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AHHOTANMA

Bonpocs!l 10Bepus K PELICHUAM, IPUHUMAEMbIMH ((HOPMUPYEMBIMU ) MHTEIICKTYaIbHBIMH CHCTEMaMH, CTAHOBSITCS BCE
GoJiee akTyalbHBIMU. [IpecTaBiIeH CUCTEMaTHYECKUil 0030p METO/IOB M HHCTPYMEHTOB OOBSCHUMOTO HCKYCCTBEHHOTO
unteiekTa (Explainable Artificial Intelligence, XAl), HampaBieHHBIX Ha IPEOIOJICHAE Pa3pbiBa MEK/IY CIOKHOCTHIO
HEHPOHHBIX CeTel U MOTPEOHOCTHIO B MHTEPIPETUPYEMOCTH PE3YIbTaTOB IJIsl KOHEUHBIX HoJb3oBareneil. [Iposenen
TEOPETHYECKUI aHAIN3 Pa3Inuui MeXIy 0OBSICHUMOCTBIO M HHTEPIPETHPYEMOCTHIO B KOHTEKCTE HCKYCCTBEHHOTO
MHTEIUICKTA, a TAKXKE UX POJIU B oOecriedeHny 0e3011acHOCTH PEIeHUH, IPUHUMAEMbIX HHTEIUICKTYaIbHBIMH CHCTEMaMU.
Ioka3aHo, 4TO OOBSICHUMOCTB MOIPA3yMEBAET CIIOCOOHOCTh CUCTEMbI T€HEPHPOBATh MOHSATHBIC YEIIOBEKY 000CHOBAHUS,
TOTJa KaK MHTEPIPETHPYEMOCTh COCPEAOTOYCHA HA TACCUBHOMN ITOHATHOCTH BHYTPEHHUX MeXaHU3MOB. [Ipensoxena
knaccuukaius metonoB XAl Ha ocHOBe MX mozaxoza (IIpeaBapUTeIbHBIN/MOCIeAY oMM anamu3: ante hoc/post hoc)
1 MacmTaba 00bsCHEHMH (JIOKAJIBHBIH/TI00ANBHEI). PaccMOTpeHbl mOMysipHbIe HHCTPYMEHTHI, Takue kak Local
Interpretable Model Agnostic Explanations, Shapley Values u uHTErpupOBaHHBIC TPAIUCHTHI, C OIICHKOH MX CHIIBHBIX
CTOPOH U OTpaHWYEHHH IIPUMEHUMOCTH. J[aHBI IPAaKTHUECKHE PEKOMEHIAINH 110 BBIOOPY METOIOB ISl PA3IMIHBIX
obnacreil u cueHapueB. OOCyKaaeTcst apXUTEKTypa HHTEIUIEKTYaIbHON CHCTEMBI, IOCTPOCHHOM HA OCHOBE MOJIEIN
B.K. ®uHHa, 1 afanTHpOBaHHOH K COBPEMEHHBIM TPEOOBAHUSIM K 00ECIEUEHHIO IIPO3PAYHOCTH) PELICHUH, I1e
KJIIOUEBBIMU KOMIIOHEHTAMH SIBISIFOTCSI MH(POPMALMOHHAs CPesia, perarTesb 3a4a4 1 HHTeJUICKTyalbHbIi nHTepdeiic.
PaccmoTpena mnpobieMa KOMIpOMHCCa MEKLy TOYHOCTBIO MOZEIEH U UX 00bICHUMOCTBIO: IPO3PAYHbIC MOJIEIN
(«CTeKIISTHHBIC LMK, HATIPUMED, AEPEBbs PEILICHUH) YCTYNaloT B IPOM3BOJUTEILHOCTH ITyOOKHM HEHPOHHBIM CETSIM,
HO obecrednBaoT 00JIbIIYI0 OSCCIIOPHOCTh IPUHATUS PelIeHUH. [IpUBEICHB! IPUMEPBI METOI0B M IIPOTrPAMMHBIX
[IAKeTOB JUIst OOBSCHEHHS M HHTEPIIPETALNK JIJAHHBIX M MOZie/iel MalnHHOro 00y4eHus. [TokasaHo, 4to passurie XAl
CBSI3aHO C MHTErpalyell HeHpo-CHMBOIMYECKUX MOAXOA0B, 00BEIHHIIOMNX BO3ZMOXKHOCTH ITyOOKOT0 00Oy4IeHUs ¢
JIOTUYECKON HHTEPIPETUPYEMOCTBIO.
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O6BACHMMOCTb N MHTEPMNPETUPYEMOCTb — BaXHble acrnekTbl 6€30MaCHOCTY PELLEHUIA. ..

Abstract

The issues of trust in decisions made (formed) by intelligent systems are becoming more and more relevant. A
systematic review of Explicable Artificial Intelligence (XAI) methods and tools aimed at bridging the gap between
the complexity of neural networks and the need for interpretability of results for end users is presented. A theoretical
analysis of the differences between explainability and interpretability in the context of artificial intelligence as well as
their role in ensuring the security of decisions made by intelligent systems is carried out. It is shown that explainability
implies the ability of a system to generate justifications understandable to humans, whereas interpretability focuses
on the passive clarity of internal mechanisms. A classification of XAI methods is proposed based on their approach
(preliminary/subsequent analysis: ante hoc/post hoc) and the scale of explanations (local/global). Popular tools, such
as Local Interpretable Model Agnostic Explanations, Shapley Values, and integrated gradients, are considered, with
an assessment of their strengths and limitations of applicability. Practical recommendations are given on the choice of
methods for various fields and scenarios. The architecture of an intelligent system based on the V.K. Finn model and
adapted to modern requirements for ensuring “transparency’ of solutions, where the key components are the information
environment, the problem solver and the intelligent interface, are discussed. The problem of a compromise between
the accuracy of models and their explainability is considered: transparent models (“glass boxes”, for example, decision
trees) are inferior in performance to deep neural networks, but provide greater certainty of decision-making. Examples
of methods and software packages for explaining and interpreting machine learning data and models are provided. It is
shown that the development of XAl is associated with the integration of neuro-symbolic approaches combining deep
learning capabilities with logical interpretability.
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BBenenue

Ha coBpeMeHHOM 3Tare pa3BUTHSI HANOOJBIIYIO 110~
MYJSIPHOCTH MOJIYYWIIA PE3YJIbTaThl B 00JACTH MOJEIH-
poBanust niryookoro odyuenusi (Deep Learning, DL), na-
IOIIME IPUPOCT B CKOPOCTU M TOYHOCTH (POPMHUPYEMBIX
pemennid. OHAKO Y 9THX Pe3yJIbTaTOB €CTh M OOpaTHas
CTOPOHA — CJIOXHOCTb MOJIEJICH, YTO 3a4aCTyIO IPUBOIUT
K HEBO3MOXXHOCTH MOHHUMAaHHUS TOTO, KaK M 33 CYET Yero
OBLTH TIOTYYEHBI T€ WM WHBIC PEIICHUS, KaKHe BXOIHEIC
JAHHBIC SBJIIOTCS HAMOOJee BAXHBIMU U KPUTHIHBIMHE, U
KaK#e TapaMeTpsl MOJIeTH Hanbosee ysa3BIMEI.

Eme npeacTouT MHOTO cenaTh, YTOOBI pa3padboTarh
TTOJIXOBI U HHCTPYMEHTHI, TIO3BOJISIOIINE YKPETIUTh T0BE-
pue k cucteMaM u mozensim DL. Bo3moxHo, B psjie ciy-
yaeB B 0OMEH Ha ITOHUMaHHe CYTH NPUACTCA NOIJIaTUTHCA
CKOPOCTBIO H/MJIM TOYHOCTBIO (POPMHUPYEMBIX PELICHUH.
Pabora B JaHHOM HampaBlIEHUH YK€ BEAETCS, HO MOKa
4TO HaOIIIOIaeTCsl OTCYTCTBHE €MHOTO Te3aypyca U pas-
HOOOpasue BO B3MISAaX Ha MOAXO/bI K PEIICHUIO 3a/a4d B
0003HaYeHHOW 00JIACTH UCCIICIOBAHUI.

He 3akaHUMBAIOTCSI CIIOPBI O TOM, KaKyIO CHCTEMY MOXK-
HO CYMTATh MHTEIUICKTYaIbHOW M YTO YK€ TaKOe HCKYC-
cTBeHHBIN nHTEIeKT (M), HO Mamo KTO CIOPHT C TeM,
YTO BYKHBIM KadeCTBOM MHTEIUIEKTyasIbHOH crcteMsl (MC)
SBIISIETCS €€ CIOCOOHOCTh OOBSCHUTH MOTPEOUTENIO Ha
TIOHATHOM €MY A3BIKE, ITOUEMY M KaK OHa IpUIlIa K TOMY
WJIM MTHOMY pellieHuI0. TONbKO B 3TOM CITydae I10J1b30BaTellb
CMOJKET OLICHHUTH pe3yJnbTat, noiayueHusii C, u obocHo-
BaHHO MPHHSATH pelIeHre. BBUy 5TOro BUINTCS BaKHBIM
pPaccMOTpeTh pa3IMyHbIE B3MVISABI HA «OOBSICHUMOCTHY
U «UHTEPIPETHPYEMOCTHY» NPUMEHUTEIBHO K MOJECISIM
MamHHOTO 00y4eHus u k VIC B memom.

O6wmas moxear UC

Bomnpoc, cBA3aHHBIN ¢ TEM, KaKyK CUCTEMY MOXKHO
CUNTATh MHTEIUIEKTYaJIbHOM, 0CTAeTCsI OTKPBITHIM JI0 CHX

nop. Beuay atoro, npeanaraercs nox VIC B obmiem ciryuae
MOHMMATh TaKyl0 CUCTEMY, KOTOpasi COOTBETCTBYET I10JI0-
KeHusM, cpopmynrpoBanHbeiM B.K. ®unnom [1, 2].

NC obmagaror cienuduueckold apXUuTEeKTypOid, J0-
MyCKaloIleH onpezesieHHble Bapuanui. CXxeMaTHuecKu
9Ta apXUTEKTypa MOXKET OBITh MPECTABICHA CIICAYIOIINM
obpazom [2, 3] (pHCYHOK):

NC = (1) pemarens 3ama4 + (2) nHpOpMAITHOHHAS Cpe-
na + (3) mHTeIeKTyanbHbIIH HHTEpdElic.

(1) Pemarens 3amau = (1.1) paccyxagarens + (1.2) BbI-
yucnurens + (1.3) cuaresarop.

(1.1) Paccyxxnatenp peanusyeT CHHTE3 M B3aUMOJIEH-
CTBHE I103HABATEIILHBIX MPOLIEAYpP, 00pa3yIoIIUX aBTOMa-
TU3UPOBAHHOE PACCYXkJIEHHE, 00JacThI0 IPUMEHUMOCTH
KOTOPOTO SIBJISIETCSI KIACC 3a/1a4, pelaeMbIX IOCPEICTBOM
(hopmMannM30BaHHOW 3BPUCTHUKH. JIorHuecKuM cpescTBOM
(hopmanmzanmy 3TOi 3BPUCTUKH U SIBIISTIOTCS PACCYKICHHSI.
BakHO MOHUMATH, YTO MPaBAOMOJOOHEIC PACCYKICHUS,
(hopmanu3yrone 3BPUCTUKY PEIICHUS 3a/1a4, aJeKBaT-
HbIe e npuMeneHns VC, SBIioTCs 0CHOBHBIM HHCTPY-
MEHTOM €€ pelIaTes 3a7a4, peaTn3yeMbIM B paccykaare-
me [1].

CyIecTBYIOT JIBa TUTIA PACCYKAATEICH.

PaCCY)KZ[aTeHI/I IEPBOTO TUIIA TPUMCHUMBI K HEU3ME-
HAIOMIEMYCSI MHOKECTBY UCXOIHBIX B]:ICKaSI:-IBaHHﬁ, Xa-
PaKTEepHU3YIONINX «3aMKHYTBIH MUDP», a UX JIOTHYECKUM
CPE/ICTBOM SIBJISIIOTCS JICTyKTUBHBIE BBIBOJBI (BOSMOKHEI
BapHaHTBI, KOT/1a UCTIOIb3YIOTCS HEKIIACCUYECKHE JIOTHUKH).

Paccysknarenn BTOporo THIa peaausyloT Gpopmaiis3o-
BaHHBIC PBPUCTUKH JJISI PEIICHUS KIACCOB 3a7a4, MCXOI-
HBIMH JaHHBIMH KOTOPBIX SBISIOTCS U3MEHSEMBIC U TI0-
TIOJTHSIEMbIe MHOJKECTBA BBICKA3bIBAHUH (IO M3MCHEHUEM
BBICKA3bIBAaHIH TTOHIMAETCS IIEPECMOTp €TO HCTHHHOCTHO-
rO 3HAYCHHS, COOTBETCTBYIOIINE 0a3bl (h)aKTOB HA3BIBAIOT
31'[I/ICTCMI/I'-IGCKI/IMI/I). q)OpMaJ'II/IBOBaHHBIe OBPUCTHUKH OTOT'O
THIA OCYILECTBIIAIOT CUHTE3 MTO3HABATEIBHBIX MIPOLIENYD,
BKJIIOYAIOMUX SMIUPHUICCKYIO MHAYKIUIO, OCHOBAHHYIO
Ha YCTaHOBJICHHH CX0/icTBa ()aKTOB, M aOAYKIIHIO, IO-
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Pucynok. CTpykTypHO-(DyHKINOHATBHAS CXeMa HHTEIUICKTYaIbHOH CHCTEMEL.

IIpO1 — npenmerHas obaacts 1; [IpO2 — npeamerHas obnacts 2; [IpO3 — npeamerHas obnacts 3; JITIP — nuio, npuHUMaroIee pereHus

Figure. Structural and functional diagram of the intelligent system.
Subject area 1| — I[IpO1; subject area 2 — I[1pO2; subject area 3 — I1pO3; the decision maker — JITTP

CPEACTBOM KOTOPOH OOBSICHAETCS! HAa4yaJIbHOE COCTOSTHHE
0a3bl PaKTOB U, B CTy4ae HEOOXOAMMOCTH Peajn3yeTcs ee
TIOTIOTHEHHE (pacCyKIaTell BTOPOro THIA TPUMEHUMBI K
«OTKPBITHIM MUpam»). Paccyxaenus paccyxarenei BTo-
pOTO THIa HAa3bIBAIOT KOTHUTHBHBIMU (TIPaBIOTIOA00HBIMH )
paccyxxaeHusmu [2].

(1.2) Beruucnurenb NPUMEHSAETCA K YMCIOBBIM JaH-
HBIM, UCIIOJIb3YsI YHCJIEHHbIE METO/Ibl, PEJICBAaHTHbIE 11e-
nsim UC (HampuMep, pa3indHble CTaTUCTUYECKNE METO/IBI
aHaJIM3a JaHHbIX).

(1.3) Cuntesarop BeIOMpACT CTpaTeryy, aJIeKBaTHBIC HE
toxpko 1ienn MIC, Ho 1 cocTostHMIo 6a3bl (hakTopoB (bD), n
pe3yabraraM MpeAb Iy UK IPUMEHEHNH pentaTerst 3a1ad.

Ecmu gepe3 I' — 00603HaYNTh MHOXKECTBO TIPABHIT BBI-
BOJIa, COZIEPIKAIIUX KaK MPaBUiIa JOCTOBEPHOTO BBHIBOJA,
TaK U MpaBUiia IPaBJONOA00HBIX BBIBOJIOB, OCPEACTBOM
KOTOPBIX OCYIIECTBIIIOTCS pa3IM4HbIC MPABIONOI00HBIE
paccyxaeHus, a yepe3 C — MHOXXECTBO BBIUHCIUTENb-
HBIX MIPOLEAYP, TO UX KOMOMHHPOBAHHUE OCYILECTBIISIET
CHHTE3aTop.

(2) Uudopmannonnas cpena = (2.1) bd + (2.2) 6aza
3Hanui (b3).

(2.1) B® npexacraBiseT paccMaTpPUBAEMYIO MTPEAMET-
HYIO 00J1aCTh («3aMKHYTBIH MUP» WA «OTKPBITHIA MUD»; B
nepBoM cinydyae b® He u3meHsercs, BO BTOpOM — BO3MOXK-
HO €€ TTOTIOJTHEHNE B COOTBETCTBUH C PE3YyJIbTaTaMH, IOy~
YEHHBIMH pellaTesieM 3a7ad, ¥ JKeJIaHUsIMH T0JIb30BaTeNs
HC kak 4enoBeKO-MaIInHHON CUCTEMBI).

Hamnune B® kax moxcucremsl UC co3maer BO3MOXK-
HOCTb OCYIIECTBICHUSI MAITMHHOTO O0y4eHMs, a CIIe/I0Ba-
TeNbHO, pacmupenns b3.

(2.2) B3 — noacucreMa npeacTaBICHAS 3HAHUN.

OOBIYHO BBLACTAIOT TpH TuNa 3HaHui A C: nexna-
paTuUBHBIE, IPOLEypHBIE U KOHIENTyaJIbHbIe [1].

(3) UnTemnexryanpHbiii nHTEpdENc BKIIIOYAET B ceOs
Jaiior (HawTy4Iui BapuanT — JHMAJIOT Ha €CTECTBEHHOM
S3BIKE), IEMOHCTPAINIO KaK pe3yasTaroB padorsl MC, Tax
U TIpoliecca WX IMOJy4eHHs, rpaguyeckoe Mpe/ICcTaBIeHUe
pe3yabraroB, o0yueHne nosibs3osarens padore ¢ C, nox-
JIep>KKy WHTEPAaKTHBHOTO pesknma padotst MC.

PaccyskneHus v BBIYMCIICHUS, TIPEACTaBICHNE 3HAaHNH
U nHTEepQEic ABIAIOTCS MPAKTUIECCKIMI PEaN3aALUSIMU
npuHinoB ¢pyaknrornposanus UC. [TocpenctBom 3THX
KOMIIOHEHT (yHKIroHupoBanus MC ocymecTBisercs uH-
TeJUIeKTyallbHasi 00paboTKa JaHHbBIX.

Jyist Toro 4yTOOBI MOBBICUTH CTeMeHb aoBepus k UC,
KaK K CUCTEMe, CIIOCOOCTBYIOIEH MPUHITHIO PEILICHUH
auioM, npuaumatomuM pemenus (JIIIP), neodbxonnmo
MMETh BO3MOKHOCTh IOHMMATh TO, KaKMM 00pa3oM M T0-
uemy VIC npumua k ToMy wiu nHoMy petenuto [4, 5]. s
3TOr0 HEOOXOAMMO, YTOOBI ObLIIa BO3MOKHOCTH OOBSICHUTD,
KakuM o0pa3oM pemarensb 3a7ad HOPOJWII pelleHne, a
MHTEJUIEKTYa bHBIA HHTEpdEc mo3BomI Obl HHTEpPIpE-
THpOBaTh chopMHupoBaHHOE pemeHuit. [Ipu sTom cremyer
Y4ECTbh HAJIMYUE PAa3HOr0 ypoBHs koMreTeHIui kak JIIIP,
TaK ¥ UHKEHEPOB MO 3HAHUSIM.
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JloBepue K HeliPOHHBIM CeTSIM: BBI30OBBI H CTPATErHU
olecrnevyeHNnst NPO3PAYHOCTH

B nocnennne roxsl B 06IaCTH MPOSKTUPOBAHUS, Pa3-
paboTku u nmpumenenus MC HameTninach TEHICHITUS K
pazpaboTKe «OeNbIX SIUKOBY — MOJENel, MOBeAeHUE
KOTOPBIX MOYKHO OOBSICHUTBH M KOTOPBIC SIBJISIOTCS OoJiee
MOHATHBIMU JUIs Jtofied. [yt aToro B psze ciiydyaeB npe-
naraercs pa3ousarb UC (pemarenpb 3aqad) Ha MOAYIH,
KaXJIbIid U3 KOTOPBIX MOXKET ObITh MHTEPIPETHPOBAH Ye-
JIOBEKOM, WJIM U3HAYAJIBHO CTPOUTH MOJEIHU C JIOKAJIb-
HOW TIpo3pavHOCThI0. OTHAKO HA TAHHBIH MOMCHT «OeIIbIi
SIIIUAK» BCE €II[e OCTACTCs JOCTATOYHO HUIICBOW HIECH, a
OCHOBHBIM MeTOnIoM 00ydeHus Bcex moaeneit U Bee emie
siBrsieTcst «depHbiid suk» (UA) (em. MU ot Alpha Zero,
ChatGPT, GPT-3, GPT-4 u ap.). Beictpora u mpoctora U
B HACTpOIiKe AeTaroT ero 0ojee BHITOJHBIM /11 KOMIIAaHHH,
KOTOpbIE UIIYT OoJjiee OBICTPBIX Pe3yabTaToB. Takxke cre-
JyeT OTMETUTh, YTO ceivac /sl pelieHus! OOJIbIIMHCTBA
3a/a4 NpeaIoYTUTEIbHEE UCTIOIB30BaTh Moax0abl YA, Tak
KaK OHHM TOKa3bIBalOT Oosiee BHICOKYIO 3(pPEeKTHBHOCTD,
4yeM MHTepIpeTHpyeMble Mojenu. Jlaxe eciau HHTepIpeTH-
pyeMble MOJIENU BBIIAIOT XOPOLINE Pe3ybTaThl, BCE PABHO
MIPUXOIUTCS UATU HA KOMIIPOMHCC MEXAY UX BO3MOMKHO-
CTSIMU ¥ IOHIMaHKEM. JTa IpodiieMa, o BCeil BUITUMOCTH,
Bce erie OyaeT akTyanbHO! TOCTATOYHO MPOJOIDKUTEIIFHOES
BpEMsL.

Buaurces, 9To cUTyannio MOKET H3MEHUTH TOJIBKO BBE-
JICHUE OTPAaHWYCHHUN CO CTOPOHBI PETYIATOPOB, OCHOBAH-
HBIX Ha MOHMMAaHWM TOTO, YTO PEUICHUS, TPUHUMAaeMbIe
UC, dyukiponupytoleit Ha 6a3e MOJEH, OTHOCSIICHCS
k tunty Y, moryT conepsxarb onacHocTh. IIpenorsparurs
WM XOTS ObI CHU3UTH BO3MOXKHYIO OITACHOCTh MOXKET TOJIb-
KO 4eTKO€ MOHMMaHue Toro, kak u noyemy MC npunuia
K TOMY WM HHOMY BbIBOAy. K coxxaneHuto, nmogapisto-
miee OONBIIMHCTBO TOMYISIPHBIX Ha JaHHBIA MOMCHT HH-
CTPYMEHTOB M MOJCJICH HE MO3BOJSIOT 3TOTO CHCNATh:
6ompmmHCTBO cucteM MU paboTaer Kak KiiacCHYECKUE
Mozmenu YS, T. e. pa3pabOTUNKH OPHEHTHPYIOTCS HA BXOT
1 BBIXOJ] MOJICNH, HE oOpamias BHUMaHUE Ha MPOLECCH
BHyTpH MC, KOTOpast 3aHMMAETCs IOMCKOM PE3yiIbTaTa.
OHH MPOCTO MOTYYAIOT PE3yABTATHl U CPABHUBAIOT X C
JKeJIaeMbIM Pe3yJIbTaToM, HE MBITAsACh MOHATH, Kak MIC 310
JIOCTUTAET.

Jna nonnmanus toro, kak MC (1) npuxoauT k Tomy
WM UHOMY 3aK/IIOUEHUI0, IPUMEHSIOT METO/bl U HHCTPY-
MEHTBI, pa3paboTaHHbIE I «OOBSICHEHUS» U «UHTEpIIpe-
TalUu» PEUICHUH, OTHAKO TPU aHaN3¢e KiIacCu(pUKaIUit
JAHHBIX METOJIOB MOYKHO 3aMETHUTb, YTO 3a9aCTYI0 METOIBI
«OOBACHEHUS» U METOABI «UHTEPIIPETAINI Pa3ICIISIOT
mo-pazHoMy. BBuIy 3TOr0 0003HaYMM Ha HaYaIEHOM dTaIle
pasiIuyune MeXAY «OOBSICHUMOCTBIO» U «UHTEPIIPETHpPYE-
MOCTBIO».

O06mBsicHIMOCTB U HHTEpHpeTHpyeMocts MU sBisrores
OJIHUMH M3 BRKHEHIINX KaueCTB, KOTOPHIMH JIOJDKEH 00-
nanath coBpemennbiii M. O6bscaumocts MU o3Hauaer,
YTO €ro NPUHITHE PEIICHUH JOJDKHO OBITh TOHSATHBIM H
MIPO3PAYHBIM JUIsl JFOAEH. DTO Ka4eCTBO OCOOCHHO BAXKHO
B obOnactsx, rae npuHumaemsle MM pemenus nmeror ce-
PbE3HBIC IOCIIEICTBYS, HAIPHUMED, B MEJIUIIMHE, (PUHAHCAX,
MIPaBOOXPAHUTEIBHBIX OpraHaX HIJIM B BOGHHOH cdepe.

Ecnu perennst M HenoHATHBI MM HEOOOCHOBaHHBI, 3TO
MOXKET IIPUBECTH K CEPbE3HBIM ITPO0JIeMaM 1 HEraTUBHBIM
HOCIIECTBHSIM.

WuTepnperupyemocts UM nogpasymeBaer, 4To Iroau
MOTYT OHUMaTh, kak VM nmpuHUMaeT CBOM pELICHUS U
Ha OCHOBE KAKHX JIJAHHBIX. DTO MOXKET OBITH MOJIE3HO IS
TOTO, 9TOOBI TIPOBEPATH paboTy MU 1 KOppeKTHpoBaTh ero
ommbOku u HepocTatku. MHTepnpernpyemocts MU Taxke
MOKET MOMOYb YIYYIIHTh €r0 PaboTy, HaIpuUMep, ImyTeM
o0yuenuns MM HOBBIM criocob6aM 0O6pabOTKM TaHHBIX HIIH
npuHATHA pemeHni. OOBICHUMOCTS K€ 03Ha49aeT CIOCco0-
HOCTb OOBSICHUTB, Kak padotaet MC, ncrosb3ys MOHSITHBIH
4eJI0BEKy S3bIK U KOHIIENIUU. JT0 o3HavaeT, uto MC nomx-
Ha OBITh CIIOCOOHA OOBSICHUTH CBOE PEIICHUE Ha OCHOBE
BXOJIHBIX JJAHHBIX U €€ IapaMeTpoB.

Taknm 00pa3zom, HHTEpIPETAIHS 1 OOBSICHUMOCTD —
JIBA pa3HBIX MOHATHUS, IPHYEM OOBSICHUMOCTH SIBIISICTCS
OoJiee NIMPOKKUM KOHILIENTOM, KOTOPBIH BKIIIOUACT B ceOs
HE TOJBKO MHTEPIIPETAINIO, HO M CIOCOOHOCTH OOBSICHUTH
paboty UC B memom.

HNHuTepnperupyeMoe MalIMHHOE 00ydeHHE, IpUMe-
Haemoe B cucrtemax WU, He sBisieTcsl NOAMHOXKECTBOM
Explainable Artificial Intelligence (XAI) niau Ha000poT
[6]. B To Bpems kak mepBasi HalpaBjieHa Ha CO3/aHUE
MPOTHOCTHYECKUX MOJIENIEH «CTEKIITHHOTO SIIUKa» («Oe-
JIOT0»/«IIPO3PAuHOr0o»), BTOpasi CTPEMUTCSI OHATH YS,
UCIIOJNIB3Ysl OOBSICHUTEIBHYIO MOJIENb, CypPpPOraTHYIO MO-
JIeITh, TIOJIXO/T aTpUOYIINH, BXKHOCTh PEJICBAHTHOCTH WIIN
JpyTrHe cTaTucTuieckue JanHble. CymecTByeT onaceHue,
YTO ONPEIEIICHUS, TOIXOABI U METOJIbI HE COBIAJAIOT, YTO
MPUBOJUT K HEMOCJIEIOBATENHHON KIIACCH(UKAIIIN CHCTEM
u Mozenert DL st nHTepnpeTanuy U 0OBbsICHEHUS.

Hecmotps Ha HepaBHMe ycnexu B XAl 1o cux nop
HEsICHO, KaK KOHKPETHas TTyOoKas HeliponHas ceTh (Deep
Neural Network, DNN) npuxonut k ToMy WJIM HHOMY pe-
IIEHHIO, HACKOJIBKO OHA YBEPEHA B CBOEM PEIICHUH, MOKEM
JIM MBI JIOBEPSITH WM HE JIOBEPSTH €i, U KOT/Ja €€ HY)KHO
KoppekTupoBarb. OCHOBHAs MPUUMHA 3TOTO 3aKJIFOYAETCS
B ToM, 4T0 DNN npuBoasT K CIOKHBIM MozelsiM YS, T. e.
KOT/Ia U3BECTHBI TOJIBKO BXOAHBIC MPU3HAKH U BBIXOJHBIC
MIPOTHO3bI, YTO 3aTPyAHSCT IOHUMAaHHUE TIPUPOABI 00yUe-
HUS B paMKax UX CTPYKTYpbl. Bompocsl, Hax KOTOpbIMH
HaM cIeayeT moayMath: «MoXKeM JI MBI TOBEPSTH pe-
IICHUSAM, IPUHATHEIM MOJACISAMH TITyOOKOTo 00ydeHuUsA?»
i «Kax mozmens mry6okoro oOydeHus, IPUHIMAET pe-
HICHHE?».

HcnonezoBanne DL MHOTOOOCIIAIOIIE, TOCKOIBKY OHO
MOXKET 00pabaThIBaTh CIIOKHBIC HAOOPBI JAHHBIX U MOJICIIHU-
poOBaTh CHJIBHO HEJIMHEWHBIC BHYTPEHHHE MTPEACTaBICHUS
JIAHHBIX.

Pactymuit uatepec uccinenosareneit k XAl npusen
K TOMY, 4TO HMCCieaoBaresbeckoe coobmectso DL cocpe-
JIOTOYMJIOCH Ha METOAAaX MHTEPIPETUPYEMOCTH U 00bsc-
HuMoctd DNN. OcHoBHas mpobieMa ¢ 00bICHIMOCTBIO,
corimacHo DARPA [7], cocTouT B TOM, 9TOOBI 00€CIIEUHTD
nocrarogHoe o0ocHoBaHue BeIBOAOB AI/ML, 4T0OBI 110J1B-
30BaTEIN 3HAJIM, T0YEMY BBIBOJ OBLI CHIENIAH WM HET, 4TO-
OBl MOJTF30BATENH 3HAT, KOTA AJITOPUTM OyAET YCICITHBIM
WJIM Hey/IauHbIM, U KOTJa MOXHO JI0BEpsATh. UTOOBI yKpe-
MUTh JoBepue K cuctemam U mojaensm DL [8, 9], 3aunTe-
PECOBaHHBIC CTOPOHBI IOJKHBI TTOJYYUTh MPECTABICHUE
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0 Tpollecce NPUHATHS PELICHUH B CUCTEME WU MOJEIH,
TOYHO Y3HaB, IOYEMY U KaK CUCTEMa, MOAEIb U aITOPUTM
DL npuminum x onpeAeneHHOMY PEIIEeHHIO.

MOKHO TIPE/ITOI0KHTH, YTO 1B KIFOYEBBIX CIOBA «HH-
TEPIPETHPOBATEY U «OOBSICHATH» HUKOT/IA HE OBIBAOT IOJI-
HOCTBIO B3aMMO3aMEHSIEMBIMH B SI36IKOBOM YIIOTPEOICHNH,
O0COOCHHO B TEXHHUYECKOM M HaydHOM s3bikax [10]. Xots
W HEKOTOpBIE cUnTaroT [11], 9TO HET YeTKUX pazIuyuuit
MEXIy AByMsl OCHOBHBIMHU KOHIeNmsaMu XAl — unTep-
npeTaruei 1 00bICHEHUEM.

HUccnenosanus B obnactu monenuposanus DL tpaau-
HOHHO OBUIM COCPEIOTOYCHBI HA YIYUIIEHHH KayecTBa,
aJTOPUTMOB UJIU CKOPOCTH NMPOTHO3UPOBAHUS MOJAEIH
HeliponHoit cetu [12]. B To xe Bpemst DNN 00bI9HO pac-
cMaTpuBaroTCs Kak Mojenu U5 u3-3a UX MHOrOCIOMHOM
HEJIMHEWHOCTH U TIIyOOKO BJIOKEHHOW CTPYKTYPBI, KOTOpBIE
YaCTO KPUTUKYIOTCS KaK HEIIPO3pavHbIe M HEMOHATHBIE IS
yenoseka [ 13]. [TockosnbKy oHM 00y9eHBI, a HEe 3amporpam-
MHPOBAHBI HAMPAMYIO, MOKET OBITh TPYAHO MOHSTH, KaK
MMEHHO OHH MPUXOASAT K CBOUM PELICHUSIM.

Tepmun YA oTHOCHTCA K MOJIeNIN, KOTOpast IPUHUMAET
TTOCIIEIOBATEIFHOCTh BXOIHBIX JAHHBIX 3aIIpOCca U BBIJACT
COOTBETCTBYIOIIIME BBIXO/IHBIC TaHHBIE, CKPBIBAs TIPH STOM
BHYTPEHHHE COCTOSHHS, TaKHe KaK apXUTEKTypa MOACIH
[14]. CymiecTBytoT MeTonbl 00bsicHeHus1 Y51, KoTophIe 1mbI-
TaroTCsl 00BSCHUTH CylIecTByoMe Moaean DL 6e3 yuera
BHYTPEHHEH CTPYKTypbl MOJEIU. DTOT KJIacC METOJOB
OOBSICHEHHS HE 3aBUCHUT OT MOJICIIH M MOXET OBITH JIETKO
HHTErpupoBaH B Mmojenu DL, oT nepeBbeB peleHuit 10
CJIIO)KHBIX HEHPOHHBIX CETEM.

Mertonst 00BsicHeHuns Y5 Takke Ha3BIBAIOT MOCTPAKTYM
(post hoc-meTomamMm), MOTOMY YTO X MOYKHO MCIIOTB30BaTh
1t omnpoca moneneit DL mocne oOydeHus 1 pa3BepThIBa-
HUA, HEe 3Has mporenayp oodydenus. OObsCHEHNUS, TOTY-
YEHHbIE TAKUM 00pa30M, HE FapaHTHPYIOT, YTO OHU OYyIyT
yAOOHBIMH JIsl YEJIOBEKA, MOJE3HBIMU MJIM OCYIIECTBHU-
MBIMH, ¥ MOTYT OBITh OITACHBIMH B PELICHUSIX C BHICOKMMH
CTaBKaMH.

[IporuBononoxHOCTEI0 YS SBISIETCA «CTEKISHHBIN
smuk» [15, 16], koTopelil Mo CBOEH CyTH MpO3padeH.
Mopnynu win 3aa4d MHTEPIPETAlnN 3apaHee HHTETPHU-
pyIOTCSl B apXHUTEKTypy M anroputmsl DL Ha3biBaroTcs
ante hoc. IIpenmMymiecTBO 3TOTO MOAXO/AA 3aKIIOYACTCS
B TOM, YTO CIIEIUATHCTHI-NIPAKTUKN MOTYT IEPEBOJIUTH
Moznenu B DL, oOHapyXuBaTh OMMOKN B JAaHHBIX W/HIU
MapKHPOBKE U, B HEKOTOPBIX CIIydasx, peAaKTHPOBaTh pe-
HIEHUS MOJIeJICH, KOT/1a OHU He COOTBETCTBYIOT 3HAYCHUSIM
WIM 3HAHMSIM MPEAMETHOHN 00macTu. DTOT TUII MOAX0aa
pemaetr mpodiieMy KOMIIPOMHCCA MEXAY TOYHOCTBIO U
HHTEpIpeTanueii, kotopas siBisiercst npoodnemoit Y5 u post
hoc-mozenn.

Pacrer nHTEpec Kk MOHUMAHUIO TOTO, KAK 3TH MOJE-
m1 DL pocTurarior cBOMX yCHENIHBIX MPOTHO3HBIX 3a/1ad.
Pabora mo oOwsicHeHMIO 3TUX cereir U Oputa cocpeno-
TOYEHa Ha TIOHUMAaHUH TOTO, KaK (pUKCHpOBaHHAsI MOJEIH
DL mpuBoauT k KOHKpeTHOMY mporao3y [17]. TIpobmemsr
HCTIONB30BaHusl Mojenet DL mist oObsicHeHHS uX pere-
HUW B OCHOBHOM CBSI3aHBI CO CJIEIYIOIINM: OTCYTCTBH-
eM npo3padnoctu [16, 18]; oTcyTCTBHEM 00BSICHUMOCTH
[19-21]; O0BILIOH CIOXKHOCTBIO ¥ IOTPEOHOCTHIO B 00JIb-
IIUX BBIYUCIUTENBHBIX pecypcax [22]; HegoCcTaTOuHOH

YCTOHYMBOCTBIO K aTakaM CO CTOPOHBI MPOTUBHUKA [23]
U HECIIOCOOHOCTHIO OOBSCHUTD PELICHUS U ICHCTBUS TaK,
yT1006I JITIP Morin BX MOHSTE [24].

Lempto XAl siBnsiercst co3manue Habopa METOIIOB, KO-
TOPBIE CO3MAOT OOJIee OOBICHUMBIC MOJICIH, COXPAHSS IIPU
9TOM BBICOKHH yPOBEHb PEIICHHS 3a/1a4 MOMCKA, 00y ICHHS,
TUTAHUPOBAHUS M PACCYXKICHUHN 3a CUET ONTHMU3AINHA U
nmoBeIIIeHUS TouHOCTH. OcHOBHAsA uaes XAl cocTout B
TOM, 9TOOBI BCKPBITh aJITOPUTM paboThl USl, 0OOBSICHUTS,
kak YSI mpuHUMAI peIeHus], ¥ yU4eCTh BBIMOTHIEMbIE IIaru
u mMojenu. Oti pyHkuuu Y5 MoryT ObITh Upe3BBIYAIHO
CIIOXHBIMU 7151 moHuManust JITTP.

Takum 00pazom:

— nenb XAI [25] cocTouT B TOM, 4TOOBI CCNIaTh MOBEIE-
HUE CHCTEMBI 00JICe IIOHATHBIM JJIS JTFOJICH, TIPEI0CTaB-
5151 OOBSICHCHUS

— 3amaya XAl cocTouT B TOM, 4TOOBI JaTh OOBSICHEHUS,
KOTOpBIC OBLTH OBI TIOMHBIMHA M UHTEPIPETUPYESMBIMH
[26].

Cuctembl XAl gomxHBI OBITH B COCTOSHHUH TIPEIO-
CTaBIATh UCTOPHUECKH MacCIITaOMpyeMble 0OBICHCHUS
TOTO, UTO CHUCTEMA JieNiajia, YTO OHa JeJIaeT ceuac u 4To
MIPOM3OMIET JaNbllle, a TAK)Ke PACKPhIBATh KIIOUYEBYIO UH-
(hopmanuio, Ha KOTOpyto oHa pearupyert. [Ipu atom XAl
MPEANoiaraet, YTo CylUeCTBYeT MHOTO THIIOB KOHEUHBIX
M0JIb30BaTeNIel WK TPYIII KOHEYHBIX MOJIb30BaTENIEH.

XAI: TeopeTnyeckue 0CHOBbI 00bSICHUMOCTH

ITockonbky kaxnoe pemenne DNN npencrasiser co-
00ii KOMOMHAIINIO THICSY HEUPOHOB M BECOB, B3aUMO/IEH-
CTBYIOIIUX APYT C JAPYroM, OOBSICHEHHUE 3a4acCTYI0 OKa-
3BIBACTCSI OUEHb CIOKHOM 3amaueit. [loToMy cyliecTByeT
OoJbIIasi TOTPEOHOCTh B BO3MOXKHOCTH 33]1aTh CUCTEME
JTOTIOTHUTEIBHBIC BOIPOCHI, YTOOBI TIOHATh, TIOYEMY CH-
CTeMa IPUIIDIa K TOMY WIH HHOMY IPOTHO3Y/pEIICHUIO.

BHyTpeHHeH eI alTOPUTMOB OOBSICHCHHUS SIBISIETCS
obneryenue yenoBedeckoro nmonnManus [27]. Eciu JITTP
oWMeT 0OBSICHEHH, OHO OyayT OoJiee CKIOHHO IOBEPSATH
cucreMaM DL u npumeHsTh ux. be3onacHocTs cUCTEMBI
DL 3aBuCHT OT OOBSICHEHHH, Y€CTHOCTH, 0€30I1acCHOCTH/
KOH()UACHIIMAIILHOCTH M OTJIa ki Mojenu [28].

OHO3HAYHOTO W MPHUHITOTO BCEM HAayYHBIM COOOIIIe-
CTBOM OMpEAeNICHUs] «OOBICHUMOCTHY» MPUMEHUTEIBHO
k DL u U B nienom moka HeT. «OOBSICHUMOCTh — 3TO
COBOKYITHOCTh NMPU3HAKOB MHTEPIPETUPYSMON 00JIaCTH,
KOTOpPBIC B IAaHHOM MPUMEPE CIIOCOOCTBOBAIU MTPUHSATHIO
penreHus». OOBSICHEHUS MOTYT OBIThH ITOJIHBIMH WITH Ya-
ctruuHbIMH [25]. TToTHOCTBIO 00BSICHUMBIE MOJIETN 00¢e-
CIIEYMBAIOT TMTOJIHOE OOBSICHCHUE M ABISIIOTCS MPO3pad-
HeIME [29]. Mozgenu, KOTOpble MOKHO OOBSICHUTD JIUITHh
YaCTHYHO, PACKPBIBAIOT TOJBKO Ba)KHBIE YaCTH TIpoIiecca
pacCy X IeHUMN.

B HaydHOM HCCIenoOBaHUN HAYYHOE OOBSICHEHHE JOJIK-
HO BKJTIOUaTh Kak MUHUMYM JiBe 4acTH [30]: 00bexT, momje-
JKaIIUH OOBSICHEHUIO, U COZICPIKaHUC OOBSICHEHUS.

Beiensiror ueThipe Trma 00bSICHCHHIT: aHATTUTUICCKIE
(AMIaKTUYECKKE) BHICKA3BIBAHMS, KEHCHI, BU3yalnu3alus,
ANBTCPHATUBHBIN BBIOOD.

Hexkoropsle uccnenosarenu cuntator [31], uro BU3yasb-
HbIE OOBSICHEHHS TOJDKHBI YIOBICTBOPATH IBYM KPUTEPHU-

Hay4HO-TexXHU4eCcKuii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM A, MeXaHUkn 1 ontukun, 2025, Tom 25, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2025, vol. 25, no 3

377



O6BACHMMOCTb N MHTEPMNPETUPYEMOCTb — BaXHble acrnekTbl 6€30MaCHOCTY PELLEHUIA. ..

sIM: OHU JTOJDKHBI Pa3JIN4aTh KJIACCHI U TOYHO OMHUCHIBATH
KOHKPETHBIH SK3eMIUISAP H300pasKeHUsI.

TekcToBbIe 00BsICHEHUS [32] IPEACTABISIOT COOOU BBI-
CKa3bIBaHUS HA €CTECTBCHHOM S3bIKE, KOTOPBIC CIIOBECHO
(hOpMYITUPYIOTCST FITH ONUCHIBAIOTCS. TEKCTOBBIE MOSICHE-
HUS MOTYT OBITh OCHOBAaHBI OO0 Ha madnoHax [27], mubo
Ha mpaBmnax [33].

O0bsicHeHns Ha mpumepax [ 16, 34] BELIEIAIOT YaCTHEIE
SK3EMILIAPHI.

OObsICHEHHS YIPOIICHHEM [35] BKITIOUAIOT pa3/iCiCHHE
CJIOKHOTO MPOCTPAHCTBA MPU3HAKOB Ha OoJiee MPOCTHIE,
00BsICHUMBIE 00J1aCTH.

ATpuOy1LHs peleBaHTHOCTH MTPU3HAKOB [36] mpucsau-
BAaCT OICHKY BAYKHOCTH Ka)JIOMY IPU3HAKY i1 KOHKPET-
HOTO BBO/IA.

MOoXHO pa3imyaTh CUCTEMbI OOBSICHCHUS C cCaMOaHa-
JIU30M, KOTOpPBIe OOBSICHSIOT, KaK MOJICITb OIPE/ICISICT CBOU
OKOHYATEIIHLHBIN BBIBOJI, M CHCTEMBI O0BSICHEHHUS ¢ 000CHO-
BaHHEM, KOTOPBIE MPOU3BOIAT MPEATIOKCHHS, TIOAPOOHO
OIMCHIBAIOIINE, KaK BU3YAIbHBIE CBUACTEIECTBA COTIIACY-
FOTCS C BEIBOZIOM CHCTEMBI.

BusyanbHbie 00bsicHeHHs BBIICISIOT o0mactd DNN,
KOTOpBIE ONHUCHIBAIOT MHTEPECYIOIINE KIIACChI, WM, B 0O-
Jiee 00IIeM CMbICIe, BU3YyaIM3UPYIOT MOBEACHHE MOJC-
nu [37].

B o0riem ciryuyae xopoiiee 00bSICHEHHE JIOJIKHO OBITH,
10 KpaiiHell Mepe, BEpHBIM U HHTEPIPETUpyeMbIM [38].

JocroBepHOE 00BSICHCHNE — TOYHASI XapPAKTCPUCTHKA
MTOBEJICHUST MOJICIH, B TO BpeMs KaK HHTEPIPETHPYEMOE
0OBSCHEHHE JICTKO IMOHSTH CICIHATICTY-9eI0BeKy [39].

CymecTByeT /Ba ThIa 00BSCHEHUN: YTO HAy4HIIach
nenate MC u kak oHa 510 nmenaer?

Bompoc «ut0» 0THOCUTCS K BHELTHUM CBOMCTBaM Ipe-
00pa3oBaHuii, HAPUMED, SBISCTCS JIM OHH HHBAPHAHTHBI-
MU 110 OTHOIIICHHUIO K BXOJAHBIM JaHHBIM.

Bormpoc «kak» OTHOCHUTCS K BHYTPCHHEMY (DYHKIIHO-
HUPOBAHUIO, T. €. K TOMY, KaK CKpPBIThIE 2JIEMEHTHI 00pa-
0aThIBAIOT MHPOPMALIUIO JIJISI TOCTHIKCHHS TIOTYYCHHOTO
pe3ynbTara.

HmeroT MecTo maTh 00mux TpeOOBaHUI K IMOJIC3HOMY
o0bsicHeHno cuctembl DL [40]: TOYHOCTH, MOHATHOCTD,
JIOCTAaTOYHOCTh, HU3KAS PECypCOEMKOCTh U 3 (PeKTHB-
HOCTb.

He 6e3 ocHoBanwmii cunraercs [11], 410 0ObICHUIMOCTh
Monear ML oO0bIYHO 00paTHO MPOMOPIMOHATBHA €€ TPO-
n3BoAuTENbHOCTH. YacTo Mmomenu DL aBiasgr0oTCS caMBIMU
MOIIHBIMH, HO HAUMEHEee 00bsICHUMBIMU. JepeBbst perire-
HUI SBJISIFOTCS] HAKOOJIee 0OBSICHUMBIMH, HO C HAMMCHBIIICH
ToYHOCTBIO [25]. Takke cuurtaeTcs, 4yTo i Mojenei Ys,
YEeM BBIIIIC TOYHOCTh IMPOTHO3a, TEM HIXKE OOBSICHUTEIIbHAS
criocoOHOCTE Mozenu [26, 41].

OOBsCHEHUS MOXHO KIACCU(PHUIIUPOBATh TaKXKe, KaK
Y UHTEPIPETAIHNIO IT0 HECKOJIHKUM OCHOBaHUSAM. Tak, Ha-
mpuMep, 0OBSICHEHUS MOTYT OBITh TIIO0ATBFHBIMH H JIO-
KaJIbHBIMH.

['moGanbHbIE 0OBACHEHHUS MBITAIOTCS COCPEIOTOUNTHCS
Ha MOJETH B LeJoM. B 3TOM ciydae BCS MOZETh MOXKET
OBITH OOBSCHEHA, U MOYKHO TIPOCTIEIUTh PACCYKIACHHS OT
BXOJIHBIX JIaHHBIX JI0 K&KAOr0 BO3MOXKHOTO PE3yJibTaTa.
OTOT NOAXO0 MO3BOJISIET MOTYUUTh JIyUlllee MTPEACTaBICHNE
000 Bcell Moziesin. DTO MOXKET ObITh, HAPUMEP, BU3yallu-

3anus pacupenesnenus seca B DNN wim Buszyanuzanus
TyOOKHX CJIOEB CETH, PACHPOCTPAHSIOIINXCS 10 CETH.

JlokanbpHOE OOBSICHEHHE MBITACTCS OITUCATh OT/ICIBHBIC
pe3yNbTaThl, HaIpUMep, 0OBICHUTH KaXxJI0e IpeacKasa-
Hue. Llenb cocTonut B TOM, 9TOOBI OOBSCHUTH, TOYeMy U1
JIeNTaeT KOHKPETHOE MpecKa3aHe Ha OCHOBE JIOKAThHBIX
MIPU3HAKOB, HAIPUMEDP MUKCEIOB. DTH 0OBACHUTEIBHEIC
METOABl MOXXHO HCIIOIB30BaTh ISl HEOONBIIONW JacTH
CEeTH, HalIpUMeEp, IPH PACCMOTPEHUHU OJHOTO (HUIBTPA B
rry6okoit cetu. JlokanpHas 0OBICHUMOCTD UMEET JIENO0 C
cuTyaluel, B pe3yabrare KOTOpoil MOXKHO MOHSTh TOJBKO
MPUYHHBI KOHKPETHOTO PEIICHHUS.

Taxke 00BsSICHUMBIC METOABI MOJIPA3IEISIOT Ha POSt
hoc- u ante hoc-meTobI.

Ante hoc (Takye N3BECTHBIN Kak BHyTPEHHHN) 00bsic-
HeHue (10 3Toro coObITH) permennii mogenu YSl 3apanee
BKITIOUACTCS B apXUTEKTYpPy MOJIEIH WM B KOHIICITYallb-
HBIC OTpaHWYeHUsA. Ante hoc-CHCTEMBI IPEIOCTABISIIOT
00BsSICHEHMSI, KOTOPBIE HIYT OT Hadajia MOJICIH WIIA BBOJA
K BeIBOAY [40].

Post hoc (moce coObITHS ) O0BSICHEHHS PEIICHUST MOJIC-
au Y51 MoryT ObITh naHbl moctdakTyM. Post hoc-o0bsicHe-
HUS IPUMEHSIOTCS IS MOJIeJIeH, KOTOPBIE CII0KHO 00BsC-
HUTh. [ToTomMy post hoc-MeTozb! npesnonararoT co3anue
BTOpPOH Mojienu (PKCIUIeiHepa), KOTopas MPEea0CTaBIIsSIeT
00bsiCHEHUsI. DTO MOTYT OBITh BU3yaJIbHbIE OOBSICHEHUS,
TEKCTOBBIE IIOSICHEHUS], JIOKAJIbHBIE TTOSICHEHHS, OSICHCHUS
Ha TpUMepe, MOSICHEHUS MO YNPOIIESHUIO U aTpuOynus
PeIeBaHTHOCTH MIPU3HAKOB.

OcHoBHas pobieMa ¢ post hoc-00bsICHEHHAME 3aKITIO-
gaeTcs B TOM, YTO OHH MOTYT HE TOYHO OTPEACTATH, KaK
pabortaet monens DL. Tem He MeHee, OHM IPEOCTABISIOT
MIOJIH30BATEIAM TIOJIe3HYI0 HHpopMarmio. Post hoc-mone-
JIU TIO3BOJISIIOT OOBSCHUTH MPOIECC C TOYKU 3PCHHS €ro
pesyibTaTa, HampuMep, MMyTeM OIpeAeIeHUs TOTo, Kakas
YacTh BXO/IHBIX JIaHHBIX OTBEYAET 32 KOHEUHBIN Pe3yJIbTar.

OcHoBHOE paznuune Mexay post hoc- n ante hoc-me-
TOIaMH 3aKJIIOYAETCSl B KOMIPOMHUCCE MEXIY TOYHOCTHIO
MOJIEJIN ¥ TOYHOCTHIO OOBSICHEHHS.

Taxxe MeToabl 00BSICHUMOCTH MOTYT 3aBHCETH OT
Monenn DL, KoTopyio HeoOXomuMo OOBSICHUTE. MeToabl
00BSICHUMOCTH, CTIEUA(UIHBIC TSI MOACIH, OTPaHHYCHEI
OTIpeIeICHHBIM KilaccoM Mopeneid. OHU MBITAl0TCS TI0-
HATH MoZienb DL, aHanm3upys BHyTPEHHHE KOMIIOHEHTHI
CeTH M TO, KaK OHM B3aUMOJICHCTBYIOT, HCCIEAys (DyHKIINU
AKTUBALIMU WJIM aKTHUBALIMIO 0OPAaTHOTO MPOX0/ia Ha BXOJIE.
OO0OBACHUMOCTb, crieuUIHAS TSI MOACITH, MOXKET OBITh
CBsI3aHA C KOHKPETHBIM THIIOM Mozienu YSI itk BXOAHBIME
JTAaHHBIMH.

O60bscuutenu Y51, He 3aBUCSINNE OT MOAEIH, OOBIYHO
TpeOyIOT AOCTYIIA TOJIBKO K (DYHKIIUH TPECKa3aHus MoJie-
T, B TO BPeMsI KaK OOBSCHUTEIN «CTCKIITHHOTO SIIITIKAY
00BIYHO TPEOYIOT MOCTyNa K BHYTPESHHHM KOMIIOHEHTaM
MOJICTTH.

MeTozpl, He 3aBUCSIINE OT MOJCIH, MOKHO Pa3IeuTh
Ha TPHU KaTETOPHH: YIIPOIICHNE MOJIEITH, OI[CHKA aTPHOYIINHI
(peneBaHTHOCTH MPH3HAKOB) M METOZBI BU3YyaIN3alliH.

HesaBucumbie oT Mozenu o0bsicHeHus (post hoc-00msic-
HUTEJN) NIpeIHAa3HAYCHbI IS TPUMEHEHHUS K 0001 Mozie-
au DL nmocpencTBoM oiry4eHusi HEKOTOPOH HH(pOpMaIuu
U3 ee MpoleTypbl IPOTHO3HUPOBAHUS.
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Y100bI MOBLICUTE 00BACHUMOCTE Mojeei DL, neoOxo-
JIMMO TIPUHSITH BO BHUMAHUE, 10 KpalfHEe! Mepe, HECKOIIBKO
Haunboree BaXKHBIX TpeOoBaHUH K 00bsicHumMocTH DL:

— TPUYHHHOCTB: CIIOCOOHOCTh METO/IA MPOSICHATE B3au-
MOCBSI3b M@Ky BXOJIOM U BBIXOZOM B 33JJaHHOM KOH-
TEKCTe UCTIONb30BaHus [ 16, 42, 43];

— KOPPEKTHPYEMOCTbh: CIOCOOHOCTH METO/Ia BHOCHTH He-
00X0IMMBIE KOPPEKTHBBI OOPAaTHO B MOZIETH O0yUCHHUS
[44];

— 3 PEKTUBHOCTD: CITIOCOOHOCTh METOA MOIACPIKUBATD
MPaBUIbHOE MIPUHATHE pereHui [45];

— TMPOM3BOJIUTEIILHOCTD: CHOCOOHOCTH METO/IA TTOICPIKH-
BaTh OoJice OBICTPBIN HAWITYYIIIMN BAPUAHT TSI IPUHSI-
TS PElLICHU KOHEUHBIM ToJib3oBareseM [41];

— SIBHOCTh: CIIOCOOHOCTh METOIa HEMEIUICHHO U TIOHSITHO
JlaBaTh 00ObsicHeHus [46, 47];

— HOOpPOCOBECTHOCTB: CIIOCOOHOCTh METO/IA JaBaTh 00b-
SICHCHHSI, YKa3bIBAIOIINE Ha UCTHHHBIC PEIICBAaHTHBIC
npu3Haku [46, 47];

— JOCTOBEPHOCTB: CTIOCOOHOCTH METO/IA COTTIACOBBIBATHCS
¢ oToOpa)keHHeM BBO/IA-BBIBOJIA TIIYOMHHON MOJEIH
[48];

— UH(POPMATHUBHOCTH: CIIOCOOHOCTh METO/A MPEIOCTAB-
JISITh MOJIC3HYI0 MH(DOPMAIIUI0 KOHEUHOMY I0JIb30Ba-
TEJII0 TIOCPECTBOM €ro BbiBoja [16, 49];

— CTa0WJIBHOCTB: COINIACOBAHHOCTh METOJIA IPEI0CTABIIC-
HUS aHAJIOTUYHBIX OOBSICHEHUH TSl aHAJIOTUYHBIX FITH
COCEITHUX BXOJIHBIX JIaHHBIX [46, 47];

— TEPEHOCUMOCTH: CIIOCOOHOCTh MeToAa 0000maTh u
MIEPEHOCHUTH HOBBIC 3HAHUS Ha HE3HAKOMEBIC CHTYaIlUI
[16, 48, 49];

— HaJeKHOCTb: TIOCTOSHCTBO METO/Ia, TO3BOJISIOIETO BEI-
JepP>KUBATh HEOONBIIINE BO3MYIIICHHUS BXOAHBIX JaHHBIX,
KOTOpBIE HE MEHSIOT IPOTHO3 Mojienw [46, 47, 50];

— yOeauTeNbHOCTh: CIIOCOOHOCTh MeToAa yOexKaTh
M0JIb30BATEJICH BBIMOJIHATE ONPEICICHHBIC ICHCTBUS
[46, 47];

— HCCIEYEeMOCTh: CIIOCOOHOCTh METO/[a IPOBEPSITH IPO-
mecc 00ydeHHs, KOTOPBI HE CXOAMTCS FIIU HE obecIie-
YMBAET MPUEMIIEMON IPOU3BOAUTENBHOCTH [46, 47].

HNHuTepnpeTrupyemMocTh Mojieieii: MeTOAbl U KPUTEPHHU
OLICHKH

ITo cpaBuenuto ¢ cucremamu MU, opueHTHPOBaHHBIMU
Ha 3a1aun, cucteMsl XAl npeaHa3zHaueHs! JJIs1 BBITOTHEHUS
KOHKPETHBIX 3aJ1ad, KOTOpPbIE IPUBOJAT K OOBSICHEHUSIM
WIN CO3/IaHUI0 OOBSICHUTEIBHBIX MOJCICH /sl PEeLIeHUs
mpobaem Y nim cucrem Interface-mock-live, rue maTEp-
TIPETAINH WITH TTOHSATHBIC MOJICIIH TOJDKHBI OBITh «CTEKIISTH-
HBIMH SIAKaMI». ITO MOXKET CIIOCOOCTBOBATh CO3/TaHUIO
nosepurensHoro M u peanu3anuy yIoOHBIX 1S YeTOBeKa
metonoB MU, opueHTHpOBaHHBIX Ha MTPO3PAYHOCTH, CIIpa-
BEJJIMBOCTH M MOOTYETHOCTHh MoziemH [51].

Hexotopsie aBTops! [17] onpenessioT HHTEpIPETaIHIo
KaK «0ToOpakeHHe abCTPAaKTHOIO MOHSATHS, HAlpUMED,
MpeJIcKa3aHHoro Kjacca, B 001acTh, KOTOPYIO YEIOBEK
MOXKET MOHATH». Jpyrue [25] onpeaenstoT 1ejib HHTEp-
MIPETUPYEMOCTH KaK ONMMCAHUE BHYTPEHHOCTEH CUCTEMBI
CTII0COOOM, TIOHSITHBIM YEJIOBEKY («HHTEPIPETHPYEMOCTh
ompenenseTcss Kak CIOCOOHOCTh OOBSICHUTH WIIH Iepe-

JlaTh 3Ha4YCHHE B TOHSATHBIX YEJIOBEKY TepMUHax»). He
CYLIECTBYET MaTeMaTU4eCKOro ONpe/IeJIeH s UHTEPIPETU-
pyemoctu. OgHAKO ecTh B3MIAABL [52] HA TO, KaK MOXKHO
U3MEpUTh UHTEpIpeTUpyeMocTh. Hemaremarnueckoe ompe-
Jenenue [43] macuT: KMHTEPIPETUPYEMOCTb — CTEIEHD,
B KOTOPOH YENIOBEK MOKET ITOHAThH MPUUINHY PEIICHHSD).

WHTeprpeTnpyeMocTh OTHOCUTCS K TACCHBHOMY CBOM-
CTBY MOJIEIIH M YPOBHIO, HA KOTOPOM KOHKPETHAsl MOZICTb
MMeEET CMbICH Ts yenoBeka. OObACHUMOCTS e, HallpOTHUB,
MOYKHO PacCMaTpHBaTh KaK aKTHBHYIO CTOPOHY MOJEIH,
KOTOpasi OTHOCUTCS K PACKPBITHUIO BHYTPEHHUX (DYHKI[HIA
Mozenu. JIpyruMu cioBaMH, HHTEPIPETUPYEMOCTh — pe-
3ynbrar Mojenu DL, a 00bSICHUMOCTh — HWHCTPYMEHT,
KOTOPBIN JTOJDKEH «OTKPBITHY 3TOT pe3ynbTar. Uem Bblle
HHTEpHpeTUpyeMocTs Mojaenu DL, TeMm nerde komy-To
MOHATH, TTOYEMY OBUIN CJICJIaHbl T€ WJIM MHbBIC PEIICHHS
WM IpOorHo3bl. Mozpens Oosiee MHTEpIpETHpYyeMa, YeM
Jpyras MOJIEJb, €CIIM €€ PEIICHUs JIerde MOHATh Yelo-
BEKY, 9YeM pemnieHus nocieaneil. OTcroaa MOXKHO CAEnaTh
BBIBOJI, UTO MOHATHE MHTEPIPETHPYEMOCTH UMEET Ooee
MIMPOKYIO TIEPCIIEKTUBY 110 CPABHEHHUIO C MOHSITHEM 00b-
SICHUMOCTH.

Brinemnsror [52] mobanbHy0 HHTEPIPETHPYEMOCTD U
JIOKaJbHYI0 HHTEPIPETUPYEMOCTh. Taxke BaXKHBIM acleK-
TOM SIBJIIETCSA TO, CKOJIBKO BPEMEHU MOJIb30BaTeNb A0-
JKEH MJIM MOXKET MOTPATHTh HA TIOHMMaHHe OOBbSICHEHUSI.
HNuTtepnpeTupyeMoCTh MOJENH, KOHEUHO, 3aBUCUT U OT
OIbITa NoJyib30BaTensd. Hapsaay ¢ uHTepnpeTupyeMocTbio
YeJI0BEKOM, KOTOPask IIOMOTAET JIFOASIM ITOHMMATh MallH-
HBI, CYIIECTBYET TAK)K€ MHTEPIPETUPYEMOCTh MAIIUH.
OTO OTHOCHTCA K TOMY, KaK MAaIlMHBI «ITOHUMAIOT» pe-
IIEHUs JpYT JIpyra B paMkax MHoroareHTHbIX MC. Takum
obpazom, s Ha 11estb DL ¢ TOUKYM 3peHust MOJIeTpOBa-
HUS, HHTEPIPETHPYEMOCTb TECHO CBA3aHA C KIIOYEBBIMHU
AyTUTOPUAMH KOHEYHBIX IOJI30BATENCH C TOUKHU 3PEHUS
CHUCTEMBI, & COOTBETCTBEHHO 3aBHCHUT OT BO3MOXHOCTEH,
3aJI0KCHHBIX B MHTEIICKTYalIbHBII nHTEpdEiic, yepes Ko-
topeiil UC B3aumoneiicteyer ¢ JIIIP u nunxenepamu 1o
3HAHUSM.

I'moGanbHast HHTEPIPETUPYEMOCTD CBsI3aHa C MOHMMA-
HHEM TOro, Kak odmas mozaens DL nmpuHuMaer pemenus,
KOTOpPBIE SIBIISIOTCSI PE3YJIBTaTOM MPOTHO3a. DTO MOXKHO
ClIenaTh, NCCIELYsI CIIOKHYIO CTPYKTYPY U ITapaMeTphl BCEH
MOJIENH, KaKHe BXO/HBIE MA0IOHBI (PUKCHPYIOTCS U KaK
OHH NIpeoOpasyroTCs ISl OIYyUYEHHUS BBIXOAHBIX JAHHBIX
[53]. JlokanbHast HHTEPIPETHPYEMOCTD UCCIEYET JIOKATb-
HO IPUYMHBI 1ToBeneHust mojaenu DL ¢ yyeTom KOHKpeT-
HOTO ITPOTHO3a. DTO JOCTUIAETCs yTeM HACHTU(DUKALIUH
COIOCTABJICHHS KXKI0H (QyHKIIMN B KOHKPETHOM BXOJIE IS
Mporuo3sa, caenannoro DNN [39].

Cuuraercs [16], 4TO HHTEPIPETUPYEMOCTD HE SBISIETCS
MOHOIIUTHBIM MOHATUEM, a OTPAKAET HECKOJIBKO Pa3iIny-
HBIX UJICH 1 HOCHUT KBa3WHAyYHbIH XapakTep.

PaccMoTpuM OCHOBHBIE KOHIEIIINH, ONHCHIBAIOIINE
HUHTEPIPETHPYEMOCTb.

ITOHATHOCTH — CBOMCTBO MOJENH MO3BOJISATH YEIOBE-
Ky TIOHUMATh ee paboTy 0e3 BBIICHEHHS €€ BHYTpPEHHEH
CTPYKTYPBHI MM BHYTPEHHHUX OMEPAIfii, C MOMOIIBIO KO-
TOPBIX MOJIeNIb 00padaThIBaeT AaHHble [54]. D10 CBOWCTBO
OTHOCHUTCS K OTBETY Ha BOIIPOC: Kak paboTaeT MoJeib
DL? EcTecTBEHHO, YTO ayAUTOPHUs SBISIETCS KPacyroib-
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HBIM KaMHeM XAl, Koraa aeno JOXOAMT 10 MOHUMaHUS

mozenu [51].

Korna nemo moxomut go monumanust DNN, umeror aeino
C IBYMs B3IVISIZIAMHU HA «IIOHATHOCTBY!

— MEXaHHCTHYECKOe MOHNMaHUe (KaKOH MEXaHHU3M CETh
HCTIONB3YET IS PEIICHUS TPOOJIEMBI FITH peaTn3aliui
¢byHKINN);

— (yHKIHOHATBHOE TTOHMMAaHUE (KaK CeTh CBSI3BIBACT
BXOJIHBIC TICPEMEHHBIC C BEIXOAHBIMH MIEPEMEHHBIMH).
TToHATHOCTE SIBIISIETCST HAMOOJIEE BaYKHBIM ITOHSITHEM B

uHTepnperupyemom DL.

[Ipo3paynocTh oOparaercst K CBOHCTBY CUCTEMBI, 4TO-
Obl OOBSICHUTD, KaK OHA (PYHKIIMOHUPYET, JaXKe €CIIi OHa
BezieT ce0s HeoxxuganHo. OueHb BaxkHas npoliiema, Ko-
TOPYIO NPUXOAUTCS pellaTh, 3aKJII0YaeTCsl B TOM, YTO OC-
HOBHAs NCTHHA UHTEPIPETUPYEMOCTH 3aBUCHT OT ITOJTHOM
MIPO3PAYHOCTH TOTO, KaKk Mojens DL nmpuxoaut xk cBoemy
pemrenuro [55].

[Ipo3paunocTs MOXHO AuQepeHIupoBaTs [56] Ha
MIPO3PAYHOCTH MOJICITH, TPO3PAYHOCTH AM3aifHa (ITOCTpOe-
HUS), ¥ AITOPUTMHUYECKYIO TIPO3PAIHOCTb.

HexoTopsie aBTophl [16] pa3aensoT mpo3pavyHOCTh
MOJIEJIM 110 CBOMCTBY IIOHATHOCTH MOJIEJIM HA TPU YPOBHSL:
YPOBEHb BCEW MOJIENIN, YPOBEHb OTJIEJIbHBIX KOMIIOHEHTOB
Y YPOBEHb aJTOPUTMOB.

B HEKOTOPBIX HCCIIEIOBAHUSX UHTEPIPETUPYEMOCTD
ITOHUMAETCsI KaK He0OX0IUMOe yciaoBue goBepus [16]. Ito
yKa3bIBacT Ha TO, YTO OCHOBHAS WIEsl HHTEPIPETHPYEMO-
CTH COCTOHT B TOM, YTOOBI TOMOYb JTFOIISIM TTOHSTH 3a1a4l
MporHo3upoBaHus mozeseid DL u noBepsTh UM.

Taxxe HHTEPIPETHPYEMOCTh MOKHO pacCMaTpPUBATh
KaK COCTOSIIYTO U3 TPEX KaTeTOPHil: HHTEPIPETHPYEMOCTh
JAHHBIX (KaKue U3MEepPEHHsI JaHHBIX HanOoee BaKHBI IS
3aJ1auM); MHTEPIPETUPYEMOCTh MOJIENH (KaK MOJIeIb, TPH-
HaJUIeXKallas K OnpeielIeHHON KaTeropiu, OObIYHO BBITIISI-
JIUT B COOTBETCTBUU C MOJIENBIO); MHTEPIPETUPYEMOCTD
TipeJicKa3anust (0OBSICHSIET, TOYEMY OTpe/IeIICHHBIH 1alboH
X OBLT KITacCH(DUIIUPOBAH ONPECIICHHBIM 00pa3oM f{x)).

Wcxonst U3 BBIIEH3II0KEHHOTO, MOKHO COCPENOTO-
YUTHCSI HA KOHKPETHBIX MMOHSATHSAX, OMUCHIBAIOIINX HHTEP-
MIPETUPYEMOCTh: TOHUMAHHE, IPO3PAYHOCTE (IOBEpHE) U
pelIeHne, a oTmpeaeIeHUe HHTEPIPETUPYEMOCTH MOKHO
JaTh cIenyiommuM obpazom: «THTepIpeTHpyeMoCTh 03-
HAgaeT CII0COOHOCTH YeIOBeKa IOHUMATh U JIOBEPATH pe-
3yABTaTaM, MOMYYCHHBIM MOJCIBIO TITyOOKOTO O0Y4IEHUS.

HNHcTpyMeHTapHii, NPpUMeHsIeMblii B 00/1acTH
00bsicHeHUs pelleHUil, npuHIMaemMbix MU

[IpuBenemM nepedeHb IPOrpaMMHBIX peaTH3aliii yacT-
HBIX METOJIOB, MIPUMEHIEMBIX B 00JIaCTH OOBSCHEHHSI pe-
weHul, npuauMaeMbix U, a Takxke psj nporpaMMHBIX
MakeToB (Tabimia), KOTOpbIe MOTYT IIOMOYb HCCIE0BaTe-
JISIM TIPY PELICHNUH 3a]iad OObSICHEHUsI U MHTEPIPETaIluN
HaOOpPOB JIaHHBIX U MOJIEJIeH MAIIMHHOTO O0yUEeHHSI.

Local Interpretable Model Agnostic Explanations
(LIME)

Wcxomubiit kox: https://github.com/marcotcr/lime.

Jlunensus: BSD 2-Clause «Simplified» License.

OOBbsICHEHUS, HE 3aBUCSIIIE OT JIOKAJTbHOW MHTEpIpe-
TUpyeMoOi Mojenu. PaccMaTpuBasi MoJieNid MaIMHHOTO

o0yuenus kak Gynkiun Y51, MmeTonsl o0bsicHEHHs, HE 3a-
BUCSILIIE OT MOJAEIHU, OOBIYHO MMEIOT JIOCTYII TOJIBKO K
BBIXOJIHBIM JIaHHBIM MOJICIIH.

Anchors

HWcxomnbrii kox: https://github.com/marcotcr/anchor.

Jlmensus: BSD 2-Clause «Simplified» License.

OcHoBHas nzes 3aKII0YaeTCs B TOM, YTO OT/ACIbHBIC
npeAcKazaHus Tr000# Moxen Kiaccudukanun Y5 o0bsc-
HSIIOTCS ITyTEM HaXOKJCHHS PEIIAIOIIET0 IPAaBUIIa, KOTOPOE
B JIOCTATOYHOI CTENEHH «3aKPeIuIsieT» Mpecka3aHue —
OTCIOJIa U Ha3BaHHE «SIKOps». Pesynbrupyromine o0obsicHe-
HUS TPEACTABIAIOT cO00 MpaBuiIa NPUHATUS PEIICHUN
B ¢opme oneparopoB IF-THEN, kotopsie onpenenstor
o0J1acTé B IPOCTPaHCTBE 0OBEKTOB

GraphLIME

Wcxonmusrit kox: https://github.com/WilliamCCHuang/
GraphLIME.

Jlmuensms: MIT license.

MeTtoz, KOTOpBIN HCoNb3yeT OCHOBHYIO uaeto LIME,
HO He siBisieTcs NuHeHbIM. OH IPUMEHSIETCsI K 0C000My
TUITY apXUTEKTypbl HEHPOHHBIX CETeH, a IMEHHO K rpago-
BBIM HEHPOHHBIM CETSM. DTHU MOJICIH MOTYT 00pabaThIBaTh
HEEBKJIMOBBI JIaHHbIE, TIOCKOJIbKY OHH OPraHM30BaHbI B
BUjie rpa)oBON CTPYKTYPHI.

Layer-wise Relevance Propagation (LRP)

Wcxonnsiii kox: https://github.com/chr5tphr/zennit.

JInnensus: GPL-3.0, LGPL-3.0.

Wcxonnsit kon: https://github.com/albermax/
innvestigate.

Jlmmensus: The copyright in this software is being made
available under the BSD License, included below. This
software is subject to other contributor rights, including
patent rights, and no such rights are granted under this
license. All rights reserved.

[TocnoiiHoe pacnpocTpaHEHUE PEIEBAHTHOCTHU
(LRP) — MeTon 00bsiCHEHUS, OCHOBAHHBIN HA pacpocTpa-
HEHHH, T. €. OH TpeOyeT JIOCTyINa K BHYTPEHHUM dJIeMEHTaM
Moyienu (TONOJIOTHH, BeCaM, aKTHBAIMSAM U T. 11.).

Deep Taylor Decomposition (DTD)

Wcxonusrit kox: https://github.com/chrStphr/zennit.

JInnensus: GPL-3.0, LGPL-3.0.

Mertoz 00BsICHEHHST Ha OCHOBE PAacpOCTPaHEHHsI, KOTO-
PHBIii OOBACHSET pelIeHUs] HEUPOHHOH CETH ITyTeM JCKOM-
no3unuu. OH mepepacrpeeseT 3HaueHne (GyHKInH (T. €.
BBIXOJIHbIE JJAHHBIE HEHPOHHOM CETH) Ha BXOJHBIEC IEpe-
MEHHbIE TIOCJIOWHO, UCTIONB3YS ITPU ATOM MaTeMaTH4YeCKHUi
HMHCTPYMEHT (TIEpBOTO MOPSIIKA) pazaokeHus Teitnopa ams
OITpe/IeNICHHsI IPOTIOPIIMY HIIH PEJICBAHTHOCTH, IIPHCBOCH-
HOMH 3JIeMEHTaM HW)KHETO YPOBHsI B ITpoLiecce rnepepaciipe-
JeseHus (T. €. UIX COOTBETCTBYIOIINE BKIIA Ibl). DTOT MOIXO/
TECHO CBsi3aH ¢ MeTooM LRP.

Prediction Difference Analysis (PDA)

HWcxonmnsrit kox: https://github.com/Imzintgraf/Deep Vis-
PredDiff.

Jlnnensus: MIT license.

Mertox OCHOBaH Ha Hee, KOrja Ul JaHHOTO MPOTHO3a
KaX10¥ BXOJHOHN (DyHKIMM NMPHCBAWBACTCS 3HAUCHHE pe-
JIEBAaHTHOCTH T10 OTHOIIEHMIO K Kiaccy. Maest PDA 3akstro-
YaeTcs B TOM, YTO PEJIEBAHTHOCTh (DYHKIUH MOXKET OBITh
OLICHEHA N3MEPEHUEM TOTO, KAK U3MEHSIETCS IIPOTHO3HUPO-
BaHME, KOT/Ia IIPU3HAK HEN3BECTEH.
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Testing with Concept Activation Vectors (TCAV)
Wcxonubrit kox: https://github.com/tensorflow/tcav.
Jlunensusi: Apache-2.0 license.

Lenpro moaxo/a sSBISETCS KOTHMYCCTBEHHAS OLICHKA
TOTO, HACKOJBKO CHJIBHO KOHIICTIIIUS, TAKasl KaK ILBET,
BIUsET HA Kiaccupukanuoo. YToObl paccuyuTaTh TAKOM
TCAV, cnauyana HeoOXoquMo coOpaTe U 0OBEAUHUTH IBA
Habopa MaHHBIX: HA0OP JaHHBIX, COACPKAIINNA N300pa-
JKEHUsI, MPEJICTABISIONINE KOHIICHIINIO, U HA0Op JaHHbIX,
COCTOSIIITMI M3 U300paKEHHH, B KOTOPBIX 3Ta KOHIICTIIIHS
OTCYTCTBYET.

Explainable Graph Neural Networks (XGNN)

Wcxonusriii kox: https://github.com/divelab/DIG/tree/
dig-stable/benchmarks/xgraph.

Jlumensus: GPL-3.0 license.

SBnsercs meromom post hoc, koToperil padoraer Ha
YPOBHE MOJIEIIH, YTO O3HAYAET, YTO OH HE CTPEMHUTCSI Ipe-
JIOCTABJISITh OOBSICHEHUSI HA YPOBHE OT/ICTbHBIX IPUMEPOB
(MeTon 0OBSICHEHUS M300PETEeH CHEIMAIBHO IS 3a7a4l
kimaccuukay rpagos).

Shapley Values (SHAP)

HWcxonnbiii kox: https://github.com/slundberg/shap.

Jlunensus: MIT license.

MeTOI[I)I B 9TOM CEMEHMCTBE CBSI3aHBI C O6T)51CH€HI/I$IMI/I
Moziesu (DYHKIIMU B KAKOW-TO OTJCIIbHON TOUKE. SHAUCHUS
SHAP cummeTpruyHbl. ITO O3HAYAET, YTO, €CIIH JIBE MEpe-
MEHHBIC OKa3bIBAIOT OJMHAKOBOC BIMSHHE HA TIOBEICHUC
MOJICTH, HAl[PUMEP, TTOTOMY, YTO OHH MPUHUMAIOT OJIH-
HAKOBBIC 3HAYCHUS, OHU MOJIYYaT OJMHAKOBBIC ATPHOYTHI.

Asymmetric Shapley Values (ASV)

Ucxonnsnit kox: https://github.com/nredell/shapFlex.

Jlvmenzus: MIT license.

ASV 103BOISIFOT UCIIONB30BaTh JIOOITHUTEBHBIC 3HAHHUS
O NPUYMHHO-CJI/ICTBEHHBIX CBS3SX MEXK/Ty TIEPEMEHHBIMH B
npotuecce o0bsicHeHus: Moziesu. [TpuanHHO-CcileicTBeHHAS
CBsI3b, ONUCaHHast B (hopMe NMpUUMHHOTO TpaduKa, Mo3Bo-
JISICT TIepepacipeiesisiTh aTpUOYIUIO TIEPEMEHHBIX TAKUM
00pa3omM, 4TOOBI UCXOJHBIC NIEPEMEHHBIC UMEIU 0OJIb-
Y0 aTpUOYIIMIO0, OKa3bIBas BIUSHUC KaK HA JIPYTHC 3a-
BHCHMBIC TICPEMCHHBIC, TaK M Ha MPECKa3aHUs MOJICIIH.

Break-Down

Ucxonnsrit xox: https://github.com/ModelOriented/
DALEX.

Jlvmensus: GPL-3.0 license.

Ecnu B Monenu ecTh B3auUMOJEIHCTBUSA, pa3Hblil Opsi-
JIOK MEPEMEHHBIX MOXKET NMPUBECTH K Pa3HBbIM BKJIAJaM.
3nauenusi SHAP ycpemaHstoTcst o BCeM BO3MOXKHBIM T10-
pdaaKaM, 4TO NPpUBOAUT K aJ/IUTUBHBIM BKJIaJlaM U UT'HO-
PUPOBAHUIO B3aUMOACHCTBUN. ATBTEPHATUBON SABISIETCA
aHAJIN3 Pa3InYHBIX MMOPSIKOB, YTOOBI OOHAPYKUTH, KOTIA
OJTHA TICPECMCHHASI UMECT Pa3HbIC BKJIAJBI B 3aBUCHMOCTH
OT TOTO, KaKUE IPYTHe IePEMEHHBIC IPEIIICCTBYIOT CH.
Merton Break-Down aHanu3upyer pa3iudHbIe HOPSIKA
JUTS MJICHTU(QUKAIIMN U BU3yaJH3allMyi B3aUMOICHCTBUI
B MOJIEITH.

Shapley Flow

Wcxomnsiit kox: https://github.com/nathanwang000/
Shapley-Flow.

JIluueHsusi: He ykaszaHo.

Shapley Flow Take Mo3BoJsieT UCIOIB30BaTh CTPYK-
Typy 3aBUCUMOCTEH MEXY IIEPEMEHHBIMU B IIPOLIECCE

o0bsscuenus. Kak u B ASV, B3aMOCBSI3b OMHUCHIBACTCS
MPUYUHHO-CIIEACTBEHHBIM Tpadom. OHAKO, B OTIINYHE
ot ASV u Ipyrux MeTonoB, aTpuOynHs IPHUCBAUBACTCS
He y311aM (IIepeMeHHbIM), a peOpaM (OTHOIICHHUSIM MEXTy
nepeMeHHbIMH). PeOpo Ha rpaduke nmeeT 3HaUCHNUE, €CITH
€ro y/laJIeHHE U3MEHHT TIPOTHO3BI MOZEIH.

Textual Explanations of Visual Models

Ucxonuerii xox: https://github.com/LisaAnne/
ECCV2016.

JIuuensus: All Rights Reserved. Permission to
use, copy, modify, and distribute this software and
its documentation for educational, research, and not-
for-profit purposes, without fee and without a signed
licensing agreement, is hereby granted, provided that the
above copyright notice, this paragraph and the following
two paragraphs appear in all copies, modifications, and
distributions.

[eHepatys TEKCTOBBIX OMHUCAHUHN M300pakeHHH pe-
IIaeTCsI HECKOJIBKUMH MOJICNISIMH MAIIMHHOTO O0Yy4eHUs,
KOTOpBIE COJepIKaT KaK 4acTb, 00padaTHIBAIOMIYIO0 BXO/I-
HBIE N300pakeHnsT — OOBIYHO CBEPTOUHYIO HEHPOHHYIO
CeTh, TaK U Ty, KOTOPAs M3y4aeT aJeKBATHYIO TEKCTOBYIO
MOCJIE/IOBATENBHOCTD, 00BIYHO PEKYPPEHTHYIO HEHPOHHYTO
ceTh. DTHU JIBE YaCTH B3aUMOJICHUCTBYIOT JUIsl CO3aHHsI OTIH-
CaTeJIbHBIX MPEUIOKEHHUH ¢ M300paKEHUSIMH, YTO MPEJIIO-
JlaraeT yCHelIHOE BBITOJIHEHHE 3a/1a4yl KiacCUu(pHUKaInK.
BaxHO OTMETHTB, YTO IPOCTOE OIMCAHUE COJCP)KUMOTO
n300pakeHNs He SKBUBAJICHTHO OOBSCHEHHIO Mpoliecca
MPUHATHSL pELIEHUH B MOJEJIM HEHPOHHOU CETH.

Integrated Gradients

Ucxonuprii xox: https://github.com/ankurtaly/
Integrated-Gradients.

Jlunensus: He yKka3aHo.

Merton Integrated Gradients ocHoBaH Ha JIBYX (yH-
JIAMEHTAJIbHBIX aKCHOMaX: YyBCTBUTEILHOCTH Y UHBApH-
AQHTHOCTH peayin3aiyu. YyBCTBUTEIBHOCTh O3HAYAET, YTO
HEHYJIEBbIE aTpUOYThl MPUCBAMBAIOTCS KaXKIOMY BXO/I-
HOMY CUTHally U 0a30BOH JMHHH, KOTOPbIE OTIMYAIOT-
Csl TI0 OJTHOMY NPHU3HAKY, HO UMEIOT Pa3HbIe MTPOTHO3HI.
HMHBapuaHTHOCTh pealn3alliyi 03HAYAET, YTO €CIIU JIBE
MOJICJIN BeAyT ceOsl MIeHTHYHO/(PYHKIIMOHAIBHO SKBH-
BAJICHTHBI, TO aTpUOyINN OJKHBI OBITh MICHTUYHBIMU.
XOTs 3TH ABE aKCHOMBI 3BydaT OYE€Hb €CTECTBEHHO, OKa-
3BIBACTCSI, YTO MHOTHE METOABI aTpuOyIMu He 00IanaoT
STUMH CBOHCTBAaMHU. B 4acTHOCTH, KOTZa MOJIENb UMEET
CIVIQ)KEHHBIE ITPOTHO3bI ISl KOHKPETHON MHTEpECYIOLIeH
TOYKH, TPAJMEHT B MHTEPECYIOLICH TOUKEe OOHYIISIETCS U He
HeceT MH(OPMALHH, [T0JIE3HOM 115l 00bSICHEHUSL.

Causal Models

VcxonHblii KOA: HET.

JInuensus: Het.

Monens Causal Models MoXxHO cunTarh pacmmpeHnemM
GaiiecoBckux mMozeneit cpenpl RL ¢ ncrnons3oBannem KoH-
TpdakryanoB. OHa ydnThIBacT COOBITHS, KOTOPBIE MOTYT
MIPOU30MTH, UM COCTOSTHHS CPEIIBI, KOTOPBIE MOTYT OBITH
JOCTUTHYTBI IIPU PA3IUYHBIX JEHCTBUIX, IPEAIPUHSITHIX
areHToM RL. B KOHEYHOM cueTe Leb JI000ro areHra
RL — makcuMu3upoBarh J0JTrOCPOYHOE BO3HArpaxk/ie-
HHe; 00bsCHEHHE 00eCcIeunBaeT NPUUNHHO-CIICCTBEHHbIE
CBSI3M JIO T€X I10p, TI0Ka He Oy/JeT JOCTUI'HYTO COCTOSIHUE
MOJTyYSHHUS] BO3HATPAKICHHUSL.
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OOGBACHMMOCTb U MHTEPNPETUPYEMOCTb — BaXHbI€ acneKTbl 6830MacHOCTM PELUeHNA. ..

Ta6]luua. HpOFpaMMHHe TaKE€Thbl, KOTOPbIE MOI'YT IPUMEHATHCS TP PEHICHUU 3a1a4 OG’BﬂCHeHI/Iﬂ/HHTepHpeTaHHH Ha60pOB JJAHHBIX

U Mojieeil MalMHHOTO 00yUeHuUs

Table. Software packages that can be used to solve problems of explaining/interpreting data sets and machine learning models

Ne WucTpymenT Hexonuslii ko JIunensus

1 | Al Fairness 360 (AIF360) https://github.com/Trusted-Al/AIF360 Apache-2.0 license

2 | Al Explainability 360 (AIX360) https://github.com/Trusted-AI/AIX360 Apache-2.0 license

3 | Alibi Explain https://github.com/SeldonlO/alibi Apache-2.0 license

4 | Analysis by synthesis (ABS) https://github.com/bethgelab/AnalysisBySynthesis Apache-2.0 license

5 | Captum https://github.com/pytorch/captum BSD-3-Clause license
6 | DALEX https://github.com/ModelOriented/ DALEX GPL-3.0 license

7 | DeepExplain https://github.com/marcoancona/DeepExplain MIT license

8 | Deep visualization tool https://github.com/yosinski/deep-visualization-toolbox | MIT license

9 | ELIS https://github.com/TeamHG-Memex/eli5 MIT license

10 | explainX https://github.com/explainX/explainx MIT license

11 | FAT Forensics https://github.com/fat-forensics/fat-forensics BSD-3-Clause license
12 | InterpretML https://github.com/interpretml/interpret MIT license

13 | iNNvestigate https://github.com/albermax/innvestigate B cootBeTcTBHM ¢ BSD ¢ yka-

3aHHBIMH JIOTIOJHEHUSMHI

14 | H20.ai https://github.com/h20ai/mli-resources He yxazano

15 | L2X https://github.com/Jianbo-Lab/L2X He yxazano

16 | Rectified gradient https://github.com/1202kbs/Rectified-Gradient He yxazano

17 | Saliency relevance propagation https://github.com/Hey1Li/Salient-Relevance- | MIT license

Propagation

18 | Sensitivity analysis library (SALib) | https://github.com/SALib/SALib MIT license

19 | Skater https://github.com/oracle/Skater UPL-1.0 license

20 | tfexplain https://github.com/sicara/tf-explain MIT license

21 | treeinterpreter https://pypi.org/project/treeinterpreter/ BSD License (BSD)
22 | XAI https://github.com/EthicalML/xai MIT license

Meaningful Perturbations 3aki0ueHue

Ucxonnerit xox: https://github.com/ruthcfong/perturb
explanations.

Jlunensusi: He yKa3aHo.

MeTtoa MOXKET paccMaTpuBaThCsl KaK HE3aBUCHUMBIHM OT
MOJIEITN METOJI OOBSCHEHHUS], OCHOBAHHbIH HA BO3MYIICHH-
six. Takum 00pa3oM, 0ObSICHEHHE BBIYHMCIISIETCS] UCKITFOUH-
TEJIbHO Ha OCHOBE PEAKIMU MOJIEIH Ha BO3MYICHHYIO (MITH
3aKPBITYI0) BXO/IHYIO BBIOOPKY.

EXplainable Neural-Symbolic Learning (X-NeSyL)

Ucxonusiii xox: https://github.com/JulesSanchez/X-
NeSyL.

JIuueH3usi: He yKa3aHo.

Ucxonnerit kox: https://github.com/JulesSanchez/Mon
uMATIAutomaticStyleClassification.

JInensusa: GPL-3.0 license.

Heiipo-cumMBonmaeckie METOABI BKIIOYAIOT B ceOs
IpeBapUTEIIbHBIC YETIOBEUSCKHE 3HAHMS IS Pa3IMYHBIX
3aj1a4, TaKUX KaK N3y4eHHE KOHLENNHUH, U B TO e BpeMs
OHHM JaroT Oojee MOHATHBIN pe3yabTaT, TAKOH Kak mare-
MaTHYeCKHe YPABHEHUS MJIH S3bIKH, CHICIUPUUHBIC JUIs
MPEIMETHON 00JIACTH.

[Ipu MPOEKTUPOBAHNH U CO3aHUH UHTEIUICKTYaIbHBIX
CHCTEM Ba)KHO TIIATEIbHO MPOAyMaTh, KaK MPEACTABIATH
(baxThl ¥ 3HAHUS B CUCTEME, KAKHE MEXaHU3MbI 00pabOTKH
peanu30BBIBaTh B pelliarelsic, KAKUM JOJIKEH OBITh MH-
TEJUICKTYaJIbHBINA HHTEP(Eiic B3aUMOICHCTBHS C JIUI[AMH,
MPUHUMAIOIIUMH PEIICHIE, KAKOBA MX KBaTH(UKAIIKS,
KaKO# sI3BIK B3aMMOJICHCTBHS WH)KCHEPOB IO 3HAHUSIM C
HWHTEJUICKTYallbHOW CUCTEMOH BBHIOpaTh u T. . OTBET Ha
9TH BOIPOCHI BO MHOT'OM OOYCJIOBUT MOTEHI[AIBHYIO BO3-
MOYXHOCTB peaji3aliii OACUCTEMBI, CIIOCOOHON 00BsIC-
HUTb KOHEYHOMY I10JIb30BATEIIO0 XOJ MPUHSTHUS PELICHUSI
W JIOHECTH 3Ty MH(POPMAIIHIO HA JTOCTYITHOM MY SI3bIKE.

Creayer onpeaessaTh A0MyCTUMYEO TOYHOCTb (hopMUpy-
EMBIX PEIICHUI ¥ BpEeMsi, OTBOAUMOE Ha UX MOPOXKICHUE,
TaK KaK B Psilic CJIy4YacB, yUUThIBAs JaHHBIC (DAKTOPBI, MOXK-
HO OTJaTh MPEAMOYTCHUE MCHEE TOYHBIM U OTICPATHBHBIM
cucrteMam, HO 0oJiee «IIPO3pPaYHbIM», T. €. OCHOBAHHBIM Ha
MPUMCHECHUU MOJICJICH U3 Kiacca «OeNbIX SIIMKOBY, YTO
MTO3BOJIHT ITOBBICUTH CTCTIICHb OOBSICHUMOCTH UX PaOOTHL.
B ciyyae HEBO3MOXKHOCTH OTKA3aThCsl OT MPUMEHEHUS
MOJIEIIei THITA KUEPHOTO SIINKa», HY)KHO TOHUMATb, KAKHEe
METO/Ibl U MHCTPYMEHTBI UX «OOBSICHUMOCTH» U «HHTEp-
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[.H. Buptokos, A.C. yaknH

MIPETUPYEMOCTH» CYHIECTBYIOT M KaKUe TIPUMEHUMBI JJIs
TOW WJIM MHOM MOJeNu.

OTcyTCcTBHE BO3MOXXHOCTH TOHSTH, KaK Ta MM UHAS
MHTEIUICKTyaIbHasl CHCTeMa MPUXOUT K TOMY HIIH HHOMY
PELIeHHUIO, TAaUT ONACHOCTH, CBS3aHHbIE KaK ¢ 0e30MacHo-
CTBIO CAMOH MOJIETIH, TaK U C O€30MACHOCTHIO peaT3alliy
peIIeHMIA, ef0 TOPOKIaEeMBIX. BBUIY 3TOTO 00BACHIMOCTD
1 UHTEPIIPETHPYEMOCTh NCKYCCTBEHHOTO MHTEIJIEKTA SIB-
JISIFOTCSL OAHUMM U3 BaKHEHUIINX KAaueCTB, KOTOPBIMH JI07T-
JKeH 0071a/1aTh COBPEMEHHBIN MCKYCCTBEHHBIN WHTEIUICKT.
YT10oObI 00BSCHNUTD, KAK NCKYCCTBEHHBIN MHTEIUIEKT TPUHHU-
MaeT OIpe/IeNICHHbIC PELICHUS, UCIIOIb3YIOTCS METOIbI U
WHCTPYMEHTBI, TIpeTHa3HAYCHHBIC ISl UX HHTEPIIPETaluu
1 OOBSICHEHUSI.

Hecmotps Ha nocTikeHus B 00acT pa3paboTku 00b-
SICHUMOTO MCKYCCTBEHHOTO MHTEIUICKTA, TIO-TTPEXKHEMY HE
TIOHSTHO, KaK IIyOOKHe HEHPOHHBIE CETH ITPUHUMAIOT pe-
IIEHNs1, HACKOJIBKO OHM YBEPEHBI B CBOMX BBIBOZIAX, M KOT/IA
CIIEyeT KOPPEKTUPOBATh MX PEIICHUsI, YTOOBI OBIIIO MOXKHO
JIOBEpsITh M. Eciti ske onb30BaTesb MOMMeT 0ObsSCHEHMS,
oH Oyzet OoJyee CKIIOHEH TOBEPATh CHCTEMaM TITyOOKOTO
00yueHHUs1 ¥ IPUMEHSTD HX.

WuTepnperanus xe OTHOCUTCS K NpoLiecCy MOHMMa-
HUS TOTO, KaK MHTEJJICKTYyallbHast cucTeMa (M HeHpoHHas
CeTh — B YaCTHOCTH) 00pabarsIiBaeT HH(OPMAIHIO ¥ TIPH-
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12. Samek W., Wiegand T., Miiller K.-R. Explainable artificial
intelligence: Understanding, visualizing and interpreting deep

HUMACT PCIICHUS Ha OCHOBE MPEIOCTABICHHBIX S TAHHBIX.
Ilenbro MHTEPIPETAIMH SIBISCTCS BBISIBICHUE B3aUMO-
CBsI3eH MEXTy BXOIHBIMU TAHHBIMH U BBIXOJIOM, a TAKXKE
BBISIBIICHHE CJIA0BIX MECT M BO3MOXKHBIX OITHOOK.

C npyroiif CTOPOHBI, OOBSICHIMOCTh 03HAYACT CIIOCO0-
HOCTBh OOBSCHHUTH, Kak paboTaeT HEHPOHHAS CETh U HH-
TEJUICKTyalbHas CICTEMa B IIEJIOM, HCITONB3Ys MOHATHBIN
YEIIOBEKY S3bIK W KOHIICTIIUH. JTO O3HAYAET, YTO MHTEIN-
JIEKTyaJbHasi CHCTEMa JIOJDKHA OBITh CITIOCOOHA OOBSICHUTH
CBOC PCHICHUEC Ha OCHOBE BXOAHBIX JJAHHBIX U ITapaMETpPOB,
HCIOJb3YEMbBIX IJIsA 06yquH51.

O[[HOSHa‘IHOFO " MPUHATOI0O BCEM HAYYHBIM cooﬁme—
CTBOM OTIPENICICHUST «OOBICHUMOCTI» MPUMCHUTEIBHO K
IyOOKOMY OOYYEHHUIO M UCKYCCTBEHHOMY MHTCIUICKTY B
[EJIOM TI0Ka HET, HO HE BBI3bIBACT COMHCHUS, YTO O0BsIC-
HEHUE JIOJDKHO OBITh TOYHBIM, IOHATHBIM, TOCTaTOYHBIM
1 He TpeOOoBaTh OOIBIIOTO KOJIMYECTBA PECYPCOB IS €ro
OCYIIIECTBIICHUS.

Taxum 00pazoM, HHTEPIIPETAIS U 00BSICHUMOCTh —
JIBa Pa3HBIX MOHATHSA, IPUYEM OOBICHUMOCTD SBISETCS
OoJiee MUPOKUM KOHIIETITOM, KOTOPBIA BKIIFOUAET B ceOs
HE TOJILKO WHTEPITPETAIINIO, HO ¥ CITOCOOHOCTH OOBSICHUTD
paboTy HEHPOHHOM CETH M MHTEJUICKTYaIbHON CHCTEMBI
B IICJIOM.
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AHHOTaNMA

Beenenne. Crexa000pa3sHbie U CTEKIOKpHCTaIINUeckue Matepuansl cucteMel MgO-Al,05-Si0, UMeT MHOXKECTBO
MIPaKTHYECKHX IPUMEHEHHIH, B TOM YHCIIe MX HCIOIb30BaHNE B KaUeCTBE TIOMUHO(OPOB. AKTyaIbHOM 3a1adeit SiBIsieTcst
MOHMKEHUE TEeMIIePaTyphl CUHTE3a TakuxX Marepuanos. Meroa. B pabore 301b-renb METOIOM CHHTE3HpPOBaHbI Mn-
cozepixaiue marepuansl cuctemel MgO-Al,03-Zr0,-Si0,. AHanuTHUECKUI XUMHYECKUI COCTaB, KPUCTAIINYECKAs
CTPYKTYpa, MOP(OJIOTHs U CIIEKTPbI JIIOMHHECLICHIIMH HCCIIEJOBAHbl METOJIaMU PEHTIeHO(Aa30BOr0 aHaIIN3a, PACTPOBOIL
JNIEKTPOHHON MHUKPOCKOIUH, SHEPTOANCIEPCHOHHOTO aHaJIN3a U JIIOMUHECIEHTHOH cniekTpockonuu. OCHOBHBIE
Pe3yJbTaThl. YCTaHOBIICHO, YTO BBE/ICHHE (PTOPUIHOTO KOMIIOHEHTA B 30JIM CYIIECTBEHHO YCKOPSAET KPUCTAIUTH3AIUIO
Mn-cozepsKamux refneil B mporecce X TepMooOpaboTKK M OKa3hIBAET CYNIECTBEHHOE BIHMSHNME HA MOP(OIOTHIO
kceporeneit. DTOpuIBI UTPAIOT POITb JOTOITHATEIBHBIX HEHTPOB 3apO/IBIIIC00pa30BaHKs 1 00eCIeunBalOT (POPMHUPOBAHIE
MHOTOYHCIJICHHBIX MEIKHX OKCHJIHBIX KPHCTAJUIOB. DHEPrOJHCIEPCHOHHBIN aHaIN3 TTO0Ka3al, YTO (PTOp MOITHOCTHIO
yAAQISIETCs U3 CTPYKTYPHI MaTepuaioB pu TepMoodpadoTke reneit 1o 900 °C. ITo qaHHEIM peHTTeHO()a30BOro aHaIn3a
BHEJIPEHHE MOHOB MapraHIa B CTPYKTYpy (pOPMUPYOIIMXCS OKCHUIHBIX KPHCTAILIOB U Ae(opMalis X KPHCTAIUTHIECKON
peLIeTKH IMPOUCXOAMUT Ha HAYaJbHBIX CTAAMAX Ipollecca KpUCTAIM3aLuu. B crexrpax (poTONOMHHECHECHIINT
Kceporeseil HabJIFoal0TCs TOI0Chl SMUCCHH KaK HOHOB MAapraHlia, Tak U CTPYKTYPHBIX Ae(EKTOB, CHOPMUPOBABILINXCS
B KPHCTAJUTHYECKOH pelIeTke OKCHIHBIX KpucTanios. Oocyskaenue. ITokazaHo, 4To, TOMHUMO HCHOIB30BAHUS ITHPOKO
H3BECTHOTO 30/b-T€Ib METO/A, BBEIeHNE (hTOP-COAEPIKAIIETO MPEKypCcopa 3HAUUTENBHO YCKOPSAET KPHCTAIUIN3AIUI0
reneit cucrembl MgO-Al,053-ZrO,-Si0,, ciocobcTByeT HOpMUPOBAHUIO IMCIEPCHON CTPYKTYPhI MATEPHAJIOB, TIOBBILIAET
HMHTEHCHUBHOCTH U YIy4IIaeT pa3penieHue MoJI0C YMUCCUH B CIIEKTPaX JIIOMUHECICHITHN.

KiioueBble c10Ba
30JIb-TeIIb METOJI, TEPMHUUECKast 00padOTKa, CTPYKTYpHBIC NE(PEKTHI, JIIOMUHECICHIUS, (TOP
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Abstract

Glass and glass-crystalline MgO-Al,05-SiO, system materials have many practical applications including their use
as luminophores. To lower the synthesis temperature of such materials is an actual task. In this work, Mn-containing
materials of MgO-Al,05-ZrO,-Si0, system were synthesized by sol-gel method. The analytical chemical composition,
crystal structure, morphology and luminescence spectra were investigated by X-ray phase analysis, scanning electron
microscopy, energy dispersive analysis and luminescence spectroscopy. It was found that the introduction of fluoride
component into sols significantly accelerates the crystallization of Mn-containing gels during their heat treatment and
has a significant effect on the morphology of xerogels. Fluorides play the role of additional nucleation centers and
ensure the formation of numerous small oxide crystals. Energy dispersive analysis showed that fluoride is completely
removed from the structure of materials during heat treatment of gels up to 900 °C. According to the data of X-ray phase
analysis, the introduction of manganese ions into the structure of forming oxide crystals and deformation of their crystal
lattice occurs at the initial stages of the crystallization process. Emission bands of both manganese ions and structural
defects formed in the crystal lattice of oxide crystals are observed in the photoluminescence spectra of xerogels. It was
shown that in addition to using the sol-gel method, which is a well-known approach, the addition of fluorine-containing
precursor significantly accelerates crystallization of gels of MgO-Al,05-ZrO,-SiO, system, promotes formation of
dispersed structure of materials, increases intensity, and improves resolution of emission bands in luminescence spectra.
Keywords

sol-gel method, thermal treatment, structural defects, luminescence, fluorine
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BBenenune

Pa3paboTka HOBBIX U COBEPIIEHCTBOBAHME M3BECTHBIX
METOJIOB MOJYy4YEeHHUs Pa3IUYHBIX OKCHUJIHBIX MaTepua-
JIOB SIBJISIETCSl TPAJUIMOHHON M aKTyaJIbHOU MpoOIeMOH.
Crexiia U CTEKJIOKPUCTAIUTNYECKUE MaTepUallbl CHCTEMBI
MgO-Al,05-Si0, nepcneKTUBHBl U HMIUPOKO HCIOIb3Y-
IOTCSl B Pa3JIMUHBIX NMPAKTHUECKUX NMPUIIOKEeHUsX [1-9].
Tpanunuonnas METOANKa CHHTE3a TpeOyeT MPUMEHEHUS
BEICOKHX Temnepatyp (He meHee 1550 °C) [5, 6]. Ucxons u3
3TOTO, AJIsl HOyYeHUs] MaTepraioB cucteMsl MgO-Al,O5-
Si0, 9acTo uCHomb3yr0TCst 100aBKH (PTOPHIOB B UCXOIHYIO
LINXTY, TOHIKAIOIINE TEMIIEPaTypy IJIaBICHUS] KOMIIOHEH-
TOB, WJIM HU3KOTEMIIEpaTypHbIE METO/IbI CHHTE3a [7, 8].

XO0pOI110 U3BECTHO, YTO MPUMEHEHHE 30J1b-TeIb METOIa
MIO3BOJISIET CYIIECTBEHHO TIOHU3UTh TEMIIepaTypy CUHTE3a
Pa3IMYHBIX OKCHIHBIX MaTepuaioB [7—14]. Tak, B paborax
[12, 13] HM3KOTEMIIEpaTypPHBIM 30JIb-TENIb CHHTE30M OBbLIN
MOJTy9IeHBI HAHOYACTHIIB! JTIOMHHOBOpa Zn,SiO4:Mn2t 1
HCCIIeJOBaHbI X CTPYKTYpa M ONTHYECKHAE CBOWCTBA.

B pabore [4] moka3aHo, yTo QTOpUAHBIC TOOABKH CIIO-
COOCTBYIOT KPHCTAIUIU3ALMU CTEKOIN cucTeMbl Li,0-Al,O5-

Si0,, noHmxas TeMIeparypy Hadalla KpUCTAJUIM3ALUU U
TIOBBIIIAS MEXaHUYECKHE CBOMCTBA TTOJyUYECHHBIX CHTAJI-
10B. B [14] ycranoBneHo, uto 106aBku GpTopraoB yckops-
I0T KPUCTAJUIN3ALUIO INHKOBOOOPOCHITMKATHBIX CTEKOII.
B pabore [15] onmcano BnusHUE 100aBKU (TOPHUIA JIH-
THS HA YCKOPEHHE 00pa30BaHUs KPHCTAIIOB (hOopCcTeprTa
(Mg,Si0,) mpu uX TBEPAOTEIEHOM CHHTE3€ U3 MOPOIIKOB
oxcuza Maraust (MgO) u anokcuna kpemuus (Si0,).

Kpome BO3zeiicTBUSI HA CTPYKTYpy Marepuasios, A0-
0aBkH (PTOPHUIIOB MCIOJIB3YIOTCS ISl OBBIILICHHUS JIIO-
MHUHECHCHTHBIX XapaKTCPUCTUK Pa3JIMIHBIX OKCUAHBIX
sromuHOGopoB [ 16—18]. [Ipumenenne HTOPUIOB METAIIOB
B 30JIb-T'€JIb KOMIIO3UI[MOHHBIX IIOKPLITHAX HA 0cHOBE Si0O,
paccmotpeHo B [19].

Mn-conepxaniye JIOMUHECIICHTHBIE MaTepHabl Ch-
creMbl MgO-Al,05-Si0, nepcrneKTuBHbI I Pa3aIUdHbIX
MpakTUYeCcKuX npuiioxkenuit [20-24]. Bmecre ¢ Tem B Ha-
cTosIIee BpeMsl JaibHeHIas pa3paboTka 1 ONTUMH3AIMS
METOJIOB UX CHHTE3a SBJSACTCS aKTyalbHOH MPOOIeMOi.
OmHAaKO WCCIETIOBAHMS MO BIMSHHUIO JOOABOK (PTOPHIOB
Ha ¢opmuposanue cucrembl MgO-Al,05-Si0, 301b-reib
METOJIOM 0 HACTOSIIIEr0 BPEMEHU HE TPOBOMIIHCE.
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Llenkto HacToOAMIIEH PabOTHI CTATIO HCCIENOBAHNE BIIH-
sHUs 1o0aBku (ropa Ha mpoueccs HOPMUPOBAHUS IPU
30JIb-T€JIb CUHTE3€ KPUCTAJIINUYECKON CTPYKTYpbl, MOP-
(ooruu 1 JIIOMUHECLEHTHBIX CBOICTB Mn-coeprkaux
MmarepuaioB cucreMbl MgO-Al,053-Z10,-Si0,.

Marepuajbl M1 MeTOAbI

KoMmmo3unyoHHble 3011 ObUIM MONTYYSHBI CMEIICHHEM
B 3aJlaHHBIX 00bEMax BOJHBIX PACTBOPOB HHUTparTa alko-
muHus (AI(NO;);), Hutpara maraus (Mg(NOj),), ok-
cua-quxsopuna mupkonus (ZrOCl,), cynbdara mapranma
u nonmuBuHUIIHppouaoHa (IIBI; monekyispHas macca
25 000-35 000 r/momnp) ¢ Terpastokcucmianom (TEOS) u
MpomaHoioM-2. B kadecTBe MCTOYHUKA (PTOPHI-aHHOHOB
ncnonb30BaH BoaHbI pactBop NH4F-HF (kxoHmenTpanms
5 macc.%). XUMHUYIECKHi cOCTaB MCXOIHBIX PacCTBOPOB
npeacTaBieH B Taou. 1.

[pouecc reneobpazoBaHus MPOTEKAN IIPH KOMHATHOI
TeMIIepaType B TeueHHe JByX cyTok. [locie 3aBepiieHus
resieo0pa3oBaHusl 00pa3Ibl MOABEPraIUCh CYIIKE MPU
70 °C ¢ mocnenyromnieil TepMooOpadOTKOM Ipu TemIie-
parypax 900 °C umu 1150 °C B Bo3ayniHoit armocdepe.
[Noyuennsie 00pa3iubl IPEeICTABISIN CO00H Oebie 0THO-
POZHBIE BBICOKOIUCIICPCHBIE MOPOIIKA. AHATATHYCCKHAN
COCTaB MaTepHaloB, NPOKAJCHHBIX IIPU TEMIIEpAType
1150 °C, mpuBeneH B Tadm. 2.

W3 npuBeieHHBIX B Ta0M. 2 JaHHBIX BUIHO, YTO B CO-
CTaBe BCEX CHHTE3UPOBAHHBIX MATEPUAOB OTCYTCTBYIOT
Kakue-11b0 coenuHeHust propa. ITO CBHACTEIbCTBYCT
00 ynetyunBaHu# (GpTOpa B Mpoiecce TepMooOpadboTKu
reJyieil 1 0OBSCHSIETCSl BBICOKOHM JIETYy4eCThIO (PTOPUIHBIX
COEJIMHEHUII.

Kpucrammdeckas cTpyKTypa MareprasioB Oblia nccie-
JIOBaHa METOJIOM PEHTreH0(a30BOro aHajIn3a Ha nmpudope
Rigaku SmartLab 3 (n3znyuenune CuKa (A =0,015418 um,
40 xB, 44 MA)). [y oLIeHKH CpeTHEro pa3Mepa KpHUCTa-
JHMTOB B Marepuayax npuMmeHsuiach ¢popmysa llleppepa.
[Tpu 3THX pacueTax UCIOIB30BAINCH AaHHBIC Hanboee
WHTCHCHBHBIX ITHKOB KPHUCTAJIIOB.

Wzyuenure MOpQOIOruM U aHAIUTHYECKOTO XUMHYe-
CKOTO COCTaBa IOJIYYeHHBIX MaTepHUajOB BBIIOJIHSIOCH
METOAAMH JIEKTPOHHO-MHKPOCKOIIMYECKOTO U DHEPro-
JIICTIEPCHOHHOTO aHAJIN30B, UcTionb3ys npudop VEGA3
TESCAN c npucraskoiit Advanced Aztec Energy (Oxford
Instruments).

W3mepenns criekTpoB (pOTOTFOMHHECIICHITHH 00pa3IoB
mpoBoAMIOCh Ha cekrpodmoopumetpe Perkin Elmer LS
50B B crieKTpasbHOM JIHana3oHe.

Pe3yabTarhsl 1 00cyKaeHUs

Puc. 1 npeacrasisier peHTreHOrpaMMBbl rejield, TEpMOo-
00paboTaHHBIX MPU PA3IMYHBIX TeMmIeparypax. Ha penrt-
TeHOrpaMMax Tejel, mpokaneHHsx mpu 900 °C, Habmro-
JTAFOTCSI TUKH, XapaKTePHbIE TSI KyOMUECKUX KPHCTAIIIOB
mmuHen (MgAl,Oy), ZrO,, TBEepabIX pacTBOPOB CO CTPYK-
Typoii B-kBapua. B remsix, npokanenusix npu 1150 °C,
TaKoKe MPUCYTCTBYIOT (ha3bl ZrSiOy, Mg,Si0,, sHcTaTHTa
(MgSi03), xopaueputa u SiO,. Bunno taxxe, uTo 3Ha-
YHUTENIbHAsE YaCTh MaTepPHajoB COXPAHSETCsl B aMOPPHOM
COCTOSIHHH.

W3eectHo [9], uto kprcTamisl ZrO, popmupyroTcs Ha Ha-
YaJIbHBIX CTaMSIX KPHCTAJUTU3AINH CTEKOJI ccTeMbl MgO-
Al,03-ZrO,-Si0, ¥ urparoT poib HyKJIeaTopoB AjIs1 00pas3o-
BaHUA Apyrux Kpuctamios. Kpucramiet MgAl, O, 1 TBepbie
PacTBOPHI CO CTPYKTYpoOii B-KBapiia Takke HopMUpyroTCs
Ha HAYaJBHBIX CTAANAX KPUCTAIUIM3AINN CTEKOT [2, 6, 9].

Cremyer OTMETUTD CXOXKECTh XapakTepa CTPYKTypHOH
HBOJIIOIMY MaTEPUAIOB Ha HAYAJIbHBIX dTarax KPUCTaIlIU-
3aIuu rejeit u crexon cucreMel MgO-Al,05-Zr0,-Si0,.
Hecmotpst Ha 6IM30CTH XMMHUYECKOTO COCTaBa refied u
CTEKOJI 3TO SIBIICHUE HE SIBIISICTCS OUEBH/IHBIM. HauanbHble
CTaJIH MPOLIECCOB KPUCTAIUTU3AINY CTEKOJI IIPOTEKAIOT B
o0ObeMe MII0THON aMOp(HON Cpesibl, B TO BpeMs KaK KpH-
CTAJUIM3AIMs B TeJsIX MPOTEKACT B YCIOBHIX BBICOKOM
JIICTIEPCHOCTH MaTepHala ¢ OTHOCUTEIHHO OOJIBIINM TIPO-
CTPaHCTBEHHBIM pa3JelICHNEM KOMIIOHEHTOB.

O6pa3oBaHHE B reisX KPUCTAJUIOB CHINKATOB Mar-
Hust — MgSiO5 u Mg,Si0, HaOmonaeTcst npy MoBbIIIe-

Tabnuya 1. XUMHAYECKUH COCTAB UCXOAHBIX PACTBOPOB, Macc.%

Table 1. Chemical compositions of the initial solutions, mol.%

p?g‘;gia AI(NO;), Mg(NOy), | zrocCl, H,0 MBI | Ilponanon-2 | Mn(NOs), | NH,F-HF | TEOS
1 7,59 5,27 1,74 47,89 0,07 5,34 0,04 — 32,06
2 7,12 4,95 1,63 44,95 0,07 5,02 0,04 6,13 30,09
3 7,59 5,27 1,74 4791 0,07 5,35 — — 32,07
Tabnuya 2. AHanTUTHYECKUI XMMUYECKUH cOCTaB Tenei, Mo %
Table 2. Analytical chemical composition of the gels, mol.%
KommnoneHTsI
O0pa3zen -
SiO, Oxcun amomunus (Al,O3) Oxeun nupkonus (ZrO,) MgO Oxkcuji Maprasia
1 58,3 11,5 6,0 232 1,0
2 68,6 16,4 2,4 12,0 0,6
3 58,9 11,6 6,1 234 —
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Puc. 1. Pentrenorpammsl reneit 1 (a) u 2 (b), repmoodpaboTanubix mpu temneparypax 900 °C (kpussie /) u 1150 °C (kpussbie 2)
Fig. 1. XRD patterns of gels 1 (a) and 2 (b), calcined at 900 °C (curves /) and 1150 °C (curves 2)

HUW TeMmmeparypsl TepmooopadoTku go 1150 °C. ITuxu
KOPIIMEPUTOBBIX KPUCTAIIIOB MPOSIBISETCS HA PEHTTEHO-
rpamme Tens 2 mocie ero Tepmooopadorku mpu 1150 °C.
AHaJoOTHYHOE SBJICHHE MOJIy4YeHO paHee B [8] mpu Kpu-
CTaJUTU3aIUN KopAuepuToBbIX reneit mpu 1100 °C.

ComnocraBnenue quppakTorpaMm, MPUBEJACHHBIX Ha
puc. 1, moKa3bIBaeT CyIECTBEHHOE Pa3IMule MKy KPH-
CTaJNIMYEeCKUMU CTpykTypamu reneit 1 u 2. Konuuectso
ITUKOB PA3JIMYHBIX KPUCTAIJIOB U MX MHTCHCUBHOCTD 3Ha-
YHUTEJBHO BBIIIE HA AU(PPAKTOrpaMMe refist 2, TTOIy4eHHOTO
C MpUMeHeHHeM (PTOPUIHOM 100aBKH.

Cpennue pa3Mepbl HEKOTOPBIX KPUCTAILIOB, CHOPMH-
POBABIIMXCS B TEIISIX, IPUBECHBI B Ta0M. 3. Pazmeps! kpu-
craiuioB MgAl,O4 1 TBEpIBIX pacTBOPOB CO CTPYKTYPOH
[-xBapma, cOPMHUPOBABIINXCS ITPH TEPMOOOPaOOTKE Tereit
1 u 2 mpu 1150 °C cocrasmstor 30-34 uMm. YuuTsiBas,
YTO UHTEHCUBHOCTh NMKOB Ha TU(pPaKTOrpamMmMme reis 2
(puc. 1, b) 3naunTenbHO BHIIIE, 4eM y Tens 1 (puc. 1, a)
MOYKHO TPEATIONIOKHTH, 4TO (hTOP UTPALT POJIb HyKIIeaTopa
Ha Ha4aJIbHBIX CTAaJUSX KPUCTAIUIN3ALMY Telieid. DTo orpe-
JesseT GopMHUpPOBaHUE Ha HAaYaIbHBIX CTaANSIX KPUCTAIIN-
32K 3HAYUTEILHOTO OOJBIIEr0 KOINYECTBA PA3IMIHBIX
MEJIKUX KPHUCTAJIIOB B refie 2 1o CpaBHEHHIO ¢ rejieM 1.

OTMETHM OTCYTCTBHE MUKOB KaKHUX-THOO COeqMHe-
HUI Mapranma Ha audpaxrorpamMax (puc. 1). YauTeiBas
HH3KOE COJICpKaHNE MapraHIia B TeIsIX, MO>KHO MTPEATIONO-
JKHTB, YTO 3TO SIBICHUE CBA3aHO CO CIIOCOOHOCTBIO HOHOB
MapraHiia BCTPauBaThCs B CTPYKTYPY KPHUCTAIIOB MpPH
KpUCTaJUIH3anuy MaTepuanoB cucteMsl MgO-Al,05-Si0,
[20-23].

PesynbraThl comocTaBieHUs MO3UIUMN Hanboiee UH-
TEHCHBHBIX ITMKOB KyOudeckux kpucramwios MgAl,O, Ha
mudpakrorpaMmax rmpuBesieHsl B Ta0. 4. M3 moixydeHHbIX
pe3yJIbTaToOB BHIHO, YTO HAOIIONAETCS 3aMETHBIN CABHUT
MIMKOB B CTOPOHY MEHBIINX 3Ha4eHUH 20 110 CpaBHEHHUIO CO
crarnaptHeiMA BenmuuHamu (JCPDS 89-1627).

310 siBeHNnEe 00BSICHACTCS HEKOTOPHIM YBEIHICHUEM
o0beMa 3r1eMeHTapHO stueiikn kpucramioB MgAl,O, mpu
3aMelieHn HeGOobINX HOHOB Mg2t (MOHHBIN paanyc
0,0057 1M [25]) Ha OoblIde N0 pa3mepy HOoHbI Mn2+ (MoH-
HBIH panunyc 0,066 am [25]). CrnexyeT Takke OTMETHUTH,
YTO JTOT CABHI ITMKOB HAOIIOAAETCs U Ha AU(PaKTOrpam-
Mmax resei, Tepmoodpadoranubix npu 900 °C. Drot pakt
MO3BOJISIET C/EJaTh BBIBOJ O TOM, YTO BHEJIPEHUE HOHOB
Maprasia B CTpyKTypy kpucramioB MgAl,O, nporexaer
yKe Ha Ha4aJbHBIX dTarax KPUCTAIUTH3aLUH.

Tabauya 3. CpenHue pa3Mepsl KPUCTAIIOB, COPMHUPOBABIINXCS B TeJIIX IPH UX TePMOOOPabOTKe, HM

Table 3. Average sizes of crystals formed in the gels during the calcination, nm

[Tpu Temneparype TepMooOpabOTKH
Marepuan Kpucrammmueckas daza
900 °C 1150 °C
Iens 1 ZrO, 22 36
MgAL,O, 26 30
TBepplit pacTBOp €O CTPYKTYpOH -KBapLa 30 33
I'ens 2 7r0O, 15 26
MgAlL,O, 10 34
TBepblit pacTBOp €O CTPYKTYpOii 3-KBapia 16 31
Kopnuepur — 30
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Tabnuya 4. Pe3ynsraTsl CONOCTABICHNS OJOKSHUS HA AU(PpAKTOrpaMMax reneil Handosee NHTEHCUBHBIX TUKOB KYOUUECKHUX KpH-
cramioB MgAl,Oy,, 26, rpan.

Table 4. Results of the comparison of the most intense peaks position of MgAl,0, in the XRD patterns of gels, 26, degree

Tenp 1 Tems 2
ITonoxenue nuka
(hkl) COIIaCHO CTaHAAPTy [IpY TEMIIepaType TepMooOpaboTKu
JCPDS 89-1627 900 °C 1150 °C 900 °C 1150 °C
(111) 19,30 19,14 19,07 19,10 19,14
(311) 36,96 36,76 36,79 36,85 36,68
(440) 65,70 65,54 65,39 65,50 65,53

Ipumeuanue. hkl — o603Ha4eHHs KpUCTALIOrPAQUIECKUX IIOCKOCTEH.

ONeKTPOHHO-MHUKPOCKOIMMYECKHE CHUMKH TOJTyYEHHBIX
MaTepHUaloB NpUBEAEHbI Ha puc. 2. CpaBHEHHE CHHUMKOB
resiei, ToABEPTHYTHIX TepMO0OpabOTKe MPH PA3ITUIHBIX

TeMIIeparypax, IeMOHCTPUPYET CYIIECTBEHHOE BIMSIHUE
(rTopa Ha Mopdororuro Matepranos. [ems 1, Tepmoodpado-
tanHbi pu 900 °C, cOCTOUT U3 YaCTHIl pa3MEPOM OKOJIO
0,5 MxMm (puc. 2, a, b). TloBeIeHNE TeMIIEpaTyphl TEPMO-
o6paborku 10 1150 °C npuBOIUT K POCTY YaCTHIL pa3Me-
pamu 10 5 MKM (pHC. 2, ¢) U UX YaCTUYHOMY CHEKaHHUIO

(puc. 2, ¢, d).

Puc. 2, e, f oka3pIBaeT, 4TO reiib 2, MOTYYCHHBIN C UC-
TIOJIB30BaHUEM (hTOPUIHOI T0OABKH UMEET PHIXJIYIO CTPYK-
TYpY, COCTOSIIYIO U3 MaJEHbKUX YacTHUI] pa3MEPOM OKOJIO
0,1 MKM. YBenmu4eHue TeMneparypbl TepMOoOpadOTKH MPH-
BOIUT K (DOPMHUPOBAHUIO arperaroB 4acTull (puc. 2, g, h).

IMomy4ennbie kceporenu 1, 2 u 3 ABIAIOTCS BBICOKO-
JICTIEPCHBIMU MaTepuaiaMi U COCTOAT U3 Pa3JINYHBIX Ha-
HOKPHCTAJUIOB M OCTAaTOUHOM amopdHO# (a3sl. M3BecTHO,
YTO TaKUE AMCIIEPCHBIC MAaTEPUAIIBI COIEPIKAT MHOXKECTBO
COOCTBEHHBIX MOBEPXHOCTHBIX U OOBEMHBIX CTPYKTYp-

c d
! !

e I g h
i J

5 MKM

1 MM

Puc. 2. DIeKTpOHHO-MHKPOCKOITHYECKHEe CHUMKH 00pa3ioB reneii 1 (a—d), 2 (e—h) n 3 (i, j) npu pa3HOM YBEIHYCHHUH,
Tepmoobpadorannsix npu 900 °C (a, b, e, f) u 1150 °C (¢, d, g, h, 1, ))
Fig. 2. SEM images of gel samples at different magnifications: 1 (a—d), 2 (e—h) and 3 (i, j), heat-treated at 900 °C (a, b, e, f) and
1150 °C (¢, d, g, h iy )
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HBIX JedekToB [26]. [IpucyTcTBUEe TaKUX CTPYKTYPHBIX
ne(eKToB 4acTo onpezessieT MHTEHCUBHYO JTFOMUHECICH-
LU0 JIUCIICPCHBIX MaTepHaIOB B BUANMON YacTH CIICKTpa
[20, 27-29]. Kpome Toro, HEKOTOpast 4aCTb HAHOKPUCTAJI-
710B B Mn-coneprkainux reisix 1eopMupoBaHa U3-3a BHe-
JPEHUSI B UX KPUCTAUIMIECKYIO PEIIETKY HOHOB MapraHIa.

Puc. 3 nemMoHCTpHpYET CEKTPHI (HOTOTFOMUHECIICH-
Uy resner, Tepmoodpadoranusix pu 900 °C B BUIUMOM
CIEKTPaJIbHOM JAnara3oHe. B criekrpax HabmogaoTes MHO-
TOYHCIICHHBIE TTMKW YMUCCUH HOHOB MapraHiia 1 COOCTBEH-
HBIX 1e(DEKTOB B CTPYKType HAaHOKpUCTaIIIOB. HeBbIcOKast
WHTEHCHUBHOCTD ITMKOB U MX B3aMMHOE HAJIOXKEHHE 3aTpyl-
HSIOT MX TOYHYIO MJICHTU(HKaIH0. TeM He MeHee, CpaB-
HEHHE CIIEKTPOB (OTOIIOMUHECIEHIMY Mn-copepKaimux
resneit 1 (kpusble /) 1 2 (kpuBbIe 2) CO CIEKTpaMu reis 3,
HE CcoJeprKallero Mapraina (KpuBble 3), TIO3BOJISET UICH-
TH(UIUPOBATH TOJIOCHl IMUCCUH, CBA3aHHBIE C HOHAMU
Maprasia.

[Tonmockl aMHCCHH, PACTIONIOKEHHBIE B BUAMMOM 00a-
ctu criekTpa (455460 HM), HAOTIOTAIOTCS B CIIEKTPax BCEX
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c
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rejieil 1 MOTYT OTHOCHUTBCSI K CTPYKTYPHBIM Jie(eKTaM B
kpucrannax MgAl,O,4 [26, 29]. Tak, monoca noMuHec-
LEHIUH C A, = 460 HM HaOMII0NAIACh B CIIEKTPE IMUCCUH
MgAl,O, kpucTamios noj AeicTBHEM YIbTpadroIeToBoro
nznyuyenus [30]. B [26] Hanuuue 3TOH MOI0CHL Ipearno-
JIOXKUTEIBHO CBA3aHO C TPOLECCaMU BO30YKACHUS U pe-
KOMOWHAINN MOJIOKUTEIBHO 3apSKEHHBIX KHCIOPOIHBIX
BakaHCcHH B kpuctamie MgAl,O,.

3eneHas TIOMHUHECHEHINS B Mn-cofaepxkaiux Mma-
Tepuanax OOBIYHO MPUIHUCHIBACTCS IMHCCHU HOHOB
Mn2*, HaXOOAIIMXCSA B TETPASAPUUECKON KOOPIUHALUH
[11, 13, 20, 21, 23, 24]. ConocTaBieHne CIEKTPOB IMUC-
cuu renelt 1 u 2, cofeprkariux HOHBI MapraHia (Kpussle /,
2 Ha puc. 3, a, b) u rens 3, He cozeprKalLEro Maprasua,
H03BOJIAET NPEANONOKUTD, YTO MOJOCH C Ay, = 490 HM
U Apax = 525 HM ONpPEJesoTcs YMUCCUEH HOHOB Map-
ranna. ITonoca ¢ A, = 525 HM, CBS3aHHas C JIIOMUHEC-
HeHuue HoHoB Mn2* B TeTpasapuYecKOl KOOpIAMHA-
nnu, Habmronanack B [11, 13] mpu Bo3OYXKICHUN CHHUM
ceeToM (A, = 450 HM) Mn-conepkamux KpuCcTalIOB
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Puc. 3. Ciextpsl OTONIOMUHECIIEHIMH, TIOJTyYeHHBIe rTocie TepMoodpadotku mpu 900 °C s reneid: 1 (kpusas /), 2 (kpuBas 2)
u 3 (xpuBas 3) npu anuHax BoiH Bo30yxaeHus: 300 uM (a), 350 M (b) n 400 1M (¢), u renst 1 nocne Tepmoodpadorku mpu 1150 °C
(xpuBas 1), rens 2 — npu 900 °C (xpusast 2) u renst 2 — npu 1150 °C (kpuBast 3) npu jinHe BosHbl Bo30yxaenust 400 um (d)

Fig. 3. Photoluminescence spectra obtained after heat treatment at 900 °C for gels: 1 (curve /), 2 (curve 2) and 3 (curve 3) at
excitation wavelengths: 300 nm (a), 350 nm (b) and 400 nm (c), and gel 1 after heat treatment at 1150 °C (curve 1), gel 2 at 900 °C
(curve 2) and gel 2 at 1150 °C (curve 3) at an excitation wavelength of 400 nm (d)
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MgAl,0O4. AHamOTHYHAS MONOCA YMUCCUH TIPOSIBIATACH
TaKKe B CHEKTPax JIIOMUHECLIEHIIMY HaHOKOMIIO3UTa Si0,/
ansiO4ZMn [31]

Omuccns Mn-conepkanux MaTepruagoB B OpaHKe-
BO-KPacHOW 00JACTH CIIEKTPa OIPEeIsIeTCs KaK YMUCCHEN
HMOHOB Mapranua (MoHsl Mn2* B OKTas’Ipu4ecKoil Koop-
JMHAIMKE 1 MOHBI Mn#t [23]), Tak ¥ COOCTBEHHBIX CTPYK-
TypHBIX nedexToB kpuctamiaoB [20]. [Tomoca smuccun,
pacroyoKeHHas B CIIEKTpaJIbHOM anarnazoHe 560—-608 am
Halmofanack paHee B HaHOKomITo3uTax Si0,/Zn,Si0,4:Mn
[13] u HaHOKpHCTaIax Zn,Si0,:Mn2" i npunuceBagach
aJ1eKTpoHHOMY Tiepexony 4T (*G) — °A(°S) noHoB Mn2*
[32]. OnHaxo mojaoca 3MUCCHU B 3TOM CHEKTPAJILHOM JTHa-
ra3oHe HaOJIOAAeTCs U B CIIEKTPE JIIOMHHECLICHIUH el 3,
He cozepikamero Mapranna (puc. 3, a). [lonydennsie pe-
3yJIBTaThl TIO3BOJISIIOT TIPE/IIONIOKNTD, YTO JJAHHAS 1T0J0ca
MOXKET HMETh CIIOXKHBIN XapaKTep U SBISATHCS PE3yIBTATOM
HAJIOXKEHMUS TMKOB SMHCCUM MOHOB Mn2* M CTPYyKTYpHBIX
TIe(PEKTOB KPHUCTAIIIOB.

Comnocrasnenue KpuBbix [ (puc. 3, a, b) u 2 (puc. 3, b)
TTOKa3bIBALT, YTO JOOABKH (PTOpHUIA B 30J1b BIUAIOT HA GOp-
MY TI0JIOC SMUCCHUH, JENast 3TH TOJI0CHI Oosee pa3perieHHbI-
mu. Takue pas3jiniund B CIICKTpax JIOMUHCCHCHIIUU MOTYT
OOBSICHATBCS CYIIECTBEHHO OOJIbLICH KPUCTATIIMYHOCTBIO
KceporeJist 2 1Mo CpaBHEHUIO ¢ kceporeneM | (puc. 1).

Taxum 00pa3om, Moy4eHHbIE Pe3yJabTaThl MOKa3bl-
BAIOT, YTO 100aBKU (pTOpUAA B MCXOIHYIO CMECh MOTYT
CYIIECTBEHHO YBEJINYUTH KPHUCTAUIMIHOCTD TIOJTyYEHHBIX
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30/b-rejlb METOJ0M Mn-cozepKallux MaTepuagos CHU-
crembl MgO-Al,053-Zr0O,-Si0, 1 0Ka3pIBaIOT 3aMETHOE
BIIMSIHME HA UX JIIOMHUHECLEHTHbBIE CBOICTBA, MOBBIIIAS
pa3speleHKe TON0C SMUCCHH B CIIEKTPAX JTIOMHHECLIEHIINH.

