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Annomauyus

Konrposis kauectBa W OOHapykeHHe apTedakToB B JAHHBIX (DYHKIHMOHAIBHOW MarHUTHO-
pe30HAHCHOI ToMOrpaduu aKkTyalleH JUis UCCIIEIOBAaHUN TOJOBHOTO MO3ra U KIMHHYECKUX MpPH-
MeHEHH. J[BHKEeHHEe TOJIOBBI HCIIBITYEMbIX OCTAETCSI OCHOBHBIM HCTOYHHKOM apTe(hakToB — Jae
MHUKPOCMEILIEHUE TOJIOBBI CIIOCOOHO MCKa3UTh CTPYKTYPHBIE U GyHKIHOHaNbHbIe MPT-nanubie. B
HaCTOsIIeH paboTe mpeIoKeHa CKBO3Has HelipoceTeBasi TEXHOIOTHS OOHAPYKEHHS CTYIIEHYATHIX
aHOMaNHMi ¢ O0y4YeHHEM Ha YaCTHYHO CHHTE3UPOBAHHBIX JAaHHBIX C afanTanueldl K KOHKPETHOMY
MaJloMy Habopy peajbHbIX JaHHBIX. Paspaborana mpoueaypa (GOpPMHUPOBAHUSI CHHTETHYECKOTO
Habopa JaHHBIX AJsi 00yYeHHsl U aBTOMAaTU3UPOBAaHHOM pa3MeTKH peasibHbIX JaHHbIX. [Ipeanoxe-
Ha peKyppeHTHas HeWpoceTeBas MOIETh OOHApYKEHUs CTyNeHYaThIX aHoManuii. Pazpaboran me-
TOJ aJanTallid MOJENH 10 MajJoMy HaboOpy peaylbHBIX NAaHHBIX Ha OCHOBE OJHOIIArOBOTO Me-
TaoOydeHns. DKCIIepUMEHTaIbHAsI IPOBEPKA TOYHOCTH MIPOBEICHA B 3a7aue AETEKTHPOBAHUS CTY-
MEHYAThIX aHOMAINK CKOJB3SIIHMM OKHOM B 10, 15 1 24 orcuéra. DKCIepuMEHTHI TIOKa3alH, YTO
MIpeUIoKEeHHasT TEXHOJIOTHA obecreunBaeT OOHApy)KEHHE CTYNEHYAThIX aHOMAJHHA C TOYHOCTBHIO
10 0,9546.

Knrouesvie cnosa: pexyppeHTHbIE HEUPOHHBIE CETH, OOHApPY>KEHHE aHOMAaJIHM{, aHAJIN3 CUTHa-
JI0B, pyHKIIMOHAIIbHASL MArHUTHO-PE30HAHCHAsI TOMOTrpadusi, MeTao0yueHHe.
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Beeoenue

OnuH U3 KITI0YEBBIX TPEHOB Pa3BUTHS COBPEMEHHOM
HAYKH 3aKJII0YAeTCs B CO3MAHNU UCKYCCTBEHHBIX CHCTEM,
peanu3yomnX HHTEIIeKTyalbHble QyHKINH. B gacTHO-
CTH, UISI MYJIBTHUMOJAIBHBIX CHCTEM HCKYCCTBEHHOTO
unremviekra Tuna ChatGPT Bemercst muckyccust 0 Haiu-
YUK KOTHUTHBHBIX QyHKImMH [1, 2]. C apyroit cTopoHsl,
METO/Ibl MAIIMHHOTO O0YyUYeHHs] aKTUBHO MPUMEHSIOTCS B
HEHpOHAayKe, U3y4yarolel aKTUBHOCTb I'OJIOBHOI'O MO3ra
genoBeka mpu nomomu OOl u QyHKIMOHATBHON Mar-
HUTHO-pe30HaHCHON Tomorpaduu (GMPT). Hampumep,
cOOp MaHHBIX YacTO SIBIISETCS HambOosee 3aTpaTHOW dYa-
CTBIO 3KCIepuMeHTOB Ha ocHoBe GMPT [3], a MeTombI
MAIIMHHOTO OOy4YeHUs, IPUMEHUMBIE IS KOHTPOJS Ka-
gectBa (MPT-maHHBIX, TIOKa3adl BBICOKYIO 3(deKkTnB-
HOCTh [4]. Bosiee Toro, KOHTpOJb KadecTBa IAHHBIX B
mporiecce UX MOMYYCHHUS SBISAETCS OJHUM U3 BOSMOXKHBIX
HaIpaBJICHUH CHIDKEHUS SKCIIEPUMEHTAIBHBIX 3aTpaT [3,
5, 6]. B uwactHocTH, paHHee oOHapyxeHHe apTe(akToB
JIBIDKEHUS TOJI0BBI BO BpemMst GMPT MokeT mpuUMeHSIThCS

KaK KPUTEPHHA KadecTBa, MO KOTOPOMY CKaHHPOBAHWE
MOXET OBITh IPEPBAHO U BO30OOHOBIIEHO MOCIE JTOMOIHU-
TENBHBIX HHCTPYKLIMH YYaCTHUKY. DTO UMEET pelaroriee
3HaueHue s 9P(GEKTUBHBIX HCCIE0BaHUN HEWPOBHU3Y-
anM3aluy ¥ KIMHAYECKUX puMeHenwid [3, 4, 6—11].

JIBIKeHNE TOJIOBBI HCIBITYEMOTO SIBIISICTCS OIHUM W3
OCHOBHBIX HCTOYHHMKOB IPOCTPAHCTBEHHO-BPEMEHHBIX
apredaxkroB GMPT, koTopbie TPyJHO MOJHOCTBHIO yCTpa-
HUTh W KOTOPHIE HETaTUBHO BIISIOT HA YyBCTBHUTEINb-
Hocte M cnenuduunocts GMPT-ganneix [9, 12-17].
Bonee Toro, ocraToyHOe IBIKEHHE TOJIOBHI B MIPEIBAPH-
TENbHO 00paboTaHHBIX HaHHBIX GMPT MoxeT mpencka-
3bIBaTh aHTPONOMOpP(QHBIE, MOBEIECHYECKHE W KIMHUYE-
ckue daxrtopsl [12].

ITapameTpbl aBvkeHus rojoBbl sl GMPT-naHHBIX,
KaK MpaBuilo, olleHuBaroTcs mocie GMPT-skciepumenTa
MIPHU KOPETUCTPaui 0OBEMOB TOJIOBHOTO MO3Ta K IIEPBO-
My WU CpeIHEMY 00BEMY CepHH, UCTIONB3YS Mpeodpas3o-
BaHue TBepaoro tena (3D). OHM BKIIOYAIOT TpH TMapa-
MeTpa cMeleHus (x,y,z) u Tpu BpauieHus (pitch, roll,
yaw) aisi Kaxaoro o0béma BpemeHHoON (MPT-cepun.
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s manpHeimei paboThl ¢ mapaMeTpaMu IBHKCHHS aM-
IUTATYya BpamaTeIbHBIX apaMeTPOB JBHKCHHUS IIEPEBO-
TUTCS B MIJUTUMETPHI MyTEM YMHOXKEHHS Ha 50 MM, Tak
KaK 3TO CpelHee PacCTOSHHUSA OT KOPHI TOJIOBHOTO MO3ra
JIO TIEHTpa TOJIOBBI B3pocioro denoBeka [3]. Jlns momas-
JICHHUA TPSAMBIX U KOCBEHHBIX 3((EKTOB ABIKEHHS TOJIO-
BBI 3TH 6 TapaMeTpoB, UX NEPBbIC MIPOU3BOIHBIE M KOM-
OuHanum (HampuMep, IMOIIaroBoe cMelleHue, framewise
displacement, FD) 0ObIYHO HCIHOJIB3YIOTCSI B Ka4yecTBe
KOBapuaT Juisi Mojenell QpuibTpamuu BPEMEHHBIX CEpHid
CHUTHAJIOB aKTUBHOCTH TOJIOBHOTO MO3ra IpW IMOMOIIA
nuHeitHon perpeccun [9—11, 13, 18]. B pexxume peainb-
HOTO BPEMEHH pEKypCHBHas oOmias JTUHEHWHas MOIENb
(incremental general linear model, iGLM) Taxxe MOXeT
WCTIONB30BaThCS Ui YMEHBIICHHS (PH3HOIOTHIECKOTO
Iryma mpu o0paboTKe TaHHBIX BCETO MO3Ta M BPEMEHHBIX
cepuii eNeBBIX pernoHoB mosra [5, 19-21]. Xors iGLM
MIPEBOCXOIUT AJITOPUTMBI SKCIIOHEHITHAIBHOTO CKOJB3S-
IIETO CPEIHEr0 WM CKOJB3SIIEro OKHA, HampuMmep, st
ycTpaneHus: TpeHzaa [8], GuipTpanus mpu IMOMOIIH JIH-
HEWHOW MOJeNu, KakK MpaBuiIo, HE MpPEArojaraeT pasio-
KEHHS TapaMeTpOB [BI)KCHHS Ha Ooliee MPOCTBIE CO-
CTaBIIIONINE WM BBIACICHHUS BBIPAXKCHHBIX AaHOMAIINH
nepen GuIbTparuei.

