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BeicrymuieHue [Ipesnaenra HanpoHa/IbHOM aKageMUH HAYyK
Pecnty6sinku Kazaxcran npu [Ipesugente Pecnyosinku Kazaxcran

akagemuka Kypum6aesa A.K.
Ha oTKpbITHH VI MexxayHapoaHou koHpepeHiuM I-CRAFT 2026

CerojHa NpOJOBOJILCTBEHHAss Ge3omac-
HOCTb NpHoGpeTaeT HOBOe coJep:kaHue. B
MHUpe MO-NPEKHEMY COTHU MUJIJIMOHOB JItOJlei
CTaJIKUBAIOTCS C TOJIOJOM, a MUJLIMApAbl He
HMMEIOT YCTOMYMBOTIO JOCTYIA K I0JIHOLLEHHOMY
Y 3Jl0pOBOMY NHUTaHUI0. OfHOBpEMEHHO pacTeT
HacesJleHUe, MeHsIeTCsl KJIMMAaT, COKpallaeTcs
JIOCTYIIHOCTb BOJbl, yCUJIMBaeTCs Jerpajanus
MOYB M BO3pacTaeT Harpyska Ha 3KOCUCTEMBI.

[losToMy 3azia4a y»ke He CBOAMUTCA K IpO-
CTOMY yBeJIMYEeHHUI0 00beMOB IPOM3BOJCTBA.
Heob6xoayMMO MpPOU3BOAWTH OOJibllle U Kaye-
CTBEHHee, MCI0JIb3ysl MeHbllle BOJbl, 3HEPTHUHY,
yAobpeHUl U Apyrux pecypcoB. [lpu aTom
HY»KHO COXpaHATH IIJIOLOPOJUe N04YB, 61Mopas-
HOOOpa3ve U YCTOMYHMBOCTb NPUPOLHBIX CH-
cteM. UMeHHO cOCOGHOCTb COBMECTHUTH IMPO-
JYKTHUBHOCTb, pecypcocbepexeHre U KayeCTBO
NpPOJ0BOJILCTBUSA CTAHOBUTCS IJIaBHBIM KpHUTe-
pueM 3G PeKTUBHOCTH arpapHOM HayKHU.

KazaxcTaH o6JiafiaeT 3Ha4YUTeJIbHbIM arpap-
HbIM NTOTeHLHaI0M. Exxero/iHast moceBHasi 1o-
ab CTPaHbI NpeBbilIaeT 23 MUJIJIMOHA FeKTa-
poB. Haiiu 3epHOBbIe, MacJM4YHble KYJbTYpPHI U
NpPOAYKLHA >XUBOTHOBOJCTBA BOCTPeOOBaHBI
BHYTpPH CTpaHbI U 3a ee npejenamu. Kazaxcran
Croco6eH BHOCUTH ellle OGOJIBIINKN BKJIaJ B pe-
THOHA/JIbHYI0 MPOJOBOJIBCTBEHHYH Ge3omac-
HOCTb.

BMecTe ¢ TeM arpapHoe NpOM3BOJCTBO B
Halllell cTpaHe pPa3BUBAaETCS B CJOXKHBIX IPH-
POAHO-KJINMATHIECKUX YCAOBHUSAX. 3acyXy, Je-
bunuT BJary, 3acoJieHue U Jerpajanus noys,
CHW)KeHUe [pPOAYKTUBHOCTH MacTOML, He-
YCTOMUYUBOCTb KOPMOBOM 6a3bl, TPAaHCTPaHUY-
HbIHM XapaKTep BOJHBIX PeCypCOB U 3HAUYUTEIb-

Hble pa3jiMuus MeXJy peruoHaMH Hemocpej-
CTBEHHO BJIMSIIOT Ha yCTOWYUBOCTH MPOU3BO/I-
cTBa. B aTux ycnoBusix KazaxcraH sByisieTcq He
TOJIBKO TEPPUTOPUEN MOBBIIIEHHBIX KJIUMATH-
YeCKUX PUCKOB, HO U MaclITabHOU ecTeCTBEH-
HOU JlabopaTopueil sl pa3paboTKU M MPoO-
BEPKHU TEXHOJIOTUHM YCTONYHUBOTO CEJIbCKOTO XO0-
34UCTBa.

11 oTBeTa Ha 3T BbI30BbI HEOOXOJUMA CH-
cTeMHasl TpaHcpopMalys arpapHoOd Hayku. £
X0Tes Obl BbIJEJUTh 4YeTblpe B3aHMMOCBsI3aH-
HbIX HallpaBJIeHUs.

IlepBoe — cesieKIsl HOBOTO MOKOJIEHUS
U YCTOMYHUBOCTb CHUCTEMbI CEMEHOBO/CTBaA.
Heo6xoMMo mepedTH OT OLEHKH COpTa mpe-
HMMYIIECTBEHHO N0 YPOXKaWHOCTH K GOpMHUPO-
BaHHUIO ero 1ejaeBou mojenu. HoBblil copT foi-
»KeH ObITh YCTOMYMB K 3acyxe, »ape, 3acoJie-
HUIO, 60JIe3HSIM U BpeauTensaM, 3$PeKTUBHO
MCI0J1b30BaTh BOJY U COOTBETCTBOBATH TPebo-
BaHHUSIM XpaHEHUS U IJyOOKOM nepepaboTKH.

Ju1s1 3TOrO HE06XO0AMMO 0O'bEJUHUTD COBpE-
MeHHble MeTO/ibl TeHOMUKH, IUPpoBOro dpeHo-
TUIIUPOBAHMUS, KJIMMaTUYECKOT0 MOJe/IMpOBa-
HUS M UCKYCCTBEHHOT'O UHTEJIJIEKTA C UCIbITa-
HUSIMU B peasIbHbIX IOYBEHHO-KJIMMaTHYEeCKUX
ycaoBuax. OAHOBpeMEHHO cJjeayeT obecie-
YUTb MOJHBIN LIUKJ — OT CO3/laHUs COPTA U CO-
XpaHEeHHs ero reHeTU4ecko YUCTOTHI 10 MPo-
M3BO/ICTBA JJOCTATOYHOr0 00'beMa KaueCTBEH-
HBbIX CeMSIH U UX BHEJPEHUSI B CeJIbCKOXO35H-
CTBEHHOE [TPOH3BO/ICTRO.

BTopoe HampaB/ieHN e — YCTONYHBOE XKH-
BOTHOBO/ICTBO. 3/1eCh HEOOXOAUMbI FeHOMHasl
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ceJIeKLIUSl M COXpaHeHHe TeHeTUYeCKUX pecyp-
COB CeJIbCKOXO3AMCTBEHHBIX XKUBOTHBIX, IIOBbI-
LHIeHWe WX NMPOAYKTUBHOCTU U PENpOAYyKTHB-
HOI'0 NOTeHIMaJIa, pa3BUTHE YCTOMYMBOU KOp-
MOBOM 6a3bl U o0beclieyeHHEe BeTepUHAPHO-
6uosiornyeckot 6es3omacHocTu. lludponas
uJieHTUQUKALUA, CEHCOPbl U UCKYCCTBEHHbIN
VHTEeJJIEKT NO3BOJIAT WHAWBUJYAJIBHO KOH-
TPOJIMPOBATh 3[0POBbE, NMUTAHWE U TNPOIYK-
THUBHOCTb KMBOTHBDIX, paHbllle BbISABJSTb 3a60-
JIeBaHUsl U paljMOHa/ibHee IPUMEHSATb BeTepHu-
HapHble npenapaTbl. OTAe/BHBIMU 3aZa4aMHU
SIBJISIIOTCS] BOCCTAHOBJIEHME NACTOMI, CHMXKe-
HUe BBIOPOCOB MeTaHa M CO3JaHHUE MOPOJ,
aJlanTUPOBAHHbIX K KJMMaTy U YCJOBUSIM pe-
ruoHoB KasaxcTaHa.

TpeTbe HanlpaB/IeHHe — ynpaBJ/ieHUe BO-
JAOH, Mo4YBoil U arposanamadramu. BogHas
006ecrneyeHHOCTb BCe CHUJIbHEe ONpeJieisieT He
TOJIbKO YPOKalHOCTb OT/e/IbHBIX KYJbTYP, HO
Y CTPYKTYPY CeJbCKOXO03HCTBEHHOIO MpOM3-
BOJACTBA. PellleHHs 0 pa3MelleHUM IIOCEBOB,
BbIOOpE TEXHOJIOT MU OpOIIeHHs U IPUMEHEHUU
yA00pEeHUH J10/PKHBI OCHOBBIBAThCS Ha 00'bEK-
THUBHOH OLleHKe BOJHOTO 0asjiaHca, COCTOSHUS
M0YB M KJIMMaTHYeCKUX PUCKOB.

CoBpeMeHHbIe Cpe/CTBa [JUCTAHLLMOHHOIO
30HJMpPOBaHUsl 3eMJIM, HAa3eMHble CEHCOpBI,
G6ecnuJIOTHBIE almnapaThl, reoruH$popMarMoH-
Hble CUCTeMbI U MO/leJIM 103BOJISI0T BUJETh CH-
Tyallul0 NpPaKTUYeCKU B peajlbHOM BpeMeHM.
Ho camu 1o cebe fjaHHBIe ellle He SABJAIOTCSA pe-
meHveM. Mx Heob6xoAuMO npeobpa3oBaTh B
NPOTHO3, CLleHapUil U KOHKPETHYK peKOMEH-
JaLUIo [JJIsl Uccaef0BaTesis, arpoHoMa, ¢ep-
Mepa U rocyZlapCTBEHHOTO OpraHa.

HauuoHasibHas akazeMust HAQyK COBMECTHO C
Ka3axCTaHCKHMH U 3apyOeKHbIMU MapTHEPAMHU
pa3BMBaeT HAy4YHO-TEXHOJIOTUYECKYIO IJIaT-
dopmy DeepBas. OHa npusBaHa 00'bEJUHATH
CIyTHUKOBBIE U Ha3eMHble HabJ/II0JeHUs1, K-
MaTH4ecKHe, THAPOJIOTUIeCcKre U arpOHOMUYe-
CKHe MOJIeJIM, a TaKXKe WHCTPYMEHTBI HCKYC-
CTBEHHOTO MHTeJ/IIeKTa. Takol moAxon mo3Bo-
JINT IPOTHO3UPOBATh 3aCyXH U AeULIUT BJIATH,
OLleHUBaTb COCTOSIHHE I0CEeBOB M MNACTOMI,

¥NTTBIK FoIbIM
AKAQOEMWACHI
[IPOTrHO3UPOBATb KOPMOBYIO O6eCHE‘{EHHOCTb,
pPaCCInUTBIBATDb 1'[0Tpe6HOCTb B BOZ€ U IpoOBe-
pPATb pa3jiMdHbI€ CUEHAPHUHU OO0 MPUHATHA O0-
POTOCTOSIIIMX pelleHUH.

YeTBepTOE HanpaBJeHUe — IJIy00Kas ne-
pepa6oTKa M KayeCcTBO MPOA0BOJIbCTBUS.
[ToTeHLIMa/l CeJIbCKOro X035ICTBa He JI0JKEH
OIIEHHUBATbCS TOJIbBKO 0ObEMOM IIPOH3BEEH-
HOTO ChIpbsl. 3HAYWTeJIbHAsA YacTb J06aBJeH-
HOU cTouMOCTH GOPMUPYETCA HA CTAAUAX Xpa-
HeHUS, llepepaboTKH, 06ecriedeHusI KauecTBa U
C03/1aHUsI HOBBIX IPOJAYKTOB.

HoBble TEeXHOJIOTUM 3aMOPAKUBAHUSA U
CYLUIKH, 3KOJIOTUYHbIE METO/Ibl 3KCTPAKIHH,
byHKIMOHA/IbHbIE MHULLEBbIe NMPOAYKTHI, GHO-
noJIMMepHble MaTepHraJibl, UCI0Jb30BaHUE T10-
GOYHBIX MPOAYKTOB U COKpaLleHHe NOTEPhH CIO-
COOGHBI OITHOBPEMEHHO NMOBBICUTh KOHKYPEHTO-
CIIOCOGHOCTh  arpoNpPOMBILLJIEHHOT0  KOM-
IJIeKCa U CHU3UTh Harpy3Ky Ha OKpYKaloL[yI0
cpeny. [losToMy cesiekiys, TpOU3BO/CTBO U Ie-
pepaboTKa JOJKHbI ObIThb CBSI3aHbl €JUHOU
HAay4YHO-TEXHOJIOTUYECKON JIOTUKOH. YxKe Ha
3Tane CO3/JlaHUs COpPTa WJM IMOPOJbl Heob6X0-
JUMO MOHUMATh, AJ51 KAKOTO KOHEYHOro Mpo-
JyKTa U TEXHOJIOTUYEeCKOro Mpoliecca OHHU
npeaHa3Ha4Y€eHb.

06 beIUHSAIOINM KOHTYPOM 3THX Npeobpa-
30BaHUM CTAHOBUTCS HUCKYCCTBEHHbIA UHTEJ-
JeKT. Ero 3HaueHue 3aK/I104aeTcsl HE TOJIBKO B
aBTOMaTHU3alUHU OTAEJNbHBIX onepanui. Uckyc-
CTBEHHBIN HHTEJJIEKT MO3BOJISIET CBSA3ATh JlaH-
HbI€ PA3HbIX YPOBHEN — OT reHOMA pacTeHUs U
>KUBOTHOTO, COCTaBa MOYBbI U KOPMOB, COCTOSI-
HUSI TIOCEBOB M MAcTOHUIL [0 NPOHU3BOJICTBEH-
HOT0 Ipoliecca, KayecTBa NPOAYKIMU U NOTpe-
OGUTeIbCKOTO CIpoca.

HarroHasibHasA akaJieMusl HayK MPOJIBUTAeT
uHuatuBy Qazaqstan Al for Science, ocHo-
BaHHYI0 Ha HOBOU MO/leJ1M OpraHu3alMu uccje-
JloBaHUU. Yesl0BEK ompefesisieT Hay4YHYlO 3a-
Jlady, oTpaHUYeHUs U KpUTEePUU. YUEeHbIH COB-
MECTHO C MUCKYCCTBEHHBIM HHTEJIEKTOM ¢$op-
MUPYET FUI0TE3bl U MOJIEJIU. 3aTEM OHH MTPOXO0-
JSIT BBIYUCTUTEJIbHYIO, TAOOPATOPHYIO U MOJie-
BYI0O NPOBEPKY, HE3aBUCUMYI0 BaJUJALMI0 U

HAYKA UHTENNEKTYAJIbHBIX CUCTEM



HAYKA UHTENNEKTYAJIbHbIX CACTEM

¥ITTTBIK
AKAOEMMUACHI

TOJIBKO I10CJIe 3TOT0 MOTYT ObITh PEKOMEHJ0-
BaHBbI /11 IPAaKTUYECKOT0 IPUMEHEeHHH.

[IpyHLMNINAIBHO BaXKHO, YTOOBI LIUPPOBU-
3aLMs He CBOAMWJIACH K CO3JaHHUI0 elle OJHOU
nHdopManMoOHHOM cucTeMbl. HaM Heo6xouMa
Hay4yHasl cpeJia, B KOTOpPOH NpOCJeXUBAETCs
NPOUCXOXKEeHHe AaHHbIX, PUKCUPYIOTCS napa-
MeTpbl MOJeJiel, OLleHUBaeTCsa HeollpeJeseH-
HOCTb pe3yJ/IbTaTOB U 06ecrneynBaeTcs UX BOC-
NPOM3BOAUMOCTD. TOJILKO IPU TaKUX YCJIOBUAX
WCKYCCTBEHHbIH  HUHTEJJIEKT  CTaHOBUTCSA
Ha/le>KHbIM UHCTPYMEHTOM HayKH Y IPOU3BO/-
CTBa.

PeluTh CTOJIb KOMILJIEKCHBIE 33/jJa4d HEBO3-
MOXXHO CHJIaMH OJIHOM OpraHusalyu WU Of-
HOWU cTpaHbl. HaM Hy»HBI yCTOWYUBBIE KOHCOP-
LUYMBbI, 00'beIUHAIOLIYEe [eHETUKOB, CeJeKIH-
OHEepOB, arPOHOMOB, 300TEXHHUKOB, BeTepHHap-
HBbIX CIEeLHaJUCTOB, 3KCIEPTOB MO BOJeE, MOoY-
BaM U KOpMaM, UH>KEHEPOB, TEXHOJIOT0B NUle-
BOM MPOMBILIJIEHHOCTH, MaTeMaTHKOB, pa3pa-
OOTYMKOB MCKYCCTBEHHOTO WHTeJJIEKTa U
npejcTaBUTe el bu3Heca.

Posp HanuoHa/nbHOW akaZleMHU HayK MBI
BU/MM B OIpe/ieJIEHUH [JOJITOCPOYHbIX HAYYHO-
TeXHOJIOTMYeCKUX 3a/a4, 00beJUHEHUN MeX-
JUCLMIJIMHApHBIX KOMaH/J, (OpMHPOBaHUHU
MeX/yHapoJHbIX TNapTHEPCTB, pa3padoTKe
TpeGOBaHUM K KaueCTBY UCCJIeJOBaHUMN U He3a-
BUCHMMOW OLIeHKe TMOJIyYeHHbIX pPe3yJbTaTOB.
[Ipy 3TOM yHUBepCcUTEThl U Hay4yHble UHCTH-
TYThl JOJDKHBI COXPaHATb CBOIO CIelHasiv3a-
LJM10, a IPOU3BO/CTBEHHBIN CEKTOpP — y4acTBO-
BaTb B IOCTAHOBKE 33/1a4, UCIIBITAHUSX U BHE/I-
PEHUU TEXHOJIOTUM.

CuuTalo Lesiecoo6pa3HbIM, YTOOBI OJHUM U3
npaktudeckux pesyabtaToB [-CRAFT 2026
cTaso popMUpoBaHUe AJIMAaTUHCKOHN HUCCJIes0-
BaTeJbCKOM MOBECTKH MO YCTOWYHUBBIM arpo-
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CEMEHOBO/ICTBO;

2) reHeTHKa, KopMoBasi 6a3a U BeTepU-
HapHO-O6HoJIoruyeckass 6e30MacHOCTh >KHUBOT-
HOBO/ICTBA;

3) Bojoc6eperaoliee 3eMesiesIMe U UHTeJI-
JIeKTya/IbHOe yIpaBJjieHue arpoJiaHjumadramy;

4) ray6okas nepepaboTka, pyHKIMOHAJIb-
HOe MUTaHUe U COKpalleHHe MOTepb MpPOJo-
BOJIbCTBHS.

Jlis Kaka0ro HampaBJieHHs BaXKHO cHopMUpo-

BaTb MEXAYHAPOJHYI0 TMPOEKTHYIO KOMaHJy,
OmpeJie/IUTh 3KCIIepUMeHTa/bHbIe IJIOLIA/IKH, CO-
IJ1aCOBaTh MPOTOKOJIbI U JAHHBIE, & TAKXKE MO/IT0-
TOBUTbD NPEAJI0KEHUS 10 COBMECTHOMY PHUHAHCH-
poBaHu. OTAeNbHbBIN 6JI0K AO/KEH ObITH MOCBS-
IeH MOOUJIBHOCTH MOJIO/bIX YY€HBIX, COBMECTHOU
O/IrOTOBKE IOKTOPAHTOB U paboTe UccieloBaTe-
Jiel Ha 0011el JJabopaTOpHOU U MoJieBou uHdpa-

CTPYKTYpE.

Pe3y/ibTaTUBHOCTh 3TOH KOHQpEpeHIUH He

JOJDKHA U3MepAThCA TOJBbKO KOJIMYeCTBOM JOKJIa-
0B U nyb6sukanui. Ee rjlaBHbIM pe3yJibTaToOM
JIOJDKHBI CTaThb COBMeCTHbIE MCC/Ie[0BaHUs, Tex-
HOJIOTUH, IPOLIe/lIMe alpobal M0 Ha IPAaKTUKE, a
TaK)Ke pelleHUs, OTBeYawlhe MNOTPeOHOCTIM
NIPOM3BO/ICTBA U OOIIECTBA.

KazaxctaH rotoB npeajoXuTb AJid COBMeECT-

HOU pabOoThl CBOM HAy4YHbIM MOTEHIMAJ, PA3HO00-
pa3Hble IPUPOJHO-KJIUMAaTHYECKHEe 30HbI, 3KCIe-
pHUMeHTaJIbHble MJOLIAJJKK U BO3MOXKHOCTH [IJIsI
MeX/yHapoJAHOT0 COTPYAHUYECTBA. YBepeH, uTo -
CRAFT 2026 cTtaHeT OTIpaBHON TOYKOM [Jis CO-
3/lJaHUsI HOBBIX KOHCOPLIMYMOB U peajih3aliu A0J1-
rOCPOYHBIX IPOEKTOB, CIOCOOGCTBYIOILUX YKPEILie-
HUIO MPOJOBOJILCTBEHHON 6€30MacHOCTH HaUIMX
CTpaH.
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Abstract. Introduction. Physics-informed neural networks (PINNs) are increasingly proposed as
universal solvers of differential equations, but their reliability for nonlinear oscillators with several
periodic solutions is insufficiently studied. Aims and objectives. To compare D.S. Dzhumabaev’s
parametrization method with PINNs for periodic solutions of the Duffing equation in terms of accuracy,
cost, robustness and control over coexisting solutions. Results. The parametrization method reached
errors of 1078-1077 in hundredths of a second; eight subintervals raised the share of convergent initial
approximations under strong softening nonlinearity from 0-9% to 61-100%; with arclength
continuation and Floquet multipliers, the method reproduced the full hysteresis of the frequency
response. PINNs reached errors of 1076-107% in 20-40 s and in some regimes converged, with an equally
small loss, to a different periodic solution. Conclusion. PINN solutions require verification, which the
parametrization method provides.

Keywords: Duffing equation, periodic boundary value problem, parametrization method,
physics-informed neural networks, Newton’s method, frequency response.
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Kum AHpapeli JJMKOBMY, MarucTp TeXHUYECKUMX HayK, accUCTeHT-npodeccop Kadeapbl
MaTeMaTHU4YecKoro W  KOMIIBIOTEPHOTO  MOJeJUPOBaHMsA, MexAyHapoAHbIH  YHUBEPCUTET
MH$OPMaLMOHHBIX TEXHOJIOTHH, Y. MaHaca, 34/1, AnmaTtel 050040, KazaxcTaH.

E-mail: kandreym@icloud.com; https://doi.org/: 0009-0006-3369-7694

AHHOTauusa. Bcmynaenue. ®usumyeckn uHPopMuUpoBaHHble HelpoHHble ceTd (PINN) Bce yaie
NpeJJaralTcsi KakK yHUBepcasbHble peluaTeau AuddepeHIMasbHbIX ypaBHEHUH, OJHAKO HX
Ha/|e?KHOCTb [J11 HeJIMHEWHBIX OCLIUJIJISTOPOB C HECKOJIBKUMH NEPUOAUYECKUMU pellleHUSIMU U3ydeHa
HejocTaTo4yHo. lJeau u 3adavu. CpaBHUTH MeToh mnapametpusauuu /[.C. JkymabaeBa ¢ PINN npu
HaXO0X/JIeHWU IEPHUOJUYECKHUX pellleHUI ypaBHeHHs [lypdurHra no TOUHOCTH, 3aTpaTaM, yCTOMYUBOCTH
M KOHTPOJIIO HaJ, COCYIEeCTBYIOIIMMHU pelleHUusaMU. Pedysbmamol. MeTo[, napaMeTpu3alnuyd JOCTUT
norpemnoctr 1078-1077 3a coTble 011 CEKyH/IbI; pa3breHre Ha BOCEMb YacTel MPU CUIbHON MATKOM
HEeJIMHENMHOCTU TOBBICUJIO [JIOJII0 CXOASAIMXCS HadalbHbIX npubamxkeHuu ¢ 0-9% po 61-100%; B
COYEeTAaHUHU C MPOJOJDKEHHEM MO JJWHE JYTH U MyJbTUIIMKaTOpaMyu Pioke MeTOJ BOCIPOU3BEJ
TIOJIHBIN TMCTEPE3NC aMIUIUTYAHO-4aCTOTHOM XapakTepucTuku. PINN mocturam norpemsoctu 1076-
1072 3a 20-40 c ¥ B psAJie PEKUMOB CXOJUIUCH K JPYroMy HepUOAMIECKOMY PELIeHHI0 IPU CTOJIb Ke
Masol QyHKUUU mnoTepb. 3akatoueHue. Pemienuss PINN HyxjarTcs B BepudUKALUH, KOTOPYIO
obecrneyrMBaeT MeTO/, TapaMeTpPHU3aALUH.

Knwo4yeBble cioBa: ypaBHeHue /JlybduHra, mnepuojuyueckass KpaeBas 3a4ada, METOJ
napameTpu3anuy, ¢pusandeckd UHGOPMUPOBaHHbIe HEHUPOHHBIe ceTH, MeToJ, Hpl0TOHa, aMIIUTYAHO-
4acTOTHas XapaKTepUCTHUKa.
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Kum Anapedl IJAMKOBMY, TeXHHWKA FbUIBIMAAPbIHBIH, Maructpi, XaJjblKapa/jblK aKNapaTThbIK
TEXHOJIOTHsIJIap YHUBEPCUTETIHIH MaTeEMaTUKAJIbIK XK9He KOMIIbIOTEPJIiK Mo/ieib/iey Kade[pachIiHbIH
accucteHT-nnpodeccopsl, Manac k-ci, 34/1, Aamatsl 050040, KazakcTtaH.
E-mail: kandreym@icloud.com; https://doi.org/: 0009-0006-3369-7694

AnHoTanusa. Kipicne. ®usuKa/iblK akKlapaTTaHAbIPbLIFAaH HeWpoHAbIK xesisep (PINN)
auddepeHunanblK TeHJeyJepi LelyaiH aMb6eban KypaJjbl peTiHAe KHi YCBIHBLIAJbI, ananja
OipHelle MepHOATHI IIenliMi 6ap CBHI3BIKTHIK, eMeC OCHWIATOpJAp VIIiH oJIapAblH CeHiMaiiri
KeTKiIiKTI 3epTTesMereH. Makcamot MeH MiHOemmepi. lypdUHT TeHAeYiHiH nepyuo Tl WelliMaepid
tabyzaa /I.C. ’Kyma6aeBTbiH mapameTrpJey aaiciH PINN-MeH nmajifiik, ecenTey HIbIFbIH, OPHBIKTBLIbBIK
JK9He KaTap eMip CypeTiH welimMepai 6akblaay TYPFbICbIHAH CaabICThIpy. Homusicesnep. llapameTpiey
d1ici ceKyH/THIH, XKY3/eH 6ip 6enirinze 10-8-10-7 KaTesiKKe XeTTi; KyLITi YKyMCapyuibl ChI3bIKTBI EMeC
YKaFJaiJa ceriz 6eJstikke 661y JKHUHAKTaIAThIH 6acTanKbl KybIKTayaap yJecid 0-9%-aan 61-100%-ra
JlefiH apTThIPAbI; J0Fa Y3bIH/ABIFEI OOMBIHINIA KAJFACTHIPY koHe DyioKe MyJbTUIIMKATOPJIAPbIMEH
6ipre aflic aMIIMTYAQJIBIK-KUITIKTIK CUIIaTTaMaHbIH TOJIBIK TUCTEpPe3UCiH KaanbiHa KeaTipiagi. PINN
20-40 cekyHAaTa 10-°-10-2 kaTesiKKe XeTTi xkoHe Kel6ip pexuM/ep/ie LbIFbIH GYHKIUACHI 19J1 COHAAN
Kinri 60JiFaHbIMEH 6acKa MEPUOATHI IIelIiMre X XUHAKTaIAbl. KopbimbiHdbl. PINN memmimMaepi Tekcepyai
KaXKeT eTe/li, OHbI IapaMeTpJiey 9ici KaMTaMachI3 eTe/i.

Tyi#in ce3gep: nyboduHr TeHJeyi, NepUOATHI METTIK ecen, mapameTpJey d/ici, PU3UKATIBIK,
aKnapaTTaH/bIpblLIFaH HEUPOH/ABIK eJlisiep, HblI0TOH a/iici, aMIIUTYy Ja/IbIK-)KUIJIIKTIK cHIaTTaMa.

For citation: Kim A.E. (2026). Parametrization method and physics-informed neural networks
for the Duffing equation. Science of Intelligent Systems, [Vol.(No.)], [pages]. (In Eng.). https://doi.org/[to
be assigned]

Introduction

The Duffing equation, introduced to describe forced oscillations with a nonlinear restoring force
(Duffing, 1918), is a standard model of nonlinear vibrations of beams, pendulums and electrical circuits.
It exhibits jump resonance, coexistence of several periodic regimes and chaos (Holmes, 1979; Ueda,
1979; Guckenheimer, Holmes, 1983; Kovacic, Brennan, 2011). Steady-state vibrations correspond to
periodic solutions, and computing them requires solving a nonlinear boundary value problem in which
the state at the end of the period coincides with the state at its beginning. Such a problem may have
several solutions, and its numerical solution is sensitive to the initial approximation (Keller, 1968;
Ascher et al., 1995).

Numerical methods for boundary value problems for ordinary differential equations include
shooting, multiple shooting, finite-difference and collocation methods (Keller, 1968; Ascher et al., 1995;
Stoer, Bulirsch, 2002). Shooting is simple but sensitive to the growth of solutions of the Cauchy problem;
multiple shooting limits this growth by splitting the interval; adaptive collocation controls the residual
and refines the mesh automatically (Kierzenka, Shampine, 2001). For periodic regimes of oscillators,
path-following methods trace branches of solutions and detect folds and bifurcations (Keller, 1977;
Allgower, Georg, 2003), while harmonic balance provides analytical approximations of the frequency
response (Nayfeh, Mook, 1979; Krack, Gross, 2019).

The parametrization method of Dzhumabaev (1989) was created to obtain criteria of unique
solvability of linear boundary value problems in terms of the initial data. Dzhumabaev and Temesheva
(2007) extended it to nonlinear problems: they proved a sharpened local Hadamard theorem, proposed
a family of algorithms with convergence conditions in terms of the initial data and established a criterion
for an isolated solution; these results were refined later (Dzhumabaev, Temesheva, 2013; 2018), and
modified algorithms and a numerical method were proposed (Temesheva, 2020; Temesheva et al,,
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2021). An essential feature of this theory is that its convergence conditions improve as the partition is
refined. What has been missing is a computational picture of this effect for a concrete oscillator and a
comparison with modern approaches.

Physics-informed neural networks go back to the use of neural networks for solving differential
equations (Lagaris et al.,, 1998) and were popularised by Raissi et al. (2019); their place in scientific
machine learning is reviewed by Karniadakis et al. (2021). Known difficulties include imbalanced
gradients between loss terms (Wang et al., 2021) and failure to learn solutions in more demanding
regimes (Krishnapriyan et al., 2021). Exact enforcement of periodicity through Fourier-type inputs
removes one source of error (Dong, Ni, 2021). However, the loss of a PINN measures only how well the
equation is satisfied, not which solution is approximated, and for problems with several solutions this
question is rarely addressed.

The relevance of the study follows from this situation. Intelligent systems increasingly embed
neural solvers of differential equations, and the question of when such solvers can be trusted is practical.
Nonlinear oscillators with coexisting periodic regimes are a demanding test because a solver may return
a correct-looking but physically different solution. To the author’s knowledge, a direct comparison of
the parametrization method with PINNs has not been reported, and quantitative data on how the
partition in the parametrization method affects the practical domain of convergence of Newton’s
method for the Duffing oscillator are scarce.

The object of the research is the periodic boundary value problem for the Duffing equation. The
subject is the accuracy, cost, robustness and control over the multiplicity of solutions of the
parametrization method and of PINNs. The aim is to compare the two approaches quantitatively. The
tasks are: (1) to implement the parametrization method with Runge-Kutta integration, Newton’s
method, continuation and Floquet stability analysis; (2) to verify it on a problem with a known exact
solution; (3) to measure the domain of convergence as a function of the number of subintervals and to
relate it to the conditions of Newton-Kantorovich-type theorems; (4) to compute the frequency
response of the physical damped Duffing oscillator; (5) to train PINNs on the same problems and
compare the results. The hypothesis is that PINNs approach the accuracy of classical methods only at
much higher cost and do not control which of the coexisting periodic solutions they find, whereas the
parametrization method with a suitable partition and continuation provides both accuracy and control.

The scientific novelty consists in the first, to the author’s knowledge, systematic comparison of
the Dzhumabaev parametrization method with physics-informed neural networks; in the quantification,
with confidence intervals, of the effect of the partition on the domain of convergence together with the
Lipschitz constant of the Jacobian of the parameterized system; and in the use of the matrices computed
by the method for Floquet stability analysis and arclength continuation of the frequency response.

Materials and methods

Research questions. RQ1: how accurate and how expensive is each approach? RQ2: how does the
number of subintervals affect the domain of convergence of the parametrization method, and how does
this relate to theoretical convergence conditions? RQ3: can each approach reproduce the coexisting
periodic solutions of the physical Duffing oscillator? Hypothesis: as stated in the Introduction, PINNs are
less accurate and more expensive and do not control the selection among coexisting solutions, whereas
the parametrization method provides accuracy and, combined with continuation, control.

Problem 1 (verification problem). Written as a first-order system, the forced Duffing equation on
[0, T] is

% = X2, % = —6x, — 0%x; — eyx} + Beoswt + g(t), t €[0,T], (1)
with the periodic boundary condition

x(0)=x(T),  x=(x1,%), (2)
where § is the damping coefficient, o the natural frequency, € the nonlinearity coefficient, y = +1 for
hardening and y = -1 for softening restoring force, and B cos wt the external forcing. In Problem 1, § =
0,T=1,0=1,B=2,w=2m and € € [0.1, 10]. Following the method of manufactured solutions (Roache,
2002), the source term

g(t) = (62 — 4n?)sin2nt + eysin32nt — Bcos2nt (3)
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makes x*(t) = (sin 2mt, 21 cos 2mt) an exact solution, so that errors can be measured directly.
Problem 2 (physical problem). The damped forced Duffing oscillator without any artificial source
term,
21

¥+ 6% + 0%x + eyx® = Bcoswt, x(0) = x(T), x(0)==x(T), T== 4)

w

with § = 0.1, 6 = 1, ey = 1 and B = 0.3, was studied for forcing frequencies w € [0.6, 3.2]. Its periodic
solutions form the frequency response curve, which for a hardening spring contains a region of
coexisting solutions (Nayfeh, Mook, 1979).

Parametrization method. The interval is divided as 0 =ty < t; < ... < ty = T, the parameters A, =
X(tr-1) and the functions u.(t) = x(t) — Ar are introduced, and the problem becomes equivalent to the
problem with parameters (Dzhumabaev, 1989; Dzhumabaev, Temesheva, 2007)

du, —

I=fEu+4),  w(t_)=0, r=1N, (5)

/11 - AN - uN(T) = 0, /17« + ur(tr) - AT+1 = 0, r = 1,N - 1, (6)

where f is the right-hand side of (1). The boundary condition and the matching conditions (6) form a

system Q(A) = 0 of 2N equations, solved by Newton’s method (Kantorovich, Akilov, 1982; Deuflhard,
2011)

aQ
a(A(k)) A1) = —Q(/l(k)), Ak+D) — (k) 4 f(R), (7)
The blocks of the Jacobian are obtained from the variational equations
dz, 0 1
L flod @) B =1 fo=(_p2 3enz _s) (8)

since d(Ar + ur(tr))/0A: = Z:(t:). Problems (5) and (8) were integrated jointly by the classical fourth-order
Runge-Kutta method (Hairer et al., 1993; Butcher, 2016); iterations stopped when max|AA®’| < 1071°,
For N = 1 the algebraic system coincides with that of single shooting and for N > 1 it is algebraically
related to multiple shooting (Stoer, Bulirsch, 2002). The parametrization method contributes the theory
of the problem with parameters — solvability criteria, conditions of convergence and of the existence
of an isolated solution (Dzhumabaev, Temesheva, 2007; 2013; 2018) — which is used below to interpret
the role of the partition.

Stability and continuation. The monodromy matrix of a periodic solution is the product of the
matrices already computed by the method,

M = Zy(ty) Zy-1(tn-1) - Z1(81), 9)
and the solution is asymptotically stable if all Floquet multipliers, the eigenvalues of M, lie inside the
unit circle (Nayfeh, Balachandran, 1995). The frequency response of Problem 2 was traced by pseudo-
arclength continuation in the variables y = (A, ) (Keller, 1977; Allgower, Georg, 2003), which adds to
Q(A, w) = 0 the condition

yJ'T(YjH - }’j) —A4s =0, (10)
where y;j is the unit tangent and As the step; this allows the curve to pass around fold points where
natural continuation in w fails. Natural sweeps upward and downward in w with step 0.02 were also
performed. In Problem 1, natural continuation in € from the linear problem (g = 0) in ten steps was used
as a baseline for choosing initial approximations.

Convergence conditions. Newton’s method converges from any A’ with A’ - A/ <2/(3BK), where
B is the norm of the inverse Jacobian at the solution and K the Lipschitz constant of the Jacobian (Traub,
Wozniakowski, 1979). To relate this condition to the partition, B and K were estimated at the solution of
Problem 1 for N = 1, 2, 4, 8, with K computed as the largest ratio [0Q/0A(A) - 0Q/0A(A)| / |A - A over 120
random points with [A - A| £ 1 in the maximum norm.

Physics-informed neural networks. The solution x; was approximated by a fully connected
network with two hidden layers of 32 neurons and tanh activation. In the variant with exact periodicity
the network inputs were sin wt and cos wt, so that every network output satisfies the periodic condition
(Dong, Ni, 2021); in the variant with a soft constraint the input was t and the periodicity mismatch was
added to the loss with weight 10. The loss was the mean squared residual of the equation at 256
collocation points,
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(11)

with derivatives computed by automatic differentiation (Maclaurin et al., 2015). Training used 2000
iterations of Adam (Kingma, Ba, 2015) followed by up to 3000 iterations of L-BFGS (Liu, Nocedal, 1989),
as recommended for PINNs (Raissi et al., 2019). Each configuration was trained from three (Problem 1)
or five (Problem 2) random initialisations.

Experiments and material. E1 (accuracy): errors of the parametrization method for Runge-Kutta
steps h = 0.1-0.00625 and N = 1, 4. E2 (robustness): for y=-1,e € {1,5, 10} and y = 1, € € {5, 10},

Newton’s method was started from 200 random constant initial approximations x

(0)

= c with c uniform

in [-A, A]% A € {2, 6}; each run was classified as convergence to x* (error below 107°), convergence to
another periodic solution, or divergence, and 95% Wilson confidence intervals were computed (Wilson,
1927). The same starts were given to the collocation solver solve_bvp (Kierzenka, Shampine, 2001;
Virtanen et al,, 2020). E3 (convergence conditions):  and K as described above. E4 (physical problem):
frequency response of Problem 2 with N = 4 and 400 Runge-Kutta steps per period, compared with the
first-harmonic balance approximation (Nayfeh, Mook, 1979). E5 (PINNSs): six regimes of Problem 1 (¢ €
{0.1, 1, 10}, y = £1) and Problem 2 at w = 1.0 and w = 1.5. Computations were performed in Python 3
with NumPy and SciPy on a single CPU core. The code used for all computations is available from the
author upon request.

Results and discussion

Accuracy, convergence rate and cost of the parametrization method
Table 1 shows the errors for Problem 1 with € = 0.1, y = 1. Halving the Runge-Kutta step reduced
the error about sixteen times, and the observed order tended to 4.00, confirming the theoretical order
of the scheme. The partition N = 4 gave the same error as N = 1 for h < 0.05.