3akJ/ioueHne

Mn-conepskaue MaTepuansl cucteMsl MgO-Al,O5-
71r0,-Si0, Ol CHHTE3UPOBAHBI 30JIb-TeJIb METOJIOM. B
paboTe u3yueHo BIUsIHAE (GTOPUIHOM JT00aBKHU B 30IH HA
KPHCTAJUINYECKYIO CTPYKTYPY, MOP(OJIOTHIO 1 JIIOMHHEC-
IIEHTHBIC cBOWcTBA Marepuainos. [Ipu TepmoodpaboTke
reneii 1o Temrepatypst ot 900 °C HabmonaeTcss popMupo-
BaHME PA3IMIHBIX OKCHIHBIX HaHOKpHCTAILIOB (MgAl,Oy;
ZrO, u 11p.). DKCIIEpUMEHTANIBHBIE PE3YIBTAThI TOKA3AIH,
4yTO 100aBKa (DTOPUAOB OKA3BIBAET CUIHHOE BIMSHUE HA
KPUCTAJUTHYECKYIO CTPYKTYPY, MOP(OJIOTHIO 1 JIFOMUHEC-
LIEHTHBIE CBOMCTBAa Mn-conep Kalux MaTepuagoB CUCTEMbI
MgO-Al,05-Zr0,-Si0,. ®ropunHas 1o6aBKa 3HAIUTETEHO
YCKOPSIET KPUCTAJUTU3ALIUIO TeJIel ITPU UX TepMOOOpadoTKe
npu temneparypax ot 900 °C. Jlannble peHTreH0(ha30BOro
aHaJIM3a 0Ka3allH, YTO IIPU TepMO0OpabOTKe MPOUCXOIUT
BHEJIpEHHE HOHOB Mn2t B KPHCTAIMYECKYIO PELIETKY
MgAl,0, yxe Ha Ha4aJIbHBIX dTalax KPUCTAIH3ANN
reseid. JlobaBka (ropuaa B 30711 OKa3bIBae€T 3aMETHOE
BIIMSTHUE HA JIOMUHECIICHTHBIC CBOMCTBA MOJYYCHHBIX
pu TepM0o0oOpadoTKe KCeporeneil, MOBBIIIas pa3perieHne
MIOJIOC SMHCCHH B CHIEKTPAx JFOMUHECLEHIINH.
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AHHOTANMA

Beenenue. [pebHeoOpa3Hble MOIMMEpHI, Oarofapsi CBOEiH pa3BEeTBICHHOI CTPYKTYpE U PAAY YHHUKAIbHBIX (DU3UKO-
XMMHYECKHX CBOICTB, HCHIONB3YIOTCS IS MOAU(DUKAIIMHY PA3IMIHBIX ToBepxXHOCTel. [Ipn ocTaTouHO rycToil MpUBHBKE
MaKpOMOJIEKYIIBI 00pa3yioT OTHOPOAHYIO MOIUMEPHYIO METKY, MOJHOCTHIO MOKPHIBAIONIYI0 MOAU(HINPYyEeMyIO
MOBEPXHOCTE. [loMMepHbIe meTkn n3 rpedHe00pasHBIX MOMMEPOB HAXOAAT IPHUMEHEHHE B Ka9eCTBE OMOMETUITMHCKIX
MTOKPBITHH, CMa30YHBIX MAaTepHAIIOB, CEHCOPOB, CHCTEM aJIpECHOM JOCTaBKH JIEKapCTB M MHOTHX APYrux. BBumy
IIUPOKOH BOCTPeOOBAaHHOCTH TpeOHe0Opa3HbIX MOJMMEPHBIX MOKPBITUH, MPAKTUYECKH 3HAUUMBIM SIBIISETCS
Mpe/icKa3aHue UX KOH(POPMALMOHHBIX CBOWCTB B 3aBUCUMOCTH OT apXUTEKTYpbI IPUBUBaeMbIX nosuMepos. [l{eTkn n3
rpeOHe00pa3HBIX MOJIMMEPOB AOCTATOYHO XOPOLIO H3y4YEHbI KAK TEOPETHYECKH, TaK U SKCIIEPHMEHTAIBHO TIPU MaJlbIX
TUIOTHOCTSX NPUBUBKH. OHAKO OTCYTCTBYIOT aHATUTHUECKHE MOJETH KOTUIECTBEHHO OIMCHIBAIOIINE CBOMCTBA ATUX
IIETOK B YCIOBHAX OONBIINX MIIOTHOCTEH MPHBUBKHU IIPH PACTSHKEHUH OCTOBOB MaKPOMOJIEKYIT, OM3KHUX K MPeIeTbHBIM.
Meroa. [lnst nccaenoBaHust KOHPOPMAIMOHHBIX CBOMCTB IIOCKUX MOIMMEPHBIX IETOK U3 TpeOHe00pa3HBIX MOIMMEPOB
OBbLIM ITPUMEHEHBI JBa B3aHMMOIOIONHSIONINX ITOAXO0/A: AHATUTHIECKUH U YUCICHHBIH METOABI CaMOCOIIIaCOBAHHOTO
niosnst. [1epBbIif METOR IPUMEHSUICS U aHATUTHYECKOTO OMHCAHUS IPOQIIIs 00EMHOM 10TM MOHOMEPHBIX 3BEHBEB
MIPUBHUTHIX MAaKPOMOJICKYJ IIPH MX PACTSDKEHUH HAa 00BEMHO-LIEHTPUPOBAHHON KyOMYeCKOH penieTke, BTOpoil — Juist
MIPOBEPKH MPEATIOKECHHOW aHAIUTHYSCKOW MOJENN MyTeM CPaBHEHUs €€ Pe3ylbTaToB C pe3ylbTaTaMU YHCICHHBIX
pacyeToB Ha IPOCTO KyOu4yeckoii pererke. B 000X 1o1xonax UCMonb30Banach orpyoeHHast KpyHO3EpHUCTAs MOZIEIb
TIOJTUMEPHBIX IIETOK, B KOTOPOH MUHUMAITbHBIMU CTPYKTYPHBIMH €IMHUIIAMH SBIISUTICH MOHOMEPHBIE 3B€HbSI IPUBUTOTO
ToNUMepa ¥ MOJIEKyYJIbI pacTBopuTelns. OCHOBHbIE pe3yJbTaThl. BriepBble momydyeHa yHUBepCanbHash aHATUTHIECKAs
(opmyrna, onuckIBatoImas MpohIIb 00EEMHON O MOHOMEPHBIX 3BEHBEB IPUBHUTHIX TPeOHE0OPa3HBIX MAKPOMOJIEKY B
MIAPOKOM MHTEpBAJIe 3HAY€HHI INIOTHOCTH NPHBUBKH B YCIOBHSIX aT€PMUIECKOTO HU3KOMOJICKYJIIPHOTO PACTBOPUTEIIS.
[IpoBenena konu4ecTBEHHAs OLEHKA CPEHEH TONIIMHBI MOJIMMEPHBIX MIETOK M CpeJHel IIOTHOCTH MOHOMEPHBIX
3BEHBEB IIPU Pa3HON AP (HEKTHUBHOH INIOTHOCTH MPUBUBKH IPeOHE00PA3HBIX TOJINMEPOB, COOTBETCTBYIOIIEH OTHOIIICHHIO
JCUCTBUTENIBHOM IJIOTHOCTH NMPUBUBKY K MAKCHMAJIbHO BO3MOYKHOW IUIOTHOCTHU ITPUBHBKU MaKPOMOJIEKYJI C 3aJIaHHOM
apXUTEKTYpOHi, a TakXKe MPU Pa3HOH Pa3BETBIEHHOCTH 3THX MakpoMoiekyl. Odcy:xaenne. [loka3aHo, 4To B yCIOBHUSIX
aTepMHUYECKOr0 PACTBOPUTEIIS C POCTOM CTEIICHH PAa3BETBICHHOCTH MPUBHUTHIX MaKPOMOJIEKY.I MPH (PUKCUPOBAHHBIX
MJIOTHOCTH MPHUBHUBKU M KOHTYPHOH JIMHE OCHOBHOH LENM MaKpOMOJEKYN yBEINYHBACTCS CPEAHSAS TOIIIUHA
TIONMMEPHOH IETKN ¥ YMEHBIIASTCs! CPEIHSS IIIOTHOCTh MOHOMEPHBIX 3BE€HbEB. [Ipn 3TOM NpH BBICOKMX 3HAUYCHHUSIX
Pa3BETBIEHHOCTH NPHUBUTHIX [ENEH 3aBHCUMOCTh CpPeIHEH INIOTHOCTH CTPEMHTCS K JTMHEHHOW 3aBUCHMOCTH OT
3¢ heKTHBHOMN MIIOTHOCTH NPUBHBKH. IIpe/tokeHHas aHaINTHIeCKast MOJZIeb PACTSDKEHNS Ha 00bEMHO-IIEHTPUPOBAHHOMN
KyOMUYEeCKOH peleTke IoKa3aia BEICOKOE COINIacHe C JJAHHBIMHU, MOJTYYSHHBIMU YUCIEHHBIM MOJCIHPOBAHHEM
Ha MpocToi KyOnueckoil perierke. Pe3yabraTsl McciIeJOBaHUS MTO3BOJSIOT IPOrHO3UPOBATh KOH(POPMALMOHHBIE
CBOICTBA MOMMMEPHBIX LIETOK B YCIOBUSAX BBHICOKOH NMIOTHOCTH MPHBUBKU U CTENEHU Pa3BETBIEHHOCTH MPUBUTHIX
rpeOHe00pa3HBIX MAKPOMOJIEKYIL.
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Abstract

The comb-like polymers are used to modify various surfaces due to their branched structure and a number of unique
physical and chemical properties. With a sufficiently dense grafting, the macromolecules form a homogeneous polymer
brush that completely covers the surface to be modified. Comb-like polymer brushes find applications as biomedical
coatings, lubricants, sensors, targeted drug delivery systems, and many others. Given the wide demand for comb-
like polymer coatings, it is of practical importance to predict their conformational properties as a function of the
architecture of the grafted polymers. Comb-like polymer brushes have been reasonably well studied both theoretically
and experimentally at low grafting densities. However, there are no analytical models that quantitatively describe the
properties of these brushes under conditions of high grafting densities and near-limit stretching of the macromolecular
backbones. To study the conformational properties of planar polymer brushes made of comb-like polymers, two
complementary approaches have been applied: analytical and numerical methods of the self-consistent field. The
former was used for analytical description of the volume fraction profile of monomeric units of grafted macromolecules
under their stretching on a body-centered cubic lattice, and the latter was used for validation of the proposed analytical
model by comparing its results with the numerical calculation data on a simple cubic lattice. A universal analytical
formula has been obtained that describes the profile of the volume fraction of monomeric units of grafted comb-like
macromolecules in a wide range of grafting density values under conditions of athermal low-molecular-weight solvent.
The study proceeded with the quantitative estimation of the average thickness of polymer brushes and the average density
of monomeric units at different effective grafting densities of comb-like polymers. This was achieved by determining
the ratio of the actual grafting density to the maximum possible grafting density of macromolecules with a given
architecture as well as at different branching of these macromolecules. It has been demonstrated that, under conditions
of athermal solvent, there is an increase in the average thickness of the polymer brush and a decrease in the average
density of monomer units, as the branching degree of grafted macromolecules increases at a fixed grafting density and
contour length of the main chain of macromolecules. Furthermore, at elevated levels of branching in grafted chains,
the observed dependence of the average density on the effective grafting density approaches a linear relationship. The
proposed analytical stretching model on a body-centered cubic lattice showed high agreement with the data obtained
by numerical simulation on a simple cubic lattice. The findings of this study provide a foundation for predicting the
conformational properties of polymer brushes under conditions of high grafting density and the degree of branching of
grafted comb-like macromolecules.

Keywords
body-centered cubic lattice, aggrecan-like macromolecules, self-consistent field method
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BBenenue

[TonnmepHbIE METKH COCTOST U3 MAaKPOMOJIEKYII, ILIOT-
HO TIPUBUTHIX OJJHUM KOHIIOM K HEMPOHHUIIAEMOIl ITOBEpX-
HoctH [1, 2]. Momudukarys moBepXHOCTEeH TTOIUMEPHBIMA
IIETKaMHU UCTIONB3YETCs TIPH TPOU3BOICTBE CEHCOPOB [3],
o0ecrieueHIH KOJUTOMTHON CTaOMIbHOCTH HAaHOYACTHIT [4],
YIIy4IleHNH JTyOpUKAaTHBIX CBOMCTB MOBEpXHOCTEH [5, 6], a
TaKkXke B OMOMEAMIMHCKUX MpUiIokeHusx [7]. IInmoTHOCTH
MIPUBHUBKY MOJIMMEPHBIX LIENEH U UX MOJIEKYJsIpHas ap-
XUTEKTypa — JIBa OCHOBHBIX CTPYKTYPHBIX HapaMmerpa
MTOJIMMEPHBIX IIETOK, PETYIUPYsI KOTOPBIE MOKHO TOHKO
HacTpauBarh JIyOpHKaTHbIC, TPHOOIOTMUECKUE U 3alIUTHBIC
CBOcTBa MOAN(HUIIMPOBAHHBIX TOBEPXHOCTEH. B KauecTse

MaKpOMOJIEKY/I-MOTU(PHUKATOPOB MOT'YT BBICTYIIATh KaK JIU-
HeiHbIe TOJMMEPHbBIE LIETH, TAK 1 Pa3BETBICHHBIC.
YacTHbIM IIPUMEPOM PA3BETBICHHBIX uenef/'l SIBIIAOTCS
rpedueodpasubie nogumepsl (I'T1), cocrosiiue U3 0CHOB-
HOW ICTIH U MPUBHUTHIX K HEW OOKOBBIX 1ernei (puc. 1).
Hawubosee pacripocTpaHeHbl peryisipHble CHMMETpHY-
Hble ['TI, B KOTOpBIX GOKOBBIC LIEMH PACIIONATAIOTCS PaB-
HOMEPHO BJIOJIb OCTOBA MaKpOMOJICKYJbl U HMEIOT OfIU-
HAKOBYIO MOJICKYIISIPHYEO MacCy M XUMHYECKYIO IIPUPOLY.
Joctmwxenust B cuntese ['T1 mo3Boimiu co3aars GyHKIH-
OHAJIbHBIE MaTEPHUAIIbl C HOBBIMH CBOMCTBAMH, YTO JICIAET
pa3BeTBIICHHBIC MTOIMMEPHI YHUBEPCATBHOHN MIaThopmMoin
JUISL MOJIEKYJISIPHOM MH)KSHEPHHU B PA3HBIX 00JIACTSX MPUMe-
Henust. [IpuMepamMu TakuX CHCTEM SIBISIFOTCS: CIIydaiHbIe
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KoHdopmMaLmoHHbIE CBOMCTBA NOSIMMEPHbIX LLLETOK 13 rpebHeobpas3Hbix MakpoOMOSIEKYII. ..
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Puc. 1. CxemaTnueckoe MpeICTaBICHHUE IOCKON MOMMMEPHOH MIETKH U3 TpeOHe0Opa3HbIX MaKPOMOIEKYIT.

n — nrHa OOKOBOH LIETH; M — JUTHHA CTIeHcepa; p — YHUCIIO MOBTOPSOIINXCS PA3BETBICHHBIX OJIOKOB

Fig. 1. Schematic representation of a planar polymer brush composed of comb-like macromolecules.

n is the side chain length; m is the spacer length; p is the number of repeating branched blocks

rpeOHe0oOpas3HbIe MONUMEPHBIC MIETKH U3 TONH(ITHICH-
rnukodst) (I197)-monu(aumeTuacuiiokcana), IpUBUTHIE
K KPEeMHHUEBBIM TOJJIOKKAM C Pa3HOil Mopdoorueii no-
BepxHoCTH [8], [IDI'-MeTakpunaatr u 2-TUAPOKCUITHIIME-
TaKpuiar rpeoHeoOpas3HbIe MOJIMMEPHbIE [IETKH Ha MOJIU-
($uIMpoBaHHON 4-BUHHIOCH3MIXJIOPUAOM KPEMHHUEBOU
MOJJIOXKKE [9] 1 MHOTHE IpYTHE.

Maxkpomonekynst I'TI Taxke BcTpedaeTcst B IPUPOJE B
cocTaBe pa3IMYHbIX OMOJOTHYECKUX 00BEKTOB. X pas-
HOOOpa3ue MPOCTUPAETCS OT BEPCUKAHOB, BIHUSIONINX Ha
mporudepanuro u aare3uro kiaerok [10, 11], mo arrpexanoB
[12—14], oGecrieynBarONIIX CTAOMIIM3AINIO MATPHUKCA CY-
CTAaBHOTO XPSIIA U €TO JTyOPHKALHIO.

HccnenoBaHnio MOIMMEPHBIX MIETOK HOCBSIIIEHO O0Ib-
110€ YHUCII0 KaK IKCIEPUMEHTAIBHBIX, TaK M TEOpeTHIEe-
ckux pador [15-28]. cxonHbiM 00bEKTOM BHUMaHHS Ha-
YUYHOTO COOOILECTBa SBJISLIMCH IUIOCKUE IETKH U3 IeTeit
JIMHEHHOTO CTPOCHUSI. DKCIIEPUMEHTAIBHO OBUIO TIOKa3aHO
[15—18], uTo CBOOOIHBIC KOHIIBI TPUBUTHIX IICTIEH pacipe-
JICIISIIOTCSL TI0 BCeMY 00BbEeMY, a IJIOTHOCTh MOHOMEPHBIX
3BEHBEB MOHOTOHHO CIAJIa€T OT MOBEPXHOCTHU MPUBUBKHU K
nepudepun meTku. B nanpHelimem pacnpeneneHus mior-
HOCTH 3BEHBEB 1 CBOOOIHBIX KOHIIOB OBUTH KOJIMYIECTBEHHO
OTIMCAaHBl B PAMKaX aHAJIUTUYECKOM TEOPHH CamoCoria-
coBanHoro nois (CCII) [18-21], a Takxke 1MOKa3aHo, 4TO
B YCIJIOBHUSIX TayCCOBOTO PACTSKEHUS NMPUBUTHIX IIETICH
TIPHU JOCTATOYHO HU3KUX IIOTHOCTSIX MPUBUBKU IPOQIIH
XUMHUYECKOTO MOTEHIIMaja MEeTKH MOKET OBITh OIMHCaH
MPOCTON mapaboinyeckoil 3aBUCHUMOCTBI0. DTa MOJEIb
OblIa B IOCIIEIYIONIEM PACIPOCTPaHEeHa Ha IIETKH U3 pa3-
BETBJICHHBIX Iienen [22—-26].

OCHOBHOM HEAOCTATOK raycCOBOM MOJEIN — BO3-
MOKHOCTBH OECKOHEYHOTO PacTsDKEHUS ITOJIMMEPHOI 1eTH.
B psime pab6ort [27, 28] Obuta caenaHa MOMBITKA TOCTPO-
€HHsI TEOPHUU CPETHETO TIOJIS ISl MIETOK, COCTOSIINX U3
MOJUMMEPHBIX LENel JIMHEHHOTO CTPOEHUSI C KOHEUHOU
PacTsHKUMOCTBIO. B wacTHOCTH, ObUIN HANAEHBI TOUHBIC
aHAJIMTHYECKNE PEIICHUs Ul PAJa PEIICTOUHBIX MOJe-
neit [28, 29]. [laHHbIe penieHus MO3BOJIUIN YCTPAHUTH
pasHoIIacus MEXIy pe3ylnbTaTaMi YHCIECHHBIX PacueToB
[30, 31] 1 aHATUTUYECKUMU TECOPUSIMHU AJI rayCCOBOH
metku [19, 21, 32] ans npocreiieil Moienu B CpeaHeM

JlMarna3oHe 3HaYeHUH II0THOCTEeN npuBuBKU. HecMoTpst
Ha MHOTOYHCIIEHHBIE Pa0OTHI IO MOJEIMPOBAHUIO IIE-
tok u3 I'TI (xopomuii 0630p pabot npexacrasicH B [33])
1 TEXHOJIOTHYECKYI0 BOCTPEOOBAaHHOCTH B MPEACKA3aHUU
CBOMCTB TakKMX ILIETOK, CTPOTOE aHAIUTUYECKOE OMHCa-
HUE WX KOHQOPMAIMOHHBIX XapaKTEPUCTHK B HayUHBIX
paboTax oTcyTcTByeT. B HacTosieit padote, onupascey Ha
CYLIECTBYIOLIUE aHAIUTUYECKUE MOJEIH, IIOKAa3aHO, KaK
MOXHO MOIH(HUIIPOBATH TEOpHIo [28], pacrpoCTpaHUB e
Ha cy4aii TpeOHe00pas3HbIX IeTei.

I{enp paboTel — nccienoBaHue KOH(GOPMATMOHHBIX
CBOMCTB IJIOCKHX MOJMMEPHBIX MIETOK, COCTOANINX U3
npuBHTHIX [T, B yCIOBHSX CHIIBHOTO U JJaXKe MPEAEITBEHOTO
pacTsKEHHs] MaKPOMOJIEKYJ Ha 00bEMHO-LIEHTPUPOBAHHOM
perieTke, a IMEHHO, OTIPECTICHNE PAaBHOBECHOM TOMIIINHBI
Y IUIOTHOCTH ILETKHU, KaK (QyHKIUH €€ CTPYKTYpHBIX Iapa-
MeTpoB. 71 peanu3anuy MOCTABICHHON IIETTH B PaMKax
metona CCII Oblia mocTpoeHa aHATUTHYECKAST MOJIEIb,
KOJIMYECTBEHHO ONMCHIBAIOIIAsi TPO(UIIb pacipeieneH s
00BEMHOI1 1071 M XMMHUYECKOTO TIOTCHIIMaIa MOHOMEPHBIX
3BEHBEB IIPUBUTHIX PA3BETBICHHBIX NOMUMEPOB. [list moa-
TBEpyK/IeHNS pazpaboTaHHOM Teopuu MeTooM CxoiTenca—
®Orrpa Ha IPOCTON KyOW4IecKoi pemieTke MPoBeIeHO Hesa-
BHCHMOE YHCIIEHHOE MOJEITHMPOBAHUE TIOIMMEPHBIX IIETOK
IIPY BapHallly Pa3BETBICHHOCTHU IIPUBUTHIX IIETICH.

Onucanne MoaeJIu

PaccmarpuBanace KpynmHO3epHUCTAs MOJENb TOJIN-
MEpHOH MIETKH M3 rpeOHe00pasHBIX MAaKPOMOJIEKYJ, I10-
Tpy’KEHHasl B HU3KOMOJICKYJISIPHBII pacTBOPUTEIH Ha 00b-
eMHO-TICHTPUPOBAaHHOH 1 KyOHudecko pererkax (puc. 1).
IIpenmnomnaranocs, 4T0 MOHOMEpPHBIE 3BEHbSI OCTOBA, 0O-
KOBBIX II€TIel M MOJIEKYJIbl PACTBOPUTEIS HICHTHUHBI U
00JI1A/IAI0T EAMHUYHBIM 00beMOM 3. MOHOMEpPHBIE 3BEHbSI
COCIMHEHBI MEXy CO00H a0COTIOTHO KECTKUMH €/IH-
HUYHBIMM CBA3AMM JUIMHBI a. [lonumep u pacTBOpuUTEND
TMOJIaraloTCs HEC)KMMAEMbIMU.

IIpusuteie I'll xapakTepusyrTcsa CIeAyOIUMHI
CTPYKTYpHBIMH ITapaMeTpaMH: KOHTYPHBIE JUTMHBI OOKO-
BBIX II€TICH 72 ¥ CTIEHCEepOB M, COSUHSIOMNX COCETHHE 10
OCHOBHOH 1€ TOYKW BETBJICHUS; YHCIO TOYEK BETBIIC-
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HUS B OCHOBHOM 1enu p [34]; cTeneHb pa3BeTBICHHOCTH
N =VI1 + n/m (Tononorunyeckuii KOAPPUIUEHT, KOTOPHIH
3aBUCHUT TOJIBKO OT TOMOJOTUU IPUBUTON MOJIECKYIBI U
MHBAapHaHTEH K IIPOYMM Mapamerpam. 3Hadenue 1n = 1 co-
OTBETCTBYET JINHEHHBIM LIETISIM, 1) > | — pa3BETBICHHBIM);
CTeleHb NOIUMEPU3aLU OCHOBHOM Lenu N, = pm; o01mas
crenedb nomumepusanuu N = Ny(1 + n/m) = p(m + n) =
= Nyn? [34].

IInotHocts npuBuBku I'Tl B meTke Xxapakrepusyercs
0e3pa3sMEpHON BENMMYMHON G = a2/s, THe s — IUIOIAab 10-
BEPXHOCTH ITPUBUBKH, IPUXOJISILIASCS HA OJHY NPUBHUTYIO
MaKpoMOJIeKyTy. MakcHMaJbHO BO3MOXHAs IIOTHOCTh
NpUBUBKH [34] orpaHnuuBaeTcs pa3BeTBieHHOCTHIO ['TI:

J11s1 9MCIeHHOTO MOJICNTMPOBaHUsI ObLT BHIOpAH CIey-
rormit Habop mapamerpoB: p =100, m=5,n=0, 15, 40, 75
(uto coorBercTByeT N = 1, 2, 3, 4). [lna I'Tl crpykrypHbIe
rapameTpbl MOAOMPaIKCh TaK, YTOObI JUTMHA OCTOBA ObLIa
MHOTro OOJIblIe JUTMHBI OOKOBBIX IIETeH U coceHue OOKO-
BBIE LIETTH JJOCTAaTOYHO CHIIBHO MepeKphIBAINCH. [I1oTHOCTH
MIPUBHUBKY BapbUPOBAIACEH B ITMPOKOM TIpeieiie 3HAYCHHH.
PactBopuTeNns BO Beex ciaydasX IPUHUMAJCS aTepMUYe-
CKUM. B KauecTBe eIMHUIIBI JUTHHBI NCTIONB30BAJICS JIMHEH-
HBII pa3Mep MOHOMEPHOTO 3BEHA ¢, B KAYeCTBE EAMHUIIBI
sHeprun — kpT, tne ky — koHcTaHTa bonpumana; 7 —
a0comroTHas TeMiieparypa [35].

Anamrnuecknii merong CCII

Amnamutnyeckuit moaxox CCII mpearmonaraet omHOPOI-
HOCTbH pacIipe/ieNIeHus INIOTHOCTH MOHOMEPHBIX 3BEHBECB
TTOJIMMEPHBIX IIETOK B Mpeiesiax JIF000il III0OCKOCTH mapa-
JIEIBHOM MI0CKOCTH IPUBUBKH. B 10001 13 TO4YeK, paBHO-
VIAJIEHHBIX OT MOBEPXHOCTH NMPUBUBKHU HA PACCTOSHUE Z,
00BbeMHast J10J1sl MOHOMEPHBIX 3BEHbEB ((2) U XMMUYECKHI
MOTEHIMA #(Z) CUNTAIOTCS IOCTOSIHHBIMU B IIpeienax of-
HOTO CJIOS ¥ SIBIISTFOTCSL (DYHKITUEH TOJBKO OTHON KOOpJIUHA-
ThI Z, HOPMaJIbHOM K MOBEPXHOCTH MpuBUBKY [34]. [laHHOE
JIOMYLICHUE CIPABEJIUBO IS CiIydasi JOCTATOUHO I'yCTOM
MPUBUBKHU LIENEH, KOrla COCETHUE LIEMU CUIIbHO MEPEKPhI-
Batorcs [34]. BzaumoneiictBrue Mex 1y MPUBUTHIMHU LIETISIMHU
TIPUBOJAUT K WX BBITSDKKE BAONB OcH z. s ciydast rayc-
COBOTO pacTsDKEHUS IeTiel (KOT/a pacTATHBAOMAs CHiia
JUHEIHO MPOMOPIHOHANBHA PACTSDKEHUIO I KaXXI0TO
yuacTka 1enu [32]) 6110 mokaszano [ 18-26], uto npodmis
XUMUYECKOTO MOTEHITHANIA TTOJTMMEPHON MIETKH, KaK JJIs
JTUHENHBIX, TAK ¥ PA3BETBICHHBIX TPUBUTHIX IIETIEH NMEeT
napaboInIecKy o (popmy:

kyT  2a*\2N

2
Y _ MY p ) (1)

rae N — cTeneHb NoJAUMepU3aly NpUBUTON uenu; H —
tommuHa meTku (u(z > H) = 0); 1 = V1 + n/m — Tomomno-
rrgecKuit koaduiment. Ypasuerne (1) mpuvennmo k I'TT
TP YCIIOBUH, YTO YUCIIO TOUCK BETBICHHUS p HOCTATOYHO
BEIUKO (p — ©0) M KOHTYpHAas IIMHA OOKOBBIX IENeH 7
COIOCTaBUMa C TayCCOBBIM Pa3MEpOM CIIeHCepOB, COSMHS-

OIINX TOYKW BETBJICHUS (1 > \/Z). U xak O6bLT0 OTMEYCHO
B paszzeie «BBeaenue», napabosimueckuil MoTeHIMAT HEe
MPUMEHUM IpU OOJBIINX TUIOTHOCTSAX IMPUBHUBKH, KOTJA
MIPUBUTHIC IIETIN CUIIBHO PACTSHYTHI.

B pa6ore [29] Obu10 BrIepBbIE NOMYYEHO YpaBHEHHE IS
MOTEHIMANa ETKU U3 IMHEHHBIX 1eNel ¢ KOHEUHOH pacTs-
JKMMOCTBIO B MAKCUMAJIBHO YIOOHOM 171t aHaimm3a Gpopme:

z=LaxN A= 1
| exp(oW(2)dz | Zo(f)dd=—, ?2)
z=0 A=0 Q]

rae L., — MaKkCUMallbHOE PacTsHKEHUE MPUBUTON LeNn
(Lpax < 1 muist peanbHbIX nene u L,,, = o0 U TayCCOBOH
uenn); V(z) = [u(z) + V(H)]/(kzT) — 6e3pa3mepHslii o-
TeHnuas; Z(f) — cTaTUCTUYeCcKas CyMMa CBOOOIHO-COU-
JICHEHHOM Llenu NoJ ACHCTBUEM PaCTATUBAOLIEH CUJIbI
f, MHIYIIUPOBAaHHOW B3aUMOJICHUCTBUEM IICIH C BHEIITHUM
S(l)q)eKTI/IBHbIM IOJIEM, CO3JaBaCMbIM COCCIHUMMU L CIISIMU
A = afl(kgT) — >bdexTuBHas padoTa, IOTpauCHHAs HA
OPHMEHTALINIO KaKOTO-TM00 CETMEHTa LIENH BIOJIb BEKTOpa
pacTsruBaroiel cunsl; @ # 0 — HEKOTOpast BCHOMOIaTeb-
Hasl BeJINYUHA.

MO’KHO 1TOKa3aTh, YTO CYIIECTBYET KJIACC TOYHBIX aHa-
JUTHYCCKUX PEUICHNH ypaBHEHUS (2) I MOACTeH TOH-
MEPHBIX IIETICH, B KOTOPBIX 3aBUCUMOCTH CTAaTHCTHYECKOH
CYMMBI OT PacTSTHUBAIOLICH CHIIBI UIMEET CJICTYIOLINI BUI:

Z(A) = coshP(cA),

TJIe ¢ — HEKOTOpasi KOHCTAHTA.

K Takum MonensM OTHOCSTCS LIENH Ha JIMHECHHOU
(Z(A) = cosh(4)), mnockoii kBaaparHoit (Z(A) = cosh2(4/2)),
anMasHom (Z(A) = coshz(A/\/g)) 1 00BEMHO-TICHTPUPOBAH-
HOIt KyOuueckoit (Z(A) = cosh3(4/3)) (OIIK) peuierkax.
[MoTenmuan V(z) mist 5TUX MOJENEH ONMUCHIBAETCS ypaB-
HCHHEM:

V(z) =B ln cos ZL 3)

a. max

Ecnun g — KoopuHAIMOHHOE YHCIIO peHJeTK\I}Ilﬂ/ICHO
Ommxaiimux coceneit), To B =10g,g(2), a L, =V 2/3 nns
aJIMa3HOM permeTku u L, = 1 1714 BceX 0CTanbHbIX.

K coxanenuto, HalTH CTOJNB K€ MpocToe peieHue (3)
JUlsl IPYTHX MOJeJel, B YaCTHOCTHU ISl IPOCTOM KyOude-
ckoil pereTk (Z(A) = (cosh(4) + 2)/3), He npexacTaBnsiercs
BO3MOXKHBIM. O/IHAKO IMHUTAIIMOHHOE MOJICIINPOBAHHE, KaK
NPaBHJIO, OCYIIECTBICTCS HIMEHHO Ha IPOCTOI KyOuye-
CKOM pelieTke BBHIY MPOCTOTHI peali3aliy ajJropuTMa.
Hawnbonee 61M3KkuM THTIOM peIIeTKH K MPOCTOI KyOnde-
ckoit sBisercst OLK pemrerka.

[Mpodunas xuMmudeckoro moteHumana u(z) = Viz) — V
SIBIISIETCSI OCHOBOIIOJIATatoIel XapaKTepPUCTHKOM MOITMMep-
HOM IIETKH, 3Hasi €r0 MOXKHO PAacCYMTATh BCE OCTAJIbHbIC
KOH(OpMaIMOHHbBIE XapaKTePUCTHKH. B yacTHOCTH, Mpo-
(uib 00BEMHOM J10JTM MTOJMMEpPA B YCIOBUSX arepMHUye-
CKOTO PacTBOPUTENS CBSI3aH C NOTEHIHAIOM CIEAYIOIUM
o0pazom:

u(z)
=1—exp—=. 4
0o(2) eka o 4)

B
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Yucaenublii Meton CxoliTeHca—Diaupa

Uucnennsiit Mmeton Cxoitrenca—®mupa [36], Tak xe
KaK ¥ aHaJIUTHUECKUH TTOIXO0/1, OCHOBAH Ha IPHOIIKECHUN
CpEIIHETO MOJIs, HO OH CBOOOJICH OT OrpaHWYEHHH, Halara-
€MBIX MPHOIKEHUEM CHIIBHOTO PaCTSHKEHHsL. DTOT MOJ-
XOJI MCHOJIb3YET JUCKPETHOE PELICTOYHOE NIPEACTABICHUE
npocrpancTsa. [IpocTpaHCTBO IPHHUMAETCS COCTOAIIUM
U3 y3II0B IIPOCTOH KyOMUEeCKOl PEIIeTKY C IaroM paBHbIM
JINHEHHOMY pa3Mepy MOHOMEPHOTO 3BeHa a [34]. V3l
pELICTKH OPraHU30BaHbI B CJIOM, KOTOPBIE PACIIONOKEHBI
TapaJuIeTbHO MTOBEPXHOCTH PUBUBKH U TIPOHYMEPOBAHbI
Kak 2= 0, ..., Z.c CIOM z =0 COOTBETCTBYET NMOBEPXHO-
CTH IIPUBHBKHY, B cJ10€ z = | UKCHpyeTCs IePBbIif CETMEHT
nerm. OObeMHas 107151 () MOHOMEPHBIX 3BEHbEB M XUMUIe-
CKHH MMOTEHIINAN ¥ CYUTAIOTCS IOCTOSHHBIMHU B IIpe/ienax
OZIHOTO CJIOSI ¥ M3MEHSIIOTCSI TOJBKO B HATIPABIICHUH Z.

OcHoBHast 1 OOKOBbIE LI€MU MPUBUTHIX MaKpOMOJie-
KyJI pacCMaTpUBAIOTCS KaK CBOOOIHO-COUICHEHHbIE [ETH
BO BHeUIHeM 3 deKkTUBHOM moie u(z), MHIYHPOBAHHOM
MEXK- U BHYTPHUMOJICKYJISPHBIMU B3aUMO/ICHCTBUSIMH.
Koppemsitn 6osbiiiero paauyca 1eHCTBAS HTHOPUPYIOTCSI.
[epexpriTHE ABYX CErMEHTOB Ha y3JI€ PEIIETKN pa3pere-
HO, HO CHJIBHO HUBEJIUPYETCS YCIIOBHEM HECKMMACMOCTH:

0(2) +o2) =1, vz,

rae ¢(z) u @ (z) — oObeMHBbIC 10IM HONUMEPA U PACTBO-
pures.

CBobosHast sHeprus F, mpuxosIascst Ha OHY Makpo-
MOJIEKYJTY, B YCIIOBHSIX aT€PMHUYECKOTO PACTBOPUTEIIS OIIpe-
JeNseTCs KaK OTPUIATEIBHBIN JIoTapu(M CTaTHCTHICCKON
CyMMBI O TIPUBUTHIX MaKPOMOJIEKYIT B TIONIE 3 (HEKTUBHOTO
xuMHI4deckoro rnoreHmmana [34] (-lnQ[u]) 3a Beraerom pa-
00TBI 3TOTO TIOIIA Y U(Z)P(2):

z
17=Zmax
F=-1nQlu@)] = ¥ u@o@)Az.
G =0

Pacder npoduins o0beMHOM H0H ¢(z) ¥ TpoHIIS TTO-
TEHIaNa u(z), COOTBETCTBYIOIIETO MUHAMYMY CBOOOITHOM
SHEePIruy NPHU YCIOBUU HEC)KUMAEMOCTH, TOCTHTACTCS Y-
TEeM ONTHUMH3AINHU (QyHKIFOHATIA!

F=Flo(), u@)} + rzo "4@)9(2) + 0y(2) — 1Az,

rae o(z) — mone Jlarpanxka (Habop MHOXuTenen Jla-
TpaHka).

Munumu3anust GyHKIHoHaAa F 1mo ¢(z) MO3BOJISICT
BBIYUCIUTD TOTEHIHAI U(Z):

o 0= uz) — a2
—=0> u(z) <« a(2).
30(2)
Munumuzaius F o u(z) gaet cnocod BBIYHCICHHUS
pacrpeneneHus: 00beMHOI 1011 ¢(2):

8(-In0)

S,
=0=0(2) « Su2)

du(z)

[Mone Jlarpamxka 0/(z) BEIYUCISICTCS B XOJIC HTCPATUBHOM
MPOLEAYPhI TPAJUEHTHOTO CITyCKa!

OF
wz) o+ h% = (2) T hlop(2) + @y(2) — 11,

e h < 1/2 — BenuyMHA 11ara CXOAUMOCTH.
OOmmit anropUT™ BEIYUCIUTEIFHOM IPOIEIYPhI COCTO-
UT U3 CIEAYIOUINX MUKINYECKHA OBTOPSIOIIUXCS [IIaroB.
[Mar 0. Maunmanu3upyemM MPOU3BOJIBHOE IMOJE
Jlarpamxa (Hanpumep, HyJIEBOE):

a(z) :==0.

[Iar 1. Beruucasem craructudeckuii Bec bonbiimMana
(BEpOATHOCTH HAXOXKICHHS JTFOOOTO MOHOMEPHOTO 3BEHA
WA MOJIEKYJIBI PACTBOPHUTEINA B Z-M CJI0€):

Wi(z) = expia(z)}.

[ar 2. 3ajaeM HauanbHbIE YCIOBUS Ul MaTPHUIL-IIPO-
naratopos (pyHKIuH ['prHa), KOTOPBIE OMPEEISIIOT BEPO-
ATHOCTH PACTIPE/ICIICHNS] CETMEHTOB C HOMEPOM S TIO CIIOSIM
C HOMEPOM Z.

HauansHoe ycioBue oOparHOro mpomararopa s 6o-
KOBBIX IICTICH:

Garrmb(z’ s=n+1)=Wy(2).

IIpsmoit m oOpaTHEII TmpomaraTopsl I 0CHOBHOM
LeTH:

Gf(Z = 1, S = 1) = WB(I)Gal‘m,b(Z = D, s = Nb) = WB(Z)'

[Mar 3. «3anonHAaeM) MaTPULBI-IPONAraTopsl MO cle-
JYIOIINM PEKypPPEHTHBIM (popMyIam:

1 4
G(s, z) = Wy(2) ng(s -lLz-1)+ ng(s -1,z)+

1
+Glo- 1z,

1 4
Gy(s, z) = Wg(2) ng(s +1,z—-1)+ ng(s +1,2)+

1
+ng(s+ Lz+1)].

Ecnu HOMep cermMeHTa s COOTBETCTBYET TOUKE BETBIIE-
HUSI, TO BEPOSITHOCTB €T0 HAXOXK/ICHHS B Z-M CJIO€ BBIYHCIIS-
eTcs KaK BEpOSITHOCTh BCTPEUH JIBYX Iiernell MapkoBa mpu
«OImy X TaHUM» 10 OCHOBHOM LI€NH U 110 OOKOBOH LE€NH OT
CBOOOTHOTO KOHIIA /10 TOYKU BETBIICHHUS:

Gy(s, 2) = Gpls, 2) Gy (2, s = 1)/ Wi(2),
Gy(s, 2) = Gp(s, 2) Gy p(2, s = 1)/ Wp(2).

[ar 4. «3amoxHseM» MPOIIaraTopsl [T MPSIMOTO «OITy-
XOaHUSA» 110 6OKOBBIM IEIIsIM OT TOYEK BETBJIICHHUA K CBO-
OOHBIM KOHIIAM:

Goym, (s =1,2,k) =
=Gs=km+1,2)Gy(s=km+ 1, )/ Wy(2),
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Gom f(s# 1,2, k) =
_ Wp(z)

= G (5 1.2~ 1L+ 4G (5~ L2 )+
+ Garm,f(sf 1,z+1, k)],

rae k — TOpSAAKOBBIN HOMEp OOKOBOH Henu (cuuTas oT
MPUBUTOTO KOHIIAa OCHOBHOMH LIETIH).

[ITar 5. PaccuuThiBaeM pacnpeiesieHue 1o ClIoAM nap-
[UAJTLHON CTAaTUCTUYECKON CYMMBI ¢(2):

1 s=Np
q(2) == X Gz, )Gplz, 5) +
ZON =R
k=Np/(m—1) s=n
+ Z Z Garm,f(zs S, k)Garm,b(Z’ S) .
k=1 s=1
IIar 6. PaccunTthiBacM pacrpeaesicHue 00beMHOM
JIOJIN:
z
o(z) = F—Z:I( ) No.
Zl q(2)

[Mar 7. IToBropHO BbruKcsieM none Jlarpanxka:

o(z) = a(2) + hle(2) + oyz) - 1].

[Iar 8. HaxoauM OTKJIOHEHHE OT YCJIOBUS HEC)KHUMa-
€MOCTH:

Z7Zmax
€= | Y [0@)+ o,z — 117
z=1
Ecnu oTknoHeHne Goiblie yKa3aHHOTO 3HAYCHUS
(e > 10-8), Bo3Bpamaemcs k mary 1. B mpoTtuBHOM ciiyudae
BBIXOJIUM M3 THKIIA [34].

Pe3yJIbTaTbI H oﬁcym)le}me

J3st TOro 9To0BI TOCTPOUTH MOZEIB, OIICHIBAIOLIYIO
npoduIIb 00BEMHOI 101 MOHOMEPHBIX 3BEHBEB B IIIETKAX
13 TpeOHEe00Pa3HBIX MAKPOMOIEKYI, OTMETHM CIICTYIOIITHIA
(haKT: B yCIOBHAX TayCCOBOIO PACTSHKEHUS OCHOBHBIX Lie-
neit ['TI (H/N;, << 1) npoduns norennuana v(z) = u(z) +v
crpemuTtcs K popme Gpynkuuu (1), KOTOPYIO TaKKe MOXKHO

nepenucarh B BUjIE:
2 2
u(z)y 3 [ mn ! 3 (=

— =z — ZZ:ZaZlk — | 2= S -
kBT 2N Nbl'] 261 lk 2Nb

2

Jpyrumu cioBamu, IpU MajiblX PacTSIKEHUSIX LENeH,
YTO peau3yeTcsl IPU MaJIbIX IUIOTHOCTAX MIPUBUBKH, TIPO-
¢unb norennuana v(z) qst I'11 ananornyen npoduiito
MOTEHIIMAaJa A7 IETKU U3 XKECTKUX JIMHEHHbIX Lenei co
CTENEHBIO MOMUMepH3atun N, 1 JUInHON cermeHnTa KyHa
paBHoii /i =12, TIpu 3TOM TONIIMHA WETKU H, MOKET ObITh
Hali/ieHa U3 YCIIOBUS HOPMHPOBKH PacIpeIeIeHUs 00beM-
HoM tomm nosumepa ¢(z) = 1 — exp[—u(z)/(kgT)]:

z=H
[ 9(2)dz = No = Nyn’c = Nyo ®)
z=0

Takum oOpazom, uccienoBanue meTka u3 [Tl MoxHO
3aMEHUTh U3yYEHHEM LIETKHU W3 JUHEHHBIX Lenel ¢ Toi

JK€ MaKCUMaJIbHO BO3MOXKHOM BBITSDKKOHM, HO ¢ OOJIbIIeH
TEPMOAMHAMHYECKON KECTKOCTBIO [ = 2 1 Goublieii 3¢-
(eKTHBHOI [IIOTHOCTBIO IPUBUBKH Gppy = N2 = 6/6 450
KOTOpast O CYTH SIBJIIETCS] OTHOILIEHHEM JECHCTBUTEIbHON
IUIOTHOCTH MPUBHUBKU K MAaKCHMAJIbHO BO3MOXKHOM JUIS
3aaHHOM apxuTekTypsl ['T1.

BriBuHEM THIIOTE3Y, 9TO OMHCAHHOE MOJEIBHOE OTO-
Opaxenue u3 MHOKecTBa '] meTOk B MHOJKECTBO IIETOK
U3 JMHEHHBIX IIETICH CIIPaBEUINBO HE TOJIBKO MPU MAalIbIX
TUIOTHOCTSX TPUBUBKH, HO M JJIS BCETO MHTEpBasia 3Ha-
deHuii 6y € (0, 1). Torna norenuman I'l merok Takke
JIOJDKEH ONMCHIBATHCS ypaBHEHHEM (3) MPHU MOAETHPOBA-
uuu neneit Ha OIK pemretke u Onu3KoN K HEW MPOCTOMH
KyOMUYEeCKOW pelIeTKax.

Paznoxum ypasaenue (3) B psit MakiiopeHa 1o Majiomy
napamerpy z/(aNp):

2
nz 2 z

T
V(z) =B In cos =Bl—)1—] -
() B 261Nb B 8 aNb

[TpeneOperas wieHaMu pa3JIOKEHUS BBILIE BTOPOTO
MOPSIIKA W TIPUPABHAUBAS IOTCHIHANEI V(z) 1 v(z), HalieM,
410 3HauYeHue Koddduienta B pasuo 3/m2.

C yueToMm ypaBHeHHS (4) IMOITyYUM HCKOMOE YHHBEp-
CalbHOE aHAJIUTHYECKOE BEIPAKEHNUE, ONMCHIBAIOLIEE IPO-
(hmb 06BEeMHOM 10T MOHOMEPHBIX 3BeHbeB [ 11 meTku Bo
Bceli 00JIaCTH MJIOTHOCTEH MIPUBHUBKH (U, COOTBETCTBEHHO,
BO BCEH 00JIACTH PACTSHKEHHUST OCTOBOB MaKPOMOJIEKYI ):

3
nH -
n

Cos
aNb

e@O=1-| "7 |- (6)

Ccos
ZCIN],

rae H — TONIIMHA METKH, MOyYeHHAs U3 yCIOBUS HOP-
MHUPOBKH (5).

Jlyist MpOBEpKHU BBIJIBUHYTOM THIIOTE3bI M, COOTBET-
CTBEHHO, NOIyUYeHHOU U1 O(z) popmyisl (6), ObLIT IpOBe-
JICH sl IPSMBIX YHUCJICHHBIX MOJCIUPOBAHUH IIETOK M3
I'TI na xyOuueckoii pemerke MetogoM CxoiireHca—®Prmpa.
Ha pwuc. 2 npeacrapneHs Ipopd 00bEMHON TOMH IS
MONMMMEpHBIX meTok n3 [Tl pa3nuuHoil pa3BeTBICHHOCTH
1) IpH pa3HbIX AP()EKTUBHBIX UIOTHOCTSIX TPUBUBKH.

U3 rpaduxoB (puc. 2) BUAHO, YTO AaHHBIE, TOTyICHHEIC
YUCJIEHHBIM MOJICTHPOBAHUEM C OOIBIION TOYHOCTHIO,
COIVIaCyIOTCS C MPEIIOKEHHON aHATMTUYECKONH MOJIEIBIO
(6). Takum 06pa3oM, MOXKHO YTBEp:KIaTh, 9TO THIIOTE3a O
MIPUMEHUMOCTH MPECTABICHHON MOJIENTH MOATBEPIKIAETCS
Ha ypOBHE YHCIICHHOTO MOAEIHPOBAHUS.

[Tpun yBenuuenun 3pHeKTHBHON IIOTHOCTH NPUBUBKH
npo I 00bEMHOM T0JH ((z) €CTECTBEHHBIM 00pa3oM Me-
HSIOT CBOIO (hOpMY ¢ mapaboanyeckoil Ha (JOpMy CTYIECHb-
KH, TaK KaK B IPEJENC G,y = | HPUBHUTHII OTMMEPHBIN
CJIOH MpeACTaBISIET COO0M «CyXYIO» IMIETKY, TTOJIHOCTBIO
3aI0JTHEHHYIO0 MOHOMEPHBIMH 3BEHBSIMH H HE COZIEPIKALITYTO
Moiekyn pactBoputens (¢(z) = 1 npu z < Np). Onnako
IIPU YBEIMYEHUH pa3BeTBIeHHOCTH NpuBUTHIX I'TI ma-
TO @(z) = const oTYETIIMBO HabIIOIACTCS TIPU Bee Ooliee
MeHbIINX 3PPEKTUBHBIX IUIOTHOCTSIX MPUBUBKH, YTO MO-
JKET OOBSICHATHCS] YBEJIMUCHHEM HaBEJICHHON KECTKOCTH
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a
—_ Geffi 0,9
— Gq_// : 0,8
—0,,= 0,7
Oy 8?
5 =

— eff ’

N 7

= G, =04
— Geﬂi 0,3
—0,= 0,2
—o,= 0,1

. = .

o(2)

0,0

—o0 =09
—o0 ,=08
—0,,= 0,7
— 0, = 0,6
—0,= 0,5

0= 0.4
—=0,_,= 0,3

—0,= 0,2

—0,= 0,1

o(2)

o(2)

0,0 04 0,8 12
z/(aN,,)

Puc. 2. TIpodunn 06beMHOMN 10711 MOHOMEPHBIX 3BEHBEB LIETOK U3 IpeOHE00Pa3HBIX TOJIUMEPOB ISl Pa3HON CTEIICHU
pasBeTBiIeHHOCTH npuBUTHIX enei: N =1 (a); =2 (b); N =3 (c¢); n =4 (d) B npuBeaeHHbIX koopauHaTax. CINIOMHBIMA JTHHUSIMH
0003HaueHbI JaHHbIE MOAENUpPOBaHUs MeTonoM CxoliteHca—Dnupa, MyHKTUPHBIMU — COOTBETCTBYIOIINE aHATUTHIECKHE
3aBUCUMOCTH (6)

Fig. 2. Profiles of the volume fraction of monomeric units of brushes with comb-like chains for different branching degree of grafted
chains: =1 (a); n=2 (b); 1 =3 (¢); n =4 (d) in reduced coordinates. Solid lines represent simulation data by the Scheutjens—Fleer
method, dashed lines correspond to the analytical dependences (6)

OCHOBHOM LIEMH C BO3pACTAHUEM CTCIICHH MOJIMMEPH3AIUH
OOKOBBIX IIETICH.

C mpaxTHYeCcKOW TOUYKH 3peHHUS OONBIION HHTEpEC
IIPECTABIAET BO3MOKHOCTh TEOPETHYECKOTO MPOTrHO3H-
POBaHMSA CPEAHEH TOIIIMHBI IETKHU:

u cpeuHeﬁ IIJIOTHOCTH MOHOMEPHBIX 3B€HLEB!

z=H
[ 9*(2)dz
z=0

()=
iotp(z)dz

3aBHUCHMOCTH JAAHHBIX XapaKTCPUCTUK OT Geﬁ(-B COI10-
CTABJICHUHN C TCOPCTUYCCKHMMHU KPUBBIMHU NPUBCACHBI HA

puc. 3. TonumHa METOK 0XUAAEMO YBEININBACTCS, & CPe/l-
HSIS TNIOTHOCTh YMEHBIIAETCSI C POCTOM PAa3BETBICHHOCTH
npuBHUTHIX ['TI 1) Ipy 0ANHAKOBBIX BEMUUUHAX 3P PEKTUB-
HOH TUIOTHOCTY NMPUBUBKH ¥ KOHTYPHOMU JUTMHBI OCHOBHBIX
Tereit MaKpOMOJIEKYJT, YTO OCOOEHHO BBIPAYKEHO B CPEIHEH
0011acT 3HAYCHUH G, OTMETHM, YTO CPEAHSIS IIIOTHOCTD
CTPEMUTCS K JMHEWHOH 3aBUCUMOCTH OT 3((HEeKTUBHON
w10THOCTH TpuBUBKH ['TI ¢ pocTOM pa3BeTBIEHHOCTH U
MIPAaKTHUUYECKH €€ BOCIIPOU3BOAUT Ipu 1| = 4. 13 3T0r0 MOX-
HO 3aKIIIOUUT, YTO Gy BISCTCS YAOOHBIM YIPABISIOLIM
napaMeTpoM JJIs ONpeesIeHHs] CPEeAHEN NIOTHOCTH.

Takxke ciemyer OTMETHTB, YTO MPEICTABICHHBIC B pa-
60Te 3aBUCHMOCTH MOKa3aHbI B IPUBEICHHBIX KOOPUHATAX
(z/(aNp)) Ha puc. 2 u (H)/(aNb) Ha puc. 3) ¥ TOATOMY SIBIIS-
I0TCSl YHUBEPCAIBHBIMH JUTS PA3HBIX CTETIEHEH MTOIMMEPH-
3alH OCHOBHBIX Lienelt Ny, (pu Ny, >> n U pacTBOPUTEIH
aTepMUYECKHU).

Jls1s1 TOro 4to0B! JTFO00M KEIAIIHA UMET BO3MOXK-
HOCTh CAaMOCTOSITETIbHO BOCIIPOM3BECTH JJaHHBIE, TIPE/ICTaB-

402

Hay4yHOo-TexHn4eckuii BECTHUK MHPOPMALMOHHBLIX TEXHONOMMIA, MeXaHuKn 1 ontukn, 2025, Tom 25, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2025, vol. 25, no 3



M.B. Nlyknes, N.B. Muxaiinos, O.B. bopucos

a
j ‘-._—'.—--A_:::-—,:,:"
.—“"‘ ”,” /.’
.”" —," ,//
. g ,}*’ 4
/” ",,, ’/’
— Ve ’,f o B
= - y
Zu ] * /,9' o
s | T
~ e ,./
02{ ¢
g e N= 4’0
) =30
_ e = 2,0
(] n = 1,0
0,0 l l ! T T
0,0 0,4 0%
O

0,8 1

()

0,4

0,0 & . ; : : ,
0,0 0.4 0.8

G

Puc. 3. 3aBUCUMOCTH KOH(POPMAIIMOHHBIX XapaKTEPHUCTHK MOJMMEPHBIX IMIETOK U3 rpeOHe00pa3HbIX MOIUMEPOB OT P PEKTHBHOIT
TUIOTHOCTH NIPUBUBKH O o MAKPOMOIIEKYJI: CPEAHEH TONILMHBI LIETKA B NIPUBEACHHBIX KOOPAMHATAX (@) M CPEAHEH TIIOTHOCTH
MOHOMEPHBIX 3BeHBEB B IIeTKe (D).

Toukamu 0603HAYCHBI JaHHBIC MOACIIUPOBAHUS METOJOM CXOI‘/’ITCHC&*‘I’J’II/Ipa, ITYHKTUPHBIMU JIMHUSIMUA — COOTBETCTBYIOIINEC
AHAJIMTUYCCKHUEC KPUBBIC

Fig. 3. Dependences of conformational characteristics of polymer brushes with comb-like chains on the effective grafting density 6,4
of macromolecules: average brush thickness in reduced coordinates (a); average density of monomer units in the brush (b).

Dots represent simulation data by the Scheutjens—Fleer method, dashed lines correspond to analytical curves

JICHHBIE B HACTOSMICH paboTe, pa3MeIleH MpoTrpaMMHBIT
KOJI JUIs pACYETOB B OTKPBITOM JIOCTYTIe Ha si3bike Python!.

3akaouenune

B pamkax mMopeny pacTsoKeHHsI HA 0ObEeMHO-IICHTPH-
pOBaHHOW KyOMYECKOU pelIeTKe aHATUTHICCKH BhIBEICHA
yHHUBepcaibHas Gopmyna mpoduiis 00eMHON IO MOHO-
MEpHBIX 3BE€HBEB MOIMMEPHBIX MIETOK B ITMPOKOM JIHAITA30-
HE TJIOTHOCTH MTPUBUBKH. [IpOBeicH aHAaI3 3aBHCHUMOCTH
CpPEIHEN TOJILIMHBI LETKU U CPEIHEN NIIOTHOCTH MOHO-
MEPHBIX 3BEHBEB OT CTEIECHH Pa3BETBICHHOCTH OOKOBBIX
Hereit 1 B yka3aHHOM JiMana3oHe 3HadYeHu i 3 PpeKTHBHOM
IIJIOTHOCTHU HpI/IBI/IBKI/I Geff‘

! [Dnexrponnslii pecypc]. Pexnm poctyna: https:/github.
com/IvanMikhailovIMCRAS/ascf.git (nata oOpamenus:
30.12.2024).
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AHHOTAIUA

Beenenne. CHHITIETHBIH KHCIOPOJ OTHOCHTCS K METacTaOMIbHBIM aKTHBHBIM (GopMam Kucioposa. CHHITIETHBIN
KHUCJIOPOJ] Y4acTBYeT B PsiJic OMOXMMHYECKUX PeaKLHii 1 (PH3HOIOINUECKHX HPOLECCOB. DTO MPEAIOIaraeT BOSMOXKHOCTb
€ro NPUMEHEHHUS 1715 pEelIeHNs] IPUKIIaJHBIX 3a1ad MEIULIHHBI U B chepax 6e30IaCHOCTH KU3HEAEATENbHOCTH YeT0BeKa.
Braromapst CBOMM OKHCIUTENBHBIM CBOICTBAM (P(HEKTUBHO YHUUTOKAET MAaTOTEHHbBIE OPTaHU3MBbI, BKIIIOYasi OaKTepuH,
IpUOKH M BHPYCHI, @ TaK)XK€ UCIIONB3yeTCs B (DOTOAMHAMUYIECKON Tepamuu ISl JICUCHUS PA3INIHbIX 3a001eBaHHH,
BKJIIOYAsi OHKOJIOTHYECKHE U JAEPMATOIOTHIECKUE MAaTOIIOTHH. J{JIsl ero TreHepanuy TPaJUIHOHHO PUMEHSIOTCS
(doToceHcHOMIN3aTOPHI, KOTOPBIE MMEIOT PSJl 3HAYHTENIBHBIX HEJOCTAaTKOB, TAKMX KaK TOKCHYHOCTH, HU3Kas
CEJIEKTUBHOCTH 110 OTHOIICHHMIO K ITOPaYKEHHBIM KJIETKAaM ¥ HEOOXOAMMOCTH MCIOJIB30BaHUS MOIIHOTO ONTHYECKOTO
n3nyueHust. OZHUM M3 peLIeHUH dTHX MPoOJIeM SIBISIeTCS MPUMEHEHHE (OTOKATAIUTHYECKUX MaTepHajioB, KOTOPbIE
TeHePHUPYIOT CHHIJICTHBIH KHUCIOPO/] KaK B JKH/KOW, TaK U B Ta30Boi cpenax. B ra3oBoii (ase Bpems HU3HH MOJIEKYIT
CHHIVIETHOTO KHCJIOPOJa 3HAYUTEIbHO BBIIIE, YEM B JKUAKOCTIX. MccaenoBaHue METO0B FeHEpalluy CHHITIETHOTO
KHCJIOpOJa B Ta30BOU (pa3e ceromHs sBISETCS aKTyalbHON HAaydHOW 3ajaueii. B Hay4HOI nuTeparype OTCyTCTBYIOT
ITyOIUKaIUY, ONTUCHIBAIOIINE KAYeCTBEHHbIE M KONIECTBEHHBIC XapaKTePHCTHKY TeHEPHPYEMBIX BO3AYIIHBIX CMECEH,
00OTaIIeHHbBIX aKTUBHBIMH (hopMaMu kuciopoza. Pa3paboTka reHepaTopoB CHHITIETHOTO KHCIOpPOZA B ra3oBoi dasze
aTMOC(EPHOTO BO3IyXa MPEACTABISIET COO0H aKTyaIbHYIO 3a1ady, IMEIOIIyI0 MHOTO (pyHKIIHOHAIBHBIX MTPUIIOKEHAI
B 00JaCTAX MEIUIIMHBI M TEXHOJIOTHH Oe3omacHocTH. MeTon. B HacTosiel paboTe mpecTaBiIeH U HCCIeI0BaH
9KCIEPUMEHTAIBHBINA 00pa3er npubopa sl TeHepaly CHHITIETHOTO KUCIOPOAa B ra3oBoil (ase arMochepHoro
Bo3ayXa. IIpy ero mpoekTHpoBaHUH MCHONb30BaHbl HAYYHBIE UCCIEAOBAHUS aBTOPOB IO CO3AAHHIO OPUTHHAIBHOTO
(hOTOKATATUTUIECKOTO HAHOKPHCTAIIHYECKOTO TTOKPHITHS Ha ocHOBe ZnO-Sn0,-Fe,03, croco6HOro B yCloBHAX
BO3JICHCTBHUS ONTHYECKUM H3IyYCHHEM, ONM3KHUM K BUIUMOMY CHEKTpY (IauHa BoIHBI 405 HM), K TeHepaInu
CHHIVIETHOTO KHciopona. OcHOBHBbIE pe3yJbTaThbl. PaspaboTana opuruHanbHas Moaens mpudopa. OcoOeHHOCTHIO
YCTpOHCTBa SIBISIETCSI IPUMEHEHUE (OTOKATAIH3aTOpa MHOTOPAa30BOT0 MCHONB30BaHMs. [IpuMensieMble MaTepHabl
HCCIIEIOBaHEl METOJJaMH PEHTTeHO()Aa30BOTO aHATIH3a U aTOMHO-CHJIOBOH MHUKPOCKOIMHUH. AKTHBHOCTH T€HEpalnu
CHHIJICTHOTO KHCJIOPOJa OIIEHEHa METO/IOM 3JIEKTPOHHOTO ITapaMarHUTHOTO pe3oHaHca. JlIoCTUTHYTast CKOPOCTh
(oToreHepalu CHHITIETHOTO KUcaopoaa coctaBmina 100 (MKkMoIb/i)/MuH. PacueTHast KOHIICHTPAIHSI CHHITICTHOTO
KHUCIIOPOZIa B BO3/LyXe Ha BBIXOJIE YCTPOWCTBA MPH HOPMAJIBHBIX YCIOBHSX B 30HE pabOTAOIIEro TeHepaTopa, 1o BeTMIHHE
ckopocTH (oToferpaganun Kpacutelns pogamuHa 6JK B OPUCTOM CTekse, cocTaBuia Benuuuny 10 (MKMOIIB/JT)/MHH.
IIpeacTaBneHHBIN MPOTOTHN MPUOOPA OTAUYACTCS HU3KUM KIACCOM PHEPTOMOTPEOIeHUs, HKOIOTHIECKOM
0€30MacHOCTBIO, JOCTYITHOCTHIO MaTepPHaoB, HCIOIb30BAaHIEM H3ITYUCHHS, OJU3KOTO K BUANMOMY CIIEKTPY, a
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J1.J1. XomyTuHHuMkoBa, E.IM. beikos, C.A. MNnacuoB n ap.

TaK)Ke BO3MOXXHOCTBIO T€HEpAIlUU CHHIVICTHOTO KHCIOpoaa 0€3 TOKCHYHBIX OKUCISIONINX npuMeceid. OocyxkaeHne.
Pa3paboTaHHbIil MPOTOTUI TEHEPATOPA MPEANOIaracT BO3MOXHOCTD CO3IaHUS Psia ero MOTU(BUKAIINKA T CO3MaHNs
JMHEWKN MHOTO(GYHKIMOHATIBHBIX PUOOPOB: MHINBHIYaIbHOTO, TPYIIIIOBOTO MPUMEHEHUs C JIeueOHOM 1eNblo, UTs
peleHnst KOHCTPYKTOPCKHX 3a7ad obecnedeHus: 6e30nacHON Cpebl KU3HeAeATeIbHOCTH U Apyrux. CenekTuBHas
reHepanus CHHIJICTHOrO KHCIOPO/a MO3BOJSIET MPUMEHSTh MPUOOPHI IS PEIICHUsST MEAUIIMHCKUX 3a/1a4 KaK
MpH HEMOCPEICTBEHHOM KOHTAKTe C TKAHSIMHU 4YeJIOBEKa, TaK M IPHU CO3MaHHU BO3AYIIHOW CPEbI [UIS JbIXaHUS U
JKA3HEIEATEILHOCTH YEI0BEKA.

KiioueBrble c10Ba
TEHEPaTOp CHHIJICTHOTO KUCIOPOJIa, OKCUJI IMHKA, POTOKaTaIN3, (OTOKATATUTHICCKHE HAHOCTPYKTYPBI

Ccepuika pis nutupoBanus: Xomytuaaukosa JLJIL., beiko E.IL., IisictioB C.A., EBcrponseB C.K., Memxkosckuii 1K,
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Abstract

Singlet oxygen is a metastable reactive oxygen species involved in numerous biochemical reactions and physiological
processes. This suggests its potential applicability in addressing practical challenges in medicine and human safety.
Due to its oxidative properties, singlet oxygen effectively eliminates pathogenic organisms, including bacteria, fungi,
and viruses, and is utilized in photodynamic therapy for the treatment of various diseases, including oncological and
dermatological pathologies. Traditionally, photosensitizers are employed for its generation; however, they exhibit
significant drawbacks, such as toxicity, low selectivity toward affected cells, and the requirement for high-intensity
optical radiation. One promising solution involves the use of photocatalytic materials capable of generating singlet
oxygen in both liquid and gaseous phases. The lifetime of singlet oxygen molecules in the gas phase is substantially
longer than in liquids. Investigating methods for generating singlet oxygen in the gas phase represents a pressing
scientific challenge. Currently, there is a lack of publications in scientific literature describing the qualitative and
quantitative characteristics of air mixtures enriched with reactive oxygen species. The development of singlet oxygen
generators in the gas phase of atmospheric air is an urgent task with multiple functional applications in medicine and
safety technologies. This study presents and examines an experimental prototype of a device designed for generating
singlet oxygen in the gas phase of atmospheric air. The design incorporates the authors’ research on the development
of an original photocatalytic nanocrystalline coating based on ZnO-SnO,-Fe, 03, capable of producing singlet oxygen
under irradiation with optical radiation near the visible spectrum (405 nm). A novel device model has been developed,
featuring a reusable photocatalyst. The materials were characterized using X-ray diffraction analysis and atomic force
microscopy. Singlet oxygen generation activity was assessed via electron paramagnetic resonance spectroscopy. The
achieved photogeneration rate of singlet oxygen was 100 (umol/L)/min. The calculated concentration of singlet oxygen
in the air at the device outlet under normal conditions, determined based on the photodegradation rate of rhodamine 6G
dye in porous glass, reached 10 (umol/L)/min. The presented prototype exhibits low energy consumption, environmental
safety, cost-effective materials, utilization of near-visible spectrum radiation, and the ability to generate singlet oxygen
without toxic oxidizing byproducts. The developed prototype allows for the creation of multiple modifications, enabling
a range of multifunctional devices for individual or group therapeutic use as well as for engineering solutions aimed
at ensuring a safe living environment. Selective singlet oxygen generation permits the application of these devices in
medical settings, both for direct tissue contact and for establishing breathable air environments conducive to human life.
Keywords

singlet oxygen generator, zinc oxide, photocatalysis, photocatalytic nanostructures
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[eHepaTop CMHIMETHOro KMcnopoga B ra3osomn ¢pase atMmochepHOro so3agyxa...

BBenenue

BrIgensror aBa MpakTUYECKUX HATPABICHUS IPUME-
HeHHs cuHIIEeTHOro kuciopona (10,) B MeqUIUHCKO#M
npaktuke: ¢poroguHamudeckas tepanust (OIT) [1] u Bo3-
neficTBre Ta30BBIMH cMecsamu [2—4]. B pedepupyempix
M3JaHUsX 3a nocienHue Tpu aecsrka jget reme OT no-
cBameHo 6onee 2000 mybnukanuii. HecmoTpst Ha cBOUM
JOCTOWHCTBA, METO UMEET PsJl OTPAHNICHUH, CBSI3aHHBIX
C MaJIbIM BPEMEHEM KH3HH aKTHBHBIX (OPM KHCIOpOJa
(ADK), HETOCTATOYHOH CEEKTUBHOCTHIO 110 OTHOLICHHIO
K KJIETKaM C IpPU3HAKaMH MaTOJOTHH, HEOOXOIMMOCTHIO
HMHBEKIMOHHOTO BBEJCHUs (pOTOKaTaIM3aTopa 1 MHBa3HB-
HOT'O TIPUMEHEHHS ONTHYECKOTO M3JIy4areist B IOJIOCTH
opranusma [5]. [Ipu 3ToM U3-3a KOPOTKOTO BPEMEHHU >KU3HU
monekyn ADK [6] TepaneBTHYeCKasi HHTCHCUBHOCTE (O-
TOXUMHYCCKUX MPOIIECCOB CIIOCOOHA Pa3BUBATHCS TOIBKO
in situ — Ha TTOBEPXHOCTH HETIOCPECTBEHHOTO KOHTAKTa
CBETOBOTO M3JIydYaTels ¢ TKaHBIO, HACHIICHHOH (oTO-
ceHcubmmm3aTopoM. Ho Hambosnee BayKHBIM HETOCTATKOM
@OJIT aBIsIeTCA TOKCHYHOCTH (DOTOCCHCHOMIN3aTOPOB, TT0-
CKOJIbKY B X OCHOBE JIe)KAT OPTaHNIeCKUe KpacuTenu [5].
Pennte 5TH 331a44 BO3MOXKHO C TIOMOIIBIO PUHIIMITHAb-
HO MHBIX TIO/IXOJIOB K reHeparmu 'O,, mpeararoimx BMe-
CTO MHBA3UBHOW (poToreHepanuu GU3HOJIOTUUHbII CII0COO
nHkopropanun ADK myTeM HHraIsiimOHHOTO BBEJICHHUSI.

[TpumeuarenbHO, YTO B Ta30BOH (haze BpeMst KH3HU MO-
nekyi 'O, Ha HECKOJIBKO MOPSIIKOB IPEBOCXOIUT UX BPEMS
JKU3HU B XKUJKOCTAX [6]. B cBsI3M ¢ 3TMM mokaszaHo, 4TO
ra3oo0pasuslii 10, crocobeH MposBIsAThH CBOKO PEAreHTHYIO
CTIIOCOOHOCTH YK€ He in Situ, a Ha paCCTOSHUH HECKOIBKAX
CAaHTHUMETPOB OT MecTa (TIOBEPXHOCTH) (POTOTEHEPAIIHH
A®K [7, 8]. DTO CBUICTENBCTBYET O 3HAYUTEITLHOM MIOTECH-
[paje JaHHOTO HaNpaBIeHus B MeauiuHe. OTHAKO TaHHBIN
crocob ropasno MeHee u3BecTeH. [lo Teme BO3neicTBUA
rasoBbIMH cMecsiME ¢ 1O, B paMkax Hacrosmieil paboThl
ObUTO HalineHo He Oosnee 10 myOnuKkaiuii, OOIbIIAs YaCTh
KOTOpBIX coOpaHa B [2].

W3BectHO [8], 4TO CYyIIECTBEHHOE BIHUSIHUE HA dPPCK-
TUBHOCTH (hororeHepanmu Marepuaiamu ADK okas3piBaet
WX XUMUYCCKHU COCTaB, CTPyKTypa u Mopdomorus. ITo
9TOU MpUYHHE BBIOOp Marepuana-pororeHeparopa AOK
SIBJISICTCST BaYKHBIM JTallOM CO3/IaHHS (POTOKATATUTHIE-
ckoro mpudopa. [Ipu BeIOOpe Matepuana-ororeHeparopa
HEOOXOIMMO YUUTHIBATE CIICKTPAIbHBIC H DHEPIreTHICCKIE
TapaMeTphl HCTOYHUKA BO30YKIAIOMIETO N3y ICHHUS.

Cy1iecTByeT psijl 3apyOSIKHBIX TPUOOPOB-TEHEPATOPOB
JUTSL MHTAJSIIIMOHHOTO crtoco0a Beencaus ADK (Airnergy,
Vital Air), npuMeHsieMbIX B HEBPOJIOT'HH, KapAHOJIOTHH,
peabwiuranuu, CiopTuBHOM Meaunuue [4, 9]. Jlnsa Hux
TIpe/ICTaBIICHbI PE3YIBTaThl KIIMHIYECKOTO MPUMEHEHN [2].
OnHaKo B MPEICTAaBICHHBIX padoTax HEe pacCMaTpPUBAIOTCS
acriekthl reaepannd ADK, a Takke OTCYTCTBYIOT TaHHBIC
JOKITMHIYECKUX MCCIIEOBAaHNH, KOTOPBIE MOTJIH OBI CIO-
coOcTBOBaTh OoJIee MMOTHOMY TOHUMAHHUIO MEXaHW3Ma Jei-
CTBHS H OTIPEACTICHUIO KITMHIYIESCKH 3HAYUMBIX TTOKA3aHHH.

Lemnbio pabOTHI ABISAETCS CO3MaHUE OMBITHOTO 00pasma
npudopa, TeHePUPYIOLIEro U3 Kuciaopoaa Bosayxa !0, ¢
TepaneBTHYecKu-3(QHeKTUBHOI KOHLIEHTpALUen 1JIsl Mac-
COBOTO IIPUMEHEHUSI B MEAMIIMHE, a TaK)Ke OILEHKa €ro
3G GEKTUBHOCTH.

Bri6op doTokaTaMTHYECKOT0 MaTepHaia

Xopomo u3zBectHo, uTo B O/IT mupoko ucnoab3yor-
Csl pa3NIMYHbIC OPraHWYEeCKUEe KPacuTeln, 0bJajaoniye
BBICOKOM CIOCOOHOCTRIO K oToreneparnn ADK u BBo-
TUMBIC B opraHu3Mm narwenTa [ 10]. Huskue ctabuinbHOCT
1 XUMHMYECKasi CTOMKOCTh OPIraHMUYECKUX KpacHUTeJIed BO
MHOTHUX CITydasiX HE OrPaHHYMBAIOT BO3MOXHOCTB UX 3(-
(hDeKTUBHOTO MPAKTHUYECKOTO MpuMeHeHUsl. OQHAKO IS
UCIIONIb30BaHUs B IPHOOpPAX, MPEAHA3HAYEHHBIX IS UTH-
TEJIBHOTO U MHOTOKPATHOTO HCIIOJIb30BaHUS, HE Mperyc-
MaTpHUBAIOLIETO MPSIMOTO KOHTAKTa MaIMeHTa ¢ GpoToKa-
TAJIM3aTOPOM, 11€1eco00pa3HO NMPUMEHEHHE CTAOMIBHBIX
1 BBICOKOO((EKTUBHBIX OKCUIHBIX (POTOKATATUTUYECKUX
marepuanos. LlenecooOpa3HOCTh pa3paOOTKH HOBBIX Ha-
HOCTPYKTYP JUIsl HOBBIIIEHUS 3 PEKTUBHOCTH T€HEPALIUH
10, pacemorpensi B [11].

MHOTOUHCICHHBIMA UCCIIEIOBAHUSIMHU OBLIO TIOKA3aHO,
YTO MHOTHE OKCHJIHBIC MOJIYIIPOBOAHUKN (OKCHJ THTaHA
(TiO,), oxena nuHKa (ZnO), okcun onosa (SnO,) u apy-
rue) 00Jagar0T BRICOKUMH (POTOKATATUTUICCKUMH CBOM-
CTBaMH M CIIOCOOHOCTBIO K ()OTOreHepaunu XUMHYECKH
aKTHBHOTO KHCIIOpoaa. BBemeHne B MMPOKO UCTIONb3yeMbIe
OIHOKOMIIOHEHTHbIE (poTokaranuTuaeckue okcuasl (TiO,,
Zn0O) Moauduuupyromux 100aBoK APyrux okcuaos (SnO,,
oxcup xenesa (Fe,O3) u npyrue) no3poiser chopMupo-
BaTh MOJIyTIPOBOAHUKOBBIE TeTepOCTPyKTypsl [11-13]. D10
o0ecrieunBaeT MOAABICHNE MTPOLECCOB PEKOMOMHALINY B
TMIOJTyTIPOBOAHMKAX (POTOr€HEPUPOBAHHBIX AIEKTPOHHO-/IbI-
POYHBIX TTap M CYIIECTBEHHOE YCHIICHHE UX (DOTOKATAIUTH-
YEeCKOHM M aHTHOAKTEePHATLHON aKTHBHOCTH.

XHUMHUECKUI COCTaB, KPUCTAJUIMUECKASI CTPYKTYpa U
MOP(}OJIOTHS OKCHJIHBIX MAaTEPHUAIOB OKA3bIBAIOT CHUIIb-
HOE BIMSAHHUE HAa UX (OTOKATATUTHUECKYIO aKTUBHOCTb U
crniocobHocTsh K (ortorenepanun ADK. Ipoueccst porore-
Hepanuu ADK nmpoTekaroT Ha MOBEPXHOCTH MaTepHalioB
U TIOBBIIIEHUE UX TUCHEPCHOCTH COMPOBOXKIACTCS 3Ha-
YUTEJILHBIM BO3pacTaHUEM (POTOKATAIUTHUECKON aKTHB-
HOCTH. B CcBs3U ¢ 3THM, 11e71ec000pa3HOCTh NPUMEHEHHS
HAaHOPa3MEPHBIX MaTepUaIOB, 00JIaaloMuX 00JIBIIOH
YZACIBHOW MTOBEPXHOCTBIO 1 BBICOKOH ()OTOKATATUTHYECKOM
aKTUBHOCTBIO, ObIJIa OTMeUeHa B padorax [14, 15].

MaTepnaﬂu H METOAbI

B ocHoBe npejiaraeMoro sKCepuMeHTaIbHOTO 00pas3-
11a JIOKHUT HAay4HBIH 3a/1e]1 aBTOPOB HACTOSIIEH PadOTHI 110
pa3paboTKe OPUTHHAIBHOTO (POTOKATAITUTUIECKOTO OKPBI-
THS, IIpeJcTaBIsitonero coooi cuctemy ZnO-SnO,-Fe, 04
[8, 11]. Kpucrammndeckas cTpykTypa oOpa3iioB Oblia uc-
ClIeIoBaHa PEHTTeHO(a30BEIM METOJIOM Ha TU(PPAKTOMETpe
Rigaku Ultima IV (Rigaku Corporation, Snonws). Cpemarii
pa3Mep KpUCTAJUINTOB B CTPYKType (oTOKarammsaropa
0b11 paccuntan o ¢hopmyie Illeppepa. Mopdomorus u
XUMHWYECKHH COCTaB MaTePHaJIOB H3y4EeHbl METOAAMH CKa-
HUPYIOLIEH 3JIEKTPOHHON MUKPOCKOIIMM C SHEPrOAUCIIEP-
CHOHHBIM aHanu3oM Ha Mukpockone TESCAN VEGA3,
cuabxxeHHoM npucraBkoi Advanced Aztec Energy (Oxford
Instruments, AHIIINS), ¥ AaTOMHO-CHJIIOBOM MUKPOCKOIHEH
(Solver PRO-M (NT-MDT, Poccus), morykoOHTaKTHEIH
pexum, 3081 HA NC Etalon (paanyc KpUBH3HBI OCTpHS
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Menee 10 uMm)). Jlng aHanu3a NpomycKaHUs MOKPBITUH
ucronb3oBaics cnekrpoporomerp «Lambda 850» ¢ obina-
CTbIO JUIMH BOJH 175-900 HM (CkaHMpPYIOIIMI BYXJTyue-
BOH C JIBOWHBIM MOHOXPOMATOPOM), ICTOYHHKHI N3ITyICHHS:
B ynbrpaduoneroBoM (YD) nuanazone — aeifrepuenast
JaMma, B BUAUMOM M OlrkHEM HMH(paKpacHOM Juaraso-
HaxX — TaJOTeHHAs JIaMIla HaKaJTHBaHMsL.

J1s omeHKM cocoOHOCTH Npubopa TeHEPHPOBATH
13 cBOOOAHOTO KucIoposa arMocdepHoro Bosayxa 0,
OBLT IPUMEHEH MeTO. (hOTOFOMUHECIICHIINU. V3MepeHue
cnexkTpoB hochopeciieHy B OMMKHEH HHPPAKPACHO
obnactu 00JIaCTH CHEKTpa OCYLIECTBISIIOCH Ha CIIEKTPO-
Metrpe SDH-IV (SOLAR Laser Systems, Pecny6nuxka
Benapych) npu Bo30yX1€HUU JIOMUHECLEHLIUN CBETO-
nuonoM HPR40E, uznywaronyM cHHUH CBET (MakCuMyM
JUIMHBL BOJHBI M3IyYEeHUS A, = 405 HM) € IUIOTHOCTBIO
usnyuenus 19,5-30,6 mBr/cm2.

J1n1st KOJMYeCTBEHHO! OIICHKU TeHEPaIuy U OIIpeiere-
HUSA YPPEKTUBHOCTH (POTOKATATHTHISCKIX MaTEPHAIOB
10, B pabore HCIOIB30BATICH CIIMHOBbIE JIOBYIIKH B CO-
YETaHUU C NIEKTPOHHBIM IapaMarHUTHBIM PE30HAHCOM
(OI1P). CeneKTUBHOCTD T€HEpAINH 102 MOATBEPIK/1aIach
METO/IOM, OCHOBaHHBIM Ha 00ECLBEUMBAHIH BOIHOTO Pac-
tBopa N,N-dimethyl-p-nitrosoaniline (RNO) ¢ nobasneHu-
em nmpuaasona (Imd), koropsrit noxpodHO onmcan B [16].
Konnenrpanuu RNO (Sigma Aldrich, CIIIA) u Imd (Sigma
Aldrich, CIIIA) B IpHroToBIEHHOM pacTBOPE COCTABIISIN
2,5-10- monb 1 50-10-3 Mok coorBercTBeHHO. KuneTnka
obecueunBanusi RNO perucrpuposanach CieKTpoQoTo-
METPHUYECKUM METOIOM ITyTEM M3MEPEHUs ONTHYECKOI
TUTOTHOCTH PAacTBOPA HA JUIMHE BOIHBI MAKCUMYMa TIOTJIO-
menns 440 HM ¢ TedeHHeM BPEeMEHH B J[Ba Tama: TEMHO-
BOi (6e3 YD-obmyuenus) u mog YP-BozaeiictBueM. Odmas
TUIOIIA b TOBEPXHOCTH (POTOKATATUTUIECKOTO MTOKPHITHSA,
UCIIOJIb3YEeMOro Jisi 00eCIBEUNBAHUS PACTBOPA 00LEMOM
3 M1, cocrabuna 6,5 cM2. B kauecTBe YD-MCTOYHUKA [TPU-
MEHSIJICS TNOJ] MAKCUMYMOM JITUHBI BOJIHBI M3TYUYCHUS
Amax = 365 HM, CrieKTpalibHbIE M3MEPEHHs ObLTH TIPOBEJIE-
HBI Ha criektpoguryopumerpe «dioopar-02-ITanopamar
(00O «JTromekcy, Cankt-IlerepOypr, Poccust).

JJIst KOMUYEeCTBEHHOH OICHKU (hOTOKATATHTHYICCKOMN
aKTHBHOCTH ITPEAJTIaraeéMoro npuoopa MCIonb30BalIcs Me-
TOJ Ha OCHOBE (pOTOMETpaTaliy KpacuTelst ponamuHa 6K.
B kadecTBe MaTPHUIBI-HOCUTENS IPUMEHEHBI TJIACTHHBI
nopucroro crekya mapku J[III-1M co cpemaum pazmepom
nop 7 uM. [locnenHue BbIMauMBalld B CHUPTOBOM PacTBOPE
OpraHUuYEeCcKOro Kpacutens B TedeHue 2 4. KoHneHTpanus
pactBopa cocrasuiaa 10-3 Mosb/i1. 3aTeM MaTpHILy ¢ Kpa-
cuTeneM BhICYIIMBaiIK B TeueHue 12 u. [Topuctoe ctexio
yCTaHaBJIMBAJIOCh Ha BBIXOZE U Ha paccTostHud 40 MM OT
rerneparopa CK. Jlist onenkn kouuerrpamun 'O, nsme-
psitach HHTEHCUBHOCTH (DIIyopecieHnnn pogamuHa 67K
Ha MOBEPXHOCTHU MOPHUCTOrO CTEKJIAa HAa JJIMHE BOJIHBI
560 aM Tipu oMot criekTpodayopumerpa «Diroopar-
02-ITaropamay (OO0 «JIromexc»).

HUccnenoBanme CTPYKTYPHBIX U OIITUYCCKHUX CBOICTB
MOKPBLITHSA

Ha puc. 1 nmpencrasnena penTreHorpaMma paspaboran-
HOTO (h)OTOKATAITUTHIECKOTO MOKPHITHS. Ha penTrenorpam-

Max y o0pa3IoB MOKPBITHI HAOIIONAIOTCS HHTEHCUBHO
BBIP@)KCHHBIE NMHKH, COOTBETCTBYIONIUE OTPAKEHHUIO OT
miockocreit (100), (002) u (101) B cTpykType KpucTai-
noB ZnO, cootBeTcTByltoue yrmam bparra 31,8°, 34,5° u
36,4°, cBUIETENbCTBYIOLINE O TEKCArOHAIIBHON CTPYKTYpE
BropruTa ZnO. [Tux (002) mMeeT caMyro BEICOKYIO HHTEH-
CHBHOCTB B MOKPBITHAX ZnO, 4TO yKa3bIBAET HA MIPEUMY-
miecTBeHHYyI0 opueHTtanuio ZnO B Hanpasnernn (002),
MEPIEHANKYISIPHOM K MOBEPXHOCTH MOUIOKKH. Hamnune
TEKCTYpHI B MTOKPBITHSIX HAa 0CHOBE ZnO yke HabII0AaIoch
B pabote [17]. OTcyTCTBHE KAaKHUX-THOO ITHKOB, CBSI3aHHBIX
¢ kpuctamamMu SnO, u Fe;O3, MOKET OBbITh CONPSIKEHO C
HeOOJIBIION KOHIIEHTpANUeH STHX KOMIIOHEHTOB B MaTepH-
ajie 1 ¢ TeM, 4yTo MoHbI Fe/Sn 3aHMMaloT no3unuy HOHOB
Zn B peutetrke ZnO [18].

Pacuetsl, mpoBe/ieHHBIC Ha OCHOBAaHWM JTAHHBIX PEHT-
reHo(a30BOT0 aHAJIM3a, [TOKA3AJIN, YTO pa3Mepbl HAHOKPH-
ctamoB ZnO B pa3pabOTaHHOM ITOKPBITHH HE TIPEBBIIIAIOT
30 am. BBenenne B cocTaB MaTepraioB MOAUMDUIIHPYIO-
mux 106aBok SnO, n Fe,O3 cmocoOcTByeT yMEHBIIEHHIO
pa3mepoB HOpMHUPYIONIXCSI HAHOKPUCTAILIOB [ 13].

Ha cHuMKax, Moiy4eHHbIX METOIOM aTOMHO-CHIIOBOM
MHKpOocKoIiu (puc. 2), Habmonaercs Mop(hoIorus oBepx-
HOCTH TIOKPBITHSL, TJI€ BBICOTA KpUCTAIIIOB ZnO He MpeBbl-
mraet 35 HM. DTO 3HaYEHUE COMIacyeTCs C JAHHBIMU PEHT-
reHo(azoBoOro aHajaM3a M MOATBEPIKAACT OJHOPOIHOCTb U
MEJIKOJMCIIEPCHOCTD TOJIy4E€HHOTO MOKphITHs. Hanuuue
BBIPQKEHHON KpHCTANTMYHOCTH ZnO yKa3bIBaeT HA OT-
CYTCTBHE 3HaYMUTEIbHBIX arperamyil B mporecce CUHTE3a,
YTO HOJIOKHUTEIHHO CKa3bIBACTCS HA (POTOKATATUTHUCCKIX
CBOMCTBaxX Marepuasa 3a CUeT CO3AaHMs JOTOTHUTEIBHBIX
AKTHBHBIX IIEHTPOB, YTO CIIOCOOCTBYET MOBBIIICHNIO TEHE-
patn 'O, 1 yIydnieHHIO B3aUMOICHCTBHS ¢ OPraHUYeCKH-
MU COCAMHECHUSIMH.

Ha puc. 3 npezncraBieHbl CHOUMKH KOMITO3UTHOTO T10-
KPBITHS, IOJTYYECHHBIC C TIOMOLIBIO CKAaHUPYIOLICH dJIeK-
TPOHHOW MHKpOCKONUH. [TOKphITHE COCTOUT M3 TUIOTHO
yIIaKOBaHHBIX HaHouacTull ZnO, pa3Mepbl U TOJIINHA KO-
Toporo He npesbimatoT 100 um [8].

[(002)
a = ZnO
g g = (101)
= Q = T00)
3 2 S (100)
N N

HTeHcuBHO CTh, OTH. €1I.

30 32 34 36 38 40
20, °

Puc. 1. PentrenoBckas 1upakyoHHas KapTHHA TOKPBITHS Ha
ocHoBe ZnO Ha CTEKIITHHON MOJI0XKKE

Fig. 1. X-ray diffraction pattern of ZnO-based coating on glass
substrate
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Puc. 2. AtomHO-CHII0BOE N300pakeHHe TIOBEPXHOCTH MOKPHITHS Ha 0CHOBE ZnO Ha CTEKISIHHOM MOUTIOXKKE (a) U poduiiorpaMma o
BEICOTE ()

Fig. 2. Atomic force microscopy image of the surface of ZnO-based coating on glass substrate (a) and height profile (b)

Puc. 3. DneKTpOHHO-MUKPOCKOIIMYECKHE CHUMKH ITOKPBITHS Ha
ocHoBe ZnO Ha CTEeKITHHOU moasoxkke. Ha BcTaBke mokasan
TOpEI] MOKPHITHST Ha TIOJTTOKKE
Fig. 3. Electron microscopic images of ZnO-based coating on
glass substrate. The inset shows the cross-sectional view of the
coating on the substrate

Ha puc. 4 mponeMOHCTpUPOBaHBI CIIEKTPHI MPOIYCKa-
HUS NOKPBITHIL. [loydeHHble OKCHIHbIE TIOKPBITHS Je-
MOHCTPHPYIOT KO3(GHUIHUEHT NPOITYyCKaHUsI ISl OJIHOCTO-
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3!
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Puc. 4. CieKTpbl MOMIOIICHHS 00Pa310B MOKPBITHS HA OCHOBE
ZnO Ha CTEKIAHHON TOI0XKKE
Fig. 4. Absorption spectra of ZnO-based coating samples on
glass substrate

pounero (82 %) u nByctoporHeTo (60 %) MOKPHITHI B
BUANMBIX O6.]'IaCT${X CIICKTpa. BI/IJIHO, YTO Ha JJIMHAX BOJIH
menee 400 HM HaOMIOMAETCsT SKCUTOHHAS T10JI0Ca TTOTIOIIe-
HusA ZnO A, = 364 HM, COOTBETCTBYIOIIAS MEK30HHBIM
nepexofaM B kpucrasie [19]. JlonoaHUTENbHBIN CI0H Ha
CTEKJIe YBEJIMUYMBAET NoroueHus B YP-crekrpaibHOM
JManasoHe.

HccenoBanue npoueccoB reHepauuu 102
B coueTranuu ¢ DIIP

JI71s1 KOTMYeCcTBEHHOW OLIEHKU FeHepaluy U OTpeerie-
HUS 9PPEKTUBHOCTH (OTOKATATUTHIECKUX MaTepPHaJIOB
10, B paboTe HCIOIB30BAHCH CIIMHOBBIE JIOBYIIKH B CO-
yetanuu ¢ D[P [20]. B kauecTBe CIMHOBOM JTOBYILIKH JIJIsI
oOHapysxkenus 10, NPUMEHEHO OPraHMIECKOe COCIMHEHHE
2,2,6,6-terpamermmunupuand (TEMP), uzbuparensHo u
KOJIMYECTBEHHO pearupyrommii ¢ 10, no peakiuu ¢ obpa-
30BaHMEM pajankana 2,2,6,6-TeTpaMeTHITUIePUINH- | -1T)
okcnn1 (TEMPO), ¢ xapakTepHBIM TpeXTHHEHYATHIM CIIeK-
tpom DIIP (puc. 5).

B kagecTBe nccnemyemoro obpasiia HCIOIb30BAIOCh
JIBycTOpoHHee mokpsiTue. Ha puc. 6 npusenenst DI1P-
CIIeKTpbI cBOOOAHOTO pagukania TEMPO, usMepeHHbIe
IpU 00TyYSHUU UCTOYHUKOM M3JTYYEHHS C JUTHHOH BOJHBI
405 um (P = 18,4 MB1/cM?) pasnuuHoil mpOIOIKUTETb-
HOCTH B ITPUCYTCTBUU CTEKJISIHHOW TOJUIOKKH C TOKPBI-
tueM. CreMka cnekrpos DIIP mpoBoaunacsk npu yacTtore

N N
H [
0
TEMP TEMPO

Puc. 5. Peaxuus obpazoBanust TEMPO
Fig. 5. Reaction scheme for TEMPO formation
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Fig. 6. Electron Paramagnetic Resonance spectra of the free TEMPO radical in the presence of ZnO-based coating as a function
of irradiation duration by a radiation source with a wavelength of 405 nm (P = 18.4 mW/cm?)

100 xI'n. HaGmrogaercs, uto npu Y®-o0mydeHuu mpo-
HCXOIUT YBEJINYCHUE KOHIEHTPAIINH HUTPOKCHIBHOTO
pajmKaia, 9To roBopuT 00 obpasosanuu '0,.

JIst KOMUYIEeCTBEHHOW OIEHKH 00pa30BaBIIETOCS KHC-
JI0pO/ia HEOOXOMMO PACCMOTPETh CXeMY peakiny (hoToKa-
Tanusa ¢ nocienyrorieit peakimeit TEMP ¢ 10,:

1. ®oroBo30yxaeHue porokaranuzaropa (PC)

PC +hv — PC*  (k)),

rae PC* — Bo3OyxaeHHOE cOCTOSHIE (hOTOKATATN3ATOPA;
hv — sHeprus GoroHa; k; — KOHCTaHTa CKOpPOCTH (oTO-
B030yxaenust PC.

2. IepeHOC 3HEprun Ha TPUILIETHBINA Kucnopon (30,):

rie k, — KOHCTaHTa CKOPOCTH TIEPEHOCa SHEPTHH.
3. Baxsar 10, monekynoit TEMP:

10, + TEMP — TEMPO  (k;),

e k3 — KoHcTaHTa ckopoctn peakuun TEMP ¢ 10,.

[TockonbKy B JTaHHOM Cllydae IOCTHUTAeTCs KBa3WCTa-
roHapHsiii pesxum o [PC*] u [10,], ckopocTtr 110 3THM
KOMITOHEHTaM PaBHBI HYIIIO M UX MOXKHO 3alucarh CIey-
FOIuM 00pa3oMm:

d[PC*]
dt

= ki[PC] = ky[PC*][20,] = 0,

d[PC*] _
dt

ky[PC*][30,] — ks[TEMP][10,] = 0,

I7ie KBaJIpaTHble CKOOKH [] — 0003HaYeHNE KOHIICHTPAIHH.
Orxyna st [10,] nomywaem:

ki [PC]

1 - - -
[0 Js[TEMP]

CKOpOCTh CYMMapHO# peakiiy paBHA CKOPOCTH 0Opa-
3oBanust TEMPO:

d[TEMPO]

o~ RITEMPI[10,]

ITocne moxcraHoBkH [10,]:
A TEMPO]

ky[PC].
7 1[PC]

Taxkum 00pa3zom, [UIst OLlEHKH obpaszoBasiuerocs 10,
HeoOxomuMa ckopocths obpaszoBanns TEMPO. TTockonbky
TEMP B3sT B u30BITKE, TO CKOPOCTh 00pa3zoBaHUS
TEMPO 3aBHCHT TOIBKO OT CKOpocTH 0OpasoBanus 10,.
Habmronaercsi, uro npu qobaBiaeHnn (GOTOKaTATUTHYE-
CKOTO 00pasna MPOUCXOJUT HAKOIJIEHUE HUTPOKCHIIb-
Horo paaukana. [IpuBenennble 3aBUCUMOCTH (puC. 7)
nuueitnsl (kodddunuent ngerepmunanuu R? > 0,9), uro
MIO3BOJISIET CJIEJIaTh BBIBOJ O TOM, YTO KMHETHKA (oTOTe-
ueparnuu 'O, MOKPHITHEM OMUCHIBACTCS KUHETUUECKUM
ypaBHEHHEM IICEBOHYIICBOIO MOpsiika. Pacdyers! mokasa-

Hay4HO-TexXHU4eCcKuii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM A, MeXaHUkn 1 ontukun, 2025, Tom 25, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2025, vol. 25, no 3

411



[eHepaTop CMHIMETHOro KMcnopoga B ra3osomn ¢pase atMmochepHOro so3agyxa...

0,004

T CTEMPO = O,OOOItuV — 3,3 X 1075
R*=0,99

=2 =2

= =

S S

0o st
1 1

Konnenrparusts TEMPO, mmons/n
f=}
k=
=

0 10 20 30
Bpewms oGmyuenus, Mun

Puc. 7. Kunernka HaKoIUI€eHUs] HUTPOKCUIIBHOTO pajinKajia
TEMPO B 3aBUCHMOCTH OT BPEMEHH OCBEIICHNS HCTOYHHUKA
W3JTy4eHUsl B IPUCYTCTBUU MOKPBITUS Ha ocHOBe ZnO B
3aBHCUMOCTH OT MPOIOKUTEIBHOCTU 00TyYCHHSI HCTOYHUKOM
U3IydeHus ¢ JIMHON BosHbl 405 uMm (P = 18,4 MB1/cm2).

Crgmpo — KoHueHTpanus paaukana TEMPO; ¢

uy — BpEMA
o0y4yeHust

Fig. 7. Kinetics of TEMPO nitroxide radical accumulation as a
function of irradiation time by a radiation source in the presence
of ZnO-based coating vs. the duration of exposure to a radiation
source with a wavelength of 405 nm (P = 18.4 mW/cm?).
Crempo — concentration of the TEMPO radical; ¢, — irradiation
time

JIM, YTO KOHCTAHTa CKOPOCTH (HOTOrCHEPAIIU COCTABISICT
k=100 (MKMOJIB/JT)/MUH.

HccienoBanue renepauuu 10,
(hoTOKATATUTHYECKUX CBOWCTB)

JUyist CeNEKTUBHOTO JieTeKTUpoBanus 10, npuMeHsics
Meto ¢ ucrnonp3oBaarneM RNO u Imd. B mpomecce 00-
nydennst horokaranuzaropa remepupyercst '0,, KOTOPBIMA
B3aUMOJEHCTBYET C UMUAA30JI0M, YTO IPHUBOJUT K 00pa3o0-
BaHUIO MTPOMEKYTOYHOTO MPOAYKTa — TPAHCAHYISIPHOTO
nepokcuaa. OKHUCICHNE UMHUAA30I1a JI0 IEPOKCO-(POPMbI
BbI3bIBacT odeciBeunBanre RNO. IIpu stom takue ADK,
KaK CYNEpPOKCUIHBIN W TUAPOKCHIBHBIN pauKaibl U T1e-
PEKHCh BOJIOPO/Ia, HE OKa3bIBAIOT 3HAUYUTEILHOTO BIMSHUS
Ha doroxerpagannto RNO [16, 21]. [To u3menenuro orm-
TUYECKOW IIOTHOCTH MOJIOCHI TTOTJIONICHUST KPACUTENS B
obnacti AnuHBI BOsHBI 440 HM OblIa BBITIOJIHEHA OLIEHKA
ckopocTH mipofyimpoBans '0,. B kadecTBe pacTBOPHTENIS
MCTIOJIB30BAJIaCh AUCTHIUIMPOBAHHAS BOJA JUIS CO3AAHUS
yCIIOBHUH, OMU3KUM K cpesie B pa3padaThIBaeMOM T'eHepa-
TOpE.

Juist uccnenoBanus BAUSHUS (OTOKATATUTUICCKUX
(®K) nokpeiTuii Ha kuHEeTHKY (BoTopasnoxenus RNO
OBLIM pacCYUTaHbl KOHCTAHTHI CKOPOCTH HYJIEBOTO MOPSIIKA
obecrBeunBanust kpacures (k) 1o JTMHEHHON 3aBHCHMOCTH
koHueHTpauu (C) oT BpeMeHH (f) Ha JUIMHE BOJIHBI MAaKCH-
MyMa THOIIOIIEHUs U3 ypaBHeHHUs [21]:

C=Cy—kt,

e CO — HaydaJIbHasA KOHICHTpAalUsA KpaCUTEJId B paCTBOPE.

Ha puc. 8 npezcrapieHa 3aBUCHMOCTh KOHIIEHTPALIUH
RNO or Bpemenu B3anmopeiicteust ¢ YD-u3nydeHuem 6e3
(orokaranuzaropa (poronus) u ¢ PK-nokpsITHsIMU O3
o0my4enust (TeMHOBOH riepuox) u oy Y®-Bo3neicTBreM.
B TeMHOBOI IepHo/] KOHIIEHTPAIHSI OCTaBaIach MOCTOSH-
HOMH, YTO CBHJICTEIILCTBYET 00 OTCYTCTBUH CYILIECTBEHHOTO
BKITaza abcop6mmn kpacurens Ha OK-crpykrypax. [log
V®-BoszeiicTBreM B mporiecce rerepanun 'O, Gporokara-
auTHYecKnMu MOKpeITUsiMu ZnO-SnO,-Fe,05 Habmronaer-
Csl 3HAUUTENLHOE YBEJIMUCHNE KOHCTAHTBI CKOPOCTH 00ec-
nBeduBaHus (kgpy = 0,01 (MKMOIIB/IT)/MUH) 110 CPaBHEHUIO
¢ npoueccoM ¢portonusa (kg = 0,002 (MKMOINIB/11)/MUR),
4T0 MoATBepxkaaeT Hamuure 10, B rpynne ADK Ha mo-
BepxHOocTH DK.

Onucanue KOHCTPYKIMH U METO/I0B U3MepeHHsI
koHnenrpauun 10, 11 reHeparopa

Ha ocHOBaHMM IMOJIy4EHHBIX BbIlIe (QyHIaMEHTab-
HBIX JIaHHBIX pa3paboTaHa cxema pudopa st reHepalum
10, nox aeiicTBEEM BHAMMOTO M3ITyYeHHS (JUTHHA BOJIHBI
405 M) U3 KucIopoaa arMocqepHoro Bo3ayxa. [ eneparop
10, (puc. 9) npencrasisier coboii KOHTEIHEp, cComepKa-
IMWH MAacCUB IUIACTHHOK M3 OOPOCHIIMKATHOTO CTEKJIA C
HaHECEHHBIM ()OTOCEHCUOMIN3UPYIOMUM ITOKPEITHEM
Zn0O-Sn0O,-Fe,05. B xauecTBe BeHTUIATOPA ObLI BHIOpaH
KOMMEPYECKH AOCTYMHBIH BEHTUISITOP ISl CHCTEMHOTO
0J0Ka C TEOMETPUIECKUMH pa3MepaMu 7 X 7 CM U IHTa-
HueM 12 B. B kaduecTBe NCTOYHUKA HUCIIOJIB30BaH CBETO-
JIIOJTHBIA MCTOUHHK JUIsl (POTOOTBEPIKICHUS TIOJIMMEPHBIX
MaTepuasoB ¢ JUTMHON BOJMHBI 405 HM U pa3MepaMu U3Iy-
qatoreit noBepxHocTH 85 x 80 mm. [TokpsITHE HAHOCUIOCH
Ha MpEIMETHBIE CTEKJIa CTaHAaPTHOTO pazmepa 75 X 25 mm.
I'eomerprdeckue pa3mMepsl reHepaTopa BEIOMPAINCh TAKUM
00pa3oM, 4TOOBI BCEe M3JIydEHUE MCTOUYHHKA M10T1a1aJI0 Ha

254 e—o—eo—o— o C=Cy,—-0,00226 ¢
’ $ oo R2=0,9980
. S
g - 1
S . C=C)-0010571
= 201 ° R?=0,9958
K
= ¢
=
=
[a~] - -— .
= o
% Temuosoit | Y®
=1 TeproI
5 197 ’ ..
= w2
L4 Zl’lO-SHOz-FCzO;
7 o doronus ®
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Bpewms, mun

Puc. 8. doroobecuBeunBanne RNO B mpucytcTBun Imd B
nporecce Qoronuza (kpuBas /) U B pe3yabTare reHepanium
10, doTokaranuTHIeCKUMH TIOKPBITHAMH (KpuBast 2) B
TEMHOBOH reproy (6e3 ynsTpadroIeToBOro 00IyYeH s ) U IO
YIBTPadUONIETOBBIM BO3JIEHCTBUEM

Fig. 8. Photobleaching of RNO in the presence of Imd during
photolysis (curve /) and as a result of singlet oxygen generation
by photocatalytic coatings (curve 2) in the dark period (without

ultraviolet irradiation) and under ultraviolet exposure
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Caeroanosl BenTumsitop I1acTUHBL. [1acTUHBI pacnoiaranuchk NeprneHAuKyIIpPHO
U3ITy4aTesIbHOM MOBEPXHOCTH HCTOYHMKA. KonndyecTBo
TUTACTHH BBIOMPAJIOCh U3 KPUTEPHSI MAKCUMAJILHOTO 3aI10J1-
HeHus pabouero oobeMa reHepaTopa U pacCTOSTHUSI MEKTY
racTuHamu 2 MM. KommdecTBO IIIacTHHOK IOJTyYHIIOChH
paBHBIM 22. Ilnomanb KaxJ0W NJIacTUHBI COCTaBMIIA
18 cM2. B KayecTBe MCTOYHMKA M3JIYUEHHS UCTIOJIb30BAIIMCH
CBETOIMOBI C AITHUHOM BOHBI 405 HM 1 001Iei moTpeds-
emoii MomrHOCTRIO 60 BT. IToTOK BO3mMyxa obecneunBancs
BEHTHJIITOPOM C pabouuM MOTOKOM Bozayxa 230 j1/MuH.
Ha ocHoBanuu npeyiaraeMoil KOHCTPYKTUBHOM MOJENIU
pa3paboTaH MPOTOTHI MPUOOPA IS U3YUCHUS BIUSHUS
rerepupyemoro 'O, B 9KCIIepUMEHTANBHBIX YCIOBHSAX Ha
Crexna ¢ HOTOKATATMTHIECKMM MOKPHITHEM  JKMBOTHBIX (KpbIcax). [Ipubop, aganTupoBaHHBIN AJIsl MH-
JIBHyaJIbHO-BEHTHIIMPYEMOH KIIETKH B BUBApUH Oapbep-
HOTO THMa, npezcTasieH Ha puc. 10. [Toryuennsie qaHHbIe
Fig. 9. 3D model of a 0, generator II0 M3y4EHUIO CHCTEMHBIX S(Q(EKTOB SK30T€HHO-TEHEPUPY-

Puc. 9. 3D-mopens paspaboranHoro reaeparopa !0,

Puc. 10. Bua reneparopa 10,, afantupoBaHHOTO JUls HHAMBHYalbHO-BeHTUIMPYeMoii kiietku (UBK) comepikanust JKMBOTHBIX
BUBapHs 6apbepHoro Turna. [Ipudop, ycraHoBneHHsI B peretky MBK a1s perenust 3a1a4 SKClepuMeHTaIbHOH MEITUIIHHBI (a).
Teneparop 0, B paboraromem pexume B UBK comeprxanus kpoic (b)

Fig. 10. Appearance of the singlet oxygen generator adapted for IVC animal housing in a barrier-type animal facility. The device
installed in the IVC rack for experimental medicine purposes (a). Singlet oxygen generator in operating mode in the IVC housing for
rats (b)

30

ciycts 30 muH, %
)
S
1

HVHTEHCUBHOCTD, OTH. €.
Jlerpananus Kpacurelisi B IOPUCTOM CTEKIIC

0’6 T T T T T 1
0 20 40 60 0 40
Bpewmst Yd-o6nydyenus, MuH PaccrosiHue pacnonoxeHus
HOPHCTOTO CTEKJIa OT TeHepaTopa
CHHIVIETHOTO KHCJIOPOZia, MM

Puc. 11. 3aBUCUMOCTb HHTEHCUBHOCTH (IIyOopecleHInH UTsi pofaMuHa 6JK B OPUCTOM CTeKJIe OT paccTosiHUs (L) U pacionokeHus
MIOPHUCTOrO CTEKJIa OT TeHepaTopa CHHIVIETHOTO KUCIoposa (a); Aerpajanus B IPOLEHTaX KPACUTEN B 3aBUCUMOCTH OT paccTosHus (b)

Fig. 11. Fluorescence intensity of Rhodamine 6G in porous glass versus the distance (L) from the singlet oxygen generator (a),
and dye degradation percentage as a function of distance (b)
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emoro 'O, B 3KcIlepuMeHTe in Vivo IPECTaBICHBI B padoTe
[22]. Tloka3ana Ouomoruyeckas 6€30MaCHOCTh IK30TCH-
Ho-TeHepupyeMoro 10,, MoMaaIero B OpraHusm B Xozie
IBIXaHUS C aTMOC(HEPHBIM BO3IYXOM, BBISBIICHEI IICPBBIC
OMONOTHYECKIX d(PEKTHI ITUTEITHHOTO BO3ICHCTBUS, pac-
CMOTPCHBI BOSMOJKHBIC MEXaHU3MBI UX Pa3BHUTHS U 00JIACTH
MEIHUIITHCKOTO IpUMeHeHus [22].

Konuenrpars !0, Ha BBIXOJIE FeHEpaTOpa, OLCHEHHAS
crroco0oM pacdera KOHIICHTPAHUH MO (OTOAeTpagaIiini
OpPraHWYECKOTO Kpacutens poramuHa 6K, mpencraBieHa
Ha puc. 11.

YpoBeHb HHTCHCUBHOCTH MUK (IIyOPECIICHIINHT Yepe3
30 MuH 3KcO3uIKK cocTaBua 0,7 OT UCXOAHOTO 3HAUCHHS.
Takum 00pa3oM, MOKHO MPEANONIOKHUTE, 4TO 32 30 MUH
npousonuio obecuseunsanue 30 % mornexyn. Bennunny
notoka 1O, MOKHO OLIEHUTH KaK:

0,3Cy/t = 10 (MKMOIIB/IT)/MHUH,

rne C, — HadajbHasl KOHLEHTpAIUs KpacuTels B MOpU-
ctoM cTekite, 1073 Momb/i;  — BpeMst OKCIIO3UIINH.

s o6pasia, pacronoKeHHOTo Ha paccTossHuA 40 MM
OT BBIXO/Ia T€HEpaTopa, CHIKEHUE HHTEHCUBHOCTH (hiryo-
PECIEHINN HaOIIONaI0Ch TOIBKO Ha 6 %, 4TO COOTBETCTBY-
€T MOTOKY MOJIEKYI 1O ¢ BenuurHOM 2 (MKMOIIB/JT)/MUH.

3akJjoueHne

Ha ocHoBanuu pa3zpaboTaHHOro (POTOKATATUTHYECKOTO
nokpeltHa cucteMsl ZnO-SnO,-Fe,O5 pazpaboran nporo-
THUII TeHEpaTopa MHOTO(MYHKIIMOHAIBEHOTO UCTIONb30BaHMUS
JUTS. TIOTYYEeHHsI CHHIJIETHOTO KUCIIOPO/a U3 KUCIOpoaa
armocepHoro Bo3ayxa. OTAMYUTEbHBIMA TEXHOIOTHYE-
CKMMH OCOOCHHOCTSIMH KOHCTPYKLMHU BBICTYITAalOT MHOTO-
pazoBoe (HOTOKATOMUTHYECKOE TIOKPBITHE, YKOJIOTHYECKast
0€30MacHOCTh MaTePHaJIOB, JOCTYIHOCTH (JIEHCTRYONIHE
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MOBEPXHOCTHU HE COAEp:KaT JOPOTOCTOSAIUX METAJIOB
TUIATUHOBOM TPYIIIIBI), HU3KHUH KJIACC SHEPronoTpeOIeHus,
Ouornornueckast 6e30MacHOCTh, 00yCIOBICHHAS UCTIOIB30-
BaHMEM M3JTyYEHHs BHJIMMOTO JMara3oHa.

HccnenoBanue reHepaui CHHIVICTHOTO KUCIOPOAa
C WCTIOJIb30BAHUEM CIIMHOBBIX JIOBYIIEK M 3JIEKTPOHHOTO
MapaMarHUTHOTO PE30HAHCA MPOIEMOHCTPHUPOBAIIO, UTO
HCTIONB3yeMbIe (POTOKATATUTHYECKUE MaTepruaisl dpQex-
THUBHO T€HEPHPYIOT CHHIJICTHBII KUCIOPOJ ITPU 00Ty 4eHNT
n3nydeHuem ¢ JuinHoi BodHbBI 405 aM. Kunetnueckue
XapaKTEePUCTUKHU T'eHEePalMi CUHIJIETHOTO KHCJIOPOJa
COOTBETCTBOBAJIM KOHCTAHTE CKOPOCTH (OTOreHEpaIHu
k=100 (MKMOJIB/1T)/MHH, B TO BpeMsI KaK 00€CIIBEUNBAHKE
kpacurenst RNO nopn neiictBuemM (hoTOKaTaINTHYECKUX
MOKPBITHH TTOKa3aJl0 3aMETHOE YBEJINYEHNE KOHCTAHTBI
cKopocTH 110 kg = 0,011 (MKMOJIB/TT)/MUH 1O CPaBHEHHIO
¢ (OTONIM30M, UTO MOATBEPXKIAET AKTUBHOE Y4aCTHE CHH-
IJIETHOTO KUCIIOPO/ia B IPOLIECCe AeTpaJaini.

KoncTpykius reHepaTopa CHHIIETHOTO KHCIOPO/a,
OCHOBAHHAS! Ha UCTIOIb30BAaHNH (POTOKATATUTUIECKUX T10-
KPBITHH U MTOPUCTOTO CTEKJIA Ul AETEKIUH, O3BOJINIA
OLICHHUTH MOTOK CHHIVIETHOTO KHUCJIOPO/Ia, KOTOPBIH cocTa-
Bu1 10 (MKMOJIB/JT)/MUH Ha BBIXOJIE F'eHeparopa.

CeneKTUBHOCTh TeHepalli CHHIJIETHOTO KHUCIOPOAa
0e3 IOTOTHUTENILHBIX arpeCCUBHBIX MIPUMECEH MO3BOJISIET
UCIIOJIb30BaTh TEHEPATOP sl PELICHUS 3a/1ad, CBSI3aHHBIX
C JUTUTEJIbHBIM HETIOCPE/ICTBEHHBIM KOHTAKTOM C TKaHSIMH
YeJIOBEeKa, B MPUCYTCTBUH YEJIOBEKA B 3aKPBITHIX TIOMEIIIe-
HUAX ¥ 0€3011aCHO KaK JUIS IIOTPEONTEIISL, TaK U JUIS [Iepco-
Hasna. Pa3paboTaHHBII reHepaTop CHHIJIETHOTO KUCIOPO/Ia
TIpe/ioaraeT Co3/1aHNe JINHEHKH MHOTO(YHKIIMOHATBHBIX
puOOPOB. DTO MO3BOISAET OOCYKIATh BOSMOKHOCTH HO-
BOTO MPHUMEHEHHUS B MEAMILMHE 110 TEPAIEBTUIECKUM U
PCabHITUTAIHOHHBIM TIOKa3aHUM, B CO3IAHUN Oe30MacHON
CpeJibl OOMTaHMsI 37I0pPOBOTO YEJIOBEKA.
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AHHOTALUA

Bgenenmne. lccienoBaHs! BOIPOCH BOCCTAHOBIIECHHMS TTOABOJHBIX N300paKEHHH, MOIBEP)KEHHBIX HCKaKEHHUSIM B BHIE
OTKJIOHEHHS IBETHOCTH M KOHTPACTHOCTH, HAINYNS ABIMKH U JPYTHX, BO3HUKAIONIINM B CBSI3M C B3aUMOJICHCTBHEM
ONITHYECKOTO M3ITy4eHHs C BOIHOHU cpemoil. BoccTaHOBIEHNE MOABOMHBIX H300paXKEeHUH SIBISIETCS] HETPHUBHAIBLHON
3amaueil B CBSI3U ¢ OONBIION BapHAaTHBHOCTHIO TapaMeTPOB BOAHOM Cpelibl U yciaoBHil cbeMkH. MeToa. [Ipennaraemsrii
METOJ, B OTIMYHE OT JAPYTUX aJrOPUTMOB BOCCTAHOBICHUS MOABOIHBIX N300pakeHNH, 0A3UPYIOMINXCS Ha MOJIEIN
(dbopmMupoBaHus M300paKeHNUsI, OCHOBAH HE Ha YNPOIIEHHON OLIEHKE 3aTyXaHHs ONTHYECKOTO M3JIy4YEHHS B BOJC B
BHJI€ SKCIIOHEHIIMANBHOTo 3aKkoHa bepa—Jlambepra, a Ha Gosiee TOYHOM (PU3NUECKOM TOIXOE, 3AKIIOYAOIIEMCS
B YHCJIIEHHOM MOJETHUPOBAHUHU PACIPOCTPAHEHHS ONTHUECKUX JIydeil B BOAE C MCIONb30BaHHEM MeTona MoHTe-
Kapmo, yunTsIBaroImemM OCHOBHBIE TApaMeTPhl BOAHOM Cpebl U KaMephl. Pe3ynbraTsl MOAEINpOBaHNS IPHMEHSIOTCS
It 00pabOTKN N300paKeHUsI B POCTPAHCTBCHHON 00JIACTH ITyTeM PEeAaKTHPOBAHUS THCTOTPAaMM KaXKJOro KaHasa
n300paxeHns: B nBeToBoM npocTtpancTBe RGB. OcHoBHBIe pe3yabTaThl. /I TECTHPOBaHUS pa3pabOTaHHOTO
JIropuT™Ma OBUTH BEIOPAHBI 6 PeaTbHBIX MOBOIHBIX H300paskeHHH, ITOTyYEHHBIX TIPH PA3INIHbIX YCIOBHSX OCBEIICHUS
(ecTecTBEHHOE M HCKYCCTBEHHOE) U PA3IMYHBIX ITapaMeTpax BOJHOW cpeibl (UCTasi OKeaHCKask U MyTHasi HPHOPEeIKHAs
Bozia). C 11eNbI0 Ka4eCTBEHHOTO U KOJMYECTBEHHOTO aHAIN30B TMOyYEeHHBIX PE3y/IbTaTOB UCIOIb30BaHbI CIEAYIOIINE
AQHAJIOTHYHBIE METOABI 00paboTku moaBoAHBIX n3obpaxenuii: Fusion, UDCP IATP, Retinex, HE u UWB VCSE.
JInst KOMMYeCTBEHHOH OIEHKU MOJYYEHHBIX PE3yJIbTAaTOB UCHONB30BaHbl mokaszarenn Underwater Colour Image
Quality Evaluation Metric (UCIQE) n Underwater Image Quality Measure (UIQM). Pe3ynbraTsl KauecTBEHHOH
OLIEHKU JE€MOHCTPHUPYIOT BBICOKYIO 3((QEKTHBHOCTD IPEATaraeMoro MeToja: BHE 3aBHCHMOCTH OT H300pa)KeHus
NIpUMEHEHNe MeTo/la 00eCIIeYnBaeT YiIydIIeHHe BU3yaIbHOTO BOCTIPHATHS M HE IPUBOJUT K YPE3MEPHOMY YCHIICHHIO
KOHTPACTHOCTH, HCKa)KEHHIO [[BETHOCTH, IIOTEpPe ACTAIN3ALNH, NOSBICHHIO apTedakToB 1 np. KoanuecTBeHHas oneHka
pe3yabTaToB 00pabOTKH MOABOIHBIX H300PAKEHUN IEMOHCTPUPYET COIOCTABUMBIE U MPEBOCXOASIINE PE3YIbTaThI
IIPU CpaBHEHUU ¢ aHaJOrMyHbIMU MeTonamu. st napamerpa UCIQE pa3paboraHHbIM MeTO 00ecrieun1 yinyylieHe
oT 9 % 110 51 % OTHOCHUTENBHO 3HAYEHMs MapaMeTpa AJIsl HCXOJHOTO H300pakeHHUs, IPU 3TOM aHAJIOTUYHBIE METObI
TIPOAEMOHCTPHPOBAIHN pe3ynbrarsl oT Mutyc 10 % 1o 82 %. [lmst mapamerpa UIQM paszpaboranHsiii MeTon obecnedn
yimydmrerne ot 24 % 10 99 % oTHOCHTEIbHO 3HAUESHHS apaMeTpa ISl HCXOTHOTO N300paykKeH s, P 3TOM aHAJIOTHIHBIE
METOJIBI IPOJIEMOHCTPHPOBAIIH pe3ynbTarsl 0T MUHYC 10 % 10 123 %. B omnume ot aHanoros pa3paboTaHHBII METOX HE
poJieMOHCTpUpoBal Hanxymero 3Hadenus napamerpo UCIQE n UIQM Hu a7t omHOTO 00pab0TaHHOTO H300paKeHHS,
YTO CBUJICTENLCTBYET O CTAOMIIBHOCTH METOJIa BHE 3aBUCHMOCTHU OT IapaMeTPOB BOIHOH CPEAbl M YCIOBHH CHEMKH.
brnaropmaps pasneneHuro pa3paboTaHHOTO METO/a Ha MpPeIBAPUTEIIbHBII 1 OCHOBHOM ATambl 00eCIIeYMBACTCS BEICOKAs
cKopocTh 00paboTku m3oopaxenuit: 0,073 ¢ mis nzodpakenus ¢ pasperenrem 400 x 300 mukcesnos u ot 8,02 ¢ 10 8,23 ¢
Ui n300paXkeHus ¢ pasperieHneM 5184 x 3456 mukcenoB. AHAIOTHYHbBIE METO/ABI IPOAEMOHCTPUPOBAIN 3HAYEHHS OT
0,19 ¢ mo 10,81 ¢ qis u3obpaxkenus ¢ paszpemenuem 400x300 nukcenoB u ot 7,65 ¢ 1o 937,83 ¢ mia m300pakeHus
¢ paspemeHueM 5184 x 3456 nukcenos. Odcyxaenne. BHenpeHne mpemiaraeMoro METo/ia B T€0JIOTOPa3BeJOYHbIC
paboTHI MOBBICUT HX () (HEKTUBHOCTH U IOCTOBEPHOCTH, TIO3BOJIUT MOIYINTH OOJIee TOUHBIC JaHHbIE TS JaIbHeHIeH
Pa3paboTKN MECTOPOXKIECHHH TBEP/IbIX ITOJIE3HBIX HCKONaeMbIX. [1ogo0Hast MeTouKa, BCTPOGHHAs B CHCTEMY MAIIHHHOTO
3peHHS TTOJIBOJHBIX aIIIapaToB, MO3BOJHUT CYIIECTBEHHO PACIIUPUTH UX (yHKIIMOHAIBHBIE BOSMOXXHOCTH 32 CYET
obecrieueH s BO3MOXXHOCTH aBTOMAaTH3aIMH OIIepaLUii, MOBBIIIEHHs 3QPEKTHBHOCTH CHCTEM PACIIO3HABAHUSL.
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Abstract

The paper explores the problems of restoring underwater images exposed to distortions in the form of color and contrast
deformations, the presence of haze, etc., arising from the interaction of optical radiation with the aquatic environment.
Restoring underwater images is a non-trivial task due to the large variability of the parameters of the aquatic environment
and photography conditions. The proposed method, unlike other underwater image recovery algorithms based on an
imaging model, is not based on a simplified exponential Beer-Lambert law for estimating optical radiation attenuation in
water, but on a more accurate physical approach that simulates the propagation of optical rays in water using the Monte
Carlo method, taking into account the main parameters the water environment and the camera. The results of numerical
simulation of optical ray propagation in an aquatic environment are used for image processing in the spatial domain by
editing the histograms of each image channel in the RGB color space. To test the developed algorithm, 6 real underwater
images were selected obtained under various lighting conditions (natural and artificial) and various parameters of the
aquatic environment (clear ocean and turbid coastal water). For the purpose of qualitative and quantitative analysis of the
obtained results, the following similar underwater image processing methods were used: Fusion, UDCP IATP, Retinex,
HE, and UWB VCSE. The Underwater Colour Image Quality Evaluation Metric (UCIQE) and Underwater Image
Quality Measure (UIQM) indicators were used to quantify the results obtained. The results of the qualitative assessment
demonstrate the high efficiency of the proposed method: regardless of the conditions of the initial image parameters, the
application of the developed method improves visual perception and does not lead to excessive contrast enhancement,
color distortion, loss of detail, the appearance of artifacts, etc. Quantification of underwater image processing results
demonstrates comparable and superior results when comparing the efficiency of the algorithm with similar methods. For
the UCIQE parameter, the developed method provided an improvement from 9 % to 51 % relative to the parameter value
for the original image, while similar methods demonstrated results from minus 10 % to 82 %. For the UIQM parameter,
the developed method provided an improvement from 24 % to 99 % relative to the parameter value for the original
image, while similar methods demonstrated results from minus 10 % to 123 %. Unlike analogues, the developed method
did not demonstrate the worst values of the UCIQE and UIQM parameters for any processed image, which indicates the
stability of the method regardless of the parameters of the aquatic environment and shooting conditions. By dividing the
developed method into preliminary and main stages, high image processing speed is ensured: 0.073 seconds for images
with a resolution of 400 x 300 pixels and from 8.02 to 8.23 seconds for images with a resolution of 5184 x 3456 pixels.
Similar methods demonstrated values from 0.19 to 10.81 seconds for an image with a resolution of 400 x 300 pixels
and from 7.65 to 937.83 seconds for an image with a resolution of 5184 x 3456 pixels. The introduction of the proposed
method into the geological exploration will increase their efficiency and reliability, and will provide more accurate data
for further exploration of solid mineral deposits. Such technique integrated into the machine vision system of underwater
vehicles will significantly expand their functionality by enabling automation of operations and improving the efficiency
of recognition systems.

Keywords
underwater image recovery, underwater image enhancement, underwater image processing, true deep-sea pictures, image
natural color recovery, Monte Carlo method, propagation of light in water modeling
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BBenenue

B Teuenme mocieHUX HECKOIBKUX JIET HAOIIOMAeTCs
BO3pacTaIOMNI HHTEPEC K BOIPOCY IOIBOAHOIO MAIHMH-
HOTO 3peHust 1 00pabOTKH MOABOIHBIX N300pakerui [ 1, 2].
OnHolt U3 BaKHEHIINX MPUKIIAAHBIX 3371a4, peIlIeHHne KOTO-
poii TpeOyeT MosyueHns: BBICOKOKaUeCTBEHHBIX Pe3yJibTa-
TOB (1)OTO- 1 BUACOCHEMKHU MOPCKOI'O J1HA, SABJIACTCA IIPO-
BEJICHUE TITyOOKOBOHBIX I'€OJIOTOPa3BEIOYHBIX padoT [3].
N3-3a 0cOOCHHOCTEW BOIHOM CPEJIbI, CIIOKHOTO XapaKTepa
pacrpoCTpaHEeHUs] ONITHYECKOTO U3JIy4YEHHsI B BOJIE U yC-
JIOBUI1 OCBEIICHUS, YCTpaHEHNE MCKaXEHHH (BOCCTAHOB-
JICHUE) WJIH YJTy4IlICHHEe KauecTBa (IIOBBIIIEHNE KOHTPACT-
HOCTH, SIPKOCTHU, YCTPaHEHHE JIBIMKH H JIPYTHX) SIBISIETCS
HETPUBHAIBHON 3amadeii [4, 5].

CymiecTByIoImye B HACTOSIIEE BPEeMs METOBI 00paboT-
KM TIOJIBOHBIX N300paKeHUI MOJKHO Pa3[eINTh Ha CICTy-
IOIIUEC OCHOBHBIC I'PYIINBI: OCHOBAHHBIC HA TPUMEHCHUN
¢bm3nueckux mozeneit [6—8] (MeTobl BOCCTaHOBJICHUSI U30-
OpaKkeHUil), He OCHOBAaHHBIE HA IPUMEHEHHH (PU3NIECKUX
mozeneit [1, 9-11] (MeToas! ynydnieHns n300paxeHni)
W METOJIbl Ha OCHOBE MAIIMHHOTO O0y4YeHHs HEHPOHHBIX
cereit [12].

Tak, B pabote [9] npeanokeHo OCYIIECTBISTh pacTs-
ruBanue rucrorpamMm B RGB n HSV nBeToBbIX npoctpan-
CTBax JJIsl YIIy4YIIEHHUSI KOHTPACTHOCTH W HACBHIIIEHHOCTH
n3obpaxenus. B padore [10] mpencrasien moaxon Ha
OCHOBE HOPMAJIM3aIM{ TUCTOTPAaMM N300paKeHNs], HAITPaB-
JICHHBIN Ha MOBBINICHNE KOHTPACTHOCTH U OalaHCHPOBKY
nsera. B [11] mpencTaBieH MeTO Ha OCHOBE M3MEHEHUS
[[BETHOCTH, KOHTPACTHOCTU U PE3KOCTH N300PAKEHHUSI ITy-
TEM MOIIAaroBOro M3MEHECHUS YKa3aHHBIX MapaMETpOB U
OLICHKH KOJIMYECTBEHHBIX MapaMeTPOB JUIsl BEIOOpA ONTH-
MaJIBHOTO pe3yJibTara. YKa3zaHHbIE METO/IbI 00eCIIeunBaIOT
BBICOKYIO CKOPOCTH 00paOOTKH, HO OTHOCSTCSI K KaTErOpHU
METOJIOB YITYYIICHHUSI N300pakeHNH, TaK KaKk OHM HE OcC-
HOBaHBI Ha (PM3MUYECKUX MOJAEIAX M HAIlPaBJICHBI NCKIIIO-
YUTEJILHO HA MOBBIIICHNE BU3YAJIILHOTO BOCIPUSTHS, UTO
MOXKET ITPUBECTH K HEKOPPEKTHBIM PE3yJIbTaTaM 00paboTKH
TIOABOHBIX M300pAKEHUH B 4aCTH HAPYIICHUS [IBETOKOP-
peKuum.

OCHOBHBIM JOCTOMHCTBOM ME€TOHOB YIYUIICHUA Kauc-
CTBa IIOABOJHBIX 1/1306pa>1<eH1/1171 SIBJIISICTCA BO3MOXHOCTH
IMOBBIMICHUA BU3YAJIbHOT'O BOCTIPUATHA TOABOIHOT'O 06’beK-
ta. CyIIecTBeHHBII HEJOCTATOK — TTOJJ00HBIE aJITOPUTMBI
HE ONUparoTCcs Ha PU3NYECKYI0 MOJIENb PACIPOCTPAHEHUS
CBETa B BOJIC, YTO MPUBOANT K MCKAKEHUIO I[BETa MOBO-
JIHBIX OOBEKTOB.

OnHMMU 13 OCHOBHBIX TTOJIX0/I0B, OCHOBAHHBIX Ha (H-
3WYECKUX TPUHIHIAX, SBISIETCS METO/l TEMHOBOTO KaHaIa
(DCP) [6], meTox moaBogHOTO TeMHOBOTO Kanana (UDCP),
MeTo MakcuManbHoi nHTeHcuBHOCTH (MIP), MeTox kpac-
soro kanasia (RCP) u apyrue. Meton DCP no3Bossier, B
IIEPBYIO OYepeNb, YCTPAHUTD JBIMKY HA IOABOAHBIX H30-
6pa>1<eHI/1;1x 1 OCHOBAH Ha JOMYUICHUH, YTO IMOJABOAHBIC
N300paKeHHsT XOPOIIEro KauecTBa MMEIOT HEKOTOPOE KO-
JMYECTBO MHUKCEJIOB C OYEHb MAJIOW HHTECHCUBHOCTBIO KaKk
MUHUMYM B KaHaJle OHOrO IBeTa. MeToJbl Ha OCHOBE
DCP u MIP MoryT npuBoAUTh K HEBEPHBIM PE3yabTaTaM B
clly4ae, €CII YCJIOBHSI ChEMKH M OCBEIICHUSI HE COOTBET-
CTBYIOT OCHOBHBIM JIOITYIIICHHSIM, JISKAIIIIM B OCHOBE 3THX

MeToj10B [13]. TIpuMeHeHne UCKYCCTBEHHOTO OCBEIICHHUS
MPUBOJIUT K HAJIMYHIO O0JIee CBETIIbIX OOBEKTOB Ha Iepel-
HEeM IUIaHe ¥ OoJiee TeMHBIX 00BEKTOB Ha 3a/IHEM IUIAHE
N300paKEHNUS, YTO OTIINYACTCS OT PE3YIBTATOB CHEMKH IPH
€CTECTBCHHOM OCBCIICHHUM (HaJIM4YUe CBETIOro (oHa Ha
M300paKeHUN) U TIPUBOIUT K HEBEPHOU OICHKE TITyOMHBI
crieHsl MeToziamu Ha ocHoBe DCP 1 MIP [13].

BTopbIM OCHOBHBIM HaNpaBICHUEM B YHCIIE METO/IOB,
OCHOBAHHBIX Ha (PM3UUYECKUX MPUHIINIIAX, SBISACTCS TPHU-
MeHeHue Moenu GpopmupoBanus uzobpaxenus (IFM) u
ONTUYECKUX CBOMCTB BOMHOM cpenbl [12]. B pabote [7]
MIPEUIOKEH METO/ Ha OCHOBE allpuopHON MH(OpMauu
C DJIEMEHTaMHU METOJZIOB 00padOTKH B POCTPAHCTBEHHOM
00J1acTH ¥ KOPPEKTUPOBKOW KOHTPACTHOCTH ITyTEM HOpPMa-
Ju3aiuy ructorpammel. B [8] npencrasiien ntepaiioHHbII
METOJ] Ha ocHOBe ontuyeckoir moaenu IFM c¢ yuetom yc-
JIOBHI OCBEIICHHOCTH.

OCHOBHOE TTPEUMYIIIECTBO METOIOB, OCHOBAHHBIX Ha
TIPUMEHEHNH (DU3MYECKUX MOJIENICH: BOCCTAaHOBIICHHE ECTe-
CTBEHHBIX I[BETOB MOJIBOAHBIX 00BeKkTOB. HemocTaTku:
OTHOCHUTEIbHAS CIOKHOCTh pealln3alni, 001ee BBICOKas
JUTUTETIFHOCTh 00paboTKM M300pakeHUI 10 CPpaBHEHUIO
C METOJaMH YIydllleHHs] n300pakeHHH, BBICOKAsI BEPOSIT-
HOCTbh HEKOPPEKTHO pabOTHI MPH UCTIOIb30BAHUH HCKYC-
CTBEHHOT'O OCBEIICHHS TIPH ITPOBEICHUH CHEMKH.

MeToibl, OCHOBaHHBIE Ha IPUMEHEHHH TITyOOKOT0o 00-
y4eHHsI, 00Jaal0T HEOCIIOPUMBIMU IIPEUMYIIECTBAMHU
(mpocToTa MpUMEHEHHs1, BBICOKOE OBICTPOJICHCTBHE, YITyd-
[ICHUE BU3YaJIIbHOTO BOCHPUATHUSA), HO CYIIECTBEHHBIM
HEJIOCTAaTKOM HEHPOHHBIX CETEH SABIACTCSA MX OOydeHHE
Ha mapax n3o0pakeHuil (¢ qoOaBIeHNEM JBIMKH, CABHUTA
I[BETA B 3€JICHYIO FJIN CHHIOIO 00IAacTh CIIEKTPa U IPYTHE).
[Tpu 3TOM 3a9acTyro MOZOOHBIE METOIBI MTOCIE O0yUCHHS
JIEMOHCTPHUPYIOT XYJIIINE Pe3ybTaThl MpU 00paboTke pe-
aJIbHBIX TOJBOIHBIX N300pakeHui [14].

TakuMm oOpa3om, 3a1ada peasn3alid OTHOCUTEIbHO
MPOCTOTO B MpUMEHEeHUH U 3 dekTHBHOrO MeTona oopa-
00TKHM M300pa’KeHHI, OCHOBAHHOTO Ha (PU3MIECKON MOJIEITH
pacnpocTpaHeHHs CBETa B BOJEC M 00ECIICUMBAIOIIETO BOC-
CTaHOBJICHHE €CTECTBCHHBIX IIBETOB MOABOIHBIX 0OBEKTOB
B TOM YHCJIC ¥ TIPU UCIIOIh30BAaHUU HCKYCCTBEHHOTO OCBE-
IIeHUS (YTO SABIACTCS HEM30SKHBIM TIPU OCYIICCTBICHUU
TITyOOKOBOTHOH CHEMKH), SBISICTCS aKTyaJIbHOM.

Mopneb ¢popMupoBaHus N300paKeHHsT

B GoipIMHCTBE anropuTMOB 00PaOOTKHU MOIBOIHBIX
M300paKCHUH UCTIONB3YETCsI MOJIENb (DOPMHIPOBAHUS H30-
OpakeHus1, petoxkeHHas B [ 15] u moka3anHas Ha puc. 1:

1.(x) = 1.(0)J(x) + (1 = 1.(x)) 4.,

rae ¢ € {R, G, B} — WHJCKC IBETOBOTO KaHAaJa; X — KOOP-
JUHATHI NUKCeNa; [, — u300paxkeHne 00bEeKTa B IIBETOBOM
KaHase ¢, puKcupyemMoe kamepoi; ¢, — kodddunuent
nepegadyy Juis LIBETOBOTO KaHaja c¢; J, — U3IyueHue oT
00beKkTa, KOTOpOe HEOOX0AMMO 3a()MKCHPOBATh Ha M30-
Opaxenuu; A, — (HoHOBasE OCBELICHHOCTh YaCTH U30-
OpaxxeHus1, Ha KOTOPOH OTCYTCTBYIOT 00BeKTHI. Hammumne
(hOHOBOH OCBELIEHHOCTH, a TAK)XKe PACcCesHUE MPSIMOTo
(hoHOBOTO CBeTa IPUBOJAUT K CHIDKCHUIO KOHTPACTHOCTH
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00BEKTOM ChEMKH
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D
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OOBEKT ChEMKHU
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Puc. 1. YnpouerHas Moaensb (popMHpOBaHHS N300pasKeHHS

Fig. 1. Simplified image formation model

KaJipa, MOSABICHUIO JbIMKH Ha U300paxkeHuu. 1 (x) u J(x)
HOPMHPOBAHBI M MIX 3HAYCHUS HAXOMATCS B MpENeiax Ju-
anazona ot 0 1o 1.

