapbl canachlH, COH/Ial-aK TaHIaJIFaH ChIHAK [IAPTTapbIHbIH
IYPBICTBIFBIH pacTaiinel (3-cyper).
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TOK, TBIFBI3IBIFEI, A cM™2

3-cypet — CyTeKTi OTBIH 3JIEMEHTIHIH
MDD noaspu3anusibIK JKoHe KyaT CUIaTTaMasapsl

Karanu3zarop KypaMbIHBIH dJICKTPOXUMHUSIIBIK CUIIATTAMANapFa oacepi
OpTYpJli OMMETaNABIK KaTadu3aTtopiap Herizinae naieiaganran MOB
CAJBICTBIPMAIbI TaJJIay KATATMTUKAIBIK KAa0ATTHIH KYPaMbl, MOJISPU3AIHSIBIK
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KHCBIKTBIH IMIIHIHE jKOHE MaKCHMAJIAbl KyaT THIFBI3BIFBIHBIH MOHIHE alKbIH
ocep eTeTiHIH KepceTTi. 3epTTelreH MaTepuaiiap/ibly iIIiHAe eH KOFapbl
kepcerkimrepai Pt-Ni/C xyiieci kepceTti. bysl katanuszarop yuriH kepHey
MOH/JIEp] TOK THIFBI3/IBIFBIHBIH KEH JHara30HbIH/IA )KOFaphl JICHIeH e CaKTall/ibl,
aJI MAKCUMAJIJIbI KyaT ThIFBI3IBIFRI (.78 BT cM 2 MoHiHE skeTTi. Pt-Ni/C xylieciHiH
JKOFapbl TUIMIUIITT HUKEIB1 CHII3y HOTHUKCCIHJC IUIATHHAHBIH JJICKTPOHIBIK
KYPBUIBIMBIHBIH ©3repyiMeH OaiiiiaHbIcThl 0outaisl. MyH/ail Kocnaiay KpUcTasIbIK
TOp TapaMeTpliepiHiH e3repyiHne, Pt aromaapbl MaHBIHIAFBl 3JIEKTPOH/IBIK
TBIFBI3/IBIKTHIH KalTa OeJliHyiHe )KOHEe OTTEKTI KaJlbIHA KeNTIpy peaKIusiChIHA
KaTbICaThIH apajbIK OeNIIeKTep/iH OaillaHbICy YHEPrHsIChIHBIH OHTalIaHybIHA
okeneni. Hotmxkecinme Oenceni Tockaybuaap TOMEH/ET, KaTOAThIK POLECTIH
KHHETHUKACHI JKeJIeNAeH 1.

Pt-Ru/C kaTanm3atopbl Jia >KOFapbl HOTHIKENEp KOpCeTil, KyaT OoWbIHIIA
eKIHII OpbIHABI HesieH 1. PyTeHuiinin O0ybl IUIaTHHAHBIH OETKI KacueTTepiH
Moau(HUKaHsIIAYFa BIKIAT €Te/ll )KOHE KaTATUTHKAJIBIK KaOATThIH TYPAaKThUIBIFBIH
apTThIpajbl. Anaiina Oepiiren 3eprrey xarnaitbiaga Pt-Ru/C sxyiieci Pt-Ni/C
KaparaHJia TOMEH HOTHXKe KepceTTi, Oyin ocsl MOb koHdurypauusceiaga
OHBIH THIMJIUII a3nay ekeHiH kepcereni. Pt-Sn/C sxyleci apanblk MoHAEpIi
KOpCeTTi. Sn KOoCy KaTajlu3aTopJblH KeHOIp KypbUIBIMABIK JKOHE TYPaKThUIBIK
CHIIaTTaMaJIapbIH J)KaKCapTybl MYMKIH, aJlai/ja xe/iel Kyart AeHreii OoibIHIIa Oy
marepuan Pt-Ni/C sxone Pt-Ru/C sxyiienepinen TeMeH. 3epTTenreH xyienepae
€H TOMEH MEHLIIKTI Kyar MaHaepi Pt-Mo/C karanu3aTops! yIIiH TipKeJni.
By MonubneHHIH OCBl 3JEKTPOXUMHMSIIBIK XKYHeae OH 9CEpiHIH QJCI3MIriH
HEMece MacCallblK TachIMall IIEKTeyJIEpiHe KOFaphbl CE3IMTaJ/IBIFbIH KOPCETYi
MYMKiH. JXKanmel anrania, ajgplHFaH HOTHOKeNep Pt HeriziHzaeri KaTaau3aTop/sl
Ooumetanablk Moaupukanusiaay PEM oThIH siieMeHTTepAiH cunarramaiapbiH
OHTaWJIAH IBIPYIBIH THIMJII TSC1TI eKeHIH KopceTeai. 3epTTeNreH xyhenep iminie
eH trimaici 6osbin Pt-Ni/C anbIKTam sl (4-cyper).
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1.00 0.9
Pt-Ni/C: Pmax = 0.78 BT:cM~2

Kepuey, B
Kyar Tirb1361e61, B-om?
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TOK, THIFBI3ABIFEI, A-cM~2

—e— Pt-Ru/C (U) = Pt-Ni/C (U) == Pt-Ru/C (P) == Pt-Ni/C (P)
—#— Pt-Mo/C (U) =&~ Pt-Sn/C (U) == Pt-Mo/C (P) == Pt-Sn/C (P)

4-cypet — Pt-Ru/C, Pt-Mo/C, Pt-Ni/C sxone Pt-Sn/C dumeTanabix
Katayu3aTopyapbl 6ap MOB caabICTBIPMaIbl MOISPH3ALMSIIBIK KUCHIKTAPhI
MEH KyaT THIFBI3IBIFBIHBIH TOYCIAUTIKTEPI

WMnenaHcThIK Tangay

OTBIH 3J€MEHTIHIH IIIKi KeAeprijiepin Tanaay makcatsiaga 1072-10° I'g
KULTIK JUAMa30HBIHA AICKTPOXUMHUSAIBIK UMIICTAHCTHIK CIIEKTPOCKOMHUS
KYPri3uimi. ANBIHFaH UMIIETaHC CrieKTpi HallkBuCT nuarpaMMachiHaa sKapThl
meHbep TypiHAe KepiHedl KOHE TOMEH KUK aiMarblHIa UMIIEeIaHCThIH
apTyBIMEH cumarTagagsl. VIMImenaHncThIH HaKTHl OONITiHIH OCIMEH JKOFaphI
JKULTIKTET1 KUBUIBICYBI KYHEHIH OMIBIK KeJepriciHe colikec Kemei, OHBIH MoHi
0.085 Om-cm? 6onel. byt kenepri MeMOpaHaHBIH, TOK dKUHAFBIII YJIEMEHTTEPIiH,
0ailmaHBICTRl OTYJIEPIiH JKOHE YAIMIBIKTHIH 0acka Ja OTKI3Ti OeliKTepiHiH
JKUBIHTHIK YIICCIH CHUIAaTTalIbl. AJBIHFAaH MOH Ka0aTTap apachIHIAFbl AIEKTPIIIK
0aiIaHBICTHIH JKOFAPHI JCHIelIe eKeHIH XKoHe 3epTTEeNreH arnainapaa Nafion
MeMOpaHaChIHBIH MPOTOHJIBIK OTKI3TIMITITIHIH KETKITIKTI eKeHiH KepceTei.
Oprama XuiTiKTep aiMarbIHIaFbl )KapThl MIEHOEep HETi31HEeH JIEKTPOTapIaFbl
3aps] TackIManaay MpolecTepiMeH OalmaHBICTH. bynm aliMakTarbl HETi3ri
YiecTi KaTOATaFbl OTTETiHI KaJIbIHA KENTIPY PeaKIusACH KOcaabl, ce6eOi OHBIH
KHHETHKACHl aHOJATAFbl CYTEKTiH TOTHIFY PEaKIMACHIMEH CaJBICTHIpFaHIa Oasy
)kypemi. COHABIKTaH )KapThl MEHOEPIiH OJIIIeMi KaTaaTu3aTop THIMIUTITIHIH KoHe
«Ta3—3NEKTPOIUT—INEKTPOD YII(ha3aIbIK EKAPACHIHBIH KABINITACy CAllaChIHBIH
KOPCETKINT peTiHae KapacThIPbIIaIbI.

TeMeH Xuiik aifMarbIHIa UIMIIETAaHCTHIH 6cyi T} y3usuIbIK MporecTepMeH
OaiimanbIcThL. byt y3ak 60caHCy yaKbITTapBIHIA PEareHTTEPiH TaChIMaIIaHybI
MEH peaKIus eHIMICPiHIH IIBIFapbUIYhl KOCBIMINA IIEKTEYIIi (GaKkTopiapra
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aifHanaThIHBIH Kepcereai. PEM ixyiienepi yuriH MyHJai cunaTramaiap acipece
YKOFapbl TOK THIFBI3/IBIKTAPbIH/A alKbIH OaliKanabl, OUTKEeH1 KaTOATHIK PeaKiiys
KapKBIH/BUIBIFBI apTajbl, ajl KEYeKTI KYPbUIBIMIA CYJIbIH KHHAIYbl OTTETiHIH
muddysusceina Kenepri kenatipyi MyMmkiH. JKanmel anrannia, anblHFaH Keaepri
MoHZepi Ka3ipri 3amaH¥bl 3epTxaHanblk PEM OThIH aiieMeHTTEep JeHreline
ColiKec KeJleli )KaHEe 3epTTENreH )KYHEHIH KHHETHKAIBIK KOHE MacCaJIbIK TaChIMal
CHUIIaTTaMaJIapbIHbIH KaHAFaTTaHAPIIBIK CKEHIH nanenneiiai (5-cyper).

0.12

0.10 A

0.02

0.00 T T T T T
0.10 0.15 0.20 0.25 0.30 0.35
Z', OmM-cm?
5-cypet — DICKTPOXUMIUIBIK HMIICIAHCTHIK CIIEKTPOCKOIMHS d1iCIMEH
aJIBIHFaH CYTEKTI OTBIH dJieMeHTIHIH MOb HalikBucT quarpaMmmachl

TeMneparypaHbIH IIBIFY KyaTbIHa dcepi

DKCHEePUMEHTTIK 3epTTeyJiep KOpPCETKEeHIeH, OThIH 3JIEeMEHTIHIH
TeMITepaTyPaChIHbIH JKOFapbUIAYbl )KYHEHIH HIBIFY KyaThIHBIH apTybIMEH Katap
xypeai. Temneparypanst 60-tan 80 °C-Ka neiliH apTThIpFaH1a MAaKCHMaJIIbl KyaT
TBIFBI3/IBIFBI IaMaMeH 12—15 %-ra eceni. by ocep OipHele e3apa OaiiiaHbICThI
(dakropiiapMeH TyciHaipiaeni. BipiHIIieH, TeMIepaTypaHbIH KOFapbLIaybIMCH
Nafion MeMOpaHaCBIHBIH TPOTOH/IBIK OTKI3TIIITIr apTa b, OYJI OMIBIK KEICPTiHIH
TOMEHJICYiHE JKOHE MOJIIPU3ALUSIIBIK KUCHIKTBIH OpTa aiiMarblHIa KepHEYIiH
TOMEH/JICYIH a3aiiTyra okesne . EXiHIIIeH, JIeKTPOXUMUSITBIK PeaKIMsIap/IbIH
KHHETHUKACHI JKeIeAACHIi, acipece OTTEriHl KajlblHa KEITIPYy PEaKIHsACHI,
HOTHKECIH/IC OSJICeH Ii IIBIFBIHAAP a3asiabl. Y IHIIIICH, 3JIeKTPOATAPIbIH KEYCSKTI
KYpBUIBIMBIH/Ia peareHTTepAiH Auddy3uscel xakcapajsl, COHIAN-aK CYIbIH
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TachIMaJIJaHybl THIMIIPEK KYpei, OyJ1 KaTo/| )KYMBICBIHA OH 9Cep €Tyl MYMKIH.
CoHbIMEH Kartap, TeMIepaTypaHbl 0JIaH opi apTThIpy MEMOpaHaHbIH y3aK Mep3imMIi
TYPaKThUIBIFBIHBIH TOMEH/ICYiHE, OHBIH MEXaHUKaJbIK OEpIKTIriHIH dJcipeyiHe
YKOHE BUIFAIIJAHABIPY PEXHUMIHIH Oy3blTybIHA 9Kenyi MyMKiH. COHABIKTaH
80°C-Ka efiiHT1 Jrana3oH 3epTTelIreH XKYHe YIIiH MPaKTHKAJIBIK TYPFbIIaH THIMI
JIeTI ecerTenie/li, OUTKEeHI 0J1 KyaTThIH alTapJIbIKTail apTyblH KaMTaMachl3 eTejl
YKOHE allKbIH TEPMUSUIBIK JIerpajanus KayIiH TybIHIaTnan s (6-cyper).
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Temneparypa, °C

6-cypet — CyTeKTi OThIH 3JIeMeHTiHIH MDB MakcuMmai st
KyarT ThIFBI3/IBIFbIHA TEMIIEPATYPaHbIH dcepi

Kapikpl1anapipy Typajibl aKnapar

Makana Kazakcran Pecriy6ukace! T buibiM sxone JKoraphl O11iM MUHHCTPITIT,
FoutbiM KOMUTETIHIH K00a1apbl OarmapiIaMalibiK-HbICAHAIBI KAPIKbUIAHIBIPY
meHOepinae xa3puias! (rpant Ne BR24992964).

KopbITHIHABI

CyTekTi OTBIH 3JeMeHTiHIH S5-5Lsg tunti MDB CcyTekTi OThIH
MPOLIECCOPBIHBIH 3ePTXaHAIBIK KOHABIPFBICHIH/IA dKCIIEPUMEHTTIK TYPFbIIa
3epTTeAl. 3epTTEIreH Kyie OCICeHMITIK, OMABIK XKoHEe UG (Y3UAIBIK
LIBIFBIHIAP aliMaKTapbl alfiKbIH KOPIHETIH MOJISPU3ANHSIIBIK KUCBIKTBIH THIITIK
CHITATTAMAChIH KOPCETETIHI aHbIKTaIabl. boc xkypic kepaeyi 0.97 B 0onzpl, an
MaKCHMaJIZbl KyaT THIFBI3IBIFBI TOK THIFBI3ABIFRI aMaMeH 1.0 A-cM 2 kesiHze
0.78BT'cM 2 MoHIHE KETTi. BUMETanABIK KaTaanu3aTopiaapasl CaabICThIPMAIbI
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TaJiay HOTHIKECIHJIE €H JKOFaphl AJIEKTPOXUMUSUIBIK cunaTramanapasl Pt-Ni/C
XKYHeci KaMTaMachl3 eTeTiHl aHbIKTaabl. byn xylie KepHEey MEH MEHIIIKTI
Kyar aeHreii ooiipiamma Pt-Ru/C, Pt-Sn/C xone Pt-Mo/C katanusatopiapbiHaH
JKOFapbl HOTH)KE KopceTTi. VIMIIeJaHCThIK CIIEKTPOCKOIHS HATHIKEIEePi )KYHEeHIH
omabIK keneprici 0.085 Om:cM? eKeHiH pacTapbl, aJl HEeTi3r1 meKTeyi Gpakropiaap
peTiHJie AIeKTPOATAPAAFbI 3apsi/] TACKIMAILIAY IIPOLIECTEP] JKOHE TOMEH JKHITIKTEP
aiimMarbiHAarbl AUQQY3UATBIK EeKTeyJIep aHbIKTan bl TemnepaTypansl 60-
taH 80°C-Ka JeifiH apTThIpy MakCUMaJJbl KyaT THIFbI3ABIFBIHBIH [IaMaMeH
12-15% ecyine okeneni. bys memOpaHaHbIH MPOTOH/IBIK OTKI3TIITITIHIH
apTybIMEH, 3JEKTPOXUMUSUIBIK PeaKIysiap KHHETHKAChIHBIH JKeelIeyiMeH
YKQHE peareHTTep 1iH TaChIMaJIaHy bIHBIH JKaKcapybIMEH OaiJIaHbICTHI. AJIBIHFaH
Hotmxkesnep PEM oTbIH anemenTTep 1e OMMeTalIbIK IIaTHHA KaTalu3aTopJiapblH
KOJIJaHY/AbIH THIMJI €KCHIH JQJeNJCH Il )KoHEe KaTalUTHKAJIBIK KabaTTap.IbiH
KypamblH, MOB KypbUIBIMJIBIK MapameTpiepi MEH CYTEKTI dHEepreTHKAaJBIK
KYHeepIiH KYMBIC PEKUMICPIH opi Kapai OHTalIaHIbIpyAa KOJIJaHbLIa Ibl.
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NCCIEJOBAHUE XAPAKTEPUCTHUK
MEMBPAHHO-2JIEKTPOAHOI'O BJIOKA
HA OCHOBE IIVTIATHUHOBBIX KATAJIN3ATOPOB

B oannoii pabome npedcmasienvl pe3yavmamvl IKCHEPUMEHMATbHBIX
uccre008anull  IIEKMPOXUMUYECKUX — XAPAKMEPUCUK — MeMOPaHHO-
9MeKMPOOHO20 — O0KA ~ 8000POOHO20 — MONIUBHO20 — JJeMeHma  Hd
IKCNEPUMEHMATILHOM CTeHde, CO30aHHOM Ha 6aze J1adbopamopHol
yemanogxu«llepepabomuuxo00poonozo monaueay. Bkauecmseobvekma
UCCIRO08AHUSL UCTIONIL30BANC NAMUCTOUHBIL MEMOPAHHO-2JIEKIMPOOHbLL
onok S5-5Lsg npouzeoocmea Paxitech (@panyus) ¢ npomonnposoosuyerl
membpanou Nafion u eazooudgyszuonnvim cioem. B pabome usyuanuce
cucmembl OUMEMAIIUYECKUX NAAMUHOBbIX Kamanuzamopoe Pt-Ru/C, Pt-
Mo/C, Pt-Ni/C u Pt-Sn/C, pacnonodicennvlx Ha yeepoOHOU NOOIONCKE.
Honapusayuonnvie u dHepeemuyeckue Xapakmepucmuky UMepIuUcsy
U AHANU3UPOBANUCL MEemOoOamMu IeKMPOXUMUYECKOL UMNEeOaHCHOU
cnekmpockonuu. Pe3ynomamul nokasanu, 4mo HanpsaxceHue Xoa0cmozo
xXo0a 015 uccuedyemo2o MemMOpaHHO-2IeKMPOOH020 OIOKA COCMABUILO
0,97 B, a maxcumanvras niomuocms mownpocmu — 0,78 Bm -cm™ npu
naomuocmu moka 1,0 A -cm™ Haubolee 8bicoKue 31eKmpoXumuieckue
noxazamenu Habmodarucy 0as  kamaauzamopa Pt-Ni/C.  Bvino
YCMAaHoBeHo, Ymo noguvlutenue memnepamyput 0o 60—80 °C npusooum
K VBeIUdeHUI0 MAKCUMANbHOU NIOMHOCMU MOWHOCMU NPUMEPHO HA
12-15  %. Ionyuennvie pe3ynbmamsi  ceuOemenNbCcmeyiom 06
appexmusnocmu  UCNOIL306AHUSL  OUMEMATIULECKUX — NIAMUHOBbIX
Kamanuzamopos  Ojisi  NOSbLUEHUs.  IPPeKMuUeHocmu  8000POOHLLX
monausHuix 2nemenmod PEM-muna. Kpome moeo, ananuz umneoancHvix
CNeKmpos  8blABUN  MEMNEPATYPHYIO  3ABUCUMOCIb  OMUYECKO20 U
NOAAPUIAYUOHHO20 CONPOMUBTCHULL 8 cuCcmeMe, Ymo no380saem 2nyboce
NOHAMb  KUHEMUK) 9JeKIMPOXUMUYEcKUx npoyeccos. bwviio nokaszawo,
umo CcuHepeemuyeckull dQhexm OUMEMAIIu4ecKux Kamaiuzamopos
VBeIUUUBAen CKOPOCbPEAKY UL 80CCMAHOBICHUAKUCIOPOOAUNO8bIUAE
9Hepeemuueckylo  dpexmusnocms  6ceil  cucmemvl.  Pesynomamol
UCCTIRO0BANUSL POPMUPYION BUANCHYIO HAVYHO-NPAKMUYECKYVIO OCHOBY OJisl
NOB8bIULEHUS IKCNYAMAYUOHHOU CIMAOUILHOCIIY TMONTUSHBIX IeMEHMO8,
ONMUMU3AYUY COCMABA  KAMAIU3AMOPa U OOCMUNCEHUS  BbICOKOL
appexmusnocmu 6 Huskomemnepamyphwix yciosusix. lIpednodicennvie
nooxoovl  dPpekmuensvl 0L NOPMAMUEHBLIX U CIMAYUOHAPHBIX
9Hep2emu4ecKux yCmpoucme, a makice 6HOCAM CYUeCmE8eHHbIl 8KI1A0 8
paszsumue 6000POOHOL IHEPSEMUKU.

Knrouesvle cnosa: 6000poOHbill MONIUGHDBLIL DJEMEHM, MEMOPAHHO-
9eKMpPoOnsill 610K, Nafion, nonspu3ayuoHHas Kpuedas, UMNeOAHCHA.
CNeKmMpPOCKONUsL, NIOMHOCIb MOUWHOCHIU.

*S. Opakhai', K. Zh. Bekmyrza?, S. Syrlybekkyzy?,
A. 1. Koishina’, E. PangalieV’

2L. N. Gumilyov Eurasian National University,
Republic of Kazakhstan, Astana;

343Caspian University of Technology and Engineering named after. Sh. Yesenova,
Republic of Kazakhstan, Republic of Kazakhstan, Aktau.
Received 02.04.26.

Received in revised form 21.04.26.

Accepted for publication 03.06.26.

ELECTRODE ASSEMBLY BASED ON PLATINUM CATALYSTS

This paper presents the results of experimental studies of the
electrochemical characteristics of a hydrogen fuel cell membrane-
electrode assembly (MEA) using a test rig built on the laboratory-scale
Hydrogen Fuel Processor. The study utilized a five-layer S5-5Lsg MEA
(Paxitech, France) with a Nafion proton-conducting membrane and a
gas diffusion layer. The bimetallic platinum catalyst systems (Pt-Ru/C,
Pt-Mo/C, Pt-Ni/C, and Pt-Sn/C) supported on a carbon substrate were
studied. Polarization and energy characteristics were measured and
analyzed using electrochemical impedance spectroscopy. The results
showed that the open-circuit voltage for the studied membrane-electrode
assembly was 0.97 V, and the maximum power density was 0.78 W cm 2 at
a current density of 1.0 A cm ™2 The highest electrochemical parameters
were observed for the Pt-Ni/C catalyst. It was found that increasing the
temperature to 60-80 °C leads to an increase in the maximum power
density by approximately 12—15%. The obtained results demonstrate the
effectiveness of using bimetallic platinum catalysts for increasing the
efficiency of PEM-type hydrogen fuel cells. Furthermore, analysis of the
impedance spectra revealed the temperature dependence of the ohmic
and polarization resistances in the system, which allows for a deeper
understanding of the kinetics of electrochemical processes. It was shown
that the synergistic effect of bimetallic catalysts increases the rate of the
oxygen reduction reaction and improves the energy efficiency of the entire
system. The study’s results provide an important scientific and practical

INVESTIGATION OF THE CHARACTERISTICS OF A MEMBRANE-
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PEHTTEHOCTPYKTYPHOE UCCJIE4OBAHUE
MOHOKPUCTAJIJIOB TIO, INNOCJIE
OBJ1YHEHUSA KR NOHAMU

B pabome uUccie006anbl  PaAOUAYUOHHO-UHOYYUPOBAHHBLE
cmpykmypHvie usmenenus. 6 monokpucmannax pymuna TiO, nocne
obnyuenust uonamu 147 Mb>B Kr oo ¢nioencos 10" u 107 uon/cm’.
Memooom penmeenocmpyKmypHO20 aHANU3A YCIMAHOGIEHO, YMO 80 6CEM
UCCTIEO0BANHOM OUANA30HE (DIIOEHCO8 COXPAHAEMCS MeMmpPa2OHAbHASL
cmpykmypa pymuia 6e3 npusHakos ¢azo6oeo nepexooa. Illokazamo,
umo npu puoence 10" uon/cm’ usmeHenus nonogicenus u Gopmol
OUPPAKYUOHHBIX MAKCUMYMOE MUHUMATbHBL, YMO CEUOEMENbCIBYent O
6b1COKOLL paOUAYUOHHOLL cmouKocmu kpucmaniudeckou pewemku Ti0,,
Ipu ysenuuenuu ¢pmoenca oo 107 uon/cm’ nabmodaemes cmewenue
pedrexcos (110) u (220) 6 obracmv meHbUUX Y208, VKA3bIGAIOUee
Ha  paouayuoOHHO-UHOYYUPOBAHHOE — VBEIUUEHUE — MEICHIOCKOCHHbIX
paccmosHuil U paculuperue peulemku pymuid. AHanuz napamempos
IEMEHMAPHOU SYElKU NOKA3AL Y8eaudeHue 3h@Pexmusnozo oovema 0o
~3.6 % 0nst 0CHOBHOU KOMNOHeHMbL U 00 ~8.3 % 0151 no8pedcOeHH020
NPUNOBEPXHOCMHO0 Closl. Paccuumannvie 3Hauenus Mukpooeghopmayuu
U IQpPekmusHoco HANPIANCEHHO2O0 COCMOAHUS  CEUOCMENbCMEYIOM
0 ¢hopmuposanuu HEOOHOPOOHO20 Oe@eKmHO20 CHosi C BbLCOKUMU
JIOKANBHBIMU  PACMAUBAIOWUMY  HANPSANCEHUAMU. Y emanosieno, umo
OCHOGHLIM  3hhexmom  8030elicmeust  ObICMPLIX  MANCENbIX  UOHOB
AGNACCS HAKONICHUE PAOUAYUOHHBIX OePEKMO8, PA3GUMUE HANPANCEHHO-
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0eopMUpOBaAHH020 COCMOsSIHUSL U (DOPMUPOBAHUE NOBPENCOCHHO2O0
NPUNOBEPXHOCMHO20 CI0SL 6€3  pPa3pyuleHuss UCXOOHOU CMpPYKMypbl
pymuna TiO, [Ilonyuennvle pezyromamvl npeocmasiaiom UHmMepec
ons npumenenus. TiO, 6 paouayuonno-cmoukux @yHKYUOHANbHbIX
Mamepuanax u SIeMeHmax A0epHoll U KOCMUHECKO MEeXHUKI.

Knioueevie cnosa: TiO, pymun, magicenvie UOHbL, PAOUAYUOHHDIE
Oeghekmul,  NAMEHMHbIE —MPEKU,  PEHMSEHOCMPYKIMYPHbIIL — AHANUS3,
MUKpOOepopmayust, paouayuoHHas CMouKoCb.

Beenenue

Pyrunoseiit quokxcun turana (TiO,) Asasgerca oaHum U3 Hamboee
BOCTpeOOBAaHHBIX (D)YHKIHMOHAIBHBIX OKCHUJHBIX MaTEepUasoB Oiaronaps
COYETAaHHIO BBHICOKOW XMMHUYECKOH CTaOMIBHOCTH, paJiMallMOHHOW CTOWKOCTH
W Pa3BHUTHIX IUAJIEKTPUYECKUX CBOMCTB. Marepualibl Ha OCHOBE JHUOKCH/A
THTaHa HaxOoJST LIMPOKOE MPUMEHEHHE B COJIHEUHBIX anemeHTax [1; 2],
(oTokaTanmM3aTopax M TPEKOBBIX TEMIUIHTAX /ISt (OTOKATAIM3A, OJHO(PA3HBIX
KepaMHUuecKux (hopmax sl UMMOOMIIN3AIMN PaIMOaKTUBHBIX 0TX0JI0B [3; 4], a
takke B MOII-tpan3ucropax [5].

B mocnennue roapl 3HAUNTEIBHBIH MHTEPEC BBI3BIBACT MOAHM(HUKAIUS
ceoiicte TiO, ¢ moMompio noHHOro 06mydenus. BosaelicTre GBICTPBIX
TspKesbIx noHoB (BTU) mo3BosisieT 1esneHanpaBieHHO U3MEHSTh CTPYKTYPHBIE,
QJIEKTPOHHBIE U (DOTOKATATUTHYECKUE XapaKTEPUCTUKN MaTepHraioB [6; 7; 8; 9;
10; 11; 12]. B wacTHOCTH, IMOKa3aHO, YTO MOHHAS MMIUTAHTAIMS CIIOCOOCTBYET
cMenienuio crekrpa norsomenus TiO, B obnacte BuaMMoro ceera [6; 7; 8; 9;
10], 9ro 0ocoOGeHHO BaXHO Uil (POTOKATAINTHYECKUX M (DOTOIHEPreTHUECKUX
MIPUMEHEHHH. DTO 00YCIIOBJICHO TEM, YTO IIMPOKast 3aIpelieHHast 30Ha HCXOTHOTO
TiO, orpann4MBaeT MCMOJIL30BAHHE COTHEYHOTO U3y YEHH S JIUIIb HECKOIbKMMH
MIPOIIEHTAaMH OJHOTO CIIEKTPa.

OHOBPEMEHHO Pa/IMallHIOHHOE BO3/ICHCTBUE MOKET ITPUBOJIUTH K JIeTpa/aliii
(YHKIIMOHAJIBHBIX XapaKTEePUCTHK MaTepuaioB. Tak, TOBpEXICHUE MaTPULL IS
MMMOOWIIN3AIMN PAJMOaKTHBHBIX OTXOOB I0]] AEHCTBUEM OCKOJIKOB JICIICHUS
[3; 4], a Taxke paspylieHue audnekrpudeckux cioeB MOII-TpaH3ucTopoB
0] BJIMSHUEM KOCMHYECKOro M3nmydyeHwus [13] cyliecTBEHHO OrpaHW4YHMBaIOT
CPOK CITy’KObI COOTBETCTBYIOLIMX YCTPOWCTB. B CBsI3M ¢ 9THM ycTaHOBJIECHHE
B3aMMOCBSA3M MEXKIY CTPYKTYpHbIMU cBoiicTBamMu TiO, M ero oTKIMKOM Ha
BO3JICHCTBHE BHICOKODHEPTETHYECKHUX TSIKEIIBIX HOHOB IIPE/ICTABIISIET COOO0H O/THY
13 aKTyaJIbHBIX 33124 (PU3UKHM KOHJJCHCHPOBAHHOTO COCTOSTHHUS ¥ paIHaI[IOHHOTO
MaTepHalIOBEICHUSL.