Steph Error,N=1 Error,N=4 Ratio Observed order
E(2h)/E(h)

0.1 3.71-107* 9.15-107* - -

0.05 2.29-107° 2.29-107° 16.2 4.02

0.025 1.42-107° 1.42-107° 16.1 4.01

0.0125 8.89-107°8 8.89-107°8 16.0 4.00

0.00625 5.56-107° 5.56-107° 16.0 4.00

Table 1 - Maximum error of the parametrization method for Problem 1 (¢ = 0.1,y = 1)

Newton’s method showed quadratic convergence near the solution. Fore=1,y=-1,N=4and a
distant initial approximation, the increments of the last iterations were 1.2:1072, 1.2-107%,9.4-107° and
2.1-107*%: each was approximately the square of the previous one. One solution of Problem 1 with N = 4
and h = 0.01 took 0.023 s, comparable to 0.019 s for the collocation solver.

Domain of convergence and the partition

Table 2 and Figure 1 present the results of experiment E2 for softening nonlinearity. Without
partitioning, Newton’s method converged from 0-9% of the initial approximations; with eight
subintervals the share rose to 61-100%. For € = 10 and A = 2 it increased from 0% (N =1 and N = 2) to
70% (N = 4) and 95.5% (N = 8). The confidence intervals of N = 1 and N = 8 do not overlap in any
configuration. The apparent non-monotonicity at e =5, A =2 (100% for N = 4 and 97% for N = 8) lies
within the confidence intervals; it reflects the larger number of unknown parameters that must be
approximated simultaneously when N grows.

€ A N=1 N=2 N=4 N=8 Collocation
1 2 4 [2-8] 73.5[67-79] 94 [90-97] 98.5 [96-99] 100 [98-100]
1 6 9 [6-14] 25[20-31] 94.5 [90-97] 100 [98-100] 100 [98-100]
5 2 0.5 [0-3] 11 [7-16] 100 [98-100] 97 [94-99] 100 [98-100]
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A N=1 N=2 N=4 N=8 Collocation
6 0.5 [0-3] 3.5[2-7] 38 [32-45] 88 [83-92] 100 [98-100]
10 2 0 [0-2] 0[0-2] 70 [63-76] 95.5 [92-98] 100 [98-100]
10 6 0[0-2] 0 [0-2] 19 [14-25] 61 [54-67] 100 [98-100]

Table 2 - Softening nonlinearity (y = -1): share of 200 initial approximations converging to the
solution, % [95% confidence interval]
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Figure 1 - Share of initial approximations converging to the solution as a function of the number of
subintervals N, with 95% confidence intervals: (a) |c| < 2, (b) |c| <6

The cause of this effect is visible in the convergence conditions. For € = 10, y = -1, the Lipschitz
constant K of the Jacobian over the ball |A - A*| < 1 was unbounded for N =1 and N = 2, because for some
points of the ball the Cauchy problems blew up before the end of the period, whereas it was finite for N
=4 (K=407) and N = 8 (K = 20.8). For € = 5 the values were unbounded, 1.5-107,32.2 and 7.6 for N = 1,
2,4, 8. For weak hardening nonlinearity (¢ = 0.1) K was small for all N (0.60, 0.48, 0.20 and 0.11). The
norm of the inverse Jacobian § grew with N (2.2, 2.7, 5.5 and 10.0 for € = 10). Partitioning therefore
makes the system Q(A) = 0 well defined and smooth on a large neighbourhood of the solution, which is
exactly what theorems of the Newton-Kantorovich type require, at the cost of a moderate growth of f3.
The guaranteed radius 2/(3BK) is conservative (3.2:1073 for € = 10, N = 8), but it is non-negligible only
for N = 4, in agreement with the experiment.

Two further observations limit the role of the partition. First, natural continuation in € from the
linear problem converged to the solution in all five strongly nonlinear regimes both for N = 1 and for N
= 4, with 22 Newton iterations in total and errors of 2:1078-5-1077. The partition is therefore decisive
when no continuous path from a known solution is available, for example when coexisting solutions are
sought. Second, for hardening nonlinearity (¢ = 5 and € = 10) the partition N = 4 raised convergence to
the solution from 1% and 0% to 60.5% and 40.5%, but N = 8 gave no further gain, and many runs
converged to other periodic solutions; collocation reached 75.5% and 48.5%, with 21.5% and 43% of
runs ending at other solutions. Collocation was the most robust method under softening nonlinearity
(100%).

Physical Duffing oscillator: frequency response and stability

For Problem 2 the parametrization method combined with continuation reproduced the classical
picture of a hardening Duffing oscillator (Figure 2). In the upward sweep the amplitude followed the
upper branch and dropped from 1.67 to 0.15 between w = 1.72 and 1.74; in the downward sweep it
jumped from 0.46 to 1.15 between w = 1.34 and 1.32. Arclength continuation passed around both folds,
located at w = 1.780 (amplitude 1.723) and w = 1.324 (amplitude 0.597), and traced the middle branch:
78 of 208 computed points had a Floquet multiplier outside the unit circle and were unstable, while all
points of the upper and lower branches were stable. The natural sweeps left the upper branch slightly
before the fold, because a step of 0.02 near the fold carried Newton’s method to the lower branch,
whereas arclength continuation located the fold precisely; at most 13 Newton iterations per step were
needed. The amplitudes agreed with the harmonic balance approximation within 1.5% (at w = 1.5:
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0.247, 1.19 and 1.391 against 0.247, 1.180 and 1.371), the difference being due to higher harmonics
neglected by the approximation.

1.75 1 ‘———_____‘ —— stable periodic solutions (|| < 1)
fold w = 1.780 ==+ unstable periodic solutions
1.50 1 harmonic balance (first harmonic)
¥ PINN, 5 random initialisations
= 1.25
] fold w = 1,324
g 1.004 ’
o /
o /
£ 0.75 1 /
2, i
2 0.50 \
AN
\.\
0.25 SN
0.00 N N
1.0 1.5 2.0 2.5 3.0

forcing frequency w

Figure 2 - Frequency response of the damped Duffing oscillator computed by the parametrization
method with arclength continuation, compared with harmonic balance and with PINN solutions

Comparison with physics-informed neural networks

Table 3 compares the two approaches on Problem 1. With exactly periodic inputs, PINNs reached
errors of 5:107%-6-107* in about 22 s of training; with the soft periodicity constraint the errors were
107*-9-107* after about 40 s. The parametrization method reached errors of 2:1078-5-1077 in
hundredths of a second, that is, it was two to five orders of magnitude more accurate and roughly 1,000-
1,700 times faster.

€ Y Parametrization PINN, exact periodicity PINN, soft constraint
method
0.1 +1 3.6:1078 3.6:107° [5.2-107%-8.8:107°] | 9.6-107*[7.1-107*-1.0-1073]
0.1 -1 3.3-1078 7.3:107° [2.6:107°-1.9-107*] other solution (3 of 3)
1 +1 5.8:1078 6.5-107°[4.5-107°-1.5-107°] | 4.3-107* [1.5-107*-5.9-107%]
1 -1 2.3-1078 7.8:107° [4.5-107°-5.6-107*] | 5.8-107% [4.6-1073-8.9-107%]
10 +1 3.4:1077 other solution (3 of 3) 1.6:107*[1.0-107*-2.7-107]
10 -1 4.7-1077 8.7-107¢[7.7-107%-1.1-107°] | 2.3-107*[2.3-107*-3.0-107%]

Table 3 - Maximum error for Problem 1: Parametrization method (N = 4, h = 0.01) and PINNs (median
[minimum-maximum] over three initialisations)

The most important finding concerns reliability rather than accuracy. In two of the twelve PINN
configurations, all three training runs converged to a different periodic solution: the error with respect
to x* was 0.59 and 3.0, while the final loss (107° and 10~7) was as small as in the successful runs. A small
loss therefore does not show that the intended solution has been found. In Problem 2 the same effect
appeared in physical form. At w = 1.0, where the periodic solution is unique, all five PINN runs gave the
amplitude 0.73830, which coincides with the value 0.73828 of the parametrization method to within
3-1075. At w = 1.5, where three periodic solutions coexist, all five runs converged to the lower branch
(0.2474), and none found the upper stable branch (1.391), which is the response actually observed after
an upward frequency sweep, or the unstable branch. The parametrization method found all three
solutions and determined their stability.

Comparison with earlier studies. The failure of PINNs to select the intended solution complements
the known failure modes of PINNs, which have so far been attributed mainly to optimisation difficulties
and imbalanced gradients (Wang et al., 2021; Krishnapriyan et al, 2021): here the optimisation
succeeded, yet the network converged to another solution of the same problem. The computed
frequency response agrees with the classical analytical description of the hardening Duffing oscillator
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(Nayfeh, Mook, 1979; Kovacic, Brennan, 2011), and the gain from partitioning agrees with the theory of
the parametrization method, in which the convergence conditions improve as the partition is refined
(Dzhumabaev, Temesheva, 2007). In this sense the study confirms the theoretical role of the partition
computationally and transfers it to a new task — the verification of neural solvers.

These results support the hypothesis and suggest a division of roles. PINNs are attractive when a
mesh-free, differentiable approximation is needed or when the solver is embedded in a larger learning
system. Their output, however, must be verified, and the parametrization method provides the
necessary tools: an accurate reference solution, the residual of the matching conditions, Floquet
multipliers that classify stability and continuation that reveals coexisting solutions. A hybrid intelligent
system can use the parametrization method to verify a PINN solution or to supply it with a target branch.

Conclusion

The aim of the study was achieved by implementing the Dzhumabaev parametrization method
with Runge-Kutta integration, Newton’s method, continuation and Floquet analysis, and by comparing
it with physics-informed neural networks on two Duffing problems.

The main results are as follows. The parametrization method reached errors of 1078-1077 with
fourth-order convergence in the step and quadratic convergence of Newton’s method, at a cost of
hundredths of a second. Under strong softening nonlinearity, eight subintervals raised the share of
convergent initial approximations from 0-9% to 61-100%; this effect is explained by the Lipschitz
constant of the Jacobian, which is unbounded without partitioning and becomes finite for N = 4.
Combined with arclength continuation and Floquet multipliers, the method reproduced the full
frequency response of the damped Duffing oscillator with both folds and the unstable branch. PINNs
were two to five orders of magnitude less accurate and roughly a thousand times slower, and in some
regimes converged, with an equally small loss, to a periodic solution different from the intended one; in
the region of coexisting solutions they found only one of three.

The study shows that neural solvers of differential equations should be accompanied by classical
verification when solutions are not unique, and that the parametrization method is well suited for this
role. The results can be applied in teaching numerical methods and in the design of intelligent systems
that use neural solvers for nonlinear oscillators. Further work includes training PINNs on selected
branches using information from the parametrization method, adaptive choice of the partition from the
growth of the variational matrices, and extension to systems with several degrees of freedom.
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Abstract

Reinforcement learning may improve strategic bidding in electricity markets, yet many studies
rely on stylized or synthetic environments. This study evaluates reinforcement learning using bid-level
data from the Kazakhstan Electricity and Power Market Operator (KOREM) covering July 2023-
November 2025. Objectives include reconstructing endogenous pay-as-cleared prices through merit-
order clearing, modeling one strategic generator alongside passive historical participants, and
evaluating out-of-sample performance. Marginal costs are approximated by the 10th percentile of each
generator’s historical bid prices. Double Q-learning replaces classical Q-learning to address observed
instability associated with overestimation bias, while bounded markup decisions and realistic market
constraints ensure economically plausible bidding. Evaluation using a chronological 80/20 train-test
split indicates an approximately 0.37% profit improvement relative to cost-based bidding, without
distorting clearing price distributions or intraday patterns. Stabilized reinforcement learning can
modestly enhance strategic bidding in an empirically grounded electricity market while preserving
fundamental price formation properties.
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AHHOTaUUA

OGy4yeHne ¢ MOJKpEIJIEHUEM MOXEeT YJAYYIIUTh CTPATErHYECcKyl0 MOoAady 3asBOK Ha
3JIEKTPO3HEpPreTU4YeCKUX PbIHKAaX, 0JJHAKO MHOTHeE MCCJIeJOBaHUA HUCIOJb3yIOT CTUIU30BAaHHbIE WU
CUHTeTHYecKue cpelbl. MccieoBaHre oLleHMBaeT o6y4yeHUe C MOJAKpeNJeHUEM Ha OCHOBe JJaHHBIX
3asBoK KazaxcTaHcKoro onepaTopa pblHKA 3JeKTpuieckor aHepruu ¥ moiHoctu (KOREM) 3a urosib
2023 - Hoa6pb 2025 roa. 3a7auyy BKJIOYAIOT BOCIPOU3BEIeHUE 3H0IeHHOr0 GOPMHPOBAHHUS €IMHOU
PaBHOBECHOM LieHbI IOCPEJCTBOM PaHXXUPOBAHUSA 3adBOK, MOJieJIMPpOBaHUE O HOTO CTpPaTernyecKoro
reHepaTopa NpU MNacCUBHOM MOBeJleHUU OCTaIbHbIX UCTOPUYECKUX YYaCTHUKOB U BHEBbIOOPOUHYIO
onleHKy 3ddekTUBHOCTU. [IpesiesibHble U3JEPXKKH OLeHUBawTcA 1Mo 10-My OpOIEHTHIIIO
HCTOpPHUYECKUX LleH 3asBOK KaXKJ0oro reHeparopa. /[BoiiHoe Q-o6ydyeHUe 3aMeHsIeT Kjaccuyeckoe Q-
obydyeHUe [l YyCTpaHeHUs HeCTabUIbHOCTH, CBSI3aHHOW C 3aBbllIEHUWEM OLIEHOK; OrpaHUYeHHble
LleHOBble HaJ0aBKM U peasMCTUYHble PbIHOYHblEe OrpaHHUYeHHUs] 00ecreYuBalOT 3KOHOMHYECKYIO
MpaBAONOA0O6HOCTh MOBeleHUA. XPOHOJIOTUYECKOE pa3/ie/ieHHe JaHHbIX Ha 00y4alollyo U TECTOBYIO
BbI6OpKU B cooTHouweHUMHU 80/20 mokasbiBaeT yBesiMueHHe NMPUObLIKM NpubausutesabHo Ha 0,37%
OTHOCHUTEJIbHO 3asIBOK Ha OCHOBe H3Jlep)KeK 0e3 HCKa)KeHHWs paclnpejejieHUd paBHOBECHBIX LieH U
BHYTPUCYTOYHOU AUHAMUKU. CTaOUIN3UPOBAHHOE 00y4YeHHe C NOJKpeNIeHueM 03BOJISIET YMEPEHHO
YAYYLIUTh CTPAaTErM4yecKyr MNoAadyy 3asiBOK Ha SMIOUPUYECKH OOOCHOBAaHHOM pBIHKE, COXpaH:s
OCHOBHbIE CBOMCTBA LIeHOOOpa30BaHMUSI.

KiioueBble C/10Ba: PHIHOK 3JIEKTPO3HEPTUM «HA CYTKHU BIIEPE/»; areHTHOE MO/JIeJIMPOBAHUE;
obyuyeHue c nogkpenseHueM; Q-obyuyeHue; ABoHOe (Q-00y4yeHHe; cTpaTerdyeckasl mojiadya 3asiBOK;
pbIHOYHAS BJIACTb.
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AHHOTaMA

HbIFallTyMeH OKBITY 3JIEKTP 3HEPrusiChbl HApbIKTapbIHJAAFbl CTPATETHSJIBIK, OTiHIM Gepyai
»KakcapTa asna/ibl, ajJlali/ia KelTereH 3epTTeyJiep LIapTThl HEMECe CUHTETHUKAJBIK OpTajapFa CyheHe/.
3epTTeyne JJIeKTP 3HEPTUsChbl MEH KyaT HapbIFbIHBIH, Ka3aKCTaHAbIK HapbIK onepaTopbiHbIH AK
(KOREM) ycbiaran 2023 xblaFbl mijage MeH 2025 XbUIFBI Kapallla apaJibIiFbIH/IaFbl 6TiHIM AepeKkTepi
HeriziHJe HBIFAUTYMeH OKbITYy OafasiaHaJibl. 3epTTey MiHAEeTTep OTiHiMaepai OaFachkl OOMBIHINIA
paHXKHUpJIEYy apKbLIbl OGipbIHFAll Teme-TeHAIK OaFaHbIH, 3HJOTEHJi KaJbIITAaCyblH KalTa Kypy/bl,
TapUXU KATbICYUIbLIAP/bIH, €HXap MiHe3-KYJKbl KaFJadblHJa 6ip CTpaTerusijiblK TeHepaTop/bl
MOJIeJIbIEY i KOHE OKBITY ipiKTeMecCiHeH ThIC HOTH KeJiepAi 6aranayabl KaMTHbL. [lleKTi mbIFbIHAAD
9p6ip reHepaToOp/blH, TAapUXH OTiHIM OaFasapblHbIH, 10-IPOIEHTHJI apKbLIbl KybIKTaJaAbl. Q-
MOH/IepiH acblpa 6aFajiayFa GaUIaHBICTbI TYPAKCHI3ABIKThI a3aUTYy YILUiH KJIACCUKAJIBIK Q-OKbITY/[bIH
OpHbIHA KocapJibl Q-OKbITY KOJIAAHBLIA/IbI; LIEKTeJreH 6afa ycTeMesiepi MeH HIbIHaWbl HAPBIKTHIK
neKTeyJaep SKOHOMUKAJBIK TYpPFbI/laH Heri3/li MiHe3-KyJIbIKTbl KAMTaMachl3 eTei. JlepeKkTepAi OKbITY
»KoHe TecTisey ipikTeMesiepiHe XpoHOJIOTUSIBIK 661y (80/20) Ke3iH/e a/bIHFAH HOTHXKEJIEP areHTTIH,
Temne-TeHJiK OafajapAblH YJecTipiMZepi MeH TayJik iwiHAgeri 6ara JMHaMHUKacblH OypMasiamai,
WIBIFBIHAAPFA HeEri3ZieJireH ©OTiHIMJlepMeH CaJbICThIpFaHAa mnaiganbl 1mwamameH 0,37%-ra
apTThIpaTbIHBIH KepceTTi. TypaKTaHAbIPbLIFaH HBIFAUTYMEH OKBITY 3SMIUPUKAJBIK HerizjesreH
HapbIKTa 6aFa KaJbINTACybIHbIH, HETI3Ti KaCUeTTepiH caKTall OTBIPHIN, CTPATETHUSAIBIK 6TiHIM OepyAi
Gipirama *kakcapTa ajaajibl.

Ty#iH ce3aep: «ToyJliK 6YpbIH» 3JIEKTP IHEPTUSCH HAPBIFbI; areHTTIK MOJe/Ib/ley; HbIFalTyMeH
OKbITY; Q-0KbITY; KOcapJibl Q-0KbITY; CTpATETUSJIbIK 6TiHIM 6epy; HAPbIKTBIK OUJIiK.

Introduction. Liberalized electricity markets rely on auction-based mechanisms to coordinate
decentralized supply and demand while maintaining efficiency, reliability, and competitive neutrality.
In day-ahead markets, generators submit price-quantity bids for hourly delivery, and a system operator
clears the market using a merit-order dispatch rule that determines a uniform clearing price. Although
this framework is designed to promote competitive efficiency, strategic bidding remains an inherent
feature of such markets. Heterogeneous cost structures, residual demand elasticity, repeated market
interaction, and information asymmetry create incentives for generators to deviate from pure marginal-
cost bidding.

Traditional approaches to analyzing strategic behavior in electricity markets rely on equilibrium-
based models, most notably Nash-Cournot formulations and bilevel optimization frameworks. While
analytically powerful, these approaches assume a high degree of rationality and informational
completeness. In practice, market participants operate under uncertainty, observe only partial system
states, and adapt behavior dynamically over time. As a result, equilibrium models often provide
theoretical benchmarks rather than operational descriptions of strategic learning.

Agent-based modeling (ABM) has emerged as an alternative framework capable of representing
electricity markets as complex adaptive systems. In ABM environments, prices and dispatch outcomes
emerge from interactions among heterogeneous agents following behavioral rules. This paradigm
enables modeling of bounded rationality, adaptation, and institutional detail within auction-based
market designs.

Reinforcement learning (RL) provides a natural mechanism for embedding adaptive strategic
behavior within such agent-based environments. By iteratively updating decisions based on realized
profit signals, RL agents can learn effective bidding strategies without explicit knowledge of competitor
cost functions or closed-form equilibrium conditions. Recent studies have demonstrated the potential
of RL and deep RL in stylized electricity market simulations. However, the empirical grounding of such
models remains limited in many cases, as synthetic demand curves and artificial cost functions are often
employed.

The core problem addressed in this study is therefore the following: How does reinforcement
learning perform when embedded within a reconstructed real-world day-ahead electricity market
derived directly from historical bid-level data, rather than within a stylized synthetic environment?»
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More specifically, the study investigates whether adaptive bidding via reinforcement learning can
improve generator profitability while preserving structural properties of price formation in an
empirically reconstructed market environment.

This problem is non-trivial. Reinforcement learning algorithms, particularly value-based methods,
are susceptible to instability, overestimation bias, and excessive exploitation when interacting with
auction mechanisms. Without careful design, RL-based strategies may generate unrealistic price
escalation or volatility artifacts that do not reflect plausible market behavior. Evaluating RL in a realistic
empirical setting therefore requires careful integration of auction reconstruction, cost proxy estimation,
and stability safeguards.

The relevance of this study is both methodological and practical.

From a methodological perspective, embedding reinforcement learning within a reconstructed real
market environment advances the realism of strategic bidding simulations. By reconstructing clearing
outcomes directly from historical bid-level data, the model avoids reliance on synthetic cost assumptions
and externally imposed clearing prices. This approach strengthens the credibility of conclusions
regarding algorithmic performance.

From a practical perspective, electricity markets are increasingly influenced by algorithmic
decision systems. Generators employ automated optimization tools to formulate bids, and the
penetration of digital decision-making continues to grow. Understanding how adaptive learning
algorithms interact with real auction structures is therefore important for both market participants and
regulators.

If reinforcement learning algorithms systematically distort price formation, regulators may need
to consider oversight mechanisms. Conversely, if bounded and stabilized RL can enhance efficiency
without destabilizing markets, it may represent a viable strategic optimization tool under competitive
constraints. By evaluating reinforcement learning within a reconstructed empirical market derived from
nearly two years of real day-ahead bidding data, this study provides insight into how adaptive algorithms
behave under authentic competitive conditions. The primary contribution of this paper is the integration
of reinforcement learning into a fully reconstructed empirical market environment using bid-level data
from KOREM. Rather than using published clearing prices or synthetic cost curves, the model
reconstructs hourly supply stacks directly from historical bids and applies a pay-as-cleared clearing
mechanism consistent with institutional market rules. The strategic agent operates within this
reconstructed environment while all other participants retain their historical bids. This design ensures
realistic competitive depth while isolating the effect of adaptive bidding.

Because marginal cost data are not publicly available, the study introduces a transparent proxy
based on the 10th percentile of historical bid prices for each generator. This allows markup-based
strategic behavior to be modeled without introducing artificial cost assumptions. Another key
contribution is methodological. Initial experiments using classical Q-learning produced unstable markup
escalation due to overestimation bias. Transitioning to Double Q-learning stabilized convergence and
eliminated artificial price volatility, highlighting the importance of algorithm selection in electricity
market applications.

Finally, the model is evaluated using a chronological 80/20 train-test split, ensuring that
performance improvements reflect genuine out-of-sample predictive adaptation rather than in-sample
overfitting.

Literature review

Strategic bidding in day-ahead electricity markets arises from the structure of uniform-price
auctions and merit-order dispatch. When demand approaches available capacity, residual demand
becomes less elastic, allowing generators to submit bids above marginal cost without losing dispatch.
This behavior is a structural feature of electricity markets rather than an anomaly (Biggar and
Hesamzadeh, 2014: 281-306).

Equilibrium-based models formalize these incentives using Nash-Cournot frameworks, showing
that prices may exceed marginal cost under capacity and transmission constraints (Contreras etal., 2004:
195-206). When operational constraints such as unit commitment are included, the strategic problem
becomes dynamic and dependent on generation feasibility (Baillo et al., 2001: 227-248). However, these
models rely on assumptions of full rationality and complete information, which limit their applicability
in real market environments (Ventosa et al., 2005: 897-913).
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Electricity markets operate as repeated and adaptive systems, where participants adjust strategies
based on observed outcomes. Agent-based computational frameworks capture this behavior by modeling
markets as evolving systems driven by decentralized interactions (Tesfatsion, 2002: 55-82). In such
models, strategies emerge over time rather than being derived analytically (Tesfatsion, 2003: 262-268).

Agent-based simulations allow explicit representation of auction rules and heterogeneous
participants, enabling analysis of price dynamics and market power under adaptive conditions (Guerci
etal, 2010: 241-286). Platforms such as AMES demonstrate how learning agents interact with realistic
clearing mechanisms (Li and Tesfatsion, 2009: 1-8), while dynamic testing shows that market outcomes
depend on learning trajectories rather than equilibrium states alone (Sun and Tesfatsion, 2007: 291-
327). These approaches establish a foundation for modeling adaptive strategic behavior in electricity
markets.

Reinforcement learning provides a natural extension of agent-based approaches by formalizing
adaptive bidding as a sequential decision-making process. In this framework, agents update their
strategies based on realized profits without requiring explicit knowledge of competitor behavior or cost
structures. Early applications of Q-learning to electricity supplier bidding demonstrate that such agents
can improve profitability through iterative interaction with the market (Xiong et al.,, 2002: 1516-1521).

More advanced approaches incorporate probabilistic reasoning and structured learning, allowing
agents to operate under uncertainty while maintaining stability (Dehghanpour et al.,, 2016: 4744-4754).
Recent developments in deep reinforcement learning enable continuous bidding strategies and more
complex state representations, improving flexibility and scalability (Ye et al., 2020: 1343-1353). Multi-
agent reinforcement learning further shows that decentralized learning can approximate equilibrium-
like outcomes under competitive conditions (Du et al., 2021: 534-544).

A key direction in recent research is the use of empirically calibrated environments rather than
synthetic models. Reinforcement learning applied to realistic market data improves the credibility of
results and reduces reliance on artificial assumptions (Di Persio et al., 2025). At the same time, safety-
constrained reinforcement learning has been proposed to ensure that learned strategies remain
economically and operationally feasible (Stanojev et al., 2023: 1-7). Dedicated simulation environments
confirm that reinforcement learning must be evaluated within structured and institutionally consistent
market settings (Jain and Saxena, 2023; Schimeczek et al., 2023).

Despite these advances, reinforcement learning models remain sensitive to instability. In
particular, value-based methods such as Q-learning are prone to overestimation bias, which can lead to
excessive markup strategies in stochastic environments (van Hasselt, 2010: 2613-2621). Addressing this
issue is critical for applying reinforcement learning in electricity markets.

The effectiveness of reinforcement learning depends on the interaction between learning
algorithms and auction design. Market microstructure influences both efficiency and the extent of
strategic behavior (Nicolaisen et al, 2001: 504-523; Bower and Bunn, 2000: 1-29). Therefore,
reinforcement learning must be evaluated within the constraints of the clearing mechanism.

Instability in value-based reinforcement learning, particularly overestimation bias, can lead to
unrealistic outcomes if not controlled. This has motivated the development of more stable algorithms
and constraint-based approaches that limit excessive strategic behavior (van Hasselt, 2010: 2613-2621;
Stanojev et al., 2023: 1-7). These findings highlight that reinforcement learning in electricity markets
must balance profitability with structural stability.

To clarify the conceptual differences between traditional equilibrium-based approaches and
reinforcement learning methods, Table 1 provides a structured comparison across key modeling
dimensions.

Table 1 - Comparison between equilibrium-based models and reinforcement learning approaches
in electricity market modeling across key methodological and behavioral dimensions

Feature Equilibrium Reinforcement Ref.

Models Learning
Behavior Fully rational agents | Bounded rationality (Weidlich and Veit, 2008: 1728-
assumption 1759)
Information Full information Partial / local | (Tesfatsion, 2003: 262-268)
availability observations
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Adaptation Static (one-shot | Dynamic (learning over | (Guerci et al., 2010: 241-286)
solution) time)

Solution method | Analytical [terative learning (trial- | (Xiong etal,, 2002: 1516-1521)
optimization (e.g, | and-error)
Nash)

Strategic Explicit equilibrium | Implicit strategy

modeling formulation learning

Scalability Limited for complex | High (data-driven) (Yeetal, 2020: 1343-1353; Du et
systems al,, 2021: 534-544)

Empirical Often low (stylized | High (when using real

realism assumptions) data)

Uncertainty Limited Naturally incorporated

handling

Interpretability | High Moderate

As shown in Table 1, reinforcement learning provides a more flexible and adaptive framework for
modeling strategic behavior under uncertainty. However, this flexibility comes at the cost of reduced
interpretability and potential instability, particularly in value-based methods such as Q-learning.

The proposed framework evaluates adaptive strategic behavior under realistic competitive depth,
demand variability, and institutional constraints. Therefore, this work contributes to bridging the gap
between theoretical reinforcement learning models and empirically grounded electricity market
analysis.

Model Framework

Market Environment. The simulated environment represents a uniform-price day-ahead
electricity market reconstructed from historical KOREM bid-level data. For each delivery day d and hour
h, the market consists of a set of generators i € {1,...,N}, each submitting price-quantity offers.

The use of a uniform-price, merit-order market structure follows the institutional design widely
analyzed in electricity market economics (Biggar and Hesamzadeh, 2014: 119-138). Such market
structures have been extensively modeled both in equilibrium formulations (Contreras et al., 2004: 195-
206) and in agent-based simulation environments (Li and Tesfatsion, 2009: 1-8). The present framework
adopts the institutional structure of these markets while embedding it within a reconstructed empirical
dataset.

The model does not incorporate transmission constraints, nodal pricing, or unit commitment
decisions. This abstraction isolates markup-based strategic behavior within a single clearing zone,
consistent with many agent-based electricity market studies that focus on auction dynamics rather than
network feasibility (Guerci et al, 2010: 241-286). The omission of intertemporal commitment
constraints is deliberate, as strategic unit commitment introduces a substantially more complex bilevel
optimization structure (Baillo et al., 2001: 227-248).

Demand for each hour is derived from historical KOREM data. To avoid deterministic overfitting
during training, stochastic multiplicative noise is introduced, scaled according to peak and off-peak
regimes. This treatment aligns with the adaptive modeling perspective in which agents interact with a
stochastic but institutionally consistent environment rather than a static deterministic schedule (Sun and
Tesfatsion, 2007: 291-327).

Agent Structure and Roles. The reconstructed market consists of a set of agents corresponding
to generators observed in the historical KOREM dataset. Each agent represents an individual market
participant submitting price-quantity bids in the day-ahead market. In line with agent-based modeling
principles, agents operate independently and make decisions based on local information rather than
global system knowledge (Tesfatsion, 2002: 55-82; Tesfatsion, 2003: 262-268).

To isolate the effect of adaptive strategic behavior, agents in the model are divided into two
categories: a single strategic learning agent and multiple passive agents.

The strategic agent represents one generator whose bidding behavior is modeled using
reinforcement learning. Instead of submitting its historical bid price, this agent applies a markup over its
estimated marginal cost and adapts this markup over time to maximize profit. The decision-making
process of the strategic agent is based on observed market conditions, including clearing prices, demand
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levels, and previous outcomes. This approach reflects adaptive learning behavior commonly studied in
electricity market simulations (Ye etal., 2020: 1343-1353; Xiong et al,, 2002: 1516-1521).

All remaining agents are modeled as passive participants. These agents submit their historical bids
without modification and do not adapt their strategies over time. Their role is to provide a realistic and
empirically grounded competitive environment for the strategic agent. By preserving the original bid
structure of the market, the model maintains the actual supply stack and competitive depth observed in
the real system.

This hybrid agent design, combining one adaptive agent with a population of fixed historical agents,
is widely used in agent-based electricity market studies to ensure interpretability and stability of results
(Pinto et al., 2013: 335-346; Di Persio et al., 2025). Unlike fully adaptive multi-agent systems, where all
participants learn simultaneously, the current approach allows the impact of reinforcement learning on
strategic bidding to be evaluated in isolation.

Although simplified, this structure captures the key dynamics of strategic interaction in electricity
markets while avoiding the additional complexity and convergence issues associated with multi-agent
reinforcement learning frameworks (Du et al,, 2021: 534-544; Khamzina et al., 2025).

Reconstruction of Supply Stack and Clearing Mechanism. For each hour 4, all submitted bids
are aggregated and sorted in ascending order of offered price. Let P;, denote the submitted price and Qi,x
the offered quantity of generator i.

Cumulative supply is constructed as shown in Eq. (1):

k
Shao = Z Quyh (1
=1

The cumulative function Sy () defines the total available supply up to the k-th bid, allowing
construction of the aggregate supply curve. Bids are ordered such that:

Payn = Poyn = = = Py (2)

This ordering represents the merit-order ranking of bids, where lower-priced offers are dispatched
first, forming the basis of the supply curve.

The market-clearing price Ph* is determined as the price of the marginal accepted bid satisfying,
as shown in (3):

Su(k*) = Dy (3)

where Dy, is hourly demand. The index k* identifies the marginal unit required to meet demand Dy,
determining the cutoff point for accepted bids.

This pay-as-cleared reconstruction reflects the clearing principle implemented in most pool-based
electricity markets and studied extensively in computational market test beds such as AMES (Li and
Tesfatsion, 2009: 1-8). Auction microstructure has been shown to influence strategic incentives
significantly (Nicolaisen et al, 2001: 504-523; Bower and Bunn, 2000: 1-29), and therefore
reconstructing clearing endogenously from bids ensures institutional fidelity. By avoiding direct use of
published historical clearing prices, the model allows strategic bid modifications to propagate through
the same merit-order logic that governs real market outcomes.

Marginal Cost Proxy. True generator marginal costs are not publicly available in the dataset. To
enable markup modeling relative to cost, a proxy marginal cost M C; is estimated for each generator i as
the 10th percentile of its historical bid prices:

MC; = Percentile;o{P; 4} .

This percentile-based proxy (4) assumes that the lower tail of historical bids approximates cost-
reflective offers during competitive conditions. Similar empirical approximations have been employed in
data-driven electricity market modeling when direct cost data are unavailable (Di Persio et al., 2025).
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The approach avoids introducing synthetic cost curves while maintaining empirical grounding in
observed bidding behavior.

While this proxy does not represent true fuel or operational cost data, it provides a consistent
reference point for modeling markup-based strategic behavior within an empirically reconstructed
environment.

Strategic Agent Structure. The reconstructed market includes all historical bidders observed in
the dataset. However, only one generator is modeled as a strategic reinforcement learning agent. All other
participants submit their historical bids unchanged.

This hybrid structure, one adaptive agent embedded within a population of passive participants,
follows a common experimental design in agent-based market simulations where the objective is to
isolate the behavioral impact of a single learning agent (Pinto et al., 2013: 335-346). The strategic agent
replaces its historical price with a markup-based bid defined as in Eq. (5):

Ps,h = MCs(l + mh) (5)

where m,, is the markup selected by the reinforcement learning policy for hour 4. The offered
quantity remains equal to its historical quantity.

This formulation reflects the economic interpretation of strategic bidding as deviation from
marginal-cost offers, consistent with equilibrium-based markup logic (Biggar and Hesamzadeh, 2014:
281-306; Contreras et al,, 2004: 195-206), but without requiring explicit equilibrium solution.

Reinforcement Learning Formulation. The strategic bidding problem is modeled as a sequential
decision process. At each hour, the agent observes a state vector incorporating recent clearing prices,
demand conditions, and profit outcomes. Such state-based adaptation aligns with reinforcement learning
formulations applied to electricity supplier bidding (Xiong et al.,, 2002: 1516-1521).

The action space consists of discretized markup levels bounded within economically plausible
limits. Bounding the action space is essential in auction environments, as unbounded value-based
learning may otherwise generate unrealistic escalation behavior, a concern emphasized in reinforcement
learning applications to power systems (Stanojev et al., 2023: 1-7).

The reward function is defined as realized hourly profit:

Ry = (P — MCy) - Qecerted (6)

Equation (6) captures realized profit, where revenue depends on the clearing price and accepted
quantity, while costs are approximated by the marginal cost proxy. The learning algorithm initially
employed classical Q-learning:

050 = Qs ) +a[R+y" 7 0(", ) - 0(s,0)] (7)

The update rule adjusts action values based on observed rewards and estimated future returns,
with the maximization term introducing potential overestimation bias. Classical Q-learning has been
previously applied to electricity bidding problems (Xiong et al., 2002: 1516-1521; van Hasselt, 2010:
2613-2621). To address this issue, the model adopts Double Q-learning, which separates action selection
from value evaluation:

0:(5,0) = (s @) +a [R+7vQu(s",arg" ) 01(s",a)) — Qi (5, 0) (8)

By separating action selection and evaluation, this formulation (8) reduces overestimation bias and
improves stability in stochastic environments. A symmetric update applies to @Q,. Bias reduction
mechanisms are particularly relevant in competitive multi-agent contexts where value overestimation
may lead to unstable bidding behavior (van Hasselt, 2010: 2613-2621; Du et al,, 2021: 534-544).
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Exploration follows an e-greedy schedule with decay during training. After convergence,
exploration is disabled during out-of-sample evaluation.
To improve clarity of the proposed framework, the overall workflow of the model is illustrated in
Fig. 1. The diagram summarizes the interaction between data input, market reconstruction, and
reinforcement learning-based strategic decision-making.
[State: 1 [ }
* clearing price Action:
* demand markup my,
* previous profit

KOREM Bid-Level Data Data processing Market Reconstruction Strategic Agent (RL)

* Observes state

* Prices * Clean data + Sort bids

+ Select: ti
* Build supply curve elects action

(markup my)

* Quantities « Extract hourly bids
* Demand + Build dataset

l

Modify Strategic Bid

Reward Calculation RL Update
Match supply &
demand

— . paccepted Q-Learning / Double Q-
« Determine clearing By = (P —MC5)- Qg Learning
price P*

Figure 1: Workflow of the proposed agent-based reinforcement learning framework,
illustrating the interaction between real bid-level data, market reconstruction, strategic
agent decision-making, and learning through iterative updates

Aep / inoy yoea 10} yeaday

Psp = MC;(1 + my)

Training and Evaluation Protocol. The dataset is divided chronologically into training (80%) and
testing (20%) segments. Chronological splitting avoids look-ahead bias and aligns with empirical
validation practices in electricity market modeling (Di Persio et al., 2025). The reinforcement learning
agent updates its policy sequentially across training days, interacting with reconstructed auction
outcomes.

A central contribution of this study is its direct empirical grounding in real day-ahead electricity
market data from the Kazakhstan Electricity and Power Market Operator (KOREM). Rather than relying
on stylized synthetic datasets or abstracted cost curves, the proposed agent-based framework is
constructed from historical bid-level data, allowing strategic adaptation to be evaluated within a realistic
institutional and competitive environment.

Dataset and Market Coverage. The empirical dataset comprises bid-level submissions from the
KOREM day-ahead electricity market covering days between July 2023 and November 2025. This period
spans approximately two years of continuous day-ahead market operations, capturing seasonal
variation, demand cycles, and heterogeneous bidding behavior across participants.

For each delivery day and hour, the dataset includes individual bidder identifiers, submitted bid
prices, offered quantities, delivery hour, and delivery date. In addition, hourly system demand values are
available. The dataset therefore enables full reconstruction of the supply curve for each trading hour.