Kapra nporryckanus ¢, XapaKTepHu3yomas ociadieHue
WHTCHCHBHOCTHU CBETa B KaXX/IOM KaHaJe M300pakeHus, B
YIPOIICHHOM BHJIE MOKET OBITh OTpefiesiecHa Ha OCHOBE
3axona bepa—JlambGepra [4, 5], XapaKTepH3yIOIIETO SKCIO-
HEHIMAJBHBIN 3aKOH 3aTyXaHUs ONTHYECKOTO M3ITyYCHUS
IIPY pacrpoCTPaHEHHHU B BOJIE:

t(x) = exp(-Bz(x)),

rae B, — koddduuueHt ocaabiaeHus ONTHYECKOro U3Iy-
YeHHS B BOJIE U COOTBETCTBYIOIIETO IIBETOBOTO KaHasa
(ITMHBI BOJHBI ONTHYECKOTO M3IYUYEeHHUS); z(X) — paccTo-
sTHEE OT 00BEKTHBA KaMephl 10 00bEeKTa Ha N300pasKEeHUU
C KOOp/IMHATAMH X.

OKCTIOHEHIINATIBHBIN 3aKOH IITMPOKO MPHMEHSETCS B pa3-
JIMYHBIX METOJAMKAX BOCCTAHOBJICHUS IIOJABOJHBIX 1/1306pa—
YKEHUH JUIsl OTMCAaHUs Ipoliecca 3aTyXaHus CBETa B BOJIC.

[Tpumenenue 3axona bepa—Jlambepra siBisiercst Hanbo-
Jiee IPOCTBIM, HO HAMMEHEe TOYHBIM METO/IOM MOJICIIUPO-
BaHUS PacIpPOCTPAHCHUS CBETA B BOIHOU CpeJie.

[IpenmpuHIMAIOTCS MTOTBITKA YTOYHUTH 3aKOH OCIia-
OneHus cBera B Bozie. Tak, B padote [16] mpeanoken dornee
TOUYHBIN 3aKOH, ONMCHIBAIOLINI paclpoCTpaHEHUE CBETA B
BOJIE 32 CUET OT/IENIbHON OlleHKH KoddduimenTa ocmadie-
HUS IUIS TIPSIMOTO CBETA, PACCESTHHOTO OOBEKTOM CHhEMKH,
u ¢oHoBoro ceera. OAHAKO ISl OCYIIECTBICHUS OIEHKH
k03D (HUIUCHTOB OCIA0ICHUS UCTIONB3YIOTCS [IBETHBIC Ta-
OJIHIIBI, pa3MelliacMbIe BO3JIe 00beKTa CheMKHU. [10100HbII
TIO/IXO0/] TIO3BOJISIET TOYHO OLIEHHUTH U B JalbHEHIIIEM BOC-
CTaHOBHUTBH €CTECTBEHHBIEC 1[BETA ITOBOIHBIX OOBEKTOB,
HO TpeOyeT MpOBEeIEHHs OATOTOBKU K ChEMKE, KOTOpast
TPYAHO OCYIIECTBUMA B CIIy4ac TIIyOOKOBOIHOH ChEMKHU
C NIPUMEHEHHNEM TIO/IBOTHBIX alllapaToB M HEBO3MOXKHA B
ClTydae OCYIIECTBIICHHUS IUIOMIATHON ChEMKH IIPH OCMOTPE

COCTOSTHHSI TIOJIBOZIHOTO 00BeKTa (TpyOoIpoBosa, MoaBo-
JTHOTO COOPY’KEHHSI M APYTHX), BBITIOJIHEHUHU IITyOOKOBO-
JTHBIX T€0JIOTOPA3BEIOYHBIX PA0OT U JIPYTHX.

Boree coBeprieHHbIi BapuaHT anroputMa [ 16] mpemio-
JKeH B paboTe [17] 1 mo3BorseT 3a cueT npuMeHeHus Oojee
Pa3BETBIEHHOTO AJTOPUTMA OCYIIECTBISATH HACTPOHKY
METO/[a B 3aBUCHMOCTH OT OCOOCHHOCTEH yCIOBHIA ChEeMKH.
OpHaxko MaHHBIN aNTOPUTM HETPUMEHHUM K pe3yibTaTam
1yOOKOBOJIHOM CHEMKH B CBSI3M C OTCYTCTBHEM (POHOBOM
OCBEIIEHHOCTH U UCTIOJI30BAaHUEM HCKYCCTBEHHBIX UCTOU-
HUKOB CBETA I OCBEIICHHUS MOJBOJHOM CIIEHBI, TaK Kak
9TO NMPHUBOAUT K HEKOPPEKTHOH OICHKE IIIyOWHBI CLEHBI
U, KaK CII€JICTBHE, HEBEPHOMY BOCCTAHOBIICHUIO [[BETOB
TIO/IBOJTHBIX OOBEKTOB.

B nacrosimeii pabore npeanaraeTcsi BMECTO YIPOIICH-
HOTO HKCIIOHEHIIMAIBHOTO 3aKOHA MCIIOJIb30BaTh Oosee
TOYHBIH MOIXO, 3aKJIIOUAIONIUHCS B YUCICHHOM PEIICHUN
YpaBHEHUsI IEpPeHOCa U3IyUCHHUs ¢ IPUMEHEHHEM METo/a
Momnre-Kapo [18, 19]. TTonxom, 3aKIr09aromuics B MoJie-
JUPOBAHUH PACTIPOCTPAHECHHUS ONITHYECKUX JIydeil B Boze,
HAaIlea MIMPOKOe MPUMEHEHHE MPU PELICHUH 3a1a4l MO-
JISTTMPOBaHUS OECITPOBOIHBIX MTOABOJHBIX CUCTEM ONTHYE-
CKOI! CBSI3H, OJTHAKO B 3a/1a4aX BOCCTAHOBJICHUSI TIOIBOAHBIX
M300paKeHUH /10 HACTOSIIIIETO BPEMEHH HE HCIIOIb30BaJICs.
[Ipu 5TOM MOROOHBIN 1MOAXOA OCHOBAH Ha (PHU3MUECKOM
MOJIeJIN, YYUTHIBAIOIEH OCHOBHBIC TApaMETPhl BOIHOM
cpenbl (3aMyTHEHHOCTB, COJICHOCTb, TEMIIeparypa BOAbI,
KOHIICHTPAIHS XJI0PO(HIIIA, COJICHOCTD U T. 1I.), & TAKXKE
rmapamMeTpsl KaMepsl (yroa o030pa, arameTp oO0BeKTHBa
U JIPyTHE), ¥ TO3BOJISIET YUNUTHIBATH BIMSHUE HA PAcIpo-
CTpaHEHHE CBETA HE TOJBKO OCJIAOIEHHS, HO TAKXe SIBIIE-
HUSI MHOTOKPATHOTO PACCEsTHUS, AUCIEPCUH ONTHYECKOTO
U3IIyYCHHUsS U MapaMeTpoB 00bEeKTHBa (POTONPUEMHOTO
ycTporcTsa [20].

ANTOpUTM MOAETUPOBAHUS PACIPOCTPAHEHUS OINTH-
YECKOIr0 U3JIy4eHHUs B BOJE C MCIOJB30BAaHUEM METOJ]a
Mownte-Kapino npuseseH Ha puc. 2.
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Puc. 3. Pe3ynbrarbl MOIEIMPOBAHUS PACIIPOCTPAHEHHS OIITHYCCKUX JIydell B BOJIE ¢ IpuMeHeHneM Metona Mounte-Kapio st 1uiis
BoiH: 670 1M (a), 530 uMm (b) u 485 HM (¢). P — MOIIHOCTS Jiyya,  — BpEeMs IPUXOJIa Jyda

Fig. 3. The results of modeling the propagation of optical rays in water using the Monte Carlo method for wavelengths of 670 nm (a),
530 nm (b) and 485 nm (¢). The vertical axis is the ray power, the horizontal is the time of arrival of the ray

B pe3ynbpraTe MoaenupoBaHus paclpoCTpaHEHUs OIl-
TUYECKUX JIyueldl B BOJIE C IPUMEHEHUEM MeTona Monte-
Kapno nmonyuaercs marpuiia, cojuepkaiiasi CBEJCHHS O
MOIIHOCTH U BPEMECHU MpHUeMa KaxJIoro jdyda GoTompu-
€MHBIM yCTpPOMCTBOM. Pe3ynbTaThl MOAENUpOBAHUS IS
YUCTOM OKEAHCKOM BOJIbI M AAJIbHOCTH 4 M MPHUBEAEHBI HA
puc. 3.

B cBsa3u ¢ tem, uto meron MounTe-Kapio siBisiercst Be-
POSITHOCTHBIM METOJOM, TO C LEJbIO MOJIYYEHHUSI JOCTO-
BEpPHOIO pe3yibraTa B KaUeCTBE MOLIHOCTH ONTHYECKOTO
WU3JIy4YEeHUs UCIIOJIb3YyeTCsl 3HAYEHUE CPeHEeH MOIIHOCTH
OTNTHYECKUX JTydel, IPUHSITHIX (POTOMPUEMHBIM YCTPOM-
CTBOM. DTO TIO3BOJISIET UCKIIIOUUTH BIUSHUE BEPOSTHOCTU
HEKOPPEKTHON OLICHKU MOLIHOCTU OT/AEJIbHBIX JIy4ei.

Taxk kak mapaMeTpbl MOJIEIIN, UCIIOJIb3YEMOM ISl Tpac-
CUPOBKH ONTHYECKHUX Jyued metogom Moute-Kapiio,
AMEIOT YeTKUH (PU3NYSCKHUI CMBICII, TO B Clly4ae HE00-
XOIMMOCTH MOXKET OBITh TPOBEACH pacyeT JJisi HabopoB
apaMeTpoOB, XapaKTepU3YIOLIUX BOAHYIO CPELY B MECTE
MPOBEJICHUS IOABOAHON CHEMKH.

MeToabl KOJIMYECTBEHHOM OLIEHKH KayecTBa
MOABOIAHBIX H300paKeHUI

MeToabl KOJIMYECTBEHHON OIEHKHA KauyecTBa MOJBO-
JTHBIX M300paXCHUH MOXKHO Pa3lelINuTh Ha IBE OCHOBHBIC
TPYTITEL: METO/IBI HA OCHOBE CPABHEHUS C ATAIOHOM U Me-
TOJBI, HE TpeOyromue 3TajoHa. B cBs3u ¢ TeMm, 4TO mpu
BOCCTAHOBJICHUHU PEaIbHBIX MOIBOIHBIX H300paKeHHU I
OTCYTCTBYET 3TaJOHHBIC BEPCHUH 3THUX U300paKCHUM, TO
METObl KOJUYCCTBEHHOM OIICHKH Ha OCHOBE CpaBHe-
HUS C 3TAJIOHOM HE MOTYT OBITh MPUMEHEHBbI. OCHOBHBIC
METOJIbI KOJTUYCCTBCHHOW OIICHKU Ka4eCTBa TOIBOJHBIX
n3ob0paxennit, He TpeOyromux 3Tanona: Underwater
Colour Image Quality Evaluation Metric (UCIQE) [21],
Underwater Image Quality Measure (UIQM) [22] u Patch-
based Contrast Quality Index (PCQI) [23]. Haubonee gacto
MIPUMEHSEMBIMHU JIJISl aHAIM3a KadeCcTBa IOIBOIHBIX H30-
OpakeHUI METOIaMU KOJTHMYECTBECHHOM OICHKH SIBIISIOTCS
UCIQE u UIQM [4].

Nunexc UCIQE ocHOBaH Ha KOMOWHAIIUY IIBETHOCTH,
HACBHIIICHHOCTH U KOHTPACTHOCTH U300PaKCHUS B MOJICITH
CIE-Lab:
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UCIQE = c¢;"6,+ ¢y con; + c3° I,

L€ G, CON U [, — OTKJIOHEHUS LIBETHOCTU, KOHTPACTHO-
CTH M HAaCBIIEHHOCTH OT CPEJHUX 3Ha4YeHuil; ¢; = 0,4859,
¢y = 0,2745, ¢3 = 0,2576 — BecoBble k0dhduienTs! [4].
Bonbinee 3nagenne UCIQE coorBercTByeT myumeMy Oa-
JIAHCY MEXTy KOMITOHEHTaMH.

Wunexc UIQM npencrasmiseT co60if KOMOMHAIHIO TPEX
noxkazareneii: UICM gis onenku nserHoct, UISM st
onenky yetkocTr 1 UIConM 1y1st O1IeHKH KOHTPACTHOCTH:

UIOM = ¢-UICM + ¢, UISM + c5-UIConM,

rae ¢; = 0,0282, ¢, = 0,2953, ¢3 = 3,5753 — BecoBbIe
ko3 dunments [4]. bonpmee 3Haverne naaekca UIQM
XapaKTepu3yeT JIydIliee BH3yalbHOE BOCIIPHATHE H300pa-
JKCHUS.

Nupexcsr UCIQE u UIQM sBnsttotest 6e3pa3MepHBIMU.

Onucanne npeajiaraéMoro Mmeroaa

[Ipemraraemsrii B HacTosmIeH paboTe MeTon 00paboT-
KW TIOABOTHBIX M300pakeHHU OCHOBAaH Ha YTOUHECHHON
MOJIENIA B BHJC YHCICHHOTO MOJICIHPOBAHUS TPACCHPOB-
KU ONTUYECKUX J1yuel metogoM MonTe-Kapno ¢ nocne-
JIyIOUIEH KOPPEKTUPOBKON TMCTOIPAMM Ka)KJI0T0 KaHaja
M300pakeHHs B IIBETOBOM IpocTpancTBe RGB. Anropurm
00paboTKH N300paKeHHsI pa3AesaeTcs Ha 1Ba OCHOBHBIX
JTana: NpeaBapuTeIbHbIN U OCHOBHOM.

IIpenBaputrenbHblil 3TAll 3aKI0YACTCS B YUCICHHOM
MOJIETUPOBAHNH TPACCUPOBKHU OMTUUECKUX JTydel METOI0M
Mounre-Kapino [18, 24, 25] ¢ anvHaMu BOJH, COOTBETCT-
BYFOIIIUMH TPEM OCHOBHBIM I[BETaM (KPaCHOMY, 3eJICHOMY
¥ CHHEMY) C HCIIOJIB30BAHHEM aJITOPUTMA OTTUCAHHOTO
B paznene «Mozens GopMUPOBAHHS H300paKEHUSD C TIe-
JIBIO OTIPENIEIIEHNS] MaTPHIIBI COOTHOIICHHUS K03 UIIEeH-
TOB OCJTAOJICHNUS ONITHYECKOTO M3ITyUCHHUS B BOZIE /TSI CBETA
kpacHoro (R), curero (B) u 3exenoro (G) mBeToB s pas-
JIUYHBIX TTAPAMETPOB BOAHOM CPEIBI M YCIOBUN ChEMKU!

Brc = Pr/Pgs Brp = Pr/Pps Bpg = Pp/Pg-

Kax eIt aeMeHT MOTyYeHHON MaTPHIIBI TIPSICTABISICT
c000i1 OTHOIIIEHNE MOTITHOCTEH ONTHYECKUX CHTHAJIOB YKa-
3aHHBIX [IBETOB IS OTPEACTICHHOTO Habopa mapaMeTpoB
BOIHOMU CPEZBI ¥ JaTBbHOCTH MEXIYy KaMepol U 00bEeKTOM
CbECMKHU.

OCHOBHOM 3Tam anropuTMa o6paboTKM 3aKIII0YaeTCs
B BOCCTAHOBJICHHH €CTECTBCHHOTO COOTHOIICHUS SPKO-
CTEH IIBETOBBIX KOMITOHCHTOB M300paXCHUS HA OCHOBAHUH
c(hOpMHUPOBAHHOW HA TPEABAPUTEIBHOM 3TAIlC MATPUIIHI,
a TAaK)Ke MUMCIONINXCS CBEACHUN 00 YCIOBUSAX CHEMKH:
CTETICHH MYTHOCTH BOJIBI (4UCTast BOIA, IPUOPEKHAS BOJIA,
MyTHasl BOJIa) U [IyOHWHBI CIIEHBI (JAIIEHOCTU 10 OOBEKTa
CHEMKH) ITyTeM KOPPEKIIMU THCTOTPaMMBI KaKIOTO KaHaa
u3obpaxenus (R, G, B) ¢ npumenenuem 3Hadenuit Bpg,
Pra: Pac-

['myOmHa crieHBI MOXET OBITH OIIpe/eNieHa ¢ IPHUMEHe-
HHUEM aJIbTUMETpa, JaJIbHOMEpA UM MHOTO yCTPOMCTBA,
YCTaHOBJICHHOTO Ha ITO[BOJHOM allliapare, HCIOIb3yeMOM
JUJIS1 IOJIBOAHOM ChEMKH.

BoccTaHoBeHHE [IBETHOCTH H300paKEHHs OCYIIECT-
BJIICTCSI ITyTEM PACTATMBAHUS THCTOTPAMM Ka)KIOTO KaHaia
M300paXKEHHUS CIEIYIOIUM 00pa3oM:

H,=H,10 ... s
R K ﬁRGBRB
1
He=H;[1-—— ... 1},
G BraBsc
Hy=H l—— g,
Bos BrsBsc

rne R, G, B — uHaeKc 1[BETOBOTO KaHaja; [ R.G.B — I'd-
cTOrpamMMa COOTBETCTBYIOIIETO KaHala UCXOJHOTO M30-
Opaxenus; H'g g 5 — THCTOrpaMMa COOTBETCTBYIOLIETO
KaHayia 00pabOTaHHOTO N300paKCHHUST; B (PUTYPHBIX CKOO-
KaxX yKa3aHbl IPEJeibl KOHTPACTHOCTH M300paKCHUS B
nuanasone [0, 1]. C uenpio NOBBILIEHUS] KOHTPACTHOCTH
00pabaThIBaeMOTO MTOABOIHOTO N300paKCHHUS IPUMEHSIETCS
TraMMa-KOPPEKITHS HCXOTHOTO M300pakeHNsI Ha OCHOBAaHHU
COOTHOIIEHHH KOA((DHUITIEHTOB OCIA0ICHHUS ONTHYECKOTO

usiny4enus B Boae (Brgs Brp Bro):
I,c(x) = [c(x)Yc,
1 1 1

i BroPrs 67 BeoPac '” BrsPsc
rge ¢ € {R, G, B} — uHJeKC 1IBETOBOrO KaHanua; /, — Hc-
XoiHOe u3o0paxkenue; I', — oO6paboTaHHOE U300paKEeHHE.

PaspaboranHbIii MeTO OCHOBAH Ha (PU3MYECKOM MOJIe-
JIM BOAHOM CpeJibl, UMeeT OOMBIITYI0 BAPHATHBHOCTD TPH
HacCTpOMKE MapaMeTpOB BOJHOW Cpe/ibl Ha IPEABAPUTENb-
HOM 3Tarle, a TaKKe JINIIEH HEAOCTATKOB METOAOB Ha OC-
HoBe DCP u MIP, cBsi3aHHBIX ¢ HEKOPPEKTHOHM 00pabOTKOM
N300paKeHU, MOJYYSHHBIX NPU HUCIOJIb30BAHUU UCKYC-
CTBEHHOT'O OCBEIICHHS M3-32 HEBEPHON OLICHKH IITyOHHBI
CIICHBI, MPUBOJISIIICH K TIEPEKOMITCHCAIIUH [[BETOBBIX KOM-
MIOHEHTOB M300pakKeHUsI U, CIIEA0BATEIbHO, HCKAKCHHIO
I[BETHOCTH MOABOJTHBIX OOBEKTOB.

[TpenBapuTenbHbIil 3Tan 00paboTKH sBIIsIETCS Oojee
TPYAOEMKHM B YacTH HMCIIOJIb30BAHUS BBIYUCIUTEIBHBIX
pecypcoB, HO BBIOITHAETCS] SAMHOXK/IBI Ha ATAIle MOJro-
TOBKH W TIOCJIe (JOPMHUPOBAHMS MaTPHIEI TAHHBIX HE MO-
BTOPSIETCSI.

OCHOBHOI 3Tarn 00pabOTKX MPOCT B peaM3aliy 1 He
TpeboBaTeNeH K HAINYHIO BEIYUCIUTEBHBIX PECYPCOB, UTO
MO3BOJISIET €r0 MPUMEHSITh Ha 0a3e pa3nuHbIX I1aThopm,
YTO 3HAYMTENILHO PACIIUPSIET 001aCTh MPUMEHEHHUS TIpe/l-
nmaraemoro metona. Kpome Toro, pasznenenue airopurma
Ha JIBE YacTH 00ecleynBaeT CyNIeCTBEHHOE YCKOPEHHE
IpolLecca 3a CYeT TOro, YTo MpH 00paboTKe H300paKEeHHS
BBITIOJTHSCTCS TOJIBKO OCHOBHOM ATall alropuT™a.

PazpaboTaHHbIi aNrOpUTM 00BEJUHSICT TOUHOCTH BOC-
CTAHOBJICHUSI TIO/IBOAHBIX N300paKeHUH (TaK KaK OCHOBAH
Ha TOYHOH (hU3WIECKOI MOIETH paclpoCTpaHEHHUs CBETa
B BOZIC M yUHUTHIBaeT 3(h(ekTr ocaalieHus, paccessHus 1
JUCTIEPCHUU CBETA) U OBICTPOTY AJITOPUTMOB YITyUIICHUS
KauecTBa n300pakeHuid. [Ipy 3TOM TOYHOCTH BOCCTaHOB-
JICHUS LBETOB MOABOJHOTO 00BEKTa ONMpeAenseTcs J0-
CTOBEPHOCTBIO OLIEHKU INTyOUHBI CLIEHBI (1aJbHOCTHU 10
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00BbEKTa) U KOPPEKTHOCTBIO 3aaHUs HAbopa MapamMeTpoB
(bu3NYeCKOi MOJIENH MPH OCYIIECTBICHUH MOJICTUPOBAHUS
pacIpoCTpaHEHHsI CBETOBBIX JIyuei Ha MPeABapUTEILHOM
JTare ajJropuTMa.

IMoayyeHHBIE pe3yabTaThI

Jlyist TecTUpOBaHUs BBIOpaHO 6 W300paKCHUI, Ipe/-
cTaBJICHHBIX B TaOM. 1. Bce pacuersl BBHINIOTHEHBI HA TIEp-
COHAJILHOM KOMITBIOTEpE Ha 0a3e OrepariiOHHON CUCTEMbI

Windows 10 ¢ mpouieccopom Intel(R) Core(TM) i5-7400 u
16 I'b oneparuBHO MaMATH.

JJIst OTICHKH TIpeiaraeMoro MeToa 00paboTKHU IOBO-
JIHBIX N300pa)KeHUH MPOU3BEICHO CPABHEHUE KAYECTBCH-
HBIX M KOJMYECTBEHHBIX MTOKAa3aTellell CO CIeIyIOIUMU
Metomamu oopabotku: Fusion [27], UDCP+IATP [28],
Retinex [29], HE [30] w UWB VCSE [31]. Yka3zanubie
METO/IbI SIBJISIFOTCS IIUPOKO MPUMEHSEMbIMH MOJX0AaMHU
K BOCCTaHOBJICHHIO U YJIYYIICHUIO Ka4eCTBA MOABOIHBIX
n3obpaxenuit [4, 5].

Tabauya 1. VicxomHbie H300paxeHust

Table 1. Original images

Homep n3o0paskenus

1 2 3

4 5 6

Pasmep m300paskeHus1, MUKCEIBI

5184 x 3456

720 x 405 400 x 300

Tpumeuanue. N1300paxxenust 1-3 MOIydeHBI B X0JIe T€0JIOTOPa3BeIOUHbIX padoT B paiioHe KiaproH-KiunmepToH B ceBepHOM npuiKBa-
TopuasbHOi odnacti CeBepo-BoctouHoii komioBuHbl THXOro okeaHna ¢ nryouHamu 6onee 5500 M ¢ HCTIOIB30BaHUEM HCKYCCTBEHHOTO

ocBelleHus1; 4—6 B3sThl U3 06a3bl n300pakenuit LSUI [26].

Tabnuya 2. Pe3ynbTaThl Ka4eCTBEHHON OLCHKH AP (HEKTHBHOCTH METOI0B 00paboTKH

Table 2. The results of a qualitative assessment of the effectiveness of processing methods

Howmep n3zobpasxkeHus
Merox 06paboTKu
1 2 3 4 5 6
Fusion S R ‘
o -
Retinex i
HE -
o -
S -
424 Hay4HO-TexHn4Yeckunii BECTHUK MHDOPMALIMOHHbBIX TEXHOMOMMIA, MeXaHnk1 1 ontuku, 2025, Tom 25, N2 3
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Tabruya 3. Pe3ynbraThl KOJIMYECTBEHHON OLIEHKH () ()EeKTUBHOCTH METOI0B 00paboTKM

Table 3. Results of a quantitative assessment of the effectiveness of processing methods

Homep nso6paskenus Homep n3obpaxenust
Meronoopadorn | 1 | 2 | 3 | 4 [ 6 L2 [ 3 [ 4 ] s | s
UCIQE UIQM

IN 0373 | 0397 | 0359 | 0338 | 0,516 | 0,541 | 2,978 | 3,185 | 2,93 |[-1372| 2,32 | 3,561
Fusion 0,576 | 0,59 | 0,556 | 0,614 | 0,605 | 0,580 | 4,946 | 4,635 | 4,878 | 2,469 | 3,895 | 4,626
UDCP + IATP 0358 | 0374 | 0362 | 0352 | 0,505 | 0,515 | 2,998 | 3,587 | 4451 | 0,581 | 5,076 | 5,562
Retinex 0,483 | 0499 | 0485 | 0,513 | 0,559 | 0,573 | 2,690 | 3,046 | 3,035 | 1,177 | 2,143 | 3,392
HE 0,452 | 0489 | 0462 | 052 | 0,599 | 0,558 | 4390 | 4274 | 3,950 | 2.408 | 4,127 | 3,592
UWB VCSE 0,391 | 0422 | 0402 | 0,478 | 0,551 | 0,542 | 2,930 | 3,369 | 3,729 | 2,368 | 5,179 | 5,106
Tpewraraemsiii | 0,513 | 0,519 | 0489 | 0,511 | 0,560 | 0,631 | 3,683 | 4,142 | 4,586 | 1,206 | 4,614 | 4,656

17 [pumedanue. 3eseHbIM IBCTOM BBIJACJICHO ABAa HAWITYUIINUX PE3YyJibTaTa, KpaCHbIM — JIBa HAUXYAIINX 3HAYCHUS [T KaXKJI0r'0 IoKa3aresis.

Ta6auya 4. Pe3ynbraThbl OLEHKH BPEeMEHH 00pabOTKH MOIBOIHBIX H300paKeHHIA, C

Table 4. The results of estimating the processing time of underwater images, s

Howmep uzobpaskeHus
Metoxn 06paboTku : 2 ’ A > 6
Pa3mep H300pakeHHs, TUKCEIIb
5184 x 3456 720 x 405 400 x 300
Fusion 22,83 22,83 27,37 2,23 1,19 1,16
UDCP + IATP 84,17 82,77 83,31 4,09 1,63 1,61
Retinex 7,75 7,65 7,76 0,26 0,19 0,19
HE 15,06 15,15 15,99 1,35 1,09 1,14
UWB VCSE 925,57 937,83 927,49 18,77 9,38 10,81
[Ipennaraemprit 8,23 8,05 8,02 0,11 0,07 0,073

Hpmeuauue. 3eseHbIM LBETOM BBIJICJICHO JIBa HAWTYUIINUX PE3YJIbTaTa, KPACHBIM — JIBA HAUXYAUINX 3HAYCHU I KQXKJI0I'0 ITOKa3aTeIs.

B 1abx. 2 mpuBeIeHBI Pe3yIbTaThl BOCCTAHOBICHHS
NCXOAHBIX M300paXEHNH ¢ TOMOIIBIO MPEIaraeMoro 1
yKa3aHHBIX METOJJ0B 00paOOTKH.

B Tabmn. 3 u 4 npuBeAEHBI pe3yNIbTaThl KOJMYECTBEHHOM
oreHKU 3(h(HEeKTUBHOCTH MpeIIaraeMoro MeToa.

W3 nonydeHHbIX pe3yabTaToB BUAHO, YTO IIpelularae-
MBII MeTOJ1 00pabOTKH MMOABOIHBIX H300payKEHUH JeMOH-
cTpupyeT 3pHeKTHBHOCTD, KAYECTBEHHAS M KOJTMUESCTBEH-
Hasl OIICHKa KOTOpOoH Oim3Ka K Hanbosee 3(h(heKTHBHBIM
METOJIaM YIIy4IIEHUs TOABOJHBIX M300pakeHnH, 100
TIPEBOCXONT HX.

[Tpu ncnons3oBannu Meroxa Fusion st nzobpaxe-
Hull 1-3 (Tabn. 2) HabmromaeTcs Ype3MepHOe YBEIHICHNE
KOHTPACTHOCTU M MCKaKCHHE IBETHOCTU M300pakeHHUSI.
B pesynsrare npumenerns metona UDCP+IATP wa6mio-
JIAeTCsl NCKa)KEHNE IIBETHOCTH TEMHBIX Y4acTKOB H300pa-
JKEHUH BIJIOTh J10 UX OKpallMBaHHUSA B KPAaCHBIC OTTCHKH.
[Ipumenenue metona Retinex oOecrneynBaeT HepocTa-
TOYHOE YCTPAHEHUE CMEILEHHs [[BETOB B CHHE-3EJICHYIO
o0nacTh CrieKTpa BUAMMOIO cBeTa. B pesynbrarte npu-
MeHeHns merona HE Ha TeMHBIX ydyacTkax n3oOpaxe-
HUIl BO3HHMKAIOT Cepble 001aCcTH C PaBHOMEPHBIM (OHOM
" OTCyTCTBHEM 00BeKkTOB. [Ipumenenne metoga UWB
VCSE nmns nzobpakenuii 1-3 mpuBeno K HETOCTAaTOYHO-

MY YCTPaHEHHIO CHHEH JBIMKH U HU3KOH KOHTPACTHOCTH
n300paKeHNH.

Heo0xonnmMo 0TMETHUTH BEICOKYIO CTaOMIIBHOCTD TIpei-
JlaraeMoro MeTojaa B 4actu 3GpGEeKTUBHOCTH 00pabOTKU
MOJIBOJTHBIX M300pakeHuit (Tabiu. 3 u 4). 3HaueHUs Ko-
JMYECTBEHHBIX TIOKa3aTesel ONeHKH IS TIpe/iaraeMo-
ro METOoJ]a COTIOCTAaBUMBI, JINOO MPEBOCXOST 3HAYCHHUS
AQHAJIOTMYHBIX MTOKa3aTeleH JJIsl OCTaJbHBIX METO/O0B.
[Ipenmaraemplii METO IPOJEMOHCTPUPOBAI BTOPOH pe-
3yInbTaT CPEeIM aHATU3UPYEMBIX METOIOB 110 CKOPOCTH
00paboTKn N300paKeHNH. YCKOpEHNE TOCTHTAeTCs pasJie-
JICHUEM aJITOPUTMa Ha /IBa 3Tara — MOATOTOBUTEILHBIN U
OCHOBHOM. [10AroTOBUTENBHBIN 3Tall BBITOIHIETCS 3apaHee
eIMHOXKIBI U JaJiee TIpu 00paboTKe H300paskeHHH TIOBTOP-
HO HE BBITIOJIHSETCS.

3akiaouenue

B pabote mpeacraBieH MeTox 00pabOTKH MOABOIHBIX
n300pakeHN, HAIIpaBICHHBIN HA BOCCTAaHOBJICHUE €CTe-
CTBCHHBIX I[BETOB MOJBOAHBIX O0OBEKTOB U YIyUIICHUE
KOHTPACTHOCTH H300pakeHUH.

B pesynbrare kaueCTBEHHON M KOJIMYECTBEHHON OLIEHOK
C HCTIONIB30BAHUEM PEAIbHBIX TITyOOKOBOIHBIX (hoTorpaduit
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JByxaTanHbli anropuTM BOCCTAHOBJIEHMS NOABOAHBIX M300paXkeHUn A1 MOPCKUX reosIoropasBefoyHbIX padboT

MOPCKOT'O JIHa, MOJYYEHHBIX B XOJIE Te0JIOTOPa3BEIOYHBIX
pabor, nokazana Bbicokast 3(h()EeKTHUBHOCTb U OBICTPOJIEH-
CTBHE IPEJIaraeMoro MeTojia, CONOCTaBUMast WIN TIpe-
BOCXOASIIAsl B OT/AEIBHBIX CIydasX IMOKa3aTeln U3BECT-
HBIX aHAJOTMYHBIX aJrOPUTMOB 00pabOTKHU MOIBOIHBIX
M300paKeHUH.

[IpeumyIecTBO MpeIaraeMoro MeTo/ia 3aKiro4aeTcst

B IIPUMEHEHNH (PH3UIECKOH MOJETH BHICOKOH TOUHOCTH Ha

10.

11.

12.

14.

15.
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. Zhou J., Pang L., Zhang D., Zhang W. Underwater image
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N 2. P. 474-488. https://doi.org/10.1109/joe.2022.3223733f
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. Zhou J., Zhang D., Zhang W. The Classical and state-of-the-art

approaches for underwater image defogging: a comprehensive
survey // Frontiers of Information Technology & Electronic
Engineering. 2020. V. 21. N 12. P. 1745-1769. https://doi.
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. He K., Sun J., Tang X. Single image haze removal using dark channel
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TPAMI.2010.168

. Chang H.H., Chen P.F., Guo J.K., Sung C.C. A self-adaptive single

underwater image restoration algorithm for improving graphic
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. Zhang T.,Li Q., Li Y., Liu X. Underwater Optical Image Restoration

Method for Natural/Artificial Light // Journal of Marine Science and
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. Igbal K., Odetayo M., James A. Enhancing the low quality images
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P. 1703-1709. https://doi.org/10.1109/icsmc.2010.5642311

Pandey V., Padmakumar A., Padmakumar A., Rasal T., Khandelwal H.
Underwater image enhancement and restoration using Al & ML //
International Journal of Research Publication and Reviews. 2023.
V.4.N 4. P. 3372-3377.

Joel Fathimson, J, Bibis S., Aswanth R., Gayatri S. Underwater image
restoration using UICCS Method in Matlab // International Journal of
New Technology and Research (IINTR). 2018. V. 4. N 2. P. 1-6.

Li C., Guo C., Ren W., Cong R., Hou J., Kwong S., Tao D. An
underwater image enhancement benchmark dataset and beyond //
IEEE Transactions on Image Processing. 2020. V. 29. P. 4376-4389.
https://doi.org/10.1109/T1P.2019.2955241

. Peng Y-T., Cosman P.C. Underwater image restoration based on

image blurriness and light absorption // IEEE Transactions on Image
Processing. 2017. V. 26. N 4. P. 1579-1594. https://doi.org/10.1109/
TIP.2017.2663846

Xu'Y., Wang H., Cooper G.D., Rong S., Sun W. Learning-based dark
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Schechner Y.Y., Karpel N. Recovery of underwater visibility and
structure by polarization analysis // IEEE Journal of Oceanic
Engineering. 2005. V. 30. N 3. P. 570-587. https://doi.org/10.1109/
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OCHOBE YHCJICHHOTO MOJIEIMPOBAHUS TPACCUPOBKHU ONTHU-
gyeckux Jiyueil Metogom MonTte-Kapio.

OcHOBHOE HallpaBJICHUC ,uanLHeﬁme I/ICCJ'[C,HOBaHI/Iﬁ

3aKJII0YaeTCsl B peasIM3aliy aJirTOPUTMa BOCCTAHOBJICHHS
HOJBOJHBIX H300paKeHUI B TOM YHCIIE IS JTI000ro TUIa
BOJIBI, & TAK)KE 3aMYTHEHHOW BOJIBI C BHICOKHM COJIEpIKa-
HHEM XJIopodmuIa.
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AHHOTALHUA

Beenenue. B coBpeMeHHBIX cucTeMax obecreueHus HH(POPMAIIMOHHON 0€301MacHOCTH KPUNTOTrpaduuecKne Xer-
(YHKIUH UTPAIOT 3HAYUTENBHYIO POJIb M BBIIOJIHSIOT TaKHe BaXKHBIC 3a]a4l, KaK 00eCIIeueHne [eJIOCTHOCTH JaHHBIX
n ux dpdexruBHoe cxarre. OxHON M3 Hanbosiee 3HAUMMBIX U IIMPOKO NMPUMEHSIEMBIX KPHUITOIPAapHISCKUX Xell-
¢bynknuit seasiercs SHA-256 u3 cemeiictBa SHA-2. Uccnenopanne kpunrorpaduueckoit croiikoctu SHA-256
SIBJSICTCSl aKTyaJbHOM HaydHOH 3ajadell U periaeTcst ¢ MIPUMEHEHHEM COBPEMEHHBIX MOJIXO0J0B KPUITOAHAIH3a K
aTakaM HaXOXJIEHUS MPooOpPa30B M KONIM3UI C aKIEHTOM Ha MPAaKTUYECKYI0 OCYLIECTBUMOCTh TakuX aTak. Mertoa.
B nmpencrasnennoi padore s MOMCKAa TPOOOPa30B HEMOMHOPAYHIOBHIX Bepcuil Gpynkuuu cxarus SHA-256
MIPUMEHEH JOTHYECKHH KPUNTOAHAIN3, COTIACHO KOTOPOMY MCXOHAs 3ajada KPUITOAHAIN3a CBOAUTCS K IpodieMe
OyneBoii BeimoHUMOCTH (SAT). Jl7st moMcKa KOJUTM3UH COBMECTHO PUMEHEHBI JJOTUYeCKUA U MU depeHInaTbHbIH
kpunroananussl. OCHOBHBIE pe3yabTaThl. BrnonHeHO cpaBHEHHE Y(PPEKTHBHOCTU PA3IMYHBIX CIIOCOO0B
ceenenus QyHkuun cxarust SHA-256 x SAT. Bnepsrle Haiinensl npoo6passl aist 17- n 18-payHnoBeIx GyHKINR
cxarust SHA-256, a takxe nmpooOpassl s ocnabieHHoi 19-payHnoBoit pyukiuu cxarus. [ToctpoeHsl 6a3oBbie
nuddepeHnnanbHbIe MyTH, C TIOMOIIBI0 KOTOPBIX ObICTpee HaiJeHbl KOJUTH3HK 18-payHnIoBoil QyHKINHU Cxarus. B
pesynbrate cBefenust K SAT uzBecTHbIX AuddepeHInanbHbIX MyTel HaiiieHbl KOUTH3HK 19-payH1oBoit GyHKIMN
ckarus. Obcy:xaenue. [IporeMoHCTpUpOBaHa BOZMOXKHOCTH KOMOMHUPOBAHMUS BYX METOJOB KPUIITOAHAIN3A C IIENBIO
MOBBIIECHNUS 3((PEKTUBHOCTH aHATN3a KPUITOTpadUIEeCKIX aTOPUTMOB. Pe3ynbTaThl Hccaen0BaHusI TOATBEPUIN, 9TO
noTHOpayH 0Bast xem-(yHkiwst SHA-256 ocraercs ycToiInBO# K aTakaM, HalpaBJIeHHBIM Ha HAX0XKEHHE TPOOOPa3oB
U KOJUIM3UH, B paMKax npuMeHeHHoro SAT-noaxona.
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Abstract

Cryptographic hash functions play a significant role in modern information security systems by ensuring data integrity
and enabling efficient data compression. One of the most important and widely used cryptographic hash functions is
SHA-256 that belongs to the SHA-2 family. In this regard, the study of SHA-256 cryptographic resistance using modern
cryptanalysis approaches to preimage and collision attacks with an emphasis on the practical feasibility of such attacks is
an urgent scientific task. To search for preimages of round-reduced versions of the SHA-256 compression function, the
logical cryptanalysis was applied, i.e., cryptanalysis problems were reduced to the Boolean satisfiability problem (SAT).
For collision attacks, a combination of logical and differential cryptanalysis was utilized. The work presents a comparison
between various methods for reducing the SHA-256 compression function to SAT and evaluates their efficiency. As a
result of the work, preimages for 17- and 18-round SHA-256 compression functions were found for the first time as
well as preimages for a weakened 19-round compression function. Basic differential paths were constructed, which
facilitated faster finding of collisions for the 18-round compression function. Known differential paths were reduced
in SAT leading to finding collisions for the 19-round compression function. The work demonstrates the possibility of
combining two cryptanalysis methods to enhance the efficiency of analyzing cryptographic algorithms. The results of
the study confirm that the full-round SHA-256 hash function remains resistant to preimage and collision attacks within
the scope of the applied SAT-based approach.
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BBenenune

Xeur-QyHKIUS — aJrOPUTM, Pe0Opa30BbIBAIONIHIT
BXO/THbIC JIaHHBIE ¥ TIO3BOJISIFOLIMI TTOJYYHTh UX «OTIIEYa-
TOK» (XelI; B OOJIBIIMHCTBE CIy4aeB — OUTOBYIO CTPOKY
MEHBIIEH JUIMHBI, YeM BXOzHas). s HCIoIb30BaHUs B
3amagax Kpunrorpaduu xem-(QpyHKIWs JODKHA 00IaaaTs
CBOMCTBAMH CTOMKOCTH K IOMCKY MEPBOTO Mpoobdpasa,
BTOpOTO 1poobpasa u xouusuit. Kpunrorpaduueckue
xenl-QOyHKINU BCera JAeTePMUHUPOBAHbI, [TPU 3TOM He-
00IIbIIIOE 3MEHEHHE BXOJIa OYCHb CHJIBHO BIIUSIET HA BbI-
XOJ — TaKO€ CBOMCTBO HA3bIBACTCS «JIABUHHBIM 3 (Dek-
TomM». Ha npakTrke oueHb CI0KHO HAWTH KOJUTH3HIO, T. €.
JIBa Pa3HBIX COOOILEHHSI C OJIMHAKOBBIM Xelll-3HaYECHHEM,

OJTHAKO, TAaK KaK IMPOCTPAHCTBO XeIIeH MHOTO MEHBIIE
MPOCTPaAHCTBa COOOIIEHNH (€CciM HEeT OrpaHuYCHHUH 10
JUTHHE BXO0J1a), KOJUTH3HH y JTI000H Xem-(QYHKINH CyIIe-
CTBYIOT BCET/A.

AKTyalbHOCTB aHallW3a KPUNTOTPAPUUECKUX XEI-
(hyHKITHI 00yCITaBIUBACTCS UX ITUPOKON TIPUMEHUMOCTHIO
U TIOMYJISIPHOCTHIO: C WX TIOMOMIBIO MOJKHO TeHEPHPOBATh
Y TIPOBEPSTH IEKTPOHHBIC TIOJANUCH, (HOPMUPOBATH OJIOK-
4eliH, o0ecneynBaTh 6€30MacHOe XPaHEHNE U BHIOJIHATh
MIPOBEPKY BEPHOCTH IapOJieil, NPOBEPSTh LEIOCTHOCTb
(haiiIoB, HCIIOIH30BATH B KAYE€CTBE OCHOBBI JUIsl FeHepaTopa
TICEBJIOCITyYaiHBIX YMCeT U MHOTOE Jpyroe. M3 mmpoxoit
pacnpoCTpaHEHHOCTH BBITEKAeT HEOOXOIMMOCTh B aHa-
JU3e YSA3BUMOCTEH UCIOIB3yEeMBIX KPUITOrpaduuecKux
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AHanuns kpunTorpadunyeckor CToNKocTn xew-dyHkumm SHA-256 npu nomowwm SAT-nogxoaa

xem-hyHKnui. KpunroaHaMTHKK HCTIONB3YIOT pa3iiMYHbIC
METOJIbl M aTaK Ul HaXOXJIEHHUs IIPo00pa3oB U KOJUIU-
3Wi, TAaKME KaK aTaka JHEeH POXKICHUS, METOA «BCTPEUH
rocepennHey, TuppepeHnnanbHble TyTH, JOTHIECKUHT
KPHUIITOAHAJIN3 ¥ MHOTOE Apyroe. B mormyeckoM Kpumnro-
aHaJIM3€ NCXOHAS 3ajladya CBOAUTCS K Ipodieme OyneBoi
BEIMOTHUMOCTH (satisfiability mmu SAT), mosToMy OH Tak-
ke Ha3pIBaeTCs SAT-KpUITOaHATH3OM.

B npencraBnenHoit paboTe paccMOTpeHa U IpoaHaIn-
3UpoBaHa Kpunrorpapuyeckas xem-pynkuus SHA-256
[1]. HecmoTpsa Ha TO, 4TO CyHIeCTByeT 00jiee HOBBIN
crannapt CIIA, xem-dynkius SHA-256 Bce emre uc-
MOJIB3YETCA B PA3JIMUHBIX NMPUIOKEHUIX, HAIPUMED, B
Kpunropaitore Bitcoin B mporecce MaliHUHra U reHepa-
UM bitcoin-aapecos, [UIs ayTCHTU(HUKALIMH TTAKETOB IIPO-
rpammHoro obecneuenust Debian, a Takxke B MPOTOKOJIE
TLS 1.3.

Kpunrorpadudeckas croiikocte SHA-256 aBnsercs
TIPEIMETOM OOITHUPHBIX MCCICTOBAHUN B HAyIHBIX pPado-
Tax [2]. ATaku HampaBJIeHBl Ha TOUCK PO0Opa3a 1 MONUCK
KoIUTH3UH (M nx Bapmanuii) GpyHkiuu cxarusg SHA-256.
Ha cerogusiiiauii A1eHb MOJHOPAyHIOBasA (PYHKIUS CHKa-
tus (64 payHia) ocraeTcsi Kpunrorpaduuecku CTOMKOIA;
OCHOBHOM HCCJIEJIOBATEJILCKUI UHTEPEC COCPEAOTOUCH HA
TIOTIBITKaX OOpAaIIeHUs] M TIOMCKA KOJUTM3HMH HETOoJIHOpa-
YHZIOBBIX Bepcuil. ATaKu MOXKHO YCJIOBHO pa3fieluTh Ha
TeopeTHuecKkue U npaktudyeckue. Teopernueckas aTaka
CBUJIETENBCTBYET O CHIYKEHUH aCUMITOTUYECKON CIIOXK-
HOCTH 10 CPAaBHEHHIO CO CIOKHOCTBIO TIOJIHOTO TIepedopa,
OJIHAKO, Ha MPAKTUKE TAKHE aTaKN OCTAIOTCS] HEPUMEHH-
MbIMH. [IpakTndeckas araka MoATBEPKIaET BOZMOKHOCTb
OCYIIECTBIICHUS PEATTbHOTO HAXOXKAEHHS MPoo0pasa uin
KOJUTU3UH B YCIIOBHSX OTPAHUYEHHBIX BBIYMCIUTEIBHBIX
MOIIIHOCTEH.

Jast orcka npoodpasa Jydlleil TeOpeTHIeCKol aTakoil
Ha CETONHANIHMIN JIeHb SBJSETCA aTaka, MpeIoKeHHAs B
paborte [3], ciayxanias 1Jisl HaXOXKICHUS poodpasa 45-pa-
yH1oBo# Bepcru SHA-256 co cl10xKHOCTBIO 2253:5 BBI30BOB
¢dyHKuMK cxxarust. Jlydmel npakTHueckoil arakoi sBIsieTCs
pabora [4], rae ObUT MPUMEHEH JIOTHYECKUI KpUIITOAHAa-
JU3 U HaleH mpoodpas 16-payHI0BoOi Bepcuu (QpyHKIHH
CHKaTHsI.

Jlydureit TeopeTuueckoil aTakol MO MOUCKY KOJUIU-
3ui ABJsIeTCs padora [5], rae paccMoTpeHa BO3MOKHOCTh
HCIIOJIb30BaHUS IPOTUBHUKOM KBAHTOBOTO KOMIIBIOTEPA,
BEPXHSIs TPAHMIIA CIIOKHOCTH aTaKH IS HAXOXKICHHS KOJI-
mu3un 38 paynnos SHA-256 — 2116 gpi30B0B (yHKIMH
cxkartud. Jlydimnii npakTUYeCKUil pe3ylabTar 10 IOUCKY
KOJTM3Wi ObLT npenicTanieH B 2024 rony Ha KoH(epeHIuH
Eurocrypt [6], rne mpoaeMOHCTPUPOBAHO HAXO0XKACHUE
xoun3uu st 31-paynnosoit SHA-256.

B nacrosimei pabore nmpuBeeHbI ONMCAaHNE MPUHIIN-
na pabotsl SHA-256 u kpaTkuii aHaIuTH4YecKuil 0030p
arak. [IpencraBiieHsl pe3yabTaTel IPUMEHEHHS JTOTHYEC-
CKOTO KPUNTOAHAIN3A JUTsl OMCKA IMPO0OPa30B 1 KOJIIH3UH
HEeMoJTHOpayHIOBHIX Bepcuit SHA-256. BuiepBrie Haiine-
HBI Tpoobpassl 17- u 18-payHAOBBIX QYHKIIUN CKATHSL
SHA-256. [Ipu noucke KOJUTH3KH I JOCTIKEHHS O0ITb-
et 3p(HeKTUBHOCTH MTPOJJEMOHCTPUPOBAHO IPUMEHEHHUE
THOPUIHON aTaku, MCIONIb3YIOLICH TuddepeHnnaIbHbIe
IyTH U JOrn4eckuil kpunroananus. [IpuBeneHs! kintoueBbie

PE3YAbTATHI ITPOBEACHHOI'O UCCIICOBAHUS, TAKKE IMOKa3a-
HbI HallpaBJICHUSA ﬂaﬂbHeﬁHlHX PICCJ'IeL[OBaHPIﬁ.

Xem-pynxuus SHA-256

Onucanue u npuHIMN padoTbl. Xenr-gynkius SHA-
256 npunayexut cemeiictsy SHA-2. ITomumo Hee B ce-
MEICTBO TaK)ke BXOJAT €Il MATh PA3TUYHBIX BAPUAHTOB,
MIOJTHOE OMHCaHUe KOTOPhIX MOXKHO HaTH B [1]. Ha Bxox
NPUHUMAETCSI COOOIIEHNE IPOU3BOJILHOMN JUTHHBI, BBIXOJIOM
SBIISICTCS XCII-3HAYCHHE, JJIMHA KOTOPOTO BapbUPYeTCs
ot 160 o 512 6ur. Bee xem-pynknnu cemeiictsa SHA-2
CTPOSITCSL Ha OCHOBE CTPYKTYpbl Mepkiia—/lamropa [7, 8].
BxoznHoe coo0mieHne TOMOMHAETCS 0 OPeIeNICHHOH -
HBI, TIOCJIE Yero pa3dmBaeTcs Ha OIOKH 33/JaHHOTO pa3Mepa,
3aTeM MPOUCXOANUT UTEPaTHBHAS 00pabOTKa STHX OIOKOB
Cc MpUMeHeHHeM (pyHKIUM cxaTus. B 3aBucuMocTH OT nc-
TIOJTE3yEMOT0 aJITOPUTMA (PYHKIIUS CHKATHSI MOYKET COCTOATh
n3 64 nim 80 payHIOB.

Camoit mepBoit pyuknueir SHA, co3manHOU
ArentctBoM Hanmonansnoit besonacunoctu CIIA n
HanuoHaabHBIM MHCTUTYTOM CTaHAAPTOB M TEXHOJOTHH,
6suta SHA-0. OHa pa3pabarbiBajiach B KaueCTBE CTaH-
JapTa st 0e30TacHO reHepauy 1 IPOBEPKH IH(POBOI
MOAIINCH, & TAKXKE B LEJIAX 00ecleueHNs] HaAeKHOTO all-
TOPUTMA XCIIMPOBAHUS A (heiepaTbHBIX MPUIOKCHNH.
Opnnako mepBast oTKpbITas myonukanus SHA-0 Obuta ObI-
CTPO OTO3BaHA M3-32 HEHa3BAaHHOTO HEJOCTAaTKa, U OblIa
BBINyIIeHa OOHOBJIEHHAS BEPCHS AJTOPUTMA XEIINPOBa-
Hus — SHA-1. Uepes Heckonbko JeT Ha cMeny SHA-1
npunuia SHA-256.

B xauectBe BxogHoro coobmenust SHA-256 npuaumaer
OMTOBYIO CTPOKY ITPOU3BOJILHOTO pa3Mepa (MaKCUMallb-
Hast juiiHa — (264 — 1 6uT), KOTOpas MOCye JOMOTHEHHUS
pasouBaercst Ha N OJI0KOB 110 512 OUT, BRIXOAOM SIBIISICTCS
256-0uTHOE 3HAYCHUE Ha MOCieAHEeM dTarne. DyHKIUsS
c)katus, sBIsAromascs ocHoBoir SHA-256, coctout us
64 payHI0B 1 paboTaeT ¢ 512-0uTHRIME OJI0KaMH COOOTIIe-
HUSI, KOTOpPBIE MTPEICTaBICHEI B BUAE 16 cioB mo 32 Owura.
OCHOBHBIE OTIEPALINH I PaOOTHI CO CIIOBAMH: JIOTHIECKUE
oTieparuy cioxkeHus, yMmHoxkeHust, XOR, oTpumanus; cio-
JKEHUE 110 MOAYIIIO 232; IIUKIIMYECKUH U HENMKIINYECKU
OUTOBBIE CIIBUTH.

[TepBbIM dTANIOM (PYHKLMH CHKaTHsI SIBISIETCS pacIinpe-
HHe 16-Tu 32-OUTHBIX BXOIHBIX CJIOB 11; 10 64 CIIOB:

0<i<le6
16 <i<064,

W n
01(Wip) + Wigtoo(Wiiis) + Wiies

rae GpyHKIHMH ¢ paboTaroT CISIYIOIIM 00pa3oM:

(SO(x) «— (x >>> 7) &) (x >>> ]8) D (x >> 3),
01(x) < (x>>>17) @ (x >>>19) @ (x >> 10),

e >>> 1 >> — MUKINYECKUN U HEIUKIINYECKUH CIABUTH
BIIPaBoO.

OcHoBa paboTHI (PYyHKIMU CXKATUS ¢ COOOIeHUAMU W
3aK/II04YeHa B 8-MH 32-OUTHBIX MHUIIMAIU3AI[HOHHBIX 3Ha-
YEHUAX H(?)(i =0, ..., 7) 1 BOCbMH BHYTPEHHUX PETUCTPAX
a, b, c,d, e, f, g h. VI3Ha4aapHO 3TH IEPEMCHHBIC PaBHBI
MHHALMAIA3AIMOHHLIM 3HAYCHUSIM H(?), Ha KaXJ0M H3 I10-
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CIICAYIOMNX 64 payHIOB (YHKIIUH COKATUS BBITTOJHSIIOTCS
CJICJTyIOLIHE OTIePALIUH:

h=g,d=c,
g=fic=b,
f=e,b=a,

e:d+T1,a:Tl+T2,

rue

Ty=h+Z(h)+ Chle.f,9) + K, + W,

T, =ZXy(a) + Maj(a, b, ¢),
Ch(x,y,z)=(xANy) D (@A z),
Maj(x, y,z) = (x A y) © (v A 2) D (x A 2),
5100 = (135> 6) @ (r>>> 11) @ (x>>> 25),
Yox)=(@x>>>2) @ (x>>>13) D (x >>>22),

rae K, — payH0Bas KOHCTaHTa; W, — CIIOBO Ha payHJe
t,t=20, ..., 63. B xoHIIe K&XIOT0 payH/Ia MPOUCXOIUT
0OHOBJICHHE MMPOMEKYTOYHBIX 3HaYeHui H(i), i=0, ..., N.

Takum 00pa3oM, Ha mocieaHeM 64-0M payHe, Mocie
BBIUMCIICHUS] 3HAYEHUH PErUCTPOB ¢ — i 1 OOHOBJICHHUS
cocrosuuiit HWN), punanbHOoe 3HaUEHUE XeIla PABHO KOH-
KaTeHallnu:

HNH M HHD| HMNHNHN HD.

MeTtoasl atak Ha SHA-256. Ha paccmarpuBaemyto
XelI-(QyHKIHIO CYIIECTBYET PsiJ] TEOPETUUECKHUX U MPAKTH-
yeckux atak. SHA-256, kak u iro0ast [pyrasi KpUITOrpa-
(rueckast xem-(yHKIMS, JOJDKHA 00J1a/1aTh OIpe/ieNIeHHbI-
MH CBOIMCTBaMH, KOTOpbIE HEOOXOANMO ITPOAHATU3HPOBATH
B IIEPBYIO OYEpe/Ib NPH JI0KAa3aTeIbCTBE OE30MaCHOCTH, a
HMMEHHO — CTOMKOCTB K ITOWUCKY IEPBOTO U BTOPOTO IIPO-
00pa3oB M KOJUTH3UH.

— Ilownck mepBoro mpoobdpaza (OXHOCTOPOHHOCTH): TPH
HaJIMIMH Xell-3HaueHus H(m) cooOmieHus m HeoOxo-
JIMMO BBIYHCIIUTHL CAMO COOOIIEHUE /1.

— Ilowuck Broporo npoo0pasa: npu HaJIMYUU COOOILEHHUS
my ¥ ero xeu-3HadeHus H(m;) HeoOX0OUMO HAUTH
Jpyroe cooOILEeHUe M,, Takoe uto H(m;) = H(m,).

— Tlouck komu3un: HEOOXOUMO HAUTH JIBA PA3IMYHBIX
COOOLIEHHUS M1 # My, TAKUX YTO UX XElI-3HaUCHUs CO-
Briayatot H(m,) = H(m,).

Ha xpunrorpadudeckne xem-QpyHKIUN CYIIECTBYET
MHOXECTBO aTaK, HO TaK WM MHA4Ye BCE OHU SBISIOTCS
BapUaNMsIMH MOUCKA MPOOOPA30B WK KOJUTM3UH C AOTION-
HUTEIbHBIMU TPEOOBAaHUSAMH N yNpoueHusMu. Tak,
TIPY TIOMCKE TICEBI0NPOOOPa30B MIIH NICEBIOKOIIITU3NI He-
00X0IMMO HAJIOXKHUTH YCIOBHE, YTO aTaKyIOUIMH MOXKET
U3MEHATh 3HAaYEHUE BEKTOpa MHULManu3auuu [V, a npu
MOMCKE YaCTMYHOro Mpoolpasa arakyloueMmy OyleT ao-
CTaTOYHO BOCCTAHOBUTH 4acTh coobmenus [9, 10]. [lpu
peanuzanuu OUKINK-aTaku (OJHA U3 PA3HOBHJIHOCTEH
aTak «BCTPEYH MOCEPEANHE») HEOOXOMMO HCIOJIB30BaTh
CTPYKTYpY IOJHOTO ABYIOJIBHOTO Ipada At TOro, 4ToOs!
YBEJIMUHUTH KOJIMIECTBO aTaK «4esioBeKa rnocepeauHe». Ee
OJIHa ySI3BUMOCTb, pucyas SHA-256, BelsaBisieTcs ara-
KOW YIUTMHEHHEM coo0MIeHns. [IaHHOM aTake MoaBep KEHBI

BCE MTEPATHBHbBIE KOHCTPYKIMH, Y KOTOPBIX (PUHAIBHOE
npeoOpa3oBaHye BHYTPEHHETO COCTOSIHUS HE OTIMYACTCS
OT BCEX MPEABIIYIINX UTEPALUi. 3Hasl JUIMHY UCXOIHOTO
COOOILCHNS U €ro XelI-3Ha4eHHE, 37I0YMBIIUICHHUK MOXKET
peann30BaTh JONOJHUTENBHYIO 71 + | uTepanuio GyHKINN
CKaTHs, MOJCTaBUB XEII-3HAYCHHE UCXOAHOTO CO00IIIe-
HUS ¥ JIOTIOJTHNB €TO CBOMM COOOIICHHEM C JIOTIOJIHEHU-
em (magguarom). Ilocne mpoBeneHus BCeX MAaHUITYIISLUH
xenI-()yHKIHUS BBIIACT BAJIMAHOE HOBOE XEIl-3HaYCHHE.
JlanHas araka paboTaerT, Jake €CIM aTaKyIolIuil He 3HaeT
CaMOr0 MCXOJHOTO COOOIICHHUS.

He Bce 911 araku sBIISIOTCS] OOIMMHU M HE MOTYT IIPH-
MEHSThCS KO BceM Xem-pyHkiusM. J{is onenku 6e3omac-
HOCTH JII000#1 KpunTorpaduyeckoi xem-QyHKINU, BHE
3aBUCHMOCTH OT €€ KOHCTPYKIIMH, MO)KHO HCIIOJIb30BaTh
pas3yn4HbIe BUBI KPUNTOAHAIN3A, HAIPUMEp, anredpan-
YECKHIA, TOTHIeCKUH, MU PepeHINATHHBIA WITH THHSHHBIN
KPHITTOAHAJIN3HL.

B pa6ore [11] mpemmoxkena anredpandeckas ataka Ha
OCHOBe c0OeB I aHANH3a 0€30MacHOCTH MHU(POB WU
xeur-pyHkiui. [Ipu TakoM MoAXo/e MPOUCXOAUT 00bEIH-
HEHHE aTakK 10 CTOPOHHUM KaHajaM C anreOpanvyeckumu
METOJ[aMHU — JUIsl Havajia Hy>KHO BHECTH COOM B pacueTax
arrnaparHoro yCTpoucTBa, MOCie Yero MocTpouTh anredpa-
MYECKUE YPAaBHEHUS JUIsl XelI-(yHKIINH, a B Ka4eCTBE HO-
BBIX 3HAYE€HHI MCIIOJIb30BaTh HOBBIE JJAHHBIE C OIIMOKaMHU.
[Tocite 3TOro MPUMEHSIOTCS] ABTOMAaTHYECKUE HHCTPYMEHTEI
JUISL pEIICHNS yPaBHEHHUI W BOCCTAHOBIICHNST HEOOXOMMOH
nHpopmanuu. B pabote [12] anrebpanyeckas ataka Ha
ocHOBe cOoeB coBMereHa ¢ SAT-penrarensmu 111 BoccTa-
HOBJICHUSI CEKPETHBIX OMTOB W3 aNMapaTHBIX pean3aiui
cemeiictBa xem-pyakmmii SHA-1 u SHA-2.

B nacTtosmel padoTe ObIIM MPUMEHEHBI METOIbI
JudGepeHInaIbHOTO U JIOTHYECKOT0 KPUIITOAHAIN30B.
B ocHoOBe norndeckoro KpunToaHainsa JexKHUT mpodnema
BBITIOJIHUMOCTH OyJIEBBIX (DOPMYJI, 3aITMCAHHBIX B KOHBIOH-
KTUBHOU HOpMasbHOH hopme (KHD).

HeoOxomumo onpenenuTs, IPUHAMAET JIH popMyIIa, 3a-
nucannasi B KH®, 3naueHne «icTHHAY, U €Cln 11, TO Hak-
TH 3HAUCHUS IIEPEMEHHBIX, BXO/SIINX B Hee. Ha npakTrke
9TO O3HAYaeT HAWTH MMPOOOPa3 NMEIOIIETOCs XeTI-3HaueHUS
(T. e. 0OparuTh Xem-QpyHKINIO), THO0 HAHTH HECKOIBKO
COOOIIEHUH C OTHUM U TeM K€ Xell-3HaueHHeM (KOJIJTH-
3Hs1) — BCE 3aBUCHUT OT (YOPMYIUPOBKH U KOAMPOBAHUS
3aJa4u.

Jlornueckuil KpunToaHanus SABISETCS YHUBEpPCAIb-
HBIM CPEJICTBOM KpHITOaHaln3a xeul-GpyHkuuit. OH He
M03BOJIIET MOJYYUTh TEOPETHUECKUE OLEHKH CIIOXKHO-
CTH, OJTHAKO, J]a€T BO3MOXKHOCTb OIICHHUTBH CIIOKHOCTH C
MpaKTHYECKOl ToukH 3peHus. [Ipumepom npuMeHEeHHs
JIOTUYECKOTO KPUIITOAHAIN3a JUISl TIONCKa MpooOpas3oB
Kpunrorpaguieckux xem-(GyHkimii siisiercs padora [13],
rae ucrons3oBad SAT-pemrarens Kissat 1ist aHamisa cToi-
KOCTH KPHIITOTpapUIeCKUX XeI-(pYHKINH — (PHHAIACTOB
koHKypca National Institute of Standards and Technology.
B pa6ote [14] npumenen SAT-pemarens COBMECTHO ¢
CUCTeMOM KoMITbloTepHOH anredpst CAS nis moncka kod-
JU3UH C MOJIYCBOOOIHBIM CTAPTOM HEIOJHOPAYHI0BOM
Bepcun SHA-256. HTEepecHBIN MOAX0]] ¢ TPUMEHEHUEM
SAT-perarens npezcrasieH B padore [15], rae Obuin Haii-
JICHBI TaK Ha3bIBaEMble «KBAHTOBBICY» KOJUIM3HMHU (TTOUCK
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AHanuns kpunTorpadunyeckor CToNKocTn xew-dyHkumm SHA-256 npu nomowwm SAT-nogxoaa

KOJUTM3MI ¢ moMoIIbio anroputMa ['posepa) xen-pyHKuui
cemeiictBa SHA-3; yueHsle ucnonab3oBaiu pemarenu SAT
st 6onee APpHEKTUBHOTO ITOMCKA KOJUTM3HUH, a TaKkkKe IS
OIITHMH3AIINH TTOJX0/Ia B OOIIEM.

Wnest nuddepeHnmanbHoro KpunToaHain3a BbIIBUHY T
B pabore [16], rae OBLT MPEUTOKEH OPUTUHANBHBIA METOT
aHa/M3a, MO3BOJIAIOINH Ha TOT MOMEHT BPEMEHH B3JIOMATh
HenonHopayHAoBEIH mmdp DES. CyTts tuddepennmansHo-
IO aHaJM3a 3aKJII0YaeTCsl B UCCIIE0OBAHUY 3aBUCHMOCTH,
Kak HeOOJIbIas pa3sHUIA MEXK]Ly JIByMsI BXOJAHBIMHU CO00-
LICHUSIMH BJIMSET Ha MX BBIXOJHBbIC 3Ha4YCHUs. B ciryuae
Kkpunrorpadguyeckux xem-QyHKIHA 3TO IIOMOTraeT MpH
MOMCKE KOJUTM3UI: HEOOXO0AMMO HalTH J1Ba Pa3IMYHBIX
COOOIIIEHHSI, KOTOPBIE JAlOT OJMH M TOT XK€ Xell, IIPH yC-
JIOBUY HAJIOXKEHHSI OTPAaHWYCHUSI Ha Pa3HUIy BHYTPEHHUX
COCTOSIHMH Ha KaXXJJ0M payHze. B kadecTBe mpumepa npu-
MeHeHHs 1 HepeHINATBHOT0 KPUITOAHAIN3a MOXKHO
mpuBecTH paboTs [17-19], rme OBLT MpencTaBicH aHATN3
xem-pyaknuit SHA-0, MD5, MD4 u RIPEMD.

Ouenka croiikoctn SHA-256. Pansd Mepxn u MBan
Hamrap nHa xoungepenm CRYPTO B 1989 roxy npeaso-
JKUJIU CTPYKTYPY, B paMKaX KOTOPOH CTOMKOCTb KPUIITO-
rpaduveckoil Xem-(pyHKIUH OCHOBBIBACTCS] HA CTOMKOCTH
ee GyHkiuu cxarus. [loroMy 3adacTyro mpu OlCHKE Oe3-
OITACHOCTH BCel Xel-(pyHKIUH JOCTaTOYHO MPOaHAIN3H-
pOBarh CTOMKOCTH (DYHKIIMH CHKATUsl B €€ OCHOBE. BepxHsist
IpaHuUIA CIOKHOCTH ITOUCKA KOJUTM3UI Ha ITOHYIO BEPCHIO
SHA-256 — okoro 2128 oneparmii Bei3oBa QyHKImY (11071
HbIH nepeGop Tpebyer 2256 onepanuii BHI30Ba, APaI0KC
JHEH pOXKIICHHS TO3BOJISIET COKPATUTH 3TO KOJIMYECTBO).
BepxHsis o1ieHKa CI0KHOCTH MTONCKA TPO00pasa B Xy/AIeM
cllyuae — TIOJIHbIH nepebop, T. €. 2256 onepaiuii BbI30Ba
¢ynxuun. C TOMOIIBIO PA3IMYHBIX METOJOB U aTaK MOXKHO
TIOHU3UTh BEPXHHE OLIEHKH CII0KHOCTH, OJIHAKO, B 00IIIEM
clly4ae cJieslaTh 9TO 3aTPYIHUTEIBHO, @ TAKUE OLEHKHU JUIs
SHA-256 cerogHst HOCAT YUCTO TEOPETHUECKUIA XapaKTep.
DTO0 03HAYaeT, YTO, XOTS C MOMOUIBIO PA3JINYHBIX aTaK
CJIOHOCTb TOMCKa MPoo0pasza U KOJUIM3UI CHHXKAETCS B
CPaBHEHHMH C METOJIOM IIOJIHOTO Iepedopa, OHa BCe elle
ocTraeTcs 3a IpeJieslaMy BBIYUCITUTEIEHBIX BOBMOKHOCTEH
COBPEMEHHBIX KOMITBIOTEPOB.

Amaxu naxosicoenusn npoobpasa. IlepBas araka Ha
TTOMCK TIEPBOTO M BTOpOTO 1mpoodpa3zoB SHA-256 ocHo-
BBIBAJIACHh HA TEXHHUKE «BCTPEYM MOCEPEIMHE»; aBTOPbI
pearn30BaIn aTaKy Ha YPE3aHHYIO BEPCHIO, COCTOSIIYIO
u3 24 payHI0B, M CMOIJIM CHU3UTH CIOKHOCTH 10 2240
BbI30BOB (yHKIMH cxatus [20]. Brocnenctsun 0b110
MIPOBEJICHO MHOXKECTBO JPYTHX aTak U UX BapHaLUi JJIst
moucKa mpoodpasa wiu ncesnonpoodpasa. B padore [21]
IIpe/UIOKeHa TeOpeTHUECKas BapHalusl aTakd «BCTPEYH
TocepeaAnHe» ISl HaX0XJIeHNs1 Tpoodpasa 42-payHI0Boi
Beperu SHA-256 co cnokHoCThO 22484 BRI30BOB (DYHK-
UMM CKaTus 1o BpeMeHu. B [4] npuMeHeH norudeckuit
KpUITOAHAJN3 U HaiiieH mpoodpa3 16-payHIoBoii Bepcun
¢byukmm cxarust. [TocnemHent yerenHol Ha CeroqHATITHII
JIeHb paboToii siBrsieTcs [3], B KOTOpOH MPeIOKEHBI aTakKu
HaXOKICHUS poodpasa 45-payrnosoii Bepcun SHA-256
niceBaonpoobpasa 52-paynaosoii Bepcun SHA-256. B 060-
UX CllydasiX 3TO ObUIM TEOPETUYECKHE OMKIIMK-aTaKH I10
JBYIOJIBEHOMY Ipady: CII0KHOCTH ObLIa CHIKEHA J10 22555 1
2255 BpI30BOB (DYHKIIMHU CYKATHS COOTBETCTBEHHO. OTMETHM,

YTO B HACTOSIIMI MOMEHT OOJIBIIMHCTBO aTaK Ha IMOMCK
npoobpasza SHA-256 SBASIOTCS TCOPETUUCCKIMU.

Amaxu naxooicoenus xonnusui. Ha npakTHKe MoayduTh
Kojun3un xem-¢pynkuun SHA-256 BriepBbie ynanoch B
pabote [22], B pe3yibTare OBUIN TOTY9ICHBI KOJUTU3UH IS
18 paynjoB. B nanpHeiiniem nmoaxopl K NOMCKY KOJUIM3UN
OpuTH yiryureHsl. B [23] Opi1a peann3zoBaHa BapHaIist ara-
KU «BCTPEUH IOCEPEMHE, B PE3YNbTaTe KOTOPOH yAAI0Ch
HAWTH KOJTU3UIO 71 28-payHA0BON (QYHKIHNU CKATHA U
KOJTM3HIO C ITOJYCBOOOIHBIM CTapTOM Juis 3 1-payH/10BO#
Gbynkiuu cxarus SHA-256 co cinoxkuocThio 2055 110 Bpe-
MeHH. B pabote [6] ucmonap30BaH HHCTPYMEHT Ha OCHOBE
SAT/SMT nnst adpdexruBrOro noncka udhepeHInamTbHbIX
xapakTepuctuk SHA-256; B utore ObUTH HAWICHBI KOJUIH-
3um st 31 paynja (CIoKHOCTB 110 BpeMeHd — 2495 ome-
pauuii BbI30Ba); ICEBIOKOUTM3UA ISl 52 payH/IOB (CIIOXK-
HOCTB 110 BpeMenn — 2127:5 onepaiii BbI30Ba) M KOJUIU3HK
C MOycBOOOIHBIM cTapToM Aist 39 payHIOB (CIOKHOCTD
110 BPEMEHHM 3aBHCHUT OT pEealn3alnyl aTakd M HavdalbHBIX
YCIIOBHH, HaIpUMEp, €CIIM PacCMaTPUBATh TOJIBKO OAHY
CTapTOBYIO TOUKY, TO CIIOKHOCTB 110 BPEMEHH OyZleT paBHa
2115.6 oniepaumsim BeizoBa). Taxke B 2024 rony B pabore
[14] 6B11 MCcTIONTB30BAH JIOTHUECKUN KPUMTOAHATIU3 IS
HaXOXKJICHUS KOJUIM3UH C TIOJyCBOOOIHBIM CTAapTOM JUIS
38-paynnoBoii Bepcunt SHA-256.

IMouck npoo0pa3oB HENMOJHOPAYHIOBBIX BepCHii
¢ynxnun ckarus SHA-256

[TpuMeHNM MEeTOJ IOTHYECKOTO KPUIITOAHAIN3A IS
MOMCKA MPOOOPA30B YCEUCHHBIX (HEMOIHOPAYHIOBBIX)
Bepeuit pynkuuu cxarust SHA-256. Jlns npoBeneHus
JKCIIEPUMEHTOB ObliIa BhIJeneHa GpyHkuus cxatus SHA-
256 u nocrpoens! ee SAT-KOTUPOBKH, T. €. OBUIM CreHe-
pupoBanbl coorBeTcTByrOIIe KH® (yeThipe ciryuas).
Xapaxrepuctrkn KH® n BpeMst HaxoXIeHUs IPooOpas3oB
mpeacTaBieHB B Ta0m. 1, 2. Bo Bcex cimydasix 3amadeit
SBJISUIOCH HAXOXK/ICHNE TIPO0Opa3a HyJIeBOTO BBIXOA (PyHK-
WU CXKATHS, T. €. BBIXOZAA, COCTOSIIEro U3 256 HYIEeBBIX
6utoB. Bee skcniepruMeHTHI IPOBOAMIINCH HAa TIEPCOHAIb-
HOM KOMIIBIOTEPE CO CJIEAYIOMNMHU XapaKTePUCTHKAMHU:
16-sinepusIii iporieccop AMD Ryzen 3950X, oneparuBHas
namsite — 64 I'b.

ITpu nmpoBeaeHNN SKCTIEpUMEHTOB 1 omyyeHuss KHO
MCIOJIB30BaNCH cieaytonre nporpamMMbl: C Bounded
Model Checker (CBMC), Transalg nu SAT-encoding.

Tpancnsrop CBMC [24] — tpancnarop oOrero Ha-
3HAUCHMS, NTPEHA3HAYCHHbIA ISl IpeoOpa3oBaHus Mpo-
rpaMM Ha s3pikax C u C++ B OyneBsl (GOpMyIIBI, KOTO-
pBIE 3aTeM aHAIN3ZHUPYIOTCS ISl BHISBICHUS OUTHOOK U
HapylIeHNs1 KOPPEKTHOCTH HcrnonHeHus. [Ipouecc cos-
nmaaus SAT-KoAHPOBOK KPpUOTOTpahUISCKUX Xem-PyHK-
nuit ¢ momonipio CBMC moapo6Ho omucaH B pabore
[13]. Tpanrcastop Transalg [25] — cnenuanu3upoBaHHBINH
TPAHCIIATOP, MPEAHA3HAYCHHBIN I OMHCAHMUS KPUIITOTPa-
(hruecKuX aJropuTMOB Ha MPEAMETHO-OPUEHTHPOBAHHOM
s3bIKe M (popMUpYyIoIuii (aiin ¢ coorBercTBytomeir KHD.
SAT-encoding — cnenuanpHas nporpaMmma, J0CTyIHas
B OTKPBITOM PEeno3uTOpuu [26], mpeaHa3HaueHHas JJIs
noctpoeHust SAT-KonUpPOBOK MPUKIATHBIX 3a1ad. SAT-
encoding no3Bossiet popmupoBarh SAT-KOAMPOBKH (yHK-
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IUH cxaTusg Kpunrorpapudeckux xem-QpyHkuuii MD4,
SHA-1 u SHA-256. IIporpamma Taxxe MpeaocTaBiseT
BO3MOYKHOCTb HaCTPOWKH JOTIOJHUTEIIFHBIX [1apaMETPOB:
BHIOOpPA AJITOPUTMa XCIIUPOBAHMS, THUITA KOJHUPOBAHMS 11e-
JIOYUCIICHHOTO CIIOKEHMSI, YKa3aHNsI KOJIMYECTBA PAYH/I0B
JUIsl KOAMPOBKH, ompesenenus 1ein reaeparn KH (mo-
HCK TIpoo0pa3a WM KOJUTM3WHN), a TaKoKe 3aJaHus (PUKCH-
POBaHHOTO pa3Mepa BXOTHOTO COOOIIECHHS (IT0 YMOTIaHUIO
pasmep cooOrieHus He GUKCUPOBaH).

Hns pemenus nonydenasix KH® npumensics SAT-
pemrarens Kissat [27], peanusytomuii anroputm CDCL
[28].

B nepBom cityuae ucnonab30BaHa roToBas IporpaMMHast
peanuzanus xem-pyukipn SHA-256 [1] va s3bike C. [lis
CO3/IaHUSI KOAMPOBKHU MPOTPaMMHBIN KOzl OB aJanTupo-
BaH: BbIAEICHA (QYHKINS CXKATHs, yOpaH Bech HEHY)KHBIH
(YHKIIMOHAJ, TPOBEpeHa KOPPEKTHOCTh peaTH3alUuU U
copMyIMpoBaHa 3a1a4a IIOUCKa Mpoodpaza HEMOIHOpayH-
noBoii Bepcun pyHKImH cxxarus. [Tocie atoro daiin ¢ mpo-
TpaMMHBIM KOZIOM TIOfIaBajics Ha BXox TpaHcisiTopy CBMC
Ut oirydeHus Qaiina, conepkamero KH®. Taxmm o6pa-
30M, ObuH caenanbl KH® s HaxoxaeHust mpooopa3oB
16-, 17-, 18- u 19-paynnoBbix ¢pyHkuumii cxarust SHA-256.

Ha nocrpoennsix ¢aiinax 6bu1 3ammymen SAT-peiaresnsb
Kissat. YcraHoBI€HO OrpaHHYEHHUE 110 BPEMEHH PEIICHUS
B 5000 c.

Bo BTOpom cityuae ucrnonb3oBaH TpaHcisTop Transalg.
[Iporpamma mist pynkun cxarust SHA-256 nocrynHa B
PEeno3uTOpUM 3TOro TpaHciaropa [29]. [dns skcnepumeHn-
TOB B 3TOH ITPOTpaMMe BapbUPOBAIOCH YHCIO PAYHIOB U
3a/1aBajics HyJIEBOH BBIXOA. Pe3ynbTarhl, MOIMy4YeHHBIE C
rmomotsio Kissat, mpencrasnenst B Ta0m. 1.

B TpeTrbeMm ciyuae Oblna MCIIONIB30BaHA IpOTrpaMMa
SAT-encoding. Jlist paboThl MpOrpaMMbl HYXKHO 3a1aTh
BXOZ ¥ BbIXOH (pyHKIMK cxkatus. [Ipu aToM BbIxo (yHK-

Tabnuya 1. Xapakrepuctukun KH®, mocTpoeHHBIE ¢ TOMOIIBIO
CBMC u Transalg, a Taxoke BpeMs HAXOKACHUS TPO0Opa3oB
¢ nomotusto penraresns Kissat

Table 1. Characteristics of CNF constructed using CBMC
and Transalg as well as the time for finding preimages using
the Kissat solver

LUK CKaTusl JIMOO BBOIUTCS BPYUYHYIO, TMOO aBTOMarnye-
CKH TeHepupyeTcst cirydaiiHbIM oOpazom. [Iporpamma Obuia
Moan(HUINpPOBaHA TAKUM 00pa3oM, 4TOOBI ObllIa BO3MOXK-
HOCTb 33J1aTh HYJIEBO! BBIXO/.

B nporpamme SAT-encoding nperycMOTpEeHO HCIIONb-
30BaHHE PA3IMYHBIX AITOPUTMOB KOAMpPOBaHUS B SAT
LEJIOYNCIEHHOr0 CIOKEHUs: counter chain — HCIIONB-
30BaHUE CUCTUHKOB (CyMMHpPOBaHHE OMTOB ONEpPaHIOB B
OJTHOM CTOJIOIIE) B peKUME KacKaTHOro CyMMHUpoBaHus, dot
matrix — o0paboTKa ¥ yMEHbIICHHE MaTPHIIbI ONIEPAHI0B
IIpY TIOMOIIH JIepeBa Yoiieca, espresso — aHaJior counter
chain ¢ uCcHoJb30BaHUEM JIOTHUYECKOTO MHUHHUMHU3ATOpa
Espresso, two operand — oZiHOBpeMEHHOE BHECEHHE JIBYX
ornepanzoB. B nporpamme SAT-encoding oTcyrcrBoBaia
peanmuzanust Espresso, mo3tomMy ObUI MOAKIIIOYEH JaHHBIN
MHHHMH3ATOP B Ka4eCTBE BHEUIHEH MPOTPAMMBI, B3SITOH
B OTKpbITOM penosutopuu!. [Tocie c6opku u 3amycka
MOIU(PHUIUPOBAHHON MPOTpaMMbI ObLTH TTOTydeHsl KHO
s 16, 17, 18 u 19 paynnoB GyHKIUN cyKaThs IS Kax-
JIOTO BUAA KOAMPOBAHUA cioxkeHus — uroro 16 KHO.
Xapaxkrepuctuku KH® u pesynsraTtsl pabotsr Kissat Ha
HUX MPEJCTaBICHBI B TA0M. 2.

B pesynbTare BBIMOJIHEHHBIX SKCIIEPUMEHTOB MOXKHO
clieNiaTh BBIBOJ, UYTO HaxXOKICHHE Ipoobpasa st 18-pa-
yHaoBoi QyHkinuu cxatuss SHA-256 Ha ceromHsIHAN
JIeHb — Tpocras 3aja4a, 1 osictpee Bcero SAT-pemarens
Kissat ee pemmt Ha KOIUPOBKE, CIICIAHHOMN C TOMOLIBIO
SAT-encoding ¢ ncrnions3zoBanuem Espresso.

Tak kak 3a/1aua HaXOXKJIeHHS TIpoodpasa 19-payHI0BOM
dhyskunu cxatust SHA-256 okazanach CIIHAIIKOM CIIOXKHOM
mutst pernarens Kissat, ObTH paccMOTpEHBI OcTa0ieHHBIe
Bepcuu NaHHOH 3a1adn. OcnabieHne 3aKII09anioch B TOM,
4TO OBII U3BECTEH HE BECh 256-OMTHBIN BBIXOJ, a TOJILKO
€ro 4acTb. B Takoiil mocraHoBKe y KaXJ0ro BbIxo/a (yHK-
MU CXKATHUSA YBEIHMYMBACTCA YUCIO COOTBETCTBYIOIIUX
pooOPa3oB, UTO YIPOLIAET ITOMCK XOTsI ObI OTHOTO U3 HUX.
bbia moctpoena kopupoBka 19 payHmoB GyHKINH CHKaTHS
SHA-256 ¢ momonipto SAT-encoding u Espresso. 3arem
cnenanbl 32 KH®: B mepBoii M3BECTEH TOJILKO MEPBBI OUT
BBIXOJIa ¥ OH PaBEH HYJIIO; BO BTOPOW N3BECTHEI IIEPBBIC /1BA
HYJEBBIX OnTa U Tak paiee. Ha xaxxmoit u3 atux KHO 3a-
mymieH Kissat ¢ orpanmaennem Bpemern B 5000 ¢. B urore
YAAJIOCh HAWTH TIPo00pa3 MaKCUMYM ISt 24-0HTHOTO HyJIe-
BOTO BBIXOMa. JlJ1s cpaBHEHUS, €CIIH 3aKOANPOBAHHI Bce 64
paysna ¢pynkuun cxatust SHA-256, To B T€X e YCIOBHUIX
Kissat Haxonut pemenne Makcumym Juist KH®, B kotopoii
3a/1aHbI HYJISIMU TiepBble 17 OUTOB BBIXOJA.

Cy1ecTBYIOT pa3Hble MOIXObI K pacnapayieIuBaHNIO
Tpyaubix SAT-3a1a4. HekoTopele 13 HUX OCHOBaHbI Ha Ba-
PBUPOBAHNHU 3HauUeHUH MHOXecTBa nepemeHHbIXx KHO [30].
Jlnst pereHust TPYAHBIX 3a1a9 ObUT BEIOpaH JIPYyroi MOoIXox,
koTopsiil HazbBaeTcs Cube-and-Conquer. B pamkax 3to-
TO IOIXO0a Ha IEepPBOM dTare ¢ momomnrsio lookahead-pe-
IIaTesst UICXOJHAs 3a/1ada YIpoIaeTcss U pa3onuBaeTcs Ha
HE3aBUCHMBbIE TI0/13a/1a4H, a 3aTEM Ha BTOPOM 3Talle 3TH
nmoa3agadyn pemrarorcs ¢ momomsio CDCL-pematens. Ha

Paynns ITepemenubie JIN3BIOHKTHI Bpewms, ¢
CBMC
16 35136 148 609 0,05
17 35966 152 848 0,25
18 36 794 157 080 12,53
19 37622 161312 HE peleHo
Transalg
16 22212 143 478 0,06
17 22774 147 154 0,36
18 23 334 150 823 5,76
19 23 894 154 492 HE pelIeHo

[Ipumeuanue. «He PEIIEHO» — pellIaTellb He CMOT HAHTH BBINOJ-
HSIOLIMI HA0OP 3a BBIJETIEHHOE BPEMs.

I University of California/Espresso-logic-minimizer
[DnexTponnsii pecype]. Pesxum moctyma: https://github.com/
classabbyamp/espresso-logic, cBobozaHbIi. SI3. anri. (1ara obpa-
uienust: 24.07.2024).
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Tabruya 2. Xapakrepuctuku KH®, nocrpoennsie ¢ momolnsio anroputmoB SAT-encoding, a Taioke BpeMst HAX0XKICHHS IIPO0OPa3oB

¢ nmomotneio perarens Kissat

Table 2. Characteristics of CNF constructed using algorithms SAT-encoding, as well as the time for finding preimages using

the Kissat solver

Pays Iepem. JIM3BIOHKTEI Bpewms, ¢ Iepem. JIM3BIOHKTBI Bpewms, ¢
Aunroput™ Counter chain Auroput™m Dot matrix

16 11936 70 504 0,04 10 760 66 088 0,05

17 12918 76 651 0,14 11 604 71727 0,13

18 13 900 82 798 7,52 12 448 77 366 8,89

19 14 882 88 945 HE pelIeHo 13292 83 005 HE PelIeHo
Paynnst Anroputm Two operand Anroputm Espresso

16 11 400 66 536 0,02 7920 14 336 0,01

17 12 286 72210 0,14 8495 140 442 0,76

18 13172 77 884 20,60 9070 151 508 2,38

19 14 058 83 558 HE pelIeHO 9645 162 574 HE PelIeHo

Tpumeuanue. «He perIeHO» — peIIaTeNlb He CMOT HAWTH BBIOTHSIONNI HabOp 3a BeIAeneHHoe BpeMs; «Ilepem.» — dncio nepemen-

HBIX.

8-mu 19-paynnoBeix KH® 6pu1 3amymen napasienbHbIH
SAT-pemarens EnCnC, peanuzyromuii meton Cube-and-
Conquer [31]. Pemarens ObUT 3amyIeH ¢ OrpaHHYEHUEM
BpeMeHu B 24 yvaca Ha 16-saepHoM Tiporieccope. Ha Bro-
pom srane ucnosbzoBad Kissat, T. €. OH ObLI 3amyieH Ha
COOTBETCTBYIOIIMX Moa3anadax. B utore mist Bcex KHD,
KpOME CaMOM CIIO’KHOM (C 32-OMTHBIM HYJICBBIM BBIXOJIOM),
yaanoch Haiftu pemenue. Bee nonydennsie KH® nocryn-
HbI OHJIAMH [32].

MoOJKHO cliesiaTh BBIBOJ, UTO HAXOX/AEHUE Ipoobdpasa
st 19 payanoB ¢oyuknun cxatus SHA-256 sBusercs
CIIMIIKOM CJIOKHOM 3ajadey Jake €CIH TIIATEJILHO I10-
no6pate SAT-KOOMPOBKY M MCIIONB30BaTh MapajiebHbIC
BbIUUCICHUs . OTMETUM TaKkKe, 4TO 110 CPABHEHMIO C pa-
0oToit [4], B KoTOpO#i ObLT HaliieH MPoodpa3 MaKCUMyM
st 16 payunoB pyakmnuu cxarust SHA-256 — mocturnyt
SIBHBIU ITpOrpecc.

Houck KoNIU3MIA 1JIS1 HENMOJIHOPAYH/I0OBBIX BepcHii
¢ynkuun c:karus SHA-256

OObennHUM METO/BI U TOIX0/IbI IOTHIECKOTO KPUIITO-
aHaNu3a /Ui MOMCKa KOJTM3UH B HEMIOITHOPAyHIOBBIX BEp-
cusix pynkuun cxarust SHA-256. BeimonmHum npoBepky
(G PEKTUBHOCTH COBMEIICHUS ABYX MPEIIOKEHHBIX O/
XOJIOB.

3ajaua MOMCKa KOJUTM3HMH B JaHHOM ciiydae Qop-
Myaupyercs ciuepyoomuMm obpazom. Ilycts M u M' —
MPOU3BOJIbHBIEC cooOmeH s, /(') — (QyHKIHS CKATHS.
HeobOxomumo Haiitn Takue M # M’ ato H(M) = H(M').

CHavasa IpUMEHHUM TOJBKO JIOTHYECKNH KPHUIITOAHA-
JIN3 JJISL IOMCKA KOJUIM3UM. [{s 3TOro 3akogupyem Io-
CTaBJICHHYIO 33/1a9y CIEAYIOUINM 00pa3oM. 3aaaIuM IBa
IIPOM3BOJIBHBIX BXOAHBIX cooOmmeHus M| u M, mnpu 3Tom
HAJIOXXUM Ha HUX OIpaHMYEHUS] TAaKUM 00Pa3oM, YTOOBI
OHM OBbLIM pa3nuyHbl. TakiKe yKaKeM, 4TO BBIXOJ (DYHKIIUH
CKaTHUsl TIOCIIe TPUMEHEHHs K 000MM COOOIIEHUsIM OyJieT
opuHaxoB: H(M,) = H(M,). Ilocne yero nomnpodyem pe-
LINTH 33J1a4y MOUCKa KOJUTM3KH ¢ momonrsio Kissat.

3aa4a OTHOCHUTEINBHO JIETKO permaeTtcs i 18 payHIoB
(hyHKIMHU CKaTHA — MOUCK KOJTH3UH 3aHsut 34 ¢. s 19
payH/I0B 3a7a4y JAaHHBIM METOJOM PEUIMTh HE YAAI0Ch.
st 6onee 3ppeKTUBHOTO MOKMCKA KOJUTU3UN MOXKHO I10-
poOoBaTh OOBEIMHUTE JIOTHYCCKUH U TU(PepeHIHAIb-
HBIH KpunToaHanu3bl. Ha ka oM payH/ie HCIOoIb3yOTCs 8
perucTposB: a, b, ¢, d, e, f, g, h, TIie KaxIblil UMEET pa3mep-
HOCTH 32 OUT, IPU STOM BBIXOJOM (DYHKIIUU CYKATHS SBIISI-
FOTCSI 9TH e PErucTphbl. YTOOBI COKPATUTH MPOCTPAHCTBO
BO3MOXKHBIX COOOIICHUH /ISl TIOUCKA KOJUTH3HMA, MOXHO
HAJIO)KUTh OTPAHUYCHUS HA PA3HOCTh YaCTH PETHCTPOB HA
HEKOTOPBIX payH/ax: TaKMM 00pa3oM MOXHO MOCTPOUTH
muddepennmansHeIid MyTh. Hampumep, ansg peructpa a
JuddepeHIMabHbIN yTh B 0011IeM BUjie Oy/IeT BBIIISICTh
CIIEAYIOIIUM 00pa3oM:

Aa, — Aa, — - —Aa,  —Aa,,

rae {ry, ..., ¥} — payH/bI (BCETO 11); HA IOCJEHEM payH/Ie
Aarn = 0, TaK KaK BBIXOJ] PETUCTPa JOJDKEH COBIIAAATH IS
coobmennit M u M'. Takum oOpa3om, orpaHUIEHUS HA
3HAYCHUA PETUCTPOB IMO3BOJAT YMCHBIINUTDH CJIIOKHOCTDH
nepedopa. OIHAKO ClielyeT OTMETHTD, YTO CaM MOUCK HYXK-
HbIX OTPAaHUYEHUN — HETPUBUAJIbHAS 3a/1a4a.

Jlnist mpoBepKH 3a/1a/IMM eIMHCTBEHHOE 3HaUYeHue AuQ-
(epenumanbHOro mytn Aa,, = 1, COKpaTiM 4HCIO PayHI0B
1o 18, 3akoqupyeM 3aaady MoucKa KOJUIN3HH, MOTyYUM
KH® ¢ nomonipro CBMC u nmonpodyem npumenuts Kissat
JUIsl pelueHus 3agauu. 3ajnavya pewaercs 3a 19 c. Eciu
3a/1aHO €IMHCTBEHHOE 3HadYeHHE AU(HEpeHINAIBHOTO
nytu Ae, = 1, o Kissat HaxonuT pewenue 3a 3 ¢. Takum
00pa3oMm, myTeM T00aBICHHUS BCETO JIUIIH OJHOTO YCIOBHUS
YAAJI0Ch JOCTHYb 3HAUYUTEIbHON ONTUMHU3AIHH.

BaxHo 3ameTuTh, 4TO 3TO HE BCeraa Tak. B HeKoTophIx
clIydasXx, HalIpOTUB, OTpaHUYCHUA MOTYT NPUBOAUTH K
YXYAUICHUIO MTPOU3BOJAUTCIIBHOCTH, @ B HCKOTOPBIX KOJI-
JU3UI0 HAaWTH U BOBce He ynactcs. MHorna coBMecTHOE
NPUMEHEHHE OTPaHIMYECHUN MOXKET TPUBECTH K MOMEHTAIIb-
HoMy UNSAT, uT0o 03HauaeT — AJIs TaKUX OTPaHUYEHUH
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Tabauya 3. Kommmsus st 19-paynnosoit gpynkimu cxarust SHA-256

Table 3. Collision for the 19-round SHA-256 compression function

0x71646011 0x5479452 0x3791dfb5 0x1d1338de
0x9900a4c7 0x60745f6b Ox1leOac5de 0x9b286266
0xef7f4755 0x65adlcba Oxab32b24 0x9dc00b20
0xb6113681 0xcd20048¢ 0xdc967d4e Oxb1e8b4b
0x71646011 0x5479452 0x3791dfbS 0xf51f13c9
0xd4c56911 0xb9e206a2 0x5df3b728 Oxfad4£80e
0xd46a748 0x65adlcba Oxab32b24 0xc5b43035
0xb6113681 0xcd20048¢ 0xdc967d4e Oxb1e8b4b

IIpumeuanue. CoBnanaromye 32-0UTHBIE CJIOBa B COOOIICHUSIX BBIJICICHBI MOTYKHPHBIM HIPH(TOM.

(opMyna HEBBINIOIHNMA, M OHU HE MOTYT OBITh MCITOJb-
soBanbl. Hampumep, ecin coBmecTHO 3a1atk Aa, = 1 u
Ae, =5 (nus 19-paynnoBoit pyHkuum cxarus), Kissat
BeimaeTr UNSAT (Bpems BemmonHerus 0,06 c), 9to moka-
3bIBACT — KOJUIM3UH MIPU YKA3aHHBIX JBYX OIPaHUYEHHAX
HE CyIIECTBYET.

J111st npoBEepKU KOPPEKTHOCTH TIOJIX0/1a 3aKOIUPYEM BCe
mddepenpanbabie nyT U3 padotst [33] anst 19-paynno-
Boi Qpynkumu cxarus SHA-256. Kissat pemraer n1anHyro
3aj1auy 3a 2 MuH 2 c. HalinenHas kounu3us npejcTaBieHa
B Tabm. 3.

Just 20-payHioBoii pyHKIMM CKaTHS C TEMH Ke AUQ-
(epeHIMATBHBIMI T TIMH KOJUTU3UIO HAWTH HE YAAJIOCh.
OTMeTnM, 4TO MOJTyYEHHBIH Pe3ynbTaT yCTyNaeT CyIie-
CTBYIOIIIMM HAy9YHBIM paboTam, Hampumep, B [23] Oputa
HalizieHa Koyum3us s 28-payHmnoBoit Bepcuu SHA-256.
O¢ddexTrBHOC HaxOXKACHUE AUPPEPEHINATHHBIX TyTeH
JUIs TIOJTHOPAYHJ0BOM BepcHH Xell-(DyHKLMH OCTaeTcs Ha
CETOIHAIIHUHN JIeHb OTKPHITON MPOOIEeMOH.
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3akiouenne

B pabote npuBeneH TOrMIeCcKUi KPUNTOAHAIN3 all-
ropuTMa Kpunrorpapudeckoit xem-pyakinun SHA-256.
HccnenoBana cama xem-(GyHKIUS 1 ONMCAHBI BO3MOXKHBIE
aTraky. B kadecTBe SKCIIepUMEHTa [UIsl HaXOXKICHUS IPO00-
Pa30B U KOJUTM3UiA ObLIN UCTIONB30BaHbI PA3JIMYHBIC TPAHC-
JISITOPBI JUIS TTOJTYYEHUS! KOHBIOHKTHBHBIX HOPMAaJIbHBIX
dhopm u SAT-periarenu i pelieHUs MpoOIeMbl OyIeBOI
BBIMIOJHUMOCTH. B pe3ynbrare paboTsl ObUIN HaiiIeHbI
poo0passl U KOJUTH3UK 18-payHIoBoOi QYHKIMK COKATHS
SHA-256. N3ydyeHa TexHHKa COBMECTHOTO UCTIOIb30BaHUS
muddepeHnnanbHOr0 U JIOTHYEeCKOro KpUITOAHAIH30B. B
pesyabrare aist 18-payHnoBoi QyHKIMH cXKaTHS YAAIOCh
3HAYUTEJIHO YCKOPHUTH BPEMs BBITIOIHEHHUS JIOTHYECKOTO
KPUNTOAHAIN3a, a TAKXKE MOIYUYIIIOCh HAWTH KOJUIH3HH
s 19-paynnoBoit GyHKIUHN cxatus. B pamkax nampHen-
MIKUX MCCIEAOBAHNHN TUIAHUPYETCSl YCOBEPIIEHCTBOBATD
MpeIOKEHHBIE B paboTe METOMIBI MTOMCKa IPOOOPa30B U
KOJUTM3HH, a TaKKe U3yYUTh JOTOTHUTEIbHBIE TTOAXOIBI
K KpunroaHanusy aiaropurmMa SHA-256 nis gocTmkeHus
JyYIIUX Pe3yJIbTaTOB.
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AHHOTALUA

Beenenne. O61acTh CHHTETHIECKOI TeHEPAIMH aTPHOYTHPOBAHHBIX rpa)OB aKTUBHO Pa3BHBAETCs O1aromapsi Iporpeccy
B T€HEpaTHBHOM MozesnpoBaHun. OJIHAKO KIIIOUEBOI IPOOIEeMOl COBPEMEHHBIX METOIOB OCTAETCsl OTPaHHYCHHOE
pasHooOpa3ue CHHTE3UPyeMbIX Ipad)oB, KOTOPOE 3aBUCUT OT XapaKTEPUCTUK PEATbHBIX JaHHBIX, HCIIOJIB3YyEeMbIX
Juist 00ydeHus TeHepaTUBHBIX Mojeleil. Takke orpaHMYeHHE CBS3aHO C TOMOJOIMYECKHMMHU CBOWCTBaMH rpadoB u
CTATHCTUYECKUMHU XapAKTEPUCTHKAMH aTpUOyTOB, KPUTHYECKH BIHUAIOIMMH Ha 3G (EeKTHBHOCTb rpadoBBIX Mozeei
MalIMHHOTo 00y4eHus. B nanHolt paboTe mpoBepeHa rumoresa 0 TOM, YTO KOMOMHAIMS BOIIOLUOHHBIX aJITOPUTMOB
u 0aifleCOBCKUX ceTel MOXKET 00ecrnednTh THOKUH KOHTPOIbh HaJl TeHEpalleil KaK TOTOJIOTHH, TaK U aTpUOyTOB
rpada. Meton. IIpeqioxKeHHBIH MOAX0 BKIIOYACT ABA KIIOYEBBIX KOMIOHEHTA: 3BOJIOIHMOHHEIEC aJITOPUTMEI JJIS
YIIPaBICHUS TONOJIOTHYSCKUMH XapaKTepPUCTHKAaMHU Trpada (Hanpumep, CpeIHssl CTEIEeHb BEPIIMHBI, KOYQQHUIIUESHT
KJIaCTepH3alnK) ¥ 0aiieCOBCKHE CETH JUTs TeHepaliy aTprOyTOB € 33JaHHBIMU CTaTHCTHYSCKUMH [TapaMeTpaMy, TAKUMI
KaK acCOPTaTHBHOCTH MIIM CPEIHSIST KOPPEIIIKS MeXy arpuOyraMu. MeTo/ o3BOJIsIeT SIBHO 3a/1aBaTh OIPaHUYCHUS
Ha cBoiicTBa rpada, obecreyrnBasi BApUaTHBHOCTD, HE 3aBUCSIIYIO OT UCXOJHBIX JaHHBIX. OCHOBHBIE Pe3yJIbTaThl.
DKCHEePUMEHTbI TOATBEPAMIIH, YTO MOIX0]] CIIOCOOEH TeHepUpPOBaTh aTpUOY THPOBAHHBIE IPadbl C IIMPOKUM CIIEKTPOM
TOMOJOTUYECKUX XaPAKTEPUCTUK M 3aJaHHBIMH CTAaTHCTHUECKHUMHU MapaMeTpaMu aTpuOyTOB C JOCTATOUYHO HU3KOM
ommoOkoi reHepary. O0cysk1eHne. Pe3ynbraTel 1eMOHCTPHPYIOT IEPCIEKTHBHOCTD HCHOIB30BAHUS YBOIOINOHHBIX
1 6alleCOBCKHX METOIOB Ul YCIOBHOW reHepanuu rpados. OCHOBHOE IPEHMYIIECTBO MOAXO0a — BO3MOXKHOCTb
JICKOMITO3UIIMY 331a4l Ha HE3aBUCHMOE YIIPABJICHNE TOIIOJIOTHEH U aTpuOyTaMu, 9TO OTKPHIBAeT HOBBIC BO3MOXKHOCTH
JUIS TECTHPOBAHMS JITOPUTMOB MALIMHHOTO O0yUYeHHs B KOHTPOJIHPYEMBIX YCIOBUSIX. OrpaHUYeHUEM SIBIISETCS
BBIYHMCIIUTENBHAS CIIOKHOCTH ABOJIIOLMOHHON ONTUMM3ALUK, YTO TpeOyeT nanbHeinei paboThl 0 ONTHMHU3ALNN
anroputMa. B mepcrekTHBe METoJ MOXKET ObITh pacIIupeH JUlsl TeHepalui AMHAMUYSCKUX Ipad)oB U MHTErPaLUH C
ITyOOKHUMHU TE€HEPATHBHBIMU MOJICTIAMH.

KiioueBblie cjioBa
aTpuOyTHpOBaHHbIC rpadbl, TEHEPALUs CHHTETHUECKUX IpadoB, SBOIIOIMOHHAS ONTHMH3AIMs, OalieCOBCKUE CeTH,
TOIOJIOTUYECKHE XapaKTEPUCTHKH IpadoB, CTATUCTUIECKUE XapaKTEPUCTHKH aTPHOyTOB
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Abstract

The field of synthetic generation of attributed graphs is actively developing due to advances in generative modeling.
However, a key problem of current methods remains the limited diversity of synthesized graphs, due to the dependence
on the characteristics of real data used to train generative models. This is a problem because topological properties of
graphs and statistical characteristics of attributes critically affect the performance of graph-based machine learning
models. In this paper, we test the hypothesis that a combination of evolutionary algorithms and Bayesian networks can
provide flexible control over the generation of both graph topology and attributes. The proposed approach includes two
key components: evolutionary algorithms to control topological characteristics of the graph (e.g. average vertex degree,
clustering coefficient) and Bayesian networks to generate attributes with given statistical parameters such as assortativity
or average correlation between attributes. The method allows explicitly setting constraints on graph properties, providing
variability independent of the original data. Experiments confirmed that the approach can generate attributed graphs
with a wide range of topological characteristics and given statistical parameters of the attributes with sufficiently low
generation error. The results demonstrate the promising use of evolutionary and Bayesian methods for conditional
graph generation. The main advantage of the approach is the ability to decompose the problem into independent control
of topology and attributes, which opens new possibilities for testing machine learning algorithms under controlled
conditions. A limitation is the computational complexity of evolutionary optimization, which requires further work to
optimize the algorithm. In the future, the method can be extended to generate dynamic graphs and integrate with deep
generative models.

Keywords
attributed graphs, synthetic graph generation, evolutionary optimization, Bayesian networks, topological characteristics
of graphs, statistical characteristics of attributes
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BBenenue

CoBpeMeHHOE Pa3BUTHE METOIOB MAIIMHHOTO 00yue-
HUsl Ha Tpa)OBBIX JAHHBIX TECHO CBSI3aHO C KAYeCTBOM U
pa3HOOOpa3HueM IaTaceToOB-OCHIMAPKOB, HCIIONB3YEMBIX
JUTS IX TECTHPOBaHUS 1 Banuaarmn. Kak ormedeno B [1, 2],
OONBIIMHCTBO CYIIECTBYIOUINX apXUTEKTYP rpadOBBIX HEH-
POHHBIX CETel MCIBITHIBAIOTCS HA OTPaHUYCHHOM Habope
peasibHBIX Ipa)oB, UTO CHIDKACT 00OOIIAONIYI0 CIOCO0-
HOCTBb NOJTYYCHHBIX PC3YJIbTATOB. le/I OTOM pPEaJIbHBIC
rpadbl 0OBIYHO HE OTPAXKAFOT TOJTHOTO CIEKTPa TOIMOJIO-
TUYCCKUX U aTPUOYTHUBHBIX XapaKTCPUCTHK, CIIOCOOHBIX
CYIIIECTBEHHO BIUATH Ha 3(PEKTUBHOCTh aITOPUTMOB [3].
JauHb QakT co3macT CIeAYIIIYI IpoOIeMy: OTCYT-
CTBYET YHHUBEPCAIbHBIN rereparop rpados, CrOCOOHDIH
BOCIIPOU3BOJIUTH KaK THUITMYHBIC, TAK U IKCTPEMabHbIE
cily4yau, HeOOXOMMbIE JIJIsl a7IeKBATHOW OLEHKH yCTONYH-
BOCTH M TIPOU3BOJMTEILHOCTH TPA(OBBIX MOJCIICH.

OHUM U3 NMEPCIEeKTUBHBIX HANPABICHUI pelIeHUs
JTAHHOW MPOOJICMBI SIBJISICTCS YCIIOBHAs TeHepanus rpados,
MO3BOJISIONIAST CO3/]aBaTh CHHTECTUYCCKUE CTPYKTYPHI C
3apaHee 3aJaHHBIMH XapaKTepUCTHKaMU. B mocientue
rojibl OBUIO MPEITIOKEHO MHOXKECTBO MapaMETPUUICCKIX
TCHEPAaTOPOB, OPUCHTUPOBAHHBIX Ha YIPABICHUE TOIO-
JIOTHYECKUMU OCOOCHHOCTSIMH, TAKUMHU KaK CTPYKTypa

coo0riecTB [4—6] WU pacmpeieieHe CTETNeHeH 10 3aKOHy
MortrHocTH [7, 8]. OgHako JaHHBIE METOBI YAaCTO OTPAHHU-
YEHBI CBOEH CITOCOOHOCTHIO MOZIENTMPOBATH KOMIIJIEKCHBIE 1
MHOTOTPaHHbBIC 0COOCHHOCTH rpad)OB, MTOCKOIBKY TPEOYIOT
MHIVBUAYAJIBHOM HACTPOMKHU IO KaXKAYI0 XapaKTepUCTH-
Ky. AHQJIOTHYHO, COBPEMEHHbIE IIyOOKHE TeHepaTUBHbIC
Mojienu, BKitodas nudysnonubie Metonst [9, 10], aBTo-
perpeccuonnbsie mozenu [11], VAE [12, 13] u GAN [14],
MPENMYIIECTBEHHO HalleJIeHbl Ha BOCIPOMU3BEIEHHE 00-
YYaIONMX AaHHBIX, YTO OTPAaHMYUBACT WX NMPUMEHEHUE
IIPY HEOOXOMMOCTH TeHEPAMH PEAKHUX MM CIICIHATIBHO
CKOH(UTYPHUPOBAHHBIX CTPYKTYP.

OcHoBHas mpodiema, perraemMasi B HacToAIIeH padoTe,
3aKJTI0YaeTCs B pa3pabOTKe METOHLOIOTHH, CITOCOOHOH 00Bb-
€INHUTDH HBOJIIOLIMOHHBIE AITOPUTMBI Il ONTUMU3ALUH
TOTIOJIOTHYECKUX XapaKTePUCTUK TpadoB U OaifecoBckue
cetu (BC) nyst reneparuu aTpulyTOB € 3aJaHHBIMU CTATH-
CTUYECKMMHU CBOWcTBaMU. CyIIECTBYIOIINE TIOXO/IbI YaCTO
(hoKycHUpyIOTCSl Ha OTJCJILHOM acleKkTe rpada — Ha ero
CTPYKTYpE WM Ha CBOWCTBAX arpuOyTOB — YTO MPUBOAUT
K HECOOTBETCTBHIO PEajbHBIM CIIEHAPHSIM IPUMCEHEHMUS,
r7Ie He0OOXOMMO YUHUTHIBATh CIOKHOE B3aHMMO/ICHCTBUE
MEXIy CTPYKTypol u arpulyrtamu [4, 7]. Takum obpa3zom,
3a/1a4a COCTOUT B CO3JTaHUHU THOKOTO W MacmTadupye-
MOTO MHCTPYMEHTA AJIsl yCIOBHON I'eHEpaliy aTpudyTu-
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ViccnepnosaHve BO3MOXHOCTY NPUMEHEHNS 3BOJIIOLMOHHbIX 2JTTOPUTMOB. ..

pOBaHHBIX TPadoB, CIIOCOOHOTO YUUTHIBATH KOPPEIISIIUN
MEXy aTpuOyTaMu COCEIHUX BEPIIUH U 00eCIeYrBaTh
BOCIIPOU3BOJUMOCTD KCTPEMAJIBHBIX CITyYaeB, UMEIOIIHX
MPAKTUYECKOE 3HAYCHUE JUIST TECTUPOBAHUS TPadOBBIX
mozenei 5, 6].

JlJisi IPOBEPKH TMIIOTE3bI O MEPCHEKTHBAX yCIOBHOM
reHepanuu rpadoB ObUT pa3paboTaH MOAXO, OCHOBaH-
HBII Ha HBOJIIOIMOHHBIX AITOPUTMAX, ONTHMHU3UPYIOIINX
CTPYKTYpY rpada nocpejcCTBOM MUHUMH3ALUKN (YHKIHH
CTOMMOCTH, 3aBI/IC${H_[eI71 OT XCJIAa€MBbIX TOIIOJIOTMYCCKUX
XapaKTCPUCTHUK. I[OHOJ'[HI/ITeHI)HO NPCVIOKEHA NHTETrpalusa
BC niist renepanuu aTpuOyTOB, YTO MO3BOJISCT 3a/1aBaTh U
KOHTPOJIUPOBATh CTATUCTUYCCKHE 3aBUCHMOCTH MEXKIY
MpU3HAKAMU BEPIIUH. Takoi KOMOMHUPOBAHHBIN MOIXO/
TO3BOJISICT 00CCICYHTH OOJIee TITyOOKOE COOTBETCTBUC CHH-
TETUYECKUX IPadoB peabHbIM CIICHAPHUSIM, TJI€ TOMOIOTHS
U aTpuOyThl B3aUMOJICHCTBYIOT CIIOXKHBIM U B3aMMO3aBU-
CHMBIM 00pa3oM.

OcCHOBHbBIE MOHSITHSI M 0003HAYEHUS

I'padsr. ['pad G = (V, E) MOXKHO ONpeNIeNIUTh KaK MHO-
KecTBa ero Bepuut V= {v, ..., v,} u pebep £ ={(v;, v;)|,
Vi, v, €V}

[Ipenmnonaraercs, 4To Kak1aast BepIIMHA UMEeT aTpuly-
ThI B BUJIE MaTPHUIIbI IPU3HAKoB X € R4, B KoTOpOIi i-as
CTPOKa COOTBETCTBYET BEKTOPY IIPU3HAKOB X; BEPIIHHBI V;,
TJIe 77 — KOJIMYECTBO BEPIIUH B rpade; d — pasMepHOCTh
IIPOCTPAHCTBA MPU3HAKOB. /7151 IPOCTOTHI ITpenonaraeTcs,
41O Tpadbl SABJISIOTCS HEOPUEHTHPOBAHHBIMH, XOTS TE JKeE
METOIbl C MUHUMAaJIbHBIMU U3MEHEHUSIMH IIPUMEHUMBI U K
HaTpaBJICHHBIM rpadam.

Tomnosiornyeckne MHBapuaHThl. MIHBapHanTom rpa-
¢da G nazpBaercs Gynkius /(G), KoTopasi XapaKTepu3yeT
CTPYKTYpY rpada n He 3aBUCHT OT CII0c00a pasMETKH y3JI0B
nm obpasa rpada.

[IpoBeneHHBIN KOMIDIEKCHBINA aHATH3 CBOMCTB rpado-
BBIX MOJIETICH MAIIMHHOTO OOY4EHUs, a TaKKe pe3ylbTa-
THI TEMaTHIECKUX HAyYHBIX pAaOOT BBISBIISIOT HECKOJIBKO
KIIFOYEBBIX MHBAPUAHTOB, KOTOPBIE CYIIECTBEHHO BIHSIOT
Ha pe3yJbTaThl: CpeIHHN KOI(DGUUNCHT KIIACTePH3ALUH
1., cpenHsis JTiHa Kpar4aiiuiero mytu /,y, [15], cpeasis
creneHs /; [16], accopraruBHOCTH Jeii010B /;, U aTpudy-
TOB [, [16]. OntHaKo Ba)KHO OTMETHTB, UTO IpeJIaracMblit
METOJT SIBJISIETCS aJJalTUBHBIM U MOXKET OBITH paclIMpeH
JUIS. BKIJIIOUEHUS IPYTUX XapaKTepUCTHK Tpada, Haupu-
Mep CTENEHHU Y3IIa, JIOKaJbHOW KJlacTepu3aluu, U JIpy-
rue [17-19].

BriOpaHHbIe KiTI0YeBbIe HHBAPHAHTHI OOBIYHO HCTIOJb-
3yIOTCSI B CETEBBIX HAyKaX, MH(POPMAINIO O KOTOPBIX MOX-
HO HaWTH B M3BECTHBIX MCCIICAOBAHMSX, 3a NCKIIIOUCHUEM
aTpuOyTUBHON acCOPTATUBHOCTH /,,,, KOTOpas B HACTOSI-
et paboTe onpenenseTcst aHaIOTNYHO aCCOPTATUBHOCTH
METOK:

1 2 [{v; € N(v): cos(xi, X)) < g}

-2
ni-1 [Vl ’

14(G) =

I1e ¢ — MOpOroBoe 3HadeHue; N' — COCear BEPILUHEI V;.
I'enepanust ycnoBusix rpados. B nannoii padote
3aJja4a reHepalul CHHTETHYECKUX TpadoB ¢ 3aJaHHBIMU

XapaKTCpUCTUKaAMU (l)OpMleI/IpyeTCH KaK MHoOrounejeBas
OIITHUMH3AIIMOHHAas 3a/ja4ya:

min (|1,(G) L[|, |1(G) = L, ..., [1(G) = IilD),
G~p(G)

e [y, ..., [, — 3apaHee 3a7aHHble 3HAYCHUS MHBAPUAHTOB;
G — pad. B npouecce ontumuzanmu rpadsl BHIOHpatOTCs
U3 33JJaHHOTO PACIPEICICHUsI HA TPOCTPAHCTBE rpadoB
p(G) u mogdupaercs 3K3EMILIAP, HAMOOJICE TOAXOSIIHI
JUTSI 33TaHHBIX 3HAYCHUI.

Ipennaraemslii moaX0/1

I'maBHas 0cCOOEHHOCTH pa3pabOTaHHOTO METO/Ia — UTe-
paruBHas MoaupuKaus rpada, IOCTEICHHO CXOIAIIAsCS
K 3aJIaHHBIM TOITOJIOTMYECKUM XapaKTepUCTUKAM, MPEIo-
CTaBJIsIEMbIM B Ka4eCTBE BXOJHBIX JaHHbIX. [Iporecc rene-
panuy COCTOUT U3 JIBYX ATAIoB (Ha puC. | — maru BHyTpH
o0enx 4acTeil pucyHKa): unuyuaIu3ayuu, Korjaa reHepu-
pyeTcst UCXOMHBIN CiydaifHbIN rpad, u onmumusayuu —
9BOJIIOLIIMOHHBIE ONIEPATOPBI UTEPATUBHO NMPUMEHSIOTCS
i MopnuKkanuy rpada. DBOITIONNOHHBIE AJITOPUTMBI,
UCTIONb3YEMBIE B TIPE/ICTABICHHOM ITOJIX0/I€, OCHOBAHbI Ha
dpeiimBopke GOLEM!, koTOpbIii peau3yer reHeTHYeCKuit
anroput™ NSGA-II [20]. ®peitMBOpK MO3BOJSET OMpe-
NCIITh COOCTBEHHBIE TEHETUUECKNE OIepaTopsl, a TaKKE
JIOCTAaTO4HO 'MOKO BapbUPOBATh MAPAMETPhI ITEHETHYECKOTO
anropurma. OOIasi cxema 1ojaxoza rnokaszaHa Ha puc. 1 u
NpE/CTaBIsICT COOOI TeHepaIfio CHHTETHYECKOro rpada
Y TEHEPALNI0 CHHTETHYECKHUX aTpruOyTOB ISl CHHTETHYE-
cKoro rpada.

YciaoBHas reHepanusi CHHTeTHYeCKHX rpados.
Hcxommabie Tpadybl CTPOSTCS KaK ciTydaiHble rpadbl ¢ TToMo-
IIBI0 TeHeparopa Jpaoca—Pensu [21] ¢ 3a1aHHBIM YHCIOM
BEPIINH U 4nciIoM pebep. B ommmume oT cymecTByomux
MIO/IXOJIOB, T7I€ Ka)KJJ0€ HOBOE M3MEHEHHE XapaKTEPUCTUK
rpada TpeOyeT moaHON TeHepallii HOBOTO 00pasia rpada,
npeJIaraeMblil TOX0/ MTO3BOJISIET MOCTEIIEHHO U3MEHSITh
cyuiecTByompe o0pasisl. B kauecTBe QyHKIMHM cTOUMO-
CTH B JIaHHOM KOHTEKCTE HCIIOJIb3YEeTCsl CPEHsIsl KBapa-
THUYHAs OIINOKa, KOTOpasi U3MEpsIeT HECOOTBETCTBUE MEXK-
Iy (akTHYECKUMH XapaKTepUCTHKaMU rpada M 3apaHee
3aJJaHHBIMH LIEJIEBBIMH 3HaUeHUsIMH. OCHOBHAsI MyTalusl,
npUMeHsieMast K rpady, 3aKJIF04aeTcs B CIIyqaifHbIX H3MEHEe-
HUSAX peOpa BHYTpH rpada u 6JI0Ka U3 IsITh pedep.

YcioBHasi reHepauus CHHTeTHYECKUX aTPUOyTOB.
HWcnonp3oBanmne bC B kagecTBe MOJENTH TEHEPAITH aTPH-
OyTOB 00yCTIOBICHO ABYMS KJIIOYEBBIMH (haKTOPAMHU.

Bo-nepsrix, BC [22] cnocoOHa yYUTHIBATH 3aBUCHUMO-
CTH MEXJy aTpubyTamu, KOTOpPbIE OOBIYHO BCTPEUAIOTCS
B pealbHBIX JaHHBIX. BO-BTOpPBIX, rpadoBasi CTPYKTypa
BbC no3Bossier UCIOIB30BATH TOT K€ IOJX0JL K ONTHMHU3a-
MK (KaK ¥ JUIst TeHepauy rpad)oB) U TOT )K€ HHCTPYMEHT
(dpetimBopk GOLEM). BaxkHO OTMETUTB, UTO B paMKax
TeKyle paboThl paccMaTpUBACTCsl TOIBKO T'€Heparus
HernpepbIBHBIX aTprOyToB. Mcnonszoanue bC B kadecTse
TeHepaTUBHOW MOJENH i aTpudyToB TpeOyeT, 4ToObI
CTPYKTYpa M ITapaMeTphl pacHpeieNieHnH B ee y3/1ax OblIH

I [Dnexrponnsit pecypc]. Pexxum moctyna: https:/github.
com/aimclub/GOLEM (zmara ob6parenns: 01.04.2025).
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T'eHepalyiss CHHTETHYECKOH CTPYKTYphI rpada
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Puc. 1. Obmias cxema yCJIOBHOW TeHepaluy arpuOyTHPOBAHHAIX IPadoB ¢ MOMOIIBIO YBOJIIOIMOHHBIX BBIYUCICHHH.

MSE — cpennsis kBagpaTHueckas omInOKa MEKIy LEeIEeBBIMHI XapaKTePUCTHKAMH H TIOTyIeHHBIME; X, X,, X3 — aTpuOyTsL; L, var, cov —
cpeziHee, TUCIepCus 1 KoBapualys pacipe/ieeHuii arpudyToB

Fig. 1. General scheme of conditional generation of attributed graphs using evolutionary computation, MSE — mean square
error between target features and obtained ones, X}, X,, X3 — attributes, y, var, cov — mean, variance and covariance of attribute
distributions

MIOJTHOCTBIO 33JJaHbl MM 00y4YeHbl. B KOHTeKcTe JaHHOTO
HCCIICIOBaHUS (PUKCHPYETCS CTPYKTYpPa CETH, a MapaMeTphI
pacIipesielIeHui OnpeesIsiioTCs ¢ TIOMOIIBIO IBOJIIOIIMOH-
HOTO TI0/IX0/1a K 00y4yeHnto. B uacTHOCTH, pactpeneneHus
B y31max bC MonmennpyroTes Kak raycCOBBI paciipeeTICHHS.
B nponiecce 00yueHHs BBOIATCS MyTaIld M KPOCCOBEPHI
JUTS I3MEHEHUS MTapaMeTPOB STHX PACIPEICICHIH B y3IaxX.
[Iporenypa oreHKH BKIIOYAeT B ce0s co3maHmne o0ydaro-
et Beroopku u3 bC 6e3 pedep (TonbKo Ha OCHOBE MapTH-
HaJIbHBIX pacrpeiesieHnii) C NCII0NIb30BAaHUEM 3apaHee 3a-
JIAHHBIX TIAPAMETPOB PacIpe/ieICHU. 3aTeM 3Ta BHIOOpKa
ucronb3yercst st o0yuenus: bC ¢ pedbpamu, U3 KOTOpol B
MTOCIIC/ICTBUU M CEMIUTUPYIOTCS CHHTCTUYECKUE aTPUOYTHL.

JKcnepuMeHTAIbHbIE Pe3yJIbTAThI

MeTtpuku kadecta. J[Jist OLIEHKU pe3yJIbTaTOB JKCIIE-
PUMEHTOB MPEAJIOKECHO UCIIOIb30BATh CIEAYIOLINE METPU-
ku. OILIEHKY KauecTBa BOCIPOU3BEECHUS TOMOIOTUYECKUX
XapaKTePUCTHUK TPEIaracTcs U3MepsTh Kak aOCOIOTHYIO
OmMOKY MEX]Ty 3HAaUCHHEM Ha CTCHEPUPOBAHHOM Tpade u
LI€JIEBBIM 3HAUYECHHUEM:

F

gen

gtopo = | F, target|'

Yem MeHbIIIE 3HA4YCHHUEC, TEM TOYHECC I'CHEpaAIu.

OI_IeHKy Ka4yeCTBa TCHCPUPYCMBIX anI/IGyTOB IIPOU3BO-
JAT € TOYKU 3pCHUS IBYX METPHK. OIIeHKy aCCOPTAaTUBHO-
CTH MOXHO TAaK¥X€ BBIIIOJHATH C IOMOIIBIO pacucTa abco-
JIFOTHOM OIIMOKH. Z[.]'ISI OLCHKN KOppeJ'ISIIII/Iﬁ TCHEPUPYEMBIX
anI/I6YTOB HCTIOJIB3YETCS €BKJIMIOBO PACCTOSIHUE MEXKIY
LEJICBBIM BEKTOPOM KOppCHfH.II/Iﬁ anI/I6YTOB 1 BEKTOPOM
Ha CTCHEPUPOBAHHBIX anI/I6yTaXI

d

Z(Corrgen,i - Corrtarget,i)z-
i=1

Ecorr =

VYeoBHas reHepanusi CMHTeTHYecKUX rpagos. B Ha-
CTOSIIIIEM HCCIICOBAaHUN TPOBEICH aHAIN3 MPUMEHEHHS

9BOJIIOIIMOHHBIX AJITOPUTMOB JIsl TeHepaluu rpagos ¢
3aJ]aHHBIMH TOIIOJIOTHYECKHMH XapakTepucTHKamu. B ka-
YeCcTBE KPUTEPUEB OIIEHKH pacCMaTpUBAIIICE CIIETYIOINe
napaMeTpbl: KOAQQHUIHUEHT KJIACTEPHU3alNui, BapbUPYIO-
muiicst B mpenenax ot 0,1 go 0,45 ¢ warom 0,05; cpenusis
JUTMHA KPaTYalInX IMyTeH, MpUHUMAIOIIas 3HaueHus 1,5,
2 u 2,5; a TakKe CpPeqHss CTEICHb, M3MCHSIOMAsACS OT 2
10 35 ¢ marom 5. DKcriepuMeHTanbHas 6aza popmuposa-
JIach ¢ MCIOIb30BaHueM rpados, comepkarux 20, 30, 40
1 50 y3510B. DH(HEKTHBHOCTD MPEAJIOKESHHOTO aJIrOpUT™Ma
OLICHMBAJIACh TOCPEACTBOM COIIOCTABIICHNS BEIYMCIICHHBIX
XapaKTepPHUCTHK Tpada ¢ 3apaHee 3alaHHbIMK 3HAYCHHUSIMH,
YTO MO3BOJIMJIO BBISIBUTH CTETICHb COOTBETCTBHSI CHHTE3H-
POBaHHBIX CTPYKTYp TpeOyeMbIM mapamerpam. Brimonnen
AQHAJIM3 BBIYMCIUTEIHHOHN CII0KHOCTH QJITOPUTMa Ha OCHO-
Be BpeMeHHU 00paboTku (puc. 2). [lomydeHHBIC TaHHEIC J1e-
MOHCTPHPYIOT NPHOIM3UTEIFHO JTUHEHHYIO 3aBUCUMOCTD
MEXIy BpeMeHeM 00paboTKH (B CEKYHIAX) U IMapaMeTpa-
MM, TAKMMH KaK CPEHSS CTETIEHb M KOJIMIECTBO Y37I0B, UTO
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Puc. 2. 3aBUCUMOCTb BPEMEHHU F'€HEPALMN OT KOJTMUYECTBA Y37I0B
1 3HAUEHMS JKEJIAEMON CpEeHEN CTENEeHN

Fig. 2. Dependence of generation time on number of nodes and
value of desired average degree
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KparyJaiiiero myTH (a) u st koo uurenTa xknacrepuzanuu (b)

Fig. 3. The dependence of the absolute errors of the characteristics of the generated graph vs. the number of nodes for the average
length of the shortest path (a) and for the clustering coefficient (b)

CBHJICTEIBCTBYET O NMOTCHIUAIBEHONH MacIITaOUpyeMOCTH
TIPE/ITIOKEHHOTO METO/IA.

Ha puc. 3 nmpencraBieHpl pa3inndus MKy 33 1aHHBIMHI
1 (paKTHICCKIMH XapaKTEPUCTUKAMU CTEHEPHUPOBAHHBIX
rpados. Ha puc. 3, a BuIHO, 4TO CpeHee 3HAYCHUE OIINO-
KM OCTaeTcs Ha MPHUEMIIEMOM YPOBHE BHE 3aBUCHMOCTH OT
pasmepa rpacda, oqHaKo HaOIOHACTCs YBEIHMUEHHE JHC-
Tepcur OIMMOKK TIPpU OOJIBIINX 3HAYCHUSIX CPETHEN TMHBI
KpaTJyalmux myTei. Puc. 3, b wimrocTpupyeT TeHACHIINIO
K CUCTEMAaTHYCCKOMY 3aHMKCHHIO K03((DUIHCHTA KIIacTe-
pusanuu Juist rpados, copepxkammx cebime 40 y3noB, 4To
CBHJIETEJILCTBYET O CKIIOHHOCTH aJlrTOPUTMAa ITeHEPUPOBATh
CTPYKTYPHI ¢ k03 umenTaMn KiracTepu3aiy, 3Ha4u-
TEJIFHO MEHBIINMH, YeM IPEyCMOTPEHHbIE B [TapaMeTpax
MOJICITUPOBAHHS.

Ha puc. 4 npencraBieHsl OMMOKHN B OLIEHKE CpPEeIHEH
JUTHHBI KpaTdaliero myTH U Kod(p(UIHeHTa KIacTepH-
3l OTHOCHUTENIFHO LEJIeBOU CpeaHel cTereHu rpada.
Ha puc. 4, ¢ BugHa TeHASHIUSA K YBEIUYCHUIO OLITHOKH
B OIPEIEICHUHU CPEAHEN IUIMHBI KpaT4alllero myTu AJis
rpad)oB ¢ LEIEBOI CPeIHEH CTEICHBIO, IIPEBBIIIAOIICH 5.
Crenyer OTMETHTB, YTO HaOIOaeTCst 00lIee yBEeIUICHUE
OILIMOKHU ¢ POCTOM 3HAUEHHUs 1IeJIeBOIl cpeiHeil cTeneHy, 3a
HCKITIOYEHHEM CITy4asi HAMMEHBIIIETO 3HAYESHUsI, PABHOTO 2.

g

© 1,0

=

o

[

=

T

2

] 0,0 -+ Kommuecto y3108 20
) —— Konnuectso y3noB 30

—— Konuyectso y3mos 40
—— KonugecTBo y3mos 50

0 10 20 30
Llenesas creneHs

370 00BSICHSIETCS TEM, YTO CPEIHSISI CTEIICHb 2 MOXKET OBITh
JIOCTUTHYTa TOJBKO B IUKIMYECKOM Ipade, BCIeICTBUE
Yero MpeUIoKeHHBIH aJlTOPUTM OOBIYHO MEPEOLEHUBAET
3TOT ToKa3zarens. [IpumeyarensHo, 9TO TIPH yBEIHICHUN
YrCiIa BEPIINH OMMOKa 9acTO OKa3bIBaeTcs HiDke. Puc. 4, b
WILTIOCTPUPYET OMIMOKY B OIeHKe Kod(durneHTa Kiacre-
pHU3alyy 0 OTHOIICHMIO K 3aJaHHOM cpefHel creneHu. U3
MpEACTABIICHHBIX TaHHBIX CICAYCT, YTO OIIMOKa BO3pacTacT
C YBEJIIMYCHHUEM LIEJICBOM CTENEHH, YTO XapaKTEePHO JUIs
BCEX paccMarpuBaeMbIX pa3mepoB rpada. Haubonbias
ommuOKa HaOJIIOaeTCs TPU BBICOKUX 3HAUCHMSIX CpEeIHEH
CTEIIeHH, YTO CBHUJIETEIILCTBYET O IOBBIIIEHHOW TOUHOCTH
aITOpUTMa B armpoKCHMaluy 3a1aHHoro Koddduimenta
KJIacTepH3aluy JJ1sl Oosiee pa3pekeHHBIX IpadoB.
YciioBHasi reHepanusa CHHTETHYEeCKHUX aTPpHOYTOB.
B Hacrosmem ncciaenoBaHuM Oblla MOCTaBICHA 3ajada
BBISICHUTB, MOTYT 11 BC remepupoBars aTpuOyTHI C 3a-
JaHHBIM YPOBHEM aCCOLMATHUBHOCTH U KOPPEISALUH IS
MOJIHOCBS3HBIX TpaoB, B yacTHOCTH st S00 BepmIuH.
21.]'[5[ OTOI'0 IMPOBEACHBI DKCIICPUMCEHTEI C Pa3JIMYHBIMU KOH-
(urypanusMu, MaHUITYJIUPYsI KOJIMYECTBOM aTpUOyTOB U
HCJICBBIMU 3HAYCHUAMHN aCCOLMATUBHOCTU U KOPPEIIALIUU.
LleneBble 3HAYEHNS ACCOPTATUBHOCTHU OBUIN YCTaHOBJICHBI
Ha 0,2 (am3kast) u 0,9 (Beicokast). J[yist ieeBoro 3Ha4CHUs
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Fig. 4. The dependence of the absolute errors of the characteristics of the generated graph vs. the values of the average degree for a
different number of vertices for the length of the shortest path (@) and the clustering coefficient (b)
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Fig. 6. The dependences of the attribute generation results vs. the characteristics of the synthetic graph for various clustering
coefficients (a), shortest path lengths (), and vertex degrees (c)
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TIPEIOKEHHBIN MOJX0/1 MOXKET T€HEPUPOBATh aTPUOYTHI
C HE0OXOIMMOH acCOPTaTUBHOCTHIO. BaKHO OTMETHTD,
YTO OIIMOKA KOPPEISLIUH (€BKJINIOBO PACCTOSTHUE MEKITY
1IEJIEBBIM BEKTOPOM KOPPEJSIMI 1 MOIyIEHHBIM) YBEIHIH-
BAETCS C POCTOM YHMCIIa aTpuOyTOB, YTO OKUIAEMO B CBSI3H
C POCTOM pa3Mepa IIeIeBOro BeKTopa Koppersinun. OxHaKo
ommOKa OCTaeTcsl Ha IPHEMIIEMOM YPOBHE.