Tem He MEHee B KOMIUIEKCHBIX MapaMeTpax IBIDKe-
HUS TOJIOBBI MOXKHO BBIIEIHUTH XapaKTEPHbIC MPHU3HAKH.
Hanpuwmep, ecam mocne GOJBIIOTO CMEMIEHHS OTHOCH-
TEIbHOE TOJI0KEHNUE HE MEHSETCS JIOBOJBHO UIUTEIFHOE
BpeMsI, MBI MOXEM BBIJCIUTh AHOMAJUIO THIIA CTYIICHB,
9acTo HAOMIOAAIONIYIOCS Ha HECKOJIBKHX Iapamerpax
JIBIDKEHUST OJTHOBpEMEHHO (puc. 1).
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Puc. 1. Kopeaucmpayus k nepsomy 06émy u pementvie paosi
MUNOBLIX NAPAMEMPOE OBUNCEHUIL 201108bL (PU CMEUEHUs]

u mpu epawgenust) o GMPT oonozo yuacmuuxa, aHomanuu
8bl0eIeHbl NPAMOY20NbHUKAMU

Jns oObHapyXeHUS M MapKUPOBKHA aHOMAIIUH MOTYT
MPUMEHATHCS CTATUCTUYECKHE METOMbI, HAalpUMep, Me-
TOJX ONTHMAaJIbHOTO OOHApY)KEHUS, OMHAPHOW M BOCXO-
JIIEH CerMeHTallMy M JIPYTUX KIaCCHYECKHX METOHOB
MamuHHOTO obOyueHus [7, 22, 23]. OgHako amamTaius
TaKUX aITOPUTMOB K KOHKPETHOMY MaJloMy HaOopy naH-
HBIX U TI0A00p HEOOXOIMMBIX ITapaMeTPOB CYIISCTBEHHO
3arpyaHeHbl. COBpEMEHHBIE MOIXOIBI TIIyOOKOT0 00yde-
HUsI B KOMOWHAIIMK C METOAaMH OOYYEHHUs IO MajbIM U
HyJIeBBIM BBIOOpKaM [24, 25] obmamaror Oobleii amarr-
THUBHOCTBIO K JIAaHHBIM M MOTYT 3(Q(EKTHBHO HCIIONB30-
BaThCS JUTS BHISABJICHMS LIEJIEBBIX aHOMAJIMK 1 apTe)akToB
[26, 27] B mmMpOKOM CIIEKTpe TEXHHUYECKUX W MEIUIIHH-
CKUX JMaHHBIX [28, 29]. O0ydeHHne HEHPOCTEBBIX MOJETICH,

KaK npaBwiio, TpeOyeT OobIIoro Habopa NaHHBIX, M IS
3a71a4 OOHAPY)KEHH aHOMAIIMI TaKOi 00BEM MOXKET OBITh
MOJTy4€H 3a CYET WCIOJIb30BAHUS CHHTETHYECKUX JAaHHBIX
[30]. danpHeiimas agantanus K MajJoMy HabOpy AaHHBIX,
MOJTy4€HHOMY B paMKaxX KOHKPETHOTO 3KCIIEPUMEHTa, MO-
JKeT OBITh TaKKe BHITIONIHEHA HA OCHOBE PA3IMYHBIX IMOA-
XOJ/IOB 00y4eHHsi 10 BHIOOPKaM Majoro M HyJEeBOrO pas-
Mmepa (few- zero-shot learning) [31, 32].

B nanHo# cTaThe mpensiokeHa CKBO3Hasi HeWpoceTe-
Basi TEXHOJIOTHsI OOHAPYKEHHSI CTYNEHYATBIX apTe(haKToB
JBIDKeHUsT ToJoBbl B GMPT-naHHBIX ¢ OOyueHuHeM Ha
CHHTETHYECKUX JaHHBIX C IMOCIEXyIomeil aganTanuei K
MaJIoMy Habopy peajbHbIX JaHHBIX. Jlyisi perieHus dToi
3a/1a4d B paMKaX CTaThbU BBIIOJIHEHO CIEIyomIee:

- PazpabGotan anroputM cHHTE3a JAaHHBIX JBIKCHHS
TOJIOBEI C TEPEHOCOM CTaTHCTUYECKHUX XapaKTepu-
CTHK IITyMa C PeajbHbIX JaHHBIX.

- Pa3zpaborana mporenypa aBTOMaTH3MPOBAaHHOHN pas-
METKHU PEabHBIX JaHHBIX Ha OCHOBE aHAJM3a CTaTH-
CTHYECKUX XapaKTEPHCTHUK.

- Pa3zpabGoTtan MeTOx OAHOIIATOBOTO META00YUICHHUS IS
aJanTanuy HelpoceTeBod MO K MaioMy Habopy
peaTbHBIX JaHHBIX.

- Pa3zpaboran anroput™M OOHapy>XEHHS CTYHNEHYATHIX
aHOMajui B JAHHBIX C NPUMEHEHHUEM CBEPTOYHO-
PEKYPPEHTHONH HEHPOCETEBOM MOJENIN B CKOJB3SILEM
okne B 10, 15 u 24 orcuéra.

s mpoBeeHUsI TECTHPOBAHUS M KPOCC-BATUAAIINH
pe3yabpTaTa OBUTH MCIIONB30BaHBI 15 map peasbHBIX CHT-
HAJIOB JBHMJKCHHS T'OJIOBBI BO Bpemsi mpoBeneHus GMPT-
9KCIIEPUMEHTa, KOTOpBIE OBUIM TaKke IpeaBapUTEIHHO
pa3meuensl. [ TeCTUpOBaHHS HCIIOIB30BAJIaCh MPOIIE-
Iypa cxoas ¢ Kpocc-BaIWAanueH, I TecTa NCIOIb30-
BajiCsl OAMH HAOOp 3 15, UCKITIOYEHHBIH U3 O0y4YeHusI.
CpenHsisi TOYHOCTh OOHApPYKEHHUsI CTYNEHYAThIX aHOMa-
JIM{ Ha peaNbHBIX JaHHBIX cocTaBmia oT 0,8953, 0,9244 u
0,9546 nns oxHa B 10, 15 u 24 orcuéra.

1. Obwaa cxema ooHapysceHun AaHOMATUIL
¢ oOyueHuem Ha CUHMEMUYECKUX OAHHBIX
u adanmayueii Ha MaioOmM HAdope pPeanbHbIX OAHHBIX

s o6yueHus] HEHPOCETeBBIX MOJIENICH B yCIOBUSIX
MaJIOTO KOJHYEeCTBA peajlbHBIX NAaHHBIX pa3paboTaHa
TEXHOJIOTHSI TPEX3TAalHOTO OO0ydYeHHs C ajamnTamnueit
HEeMpoceTeBO MOJENM IO KOHKPETHYH 3ajady Ha
OCHOBe anroputMma MeTaoOydeHus. MertaoOydeHme —
QNTOPUTM, TO3BOJIAIOIIMKA  OBICTPO  aZaNTHPOBATH
HEWpOCETeBYI0 MOJEIh K PEIICHHIO HOBBIX 3aJad Ha
MasioM 00BbEMe maHHbIX [33]. B oTnmume or paHee
MPEIIOKEHHOTO MeTaoOydeHus, TIe Ha KaXJIOM IIare
yCcpenHstoTes: rpagueHtsl QyHKuuid noreps [33], B
MPUMEHSEMOM METOJIEe YyCPEOHSIOTCS Beca HeHlpoceTe-
BBIX MoJjieneid, o0y4yeHHbIX 3a oquH war [24]. [Ipeasno-
KEHHAsE CXeMa O0O0HOWA208020 MemaobyyeHuss ¢ WC-
MMOJIF30BAaHUEM TMPEIBAPUTEIHLHOTO OOY4YEHUS HA CHH-
TETUYECKHUX JAHHBIX MPEACTaBIeHa HA PHC. 2 M COCTO-
WT U3 CIEIYIONINX TPEX 3TAIOB.
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1) Ha nepBoM 3Tarne mMozenb oOydaercss Ha OOJIBIIOM
O6'beMe CUHTCTUYCCKUX JaHHBIX, CTCHEPUPOBAHHBIX
C MmapamMeTpamu, 6J'II/ISKI/IMI/I K pCajibHbIM JAaHHBIM, U
C TIEPEHOCOM CTATHCTHYECKUX MapaMeTpoOB IIyMa U3
peanbHBIX AaHHBIX. B pe3ynprare 00ydeHUs MOIy-
4YaeTcsd HavaJlbHbIM BEKTOP MapaMeTpoB HeWpocTe-
BOU MOJIETIHA — Wy.

2) Bropoii sTan BhIOJIHSAETCS HA HEOOJBIIOM KOJIHYeE-
CTBE HaOOPOB pEaJbHBIX IAHHBIX JBHW)KEHHS TOJIO-
BbI, COOTBETCTBYIOIIMX Pa3IMYHBIM JIIOJSIM, Mpea-
BapUTEIbHO Pa3MEUYEHHBIX C ITOMOILBIO aBTOMAaTH-
3MPOBaHHOTO MOAYJS pa3MeTku. s N peanbHBIX
CHTHAJIOB JIBMDKEHHMS TOJIOBBI BBILIOJIHSETCS J1000Y-
YeHWe, HauMHasi U3 HayaJlbHOT'O BEKTOpa HapaMerT-
POB MOJIETIM W,y HE3aBHCHMO JPYyT OT Jpyra oOyda-
ercs N Mozeneil, u nonydaercs N BEeKTOpOB Iapa-
METPOB HEHPOCETEBOH MOJETH Wi... Wy.