Ob6nyuenne pyruna TiO, BTH axkTuBHO MccienyeTcs ¢ MCHOJb30BaHHEM
COBPEMEHHBIX JKCIIEPUMEHTAIBHBIX METOJ/IOB, BKJIIOYas IMPOCBEUYHBAIOILYIO
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9JEKTPOHHYI MHUKpockonuio (IIOM) [14; 15; 16], aTOMHO-CUIIOBYIO
mukpockomnuio (ACM) [17; 18], pezepdoprosckoe odpatHoe paccesaue (POP/K)
[17] u manoyrioBoe peHTreHOBcKOe paccesiHue (MYPP) [18]. Metogamu ACM
U CKaHMPYIOIIEH 3JIEKTPOHHON MHMKPOCKONHUH OBIJIO YCTaHOBIJICHO, YTO IOCIIE
o6myuennst BTU Ha noBepxHOCTH pyTHIIAa (POPMUPYIOTCS HAHOpa3MepHbIE OyrOpKH
(xwutoxn) [17; 18]. [IDM-uccnenoBanus nokasaiu o0pa3oBaHHE KOHUYECKHX
JIATEHTHBIX TPEKOB B IPUIIOBEPXHOCTHOW 00JIACTH KPUCTAILIA, TIPECTABIISIOIINX
co0oii aryioMeparbl CTPYKTYPHBIX HEOJHOPOJHOCTEH pa3sMepoM HOpsaKa
1-2 um [ 14; 16]. TIpenmonaraetcsi, YT0 MOHWKCHHOE BHYTPCHHEE JaBJICHIE BOJIHM3H
TIOBEPXHOCTH UT'PACT BAYKHYIO POJIb B (POPMHUPOBAHUU KOHUYECKON MOpdosiorun
TpekoB [14].

Peaxums paznuunbix noaumopdueix Moandukanuiit TiO2 Ha BozaelicTBHe
TSXKEJIBIX MOHOB TaK)K€ MCCIIEJ0BAJIaCh METOJaMH MOJEKYJISPHON AMHAMUKU
[19]. Iony4eHHble pe3ysbTaThl CBUACTEILCTBYIOT O BBICOKOW CIIOCOOHOCTH
pyTUIa K peKpUCTaIM3aluuU 1T0CIe pafnalioHHoro Bo3aeiicteus [19]. Onnako
0COOEHHOCTH CTPYKTYPHBIX U3MEHEHHH, WHAYLHPYEMBIX TSIKEIBIMH HOHAMHU
BBICOKHX dHepruii (>1 MaB/HyKIIOH) ocTaroTCsi HEAOCTATOYHO U3YUYECHHBIMH.

B cBsA3M ¢ 3THM 1eibI0 HAcTOSANEH pabOTHI SBISIETCS MCCIEJOBAaHUE
PpaaAualOHHO-MHyIUPOBAHHBIX CTPYKTYPHBIX U3MEHEHUN B MOHOKPUCTAILIAX
pyruna TiO, ocsie 00ryueHus BBICOKOIHEPreTHYECKUMH TSKEIIBIMKA MOHaMH K.

Marepuajibl 1 METOAbI

B kxadyecTBe 00BEKTOB MCCIIEIOBAaHUS MCIOJIB30BAINCH KOMMEPYECKUE
MOHOKpHcTaabl guokcujga tutana (TiO,) pyTunbHoil Moanpukanuu,
npuodperennsie y komnanun MTI Corporation (MTI XTL, USA). CornacHo
crienpUKay IPOU3BOUTEINSI, 00pa3LIb IPEICTABIISUIH COO0I OPHEHTHPOBAHHBIE
MOHOKPHCTAJUIBI PYTHJIA C KPUCTAIIIOrpauuecKoil OpueHTaIMei MOBEpXHOCTH
(110) u Hanpasienuem pedpa <001>. Pazmepsl nomioxek cocrasisu 10 x 5
% 0.5 MM3, Ipu ATOM OJTHA M3 MTOBEPXHOCTEH OblIIa MEXaHUYECKH M XMMHUUYECKH
OTIIOJIUPOBAaHA JI0 ONTHYECKOTO KauecTBa. BbIOOp MOHOKpHCTANIOB pyTHIIA
TiO2 (110) oOycioBieH BBICOKOH TEPMOJMHAMUYECKON W paauallMOHHON
CTaOMIIBHOCTBIO JIAHHOW KpHUCTAIIOrpauyeckol MOBEPXHOCTH, a TAKXKe ee
LIMPOKUM HUCIOJIB30BAHUEM B UCCIIEIOBAHUAX PaAHAllHOHHO-UHIyIIHPOBAHHBIX
ne]eKToB, JaTEHTHBIX TPEKOB U IPOLECCOB CTPYKTYPHOTO PasyHopsIOYCHUS
B OKCHIHBIX Marepuanax. Kpome toro, opuenrtanus (110) siBasercs ogHOM
n3 Haubosiee CTaOMIBHBIX MOBEPXHOCTEH PyTHJIA M YacTO HMCIOJBb3YETCs Kak
MOJIeNIbHAsl CUCTEMa IPH HCCIIEIOBAHUM B3aUMOJCHCTBHS OBICTPBIX TSKEIBIX
HMOHOB C OKCHIHBIMU KPUCTAJIIIAMU.

O06nyueHre 00pa3oB MPOBOAMIOCE HOHAMK KpunToHa Kr ¢ sHeprueii 147
MbB na nuknorpone JI[-60 (Acrana, Kasaxcran). O0pa3usl 00aydaiuchy npu
KOMHATHO# Temmepatype g0 ¢uioercoB 10" u 10" won/cm?. Beibop sueprun
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MOHOB ObLI 00YCJIOBIIEH HEOOXOJAMMOCTHIO MOJCIUPOBAHUS BO3ACHCTBUS
BBICOKOOHEPTeTHYECKUX OCKOJIKOB JICJICHUS 1 (YOPMHUPOBAHUSI JIATCHTHBIX TPEKOB
B NPUIIOBEPXHOCTHOW 00J1acTh KpucTaiia. [Ipy JaHHBIX YCIOBHAX OCHOBHBIM
MEXaHU3MOM TOTE€PU SHEPIHHM HOHOB SIBISAETCA 3JIEKTPOHHOE TOPMOXKEHHE,
MPUBOJsIEe K JIOKAJIbHOMY BO30YXK/JCHHUIO DJICKTPOHHOW MOJACHUCTEMBI U
00pa3oBaHMIO PaJUAOHHBIX Je(eKTOB. B cirydae OBICTPBIX TSIKEIBIX MOHOB
C JHEpPrusiMU MopsAaKa coTeH M>B OCHOBHBIM MEXaHHM3MOM PaAMALMOHHOTO
BO3/EHCTBHUS ABJIAETCA MIEKTPOHHOE TOPMOKEHUE, IPUBOAAIIEE K HHTEHCUBHOMY
JIOKaJbHOMY JHEPTOBBIJICICHUIO BIOJb TPAeKTOpUM HOHA. B pesynbrare
(dopmupyeTcs Tak Ha3bIBaeMasi 00J1aCTh TEPMUYECKOTO KA, COMPOBOXKAAIOIIASICS
KPaTKOBPEMEHHBIM JIOKJIbHBIM IUIABJICHHEM, 00pa30BaHUEM JIATEHTHBIX TPEKOB
1 HaKOIUIEHHEM CTPYKTYPHBIX aedekToB [16; 19]. Jlnst oKCHAHBIX MaTepuaIoB
tuna TiO, nogoOHbBIe Mpolecchl MOTYT NMPUBOAMTH KaK K JIOKaJbHOMY
pasymnopsIOYEHUIO CTPYKTYPhI, TaK U K PaAHalMOHHO-UHIYIIUPOBAHHOMY
PaCIIUPEHUI0 KPUCTAJUIMYECKON PEIeTKH.

PeHTreHOCTpYKTYPHBIN aHAJIN3 HCXOJHBIX M 00y4EHHBIX MOHOKPUCTAIIJIOB
TiO, Bemonnsancsa na puppaxromerpe Bruker D8 ECO ¢ ucnosnbzoBanrem
MoHoxpoMatusuposannoro Cu Ka-usnyuenus (A= 1.54056 A). Usmepenus
BBINOJHSUINCE B 0-20-reoMeTpun npu KOMHATHOW Temrieparype. Perucrpanms
I paKTOrpaMM OCYIIECTBISUIACH B AMAIa30HE YIIIOB 20, BKIIIOYAIOIEM OCHOBHbIE
pedueKchl pyTHIIBHON CTPYKTYPBl. AHAJIN3 PEHTICHOBCKHUX JaHHBIX BKIFOYAI
OIIpe/IeTICHUE TTOJIOKEHUS TUPPAKIIMOHHBIX MaKCUMYMOB, OLICHKY M3MEHEHUS
MEXIIJIOCKOCTHBIX PacCTOSIHUM, MapaMeTPOB 3JIECMEHTapHON SUEeHKU U CTENEHU
paauanMoOHHO-UHAYLIUPOBAHHOW aedopmanuu. st OleHKH HANpsKEHHO-
JeOpMHUPOBAHHOTO COCTOSIHUSI UCIIOIB30BAIOCH CMEIICHUE MEKILIOCKOCTHBIX
paccTOSTHUN OTHOCHTEJIBHO MCXOJHOIo MOHOKpucrtauia TiO2, npuHsITOrO
B KauyecTBE BHYTpPEHHETo aTajioHa. Pacuer MukponehopManuy IpoBOIUICS
110 M3MEHEHUIO MMapaMeTpoB PEIIeTKU rocie obiydeHus, a dpdexruBHoe
HaNpsKEHUE OLEHUBAJIOCH C UCIIOJIB30BAHUEM XapaKTEPHOI0 MOAYJIS yIIPYTOCTH
ans pytana TiO,.

Pe3yabTaTsl U 00cy:KI1€eHUE

AHanu3 TudpakTorpaMM HNPOBOIMICS C IIEIbI0 MCCIEIOBAHUS BIHSIHUS
o0nydeHus OBICTPBIMU TsDKENbIMU MOHamMHu Kr ¢ sHeprueit 147 M»sB Ha
KPUCTAJUIMYECKYIO CTPYKTYPY, IapaMeTphl pelieTKH, MUKpoaedopManuio u
HaIPsAKEHHO-1e()OPMHPOBAHHOE COCTOSHUE PYTHIILHBIX MOHOKpHCTAILIOB Ti0,.

Jns ¢da3oBoil naeHTUGUKAIUN U aHAINW3a KPUCTAUIOTPaPUUIECKUX
napaMeTpoB HCIONb30Bajach dTajonnas PDF-kapra ¢aser pytuna TiO,
(PDF 01-084-1283), cooTBEeTCTBYIOIIAs TETPAarOHAIBHOU CTPYKTypeE
C IPOCTPAHCTBEHHOM rpynnoi P4, /mnm.
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Penrtrenosckue qudpakrorpaMMbl HCXOAHOTO M 00JIydeHHBIX HOHaMu Kr
MoHOKpucTaiioB TiO2 ObUTM MPOaHATU3UPOBAHBI C YYETOM TETparoHalbHOU
cTpyKTyphl pyTuiaa. CornacHo koppektHoi PDF-kapre pytuna, TiO,
KPUCTAJUIU3YETCs. B TeTPAaroHaJIbHONW CHUHIOHUM C MPOCTPAHCTBEHHOM IpymnIon
P4,/mnm, napamerpamu pemetku (a=b=4.593) A, (c=2.959) A u o6BemMom
ieMeHTapHol sueiikn V=62.42 A3. OcHoBHOI TaloHHBIH pediekc pyTuia
pacrnoJio)keH B obsiacth M coorBercTByeT miockocT (110), uro xopomo
corjacyeTcs ¢ MapKHPOBKOH HccliesyeMoro oopasna kak MoHokpucraiia TiO,
c opuenTanueii (110) u HanpaBiaenueM pedpa <001>.

DKcneprUMEHTaIbHbIE PEHTI€HOBCKUE AH(PAKTOrpaMMbI OBUTH MTOJYYEHBI
U1 TpeX 00pasIoB: MCX0HOro MoHokpucTania TiO, n 06pa3ios, 00, Ty4eHHbIX
noHamu Kr ¢ sneprueit 147 MaB no ¢mroencos 10" u 10" non/cm? (prcyHOK
1). dns ucxogHoro obpasiia xapakTepeH WHTEHCHBHBIA NHU(PaKIMOHHBIN
MakcuMyM B oOnactu 20 = 27.75°, cooTBeTcTBYIOmMU oTpaxkenuto (110)
TeTparoHajbHoH cTpykTyphl pytuna TiO,. [ng obpasua, 00iy4eHHOro Mpu
10" non/cM?, MOJNIOKEHHUE ITOTO MHUKA NPAKTHYCCKH HE U3MEHSICTCS, YTO
yKa3bIBaeT Ha COXpaHEHHE KPUCTAJUTMUECKOI CTPYKTYpBI pyTHiIa 6e3 3aMeTHOU
paluanMoHHO-NH/IyIMPOBaHHOM nedopmanni.

3:5
Momnoxkpucramn TiO,
3.0 |
£ 25| —— F=10" non/cm?
g f
3]
£ 20 =
=] aQ
é o
& LS [ l —— F = 10" non/cm?
2 as
E 1.0 -
= s
05
— Hcxoauwit oGpasent
0.0
L L L L L L L
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PucyHok 1 — PeHTreHoBcKHe AH(PPAKTOrpaMMbl HCXOHOIO M OOJIydeHHBIX HoHamMH Kr

5B) Morokpuctamios TiO; npu duroeHcax u no/em?.
147 MbB’ I TiO; mp! 10" .10 /em?

Pucynok 1 — Pentrenosckue AuppakTorpaMMBl It KPUCTAIIOB
TiO, ncX01HOTO U 00TYYEHHOTO HOHAMU
147 M5B Kr o ¢utroercos 10" u 10" non/cm?

B 10 ke Bpems npu yBenuueHun QuroeHca g0 10 won/cM?> 0CHOBHOU
pedutekc (110) cMermaeTcst B 00J1aCTh MEHBIITUX YIIJIOB, @ OpMa KA CTAHOBUTCS
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ACUMMETPUYHOM, YTO CBUIETEIBCTBYET 00 YBEIMYCHUU MEKIUIOCKOCTHOTO
paccrosinus dq1g, HAKOIIEHUH JePEeKTOB U (HOPMHUPOBAHHU HEOJHOPOIHOTO
HaIpsDKEHHO-1e()OPMUPOBAHHOT'O CIIOSL.

[TogoOHOE pagualMOHHO-UHIYLHPOBAHHOE PACLUINPEHHE PELIETKU paHee
Habsmonanock B TiO, nocie BosiecTBISA OBICTPBIX TAKENBIX HOHOB U CBA3BIBAIOCH
¢ GOopMHpPOBAaHHMEM JIATCHTHBIX TPEKOB M JIOKAJIBHO Pa3yMopsA0UYECHHBIX
obuacreit [16; 17]. Acummerpust 1udpakIMOHHOTO MakCUMyMa M IOSIBICHUE
LIUPOKON HU3KOYTJIOBOI KOMIIOHEHTH! YKa3bIBalOT Ha HaJIMUME TPaJUEHTa
nedopmalm 1 HEOTHOPOIHOT'O pactipeesIeH s 1e(eKTOB B IPUIIOBEPXHOCTHON
001aCTH MOHOKPUCTAILIA.

[TapameTpsl penieTkn ObUIM TaKKe OILICHEHBI C YYETOM TeTparoHaJbHON
CTpYKTYyphl pyTtuia. J{nsa orpaxenus (110) ucnonb3oBasoch COOTHOILIEHUE
di10 = a/V2, a mus (220) — dyyp = a/(2\/§). [MockonbKy HcceayemMbie
00pasIibl MPEICTABIIAOT 000K OpueHTHpOBaHHbIe MOHOKpHUcTasLIbl Ti0,(110),
craniaptHas 0—20 — reoMeTpusi peHTIeHOAN(PPAKIIMOHHOTO AKCIIEPUMEHTa He
M03BOJISIET BBIIOJIHUTH HE3aBUCHUMOE M HaJEKHOE ONpeJesIieHue Mnapamerpa
pemerky (c).

Ha nudpakTorpaMmax JOMHUHUPYIOT TJIaBHBIM 00pa3oM OTpakKeHUs
cemeiictBa (110) u (220), Torna kak pediieKchl, 4YyBCTBUTEIbHbBIE K HAIIPABICHUIO
[001], npakTu4ecku OTCYTCTBYIOT JUISl KOPPEKTHOTO CTPYKTYPHOTO YTOUHEHHSI.
B cBs3u ¢ aTuM napamerp (c) ObLI OIIEHEH KOCBEHHBIM CIOCOOOM, UCXOAS U3
TIPE/INIOJIOKEHUS O TIPUOIM3UTEIIBHOM COXPaHEHUH TETPArOHAILHOTO OTHOILICHUS
(c/a), xapakTepHOro /s pyTUIbHO#M cTpyKTYphI TiO,.

Jlist 9TanoHHON (a3sl pyTHIA HCIOJbB3YIOTCS MapaMeTpsl: Ag = by =
4593 A, ¢y = 2.959 A, 4TO COOTBETCTBYET OTHOLICHHIO: Z—Z ~ 0.6442.
[Ipennonaras, 4To paguallMOHHO-MHIYLUPOBAHHOE PACIIUPEHUE PELIETKH HE
MIPUBOJIUT K CHIILHOMY U3MEHEHHIO TETPAroHaJIbHOTO HCKaXKeHHUs, 3 (heKTHUBHOE
3HaYeHHE IapaMerpa (C) OLEHUBAJIOCH IO BBIPAKECHUIO: Ceff = Qeff X Z—Z-
[Nomy4eHHbIe 3HaUCHNUS CIEIYET PACCMaTPUBATh KakK 3((EKTUBHBIC OIICHOYHBIC
rapaMeTpsl, @ He KaK pe3yJIbTaThl IPSIMOTO KPUCTAIUIOTPahUUECKOTO YTOUHCHHUS
(Tabnuma 1).

Tabnnua 1 — DdpexrrBrbie onenounble napameTpsl pytuna TiO,(110)

O6paszen Aeff A Ceff A Vepr = a’c, A AV/V, %
Dranon 4.5940 2.9590 62.45

Ucxonnblii TiO, 4.5931 2.9590 62.42 0
10" won/cm? non/cm? 4.5945 2.9600 62.49 +0.11
10" non/cm?, (110) 4.6471 2.9940 64.67 +3.61
10" non/cm?, (220) 47151 3.0370 67.57 +8.25
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Tem He MeHee TakOH MOAXOJ MO3BOJISIET OLIGHUTh TEHICHIUIO U3MEHEHHUS
o0beMa dIeMEHTApHON s'UeHKH NpHU yBelnueHUn (iroeHca oO0aydeHus
U CONOCTaBUTH CTENEHb PaJHMAlMOHHO-UHIYIHPOBAHHOTO pacIlUpEeHUs
pemetku. CiieryeT OTMETUTb, YTO JaKe IPH MAKCHMAaJIbHOM HCCIIE0BAaHHOM
(aroeHce He HAOJIIOJIAETCS MOSBICHUS JOMOJHUTEIBHBIX AUPPAKIIMOHHBIX
MaKCHMMYMOB WJIM NPU3HAKOB aMOp(H3aIiH, YTO CBUJIETEIBCTBYET O BHICOKOU
CTPYKTYPHO# yCTOHYMBOCTH pyTHibHOK Momupukanuu TiO, k Bo3aekcTeuro
BBICOKODHEPI'€THUECKHUX TSDKEJIBIX MOHOB. BBICOKas yCTOMYMBOCTH PyTHUIIEHON
crpyktypbl TiO, x amopdusanuu panee o0bsAcHanach 3gdexTUBHOM
pekpucramuinzanueil 006JacTu TEPMUYECKOTO MHKa, (OpMHUpYIOIIeHCs TpH
MIPOXOKICHUU OBICTPOTO TSKEIOr0 HOHA Yepe3 Kpructaini [ 19]. 3 npuBeieHHBIX
pe3ynbTaToB BUAHO, 4TO npH (uroeHce 10" MoH/cM? mapaMeTpbl pelIeTKH U
00bEM AIIEMEHTAPHOM SUCHKHM U3MEHSIOTCS KpaiiHe cinabo. YBenuueHne oobema
cocrasisier Bcero okoio (0.1 %), yTo yka3pIBaeT Ha COXpaHEHUE MPAKTUYECKH
HEM3MEHEHHOH cTpyKTyphl pyTria TiO% DTo cormacyercst ¢ MUHUMAIbHBIM
cMmenieHneM ocHoBHoro pediexca (110) u cBHIETEIBCTBYET O TOM, YTO TPH
JIAaHHOM (DJIFOCHCE KOHIIEHTPALUS paIMalliOHHBIX 1e(EKTOB €lle HeI0CTaTOYHa
JUTs1 POPMHUPOBAHUSI BEIPAKEHHOT'O HAIPSDKEHHO-e(OPMHUPOBAHHOTO COCTOSIHUSL.

[Mpu yBenuuenun daroenca g0 10" non/cm? HabMOgACTCS 3aMETHOE
yBEJIMYCHUE KaK Mapamerpa (a), Tak U ollcHeHHOTo mapametpa (c). Jus
OCHOBHOW KOMITOHEHTBI JHU()PAKIMOHHOTO MHKa 00BEM IJIEMEHTApHOH STUESHKU
Bo3pacTaeT 10 64.67 A3, uT0 COOTBETCTBYET yBEIMUEHMIO MPUMEPHO HA
3.6 % OTHOCUTEIBHO MCXOJHOTO COCTOSIHHUSA. J[OTONHHUTEIBHO B 00JIaCTH
MEHBIINX YIJIOB MOSBIISIETCS MINPOKast KOMIIOHEHTA, CBSI3aHHAs ¢ OoJiee CHIIBHO
TIOBPEXKICHHBIM IIPUTIOBEPXHOCTHBIM citoeM. J{i1st aToi obnactu addexTuBHBIN
o6bem focturaet 67.57 A3, a oTHOCHTeNbHOE paclIMpEeHHe COCTABISAET OKOIO
8.3 %. ®opmupoBaHHe CHIBHO 1e()OPMUPOBAHHOTO MPUTIOBEPXHOCTHOTO CJIOS
MOXET OBITh CBSI3aHO C IIEPEKPBITHEM JIATEHTHBIX TPEKOB ITPU BBICOKOM (hiItoeHCe
00IyueHus. AHaIOTMYHOE HaKOTUICHHE IE(DEKTOB U POCT JIOKaJIBbHOH iehopmarinu
panee obcyxaanuch A TiO, u IpyruX OKCHUIHBIX MaTe€pHaJIOB, 00JTy4eHHBIX
OBICTPBIMU TsDKEIIBIMA HOHamu [17; 19].

[TockoybKky mcciaeayeMblii oO6pasel sIBIASETCS OPHUEHTUPOBAHHBIM
MOHOKPHUCTAJJIOM, IPSIMOE HCIIOJIb30BaHUE TIOPOIIKOBOIO MOAX0/a, BKIIIOYas
KJIacCHYecKuii MeTo; BunbsMcona-Xoia, orpanndeHo. J[is Takux oOpasios
IMpUHA MHKa ONpeNeiseTcss He TOJIbKO MUKpojaedopManueii, HO Takxke
MO3aW4HOCTBIO, Pa3opUeHTAlNei OJIOKOB, KPUBU3HOM ITOBEPXHOCTH, BKJIAJOM
TIOBPEXkKICHHOTO CJI0S, FEOMETPUEH CheMKH U MHCTPYMEHTAIBHBIM YIIUPEHUEM.
[TosTOMY B HacTOsIIEM HMCCIEAOBAaHMU MHKpoJeopManus Oblia paccuuTaHa
6oJiee KOPPEKTHBIM CITOCOOOM — IO CMELICHUIO MEXKIIIOCKOCTHOT'O PACCTOSIHUS
oTHOCHTENbHO McxoaHoro TiO,. Mcxoaueii oOpasel] ObLI NPUHAT B Ka4eCTBE
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BHYTPEHHET0 3TAJIOHA, a He CpaBHUBaAJICS HanpsaMyto ¢ PDF-kaproit 01-084-1283.

Taxoii mo1xo/1 M03BOJISIET UCKIIIOYNTDH BKJIAJ1 HYJIEBOTO C/IBUTA IPUOOPa, BHICOTHI

o0pasia u Jpyrux reoMeTpu4ecKux GpakTopos.
PapmanmoHHO-uHAyHpOBaHHAs Aedopmanus paccuUTHIBAIACh IO

irr 0
_ Ahri—Ahi

BBIPDAXKCHUIO: Epp = , TJ1C d?lkl — MCXKINNIOCKOCTHOC pAaCCTOAHUC

dhgr
HCXOJHOTO KPHCTAILIA, a d;lrkrl — MEXIIOCKOCTHOE PACCTOSIHUE TTOCTIE OOy deHNSI.
Jist ocHoBHOTO OpreHTHpOBanHOrO peduiekca (110) snauenue d ucxonuoro TiO,
OBLIO IIPUHATO 32 HyJIEBOE COCTOAHNUE, TO3TOMY &, = 01 gy = 0. DpdexTnBHOE
HalnpsbkeHue ObLI OLIeHEH 110 cooTHoMIeHuo 0 = M e, rne M=230 I'Tla npunsr
Kak 3((eKTUBHBIN MOIYIb I CPAaBHUTEIBHON OLICHKH HAIPSKEHHOTO
cocrosiHus. [nst oneHkn 3(p(HEeKTUBHOTO HANMPSHKEHHO-1e()OPMUPOBAHHOTO
COCTOSIHUSI UCTIONB30Baics d((GeKTUBHBIN Moy ynpyroctu Meff=230 I'Tla,
COOTBETCTBYIONIMH XapaKTEPHBIM 3HAYEHHAM YIIPYTHX MOy Ied pyTHIIbHOTO TiO,,
TIPUBEICHHBIM B IUTEpaType. Pe3ynbraTsl pacueToB npecrasieHsl B Tabnume 2.

Tabmuma 2 — PangnanmoHHO-MHIYIUPOBAHHBIE AeGOopMaiy U 3PPEKTUBHOE
narnpsokenne pytwia TiO,(110). Pacuernbie snauenus mist peuexca (110)

Ob6pasert 260410, ° d110, A €110 OddexruBHoe
Hanpspkenue, ['Tla
Hcxonusiit 27.747 3.2124 0 0
10" won/cm? 27.750 3.2121 -9.1x10% —-0.02
10" non/cM?, ocHOBHAsK 27.300 3.2640 1.61x10? 3.70
KOMIIOHCHTA
10" won/cm?, mMpokas 27.024 3.2967 2.63x10? 6.04
[OBPEXKICHHAS
KOMIIOHCHTA

[TockonbKy HmcclienyemMble 00pasibl SBISIOTCS OPHEHTHPOBAHHBIMHU
MOHOKPHCTAJJIAMU C BBIPQXKEHHON YIPYrOil aHU30TPONHUEH, TOTyY€HHbIE 3HAYCHUS]
CIJIe/TyeT paccMaTpuBaTh Kak 3()(EKTUBHBIC MM KaXKyIIHUecs HANpPsDKCHNUS, a He
KaK ITOJIHBII TEH30P OCTATOYHBIX HANPSLKEHUI.

W3 npuBeIeHHBIX JaHHBIX BHUIHO, YTO IOCie o0gydeHus 1o QuioeHca
10" non/cm? n3menenue nosioxenus: nuka (110) mpakTUYeCKH OTCYTCTBYET.
Paccuntannas nedopmanus coctaBiseT Bcero okono — 9.1x107, uro HaxoauTes
B Ipejenax dKCIEePUMEHTAIBHON HeompeaeneHHoCTH. [loaToMy 17l JaHHOrO
(roeHca KOpPpEeKTHEE IOBOPUTH HE O PEallbHOM CHKMMAIOIIEM HaNpsOKCHUH,
a 00 OTCYTCTBHM 3aMETHOTO pPaJAMallMOHHO-UHyIIHPOBAHHOTO HAINpsKEHHO-
J1e(OPMUPOBAHHOTO COCTOSIHHSA. DTO O3HA4aeT, YTO IPU HU3KOM (rroeHce
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JnedeKTsl ene He GOPMHUPYIOT CYIIECTBEHHO MOBPEKACHHYIO 00JacTh U HE
MIPUBOJIAT K 3aMETHOMY M3MEHEHHUIO MEKIUIOCKOCTHBIX PACCTOSTHUM.

IIpu ¢dawence 10'* won/cm? HabmOAaeTCS MPUHUHUIINAIBHO HHAS
kaptuHa. OcHOBHas kommnoHeHTa pediekca (110) cMemaercs B CTOPOHY
MEHBIIHUX YTIIOB, YTO COOTBETCTBYET yBelHueHHIO dq19 10 3.2640 A u
paualMOHHO-UHIYIIUPOBAHHOM ieopmarun 0koiio 1.61 %, COOTBETCTBY O
3¢ GEeKTUBHBIA pacTAruBarollee HalpsDKEHHE OIICHWBACTCS Ha YPOBHE OKOJIO
3.7 I'lla. JIomONMHUTENEHO B HU3KOYIJIOBOW 00JacTH MPOSBISETCS IIHPOKast
KOMIIOHEHTA, CBsI3aHHasi ¢ 6oJiece CHIILHO MOBpexIeHHbIM citoeM. Jiist Hee dqq
yBenuuuBaercs 10 3.2967 A, 4To cOOTBETCTBYET NOKANBHOM Jed)OpMAIIHI OKOJIO
2.63 % u a3 dpextuBHOMY cTpeccy okosio 6.0 I['Tla. CiaemxyeT OTMETHTB, YTO
JJAaHHOE 3HaYCHUE HE COOTBETCTBYET OJTHOPOJIHOMY HAIPSHKEHHOMY COCTOSIHUIO
BCEr0 MOHOKPHCTAJIJIA, @ OTPAKAET JIOKAIbHOE HAPSHKEHHO-1e()OPMHPOBAHHOE
COCTOSIHWE TIOBPEXKICHHON MPUTIOBEPXHOCTHOM 001acTH, C(HOPMUPOBAHHON IPU
obiryyennn BTU. Tlomy4yeHHble pe3ysibTaThl XOPOIIO COTJIACYIOTCSI C MOJIEIIBIO
TEPMHUYECKOT0 ITHKa, COTJIACHO KOTOPOH HHTEHCUBHOE JICKTPOHHOE TOPMOXKEHHE
OBICTPBIX TSDKEJIBIX MOHOB BBI3BIBACT JIOKAJIBHOE BO30YXK/IEHHE IJIEKTPOHHOMN
MOJICUCTEMBI M ITOCJIEAYIOUIYIO Mepeady PHEPTUU pemeTKe. ITO MPUBOIAUT
K (opMHpOBaHUIO 00JIaCTEH JIOKAJIHHOTO Pa3ylnopsiAOYeHUs, HAKOIIJICHUIO
BaKaHCHUH M MEXY3€JbHBIX Je(EKTOB, a TAK)Ke K BO3HHKHOBEHHIO JIOKAJIbHBIX
PACTATHBAIONINX HAMPSIKCHUI BOJM3M JATCHTHBIX TpekoB [12; 16; 19], uto
XOPOILO COTJIaCyeTCs ¢ MOJICNIBIO HEYIIPYTroro 3JeKTPOHHOTO TOPMOXEHHUS B
OKCHJIHBIX MaTepuaax.