B 3axmounTenbHON cepuH IKCIIEPUMEHTOB OBIIH HC-
M10JIb30BAHBl CHHTETHUYECKHE Ipadbl, ONMUCAHHbBIE B MO~
paznene «YciaoBHas TeHEpalus CUHTETHUECKUX aTpuoy-
TOBY», 00JIaIAI0ITHNE PA3HOOOPA3HBIMH XapAKTEPUCTHKAMHU:
KO3 GUIMEHTOM KJIACTCPU3ALNHU, JJIMHON KpaTyanmx
IyTel ¥ CTENeHbIo BepIinH. [{jist Kax1oro U3 9Tux rpados
IIPOBEIEHBI SKCIIEPUMEHTBI 110 TEHEPAIMH CUHTETHYECKUX
aTpuOyTOB C IEJEBBIMH 3HAYEHUSIMHU aCCOPTATUBHOCTH U
xoppensiiuu. Crpykrypa BC popmupoBanack cirydaiiHbIM
00pa3oM ¢ BapbUPOBAHUEM CTEIICHU IUIOTHOCTH, & TAKXKe
M3MEHSJIOCh YHCII0 aTpuOyToB. Puc. 6 neMoHCTpHUpYET,
yT0 BC crmocoOHbBI A3 PEKTHBHO TEHEPHUPOBATEH aTPUOYTHI
Ha CHHTETHYECKNX Tpadax, MPH 3TOM Ka4eCTBO MCXOAHBIX
rpadoBBIX CTPYKTYP HE OKa3bIBAET CYIIECTBEHHOTO BIIMS-
HUSI Ha JIaHHBIN TTpoliecc.
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3akJ/iouenne

B nanHoit pabore nccienoBaHa BOSMOXXHOCTE YCIIOB-
HOIl TeHepanny CHHTETHIECKHUX Ipa)OB € UCTIOIb30BAHUEM
3BOJIIOLIMOHHOTO aJITOpUTMa. DKCIEpPUMEHTAIbHBIE pe-
3yJIBTaThl MOATBEPIMIN dPHEKTUBHOCTD IPEUIOKEHHOTO
MO/X0JIa B CO3aHUK IpadoB ¢ 3alaHHBIMU TOTIOJIOTHYE-
CKHUMH XapaKTEPUCTUKAMH U CTATUCTUYCCKUMU CBOMCTBa-
MU aTpuOyTOB. AHAJIHM3 [TOKA3aJ, YTO AJITOPUTM CIIOCOOCH
BOCIIPOU3BOJIUTH 1I€JIEBBIE apaMEeTpPhl, BKIOYas KOA()-
(unueHT KiacTepu3anny, CPEAHION JUTMHY KpaTdauiiero
MYTH U CPEIHIOI0 CTEIEHb BEPIIUH, OJHAKO €T0 TOYHOCTD
CHIDKaeTcs B 0oJiee TUIOTHBIX rpadax. ITO MOXKeET ObITh
CBSI3aHO C HEZIOCTHIKMMOCTBIO HEKOTOPBIX 00IacTei rumep-
MPOCTPAHCTBA XAPAKTEPUCTHUK, YTO TPeOyeT TaIbHEHIIIEro
n3ydeHust. [IpeiokeHHbIil METOl OTKPBIBAET HOBBIE BO3-
MO>KHOCTH JIJIs yTIPABIsIEMON reHepaun rpad)oB 1 MOXKET
OBITh 1OJIE3€H B MCCIENOBAHUAX IPadOBBIX HEHPOHHBIX
cerei. JlanbpHeile uccieaoBanusl MOTYT ObITh Halpas-
JICHBI Ha MOBBIIIECHUE TOYHOCTH AJITOPHUTMA U paCIIUPCHUC
€ro NPUMEHHMOCTH.
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AHHOTALUA

PaccMoTpeHBI COBpeMEeHHBIE MOAXOBI K Pa3/eNICHHIO CeKpeTa, BKJIIoUasi KaK KJIaCCHYECKHe, TaK U MOCTKBAHTOBBIC
KpurTorpaduueckre cxeMsl. VicciaenoBaHbl METOABI pacIipeiesieHHs] CeKPEeTHOH HH(OPMAIMH MEKITY HECKOIBKUMHU
YYaCTHHUKaMH C MCIIOJIb30BaHHEM MaTeMaTH4eCKHUX IPUMHUTHBOB, TAKUX Kak MHorowieHsl Jlarpamka n HeroToHa,
KuTaiickas TeopemMa 00 OCTaTKaX, KOJbl HCIPABISAIONINE OMKMOKN, TEOPHUS PEIICTOK, U30T€HUH JUIUITHYECKUX
KPHBBIX, MHOTOMEPHBIC YpaBHEHHS U X3UI-QyHKIMU. [IpuBeieH CpaBHUTENbHBII aHAIM3 Pa3IMYHBIX CXEM C TOUKH
3pEHUs UX YCTOMYMBOCTH K KBAHTOBBIM aTakaM, 3((EKTUBHOCTH U COOTBETCTBUS Kputepusam Lllamupa. Ocoboe
BHHIMAaHHUE YJETICHO OLCHKE YCTOMINBOCTH CXEM K aTaKaM C UCIIONB30BaHUEM KBAaHTOBBIX KOMITBIOTEPOB, IYTO OCOOCHHO
aKTyaJbHO B YCIIOBHSX Pa3BUTUS KBAaHTOBEIX TEXHOJOTHIl. PaccMOTpeHBI mpenMyImiecTBa U HEJOCTATKH KaXKIOH W3
CXeM, BKJIIOUasi UX BBIYUCIUTEIBHYIO CIOKHOCTD, THOKOCTh M BO3MOXKHOCTD aJaNTAlMH K Pa3IMIHBIM yCIOBHUSIM.
IToka3zaHo, 4TO KITacCHYECKHE CXeMBl, Takue Kak cxembl lllamupa n HeloToHa, ocrarorcst 3p(heKTUBHBIMU U POCTHIMU
B peajM3aliy, HO ysSI3BHMBI K KBAHTOBBIM aTakaM. B ToO jke BpeMsi MOCTKBAaHTOBBIE CXEMBI, OCHOBAHHbIE HA TECOPUH
PELIeTOK, IEMOHCTPUPYIOT BBICOKHI yPOBEHb 0€3011aCHOCTH, HO TPeOyIOT 00JIee CIIOKHBIX BHIYMCICHHH.

KiroueBblie ciioBa

MIOCTKBAHTOBAsk KpUNITOrpadust, CXemMa pacipeeieHie CeKpera, HOporoBast cxema, KpUnrorpadus ¢ OTKPBHITBIM KITIOUOM,
TEOPHsI PEIIETOK, MINITHIECKIE KPHBbIE, MHOTOMEPHBIE YPABHEHUSI, KOIbI HCIIPABIISIONIEE OIIHOKH, X3MI-(QyHKIHN
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Abstract

Modern approaches to secret sharing have been examined, encompassing both classical and post-quantum cryptographic
schemes. The study explores methods for distributing secret information among multiple participants using various
mathematical primitives, such as Lagrange and Newton polynomials, the Chinese remainder theorem, error-correcting

© Kycro E.®., beszarees C.B., 2025

446

Hay4yHOo-TexHn4eckuii BECTHUK MHPOPMALMOHHBLIX TEXHONOMMIA, MeXaHuKn 1 ontukn, 2025, Tom 25, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2025, vol. 25, no 3


http://ntv.ifmo.ru/
http://ntv.ifmo.ru/en/
mailto:elizarkustov@mail.ru
https://orcid.org/0000-0002-0191-1178
mailto:sergey.bezzateev@gmail.com
https://orcid.org/0000-0002-0924-6221
mailto:elizarkustov@mail.ru
https://orcid.org/0000-0002-0191-1178
mailto:sergey.bezzateev@gmail.com
https://orcid.org/0000-0002-0924-6221

E.®. Kyctos, C.B. Ee3zaTees

codes, lattice theory, elliptic curve isogenies, multivariate equations, and hash functions. A comparative analysis of
different schemes is provided in terms of their resistance to quantum attacks, efficiency, and compliance with Shamir’s
criteria. Special attention is given to assessing the schemes resilience against attacks using quantum computers, which
is particularly relevant given the advancement of quantum technologies. The advantages and disadvantages of each
scheme are discussed, including their computational complexity, flexibility, and adaptability to various conditions. It
is shown that classical schemes, such as those by Shamir and Newton, remain efficient and easy to implement but are
vulnerable to quantum attacks. Meanwhile, post-quantum schemes based on lattice theory demonstrate a high level of

security but require more complex computations.

Keywords

post-quantum cryptography, secret sharing scheme, threshold scheme, public-key cryptography, lattice theory, elliptic
curves, multivariate equations, error-correcting codes, hash functions
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BBenenue

[lepBBIit MeTO pa3/eNeHus cexpera ObLT MPEIIOKeH
eme B 1979 rony Hlamupom [1] u baelixnu [2] He3aBucumMo
JpyT oT aApyra. CxeMsl pa3jiesieHs CeKpeTa MPUMEHSIOTCS
B CIIy4asiX, KOI/la CyILECTBYeT 3HaUUMasi BEPOSITHOCTb KOM-
MIPOMETALUHU XPAaHUTEIEH CeKpeTa, HO BEPOATHOCTh HEJ0-
OPOCOBECTHOTO CrOBOpa 3HAYUTEIILHON YaCTH yUYaCTHHKOB
CUUTAETCS PEHEOPEIKUMO MAJIOH.

[MosiBnenue anroputma lllopa n1s KBaHTOBOTO KOM-
MIBIOTEPA, MTOCTABIIIO TIOJ] YTPO3Y KIACCHIECKHIE KPHITTOCH-
CTEMBI, OCHOBAaHHBIE Ha MpobieMax (paKTOpU3aAIIH YHciia
1 TUCKPETHOTO Jiorapudma. Bo3HUK Bompoc o co3gaHnu
HOBBIX CHCTCM, yCTOI\/’I‘II/IBBIX K aTake C MCIIOJIb30BAHUECM
KBAaHTOBOTO KOMITBIOTEPA.

HccnenoBanue B 9T0# 001acTH 1aJI0 TOTYOK K Pa3BH-
THIO KpUNTOTpa(uy Ha HOBBIX MOCTKBAHTOBBIX KPUIITO-
MIPUMUTHBAX, TAKUX KaK KOJIbI MCIPABIISIONINE OUIMOKH,
TEOpHUsl PEIIeTOK, H30TEHUH NUINITUYECKUX KPUBBIX, MHO-
TOMEpHBIC ypaBHEHHS U XAII-(QYHKIMH. AKTHBHOE Pa3BHU-
THE 3TOW OOJIACTH CO3/1aJI0 MHOMKECTBO HOBBIX CHCTEM, B
YaCTHOCTH CXEMBI pa3/ieeHus cekpera. B cBsa3m ¢ atum
BO3HHK BOIIPOC O BO3MOXXHOM 3aMEHE KIIACCHUECKUX CXEM
[Tamupa, Herotona u brieiikiam, koTopblie camu 1o cebe
He 00ecTeynBalT O€30IaCHOCTh OT KBAHTOBBIX aTak, Ha
HOBBIC ITOCTKBAHTOBBIC CXCMBbI.

B Hacrosmieil paboTe BBIMOIHEH aHAIN3 U CPABHEHUE
MCKIY c0001i HOBBIX MOCTKBAHTOBBIX M KJIACCUYECKHUX
CXEM pa3/ieNIeHHs CEKpeTa JIsl TOMCKa ONTUMAIBHBIX CXEM.
CpaBHeHue npoucxoaut no kpurepusm [lamupa: pasmep
JIOJM MEHBIIE WIN PaBEH CAMOMY CEKPETY, BO3MOXKHOCTh
MTOBTOPHOT'O MCIHOJIB30BaHUS CEKPETa, HEBO3MOKHOCTB IPO-
AQHAJIM3UPOBATh CEKPET, BO3MOXXHOCTH JOOABJICHHST HOBOTO
Y4YacCTHHKA, BO3MOKHOCTH OOHOBHUTB CEKPET, BO3MOKHOCTD
U3MEHEHHUS Beca JOIEH.

B pesynbrare MpoBEeAEHHOTO aHAIM3a PA3INIHBIX CXEM
MIPEJICTaBICHA CXEMa Pa3/IeIeHUs] CEKpPeTa, OTBEUAroNas
HanOOJbIIEMYy YHCTY KPUTEPHEB.

Cxema pa3sjeieHHsl CEKpPeTa N0 HHTEPNOJISAIHOHHOMY
MHorowieny Jlarpamxka

Cxema pa3feneHusi CeKpeTa 1Mo HHTEPIOISIUOHHO-
My MHOTOWIeHY Jlarpamxa, Tak’Ke M3BECTHAsI KaKk cXeMa

lamupa [1], stBusieTcst OMHOM M3 CaMbIX TOMYJISIPHBIX T1O-
pPOroBBIX cXeM pazjeieHus cekpera. OHa ocHOBaHa Ha
MHTEPIIOJISIIIUY MHOTOWIECHOB [3] 1 MMO3BOJISIET pa3/ienTh
CEKpET MEX/Ly 71 yJaCTHUKAMH TaK, YTO JUISl €T0 BOCCTAHOB-
neHus Tpedyercs Kak MEHUMYM k noneit (k < n).

B ato0ii cxeme cexpeTHas uH(OpMAIHSL, TPEACTaBICH-
Hasl [EJIBIM YUCIIOM S, pacTpeesseTcs] MEeXIy 1 ydacT-
HUKAMH ¥ MOXKET OBITh BOCCTAHOBJICHA ITPU HAJIMYUH KaK
MUHHMYM k 1osiei. JloBepeHHBIN HEeHTp, Ha3bIBaeMBbIi
JTUIIEPOM, BBIOMPAET MPOCTOE YHCIO p > S U TeHepUpyeT
MHOTOUJIEH ¢(x) cTenienu k — 1 Hag GF(p):

gx)=S+ax+ax?+.. +a Xk

TIe day, ..., dj_| BEIOMPAIOTCS AMIEPOM CIydailHBIM 00pa-
30M W3 PaBHOMEPHO pacIpeeieHHbIX eMeHToB GF(p).
VYuacthuk P; (i = 1, ..., n) IOJIy4aeT TOIBKO LIEI0E YHCIO
D, = q(i) B xauecTBe J0IH, II€ | — yHUKAJIbHBIH UACHTH-
¢uxarop ydactHuka P;; q(i) — 3HaueHHE MHOTOWICHA B
touke i. [Ipu Hammuuu k 10Jeit MOXKHO BOCCTAHOBUTH ¢(X)
C UCTIOIb30BAHNEM MHTEposAuu Jlarpanxka u, caegoBa-
TEJBHO, BOCCTaHOBHTH cekpeT S = ¢(0).

B cxeMe 1Mo MHTEPHOISAIMOHHOMY MHOTOYJICHY
Jlarpamxa, ipn Hasmuauu k — 1 oneit st moGoro cekpera
S’, HEBO3MOXXHO BOCCTAaHOBUTH COOTBETCTBYIOIINN €My
MHOTOWIeH. TakuMm 00pazoM, k — 1 mornei He TaroT HUKaKOi
WHPOPMAITHH O CEKpETe.

37MO0yMBINUIEHHUK HE CMOXKET BOCCTAHOBUTH CEKpeT S
TIPH yCIIOBUH, YTO OH HE MMEET JOCTyMa K k nim Gomee
JIOJISIM, TaK KaK MHOTOYJIEH CTEIEHH k — 1 OIHO3HAYHO
onpenensieTcs: k Toukamu. CxeMa yCTOWYHMBA K arakam,
OCHOBaHHBIM Ha nepedope, Gimarogapst UCIOIb30BAHUIO
koHeuHoro noist GF(p) npu BEIOOpE OOIBIIOTO 3HAYCHUS p.
Takoke OGnarogapst UCIOJIB30BAaHUIO MHTEPIOJSIIMOHHOTO
MHOrowieHa Jlarpanka MOXXHO J100aBUTh HOBOTO Y4acT-
HHKA.

B Tabn. 1 npencraBineHpl 3HAUCHUS Pa3MEPOB KITFOUCH
U jmoneit cexpera it 128-0utHoit n 256-0utHOi 6e30-
nmacHocTH 1t cxeMbl Lllamupa. B kadecTse xirtoueii ObUTH
ucnonp3oBaHel RSA (Rivest, Shamir, Adleman) u3 pexo-
menganuu NIST [4]. 128-0utHast u 256-OutHas Gezomnac-
HOCTh — YPOBHH KpUNITOrpadUuecKoil CTOMKOCTH, KOTO-
pBI€ MOKA3bIBAIOT, HACKOJIBKO CIIOXKHO B3JIOMATh CUCTEMY
nepebopoM MM APYTMMHU aTaKkaMy M O3HAYaloT, YTO JUIS
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AHanns NpUMeHNMOCTH CYLLLECTBYIOLLMX CXEM pa3feseHns cekpeTa B YCI0BUAX MOCTKBAHTOBOM 3pbl

Tabnuya 1. CpaBHEHHE pa3Mepa KIFOYEBBIX 3JIEMEHTOB CXCMBI
lamupa, Gut

Table 1. Comparison of the key elements size of the Shamir

scheme, bit
ITapamerp 128-0utHas 256-6urHas
6e30macHOCTh 06e301acHOCTh
Cexper S 3072 15360
Jons D; 3072 15360
Koadpunmentst 3072 x (k—1) 15360 x (k—1)

B310Ma noTpedyercs B cpeanem 2128 y 2256 onepanuii
COOTBETCTBEHHO.

Kaxk BumHO 13 Tabm. 1 pa3mep cexpera u ero Jojei pas-
HBI, 4TO [O3BOJISET HCIOIB30BATh 10N CEKPETA B KAUECTBE
CeKpeTa B KpHUnTocxeMax 0e3 AOMOJTHUTENIbHBIX MOAU(H-
kaiuid. OTMeTHM, YTO HanboJee 3aTPaTHBIM JIJIs XPaHESHUsI
JIAHHBIX, SIBJSIETCS pa3Mep Kod(pOUIIMEHTOB MHOTOUJICHA.

[MomuepkueM, 4To paccmarpuBaemas cxema He obe-
crieyuBacT 0E30IacCHOCTh CaMOTO CeKpeTa S U ero JIoJeit
D, 17151 3TOro CeroHs HCIOIb3YIOTCA BapHallMd CXEMbl
ITamupa ¢ kpunrocucremamu RSA [5], ECDCA [6] u Dnb-
lamans [7]. B aToM BapuaHTe peanu3amuy o0mast KpUITo-
CHCTEMa CTAaHOBHTCS Yys3BHMa K aTake ¢ MPUMEHEHHEM
KBaHTOBOTO KOMITBIOTEPA, B OTIMYMHN OT KPUITOCHUCTEM, OC-
HOBaHHBIX Ha TOCTKBAHTOBBIX KPUNITONPUMHUTHBAX. Takxke
K HEZO0CTAaTKaM CXEMbl MOKHO OTHECTH HEHaJEKHOCTh
JUJIepa, Tak Kak IPe/oiaraeTesi, 4To BCe yYaCTHUKH MO-
T'YT JOBEPSITh BEIOPAaHHOMY IICHTPY, YTO HE BCETNa BEPHO.

CxeMma pa3zjesieHHsl CeKpeTa
10 HHTEePNOJIANHOHHOMY MHOrowieny Heorona

Cxema pasjelieHusl ceKpeTa Ha OCHOBE MHTEPITOJSI-
IIMOHHOTO MHOTOWIeHa HpIoTOHAa — MeTO/ pa3ieleHust
CeKpeTa, KOTOPHIH MCIOJIb3yeT WHTEPIOISIINI0 MHOTOY-
neHa HproToHa 7151 BOCCTaHOBJICHHSI CeKpeTa. DTOT MOJI-
X0J1 Toxox Ha cxemy [llamupa, HO BMECTO MHTEPIOS-
uuu Jlarpanxa npumensercst uaTepnossnus HerotoHa.
Mmuorowien HeroToHa crenenu ¢ — 1 uMeeT BU:

) =ag+ ay(x —x;) + ay(x —x)(x —x)) + ...
cota (e —x)(x—x) ... (x—x.p),

Iae dag, dy, ..., d, 1 — KO3(OOULUEHTBL; X{, X), ..
3apaHee BBIOpaHHBIC TOUKH.

B nagane aunep BbIOUpAET Xq, X, ..., X,,, TI€ 1 — KO-
JIMYECTBO YYaCTHUKOB. JIJIs KaKI0TO yYaCTHUKA P; BEIYHC-
JsieTcsl 3HaYEHUEe MHOTOYJIEHA B TOYKe X;, T. €. flx;). D10
3Ha4YCHHE SBJIACTCS J0JIel yIacTHHKA.

J11s1 BoccTaHOBJIEHHS ceKpeTa HeOOXOIMMO cOOpaTh Kak
MUHUMYM ¢ foneil. Ucnonw3ys unrepnonsuuo HerotoHa,
CTPOUTCS MHOTOWIEH f{X) 1o ¢ ToukaMm (x;, f{x;)). Cexper
S BOCCTaHABIIMBAETCS KaK 3HAYEHUE MHOTOUWIECHA B TOUKE
x=0,1 e S=£0).

CxeMa pasJiesIeHns1 CeKpeTa Ha OCHOBE MHOTOYJICHA
HeloToHa 00nasaeT TeMu ke CBOMCTBaMM, YTO M CXeMa
paszeneHust cekpera 1o Jlarpamky. 9To 3Ha4YMT, YTO OHA
TaKXKe YsI3BUMa K aTake ¢ MCIOJIb30BAaHUEM KBaHTOBOTO
KOMIIBIOTEpA, €ClIM He 100aBUTh B CXEMY IOCTKBaHTO-

o X T

BbI€ KPUNITONPUMUTUBEL. Pa3zMepsl kitoueil cxemsl mo-
JIOOHBI 3HAYEHUSIM, YTO U B CXEME pa3/ielIeHHs] CEKpeTa 110
Jlarpamxy, npeacraBineHHbIe B Ta0II. 1.

Cxema pasjiejieHUsI ceKpeTa
HA OCHOBe KUTaiicKO TeopeMbl 00 0CTaTKaX

Cxema pacripelieJieHHs CeKpeTa Ha OCHOBE KHTalCKOM
TeopeMbl 00 ocTarkax [8] — MeToJ paseseHus CeKpera,
KOTOPBIN MCIIONBb3YEeT CBOWCTBA MOAYJIBHON apu(hMETHKH,
1 KHTAHCKYyIO TeopeMy 00 OcTaTKax JUIsl pacrpeesIeHus
1 BOCCTAHOBJICHHSI CEKpeTa. DTOT MOIXO0]] TIO3BOJISIET pas-
JISTATHh CEKPET MEXKIy HECKONBKIMH y9aCTHUKAMHU TaK,
YTOOBI TOJIBKO OMPEACTICHHOE MTOJJMHOKECTBO YIACTHUKOB
MOTJIO €T0 BOCCTaHOBHTb.

Kak u B cxeme Illammpa, B pabote [8] mpucyTcTBYyeT
JIOBEPEHHBIN AHIIEp, KOTOPBIN onpeaessieT 00t cekper S
1 TIONIapHO B3aUMHO IPOCTBIE YKCIIA My, . .., M, TAKAE YTO:

My g X My iz X oo, <S<my X my X ...my,
my<mp<..<m,,
r1e kK — moporoBoe 3HaYEHUE.

KakoMy y4acTHUKY BblIaeTcst 3HaueHue S; = S mod m;.
Jlnist BoccTaHOBIIGHHS ceKpeTa TpedyeTcst coOparh X0Ts Obl
k 3HaueHuii S; ¥ PEIIUTh CUCTEMY CPaBHEHUI C IOMOILbIO
KUTalCKOI TeopeMbl 00 ocTarkax.

Pazmeps! kirodeli cxeMbl OI00HBI 3HAYEHHSIM, UTO U B
cXeMe pasJesieHHs cekpera 1o Jlarpamiky, peacTaBIeHHbIE
B Tabm. 1. OT™MeTnM, 9yTo Hanbosee 3aTPaTHBIM SIBIISCT-
csl XpaHEHHe MOAyJIeH m; > 2256 gyt mis 128-6uTHOI U
256-6utHOl 6€30IaCHOCTH.

K npeumyniecTBaM JaHHOM cXE€Mbl MOXKHO OTHECTH
ee 3 PEeKTUBHOCTH 1O CPABHEHHUIO CO CXEMOW Ha OCHOBE
WHTEPIOISAIMOHHON (opMyibl Jlarpamka, Tak Kak BOCCTa-
HOBJICHHE CEKpeTa TPeOyeTCs TONBKO PEIIEHUE CHCTEMBI
JIMHEHHBIX CpaBHCHHﬁ, YTO BBIYUCIUTEIBHO MTPOLIC, YEM
uHTepnoysiuus MHorowieHa B cxeme Hlamupa. Takxke,
BBIOMpast HOBBIE MOJYJIH, MOXKHO J100aBUTh HOBBIX y4acT-
HUKOB.

Baxno, uro, kak u B cxeme lllamupa, cxema Ha oc-
HOBE KHTalCKOM TeopeMbl 00 ocTaTKax He oOecrneyrBaeT
6€30MacHOCTh CEKpeTa M €ro JI0JeH, YTO MPUBOAUT K €¢
YSI3BUMOCTH K KBAaHTOBBIM aTakaM IPU HCIIOJIb30BAHUHU
KJIACCHUYECKUX KPUNTOMPUMHUTHBOB.

Cxembl pas3jiejieHus CEKpeTa, OCHOBAHHbLIC HA KOJAAaX,
HCIPaABJIAIOIINX OIIHOKH

B [9] nokazano, uro cxema [llamupa siBnsieTcst 4aCTHBIM
ciaydaeM OOMEHa CEKpeTaMH C MCIOJIb30BaHUEM KOJOB
Puna—Comomona. ITozxke Maccu [10] oOHapykuiI B3an-
MOCBSI3b MEXAY CTPYKTYPOH JOCTYTIa AJii COBMECTHOTO
HCIIOIF30BAaHUS CEKPETOB M KOJOBBIMHU CIIOBAMH JIBOM-
CTBEHHOTO Kojia. [TocTpoeHne cxeM COBMECTHOTO UCTIONb-
30BaHMA CEKPETOB C MPUMEHEHHEM KOJJOBBIX KOHCTPYKIMN
OCTAaEeTCs BXKHOM TEMOH U B HacTosllee BpeMs. HekoTopele
MCCIIE/IOBATENHN ITPOJOJDKAIOT pa3padaTbiBaTh HOBBIE CXEMBI
obOmena cexperamu [11-13].

B pabGore [9] ObITO 3aMedeHO, YTO cXeMa pas-
nenenusi cexpera lllamupa sSBISETCS YaCTHBIM CIIy-
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yaeM OoJiee o0mIei cxeMbl, OCHOBAaHHOM Ha KOJax
Puna—Conomona. B 9710ii cxeme npuHATO, 4TO (045 ..., O ) —
(DUKCUPOBAHHBIN CMIUCOK HEHYJIEBBIX IEMEHTOB HEKO-
toporo noist F (|F| = r, r > n), uapOp™ManmonHoe cioBo

a=(S,ay, ..., a,,) € F, xonupyercs B KOZOBOE CIOBO
D= (Dy, ..., D,,) ¢ ucnoiap3zoBanueM kojxa Puna—
CoitoMmoHa:

=1
= J =
Di Z ajai , dg S,
=0
rae D; — nons yuactHuka P;. Ilpu Hanuuuu BCex » JOJeH,
YTOOBI BOCCTAHOBHUTH CEKPET HEOOXOAMMO BBIUYNCITHTD:
r—1
§S=-3D,
i=0

[Ipu Hanuuwuu s goneit (r > s > k), U3 KOTOPHIX f CO-

s—k
JepKar ommokw | ¢ < T , MOYKHO BOCCTAaHOBUTH KOZO-

BOE CJI0BO D C MCTIOIB30BAHNEM AJITOPUTMA UCTIPABICHHS
OMIMOOK M, CICIOBATEILHO, HH()OPMAIIMOHHOE CIIOBO @ U
cekper S.

B 1abn. 2 npeacraBieHbl 3HAYEHHST pa3MEPOB KITIOUei
u joneit cexkpera s 128-0utHoii u 256-0uTHOM Ge3omac-
HocTH. B kadecTBe cexpera ObUT HCIIONb30BaH CEKPETHBII
iy RSA.

Kax BumHO W3 TaOmI. 2 aiis XpaHSHHUS BCeX 3HAUCHUI
TpeOyeTcst JOCTAaTOYHO OOIBIION 00BEM MaMSTH.

JlanHas cxema o0iagaeT BCEMHU CBOMCTBAMHU CXEMBbI
[ITamupa, a TakkKe HOBBIM CBOMCTBOM yCTOMYMBOCTH K
HCKaKCHUSM WM JIeTpaJallii XpaHWIHIIA.

B pa6ote [10] Maccu mokasa, 4T0O MHHHMAaJIbHbIC
KOZIOBBIE CJIOBA B AyaJIbHOM KOJI€ TOJTHOCTBIO ONPEEIISIOT
CTPYKTYpY CXEMBI pa3ZIelieHus CeKpeTa, U Hao0opoT. Maccu
TaKKEe OINPEAEIIII, YTO CTPYKTYpa CXEMbI pa3/ieieHus ce-
KpeTa, COOTBETCTBYIOIIast IMHEHHOMY (1, k) Koy V, 3aza-
eTcs TeMH MUHUMAaJIbHBIMU KOJIOBBIMH CIIOBAMH B Jyallb-
HOM KOJI€, Y KOTOPBIX II€PBbIi KOMIIOHEHT paBeH 1.

B [14] Mbhccu pacmmpuil paHee MoTydeHHBIC Pe3yib-
TaThl, MMOKA3aB, YTO KaXk/[0€ KOJOBOE CIOBO ¢-HYHOTO
JTUHEHHOTO KO/1a MOXET OBITh 3alMCAHO KaK JIMHEITHAs
KOMOMHALUSI MUHUMAIIbHBIX KOJOBBIX CIIOB, KOTOPBIE €TI0
MOKPBIBAIOT.

Tabnuya 2. CpaBHEHHE pa3Mepa KIIIOYEeBBIX JIEMEHTOB CXEMBI,
OCHOBAaHHOH Ha KOJIaX C UCTIPABJICHUEM OIIHOOK, OUT

Table 2. Comparison of the key elements size of a scheme based
on error-correcting codes, bit

Iapamerp 128-6utHas 256-6utHas
0e30MacHOCTh 0e30MacHOCTh
Komosoe ciioBo D 786 432 7 864 320
Wundopmannonnoe 685 056 6 881 280
CIIOBO a
[IpoBepounas 25067 520 503 316 480
matpuna H

Ilpumeuanue. Bce napamMeTpsl 3aBUCAT OT Pa3MEPHOCTH KOJa
Puna—Conomona (n, k).

Cxembl pas3jiejieHus CEKpeTa,
OCHOBAHHBIC HA TCOPUU PEIIECTOK

[TepBast cxema paszesieHust CeKpeTa Ha OCHOBE PEIICTOK
OpLTa peokeHa B [ 15], e ucmonp3oBanach 3a1ada Ha-
xokaeHus ommxkaiirero Bekropa (Closest Vector Problem,
CVP). CoBpeMeHHBIC CXEMBI Yallle OMUPAIOTCA Ha 3a/1a-
YU HaXOXKJCHHA KpaTdaimmero Bektopa (Shortest Vector
Problem, SVP) [16] u obydenus ¢ ommbkamu (Learning
With Error, LWE) [17], koTopsie siBisitoTcst NP-TpyaHbIMHY,
YTO JIeNIaeT UX HMPUTOAHBIMU JJIsi KPUNTOrpapUUIeCKUuX
IPUIOKEHUH.

B [18] Obu1a npeyioxkeHa HoporoBast cxema pasaeieHust
cekpera, ocHoBaHHas Ha SVP. B a10ii cxeme st BoccTa-
HOBJICHUSI CeKpeTa TpedyeTcsa He MeHee 11 yYacTHHUKOB,
e 11 = 1y (KOJIIMYECTBO YYaCTHUKOB, TTOYYAIOIIUX JOJTH).
OCHOBHasI HJIes 3aKTI0YACTCSI B BOCCTAHOBIICHUN Oa3HCHOMN
MAaTpHIIBI, KOTOpast HeOOXOAMMA /ISl BEIYHCIICHUS CEKPET-
HOTO BEKTOpA.

Be3zonmacHOCTh cXeMBl OCHOBaHA Ha HWCIIOIH30BAHUH
Kpunrorpapuaeckux x3m-pyHkuuii. B padote [19]
MPEIOKEHO UCIONIB30BaTh XAMI-QyHKIuN Afitan [20],
Jlrobammesckoro 1 Mukkuanuno [21] a Taxxe [lelikepra
u Pozena [22], uyTo nemaeT cxeMy ycTOMUYMBOIl K aTakam
C IPUMEHEHHEM KBAHTOBOTO KoMIbloTepa. OCHOBHBIM
HEJI0OCTAaTKOM CXEMBI SIBJISIETCSl YCIOBHUE, YTO ISl BOCCTa-
HOBJICHHS CEKpeTa HEOOXOIMMO y4acTHEe BCEX YYaCTHUKOB
P, co cBonmMu 1omAmMu.

B [23] Ob1na mpennoxkeHa moporosas cxema (n, n),
ocHoBaHHasg Ha LWE. O603HauuM y4acTHUKOB Kak P;,
1 <i<n-1, acekpeTHblil BEKTOpP KaK S € Z;". Junep BbI-
OmpaeT MOIYIb ¢, IPOCTOE YHCIIO p, TEHEPATOP g TPYIIIIEI
GF(p) n pacripeneneHue ommuoOoK y € Z4. J{ns xaxaoro
y4acTHUKA JAUJIEp BbIOMpAET CIydailHbIN BEKTOp a; € Z;"
u ownbKy e; € Z,. Jlons cexpera D; = (a;, b;), tae b; Bbl-
YUCIISETCS KaK:

bl:<al,s>+el,1§l§n71,

rae (ai, s) — cKaJsipHOE npou3BeneHue. Jnep myonukyer
V; = g% = (g%, gbi). lns mocienHero yqacTHuka P; manep
BBIYUCIISIET €, = —€] — €y — *** — €,,_| U COOTBETCTBEHHO

b,= (a,,, s) +e,

B ¢ha3ze BoccTaHOBJICHHS YUYACTHUKHU MPEIOCTABIISIFOT
arperaropy cBou 1oiu D;. Eciau Bce 1014 BaauIHbIE, IS
BOCCTaHOBJICHHS CEKpPETa § HEOOXOIMMO IMPOCYMMHUPOBAThH
JIOTH:

n n
Dy+-+D,=| Ya; ¥ (a;s)
=1 =1
B pabore [24] Bbimonnena Moandukanys $hassl BOcCTa-
HOBJICHHS C ITOMOIIBIO TOOABJIEHHS ITOPOTa £, TEM CaMbIM
TIpeBpaTuB cxemy u3 (1, n) B (¢, n). Vcrions3ys ¢ < n noeH,
peleHa cucTeMa JIMHEHHBIX ypaBHEHUH JJIs1 HAX0XKICHUS
cekpera s. [IocKkosbKy IoslydeHHasi CUCTEMA YpaBHEHUM
SBJICTCS HEAOOIPEIEIICHHOM, OBIIIO MTPEATIOKEHO UCIIONb-
30BaTh MeTOJ HamMeHbINX kBajaparoB (MHK) [25] ans
HaXOXICHUS MPHONMKEHHOTO perteHns. OqHaKko mpuMe-
nenre MHK He Bcerna Bo3MOkHO WK 3(G(GEKTHBHO, YTO
HaKJIa/IBIBAET Ha CXEMY JOTIOJIHUTENIbHBIC OTPAaHUYCHUSL.
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AHanns NpUMeHNMOCTH CYLLLECTBYIOLLMX CXEM pa3feseHns cekpeTa B YCI0BUAX MOCTKBAHTOBOM 3pbl

Tabnuya 3. CpaBHEHHE pa3Mepa KIFOUYCBBIX 3JIEMEHTOB CXCMBI
Ha peleTkax, out

Table 3. Comparison of the key elements size of a lattice-based

scheme, bit
Tapemerp 128-6urHas 256-6urHas
0e301acHOCTb 6e301macHOCTh
Cexkper s 20224 38912
Omnodxa e; 45 64
Jons D; 20224 38912

B Tabm. 3 mpencraBieHbl 3HAUYCHHUS Pa3MEPOB KITFOUCH
U oneit cexpera s 128-0utHoii 1 256-0utHOM O6e30mac-
HOCTH. JlaHHBIEe B3SATHI Ha OCHOBE pexomenmaanuu NIST.

Kak BuaHO M3 Tab. 3 WIsl XpaHEHUS CEKpeTa U ero
Joneld, HeoOXOIMMO 3HAYUTENBHO OONBIIE PECypcoB, YeM
B KJIACCHYECKHX CXeMaX. ITO MOJKET OrpaHUYHMBATh PHMe-
HCEHUE CXEMBI B CUCTEMAax C OI'paHUYCHHBIMU peCypCaMu.

CxeMbl pa3aejieHusl CeKpeTa, OCHOBAHHbIE
HA U30TCHUAX IJTTUNTHICCKUX KPUBBIX

OIIMNITHYECKHE KPUBBIE, TPAAUIHOHHO HCIONB3YIO-
mrrecs B KJIACCHYECKUX MOAXO0AaX, OCHOBAHBI HA 3a7aue
JUCKPETHOTO JorapuMa s UIHITHICCKUX KPHUBBIX,
JACMOHCTPUPYIOT YA3BUMOCTDH K KBAHTOBBIM aTaKaM C IpU-
MeHeHueM anroputma [llopa [26]. DTo mocmykuio cTumy-
JIOM JIJIsI pa3BUTHsI HOBOTO HAIPABJIEHHsI — KPHUIITOTpadun
Ha M30TCHHSX, IJIe BMECTO paboThl C TOUKAMH HA KPHUBBIX
HCTIOJB3YIOTCS CaMH SIUTUITHYECKUE KPUBBIE X MOP(PU3MBI
MeX Iy HUMHE (M30reHun) [27].

KpunTorpadus Ha m30reHUIX Oa3upyeTcs Ha BBIYHC-
JMUTENBHON CIOKHOCTH 3a7aul HAaXOXICHUS W30TCHUH
MEXTy 3aJaHHBIMU N30T€HHBIMUA KPUBBIMU HaJ] KOHEUHBIM
monem GF(p) [28, 29]. DTOT moAX0x MOPOANI MHOXKECTBO
Hay4JHBIX paboT B 3T0# obmactu [30, 31].

OzHO# M3 TPOPBIBHBIX padoT sBIsIETCS pa3padoTka
npoTokosioB oomena kimouamu SIDH [32] u CSIDH [33].
[MocnenHuii mpoTOKOIN Mpeniaraer 0ojiee KOMIAKTHBIE
pa3Mepbl KJII0YeH 3a CYET UCIOJIb30BAHMS CYNEPCHHTY-
JISIPHBIX KpHUBBIX. OcOO0ro BHUMAHUS 3aCITy’KHBACT CXeMa
mudposeix noxnuceit CSI-FiSh [34], nemoncTpupyomas
MIPAKTUIECKYIO IPUMEHIMOCTD TIOAXO/IA.

B KoHTEKCTE MOPOTOBEIX CXEM Ba)KHBIMHU pa3padoT-
KaM# cTanu Momudukamnu cxem Kysernpec—PocToBmes—
CtonOynoBa [35], ocHOBaHHBIE Ha KJIAaCCHUUYECKOH
cxeme llamupa m mcmonp3yromue KoHnennuo Hard
Homogeneous Spaces [36, 37]. bezonacHOCTb 3THX CXeM
oIMpaeTcst Ha clIoKHOCTh periennst Group Action Inverse
Problem [38, 39].

PaccMoTpuM TIOPOTOBYIO CXEeMy I'PYIIIOBOTO JISHCTBHS,
npeanoxeHHyo B [36]. ITycte P; — y4acTHHK IOPOrOBOI
CXEeMBl U BIIaIeeT 4acTbio cekpeTa §; = f(i), Tie caM ce-
KpeT — CyMMa BceX JOJIeH:

S=2s,SEL,
i€S
OcHOBHas uest 3aKJIF0YACTCS B BBIYUCICHUN TPYIIIO-
BOrO aeicTBus [s]E( 6e3 packpsiTus cBoux foneil. [Tycts
Sc{l,...,n} — MHOXECTBO MOIITHOCTH He MeHee k. Torma
CEKPET MOXKET ObITh BBIYHCIICH KaK:

— N
S=3s% Lo,
i€s
rae Lg ; — koadounmenTsl Jlarpanixa P,.
Ilyctb B cxeMe y4acTBYIOT k yuacTHuKoB. CHauana £
OTIPABIISIETCS] YYACTHUKY P, KOTOPBIH BBIYHCIISCT:

Ey =[s; % L§ | 1Eo.
[a]E = g% * E,

TIe g — DIIEMEHT nopsiaka g rpynmsl GF(g).
Pesynbrar £ OTIpaBIsieTCs CIEAYIONIEMY yYaCTHUKY

P, j < k, KOTOPBI BBIYHCIISCT:

Ej=[5; % Lo JE; = [ X s; % Ly JEg = [s1E,,
€S
Takum 00pa3om, 00IIast CTPYKTypa KOMMYHUKAIIHH
BBITJISIAT CIICTYFOIIIEM 00pa3oM:

Ey, s E.s E,5 s E. s [S1E
5 P Py L s p

Oco0EHHOCTB CHCTEMBI 3aKIIIOYAETCS] B TOM, YTO TOJIBKO
MOCJICHUH YYaCTHHUK 3HACT CEKPET, U OH JIOJDKEH pac-
MPEICTUTh €r0 MEXKAY OPYTUMH yJaCcTHUKaMu. B tadm. 4
TIPEACTaBICHBI Pa3Mephl KITFOYEBEIX 3HAYCHUH, OCHOBBIBA-
scb Ha NIST Level 1 (MuHIMaIbHBIN YPOBEHh CTOMKOCTH
B IOCTKBAaHTOBBIX cTaHmapTax NIST [4]).

U3 taba. 4 MOXKHO clejiaTh BBIBOJ, YTO CXEMBI Ha OC-
HOBE M30TCHHH 00JIaAal0T HANMEHBIINMHU pa3MepaMu 110
CPaBHEHHIO C TIOCTKBAaHTOBBIMHU aHAJIOIaMH, ITPE/ICTaBICH-
HBIMU B TaHHOU padore. OCHOBHAs mpobiieMa — BBIOOD
napamMeTpoB /i 00ecIieueHus OE30MacCHOCTH CUCTEMBI.
Hcnone3ys napamerpsl CSIDH, Henmb3s yCTaHOBUTH CXEMy
paszieneHus cekpeTra u3-3a HeJoCcTaTka KBAaHTOBOM Oe3-
omacHocTH. B mrore B [36] chenan BBIBOJ, YTO Oe3orac-
HOCTBH cxeMbl cooTBeTcTBYeT ypoBHIO NIST Level 1, Ho
caenars ee Ooiee OezomacHoU mpodmemariano [40]. dms
oOecrieueHnst 0€30IIaCHOCTH HEOOXOIMMO HCIIOIb30BaTh
CYNEPCHHTYJIAPHBIE KPUBBIE C [TAPAMETPAMH TI0JIA p > 2254,

CxeMbl pa3zziejieHUs CeKpeTa,
OCHOBaHHBbIE HA X3II-(PyHKIMAX

Xo1I-pyHKIIUHU SBISIOTCS OJHUM U3 OCHOBHBIX dIIe-
MEHTOB TIPH TPOCKTUPOBAHUN CXEM Pa3lEIICHUS CEKpeTa.
Mx 6e30macHOCTh OCHOBBIBACTCSI HA CBOHCTBE CTOMKOCTH
K TIpo00pa3zy, KOTOpOe TapaHTUPYET, YTO BBIYUCIHTEIHHO
HEBO3MOYXHO BOCCTaHOBHUTDH HCXOIHOE COOOIIEHUE TIO €r0
X3M1-3Ha49eHuIo [41]. OnHaKo CyIIeCTBEHHBIM HETOCTATKOM
CXEM, OCHOBAHHBIX Ha X3HI-(1)yHKHI/IHX, SABJIACTCA TO, UTO UX
0€30MaCHOCTh HAMPSIMYIO 3aBHCUT OT CTOWKOCTH UCIIOJIb-
3yeMoil Xa1I-(DyHKIHH.

Table 4. Pa3vep KITIOYEBBIX 3JIEMEHTOB CXEMBI, OUT
Table 4. Size of the key elements, bit

ITapamerp 128-0utHast 6e301MacHOCTh
Cexper s 512
Kpusas E; 512
Homns s; 512
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OpnHa U3 NepBBIX CXEM paclpe/esIeHHs CEKPEeTa, OCHO-
BaHHasl Ha XdII-PyHKIUX, onucaHa B pabdore [42], B ko-
TOPO¥ ObUIA BBIABUHYTA HMIES UCIIOIB30BaHMUS XAII-(DYHK-
LUK JUTS IPOSKTHPOBAHUS CXEM pacIpe/ieIeHHs] CEKpeTa.
Briocnencteum naHHas cxema MojTydmia pa3BUTHE B pado-
Tax [43—45]. B [43] xouI-QyHKIIUN ACIIOIB30BAINACH KaK
JIOTIOJTHUTENBHBII MEXaHU3M IIJIS TTOBBIMICHUS O€30TTacHO-
ctu 1 3pdexrrBHOCTH cxeM. OqHako B [44, 45] xomI-(yHK-
LIUX CTaJI OCHOBHBIM BBIYMCIIUTEIILHBIM MEXaHU3MOM, UYTO
3HAYNUTENFHO YIYUIIHIO TPOU3BOAUTEIBHOCTD CXEM.

Cpenu mocnenHux paboT CTOUT OTMETUTH cxeMy Keta
u Wxan [46]. IIpyn MHUIMATU3ALUN CXEMBI CIy4alHBIM
00pa3oM IeHepupyroTcs n A0IeH sy, ..., S, Ul 1 ydacT-
HUKOB. Jlanee 3a7ar0Tcsl aBTOPU30BaHHbIE OJAMHOXECTBA
A;=APu4y1> --+> Py} > KOTOPBIC ONPEACIISIOT IPYIIIBL OB~
30Barenel, KOTOpble MOTYT BOCCTAHOBUTH CEKPET S.

JU1s Ka>k10ro aBTOpU30BaHHOIO IIOJAMHOXeCTBa A4; hop-
MHpYeTcs IpuBaTHOE coodieHne PM; myTeM KOHKaTeHa-
LIUH JOJIEH yJaCTHUKOB TIOIMHOXKECTBA:

PM; = S4,,1 |SAI-,2H--~HSA,-J'
J1st KaXJoro mpuBaTHOro coodenus PM; BbluuCIs-
€TCA €ro XdII-3HaYeHHUE:

h; = H(PM,),

/e h; IMEeT TOT JKe pa3Mep, 9T U CeKpeT s. JIJIst Kaxa0ro
ABTOPU30BAHHOTO MMOJIMHOXKECTBA F€HEPUPYETCSI KOHTPOJTb-
HOE 3HaYEHHE:

Ci:hi@s,

rae @ — moduroBoe uckirovaromee MJIN (XOR).

YT0OBI BOCCTAHOBUTH OOIIUI CEKPET S ISl aBTOPHU30-
BaHHOTO ITOJIMHOXKECTBA A;, Y4aCTHUKU OObEANHSIIOT CBOU
JIOJIH:

PM; = SA,-,I||SAI-,2H~~~HSA,-,t'

Brruncisercs xsm-3HadeHrne BOCCTaHOBICHHOTO nopu-
BAaTHOIO COO6H.[€HI/I$I

h; = H(PM,).

C BCToIB30BaHUEM KOHTPOJIbHOT'O 3HA4YCHUA C; CCKPET
S BOCCTaHABIMBACTCS CJICAYIOUINM 06pa30M:

S=h; D c;

Pa3mepsr cexpera U ero 1oeil MOryT OBITh JTFOOBIMU
TakK KaK, OHHU 3aTEM npeo6pa3yI0Tc51 B XOII-3HAYCHUS.

K mpeumyecTBaM cxeMbl MOKHO OTHECTH TE€OPETH-
KO-UH(OPMAIHOHHYIO UICATIBHOCTh CXEMBI, T. €. YaCTHY-
Hasi uH(GOpPMAIIHS O JTOJSIX YYACTHUKOB aBTOPU30BAHHOTO
ITOJIMHOXKECTBA HE TMPENOCTABISICT HUKAKOW HH(OpMAIUN
0 CEKpeTe J0 TeX 0P, ITOKA MX KOJIMUYCCTBO HE CTAHET paB-
HBIM 33JJAHHOMY ITOPOTY CXEMBI.

Bo03MOKHbBIE aTaKi HA CXEMY COBIMAJIAIOT C aTaKaMK Ha
xo1-pyHKmio. Vcrnonp30BaHue COBPEMEHHbIX XOIII-(hyHK-
it Takux kak Keccak [47], nemaer cxemy ycTOWYIHBOIl K
arakam ¢ MPUMEHEHHEM KBAHTOBOTO KOMITBIOTEPA.

OZ[HaKO BBIUKCIICHUE XAIII-3HAYCHHI JUIsL OOJILIINX aB-
TOPU30BAHHBIX TOAMHOKECTB MOKET OBITH BEIYUCIIUTEIILHO
3aTPAaTHBIM. Cxema umeer OrpaHUYCHHYTIO FI/I6KOCTL, 4qTo
JAC€IacT €€ CIIOKHOHU AJIg aganTanuu B Cliydyae IWHaMU-
YCCKOTO MBMCHCHHS aBTOPU30BAHHBIX IMOAMHOXECTB HUJIN
KOJITMYECTBA YYaCTHUKOB.

Cxembl pasjiejieHusl CEKpeTa
Ha OCHOBE€ MHOI'OMEPHDLIX ypaBHeHHﬁ

PaccMoTpuM cxembl pa3JiesieHus CeKpeTa, OCHOBaHHBIE
Ha MHOTOMEPHBIX ypaBHEHHAX. Takue CXeMbl HCTIONB3YIOT
MHOTOYWICHBI OT HECKOJIBKHX MIEPEMEHHBIX ISl pa3IeIeHHUs
Y BOCCTAHOBIICHUSI CEKpeTa.

B paborte [48] mpennokeH BapuanT cxemsl [llamupa, B
KOTOPOM BMECTO OJHOMEPHOTO MHOTOYJIEHA HCIIOIb30BaH
MHOTOMEPHBII MHOTOYJIEH CTEIEHH 1!

k1
_ e, _ei iy
S, X0, X)) = Y ax" x5y L x,
i=0

rae a; € GF(p); k= (n ;m) — OMHOMHAIBHBIN KOdPPH-

m
uuent; ¢; € N U {0}, npuiem Zeij < n. JlonaMu cexpera

SIBIISIFOTCSL HAOOPBI X; = (x;, ...,]xim, f7). Ans cexpera HEOO-
XOIMMO cOOpaTh k 07 W MCIIONBh30BaATh MHTEPIOISIN-
onnyto popmyny Jlarpamxka.

B [49] npemnoxxena cxema Kapauna—I puna—Xennmana,
OCHOBaHHas Ha PEIICHUU CHCTEMBI JMHEHHBIX ypaBHe-
unil. Cexkper S € F, paszgensiercst ¢ HCIONb30BaHUEM
Clly4aliHBIX BEKTOPOB U, V() € F;, TaKHX 4TO (u, VO) =S
Jlyist BEIYMCIICHUS] TeHEH BBIOMPAIOTCS CITyYaiHbIe BEKTO-
pBI Vq, ..., v, € F’, Takue uTo mo0ble ¢ U3 HUX JIUHEHHO
HE3aBUCUMBI. T€HN BBIYUCIISIIOTCS Kak S = (u, vi), JUTS
i€ {1, ...,n}. Bextop u 3abwBacrcs, a vy, ..., v, CTa-
HOBSTCS MyOJIMYHO AOCTYIHBIMU. [lJIsT BOCCTAHOBICHHUS
CeKpeTa HeOoOXOIMMO COOPaTh ¢ TEHEH U PEIIUTh CUCTEMY
JIMHENHBIX YPABHEHUM U1l HAXOXKAEHUS U.

B cxeme [50], mpencrasinsioriei co6oii 0000MmeHHyI0
cxemy AcmyTta—bnyma [51], cekpeToM sIBISIETCSI MHOTOUJICH
s(x) € F,[x] crenenn menbLe dy, rae X = (xy, ..., x,,). st
pasJesieHus CeKpeTa TeHepupyeTcst Habop B3aUMHO TPO-
CTBIX MHOTOWICHOB m(X) € F [X], tne my(x) = x4, 3arem
reHepupyercs ciaydalHblii MHOTOWICH a(x), deg a(x) <

t

< Y d;—dy— 1 n Bbruncnsercs fx) = s(x) + a(x) x my(x).
i=1

Jomsimu cexpera OymyT siBIATBCS s:(x) = f{x) mod m;(x).
B (aze xomOmHamm cexpera MpuMeHeHa KUTacKas Teo-
pema 06 ocrarkax. B [52] npemsioxkeHo 00001IeHne cXeMbl
Ha MHOTOMCPHBIC MHOT'OYJICHEI.

CxeMbl pa3Ie/ieHus CeKpeTa Ha OCHOBE MHOTOMEPHbIX
yYpaBHEHHI 00J1a/IaF0T CBOMCTBAMH TEOPETHKO-UH(DOPMAITH-
OHHOM U/ICATLHOCTH CXEMBbI, TaK KaK 3HAHHUE MCHee k oneit
He 7aeT uHPOPMALIUU O CEKPEeTe, THIe pa3Mephl ceKpeTa U
JoJei omuHakoBbl. OTHAKO MX TPUMCHEHHUE TPeOyeT yue-
Ta OIpaHUYCHUHN, TAKHX KaK HEOOXOJMMOCTh PACKPBITHS
CeKpeTa Ul ero UCIOIh30BaHUS U CIOKHOCTH J00aBIIe-
HUS HOBBIX TONIb30BaTeNiell. Pazmepsl kirroueii momnoOHb
3HAYCHHUSIM, UTO U B CXEME Pa3[IeNIeHHUs CeKpeTa 10 HHTEP-
TOJIIIIMOHHBIM MHOTOWIeHaM Jlarpanxka u mpeacTaBiIeHbI
B Taom. 1.
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CpaBHl/lTeﬂbeIﬁ AaHaJIM3 CXE€M pas3jie/icHUs CEKpeTa

s cpaBHEHUS pa3IMIHBIX CXEM pa3fefieHHs ceKpe-
Ta MCIONB30BaHbl kpuTepun [llamupa, KOTOpBIe BKITOYA-
I0T: pa3Mep JIOJIHM MEHBIIE WM PAaBEH CAMOMY CEKpPETY,
BO3MOKHOCTH ITOBTOPHOTO HMCIIONB30BAHMS CEKpeTa, He-
BO3MOYKHOCTH ITPOAHATIN3UPOBATH CEKPET, BO3ZMOXKHOCTh
J00aBJICHUS] HOBOTO YYaCTHUKA, BOBMOXKHOCTh OOHOBUTH
CEeKpeT, BO3MOXKHOCTb U3MEHEHUsI Beca Joneil. Pesynbrarsl
MPEJICTaBJICHBI B TA0M. 5.

Kak BugHO 13 Tadm. 5 kiraccmueckue cxemsl (Llamupa,
HeloToHa, Ha OCHOBE KMTANHCKOH TEOpeMbl 00 OCTaTKax)
OCTAarfOTCsl aKTyaJIbHBIMU OJaromapsi CBOCH mpocToTe U
3¢ (eKTUBHOCTH, OTHAKO OHU YSA3BHMBI K aTakaM C MpH-
MEHEHHEM KBAHTOBBIX KOMIBIOTEPOB. CXeMBI Ha OCHOBE
TEOPHUHU PEIICTOK M KOJaX, HCIIPABIAIONINX OIIHNOKH, SB-
JISIOTCST Hanbosee MepCrneKTUBHBIME IS HCIIOIB30BAHUS
B ITOCTKBAHTOBOI KpUNTOrpaduu, Tak Kak OHU 00eCTIeqn-
BAIOT BBICOKHII yPOBEHb 0€30MACHOCTH M COOTBETCTBYIOT
OonbinuHCTBY Kputepues Lllamupa.

B Tabn. 6 npencrasieHsl JaHHBIE 110 CJIOKHOCTH B3JI0-
Ma IIPECTABIEHHBIX CXEM, C UCIOIb30BaHUEM KBAHTOBOTO
KOMITBIOTEpA M KJIACCHYECKUX crIoco00B. 1o 3ammTHEIMI
MepaMH MOHUMAETCSI YCIIOBUSI, TIPH KOTOPBIX, yKa3aHHas
aTaka He MOXET OBITh PeaM30BaHa 3a IMOJIMHOMHUAIEHOE
BpEMSL.

OnHO¥ 13 BOBMOXKHBIX aTrak Ha cxemy Lllammpa i cxemy
Ha OCHOBE MHTepHosauu HproToHa, sBIseTcs mepedbop
MHOTOYWICHOB, ITPH KOTOPOH 3I0YMBIINICHHUK TTBITACTCS
BOCCTAHOBHTb CEKPETHBIH MHOTOWIEH ¢(Xx) cTeneHu k — 1,
uMest MeHee k monei. J{is 9T70ro HEOOXOAMMO PEUIUTh
cUCTeMy ypaBHEHHH ¢ k — | HeusBecTHBIMU KO3 GUIH-
enramu. Eciu p OyneT MeHbllle YKa3aHHOTO 3HAYEHUsI, TO

3JI0yMBIIIICHHUK CMOXKET IepedpaTh Bce BO3ZMOXKHBIE BApH-
AQHTBI MHOTOWIECHOB U TEM CaMbIM BOCCTaHOBHUTb CEKpeT S.

CnenuduuHoii aTakoii Ha cxeMy Ha KHTaHCKOI Teopeme
00 ocraTkax sBIsIeTCsS nepedop MOIYNel, IpU KOTOPOH
3JI0YMBIIUICHHUK TBITAETCS BOCCTAHOBHUTH CEKPET S, T0/1-
Oupast B3aMMHO IIPOCTbIE MOMLYIIH My, ..., M IPU HATUYUH
k—1 noneit. Ecitu m; < 2256, TO 3710yMBIIUIEHHHK CMOXET
BOCCTAQHOBHTb BCE /71;, 1 TEM CAMBIM PEILINTH CUCTEMY YPaB-
HEHWUH U HalTH S.

OnHOIt U3 caMbIX paclpoCTPAHEHHBIX aTaK Ha KPHUIITO-
NPUMHUTHBBI HA OCHOBE KOJIOB, UCIIPABIISIOIINX OHINOKH,
SBIISIETCSI aTaka Mo MH(GOPMAIIMOHHBIM COBOKYITHOCTSIM.
Artaka npecTaBisieT co0oil ceMelCTBO aJrOpUTMOB JUIS
pelIeHHs 3aJaul CUHPOMHOIO JI€KOJUPOBAHUS, 3aKIII0-
YarouIelcsl B HAaXOKICHUH BEKTOpa OIMOO0K e Beca f. [1pu
n < 6960 37I0yMBIIIJICHHNK CMOXXET MOCTPOUTH TAOIHUILY
CHHIPOMOB U TEM CaMbIM BOCCTAHOBHTH KOJIOBOE CII0BO D.

B kauecTBe criennaIbHOM aTaky Ha CXeMy Ha perIeTkax,
ObUTa pacCMOTpEHA aTaka IMOMCKAa CEKPETHOTO BEKTOpa B
pemetke (SVP, CVP). Ilpu n < 1024 y 3710yMBIIIIICHANKA
HOSIBIISIETCSI BO3MOYKHOCTB Iepe0paTh BCe BO3MOXKHBIE BEK-
TOpa PELLETKU U TEM CaMbIM HAWTU KpaTyalIlni BEKTOP.

B kpunrorpadun Ha U30reHHsIX Il HAXOXKICHUS ce-
KpeTa 3JI0yMbIIUICHHUKY HEOOX0ANMO HalTH BCE BO3MOXK-
HBIC ITyTH U30TCHUH MEXIY KPUBBIMH, TIE p — pasMep
nosst. [Ipu manoM 3Hauenuu p < 2254, 310yMBINUIEHHUK
CMOJKET Iepedparh Bce ITyTH B rpade N30reHU KPUBBIX, a
3HAYUT BOCCTAHOBHTH BCC KPUBBIC £; M TeM CaMbIM HaliTH
CEKpeT .

CrnennduyHbIMI aTakaMi Ha MHOTOMEPHBIC YPaBHEHUS
SBJISTIOTCS! JIMHEAPHU3alUsl U aTaKy, UCTIONB3YIOINe 06a3nc
I'pébmnepa. Llenp naHHBIX aTak MpeoOpa3oBaTh HENMHEHHYIO
CHCTEMY B IMHEHHYIO ISl PELIEHHS CTaHIAPTHBIMU METO-

Tabnuya 5. CpaBHEHHE cXeM pa3zielieHust cexpera 1o kputepusm [llamupa

Table 5. Comparison of the secret separation schemes according to Shamir’s criteria

Cxema
a3CIICHIS
pasi Cxema Ha CxeMbl CxeMbl CxeMbl
cekpera N Cxembl Cxembl
Kputepun Cxema KUTalCKOU Ha KoJax, Ha Ha MHOTO-
10 UHTEP- Ha Ha XOIII-
amupa Jlarpamxa Teopeme HCTIPABIISIFOLINX TN THYCCKIX MEpHBIX
MOJSIUOHHOMY perieTkax yHKIHSIX
00 ocrarkax OIINOKH KPHBBIX YpaBHEHHUSIX
MHOTOYICHY

Hbrotona

Pazmep nonu He
p A + + - + + + + +

GosbIne cexkpera
Bo3moxHOCTH
MTOBTOPHOTO
HCTIOTb30BaHHS
CeKpeTa
HeBo3MoXHOCTH
IpOaHaIM3UPO- + + + + + + + +
BaTh CEKPET
Bo3moxHOCTH
J00aBJIeHHs HO- + + - + + _ _ _
BOTO y4aCTHHKA
Bo3moxHOCTH
0OHOBHUTH + + - + + — + —
CeKpeT
Bo3moxHOCTH
M3MCHEHHS Beca - - - - - - - -
noien
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Ta6/lm4a 6. CpaBHeHI/Ie CXEM pas3aCiICHUA CEKPETA IO CIIOKHOCTU B3JIOMa

Table 6. Comparison of the secret sharing schemes by hacking complexity

XEMa BAHTOBBIM MCTOQ ACCUYCCKHU METO/ O3MOXKHBIC aTaKu AU THBIC MCPbI
C K i Kn i B 3 p
Cxema Lllamupa (RSA) KBanTOBBIN KOMIIBIOTEp | 3aMeHa KJIACCUYECKOM KPUIITO-
anroput™ Lllopa), mepe- | rpadum Ha MOCTKBAHTOBYIO
Cxema Ha OCHOBE UH- — ( > ’
O((logyN)) op+") 6Op MHOTOUIIEHOB p =226
tepronsinuu HerotoHa =
(RSA)
CxeMa Ha KUTalCKOU KBaHTOBBIN KOMITBIOTEp | 3aMeHa KIACCUYECKOH KPUIITO-
TeopeMe 00 ocTaTkax O((log,N)3) O(N) (anmroput™m Llopa), me- | rpaduu Ha MOCTKBAHTOBYIO,
(RSA) pebop MoxyIeit m; > 2256
CxeMbl Ha KOJax, HC- KBanTOBBIN KOMIIBIOTEp | 3aMeHa KJIACCUYECKOM KpUITO-
MPaBJISAIOMIHUX OMUOKH (anroputm™ Ilopa, araka | rpagun Ha MOCTKBAaHTOBYIO,
(RSA) O((log,N)})/0(20-17) 003 Ha CEKPET, KOJOBOE CIIo- | 72 > 6960, NCIIOnb30BaTh KOABI
BO), araka 1o uadopma- | [ommsr
LHOHHBIM COBOKYITHO-
CTAM
CxeMBbl Ha pelleTkax 0(20.1) 02N ITouck cexperHoro Bek- | n > 1024
TOpa B PeIeTKe
CXeMBlI Ha JIUNTHYe- [Tepebop Bcex BO3MOX- | CyNEPCHHTYIISIPHBIE DJUIHIITH-
CKHX KPHBBIX O(p'*) O(p'%) HBIX HyTeil M30TCHMI | YeCKHUE KPHUBBIC HAJ I0JEM
MEX/y KPUBBIMH GF(p), p > 2254
Cxembl Ha X3HI-(yHK- 02N 02N Konnusumu, araxu na | Ucmonp3oBanume Keccak
LUSIX mpoo0Opa3 (SHA-3), n>256
XeMBI Ha MHOTOMep- o) Oe) nHeapusanus, ['péd- | x>64, k>
C ) I'péo >64,k>5
HBIX YPaBHEHHSIX HEpOBBI 0a3KCHI

pruettaﬁua N— napamMeTp 6630HaCHOCTI/I; n — pasMep KOAOBOI'o CJIOBA; p — pa3sMeEp MOJIA; X — YHUCIIO IEPEMECHHBIX ] k — creneHb

MHOI'OYJICHOB.

nmamu. [pu x < 64, k < 5 monydeHHas: CHCTeMa ypaBHCHUN
OyIeT CIUIIKOM MPOCTOH, YTO MaeT 3JIOYMBIIUICHHUKY
BO3MOXKHOCTH PEIIUTH €€.

W3 tabmn. 6 BUAHO, 9TO KIACCHYECKHUE CXEMBI pasfe-
JICHUS CEKpeTa YSI3BUMBI K KBAHTOBBIM aTakaM, TakK Kak
CJIOXHOCTbh UX B3JIOMa C MCIOJIb30BaHHEM KBAaHTOBOTO
KoMmrbroTepa oneHnBaercs kak O((log,N)3), uto menaer
UX HEMPUT'OAHBIMU UIA JOJTOCPOYHOTO IPUMECHCHUA. B 10
K€ BpeMs MOCTKBAHTOBBIE CXEMBbI, OCHOBAHHBIE HA TE€O-
PHUH PELIETOK, JEMOHCTPUPYIOT BEICOKYIO YCTOWYUBOCTD K
KBaHTOBBIM aTaKaM.

CxeMbl Ha M30TCHUSX MUIMITHYCCKUX KPUBBIX TaK-
JK€ YCTOWYHMBBI K KBAaHTOBBIM aTakaMm, HO TPEOYIOT TIIa-
TEJNEHOTO BEIOOPA TapamMeTpoB. CXeMBbI Ha XAI-QYHKITHSIX
3aBHUCST OT KPUMTOCTOMKOCTH caMO# (DYHKIINH, a CXEMBI
Ha MHOTOMEPHBIX YPaBHEHHSX CIIOKHBI B pean3aIliil U
BBIYHCIICHUSX.

CI0XHOCTb KBAHTOBOM aTakM Ha CXEMbI, OCHOBAHHBIC
Ha MOCTKBAHTOBBIX KPHUIITOIIPUMUTHUBAX ABJIACTCA TECOPEC-
TUYECKOW, TaK KaK B HACTOALLIMA MOMEHT HE CYyLIECTBYET
9 PEKTUBHOTO KBAHTOBOTO aJTOPUTMa MX PELICHUSL.

3akiarouenne

B pabore npoBenieH aHaJIN3 COBPEMEHHBIX CXEM pPa3-
JICJICHHST CEKPeTa, KaK KIACCHIECKUX, TaK U MOCTKBAHTO-
BbIX. PaCCMOTpeHLI CXEMbI, OCHOBAHHBIC HAa PA3JIMYHBIX
MAaTeMaTH4YCCKUX MPUMHUTUBAX, BKJIIOUasds MHOTOYJICHBI
Jlarpanxa u HproTOHa, KHTaHCKYHO TeOpeMy 00 OCTaTKax,
KOJIbI UCTIPABIISIONIME OLUIMOKH, TEOPHIO PEIIETOK, U30re-
HHH SJUTUNITHYECKUX KPUBBIX, MHOTOMEPHbIC YPaBHCHUS U

Xom-(pyHKIMY. BEIMONHEH CpaBHUTENBHBIN aHAIN3 IO KPH-
tepusiM [1lamupa, KOTOPBIH TO3BOJIMII BBLIEIUTE HanboIee
MEPCIEKTUBHBIE CXEMBI JJIsl HCTIOJIB30BAHUS B yCIOBUAX
IIOCTKBAHTOBOM 3pHI.

Kiaccuueckne cxemMbl COXPaHSIOT CBOIO aKTYaJIbHOCTb
Onaromapsi MPOCTOTE PeaIU3aIMU U BBICOKOH 3 (PEKTUBHO-
CTH. O}IHaKO UX YA3BUMOCTD K aTakaM C MCIOJIb30BAHUEM
KBAHTOBBIX KOMIIBIOTCPOB ACIACT UX HCHIPUTOAHBIMU JJIsA
JIONITOCPOYHOTO PUMEHEHHS B YCIOBHSX MTOCTKBAHTOBOM
9PBL.

[TocTKBAaHTOBBIE CXEMBI, BKJIIOUAsi CXEMbl HA OCHOBE
TEOPUH PEIIETOK, N30TCHNH AIUTUITHIECKUX KPUBBIX, MHO-
TOMEPHBIX YpaBHEHUI N X3MI-(QDYyHKINH, JEMOHCTPHUPY-
10T TOBBIIICHHYIO YCTOWYMBOCTD K KBAHTOBBIM aTakaM.
Hecmotps Ha 510, OHI TPeOYIOT O0JIee CIIOKHBIX BBIUHMCIIC-
HHH, 9TO MOJKET OIPAaHNUIMBATh UX IPHMEHEHNE B CHCTEMAX
C OrPaHUYCHHBIMHU BBIUYUCIUTEIBHBIMU PECYPCAMH, TAKUX
KaK YCTPOWCTBA MHTEPHETA BEIlEH.

CXCMLI, OCHOBAHHBIC HAa TCOPUU PCIICTOK, BLIJACIIAIOT-
Cs Kak HaI/I6OHee NEPCHCKTUBHBIC HAIlpaBJICHUA B IMOCT-
KBaHTOBOW Kpunrtorpaduu. OHU HE TOJIILKO 00ECTICUHBAIOT
BBICOKHH YPOBEHb 0€30MaCHOCTH, HO U COOTBETCTBYIOT
GonpummHCTBY KpuTepues lllamupa, uro nenaer nx npu-
TOJIHBIMH JUISl IMPOKOTO HCTIONB30BAHNS B COBPEMEHHBIX
KPHITOTpa(hUIECKUX CHCTEMAX.

Jns panbHeHero pa3BUTUsL PEKOMEHAYETCs Hcclie-
JIOBaTh COBMECTHOE HCIIOIb30BAHUE KJIACCHUECKUX CXEM
Y HOBBIX TIOCTKBAHTOBBIX KPUITONIPUMHTHUBOB, OCOOCHHO
Ha OCHOBE TeopuH perreTok. OObeTMHEHNE IBYX MTOIX0/I0B
CMOXKET COXPAaHUTh IPEUMYIIECTBA KIACCHUECKUX CXEM H
3alUTy OT KBAaHTOBBIX aTak.
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Abstract

When studying human vessels using the contour interpolation method, there is a problem of insufficient data for
training neural networks for automatic segmentation of the carotid artery wall. In this paper, automated methods of
contour interpolation are proposed to expand the datasets, which allows for improved segmentation of vessel walls
and atherosclerotic plaques. In this study, the performance of various interpolation methods is compared with the
traditional nearest neighboring technique. A theoretical description and comparative evaluation of Linear, Polar, and
Spline interpolation are presented. Quantitative metrics, including the Dice Similarity Coefficient, area and index
differences, and normalized Hausdorff distances, are used to evaluate the performance of the methods. Performance
evaluations are performed on various vessel morphologies for both the lumen and the outer wall boundaries. The
study showed that Linear interpolation achieves better geometric performance (Cohen’s Kappa 0.92) and improved
neural network performance (Score 0.86) compared to the State-of-the-Art model. The proposed interpolation methods
consistently outperform nearest neighbor interpolation. Polar and spline methods are effective in generating anatomically
plausible contours with improved smoothness and continuity, eliminating transition artifacts between slices. Statistical
analysis confirmed good agreement and reduced variation of these methods. The results of the study are useful for the
development of automated tools for assessing atherosclerotic plaque in carotid arteries, which is important for stroke
prevention. Implementation of improved interpolation methods into clinical imaging workflows can significantly improve
the reliability, accuracy, and clinical utility of vessel wall segmentation.

Keywords

carotid vessel, wall segmentation, contour interpolation, deep learning, plaques, carotid atherosclerosis
Acknowledgements

This work was supported by the Russian Science Foundation, Grant No. 23-11-00346.

For citation: Ismail N., Vatian A.S., Polevaya T.A., Golubev A.A., Dobrenko D.A., Zubanenko A.A., Gusarova N.F.,
Vanyurkin A.G., Chernyavskiy M.A. Deep learning-enhanced contour interpolation techniques for 3D carotid vessel

wall segmentation. Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2025, vol. 25,
no. 3, pp. 457-465. doi: 10.17586/2226-1494-2025-25-3-457-465

© Ismail N., Vatian A.S., Polevaya T.A., Golubev A.A., Dobrenko D.A., Zubanenko A.A., Gusarova N.F., Vanyurkin A.G.,
Chernyavskiy M.A., 2025

Hay4HO-TexXHU4eCcKuii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM A, MeXaHUkn 1 ontukun, 2025, Tom 25, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2025, vol. 25, no 3

457


http://ntv.ifmo.ru/
http://ntv.ifmo.ru/en/
mailto:noauresmail@gmail.com
https://orcid.org/0009-0003-3545-9719
mailto:alexvatyan@gmail.com
https://orcid.org/0000-0002-5483-716X
mailto:tx15003@gmail.com
https://orcid.org/0000-0001-6131-0019
mailto:9459539@gmail.com
https://orcid.org/0000-0001-7417-6947
mailto:enotpalaskun@gmail.com
https://orcid.org/0009-0006-1485-1166
mailto:zubdocmri@gmail.com
https://orcid.org/0000-0001-6953-5239
mailto:natfed@list.ru
https://orcid.org/0000-0002-1361-6037
mailto:almaz.vanyurkin@mail.ru
https://orcid.org/0000-0002-8209-9993
mailto:machern@mail.ru
https://orcid.org/0000-0003-1214-0150

Deep learning-enhanced contour interpolation techniques for 3D carotid vessel wall segmentation

VJIK 004.932
MeToabl HHTEPHOJISIAHM KOHTYPOB € HCIIO/Ib30BAHMEM INIy0OOKOro 00y4eHust
AJISl TPEXMEPHOii cerMeHTAlMN CTEHKU COHHBIX apTepuil

Hyap Ucmannl, Anexcanapa CepreeBna Barbsan2, Tarbsina Anapeesna Ilonesas3,
Anexcauap Auapeesuy LoyGes?d, Imutpuii Anekcanaposuy {oGpenkos,
Aunexceii Anexcanapouy 3y6anenxo®, Haranns ®@enoposna 'ycaposa’>,
Asma3s Tadgypouu Banropkun8, Muxaua Ajgexcanaposuy Yepussexuii’

1.23,4.5.6,7 Vausepeurer UTMO, Canxr-ITerep6ypr, 197101, Poccuiickas ®eneparms

6 000 UMBUWXH, Cankr-TlerepOypr, 191119, Poccuiickas @enepanus

8.9 HaruoHasIbHbIH MEUIIMHCKIN HCCIIEN0BATEILCKUIA IeHTp nMenn B.A. Anvasosa, Cankr-TlerepOypr, 197341,
Poccuiickas @enepanus

I noauresmail@gmail.com, https://orcid.org/0009-0003-3545-9719
2 alexvatyan@gmail.com, https://orcid.org/0000-0002-5483-716X

3 tx15003@gmail.com, https://orcid.org/0000-0001-6131-0019

4 9459539@gmail.com, https://orcid.org/0000-0001-7417-6947

5 enotpalaskun@gmail.com, https://orcid.org/0009-0006-1485-1166
6 zubdocmri@gmail.com, https://orcid.org/0000-0001-6953-5239

7 natfed@list.ru™, https://orcid.org/0000-0002-1361-6037

8 almaz.vanyurkin@mail.ru, https://orcid.org/0000-0002-8209-9993
9 machern@mail.ru, https://orcid.org/0000-0003-1214-0150

AHHOTALUA

Beenenue. [Ipu nccienoBanny COCyI0B 4e0OBEKa METOOM HHTEPIIOJSIIIN KOHTYPOB BO3HUKACT IIpoOIeMa He[OCTaTKa
JTAHHBIX ULt 00ydeHNs] HSHPOHHBIX CeTel C IIeIbI0 aBTOMAaTHUSCKON CerMEeHTAIlH CTeHKN COHHOIT apTepun. B padore
TIPE/IOXKEHBI aBTOMaTH3UPOBAHHBIE METO/IbI HHTEPIIOJSILIMY KOHTYPOB ISl PACIINPEHHsT HAOOPOB TaHHBIX, YTO TI03BOJISIET
YIAYYIIUTh CErMEHTAIMI0 CTEHOK COCY/IOB M aTepOCKICPOTHYECKUX OisimieKk. B mpencraBieHHOM HCCleTOBaHUU
orieHUBaeTCsA 3Q(HEKTUBHOCTh PA3IUMUHBIX METOAOB WHTEPIOJSIIMU B CPABHCHUHU C TPATUIIMOHHON TEXHHKOM
onmmxaiimero cocena. Meroasbl. IIpencraBieHsl TeopeTHUECKOe ONMUCAHUE M CPABHUTENIbHAS OLICHKA JIMHEHHOM,
TIOJSIPHOM M CTITaiH-UHTEPHIONANUH. [l OLEHKH MPOU3BOAUTEILHOCTH METOJOB HCIONIB30BAHBI KOTNIECTBEHHBIE
METPHKH, BKIIoUas kodpuuueHt cxoacrra Jaiica, pa3nuuns B IIOMAAH U HHICKCE, a TAK)KE HOPMATH30BAHHBIC
paccrosuus Xaycaopga. OneHKH TPON3BOAUTEIFHOCTH BEIIOIHEHBI HA PA3IMYHBIX MOP(OIOTUAX COCYIOB KaK JUIs
NIPOCBETA, TaK M JJIsI BHEIIHUX IpaHuI cTeHOK. OCHOBHBIE pe3yabTaThl. VccienoBanue 1mokasano, 9To JIMHEHHas
HMHTEPIIOJISIIHS IOCTHTaeT JIydIInX reoMerpudecknx rnokasaresnei (Kamma Kosna 0,92) u ynydmennoit agpdexruBHOCTH
HelipoHHOM cetu (oueHka 0,86) o cpaBHEHHIO ¢ IepefoBoi Mozaelbto. IIpeniokeHHbIe METOAB HHTEPIOISIIUY
CTaOMIIbHO TIPEBOCXOIAIT MHTEPIIOSILIHIO OirKaiiiero cocena. [losspHble U crmaiH-MeToib! 3G (GEKTHBHBI IIPH CO3AAHNH
AHATOMHYECKH MPABJONOAOOHBIX KOHTYPOB € YIIYYIICHHON MIaJKOCTBIO H HENIPEPBIBHOCTBIO, YCTPAHSIOT apTe(haKTh
nepexoia Mexmy cpe3amu. CTaTHCTHYIECKHI aHAIN3 TOATBEP/IHI XOPOIIYI0 CONTACOBAHHOCTD 1 YMEHBIIICHNE BapUALIN
9TuX MeTon0B. Ofcy:k1eHHe. Pe3ynbTaTs! HCCIeI0BaHNUS TTONE3HBI TSI pa3paboTKH aBTOMaTH3UPOBAHHBIX HHCTPYMEHTOB
OIIEHKH aTepOCKICPOTHIECKUX OJISMICK B COHHBIX apTEpPHsIX, YTO BAKHO Ul MPO(MUIAKTHKK HHCYIbTa. BHenpeHue
YITyHIIEHHBIX METOJIOB MHTEPIIOJIIIMY B KIIMHIYECKHE pabodue MpoIecChl BU3yaIn3alii MOXKET 3HAIUTENILHO ITOBBICUTE
HAJIeXKHOCTb, TOYHOCTb U KIIMHUYECKYIO [I0JIE3HOCTh CETMEHTAIIUU CTEHOK COCYJIOB.

Kirouesblie ciioBa

COHHBIE apTePHH, CETMEHTANNS CTEHKH, HHTEPIIOJSIIHS KOHTYpa, ITyOokoe o0yueHune, OIISIIKY, aTepOoCKIepO3 COHHO
apTepuu
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Introduction

Methods of Carotid Stenosis Imaging

Atherosclerosis is a leading cause of cardiovascular
diseases, with plaque being built up within the arterial
walls. The serious outcomes of this include stroke, heart
attack, and peripheral artery disease. Of the various regions
that are affected, carotid atherosclerosis refers to hardening
and narrowing of carotid arteries, with a very high risk from
its potential to cause ischemic strokes. The carotid arteries
are the vessels through which oxygenated blood reaches
the brain. Over time, plaques along their inner walls can

reduce or block blood flow. In worse conditions, plaques
may break off and cause strokes. The prevalence of carotid
atherosclerosis is high, especially in aging populations and
individuals with comorbid conditions, such as hypertension,
diabetes, and hyperlipidemia.

Detection and evaluation of the severity of carotid
atherosclerosis can prevent catastrophic cardiovascular
events. Traditionally, carotid ultrasound represented the
first-line imaging modality for such studies, while Magnetic
Resonance Imaging (MRI) represented a second-level
method for the study of carotid stenosis [1]. However,
in recent years, several 3D black-blood MR sequences

458

Hay4yHOo-TexHn4eckuii BECTHUK MHPOPMALMOHHBLIX TEXHONOMMIA, MeXaHuKn 1 ontukn, 2025, Tom 25, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2025, vol. 25, no 3


mailto:noauresmail@gmail.com
https://orcid.org/0009-0003-3545-9719
mailto:alexvatyan@gmail.com
https://orcid.org/0000-0002-5483-716X
mailto:tx15003@gmail.com
https://orcid.org/0000-0001-6131-0019
mailto:9459539@gmail.com
https://orcid.org/0000-0001-7417-6947
mailto:enotpalaskun@gmail.com
https://orcid.org/0009-0006-1485-1166
mailto:zubdocmri@gmail.com
https://orcid.org/0000-0001-6953-5239
mailto:natfed@list.ru
https://orcid.org/0000-0002-1361-6037
mailto:almaz.vanyurkin@mail.ru
https://orcid.org/0000-0002-8209-9993
mailto:machern@mail.ru
https://orcid.org/0000-0003-1214-0150

N. Ismail, A.S. Vatian, T.A. Polevaya et al.

with high isotropic resolution, high signal-to-noise ratio,
and large coverage have been developed [2, 3]. Among
them, 3D-VISTA (Volume Isotropic Turbo Spin Echo
Acquisition) method allows large coverage of carotid
arteries with submillimeter isotropic resolution in the
coronal acquisition, and can depict atherosclerotic lesion
burden, severity, and luminal stenosis. This technique
enables submillimeter isotropic resolution, allowing
comprehensive visualization of the lumen and outer wall.
However, challenges remain, including the complexity of
3D image review, large datasets, and the need for extensive
training of radiologists to interpret vessel wall thickness
accurately. These limitations underscore the importance
of developing automated tools for segmentation and
measurement of above-mentioned 3D-VISTA images.

Deep learning has emerged as a revolutionary
technology in medical imaging. According to [4],
Convolutional Neural Networks (CNNs) outperform
traditional methods in a range of image segmentation
tasks. Carotid atherosclerosis, requiring precise
segmentation of the carotid artery, benefits greatly from
these advancements. Accurate segmentation is critical for
assessing plaque burden, measuring lumen diameter, and
determining stenosis. Fig. 1 illustrates the segmentation
process, highlighting lumen and arterial wall separation
for measurements.

Due to the high potential of 3D-VISTA approach, a
specialized Vessel Wall Segmentation Challenge 2022
was dedicated to it. Its primary task was to segment the
carotid vessel wall from 3D-VISTA images, enabling
clinically relevant measurements, such as wall thickness,
lumen area, and stenosis percentage. Our work builds on
these objectives by addressing the interpolation of missing
annotations and enhancing the segmentation pipeline for
robust and clinically applicable results.

Related Works

Several segmentations schemes have been developed
over the years to increase accuracy. A semi-automatic

-

ECA: external
carotid artery

\— ICA: internal
carotid artery

) Bifurcation slice

technique was developed in [5], who introduced an inner
pathfinding algorithm with active contours without edges.
This approach optimized the image-dependent force to
detect the walls of the carotid artery, yielding highly
accurate results with a Dice coefficient of 0.949. Another
semi-automated methods utilized algorithms such as graph
cuts and watershed [6]. However, these methods require
significant user involvement, making them unsuitable for
large-scale clinical settings.

Among the fully automated techniques, the first was the
work [7] presenting a method for segmenting and labeling
head and neck vessels from CTA volumes. Now among
fully automated methods, deep learning-based ones [8—
15] completely dominate. Authors [16] pioneered the use
of U-Net for coronary artery segmentation and stenosis
classification on CTA images. Their work demonstrated
the power of CNNs in addressing anatomical variability,
and plaque morphology—challenges also present in carotid
artery segmentation. Their approach achieved a Dice score
of 0.771 for segmentation and an accuracy of 0.750 for
stenosis classification. The work [17] introduced a CNN-
based approach reformulated as a multi-task regression
in polar coordinates for black-blood MRI carotid artery
segmentation, achieving a median Dice similarity
coefficient of 0.813. Another notable method, CarotidNet
[10], employed a 3D convolutional neural network with
residual connections and dilated convolutions to segment
the carotid artery bifurcation from CTA images, achieving
a Dice similarity coefficient of 0.823.

Hybrid approaches have recently gained traction by
integrating deep learning with traditional segmentation
models. The work [18] proposed a shape-constrained
active contour model initialized using deep learning
outputs to segment the carotid artery lumen from MR
images. This hybrid framework utilized a probability atlas
for outer artery wall detection, achieving segmentation
accuracy comparable to manual methods while reducing
dependency on large labeled datasets. In [9] the Gated

Bifurcation region ‘<

AN

l 29 slices/1 cm

S

flow

—

- CCA: common
Blood carotid artery

Axial slices at three
carotid regions

Multiplanar reformation view of carotid arteries

Fig. 1. Tllustration of the carotid artery anatomy and corresponding 3D-VISTA images
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Multi-Task Network (GMT-Net) is introduced which jointly
performs lumen segmentation, outer wall segmentation, and
carotid atherosclerosis diagnosis on black-blood MRI. By
leveraging multi-task learning and novel gated exchange
and fusion layers, the model effectively captured task
correlations, achieving Dice scores of 0.9677 and 0.9669
for lumen and outer wall segmentation, respectively, and
an AUC of 0.9516 for diagnosis accuracy on the CAREIIL
dataset.

While highly effective, all the above methods rely on
a large, annotated dataset, which is challenging in scaling
them to smaller datasets. On the contrary, a few works
focus on enhancing preprocessing techniques to improve
label interpolation before deep learning model training.
Specifically, [19] utilized a nearest-neighbor interpolation
technique to address the challenge of missing annotations,
effectively propagating labels across slices with sparse
manual annotations. Notably, their approach achieved the
first rank in the Vessel Wall Segmentation 2022 Challenge
based on quantitative metrics, so we used it as State-of-the-
Art (SOTA) model in our work. However, in our opinion,
the potential of interpolation methods is not exhausted
by this approach. To test this hypothesis, in our study, we
applied three distinct interpolation techniques — Linear,
Polar, and Spline interpolation — to generate intermediate
contours between annotated slices in a 3D MRI dataset.
These methods provided different approaches to interpolate
contours based on specific mathematical principles,
ensuring smooth transitions between contours in regions
lacking direct annotations. The interpolated contours were
then used as inputs to our segmentation pipeline to enhance
the segmentation of lumen and outer wall structures.
Additionally, the performance of these techniques was
benchmarked by evaluating their impact on segmentation
accuracy, plaque detection, and vessel wall measurement,
highlighting their contribution to addressing the challenge
of unannotated slices.

Experiments Methodology

Dataset

The dataset used in this study is the Carotid Artery
Vessel Wall Segmentation Challenge 2022 dataset
consisting images of the carotid artery formed using
3D-VISTA approach. It has specifically been designed
for the automation of vessel wall segmentation and has
intensive segmentation for both lumen and outer wall in the
carotid artery. It provides high resolution images of internal,
external, and common carotid arteries, as illustrated in
Fig. 1, enabling accurate segmentation, plaque detection,
and measurement of vessel wall thickness, all essential for
the diagnosis and risk assessment of atherosclerosis.

Each case consists of an axial resliced 3D image
volume, with typical dimensions of height 100 px, width
432 px, and depth 432 slices. However, only the middle
slices were considered for the assessment of the vessel
wall due to the appropriate coronary scan technique. Of
these, 80 % of such slices were unannotated and required
interpolation techniques to deal with the nonavailability
of annotation data. The total dataset includes 50 training
cases comprising 2584 manually annotated slices of both

left and right carotids, which outline the contours of the
vessel walls: internal common carotid as well as the
external carotid. However, due to variable image quality
in this dataset, only slices where the vessel wall is clearly
visible have been annotated. These annotations originated
using the CASCADE software, renowned for its sub-pixel
accuracy in vessel wall delineation.

The dataset was annotated in an XML format, using
the CASCADE software/algorithm, demonstrate high-
resolution visualization of the vessel wall, aiding in the
segmentation of lumen and outer wall structures. For the
evaluation of participants, key metrics included the Dice
Similarity Coefficient (DSC), Hausdorff Distance (HD),
and lumen and wall area differences to assess anatomic
accuracy and ensure clinically usable results from
segmentations. The DSC, defined as

_2/4n B
[4] +[B]
measures the overlap between the predicted segmentation

A and ground truth B. The HD, calculated as

HD(A4, B) = max(sup,¢ 4inf, ¢ pd(a, b), supepinf,c 4d(a, b)),

quantifies the largest boundary distance between 4 and B.
Cohen’s kappa metric, defined as

Po—Pe
K="—"")
1 —Pe
where p, represents the observed agreement and p, the
expected agreement by chance, was used to evaluate
the inter-rater or algorithmic reliability of segmentation

annotations. The normalized area difference was
determined using

|Apredicted B AGroundTruthl

AArea =
A GroundTruth

providing insights into the clinical relevance of
segmentation accuracy.

Preprocessing

Preprocessing is a very significant step in medical
image analysis, predominantly when there is incomplete
full annotation of the dataset. Only 20 % of slices were
manually annotated in the dataset that had been used
for this study. To address the lack of annotated slices in
the dataset, interpolation techniques were employed to
propagate the lumen and wall annotations to unannotated
slices. As shown in Fig. 2, the segmentation process
involves identifying the lumen and subsequently annotating
the outer wall of the carotid artery.

The vessel walls were divided into two important
categories to address the discontinuity in the annotations:
normal vessel walls and atherosclerotic vessel walls. These
differentiation aspects are crucial because variations in the
anatomy and pathology can significantly affect the accuracy
of segmentation models. Additionally, lumen areas were
labeled separately to ensure the accurate representation of
vessel structure at a particular point, which is critical for
diagnosing stenosis and assessing overall vessel health.
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Fig. 2. Visualization of the annotation process for carotid artery segmentation: original axial MRI slice (a); lumen segmentation (b);
lumen and outer wall segmentation (c)

Interpolation Methods

Linear Interpolation. Linear interpolation is the
most straightforward technique where each point on the
interpolated contour is computed as a weighted average
between corresponding points on two adjacent contours.
Given two contours at slices z, and z; with points P and
P, the linearly interpolated contour at an intermediate slice
z,1s given by:

P,=(1—-1HPy+tPy,

where ¢ is the normalized interpolation parameter, 0 <7< 1.
This method provides a direct interpolation of the positions
of points but can produce unnatural shapes if the contours
are highly irregular, as it does not account for radial
transformations or curvature.

Polar Interpolation. Polar interpolation is a
modification of Linear interpolation that operates in
polar coordinates relative to a centroid, making it more
suitable for shapes with rotational symmetry or roughly
circular geometry. First, the centroid of each contour is
calculated. Then, the contour points are converted to polar
coordinates, yielding radius » and angle 0 for each point.
For corresponding points on two contours, the interpolated
radius r, at an intermediate slice is calculated as:

rt:(l —t)r0+tr1,

while keeping the angle 8 constant. The interpolated points
are then converted back to Cartesian coordinates. This
approach helps maintain the radial structure of the contours,
reducing distortions that can arise with linear interpolation
when working with circular or elliptical shapes.

Spline Interpolation. To achieve smoother
interpolations, we employed Spline interpolation,
specifically B-splines, which provide a continuous and
smooth fit to the contour points by using piecewise
polynomial functions. B-splines are defined by a set of
control points and a degree (or order) k of the polynomial,
which determines the smoothness and flexibility of the
spline. In our implementation, we selected control points
from each original contour and constructed a spline for both
x and y coordinates separately.

Let P; = (x;, ;) be the set of n points on a given
contour. A B-spline S(¢) for each coordinate is defined as a
weighted sum of basis functions N, (7):

S.(1) = zl XN, (1), S,(6) = ﬁlyiN,-,Ka),

where ¢ is a parameter (typically normalized to range
from 0 to 1), and N, ,(7) are the B-spline basis functions
of degree k. The basis functions are recursively defined,
starting from k = 0 as:

Lo if < () <tf,

N ()=
o) 0, otherwise,

where {¢;} is the knot vector that defines the intervals over
which each basis function is non-zero.

For a pair of contours on slices z, and z;, we construct
B-splines S, (1), S, .o(#) and S, .,(?), S, (1) for each
contour. To interpolate a contour for an intermediate slice
z; (where ¢ is between 0 and 1), we calculate intermediate
splines S, (#) and S, (¢) as:

Sx,t(t) = (1 - t)Sx,zO(t) + th,le):
Sy,t(t) = (1 - t)Sy,zO(t) + tSy,zl(t)'

The interpolated contour points for slice z, are then
given by evaluating S, (7) and S, (¢) at uniformly spaced
values of 7 (e.g., from 0 to 1 in equal intervals to ensure
uniform sampling).

This approach allows each interpolated contour to
inherit the smoothness of the original B-spline functions,
providing a natural and continuous shape. The piecewise
polynomial nature of B-splines ensures that any sharp
changes or high curvature present in the original contours
are appropriately captured, while avoiding artifacts like
abrupt angles or linear segments that may appear with
simpler interpolation methods.

The overall framework implementation for carotid
artery segmentation, from preprocessing to final model
training, is illustrated in Fig. 3. This pipeline includes
preprocessing and label splitting, followed by contours
interpolation, machine learning-based label propagation,
and the final nnUNet model training.

nnUNet Model Training

After pre-processing, the full image volumes of
segmentation results were trained and predicted using
the nnUNet model. nnUNet is one of the most important
frameworks in medical image segmentation due to
its capability in adapting model architecture and hyper
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3D MRI
volume
dcm + qvj + qvs l
Step-2 Step-3 Step-4
Preprocessing Contour ML based — Final nnUnet
Interpolation Label Mpqel
propagation Training

Segmented
Labels

Fig. 3. Implemetation of Carotid Artery Segmentation Framework: dem — input DICOM file, qvj + qvs are XML files holding
information about the annotations

parameters to the specifics of a given dataset with minimal
manual tuning. Its strength lies in being self-configuring,
thereby auto-tuning model settings for image modalities,
resolutions, and segmentation tasks across medical datasets.

In our approach, we first trained the nnUNet on the
interpolated labels from preprocessing. Training was done
on fully interpolated labels throughout the volume of the 3D
image, allowing the network to learn from both slices with
and without annotations. Segmentation of medical imagery,
including this dataset, highlights the strengths of nnUNet. It
demonstrates resilience with respect to complex anatomical
structures, such as the shapes of the carotid artery wall
and the potential presence of atherosclerotic plaques.

The final model used was the nnUNetV2 version
which includes several improvements related to efficiency,
increasing image sizes, and integrating recent innovations
in medical image segmentation. Generally, nnUNet
generalizes well to various datasets and medical imaging
modalities, making it particularly well-suited for use
cases with only a few annotations available in the dataset.
By combining both automatic configuration and robust
architectural features, the nnUNet model has become the
SOTA solution in medical image segmentation, ranking
first consecutively in competitions like MICCAL

The combination of contours interpolation during
pre-processing with the powerful architecture of nnUNet
created an effective pipeline for segmenting vessel walls
of the carotid artery, even with only partial annotations.
This approach ensured robust and accurate segmentation,
addressing challenges of incomplete labeling and the
complex anatomical structures encountered in medical
imaging.

Experiments and Results

Implementation Details and Evaluation Metric

The available dataset, consisting of 50 cases, was divided
into a training set and a testing set. Specifically, 43 cases
(cases 3 to 7, 15, and 17 to 54) were designated for training,
while 7 cases (cases 8 to 14) were reserved for testing.

The model was trained for 500 epochs without employing
cross-validation to evaluate its performance on the test set.

For this implementation, we utilized an NVIDIA RTX
4060 GPU. It is important to note that all data augmentation
techniques, such as random cropping, random rotation,
random scaling, random flipping, random Gaussian noise
addition, and elastic deformation, were automatically
handled by the nnUNet framework. These augmentation
techniques were applied by the model to increase
the diversity of the training data without any manual
intervention.

Results

In this study, we evaluated four interpolation
methods — Linear, Nearest Neighbor, Polar, and Spline
interpolation — on cases 8, 9, 10, 11, 12, 13, and 14. Our
results were then compared with those from the official
challenge page of the Vessel Wall Segmentation Challenge
2022, where models were trained on a more extensive
dataset (50 cases) and evaluated on a larger test set (25
cases) compared to our limited dataset (43 training cases
and 7 test cases). These results were used as SOTA model.
Additionally, our requests to obtain annotated test cases
from the challenge organizers went unanswered, limiting
our ability to directly validate against the challenge data.

The results are presented in Table.

Among the four interpolation methods tested, Polar
interpolation generally performed well across most metrics,
balancing accuracy and computational stability, particularly
in cases with few missing slices. The Spline interpolation
method, however, showed high variability, especially in
more complex cases with irregular contours, as evidenced
by its DSC, lumen area, and wall area differences. For
example, case 11 displayed substantial anomalies across all
interpolation methods, with Polar and Spline interpolations
yielding particularly high errors in Hausdorff Distance
and Normalized Wall Index Difference. The inconsistency
in case 11 could be attributed to significant structural
differences or abnormalities in the vessel wall contours,
causing instability in interpolation-based reconstructions.
Notably, similar anomalies were detected when applying
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Table. Comparison of Contour Interpolation Techniques Results for Carotid Vessel Wall Segmentation Metrics

Metrics Interpolation Methods

Linear Spline Polar SOTA
DSC 0.80 0.72 0.76 0.73
Lumen Area Difference 0.07 0.05 0.06 0.08
Wall Area Difference 0.09 0.18 0.13 0.18
Normalized Wall Index Difference 0.79 3.74 1.01 2.64
Hausdorff Distance (Lumen) 0.17 0.16 0.16 0.17
Hausdorff Distance (Wall) 0.38 0.98 0.58 1.16
Cohen’s Kappa 0.92 0.64 0.77 0.85
Quantitative Score 0.86 0.75 0.80 0.79

the Nearest Neighbor interpolation method, indicating
that these variances might be inherent to the data or an
indication of irregular anatomy in these cases.

Comparing Linear interpolation to Nearest Neighbor
interpolation, we found that Linear interpolation yielded
consistently higher Quantitative Scores and lower wall area
differences, indicating its better ability to smooth transitions
between slices. Nearest Neighbor interpolation, however,
provided competitive results in lumen area differences and
sometimes surpassed Linear in Cohen’s Kappa, suggesting
that it may better preserve abrupt contour changes in cases
with more regular slice structures.

Overall, the Polar interpolation method emerges as a
balanced choice, particularly when maintaining smoothness
between slices is crucial. Linear interpolation also remains
a solid choice for cases with relatively even contours, while
Spline interpolation high sensitivity to contour irregularities
makes it less reliable in structurally complex cases.

Conclusion

In conclusion, the analysis and comparison of different
contour interpolation methods, namely Polar interpolation,
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Abstract

The financial industry plays an important role in national economic growth. Because of their critical function, banks have
become prime targets for numerous financial crimes. Among these, fraudulent financial transactions are regarded as a
severe issue in the financial industry. Conventional approaches are frequently criticized for being ineffective in dealing
with fraud in finance; therefore, machine learning approaches have a potential answer to deal with this problem. The
goal of this research is to introduce a novel SMOTENN model to establish early detection of cyber fraudulent activities
in financial transactions accurately. Two methods are used in this study: first, the Neural Network algorithm is applied
to a dataset that contains unbalanced classes; second, the dataset is balanced using the SMOTE (Synthetic Minority
Over-sampling Technique) algorithm first, followed by the Neural Network algorithm which we refer to as SMOTENN.
The both models are assessed using evaluation metrics of Area Under the Curve, F1-score, precision, recall, specificity,
accuracy, and processing time. The comparative analysis shows that the performance of the new SMOTENN model with
a balanced dataset is significantly better than that of the neural network approach with an imbalanced dataset, implying
that the new SMOTENN model is effective in detecting fraud activities in financial transactions.
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financial industry, bank, financial fraud, imbalanced dataset, SMOTE, neural network
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I. Syamsuddin, S. Omsa, A. Rustam, D. Hasan

MOIIGHHHYECKNe (pUHAHCOBBIE TPAH3AKIMU CUMTAIOTCS CEPbe3HOW MpoOIeMoil B (MHAHCOBOI MHIYCTPHH.
TpaAnIMOHHBIE MOXO/bI YACTO KPUTHUKYIOTCS 32 Hed(PEKTHBHOCTH B 00pbOE ¢ MOLIIEHHUUECTBOM B chepe pruHaHCOB;
MO3TOMY MOJIXO/IBI MAIIMHHOTO 00Y4EHHUs IMEIOT MOTEHINATBHbINH OTBET JUIS PellieH s 3Toi pobnemsl. Llenbio qaHHOTO
HCCIIEIOBAHUS SBISIETCS BHeIpeHue HoBoi monenu Synthetic Minority Over-sampling Technique ¢ Neural Network
(SMOTENN) aist TO4HOTO paHHETO OOHAPYKEHUS KHOSPMOMIEHHIUECKUX JACHCTBUI B (PMHAHCOBBIX TPAH3AKIIHAX.
B pabore ncmonb3yioTes 1Ba METOAA: aITOPUTM HEHPOHHOW CETH MPHMEHSETCs K HabOopy JaHHBIX, COJep KaIIeMy
HecOaTaHCHPOBAaHHBIE KIIACCHl; HA0OP JaHHBIX IePBOHAYAIBHO OanmaHcupyercs ¢ nmomomsio anroputMa SMOTE, a
3areM anroputma HeiiponHoit cetn SMOTENN. OGe Mojienu OlleHUBAIOTCS ¢ HCONb30BaHeM MeTpuk Area Under the
Curve, F1-score, TOUHOCTb, MTOJTHOTA, CIICHHU(PUIHOCTD, JOCTOBEPHOCTh U BpeMs 00paboTku. CpaBHUTENILHBIN aHAIN3
nokasbiBaeT, 4to 3¢dpexruBHocts HoBoM Monenn SMOTENN co cbanancupoBaHHBIM HAOOPOM JaHHBIX 3HAYUTEIBEHO
BBILIE, YEM Y MO/IX0/1a HA OCHOBE HEHPOHHOM ceTH ¢ HecOallaHCHPOBAaHHBIM HAOOPOM JAaHHBIX. DTO CBHIECTEILCTBYET 00
s¢pdexruBrocTr HOBOI Mozenn SMOTENN B o0HapyKeHNH MOIICHHUYECKUX JICHCTBUN B (PUHAHCOBBIX TPAH3AKLIUIX.

KaroueBbie c10Ba
(uHaHCOBas MHAYCTPH, OaHK, (PMHAHCOBOEC MOIICHHUYECTBO, HecOanaHCHpOBaHHBIN Ha0op manHBIX, SMOTE,
HEWpOHHasI CEeTh

BaaronapuocTu
Astop Onmaromaput 3a noanepxky Ilomurexanueckuii maHCTUTYT Herepu Ymxynr [lannanr, Magonesus, 1 YHUBEpCHTET
Myxammaaun Makaccap, Manonesust.

Cceplaka gas nurupoBanus: Camcynnua U., Omca C., Pycram A., Xacan J[. OGHapykeHHEe MOIICHHUYIECTBA
npu (UHAHCOBBIX TpaH3aKUUAX ¢ ucrnonb3oBanueM monean SMOTENN // HayuyHo-TeXHHYECKHH BECTHHK
MH(OPMAIIMOHHBIX TEXHOJIOTMH, MexaHuku u ontuku. 2025. T. 25, Ne 3. C. 466-474 (na aura. s3.). doi:

10.17586/2226-1494-2025-25-3-466-474

Introduction

The worldwide financial industry is critical in enabling
transactions, managing investments, and assisting firms and
individuals with their sophisticated operations. However,
the rising sophistication of fraudulent actions has infused
the need for powerful fraud detection techniques within the
intricacies of this interconnected ecosystem [1]. Financial
institutions are continually threatened by a wide range of
fraudulent actions, ranging from identity theft to complex
cyber attacks.

The potential for fraud to disrupt the financial sector
smooth operation has grown significantly in the last
decades. In an interconnected world where financial
transactions happen at the speed of light, the possibility of
fraud wreaking havoc has increased, demanding proactive
and advanced fraud detection systems [1, 2].

The significant financial losses experienced by both
institutions and their clients are one of the key reasons for
the urgency in fraud detection in the financial industry.
Fraudulent acts not only deplete financial institutions
assets, but also destroy clients’ trust in these institutions [3].
The consequences go beyond monetary losses, impacting
financial institutions reputation and trustworthiness, and
ultimately compromising the stability of the entire financial
system. As a result, the requirement for real-time and
predictive fraud detection systems has become critical [3-5].

Furthermore, since the global financial system is
interrelated, fraud in one region of the world may have
repercussions that across international borders. As a result,
any solutions that improve the collective resilience of
the whole financial ecosystem against the transnational
character of financial fraud are urgently needed to identify
and trace patterns of suspicious behavior in global financial
industries [6].

Machine Learning (ML) emerges as a highly viable
method to address the issue. The expanding financial crime
scene necessitates a dynamic and adaptive approach to

fraud detection, and traditional methods fall short of modern
sophistication [7]. ML algorithms, which are powered by
artificial intelligence, can analyze massive volumes of data
at previously unheard-of rates, discovering patterns and
abnormalities that may signal fraudulent behavior. This
adaptive technology keeps financial institutions one step
ahead of fraudsters by constantly learning and developing
to combat emerging threats [7, 8]. In turn, financial policy
makers may obtain correct and quick information regarding
any potential fraud in the future.

On one hand, the effectiveness of applying ML
algorithms to combat financial fraud is highly depending
on the availability of appropriate dataset. The so called
imbalanced dataset is prune to results over-fitting or
inaccurate results due to very small number of fraud data
in comparison to normal data [9].

This phenomenon occurs when the number of
transactions is significantly more than the number of
fraudulent transactions. This will have a negative impact
on the performance of ML models [10]. The so called
imbalance data commonly found financial industry in
which significant imbalance data between normal and
abnormal transactions occurs in the dataset, which is the
main concern of our study.

The objective of this study is to present a new ML
model based on Synthetic Minority Over-sampling
Technique (SMOTE) technique in combination with Neural
Network algorithm. An experimental study was also given
to compare imbalance dataset and balance dataset after
applying SMOTE technique and followed by measuring
their performance based on evaluation metrics. It is also
important to note that, the study specifically uses Orange
data mining software. It is an open source data mining
software with many ML algorithms features and it has
intuitive graphical user interface [11, 12] suitable for whole
analysis in the study in order to showcase the advantages
of visual data mining software for non-technical or science
audiences.
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The whole processes are conducted within Orange data
mining software, and open source data mining software
with intuitive graphical user interface [11, 12].

Literature Review

The banking sector is a fundamental pillar in supporting
global economic dynamics, providing a vital contribution
to the circulation of funds and the growth of the business
sector. However, the sustainability of this role is faced
with serious challenges, especially related to the increase
in incidents of fraud in financial transactions. According to
Indonesia Fraud Report in 2019 [13], the level of financial
crime in Indonesia has increased significantly, posing a
serious threat to the stability of the financial sector.

One of the most detrimental forms of threat is financial
fraud which includes various activities, such as identity
theft, credit card fraud, and transaction manipulation.
According to study by Ikbal et.al [14], Indonesia
experienced a jump in financial fraud cases in the past year,
highlighting the need for a new and effective approach to
fighting financial crime.

The importance of involving cutting-edge technology in
efforts to prevent banking fraud is becoming increasingly
urgent. Reference [15] shows that the application of ML
can be a leading solution in mitigating financial risks. ML
is able to process and analyze large data volumes quickly,
recognize suspicious transaction patterns, and provide
early detection of fraudulent activities. Thus, this research
puts forward the hypothesis that the integration of ML in
banking security systems will pave the way towards more
efficient protection of customer finances [16].

The importance of applying ML approach is emphasized
in [17] considering bank fraud case is rising significantly,
which ends in many damages for the banks. In addition,
understanding the underlying patterns in the dataset is
important for detecting fraud effectively.

Real time application of ML is studied in [18]. They
also realize that datasets in such domain are mostly
imbalance. Therefore, techniques to deal with imbalance
problems, such as SMOTE, might improve the performance
of the classification model after making balance labels for
detecting fraud cases in banking sector [19-21].

Another research on imbalance dataset in financial
industry is presented in [22]. There is a problem of
overfitting in ML results by using datasets that are not
directly proportional. Making all labels in appropriately
balanced is important for further ML analysis [23]. Using
the SMOTE technique, the quality of the dataset processed
through ML is very good, so it is recommended to balance
data that is still not proportional before further processing.

In [24] it is stated that when the fraud ratio is very
small compared to the normal ratio, it is very difficult for
classification algorithms to detect fraud cases validly. For
this reason, experts must carefully pay attention to this
imbalance problem from the beginning of processing the
dataset. Apart from that, if imbalanced data is not handled
optimally, it is very likely that false positive detection
errors will occur, especially if the data is very unbalanced.
In fact, in some cases, false warnings are generated, which
can also be detrimental to financial institutions.

According to [25], traditional statistical approaches are
not suitable to deal with imbalanced data usually occur
in bank institutions. Therefore, they propose a model for
credit default prediction by employing various credit-
related datasets. In addition by considering a significant
difference between the minimum and maximum values in
different features, they employ Min-Max normalization to
scale the features into specific range. Using this approach,
imbalance dataset could be handled and solved.

Considering previous studies, the issue of imbalanced
dataset in financial industry is still a serious problem.
Therefore, handling the issue of imbalance dataset has
become the objective in this study through the application
of oversampling technique and then applying the results to
ML algorithm.

Methodology

The research methodology in conducting this study
consists of five steps. First of all, it begins with dataset
collection. The dataset collected for the study is Bank
Marketing Dataset from UCI Machine Learning Repository
websitel.

The second step is pre-processing the dataset. Although
the dataset has been validated in the study by Moro [26],
cleaning the data, solving missing data or other possible
errors are still important step to do in any ML analysis in
order to ensure readiness of the dataset for further analysis.

Then, once the dataset are clearly free from any errors,
we can go through previewing the dataset class or target.
In this step, proportion between target classes will be
previewed clearly in order to identify the existing of class
imbalance as the problem to be tackled in the following
steps.

In the fourth step, the dataset will be applied firstly to
Neural Network algorithm directly. Then, subsequently the
dataset will firstly undergo class balancing using SMOTE
technique before Neural Network algorithm. SMOTE
technique is a method to handle imbalance dataset by
increasing the number of minority class to be equal with
majority class [19-21].

Neural Networks is an artificial intelligence algorithms
that analyses large datasets by mimicking the functionality
of an animal brain such as emulating the synaptic and
neural connections found in biological systems [27, 28].
The selection of Neural Network in Orange is based on the
requirement of the study to apply algorithm with ability to
deal with nonlinear relationships as found in the dataset, in
addition to Neural Network powerful capabilities for tasks,
such as classification, regression, and pattern recognition.
According to the Orange documentation, type of Neural
Network used by Orange is a Multi-Layer Perceptron
(MLP) algorithm with back propagation?. By having the

I Bank Marketing Dataset. UCI Repository. Available at:
https://archive.ics.uci.edu/dataset/222/bank+marketing (accessed:
01.09.2024).

2 Neural Network. Orange Documentation. Available at:
https://orange3.readthedocs.io/projects/orange-visual-program-
ming/en/latest/widgets/model/neuralnetwork.html (accessed:
12.02.2025).
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Fig. 1. Research method

basic structure of a Neural Network, the MLP algorithm
uses back propagation for increasing the model accuracy
which is crucial in such fraud detection case [29].

Finally, both models (Neural Network and SMOTE
Neural Network) are evaluated to compare their
performance according to accuracy, precision, recall,
specifity, Area Under the Curve (AUC), and F1-score.
Fig. 1 illustrates the whole steps of research methodology.

Results and Discussion

Dataset collection

This research uses a dataset from an open source or
public website (UCI ML Repository: Bank Marketing
Data Set, n.d.) with a file size of 3,664 kilobytes. The
dataset represents many financial transactions data from
a Portuguese banking institution. The data has two labels,
namely normal and fraud. Normal label represents normal
financial transaction while fraud label means fraudulent
financial transactions.

The dataset (Table 1) takes original data obtained from
May 2008 to June 2013 with a total of 45,211 rows of
data. The dataset has been corrected by undergoing a pre-
processing stage to select the data that is really needed so
that the data is not too large for research [26].

Data Pre-processing

The study is conducted using Orange Data Mining
software installed on Windows 11 machine of AMD
A10-9600P RADEON R5, 10 COMPUTE CORES
4C + 6G 2.40 GHz. In Orange, the pre-processing step
could be done by applying the Pre-Processing widget which
represents the whole pre-processing such as data cleaning
and transformation.

The results give a clean and error free dataset as
depicted in Fig. 2. It is mentioned that there is no more
missing data, 16 features, and a target with 2 values (fraud
and normal) and so on. In this clear form, the dataset will
be ready for further ML analysis in the next steps.

ML Application with Imbalance Dataset

In the case of fraud detection, we put our concern to
the column 17 of the dataset which is Class as the target
for analysis with two categories, normal transaction and
fraud transaction. Fig. 3 shows the proportion of both class
in which there is a significant difference between normal
transactions and fraud transactions. This phenomenon is

Table 1. Description of the Dataset

Feature Type Description
Age Numerical Age
Job Categorical Job
Marital Numerical Marital status
Education Categorical Highest education
Default Categorical Credit card status
Balance Numerical Amount of transaction
Housing Categorical Housing loan status
Loan Categorical Bank loan status
Contact Categorical Contact
Day Categorical Last weekly call log
Month Categorical Last monthly call log
Duration Numerical Duration of last call
Campaign Numerical Number of Bank Campaigns
Pdays Numerical Number of Days after Campaigns Campaign
Previous Numerical Number of Contact before Campaigns
Poutcome Categorical Campaign result
Class Categorical Fraud indication (target)
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commonly found in several cases and is commonly known
as imbalance issue of dataset.

Fig. 4 shows that process of ML application in Orange
data mining. It begins with loading the dataset, and connect
it with ML widget which representing Neural Network
algorithm. Furthermore, we perform model evaluation to
assess accuracy, precision, recall, specifity, AUC, and F1-
score of the applied model.

The Orange Neural Network utilizes sklearn library
MLP algorithm by default setting as follows, using
Rectified Linear Unit (ReLu) activation, using Adaptive
Moment Estimation (Adam) solver, using 100 neurons in
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T — ]
e -
[100, J
H Actvaton: Relu N
il - dom v
Data Table Paint Data Oata Info Rank Regularizaton, 0=0.003: l
q : S
7 I Maximal number of iteratons: | 200
-uill £ Reskcable vakny
EdtOomsn _ Coor _[MUY  sweows ¥ Cancel BB | Aoply Automaticaly

w @ \ 7 B | 8- Gol- >
Amutidayer perceptron (MLP) aigorithm with A
Badkprapagaton.

Imbalanced Dataset \
) Test and Score

MNeural Network

Fig. 4. Implementation of Neural Network on imbalance dataset

hidden layer and 200 iterations. In this step, this default
setting is applied to the Imbalanced Dataset as represented
in Fig. 4.

Furthermore evaluation is performed using Test and
Score widget, we obtain Table 2 which represents the
results of evaluation metrics for Neural Network algorithm
on the given dataset. These results indicate a robust
binary classification model with excellent discrimination
(AUC =90.6 %) and a strong balance between correctly
identifying positive instances and avoiding false positives
(F1-score = 89.5 %, precision = 89.1 %, recall = 90 %),
leading to a high overall accuracy of 90 %. However,
only 51.2 % of specificity indicates a notable weakness in
correctly identifying negative instances, which is due to
class imbalance of the dataset. In addition, the processing
time of 1.07 seconds suggests reasonable efficiency of the
model.

Implementation of SMOTE

At this step, the dataset that displays imbalance
proportion between legitimate and fraudulent financial
activities will be corrected by implementing an
oversampling technique. As mentioned previously, making
the proportional dataset is the objective of oversampling.

The process of oversampling is done in Orange data
mining software. The Python code of SMOTE algorithm
is supplied to the widget of Python Script in Orange as
depicted in Fig. 5.

By using the script feature in Orange software, the
SMOTE code in Python could be supplied to perform
oversampling process for minority labels. The process is
carried out in several steps by adding new fraud data to
the dataset repeatedly until a balanced value is obtained.
Finally, we obtain a proportional percentage between labels
(0 represents normal data, while 1 represents fraud data) as
seen in Fig. 6. This new dataset is further called SMOTE
Balanced Dataset.

ML Application with Balance Dataset

Previous step has produced a new dataset from the
application of SMOTE algorithm to the default dataset
called SMOTE Balanced Dataset. In this step, we apply the
Neural Network algorithm to the SMOTE Balanced Dataset
in Orange data mining.

Similar to the first analysis with imbalance dataset,
we apply the default setting of Orange Neural Network
as follows by using ReLu activation, Adam solver, 100
neurons in hidden layer and 200 iterations. In this step, this
default setting is applied to the SMOTE Balanced Dataset
as shown in Fig. 7.

Based on the approach, we produce a new model
named SMOTENN which stands for SMOTE Neural
Network model and is a combination of SMOTE
algorithm and Neural Network. Furthermore, assessment
on the SMOTENN model is also conducted to evaluate its
accuracy, precision, recall, specifity, AUC, and F1-score
for comparison purpose. Table 3 represents the results of

Table 2. Metrics evaluation of Neural Network on imbalance dataset, %

Model AUC Fl-score Precision

Recall Specifity Accuracy Processing time, s

Neural Network 90.6 89.5 89.1

90 51.2 90 1.07
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evaluation metrics for SMOTENN model. These results
clearly demonstrate a high-performing binary classification
model, characterized by excellent discrimination
(AUC =95.7 %) and a strong, well-balanced ability to
correctly classify both positive and negative instances,
as evidenced by the consistently high Fl-score (92.4 %),
precision (92.7 %), and recall (92.4 %). A significant

improvement to 92.4 % on specifity is potentially due to
class balance impact after applying SMOTE technique.
Then, increased accuracy to 92.4 % suggesting effective
classification across both groups. Finally, the processing
time of 1.44 seconds also imply efficient performance of
the model.

Comparative Analysis

In this section, we conduct comparative analysis of
the results between the first approach (using imbalance
dataset) and the second one using SMOTE based balance
dataset.

First of all, we conducted the Kolmogorov—Smirnov
(KS) test to compare the distributions of the two datasets,
before and after the application of SMOTE (Fig. 8). We
obtained KS statistics of 0.3 and a P-value of 0.786. The
KS statistics of 0.3 indicates a moderate difference between
the two datasets, but the high P-value of 0.7869 shows
this difference is not statistically significant as results and
suggests the datasets are likely from the same distribution.

So, Fig. 8 illustrates the detail comparison between
Neural Network models performance with and without
SMOTE across six evaluation metrics, namely AUC,
Fl-score, Precision, Recall, Specificity, Accuracy.
Overall, the SMOTENN model demonstrates consistent
improvement in all metrics in comparison to the first
model, with detailed comparisons as follows:

From AUC perspective, before applying SMOTE, the
AUC was 0.906. After applying SMOTE, it increased
to 0.957, representing a relative improvement of
approximately 5.62 %. This highlights better discrimination
between classes in the new SMOTE model.

Based on Fl-score perspective, its F1-score accounts
for 0.895, then it rose to 0.924 with SMOTE, reflecting a
3.24 % increase. This indicates enhanced balance between
precision and recall in the new SMOTENN model.

Table 3. Metrics evaluation of SMOTE with Neural Network on balance dataset, %

Model AUC Fl-score

Precision

Recall Specifity Accuracy | Processing Time, s

SMOTE Neural Network 95.7 924

92.7

92.4 92.4 92.4 1.44
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According to Precision metric, it is found that the
Precision value climbed from 0.891 to 0.927, marking
a 4.04 % improvement. This shows the SMOTENN
model increased accuracy in correctly predicting positive
instances.

Based on Recall metric, we see the Recall metric before
SMOTE was 0.900 and after applying SMOTE it become
0.924. It is a 2.67 % increase for new SMOTENN model
enhanced ability to capture positive cases.

Specificity shows the most significant improvement
among other metrics. Before applying SMOTE, specificity
was only 0.512. After SMOTE, it surged to 0.924,
representing a dramatic improvement of approximately
80.47 %. This significant increase underscores SMOTENN
model effectiveness in identifying fraudulent activities.

Then the accuracy aspect also shows significant rise.
Before, the accuracy was only 0.900, then it jumps to
0.924 or gives a modest 2.67 % increase after applying
SMOTE in tackling imbalance dataset. This specific metric
result indicates better overall performance for our new
SMOTENN model in detecting fraudulent activities in
financial transactions.

Lastly, there is a slight increase of processing time
before and after SMOTE implementation. The processing
time required for SMOTENN model increased slightly,
from 1.07 s to 1.44 s, reflecting an expected computational
cost due to the augmented dataset size after SMOTE
application. However, this difference, a mere 0.37 s, is
negligible and does not pose a significant issue, particularly
when weighed against the benefits SMOTE offers in
addressing class imbalance.

Overall, these results confirm that our new SMOTENN
model is effective to be applied in financial fraud detection
where minority class identification is crucial.

In the future, next research could explore under-
sampling method for balancing the dataset, or applying
other hybrid approaches such as ensemble methods or cost-
sensitive learning to further enhance these improvements
while maintaining robustness across diverse datasets.

Conclusion

Frauds in financial institutions are considered serious
problems by the whole financial industry. Sophisticated
technologies must be incorporated to deal with the problem
since traditional approaches are incapable of catching up
with such emerging crimes. Therefore, artificial intelligence
approaches such as Machine Learning (ML) are relevant
to be proposed in dealing with fraud issues in the recent
interconnected financial industry. The availability of
historical dataset is prominent to enable ML techniques,
showing off their capabilities. However, the proportion of
fraud data is often very minimal in comparison to normal
data of financial transactions. As a result, an imbalanced
dataset issue occurs, which results in poor performance
of ML.

In order to accurately identify any possible fraudulent
financial activities, this study suggests a new ML model,
namely SMOTENN. The model is integration between
the Synthetic Minority Over-sampling Technique
(SMOTE) dealing with imbalanced dataset and the Neural
Network algorithm, a supervised ML algorithm. The new
SMOTENN model clarifies that by fixing the imbalanced
dataset, the performance could be significantly improved
as seen in all evaluation metrics, particularly the specificity
metric which accounted for a sharp 80.47 % increase.
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Abstract

As telehealth services have become integral to healthcare applications; robust authentication mechanisms are critical for
safeguarding sensitive patient data and services. Conventional authentication techniques including passwords and tokens
are susceptible to theft and security breaches. This vulnerability highlights the need for alternative methods that offer
improved security measures and ease of use. Biometric authentication, which leverages unique physical and behavioral
traits, has emerged as a promising alternative. Among various biometric modalities, electrocardiogram (ECG) signals
stand out because of their uniqueness, stability, and noninvasive nature. This study introduces an innovative deep-
learning-based authentication system that utilizes ECG signals to enhance security in Internet of Things (IoT)-powered
telehealth environments. The proposed model employs hybrid architecture, starting with a Siamese Neural Network
(SNN) for dynamic verification, followed by a Convolutional Neural Network (CNN) for feature extraction, utilizing
an optimized Sequential Beat Aggregation approach for robust ECG-based authentication. The system operates securely
and adaptively, and performs real-time authentication without requiring human intervention. The research approach
involved the acquisition and processing of electrocardiogram data from the ECG-ID dataset which encompassed 310
ECG individuals obtained from 90 individual subjects. This dataset provided a comprehensive set of samples for training
and evaluation. The model achieved high authentication accuracy (98.5 %—99.5 %) and a false acceptance rate of 0.1 %
with minimal computational overhead, validating its feasibility for real-time applications. This study integrates ECG-
based authentication into telehealth systems, creating a secure foundation for safeguarding patient data. The innovative
use of ECG signals advances secure and adaptable for a personalized remote health monitoring system development.

Keywords
biometric authentication, telehealth security, adaptive authentication systems, ECG signal analysis, neural networks,
hybrid deep learning
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AHHOTaNMA
TeneMeMIIMHCKNE YCIYTH CTaJM HEOTHEMIIEMOH 4aCThi0 MEIUIIMHCKUX MPUIIOKCHUIT, Ha/IC)KHBIC MEXaHU3MbI
ayTeHTH()HMKAMK MMEIOT pellaoliee 3HAYCHHE Ul 3aIllUThl KOH(GUICHIHATbHBIX JaHHBIX HAlMCHTOB H
MPEOCTABIICMBIX CEPBUCOB. TpaJHIIOHHbIC METOABI ayTCHTH(HKALNN, TAKHE KaK MApOJIH U TOKCHBI, TIOABCPIKCHBI

KpaXkaM U HapyIICHUSIM 6e30MacHOCTH. ITa YSI3BUMOCTbD IOIYEPKUBACT HEOOXOAUMOCTD aIbTEPHATHBHBIX METOJIOB,
KOTOpbIe 00ecneYrnBaroT 6ojiee BHICOKHI YPOBCHb 0E30MAaCHOCTH U yA0OCTBO MCIIONB30BaHHs. broMeTprueckast
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A deep learning approach for adaptive electrocardiogram-based authentication in an internet of things enabled...

ayTeHTH(UKALNS, HCTIONB3YIONIas YHUKaIbHbIE (M3UUECKUE U TIOBEICHIECKHE XapaKTePHCTHKH, CTajla MepCeKTUBHON
anpTepHaTHBON. Cpean pa3InyHbIX OMOMETPUYECKHX METOJOB CHIHAIIBI dMekTpokapanorpamMmsl (IKI') BeiiesnsroTcst
CBOEH YHHKAIbHOCTBIO, CTAOMIBHOCTBIO U HEMHBA3MBHBIM XapakTepoM. B maHHOM HccinenoBaHUU MpeacTaBlieH
WHHOBAIIMOHHBIH METOJ ayTeHTU(UKAIMA HAa OCHOBE ITyOOKOro oO0ydeHus, ucrnonb3yromuid DK -curuansr nis
TTOBBIIICHUS YPOBHA O€30ITaCHOCTH B TEIEMEIUINHCKUX CHCTeMax, padoTaromux Ha 0aze nHTepHeTa Bemeil (IoT).
[IpennoxeHHass MOZENb HCHONB3YyeT THOPUIHYIO apXUTEKTYpy: CHadajla MPUMEHSETCS] CHaMCKasl HeHpOoHHas ceTh
(SNN) nnst auHamMudeckol BepuuKanny, 3aTeM cBepTouHas HefiponHast cetb (CNN) jurs u3BiIedeHNs IPU3HAKOB
C UCIIOJb30BaHUEM ONTHMU3UPOBAHHOTO METO/A MOCIEA0BATEIBHON arperanuy CepeYHbIX IIUKIIOB Ul HaJe)KHOH
ayrentudukanun Ha ocHoBe DKI. Cucrema QyHKIMOHMPYET OE30IIaCHO U aalTUBHO, BBITOIHSS ay TEHTU(HUKALMIO B
peansHOM BpeMeHH 0e3 BMEIIaTeIbCTBa uesloBeka. B pamkax uccienoBanus Obita mposeneHa oopadorka qanubix DK
n3 HabOopa nanubix ECG-ID, Bkmrouaroniero 310 OKI'-curnanos ot 90 pa3nuyuHBIX YYaCTHHKOB. DTOT HAOOp AaHHBIX
MIPEI0CTaBUII OOIIMPHYIO BEIOOPKY ATl 00ydeHUs U OLeHKH. MoJenb JOCTUITIA BEICOKOH TOUHOCTH ayTeHTH(HUKAINN
(98,5-99,5 %) n moxasarens J0XXHOTO Aomycka Ha yposHe 0,1 % mpy MHHNMAaTbHOH BEIMHCIHTENEHON HArpysKe,
YTO MOATBEPXKIAeT ee MPUMEHUMOCTh Ul 33/1a4 B pealbHOM BpeMeHHu. Hacrosmee ucciaeqoBaHe HHTETPUPYET
ayreHTHduKanuio Ha ocHoBe DKI' B TerleMeanIMHCKNE CHCTEMBI, CO3/1aBast Ha/ISKHYIO OCHOBY JUIS 3QI[UTHI JAHHBIX
nanueHToB. VHHOBamoHHoe ucnonb3oBanue DKI'-curnanoB crocoOCTByeT co3nannio Oe30IacHOM, aJanTHBHOW M
HEePCOHATN3UPOBAHHON CHCTEMBI yIQICHHOTO MOHUTOPHHI'A 310POBbSI.

Kirouesblie ciioBa

OuoMeTpruYecKas ayTeHTH(UKAIUS, 0€30MaCHOCTh TEICMEINIINHbI, aIalITUBHBIC CUCTEMbI ayTCHTU(HUKALIUK, aHAJIN3
OKT -curHasnoB, HEHPOHHbIE CETH, THOPUIHOE [Ty0OKOe 00yUYeHHE

Ccpliaka nias nutupoBanus: Azad M.A.D. ['my6okoe oOydeHune Juist aAanTHBHONW ayTeHTH(HUKAINN Ha OCHOBE

INEKTPOKAPIUOTPAMMBI B CHCTEME TeJIEMEAMIMHBI C MOJAePKKOil nHTepHeTa Bemleit // HayuyHo-TexHUYeCKuii
BECTHUK MH(POPMALMOHHBIX TEXHOJIOTUH, MeXaHUKH 1 onTuku. 2025. T. 25, Ne 3. C. 475-486 (na anri. 53.). doi:

10.17586/2226-1494-2025-25-3-475-486

Introduction

With the growing adoption of telehealth systems, the
demand for secure and reliable management of patient
health information has significantly increased. [oT-enabled
telehealth systems have become integral in enhancing
patient care, enabling remote monitoring, and streamlining
healthcare delivery [1, 2]. However, the spread of connected
devices has also introduced significant security challenges,
particularly in safeguarding sensitive patient data and
ensuring secure access to telehealth services. Traditional
authentication methods, including passwords and tokens,
are increasingly inadequate owing to vulnerabilities, such
as theft, replication, and brute-force attacks [3]. In the face
of the growing threat landscape, there is an urgent need
for new, robust, and flexible authentication systems aimed
at addressing the unique needs of Internet of Things (IoT)
telehealth environments [4].

Biometric authentication, which leverages unique
physiological and behavioral traits, has emerged as a
promising solution for securing loT-enabled systems and
providing enhanced security and user convenience. Unlike
traditional methods, biometric systems leverage unique
physiological or behavioral traits, making it difficult to
replicate or falsify [3]. Among the various biometric
modalities, electrocardiogram (ECG) signals stand out
because of their intrinsic liveness, universality, and
resistance to spoofing. ECG signals capture the electrical
activity of the heart, offering a dynamic and highly
individualized biometric pattern [5]. This unique property
makes ECG-based systems robust alternatives for secure
and reliable user authentication in loT-enabled telehealth
systems.

ECG signals are private and accurate and more reliable
than other biometrics [6]. Such P-Q-R-S-T waveform
patterns, as shown in Fig. 1 provide proof of the subject
liveness and uniqueness. The nature of ECG signals is

complex because of their random, involuntary, and
complex characteristics leading to better authentication
capabilities [7].

Artificial intelligence improves loT-enabled telehealth
security by enabling reliable ECG-based biometric
authentication. Machine learning techniques like K-Nearest
Neighbor, Support Vector Machine and Random Forest are
used, with deep learning increasingly favored for its pattern
analysis and accuracy [8, 9]. Deep Learning techniques,
particularly neural networks, have emerged as a possible
telehealth ECG signal authentication solution. Using huge
datasets of ECG signals, neural networks can be trained
to understand the distinctive patterns and properties that
distinguish real signals from fraudulent ones [10, 11].

QRS
Complex

R

ST
Segment

PR Interval Q
S

QT Interval

Fig. 1. Segment Representation of ECG
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This study addresses the growing demand for robust
authentication systems amid rising digital reliance and
data security challenges. By leveraging deep learning,
it proposes an adaptive authentication framework
that combines Siamese Neural Networks (SNNs) for
verification and Convolutional Neural Networks (CNNs)
for multiclass authentication, utilizing an optimized
Sequential Beat Aggregation approach. The system
enhances ECG biometrics, improves authentication speed
and efficiency, and detects noise-inducing abnormalities,
addressing key IoT telehealth challenges, such as evolving
threat landscapes, dynamic user behavior, and real-time
processing requirements.

Our study presents three key contributions: showing
the use of ECG signals for adaptive authentication
in IoT telehealth systems, developing advanced deep
learning models that merge biometric verification with
authentication, and assessing the system resilience
under various signal conditions to enhance security and
accessibility in IoT-based healthcare environments.

Literature Survey

ECG Authentication Using Machine Learning and
Deep Learning Models

Several studies have explored the use of Machine
Learning and Deep Learning models for ECG-based
authentication. Asadian et al. [12] examined the
feasibility of ECG-based authentication systems, while
Shdefat et al. [13] discussed opportunities and challenges
in their implementation. Lin Li et al. [14] extended
the literature by discussing the application of ECGs,
Electroencephalography, and Photoplethysmogram in
authentication systems. Pereira et al. [15] researched
different ways of capturing data to make the authentication
process more efficient in terms of its precision.

Hammad et al. [16] proposed using Deep Neural
Networks with architectures such as Residual
Convolutional Neural Networks (ResNet) and end-to-end
CNNs for reliable human authentication. Using datasets
like Physikalisch-Technische Bundesanstalt (PTB) and
Check Your Bio-Signals Here, their models achieved an
average accuracy of 98.5 %. Similarly, Labati et al. [17]
introduced Deep-ECG, a biometric recognition method
combining signal preprocessing, CNN feature extraction,
and SoftMax-based detection. Their work demonstrated
improved performance in scenarios such as identity
verification and periodic re-authentication, outperforming
earlier approaches.

Hybrid and Advanced Architectures

Martin et al. [18] proposed “BioECG” which integrates
CNN and Long short-term memory model to enhance
authentication precision. Their method emphasized the
importance of addressing temporal dependencies in ECG
signals, resulting in improved accuracy and robustness.
D’angelis et al. [19] employed Vision Transformers
for ECG biometric recognition, effectively capturing
intricate temporal and spatial signal features. AlDuwaile
and Islam [20] utilized single heartbeat analysis with
CNNss, simplifying data collection while maintaining high
accuracy.

Some of the studies also highlighted novel hybrid
system models. For instance, Ivanciu et al. [21]
implemented a SNN using ECG signal images, achieving
an accuracy of 87.3 %. Albuquerque et al. [22] employed
Random Under-Sampling Boosting and Nearest Neighbor
Search, achieving accuracy rates of 97.4 % and 99.5 %,
respectively, for ECG-based user identification. These
works highlight the potential of hybrid models for
improving authentication accuracy and adaptability.