JTan i

N

JTai

ObyHeHne mogenu Ha BonbLIOM
0OBbEME CUHTETUMECKIX AAHHBIX
¢ NapaMeTpami LyMa u3
DRAMBHLIX AAHHLIX

[ooBy4eHure Ha N paznuyHklx
RaBopoB pearbHbIX AaHHbIX

[To Habopy cOCTOSHUI MOTy9aeTcsi CpeaHee COCTOS-
HHUE MOZAETH Wy

1 N
Wy =—)W,. (1)
N

[TonyuenHnsie N BEKTOPOB COOTBETCTBYIOT /1000Yy-
YEeHUI0 10 N pasjMyHbIM MaJbIM BBIOOpPKaM sl pas-
JINYAIONINXCs TOMEHOB, B YaCTHOCTH, B HAIlleM HcCClle-
noBaHMM N=15 u BBIOOPKHM MOJNYYEHBI AN Pa3HBIX
JofeH.

3) Ha tpeTbeM dSTane BBIMOIHIETCS aJanTalis MOIEIH
Ha OCHOBE OOYyYeHHsI MOJENHU 10 Majoil 4acTu pe-
anpHbIX gaHHBIX (few-shot oOydenue), cooTBeT-
CTBYIOLIEH KOHKPETHOMY 3KcrepuMmeHTy. Tectupo-
BaHHE TOJyYSHHOI'O pe3ysbTaTa OOy4YeHHUs! IPOBO-
JTUTCS Ha OCTaBIIeHcA YacTH JaHHBIX.

AfanTaLns K peanbHEM AaHHLIM
KOHKDETHOIO 3KCMEpUMeRTa
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| TN
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craTucTECKIX

XapaKTEpHCTIK
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CunTeac

aniGopkoii

SKCnepumeHTa

Puc. 2. Cxema ancopumma memaodyuenuss mooeneil 0OHAPYHCEHUS AHOMATUL C UCTOTb30BAHUEM CUHMEMUYECKUX OAHHBIX. Wo—
BEKMOP NAPAMEMPOS HAYANBHO20 COCMOAHUS Heupocemesoil mooenu, N — KOIUUecmeo pedibHblX CUSHANO8 NEPBO20 USMEPEHUs
U KOTUYeCmeo Noy4aembvix Ha GMopOM dMane COCIMOSHUL MOOeIU, Wi...WN— HAbop hapamempos mMooeiu nocie 0000yueHus
U3 HAYATLHO20 COCMOSAHUA, WM — PE3VIbIMupyiowuil Habop napamempos mooenu

Oransl 1) — 3) pean3yorT MOIUPUIIMPOBAHHBIN 101
XOJI MHBApUAHTHOTO K Mojenu MmeraoOyueHust (model-
agnostic meta-learning) [24], uCHOJIB30BAHHBIN, B YaCT-
HOCTH, B pabote [33] mis peuieHUs 3aqadd aJanTanuu
HeWpoceTeBOH MOJENHN CBEpXpa3pelIeHUs] K KOHKPETHO-
MY H300paKeHHIO.

[epBas Moaudukanus 3akirO4aeTcs B HCIOJIb30Ba-
HUM Ha MEPBOM dTalle CHHTE3WPOBAHHBIX IAHHBIX, IPH
reHepalyy KOTOPbIX MCHOJIb30BaHbl CTATHCTHUECKHE Xa-
PaKTEpUCTHKU LIyMa pealibHBIX JaHHBIX. BTopas moau-
(uKanus OTHOCHTCSI KO BTOpoMY dTamy. B ncxonsom an-
roputMe MetaoOyuyenust u3 [24] u [33] aran 2 BeINONHS-
€TCs OJHOBPEMEHHO Ul BCeX HaDOpOB pealbHBIX JaH-
HBIX, C OOHOBJIGHHUEM TI'paJMEHTOB Ha KaxaoM Iare. B
HacTosIed paboTe mpeayaracTcs MPOBOIAWTH OOHOBIIE-
HUE TPaJUeHTOB OJHOMOMEHTHO, B onuH mmar (1). B ot-
JMYKE OT HCXOJHOTO, MapajuIeNbHOrO MEJIKOUIAroBOTO
anroput™a u3 padot [24] u [33], npemtoKeHHbIH MOAX0T
MOXXHO Ha3BaTh IOCJIEJ0BATENbHBIM KPYIHOILIAroBbIM. B
MpeUIoKeHHON peanu3anuu Gopmyna (1) sBusercs 3a-
MeHoi dopmyibl (1) uz [24] wiu (7) u3 [33]. [Noayden-
HBII MeTol MeTaoOydeHus: OyAeM Ha3blBaTh 0OHOWAZO-
8bIM MemaobyueHuem Ha CUHIMeMU4eckux OaHHbIX.

Hanee B maparpade 2 onucanbl pa3pabOTaHHbIC ajiro-
PUTMBI T'CHEpALlMU CUHTETUYCCKUX IaHHBIX, B Iaparpa-
(e 3 — mporeaypsl aBTOMAaTH3MPOBAHHOW Pa3METKH pe-
aNbHBIX JIaHHBIX, B maparpade 4 — paspaboTaHHas
HelpoceTeBas MoJieIb OOHApYKEHUsI aHOMAJTUH.

2. Anzopumm zenepayuu OAGHHBIX C YUemom
CneyupuUKU OAHHBIX 0 0BUICCHUU 207106bL 8 CEAHCe
MPT-ckanupoeanusn
2.1. Ilpouedypa cenepayuu cunmemu4eckux OaHHbX
0BUICEHUSL 20]106b1

CuUHTEeTHYECKHUE JaHHBIC YIS NEPBOrO 3Tama o0yde-
HUSl CTCHEPUPOBAHBI C YYETOM CIHCIM(DUKH JaHHBIX O
JIIBUOKEHUU TOJIOBbI, IOJy4YeHHbIX B ceaHce MPT-
CKaHUPOBAHUSI.

IIponenypa cuHTE3a JAHHBIX BBIMOJHICTCS B He-
CKOJIBKO 3TaroB.

1) dopmupoBaHHE HOPMAIBHOIO LIyMa CO CTaTHUCTH-
YECKMMHU XapaKTePUCTUKAMH, HPUOIMKECHHBIMH K
peabHBIM JTaHHBIM.

2) Jlo0GaBieHue rapMOHHYECKON COCTABIISAIOIICH.

3) JlobaBieHue CTyMEHYATHIX AaHOMAJIHIA.

4) JloOaBieHue IMHEHHOTO TPEHIA.
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Jaiee 3T 3TanBl pacCMOTPEHBI MOAPOOHEE.

Ha nepBom arare [uisi CHHTE3a IaHHBIX (OPMHUPYETCsI
LIECTh HE3aBUCUMBIX BEKTOpOB ['ayccoBckoro myma. Ile-
PEHOC XapaKTEePHCTHK IIyMa C PeajbHBIX CHTHAJIOB I103-
BOJISIET yuecTh creuuduky aBwxeHus ronoBsl B MPT-
CKaHepe W KOCBEHHBIE (DaKTOPHI, BIHSIONINE HA TOYHOCTh
ad¢uHHOrO mNpeodpa3oBaHusi, HampuMep, apredaxkToB
(GMPT-n300pakeHuit, HCKAKEHHBIX W3-3a IBUKCHU.

Ha BTOpOM 3Tame x creHepupoBaHHOMY IIyMy 100aB-
JSeTCA TapMOHUYECKash COCTAaBIIAIONIAsl CHTHAJa, COCTO-
sasi U3 TPEX TAPMOHUK C Pa3HBIMHU MIEPHUOJIaMH B BapbH-
pytoreiics amuuty o konebanuid. [logoOHbIE HCKaxe-
HUS TIO3BOJISAIT CMOJCIUPOBATh IUKIMYHOCTD IBIXaHUS
yenoBeka B npouecce pMPT-ckaHHPOBaHHUSL.

Ha Ttpersem 3Tame mo0aBiAIOTCS CTyNEHYATHIE aHO-
MaJIiH, KOJMYECTBO U aMIUTUTYAA KOTOPBIX BapbUPYETCH.

Ha gerBepToM 3Tame H00aBIsACTCS JTMHEHHBIA TPEH
CHUTHAJIa C TMIOCTOSTHHBIMH HaKIOHOM H 3aBHCHMOCTBIO OT
JUTMHBI CUTHAJA.

B pesynprare geThIpex 3TamoB CHHTE3a (GOPMUPYIOT-
Cs LIECThb HE3aBUCHUMBIX CHUTHAJIOB 33JJaHHOW JUIMHBIL. B
MPOBOJIUMBIX OSKCHEPUMEHTAX CHHTETHYECKHE JaHHBIE
cocrosuti U3 Habopos (parmertoB 1000 BpeMEHHBIX psi-
noB mmHON 300 oTcuéroB (puc. 3). Kaxawiii Habop co-
JIepKasl He3aBHCHUMBIE BPEMEHHBIE PSAbI U 6 mapameT-
pOB: cMelleHus 1o KoopauHataMm X, Y, Z, a Takke 1oBo-
poros P (pitch), R (roll), Y (yaw).

amnnuTyna
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Puc. 3. Ilpumep cunmemuyeckux OAHHbIX C pa3mMe4eHHbIMU
anomanusmu

2.2. Ilepernoc cmamucmuyeckux xapakmepucmux
PEeAIbHbIX CUCHAIOB

s Toro, 9ToOB TPUOIM3UTE MacIITaOHBIE M CTaTH-
CTHYECKNE XapaKTEPUCTHKH CHHTETHYECKMX IaHHBIX K
pearbHBIM CHTHAJaM, IPOBOIMINCEH CIEAYIOIINE OLIEHKH.
XapakTepHblii MacmTad MHUKPOIBIDKEHHHA TOJOBHI B
MPT-ckanepe m3MmepsieTcs B mmumMeTpax [3, 9], mo-
9TOMY IIPU CUHTE3€ 3a €AUHMILY NPUHST JMHEHHBIN pa3-
Mep B | MM, B TOM YHCIIE JUIS BPAIATEeIbHBIX JBIKCHUI.