Importantly, historical clearing prices were not directly used in the modeling process. Instead,
clearing prices were reconstructed from bid-level data using the official pay-as-cleared mechanism. This
approach ensures that any strategic modification of bids produces internally consistent clearing
outcomes rather than relying on externally imposed historical prices.

Reconstruction of Market Clearing. For each delivery date and hour, the clearing procedure was
reconstructed to replicate the pay-as-cleared uniform pricing mechanism used in day-ahead markets. All
submitted bids were first aggregated and sorted in ascending order by price. Quantities were
cumulatively summed until the total supply equaled or exceeded hourly demand. The price associated
with the marginal accepted bid was identified as the market-clearing price for that hour.

This reconstruction ensures that the simulated market clearing process mirrors the actual auction
logic of the KOREM day-ahead market. By reconstructing clearing prices rather than importing them
directly, the framework allows strategic bid modifications to affect price formation in a structurally
consistent manner.
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Marginal Cost Proxy Construction. True marginal costs of generators are not publicly available
within the dataset. To enable modeling of strategic markups over marginal cost, a proxy marginal cost
was constructed for each bidder.

For each generator, marginal cost was approximated using the 10th percentile of that bidder’s
historical bid prices across the dataset. The rationale for this approach is that the lower tail of historical
bids likely reflects cost-based offers submitted during periods of low demand or intense competition.
Using a percentile rather than the minimum bid avoids distortions caused by occasional anomalous or
extreme low-price entries.

This proxy introduces an approximation, as actual production costs are not observed directly.
However, it allows strategic markups to be defined relative to empirically grounded bid behavior rather
than synthetic cost curves. The implications of this assumption are discussed explicitly in the limitations
section.

Strategic Agent Design within Real Market Environment. The reconstructed market includes
all historical bidders observed in the dataset. However, only one bidder is modeled as a strategic
reinforcement learning agent. All remaining participants retain their historical bids unchanged.

This modeling choice results in a hybrid market structure in which the competitive environment is
fully empirical, while a single generator adapts its bidding behavior. The strategic agent replaces its
historical bid price with a markup-based formulation defined as a function of its proxy marginal cost,
while maintaining historically observed quantities. All other bidders act as passive participants,
submitting the same prices and quantities recorded historically.

This design isolates the effect of reinforcement learning within a realistic competitive landscape.
Because other bidders do not adapt strategically in the simulation, the learning dynamics of the focal
agent can be interpreted without multi-agent interaction effects confounding the results.

Training and Evaluation Protocol. To prevent look-ahead bias and ensure credible empirical
evaluation, the dataset was divided chronologically into training and testing segments. The first 80
percent of delivery days were used for training the reinforcement learning agent. The remaining 20
percent were reserved exclusively for out-of-sample evaluation.

The learning process was conducted sequentially across training days, allowing the agent to update
its policy through repeated exposure to historical market conditions. After training convergence was
achieved, the learned policy was fixed. Performance evaluation was then conducted on the test subset
without further learning or parameter adjustment.

This chronological split ensures that performance improvements reflect genuine predictive
adaptation rather than overfitting to future data.

Reinforcement Learning Implementation. The strategic agent employs value-based
reinforcement learning. Initial implementation used classical Q-learning, a method previously applied to
electricity supplier bidding problems (Xiong et al., 2002: 1516-1521; van Hasselt, 2010: 2613-2621).
However, classical Q-learning is known to suffer from overestimation bias in stochastic environments,
which may lead to aggressive action selection.

To mitigate this issue, the model adopts Double Q-learning, which separates action selection from
evaluation and reduces upward bias in value estimation. Bias reduction is particularly relevant in
auction-based markets where reward signals depend on stochastic clearing outcomes and competitor
behavior.

Exploration is implemented using an e-greedy policy with gradual decay. During the testing phase,
exploration is disabled to evaluate deterministic policy performance.

The reinforcement learning configuration is designed to balance profitability improvement with
structural stability, reflecting concerns raised in reinforcement learning applications to power systems
regarding convergence and volatility (Stanojev et al., 2023: 1-7).

Results

Baseline Benchmark. The baseline configuration represents non-adaptive cost-based bidding by
the strategic generator, while all other participants submit their historical bids unchanged. Market
clearing is reconstructed through the pay-as-cleared merit-order mechanism described earlier, ensuring
institutional consistency with wholesale pool markets (Biggar and Hesamzadeh, 2014: 119-138).

Out-of-sample evaluation on the 20% test dataset yields cumulative profit for the strategic agent
of:
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The average clearing price during the test period equals:

Plaseline = 29.6008
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These values establish the empirical reference against which reinforcement learning performance
is evaluated and are presented in comparison in Table 2.

Table 2 - Out-of-Sample Performance Comparison Between Baseline and RL Configurations

Metric Baseline RL Change
Total Profit 21,491,955 21,571,138 +0.37%
Mean Clearing Price 29.6008 29.6920 +0.31%

Reinforcement Learning Performance. Under Double Q-learning, the strategic agent adapts its
markup decisions based on realized profit signals and observed market states. Out-of-sample cumulative
profit increases to:

Profitg;, =21,571,138

This corresponds to an absolute improvement of 79,183 monetary units and a relative increase of
+0.37%.

Although moderate in percentage terms, such improvements are economically meaningful in
wholesale electricity markets operating at large scale. Importantly, the improvement is achieved without
extreme markup escalation, reflecting bounded strategic adaptation consistent with residual demand
theory (Biggar and Hesamzadeh, 2014: 281-306).

The stabilization achieved through Double Q-learning is particularly relevant given known
overestimation bias issues in classical value-based reinforcement learning (van Hasselt, 2010: 2613-
2621). Earlier experiments with standard Q-learning produced higher short-run profit gains but
introduced instability. The final configuration prioritizes structural plausibility over aggressive
exploitation. The comparison between baseline and reinforcement learning performance is illustrated in
Fig. 2.

1le7 Profit Comparison (Zoomed Scale)

2.15751

2.1550 1

2.15251

2.1500

Profit Proxy

2.1475 1

2.1450 1

2.1425 1

2.1400

Baseline RL
Figure 2: Out-of-sample cumulative profit comparison between baseline and Double Q-learning
configurations

Clearing Price Distribution and Structural Stability. A critical concern in applying
reinforcement learning to auction-based electricity markets is the potential distortion of price
distributions. Auction microstructure studies demonstrate that market design strongly influences
volatility and efficiency (Nicolaisen et al., 2001: 504-523; Bower and Bunn, 2000: 1-29). Therefore,
reinforcement learning performance must be evaluated not only in terms of profit but also in terms of
structural stability.
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The empirical distribution of clearing prices under both configurations was compared using the
reconstructed pay-as-cleared outcomes.

Under Double Q-learning, the distribution remains concentrated within historically observed
intervals. No heavy-tailed amplification or abnormal price spikes are introduced. The modal structure
associated with peak and off-peak regimes is preserved. Fig. 3 illustrates that reinforcement learning
does not distort the overall price distribution.

Distribution of Day-Ahead Clearing Prices
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Figure 3: Distribution of day-ahead clearing prices under baseline and RL configurations

Intraday Price Structure. Electricity markets exhibit characteristic intraday price patterns driven
by demand cycles and supply stack composition (Kabdygali et al., 2023: 16-29). Agent-based market
studies emphasize that preserving such temporal structure is essential for institutional realism (Li and
Tesfatsion, 2009: 1-8; Sun and Tesfatsion, 2007: 291-327).

The hourly average clearing price profile remains consistent under reinforcement learning. Prices
increase during peak demand hours and decline during off-peak periods in both baseline and RL
configurations. The RL scenario exhibits slightly elevated prices during peak periods, reflecting targeted
markup adjustments.

The preservation of temporal price structure indicates that adaptive bidding operates within
merit-order constraints rather than disrupting the institutional clearing logic. This pattern is illustrated
in Figure 4.
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Figure 4: Average clearing price by hour of day

Strategic Markup Dynamics. The observed profit improvement is driven by context-dependent
markup adaptation. Reinforcement learning increases markups primarily during hours of elevated
demand, when residual demand elasticity permits price influence. During low-demand hours, markups
remain minimal, reflecting competitive pressure.
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This behavior is consistent with strategic bidding patterns predicted in equilibrium analyses
(Contreras et al., 2004: 195-206) and observed in adaptive agent-based simulations (Pinto et al., 2013:
335-346). The bounded nature of markup adjustments demonstrates that Double Q-learning
successfully mitigates overestimation bias and prevents unstable escalation.

Discussion

Interpretation of Results. The empirical results demonstrate that reinforcement learning can
enhance strategic bidding performance within a reconstructed real-world day-ahead electricity market.
However, the magnitude and stability of this improvement are strongly constrained by both the
competitive structure of the market and the design of the learning algorithm.

The observed improvement in profitability, although moderate, reflects the realistic conditions of
the reconstructed environment. Unlike stylized simulations where agents operate in simplified or
synthetic settings, the strategic agent in this study interacts with a real bid stack derived from historical
data. As a result, the opportunity for profit maximization is limited by the presence of competing bids and
the merit-order dispatch mechanism. This indicates that reinforcement learning does not artificially
inflate profits, but instead identifies economically feasible opportunities for strategic adjustment.

A key observation is the temporal distribution of markup behavior. The reinforcement learning
agent increases markups primarily during peak-demand hours, while maintaining near-zero markups
during off-peak periods. This behavior suggests that the agent implicitly learns the concept of residual
demand elasticity, exploiting situations where demand approaches available supply. Such behavior is
consistent with theoretical expectations from electricity market economics, where market power is most
pronounced under capacity constraints (Biggar and Hesamzadeh, 2014: 281-306).

At the same time, the limited increase in average clearing prices indicates that the agent’s influence
on overall market outcomes remains constrained. This is an important result, as it demonstrates that
reinforcement learning-based strategies do not lead to structural distortion of price formation when
applied within a realistic institutional framework. The preservation of price distribution and intraday
patterns further supports this conclusion.

As electricity trading becomes increasingly automated, stability and interpretability are essential
criteria for evaluating learning-based strategies. The findings indicate that empirically grounded market
reconstruction and appropriate algorithmic constraints can support adaptive participation without
introducing excessive volatility (Azibek et al., 2024: 1749-1762).

Conclusion

This study evaluated reinforcement learning for strategic bidding in a day-ahead electricity market
reconstructed from KOREM bid-level data. One adaptive generator interacted with passive historical
participants within pay-as-cleared auctions. Reconstructing clearing outcomes from historical bid stacks
preserved competitive depth and institutional structure, providing an empirical basis for evaluating
strategic behavior.

The empirical grounding of the model plays a central role in these findings. By reconstructing
clearing outcomes directly from bid-level data rather than relying on synthetic supply curves or
predefined price series, the framework evaluates adaptive behavior under actual competitive conditions.
This ensures that the observed results reflect realistic market dynamics rather than artifacts of simplified
modeling assumptions.

Adaptive bidding improved profitability without fundamentally altering price formation in the
reconstructed market. The agent increased markups during periods of high demand, while the
competitive supply stack constrained excessive price manipulation. Bounded reinforcement learning
may support strategic decisions within the existing auction rules.

Double Q-learning increased out-of-sample profit by approximately 0.37% relative to cost-based
bidding. Although classical Q-learning produced larger preliminary short-term gains, its unstable
markups and clearing prices highlighted the consequences of value overestimation. Separating action
selection and evaluation improved convergence and supported bounded, economically plausible bidding.
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TaceiMasijgay MoJesi 93ipseHzgi. bipeiHralh koubuibiMga TeMip(ll), Temip(Ill) wonzapbel MeH
MJIAHKTOH/IbIK, GaKTepUSAJap/blH aJiBEKTUBTI-JUCIEPCUAIBIK, TaChIMa/IJaHybl, MJAHKTOH/IbIK >KoHE
O6eTKe abbICKaH O0AKTEPHUSAJIBIK, MONYJSAUANAP/bIH, 6CYi, XKacyllajapAblH MUPUT OeTiHe KaObICyhI,
OJlaH aXXblpaybl >XoHe 6Jlyi, COHJal-aK MHHepaiIblH TOTbIFa epyi OipikTipinreH. Mogesab/iH
peakiUsAIbIK 6eJiiri 6akTepusaaap/iblH, 6CyiH KoHe NMUPUTTIH epyi Ke3iHAeri TeMmipjiH TypJ/eHYiH
CUMATTAUTBIH 9/1e6UETTe KeNTipiireH KUHEeTUKAJbIK TayeJJIiJlikTep HeridiHfe KypbliFaH. Mogenb
peaKuUsIIbIK, Myllesiepi 6ap Y aJiBeKUUsA-AUCIepCrs TeHJeyiH KoHe MUPUT NMeH OeTKe KabbICKaH
O0aKTepusjiapFa apHa/IFaH eKi »XepriJlikTi KMHeTUKaJIbIK TeHJAeyAi KaMTuabl. Herisri »xopamasnzap,
facTankbl »KoHe IleKapa/blK LApPTTap TYXKbIpbIMAadfaH. Mogenbaiy TaceiMangay 6eJiirin
YKapHUsiJIaHFaH 3KCIIEPUMEHTTIK JepeKTep OOWBbIHIIA TEKCEPY eCEeNTiK XoHe 3KCIMEePUMEHTTIK IIBIFY
KUCBIKTApbIHbIH, Cala/blK TYpFblJaH CoHKec KeJeTiHIH KepceTei. MojenbaiH MyMKiHAiKTepi
OGakTepusiIapAblH, NUPUTTIH koHe TeMip(ll) HOHJAPBIHBIH KOJOHHA GOWBIHAAFBI KEHIiCTIKTiK-
YaKbITTBIK TapajyblH eceNTey apKblibl KepceTijireH. YCbIHbUIFAH MoOJeJlb OUOMacCaHbIH,
TacbIMaJslaHybl MeH MUHepaJJblH epyiH e3apa yiJeciMAi cunaTTayfa Heris 6oJiajbl. MogesnbjiH
peakUUANbIK 06JIiriH ToyeJsci3 SKCIEePUMEHTTIK TEeKCepPY KoHe OHBIH, KOJIJAHbLIy asCblH HaKTbhlIay
aJiaFbl 3epTTeyJepAiH MiHAeTTepi 60/1bIN TaOblIa/bl.

TyiiH ce3aep: 6aKTepUsAIbIK-XUMUSJIBIK LIalMaJjiay; IMPUT; peaKTUBTI TacbIMasiiay; KeyeKTi opTa;
MoHO KMHeTHKacChl; 6aKkTepUsaapAblH )abbicybl; TeMip(Il) HOHAAPBIHBIH TOTHIFYHI.
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REACTIVE TRANSPORT MODEL OF BACTERIAL-CHEMICAL LEACHING OF PYRITE IN A POROUS
MEDIUM ACCOUNTING FOR BACTERIAL GROWTH AND ATTACHMENT
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Abstract. A one-dimensional reactive transport model has been developed for bacterial-chemical
leaching of pyrite in a porous medium. The coupled formulation integrates the advection and dispersion
of ferrous and ferric ions and planktonic bacteria, the growth of planktonic and attached bacterial
populations, cell attachment to the pyrite surface, detachment and decay, and oxidative dissolution of
the mineral. The reaction component is based on kinetic relationships reported in the literature that
describe bacterial growth and iron transformations during pyrite dissolution. The model comprises
three advection-dispersion equations with reaction terms and two local kinetic equations for pyrite and
attached bacteria. The main assumptions, initial conditions, and boundary conditions are formulated.
Assessment of the transport component against published experimental data shows qualitative
agreement between simulated and experimental breakthrough curves. The capabilities of the model are
illustrated by calculations of the spatial and temporal distributions of bacteria, pyrite, and ferrous iron
along the column. The proposed model provides a basis for a consistent description of biomass transport
and mineral dissolution. Independent experimental validation of the reaction component and
refinement of the model’s domain of applicability remain objectives for further research.
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BBeaenue
MeTon 6aKTepUaJbHO-XMMUYECKOTO BblIllleJJaYUBaHUsA CYyJbOUIHBIX MUHEPAJIOB B MOCJIEHUE
JleCATUIETHS CTaJl BAXKHOU aJIbTEPHATUBOM TPaJAULMOHHBIM IUPOMeTa/IypTUYeCKUM poLeccaM Kak
3Hepro3PpPeKTUBHBIA U OTHOCUTEJBHO 3KOJIOTHYECKH YUCThIA MeTo/l. JlaHHbBIN cl0co6 MpHUoGpeTaeT
0co60€e 3HaUYeHUE PU U3BJIeYEHU U METAJLJIOB U3 DY/ HENOCPE/ICTBEHHO B MECTAX 3aJIeTaHUs PY/I, B TOM
YyHc/ie Ha IJIyOMHE, U3 3a6a/IaHCOBBIX PY/I, A TaKXKe U3 6AJaHCOBBIX MECTOPOXK/EHUHN B OT/aJIEeHHBIX
pailoHax. TakKe mNpeuMyllecTBa MeTOJa 3aK/JIOYAlOTCd B HU3KUX OJHePreTHYeCcKHUX 3aTpaTax,
OTCYTCTBUU KPYIHbBIX BIGPOCOB U BO3MOXHOCTH NepepaboTKH HU3KOCOPTHBIX U TPYTHOOO0TaTUMbIX
6enubix pya (Kapasaiiko u ap. 1989; Petersen and Dixon 2007; Rawlings and Johnson (2007);
Schippers et al. 2013; Abhilash and Pandey 2013; Watling 2015; Kaksonen et al. 2018; Jones and Santini
2023). Yxe MHOT0 JIET METO/, UCII0JIb3YETCH JIJIS1 J0ObIYY MEJIM M ypaHa B LieJIoM psijie cTpaH. [lokasaHo,
YTO BbllLeJauUBaHUs CyJIbPUIHBIX COeJUHEHUN Meu B IPUCYTCTBUU GaKkTepuil Bo3pacTaeT B 7-18
pas, apceHonMpuTa U chasepuTa - B 7 pas, HUKesasd U Kobasnbta - B 1.5-2.5 pasa, a pacxo/; cepHo#
KHCJIOTHI IIPU 3TOM CHMXKaeTcs B 2.5-5 pa3 (Kapagaiiko u ap. 1989).
Jlesio B TOM, YTO MHOTHE MeTaJlJIbl U MUHepaJIbl (COeIMHEHUN Me/iy, YpaHa, HUKeJIs U KobaibTa
Y Jp.) U3 cyJbPUIHBIX PYJ, MOXKHO U3BJIEKAThb METOL0M MO/J3EMHOr0 CKBaKMHHOTO BbIllle/la4MBaHUs
(IICB) nau ky4yHoro BhllenauuBaHus (KB), mepeBojst MUHepasibl U3 TBEPJOTO B KUAKOE COCTOSIHUE
nyteM 3¢ QPeKTUBHOTO OKHcJeHUs ux noHamu xkese3zalll (Fe*3 ). TlepeBosg MuHepasioB B KUJKOE
COCTOsSIHUE TPOU3BOJUTCS N0 PeaKIUU:
MeS(rs) + 2Fe3* + 2H* >xuMuveckuit — Mepg2+ + HaS+ + 2F2+, (@)
HoHbl TpexBaseHTHOro kese3alll Takke ObICTPO OKHUC/ASIOT U PacTBOPSIOT  OKCHJbI
YeTbIPEXBAJIEHTHOTO ypaHa 0 peaKkLuu
UO2(xs) + 2Fe3+—>U0,2+ + 2Fe?+,
Torga Kak UOz(rs) 0OUeHb MeIJIEHHO pacTBOPSETCS CEPHON KUCJIOTOM.
[Tociie pacTBOpeHUs1 coeIMHEHUS MeTalJI0B 3 PEKTUBHO U3BJIEKAIOTCS U3 IJIACTOB METOIaMHU
[ICB unu U3 Kyuu MetoAaMu ¢uabTpauuu. OfHAKO AJ1s1 NOoAAepKaHUsA peakluuud (a) noHsbl xeJesalll
(Fe3+) moJ/nKHBI 6BITH IMOJIYYEHBI 110 CIeAYIoNed peaKiuen
2Fe2+ + 0.50; + 2H* - xumMuueckuit — 2Fe3++ H,0, (6)
KOTOpasi sIBJASIETCS MeAJIEHHOW, JIMMUTHUPYIOLMI Npolecc BbIleJa4YUBaHUs, peakliueldl mpu
KUCJIOTHOCTU cpelbl pH < 2. BMecTe ¢ TeM, UCNOJIb30BaHUE KEJE300KUCASAIIIUX OaKTepUl, TUIa
Acidithiobacillus ferrooxidans (At. ferrooxidans) n Leptospirillum ferrooxidans (L. ferrooxidans), kak
KaTaJIM3aTOPOB, 10 peaKI U
2Fe?* + 0.502 + 2H* — 6akTepuit — 2Fe3++ H,0,
yBeJIMUUBAET CKOPOCThb peakiuii (6) B 105 -10¢ pas, cyluiecTBEHHO yCKOPSS MPOLECC BhIlLeTa4uBaHUs
(Singer and Stumm 1970; Jones and Kelly 1983; Eligwe 1988; Kapasaiiko u ap. 1989; Evangelou and
Zhang 1995; Ehrlich u gp. 2004; Rawlings 2007). CBsi3aHO 3TO C TeM, YTO 0Opa30BaBLIMECSH B
pe3yJbTaTe OKUCIAEHUs cyJbOUAHBIX MHHepaioB (M OKCHAA ypaHa) HOHBI »xejes3all aBasawTCa
3JIEKTPOH-I0HOPAMH - HWCTOYHUKAMU 3HePTruu - JJs GakTepuu. Kese3ooKuc/sioLiMe GaKTepuH,
rnoJiy4asd 3JeKTPOH M3 HMOHOB Kese3all, perenepupyroT uonbl xkeJse3alll u npouecc oxkucieHud
MHUHepasioB HMoHaMHu »kese3zalll moBTopsieTcsa. B aToM mpollecce o4eHb BaXKHO HaJUuue NHPUTA
(nucynbdupa kenesza FeS2), kak ucTouHMKa UMOHOB kese3all. [laHHBIA mpollecc Ha3bIBaeTCsA
OUOXUMUYECKUM 8blUjeAa4U8aHueM MUHepas108, B KOTOPOM pacTBOpPeHHEe TBEPAOH cybUAHON Py/ibl
MPOUCXOAHUT NMyTEM XUMHUYECKUX PEAKLNH, KaTaIU3UPYEMbIX KeJe300KUCASIOLUIMMUA GAKTEPUSIMU.

Hau6osbp1mnit HHTepec U3 aBTOTPOPHBIX GaKTEepUH, HAXOAALIMXCS B pylax B KoJinyecTBax zo 109
KJIeTOK Ha 1 rpamMMm py/Abl, KOTOpble >XHUBYT 3a CYeT MOTpPebGJIeHHS] HEeOPTaHWYECKUX BeIeCTB,
NpeJACTaBJSAIOT THOHOBBIE Kesje300aktepuu Acidithiobacillus  ferrooxidans  (A.ferrooxidans),
Acidithiobacillus thiooxidans (A. thiooxidans), Leptospirillum _ferrooxidans (L. ferrooxidans) -
O/IHOKJIETOYHbIE MaJIOYKOBH/IHbIEe OPTaHU3MbI AuaMeTpoM okosio 0,25 MKM U gjmHo#M 1-1.5 MKM c
MJIOTHOCTBIO CJIerKa 60JIblIe MJIOTHOCTH BO/ibl. THOHOBBIE GaKTEPHUU MPUCIIOCOGUIINCH XKUTh B KUCJIBIX
cpenax (pH=1.5-3) u Temmneparype ot 5 mo 80° C, MakcuMa/sibHasg GakTepUasbHash aKTUBHOCThb
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HabusrofaeTca npu 25-35 °C. Bakrepuu A. ferrooxidans cnoco6Hbl OKUCIATh Kak HOHBI xkenes3a(1l) Fe?”,
TaK M 3JIeMeHTapHY0 cepy U cyabduabl (Hanpumep, nupur, FeS;), L. ferrooxidans oKUCIAIOT TOJIBKO
Fe?*, Ho He cepy u cepocogepxkamue coeaunenus (Tributsch 2001). A. thiooxidans OKUCIAOT TOJAbKO
3JIEMEHTapHYI0 cepy (S) ¥ NoAAePKUBAIOT BBICOKYIO KHUCJIOTHOCTD CPEJIbL.

MeTos 6akTepUaTbHO-XMMHUYECKOT0 (OMOXMMHUYECKOrO) BbIlIeJAaUMBaHUsS OCHOBAaH Ha
CMOCOOHOCTH  MHUKPOOPTraHU3MOB, IPEUMYIIECTBEHHO XeMOJUTOTPOPHBIX  KHUCIOTOPUIBHBIX
KeJ1e306aKTepUH, yCKOPEHHO OKUCAATh CyJbdUAHble MUHEepaJbl (HanpuMep, MUPUT) U NepeBOAUTD
HX U3 HEPACTBOPUMOH cy/ibGUAHOM POopMbI B pAaCTBOPUMYIO Cy/IbPaTHY0, 06pa3yst CoeIUHEHUS THUIIA
FeS0,4, Fez(S04)3 (Lundgren and Silver 1980; Jones and Kelly 1983; Kapagaiiko u ap. 1989; Petersen and
Dixon 2007; Abhilash and Pandey 2013; Johnson 2014; Watling 2015; Jones and Santini 2023).

C TOYKU 3peHUs] MHKEHEPHU XUMHUYECKHUX IPOIECCOB, NMOBEJEHUE CUCTEMBbI OaKTepHUaTIbHO-
XUMHUYECKOT0 Bblle/JaYMBAHUsI MUHEPAJIOB, B YAaCTHOCTH UPHUTA, U3 IOPUCTOM CpeJibl ONpe/iesieTcs
B3aUMO/JIeCTBUEM PsAa KAK4YeBbIX dakTopoB (Murr and Berry 1976; Sand et al. 1995; Rohwerder and
Sand 2007; Petersen 2010; Schippers 2013):

e Mopdosioruu U GU3NKO-XUMHUYECKHUX CBOMCTB MUHEPAJIOB;

® IUJIOTHOCTH U COCTaBa 6aKTepHUaIbHbBIX NOMYIALUMT;

e KOHIleHTpaluu aucyabdua xenesa(ll) (mupura), pH cpesibl U KUCJIOPOAA;

® IPOCTPAHCTBEHHO-BPEMEHHOM JMHAMUKU MPUKpeNJeHUs 6aKTepuil K NOBEPXHOCTH MUPUTA U UX
pocTa;

e nepeHoca 6aKTepui B IOPUCTOM cpeJie, UX B3aUMOJeHUCTBYE C TUPUTOM U [Ip.

OueHka  ONTUMaJbHbIX  ycjaoBUM  aasd  3bdeKTHUBHOW  opraHu3alMM  Ipolecca
O6MOBbILEJaYUBaHUSA NUPUTA - JaJleKo HeTpUBHa/bHAs 33jaya U ee HEBO3MOXXHO BbINOJHHUTb Ha
OCHOBe TOJIbKO IpeJblAyllero onblTa oneparopa. JTa 3ajaya TpebyeT HMCIOJIb30BaHUSA JleTaJbHOU
MaTeMaTHU4YeCcKOM MoJiesid, KOTOopass Yy4YUTbIBAaeT OINHWCAHHYI0  BbIlle CJ0XKHYI0 JAUHAMHUKYy U
B3aUMO/IeCTBUE TOPHBIX MOPOJA U 6aKTepHUil. B CBS3M C BBICOKOHW CJI0KHOCTBIO 3TUX B3aHMOCBS3eH
pa3paboTKa aJieKBaTHbIX MoJesJed U CUMYJSILMOHHBIX HWHCTPYMEHTOB [UJIsi ONHCAaHUSA U
IPOTHO3MPOBAHUSA  MNPOLECCOB  OaKTepuaJbHO-XMMHUYECKOTO  BbllLleJauMBaHUsl  MHUHEpaJoB
npuobpeTaeT BCE GoJiblliee 3HaUYeHUe. Takve MOo/iesIU 03BOJISIIOT aHAJIM3MPOBATh BIUSIHUE KI04YeBbIX
napaMeTpoB Ha MPOLECC BbILeJaYMBaHUs, ONTUMU3UPOBATD YCJAOBUS UX NMPOTEKAHUS U MOBBICUTH
30 PEeKTUBHOCTh U3BJIEYEHHUsI META/IJIOB B NMPOMBbILLIEHHbIX MacuiTabax (Kargi and Weissman 1987;
Konishi et al. 1990; Crundwell 2000; Petersen and Dixon 2007: Ahfir et al. 2016; Saldana 2023).

TakuM o6pasoM, Iiesib JAHHOI'O UCCAe[l0oBaHUS — pa3paboTaTb U 060CHOBATb OJHOMEPHYIO
peaKTHBHO-TPAHCIOPTHYI0 MOJeJb OaKTepUaJbHO-XMMHUUYECKOTO BbIIEeJAaYUBAaHUS MHpPUTA B
MOPUCTOU cpeJie, OOBEAUHAIIYI0O IEePEeHOC PAaCTBOPEHHBIX GOPM Kese3a WM OAKTEpUH, pPOCT
O6aKTepuaJbHbIX MOMYJSLUNA, NPUKpeINJIeHHWe U OTPbIB KJIETOK U OKHUCJUTEe/JbHOE pacTBOpeHHe
MUHepaJa.

KnHeTHKa 6MOXMMHY€CKOr0 Bbilie/IAYMBAHUA NMPUTA U ee MO/Je/Id

B mpornecce 6akTepHasbHO-XMMUYECKOTO BbIIlleJauyUBaHUs Cy/AbQUIHBIX MHUHEPAJIOB MUPUT
UrpaeT KJII0YEeBYI0 POJib KaK MepBUYHbIA HCTOYHUK HOHOB eie3a(ll) (Fe?*) - a/ieKTpOH-ZI0HOPOB A1
6akTepuil. [lesio B TOM, YTO NHUPUT, KOTOPBIA He PAaCTBOPSIETCS B CEPHOM KHUCJIOTE, MOJBEPraeTcs
Bo3zekcTBUI0 MOHOB Jkese3a(lll) (Fe3*) u okucasieTcs Ao noHoB >xese3a(ll) u pacrBopsiercs. Posib
MUKpPOOpPraHU3MOB B IHpolecce OHOXMMHUYECKOTO BbIllleJauMBaHUsl B OCHOBHOM SIBJISIETCSA
MpPOMeXKYTOUHON (HempsiMoi) U 3akJilo4aeTcs B OKUCAeHUH MOHOB xkeJse3a(ll) no nonos xkenesa(lll).
[lonyyaemble npu 3ToM HOHBI >Kese3a(lll) cHoOBa OKHMCASAIOT MOJIEKYJIbI MUPUTA, MEPEBOAS UX U3
TBepAou B xKuJKy0 popmy (Sand et al. 2001; Rawlings 2001, 2007; Petersen et al. 2007; Schippers et
al. 2013; Abhilash and Pandey 2013).

3a nocsie/jHUe HECKOJIBKO JIeCITKOB JIET MEXaHU3Mbl 6aKTEePHAIbHOI'0 OKUC/IEHUsI MUPUTA ObLIU
TIIATENbHO U3Y4YEHbI U Pe3yJIbTAThl 00CYKIaMCh 1 CYMMUPOBaJIMCh BO MHOKecTBe cTaTel: (Ehrlich
1964; Singer and Stumm 1970; Murr and Berry 1976; Lundgren and Silver 1980; Jones and Kelly 1983;
Eligwe 1988; Lizama and Suzuki 1989; Evangelou and Zhang 1995; Schippers et al. 1996; Boon et al.
1999; Crundwell et al. 2000; Ojumu 2006; Rawlings 2007; Petersen 2010; Choi et al. 2017 u ap.).
YcTaHOBJIEHO, YTO GMOXMMHYECKOE OKUC/JIWTEJNbHOE PAacTBOpPeHHe MUPHUTA peaju3yeTcs Yepes JBe
OCHOBHbIE CTa/IUH.
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Ha nepBoii cTaziuy MpoUCXOUT OKHCIeHHe HOHOB keJe3a(ll) 6aKkTepusiMu ¢ noJiyyeHUeM HOHOB

TpexBajeHTHOTO kesie3a(lll) mo peakuuun
2 Fe?* + 0.50,+ 2H*-A. ferrooxidans, L. ferrooxidans —2Fe3++H>O0, (1)

Ha BTOpo# cTauyd MPOUCXOAUT XUMHYECKOE OKHUCIUTEJbHOE pacTBOpPeHHE MUPUTA MOHAMH
xenesa(lll)

FeS,+ 14Fe3* + 8H,0 — 15Fe?* + 16H* + 25047, (2)
BO3Bpalas HoHbl kese3a(Il) B pacTBop, Tak Kak MoHBI xkese3a(lll) saBasgeTcs CUIBHBIM OKUCIUTEEM
B KHUCJIBIX PACTBOPAX U MOXKET HANPSIMYI0 OKUCJIATb NUPHUT U APyTHE CYJIbPU/bIL.

W3BecTHO, 4TO peaknus (1) sBjisgeTca JUMUTUPYIOLIEH cTafuell abUOTUYECKOTO OKHCJIEeHUs
NMpHUTa U CKOPOCTb peakuuH (1) npu pH <3 B npucyTCTBUU A. ferrooxidans yBe1U4UBaeTCs IPUMEPHO
B 105 - 106 pa3 no cpaBHEHMUIO Cc abUOTUYeCKUM okucaeHueM xkeJse3a(ll) (Singer and Stumm 1970; Jones
and Kelly 1983; Eligwe 1988; Kapasaiiko u ap. 1989; Evangelou and Zhang 1995; Ehrlich 2004 u gp.).

B pa6oTtax Stokes (1970), Lundgren and Silver (1980), Ehrlich (1981), Lizama and Suzuki (1989)
yTBEPK/JAeTcs, YTO NO0JIHOe OKHUCJIeHUe MUPUTA 10 cy/ibdaTa TpexBaJeHTHBIM »KeJle30M 110 peaKLUU
(2) TpebyeT XKeCcTKHUX YCJIOBHHM, a B MATKUX YCJOBUSIX OaKTepHaJbHOTO BblllleJlauUMBaHUs OoJiee
BEPOSITHOM Oy/ieT peaKLusi YaCTUUHOT0 OKHCJIeHUsI MUPUTA [0 3JleMEHTAPHOU cephl

FeSz+ 2Fe3* — 3Fe?+ + 250, (3)

B pesysabTaTe peakuuii (2) nau (3) o6pasyeTcs JONOJHUTENbHOE KOJIMYECTBO HOHOB >KeJle3a
Fe?*, KOTOpbIE HUCNOJIb3YIOTCS OAKTEPUSIMHU B KaueCTBe JOHOPOB 3JIEKTPOHOB (MCTOYHHUKA IHEPIHUH)
NpU UX OKUCIeHUHU J1o Fe3* nmo peakuuu (1). TakuM ob6pasom, cuctema peakuuit (1) - (2) uau (1) - (3)
SBJISIETCS  CaMOIloJJepKrBatolleiics 6Jiarofapss MNPUCYTCTBUIO JKeJe30- U CEPOOKUCJSIOINX
GakTepuil.

[IpucytcTtBue GakTepuit A. thiooxidans B UHOKYJISITE, OKUCJIsAS 3JieMeHTapHy cepy (S7) mo
peakuuu

S0+1.5 0,+H20 — A. thiooxidans — 2ZH*+S504%,

N0 JepKUBAIOT BBICOKYIO KUCJOTHOCTb CpeJibl, UTO NpeoTBpallaeT BbllaZileHHe cy/ib(aToB XKeJie3a B
ocajiok u crabunusupyet Fe?* B pactsope (Schippers and Sand 1999; Rawlings and Johnson 2007;
Johnson and Hallberg 2003). KpoMe Toro, ¢ noBblllleHHEM KOHIEHTPAIIUU CEPHON KHUCJOTHI, T.e. C
yBeJIMYeHHeM MOHHOM CUJIbI pacTBOPA, 3apsi/, MOBEPXHOCTH GAKTEPUN CTAHOBUTCS MOJIOKUTEJIBHbBIM,
YTO MO3BOJISIET MPEoJ0JeTh 3HEPreTUYecKUd Oapbep U NpPeJoTBpallaTh OTPbIB OaKTEpUH OT
OTpPUILIATEJbHO 3apsi’KeHHOU nmoBepxHOocTH nupuTa (Bradford et al. 2013; Choi et al. 2017; Jain and
Arnepalli 2020; Saldana 2023).

B ciy4yae 6101006144 ypaHa cUTyalus1 HeckoJibko MHas (Abhilash, Pandey, 2013; A. Patra et al,
2011). 3toT MeTas1 He obpasyeT cyiabduHyo dasy, a BCTpeuaeTcss B BUJie MUHepaJa ypaHUHUTA
(UO2), koTOpBIA 4YacTO acCOLMUPYETC C MECTOPOXKJAEHUSIMU NUpUTA. TpexBajieHTHOE 3>KeJsie3o,
obpasymwlleecss B pe3ysbTaTe GHOJOTMYECKU KaTaJU3UPYEMOI0 OKHUCJIUTENbHOTO pPacTBOpPEHUs
cy1pUI0B kKese3a, okucaseT HepacTBopuMbli UO; (MHOT/Aa HasbiBaeMbli YeTblpexBaJeHTHbIN YpaH
U(IV)) mo pactBopumoro UO,2+ (Ha3pIBaeMbli liecTUBaseHTHbIN ypaH U(VI)),

UO; + 2Fe3+ - UO,2+ + 2Fe?+,
(UOz + Fez(SO4)3 - UOzSO4 + ZFESO4),
KOTOPBIN 3aTeM MOXKET ObITh U3BJIeUeH NyTeM HOHHOOOMEHHOT O NpoLecca.

CnenyetT oTMeTUThb, 4yTO peakyuu (1), (2) u (3) He ABAAIOTCA 3JIeMEHTAPHBIMH, I03TOMY HX
CKOPOCTHU He 06s13aHbl NOAUYUHATHCS 3aKOHY AelcTBy01UX Macc (Evangelou, 1995).

Baktepuu A.ferrooxidans, L. ferrooxidans  MOryT pa3MHOXaTbCl M, COOTBETCTBEHHO,
BBIILlEJIAYMBATh MHUHEpPaJ, KaK NPU HENOCPeJCTBEHHOM KOHTAKTe€ C IOBEPXHOCTbI) NMHUPUTA H
NPUKPENJIEHUH K HEW, TAK U BO B3BeIleHHOM IJITAaHKTOHHOM cocTostHUM (Konishi u gp. 1990; Tributsch
2001; Rawlings 2002; Gleisner et al. 2006).