[Tpn yBennuennn roeHca BO3pacTaeT BEPOSITHOCTh MIEPEKPHITHSI TPEKOB,
YTO CONPOBOXKIACTCS YCUIICHUEM paIMalliOHHO-HH/IyIMPOBaHHOH ieopMaliun
U POCTOM HEOJHOPOJHOCTH HAIPSHKEHHOTO cOCTOSHUS. J{JIsl TONOJIHUTENbHON
npoBepku 0bUT paccmotpeH pediekce (220) (Tadnwuma 3).

Tabmuua 3 — PaguanuoHHO-MHIYIIMPOBAHHBIC AcQopMarii U 3PPEKTUBHOEC
nanpsokenue pytiia TiO,(110). Pacuernbie 3nauenus s peduekca (220)

Oopa3zen Peduexc Jedopmarus Db dexTHBHOE HANPSDKEHHE,
OTHOCHUTENbHO ucxoguoro | ITla

oOpasua
10" non/em? | (220) 7.39x10 0.17
10" won/cm? | (220) 7.24x107 1.67

HecMotpst Ha TO, 4TO Ui OPUEHTHPOBAHHOTO MOHOKpHUCTaIa HanboJsee
HaJISKHBIM SIBJISIETCS aHATTN3 OCHOBHOTO peduiekca (110), cmemenue (220) Taxxe
MOJITBEPK/ACT TCHJCHIIMIO K PACHIMPEHUIO PEIISTKH PYTHIIA MPH BBICOKOM
(mroence.
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PacxoxeHne Mexay 3HaueHHSIMH, nojydeHHbIMU 1o (110) u (220),
SIBIISIETCSI OXKMJAEMBIM ISl 00JTy4EeHHOT0 MOHOKpHcTauia. OHO CBSI3aHO € TeM,
YTO NU(PPAKIMOHHBIA CUTHaN (OpMHUPYETCs OJHOBPEMEHHO OT OTHOCHTEIBHO
COXPaHEHHOW PYTHJILHOM MaTpPHUIBI U OT IMOBPEKAESHHOTO PUITOBEPXHOCTHOTO
CJIOSs, MMEIONIETO IpafueHT aedopmaluu o riayoune. Kpome Toro, cinadboctsb
OTZAEJIBHBIX peIeKCOB, aCHMMETPUS IMKOB U BO3MOKHBIH BKJIa]] MO3aMYHOCTH
JIeNIAl0T TOYHOE omnpejeeHne aedopManiy 1Mo KaxJoMy OTPaKEHUIO MEHee
HaJexKHBIM. TeM He MeHee 00a pedhiiekca oKa3bIBAOT OIMH M TOT JKE Ka4eCTBEHHbIN
Ppe3yJIbTaT: IPU HU3KOM (IIFOEHCE CTPYKTYPa OCTASTCS IPAKTHYECKH HEM3MEHHOM,
a npu 10" noH/cM? BO3HUKAET BBIPAKECHHOE PACIIHPEHHE PELICTKH.

HNudopmanust o puHaHCHPOBAHUHU

Pabora BeImosHEHa 1pu pUHAHCOBOW MO IepKKe MUHNCTEPCTBA HAYKH 1
BhIciIero oopazoBanus Pecryonnkn Kazaxcran (rpant NeAP23488607).

BriBoabl

[To pesynbTaTaM pEeHTI€HOCTPYKTYPHOTO aHalM3a yCTaHOBIJICHO, YTO
UCXOJHBIH M 00mydenHbie 00pasubl TiO, cOXpaHAIOT TETParoHaabHYIO
CTPYKTYpPY pyTHJa BO BCEM HCCJIEAOBaHHOM Juarna3oHe QuroeHcon. s
obpasia, obnyuenHoro mpu 10" HOH/CM?, U3MEHEHUSI TIOJIOKEHUS U (HOPMBI
I paKIMOHHBIX MAKCUMYMOB MHHHMMAJIbHBI, YTO yKa3bIBaeT Ha COXpaHCHHE
MPaKTUYECKH HEU3MEHEHHOH KPHUCTAIINYECKON pPElIeTKH M OTCYTCTBHUE
BBIPKEHHOT'O HANPSHKEHHO-1e()OPMUPOBAHHOTO COCTOSIHUSI.

[Mpu yBenuuyenun ¢iroerca q0 10" won/cm? HabmOgaeTCs CMEIICHHE
peduiekcor (110) u (220) B 001aCTh MEHBIIKMX YIJIOB, YTO CBHICTEIBCTBYET O
paZnanMOHHO-MHAYIUPOBAHHOM YBEJIUYECHUH MEXKIIJIOCKOCTHBIX PACCTOSHHUN
1 pacmupenun pemetku pytuna TiO,. DdexTuBHbIH 00beM d1eMeHTapHOMH
sT9eKu Bo3pacTaeT 10 ~3.6 % Aii OCHOBHOM KOMITOHEHTHI U 10 ~8.3% Juist
TIOBPEkKICHHOT'O TIPUITOBEPXHOCTHOTO CJIOSI.

Pacuer mukposedopMannm OTHOCUTEIHFHO MCXOJHOTO MOHOKpPHCTAJLIA
10Ka3aj, 4TO MpH HU3KOM (hiroeHce JnedopManys NPaKTHYECKH OTCYTCTBYET,
torga kak npu 10" non/cm? GopMupyeTcs BBIpaXXEHHOE PaCTATHBAIOIICE
HaIpsDKeHHO-1e(OPMUPOBAHHOE COCTOSIHUE € AP (HEKTHBHBIM CTPECCOM TTOPSIAKA
Heckosbkux ['Tla. TlosiBieHre mUpoKoil MaloyrioBON KOMIOHEHTHI YKa3bIBaeT
Ha 00pa3oBaHUE CHIBHO JE(EKTHOTO IPUIIOBEPXHOCTHOTO CIIOSI, CBS3aHHOI'O
C HAaKOIUICHHEM PaJHalMOHHBIX Je(EKTOB, JIOKAIBHBIM Pa3yHopsi04eHueM
CTPYKTYPBI U IIEPEKPHITHEM JIATEHTHBIX TPEKOB TSKEJIBIX HOHOB K.

[Tomy4eHHbIe pe3ysIbTaThl TOKA3bIBAIOT, YTO OCHOBHBIM 3 (eKTOM 00Ty deH s
sIBIIsieTCsl He (Da30BBIH MEPEeXo/l, a paJAnallMOHHO-MHAYIIMPOBAHHOE paclIupeHue
pemerku pyruna TiO,, conpoBoxparoumieecs pocToM MUKpoaepopMaluy,
HakoIIeHHeM 1e(eKkToB M (pOPMHUPOBAHHEM HEOJHOPOIAHOTO HAIPSKEHHOI'O
COCTOSIHMSI B ITPUIIOBEPXHOCTHOM 00J1aCTH KpUCTaIa.
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Takum oOpazom, pyTHibHbIE MOHOKpHCTAIIB TiO2 1eMOHCTPHUPYIOT
BBICOKYIO YCTOHYHMBOCTH K (Da30BBIM NpEBpaALICHHUSIM IPU BO3JACHCTBUHU
OBICTPBIX TSDKEIBIX MOHOB, OJHAKO HAKOIUICGHHWE PaAHallMOHHBIX Ie(EKTOB
MPUBOAMT K CYHIECTBEHHOMY M3MEHEHMIO HAIPsDKEHHO-1e(OpMUPOBAHHOIO
COCTOSIHUSI NMPUIIOBEPXHOCTHOU o0OaacTu. [losydyeHHBIE pe3yabTaThHI
MIPEJCTABISIIOT MHTEpeC sl pa3pabOTKH pajuallMOHHO-CTOWKUX OKCHJIHBIX
MaTepHaJlOB, UCIOIb3YEMBIX B SIEPHOI 3HEPreTUKe, KOCMUYECKOH IIEKTPOHUKE
1 QYHKIMOHAIBHBIX TTOKPBITHSIX.

[TonydeHHbIEe pe3yabTaThl MOTYT OBITH HCIIOJIB30BAHbI JUIS OLEHKHU
paauanMoOHHON CTOMKOCTH OKCHUAHBIX MaTEpUaIOB, NMPEJHA3HAYCHHBIX IS
SKCIUTyaTalluH B SKCTPEMAJIbHBIX PaJlallMOHHbBIX YCIOBUSAX.
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KR HOHJIAPBIMEH COVYJEJEHAIPIJITEH TIO,
MOHOKPUCTAJIJAPBIH PEHTTEHKYPBIJIBIMJBIK 3EPTTEY

byn maxanaoa 147 MboB suepeusiior Kr uondapvimen 10" scomne
107 uon/cm’  uroencmepee  oeiiin - coynenendipineen  pymun  TiO,
MOHOKPUCIMANOAPBIHOAZbL  PAOUAYUSAILIK-UHOYYUPTIEHSEH Ky DbLILIMObIK
o3eepicmep 3epmmenodi. PenmeenkypolieimObly manoay Homudiceiepi
3epmmenieen OapvlK PuOeHC OUANa3oHbIHOA PYMUIOiH MempazoHaibobl
KYpbLIbIMbL  a3anvlk — ayblcycblz — CAKMANAMbIHLIL - KOPCEmmi.
10" uon/cm? ¢pmoenc reszinde Ouppakyusivlk Maxcumymoapobly OpHbl
Mmen  niwininoezi os2epicmepoiy ome as 6orywr TiO, Kpucmanowlx
MOPBIHBIY JCO2aPbl PAOUAYUTBIK MYPAKMbLIbIZLIH Kopcemeodi. Puioenc
107 uon/cm? momine oetiin apmranoa (110) scone (220) perexcmepiniy
Kiwi Oypoiuimap aumazvlia vleblcysbl 6atKaiaobl, Oy HCazblKMbIKAPAIbIK,
KAWbIKMbIKMAPObIY  YA2AI0bIH JHCOHE PYMUL TOPbIHbIY PAOUAYUSLTBIK-
unoyyupieneen Kenerin kopcemeoi. DleMeHmap ysublk napamempiepin
manoay Heeizei KOMNOHEHM  YWIH —MUIMOI  KOJICMHIY — WAMAMEH
~3.6 %-ea, an 3akpimOanean Gemre dcaxvin Kabam ywin ~8.3 %-ea
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Oeiiin apmamvinviy Kopcemmi. Ecenmencen mukpooepopmayus sncome
MUiMOi KepHeyiK Kyl MOHOepi Ho2apbl NOKALObIK CO3bLLY KepHeyepi
bap bipmexciz akayivlk KAOAMmuoly Kaielnmacyvli 0oJenoetioi. Kvindam
ayvlp UOHOAp OCepPiHiK Heeizel candapvl pPaouayusiiblK, aKayiapobiH
JHCUHATLYbL, KePHEYI-0eOpMayUsianean Kyuoiy 0amybl HeoHe 6acmankl
pymun TiO, kypvlivimein 6y30aii sakpimoanearn bemxe jHeakpli Kabammoiy
mysinyi exemi anvikmanovl. Anvinean nomudicenep TiO, mamepuanvin
paduayusiza mesimoi QYHKYUOHANObIK MAMEPUALOAPOA HCOHE SLOPOJIbIK,
Opi 2apblUMbIK, MeXHUKA dleMeHmmepinoe KOAOAHy Yulin Manbl30bl
oonvin mabwiiadwl.

Kinmmi coz0ep: TiO2, pymun, ayvip uonoap, paouayusiibl akayiap,
Jamenmmi mpexmep, peHmM2eHKypbliblMObLK MANOAY, MUKPOOeDOopMayus,
PaAOUAYUSATIBIK Y PAKMBLIBIK.
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X-RAY STUDY OF TIO, SINGLE CRYSTALS
IRRADIATED WITH KR IONS

Radiation-induced structural changes in rutile TiO: single crystals irradiated
with 147 MeV Kr ions to fluences of 10" and 107 ions/cm’ were investigated.
X-ray diffraction analysis revealed that the tetragonal rutile structure is preserved
throughout the studied fluence range without any signs of phase transformation. It
was shown that at a fluence of 10" ions/cm?’ the changes in the position and shape
of diffraction peaks are minimal, indicating a high radiation resistance of the TiO,
crystal lattice. With increasing fluence up to 10 ions/cm?, the (110) and (220)
reflections shift toward lower diffraction angles, indicating a radiation-induced
increase in interplanar spacing and expansion of the rutile lattice. Analysis of the
unit cell parameters demonstrated an increase in the effective unit cell volume up
to ~3.6 % for the main component and up to ~8.3 % for the damaged near-surface
layer. The calculated microstrain and effective stress values indicate the formation
of a non-uniform defect layer with high local tensile stresses. It was established that
the primary effect of swift heavy ion irradiation is the accumulation of radiation
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defects, the development of a stress-strain state, and the formation of a damaged
near-surface region without destruction of the original rutile TiO, structure. The
obtained results are of interest for the application of TiO, in radiation-resistant
functional materials and components for nuclear and space technologies.

Keywords: TiO,, rutile, heavy ions, radiation defects, latent tracks, X-ray
analysis, microstrain, radiation resistance.
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BJIIUAHUE TTAPAMETPOB JETOHALMUOHHOIO
HATBIJIEHUS HA MOP®OJIOMIO U ®A30BbIA COCTAB
OKCUAHbIX MOKPbLITUA CR,O,
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B pabome nposedeno kommiekchoe uccie0o08aHue  GAUSHUL
MEXHON02UYECKUX — YCA0BULl  OCMOHAYUOHHO20 — HANbUICHUs — HA
Gopmuposanue mopponozuu, azoeo2o cocmasa u IKCHIYAMAYUOHHBIX
CBOUICME Kepamuyeckux nokpvlmutl Ha ocHoge oxcuoa xpoma (Cr20s).
THoxpeimus gopmuposanucy na NOOIONCKAX U3 HEPIHCABEIOULEI CIMATU
AISI 316L ¢ npumenenuem Oemonayuonnozo komniexca CCDS2000
NpU  pA3IUYHBIX  CIMENEHSAX 3ANOJHEHUs CMEONd  OemOHAYUOHHOU
yemanosku.  C - ucnoavbsosanuem — mMemooos — peHmeeHodhaz068020
amanuza,  CKamupyiowell  JeKmMpOHHOU — MUKPOCKONUU, — U3MEpPEeHUs]
MUKPOMBEPOOCIU U WEPOX08AMOCIU, A MAKIce MPUOOIOSULECKUX U
A02e3UOHHBIX UCNBIMAHULL UCCTCO0BAHO BNIUAHUE PEICUMOE HANBLIEHUS HA
CMPYKMypY U C8OUCMBA NOKPLIMULL. Y CMAHOBICHO, YO 60 6CeX 00PA3UAX
domunupyrowell gaszot seisemcs kpucmainuyeckuil o-Cr20s. Iokazaro,
YUMo uU3MeHeHue cnmenenu 3anoHeHUsi CMEOoJd CYUeCmeeHHO OMpaiCaemcs.
Ha NIOMHOCMU, NOPUCMOCMU U OOHOPOOHOCHU MUKPOCIPYKMYPbl
nokpeimuti. OnmumanvHvle pexcumvl  OemMOHAYUOHHO2O0 HANbLIEHUS
obecneuugaiom — CHUdICEHUe  NOPUCHOCIU U WEPOXO8AMOCmu
NOBEPXHOCMU, NOGbIULEHUE MEEPOOCHU, VAVYUEHUE USHOCOCHIOUKOCU
u aozesuonnoll npounocmu. Ilonyuennvle pe3yabmanvl NOOMEEPIHCOAIOM
603MOICHOCIb  YENCHANPABIIEHHO20 YNPABIEHUsl  IKCHIYAMAYUOHHLIMU
xapaxmepucmuxamy — nokpuimuii ~ Cr:0s  nymém  onmumuzayuu
MEXHON02UYECKUX NaApamempos OemoHAYUOHHO20 HANbLICHUS.. Imo
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pacwupsiem nepcnekmuebl  NPAKMuYecKo20 NPUMEHEHUs. NOKPbIMULL
Cr205 6 ycio8usx NOBbUUEHHbIX MEXAHUYECKUX U MPUbOI0SUYeCKUX
HA2PY30K 8 dHepeemuKe, MAWUHOCMPOCHUU U OPY2UX OMBEnCMEEHHbIX
ompacnax nPOMbIULIEHHOCHIU.

Kniouegvie  cnosa:  Odemomayuonnoe  Hanvlienue,  NOKPbIMUs
Cr:0s, mukpocmpykmypa, mpudojocuyeckue C80UCmad, a02e3UOHHAs
NPOYHOCMb, MOPPONIO2US NOBEPXHOCTIU.

Beenenne

Kepamuueckue nokpeitus u3 okcuja xpoma (Cr203) MIUPOKO UCTOMB3YIOTCS
B KQUeCTBE N3HOCOCTOMKOT0, (PPUKIIMOHHOTO 1 KOPPO3HOHHOCTOMKOT0 MaTepuaa
Ha pa3IMYHbIX TEXHUYECKUX KOMIIOHEHTAaX, IPUMEHSAEMBIX B a3POKOCMUYECKOH,
MOPCKOM, XMMHUYECKOW, OyMaKHOU M IICJUTIOJI03HOW TpoMbIiicHHOCTH [1].
Bbicokuii MHTEpEC K TAaHHBIM MIOKPBITHSIM 00YCIIOBJICH YHUKaJIbHBIM COYETAHUEM
nX (PU3MKO-MEXaHUUECKUX K XUMHYECKHX CBOMCTB, BKIIIOUAst BBICOKYIO TBEPAOCTD,
HU3KUI KOO(QQUIMEHT TPEHHUS, TEPMUUECKYIO CTAOWIILHOCTh M yCTOWYHBOCTH
K BO3JICHCTBUIO arpeccUBHBIX cpex [2; 3]. braromaps STUM XapaKTepUCTHKAM
moKpbITUs Cr203 3 PEKTUBHO 3aIMUIIAIOT TTOBEPXHOCTH JCTAJICH, paOOTAFOIINX
B YCIIOBUSIX MHTEHCHBHOTO a0pasWBHOTO M aJIre3MOHHOTO M3HOCA, a TaKXkKe MpU
MOBBIIIEHHBIX TEMIIEpaTypax U B KOPPO3UOHHO-aKTUBHBIX CPEAax.

Haubonee pacnpocTpaHEHHBIMU TEXHOJIOTHUSIMUA HAHECCHUsS MOKPBITUN
Cr20s sSIBISIFOTCS METOZBI TEPMHUYECKOTO HAIBUICHHUS, TaKKe Kak atMochepHoe
u1a3MeHHoe HarbuieHHe (APS) 1 BRBICOKOCKOPOCTHOE ra30IjIaMeHHOE HallblJICHHE
(HVOF). Hecmotpst Ha MX HIMPOKOE MPOMBIIIJICHHOE IIPUMEHEHUE, JTaHHbIC
METO/IbI HEPEAKO MPHUBOJAT K (OPMUPOBAHHUIO MOKPBITUH C MOBBIIICHHON
MTOPUCTOCTHIO ¥ 3HAUNUTEIbHBIMU OCTATOYHBIMU TEPMUYECKUMU HANPSKEHUIMH,
YTO MOXKET CHM)KATh 9KCIUTyaTallMOHHbBIE XapaKTePUCTHKN MOKPBITHH, 0COOEHHO
B YCJIOBUAX LIUKIMUYECKUX MEXaHHMUECKUX U TEPMUUECKHUX Harpy3ok [4; 5].

B nocnenHue rospl 3HAUUTEIHHOE BHUMAHUE YENACTCA JETOHALIMOHHOMY
HaIlBIJICHUIO KaK TEePCIeKTHBHOMY MeToay (OpMHpOBaHHUS KEepamMHUECKHX
MOKPBITUIL C yITyUIIIEHHBIMU CTPYKTYPHBIMHU U MEXaHUUECKUMH XapaKTePUCTUKAMU.
JleToHallMOHHOE HaMBIJICHHE OCHOBAHO Ha YCKOPEHUH MOPOIIKOBBIX YAaCTHIL J10
CBEPX3BYKOBBIX CKOPOCTEH C MCMONb30BAaHUEM ACTOHAIMOHHON BOJHBI, YTO
o0ecrieyrBaeT BBICOKYIO KHHETHUECKY O 9HEPTHIO YaCTHI] IIPH KPATKOBPEMEHHOM
TEIJIOBOM BO3JICHCTBHM Ha Marepuan [6]. Takue yciaoBUsS CIOCOOCTBYIOT
(OpPMUPOBAHUIO THIOTHBIX, MAJOTIOPUCTBIX TIOKPHITHH ¢ BHICOKOH aJIr€3MOHHOMN
MIPOYHOCTBIO U MEJIKOJUCIEPCHON JaMeNIsipHOI cTpykTypoil. CoBpeMeHHBIe
HCCIIeI0BaHUS OKA3bIBAIOT, YTO TEXHOJOTMUYECKHE TapaMeTphl AE€TOHAIIMOHHOTO
HaITbUICHUS], BKIJTFOUasi COCTAB Ia30BOM CMECH, CTETICHB 3aI10THEHHs CTBOJIA (O0UKH),
4acTOTy AETOHAIMH, JUCTAHIUIO HAMBUICHUS U PAcXoJ] MOPOIIKA, OKa3bIBAIOT
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CYILIECTBEHHOE BIIUSIHUE HA MOP(OJIOTHIO, (ha30BbIi COCTAB M IKCILTyaTaAI[IOHHBIC
cBoiicTBa nokpbITHi Cr20; [7]. BappupoBanue pexuMOB HalbUICHUs TPUBOAUT
K U3MEHEHUIO CTENEeHHU YIJIOTHEHUs MOKPBITHS, PACIIpeesIeH s TI0p, pa3MepoB
CTPYKTYPHBIX 2JIEMEHTOB U (pa30BOH CTaOMIIBHOCTH OKCH/IA XPOMa, YTO HAITPSMYIO
OTpa)kaeTcsi Ha U3HOCOCTOMKOCTH, TBEPJOCTH, aJr€3MOHHON MPOUYHOCTH U
TPUOOJIOTHYECKNX XapaKTEPUCTUKAX ITOKPBITHH [§].

Taxum 00pazoM, KOMIIIEKCHOE MCCIIEJOBAHNUE BIMSHHS TEXHOJIOTMYECKUX
YCIIOBHH JICTOHALIMOHHOTO HAIlbUICHHUS Ha CTPYKTYpY, (ha3oBBIi cocTaB u
SKCIUTyaTallMOHHBIE CcBOMcTBA NOKPBITHH Cr20s3 sABJIsIETCSA aKTyalbHOM Hay4dHOU
U TpUKIAJHON 3ajnauelt maTepuanoBeaeHus. Kpome Toro, HepoctarouHas
HM3yUYEHHOCTh B3aUMOCBSA3€H MEXAy OTJEIbHBIMHU MapaMeTpaMu Ipolecca,
B YAaCTHOCTH CTEICHBIO 3aIOJIHEHHsS OOYKM JETOHALMOHHOW YCTaHOBKH, U
(hopMHUpPOBAaHMEM MHKPOCTPYKTYpPBI MOKPHITUH OTPaHMYUBACT BO3MOXKHOCTH
LIEJIEHAPABICHHOTO YIPaBJIEHHUs UX SKCILTyaTallHUOHHBIMU XapaKTepUCTUKAMU.
B aTOM KOHTEKCTE cucTemarndeckuii ananns mMopdosoruu, GazoBoro cocrasa
1 QyHKIMOHAIBHBIX CBOHCTB MOKPBHITHH TO3BOJIAET C(hOPMUPOBATH HAYUHO
000CHOBaHHBIC PEKOMEH/IAIIMH 110 ONTUMH3ALUH TEXHOJIOTUH JIETOHAIIMOHHOTO
HaNBUICHUS AJIs KOHKPETHBIX yCJIOBUH skcmiyaTtanuu [9]. B cBsa3u ¢
BBIIICH3IIOKEHHBIM 1IEJIbI0 JAHHOW PadOTHI SIBJISICTCS WCCIIEIOBAHUE BIIMSHUS
TEXHOJIOTHYECKUX MapaMeTpPOB JETOHAIMOHHOTO HAaINbUIEHHS, B YaCTHOCTH
CTEICHH 3aII0JIHEHUsI 00YKH JICTOHAIIMOHHOM YCTaHOBKH, Ha CBOMCTBA MOKPBITHI
Ha ocHoBe okcuna xpoma (Cr:0s), BKiIIOYast X MUKPOCTPYKTYPY, TBEPIOCTD,
aJATe3MOHHYI0 MPOYHOCTh U TPUOOJOTHUECKHE XapaKTEPUCTHKHU, C IENIbI0
OIIpe/IeSICHNUS] ONITUMAITBHBIX YCIOBHH ()OPMHUPOBAHHSI U3HOCOCTOMKHX MOKPBITHH.

Marepuajbl 1 METOAbI

B kauecTBe pacnbpuIieMOTro MaTepuana MCIOJIb30Bajcs MOPOLIOK
okcuza xpoma Cr20s ¢ pazmepom yactun 15-45 MkMm (puc. 1) 1 ockosib4aToi
Mopdostorueid. [ToKpbITHS HAHOCHIIMCH HA MOJUIOKKH U3 HEpIKaBEIOIEeH cTanu
AISI 316L meTo10M AETOHAIIMOHHOTO HABUIEHHS C UCTIOJIb30BAHUEM KOMILIIEKCA
CCDS2000 ¢ xomnblOTEpHBIM yiipaBienueM [10].

DopMHUPOBAHHUE TOKPBITHI OCYILECTBIISUIOCH C IPUMEHEHHEM IETOHALIMOHHOTO
MUCTOJIETA, B CTBOJI KOTOPOT'O TO3UPOBAHHO M0/1aBaJIaCh B3PbIBOOIMACHAS Fa30Bast
CMECh M TOPOIIOK, a JAETOHAIUS MHULIMUPOBANACh AIEKTPUUECKONH HCKPOH.
IIpoayKThl JETOHALIMY HATPEBAIOT U YCKOPSAIOT YaCTHUIIBI 10 BEICOKHX CKOPOCTEH],
obecrieunBast X IJIACTHYECKYIO J1e(OPMAIMI0 U MUKPOCBApKY C IOJUIOKKOH.
OuncTKa CTBOJIA IOCIE KaXJIOTO LMKJA BBIOJIHIIACH a30TOM, a Tpedyemas
TOJIIMHA MOKPBITUS AOCTUraiaach CEpUSIMHU BBICTPEIOB C MEepeMelleHUEM
o0pasia MmanumyassTopoM [11;12]. Pa3znuynbie pe:KUMbI HAITBUICHUS 331aBaJIHCh
W3MCHCHHEM CTEIICHH 3aIlOJIHCHHS CTBOJIA TOPrOUeii ra30Boi cMechio (Tabi. 1).
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Pucynok 2 — Cxemaruueckas auarpaMmma yCTaHOBJICHHON Ha KOMIIbIOTEpE
HacTpoiika aeToHarmonHoi HacTpoitku CCDS2000: 1 — ympapnstommuii
KOMITBIOTEp, 2 — ra30pacipeieuTellb, 3 — CMECUTENIbHO-3amainbHas Kamepa,
4 — cBeva 3aKHUTaHus, 5 — KJIaraH CTBoJIa, 6 — TOTUTUBOTIPOBO/I,

7 — KHCIOPOAOIPOBOJI, 8§ — ra30BBIC KJIAMIAHKI, 9 — y3eJ ra30CHa0KeHHUs,
10 — yxa3aHHas 9acTh cTBOJNA, 11 — mopoxoBoii go3aTop, 12 — xomocToii
naTtpoH; 13 — marumynsaTop, 14 — MynmpHas 9acTh CTBOJA.

Tabnuma 1. TeXHOTOTHYECKHE PEXHUMBI HANBIJICHUS MOKPBITUH
13 OKCHJIA aTIOMUHHS

Ob6pazen; | O6beM 3aMOTHEHUS Paccrostnue KonnuecTBo BbICTpEnoB
crBoia, % pacnbUIeHUs, MM
Al 63 250 20
A2 58 250 20

269



Topatievipos ynusepcumeminiy Xabapuwicot, ISSN 2959-068X.
Dusuka, Mamemamura HaHe KOMNbIOMeEPIIK 2blabimoap cepusicol. Ne 2, 2026

A3 53 \ 250 \ 20 \

OO0pa3ibl U3roTaBIMBAIKNCH B BUJE MPSIMOYTOJIBHBIX IJIACTUH pa3MepoM
30 x 30 x 15 mm. Ilepen HaHeceHHEM MOKPBITHH MOBEPXHOCTH 00pa3LoB
MoJBeprajach THIATEJbHONW MpeaBapuTeNbHONH moaroroBke. C 3ToH Lenbio
BBIITOJIHAJIOCh MEXAaHHYCCKOC I.HJ'II/I(l)OBaHI/Ie C HCIIOJIL30BAHUEM Ha)i(}la‘{HOﬁ
OyMard pa3JIM4yHOW 3E€PHUCTOCTH C IOCJCIOBATEIbHBIM Mepexonom ot P120
no P2500, uro obecrieunBano mojyueHne TpeOyeMoi CTENeHHU IIaJKOCTH
MMOBEPXHOCTU ¥ APPEKTHUBHOC yNATICHUE OKCHUIHBIX IUIEHOK M MOBEPXHOCTHBIX
3arpsi3HeHUH. XMMHYECKUH COCTaB MOAJIOKKU U3 Hepxkaperomieit ctamu AISI
316L npexcrapieH B Tadnuue 2.

Tabimna 2 — Xumuueckuii cocras 316L.
C Si Mn Ni S P Cr Mo
<0.03 <0.75 <2.0 10-14 <0.03 <0.045 16-18 |2.00-3.00

[Tocne dopmupoBaHUs MOKPHITHH OBLT MPOBEAEH PEHTTEHOCTPYKTYPHBIH
aHanu3 ¢ ucnoiab3oBanueM audpakromerpa X Pert Pro (Philips Corporation,
Awmcrepaam, Hunepnanaer). Peructpanus nudpakiimOHHBIX CIEKTPOB
ocymectsasnack npu Cu-Ko-usnygennn (A = 2,2897 A) npu yckopsiomem
Hanpsoxkennn 40 kB un Ttoke TpyO6kum 30 MA. M3MepeHHs BBHIIOJHSIIUCH B
nuana3one yrioB 20 ot 20° mo 100°. Illar ckanmposanus coctapisn 0,05°,
BpeMsI HKCIIO3UIUH — | ¢ Ha KakapIi mar. PacimmppoBka i aHATH3 TTOTyYeHHBIX
TUQPAKINOHHBIX TATTEPHOB MPOBOAMWINCH C MCIIOIB30BAaHHEM MTPOrPAMMHOTO
obecnieuerns HighScore.