1) Jlnst mepeHoca CTaTUCTHYECKUX IMapaMeTPOB BEICO-
KOYaCTOTHOTO IIyMa M3 PEaJIbHOTO CHTHAJa B CHHTETH-
YECKH OBUIO WCIIONB30BAaHO JIUCKPETHOE BEHBIET-
npeoOpa3oBaHue Habopa peambHBIX CHUTHAJIOB. B kaue-
CTBE MaTEPUHCKOTO BEHBIETAa MCHONB30BaH CHMIIET IIfi-
TOro mopsika. J[eKOMITO3UIMS CUTHala MPOM3BOANIACH
o ko3 dummentos nsaroro yposus [34]. Ilocme storo

Bce KOX(PUIMEHTHI, 32 HCKIIIOUeHHUEM KOd((UIINEHTOB
MSTOr0 ypoBHS, ObuLTH OOHYyJNeHbl. [lonydyeHHbII HaOOp
KO3 GHUIMEHTOB HCIIONB30BAICS Ui BOCCTAHOBJICHHUS
CHTHAJa W TOJIyYCHHUS] BBHICOKOYACTOTHOH KOMIIOHEHTBI
IIyMa peaisHOro cursana (puc. 4.).

Jlnist OLEHKH CTaTUCTUYECKHX XapaKTePHCTHK Bblje-
JICHHOTO HIymMa Obul mpuMeHEH Slice-anroputM COMILIH-
poBanus [35]. BolOpaHHBINM aarOpuT™M MPEACTABISET CO-
6oii Tun anroputMa MonTe-Kapio mo cxeme MapKOBCKUX
mene Ui BBIOOPKH IICEBAOCITyYaiHBIX uucen [36].
ComrmupoBanue poBoauiock Ha 100 orcyérax Kaaoro
pEaNbHOrO CHUTHAJA U3 TEPBOTO M3MEPEHHs B TEUCHHE
1000 ureparmii. [Tomy4deHHBIE CTATHCTUYECKUE XapaKTe-
PHUCTHKH JUIsl KaXXIOTO U3 peajibHbIX CHTHAJIOB 00pa3oBa-
71 HabOp MapaMeTpoB, U3 KOTOPHIX OHH CIIy4aifHBIM 00-
pa3oM BBIOHpAIKCh Ul TIPUMEHEHUsI K IIyMYy T€HepHpY-
€MOro CUrHaja.

x10” BblCOKOUYACTOTHAA KOMMOHEHTa LyMa peanibHOro curHana

amnautyga, [Mm.]

I I I I !
0 50 100 150 200 250 300
OTCUETHI, [cek.]

Puc. 4. Boicoxouacmommbiii wym, u361e4EéHHbLI U3 PealbHO20
CUSHANIA € NOMOWbIO OUCKPEMHO20 8eliglem-npeodpazoeanus

CpenHekBapaTUYHOE  OTKJIOHEHHE  IOIY4E€HHOIO
[IyMa U3MEHSIOCh B uHTepBasie oT 107 10 3-10 > MM, a
MaTeMaTH4ecKkoe oXxujaHue Obuto Onm3ko k Hymo. Tak-
ke ¢ BeposTHocThIO 0,01 mrym B curHane ycunusaics B
100 pa3 a1t MMHTanMU BUOpaLuy CKaHepa M Ype3MEPHO
3alIyMIEHHBIX JaHHBIX.

2) Hanoxenue HeMTMHEHHBIX TADMOHUYECKUX TPEHI0B
BBITNOJIHEHO C MIOMOLIBIO KOCHHYCOB TPEX Pa3aM4HbIX IIe-
puogos. IlepBble 1Be rapMOHUKU HUMEIH OJUHAPHBIA U
JBOMHOM NEpHOJBbl OTHOCUTEIBHO JUIMHBI BPEMEHHOIO
psana. Ilepron TpeTbell rapMOHUKH ¢ BeposTHOCTBIO 0,99
BapbUPOBAJICS MEXAYy 8 U 64 UIMHAMU BPEMEHHOIO psijia.
B cnyuae rapMoHuku ¢ nepuogoM 64 — ocTaiabHbBIE rap-
MOHUKH TIOJIaBJISUIMCh BO HM30€KaHWE M3IIHMIIHEro MCKa-
JKEHMs CUrHaja. AMIIIMTyAa FapMOHUK A 6 mapamer-
POB U TPEX TapMOHMK M3MEHSIACh HE3aBUCMMO OT 5-10 73
MM 10 2:10 2 MM ¢ marom 107*. 3max ammarymsr 1-i
TapMOHUKU C BepOSTHOCTBIO (0,5 BapbUpOBaics MEXIY
«H» | «».

3) KiroueBbM Ui 0Oy4YeHHS! 3TAloM SBISIETCS JO-
OaBjeHHE IIEJEBBIX CTYNEHYaThIX aHoMmaiui. Kommue-
CTBO CTYNEHYATHIX aHOMAJIMH BBHIOMPANIOCH CIy4aiHBIM
o0pa3oM B auamnazoHe oT 3 110 6 mpH yCJIOBHH, YTO MH-
HUMAJIbHOE PAacCTOSHUE MEXIY aHOMAJIUSIMH COCTaBISIET
2 BpEMEHHBIX OTCYéTa. AMIINTYyAa aHOMAalIWld HE3aBH-
cuMa s 6 apaMeTpoB U u3MeHsack ot 21072 MM 10
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5102 MM ¢ maroM 5-10 > MM, a 3HaK aMILTATYIB C Be-
posarHocThio 0,5 BapbupoBaNCAd MEXAY «+» U «—». B pe-
3yJbpTaTe A00aBICHHS [AaHHON aHOMAlWM AaMIUIUTY/Aa
BCEro MOCJEIYIONUEr0 CUrHajla MOJHUMAIACh WIH OIMyC-
KaJlach HauWHas C BBHIOpaHHOW TOUYkH. Tarke ¢ BEpOsT-
Hocteio 0,5 aHoManus Morjia OBITb OJWHOYHOW HIIN
JBOMHOW. B cnyuyae OBONHONM aHOMalnMM NOABEM WIIHU
CIIyCK IPOMUCXOJMI 3a J1Ba oTcuéra. BenmnunHa noabséma
WIN CITyCKa JIENMIAcCh MEXKAY IBYMs OTpe3KaMH CIydain-
HbIM 00pa3oM Ha joau pazmepamu ot 0,25 g0 0,75 ot uc-
XOJIHOM aMIUIUTYIbI.

4) JlobaBieHHE JIMHEHHOIO TPEHAA C ITOCTOSHHBIM
HakJI0HOM. TpeHn 3amaeTcst Tak, 4TOOBI IMOAbEM Ha BCEi
JUTMHE BPEMEHHOTO PsiJia COCTABIISLI OT 5 MM 0 10 MM Ha
nocieanem orcuére. [Ipu renepanuu BelIryuHaA MOABEMA
BapbHUPYETCS C IMaroM 1 M.

B xauectBe oOyuaromeli BEIOOpKH OBLTH MCIIONB30Ba-
Hbl 6000 curnanoB mmHOI0 B 300 OTCUETOB, copep a-
mme oT 3 1o 6 cTymeH4YaThIX aHomanuil. Jlamee curaan
CEeTMEHTHPYETCS CKONB3SIIUM OKHOM pazmepa 10, 15 u
24 orcuéra. CUrHaI CETMEHTHPYETCS IO IOJO0KCHUSAM
CKOJIB3SIIET0 OKHA C Iarom 1, u B cirydae oOHapy KeHUs
OTMEUYCHHOW paHee aHOMAJIMH B MHTEpBAJie OH IOMeda-
©TCsI aHOMAaJBHBIM W 3aIHCHIBACTCS B OTHENBHYIO CTPYK-
Typy. Ilo pe3ymbraTam cerMeHTanuy BBIOOpKa OanaHCH-
pyercst myTéM oTOpOoca HeaHOMAJIbHBIX YYaCTKOB JUISL J10-
CTIDKEHHSI PaBHOTO KOJMYECTBAa AHOMANBHBIX U HEaHO-
MaJbHBIX yYacTKOB. [loirydeHHbIE MHTEPBAJBI SIBISIOTCS
BXOJHBIMH JAHHBIMHU JUISI MOJENN HEHPOCETEBOTO Kiac-
cupukaropa. Pazmep kaxkaoro Habopa CHHTETHYECKUX
JaHHBIX TpuMepHO paBeH 470000, 725000 u 1100000
HWHTEPBAJIIOB COOTBETCTBEHHO.