BOMBIIMHCTBO ~ KUHETUYECKUX  BBIPDaKEHUW  JJid  CKOPOCTH  pocTa  6GUOMacchl,
CONMPOBOXK/AAIOIILEr0Cs OKUCIeHneM HOHOB eJe3a(ll) 6akTepusmu c 06pa3oBanueM HOHOB xkeJie3a(lll)
1o ypaBHeHHU10 (1), ocHOBaHbI HA MO/JeJIM POCTa MUKpoopranuaMoB Tuia MoHo (Liu et al. 1988; Nemati
et al. (1998); Karamanev 1991; Rittmann and VanBriesen 1996; Boon et al. 1998; Ojumu et al. (2006);
Petersen and Dixon 2007 u ap.):

dX  Pmax [Fez+]

dt K, + [Fe?t]

_ HMmax [Fez+]

X == X, - )
K K=K, + [Fe? ]

(4)
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rje X - cyMMapHasi MaccoBasi KOHIleHTpaLus (UM KOJIUYeCTBO) IJIAHKTOHHBIX U IPUKPENJIEHHBIX K
NOBEPXHOCTH nupuTa Gakrepuii, M,L3, [Fe?t] - MaccoBas koHueHTpauus uoHOB >xene3a(ll) -
3JIEKTPOH-A0HODA, ML3, U — yesibHasi CKOPOCTb pocTa 6akTepui, T-, tyy q, — MAKCUMaJIbHasA Y e1bHas
CKOPOCTh pocTa 6akTepuii, T-1, K;— KOHCTaHTa, paBHasi KOHLIEHTpalnuu HOHOB *eJse3a(ll), npu koTopoi
CKOPOCTh pOCTa GaKTepuil paBHA MOJIOBUHE MAaKCUMaIbHON CKOPOCTU POCTA Upqy, MsL3. Bo3MoXxKHbBIE
3HaYEeHHUs KOHCTAHT Umax U Ks TpUBeaeHbl B Tabuuie 1.

[To manueiM Chang u Myerson (1982) u Karamanev (1991), ckopocTb pocTa 6MoMacchl UMeeT

O/IMHAKOBYIO 3aBUCHMOCTb OT KOHIIeHTpaluu Fe?* 11 IIaHKTOHHBIX U IPUKPEIJIEHHBIX 6aKTepui
dx dX, dX,

X=Xt Xy, ac - dr | ar
dta ~Rq = kquXyg, (5)
pr
W“‘Rp = kp,LLX , (6)

rae X, — MaccoBasi KOHIIEHTpalMs NMPUKPeIVIEHHbIX (aJICOPOUPOBAHHBIX) K MOBEPXHOCTH MHUPUTA
6akTepui, X, - MaccoBasi KOHIIEHTpALMs B3BeLIEeHHBIX B XKUJKOCTH GAKTEepUI B IIAHKTOHHOU dpopMme,
Xo+ X, =X, kquky-Ko3pdUIHEHTBI CKOPOCTH POCTA IPUKPEINVIEHHBIX ¥ B3BEIIEHHbIX B )KUKOCTH
b6akTepuil. BMecTe ¢ TeM pocT 6uOMacChl NMPUKPEINJIEHHbIX 6aKTepul, B OTJUYHE OT CBOOOJHO
B3BellleHHbIX, ONpeiesiseTCs TaKKe KOHIeHTpaljMel MMprUTa Ha IOBEPXHOCTH IOp U MopdoJsiorveit ero
4yacTulL,.

Ha ocHOBaHHMM 3KCHepUMEHTaJbHbIX HaOJIOJAEHUN MHOTMe aBTOpbl NpejoJararoT»
NPUHUMAETCS, YTO CKOPOCTh POCTa OAKTEePHUH, MPUKPEIJIEHHBIX K MOBEPXHOCTH MUPUTA OaKTepUl
MPONOPIMOHANbHA JOCTYIHOMN MJIOMIAAU TOBEPXHOCTH MUPUTA, He 3aHATON 6akTepusMu (Gannon et
al. 1991; Kargi 1984; Konishi et al. 1990; Tan et al. 1994; Gharabaghi et al. 2015; Bai et al. 2016; Sang et
al. 2023; Saldana 2023)

dX,/dt~Ro=k, uXq(Xs — Xo)/Xs, 7

rae ks - KOHCTaHTa aAcopbuuy, Xg - MakKCcUMaJsbHasi CIIOCOOHOCTb OGAKTEpPUMl MPUKpPEIJIEHHUI0 K
NOBEPXHOCTHU. Y/jeJibHasi CKOPOCTb POCTa aZ,cCOPOUPOBAHHbBIX 6aKTepPUH U, OblIa OLleHeHa M COCTaBUJIA
2,5 cyT™! a1 Bcex sKcIiepuMeHTaNbHbIX uccaepoBanui (Konishi et al. 1990).

AHanoru4Ho, CKOPOCTh POCTa 6aKTEPUM B KUAKOHU dase MPOonopLUOHaAIbHA YUCIY B3BEIIEHHBIX
B KM/IKOCTH KJIETOK Ha 06'b€MHYI0 J10JI10 KUJKOCTH B IOPUCTOMN Cpejie — MOPUCTOCTH @

dXy,/dt~Rp=1pX, ¢ .

Ecnu npu okuc/IeHUY TUPUTA OCaZIKU KeJsle3a He 06pa3yloTcs, Torja no peakuuu (1) ckopoctb

OKHcJieHUs] MOHOB xeJsie3a(ll) paBHa yncTol ckopocTy o6pa3oBaHusl HOHOB xeJie3a(111)

d[Fe?*] d[Fe3*]

T T dac | dt (®)

WUmess B BUAY, YTO 4acTb NOTpebJisieMOM OaKTepuUsIMU 3HepPTud (B BUJE 3JEKTPOHOB B
pe3yJibTaTe OKHCJIeHHs HOHOB Kese3a(ll)) uaét Ha pocT KJIETOK, a YacTh SHEPTUH PACXOAYETCS Ha
nojiiep>kaHue UX KU3HeIeAITeJbHOCTHU (JAbIXaHUe, TPaHCIOPT UOHOB, penapanusa JJHK u 1.1.), [lupTom
(Pirt 1982) npenasiokeHO CTeXHOMETPUYECKOE COOTHOLIEHHNE MeXAY MoTpebieHrneM HOHOB xkeJse3a(1])
Y pOCTOM GaKTepui

d[Fe?*] 1 dX

dt  Yyssdt
rae Yy s— kK03dPuuneHT Boixoa 6MOMACChl Ha MacCy NOTPE6GIEHHOTO [Fe?*] - crexuomeTpuyeckoe
COOTHOLIEHHWEe MeXJy Maccod MCNOJIb30BAaHHBIX HOHOB /JIBYXBaJIEHTHOTO JKeJje3a M Maccou
o6pasoBaBUIMMUCS 6akTepusMu (mol X / mol Fe?*), mg - koainuecTBO UOHOB xkeJie3a(ll), Heo6xoauMoe
B €/JUHUIlYy BpeMeHH AJia nojjepxanus 1 mossa 6akrepuid. CorsiacHo [upTty, 3HavyeHus Yy s U mg
SIBJISIIOTCS. KOHCTAHTaMU JJIs1 JJAaHHOTO GaKTepHaJbHOrO LITAaMMa, PacTyLlero Ha onpejeéHHOM
cy6cTpare. IKCIIepUMEHTA/IbHO OMpe/ie/IeHHbIe 3HaUYeHUsl KOHCTaHT Yy /¢ U Mg npuBejeHbl B Tabiuie
1.

+ msX, (9)
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B skcnepuMeHTanbHOM paboTe (Boon 1996; M. Boon and Heijnen 1998; Van Scherpenzeel et al.
1998) 6b110 OGHAPYKEHO, UTO CKOPOCTh XUMHUYECKOT'0 OKUCJIEHUS TUPUTA bakTepusmu L.ferrooxidans
yBeJIMYMBAETCA C yBeJIMUeHHMEM COOTHOLIEHUS KOHLLeHTPALUH TPexBaJeHTHOTO U JIByXBaJIEHTHOTO
)KeJjle3a U yJiesibHasg CKOPOCTh MUPUTA JOCTUraeT MaKCUMyMa Npy BbICOKUX (>15000) 3HaueHUAX
[Fe3*]/[Fe?*]. YTBepaaeTcs, 4TO SMIUPUYECKOE KHHETHYECKOE YPaBHEHHE

1 d[FeS,]

[FeS,] dt

= VFes, = —

VIR VR et o)
1 +B[Fe2+] [Fe3*] + B[Fe?*]
Tre™ ]

dZI€KBATHO OMMUCbIBA€T KHHETHUKY XUMHWY€CKOI'0 OKHCJIEHUA IMPUTA TPEXBAJIEHTHBIM KeJIE30M IIPpH

B=2200, vis: = 6.7x1073 h™1.

ABTOopaMu pabOThI

Chang and Myerson (1982) 6bLI0 06GHApPYXEHO,

4YTO CKOPOCTb

6aKTepuaJbHOTO BbIleJaYMBaHNUA YBEJUUYUBAETCA C YBeJMYeHHeM IJIOAM OBEPXHOCTH NUPHUTA,
KOHILleHTpauuu Fe?* Ha BXoJie U YMeHbLIAeTCs C yBeJIM4eHHeM CKOPOCTH pa3baBJeHUsl.
[lo-BUAMMOMY, MHTMOMPOBAHHE HOHOM >KeJie3a He SBJSETCS CTOJb 3HAYMMBbIM (GaKTOpoM, Kak
IpeAIoJarajoch paHee, U YTO KOHTPOJIb CKOPOCTH MPOLLECca €O CTOPOHBI JOCTYIIHOCTH MOHA XKeJle3a
nMeeT GoJsbliee 3HaYeHue (Ojumu et al. 2006).
C noBbIlIeHHEM KOHIIEHTPALUM CEPHOM KUCIO0ThI U yBeJIMYeHUEM HOHHOM CUJIbI pacTBOpa 3apsif,
MOBEPXHOCTHU CTAHOBUTCS MOJIOKUTEJNbHOM, YTO MPeA0TBpallaeT OTPbIB 6aKTEpPU OT OTPULLATEJBHO
3aps>)KeHHOW OBEPXHOCTHU MUPUTA.
KoHueHTpanus TpexsajieHTHOro »esie3a Fe* Hibke 8 r//1 paKTHYECKH He BAUAET Ha CKOPOCTh
OKHCJIEHUA IByXBaJIEeHTHOTO >keJie3a Fe?* IpuKpenieHHbIMU U CBO6G0/{HO B3BeIleHHbIMU KieTKaMu T.
ferrooxidans (Nikolov and Karamanev 1984; Karamanev and Nikolov 1988);

3Havenus Yy s Auis 6akrepuit Leptospirillum ferrooxidans (B HENPEPbIBHOM PEAKTOPE) JIexKaT

npegenax (0.0059 - 0.0074) mmoab C (yraepoa)/mmonb Fe?*, ko3adduUMeHT noagepaHus
MU3HeeATeNbHOCTH 6aKTepuii mg — B npegenax 0.7970 mmoub Fe?*/(MMoub C - 4).

raeYy s =- koadduuueHT BEIX0Aa Guomaccel Ha Maccy [Fe?*] (Van Scherpenzeel et al. 1998; A.

Rashidi et al., 2012; 2014)

dX v d[Fe?*] 1
e~ XS ar an
Yy/s = 2.25x 10 cells/(g — Fe?*) . (12)

Huxe B Tabsune 1 nprBe/ieHbl TUIIMYHBIE TApAMeTPbl KUHETUKHA OMOXUMHUYECKOT O

Bbll€JIaYBaHHA TUPHTA.

Tab6smua 1 - TunuyHble napaMeTpbl KHHETHKH OMOXMMUYECKOT0 BhbllleJIauMBaHUs MUPUTA

[TapameTp 0603H TunuyHbie 3HaYEeHUA HcToyHuK
ayeHU
e
Makc. yhaenbHass CKOPOCTb |  max 0.38h7! Gaudy et al. (1980)
pocTa 6aKTepHUil - KOHCTAaHTa
MoHo 0.09-0.12 h™* Chang & Myerson (1982),
0.11-0.12 h™* Liu et al. (1988),

0.104 h™! Konishi (1990)

0.35h°* Chang et al. (1991)
KoHcTaHTa mOJIyHACHIIIEHUS Ks 1.1g/L Gaudy et al. (1980)
o MoHo

2g/L Corapcioglu & Haridas (1985)
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0.09-0.22 g/L Liu et al. (1988)
0.1-0.5 mM Karamanev (1991)
8g/L Chang et al. (1991)
2.5g /L Rashidi et al (2012)
03pULIHEHT BBIX0/1a /S .083-0. - irt anaerobic
K Yy, 0.083-0.3gX /g-S Pirt (1965 bi
6roMacchl Ha Maccy
norpe6asemoro [Fe?*] Yinax 0.38gX /g-Fe Jones & Kelly (1983)
A. ferrooxidans (continuous)
Yx/s 0.3-0.7 g X / g-Fe** Corapcioglu & Haridas (1984)
Yi/s Chang et al. (1991)
0.5 g X/ g-Fe**
Zysset (1994)
Y, y
X/s 24 g/mol
Y. Van Scherpenzeel (1998)
X/s 0.01-0.011 mmol C / L. ferrooxidans (continuous)
mmol Fe?*

Y Molchanov et al. (2007)
X/s 2 x1010 cells/(g-Fe?*)

Koadpodunuent BbIX0/a Rashidi et al. (2012)
GuoMacchr: Yx/s 2.25x 109 cells/(g-Fe?*)
8 Jcudkocmu Ha  Maccy Konishi (1990)
notpebJssiemoro [Fe?+]; Y, 3.49 x 1010 cells/(g-Fe?*)
Ha nosepxHocmu nupuma Ha Konishi (1990)
Maccy norpebJsiemoro [FeS;] Ya 3.3 x 1011 cells/(g-FeS>)
KonvuectBo asHepruun s mg 0.3-0.47gS /(gDWh) Pirt (1965) (anaerobic)
noAJeprKaHusi
YKU3He eI TeJIbHOCTH 0.04 g Fe/(g cyx.Bec +h) Jones & Kelly (1983) A.
6akTepuit Mpy2+ ferrooxidans (continuous)
0.8 mmol Fe?* / (mmol Boon (1996)
Mp2+ C-h) A. ferrooxidans (batch)
0.013-0.44 mmol Fe?* Van Scherpenzeel (1998)
/(mmol C-h) L. ferrooxidans (continuous)
B.

YnenbHas CKOPOCTb | Vpsss 4.8-7.7x103h™! M. Boon, ].J. Heijnen, 1998
OKHCJIEHUS TUPUTA, B 2200
[FeS:] g/1=2-50
[ToBepxHOCTHAasI Co 103 kg/L Corapcioglu & Haridas (1985)
KOHI|eHTpauusi 6akTepuu
[ToBepxHOCTHast Cro 103 kg/L Corapcioglu & Haridas (1985)
KOHLIeHTpaLus cy6cTparta
(Fe?*)

XKenezookucaswue 6aKTEPUY MMEIOT IJIOTHOCTb GJIM3KYI K IJIOTHOCTH BOJbI, MO3TOMY
06J1aJal0T HeUTpaJbHON IJIaBy4yeCTbIO U, KaK NPaBUJIO, He 0ceJaloT. [paBUTALMOHHOE OCaXKJeHHue
WrpaeT 3HAYUTEJNbHYIO POJIb TOJIBKO B 3aXBaTe OTHOCHUTEJbHO KPYMHBIX YacTHUL, (>5MKp).
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OZHMM M3 KJ/IOYeBbIX ITAllOB OUOBBIIENAYUBAHUS SIBJsETCS NPUKpelsieHue GakTepud K
NOBEPXHOCTU MHHepaJoB ¢ o6pa3oBaHueM OHOIVIEHOK. Kak mokas3aiu MHOro4yuc/eHHble
vccaeoBanus, kiaetku Acidithiobacillus ferrooxidans v poJCTBEHHBIX BUJOB TMPEUMYIIECTBEHHO
NPUKPEIVIAIOTCS K OTPULATENbHO 3apsKeHHBIM y4acTKaM Cy/abQUAHBIX MHUHepasoB (Hampumep,
TpelMHaM, AUCAOKALMAM, IpaHULAM 3€peH), WCHoJb3ys BHEKJeTO4YHble mnosucaxapupl (EPS),
coJiepKalde KOMILJIEKCUPOBaHHble HMOHbI Fe®’, KOTopble 06ecre4uBalOT 3JIEKTPOCTATHYECKOEe
B3auMo/jieiicTBue c MuHepasioM [Gehrke et al. (1998); Rohwerder et al. (2003); Vera et al. (2013)].

[IpukpenseHue 6aKTepui K NOBEPXHOCTU MUPUTA UMeeT BakHOe 3HaYeHHe. COTIacHO JJaHHBIM
[Gehrke et al. (1998); Vera etal. (2013)], o 80-90% kn1eTok afcopoUpyeTcs B Te4eHHe epBbIX CYTOK,
IIpY 3TOM OKPBbITHE OBEPXHOCTHU MOXKeT AocTUratb 20-45%. [Ipowecc mpukpeneHus onuCbiBaeTCs
KHHETMKOI BTOPOTo IOpsAAKa C KOHCTAaHTOH k,, a Jecop6uus — KOHCTaHTOM kg (~1073-1072 ¢ ™)
[Eligwe (1988); Boon & Heijnen (1998)]. Y iepxkaHue KJIeTOK yCcUJIUBaeTcsl B JepeKTax NOBEPXHOCTU
NMpUTa U 30HaX AMcIoKanui. KoHuenTpauusa uHokyasarta A. Ferrooxidans B 107-10% kneTox/mn
SIBJISIETCS ONITUMAaJ/IbHBIM NP NMPUKpeNJIeHu! K noBepxHoctu [Dziurla et al. (1998)]. [IpukpenyieHue
3aBUCHUT OT 3apsi/ia U SHEPTUHM MOBEPXHOCTH: MHUPUT HMeEET HU3KYI0 MOBEPXHOCTHYI 3HEPTHI0 MO
CpaBHEHHUIO C OpraHWYecKkoil MaTpuei yris [Bagdigian & Myerson (1986)].

CkopocTb pocTa aJcOpOMPOBAHHBIX K MOBEPXHOCTHU MOpP GaKTepUH MOXKHO MpeJoJI0XKUTb
NpONOPLMOHAJbHON IpPOU3BEJEHUI0 YMCJIa aJCOpPOMPOBAHHBIX KJETOK Ha JO0JII0 TBepAoH
MOBEPXHOCTH, He 3aHATON kieTkaMu (Konishi et al,1990). B pa6ote [Myerson and Kline (1984)]
oTtMevaetrcs, uto T. ferrooxidans Heo6paTHUMO aZicOPOUpPyeTCA Ha YaCTUIAX YIJs, U CKOPOCTh
aZicopOL K MOXKHO CMO/Ie/IMPOBATh C IOMOLIbI0 HEOOPAaTHMOM peakliMeld BTOPOTro NMopsiiKa BUja:
dX,/dt = —kX,S, tne S= A,/V, A:- obuas miomab TBEPJOU NOBEPXHOCTH B peaKTope (M), k -
KOHCTaHTa.

[To usmepenusm B pa6ote [Eligwe (1988); Boon & Heijnen (1998)] koaddunueHT gecopbiuu
6akTepuii kgumeeT nopagok 1073-1072 ¢, ysesMunBaeTCsl NP yCUJIEHUH KacaTeJbHOTO HaNpsXKeHHsl
NOTOKA U NP BbICOKUX [Fe®*]/[Fe?*).

AHasu3 Apyrux HCTOYHMUKOB TaKKe IOKa3bIBaeT, UTO

- CKOpPOCTb MPUKPEINJIeHHUS] B3BELUIEHHbIX OAKTEPUN MOAYHUHSAETCS KUHETUKE IEPBOro MOpsiiKa
M0 KOHIIEHTPALMH 3THX YaCTHL, T.€.

kcpXp,
rae ke ecTb K03QdUIIMEHT NPUKpPENIEHNs B3BEIIEHHbIX OaKTepUH, ¢ — MOpUCTOCTh cpeabl [Herzig et
al. (1970); Corapcioglu and Haridas (1984); S. Taylor and P. Jaffe (1990)];
— CKOpOCTb OTpbIBa (y/AasieHusI) MPUKPEIJIEHHBIX OAaKTEPUH OT MOBEPXHOCTH CABUTOBBIMH CHJIAMHU
YKUJIKOCTH ONpesiesisieTcs Kak
ka($x,)"Xa,
rje ki — KOHCTaHTa Jecop6Luu (0TpbIBa), 3aBUCAILAA OT X, U MOAYJIA CKOPOCTH GpUILTPALMOHHOTO
noToka u = |i|, yBeJUYHUBAETCs NPHU YCUJIEHUH KacaTeJbHOr0 HANPSDKEHUsI IOTOKA U IPU BBICOKUX
[Fe?*]/[Fe®*]; h - aMnupuyeckast KOHCTAHTa; ¢x,~ 06beMHast o151 6uonuienku [Corapcioglu u Haridas
(1984); Eligwe (1988); Boon & Heijnen (1998)];
— CKOpOCTb NpHUKpelnJieHUs: 6akTepuil K TBepJl0oM MOBEPXHOCTH, KOTOPas 3aBUCHUT OT KOJIMYeCTBa
B3BellleHHbIX 6aKTepUd B KUJKOCTH W IJIOLAJM NOBEPXHOCTH, JOCTYMHON JJs1 NPUKpPeNJeHHUs,
BoIpakaeTcs Kak [Kargi (1984); Corapcioglu & Haridas (1985); Zysset (1994)]
an/dt~ kaXp(Xs - Xa)/Xs:
rae k, - CKOpoCTb MpUKperieHus,, X — KOHIIEHTpALMs HAaChILeHUs NMPUKPENJIsieMbIX OaKTEepUN
(MakcHMMaJIbHO BO3MOXKHO€E KOJIMYECTBO NMPUKPENJIsieMbIX 6aKkTepui). [0/l MOKPBITHUS TOBEPXHOCTH
NYpHrTa GMONIEHKON KOppeJUpyeT C NoTepeil NPOHMUL@aeMOCTH.

KoJinyecTBO NPUKPENIEHHBIX KJIE€TOK U CKOPOCTb UX aJir€3UH TaKKe 3aBUCAT:

e OT IJIOTHOCTH UHOKYJISITA,

e OT IPUPO/JBI TOBEPXHOCTH (3apsj, fedeKTol),

e oT coctaBa EPS 6aktepuii (4 cogepxanus Fe’* B Hux),

* OT yCJIOBUM cpesibl (pH, KOHIIEHTPALUY XKeJie3a, BpeMsi KOHTAKTa).

Hwxe B Tabsinie 2 npuBeieHbl 3KCIIEPUMEHTAbHbIE KOHCTAHThI CKOPOCTH a/[COPOIHUU-
Jlecopb11MM GaKTepUl K MOBEPXHOCTH MUPUTA.
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Tabaunma 2 - OJKcrnepUMeHTalbHble KOHCTAHTbl CKOPOCTH aJicCOPOLUU-ecopOLUN OGaKTepuil K

IMOBEPXHOCTH ITUPHUTA

CkopocThb MPUKpPEIJIEHUS ke Ry = kX, (Herzig et al. (1970); Corapcioglu
B3BellleHHbIX YaCTHUL] 6.5x103s 1 and Haridas (1984); S. Taylor and
P. Jaffe (1990)

CKOpOCTb npukpemsienus | kg, 1073-107%s7t Myerson & Kline (1984)
O6akTepui 3.3x103st Clement et al (1997)
Menkuit necok, E. coli Koee |3x104-3 x103s1 Bai (2016)
CkopocTb aficopb1uu kq 6.2x105s™* Zysset (1994)

ka 3.1x105s7* Chang etal. (1991)
CkopocThb 3aKynopUBaHUA ke 6.5x103s™* Corapcioglu & Haridas (1985)
(straining) mop 6akTepUsIMU
Meskui necok, E. coli Kstr 7.6 x104s1 Bai (2016)
CkopocTb OTKpeInJieHus ka 1.7x 103 s1 Bai (2016)
bGakTepuit
Menkuit necok, E. coli
CKOpOCTh pecopbuuu | kg 1073-107%s7t Eligwe (1988);
G6akTepuit Boon & Heijnen (1998)

k. 4x104s™t Chang etal. (1991)
CkopoCTh CHOCa GaKTepui ky 435x104s™! Corapcioglu & Haridas (1985)
CKOpOCTb OTMUpAHUSA kq 1x106s™t Corapcioglu & Haridas (1985)
GaKTepui ka 1.2x107s™* Zysset (1994)
CremneHb MOKPBITHUS 0.25-45% Gehrke et al. (1998)
MOBEPXHOCTU GAKTEPUIMHU
KoHneHTpayusa  HacbllleHUs | X 6.6 x 1013 cells/kg- Konishi (1990)
NpUKpeIsieMbIX OaKTepHUil FeS;

Xsmax 0.011g/L Zysset (1994)

CkopocThb o Jiep>KaHus kin 0.14 mol/g/day Zysset (1994)
YKHU3HEJeATeTbHOCTH
b6aKTepui

TpaHcnopT XUMHYECKUX KOMIIOHEHT U GaKTepHii B IOPUCTOII cpee

MuUKpOGHOOTUYECKYI0 MUTPAIHIO YepPEe3 IMOPUCThIE CPeibl MOXKHO OMUCATH C MOMOIIbBIO
a/IBEKTUBHO-IMCIIEPCUOHHOTO YpaBHEHUS C COpOIMel (06paTUMOM UM HEOOPATHMOH ), KOTOpPOE
MO>XKHO 3aMMCaTh aHAJIOTMYHO TOMY, YTO NpUBeAeHO B ccolike (Harvey, 1991),

KOHBEKTHUBHBIHN U JIUCIIEPCHOHHBIN IEPEHOC XUMHUYECKHUX KOMIIOHEHT U GaKTepUH B MOPUCTHIX
cpe/iax, BbI3BaHHBINA QUIbTpalKeld HeCKUMaeMOU XXUAKOCTH, OTIpe/ie isieTcsl TOTOKOM CO CKOPOCThIO,

BBIYUCJISIEMOU U3 3aKoHa Jlapcu

u=¢v=—k/(pv) Vp,
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Y 3aKOHA COXpaHEHUSI MAacChl HECKUMAEMOU KHUIKOCTH.

V-u=V-(0¢)=0, o uu
rae U = V¢ - cpefHsiss CKOPOCTb QUIbTPALMU JKUJKOCTH B IMIOPUCTON cpeje
(ckopocTb Jlapcu) [mrsecl], ¥ - cpefHsisi CKOPOCTb >KHUAKOCTH B Mopax, ¢ -
nopuctoctb cpeapl (0 < ¢ <1), k - k03QPUIMEHT NPOHUILAEMOCTH, V -
KHHeMaTH4yecKasi BSA3KOCTb KHJKOCTH, p - IJIOTHOCTb XUJAKOCTU. B ciyyae
OZJHOMEPHOTO JBW)XEHUSI HEC)KUMAMOU XXUAKOCTU B LUJIHUHAPUYECKON TPYOBHI,
3aI0JIHEHHOI'0 MOPUCTBIM MaTepUasioM, cofepkaiuM nuput (Puc.1), koTopoe
SIBJISIETCS 11eJIbI0  JJAHHOTO MCCJIeIOBAHMS, CKOPOCTh MTOTOKA 6yIeT OCTOAHHOHN
BEJIMYMHOMN U paBHa v = |U| — const. CYUTaETCs, YTO HEOOXOAMMbIE GAKTEPHUSIM
KOHI[eHTpAaIMH KUCJI0PO/Ia U YIJIEKHUCJIOTO Ta3a B BOJIe IOCTATOYHBI B TOU Mepe,
YTO OHM He SABJAKTCA JIMMUTHUPYIOLUMUM TMpolecc 6GaKTepHUaJbHOIrOo
BhbIILleJIaYMBAHMS, TO3TOMY UX NTEPEeHOC U MaccoOOOMeH He pacCMaTpPUBAETCSL.
F'uapoaHaMUYecKre XapaKTepPUCTUKY IOPUCTOM cpe/ibl TpuBeeHbl B Tabiuiie
3.

B pasnbHe#meM /s yA06CTBA 3alKMCH BBOAUTCS 0003HAYeHUs AJIS
nupuTa, NoHOB kese3a (II) u xkenesa (I11) B cieayroem Bu/e: @
P =[FeS,], S =[Fe?*], F=[Fe3*]. LTI TOn

Hazo 3aMeTHTh, UTO KakK MepeHOCHMble QUIbTPALMOHHBIM MOTOKOM

WoHbl xese3a Fe?t, Fe3t u GakTepuil B NJIaHKTOHHOU ¢opme X,, Tak u
HENO/BWKHbIE OTHOCHUTEJbHO MOPUCTONU Cpefbl MUPUT U NMPUKPEIJIEHHbIE K
NOBEPXHOCTU NMUPHUTA OakTepuil X, ABJAAIOTCA QYHKUHMSIMH BpeMeHU t M MPOAOJBbHOU Mo Tpybe
KOOpJAMHATHI X. [Ipy 3TOM BestmuuHbl P U X; 3aBUCAT OT IPO/[0/IbHOM KOOPAMHATHI KaK OT MapaMeTpa.

{

Tab6sauua 3 - F'uaposrHaMUYecKUe TapaMeTpbl TeYEHUs] IOPUCTON Cpeibl

[II0THOCTB KUBBIX OAKTEPUU p 1 kg/L Corapcioglu & Haridas (1985)
[lnoTHOCTB CYUIEHHBIX 1.56 x 103g/L Clement et al, (1997)
b6akTepui
JIMHa KOJIOHHBI l 0.29m Zysset (1994)
0.5m Clementetal, (1997)
0.52 m Taylor & Jaffe (1990)
CkopocThb QUIBTPALMOHHOTO % 0.1-1m/4 Taylor & Jaffe (1990)
MOTOKa U 3x102 cm/s Corapcioglu & Haridas (1985)
v 0.94 m/d Zysset (1994)
0.45m/d Chang et al. (1991)
Koaddpunuent qudpdysun Dey 107°-107*" m?/c Taylor & Jaffe (1990)
Y IMCIIEPCUU Dy 4 x1076m%/c Corapcioglu & Haridas (1985)
D=a;v 0.94 x 10-3m2/d Zysset (1994)
KoaddunuenTt nucnepcuu
b6akTepuit D, 1.1x103m2/d Chang et al. (1991)
Koaddunuent gucnepcuu
HMOHOB KeJie3a Dy 1.1x103m2/d Chang et al. (1991)
JlucnepcHoCTh a=aqa 1cm Clement et al, (1997)
K- ruapaBsinyeckas K 15.1 cm/min Taylor & Jaffe (1990)
IIPOBOJUMOCTb, _kpg
k - npoHuLI@aeMoCTb T u
[TopucrocTtb 1) 0.6 Corapcioglu & Haridas (1985)
1) 0.44 Clement et al, (1997)
®o 0.347 Taylor & Jaffe (1990)
[4) 0.229 Chang et al. (1991)
[IpoHHIIaeMOCTb k 2.93 x 106 cm? Taylor & Jaffe (1990)
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CpepnHuil pa3Mep 3epHa dg 200um Clement et al, (1997)

Y penbHas NOBEPXHOCTH MOP M 48.5 cm! Taylor & Jaffe (1990)

MaTtemMaTuyeckasa Mo/JeJ/ib OHOXMMHYECKOTO0 BblIl€JIAYNBAHUA NHUPHUTA B HOpI/ICTOﬁ

cpene

[Ipeanonaraercs, yto 1) ocaxaeHrWe GaKTepUl He3HAYMTEJbHO M3-3a GJM30CTHU MJIOTHOCTH
O6aKkTepuil K IVIOTHOCTH BOJbI; 2) B OTCYTCTBHE MAaKPOCKONMYECKOTro rpaZjueHTa KOHILeHTPaLUHu
cybecTpaTa BKJQJ, XeMOTAKCHCAa B IJIOTHOCTb OAaKTepPUAJIbHOTO IOTOKA, KaK OXUJaeTcs, OyAeT

He3Ha4YHuTeJIbHbIM.

CienyeT OTMETHTD, YTO peakiuu (1), (2) u (3) He ABAAIOTCA 3JIeMEHTAapPHBIMHU, IO3TOMY HX
CKOPOCTHU He 06s13aHbl NOAYMHATHCA 3aKOHY AelcTBy0IMUX Macc (Evangelou, 1995).

[IlpyHMMasg BO BHHMMaHHWE H3JIOXKEHHbIE BbIllle OMHWCAHUS KUHETUKU GHOXMMHUYECKOTO
BhllleslauMBaHusl (ypaBHeHus1 4-12), pocra 6GakTepud, UX afCcOpOLUM TOBEPXHOCTAMH MOP U
Jlecop6buy, TUAPOAMHAMHUYECKHX [apaMeTpoOB TpAHCHIOPTA 6aKTepudl B MHOPUCTOU
6MOXMMUYECKOE BhIllleJla4YMBaHUs NUPUTA ONUChIBAETCS CIeyIollel CUCTEMOMN U3 5-TH HeJIMHEeMHbIX
JuddepeHIMaNbHbIX YpaBHEHUN aJBeKUUU-JUPPY3UM ¢ TepMUHAMU OHOXMMHUYECKOM peakuuil U
azicop6unu/1ecopo i OTHOCUTENIbHO 5-TH HEU3BECTHBIX P, S, F, X, X4:

OF OF a°F 5 VPF
at " Yax T Lax? F +BS
as+ o5 _ 9%s '3 ymaxp
ot " Yox “Lox? F +BS
oP Vs
ot F+B
axp+ aX,,_D 0%
ot Yox Tt
oxX,

Jt

F
.S’

= RS — R% - R,

1 pmaxS
YK, +S
l PmaxS
Y K+ S

X,

X,

X
p
— + Ry —RG+RY—RY,

cpene,

(13)
(14)
(15)
(16)
(17)

rje Rg — CKOpPOCTb pPa3MHOXKEHUSI B3BElIEHHBIX B KUAKOCTU OakTepuil (6aKTepuid B MJIaHKTOHHOH

dopwme),

RP - cxopocTb mpuKpensieHHs B3BelIEHHBIX B KHJKOCTH
BCJIe/ICTBUE QUIBTPALMY, XeMOTaKcKca U/ Uu aicopoLmH,
R? - ckopocThb, ¢ KOTOPO#t C/IBUTOBbIE CHJIbI H/KOCTH OT/AENAI0T GaKTepHil OT MOBEPXHOCTH,
RZ - CKOpPOCTb OTMHUpPaHUsl GaKTepHi B IJIAHKTOHHOU popMe,
Rg — CKOpPOCTb pPa3MHOEHHUA NPUKPEIJIEHHBIX K IOBEPXHOCTH NOpP 6aKTepHH,

R&- cKOpPOCTB, C KOTOPOH CABUTOBbIE CUJIbI XKUAKOCTH OT/AE/SIOT OaKTEPHUH OT MOBEPXHOCTH,
R§ - cKOpPOCTb OTMUPAHMS IPUKPEIJIEHHBIX K IOBEPXHOCTH NOP GaKTepUH,

RY =kXq RL =kaXp,

D _
Ry = pipXp,

RZ =kq Xp(XS —Xa)/Xs,
ngl =Ko(1 = Xo/Xs) UaXa Rg =kqXq RE=

Wy u W — Havya/ibHad U TeKyllas KOHLeHTpauusa NupurTa, V.

B Havya/ibHBIA MOMEHT B TBEPJAOU YacTH IOPUCTON Cpesibl UMeeTCs 3aJlaHHOe pacnpe/eseHre
KOHIeHTpanuu nuputa P°(x). C MoMeHTa BpeMeHH t=0 [0 MOMeHTa t = t; C BEpXHeH 4acTU TPyObl
MoJlaeTcsl pacTBOp, cojepxauwdil uoHbl xesjesa (III)
CoOoTBeTCTBEHHO, HAYaJIbHble U TPAHUYHbIE YCJI0BUA UMEIOT CIeAYIOIUN BUJ:

npu t=0: P=Po(x), F=F0(x)=0,

Ft

npu x=0: F=FO(t) = (0

t<t,
t >t

6aKkTepuil K TBEPAON MOBEPXHOCTH

N KeJIE300OKUCJAdrle

2
RV =k.X, K,=asWy/V, a=W/W,,

S=5(x)=0, X,=X3(x)=0, X,=XJ(x)=0,  (18)

), S=85(t)=0, X, =X)(t) = (0
npu x=L: 0F/dx = 3dS/0x =9 X,,/dx = 0.

Xt

t< t0>, (19)

t >t
(20)

YpaBHeHus (13)-(17) c Ha4aAbHBIMU U TPAaHUYHBIMU yca0BUsAMHU (18), (20) aBasioTcs
HeJIMHEHHbIMH U PellaloTCsl YUCAEHHBIMUA METOAaMHU.
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TecTupoBaHMe U BaJaUAALUA MOAeJIel, pe3y1bTaThbl YMCJIEHHOT0 pellleHUsA

TecTupoBaHWe U Baaujalys pa3pabOTaHHON (PU3MKO-OMOXMMHUYECKOW, MaTeMaTH4YecKOH M
YUCJIEHHOH MoJiesiel OGMOXMMHYECKOro BbIlleJaudBaHUsA NHUPUTA MpPOBEJEHO Ha pe3y/bTaTax
HM3BECTHBIX 3KCIIepUMeHTabHbIX paboT [Nasre-Dine Ahfir et al (2016); Hornberger G.M. (1992)].

08

06 -

DT

03

025

04 u
u
|

02

Experiment (U=0.16)
Experiment (U=0.045)

Numerical solution {U=0.16)

Numerical selution {U=0.045} Q.1

| Numerical solution (U=0.16)
| | ‘Numerical solution (U=0.045)
Experiment (U=0.16}
Experiment (U=0.045)

1.5 2 2.5 3
PV

Puc.2. U3MeHeHUs O BpeMeHEM KOHIEHTpALMK Tpaccepa a) U B3BEIIEHHBIX CYCIIEH3UH b)
Ha BBIXO/Ie U3 TPYObl. JKCIIepUMeEHTAbHbIe JaHHbIe B3ThI U3 [Nasre-Dine Ahfir et al. (2016)].

Ha Pucynke 2 a) u b) npuBeieHbl HU3MEHEHHUS CO BpeMeHEM KOHLEHTpalui Tpaccepa
(XMMUYEeCKUH 3JIeMEHT) U B3BeLIEHHBbIX CYCNEeH3UH Ha BbIXOJe U3 TPYyOGbl M CpPaBHEHHUSI UX C
3KcnepuMeHTaJbHbIMU AaHHbIMU [Nasre-Dine Ahfir et al, (2016)]. Kak 1 oxujasoch, KOHIeHTpaLUs
Tpaccepa, KOTOPbIM He PUJIKNAET K NOBEPXHOCTH, OCTAETCsI HEU3MeHHOW. BMecTe ¢ TeM NpoucxoguT
npuKpensieHue 6osblie 60% cycrneH3uil K TBepAbIM OBEPXHOCTSM nop. Kak BUAHO, pazpaboTaHHas
MO/ieJIb BIIOJIHE YI0BJIETBOPHUTENBHO ONIKMChIBAET CKOPOCTH NPUKPENJIeHNs B3BELleHHbIX CyCIIeH3UN K
MOBEPXHOCTH B 3aBUCUMOCTHU OT CKOPOCTHU MOTOKA.

a)

S5E+Q7 |-

E+07 |-

[cellsimL]

ion
w

E+07

n

E+07

Cells concentrat

1E+07

0.5

b)

107

Numerical selution with k. and k,
Numerical salution withaut k, and k,
Experiment

-
=
% ]
T T T T T T
]

Cells concentration, [cells/mL]
g
—

10'

o

. Numerical solufion with k and k, | - \
Numetleal solutlon without k. and k; B

M. .. Experiment .. s \

AN

\

v
3

0.5 1 1.5 2 2.5

PucyHok 3. KprBble U3MeHeHHUs CO BpeMeHeM KOHLIeHTpal U1 CBOGOJHbIX 6aKTepUil Ha BBIXO/i€e
13 TPYOBI: a) — B 0GBIYHBIX KOOPJAHUHATAX, b) - B jorapudMuIecKux KOOpAHHATAX.
JkcnepuMeHTabHbIE JAHHBIE B3sThI M3 paboTel [Hornberger G.M. (1992)].