MukpoTBEPIOCTH MOMEPEUHBIX CEUYSHUH 00Pa3II0B ONPEALISIIACH METOIOM
Buxkepca B coorBercTBHM ¢ TpeboBanusmu crannapta DIN EN ISO 14577-
1 ¢ mpumenenuem MukpotBepaomepa Fischerscope HM2000. Vicnipitanus
MIPOBOIMIINCH TIpH Harpy3ke Ha uHaeHTop 300 MH u Bpemenn Briaepxku 15 c.
MukpocTpyKTypa HOBEPXHOCTH ITOKPBITHH HCCIIEI0BAIACH METOAOM ONTHYECKON
MHKPOCKOIIHY C UCHOJIB30BaHNEM MUKpockoma Olympus.

Tpubomornyeckne HCTIBITAHUS MPOBOAIINCH B PEKHUME CyXOTO TPEHUS
CKobkeHus Ha Tpubomerpe TRB3 mo cranmapTHOW cxeMe «IIapuk—IucK» B
COOTBETCTBHH ¢ MeKayHapoaabiMu crannapramu ASTM G133-95 u ASTM G99.
CxeMa KCIIepUMEHTAIBHON YCTAaHOBKHM IPUBEICHA Ha pUCYHKE 2a. B kauecTse
KOHTPTEJNA UCIOIB30BAJICS CTANFHON IMApuK AuaMeTpoM 6,0 MM ¢ TIOKPBITHEM
u3 ctanu 100Cr6. VicnplTanns BRITOTHSUTACH IPH HOpMalibHOH Harpyske 10 H u
JTUHEHHOW CKOPOCTHU CKONBXKEHHA 3 cMm/c. Paanyc MOposkKu H3HOCA COCTABIIAT 2
MM, a CyMMapHbIiA yTh TpeHns — 100 M.
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Pe3yabTaTsl U 00cy:KI1€HUE

Ha pucyHke mpeacTaBieHbl PSHTTCHOBCKHE AU(PPAKIIUMOHHBIC CIICKTPHI
mokpeITUi Cr20s, TOJYYECHHBIX METOJOM JICTOHAIMOHHOTO HAMBUICHHS MPH
Pa3IMYHbBIX CTEMEHSIX 3a0JIHEHHS CTBOJIA IETOHAIIMOHHOM ycTaHoBkH (53 %, 58 %
1 63 %). Bo Bcex o0Opasiiax OCHOBHOM (a3oii siBisieTcst KpucTtautnueckuid 0-Cr20s,
YTO MOJATBEPIKAACTCS HATMYMEM XapAKTECPHBIX WHTCHCUBHBIX TH(DPAKIIHOHHBIX
nukoB. Ha qudpakiioHHbIX KapTHHAX TaKkKe (PUKCHPYIOTCS ClIa0ble PeQIICKChI
MeTaunaeckoro Cr, 4T0 MOKET OBITh CBS3aHO C HETIOJIHBIM OKUCIICHUEM YacTHIL B
nporiecce HanbUieHUs. C yBEJIMYCHUEM CTEIICHH 3aII0JTHCHUS CTBOJIa HAOJII01aeTCs
POCT MHTCHCHBHOCTH U YMCHBIICHUE MUPHHBI NHUGPAKIUOHHBIX MHKOB
Cr203, 9TO CBUICTEIBCTBYET O MOBBINICHUN KPUCTAIUIMYHOCTH M YIUIOTHCHHH
CTPYKTYPBI IOKPBITHS.
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Pucynox 3 — Pe3ynbTarsl peHTreHo()a30Boro aHaimusa

Ha pucynke 4 mpencraBiieHbl MUKPOCTPYKTYPHI MONEPEUHbIE CEUEHUs
nokpeITUH Cr20s, MOTYyYEHHBIX METOJOM AETOHAI[MOHHOTO HANBUICHUS MPU
Pa3JIMYHBIX CTENEHsX 3allOJIHCHMs CTBOJA yCTaHOBKH. Bo Bcex oOpasmax
dbopmupyeTcs TUNUYHAS I ACTOHAIIMOHHOI'O HAIBUICHHS JIaMeJUIsipHas
CTPYKTYpa IHOKPBITHSI, XapaKTePH3YIOILAsiCs INIOTHBIM MTPUIICTaHUEM K ITOJUTOKKE
1 4ETKO BBIPAXKEHHON IpaHULIEH pa3fena «IOKPbITHE—TIOAIONKKAY.
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Pucynox 4 — POM-n306pakeHust MOP(HOIOTHH MTOTIEPEIHOT0 CCUCHHS
nmokpeItiit Cr203, mOMy4eHHBIX ¢ TIPH Pa3HbIX 3HAYCHUAX 00BeMa 3aIOTHEHUS
ctBona. (a) 63% (obpazer 1); (b) 58% (obpazen 2); u (c) 53%(obpazer 3)

IIpu Gosee neTadbHOM aHAIHM3€ NMPEICTABICHHBIX MHKpodoTorpaduit
(puc. 5) MOXXHO 3aMETHTB PA3JIHYHS B TOJIINHE U yPOBHE IIOPUCTOCTH TIOKPBITHH, .
XO0T4 pacCcTOSTHUE HAMBIICHUS BO BCEX CITydasX COCTABILUIO 250 MM, pa3nndus
B TOJIIUHE U CTPYKTYpE MOKPHITHH MOTYT OBITH CBSI3aHBI C TEXHOJIOTHYECKIM
rapaMeTpOM HaIbUICHUS.

[ToxpeITHe, MPEACTaBICHHOE HA PHUC. 5a, XapaKTepU3yeTCs HATHYHUEM II0p
U MUKPOTPEUINH BOJHM3U TPAHUIBI «ITOKPHITHE—TIOATIOKKAY, YTO MOXKET OBITH
CBSI3aHO C HECTAOMITHPHOCTHIO TI0IaUH TIOPOIITKA U Ta30Boi cMecu. OOpaselr Ha puc.
5b oTnugaeTcs HanbOoJee TUIOTHOM U OTHOPOTHON CTPYKTYPOH ¢ MUHUMATBHBIM
KOJIMYECTBOM JIC(EKTOB, UTO CBUICTENHCTBYET 00 3(PPEKTHBHOM YIUIOTHECHHH
YacTHUI] ¥ ONTHMAIBHBIX yCIOBUSAX HANBUICHUSA. B MOKPBITHH, MOKa3aHHOM Ha
pHc. 5S¢, OTMeUaeTcs MOBBIMICHIE MOPUCTOCTH M HEOTHOPOIHOCTD CTPYKTYPHI,
BEpOSITHO OOYCIIOBIIGHHBIC CHIDKCHHEM KHHETHYECKOW SHEPTHH YacTHI] MPH
M3MEHEHHUH PEXMMOB HAITBIIICHHUS.

Taxum 06pa3zom, yBelTH4IEeHHE CTEIICHH 3aIT0JIHEHISI CTBOJIA AETOHAITMOHHON
YCTaHOBKH CIIOCOOCTBYET YIIyUIIEHHIO MUKPOCTPYKTYpbI TOKpbITHII Cr203, 94TO
MIPOSIBIISICTCS B CHIDKEHUN TIOPUCTOCTH, TTOBBIIIICHUH OTHOPOAHOCTH U YTy qIIICHUH
Ka4yecTBa CICTIICHNS TIOKPBITHS C TIOTOKKOI.

Pe3ynbraTel Hm3MepeHNs TOPHCTOCTH MTOKPHITHIA MPUBEACHHI B Tabmwe 3.

Tabnmua 3 — Pesynbrater onpenenenus nopuctoctn nokperrui Cr,O,

OO6bem 3anonHenue 604kH, % [opucrocts, %
63 0,02
58 0,01
53 0,07
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Pucynok 5 — POM-1300pakeHus! ONEPEYHOTO CeUCHHS
Cr,0O, ¢ obHapyXeHHEM MTOPHCTOCTH.
Obpaszer 1-(a), obpasen 2-(b) u obpazerr 3-(c)

Ha pucyHke 6 mpencraBiicHa 3aBUCHMOCTH TUIYOHHBI MPOHUKHOBCHUS
HHJEHTOpa OT HArpy3KH, NOJyuyeHHass MeTtogoM MapreHnca. Bce mokpoiTus
XapaKTepU3yIOTCs CONOCTAaBUMBIMU 3HAUYECHHUSIMU MoAyis ynpyroctu E, uto
yKa3pIBacT Ha OJHM3KHE YIpyTHe CBOMCTBa MaTepuana. [Ipu sTom obOpazem A2
JIEMOHCTPHPYET OoJyiee BHICOKYIO TBEPIOCTH MO cpaBHEHHUIO ¢ Al m A3, uro
MPOSIBIISICTCS. B MEHBINCH TITyOMHE MPOHUKHOBEHUSI TIPU OJJMHAKOBOW Harpys3Ke.
JanHOE pa3nnyue CBSA3aHO C OCOOCHHOCTSMH TEXHOJIOTHYCCKUX IMapamMeTpOB
JIETOHALIMOHHOT'O HAMbIJICHUS, BIUSIOIUX HA YIJIOTHEHUE, MUKPOCTPYKTYpY U
TEPMOMEXAHUUECKOE COCTOSIHUE MOKPBITHUS.
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PucyHox 6 — 3aBHCHMOCTB TITyOWHBI TPOHUKHOBEHHSI MHJICHTOPA B 00pa3iibl
Al u A2,A3 npunoxeHHO! Harpy3Ku

Ha pucynke 7 nmokasansl 3HaueHus! Kodpdunuenrta tpeuus (CoF)
nokpbITHi Cr203 1 00pa3noB A1—A3, MOIyYeHHBIX P PA3THYHBIX PEXUMax
JICTOHAIIMOHHOTO HarbuIeHus. MunumansHoe 3Hauenne CoF naOmonaercs uist
obpaszna A2 (=0,62), Torga kak Juist oopasuoB Al u A3 koapdunmeHt Tpenus
cocrasiseT okoio 0,68 u 0,71 coorBeTcTBeHHO. [IpeacraBiaeHHbIe MOTPEIIHOCTH
YKa3bIBAIOT Ha XOPOLIYI0O BOCIPOM3BOIMMOCTb pe3yibTaToB. [loayueHHBIE
JAHHBIE CBUACTEIHCTBYIOT O CYIIECTBEHHOM BJIHMSHUM TEXHOJOTHYECKUX
rapaMeTpOB HaIbUICHUS! HA TPUOOJIOTHUECKHE CBOMCTBA MOKPBITHH, ITPU 3TOM
CHIKeHHe Kod(pduunenTa TpeHus A odpasua A2 cBsizaHo ¢ OoJiee TUIOTHOM
MHUKPOCTPYKTYpPOH M MEHBIIIEH IIEPOXOBATOCTHIO MOBEPXHOCTH.
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Pucynox 7 — 3nauenus koaddunmenra rpenus (CoF) nmokpeituii Cr20s st
00pa3ioB A1—A3, nojay4eHHbIX PH Pa3IMYHBIX PEKUMaX JAETOHAIMOHHOTO
HanbuieHus. [Tokaszansl cpeane 3HaueHUs K03 GULIHUEHTa TPEHHS
C COOTBETCTBYIOUIMMHU MOTPEIIHOCTAMHU U3MEPEHUI

HNudpopmanust o puHaHCHPOBAHUHU

Hccnenoanue punancuposanoch Komurerom Haykn MUHHCTEpCTBA HAYKH
u BhICIIero oopazoBanus Pecnyonuku Kazaxcran (rpant Ne AP23490102).

BriBoabl

B pe3sysbrarte mpoBeAEHHBIX HCCIEA0BAHMN YCTAaHOBIICHO, YTO JIETOHALIMOHHOE
HamblIeHHE No3BoJisteT GpopMupoBaTh Kepamuueckue mokpeiTus Cr20s ¢
IJIOTHON JaMeJUIAPHON CTPYKTYPOH M HaAEXKHBIM CLEIJICHHEM C MOAJIOXKKOM
n3 Hepxkaseromer cramu AISI 316L. PenrrenodasoBblil ananu3 nokasai, 4To
BO BCeX 00pa3nax JOMUHHPYIOLIEH (a3oi sBisiercst Kpuctaunueckuit o-Cr20s,
IIPU ATOM CTEINEHb 3alO0JHEHHs CTBOJA JETOHALMOHHONW YCTAaHOBKU OKAa3bIBaeT
3aMETHOE BIIUSHUE HAa KPUCTANIMYHOCTh U CTPYKTYPHYIO YHMOPSIOUYEHHOCTH
MOKPBITHH. MUKpPOCTPYKTYpHBIC UCCIIEJOBAHUS BBISBUIIM, YTO ONTUMAaJIbHBIC
PEKUMBI HaIbICHUS CIOCOOCTBYIOT CHHU)KEHHIO TIOPUCTOCTH U POPMHUPOBAHHIO
GoJiee OJJHOPOTHOM CTPYKTYPBI HOKPBITHS, YTO CONPOBOKAACTCS YMEHBIICHHEM
LIIePOXOBATOCTU MOBEPXHOCTHU. Pe3ynbTaThl HHCTPYMEHTUPOBAHHOTO
WH/ICHTHPOBAHMS U TPUOOJIOTHYECKUX UCIIBITAHUH MMOKa3alu, YTO MOKPBITHS,
MIOJIyYCHHBIE TP ONTUMAJIBHBIX TEXHOJIOTHYECKUX YCIOBHSIX, XapaKTEePU3YIOTCS
MOBBIIIEHHONW TBEPAOCTHIO M NMOHUIKEHHBIM KO3(P(PUIHUEHTOM TpPEHHS.
AJNre3uoHHbIE MCHBITAHUS MOATBEPAUIN CYLIECTBEHHOE BIUSHHUE CTENEHU
3aMOJHEHHUs CTBOJIA HA MPOYHOCTH CIEMIECHUS MOKPBITUS C MOJIO0XKKOMU.
B nesnom nmpoaeMOHCTPUPOBAHO, UTO ONTHUMH3ALUA TEXHOJIOTHUYECKUX
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MapaMeTPOB JICTOHAIIMOHHOTO HAIBUICHUSI 1MO3BOJISICT 3(P(PEKTUBHO YIpPaBIIsITh
MOpP(hOJIOTHEH U 3KCILTYyaTaAlIMOHHBIMU CBOWMCTBaMH MOKPHITUH Cr203, MOBBIIIAs
HUX U3HOCOCTOMKOCTH M OKCILTyaTallUOHHYIO HAJIEKHOCTb.
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JETOHAIIUAJIBIK BYPKY ITAPAMETPJIIEPIHIH
CR:0; OKCUATI KABBIHJIAPBIHBIH MOP®OJIOT' UACHI
MEH ®A3AJIBIK KYPAMBIHA 9CEPI

byn maxanaoa xpom oxcuoi (Cr:0s) HecizinOezi KepamuKdalblk
2HCAOLIHOAPObIY — MOPPOLOSUSCHIHBIY,  PA3ANBIK  KYPAMBIHbIH — HCOHE
nauoanany Kacuemmepiniy —KaiblNMAcyblHd —OeMmOHAYUsIbIK,  OYpKY
npoYeciHiy Hcaz0allapblibly OCePiH KeuwleHOl 3epmmey YCbIHbLI2AH.
Kabwvinoap oemonayusiiblk O10KMbIY OOWKECIH MOIMbIPYObIY OPMYypPii
dopeacerepindoe CCDS2000 oemonayus dcytiecin Koa0aHa OmMulpbsin,
AISI 316L mom 6acnatimeln Oonramman JHcacanrean Heeiz0epinoe
grcacanovl. Penmeenoix ¢hazanvix manoay, crxawepieyuti 3j1eKmpoHObIK,
MUKPOCKONUSL, MUKPOKAMMbBLIGIK NeH  KeOip-0yobipivlK — oauemoepi,
COHOAUI-aK, MPUOOLOSUSANIBIK, HCOHE A02e3Usi CHIHAKMApbl APKbLIbl OYPKY
pedcUMOepiHiy JHcabbIHOapObIY KYPbLIbIMbL MEH Kacuemmepie ocepi
sepmmenoi. bapavix yneinepoe kpucmanowt a-Cr:03 bacvim ¢aza 6orvin
mabvliamulHbl  aHBIKMAnobl. bewkenepdi  moamvlpy — 0opedicecinin
o32epyi JHcabbll  MUKPOKYDBIILIMbIHBIY Mblebl30blblHd, KeyeKminicine
JicoHe  OipmeKminiciHe —aumapiviKmai ocep ememini  Kopceminoi.
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Onymaiinel demoHayusiivblK, OYpKy dHcazoaiiapvl 6emxi KeyeKminiK neH wear resistance and adhesive strength. The results confirm the possibility
KeOip-0yO0bIpblKmobl  a3aumaocvl, KAMMmMeLIbIKMbl  apmmulpaobl  HCOHE of targeted control of the performance characteristics of Cr:0s coatings
mo3syea mesiMOLlIK nen adeezusi bepikmizin scakcapmaovl. Homuowcenep by optimizing the technological parameters of detonation spraying. This
OemoHayusivblK  OYpKY Npoyeciniy napamempiepin  OHMaiaHobipy expands the prospects for the practical application of Cr:0s coatings
apkoliel - Cr205  oicabblHOApuIHbIY — NAUOANAHY — CUNAMIMAMALAPbIH under conditions of increased mechanical and tribological loads in
Makcammul mypoe 6ackapy MyMKiHOIZIH pacmatiovl. Byn sHepeemuka, energy, mechanical engineering, and other critical industries.

Mawuna arcacay dHcoHe 6acka 0a Manwvizobl Calanrapoa MexaHuKaublK Keywords: detonation spraying, Cr:0s coatings, microstructure,
JICOHe  MPUOONOSUSIILIK, HCYKMeMeIePOiH  JHCO2apbliaybl  JHca20aublHOA tribological properties, adhesive strength, surface morphology.

Cr203 cabblHOapbIH NPAKMUKANBIK KOJIOAHY MYMKIHOIZIH Kenelimeoi.

Kinmmi  ce30ep: odemonayusiieis 0ypry, Cr20s oicabvinoapel,
MUKPOKYPBLIBIM, MPUOONOSUSIIbIK Kacuemmep, aozesus bepikmizi, 6emki
Mmopghonozus.
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INFLUENCE OF DETONATION SPRAYING PARAMETERS
ON THE MORPHOLOGY AND PHASE COMPOSITION
OF CR:0; OXIDE COATINGS

The work presents a comprehensive study of the influence of
detonation spraying conditions on the formation of the morphology,
phase composition, and operational properties of ceramic coatings
based on chromium oxide (Cr:0s). The coatings were formed on AISI
316L stainless steel substrates using the CCDS2000 detonation complex
at various degrees of filling of the detonation chamber. The influence
of sputtering modes on the structure and properties of coatings was
investigated using X-ray phase analysis, scanning electron microscopy,
microhardness and roughness measurements, as well as tribological and
adhesion tests. It was found that the dominant phase in all samples is
crystalline o-Cr:0s. It was shown that changes in the degree of filling
of the barrel significantly affect the density, porosity, and uniformity of
the microstructure of the coatings. Optimal detonation spraying modes
reduce porosity and surface roughness, increase hardness, and improve
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DEVELOPING RESEARCH COMPETENCIES
OF FUTURE PHYSICS TEACHERS

This article aims to design the content of students’ training by
involving them in research activities and mastering their methodology.
The main tool for developing competencies is practical classes on solving
physical problems of a research and creative nature.

The article systematizes the stages of theoretical educational
research in classes: preparatory (fact control), main (analysis of the
problem structure and search for solutions), and final (reflection and
comparison with theory). The article substantiates the role of creative
problems that do not contain direct references to the laws used, which
stimulates productive thinking and the students’ methodological culture.

The article also defines the preparatory, main, and final stages of
theoretical educational research in practical classes and describes the
content of the teacher’s and student’s activities. In addition, it emphasizes
the importance of solving creative problems and provides specific
examples from the fields of molecular physics and thermodynamics.
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In particular, it demonstrates the effectiveness of using heuristic and
algorithmic approaches in studying heat transfer processes.

By solving physical problems in practical classes, students deepen,
expand, and complement the theoretical material they have learned
in lectures, acquiring the skills and abilities to apply their knowledge
in practice. In other words, they demonstrate their knowledge and
understanding of the basic principles and relationships of the theoretical
material they have learned in lectures in order to solve problems
analytically.

Keywords: development of research competencies, future physics
teacher, physical problems, practical classes, thermal balance, and
statistical patterns.

Introduction

Physical education plays a crucial role in the formation of modern
scientific worldview, mastering the methodology of interdisciplinary researches,
development of analytical skills and the ability to predict various processes.
Effective functioning of high-tech industries such as nanoindustry, energetics,
quantum electronics, cosmonautics, defense technologies, chemical industry, etc.
are impossible without highly qualified specialists possessing deep knowledge
obtained on the basis of fundamental physical education. Therefore, the value of
preparation of future physics teachers increases, who are assigned with the task
of forming not only subject knowledge, but scientific thinking too in learners. The
modern pedagogue must be prepared for professional activities in condition of
dynamically changing educational environment, capable for independent analysis,
continuous development and improvement. In these conditions the problem of the
formation and succession of professional competencies of bachelor of physical
education is becoming especially relevant. This requires implementation of new
approaches in designing content and organization of fundamental preparation of
the students of pedagogical universities [1; 2; 3; 4; 5].

Materials and methods Development of research competencies of learners
is possible within a holistic pedagogical process, which includes systematically
organized educational activity and creation of sustainable connections between
scientific researches and professional competencies. Main tasks are: involvement
of learners in research activities, acquisition of its methodology, development and
improvement of research skills [6; 7].

Practical classes, particularly solution of physics problems, occupies central
place in comprehension and consolidation of educational material, and also in the
development of research competencies. Physical tasks of research character include
cognitive-research problems, theoretical and experimental problems, solved by

281



Topatievipos ynusepcumeminiy Xabapuwicot, ISSN 2959-068X.
Dusuka, Mamemamura HaHe KOMNbIOMeEPIIK 2blabimoap cepusicol. Ne 2, 2026

heuristic methods. Majority of physical problems reflect theoretical position
of the physics section under study, which were put as the basis of calculation
determination of various physical values.

Development of problem solving skills, conducting experiments and
analyzing their results is an important element of the preparation of future physics
teachers. These skills form on the basis of learned concepts and knowledge, and
also closely related with theoretical material that must be familiar to the student.

Self-control of the absorption quality of the theoretical material performed
by a student when searching for the answers to control questions on a theoretical
issue, which allows to organize approach to problem solving and its methods
for solving them. As a result of this student gets holistic view about methods for
solving problems, with formulas and laws that will be used. While solving problems
student needs to have a clear idea of initial data being necessary and sufficient.
This contributes to a clear understanding of solving ways leading from initial to
the desire data. This way of solving physical problems related to a development
of an action plan, which allows to implement a solution and think through its
subsequent stages, then execute planned decisions and evaluate the results by
comparing with theory, promotes development of research abilities and skills.

Table 1 presents the stages of theoretical educational research in practical
classes based on the above analysis.

Table 1 — Stages of theoretical educational research in practical classes

Stages Content of the activity
Teacher Student

Preparatory stage | Organization of repetition and | Study and demonstration of the
control of actual material of the | comprehension of actual material

lectures (models, concepts, of lecture. Repetition and
theories, phenomena, laws, clarification of the content and
objects, etc.) essence of the listed concepts of

actual material of the lecture.

Main stage Organization of solution and | Identifying problematic questions
solution analysis of proposed | and finding ways to solve them.
problems. In the process of Completing tasks to self-study
solving problems its structure (research, analysis of concrete
is analyzed, solution algorithms | research question). Using basic
are refined, the necessary equations describing process,
heuristic prescriptions are con- | proposed in the task conditions;
sidered, the stages of problem | obtaining analytical dependen-
solving are highlighted. cies, which can be used for
numerical calculations.
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Final stage Implementation of consultative | Comparing the results of calcula-
assistance in class and during | tion, if there is data, with experi-
independent work, defining mental or tabular values.
the amount of work master’s | Performing reflection on its own
degree students in compiling activities.
physics problems.

We refer physics problems that differ in specificity inherent in applied
calculations and scientific researches, requiring reliable data and independent
non-standard thinking from students when solving problems as creative problems.

Creative problems according to V. G. Razumovsky, are «problems in which
certain requirements are formulated that can be executed based on knowledge of
physical laws, however they lack any direct or indirect references to those physical
phenomena whose laws should be used to solve these problems» [8].

Let’s consider an example of determining the location of N molecules in a part
of the volume V, which we denote as |7/, thatis V' = %V . Find the probability

that N particles will end up in 7/, and if the gas occupies the entire volume V, then
how to determine the probability of this state and what it is equal to.

Or, if there is only one molecule in a vessel with volume V, colliding with
the glass of the vessel, it may be in the different parts, for example, in |y’. How to
determine the probability of finding the molecule in this volume? It is possible
to solve this problem using the observation time of the molecule for T minutes,
from which, assuming the molecule spends that part of this time t in the volume
V'. The ratio = is called the relative residence time of the molecule in |/’.

The limit of this ratio is P = lim =

T—oo T

the probability of finding the molecule in the volume 1/’ .

A further discussion of this result, considered sequentially by two methods,
is students’ understanding of the statistical pattern particle transport, which, as
experience shows, is expressed in the fact that there is a limit.

Solving a creative problem encourages students to reproduce familiar
information from memory, leads to productive action and stimulates creative
thinking, which ultimately leads to the development of the methodological culture
in solving creative problems.

Results and discussion. Methods of solving problems in studying heat transfer
are considered by us in the profile discipline «Solving problematic problems in
physics». The levels of the problems in terms of content correspond to physics
problems of secondary school [9]. Research problems in physics, their use in
carrying out educational research in physics, contribute to the formation and
development of research competencies of future teacher.
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As an example let’s look at the following problem.

An aluminum block with a volume of 1200 cm? at 0°C, is immersed into a
vessel containing water with a mass of 18 kg at a temperature of 85°C. By how
many degrees will the water cool by the time thermal equilibrium is reached in
the vessel.

While solving the problem, student must note that heat exchange between the
bodies (water and the block) changes physical situation. This happens because of a
shift in the positions of the bodies caused by heat exchange. In order to understand
the process of heat exchange between the water and the block, the student should
create schematic diagram, i.e. draw a temperature scale that allows to formulate
a heat balance equation. Then, the student must determine for how many degrees
the water will cool down by the time thermal equilibrium is reached in the vessel.

The physical process of changing the state of the bodies is determined by
the formula Q = ¢ - m (t;, — t,,).- Applying the law of conservation of energy,
the student obtains the heat balance equation Q; = Q, and, from this, finds the
required physical quantity.

The solution of this problem, in which students must investigate the process
of heat transfer, incorporates algorithmic and heuristic techniques. When solving
this kind of problems, students apply theoretical knowledge of thermal phenomena,
explain their physical situations, identify problem-solving methods, construct
systems of equations, verify the resulting equation, calculate and validate the
results. It should be noted that the visual representation of the processes presented
in the problem reveals its physical essence, which helps students develop
creative thinking.

Based on the above statements and on the results of our research obtained
with the used complexed scientific methods given a characteristic of research
competence. Its structural components consist of ability, skills and readiness [10].

Figure 1 shows the characteristics of research competence that contribute to
the development of professional competence of a future physics teacher.
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research activity; {dent}ﬁed physical the planning stage;
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materials of the studied and criteria for H  work and generalize
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experimental research involvement of modern
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solve it within the new theories and physical research
framework of —| treatments to study | methods, to process and
interdisciplinary areas physical processes and analyzé the obtained
related to the field of phenomena at the results
study. planning stage. L )

—
Figure 1 — Characteristics of research competence

As shown from the Figure 1 in order to form research competencies, it
is necessary to develop abilities, skills and readiness to implement research
competence in practice.

Conclusions. This work shows that the development of research competence
requires the development of the abilities, skills and willingness to implement one’s
research competence in practice. In other words, students are able to self-actualize,
i.e. overcome interdisciplinary barriers and attempt to look at the problems being
studied in a new way, which results in the self-discovery of their essential powers
and personal development and a qualitative change in the creative potential of the
individual is observed.
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BOJAIIAK ®U3UKA MYTFAJIMJEPIHIH
SEPTTEYIILJIIK KY3bIPIAPBIH JAMBITY

Byn maxana cmyoenmmepdi 3epmmey Kvl3MmeniiHe mMapmy JiCOHe
OHbIY OOICHAMACHIH U2EPY aPKbLIbL OKbIMY MA3MYHbIH Jicobanayaa
bazermmanzan. Kyzolpaapovt 0amvimyObiy He2i3el Ky paibl —3epmmeyutiiK
JHCOHE UIbI2APMAUIBLIBIK, CUNAMMazol (QUUKALLIK ecenmepoi weuryee
APHAN2aH NPAKMUKALLIK cabakmap.

Makanaoa cabaxmapoazbl mMeopusiiblK 0Ky — 3epmmeyiepiHiy
Kezenoepi oicyliefieneen.  OaublHObIK (pakminepdi bakwiiay), Heeizel

PA3BUTHUE UCCJIEJOBATEJbCKUX KOMNETEHIH M
BYAYUIUX YUYUTEJENR ®UIUKU

(manceipma KypolIbIMbIH MAL0Ay JHCOHe Wewy JHCON0apvli  i30¢ey)
JCOHE  KOPLUMBIHObL  (DeeKCUst  JICOHe  MEOPUAMEH  CATLICIbIPY).
Cmyoenmmepoiy HoOmudiceni Ounaybl MeH O0ICHAMALIK MOOEHUeMIH
bIHMALAHOLIPAMBIH UWbL2APMAUBLIBIK eCenmepoiy poli He2i30en2eH.
Conoaii-ak, mMaxkaniada npakmuKkaivlk cadaxmapodazvl mMmeopusiiblK
0Ky 3epmmeyiepiniy OatblHObIK, He2i32i JHCoHe KOPbIMbIHObL Ke3eHOepi
QUKLIHOGIBIN,  OKbUMYWbL  MEH CIYOeHmmiy —ic-opeKem Ma3MyHbIH
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ﬂaHHaﬂ cmambss HanpaejieHa HA npoekmuposanue CO()epJICGHM}Z
1n0020mo6KuU cmyOeHmoe uyepes 606/K4eHUe UX 6 ucmedoeamefszKyio
oesmenbHoCmb u osnaoenue eé Memoooocuell. OcHo6HbIM
UHCMPYMEHMOM pa36Umust KOMnemeHHqu eéblcmynarom npaxkmudeckKue
3anamusd no pewenuro ¢M3MV€CKLLX 3a0au  UCCARO08AMENLCKO20 U
meop4ecKkoeco xapakmepda.
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B cmamuve cucmemamuszuposarvl 3manst meopemuiecko2o yueoHo20 FTAMP 27.35.25, 14.25.09
UCCIO08AHUSL HA 3AHAMUSX. NO020MOGUMENbHDI (KOHMPOIb (PAKmos), DOI
OCHOGHOU (AHANU3 CMPYKMYpbl 3a0a4u U NOUCK Nymell peuieHus) u
saxaoyumenvhslll (pegiexcusi u cpasvenue ¢ meopuet). ObocrHosana
POIb MBOPUECKUX 3a0aU, KOMOpble He COOEPAHCAm NPSAMbIX YKA3AHUL HA
UCNONb3YeMbLE 3AKOHbL, YMO CIMUMYAUpYenm NpoOYKMUGHOe MblULIEHUE U
MEMOO0I02UYECKYIO KVALIYPY 00VYAIOUWUXCSL.