3. Aemomamuaupoeauua}l pasmemkKa na ocnoese
CMAMUCmMU4eCcKux aicopummos 06Hapy.7fceuml
paccoenacoseanus 6 OaHHBIX

Jlyist aBTOMaTn3anyMy pa3METKH JAaHHBIX HCIIOJIB30Ba-
Jach pa3MeTKa, pealn30oBaHHAs HAa OCHOBE aHalW3a CTa-
TUCTUYECKHX XapPaKTEPUCTUK U OOHapyXeHHUs HeCcoOoT-
BETCTBU, IPY aHAJIM3€ HCIOJIb30Bajack ONOIMOTEKa ISt
aHaJIM3a M CErMEHTAllMM HECTallMOHAPHBIX CHUTHAJIOB
Ruptures [22]. Pa3meTka aHOManuii Ha MOJyYEHHBIX pe-
IBHBIX JAHHBIX MTPOBOAMTCS HA OCHOBE JIByX COCETHHX
CKOJIb3SIIIMX OKOH, B KOTOPBIX PACCUUTHIBAETCS Mepa
HecooTBeTcTBHs. lllnprHa W 1ar CKOJB3SIIIMX OKOH MO-
TyT OBITH HACTPOEHBI I0JIb30BaTENEM. B coceqHUX OKHax
Vin UV © HHIEKCAMU [ <m <n pacCUUTHIBAIOTCS CTATH-
CTHYECKHE CBOMCTBA CHI'HAJa W CPaBHUBAIOTCS C MEPOM
HEBSI3KH d (m), KOTOpast ONPEAENATCS Ha OCHOBE HEKOTO-
poit GyHKIMH cTOMMOCTH C(*):

d(m)=c(vin)=c(vim)=¢(vnn). @

[Ipu npeBBIICHUN HEBSI3KA MEXAY OKHAMH Vi, M Vi p
MIOPOTOBOTO 3HAYEHUS IENAeTCs BBHIBOJ O HAJMYWUU aHO-
Manuu. B Hactosmieit pabore ucnonb3oBagach HopMma L
B KauecTBe (PYHKIMU CTOMMOCTH IJIsi aBTOMATU3UPOBAH-
HOTO OOHApY>KEHHsI CTYIIeHYaThIX aHoManui [22, 37].

Jns KOppeKTUpPOBKM MPEBAPUTEILHON pa3METKH B
CIy4yae HEBEpPHOH aBTOMAaTHYECKONW pa3METKH C IIOMO-
IIBI0 CTAaTHCTHYECKUX METOJNOB OBUI CO34aH JOINOJIHU-
TeJIbHBII POrpaMMHBIN MOJYJIb Ha si3bike Python, korto-
PBIil 1a€T HOJIB30BATEIII0 BO3MOKHOCTb CKOPPEKTUPOBATH
pasmerky. Kaxmas cratuctiuecku oOHapy>KEHHAs aHO-
Malusi MOXKET ObITh MOATBEPXKAEHa WJIM OTMEHEHa
(puc. 5).

Pa3meTKka 10 py4HON KOPPEKTUPOBKM
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Puc. 5. Ilpumep pazmemxu cuenania cmamucmu4eckum
Memooom 0o (A) u nocne (B) pyunoii koppexmuposku. Toukamu
ommeueHvl AHOMAUU
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4. O6napysicenue anomanuit
Ha OCHOGe Hellpocemesoll Mooenu
4.1. Apxumexmypa ceepmo4HoO-peKyppeHmHol
Helupocemesol MoOenu 0OHAPYICeHUST AHOMATUL

Jns xnmaccuukanuy MHTEPBAIOB CUTHajla Ha aHO-
MaJIbHbIE W HE aHOMAaJIbHBIE NpeaIaraercs CBEPTOUHO-
PEeKyppeHTHas HEHpOHHasl CETh CIEAYIOIIEH apXUTEKTy-
PHI, IIpeACTaBICHHON Ha puc. 6.

Batch normalization — cioif 00y4aeMoii TaKeTHOH HOP-
Mammawy [38], HOpMaNM3YIOMMA JaHHBIE, TIOaBacMbIe
Ha Bxoa. Conv1D — cBEpTOUHBIH ciloii HefipoceTeBOH Moie-
JIM, TIPUMEHSIOLINI ONepaIuio CBEPTKU K BBIXOJHBIM J[aH-
HBIM W3 TpeIpUIyIero cios U sixpoM cBEpTkH. Gaussi-
an noise — peryJsipu3aloOHHbIA CJIOH, OOaBIIOMMN K
JaHHbIM T ayCCOB LIYM C HYJICBbIM CPCIAHNUM, AKTUBCH TOJIb-
Ko Ha ararne oOyuenus [39]. GRU — ympasnsiembiii pekyp-
pentHbIi 0510k [40]. Reshape — croit, Menstrorumii pa3mep-
HOCTh BXOJIHBIX JaHHBIX B 3a1aHHyto. SimpleRNN — mos-
HOCBSI3HBI PEKYPPEHTHBIN CIIOH, rie BhIXOAHAs: nHpopMa-
1M1 BO3Bpaliaercsi Ha Bxo1. Dense — MoJIHOCBA3HBIHN CIIOH.

4.2. Aneopumm 0OHAPYAHCEHUSL AHOMANULL

O6Hapy)KGHI/I€ aHOMAJINI pPeAM3yCTCA  CKOJIb3AIIUM
OKHOM Ha OCHOBE HeﬁpOCTeBOFO maccmbHKaTopa. Ha BXOa
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Ki1accu(uKaTopa NoJaeTcsl MHTEPBal, MOJyYeHHbIH CKOJIb-
3SIIUM OKHOM 3aJIaHHOW JUTMHBI ¢ miaroM 1. Jiist mpunsTus
pelieHnst 00 aHOMAJIMK KCIIOJIB3YEeTCsl TOJIOCOBAHKME KIIac-
cr(hMKaTOPOB MO JIByM COCEAHHMM IMOJIOKEHUSIM OKHa. Takas
MpoLeypa IMO3BOJSIET YMEHBIIUTH KOJMYECTBO HEBEPHO
OTIpEIENIEHHBIX AHOMAJIBHBIX Y HEAHOMAJIBHBIX WHTEPBAIOB
B pe3yJIbTaTe HeWPOCETEeBOH KiIacCH(HUKALIUH.

(Batch_normalization >
—

l—‘—|

|Dense_1, 8, relu|
Y
1

15 nse 2.1 ¢

Puc. 6. Apxumexmypa ceépmouno-pexyppenmuou
Helipocemegoii Mooenu

5. Honyuenue peanbhovix 0aHHBIX U 00YUEHUE MOOEU
3.1. Ilonyuenue peanrbHbix OaHHbIX

B mpoBogmmoM uccienoBaHWM OBUTM HCIIONB30BAHEI
15 peanbHBIX CUTHAJIOB JIBMDKCHHS TOJIOBBI IIEPBOTO M BTO-
poro mmepennit GMPT-ckaHUpOBaHHSA, TIPOBOIUMOTO 110
U TIOCJIE SKCTIEPUMEHTA T10 PEryJISIIH 3MOIHH, MOTyYeH-
HBIe 118 15 pasmmdabx yenoBek [41]. B mpomecce ckanm-
POBaHUSI YYaCTHUKH OBUIM NPOMHCTPYKTHPOBAHBI HE JIBH-
raThbcsl, He KOHIIEHTPUPOBATHCS Ha KAKUX-TNOO MBICISIX U
He 3acemarb. Xapakrtepuctuku GMPT-ckanoB: 333 Tpéx-
MepHBIX m300pakeHnss oOvéMom 120x120x45, pasmep
Bokcens — 1,8 Mm®, TR=1,1 c. IllecTs mapamMeTpoB IBH-
JKEHHUs TOJIOBBI IIPE/ICTABISUIN COOOH TpH CMEIIEHHS IO
ocsiM X, Y, Z 1 moBOpOTHI BOKPYT ocell X, Y, Z, noiydyen-
HBIE C TIOMOIIIBIO KOPETHUCTPaluK K TIEPBOMY CKaHy CECCHHI
(GMPT-ckanupoanms (SPM12, fil.ion.ucl.ac.uk) [42].

Pa3zmeTka peanbHBIX JaHHBIX ObliIa BRIIIOJIHEHA BPYY-
HYIO C IPUMEHCHNEM MOJYJISl aBTOMAaTHYECKOH pa3METKH
U TOCHEAyIoIell  KOPPEeKTHPOBKH  IMOIYYEHHOTO

pe3yibpTaTta IMOJB30BaTeleM. Pa3MedeHHBIE peaslbHbIe
JaHHbIE OBUIM COXPAaHEHBI B OTACIBHYIO CTPYKTYpPY M
BIIOCJICICTBUM CETMEHTHPOBAHBI aHAJOTHYHBIM CIOCO-
6oM. Kaxkzpie u3 6 mapamMeTpoB pa3Medaiuch, CETMEHTH-
POBAJHCh W MCIIOJIB30BAINCH MIPH O0YICHUN HE3aBUCHMO
Ipyr oT apyra. Ha maHHOM 3Tame HCIOIB30BAIUCH 15
CUTHAJIOB JBIDKCHHS TOJIOBHI U3 IIEPBOTO M3MEPEHUs, TO-
CJie CeTMEHTAIMH CPETHUI pa3Mep BHIOOpKH paBeH 1297,
1538 u 1377 unrepBasiam mis 10, 15 u 24 orcu€ToB co-
OTBETCTBEHHO, TaKUM 00pa3oM, 0OyueHHe BeIOCh Ha BBI-
6opke u3 15 HabopOB JaHHBIX.