Multi-Modal Biometric Systems

In order the overcome the above-mentioned limitations
of uni-modal systems, Alkeem et al. [23] introduced a
multi-modal biometric system that integrates ECG signals,
facial images, and fingerprints. The system utilized
multitasking learning and feature fusion, demonstrating
superior accuracy and generalization. Multi-modal methods
outperformed single-modal approaches, proving highly
effective for secure authentication and gender classification.

Emerging Techniques and Applications

Recent advancements have introduced novel techniques
such as lightweight multi-factor authentication strategies
[23] which incorporate digital signatures and device
capabilities to enhance [oT security. Similarly, studies [24]
tailored authentication methods for the Internet of Medical
Things, utilizing human biometrics to establish secure
device communication. Blockchain-based solutions have
also emerged, such as the “Bubbles-of-Trust” scheme [25],
which employs virtual trust zones and Ethereum blockchain
technology to streamline authentication in [oT networks
[26-28].

Limitations and Gaps in Existing Research

While the reviewed studies demonstrate significant
advancements in ECG biometrics, several limitations
persist. Many approaches [16, 17, 29] focus primarily
on accuracy, often neglecting computational efficiency
and robustness against noisy or heterogeneous datasets.
Additionally, while methods integrating CNN and LSTM
architectures [18, 20] show promise, they often fail to
fully leverage the potential of these models for capturing
complex temporal dynamics in ECG signals. Moreover,
scalability and real-time processing remain challenges
in deploying these systems for practical IoT telehealth
applications.

Proposed Methodology

In this paper, we have proposed an innovative approach
to use deep learning-based ECG in loT-based telehealth
systems for patient or user authentication and attempted
to develop a model. By passing through steps like: data
gathering, preparation, model creation, training, testing,
tuning, implementation and monitoring it ensures security
and flexibility. Fig. 2 shows how this process helps solve
authentication problems.

The proposed model

Our Adaptive Authentication System is built on SNN
and CNN as foundational models for ECG signal analysis.
SNN model is for time related change, and CNN model is
to interpret the pattern over the signals. Being trained on
thousands of highly processed ECG data, and continuing
to show robust performance in test data with accuracy,
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Biometric Data
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Feature Extraction

Model Training

Optimal Algorithm Accuracy Check

s

Fig. 2. Deep learning process for adaptive authentication

sensitivity, precision, Fl-score, Area Under the Curve
(AUC), specificity. The system improves incrementally
with small changes contributed over time. It also keeps
a good balance between being secure and easy to use,
offering a safe and practical solution for users.

The core feature of this model is its adaptability to
dynamic conditions, making it particularly suitable for
IoT-enabled telehealth environments. The deep learning
mechanisms within the architecture are designed to adjust
to evolving threat landscapes and changing user behaviors,
ensuring high levels of dependability and efficiency [30].
The model uses Sequential Beat Aggregation, training with
individual heartbeats and aggregating predictions from
multiple beats during inference, balancing simplicity with
accuracy while reducing complexity and data demands of
longer concatenated signals.

Sequential Beat Aggregation approach actually
improves robustness by reducing anomalous beats impact,
ensuring real-time adaptability essential for [oT telehealth.
It can be seamlessly integrated with IoT devices to work
efficiently in the real world. The lightweight, adaptive,
and fast design of this system makes it an excellent choice
for secure and practical telehealth deployments and
applications.

To provide a comprehensive overview, Fig. 3 explains
the methodology of the proposed model, highlighting the
integration of data processing, model architecture, and
deployment strategies.

The ECG signal first enters through the SNN which
mainly focuses on capturing the changes over time and
important details. The result is then sent to the CNN where
layers find patterns in the signal and reduce its size for
quicker processing. This step-by-step method improves the
ability to identify key features. The CNN result is turned into
a single line of data and sent to a dense layer, which prepares
it for further processing. Lastly, a classifier at the end of the

ECG Sensors

ECG Data Acquisition

Identification

—> Enrolment

Model Development

model turns the scores into a format that can be used for
identifying different classes. The model learns from the key
points in the ECG signal to tell the difference between real
and fake signals, making sure it works well and accurately
for user identification. This proposed design effectively
combines speed and accuracy in classification tasks.

Convolution neural network layers

It is a feed-forward neural network that is very
frequently used for medical analysis, object detection,
face recognition, and picture classification [31]. The CNN
network has a variety of designs, including VGG-Net [32],
Inception [33], ResNet [16] DenseNet [34], and Xception
Net [35]. Generally, the layers used for experimental
analysis are the same in all CNN models. The first layer
typically used to extract features from an ECG trace is
the convolution layer. To achieve this, move a kernel or
feature detector over the input data or feature vector and
compute the dot product of the input and kernel at each
location. After extracting the features, the network is made
non-linear using activation function which also speeds up
total computation. After the activation layer, a rectified
feature map is put through the max pooling layer. The
down-sampling process of pooling lowers the feature map
size. Then, a shared feature map is sent to be flattened into
a single, lengthy continuous linear vector. This study used
six convolution layers and an identical number of pooling
layers. Batch normalization was also performed in various
layers to solve the covariate shift problem [23].

Fully connected layers

A dense block comprises interconnected hidden layers
where each neuron receives input from all preceding
neurons. Using matrix-vector multiplication, it adjusts
output dimensionality and applies an activation function for
accurate classification or prediction.

y = activation(z), where z=W X x + b,

Convolution Neural
Network Model

Authentication

Accepted

Y

Verified (Classification)
Siamese Neural
Network Model
Not Verified %
Verification Q

Rejected

Fig. 3. Adaptive Authentication Biometric System Proposed Model
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where z is the pre-activation vector and activation
represents the activation function 6. Dense layers are
integral to neural networks, connecting inputs to outputs
for precise predictions. For ECG-based authentication,
a single dense layer with 286 neurons enables accurate
classification. The setup is: Hybrid SNN-CNN output —
Flatten Layer — Dense Layers — Classifier. Fig. 4
illustrates the CNN architecture.

Threshold based-authentication algorithm

The probability-based threshold function is the
probability of a match between a test signal and a stored
reference signal, usually for signal processing applications
like a biometric authentication system. It calculates the
Probability Density Functions (PDF), of the test and
reference signals for likelihoods of different values of the
signal. Comparing the PDFs gives the match probability.
The threshold value is determined based on the required
security level and False Acceptance Rate (FAR). Increasing
the threshold makes FAR higher but improves security,
whereas decreasing it reduces both.

Loss function

This function measures an algorithm performance
by quantifying discrepancies between predicted outputs
and target values, often using cross-entropy for assessing
classification models accuracy against actual labels.
This study used Binary Cross Entropy (BCE) as a loss
function for binary classification tasks like ECG data
authentication [24]. In a hybrid SNN-CNN model for
human authentication, BCE loss can help the general model
focus on the essential ECG signal regions while ignoring
the areas that are less important to the authentication goal.
BCE will be used as an optimization method to discover
the best values valid for human authentication based on
ECG signals [25].

1 N
BCE=~— Yylog() + (1 - ylog(l - 7).
i=0

Here, predictions and true values are represented by y;
and y,, respectively, where N denotes the number of training
sets for the i-th slice (i € N).

Feature Extraction

=

o=

ECG Signal !—1|_L

Convolutional
Layer 1

Hyperparameters settings

Hyperparameters optimize the training success of
the hybrid SNN-CNN deep learning model for ECG-
based authentication. Key parameters include the loss
function, optimizer, batch size, learning rate, and epochs,
significantly boosting efficiency while ensuring adaptability
if the primary objective encounters challenges. Lists of the
hyperparameters chosen for training SNN end CNN: loss
functions — Categorical Cross Entropy; learning rate —
0.00001; batch size — 64; epochs — 100; optimizer —
Adam.

Similarly, these hyperparameters are frequently adjusted
using a grid search methodology to obtain the best possible
combination for the training process. For instance, rapid
convergence of the model that shoots past the global
minimum may be caused by a high learning rate [36]. On
the other hand, a slow learning rate may stall training,
while too few epochs cause underfitting, and too many lead
to overfitting. Proper parameter tuning enhances model
accuracy and robustness.

Experiment Results

Dataset description

The ECG-ID database consists of 310 ECG recordings
from 90 subjects, aged 13—75, including 44 men and 46
women. Each recording is a 20-second ECG Lead I signal,
sampled at 500 Hz with 12-bit resolution and a nominal
range of +£10 mV. The dataset includes 2—20 recordings per
individual, collected over a period of up to six months, with
intervals ranging from days to months between sessions.
This multi-session structure allows for the evaluation of
temporal variability in ECG signals, making it suitable for
assessing the long-term stability of ECG-based biometric
systems.

The dataset provides both noisy raw signals (Signal 0)
and filtered signals (Signal 1), enabling detailed analysis
of ECG morphology under different noise conditions. The
recordings were collected using standard ECG electrodes
placed on the wrists, making the acquisition process non-
invasive and suitable for real-world applications.

Classification

Pooling

Convolutional l
Layer N

Fully Connected
Neural Network

Fig. 4. Diagram of CNN Architecture
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Dataset preprocessing and augmentation

Data preparation would enhance quality data analysis
on ECG-ID dataset signals by effectively cleaning the
initial raw signals. These are the high pass set up to
remove, baseline drift and notch filter to remove power
line interference along with resampling [37]. Preprocessing
also standardizes the ECG signals, and quality control
is used in order to filter artifacts also forms part of it.
Data augmentation shown in Fig. 5 enlarges the dataset,
increases the stability and optimizes performance through
the introduction of variability. Scaling, rotation, flipping,
and time-shifting are the techniques of diversification
of the dataset. These approaches mainly address issues
related with overfitting, boosting model accuracy and
credibility, scalability, and, therefore, boosting the general
performance of ECG-based biometrics. The figure displays
the original signal (blue) alongside signals modified by
three augmentation methods: noise addition (orange), time-
shifting (green), and pitch-shifting (red).

Results

This section presents a detailed analysis and conclusions
drawn from experimental evaluations, offering insights into
the system performance across various scenarios. Both
quantitative and qualitative data are thoroughly examined
to highlight the system advantages, identify areas for
improvement, and evaluate overall efficacy. The experiment
utilized 1D ECG signals of length 256, with SNN and CNN
models trained using a batch size of 64, a learning rate of
0.00001, and the Adam optimizer with decay.

Training Phase

During the training phase of SNN model, the ECG
dataset underwent a preprocessing phase wherein the ECG
segments were truncated to 700 per individual, resulting in
a well-balanced distribution of classes. This step ensures an
equal representation of different classes, providing a more
robust foundation for subsequent analysis.

Following the truncation, the pre-processed data
underwent normalization, transforming the values to a
standardized range between 0 and 1. This normalization
process is crucial for mitigating potential anomalies that
could complicate signal analysis. By scaling the data to
a uniform range, the impact of variations in magnitude
is minimized, facilitating a more consistent and effective
analysis of ECG signals.

— Original Signal
Noise-added Signal
— Time-shifted
4 — Pitch-shifted Signal
>
=
5
=
=
=
g
<
0
-2
0 ' 100 ' 200
Time, s

Fig. 5. Data augmentation techniques

The dataset includes signals from 90 individuals,
resulting in a total of 63,000 segments (90 individuals x
700 segments), ensuring a balanced distribution across all
individuals. This balance is particularly important for the
SNN which compares pairs of ECG signals to verify if they
belong to the same individual for human authentication,
as it allows the model to learn a robust similarity metric
by training on an equal number of positive pairs (same
individual) and negative pairs (different individuals) for
each class.

Subsequently, the normalized data is shuffled and
organized into pairs. Each pair is categorized as either
similar (Signal 1) if the segments belong to the same class,
or dissimilar (Signal 0) if they pertain to different classes.
This pairing strategy, illustrated in Fig. 6, sets the stage
for training a classifier to distinguish between similar and
dissimilar ECG segments.

Specifically, similar pairs (positive pairs) help the model
learn the characteristics of matching signals within the
same patient class, while dissimilar pairs (negative pairs)
enable the model to identify clear differences between
unrelated ECG segments. Fig. 6, a shows an example
of a positive pair where both signals closely match, and
Fig. 6, b displays a negative pair where the signals differ
significantly. This approach improves the model ability to
generalize and enhances classification performance.

a b
) 1 W —— Reference Signal 12 — Reference Signal
g 0.8 i Paired Signal g 0.8 | Paired Signal
Tg 0.6 g 0.6 -
s} S
= 1 i = Jl
% 0.4 4o M ang Al s o s A A e %; 0.4 4 "‘,'-’\\rs!,\-"* f"‘ VAN AR AN G AL oz
I 2
g g
< 0.2 1 ’ << 0.2 1

0 ' 100 ' 200 0 100 200
Time, s Time, s
Fig. 6. Examples of pairs: positive (a) and negative (b)
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To calculate the classifier’s performance, the dataset is
divided into training, validation, and test sets. The Sklearn
selection model is utilized for this task, randomly assigning
60 % of the data to training, 20 % to validation, and 20 %
to testing. The training set is used to design and fine-tune
the classifier, while the test set is held out to assess the
classifier’s performance and accuracy.

This strategic division of the dataset into training,
validation, and test sets not only facilitates robust training
but also ensures an unbiased assessment of the classifier’s
generalization to new, unseen data. The allocation
percentages are chosen to strike a balance between
providing sufficient data for model training and maintaining
an adequate portion for independent evaluation. This
meticulous approach enhances the reliability and
applicability of the classifier in real-world scenarios.

During the training phase of CNN model, the ECG
dataset underwent a segmentation process resulting in
10,000 segments per individual, ensuring a balanced class
distribution. This segmentation strategy aims to capture
a comprehensive representation of each class, laying the
groundwork for a more robust analysis.

Following segmentation, the pre-processed data
underwent normalization, scaling the values to a
standardized range between 0 and 1. This normalization
step is pivotal in mitigating anomalies that might complicate
signal analysis. By standardizing the data, variations in
magnitude are minimized providing a more consistent
foundation for subsequent analysis of ECG signals.

Subsequently, the normalized data is shuffled and
partitioned into training and validation sets. This shuftling
process is crucial for preventing the model from learning
sequence patterns inherent in the data, ensuring a more
unbiased evaluation. The division into training and
validation sets enables a thorough assessment of the
classifier’s performance during development.

The dataset includes signals from 90 individuals, with
each individual’s 700 original segments augmented to

— Actual Signal

ID:1000
Score: 0.1589

ID:1001
Score: 0.1943

create 10,000 segments, resulting in a total of 900,000
segments (90 individuals x 10,000 segments), ensuring a
balanced distribution across all individuals. This balance is
particularly important for the CNN which classifies ECG
signals to identify individuals for human authentication, as
it allows the model to learn robust features from an equal
number of segments for each class, preventing bias toward
overrepresented individuals and improving classification
accuracy.

To achieve this partitioning, the Sklearn selection model
was utilized, randomly allocating 60 % of the data to the
training set, 20 % to the validation set, and 20 % for testing.
The training set serves as the basis for designing and
fine-tuning the classifier, while the validation set aids in
monitoring the model performance and making adjustments
to enhance generalization.

The remaining 20 % of the data is reserved for testing,
serving as an independent set for the final evaluation of
the classifier’s performance and accuracy. This separation
into distinct training, validation, and test sets ensures a
comprehensive assessment of the classifier’s ability to
generalize to new, unseen data.

Testing Phase

For the verification task, the SNN was trained for
100 epochs, incorporating Model Checkpoint and early
stopping mechanisms to monitor validation loss. Using
Euclidean Distance, the SNN employed contrastive loss
during training. This loss function evaluates the distance
between outputs for positive and negative samples,
ensuring the network effectively discriminates between
these instances for accurate authentication. The training
process typically required 20 to 25 minutes, with validation
loss stabilizing at 0.3 %. Through experimentation, a
decision threshold margin of 0.0009999 was established.
If the similarity score equals or exceeds this threshold,
the ECG segment is classified as a match with an enrolled
template, resulting in successful verification. Some test
samples from our experiment are illustrated in Fig. 7.
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Fig. 7. Predicted samples from verification (SNN) model
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For the authentication task, the CNN model underwent
training for an average duration of 4 hours across 100
epochs. Early stopping and Model Checkpoint prevented
the possibility of finishing after around 20-25 epochs on
average. With an accuracy of 98.8 % and a validation loss
of 0.32 %, as shown in Fig. §, a, the rapid convergence of
training and validation accuracy within the first 20 epochs
are demonstrated, while Fig. 8, b shows a steady decrease
in both training and validation loss, confirming effective
learning with minimal overfitting.

This study consolidates the performance of the proposed
SNN-CNN framework for ECG-based authentication in oT
telehealth, highlighting its resource efficiency, accuracy,
reliability, and adaptability, with results demonstrated
through comprehensive figures.

The confusion matrix in Fig. 9 grounds the precision,
recall, and F1-score to nearly 100 %. The confusion matrix
shows patient information in a diagonal matrix form and
denotes that the total person strength has been estimated
correctly. It is used to visually represent the performance

of the classification model by showing how well predicted
labels match the actual person classes. A perfect or near-
perfect diagonal pattern indicates the model accuracy in
correctly identifying each class without confusion. Several
samples predicted by the model are given in Fig. 10, which
shows the applicability of the model for distinguishing
between instances.

The Receiver Operating Characteristic (ROC) curve
can then be used to evaluate the model effectiveness in
user authentication with ECG data in terms of decision
thresholds. The AUC is an estimate of the overall model
performance. This indirectly provides a possibility of
selecting an optimal decision point depending on the needs
of a particular application having both sensitivity and
specificity in trade off. If your model ROC curve is located
near the top left corner, you have a strong model that is
great at both high sensitivity and specificity. Fig. 11 shows
performance of the proposed model at threshold value.

The performance of the proposed model is 98.8 %
based on main parameters and significantly higher than
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Fig. 9. Confusion Matrix of the proposed authentication model
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Fig. 10. Predicted samples from authentication (CNN) model
Table. Performance comparison of the proposed model and other models
Publication Database Methods Accuracy, %

[38] PhysioNet Random Forest classifier 92.0
[39] ECG-ID Decision Curve Analysis 94.0
[40] ptbdb, mitdb, nsrdb Matching process 97.6
[20] MIT-BIH Feed-Forward Neural Network 95.0
[30] ECG-ID Euclidean detector 94.3
[41] ECG-ID CNN 96.6
[42] Low-cost sensors biometrics One-class classifier density estimation 98.0
[43] PTB CNN-LSTM 98.0
Proposed Solution ECG-ID SNN-CNN 98.8

the performance of the previous models. It also shows high
specificity of 0.99 %, sensitivity of 0.99 %, the AUC of
0.99 % and F1-score of 0.99 %. From the results, we see
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Fig. 11. Predicted samples from authentication (CNN) model

that it is efficient for ECG based authentication and could
be better than other advanced algorithms. The reliability
and accuracy of the model may radically change the
existing ECG-based authentication systems, primarily in
security fields. Table above indicates a comparison of the
proposed model with other architectures.

Conclusion

The proposed methodology introduces a significant
advancement in Electrocardiogram (ECG)-based biometric
systems for real-time authentication in IoT telehealth
applications. By integrating a Siamese Neural Network
for verification and a Convolutional Neural Networks
for authentication, this hybrid approach enhances system
reliability, security, and adaptability. Unique biometric
signatures, resistant to replication or theft, offer superior
security compared to traditional methods.

Separating authentication and verification models
provides flexibility, scalability, and optimized performance
across diverse scenarios. Lightweight models suit resource-
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constrained settings, while advanced models cater to high-
security environments. This modularity minimizes errors,
supports targeted optimization, and facilitates continuous
improvement.

Future research could explore handling noisy ECG
signals, integrating multi-modal biometrics, implementing
wearable sensors, and applying the model to secure
governmental or military domains. Another key direction
involves leveraging the two separate models for solving
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AHHOTAIUA

BBenenne. AKTHBHBINM MOZYJTb B OHOJIOrMUECKUX Ipadax MpeicTaBiseT co0oi CBsi3aHHbIi ToArpad), BEpIINHBI KOTOPOTO
0o0BeIMHEHBI 001Iel Oronorndeckoi pyHkuueit. s onpeaenaeHust akTHBHOTO MOAYII HEOOXOAUMO CHadasia MOCTPOUTD
B3BEIICHHBII Ononormdeckuii rpad. Bec kamoii BepIINHEI BBIYUCISIETCS HA OCHOBE OMOJIOTHUECKHUX IKCIIEPUMEHTOB,
HCCIIEMYIOMIX HCKOMYIO Oromorndeckyio GyHKnuio. OXHAKO pe3yIbTaThl OHOTO SKCIEPHMEHTA MOTYT HE TTOJTHOCTBIO
OIUCHIBATh UCKOMBIN aKTHBHBIH MOJYIIb, @ JIMIIb €T0 9acTb, BHOCS, HAPUMEp, HEOIPEICICHHOCTh B BECA BEPIIHH.
B pabore nokaszano, 4To ucnonb3oBanue Merona dumepa s 00beTMHEHHS JaHHBIX HECKOIBKHX KCIICPUMEHTOB,
a 3areM npuMeHeHue Merona Monre-Kapio mo cxeme mapkoBckux neneit (MKMIL) n MamuHHOTO 00y4eHus K
pesyasraram metona durepa, mo3Bosset 6osee 3G HEKTHBHO BBIICIATh AKTUBHBIC MOIYJIN B OMOJOTHYECKHX rpadax.
Meton. B pabote ucnonb3ytores rpad 6enok-6enkoBbix B3aunmozaencteuii — InWebIM, rpad mo pekoHCTpyKunuu
MO3ra YenoBeKka u3 npoekra BigBrain u rennsiii rpad) as Buaa sxuBbix opranusMoB Caenorhabditis elegans. J1nst
00BbeIMHEHHUS PE3yIbTaTOB HECKONBKNX SKCIEPHMEHTOB B OHOM Tpade B AMHBINA Pe3yabTaT MPUMEHIETCS METO,
®uiepa. [Tociie 3TOro MOMCK akKTUBHBIX MOJYJEH BBINOJIHAETCS ¢ Ucnoiab3oBanueM Merogqa MKMII u mammuHoro
oOyuenus. st BATMAAMHY IpeUIaraéMoro METoa Ha PEaIbHEIX JaHHBIX IIPUMEHSIIOTCS Pe3yJIbTaThl HOJIHOTCHOMHOTO
ACCOIMATHBHOTO UCCIIEJOBAHMS 10 MIN30(PPEHHHU ¥ KYPEHHIO, a TAaK)Ke MaTPHIIa SKCIIPECCHH I'€HOB ITAlIUEHTOB C KOYKHOM
menanomoit u3 poekta The Cancer Genome Atlas. OcHoBHBIe pe3yabTarhl. [[pumeHeHne Metona duiepa mo3BosseT
YUHUTBIBATh PE3YJIbTaThl HECKOIBKUX OHONIOrMYECKUX dKCIIEPUMEHTOB oJHOBpeMeHHo. [Tocienyoliee ncmnoabp3oBaHue
metona MKMII n MammHHOrO 00y4eHUs MOBBIIACT TOYHOCTH ONPENEICHUS aKTUBHBIX MOJYJIEH 110 CPaBHEHHIO C
pamXHUpOBaHHEM BepIIUH Tpada ToIbKko Ha ocHOBe MeTona Pumiepa. O0cyskaeHHe. YUET Pe3ynbTaToB HECKOIBKUX
OMOIIOrMIECKUX KCIIEPIMEHTOB MPH OTIPEIETICHUHN aKTHBHBIX MOMYNIEH UTPAeT KITIOYEBYIO POJIb B OBBIIIEHUH TOYHOCTH
HAXOXKJCHUS BEPUIMH aKTHBHOTO MOJYIS. DTO CHOCOOCTBYET JIydIIeMy MMOHUMAHUIO OMOIOTHYECKUX MEXaHU3MOB
3a00IeBaHM, YTO MOXKET UMETh BOXXHOE 3HAUCHUE JJIs pPa3pabOTKU HOBBIX METOJIOB JHATHOCTHKH M TEPAIIHU.
Kurouesble cii0Ba

rpadsr, Mmetor MonTe-Kapiro o cxeme MapkoBckux remneit, meroq ®uepa, Gnoorundeckue rpadysl, akTHBHBIH MOTYITh
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MeTopn onpeneneHna akTMBHOro Moy B O10Nornyecknx rpadax ¢ MHOrOKOMMOHEHTHbIMY BECaMM BEPLUMH

Method for identifying the active module in biological graphs
with multi-component vertex weights

Dmitrii A. Usoltsev!™, Ivan 1. Molotkov2, Mykyta N. Artomov3, Alexey A. Sergushichev¥,
Anatoly A. Shalyto5

1.2.3 Institute for Genomic Medicine, Nationwide Children’s Hospital, Columbus, 43205, USA
L5 ITMO University, Saint Petersburg, 197101, Russian Federation

2.3 The Ohio State University College of Medicine, Columbus, 43210, USA

4 Washington University School of Medicine in St. Louis, St. Louis, 63110, USA

! dusoltsev.27@gmail.com™, https://orcid.org/0000-0001-8072-310X

2 jvan.molotkov(@nationwidechildrens.org, https://orcid.org/0009-0008-3566-0160

3 mykyta.artomov(@nationwidechildrens.org, https://orcid.org/0000-0001-5282-8764
4 asergushichev@wustl.edu, https://orcid.org/0000-0003-1159-7220

5 anatoly.shalyto@gmail.com, https://orcid.org/0000-0002-2723-2077

Abstract

An active module in biological graphs is a connected subgraph whose vertices share a common biological function. To
identify an active module, one must first construct a weighted biological graph. The weight of each vertex is calculated
based on biological experiments investigating the target biological function. However, the results of a single experiment
may not fully describe the desired active module, covering only part of it and potentially introducing uncertainty into
the vertex weights. This work demonstrates that employing Fisher’s method to integrate data from multiple experiments
followed by applying a Markov chain Monte Carlo (MCMC) and machine learning—based approach to the results
of Fisher’s method, enables more effective identification of active modules in biological graphs. The study utilizes
the InWebIM protein—protein interaction graph, a human brain reconstruction graph from the BigBrain project, and
a gene graph for the organism Caenorhabditis elegans. To combine the results of several experiments into a single
outcome within one graph, Fisher’s method is applied. Afterwards, the search for active modules is conducted using
an MCMC and machine learning-based method. To validate the proposed method on real data, results from Genome-
Wide Association Studies on schizophrenia and smoking are used, along with the gene expression matrix of patients
with skin melanoma from the TCGA project. Applying Fisher’s method makes it possible to consider the results of
multiple biological experiments simultaneously. Subsequent use of the MCMC and machine learning—based method
improves the accuracy of identifying active modules compared to ranking graph vertices solely by Fisher’s method.
Considering the results of multiple biological experiments when determining active modules plays a crucial role in
increasing the accuracy of identifying the vertices of the active module. This, in turn, promotes a deeper understanding
of the biological mechanisms of diseases, which can be of great significance for the development of new diagnostic
and therapeutic methods.

Keywords
graphs, MCMC, Fisher’s method, biological graphs, active module
For citation: Usoltsev D.A., Molotkov LI, Artomov M.N., Sergushichev A.A., Shalyto A.A. Method for identifying the active

module inbiological graphs with multi-component vertex weights. Scientific and Technical Journal of Information Technologies,
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BBenenue

I'padhbl yacTo MCHONB3YIOTCS IPU AHAIHM3E CIOKHBIX
OHOJIOrMYECKHMX B3aUMOJECHCTBUM, TAKMX KaK OeI0K-0e-
KOBBIE B3aMMOJIEHCTBHS, KO-IKCIIPECCHUS TEHOB MM PEryIs-
st Metabonmuueckux myteit [1-3]. BuyTpu Takux rpados
CYIIECTBYIOT CBsI3aHHbIE MOATPa]bI, BEPIUIMHBI KOTOPBIX
BEITIOJTHSTIOT OOMIYI0 OHOIOTUIECKYIO (PYHKITHIO. DTH IO~
rpadsl HA3BIBAIOT aKTHBHBIMHU MOAYISIMH [4]. Moy,
HampuMmep, B rpade 0emoK-0eTKOBBIX B3aUMOICHCTBUH
TTO3BOJISAIOT MOHATH MPUYUHBI BOSHUKHOBEHHS 3a00IIeBa-
HUH U OTIPENISTUTh BO3MOXKHBIE TEPATEBTHIECCKIE MUATIICHU
[5, 6]. Takum obOpa3om, onpereIeHIe aKTUBHBIX MOYJICH
SIBJISIETCS OJIHOM M3 BXKHBIX 3a/1a4 MPH aHaJM3e OMOJI0THU-
YEeCKUX Ipados.

B pabotax [7, 8] npencraBiacHbI MOAXOAbI sl OMpe-
JICJIeHUs] aKTUBHBIX MOJYNel Ha OCHOBe MeTona MoHTe-
Kapo o cxeme mapkosckux neneit (MKMLI) n metona Ha
OCHOBE MAIIMHHOTO 00y4YEHUsI — I'PaJAUCHTHOTO OyCTHHTA.
OnHaKO TOYHOCTH OIIPEIEIICHHs aKTHBHOTO MOJIYJIS KaK C
rmomo1pio Tosbko Metoga MKMI] [7], Tak u ¢ moMoIIbto
MO/IX0/1a, TIPEAIIOKEHHOTO B [§], 3aBHCUT OT TOYHOCTHU
OTIpe/IeIIEHIs BECOB BEPIINH rpada.

Jlnist oripezienieHyst BECOB B OMOJIOrMYecKoM rpade mpo-
BOZSTCS OKCIIEPUMEHTHI 110 A PepeHInanbHOM IKeIpec-
CHH T€HOB WJIM MYTallMOHHOI Harpy3Ke MeX.y OOJIbHBIMH
W 310pOBBIMH I'pyHIamu Jrofei. Pe3ynbraTsl axcrepu-
MEHTOB aHAJIM3HPYIOTCS C MOMOIIBI0 CTATUCTHYECKOTO
TecTa (Hampumep, t-TecT, TnHelHas perpeccus) [9]. B uro-
re GopMHUpyeTCs CIHCOK TEHOB C COOTBETCTBYIOIUMHU
P-3HAYCHUSIMH, OTPAXKAIOIIUMHU 3HAYUMOCTD aCCOLMALINI
¢ MccaenyeMbIM Ipu3HakoM. Pacripenenenue p-3HaueHUH
XOPOLIO aNpOKCUMHPYETCsi OeTa-paBHOMEPHBIM pacripe-
nenenrneM BUM (a, A) ¢ IJIOTHOCTBIO, BBIUMCIISIEMON Ha
OCHOBE COOTHOILICHHSI:

S =r+(1-DVox1,0<x, A, <, (1)

rJe A — BeC PaBHOMEPHOIN KOMITOHEHTHI; 0. — TapameTp
(opmer Geta-komroHeHTHI [10].

B paGotax [4, 9] npemioxeHo, HCXOs U3 p-3HaUe-
HUI, BEIYNCISITh APUOPHBIA BEC BEPUIMHBI IS 3a]1aH-
HOTO YPOBHS JIOXKHOIIOJIOXKHUTENBHBIX pe3ynbratoB (False
Discovery Rate, FDR) Ha 0CHOBE COOTHOIICHUS:

o—1
p
=\ ——— ,0<p,a<1, 2
w(p) <pFDR> psa ()
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rae p — p-3Haduenue; pFDR — BeposATHOCTH TOrO, YTO
p-3HaUeHHE NMPUHALJICKUT PAaBHOMEPHOMY pacipeserne-
HUI0. DTa BEPOSITHOCTH BBIUUCIIsICTCS 110 hopmye [4, 9]:

(A + (1 - Mo — FDR x A (ﬁ)
FDR(1 - 1) ’

pFDR =
3)

0<ha<l.

TpaaunnoHHO Beca BEPIINH PACCUNTHIBAIOTCS HA OCHO-
BE PE3yJIbTATOB OIHOI'O0 CTAaTUCTUYECKOTO TecTa Mo GpopMy-
naM (2) u (3). OnHaKo B UCCIETOBAHUSIX YaCcTO JOCTYITHBI
pe3yJbTaThl MHOXKECTBA CTATUCTUYECKUX TECTOB, OTpa-
JKAIOLMX Pa3HbIe aclleKThl JaHHBIX: AU depeHnnanbHas
9KCHPECCHs, AMUTCHETHYECKNE MOAN(PHUKAIINH, aCCOLHAIINN
¢ (heHoTumamu. Pe3ynbTarhl KaXkJJ0r0 TECTa pactpe/ieNieHbI
Ha ocHOBe (opMyIbl (1). Yder HeCKONBKHUX CTaTHCTHYC-
CKUX TECTOB JUIS OTIPENIEICHUS allpHOPHOTO Beca BEPIIUH
rpada MOXET MO3BOJNHUTH MOBBICUTH TOYHOCTH aHATH3a.
Takoii BeC SBIAETCSI MHOTOKOMIIOHEHTHBIM (pHC. 1).

J1s coBMemeHns pe3yabTaToB HECKOJIbKUX CTaTH-
CTUYECKHUX TECTOB MCIONIb3yeM MeTof duiiepa, KOTOpbIi
BKJTIOUACT BBIUMCIICHUE CTATUCTUKH XHU-KBapar:

n
X2=-2 ¥ In(p), 0<p;< 1, (4)
i=1
7€ p; — p-3HAUCHHE i-TO SKCTIEPUMEHTA; /1 — YUCIIO 3KC-
TIEPUMEHTOB (CTATUCTHYECKUX TeCTOB) (puc. 1).

J11st BBIYKCIICHUS BEPOSITHOCTHU TOJTYYEHHS CTATUCTHU-
ku X2 u3 pacnpenencHust Xu-KBaapar (¥2) co CTENeHbo
CBOOO/IbI PABHOM YIBOGHHOMY YHCITY IKCIIEpUMEHTOB [11]
HCHOJb3YeTCs COOTHOILICHHE:

» = P2 > X2, df = 2xn), ©)

pcom

L€ Poomph — PE3YIBTUPYIOIINE p-3HAYCHHE; P — BEpOsT-
HOCTB; df — CTeIleHb CBOOOIBI.

Wi

. . Wh-1

O

DKCHEPUMEHT

p-3HayYEHHE

1

P

AKTUBHBIC MOJIYJIM YacTO JOCTOBEPHO HE M3BECTHBHI.
Kpome Toro, oMH 5KCIIEPUMEHT TO3BOJISIET OTPENIEINTh
JIMIIb YacTh aKTUBHOTO MOJYJIS. B 9THX ycioBusX Mojenu-
pOBaHIE aKTUBHBIX MOIYJICH C 3aJaHHBIMU [TApAMETPAMH B
peaTbHBIX OMOTOTHUECKHX Tpadax sIBISETCS ONTUMAIBHBIM
BapHaHTOM.

B macrosmieit paboTe BBITTOIHEHO MOJEIHPOBAHHE
AaKTUBHBIX MOIYNEH C 3aJaHHBIMH NapaMeTpaMi Ha IIOJI-
rpadax ¢ ynuciaom BepmuH N = 1000 B Genok-0em1KoBOM
rpade InWebIM [12]. IIpemsioskeH METOA OIPEICTICHHS
AKTHMBHOTO MOJYJISI JUIsl CIy4asi, KOTIa M3BECTHBI Pe3yJib-
TaThl 71 SKCIIEPUMEHTOB, KaX/IbIii U3 KOTOPBIX MOKPHIBAET
JMIIB YacTh aKTUBHOTO Monyis. [Ipeniaraemsiii MmeTon
OCHOBaH Ha IOCJIeI0BATEIFHOM HCIOIB30BAaHIH METO/a
®umrepa, meroqa MKMII u mammmaHOTO 00y4YeHUs (HC-
HOJNIB3yeTCs TpaguenTHbIi Oyctunr!). DhpekTuBHOCT
MPeIIaraeéMoro MeTo/Ia MPOICMOHCTPUPOBAaHA CPAaBHEHHEM
€ro C TIPOCTHIM PAHKUPOBAHUEM PE3YIIETATOB, ITOTYICHHBIX
TONBKO MeTomoM Duiepa Isi pa3HOTO YUCIIA YKCIEPH-
MeHTOB. [loka3zaHa MPIMEHNMOCTB TPeIaraéMoro MeTozsa
B Tpade U3 MpoeKTa Mo peKOHCTpyKuuu mosra BigBrain
[13, 14] u rearom rpade (U1t BUa KUBBIX OpPTaHU3MOB
Caenorhabditis elegans (HS-LC) [13, 15]. Oueneno xa-
yecTBO MeTona PDuiiepa u npejlaraeMoro MeToia Ha pe-
AJIBHBIX JIaHHBIX MTOJHOICHOMHOI'O aCCOIMATHBHOTO HC-
ciienoBanus (Genome-Wide Association Study, GWAS) o
mM30(peHNH, KypPEeHHIO U SKCIIPECCUH T'€HOB MAIEHTOB C
KOYKHOM MEJTaHOMOM.

1 Chen T., He T., Benesty M., Khotilovich V., Tang Y., Cho H.,
Chen K., Mitchell R., Cano 1., Zhou T., Li M., Xie J., Lin M.,
Geng Y., Li Y. xgboost: Extreme Gradient Boosting. R package
version 1.5.0.2. [DnekrponHsIid pecypc]. Pexxum noctyma: https:/
CRAN.R-project.org/package=xgboost, cBoO60HbIi. S3. aHII.
(nara oOpamenusi: 17.08.2024).
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Puc. 1. CpaBHEHHE OJJHOKOMIIOHCHTHBIX (@) 1 MHOTOKOMITIOHEHTHBIX (b) BECOB BEpIIIHH.

W; — BEC OJIHOKOMIIOHCHTHOIi {-Oi BEPLIMHbI; W; — BEC MHOTOKOMIIOHCHTHOIi j-Oi BEPLIMHEL I, j € {1, N}

Fig. 1. Comparison of single-component («) and multi-component (b) node weights.

w; — weight of the i-th single-component node; w; — weight of the j-th multi-component node; i, j € {1, N}
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IIpennaraemplii MeTox

JTanbl NOCTAHOBKH MaTeMaTH4YeCKoi 3a1a4n

1. Onpenenenne akTHBHOro MoayJs. B orcyTcTBumn
JIOCTOBEPHO N3BECTHBIX AKTUBHBIX MOJLYIICH JUIsl OOJIBILIIH-
CTBa OHMOJIOTHYECKUX COCTOSHHUM MPOBOIUTCS CUMYJISIIHS
AKTUBHBIX MoayJell ¢ G BepIIMHAMU B OEJI0K-0ETKOBOM
rpade InWebIM nocpencrBom noucka B LIMPHHY U3 OJI-
HOH cily4aliHOH BepIIMHBI. {7 MOBBIMIEHUS] CKOPOCTHU
BBIYHMCIICHUI ATOT rpad comIumpyercs (pazouBaercs) Ha
CBSI3aHHBIE MOJrpadbl — YNPOIIEHHbIE OEI0K-0eIKOBbIC
rpadsl. Yucno BepmuH B kax oM noarpagpe N = 1000.

2. OnpenejieHne BeCOB aKTUBHOIO mMoayJasi. Jiist
BEPIINH aKTHMBHOTO MOJYJISl TEHEPUPYIOTCS p-3HAUYCHUS
n3 OeTta-pacmpeneneHus, Ui OCTAIbHBIX BEPIINH — W3
PaBHOMEPHOTO pacipeencHus. [ eneparys moBropsercs n
pa3. st Toro 4To0bI IPOMOIEINPOBATh HAPABICHHOCTD
OMOIOTHYECKUX HKCTIEPUMEHTOB Ha MCCICJOBAaHUE TOIBKO
YacTH aKTHBHOTO MOJYJIS, Ha KaXJIOM dTale reHeparuu
p-3HaueHnit 90 % BepIIMH MaCKUPYIOTCS CITy4alHBIMH 3HA-
YeHUSIMU U3 paBHOMepHOro pacnpenenenus X ~ U[0, 1].
Takum 0Opa3om, Kax/J10i BepIINHE IPUIHCHIBACTCS 11 He-
3aBUCHMBIX p-3HAUCHUIL, UTO COOTBETCTBYET /1 KCIIEPUMEH-
taMm. C nomouibio Metoaa duiiepa sl KaxXJ 10 BEpIIMHbBI
BBIYHCIISICTCS OZIHO p-3HAYCHHE. 3aT€M BBIUHCIISIETCS allpy-
OpHOE 3HAYCHNE MPUHAICKHOCTH BEPIIMHBI K aKTHBHOMY
MOJYJTIO.

ITonck akTHBHOTO MOIYJ/IA U OLleHKAa KayecTBa I0-
HcKa

[Torck akKTHBHOTO MOMYJISL BBIMTOJHACTCS C TIOMOIIBIO
MeToj1a, MpeiokeHHOro B [8], ¢ yuerom 20 % HU3BECTHBIX
0eJIKOB akTMBHOTO MOJyJisl. KauecTBo onpesienieHus akTuB-
HOTO MOJYJsI OLIEHMBAETCS HA OCHOBE METPUK «ILJIOIIAh
oz kpuBoit omm6ok» (Receiver Operating Characteristic
Area Under the Curve, ROC AUC; 3ta BenmunHa Bapbu-
pyeTcst B 1uarasoHe OT HyJs 10 €MHUIBI) U «IyBCTBH-
TenpHOCTEY (Recall@100 — monst mpaBUITBHO OTIpe/IeieH-
HBIX OEJIKOB aKTHBHOTO MOYJIs B repBbix 100 BepmmHax,
PaHXMPOBAHHBIX MO YMEHBIIECHHIO MPEACKA3aHHOHN C IT0-
MOII[BI0 MOJIEIH BEPOATHOCTH BXOXKACHHS B aKTUBHBIH
MOZyJb; 3Ta BEIMUYMHA BAPBUPYETCS B JUANA30HE OT HYJIS
JIO SITUHUIIBI ).

JTansl pelnieHus 321241

1. Cumyasnus 100 pa3nnynbix rpagoB ¢ H3BECTHBI-
MH aKTHBHBIMH MOXYJISIMH

1.1. [us nonydenus rpadoB ¢ TOIOJOTHEH, BCTpeyaro-
1ieiicsl B peaIbHBIX JIAHHBIX, BEIOMPAIOTCS CITydaliHbIe
noxrpags! u3 rpada InWebIM c uncnom BepimH pas-
HbeIM 1000.

1.2. B xaxxnom noarpade InWebIM u3 1. 1.1 paBHOBepo-
ATHO CPEON BCEX BO3MOXKHBIX CBSI3HBIX MOArpados
3aJJaHHOTO pa3Mepa BBIOMpAEeTCs aKTHBHBIA MOIYIb
¢ ucnoip3oBanreM meroga MKMI] n3 memcRanking
(v0.1.0)! pu ycinoBuu, 4TO BCE BEPIIUHBI UME-
0T OJIMHAKOBBIN BeC. Moaynu BBIOMPAIOTCS MOCIIE
1000 urepanuit MKMII, uToObl rapanTHpOBaTh UX

I GitHub — ctlab/memcRanking: Tool To Solve The Active
Module Problem [DnekrpoHHbIit pecypc]. Pexxum noctyma:
https://github.com/ctlab/memcRanking, cBo6onubIit. S3. anr.
(mara obpamenus: 15.12.2024).

HE3aBHCUMOCTBH OT TTOArpag)OB, NCTIOIH30BAHHBIX JUIS
naunmanu3anua MKMI.
2. OmnpeneseHue BeCOB AKTHBHOIO MOLYJIsI

2.1. Jlns ka0 BEpPIIMHBI CUMYIUPYIOTCS p-3HAUCHUS
9KCIIEPUMEHTA, IIPOBEPSIONIETO IIPUHAIC)KHOCTD
BEPIIMHBI aKTUBHOMY MOJYJIO. J[JIsl BEpIINH BHE aK-
THUBHOTO MOJIYJIS p-3HA4EHUsI BEIOMPAIOTCS U3 PaBHO-
MEpPHOTO PACHPEeNICHHNs, VISl BEPIIUH U3 aKTHBHOTO
Moxynst — u3 Oera-pacnpenenenus. s 90 % Bep-
LIMH aKTHBHOTO MOJIYJISI p-3HAuEHUsI MACKUPYIOTCS
CITy4aifHBIMH 3HAUEHISIMU 3 paBHOMEPHOT'O pacipe-
nenenus Ha uHtepsaie (0, 1].

2.2. 1. 2.1 moBTopsieTcst n pa3, TAKUM 00pa3oM, 4TOOBI
KaX/10} BepIIMHE COOTBETCTBOBAJIO /1 p-3HAUCHUH.

2.3. lns KaxJa0ro p-3Ha4ye€HUs MPUMEHSIETCS METOJ
@uinepa: cuntaercs X2 1o Gpopmysie (4) U pe3yabTu-
pyrotee p-3HadeHue mo Gopmyre (5).

2.4. Tlomy4ueHHOE p-3HAYCHUE aMPOKCHMAIlel OeTa-pas-
HOMEPHBIM pacIpeieNiCHneM Ipeodpa3yeTcs B anpu-
OpHBI Bec 1o hopmymam (2) u (3).

3. ITorck aKTHBHOTO MOYJIsSl

3.1. BeposaTHOCTH TOTO, 4TO TOATPad SABISAECTCS AKTUBHBIM
MOJIyJIEM, PAaCCUUTHIBACTCS KaK MPOU3BEICHUE BEPO-
SATHOCTEH TOTO, YTO KaXKAasl BEpLIMHA NPUHAIJICKUT
9TOMY MOJYJTEO. JIJIs HOJTyYMBIIETOCS BEPOSITHOCTHOTO
MIPOCTPAHCTBAa HA MHOXKECTBE CBA3HBIX MOATpagoB
dbopmupyercs BeiOopka pasmepa 100 ¢ moMoriso
merora MKMI] 13 memcRanking (v0.1.0), ucrions3yst
10 000 cumynsaunit MKML. [Tociie aToro juist kKax o
BEPIINHBI ONIPEACIISETCS SMIINPUIECKast BEPOSITHOCTD
BXOX/ICHHSI B aKTUBHBIN MOIYIb — JOJIS TOArpadoB
13 BEIOOPKH, KOTOPHIE BKITIOYAIOT B CE0S 9Ty BEPIIMHY.

3.2. Ilpumensercs MeTon, n3noxeHHsId B [8]. 20 % Bep-
LIMH aKTUBHOTO MOAYIIS BBIOUPAIOTCS C MMOMOIIIBIO
reHeparopa CIy4aiHBIX YHCENl M UCIIOJIB3YIOTCS Kak
U3BECTHBIC BEPIIMHBI. BBIUNCISIOTCS PacCTOSHUS
OT Ka)XJJOW BEPUIMHBI JI0 TpeX OJIKalIInX OeKoB
aKTHBHOTO MoayJIst. Vcronb3ys nosrydeHHbIe paccTo-
SIHUSL M BEPOSITHOCTD, OTpe/IeNIeHHYI0 B 1. 3.1, o0yya-
eTcst MOJIeITb TPAANSHTHOTO OYCTHHTA C ITapaMeTpaMH,
onucaHHbIMU B [8]. Tak kak oOIee Ynciao aKTUBHBIX
moayneit pasaserca 100, To 50 ucnonb3yrores st
TPEHUPOBKH MOJENH, a ocTaBmmecs 50 — st Te-
cTupoBaHus. V3BecTHBIE OEIKH B aKTUBHBIX MOYIISIX
nckiogaroTcs. Ilpu TpeHupoBke Monenu Oenkam,
BKJIIOYEHHBIM B aKTHUBHBII MOJYJIb, IPHCBAUBACTCS
€IMHUIIA, a OCTAIFHBIM OeIKaM — HOJIb.

3KC]IepI/IMeHTaJI]>Haﬂ OIlCHKA MmpeajaraeMoro Meroaa

Cumynsnuu ObIM mpoBeaeHbl Jias G = 100 u
n € {1, 3, 10, 50}. DddexruBHOCTH MeTOna DUIicpa U
METO/1a, U3JIOKEHHOTO B [8], OIleHMBaNIach ¢ TIOMOIIBIO Me-
tpuk ROC AUC u Recall@100. MeTtpuku onpenensuinch
Juis kaxoro noarpada InWebIM, nociie aToro Beramc-
JSUTIOCH CpeiHee 3HAYCHUE KaXKIA0M METPUKH U3 BHIOOPKH
B 50 moarpacdos. Ilpu n = 1 pe3ynbrarTsl, NoJydaeMble
IpeIaraeMbIM METOIOM M METOJIOM, U3JIOKEHHBIM B [§]
COBIIAJIH, ITPH YCIOBUHM MAaCKUPOBKHU p-3HaueHuH a1t 90 %
BEPIINH aKTUBHOTO MOJYJIS CIIyJallHBIMH 3HAUCHUSIMH W3
paBHOMepHOTO pactupenenenus Ha uarepsane (0, 17.
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Ta6/m14a. CpaBHeHI/Ie npepjiaracMoro Meroza u Meroaa @Hmepa B 3aBUCHUMOCTH OT IMapaMETPOB 0L U 1

Table. Comparison of the proposed method and Fisher’s method depending vs. the parameters o u #

ITapameTper IIpennaraemsrii MeToO Merox ®umepa
o n ROC AUC (+std) Recall@100 (+std) ROC AUC (+std) Recall@100 (+std)
0,2 1 0,69 + 0,11 0,38 £ 0,19 0,54 £ 0,03 0,15+0,03
0,2 3 0,68 + 0,09 0,36 = 0,17 0,58 £ 0,03 0,21 £ 0,04
0,2 10 0,74 £ 0,07 0,46 = 0,13 0,70 = 0,03 0,36 = 0,04
0,2 50 0,87 £ 0,05 0,70 + 0,11 0,90 + 0,02 0,68 = 0,06
0,8 1 0,61 +0,12 0,26 = 0,19 0,51 + 0,04 0,12 = 0,03
0,8 3 0,65+0,11 0,30+ 0,21 0,51 £0,04 0,12 +0,05
0,8 10 0,62 + 0,10 0,27+ 0,16 0,52+ 0,03 0,11 £0,03
0,8 50 0,67 +0,14 0,37 £ 0,24 0,54 + 0,03 0,14 + 0,04

Ipumeuanue. (+std) — crannapTHoe OTKIOHEHHE. JKUPHBIM MIPH(GTOM BBIJIEICHBI 3HaUeHUS 11t n = 1 nn = 50.

B Tabnmune npencraieHbl pe3yabTaThl KauecTBa orpe-
JIETICHNS] BEPIIVH aKTUBHOTO MOJYJIS MTpEAIaraeMbIM Me-
TomoMm u MeTooM Pumiepa st o = 0,2 u o = 0,8 u uncio
9KCTIEPUMEHTOB 71.

[Ipu yBenmuenuu n B ciaydae o = 0,2, korna 6era-pas-
HOMEPHOE pacIipeieiCHHE COACPKUT Oosiee nHpopMma-
THUBHYIO 6eTa-KOMHOHeHTy, 3HAYUTCIBbHO pAaCTyT Kak
3¢ GEeKTUBHOCTD TpeasiaraeMoro Meroa (pyu yBeuye-
Huu n ot 1 10 50 mpupoct ROC AUC coctaBuin 26 %,
a Recall@100 — 84 %), Tax u 3pPeKTHBHOCTH MeTOAA
dumepa (ROC AUC — 67 %, Recall@100 — 353 %).
Takoli pocT 3HaUE€HHUH METPHUK KayecTBa CBUICTEIbCTBY-
€T 0 TOM, 4TO JOIOJHHUTEIbHAss HHpOopMarus (Gonbiiee
YHCIIO0 HKCIIEPUMEHTOB) yITydIIaeT ONPEAEICHUE BEPIINH
akTHBHOTO Mozyiisi. [Ipesmaraemplif METOZ yCTaHABIMBACT
aKTHBHBIE MOJYIIH ITPEUMYILECTBEHHO 3 PEeKTUBHEE, YEM
Meto Duinepa Mo 00erMM METpUKaM KadecTBa, OCOOCHHO
npu 7 ot 1 o 10. IIpu n = 50 pe3ynbraTs! OB CXOKH AT
000MX METOJIOB.

Ipu yBenuuenuu n B ciaydae o = 0,8, korna 6era-pas-
HOMEpHOE paclipe/ielieHre OJuxe K paBHOMEPHOMY,
HE3HAYUTENIBHO pacTeT Kak 3(()eKTUBHOCTH Mmpejyiara-
emoro Meroza (Tpu yBenudeHuu n ot 1 1o 50 mpupoct
ROC AUC coctasun 10 %, Recall@100 — 42 %), tax
n 3¢ pexruBHOCTh MeTona Pumepa (ROC AUC — 6 %,
Recall@100 — 17 %). IIpennaraeMblii METOJ] OTIpEIENICT
aKTHBHBIE MoAynH 3(dexTuBHee, ueM Meton Dumepa mo
00enM MeTpUKaM KauecTBa AJIsl BCEX /1.

Hns BapuantoB mapameTpoB o € {0,2; 0,8} u
n € {1, 3, 10} npeayaraeMbiii METOJ] IGMOHCTPHPYET Oostee
Beicokue 3HadcHuss ROC AUC u Recall@100, uem metox
Oumepa. Onnako mpu o = 0,2 u n = 50 meron Pumepa
mokasan Oosiee Bbicokoe 3HaueHue mMeTpukn ROC AUC,
YTO yKa3bIBAaeT Ha TO, YTO B ITHX YCIOBUIX MH(OPMAIIHH,
TIOJTYYEHHON TOJIBKO M3 SKCIIEPUMEHTOB, YK€ JOCTATOUHO,
a y4eT B3aMMOJICHCTBUH B Tpad)e CTaHOBUTCS N30BITOUHBIM.
JlanpHelee MOBbIIIEHUE YHCIa SKCIIEPUMEHTOB 71 SIBIISIET-
sl HereNecooOpa3HbIM T TaHHOTO Habopa mapaMeTpoB
G u a B rpade InWebIM.

CyMMapHo, Tpe/iIaraeMbIii METOJT IEMOHCTpUpYET 00-
Jiee BBICOKYIO MITH PaBHYIO TOYHOCTH OIPEJICIICHHsI Bep-
IIWH aKTUBHOT'O MOAYJIA 11O CPABHEHUIO C PAHXXUPOBAHUEM
BEpIIMH Ha OocHOBe MeTona duiepa, 4TO MOATBEPK/Ia-

ercsa nyummmu 3HadeHUIMA ROC AUC (puc. 2, a—d) n
Recall@100 (puc. 2, e—h) B GOTBIIMHCTBE CUMYISIUI C
POCTOM 3HA4YCHUS 0.

[IpemmaraeMbIif METOI MOJKET OBITH MMPHUMEHEH K pas-
JMYHBIM OJJHOPOJHBIM OnonorundeckuM rpadam. B xaue-
CTBE TpUMepa ObLIM BbIOpaHbI JBa HE3aBUCUMBIX rpada:
rpad HEHPOHOB B TOJIOBHOM MO3re uejioBeka BigBrain
(177 584 Bepumnbl u 15 669 037 pebep) u reHHbIi rpad
BUJ1a )KUBBIX opranu3moB Caenorhabditis elegans (HS-LC)
(4227 Bepurun u 39 484 pedpa).

K o6oum rpadam OblT NpUMEHEH NpeaaracMblid Me-
tox. Ipupamenns merpuk ROC AUC n Recall@100 s
MIPEeITaraéMoro MeTo/ia ObUIN aHAJIOTHYHBI IPUPAIICHUSIM
9THX MeTpHK Ha rpade InWebIM mo cpaBHEHHIO C METOIOM
durrepa 3a HCKIFOYEHHEM OOJBIIOTO YHCTA HKCIICPUMEH-
ToB (7 = 50). [Tpr TaKOM YHCIIE HKCTIEPUMEHTOB M BBICOKOH
MH()OPMATHBHOCTH KAXKJOT0 OTISJIBHOIO 3KCHEPUMEHTa
(00 < 0,6) meron dumepa HECET AOCTATOUYHYIO MHOpPMa-
MO O TIPHHAJUIC)KHOCTH BEPIINHBI K aKTUBHOMY MOJIYIIIO.
Wudopmanust o Tornonoruu rpagda B TAKOM ciIydae cTaHo-
BUTCS U30BITOYHOM, YTO TIPUBOJUT K OTCYTCTBHIO IIPUPOCTA
ROC AUC npeanaraeMoro MeTojia o CpaBHEHHUIO C METO-
nom @umepa kak B ciydae rpagda BigBrain (puc. 3), Tak
u cumxenuto kauectsa ROC AUC B cpeaneM Ha 6 % s
rerHoro rpada (HS-LC) mpu a < 0,6 (puc. 4). Recall@ 100
B cpenHeM yxyamaercs Ha 8 % aist rpada BigBrain n Ha
10 % nnst rpadpa (HS-LC) mpum a < 0,6.

Banupauusi npeajiaraeMoro Merojaa
C UCMTOJIB30BAHUEM pPeE3yJIbTAaTOB
OMOJIOTHYECKUX IKCIIEPUMEHTOB

I'eneTnyeckue ucciaegoBanus mu3ogppeHnu

OnuH 13 OCHOBHBIX METOJIOB OIIPEIEICHHS CBS3H MEK-
ny JAHK u 6one3npro — GWAS. Pesynsratom GWAS siBis-
€TCsl MHOXKECTBO JIOKycoB (oTpe3koB JJHK, Brirouarommx
OT OJIHOTO JI0 HECKOJIBKUX T'€HOB) U UX CTAaTHCTHYECKYIO
3HAYUMOCTb.

1. Bo3Hukaer 3aaya NpUOPUTU3ALNN T€HOB BHYTPH
JIOKyCa 10 OTHOIICHHIO K Oose3nu [16, 17].

2. CucteMarndyeckoe CpaBHEHHE TOYHOCTU METO-
na dumiepa u npeagaraeMoro MeToza IMpOBOAMIOCH HA
IpHUMepe pemieHus 3a1a4u u3 1. 1. Bpiio uenoiabs3oBano
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Puc. 2. Pezynbrarsl cumysrsiiuid uist InWebIM. Cpasrenne merpuk ROC AUC u Recall@100 B 3aBucuMocTH OT IapaMerpa o 6eTa-
paBHOMEpHOTO pacnpenencHus u yncia sxcrnepumenToB. ROC AUC (a—d); Recall@100 (e—h)

Fig. 2. Simulation results for InWebIM. Comparison of ROC AUC and Recall@100 metrics vs. the parameter o of the beta-uniform
distribution and the number of experiments. ROC AUC (a—d); Recall@100 (e—h)

GWAS 1o mmzodpenn [18]. 49 p-3nauennii i kaxxmoro  Huu 200 000 map oCHOBaHUMN OT CEpPEeMHBI Ka)XI0ro reHa
reHa ObUTH TOJTyYeHBl METOJIOM, OMMMCAaHHBIM B [19, 20] 3 akTuBHOrO Moxyisa. Kaxaplil ToKyc BKiIOUaad HE MeHee
GWAS no mmzodpennun. B kadecTBe reHOB akTUBHOTO ~ JIBYX TeHOB. OJIMH 9KCIEPUMEHT COOTBETCTBOBAJ OJHO-

MoayJst Obli BIOpaHbl 105 U3BeCTHBIX reHOB mM30ppe- My U3 49 MONYy4YeHHBIX p-3HAYEHUH JUIsl KaKI0r0o TeHa.
HUM 13 padot [21-23]. B xadecTBe TeHOB BHE aKTHBHOTO  ODKCIIEPUMEHT BBIOMpAJICS CIIy4alHO C MOMOIIBIO T'eHepa-
MOJyJisl BBIOpaHbI T€HBI, PACIOJIOKEHHBIE HAa PacCTOs-  TOpa MCEBOCITyYaHBIX YHCEIL.
a b c
0,91 — Meron ®uwepa n=1 0,91 . 0,91 n=10
-- [Ipennaraemplii MeTOJ

Q - mememo= ™ Q ~ ) L ...----. -
20,71% 50,71 v saaa==" s, 80,7. — 8
< < < <
B g : s

0,51 0,51 0,5

02 06 10 02 06 10 02 06 10 02 06 10
ITapamerp o [Tapametp o Iapamerp o IMapamertp o
e n=1 S n=3 & n=10 h n=150

(=l o
S 04/ S 0,4 8 0,4 g 0.4
= - e = = R U LS = e T T — =
Q 1 |33 Y ! 15 Y 151 1

O,O L T T T T T 0,0 L T T T T T 0’0 L T T T T T O’O L T T T T T

0,2 0,6 1,0 0,2 0,6 1,0 0,2 0,6 1,0 0,2 0,6 1,0
[Tapamerp a [Tapametp o [Tapamerp a ITapamerp o

Puc. 3. Pesynbrarsl cUMyISIIuiA 171 rpada peKOHCTPYKIUU Mo3ra uenoBeka BigBrain. Cpasaenue metpuk ROC AUC u Recall@100
B 3aBUCHMOCTH OT Iapamerpa o 6eTa-paBHOMEPHOTO PAacIpe/IeICHUs U YNCIIa SKCIICPUMEHTOB.

ROC AUC (a—d); Recall@100 (e—/)

Fig. 3. Simulation results for the BigBrain reconstruction network. Comparison of ROC AUC and Recall@100 metrics vs. the
parameter o, of the beta-uniform distribution and the number of experiments. ROC AUC (a—d); Recall@100 (e—h)
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Puc. 4. Pesynprarsl cuMyJIsILUiA Ut TeHHOTO Tpada Buaa xuBbX opranu3Mos Caenorhabditis elegans. CpaBHenue merpux ROC
AUC u Recall@100 B 3aBucuMOCTH OT apamerpa o OeTa-paBHOMEPHOTO PACIIPEACIICHUS U YKHCIIa SKCIIEPUMEHTOB.

ROC AUC (a—d); Recall@100 (e—h)

Fig. 4. Simulation results for the gene network of Caenorhabditis elegans. Comparison of ROC AUC and Recall@100 metrics vs. the
parameter o of the beta-uniform distribution and the number of experiments. ROC AUC (a—d); Recall@100 (e—h)

3. IIpuMeHeH npeuiaraeMblii METO C y4eTOM TOTO, UTO
pesynbrarel MeTona MKMLI, HopManu30BaHbl B [uana3oHe
OT HYJISI 10 €AMHUIIBI ISl KaXKA0TO JIOKYCa HE3aBUCHMO.
B kauecTBe OMOIOrHYecKoro rpada UCIoab30BaH rpad
0erok-0eKoBbIX B3auMozeicTBuil InWebIM, rie kaxaomy
0eJIKy COOTBETCTBOBAJ OJUH I'eH. MI3BECTHBIMU reHaMU
AKTUBHOTO MOJYJNA JAJIS MpeyiaraéMoro MeToja Ha3Haua-
nuch 10 coygaiinbix reHoB u3 105 usBectHbix. OcTanabHbIe
TeHBI MCIIOJIB30BAJINCH JIUISl BAJIMJAIUY [IPEIaraeMoro

MeTofa. DToT MeTox 1 Metox Pumiepa OblIM MPUMEHEHBI
100 pas.
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4. Tounocts MeToma DuITIepa U MpeATIaraeMoro MeTona
OIICHMBAIACh ¢ TOMOIIBbI0 MeTpuK KadectBa ROC AUC
u Recall@200 (mosst mpaBUIIBHO ONPE/EICHHBIX TEHOB
AKTUBHOTO MOy B miepBhIX 200 BepmnHax).

5. W3 paccMoTpeHust KOpoOUaThIX AUArpamMm CIICAyeT,
YTO MpeAsiaraéMblii METOJ] B CPETHEM MOKa3all pe3ybTaThl
nyudie, yeM metoa @umepa. ROC AUC npeyiaraeMoro
METOJIa JUTS OHOTO 3KCIIepUMeHTa ObUT Ha 13 % BbIIIe, 11
Tpex dKCrepuMeHTOB Ha 8 % Bbiie, it 10 sxcnepuMeH-
TOB Ha 5 % BbIIe, 1 49 skcrepuMeHToB Ha 6 % BbIIIE
(puc. 5, a). Recall@?200 mns mpeamaraeMoro MeTosa ObIT
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Yucno SKCIICPUMCHTOB

Puc. 5. KopoGuatbie quarpamMMsl JJis ipeiaraeMoro merozaa u Metona @umepa s GWAS no muzoppennn. ROC AUC (a),
Recall@200 (b); t-TecT UCTIONB30BaH AJIsl CPABHEHUS] METPHUK MEX Iy MeTofamu (**** — p-3pauenne < 0,0001;
**% _ p-spauenne < 0,001; NS — He3Haunmo)

Fig. 5. Application of the proposed method and Fisher’s method for GWAS on schizophrenia. ROC AUC (a), Recall@200 (b);
the t-test was used to compare metrics between methods (**** — p-value < 0.0001; **** — p-value < 0.001; NS — not significant)
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Puc. 6. Kopobuatsle quarpamMMsl IS IpeiaraeMoro Meroaa u Mmetona dumepa i ganabix GWAS 1o npucTpacTHio K KypeHHIO.
ROC AUC (a), Recall@200 (b); t-TecT uCTIonb30BaH Uil CPABHEHUSI METPUK MEXIy MeTogaMu (**** — p-sgauenne < 0,0001;
NS — He3HaunMO)

Fig. 6. Application of the proposed method and Fisher’s method to GWAS data on smoking addiction. ROC AUC (a), Recall@200
(b); the t-test was used to compare metrics between methods (**** — p-value < 0.0001; NS — not significant)

nydiie metoaa @umiepa B cpeaneM Ha 12 % st 0HOTO
JKCIepUMeHTa, Ha 6 % 1 TpeX HKCIepHMEHTOB U Ha
20 % a1 49 sxcniepumenToB. B ciiyuae 10 sxcriepuMeHTOB
Recall@200 npemmnaraemoro Metoaa u merona duinepa He
oriryaics (puc. 5, b).

I'enernueckue ncciaenoBanns B Poccuiickoii momy-
JISIHH

Cocroscst pexu3 nepBoit 6a3el manHbIx GWAS mc-
cnenoBanuii B Poccun (bruo6ank Poccun) [24]. Meton
dumrepa u npeaTaraeMblii METOA ObUTH MPUMEHEHBI JUIS
Takoro (heHOTHIA, KaK TEeHETHUECKUE PUCKHU TPUCTPACTUS
K KypeHuto u3 buobanka Poccuu!. 175 u3BecTHBIX reHa
Jutst jarnoro genoruna ObuM B3aThl n3 GWAS-karanoraZ.
B KauecTBe M3BECTHBIX TEHOB aKTUBHOTO MOJTYJISI JIJTSI TTpei-
JlaraeMoro MeTojia ObLIM BBIOpaHbI 9 Clly4aifHbIX TEHOB U3
175 n3BecTHbIX. OCTaNIbHBIE TEHBI UCMOIB30BAIUCH IS
BaJIMJIAIMK TIpeiaraeMoro Merona. B kadecrse Ouoso-
rHYecKoro rpaga npumeHeH rpad Oenok-0enKkoBbIX B3a-
mmopeiicteuir InWebIM. ROC AUC minst mpenaraeMoro
MeToJia He OTIMYaJCs OT MeTona dumepa uIst OHOTO
skcniepuMenTa. Recall@200 mis mpeamaraemoro merona
Ob11 myuine metoza Pumepa B cpennem Ha 11 % mms Tpex
9KCTIEPUMEHTOB, Ha 9 % s 10 skcriepuMeHToB U Ha 6 %
TUtst 49 sKCnepuMeHToB (puc. 6, b).

I'eHeTHYecKkue HCCIe10BAHUS KOKHOI MeJIaHOMBI

B [25] onncaHbl pe3ynbTaThl HCCASTOBAHUS, B KOTOPOM
OLICHMBAJIOCH BIIMSIHUE HKCIIPECCUH KaXKAOTO OTIEIHHOTO
reHa Ha BEDKMBAEMOCTbH MAIMEHTOB C KOKHOW MEITaHOMOM
B JIByX HE3aBUCHMBIX Tpymmax. K aTuM pesynsraram ObuUTH
npuMeHeHb! Metont Puepa u npeyiaraemMslii Mmetos1. B ka-
YEeCTBE M3BECTHBIX T€HOB MCIIOJIb30BaHbI 11 MMMYHHBIX
TeHOB u3 [25]. buonorndeckuii rpad MOCTPOCH M3 TaHHBIX

1 BuoGank Poccuu [DnexrporHbiii pecype]. Pesxxum mocryma:
https://biobankrus.almazovcentre.ru/pheno/SMNE, cBoOO0IHBIi.
S13. pyc. (nara obpamenust: 15.12.2024).

2 GWAS-catalog [Dnekrponnslii pecypc]. Pexum gocryna:
https://www.ebi.ac.uk/gwas/, ceoboambIit. SI3. anri. (nata obpa-
menust: 15.12.2024).

AKCIPECCHUHU TEHOB METOIOM CEMIUTUPOBAHMUS OafieCOBCKHIX
cereit [26].

I[J'IH TOTO '-ITO6bI OLUCHUTDH HpaBI/IHLHOCTI) nonyquHoro
AKTUBHOTO MOJYJIS, TCHBI OBUIA PaHKHPOBAHBI IO MPE/I-
CKa3aHHBIM 3HAYCHUSM MPHUHAJIC)KHOCTH K aKTUBHOMY
MOJIYIIIO MpeIaraeMbIM METOJIOM U MeTonoM Dumiepa
He3aBucuMo. 3areM K nepBoil 1000 reHOB U3 KaxJ10ro
CIIICKa HE3aBHCHUMO TIPUMEHEH METOJ 00OTameHus Omo-
norudeckux myteit [27]. Beero 6pu10 BEIENEHO 62 6HOIO-
THYECKUX MyTH. Pe3ybraTsl cTaTHCTHYECKOH 3HAYUMOCTH
JUTS MeTozia o0oTameHns] OMOOTMYECKHX My TeH Ha OCHOBE
Pe3yaBTaTOB MpeAaraeMoro Merona u Meroga dumepa
MmoKasaHbl Ha puc. 7. Kaxkmas Touka COOTBETCTBYET CTaTH-
CTHYECKON 3HAYMMOCTH U1 METOAa o0oraIieHus: O1oo-
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Puc. 7. OneHka kayecTBa [OJY4E€HHOI'O aKTUBHOTO MOJYJIS
KOYKHOM MEJIaHOMBI npemgiiara€MbIM METOAOM U METOAOM
duiepa

Fig. 7. The quality of the obtained active module of skin
melanoma by the proposed method and the Fisher method
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ruueckux myrei. CMmelieHre Touek BIpaBo OTHOCUTEIBHO
JIMaroHaJILHON KPUBOM (pHC. 7, yHKTUPHAsI KPUBAs1), CBU-
JIETEeIILCTBYET O TOM, YTO PE3yJbTaThl MeToa oborarie-
HUSI OMOJIOTHYECKUX MYTEH, IMOTydeHHbIE Ha OCHOBAHUH
Pe3yJIbTaToOB MPEATIaracMoro MeTo/a, CTaTHCTHYECKH Ha-
Je)KHEEe, YeM Ha OCHOBaHHUM PE3YJIBTATOB, MOJyUYEHHBIX
merogoM duiepa.

3akarouenne

B pabote npemioxkeH MeTo ONpeeNIeH s aKTHBHBIX
MoJylneil B Onoaoruyeckux rpadax ¢ MCIoIb30BaHUEM
MHOT'OKOMITIOHCHTHBIX BECOB BEPIINH. 9TtoT METOJ OCHOBAH
Ha I0CJIe/I0BaTeIbHOM TPUMEHEHHH MeTozia Duinepa s
HUHTETpalu JaHHbIX HECKOJIbKUX 6[/IOJ'IOFI/I‘leCKI/IX OKCIIC-
puMeHTOoB, MeTosia MoHTe-Kapio no cxeme MapKOBCKHX
LieTIel /TSt TeHEepaliy BEPOSITHOCTHBIX BEIOOPOK CBSI3HBIX
noarpaoB, 1 MalIMHHOTO O0y4eHHsT — I'PaJUCHTHOTO
OyCTHHTa /ISt ydeTa TOIOJIOruH rpada.

DKcTeprMeHTaIbHas OIIEHKA, BBITIOJTHEHHAS HA CUMY-
JUPOBAHHBIX aKTHBHBIX MOIYJISIX rpada 0emoK-0eTKOBBIX
B3auMoercTBuii InWebIM, a Takyke Ha HE3aBUCHUMBIX
Omonorndeckux rpadax, Takux Kak rpad) peKOHCTPYKIIUI
Mosra BigBrain u renHsIif rpad Buaa KUBBIX OpraHU3-
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MoB — Caenorhabditis elegans, npogeMOHCTpUPOBaja 3Ha-
YHUTEILHOE MOBBIIIEHUE TOYHOCTH TPEIaracMoro MeTo/1a
0 CPaBHEHUIO ¢ MeTOI0M DuIiepa, KOTOPIi HE YUUTHIBA-
eT TomoJoruio rpada. B wactHocTH, OBUIO MOKA3aHO, YTO
TOYHOCTH OIPE/ICTICHHsI AKTUBHBIX MOJYJICH Tpe/IaracMbiM
METOJIOM YBEIMUYHBACTCSI C POCTOM YMCIIA YUUTHIBAEMBIX
OHOIOrMYECKUX IKCIICPUMEHTOB.

Banujanus Ha peabHbIX JaHHBIX, TOTYyYCHHbIX B FeHe-
THYECKHUX UCCIICAOBAHUSIX IM30(DPEHUM 1 KyPEHHUSI, & TaK-
)K€ Ha DKCITPECCHOHHBIX TAHHBIX MAIIUEHTOB C MEIAHOMOM,
MOATBEPIKAAET MPEUMYILECTBA PEIATAEMOr0 METO/IA: OH
JIEMOHCTPHpPYET 00JIee BHICOKOE KaueCTBO MAECHTU(UKAIIMN
AKTHBHBIX MOJIYJIEH 110 CpaBHEHUIO ¢ MeTooM Duriepa.

BaxkHbIM OrpaHUYeHUEM MPEIOKEHHOTO METO/A SB-
JISICTCS TIPE/ITIONIOKEHNE O HE3aBUCUMOCTH CTAaTUCTUK 3
Pa3HbIX OMOJIOrHYECKUX IKCHEPUMEHTOB. Eciau Mexay
JKCIEPUMEHTAMHU CYIIECTBYET CHJIbHAsSI KOppesius (Ha-
MpUMeEp, OJJMHAKOBBIC 00pa3Ilbl HIIM MEPECEKAONUECS
JAaHHBIE), KITaccudecknil Meton duinepa MOKET mepeorie-
HUBATh 3HAYUMOCTb UTOTOBBIX PE3yJIbTAaTOB. B 1M000HBIX
cilydasix HeoOXOAUMBI JIOTIOJHUTENIbHBIE KOPPEKTHPOBKH
WJIN PACIIUPEHHBIC MOAXO/bl K 00bEAMHEHUIO CTATHCTHK,
YUUTBHIBAKOLINE HAIMYUE KOPPEISLUNA MEXKIY IKCIEPU-
MCHTaAMMU.
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Abstract

This study focuses on the dynamic response of porous functionally graded nanomaterials to moving loads. The analysis
was performed using two approaches: the Ritz method with the help of the benefits achieved by employing Chebyshev
polynomials in the cosine form and the differential quadrature method with further inverse Laplace transformation. Both
approaches utilize the formulation of a nano-thin beam considering an improved higher-order beam model and nonlocal
strain gradient theory with two characteristic length scales, referred to as nonlocality and strain gradient length scales.
Power-law dependencies steer the constituent designs of pore-graded materials toward pore factors that influence pore
volume either with a uniform or non-uniform distribution of pores. Moreover, a variable scale modulus was adopted
to further improve accuracy by considering the scale effects for graded nano-thin beams. The first part of the study
addresses the equation of motion, which is solved by applying the Ritz technique with Chebyshev polynomials. In the
second part, the governing equations for nanobeams are discussed where the differential quadrature method is used to
discretise them further, and the inverse Laplace transform is used to obtain the dynamic deflections. The results of the
present study elucidate the effects of the moving load speed, nonlocal strain gradient factors, porosity, pore number and
distribution, and elastic medium on the dynamic deflection of functionally graded nanobeams.
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AHHOTAIUA

HccnenoBan mMHAMHYECKUAN OTKIMK MOPUCTHIX (PYHKIMOHATHHO-TPAIUCHTHBIX HAHOMATEPUAIOB HA JBIKYIINECS
Harpy3Kd. AHAJIN3 TIPOBOIUIICS C UCIIONB30BAaHUEM JIBYX ITOJXO/IOB: MeTOoa PHUTIA ¢ MCIIONB30BaHUEM MTPEUMYIIICCTB,
JIOCTHTAEMBIX 32 CYCT BHENIPCHHUS ITOJTHMHOMOB YeObimeBa B popMme KocuHyca, 1 MeTosia qudGepeHIINaIbHBIX KBAIPpaTyp
C MOCJEAYOIMM 00paTHbIM npeobpazoBanuem Jlamraca. Oba moaxoaa MPUMEHSIOT MOJICIb HAHOTOHKON OaJKu ¢
Y4ETOM YIYYIICHHOW MOJeH 0oJiee BHICOKOTO MOPSIKA M HEJIOKAILHOW TCOPUHU rpagucHTa aedopMaiiiu ¢ ABYMs
xapaKTepran IIKaJIaMH1 JJJIMHBI, Ha3bIBACMBIMHU HIKAJIaMHU HCJIOKAJIbHOCTH U r‘pazmeHTa ﬂe(bopmaunu. CTeHeHHble
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3aBHCUMOCTH OPHEHTHPYIOTCSI Ha COCTaBHBIX KOHCTPYKIIMSX TOPUCTBIX MaTePHAIIOB C Pa3INYHBIMU (hakTopaMu: 00beM
HOp, paBHOMEPHOE WJIM HepaBHOMEPHOE pacrpeeseHne mop. [IpHHsT nepeMeHHbIH MOTy/Ib MacIuTada Ats JaibHeHIIero
TMOBBIIICHNS TOYHOCTH 32 CHET y4eTa MaclITaOHbIX 3((EKTOB s TpaynpOBaHHBIX HAHOTOHKHX Oasok. B nepBoit uactu
paboThl PACCMOTPEHO YpaBHEHHE JBMIKEHHUS, KOTOPOE PEIICHO MyTeM NPUMEHEHUs TEeXHUKH PHUTHA ¢ TOIMHOMaMU
UeOpIimena. Bo BTopoii 4acTh BBITIOITHEH aHAIM3 YPaBHEHHUS [Tl HAHOOAIIOK, I7Ie TPUMEHEH MeTO AU(PepeHIIHATEHBIX
KBaJpaTyp A UX JajbHeilied quckpeTisanun, a oopaTHoe npeodpaszoBanue Jlarnaca HCHOIb30BaHO UL TTOTyYESHHS
JMHAMHYECKUX MPOTHO0B. Pe3ynbrars! MccaenoBaHmsI MO3BOJSIIOT OOBSICHUTD BIIMSIHIE CKOPOCTH JBIKYIIEHCS HArpy3KH,
HEJIOKAIBHBIX ()aKTOPOB IpagrenHTa aeopManu, MOPUCTOCTH, YHCIIA U paclpeeIeH s 1T0p, a TaKXKe YIPYTOit cpesibl
Ha AMHAMHUYECKUil Nporud (GyHKIMOHAIBHO-TPAyHPOBAHHBIX HAHOOAIOK.
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Introduction

Mechanical characteristics of nanoscale structures,
including nanoscale beams or nanosized plates, based
on non-classic elasticity theories have been an important
case study in recent decades [1]. This is because of the
broad application of nanoscale structures in nanosensors
or nanoelectromechanical systems. The most familiar
theory for modeling nanoscale structures is nonlocal
elasticity [2]. In these theories, scale factors were
introduced to interpolate the influence of small sizes.
Pursuant to Nonlocal Elasticity Theory (NET), the stress
field must be nonlocal because the relationship between
the stress and strain at a point depends on the strains at
that point and the surrounding points [3]. The nonlocality
of the stress field is examined using nonlocal parameters.
Any value of a nonlocal parameter can be determined
through experiments or numerical simulations. However,
deriving the values of these nonlocal parameters using
these methods can be complicated and time-consuming.
Consequently, considerable academic research on the static
and dynamic aspects of nanoscale structures has been
conducted as parameter-based studies that rely on specific
theoretical values for the nonlocality modulus [3-9].

Recently, several theoretical studies and experiments
have reported that small-sized effects must be characterized
via stiffness-increasing mechanisms or strain gradient
fields [10]. This assertion differs from that of nonlocal
elasticity in which stiffness reduction behavior has been
stated [11-16]. However, the effects of the reduction and
increment on the structural stiffness at the nanoscale can be
considered in the context of the nonlocality strain gradient
theory. According to the Nonlocal Strain Gradient Theory
(NSGT), two criterion factors termed nonlocal and strain
gradient factors have been utilized to provide an excellent
description of small-size effects. The static and dynamic
properties of nanobeams and other nanostructures have
been studied extensively using [17, 18]. The impact of
different loadings on the vibration behavior of nanobeams
has become an essential case study in recent years. Some
of these loadings include harmonic forces, impulsive
loads, and moving loads from the overhead view of the
nanosized beam. Several authors have investigated the

forced vibrations of nanobeams owing to harmonic and
impulsive loads in the context of the NET and NSGT.
However, causing vibrations of nanosized beams owing
to mobile loads has become important because of nano-
sensing and nano-probing applications [19-26]. It has been
realized that the dynamic deflections of a nanobeam owing
to moving loads increase with the inclusion of nonlocal
parameters [27].

Method of formulation

As discussed, the influences of the reduction and
increment in the structural stiffness at the nanoscale can
be considered in the context of the NSGT. According to
that theory, two scale criteria termed nonlocal and strain
gradient factors have been utilized to provide an excellent
description of small-size effects. First, it is essential to
define the stress-field components as follows:

_ (0 1
o5 =0 ~Voy.

where o is stress components; cl(jl) and c,(»JQ) are stress
components; V is gradient; Vo, stress gradients.

g, and strain gradients Ve, can be defined as:
0 ! ’ r ’
o = {/ CinOo(x, X', gou)ex")dx',
Gz(‘jl) =2 {/ Cijron (x, X', g u)Veg(x")dx',

where the symbol Cjy; is used for the elastic coefficients,
qou and qu are used to define the nonlocal effects, and J
is Strain gradient factor which introduces the influences of
the strain gradients. If the nonlocal functions a(x, x', ggu)
and o, (x, x', g u) can satisfy the conditions introduced by
[28], the relationship between the stresses and strains in the
context of NSGT becomes:

[1—(g1a w?>V2][1 = (qqu)*V]o; =

(la)
= Cyul1 = (q11)*V2]eg — Ci?[1 — (qou)* V2 Ve,
where V2 is the Laplacian operator; gu is combined nonlocal
parameter. J2 is strain gradient length scale. The above
relation can be simplified by assuming q,u =gu = qu as:
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Fig. 1. Gradation nano-thickness beam undersurface of a movable particle

[1 - (qu)*Vo; = Cygl1 = V2]ey,. (1b)

The distribution of Functionally Graded (FG) materials
in structures can be mathematically modeled using the
power law or Mori-Tanaka models. Using the power-law
function, it is possible to describe the continuous gradation
of material properties with good accuracy. However,
the Mori-Tanaka scheme provided more accurate results
as reported in some studies. In the first step, we assumed
an FG nanobeam of length L and thickness /4 as shown in
Fig. 1, where x,, denotes the instantaneous position of the
moving load along the beam length, while V), indicates the
constant velocity of that moving load. Fig. 1 illustrates the
configuration of the stepped nanobeam under the influence
of the moving load, with x,, and V), corresponding to the
load position and velocity, respectively. According to the
Mori-Tanaka FG model, the effective properties of the
FG nanobeam, including its bulk modulus K, and shear

modulus G,, are considered, by the following:

K.-K, Vv,
K.~ K, 1+V,K.—K,)(K,+4G,/3)
G.-G,
G.-G,
Ve

"1+ V(G G[(Gon + Go(OK 8G)/6(K it 2G,)]

Here, K, and K denote the bulk modules of the metal
and ceramic parts, respectively; G,, and G, denote the
shear modules of the metal and ceramic parts, respectively;
V. is the volume portion of the ceramic constituent; and
V,, is the volume portion of the metal constituent. The
following relationship with the volume portion of the metal
constituent:

V.+V,=1,

z 1Y
Ve(2) = <Z+E> .

where £ is the thickness of the nanobeam; z is coordinated
along the thickness direction and p is the power-law
exponent (material gradient index). The distribution of
the FG material along the thickness path depends on the
value of the material gradient index (p). According to the
above relations, one can express the effectual Young’s
modulus (E), Poisson’s ratio (v), and mass density (p) of
such material as:

9K.G,
E@)=—7,
3K, + G,
3K, 2G,
V@)= ——,
6K, +2G,

P2 =PVt PV

As mentioned, another approach for modeling a foam
gradient material is the power-law function. According
to the power-law model, each material property can be
defined using the following relation:

z 1Y
qTZ)_'CPc_Jym)<;'*E> _+¥Pma

where ¥, and ¥, are the material exclusivity of metallic
and ceramic.

Based on the above relationship, it is possible to
designate Young’s modulus (E), Poisson’s ratio (v), and
strain gradient factor (J,). Thus, the effect of graded
nonlocality was considered in [29]. However, the above
relationships ignore the effect of the porosity inside the
FG materials.

Using modified power-law functions, it is possible to
model each material property containing porosity volume

©) as:

z 1Y S
qKZ):(qk‘JPm) Z_%E +Aym__cyc+‘ym)5

for even distribution,
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MR CTR a p+\y —é(\y sy 12
C m h 2 m h

for uneven distribution,

where W(z) is generic material property (e.g., Young’s
modulus, density). The & is a constant with § = n/A. Higher-
order beam theories are useful in establishing the governing
equations of beams by considering the effects of shear
deformation. A well-known theory is the refined beam
theory which has the following form of a displacement
field (u,, 0, u):

0y 2 _ gy — gy 2
—s¥)——[H(z)—s :
ox ox

u(x) - (z

ux,z)=

(X, z) = wy(x) + wy(x).

The displacement field contains the axial displacement
(u), bending displacement (w}), shear displacement (w,),
s* is the neutral-axis location parameter, s** is the neutral-
axis location parameter, and H(z) is the trigonometric shear
strain function. Moreover, to determine the neutral-axis
location of the FG beam, it is necessary to calculate

0.5h 0.5h
| E@)zdzl | E(z)dz,
—0.5h —0.5h
0.5h 0.5h
s*¥ = [ E(@)H(2)dz | E(z)dz.
—0.5h —0.5h

The function H(z) has been selected as:
H(z) =z —sin(&)/E.

The strains derived based on the displacement factors
can be expressed as follows:

~ Ou « *w,
Sm_ﬁxi(z y )8x
= Q(z)— where Q(z) = 1 - 21E).
dz)’

. 1S the normal strain component, and vy, is the shear
strain component.
Note that Q(z) = 1 — dH(z)/dz. Subsequently, the
generalized version of Hamilton’s formula implies that:

f5(U+ V- K)dt = 0. @)
0

Hitherward, U may be termed the strain energy, /" may

where N is the resultant force along the beam axial
direction; M, is the moment due to bending stresses; M
is the moment associated with shear deformation; Q is the
transverse force due to shear stresses. Wherein all forces
and moments revealed within the overhead equation might
be composed as:

hi2
0 1 0 1
Nxx = -[ (chx) - VG)(cx>>dZ = Nx(x) - VNx(x )’
—h/2

2
M= | (o) - Vol )z = Mi® - v,

~h/2

2 5)
M= [ falD- VG(1)>dz— MO — v

xx xx o
—h/2

h/2
_ l{ﬂg( G ng))dzz O _yo),

where:

/
(0>_ < O) gz, N = ( (1)>dz
h/2 h/2

0= § (ot 1= {0
XX >
—h/ 2 —h/2

6
e ©)
h/2

00~ T {000 - T ot

—h/2

m@www&mﬁ
XX >
h/2

The variation in the work accomplished via practical
loading can be formulated as follows:
L
OV = [(g8(wp + wy))dx. (7
0

The outward lateral loading ¢ might be composed as:

82(‘/Vb + Ws)

+ k(W +wy) — kp o

+ qdynamiC' (8)
In the above relation, k,, and kp, respectively, denote
the Winkler and Pasternak parts of elastic substrate;
Gaynamic = Pod(x — V1) is the applied force owing to the
moving load, where V), denotes the velocity of the moving
load, P, exhibits the valence of the mobile force and
x exhibits the applying status of the mobile force. The
variation in kinetic energy is formulated as follows:

L 614 odu [oOwy, Ow,\[Odw, Odw,
0K = j — =+ —_—+ -
6 ot ot ot ot ot

be termed the work accor.npli.shed by externaliloading, @a%‘,wb . a2wbaﬂ, o wy, 073wy,
anq K may be termed the kinetic energy. The strain energy \ 5 axor _6x PYRPY 2 _ax o oxor
variation may be composed of )
2 2 2
SU—IG -SsijdV: J, Bua dw, 8w 68u K, O W, O°Ow, N
. (3) 6! oxot 8x5t 81 Oxot Oxot
=] (cxxéiexx SVS +0,,0Y,, + c)(cz)SVyxz)dV.
v 0w, 0*dw, 62 . 07w,
Ll dou &% Pow, 05 I axor awor  awor awer ) )
X X X0t OX
SU= j(N—uMb M0 W)dx (4)
o\ Ox Oox ox 0. Where,
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h/2
(103 Ila Jl’ 129 J29 KZ) = .[ (la z 75’*5 (Z - S*)z’

~h/2 (10)
H —s%*, (z = s*)(H — s*%), (H — s**)2)p(z)dz.

In Eq. (10): /,: Mass per unit length of the nanobeam
(integral of density p(z) over the thickness); /;: First-
order moment coupling axial and bending displacements;
J1: Second-order moment linked to shear deformation;
I,: Second-order moment associated with bending
deformation; J,: Cross-term moment coupling bending
and shear deformations; and K,: Higher-order moment
linked to shear deformation. The ‘1’ under the integral
represents the unity term contributing to the total mass
(L) by integrating p(z) across the thickness. Finally, the
governing equations for a pore-dependent and nano-
thickness beam under a movable particle can be obtained
by substituting Egs. (3)—(9) into (2) as.

oN _ / u Pw, Pw,
ox  or 'axor loxor
o*M, 4y *w, . w, Su
axz qdynamic 0 azz 6t2 laxat2
o'w o'w, OH(wy, + w,
I —— +kw(wb+ws)—kp(b—2),
ox*orr  Tox*ot Ox

M, 00 Pw, 0wy
-+ ~ Qdynamic ~ + ]0 + 2 +
ox?  Ox or ot

ou J dwy, % 0w,

+Ji - 2 +
oxorr  Tox2oR Ox2oF
2
ke (wy + wy) — T
Ox?

Using Eq. (1a) and (1b), it is possible to establish
the stress-strain relations of a higher-order refined FG
nanobeam in the context of the NSGT as

azoxx 62
— 2 = 22—
Gxx (qu) axz <1 Jzax2>E(Z)8xxa
( )262% 1-J c G(2)
o,, —(qu = —J z .
vz~ 4 o2 a2 Vxz

Nano-thickness beam contains the above stresses which
result in the following forces and moments by integrating
Eqgs. (4) and (5) over the thickness. Thus, the internal
strength can be determined by:

{Alocal’ Blocal, Béocal’ Dlocal’ Dslocal, Hslocal} =
hi2
= I E(Z){la (Z_S*)a (H_S**)9 (Z_S*)Z(Z_S*)(H_S**)a
—h/2
(H — s*%)2)dz,

h2
Alocal = | QO2G(z)dz,
~h/2

{4SGT, BSGT, BSGT, DSGT, DSGT, FSGT} =
hi2
= [ E@J2@){1, (z - s*), (H—s*%), (z — s%)2,
~hi2
(= s*)(H = s*%), (H = s**)2} dz,

h/2

ASCT = [ Q2 P(2)G(2)dz.
—h/2

The dynamic response problem of a nanothick beam
is solved in this section basing on the Chebyshev—Ritz
method. First, the field components can be assumed to have
the following form:

u(x, )= RU(x) S, U, P )eiont, (11)
m=1
W, 0= RS Wy P06, (12)

Ws(x’ t) = RWs(x) Z vaPm(x)eim"t~
m=1

Consider the following essential boundary conditions.
Simply-supported (SS) edges:
Pw
w=—_—= 0atx=+0.5L,—0.5L.
X
In addition, P,(x) is the n-th Chebyshev polynomial of
the 15t type and is expressed as

2x
P,(x)= cosl(m - l)arccos<z>l.

Note that R{(© = u, w,, w,) denotes the functions
associated with the essential boundary conditions. In
addition, functions can be introduced in the following form:

Rix)=(1+ 3 1- R

where p* and ¢* are affected by the pattern of the edge
conditions. For the SS edges, p* = ¢* = 1. Representing
Egs. (10)—(12) in weak form, together with their
minimization of the indefinite variables U,,, W,,,, and
W, the equation below results in simultaneous algebraic
equations with respect to the unknown coefficients.

o am o
ou, ow,, ow.

sm

=0.

Substituting Eqs. (11) and (12) into the obtained relation
with the knowledge that the axial and transverse motions
are uncoupled yields

82 namic
9 dynamic — “ch
0 w, ox?
K]+ My ™" = , (13)
or W A
9 dynamic — MCM
ox?

where [K] and [M] are the toughness and mass matrices of
the considered nanosized beam, respectively. In addition,
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the non-dimensional substrate modules can be distinguished
by
L L?
Kw = kwa, Kp = kpa

It can be inferred that the dynamic force is mobile along
an upstanding path which yields forcing vibrations, and is
distinguished by the following formulation:

nm
—x/|,
L l

0
9 dynamic ~ Z QnSIH
n=1

0 2L |nn (0 2P, |nn
=— [ sin|—x|q(x)dx = ——sin|—x,| =
! L{) L L (L
2P0. nm
=——=in|—V 1],
L L ”?

where Q, expose the Fourier multipliers and
g(x) = Pyd(x — x,); P, exhibits the valence of the mobile
force and x, exhibits the applying status of the mobile
force. In addition, V), represents the celerity of the mobile
force.

Finally, based on zero primary status and the Laplace
transformation branch of knowledge, Eq. (13) changes to

&L[W),
(1K) + sepvpy ] il
&L[W,,]
82 mamic
&L 9 dynamic — chg}—zl
_ * . (14)
82 mamic
&L 9 dynamic — Hccw;zl
Ox

By solving Eq. (14) using the inverse Laplace
transformation approach, the values of the bending (W;,)
and shear (W,,) displacements can be derived. However,
the total deflection of the nanobeam is the sum of the two
displacements, W= W, + W,. In addition, the normalized
deflection and normalized velocity factors may be

introduced by

_ 100E,,[ v, o,L
W= VE=—V, . =—.

w ,
PyL? Ve, T

The normalized deflection  is introduced to non-
dimensionalise the beam dynamic response, enabling
comparison across different material and geometric
configurations. Similarly, the dimensionless velocity
ratio V* = V,/V,, characterizes the moving load speed
relative to the critical velocity V., = o;L/n, where o, is
the fundamental natural frequency of the nanobeam. The
critical velocity V., represents the threshold speed at which
the dynamic deflection peaks before sharply decreasing, as
observed in Fig. 3. Finally, the normalized time ¢* can be
expressed as follows:

Main results

The present section examines the dynamic responses of
porous FG nanobeams to moving loads that capture both
nonlocality and strain gradient influences. The effects of
the load velocity, material gradation, porosity distribution,
graded nonlocality, and two-scale factors on the dynamic
deflection of the nanobeam were studied in detail. In this
study, it was determined that the nonlocality and strain
gradient multipliers were not constant for the FG nanobeam.
They are variable in the direction of thickness as (z) and
Mz) according to Eq. (7). Thus, p,, and p. are the nonlocal
multipliers of the metal and ceramic phases, respectively;
A, and A, are the strain gradient multipliers of the metal
and ceramic parts, respectively. Accordingly, p./u,, and
AN, respectively, denote the nonlocal ratio and strain
gradient ratio. Further discussion of this issue can be found
in the following paragraphs. First, a comparison was made
with the work of [19] to validate the vibration frequency
of an FG nanobeam based on an NSGT. Therefore, the
validation of the first dimensionless vibration frequency
Q= wl>VpE_ /h, at different values of nonlocal and strain
gradient multipliers, and an excellent agreement can be
obtained between the obtained results and [19].

Fig. 2 shows the time history of normalized dynamic
deflection at different values of load velocity factor V'* of
0.1, 0.12, and 0.15. Also, in Fig. 2 the nonlocal parameter
ratio (p/p,,) of 0.5, 1, 1.5, and 2 at the FG index p =1
is shown. It is assumed in this research that the ratio
of strain gradient multipliers of the metal and ceramic
(A/MA,,) 1s equal 2. For every value of the load velocity
factor, an increment in the nonlocal ratio results in higher
values of normalized dynamic deflection. This is owing to
the reduced stiffness of FG nanobeam when the nonlocal
ratio becomes higher. Such behavior indicates that an FG
nanobeam displays stiffness-softening effects when the
nonlocal ratio increases. Therefore, the dynamic behavior
of an FG nanobeam depends on the completion between the
nonlocal values of metal and ceramic phases.

Dynamic deflection of the nanosized beam against
the load velocity factor based on NETs, Classic Elasticity
Theory (CET), and NSGT is plotted in Fig. 3 at p=1
and * = 0.5. In the case of CET, it is assumed that
W, = A,, = 0. Moreover, it is considered for the case of
NET that p,, = 0.2 and A,, = 0. In this figure, the nonlocal
ratio is assumed to be p./p,, = 2. The dynamic deflection
is significantly affected by the moving load velocity. The
dynamic deflection is augmented with the load velocity
factor until it overtakes a summit valence and then drops
suddenly after this valence (critical velocity). However,
the dynamic deflection and summit point are dependent on
the values of the nonlocal and strain gradient multipliers.
NET provides the maximum value of dynamic deflection
owing to the inclusion of nonlocal effects. However, by
incorporating the strain gradient effect, the NSGT yielded
smaller deflections than the NET.

A comparison between the dynamic deflection (time
history) of the FG nanobeam obtained by the power law
and Mori-Tanaka models is shown in Fig. 4, assuming that
p = 1. In this figure, the load Velocity Factor (V*) is set to
0.12. It can be observed that the Mori-Tanaka model of the
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FG materials results in higher values of dynamic deflection
than the power-law model. In particular, the FG nanobeam
is more flexible because it describes the material properties
using the Mori-Tanaka model which is a more reliable
scheme for FG materials than the power-law model.

In Fig. 5, the time history of FG nanobeam has been
plotted based on various porosity volume fractions ({ =0,
0.1, and 0.2) and FG gradient index (p = 0.5, 1, and 2) at
J* =0.15. An even porosity dispersion was considered
in this figure. The FG nanobeam becomes more flexible
at a higher gradient index value because of the higher
percentage of the metal constituent compared with the
ceramic constituent. Accordingly, the dynamic deflections
of the nanobeams increase with increasing gradient index.
However, another essential factor in the dynamic response
of FG nanobeams is porosity. As the porosity volume ({)
increases, the value of dynamic deflection becomes higher
because porosities inside FG material reduce the structural
stiffness.
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AHHOTALUA

Beenenne. KMOII-TexHOI0THS IPaKTHUESCKH JOCTHINIA (PU3NUECKOTO MpeJiesia yMEHBIICHUS Pa3MEepPOB TPAH3HCTOPOB
1 o0jajgaeT CymeCTBEHHBIMHM JKCIUTyaTallMOHHBIMU OTPaHUYEHHSIMHU IIPH SKCTPEMAJbHBIX TeMIepaTypax
1 MOHU3UPYIOIIEM H3lydyeHuH. B paboTe npeanaraercss METOIMKa MPOSKTUPOBAHUS JIOTHYECKUX DJIEMEHTOB Ha
OCHOBE aJbTEPHATHBHOI TEXHOJOI'MH, HCIIOJIB3YOLIeH rpedeHYaThie MUKPOIICKTPOMEXaHHUSCKUE PE30HATOPBI,
paboraroiue Ha 6€CKOHTAKTHOM MPUHIUIIE U TIEPENPOrpaMMHUpyeMBbIe B TIpoLecce skcrutyaranun. Meron. Ipennoxena
METOJMKA PACUETa TEOMETPHUUECKHUX MAPAMETPOB YCTPOHCTBA C MOMOIIBIO AaHATHUTHYECKHX BBIPAKEHHN U C yUETOM
TEXHOJIOTHYECKUX HOPM, HEOOXOIMMBIX IS TOCTIIKEHNS 3aJaHHBIX XapaKTePUCTHK: COOCTBEHHON YaCTOTHI KoneOaHmi
pesonaropa (100 xI'r) 1 koaddunuenta nodporHoctH (20) mpu armochepHoM naneHnU. OCHOBHbIE Pe3yJabTaThI.
OrmpeieNieHBI ONTHMAIIbHBIE TE€OMETPHUECKUE ITApaMETPhl YCTPOUCTBA, XapaKTEPUCTHKH €MKOCTHBIX STUCEK, BIUSIONINE
Ha YyBCTBUTEIILHOCTH YCTPOICTBAa M JOOPOTHOCTH C YYETOM BO3IYLIHOTO AeMI(upoBaHHs. TOYHOCTE pacueToB
JIOCTaTOYHA JUIsl TPOCKTHPOBaHUs (POTOIIA0IOHOB Oe3 MCIOIB30BAHMS CIEIUAIU3UPOBAHHOIO IIPOTPAMMHOIO
obecreuenust. Pazpaborana KOMIakTHas! MOJIEIIb JIOTHYECKOTO MUKPOIJIEKTPOMEXaHHYECKOTO AJIEMEHTA, IT03BOJISIOIIAsT
MPOBOIUTH CUCTEMHBIH aHANN3 AMHAMUYECKUX XapaKTEPUCTHK M PEaNn30BbIBATh (DYHKIIMOHATIBHO TOJHBIN HabOp
joruueckux omnepanuii. O0cy:kaeHne. PazpaboranHblil MapIIpyT MPOSKTUPOBAHUS MOXKET IPUMEHSTHCS JUIS CO3AAHUS
JOTUYECKUX MUKPOAIEKTPOMEXaHNIECKIX MIEMEHTOB C BO3MOXXHOCTBIO TIEPENPOrPaAMMHPOBAHHMS B TIPOIiecce PaboThl
1 JaIbHEeHIIero KackaJAupoBaHUsl TaKUX YCTPOUCTB AJISI HOCTPOCHHUS CIOKHBIX IU(POBBIX cxeM. PaboTa monesna
Ppa3paboTYNKaM MHKPOAIEKTPOMEXAaHNIECKIX aKCEIePOMETPOB U THPOCKOIOB 1 IIPE/IaraeT ajJbTepHaTHBHBIN MOIXO/
K CO3JIaHUIO TPEXMEPHBIX MOJIENICH Ha OCHOBE OMOIMOTEKH ITapaMeTPHIECKIX KOMIIOHEHTOB M TeHEePaIii KOMITAKTHBIX
MOJIEJICH JUIsl CHCTEMHOI'O aHaJIn3a.
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Abstract

CMOS technology has nearly reached the physical limits of transistor scaling and exhibits significant operational
limitations at extreme temperatures and ionizing radiation. This work proposes a methodology for designing logic
clements based on an alternative technology utilizing comb-drive microelectromechanical resonators operating on
a non-contact principle and reconfigurable during operation. A method is proposed for calculating the geometric
parameters of the device using analytical expressions and considering technological norms necessary to achieve
specified characteristics: the natural frequency of resonator oscillations (100 kHz) and the quality factor (20) at
atmospheric pressure. Optimal geometric parameters of the device, characteristics of capacitive cells affecting the
sensitivity of the device and the quality factor, taking into account air damping, are determined. The accuracy of the
calculations is sufficient for designing photomasks without using specialized software. A compact model of a logic
microelectromechanical element has been developed, allowing for system analysis of dynamic characteristics and
implementation of a functionally complete set of logic operations. The developed design flow can be applied to create
logic microelectromechanical elements with the possibility of reprogramming during operation and further cascading
of such devices for constructing complex digital circuits. The article is useful for developers of microelectromechanical
accelerometers and gyroscopes and proposes an alternative approach to creating three-dimensional models based on a
library of parametric components and generating compact models for system analysis.

Keywords
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BBenenue

OnemeHTHas 0a3a COBPEMEHHBIX BBIUYMCIUTEIBHBIX
ycrpoiicTB ocHoBaHa Ha KMOII-TexHonoruu, koropas
MIPAKTHYECKH J0CTUINIA (PU3UYECKOTO TIpejiesia yMEHbIIIe-
HUSI Pa3MEpOB TPAH3UCTOPOB M 00J1aJaeT CYIIECTBEHHBIMU
9KCIUTyaTallMOHHBIMU OTPAHWYCHUSMH MPU SKCTPEMallb-
HBIX TEMIIepaTypax 1 HOHU3UPYIOIIEM H3IydeHun. B cBsi3n
C 9TUM BO3PACTAET UHTEPEC K AITBTEPHATHBHBIM MOIXO/AM,
Cpenu KOTOPBIX HEPCIIEKTUBHBIM HANPABIEHHEM SBIIAIOT-
Csl BBIYKMCIICHUSI HA OCHOBE MUKPOAJIEKTPOMEXaHUYECKUX
cucreM (MOMCO).

Oco6oe BunManue npezacTasisitor MOMC-pe3oHaTopsl,
HCIIONIb3yEMbIE B JIaTUMKaX, IPUBO/AX, MEPEKITIOUaTeNsX,
¢unpTpax M Jorudeckux snemeHtax [1]. PesonancHsre
CTPYKTYPBI IPUMEHSIOTCSI B MEXaHWYECKHX JIOTHYECKUX
BBIYHCIICHUSIX U3-32 YCTOWINBOCTH K BUOPAIHMSAM, BO3ZMOXK-
HOCTH TIEPEIPOrpaMMHPOBAHHS B TIPOIIECCE HKCILTyaTaIlnN
[2] 1 GecKOHTaKTHOMY TIPUHIUITY PAOOTHI, B OTIHYUE OT
rajJbBaHWIECKUX MEPEKITIOUaTeset, OIBEP)KECHHBIX JIeTpa-
JIAITIY KOHTAKTHBIX TUTOIIAIOK [3].

B paborax [4, 5] npencTtaBieHbl KOHCTPYKIHH JIO-
ruyecknx MOMC-371eMeHTOB Ha OCHOBE PE30HATOPOB,
Npe/ICTaBISIONINE 0alKy, 3aKPEIICHHYIO C ABYyX CTOPOH,
JiBa U Oosiee OOKOBBIX HEIOBIIKHBIX 2JIEKTPO/a, KOTOpbIe
SIBJSIFOTCSI YITPABJISIIOIINMH 3JIEKTPOJaMH IS TPUBEIICHUS
Oasiku B neicTBue, HU(POBBIMU BXOJAaMHU W BBIXOAAMH
JOoru4eckoro BeHTHsl. OJHAKO HEelOoCTaTKaMH JaHHBIX

YCTPOMCTB SIBIISIFOTCSI MaJIble YIPABISIOIINE EMKOCTH pe-
30HATOpa, BIUSIONINE HA TyBCTBUTEIBHOCTH YCTPOICTBa,
a mobpotHocTh paBHas 100 mpu masnernu B 800 [1a nemaer
HEBO3MOXHBIM (YHKIIHOHUPOBAHHE MPHU aTMOChepHOM
JIABJICHUH 0€3 JOPOTOCTOSIIIETO TEPMETHYHOTO KOpITyca.

B nacrosmeir pabote paccMOTpEH MPOIece MPOeK-
THpOBaHUs Jorudeckoro MOMC-3n1eMeHTa Ha OCHOBE
rpebeHYaToro MUKpOMEXaHHYECKOTO Pe30HaTopa ¢ Iore-
PCUYHBIM MEPEMCHICHUEM DJIEKTPOAOB C MOBBIIIIEHHOMN qyB-
CTBHUTEJIBHOCTBIO, Pa00OTOH IpU aTMOC(EPHOM JaBICHUH
C 3aJlaHHBIM JleMI(upoBaHueM. B kauecTBe MCXOTHBIX
IapaMeTpOB CUCTEMBbI HCIIOIb30BaHbI COOCTBEHHAs YaCTOTa
kosrebanmii pesonaropa 100 kI’ 1 koadpumeHT 1oopoT-
HoctH 20 ipu artMoc(epHOM JaBICHUH, ONPEACICHHBIN B
XOJIe UcclieZioBaHus [6], oOecreunBaromui He0OX0IUMOe
pazzeneHne MIKOB aMIUTUTYTHO-9aCTOTHOW XapaKTepHCTH-
k11 (AUX) 1u1st BBITOTHEHNUS JTorndeckux orneparwii « MJIN-
HE», «ckmtouaromiee My, «M» 1 MuUHUManbsHOE BpeMs
nepexoaa MEXAy JOTHUYCCKUMU COCTOTHUAMMU.

Ha sramne npenBapuTebHOTO NPOSKTUPOBAHUS pac-
CUUTBIBAIOTCS aHAIMTHYECKHE BBIPAKEHMS LIS ONpejiesie-
HUSI TEOMETPUYECKUX TTapaMeTPOB yCTPOICTBA C YUETOM
TEXHOJIOTHYECKMX HOPM, HEOOXOAMMBIX JUISl JOCTHIKCHUS
3aJJaHHBIX XapaKTePUCTHK. AHAJUTUYECCKHE BBIPAKCHHS
TIO3BOJISIFOT OTIPEACTUTD XapaKTEPUCTHKN EMKOCTHBIX siue-
€K, BIUSIONINE Ha YyBCTBUTEILHOCT YCTPONUCTBA, a TAKXKE
JOOPOTHOCTH € YYETOM BO3AYIIHOTO AeMI(UPOBAHUS C
TOYHOCTBIO, IOCTATOYHON ISl MPOEKTUPOBaHMsA (hoTorra-
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MpoeKkTMpoBaHNE MUKPOSEKTPOMEXAHNYECKOrO JIOMMYECKOro d/IeMeHTa Ha 0CHOBe rpeGeH4aToro pesoHaropa

0110HOB, 0€3 HEOOXOJUMOCTH UCITOIL30BAHMS CIICLIHATU3H-
POBaHHOTO MPOrPAMMHOT0 00CCIICUCHHS.

His co3maHus TpEeXMEpPHON MOJICIU MPUMCHEH HE
TPaAUIMOHHBIH METOJl KOHEUHBIX AnneMeHToB (MKD),
o0ecreynBaronIuii BEICOKYI0 TOYHOCTh, HO TPEOYIOIHIA
3HAYUTEIBHBIX BBIYHACIHTENBHBIX PECYPCOB, a TIOAXO] Ha
OCHOBE OMOIIMOTEKH MapaMeTPUIECKIX TPEXMEPHBIX KOM-
MTOHEHTOB, YTO COKPAIAeT BPeMs MOJCITHUPOBAHUS TIPH
COXpaHEHUH 3aJJaHHON TOYHOCTH [7].

Pe3ynbraTom mporecca NpOCKTUPOBAHUS SIBIISICTCS
KOMIIaKTHas MOJAEb jJorudeckoro MOMC-anmemenTa st
CHUCTEMHOI'0 aHaJIM3a JUHAMHUYCCKUX XapaKTCPUCTHK U
peanmu3anuy GYHKIIMOHAIBHO ITOJTHOTO HA00pa JIOTMIECKUX
oreparui, co3IaHHas U3 TPEXMEPHOH mapaMeTpUIecKoi
MOJICIIH.

Pacuer reomerpuyeckux pazmepos MIMC-
pe3oHaTopa

B pabore paccmarpuBaeTcs rpeOeHUAThI pe3oHaTOP
C IOTIEPEYHBIM MEpEMEIIEHHEM JIEKTPOJ0B. B oTinume
oT MOMC-pe30HaTopoB ¢ MPOJOJIbHBIM NEepeMelIeHNU-
€M DJIEKTPOJIOB, T/Ie MHEPIIMOHHAS Macca ¢ JIEKTPoJaMu
CMeIIaeTCs BJOJIb OCH IpeOEHYATHIX CTPYKTYp, B JaHHOM
YCTPOMCTBE HUCTIONB3YETCS MTOTIEPEYHOE TePEMEIICHUE OT-
HOCHUTENIBHO HETOJBIKHBIX JJIEKTPOIOB, UYTO 0OECIICUNBACT
BBICOKYIO UyBCTBUTEIBHOCTb, TOCKOJIBKY JTa’Ke IIPH MAJIBIX
MEPEMEIIECHHUSIX 3HAUUTEIEHO H3MEHIETCS] EMKOCTb.

Pa3paboTka KOHCTpYKIHH JoTHYeckoro MOMC-
pE30HaTOpa BHIMOJIHEHA C YYETOM TEXHOJOIMYECKOl pea-
n3yeMoctd. OrpaHuYeHus npoiecca IyooKoro HOHHOTO
TpaBJICHU OIMPCACIIAIOT MUHUMAJIbBHBIC Pa3MEpPhI 2JIEMCH-
TOB, YTO HEOOXOIUMO YUUTHIBATh MPH POCKTUPOBAHUY.
Tonmuua cTpykTypsl coctasiser 50 MKM, MUHUMaJIbHAs
LIMPUHA JIEMEHTOB — 3 MKM, MUHUMAJIBHBIN 3230p MEXITY
NEKTPOIAMH — 2 MKM.

OmnpeneneHne reoMeTpPUIECKUX IMapaMeTpoB HHEPIH-
OHHOM Macchl ABISETCS BaXXHBIM 3TAIlOM ITPOEKTUPOBA-
HUSI, TIOCKOJIBKY €€ IUIONIa/b U (popMa OKa3bIBAIOT IPSIMOE
BIMSTHUE HAa JUHAMHYECKHUE XapakTepuctuku MOMC-
YCTPONCTBA, BKIIOYAsi PE30HAHCHYIO 4acTOTy M AOOpOT-
HOoCcTh. PazmMepsr MOMC-ycTpoiicTBa OTpaHUUYEHBI J0-
CTYIHOH IJIOLIA/bI0 HA TUIACTHHE, HApUMED, B Cilydae
UCIIOJIb30BaHUsI MYJIBTUIIPOCKTHON TexHoJorun Multi-
Project Wafer (MPW). HeoOXoiMo y4HuTBIBaTh HE TOJIBKO
pa3Mep MHEPLUOHHOM MacChl U rpedeHYaThIX 3I1eKTPO/IOB,
HO ¥ TMOJBOJSIINX 3JIEKTPOIOB, KOHTAKTHBIX IJIOMIAJI0K
JUIsl COETMHEHHsI ¢ KopirycoM. [Ipn HauaibHOM ITPOEKTH-
poBaHMHM BBIOpaHa MPAMOYTOJIbHAs (JOopMa HHEPIMOHHON
MaccChl.

I'pebeHuarsie 21€KTPO/IBI, pa3MEIIEHHbBIE HA TTO/IBIK-
HOW MHEPIIMOHHON Macce M HEMOBI)KHBIX OOKOBBIX 3JIEK-
Tpoxax, 00pa3yloT eMKOCTHBIC sueiku. OnTuMaIbHOe
COOTHONICHHE BO3YIIHBIX 3a30POB MEXK]Y JIEKTPOJaMU
€MKOCTHOH STYEHKH COCTaBIISIET 2,5 MPH MIUPUHE dJIEKTPOAA
3 MKM ¥ MHUHUMAaJIEHOM 3330POM MEXKIy IEKTPOAaMH —
2 mkM [8]. Macca 0fHOTO 3IIeKTpoia IpeOCHIATOM CTPYKTY-
PBl, pa3MEIIEHHOTO Ha HHEPLIMOHHOW Macce, ONPEAeIseTCs
BBIPAKCHUEM:

/ %

Mypexrpona — ‘anexrpona

3nemp0ﬂap h,

TI€ Lypexrpona — ATMHA JIIEKTPOAA; Wyjeirpona — LIMPUHA
AIEKTPOJa; p — IIOTHOCTb MaTepuana; i — TOIIuHA
KOHCTPYKIMH, OIpeesseMas TEXHOIOTHYECKUM IIPOLiec-
COM.

[Iupuna oxHOM 3jIeMEHTapHON €MKOCTHOU sueilKku
(Wyueii) (PHC. 1) BKIIIOUAET MIMPUHY HOIBHKHOTO U (PUK-
CHPOBAaHHOTO JIEKTPOJIOB M BO3/YIIHBIE 3a30Pbl MEXKIY
JMEKTPOJAMH, T. €.

w =g 2w

STYCHKH IEKTPOAA + &2
e g, — 3a30p MEXy JIEBBIM 3IEKTPOIOM CTaTopa U IeK-
TPOLOM POTOPA; gy — 3a30p MEXKIY NIEKTPOIOM POTOpa U
IPaBbIM MIEKTPOJIOM CTATOPA.

KoauuecTBo 21EeKTPOAOB (M 4qer), PA3MELIEHHBIX Ha
MHEPIMOHHOM Macce, pacCUUTBIBAETCS C YUE€TOM PACCTOs-
HMS MEXKy I'peOeHKaMH 1 00J1aCTH KPETIEHUS I10/IBECOB:

a— drpc6cu01< Whonseca — &1

n —

STYeeK n

rpeGeHoK?

2Wﬂqeix’mu Wayeiixu

rJe ¢ — JUIMHA LIEHTPalbHON YaCTH MHEPLIMOHHON MaCChI,

drpe6eH0K — paccTosiHAe MEXy OOKOBBIMH AIIEKTPOIAM;
Whonseca —— LUMPHHA TONBECOB; Mypegeyoq — KOTHIECTBO

OOKOBBIX MEKTPOIOB. Macca Beex MOJBHIKHBIX AIEKTPOIOB
OTIPEIEIACTCS CYMMHUPOBAHUEM MACC OT/ICTBHBIX DJIEKTPO-
OB Mypesenox = Manexrpona e OOILAS MAcca MOJABIKHOIO
3MEKTPOJIa OMPEACIACTCS KaK CyMMa MAacc IEHTPaIbHO
YACTH (Myyyepy) ¥ MICKTPOIOB IPEOCHIATON CTPYKTYPBI, pa3-
MEILEHHBIX HA MHEPLMOHHON Macce m = Myyeny + Mipegenox:

Jnst onipesienieHus 3aBUCUMOCTH JICKTPUYECKON EMKO-
CTH OT BEJIUYUHBI MEKIIIEKTPOJHOTO 3a30pa MPUMEHSIETCS

BBIpAKEHHE JUIsl INIOCKOTO KOoHeHcaropa [9]:

goel
Cl. _ 0 nepexph’ (1)
8i

7€ €y — DJIEKTPUYECKas IOCTOSHHAS; € — JUAJICKTpHUYe-
CKasl POHUIIAEMOCTb CPEABI MEXIY AIEKTPOAaMH (B Ha-
crosel pabore mpuHUMaeMas 3a 1); lHepeKp — JUIHA
HEPEKPHITUSA DIEKTPOIOB EMKOCTHOHN SYEHKH; g; — MEXK-
SIIEKTPOTHBIN 3a30p, Te i = | I 1eBoH, i = 1 1 mpaBoit
YaCTH €EMKOCTHOM SUCHKH.

Waueiixu

A

crarop

W'}HeKTpO}Ia
> P

=

L 2MEKTpoAA

lnepekp

81 £

POTOp —>

Puc. 1. CxeMa eMKOCTHOM STUEHKH.

Lepexp — JWIMHA TIEPEKPBITHS SIEKTPOZOB

Fig. 1. Capacitor cell schematic.

Lyepexp 18 the length of the electrode overlap
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@®opmyna (1) y4uTHIBaCT TOIBKO OJHOPOIHOE JJICK-
TPUUECKOE MOJIE MEXK]TY IEKTPOJIAMU €MKOCTHON STUSHKH.
OnHaKO B peabHBIX KOHCTPYKIUSIX BIUSHIE KPACBBIX (-
(heKTOB MOXKET YBEIIMIUBATh EMKOCTH 110 45 % 10 cpaBHe-
HUIO ¢ pacueTHbIMU 3HaueHusMH [10]. B [11] npeanoxena
3aBUCUMOCTb €MKOCTH JIEBOH U MPaBOM yacTeil s;tueku OT
KpaeBBIX A(PPEKTOB, MPeIoararomas JHHEHHOE pacipe-
JEJICHHUE AIICKTPUYECKOTO TOJII B HEMEPEKPHIBAIOMIEHCS

obnactu.
eo/h g tVgitf
Cp=—"",8c,=092 s
. Eep; 2
rac gCPi — Cpe€aHEC paCCTOAHUEC MECKIAY IJICKTPOAAMU,
i=1 gy, =2 gy f= laneKTpoaa - lnepexp — AauHa

HeMepeKphIBaroIeiics yactu anekrponaa; 0,92 — koaddu-
LIUEHT, YCTAaHOBJICHHBIH KCIIEPUMEHTAIBHO, IPUMEHHMBIH
npu f/g < 10.

Emkocts dporTanbroi 4acti (Cypoyyr) AUSHKH ONIPEsIe-
JSIETCS aHATIOTUYHO OOKOBOH, HO Oe3 ydera cmerneHus [11]:

C(prHT — SOh Waﬂex’rpoua
lanem‘po;(a - lnepekp

CymMmapHasi eMKOCTh yCTPOMCTBa OIPEAEISIETCS CyM-
MOH €MKOCTEW MpaBoil U JIEBOM yacTel suehKu, KpaeBoro
oJIst ¥ (PPOHTATBHOHN YacTH, CKOPPEKTUPOBAHHON Ha KO-
JTUIecTBO saeek [11]:

c= (Cl + C2 + Cf] + Cf2 + C(bpom')";{qeek'

UyBCTBUTEIBHOCTh EMKOCTHOM STYEHKH OTHOCUTEIBHO
CMEIICHUS X ONPEENIIeTC KaK TPOU3BOIHAS €MKOCTH 110
nepemelttenuto [12]:

oC; ; | 1
= =*eg T -
ox 0*niepexp ( g F x)z
OO0m1ast 4YyBCTBUTEIBHOCT YCTPOHMCTBA (hOPMHUPYET-
Cs KakK CyMMa IIPOU3BOJAHBIX €MKOCTCH JICBOM U npaBoﬁ

oC
YacTH, CKOPPEKTHPOBAHHOE Ha YUCIO siueek: § = —— =

oC, oGC, Cx
g + E Nyyeor- KOHCTPYKIMSA orugeckoro MOMC-

9JIEeMEHTa Ha OCHOBE PE30HATOpa IpEACTaBIsIeT co00M
WHEPLIHOHHYIO Maccy, MOABEIICHHYIO Ha YETBIPEX yIPYTHX
nonBecax. COOCTBEHHAs YaCTOTA KOJIeOATSIbHON CHCTEMBI
Jo onpesensaercs BoIpaxenueM [9]:

_ 1 ke
fo=o-) @)
2nN m

e m — MHePUHUOHHAs Macca; Kygq — dbdexTnuBHas
’KECTKOCTh T0JIBECOB. TakuM 00pa3oM KECTKOCTh CHCTE-
MBI COCTABILICT Ky = 4n2f¢m. Jns pacuera KeCTKOCTH
CHCTEMBI YUUTBIBAEM, YTO KOHCTPYKIIHS COAEPIKHUT YETBIPE
OIMHAKOBBIX YIPYIHX MOABECA Ky, = 4o rpeca:
JKecTKoCTh OZIHOTO YIpPYyroro nojaseca onpejaensercs
C TIOMOIIBI0 YpaBHEHUS MPOTHOa KOHCONBHOW OaIK O

JIEHCTBUEM CHIIBI [9]:

12Eg]

roxBeca ’
lI'IO}lBCCa

3
WHO}IBCCah

rae Eg; — MOAyIb yIpyrocTH KpeMHus; [ = T —

MOMEHT MHEPIMH JUIsI IPSIMOYTOJIBHOTO CeUCHUS OajKH,

Wionseca — ITAPHHA OAIKH.

MexaHn3M TUCCUITAITIN MEXaHUIeCKON SHEPTUH (JIeMIT-
(upoBanue) onpenenseT T00POTHOCTh Pe30HAHCHOMW KOH-
CTpyKIMH. B HacTosmieit pabote paccMaTpuBaeTCs TOIBKO
BO3JYILIIHOE JIeMII(pUpOBaHUE, B YACTHOCTU JeMII(HpPOBa-
HHUE CXKATOW T'a30BOM IUICHKH U JeMII(UPOBAHHE CKOJIb-
skeHust. Cxemarnieckoe n300pakeHHe BO3/TyIITHOTO JIEMIT-
(hupoBaHUS MEKIY IMEKTPOIAMH IPEOCHKH MPEICTABICHO
Ha puc. 2.

Cornacho [13], nemMnpupoBaHue, BEI3BAHHOE CKATHEM
BO3yXa B EMKOCTHEIX SYEHKaX pe30HaToOpa, 3aBHCHUT OT
BSI3KOCTH T'a3a, TCOMETPUH KaHaja U KOJIMYeCTBA KaHAJIOB.
UYucno Kayncena (Kn) Beraucnsercs mo gpopmyie

e g; — BO3JYLIHBIE 3a30Pbl (g1 U gp) MEXKIY NIEKTPO-
amu; A = 66 HM — CpeqHss JIHHa cBOOOTHOTO Tpodera
MOJIEKYJT BO3IyXa MPH aTMOC(HEPHOM JTaBICHUH.

O hexTuBHAS BI3KOCTD, YIUTHIBAIOIIAS BIMSIHUC YHCTA
Kuyncena onpenensiercst:

n
00 ™1 19 638Kn! 157

TJIe 1| — BSI3KOCTh BO3/IyXa.

B pabore nemmdupoBanne cykatys Bo3ayxa s cirydast
Lyepexp < h 1151 IEBOM 1 IPaBOIi CTOPOH SMEHKH ONpeAes-
ercs BeipaxenueM [13]:

0763lnepe1<p+ 03052[r?epekp lgepexph

d
h w g

cKatus;

Mo’

Jemnduposanne

crarop CXKaTOM TUJICHKU

u(t
81 D

Puc. 2. Cxematnueckoe H300pa’keHNe BO3TYIIHOTO
JeMI(pUPOBaHNS MEXTY MMEKTPOIAMH ITPEOCHKH. &) U gy —
JIEBBIN M MPaBBIN 3a30pbl MEXKIY SIEKTPOIaMH CTaToOpa
U poTOpa; u(t) — TepeMeIIeHne MOIBIKHOTO AEKTPo/a
OTHOCHTEIILHO Ha9aJILHOTO ITOJIOXKEHHS B 3aBUCHMOCTH OT
BpPEMEHHI

Fig. 2. Schematic diagram showing air damping between the
comb-drive electrodes.
g; and g, are the left and right gaps between the stator and
rotor electrodes; u(f) — displacement of the movable electrode
relative to its initial position as a function of time
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MpoeKkTMpoBaHNE MUKPOSEKTPOMEXAHNYECKOrO JIOMMYECKOro d/IeMeHTa Ha 0CHOBe rpeGeH4aToro pesoHaropa

1€ & — TOJIMHA CTPYKTYPBI; 1 — KOJHYECTBO KaHAJIOB
(1= 2N340e)-

OG61mee neMIIGUPOBAHUE CKATHS IS BCEX AIEEK PE30-
HaToOpa UMECT BUJ

D, n +D

cKaTH ﬂqeexnrpe6eH0K(D carusl C)KaTl/lﬂz)’
7€ D arunt 1 Doxarnsz — AEMIGHPOBaHKE B 3a30pax g U
g» EMKOCTHOM sSTYEHKH.

Jlis BeIYMCIIEHUS IeMI(UPOBAHHUS OT CKOIBbKEHUS
JIIEMEHTOB HEOOXOIUMO yUHUThIBaTh JeMII(UPOBAHUE OT
CKOJIBYKEHHUS 2MIEKTPOIOB IPEOSHKH CBEPXY U CHU3Y, a 3aTeM
CIIOKWTH 3HAYEHUS JUIS BCEX 3JIEMEHTOB. JIJIMHA CKOJB3sI-
11eit acTu rpeOeHKH IS pacdeTa AeMIT(HPOBAHMS OIMHA-
KOBa CBepXy U CHI3Y. Ji1s IByX rpeOCHOK (CBEpXY U CHU3Y)
nmpuMeHsieTcs hopmyrna:

/

IPEGCHOK 2w n

sruelkn’‘siueek”

Ecnu mmmpuna ckonp3siel yactu He paBHa 0, To 3a30p
(g) Mexy MOBEPXHOCTSIMH C YYETOM IIHPHUHBI KaHaIa
ompezaensercs no gpopmyse [13]

h
E- T h >
1+85——

rpebGeHoK

B IIPOTUBHOM clily4ae g = .
O dexruBHas BI3KOCTE BO3LYXa (1) ONUCHIBACTCS
ynporeHHo#i Gpopmyroit [13]:

n
o0y oK

Uucno Kuayncena (Kn) onpenensiercss kKak OTHOIIICHUE
JUTHHBI CBOOOIHOTO Mpodera MOJIeKyl ra3a (A) K TONIIHHE

cTpykTypHl (h): Kn = Z JemnipupoBanue CKOJIbXKECHHS

3aBUCHUT OT paCCTOAHUA MECKAY MOBEPXHOCTAMU U OIPEC-
nensiercst popmynoit Kyarra [13]:

Movd

9JIEKTPO/IA >

D nl W

ckopxeHust ' “fanextpona

TI€ 11 = 2N egenorlleex —— KOMMECTBO KAHAJIOB LIS SJIEK-
TPOJIOB TPEOCHKU CHU3Y.

Obmee nemnupoBaHue ONpeaeseTcsl Kak cymma
JeMI(HUPOBAHNUS CXKATOH Ta30BOM IUICHKU M ieMII(pupoBa-
HUA CKONBXEHUSA D = D yorne + Doonnrconus- JOOPOTHOCTD
(Q) 3amaercst U3MEHEHNEM Ha4aJIbHOTO MEPEKPBITHS HIICK-
TPOJaMU EMKOCTHOM sUeHKU U uMeeT BUJ [9]

0= —”’;“"“‘) (3)

rae D — obmiee nemupoBaHue.

IMapameTpuyeckue uccaea0BaHus

Pa3zpaborka MDOMC-ycrpoiicTB TpeOyeT MyabTudu-
3MYECKOr0 MOAXO0AA AJIA ydeTa B3aUMOCBSA3HU N1apaMeTPOB.
[Tociie mpeaBapUTENBFHOTO pacyera CleayeT dTal napa-
METPUYECKOTO HCCIIEJOBAaHUS 3aBUCUMOCTH Pa3MepoB

2JIEMEHTOB KOHCTPYKIIMH Ha KJIIOYEBBIE XapaKTEPHUCTUKU
YCTPOWCTBA: pabOUyI0 YaCTOTY, HAIPSDKEHHE CXJIONBIBAHUS
1 K03 GHUIUEHT T0OPOTHOCTH.

Jlnist aBTOMaru3anny napaMeTpUIeCcKUX NCCIIeJOBaHNH
pa3paboTaHa mporpamma Ui IepCOHAIBHOTO KOMITBIO-
Tepa Ha si3pike MATLAB [14]. TIporpamMmMa MOXeT OBITH
WHTETPUPOBAHA C JIPYTUM CIENHAIN3UPOBAHHBIM IPO-
TpaMMHBIM 00€CTIEUeHHEM /Il YTOUHEHHSI MEXaHUIECKOTO
MOBE/ICHNs] YCTPONCTBA MOCIIE IEPBUYHOTO aHAIN3A.

Bricokasi pe3oHaHCcHas 4acToTa HEOOXOoAUMa st
MOBBIIIEHUS OBICTPOACHCTBUS JIOTHYECKOTO dJIeMEeHTa.
YMeHbIIeHHEe MacChl IMOJABHIKHOTO JIEKTPOJIA /1 yBEIH-
4uBaeT pabouylo 4acToTy f, IPU ITOM BaXKHO COXPAHUTb
JIOCTaTOYHYIO JUTMHY MHEPIIMOHHOW MacChl JJIsl pa3Meltie-
HUSI MAKCUMAaJIBHOTO KOJIMYECTBA EMKOCTHBIX stueek. J{is
YMEHBIICHUS] MACChI TAK)KE MPUMEHSETCSI epoparist —
CO3/IaHUE CKBO3HBIX OTBEPCTHI B MHEPLIMOHHOI Macce.

Onrumuzanys 100pOTHOCTH SBIISETCS KIIFOUEBBIM 3Ta-
MIOM MPOEKTHPOBaHUS Jorudeckoro MOMC-3nemenTa,
MOCKOJIbKY 3TH MapaMETPhI BIUSIIOT HA CKOPOCTH MEPEKITIO-
YEHUs!, PHEPrONoTPeOIeHNE U BO3MOXKHOCTD PEAT3alui
JIOTMYECKUX OTepalnii mpu arMoc(hepHOM JaBICHHUH.

Beicokast ToOOpOTHOCT MUHUMH3UPYET [IOTEPU SHEPTUH
Y yBEJIMUMBACT aMILIUTY/Ly KOJIeOaHHH, HO TaK)Ke YBEINYH-
BaeT BpeMsi nepekimoueHus u3 «1» B «0». CHUKeHue 1o-
OpPOTHOCTH yMEHBIIAET BPEMs IIEPEKIIIOUCHUS, HO TpeOyeT
YBEJIMUYCHNUS HANPSDKEHUS VISl JOCTaTOYHOTO Pa3/IeICHUS
nukoB AUX.

Jist rpebeHyaToro pe3oHaTopa ¢ MoNepeyHbIM nepe-
MEIIEHNEM HOOPOTHOCTD PETYINPYETCS] N3MEHEHHEM I1e-
PEKPBITUS 3JIEKTPOIOB EMKOCTHOM SUEHKU. YBEIMYEHHE
MEPEKPHITUS TOBBIIAET Ta30BO€ AEMII(PUPOBAHUE, UYTO
CHIDKAeT JOOPOTHOCTH M MO3BOJIAET HOCTHYD IIEJIEBOTO
3HaueHus 20, yCTaHOBJICHHOTO B X07ie aHanmu3a [6].

Jlyist pacyeToB B KauecTBE ITOJIBECOB HCIOIb30BAIUCH
KOHCOJIbHBIE 0alIK¥, 3aKPEIUICHHbIE OJHUM KOHIIOM Ha
yIJiax MHEpIUOHHON Macchl, a IPyrUM — Ha aHKepax.
B MOMC, Takux kak akceIepoMeTpbl U THPOCKOIIBI, Ya-
cTo npumenstorcs [1-o0pa3Hble IOABECHI, COCTOSIINE U3
JIBYX OaJIOK M COCIMHSIONICH ITEPEeMBIYKH B BEPXHEH YacTH
(puc. 3). XKectrocts [1-06pa3Horo noaseca onpenenseTcs
JKECTKOCTBIO OaJIOK 1 paccquIBaeTclﬂ KaK HOICHCHOBanJIB-

HOC COCIMHCHHUEC DTHUX BJICMCHTOB —— = .
0011 kBemecl kBepTgKZ
H-O6pa3HBIe TMOABECHI KOMITAKTHEE APYTHUX KOHCTPYKIINU U

00ecCreunBaloT IBIKCHUE B/IOJIb BEIOPAHHOM OCH, TaK Kak
JKECTKOCTh B JIPYTUX HAlpaBICHUSX 3HAYMTEIBHO BBILIE,
4TO MIPEAOTBPAIIACT HEeXKeJlaTeIIbHbIC KoIeOaHusl.

Whonseca

lnoﬂseca

Wrep

Puc. 3. Koncrpyxkius [1-o6pa3Horo mozgseca. w,
MEePEMBIYKH

ep —— LIMPHHA

Fig. 3. Design of the n-shaped suspension. w,., — width of the
bridge
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HanpsxkeHne cX1onbIBaHUS — HANpsDKEHUE, IPU KO-
TOPOM MOJBUKHBII 2JEKTPOJl IPUTITUBACTCSA K HEMOA-
BHXKHOMY I10]1 I€HICTBUEM 2JIEKTPOCTAaTUYECKOM CHIIBL, UTO
MIPUBOJUT K CXJIOMBIBAHUIO EKTPONOB. /s ero pacuera
MEXKIY apoH 3JEKTPOA0B UCIOIb3YeTCs BhIpaxkeHue [9]:

8kopo’

TR “4)
rie g — HadalbHBIA 3a30p MEXAY IJICKTPOJIAMH;
A = lepexpht — MIOIIA/E TIEPEKPBITHS HIEKTPOJIOB.