Takoice 6 cmamve onpedeiieHbl NOO20MOBUMENbHBIU, OCHOGHOU U
3AKTOUUMENbHBIL DMANbL MEOPEMUYECKUX YYUEOHbIX UCCIC008aAHUI HA
NPAKMUYECKUX 3AHAMUAX U ONUCBIBACTNCSL COOEPAHCAHUE OesiMeNIbHOCU
npenodasamensi u  cmyoenma. Kpome mozo, noouepxusaemcs
BAJICHOCTL PEULeHUsl MBOPYECKUX 3a0ad U NPUBOOSIMCS KOHKPEmHbie
npumepsl U3 paz0enos MOJEKYIAPHOU QU3UKU U MepMOOUHAMUKU. B
YACMHOCMU, NOKA3AHA IPPEKMUBHOCTb NPUMEHEHUSL IBPUCTHULECKUX U
ANCOPUMMULECKUX NOOX0008 NPU USVYEHUU NPOYECCO8 Meni00OMena.

Pewas  Qusuueckue 3a0auu, Ha  NPAKMUYECKUX — 3AHANUSAX
obyuaiowuecs yenyonaom, pacuupaom u OONOJIHAIOM YCEOCHHbI UMU
meopemu4eckuti. Mamepuas, NOJIVYEHHbIN HA JeKYUOHHLIX 3AHAMUSAX,
npuobpemarom  ymenusi U  HAGbIKU  NPAKMUYECKO2O — NPUMEHEHUs]
ceoux 3uanuu. To ecmv, 0N AHATUMUYECKO2O PEUleHUs 3a0adi OHU
O0eMOHCIMPUPYIOM 3HAHUE U NOHUMAHUE OCHOBHBIX 3AKOHOMEPHOCEN U
COOMHOWIEHUSI MEOPEMUUECKO20 MaAMepuand, KoOmopwvle U3Becmubl U3
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11-CbIHbIMKA ONOPEPEHUNATABIK TEHOEYNEPLOEH
BAFAJIAY ECEINTEPIH KYPACTbIPY

byn  maxanada «Jugpdpepenyuanovix  menoeyiepy maxvipulOwl
OolbIHWa  JICUbIHMBLK, — Od2anay — YWwiH — ecenmep  Kypacmlpy
ooicmemeci  Kapacmulpbliadsl. 11-ColHbln  OKVULBIIAPLIHA — APHAT2AH
«uppepenyuanoviy, menoeyiep» maxblpolObl OOULIHULA  HCUBIHIMBIK
bazanay (T)Kb, B)XXB) manceipmanapein Kypacmeipy KesiHOe OK)
0a20apramaceinbly — MAIANMapvl  MeH  OKVUbLIAPObIY — MAHLIMObIK
Oeneeliepin eckepy Kasicem. Makana «/Juppepenyuanovix menoeyiep»
maxvipulOsl  OOUbIHWAG  Mekmen-tuyelldiy  11-coinbin  OKyubLIaPbIHA
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JEKYUOHHBIX 3AHAMULL

Knrouesvle cnosa: pasgumue ucciedo8amensCKux KoMnemeHyut,
O6yOywuil yuumensb puuKu, puzuveckue 3a0aiu, NPAKMu4ecKue 3aHsamus,
mennosou 6aianc, Cmamucmuieckue 3aKkOHOMepHOCHU.

ApHAN2AH JHCUBIHMBIK Oa2anay ywlin ecenmep Kypacmulpy o0icmemecin
ycvtHaovi. Onoa ougghepenyuanovls menoeyiepOiy Hezizei myprepi,
onapovly wewy ooicmepi, COHOAU-aK bazanay Kpumepuilepi MeH
OKYWbLIAPObIY  OLIIM  OeHeelin aHbIKMAY YUliH @opmamuemi JHcoHe
cymmamuemi  bazanay  mocinoepi  Kapacmipvliadvl.  Ecenmepoi
Manoayoa OKyubLIAPObIY T02UKABIK OUWLAY KAOLIeMmiHt, Wbl2apMAallblibIK
0a20blIapbIH  JHCOHe MAMEMAMUKAILIK  CAYAMMbLIbIeblH  apmmulpyed
basbimmanzan mancelpmanap — yCuiHuliaovl. Mynoa npakmuxanvly
MbICANOAp MeH MANCLIPMAnap —yaziiepi  apKblibl  OKblMYWblLiaped
apHanean HycKaynolx oepedi. bonim ywin scuvinmoix 6azanay 6oubiHwA
OPBIHOAJI2ZAH JHCYMBLCIbLY HOMuUdICceept OLiM anyutbleda myciHikmi 00Jybl
JICOHEe OHbL 00aH 9pi OKyea binmananovipysl muic. Kepi 6atinianvic Oinim
anyubLIapobly 0Ky JHcemicmIKMepPIiHiy KOJl JcemKiziieer Oeneelli mypavl
aknapammuel Kammyvl muic. binim anywvliap MmeH ama-aHaniapobvl
xabapoap emy HbICAHbIH My2alim 63 beminuie aukbiHOauobl. JKymvicma
0Cbl MAKLIPLINKA APHATIZAH MANCHIpMAIapobl Kypacmulpy ooicmemeci
MeH yneinepi bepineeH.
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Kinmmi  ce3dep: kpumepuanovl  6azanay, bXKb, TP,
deckpunmopap, madwvlc Kpumepuiepi, mexcepiiemin 0azovliap.

Kipicne

JKubIHTHIK Oaranmay Oenrini Oip OKy Ke3CHiHAC OKy OarmapiiaMachIHBIH
Ma3MYHBIH MEHIepy JeHreliH Oeirijiey, aHbIKTay XoHe Oarajiay yUIiH
xyprizineni. Tipkey mporecinae oKy OaraapiiaMachlHBIH Ma3MYHBIHA CoHKec
011iM aJTyIIBUIAPABIH OLTIMI MEH JIaF IbUIapbIH KOPCETETIH AdJIeNAeMerepIl JKUHay
JKy3ere aceIpbuiaibl. JKUBIHTHIK Oarajiay TOKCAH iMIH[E, TOKCAHHBIH COHBIH/A
YKoHe OUTiM JIeHreli asKTanFaHHaH KeiiH xxyprizineni [1; 2].

JKWBIHTBIK Oaranay HOTHOKeINepi OobIHIIA Oaraiap Typalibl IETiM/II MyFaTiM
Oarayay KpUTEpHIJIepi MEH JECKPUIITOpIIapFa HeMece 0all KO0 cXxeMayapblHa
colikec KaObuaipl. bisiM anmymbuiap/bIH HOTHXKEIEPIH OKY MPOIECiH Ty3eTy
YKOHE JKETUIIPY YIIiH Naiianany Kaxer. [1on OoiibIHIa oicTemMernik OipiecTikke
JKMBIHTBIK Oaraliay/ibl ©TKi3y Ke3eHIepi MEH HbICaHIapbIH KOPCETE OTBIPHII, OKY
JKBUIBIHA YKMBIHTBIK Oaraiay »OCMapblH jkacay YChIHbIIanb[3; 4; 5].

JKUBIHTBIK Oaranayibl ©TKi3y epexkenepi.

JKubIHTBHIK Oaranay Ke3 — KeJIreH KOpHEeKI Marepuajap: Juarpammaiap,
cxemasnap, IocTepIiep, IiakaTTap Hemece KeHecTep 00Tyl MYMKIH KapTaliap jKOK
aOBIK OKY CHIHBIOBIHJIA KYPTi31IC/Ii.

JKubIHTBIK Oaranay el 6acTamac OypbIH HYCKAYJIBIK OKBUIBII, OKYIIbUIApFa
JKYMBICTBI asiKTayFa KaHIIa YakbIT OeJIHETiHI Typaisl xabapiaHazisl. bimim
aNyIIbUIapFa )KYMBICTBI OpBIHIAY Ke3iHae Oip-OipiMeH ceiiyecyre OoiMaiiib.
Binim anymsiiap KyMBICTBI OpBIHAAyFa Kipicriec OypbIH HycKama OOMWBIHIIIA
CypakTap KoroFa KYKbUIbl [6; 7; 8].

Binim anmynreuiap 3 OETiHINE KYMBIC iCTeyl Kepek koHe Oip-OipiHe
KOMCKTECYTe KYKBIFbI J)KOK. JKUBIHTBIK Oaraliay )Kyprizy Ke3iHie OuUTiM amyibuiap
oJlapFa KOMEKTECETiH KOCBIMINIA pecypcTapra, MbICajbl, CO3JIIKTEpre HeMece
aHBIKTaMAJIBIK 9/IeOueTTepre KOoJl JKeTKi3e anMaysl THiC (epeKiieik OoWbIHIIa
OyJ1 pecypcKa pyKcat eTUITCH JKarFiaiapnan 0acka).

emrim sxaz0anapbl MYKHST OpBIHAATYBI KepeK. OKyIIbUIapFa eIipriiiineH
JKYYbIH OpHBIHA KaTe jKayanTap/ibl KapbIHJIAIIIIEH ChI3bII TacTay YCHIHBUIA/IBL.

JKubIHTBIK Oaranayra OeJIiHIreH yakbIT asKTallFaHHAH KeHiH OUTiM amynbuiap
JKYMBICTBI YaKbIThIH/Ia TOKTATBII, 63 KaJlaM/IapblH, napTara Kosisl [9].

Marepuannap MeH daicTep

OKYUIBIHBIH KOPBITBIHABI Oarachl 06JIiM YIIiH XHUBIHTBHIK Oaranay
KOPBITBIH/IBIIAPBl OOMBIHIIA Kacalla/bl YKoHE opOip eumieM mapT OesiHiciHae
OKY JKETICTIKTCPIHIH JICHICiiH KopCceTe .

TanceipManap/pl KypacTblpy Karuaanapsl
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baranay TancelpmanapblH KypacThlpFaHaa biyM TakCOHOMUSICHIH
0acIIbIIBIKKA aJIFaH JKOH:

— Biny xone tyciny (1-2 npenreit): Auddepenunaniblk TeHACYAIH
aHBIKTAMachlH Olly, peTiH aHbIKTay, OepiJireH (YHKUUSHBIH IIENIiM
eKEeHIH TeKcepy;

— Konpnany (3-nenreit): AlHbIManblIapsl 6esiHeTiH quddepeHnnanibk
Tenaeysepai merry, Komm ecebin mbirapy;

— Tannay >xoHe cuHTe3 (4-5 neHreil): OU3MKAIBIK HEMECE TCOMETPHUSITBIK
ecenTepi U depeHHaNIbIK TEHACYIEP apKbUIbl MOJICIBALY.

1-kecte — Bitim anymsuiapIsly 0Ky JKETICTIKTepl JeHreHIepiHiH KpuTepuiiiepi

Jlenreit CunarramMacsl Bann
Tomen Tenney TypiH axXbIpaTapl, KftpanaﬁLIM ecenrreynepai | 1-3
OpBIHJANIBL.
Oprama AlHBIMaNBUTIAp I O6el, MHTETa/Iap/pl ypIC 4-6
ecenTeii.
Korapst Koruu ece0in ToabIK 1wemesi, Konpandanst ecenti | 7-10

MOJCIIBACH/II.

Erep tanceipmanapsl 10 6annmgan apTeiK Oaranmacax, MPOMOPIHUs apKbUTbI
COMKECTIK CaKTaFaH JKOH.

2-kecte — binim anymsuiapIsiy 0Ky JKETICTIKTepl JeHIeHIepiHiH CUITaTTaMachl

Jlenretinep Tanceipmansl Cumnarramachl
OpbIHJIAaY MaNbI3bI
Temenri nexreit 0 %-39 % Tlonnik TepMHUHACP MEH YFBIMAAPIBI

KaparaibIiM 01Ty MeH TYCiHYi KepceTeai
KapanaiibIM TarchlpMaiap/ibl OpbIHIAHIbI
JKOHE TiKeJlel HycKaynapra coiikec
OpbIH/IAy HPOLIEypallapblHa COMKeC Kele i
op Typii popmanapra HerizaenreH
KapanaibIM TYKBIPBIMIAP BT
TYKBIPBIMIAH B
YJITinepai KaparmaibiM TarceipMaapia
TaHUBI
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Oprama feHrei

40%-84%

IToHIIK TEpMUHIEP MEH YFbIMIap/Ibl
JKETKUTIKTI OlTy MEeH TYCiHyAi KepceTesi
THIITIK TarncblpManap/bl OpbIHIAMIbI, TAHBIC
JKoHe Keitbip OelTaHbIC XKarFqainapaa e3
OLTIMIH COTTI KONAaHa anajbl
aKMapaTThl )KHHAKTaN bl JKOHE KapThlIai
HETi37IeMEMEH TYXKBIPBIM XKacalbl,
aJBIHFAH HOTIDKEJIepre AaNIeNaep KenTipe
anazpl
TUNTIK TaliChIpMaIapaarsl YATLIepai
TaHU/IBI, YCHIHAJIBI )KOHE CTaHAAPTTHI
HICHIMICP/Ii KOJIAaHa bl
OEKITINITeH ecenTep KUbIHTHIFBIH
HIeNTy YIIiH OKy OaFnapiaMachIHBIH
Oacka cananapbslHaH OUTIMJTI, KOCHIMIIIA
JaFabUIapabl OipikTipeai

YKorapsl nexrei

85%-100%

TToH/IK TEPMHHAEP MEH YFBIMAAPABI TEPEH
OlTy MeH TYCiHyAi KepceTei;
KYPJeJIi TarnchipMaiapbl OpbIHIaNHAbI )KOHE
OLIiMIl TAOBICTHI KOJAaHAIBL;

Op TYpIi Ke3/Iep/IeH allbIHFaH aKIapaTThl
JKMHAKTaHIbl, aJIbIHFaH HOTIKENIepre
HAKTBI, JIOTUKAJIBIK JOUESKTI TaJIeriep
KenTipeni
KYPJeJi TanchipManaparbl abaoHapab!
TaHKABL, OaaMa XaHe CTaHIapTTH eMec
HISIIiM/IeP/Ii YChIHA/IBI JKOHE KOJIIaHa bl
MiH/IETTEPIiH KEH CIIEKTPiH IIEIry
YIIiH OKy OaFmapiaMachiHBIH Oacka
caJaJapbIHAAFel OLTiMAl, TYpii
CTpaTerusIapabl KOJIaHabl, ajbIHFaH
HOTIKENIEP/IiH MaHBI3AbUIBIFbl MCH
HETI3I1IiriH Oaragaiabl.

Horumxenep MeH Tankpliay
1 JKubIHTHIK OaFanayIslH CTICIIH(PUKAIHICH
¥3aKTeIFbI-40 MUHYT

¥maii canbl-25

Tanceipmansig Typi: TXK-TONBIK jKayamnTsl Tajarm €TeTiH TarcepMaap
2. baranay TarceipManapbIHEIH YATUTIK KYPBUTBIMBI

JKubIHTHIK OaFanay KYMBICBIH 4—5 TarchIpMaiaH KYpacTeIPy THIMII:
1-tanceipma: Teopusbik Heri3 (biry)

Maxcartsr: [IuddepeHnmaniblk TEHACYIH PETiH aHBIKTaY.

Cypaxk: bepinren " —10y"+25y = 3¢’ TeHeyiHiH PETiH aHBIKTAHBI3 JKOHE

OHBIH CBI3BIKTHIK €KEHIH HEMece eMeC eKeHIH TYCIHIIPiHi3.
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2-ranceipma: Oynkimsnsl Tekcepy (Tyciny)

Makcartsl: llemiMHiH AYPBICTBIFBIH TEKCEPY.

Cypak: y = Ce* ¢pynkuusicel y° - 3y = 0 auddhepeHnnanipk TeHIeyiHiH
mienrimMi 0OJaTHIHBIH KOPCETIHI3.

3-Tanceipma: AfHBIManbLIaph! OetineTiH TeHaeyep (Koinany)

Makcatsl: Tenaeyai MHTerpangay apKbUIbl )KaIlbl IEIimMi Ta0y.

Cypax: sin xdx — y3dy =0 TeH/IEYiHIH JKaJIbI HICIIIMIH TaOBIHBI3.

4-ranceipma: Komm ece6i (Konpany/Tannay)

Makcatbl: bacTarnks! maprrap/isl naiaanassl, aepoec memimai Tady.

Cypak: y’’-16y=0 Ttenueyi yurin y(1) = 4 mapThlH KaHaFaTTaHIBIPATHIH
nepoOec mIenriM i TaObIHBI3.

S-tanceipma: Konnan6aner ecen (CunTe3)

Makcatsl: Mojienbiey IarabIChIH TEKCepy.

Cypak: Marepuanasik HyKTe v(t) = ds/dt )xpUTIaMIBIKIICH KO3Fanansl. Erep
v(t) = 3t + 2 Gosca xone t=0 Gonranga s=0 Gosca, OHbIH S =s(t) KO3FaJbIC
3aHbIH TaOBIHBI3.

JKubIHTBIK OaraayblH KYpPbUIBIMBI

byn Hycka 3 TancelpmManaH Typajbl, OHBIH 1IIIHJE TOJBIK JKayaObl Oap
cypakrap Oap.

TonbIK KayanTsl Tajal €TeTiH TalchlpMaliapAa OiiM aJlyIlibl eH JKOFaphl
GaJut ary YIIiH TarcelpMaap/abl MenyAeri ic-KuMbULAap IbIH 0apiIbIK peTTUIrH
KepceTyi THic.

BiniM anyuibiHBIH MaTeMaTHKAIBIK TOCULAEPIi OipKaTap MaTeMaTHKAIIbIK
MOHMOTIHJIEp/IE TaHJIay JKOHE KOJJIaHy KadijeTi OaraiaHabl.

Tanceipmaia OipHeIIe KYPhUIBIMIIBIK OOIiKTep/CypaKTap 00Iybl MyMKIH.

Kanbkynstop/p! naiananyra pykcar eTiie/i.

3. Tanceipma:

Hayo6aiimsl Tokamrtapasl micipai. [lemTeHn anblHFAaH TOKAIITapIbIH
temreparypachl 20 munyT irinae 100°C - nen 40°C - re neiiin TomeHaenai. Aya
temneparypacsl 18°C .

Bepinren maprrapra colikec TOKAIITap bl CAIKbIHIATY bIH JKaJIITbl TEHICY1H

JKa3bIHbI3. [4 6an]
CankpiHgaTy OacTanFaHHaH OacTam, KaHIIA yaKbITTa TOKALITapIbIH
temreparypacsl 20°C neifin remenaeini ?? [36asu]

Benmiex kapamaiiblM rapMOHUKAIIBIK KO3FaJIBIC JKacaipl. bemmexTepain
TepOeItic IEHTPIHEH aybITKY t CeKYH/I 1ITH/IE X METpre TeH,

a)x = Acos7t + Bsin 7t keneci nuddepeHuanabiK TeHICYIiH KaIbl
LICIIiMI €KCHIH KOPCETiHI3

d%x
w5z +49x = 0 [3 6amn]
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T

T dx T
b) x.=3 erept =— t=_, E=2\/2_erep t=— =.
A MeH B MoHIH TaOBIHBI3. [2 0aini]
¢) benmmexTiH KpI1IaMIBIFBI HOJITE TSH OOJIATHIH €H Killli OH t MOHIH TaOBIHBI3.
JKayanTsl 3 MaHBI3IBI CaHFa JACHiH jKa3bIHBI3. [5 Oa]
3. TaOBIHEI3:
a) lndepeHnmanipik TeHACY IiH JKaIIIbI IIeTTiMi

d?y
dx?

dy _
4==+ 8y = 0[4 Gam]

MBIHAJal MIapTTap.Ibl €CKEPEe OTHIPHII, (a) TAPMAKTHIH TU(PEepEHITHATIBIK
TEH/ICYIHIH KeKe IIeITiMi:
d
y=0mu é:2, myHa x=0. [4 Gamn]

3-kecte — «AuddepeHnmanipik TeHaCyIep» TaKbIPbIObl OOMBIHIIA KUBIHTBIK
Garasay TarnchlpMaIapbIHBIH CHITATTAMACHI

ot Texcepinerin vaxcar Oitnay Tancupwanap | Tancepva | Tanchpwa 1ypi | Opeiay yaxsmsi | Yrait Borin
JIAFABLIApHIHbIA JCHreiii | canil Ne Goifbirma
skanmbl ynaii
Tuiddepenuan | o anepenimmanisik eieyicp Biny wane T T K 15 vt 7 25
Terieyaep o Typanst werisri yroiaapas Giry Tyciny
o kA ccerrrepai wettyse | JIaRisiapasn Aoraphi
A epeHIHATIBIK TERICYACPAT KoaHY TOpTiGi
« Goninetin Konzany T 2 3 15wt 10
o ai Gap
Teruteyepai ey
« rapvomIKAILIK TepbeTic Tlarasuapasis orapst
o Teiteyin kypy e weiy TapriGi
 cxinmi perti chMKTE Giprexti Anpepenmany Komtany T 3 T 10w g
Temeynepi wenry (ay"+by-+ey=0 , mymarst a.b,d
Typaih)
o JbEPEHIIIALIK TeRIeYIiH KeKe KoHe Kambi
uwiewinyepiis aHbIKTAMATApHIH Giy Biny momic
Tyciny
Koperthimst 3 40 vin 25 25
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4-xecre — bami Koo ChI30achl
%

& HKayan bau Kochiia axapar
Ta ar ar T
T k(T;lE),Ti 75 = ket
T 1 Kopititin newece Gomwanatsiin
T f @
In|T — 18] = kt + C 1 Yoait Gipeyin ayphic ybiHa KoMBLIA L
T = €™ + 18 newece xanpazent 1 C xayaGoi Kay i
D £=0,C, = 82, borrana 1
t=20,T = 40C, 1 Henteee skpBaicHT
1120
C Ty
T=20C, I
1
20In
t=— < 5emun
it
41
2a ax 1
¥'= = ~TAsin7t +7Bcos7t =0
. dx - T
¥'= 5= 494 cos7t —49Bsin7t = 0
0ary yuin T2 1w 49x anvacmipaon: 1
2b B=3 1
17 1 Hentece skppanei
% v = newece ~7Asin7¢t + 7B cos 7t = 0 T
g7t =k
el 1 Kayan A #one B MOIWACPINCH KaOLLLaHAb!
v
s 71 1
t=arctg o
t=0127 T
3a k*—4k+8=0 1
D<0
k=2+20

y = e*(C, cos 2x + C, sin 2x)
¥ = (e7) (€, cos 2x + C, sin 2x) + e**
*( €, cos 2x + C, sin 2x)°
3b [y@=2 ¢ +c
y(0)=0,6,=0

¥ =¥ sin2x

Kammer

5. ©picremernik KeHecTep

Wuterpannay aarapichl: OKyIbuiapasiH 1uddepeHHanabK TeHACYyIepIi
mienryi oJiapAblH MHTErpajiaap/abl KaHIIAJbIKThl MEHIEepreHiHe Tikeien
OaitnanpicThl. COHIBIKTaH OaKblIay JKYMBICHI ajlJIbIH/IA HHTErpajiay dJicTepiH
KalTanan ajry Kaxer.

Kepnekinik: ['padukaibik HHTEpIpeTalysHbI KOJIJaHy MaHbI3/1bl. MbIcaJbl,
nuddepeHInaNAbIK TCHACYJICPIIH MEIIIMIepl — HHTETPAIIBIK KUCBIKTAp
(MHTErpaiIbIK 0TOACK) EKeHIH TYCIHIIPY YIIiH KOJIJaHy OKYIIbUIAPABIH TYCIHITIH
apTThIPaJIbL.

Kepi Oaitnansic: OKyinbliap Kate jkiOepreH Tycra Tek Oara Koimaii, Kai
KepJe Karelmik KeTKeHiH (MbICalbl, HHTerpanaay TYpakThichl $C$-HBI yMBITY
HeMece 0acTamKpl MIAPTThI AYPHIC KOJIIaHOay) KOPCETKEH KOH.

KopbITHIHABI

MyH1aii TanceipMaiap OKyIIbUIapasiH (G QepeHInaNIbIK TeHICYICPMEH
TaHBICYBIH, OJIapJbl IICNTYy MAaIlbIKTAaPbIH, CHIMBIMABUIBIKTAPBIH apTThIPYyFa
kemekTecei. «nddepeHmanapik TeHIeyiep» TaKpIpblobl OolbIHIIA 1 1-ChIHBIIT
OKyIIbUIAPBbIHA apHAJIFaH )KUBIHTBIK Oaraiay TalchpMallapblH KYPacThIpy Ke3iHjie
OKy OarJjapiaMachIHbIH TAJIANTAPbIH )KOHE OKYILIBUIAP IBIH TAHBIMIIBIK JICHI eiIepiH
€CKepe OTBIPBIIL, TaNChIpMaliap JaibIHIaIbI.

benim yuriH KUBIHTBIK Oaraliay OOWBIHINA OpPBIHIAJIFAH JKYMBICTBIH
HOTIKeJepl OiliM aJymibliFa TYCIHIKTI OOJYBI KOHE OHBI OJaH dpi OKyFa
BIHTATAHIBIPYHI THIC. JlalibIHABIK cabakTap Ke3iHIe KeJICCiHI eCKepy KepeK
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— TancelpManap/blH JeHreiIepl OKyIIblIap/AblH JaibIHABIK JIeHIeliHe
colikec OOyl YIIiH SpPTYpPJIi KYPIEIUIIK A3pexkKeciHie asipiiaHybl Kepek.

— KomaHasbIK 5KyMBIC OKYIIBIHBIH BIHTBIMAKTACTBIFBIH IAMbITYFa apHaJIFaH,
opi sxo0asay >KYMBICHI IPAKTUKAIIBIK AaFIbLIAP/Ibl HBIFAHTa/IbI.

— TanceipManap opbIHJay Ke3iHAe OKYIIbUIAP/bIH YaKbIThIH €CKEPY KaXKeT,
COHJIBIKTAH TaIChlpMaliap/blH KYPJAEiJiri MEH OPBIHJAIY YaKbIThl JyPbIC
TEHEeCTIpiTyi THIC.

CoHbIMEH KaTap (pU3MKAIBIK MOICIbII Kypan, AuddepeHInanIbK
TEHJICYJICP/IiH KOJIaHBUTYbIH KOpCeTiHi3. MbIcabl:

— TepmoanHamMuKa, MeXaHHKa HeMece OMOJIOTHSUIBIK ©cy IpolecTepi
0O¥BIHIIIA MOJIEIb KYPBIHBI3.

— MozenbiiH MaTeMaTHKaIBIK (POPMACHIH YKa3bIHbI3.

Mojienb/ie KapKbUIBIK KaTep/iH KOPCETKILIiH CUIATTAHTBIH MOJAEIbI1
KapacTelpyFra Oosazpl. OHBIH IICIIIMIH Tayblll JKOHE Kap KbUIBIK IIEHIIMJIEp
KaObUI1ay 1aFbl MaHBI3BIH KOpceTyre 0oabl,

En tnimaici — okymbuiapabl s)ko0anblK jKyMbIcka ukemzey. OKynibuiap
Tortapra OeJiHir, audhepeHIHaIIbIK TCHACYICPIiH KaHai Oip HAKThI KOJIIaHY
cajiachl OOHbIHIIA (MEANIMHAHBIH, SKOJIOTHSHBIH, 9KOHOMIKA HeMece (U3UKaHbIH)
3eprTTey Kypri3zy kepek. Hotmxkecinne:

— 3epTTeyiH MaKCAThIH aHBIKTAY;

— TeopusutbIK HeTi3A€pMEH TaHbICY;

— Iuddepenunanapik TeHIECTIKTEP/I KOAIAHy apKbUIbl MOAECIBICP KYPY;

— Hotmxenepnui ycoiny.

JAuddepenunaniblk TeHACYIEp KaJIMbl MaTEeMaTUKa FBUIBIMBI YIIiH
MaHBI3/IbIIBIFbI J)KaFbIHAH €H JKOFapFbl TAaKbIPBIITAPBIH Oipi OOJIBII caHaaIbl.
Ce0e0bi Oys1 TakbIpbIIl apKbUIBI TEK MaTEMaTHKAJBIK €cenTep, jKarjaainap,
MacelesIepliH eniMi fana emec, 0acka Ja TypJii canajiap MEeH FbUIBIMHU
MIOHJICP/IIH CCCNTEPiHiH )ayaObiH Ta0y yiriH KaxeT [10; 11]. by sxymbIc ochI
TaKBIPBINTHI TOJIBIK TYCIHIPIll, aHBIKTAMaJIap (bl ASJIEIICH OTBIPHII, IPaKTHKaA
KOJIZIAHBUTYBIH TYCIHJIIPY MaKCaTBIH/IA >Ka3bUIbII OTHI.