5.2. Obyuenue na cunmemuyeckux OAHHbIX

[epBbiii 3Tan 0Oy4YeHWs] MOJENH, COTJIACHO OOIIei
cxeme, MpeacTaBIeHHON B maparpade 2, BBITOTHSIICS HA
CHHTE3MPOBaHHBIX JaHHBIX. B mporecce oOyueHus pe-
KYpPPEHTHOW HEWPOHHOW ceTW ObUT HCIOJB30BAH ONTH-
muzarop Adam ¢ ko3 duiueHTaMn CKOPOCTH 00yUYEeHUs
1072 ma mepBeix 15 smoxax u 10~ ma mociexyromux.
KonuuectBo smox ob6yuenust — 50. Pazmep Oatua — 8192.
Broibpannbie  mapameTpbl  Oo0y4deHHs — OoOecmedmiIn
HaAMBBICUIYIO TOYHOCTh W HAaMMEHbIIHME 3HAYCHHs (YyHK-
LUK [OTEPh HA BAJMJAIIMOHHON BBIOOpKE M OBLIM yCTa-
HOBJICHBI B IPOLIECCE IKCIIEPUMEHTAIBHBIX HCCIIEI0Ba-
HUil Kak HauOosee addexTuBHbIe. B KauecTBe QyHKINU
noreps ObLIa MCIOJIb30BaHa (GyHKIMS OMHAPHO# Kpocc-
sHTpormu. TakuM obOpa3oM ObIT MOIy4eH Habop mapa-
METPOB MOJIEIU W.

Pe3ynbTaThl TECTUPOBAHUS HA CHHTETHYECKHX Pealib-
HBIX JIaHHBIX T0CJIE O0YYEHHs CBEPTOUHO-PEKYPPEHTHOM
netipocereBoii mozenmu (CPHC) wm 1D  cBEprouHoit
HetipocereBoit monenu (1D CHC) [43] mpencraBieHsl B
tabn. 1. B xauectBe meTpuk 3 dexkTuBHOCTH 00yUeHUs 1
TECTUPOBAaHUS HEUPOCETEBBIX MOAEIEH MCIIONIB3YHOTCS
MOHATHS TOYHOCTH U F1-MeTpuku:

TP+TN
Tounocms = ) 3)
TP+TN+ FP+FN
P
F1 - mempuxa = ] s @)
TP+§(FP+ FN)

rae TP — BepHO ompeAcn€éHHble aHoManuy, TN — BEpPHO
onpenenéHHble HeaHOMany, /P — HEBEPHO ONpeAeTEHHbIE
aHomanuy, F'N — HEBEpHO Onpe/IeNEHHbIE HEaHOMAITUH.

Tabn. 1. Pesynomamol 00yueHUs Ha CUHMEMU4ecKux u mecmuposanus Ha peanvrvix oannvix 011 CPHC u 1D CHC mooeneii

HA OKHAX pd3U4YHO20 pasmepda

CPHC, CPHC, CPHC, 1D CHC,| 1D CHC,[ ID CHC,
10 oTcuéroB 15 oTcuéroB 24 orcuéra 10 oTcuéroB 15 orcuéroB 24 orcuéra

Tounoctn 0,9609 0,9663 0,9702 0,9544 0,9395 0,9654

HA CUHTCTUYCCKUX HTAHHBIX

Fl-merpuka 0,9605 0,9659 0,9700 0,9543 0,9377 0,9652

HA CMHTCTUYCCKUX JAHHBIX

Tounocts, 0,6850 0,7016 0,7182 0,6225 0,6412 0,6677

Ha peaanbe JaHHBIX

Fl-uerpuia 0,6833 0,7062 0,7284 0,6673 0,6798 0,7165

Ha peaHbeIX JTAaHHBIX
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PexyppeHTHas MoJenb Ha BceX TPEX pa3Mepax OKHa
npoJieMOHCTpUpoBaia 3HaueHus ot 0,96 mo 0,97 touHo-
cti u Fl-MeTpuku Ha CHHTETHYECKHX MAHHBIX W, MPHU-
MepHo 0,70 Ha peanbHbix gaHHbIX. 1D CHC nokasana pe-
3yJBTAThI HIDKE U ¢ OonbiuM pazdpocom ot 0,93 o 0,96
B TOYHOCTH U F1-MeTpuke Ha CHHTETHYECKUX NAaHHBIX U
ot 0,62 10 0,66 B TOYHOCTH HA BAIMAALMOHHON BEIOOpPKE,
COCTOSIIEH U3 PeaTbHbIX JaHHBIX.

5.3. Obyuenue na peaibhbix OAHHbLIX

Bropoii aTan of1mieit cxeMbl OHOIIar0oBOro MeTaoodyte-
HUS peaji30BaH JOOOYYeHHEM MOJENH OT BEKTOpa Iapa-
MeTpoB Wo. [lomyunBimiicss B poriecce J000yUeHUsT Hauu-
Has OT Wy HabOp BEKTOPOB Wj...Wy TO3BOJISET, COTTIACHO
(1), moMy4YnUTH Wis — CTApTOBBI BEKTOp IMApaMeTpoB JUISA
TPETHEro 3Tara aJanTaliii MOJCTH K MaJloil BEIOOpKe.

OOyueHne MpoBOAMIOCH AJsl 14 pa3nmuyuHbIX HAOOPOB
naHHbIX. OOyyeHne Ka)XI0ro COCTOSHHUS IPOU3BOIMIOCH
13 Ha4aJIbHOTO BEKTOpa IapaMeTpPoOB Wy C pa3MepoM Oat-
4a B 256 u o6yyaromum kospdumentom B 10 > Ha mpo-
TsokeHuu 100 smox.

5.4. Aoanmayus mooenu

Tpetuit sTanm oOrmieii cxeMbl OJHOIIATOBOTO METao0y-
YEHUsI 3aKJIF0UaeTCs B JOOOYUIEHHH YCPEIHEHHOTO BEKTOpa
TapaMeTpoB W), Ha OCTaBIIeMcsl Habope JaHHBIX, HE BXO-
IameM B 14 MCTIONB30BaHHBIX Ha MpPEABITYIIEM JTarle.
[Mpouecc ¢GuHANBHOTO 1000YYEHHSI TPOBOAMIICS CKOPO-
cThio 00ydenus 107 na nmporsokernn 50 310X ¢ pa3sMeEpoM
Oarya 128. TecTupoBaHue HEHPOCETEBOW MOMEIH C ajar-
THUPOBAaHHBIM K KOHKPETHOM 3a[aue BEKTOPOM ITapaMeTpOB
Wi TIPOBOIMIIOCH Ha BTOPOM HabOpe MaHHBIX U3 TaphlL
OuHaIbHBIE PE3YNBTATHl TECTa HEWPOCETeBOM Kiaccudu-
KaIy OBUIM OTKOPPEKTHUPOBAHBI MO IByM COCEAHHUM HH-
TepBaJlaM COTJIACHO pPaHee OMHUCAaHHOMY aJTOPUTMY.

6. DKcnepumeHmanbHoe ucciedosanue
6.1. Ilpoyedypa Kpocc-6anudayuil npeooNCeHHOU
npoyedypbl 0OHOUIA208020 MEMA0OVYEHUs

Jl1s1 IpoBEpKU TOYHOCTU NPEUIOKEHHON MIPOLEAYPBI
OJTHOIIIArOBOTO MEeTa00yUeHHs B YCIIOBHSIX OTPaHUIEHHO-
ro Habopa MaHHBIX HCIOJIH30BAIACh CIEIyIomas Mpole-
JIypa Ha OCHOBE KPOCC-BaMAAIMH MO OTJCIbHBIM 00BEK-
tam (leave-one-out). Ha BTOpoMm 3Tame OHOIIArOBOTO
MeTaoOydeHus: (momgmaparpad 2.1) HCHONB3yIOTCS BCe,
KpOMe OJHOTO M3 HabOpOB JAHHBIX, COPMHUPOBAHHBIX,
Kak onucaHo B 4.1, o 3TuM HabopaM JTaHHBIX BBITIOJIHSI-
ercst pacuer Bekropa mapameTpoB (1). OcraBmmuiics
Ha0Op JaHHBIX UCIIONb3YyeTCs AJIS aJanTallii MOJETH Ha
sTane 3 U OIeHKH TOYHOCTH Mozenu. IIpu sToMm mepsoe
HU3MepeHue u3 Habopa NaHHBIX HCIIONB3YeTCs I 00yde-
HUS, BTOpOE — B KAadyecTBE BAIMAALMOHHOW BBIOOPKH.
[Iponerypa moBTOpsieTcs A7 BceX HAOOPOB TaHHBIX.

[IpennoskeHHast mpoLeaypa Kpocc-BalUAAUH T03BO-
JISIET TIPOBECTH CPETHIOI0 OLEHKY METPUK TOYHOCTH U F1.
Jna HacTosmmel paboThI 3TO 03HAYaeT yCpeaHeHue 1o 15
H3MEpeHusIM. B pamkax HacTosIlel paboThl Kpocc-

BaJTUAAINS MPOBOJIMIACH JIUIsI BCEX pa3MepoB okHa B 10,
15 u 24 otcuéra. Pazmepsl BeIOOpOK paBHBI 1884, 1854 u
1800 uHTEpBAIOB COOTBETCTBEHHO.

6.2. CpasHumenbhblll anaius memooda
00HOULA208020 MEeMaoOy4YeHUs

Jnst ananuza 3¢ QEeKTUBHOCTH MPEVIOKEHHOTO TTOX0/1a
OJTHOIIIATOBOTO META00y4YeHHs! BBINOJIHEHO CpaBHEHUE C
KJIACCHYECKMMH TIOJIXOIaMHU aJIalTallid MOJIENH 0 MaJoi
BbIOOpKe. [IpoBeneHO CpaBHEHHE TOYHOCTH JUISI MOJIENH,
JIOOOYYEHHON HETOCPEACTBEHHO W3 BEKTOpa IapaMeTpoB
Wy, U aJanTaiiyd MOJENH, TIOyUYeHHOW B pe3ysbTaTe Ipo-
Heaypsl TpaHchepHoro o0ydenus (transfer learning).