Ha PucyHke 3 a) u b) npuBe/ieHbI pe3y/1bTaThl YUCJIEHHOTO pelleHs U3MeHEeHHUs CO BpeMeHEM
KOHLEHTpaui 6aKTepuil Ha BbIXOJE U3 TPYObl U CPABHEHUS UX C 3KCIEPHMEHTAJbHBIMU JaHHBIMU
[Hornberger G.M. (1992)]. Tak ke Kak B HpeAblAyLIeM CJy4dae, pe3y/JbTaTbl MOJEJUPOBAHMUS
Haxo/sTCs B XOPOILEM COIJIACHU C 3KCIIEPUMEHTa/IbHbIMU JJAHHBIMHU.
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X, without Fe{lll) and FeS2
X, without Fe{lll) and FeS2

X with Fe(lll) and FeS2
X, with Fe(lll) and FeS2

6E+07

| L |

5E+07

I

= 4E+07

w
m
+
o
]
L |

T

2E+07

Cells concentration, [cells/mL]

1E+07

6 8
X, [em]

PucyHok 4. BiusiHue Hain4uus NUpuTa U HoHOB 3kesie3a (I11) (Fe3*) Ha pacnipe/iesieHNe MJIAaHKTOHHBIX
GaKTepui BAOJIb KOJIOHHBI.

[lanee npoBeAeHbl YUCIEHHBIE HCCIeL0BaHUA OMOXUMUYECKOTO BhIle/TauuBaHUsl MUPUTA C
Y4eTOM BCeX MPOLIECCOB, ONMCAaHHBIX B MyHKTe 1.3.

Hwxe Ha PucyHke 4 mokasaHO BJMSIHHME HaJIMYUS NUpPUTA U UOHOB kesesa (III) (Fe3*) Ha
pacnpe/iesieHue JIAaHKTOHHbBIX 6aKTepUi BJ0/Ib KOJIOHHBI.

Ha Pucynke 5 a) 1 6) npuBeieHbI pacnpe/ieJieHus KOHIIeHTPalUui JIaHKTOHHBIX U
MPUKpeINJIeHHbIX 6AKTEePUH BI0JIb KOJIOHHBI.

SE8
—_ 45608 -
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£ ] L
S g 156405 |-
- © L
% 207 | \ L a)
]
8 i \\ b) & |
L 500030 =
i F
OO 2 4 10 12 0[; —L

3] 8
X, [em]

PucyHok 5. KOHIleHTpaLuu NJIaHKTOHHBIX @) U IPUKPENJIEHHBIX 6) 6aKTepUi BJ0JIb KOJIOHHBI B
pa3Hble MOMEHTBHI BpEMEHH.

Ha PucyHke 6 npuBe/ieHbl KOHLIEHTpPALUU NHpHUTa a) U *KeJsie3a (II) 6) BA0JIb KOJIOHHBI B pa3Hble
MOMEHTbBI BpEMEHH.
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PucyHok 6. KoHueHTpauuu nuputa a) v xkese3a (II) 6) BJj0/1b KOJIOHHBI B pa3Hble MOMEHTbI BpEMEHU.

3ak/royeHue

Ha ocHOoBe aHasM3a JMTepaTypHbIX JaHHbIX pa3paboTaHa OJJHOMepHas peaKTHUBHO-
TPaHCIOPTHAs MOJiesIb 6GaKTepUaJbHO-XMMHUUY€ECKOT0 BhblllleJlauMBaHUs TMPUTaA B NOPUCTOHN cpefie. B
eIMHOM MOCTaHOBKe 06'beIMHEHbl KUHETUYECKUE 3aBUCUMOCTH, ONIMChIBAIOLLMe POCT MJIAHKTOHHBIX U
NPUKpPENJIEHHbIX 6aKTepUH, NPUKpeINJeHre KJIeTOK K IOBEPXHOCTH IMPUTA, UX OTPBIB U OTMUPAHHUE,
6akTepuasbHOe okucaeHUe xese3a(ll) u okucauTeNbHOE pacTBOpeHUe NHMpUTa HoHaMH »xese3a(lll).
Mogenb cBsI3bIBaeT 3THU NPOLLECCHI C a/JBEKTUBHO-HUCIIEPCUOHHBIM IEPEHOCOM PAcTBOPEHHBIX GOpPM
»KeJie3a U IJIaHKTOHHbBIX 6aKTepruil QUIbTPALMOHHBIM IOTOKOM.

OCHOBHOM pe3y/IbTaT MCC/Iel0BaHMS 3aK/II0YAETCS B IOCTPOEHUH CBSA3aHHOM MaTeMaTU4eCcKOH
MO/IeJIH, M03BOJISAIOLIE COBMECTHO ONMMUCBIBATDH NepeHOC KOMIIOHEHTOB, JJUHAMUKY GaKTepHUa/bHbIX
NONyJISILUI U pacTBOpeHUe MHUHepasa. MoJesb BKJIIOYAET TPU ypaBHEHUS aJiBEKLMHU-JHCIEPCUU C
peakLMOHHbBIMU 4ieHaMHu JJisi MoHOB kese3a(ll), »kenesa(lll) u nyaHKTOHHBIX GakTepud U [JBa
JIOKQJIbHBIX KUHETUYECKUX ypaBHEHHUd [ NMUPUTA U NPUKpPeNsIEHHON 6Guomaccel. PasjenbHoe
ONHMCaHUe MOABMKHbBIX M HENOJBUKHbBIX KOMIIOHEHTOB M03BOJISIET yYUThIBATh B3aMMOCBSI3b [lepeHoca
G6aKTepul, UX y/iep>KaHusl Ha IOBEPXHOCTU MUHepasia U peaKLIMOHHbIX peBpaLieHUH.

TpaHcrmopTHas  4acTb  MOJleJld  TNpOBepeHa  CpaBHEHWEM C  OMyGJHMKOBAaHHBIMH
3KCIepUMeHTaJIbHBIMU JAaHHBIMU 10 IEPEHOCY Tpaccepa, B3BeLIeHHbIX YaCTULL U 6akTepui. [losyyeHo
KayeCTBEHHOE COTrJlacMe PacYETHBIX U IKCIEPUMEHTAJbHBIX KPUBBIX BBIX0ZA B PAaCCMOTPEHHBIX
yCA0BUSIX. BO3MOXXHOCTHM CBSI3aHHOM MoOJie/ld TNPOUJJIIOCTPUPOBAHbl YHCJEHHBIMU pacyéTaMH
IPOCTPAaHCTBEHHO-BPEMEHHBIX paclpejie/leHU 6aKTepuaJbHbIX NMOMyJasanuid, nuputa U xesesa(ll)
B/10J1b KOJIOHHBL. He3aBucHMas akcnepuMeHTa/IbHasi IpOBepKa peaKMOHHOM YacTH 0CcTaéTcs 3a/jauei
JaJIbHENIIUX UCCAeOBaHUM.

Kenesookucaswuue 6aktepuu A. ferrooxidans v L. ferrooxidans moJiy4aloT 3HEpPrui0 MpHU
okucaenun Fe?* po Fe’*, obecnednBass pereHepalyio OKHMCJIHUTEJIs], YY4aCTBYIOIETO B PacTBOPEHUH
nupuTa. [loaToMy npejyiokeHHast MOJieJIb MOXKET CJIY>KUTb OCHOBOM JJIs1 UCC/leloBaHUS 06pa30oBaHUs
v nepeHoca xese3a(lll) B nupuTcoaepxaiueit mopuctoii cpefie. lanbHeliiee pa3BuTHE 3TOTO MOAX0/a
NpeJCTaBJsIeT UHTEPEC JJIsT MOJeJTUPOBAHUS BhILIEJAaYUBAHUSA JPYTUX CYyAbQUAHBIX MUHEPAJIOB U
OKHUCJUTEJbHOIO pAacTBOpPeHHs] ypaHUHUTA. Takoe nNpuUMeHeHHMe TMOTpPebyeT BKJIOYEHUS
COOTBETCTBYIOIIUX peaKLUW, onpejieieHns] KUHETHYEeCKUX MapaMeTPOB W NMPOBEPKU MOJeNd AJs
KOHKPETHBIX MUHEPAJIbHBIX CUCTEM.

BbIBOAbI
1. PazpaboTaHa oJlHOMepHash PeaKTUBHO-TPAHCIOPTHAsA MOJleJib GaKTepHATbHO-XUMHUYECKOTO
BbIlleJIaYMBAaHUs TMHPUTA B MOPUCTOM cpeZie. B enuHOW MOCTaHOBKe 00beJUHEHbI IEePeHOC
pacTBOPEHHBIX GOpPM KeJsie3a Y IJIAHKTOHHBIX GAKTePUM, pOCT MJIAHKTOHHOW U NMPUKpPEIJIEHHOU
O6aKTepUaJbHbIX MOMYJSLUN, MPUKpENJeHue U OTPbIB KJIETOK, UX OTMUPAHUE U OKUCIUTEJNbHOE
pacTBOpPEHME MUPUTA.
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2. MaTeMaTu4ecKas 1I0CTaHOBKA BKJ/IIOYaeT TPU YpaBHEHHUS a/iBEKLUU-AUCIIEPCUH C peaKLHMOHHBIMHU
YJeHaMM U /iBa JIOKAJbHbIX KUHETHUYEeCKHUX YpaBHEHHUS [Jisl MUPUTA U NPUKPEINIEHHbIX 6aKTepui.
PasfesibHOe onvcaHue NOABWXXHBIX W HENOJABIXHBIX KOMIIOHEHTOB II03BOJIAET YYUTHIBATh
B3aMMOCBSI3b [IepeHOCa BelleCTB, Y/ ep>KaHusl 6MoMacChl U pacTBOPeHUsI MUHepaJa.

3. PeakunoHHas 4acTb MoJesd cpOpMyJIMPOBaHa C MUCI0JIb30BaHUEM JINTEPATYPHBIX KHUHETUYECKUX
3aBUCUMOCTEH Il pocTa 6aKTepHi U peBpalleHUH KeJle3a NPU pacTBOpeHUH nupuTa. OnpejesieHbl
OCHOBHBIE [OIyIeHHs, B paMKax KOTOPBIX pacCMaTpHUBAETC B3aMMOJeMCTBHE TPAaHCIOPTHBIX U
peaKLMOHHBIX IPOLECCOB.

4. CpaBHeHHe C ONYOJUKOBAaHHBIMU SKCIIEpUMEHTa/JbHbIMU JAHHbBIMU [OKa3blBaeT KaueCTBEHHOe
CorJIacMe pPacyéTHBIX M 3KCIIePUMEHTAJIbHBIX KPUBBIX BBIXOJA Tpaccepa, B3BELIEHHBIX YacTHUL, U
6akTepuil. [IpoBeIéHHAs MpoBepKa OTHOCUTCS K TPAHCIIOPTHOMN YacTU MO/IeJM; peaKliMOHHAs 4YacTh
TpebyeT He3aBUCUMOM 3KCIIepUMEHTATbHON TPOBEPKHU.

5. Bo3MOXXHOCTH NpejJIo)KeHHOW MOJie/IM TNPOWJUIIOCTPUPOBAHBI pacyéTaMU NPOCTPAHCTBEHHO-
BpeMEHHBIX paclipejieleHUH OGaKTepHasIbHbIX MONyJaALMdA, nupuTa U kese3a(ll) BAo/b KOJIOHHBI
Mogens co3faért OCHOBY A/ JAaj/IbHEMINEro MCCAe[0BaHUsS B3aUMOCBS3M II€pEHOCa, JMHAMHUKHU
61oMacchl U OKUCIUTEIBHOTO PACTBOPEHHUS MUPUTA.

IlepcrieKTUBBI Ja/IbHEHIIUX UCC/IeJOBaHUA

JanbHelive ucciefoBaHusi OyAyT HampaBjeHbl Ha yTOYHEHUEe [apaMeTpPoOB U 006J1acTU
NPUMEHUMOCTU MNpeLJIOKeHHOU Mogesu. [IpuopuTeTHOW 3aZayedl 4BJAeTCA He3aBUCHMMasd
JKCIepHMeHTa/bHas NPoBepKa peaKLIMOHHOM YacTH N0 JaHHBIM O PaCTBOPEHHUU MUPUTA, U3MEHEHUU
koHUeHTpanui »kesne3a(ll) u xenesa(lll), a Takxke AMHAMHKE MJIAHKTOHHOM U NPHUKPENJIEHHOU
6uomaccel. [Ipy OTCyTCTBUU KOMILJIEKCHBIX 9KCIIEPUMEHTA/IbHBIX JAHHBIX 1iejiecoob6pa3Ha no3TanHas
NpOBepKa OTHAeJbHbIX KHHETUYEeCKHMX 3aBUCMMOCTEM B YCJIOBUAX, COOTBETCTBYKOLIUX HUX
JKCIepUMeHTaJbHOMY ONpe/e/IeHHUIO.

Ba)XHBIM HanpaBJieHHEM fIBJAETCH aHaJIM3 YYBCTBUTEJBbHOCTH MOJEJIU K MapaMeTpaM poCTa,
NpPUKpeNJIEHUs, OTPbIBA U OTMUpPaHUsl 6aKTepUl U KUHETHUKU pacTBOpeHUsl nupuTa. Takod aHaIu3
M03BOJIUT ONpe/leJIMTh TapaMeTphl, HAaHbO0JIee CYyIleCTBEHHO BJIMAIIINE Ha pacyéTHbIe pe3yJibTaThl,
OLleHUTb  HEOoNpeJe/iéHHOCTb MNPOrHO30B U YCTAaHOBUTb  INPUOPUTETHl  NOCJeAYIOLIMX
3KCIlepMMEHTAJbHbIX U3MEPEHUM.

PasBuTue MojesM mnpeAnoJiaraeT y4é€T IepeHoca M NOTpebJieHUs KHUCI0pOJa, U3MeHEeHUs
KMCJIOTHOCTH, IIpeBpalleHUi cepocojiepKaljix KOMIIOHEHTOB U 00pa30BaHUsl BTOPUYHBIX 0CaJKOB.
[Ipy cylecTBeHHOM HM3MeHEHUHM CTPYKTYpbl IIOPHUCTOU Cpejbl MOTPeOyeTCcs CBA3AaTh pacTBOpPeHHE
MUPUTA U HAKOIJIEHHEe 6MOMACChI C U3MEHEHHEM JOCTYNHON peaKIIMOHHOW NOBEPXHOCTH, IOPUCTOCTH
Y IPOHULAEMOCTH.

[locne npoBepkH Moje/ M M YTOUHEHUs e€é NMapaMeTpOB BO3MOXKHO HCC/Ie[j0BaHHE DPEKUMOB
oJja4yM pacTBoOpa W HHOKYJATA, Nepexo], K NMPOCTPAaHCTBEHHO HEOJHOPOJHBIM IOCTaHOBKaM U
aJlanTalud NoAXoAa K [PyTUM MUHepaJbHbIM CUCTEMAM.

UHdopmanusa o ¢uHaHcupoBaHUHU. lccieoBaHUsI NPOBOJWIMCHL B paMKax 06a30BOro
¢duHaHcupoBaHus PyHAaMeHTaNbHbIX UccaefoBaHui MHBO Pecny6iuku KasaxcraH «Paspa6oTka u
pa3BUTHE UHTEJJIEKTYaJbHbIX METO/IOB pellieHHs GyH/jaMeHTANbHbIX 33/1a4 MEXaHUKH, AUHAMHUKHU U
ynpaBJeHUsl B MallMHOCTPOEHUH, POOOTOTEXHUKE, CEHCOPHBIX U [JOPOKHBIX CHUCTEMax», HOMep
rpadTa: BR31715767.

47

HAYKA UHTENNEKTYAJIbHBIX CUCTEM



N°3 (ionb-cenTpb) 2026 rog WHTEANEKTYAJIbHBIE CHCTEMB

YATTBIK FhINbIM
AKAAEMUACHI

Jlutepartypa

1 Johnson DB. Biomining - biotechnologies for extracting and recovering metals from ores and -
waste materials// Curr Opin Biotechnol - 2014. - 30, 24-31.

2 Vera, M.,  Schippers, A, Hedrich, S., Sand. W. Progress in bioleaching: fundamentals
and mechanisms of microbial metal sulfde oxidation// Part A. Applied Microbiology and Biotechnology
-2022.-106, 6933-6952, doi.org/10.1007/s00253-022-12168-7

3_]Jones, S. and Santini, . M. Review Article. Mechanisms of bioleaching: iron and sulfur oxidation
by acidophilic microorganisms // Essays in Biochemistry — 2023.- 67, 685-699.

4 Murr L.E, Berry V.K. Direct Observations of Selective Attachment of Bacteria on Low-Grade
Sulfide Ores and Other Mineral Surfaces // Hydrometallurgy, 2. - 1976. - 11-24,
doi.org/10.1016/0304-386X(76)90010-4

5 Rohwerder, T., Sand, W. Chapter 2. Mechanisms and Biochemical Fundamentals of Bacterial
Metal Sulfide Oxidation// Microbial Processing of Metal Sulfides, Springer, (edited by E. Donati and W.
Sand) - 2007. - 35-58.

6 Gehrke, T., Telegdi, ., Thierry, D., & Sand, W. Mechanisms of bacterial attachment to mineral
surfaces // Applied and Environmental Microbiology - 1998. - 64(1), 274-279.

7 Rohwerder, T. Gehrke, T. Kinzler, K, & Sand, W. Bioleaching review part A: progress in
bioleaching: fundamentals and mechanisms of bacterial metal sulfide oxidation // Applied and
Environmental Microbiology - 2003. - 63, 239-248.

8 Vera M., Schippers A., Sand W. Progress in bioleaching: fundamentals and mechanisms of
bacterial metal sufide oxidation // Part A. Appl Microbiol Biotechnol - 2013. - 97, 7529-7541,
doi.org/10.1007/s00253-013-4954-2.

9 Eligwe, C. Microbial desulphurization of coal // FUEL - 1988. - 67, 451-458.

10 Ehrlich H. Past, present and future of biohydrometallurgy // Hydrometallurgy. - 2001. - 59.
127-134, doi.org/10.1016/S1572-4409(99)80002-9.

11 Kapagaiiko I'.U., Poccu k., Arate A., I'pyzaes C., ABaksiH 3.A., buoreotexHosiorus MeTaJsjioB//
M.: LlenTp MexxayHapoaHbix npoexkToB 'KHT - 1989. -375c.

12 Watling, H. R. Review of biohydrometallurgical metals extraction from polymetallic mineral
resources //Minerals -2015. -5, 1-60.

13 Jones, C. and Kelly, D. Growth of Thiobacillus ferrooxidans on Ferrous Iron in Chemostat
Culture: Influence of Product and Substrate Inhibition // J. Chem. Tech. Biotechnol - 1983. - 33B, 241-
261.

14 Singer, P. C,, & Stumm, W. Acidic mine drainage: the rate-determining step // Science - 1970. -
165, 325-327.

15 Lizama H. M., Suzuki I. Bacterial leaching of a sulfide ore by Thiobacillus ferrooxidans and
Thiobacillus thiooxidans part II: Column leaching studies // Hydrometallurgy - 1989. - 22, N3, 301-
310. https://doi.org/10.1016/0304-386x(89)90027-3

16 Evangelou & Zhang. A review: pyrite oxidation mechanisms and acid mine drainage prevention
// Critical Reviews in Environmental Science and Technology -1995. - 25, 141-199.

17 Boon M., Brasser H.J., Hansford G.S. Heijnen ].J. Comparison of the oxidation kinetics of
different pyrites in the presence of Thiobacillus ferrooxidans or Leptospirillum ferrooxidans //
Hydrometallurgy - 1999 -53, 57-72. doi.org/10.1016/S0304-386X(99)00037-7

18 Ehrlich, H.L. Review. Beginnings of rational bioleaching and highlights in the development of
biohydrometallurgy: A brief history // The European Journal of Mineral Processing and Environmental
Protection - 2004 -4, No.2, 1303-0868, pp. 102-112

19 Ojumu, T., Petersen, J., Searby, G., Hansford, G. A review of rate equations proposed for
microbial ferrous-iron oxidation with a view to application to heap bioleaching // Hydrometallurgy -
2006. - 83, 21-28. doi.org/10.1016/j.hydromet.2006.03.033

20 Rawlings D. Relevance of Cell Physiology and Genetic Adaptability of Biomining
Microorganisms to Industrial Processes // Biomining - 2007. - 177-198.

21 Petersen ]. Modelling of bioleach processes: Connection between science and engineering //
Hydrometallurgy -2010 -104, 404-409, doi.org/10.1016/j.hydromet.2010.02.023

48

HAYKA UHTENNEKTYAJIbHBIX CHCTEM


https://doi.org/10.1007/s00253-022-12168-7
https://doi.org/10.1016/0304-386X(76)90010-4
https://doi.org/10.1016/S1572-4409(99)80002-9
https://doi.org/10.1016/0304-386x(89)90027-3
https://doi.org/10.1016/S0304-386X(99)00037-7
https://doi.org/10.1016/j.hydromet.2006.03.033
https://doi.org/10.1016/j.hydromet.2010.02.023

N°3 (ionb-cenTpb) 2026 rog WHTEANEKTYAJIbHBIE CHCTEMB

YATTBIK FhINbIM
AKAAEMUACHI

22 Liu, M., Branion, R., Duncan, D. The Effects of Ferrous Iron, Dissolved Oxygen, and Inert Solids
Concentrations on the Growth of Thiobacillus Ferrooxidans // The Canadian Journal of Chemical
Engineering - 1988 - 66, 445-451.

23 Karamanev, D. Model of the biofilm structure of Thiobacillus ferrooxidans // Journal of
Biotech - 1991. - 20, 5 1-64.

24 Rittmann, B. and VanBriesen, ]. Microbiological processes in reactive modeling // Reactive
Transport in Porous Media. - 1996. - 311-334. hdoi.org/10.1515/9781501509797-01

25 Boon M., Heijnen ].J. Chemical oxidation kinetics of pyrite in bioleaching processes //
Hydrometallurgy -1998. - 48, 27-41. doi.org/10.1016/S0304-386X(97)00072-8]J.

26 Petersen ]., Dixon D. Modeling and Optimization of Heap Bioleach Processes // Biomining.
Berlin, Heidelberg: Springer-Verlag - 2007.- 153-176. https://doi.org/10.1007/978-3-540-34911-2 8

27 Chang Y.C., Myerson A.S. Growth models of the continuous bacterial leaching of iron pyrite
byThiobacillus ferrooxidans // Biotechnology and Bioengineering - 1982. - 24, NO4, 889-902.
https://doi.org/10.1002 /bit.260240411

28 B.Pesic and D.]. Oliver. An Electrochemical Method of Measuring the Oxidation Rate of Ferrous
to Ferric Iron with Oxygen in the Presence of Thiobacillus ferrooxidans // Biotechnology and
Bioengineering - 1989 - 33, 428-439.

29 Konishi Y., Asai S., Katoh H. Bacterial dissolution of pyrite by Thiobacillus ferrooxidans //
Bioprocess Engineering. - 1990.- 5, 231-237. https://doi.org/10.1016/0009-2509(92)80207-SPirt
(1982

30 Rashidi T.H., Auld ], Mohammadian A.K. A behavioral housing search model: Two-stage hazard-
based and multinomial logit approach to choice-set formation and location selection // Transportation
Research Part A: Policy and Practice. - 2012. - 46, 1097-1107

31 Boon M., Heijnen ].J. Chemical oxidation kinetics of pyrite in bioleaching processes //
Hydrometallurgy - 1998. - 48, 27-41. https://doi.org/10.1016/S0304-386X(97)00072-8

32 Corapcioglu M., Haridas A. Microbial transport in soils and groundwater: A numerical model //
Advances in Water Resources. - 1985. - 8, 188-200. https://doi.org/10.1016/0309-1708(85)90063-6

33 Chang, M.M., Chung, F.T-H., Bryant, RS.Gao, HW. and Burchfield, T.E., Modeling and
Laboratory Investigation of Microbial Transport Phenomena in Porous Media//SPE - 1991 - 22845,
299-308.

34 Zysset, A. et al. Modeling of reactive ground water transport Governed by biodegradation //
Water Resources Research - 1994. - 30, NO. 8, 2423-2434.

35 Molchanov Sh., Gendel Yu., loslvich I, Lahav O. Improved Experimental and Computational
Methodology for Determining the Kinetic Equation and the Extant Kinetic Constants of Fe(II) Oxidation
by Acidithiobacillus ferrooxidans // Applied and Environmental Microbiology. - 2007.-73,N0 6, 1742-
1752. https://doi.org/10.1128 /AEM.01521-06

36 Dziurla, M. A, Achouak, W, Lam, B.-T., Heulin, T. and Berthelin, ].,] Enzyme-linked
immunofiltration assay to estimate attachment of thiobacilli to pyrite // Applied and Environmental
Microbiology - 1998. - 64, 2937-2942.

37 Bagdigian, R. Myerson, A. The Adsorption of Thiobadus ferrooxidans on Coal Surfaces //
Biotechnology and Bioengineering - 1986. - 28, 467-479.

38 Myerson, A. and Kline, P. Continuous Bacterial Coal Desulfurization Employing Thiobacillus
Ferrooxidans // Biotechnology and Bioengineering - 1984. - 26, 092-099.

39 Herzig, P., Leclerc, D., Le Goff, P. Flow of Suspensions through Porous Media - Application to
deep filtration. Industrial and Engineering Chemistry// In: Flow Through Porous Media, Am. Chem. Soc.,
Washington, D.C. - 1970. - pp. 129-157.

40 Taylor, S.and Jaffe, P. Substrate and Biomass Transport in a Porous Medium// Water
Resources Research -1990. - 26, NO. 9, 2181-2194.

41 Corapcioglu, M., Haridas, A. Transport and Fate of Microorganisms in Porous Media: A
Theoretical Investigation// Journal of Hydrology, -1984. - 72, 149-169.

42 Kargi F., Weissman ].G. Kinetic parameter estimation in microbial desulfurization of coal //
Biotechnology and Bioengineering. - 1987. -30. NO9, 1063-1066. doi.org/10.1002 /bit.260300909

43 Clement, T., Skeen, R,, Jennings, D., Petersen, J. Microbial growth and transport in porous media
under denitrification conditions: experiment, ts and simulations // Journal of Contaminant Hydrology -
1997. - 24, 269-285.

49

HAYKA UHTENNEKTYAJIbHBIX CUCTEM


https://doi.org/10.1515/9781501509797-01
https://doi.org/10.1016/S0304-386X(97)00072-8
https://doi.org/
http://dx.doi.org/10.1007/978-3-540-34911-2_8
https://doi.org/10.1002/bit.260240411
https://doi.org/10.1016/0009-2509(92)80207-S
https://doi.org/10.1016/S0304-386X(97)00072-8
https://doi.org/10.1016/0309-1708(85)90063-6
https://doi.org/
https://doi.org/10.1128/aem.01521-06
https://doi.org/10.1002/bit.260300909

N°3 (uionb-cenTabpe) 2026 rog, MHTENNEKTYAJIbHBIE CUCTEMB

YATTBIK FhINbIM
AKAAEMUACHI

44 Ahfir N.-D., Hammadi A., Alem A., Wang H., Le Bras G., Ouahbi T. Porous media grain size
distribution and hydrodynamic forces effects on transport and deposition of suspended particles //
Journal of  Environmental Sciences. - T 53. - 2017. - C. 161-172.
http://dx.doi.org/10.1016/j.jes.2016.01.032

45 Hornberger G.M., Mills A.L., Herman ]. Bacterial transport in porous media: Evaluation
46 of a model using laboratory observations // Water Resour. Res. - 1992. - T. 28. - C. 915-938.
https://doi.org/10.1029/91WR02980

50

HAYKA UHTENNEKTYAJIbHBIX CHCTEM


http://dx.doi.org/10.1016/j.jes.2016.01.032
https://doi.org/10.1029/91WR02980

N°3 (ionb-cexTsbpb) 2026 ron UHTENNEKTYANIbHBIE CUCTEMB

¥NTTIK FoINbIM
AKAQEMMWACbI

YAK: 49.33.31
DOI: https://doi.org/10.66941/3106-9037 /2026 /iss3pp51-67

M. Kynen6aes, A. Paxbimr*
Kaszaxckuii HayuoHabHbIl yHugepcumem um. aab @apabu, Aamamol, Kazaxcman

E-mail: rakhysh aigerim3@live.kaznu.kz

PACUYETHAA OLIEHKA KOMMYHHUKAIIMUOHHBIX OTPAHUYEHUA COBBITUMHON CUCTEMBI
BUJEOMOHUTOPHUHI'A HA BA3E ESP32-CAM U FPGA

MypaTt KyHen6aeB, npodeccop, cTapuiuid HaydHbId COTpyAHUK UHCTUTYTa MHGOPMAaLMOHHBIX U
BBIYHCJAUTENbHBIX TexHosorui (MUBT) u npenojaBaTtenb Kadeapbl UCKYCCTBEHHOTO UHTEJLJIEKTA U
Big Data Ka3HY um. anp-®apabuy;

Aiirepim Paxpim, PhD gokTopaHT no cnenuaibHocTH «CHcTeMbl HHPOPMALMOHHON 6€30MacHOCTU»
kadenpbl «KnubepbesonacHocTb U Kpunrosorus».

AHHOTauus. B faHHOM HCCIeJOBaHUU C MOMOIIbI0 MaTEMAaTUUYECKOTO MOJEJUPOBAHUS U aHA/IM3A
paHee MOJYYEeHHbIX 3KCIIEPUMEHTAJbHBIX JAHHbIX U3y4YeHbl OTPAaHUYEHUs] KaHaJla CBSI3U B CUCTEME
COOBITUMHOIO BHAEOKOHTPOJISI, MOCTpOoeHHOM Ha asieMeHTax ESP32-CAM u FPGA. llpeasoxkeHa
BBIYUCJUTENbHASA MOJeJb epefayuu JaHHbIX 10 WinHe UART, koTopas faeT BO3MOKHOCTb ONPe/Ie/IUTh
CTeleHb 3arpy’KeHHOCTU JIMHWUU, HAWMEHBIUIYIO [JIMTEJbHOCTb OTIHPAaBKU COOOIIEHUM, 3amac
MPONYCKHOW CIIOCOOHOCTH, a TaKKe OLleHUTb BO3JEeUCTBHE CAYKEOHBIX 6AUTOB Ha MpoLiecC 0OMeHa.
[IpoaHa/siM3upoBaHbl TPHU BapHaHTa OTIPABKH AAaHHBIX: LIEJIOTO CKaToro Kazpa, dpparmenta (ROI) u
HUTOTOBBIX JJaHHBIX AeTeKIuu. Ha ckopoctu 921 600 604 /01 3arpy3Ku KaHasa coctaBua 32,55 %,
7,81 % u 2,78 % cooTBeTCTBEHHO. BbIsIB/IeHO, YTO 3aMeHa OJIHOTO Kajapa Ha ROl npuBOAUT K naZieHUIo
MoJIe3SHOW Harpysku Ha 76 %. PaccuuTaH mnopor BblfesneHUss o6JsacTu HHTepeca — 11,07 mMc;
MpeBbIIIEHUE 3TOr0 3HAYEHUS JlesiaeT 1LieJecoobpa3HbIM nepexo Ha nepegady ROI st akoHOMUM
BpeMeHH. AHA/IM3 ONy6JIMKOBAaHHBIX JAHHBIX BbISIBUJI YMEHbIIIEeHUE MeJIUAaHHOU 3aI€PKKU CUCTEMBI
ESP32-CAM c FPGA Ha 22,58 % no cpaBHeHHIO ¢ KoHurypanueit 6e3 FPGA. [IpeanoxeHbl pacyeTHble
KpUTepuu Ajs Bblbopa ¢opMaTa COOOLIeHHUST U OLeHKHU MOocJe[0BaTeJbHON INepeAadyd MaKeTOB.
[losiyyeHHbIe pe3yJ/ibTaThl MNO3BOJISIIOT ONPEAEJUTb YCJA0BUS PALMOHAJBHOTO HCIO0Jb30BaHHUS
nponyckHo crioco6HocTr UART.

KiioueBble cs10Ba: coObITHIHBIN BuJleoMOoHUTOpUHT; ESP32-CAM; FPGA; UART; 3aziep>kka; Harpyska
KaHaJia.

M. KyHen6aes, A. Paxbiir*
an1-®apabu amviHdarsl Kazak yammolK yHugepcumemi,Aamamesl, Kazakcmau

E-mail: rakhysh aigerim3@live.kaznu.kz

ESP32-CAM »KOHE FPGA HETI3IHJIET'l OKUFAJIBIK BEHHE MOHUTOPUHT »KYMECIHIH,
KOMMYHUKALUAJIBIK IIEKTEYJ/IEPIH ECEIITIK BAFAJIAY

Mypart KyHes16aeB, npodeccop, AKIapaTThIK }KoHe ecelTeyilll TeXHOJI0THUsAJIap HHCTUTYThIHbIH
(AETH) aFa FplIbIMHU KbI3MeTKeDi xkoHe ay1-Papabu aTeiHAaFbl Ka3zYY-abiy acanbpl UHTENIEKT
»koHe Big Data kadepacbIHbIH OKbITYLIBICHI;

Anrepim Paxeim, Kubepkayinciz/iik >xaHe KpUNTOJI0TUA KadeApacblHbIH «AKIapaTThIK Kayincisik
yHeJsiepi» MaMaH/AbIFbI 60MbIHIIA PhD goKTOpaHT.

AHHoOTanusA. bys 3epTTeyse MaTeMaTHKaIbIK MOJEJbAEY K9HEe OYpbIH aJIbIHFAaH 3KCIEPUMEHTTIK
aepekTtepai Tangay apkblibl ESP32-CAM xoHe FPGA HerisiHzae KypblifaH OKWFaJjiapFa Heri3ze/reH
6eliHEMOHUTOPUHT JXYHeciHJeri GalsaHbIC apHacblHbIH LiekTeyJsepi 3epTTesnfi. UART muHachl
apKbLIbl JlepeKkTep/ii 6epy/iH ecenTey Mojiesi YCbIHbLIbL. Mojenb GalaHbIC KeJiCiHiH KYKTeny
JleHreliH, xabapJyiaMasiap/ibl 6epy/liH €H a3 Y3aKThIFbIH KoHe 6TKi3y KabiJieTiHiH KOPbIH aHBbIKTayFa,
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COH/JIali-aK KbI3METTiK 6alTTap/blH JlepeK aJMacyFa acepiH 6arasayra MyMKiHAik 6epefi. [lepekTepai
Oepy/iH YL HYCKAChl Ta/JJAaH/bl: TOJBIK CbIFbJIFAH KaJpAbl, KbI3bIFYUIBLIBIK aiiMarbiH (ROI) *koHe
JleTeKIUSHbIH KOPBITBIH/bI iepeKTepiH 6epy. 921 600 60/ Kbl/1aMIbIKTa apHAHbBIH, KYKTeJy JeHreHi
Tuicidie 32,55 %, 7,81 % xaHe 2,78 % 6osab1. TosblK KagpabiH opHbiHa ROl 6epy naitfjaibl ;KyKTeMe
keJieMiH 76 %-Fa a3alTaTbIHbI aHBIKTaJ/Ibl. KbI3bIFYIIbLIbIK aiMaFbIH G6JIII aly/IblH IIEKTi yaKbIThI
11,07 Mc gen ecenTesifii; OCbl MOHHEH acKaH »KaFjJalja yakbITThl YHeMzey yuiiH ROl 6epyre kemry
opbIHABI Gostagbl. XKapusananran gepektepai taagay FPGA xosmanbliatbiH ESP32-CAM »xyiieciHiH
MeauaHaNbIK Kigipici FPGA KoJiiaHBIIMANUTBIH KOHQUTypaluMsaMeH cajbICTbhipFaHaa 22,58 %-fa
TeMeH/leTeHiH KepceTTi. XabapJsiaMa miliMiH TaHAayFa KoHe MakeTTepAi TizbekTel 6epy/ii 6aranayFa
apHaJIFaH eCeNTiK KpUTepuiaep YChIHbUIABL. AnbiHFaH HoTHKesiep UART eTKi3y KabiseTiH yThIMabI
nai/lasiaHy MapTTapbIH aHbIKTayFa MYMKiH/iK 6epe/i.

TyiiH ce3aep: okuraiblK 6eliHeMoHUTOpPUHT; ESP32-CAM; FPGA; UART; Kifipic; apHa *yKTeMeci.
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CALCULATION-BASED ASSESSMENT OF COMMUNICATION CONSTRAINTS IN AN EVENT-DRIVEN
VIDEO MONITORING SYSTEM BASED ON ESP32-CAM AND FPGA

Murat Kunelbayev, Professor, Senior Researcher at the Institute of Information and Computational
Technologies (IICT), and Lecturer at the Department of Artificial Intelligence and Big Data, Al-Farabi
Kazakh National University;

Aigerim Rakhysh, PhD student in Information Security Systems at the Department of Cybersecurity
and Cryptology.

Abstract. This study investigates communication channel constraints in an event-driven video
monitoring system based on ESP32-CAM and FPGA through mathematical modeling and the analysis of
previously obtained experimental data. A computational model of data transmission over the UART
interface is proposed to determine channel utilization, the minimum message transmission time, and
bandwidth headroom, as well as to assess the impact of overhead bytes on data exchange. Three data
transmission options are analyzed: a complete compressed frame, a region of interest (ROI), and
detection results. At a baud rate of 921,600, channel utilization was 32.55%, 7.81%, and 2.78%,
respectively. Replacing a complete frame with an ROI was found to reduce the payload by 76%. A
threshold of 11.07 ms was calculated for region-of-interest extraction; exceeding this value makes
switching to ROI transmission advantageous for saving time. An analysis of published data revealed a
22.58% reduction in the median latency of the ESP32-CAM system incorporating an FPGA compared
with the configuration without an FPGA. Calculation-based criteria are proposed for selecting the
message format and evaluating sequential packet transmission. The results identify the conditions for
efficient utilization of UART bandwidth.

Keywords: event-driven video monitoring; ESP32-CAM; FPGA; UART; latency; channel utilization.