TAMJIAJTAHBUIFAH JIEPEKTEP TI3IMI

1 Hentp nenaroruueckux uzmepenuil. Monens KO _HUII 2016-2017
yu.rog LleHTp neparornueckux n3MepeHuil. MeToan4eckiue peKoOMeHJalum 1o
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PABPABOTKA OLIEHOYHBIX 3ATAY ITO
JANOPEPEHIIUAJIBHBIM YPABHEHUSAM JUIA 11 KJTACCA

B Oannoii cmamwve paccmampusaemcs Memoouxka CoCmasieHus
3a0au 0Nl CYMMAMuGHOU oyenku no meme «Juppepenyuanvhvie
ypasHenusy. Ilpu cocmagienuu 3a0anuil CyMMAamuGHO20 OYEHUBAHUSL
(COP umu COY) no meme «/Juppepenyuanvuvie ypaerenus» O0/is
yuawuxcs 11 knacca Heo6xo00umo yuumoleamv mpeOO8aHusi y4eOHOU
npPoOSPAMMBL U NO3HAGAMENbHLI  YPOGeHs yuawuxcsi. B pabome
npeoCcmasicHa MemooOuKa COCMAaseHust 3a0a4 OJist UMo206020 OYEHUBAHUSL
ons ywawuxcs 11 knacca wikonvi-nuyes no meme «/ugppepenyuanvvle
ypasHenusiy. B pabome  paccmampuearomcs  OCHOBHblE — GUObL
oughepenyuanbHblX  YpaeHeHull, Memoobl UX peueHus, a Mmaxdice
Kpumepuu OYeHU8AHUs. U Cnocoovl (opMamueHo2o U CYMMAMUEHO20
oyenuganus Ol onpedeleHusi ypoeHs 3Hanuil yuawuxcs. Ipu evibope
3a0au  npeonasamcs  3a0aHus, HANPAGICHHbIE HA  NOBbIULEHUE
JI02UYECKO20 MbIULIEHUS, MEOPUECKUX HABLIKOS U MAMEMAMU4ecKoll
epamomuocmu  yuawuxcs. On  npedocmaensem UHCMPYKyuu  OJis
npenodasameneli ¢ NOMOUbIO NPAKMUYECKUX NPUMEPOE U NPUMEPOE
3a0anuil. Pe3ynomamovi  binonHeHHOU pabomvl NO  CYMMAMUGHOMY
OYEeHUBAHUIO 0711 pazoeind O0JICHbL OblMb NOHAMHbL 00VYAIOUEMYCSL
U CMUMyIuposams e2o K OaivHeliwemy obyueHuio. Obpamuas ces3b
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DEVELOPMENT OF EVALUATION PROBLEMS IN AAMBITYRbIH SAICTEMEIIK MORETI

DIFFERENTIAL EQUATIONS FOR 11TH GRADE .
Onumnuadaneix ecenmepoi wvl2apy - OKYULbLIAPObIH NOHee 0e2eH

BIHMACHIH apMmMbIpadbl, MAMEMAMUKdad, OHbIY KOLIOAHBLLY CANACHIHA
Oecen Mypakmol Kbl3bl2yblH 02maobl, 0a20apiamaivlk Mamepuaiobl
mepen ueepyine dicoHe 03 OLIIMIH mepeydemyee ocep emeoi, OKYubLIap
Kabileminiy — MeuiliHue KemeloeHe MmyCyiHe —MYMKIHOIK — Oepedi.
byn maxanaoa owcarnvl opma 0Oinim Oepy mexkmenmepinoe Kbizmem
amaxapelmein.  MAmemMamuxa —my2aiimoepine  apHaneaH, O0apblHobl
OKYUBLIAPOb  MAMEMAMUKA — NOHIHEH — OKblmyOd — OJUMNUAOAIbIK,
ecenmepOi Jcylieni KOIOAHY apKblibl JOSUKATLIK OWIAYObl 0ambimyad
bazormmanzan o0icmemeniK Mooeib YCbIHbLIAObL. ¥ CbIHblI2AH MOOeb
OKY npoyecin yw Hezizel 0eHeell OOUbIHUA YULIMOACTbIPYObL KAMIMUObL:
(1) nocuxanvix otinayovly 06A3abIK KOMNOHCHMMEPIH KATbINMACIbIPY
(manoay, cunmes, CarblCMoIpy, HCAINBUIAY, AOCMPAKYUSILAY, 09NeN0eY);
(2) oxywbLiapza onumMnuadanvblk ecenmepoi uwleapy 90iCmepiH,
CMpameusnapvli  JCoHe IBPUCIUKANLIK, MOCLIOePIH Cananbl mypoe
meneepmy;  (3)  WbI2APMAWBLIBIE — JCOHe  3ePMMEVILINIK — ecenmep
apKbLIbL OLIIM AIYUBLIAPObIY JHCOo2apbl OeH2ellli OUIay opeKemmepiH
damvimy. Amaneawn s’cymvicma cabakmoly yublMOacmlpy gopmanapol,
ecenmepOi ipikmey Kpumepuiliepi MeH ecen OeHeelliepite KOoUbLIamblH
mananmap, Oazanay Kypanoapwl JHCOHe OKVUIbIHBIY OKY JHcemicmicin
MOHUMOpUHeMeY — JCylleci  MeH — pe@hiiekcus — Jicypeisy  memikmepi
cunammanean. Maxana Homudicecinoe OIUMRUAOANLIK — ecenmepoi
KOJOAHYOblH MUIMOLNIZI TOSUKATILIK ONEPayusiiapobl 0amuvlmy, 0oJenoey
MOOeHUemin Kaiblnmacmolpy, wewimoepoiy KONHyCKaublibleblh uzepy
302 303

This article discusses the methodology for composing problems
for summative estimation on the topic «Differential equationsy. When
composing summative assessment tasks (SAS, SAQ) on the topic
«Differential equationsy for 11th grade students, it is necessary to take
into account the requirements of the curriculum and the cognitive level
of students. The paper presents a methodology for composing tasks for
final assessment for 11th grade students of the lyceum school on the topic
«Differential equations». The paper discusses the main types of differential
equations, methods for solving them, as well as assessment criteria and
methods of formative and summative assessment to determine the level of
knowledge of students. When choosing tasks, tasks aimed at improving
logical thinking, creative skills and mathematical literacy of students are
offered. It provides instructions for teachers through practical examples
and sample assignments. The results of the work performed on the
summative assessment for the section should be understandable to the
student and encourage him to continue learning. The feedback should
contain information about the achieved level of academic achievements
of the students. The form of informing students and parents is determined
by the teacher independently. The article provides a methodology and
examples of creating assignments on this topic.

Keywords: critical assessment, SAS, SAQ, descriptors, success
criteria, testable skills.
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JICOHE  MemamanbiMOblK  0az20bL1apobl  JHCeminoipy JHCoHe  Mypaxmol
OKY — MOMUBAYUACHIH — KATbINMACMbIPY — MYP2bICOIHAH — MEOPUSIILIK
JICOHe NPAKMUKANGIK He2iz0e aukblHOanaovl. Makanada yceimvliean
goicmemenik Mooeib ONUMNUAOAIBIK ecenmepoi MaKkcammol, HCyueii,
OeHeellliK JicoHe PeqhieKCUSLIbIK mypeblod KOOaHy2a MyMKIHOIK Oepeo.

Kinmmi  ce30ep:  Oapvihobl  OKyuibl,  OIUMRUAOANBIK — ecen,
JIOSUKANBIK  OIay, 0oenoey, o0IiCmeMeniK Mo0elb, MemamaHbliM,
nPOOIEMATBIK OKbIMY.

Kipicne

Kasipri 0iiim Oepy kyiieciHe MaTeMaTHKa MOHI TCK €CENTeY MaFIbIChIH
KaJIBINTAaCTBIPYMEH LIEKTEIMEH/I1, 0J1 — JIOTHKAJIBIK OJ1ay, IaJIeNn/iey MOJICHUET],
KYPBUIBIMJIBIK Tallay, MOJIENIbACY JKOHE CTPATErusi KYpy CHUSIKTHI KOFaphl
JICHI eIl MHTEJIIEKTYaIBIK OpEKETTepl AaMBITYAbIH HEeri3ri Kypaibl. Ocbl
TYPFbIJIa JapbIHABI OKYIIBUIAPbl OKBITY €peKIle dAICTEMEIiK TCIIi Tanamn
ereni. JlapbIHAbI OKYIIBIHBIH TAHBIM/IBIK MYMKIHJIT )KOFapbl OOJFaHBIMEH, OJ1
opKallaH KyHeni oiyiay AarIblIapblH aBTOMATTHI Typ/ie MeHrepe Oepmeiini. Ken
KaF[ai1a JapbIH/Ibl OKYIIbUIAp/Ia KbULAAM HIeIIiM Ta0y 6achiM OOJIBIIL, TRJIeNey,
HeTi3/Iey, NIeNIMHIH TYPBICTBIFBIH TEKCEpYy, Oanamaibl TOCUIAEp/Ii KapacThIpy
CHSIKTBI JIaFJIbLIap TOMEH JICHTeH/Ie KasbITacabl.

JlapbIHIbI OKYIIBUTAPMEH YKYMBIC KYPTi3y1iH THIMAI KYpajIapblHbIH 0ipi —
KOHKYPCTHIK ecentep. OHJiail ecenTep cTaHIapTThl AITOPUTMMEH IIEUIIIMeN 1,
oJiap OKYIUIBIHBI OMJIAHYFa, 137IeHyTe, 00JKaM jKacayFa, JJOTUKAIBIK KOPBITBIHIBI
KypyFa MaxOyp ereni. by ecentep apKpuibl OKyIIbIIA TEK MATEMATHKAJIBIK OL1iM
FaHa eMeC, COHbIMEH Oipre yKaJIIbl JIOTHKAJIBIK MOJICHUET, CTPATET USUIBIK OiJIay bl
nmamuel. [1, 29-32-66.]

COHJBIKTaH 3epTTEy KYMBICBIHBIH ©3CKTUIIr: JapblHABI OKYLIBUIAPJIBIH
JIOTHKAJIBIK OWJIAYBIH JAMBITY/Ia OJIMMITHAIAIBIK €CeNTep Il KOJIaHy IbIH XKyHe
Q/IICTEMEITK MOJICNIH KYPY KaXXETTUIIriMEH aHbIKTaIabl.

MakasaHbIH MaKcaThl: OJIMMITHAIAJIBIK €CeNTep 1l XKYHell KOJIaHy apKbLUIbI
JIapBIHJIBI OKYIIBIIAP/IbIH JIOTUKAJIBIK OMJIaybIH JAMBITYFa apHAJIFaH 9/liCTEMEIiK
MO/IEIIb YChIHY ’KQHE OHBIH KYPBUIBIM/IBIK JJIEMEHTTEPIH CHIIATTAY.

Mingerrepi:

— BinmiM anymbeinapablH JIOTHKAJIbIK OWJTAayBIHBIH HETI3TI
KOMITOHEHTTEPIiH aHBIKTAY;

— OnmuMnuaaIbIK SCeNTEPIi CUIIATTAY,

— JlapblHABl OKyWIBIIapFa apHajFfaH 9JicTeMelNlik MOJEbAiH
KYPBUIBIMBIH YCBIHY;

— Ecenreppi ipikTey KpuTepuiliiepiH aHbIKTaY;

— baranay »xoHe MOHUTOPUHT JKYHECIH YCBIHY.
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Matepuangap MeH dicrepi

JlapbIHbl OKyIIBI — Oenrini Oip cajajia >KOFapbl HOTHIKEre JKeTyre aJeyeTi
0ap, OKy-TaHBIMIBIK OEJICEHANIT] )KOFaphl, Kyp/Jeil Macesesepal menryre
Oeifim Tysira. bi3 Oinerinaei, JapbIHABUIBIK MaTeMaTHKala keOiHe Keieci
KacHeTTepPMEH CUIIaTTasa bl:

— JIOTHKaJIBIK OalIaHbICTap bl T€3 AaHBIKTAY;

— abCTpaKTLI OMJIayIbIH KOFaphI ICHICHI;

— 3aHIBUIBIKTap/bl TaOyFa YMTBUTY;

— €CeIl MIbIFapy/1a MKEMILIIK;

— JIoJIeNIIey MEH HETi3/1eyTe KbI3bIFYIIBUIBIK.

JlorukanseIk oinay — oiylay HmpoueciHiH JKyWHenmiiiri, aamuuiri, 0ipizaimiri,
HETI3AUTIrIMEH cUmarTajaThlH Kabdinet [2, 56-0.]. On keyneci JTOTHKAIBIK
oliepanusIap apKblIbl )KY3€re acabl:

— tannay (aHanm3);

— )KUHAKTay (CHHTE3);

— CaJIBICTHIPY;

— JKaJIbuUIay;

— HaKThUIAY;

— MHIYKIMS J)KOHE ACAYKIHS;

— JIoNIeNiiey JKSHe Tepicrey.

JlapbIH/bl OKYIIBLIA JIOTUKAIBIK Oilay TaOWUFW TYpJe >KOFaphl JeHreiie
KOpiHyl MYMKIH, ajai/ia OHbl SJICTEMEIIIK JKETeIeyMEH JaMBITy — JKOFaphl
HOTIDKETe JKETKI3€TiH HETi3r1 apTTapIbiH Oipi.

Hotm:kenep koHe TaIKbLIAY

OmMITagasbIK ecenTtepi OKy MpoLeciHe KOJIaHy IblH OipHele MaHbI3 bl
apTHIKIIBLUIBIKTapHI Oap:

Oiinay opeketin Oencenuipy. OnuMNuananblK ecenTep OKYIIBIHBI JailblH
QITOPUTMHEH THIC dPEKET eTyre MOKOYp erexi. by ke3e oKyIbl:

— 0OJDKaM Kacamibl,

— IO 13Aeii;

— KapaMa-KalIIbIIBIKTHI TEKCEepe/I;

— OipHeIe KOJIAbI CAIBICTHIPA/IBL.

BiniM anmynibIHBIH JoJeNiey MOJICHUETIH KalblNTacThIpy. ONMMIIMaIaIbIK
ecenTepe kayaOblH Taly KeTkijikci3. TaObliraH kayanTblH AYPBICTHIFBI
JIeJIeNIMEeH OekiTiieti. By oKyIblia MaTeMaTHKAIBIK T, JIOTHKAJIBIK KYPBUIBIM,
apryMeHT KeJnTipy Kadinetin nambirans [3, 39-6.; 4, 76-82-606.].

MeTaTaHbIMABIK JaFabUIapAbl JamblTy. OKyIIbl ©3 oiylayblH Oakbuiai
Gacraiinpl: «MeH Kanaai aaicti KonanaeiM? Here a1 ockl skout THimi 0051117
Backa tocin 6ap Ma?» Byt — MeTaTaHBIM/IBIK JCHI€H/IIH TaMYyBbl.
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Kareuniknen »xymbic MojieHueTi. OJIMMITMAaNbIK ecenTepie KaTelecy —
Taburu mporecc. Jlypric YIBIMAACTHIPBUIFaH OKY OapBICHIHAA KATEIIK Ka3auay
eMec, KepiciHIle yKaHa TYCIHIKKE JKETEJIEHTIH pecypc peTiHie KapacThIpblUIa/ibl.

Y CHIHBUIBII OTBIPFAH JJIICTEMENIIK MOJICJIb MapbIHbl OKYIIBLIAPIBIH
JIOTUKAJBIK OWJIayblH JAaMBITYFa OafrbITTalifaH jXoHe 4 HeEri3ri
KOMIIOHCHTTECH TYPaJIbl:

— MakcaTThIK KOMIIOHCHT

— Ma3MyHIbIK KOMIIOHCHT

— IIpouecTik-yiHbIMIACTHIPYIIBUIBIK KOMIIOHCHT

— Baranay-pedieKCUsITBIK KOMITIOHCHT

Heri3ri Makcat — OJUMITMAAIBIK KOHE KOHKYPCTBIK €CENTep apKbLIbI
OKYIIIBIHBIH JIOTHKAJIBIK OMIAYBIH XKYHem gaMbITy. OChIFaH KOJI )KETKI3y YIIiH
HAKThI MaKCATTap aHBIKTAIAIBI:

— JIOTHKAJIBIK ONepaIsuIap bl CAHAIBI KOJIIAHY;

— ONENICy KYPBUIBIMBIH MEHIEPTY;

— cTpaterus *oHe 9JIiC TAHIAY JAFIbICHIH JaMBITY;

— IIBFAPMAIIBUIBIK HICHIIM TaOyFa YHPETY.

Ma3MyHIBIK KOMIOHCHT, OJUMIHAIANBIK €CECHTECPAiH HETri3ri
OaFbITTAPBIH KAMTH/IBL:

— caHJap TEOPHUSCHI (MOIYJIb, OOJIHTIIITIK, KaJJIbIK);

— anreOpabIK TYPICHIIPYJIEP XKoHE TEHCI3IIKTED;

— KOMOMHATOpHKA (CaHaK, IPUHITUIITED);

— reoMeTpus (MHBapUAHT, CAMMETPHS, TYPICHIIPY);

— JIOTUKAJIBIK OWBIHAAP, CTPATETUS €CenTepi.

MasmyH/IbI ipiKTey Ke3iH/Ie 0acThl KaFU/Ia: eCCMTiH KYPICILIIri eMec, OHbIH
JIOTUKAJIBIK 9/1ici MaHbI3bI [5, 142-6.]

Ecem: 13 +13% + 133 + 13* + --- + 132001 4 132002 gannbIKCcHI3 7-Te
OemineTiHIH manenaeHi3.[1, 98-0.]

emyi. Katapneia 1-mmi xoHe 2 i KOCBUIFBIIITAPABI 3-11 KoHE 4-1i
KOCBUIFBIIITAP/IbI KYIITAHBIK.

(13 +132) + (133 + 13%) + - + (132001 4 132002)

Tenneyimiz MblHaIA TYpre KenJi

13 4+ 13% + 133 + 13* 4 ... 132001 4 132002

aKpIpJIbl KaTap.JKyrranras Typaeri KaTapbIMbI3IbIH OipiHIII )KaKIITaChIHbIAH
133-1i exiHmI KaKIackIHAH -ThI JKOHE YIUIHINI jkaKmachkiHan 132" nopeskecin
JKAKIIAbIHH CBHIPTHIHA IIbIFAPANBIK,

Conpa: 13(1 4 13) + 133(1 + 13) + -+ + 132°°1(1 + 13) Biz 1+13
=14 eKeHiH ecKepe OTBIPHII:

306

Becmuux Topatievipos yrusepcumema, ISSN 2959-068X.
Cepus: Qu3suka, Mamemamura u KomnvromepHoie Hayku. Ne 2, 2026

13 % 14 + 133 = 14+...+132001 & 14 anamsis.

14-Ti >kaKIIaHBIH CHIPTHIHA HIBIFAPBII, KeJIeCl KaTap/ibl aJlaMbl3.

14(13 + 133 + --- + 132001

KebefiTkimrepaiy Oipeyi kerire OemiHETIHAIKTeH, KOOSHTIHAlI Ae 7-Te
KaJIIBIKCBI3 OOITiHET]

[TpouecTik-yHBIMAACTHIPYIIBIIBIK KOMIOHEHT - OKBITY (hOpMasapbl MeH
cabaK KYpbUIBIMBIH KAMTHU/IBL.

CabaxThIH YCHIHBIIATBIH KYPBUTBIMEI (45 MUHYTTHIK YiHipMe yITici)

Ke13pIKTHI Kipicmie ecen (3—5 MUH)

Herisri omicti amarteia ecer (7—10 MuH)

Comn amicti 6exiTetin ecen (12—15 muH)

YKorapsr nenreiini 6ip ecemn (10—15 muH)

Pednexcns xoHe KOPHITHIHIBI (4—7 MUH)

Mpricansr: JKa3pIKTHIK 2 Tycke OosutraH. Apackl 1 MeTp OomaTelH TYCTepi
Oipmeii exi HykTe TadbuTags! Ma? [6]

OKBITYIIBIFA YCHIHBIIATEIH 9aKBIT epeskeci:

3 MUHYT — JK€Ke )KYMBIC

2 munyT — Kemek, Jlupuxiie NpUHIHITIH €CiHe TYCip

3 MUHYT -Tangay

[Hemryi. Tycrep cansl 2 OonFaHABIKTaH, 2 HYKTEACH Kom O0MaThH GHUrypa
TaOysIMBI3 Kepek. KaOwipracsl 1 MeTp O0JaTHIH TEHKAOBIPFAIbl YIIOYPHITI
Kapaiapl. YIIOYPHIITEIH TOOCIEPiH «KOSHAAP», al TYCTePIi «Topjap» eTil
ancax, Jlupuxie npuHIuIi O0HBIHIIA, apack! | MeTp 60IaThIH xKoHE Oipael Tycke
OosutFalH exi To0e TaObIIaIBI.

OKBITyFa YCHIHBUIATHIH THIM/IL 9icTep:

— TIpo0IeMaNbIK OKBITY;

— 9BPUCTHKAJIBIK;

— JKYITBIK JKOHE TONTHIK TaJIKbLIAY;

— «Oip ecem — GipHeIIe MeMTiM» TICLIT;

— JIoJIeTIIey KYPBUIBIMBIH MOJIEIIZICY;

baranay-pediekcusiblK KOMIIOHEHT. JlapbIHabl OKyIIbUIApABl Oaranayna
TEK JYpHIC JKayall eMec, Oiay camackl Oarananysl Taic [7, 24-6.]. CoHpIKTaH
KeJleci KpUTepHuiiIep KoiIJaHy YChIHBUIA/IBL:

— MIEITIMHIH JIOTUKANBIK Oipi3aisiri;

— JIOJIETIIIH TOJIBIKTBIFBI;

— QIICTIH THIMIIJIII;

— OayaMaJbl IenliM YCHIHY;

— KaTeHi TayBIIT TY3ETy.
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OymMnuaabIK ecenTepii ipikTey KpuTepuiliepi. OicTeMellik MOIeIIbIiH
TaOBICTBI OOITYBI ecenTep/Ii IyphIC TaHayFa Tayesai. O YIIiH Keneci KpuTepuiiiep
YCBIHBUIA/IBI:

— OJICTIK KYHABUIBIK — €cell Oenriii 0ip JOTHKaIbIK /IICTi allybl KEpekK;

— JleHre#smik MKeMIUIIK — €CeNTiH EeHIJ jKoHe KYypJHesl HyCcKachl
00J1ybl MYMKIH;

— bipnerre menriM MyMKIHAIr — TYPJI TOCUIAEPMEH IICHILTYi;

— Kartenikke MyMmMKkiHIik Oepy — OKYWBIHBIH KaTe OOJIKaMBbIH
Tajnjayra KoJaisl,

— MoOTHUBAaUUSIBIK TapTBHIMABIIBIK — KBI3BIKTBI CIOJKET HEMece
KYTIIEreH HOTHKE.

KapacThIpbuIbII OTBHIPFaH MOJIEIBII )KY3€Te achbIpy YIIIH KOH1I Oty i Taamn
€TeTIH MaHbI3/Ibl (haKTOpJIAPBIH O1pi TarichIpMa KYPJEIUIIK AeHIeiti.

JlapbIHIbI OKYIIBUTAPMEH YKYMBICTBI YHBIMIACTBIPYAAFbl TalIChIpMaiap/IblH
HETi3T1 MmeaarorukKaliblK epexesepine Je KOHUI OereH jKOH. ANFallKbl
TarcepManap KarapblH/ia OKyIIbUIap IbiH 0ackiM OeJiri opeiHaii anatsiH 1-2 ecen
00JTybI THIC, IFHU OJIapIbIH KMBIHABIK Koddduimenti mamamen 10-30% Gouryst
kepek. OnumIinaa MOTIHIHIH OpTachlHA OpTallla JACHIeH IeH KOFaphl KYpAEUIiri
0ap 2—3 ecen opHAIaCybl KepeK. MyH/1ai ecentep/Ii aMaMeH KaThICYIIbLIapIbIH
JKapTBICH! LICHIYi THIC, SIFHU OJIapJblH KUBIHABIK neHreiti 40-60%. (bapibik
ecenTepiiy yTeH OipiHeH KoOIperiH MIeNIKeH OKYIIbIFa 9JICTTEe bIHTAIAHJIBIPY
Oepinyi MyMKiH.) MoTiHHIH COHBIH/IA €H KUbIH 1—2 TarceipMa 00iysI THic. Oiap sl
TEK CaHaYJIbl OKYILIBI ILIEIIE aJla Ibl, COHJILIKTaH OJIAP/bIH KUBIHABIK KO QUIIEHTI
70-95% 1ramaceiaga 6oaansl [8, 42-6.; 9, 146-152-66.].

JlapbIHIbI OKYIIBIFA KYpJEIi ecell KaKeT, Oipak IamajaH ThIC KUBbIH ecerl
MOTHUBALUSHBI TOMEH/IETE/I.

Ecenrtepnin Kypaemimik qeHreiti

W KO/KeTIMA
M opTaLa KMblH

eTe Kypaeni

I-cypet — JlafibIHIBIK €CENTEPiHiH YCHIHBUIATHIH KYPACTTIK ASHTeii
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Kypaeninik — ecentiH KYPbUIBIMBIMEH aHBIKTAJaThIH OHBIH OOBCKTUBTI
cunarramacel. EcenTii KypAemiiri MbIHaFaH ToyeJi:

— OHBI IIemy YIIiH KaXXeTTi akmapar KejJeMiHe (YFbIMIap,
TYKBIPBIMIAP CaHBIHA),

— ecenTeri OepuUIreHACP/IiH CaHbIHA,

— oJIap/IbIH apachIHIarbl OailylaHbICTap CaHbIHA,

— ecell mapThl OOWBIHINA JKacalybl MyMKIH KOPBITBIHABUIAPABIH CaHbIHA,

— €CeITI MIeIy YIIiH KaKETTi TIKeJIeH KOPBIThIHBLIAP CAHBIHA,

— mwemy OapbIichiHIAa Ka)eT OoJaThiH e3apa OalliaHBICKaH
Oli KaJlaMIapbIHBIH CaHbIHA,

— €CeITI ey Ke31HeT1 O KOPBITHIHBUIAPBIHBIH Y3bIH/IbIFbIHA,

— HIemIiMJIeri »aimsl KaJamaap caHblHa, KOJIIaHBUIFAaH apryMEHTTepre
»oHe T.0.

KuBIHIBIK — €Cell I1eH OHBI IIEIIETIH OKYIIIbI apachiH/IaFbl 3apa OaiIaHbICTIeH
AHBIKTAJIATHIH CYOBEKTUBTI cunartama [ 10, 139-6.; 11].

EcentiH KUBIHABIK TOPEkKECI TOMEHICTIEPre TOYEeIIi:

— CCeITIH KYpACIiriHe (KypAei ecerl, 9IeTTe, OKYIIbUIApFa KUbIH KeJIe/Ii);

— €CeITe Ke3/IeCeTiH MaTepHal/ibl OKbII-YHPEHI€HHEH KeiiH OTKEH yaKbITKa
(1-2 xbl1 OYpeIH ©TKEH Marepual, KeOiHece, YMBITbUIFaH (akrtiiepi Oap
TarchlpMaap OKyIIbUIApFa KUbIH);

— OCBI TUIITEC €CENTepli MeNy TIKIPpHOeCiHIH 0ap-KOKTHIFbIHA;

— OKYIIBIHBIH JJAMYBIHBIH JICHICHiHE

Ecenri memkenaep apacblHaarsl OHbI HICHIIIEreHACPAIH YiIeci ecernTiH
KMBIH/IBIFBIH aHBIKTaibl. ECenTiH KUBIHBIK TOpEXKEeCciH ecenTeyre apHajFaH
optypii hopmynanap 6ap. OnapablH ilIiHEH eH KapanaibIMbIH KapacThIpalbIK;

n
K, = —-100%
P

MYH/IaFbl:

K — KubIHIBIK K02 GuLMeHTi (naibi30eH oeHei);

N — ecerlTi LIelle aMaraH OKYIIbIJIap CaHbl;

P — ecenTi Ielyre KaTbICKaH OKYIIbIIAP CaHbI, OHBIH 1IITHJIE €CeNKe TiNTi
Kipicrierenzep sie (SIFHU OJIMMITHAJIaFa KaThICYIBUIAP/IbIH JKaJIIbl CaHbI).

Mpeicansl, Lapirs menoepre imreit cei3puipl. LapuibiHeH KaObIpranapbHa
JUaMeTpJiep peTiHJAe albIHBIN 1Tel kapTeineHoepiep canbiHabl. Ochl
KapThIIEHOEPIIEPAiH KUBUIBICYBIHIA «TYJ» Topi3al Gurypa mslKTel. Ochl Ty
JKarpakTapbIHbIH ayAaHbl MIapIIbLIAaH ThIC XKAaTKaH HEri3ri mieHoOep ayaaHbIHa
TEH EKEeHIH JIAJIeIIIe.
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ArarnraH ecern xairsl opTa 0iiM 0epy MekTeOiHiH 9 «a» - 21 oxyrusl, 9
«6» - 17 okymbl, 9 «r» - 16 OKyHIBICH Oap CHIHBIN OKYIIBIIAPHIHA IIBIFApPyFa
yebiHbUIBL Ecenti 9 «a» - 3 okymbl, 9 «0» - 1 oKy1sl, 9 «m» - 0 OKYIIBI HIBIFAPIbL.

50

Kt:a

=926

SIrHM, 3epTTey XKYPrizymi MEKTENTiH 9 CHIHBIN OKYyIIbUIAp YIIiH OyJ1 ecer
Kypaedniri 92,6 % Kypajpl.

JapbeiHabl OamamapMeH JXYMBIC KacCaWThIH OKBITYIIBIHBIH HETI3Ti
MiHACTTEPiHIH 0ipi, OKYIIBUIAPFa JQJICI Ka3IbIPY MOJICHUCTIH JAMBITY MaHBI3]IbI
OpBIH anaibl. ONMUMIHATANBIK OMIIay JoNeIMEH askTaitasL.[12] Op cabakra:

— «Here?» cyparbl MiHICTTI

— JToJIeNT KYPbUIBIMBI KOpCeTii Ma?

— OKYIIIBI 63 IQJICIIH KOPFaIbL.

Bip ecen — Oiprerne ofic. Bysr TociI JTOTHKANBIK MKEMIUTIKTI JAMBITATBL.
MyfFaniMHIH MIHAETI — OKYIIBIHBIH Oip 9/TicKe «KaOBICHIN KAJIMaybIH» KAaMTaMachl3
ety. CoOHBIMEH KOCa KAaTeJIKTiI pecypc peTiHAe KOJIaHyFa JaFJbUIaHy KEpek.
Karenik apKbUTBL: Kaii kep/ie JIOTHKa OY3bUTIBI? KaHIal MapT ecKepiMeTi? Kaai
Ty3eryre Ooyiafpl? IETeH cypakTap TaldaHybl KaKeT.

KopbITbIHABI

Y CBIHBUTFaH MO/JICITBT1 KOJIJTAHY HOTIKECIHIC TAPBIHIBI OKYIIbIIap/Ia Keeci
carmanap KaJbIlTaca bl

— JIOTHKAJIBIK OHJIay OoIepaysIapbIHbIH KYHeTITiri;

— JONETICY KOHE HETI3/ICY JaF/IbICHI;

— OJIMMITHAJTANTBIK QMIICTEPl KOJIIaHy TOxIpruoec;

— menriMHiH OipHelIe HYCKachlH YChIHY KaOueTi;

— METaTaHBIMIIBIK PEQICKCHS;

— OJIMMITHAIaFa JAWBIH]IBIK JCHICHIHIH apTYHhI.