Jdnsi 000oMX TOIXOMOB IPUMEHSIETCS TNpOoLerypa
KpPOCC-BAIM/IAIIMN TIO0 OTJCIbHBIM OOBEKTaM W3 IIPE]Ibl-
nyuiero naparpacda. B mpornecce kiaccuyeckoro 1000y-
YEeHUs] HauWHasl U3 BEKTOpa MapaMeTpoB Wy 000ydeHne
MIPOM3BO/IUTCS 110 OJHOMY M3 HaOOpOB JaHHBIX. TpaHc-
(depHOE 0OyueHHe MPOBOAMTCS Uil BCeX HAOOPOB JaH-
HBIX, KpoMe oaHoro. OauH HabOp HCTONB3yeTca VIS J0-
00yueHHs HauMHasi OT BEKTOPA MapamMeTpoB, MOTyYEHHOTO B
pe3ysbTare TpaHchepHOro o0yueHus U (PMHAIBHOW OLEHKH
ToyHOCTH. Takum 00pa3om, Uit 000X TOIXOJ0B €CTh BO3-
MOXKHOCTh TIOJIYYHTh CPEIHHE 3HAYCHHs! TOUYHOCTH, KaK U
JUTSL IPEJIOXKEHHOTO OIHOIIATOBOTO META00YUCHHSI.

PesynbraThl s 1000y4EHHST U3 W MPEICTABICHBI B
Tabin. 2 u 3, pe3yabTaThl TpaHCPEpHOro O0yUeHHUs Tpe-
craBieHsl B Tabn.4 m 5. B Tabaumax mpeacTaBiIeHbI
CpelHWe 3HaueHHsI METPUK U BEIWYMHA MOKa3aTelsl 3Ha-
YUMOCTH OJHO(AKTOPHOTO JUCIIEPCHOHHOTO aHai3a Ha
ocHoBe Tecta one-way ANOVA (p-value), BBINOTHEHHO-
ro JUId 3HAYSHUI METPHK Uil MPEJIOKEHHOTO METO/a.
Manass BenM4YHMHA TOKa3aTessi 3HAYMMOCTH CBHJETEINb-
CTBYET O BBICOKOI JIOCTOBEPHOCTH Pa3JIMuMsi B CPEIHHX
3HAYEHHSX METPHK.

Tabn. 2. Tounocmsb 0000yYeHUs HAYUHASL OM W0
Ha pa3IuyHOU ONUHE OKHA

CPHC, CPHC, CPHC,

10 orcuéroB | 15 orcuéroB | 24 orcuéra
MunnmanbHast 0,7489 0,6564 0,7733
MaxkcumaiabHast 0,9188 0,9364 0,9433
Cpenusist 0,8098 0,8290 0,8486
p-value 1,6:10° 1,9-10° 7.2-:10-8

Tabn. 3. F1-mempuxa ob6yuenus: Hauunas om wo
Ha pasiuyHoll OuUHe OKHA

CPHC, CPHC, CPHC,

10 orcuéroB | 15 orcuéroB | 24 orcuéra
MuHnMaIbHas 0,3261 0,4161 0,7158
MaxkcumanpHas 0,8204 0,9330 0,9694
Cpennsist 0,6150 0,7824 0,8667
p-value 321077 2,810 3,1:10°°

CpaBHeHHE pe3yabTaToOB U3 Tabn. 2—5 ¢ pesynpraTa-
MU IS TPEIIOKEHHONO0 METOAa OIHOIIArOBOr0 Me-
TaoOy4deHHs, TPUBEACHHBIMHU B JIEBOI yacTu Tabi. 6 u 7,
MMOATBEPKAAIOT, YTO IS BCEX Pa3MEpPOB OKHA IPEIJIO-
YKEHHBIII METOJ MPEBOCXOAUT CYIIECTBYIOIIUE MOAXOIbI
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Ha 5— 12 mpoleHTHBIX MyHKTOB. Maiasi BeTHYHHA TOKa-
3aTels 3HAYMMOCTH IOATBEPXKIAeT BBICOKYIO NOCTOBEp-
HOCTb ITOJYYeHHBIX PE3yIbTATOB.

Tabn. 4. Tounocms 0006yYeHUa HAYUHASL OM Pe3VTIbIMama
mpancgepnozo oOyuenus na paziuyHol OluHe OKHA

CPHC, CPHC, CPHC,
10 orcuéroB | 15 orcué€roB | 24 oTcuéra
MunnmanbHast 0,7712 0,7627 0,7561
MakcumanabHas 0,9188 0,9099 0,9611
Cpennsist 0,8402 0,8252 0,8326
p-value 1,1-10°¢ 1,1-10-8 9,810

Tabn. 5. F1-mempuxa 0000yueHuss Hauuuas om pe3yivmama
mpancgeproeo 00yueHus Ha pasiuiHol OIuHe OKHA

CPHC, CPHC, CPHC,

10 orcuéroB | 15 orcuéroB | 24 orcuéra
MunumanbHas 0,5263 0,5579 0,5903
MakcuMabHas 0,8890 0,9395 0,9794
Cpenmsist 0,7362 0,8007 0,8548
p-value 3,1:10°° 1,1-103 8,910

6.3. CpasHumenbhblll auaius npeoioHCceHHol
C8EPMOUHO-DEKYDPCUBHOU APXUMEKINYDbL

IIpoBeneHO PKCIEPUMEHTANBHOE CPAaBHEHHE TIPeIo-
*KeHHoH pexyppentHoi Monenu (CPHC) c panee paspa-
6ortanHoit monenbio (1D CHC) [43], anms KOTOpo# Takxke
ObuTH chopMHUPOBaHBI HaYalbHBIH BEKTOp IapaMeTpOB
Wy 1 BekTOp mapameTpoB wy. 1D CHC 6pi1a moxBepray-
Ta TE€M K€ MPEeUIOKEHHBIM IpOoIeIypaM OIHOIIAroBOr0
MeTaoOyuenus (moamaparpad 2.1).

Bce mporienypsl 00y4eHus ¥ TECTUPOBAHUS ITPOBOJIU-
JIUCh HAa OJHHUX W TeX e Habopax JaHHBIX C TEMH Ke
yCIOBUAMU OaTaHCHUPOBKM M TEMH >K€ IapaMeTpaMu
oOydeHns, 06e MOJEIH HCIIOIB30Ba MHTEpBaIHl B 10,
15 u 24 otcuéra.

MuHrManbHasg, MAaKCUMaJbHAS U CPEIHSS TOYHOCTD
u Fl-meTpuka nepexpEécTHON MPOBEPKH MPEII0KEHHO-
ro Meroga Ha 15 pe3ynbTHPYIOUINX COCTOSHUSIX
HEWPOCETeBON MOMICIH TPEACTaBICHB B Tabm. 6 u 7.
[IpuBeneHHbIe pe3ynbTaThl MOATBEPHKIAIOT, YTO TIpe]-
noxeHHas Moeis npesocxoaut 1D CHC no TouHoCTH
Ha 12— 17 OpoueHToB.

Tabn. 6. Tounocmo nocie puHarbHO20 V00OYUEHUs HA PA3TUYHOU OJIUHE OKHA

CPHC, CPHC, CPHC, 1D CHC, 1D CHC, 1D CHC,
10 orcuéroB | 15 orcuéToB 24 orcuéra 10 orcuéroB | 15 orcuéToB 24 orcuéTa
MuHumansHas 0,8413 0,8641 0,9389 0,6433 0,6855 0,7128
MaxkcumanpHas 0,9453 0,9709 0,9783 0,8694 0,8296 0,9206
Cpensist 0,8953 0,9244 0,9546 0,7757 0,7604 0,7829

Tabn. 7. F1-mempuxa nocie ¢punanvioeo 0000yuenus Mooenei Ha pasiuyHol OluHe OKHA

CPHC, CPHC, CPHC, 1D CHC, 1D CHC, 1D CHC,
10 orcuéroB | 15 orcuéron 24 orcuéra 10 orcuéroB | 15 orcuéroB 24 orcuéra
MunnmansHast 0,7099 0,8509 0,9299 0,3595 0,3566 0,4310
MaxkcumManpHas 0,9176 0,9668 0,9884 0,8437 0,8974 0,9572
Cpennsist 0,8267 0,9150 09618 0,6600 0,7204 0,8049

6.4. Obcyorcoenue pesyiomamos

[IpennoskeHHBI TOIXO OJHOIIArOBOr0 Meraolyue-
HUSI CYIIECTBEHHO TPEBOCXOIMUT TpaHChepHOoe 00ydeHue
M0 TOYHOCTH. TakuM 0OpazoM, MOIy4eHO IKCIEPUMEH-
TaJIbHOE MOATBEPXKJEHHE PabOTOCIIOCOOHOCTH MPEIIIo-
KEHHOTO TIOJXO0Ja, CYIIECTBEHHO OTJIMYAOLIerocs OT
MOIX0/1a MeTao0yueHHsI, IPeAI0KEHHOTO B [24, 33].

B otimune ot meraobydenus B [24, 33], npennoxxeH-
Hasl TIpoIeypa OJHOIIATOBOI'0 METa00y4EHHs TI03BOIIET
J00aBISITh HAOOPBHI IAaHHBIX HA ATal 2, YTOYHSS OLEHKY
napamerpoB (1) 0Oe3 mepeoOydyeHus: 1Mo BceM Habopam
JMAHHBIX, He0OXoauMoro Ay moaxona u3 [24, 33]. Takoe
OTIIMYME MOJKET OBITH ITOJIE3HBIM ISl IPUKIIATHBIX 33024
ajlanraludd HelpoceTeBbIX Mojeneil. Takxe npeacrabis-
€T MHTepec Io0aBIeHHE IIaroB B MPOIEIYPY OTHOIIAro-
BOTO MeTaoOydeHus. Takast BOZMOXXHOCTb, PaBHO KaK U
BO3MOKHOCTh ~ aIalTalliH, SBISETCS IPHUOPHTETHBIM
HaTpaBJICHUEM JUIS JaJIbHEUIIEr0 UCCIIeIOBAHNS.