BBegeHue

[lepepsava Ka/A0ro BUEONMOTOKA Ha allapaTHbIA yCKOPUTEJb B CHCTEMAx paclnpezeleHHOTO
HabJ/I0JleHUs1 NpPUBOAUT K T[OBBILIEHHOW Harpy3ke Ha KaHa/l CBS3M MexXJAy KaMepou u
BBIUMCIUTEBHBIM 6JI0KOM. XOTS 3alyCK aHa/IM3a JIMLIb NPpU UKCALUH ABWKEHUS] CHIKAeT 06beM
06pabaThIBaeMbIX KaJ[pOB, MPOJOJ/LKUTENbHOCTh OTJEJbHOr0 IIMK/JIAa OCTAeTCsl OrpaHUYeHHOH
BpeMeHeM, HeOoOXOJWMbIM /[Jid Tepefiadyd [JaHHbIX, UX 00pPabOTKM U MNyOGJUKALMUKW HTOTOB.
CneoBaTesIbHO, pellieHrWe O TOM, YTO MMEHHO OTNPaBJATbh — CKaTOe U300pakeHHe, Bbl/leJIEHHYIO
06/1aCTh WJIM KPAaTKWUM pe3yJsbTaT, — JOKHO 6a3hpoOBaThCs HA OOBEKTUBHBIX XapaKTEPUCTHKAX
NPONYCKHOW CNOCOOGHOCTH KaHaja. B ucrounuke [1] omuceiBaeTcsl cucTeMa BUAEOHAOJIIOAEHUS,
pearupytolas Ha cOObITHS, KOTOpas Bk/o4aeT B cebst [IMP-ceHcop, MukpokonTposuiep ESP32-CAM u
NporpaMMHUpyeMylo Jiorudeckyto HUHTerpasbHyto cxeMmy (IIJINC). JlaHHasg KOHCTPYKLHS BBICTYNAaeT
6a30BOM MOJe/IbI0 JJIl TEKYLlero uccaefoBaHus. YTob6bl MpoaHaU3UMpoBaTh (QYHKLHOHAJIbHbIE
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BO3MOXXHOCTH KaMepbl U KOHTPOJ1JIePa, Lie1ecO006pa3HO ONUPaThCs Ha JaHHble TECTUPOBAHUSA MOy
ESP32-CAM, ony6yimkoBaHHbIe B paboTe [2]. ABTOpbI pa6oT [3] ¥ [4] mpoaHa/JIU3UPOBAIU CHUCTEMBI
MOHUTOPHHIA U [leTeKLUH IlepeMellleHUH, TOCTpoeHHble Ha MUKpoKoHTpoJsuiepe ESP32, Torpa kak B
HWCTOYHUKe [5] uccienoBasici BONpPOC TMepeAadyd BUjeonoToka uepe3 ceTb Wi-Fi. Crparterus
006paboTKU: JIOKaJIbHAsl WK OTIPAaBKa KaJ[pOB Ha CEPBEpP — HAMpsSMYI0 onpeesisieT TpadpuK CETU U
3a/lep>KKy IPU N0Jly4eHUH UTOTOBOTO pe3yJ/ibTaTa. B ucciejoBaHuu [6] npoaHa/IM3upoBaHbl OAXO0/AbI
K pachnpejieJieHUI0 3a7a4d Npu IepudepuiiHOM BbISIBJIEHWH OOBEKTOB Ha miatdopme ESP32.
Xapaktepuctuku ESP32-CAM kak nporpaMMupyeMoro MOAyJs [OJisl UCCIe[0BaTeJbCKUX 3ahad
WU3JIO)KeHbl B UCTOYHUKe [7]. Hcnosib3oBaHue 3HeprodadpdeKTUBHbIX KaMepHbIX CHCTEM B
JUCTAaHIIMOHHBIX CETSX BUJIEOHAOJIOIEHUsST 00Cy»K1aeTcsl B paboTte [8], Torma Kak acrnekThbl BbiGopa
MPOTOKOJIOB 6GeCIPOBO/IHOM Mepe/jlauu M300paXKeHU ocBellleHbl B nyosukanuu [9]. [lpobieMaTuka
aJlallTUBHOTO MOHUTOPHHIA B YCJIOBUSX HEXBATKU BbIYUCIUTEbHBIX MOLIHOCTEHN paccMaTpuBalach B
pa6ote [10]. /lna moOBbILIEHWS CKOPOCTHM aHa/lM3a BUJEONOTOKAa AKTUBHO MCNOJb3YIOTCA
nporpammupyembie Jiorudeckue wMatpuibl (FPGA). B wactHocTtw, Capkap u coaBTopbl [11]
paspaboTasu cucteMy uHTepdeiica Mexxay kamepoit u FPGA, Toraa kak ucciegoBanue [12] onuceiBaet
FPGA-yckopuTesb a1 3aZad OOHApyKeHHsT O0OBbEKTOB B IMpoMbllieHHOW cdepe. TemaTuke
anmnapaTHbIX YCKOpUTesJeld JeTeKTUPOBaHUA OOBbEKTOB mocBsAlleH 0630p [13]. B pabGore [14]
aHaJIM3UPYIOTCA crnenubryeckue TpeboBaHUs, NpefbsBiseMble K QYHKIMOHWPOBAHUIO CHUCTEM B
pexxrMe peasibHOro BpeMeHd. 06061anuil 0630p MeTosoB onTuMusauuu FPGA-uHTepnpeTanui
cemeiictBa ajiroputmMoB YOLO mnpencraBieH B ucToyHUKe [15]. YTo kacaeTcsi mpakTUYecKOH
peanusaluy, TO TIpuMepbl HcHosb30BaHUA FPGA-TexHosiorMid B 3aZjadyax MHOTOKaMepHOIo
BU/I€OHA0JII0ZIEeHUA U B COCTaBe aBTOHOMHBIX KOMIIJIEKCOB JleTaJIbHO ONMCaHbl B yOauKanuax [16]-
[18]. Ocoboe BHUMaHUE yAessieTcs aHaau3y nHOopMaluy, NOCTynawleld oT COObITUINHBIX KaMep. B
pab6ote [19] paccMaTpuBaeTcs 3aJa4ya BbISIBJIEHUS MepPeMEIIANUXCA 00bEKTOB C MPHMEHEHUEM
TaKUX CEHCOPOB M IPOrpaMMUPYEMbIX JIOTMYECKHUX UHTerpasbHbix cxem (IIJIMC). 063o0p
CyL1eCTBYIOIIUX pelleHuH s cobblTUIHOrO 3peHus Ha 6a3e [1JINC copepxuTcs B uctoyHuke [20], a
dyH/laMeHTa/lbHble OCHOBbI JJAHHOW TEXHOJIOTMU CHUCTEMaTHU3UPOBaHbl B cTaTbe [21]. B ucTouHuke
[22] n3s03xeHa annapaTHO-NIPOrpaMMHas CTPYKTypa JJ/isI MOHUTOPUHTIA MHOXKecTBa 00’ beKTOB. PaboTta
[23] nocBsleHa co3/1aHUI0 KaMepPhl, U3Mepsiolllel ONTUYECKHUI IOTOK HAa OCHOBE COOBITHM, TOTJa KaK
B [24] mpeasiokeHa cUCTeMa BbISIBJIEHUSI U CONPOBOXK/JEHHUS OOGBEKTOB, OPUEHTHPOBAHHAasi Ha
nepudepuiiHble yCTPONCTBA.

3aziayeil paboThl BBICTYNAET MOBTOPHBIN aHA/IM3 MaTepuasoB [1]: Tpou3BOAUTCS BbIYMCIEHUE
ytuaudauun UART-uHTepdeiica npu nepejaye coobIleHUN pas3MYHbIX KaTeTOpPUH, onpesessieTcs
BO3/IeMCTBHE CAYKeOHbIX 6aUTOB Ha 3QPEKTUBHOCTb KaHaJla, a TAKXKe CONMOCTABJISIOTCSA MeUaHHbIE
3HaueHusd 3ajepxek aasd koHourypayuit ESP32-CAM u kom6uHHUpoBaHHOU cucteMbl ESP32-CAM c
FPGA. /leTasibHOe HcC/ieIOBaHUE BPEMEHHBIX 3aTPaT HA KAXK/A0M 3Tare 06paboTKU UCKJIIOUYEHO U3-3a
OTCYTCTBHS OIyOGJIMKOBAHHBIX BpEMEHHBIX METOK /151 3TUX Ollepalui.

MeTtoaonorusa. Korzaa cpabaTbiBaeT UHPpaKpacHbIM AATUYMK ABUKeHHUS, Moayab ESP32-CAM
dukcrupyeT CHUMOK ¢ moMolbio kKamepbl OV2640. [lonyyeHHble JlaHHbIEe nepefatoTcs Ha FPGA yepe3s
nHTtepdeiic UART, nocsie yero curHan o ¢ukcanuu ob'beKkTa oThpaBJseTcss o6paTHo Ha ESP32 u
TpaHcaupyeTcs B ceTb no nportokosay Wi-Fi. CTpykTypa cucTeMbl M BHEIIHUW BHJ NPOTOTHIIA,
ONMCaHHble B UCTOYHUKe [1], npeAcTaB/ieHbl HAa pucyHKax 1 u 2. PyHKI MU 06ecrieyeHHs 6€3011aCHOCTU
JlaHHBIX, BblJleJIeHHbIe B UCXOJJHOM CXeMe, TPAaKTYIOTCA 3/1eCh KaK 4aCTb apXUTEKTYPHOrO pelleHud;
npy 3TOM B paboTe [1] OTCYTCTBYIOT CBeZileHUs1 00 OLleHKe UX CTOMMOCTH U IPOBEPKE KOPPEKTHOCTH
peasu3aLuu.
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Screening  Bias-Frames L
2fniningraysale pgfl  (€9- grayscdle, )
Camera OV2640 I 3 s 3

Confirming Motion by PFGA St Event Padacs

ESP32-CAM H Smart Event

Packets

PIR Trigger
ROI + Object
I Detection Cloud Server
~ Quality Gate Bandwidth-Efficient MQTT /HTTP
Edge Processing Cloud Infrastructure

PIR Sensor Microcontroller Control ROl BAL Detection

* Power Modes « Contour / Motion Detection

Motion Detection o UART Interface « Quality Estimation 4 Analytics + Updates
* Data Security =
I-—» Secure UART Interface Compact Event Packets ("gg, | confidence +
* INT/READY; Frame Hashing {5} INT/READY = & @ + | pach + Timestamp
« Encryption, Integrity Encryption, Integrity | (<648)

Power Control

PucyHok 1 - ApxUTeKTypa COObITUHHOTO BUJIEOMOHUTOPUHTA [1]

3D-printed mount Camera module
(holder) (ESP32-CAM + OV2640

Mojo FPGA (Spartan-6)
in 3D case
Hardware processor

Wiring harness:
UART TX/RX,
GND, Power

USB power /

programming
for Mojo FPGA

USB-UART adapter
(UART test / flash)

PucyHok 2 - JkcnepuMeHTalbHbIN 06paser [1].

B Tab6suue 1 arperupoBaHbl NepBOHaYaibHble MapaMeTphl [1]. HacToTs! 25 u 40 nakeToOB B CEKYHAY
OTPaXKAIOT pa3JInUHbIE PEKUMBI PAGOTHI U He MpeANoJaraloT 0JHOBPEMEHHYIO NepeJadyy BceX Tpex
MOTOKOB B paMKax OJHOTO TecTa. [lokasaTesqn BpeMeHH peakuud QUKCHPYIOT HHTEpPBaJ MeXIy
aktuBauuei PIR-maTuuka v noATBepKJeHueM NyOJMKaLWM, IPU 3TOM OHU He U30JIUPYIOT BpeMd,
3aTpayeHHOe UCKJIYUTEIbHO Ha BbluKcaeHusd B FPGA.

Ta6suna 1. Ony6/iMKOBaHHbIE JJAaHHbBIE, UCII0JIb30BaHHbBIE B pacyéTax [1]

[ToTok Cpennuii pa3mep, b P95 pa3mepa, b YacroTa, nak./c
CKaTbIN Kaap 1200 1600 25

O6uiacTb nHTepeca / 180 240 40

HpPU3HAKHU
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PesysabTaT 64 96 40
00HapPYKEeHHUS

MaTteMmaTuuyeckass moaeab o6MeHa ESP32 CAM u FPGA no UART. [IpeasoxxeHHast MoJiesIb
MpUMeHsIeTCs JJisi BTOPUYHONW 06pabOTKU CBOJAHBIX JAHHBIX, pa3MelleHHbIX B HcTouHUKe [1]. Ee
3aJlaya -ONpeJieJIUTbh MHUHUMAaJbHYK IMPOOJKUTENbHOCTh CeaHCa CBs3H, OI€eHUTh 3aHSTOCTb
MOC/Ie0BAaTeJbHOTO MOpPTa W 06OCHOBAaTb BBIOOP CTPYKTYphbl MakeTa. BaKHO OTMETUTb, UTO
paccuuTaHHble TMOKa3aTeJd He OTpa)kaloT (GaKTHYeCKOoe BpeMsi BBINMOJHEHUS 3TANnoB paboThl
MPOTOTHIIA.

B paMkax KakJJoro KOHKpeTHOTO ciieHapusi $i$ 6epyTcs cieayioliue mapameTpbl: CpeaHsist
JairHa coobiienus $S_i$ (B 6aitTax), 95-i nepueHTHIb JauHbl $S_{95,i}$ (B 6aiiTax), yacToTa OTIIPABKH
$f_i$ (coobineHuit B CeKyHAy) M INPOIyCKHas CIoco6HOCTb KaHasma $B = 921,600$% 6Gox. Ilpu
vcnosib3oBaHuu npotokosa UART c kondurypanueit 8N1 Ha nepegauy ofHoro 6aita yxoguT 10 6UT.
Ananusz kaHasioB cBsi3u ESP32—FPGA u FPGA—ESP32 npoBoauTcs He3aBUCHMO Jpyr OT Apyra,
MI03TOMY YaCTOThI NlepeiauH JIJisl pAa3JIUYHbIX CIleHAapHEeB He CYMMHUPYIOTCS.

Ri+5,C=2=921608/c,u,= Rt/ = 105,,/B &)

R; - nose3ublil notok (B/c); C - upeanbHas BepxHsisi rpaHULA IPONYCKHOMN CIOCOOHOCTH /sl
8N1; U; - 6e3pasMmepHas pacyéTHas 3arpyska. B nponenTax U; ymHoxkaeTcs Ha 100. YpaBHeHue (1) He
YYUTBIBAET May3bl, CIy»eOHble 6alThl ¥ TOBTOPHBIE NTepejayH.

AR, =1— Ri/R )
Kazp

B ypaBHeHHH (2) CHHKEHHE OTOKA OLLeHUBAETCSI OTHOCUTEJILHO ClleHapHs Nepejayr CKATOTro
KaJipa MPHY YKa3aHHBIX /IS KQXKJ0r0 ClleHapys YaCTOTaX; OHO He JJ0Ka3bIBaET OJJMHAKOBYIO
[10J1e3HOCTD Nlepe/laBaeMblX JaHHBIX.

timin = 10 S;fi/B, tos paswmi = 10 Sos;/B (3)

[lepBasi BesiMuMHA paccuUTaHa /IJisl CpeIHEro pa3Mepa, BTopas — Ajs1 Pos pasmepa. tgs, pazmep
He sBJIAeTCS KBaHTUIeM Pos GakTHUUeCKH H3MepeHHOU 3aIePKKHU: 03KH/laHHe UHTepdelica, ouepeau
1 06paboTka FPGA B ypaBHeHUe (3) He BXOJAT.

ithdfi
Ri(hy) = (S; + h)f;, Ui(hy) = w @
10(Si+hy)fi an
ti,min(hi) = %, a_m = 10fi/B (5)

h; - fo6aBsieHHbIE 6GalTHI HA 0HO cooblieHHe. 3HayeHUs h; = 0, 32 u 64 b ucnosb3ytoTca
TOJIBKO KaK CLieHapHUH YYBCTBUTEJIbHOCTH; pa3Mep Cay:KeOHbIX MoJiel npoToTymna B [1] He
ony6JiMKOBaH. YpaBHeHuUs (4)-(5) He MOJe/UPYIOT NOBTOPBI U HHTEPBaJIbl IPOCTOS.

aB
- a,h)=—-—,0<a<1 6
ﬁ,mGX( ’ l) [1O(Si+hi)fi] ’ ( )
o — 3a/laHHas NpoeKTHas [0 JONYCTUMOM 3arpy3Ku. ITO CBOOOJHBIN MapaMeTp ClieHapus, a He
M3MepeHHas XapaKTepUCTUKa YcTaHOBKU. Ecnu f; npeBbiliaeT fj,may, BbIOpaHHBIN pe3epB UHTepdelica
He 06ecrneyrBaeTcs AaXKe B U/leaJTM3UPOBAHHON MO/IEH.

Kazp u o61acTe nHTepeca nepegawTcs B HanpaBaeHUu ESP32—-FPGA. [ycTb troi -
JIONIOJIHUTE/IbHOE BpeMsl BblJlesieHus 06J1acTu uHTepeca Ha ESP32. /lns ogHoro u Toro »ke co6bITUS
nepexo/ Ha ROI cokpaljaeT cyMMy BpeMeHHU BblJle/IeHHS] U MUHMMAaJbHOTO BpeMeHH Nepefjayu
TOJIbKO IIPU CJIEJIYIOIEM YCAOBHUMU:

tROI + 10(SROI + hROI)/IO(Scadr + hcadr)/B (7)
tror < trormax = lo[scadr + hcadr) — (Sror + hror)/B (8)
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[Ip# Scaar = 1200 B, Sror = 180 b ¢ headr = hror = 0 pacuéTHbIN nOPOT troi,max = 11,07 Mc. Bpems
daxTuyeckoro BolAesneHus ROI He ony6/1MKOBaHO, T03TOMY ypaBHeHHUe (8) 3a/jaéT npoBepsieMoe

YCJIOBHE, a He YCTaHOBJIEHHOe NIpenMyLecTBO. OHO CONOCTaBAAET TOJIBKO YKa3aHHbIe CTaZJUH U He
0XBaTbIBaET IOJIHYIO 33/JeP>KKY COOBITUSI.

AT, = T, ESP32 — T, ESP32 + FPGA

AT,
8, = T—:v (9)
p = 50,95,99

Tp 0603HavYaeT ony6/IMKOBaHHBIM KBAaHTUJIb BpeMeHH OT cpabaTbiBaHusA PIR-faTunka 0
MO/ITBEPXK/eHUS NyOIMKauY. BeryuTaHue KBAaHTU/IEH TaéT pa3HUIY ONyOJIMKOBAHHBIX
XapaKTePUCTHUK PEXHUMOB, a3 He KBAHTUJ/Ib MOMAPHbIX PAa3HOCTEH /IS OJTHUX U TEX Ke COOBITUM.

Ta6snna 2. PacyéTt no ony6/IMKOBaHHBIM JAHHBIM

CueHapui S, b f,1/c U, % t_min, mc
CxaTbI¥ Kaap 1200 25 32,55 13,02
DenETeys 180 40 7,81 1,95
HHTepeca

PesyibTat 64 40 2,78 0,69
0OHapyKeHHUs

CorJyiacHO ZI@AHHBIM TaGJIMLBI 2, TOJIHbIE 33/lePXKKHU s KoHpurypanuii ESP32 u ESP32 ¢ FPGA
coctaBisaT: P50 - 620 u 480 mc, P95 - 980 u 780 mc, P99 - 1300 u 1050 mc [1]. U3 dpopmy.nbl (9)
cienyeT, 94To abcosioTHasA pa3Huia paBHa 140, 200 u 250 Mc, a oTHOCcUTe/IbHOE CHIbKeHMe — 22,58 %,
20,41 % u 19,23 %. UccnenoBaHue 6a3upoBasoch Ha 80 COOBITHUAX AJISI KaXKJOT0 peXXKUMa, 0JJHAKO
JleTaJIu UCXOJHbIX BBIOOPOK U BpeMeHHble MeTKHU OT/eJIbHbIX 3TallOB He NMyO6JINKOBaJINCh. B cBA3M ¢
3THUM HEBO3MOXXHO pacCYUTATh JOBEPUTEIbHbIE HHTEPBaJbl UM YCTAHOBUTH TOYHBIN BKJIag UART u
FPGA B dopMHpoBaHUEe yKa3aHHbBIX IOKa3aTeJen.

MeToAMKa BTOPUYHOr0 aHa/IM3a. [losile3Has Harpyska N0TOKa, XapaKTepHU3yIolLerocs cpefHe
JUIMHOM coobuieHus: S u yactoToi f, Beruucaserca no ¢opmyse R = S-f (B 6aliTax B cekyHay). [lpu
WCII0JIb30BAHUM aCUHXPOHHOro ¢opmara nepejayd AaHHbIXx 8N1 ofuH 6GalT KOAUPYETCs AecsTd
6uTamMy (BKJIOYasi CTapTOBbIM, BoceMb WH(POPMALMOHHBIX U CTOMOBBbIM 6UThI). Cje/j0BaTesbHO,
TEeOpeTUYECKUN MpeJiesl IPONYyCKHOM crocobHOCTH AJs ckopocTtu 921 600 6o paBen C = B/10 = 92
160 B/c. KoaddunueHT 3arpy3ku kaHasa onpefensercs kak U = R/C. /laHHbIN pacueT 6a3upyeTcs Ha
NpeANoJIOKEHUH O HENPEPBIBHOM NOTOKe 6e3 MepepblBOB U UTHOPUPYET CJIy»KeOHble JaHHbIE, TAKUE
KaK 3aroJIOBKH, IO TBEPK/I€HHUs], KOHTPOJIbHbIE CYMMbI U MEXaHU3MbI IOBTOPHOM Mepeadu.
MuHuMa/bHOE BpeMs OTIPaBKU MakeTa BblpaxkaeTcss popmysoit ts = 10S/B. g 95-ro nponeHTUIA
pasMepa nakeTa aHaJIOTUYHBIM 00pa30M BBIBOAUTCS 3HaYeHHUeE tgs,pasM = 10Sg5/B. BaxkHO oTMeTHUTB,
YTO 3Ta BeJIMYMHA He OTpakaeT peasibHbIA 95-1 NPOLEeHTU/Ib 3a/1ePKKH, TaK KaK KBaHTHJIb pa3Mepa
naKkeTa He Y4YUTBbIBaeT BpeMs B ouyepesu, 3aJep>XKU Ha HHuLManusauuio FPGA u 3azepxky,
BbI3BaHHble ITOBTOPHBIMU OTIpaBJeHUAMU. OTHOCUTE/IbHOE CHMW)KEHMEe I10JIe3HOM HarpyskKu I10
CpaBHEHHUIO CO CXKAThIM KaJpoM paccuuTbiBaeTcsi yepe3 AR = 1 - R;/Rkazp.

Kaxzomy Tuny cooblieHHs B pacyeTax OTBOAUTCS COOCTBEHHBIN cleHapud. HampaBiienue
ESP32—FPGA oxBaThIBaeT CaTblil KaJ[p U 006J1aCThb MHTEpeca, TOTJa KaK KOPOTKOe COOOILeHUE C
pesysbTaToM HanpasJjeHO oT FPGA k ESP32. CnezmoBaTesibHO, OJIydeHHble NOKA3aTeJu Harpys3ku
CONOCTAaBJIAITCA IO CLieHapUsaM, a He CyMMUPYIOTCA KaK TPU NapasijieJibHO U3MepsaeMbIX NOToKa. Jid
UART, ucnosib3yioiiero o61ui GU3n4ecKuil KaHas, TpebyeTcs OTAe/bHO BbISICHUTD, IO3BOJISIET JIK
KOHKpeTHasi pea/ju3alusl OJHOBDEMEHHbIM 00MeH; B [JOCTYNHbIX HCTOYHUKAX pPEXUM
MOJIHOAYTIJIEKCHOU paboThl He [ileTaIu3UPOBaH.

YTo6bl OLEHUTh BJHUSHUE COYKeOHbIX JAHHBIX, BBOAUTCS NepeMeHHas h, o6o3Havarwouas
KOJIMYECTBO JIOTIOJTHUTEJIbHBIX 6AaUTOB Ha coob1ieHue. PacyeTHass Harpyska onpegesertcs kak R(h) =
(S + h)-f, 3arpy3ka kanasia — U(h) = 10(S + h)f/B, a MunumanbHoe BpeMs nepeaauu — t(h) = 10(S + h)/B.
[Ipy HyseBOM 3HayeHUHU h MosiyyaroTcs MOKa3aTe i, IpeJcTaBJeHHble B Tabsaule 2. [lockoabKy B
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HCcTO4YHUKe [1] He yka3aHbl pa3Mephbl 3aroJI0BKOB, NOATBEPXK/JeHUH U IOBTOPHBIX llepe/iay, YUCJIeHHble
3HavyeHHUd A h > 0 B JaHHOH paboTe He pacCUUTHIBAIOTCA.

AnropuTM 06pabGOTKM MCXOAHBIX JAaHHBIX CJeAYIOLIMH: JJs KaKJOTO THIIA COOOIeHUs
dukcupyoTcs ony6JIMKOBaHHble 3HauYeHUs cpegHero pasmepa (S), 95-ro nmpouentunsa ((P95)) u
yactoThl (f). Ha ocHoBe 0611e#t ckopoctu (B) Boiuncastorcesa (R), (C), (U), (t_s) u (t.{95}); 3aTem npu
e/JMHOWM 6a3e CpaBHEHHUA OINpefessieTcsl OTHOCUTeJbHOE CHW)XeHHe TMoToka. OKpyrieHue
NPOM3BOAUTCS IOCJAe BCEX BBIYMC/JIEHMH: 3arpy3Ka UM OTHOCUTeJIbHble U3MEHEeHHS IPUBOAATCA C
TouHOCThIO 0 0,01 mpoueHTHOro nNyHKTa, a BpeMsa — g0 0,01 mc. UcxonHble naHHble B Tabuuie 1
oCTalTCcs 6e3 U3MEHEHUH.

Pasmep coobiyeHus S (B) UART: B = 921 600 60p
YactoTa nepepaum f (naketos/c) ®opmar kaapa 8N1: 10 6ut/b
l Bpems nepepaum naketa: t =10S/B l
- N\
MonesHbiM NOTOK AaHHbIX ( Emkoctb UART
R=Sxf(B/c) \_ C=B/10=92160b/c

N/

PacyéTtHasn 3arpyska KaHana
U=R/Cx100 %

PucyHok 3. MeToguka pacuéra 3arpy3ku UART

Ha pucyHke 3 npeacraB/iieHa MeToJuKa BblurcaeHus 3arpy3ku JuHuu UART. [loTok ganHbix RR

BBIYMC/ISIETCST HAa OCHOBE CpeJijHero pasMepa coobuieHuss SS W 4dacToThl nepepauu ff, Torga kak
npomnyckHas crnocobHocTh KaHasa CC ompegensietcsa ckopoctbio UART u dpopmatom 8N1. Onenka
3arpysKHu OCyllecTBJsieTcs yepe3 oTHolleHne R/C, a MUHMMa/ibHOe BpeMs OTIPAaBKHU OJHOTO MaKeTa
paccuutbiBaeTcsd no ¢Gopmyse 10S/B. [losydyeHHble nokasaTeNU SABJSAKTCS TeOpPeTUYECKMMHU U He
IPUHUMAIOT BO BHMMaHHe CJAyXeOHyH HHPOpMaLUI0, WHTepBa/bl Nay3 MU CJydyad IOBTOPHOU
OTNPaBKH.
Jluis conocTaBiieHUs ONyGJIMKOBAHHBIX 3a/lep:KeK MPUMEHSIeTCsI pa3HOCTb KBaHTHied AT, = T, ESP32
- T, FPGA u oTHocuTenbHoe usMmeHnenue 6, = AT,/T,ESP32. B ucrounuke [1] npuBegeno no 80
COOBITUM JAJI1 KaXKJOI0 peXHMa, OJHAaKO OTCYTCTBYIOT NapHble BpeMeHHble MeTKH 3TaloB WJIH
WCXOZJHble JaHHble. B CBA3M € 3TUM OLleHKa [JOBEPUTEJbHBIX HWHTEPBAJOB WU CTATUCTUYECKOU
3HAQYMMOCTH Pa3JIM4YMU B JaHHOM CJIy4yae He IPOBOJUTCA.
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PIR: perucTpauns cobbiTus B ESP32-CAM: 3axgaT Kappa » UART: ESP32 -+ FPGA
to — cpabaTbiBaHue t1 — 3aBeplleHKe 3axXBaTa t2 / ts — HaYano / KoHel,

BpeMeHHble 0TMeTKM to-ts npeanaraloTca AnA Oy AYLLMX H3MEPEHUI

Wi-Fi: nydnnkauua pesynstata ¢ UART: FPGA - ESP32 ¢ FPGA: obpaboTka paHHbIX
ts — nopTBEPXAEHNE ts — pesynbTaT nony4en ts — roToBHOCTBL pesyneTaTa

PucyHok 4. 3Tanbl 06paboTKH COOBITHSA U peJJjaraeMble TOUKU perucTpalyu BpeMeH!

[IpeacTaBieHHass Ha pUCyHKe 4 6JIOK-CXeMa OIpejiesisieT I0CJAeL0BaTeJbHOCTb (PUKCALUU
BpEMEHHBIX METOK, HE0OX0/JMMYI0 [IJIsl TIOIaroBOM OLleHKH 3ajiepkeK. [lokazaHHble UHTepBaJIbl to-tg
CIyKaT OPHUEHTUPOM [iJisi U3MEpPeHUU; MpU 3TOM B HUCXOAHOM my6aukauuu [1] ZoCTynHbI JMLIb
KBAaHTUJIN 0OLIeN 3alepKKH, a JieTa/llbHble KypHaJibl OTCYTCTBYIOT. BeluKcC/IeHHe pa3HOCTeN Mexay
CMEXHBIMU OTMETKaMH IO03BOJIMT NPOAHA/JM3UPOBATh BKJAJ KaXJOro 3Tala: 3axBaTa, lepejayu
JaHHbIX Ha FPGA, ux 06paboTkKH, BO3BpaTa pe3yJibTaTa U CeTeBOU MyOIMKaLUH.

a3mepbl S U Ses, yacToTa f, KBaHTUNM 3aaepXku Tp

2 2

PacuéT nokasarenei UART
R=Sxf-C=B/10-U=R/C-t=10S/B

( WUcxopHble aaHHble ny6nukauum [1]
P

L

AHanus YYBCTBUTEJ/IbHOCTU
HononHuTtenbHble 6aiiTbl h = 0, 32, 64 b; nepecyét U

CpaBHeHHe peXxumoB
ATp = Tp,esp32 — Tp,Frea; Op = ATp / Tp,esp32

C WHTepnpeTauus pe3ynbTaToB
P;

acYETHbIE OLeHKH; onyﬁnuxosauuue KBaHTU/IU; OrpaHnyeHns

PucyHok 5. Bjiok-cxeMa MeTOAMKH BTOPUYHOTO aHA/IN3a OMy6JIMKOBAHHBIX JAHHBIX

Ha pucyHke 5 mnpejcraBieHa 06J/10K-CXeMa MeTOZa BTOPUYHOIO aHa/lIM3a ONyOJMKOBAaHHBIX
JaHHbIX. CxeMa paspesnsieT pacyeTHble mNokaszaTesu nepesaud 1no UART, cuenapHbli aHaius
C1yKeOHbIX GAaWTOB M CpaBHEHHE OMNYyOJMKOBAaHHBIX KBAaHTUJIEH 3a/iepKKU. BpeMeHa OT/esbHBIX
3TanoB 06pabOTKU B UCTOYHUKE [1] He U3MEPSIJIUCE.

Pe3epB NponycKHOM CIOCOGHOCTM. [Ipy yCTAaHOBJIEHUH NMPOEKTHOTO 3HAYEeHUS o0 Ha YPOBHE
0,70 mpomyckHas CIOCOOGHOCTb AJs1 Hepefladyd MoJiesHOW HHPopManuu B KoHourypanuu 8N1
Jfocturaet 64 512 6ut/c. B Tabaule 4 npruBeAeHbI JaHHbIE O JIONYCTUMON 4YaCTOTe, 06ecredyrBalollei
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yKa3aHHbIA pe3epB. [losiyueHHble pacyeTHble TpPaHUIbl XapaKTEPU3YIOT KaXKAblH OTAebHbIN
ClleHapu#i U He J0JDKHBl BOCIPUHMMATbCA Kak paKTHYeCKHe M3MepeHHble MOKa3aTeJd CKOPOCTH
nepeJiayy JaHHbIX yCTPOKCTBA.

WUcxopHbie napameTpbl
S, h, f; B = 921 600 60a; ponyctumas aons o

C Emkoctb UART npu ¢popmare 8N1 )

C=B/10=921606/c

Harpy3ka u npegenbHas 4yacrora
U=(S+h)f/C; fmax=aC/(S+h)

Oa Her

Mopor npesbileH
U-a>0; f>fmax

PucyHox 6. Bsiok-cxeMa o1jeHKH pe3epBa NponyckHou cioco6HocT UART

( Pe3sepB coxpaHéH

a-U20; f<fmax

Ha pucynke 6 nzo6pakeHa 6JI0K-CxeMa, IpeJHAa3HaYeHHas /i OI[eHKH 3araca MpOMyCKHOMN
cnioco6HocTH HHTepderica UART. PacueT fJ1s KaXK/[0oro BU/]A COOOIEHUST TPOU3BOJUTCS HE3ABHUCHUMO.
[lapameTp a ompe/iesisieT AOMYCTUMYIO ZI0JIF0 OT TEOPETUYECKOW eMKOCTH KaHasla; TaK, 3HaYeHue o =
0,70 oTpaxkaeT mnpoeKTHylo Harpy3ky Ha ypoBHe 70 %. CumBoan h yka3biBaeT Ha 006beM
JIOTIOJIHUTE/IbHBIX 6AUT, J00aBJIsIeMbIX K COOOILEHUIO, O/JHAKO JJAHHOE 3HaYeHHe He OblJI0 H3MEPEHO B
MePBOUCTOYHUKE.

Ta6suna 3. PacyéTHbIl mpeies 4acToThl coobieHui npu a = 0,70 u B =921 600 607,

CueHapuii S, b fmax npu h =0, fmax npu h = 64 b,
1/c 1/c
CxaTpId Kazp 1200 53,76 51,04
O6s1acTh UHTEpeca 180 358,40 264,39
PesynbTaT 64 1008,00 504,00
06HapyXeHHus

Tabsauna 3 1eMOHCTPUPYET BbIUUCIAEHHBIN MOPOT YaCTOThl 0OMEHAa JJAHHBIMU ITPU MTapaMeTpax o
=0,70 u B=921 600 60/1. B 6a30BbIX YCJIOBHAX OTIPABKA CKATOTO KaJ[pa C 4acCTOTOU 25 coob61eHnH B
cekyHay ucnosb3yeT 32,55 % mnponyckHou croco6HocTH UART, Torgma kak nmpu 40 coobuieHUsx/c
nokaszaTtesb ROI coctaBsset 7,81 %. Eciu 106aBUTh K KaXKI0My co00OLeHUI0 64 6aiiTa cayxeGHOU
nHbOpMaNUY, A0JIS 3aHITON EMKOCTH Bo3pacTeT 10 34,29 % u 10,59 % cooTBeTcTBEHHO. [I0CKOBKY
pa3Mep 3aroJioBKa h, ncrnosib30BaHHbIN B paboTe [1], He 661 BepUPULUPOBaH, MOJTyYEHHbIE JaHHbIE
OTPAXKAIT YYBCTBUTEJIHHOCTh MO/IEJIM K BbIGPAHHOMY 3HAY€HHI0 3TOT0 NapaMeTpa.

IloporoBoe Bpems BbiAesieHusA ROL. [Ipu ony6/1MKOBaHHBIX pa3Mepax Kajpa v 06J1acTH UHTepeca
(ROI), paBabix 1200 u 180 6ailT COOTBETCTBEHHO, a TaKXe HyJieBbIX 3HaueHUsX hkajap u hRO],
noporoBoe 3HaueHue tRO[,max coctaBssieT 11,07 mc (pacyet: 10(1200 - 180)/921600). B cayyae, ecu
npouecc BoiaeneHusa ROl Ha mukpokoHTposisiepe ESP32 3aHMMaeT BpeMeHM MeHble yKa3aHHOTO
1opora, NPOUCXOJUT COKpallleHHWe COBOKYIHOIO BpeMeHH, BKJKYAWILEro BpeMs Iepefjadyd U
MUHUMaJbHYI0 33/1epKKy. Korpa ke hROI yBesinunBaeTcs 0 64 6aiitT npu hkagp = 0, mopor cHu»KaeTcst
o 10,37 mc. CiienyeT OTMETHUTb, UTO IOJIy4eHHble YUCJIOBble 3HAaYeHHUs He OTPa)KaloT peasibHOe
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YCKOpeHHUe CUCTEMBI, TaK KaK B UCTOYHHKe [1] OTCYTCTBYIOT JaHHbIe 0 BpeMeHH BbiZeseHuss ROI u
Jpyryx sTanax GopMUpoOBaHUA 00611el 3aeprKKH.

WcxopHele pasMepbl M CKOPOCTh
Skagp, SROI; hkagp, hROI; B = 921 600 6on

v

JKOHOMMA BPEMEHHW Nepepayin
AtUART = 10[(Skaap + hkagp) - (SROI + hROI)]1/ B

v

Moporoeoe epema BbigeneHus ROI
tnopor = AtUART; npu hkagp = hROI = 0: 11,07 mc

v

tROI < tnopor ?

nba Het
YcnoeHaa 3KOHOMMA BPeMeHM S3KOHOMHM BPEMEeHH HeT
tROI + tUART,ROI < tUART,kamp tROI + tUART,ROI = tUART,kanp

PI/ICYHOK 7. Biok-cxeMa OLIEHKH TIOPOroBOro BpeMeEHHU BblAEJIEHUA 06J1acTH HHTEepeca

PucyHok 7 [eMOHCTpUpYeT aJfOPUTM BBIYMCJIEHHUSI MOPOroBOIO 3HAYeHUs BpeMeHU [Jisd
BbIJleJIeHUs] LieJleBOM obJiacTu. Besnunna mopora 11,07 Mc ompejesieHa AJi OTAEJbHOrO MaKeTa
JIaHHBIX TpU pa3Mepe kagpa 1200 6alT u o6sactu uHTepeca (ROI) 180 6GaiiT, 6e3 yyeTa CayKeGHBIX
3aroJI0BKOB. JlJ1s1 HOATBEPKAEHUS TPAKTUYECKOH 11eJ1eC006pa3HOCTH TPebyeT sl IKCIIepUMeHTa/IbHOe
nsMepeHue BpeMeHu cerMmeHTauuu ROl Ha mukpokoHnTpoJsiepe ESP32-CAM, nocko/IbKy B KCTOYHHUKE
[1] Takue jaHHble He npuBOAATCA. IlpeasokeHHas MoJiesib  YYWUTBHIBAET HCKJIIOUYUTENBHO
JUINTEJIbHOCTb IpOoLiecca BbIJeJIeHHUs U TeOpeTHYeCcKoe BpeMs Mepejadd, He OXBaThiBas OOGLIYIO
33/IePKKY 06pabOTKH COOBITHS.

IlocnepoBaTe/ibHAsA OTOPABKA cepuM coo6meHn. Ha prucyHke 8 npejicraBjieHa MUHUMaJlbHast
NPOJI0/DKUTENBHOCTD 10C/Ie/0BaTe/IbHON nepejayu naketa u3 N coobiujeHuid paBHoOro ob6bema. s
yeTblpex coobieHui (N=4) Bpemsa coctassseT 52,08 Mc A/ cxaThIX KaapoB u 7,81 Mc Ajs1 o6aacTu
uHTepeca (ROI) 6e3 ciayxe6GHbIX 6AUTOB; B 0600UX CJAydasX NOCAeIHUUN NaKeT 0KUJaeT 3aBeplleHUs
nepefadyu Tpex npeAblaywux. [Ipu yBesndeHHH KosudecTBa A0 JecaTd (N=10) aTu 3HavyeHUs
Bo3pacTtatoT 70 130,21 u 19,53 Mc cooTBeTCTBeHHO. JJaHHBIN ClleHApUN MPHUMEHSETCS /ISl OLlEHKU
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BOB,Z[eI\/'ICTBI/IH ONHOBPEMEHHOTO MNOCTYIIJIEHUA COO6LU,eHI/II\/’I " HE OTpaxKaeT Cl)aKTI/I‘{eCKy}O BpEMEHHYIO
nmocjeg0BaTe/JIbHOCTD CO6bITPII>i, OIIMCAaHHYIO B OI'IY6JH/IKOBaHHbIX MaTepHaJiax.