JlapbIHIBl OKYIIBLIAP/IBIH JIOTHKAIBIK OWIAYBIH JaMBITy — MaTeMaTHKa
MIOHIH TEPEHICTII OKBITYIBIH HET13T1 MaKCATHIHBIH 0ipi. OMUMITHATATIBIK ECCIITEP
OyJT MpoIecTe epeKIie OPbIH ajajbl, OUTKECHI OJlap OKYIIBIHBI JalbIH YITIMCH
eMec, JIOTHKaJIbIK KYPBUIBIMMEH OWJlayFa y#pereni. Makanaga YChIHBUIFaH
OMIiCTEMEIIIK MOJIC)Ib OJIUMITHATAIBIK €CENTEePIi MAaKCATThI, KYHEI, JCHICHITIK
KOHE PeICKCUSIBIK TYPFhIIa KOJJaHYFa MYMKIHAIK Oepemi. MonenbiH
HETi3T1 apTHIKIIBUIBIFBI — OKYIIBIHBIH TEK O11IMIiH eMec, OHBIH Oiylay MOJICHUETIH
KaJIBIIITACTRIPYFa OaFbITTATYHI.
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METOAUYECKASA MOJEJBb PA3BBUTUSA IOTHUYECKOTI'O
MBIIIJIEHUSA OJAPEHHBIX YUAIIIUXCS YEPE3
OJIUMITNAHBIE 3ATAYN

Pewenue onumnuaonvix  3a0au  cnocobcmeyem  NOGLIUIEHUIO
UHmMepeca yuawuxcs K npeomemy, ¢opmupyem ycmouuugyio Momugayu
K USYUEHUIO MaAMeMamury u cgep eé npumeHenus, obecneuusaem 6oee
21yO0Koe YCEOeHUe NPOSPAMMHO20 MAMEPUANLA U PACUUUPEHUEe SHAHUL, d
makoice coz0aem ycaosus OJisi MAKCUMAIbHO20 PA3GUMUS CROCOOHOCMEl
obyuarowuxcs. B cmamve npedcmasiena Memoouyeckas Mooens,
NPeOHA3HAYEHHAsL 0I5l YYumesel MamemMamuky 00ueoopazo8amebHbLx
WKOJ, HANPABICHHASL HA PA3GUINUE T02UECKO20 MbIULICHUL 00apEHHBIX
yHauuxcsi  nOCpeOCmeOM — CUCMEMAMUYECKo20  UCHONb30GAHUSL
ONUMNUAOHBIX 3a0ay 6 oOyueHuu mamemamuxe. Ilpednrazaemas mooennv
npeononazaem Opeanuzayuio y4eOHo20 npoyecca Ha mpéx OCHOBHBIX
yposusix: (1) ¢hopmuposanue 6a306blX KOMNOHEHMOE JIO2UYECKO2O
MblULIeHUsL (AHAIU3, CUHMeE3, CPasHeHue, 0000weHue, abcmpazuposanue,
0oKkazamenbcmeo); (2) 0Co3HaHHOe 061A0CHUE VYAUWUMUCT MEeMOOaMU,
cmpameuamMu U 3GPUCIUYECKUMU RPUEMAMU PEULEHUST OTUMNUAOHBIX
3a0au; (3) pazsumue GbICULUX MbICIUMENbHBIX OCUCMBULL 00YHAIOUWUXCS
uepes meopuecKkue u uccreoosamenvbckue 3adauu. B pabome onucanoi
dopmbl opeanuzayuu yueOHbIX 3aHAMull, Kpumepuu omoopa 3a0ay u
mpe608aHUsKUXYPOGHEBOULOUGPD PepeHyUayuU, UHCIPYMEHMbLOYEHUBAHUS,
cucmema MOHUMOPUHSA YHeOHBIX OOCMUIICEHUL YUAUUXCS U MEXAHUIMbL
peghrexcuu. B pezyiomame uccie008anus meopemuieckit U RpaKmuiecKu
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000CHOBAHA AP PEKMUBHOCTIL  UCNONIL30BAHUSL  ONUMAUAOHBIX  3aA0ay
C MOYKU 3PeHust pazeumusi JO02UHEeCKUX Onepayull, @opmMuposanus
KYIbmMypbl 00KA3AMeNIbCMEd, 0CEOCHUS MHO208APUAHMHOCIMU PEeULeHU,
COBEPULEHCMBOBAHUSL  MEMAKOCHUMUGHbIX — HABLIKOG U YCMOUYUBOL
yueonou momusayuu. Ilpeocmasrennas 6 cmamve MemoOUHeCcKast
MOOeNb  N0360Jsem  YENIeHANPAGICHHO, — CUCMEMHO,  VPOBHE8bIM U
peekcusHbiM  00pA3oM  UCNONB308AMb  OJUMNUAOHLIE  3A0a4U
6 0bpazosamenvbHOM npoyecce.
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METHODICAL MODEL FOR DEVELOPING
LOGICAL THINKING OF GIFTED STUDENTS
THROUGH OLYMPIAD PROBLEMS

Solving Olympiad problems enhances students’ interest in the
subject, fosters sustained motivation to study mathematics and its
fields of application, promotes deeper mastery of the curriculum,
and contributes to the further development of learners’ abilities. This
article presents a methodological model designed for mathematics
teachers in general secondary education schools, aimed at developing
the logical thinking of gifted students through the systematic use of
Olympiad problems in mathematics instruction. The proposed model
organizes the learning process at three main levels: (1) the formation of
basic components of logical thinking (analysis, synthesis, comparison,
generalization, abstraction, and proof); (2) the conscious mastery by
students of methods, strategies, and heuristic approaches for solving
Olympiad problems; and (3) the development of higher-order thinking
skills through creative and research-oriented tasks. The paper describes
instructional formats, criteria for selecting problems and requirements
for their level differentiation, assessment tools, a system for monitoring
students’ learning achievements, and mechanisms for reflection. The
results theoretically and practically substantiate the effectiveness of using

Olympiad problems in terms of developing logical operations, fostering
a culture of mathematical proof, mastering multiple solution strategies,
enhancing metacognitive skills, and forming stable learning motivation.
The methodological model proposed in the article enables the purposeful,
systematic, level-based, and reflective use of Olympiad problems in the
educational process.

Keywords: gifted student, Olympic task, logical thinking,
argumentation, methodological model, meta-knowledge,
problem-based learning.
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MPABWUIIA [J151 ABTOPOB B HAY4YHOM XXYPHAJIE
«BECTHUK TOPAWIbIPOB YHUBEPCUTETA.
CEPUA: PUSUKA, MATEMATUKA U
KOMIMBbKOTEPHbIE HAYKW»

PenaknnoHHas KOJIIETHsl TPOCUT aBTOPOB PYKOBOICTBOBATHCS CIIELYIOIIUMHI
MIPaBWJIAMH TIPH MTOJTOTOBKE CTAThel JUIs OITyOIMKOBAHMS B KypHAIIE.

HayuHnble cTaThu, MpeACcTaBIsIeMble B PEIAKIHIO KypHAIa JTOJKHBI
ObITh OpOpMIICHBI cOTIacHO 0a30BBIM HM3JaTENBCKHM CTAaHIAapTaM IIO
odopmrennto crateid B cootBercTBUHU ¢ ['OCT 7.5-98 «XKypnansl, cOOpHHUKH,
nHPOpPMAIMOHHBIE H3NaHUA. M3naTenbpckoe opopmiIeHHe ITyOIHMKYEeMbIX
MaTepHaJIOBy, MIPUCTATEHHBIX ONOMMOrpa)UIecKuX CIICKOB B COOTBETCTBHH C
T'OCT 7.1-2003 «bubaunorpadudeckas 3amuch. bubmamorpaduaeckoe ommucanue.
Oo6ue TpeGOBaHUS M IIPAaBUIIA COCTABICHUSI.

* B HOMep JomycKaeTcs He 0oiiee 0JHON PYKOMIICH OT OJTHOT'O aBTOpa JIHO0
TOTO K€ aBTOPA B COCTaBE KOJUICKTHBA COABTOPOB.

* Komm4ecTBO COaBTOPOB OJTHOM CTaThU HE Ooiee 5.

* CreneHb OPUTHHAIBHOCTH CTaThH JIOJDKHA COCTABIATH He MeHee 60 %
(cormacHO pemeHnIo peIakKIInOHHON KOJIJICTHH).

* HampaBisieMble CTaTbHU HE JOJDKHBI OBITH paHee OMyOIMKOBAHBI, HE
JIOIYCKaeTCsl OCIeyIOMIee OMyOINKOBaHNE B IPYTUX XKypHalax, B TOM YHCIIE
MIEPEBOIbI HA JIPYTHE S3bIKH.

* PerieHne 0 NPUHATHY PYKOIHCH K OIyOJIMKOBAHUIO TPUHUMACTCS T10CTIE
MIPOBEICHNUS NTPOLIEAYPbI PELICH3UPOBAHNSI.

* JIBoifHOE peleH3upOBaHUE (CIIeToe) MPOBOAUTCS KOH(PUACHINAILHO,
aBTOPY HE COOOIIACTCS MMS PEIIEH3CHTA, @ PELIEH3EHTY — MM aBTOpa CTAThH.

* KBurtaHuus o0 orutate mpeocTaBIseTCs MOCHE NMPUHSATHS CTaTel K
myonukanud. CTOMMOCTh MyOnuKauu B xKypHane 3a crpanuny 1000 (omgHa
TBICSIYA) TCHTE.

* noktopanTaM HAO «TopaiiTsIpoB YHHBEPCUTET» 1 HHOCTPAHHBIM aBTOpaM
(6e3 Ka3axCTaHCKUX COABTOPOB) IMyOIUKAIIHS B )KypHAIE OECIUTaTHO.

*Ecnu cTaThsl OTKIOHEHA AHTUIIATMATOM MJIM PELEH3EHTOM CTaThsd
BO3BpAIIAETCs aBTOPY Ha J0pPabOTKy. ABTOp MOKET TOBTOPHO OTHPABHUTH CTATHIO
Ha aHTUIUIArHaT WIK pelieH3eH3upoBanue | pa3. OTBETCTBEHHOCTB 3a COAEPKAHIE
CTaThH HECET aBTOP.

Penaxmmst He 3aHUMAeETCs TUTEPATYPHOH M CTHIMCTHYECKOH 0O0paboTKOH
CTaThH.

Cratbn, oopMiIeHHbIE ¢ HAPYLIeHHEeM TpeOoBaHMil, K My0JIMKAIUH He
NPUHUMAIOTCS M BO3BPAIIAIOTCS ABTOPaM.
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JlaToil nmocTymiIeHNsT CTaThbU CUMTAETCs JaTa MOJIyueHUs pelakiuei ee
OKOHYATEJILHOTO BapHaHTa.

CrarbH IyOJIMKYFOTCS 110 Mepe NoCTyTuieH s . XKy pHai popMHupyeTcs HCXo/s
U3 KoymdectBa He Oosee 30 craTeil B 0JJHOM HOMEpE.

IepuoanyHOCTL M3AHUS KYPHAJIOB — 4 pa3a B roj (e;keKBapTaJbHO).

Cpoku nojgaym craTbu:

- nepBbId kBapTan g0 10 gespais;

- BTOpo# kBapTain 1o 10 mas;

- Tpetuil kBapran 10 10 aBrycra;

- 4eTBepThIi kBapTai 10 10 HOSOpsI.

Hayunsiit xxypHan «Bectuuk Topaiirsipo yHuBepcurera», «Hayka
n texHuka Kazaxcrana» BbIIycKaeTCsl ¢ NMEPHOJUYHOCTBHIO 4 pa3a B I'oj B
ceTeBOM (JIEKTPOHHOM) (hopMaTe B ClIeTyOIIHIE yCTaHOBICHHbBIE CPOKH BBIX0/1a
HOMEPOB XypHaJia:

- IepBbII HOMep BbIMycKaeTcst o 30 MapTa TeKyILIero roja;

- BTOpOi HOMep — 710 30 uIOHS;

- TpeTuid HoMep — 10 30 ceHTsIOps;

- 4eTBepTHIi HOMep — 110 30 KeKadpsi.

CraTpio (JIGKTPOHHYIO BEPCHIO W KBUTAHIMU 00 oIuiaTe) cienyer
HaIpaBJIsITh HA caliTax:

- https://vestnik.tou.edu.kz/

- https://vestnik-pm.tou.edu.kz/

Jlyist Tioiaum CTaThy Ha MyOIMKAIMI0O HEOOXOAUMO MPOUTH PETHCTPALMIO
Ha cairte.

ABTOp, KOTOPBI BHEC HAUOOJIBIINI HHTEIUICKTYAIIbHbINA BKJIAJT B TIOITOTOBKY
pykornucH (IpH JABYX U 00Jice COABTOPAX ), SIBIISIETCS aBTOPOM-KOPPECIIOHIEHTOM
H 0003HAYACTCS « ).

ABTOpBI U3 pa3HbIX YUeOHBIX 3aBEJCHUM yKa3bIBAIOTCS [udpamu >

JIyis OCyIIECTBIICHUS TPOLIEAYPhI TBOWHOIO PEICH3UPOBAHHUsI (CIIENOr0),
aBTOpaM HEOOXOIMMO OTIIPABIIATH JIBA BAPUAHTA CTAThU: MIEPBBIN — C YKa3aHHEM
JIMYHBIX JAHHBIX, BTOPO# — 0€3 yKa3aHus JIMYHBIX JaHHBIX. [Ipu HapylieHuu
MIPUHIIKTIA CJIETIOr0 PELICH3UPOBAHUS CTAThsl HE PACCMATPHBACTCS.

Cmambvu 00191cHbL ObIMb OPOPMAEHBL 6 CHIPOZOM COOMIBEMCHEUL
CO CNLeOYIOUWUMU NPAGUIAMU:

— B »KypHaJIbl IPUHUMAIOTCS CTAThU 110 BCEM HAYYHBIM HAIIPABJICHUSM,
B 3JICKTPOHHOM BapUaHTE CO BCEMU MaTepHajaMH B TEKCTOBOM PEIAaKTOpPe
«Microsoft Office Word (97, 2000, 2007, 2010) mnst Windows» (B dpopmarax
.doc, .docx, .rtf).
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— OOuwmit 00beM cTaThH, BKIOYAs aHHOTALMH, JIUTEPATYPY, TaOJIHIIbI,
PUCYHKH M MaTeMaTH4yeckue (GpopMyJibl JIOJDKEH COCTaBISITH He MeHee 7 M He
0oJiee 12 cTpaHul ne4aTHOro Tekcra. [lona cmpanuy — 30 Mm co cex cmoponu
aucma, Texcm cmamou: xeenv — 14 nynkmos, eapuumypa — Times New Roman
(01151 pyccroeo, anenuticko2o u Hemeykoeo s3vikos), KZ Times New Roman (0ns
Ka3axcKo2o sA3bIKa).

CTpyKTypa Hay4yHOH CTaTbu BKJIIOYAET HA3BaHHE, AaHHOTALUS, KIFOUEBbIC
CJIOBA, OCHOBHBIE TTOJIOJKEHNS1, BBEJICHHUE, MATEPHAJIbl U METO/IbI, PE3yJIbTaThl U
o0CcyXkJIeHHe, 3aKIIOYeHNE, BBIBOJIBI, HH(OpMaIHI0 0 pUHAHCHUPOBAaHUU (TIpU
HaJM4YUH), CHUCOK MCIOJIb30BAHHBIX MCTOYHUKOB (JIUTEPATYphl) K Kaxa0H
cTaThe, BKIIOYasi POMAaHU3UPOBAHHBIN (TPAHCIMTEPUPOBAHHBIA JITATHHCKUM
a(haBUTOM) BapUaHT HAIIMCAHHS UCTOYHUKOB Ha KHPHWJUIUIE (HAa Ka3aXCKOM U
pycckoMm si3bikax) cm. L OCT 7.79-2000 (UCO 9-95) Ilpasuna mpanciumepayuu
KUPUTIOBCKO20 NUCbMA JIAMUHCKUM ANDABUMOM.

Cmambs 007121cHa cooepircanp:

I.MPHTHU (MexrocynapcTBeHHbIH pyOpHKaTOp Hay4YHOW TEXHUYECKOU
nH)pOpMaLnH);

2.DOI — nocne MPHTH B BepxHem mpaBoM yriy (IpucBauBaeTcs U
3aI0JIHSCTCS PelakIiel Ky pHala);

3. Mnummannl (MMs1, otTyectBo) DaMuiinst aBTopa (-0B) — Ha Ka3axCKOM,
PYCCKOM M aHTJIMHCKOM $SI3bIKaX (KUPHBIM MIPH(TOM, 110 LEHTPY);

ABTOp, KOTOPBIH BHEC HAMOOJBIINI HHTEIUIEKTYJIbHBINA BKJIAJL B IIOJI'OTOBKY
pykorucH (IIpH ABYX U 00Jiee COaBTOPaX ), SIBJISIETCS] aBTOPOM-KOPPECTIOHIEHTOM
n o6o3HaYaeTcs «*».

ABTOpBI U3 pa3HbIX YYCOHBIX 3aBEACHHH yKa3bIBAIOTCS [udpamu 2.

4. Appuanamus (opranusais (Mecto padboTsl (yueObl)), cCTpaHa, ropo) —
Ha Ka3aXxCKOM, PyCCKOM M aHIJIMICKOM si3bIkax. [lomHble qanuble 00 addummann
ABTOPOB MPEJICTABISIIOTCS B KOHIIE JKYPHAIa;

5.Ha3Banme CTaThbH JIOJDKHO OTPAXKaTh COJEpIKAHUE CTAThH, TEMATHUKY
U pe3yJbTaThl IPOBEJEHHOI0 HAyYHOrO HCCieloBaHMs. B Ha3BaHWe craThu
HEOOXO0AMMO BIOXXKUTH HHPOPMATHBHOCTb, IPUBIICKATEIBHOCTD U YHUKAJIBHOCTh
(ue Oosiee 12 ci10B, MPONUCHBIMU OYKBaMH, )KUPHBIM IIPUGTOM, 1O LEHTpPY, Ha
TPEeX sI3bIKAX: PYCCKUH, Ka3aXCKU, aHITTMACKUHN JTHOO HEMEITKUHT);

6. AHHOTAIUS — KpaTKas XapaKTepHCTHKA Ha3HAYCHUS, COJIePIKaHMsI, BUJIA,
(opMBI 1 Ipyrux ocoOeHHOCTEH cTaThu. JloJKHA OTpaskaTh OCHOBHEIC U LICHHBIE,
110 MHEHUIO aBTOPA, JTallbl, OOBEKTHI, NX NPU3HAKH U BBIBOABI ITPOBEICHHOIO
uccienoBaHusl. Jlaercsi Ha Ka3aXCKOM, PYCCKOM M aHIJIMHCKOM JIN0O HEMEI[KOM
sI3bIKaX (PEKOMEHyeMblii 00beM aHHOTAIMHU Ha SI3bIKE ITyOJIMKAIMY — HE MEeHee
150, ve Goxee 300 ciioB, KypcHB, HEXKUPHBIM MIPHU(TOM, Kerib — 12 MyHKTOB,
a03allHbIl OTCTYII CJicBa | cripaBa 1 cM, cM. oOpasen);
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7.KiiodeBble ciaoBa — HaOOp CJIOB, OTPAKAIOLIUX COJIEPKAHUE TEKCTa B
TEepMHHaX 00bEKTa, HAYYHOI OTPACIM U METO/IOB Ucciie10BaHus (0hOpMIISIOTCS
Ha TpEeX S3bIKaX: PYCCKUH, Ka3aXCKHUW, aHTJIMUCKUN OO0 HEMCIKUH; Kerilb —
12 myHKTOB, KypCHB, OTCTYII clieBa-ciipaBa — 1 cM.). PekomeHyemMoe KoimuecTBo
KITIOUEBBIX CJIOB — 5-8, KOJIMYECTBO CIIOB BHYTPH KIIIOYEBOH (pa3sl — He OoJee 3.
3aat0Tcs B MOPSIJIKE MX 3HAYUMOCTH, T.€. CAMOE BaXKHOE KIIFOUEBOE CIIOBO CTAThU
JIOJDKHO OBITH MEPBBIM B CITUCKE (CM. 00paselr);

8. OCHOBHOM TEKCT CTATBHH H3JIaraeTCs B ONPEACIICHHON M0CIIe10BaTeNIbHOCTH
€ro 4acTel, BKIIIoUaeT B ce0s:

- BBenenue (a03am 1 cM 10 JIeBOMY Kparo, )KUPHBIMH OyKBaMH, KeIjib —
14 mynkroB). OOocHOBaHME BEIOOPA TEMBI; AKTYaJIbHOCTH TEMBI HIIH TIPOOJIEMBI.
AKTYaJIbHOCTb TE€MBI OINPEEIISIETCs] OOIMM HHTEPECOM K U3YYEHHOCTH JJAHHOTO
00beKTa, HO OTCYTCTBUEM MCUEPIBIBAIOIINX OTBETOB HA MMEIOIIHECS] BOIPOCHI,
OHA JIOKa3bIBAETCSl TEOPETUUECKON MIIM MPAKTUYECKOW 3HAYMMOCTBIO TEMBI.

- MarTepuajsl 1 MeTOABI (a63ay 1 cm no negomy Kpaio, HCupHulMu OYK8amu,
Keaib — 14 nynkmos). JI0JDKHBI COCTOSITH M3 OIMCAHHsl MaTEPUAJIOB U X0/1a padOThI,
a TaKKe IOJIHOT'O OIMCAHUS UCIIOJIb30BAHHBIX METOOB.

- PesyabTaTsl u odcy:xkaenune (aosay 1 cm no neeomy Kpaio, JHCupHuiMu
bykeamu, keenv — 14 nynkmos). IIpuBoquTCS aHAIN3 U 00CYKICHUE TOTYYCHHBIX
BaMHM pe3yJIbTaToOB McciIeaoBaHus. [[pHBosSTCS BEIBOBI 110 TIOJTyYEHHBIM B X0/1€
HCCIIe0BaHusI pe3yJIbTaTaM, pacKpbIBacTCsl OCHOBHAs CyTh. M 3TO OJIMH U3 caMbIX
Ba)KHBIX Pa3JeJOB CTaThbu. B HEM HE0OXOIMMO MPOBECTH aHAIN3 PE3yJIbTATOB
cBOEit paboThl M 00CYKJEHHE COOTBETCTBYIOLIMX PE3YJILTATOB B CPAaBHEHUH C
MIPEABLIY UMY Pa00TaMu, aHAJIU3aMH U BHIBOAAMH.

- Undopmanuio o punancupoBannu (pu Hasimunm) (ad3at 1 cM 1o ieBomy
Kparo, )KUPHBIMH OYKBaMH, KeTJib — 14 IyHKTOB).

- BeiBoabI (ab3ay 1 cm no negomy Kpai, JHCUpHoiMu OYKEaMu, Keailb —
14 nynxkmos).

BbiBosibl — 000011IeHNE M TIOBEJCHNE UTOrOB pabOThl Ha JaHHOM JTare;
MO/ATBEPIKICHNE MCTUHHOCTH BBIJIBUTAEMOI'0 YTBEP)KJICHUS, BHICKAa3aHHOTO
aBTOPOM, M 3aKJIIOYCHHE aBTOpa 00 U3MEHEHHWH HAYYHOr'O 3HAHHUS C yYETOM
MIOJIyYEHHBIX PE3yJIbTaTOB. BBIBOABI HE JOJKHBI OBITH A0CTPAKTHBIMH, OHU
JIOJDKHBI OBITH HCIIOJIB30BAHBI J1s1 0000IIEHUSI pe3yIIbTaTOB UCCIIEI0BAHMS B TOW
WM MHOW Hay4yHOH 00JIacTH, C ONHMCAHHUEM IPEAJIONKEHUH WM BO3MOXKHOCTEH
JalbHEHIIeH paboThl.

- Cnucok MCMoJb30BAHHBIX HCTOYHHKOB ()KHUPHBIMH OYKBaMHM, KETJb —
14 myHKTOB, B LIEHTPE) BKIIIOYAET B CEOsL:

CraTbsi ¥ CIIUCOK UCTIOIb30BAHHBIX HICTOYHUKOB JTOJDKHBI OBITH O()OPMIICHBI
B cootBercTBUM ¢ ['OCT 7.5-98; TOCT 7.1-2003 (cMm. obpaserr).
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OuepeIHOCTh NCTOYHHMKOB ONPENEIISIeTCsl CIEIYIONUM 00pa3oM: cHavyasa
MOCJIEIOBATENIbHBIC CCBUIKH, T.€. HICTOYHUKU Ha KOTOPBIC BBl CCBHIJIAETECH 110
04epeTHOCTH B CaMOH CTaThe. 3aTeM JOTOIHHUTEIbHbIE HCTOYHUKH, HA KOTOPBIX HET
CCBUIOK, T.€. ICTOYHHKH, KOTOPbIE HE MMEII MECTO B CTaThe, HO PEKOMEHI0BaHbI
BaMU YUTATENsIM JUIsl O3HAKOMJICHUS, KaK CMEXHbIE pabOThI, MPOBOAMMEIE
napasenbHo. Oovem ne menee 10, ne bonee yem 20 naumenosanuil (CCHUIKA U
NPUMEYaHUs B CTaThe 0003HAUAIOTCS CKBO3HOM HyMepalueil U 3aKIo4aloTcs B
KBaJIpaTHBIC CKOOKHM), IIPEUMYIIIECTBEHHO 3a nocieauue 1015 ner.

B ciiydyae Hamuuusi B CIHMCKE MCIIOJIb30BAaHHBIX UCTOYHUKOB paboT Ha
KHpWIIIUIE (Ha Ka3aXCKOM M PYCCKOM SI3bIKax), HEOOXOMMO IPEICTaBUTh
CIIMCOK JIMTEpaTyphl B ABYX BapuaHTax: 1) B opuruHaie (yKa3blBalTCs
UCTOYHHMKH Ha PYCCKOM, Ka3aXCKOM M aHTJIMHCKOM JIMOO HEMEIKOM S3bIKaX);
2) pOMaHHM3MPOBAHHBIH BapHaHT HAIMCAHMS MCTOYHHUKOB Ha KUpWLIHIE (Ha
Ka3aXCKOM M PYCCKOM SI3bIKaXx ), TO €CTh TPAHCIUTEPALUsl JATHHCKUM ai(haBUTOM.
em. TOCT 7.79-2000 (UCO 9-95) [Ipasuna mpanciumepayuu KUpUIO8CKO20
NUCLMA TAMUHCKUM ALPAGUMOM.

Onnaiin cepsuc Tpancaumepayus no I'OCTy — https://transliteration-
online.ru/

Ilpasuna mpancaiumepayuu Kupuinio6cKozo nucbma
JAMUHCKUM angagumom.

Pomanusuposannuiiit cnucok numepamypol 0071MHCEH 6bl21A0eNb
caedyrouwum oopazom: aBTop(-bl) (TpaHCIUTEpAUs JIMOO aHTIIOSA3BIYHBIN
BapUaHT IPU €ro HAJIMYMHM) — Ha3BaHHE CTaTbH B TPAHCIUTEPUPOBAHHOM
BapuaHTe — [[epeBOj Ha3BaHMs CTAThH HA AHIVIMMCKUH SI3BIK B KBaJPATHBIX
CcKOOKax| — Ha3BaHHME Ka3axOs3BIYHOTO JIMOO PYCCKOSI3BIYHOTO MCTOYHHMKA
(TpancimTepanyst, 1100 aHITIMICKOE Ha3BaHKE IIPH €ro HAJIMYHMHN ) — BBIXO/IHBIC
JITaHHBIE ¢ 0003HAYCHUSIMH Ha QHTJIMIICKOM SI3bIKE.

* UnnocTpanuu, nepevyeHb PHCYHKOB U MMOAPHUCYHOUYHBIC HAAIIHCH
K HUM TIPEJICTABIISIIOT IO TEKCTY CTAaThbH. B 2JIEKTPOHHOM BEpCHU PUCYHKH M
wnoctpanuu npezacrasisitorest B popmare TIF mwim JPG ¢ paspeniennem He
menee 300 dpi.

* MaTtemaTudeckune (popmyJabl J0DKHBI ObITh HaOpaHbsl B Microsoft
Equation Editor (kaxast popmyiia — oiuH 0OBEKT).
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Ha omoenvnoii cmpanuye (nocie cmamuu)

B aniekTpoHHOM BapHaHTe IPUBOJISTCS MOJIHBIE IOYTOBbIE apeca, HoMepa
cJIY:KeQOHOro ¥ iomManiHero TejnedoHoB, e-mail (Homepa TeneoHOB TSI CBSI3U

PEMaKINK ¢ aBTOpaMH, He ITyOIUKYIOTCS);

Ceéedenusn 06 asmopax

Ha xa3axckom si3bIke

Ha pycckom si3pike

Ha anrnuiickom s3bIke

damunung Umsa OrtdyecTBO
(TIOJTHOCTHIO)

JlonKHOCTh, yueHasi CTENeHb,
3BaHUC

Opranuzauus

T'opon

Nunexc

Crpana

E-mail

Tenedon
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OBPA3EL] K O®OPMJIEHUIO CTATEHN

MPHTU 04.51.59

DOI XXXXXXXXXXXXXX

C. K. AHmukeesa*, C. K. Kcembaeega
TopaiireipoB yauBepcuteT, Peciyonmka Kazaxcran, 1. [TaBmomap

TEOPETUYECKAS MOLEJIb ®OPMUPOBAHUA
KOMIIETEHUNN COLUUNATIbHbIX PABOTHUKOB
YEPE3 KYPCbI l1OBbILUEHWST KBATINOUKALIUN

Boannoii cmamve npedcmasnena meopemuieckas mooens popmMuposanus
JUHHOCTIHBIX U NPOGHECCUOHATLHBIX KOMREMeHYUL COYUATbHBIX PAOONHUKO8
yepe3 Kypcvl NOGbIUEHUSA K8ATUDUKAYUY, KOMOpaAs paspabomana &
pamkax 0okmopckoul ouccepmayuu « Popmuposanue IUIHOCMHBIX U
nPOhecCUOHATHBIX KOMNEeMeHYUll COYUATbHBIX PAOOMHUKOS Yepe3 KypPCbl
nogviuleHus Kearuuxayuuy. B cmamve npusoosmes nedacocuuecxue
ACneKmuvl camoeo npoyecca MoOeaupo8aHus, nepeyucienbl Jmansl
neoazoeuyecko2o mooenuposanus. Ilpedcmagnenvl memooonoeuyeckull,
npoYyeccyanbHblil (MexXHON02UYeCKULL) U UHCIPYMEHMATbHBII YPOSHU MOOEU,
ee yenb, MOHUMOPUHE CHOPMUPOBAHHOCTIU UCKOMBIX KOMNEMeHyull, d
maxoice pesyrvmanm. B mooenu nokasanvl KOMREmMeHmHOCIHbILL, TUYHOCHIHO-
OPUEHMUPOBAHHBII U NPAKMUKO-OPUCHIMUPOBAHHDII Nedazo2uyecKue
100X00b1, 3AKOHOMEPHOCTNU, NPUHYUNBL, YCTIOBUS YOPMUPOBAHUS BLIOPAHHBIX
KOMRemenyuil; ORUCAHbL IMANbL PEanu3ayuil npoyecca (PopmMuposaniis, yposHil
ChopMUPOBAHHOCIU TUYHOCHIHBIX U NPOPECCUOHATLHBIX KOMNEMEeHYUIL.
B pasoene npakxmuuecxou nodcomoexu npeonazaemcs UHMepaKmueHas
paboma 6 cucmeme CIyuamenb-npenooasamenb-2pynna, HoOpasymesaruas
JQUYHOE YHacmue Kaxcoo2o Cneyuarucmd, a maxxice omxpulmue nepeoeo
6 Hauwell cmpane Pecnybiukanckozo obuecmeennozo o6veoutenus
«Hayuonanvhwiii anvsanc npogheccuoHaTbHbIX COYUATLHBIX PAOOMHUKOB).
Jlannas mooens noopasymesaent noo coboti OanbHelliee CO8ePUICHCNBOBAHIE
U camocmosmenvHoe pazeumue JUUHOCIMHBIX U NPOPecCUoOHaNbHBIX
KOMREemeHyuti COYUanbHulx pabomnuKkos. Imo no36015em yeuoems 8 Mooenu
apgpexmusHocmv peanuzayuu Kypcos nosviuieHus Keanuguxayuu, popmoi,
Memoobl U cpedcmaa pabomal.