CornacHO MOJYYEHHBIM pe3yibTaTaM IMpeIosKeHHAs
CPHC wmopens cymectBerHo npeocxonut 1D CHC u3
[43]. Ha nnune oxna B 24 orcuéra CPHC moxkasana

cpennee 3HaueHue Tounoctu 0,9546 u cpeaHee 3HaUCHHE
Fl-merpuku 0,9618. Monens 1D CHC nokasana pe3ynb-
TaTBl XyXe Ha BCEX WHTEepBAJIaX, W JIydIIUMHU e€ 3Hade-
HUSMH SBJBIIOTCS 3HaueHHs TouHOocTH U Fl-meTpuku Ha
okHe paszmepoM 24 otcuérta — 0,7829 u 0,8049 cooTBeT-
CTBEHHO.

JlanpHelilliee MOBBIILIEHHE TOYHOCTH HEMpOCEeTeBOU
MOJIEM MOXKET OBITh JOCTUTHYTO ITyTEM cO3/1aHus Oonee
OMU3KON K peaylbHBIM IaHHBIM MPOIEIyphl T€HEpalun
CHHTETHYECKUX JAHHBIX U YBEIMUYCHHUA 00BbEMa M pa3HoO-
o0pa3us peaJbHBIX JAHHBIX. Takke O€3yCIOBHO Imep-
CIEKTHBHBIM SBJIIECTCS MCIIOJIB30BAaHUE BCEX 6 mapaMer-
POB IBIKEHHS B OTHOW MOJEIH.

Taroke OTHUM U3 CIEAYIOIINX HEOOXOIMMBIX IIaroB
JUTA JadbHEWIIero aHajin3a KauecTBa CHrHajla IBHIKCHUS
TOJIOBHI SIBIIACTCS aHAJH3 OOHAPY>KEHHBIX aHOMAJIHA CTy-
MIEHYaTOr0 THUMA. BBIUKCIEHHE TaKUX XapaKTEPHCTHUK,
KaK KOOPIMHATHI, BBICOTHI, MIPOJAODKUTEIHFHOCTH aHOMa-
JIMH, TIO3BOJIUT OTCEUBATh YKCIIO JIOKHBIX CPabaThIBaHHUN
KJIacCUPUKAIMK TyTEM BapbHPOBaHHS MOPOTOBBIX 3HA-
YEHUW 3TUX MapaMeTpoB. 3Bieub 3TH 3HAUYEHMS U3 MH-
TepBajla MOXKHO IyTEM aNNpPOKCHMAIHM HWHTEpBaia Io-
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Jassinos H.C. u 1p.

poroBo#i (GyHKIMEH WM Tpamnenuei, 7adbl ONnpeneauTh
By aHomanuu. [lomoOHBIN aHamM3 0OHApPYKEHHBIX aHO-
Maluii MO3BOJIUT UX TaK)Ke MCIOJIB30BATh B KA4EeCTBE pe-
rpeccopoB ImymMa Ha ocHOBHOM BOLD-curnane ¢pMPT,
YTO TaKXX€ IOBBICUT TOYHOCTHh IPOBOIAMMOM IPOLETYPHI
W CHH3WT 3aTpaThl Ha e€ MPOBEICHNUE.

3aknrouenue

B nactosmeit pabote Obu1a pa3paboTaHa U MPOTECTH-
poBaHa MOJENb CBEPTOYHO-PEKYPPEHTHOM HEWPOHHOMN
ceTH Uil OOHAPYKEHUS aHOMAaNW{ B JAHHBIX TBIDKEHUS
roJyioBbl B ceance MPT-ckanupoBaHusi.

Hns popmupoBanus oOyyaromieii BEIOOPKH OBLT pasz-
paboTaH aJrOpUTM CHHTE3a JAHHBIX IBIDKEHHS TOJIOBHI C
MIEPEHOCOM CTaTHCTHYECKUX XapaKTEPUCTHK ITyMa C pe-
aIBHBIX JAHHBIX. brlta pazpaboraHa mporenypa aBToMa-
TU3MPOBAaHHON Pa3METKH PEalbHBIX JAHHBIX Ha OCHOBE
CTaTUCTHYECKUX XapaKTEPUCTUK CUTHAJA.

[IpennoskeH MeTOJ OJHOIIATOBOTO METAa00Y4EeHHUS C
oOyueHHeM Ha CHHTE3WPOBAHHBIX NAHHBIX U aJarTa-
UM HEeHpOCEeTeBOM MoJeNn K MajoMy Habopy NaHHBIX.
Pazpaboran anroputm OOHApYXEHHS aHOMAJIMHA B IaH-
HbIX C  IPUMEHEHHEM  CBEPTOYHO-PEKYPPEHTHOU
HelipoceTH, obecneunBInii 3Ha4eHUs TogHOCTH 0,9546 1
Fl-merpuxkn 0,9618. IlpeanoxXeHHBIH MOIXOA MOXXET
OBITH WCHOJB30BAaH I TOYHOTO OOHApPYKEHHS CIELH-
dugeckux GMPT-apredhakToB, CBSI3aHHBIX C JBHKCHHUS-
MU TOJIOBBI, TIPU TPAIUIMOHHOH 00pabOTKe ITaHHBIX
¢GMPT u B pexuMe peasibHOTO Bpemenu [3—5, 7, 21, 44].
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Abstract

Quality assessment and artifact detection in functional magnetic resonance imaging (fMRI) da-
ta is essential for clinical applications and brain research. Subject head motion remains the main
source of artifacts - even the tiniest head movement can perturb the structural and functional data
derived from the fMRI. In this paper, we propose an end-to-end neural network technology for de-
tecting step anomalies with training on partially synthetic data with adaptation to a specific small
set of real data. A procedure for generating a synthetic dataset for training and a module for auto-
mated labeling of real data is developed. A recurrent neural network model for detecting step
anomalies is proposed. A method for the model adaptation to a small set of real data based on one-
step meta-learning is developed. An experimental verification of the accuracy is carried out in the
problem of detecting step anomalies using a sliding window of 10, 15, and 24 pixels. The experi-
ments have shown the proposed technology to provide the detection of stepwise anomalies with an
accuracy of 0.9546.

Keywords: recurrent neural networks, anomaly detection, signal analysis, functional magnetic
resonance imaging, meta-learning.

Citation: Davydov NS, Evdokimova VV, Serafimovich PG, Protsenko VI, Khramov AG, Niko-
norov AV. Neural network for step anomaly detection in head motion during fMRI using meta-learning
adaptation. Computer Optics 2023; 47(6): 991-1001. DOI: 10.18287/2412-6179-CO-1337.

Acknowledgements: The theoretical part and one-step meta-learning method were developed
with the support from the Russian Science Foundation under RSF grant 22-19-00364. The experi-
mental part was executed under the government project of the IPSI RAS — a branch of the Federal
Scientific-Research Center "Crystallography and Photonics" of the RAS and with the support from
the Russian Foundation for Basic Research under RFBR grant 20-31-90113-A.

Authors’ information

Nikita Sergeevich Davydov (b. 1994). In 2018 he graduated from Samara National Research university named after
academician S.P. Korolyov, majoring in «Applied Mathematics and Informatics», junior researcher at the IPSI RAS —
Branch of the FSRC “Crystallography and Photonics” RAS. His areas of research are data analysis, machine learning,
neuroscience, signal and image processing. E-mail: amail9496@gmail.com .

Viktoriia Vitalievna Evdokimova (b. 1994) graduated from Samara National Research University in 2017 with a
Master's degree, majoring in Applied Mathematics and Informatics. Now she is a postgraduate student at Supercompu-
ting and Computer Science sub-department of Samara University. Current research interests are in computer image pro-
cessing, pattern recognition, data science, and deep learning. E-mail: vkutikova94@gmail.com .

Pavel Grigorievich Serafimovich, Doctor in Physics and Mathematics; senior researcher at the IPSI RAS — Branch
of the FSRC “Crystallography and Photonics” RAS. His areas of research are optics and parallel and distributed image

processing. E-mail: serp@ipsiras.ru .

Vladimir Igorevich Protsenko (b. 1991). His areas of research are parallel and distributed image processing, big
data technologies. E-mail: protsenkovi@gmail.com .

Alexander Grigorievich Khramov (b. 1954) is a Doctor of Engineering, Associate Professor. In 1977 he graduated
from Kuibyshev Aviation Institute named after academician S.P. Korolyov, majoring in Automated Systems of Infor-
mation Processing and Management. He received his D.Sc. degree in 2006. Currently he is a professor at the Technical
Cybernetics department of Samara State Aerospace University and a Senior Researcher at the Image Processing Sys-
tems Institute of the RAS. Research interests: biomedical image processing and analysis, data mining, theory of random

processes. E-mail: khramov@smr.ru .




Artem Vladimirovich Nikonorov (b. 1979). He graduated from SSAU in 2002. He received his PhD degree in
2016. Now he works as a professor at Supercomputing and Computer Science sub-department of Samara University. He
has more than 70 publications, two monographs. Field of scientific interest: pattern recognition and image analysis, sys-
tem identification, parallel and distributed programming, GPGPU programming. E-mail: artniko@gmail.com .

Received May 11, 2023. The final version — September 19, 2023.