WcXonHbIA CLeHapuid
N ogMHaKOBbLIX NAaKeTOB OAHOBpPEeMeHHO nocTynunu B ceoboaHbii UART

v

Bpemsa nepepayu oaHOro nakera
T=10(S + h) /B; B =921 600 6op,

v

MocnepoeatensHasn nepepa4ya bes nays

MakeT 1 - NaxeT 2 > NakeT N
OxXupaHue nocnepHero nakera 3aBeplueHue nepepaymn cepumn
toxua = (N - 1)t tcepuna = N1

Mpu N =4u h=0: kagp 52,08 mc; ROI 7,81 mc

PucyHok 8. BJiok-cxeMa pacyéTa BpeMeHHU N0oc/eloBaTelbHOM Nepeiauyl CEPUM COOOIeHU

[IpoeKkT mpeaycMaTpUBAET NMapasie/ibHbI preM N HUJIEHTUYHBIX [TAaKETOB Yepe3 CBOGOJIHBIN
UART-uHTepoeiic, ocylecTB/IsieMbli HEMPEPbIBHO, 6€3 BpEMEHHbIX 33aJIePXKEK, MPU UCI0JIb30BAHUHU
crangapTta 8N1. B kauecTBe npuMepa B3sThI pa3aMepbl kKajipa: S = 1200 6alT a1 cxkaToro popmara v S
= 180 6aitT a1 ROI. /[laHHble 0 paKTUUeCKUX WHTepBasaX MOCTYIJIEHUSI COOOLIEHUH, oyepeasx U
MOBTOPEHMUSX, COIEPKALMXCA B 0MyOJIMKOBAaHHbBIX UCTOYHUKAX [1], OTCYyTCTBYIOT.

Pe3yibTaThl. B npefcraBieHHOM MaTepuase MU3JI0XKEHbl MTOrM BbIYHCJIUTENbHOIO
YCCJIe/l0BaHUs MapaMeTPOB CBSI3U B CUCTEME BU/1e0HA6JII0/IeHHs COObITUMHOTO THIIA, peaIM30BaHHON
Ha 6ase mukpocxeM ESP32-CAM u FPGA. Onepupys JJaHHBIMU M3 UCTOYHUKA [1], aBTOpPbI OLeHUJIN
cTeneHb 3ajelcTBoBaHHOCTU nopta UART, AuMTe/bHOCTh MMHUMa/JBHOW OTIpPAaBKH COOOIEHUU U
3arac eMKOCTH KaHaJja IIpYU KCII0JIb30BaHUM pa3Hblx $OpMaTOB JaHHBIX. [IpoaHanu3MpoBaHbl TpU
He3aBUCUMble CHUTyallM{: OTIpPaBKa CKATOro U3006pakeHHs, BblAeseHHON 30HbI uHTepeca (ROI) u
UTOTrOB 06Hapy»eHus1. KpoMe TOro, u3y4eHo BO3/eHCTBUE CIy:KEOHBIX 6ANTOB U MOCAEJ0BaTENbHON
nepesayy NAKeTOB, a TAK:Ke COINOCTaBJIEHbI ONMYyOJMKOBAaHHble 3HAYeHUs 3aJlepKeK [l CUCTEM C
ESP32-CAM u c po6aBnenueM FPGA. PacyeTHble JaHHble NOMOralOT BBISBUTb OrpaHUYEHUS
KOMMYHHKalLMKM U 0060CHOBaTb BbIGOP ¢opmMaTa coobileHHs. BakHO OTMETUTh, YTO MOJy4YEeHHbIE
OLlEHKM BpeMEeHM Mepesauyd He BKJIOYAKOT 3aJlepXKKH, CBs3aHHblE C 06pabOTKON, odepelsiMU U
ny6JrKalel B CETH.

Ta6suna 4. PacyétHbie nokasateau UART npu 921 600 6o0a, 8N1

[lepegaBaeMbie Harpyska, b/c 3arpyska, % ts, MC tos,pasm, Mc
JlaHHbIE

CxaThli Kaap 30000 32,55 13,02 17,36
O6sactb 7 200 7,81 1,95 2,60
vHTepeca /

NpU3HAKHU

PesynbTaT 2560 2,78 0,69 1,04
0OHapyKeHUs

Kak mnoka3biBaeT aHaJu3 JAaHHBIX Ta6JII/IL[bI 4, IpU HCIOJIb3OBAHHWHU TIOTOKa CKATbIX
BHUAEOSJAaHHbBIX O0Jid MoJie3HOH I/IH(l)OpMaLII/II/I, nepeaaBaeMoﬁ B 30Hax IOBBLIIIEHHOI'O HHTEpecCa,
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cHUkaeTcsd Ha 76,0 %, Torja Kak JJis COOOIIeHHUN C UTOTOBBIMU pe3yJibTaTaMU 3TOT MOKa3aTesb
nocturaet 91,5 %. B pe3ysbTaTe BbIUUCAUTE/bHAS 33/lepPKKA MPU OTIPaBKe OJHOTO yCpPeJHEHHOTO
coobieHus1 cokpamaercsa Ha 11,07 u 12,33 MU/IMCEKYHIBI COOTBETCTBEHHO. [lorydeHHbIE IUDPHI
OTpPaAXKAKT XapaKTEPUCTUKU TPAHCIOPTUPOBKHU JAHHBIX B TEOPETUYECKHU H/JleaIbHOM UHTepdelice u
He YYUTHIBAIOT (aKTUYECKOe MECTOIOJIOKEHUE IMpollecca U3BJeYeHUs MPU3HAKOB; pa3MellleHUe
JIAaHHOT'0 AJITOPUTMA Ha MUKPOKOHTpoJiepe ESP32 Hen36exHO NPUBeET K yBEJTUYEHUIO JIOKATbHbBIX
BBIYMCJIUTEJIbHBIX 3aTpar.

Tab6suua 5. [loBTOpHOE NpescTaBieHNe 0NYyOJIMKOBAaHHBIX KBAHTUIEHN 3aiepKKH [1]

KBaHnTuib ESP32, mc ESP32 + FPGA, mc | Pa3uuia, mc CHmxenue, %
P50 620 480 140 22,58
P95 980 780 200 20,41
P99 1300 1050 250 19,23

B Tabusune 5 pasHulla MeJUaHHbIX 3HAaYeHUU cocTaBisgeT 140 Mc, TOrjja Kak BbIMIPBILI IpPHU
nepejladye CpelHEr0 KaJjpa U COOOINEHUs C pe3yJbTaTOM OlleHHBaeTcs Bcero B 12,33 mc. Henb3s
OZTHO3HAYHO CBSI3bIBATHb BCI0 3Ty PA3HUIy HCKIIOYUTENbHO ¢ o6MeHOM mo uHTepdeiicy UART,
MOCKOJIBKY UTOTOBAasI 33/iepKKa pOpMHUPYeETCs M0/ BO3/IeHCTBUEM MHOXXeCTBA GaKTOPOB: MOJTYIEHHUS
KaJipa, COCTOSIHUS odepeau uHTepdeiica, nporeccoB o6paboTku, pabotrel Wi-Fi-moaynsa u BpeMeHu
oTBeTa cepBepa. [logo6HBIM 06pa3oM, cokpaleHue nokasaressa P99 Ha 250 Mc cBueTeIbCTBYET 06
M3MEeHEeHUU XBOCTOBBIX 33jlepeK B MacliTabax BCell CHCTeMbl, 0JHAKO 6e3 JeTaJbHOU BpEMEHHOHN
pa3MeTKH KaXK/J0ro 3Tala HEBO3MOKHO TOYHO onpeeanTb Bkaag FPGA.

B =921 600 6og, dopmar 8N1

ey CaTblil Kanp (34,29 %)

Yo
r o w
= o =1

—
o

Pacué&THana sarpysxka UART,
—
=

/ 0Bnacts HHTepeca | npuskaku (10,59 %)
5 / Peaynetat obrapyxenna (5,56 %)

0+ T T T T
0 16 2 48 64

JlononHuTenbHble cnyXebHble baiTel Ha coobuienne h, b

PucyHok 9. YyBcTBUTe/IbHOCTb pacyéTHoU 3arpy3ku UART k fO0MOMHUTENBHBIM OaiiTaM
Ha co00IeHue (ClieHapHbIN PacyéT mo JaHHbIM [1])

Ha pucynke 9 npoJeMOHCTPUpPOBAHO, YTO NPH HEU3MEHHOH 4YacTOTe OTNPAaBKU IaKeTOB
yBeJIMYeHHe pa3Mepa CJAY>KeOHOU 3aro/loBOYHOW 4YaCTU NPUBOJAUT K JIMHEMHOMY POCTY HarpysKH.
KpyTn3Ha 3Tol 3aBUCUMOCTHU BapbUPyeTCHd B 3aBUCUMOCTHU OT CKOPOCTH Nepefadu: A pexuma 40
NIaKeTOB B CeKyH/ly OHa paBHa npuMepHo 0,043 npoLieHTHOTO NyHKTAa Ha KaX/Abli J06aBJIeHHbIN 6alT,
TOT/a Kak /s 25 nakeToB/c — okoJsio 0,027. BaXKHO OTMETUTD, YTO NPE/ICTAaBAEHHbIN rpad UK OTpaxKaeT
JIMILIb TeOpeTUYeCKue JJaHHbIe, HE YIUThIBAsA GaKTUYECKHH 00beM MepesaHHOro Tpaduka, a TaKKe
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WUTHOpUPYeT Takuhe (aKTOpbl, KaK HajJIUYMe oyepesied U Heo6XOJUMOCTb NOBTOPHON mNepejayu
JlAaHHBIX.

w
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CxaTbiit 06MacTb UHTEpeca PesynbTat
Kagp W NPU3HAKM 0BHapyxeHua

PucyHok 10. PacuétHas 3arpy3ka UART a1 Tp€X TUIIOB COOOIEHU N

Ha pucynke 10 npejcraBieHa pacyeTHasi 3arpy3ka uatepdeiica UART: 32,55 % pass cxaTbIX
KazpoB, 7,81 % juia obnactet uHTepeca U 2,78 % A1 faHHBIX 00Hapy»eHHUs. Ha prcyHke 6 moka3zaHo
MHUHHUMaJIbHOE BpeMs Mlepe/lauM, pacCUMTaHHOE MPU CPeIHEM pa3Mepe NMaKeTa, a TakKe 3HavyeHus P95.
[Ipu 3TOM C/leflyeT OTMETUTD, UTO MoKaszaTesau P95 no pasmepy He OTpaXKarT KBAaHTUIN GaKTUYECKOU
3ajiepkku. 06a rpaduka cpopMUpPOBaAHbI HA OCHOBE UCXOJHBIX JAHHBIX, TPUBEJEHHbIX B UCTOUHHKE
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PucyHok 11. MuHUMaibHOE BpeMs Tepeaadyy COObLeHUH cpelHero pasaMepa u pasmepa P95

Ha pucyHke 11 mnpejcraB/ieHa pacyeTHass MUHHUMaJbHasi MPOJOKUTENBHOCTh OTIPABKHU
coobmenui no uatepdeiicy UART, paccurTaHHas AJj1s1 cpeIHEr0 pa3Mepa nakeTa U 3HadyeHus P95. s
CKATOr0 KajJipa 3TH nokasaTte iy paBHbl 13,02 1 17,36 MUIIMCEKYH/Ibl COOTBETCTBEHHO; /sl 06J1aCTH
uHTepeca -1,95 u 2,60 Mc, a gig pesysibTaTa obHapyxeHus - 0,69 u 1,04 mc. BaXkHO OTMeTUTD, YTO B
JlaHHOM KOHTeKCTe napameTp P95 xapakTepusyeT 06'beM IMepe/laBaeMbIX JAHHbIX (pa3Mep NakeTa), a
He paKTHYeCKOe BpeMs 3aIEeP>KKH NPHU Mepeaye.
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PucyHok 12. Ony6/1MKOBaHHbIe KBAHTHJIM MIOJTHOM 3aiep KK i pexxuMmoB ESP32 u ESP32 +
FPGA [1]

Kak nokasaHo Ha pucyHke 12, koudurypanus ESP32 coBmectHo ¢ FPGA nemoHcTpupyet 6oJiee
HHM3KHe 3HaYeHUs kBaHTUJel P50, P95 u P99, ymeHbllieHre KOTopbix cocTasisieT 140, 200 u 250 mMc
COOTBETCTBEHHO. [I0CKO/IbKY 3TH METPUKU OTPAKAIOT OOIIYIO AJUTEJTbHOCTD IIUKJIA OT CpabaThIBaHUS
nat4yuka PIR o ycnemHo# ny6/MKaIyMu JaHHbBIX, OHU He MO3BOJISIIOT U30JMPOBAHHO OIeHUTh BpeMs
BbIYMCJeHUN Ha cTopoHe FPGA.

PasHuna MeauaHHbIX 3azep:kek pgocturaetr 140 Mc, B TO BpeMsl KaK 3KOHOMHSI BpeMeHU
WCKJIIOYMTEJIbHO Ha Nepejaye CpeJlHEro Kajpa U COOOLIeHUs C pe3y/IbTaTOM OLleHWBAeTCs BCEro B
12,33 wmc. [lpunuceiBaTb BCHO BbISBJEHHYIO pasHULY HWCKIHYUTEJIbHO OOMEHY JaHHbIMHU IO
nHTepdeiicy UART HeKoppeKTHO, TakK KakK HUTOroBas 3a/iepkka ¢GopMupyeTcss M0J BJIHSHUEM
MHOXecTBa (GaKTOpPOB: 3axBaTa BH/IEONIOTOKA, COCTOSHUS o4yepeAu HHTepdelica, NpoLeccoB
o6paboTku, pabotbl Moaynsa Wi-Fi u BpeMeHu oTBeTa cepBepa. [10/j06HbIM 06pa3oM, CHUXKEHUE
nokasareJsist P99 na 250 Mc cBU/ZieTe/IbCTBYET 06 YyJIyUYLIeHUH MOKa3aTeJlel «XBOCTOBBIX» 3a/lePrKeK
BCEH CHUCTEMBI B 1€JI0M, OJJHAKO 6e3 ZleTaJIbHOM MapKUPOBKHU KaXK/[0T0 3Tana Mpolecca HEBO3MOXKHO
TOYHO ollpeJesuTh 10110 BkIaga FPGA B aTo ysy4ylneHue.

140
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PucyHok 13. MuHuMaibHOe BpeMs nepefayu cepuu coobuieHnit yepes UART npu h =0
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Ha pucyHnke 13 nmokaszaHo HauMeHblilee BpeMsi, HE0OO6X0UMOE JIJIsi OTIIPAaBKU MaKeTa JaHHBIX 10
uHtepdeticy UART npu ycioBuu h = 0. 3azjaHHble 3Ha4YeHHsI pe3epBa 4aCTOThI, IOpora onpe/ie/leHus
obsactu uHTepeca (ROI) m mapamMeTpoB cepuu COOOIIeHHMH (GOPMHUPYIOT HAGOp MNpPOBepsieMbIX
OrpaHHWYeHUHN [ TpeAcTosuX TecToB. /[lyii NpoBeJleHHWs NPOBEPKH HEOOXOAMMO HaIU4YUe
BpeMeHHbIX MeTOK MoMeHTa co3ZiaHus ROI, a Takke BpeMeHHbIX [TIOKa3aTesed Hayajla U 3aBepLIEeHUs
nepesavyu KaXkKJOro OTAeJbHOTO MakeTa. KpoMe Toro, TpeGylOTCcs JaHHbIE O CAYKEOHBIX MOJISIX U
coctosinuu ouepegd UART. OTcyTcTBHe 3TOM MHPOpMAMKU HE TO3BOJISIET JOCTOBEPHO OINpEeAeUTh
peajibHOe CHWXXeHHEe 33/IePXXKU WJIM KOPPEKTHO COOTHECTU HAOJIIOJAeEMYI0 Pa3HUIY KBAHTUJIEH C
KOHKpEeTHOU CTaJuel nmpouecca.

3akio4yeHue. VccieoBaHusl IoKasa/iy, UTO Nepejayda ToJibKo o6Jacty uHtepeca (ROI) BMecTo
1[eJIOTO KaJipa YMEHbIIAET BbIYHUCAUTENbHYI0 Harpy3ky Ha untepdeiic UART Ha 76%. YcTaHoBJIeHO
MoporoBoe 3HadyeHHe BpeMeHH ¢opmupoBaHuss ROI, cocraBasiomiee 11,07 Mc, 4TO MO3BOJISET
OmNpeie/IUTh 11eJ1eCO06Pa3HOCTh MPUMeHEeHUs NpeJBApUTETbHON 00paboTKU H306pakeHUs. AHAIN3
CyIeCTBYIOUIUX AAHHBIX CBUJETEJBbCTBYET O COKpALLEHUWU MeJUaHHOW 3aJep>KKu cuctembl ESP32-
CAM c FPGA Ha 22,58 %, oHaKO CTeleHb BAHUSHUS OTAeJbHbIX 3TAllOB 06Pab0TKU OCTAETCS HESICHOM.
B nepcrekTHBe TpebyeTcs IJKCIepHMeHTa/lbHasi BepUPUKALUSA TPeAJOKEeHHbIX pPacYeTHBIX
3aBUCHMOCTEH, U3MepeHue 3a/lep>KeK Ha KaxK/10M 3Talle U OlleHKa CTabUJIbHOCTHU PaboThl CUCTEMBI IPH
BBICOKOU YaCTOTE COOBITHH.
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AnHoTanus. B craTbe paccMaTpuBaeTcs nuudpoBas TpaHchopMmauus ['aHmpka-I'azaxcko-Kapabaxckux
JIMaJIeKTOB M TOBOpPOB a3epOai/KaHCKOrOo f3blKka B KOHTEKCTE TEeXHOJIOTMH MCKYyCCTBEHHOIO
uHTtesiekta (MU). Lleap uccaenoBaHus — pa3paboTaTh KOHLENTYa/lbHYI0 MOJieb, COTJIACYIOLIYIO
COXpaHeHHe [IMAJIEKTHOTO MHOroo6pasusi C pasBUTHEM HAlMOHAaJbHOU LUGPOBON S3bIKOBOU
MHOPACTPYKTypbl. 3aZjaud BKJIIOYaJU OlpejeseHUe CTPYKTYPHbIX TPeOGOBaHUHU K JHAJEKTHOMY
KOpIyCy, IpPOEKTHUPOBaHHE MOJeJH HWHCTUTYLUOHAJbHOIO COTPYJHUYECTBA, CHUCTEMATHU3ALUIO
HanpasJeHUN npuMeHeHHsa MU u aHa/iM3 5THYeCKHUX NPOTUBOPEYUMH MeXJy CTaHAapTU3aLued U
MHOroo6pasueM. McrnoJib30BaHbl CPaBHUTEJNbHO-UCTOPUYECKUIN METO/I, CACTEMHBIN aHa/Iu3, KOHTEHT-
aHa/lM3 U TeopeTHUyecKoe 0600lleHHe HAy4yHOU JMTepaTypbl U MeXAYHAapOJHBIX J1OKYMEHTOB.
[lokaszaHO, YTO aHHOTHUPOBaHHbIe KOPIyca C COLVOJUHIBUCTUYECKUMH MeTaJaHHbIMHU CJYyKaT
HeobOX0JUMBbIM ycjaoBUeM ajsi MU-TexHONOrHWH, OpUEHTHUPOBAHHBIX Ha [JUajeKTbl, a CUCTEMHOe
COTPYAHUYECTBO IOCYyAApPCTBa, HAYKU M TEXHOJIOTMYECKOro CeKTopa obecrneydBaeT YCTOWYHUBOCTH
npouecca. CresaH BBIBOJ, YTO MHKJIIO3WBHBIE fA3BIKOBble TEXHOJIOTMM Ha OoCHOBe WU mossosAwoT
IepelTH OT apXUBUPOBAHUSA JJUA/IEKTOB K UX aKTUBHOMY [10BCeJHEBHOMY HCII0JIb30BAHHUIO.

Kiio4deBble c/10Ba: a3epbali/»>KaHCKUH SI3bIK, I'IH/AXKA-ra3axCKo-KapabaxcKue JAUaleKThl, COXpaHeHUe
JIMaJIeKTOB, UCKYCCTBEHHbIN UHTEJJIEKT, LudpoBas TpaHcpopMaLus, 13bIKOBasi IOJUTHKA, KOPIyCHas
JINHTBUCTHKA.

BiaarogapHoctb. Pa6oTa BbINOJHEHAa B paMKax HWHCTUTYLUOHAJIBHOTO IJIaHA MCCIeJOBaHUU
['AHPKUHCKOTO OTesieHus HanimoHaibHOM akaZieMU U HayK A3epOaipkaHa.
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COXpaHeHUH I'TH/pKa-Ta3axCKo-kapabaxckux JuanekToB / XypHan «Hayka UHTe/IeKTya/IbHbIX
cuctem». 2026. T. [2_]. Ne [2]. C. [9-20]. A3bIk cTaTbHU: aHIVIMMCKUH; (HOMep xypHaJa [2]),
https://doi.org/ 10.66941/3106-9037 /2026 /iss2pp9-20
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AHHoTanusa. Makanazaa »xacaHabl uHTessieKT (JKW) TexHosiorussapbl KOHTEKCTiHJle d3epbailkaH
Tininig [aamka-Tazax-Kapabak guasiekTisiepi MeH TroBopJsiapblH HUQPJBIK TpaHchopMalusaiay
MaceJiesiepi KapacThIpbLIabl. 3epTTeyAiH MaKCcaThl — JUAJEeKTIIIK aJlyaHTYpPJIJIIKTI caKTay bl YATTHIK
UUOPIBIK TIAIK MHQPAKYPbIIBIM/IbI JAMBITYMEH YHJIECTIPETIH TYKbIPbIM/IJaMaJIbIK, MOJeJb 93ipJiey.
MiHgeTTepre JuajleKT KOpPIyCblHAa KOWBLIATBIH  KYPbUIBIMJIBIK ~ TajJanTapAbl  allKbIHAAY,
WHCTUTYUHOHAIABIK bIHTBIMAaKTAaCThIK MOJIeJiH jxo06asay, KU Koa7aHy 6aFbITTapbIH XKYHeJey KoHe
CTaHJapTTay MeH aJyaHTYPJiJiK apacblHAaFbl 3TUKAJbIK KallIbLIbIKTApAbl Taaaay Kipai. FeuibiMu
9/1ebHeT MeH XaJblKapaJblK Ky»KaTTapFa CaJbICThIpMaJibl-TAPUXU dAIC, XKyHesiK Tanjay, KOHTEeHT-
TaJ1[ay >KoHe TEOPUSJIBbIK, KA bLIay KOJLAAHBLIABL. OJIEyMeTTiK-JIMHIBUCTUKAJIBIK MeTaZepeKTepMeH
AHHOTALMsJIAHFAH KOpIycTap JAualjiekTisiepre 6arbiTTasraH KW TexHosiorusiiapbl yiIiH KaXKeTTi
aJFbIIAPT €KeHi, ajJ MeMJIEKET, FbIJIbIM >KOHE TEeXHOJIOTHUS CEKTOpbl apachlHAAFbl KyHesi
BIHTBIMAKTACTBIK, YAEpICTiH, TYpaKThLIBbIFbIH KaMTaMacbl3 eTeTiHi kepceringi. WHkao3uBTi KU
HerisiHeri TiNAIK TeXHOJIOTHsIAD AUa/eKTijliepAi MyparaTTayJaH oJsiapAbl OesiceHAi KYHZAEJIKTi
KOJIJJaHyFa Kellyre MYMKiH/iK 6epe/ii lereH KOPbIThIH/IbI KaCaJIIbl.

TyuiH ce3aep: a3epbaibkad Tini, ['anmxa-Tasax-Kapabak auanexTiniepi, guajekTisiepAi cakray,
»KacaH/bl UHTeJIEKT, LUPPJIBIK TpaHcpopMalys, TiJl casgcaThl, KOPIMYCTHIK JUHIBUCTHKA.
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CaKTayJarbl »KacaH/Ibl HHTeJIEKT / «Hayka HHTeJIEKTya/IbHBIX CUCTeM» XKypHaJbl. 2026. T. [2]. Ne
[2]. B. [9-20]. Makasia Tisi: aFbLIIbIH; (2KypHaJ HeMmipi [2]), https://doi.org/ 10.66941/3106-
9037/2026/iss2pp9-20

Introduction

The rapid development of digital technologies has fundamentally changed approaches to the
preservation, documentation, and use of languages. For the Azerbaijani language, rich in Ganja-Gazakh-
Karabakh dialects and patois, digital transformation creates both new opportunities and serious
challenges. While artificial intelligence (AI) technologies make it possible to process, classify, and
generate language material on a large scale, they simultaneously strengthen the dominance of standard
language forms, increasing the risk that regional variants will be pushed into the shadows. This situation
places a multifaceted task before researchers: to benefit from technological progress while at the same
time preserving linguistic diversity.

The dialectological map of the Azerbaijani language is complex and rich; the Ganja-Gazakh-
Karabakh group is one of its historically, phonetically, and lexically most distinctive branches
(Shiraliyev, 2008; Akhundov, 1984; Hamzayev, 1992). These dialects are not merely an object of
linguistic study but an inseparable part of the region’s cultural life, traditions, and collective memory.
Folklore examples - tales, bayati verses, laments, riddles - are among the principal means of carrying
and sustaining the vitality of these dialects. The digital era is not content merely with archiving such
materials; it creates additional opportunities to turn them into a living, actively used language resource.

The relevance of the topic is conditioned by several factors. First, the rate of loss of languages and
dialects worldwide is increasing, and according to UNESCO, thousands of languages and dialects are
endangered (UNESCO, 2010). Second, although the rapid development of Al technologies is expanding
the possibilities for processing language resources, the question of who will benefit from these
opportunities remains open: if dialect materials are not represented in the digital environment, they
will remain outside the “field of vision” of future Al models. Third, the socio-economic processes taking
place in the Ganja-Gazakh-Karabakh region, including urbanization and the weakening of
intergenerational language transmission, are leading to a decrease in the number of living carriers of
the dialects.

This article considers the digital transformation of the Ganja-Gazakh-Karabakh dialects as a
strategic issue of linguistics and cultural heritage. The aim of the study is to develop a conceptual model
that reconciles the preservation of dialectal diversity with the development of the national digital
language infrastructure. The object of the study is the totality of technological, institutional, and ethical
factors conditioning the digital transformation of the Ganja-Gazakh-Karabakh dialects and patois; its
subject is the process of this transformation. To achieve the aim, the following tasks were set:
determining the structural requirements of the dialect corpus; designing an institutional cooperation
model; systematizing the possibilities for applying Al technologies in the dialect environment; and
conducting an ethical analysis of the contradictions between standardization and diversity. The
hypothesis of the study is that the digitalization of dialect resources within an institutional framework,
in accordance with ethical principles, can create a sustainable model ensuring both their preservation
and their active use. The study relies on the approaches of corpus linguistics, computational
sociolinguistics, and documentary linguistics, and uses the comparative-historical method, systemic
analysis, content analysis, and theoretical generalization.

The scientific novelty of the study lies in the fact that, for the first time, the process of digital
transformation of the Ganja-Gazakh-Karabakh dialect group is analyzed within a unified conceptual
framework - a synthesis of the resource, institutional cooperation, and ethical dimensions. The
theoretical significance of the work lies in the fact that it synthesizes knowledge accumulated in the
fields of corpus linguistics, computational sociolinguistics, and documentary linguistics on the basis of
the material of a specific regional dialect group, thereby proposing a model for the practical application
of theoretical generalizations. In terms of practical significance, the results of the work can serve to
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define concrete lines of action for state institutions, scientific establishments, and technology
companies.

The structure of the article is as follows. The section “Research materials and methods” describes
the methodology and the material of the study. The section “Discussion” reviews the scholarly literature
and international experience. The section “Results” analyzes, in sequence, the structural requirements
of the dialect corpus, the institutional cooperation model, Al applications, standardization and ethical
challenges, lexical-semantic aspects, risks, and the strategy of integration into education, and then
summarizes the findings. The “Conclusion” sums up the work and identifies directions for future
research.

Research materials and methods Methodology

The methodological basis of the study is formed by the scientific approaches developed in the
fields of corpus linguistics (McEnery & Hardie, 2012), computational sociolinguistics (Nguyen et al.,
2016), and documentary linguistics (Himmelmann, 1998). The following methods were used: the
comparative-historical method (comparison of the Ganja-Gazakh-Karabakh dialects with dialects of
other Turkic languages); the systemic analysis method (modeling institutional links among the state,
science, and technology sectors); the content-analysis method (analysis of the existing scholarly
literature and international documents); and the method of theoretical generalization.

The research questions are as follows. What structural requirements must a dialect corpus meet
in order to serve as a basis for Al applications? What institutional model can ensure the sustainability
of digital dialect projects? Which Al technologies can move dialects from archiving to active use? How
can the contradictions between standardization and dialectal diversity be resolved ethically? The
hypothesis of the study is formulated in the Introduction.

The study was carried out in five stages: (1) selection of sources and identification of the problem
field; (2) content analysis of the scholarly literature and international documents; (3) comparative
analysis of international experience with low-resource languages and dialects; (4) modeling of the
institutional cooperation scheme and systematization of Al applications; (5) ethical analysis and
theoretical generalization of the findings.

Material of the study

The material of the study is qualitative in nature. It comprises twenty sources listed in the
References: six works in Azerbaijani (including the dialectological studies of Shiraliyev, Akhundov, and
Hamzayev, and the materials on the national corpus published by the Institute of Linguistics of the
Azerbaijan National Academy of Sciences (ANAS)) and fourteen international works, including
UNESCO’s atlas of endangered languages and descriptions of similar projects in world practice, in
particular Al tools developed for low-resource languages and dialects.

The study is based on published sources; no new primary field data were collected at this stage.
The novelty in the use of the material consists in bringing together dialectological, computational, and
sociolinguistic sources, which have so far been considered separately, in the analysis of one regional
dialect group.

Discussion

The topic of the digital preservation of dialects has gained particular importance in international
linguistics in recent decades. Jurafsky and Martin (2023), systematizing the methods of speech and
language processing, describe approaches whose quality depends heavily on the volume of training
data; this dependence creates specific difficulties for low-resource language variants such as dialects.
Nguyen et al. (2016), in their survey of computational sociolinguistics, show that language use can be
studied in relation to social variables (age, gender, region) by computational methods, which
substantiates the importance of enriching dialect materials with metadata.

The concept of the “Bender Rule”, put forward by Bender (2019), emphasizes the necessity of
explicitly stating the name and characteristics of the language in the development of language
technologies; this approach is important for preventing dialect diversity from remaining “invisible” in
Al models. Himmelmann (1998) substantiates documentary linguistics as a field aimed at creating a
lasting, multipurpose record of a language, which forms one of the methodological foundations of the
present study. McEnery and Hardie (2012), describing the methodological tools of corpus linguistics,
show the direct impact of balanced and annotated corpora on the quality of language technologies.
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In the local scholarly literature, Shiraliyev’'s (2008) work “Fundamentals of Azerbaijani
Dialectology” is a fundamental source providing a systematic description of the phonetic and
morphological features of the Ganja-Gazakh-Karabakh dialect group. Akhundov (1984) and Hamzayev
(1992) further deepened this direction, proposing additional criteria for the classification of dialects
and patois. Alizadeh’s (2016) work “Dialects of Western Azerbaijan” is significant from the point of view
of comparative analysis of neighboring dialect groups. UNESCO’s (2010) atlas, by documenting the pace
of loss of dialects and less-spoken languages worldwide, substantiates the necessity of taking urgent
measures. In this context, the work carried out by the Institute of Linguistics of ANAS (2021) on the
national corpus project is an indicator of the institutional foundation forming within the country in this
direction.

In world practice, there are a number of successful projects in the field of digital preservation of
low-resource languages and dialects. Most of them are based on three common principles: community-
based data collection, the use of open-source software, and compliance with long-term archiving
standards (Hinton, Huss & Roche, 2018). The community-based approach means that dialect speakers
are engaged as active participants in the project rather than as passive sources of information; this both
increases the quality of the data and strengthens the community’s sense of ownership over its own
language.

Grenoble and Whaley (2006), in their systematic analysis of language revitalization, show that the
main feature of successful revitalization projects is that technology is applied not as a solution on its
own but as part of a broader social and educational strategy. Crystal (2000), analyzing the social
mechanisms of language death, emphasizes that the interruption of intergenerational transmission is
the main risk factor; from this point of view, digital tools that attract the attention of the younger
generation (mobile applications, social media integration) are of particular importance. Trudgill (2000),
examining the mechanisms of sociolinguistic change, shows that the relationship between the standard
language and dialects is closely tied to social prestige. Labov (2001), in turn, substantiates through
empirical research that language change is conditioned by social factors, which indicates the importance
of taking social variables (age, education, place of residence) into account in the design of digital tools.

Bauman and Briggs (1990), within the framework of the theory of verbal performance, note the
importance of documenting not only the linguistic but also the performative characteristics of folklore
texts — genres such as tales, bayati verses, and laments. Bucholtz and Hall (2005), within the framework
of the theory of identity and interaction, analyze the role played by language choice in the construction
of social identity; this approach shows the importance of evaluating dialect use not merely as a linguistic
fact but as an expression of social identity. Thus, the general lesson drawn from international experience
is that technological solutions produce more sustainable results when linked to sociolinguistic theory.

Nevertheless, the number of systematic works in the existing literature on the integration of the
rich dialectological heritage of the Ganja-Gazakh-Karabakh region with Al technologies remains limited.
The Azerbaijani dialectological studies describe the dialects but do not address their digital
representation, while the international works on low-resource languages do not take into account the
specific features of this dialect group. The present study fills this gap.

Results Structure and technological foundations of the dialect corpus

One of the decisive factors in the digital transformation of the Azerbaijani language is the creation
of large-scale, structured, and high-quality digital language resources (McEnery & Hardie, 2012). Text
corpora, Ganja-Gazakh-Karabakh dialect materials, and audio archives play the role of the basic
infrastructure for Al applications such as automatic speech recognition, dialect identification, and text
generation (Jurafsky & Martin, 2023).

The dialect corpus should consist not only of old written texts but also of modern spoken language,
folklore examples (tales, laments, riddles, bayati verses), as well as sociolinguistic interviews. The
phonetic, morphological, and lexical features of the dialect should be annotated in detail within the
corpus. Metadata related to each text or audio recording (the age, gender, place of residence, occupation,
and language environment of the information source) should be collected; this provides valuable data
for studying the social dynamics of language change (Nguyen et al., 2016). Open-source platforms
(ELAN, Praat, LaBB-CAT) and corpus management systems can be used for the creation and
management of the corpus.
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The most valuable material in the study of dialects is living speech (Himmelmann, 1998).
Systematic field research should be conducted in various parts of the region, with high-quality audio
and video recordings collected, transcribed, and turned into archives that are open while personal data
is protected. These archives will serve as a primary data source not only for linguists but also for the
training of Al models. The absence of sufficiently annotated and balanced databases for the Ganja-
Gazakh-Karabakh dialects seriously limits the functionality of Al models. For this reason, the creation of
dialect resources should be evaluated not merely as a technical project but as a strategic component of
national language policy and cultural heritage preservation.

Institutional cooperation model

The effective application of digital language technologies is not possible through individual and
scattered initiatives. Achieving sustainable results requires systematic institutional cooperation among
state structures, academic scientific institutions, and the technology sector. At the state level, the
Ministry of Culture, the Ministry of Education, and relevant state agencies should prepare a unified
strategy and regulatory framework for the digital preservation of the language and ensure the financing
of projects.

In the scientific sphere, the Institute of Linguistics of ANAS, the Nakhchivan Branch of ANAS, and
the philology faculties of leading universities act as the principal expert force in the areas of scientific
methodology, data verification, and analysis (Institute of Linguistics of ANAS, 2021). In the technology
sector, local and international IT companies and startups can participate in the development of
technological solutions, platforms, and user interfaces. To institutionalize this tripartite cooperation,
two concrete structures are proposed: a National Center for Digital Language Technologies, as an entity
ensuring overall coordination and the creation of resources in accordance with unified standards; and
Joint Linguistics and Al Laboratories, envisaged as a structure that transforms academic knowledge into
practical technological applications. In these laboratories, for example, the development of transformer-
architecture language models (BERT-type variants) adapted to the characteristics of the Azerbaijani
language could be carried out.

From archiving to active use: Al applications

Traditional approaches in the field of dialect preservation have mainly been limited to
documentation and archiving. Modern digital strategies, on the other hand, bring to the fore the active
use, learning, and integration of the Ganja-Gazakh-Karabakh dialects into the everyday communication
environment. Al technologies create broad opportunities in this direction (Jurafsky & Martin, 2023).

Automatic speech recognition (ASR) systems make it possible to convert dialectal speech into
standard text; the training of these systems requires dialect audio archives, and they can be used in real-
time transcription, archive search, and educational tools. The creation of virtual assistants capable of
speaking with certain regional accents or dialectal features, based on text-to-speech (TTS) technologies,
serves as a powerful means of preserving the sound of the dialect across generations. Dialect-affiliation
identification tools accelerate dialectological research by automatically determining which specific
patois of the Ganja-Gazakh-Karabakh dialect a given text or speech fragment belongs to. Machine
translation systems adapted to the dialect, in turn, can, at the initial stage at the lexical level, create the
possibility of translating from standard Azerbaijani into the dialect or vice versa, thereby serving the
creation of regional variants of literary texts.

In the direction of education and public outreach, gamified learning applications facilitate the
learning and reinforcement of dialect words and expressions. An interactive platform called the “Dialect
Map” could give users the opportunity to upload the language features of their own regions in audio or
video format and become acquainted with the language materials of other regions. Virtual and
augmented reality (VR/AR) applications create experiences that take the user into a virtual
environment where the dialect is actively used - for example, a virtual village square. The development
of lightweight applications capable of working in offline mode for mobile devices increases the
accessibility of dialect resources, especially in the field of education, and strengthens their functional
value.

Standardization, digital norms, and ethical challenges

Digital transformation also sharpens contradictions related to the standardization of the language.
Spelling and grammar-checking systems, terminology platforms, and digital mechanisms applied in
official document circulation strengthen the position of the standard language. This, in turn, can lead to
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a narrowing of the sphere of use of the Ganja-Gazakh-Karabakh dialects (Bender, 2019). Al models tend
to evaluate the variant with the most data - the standard language - as “normal” and the others as an
“exception”; this can automatically push dialects into a marginal position. At the same time, the use of
the standard language in official and business environments can be associated with “digital prestige”,
while the use of dialects can sometimes be associated with an unprofessional image (Trudgill, 2000).

Such a situation necessitates ethical and practical discussion. Language technologies should not
only strengthen the normative language but should also support inclusive approaches that take dialect
diversity into account (Bender, 2019). It is proposed to create separate, “alternative” rather than
“corrective” models for dialects: systems should be able to offer the user a choice between the standard
variant and the regional variant. The principle of user-centered design requires that technologies
respect the user’s language choice and not restrict it. The principle of data justice, in turn, requires
attention to be paid to collecting samples from all social and age groups of the region in the creation of
dialect databases. Inclusive Al models can contribute to linguistic equality in the digital environment by
ensuring the parallel processing of standard and non-standard language forms.

Lexical-semantic and toponymic aspects

The lexical composition of the Ganja-Gazakh-Karabakh dialect group reflects the historical-
geographic characteristics of the region. Museyibov’s (2010) research in the field of toponymy shows
that the place names of the region are an important source in the formation of the lexical layers of the
dialect, and the digital registration of these names should be an inseparable part of the dialect corpus.
The Al-based processing of toponyms - for example, the automatic recognition and mapping of
geographic names - can serve to functionally enrich the “Dialect Map” platform. Given the performative
nature of folklore genres (Bauman & Briggs, 1990), the folklore part of the corpus should be formed not
only as text but also in audio and video formats.