Jist CHYDKeHHST YTIPaBIISIIOIIET0 HAIPSDKEHUS! JIoTHye-
CKOTO 3JIEMEHTA HEOOXOAMMO YMEHBIIATH HAINpPSIKCHHUE
CXJIOTIBIBaHUSL. 1711 9TOTO0 MOXKHO YMEHBIIHUTH KECTKOCTh
104BeCOB (k,pq) YBEAMYUTh IIOMANb HEPEKPBITUS
ANEKTPOAOB (A) WM YMEHBIIUTH HAYaIBHBIA 3230p (g).
INockonbKy 3a30p (PMKCHPOBAH Ha MPEIBIAYIEM IIIare, oc-
HOBHOW METOJI yMEHbBIIIATh HAMPSKEHUE CXJIONBIBAHMS —
CHIKEHHUE KECTKOCTH MOABECOB 3a CUeT UX y/nHeHus. Ha
puc. 4 TIOKa3aHa 3aBUCHMOCTb PE3OHAHCHOM 4acTOTHI (f),
paccuuThIBaeMasi ¢ IIOMOIIBIO BRIpAKEHHS (2), HANIPSKESHHS
cxsonsiBanus (V) (4), u nodpotHoctu (Q), paccunTaH-

—

(o))

o
|

80

Hanpsxenue cxnonsiBanus, B

MKM

Hanpsoxenue cxnonsiBanus, B

HeperBITI/Ie OJICKTPOA0OB, MKM

HOU C MOMOIIBIO BhIpakeHUsl (3) OT JIMHBI TIOJBECa U
MePEKPBITHE AIEKTPOJIOB EMKOCTHOM STYEHKH.

TakuMm 00pa3om, Al JOCTHXKECHHS KITFOUEBBIX Xapak-
TEPUCTUK yCTpoHcTBa (COOCTBEHHON YacCTOTHI KoJleOaHM
— 100 xI'r 1 ko3 durmenta fodbporHoctd — 20) paccuu-
TaHbl JUIMHA MOABECA (1 neca = 165 MKM) M IIEpEKPHITHE
NIEKTPOIOB EMKOCTHOM SICHKH ([eperp = 22 MKM).

B Tabnuiie npencTaBieHbl TeOMETPUIECKHIE TApaMETPhI
1 XapaKTepUCTUKH Joruaeckoro MOMC-3nemenTa Ha oc-
HOBE TpebeHYaToro pe3oHaropa.

TpexmepHas mopeJb Jorndeckoro MOMC-31emenTa

Anammz MOMC-ycTpoiicTBa TpeOyeT ydeTa B3anMo-
JICHCTBUS ANIEKTPOCTATHKH M MEXaHUKH, a TAK)KE MEXaHU3-
MOB JHICCHITAIIIH MEXaHUUECKOi sHeprun. TpaauiinoHHbIe
CeTOYHbIE MeTObI, Takke kKak MK, o0ecnieunBaroT BBICO-
KYIO TOYHOCTb, HO Tpe6yIOT 3HAYUTCIBbHBIX BBIYUCIIUTCIIb-
HBIX pecypcoB. B maHHO# paboTe MCMONIB30BaH MOIAXO/
HA OCHOBC OMOJMOTEKH MapaMEeTPUICCKUX TPEXMEPHBIX
KOMIIOHCHTOB, UTO COKPAII[ACT BPEMsI MOJICIIUPOBAHHUS TIPH
COXpPaHEHUH 33JJaHHOU TOYHOCTH [7].
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Puc. 4. ITapamerprueckuii anain3. 3aBHCUIMOCTH HAIPSDKEHNUS CXJIONBIBaHUS (a) ¥ 9acTOThI (b) OT JUIMHBI O/(Beca; KodpduipeHTa
HAIpPsHKEHUS CXJIONBIBAHMU (¢) M T0OOPOTHOCTH (d) OT MEPEKPHITHS AEKTPOJIOB EMKOCTHOM sTueikn

Fig. 4. Parametric analysis. Dependence of pull-in voltage (a) and frequency (b) vs. suspension length; Dependence of pull-in voltage
coefficient (c¢) and quality factor (d) vs. the overlap of capacitive cell electrodes
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Tabnuya. TlapaMeTpsl ONTUMU3UPOBAHHON KOHCTPYKIHN

Table. Optimized Design Parameters

CBOHCTBO 3HavyeHue CBo¥iCTBO 3HavYeHuE

XapakTepuCTUKU EmKocTHas sueiika

Yacrora, kI'11 103 JlnuHa >1eKTpoa, MKM 50

Jlo6poTHOCTB 17 [Hupuna snexrpona, MKM 3

Wueprmonnas Macca [epexpbITHE IMEKTPOIOB, MKM 22

JlmuHa, MKM 360 3azop 1, MKkM 2

Hupuna, MKM 60 3a30p 2, MKM 5

Macca, MKT 1,12 KonudectBo siueex 13x4
VYnpyrue nousecs EMKOCTB U 4yBCTBUTEIBHOCTh

JlmuHa, MKM 165 Emkocts yerpoiicta, nd 0,56

[Hupuna, MkM 5 YyBcTBUTENBHOCTD, MKD/M 0,147

Bubnmoreka conepxut 6a3oBbIe 3MeMeHTHI MOMC:
0aJyKy, MIACTHHBI, TPeOEHYATHIE IIEKTPO/IBI, MOJICIUPY-
€Mble aHAJIUTUYECKUMH YPABHEHUSMH KaK MHOTOIIOJIFOC-
Hukd. IloBeeHUYECKHNE MOMIETH IEMEHTOB YUUTHIBAIOT
HENUHEHHY0 GU3HKY [7], TEXHOJIOrHYECKUE HOPMBI (YIJIbI
OOKOBBIX CTEHOK, OCTATOUHbIC HANPSDKEHNUS, epQoparyu)
u puznueckue a3QpPexTsl (nemrpupoBaHue, 3JIEKTPOCTa-
THKa, MexaHuka) [15]. B ommune or MKD, kxonnvectBo
cTerneHed CBOOOJBI CHIDKEHO 3a CUeT pemieHus audde-
pEeHLMATIbHBIX YPaBHEHUH TOJIBKO B Y3JIOBBIX TOUKax [16].
[MapameTpuzanus Mo3BONSIET U3MEHSITh FEOMETPUUECKUE
pa3Mepsbl (JUTHY MTOJBECOB, TUIONIA/b HHEPIIHOHHONW Mac-
CBI, TIEPEKPHITHE AIECKTPOIOB), ONITHMHU3UPYSI JOOPOTHOCTH
1 9aCTOTHBIEC XaPAKTEPUCTUKH yCTpoicTBa. KOMITOHEHTEHI
COEIIMHSIOTCSI B y3JIOBBIX TOUKaX, (POPMHUPYsI CTIOKHBIE KOH-
cTpykin 0e3 moctpoeHus cetku [ 17]. AnHaMuka CHCTeMBI
omnuceiBaeTcs auddepeHnnatbHBIMA YPaBHEHUSIMHE C Ma-
TPHIIAMH JKECTKOCTH, MacChl U nemiduposanus [16, 18].

Pazpaborannblit toruueckuit MOMC-amemMeHT Ha oc-
HOBE rpedeHYaroro pesoHaropa (puc. 5) BKJIIOYaeT HHEp-
LIMOHHYIO MacCy J — KECTKOU IIACTHHBI ¢ repdoparuen,
3aKpEIUICHHO ¢ TOMOIIbI0 YeThipex [1-00pa3HbIX yrpyrux
ITOJIBECOB 6, COCTOSIINX U3 12 OaJIOUHBIX IeMEHTOB [19]

Puc. 5. TpexmepHast MOJIEJIb MUKPOIIEKTPOMEXaHUUECKOTO
JIOTUYECKOTO MIEMEHTa.

1—4 — GoKOBBIC rpeOeHYATHIE ATEKTPOIBI-CTATOPBI; 5 — Hecyas
MHEPIMOHHAS Macca ¢ TpeOeHYaThIMU ICKTPOIAMH-POTOPAMH;
6 — I1-00pa3HbIX yrpyrue moaBecs

Fig. 5. 3D model of the microelectromechanical logic element.

1—4: side comb-drive stator electrodes, 5: supporting inertial mass
with comb-drive rotor electrodes, 6: n-shaped spring suspensions

(o Tpm OayNK¥M Ha KaKIbIH MOABEC), MOACTUPYEMBIX I10
Teoprur TUMOIIIEHKO C YIeTOM HEIWHEHHBIX IehopMaruii u
obecreunBaromux 6 CTerneHel cBOOOBI, YETHIPEX eMKOCT-
HBIX TPEOCHYATHIX CTPYKTYP /—4, BBITOITHAIOMNX (QYHKINT
QJICKTPOCTATUYCCKUX NPHUBO0OB, paCCUUTHIBACMEBIC METO-
nom [Isapria—Kpucroddens [19].

Mogens obnagaer 6 MEXaHUYECKUMH CTEICHSIMHU
CBOOO/IBI, DIIEKTPOCTATUYECKUE CHUIIBI PACCUNUTHIBAIOTCS
B 76 TOUKax MHTErpPUPOBaHMS B rpeOCHKaX M CUCTEMOM
JIeMII(pUPOBAHUS, KOTOPAs YUUTHIBACT dPPEKT CxKIUMae-
MOH Tra30BOM IUICHKH, MOJICITUPYEMbIi Ha OCHOBE ypaBHe-
HU#l PeifHomb/Ica ¢ yU4eTOM MEePHOANIHOCTH IPeOCHYATHIX
CTPYKTYp. JJaHHBIA MeTOM 00NamaeT orpaHHIeHUEeM: U3-3a
OMONMMOTETHOTO TPEICTABICHUS TEOMETPHUH HEBO3MOKHO
J00aBUTHh HECTAHIAPTHBIC AIIEMEHTHI, HAIPUMED OTpaHH-
YUTEIH MTePEMEIICHUS HeCYIIe MacChI.

CucreMHasi KOMIIAKTHAN MOJe/Ib

IIpoexruposanne MOMC TpebyeT COBMECTHOTO MOjIe-
JMPOBAHUS B COCTaBE YNPABISIOMICH CXEMBI JJIsl aHAIN3a
nepexoqHbIX mporeccoB [20]. s 3TOro HCHOIB3yeTCs
CTPYKTYPHO-TIOBEICHIECKAs! MOJICIIb Ha SI3bIKAX OMHCAHHS
ammaparypsl Verilog-A, VHDL-AMS.

MK co3maet MOAEIHU ¢ THICSTYAMH CTEIICHEH CBOOOIBI
(Degree of Freedom, DoF), 4To 3HaYUTENBHO YCIOKHSICT
UX MPUMEHEHHE JJIsl CHCTEMHOTO aHaJn3a U3-3a BBICOKOM
BBIYUCIIUTEIBHON CI0KHOCTU. Moenu COKpaleHHOTo
MOPSIZIKA MTO3BOJISIIOT ONKCATh AMHAMHYECKOE MOBE/ICHUE
YCTPOHCTBA, COXpaHss MPHU 3TOM TOYHOCTh MOZAEINPO-
BaHus. OTHUM U3 METOJOB PEAYKIIMH SIBISETCS METOM
MOZIQJIBHON CYTEpIO3UIMHI, COKPAIIAIOIINI Pa3MEPHOCTD
MOJIENN TIPHA COXPAHEHUH HEIMHEHHOTO 3IIEKTpOCTaTHYe-
ckoro B3ammozaercTsust [21].

B nacTosmieii paboTe reHepupyeTcss KOMITaKTHAs MO-
JIeNb U3 TPEXMEPHOW MOJIENN Ha OCHOBE OMOIIMOTEKH Ta-
PaMETPUICCKUX TPEXMEPHBIX KOMIIOHCHTOB. Kommakrraas
MOJECJIb COACPIKUT MATPUIlbl, MHTCPIIOJIAIIUOHHBIC T1apa-
MeTpHI (Hanpumep, uaTepnonstop Jlarpamxka), anmnpox-
CUMaIMI0 HEeJIMHEHHOCTEeH 1 HH(POPMAIUIO O BBIBOJAX.
MopnenupoBanune nHunuanuszupyercss B DC (Direct
Current)- mm AC (Alternating Current)-coctosiHuH, a Ha
Ka)KJIOM BPEMEHHOM IIIare BOCCTAHABIMBAIOTCS HEJIMHEH-
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HBIE AIIEKTPOCTATUYECKUE YICHBI BEICOKOTO MOPSAKA, YTO
MO3BOJISIET YUUTHIBATH DJEKTPOCTATUUECKOE CMSITUYECHHE
0e3 3HAYUTEIIFHOTO YCIOKHEeHUS BhraucieHuil. Yucno DoF
COKPAILAETCS ¢ HECKOJIBKUX COTEH JI0 HECKOIBKUX JIECST-
KOB IapaMeTpoB. KOMIIaKTHBIE MOIEITH TOYHBI TOJBKO IS
3a/IaHHOY KOH(UTYpaluu MapaMeTpoB, 4To Tpedyer Oa-
JIaHCA MEKIY CKOPOCTBIO M TOYHOCTHIO, YUUTHIBASI OTPaHU-
YEHHOE KOJINYECTBO BHIOPAHHBIX HETMHEHHBIX 3((PEKTOB.
Co3naHHas cucTeMHas MOJeb [22] 3KCIOPTHUPYETCS B
cpely MPOEKTHUPOBAHUSI MHTETPATBHBIX CXEM KaK CITHCOK
COEJIMHEHUH Y CXEMHBINM CUMBOJI JJI1 COBMECTHOI'O MOJe-
nupoBanus ¢ MOMC.

TecTupoBanue MojaeIu

Lenpro TeCTHPOBAHUS SIBISETCS MTPOBEPKA KOPPEKTHO-
cTU (GYHKIHOHUPOBAHUSA MOJENH C TIOMOIIBIO aHAIN3a
CTAaTHYECKOT0, YaCTOTHOTO U AMHAMHYECKOTO OTKIHUKOB
CTPYKTYPHBI, ONIPe/IeNIEHUs BEIUYUHBI TOCTOSTHHOTO CMe-
HICHHUS] THEPLIMOHHON MacChl M YIPAaBJISIONIET0 HaMpsiKe-
HUS, IPH KOTOPBIX PAa3HUIIA B PE30HAHCHBIX YacToTax (Af)
MPU PA3IUYHBIX KOMOWHAIUSAX HAa OOKOBBIX AJICKTPOAAX
He MeHee 6 kIt npu no6porHocTH (Q) okono 20 u pea-
au3anys Ha Mojen yorndeckux onepauuit « 1JIM-HEy,
«HUcxmouaromee UI», «».

OddexT cxmompIBaHUS BOSHUKACT MPH MPEBBIIICHAN
KPUTHYECKOTO HANPSIKEHUS, TPH KOTOPOM IOJIBIKHBIN
SIIEKTPOJI IPUTITUBACTCS K HETIOABIDKHOMY TIOJT ISHCTBHEM
AeKTpocTaTndeckoi cuiibl. Ha puc. 6, a mokazan aHaims
CXJIOTIBIBAHMSI JUISI IBYX CXEM TOAKIIOUCHHUS DIICKTPOJIOB
MATUKOHTAKTHOTO Jlornaeckoro MOMC-anemenTa:

— BNeKTponsl /, 2 U 3 miaBarolue, IeKTPoa 4 UMeeT
HYJEBO! MOTEHIMA, Ha EKTPOJ 5 MOAAETCs TUHEHHO
n3MeHnsieMoe Hanpspkenue (puc. 5). Hanpsbxenue cxio-
MbIBaHMs cocTaBiseT 84,5 B, 4To HEMHOrO HIXKE pacyer-
Horo 3HaueHus 87,6 B, momyuennoro o gopmysie (3);

— BJEKTPOJbI / U 2 MIaBaoUIe, SEKTPOAbl 3 U 4 UMEIOT
HYJIEBOW MOTEHLIMAJ, Ha IMOJIBUKHBIN 31EKTPOJ J 1oja-

a

N
(=]

anektpon 4 = GND
— — —oanekrpon 3—4 = GND|

1,04

CMGH.[eHI/Ie I/IHepHI/IOHHoﬁ MaccChbl, MKM

(=]

T
40 80
Hanpsxenue Ha nHepiMoHHON Macce, B

o

eTcsl TMHEeHO n3MeHseMoe HanpsbkeHue. Hanpsikenue

CXJIOTbIBAaHUS cHUXkaeTcst 10 59,8 B u3-3a ysennuenus

IUIOLIAIU MIEKTPOCTATUUECKOTO B3aUMOJEHCTBHS MEXK-

JIy TIOJIBYKHBIM M OOKOBBIMH JICKTPOIAMH.

Hanpsoxenue noruueckoit «1» npunsto paBubM 60 B,
a «0» — 0 B. AHanu3z cMeneHus NOABMKHOTO 3JIEKTPOAA
B 3aBUCHMOCTH OT HAIPsDKCHHUH Ha OOKOBBIX JIEKTPOAAX
2 u 3, moKasaj cIeayronie 3aKOHOMEPHOCTH (puc. 6, b):
— TpH Pa3HOCTH NOTEHIUATOB «0—1» mim «1—0» moaBwK-

HBIHA 3JIEKTPOJ MPUTATUBACTCA K COOTBETCTBYIOIIEMY

OOKOBOMY JIEKTPOAY MO ACHCTBHEM DJIEKTPOCTATH-

YECKOU CHUJIBI;

— B ciydyae komOnHanuii «0—0» nnu «1—1» pazHocTh
MOTEHIMAJIOB MEX/y TPOTHBOIIOIOKHBIMA OOKOBBIMH
2JIEKTPOaMU KOMIIEHCUPYETCS, YTO yAEPKUBAET MO~
BVDKHBIHN DJICKTPOJ B PABHOBECHH.

TapMoHWYeCKUiT aHAIHU3 UCTIOIB3YETCS [UIST UCCIIEO0-
BaHUS PEaKIMU YCTPOICTBA HA BHEUTHEE TAPMOHUICCKOE
BO30yxaeHne. B ocHoBe paboTs! ormaeckoro MOMC-
SJIEMEHTA JICKUT W3MEHEHHE PE30HAHCHON JacCTOTHI
MOJIBIKHOTO AJIEKTPO/Ia 3a cueT 2P QeKTa 3MeKTPOCTATH-
YECKOTO CMATYEHHUS JKECTKOCTH CHCTEMBI. V3MeHeHue
BXO/IHBIX KOMOMHANMN Hamps KeHUH Ha OOKOBBIX DIIEKT-
ponax (uudpoBbic BXozbl 2 U 3) U HA MOIBUKHOM 3JICKT-
poze 5 mo3BoJsIeT JMHAMUYECKH YIPaBIsATh PE30HAHCHON
gactoroit MDOMC-aeMenTa, 4To 00eCIeunBaET BBITOIHE-
HHE Pa3JINYHBIX JIOTHUECKHX OIIEpaIMii Ha OJHOM YCTpOH-
CTBE.

Ha nstuxkontakraoM norunyeckoM MOMC-snemenTe
TPH Pa3IAIHBIX PE30HAHCHBIX YACTOTHI PEATU3YIOTCS TIPU
CIEAYIOMNX KOMOMHANNAX Ha OOKOBBIX AIIEKTponax 2 u 3
(puc. 7):

— xomOuHanus «0—-0»: pezonancHas gactota f; = 75,5 kI 11
(omeparnust «UJIV-HEy);

— kxomOuHanua «0—1» umn «1-0»: gactora f, = 86,6 kI'g
(onepanus «Uckmouaromee NJTN»);

— xoMOuHanus «1—1»: pesoHaHcHas yacToTa f3 = 93,5 k'
(onepanus «»).

CmMelieHre HHePIMOHHONW MACChl, MKM

|
)

T T
0 40
Hanpsxkenue Ha nuepuMoHHoM Macce, B

80

Puc. 6. Aranu3 >ddekra cXIONBIBAaHUS IPU CMEIICHUH IBYX (a) U Tpex (b) 3IEeKTPOIOB.
GND — 3emuist (Ground)

Fig. 6. Pull-in effect analysis for the displacement of (a) two and (b) three electrodes.
GND — Ground
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00KOBBIX AMekTpoaax 2 u 3 npu Q = 20 Ayt HaNpsDKeHUH
anexrponoB 4 u 5: V., = 1B (AC), V, 60 B (DC)

cxad
Fig. 7. Frequency response of the resonator for various input
combinations at digital inputs 2 and 3, 0 =20, V,=1V (AC),

Ha nonBuHBIN 2J€KTPOA 5 MOJAETCS IOCTOSIHHOE
HanpspkeHue 60 B, Tak kak B JaHHOM Cilydae pa3HHLA B
yacrore Af mexay «0—0» u «0—1» mMakcumaibHOE H CO-
crasisieT He MeHee 6 k' mpu O = 20.

Peanu3anms nornueckux onepaumii

Pazpabotannusii MOMC noru4ecKuil 2JIeMEeHT CIo-
COOCH BBITIOJIHATH 0A30BbIC JIOTMYCCKUE OICPAIIH TAKHUE,
kak «Wy», «MJIN-HE» u «Uckmrouaronee NJIN». Cxema
noakmroueHuss MOMC-s1eMeHTa K BHEIITHUM UCTOYHHKAM
MpeJIcTaBleHa Ha puc. 8.

Jis peanmm3anyu JTorudecKoi oneparmu «M» Ha dIek-
TpOI 4 TolaeTCsl CHHYCOUIANBHBIN CUTHAN C YaCTOTON
/3. Pe3oHaHC BO3HMKaeT TOJIBKO IpU KoMOUHANuuU «1—-1»,
KOTJIa 4YacTOTa CHTHaa BO30YXICHUS COBMANACT C pe3o-
HAHCHON YaCTOTOHN MOJBHMIKHOTO 3JEKTPOJA. DTO MPHUBO-
JIUT K JETEKTHPOBAHUIO «BBICOKOTO» BBIXOJIHOTO CHUTHAJa
Ha YyBCTBUTEJILHOM JJIEKTpoJie /. B ocTanmbHBIX Ciydasx
BBIXOJTHOM CHTHAJI UMEET HU3KYI0 aMIuinTyny. Ha puc. 9, ¢
MoKa3aHa OCIIIUIOrpaMMa, TIOATBEPIKAAIONIAs PeaTn3aluio
noruueckoi oneparuu «My. AHaIoruyHo, Ui peanu3auuu
norunyeckoit onepauuu «MJIN-HE» na snexrpon 4 nona-

Vs=60V (DC N .
3 (DC) eTCsl CHHYCOUAAIBHBIA CUTHAJI C 4acTOTOM f; (puc. 9, a), a
P BO30YXX/ICHUH C YaCTOTOMH /5 BBIIOJIHSETCS JIOTHIECKast
omepanus «Uckmrogaromee MJIN» (puc. 9, D).
[IepenporpamMmupyemsblit
MHKPODJIEKTPOMEXaHHIECKHUI
JIOTHYECKUH JIEMEHT
u G G,
anekrpon / —\| N aneKkTpos 2
N IN_u
u C C ’ ~
anekrpon 3 —\y |3 \i’ JIIEKTPOS 4 \'Z)
R; IN_u
(72N
g
' g
3
V; = Vy

+
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\Y \

Puc. 8. TlopkimoueHne MEKPOPE30HATOPA M BHEIIHUX HCTOYHUKOB TS BBITONHEHHUS JIOTHISCKUX OIeparuii
Fig. 8. Connection of the microresonator and external sources for implementing logic operations
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«MJIU-HE» (a); «ckmrouaromee UJIN» (b); «U» (c)

Fig. 9. Oscilloscope traces demonstrating the implementation of logic operations: NOR (a); XOR (b); AND (c)

3akiarouenne

B pabore npezcrasien mnporecc MpoeKTUPOBAHUS JIO-
TUYECKOT0 MHKPOJIEKTPOMEXaHHMUECKOTO JJIEMEHTa Ha
OCHOBe rpedeHuaroro pezonaropa. ONTHMHU3UPOBAHEI Te-
OMETPHUYECKHE TTAPaMETPhl EMKOCTHBIX Y€K M MO/IBECOB
C YYETOM TEXHOJOTHYECKHX HOPM, KOTOpbIE 00eCIeIHIIN
cobcTBeHHYI0 yacToTy Konebanmit 100 kI, Hampske-
Hue cxjomnsBanus 84,5 B u mo6porHocTs 20 mpu atMoc-
(epHOM 1aBICHNUY AOCTATOYHBIE Ul Pa3eiCHUs ITHKOB
AMIUTMTYHO-4YaCTOTHOW XapaKTePUCTHKU M HEO0OXOH-
MOW CKOPOCTH TEPEKIIOUEHHS JIOTHYECKUX COCTOSHUM.
YyBCTBUTENBHOCTD KOHCTPYKIMU cocTapisier 147 HD/m
3a cyeT yBenuueHus: emkoctu 10 0,56 nd.

AHann3 AMHAMHUYECKHUX XapaKTePUCTHK MOJATBEPANIT
BO3MOYKHOCTb BBIITOJIHEHHSI JIOTHUECKUX OIepanuii myTemMm
M3MEHEHUS PE30HAHCHOM 9acTOTHI MOJIBIKHOTO JIEKTPO/Ia

3a CYET 3IEKTPOCTATUYECKOTO YMEHBIIEHUS KECTKOCTH
pe3oHaropa.

Pa3paboTaHHBIl MapuIpyT NPOSKTUPOBAHUS MO-
JKeT MPUMEHATHCS I co3JaHus jJorudeckux MOMC-
JJIEMEHTOB C BO3MOXKHOCTBIO IE€PEIPOrpaMMUPOBAHHUS B
npotecce paboThl U IaNbHEHIIEr0 KacKaAnpOBaHUsI TAKHX
YCTPOWCTB JUIsl TOCTPOEHUS CIOXKHBIX IU(POBBIX CXEM.
AJBTEepHATUBHBIN MOAXO K CO3JIaHUIO TPEXMEPHBIX MO-
Jieniell Ha OCHOBE OMOIMOTEKH MapaMeTpU4eCcKuX KOMITO-
HEHTOB M T€HEPALNH KOMITAKTHBIX MOZAEJEH Ul CUCTEM-
HOTO aHaJIN3a MOXKET OBITh MCIOJB30BaH IS Pa3padOTKH
MDMC-akcenepoMeTpoB U TUPOCKOTOB. JlampHelmmas
ONTHUMHU3AIMS KOHCTPYKIIMU OyleT HarpaBieHa Ha TOMCK
Ipyrux GpopM MHEPLIHOHHON MacChl A pa3MEIIeHHs Ha
HEH 6OHBIHeFO KOJIMYCCTBA EMKOCTHBIX SAYCCK U YBCINYC-
HUS YyBCTBUTEJIBHOCTH YCTPOICTBA.
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Kpurnyeckne Harpy3ku aHTUCUMMETPUYHBIX H CMELIAHHBIX (opM
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AHHOTaNMS

Bgenenmne. [3ydeH nporecc BEIYUCICHUS CIIEKTPa KPUTHUECKUX HArPY30K aHTHCUMMETPUYHBIX U CMEHIaHHBIX (HOpM
PaBHOBECHS MTOCTIE TOTEPH YCTOHUMBOCTH 3aIEMIEHHON 110 KOHTYPY BEICOKOYIPYTOI MPsIMOYTOIBHON HAHOTLUIACTHHBI
(CCCC-nmactuna) (C — clamped edge, 3ameMieHHBIN Kpail) IPU TBYXOCHOM CXKAaTUU M PA3IHYHBIX 3HAYCHHIX
HEeJOKaJIBHOTO mapamMerpa OpuHrena. Meroa. Mlckomble OpMBI 3aKPUTHUECKOTO PAaBHOBECHS MPECTABICHBI
JIByMsI THITEPOOJIO-TPUTOHOMETPHUESCKIMH PSIaMH C HEONPEAeTeHHBIMI KOd(Q(UIIMEHTaMH IIPH COOTBETCTBYIOIINX
KOMOMHAIMSIX HEYETHBIX M YeTHHIX (QyHKumi. Kaxkaplit N3 psgoB MOTUMHSIICS OCHOBHOMY An((depeHIHaIbHOMY
YpaBHEHHUIO (PU3HMYECKOTO COCTOSTHUSI DPHUHIEHA, a 3aTeM MX CyMMa MOYHHSIIACH BCEM IPAaHUYHBIM YCIIOBHSM 33/1a4H.
B pesynbprare nonydeHa OeckoHeUHass OJHOPOJIHAsSI CHCTEMa JIMHEHHBIX aareOpanyecKux ypaBHEHHH OTHOCUTEIBHO
OJTHOM TOCIIEI0BATENbHOCTH HEN3BECTHBIX KOI(DDHUIIMEHTOB PANOB, COJAEpIKalIas B KayeCTBE OCHOBHOTO MapameTpa
BEJIMUNHY CKUMAIOIEeH Harpy3ku. [t moucka COOCTBEHHBIX YHCeN (KPUTHIECKUX HArpy30K) MCIOIb30BaH BIIEPBbIC
TIPEeTOKEHHBIN NTEPAIMOHHBIN IIPOIECC OTHICKAHNS HeTPUBUAIBHBIX PEIICHUH B COUSTAHUH C METOIOM «CTPEIIBOBD).
OcHoBHBIe pe3yabTaThl. [l psia 3HaYeHUI HeIOKalIbHOTO napamerpa epd u3 pabouero nuanasona [0-2] Teopun
Opunrena (0 — kaccudeckast Teopust) ¢ marom 0,25 BIepBEIe TOMyYeH CHEeKTp U3 10 OTHOCUTENBHBIX KPUTHIECKIX
Harpy3oK. YCTaHOBJICHO, YTO ¢ POCTOM HEJIOKaJIbHOIO MapaMeTpa KPUTHUECKUE Harpy3Ku yMeHblnanuck. Kpaessie
a¢dexTsl He 0OHapYKeHBI. AHATM3UPOBATIACH TOYHOCTH KOMITBIOTEPHBIX BBIYMCICHUH. MI3MEHsIeMbIMU TTapamMeTpamMu
BBIUMCIIUTEIbHON IPOTpaMMBbl SBISIOTCSI OTHOCUTENIbHASA CKMMAIOIIasi Harpy3Ka, OTHOLIEHHE CTOPOH IUIACTHHBI,
3HAYEHHs HENOKAIbHOTO NapaMeTpa DPUHTeHa, YUCII0 UTEPALHH, KOTHUECTBO YWIEHOB B PA/AX, KOTUYECTBO 3HAYAIHX
mudp BeUHCINTENBbHOTO mporecca. Obcy:kaenue. [IpennoxeHnas METOINKA U TTOTyYSHHBIC YHCIEHHBIE PE3yIbTaThl
MOTYT OBITH HCIIOIB30BAHBI MIPH MPOSKTHPOBAHNN YYyBCTBUTEIHHBIX IEMEHTOB PA3IUYHBIX JAaTYNKOB B smart-
KOHCTPYKIIUSIX.

Kurouesblie ciioBa
npsamoyronbHas CCCC-HaHOIUIACTUHA, YCTOHYMBOCTD, TEOPHsl DpUHIreHa, psaabl Dypbe, CHEKTp KPUTHYECKUX HAIPy30K

Ceblnka aas uutupoBanusi: Cyxorepun M.B., Boiitko 1.B., Cocuosckas A.A. Kpurnueckue Harpysxu
AQHTHUCUMMETPUYHBIX U CMEIIAaHHBIX (OpPM 3aIleMICHHONH HAHOIIACTHHBI IIPU JABYXOCHOM cxxatuu // Haydno-
TEeXHHUYECKUIl BECTHUK HH()OPMALMOHHBIX TEXHOJOTHH, MexaHUKH u onTHkH. 2025. T. 25, Ne 3. 520-526. C. doi:
10.17586/2226-1494-2025-25-3-520-526
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Abstract

The process of calculating the spectrum of critical loads of antisymmetric and mixed equilibrium forms after loss of
stability of a contour-pinched highly elastic rectangular nanoplate (CCCC-plate) (C — clamped edge) under biaxial
compression and various values of the nonlocal Eringen parameter is studied. The desired forms of supercritical
equilibrium are represented by two hyperbolic-trigonometric series with indeterminate coefficients for corresponding
combinations of odd and even functions. Each of the series obeyed the basic differential equation of the physical state
of Eringen, and then their sum obeyed all the boundary conditions of the problem. As a result, an infinite homogeneous
system of linear algebraic equations is obtained with respect to a single sequence of unknown coefficients of the series,
containing as the main parameter the value of the compressive load. To find eigenvalues (critical loads), the iterative
process of finding non-trivial solutions proposed by the authors in combination with the “shooting” method was used. For
a number of values of the nonlocal parameter ey4 [nm] from the operating range [0-2] of the Ehringen theory (0 is the
classical theory) with a step of 0.25, a spectrum of 10 relative critical loads was obtained for the first time. It was found
that with an increase in the nonlocal parameter critical loads decreased. No edge effects were detected. The accuracy of
computer calculations was analyzed. The variable parameters of the computational program are the relative compressive
load, the ratio of the sides of the plate, the values of the non-local Eringen parameter, the number of iterations, the
number of members in the rows, the number of significant digits of the computational process. The proposed technique
and the numerical results obtained can be used in the design of sensitive elements of various sensors in smart structures.

Keywords
rectangular CCCC-nanoplate, buckling, Eringen theory, Fourier series, critical load spectrum
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BBenenue

B nacrosimee BpemMst HAHOTIIIACTHHBI IIMPOKO TIPHMEHS-
I0TCS B PA3IIMIHBIX 00NIACTAX TEXHHUKH, 4 TAKKE B ONOJIOTHH
n MeannuHe. OcoOblif HHTEpEC BBI3BIBAET UX UCIIOJIb30Ba-
HHUE B smart-KOHCTPYKIUSIX B Ka4eCTBE YYBCTBHUTEIbHBIX
9JIEMEHTOB Pa3JInYHBIX JATUYUKOB. Smart-KOHCTPYKIUU
NPEJICTABIISIIOT CO00H pPa3INnYHbIE CUCTEMBI, BKIIIOYAIOIIHE
CEHCOPBI, JaTYUKHU, aKTyaToOphl, YCTpoiicTBa 00paboTKH
JAaHHBIX U BBIPAOOTKH YNPABISIIOINX CUTHAIOB. Takue
KOHCTPYKIIUM MOTYT M3MEHSTh CBOM CBOWCTBA MOA JEH-
CTBUEM D3JICKTPHUYECKUX, MAarHUTHBIX WJIH TeMIIepaTyp-
HBIX TOJIE M CAMOCTOSITEIIBHO OCYIECTBISITH OTBETHBIC
neiictBusl. BaxkHBIMU 3a1auaMy TIPH 9TOM SIBIISTIOTCS HC-
CJIeIOBaHMS KOJICOAHWH M yCTONYNBOCTH, MCHOIB3yEMbIX
JUIs 3TuX 1eneil HaHottacTuH. CoBpeMEHHbIE TEXHOIIO-
TM{ U3TOTOBJICHHS HAHOIUIACTHH MO3BOJISIOT 33/aBaTh UM
HY)KHBIE CBOMCTBA M, B YACTHOCTHU, BBICOKYIO yIIPYTOCTb.
Bpricokoyrnpyrue miacTUHbI O/ ISHCTBHEM COKUMAIOLIHX
Harpy30K B UX TIOCKOCTH MOTYT HECKOJBbKO pa3 TepsTh
YCTOHYUBOCTB NP BO3PACTAHUH HATPY3KU U IPHOOpPETATH
HOBBIE ()OPMBI 3aKPUTHYECKOTO paBHOBecHs. V3MeHeHne
(opMBI HAHOIUTACTHHBI YEepe3 aKTyaTOphl PUKCUPYETCs
cIlesIIIeH smart-CHCTeMOW ¥ MHUIIUHAPYET COOTBETCTBYIO-
LU YIpaBIISIOINNA CUTHAIL.

YenoBust 3aKpeTIeHus! IpaHel HaHOTUIACTHHBI, TaK JKe
KaK ¥ TOHKOU rracTiHBI Kipxrodda, 00BIIHO TIpencTaBis-
0T cO0OH pa3IMIHbIC COYETAaHHU CBOOOTHO-OMEPTHIX (S —
supported), 3amemnerabix (C — clamped) u cBoOOIHBIX
(F — free) rpaneii.

[Tpu ananuze u3ruda, koseOaHU U yCTOMYMBOCTH Ha-
HOPa3MEPHBIX CTPYKTYP IIHPOKO HUCTIONb3YETCs HEJOKaIb-
Has Teopus ynpyroctu A.C. Dpunrena [1, 2], kotopas
YUHUTBHIBACT pa3MepHBIA d3(p(PeKkT HaHOOOBbEKTa, a TAKKe
B3aMMHOE BIIMSHUE COCEAHUX TOYCK Ha HANpPsDKEHHOE CO-
CTOSIHHE, 32 CUCT BBEJICHUS TAK HA3bIBAEMOTO HEJIOKAIBHO-
ro napamerpa Opunrena (egd). Pusnueckoe 000CHOBaHUE
9TOM TEOPHUHU C AaTOMUCTUYECKOH TOUKH 3pCHUS ANHAMUKHI
KPHUCTAITMIECKON PELIETKH U C TIOMOIIBIO METO/Ia MOJICIH-

POBaHUS MOJICKYIISIPHOM JMHAMUKH OTHCaHO B pabote [3].
JlanHBIM MeTO/IOM B [4] OBLT HAl/IEH TUAania30H U3MEHEHUS
HEJIOKaJIbHOTO MapameTpa DpuHreHa epd ot 0 10 2 HM a1
HAHOTPYOOK M HAHOIUIACTHH.

BonpocaM ycToHYMBOCTH MPSAMOYTOJIBHBIX HAaHOILIA-
CTHH IOCBSIIIEH OOJIBILION PsIJ UCCIIEJOBAaHUH, 13 KOTOPBIX
orMmeTuM [5-14].

B [5] npumeneH MeTo[1 KOHEUHBIX Pa3HOCTEH, HalIeHbI
MIepBBIC JBE KPUTHIECKNE HArPY3KH M TIOJIyYEHBI COOTBET-
cteytomue 3D-dopmer motepu ycToitunBoctr SSSS- u
CCCC-HaHOIIIaCTHH.

DHepreTrudecKrue METOABl UCIIONh30BAINCH B pabdo-
tax [6—11]. B [6] uccnenoBanack yCTOHYHBOCTH HAHO-
TUIACTHH MPH JIBYXOCHOM CXKaTHH C y4eToM Jedopmanuu
MOTIEPEYHOTO CABHUTa. [ pemeHus: NpuMeHsIcs IpUH-
1y ['aMuiibToHa 1 MOIM(UIMPOBAHHAS TEOPHUS MAPHBIX
HanpsbkeHui. B [7] paccMmarpuBanack HaHOIJIACTHHA Ha
YIOpyroM OCHOBaHHUU. 3ajJjauya yCTOHUMBOCTH pElIeHa Me-
togoMm Putua. B [8] 3amaua ycTOMUMBOCTH MarHuTo-3-
JEKTPOyNpyroi GpyKIMOHAIBHO I'PaIyHpOBAaHHON HAHO-
TUTACTUHBI C MTBE303ICKTPHUECKUM aKTyaTOpOM pelIeHa C
UCTIONB30BaHNEM TPUTOHOMETpHUeckuX (hyHknuii. [Tlepsbie
(a¥imepoBbIe) KPpUTHUECKHE HATPY3KH U1t 17 BUIOB 3aKpe-
TUICHHUSI HAHOTUIACTHHBI HalIeHsI B padote [9] mpu pas-
JMYHBIX 3HAYEHUSX HEJIOKAIBbHOTO MapaMeTpa DpUHICHA.
[Tocnenyromue KPUTHIECKUE 3HAYCHNS HE BBIUMCIISIINCE.
B [10] npumensncs meron Panes—Putna u nmpuHnun
['amunbTOHA JUIs1 HAHOIUIACTHUH CPEHEN TOJIIUHBI C yue-
TOM CIIBUTOBO# Teopuu. B padore [11] ycroitunBocTs 1 ko-
nebanuns HanomactiH Kupxrodda ncenenosanst ¢ momo-
IBI0 MOJU(HUIIMPOBAHHON TEOPHH MAPHBIX HANPSIKEHUH.

B [12] x 3a1aue yCTOMUMBOCTH HAaHOIIIACTUHBI IPHMeE-
HSUJICS METO/I CUMIUIEKTHUECKOH cyrepro3uiud. [lomydeHs
YHCIIEHHBIE PE3YIBbTAThI Ul HEKOTOPBIX BHJIOB 3aKperie-
HUSI HAaHOITACTHH. DTOT )K€ METOJ pean30BaH B padboTe
[13] mtst KOHCONMBHOM TTACTHHBI Ha YIIPYTOM OCHOBAHWH B
TUIOCKOM MarHUTHOM IIOJIE.

[Tpu ucronb30BaHUM PA3THMYHBIX MPUOIHIKEHHBIX Me-
TOJIOB OCTAETCSl OTKPBITBHIM BOIPOC 00 UX CXOIUMOCTH K
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TOYHOMY PEIICHHIO 33/1a4H, a TAKKe O TOUHOCTH BBIYHC-
JIEHUH MO ATUM METOJaM.

Lenbto HacTosmIel pabOTHI SBISETCS IIOCTPOCHHUE BBI-
YUCIUTEIBHOTO aJIrOpUTMa, MO3BOJISIONIETO C BBICOKOH
TOYHOCTBIO HAXOAUTH CIIEKTP KPUTHICCKHUX HATPY30K IS
Pa3NUYHBIX 3HAYCHUH HEIOKAJIBHOTO MapaMeTpa JpuHTeHa
TIpH BBITIOTHEHUHN BCEX YCIOBHH 3a1auu. PaccMoTpeHs! aH-
THCHMMETpHYHBIE (A-A) 1 cMemmaHHbIe (A-S, S-A) hopMsr
paBHOBECHS IIOCJIE TIOTEPU YCTOMYMBOCTH 3alLEMIICHHON
10 KOHTYpPY NPsIMOYTOJIbHOW HaHOTUIACTUHBL. [Ipu 3TOM
HCIIOJIb30BAJIUCH TUIEPOOIO-TPUTOHOMETPHYECKHE PSIIb,
HTepaHHOHHLIﬁ METOJ IMMOMCKa HCTPUBUAJIbHBIX pemeHMﬁ
OECKOHEYHOW CHUCTEMBI B COUETAHUH C METOJIOM «CTPEITh-
ObI» mpu nepedope 3HaYeHuit Harpy3ku. CUMMETpHYHbIC
¢dopmsl (S-S) uccnenosanucs B [14]. [lonoOHbIH npueM
TIPUMEHSIICS TaKkxke U B padore [15].

ITocTanoBKa 3agauu

JuddepenunanbHoe ypaBHEeHHE H30THYTOH NOBEPX-
HOCTH 3allleMJICHHON NpPsIMOYTOJIbHOW HAHOIJIACTUHEI
(pUCYHOK) TOCJI€e IOTepH YCTOWYMBOCTH OT JIeHCTBUS Ou-
aKCHAJIbHBIX PABHOMEPHBIX CXKMMAIOLINX CHII OJINHAKOBOW
uHTeHCUBHOCTU N nmeet Bu [1, 2, 9]

DV2V2y + NV2y — e*NV2V2y = 0, (1)

e D = ER3/[12(1 — v2)] — unnuuapudeckas *KeCTKOCTb
IacTuHbl, E — Momyns FOHTa, i — TOMNIIMHA UIACTHHBI,
v — ko3 uument [Tyaccona; V2 — nByMepHbIil orieparop
Jlamnaca; w(x, y) — nporu®6 riactuusl; €% = (egd)? —
HOCTOSIHHASL HAHOMAaTepHana, eyd — HeJIOKaJIbHBII napa-
MeTp, e, — Oe3pa3MepHast HellOKaIbHasl YIIpyrasi KOHCTaHTa
OpuHrena, A — BHYTPEHHHH XapakTepHbIH (006001IeH-
HBIIT) pa3Mep HaHOBEILECTBA, HAIPUMED, pa3Mep aTOMHOM
PELIETKH, pacCTOSHUE MEXIy TPaHyJIaMH WA aTOMaMHU
JIMCKPETHOM CTPYKTYPHI (B 3aBUCHMOCTH OT BHYTPEHHETO
CTPOCHHS BEIIECTBA).
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Pucynox. Pacuernas cxema CCCC-HaHOIUIACTHHBI.
a u b — pa3mepsl IIACTHHBI B I1aHe; A — BHYTPCHHUIA
XapaKTepHBIﬁ pasMep HaHOBCIICCTBA, N — UHTEHCUBHOCTbH
CXKUMaKIOIUX yCI/I.]'II/Iﬁ

Figure. Calculation scheme of CCCC-nanoplates.

Here, a and b are the dimensions of the plate in plan, 4 is the
internal characteristic size of the nanomaterial, and N is the
intensity of compressive forces

OTHeceM KOOPIWHATHI MIIACTHHBI K €€ pasmepy b:
x =X/b,y = Y/b, TOTIa pa3MepBbI TUIACTUHBI OYIIyT TAKUMH:
/2 <x<v/2,-1/2<y <1/2 (y = a/b), a ypaBHEHHE paB-
Hosecwus (1) mpumer BUx

(1 — eP)V2V2y + PV2y = 0, )

rae P = Nb2/D — oTHOCHTENbHAS CKMMAIOIIAS HATPY3Ka,

£ = £¢*/b? — Ge3pasMepHas KOHCTAHTa HAHOMATEPHAIa.
I'paHUYHBIC yCIOBUS BBIpAXarlT TPEOOBAHUSI OTCYT-

CTBUS ITPOTKOOB M YIJIOB MIOBOPOTA 3AIEMJIEHHBIX MPaHE:

w =0, Ow/Ox ipu x =+ /2, 3)
w=0, 0w/0y pu y =+ 1/2. 4)

Coopmynupyem 3aiaqy: HalTH HEKOTOPBIHN CIIEKTP KPH-
THYECKUX HArpy30K P;.. U MOIY4YUTh COOTBETCTBYIOIUE
tdopmsl (A-A, A-S, S-A) U30rHYTON IOBEPXHOCTH Wi(X, )
HaHOIIJIACTHHBI, YJOBICTBOPSIONINE ypaBHEHUSIM (2)—(4).
Jannas 3amaqa sBIsSeTCS HENBIO MONUCKA COOCTBEHHBIX
3HAYCHWH M JOJDKHA UMETh OECUMCICHHOE MHOXECTBO
HETPUBHAIBHBIX PELICHUH, N3 KOTOPHIX HANOOJIEe BaXKHBI
HECKOJIBKO TTEPBBIX 3HAUCHUH.

ITocTpoeHue penieHUs A1 AHTUCHMMETPHYHBIX
(¢hopm paBHOBecus (A-A-popmbl)

Hckomyro QyHKITHIO IPOTHOOB BEIOEPEM B BHIIE CYMMEI
JIBYX THUIEPOOJIO-TPUTOHOMETPHYECKHUX PSIOB 0 JBYM
KOOPJIUHATAM, COJCPIKAIIMX TOJIBKO HEUCTHBIC (DYHKIMH:

w106, ) = Aﬁl(—l)k[Aksh(amx) + Bish(ap0)lsinty),  (5)

Wy, ) = 3 ((IP[C,sh(E ) + Dsh(Ey)lsin).  (6)

s=1

rae Ay, oy, By, 0o, Cy, Eg1, Dy, E» — HeollpesieeHHble
ko3 duLueHTsl; A, = 2mk; L = 27s/y.

3ametuM, 9TO QyHKIUSA (5) YIOBIETBOPSET YCIOBUIO
OTCYTCTBHUS IPOTHOOB Ha TpaHsax y = +1/2, a pyHKIHSA
(6) — ycIoBHIO OTCYTCTBUS MPOrHOOB Ha IpaHsX x = +y/2.

Koa¢pdurmentst oy, &, (i = 1,2) HaiineM U3 0CHOBHOTO
ypaBHeHus (2). [Toncrasnss B HEro moodepeaHo paasl (5) u
(6) 1 M30aBMBIIKCH OT 3HaKa CYMMHPOBAHUSL, TOJTYYHM JIBA
OMKBaJPATHBIX YPaBHEHUs JJIsl ONPECIICHHUS yKa3aHHBIX
koa(duirenToB (kak u B [14]):

(1 —eP)of + A} + [P—2(1 - ePF]a} — PA} =0,
(1 -eP)(& + ) + [P—2(1 - eP)Z|e2 - PuZ =0,

KOPHHU KOTOPbIX

Oy = Ay Oy = 7\./% —P/(1 —¢P), :
7
gsl = U &sZ = \/m

OTtpunarenbHbIE KOPHU HE Oy/IeM yJUTHIBAaTh, TaK Kak
pansl (5), (6) I3BMEHST JIMITL 3HAK, @ (OPMbI U3MEHST Ha-
MIpaBJIeHNE HAa IPOTUBOIIOIOKHOE.

[Torpebyem Tenepb, yToObl psibl (5), (6) yaoBIETBOPSI-
JIM U YCJIOBHSIM OTCYTCTBHSI IPOTHMOOB Ha IpaHsx x = +y/2
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uy = +1/2 cCOOTBETCTBEHHO (BBIPAKEHHSI B KBaJPAaTHBIX
CKOOKaX JIOJDKHBI ITPU 3TOM 00PaTUTHCS B HYIIb). DTO J1aeT

By=—A;shafi/shafy, Dy=—sh &l /shEs,
e o = o Y/2; o = 0gY/2; & = /25 &5 = Ep/2, m
(GyHKIMU TPOruOOB MPUMYT BH:
5 | sh(owix) — sh(oygx)

" sin(Ay), ®)

wi(x, y) = Z( kA
k=1 shoy

shoj

Wi, ) = 3 (1pCE [RED) SHED G (9)
s=1 Shébl Shéﬁ
e Ay = Agsh ojfy; CF=Cgsh&l.

[HomunauM GyHKINH (8) u (9) BropsiM ycmoBusaM (3),
(4), T. e. yCTIOBHSAM OTCYTCTBHSI TOBOPOTOB 3AIIEMICHHBIX
rpaHel, 4To JJaeT CUCTEMY JIByX YpPaBHEHMU ISl orpee-
neHust Koaddurmentos 4f u CJ*:

¥ (1AF (ageth oy — agocth o )sin(hg) +

k=1
® sh(& sh(&;
- 3 G| HEW) G
s=1 sh&G sh&s (10)
S A, sh(ak;x)_sh(akix) N
k=1 sh(xkl Shakz

; i (C1PCH (& oth & — Eppeth £3 )sin(u,x) = 0.

YroOsl ynpoctuth cucremy (10), Hamo BTOpoi psin B
[IEPBOM YpaBHEHUU IIpencTaBuTh panoM Dypee 1o sin(A,y),
a TIEPBBIN P/ BO BTOPOM ypaBHEHHH — psiioM Dypbe 1o
sin(px). 3aTeM MOXKHO U30aBUTHCS OT 3HAKOB CYMMMPO-
BaHMS.

Paznoxxum rumepOonniyeckre pyHKINH B COOTBETCTBY-
rowmue psibl Dypbe

~4shaf = (~1)psin(uyy)
shiog) =— ) 2

2
s=1 oy + s

2 (-1 Nsin(hy)
h = _Yghgr v LT
sh(&y) sh & gl Ry

u nofctaBuM ux B cucremy (10). C yuetom popmyast (7)
1ocJIe TMepecTaHOBKH 3HAKOB CYMMHPOBAHHUSI U OCBOOO-
KICHUS OT 3HaKa BHEIIHEH CYMMBI ONYYUM CHUCTEMY
ypaBHEHUI

1‘1[}X< ((x.klcth U,;(kl — U,kZCth (l;:z) +

» s
PEL e G
< s=1 s 1 k, 2 k, (11)
4 ® AN,

_HSPS Z

Y =1 (o + )@z + 1)
+ CA* (E.m'lCth E.ssﬂi - E.>S2Cth ‘3;5) = 0;

rae P, = P/(1 —¢P).

W3 Broporo ypasuenus cuctemsl (11) Beipasum C¥
wepes Af:

—4P.u, © AFN,
=y D (12)
Yes k=1 Gks(cks ng)

— cm =242
rae es - &slc‘;h&s*l - &sZCthE.\sﬂz > Oks = >“k U
[MToxncraBum (12) B mepBoe ypaBHeHue cucteMsl (11) u
MOJIyYUM pa3peliaroliee 0JHOPOIHOE JIMHEHHOe aireOpa-
HNYECKOE ypaBHEHUE!

*

16P 82 7"/( Z Hg i

YOr  s=1 Oks(Oks — P)Oy =1 GkS(GkA a)

Af = (13)

e @y = oy cth af] — oypcth af.

VYpasuenue (13) paxkrudecku mpeacrasisier coboit
0ECKOHEYHYI0 OTHOPOJIHYIO CUCTEMY JIMHEHHBIX ajreopa-
MYECKUX YPaBHEHUH OTHOCHTEIHHO OJHOM MOCIeI0Ba-
TEIBHOCTH HEeM3BECTHBIX KO3 duurenTtoB 4} . B kauectse
napamerpa cucrema (12) conepuT BeJIMUNHY COKHUMAIOIICH
Harpy3ku P. Vickomble KpuTH4deckne 3HadyeHus! (CoOCTBEH-
HBIE YHCIIA 33]1a4n) odecriedaT HeTPHUBHAIBHBIC PELICHHS
9TOH CHCTEMBI U COOTBETCTBYIOIINE (DOPMBI 3aKpUTHYE-
CKOTO PaBHOBECHSI.

Cucrema (13) 3amucana B ctanmapTHOH (opme, TI03BO-
JSroIel cunTaTh Kod(QOUIHMEHTHI AF 110/l 3HAKOM CYMMBI
B IIPaBOI YAaCTH PaBEHCTBA MPEAbIAYIIEN UTEpanue u
OpraHU30BaTh MPOLIECC MTOCIEAOBATEIbHBIX TPUOIKEHUH
JUISl OTBICKaHUS KOA((UIIMEHTOB TTOCIIeYIOIIEH UTepaum
NIPY 3a/IaHHOM 3HA4YeHUH Harpy3ku. Eciu Harpyska nozo-
OpaHa TakoM, YTO SIBJIICTCS KPUTHUYECKOM, TO, HAUYUHAS C
HEKOTOPO# MTepanny, Bce COOTBETCTBYIOIINE KO PHH-
€HTHI OyJyT COBIaJaTh. ITOr0 MOXHO JOCTHYb NPOCTHIM
nepebopoM 3HaYeHUH P, UCTIONIB3YS «METOJ CTPEILOBI».
JlanHbI nTepannoHHbIH nporecc 6onee 3h(heKTUBEH, YeM
TPaIUIUOHHBIA METOJI TIOMCKA COOCTBEHHBIX YHCEI U3 yC-
JIOBHSI paBEHCTBA HYJIIO OIPEIEIUTENS OECKOHEUHOH O/IHO-
POMHOM CHCTEMBI THHEWHBIX aNreOpandecKux ypaBHCHHH.

CX01MMOCTb YHC/IOBBIX PSII0B Pa3peliaoiero
YpaBHEHUsI

OmEeHNM TMOPANOK U OBICTPOTY CXOAUMOCTH PSIOB,
BXOIIMINX B BhIpakeHue (13).

Eciu Bece k03buineHTsl A}, B mpaBoil yacTu s
Ha4aJbHOTO MPUOIHKEHHS ITOJI0KUTh PAaBHBIMH 1/, TO
BHYTPEHHUH DSl MAXKOPUPYETCS PsIIOM, TOUHAsI CyMMa
KOTOpOTo U3BecTHa [16, 17]:

*

1 1
=—+—|cthp+ (14)

® 1 5

A0 2 8 toshiF )
e pF = p/2. CnenoBarenbHO OleHKa cyMMbl psza (14)
10 MHJIEKCY S:

0 1 1
=05 (15)
P 2+ \m

C yuerom (15) BHemnsist cymma B popmyie (13) Oyner
Ma)KOPHPOBATHCS PAIOM
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® 1
_ 16
§ (W + 1), (1o
OuenuM Temneps 6
E_avl B
es = éélethgsﬂi - gsZCthé;; ~ éSl évZ 2;1 + @2

P, - P,
w+Vie-P, p(l+V1-Pl)

nosromy 0 = 0(1/p). Torna maxopanTHbIH psg (16) npe-
o0pasyeTcs K BUIY, aHAJIOTHIHOMY (14) ¢ COOTBETCTBYIO-
e OLEHKON €r0 CyMMBI:

1 1
=0{ =
=1 (7\3{ + “?)2 N

MS

Ouenka ¢ = 0(1/A;) ananoruuna 6,. Torna nopsaok
kod(p¢uureHToB B yseBoil yactu dpopmyinsl (13) Oyner
AF =0(1/;), T. e. TaKo# e, KaK U JUIA HAYAIbHBIX 3HA-
ueHnit 4.

OTO0 03HAYaeT, YTO PSJbI B pa3peliaoneil cucreMe
(13) ObIcTpO cXOmATCS: HE XyXKE€ psifa C OOMIMM YICHOM
1/k3 wma 1/s3.

PenieHue 1151 aHTHCUMMETPHYHO-CHUMMETPUYHBIX
dopm (A-S-popmbi)

@ynkuum nporudoB OyIyT comepkarh B ciydae A-S-
(opmbl HeueTHbIE (DYHKIUH 110 TIEPEMEHHON X M YeTHBIE —
10 IEPEMEHHON

%O: (—1)7‘[A « sh(oy1x) + Bysh(oypx)]cos(Ayy),

I JUNN

Wy, ) = 3 (C1P[C, ch(& ) + Dych(Ep)sin(ugy),

s=1

Wl(x> y) =

rne My, =nk (k=1,3, ..); pu,=2mns/y (s =1, 2, ...);
k=(k+1)2; 0y, & — K02 (PUIUEHTBL, KOTOPBIE OIIpees-
torcst popmynamu (7). OTpULiaTeIbHBIC 3HAYCHHS K0P H-
LIMEHTOB HE PACCMATPHUBAIIICH, TaK Kak (JOPMBI PaBHOBECHSI
OTIIMYAIOTCS TOJBKO IIPOTHBOIIONIOKHBIM HAIPaBICHUEM.
[To anamoruu co cirydaeM A-A-QOpMEI ITOCIe aHATIO-
THYHBIX ICHCTBUI ObliIa OTyYeHa pa3pelraromias CHCTeMa

16P2), © 2 o MeAF
A;: _ : Mk L 5 KAk 17
YOr  s=1 Gks(cks - Ps)es k=1,3,... Gks(cks - PS)
e AF = A, shafy; o = A + 12 0 = oy cth oy — oypcth agy;
es = E.vsl th &sﬂi - &52 th é;é

Cucrema (17) numeet Takoe e BbIpaxeHnue, kak u (13),
KOTOPOE OTJIIMYAETCS TeM, YTO umeeT k = 1, 3,
paxxeHuu i 6, dpyHkiuu cth 3aMeHeHs! Ha th.

, U B BBI-

Pemenne 1j1s1 CHMMETPHUYHO-aHTHCHMMETPHYHBIX
dhopm (S-A-popmbr)
DYHKIUHT TPOTHOOB BEIOMPAIOTCS TAKUMU

wix, y) = é (~1)d; ch(ag,x) + Byeh(apn)]sin(yy),

Z D[C,

s=1,3,...

wy(x, y) = s Sh(&g1y) + Dgsh(Egy)]cos(pex),

rae A = 2nk (k=1,2,...); p
§=(s+1)2.
B cimydae S-A-¢popmel o cpaBHenuo ¢ A-A-(opmoit
BCE HEUETHBIC U YETHBIE (PYHKIUH TOMEHSUINCH MECTAMH.
Paspemratommast cucrema OyJieT aHAJIOTHYHA BEIPAKEHUIO

(17):

=ns/y (s =1, 3,...);

_ 6Py i B & NAE
YOPr s=13,... Gkv(cks - Ps)ex k=1 Gkv(cks - Ps) ’
rae A = Ay chajy; = oy th oy — gy th ogy; 0, =& cth £ —
- gsZ cth asﬂi :

YucaeHHble pe3yabTarsl. O6cykaeHne

Jlist mosrydeHust CIieKTpa KPUTHYECKUX Harpy3oK U
COOTBETCTBYIOIINX (popM paBHOBECHsI OBLTH pa3padOTaHbI
BBIYHCIINTEIBHBIE MPOrpaMMEI B cperie Maple, B KOTOpBIX
OBLT TIPETyCMOTPEH BBIBOA Ha IMevaTh KOd(HPHUIIEeHTOB
Af u C¥ Ha xax10# UTepalu NpU 3aJlaHHON Harpyske.
[IporpamMMbI TIO3BOJISUIM MEHSTH OTHOILIIEHUE CTOPOH HAHO-
TUIACTHHBI, YUCIIO UTEPALINiA M KOJIMYECTBO YICHOB B Psijiax.
OCHOBHBIM N3MEHSIEMBIM MTAPAMETPOM SIBJISIIACH CKUMALO-
111ast Harpy3Ka, epedopoM KOTOPOH METOIOM «CTPETHOBD)
BBISIBIISUIMCH KPUTHYECKHE €€ 3Ha4eHusL. [IJ1s Kakaoro 3Ha-
YEeHUs! HEJIOKaJIBbHOTO Mapamerpa epd € [0—2] HM ¢ marom
0,25 noxy4ens! nepsble 10 OTHOCUTENBHBIX KPUTUYECKHUX
Harpy3oK M cOOTBETCTBYyIome (GopMbl (31ech HE TIpH-
BOJISITCS) 3aKPUTHUECKOTO PABHOBECHS JJIsi KBAJAPATHOU
HAHOIUTACTHHBI CO CTOPOHOM 5 HM (BKITIOUAsi pe3yIbTaThl
JUTSE CAMMETPHYHBIX (OPM, TIOIy4YeHHBIE B padoTe [14]).
3nauenue eyd = 0 COOTBETCTBYET KIaCCUYECKOM IIACTHHE
Kupxrogoda.

3ameTnm, 4To JJIs KBaIPATHOM IUIACTUHBI B CHILY CUM-
meTpun S-A- u A-S-hopM M KpUTHYECKHE HATrPy3KH CO-
BIIQIAIOT.

B Tabmuue npuBeneHsl 3HadeHus nepsbx 10 oTHOCH-
TEIIBHBIX KPUTHUECKNX HArpy30K JUIsl PA3INYHbIX 3HAYCHHUI
HEJIOKAJIbHOIO IapaMeTpa epA, a Takoke I CPaBHEHUS
3HAUEHMS IEPBBIX KPUTUYECKUX HArPY30K, MOTYIESHHBIX
B pabote [9].

[Ipn peanmzanyy BEIYUCIUTENBEHOTO MPOIIECCa YHCIIO
UTEPANNH, KOJUIECTBO WICHOB B PANAaX M KOJIUIECTBO
3HAYAIMX OU(P yBEINIUBAIOCH ISl OLEHKH TOYHOCTH
BBIYUCIICHUH KPUTHUECKUX HArpy30K U ko3 uiueHTon
THIIEPOOIIO-TPUTOHOMETPHUYECKUX PsiioB. OKOHYATEIBHO
MIPUHATHI 3HAYEHUS ITUX NTapaMeTPOB COOTBETCTBEHHO 20,
99 u 30. D10 0OecneunBaIo COBNAICHUE 10 4—5 3HaUaIHUX
dp cooTBETCTBYIOMNX KOA()(HUIIMEHTOB MOCIEAHUX CO-
CEJHMX MTEpali MpH «IIONaJaHUuU» Ha KPUTHUECKYIO
HarpysKy, KOTopasi Ipy 3TOM COZIEep)Kaljia YeThIpe 3HaKa
nocye 3amstoid. [lanpHeiilnee yBelTuueHHEe 3TUX TapamMe-
TPOB HE OKA3bIBAJIO CYIIECTBEHHOTO BIMSHHS Ha TOYHOCTh
BBIYHCIIEHUH.

JlaHHBIE, IPUBEICHHBIE B TA0IMIIE, TOKA3BIBAIOT, YTO
C YBEIMYEHHEM HEJIOKAJIBHOTO MapaMeTpa KPUTHIECKHUE
Harpy3ku yobiBaiot. [Ipu ananuze nomyueHHsix 3D-hopm
paBHOBECHS KaKUX-THO0 KpaeBbiX 3((EKTOB HE OOHApPYKE-
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Tabnuya. Kputnueckue 0e3pasMepHble CKUMAIONIKE Harpys3ku P = Nb2/D kBaapaTHoi HaHOIIIACTHHEI 171 S-S-, A-A- u S-A-dpopm
paBHOBECHSI IIPU PA3THYHBIX 3HAYCHHUSX HEJIOKAJIBHOTO apamMmerpa

Table. Critical dimensionless compressive loads P = Nb2/D of a square CCCC-nanoplate for S-S, A-A u S-A equilibrium forms at
different values of the nonlocal parameter

epd, HM
dopma
0 0,25 0,5 0,75 1,0 1,25 1,5 1,75 2,0
S-S 52,3450 46,2875 34,3594 24,0361 16,9193 12,2543 9,1656 7,0619 5,5833
S-A 92,1244 74,8790 47,9504 29,9806 19,6638 13,6324 9,9152 7,4988 5,8529
A-A 128,2100 97,0900 56,1805 33,0036 20,9206 14,2248 10,2250 7,6746 5,9595
S-S 167,0292 117,8276 62,5509 35,1038 21,7453 14,6013 10,4180 7,7828 6,0246
S-A 189,5720 128,6170 65,4665 36,0035 22,0872 14,7547 10,4959 7,8263 6,0505
S-S 246,3270 152,4470 71,1255 37,6511 22,6965 15,0241 10,6316 7,9014 6,0953
A-A 279,0810 164,3875 73,6207 38,3389 22,9447 15,1324 10,6857 7,9313 6,1131
S-A 326,6430 179,8095 76,5612 39.1214 23,2226 15,2529 10,7456 7,9642 6,1327
S-S 4347870 | 208,3342 81,3010 40,3226 23,6407 15,4321 10,8342 8,0128 6,1614
A-A 630,4320 | 244,7240 86,3092 41,5175 24,3512 15,6040 10,9187 8,0589 6,1886
P [9] 52,4550 46,3739 — 24,0594 16,9308 — — — 5,5846
Ipumeuanue. [Tpoyepku B TaONUIE 03HAYAIOT, YTO ITU PE3YNIBTATHI B paboTe [9] OTCYyTCTBYIOT.
HO. Bo3aMoxHO, OHH OyIyT IPOSBIATHCS, €CIIA ypaBHEHNE 3akin04eHue

cocrostaust Dpunrena (1) Opars B 60iree TOUHON HHTETPaTb-
Ho# (opme [14].

B pabote [9] mony4deHb! TOIBKO 3UIEPOBBIC 3HAYCHUS.
[Mocnenyromue KpuTHYECKUE HArpy3KH B 3TOM paboTe He
BbIUKCIsUIMCh. CpaBHEHHUE MTOKA3bIBACT OYCHb XOpOIlee
COBIMAJICHNE, XOTS PE3YNIBTaThl [9] HECKOIBKO BBIIIE COOT-
BETCTBYIOIIMX 3HAYCHUH HacToseil paboThl. 3aMeTHM, YTO
SHEPreTHYECKHE METOIBI IAI0T, KaK MPaBUIIO, 3aBBIIICHHBIC
Pe3YyIBTaThI TP BEIYUCICHHSX.
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AHHOTAIUA

Beenenne. B pabore pa3BuBaercst Teopusi M-0LEHOK, ONTHUMH3UPYIOINX BECOBYIO L,-HOPMY (DyHKIMU BIMSHHUS.
VYKka3aHHBIH KPUTEPHH KauecTBa OIICHUBAHUS SABJSCTCS JOCTATOYHO OOIIMM M, KPOME TOTO, MO3BOJSET MOJyYaTh
PEIIEeHNs, OTHOCSIINECS K KIIACCY CHIKEHHBIX OIIEHOK, T. €. 00/1a1arol1e CBOHCTBOM YCTOHUMBOCTH K ACUMMETPUYHOMY
3acopeHuto. Takue OIEHKH MCCIEAOBAINCH B paMKax JIOKAaJbHO yCcToHumBOro moaxona A.T.H. A.M. llypeiruna,
OCHOBaHHOTO Ha aHAIIN3€ IOKa3aTelsl HeyCTOWINBOCTH OUEHKHU (L,-HOpMBI (QYyHKINU BIUSHHSA), U €TO TMOAXO0/a,
OCHOBAaHHOTO Ha MOJieNN 0alleCOBCKOTO TOUEYHOro 3acopeHus. B pabGore mcciemyercst KOMIPOMHCCHOE CeMEHCTBO
OLIEHOK, JUII KOTOPOTO ONTHMH3UPYEMBIH (pyHKIMOHAI TIPEJCTAaBIsIET cO00H BBHITYKIYIO JTHHEHHYI0 KOMOMHALIUIO
IBYX 0a30BBIX KpuTepueB. KommpoMuccHoe ceMeicTBO MOZ00OHO YCIOBHO ONTHMAIBHOMY CEMEHCTBY OLIEHOK,
npeioxkeHHoMy A .M. IllypbIruHbIM, HO UCIIOJIb3yeMble KPUTEPUH MOTYT ObITh KBaJpaTaMH BECOBBIX L,-HOPM (yHKIUH
BJIMSAAHUSA C IIPOU3BOJIBHBIMU 3apaHEC U3BCCTHBIMU BECOBbBIMHU (byHKL[I/IHMI/I. MeTOII. PaCCMOTpCHHaS[ npeamMeTHas
001acTh 10 HACTOSIIIIET0 BPEMEHH OCTaBajach ManousyueHHo. [Ipu nmpoBeneHnn nccaen0BaHuil IPUMEHsIIAch paHee
pa3paboTaHHas aBTOpaMH HACTOsIIEil pabOThI TEOPHs, KOTOPAs OMUCHIBAET CBOWCTBA OLEHOK, ONTUMH3HPYIOIINX
BECOBYIO L,-HOpMY (yHKIMK BausHUA. OCHOBHBIE pe3yJbTaThl. [lomyden psji cBOWCTB KOMIPOMHCCHBIX OIEHOK,
MOKa3aHa eIUHCTBEHHOCTh AJIEMEHTOB ceMeiicTBa. OTAENEHO PACCMOTPEH WIEH CEMEHCTBa, JOCTaBILIOMINI PaBHEIE
3HAYEHMS] KPUTEPUSIM: IIOKa3aHO, YTO JAHHAs OIIEHKA COOTBETCTBYET CEAIOBOM TOUKE ONTHMHU3HPYEMOTo (DyHKIHOHAIIA,
a TaKKe SIBJISICTCS MUHUMAKCHBIM PELIEHHEM OTHOCHUTEIBHO 0a30BBIX KPUTEPUEB Ha MHOXKECTBE BCEX PETYISPHBIX
oLeHOouYHbIX (yHKIMH. O6cyxaenue. [locTpoeHHas Teopysi NPOMILTIOCTPUPOBAHA HA IIPUMEPE 3a/la4H OLCHUBAHUS
MAaTEeMaTHYEeCKOTO OXKHIAHUSI HOPMAJILHOTO PACIpe/ieIeHUs] B YCIOBHSIX [[EIICHAIIPABICHHOTO BPEJOHOCHOTO BO3ICHCTBHS
Ha Ha0Op aHHBIX (AHAJIOTMYHOTO aTake OTPABJICHUS JaHHBIX BO BPEIOHOCHOM MALIMHHOM OOYYEHUH).

KiioueBble cjioBa
M-ouenku, pobacTHas CTaTUCTHKA, QYHKIMS BIUSHHS, YCTOMYUBBIC OLIEHKH, CHIKEHHBIC OLICHKH, CEAJIOBask TOUKa,
OTpaBJIEHUE JAHHBIX
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On the properties of compromise M-estimators optimizing weighted L,-norm
of the influence function
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Abstract

The paper develops a theory of M-estimators optimizing the weighted L,-norm of the influence function. The specified
criterion of the estimation quality is quite general and, in addition, allows obtaining solutions related to the class of
redescending estimators, i.e., possessing the property of stability to asymmetric contamination. Such estimators, in
particular, were studied within the framework of the locally stable approach of A.M. Shurygin, based on the analysis
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O cBorncTBax KOMNPOMUCCHBIX M-0OLLEHOK, ONTUMU3NPYIOLLIMX BECOBYIO Ly-HOPMY DYHKUUN BANSHUSA

of the estimator instability functional (L,-norm of the influence function), or his approach based on the model of a
series of samples with random point contamination (point Bayesian contamination model). In this paper, a compromise
family of estimators is studied for which the optimized functional is a convex linear combination of two basic criteria.
The compromise family is similar to the conditionally optimal family of estimators proposed by A.M. Shurygin, but
the criteria used can be squares of the weighted L,-norms of the influence function with arbitrary pre-known weight
functions. The considered subject area has remained little-studied to date. In the course of the research, we used a
theory we had developed earlier, which describes the properties of estimators that optimize the weighted L,-norm of
the influence function. As a result of the study, a number of properties of compromise estimators were obtained, and the
uniqueness of the family elements was shown. A family member that delivers equal values to the criteria was considered
separately: it was shown that this estimator corresponds to the saddle point of the optimized functional, and is also a
minimax solution with respect to the basic criteria on the set of all regular score functions. The constructed theory is
illustrated using the example of the problem of mathematical expectation estimating of a normal distribution under
conditions of targeted malicious influence on a data set (similar to a data poisoning attack in malicious machine learning).

Keywords
M-estimators, robust statistics, influence function, stable estimates, redescending estimators, saddle point, data poisoning
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BBenenune

CoBpemeHHbIe TOJXO0/Ibl K PEIICHUIO 33a4H OLEHUBA-
HUS NApaMeTPOB CTATUCTUYECKUX Mozenei [1] mo3Bos-
FOT 00CCIICUUTh YCTOWIMBOCTD MONyYAaEMBIX PEIICHUN K
BO3MOKHBIM OTKJIOHCHHSM PEalbHOW CHUTYaIlUH OT MpPH-
HATHIX B MOJACIH TpearnonoxeHuit [2—4]. Cpenn takux
OTKJIOHEHHUH 9acTO PacCMaTPHUBAIOT 3dcopeHile, IO KO-
TOPBIM OyZeM MOHWMATh MPUCYTCTBUE B MACCUBE TAaHHBIX
TMOCTOPOHHUX (3aCOPSIIONINX) HAOIIONCHHUH; C TEOPETH-
YECKOH TOYKHU 3pEHHUs B pPe3yabTaTe MOIYy4aeTcs CMECh
HCXOJTHOTO pacrpe/iesIeHUs] HaOMOeHUI U 3aCOPSIONIETro
pacnpenenenus. OnHUM U3 HauboJIee TPYIHBIX It QOp-
MaJIM3aLUH SIBISIOCH ACHMMETPUYHOE 3aCOPEHNE CUMMe-
TPUYHO PaCHpPEICICHHBIX TaHHBIX, IIOCKOIBKY alpHOpHAs
nHpOpPMAIUI 0 BO3MOKHOM HCKaXXCHUH, KaK MMPaBIIIO,
orcytcTByeT. Kimaccndeckue pobacTHbIE MOIXOMBI B 3TOH
CUTyalln¥ He 00JaJar0T TOCTATOYHON YCTOWYHUBOCTHIO.
Hanpuwmep, s MaTeMaTHIeckoro OKHIaHus HOPMaIIbHO-
TO pacrpeaeeH s ONTUMAIFHBIMU OKa3bIBAIOTCS OIIEHKA
Xprobepa — oyeHnka MakcumMaibHo20 npasoono0ooust st
MIJIOTHOCTH, HOPMAIBbHOH B LIEHTPE U SKCIIOHCHITHAIBHO
yObIBatoIIei Ha XBOCTaX, U MeJuaHa — OIIeHKa MaKCH-
MaJILHOTO TIpaBaonono0us s pacnpenenenus Jlamnaca,
TAK)Ke MMEIOIIETO AKCIIOHEHIINALHO YOBIBAIOUIYIO TUIOT-
HOCTh. OJIHAKO Ha MPAKTUKE XBOCTHI MOTYT OBITH OoJice
TsDKETBIMH [3].

st pereHunst 3Toi mpoOIeMbl OBLTH MPEIIOKEHBI CHU-
JicerHvle oyeHku [3, 4], B KOTOPBIX BIUSHHE TEpUQepHii-
HBIX HaOIONCHWI 3HAYUTEIHFHO CHIKEHO 0 CPaBHEHUIO
C KJTACCHYECKUMHU pOOACTHBIMH PEIICHUSIMH WM PaBHO
Hym0. OIHAKO BCe OHU MOTYYCHBI B OONBIICH W MEHb-
el CTeNeHU dBPUCTUYECKH.

Mesxay TeM Hall COOTEYSCTBEHHUK JI.T.H. AJIEKCaHIp
MuxaitioBuy LlypbIruH NpenoKuil JOBOIBHO YAAYHYIO
Modenw bailecosckoeo moueunozo 3acopenus (BT3) [2],
KOTOpast TI03BOJISICT OMUCHIBATh OKPECTHOCTh MOJIEIEHOTO
pacnpesesents, BOSHUKAIOIYIO B Pe3yJabTaTe acCUMMe-
TPUYHOTO 3aCOPCHUS, H, B YACTHOCTH, PACCMATPUBATh CH-
Tyally LEeJIeHANPaBICHHOIO BPEIOHOCHOTO BO3ACHCTBHS
(araxn) Ha HAOOpP MAHHEIX [5].

Mopnens BT3 npenmonaraer Haau4dne cepun BEIOOPOK,
Kak/1ast i3 KOTOPBIX COJCPIKUT 3aCOPEHHUE, COCPEIOTOUCH-

HOE B OJIHOW TOYKE. DTa TOYKA SBISCTCS (PUKCHPOBAHHOMN
B TIpeJesiaX OHOM BBIOOPKH, HO MMEET HEKOTOpOe pacmpe-
JIJICHNE TI0 cepuH BRIOOPOK. Kaxkmomy pacmperneneHuto
3aCOPSIONIEH TOYKM COOTBETCTBYET HAWIIYHUINAsl OLEHKA,
MOJIyYCHHAS B pe3yibTaTe MUHIMH3AINN €€ aCHMIITOTH-
YECKOTO KBaJpaTHIHOTO OTKIOHEeHU [2]. [Tomyuatomuecs
Ha MPAKTHKE OLIEHKHU YaCTO OKa3bIBAIOTCS CHUKEHHBIMU.
B o0miem ciydae cBOMCTBA OLIEHOK 3aBUCST OT COOTHOIIIE-
HUSI MEXy MOJIETBHOM INIOTHOCTBIO M TUIOTHOCTBIO pac-
npeencHus 3acopsitolieit Touku (rwiotTHocThio BT3). [pu
HeytaqHoM BbIOOpe rutoTHocTH BT3 oneHkn MoryT He OBbITh
CHI)KEHHBIMH U Ia)Ke BOOOIIIE yCTOWYNBBIMU — HallpHMeEp,
Korga o0a pacrpeeieHus: HopMallbHbIe, HO BTOPOE HMEET
MEHBIIYIO JHCIIEPCHIo [6].

B pamkax monenu BT3 SBIgtoTCs ONTUMAalIbHBIMHU
MHOTH€ N3BECTHBIE CHIKEHHBIE OIICHKH ITapaMeTpa CIBU-
ra, cpeny HUX: OMBec-oleHKa ThIOKH, OIEHKH DHpIoca,
bepnymmmn, Cmuta, Memankuna (Yoamma), ®aiipa, Pamces,
oreHka Xpro0Oepa THIla ype3aHHOTO CPEeIHEro, 0000IIeH-
Hbie oreHku [llapoonse [2, 5, 7].

[Moaxon Ha ocHoBe BT3 MOXeT OBbITH CBE/ICH K aHAITU3Y
BECOBOM L,-HOpMbI (D)YHKLIUHU BIUsHUSA [4], TIe INIOTHOCTD
BT3 BeicTynaeT B ponu BecoBoi ¢yHKuMH. [Tockonbky
TIOCIIeTHSIST HEe 00s13aTeNbHO JOJDKHA OBITH HOPMHUPOBAHHOM,
Takas MHTEPIpPETAIs yI00Ha TeM, 9TO PacIpOCTPaHsET
MOHATHE HAWITYUIIeH OIeHOYHOW (YHKIIUU Ha BECOBEIC
(hyHKINH, HE SBIAIONINECS ITIOTHOCTHIO, B TOM YHCIIE He-
HHTETpupyeMsble [5].

Taxkum 00pa3oM, yKa3aHHBIA KPUTEPHil KauecTBa OIe-
HUBAHUSI MOXKET CIIYKHUTh TEOPETUUECKOW OCHOBOH [§]
JUTI KOHCTPYHPOBAHMS MIHUPOKOTO CHEKTPa ONTHMATbHBIX
YCTOWYHUBBIX OLIEHOK, UMEIONINX BaKHOE MPAKTHYECKOe
3Ha4YeHHEe, B TOM YHCJIE POOACTHBIX PEUICHH, KOTOpbIE
XapaKTepU3yIOTCsl 33/laHeM HerapaMeTpUUecKoi («Ioli-
HOpPa3MEpHOI») OKPECTHOCTH MOJICIIBHOTO pacipe/ieIeH s
[3, 4]. [Ipu 3TOM HamboNee MPOAYKTUBHBIN ITyTh IMTOCTPO-
CHUS ONTHUMAIBHBIX OIEHOK 3aKI0YaeTCS B PA3yMHOM
BEIOOpE BECOBOW ()YHKIIMH H TTOCIICIYIOIIEM HAX0KICHUT
JUTS Hee OIEHOYHOH (PyHKINMH, MHHUMHU3HPYIOMIEH BECO-
BYIO L,-HOpMY (yHKIUH BIHSHUS. B yacTHOCTH, BecoBas
(hyHKIMS MOXKET OMPECISATHCSA KaK pe3yiIbTaT ONTHMHU3a-
IIUM CAMOCTOSITETIFHOTO KPUTEPHS, HAIIPpUMEp, HEKOTOPOit
MEpbI HEOTIpeeNIeHHOCTH [5, 7].
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A.B. JincnumH, K.B. NaBpunos

O030p 0CHOBHBIX pPe3yJIbTATOB

B HacTosmeit padote uccaeyroTes: CBOHCTBA KOMNAPO-
MUCCHBIX 0YEHOK, OITUMAIIBHBIX C TOUYKH 3PEHHST KOMITPO-
MHCCHOTO KPUTEpHs B BU/IC BBIMYKJIOH JTMHEHHON KOMOU-
HAITNH OBYX 0a306bix Kpumepues [9]. VI KoMIIPpOMUCCHBIN,
1 00a 0a30BBIX KPUTEPHS MPEICTABIIIOT COO0M KBaIpaThl
BECOBBIX L,-HOpM (yHKunu BausHus [8]. s 0a30BBIX
KpPHUTEPHEB BECOBbIE (DYHKIINH 3apaHee U3BECTHBI, 4 X BbI-
IyKJ1ast TMHEeHHash KOMOMHALNS BBICTYIIAET B POJIM BECOBOH
(YHKLIMU KOMIIPOMHCCHOTO KpuTepusi. Takast hopmyiu-
POBKa — cH0oco0 3aJaHus ceMeicTBa, HOIOOHOTO Y 1068HO
onmumanvubim oyenxam [2, 10, 11], mockoabKy onTUMHU3U-
PYEeMBIii (yHKIHOHAI JUIS HUX TOKE MOXKET OBbITh 3arucan
B BH/IC BBIYKJIOHN JINHEHHON KOMOWHAIIMN HOPMUPOBaHHBIX
(DYHKLIMOHAIIOB ACUMNMOMUYECKOU OUCNEPCUL U HeYCOT-
yusocmu (kBazgpara L,-HOpMbI QyHKIMH BiustHUS) [12].

ATIpHOpHBIN BEIOOp TTapaMeTpa JHHEHHOH KoMOnHa-
LMY Ha IPAKTUKE MOXXET OKa3aThCs 3aTPyAHHUTEIbHBIM.
BaxHBIM pe3ynbTaToM paboThl SIBISIETCS BOSMOKHOCTh
HaXOXKJICHUS OLIEHKH, KOTopasi Obl pa3pelrana TaKkylo He-
OIIPEAEIEHHOCTh. YKa3aHHAs! OLIEHKAa COOTBETCTBYET CEl-
JIOBOW TOUKE ONTUMH3HPYeMOro (yHKIMOHAIA U Ha3BaHa
pasnoonmumanvrot (OPO). OHa Takxke ynoBIETBOPSIET
PELICHNI0 MUHUMAKCHOM 3a/1auil OTHOCUTEIBHO 0a30BbIX
KPHUTEPHUEB.

C MOMOIIBI0 KOMIPOMHUCCHOTO CeMeHCTBa OOBITHO
yIaeTcsi UCIIPABUTh PACCMOTPEHHYIO CHUTYAIMIO, KOTJa
HCHONb3yeMast II0THOCTh bT3 npuBoAUT K HEYCTOHUYMBOI
oneHke. B pesynbrare MOKHO NMEpEeHTH K KOMIPOMHUCCY
MEXIy UCXOIHBIM KPHUTEPHEM KaueCTBa OLIEHKH M KpHUTe-
pHeM ¢ KOHCTaHTHOH BecoBoi (pyHkunu. [loxoxuit cnocod
o0ecriedeHns1 yCTOHYNBOCTH PaccMOTpEH B padote [13].

Kputepnii, aHaTOTUIHBIN paccMaTpUBaeMOMY KOM-
NPOMHUCCHOMY KPHTEPHUIO, BOSHUKACT B CIydae MPUMEHe-
HUSI aCUMITTOTUKH CYKAFOLIMXCSI OKPECTHOCTEH 3aCOpEHHsI
[3, 4, 14] xk monenu BT3. IToxy4eHHbIe pe3ybTaThl 1O3BO-
JSIFOT PEIIUTD 33/1a4y HaXOXK/ICHHS MUHUMAKCHOM OIIEHKH
JUISL TAKOW MOJIEIIM TIPH HEU3BECTHOM pa3Mepe OKpPEeCTHO-
CTH, BBIP@XKAIOLIEMCSI Yepe3 MapamMeTp JIMHEWHOH KoMOu-
Hanmu (T0100HO 3aja4e NMoNCKa MHHUMAKCHOTO pazMepa
OKpecTHOCTH B [ 14]).

Jannast paboTa sBIsIETCSI MPOJOHKEHNEM HCCIIe0-
BaHWH, omyOImKoBaHHBIX B padote [§]. [lomumo m3i10-
KEHUSI TEOpUH, B pabOTe MPUBEICH MPUMEP TOCTPOCHUS
YCTOWYHMBBIX OLIGHOK IapaMeTpa CABUTa HOPMAJIBHOTO
pacnpeiesieHHs: B YCIOBUSIX OTPABIISIFOILETO BO3/IEHCTBUS
Ha Ha0Op JaHHBIX.

j1eMeHTBI TEOpUNn yCTOi;I‘lP[BOFO OLCHUBAHUA

Iycts x4, ..., X, — HaONIONEHUA CIIy4aitHON BeIUYU-
HBI &, KOTOpast MOAEIUPYET U3MEPSIEMYIO YHCIIOBYIO XapakK-
TEPUCTUKY B HEKOTOPOM dKCIIepUMeEHTe. [ ee onucanus
HCIONB3YETCS MOAEIBHOE PACIPENENIEHUE C INIOTHOCTBIO
fix, 0), 3amanHON B IpsIMOyTOJIbHUKE X X O, T1Ie X € R —
MHO)KE€CTBO 3HAUCHHII MepeMeHHOHN X (3TO BO3MOXKHBIE
3HAYEHUS U3MepsAEeMOi XapakTepuCTUKN), ® S R — MHO-
JKECTBO 3HAUEHHH IapaMeTpa IUIOTHOCTH 0 1 R — MHO-
JKECTBO JCHCTBUTENBHBIX YHCEN. M-0IIeHKa HEU3BECTHOTO
napamerpa 0 Moxet onpexaensaThes [1, 3] kak pemieHue
ONTUMU3ALMOHHON 3a/1auu

0 = arg mein 2 p(x; 0),
1

=

rae p(x;, 0): X X ® — R — nHekoropas (yHKLUs, HA3bIBaE-
Mast QyHKIHMEH 11oTeph.

YciioBue paBeHCTBA HYIIO MPOU3BOJHON 110 6 omTH-
MHU3UPYyEeMOil QYHKIUU CIYXKHUT allbTePHATUBHON (XOTS
U He dKBUBaJICHTHOW [l]) popMynupoBKoil 3amadm
M-oneHUBaHUS:

Z \ll(xia é) = Oa
=1

Ha3bIBAEMOU OYeHOUHbIM YypasHenuem, TIe QYHKIHS

y(x, 0) = c(0)0p(x, 0)/00 (1)

Ha3bIBACTCS OYeHOYHOU hyHKkyueil s napamerpa 0;
¢(0) — npousBoibHAs HeNpepbIBHAS (QYHKIMS, HE paBHAs
Hymo 17t Beex 0 € ©. ComHoxuTenb ¢(0) 3amaer cemei-
CTBO IK6UBATIEHINHBIX OYEHOUHBIX PYHKYUIL.

Taxoxe onenouynast Gpynkuust (1) mpu MozxensHOM pac-
MIpeJIeTICHIHN JTOJDKHA Y/IOBJICTBOPSITH YCIIOBUIO ACHMIITOTH-
YECKOM HECMEIEHHOCTH, KOTOpoe npuHuMaet Bup [1, 15]

Ey(S, 0) = )f( y(x, 0) 1 (x, B)dx =0, @)

rne E — oneparop MaremaTHyecKkoro oKUIaHuUs 110 IUI0T-
HocTH f (X, 0).

Juddeperuupys (2) mo 6 u gomyckas BOSMOKHOCTh
U3MEHEHHs Mopsaka JudGepeHInpOBaHNUS U HHTETPHPO-
BaHI, MOYKHO 3aITACaTh CICAYIOIINE paBeHCTBa |3, 15]:

N6 :ffl'm —E f)=—E— 0) =
0 (3)
= [y(x, 0)— f(x, 0)dx.

[Torpedyem, 4TOOBI B OKPECTHOCTH UCTHHHOI'O 3HAYe-
HUSI TTapaMeTpa 0 BBIMOTHSIIOCH YCIOBUE aCHMITTOTHIECKOMH
HECMeIIeHHOCTH (2), OBLUTH CIpaBeNTUBEI paBeHCTBA (3),
dhyukws N(0) OpLta HepepBIBHOM 1 He paBHOH Hyio [ 10].
Bornee momue1it Habop yciaoBuUil peryaspHOCTH, oOecredn-
BAIOMINI COCTOATENFHOCTh U ACHMITTOTHYECKYIO0 HOPMaITh-
HOCTH OIICHOK, IPUBECH, HarpumMep B [5, 16]. Crneunduka
ciy4asi KOHeuHOTO X TIoJpoOHO paccMoTpeHa B [17].

Acumnrorndeckas aucnepcus [1] M-ouenku 0 ompe-
JIeIISIeTCS] BBIPAKEHHEM

) )f(\yz(x, 0) f (x, 0)dx = EIF2(&, 0),

Ny) =
rae [F(x, 0) = y(x, 8)/N(0) — pynkuns BausHus Xammens
[4]. ®dyHkuus BIUSHUA ABISIETCA MMOKAa3aTEIeM KOJIHYE-
CTBEHHOU pOOACTHOCTH U OTpakaeT BO3ACHCTBHE HA OICH-
Ky OECKOHEYHO MAJIOTO TOYEYHOTO 3acopeHms. BemmunHa
v* = sup| IF(x, 8)| Ha3siBaeTCs yyscmeumenbHocmoio K

60]lbu§§)1/(7 owubKe, s Ka4ECTBEHHO POOACTHON OLCHKH
y* <o [4].

HeycroitunBocteio ouenku [2, 18, 19] Ha3piBaercs Be-
JINYHUHA
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W(y) = [ w2(x, 0)dx = IIFZ(x 0)dx.

NY(0) x
IToxazarens W(y) mpencrasiser coboit kBaapar L,-
HOPMBI (PYHKIMU BIUSHISI, IO MUHUMHU3AIHS IPUBOINT K
oyenke maxcumanvhou ycmouyugocmu (OMY) [2].
PaccmoTpuM B KauecTBe IOKa3arelisi KayecTBa OLEeHHU-
BaHMA KBaJgpaT BeCOBOU L,-HOPMbI (D)YHKIMU BIUSHUS C
BecoM s(x, 0)

Uly, s) = N ) [ y2(x, 0)s(x, O)dx =

“
= [TF2(x, 0)s(x, 0)dx.
b'e

Takoli (yHKITHOHAJI BOSHUKACT, HAIIPUMEP, KaK aCHM-
NITOTHIECKOE KBAIPATUYHOE OTKIIOHCHHE OIICHKU B MOJICITN
BT3[2,5,9, 16, 19], tae BecoBas dyukuus s(x, 0) mpen-
CTaBJISIET CO0O0# TIOTHOCTH PACIPEICIICHHS 3aCOPSIIOIICH
TOYKH.

B [2] mokazaHo, 9To (yHKITMOHAT (4) TOCTUTACT MIHHU-
MyMa TI0 ¥ Ha (QYHKITIH

0
ys(x, 0) = c(0) [— In f(x, 6) + B(6) f((x 9)) )

rae ¢(0) — dyHKIMs, UMEeoas TOT K€ CMBICH, YTO U
B (1); B(B) — dyHnkuus, onpenensemas u3 ycuous (2)
MyTEM IOJICTAHOBKU B HETO OIICHOYHOU (QYHKIMH (5) U
peLICHUS MOTYYHBIIETOCS yPaBHEHUSI OTHOCUTENBHO [3(0).
OneHouny (QyHKIHIO (5) HA30BEeM ONTHMAIBHOU IS
3aJaHHOHN (DYHKITUH S.

Hpyrue QyHKIUM, 3aBUCAIINE OT OLIEHOYHON (yHK-
LIUH, AaJee OTMETUM HIDKHUM MH/EKCOM «S», €CIIH B HUX
MMOACTaBJICHA ONTUMAalbHas omeHouHas QpyHKOus (5).
Pesymprar (5) Mo mOCTPOCHUIO CIIpaBeNINB A (QyHK-
nuii s(x, 0) > 0, u ganee OyayT paccMaTpPUBATHCS TOILKO
Takue BecoBble (QYHKUUH. J[1s KpaTKOCTH 3amucy BbIpa-
KEHHH OyJeM OMyCKaTh apryMeHTbl (QYHKIHU Tam, rje
oHM NoHATHBEI. Hampumep, (5) MOXXHO 3amucaTh B BUIE
W, = c(0f700 + Bf)/s. [lepen obcysKieHHEM CBOICTB KOMIIPO-
MHCCHBIX OIICHOK PUBEJICM BaXKHBIC B HACTOSIIEH padoTe
pe3ynbTarkl, J0Ka3aHHbIE B [8].

[TycTs k — HEKOTOPBII CKAISAPHBIN TapaMeTp, OT KOTO-
poro 3aBHCHUT BecoBast GpyHKIws s. [Ipennonoxnm, 4To Bce
TIPUBEACHHBIE Jajee ()YHKIUH HEMPEPHIBHO 3aBHCST OT T1a-
pametpa Ha cBoeli obnmactu onpeneneHus. Ltpuxom 0060-
3HAYMM NPOU3BOAHYIO (DYHKIMH 110 JaHHOMY IapameTpy.
Taxxe st yno6ersa BBezieM obo3HaueHue U(k) = U(y,, ),
MOCKOJIbKY ATO (DYHKI[HSI TapaMeTpa.

Teopema 1. []yist onenouHo# GyHKIMH (5) CrIpaBeAIMBO

1
U'(k)=—; | y2s'dx = | IF2s'dx.
NS X X

Teopema 2. [Ty onieHowHOU QyHKIUH (5) CIIPaBEIIUBO
HEPaBEHCTBO

U"(k) < | TF2s"dx.
X

[Ipryem paBeHCTBO B HEM JJOCTHTAETCsl, TOIBKO €CIIH
(GyHKIMU s U §" HE 3aBUCST OT X. JTO CIIEAYET U3 yCIIO-

BUS KOJUTMHEApHOCTU QyHKIUI @ u ¢’ [8, dhopmyrna (6)].
WHbIME ci0BaMH, HEPABEHCTBO B TeOpeMe 2 oOparaercs
B PaBEHCTBO, TOJIBKO KOTJIa BECOBBIE (DYHKIIMH BCEX WICHOB
ceMelCTBa He 3aBUCHT OT X (T. €. BCE WICHBI CEMENCTBa —
OMY). lanHslii ciry4yaii He IPECTaBISET HHTEPEC, T0ITO-
MY B Ka4€CTBE JOMOIHHUTEIBGHOTO YCIOBHS PETYISPHOCTH
MPUMEM, YTO HEPABEHCTBO B TEOPEME 2 CTPOTOE.

CaoiicTBa KOMIIPOMHCCHOTO ceMeilicTBa OLIEHOK

Onpenenum ceMeiNcTBO KOMIIPOMHUCCHBIX OLEHOK Kak
pelIeHne, ONTUMHU3UPYIOLIEE KOMIPOMUCCHBIN KPUTEPUIL

Uy, k)= (1 = DU (y) + kUx(y), (6)

rae U (y) = Uy, s;) 1 Us(y) = U(y, s,) — 0a30oBbIe KpH-
TEPUH KayecTBa OLIGHKH, KOTOPHIM COOTBETCTBYIOT Be-
coBble (yHKIUH $1(x, 0) U s5(x, 0) (He 3aBucAmUE OT k);
k — mapamerp, 3aJar0NUi CEMEHUCTBO M OMPEICIISOIINN
KOMITPOMHCC MEXy 0a30BBIMU KPUTEPUSIMH.

KommpomuccHblit kputepuii (6) siBiIsieTCs 4YacTHBIM
ciryqaeM (4) ¢ BecoBoW QyHKIMEH

s=(1—-k)sy + ks,, @)

1, TAKUM 00pa3oM, pe3ybpTaT ONTUMH3AINN KpuTepus (6)
nmeeT Buj (5).

Omnpenenenue 1. KomnpomuccHol omeHKON Ha3bIBa-
eTcsl OlLIEHKA C OLIEHOYHOM (yHKIuel Buaa (5) 1 BecoBoii
¢bynxuueit (7), npudeM QYHKIUH S, S| U S, JOJDKHBI OBITH
OJITHOBPEMEHHO HEOTpPUIIATEeIbHBIMH.

Hcxonst u3 panHoro onpenenenus, st GyHkuud (7) Bbl-
OupaeTcs quana3oH JIOMYCTHUMBIX 3HaUCHHUH apamerpa k.
OueBHIHO, ATOT ANANA30H 0053aTEIBLHO COJAEPKHUT OTPE30K
[0; 1], koTOpPBIN TPaAULIMOHHO OIMpPEACIIIET KOMIPOMHUCC
[9]. bonee Toro, orpe3ok [0; 1] cooTBETCTBYET MApETO-OI1-
TUMAJIBHBIM PEHICHUSIM 337341 BYXKPUTCPHAIBHOM OII-
tuMuzanud [20]. DTo HEMOCPEACTBEHHO CIENyeT U3 yC-
JIOBHO ONTHMAJBHOHN (POPMYITHPOBKH ceMeiCcTBa, KOTOpas
CBOZUTCA K ONTUMHU3aLMOHHOH 3agaue U (y) + AU,(y) —
— min, rae A > 0 — mapameTp, 3aJalHil CeMEHCTBO.
B Te\lléymel”d pabote paccMaTpuBaeTCs paclInpeHHOE MHO-
JKECTBO 3HAYEHMI apameTpa k, KOTOPOe MOXKET COZIEPKaTh
wreHsl k< 0m k> 1.

Hapsny ¢ U(k), BBenem 0003HaueHUS

Ui(k) = U(yy) = Uy, 51), Up(k) = Us(y) = U, ).

CoiictBo 1. [Ipumennm TeopeMy 1 K ceMeicTBy olle-
HOK C BecoBOH QyHKIHeH (7):

U'(k) = | IF2s'dx = [ IF2s'(sy — s,)dx = Uy(k) — U, (k).
X X

CaoiictBo 2. [Iponuddepenimpyem paseHcTso (6) o k
Y TIPUPaBHSIEM BBIPQKCHHUIO, OTPEAEIIIEMOMY CBOHCTBOM 1.
[ocue mpuBeaeHHs MOAOOHBIX MOIYYUM

(1 - kYU (k) + kU3(k) = 0.

CaoiictBo 3. [IpumeHnM Teopemy 2 K KOMIPOMHCCHBIM
OLIEHKaM ¢ BecoBoil QyHkuueii (7), yuurtsiBas, uto s” = 0.
Honyunm U"(k) < 0.
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CaoiicTBo 4. ContacHo cBoiictBy 3 Bennuuna U'(k)
SIBIISICTCsI yObIBatomel (hyHKIMel mapamerpa k.

CaoiicTBo S. 13 cBoiicTB 1 u 3 cneayet, 4yTo npu Jro-
6om k umeer mecto Us(k) < U (k).

CsoiicTBo 6. 113 cBoiicTB 2 u 5 cienyer, uro U (k) n
U,(k) siBISITOTCSt MOHOTOHHBIMH (PyHKIMSIMA TTapaMeTpa k
Ha KaXKIOM U3 CICTYIONTNX MPOMEeKYTKOB: k<0, 0 <k <1,
k> 1. PaccMOTpHUM 3TH IPOMEXKYTKH ITOApOOHEe.

st k<0 wu k> 1, cormacto coiictBy 2 ¢yHkimu U] (k)
1 U, (k) IMerOT COBIaatoIIHe MPOMEKYTKH 3HAKOIIOCTO-
SIHCTBA U OJIMHAKOBBIE 3HAKH Ha HUX. Kpome Toro, TaHHbIe
(YHKIUK B CHITy CBOMCTBAa 5 HE MMEIOT OOLIMX TOYEK, a
CJIEZIOBATEIbHO, OJHOBPEMEHHO SIBIISIIOTCS TIOJIOKUTEIb-
HBIMH JIM00 OTpUIAaTeIbHBIMU. TakuM 00pa3oM, PyHKINU
U, (k) u U,(k) Bo3pacTaroT uiau yOBIBalOT OJHOBPEMEHHO.
[Tpugem, nmockonbKy QyHKIHOHAT (6) MUHUMHU3UPYETCS,
¢ynxuun U, (k) n U,(k) siBasttoTrest yobiBarormmmu ripu k& < 0
1 BO3pACTAIOUIMMHU TIpU k > 1.

Hust 0 < k < 1, cornmacHo cBoiicTBy 2, Qpyukuuu U]
(k) u U, (k) mmeror coBmaiaoniue mpoMexyTKd 3HAKOTIO-
CTOSIHCTBA U pa3HbIC 3HAKU Ha HUX. Kpome Toro, naHHbIC
(GYHKIMM B CHITy CBOMCTBa 5 HE MMEIOT OOIIMX TOYEK,
a cJIeJJ0BaTeNbHO, OJ{HA U3 HUX MOJOKUTENbHAs, Apyras
oTpHuuarenbHas. 3ametuM, uro Uj(k) mocTuraet MUHHMY-
Ma, COBIIAJIAIOIIET0 C MUHUMYMOM (yHKIOHaa (6), Ipu
k=0, a Uy(k) — ananoruuno npu k = 1. CregoBareibsHo,
¢bysuxuusa U, (k) Bospacraer, a U, (k) — yObiBaer.

Crnenyromuii pe3ysibTaT yCTaHaBINBACT €IUHCTBEH-
HOCTb WICHOB KOMIPOMHCCHOTO CEMEHCTBA OIICHOK.

Teopema 3. Pemenue 3amaun onTUMHA3AIAN (QYHKITH-
oHaya (6) UMeeT B3aMMHO OJJHO3HAYHOE COOTBETCTBHE C
CeMeHCTBOM KOMITPOMHUCCHBIX OLEHOYHBIX (YHKITHIH.

Hoxa3areabcTBo. [Ipn kaxxaoM GUKCHPOBAHHOM A
(byHKIHOoHATY (6) COOTBETCTBYET BBIpasKeHHE (4) C BECOBOI
¢byukuueit (7), a motomy, coracHo [2], 3ajada ero onrTu-
MH3aIMY UMEeT eAMHCTBEHHOE perienue Buaa (5). HyxHo
10Ka3aTh, YTO KaXKJIOMY TAKOMY OINITUMAaJIbHOMY PEIICHUIO
OTBEYAET EIMHCTBEHHOE 3HAUCHHUE k, ONTPEAEIISIONIee KOM-
TIPOMHCC.

JomycTtum, 1ByM pa3IMYHbIM 3HAYCHUSIM A B BBIpaxe-
HuM (6) OTBEUaeT OfHA ONTHUMaNIbHAs (DYHKIUS BIMSIHUSL
IF . CormacHo cBOMCTBY | 1j1s1 JaHHBIX 3HAUeHUH k

U'k)= [ IF§ (sy—s,)dx,
X

e TIpaBasi 4acTh PABEHCTBA OJIHA U Ta e, OJJHAKO JIeBas
YacTh COIIACHO CBOMCTBY 4 SIBJISICTCS MOHOTOHHOM (DyHK-
e ot k, crenoBaTenbHO PUHUMAET pasHble 3HAYCHUS
Juts pasHelx k. [Ipumum k nmporuBopeunto. Teopema mo-
KazaHa.

PaBHooOnTMMAaILHAS OLIEHKA

Panee niist ycii0BHO onTUManbHOTO cemericta [2, 11]
obut0 BBeAeHo mousaTue OPO [10] xak 4ieHa ceMeicTBa,
KOTOPBIN JTOCTaBIIET PABHbIE 3HAYEHHSI OTHOCUTEIbHBIM
XapaKTepUCTUKaM ycToHuuBocTu stb y = Woyy/W(y) 1
sddexrusroctu eff y = Von/ V(). tne Wonmy 4 Voymm —
HeycTtoiumBocTh OMY U acHMITOTHYECKas! TUCIIePCHUs
OMII. PacmpocTpaHuM 3TO MOHATHE Ha KOMIIPOMHUCCHEIE
OLICHKH.

Omnpenenenne 2. OPO Ha3biBaeTcs OlEHKA U3 KOM-
MIPOMHCCHOTO CEMENCTBa, YIOBJIETBOPSIONIAs YCIOBHIO
Uy (k) =Uy(h).

3HaueHue napameTpa k, Ipu KOTOPOM JTOCTHTaeTCsl 3TO
pPaBeHCTBO, 0003HAUUM kopo. OOpaTHM BHUMaHHE, YTO
cymiectBoBanne OPO B ceMelCTBE HE rapaHTUPYETCS.

Caoiicto 7. Eciit OPO cyrmecTByeT, OHa eTUHCTBEHHA
U COOTBETCTBYET PEIICHUI0 MAKCUMUHHOM 3a/1a91 OTHOCH-
TEJBHO apTyMEHTOB (QyHKIHOHaIa (6):

kopo = arg max min U(y, k).
v

CootserctByromee OPO 3nauenne kpurepus (6) 06o-
3Ha4uM Ugpg = ml?xU(k).

JlelicTBUTENbHO, COTTaCHO CBOWCTBY | ycimoBue
U, (k) = U,(k) sxBuBanentro ycnosuto U'(k) = 0, koTopoe
BMECTE CO CBOWCTBOM 3 00pa3yeT J0CTaTOYHOE YCIOBHE
makcumyMa ¢yHkmu U(k). C yuetom cBoiicTBa 4 ycinoBue
U'(k) = 0 BemmonHsieTcs He Ooliee 4eM Uit eINHCTBEHHOTO
3HAYCHUSI k, ¥ OHO SIBJISIETCS JIOIYCTUMBIM, [TOCKOJBKY
¢ynxumn U(k), U, (k) n U,(k) HeoTpuniatenbHbIe (OHH paB-
HBI B OTOH TOYKE).

CaoiicTBo 8. Eciit OPO cymiecTByerT, TO ee OreHOgHas
(GYHKIHSA Y opo ABIACTCS PEIICHHEM MUHUMAKCHOH 3a1auu
OTHOCHUTENIPHO apryMeHTOB (pyHKIIHOHAaNa (6):

Vopo = arg max min U(y, k),
vy

MpUYeM B TOYKE perieHus QyHKIHoHaAN (6) MpUHUMAET
OJIHO U TO e 3HaueHue, paBHoe U(Yopo, k) HE3aBUCUMO
OT 3HaUeHH k.

JleficTBuTENBEHO, UCTIONB3YA (6), MOXKHO 3aIHCaTh

Uy, k) = Uy () + L Ux(y) = Uy(p)] =

8
<UL )+ K Us(w) - U,) | ®

Bropoe ciraraeMoe Ma)KopHpyroLero GpyHKIHOHANA B
(8) mocturaer MuHNMYMa, paBHOTO 0, IPH yCIOBUA

Ui(y) = Us(y) ©

Juist JI000ro k (T. €. 3Ha4YCHHUE k SIBISICTCSI HEONPEIeIICH-
HbIM). [ToyueHHOMY yClIOBHIO, B YaCTHOCTH, OTBEYACT
OPO, oxnako, kpome OPO, 3T0 ycI0BHE MOTIIO OBI BBITIOJ-
HSITBCS U ISl OLICHOYHBIX (DYHKIMH, HE TPHHAICKALINX
KOMIIPOMUCCHOMY CceMeHcCTBYy. Vcxoist U3 3TOro, Hy»KHO yoe-
JIMThCS, YTO PEIICHHE NIPUHAIICKHUT JTAHHOMY CEMEHCTBY.

Korna ycmosue (9) BEIITOITHEHO, HEPABEHCTBO B (8) 00-
paraeTcsi B paBeHCTBO, B TPABOH YaCTH KOTOPOTO OCTACTCS
TOIIBKO TIEPBOE CIIaraeMoe, IoATOMY 33/1a4a IPHHAMACT BHJL

Uy(y) = (1 = BU(y) + kUs(y) = Uy, k) — n}llin,

ee pelleHue I KaxJI0ro K 10 ONpeneneHuIo IpUHaIe-
JKUT KOMIIPOMHUCCHOMY CEMEHCTBY.

Teopema 4. OPO coOTBETCTBYET CEANIOBOM TOUKE
(yHKIroHaNa (6) OTHOCUTEIEHO apryMEeHTOB U k, TIpH
3TOM UMEET MECTO

Uvopo, ©) = UWopo, kopo) < UY, kopo)-

YTBepxIeHUE TeOpeMbl 4 clemyeT u3 CBOICTB 7 u 8.
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CsoiicTB0 9. Ecitn 0 < kgpp < 1, TO
Uoro = min max {U,(k), Up(k)} =
= max min{U;(k), Uy(k)}.

CrpaBenmuBOCTb CBOMCTBA 9 cieayeT U3 cBoicTBa 6
quist otpeska 0 <k < 1.
Teopema 5. Eciu 0 < kgpg < 1, TO

wOmf=mgn3nnwx{Umelbﬁw}

Joxa3zaTeancTBo. [1o ycnoButo TeopeMsl 5 3HaueHUE K,
COOTBETCTBYIOIIEE PELICHUIO ONTUMU3ALUOHHON 3a/a-
4yl B CBOMCTBe 8, mpuHauIexkut orpesky [0; 1], morromy
pelleHre 3ToH 3aaul He U3MEHUTCS, €CIU MHOXKECTBO
3Ha4YeHUH k, HA KOTOPOM MPOU3BOAMTCS ONTHMH3ALMS,
OTPaHWYNTh YKa3aHHBIM OTPE3KOM, T. €.

Vopo = arg min max U(y, k).
v ke[0;1]

C yuerom npezacrapieHus (6) O4eBUAHO, YTO MUHU-
MU3UpyeMble (DYHKIIHOHAIBI B TIOCIEAHEM BBIPDAKCHUU U
B IIPABOM YacTH YTBEPXKICHHS TEOPEMBI 5 COBITAIAIOT IS
KKIO0U \:

max{U,(y), Up(y)} = max U(y, k).
ke[0;1]

Teopema 5 nokazaHa.
Csoiicto 10. Eciau min U (y) = min U,(y), TO
0<kopo < 1. v v
HelicTButensHo, o yciaosuro umeeM U;(0) = U,(1).
Paccmotpum pasHocts u(k) = U,(k) — U, (k). B cuny cBoii-
crBa 6 Ha npoMexxyTke 0 < k < 1 ¢ynxuus U, (k) Bozpacra-
et, a U, (k) yObIBaet, moatomy

u(0) = Ux(0) = Uy(0) = U(0) = Ux(1) > 0

u(1) = Uy(1) = U,(1) = Uy(0) = Uy(1) <0,

npuueM QyHkims u(k) yosiBaer. CrenoBaresibHO, 3HaUYCHUE
kopo, sIBIAIOIIEECA pelieHueM ypaBHeHus u(k) = 0, npu-
HaUISKUT uHTepBaty 0 <k < 1.

JlaHHOE CBOMCTBO, B YaCTHOCTH, JIeNIaeT yIOOHBIM IpH-
MeHenue 6a30BbIx Kputepues Buja stby y = Uy, s)/U(y,, 5)
nipu HekotopoM U, onpenernsiemom (4) [9]. Takue 6a3oBble
KPUTEPUH NMEIOT MUHUMAJIbHOE 3HaUCHHE, paBHOE 1.

OO6paTuM BHHMaHHE, YTO TSI MPAKTHIECKOTO TTPUME-
Herust OPO 6a30BbIe KpUTEPHH MIPEABAPUTEIHHO CICITyeT
MIPUBECTHU K CANHOM IIKaJe MyTeM HOPMHUPOBAHHS — B JIaH-
HOM CITy4ae, yMHOKEHHEM (JIEICHUEM ) Ha [TOJI0KUTEIbHbIE
koHCTaHTHI. C U3MUECKON TOUKH 3peHHs 00a claraeMbIxX
B (6) 1OJOKHBI OBITH O€3pa3MEepPHBIMH MM UMETh OJIMHA-
KOBYIO Pa3MEPHOCTbh, YTO OOBIYHO TOXKE 00ECIICUNBACTCS
HopMmupoBaHueM [21]. HopmupoBaHue 6a30BbIX KpUTEpUEB
TIPOU3BOIUTCS UCCIIEIOBATEIEM Ha OCHOBE MMEIOIIEHCS
arpHOPHOH MH(POPMALIUH U SBIISIETCS] HEPOPMATIBLHON 1TPo-
uenypoii. [Ipu HemocTaTke anmpHOPHON HHPOPMALIUU HC-
CIIEZIOBATENb HA CBOE YCMOTPEHHE MOKET BOCIIONB30BaThCS
HEKOTOPBIMHU 3BPUCTHKAMU: HAIPUMEp, KPUTEPUH MOTYT
HOPMHUPOBATHCS K CBOMM MHUHMMAJIBHBIM 3HAYE€HHUSIM (3TO

OynyT (yHkuMoHaNbI BUA stb ), Wik MoryT ucnons3o-
BarhbCsl (PyHKIMOHAIIBI, KOTOPBIM COOTBETCTBYIOT BECOBBIC
(DYHKIMH S| U Sy, SBISIONIAECS IUIOTHOCTSIMU.

OPO mpencraisgeT co6oif 00bEKTHBHBINA BBIOOp OI-
HOTO YJICHa KOMIIPOMHCCHOTO CEMEICTBa, U, TAKUM 00-
pasom, pa3pemaercsi HeOIpeAeIeHHOCTh B BRIOOpE £.
TTomyynBIIMICS] KOMIIPOMHUCC YIOBJIETBOPSET PSILy CBONCTB
ontuMansHOCTH. Tak, TeopeMa 4 rapaHTHPYET, UTO 3HaUe-
HHUe Kputepus (6) OyaeT HAWTydIIAM [IPH HEOIarompusT-
HOM 3HaueHuM k = kppg, a 11000€ Apyroe 3Ha4eHHE k He
yXyAmwuT (IpaBnaa, U He yAyYIINT) 3HAYCHUE 3TOr0 KpH-
tepus, T. . OPO — Tak Ha3pIBaeMoe rapaHTUPYIOIIEe
pemenue. Teopema 5 oka3bIBacT, YTO Oa30BbIC KPUTEPUU
OJTHOBPEMEHHO HE MOT'YT OBITH yJydllIeHbl. BaxHOCTB
TEOPEMBI 5 COCTOUT €IIIC ¥ B TOM, YTO OHA ITIO3BOJISICT CHOp-
myiupoBath OPO ¢ ucrnoiab30BaHHEM TOJIBKO 0a30BBIX
KpUTEpHUEB, O€3 MPUBICUCHIS KOMIPOMUACCHOTO.

IIpumep

PaccmoTpuM 3amady olieHMBaHUS MaTeMaTHYECKOTO
O0XKHMJIaHHsI HOPMAJIBHOTO pacrnpejiesieHus B ycinoBusax bT3
[2], mnoTHOCTH KOTOpOro HOpManbHas. IlycTh MopenbHas
TUIOTHOCTh MMEET MaTeMaTH4ecKoe oxkupanue 0 u nuc-
epCHIo 63

1 (x —0)?

x,0)=———exp |-
/6 9) 6oV 21 P 262

a iotHocTh BT3 — maremarnueckoe oxunanue 0 + p u
JIMCTIEPCHIO G2:

) (10)

1 (x—0—p) (an
exp |- .
oV 2n P 262

Bri6op HOpManbsHO TioTHOCTH BT3 MOXKHO 000CHO-
BaTh HElapaMeTPUIEeCKUM criocoOoM (Mo00HO TOMY, Kak
9TO JieNlaeTCs B TEOPHU POOACTHOCTH) — ITyTEM ONTUMHU3A-
LMY HEKOTOPBIX NH()OPMALIMOHHBIX MEP ITPH AOTIOJIHUTEIb-
HBIX OTPAaHUYEHUSIX 110 aHAJIOTHHU C U3JIOKeHHBIM B [5]. [Tpu
9TOM TJIaBHBIM OTJIMYHEM OT [5] siBisieTcst HEOOXOAUMOCTh
OrpaHHYeHUsI Ha BelMuuHy | Hanpumep, B COOTBETCTBUH
C MPUHIUIIOM MaKCUMaJIbHOW SHTPOIUH MOXXHO MaKCH-
MHU3UpPOBaTh AU (epeHHaIbHyI0 SHTPOINIO TUIOTHOCTH
s(x, 8) B kitacce pacmpeneneHnii ¢ GUKCHPOBaHHBIM | H
JIMCIIEPCUEN, OTPAaHUYEHHON CBEPXY BETMYUHON G2,

Crydaif HeCOBMaIAIONMIUX EHTPOB TuIoTHOCTEH (10)
u (11) uHTEpECEH TeM, YTO TO3BOJSET MOJEIUPOBATH I1e-
JICHATIPaBJICHHOE BPEIOHOCHOE BO3/CHCTBUE (aTaKy) Ha
Habop maHHbIX. OO0paboTKa JaHHBIX B MOJ0OHBIX YCIIO-
BUSIX BCE Yallle yIIOMHUHAETCs B paboTax 1o podacTHOCTH,
MO-BUJIUMOMY, M3-32 HHTEHCHBHOTO Pa3BUTHSI TAKOTO Ha-
MpaBJIeHUs, KaK BPEJIOHOCHOE MalIMHHOE O0y4eHHe, B
KOTOPOM HCIOJIb30BaHHE POOACTHBIX METO/IOB CUMTACTCS
nepcrnekTuBHbIM [5, 22]. PaccMaTpuBaeMblil B HACTOSIEH
paboTte criocod BO3/1eHCTBHS B paMKax 3TOTO HaIPaBICHHS
HAa3bIBACTCS amakou ompasienus OaHHuIX. B CBsI3U ¢ 3TUM
OTMETHUM, 9TO HEKOTOPBIE CHEIUANUCTHI [22] CBsI3bIBa-
10T TPYIHOCTH HMCCIIEIOBAaHUN B TAHHOM HAIIPaBICHUN CO
CJIO)KHOCTBIO CHCTEM IITyOOKOr0 00yUYEHHs: 110 X MHEHHIO,
BHayaJje IeIeco00pa3Ho 00paTUTHCS K U3yUCHHUIO OoJiee
IIPOCTBIX MOJEJIEH, U JaHHBIN IIPUMEP MOKHO paccMarpu-

s(x, 0) =
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A.B. JincnumH, K.B. NaBpunos

Barh Kak IIar K peaju3aliy 3TOH Uier Ha OCHOBE T10IX0/1a
A M. llypeiruxa.

B nanHOM cityuae 1elb 3110yMBINIJICHHIKA — BBI3BATh
CMEIIEHHE OLIEHOK MAaTeMaTHYECKOTO OXKUIAaHMUsS, a BO3-
JIeWCTBHE MOJEIMPYETCsl TOYSUHBIM 3aCOPEHNEM KaK IIpo-
CTEHIINM HemapaMeTpUIECKUM CII0COOOM JOCTUTHYTh
9TOH 1enu (BOOOIIe, TOUeUHOE 3aCOPEHUE OKa3bIBACTCS B
HEKOTOpOM cMbIcie HauxyamMm [15]). CratucTtuk, moma-
ras HEU3BECTHYIO €MY 3aCOPAIOLIYI0 TOUKY CIy4aiHOM,
BBIOMpACT Ha OCHOBE HEKOTOPOU arpHopHON HH(OpMALINT
3HAUEHUs [ U G2, ONPEleNISIoNue ee pacupenesienue (1o-
JNOOHBII moaxox ucronb3osad B [23]). Tak, MoryT ObITh
BbIOpanbl 1> 0 wiu 1 < 0 B 3aBUCMMOCTH OT TOTO, YTO, 110
MHEHHIO CTaTHCTHKA, BBITOJIHO 3JI0yMbINUIeHHUKY. Ho ecitn
MH(OPMALIIH O LIEJIN 3JI0YMBIIUICHHUKA HET, TO CTaTUCTHK
BBIHYK/ICH TIOJIOKUTH W = 0, MOTydasi U3BECTHBIC OLCHKH
Memankuna [2, 24]. B nocneanem cityuae npeanonaraTb
62 < G§ BPSI/L JIM IMEET CMBICIT, TIOCKOITBKY TOTJIA B CPEIHEM
HCKa)KCHUE HE MPUBEJIET K YXYIMICHHIO OLCHOK.

N3yunm poOacTHOCTh ONTUMAIBHOW OIEHKH (5) ¢
TOUKH 3peHus 3HaueHus y*. [pu 62/c§ < 2/3 mozennb He
perynsipua, ipu 2/3 < 62/6§ < 1 OlEeHKaM COOTBETCTBYET
HEOTPAaHMUYEHHOE 3HAYEHHUE Y*, HO JIa)Ke NPHU G2 > GF OHH
MOT'YT UMETh CJIUIIIKOM 60.]'1}3]_[106, XOTd U KOHCYHOC 3Ha-
4yeHue y*.

B cooTBeTCTBUM €O CleNIaHHBIM aHAJIN30M, KaK MHU-
HUMYM B ciydae | # 0, 3awuujennocms OLEHOK OT BO3-
JICWCTBHS 3JI0YMBIIIUICHHUKA HE TapaHTUPYET UX pobacm-
Hocmu. ORHAKO POOACTHOCTH IOJIE3HA B MPHUCYTCTBUH,
Hapsily cO 3JIOHAMEPEHHBIM, OTIIMYHOTO OT HEro «IpH-
POIHOTOY» MCKaXCHHUS (@ TaKKe KaK CTPaxXOBKa OT OMHNOOK
cnenudukarym wiotHoctu bT3). Bynem cunrars, uro npu-
poza Oe3pa3iyHa K 3aJa4e CTaTUCTHKA, OHAKO CTPEMUTCS
K YBCJIMYCHHUIO HEOMIPECACICHHOCTH, ITIOOTOMY ITPOABJIACT-
Csl B pAaBHOMEPHOM pacIpeeleHu, MAaKCUMU3HUPYIOIIEM
nuddepenuanpayto dHTponuio [5]. Kak orpaxkaromuii
KauecTBO OIIEHMBAHUSI ITPU HECOOCTBEHHOM paBHOMEPHOI
(paBHoii 1) mnotHocTn BT3 MokeT paccmarpuBarbest yHK-
uuonan W(y) (moxpobuee B [5]).

Wrak, nnst noctikeHns 0anaHca MLy JByMs acTieK-
TaMU YCTOMYMBOCTH — 3aLIUIIEHHOCTBIO U POOACTHO-
CTHIO — BOCIIOJIb3YEMCSI KOMIIPOMHUCCHBIM (DyHKIIHOHA-

JoM (6), B KOTOpoM 0a30BbIMH (DYHKIIMOHATIAMU BBIOEpEM
kputepuii sammmennoctd U, (y) = stb !y, rie s — mior-
HocTh (11), u kpurepuii pobactaocT U,(y) = stb~ly.
Oynkiuonanst stbyy [9] u stb y [2] npuHUMarOT 3HaUEHUS
B nuamaszoHe [0: 1], mogo6uo eff y, u ynoOHBI B KaduecTBe
OTHOCHTEJIbHBIX XapaKTEPUCTHK 3ALIUIIEHHOCTH U PO-
GacTHOCTH.

[IpenronoxxuM, 4TO CTENEHU BO3AEHCTBUS 3JI0YMBILL-
JICHHHMKA 1 TIPUPOJIbI CTATUCTUKY HEU3BECTHBI, U OH BBIOU-
paet OPO kak rapaHTHpYIOIIIee pelIeHue.

Ha pucynke 115 0 = 0 u 65 = 1 cpaBHMBarOTCS (PyHK-
UM BIUsIHUA Tpex oneHok: OPO, onTUMaibHOM OlIeH-
ku Juig otHoctr bT3 (11) 1 OMY (crutonHele TMHUHA
1, 2 m 3). Takxe npeacraBiieHbl IpadUKU MIIOTHOCTEH
(10) m (11), yMHOXXEHHBIX Ha 4 — IYHKTHPHbBIC JTUHUH
4 u 5. PucyHok a cootBeTcTBYeT ciyuaio U = 0,82, 62 =
0,6724 ¢ kgpo = 0,249, stb,wopo = stb Wopo = 0,155; pucy-
HOK b — ciy4aro L =5, 62 =4 ¢ kgpp = 0,454, stb, Wopo =
= stb Yoro == 0,665

B ciydae, cOOTBETCTBYIOIIEM PHCYHKY d, ONITHMAJIbHAS
oreHka st wiotHocTH (11) HepobacTHa (Y* = o0), mo3TOMY
HEO0OXOMMO HMCIOJIBb30BaTh, HAIPUMED, KOMIIPOMHUCCHYIO
onerky. Onaako OPO umMeer X0Ts U OrpaHMYEHHOE, HO
JIOCTAaTOYHO OOJIBILIOE 3HAUCHHUE V¥, MONYJIb (DYHKIIMU BIIH-
SIHUS Y’K€ HE MaJl B TOW 00J1acTH Ha JICBOU YacTh rpaduka,
7€ elle Maja IUIOTHOCTS £ (x, 6). Bo3aMoxHO, B 3TOM City-
yae BBITOZHO ObLIO ObI UCIOIB30BAThb k > kopo. OT™METUM
XapaKTEepHOE MOBe/IeHNE (DYHKIMI BIMSIHUS JUISI 3THX JIBYX
OLICHOK — IPOTHO MOJT IEHTPAJIbHOM 00IaCThIO INIOTHOCTH
s(x, 0) o yMEHBIICHUS ee BIUSHAA. HarpoTus, QyHKITHS
pimstanst OMY mocturaer MakCHMMAaIbHOTO 3HAYEHUS HEa-
JIEKO OT LIEHTpa S(¥, 6), TOAITOMY C OOIBIION BEPOSTHOCTHIO
MOJKET OKa3aThCs CIIMIIKOM YyBCTBHTEIBHOHN K BO3JEH-
CTBHIO 3JI0yMBIIIJICHHUKA.

B ciyuae, cOOTBETCTBYIOIIEM PUCYHKY b, ONITHMaJIbHAs
olleHKa JuId IoTHOCTH (11) MMeeT, X0Ts 1 OrpaHHYEHHOE,
HO JIOCTATOYHO OOJIBIIOE 3HAYEHHE Y*, MOTYIb (DYHKIIUH
BIIMSTHUSL YK€ HE MaJl B TOH 00JIacTH Ha JIEBOW 4acTH rpa-
¢uka, e eme Masa IIoTHOCTH £ (X, 0). OPO Tam BeIIANT
Oosee MIPeNMOYTHTENBHON — 3HAUYEHUE Y* HE CINIIKOM
OospIioe ¥ MOyNb (PyHKIMH BIUSTHUS HEHAMHOTO OOJIb-
e moxyns pyakuuu Biusaus OMY. Onrako OMY sBHO

a b
s IF(x, 9)_ -
4 ' 4 x 4 ' 0
3 ]
3
1 1 3
P 2
—5-
—64
_8

Pucynox. I'padukn HEKOTOPBIX (PYHKIUN BIUSHUS

Figure. Graphs of some influence functions
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O cBorncTBax KOMNPOMUCCHBIX M-0OLLEHOK, ONTUMU3NPYIOLLIMX BECOBYIO Ly-HOPMY DYHKUUN BANSHUSA

MEHBbIIIE 3aIUIIeHa OT UCKaKEHHUS, COCPEIOTOUCHHOTO B
IIpaBoii yacTu rpaduka.

Maroe 3HaueHHe (GyHKIHOHAIOB Stbyopo U Stb Wopo
B CITydae, COOTBETCTBYIOIEM PUCYHKY, ¢, TOBOPHUT O CIIUII-
KOM OOJIBIIOH ITOTEpEe Ka9eCTBa C TOUYKH 3PECHUSI KPUTEPHUCB
3aIUIIEHHOCTH U poOacTHOCTH. B cirydae, cCOOTBETCTBY-
IOIIeM PHUCYHKY, b, IOTeps KadeCTBa 3HAYNTEIbHA, OTHAKO
HAMHOTO MeHbLIE. B TO ke BpeMs IpH 62 — 00 OLEHOY-
Hble (QYHKIMU Y, U Yopo CTPEMATCS K OLIEHOUYHON (DyHK-
i OMY, nostomy 3HaueHHe GyHKIMOHAIOB StbWopo U
stbyopo Oyzer crpeMuThes K 1.

Haxkonel, 0OTMETHM, 4TO JIaHHbBIE TIOCTPOCHUSI MOYKHO
pactnpoCcTpaHUTh Ha MOJIEINb IMHEHHON perpeccuu U Hew-
poceTeBble MOJIENH, BKIIIOYasi CMECH DKCIIEPTOB [25].

3akarouenne

B pabore mpoBeneHO TeopeTHUecKoe HccleqoBa-
HUE KOMIIPOMHUCCHOTO CEMEICTBa OIIEHOK, KOTOpoe 00-
najnaer Oojpiieil 0OIHOCTHIO, YeM IPEIJIOKEHHOE
A.M. lllypbITMHBIM CEMEHCTBO yCIOBHO ONTHMaIbHBIX
OIIEHOK, M OTJIMYAeTCsl CIIOCOOOM NmapaMeTpHU3aluH.
[TonyueHs! cienyronye pesynbTaThl:

— BBIBEJICH PSIJI CBOIMCTB CceMEHCTBA KOMITPOMHUCCHBIX

OLICHOK;

— TI0Ka3aHa CMHCTBEHHOCTH WICHOB CEMEHCTBA KOMITPO-

MHCCHBIX OILICHOK;
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— BBEJICHO MOHATHE PaBHOONTUMAJILHOMN OLIEHKH, TIOKa3a-
HO, YTO €} COOTBETCTBYET CEJIOBasi TOUKA ONTUMU3H-
pyemoro (GpyHKIHOHAIA;

— MOKa3aHO, YTO PABHOONTUMAJbHAS OLCHKA SIBIIAETCA
MHMHHMAaKCHBIM PEIICHUEM OTHOCUTEIILHO 0a30BbIX KPH-
TEpPHEB HA MHOXKECTBE BCEX PETYISIPHBIX OLIEHOUHBIX
(hyHKIHI;

— IOCTPOEHHAs TEOPUs IPUMEHEHA K 3a/1a4€ OLIEHUBAHHS
MaTeMaTU4eCcKOro 0KUAaHUs HOPMaJIBHOTO pacIpese-
JICHUS B YCJIOBUSIX LIEJICHAIIPABICHHOTO BPEIOHOCHOIO
BO3JICHCTBHS Ha HAOOD JaHHBIX.

Cpenu 4WieHOB KOMIIPOMUCCHOTO CeMeHCTBa 0CO0YI0
POJIb UrpaeT PaBHOONTUMAJIbHAS OLEHKA. B cuiy cBoux
CBOICTB ONTHUMAJIbHOCTH OHA MOXKET MPEACTABIATH UH-
Tepec B KaUueCTBE PEIICHHMSI, KOTJja HEOOX0AMM HEKOTOPBIH
arpHOPHBIIT BEIOOP OHOM OLICHKH M3 CEMEHCTBA.