Kawouesvie crosa: meopemuueckas mooenb, KoMnemeHyuu,
nogvluleHue KeATUGUKayuL, CoyuanbHvie pabomHuxi.
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Beenenne

CounaiipHasi paboTa — OTHOCUTEIBHO HOBAs JIJIsI HAILIEH CTPaHbI TPOpECCHsL.
[TosToMy oOydeHHE COLMANbHBIX PAaOOTHUKOB HAa COBPEMEHHOHN CTaauu HE
XapakTepu3yeTcsl HallM4ueM JAOCTATOYHO pa3paboTaHHBIX 00pa30BaTENbHBIX
CTaHJIaPTOB, KOTOPbIE HAXO/IHJIN ObI BEIpaXKEHHE B (JOPMYIHPOBKE I1E1arOr UeCKUX
Lenel, B coiepyKaHuy, TEXHOJIOTUAX yUeOHOTO MpoIiecca.

IIpodonxcenue mexcma nyoauKyemoz2o mamepuana

MaTtepuaiabl U MeTOABI

Teopernyeckuil aHaIU3 HAYYHOM MCUXOJOTO-NMEAATOTUUYECKOU U
CTEIHATBHON JINTEPATYPHI IO POOIIeMe UCCIICIOBAHNS; aHAJIN3 3aKOHOIAaTEIbHBIX
U HOPMATHBHBIX JIOKYMEHTOB IO OTKPBITHIO OOIIECTBEHHBIX O00BEIUHEHUN;
aHaJIN3 COAEPKAaHM TPOrPaMM KypPCOB ITOBBIIICHUS KBATH(UKAIINN COITHATTEHBIX
pPabOTHHUKOB; MOJICIMPOBAHUE; aHATIHU3 U 0000IICHHE TIeJarornieckoro OnbITa;
OTIPOCHBIE METOIBI (Oecea, aHKETHPOBAHNE, UHTEPBLIOUPOBAHNE); HAOIOICHHE;
aHalNU3 MPOAYKTOB ACATEIHHOCTH CHEIHATUCTOB; dKCIEPUMEHT, METOIBI
MaTeMaTH4eCKON CTAaTUCTUKH 10 00pabOTKe IKCIIEPUMEHTAIbHBIX JTAHHBIX.

IIpoodonxcenue mexcma nyonuKyemoz2o mamepuana

Pe3yabTaTtsl n 00cy:K1eHHe

UtoOBI HOHATH 00BbEKTHBHBIE 3aKOHOMEPHOCTH, JISKAIIHe B OCHOBE Ipoliecca
(hopMHUPOBaHUS U PA3BUTHSL JINYHOCTHBIX U MPOPECCHOHAIBHBIX KOMIETECHIINI
COITMATIBHBIX PAOOTHUKOB Yepe3 KyPChl MOBBIIEHH KBaTH()UKAIINH, HEOOX0IUMO
YEeTKO MPEACTaBIATh ce0e UX MOAETb.

IIpoodonxcenue mexcma nyoauKyemozo mamepuana

BriBoab!

Taxum o0pa3zoM, Ha OCHOBAHHH BBINIEH3TI0KEHHOT'O MOXXHO CAENaTh
BBIBOJI O TOM, YTO TeOpeTHUYecKas MOJelIb (GOPMHPOBAHUSA JTUYHOCTHBIX H
npodeccroHalbHBIX KOMIIETEHIIUH COIMAIbHBIX PAa0OTHUKOB 4Yepe3 KypChl
TMIOBBIIICHUS KBATU(DUKAIIMU COJIEPIKUT TPU YPOBHS €€ Peallu3allnu.

IIpodonxcenue mekcma nyonuKyemoz2o mamepuana
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C. K. Anmuxeesa™, C. K. Kcembaesa
TopaiirbipoB yHuBepcutet, Kazakcran Pecriyonukacst, [1aBnonap k.

BUIIKTUIIKTI APTTBIPY KYPCTAPBI APKBIL/IbI OJIEYMETTIK
KBISMETKEPJIEP/[IH KY3IPETTUIIKTEPIH KAJIBIIITACTBIPY/IbIH
TEOPHAIBIK MOJEJII

byn maxanada «Oneymemmix KvizsmemrepiepOiy OLNIKMINIciH
apmmulpy Kypcmapbsl apKblibl MYAANbIK HCIHE KICIOU KY3IPemminlikmepin
Kanolnmacmuolpyy O0OKMOPJIbIK ouccepmayusi uleHoepinoe 23ipileHeeH
OLIIKMINIKMI apPMmMeIPy KypCmapvl apKblibl d/leyMemmiK Kbl3MemKepiepoin
IMYAANIBIK JHCIHE KICIOU KY3blpemminiein Kaablnmacmuipyoull Meopusiibik,
MmoOeni ycvinvliean. Makanada moodenvoey npoyeciniy nedaco2uxkanbik
acnekminepi, nedazocuKkaiblk Mooeiboeyoiy Kezeyoepi KelmipileeH.
Mooenvdiy a0icnamanvik, npoyeccyanrovl (MexHoLI0SUSIbIK) HCIHE
acnanmulk Oeneeunepi, OHblY MAKCAMbL, KANCemmi Ky3vlpemmepoiy
KAIInmacy MOHUMopuHel, conoau-ax namuoiceci ycovinvlizan. Mooenvoe
KY3bIpemminiKKe, mynzaza 6azblmmangam Jcane npaKmukazd Oazelmmanean
neoazocuKaIblK maciioep, mayoaiean Kysvipemmepoi Kalblnmacmoipy
3aHOBLILIKMAPSL, KARUOAMMAPbL, WAPMMAPbl KOPCEMiieen, Kanblnmacy
npoyecin icke acvlpy Ke3eyoepi, dceKe JcaHe Kaciou KysvipemmepOoiH
Kanvinmacy oeneetiiepi cunammanzan. Ilpakxmukanelk 0aublHObIK
O6IMIHOE MbIHOAY UbI-OKbLIIMYUBL-NON HCYUECIHOE UHMEPAKMUGIE HCYMBIC
YCOIHLLIAObL, Ol 9P MAMAHHBIY JCeKe KAMbICYbIH, COHOAU-AK eniMiz0e
ANEAUIKBL «KICIOU dNIeyMemmiK KblsMemKepaepoiy Yammuolk albsHCbLY
PecnyonuKaIblK Ko2amOoblK OIpieCmiciHiK aubliyblH 6L10ipedi. Byn modens
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aneyMemmik Kbl3MemKepaepoiH JHeeKe JHeaHe Kaciou Kyzvipemmepin 00aH
api dicemindipyoi dicone mayeiciz oamvimyovl 0indipedi. Byn modenvoe
OLIKMINIKMI apmmulpy KypCmapblH iCKe acblpyObly MUIMOLIIZIH, HCYMbIC
HbICAHOApbl, 20icmepi MeH KYParioapbli Kopyee MYMKIHOIK 6epeoi.

Kinmmi ce3dep: meopusiibik MoOenv, KY3olpemminik, Oiikminiikmi
apmmuipy, aneymMemmik KbizmemrepJep.

S. K. Antikeyeva®, S. K. Ksembaeva
Toraighyrov University, Republic of Kazakhstan, Pavlodar

THEORETICAL MODEL OF FORMATION COMPETENCIES
OF SOCIAL WORKERS THROUGH PROFESSIONAL DEVELOPMENT
COURSES

This article presents a theoretical model for the formation of personal
and professional competencies of social workers through advanced
training courses, which was developed in the framework of the doctoral
dissertation «Formation of personal and professional competencies of
social workers through advanced training courses». The article presents
the pedagogical aspects of the modeling process itself, and lists the stages
of pedagogical modeling. The methodological, procedural (technological)
and instrumental levels of the model, its purpose, monitoring the formation
of the required competencies, as well as the result are presented. The model
shows competence-based, personality-oriented and practice-oriented
pedagogical approaches, patterns, principles, conditions for the formation
of selected competencies, describes the stages of the formation process,
the levels of formation of personal and professional competencies. The
practical training section offers interactive work in the listener-teacher-
group system, which implies the personal participation of each specialist,
as well as the opening of the first Republican public Association in our
country, the national Alliance of professional social workers. This model
implies further improvement and independent development of personal
and professional competencies of social workers. This allows you to see
in the model the effectiveness of the implementation of advanced training
courses, forms, methods and means of work.

Keywords: theoretical model, competencies, professional development,
social workers.
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NyBIIMKAUNOHHAS 3TUKA
B HAYYHOM XXYPHAJIE
«BECTHUK TOPAWIMbIPOB YHUBEPCUTETA.
CEPUA: PUSUKA, MATEMATUKA U
KOMIMBbKOTEPHbIE HAYKW»

Penaknmonnas xonmerus HaydHBIX xypHamoB HAO «Topalrsipos
yHuBepcureT» «BecTtHuk TopalirelpoB yHusepcutera», «Hayka u TexHuka
Kaszaxcrana» u HayuHO-nomnyJisipHoro xypHaina «KpaeBeneHue» B cBoei
podecCHOHANBHON AEATENBbHOCTH MPUAEPKUBAIOTCS NMPUHIUIIOB U HOPM
[TyGmuKamoHHON STUKN HaydHBIX KypHAIOB HAO «TopaliTbIpOB yHUBEPCHUTETY.
[TybnukannoHHas 3Tuka pa3paboTaHa B COOTBETCTBHM C MEXKIyHapOIHOU
My OIMKAIIMOHHON 3THYecKol HopMoit KomuTeTa 1o myOMMKaIlMOHHON 3THKE
(COPE), sTruecknMu IpyHIMIIAME TyOnukanuu xKypHaiaoB Scopus (Elsevier),
Komekca akagemnaeckoit uectnoctn HAO «TopaliTHIpOB YHUBEPCUTETY.

[TyOnukanuoHHas 3THKa ONPEAEIsieT HOPMbI, IPUHIUIBI U CTaHAAPTHI
3THYECKOTO MOBEJEHHS PEJAaKTOPOB, PELIEH3CHTOB M aBTOPOB, MEPHI 11O
BBIABIICHUIO KOH(DJIMKTOB MHTEPECOB, HEITUIHOTO MOBEACHUS, HHCTPYKLIUH TI0
U3BATUIO (PETPAKIMN), UCIIPABICHHIO U OTIPOBEPKEHUIO CTATHH.

Bce ywyacTHnKEM nporiecca myOIMKauy, COOM0AAI0T IPUHIHIEI, HOPMBI 1
CTaH/APTHI Ty OINKAIIOHHON 3THKH.

KavecTBo Hay4HOTO jXypHana 00eCrednBaeTCsl NCIOIHEHNEM MPUHIIUIIOB
YYacCTHHKOB Ipolecca MyOJMKAallMU: PAaBEHCTBA BCEX aBTOPOB, NMPUHIHII
KOH()HMIEHIINaTbHOCTH, OJHOKpPATHBIE IMyOIMKAalNK, aBTOPCTBA PYKOIUCH,
MIPUHIAIT OPUTMHAIBHOCTH, TIPUHLUI TTOJITBEP)KICHUS HCTOYHUKOB, MPUHIINAI
00BEKTHBHOCTH U CBOEBPEMEHHOCTH PELICH3UPOBAHNSI.

IIpaBa u 0053aHHOCTH YJICHOB PEAAKIIMOHHBIX KOJUIETHH Hay4HBIX
xypuaioB HAO «TopaiireipoB yHuBepcuteT» «BecTHuk Topailreipos
yHuBepcuteTay, «Hayka u TexHuka Kasaxcrana» u HaydHO-ITOMYJISIPHOTO
xyprana «Kpaesenenne» onpenenenst CO CMK 8.12.3-20 Ynpasnenue HayqHO-
N3JaTeNbCKON AEATEIbHOCTHIO.

IIpaBa 1 00513aHHOCTH pPeLleH3EHTOB

PenieH3eHThl HayuHBIX )KypHaI0B «BecTHUK TOpalrelpoB yHUBEPCUTETA,
«Hayxka u rexauka Kazaxcranay, HayqHO-IIOIyJIIpHOT 0 )KypHana «KpaeseaeHuey,
00s13aHBI PyKOBOJICTBOBATHCS IPUHINIIOM OOBEKTUBHOCTH.

[TepconanpHasi KPUTHKA B aJpec aBTOpa(-0B) PYKOIHMCH HEIOMYCTHMA.
PerieH3eHT OMKEH apryMEHTHPOBAaTh CBOM 3aMEUYaHUsI 1 0OOCHOBBIBATH CBOE
pELIeHNE O MPUHITUHN PYKOITUCH HIIH O €€ OTKJIOHEHHUH.
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HarmoHaapHOCTE, pETUTHO3HAS IPUHAIC)KHOCTD, ITIOTUTHYCCKUE FITH HHBIC
B3TJIS1/IbI aBTOPA(-0B) HE JOJDKHBI IPUHUMATHCS BO BHUIMAHKUE U YUUTHIBATHCS B
IIPOLIECCe PELICH3NPOBAHUS PYKOIIUCH PELICH3EHTOM(-aMH).

DKcnepTHas OLIEHKa, COCTaBJICHHAs PELIEH3EHTOM JIOJDKHA CITIOCOOCTBOBAThH
MPUHSATUIO PCHICHUS PEAaKIMEH O MyOIMKAUU U MOMOTaTh aBTOPY YIIYYIIUTh
PYKOITUCH.

PerieHre o MPUHSITHY PYKOITHCH K ITy OJTUKAIINH, BO3BPAIICHHE paOOTHI aBTOPY
Ha U3MCHCHHUE WK JOPabOTKY, MO0 pelieHne 00 OTKIOHCHUH OT ITyOJIUKAI[HH
MIPUHUMAETCS PEJIKOJUICTUEH OITUpasiCh Ha PE3yJIbTaThl PELIEH3UPOBAHMSI.

IIpuHOMN cBOeBPEeMEHHOCTH peneH3MpoBaHus. PerieHzeHT 00s3aH
MIPEAOCTAaBUTh PELICH3HIO B CPOK, OIPE/ICIICHHBIN pelakineii, HO He 1mo3iHee 2-4
HeJIesIb C MOMEHTA TTOJTyYeHHSI PYKOIIMCH Ha perieH3upoBanue. Ecim paccMoTpenme
CTaThH U ITOJIrOTOBKA PELICH3MU B HA3HAUCHHBIE CPOKU HEBO3MOJKHBI, TO PELICH3CHT
JIOJDKEH He3aMeJUINTEIbHO YBEJJOMHUTH 00 9TOM Hay4HOT'O pelakTopa.

PerieH3eHT, KOTOPBIN CUNTAET, YTO €T0 KBAIN(HKAINS HE COOTBETCTBYET JILOO
HEIOCTATOYHA JJIsl IPUHSTHUS PCIICHUS IPU PCLICH3UPOBAHHUH ITPEIOCTABICHHOM
PYKOIIHMCH JJOJDKEH HE3aMeTUTENILHO COOOLIUTH 00 3TOM HAyYHOMY PEIaKToOpy
1 OTKa3aThCsl OT PELCH3UPOBAHUS PYKOITUCH.

IpnHoMn KOHQUIECHIHMAILHOCTH CO CTOPOHBI peleH3eHTa. Pykonucs,
MIPEOCTaBICHHAsl PELEH3CHTY Ha PEIeH3UPOBAHUE JIOJDKHA paccMaTpHBaThCs
KakK KOH(UICHIMATBHbIH MaTeprai. PelieH3eHT nMeeT IpaBo JIEMOHCTPUPOBATh
e¢ 1/Wii 00CYKIaTh C IPYTUMHU JIMIIAMH TOJILKO TIOCJIC MOTYYCHHUS TUCHMEHHOTO
pa3peleHnst CoO CTOPOHbBI HAYYHOT'O PelaKTOpa KypHaa |/Win aBTopa(-oB).

Wudopmarius v uien HaydHOH pabOThI, OTYUICHHBIC B XOJIC PCIICH3UPOBAHMUS
n obecrieueHns MyOIMKAIMOHHOTO TPOLIecca, He JO0JDKHBI OBITh UCIIOJIb30BAHBI
peleH3eHTOM(-aMu) JUTS IOJYYCHUS JINYHOM BBITOJIBL.

[puHIHN MOATBEP:KIEHNS HCTOYHHKOB. PCIICH3CHT JOJKCH yKa3aTh
Hay4HbIE pa0OTHI, KOTOPBIE OKa3ajlu Obl BIUSHUE Ha HCCIEJI0BATEIbCKUE
pe3ysbTaThl paccMaTpUBaeMOW PYKOIHCH, HO He OBbUIM MPHBEICHBI aBTOPOM(-
amn). Taxoke pereH3eHT 00s3aH 00paTUTh BHUMaHUE HAYYHOTO PelaKkTopa Ha
3HAYUTEIBHOE CXOJICTBO WJIM COBIIAZICHUE MEX/TY PACCMaTPUBAEMOMN PyKOIHCHIO
U paHee OMyOJIMKOBAHHOW PabOTOM, O KOTOPOM €My U3BECTHO.

Ecin y penieH3eHTa MMEIOTCS JIOCTaTOYHBIE OCHOBAHMS I110JIaraTh, 4TO
B PYKOITUCHU COJIEPIKHUTCS IUIaruaT, HCKOPPCKTHBIC 3aMMCTBOBAHUS, JIOKHBIC
U cpaOpUKOBAHHBIC MaTEpPUAbl HIIA PE3yJbTAThl UCCICIOBAHUSA, TO OH HE
JIOJDKEH JIOMYCTUTh PYKOIKCH K ITyOJIHKAIIMK U TPOHMH(DOPMUPOBATh HAYYHOTO
pelakTopa )KypHaja O BEISIBIICHHBIX HAPYILICHUSX IPUHIIAIIOB, CTAHIAPTOB H HOPM
Iy OJIMKAIIMOHHOMN U Hay4YHOH STHKH.
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IIpaBa 1 06s13aHHOCTH aBTOPOB

[TyGnukannoHHas 3TuKa 0a3upyeTcsi Ha COOIIOICHUH ITPUHIIAIIOB!

OIHOKPATHOCTH My OJIMKAITUK. ABTOP(-bI) TAPAHTUPYIOT UTO MPEICTABICHHAS
B PENaKIMIO PYKOIHCh CTaThU He Obla MpeACTaBiIeHa ISl PACCMOTPEHUS B
npyrue uzfanus. [IpencraBieHne pyKoOMUCH €IMHOBPEMEHHO B HECKOJIBbKUX
YKypHAIaX/U3IaHUSIX HETPUEMIIEMO U SIBIISIETCS TPyOBbIM HapyILIEHUEM IIPUHIIUTIOB,
CTaH/IapPTOB ¥ HOPM IyOJIMKAIMOHHOM ATHKH.

ABTOpCcTBO pykomucu. JIumo, KkoTopoe BHeCJI0 HaAUMOONbIIUN
HMHTEJUIEKTYaIbHBIN BKJIAI B TOJrOTOBKY PYKOIUCH (TIPH IBYX M 00Jiee COaBTOpax),
SIBJISIETCSI ABTOPOM-KOPPECTIOHICHTOM H YKa3bIBA€TCsI IEPBBIM B CIIUCKE aBTOPOB.

J1uist KaxkJ101 CTaThy AOJIKEH ObITh Ha3HAUEH aBTOP LISl KOPPECIIOHICHIINH,
KOTOPBI OTBEYAET 3a MIOArOTOBKY (DUHAILHON BEPCHHU CTAThU, KOMMYHHKAIHIO C
peKOIIIernei, J0JKeH 00eCTIeUunTh BKITIOYEHHE BCEX YUaCTHUKOB HCCIISIOBAHUS
(TIpu KOJIMYeCTBE aBTOPOB O0JIee OJTHOTO), BHECIITUX B HETO IOCTATOYHBIHN BKJIAI, B
CIIMCOK aBTOPOB, & TAKIKE MOIYIHUTh 0JI00PEHIE OKOHYATEIHLHOM BEPCHHU PYKOITHCH
OT BCEX aBTOPOB JIJIsI TIPEJICTABIICHHS B PEIAKIINIO IS Ty OnnKkamu. Bee aBTopsl,
yKa3aHHbIE B PyKOIIMCH/CTAaThe, HECYT OTBETCTBEHHOCTD 32 COJICpIKaHHUE PAOOTBHI.

IpuHIMI OPUTHHATBHOCTH. ABTOP(-bI) TAPAHTHPYET, YTO PE3YIHTATHI
HCCIIeIOBAHMSI, N3JI0KEHHBIE B PYKOIHCH, TIPEJICTABIISIOT COO0I OPUTHHAIBHYIO
CaMOCTOSITENIbHYI0 paboTy, U He CO/Iep)KaT HEKOPPEKTHBIX 3aMMCTBOBAHHUN U
IIaruaTa, KOTopble MOTYT OBbITh BBISIBIICHBI B TIpOLIECCE.

ABTOpPBI HECYT OTBETCTBEHHOCTH 3a IyOJHMKAIIMIO CTaTeil ¢ MpU3HAKAMHU
HEITUYHOTO TMOBEJACHHUs, IJIarnara, camoluiariara, CaMOIUTHPOBAHUS,
banbcudukauu, GpadpuKanny, UCKaKCHUS JTaHHBIX, JIOKHOTO aBTOPCTBA,
nyOMpoBaHusl, KOH(IUKTA HHTEPECOB U OOMaHa.

IpuHUIUN NOATBEP:KIAEHUS UCTOYHUKOB. ABTOP(bI) 00513yeTCsI IPABUIHHO
yKa3bIBaTh HAayYHbIC M WHBIE UCTOYHUKH, KOTOPBIE OH(M) MCIOJIb30Ba(1) B
X0JIe UCCJIe[IOBaHUs. B ciydae MCIONIb30BaHUsI KAKUX-THO0 YacTel 4ymKHuX
paboT W/WIM 3aMMCTBOBAHUS YTBEPXKIECHUH MPYyroro aBTopa(-oB) B PYKOMHCH
JOJDKHBI OBITH YKa3aHbI OHOTHOrpaHUECKUE CCBUIKU C YKa3aHUEeM aBTopa(-oB)
nepBouctouHuka. Mudopmanusi, moaydyeHHas n3 COMHUTEILHBIX HCTOYHUKOB HE
JIOJDKHA MCIIOJIb30BATHCS MPU 0(OPMIICHUH PYKOITHCH.

B ciyuae, ecin y pelieH3eHTOB, HAyYHOTO PeIaKTopa, YWieHa(-0B) PEIKOJIICT UK
JKypHaJla BOSHUKAIOT COMHEHHS TIOJJIMHHOCTH U JIOCTOBEPHOCTH PE3YJIbTAaTOB
HCCIe0BaHusl, aBTOP(-bl) IOJDKHBI TPEAOCTABHUTH JIOTIOJIHUTENbHBIE MaTePUaIIbl
JUTSL TOJITBEPIKICHUSI PE3yJIbTATOB WK (DAKTOB, PUBOJAUMBIX B PYKOIIHCH.

Hcnpasienue ommbOK B mpolecce nyonukanuu. B ciydae BbISBICHUS
OIIHOOK ¥ HETOYHOCTEH B paboTe Ha TF000# cTaanu IMyOJIHKAIIMOHHOTO MPolecca
ABTOPBI 00SI3YIOTCSI B CPOUHOM TIOPSIIKE COOOIIUTH 00 3TOM HAYYHOMY PEIaKTOpy
U 0Ka3aTh MIOMOIIb B YCTPAHEHHH WJIM UCIIPABJICHUH OIIUOKHM sl ITyOuKaIum
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Ha caiiTe )XypHaia cooTBercTByronei koppekunu (Erratum uimu Corrigendum) ¢
KOMMeHTapusiMu. B cirydae oOHapykeHHs rpyObIX OIIHOO0K, KOTOPbIe HEBO3MOKHO
UCIIPaBUTh, aBTOP(-bI) JOJDKEH(-HbI) OTO3BAaTh PYKOIIHCH/CTATHIO.

HpuHnun co6.ioaeHns MyOJNKANMOHHON THKA. ABTOPBI 0053aHbBI
coOJII0JaTh STUYECKUE HOPMBI, CBSI3aHHBIE C KPUTHKOW WIJIM 3aMEYaHUSIMH B
OTHOILICHUY MCCIIEIOBAHNH, @ TAK)KE B OTHOIICHUH B3aUMOCHCTBUSI C PeAaKIen
110 MOBOJly peLeH3upoBaHMs U nyOnukanuu. HecoOurogeHne 3THUYECKUX
TIPUHIIUIIOB aBTOPAMH PaCLEHUBACTCS KaK rpy00e HApYILICHNE STUKH [Ty OJTMKALINA
1 JIa€T OCHOBAHMUE JUISl CHSATHSL PYKOIIMCH C PEIIEH3UPOBAHMS M/WIIN Iy OJIMKALIUH.

Konguukr unrepecon

Kondaukr uHTepecos, no ompexaeienuo Komurera no myOnukamoHHON
stuke (COPE), 5T0 KOH(IMKTHBIE CUTYallMH, B KOTOPBIX aBTOPBI, PELIEH3EHTHI
WIN YWICHBI PEJIKOJUICTUN UMEIOT HESIBHBIE HHTEPECHI, CIIOCOOHBIC MOBJIMATH Ha
WX CYXIEHHs KacaTelbHO IyOnnkyemoro marepuana. KoHGuIMKT nHTEpecoB
TOSIBIISIETCS, KOT/Ia UMEIOTCSl (PMHAHCOBBIC, JINYHBIE WIH MPOEeCcCHOHAIBHBIC
YCJIOBUSI, KOTOPBIE MOT'YT IOBJIHMATH Ha HAYYHOE CY)KJICHUE PEIIEH3EHTa 1 WICHOB
PEAKOJUIETHH, U, KaK pe3ylIbTaT, Ha PEIICHUE PEIKOJUIEIHH OTHOCHTEIBHO
Iy OJIMKAIMU PYKOIIUCH.

['naBHBIN peaKTOp, YWICH PEAKOIIIETHN U PEIIEH3CHTHI I0JIKHBI OTIOBECTHTH
0 TIOTEHIHAIBHOM KOH(JIUKTE HHTEPECOB, KOTOPHIH MOXKET KaK-TO ITOBJIHMATH Ha
peleHre peJakiunoOHHON Koyierud. YIeHb! peIKoJUIerHy JIOIKHBI OTKa3aThCs
OT PaccCMOTpPEHHSI PYKOIIHCH, €CIIM OHU COCTOST B KaKHX-TNOO KOHKYPEHTHBIX
OTHOIIICHHMSIX, CBSI3aHHBIX C PE3yJIbTaTaMH HCCIIC0BaHUS aBTOPA(-0B) PYKOITUCH,
1100 eciM CYIIECTBYET HHOW KOH(IINKT HHTEPECOB.

[Tpn noave pyKomMcH Ha paCCMOTPEHHUE B XKypHaJI, aBTOP(-bl) 3asBISET O
TOM, 4TO B COJICP)KaHUH PYKOIHMCH yKa3aHbl BCE MCTOYHUKH (DUHAHCHPOBAHMUS
HCCIIE0BAaHUS; TAKKE YKa3bIBAIOT, KAKUE HMEIOTCS KOMMepUecKne, (PUHaHCOBBIC,
JIMYHBIE WU TTPOQecCHOHaNbHbIE (PAKTOPBI, KOTOPHIE MOTIIN ObI CO3/1aTh KOH(IJIUKT
WHTEPECOB B OTHOIICHHH IOJJAHHON Ha PacCMOTpEHHE pyKomucu. ABTop(bl), B
MTUCbME NIPU HAIMYUK KOH(IIMKTa HHTEPECOB, MOTYT YKa3aTh YYCHBIX, KOTOPbIE,
10 X MHEHHIO, HE CMOT'YT OOBEKTUBHO OIIEHUTD MX PYKOIUCH.

PerieH3eHT He I0JKEH pacCMaTpHUBaTh PYKOITHCH, KOTOPBIE MOTYT IIOCITYKHTh
MPUYUHAMH KOH(JINKTAa MHTEPECOB, IIPOUCTEKAIONUIEr0 U3 KOHKYPEHIUH,
COTPYJHHYECTBA WJIN JAPYTUX OTHOLICHHH C KeM-JIN0O M3 aBTOPOB, HMEIOLIHX
OTHOIIEHHUE K PYKOIIHCH.

B ciydae Hanuuusi KOHQIIMKTa MHTEPECOB C COJEpP)KAaHHEM PYKOIIHCH,
OTBETCTBEHHBINH CEKpeTaphb JOJDKEH M3BECTUTh 00 3TOM TJIAaBHOTO pPElaKTOpa,
T10CJIE YEero PYyKOIHUCh TIepejaeTcst APYroMy PEeLeH3CHTY.

CymiecTBOBaHHE KOH(IMKTa HHTEPECOB MEXy YYaCTHUKAMH B Ipolecce
pPacCMOTPEHHMS M PELIEH3UPOBAHUS HE 3HAYNT, YTO PYKOIHCH OyJIET OTKIIOHEHA.
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Bcem 3amHTEpeCcOBaHHBIM JTUIIAM HEOOXOJHMMO, MO MEPE BO3MOXKHOCTH
n30eraTh BO3HUKHOBCHHSI KOH(JIMKTa WHTECPECOB B JIFOOBIX BapHUAIMAX Ha
BCEX ATamnax myonukanuu. B ciiyuac BOSHUKHOBEHHUSI KAKOTO-IU00 KOHMIMKTA
HHTEPECOB TOT, KTO OOHAPYKUI ITOT KOH(MIUKT, JODKEH HE3aMEIIUTEIbHO
ONOBECTUTH 00 3TOM penakiuio. To ke caMoe Kacaercs JIFOOBIX APYTHX
HApYIICHUH MPUHITUIIOB, CTAHAPTOB ¥ HOPM ITyOJIMKAIMOHHON 1 HAYYHOU ITHUKH.

HesTnuHoe moBenenue

HesTuuyHbIM mOBeJieHUEM CUHMTAIOTCA JEUCTBUS aBTOPOB, PEIAKTOPOB
WM U3JaTelisl, B Clydae CaMOCTOSITEIbHOIO MPEAOCTaBICHUs PELIEH3UN Ha
COOCTBCHHBIC CTaThH, B Clydae JOTOBOPHOTO M JIOKHOTO PCIICH3MPOBAHUS, B
YCJIOBUSX OOpAIICHUS K areHTCKUM YCIIyram JUis MyOJIMKallMH Pe3yIbTaTOB
HAay4YHOTO KCCJICJIOBAHUs, JDKEABTOPCTBA, Qanbcudukanuu u Gadpukanuu
Pe3yIbTaTOB HCCICIOBAHUS, MyOIMKAIUs HEJOCTOBEPHBIX ICEBI0-HAYYHBIX
TEKCTOB, IIEPEIaYr PYKOIUCH CTATCH B IPyTUC H3IaHus O€3 pa3peIieHIs aBTOPOB,
nepegayyd MaTepuajgoB aBTOPOB TPETHUM JIMIAM, YCIOBHUSI KOTJla HApYUICHBI
ABTOPCKUE MPaBa U MPHUHITUITEI KOHPHUICHIINATBHOCTH PEIAKIIHOHHBIX IPOIECCOB,
B CIIy4ae MaHMITYJISILIUK C TUTUPOBAHUEM, TLIIATMATOM.
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