The systematization of differences between the dialect and the standard language at the lexical
level has a direct impact on the quality of machine translation models. From this point of view, the
creation of dialect-standard lexical correspondence dictionaries (parallel dictionaries) should be
evaluated as a priority task. Such dictionaries can serve as a primary resource both for the training of
translation models and for the preparation of educational materials. The deep structure-surface
structure distinction put forward by Chomsky (1965) can theoretically be considered as a
methodological framework for the development of lexical-grammatical translation models between
dialects, although modern transformer-based models rely more on a statistical approach.

Integration strategy in the education system

The sustainability of the digital transformation of dialect resources is, first and foremost,
conditioned by their integration into the education system. The teaching of dialect materials within
elective courses at the secondary school level can be organically combined with the study of the region’s
history and cultural heritage. In this regard, digital tools - interactive dictionaries, audio games,
animated folklore materials - can play an effective role in engaging students’ interest. At the higher
education level, the development of joint curricula between philology and computer science faculties
creates the basis for the formation of a “Digital Dialectology” direction.

Teacher training is also an inseparable part of this process: professional development programs
should be organized to prepare teaching staff capable of using dialect materials effectively while also
being able to apply basic digital tools. In the media sphere, the use of dialect materials by regional
broadcasting organizations, the preparation of folklore programs in podcast format, and the
dissemination of dialect content on social media platforms can help direct the attention of broad
segments of the population to this topic. In the field of public services, in the long-term perspective, the
development of dialect-sensitive interfaces for regional users could increase digital accessibility,
although at the present stage this should be evaluated more as a prospective direction.

The implementation of this multifaceted strategy should not be limited to the availability of
technological solutions alone but should also envisage the positive shaping of society’s attitude toward
dialects. In this regard, public awareness campaigns, the linking of regional cultural festivals with digital
platforms, and the active engagement of local communities in the process are additional factors ensuring
the success of the strategy.
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Risks and limitations

A number of risks must be taken into account in the application of the proposed model. First,
limited financial resources may threaten the sustainability of long-term projects; for this reason, it is
expedient to attract international grant programs and scientific foundations alongside state financing.
Second, the protection of the personal data of dialect speakers requires particular sensitivity; from this
point of view, the anonymization of data and the documentation of user consent should be applied as
mandatory procedures.

Third, the quality of technological solutions is directly dependent on the size of the database;
models built on small corpora may have a high error rate, which can reduce users’ trust in the
technology. To minimize this risk, a phased development strategy - pilot projects at the initial stage,
followed by gradual expansion - is recommended. Fourth, the balance between standardization and
diversity requires continuous monitoring at the institutional level; otherwise, even systems built with
good intentions may lead to unequal outcomes.

Summary of the results

The research conducted has shown that the three main dimensions of the digital transformation
of the Ganja-Gazakh-Karabakh dialects - the resource base, institutional cooperation, and the ethical
framework - are interdependent. First, the absence of annotated corpora enriched with sociolinguistic
metadata is the main obstacle limiting the functionality of Al models in the dialect environment. Second,
without institutionalized cooperation mechanisms among the state, science, and technology sectors,
scattered projects do not produce sustainable results. Third, when standardization processes are
carried out without control, Al technologies carry the risk of squeezing out dialect diversity, which
makes design approaches based on the principle of alternativity necessary.

These findings are consistent with the conclusion of Grenoble and Whaley (2006) that technology
is effective only as part of a broader social and educational strategy, and with the position of Bender
(2019) that language technologies must make the language variants they cover explicit. Unlike the
earlier works, which treat the resource, institutional, and ethical aspects separately, the proposed model
links them in the material of a single regional dialect group.

As a practical outcome of the study, three priority directions have been identified: the design of
the dialect corpus and the launch of a pilot collection campaign; the development and open sharing of
basic open-source ASR and TTS models; and the organization of a joint training program called “Digital
Dialectology” for linguists and computer scientists. The consistent implementation of these directions
can secure the future of the Ganja-Gazakh-Karabakh dialects both as an object of scientific research and
as a living means of communication.

Conclusion

The aim of the study - to develop a conceptual model reconciling the preservation of dialectal
diversity with the development of the national digital language infrastructure - has been achieved by
means of content analysis, comparative analysis of international experience, systemic modeling, and
theoretical generalization. The digital transformation of the Azerbaijani language is a multifaceted
process encompassing technological, institutional, and cultural dimensions. Although AI creates
unparalleled opportunities for the preservation and revitalization of the Ganja-Gazakh-Karabakh
dialects, the realization of these opportunities depends on a strong digital resource base, institutional
cooperation, and ethically grounded design approaches.

The article has substantiated that inclusive Al-based language technologies present a sustainable
model reconciling the preservation of dialect diversity with the development of the national digital
language infrastructure. The digital transformation of the Ganja-Gazakh-Karabakh dialects and patois
cannot be evaluated as a purely technical project, nor as a purely humanitarian one; it is a complex
national project requiring the synthesis of both fields. Its success depends on a change in society’s
attitude toward dialect diversity, the mobilization of scientific-technological potential, and the
sustainability of institutional will. The results can be applied in practice by state institutions, academic
establishments, and technology companies through the three priority directions identified above.

Future research should be deepened in the following directions: the expansion of dialect
databases and their alignment with international standards (TEI, OLAC); the improvement of Al models
sensitive to regional characteristics through few-shot and transfer learning methods; the study of ways
to effectively integrate these technologies into education, media, and public communication spheres;
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and research into the socio-psychological dynamics of the acceptance of dialects in the digital
environment. In this way, technology can become a means not only of archiving the past but also of
shaping the future of the regional varieties of the language, passing them on to future generations as a
living means of communication and as an unparalleled cultural heritage.
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Abstract

This study presents a digital prototype of a star tracker for attitude determination of small spacecraft
and establishes a basis for the subsequent development of a digital twin of the device. The developed
model integrates the Hipparcos star catalog, spacecraft motion and attitude models, an optical
projection model, synthetic image generation, noise models, star detection and identification
algorithms, and attitude estimation based on Wahba’s problem. A Monte Carlo approach with 500
independent trials for each investigated configuration was used to quantitatively evaluate the system
performance. The effects of the number of stars used for attitude determination, the PSF parameter,
readout noise, background and solar illumination, and spacecraft angular velocity were investigated. The
results show that increasing the number of stars improves the reliability of attitude determination up to
a certain level. For the investigated configuration, the use of 15 stars provided an 87% successful
determination probability with an RMS attitude error of 0.0396°. Within the investigated range, a PSF
standard deviation of o = 2.5 pixels provided the lowest RMS attitude error of 0.0342° and the highest
successful determination probability of 87%. Read noise, background illumination, and solar glare
primarily reduced the number of detected stars, whereas spacecraft angular velocity had the strongest
effect on overall performance. At an angular velocity of 6°/s, the successful determination probability
decreased to 14%, while no successful attitude determination was obtained at 8°/s and above. The
obtained results provide a basis for selecting star tracker parameters, optimizing its algorithms,
validating the model against a physical prototype, and further developing the digital prototype into a
digital twin.
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AHHoTauusA. bysn 3eprTeyde ImaFblH FApBIII aANMapaTTapbIHbIH, OaFJapblH aHbIKTAyFa apHaJiFaH
KYJJbI3IBIK, OaFbITTAY KYHeCiHiH U PJIBIK MTPOTOTHIT YChIHBUIBIM, KYPbIIFbIHBIH, KEHiHTI IUPJIIbIK
erisiH asipJsieyre Heris KasaHjbl. O3ipJeHreH Mojeabje Hipparcos »Kyajbi3fap KaTajaorbl, Fapbllll
anmnapaTbIHbIH KO3Fa/IbIChl MeH GaFJapbIH MO/IeJIb/IeY, ONTUKAJIBIK MPOEKIUSI MO/IeJi, CHHTETHKAJIBIK
KeCKiHAepAi KaJbIITAacThIpy, 11y MoAeJabJepi, >Xy/JAAbI3JapAbl aHbIKTAy >KoHe COHKeCTeHAipy
aJITOPUTM/Iepi, coHal-aK Bax6a ecebiHe HerizaereH 6aFaap/ibl 6arasay a/iici 6ipikTipiires. XKyheHiH
OHIMZIJIIriH caHIbIK 6aFajay yuIiH 9p6ip 3epTTeseTiH KoHurypamus 6odbiHma 500 Toayelici3
CbIHAKTaH TypaTblH MoHTe-Kapsio afici Kosganblibl. baFgapabl aHbIKTay YiIiH NaldAajaHbLIaThIH
KyJAAbI3gap caHblHbIH, PSF mapamerpiHiH, 0Ky mybIHbIH, (OHABIK oHe KyH coyseciHiH
»KapbIKTaHYbIHbIH, COHJIal-aK Fapblll allllapaTbIHbIH OYPBILITHIK XKbLIaM/bIFbIHbIH 9Cepi 3epTTeNA].
HoaTwxkenep yaJbl3ap CaHbIH apTThIpy OafFfapAbl aHbIKTAyAbIH CeHiMAiniriH 6enriai 6ip mekke
JlefliH apTThIPaThIHBIH KOPCETTi. 3epTTesaredH KoHbUTrypanusaaa 15 xKyaabI3/1bl Al anaHy 6argap/ bl
87% bIKTUMaJIJbIKIIEH COTTI aHbIKTAayFa MYMKiH/iK 6epJi, 6yJ peTTe 6aFAap/iblH opTalla KBaJpaTThIK,
KateJiri 0.0396° 6oaabl. 3epTTenreH AuanasoHja PSF cTaHAapTThI aybITKybl 0 = 2.5 NHUKCeab 60/FaH
Ke3/le 6aFJap/AblH eH, TeMeHTi opTalla KBaJpaTThIK TyOipJik KaTesiri 0.0342° xoHe 6aFnapAbl COTTI
AHBIKTAY/bIH €H KOFapbl bIKTUMaJIbIFbl 87% anbiHAbl. OKY 11ybl, POHABIK KapbIKTaHY koHe KyHHIH
»KapKbL/Ibl HETi3iHEH aHBIKTA/NFaH XKYJ/bI3/lap CaHbIH a3aiTThl, a/1 FApPbIIll aNlapaTbIHbIH OYPHIITHIK,
KbLJIJAM/IBIFbI XKYHEHIH »Ka/bl 6HIMAITIriHe eH KYIITi 8cep eTTi. ByphIITHIK Xbl1AAMABIK 6°/C 60/1FaH
Ke3/le 6aFap/Abl COTTI aHbIKTAY bIKTUMaAAbIFbI 14%-Fa eliiH TeMeHeAi, an 8°/c :xaHe o/jaH }KOFaphl
KbLIAAMABIKTapAa OafFaapAbl COTTI aHbIKTAy O6alKaiMajbl. AJIBIHFAH HOTHXKEJEp KYJIJbI3JbIK
6aFbITTay KYWECiHIH MapaMeTpJ/iepiH TaHAAyFa, OHbIH aJrOPUTMJEpPiH OHTalJIaH/bIpyFa, MOAeNb/i
du3NKaIbIK NIPOTOTUIINEH BajJualusaayFa xoHe UUPPJBbIK NPOTOTUNTI ofjaH api HUPPJIBIK, erisre
allHanbIpyFa Heri3 60/1a/1bl.

TyiiH ce3aep: XyJJbI3AbIK AAaTYUK, NUPPJbIK NPOTOTUIN, LIAFbIH Fapbllll anmapaTthl, 6argap/bl
aHbIKTay, MoHTe-KapJo aficimeH Mofienbaey.

Myazaesiep KaKTBIFBICBI: aBTOpJIap MY/Jle/lep KAaKThIFbIChIHBIH, XXOK €KeHiH MaJliMIen/Ii.
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AHHOTanus. B HacTosiEM Hcc/ie/JOBaHUY TPe/CTaBJieH [UPPOBOM MPOTOTHUI 3BE3/JHOTO JaTYMKa AJIs
onpefiesieHUs] OpMeHTAlUM MasbIX KOCMHUYECKHX allllapaToB U 3a/Ji0XKeHa OCHOBa AJis NMOCJAeAyolen
pa3paboTku M poBOro ABOMHUKA yCcTpolicTBa. PazpaboTaHHass MoZiesib 06beJUHSIET KaTalor 3BE3/,
Hipparcos, mMozmenu [ABWXEHUS W OpPUEHTALMM KOCMHUYECKOro anmnapaTra, Mofejb ONTHUYeCKOTO
NpPOEUPOBAHUS], TeHepalui0 CUHTETHUYECKUX HW300paKeHWH, MoJeld IIyMOB, aJTrOPUTMbI
0GHapyXeHUs U U eHTUDUKAIIMY 3Be3/l, 4 TAK)KE OLleHMBAaHWE OPUEHTAIMU Ha OCHOBe 33a/jauu Bax6nbl.
JJ1s1 KoJIn4eCTBEHHOM OLIEHKH XapaKTEepPUCTHUK CUCTEeMbI UCI0Jib30Basics MeToa MouTe-KapJyio ¢ 500
HE3aBUCUMBIMU HCIBITAHUAMU [J51 KaOKJO0W HccaefyeMod KoHQUrypanuu. Beuin wucciieioBaHbl
BJIMSIHUS KOJIMYECTBaA 3BE3], UCNOJb3yEMbIX JJiS ONpeJesieHUs OpueHTalnuy, napaMmerpa PSF, myma
CYUTHIBAHUSI, POHOBOTO W COJIHEYHOTO OCBELIEHUS], A TAKXKe YIJIOBOH CKOPOCTH KOCMHUYECKOTO
annaparta. Pe3ynbpTaThbl MOKa3bIBAalOT, YTO YBeJWYEHHE KOJIWYeCTBAa 3BE3J] MOBBIIIAET HAJEXHOCThb
omnpejieJieHUs] OpUEHTAlMU [0 ONpeAeJéHHOro YpoBHA. /[l uccaeOBaHHOW KOHOUTYypanuu
MCII0JIb30BaHUe 15 3Be3/ 06ecnevynsio BEpOSTHOCTD YCIEIHOTO ONpeesieHUs opueHTanuu 87% npu
cpeqHeKBaApaTUYHOU omubke opueHTanuu 0.0396°. B uccieloBaHHOM JiMana3oHe CTaHAApTHOe
oTk/soHeHUWe PSF o = 2.5 mnukcens o6Gecneyuyso HauMEHbUIYIO CpeJHEKBAaAPAaTUYHYI) OIIHMOKY
opueHTauuu 0.0342° U HanbOOJBILIYI0 BEPOATHOCThL YCHEUIHOTO OmpejeseHuss opueHTanuu — 87%.
[llym cuuThiBaHUs, GOHOBOE OCBellleHHWe U COJIHEeYHasl 3acBeTKa MPEeUMYIIeCTBEHHO MPUBOAMIUA K
YMEHbIIEHUIO KOJIMYeCcTBa OOHApY»KUBaeMbIX 3Be3/l, TOTJAa KaK YTJoBas CKOPOCTb KOCMHUYECKOIO
annapara oKa3blBaJjia HauboJiee CUJbHOE BJIUSHUE Ha 001111e XapaKTEePUCTUKU cucTeMbl. [Ipu yriaoBoit
CKOPOCTHU 6°/C BEpOSTHOCTD YCIIEIIHOTO ONpe/ieJleHUs] OPUEeHTALUX CHU3UIAch A0 14%, Tora Kak npu
ckopocTd 8°/c M BbIlIE YCOELUIHOe OINpeJesieHUue OpPHUEHTALUMHW He ObLIO mojaydeHo. [losydeHHbIe
pe3y/nbTaThl CO3Jal0T OCHOBY JJisl BblOOpa MapaMeTpOB 3BEe3[JHOTO [AAaTUYUKa, ONTUMU3ALUU €ro
aJITOPUTMOB, BaJIUJalUX MOAeJU Ha GU3NUECKOM NPOTOTUIIE U JlaJbHeNIero pa3BUTUs [UPPoOBOro
NpPOTOTHUIA B LUPPOBOI IBONHUK.

KiouyeBble cji0oBa: 3Be3/HbIA [JaTUMUK, LUGPOBOKM NPOTOTUI, MaJjbli KOCMHUYECKUW ammapar,
onpeje/ieHHe OpUEeHTAllMY, MoJleIMpoBaHKe MeToioM MoHTe-Kapuio.

KoH}IUKT HHTEepeCcoB: aBTOPHI 3aBJSIOT 00 OTCYTCTBUU KOHPJIUKTA UHTEPECOB.
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Introduction

The rapid growth of small-spacecraft and small-satellite technologies has increased the need for
compact, autonomous, and precise attitude-determination systems. Knowledge of attitude of spacecraft
is crucial for many space missions such as Earth observation, astronomical observation,
communications, navigation, and spacecraft autonomy [1, 2]. In this regard, star trackers are widely
regarded as highly accurate autonomous sensors for absolute attitude determination because they rely
on the observed positions of stars within their field of view [3]. However, the performance of a star
tracker depends on the combined characteristics of its optical system, image sensor, image-processing
algorithms, star-identification method, and spacecraft motion conditions [4].

A typical star tracker is an electro-optical system made up of four main functional subsystems: a
stray-light baffle, an optical system, a photosensitive detector, and an electronic and image-processing
unit [5]. The baffle serves to block radiation coming from bright off-axis sources such as the Sun, the
Earth, and the Moon, and the optical system projects the images of the stars onto the detector [6]. The
detector then turns the optical radiation into a digital image, after which the onboard electronics process
this image. The image-processing chain usually involves estimating the background, detecting the stars
and determining the position of their centres, identifying the star pattern by comparing it with a
catalogue stored on board, and finally estimating the attitude from the inertial star vectors that have
been identified [7]. This design enables the star tracker to give autonomous three-axis attitude
information without the need for an external attitude reference [8]. Yet the system's overall performance
is determined by the way in which its optical, detector, computational, and environmental characteristics
interact.

A wide variety of commercial star trackers is currently available for spacecraft, offering different
combinations of mass, power consumption, accuracy, field of view, and dynamic performance. Examples
of such devices are the ST200 and ST400 series made by Berlin Space Technologies, the Standard NST
and Full-Extension NST from Blue Canyon Technologies, CubeStar from CubeSpace, the ASTRO CL and
ASTRO APS/APS3 from Jena-Optronik, Spacestar from Leonardo, among others [9-16]. Although much
progress has been made in terms of miniaturization and precision, one major issue that is still a problem
is that of achieving precision in attitude, low weight and power consumption, and operation in
conditions of stray light, noise, and spacecraft movement [17].

Several investigations have been carried out to improve star tracker performance in accuracy,
reliability, miniaturization, and computational speed for spacecraft attitude control. These
investigations have considered a number of different issues in regard to the design and operation of star
trackers, such as optical system design, stray light reduction, star recognition algorithms, and others.
Erlank and Steyn developed a CubeSat-compatible nano star tracker that demonstrated autonomous
attitude estimation at 1 Hz and attitude accuracy better than 0.01° during night-sky tests, showing the
feasibility of miniaturized star trackers for small spacecraft [18]. Sun et al. proposed a direct
astronomical observation method to evaluate star-tracker accuracy and demonstrated pointing and
rolling accuracies of 3.33” and 23.96", respectively, at the 3o level, using about 18,000 s of real-sky
observations [19]. Asadnezhad et al. demonstrated the importance of optical design and stray-light
suppression by developing a star-tracker optical system with a 14° field of view and an RMS spot size
below 4 pm, and their baffle design reduced simulated stray light by approximately 11 orders of
magnitude [20]. Sang et al. demonstrated a CMOS-based nano star tracker with a mass of 150 g, a power
consumption of approximately 0.85 W, and a pointing accuracy of about 5”, demonstrating the feasibility
of combining arcsecond-level performance with strong miniaturization for spacecraft applications [21].
However, these studies primarily focus on individual aspects of star-tracker performance, such as
miniaturization, optical design, measurement accuracy, or hardware implementation. A unified digital
evaluation of the combined effects of star count, image quality, detector noise, background illumination,
and spacecraft angular velocity remains comparatively limited.

The development and qualification of a high-precision star tracker typically involves several
stages, including hardware design, laboratory testing, calibration, and environmental testing [22]. Even
though physical testing is necessary for final verification, it is very resource-consuming and does not
generally enable the examination of a large number of combinations of optical, tracker, environmental,
and dynamic parameters in the early stages of development. Specifically, detector noise, background
illumination, optical image quality, the number of stars that can be observed, exposure time, and
spacecraft angular motion all tend to interact and affect the overall performance of attitude
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determination. Digital modelling acts as a useful complementary method since it replicates the main
functional chain of a star tracker in a single computational environment [23]. The model includes the
generation of the stellar field, the optical projection onto the focal plane, the formation and degradation
of the stellar images, the detection of the stars and the estimation of their centroids, the identification of
the stars by means of a reference catalogue, and the final determination of the spacecraft's attitude. With
this approach we are able to systematically vary various parameters and operating conditions in order
to find out which parameters are sensitive, what the critical operating conditions are, and what the
performance limitations are before building a physical prototype. In the current study the model
developed is considered to be a digital prototype not a full digital twin since it has not yet attained
continuous bidirectional synchronisation with a physical star tracker [24]. However, the digital
prototype does provide a foundation for performance analysis and parameter optimisation, and it can
be verified using experimental data before being further developed into a digital twin of the physical
system.

This study aims to develop and test a digital prototype of a star tracker for small spacecraft and
quantitatively evaluate how key optical, image-quality, and dynamic parameters affect attitude-
determination performance. The main contributions of this study are as follows:

— development of an integrated digital prototype that combines stellar-field generation, optical
projection, image degradation, star detection, star identification, and attitude estimation;

— quantitative evaluation of the effects of star count, PSF width, detector read noise, background
illumination, and solar glare using Monte Carlo simulations;

— quantitative assessment of the effect of spacecraft angular velocity during image exposure on
star-identification and attitude-estimation performance.

Methodology

Digital Prototype Architecture

The performance of the star tracker was investigated using an integrated digital prototype that
reproduces the main stages of the attitude determination process. The model consists of interconnected
modules for stellar catalogue processing, spacecraft attitude and motion modelling, optical projection,
stellar image generation, image degradation, star detection, star identification, and attitude estimation
(Fig. 1). This integrated structure allows evaluation of individual parameters while preserving the full
processing chain from the observed stellar field to the final attitude solution. The developed model is
considered a digital prototype rather than a complete digital twin because it does not provide
continuous bidirectional synchronization with a physical star tracker.

The Hipparcos catalogue was used as the primary source of stellar positions and apparent
magnitudes. Two catalogue subsets were used in the simulations. The stellar field generation model
included stars with an apparent magnitude of Vmag < 6, resulting in 5041 stars. A reduced catalogue
containing 1625 stars with Vm,s < 5 was used as the reference catalogue for the star-identification
procedure in order to reduce the computational load. The right ascension and declination of each star
were converted into three-dimensional unit direction vectors for subsequent coordinate
transformations and attitude calculations.
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Figure 1. General architecture and processing sequence of the proposed digital prototype
The transformation from equatorial coordinates to a unit direction vector is defined as [25]:
cos § cos a
s =|cosésinal, (1)
sind

where «a is the right ascension and 4 is the declination of the star.
The principal parameters of the digital prototype are summarized in Table 1.

Table 1 - Main parameters of the model

Ne | Parameter Value

1 Star catalogue Hipparcos
2 Catalogue limit for image generation Vimag < 6

3 Number of stars 5041

4 Reference catalogue limit Vimag £ 5

5 Reference catalogue size 1625

6 Field of view 20°

7 Focal length 35 mm

8 Detector resolution 1024 x 1024 pixels
9 Pixel size 20 pm

10 | Baseline PSF o = 2.5 pixels
11 | Exposure time 0.1s

12 | Monte Carlo trials 500

Optical Projection and Stellar Image Formation

A simplified projection approach was used to model the optical subsystem. The field of view of the
star tracker was 200 allowing multiple stars to be observed simultaneously. The focal length was fixed
at 35 mm, while the detector was considered to be 1024x1024 pixels of size 20 um. The above values
were chosen as the reference for further computations. After transformation into the tracker coordinate
system, only stars located within the field of view were included in the image generation process. Their
direction vectors were projected onto the focal plane according to [26]:

Xb
= O 2
x=f2 ©)
Vb
= e 3
y=r 3)
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where fis the focal length, x;, y), z, are the components of the star direction vector. The focal-plane
coordinates were subsequently converted into detector pixel coordinates.

A two-dimensional Gaussian point spread function (PSF) was used to model the spatial
distribution of stellar intensity over adjacent detector pixels resulting from the combined effects of the
optical system and detector. The intensity distribution was represented as [27]:

Y o2
(x —x0)* + (v — ¥0) >’ (2.30)

I(x,y) = Io exp <— o7
where Iy is the peak stellar intensity, (xo, yo) is the image-centre coordinate, and o is the spatial width of
the stellar image. The baseline value was set to o = 2.5 pixels. To investigate the sensitivity of the system
to image quality, o was subsequently varied between 2.0 and 3.5 pixels.

Image Degradation and Star Detection

To simulate non-ideal observation conditions, the stellar images generated initially were altered.
The three main degradation factors examined were detector readout noise, background illumination,
and solar glare. Each of these factors was added separately while the other model parameters stayed at
their baseline values. The reason for adopting this method was to find out how they affected star
detection, the reliability of star identification, and the final attitude solution. Before carrying out star
detection, an estimate of the slowly varying background component was obtained by means of a
Gaussian filter having a standard deviation of 50 pixels. This estimated background was subtracted from
the original image. An adaptive threshold was then applied to the corrected image in order to distinguish
the stellar objects from the remaining background fluctuations. Connected-component analysis was
employed to identify the individual stellar objects. The image coordinates of these objects were
determined using a centroid method which took intensity into account. This process yielded the
measured star positions needed for the next identification stage.

Star Identification and Attitude Estimation

The detected stellar objects were identified by means of the Triangle Hash pattern-recognition
algorithm. This algorithm determines the correspondence between the detected stars and those in the
reference catalog by means of the geometrical relationships between them. The employment of
geometrical relationships enables the identification of the stars without regard to the absolute
orientation of the spacecraft. After successful identification, each star that had been observed was
represented by a measured unit vector in the tracker coordinate system and by a corresponding
reference unit vector in the inertial coordinate system; these vector pairs were then used for attitude
determination. A trial was considered successful when the star-identification stage produced a valid set
of star correspondences and a corresponding attitude solution satisfying the predefined success
criterion.

The spacecraft attitude was estimated by solving Wahba’s problem, which determines the rotation
providing the best correspondence between the measured and reference star vectors. The
corresponding objective function can be written as [28]:

2 (1.2)

n
1 .
L(A) = EZ WL'”y;;leas.,i - Ay;l

=1

where yﬁleas”i is the measured unit vector, yii is its corresponding reference vector, 4 is a rotation matrix
defining the attitude, w; is the weight assigned to the i-th star, n is the number of identified stars.

Monte Carlo Simulation and Evaluation Metrics

The performance of the digital prototype has been estimated through the Monte Carlo method.
For each setting of parameters under analysis, 500 simulation experiments have been performed. The
same number of independent trials was used for each parameter value to ensure consistent comparison
between the investigated configurations. In each of them, a random initial attitude of the spacecraft was
selected and then its stellar field was simulated and passed through the entire chain of the star tracker
system. This procedure was applied to all investigated optical, noise, and dynamic conditions. The
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system performance was evaluated using several quantitative metrics. The successful attitude
determination probability was calculated as:

K
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success

N
Psuccess = N X 100%, 3)

total

where Nsuccess is the number of successful trials and Ny is the total number of Monte Carlo trials. The
angular attitude error was calculated for each successful trial by comparing the estimated attitude with
the reference attitude. The root mean square error (RMSE) was then determined as [29]:

where ey, is the angular attitude error of the k-th successful trial and N is the number of successful trials.
Apart from the success probability and RMSE, the mean angular error is additionally estimated to
estimate the average attitude estimation accuracy. As far as noise experiments are concerned, the
average number of found stars is additionally used as another indicator of image degradation. In turn,
as far as dynamic experiments are concerned, the average number of correctly verified star pairs is
additionally taken into account. Such additional parameters provide an opportunity to separate the
impact of image degradation and spacecraft motion on the attitude estimation error.

Dynamic Motion Model

The impact of the rotational movement of the space probe was examined by setting a fixed value
for the angular velocity while image exposure. The angular velocity was varied from 0 to 10°/s, while
the exposure time was fixed at Texp, = 0.1s. The angular displacement of the spacecraft during one

exposure was therefore determined by:
A0 = wTeyp, (9)

where w is the spacecraft angular velocity. The resulting displacement of the stellar images during
exposure was used to represent motion-induced image blur. The displacement of the stars caused by
such movement during image exposure was used as the model of image blur caused by motion. For
instance, at an angular velocity of 10° per second and an exposure time of 0.1 seconds, there is a 1°
rotation of the spacecraft during one exposure. For each angular-velocity value, 500 separate images
were created and processed using the entire digital system.

The software code used to develop the digital prototype was written using Python coding
language in Visual Studio Code development environment. The PyQt6 and PyQtGraph libraries were
used in developing the graphical user interface and 3D visualizations, respectively.

Results and Discussion

A three-dimensional model was developed to enable visual monitoring of the digital prototype’s
operation and to verify the correctness of the algorithms (Fig. 2).

Effect of the Number of Stars on Attitude Determination Performance

The first series of experiments investigated the influence of the number of stars used for attitude
determination on the performance of the digital prototype. The obtained results are summarized in
Table 2. It was found that the performance of attitude determination depended strongly on the number
of stars available. When 5 stars were available, the probability of a successful determination was only
15%, the RMS error being 0.0479°. Increasing the number to 7 and then to 10 stars raised the success
rate to 72% and 84% respectively, and at the same time reduced the RMS error to 0.0428° and 0.0406°.
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Figure 2. Three-dimensional image of the digital prototype
Table 2. Effect of the number of stars on attitude determination performance
Ne | Number of stars Successful determination, % Mean error, ° RMS error, °
1 5 15 0.0453 0.0479
2 7 72 0.0387 0.0428
3 10 84 0.0373 0.0406
4 15 87 0.0359 0.0396
5 20 78 0.0385 0.0427

The best performance within the investigated range was obtained with 15 stars, yielding a
successful determination probability of 87% and an RMS attitude error of 0.0396°. When the number of
stars was increased to 20, the successful determination probability decreased to 78% and the RMS error
increased to 0.0427°. Thus, within the investigated configurations, 15 stars provided the best observed
combination of successful determination probability and attitude accuracy.
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Figure 3. Dependence of the successful attitude determination probability (A) and
RMS attitude error (B) on the number of stars used

Effect of the Point Spread Function on Attitude Accuracy

The second series of experiments examined the influence of the point spread function (PSF) on
the accuracy of attitude determination. The stellar images were generated using a Gaussian PSF, and its
standard deviation ¢ was varied from 2.0 to 3.5 pixels. The results are presented in Table 3.

The results indicate that there is a non-linear correlation between the PSF width and attitude
determination accuracy. For a value of o equal to 2.0 pixels, the probability of a successful determination
was 85%, with an RMS error of 0.0358°.
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Table 3. Effect of the PSF parameter on attitude determination accuracy

Ne | PSF standard deviation, Successful Mean error, ° RMS error, °
o, pixels determination, %

1 2.0 85 0.0326 0.0358

2 2.5 87 0.0325 0.0342

3 3.0 75 0.0381 0.0435

4 3.5 64 0.0440 0.0630

As the PSF width increased to ¢ = 2.5 pixels, there was an improvement, where the probability of
a successful determination increased to 87% and the RMS error decreased to 0.0342°. However, an
increase in o further to 3.0 and 3.5 pixels led to a decrease in the probability of a successful
determination to 75% and 64%, with the RMS error increasing to 0.0435° and 0.0630°, respectively.
This trend can be explained by the broader spatial distribution of stellar intensity at larger PSF widths.
As the stellar energy is distributed over a larger number of pixels, the peak intensity decreases, which
can reduce centroiding accuracy and increase the probability of interference between nearby stellar
images. Although o = 2.5 pixels led to the best performance within the range of values investigated, it is
specific to the digital prototype used. Fig. 4 shows the effect of the PSF parameter on the probability of
successful orientation determination and the root-mean-square error of orientation determination.
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Figure 4. Dependence of the successful attitude determination probability (A) and RMS attitude
error (B) on the PSF standard deviation

Effect of Read Noise, Background Illumination, and Solar Glare

The third series of experiments investigated the influence of image degradation factors on the
performance of the digital prototype. Three factors were considered independently: detector read noise,
background illumination, and solar glare. The evaluated parameters included the successful attitude
determination probability, RMS error, mean angular error, number of detected stars, and number of
verified star pairs.

Read Noise. The read noise was varied from 0 to 10 normalized model units. These values
represent normalized simulation parameters rather than experimentally calibrated detector noise
levels. Within this range, no pronounced degradation in attitude accuracy was observed: the RMS error
remained at 0.035-0.044°, while the successful determination probability varied between 79% and
90%. However, the average number of detected stars decreased from 39.36 to 31.48, corresponding to
a reduction of approximately 20%. Despite this decrease, the number of verified star pairs remained
approximately 7-8. Thus, moderate read noise primarily affected star detection, while the remaining
reliable star correspondences were sufficient to maintain stable attitude estimation.

Background Illumination. The normalized intensity of background illumination was varied from 0
to 10. The higher values of background intensity affected the star detection because the average number
of detected stars decreased from 45.43 to 33.03 or 27%. In any case, the RMS error was within 0.036°
and 0.045° and the success probability ranged from 76% to 89%, not having any monotonous
dependence on the background illumination level. The number of verified star pairs was usually

86

« HCKYCCTBEHHbIA MHTEIEKT N3 (1ianb-CenTGps) 2026 rog



N°3 (ionb-cenTabpb) 2026 ron WCKYCCTBEHHDIA MHTENNEKT

i(ﬂTTbIK fbiNbIM
AKAOEMWACHI

maintained between 7 and 8. So, it follows from the analysis conducted that the higher background
illumination decreases the number of detected stars but does not significantly influence the attitude
determination accuracy.

Solar Glare. The effect of solar glare was studied by varying the normalized solar-glare parameter
from 0 to 10. The RMS error stayed between 0.034° and 0.044°, and the probability of successfully
determining the stars varied from 80% to 89%, there being no obvious relationship between this
probability and the level of glare. The average number of stars detected fell from 43.19 when Sun Glare
was 0 to 33.89 when Sun Glare was 10, which amounts to a reduction of about 21.5%. Nevertheless, the
number of verified star pairs stayed mostly between 7 and 8, showing that the remaining stars were
enough to keep attitude estimation stable under the conditions examined. The results are shown in Fig.
5.
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Figure 5. Effect of various types of noise on the star tracker accuracy:
A - determination probability; B - RMS error; C — detected stars.

For the investigated ranges and the adopted noise models, read noise, background illumination,
and solar glare primarily affected the number of detected stars, while their influence on attitude
accuracy remained comparatively small. The number of stars detected reduced by 20%, 27% and 21.5%
accordingly, but the number of identified pairs and attitude accuracy remained almost the same. Thus,
within the investigated parameter ranges, a reduction in the number of detected stars did not
necessarily lead to failure of attitude determination, provided that sufficient geometrical information
remained available for reliable star identification. But, it is true only for the given values of parameters
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and noise models. Any other more severe or combined disturbances, along with optical and detector
imperfections, would cause a higher level of degradation.

Effect of Spacecraft Angular Velocity

The final experiment investigated the influence of spacecraft angular velocity on star tracker
performance (Fig. 6). Unlike the previous experiments, which primarily considered static attitude
conditions, this experiment introduced spacecraft rotation during image exposure.
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Figure 6. Effect of spacecraft angular velocity on star tracker performance: (A) successful attitude
determination probability; (B) RMS attitude error

From the results obtained, it is clear that the performance of the star tracker is greatly dependent
on the angular velocity of the spacecraft. In the static case, the probability of attitude determination is
88%, while the RMS error is 0.04000°. At low angular velocities of 1-2°/s, the successful determination
probability remained close to the static case, although the RMS attitude error increased noticeably. At
higher angular velocities, both the successful determination probability and attitude accuracy degraded
substantially. At an angular speed of 4°/s, the success probability reduces to 59%, the RMS error
increases to 0.22672°, and the number of verified star pairs reduces to 5.01. The most dramatic effect
on the performance of the star tracker was witnessed when the angular speed was 6°/s, where the
success rate reduced to 14%, the RMS error increased to 0.32792°, which is about 8.2 times the static
case, and only 1.16 star pairs could be verified. No success was recorded when the angular speeds were
8°/s and 10°/s.

The key reason for the described degradation is blurring of the image of the star due to its
movement over the course of the 0.1 s exposure time. The higher the angular velocity is, the larger the
displacement of the star image on the focal plane will be and the more the performance of centroid
calculation and star recognition will suffer from it. Unlike the noise-related parameters previously
examined, that mostly had a tendency to decrease the number of stars detected, the movement of the
spacecraft affected the quality of star correspondences as well as of the attitude determination itself. It
is necessary to consider angular velocity, exposure time, detector and image processing parameters
simultaneously when designing the system. This effect could be mitigated by decreasing the exposure
time or through compensating for the motion and correcting the images, though there are compromises
to be made in photon collecting efficiency and computational effort.

These four experimental groups demonstrate that the investigated factors affect different stages
of the star-tracker processing chain. The number of stars and PSF affect identification and centroiding,
moderate noise primarily affects the number of detected stars, while spacecraft angular velocity has the
strongest negative effect on overall attitude-determination performance. In general, these experiments
have demonstrated the usefulness of the digital prototype for isolating the effects of image quality, star
identification, and spacecraft dynamics on attitude-determination accuracy.
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While the digital prototype offers a comprehensive tool for analysis of the star tracker, there are
a number of limitations that must be taken into account in the interpretation of the findings. The
principal limitations include the lack of validation against a physical star tracker, the absence of
bidirectional interaction with a real device, the independent variation of parameters rather than their
simultaneous variation, and the fixed exposure time of 0.1 s. In addition, the noise and illumination
parameters are represented using normalized simulation units rather than experimentally calibrated
detector quantities. Therefore, the obtained performance values and threshold conditions should be
interpreted as configuration-specific simulation results rather than direct hardware performance limits.

Conclusion

This study developed a digital prototype of a star tracker for small spacecraft and evaluated its
performance under different numbers of observed stars, PSF widths, image-degradation conditions, and
spacecraft angular velocities. The proposed model simulated all the main steps of the algorithm from
generation of stellar field and formation of optical image to detection and identification of stars and
attitude determination by solving Wahba'’s problem. The results show that the number of stars and PSF
width significantly affect attitude-determination performance. Within the investigated configurations,
15 stars provided the highest successful determination probability of 87% with an RMS attitude error
of 0.0396°, while a PSF standard deviation of o = 2.5 pixels provided the lowest RMS error of 0.0342°
and a successful determination probability of 87%. Read noise, background illumination, and solar glare
primarily reduced the number of detected stars, while their influence on attitude accuracy remained
comparatively small within the investigated parameter ranges. However, spacecraft rotational speed
caused the greatest degradation: the RMS error rose from 0.04000° in the static experiment to 0.32792°
at 6°/s, and no successful attitude determination was obtained at 8°/s and 10°/s. Overall, the results
demonstrate that the proposed digital prototype can be used to systematically investigate the sensitivity
of star-tracker performance to optical, image-quality, and spacecraft-dynamics parameters. Future work
will focus on evaluating combined environmental and dynamic effects, optimizing exposure time and
image-processing algorithms, and validating the model using a physical star-tracker prototype.
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