B Gmmxaiimye ruiaHbl BXOAUT ITPUMEHEHHE TTOTyYeH-
HBIX PE3YJIBTATOB K 337ja4€ O MUHUMAKCHOM OLIEHKE ITPU He-
M3BECTHOM pa3Mepe OKPECTHOCTH 0aileCOBCKOTO TOYEIHOTO
3aCOPEHHs B ACHMIITOTHUKE CY)KAIOIUXCS OKPECTHOCTEM,
a TaKXKe PaclpoCTPaHEHHE IIOCTPOEHUIN U3 ITpUMEpPaA Ha
3a7jauy OLICHUBAHUs [1apaMeTPOB JIUHEHHON pEerpeccui.
B nanpHeiieM miaHupyeTcst paclpoCTpaHEHUE TUX I10-
CTPOCHUI U HAa HEHPOCETEBbIE MOJEIH, BKIIIOYAsl CMECH
JKCIIEPTOB.
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AHHOTALHUA

Beenenne. Pazpaboran n nccieoBaH HOBBII OAXO/ K JETEKTHPOBAHHUIO HEUCIIPABHOCTEH JUIS CIIOXKHBIX TEXHIHIECKIX
CUCTEM, ITO3BOJSIONINII ONPENeNUTh U KIaCCU(UINPOBATh OAMHOYHBIE U MHOXKECTBEHHBIE OJHOBPEMEHHEIE
HEHCIIPaBHOCTH. Perena 3a1aya Hae)KHOH M CBOEBPEMEHHON HICHTH(HKAINH KaK OJJMHOYHBIX, TAK H MHOXKECTBEHHBIX
OZIHOBPEMEHHBIX HEHCIPABHOCTEH B YCIOBHSX OIPAaHMYEHHOTO JOCTYIA K pa3MEUeHHBIM JaHHBIM. YTpo3a 0e30nacHoi
paboTe aBTOHOMHOMN TEXHUKH SBIISCTCS THIUYHON MPOOIEMOH IS MOJICBBIX YCIOBHH JKCIUTyaTalluH, B KOTOPBIX
TpaJUIMOHHBIE TTOJXOAbI, OCHOBAHHBIE HA MOJEIAX MU JAHHBIX, IPUMEHSAEMBIX 0 OTJEIbHOCTH, OKa3bIBAIOTCS
HeaddexruBabIM. MeToa. B paborte npencTaBneH KOMOMHUPOBAHHBIN MOAXO/ K AETEKTUPOBAHUIO HEUCIIPABHOCTEH.
[IpennoxxeHHOE peIIeHHe coYeTaeT B cebe aHAIUTHIECKYI0 MOZENb OOHA-rpada H CBEPTOIHYIO HEHPOHHYIO CETb.
Bong-rpad hopmupyeT ocTaTKu — pasHUILy MEXKIy 3HA9€HUSIMH, PACCINTAHHBIMH 110 (PH3NIECKUM 3aKOHAM CHCTEMEI,
1 U3MEPEHUSIMH C JaTdukoB. OCTaTKU aHAJIH3UPYIOTCS CBEPTOYHON HEHPOHHOW CeThI0, KOTOpast 00yJaeTcs BBISBILITH
1 KJIACCU(HIPOBATh HEUCIIPABHOCTH 110 UX XapaKTepHBIM 0CcOOeHHOCTIM. JIJIs yueTa HeolpeieIeHHOCTH ITapaMeTpoB
(HampuMep, CONPOTHBIICHHS WM EMKOCTH) HCIIOIB30BaHO JIMHEWHOE poOHOe IpeoOpazoBaHue. Takol MOIX0 MO3BOJISIET
00BEIMHHUTD AlPUOPHBIE 3HAHUS O (PH3HKE CHCTEMBI C BO3MOXHOCTAMHU IIIyOOKOro 00yueHus. OCHOBHBIE Pe3yJIbTaThl.
Db (eKTUBHOCTD MOAX0/A OIIEHEHA Ha CUMY/IATOPE TMAPABINYECKOH CUCTEMBI YIIPABIECHHs TOBOPOTHBIM MEXaHU3MOM
aBTOHOMHOM TeXHHUKHU. B cuMyrsnuio 1o6aBIeH rayCCOBCKHI IMIyM ISl IMHTAIMU PEabHBIX YCIOBUH. DKCIIEPHIMEHTHI
BKJIIOYAJIN HadalbHBIE, CTyIIEHYaThle, OJUHOYHBIE 1 MHOKECTBCHHBIE HEHCIIPAaBHOCTH. TeCThI ¢ Pa3HBIMU 00beMaMHu
o0yJaromux JaHHBIX IIPH BEIOOpKe MeHee 128 00pa3noB mokasaiu 6oiee BEICOKYIO 3(h(heKTHBHOCTH NPEATIOKEHHOTO
KOMOMHHPOBAHHOTO MOJIX0/1a 10 CPABHEHUIO C KJIACCHIECKUMH METOAAMI MAallIMHHOTO 00y4YeH s, TAaKNMH Kak Random
Forest i K-Nearest Neighbors). [IpemioskeHo perieHue Ui IeTEKTUPOBAHHS HEUCTIPABHOCTEH B THIIPABINYCCKUX
cUCTeMax YIpaBJICHHs] aBTOHOMHOH TexHuKoil. O6cy:xkaenne. PazpaboranHblii moaxoa 0coOeHHO Y PEKTUBEH pU
OTPaHMYEHHBIX JAHHBIX, YTO JEJIAET €r0 MPUTOAHBIM IS MOJIEBBIX yCinoBui. OH MO3BONSAET CBOEBPEMEHHO BBISBIATH
1 KIaccu(GuIUpPOBaTh HEUCIPABHOCTH (HAIIPHMeEp, YTEUKH B KJIallaHaX WM COOU 3JIEKTPOMATHUTHBIX 3aIBUKEK), YTO
CHIDKAET PUCK OTKA30B U 00ecrednBaeT 6e301acHOCTh aBTOHOMHOI TEXHUKH. Pe3ymbTaTsl MOTYT OBITh 1alTHPOBAHBI
1 BHEJIPEHBI AJISI STIEKTPUUCCKHUX, MEXaHUUSCKHUX U MIPOIHX CIOKHBIX TEXHUIECKHX CHCTEM.
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NETEKTUPOBAHNUE HEUCTIPAaBHOCTEH, OOHI-rpad), cCBepTOYHAs HEHPOHHAS CETh, JMHEHHOE NpoOHOE peoOpa3oBaHue,
TEXHHYECKHE CUCTEMBI
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Abstract

A new fault detection approach for complex technical systems has been developed and investigated, enabling the
identification and classification of single and multiple simultaneous faults. The challenge of reliable and timely
identification of both single and multiple simultaneous faults under conditions of limited access to labeled data has
been addressed. A threat to the safe operation of autonomous equipment is a common challenge in the field operating
conditions where traditional model-based or data-driven approaches, used individually, prove to be ineffective. This
work presents a hybrid approach to fault detection. The proposed solution combines an analytical bond-graph model
and a Convolutional Neural Network (CNN). The bond-graph generates residuals — the difference between values
calculated based on the system physical laws and sensor measurements. The residuals are then analyzed by the CNN
which is trained to detect and classify faults based on their characteristic features. Linear Fractional Transformation is
employed to account for parameter uncertainties (e.g., resistance or capacitance). This approach allows combining a
priori knowledge of the system physics with the capabilities of deep learning. The effectiveness of the approach was
evaluated on a simulator of a hydraulic steering control system for autonomous equipment. Gaussian noise was added to
the simulation to simulate real-world conditions. The experiments included incipient, abrupt, single, and multiple faults.
Tests with varying amounts of training data, using sample sizes less than 128, demonstrated the higher effectiveness of
the proposed hybrid approach compared to classical machine learning methods (such as Random Forest or K-Nearest
Neighbors). A solution is proposed for fault detection in hydraulic control systems of autonomous equipment. The
developed approach is particularly effective with limited data, making it suitable for field conditions. It allows for timely
detection and classification of faults (e.g., valve leaks or solenoid valve failures), which reduces the risk of failures and
ensures the safety of autonomous equipment. The results can be adapted and implemented for electrical, mechanical,

and other complex technical systems.
Keywords

fault detection, bond-graph, convolutional neural network, linear fractional transformation, technical systems
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BBenenue

Ienbro aHHOM PaOOTHI ABJISICTCS CO3AaHUE HAICKHOTO
1 3QEeKTUBHOTO MOJX0/a AETEKTUPOBAHUS HEUCIIPABHO-
creit (Fault Detection and Isolation, FDI), cnoco6Horo
MIPEOAOJIETh OTPAHMYCHUSI CYIECTBYIOIINX MOAXO00B IS
CJIOXKHBIX TEXHUYECKUX CHCTEM YIPaBJICHUS, IIPUMEHSsIC-
MBIX B aBTOHOMHOH TexHHKe. [Ipr 3TOM HEeHCIIpaBHOCTHIO
MIPUHSTO CYUTATh COCTOSTHUE OOBEKTa, B KOTOPOM XOTS
OBl OIMH MapaMeTp 00bEKTa He COOTBETCTBYET XOTs OBl
OZIHOMY M3 TPeOOBaHMUH, YCTAHOBJICHHBIX B JOKYMEHTALIMN
Ha 5T0T 00beKT!. CyLIeCTBYIOLINE METO/IBI AETEKTUPOBA-
HUS, OCHOBaHHbIE Ha (pU3MUEeCKOM MojenupoBanuu [1-5],
TpeOyIOT TOYHBIX aHAIUTHYECKUX MOAEINEH, TOCTpOeHUE
KOTOPBIX 3aTPYyIHHUTENLHO. boliee Toro, oHM 4acTo Hecro-
COOHBI a7IeKBaTHO YYUTHIBATh HEOMPEIEICHHOCTHU Mapa-
METPOB M BHEIIHHE BO3MYILEHHUSI, TPUBOJISIIUE K JIOKHBIM
cpabarbiBaHusIM. B cBOrO ouepesnb, METO/bl, OCHOBAaHHbIE
Ha JIaHHBIX [6], TakKe Kak HeWPOHHBIE CETH, TPEOYIOT 3Ha-
YHUTETBHBIX 00BEMOB pa3MeUEeHHbIX JaHHBIX, YTO HE BCErna
BBINTOJTHAMO B TI0JIEBBIX YCIIOBHSIX. B KOHTEKCTE aBTOHOM-
HOU TexHUKH [7, 8], TAe HaEKHOCTH SBISCTCS KPUTHIC-
CKUM (aKTOpOM, IPUMEHEHNE KaK (PH3MISCKUX MOJIEIEH,

ITOCT P 27.102-2021 HazexHocThb B TexHuKe. Hane:kHOCTh
obwexra. Tepmunsl u onpenenenus. [pumensercs ¢ 01.01.2022
B3amen 'OCT 27.002-2015.

TakK u Mouenei&, OCHOBAaHHBIX Ha JaHHBbIX, B YUCTOM BUJC
Y4aCTO OKa3bIBACTCS HEIOCTATOYHBIM JUISl PEIICHHUS 3a/1a4H
paHHEro oOHapyKeHUs! U Kilaccu(UKAIUN HEUCIIPAaBHO-
cteit [9], 0COOCHHO B CITydasiX OJHOBPEMEHHOI'O BO3HUK-
HOBCHHMSI HECKOJIbKUX HEHCIPABHOCTEH, WM NPU Pa3BHU-
THH HEHCIPaBHOCTH B Ha4albHOU cTaauu. Jyisl pereHus
9TOH 3amavy mpejaraeTcs HOBBIH KOMOWHHPOBAaHHBIN
HOZIXOM, KOTOPBIN cOYeTaeT NPeHMyIIecTBa Kak (Gpu3nye-
CKHX METOJIOB, TAK U METOIOB, OCHOBaHHBIX Ha JTAHHBIX
[10—12]. Pa3zpaboTaHHbIi TTOAXO0/ BKIIOYAET OCTPOSHUE
6onx-rpada (Bond-Graph, BG) [13] cucremsr aist reHe-
panuu OCTAaTKOB pa3HHUIbI OKUIAACMbBIX U q)aKTH‘IeCKI/IX
3HaUEHUH B CHCTEME (JJaJiee — OCTATKOB), a TAKXKE MOJIENN
CBEpTOYHBIX HelipoHHBIX ceTeit (Convolutional Neural
Network, CNN) st JeTEeKTUPOBAHUS U KJIACCUDUKAIIH
HewncrpaBHocTel. B pabore nano odiee onucanue 3a1a4u,
Hpe/ICTaBICHA CXeMa THIIOBOT'O JICMEHTA THAPaBINYeCKOI
CHCTEMBI YIIPaBJICHUs, OCHOBBI OCTpoeHUs Monenu BG
1 mosHAasA Mozenh BG THapaBIudecKoil CHCTEMBI yIIpaB-
nenus. [lokazaHa MPUMEHHMMOCTh METOOB, OCHOBAaHHBIX
Ha Monenu BG (uepes mocTpoeHHne TaOMUIIBI aHAIUTHYC-
CKHX M30bITOYHBIX OoTHOIIEHUH (Analytical Redundancy
Relations, ARR), a Tak:ke NpUMEHUMOCTb METOJIOB, OCHO-
BaHHBIX Ha JaHHBIX. [IpencTaBieHa cxema paboThl chop-
MHUPOBaHHOTO koMOuHHMpoBaHHOro noaxona (BG-CNN) k
JIETEKTHPOBAHUIO HEUCIIPABHOCTEH M PUMEp €ro padoThI.
[anee npoeneHo cpaBHeHHE P PEKTUBHOCTH NPEUIOKEH-
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KOM6I/IHVIpOBaHHbII7I noaxon K AeTEKTUPOBAHUIO HEUCNPABHOCTEN B C/IOXHbIX TEXHUYECKUX CUCTEMAX. ..

HOTO TOX0/Ia C METOJIOM 0Oe3 MPeABapUTEIHLHOTO BbIIEIe-
HUSL OCTATOUHBIX JIaHHBIX, & TaK)Ke MMPOJAEMOHCTPUPOBaHA
CIIOCOOHOCTH Pa3pabOTaHHOTO MOAXO0Aa PadboTaTh Kak C
OJIMHOYHBIMH, TaK U C MHO)KECTBEHHBIMH OJTHOBPEMEHHBI-
MU HEUCTIPABHOCTSMHU.

IlocTanoBKka 3agaun

OcHoBHas 11e116 anroput™oB FDI coctout B ToM, 4T0OBI
0OHapy>XHMBaTh, OTCIIEKMBATh M aHAIIM3UPOBATH HEUCIIPAB-
HOCTH, BO3HHKAIOIIIE B CUCTEME. DTH aJITOPUTMBI HE TOJIb-
KO OTIPEACIISIOT HAUTMYHME HEHCIPABHOCTH, HO U OLICHUBAIOT
CTEIEHb yXy/AIICHHs TPOU3BOUTEILHOCTH CHCTEMBI 1 BbI-
SIBJISIIOT KOPEHHBIEC TIPUYMHBI BOSHUKIINX HEUCIIPABHOCTEH.
JlocTuraeTcst 3TO MOCPEICTBOM HENPEPHIBHOTO MOHUTO-
pUHTa H3MEHEHHUH B (PU3MYECKUX CBOMCTBAX CHCTEMBI, KO-
TOpBIE TPOSIBIIIIOTCS B BUJIC HAOMIOMaeMbIX sBIECHUH [14].
FDI TpaguuuoHHO AENsITCS HAa TPU KaTErOpUuu: METOJBI,
OCHOBaHHbIE Ha (PU3UUECKUX MOJIEIISIX CHCTEMbI; METO/IbI,
HCIONB3YIOMINE JaHHbIE, COOpPAaHHBIC C CUCTEMBI; a TAKXKe
KOMOMHUPOBAaHHBIE ¥ THOPUIHBIE METO/bI, COUYETAIOIINE
00a monxona. Jlanee Oyner maHo 00OCHOBaHUE BbIOOpa
MeTojia JMHEHHOTo npobHoro npeobpasosanus (Linear
Fractional Transformation, LFT-BG) cpenn meTonos, 6a3u-
pYyIOLIHXCS Ha PU3NUSCKUX MOJEIISX, U ITOAX0/a IITyOOKOro
00yueHHUs CPeZI METO/I0B, OCHOBAaHHBIX Ha AaHHBIX. B Kka-
YecTBE IIPUMeEpa MPUMEHEHHST PACCMOTPEHA YITPOIICHHAS
CXeMa THAPABIMYECKON CHCTeMBI ypaBieHus (puc. 1).

ITpu monenupoBannu BG cucrema paccmarpuBaetcs
Kak enuHBIN 050K (puc. 1, b), COCTOSAIINNA U3 HHEPIIHAIIB-
HOTO 3J7eMeHTa (/), TUCCUIIaTHBHOTO deMeHTa (R) U eM-
kocTHoro 3emenTa (C). BxonHble JaHHBIE BHEIIHUX IS
CHCTEMBI HCTOYHHKOB MOTYT BBIP@)KaThCsl KaK JIEMEHTBI
uCTOYHUKA ycunus (S,), a B TeKylLIeM cilydyae — HCTOoU-
HHKa 0TOKA (S)). Jlisl MHOTOIIOPTOBBIX 3JIEMEHTOB IIPH-
Menstrorest 61oku Tpancopmaropa (TF), cBs3piBatomiero
BEJIMYMHBI OJJTHOTO M TOTO K€ THIIA C BXOJIOM U BBIXOJIOM, &
HMMEHHO IIPpeo0pa3yeT MOTOK B IMIOTOK M YCHIIME B YCHUIINE,
a B IPUBEJICHHOM ITPUMEPE HCTIOIB30BAJICS THPATOP B MO-
nyrspHOM ucnonHeHun (MGY), CBSI3BIBAIOIMIETO MOTOK C
OJTHOI CTOPOHBI ¢ ycmiaueM ¢ aApyroii [14]. MoxyapHOCTB
THpaTopa yKa3bIBaeT Ha U3MEHSAEMOE 3HaUeHHE ero Kod(-
¢unuenra. CuctemMa OrpaHUYCHUN M CBsI3EH NpEACTaB-
nsiercst B Buzie O m 1, e y3en tuna O rnokaseiBaeT oOriee
YCHJIME M, KaK CIJIE/ICTBUE, TOJIBKO OJHY BXOJSIIYIO MPHU-
YHHHYIO CBSI3b, @ Y3€JI THIA | — HalpOTHB, OOLIMH TTOTOK

N

P L» De p—dl—>
wi wi
Mot opm Kommnpeccop Hakonurenp Knanan
| L. |

U OJIHY BBIXOJISIIYIO MPUYMHHYIO CBs3b. [Ipu 3TOM ycumus
Ha Ka)KJI0U CBsI3U, BO3/ICUCTBYIOLIEH Ha O-1iepexo, paBHBI,
a TIOTOKH Ha JJaHHBIX CBA3sX B cymMMe paBHbI 0. CBsi3u Ha
1-nepexoe UIMEIOT IPOTHBOMOIOKHBIE B3aUMOCBS3HU MOTO-
KOB M YCHJIMH, YCHJINS B 3TOM ClIydae B cyMMe paBHbI 0, a
MIOTOKH, PaBHBI MEKTY COO0M. TakxkKe CTOMT OTMETUTD, UTO
cumBoitbl 0 11 1 BBIOpaHbI Kak HEHTpaIbHBIC 1O OTHOIICHHIO
K ¢u3ngeckoit obmactu Moaenu. Taxke CBSI3U TOTIOHU-
TEJIHHO IPOHYMEPOBAHBI OT «2» 10 «9», HAYMHAS C UCTOU-
HHUKa MTOTOKa, 3aKaHYMBAs CBI3BIO «9» Ha TUCCUIATHBHOM
3JIEMEHTE PAacCEUBaHUs 3HEPIUu B Hakonurene (R,,). 3Has
JIaHHBIC PABEHCTBA IOTOKOB U YCHIIMH, BOBMOXKHO CHOPMHU-
poBath Mojienib BG (puc. 1, ) ruipaBInveckoil CHCTEMBI,
IpeACTaBIeHHON Ha puc. 1, a.

Ha puc. 1, a nepemenHbIe IpeACTaBICHbI CIETYIOMUMU
0003HAYCHHUSAMU: p, — UCXOAHOE NAaBJICHUS HA HAYAJIb-
HOM y4YacTKe THAPABINIECKON CHCTEMBI (YCIOBHON TOUKE
«A»); T— KpyTAMNI MOMEHT JBHUTATEIIA, & () — YIJIOBas
CKOPOCTB; YCIIOBHOE 0003HAYEHHE «W» MPEICTABISAET Mac-
COBBIN pacxo] KOMIIpeccopa, w; — Ha BXOJE U W, — Ha
BBIXOJI€ KOMITPECCOpa COOTBETCTBEHHO, MHAEKCHI 1aBICHHS
AHAJIOTUYHBI — P U py; p, — TOBBIIIAIONIEE JaBICHHE
B KOMIIPECCOpE, a p,; — PE3yIbTUPYIOLIEE AaBICHUE HA
BBIXOJIC M3 KOMIIPECCOPA; p,, — JABICHUE B HAKOIUTEIIE,
V,, — 00beM HAKOMUTEIs; P — BBIXOAHOC JABJICHHUE JIC-
MEHTAa I'MIPaBIMUYECKON CUCTEMBI YIIPaBIECHUS.

B nmoxxonax, OCHOBaHHBIX Ha (U3MKE, CYIIECTBYET
pasiauyune MeXy KOJHMYECTBEHHBIMHU M KadeCTBEHHBIMU
METOJIaMH, OCHOBAaHHOE Ha 00beMe alpHOPHBIX 3HAHUH,
JOCTYIHBIX 0 cucTeMe. KadecTBeHHBIE METO/IbI HCTIONb3Y-
0T BHYTPEHHIOIO CTPYKTYPY MOJEIH CHCTEMBI, TPUIHH-
HO-CJIEZICTBEHHBIC CBS3M M OTHOILIEHHS, OCHOBAaHHbIE Ha
HpaBuiIax, Ui (GOPMYIUPOBAHUS JUATHOCTHYECKUX BBIBO-
JIOB. OTH BBIBOJIBI 3aT€M HCTIONIB3YIOTCA IS TIepeaady MH-
(hopmaruu, CBSI3aHHOW C HEUCIIPABHOCTSIMHU, TOTEHIIUAIIb-
HBIM KaHAWAaTaM Ha AUarHOCTUKY. KauecTBeHHbIE METOIbI
aHaJln3a CHCTEM YacCTO OCHOBBIBAIOTCS HA TpaduuecKuX
NPE/ICTABICHUSX, TAKUX Kak quarpadsl (c pedpamu, npen-
CTaBJISIIOLIMMH TIPUYMHHBIC CBS3M), JIBYAOJIBHbIC Ipadbl 1
rpa¢sr cBsseil [2]. CtpykTypa 3TuX TpadoBEIX MojeNei
SBJISICTCSI THOKOW M JIOITyCKAa€eT OITMCAHNE Pa3JIMIHBIX TUIIOB
B3auMocBs3eil. CBolicTBa rpada, B YaCTHOCTH CBSI3HOCTD,
MOTYT OBITh HCTIOT30BaHbI JJISI OTIPE/ICIICHHS OTCIIEKHIBA-
€MOCTH, TO €CTh BOBMO)KHOCTH MOHUTOPHHIA OTAEIBHBIX
yactel cuctemsl. Taroke (hopMabHBIE ONIPEIeNICHNS CTPYK-
TYPHOI HaOIIOMAEMOCTH U YIPABISIEMOCTH CHCTEMBI MOTYT

b
R
7W2
T 2 3 p. 5 8
Pz S/: © F=—>MGY: wlp’“'L 1 p—>0
41 9 6|p,
] th C

Puc. 1. Cxema aneMeHTa THIPABINYECKON CUCTEMBI yIIpaBieHus: QyHKIMOHAIbHAs cXeMa (a); COOTBETCTBYIOIIAs MOJEIb OOH/-
rpaca (b)
Fig. 1. Schematic diagram of the hydraulic control system element: functional diagram (a); corresponding bond-graph model (b)

538

Hay4yHOo-TexHn4eckuii BECTHUK MHPOPMALMOHHBLIX TEXHONOMMIA, MeXaHuKn 1 ontukn, 2025, Tom 25, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2025, vol. 25, no 3



B.A. AmuTtpures, M.A. MapycuHa

ObITH c(OPMYITPOBAHBI HA OCHOBE aHasm3a rpada. Tem He
MeHee, KITIOUYEBBIM OTPaHUYEHHEM ITHX METOJIOB SIBIISIETCS
MX Ka4eCTBEHHBIM XapakTep, YTO 3aTPYJHSET UX IPUMEHE-
HUE JUIs UACHTU(HUKANY 1 KiIaccu(uKanuy pazHooOpas-
HBIX HEMCIIpaBHOCTEH. B oTmine ot kauecTBEHHBIX METO-
JIOB, KOJIMYECTBEHHbBIE METO/IBI MPEIaratoT 0ojee TOUHbIC
CItoco0BI 00HAPYKCHHUS HEHCIPAaBHOCTEH. DTH METOMIbI
HCIIONB3YIOT MaTeMaTHUECKUE MOJIEIH, OIMHCHIBAIONINE
CHCTEMY 4Yepe3 OTHOUICHHS MEKAY BXOJAMHU U BBIXOAAMH,
Y BKJIIOYAIOT B ce0sl TaKue METO/Ibl, KaK HaOJrogaTelny,
aHaJIM3 MPOCTPAHCTBA YETHOCTH M OIICHKA MapamMeTpOB.
PaccMoTpuM Kaxablil U3 3TUX METONOB.

Meton HaGnofareneil npeaycMaTpuBaeT CpaBHEHUE
pe3ynbTaToB U3MEPEHUH Ipoliecca ¢ UX OLEHKaMU, MOJTy-
YEHHBIMH Ha OCHOBE MOJIEIIM CUCTEMBI, JJIsl (JOPMUPOBAHUS
ocrarka [3]. C 1enbio MOBBIMICHUS POOACTHOCTH K IIyMY
1 HEOTIPECJIIEHHOCTH UCIOJIB3YIOTCS MHOKECTBEHHbIC
HaOJIo/1aTeNn, YyBCTBUTENIBHBIC K PA3IMYHBIM THIIAM He-
nucrpaBHocter [4]. IIpu 3TOM METOIBI, OCHOBaHHBIC HA
HaOIIOaTeNsIX, CTAKUBAIOTCS CO CIIOKHOCTSMHU B OIIpe-
JIeJICHUU MECTOIIOJIOKEHN HEUCIIPABHOCTH B PaMKax
MOJIEJH, a TaKKe He BCErJa 00eCIeYnBaIOT CXOAUMOCTh
JUIsl HEJIMHEMHBIX ITPOLIECCOB. MeTo/| OLIEHKU I1apaMeTpOB
OCHOBBIBAETCS HAa HCIIOJIB30BAaHUU METO/0B CHCTEMHOI
UACHTU(HUKAIMHN JUIsl BBIYUCICHUS TTapaMeTPOB MOJIENN Ha
OCHOBE M3MEPEHHBIX BXOIHBIX 1 BBIXO/HBIX JaHHBIX. Jlanee
MOJIyYeHHbIE TapaMeTpPhl CPABHUBAIOTCS C 3TaJOHHBIMHU
3HAYCHHUSIMH, YTO MO3BOJISICT OOHAPYKMBATh HEHCIIPAB-
Hoctu. Hemocrarkom mozxxoza siBIsieTCs: 3aBUCUMOCTD OT
MTOCTOSTHHOTO M3MEHEHUS! BXOJHBIX IAHHBIX CUCTEMBI, YTO
MOXET CO3/1aBaTh MPOOJIEMBI ITPH aHATN3€ CTAI[HOHAPHBIX
IIPOIIECCOB.

IIpoananusuposas cymectByrowmue metoasl FDI, oc-
HOBaHHbIC Ha (DU3MKE, MOXKHO CJIENIaTh BBIBOJ O TOM, YTO
BG sBiisercst 3aciyKMBAIOLUIMM BHUMAaHHUS BapUaHTOM
U3-32 IPUCYLINX MYy NPEUMYLIECTB, BHITEKAIOIUX KaK
13 KaYeCTBEHHBIX, TaK U M3 KOJMYECTBEHHBIX aCIEKTOB.
B3aumopeiictBue mexay y3namu B BG onuceiBaercs ¢
HCIIOJI30BaHNEM JIBYX OOOOIICHHBIX MEPEMEHHBIX: yCH-
e — e(f) (B pU3NIEeCcKnX MOHATHAX 3TO MOXKET OBITh —
CHUIIa, HANIPsDKCHHE, JAaBJICHHE) M TIOTOK — f(f) (CKOPOCTH,
TOK, pacxon) [15]. Ha puc. 2 mokasaHo ompenieicHne Ha-
MIPABICHHUSI MOITHOCTH UIS 3JIEMEHTA A, TOCBIIAIOIIETO
SHEPIrHIo Ha B, M CBA3aHHOTO C 3TUM yCHIIHS, TOKA3aHHOTO
HaJl IOJIyCTPENKOH, a TaKKe MOTOKA — T10 OTPEEIICHNUIO,
o nostyctpenkoid. Takoe o003HaYeHUE TPUHSITO HA3bI-
BaTbh «CBA3b». [IpH 3TOM NPUYMHHO-CIIEACTBEHHYIO CBA3b
YCHJIUSL M TIOTOKA Tpaduuecky 0003HAYAIOT BEPTHKAIb-
HOM uepToil. Ecnu uepra HaxonuTes epes Moy CTPENIKOM
(cBsi3u 2, 5,6,8u 9, puc. 1, b), TO MOIIIHOCTH HaTIpaBJICHA
OT MOTOKA K YCHJIMIO, @ B CIy4ae PacHoI0XKEHHUS M0cCIe
TIOJTYCTPEIIKH — OT YCHJIUSI K TIOTOKY.

IIpumeHeHne MeTO10B, OCHOBAHHBIX HA (PM3UYECKOI
MO/IeJIH CHCTeMbl

Mogens BG popmupyercs ¢ mOMOIIBI0 GU3NICCKUX
3aKOHOB, OIMCHIBAIONINX JHMHAMMKY T'MAPABIMYECKOH CH-
CTEMBI YIpaBIICHNUS, a TAK)KE HA OCHOBE NMOHUMAaHUsS B3a-
MMOCBSI3€i MEX/y KOMIIOHEHTaMHu cuctemsl (puc. 1, b).
JobaBisist K MOJENH JIEMEHTBl HEHCIPaBHOCTEH, Kak

Cad——=Ca3

Puc. 2. HanpaBneHre MOIHOCTH GOHI-rpada 1 CBsI3aHHBIE C
HHM OIPE/ICIICHHUsI YCHIIUSL M TIOTOKA: JIEMEHT «By» monydaer
SHEPTHUIO OT «A»

Fig. 2. Bond-graph power direction and associated definitions
of force and flow: element “B” receives power from “A”

HalpuMep JIEeMEHT Ru, oTpakaroImuil cOpOTHBICHUE
npoccens (cBsa3b 9, puc. 1, b), MOXKXHO cO31aTh AUATHOCTH-
geckyro monenb ooun-rpada (Diagnostics Bond-Graph,
DBG). DBG 1no3BosIeT HCIOIh30BaTh KOJIUIECTBEHHBIE
FDI myTem co3naHus aHaTUTHYECKUX H30BITOUYHBIX OT-
Homennit (ARR) 3a cyer ucmonb30BaHus MOAX0AA, OCHO-
BaHHOTO Ha aHaJM3€ MPUYMHHO-CIEACTBEHHOTO MyTH [2].
ARR — marematndeckue BIpakeHHsI, KOTOPbIE CBA3bIBA-
0T U3MEPSEMbIC 3HAYCHHUS C OKUIAeMbIMU, PACCUUTAHHBI-
MU Ha OCHOBE MO/ICITH.

ARR moryT ObITh 3amucaHbl B TEPMHUHAX TOJBKO W3-
BECTHBIX U CHCTEMbI 3HAYCHHUI

ARR = {U, S, 9},

rne U — Ha®op BXOAHBIX JQHHBIX JJISI CHCTEMBI (M3BECT-
HBIN); S — M3MepeHus naTduka (n3BecTHbIe); ¥ — Habop
3HAUYCHHH MmapaMeTpoB (M3BECTHEIN). i peanuzamuu
ARR 0ObuTH BBITTOTHEHBI CIIEAYIONINE STAIB: CO3AaHa MO-
nenb BG cucremsr; mpeodpazoBana DBG myTem myanmsa-
UM JATYUKOB (OIPE/IEICHHs MECTOIIOIOKEHUS IaTUHKA);
BoIBelleHBI ARR, HCKiTI04as HEM3BECTHBIE TIEpEeMEHHBIE.
ARR-MoOzienb BBITA€T YUCIOBYIO OILIEHKY, KOTOpas Ha3bl-
BAaeTCs OCTATOYHBIM CUTHAJIOM (7;). Habop 3THX curnanos
(r = {ry, rp, ..., r,}) NOKa3bIBACT, KaK paboOTaCT CUCTEMA.
B uneane ati ocrarku 6iam3ku k 0, korna cucrema QyHK-
IHOHUPYET HOPMAJILHO, M 3aMETHO OTIINYatoTCs oT 0 mpu
BO3HMKHOBEHHMHU HEUCIIpaBHOCTEH. /151 OlIeHKH MTpUMEHN-
MOCTH TI0[1X0/1a Ha OCHOBe Mozaenn BG, crpourcst marpu-
na curaatyp HeucrpaaocTer (Fault Signature Matrices,
FSM), npencrasiennas B Bune tadmumsl. Ctpokn FSM
COOTBETCTBYIOT KOMIIOHEHTaM CHCTEMBI (Halpumep, Ha-
coc, KJamnaH, JIaT4uK), a cToJOIBI coOTBETCTBYIOT ARR.
Onementsl FSM (yu) SIBIISIFOTCSL OyJIEBBIMH TIEpEMEHHBIMU
(0 mnu 1), yka3pIBaIOIIUMH Ha YyBCTBUTEIBHOCTH COOT-
BETCTBYIOLIETO ocTarka ARR; K KOMIIOHCHTY CHCTeMBI £,
(y =1 — ecnu ARR; 4yBCTBUTEJICH K KOMIOHEHTY E;
vy = 0 — ecnu He uyBcTBUTENEH). CUTHATYpa HEUCIPABHO-
CTH KOMIIOHEHTa E; XpaHutcs B crpoke FSM. Eciu BekTop
OCTaTKOB COBMAJAET C CUI'HATYPOI KOMIOHEHTA, TO MOXKHO
JIOKQJIN30BaTh HEUCTIPABHOCTh B TOM KOMITOHEHTE.

J1st cxembl Ha puc. | uccaenoBaHue NpoOBOJUIOCH OT-
HOCHUTENIBHO 8-M1 BO3MOXKHBIX HEHCIIPABHOCTEH: TaBICHUE
IITOKA; CHJIBI, JEUCTBYIOIINE HA MOPIIEHB; CONPOTUBIICHUE
MOPILHS; THAPABINIECKOE CONPOTHBIECHHE HAKOIUTEIS;
THIPABINYECKOE COMPOTUBICHNE KIIallaHa; COPOTHBIIC-
HHUE YTEUKH U BHEIIHUE CHIIBL. Pe3ynbTaThl MpocTpaHCTBa
OCTAaTKOB U JaTYUKOB, OMIMCAHHBIX HEUCTIPABHOCTEH, IIpe/i-
cTaBieHbl B pasjelie «k KoOMOMHUPOBAHHBIN TTOJIXO/.

KnroueBoe npenmyiectso BG 3akirodaeTcs B €ro npu-
MEHUMOCTH K HEJIMHEHHBIM cucTeMaM. OJQHaKo METOx
UMEeT OTpaHHYCHHUE: MPEAINOIaraeTcsl, YTO MapamMmeTphl
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Tabnuya. CTpyKTYpHBIH aHaIM3 MaTpULbI TpU3HAKoB HeucripaBHocTeit (FSM) B wacTHOM 1 o01ieM Buaax

(cokpalleHHbIH IpUMep 3ar0IHEHUS)

Table. Structural analysis of the fault sign matrix (FSM) in private and general form

YacTHbli BUA MaTpULIbI OOuwMii BUJ MaTpHIIBI
HauMmenoBauus HanmenoBanust cTONOLOB HauMmenoBaums HaumenoBanus ctono1os
CTPOK ARR, ARR, CTpOK ARR, ARR,;
p 1 0 E, Y11 Yy
R 1 1
F 1 0 E, Yoml .. Vi

Ilpumeuanue. p — NaBiIeHUE IITOKA; R — rUApaBIMYECKOE COPOTUBIICHUE; [ — CuUIIbl, AEHCTBYIOUIME HA IIOPLICHB.

MoJIeNnH (HampuMep, COTMPOTUBIICHNE KIIAllaHOB, EMKOCTh
HaKOITUTEJIsl, MTHEPIHSI JKUIKOCTH ) M3BECTHBI TOYHO U OCTa-
10TCS MOCTOAHHBIMU. OJTHAKO B peaJIbHBIX CUCTEMax 3TU
napaMeTpbl MOABEPKEHbI HeonpeieeHHOCTAM. J{i1s perie-
HUSI 9TOH ITpoOIIEMBI HCHOJIB3YeTCs MeTOI JInHeiiHoro BG
¢ n1poOHbIM npeodpazosanueM (LFT-BG), roe napameTpsr
MOZENUpYIOTCS ¢ yueToM Heomnpenenennocreil. LFT-BG
pacmupser kinaccuuecknit BG, Momenupys mapaMeTpsl B
BUJIE!

0,=10,,(1+35),9; € [-A,A],

rae A — MakcuMallbHasi OTHOCHUTEINIbHAS HEOMPE/IeIICH-
HOCTB; 6; — IapaMeTpsl CHCTEMBI; 0;, — HOMHUHAIBHOE
3HAUCHHUE MapaMEeTPOB CHCTEMEI; §; — HOMUHAIBHBII KO-
3¢ PUIIEHT HEOTIPEIEIIEHHOCTH CHCTEMBI.

le/lMeHeHl/le METOA0B, OCHOBAHHBIX HA JAHHBIX

Jnst 00pabOTKM OCTaTOYHBIX CUTHAJIOB W BBISBICHUS
3aKOHOMEPHOCTEH HEHCHPaBHOCTEH OBUIM MCIIOIb30BaHEI
CNN [16—-18]. HecmoTps Ha TO, UYTO OCTATOUHBIE CUTHAJIBI
(ry, rp) IpencTaBIAIOT OO0 BpEMEHHBIE PSABI, BEIOOD
CNN o06ycnoBieH paaoM GpakTopos. {7 BEISIBICHHS TTPO-
CTPAHCTBEHHBIX ITATTEPHOB B IAHHBIX OCTAaTKH Mpeodpaszy-
I0TCSL B CIIEKTPOIPaMMBI C HCHOIb30BAHUEM KPaTKOBPEMEH-
Horo mpeobpazoBarus Oypse. [Ipu 3TOM TpenMyIIecTBO
CNN 3akirodaercst B TOM, YTO CHEKTPOTPaMMbl UMEIOT
CTPYKTYPY, aHAJIOTHUHYIO U300pasKeHUSIM, T/I€ CBEPTOUHBIC
ciio 3(GGEKTUBHO BBIJCISIOT JIOKAJIbHBIE 0COOCHHOCTH
(HampuMep, pe3Kre U3MEHEHUS aMIUIUTY/Ibl, XapaKTepHbIE
st yreuek). Kpome aroro CNN, Kak apXUTeKTypa riry0o-
KOTO 00yYeHUs, 00JIafacT CIIOCOOHOCTRIO CAMOCTOSITCITHHO
M3BJIEKaTh PU3HAKK U3 JaHHBIX. OHAKO, 4YTOOBI KOppPEeK-
THO o1leHuTh npenmymiecTsa CNN nepen apyrumu, 6oee
MIPOCTBHIMH METOIaMH MAIIMHHOTO OOY4EHUsI, CpaBHEHHUE
IIPOBEICHO B PAaBHBIX YCIOBHSIX. DTO O3HAYAET, YTO BCE
CPaBHMBAEMbIE MOJIENIN HCTIOIb30BAN OHH U TE e BXO[-
HBIC JTaHHBIC, 4 UMCHHO — OCTAaTKH, CTCHCPHUPOBAHHBLIC
Moznenbio BG. Mcnonb30BaHne 0CTaTKOB SIBISETCS BaXK-
HBIM 3TaroM Mpeao0padOTKH, KOTOPBII MO3BOJISIET YUECTh
(U3KKy Ipoliecca 1 OBBICHTH KaueCTBO JICTEKTHPOBAHUSI.
CpaBuenne CNN ¢ 1pyrumMu MOZAEISIMHU, TIPUMEHEHHBIMH
K «CBIPBIMY JIAHHBIM, OBIJIO OBbI HEKOPPEKTHBIM, TIOCKOJIBKY
CNN wu3Ha9aIbHO TpeHa3HaYeHa It padOTHI CO CTPYK-
TyPUPOBAHHBIMHU JaHHBIMH, TAKUMH KaK H300paskeHuUs
WJIH — CTIEKTPOTPAaMMBbI OCTaTkoB. OCHOBHOM MPHHIINM pa-
60161 CNN 3aximogaeTcs B IPUMEHEHUH OTIePaIliii CBEPTKH

K BXOJIHBIM JTAaHHBIM, I7Ie Kaxkabii coit CNN mpeoOpasyer
BXOZ (X), co3naBasi BEIXOJHBIE IPU3HAKY (Z;).

Zk = G(Wk * X+ Bk)’

rae «*» — omneparop 2D-cBeprku; W) — Beca, CBI3aHHBIC
CO CBEPTOUHBIM siIpoM; B, — amemeHT cmemieHust; 6(x) —
(ynknus aktuBanun: o(x) = max(0, x); k — obo3HaUeHUE
YHUCIIO sAep.

Jnas yMeHbIICHHS! Pa3MEPHOCTH U (QUIBTPALHU
[IyMa HMCIHOJb3YIOTCS CIOU MaKCHMaJbHOTO MyJHHIa
(maxpooling). /lanHas onepamnus BbiAeIseT Hanboee
3HAYMMBIC IPU3HAKH, CO31aBasi KAPTy IPU3HAKOB Zy ., C
UCTIOJIE30BAaHUEM OKHA § X §:

Zipoted = maxpool(Z,);

kaoo,ed(i,j) =max(Zyli:i+s,j:j+s]).

IMomyuenHas KapTa MPU3HAKOB TOCIE MYJTMHra Npeoo-
pasyercsl B OJHOMEPHBIA BEKTOP C IIOMOMIBIO CJI0s CIIa-
KHUBaHUA. OTO Ly, ACTIONB3YIOMIMICS MOJTHOCBA3ZHOM
CETBIO [ KJlacCH(UKaLMK HencpaBHocTel. Eciu kapTa
NpU3HAKOB Zy,, .., AMECT H), cTon010B 1 W, CTpoK, TO
BEKTOP L 110n OpMupPYeTCs criemyronM 06pazom:

ZFlatten = [kaooled(l’ 1), kaooled(l’ 2), ..., kaooled(Hp’ 1),
Zkﬂ‘m[@d(H ’ 2)’ teee kaooled(Hp’ Wp)]

3areM Zpy,;., TIONAETCST HA BXOJ NOJHOCBSI3HOM ceTH,
KOoTOpast umeeT M HellpOHOB Ha BBIXOAHOM cJjioe, rjae M —
KOJIMYECTBO KJIACCOB HeHcIpaBHocTell. Beixon cetn onpe-
JIEJIICTCSI ¢ IOMOIIIbI0 (pyHKIMK softmax:

Y = softmax(®Zz;,0p + b),

X;
softmax(x;) = 3,

2.eY
A

roe ® — Beca; b — cmereHne MOIHOCBI3HOM CETH; eXi —
SKCTIOHCHIIMATBHOE 3HAUCHHE i-TO AJIEMEHTa BEKTOpa X, a
€%/ — aHaJOTWYHOE 3HAUYEHHE j-TO IEMEHTA, HCIIOIb3ye-
Moe a1 HopMmanu3an. Oyaknusa softmax mpeodpasyet
BBIXOJIbI TIOJTHOCBSI3HOW CETH B HOPMaJIM30BaHHOE pac-
npeaeneHne BepOsITHOCTEH, 0bsieryass HHTEPIPETAIUIO
PE3yaBTATOB, P TOM MOJIHOCBS3HASI CETh UCIIOIB3YETCsI
JUTSE KJlacCH(DUKAIUU MPU3HAKOB, U3BJICUCHHBIX CBEPTOU-
HBIMH CIIOSIMHU.
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Ipomuecc oOyuenust CNN 3akirouaeTcss B HACTPOMKE
MapaMeTpPOB CEeTH (BECOB U CMEIICHUI ) ITyTeM MUHHUMHU3a-
WU QYHKIHH TOTEPh:

1 nl M .
Loss=——73% % Y;log(¥y),
nl =1 =1

rae nl — 4ncno obyyaromux BbIGOPOK; Y 1 Yy — 11e-
JIEBBIC W TpeACKa3aHHBIC 3HAUYCHUS IS i-OM BEIOOPKHU H
Jj-oro Kiacca. B aToM mporiecce nConbs3yoTes 00yJaromiie
JlaHHble Xtrain ¢ COOTBETCTBYIOLMMU METKaMu Ytrain. J{ist
TECTHPOBAHMUS UCTIONB3YIOTCS TECTOBBIC TaHHBIE Xfest. J{ns
3aJ]a4 MYJIbTHKIACCOBOW KiIacCU(UKAIMU TPUMEHSIETCS
Mmerpuka Fl-score, kak Hanbosee cOanaHcupoBaHHas Me-
TpUKa, YUUTBIBAIOIAsA KaK TOUYHOCTD, TaK 1 IMMOJHOTY.

Takum oOpazom, st ooyueruss CNN ucmnonb3yercs
Ha0Op OCTaTOYHBIX CUTHAJIOB, KOTOPBIE (DOPMUPYIOTCS U3
paspaboranHoi Moxenu BG, mpoxoss depes3 mpoueaypy
CBEPTKH, TYJIUHTa, ¥ CIIIAXKABAHUS JIJISI CO3IAHUST BXOIHBIX
JAHHBIX JUIsl KJIacCH(HUKATOPa Ha OCHOBE ITOJIHOCBS3HOM
CEeTH. DTO TIO3BOJISICT IPUMEHUTH BO3MOXKHOCTH TITyOOKOTO
oOyuenus a1 3hHekTHBHOTO 0OHAPYKEHUS U Kiaccupu-
KaIliy HEWCIPaBHOCTEH HA OCHOBE UYBCTBUTEIBHHBIX K
HEHUCTIPaBHOCTSIM OCTaTOYHBIX CHTHAJIOB.

Kom0uHupoBaHHBIN MOAX0/

Kak nokazano Ha puc. 3, npeuioxKeHHbIH KOMONHUPO-
BaHHEI ogxon BG-CNN cocrout u3 010ka reHepanun
octrarkoB BG u 0moka kiaccuukanuy HEUCIPAaBHOCTEH
Ha ocHOBe CNN. UyBCcTBUTEIBHBIC K HEHUCIIPABHOCTSIM
ocTaTKu reHepupyorcs u3 moaenu BG [19] u ucmomns-
3yIOTCSl B KQUECTBE BXOAHBIX JaHHBIX JuId Mozenn CNN.
DTOT 1OX0/ UMEeT JBe (ha3bl: BO-MEPBBIX, IOMEUCHHbIC
CUTHAJIBI OCTATKOB HEHCIPABHOCTEW HMCIIOIBb3YIOTCS JUIS
aBroHoMHoro ooyuenuss CNN. Bo Bropoi#i dase curnans
OCTaTKOB B PEXKHME PEaIbHOTO BPEMEHH, TeHEPHPYEMbIe
Mozenbio BG, ncnonb3ytores o0ydenHoit monensio CNN
JUISL KJTacCU(HMKALIMK THIIOB HENCIIPABHOCTH.

Cxema paboThI NPEUIOKEHHOTO TT0/IX0/]a COCTOUT U3
TPEX OCHOBHBIX HTAIOB.

Oran 1. CTpouTcst MOIETh THAPABINYECKON CHCTEMBI C
ncnons3oBanreM BG. B momydeHHO# Moenn yauThIBAIOT-

[ Pabota cucrtemsi ]

[JaHHble

A 4

JnarHoctnyeckas
mogenb BG

£
{
{
[
!
!
[
[
[}

Offline
OcCTaTouHbIN

CUrHan
A 4

MpeaBapuTenbHan
0bpaboTka AaHHbIX

O6HoBNEHHble AaHHble

Csl HEOTIPeIeNIEHHOCTH mapameTpoB ¢ nmomonibio LFT-BG.
Mogenb 1o3BOIISIET PACCUNTATH OCMAMKY — Pa3HUILY MEX-
JIy O’KHJITa€MBIMH 3HaYE€HHUSMH, PACCUUTaHHBIMU MOJICIIBIO,
Y U3MEPEHHBIMHU 3HAUCHUSIMH, TTOJTyYEHHBIMH C JATYNKOB.
B cucreme renepupyercs ABa ocTaTka: |, CBSI3aHHBIH C
ATEKTPUUECKON YACTBIO, U 'y — TMPABIMYECKON YaCThIO.
Jlanee octaTouHbIE CUTHAIIBI 7| ¥ ) NCTIONB3YIOTCS JUTs 00-
yaenust CNN. Kaxaplit 0cTaTox, pecTaBICHHBINA B BUIE
OIIHOMEPHOTO BpeMeHHOTO0 psana X € RWV<10022) ¢ xoroprim
notoMm u paboraer CNN. IIpeobpa3oBaHre IPOUCXOIUT
3a cYeT NnpenoOpadOTKH JaHHBIX C LENbI0 YCTPaHSHHS
HECOOTBECTCTBHS B MacmTa6ax CUTHaAJIOB OT JAaT4YUKOB U
aKTyaToOpOB, a TAK)Ke MUHMMU3AIMH BIUSHHS IIYyMOB Ha
paboty Mojernu.

Oran 2. [IpoBoauTcst npe1oopaboTKa B TpU LIara: HOp-
MaJIM3anus JaHHBIX, QUIBTpANUs IIyMOB, a TAK)XE Cer-
MEHTAIUsl BPEMCHHBIX psaioB. Hopmanu3anus TaHHBIX
TIPEACTaBICHA CICAYIOIINM PEIICHUCM

X—p

norm >
()

TJe L — cpejHee 3HaueHHe ImapaMeTpa; ¢ — CTaHAapT-
HOE OTKJIOHEHHE 10 o0ydaromieii Beroopke. Ouimbrparus
IIyMOB BBITIOJIHAETCS TOCPEACTBOM PUMEHEHNUS (DrIbTpa
Kanmana, a cerMeHTaIusi BpEMEHHBIX PSJIOB IPOUCXOIUT
B [IBa JTama: Jyli Hayaja CUTHaJbl pa30MBalOTCSA Ha OKHA
JqnuHoi 100 orcueros, uTo cootBeTcTBYET 100 MC IPH BBI-
OpanHOI1 yactore auckpernsanuu B 1 k['1, nanee copmu-
poBaHHBIE OKHa NepekpriBatoTcs Ha 50 %, 4TO MO3BOISIET
YBEIMYHUTH pa3Mep oOydarolei BeIOOpKH. TuTensHoCTh
M3MEPEHUI M MHTEepBall JUCKPETH3alui BIOpaHbl Ha OC-
HOBE aHAJIM3a CIIEKTPAIbHOM INIOTHOCTH MOIIHOCTH JUIS
CUTHAJIOB JAaTYMKOB U OCTAaTKOB. BrIOpaHHBIC 3HAUCHUSA
00eCcTieunBarOT JOCTATOYHOE pa3perieHne sl O0OHapyxKe-
HUS XapaKTEPHBIX YaCTOT, CBA3aHHBIX C HEUCIPABHOCTSIMH,
U [IPU 3TOM HE MPUBOJAT K N30BITOYHOMY 00bEMY JaHHBIX.

B nporecce obyuenns CNN u3ydaeT B3aUMOCBS3b
MEX/y 3TUMH OCTaTOUYHBIMU CUTHAJIAMHU U PA3IMYHBIMH
TUIIAMH HEMCIPaBHOCTEH (BKJIIOUas MX OJMHOYHBIC U
MHOKECTBEHHBIE TIPOsIBIICHNS ). B paccMoTpeHHOM cityuae
KOJIMYECTBO KJIACCOB HEHCIIPABHOCTEH JJISl OJMHOYHBIX
MPOSIBICHUH paBHO 6, U AJ1s1 MHOXeCTBeHHbIX — &. [Tocie

MpeggaputenbHoe obyyeHune
CeHcopos AL R
X o0Oygaromyx JaHHBIX

O6Hapy:keHue

,,,,,,,,,,,,, oWwmnbBKM
F

F

| ObyueHHaa | ! 0 F2
CNN Mogenb 3
cmmedll 2

Puc. 3. CtpykrypHas cxeMa KOMOMHHPOBAHHOTO MOX0/1a

Fig. 3. Structure diagram of the combined approach
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KOM6I/IHVIpOBaHHbII7I noaxon K AeTEKTUPOBAHUIO HEUCNPABHOCTEN B C/IOXHbIX TEXHUYECKUX CUCTEMAX. ..

o0yuennst CNN MOXXET UCTIONB30BaThCS B PEXKUME peallb-
HOT'O BPEMEHU.

Oran 3. Bemmonnsercst ooHapyxenue omundku. Koraa
HOBBIE JJaHHBIE MOCTYMNAIOT OT JaTYMKOB, Moaens BG re-
HEpHUPYET OCTaTOYHBIE CUTHAJBI, KOTOPBIE IEPEAAIOTCS
obOyuernHoit CNN, u oHa ompenemnseT, IPUCYTCTBYET JIH
Kakas-T100 HEHCIIPaBHOCTb, M €CIN /14, TO KaKas.

Takum 00pa3om, MPeITOKEHHBIH MOIX0]] COUYETAeT B
cebe mpenMyIIecTBa UCTIOIB30BaHuUS (PU3NIECKON MOACITH
JUTS TIOTYYCHHS YCTOWYMBBIX K IITyMaM OCTaTKOB M BOMOXK-
HOCTH MAaIIMHHOTO OOyuYeHHS ISl U3BJICUCHUS CKPBITHIX
3aKOHOMEPHOCTEH U KiIacCH()UKALUK CIOKHBIX HEJINHEH-
HOCTEH B JJAHHBIX, YTO TIO3BOJISIET TOOUTHCS JIyUIIeH ToU-
HOCTH U HaJI©)KHOCTH JETEKTUPOBAHUS HEUCIPABHOCTEH
B THJIPaBIMYECKHUX cucTeMax. [l cpaBHEHHUs Ha JBYX
JauarpaMMax (puc. 4) mpescTaBiIeHbl pe3ysbTaThl MOAX0/1a
FDI Ha ocTaToyHbIX JaHHBIX U HA IAHHBIX C JJATYUKOB, TTIE
HaISTHO BUJTHO, YTO C IPUMEHEHHEM c(hOpMHPOBAHHOTO
MOAX0/a IETEKTUPOBAHUE HEUCIPABHOCTEN CYIIECTBEHHO
ynpomaetcs. Ha puc. 4, a ocs «ARR;» mpencrasnser
3HaueHMs MapaMeTpoB B MPUBEICHHOM MaciuTade, a och
«ARR,» — 3Ha4eHMs IPOCTPAHCTBA OCTATKOB, Ha PUC. 4, b
MIPEJCTaBICHbI HOPMAIU30BaHHbIE TaHHBIC IPOCTPAHCTBA
JTATYMKOB OTHOCHUTEIBHO BpeMeHU. PaccmarpuBarncs cie-
JYIOIIHI CIIUCOK TapaMeTpoB HeucnpaBHocTeid: Healty —
cily4aiiHblii HaOOp MPOBEPOUYHBIX JAHHBIX, APAMETPHI
OCTaTKOB KOTOPBIX NpuOmmxkeHs! k 0; I/W — cunbl, neit-
CTBYIOIIME HA MOPIIEHb; / — BHEIIHUE CHUIIbl; K — Co-
MIPOTUBJICHUE yTeUKH; Re/Rm — pe3yiabTUpyIolee co-
MIPOTUBIICHUE; Re — TUIPABINYECKOE COMPOTUBICHHE
HaKOMUTEINS; Rm — THAPaBIMYECKOE COMTPOTUBIICHUE KITa-
naHa; /¥ — coNnpoTHBIIEHHUE TOPIIHS.

Obcy:xaenune

Jast oneHkn 3G PEeKTHBHOCTH TPEUIOKEHHOTO KOMOU-
HUPOBAHHOTO I0JX0/1a, ObLJIO MPOBEICHO ero CPaBHEHUE
C METOJaMH, OCHOBaHHBIMH TOJIbKO Ha BG miH TONBKO
Ha CNN, a Taxke ¢ TpaIuIHOHHBIMH METOJAMH MAIlMH-
Horo obyuenus (ML), rakumu kak Random Forest (RF),

£4 048
RIS I s,
S A RS
A 4 3
N k.

T T T T T T

20 10 0 10

3HaueHus NpocTpaHcTBa ocTarkoB (ARR,)
e
(e}

3HaueHus napaMeTpoB B mpuBeneHHOM Macitade (ARR)

K-Nearest Neighbors (KNN), Artificial Neural Networks
(ANN) u meTon omopHbIX BeKTOpoB (Support Vector
Machines nim npocto SVM). BaxxHO 0TMETHTB, YTO BCE
cpaBHHBaeMble MeTobl, BKItouasi RF, KNN, ANN u SVM,
UCIIOJIB30BAJIM B KAUECTBE BXOJHBIX JIAHHBIX TE JKE OCTATKH,
CreHeprupoBaHHbIC MOJeNbl0 BG, 4T0 M MpeIosKeHHbIH
noaxon (BG-CNN). DTo obecreunBaeT 4eCTHOE U 00b-
eKTHBHOE CPaBHEHHE, MIOCKOJIBKY BCE MOJEIN padOTaloT
¢ OOMHAKOBOH mpenoOpadboTaHHON nHOpMaNHEH, ydu-
ThIBatolIel Gpu3nKy cucteMbl. [IpoBeeHa onTuMu3aus
THIIepHapaMeTpoB Kak MPEIIOKEHHOTO MOAX0Aa, TaK U
METOJIOB Uit cpaBHeHUs. Mcnonb3oBayics METOA Clly-
vaitHoro moucka (Random Search). OnrtumusupoBanuch
cienyronye runeprnapamerpsl: it CNN — KoJIM4ecTBO
CBEPTOYHBIX CJIOEB, KOJIMUECTBO (PUIIBTPOB B KaXKJOM CJIO€,
pa3mep siapa cBEpTKH, (PyHKIMS aKTHBAIL[UH, METO Iy-
nuHra, learning rate; st RF — xonndecTBo nepesbes,
MaKCHMaJlbHasl IIyOWHA JIepeBa, KOJIMYECTBO MTPU3HAKOB
s pasnenenus; 1 KNN — konnuectBo coceneit; st
ANN — KOTHYECTBO CKPBITHIX CIIOCB, KOIHYECTBO HEH-
POHOB B Ka)KIOM ci10€, (DYHKIIMS aKTUBANNH, learning rate.
PeSyJ'H)TaTI)I CPaBHUTECJIBHOI'O aHaIn3a, IMOJYYCHHBIC Ha
eIMHOM Habope AaHHBIX B 2384 00pasia, 00beIUHSIIOIIEM
BCE€ THUIIBI HeI/ICHpaBHOCTeI‘/II (Ha‘laHLHLIe, CTyII€HYaThIC,
OJJMHOYHBIC U MHOXXECTBEHHBIC OJJHOBPEMEHHBIE), TTOKa-
3aJIM SIBHOE TIPEBOCXOJICTBO MPETIOKEHHOTO TTO/IX0/1a HaJ|
BCEMH OCTAJILHBIMHM METOJ[aMH, OCOOCHHO IPH MaJIOM KO-
JMYecTBE 00yJaroMnX JaHHbBIX. Pe3ynbrars! npecraBieHb!
Ha puc. 5.

IIpu yBenmudeHuu pazmepa oOydaromnield BEIOOPKH -
tdextuBHOCTE CNN, RF 11 KNN mpubmmxaercs k komOu-
HUPOBAaHHOMY ITOAXOMY, HO JOCTUTACT ONM3KUX 3HAYCHUH
JIUIIG MpH BbIOOpKe BbINe 128. BaXHO OTMETHUTH, 4TO
paspabotanssii noaxon BG-CNN mokazan HauIy4IIyio
CIIOCOOHOCTh OOHAPYKUBATh HAYaJIbHBIC HEHCIIPABHOCTH
Ha paHHUX 3Talax, a TaK:XKe U30JIMpOBATb MHOKCCTBCHHBIC
OZIHOBPEMEHHBIC HEHCIIPABHOCTH, KOTOPBIE MPE/ICTABISIOT
HauOOJIBIIYIO CIIOKHOCTD JUIS TPAJUIMOHHBIX METOJIOB
FDI. bsina npoBesieHa OlleHKa BIMAHUS Pa3IHUHBIX [1apa-
METPOB MOJIEIIH Ha TPOU3BOANTEIEHOCTD, BKIIIOUAs pazMep

e Healthy
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Puc. 4. Pe3ynbrarsl 1eTEKTUPOBAHUS HEHCIIPABHOCTEH TMPABINYECKON CHCTEMBI: HA OCHOBE OCTAaTOYHBIX JaHHBIX (@); HA OCHOBE
JIAHHBIX TaTYUKOB (b)

Fig. 4. Results of hydraulic system fault detection: based on residual data (a); based on sensor data ()

542

Hay4yHOo-TexHn4eckuii BECTHUK MHPOPMALMOHHBLIX TEXHONOMMIA, MeXaHuKn 1 ontukn, 2025, Tom 25, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2025, vol. 25, no 3



B.A. AmuTtpures, M.A. MapycuHa

1,0 @@= @ ----8----0 | _¢ BG-CNN
o o 8—%| - CNN
//:*;/ -o- ANN
& S __#--—--9| ¢ RF
g 0.6 et ’/'/,0" -%- KNN
% , //, ,’,2“” W SVM
— ‘-:_*/:,14 “_.
= ‘2___ X -
% 425
021 - -
il
16 64 256
Bri6opka

Puc. 5. CpaBuenue 3p(HheKTHBHOCTH METOIOB JICTCKTHPOBAHHMS
HEUCNpPaBHOCTEN

Fig. 5. Comparison of the fault detection methods effectiveness

oOyuaromei BbIOOpKHU. Pe3ynpraThl mokasalu, 9To TOIX0/
BG-CNN coxpaHseT TOYHOCTb, IPEBBIIIAIOITYI0 TOYUHOCTh
CNN, RF u KNN, kak oTAeIbHBEIX METOLOB, HE MEHEE,
yeM Ha 10 % npu pa3nuUHBIX 3HAYCHUSIX MApaMETPOB U
KOITMYECTBE M3MEpeHni, OombieM, dem 128. [IpoBeneHo
HCCIIEIOBAaHNE YyBCTBUTEIBHOCTH MOJIENHN K ITapaMeTpu-

YCCKUM HEOIMPCACTICHHOCTAM, YTO ITOKa3aJI0 CICAYIOMIEE:

— wmozens ¢ LFT-BG aemoHcTpHpyeT ONBIIyI0 TOYHOCTD
10 CPAaBHEHHUIO C MOIXO/I0OM C KOHCTAHTHBIMHU 3HAUCHH-

SIMU;

— pe3yibTaThl He 3aBUCST OT pazMepa oOydaroueil Bbl-
0OpKH, HO HANOOJIBIINIA TPUPOCT 3aMETEH MPH pa3Mepe

BbIOOpKH 32;

— noaxox BG-CNN mnoka3bIBaeT Jiydiiie pe3ysbTaThl B

OOHapy’>KeHNHM HEHCIPAaBHOCTEH HA paHHUX JTarnax.
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Engineering Failure Analysis. 2017. V. 81. P. 270-293. https://doi.

org/10.1016/j.engfailanal.2017.07.011

3akJ/iouenne

Pa3paboTaH KOMOMHMPOBAHHBIM MOIXOM JETEKTHPO-
BaHus HencnpaBHocTel (FDI) ams ruapaBmudeckux cu-
CTeM YTIpaBIIeHUs, HHTETpupytomuii rpader cBsazeit (BG)
¢ TUHEWHBIM IpOOHBIM mpeobdpazoBanueM (LFT-BG) mns
FeHEepaly yCTOMYMBBIX OCTAaTKOB, U CBEPTOYHBIE HEM-
ponusie cetrt (CNN) st ux knaccudukarnmu. [logxon BG
¢ LFT-BG no3Bonui co3aarh aHATUTHYECKYIO0 MOJIENb U
CICHCPUPOBATh OCTAaTKU, YyBCTBUTCIIbHBIC K HEHUCIIPAB-
HocTsiM, a CNN, B cBOIO o4epenb, 3PpPEKTHUBHO BHISBHU-
Jla 3aKOHOMEPHOCTH JUIsl KJIACCU(DUKAIIMK PA3HBIX THIIOB
HEHCIIPAaBHOCTEH, BKIIIOUAsl X HadalbHBIC, CTyIIEHYAThIC
1 MHO)KECTBEHHBIE TposiBiieHHs. [IpeanokeHnsIii komOu-
HupoBaHHbII noaxoq BG-CNN npoaeMoHcTpupoBa npe-
BOCXOJICTBO HaJ| IPYTUMH PacipOCTPaHEHHBIMU METOAAMH
MaIIMHHOTO OOY4EHUs, IPUMEHEHHBIMU K TEM XK€ OCTa-
TOYHBIM JaHHBIM, OCOOEHHO B yCIOBHUSX OIPaHHMYCHHBIX
o0yJaromux JaHHBIX, oOecreunBas 0ojee BHICOKYIO TOU-
HOCTh JICTEKTHPOBAHMUsI HEMCIIPABHOCTEH, a Takxke Ooiee
BBICOKYIO CKOPOCTh 00y4eHHsI. DKCIIEPUMEHThI TI0Ka3allu,
gyro noaxoa LEFT-BG ¢ CNN sddextuBHO 00padarsiBacT
HEJIMHEHHOCTH W TI03BOJISIET CO3/1aBaTh yCTOWYUBYIO K
HIyMy cucTeMy JeTekTupoBanus. [Ipakrnueckas 3Hauu-
MOCTb 3aKJII0YACTCs B OBBIIICHUH HA/IC)KHOCTH aBTOHOM-
HOW TEXHHKH, TJI€ TOYHOE JICTEKTUPOBAHUE HEHCIIPABHO-
CTEeH TMIPAaBINYECKUX CHCTEM KpUTH4YHO. JlanpHeine
MCCIIEZIOBAHNUS JIOJKHBI OBITH HAIPaBJICHBI HA AIaNTAIHIO
MOZIXO0/1a K JIPYTHM CHCTEMaM, OTITHMH3AINIO APXUTEKTYPBI
CNN u o0ydeHre Ha MaJIbIX BEIOOpKaX, a TAKKe HA H3yde-
HHE BIMAHHA TapaMETPOB MOJIEIN U MPUMEHEHHE TT0X0/1a
K p€aJIbHbIM ITPOMBIIIIJIICHHBIM CUCTEMAaM.
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AHHOTANMSA

Beenenne. Paccmorpena 3a1aua cpaBHUTEIEHOTO aHaIM3a HAOOPOB METareHOMHBIX 00pa3IoB C HCIIOIBE30BaHIEM IpadoB
ne Bpeiina. J{is noBbIeHHs TOYHOCTH PAabOThI KiIacCH(UKALIMOHHBIX MOZICIICH pa3paboTaHbl METO/(bI aBTOMAaTUUECKOTO
M3BJICUYCHHSI IIPU3HAKOB HA OCHOBE PE3YNIbTaTOB CPABHUTEILHOIO aHAIN3a METAareHOMHBIX 00pa3loB, SKCIEPTHBIX
METaIaHHbIX ¥ CTATUCTHYECKUX TeCTOB. [10/1 Mpr3HaKkaMK B JaHHOW paboTe MOHMUMAIOTCS CBA3HBIE MOArpadsel rpada e
Bpeiina. MeTonbl. [lepBriit MeTon unique _kmers npuMeHseTCs 1711 U3BJICUCHHS U3 JAHHBIX CTPOK AIHHEI £ (k-MepoB),
KOTOpBIE BCTPEUAIOTCS TONBKO B 00pasIax ogHoro Kinacca. Bropoil MeTox stats_kmers IpUMEHSIETCS IS H3BICUCHUS
k-MepoB, 4acTOTa BCTPEUaEMOCTH KOTOPBIX CTATHCTHYECKU OTIMYACTCS MEXKIY KIaccaMu 00pa3moB. J{iis m3BaedeHus
HHTEPIPETUPYEMBIX NPU3HAKOB pa3paboTaH TPETUH METOX, B KOTOPOM pPEaM30BaHO BBIJENIEHHE NOATPadoB U3
rpadoB ne BpeiiHa Ha OCHOBE ONMOPHBIX BEPILINH, MOIYyYaeMbIX B PE3y/IbTaTe NPUMEHEHHS OJHOTO M3 IEPBBIX IBYX
METO/I0B. AHAJIN3 JaHHBIX COCTOUT M3 JIBYX ITAIOB: BHAYaJIC IPUMEHACTCS METOX unique_kmers wiu stats_kmers
JUISL TIpe/IBapUTENIbHONH 00pabOTKM JTaHHBIX, 3aTEM K IOJIyUYCHHBIM Pe3yJbTaTaM IMPUMEHSCTCS TPETHH MeToJ IJis
MOJTyYEeHHs] MHTEPIPETUPYEMBbIX MPU3HAKOB. OCHOBHBIE Pe3yJbTaThl. AIIpoOalus METOI0B IIPOBEAEHA HA YETHIPEX
CTEHEPUPOBAHHBIX TECTOBBIX HAOOPAX JaHHBIX, KOTOPBIE MOAEIHPYIOT TAPAMETPhI PEATbHBIX METATEHOMHBIX COOOIIIECTB,
TaKkue KaK HAJIWYHE MOXOXKHUX BUAOB (IITAMMOB) HJIM PAa3HUILy B 4acTOTE BCTpeyaeMoCTH Oakrepuu. PazpaboranHble
METOABI OBUTH TIPUMEHCHBI JUIST M3BICUEHUS IPH3HAKOB, KOTOPBIE HCIIOIb30BATHCH JUIsl KITacCH(HUKAIIMU 00pa3IoB u3
TECTOBBIX HaOOPOB. [1J1st CpaBHEHUS B KaYECTBE NPH3HAKOB HCIIOIb30BAIUCEH PE3YNIBTaThl TAKCOHOMUYECKON aHHOTAIINH
00pas3noB ¢ nomoursio nporpamMmsl Kraken2. [Tokazano, uTo kadecTBO Kiaccudukanny o0pas3noB MOBBICHIOCH TIPH
HNPUMEHEHNH B KJIACCU(PHMKAIIMOHHBIX MOJEISIX MPU3HAKOB, IOJYYSHHBIX C IIOMOIIBIO MPEJIOKEHHBIX METOIOB, 110
CpaBHEHHIO C Knaccn(bmcauMOHHbIMH MOJECISIMHU, O6y'—{€HHbIMI/I Ha TAKCOHOMHMYECKHUX npu3Hakax. QOodcyxaenue.
PazpaboraHHble METOAIBI MOJIE3HBI IPU CPABHUTEIBHOM aHAIN3€ JAHHBIX METaréHOMHOTO CEKBEHHPOBAHHS U MOTYT
CITy’)KHUTb OCHOBOHM CHCTEM MOAJCP)KKH MPUHATUS PELICHUH, HATpUMEp, IPH TUarHOCTHPOBAHUHU 3a00JIeBaHU JTIoaei
Ha OCHOBE JJAHHBIX CEKBEHUPOBAHUSI MHKPOOMOTHI KUIIETHHUKA.
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MeToap! n3BnevyeHns k-MepoB 1 NPU3HaKoB N3 HABOPOB MeTareHoMHbIX rpados ae bpeliHa...
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Abstract

The paper considers the comparative analysis of metagenomic samples collections using de Bruijn graphs. We propose
methods for automatic feature extraction based on the results of comparative sample analysis, expert metadata, and
statistical tests to improve the accuracy of classification models. In this paper features are connected subgraphs of the
de Bruijn graph. The first method, named unique kmers, is used to extract strings of length & (k-mers) that occur only
in samples of the certain class. The second method, named stats_kmers, is used to extract k-mers whose frequency
of occurrence statistically differs between sample classes. To extract interpretable features, a third method has been
developed that implements the extraction of subgraphs from de Bruijn graphs based on the selected nodes obtained as a
result of applying one of the first two methods. Data analysis consists of two stages: firstly, unique kmers or stats_kmers
method is applied for data preprocessing, secondly, the third method is applied to obtain interpretable features. The
methods were tested on four generated datasets that model the properties of real metagenomic communities such as
the presence of similar species (strains) or differences in the relative abundance of bacteria. The developed methods
were used to extract features. Machine learning model was trained in extracted features to classify samples from the
test datasets. For comparison, the results of taxonomic annotation of samples using the Kraken2 program were used
as features. It was shown that the accuracy of samples classification increased when using features obtained using
the proposed methods in classification models compared to classification models trained on taxonomic features. The
developed methods are useful for comparative analysis of metagenomic sequencing data and can form the basis of
decision support systems, for example, in human diseases diagnostics based on gut microbiota sequencing data.

Keywords
feature extraction, de Bruijn graph, k-mers, classification, metagenomics
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collections based on samples classification information. Scientific and Technical Journal of Information Technologies,
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BBenenue

MeTtareHOMHKa — pasziel BBIYUCIUTEIbHONH OHOTIOTHH,
KOTOPBIN M3y4aeT B COBOKYITHOCTH COOOIIECTBA MUKPOOP-
raHM3MOB, HACEIISIOUIMX OIPEJEIeHHbIE dKOJIOIHUECKUE
Humu: noysa [1], Bomoems! [2], KO)KHbIE TOKPOBBI M KH-
LIEYHUK YesioBeka [3]. AHanu3 MeTareHOMHBIX JaHHBIX
BKJIIOUAET B ce0sl OIpesielieHne BU0BOTO cocTaBa o0pasiia,
ycTaHOBJIeHHE (QYHKIUI M POJU OTAEIbHBIX TAaKCOHOB
(bakTepuii, BUpyCOB) BO B3aUMOACHCTBHUIX BHYTPH CO-
00IIIeCTBA U C OKPYIKAIOMIEH Cpesoi, a TaKKe CpaBHEHHE
00pa3noB Mexay coboi. CpaBHUTEINbHAS METarCHOMUKA
HCCIIEAYET CXO/CTBA U PA3IIMYMS METareHOMHBIX 00pa3IioB
C IIETIBIO BBISIBJICHHS 3aKOHOMEPHOCTEH MEX/ Ty MUKPOOHBIM
COCTaBOM M CBOMCTBAaMHU OKPY>KaIOILEH CPeIbl NI XO35H-
Ha. Hanpumep, aHann3 MUKPOOHOTHI KHINEYHUKA YeJIOBe-
Ka MIpaeT BaKHYIO POJb B COBPEMEHHBIX MEIUIIMHCKUX
HCCIIEJOBAHMAX: JUUISl IMarHOCTUPOBaHUS 3a00JIeBaHUM,
MIPOTHO32 YCIICITHOCTH JICYSHUS! U 11000pa IepCOHaIN3HU-
poBaHHoOM Tepanuu [4—10].

OnHOI TPyYIIIOi METOJIOB aHAIN3a METareHOMHBIX J1aH-
HBIX SIBIISIETCSI COOPKA MOJHBIX TEHOMOB C MX MOCIEIYIO-
e aHHOTAIUell — OIpele]IeHHeM BHIOBOTO COCTaBa
oOpasma. [ 3TuX neneil mupokoe MPUMEHEHHE HAIIIH
rpadsr ge bpeitna [11-14]. HecmoTpst Ha Hammame d¢-
(heKTUBHBIX METOJOB UIA TOCTpoeHus rpada ne bpeiina
U pa30oMeHus ero Ha KoMIoHeHTHI [ 15—17], 3agaga cOopku
SIBJISIETCSI CIIOKHOM B CBSI3M C 00bEMOM JIaHHBIX, UX KOM-
MJIEKCHOCTBIO (00paser SBISIeTCS CMEChI0 TEHOMOB MHOTHX

BUJIOB) U 3aIlyMJIeHHOCTHI0. COopka renoma Ha 90 % u3
METarecHOMHOTO 00pas3iia TpeOyeT B CPEeIHEM JCCITUKPAT-
HOTO MOKPBITHS NpH ceKBeHUpoBaHuu [ 18], HO GonbIIoi
00BbEeM MOJTy4aeMbIX JaHHBIX TPYIHO 00padaThiBarh, a CTo-
MUMOCTb YJIBTPanTyOOKOro CeKBEHUPOBAHUS HE IO3BOJISICT
HCTIOJIb30BaTh €ro MOBCEMECTHO. AHHOTAIMS PUMEHSI-
€TCsI C LIeJIbI0 YCTAHOBHUTH BHJIOBOI COCTaB MHKpPOOpTa-
HHU3MOB B 00paslie, OZIHAKO OHA OTPAaHMYECHA HETIOIHOTOH
0a3 maHHBIX, CYyIIECTBYIOMICH M3-32 HEM3YUCHHON YacTH
MHpa MAKPOOOB M UX OBICTPOH €CTECTBEHHOW 3BOITIOLINI
B HACTOSIIIIEM BpeMeHH. IIpu 3TOM aHHBIE, OTy4YEHHbIE
CO CTaHJAPTHOM ITyOWHON CEeKBEHUPOBAHUS, TIO3BOJISIOT
00OHapYKUBATh TOJIBLKO BUJIbI C OTHOCHTEIILHOM MpecTaB-
JICHHOCTBIO OOJIbILIE OHOTO MpPOLEHTa B o0pasie, 4To
MIPUBOJIUT K MOTEPE OOJIBIIIO# 0K HH(OpMAIIUU O pa3Ho-
00pa3uu c1ado mpeicTaBICHHBIX BUIOB [19].

Jpyroii rpynmnoii METoA0B aHallu3a METareHOMHBIX
JTAaHHBIX sIBJISIETCS] 00paboTKa, puibTpanus u Kiaccudu-
KaIUsl «CHIPBIX JaHHBIX» — IPOYTEHHUH, MOCTYHNAIOIINX
U3 CEKBEHATOPA. DTO MO3BOJISIET YUUTHIBATh BCIO M3BIIE-
YeHHYIO U3 00pa3ia WHPOPMALNIO M HE 3aBHCETh OT 0a3
JTAaHHBIX, OJJHAaKO TpedyeT pa3padboTku 3(h(heKTHBHBIX alTo-
puTMOB. B 3a1auax cpaBHEHHsI METareHOMHBIX ITOCIIEA0BA-
TEJIBHOCTEH NCTIONB3YIOTCS METO/IBI HA OCHOBE A-MEpOB —
MOJICTPOKAX JIHHBI k. HEKOTOpbIE allropuTMbl O3BOJISIIOT
3¢ (eKTHBHO MaHUNYIIMPOBATh k-MepaMH U IPUMEHSITH
UX JIJIsl OLICHKHU MTOXOXKECTH MCXOJHBIX 00pa3ios [20-22].
Jlpyrue MeTojipl UCIOIb3YIOT CTaTUCTUYECKUE TECThI IS
oTOopa MOAMHOXKECTBA k-MEPOB, KOTOPHIE SIBIISIFOTCS KITIO-
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A.B. MBaHoB, A.A. LLUanbito, B.U. YnbaHues

YCBBIMH JITSI pA30MCHHS HCXOJHBIX 00pa3I[oB HAa KATCTOPUU
[23, 24]. OnHako Bce METO/Abl aHAM3a «ChIPBIX JTaHHBIX)»
MTO3BOJISIOT MMPOBECTU TOJILKO CPAaBHEHUE METAareHOMHBIX
00pas3Ios.

AHHOTaNWs ¥ UHTEPIIPETAIMS IPU3HAKOB B BUIC k-Me-
POB SBIACTCS CIIOKHOHM 3a7aueiil B CBSI3M C HETIOJTHOTOM
0a3 TaHHBIX U KOPOTKOH AmuHOH k-MepoB (ot 11 mo 91
CHUMBOJa), YTO HE TTO3BOJIIET TOYHO YCTAHOBUTH WX OWO-
JIOTUYECKyTo poiib. C IeIbI0 TOBBIIICHHUS TOYHOCTH HHTEP-
NpETAIUK B JAHHOW pabOTe B KAUYCCTBE MPU3HAKOB UCIIOJb-
3yrorcst csizHble noarpadset rpada ne bpeiina. CrpokoBbie
MOCJICA0BATSIIBHOCTH TS TIOArpadoB 00J1a1ar0T JOCTATOY-
HoWt JuynHOH (0T 100 10 HECKONBKUX THICSY CHMBOJIOB), UTO
[TO3BOJISICT TOYHEE YCTAHOBUTH UX OHOJIOTHYECKYFO POJIb IO
CPaBHECHHUIO ¢ k-MepaMu. MeTobl N3BJICUCHUS TOATPadoB
HCIIONB3YIOTCA B 3a/1a4e COOPKH T€HOMOB. 3aMETHUM, YTO
MIPEIIONIOKUTEIHFHO HE CYIIECTBYET METOIOB U3BICUCHUS
moarpadoB C UCTIONBE30BAaHUEM PE3yIFTATOB CPABHUTEIb-
HOTO aHaJIN3a METareHOMHBIX 00pa3IloB, IKCIIEPTHBIX Me-
TaIaHHBIX U CTATUCTHYECKUX TECTOB.

Cn0oXHOCTh aHAJIHM3a METar€HOMHBIX TAHHBIX COCTOHT
Takke B ux o0beMe. C OHON CTOPOHBI, KaKIbIH 00paserr
METareHOMHOTO CekBeHHpoBaHMs 3aHnMaeT 5—10 I'b, mo-
9TOMY OJIHOBpeMeHHasi oopaborka naxe 100 oOpa3os
JUTSI CPABHUTEIILHOTO aHAIM3a W U3BJICUCHUS MPU3HAKOB
Tpedyer 00JbIIOro 00beMa ONEPATHBHOW MTAMSITH U JUCKO-
BOTO TIPOCTPAHCTBA, KaK IIPABUIIO, JOCTYITHBIX TOJIBKO Ha
BBIYUCIIUTEIBHBIX cepBepax. C Ipyroil CTOPOHBI, THITHYHOE
YHUCIIO 00Pa3IoB B METAareHOMHBIX MCCIICIOBAHUIX HAXO-
mutes B muarazone ot 100 no 200 u3-3a croxHOCTH cOopa
JAHHBIX, 0COOCHHO €CITH PeYb UJET O paboTe C JAHHBIMU
METareHOMOB JIIOfIeH, HallpuMep MallUeHTOB C ONPEAeTICH-
HBIM 3a0oeBanueM. TakuM 00pa3oM, BO3HUKAET podiieMa
OOJIBIIIOTO YKC/Ia TPU3HAKOB, KOTOPHIC MOTYT OBITH H3BJIC-
YEHBI M3 JaHHBIX, © MAJOr0 YUCJIa 00pas3IOB, YTO SIBJIS-
€TCsl KpUTHUECKOH MpoOIeMOoi JIJIsl METO/I0OB MAITUHHOTO
o0yuenwust. [1o 3Tol mpUYKHE aKTyaIbHOU SIBIISICTCS 3a/1a4a
pa3paboTKK METOIOB U3BJICUCHUS IIPU3HAKOB U3 TPadoB Je
Bpeiina, B Tom unciie u Gospimx (108-1010 pepuiun), npu
HaJTUM4Iu# TPeOOBaHUS MHTEPIPETHPYEMOCTH (OMHUCaHUE
CBOWCTB MPU3HAKOB, HATIPUMEDP, YCTAHOBIICHUE OMOJIOTH-
YEeCKOU (PYHKIMH, COOTBETCTBYIOIICH M3BICUCHHOM TIOCIIe-
JIOBATEITHLHOCTH).

B macrosmeit pabore pa3zpaboTaHBl METOIBI H3BIICUE-
HHS TTPU3HAKOB M3 HAOOPOB METareHOMHBIX TpadoB ae
Bpeiina, KOTOpbIC HAa OCHOBE PE3yJIBTATOB CPABHUTEIILHOTO
aHaJIN3a METarCHOMHBIX 00PAa3II0B, IKCIIEPTHBIX METaIaH-
HBIX ¥ CTAaTUCTUYCCKHX TCCTOB MU3BJICKAIOT U3 YKAa3aHHBIX
rpadoB BETBSIIMECS CBsI3HBIC moArpadsl. HoBu3Ha mpeio-
JKCHHBIX METOJIOB COCTOHT B UCIIOJIb30BaHUH UH(DOpMALIUU
0 KJlaccax oOpa3IOoB Ha JTare W3BJICUCHUS MPHU3HAKOB U
W3BJIICYCHUU MIPU3HAKOB JOCTATOYHOM JIJISI HHTESPIPETAIINT
JuTnHBL. CyIIeCTBYIONINE PEIICHHS YIOBICTBOPSIOT TOIBKO
OIHOMY W3 JBYX yKa3aHHBIX CBOMCTB: WJIA OHH HCIOIB3YIOT
METaJaHHbIC, HO M3BIEKAIOT MPU3HAKA B BHIE KOPOTKIX
HEHHTEPIIPETUPYEMBIX MOCIex0BaTeIbHOCTeH [21-24];
WM OHM U3BJICKAIOT [UTMHHBIC WHTEPIIPETHPYEMBIC TIPU-
3HaKU U3 rpadoB COOPKH, KOTOPBIC, OJJHAKO, HE MO3BOJISIOT
C BBICOKOH TOYHOCTHIO KJIACCU(PHUIIMPOBATH 00pa3ibl Ha
rpynmsl [15, 16]. ITokazaHo, 4TO MpHU3HAKH, OTy4YEHHbIE C
TTOMOII[BIO MPEJIOKEHHBIX METOJIOB, MTOBBIIIAIOT TOYHOCTh

paboTh! KilaccH(UKAIMOHHBIX MOJIENICH MO CPaBHEHHIO C
MOJEIISIME, OOYUCHHBIMH Ha MPU3HAKAX TAKCOHOMHYECKOH
AHHOTALIUH.

J7st n3BNeYeHNs IPU3HAKOB B BHJIE TOATpadoB U3 Ha-
O0opoB MerareHOMHBIX TpadoB e bpeitHa HE0OX0MUMO
Hay4UTbCS BBIACIATH ONOPHBIE k-Mepbl. ONOpHBIMHU k-Me-
pamu OyzneM Ha3bIBaTh IMOIMHOKECTBO BCEX A-MEpOB M3
00pasnoB, BCTPEYaeMOCTh KOTOPBIX OTIMYAECTCS MEXKIY
obOpasmamu pa3HbIX KJIaccoB. DTH k-Mepbl OyayT CoIo-
CTaBJICHBI ONIOPHBIM BEepIIMHAM rpada, Ha OCHOBE KOTOPBIX
OyayT cTpouthes moarpadel. JIJis U3BICUCHUS OMOPHBIX
k-MepoB ObLIO pa3paboTaHO [Ba MeTonA unique kmers u
stats_kmers.

Meron unique_kmers nJisi u3BJjie4eHUsI
ONOPHBIX k-MepPOB HA OCHOBE UX YHHKAJIbHOMH
NPeICTABIeHHOCTH B JAHHBIX

B Hacrosiiieii padbote pa3zpaboTaH METOI U3BJICUCHHUS
OIOPHBIX k-MEPOB HAa OCHOBE MX YHUKAJIBHOHN MpEICTaB-
JICHHOCTH B JJAHHBIX. DTOT METOJ| Ha3BaH unique kmers n
COCTOHT U3 CIIEAYIOIIUX JTaIOB.

Oran 1. Kaxplif MeTareHOMHBIH 00pa3erl mpeIcTaBIs-
eTcs B BUjIe MHOXKECTBa k-MepoB. [lomyuennsie Qaitiisl ¢
k-Mepam¥ul TPpyTIITAPYIOTCSI HA OCHOBAaHHUU DKCIIEPTHBIX Me-
TaJaHHBIX, HATIPUMEP KITaCCOB METareHOMHBIX 00Pa3IoB.

Oran 2. ®ukcupyercss OaUH U3 KIIACCOB, HA30BEM €TO
X. Ans Hero BeIOMpaeTcs moporoBoe 3HaueHne G. 13 Bcex
00pa3noB kimacca X orOuparorcst k-Mepbl, KOTOpPBIC TIPH-
CYTCTBYIOT He MeHee 4eM B G daiiyiax JaHHOTrO Kiacca.
HOJ’Iy‘{eHHLIC k—MepI)I SBIIAKOTCA KaHAuAaTaMu Ha CIICU-
¢uuHOCTH U151 KIacca X.

Oran 3. [IpousBomurcst puibTpaust k-MepoB U3 MHO-
JKeCTBAa KaHJIM/IaTOB, TTOJIyYEHHBIX Ha Jrtarne 2. k-Mep uc-
KJIFOYAeTCsl U3 MHOXKECTBA, €CIIM OH BCTPEYACTCs XOTS OBl
B OJTHOM oOpasiie He n3 kiacca X. [TosydeHHOE MHOXXECTBO
00pa3IoB SBISIETCS YHUKAJIBHBIM I Kitacca X.

Oram 4. DTansl 2 u 3 BEITOIHIIOTCS HE3aBUCUMO TI0
OITHOMY pa3sy JUIs KaXKI0TO Ki1acca U3 Habopa JaHHBIX.

B pesynerare mpuMeHEeHHs 3TOTO METOA IS KasKIOTO
KJIacca M3BJICKACTCS MHOKECTBO YHHKAIBHBIX OTOPHBIX
k-mepoB. OH obecrieunBaeT BHICOKYIO TOYHOCTh U CKOPOCTh
Ha JaHHBIX C CUJIBHBIMHU pas3IMuUUusIMH MEKITY O6p33HaMI/I
Pa3HbIX KJIACCOB, OJIHAKO MOXET NMPHUBOANUTH K OLIMOKaM
n3-3a BapuabeIbHOCTH M 3aIIyMJICHHOCTH B TAHHBIX.

Merton stats_kmers 1Jisi H3BJICYCHHS OIIOPHBIX kK-MepOB
HA OCHOBE CTATHCTHYECKHX TECTOB

J11st M3BIICYCHUS OTIOPHBIX k-MEPOB M3 HAOOPOB MeTa-
T'CHOMHBIX O6p3.3L[OB HCOOCTATOYHO HaWTH TOJBKO YHU-
KaJIbHbIE k-MepbI, OCKOJIbKY METareHOMbI 00J1aJal0T ecTe-
CTBEHHOH BapHalMel M 3allyMJICHHOCTHIO, a B JaHHBIX
cozeprkarcst olmmoOku. B pamkax paboTsl pazpaboran MeTon
M3BJICYCHUSI ONIOPHBIX k-MEPOB Ha OCHOBE CTATUCTHUECKHUX
TECTOB. DTOT METOJ Ha3BaH stats kmers U COCTOUT U3 cIIe-
JYIOIINX ATAIOoB.

Oran 1. Kaxxiprif MeTareHOMHBIH 00pa3er mpeIcTaBs-
eTcs B BUJIE MHOXKeCTBa k-MepoB. [lomyueHHbIC (hailisl ¢
k-Mepamu rpyIIHUpyOTCs HA OCHOBAHUH HKCIIEPTHBIX Me-
Ta/IaHHbIX, HAIIPUMEDP KJIACCOB METAr€HOMHBIX 00pa31oB.
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MeToap! n3BnevyeHns k-MepoB 1 NPU3HaKoB N3 HABOPOB MeTareHoMHbIX rpados ae bpeliHa...

Oran 2. Otduparorcs crieruduyeckue k-Mepbl, BCTpe-
YaeMOCTh KOTOPBIX CTaTUCTHYECKH 3HAYMMO Pa3IHyaeTcst
MEXIy 00pa3namu pa3HbIX KinaccoB. it kaxaoro k-mepa
(dopmupyetcs Tabnuma u3 AByX CTPOK U M cTonOuoB, rie
M — ducno kiaccoB 00pa3noB. B Tabmuiy ams kaxaoro
KJ1acca 3aIiChIBaeTCs YNCIIO 00pa3IoB, B KOTOPHIX BCTpe-
4aeTcs W He BCTpedaeTcs k-Mep. 3aTeM ¢ IMMOMOIIBI0 KPH-
Tepust x2 [25] s TaGIUI CONPAKEHHOCTH IIPOBEPSETCS
THIIOTE3a O PABEHCTBE YaCTOTHI BCTPEUAEMOCTH k-Mepa B
KIaccax (MCronb3oBaHa momnpaska Keiitca [26]). B pesyiis-
Tare OCTAIOTCS TOJIBKO T€ k-Mepbl, Il KOTOPBIX IMIIOTE3a
OTBEPTracTCd NpH 3aIaHHOM YPOBHC 3HAYUMOCTH.

Oran 3. [TockonbKy Ha 3Tamne 2 UCMOIb3yeTCs TOIBKO
nHpopManus 0 NPUCYTCTBUH k-MepOB B 00pasiax, Bbl-
TIOJTHSIETCSI TOTIOJHUTENbHAsST (QUITBTpAIHsl HA OCHOBE ITpe/i-
CTaBJICHHOCTH k-MEpOB B Kilaccax oOpasioB. B kauectse
BBIOOPKH JITsI KXKI0TO KJ1acca 00pasIoB paccMaTpUBaIOTCs
YaCTOTHI BCTPEUaeMOCTH k-MepOB B 00pa3Iax 3Toro Kiacca.
[TpoBoanTCs MonapHoOE cpaBHEHHE BBIOOPOK € UCTIOIH30Ba-
HUEeM Kputeprs MaHHa—YUTHH [27], KOTOpBINA TPOBEpseT
THIIOTE3Y O TOM, YTO 00€ BBIOOPKHU TTOyYEHBI U3 OTHOTO
pacnpeneneHus. B pesynbrare ynansrorcs k-mepsl, 1
KOTOPBIX HU OJIHA T'MIIOTE3a O PABEHCTBE paclpeelieHNui
HE OTBepraercs: yAalsoTcsl k-Mepbl, IPUCYTCTBYIONIUE
MIPUMEPHO OJIMHAKOBO BO BCEX 00pasiax BCEX KJIacCOB.
[Tpu Hammuuu Tpex U Oosee KJIacCoB 00pPa3LOB UCIIOJb-
3yercs nornpaska bordepponu [28] mi1si MHOXKECTBCHHBIX
CPaBHEHMIA.

Oramn 4. Jluist mpomIeImux BCe 3TANbl QUIBTPALNA
k-MepoB paccunTHIBaEcTCA CpeJHEe 3HAUCHHUE €TO IMpel-
CTaBJICHHOCTH B Ka)XJJOM M3 KJIACCOB. k-Mep MpPU3HAETCA
crenu(UIHBIM ISl TOTO KJ1acca, B KOTOPOH 3TOT MOKa3a-
TeJIb HAUOOIBIINH.

B pesynbrare mpruMeHEHUs 3TOT0 METo/Ia ISl KaX 100
KJ1acca M3BIICKACTCSl MHOXKECTBO CHEU(PHUIHBIX OMOPHBIX
k-mepoB. OH MOKa3bIBaeT BHICOKYIO TOUHOCTB MPU HAJTUYUH
B 00pa3lax pa3HbIX KJIacCOB OJUHAKOBBIX OPraHH3MOB
(OakTepuii, BUPYCOB) C pa3HOM 4aCTOTOM BCTPEUYACMOCTH.

Merton u3BJiedeHHs] IPU3HAKOB B BUje noarpagos
u3 rpaga ae bpeiina Ha ocHOBe ONOPHBIX k-MepoB

s ynoGcTBa manpHeHel paboThl ¢ U3BICUCHHBIMU
MHOXKECTBAMH OMOPHBIX k-MEPOB OBLI MPEIIOKEH Me-
TOJ, KOTOPBIH TO3BOJISIET HA UX OCHOBE TOJIydaTh Ooliee
JUIMHHBIE U MHTEpIpeTUpyeMble Tpu3Haku. Henocrarkamu
HCIOJIB30BaHMsI k-MEPOB B KaueCTBE ITPH3HAKOB SIBIISICT-
csl X OobIIOe YMCIo U Majas JuinHa. bonbnioe yucio
MIPU3HAKOB B BHJIC A-MEpOB 3aTPYyAHSET UX IMPUMEHEHUE
B MOJIEJISIX MAIIMHHOTO OOYYEHUs CIIy4aifHOTO Jieca U JIn-
HEWHOU perpeccuy, 0COOCHHO YYUTHIBas (aKT Majoro
Yyclia pa3MEUCHHBIX METAareHOMHBIX 00pa3noB. Kpome
TOTO0, MaJiasi JUTMHA k-MEpOB CYIIECTBEHHO 3aTPyAHSACT UX
OMOTOTMUECKYI0 aHHOTAIINIO, YTO OTPAaHUYMBACT Jla/IbHEH-
HIYI0 HHTEPIPETUPYEMOCTb MOJICIH ¥ IPUMEHHUMOCTh B
peaNbHBIX 3a/a4ax.

Jis peneHust yka3aHHbBIX IpoOiieM pa3paboTaH Me-
TOJI, KOTOPbIl HA OCHOBE OMOPHBIX k-MEPOB MO3BOJISET
M3BJIEKaTh NPU3HAKK B Buje noArpados rpada ae bpeitna.
Mertoz OcHOBBIBaeTCst Ha pabOTe OJIHOTO U3 JIBYX METOI0B
W3BJICUYCHHS OTIOPHBIX k-MepoB (unique kmers wnm stats

kmers) 7 103BOJISIET TIOJIYYNUTh HE3aBUCHMbIE IPU3HAKH.
Merop u3BIIeYEeHNS OTIOPHBIX A-MEPOB, HA OCHOBE KOTOPBIX
OymyT cTponThbest moarpadpl, BEIOMpaeTCs SKCIIepUMEHTa-
TOPOM B 3aBHCUMOCTH OT BXOJHBIX JaHHBIX (pe3yJIbTaThl
9KCIIEPHMEHTOB ITOKa3alli, YTO METOA Stats kmers pabo-
TaeT JOJIbIIe, HO TIPU3HAKH, IIOCTPOCHHBIE HA OCHOBE €TI0
OTIOPHBIX A-MEPOB, TIO3BOJISIOT TOUHEE KIACCH(PHUIINPOBATH
Ooree MOX0XKMe MeTareHOMHBIE 00pa3ibl). [Ipemiaraemsrit
METO]] U3BJIICUCHUS IPU3HAKOB B BUIE ToATpadoB u3 rpada
nie bpeiina 3ammyckaercst OTAEIbHO TSl KaXI0TO Kiacca 00-
Pas3loB ¥ COOTBETCTBYIOIIETO MHOXECTBA OIIOPHBIX Ak-Me-
POB, ¥ COCTOMT M3 CJIC/IYIOLIHUX JTAIOB.

Oran 1. [Toctpoenune obuiero rpada ae bpeiina u3
k-MepoB Bcex 00pa3ioB (BEpUIMHBI — k-MephI, pedpa —
nepecedenust MHBI k — 1). Bepmner rpada ne bpeiina,
COOTBETCTBYIOIINE OIMOPHBIM k-MepaMm, IMOIYYSHHBIM C
TIOMOIIBIO METONa unique kmers wim stats_kmers, iome-
YafOTCsl COOTBETCTBYIOIINM 00pa3oM.

Oram 2. B rpade npon3BoanTCS MOMCK CBI3HBIX KOMITO-
HEHT Ha OCHOBE OMOPHBIX BEPIINH. 3aITyCKacTCsl alTOPUTM
00xo/1a B IIMPHHY, HAYWHAS OT CIIy9aifHO BEIOpPAaHHOM OTIOp-
HOH BEPIIUHBL. AJIITOPUTM COCTOUT U3 CJICIYIOIINX ITAIOB.

Oran 2.1. Ecnu u3 Tekymiero k-mMepa CyIiecTByeT My Th
TOJILKO B OJIHY BEPUIMHY B Tpade, To CIeyrolas BepliiHa
[IPUCOEIUHSETCS K TEKYLEH KOMIIOHEHTE.

Oran 2.2. Ecin Ha myTH B rpade BcTpeyaeTcs: pa3Buil-
Ka, TO QJITOPUTM BBIMOJHSIET MPEAIIPOCMOTpP B ITyOUHY B
Ka)JIO¥ BETKE JI0 CIEYIoIIeH pa3Bwike. B ciydyae oOHa-
PY)XCHHS B KaKOH-TNOO0 M3 BETOK OIIOPHOM BEPILIUHEI, BCS
BETKa J100aBIIsETCS K TEKYIIEH KOMIOHEHTE.

Oram 2.3. Manee stansl 2.1 u 2.2 TOBTOPSIOTCS IS
TOCTIeIHEH BEPIIUHBI KXKIO0H T00aBICHHON BETKH.

Oran 2.4. Ecim 1u1s TEKyIero k-Mepa HeT HCXOAIINX
MyTeil WK Ha pa3BUJIKE HE HAWJEHO HU OJHOU BETKHU C
OTIOPHBIMHU k-MepaMu, TO 00X0/1 3aKaHYUBACTCS.

Otan 3. Bce mpocMOTpeHHbBIE HA dTane 2 BEPIITUHBI
OTMEUAIOTCS KaK MOCEIIEeHHbIE. DTam 2 MOBTOpSeTCs st
elle He MPOCMOTPEHHBIX OITOPHBIX BepLIMH. B pesynbrare
noxy4aercst Habop noarpados ne bpeiina, copepskammit
Bce oropHble k-Mepbl. Kaxslit moarpad MoxxeT paccMa-
TPHUBATHCS KaK OTACIBHBIN MPU3HAK, CHCIM(DUIHBIA 115
JTAaHHOTO KJ1acca 00pasIos.

Oram 4. Kaxnprit moarpad coxpaHsercs Kak MHOXKe-
CTBO CTPOK, COOTBETCTBYIOIIHX JINHEHHBIM ITyTsIM B Tpade.
[TomyueHHBIE CTPOKH MOTYT MCIOJIB30BAThCS IS aHHOTA-
LMY ¥ HHTEPIIPETALUH IPU3HAKOB.

Merto/ O3BOJISIET /ISl KaXKOr0 Kilacca MeTareHOM-
HBIX 00pa3LoB (HarpuMep, 00pasiibl 37I0POBBIX M OOJIBHBIX
MAIMEHTOB) MOJYYUTh HAOOP MPU3HAKOB, CHENHU(DUIHBIX
JUIsl KaJ10r0 Kiacca. J{ist BO3SMOXXHOCTH MCIOJIB30BaHUS
MIPU3HAKOB B KJIACCHU(PHUKAIIMOHHBIX MOAEISIX HEOOXOHMO
COIIOCTABUTh MM YMCIICHHBIE 3HAYEHUs! ISl KaXK0r0 00-
pasua. J{ist 3Toro onpenesnsercs MOKPHITHE N3BICYEHHBIX
nonrpaoB k-Mepamu Kaxaoro oopasia. OHO paccUUTHIBa-
€TCsI KaK OTHOIICHHUE YHCIIa k-MEPOB B 00pas3Ile, IOMaBIINX
B JIaHHEIA TioArpad, K 00IIeMy 9nciTy BepIInH B moarpade.
[Tomry4yeHHbIe 3HaUCHUS] OOBEUHSIOTCS B TAOJIHUILYy IPU3HA-
KOB C YHCIIOM CTPOK, PaBHBIM 4HCITy 00pa3LoB, U YHCIOM
CTOJIOLIOB, PaBHBIM CyMMapHOMY YHCIY NPHU3HAKOB BO
BCeX Kiaccax. JTa Tabiuia MPU3HAKOB HCIIOIb3YETCs B
HaﬂbHeﬁIﬂeM B MOACIAX UCKYCCTBEHHOI'O MHTCJIJICKTA AJIsA
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Figure. Algorithmic pipeline for feature extraction from metagenomic data

o0ydeHns Ki1accn(UKAIMOHHBIX MOJIENIEH U IpescKa3a-
HUH KJIACCOB JUISI HOBBIX HEPa3MEUEHHbBIX METAar€HOMHBIX
o0pasnoB. Kpome Toro, st BO3MOKHOCTH OHOJIOTHYECKO-
TO aHaJlN3a, aHHOTAIMH ¥ MHTEPIIPETAIINN U3BJICUCHHBIX
[IPU3HAKOB OHU IIPe0OPa30BBIBAIOTCS U3 BHYTPEHHETO ABO-
nuHoro ¢opmara noarpadoB B HAOOpP CTPOKOBBIX MOCIIE-
JloBaresbHOCTEN. B nasnpHelneM Mpon3BOAUTCS UX IOUCK
B 6333){ JAaHHBIX I YCTaHOBJICHUA BI/I}IOBOﬁ MPpUHAAJICK-
HOCTH M BBINIOJNHSEMBIX QyHKIMi. Cxema anropurMma (pu-
CYHOK) U3BJICYCHUS IPU3HAKOB M3 METAareHOMHBIX JIAHHBIX
COJICPIKUT INPEIIIOKEHHBIC B JAHHOW paboTe METOABI U
TTOKa3bIBACT ATAIBI 00PaOOTKH METAar€HOMHBIX JaHHBIX OT
(haiia ¢ MPOYTEHUSAMH 10 HHTEPIIPETUPYEMBIX TIPH3HAKOB.

BbluucauTesbHble IKCNIePUMEHTbI

st Basmanmu pa3pabOTaHHBIX METO/IOB TPOBE/ICHBI
BBIUUCIIUTENIbHBIE AKCIIEPUMEHTHI C HCIOIb30BAaHUEM Cre-
HEPUPOBAHHBIX JTAHHBIX, MOJEIUPYIOIUX METar€HOMHbBIE
COO00IIECTBA Pa3IMYHON CTEIIEHH CIIOKHOCTH.

Hao0ops! nanHbIX. 11 TECTUPOBAHMS MPEITIOKEHHBIX
METOJIOB M3BJICUCHHUS IPU3HAKOB M3 HAOOPOB METareHOM-
HBIX 00pa310B OBLTH CTeHePHUPOBAHBI HAOOPHI METaT€HOM-
HBIX JaHHBIX C U3BECTHBIM pacrpeiesieHneM Oaxkrepuil u
M3BECTHBIMU PA3IUYMUAMU MEXIY ABYMs Kilaccamu 00-
pasioB. beun cUMyTMpPOBaHBI YEThIpEe HAOOpa JaHHBIX,
OTJIMYAIOIINXCS IOXOXKECTHIO COZIEPIKALIUXCS B HUX Oak-
TepH, KaxaAbIi U3 KOTOPBIX cocTosn U3 40 MeTareHoM-

HBIX 00pa3ioB — 1o 10 o0pa3noB B ABYX Kiaccax JyIs

TPEHUPOBOYHON M TECTOBOU BRIOOPOK. BumoBoil cocTas

Oaxrepui, conep Kaluxcs B pa3HbIX Habopax, IPUBEICH B

Tabmn. 1. OT6op BUIOB OakTepuil It 00pa3iia MPOBOIMICS

CIIEeIYIOIINM 00pa3oM:

— JIIS Ka)KJI0ro 00pasiia ciaydaifHbIM 00pa3oM BEIOMPAIOT-
cs 10 Oakrepuii 3 puKcupoBaHHOTO crHcka u3 20;

— Ju1s HAOOPOB JIaHHBIX 2 U 4 B Ka)IbIi 0Opasel 100aB-
asieTcss oOmuid mramMM kumedHoit nanouku E. Coli
NZ CP007265.1;

— it HabopoB NaHHBIX | U 2 B 00pa3mbl KiaccoB A
n b nobaBnsgiorcs pasnuuHble IITAaMMBI KHIIEY-
Hot manmouku: E. Coli NC_000913.3 B xnacc A u
E. Coli NC 002695.2 B xnacc b;

— i1 HabopoB naHHBIX 3 U 4 B 00pasmsl kitaccoB A u b
J00aBIAeTCS OMHAKOBBIN IITAMM KUILICYHOH TTaJOuKH
E. Coli NC _000913.3, npuueM Tapa"HTHPYETCS, YTO
OTHOCHUTEJIbHAS YaCcTOTa €ro BCTPEUaeMOCTH B 00pas-
nax kinacca A Haxoaurcs B untepnaiue [0,01; 0,05], a B
oOpasmax kiacca b B untepsaie [0,05; 0,1].

J11st reHepany METareHOMHBIX IPOYTEHUH Ha OCHOBE
(haiiyIoB ¢ BUIOBBIM COCTaBOM 00pa3IlOB MCIIOIb30BAJIACH
nporpamma InSilicoSeq [29]. B xauecTBe mapaMeTpoB 3a-
Imycka ObLTa BBIOpaHA MOJENIb NMPOUTEHUH --model hiseq,
YHUCIIO TPOYTEHUH --n-reads 5 000 000 u Momens OTHOCH-
TEBHOM BCTPEIaeMOCTH BUMIOB --abundance exponential.

MeToauka 3kcnepumenTa. /s orbopa omopHBIX
k-MepoB U3 CreHEepUPOBAHHBIX JaHHBIX OBUIM HCIIOIB30-
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MeToap! n3BnevyeHns k-MepoB 1 NPU3HaKoB N3 HABOPOB MeTareHoMHbIX rpados ae bpeliHa...

Tabnuya 1. IlapamMeTpbl CreHEPUPOBAHHBIX HAOOPOB JAHHBIX

Table 1. Generated datasets properties

ITapamerp Knace A Knace b
Bribopka TpenupoBouHas TecroBast TpenupoBouHas TectoBas
Uncno o6pasnos 10 10 10 10

10 ciyuaiinbix 6axkrepuii u3 20

E. Coli NC 000913.3 |

E. Coli NC_002695.2

10 cnywaitnbix 6axrepuii u3 20 + E. Coli NZ_CP007265.1

2
E. Coli NC_000913.3 | E. Coli NC_002695.2
Homep HaGopa AaHHBIX 10 ciryyaiinbix 6axkrepuid u3 20
3 E. Coli NC_000913.3 E. Coli NC_000913.3

BerpedaemocTs € [0,01; 0,05]

BcTpeuaemocts € [0,05; 0,1]

10 ciywaiinbix 6axrepuii u3 20 + E. Coli NZ_CP007265.1

4 E. Coli NC_000913.3
BerpedaemocTsb € [0,01; 0,05]

E. Coli NC 000913.3
BcTpedaemocTs € [0,05; 0,1]

BaHbI 7Ba pa3pab0TaHHbIX METoJa unique kmers W stats
kmers. 3areM pUMEHEH METOJ M3BJICUCHHsS NPHU3HAKOB B
Buzie noArpados u3 rpada ne bpeiina Ha 0CHOBE OMOPHBIX
k-MepoB ¥ MOCTPOCHBI TAOIHUIIBI YUCICHHBIX PU3HAKOB.
CpaBHeHHE POBOAUIOCH C MIPU3HAKAMH, [OJYyYCHHbI-
MU C MOMOIIBI0 METOAa TAKCOHOMHUYECKON aHHOTAI[UU
Kraken?2 [30]. MeToq TaKCOHOMHYECKON aHHOTAITUH TaKKe
B Ka4eCTBE Pe3y/ibTaTa BhIIIOJIHEHHs BO3BpAIIaeT Ta0luIly
YUCJIICHHBIX NIPU3HAKOB MPCACTABJICHHOCTU pa3JIMYHBIX
TaKCOHOB B 0Opasiax. [lonyueHHbIC TPU3HAKK OBLIH HC-
T10JTb30BaHBI JUISI IOCTPOCHUS KilacCH(hUKaTropa Ha OCHOBE
METO/1a MallIMHHOTO 00y4eHus1 — ciry4aitHbiii jec [31], ko-
TOPBI ObLT 00yYEH 110 TPEHUPOBOYHBIM 00pa3iam. Beioop
MoyieH 00ycIIoBIIeH paboTOH ¢ TaOIMYHBIMHU TPU3HAKAMH
1 XOpolIel HHTEPIPETHPYEMOCTHIO PE3YIBTaTOB PAOOTHI
CIIy4alHOro Jieca (JUIsl KaX/0ro JIepeBa pelleHuid MOXKHO
u3BJIeYb HHPOPMAIIUIO, HA OCHOBE KaKUX ITPU3HAKOB ObLI
krmaccuuimpoBan obopasen). [1pn peannzannu HCIoOIH30-
Baucs kiacc RandomForestClassifier n3 Oubmorexn scikit-
learn [32] Bepcuu 1.3.0 my1s1 si3pIKa MPOTPAMMHUPOBAHUS
Python Bepcuu 3.9.5. [l mapameTpa 4uciia peIaroimx
JICPEBbEB OBLIO YCTAHOBJICHO 3HAYCHUE --n-estimators 100,
JUTA OCTAJIBHBIX MapaMETPOB MCITOJIB30BAJIMCh 3HAYCHUA 110
ymomnuanuio. [Tpu3zHaky ObLTM MPUMEHEHBI JUIS pa3METKH
TECTOBBIX 00Pa3IOB.

[TockonbKy B creHepHpOBaHHBIX JIJAaHHBIX pa3Mep Kiac-
COB cOallaHCHPOBaH, TO, KAK METPUKH KauecTBA OBUIH
BeIOpaHsl Precision u Recall [33]. Tounocts (Precision)
OTIpE/IeIISIeTCS] KaK J0Jsl BEPHO KIACCU(DUIIMPOBAHHBIX
00pasIoB cpenn BCeX KIACCHUPUIMPOBAHHBIX 00pa3IoB.
UysctBurensHOCTH (Recall) ompenensiercs kak 1071 BEpHO
KJaccU(PUIMPOBAHHBIX 0OPA3ILIOB CPE/I HCTHHHBIX METOK.
B cnyuae nByxkiiaccoBoif 3a/auu (JIBe KaTeropyuu oopas-
LIOB) UCMUHHbIL KA1ACC ONPEACISIETCS KaK KJIace 00bEKTOB,
KOTOPBIE JIOJDKHBI 00HAPYKMBAThCSl C MIOMOIBIO KJIACCH-
¢ukaropa (Hanmpumep, pu pazpaboTke Kiaccupuraropa
JUISL TMarHOCTHPOBaHUS 3a00JIeBaHMsl, ICTUHHBIM KJIACCOM
Oyner oOpa3er ¢ 3abosieBanueM). K HeocTarkam MeTpuKH
Recall otHOCHTCS HEOOXOMUMOCTH BEIOOpPA MCTHHHOTO
KJIacca, a TAKKe CIOKHOCTh 000OIIEHUS] HA MHOTOKJIAC-
COBbIC 3a/a4n (eciu TpedyeTcsl pacio3HaBaTh 0ojee yem

JBa Kiacca 00pasmos). OHAKO 3TH METPUKH SBISIOTCS
MOMYJIIPHBIMHE JJIS OIICHKU Ka4eCTBa KIACCH(UKAIIUHU B
MOJICTISIX UCKYCCTBCHHOTO MHTEIIICKTA.

Pe3ynbTarel. Pesynbrars! Kitaccu(UKAIN TIPHBEICHBI
B Tabxn. 2. VI3 mOMy4YeHHBIX PEe3yIETaTOB BUIHO, YTO IS
TpeX W3 YeTHIPEeX CTCHEPHPOBAHHBIX HAaOOPOB JaHHBIX,
BKJTIOYAst CaMbIi CIOKHBIM — HabOp JaHHBIX 4, ¢ TIOMO-
IBI0 pa3pabOTaHHBIX METOJO0B M3BJIICUCHUS MPHU3HAKOB
OBLIO MOJTy4eHO 0oJiee BHICOKOE Ka4eCTBO KiIacCH(DUKaLUK
[0 CPAaBHEHUIO C KJIACCHYCCKAM METOJIOM TaKCOHOMHYE-
ckoit anHoTanuu. J{7st ocTaBierocss HAOOpa JaHHBIX METOJ
stats_kmers TIOKa3aJI MAKCUMAJIbHO BO3MOKHYIO TOYHOCTb,
KakK ¥ TaKCOHOMHYECKas aHHOTanus. Meron unique_kmers
JIOITyCKaJl OIMUOKY KTacCU(pUKAIUU B Habopax NaHHBIX 3
1 4, 9T0 OOBSCHACTCS OTIHYMSIMH MKy KIIACCAMH TOJb-
KO B OTHOCHTEJIBHOW TIPE/ICTABICHHOCTH, B TO BPEMs KaK
9TOT METOJI HAIIPABJICH Ha TIOUCK Pa3TMYHBIX OPTaHI3MOB.
[TomyueHHBIE pe3ybTaThl MOATBEPKAAIOT PadOTOCIOCO0-
HOCTB U TOJIE3HOCTH pa3paboTaHHBIX MeToA0B. [Tokazano
MOBBIIIEHUE TOYHOCTH PabOTHI KiIacCU(DUKAIMOHHBIX MO-
)Ieneﬁ HpI/I HUCITIOJB30BAHUHN HU3BJICUCHHBIX HpI/I3HaKOB 10
CpaBHeHI/HO C MOJCIISIMU, OGy‘-IeHHI)IMI/I Ha HpI/I3HaKaX TaK-
COHOMUYECKOM aHHOTAIIMU.

Oocy:xnenue

CpaBHeHHE HaOOPOB METar€HOMHBIX 00pa3IoB, KOTO-
pBIe pa3aeieHbl Ha KIACChl, SIBIISCTCS aKTyaIbHOM I pe-
MEHUA MPUKITAIHBIX 6I/IOMCI[I/IHI/IHCKI/IX 3a1a4. HpI/IMepaMI/I
TaK1UX JaHHBIX MOTYT 6I)ITI> 06pa3uLI, B3ATBIC ITPU UCCIICN0-
BaHUU Ml/IKp06I/lOTbI KUIICYHUKA 3[J0POBbIX J'IIOILGI‘/II U rnanu-
CHTOB C 3a00ieBaHKeM. V3BIIcucHIE MPU3HAKOB MOXKET HC-
TIOJTB30BATHCS JIJIsI BBISIBIICHUSI OT/ICIBHBIX BUIOB OaKTEpUit
WU TIPOIYIIHPYEMbIX UMH METa0OJIHTOB, KOTOPBIC CBS3aHEI
¢ pa3BuTHeM 3aboneBaHus. Takke Ha OCHOBAHUU H3BIIC-
YCHHBIX TIPH3HAKOB MOTYT 00y4aThCs KIIaCCU(PHUKAITMOHHBIC
MO [T paHHEeH IHarHOCTHKY U CKpUHHUHTA JIFOCH Ha
Hajmu4ue 3a0oiaeBaHni 6€3 HeOOXOMUMOCTH MPOXOAUTH
WHBA3UBHBIC TIPOLIETYPHI.

B HacTosmiel paboTte npenyiokeHbl METOBI VIS U3BIIe-
YCHUS TPU3HAKOB U3 HAOOPOB METarcHOMHBIX 00Pa3IIoB.
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Tabnuya 2. Pe3yaprarsl KiacCHU(pUKAIMKA HAOOPOB TAHHBIX C TIOMOIIBIO pa3pabOTaAHHBIX METOJIOB U3BJICUCHHS IIPU3HAKOB U TAKCOHO-
MUYECKOH aHHOTAllUU HA CTEHEPUPOBAHHBIX JaHHBIX

Table 2. Classification results based on developed feature extraction methods and taxonomic annotation for generated metagenomic

datasets
MeTo/1 U3BJICUCHHUS IPU3HAKOB
Homep Habopa jaHHBIX Merpuka
Takconomus Kraken2 unique_kmers stats_kmers

| Precision 0,74 0,91 0,91
Recall 0,70 1,00 1,00

Precision 0,55 1,00 1,00

: Recall 0,55 1,00 1,00
Precision 1,00 0,55 1,00

3 Recall 1,00 0,60 1,00
4 Precision 0,45 0,67 0,83
Recall 0,45 1,00 1,00

pruetmﬁue. HOHy)KI/IpHLIM mqu)TOM BBIZICJICHO 3HAYCHUE JIYHIICTO METOAA JJIsL KaXKI0# 3a1a9l U MCETPUKHU.

JIBa MeTona MMO3BOJISIOT U3BJIEKATh U3 JAHHBIX OIOPHBIE
k-MephbI, KOTOPBIC 3aTE€M HCIOJIb3YOTCS AJIs MOCTPOCHUS
rpacda e bpeiiHa u U3BICUCHUS] HHTEPIPETHPYEMBIX MTPH-
3HAKOB. TpeTHil MeTOa U3BJCKACT NPU3HAKH U3 HAOOPOB
rpadoB 1e bpeiiHa, KOTOPBIC UCTIOIB3YIOTCS JJISI TOCTPO-
CHUSI KJIacCU(UKAIIMOHHBIX MoJesiei. J{JIsi BEIYMCIIUTEIh-
HBIX 3KCIICPUMEHTOB OBLIN IMPOMOJACIUPOBAHEI JaHHBIC,
KOTOpBIE OTPAXAIOT CHCIU(PUKY pealbHBIX METarcHOM-
HBIX 00pa3noB. YacTo OTIHYHS MEXIy KiIaccaMu o0pas-
[IOB 3aKJTIOYAIOTCS B IMITaMMaX OJHOTO BHAa OaKTepHH,
OJIMH U3 KOTOPBIX SIBJISETCS HEUTPaJbHBIM JJISl YEIOBEKA,
a BTOPOW — YCJIOBHO-IIATOI'€HHBIM U COIEPKUT MYyTallUH,
KOTOpBIE KOPPEIHPYIOT C HATWYHEM 3a0oneBaHus. Taxoke
OTIIMYHSI MEXJLY KilaccaMu 00pa3ioB MOTYT 3aKIIFOYaThCs B

3akaouenne

B paGote npeanokeHs! METOABI U3BJICUCHHUS kA-MEPOB 1
[IPU3HAKOB U3 HA0OOPOB METAareHOMHBIX JaHHBIX, UCIIOJb-
3yloiue HHPOpMaIHIO 0 Knaccax o0pasnos. [Ipemioxeno
TpU METOAA, IBA U3 KOTOPBIX OT6I/IpaIOT OIIOPHBIC IJIA Ha-
0OOpOB METareHOMHBIX 00pa3loB k-Mephbl, a TPETHH 00be-
JIMHSIET ONOPHBIE k-MEpbl B IPU3HAKHU B BHIE MOArpadoB
rpada ne bpeitna. Mcrionp3oBanue nHpOpMAIIMU O KIaccax
00pas31i0B Ha ATare MOCTPOCHNUS TPUZHAKOB ITO3BOJISIET T10-
BBICUTH TOYHOCTB pabOTHI KJIacCH(pUKaMOHHBIX MOJIETICH,
o0ydJaeMbIX Ha U3BJICKAaeMBIX Npu3Hakax. OObeIMHEeHUE
k-MepoB B OoJiee IIMHHBIC IPU3HAKH M M3BJICUCHUE BET-
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OTHOCHTEIBHON MPEACTABICHHOCTH BHIOB BHYTPH 00pa3-
11a, 9T0 OBUTO IPOMO/ICIIUPOBAHO B HAOOpax MaHHBIX 3 U 4.

Pe3ym)TaT1)1 TMoKa3ajiu, 4TO UCIOJIb30BaHUEC IPU3HAKOB,
IMOJIYYCHHBIX C TIOMOLILIO MTPEAJIOKECHHBIX METO0B, IMTOBLI-
IIaeT KauecTBO KJIACCU(HUKALMK 00Pa3I0B 10 CPAaBHEHHIO
C MOJICIISIMU, OOYYCHHBIMHU C HCIOJIH30BAHUEM KJTacCHYC-
CKHX MPU3HAKOB TaKCOHOMHUYECKo# aHHOoTanuu Kraken?2.
PazpaboTaHHBIC METOIBI MOTYT OBITH IPUMEHEHBI K OTKPBI-
THIM JTaHHBIM METareHOMHOTO CEKBEHHPOBAHUS LI Qop-
MYJIHUPOBAHUS OMOTOTHYECKHAX THUIIOTE3 O B3aMMOCBSI3AX
MEXIy COCTaBOM MHUKPOOHWOTHI KUIICYHNKA YEITOBEKA U
Pa3NUIHBIMA 3a00JICBaHUAMHE, KOTOPBIE 3aT€M MOTYT OBITh
HKCTIIEPHIMEHTAIBHO ITPOBEPEHBI.

BSILIIMXCS TOArpadoB MO3BOJISIET IIOBBICUTH UHTEPIIPETHU-
PYyeMOCTb IPU3HAKOB.

[IpenyoxkeHHble METOABI UMEIOT Ba)KHOE 3HAUCHHE —
OHU TOJJICPXKUBAIOT PabOTy ¢ HAOOPAMHU METareHOMHBIX
JTAHHBIX C HEOTPaHWYEHHBIM YHCIIOM KiaccoB. MeTton n3-
BJICUCHHUS TPU3HAKOB MOXKET OBITh NCIIOIB30BaH /IS Kilac-
cU(UKAIMN METareHOMHBIX JAHHBIX PA3INIHON IPHPOBI
1 OBIT OCHOBOW METOZIOB TTOJICP>KKU MPUHATHS PEIICHNH,
HampuMep, MpH JUArHOCTHPOBAHUM 3a00JIeBaHUHN JTOei
Ha OCHOBC JJaHHBIX CCKBCHHUPOBaHUIA MI/IKpO6I/IOTI)I KH-
IICYHHKA.
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Abstract

In this paper, the novel methodology for real-time automatic calibration of digital transceiver modules in the receiving
path of information and control systems is presented. This methodology is grounded in the formation of calibration
coefficients through a comparison between the complex signal amplitude at the output of the receiving path of the
“virtual” reference module and the complex signal amplitude at the output of the receiving path following signal
accumulation. The calibration value for each receiving path output complex signal amplitude is determined by
multiplying the output complex signal amplitude by its corresponding calibration coefficient. The gain pattern of the
information and control system is synthesized by calculating the weighted sum of the calibrated output complex signal
amplitudes across all receiving paths, thereby maximizing the peak gain and minimizing side lobe levels. Simulations
and experimental analyses were performed on an information and control system operating in the L-band to validate the
proposed methodology. The results indicated a reduction in amplitude errors to 3.79 dB and a decrease in phase errors
to 5°40'12". The proposed methodology meets the requirements for synthesizing a self-calibrating subsystem model
employing a soft configuration approach.
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AHHOTAIUS

BBenenmne. IIpencraBieHa HOBasi METOJMKA aBTOMaTHYECKOW KalMOpPOBKM MPUEMHOrO TpakTa HH(PPOBBIX
MIPUEMOIICPEAAIOIINX MOAYJICH B peaabHOM BpeMeHu. MeToa. MeToanka KaauOpoBKH OCHOBaHA Ha (POPMUPOBAHUH
KaJIUOPOBOYHBIX KOIPPHUIUEHTOB MyTEM CPABHEHHA KOMIUICKCHOM aMIUTUTY/ABI CHTHAjJa HAa BBIXOJE MPUEMHOTO
TpaKTa «BHUPTYATBHOTO» TAJOHHOTO MOIYJS W KOMIUICKCHON aMIUTHTY/ABI CUTHaJa Ha BBIXOAC MPUEMHOTO TpakTa
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nocje HaKkoIJIeHus1 curHana. KanuGpoBouyHoe 3HAYCHNE aMILTUTYAbl KOMIUIEKCHOTO CHI'Haja Ha BBIXOJE KaXJO0Tro
MPUEMHOI'O TPaKTa ONPEACIIACTCSA C IOMOLIBIO YMHOXKEHUS aMIUIUTY/(bl KOMIIJIEKCHOI'O CUI'HaJ1a Ha COOTBeTCTBy}OLLlHl\;I
KaanOpoBouHBIH K03 duiment. uarpamMma ycuieHuss HHOOPMAIIMOHHO-YIPABIAIONIEH CHCTEMBl CHHTE3UPYETCS
ITyTEM BBIYMCIICHUS B3BELICHHOH CyMMBbl KaJMOPOBaHHBIX aMIUIUTY/ BBIXOJHBIX KOMIUICKCHBIX CHI'HAJIOB I10 BCEM
MIPUEMHBIM TPAKTaM, YTO MO3BOJISIET MAKCHMHU3HPOBATh IHKOBOE YCHICHHE U MHUHHMH3HPOBATh YPOBCHb OOKOBBIX
nemnecTkoB. OCHOBHBIE Pe3yJbTaThl. {1 IPOBEPKH MPEUIOKEHHONH METOJUKHU IPOBEIEHB MOAEINPOBAHIE U
SKCIIEPUMEHTAIBHBINA aHaIN3 NH()OPMAIIMOHHO-YIPaBISIONIed CUCTEeMBI, paboraromell B L-nnanasone. Pesynsrars
TIOKa3aJIM CHI)KEHHUE aMILTUTYTHBIX OO0k 110 3,79 nb u dazoBeix ommbok 1o 5°40'12". Odcyxaenne. [Ipemnnoxennas
METOMKA yJOBIETBOPSIET TPEOOBAHUSIM K CHHTE3y CAMOKaIMOPYIOIIEHCs MOJEIH MOJCUCTEMBI C HCII0JIb30BaHHEM
IMOJIX0/1a MATKOM KOH(bI/Irypaum/l.

KnroueBnie ciioBa
UH(OPMALIMOHHO-YIPABIISIONIAs CUCTEMA, IMarpaMMa HarpaBICHHOCTH U3ITy4eHuUs, KO3 (HULIEHT YCUIICHHS, OTIOPHBIii
MOJYJIb, KaTMOPOBOYHBIH KOIPPHULUEHT

Ceblaka s uutupoBanus: Hxan Y.H., Hryen C.JI., Hryen @.b. ABromMaTnueckas kanuOpoBKa IpHEMHOTO
TpakTa MHGOPMAMOHHO-YIPABIAIONIUX CUCTEM B PEXKHME peallbHOro BpeMeHnu // Hay4yHO-TeXHHUYECKUI
BECTHUK MH(OPMAIMOHHBIX TEXHOJIOTUH, MeXaHUKH 1 onTuku. 2025. T. 25, Ne 3. C. 554-564 (Ha anr. 53.). doi:

10.17586/2226-1494-2025-25-3-554-564

Introduction

In the current phase of technological development
in multifunctional radar sensor systems, the proportion
of Information and Control System (ICS) has grown
significantly relative to conventional antenna types [1].
This expansion is driven by the need to achieve superior
technical performance in such systems. ICS are composed
of numerous transceiver modules which typically consist of
functional units designed and manufactured using various
active and passive components. Over time, due to factors,
such as manufacturing variability, temperature fluctuations,
aging, and other influences, the electrical parameters of
these modules deviate from uniformity. Consequently,
the amplitude-phase distribution of the electromagnetic
field across the antenna aperture becomes non-uniform,
resulting in a reduction in antenna gain and an increase in
the side-lobe levels of the Radiation Pattern RPy and Gain
Patterns GPs.

To ensure that the ICS operates with parameters aligned
with theoretical calculations, it is essential to perform
calibration not only at regular intervals but also in real
time during operation. However, the calibration methods
and techniques employed for these antenna arrays exhibit
unique characteristics that differ markedly from those used
for conventional antennas. This distinction is particularly
relevant in the case of ICS where Digital Transceiver Modules
(DTM) are synthesized using quadrature modulation
and demodulation algorithms [2, 3]. This distinction
arises from the process of synthesis and formation of the
transmitting signal which is directly generated at each
digital transceiver module. Unlike traditional active ICS,
models, where the Radio Frequency (RF) transmitting
signal is produced by a central source and distributed to
system modules via a RF splitters and transmission cables,
the ICS relies solely on digital data. This data encodes the
parameters of the signal to be formed, eliminating the need
for an intermediary RF splitters and transmission cables
system. In conventional phased array antenna systems,
the RF splitters and transmission cables itself introduces
errors in the amplitude and phase of the RF signals at
the input of the DTM [4-7]. By bypassing this system,
the ICS architecture significantly reduces such errors.

The aforementioned factors can lead to imbalances
between I and Q channels within the transmitting and
receiving paths of DTM. To address these challenges,
extensive research has focused on mitigating 1/Q
imbalances through diverse technical approaches. These
studies commonly explore contributing factors, such as
the operating frequency range of the radar sensor, the
structural configuration of the receiving path, and the use
of calibration signals. The ultimate goal is to develop and
synthesize methods and models for automatic calibration
using various approaches [8—15].

However, upon examining the aforementioned
published results and other related studies, it can be seen
that a small point has not been adequately addressed.
Specifically, except for the external noise with high
intensity, the power level of the reflected signals from the
target objects of the ICS is often much smaller than the
internal noise power level, as presented in [16, 17]. This
characteristic necessitates careful consideration of power
parameter synthesis for calibration signals. Moreover, the
reliance on a rigidly synthesized reference object model
may introduce additional errors in both measurement and
automatic calibration processes. These observations form
the foundation for the research presented in this paper.

Building on the preliminary analysis discussed above,
the second section of this paper introduces a novel
methodology for addressing the challenge of real-time
automatic calibration of the receiving path in DTM of
ICS grounded in the proposed mathematical model. This
section also includes the synthesis of the structural diagram
of the subsystem designed to implement this approach.
The third section presents simulation and experimental
results, demonstrating the correctness of the proposed
methodology.

Theory and simulation of the proposed methodology

The novel methodology for solving the problem of
real-time automatic calibration of the receiving path in
DTM of ICS

According to [2, 3], the primary objective of the
calibration process for any antenna system is to minimize
the error between the measured gain pattern parameters and
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their theoretically calculated counterparts. The approach
presented in this study for addressing the automatic
calibration problem aligns with the overarching goal.
Specifically, the formation of the calibration coefficients
proposed here is based on the comparison of the receiving
path output signal of each DTM with the receiving path
output signal of the reference DTM using a calibration
signal as the input. From a physical perspective, this
method is not fundamentally novel. The novelty here is
expressed as follows.

According to [2, 16, 17], the reflected signals received
from targets via the antenna element and reaching the input
of each receiving path are typically significantly weaker
than the internal noise level, P;,; ,.ise.» Of the receiving
path. Consequently, the design and implementation of
a calibration signal must be carefully considered. An
effective approach involves utilizing a RF calibration
signal encoded with a Binary Phase-Shift Keying (BPSK),
scheme featuring M, positions. The signal duration ¢;,
is designed to be M, times the width of an individual
sub-pulse, 1, ;. (Fig. 1). Furthermore, the power of
the sub-pulse, P, , , at the input of the receiving path is
deliberately adjusted to remain significantly lower than the
P noise. Of the receiving path to ensure accurate calibration.
That is, the Signal-To-Noise Ratio (SNR) of the sub-pulse
at the receiving path input SNRy,;, ,,; is within the limit
(10-6-10-3) for the common radar operating frequency
bands as presented in [18, 19].

Application of the approach Software-Defined Radio
(SDR) technology utilizes a “virtual” reference DTM
model. This model incorporates data on the input and
output signal parameters for both the transmitting and
receiving channels which are initially determined through
theoretical calculations. These parameters are subsequently
will be refined, supplemented, and calibrated using data
obtained from the calibration process conducted at the
manufacturing facility as well as during field deployment
and operational phases. So, this approach effectively
eliminates the potential errors of physical reference DTM
during actual operation. To ensure accurate estimation of
the calibration coefficient parameters for each receiving
path, their output signals must be coherently accumulated
with the required accumulation coefficient. For example, it

Analog part of DTM

|
i LNA
Ji72 G—M<
N
fl!
O | S |
=

t,\‘ig. = Mpnx. x Tsub.pul.

Fig. 1. The structure of the calibration signal

is possible to accumulate according to M, , or accumulate
according to the number of receiving paths corresponding
to the number M,; X N,,,,, of DTM, in which, M, ; and N,,,,,
are the column and row indices and columns of the ICS,
respectively, where DTM are located at the intersection
points of the row and column. The calibration value of
the output complex signal amplitude for each DTM is
determined by multiplying the output complex signal
amplitude with the corresponding calibration coefficient.
So, the GPy of the ICS is synthesized by computing the
weighted sum of the calibrated output complex signal
amplitudes across the receiving channels. This process
will ensure the largest possible value for the total gain
pattern GPs.

A mathematical model of the receiving paths during
automatic calibration according to the proposed
methodology

Consider an ICS comprising M, ; X N,,,, DTM in which
its architecture synthesized based on the principles of
quadrature modulation and demodulation. The calibration
signal S(jw) is constructed using a BPSK code with M,
positions [19, 20]. The use of a rectangular windowed
Fourier transform is instrumental in the analysis of
complex signal images. This signal consists of RF sub-
pulses generated by a Controlled Signal Generator (CSG).
The generated signal passes through a directional coupler
element and is subsequently routed via a circulator element,
functioning as a transceiver switch, to the input of the
receiving path of the i-th DTM, where i € [1, M,; x N,,,,,]
as illustrated in Fig. 2. In there, i = 0 represents the “virtual”
reference DTM.

Consequently, to ensure the SNR reaches a sufficiently
high level required for subsequent processing, the digital
data will have to be coherently accumulated by required to

Calibration
*---signal

Direc},fonal
"""" cotipler <

Limiter and

prefilter

I
|
I
i SPlopv O — Local Oscillator
I
I

QDM — Quadrature demodulation
LNA — Low noise amplification

Fig. 2. The route of the calibration signal to the input of the receiving path: f;z — intermediate frequency; f; o — frequency of LO;
SPIypy— serial peripheral interface of QDM; and f, — carrier frequency
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form a complex signal S;(jo). This signal comprises two
components, real and imaginary, structured in the form:

M

ReS(jo) = TReS,, o); ImS(je) = z ImS, (o), (1)

m
where, M is the number of coherent accumulations, and
m=1,2, ..., M. If we consider M = M, , the process of
coherent accumulatlon can be interpreted as the sub-pulses
being accumulated in accordance with M, Furthermore
additionally coherent accumulation with M, ; x N,,,,, the
expression (1) will be in the form:

Mo Nyow Mpos.

ReS(jo) = ReS), , (jw);
P m
Meop<Nrow Mpos.
ImSi(jw) = ImSp.m.i(/m)‘

4 m

From this point, the complex calibration coefficient can
be defined for each i-th receiving path:

. - ik .
K (jo) = So(]@) _ |So(/.(0)| eXP(I.(Po). 2)
Sijw)  [Sijo)xexp(j¢;)

Where |Sy(jo)| and ¢, denote the amplitude and
phase, respectively, of the accumulated complex signal
corresponding to the receiving path of the reference module.
And [S(jo)| and |@,| represent the amplitude and phase,
respectively, of the accumulated complex signal associated
with the receiving path of the i-th module undergoing
calibration. The values of [Sy ;(jo)| and ¢; are determined
by the expression: |S;,(jw)| = V(ReSjo))? + (ImS(jo))2;
¢, = arctg(ImS,(jo))/ReS,(jo).

During the process of coherent accumulation, whether
following M, or using M, * N,,,,, the absolute value of
the complex amplitude |Sy, o(jo)| for the reference channel
and |Ss ;(jo)| for the channel undergoing Calibration can be

expressed in the followmg form 1S5 0(@)| = My, % [Si(j)|
or |SZ O(](‘))| pos M, col * row) x ‘SO(/(ON |SZ t(iw)|
= pos |S (](D)| or |SZ z(]('o)‘ pos( co )ow) |S (](D)|

The complex calibration coefficient for each receiving
path in expression (2) can be rewritten as K;(jo) =
~ (K (jo)exp(iAp).

Where, |K;(jo)| is defined as the absolute value of
the complex calibration coefficient for the i-th receiving
path, and the Ag,; = ¢ — ¢; represents the magnitude of
the phase error that requires correction. It is possible to
write that: |K;(jo)| = |So(jo)|/|S;(jo)|. This equation is
expressed in the form of a trigonometric function: K;(jo) =
= |K(jo)| % [cos(Ag;) + jsin(Ap,)]. And, with two real and
imaginary parts: ReK(jo) = |K,(jo)| % cos(Ag;); Im K,(jo) =
= [K (jo)|*sin(Ag,).

The complex amplitude of the signal at the output of the
receiving path, S,,, (j®), expressed in both exponential and
trigonometric forms, is represented as follows: S, ,(jo) =

= [Spur GO % €XP(i(); S i) = IS, G®) X [cOS(p;) +

+/sin(g,)].
The product of the complex amplitude of the output

signal from the i-th receiving path and the corresponding
complex calibration coefficient for that path can be
represented in the following form: S, ,(jo) x K,(jo) =
=1Sou GO < K (jo)|[cos(p; +Ag;) +/sin(p; + Ag;)]. We have:

|Sout40(jw)| = ‘SO(im)h |Sout.i(i(‘))| = |Si(j(0)|a and Sout.i(i(")) x
x Ki(jo) = |Sy(jo)| * [cos(¢q) + jsin(gg)]. This equation
represents the calibrated complex amplitude of the input
signal for the i-th receiving path. And, it can also be expressed
either in exponential form or as two separate components,

namely, the real and imaginary parts, as follows:

S; carG®) = [Sp(f®)| > exp(j@y)
and ReSi cal.(jm) = |SO(jm)| X COS((PO);
ImS; ., (j©) = |Sp(w)| * jsin(@p).

These components are precisely equal to the quadrature
components of the complex amplitude of the output signal
from the reference receiving path. Thus, after calibration,
the output signals of all paths will be identical in both
amplitude and phase.

Synthesis of the subsystem diagram for real-time
automatic calibration of the receiving path in DTM of
the ICS

Based on the results derived from the proposed
mathematical model, the process for automatic calibration
of the receiving path in the DTM can be synthesized with
the following key considerations:

— Calibration Signal Timing: The calibration signal is
supplied in to the input of the receiving path during the
time interval corresponding to the receiving period of
the radar sensor reflected signals (Fig. 3).

— Signal Blocking: To minimize errors caused by
interference, the calibration signal is isolated by
a detection unit that filters out reflected signals and
significant external noise (Fig. 4).

The intervals during which the
calibration signal is applied to
the input of the receiving path.

Tx \ Rx

|
I

Trep.
Fig. 3. The receiving period Rx: Tx is the transmission interval
of the signal.

T,op. — period repeats

— Signal of receiving path
— Power of receiving path
— Calibration signal

— Signal to block

AT
[‘I[\ v‘| I \' \M |\“ 1|‘

TR N ' ‘
The Intervals during which the
calibration signal will be blocked

| f m”‘:!'ﬂ

1 i

N

rl

[

Amplitude normalized by noise

k

400 800 1200 1600 2000

Sample index

o

Fig. 4. The intervals during which the calibration signal will be
blocked
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“Virtual” reference DTM structure: The “virtual”
reference DTM consists of two primary components:
the first component is integrated within the Central
Computing and Processing Unit (CCPU), and generates
control data containing information about the structure
of Sy(jw). The second component is a CSG which is
structurally independent and operates in isolation within
the digital part of the transmitting part in the DTM to
form Sy(jm).
Fig. 5 presents the structural diagram of the automatic
calibration subsystem for the receiving path within the
DTM of the ICS. Accordingly, in each DTM, the calibration
signal is generated by the CSG based on input data provided
by the CCPU which includes information regarding the
formation of the signal and periodic updates. The CSG
produces the calibration signal S;(jw), with parameters
tsig.’ Tsub.pul. and P Tsub.pul. <P int.noise.> which is transmitted
to the receiving paths upon receiving the P, command. An
instantaneous power meter monitors the power level of the
received signal which includes both reflected signals and
external noise. If the measured power level significantly
exceeds the internal noise power, the blocking command
will be formed and sent to the CCPU, enabling it to bloke
the supply of calibration signal data for each CSG.
Following single-pulse filtering, the output of the
each i-th DTM produces two quadrature components
of the calibration signal, ReS,(jo) and ImS,(jw). These
components are transmitted to the Calculation and
Automatic Calibration Unit (C&ACU) where accumulation
operations, specifically digital coherent accumulation
processing, are performed based on the indices M, ,
or M,,, and M,y % N,,,, as required. Subsequently, the
processed data are compared with the corresponding data of
the reference signal to estimate the calibration coefficients

K (jo) and to form the data of S; , (jo), for generating the
necessary Syjow). Data of S; , (jo) is transmitted to the CSG,
of the i-th DTM accordlng to the specified address, and
forwarded to the CCPU. Additionally, the digital data of
ReS; . (j®) and ImS; ., (jo) with i € (M, ) are
transmltted to the GPy formation unit.

It is easy to see that the functional units involved in
the real-time automatic calibration of the receiving path
within the DTM are integral components of both the basic
architecture of the DTM and the overall ICS. Notably, the
calibration process necessitates only a minimal addition of
hardware components. Consequently, the use of the term
“integrated subsystem” to explain in this study is entirely
justified.

Simulation of the proposed methodology

The simulation conducted to validate the theoretical
research findings incorporates the components illustrated in
Fig. 6. These include four receiving paths where structural
improvements aimed at adaptive dynamic range control have
been implemented as described in [17]; a Local Oscillator
voltage generation and Distribution Unit (LO&DU); an
Automatic Calculation, Calibration, and Control Unit
(CAC&CU); and a computer serving as the central
processing and display interface. The signal parameters
utilized during the simulation are: f; = 1560-1590 MHz;
Jro = 14701500 MHz; f; = 90 MHz; M,,,; = 256. Fig. 7
presents the simulation results of s1gnals from the four
receiver paths (M, , =4), both prior to and following the
automatic calibration process.

The cumulative processing is conducted with
M=M,,, * M,,., =256 x 4= 1024, corresponding to
the number of samples. For the sake of simplifying the
simulation process, it is assumed that the receiving path
No 1 serves as the reference path. Table 1 present the results

}’()W

Sijw)
The offset data from the Transmitting path — 7v/Ry
CCPU and ReS,(jo), ImSy(jo)
CSG i
Data of S} ,, (j® Digital part |Analog part switch
. igital pa
ReSp(jo) e Directional _<
ImSy(jo) ReS(jo) coupler
"ReS; () g mSGo) | |  Digital part |Analog part
L e £8 l gp B DTM No 1
E | ImSiwgo) £3 .
= G 50 Data of S;,,(jo) Receiving path
= )
= . ==
g ReS; ca (o) : g ReS|(jo)
= L 2 ;
= ImS, s ) ik ImS,(jo) DTMNoi [
o E S
& . e
RES; car. apm(© o ° ReSqn(jo)
IS, car, 4o (O TS arw (o) DTM No (M % N)
SIL (M=N). (](D) TT
To th
C((Z)PUe <Data of s,(n),ic[1= (M. X N,,,, )]> To the DTM (i)

Fig. 5. The general structural diagram of the automatic calibration subsystem for the receiving path within the DTM of the ICS:

RPsy — Radiation Pattern after beamforming; S}, —
i-th calibration signal at M ; and N,,,,.; S} ,,

the first calibration 51gnal S;
— the reference of the first signal; S
reference of the i-th signal at M,

the i-th calibration signal; S; .4y — the
— the reference of the i-th signal; S;(M*N) — the

ical

> Pin.

;and N,

CO. VUW
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four reseving path Computer

LO & DU

Fig. 6. Diagram illustrating the implementation of the simulation for the subsystem responsible for the automatic calibration of
receiving paths (four paths)
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Fig. 7. Simulation results of signals from the four receiver paths, both prior to and following the automatic calibration process

Table 1. Values of the signal amplitude and phase errors, without incorporating improvements to the receiving path model

State of the receiving path Path No 2 | Path No 3 Path No 4
Signal amplitude error (*), dB
Before calibration 2.20 1.90 2.60
After calibration 0.25 0.34 0.41
Signal phase error (*)
Before calibration 6°18’ 5°30’ 7°12'
After calibration 1°36' 2°00’ 1°06'

Note. (*) Compared to the reference receiving path.

of the estimation of amplitude and phase errors of the  a fully matched filter, and without implementing adaptive
signal, both before and after calibration. These estimations ~ dynamic range control.

were performed without incorporating improvements to the Table 2 presents the results of the estimation of
receiving path model, which was synthesized as a model of ~ amplitude and phase errors of the signal, both before and
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Table 2. Values of the signal amplitude and phase errors, when incorporating improvements to the receiving path model

State of the receiving path Path No 2 | Path No 3 Path No 4
Signal amplitude error (*), dB
Before calibration 3.10 2.30 2.80
After calibration 0.14 0.13 0.16
Signal phase error (*)
Before calibration 4°30' 6°18' 7°12'
After calibration 0°48’ 1°06’ 0°42’

Note. (*) Compared to the reference receiving path.

after calibration. These estimations were performed when
incorporating improvements to the receiving path model
which was synthesized as a model of a fully matched filter,
and with implementing adaptive dynamic range control.

The methodology for identifying amplitude and phase
errors is comprehensively described in [18, 19, 21]. The
simulation results validate the correctness of the proposed
methodology. Specifically, as presented in Table 1, the
magnitude of amplitude errors is reduced, ranging from
1.95 dB to 2.19 dB and phase errors decrease to values
between 3°30" and 6°06’. Furthermore, implementing
the solutions to enhance the receiving path yields further
reductions in error magnitudes, for both the amplitude
and phase of the signal. This improvement significantly
enhances the formation of GPy as evidenced by parameters
such as peak gain and the suppression of the sub-lobes, as
illustrated in Fig. 9.

Results and Discussion

The validity of the proposed methodology is further
corroborated through experimental verification. The
experimental setup is depicted in Fig. 8 and consists of a
radar sensor system equipped with four receiving paths,
each comprising a DTM connected to an individual antenna
element (Fig. 8, a), all mounted on a turntable (Fig. 8, ¢).
Additionally, the system includes a CSG and its associated
irradiation antenna (Fig. 8, b), positioned at a specified

distance D from the radar probe system to ensure the
incident waves can be approximated as plane waves. A
computer serves as the CCPU and display. The catalogue
of key components employed in the experiment is presented
in Table 3.

For a frequency f in the range of 1560—-1590 MHz, the
far-field region is considered to be at distances greater than
2 m. The experiment was conducted with a separation » of
7.5 m between the radiation antenna and the antenna system
of ICS. To consistent with the simulation procedure, the
experiment utilized the first receiving path as the reference
path.

The experimental results, summarized in Tables 4,
and 5, present the errors in signal amplitude and phase
both before and after calibration. Additionally, the results
also illustrate the effects of enhancements to the receiving
path, implemented based on the fully matched filter model
and the dynamic range adaptive control methodology.

Experimental results were also obtained by synthesizing
GPs for different observation angles, utilizing a turntable
to rotate the ICS. These results were compared with those
generated through simulation after calibration. Fig. 9
presents the synthesized GPs obtained via the simulation
method post-calibration. Fig. 10 illustrates the results
derived from measuring and processing the experimental
data.

Both GPy synthesis results were obtained under
conditions in which the receiving paths were improved

Table 3. Catalogue of the key components used in the experiment

Brands Part Number Applications
Macom CG2H40010 Power amplifier
Macom CMPA0527005 Power preamplifier
MAX MAX2021 Direct Up/Down conversion Quadrature Mod/Demod
MAX MAX9491 or equivalent VCO and Synth
TI DAC3283 or equivalent 16-Bits DAC
TI ADC3683 or equivalent High-speed ADCs
UMS CHA3801-99F L-Band LNA
UMS GVA-63+ IF Amplifier
AD ADLS5531 or equivalent Voltage-controlled amplifier/attenuator Operating frequency
AD AD9914S or equivalent 3.5 GSPS Direct Digital Synthesizer with 12-Bit DAC
AD AD9833 EP CSG (Programmable Waveform Generator)
Atmel AVR2560/V 8-Bit Atmel Microcontroller with
560 Hay4yHOo-TexHn4eckuii BECTHUK MHPOPMALMOHHBLIX TEXHONOMMIA, MeXaHuKn 1 ontukn, 2025, Tom 25, N2 3
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Fig. 8. Experimental setup for validating the proposed methodology

Table 4. Experimental results determine the signal amplitude and phase errors before improving the receiving path

State of the receiving path Path No 2 Path No 3 Path No 4
Signal amplitude error (*), dB
Before calibration 5.50 6.30 7.10
After calibration 0.91 1.34 1.53
Signal phase error (*)
Before calibration 8°06’ 9°06’ 6°54'
After calibration 2°12' 2°42' 1°48'

Note. (*) Compared to the reference receiving path.

Table 5. Experimental results determine the signal amplitude and phase errors after improving the receiving path

State of the receiving path Path No 2 | Path No 3 Path No 4
Signal amplitude error (*), dB
Before calibration 6.10 6.30 5.50
After calibration 0.41 0.34 0.25
Signal phase error (*)
Before calibration 7°36'00" 6°48'00" 7°18'00"
After calibration 0°1424" 0°12'36" 0°18'36"

Note. (*) Compared to the reference receiving path.

through the application of a fully matched filter model and

dynamic range adaptive control. Based on the simulation

and experimental results presented above, several
observations can be made as follows:

— The proposed methodology for automatic measurement
and calibration of the receiving paths in DTM has
been validated both theoretically and experimentally.
While experimental data exhibit some phase and
amplitude errors compared to theoretical calculations
and simulations; these discrepancies can be attributed
to factors, such as coefficient estimation errors,

quantization noise, and hardware and software
imperfections. These findings provide valuable insights
for further improvement in research, design, and
production processes.

Accurate determination of errors in the calculation
and establishment of calibration coefficients can be
achieved through adaptive adjustments to the number
of coherent accumulations across all receiving paths, as
outlined in this study.

In principle, the calibration process model can be
characterized as “automatic, real-time, and integrated”.
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Fig. 10. The GPy is synthesized after calibration and according to the measurement data: the GPy, are synthesized at angles: 0°, £10°,
+20°, £30° and +40°

This is because the measurement and estimation of
errors are conducted entirely automatically and
concurrently with the system operational processes.
Furthermore, the hardware and software components
are seamlessly integrated and implemented within the
essential elements required for ICS in general and for
each DTM specifically.

Conclusions

The primary focus of the paper is to propose a novel
methodology for real-time automatic calibration of the
Information and Control System (ICS), specifically
targeting the receiving path in the Digital Transceiver
Module (DTM). The innovation of this approach stems
from leveraging the difference in power levels of reflected
signals observed at the receiver input of a radar sensor using
a conventional antenna and the input of the receiving path
in the DTM of the ICS. To achieve accurate calibration, it
is critical to ensure that the power level of the calibration
signal aligns with the minimal power level of the reflected

signal. Accurate estimation of amplitude and phase errors in
the calibration signal as it propagates through the receiving
path requires coherent accumulation using appropriate
accumulation coefficients. This process enhances precision
in error quantification. The methodology introduces a
virtual reference DTM model, synthesized using a “soft
configuration” approach, to serve as a reference receiving
path. This virtual model effectively replaces the physical
reference DTM, mitigating potential errors that could arise
during operation. Calibration coefficients are derived by
comparing the complex signal amplitude of the receiving
path in the virtual reference DTM with the complex
signal amplitudes of other receiving paths after coherent
accumulation. The calibration values for each module
output are computed by multiplying the complex signal
amplitude by the corresponding calibration coefficient.
The synthesis for the gain patterns of the ICS are weighted
summation of the calibrated complex signal amplitudes
of the receiving paths. This synthesis ensures optimal
performance by maximizing peak gain and minimizing
side lobe levels in the system.
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AHHOTAIUA

Beenenue. 3BectHO, yTO reopusnyeckue nois (reOMarHuTHOE, IPaBUTALMOHHOE U 3JIEKTPOMArHUTHOE) MpH
X PETUCTPAINM UM MOJEIUPOBAHUU NMPEACTABISAIOT COBOKYIHOCTh HECKOIBKHX BEKTOPHBIX COCTABIAIONIUX,
XapaKTepHU3yIIMNX U3MEHEHNE COOTBETCTBYIONINX MapaMeTPOB B MPOCTPAHCTBE M BO BPEMEHU. XpaHEHHE
JAHHBIX reoGU3NIECKUX MOJIel B HACTOAINIEE BPEMs pEaju3yeTcsi Ha OCHOBE M3BECTHBIX MOAENEH TaHHBIX,
MIPEJCTABIAIONINX COO0H, KaK MPaBHIIO, PEISIIUOHHYIO CTPYKTYpY. AHAIN3 N3BECTHBIX HCCIEIOBAHUN ITOKa3al
N30BITOYHOCTE M HEIPPEKTUBHOCTH TAKOTO IMOAXO0AA. DTO BBIPAXKAeTCs B HU3KOH CKOPOCTH MOIYYEHUS] MCKOMBIX
JAHHBIX [PH UCIOJIb30BAaHMHM KOMIUIEKCHBIX MYJIBTHIPEIUKATHBIX 3anpocoB. HempepreiBHO pacTtynie o0bem u
CJIOXKHOCTb pacCMaTpuUBACMbIX NaHHBIX Tpe6y}0T HOBBIX IOAXOAO0B K OpraHu3allui UX XpaHCHHW Jis IOBBIIICHUS
HPOU3BOAUTENBHOCTH HH()OPMALIMOHHBIX CHCTEM, IPUMEHACMBIX AJIS TOJICPKKU NPUHATHS PELICHUH Ha OCHOBE
JIaHHBIX reopusnueckux nomneil. Meroa. B nannoit paboTe npeanaraercs u UCCISAYETCS MOAECTD MPEACTABICHHS U
XpaHEHHs JaHHBIX re0(U3NUECKUX ToeH, o0ecednBaronas MOBIIICHHE TPOU3BOJUTEILHOCTH HH()OPMAIIMOHHBIX
cucteM. IIpencraBnen anann3 cnenuduuecKux ocoOeHHOCTEH reoU3MIecKUX IMmoyiei, 00yCIOBICHHBIX UX
TEH30PHBIM XapakTepoM. PaccMOTpeHBI OCHOBHBIC KOMIIOHEHTHI JAHHBIX, OIPE/ICJICHBI NePCIIEKTUBHBIC BAPHAHTHI
KOMOWHHMPOBAHUS M3BECTHBIX MOJIEJCH MAaHHBIX JJIs IOJTYYEHHs HAWIY4YIIeTO pe3ysibTaTa JJisl IOBBIIICHUS
HPOU3BOAUTEILHOCTH COOTBETCTBYIOINX 0a3 naHHBIX. OCHOBHBIE pe3yabTaThl. [Ipe/uiokeHa MyJIbTHOCEBAs
MOJIJIb IaHHBIX re0()U3MYSCKUX IMOJIeH, YUUTHIBAIONIAsi TEH30PHYI0 MHOTOKOMIIOHEHTHYIO CTPYKTYpY HOJei u
coyeTaromas 0COOEHHOCTH UePapXUUECKON OPraHU3alUK JaHHBIX M 3JIEMEHTOLCHTPUYHOH pa3MeTku HH(opMaluu.
OTINYUTENBHON 0COOCHHOCTHIO MPEITIOKECHHON MOJETH SBISETCA BBEICHHE CTAaTHUYHOM U IMHAMUYECKOU OCEH.
Takoit mogxon obecreunBaeT MPEICTABICHUS METAJaHHBIX, ONEPATUBHBIX M APXUBHBIX JaHHBIX, B3aUMOJCHCTBHE
MEKTy HIMH Ha ypOBHE (JOHOBBIX IPOIIECCOB € yJaCTHEM IPOTPAMMHBIX TPUTTEPOB C TEMIIOPATBHBIMHU ITPEAUKATAMH.
Obcyxaenne. Ha mpumepe JaHHBIX TeOMarHUTHOTO HOJIS ¥ €T0 BapHALUH IIPOAEMOHCTPUPOBAHO YBEINUCHHE CKOPOCTH
BBINOJTHEHHUST OJTHO- U MYJIBTHIIPEANKATHBIX 3aI[POCOB HA BBIOOPKY JAHHBIX, BCTABKY HOBBIX 3alIMCEH B XpaHMJIHIIE.
BoruucnurenbHble SKCIIEPUMEHTBI 110 CPAaBHEHUIO MIPEAIAraeéMoro U U3BECTHBIX [TOJX0/I0B K OPraHU3aluU U XPaHCHUIO
JIaHHBIX re0()U3MIECKUX MONIeil Ha pa3IMYHbBIX Habopax u 0ObeMax JaHHbIX [TOKA3alH, YTO peaan3aliis MyJIbTHOCEBON
MOJIE/IM JJaHHBIX AAa€T BO3MOXHOCTbH TMOBBICHTh CKOPOCTh BBIMOJIHEHHS OJHONMPEANKATUBHBIX 3arpocoB Ha 25,7 %,
MYJIBTHITPEIUKATUBHBIX 3arpocos Ha 20,1 %, 3anmpocos Ha BCTaBKy HOBBIX 3anuceit Ha 21,3 %. OT1o mo3Bonser caenars
BBIBOJI O IIETI€CO00Pa3HOCTH MPUMEHEHHS PEITIOKEHHOTO PETICHUS.

KnioueBbie c10Ba

JaHHBIE TeO(PU3NIECKUX MOJeH, MOJeNb AAHHBIX, HePAPXUUECKast MOAENb JAaHHBIX, TCH30PHOE HCUHCICHHE,
TeONPOCTPAHCTBEHHEIE TaHHBIC
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Abstract

It is known that geophysical fields (geomagnetic, gravitational and electromagnetic), when recorded or modeled,
represent a set of several vector components characterizing the change in the corresponding parameters in space and
time. Geophysical field data is currently stored based on known data models which usually have a relational structure.
Analysis of known studies has shown the redundancy and inefficiency of this approach. This is reflected in the low
speed of obtaining the desired data when using complex multi-predicate queries. The continuously growing volume
and complexity of the data under consideration require new approaches to organizing their storage to improve the
performance of information systems used to support decision-making based on geophysical field data. This paper
proposes and examines a model for representing and storing geophysical field data that ensures increased performance
of information systems. An analysis of specific features of geophysical fields due to their tensor nature is presented. The
main data components are considered, promising options for combining known data models are determined to obtain
the best result to improve the performance of the corresponding databases. A multi-axis model of geophysical field data
is proposed that takes into account the tensor multi-component structure of the fields and combines the features of the
hierarchical organization of data and element-centric information markup. A distinctive feature of the proposed model
is the introduction of static and dynamic axes. This approach ensures the presentation of metadata, operational and
archived data, and the interaction between them at the level of background processes with the participation of software
triggers with temporal predicates. Using the example of geomagnetic field data and its variations, an increase in the
speed of executing single- and multi-predicate queries for data selection and insertion of new records into the storage
is demonstrated. Computational experiments comparing the proposed and known approaches to the organization and
storage of geophysical field data on various sets and volumes of data showed that the implementation of the multi-
axis data model allows increasing the speed of executing single-predicate queries by 25.7 %, multi-predicate queries
by 20.1 %, and queries for inserting new records by 21.3 %. This allows us to conclude that the proposed solution is
appropriate.
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BBenenue

B nacrosee BpeMst pe3ysIbTaThl perucTpanui U Mojie-
JIMPOBAHHMS TTAPAMETPOB TCOPUINUECKHX MOJICH SIBIISIOTCS
Ba)KHBIM HCTOYHUKOM MH(OPMALIMH O CIIOXKHBIX TIpoLeccax,
MIPOTEKAIOIMINX B HEAIpax 3eMIIH, Ha €€ TIOBEPXHOCTH U B
OKOJIO36MHOM TpocTpaHcTBe. Takast MH(OpMaIHs HCTIOIb-
3yeTcsl Kak MPH PEIIeHUN HAayuHbIX 3a/1a4 (Harpumep, Ipu
HCCIIEIOBAHUH COIYTCTBYIOIUX MPOLECCOB €CTECTBEH-
HOM M TEXHOTCHHOW MPHUPOABI MPOUCXOKACHUSA), TAK U
JUISL TIOAJICPIKKH TIPUHATHS PEICHUH B Y3KOIPOQHIBHBIX
TIPUKJIAIHBIX 00acTsX (B TEX Cily4asiX, KOrjia BO3JIeHCTBHE
reou3nvecKnX Mojel 3HaYMMO JUIsl (PYHKIIMOHUPOBAHUS
O0OBEKTOB U CUCTEM TeXHOC(hEPHI).

JocTyn k 0003HaUeHHBIM JIaHHBIM, KaK IPaBUIIO, pea-
JIU3YETCs] CHJIAaMH COOTBETCTBYIOIINX BIIAJIEIbIIEB TeO(H-
3udeckoi MH(OPMAINH, B KAYE€CTBE KOTOPBIX BBICTYIAIOT
pa3IMYHON BEIOMCTBEHHON NPUHAICKHOCTH HAYUHBIE
OpPraHM3allMU U YUPEKACHHUs, pacroiararomnue Heooxo-
JUMBIM JUISl PETUCTPALMN NCKOMBIX IapaMeTpOB MOJEH
nH(pOpMaIMOHHO-U3MEPUTENBLHBIM 000pynoBaHKHeM. Tak, K
MIPUMEpY, pErHCTPalHs MapaMeTPOB F€OMarHUTHOTO MOJIS
Ha MPOTSHDKEHUN MHOTHX JIECATHUIIETUH OCYIIECTBISETCS
MarHUTHBIMU 00CEpBaTOPHUSIMHU U BapUAlMOHHBIMU CTaH-

LUSIMU, pacIpeIeIeHHbIMU 110 BCEH 36MHOM TOBEPXHOCTH
(xots m HepaBHOMEpHO) [1, 2]. [lns mpegocTaBiIeHAs TO-
TPEeOUTETSIM BO3MOXKHOCTH TOTyYCHHUS TaHHBIX UCTIONB3Y-
IOTCS CIIEMANIN3UPOBAaHHBIE BeO-pecypChl, KOTOPHIE B CO-
OTBETCTBHUH C IIPEIOTIPEACICHHBIMH IPOTOKOJIAMH I0CTYTIa
MPEIOCTABISAIOT 110 MapaMeTPU30BAHHBIM (B OCHOBHOM)
3anpocaM HUCKOMble reoru3nueckue JaHHble.

OTMeTuM, 4TO He BCEIa UCKOMBIE TaHHbBIE SBIISIOTCS
Pe3yIABTaTOM PErUCTPAIK U HAOMIONCHNUS TapaMeTPOB pe-
QJIFHO ITPOTEKAIOMINX Te0(H3UIEeCKUX MpoleccoB. B Heko-
TOPBIX CITydasx TPeOyeTcst MOACTHPOBAHIE «HAICATHHOTOY
Te0(hU3NIECKOTO TIOJIST B COOTBETCTBYIOIICH T'eOIPOCTPaH-
CTBEHHOH JIOKAIIUH, YTO HEOOXOIUMO, B YACTHOCTH, IS CO-
MIOCTaBJICHNUS TTOTyYeHHBIX 3HAYCHNH C 3apEeTUCTPHPOBAH-
HBIMH M OIIEHKH UMEIOIIETO TPH 3TOM MECTa OTKIIOHEHHS,
YTO TAKKE CIY)KUT BKHBIM HCTOYHUKOM UH(DOPMALIMH [TPU
PECIICHUHN NPUKITAAHBIX I/I/I/IJ'II/I HAy4YHO-UCCJICA0BATCIBCKUX
3ana4. HarmpumMep, mapaMeTpbl BEKTOpa IIIaBHOTO (HEBO3MY-
IHCHHOFO) T€OMAarHmMTHOI'O IoJId MOI'yT 6])ITI) paCcCUrUTaHbI C
WCIONb30BaHUEM pa3inyHbiM Moneneit: WMM [3], IGRF
[1,4] 1 ap.

CroxHast opranu3anus reopu3n4ecKux JaHHBIX U UX
3HAYUTEIBHBI 00bEM HAKJIAIBIBAIOT ONPECIICHHBIC Orpa-
HUYCHUS Ha OpMaT WX MPEACTaBICHUS TaKUM 00pa3oMm,

566

Hay4yHOo-TexHn4eckuii BECTHUK MHPOPMALMOHHBLIX TEXHONOMMIA, MeXaHuKn 1 ontukn, 2025, Tom 25, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2025, vol. 25, no 3


mailto:gulnara.vorobeva@gmail.com
https://orcid.org/0000-0001-7878-9724
mailto:geomagnet@list.ru
https://orcid.org/0000-0002-9680-5609
mailto:orlovgleb99@mail.ru
https://orcid.org/0009-0003-5123-3859

P. Bopob6beBa, A.B. Bopobbes, O. Opnos

4TOOBI HE TEPATh BAXKHOW MH(POPMAIMU O TOJIe, C OTHOMH
CTOPOHBI, U 00ECIICYUTh BHICOKYIO BBIYUCIUTEIBHYIO CKO-
POCTh BBINOJIHEHHUS 3aIIPOCOB K COOTBETCTBYIOILIEMY Xpa-
HUJINIY JAHHBIX, ¢ Apyroi. B 7Toil cBsi3u U ¢ yueTom
M3BECTHBIX (JOPMATOB IpEACTaBICHHUS JTaHHBIX HEOOXOaH-
MO pa3paboTaTh MOAEIH HPEICTABICHUS JaHHBIX Teo(u-
3UYECKHMX MO0JIeH, YUUTHIBAIOLIYI0 UX TEH30PHBIM Xapax-
Tep 1 00ECTIEUNBAIOLIYIO IIPU MIPOTPAMMHON peai3alum
BBICOKYIO ITPOM3BOIUTEIBHOCTh BBIIIOJTHEHHS 3alIPOCOB K
HUM B YCJIOBUAX HCO6X0}II/IMOCTI/I OIICPATUBHOTO IPUHATUA
pelIeHuil Ha UX OCHOBE (B TOM 4YHCJIE, B KPUTHUECKHUX
CUTYyallusiX, CBI3aHHBIX, HAIIPUMEP, C BOIIpOcaMu obecrie-
YeHUs TeXHOC(HEepHOiT 0e30MacHOCTH).

XapaKTepI/lCTI/lKﬂ HCXOAHBIX JTaHHBIX

[TapameTpsl TeopU3nIECKUX TONIEH, PeruCTPUPYyEeMbIe
C 3aJITaHHBIM I1ATOM JMCKPETH3ALUH PA3IHYHBIMUA HH(DOP-
MAallMOHHO-U3MEPHUTECIbHBIMU yCTpOfICTBaMH, AKKYMYJIH-
pyrOTCsi B HA0OPBI re0PU3NICCKUX JaHHBIX, IPEIOCTaB-
JISIEMBIX T10 3apOCy MOTPEOUTENSIM COOTBETCTBYIOLIIMMHU
MoCTaBIIMKaMH MH(POPMaKK. 31eCh U Jlajee B Ka4ecTBe
MIpUMepa PacCMaTPUBAIOTCS MapaMeTPhl TE€OMarHUTHOTO
TI0JISL ¥ €TO Bapualuii, perucTpupyemMble Ha3eMHBIMH Mar-
HUTHBIMH 00CEpPBAaTOPHUSMH M BAPUALIMOHHBIMH CTAHIIUSIMU
MeXIyHapomHoTo Tpoekta SuperMAG [5, 6].

OTIHYUTENTbHON 0COOCHHOCTHIO paccMaTPHBaEMBbIX
TI0JIEH SIBJISIETCS UX TEH30PHBII XapaKTep, KOTOPbIi B yIIpo-
IEHHOM BHJIC MOKET OBITh ONMMMCAaH HEKOTOPOH MCXOIHOM
(garme mpOCTPAaHCTBEHHOMN) TOYKOH ¢ HCXOMSIMMHU U3 Hee
BEKTOPaMH, B CBOIO OY€pe/ib, 3aIal0IINMHU OIpe/IeICHHbIE
aTpuOyTUBHBIC TTapaMeTPhl PacCMaTPUBAEMOr0 Ipolecca.
DaxkTUYECKH TEH30PHOE MOJIE TP ITOM MPEACTABISIET CO-
00ii 3a1aBaeMyI0 (DyHKIHEH TTOBEPXHOCTD, KaXK/JOH TOUKE
KOTOPO# CTaBUTCSI B COOTBETCTBUE TEH30D, IPUBSA3AHHBIN K
COOTBETCTBYIOLIEH CHCTEME KOOPAUHAT U MMEIOIINI Haua-
JIO B 3aJIaHHOM MpocTpaHcTBeHHOU Touke [7—10].

KonmuecTBo MCXOAAIMNX BEKTOPOB OMPEACISACT PAHT
TeH3opa [11]. /laHHBIE O COCTOSTHUN 3IEKTPOMArHUTHOTO
1107151 3eMJIM B KaJKAOHM TOYKE TPEXMEPHOTO IIPOCTPAHCTBA
B CHCTEME KOOPANHAT, CBSI3aHHOM C IIEHTPOM Macc 3eMIn,
TIPEICTABIAIOT COO0H IpsAMOE MPON3BEICHNE TEH30Pa AJIEK-
TPOMArHUTHOTO TOJISI HA PaguyC-BEKTOP HCCIenyeMOoit
TOYkHU. B cBsI3u ¢ 3TUM TCOMPOCTPAHCTBCHHBLIC JaHHBIC O
COCTOSIHUM MAarHUTHOTO TOJs 3eMJIM MPeCTaBISAIOT CO-
0011 TIpsiMOe TIPOU3BE/ICHHE TEH30pa BTOPOTO MOps/IKa Ha
TEH30p NEPBOro MOPS/IKA, T. €. OIMUCHIBAIOTCS IPU IOMOILU
TEH30pa TPeTbero nopsiaxa [12].

Busyanmzamus paccMaTpuBaeMoro TeH30pa (TeH30p-
HOTO I10JIs), KaK MPaBUIIO, BBITTOJIHACTCS MTOCPEICTBOM
JIEKOMITO3UINH €T0 BEKTOPOB HA CKAJISAPHBIC BETHMUUHBI,
Ka)KJOM M3 KOTOPBIX CTABUTCS B COOTBETCTBUE CBOMU I'pa-
¢uaecknii mpuMHUTHB. Tak, HApUMeEp, B CIydae HCIIOIb-
30BaHUS KOMIUIEKCA T€OMH(OPMALIMOHHBIX CPEICTB U
TEXHOJIOTHH JJI1 BU3yajiu3dallu r€OMariuTHOTO MOJIsd B
Ka4€CTBC I'CONMPOCTPAHCTBEHHBIX IPUMHUTHUBOB, IIpUME-
HAIOT MPOCTPAHCTBEHHBIE TOUKU C COOTBETCTBYIOIUMU
arpuOyTHBHBIMH 3HaUYCHUSIMUA. MHOXECTBO (POPMHUPYEMBIX
TAaKUM 00pa3oM reonpOCTPAHCTBEHHBIX TOUeK (Gopmupy-
10T B CBOEH COBOKYNHOCTH T'€ONPOCTPAHCTBEHHBIN CIIOM,
KOTOPBIN B JIaJIbHEHIIIEM BU3YyaIN3UpPYyeTCs HA HEKOTOPOM

KapTorpaduueckoi nomioxke [2, 4]. Boamoxna ogHoBpe-
MEHHAas BU3yaJIM3alisi MHOTUX HaKJIaJ(bIBAeMbIX JPYyT Ha
JIpyra cJI0eB, UMUTHPYIOIINX PA3JIMYHbIE BEKTOPA TEH30pa
TEOMArHUTHOTO TOJIsI, YTO B TO/IABIISIOIIEM OOJBIINHCTBE
CJIy4yaeB IPUBOANT K TIOBBIIICHUIO CIIOKHOCTH BU3YaJIbHO-
TO BOCHPHSITHSI HTOTOBOTO T'€OMPOCTPAHCTBEHHOTO H300pa-
JKEHMS, a TAKXKE HAKJIaIbIBACT OTIPEICIICHHBIE OTPAaHNICHUS
Ha COBMECTHOE HCIOIBb30BAHNUE AJISI PACCMATPUBAEMBIX
JTAHHBIX T€ONH(OPMALMOHHBIX HHCTPYMEHTOB.

[lenecooOpa3HO yYUTHIBATh CHEU(BUKY TIPEICTaBIe-
HU JAaHHBIX TECH30PHBIX noneﬁ, ‘ITO6BI JUIA OIITUMU3AllN
XpaHCHUA U BapUMaTUBHOCTU NPEACTABICHUA MCKOMBIX
apaMeTpoB IIOJIS IPUMEHSTh U OCEBYIO CTPYKTYpY CO-
OTBETCTBYIOIIETO TEH30pa, KOTOPBIN JUJIsl COBOKYITHOCTH
MPOCTPAHCTBEHHBIX TOUCK TAKXKE AEMOHCTPUPYET KaPTUHY
MIPOCTPaHCTBEHHO-BPEMEHHOTO PACIIPE/ICIICHNsI COOTBET-
CTBYIOIIHX [TAPAMETPOB.

MysbTHOCEBAas MOJE/Ib XPAHCHHUS JAHHBIX
TEH30PHBIX MoJIei

[TpuMeHUM KOMIDIEKCHYIO CTPYKTYpPY IapaMeTpoB TEH-
30pHOTO TOJISI B KQ4ECTBE OCHOBBI ISl CO3JIaHUsI MOJICIIH
MIPE/ICTaBICHHUS M XPAHCHHS COOTBETCTBYIOIINX JIAHHBIX.
B aT0i1 cBsI3M npeanaraeTcst CTpyKTypa, yCIOBHO Ha3BaH-
Hast MyJIbTUTOCEBOH. LIeHTpanbHBIM €e HEMEHTOM SIBIIS-
eTCsI HCTOYHHK TeONPOCTPAaHCTBEHHOW/Teo(hn3ndIecKoi
MHPOPMAIHH, JUII KOTOPOTO OCYIIECTBISIETCS XPAHEHHE
peructpupyemoii nHdopmarin. [Ipu 3ToM B KagecTBe 000-
3HAYCHHOI'O HEHTPAJIBHOTO KOMIIOHCHTA MyJ'lBTHOCCBOﬁ MO-
JCJIN MOXKET BBICTYIIaTh KaK HCTOYHUK, O6GCHC‘II/IB8.IOHII/II\/II
PETHCTPAIMIO HCKOMBIX [TapaMeTPOB B PEKHME PeaibHOTO
WM KBa3UPeaJIbHOTO BPEMEHH, TAK M HEKOTOPast U(poBast
MO/IeJIb, BBINIOJHSIONIAsI PACUET TEX K€ aTpuOyTHBHBIX
napameTpoB. Harpumep, B cirydae reOMarHUTHBIX JaHHBIX,
B KaueCTBE IIEHTPAILHOTO MIEMEHTA MOJICIIN MOXKET BBICTY-
IaTh MarHUTHast 00cepBaTOPHsl/BapHaIMOHHAs! CTAHIHS, B
peXHMME PEeaTbHOTO BPEMEHHN OCYILECTBIISIOIIAs PerucTpa-
IO TTapaMeTPOB MarHUTHOTO ITOJIs1 3EMJIM M €TO Bapua-
ruii. C apyToil CTOPOHBEI, B Cilydae (pU3NIECKOTO OTCYT-
CTBHSI MAarHUTOMETPA B TOM WJIM MHOW NMPOCTPAHCTBEHHOU
TOYKE, B KQU€CTBE PACCMaTpPUBAEMOr0 KOMIIOHEHTa MOJICIN
JIAHHBIX BBICTYINAET HEKOTOpasi MOAEIb WK HUPPOBOI
JIBOMHHMK MarHUTHOM oOcepBaropun/BapualliOHHON CTaH-
MM, MOZICJIMPYIOLIEH pacyeT aHaJOTHYHBIX TIApAMETPOB B
paccMmaTpuBaeMoOi MPOCTPAHCTBEHHOM TOYKE.

JIy1s KaXKJ10T0 LIEHTPAIBHOTO 3BE€Ha MOJICNIN JTaHHBIX
1oyt OPMHUPYIOTCSI TPU OCH JIAHHBIX, MPE/ICTABIISIONINE
co00i1 He3aBHCHMBIE Taphl BUA «aTpUOyT—3HAYECHHE».

KonnvecTBO map AaHHBIX IPHU 3TOM HEOTPAHUYEHO.
C y4erom crieriu(h)MKH JaHHBIX PaCCMaTPHBACMBbIX TEH30D-
HBIX T0JIEH IPeUIaracTcsl BBEIEHUE TPEX OCHOBHBIX OCEH,
JIOTHYECKH CBA3aHHBIX C 0003HAYEHHBIM IICHTPATbHBIM
AIIEMEHTOM/3BEHOM MOJIENH JIaHHBIX (puc. 1):

— CTaTu4Hasgd OCb MCTAaJaHHBIX, MMPE€AHA3HAYCHHAA JJIA
XpaHeHust HHQOpPMAIK 00 UCTOYHUKE JAHHBIX IOJISL.
[penmnonoxum, eciau paccMaTprBaeTCs MyJIBTHOCEBAs
MOJI€Nb TeOMarHUTHBIX JaHHbIX, B KOTOPOIl B Ka4eCTBE
LEHTPAJILHOTO AJIEMEHTA BBICTYIAeT MarHUTHast odcep-
BaTOpHs/BapualMOHHAas CTaHIMU, TO HA OCH METajIaH-
HBIX pa3MelaeTcst nHPopMalys: Ha3BaHHe o0cepBaTo-
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puH, ee reorpaduyeckrue KOOPJHMHATHI, BEJIOMCTBEHHAS
[IPUHAJUICKHOCTh, HCIOJIb3yeMOoe 000py0BaHuUe, 11ar
JUCKPETU3al1H, €IUHULBI U3MEPEHMUs], IPUHSTHIE 10-
IyIEHNs U TIp.;

— JIMHaMHUYECKasi OCh ONIEPATUBHBIX JTaHHBIX, OOecTIeYnBa-
IOMIast CTPYKTYPY U1l XPAHEHUS! TAaHHBIX, aKTyaJIbHBIX
Ha TEKYIINI MOMEHT BPEMEHH B COOTBETCTBHH C [IATOM
JUCKPETU3alMN NCTOYHNKA, KOTOPBIM ONpeseneH Ha
CTaTUYHOM OCH MeTafaHHBIX. /I TEKyero MoMeHTa
BPEMEHH pe3yiIbTaThl PETUCTPAIMY MU pacyeTa mapa-
METPOB Te0(pU3MYECKOTO TIOJIS JICKOMIIO3UPYIOTCS Ha
OTJIeJIbHbIC HE3aBUCHUMBIE TTaphbl BUJIA «aTprOyT—3Haue-
Huey. [Ipn aToM 3HaueHne arpuldyTa MOXKET OTCYTCTBO-
Barh (€CJIM 10 TeM MJIM UHBIM IPUYMHAM PEruCcTpalus
WM pacueT COOTBETCTBYIOILETO MapaMeTpa Mo OKa-
3aJIMCh HEBO3MOXKHBI). [TapameTpsl, XapakTepusyromue
TEKYILHI MOMEHT BPEMEHH, JIJII KOTOPOTO OIIPEAEIICHbI
COOTBETCTBYIOIIHE aTPHOYTHI C MX 3HAYECHHSIMH, 3a/1a-
10TCA B y31€ THna «BpemeHHas MeTKa», KOTOPBIi SBIIs-
€TCsl POIUTENLCKAM JIJISl BCEX Y37I0B, MPEICTABIISIONINX
aTpuOyThI MOJIS ¥ UX 3HAYCHHUS;

— CTaTW4Has OCh ApXMBHBIX JAHHBIX, MPEeIHA3HAUYCHHAS
JUIA CO3JJaHUS CTPYKTYPBI XPAaHEHHS JAaHHBIX B MOMEH-
ThI BPEMEHH, CIeayIomue 3a TeKymmM. [1o ucredenun
3aJJaHHOTO B METa/IaHHBIX I1ara JUCKPETU3aIMH BeTKa
JUHAMUYECKOH OCH ONEePaTHBHBIX JaHHBIX MEpeMella-
€TCsl B CTAaTUYHYI0 OCh apXUBHBIX JAHHBIX, CTAHOBSCH
y’Ke HOBOH BETKOH rocieanei. Takum oOpa3oM, Ha OCH
ApXMBHBIX JAHHBIX Pa3MEIIACTCs MHOKECTBO ITOCIEN0-

Value | Null

TimeTa;
= Value | Null

Datasource
TimeTag 1

Puc. 1. O60011eHHas cXeMa MyJIBTHOCEBOW MOJIENIN XPaHEHUs
JIAHHBIX TEH30PHBIX re0(U3NUECKUX MOJIeH: L — KOJIMYECTBO
aTpuOyTOB-METAaNAHHBIX; Ly, ..., L; — 3HAUCHUS KQKAOTO U3 k
arpubyToB L-if 0cH MeTaJlaHHbIX; N — KOJINYEeCTBO aTpulyTOB
1oJtst; M — KOIIMYEeCTBO 3apErHCTPHPOBAHHBIX MOMEHTOB
BPEMEHHU ISl TApaMeTPOB OIS

Fig. 1. Generalized scheme of a multilevel model for storing
data of tensor geophysical fields: L — number of metadata
attributes; Ly, ..., L, — values of each of the £ attributes of the
L-th metadata axis; N — number of field attributes;

M — number of registered time points for field parameters

BaTeJbHBIX y3/10B Buaa «BpeMeHHast MeTKa, Kax /bl

U3 KOTOPBIX COAEPIKUT CBOIO BETKY JOUEPHUX Y3JIOB C

COOTBETCTBYIOIIUMHY MTApAMETPaMH MOJISl U UX 3HAYECHU-

SIMHU.

[Ipu 3TOM OTMETHM, UTO TpejIaraeMas CTpyKTypa
MIPEATOaracT aTOMapHyI0 CTPYKTYpY 3HaueHHs aTpHuoOy-
Ta. B cirydyae KOMIIEKCHOTO mapamMeTpa, MpeanoIarao-
IIETr0 MHOYKECTBO 3HAYCHUH, HEOOXOIMMA JEKOMIO3HIIHS
aTpulyTa Ha OT/AENbHBIC COCTABIIAIONINE C aTOMAPHBIMHU
3HAYCHUSIMH.

CrarnyHas ¥ AUHAMHYECKast OCH JaHHBIX Ipearosara-
10T ()OPMHUPOBAHHE BIOKCHHON HEpapXUH B COOTBETCTBUH
C paHroM reo(U3MYECKUM I10JIEM, 3HAUCHHS ITapaMeTpOB
KOTOPOT0 HEOOXOANMO IPEACTaBUTh. KaxkoMy niapamerpy
CTaBUTCS B COOTBETCTBUE OTHENbHASA OCb JAHHBIX, ABIIS-
Ioiasics J0YepHell MO0 OTHOUIEHUIO K POAUTENBCKON OCH,
B KaueCTBE KOTOPOIl BBHICTYHAEeT HEIOCPEACTBEHHO OCh,
COOTBETCTBYIOIIAsl BpeMEHHOH MeTke. Tak, B 4aCTHOCTH,
pa3lIoKEHUE TEH30pa TPETHETO TOPSAKA Ha Taphl «aTpH-
OyT—3Ha4eHHe» MPOUCXOAUT CIIeAyIomuM oopazom. ITycts
TEH30p TPETHETO MOPSIKA MPEACTABISIET COOONH MHOKECTBO
JTAHHBIX, T KaXIbIi AIEMEHT OIpe/IeeTCs TPeMsI HHICK-
camu. Hanpumep, /151 TeOMarHUTHOTO TOJISI MOTYT OBITh
HCTIOJIB30BaHbI KOMIIOHEHTHI MOJIS 10 TpeM ocsaM (X, Y, Z),
BPEMEHHBIE TIPOU3BO/IHBIE ITUX KOMIIOHEHT WU B3aUMHBIE
Koppessinun Mexxay Humu (puc. 2). J{ist dopmupoBanus
IpeasIaraéMoi CTPyKTypbl AJIs KaXJI0T0 MOMEHTa BpeMe-
HU co3JaeTcs y3en Buja «BpemeHHas MeTka», KOTOPBII
CIy’)KUT POAMUTEIILCKUM 3JIeMeHTOM. Jlanee KaxIblii KoM-
MOHEHT TEH30pa CTAHOBUTCS OTJCIBHBIM aTpuOyTOM, a
3HAUCHNE KOMIIOHEHTA CTAaHOBUTCS 3HAUCHHWEM aTpuoyTa.
Boigenennsie arpuOyThl TPYNIUPYIOTCS MO POIUTEINb-
CKUM Yy3JI0M «Bpemennas metka». [Ipu 3TOM B KOHTEKCTE
TEOMAarHUTHOTO TIOJISI OTMETHM, YTO:

— KaXIIpli aTpuOyT MMeeT YeTKoe (PH3UIEeCKOe WIIM MaTe-

MaTH4ecKoe 3HaUCHHCE;

— 3HAYEHUS] MOTYT OBITh KaK YMCIOBBIMHU, TaK U OTCYT-
crBoBarh (null);
— CTPYKTypa OCTaeTCsl HEU3MEHHOM JUIs KaX10TO0 MOMEH-

Ta BPEMEHH.

Bce arpu0yThl npuBs3aHbl K KOHKPETHON BPEeMEHHO
metke. [Tocie 3aBeprieHus TEKyIEro MOMEHTa BPEeMEHH
BCsI BETKa C aTpUOyTaMu IIepPEeMEIaeTCsl B CTATHIHYIO OCh
ApXMBHBIX JIaHHBIX, I7I€ CTAHOBHUTCS OJHUM U3 MHOXKECTBA
HCTOPHYECKHX Y3JI0B.

JlaHHBIE CTATUYHON OCU HE MEHSIIOTCSI WM MEHSIOTCS
KpaiiHe peziko. B cBsi3u ¢ 9TUM (r3nUecKoe MpeicTaBlIeHue

BpemeHHas MeTka (2025-03-17 16:24:42)
}— X_component: 25672 HTn

}— Y_component: 12345 HTn

}— Z_component: -4321 uTn

}— dx/dt: 0.5 wTn/c

}— dy/dt: -0.3 HTn/c

}— dz/dt: 0.1 wTn/c

}— X_Y_correlation: 0.75

}— X_Z_correlation: -0.2

}— Y_z_correlation: 0.6

Puc. 2. TIpumep CTPYKTYpPbI JaHHBIX TCOMArHUTHOTO HOJISL TSI
38/IaHHOTO MOMEHTA BPEMCHH
Fig. 2. An example of the data structure for a geomagnetic field
at a given moment in time
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9TUX JIAHHBIX JOJDKHO OBITH OPraHM30BaHO TaKUM 00pa3oM,
4T0OBI MaKCUMaJIbHAS! BEIYMCIIUTEIbHASI CKOPOCTh JOCTHU-
rajiach Ipy U3BJICUCHUH JIAaHHBIX B OOJIBIICH CTENEHH, YeM
MIPY BHECEHUU HOBBIX MM PEIAKTUPOBAHUU y’KE BHECEH-
HBIX 3HAYCHUH MapaMeTpOB METaaHHbIX.

B 1poTHBONOIOKHOCT CTATHYHON THHAMHYECKAsl OCh
TO/Ipa3yMeBaeT OllepaTHBHOE M3MEHEHHUE W/WIIA J00aB-
JIeHUEe XpaHUMBIX JaHHBIX. [Ipu perucrpanuu/pacuere
HCKOMBIX aTpUOYTHBHBIX 3HAYEHUN OHH JIOJKHBI C MUHHU-
MaJIbHOH 3a/IeP)KKOM OBITH MPEICTABICHBI HA JMHAMUYC-
CKOHM OCH TaKUM 00pa3oM, YTOOBI y4acTBOBATh B aIbHEH-
1IeM B OIIEPaTUBHOM IIPUHATUY PELLIEHUI HAa 3TOM OCHOBE.
CoOTBETCTBEHHO, (pU3MUECKas pealin3alus paccMarpu-
BaeMOi OCH IpearnonaraeT HeoOXoAUMOCTh 00eCIIeYeHUS
MaKCHMaJIbHO BO3MOKHOW BBIUUCIIUTENLHON CKOPOCTH Ha
J00aBJICHNE W HETIOCPEICTBEHHO M3BICUCHHE MCKOMBIX
3HaUeHUH aTprOyTHBHBIX APaMETPOB.

PaccMmoTpuM cTpyKTYpy CBs3eH MEXIy y3JIaMH U UX
MIPUBS3KY K OCAM Ha NMPUMEPE JaHHBIX T€OMAarHUTHOTO
IOJIsT, ATl HEKOTOPOTO MOMEHTa BpeMeHH (puc. 3). 3mech
LIEHTPAJIbHBII 3IEMEHT SIBISETCS KOPHEBBIM Y3JI0M, OT
KOTOpOro OepyT Hadajao TPH OCHOBHBIC OCH: CTaTWUYHAs
OCh ME€TaAaHHBIX (He MCHACTCA BO BPEMECHHU, OTpAXKACT
MOCTOSTHHYO0 HH(POPMAIHIO 00 HCTOYHUKE TAaHHBIX, TCX-
HUYECKUE XapaKTePUCTHKU 000PYJOBaHHUS, TapaMeTpPhl
cOopa JIaHHBIX ); JMHAMUYECKast OCh ONIEPATHUBHBIX JIAHHBIX
(oTpakaeT TeKylIue W3MEPEHUs; ISl TeKYIero MOMEHTa
MMeeT KOPHEBOH y3en Buaa «BpeMeHHas MeTKka», OT HEro
OTXOZST Y3JbI C TapaMeTpaMH I10JIs; OCh OOHOBIISIETCS B
COOTBETCTBHH C IIIarOM AMCKPETU3AIMHN); CTATUYHAs OCh
apXMBHBIX JaHHBIX (OTPaKaeT MCTOPHUYECKHUE AHHBIC,
COAEPXKUT HEKOTOPYIO MTOCIIEN0BATENBHOCTD Y3JI0B BUAA
«BpemeHHas MeTKa» 110 aHAJIOTUH C JUHAMUYECKON OCBIO,
OJTHaKO J100aBJIeHHE AAHHBIX OCYIIECTBISETCS 10 Mepe
WCTEUEHUS TEKYIIETO MePUoa).

graph TD
A[UeHTpanbHuii aneMeHT] ——> B[CTaTuuyHas oCb MeTagaHHbIX]
A —-—> C[[4HaMM4yeckas 0Cb ONepaTMBHLIX AAHHbIX]
A -—> D[CTaTu4Has OCb APXMBHbIX AaAHHbIX]

-—> B1[Ha3eanue obcepsaTtopuu]

-—> B2[leorpapuyeckue koopavHaThl]
——> B3 [BepoMcTBEeHHas NpUHAANEXHOCTb]
-—> B4 [Ucnonb3yemoe obopypnosanue]
-—> B5[Wlar puckpeTusauuu]

—-—> B6 [EpuHuubl uamepenus]

D om ™

(g}

-—> C1["BpemeHHas MeTka (Tekywas)"]
C1 ——> C2[X_component: 25672 HTn]

Cl —> C3[Y_component: 12345 HTn]

Cl1 ——> C4[Z_component: -4321 HTn]

C1 ——> C5[dX/dt: 0.5 HTn/c]

D ——> D1["BpemenHas meTka (t-1)"]
D1 —> D2[X_component: 25668 HTn]
D1 ——> D3[Y_component: 12342 HTn]
D1 —> D4[Z_component: -4323 HTn]
D ——> D5["BpemeHHas MeTka (t-2)"]
D5 —> D6[X_component: 25670 HTn]

Puc. 3. [Ipumep pacnpeneneHus JaHHBIX T€OMarHUTHOTO
OJISI TTO CTATHYHOM U IWHAMUYECKON OCSIM TAHHBIX U OCH
MeTa/laHHBIX (B 00IIEM BU/IE)

Fig. 3. An example of the distribution of geomagnetic field data

along the static and dynamic data axes and the metadata axis
(in general)

B pamxkax npezmiaraemoil Moaenu npeamnonaraercs B3a-
MUMOJICHCTBHE MEXK/y CTATHYHON OCBIO apXHUBHBIX JIAHHBIX
W TUHAMHYECKOH OCBIO ONEPaTHBHBIX JIaHHBIX, OPTaHU-
30BaHHOE TaKMM 00pa3oM, YTO JIaHHBIE MOCIETHEN mepe-
MEIIAI0TCS B PACCMATPUBAEMYIO OCh TI0 YMOJYaHHIO 0e3
Kakux-1r0bo m3mMeneHuit (puc. 4). IIpu sTom ipu He0OX0-
JUMOCTH BO3MOXKHO BBEJCHHE JOIOJHUTEIBHOTO y3/1a B
paccMarpuBaeMyIo MOJIENb, 00ECTIEYHBAIOIIYI0 00PaOOTKY
U TpaHC(OPMALIUIO JAHHBIX ANHAMUYECKOH OCH B JaHHbIE
CTaTU4YHOM.

[TepemerieHue y3iia JMHAMUYECKOH OCH B CTAaTUYHYIO
OCYIIECTBIISCTCS B ABTOMaTHUECKOM PEKHUME C UCIIOIb30-
BaHMEM CIELUAIM3UPOBAHHOTO TPUTTEPHOTO MEXaHU3MA.
[Tocnennuii siBIsIETCS MapaMETPU3NPOBAHHBIM U HACTpau-
BaeMBIM, ITOCKOJIbKY B CBOEM (DYHKIIMOHHPOBAHUH ONUpA-
eTcs Ha 3HaUCHME II1ara ANCKPETH3aIi1, KOTOPBIH, B CBOIO
ouyepe]p, TOJKEH OBITh TNO0 3aJaH Ha CTAaTUYHOW OCH
METaJlaHHbIX COOTBETCTBYIOIIETO Y313, MO0 onpeneseH
MIPOTPaMMHBIMH HaCTPOMKaMHU TPUTTEPA, OMPEIEITIOIHN-
MH «BpeMsl KHU3HW» y3J1a TUHAMUYECKOH OCH OIepaTHB-
HBIX JaHHBIX. OTMETHM, 4TO B KaX/blil MOMEHT BPEMEHH
MIPY 3TOM Ha JTMHAMHYECKOH OCH ONEpaTUBHBIX JaHHBIX
BO3MOJKHO ITPUCYTCTBHE OJJHOTO M TOJIBKO OJJHOTO y3Ja C

Ty

>AT

n

Puc. 4. Cxema B3aMOJCHCTBHSI MEKIY CTATUIHOM
Y TMHAMUYECKON OCSIMU MOZIENN JAHHBIX: 1; — i-ii MOMEHT
BPEMEHH; kK — TOPSIKOBBI HOMEP MOMEHTA BPEMCHHU;
AT — BpemenHoi#t untepsai;, ID — uaeHTudukatop ysna

Fig. 4. Diagram of interaction between static and dynamic
axes of the data model: 7; — i-th moment in time; X — serial
number of the moment in time; A7 — time interval; ID — node
identifier
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3a/laHHOM BpeMeHHO! MeTKoH. [Ipu aToM Ha cTaTHYHOM
OCH apXMBHBIX JJAHHBIX KOJINYECTBO y3JIOB HE OIPaHUYEHO
HU BEpXHEH, HU HIDKHEH IiaHkoi. EnquHCcTBEHHOE yCio-
BHE, KOTOPOE 00s13aTeNILHO JI0JKHO OBITH COOIOAEHO TIPH
peann3anuy MOJEIH JaHHBIX, 3aKITI0YaeTCS B TOM, YTOOBI
00eCreunTh OTCYTCTBHE MyOIMKATOB y3JI0B C OJTHOMMEHHBI-
MH BPEMEHHBIMH METKaMH Ha OJHOI CTaTHIHOW OCH IJIs
3aJJaHHOTO AK3EMIUTAPA [IEHTPAIBHOTO JIEMEHTA COOTBET-
CTBYIOLLEH MOZEIIH.

PaccMoTpuM (pyHKIIMOHUPOBAaHHE MapaMeTPH3UPO-
BAaHHOTO TPUITEPHOTO MEXaHM3Ma Ha MPUMEpPEe CHCTEMBI
MOHHUTOPHHIa T€OMArHUTHOTO TOJIA C IIarOM AUCKPEeTH3a-
1y 1 4. B HauanbHBIA MOMEHT BpeMeHH #, = 14:00 dop-
MUpyeTcsi 6a30Basi KOHPUIYpaLus CHCTEMBI, BKIFOUAIOIIast
LEHTPAJIBHBINA AJIEMEHT, CBA3aHHBINA C METAaJaHHBIMU U
JUHAMHUYECKON OCBIO, COAEPIKAILEH, B CBOIO OUEPEb, y3EI
C BPEMEHHOI METKOH f, ¢ KOMIIOHEHTaMH ['€OMarHUTHOI'O
monst (X, Y, Z). B o0rmmieM Buie TpUTTEPHBINA MEXaHU3M 0a-
3UpyeTcs Ha HEKOTOPO# (DYHKITUH TeKyIIero BpeMeHu 7(f),
B KOTOPOW BPEMEHHOM IapaMeTp ONPEAENSIETCS LaroM
JUCKPETH3alun A, T. €. JUIsl #-TO 11ara UIMeeT MeCTO COOT-
HOILIEHUE BUAA: ¢, =t + nAt. AKTUBAIIUS TPUITEPHOTO Me-
XaHU3Ma MIPOUCXOIUT NPU AOCTUKEHUNU ycioBus 1(f) = t,.
B nponomxenue npumepa B MOMEHT BpeMmeHu ¢ = 15:00
MIPOUCXOIUT MOCe0BaTeIbHAsl AKTUBAIUS TPUTTEPHOTO
MEXaHU3Ma, BKIIIOYAIOILast IPOBEPKY YCIIOBHUSA £ = # + Af,
apXUBALHIO Y3714 C METKOM ) B CTATHYHYIO OCh U CO3/]aHHE
HOBOTO y3J1a ¢ B TMHaMu4aeckoit ocu. ITocie cpabarbiBanmst
TPUITEPA CTPYKTYpa JaHHBIX TPaHCHOPMHUPYETCsl, 00pazys
HepapXrUuecKylo CHCTEMY, /i€ ICHTPAIbHBII JIEMEHT CBS-
3aH KaK ¢ IMHaMUYECKOH OChI0, COEp KALLEH aKTyalIbHbIH
y3eq ty, TaK U CO CTaTUYHOM OCBIO, BKIIIOYAIOLIEH apXHB-
HBIN y3en ¢,. [Ipu nocnenyromem T0CTHKEHUHM MOMEHTA
BpeMeHH ¢, = 16:00 mporecc MoBTOPsETCsI, YTO MPUBOAUT
K JalpHEeHIIeMy pacIIMPEeHHUIO CTaTHYHONW OCH 3a CYeT
J00aBIeHNUs y3ia ¢ U OOHOBICHUIO TUHAMUYECKOH OCH
HOBBIM Y3JIOM £;.

CraruuHasi Ocb METa/IaHHbIX NIPEAHA3HAYEHA JUIS TIPE-
CTaBJICHUsI OCHOBHBIX JTAaHHBIX 00 MCTOYHHMKE U MEHSCTCS
Kpaiine peako. OTMETHM, YTO TaHHBIE CTATHYHON OCU Me-
TaJIaHHBIX SIBIISIFOTCS. OCHOBHBIM HCTOYHHKOM T'€OIPOCTPAH-
CTBEHHOM MH(OPMAINH, XapaKTEPU3YIOIIEi COOTBETCTBY-
IOIIYI0 TEOMPOCTPAHCTBEHHYIO PUBSA3KY UCTOUYHHUKA (B
BHUJIE TTapbl reorpauecKnX KOOPIHMHAT — HINPOTHI U J01I-
TOTBI) MJIM TAPaMETPOB OIS (3HAYEHUS TTAPAMETPOB TIOJIS
00s13aTEeNIFHO JIOJKHBI pacCMaTPHUBAThCS B KOHTEKCTE COOT-
BETCTBYIOLIEH I€ONPOCTPAHCTBEHHOM TOYKH HJIH O0JIACTH).

Takum 00pazom, pyHKIIMOHMPOBaHKHE CHCTEMBI 0OectIe-
YMBaET JIETEPMUHUPOBAHHOE MEPEMEIlICHHE JAHHBIX MEKIY
0CsIMH, MOAJEPKAHUE L[ETOCTHOCTU BPEMEHHBIX PsJIOB,
aBTOMaTHUYECKOE MacIITaOMpOBaHHUE XpaHEHHs MH(pOpMa-
LMY IPU COXPAHEHUU FE€ONPOCTPAHCTBEHHON MPUBS3KU U
o0ecIIeyeHNN YHUKAIBHOCTH BPEMEHHBIX METOK.

Oco0eHHOCTH MPOrPaMMHOIi peaju3anuu
MYJILTHOCEBOI MOJe TN JaHHBIX

B Hacrosiiee Bpemst JaHHbIe TeOPHU3MUECKUX MTOJIEH
TPaJULUOHHO MPEJICTABIECHbI B XPAaHMINIIAX, UMEIOLINX
peNAnuOHHYI0 CTPYKTYpy [13—15]. BmecTe ¢ TeM TeH30p-
HBII XapakTep JaHHbIX, & TAKXKE IPAKTUIECKH CTaTUIHBIN

Ha0Op METaJaHHbIX MPE/IIoIaraloT He0OXOAUMOCTD BBE/Ie-
HUSI MTHOTO TPECTaBJICHUs] MH(POPMALNH, YIUTHIBAIOIIETO
HepedrciIeHHbIe 0cOOeHHOCTH. [IpuMeHeHre pessoHHOM
CTPYKTYPBI IIPE/ICTABIISICT H30BITOUHBIC METaJaHHBIE COOT-
BETCTBYIOIIUX TAOJHII U CBSI3¢H MEXKITy HUMH, YTO YBEIIU-
YUBACT PACXOJBI AUCKOBOTO MPOCTpaHCTBa. Kpome Toro,
ncKoMas MH(pOopMaIHs pactpeneseHa o MHOTHM HOpMa-
JN30BaHHBIM TaOJIHIIaM COOTBETCTBYIOMIEH PENAIIHOHHON
6a3pl, 9TO B 00IIEM ciydae MPUBOAHUT K 3HAYUTECIEHOMY
YBEIHUCHUIO CIOKHOCTH 3alIPOCOB, TTOCKONBKY TaHHBIC
Heo0XomMo co0parh 13 MHOXKECTBA pa3HbIX Tabmuil. [Ipu
3TOM HEOOXOJUMBIE JJIsl BBIIIOJTHEHUS 3alIPOCOB ONEpaLuu
COC/IMHEHUS! TaOIHI TPEOYIOT OOJBIINX 3aTPaT BBIYHCIIHU-
TENBHBIX PECYPCOB, YTO B LIEJIOM TaKXKe MOKET HEraTUBHO
CKa3aTbCs Ha IPOU3BOJUTEIBHOCTH.

[IpencraBmnsercs 1enecoo0pasHbIM I peamn3aun
MPEITIOKEHHON MOJIETN MCIOIB30BaTh (GOopMaT, YIUTHI-
BAaIOIIMI APEBOBUIHYIO CTPYKTYPY JAAaHHBIX, a TaKKe Te-
OTIPOCTPAHCTBEHHYIO M BPEMEHHYIO NMPUBA3KH paccMa-
TPUBAEMBIX IIPU 3TOM MapamMeTpoB oJid. B HacTosei
paborte s mpeAcTaBiIeHUsS U 00pabOTKH pa3IMIHBIX
JAHHBIX W3 TPUKIAIHBIX 00JacTeit ObUT BRIOpaH opmar
XML (eXtensible Markup Language, pacuupsieMbli s3bIK
pa3metkn) [16-18].

Kax1bIii UCTOUHMK JAHHBIX C YHUKAJIHHBIM (B TOM
YHcie CyppOraTHbIM MIASHTH(PHUKATOPOM), JINOO reomnpo-
CTpaHCTBEHHAs NPUBsI3Ka (Takxke [uisl ynoOCTBa CONpPOBO-
JKJ1aeMast HEKOTOPBIM HJICHTH(HKATOPOM ) SIBIISICTCS] KOPHEM
COOTBETCTBYIOIIIETO JIEPEBa, 2 OCH METAJaHHBIX U JaHHBIX
(craTmyHast 1 TUHAMUYECKas ) — JTOYCpHUMH y3lamu. Bee
mapbl JaHHBIX W METaJaHHBIX QopMaTa «aTpudyT—3Haue-
HHUE» SBIISIOTCS COCETHUMH MEXIY CO00i M OTHOCSTCS K
OJTHOMY H TOMY K€ POAMTEIBCKOMY Y3y IEpPBOTO YPOBHS,
COOTBETCTBYIOIIEMY CTaTUYHON WJIM TUHAMUYECKOU OCH
JITAaHHBIX WJIM METAJaHHBIX COOTBETCTBEHHO.

Jis popmaninzanuu CTpyKTyphl COOTBETCTBYOILETO
XML-n10kyMeHTa BBINOIHEHO €€ onucanue B Buae XML-
cxemsbl popmarta XSD [19]. [IpuMeHeHHE TaHHOW CXEMBI
TMIO3BOJIMJIO KOHTPOJIMPOBATH ITpo1iecc GOPMUPOBAHHUS 10-
KyMEHTa TaKMUM 00pa3oM, 4TOOBI HE JIOMTYCTHTh BHECECHHS
M30BITOYHBIX U3MCHEHUU B UTOTOBYIO CTPYKTYpY, U HE
MU3MEHHTD IEMEHTOIICHTPHYHYIO apXUTEKTYPy JOKYMEH-
Ta. [IpoBepka TOKyMEHTa Ha BaJUIHOCTH (COOTBETCTBHE
XSD-cxeme) DoMKHA BBITOTHITHCS KaXKABIA pa3 mpu Gop-
MHUPOBAHWN HOBOW CTPYKTYPHI (ITOSBICHUH HOBOTO HCTOU-
HUKa, PETUCTPAIlNU HOBBIX JAaHHBIX, U3MEHEHUHN y3JI0B
CTaTUYHOM OCH apXUBHBIX JAHHBIX H IIP.).

3anpoc K JaHHBIM TOJIeH 110 MPOCTPAaHCTBEHHO-BPEMEH-
HBIM NTapaMeTpaM MpeArnosaraeT nepeMelieHre MoucKoBo-
To Kypcopa IO 0CSM COOTBETCTBYIOLIEH MOJENH JTaHHbIX.
C yueroM XML-cTpyKTypbl JOKYMEHTA, pEalu3yOLEero
paccMaTpruBaeMylo MOJIEb IPUMEHHUTEIBHO K Te0pH3H-
YECKUM ITOJISIM, 3aIIPOCHI [IEIeco00pa3HO Pean30BhIBATh
B BHJI¢ KOHCTPYKINN Ha ocHOBe crenudukanuit XPath
[20, 21], yauTBIBarOINX IPEBOBUIHYIO OpTaHU3AIINIO TaH-
HbIX B XML-0KYMEHTE U COOTBETCTBYIOILEN MOJEIIH.

Ouenka 3()peKTHBHOCTH NMPEAT0KEHHOT0 perieHs

OL[GHKa 3(1)(1)6KTI/IBHOCTI/I MPEAJIOKCHHOTO PEUHICHUSA 10
OopraHu3ali XpaHCHHUSA NAaHHBIX FeO(i)I/IBI/I‘IeCKI/IX moJieit
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P. Bopob6beBa, A.B. Bopobbes, O. Opnos

Ha OCHOBE MYJIETHOCEBOW MOJIENI ObLIa BBITIOJIHEHA TO-
CPEACTBOM CPAaBHEHHMS BBIJCJICHHBIX METPHK KauecTBa C
WHBIMH NIPAKTUKYEMbIMH B HACTOSIIEE BPEMs OAXOAAMHU
K XpaHCHHIO aHAIIOTUYHBIX TAaHHBIX. J{J1s poBeieHNs BbI-
YHUCIIUTEIBHBIX IKCIIEPUMEHTOB ObLT ChOPMHUPOBAH HAOOD
TE€OMArHUTHBIX JaHHBIX, 3apPETUCTPUPOBAHHBIX C LIATOM
JUCKPETH3allMK B | ¢ MArHUTHBIMU 00CEPBATOPHUSIMH U
BapHAIOHHBIMH CTAHIIMSIMHA TTpoekTa SuperMAG, Hacun-
TBIBAIOIEM B 001Iel ciaokHOCTH Oostee 350 MCTOUHMKOB
JIAHHBIX.

Jyiss cpaBHHUTENBHOW OLIGHKH B Ka4eCTBE OCHOBHBIX
METPHUK KauecTBa OBUIM OINpPEeNICHbl CKOPOCTh MOJTyye-
HUSl JIaHHBIX M3 XpaHWJIUINA 10 OAHOMY M HECKOJIBKHM
MIPOCTPAHCTBEHHO-BPEMEHHBIM IlapaMerpam (Ipeauka-
TaM) COOTBETCTBEHHO (OJHONPEAUKATUBHBIC U MYJIbTH-
MIpEMKATUBHBIC 3aIIPOCHI), @ TAKIKE CKOPOCTh BHECEHUS
HOBBIX T€OMAaTHUTHBIX JIAHHBIX B T€ XK€ XpaHWJIHUINIA.
BoruncnurensHble SKCIIEPUMEHTHI BBITOIHSAINCH HA MIPHU-
Mepe MPEUIOKEHHOTO PEIICHNS, & TAKKE PEIIIHOHHOTO
MIPEICTABICHHS] TEOMAarHUTHBIX JaHHBIX (COBOKYITHOCTH
CBSI3aHHBIX TAOJIUII, TOCTPOEHHBIX C UCIIOIb30BAHUEM CH-
cteMsl yrpasierns 6azamu qaHHbIxX (CYB/]) PostgreSQL)
U TPEJICTABJICHUSI JJaHHBIX B BHJIE COBOKYITHOCTH TEKCTO-
BbIX CSV-daitnnoB, 10CTyIl K KOTOPBIM MPEAOCTABISLET-
Csl IOCPEJCTBOM CIENHAIN3UPOBAHHOTO MPHUKIATHOTO
nporpammuoro unrepdeiica (Application programming
interface, API) (cepBuc npoekra SuperMAG Juis si3bIKa
nporpammuposanust Python). Mynsriocesast Moienb qaH-
HBIX TeO(HU3UICCKUX ToJeH Oblta peamnzoBaHa B XML-
¢dopmare mox ynpasienuem CYBJ] Sedna [22, 23].

Jis ipoBeieHUsT BBIYMCIUTENBHBIX SKCIIEPUMEHTOB
OB pa3paboTaH MCCIEeN0BATEIBCKUH MTPOTOTHN BeO-0-
PHEHTHPOBAHHOTO MPUJIOKEHUsSI, 00€CIEINBAIOIIETO BHE-
CEHHME TEOMArHUTHBIX JaHHBIX B XPAHWJIHIIE 33JaHHOTO
THUIIa ¥ U3BJICYCHUE JAHHBIX 110 33JaHHBIM IapaMeTpam.
[TockosbKy 3a/laua BU3yaJIn3alliy JaHHBIX [IPH ATOM He
paccmarpuBaliach, pe3yJIbTaT BBIIIOJIHEHHS 3alIPOCOB ObLT
MIPECTaBJIEH MPOCTHIM BapUAHTOM 3arpy3ku chopmMHupo-
BanHOTO (paiita KML/KMZ [24, 25] Ha KIHEHTCKOI CTOpO-
He. VccnenoBanmst IpOBOMIINCH Ha KITMEHTCKOW CTOpOHE
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C MpUMEHEeHHeM TepcoHanbHoro kommneiorepa (CPU Intel
Core 15 10300H I'T', oneparusnas namsits 4 I'b, ckopoctb
HUHTEpHET-coeanHeHHS ~52,4 MOUT/C 1 Ha CEpBEPHOM CTO-
poHe — Ha 0a3e BeO-cepBepa ¢ mporeccopoM 72* Intel(R)
Xeon(R) Gold 6140 CPU @ 2.30GHz).

B pesynbrare mpoBeneHNs BBIYACIUTEIBHBIX dKCIIE-
PUMEHTOB Ha Pa3IUYHBIX HAOOpax m 00beMax HaHHBIX
reopu3NIeCKUX Moyield OBUIO YCTaHOBJICHO, YTO MPHME-
HEHUE MYJIBTHOCEBON MOJIETIN JAHHBIX [UI XpPaHEHUS pac-
CMaTPUBAaEMBbIX JIaHHBIX MTO3BOJHUT MOBBICUTH CKOPOCTh
BBITIOJIHEHUSI OJTHOTIPEIMKATUBHBIX 3ampocoB Ha 25,7 %,
MYJIBTHIPEIUKATUBHBIX 3ampocoB Ha 20,1 %, 3anpocos
Ha BCTaBKy HOBBIX 3amuceil B cpenHeM Ha 21,3 %, uto
MOATBEPXKIAET 11eJ1eco00pa3HOCTh peaTu3altu Ipeio-
JKEHHOT'O PELICHHUSI.

3akaouenue

JlanHbIie Te0()U3UUECKUX MOJICH B HACTOSINEE BPEMs
SIBJISIFOTCSL OCHOBHBIM MCTOYHHKOM MH(OPMAILUU O CIOXK-
HBIX IIPOIleccax, MPOTEKAIOIINX Ha 36MHOM MOBEPXHOCTHU
U 32 ee ImpejellaMy, a TakKe HMIMPOKO MCIOJIb3YIOTCS B
3a7a4ax MH(OOPMALMOHHOMN MOANEP)KKH TPHHSATHS pele-
HUH. B 5TO# CBsI3M akTyanbHa 3a/1a4a COBEPILICHCTBOBAHMS
M3BECTHBIX MO/IXO/I0B K OPTaHN3AINH ¥ XPAHEHHUIO JaHHBIX
reo(pU3UIECKUX TOJICH TaKiM 00pa3oM, 9TOOBI 00ECTICUNTh
TIOBBIIICHHE ITPOU3BOUTEIHBHOCTH PA3INIHBIX 3aITPOCOB K
COOTBETCTBYIOIIUM 0a3aM JIaHHBIX.

B pabote npeutoxkeHa MynbTHOCEBAsI MOJEIb JAHHBIX
reo(pU3nUECKHX IMoJieil, OCHOBaHHAsI HAa MEepapXHUECKUX
CTPYKTypax AaHHBIX U JIEMEHTOICHTPHUYHON pa3MeTKe
nH(pOpMAaLUH, OTIIMYAIOLIAsCS TEM, YTO B COOTBETCTBHH C
TEH30pHOI MHOTOKOMIIOHEHTHO! CTPYKTYpOil moneit BBo-
JUITCSL CTaTUYHAsI ¥ AMHAMHYECKasi OCH, KOTOpbIe OepyT Ha-
4aJIo B LIEHTPAJILHOM Yy3J1€, COOTBETCTBYIOLIEM UCTOUHUKY
JTAHHBIX, ¥ TTPEAHA3HAYCHBI U IPE/ICTaBICHUS METaJaH-
HBIX, OTICPaTHUBHBIX M apXUBHBIX JaHHBIX, B3aUMOJICHCTBHE
MEXIy KOTOPBIMH OCYIIECTBIISICTCS HAa YPOBHE (POHOBBIX
MIPOIIECCOB C yYaCTHEM IPOTPAMMHBIX TPUTTEPOB C TEM-
MOPATbHBIMU MTPEANKATAMH.
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AHHOTANMA

Beenenue. lccnenoBansl BO3MOKHOCTH TPAaHUIHOHN OLEHKH HAIEKHOCTH KIIACTEPA, COCTOSIIETO 3 MHOXKECTBA Y37I0B,
Ka)KIBIH 13 KOTOPBIX MOXKET HAXOANUTHCS B 3HAYUTEIEHOM YUCIIE COCTOSHHM, PA3INYAIONIUXCS IPON3BOANUTEIFHOCTEIO
BEITIOJTHEHUST TPeOyeMbIX (DYHKIHUH U CPEIHUM BPEMEHEM BOCCTAHOBIICHUS JI0 UCIIPABHOTO COCTOSIHUS y3ma. OeHka
HaJIe)KHOCTU TAKOU KJIACTEPHOU CHCTEMBbI Ha OCHOBE MAapKOBCKUX IIPOLIECCOB 3aTPyJHEHA Ha 3Tale IOCTPOCHUS
JarpaMMBbl COCTOSIHUI M TIEPEX0JI0B M3-3a OOJIBLION ee pa3MepHOCTH. TPYJHOCTH IOCTPOCHHS MOJIEIN 0COOEHHO
BO3pacTaeT NP OrPaHUYEHHOM BOCCTAHOBJICHUH Y3J10B, IPUBOIAILEM K OUepeid Y3108, TPEOYIOLIUX BOCCTAHOBIICHUSL.
IIpeononers yka3aHHy1O TPyAHOCTb IO3BOJIAET MpeanaraeMslii noaxon. IlpencraBieHHbli MOAXOM MPENYCMATPUBAET
JEKOMITO3UIINIO MapKOBCKOM MOZENH KJacTepa U MOATAMHOE MOCIEe0BATEIbHOE YTOYHEHNE BEPXHE 1 HIKHEN
TPAaHUYHBIX OLEHOK HAJEKHOCTH KJIACTEpa C y4EeTOM BIHSHHUS HA 3aMEJIEHHE BOCCTAHOBICHHUS Ka)KIOTO y3la
KJIacTepa Apyrux ero y3inos. MeToa. OcoOeHHOCTD MpeiaraeMoro Moaxo/a 3aKkIlo4aeTcs B ICKOMIIO3UIUH MOIETH
C BBIJCICHUEM HEKOTOPOr0 OTACIBHOIO y3Ja KjlacTepa U MOCTPOCHUU €ro MapKOBCKOI MOJENH C BBEJCHUEM
COCTOSIHMH OXKHMJIaHWs Hadasjia BOCCTAHOBJIICHUH y31a N3-3a 00CITy)KMBaHHUS OYePEe/I Ha BOCCTAHOBIICHHUE IPYTHX paHee
OTKa3aBLIMX Y3J10B Ki1acTepa. OnpenenuB Ha MapKOBCKOM MOJIEIIHU BBIJICJIEHHOTO y3J1a BEPOSATHOCTU BCEX €r0 COCTOSIHUM,
YUUTBIBasE UACHTHYHOCTb BCEX Y3JIOB KJlacTepa, Ha 0CHOBE (opMyIibl epebopa rHIoTe3 ONpeACIsIIOTCsl CPeJHIe
3aJepKKM 10 BOCCTAHOBIIEHUSI MCIPABHOTO COCTOSHUS OCTAllbHBIX Y3J0B KJIAaCTePa, UMEIOUIMX PaHEe BO3HUKIINE
OTKa3bl. BeruncaeHHbIE CpefHIe 3a0epKKH HCIOMb3YIOTCS Ha CIEAYIOLIEM dTale pacueTa MapKOBCKOI MOJENH y3ia
C YTOUHEHHEM 33aJCP>KKH Hadajla BOCCTAHOBICHHUS BBIACICHHOTO y3JIa M3-3a BIMSAHUSA OUYEPEIN BOCCTAHOBICHUS
OCTAJILHBIX y3710B Kitactepa. OcHOBHBIE pe3y abTaThl. Ha ocHoBe npesaraemMoii Mozenu JaHa oreHKa ko3 Quimenrta
TOTOBHOCTH KJIacTepa, KOMILICKTYEMOIO U3 3HAYUTEIBHOIO YHUCIIA CTPYKTYPHO CIIOKHBIX Y3JI0B, XapaKTEPH3YIOILUXCS
MHOKECTBOM COCTOSIHUM Pa3HOM MPOU3BOAUTENILHOCTH U BPEMEHU BOCCTAHOBJICHUS y3J1a 0 UCXOJHOIO MCIPAaBHOIO
coctostuus. Oocy:knenue. [IpeacraBieHHas B pe3yibTare JJeKOMIIO3ULIUH MOJIEIb IT03BOJISIET PEOI0JIeTh IIpodiemMy
JIaBUHOOOPA3HOIO BO3PACTaHUS CII0KHOCTH MOJISIIH KJlacTepa IIPY YBEINYEHUH YHCIIA €r0 Y3JI0B M YHCIIa UX COCTOSIHUM.
BeinonHeHHbIe pacyeThl OKa3aan CXOAUMOCTD ITPeIaraeMoil TPaHUYHON OLIEHKH HaJIEXHOCTH KJIacTepa U3 CTPYKTYPHO
CIIOXKHBIX y3710B. [lomyueHHbIe pe3ynbTaThl MOTYT OBITH HCIIOIB30BAHBI IIPH OIEHKE HAAEKHOCTH U 000CHOBAHUHU
BBIOOpA CTPYKTYPHI KITACTEPOB, a TAKKE AUCIUIUIMH UX 0OCITYKUBAHHS 1 BOCCTAHOBJICHHS IIPHU HAKOTIIEHUU OTKa30B C
Y4ETOM OTPaHUIECHHBIX PECypCOB BOCCTAHOBIEHHS, IPUBOAAMINX K 00pa30BaHUIO Odepeneii 0TKa3aBIINX JIEMEHTOB,
TMOJUTeKAINX BOCCTAHOBICHUIO. [IpeaoskeHHast MOJeIb MOJKET OBITh IPUMEHEHA ITPU aHAIM3€ BIMSHUS HAKOILICHHS
OTKa30B B Pa3HbIX y3Jax KJIacTepa Ha 3aJepiKKH 00CITy)KHBAHHUS MTOCTYIIAIOIIETO TOTOKA 3aIIPOCOB.

KiioueBnle c10Ba
rpaHUYHasi Oll€HKA, HAJIe)KHOCTh, KJIACTEpP, y3Jbl C MHOXKECTBOM COCTOSIHUN, OrpaHUYEHHOE BOCCTAHOBIICHHE,
k03(hGUIMEHT TOTOBHOCTH, MAPKOBCKAsi MOJICTb, JICKOMITO3HIINS, 33/ICPIKKa BOCCTAHOBICHUS
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Abstract

The possibilities of a boundary assessment of the reliability of a cluster consisting of many nodes, each of which can be
in a significant number of states, differing in the performance of the required functions and the average recovery time
to a healthy node, are being investigated. Estimating the reliability of such a cluster system based on Markov processes
is difficult at the stage of constructing a diagram of states and transitions due to its large dimension. The difficulty of
building a model increases especially with limited node recovery, leading to a queue of nodes requiring recovery. The
proposed approach allows us to overcome this difficulty. The differences between the proposed approaches are that it
provides for the decomposition of the Markov cluster model and a step-by-step sequential refinement of the upper and
lower boundary estimates of cluster reliability, taking into account the impact on slowing down the recovery of each
cluster node of its other nodes. The peculiarity of the proposed approach is the decomposition of the model with the
allocation of a certain individual cluster node and the construction of its Markov model with the introduction of waiting
states for node recoveries due to queue maintenance for the restoration of other previously failed cluster nodes. Having
determined the probabilities of all its states on the Markov model of the selected node, taking into account the identity
of all cluster nodes, the average delays until the restoration of the serviceable state of the remaining cluster nodes with
previous failures are determined based on the hypothesis enumeration formula. The calculated average delays are used in
the next stage of calculating the Markov node model, specifying the delay in starting recovery of the allocated node due
to the influence of the recovery queue of the remaining nodes in the cluster. Based on the proposed model, the availability
coefficient of a cluster is estimated, consisting of a significant number of structurally complex nodes characterized by
a variety of states of different performance and recovery time of the node to its initial working condition. As a result
of decomposition, the proposed model makes it possible to overcome the problem of an avalanche-like increase in
the complexity of the cluster model with an increase in the number of its nodes and the number of their states. The
calculations performed have shown the convergence of the proposed boundary estimate of the reliability of a cluster of
a significant number of structurally complex nodes. The results obtained can be used to assess the reliability and justify
the choice of cluster structure as well as the disciplines of their maintenance and recovery when failures accumulate,
taking into account limited recovery resources leading to the formation of queues of failed elements to be restored. The
proposed model can be used to analyze the impact of the accumulation of failures in different cluster nodes on the delays
in servicing the incoming request stream.

Keywords
boundary estimation, reliability, cluster, nodes with multiple states, limited recovery, availability factor, Markov model,
decomposition, recovery delay

For citation: Bogatyrev V.A., Bogatyrev S.V., Bogatyrev A.V. Boundary estimation of the reliability of cluster systems
based on the decomposition of the Markov model with limited recovery of nodes with accumulated failures. Scientific
and Technical Journal of Information Technologies, Mechanics and Optics, 2025, vol. 25, no. 3, pp. 574-583 (in
Russian). doi: 10.17586/2226-1494-2025-25-3-574-583

BBenenue

K coBpemMeHHBIM pacipeiesieHHBIM cCucTeMam 0opaboT-
KU U XpaHEHHUs JJAHHBIX MPEABSIBISIIOTCS BEICOKHE TPeOo-
BaHUsI 10 HaIeXKHOCTH [ 1-3], oTKazoycToitunBocTH [4—6] 1
MaJIbIM 3a]Iep>KKaM BBIIOJIHEHUsI (DYHKIIMOHAIBHBIX 33]1a4
[7, 8]. B psine ciayuaeB Jyisl CUCTEM pEalibHOTO BPEMEHU
JIOTIOJIHUTEIBHO TPeOyloTCsl obecIieueHne HenpepbIBHO-
CTU U CBOEBPEMEHHOCTH BBIUUCIUTEIBHOTO Ipolecca,
KOTJIa 3aIPOCHI JIOJDKHBI BHITTOJIHSTHCS 38 OTPAaHHMYCHHOE
NpenesabHo AonyctuMoe Bpems [7]. Mepbl 1o nojaepxke

HaJIe)KHOCTH U CHIDKEHHUIO 3aJIepKEK Pean3yIoTCs Ha BCeX
YPOBHSIX M CTaqusX (YHKIMOHUPOBAHUSI HHPOKOMMYHH-
KallUOHHOW CHCTEMBI, B TOM YMCJIE NMPU MEKMAIIMHHOM
oOMeHe M pacupeeeHHH 3alpocoB (Harpy3Kku) uepes
CeTb U MX BBINOJHEHUHN B LIEHTPaX 00pabOTKH U XpaHEHHS
JaHHbIX [8—10]. Bricokast HaJIe)KHOCTb TIPU MaJIbIX 3a/1€PK-
Kax o0CIIy>)KHBaHUs 3alIPOCOB MOXET AOCTUTAThCS MPH
KOHCOJIM/IAIINY PECYPCOB XpaHEHHS 1 00paOOTKH TaHHBIX B
KJIaCTEPhI C MHOTOIYTEBBIM JJOCTYTIOM K HUM 4Yepe3 CTPYK-
TypHO n30bITOuHYTO ceTh [11-13]. OcobenHo ocTpo 3amada
obecriedeHnsT BBICOKOHM HAa/Ie)KHOCTH OTKA30yCTOMYMBOCTH
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['PaHn4Has oueHka HageXHOCTU KNacTePHbIX CUCTEM HA OCHOBE OeKOMMO3ULLMN MapPKOBCKOM MOENM. ..

MIpH YIBTPaMaJIBIX 3aJIepiKKax Mepeqadd JaHHBIX CTOUT
JUTSL pacTipeIeNICHHBIX 001auHbIX cucTeM [14—17] u cuctem
HMHTEpHET Belllel peanbHoro Bpemenu [ 18-20].

CoBpeMeHHbIE pe3epBUPOBAHHBIE KOMITBIOTEPHBIC CH-
CTEMBI, B TOM YHUCIIC y3JIbI KIIACTEPOB XpaHEHHs i 00padoT-
KH JTAaHHBIX, KaK IPABUIIO TIPEICTABISIOT COOO0H CTPYKTYPHO
CIIO)KHBIE YCTPOWCTBA, MMEIOIIIE MHOKECTBO BO3MOKHBIX
COCTOSIHUH pazTmIHON 3(h(EKTUBHOCTH U 3armaca Ha1e:KHO-
ctu ¢pyHKIFoHnpoBanus [21-23]. Takas cuTyanus yciox-
HSET TOCTPOCHHUE MOJIETeH OIeHKH (TPOTHO3UPOBAHNA)
HAZEKHOCTH KJIACTEPOB M ONTUMM3AIUIO UX CTPYKTYPHO
rapaMeTpUYecKoil OpraHnu3alny, a Takke 000CHOBaHUE
BBIOOPA AMCUUIUIMH OOCITY)KMBaHHUSI ¥ BOCCTAHOBJICHHS
rocye 0Tka3oB. TPyTHOCTb OLIEHKU Ha/IeXKHOCTH KJI1aCTePOB
ycyryosercsi XxapakTepHO! JUIsl HUX OIPaHHMYCHHOCTBIO
BOCCTaHOBJICHHSI, IPH KOTOPOH B K)KIBIi MOMEHT BPEMEHH
BOCCTaHABIMBACTCS TOJNBKO OIUH 3JIEMEHT U BO3MOXKHBI
oYepeny Ha BOCCTAaHOBJICHUE OTKA3aBIINX YIEMEHTOB pa3-
HEIX y310B [1-4]. [Ipeomonenne yka3aHHOW CIOKHOCTH
OIICHKHU HAJIEKHOCTH KJIACTEPOB BO3MOYKHO IIPH €€ Tpa-
HUYHOM BepxHEeW U HkHel oneHke. [Ipu aTom HUKHEe
an6aneHne HCIOJB3YCTCA 11 OUCHKHW HAJICKHOCTHU, a
BECPXHEC JId BBIYMCIICHU €€ TOrPEIIHOCTU.

[TpubnmxeHHast BEpXHsist OLIEHKA HAJEKHOCTH BOCCTa-
HaBJIMBAEMBIX KIIACTEPHBIX CUCTEM MOXKET OCHOBBIBATHCS
Ha MPEAINOI0KEHNH HEOTPAHUYEHHOT0 BOCCTAHOBJICHUS,
TP KOTOPOM PEMOHT BJIEMEHTa HAYMHAETCS Cpasy I1ocie
ero orkaza. OHaKO TaKoe yMPOIIECHHE MOJIEIN CBSI3aHO C
HEOOXOIMMOCTBIO OLIEHKH €€ MOTPeITHOCTH. B mpeamomno-
YKCHUU HEOTPAaHMYCHHOTO BOCCTAHOBIICHHS pacyeT HaIeK-
HOCTH MOJKHO CBECTH K MapajuieIbHO-TIOCIIeI0BATSIIFHON
CTPYKTYpE COEANHEHHUS IEMEHTOB, HO 3TO MMPOUCXOINUT HE
Bcerna [ 1-4]. st cuctem, MOIenb KOTOPBIX HE CBOAUTCS
K MapaaiaeabHO-TI0CIEI0BaTeIbHON CTPYKTYpE, pacyeT
HaAaAC)KHOCTHU MOXET 6aSI/IpOBaTbC$[ Ha T'paHUYHBIX OICH-
kax D3apu—Ilpomana, JIuTBaka—YimakoBa WJIH IpYTUX
M3BECTHBIX METOAAX pacyeTa CTPYKTYPHO CIOXHBIX CH-
cteM [1-4]. OgHako NpeanoNoKeHne HeOrPaHUUYEHHOTO
BOCCTAHOBIJICHHUSI MOXKET HE TapaHTHPOBAaTh, YTO OLIEHKA
110 MUHUMAJIBHBIM cedeHusIM D3apu—IIpomany npusener
K HIDKHEH OICHKE HAZeKHOCTH. TOXKEe OTHOCUTCS K OIICHKE
T0 MUHUMAJIBHBIM HeTIepeceKarmmmMes myTsM JInTBaka—
VYmakoBa. Prck BMECTO MCKOMOTO HIDKHETO TIPHUOTIKESHHUS
HAJEKHOCTH TOJTyYUTh €T0 BepXHEe MPUOIIKeHHE CyIIe-
CTBYET, TaK KaK OLIEHKa BEPOATHOCTH PaboTOCIIOCOOHO-
cti (K03 PHUIIMEHT TOTOBHOCTH) 3JI€MEHTa MPHU Heorpa-
HUYEHHOM €r0 BOCCTAHOBJICHUU SIBIISETCS 3aBBIIICHHOM.
JeiicTBUTENbHO, B IPEAIOI0KEHUN HEOIPAHUYEHHOTO
00CITy)KMBaHUsI 33/ICpPKKa Hayajla BOCCTAHOBIICHUS DJIEMEH-
Ta U3-32 OYEPEAN HAa PEMOHT APYIHX paHee OTKa3aBIIMX
9JIEMEHTOB HE YUYHUTBIBACTCS, YTO MOXKET IIPUBECTH K He-
JIOITYCTHMO 3aBBIIICHHOHN OIIEHKE HAJIGKHOCTU CTPYKTYPBI
JTaKe TP UCIIOIh30BAaHUH N3BECTHBIX METO/IOB, OPUCHTH-
POBaHHBIX Ha €€ HIDKHIOIO TPAaHHUYHYIO OLICHKY.

IIpu paccMOTpeHUN y3710B KOMIIBIOTEPHON CUCTEMBI
B JIByX COCTOSTHHSIX — PabOTOCIIOCOOHOM M OTKa3aBIIEM
[23] — Momens HaEKHOCTH OTPAHUYEHHOTO BOCCTAHOB-
JIEHHSI MOKET OBITh CBE/ICHA K M3BECTHOM U3 TEOPUH MACCO-
BOTO OOCITY>)KUBaHUsI MOJIEJIM PasMHOXKEHUsI ¥ ruodenu [24].
HenocTarok Takoro moaxosa 3akiI04aeTcs B JOCTaTOYHOMN
MOTPEIIHOCTH pacyera MpHU CTPYKTYPHO CIIOKHBIX y3J1ax

KJIacTepa, KOTOpble peajibHO MOTYT HaXOAUTHCS B HECKOJIb-
KHX pabOTOCIIOCOOHBIX COCTOSIHUSIX C Pa3HBIM KaueCTBOM
00CITy’)KUBaHHS TOCTYTAIOIINX B KJIACTEP 3allPOCOB U pas-
HBIM BpEMEHEM BOCCTaHOBJIeHHUs [23, 24].

PaccunTarh HaIE)KHOCTH HECIOKHBIX CHCTEM TPU He-
3HAYUTEITHFHOM YHCIIC COCTOSHUM Ja)Ke TP OTPaHIYCHHOM
BOCCTAHOBIICHHH BO3MOYXHO Ha OCHOBE MapKOBCKHX ITPO-
reccoB. Tak M3BECTHB MAapKOBCKHE MOZIEITH KOMITBIOTEp-
HBIX CHCTEM C TyONMpPOBAaHUEM BBIYHCINTENCH U YCTPOHCTB
nmaMATH [25, 26], u cuctem ¢ opranuzarpeii maMaTi Ha 6ase
Redundant Array of Independent Disks maccusos [27-30].
ITocTpoeHus MOTyMapKOBCKUX MOJENIEH JBYXY3JIOBBIX
CUCTEM, TO3BOJIAIONIUX YUECTh HE TOJIBKO MPOCTEHIINE
MOTOKU OTKa30B M AKCIIOHEHI[MAIbHOE BOCCTAHOBJICHUE,
npeaiokeHs! B padote [31]. OmHako B cirydae Kiactepa u3
JIOCTATOYHO OOJBIIOTO YHCIIa CTPYKTYPHO CIIOXKHBIX Y3JI0B
Pa3MEpHOCTD JHarpaMMbl COCTOSHUI U MEPEX00B (B TOM
YHUCIIe MapKOBCKOH MOJIENH) pe3ko Bo3pacrtaeT [32], 9uTo
3aTPyOHSIET OLEHKY Ha/Ie)KHOCTH KIIAaCTEPOB.

Lemnpro HacTOsIIEH PaOOTHI ABISAETCSA TPAHUIHAS OIICH-
Ka HaJIe)KHOCTH KJIacTepa ¢ OrpaHIMYEHHBIM BOCCTAHOBIIC-
HHEM M3 3HAYUTEIIFHOTO YHCIIA Y3JI0B, KaXKIbIH 13 KOTOPBIX
MMeeT MHOYKECTBO COCTOSIHUH, XapaKTepHU3YIOIIUXCS pa3-
JIMYHBIM 3aI1acOM HaJEeKHOCTH, BPEMEHEM BOCCTAHOBIICHUS
JIO UCIPABHOTO COCTOSHUS U NMPOU3BOJUTEIBHOCTHIO 110
o0ciyKMBaHHMIO TpaduKa.

Metoa rpaHNYHOMH OLIEHKH HAJeKHOCTH KJIACTEPOB

IIpennaraemblii METOX MPEAYCMaTPUBAET AEKOMIIO3U-
IIUIO MapKOBCKOI MOZIEIH ¥ TTOSTAITHOE TTOCIIEI0BATEILHOE
YTOUHEHHUE BEPXHEU U HUKHEH T'PAHUYHBIX OLIEHOK HaZICK-
HOCTH KJIacTepa C y4eTOM BIMSHUS Ha 3aMeJICHUE BOCCTa-
HOBJIEHMS KaXK/I0TO y3J1a KJacTepa ouepesieil Ha BOCCTaHOB-
JIEHUE pPaHee OTKA3aBIINX 2JIEMEHTOB OCTAIbHBIX €r0 y3JI0B.

Knacrepbl U3 CTPYKTYPHO CJOKHBIX Y3JI0B.
[Ipumepsl K1acTepoB U3 CTPYKTYPHO CIIOKHBIX Y3JI0B, KO-
TOpPBIE MOTYT HAXOJUTHCS B COCTOSIHUSIX C Pa3HBIM BpeMe-
HEM BOCCTaHOBIICHISL, TIPEICTaBICHBI Ha puc. 1. OTMeTHM,
YTO BO3MOKHA MOJHM(UKANS CTPYKTYPBI KIIACTEPOB, IPH
KOTOPOH yCTPONCTBA NAMSITH 3aMEHSIFOTCSI HA CEPBEPBI.

BepxHss rpy0asi oneHka ko3¢ duiuueHTa roroBHO-
CTH KJacTepa ¢ NpeAnoJokeHneM HeOrPpAaHMYEeHHOT 0
BOCCTAHOBJICHHS 3J1eMEHTOB M y3J10B. BepXHIOI0 OIICHKY
HAJEKHOCTHU KJIACTEpa C y3JIaMH, XapaKTepU3yIOIUMUCS
MHO)KECTBOM PabOTOCIIOCOOHBIX COCTOSTHHI, MOYKHO TPy00
paccuuTaTh B MPEAIONI0KEHUN HEOTPAaHUUEHHOTO BOCCTA-
HOBJIEHHUs Kaxa0ro anementa. [Ipu ycmoBuu, 4To cpasy
IocJe 0TKasa KjlacTepa HadYMHAETCS! €r0 BOCCTAHOBJICHHUE
6e3 yuera, YTO MOTYT BO3HHKATh OUEPEAN CPEIH APYTHX
OXHJIAIOIINX BOCCTAHOBJICHHE 3JIEMEHTOB B TOM )K€ WM
MHBIX y371aX KIacTepa.

OreHKy cTalnoHapHOTO K03 (HUnreHTa roTOBHOCTH
MIPOBEIEM JUISI CTPYKTYpbI 1o puc. 1, b. Ilpu HeorpannveH-
HOM BOCCTAHOBJICHHH 3JIEMEHTOB, B IPEANOIOKESHUHN UTO
KJIaCTep COXpaHsieT paboToCIIOCOOHOCTD, €CIIM pabOTOCIIO-
coOeH XoTs1 ObI OJIMH €ro y3ell, ToydaeM Hanbosee rpyoyro
BEPXHIOI OICHKY (), ONIPEIeIIIeMYI0 KaK

Kio=1-(1—ky,

rae k — ko3 (pUIKEeHT TOTOBHOCTH y371a KiacTepa
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Puc. 1. Knacrepsl U3 CTpyKTypHO CJIOXKHBIX y3JIOB.

V3en kiaactepa comepkut: oauH cepsep (S) U 01HO yCTporcTBO maMstH (M), mpu 3TOM A — HMHTEHCHBHOCThH BXOTHOT'O MOTOKA (a);
JIBa CEpBEpa U OJIHO YCTPOUCTBO mamaTH (b); 1Ba cepBepa U JiBa yCTpoicTBa naMiaTH (¢)

Fig. 1. Clusters of structurally complex nodes. The cluster node contains: one server and one memory device (a); two servers and one
memory device (b); two servers and two memory devices (c)

k= ky[1— (1= k2.

[pu atom s crpykryp (puc. 1, b) ky u ky — xoadpdu-
LIUEHTHI TOTOBHOCTH CEPBEPOB S 1 yCTPOUCTB XpaHeHus M.

ky = (g + )7L k= (g + 1y,

e Ay, Ay, 1y, 1y — MHTCHCHUBHOCTH OTKA30B U BOCCTaHOB-
JIeHUH cepBepoB S U yCTPOUCTB XpaHeHHs M.

Pacuersl  BBINOAHUM 1pu A = 2-104 u- L
A=2-10%ul, p, =510%al, p,=4-10%uql
B sTom cinyuae kodpdunHeHT rOTOBHOCTH KilacTepa
Kj0=0,9999999993795285.

[IpoBenem yTOUHEHHYIO BEPXHIOIO OIEHKY KO3 hu-
IIMEHTa TOTOBHOCTH KJIacTepa B IPEIOI0KEHUN OTpaHH-
YEHHOTO 00CITyKUBAaHHS KaXK/I0TO €ro y371a, KO/ 3a1epiK-
Ka BOCCTAHOBJICHHS YUMTBHIBAETCSI TOJIBKO M3-3a OTKA30B
3JIEMEHTOB BHYTPH Y3114, a 33JeP>KKH H3-3a 00pa3oBaHUs
oYepeid BOCCTAHOBJICHUS OTKAa30B B JIPYTHX y371aX KilacTe-
pa He yuuThIBaloTCsl. Takoe MpeanonoKeHne MPUBOJIUT K
3aBBILICHHON OIIEHKE HaJIe)KHOCTH Ki1acTepa.

[IpennaraeMpiil MOAX0/ XapaKTEepU3YeTCs TOITATHBIM
MOCJIEIOBATENILHBIM MTPUOIMIKEHHEM BEpXHEH U HUDKHEH
TPaHUYHBIX OIIEHOK Ha/IS)KHOCTH KJlacTepa ¢ yTOYHEHHEM
Ha Ka)XIOM 3Talle BIMSHUS Ha 3aMe/UIeHHe BOCCTaHOBIIE-
HUSI KaK/I0TO y371a KiacTepa odepesieii Ha BOCCTaHOBICHUS
paHee 0TKa3aBIINX 3JIEMEHTOB JAPYTUX €T0 Y3JIOB.

OtmeHKa BBINIOTHSETCA B J[Ba JTAIIA.

Oram 1. [TocTpoeHne MapKOBCKOW Mozenu y3ia 0e3
yueTa BIUSHUS Ha 3aJIEPKKY €r0 BOCCTAHOBIICHUS IPYTHX
y3J0B KJIaCTepa, YTO MPUBOAUT K 3aBBILICHHON OIEHKE
HaJISKHOCTH y3J1a KJlacTepa.

Otan 2. [lo BBIUMCIEHHBIM Ha MapKOBCKOH MOJEIH
BEPOSITHOCTSIM BO3MOYKHBIX Pa0OTOCIIOCOOHBIX COCTOSIHUM
y371a, no ¢opmyie nepedbopa runore3 HaXoJUM HaJleK-
HOCTB KJ1acTepa nenukoM. [lorydenHast oreHKa HaJle)KHO-
CTH KJ1acTepa OyeT 3aBBIIICHHOH, HO ITOIPEITHOCTD OyIeT
MEHBIIIE, YEeM JUIS IEPBOTO PACCMATPHBAEMOTO MTPHUOIHKeE-
HUSI, TIOJTyYeHHOTO Ha dTare 1.

Jns y3ma knacrepa o puc. 1, b 6e3 yduera BIUsSHUSA Ha
3aJIep>KK BOCCTAHOBJICHHSI IPYTUX Y3JI0B KiacTepa aua-
rpamMMa COCTOSIHHH ¥ IIEPEX0/10B MPE/ICTABIECHA Ha PHC. 2.
Kaxxnoe BO3MOXKHOE COCTOSTHME y371a KilacTepa IpecTaB-
JICHO Y3JIOM (BEpIIMHOI) InarpaMmbl, B MoJe KOTOPOTO
BEpXHEH CTPOKOH 0003HaueHbI COCTOSIHUSI paboTOCIOCO0-
HOCTH JIBYX CEpPBEpOB, a HM)KHEN — yCTpONCTBA NaMSTH,

TIPH 3TOM pabOTOCHOCOOHBIE COCTOSIHHUSI COOTBETCTBYIOIIMX
3JIEMEHTOB Yy3J1a KJacTepa 0003Ha4YeHbI Kak «1», a oTka3as-
mme — «0». PamoM ¢ BepmmHaMu (y31aMu) TAarpaMMbl
MOKa3aHbl BEPOATHOCTH COOTBETCTBYIOLINX COCTOSTHUH
Py, Py, P,, P5, P4. K paboTOCIIOCOOHBIM COCTOSIHUSIM y3J1a
KJIacTepa OTHOCATCS COCTOSTHUS IIPU UCIIPABHOCTHU XOTS ObI
OZIHOTO cepBepa U YCTPOKHCTBA NAMSATH (BEPOATHOCTH STHX
cocTostHuit Py unu Py).

[To nuarpamme (puc. 2) coctaBuUM cucTeMy airedpau-
YEeCKUX ypaBHEHUIL:

—(2h; + )Py + P3Py =0,

*M1P2+)\,1P1:0,
Py + 2P =0,

Py+ P +Py,+P;+P,=1.

[To nmpencraBieHHOM cucTeMe ypaBHEHUN MOKHO HATH
BEPOATHOCTU BCEX COCTOSHUM y3na knacrepa Py, Py, P,
P, Py

CraunoHapHbIi KOO QUIMEHT TOTOBHOCTH OIPE/ICIIUM
KaK BEPOSITHOCTb TOT'0, YTO B IIPOU3BOJIbHBIA MOMEHT Bpe-
MEHHU pabOTOCIIOCOOCH XOTs ObI OIMH U3 7 Y3JIOB KJlacTepa
BHE 3aBUCHMOCTH 4MCJIa UCIPABHBIX B HEM CEPBEPOB S

Py Py P,

Puc. 2. Jlnarpamma cOCTOSIHII U IIEPEXOI0B y3i1a KiacTepa mpu
HEOTPAaHWYECHHOM €0 BOCCTAHOBIICHUH O€3 yueTa 3aJepiKeK
BOCCTAHOBJICHUS U3-3a OTKA30B JPYrUX Y3JIOB KJIacTepa.

Py, P\, P,, P;, Py — BEpOATHOCTH COCTOSHUI
Fig. 2. Diagram of the states and transitions of a cluster node

with unlimited recovery without taking into account recovery
delays due to failures of other cluster nodes
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['PaHn4Has oueHka HageXHOCTU KNacTePHbIX CUCTEM HA OCHOBE OeKOMMO3ULLMN MapPKOBCKOM MOENM. ..

Ky = ZICQ(Po*PO’(l —Po =Py (1
P

Ecnu ycioBue paboToCocoOHOCTH KilacTepa 3aKiIio-
4yaeTcsl B pabOTOCTIOCOOHOCTH HE MEHEE g €ro Y3JIOB, TO:

n
Ky = 2 Co(Py+ Pl = Py — Py,
i=g
Ecin crieyer pasrpaHHYMBaTh YHCIO PaGOTOCIOCO0-
HBIX Y3JI0B ¢ UCIPABHOCTBHIO OJHOI'O UJIU JABYX CCPBEPOB,
TO K03(1)(1)I/IHI/I€HT TOTOBHOCTHU ONPECACIISACTCS KaK:
n n-i L L o
Ky = ZE) .Z;') 8,;C, Gl PoP{(1 —Py— Py, (2)
=0 j=

5 Lif i+j>1, 3)
volo,if i+j<l.

Pasrpanndenune paboToOCOCOOHBIX COCTOSHHUU IO
YHCITy COXPAHCHHBIX CEPBEPOB MO3BOJSET BEIYHCIIUTH Ta-
KHe TTOKa3aTe CHCTEMBI KaK KOA(PPHUIIMEHT COXPaHECHHUS
3¢ (HEeKTUBHOCTH WIH CPEIHHE 3aJePKKU 00CITyKUBAHUSI
3aI[pOCOB ¢ HaKOIUICHMS OTKa30B B y3nax kiactepa. Tak,
k03 durtneHT coxpaneHus 3HHEKTUBHOCTU B 3aBUCHMO-
CTH OT O01Iero yKcia paboToCHOCOOHBIX CEPBEPOB MOKET
OBITh BBIUKCIICH 110 (POPMYJIC

= i+ NCLC . PEPI(1 — P — —ij

Koy =2 2 8,21+ )C, G PoP{(1 = Py — Pyyri.

i=0 j=0

3aMeTHM, 4TO pe3ysIbTaThl pacyera ko3 duuneHra ro-
TOBHOCTH 110 (popmyinam (1) u (2) coBnagaroT 1 paBHBI

K1 =0,9999999993717164.

Pacuer BBITIONHEH ISl NCXOIHBIX JAAHHBIX, 3aJaHHBIX
IIpH OLIEHKE K.

Taxum 00pa3om, TOYHOCTH OIIEHKH KOA(PPHUIHEHTA TO-
TOBHOCTH HOBBICHJIACH CPABHUTEIILHO C HanOoee rpyobiM
BEPXHUM NpubIMxKeHueM K.

OLIeHI/IB BEPOATHOCTU BO3MOKHBIX COCTOSTHUM KaxJ1010
y3na knacrepa Py, Py, P,, P;, P4, BbII€IMM HEKOTOPBII
y3el KJIacTepa U Cpeu OCTalbHBIX /1 — 1 y370B KiacTepa
BBIYMCIIUM MaTe€MaTHYeCKOe OXKHMJAHUE YMCIIa y3JI0B, Ha-
XOAAIIUXCA B KaXKIOM (i-OM) U3 BO3MOXKHBIX COCTOSIHUI, C
Pa3HBIM BpeMEHEM BOCCTaHOBJIEHUSI 10 UCIIPABHOIO COCTO-
STHUS y37a. VIckoMoe MareMaTHiecKoe OKHIaHue HaiaeM
o opmyie

n,=Pn—1). @)

Takum 00pazoM, MaTeMaTHIECKOE OXKHIAHHE 3aICPIK-
KM T Ha4yaja BOCCTaHOBJIEHHS HEKOTOPOTO BBIAEIECHHOTO
y351a U3-3a O4eped BOCCTAHOBJICHUS paHee OTKa3aBIINX
SIIEMEHTOB B OCTANBHBIX 72 — | y37ax KiacTepa MMEeT BH
ny 2}’12 n3 1 1
T=—+—+—+m|l—+—|, &)
i B K2 Hi K2

U COOTBETCTBEHHO Y = T, IJie Y — MHTEHCUBHOCTH Tiepe-
X0Jla K Haualy BOCCTAHOBJICHUS y371a.

ITocne cooTBETCTBYIOIUX NIPEABAPUTEIBHBIX PACUETOB
nepeiaeM K JalbHENIIEMy YTOUHEHUIO BEPXHEH OLIEHKHU
k03¢ (HHUIICHTA TOTOBHOCTH.

YTouHeHue BepxHeil oueHkN ko3 duuueHTa ro-
TOBHOCTH KJIACTEPa € y4eTOM 3ajJep:KeK H3-3a BOCCTa-
HOBJIEHHMSI 0TKa3aBIIHX JJIEMEHTOB BCEX €ro y3JIoB.
OCo0eHHOCTD MpeJIaraeMoro yTOYHEHHs 3aKIII0UaeTCs B
JICKOMITO3MIIMH, TIPE/ITIoJIaralonieii BbleeHHe HEKOTOPOTro
OTJICJILHOTO y3J1a KjlacTepa ¥ HOCTPOSHUU €r0 MapKOBCKOM
MOJIEJIH C BBEJCHHEM COCTOSHMI OXKHMJIAaHMS Hadaya BOC-
CTAHOBJICHUH y3J1a M3-32 00CITY)KMBaHMS OYEPEaN Ha BOC-
CTaHOBJICHHUE APYIUX PaHEe OTKa3aBIIMX y3JIOB KIacTepa.

Ha nanHOM 3Tame nmocTpoeHus MapKOBCKOW MOIEIH
yuTeM 3a/Iep KKy Hadalia 00CIyKHBaHNS B HEKOTOPOM BBI-
JIETIEHHOM Y3JI€ M3-3a OUepEIN Ha BOCCTAHOBJICHHE HIIEMEH-
TOB, OTKa3aBIINX B JIPyTUX y3J1axX KIacTepa.

[TocTpoenue Moaeny peannus3yercs B 1Ba dTala.

Oran 1. @opMupyeM MapKOBCKYIO MOAETh HEKOTOPOTO
y371a ¢ y4eTOM BO3MOXKHBIX 3a/IepKeK Hadajia ero BOCCTa-
HOBJICHUS M3-32 00CITy)KUBaHUSI OYepeIy paHee OTKa3aB-
HIMX DJIEMEHTOB JAPYIUX Y3JIOB KJacTepa.

Oran 2. C yueToM BBIYHUCIIEHHBIX Ha 3Tane 1 BeposTHO-
CTel pa3IMYHBIX COCTOSHHUN y3JI0B KiacTepa 1o (opmyie
nepedopa runore3 HaxoAuM Ko3((UIIMEHT TOTOBHOCTH
BCETO KJIacTepa.

Juarpamma coCTOSIHUM U IEPEXO0B MaPKOBCKOM MOjIe-
JIM HEKOTOPOTO y3J1a KJIacTepa ¢ yIeTOM 3aJepKeK Hauaia
BOCCTAaHOBJIEHU T = 1/y mpuBeaeHa Ha puc. 3. Eciu pe-
CYPCHI y371a MO3BOJISIOT BEIUYMCIATE TpeOyeMble (hyHKIINH,
TO BOCCTAHOBIIGHHE MOXKET OBITh COBMEIIEHO ¢ 00CIy-
JKUBAHHMEM TMOCTYNAOMNX (YHKIIMOHAIBHBIX 3alIPOCOB,
YTO BO3MOYKHO CBSI3aHO C JIOTIOJIHUTEIBHBIMH OTKa3aMH H
HEePeXolaMU U3 COCTOSIHUSL C BEPOATHOCTBIO Pg, B COCTO-
SIHHS, BEPOATHOCTH, KOTOPBIX P unu P, (puc. 3, a). Eciu
BOCCTAHOBJICHHE OTKa3aBIIMX JJIEMEHTOB y3J1a KJlacTepa
MPOBOJUTCS IIPH OTKJIFOYCHHOM JIEKTPOITUTAHUH, YTO HC-
KIIFOYaeT OTKa3bl pabOTOCIIOCOOHBIX AJIEMEHTOB Y3714, TO
JrarpaMMa COCTOSIHUI M TIEPEXOI0B y3J1a Ipeodpasyercst
K BUIY Ha puc. 3, b.

MaremaTtudeckoe OKUIaHHUE 3aCPKKH T Hadajia BOC-
CTAHOBJICHUSI HEKOTOPOTO BBIACIICHHOTO y3Jla U3-3a Ooue-
pelu paHee OTKa3aBIIMX 3JEMEHTOB B OCTaJbHBIX /7 — 1
y3J1ax Kiacrepa Beraucium 1o gopmyine (5). B pesynsrare
MHTEHCHBHOCTb II€pPeXo/ia K Hauayly BOCCTAHOBJICHHS BbI-
JIEJIEHHOTO y371a Oyzer paBua y =1 1.

OrieHKa T IpOBE/ICHa C YYETOM CPEHEr0 YKcia y3JI0B
ny, Ny, N3, Ny, ONIpENEIAeMBbIX 110 opMyIie (4) ¢ pa3IuYHbIM
Ha0OpOM OTKa3aBILIMX JIEMEHTOB (110 PHUC. 2), U BpEMEHH,
TpeOyeMOoro A1 BOCCTaHOBJICHNS HICIIPABHOCTH 3THX Y3JI0B.

st onpeneneHust BEpOSTHOCTEN COCTOSIHUI 1O 1Ha-
rpamMme (puc. 3) chopMupyem cuctemy aiaredpandecKix
YPaBHEHUM:

—(2h; +M)Py + iP5 + Py =0,

M+ M+ Y)P+MPy =0,

—yP, + P =0,

4Py +M,Py =0,

—YP4+ 0P =0, (6)
“Ps +yP =0,

—pPg +yP3=0,

—W Py +yPy+ 0Py =0,
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Puc. 3. JlnarpaMMbl COCTOSIHUM U EPEX0J0B MapKOBCKOH MOZEIIH y3I1a KJlacTepa ¢ y4eTOM 3aJIepiKeK Havajla BOCCTaHOBIICHUs 0e3
OTKJIFOUECHMS NICKTPONUTaHHS BO BPEMsI BOCCTAHOBIICHHUS (@) ¥ C €0 OTKJIIOYEHHEM JI0 BO30OHOBIICHHS HCIIPABHOTO COCTOAHMS y31a (D).

Py 1 P| — BEepOSITHOCTU COCTOSIHH C BBIIONHEHHEM TpeOyeMbIX (QYHKIMIT IpK HCIIPaBHOCTH JIBYX M OJHOTO cepBepa; Py, Py u Py —
BEPOATHOCTH HEPaOOTOCIIOCOOHBIX COCTOSHUM ¢ OXKMIaHHEM Hadasla BOCCTaHOBJIEHUS; Ps—Pg — BEPOSTHOCTH COCTOSHUM, B KOTOPBIX
IIPOM3BOIUTCS BOCCTAHOBJICHHE Yy371a

Fig. 3. Diagram of the states and transitions of the Markov cluster node model, taking into account delays in the start of recovery
without power outage during recovery (a) and with its shutdown until the resumption of the serviceable state of the node (b)

CrannoHapHBIH K03((UIHEHT TOTOBHOCTH KJIacTepa
BBIYHCIIAM TI0 (opMyIie

n
Ky = Zlch(P0+P1 +Pg)(1—Py—Py—Pg)™. (7)
-

Ecnu cnemyeT pasrpaHHYnBaTh YUCIIO PabOTOCIIOCO0-
HBIX Y3JI0B C UCIIPABHOCTBIO OJIHOTO WM JIBYX CEPBEPOB,
TO K03((HUIIMESHT TOTOBHOCTH TIOJYYUM B BHJIC:

n n—i L .
— ] 4 /) —]—]
Kip1 = X 2 8,C,Cl Po(Py + PgY(1 — Py— Py — Pg)"-i,
i=0 j=0
e §;; 3azaetcs mo dopmyie (3).

YTouHEeHHO BepXHel oreHKe K03 (hUIIeHTa TOTOBHO-

CTH KJIacTE€Pa COOTBETCTBYET

K;» =0,9999999993065137.

Jl1st IpOrHO3MPOBaHUS HAIEKHOCTH TEXHHUECKHUX CH-
creM OoJjiee BaXKHA ee HWXKHss olleHka. OcTaHOBUMCS Ha
MIO3TAITHOM MTEPAIMOHHOM TPHOIKeHNN HUKHEH OleH-
K. Pe3ynbTarsl BepXHEH OIEHKH MOTYT OBITh UCIIOIb30Ba-
HBI [IPU pacyeTe MOrPeIHOCTH HI)KHEH OLICHKH.

Hu:xkusis oueHka HajJe:kHOCTH Kiaacrepa. [Ipu rpy-
OOM HIKHEM NPHUOIIKEHHN BBIICIUM HEKOTOPBIH y3el ’
OylieM CYMTaTh, YTO B KaXJOM M3 OCTAJIBHBIX 7—1 y3JI0B
KJIacTepa OTKa3bIBAIOT JIEMEHTHI, BOCCTAHOBJICHHE COBO-
KYIHOCTH KOTOPBIX J0 UCIIPABHOTO COCTOSIHUSI y3J1a Tpe-
Oyer HanOombIIee Bpems. J[uarpamMma coCcTOSHUI 1 mepe-

XOJIOB MapKOBCKOM MOJIENH KaXKJIOTO U3 7 Y3JI0B KiacTepa
COOTBeTCTBYeT puc. 3. Cuctema ypaBHEHUH IS TTOMCKA
BEPOSITHOCTEHN COCTOSIHUM BBIJIEIEHHOTIO y3J1a UMEET BU/I
(6), mpuYeM MHTEHCUBHOCTD TMEpeXo/ia K Hayaly BOCCTa-
HOBJICHHUA y3J1a HAXOAUM JJIs1 HAUXYAIICTO Ciiydas

Y= w/2(n—1).

Koa¢dumuent roroBroctu knacrepa K,,; (7) A Hux-
Hel olleHKH (1) BeUHCIsieTcst o Gopmyie nepebopa ru-
MoTE3.

Ha ocHoBe ypaBHeHHI (6), BEIYHCIHB BEPOSTHOCTH
BCEX COCTOSHHI Ka)KIOTO y371a, YTOYHEHHOE BPEMsI OK1/1a-
HHS HadaJla BOCCTAHOBIICHHS HEKOTOPOTO y3J1a OLIEHUM Kak

n—1 2P7 Pg P5
t=(1-P)—————— [+ 242
Ps+PstP;+Pg| i 1 W

1 1

+ P | —+—

M1 Mo

Brruucnus YTOUHEHHOC 3HAYCHHUEC MHTCHCUBHOCTHU
v =t Ha ocHOBe cucTeMBbI ypaBHeHuUH (6), HAXOIUM YTOY-
HEHHbIC 3HAYCHUsI BEPOATHOCTEH COCTOSHUNI y3J1a KIIacTe-
pa, niociie uero o Gopmyie (7) BerauciseM koddhuiueHt
TOTOBHOCTH Kiactepa K.

J11s 3aJaHHBIX UCXOHBIX JAHHBIX HMEEM

K, 0 =0,9999984687564836,
K,; =0,9999999981600136.
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['PaHn4Has oueHka HageXHOCTU KNacTePHbIX CUCTEM HA OCHOBE OeKOMMO3ULLMN MapPKOBCKOM MOENM. ..

Tadfluua. ITosTamnHbie YTOYHECHUA BerHeﬁ U HUOKHEH OLICHOK HaJACKKHOCTU KJ1acTepa

Table. Step-by-step refinement of the upper and lower estimates of cluster reliability

BepxHsist oneHka

Hwxuss onenka

oTal yTOYHCHUS 3HAYCHHC JTall yTOYHCHUSL 3HAYCHHC
Ko 0,9999999993795285 Ko 0,9999984687564836
K 0,9999999993717164 K, 0,9999999981600136
K 0,9999999993065137 K, 0,9999999992045664

B PE3YIbTATC YTOUHCHUA HIDKHEH OLICHKH B COOTBCT-
CTBUU C NPCIJIOKCHHBIM MECTOAOM OBLI TOJIYYCH PE3yJIbTaT

K,» =0,9999999992045664.

OcHOBHBIE pe3yJIbTAThI

OCHOBHOI pe3yJbTar 3aKJII04aTcs B TOM, UYTO HPEJIo-
JKeHa BEPXHsIsSl M HWIKHSISI OLICHKH CTallMOHAPHOTO KOd(du-
LIMEHTa TOTOBHOCTH KJIACTEPa, U3 CTPYKTYPHO CIOKHBIX
y3JI0B, K&Kl U3 KOTOPOTO B PE3YJIbTATEe PA3TUIHBIX
KOMOMHAIMI OTKa30B JIEMEHTOB MOXKET 00J1a/1aTh pa3iny-
HBIM 3aI1acoM HAJIEXKHOCTH U TpeOyeMOoro BpeMeHH BOC-
CTAHOBJICHUSI JI0 UCIIPABHOTO cocTostHUS. [Ipemaraemplii
METOJI TT03BOJISIET Ha OCHOBE MHOTO3TAITHOM MPOLELypbl
YTOUHEHUsI BEPXHETO M HIDKHETO NPUOMKEHUH 10ONThCS
TpeOyeMoif TIOTPEITHOCTH OLeHKH K03 duineHTa roros-
HOCTH KJIACTepa C y4ETOM BIHMSIHUS OIPAaHUYEHHBIX BO3-
MOYKHOCTEH €r0 BOCCTaHOBJIEHUS. Pe3ylbTaThl MOSTaHOro
YTOYHEHHUSI BEPXHEN U HUKHEW OLIEHOK HAJEeKHOCTH KJla-
cTepa NPHUBECHBI B TAOJIHIIE.

HwoxHsist oneHka ko3¢ (uireHTa rorToBHOCTH Kilactepa
MOYKET MCIIOJIb30BaThCsl B KAYECTBE MMOKA3aTENs HaJIe)KHO-
CTH KJIacTepa, a BEPXHsIS JAJIsI OLIEHKH TIPEAEIBbHOM Iorpen-
HOCTH 3TOH OIICHKH, KOTOpasi yMEHbIIACTCS Ha KaXI0H
NTEpALNH TIpeAIaraeMoi TPaHUYHOMN OLCHKH HaIeKHOCTH
KJacrepa.

[IpencTaBneHHBIE PE3YyNBTATHl PAcUeTa MOTYUEHBI A
ciydas, KOTJla yCIOBHE pabOTOCTIOCOOHOCTH KiacTepa
3aKITIOYAIOTCA B TPEOOBAHUH pabOTOCTIOCOOHOCTH XOTSI OB
omHOTO ero y3ia. [Ipu TpeGoBaHnU paboTOCIIOCOOHOCTH
HE MEeHee g y3JI0B KllacTepa Pe3ysIbTaThl OLIEHKH HCKOMOTO
koddduIeHTa rOTOBHOCTH OyIyT HUXKE MPEACTABICHHBIX
B TaOJIMIIE, HO TIOATAITHOE CHU)KEHUE MIOIPELIHOCTH pacue-
TOB COXPaHHTCSI.

OO0cy:xaeHHne pe3yJibTATOB M HANIPABJICHUS PA3BUTHS

HayuHnas HOBHU3HA IPEUI0KEHHOIO0 METOA IPAHUYHON
OIICHKH HAJIeKHOCTHU KJIacTepa M3 CTPYKTYPHO CIOKHBIX
Y3JI0B 3aKJIOYAETCS B IEKOMITO3UIIMH MOJIENH KiIacTepa Ha
OCHOBE MOCTPOEHUSI MapKOBCKOW MOZAENH y3ja KiacTepa
C YYETOM MOATAMHOTO YTOUHEHMSI BIUSHUS Ha 3a/I€PKKU
€ro BOCCTaHOBJIEHUS APYTUX Y3JIOB KJIacTepa. 3HAYMMOCTh
MIPEJCTABICHHOTO METO/Ia OICHKH KOA((HUIIMCHTa TOTOB-
HOCTH KJIacTepa OOyCIIOBIICHA TE€M, YTO OH MO3BOJISIET U3-
0exaTh JTABHHOOOPA3HOTO POCTa CIOKHOCTH MapKOBCKOM
MOJIETTH TP YBEIUYCHUHU YHCIIA CTPYKTYPHO CIOMKHBIX
y3JI0B Kjactepa. MeTon mpeaycMaTpuBaeT MOATAITHOE
YTOYHEHHE BEPXHETO W HIDKHETO MPUOMMKEHUN OLEHKH
K03 pHIIHEHTa TOTOBHOCTH KIlacTepa.

[IpennoxeHHBINH METOJI MOXKET OBITh UCTIONB30BaH NPH
OLICHKE HAJIeXKHOCTH ¥ 000CHOBaHUH BBIOOPA OpraHN3aliy
W JUCHUIUINH OOCITYy>)KUBaHHUS KJIACTEPOB M3 CTPYKTYPHO
CIIOJKHBIX Y3JIOB C yY4ETOM MX OFPAaHMYEHHOTO BOCCTaHOB-
JICHUS, CONPSDKEHHOTO ¢ 00pa3oBaHMEM ouepenei Ha UX
BOCCTAaHOBIIEHHE.

OrpaHudeHNE TPEIIOKEHHOW MOJIENIN HAa/IeKHOCTH
KJIaCTepa 3aKJII0Yarcs B €€ OPUEHTALNU Ha KIACTEPhl U3
OJHOPOJIHBIX Y3JIOB.

B xauecTBe JanpHEHIIEro pa3sBUTHS IPEIIOKEHHOM
MapKOBCKOH MOJIENTN Ha/IeKHOCTH NpeyCMaTpUBaETCs ee
MOJEpHU3ALMS ISl KIACTEPOB, COACPIKALUX IPYIIIbI U3
HEOJHOPOJHBIX CTPYKTYPHO CJIO’KHBIX y3JI0B.

3akiouenune

[IpennoxeHa rpaHUYHAas OIlEHKA HAJIEKHOCTH KJla-
cTepa, KaKJbIH U3 y3JI0B KOTOPOTO UMEET MHOKECTBO
COCTOSIHUH, XapaKTepU3YIOUUXCS Pa3IMUHBIM 3allacoM
HaJIS)KHOCTH M TpeOyeMOro BpeMEHHU BOCCTAHOBJICHUS JI0
UCTIPABHOTO COCTOSTHMUS.

[Ipennaraemast MapKOBCKasi MOJIENb Ha/Ie)KHOCTH Kila-
cTepa OTpakaeT OrPAaHHYCHHOCTh BOCCTAHOBJICHUS y3II0B
13-32 BO3MOYKHOTO 00pa30BaHUs O4Yepe I Ha PEMOHT JIpy-
THX Y3JI0B KJIacTepa.

IIpencraBieHHbI METOA XapaKTeEpU3yeTCs OITAIHBIM
TIOCJICZIOBATENIEHBIM MPHUOIMKCHHEM BEpXHEH W HIDKHEH
TPaHUYHBIX OIEHOK HAJAKHOCTH KJIacTepa C YTOUHCHHEM
Ha Ka)KJIOM 3Tare BIMSHUS Ha 3aMe/IJICHHE BOCCTaHOBIIE-
HUSI KQXKJI0TO y3J1a KJIacTepa ouepesiell Ha BOCCTaHOBJICHUS
paHee OTKa3aBIIHUX IEMEHTOB OCTAIbHBIX €T0 Y3JIOB.

OCOo0EHHOCTB TpeIaraeMoro MojIXo/a 3aKJIuaeTcs
B JICKOMIO3HIIUU MOJIENH C BBIJICJIEHUEM HEKOTOPOIo OT-
JIENIBHOTO y3J1a KJIacTepa U MOCTPOCHUU €0 MapKOBCKOM
MOJICITH C BBEICHUEM COCTOSIHUN OKHIaHHS Havdasia BOC-
CTaHOBIJICHUH y371a M3-32 00CTYyKHBaHUS OYepeIU Ha BOC-
CTaHOBJICHHE IPYTHUX paHee OTKA3aBIIUX y3JIOB KacTepa.
OmpenenuB Ha MapKOBCKOW MOJENH BBIICIEHHOTO y37a
BEPOATHOCTH BCEX €r0 COCTOSHUH, YUUTHIBAsS UACHTHY-
HOCTB BCEX y3JIOB KJIacTepa, Ha OCHOBE (JOpPMYJIBI Tepedopa
TUIIOTE3 OMPEACIISIIOTCS CPeTHHE 3a1ePKKHU 10 BOCCTAHOB-
JICHUS MCIIPABHOTO COCTOSHUS OCTAJIBHBIX y3JIOB KJlacTe-
pa, UMEIOIUX PaHee BO3HUKIINE OTKa3bl. BeluncieHHbIe
CpeIHME 3aAEeP>KKH UCIIONIb3YIOTCS Ha CIEAYIOLIEM 3Tame
pacueTa MapKOBCKOM MOJIENH y3J1a C yTOUHEHUEM 3aIePoKKU
Hayvaia BOCCTAHOBJICHUSI BBIICIICHHOTO Y371a M3-3a BIHSHHSA
BOCCTAHOBIICHHS OCTAJIFHBIX y3JIOB KJIacTepa.

Ha ocHoBe mpemraraeMoii MOJIeNTH TaHa OI[CHKA KOd(-
(hureHTa TOTOBHOCTH KJIacTepa ¢ yU4eTOM HAKOTUICHUH
OTKa30B Y3JIOB, MIPUBOAANINX K CHIKCHUIO UX BBIYUCIIU-
TEJIbHBIX BO3MOKHOCTEH.
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HpeﬂnaraeMaﬂ MOACIb MO3BOJACT NPCOJO0JICTh ITPO-

OsieMy JIaBHHOOOPa3HOTO BO3pAaCTaHUs CIOKHOCTH MO-
JIeJId KJTacTepa MPU YBEJIHMYEHUH YKHCIIA €r0 Y3JI0B U MX
COCTOSTHUH.
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