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Yeaowcaemvie konnezu!

Kongepennus HEUPOUH®OPMATHKA BHOBE cOBUpAeT HCCIenoBaTeNneH, paGo-
TalMIUX 110 AaKTyaJlbHbIM HaIllpaBJICHUAM TCOPUHU U HpHJ'[O)KeHPli;l HCKYCCTBCHHBIX
HEHpOHHBIX ceTei. Kak 1 Ha mpeaplAyIuX HAIUX COOpaHMAX, B 9TOM roay Ha KOHpe-
penun HEMPOMHOOPMATUKA-2025 mpeacTaBieHsl JOKIaAs! 10 HpobneMaM Teo-
pHHU HEHPOHHBIX ceTeil, HeHPOOUOJIOruH, MOZECIISIM aJIalTHBHOTO TIOBE/ICHHS, Helpoce-
TEBOMY MOJCIHPOBAHHIO OOBEKTOB U CHCTEM, 00pabOTKE CTATUCTMYECKUX [aHHBIX,
BPEMCHHBIX PSOB M H300paXeHUH U MHOTHM JAPYTHM IPUKIAJHBIM 3a1a4aM HeHpOHH-
(hopMaTuKy.

Bonee 200 poccuiickuX yUSHBIX M HallMX 3apyOe)KHBIX KOJIET HAIPaBUIIN B OPTKO-
MHTET KOH(EpEeHIUH pe3yIbTaThl CBOUX HCCIIEIOBAHUI.

[To crnoXxuBIICHCS TpaAUIMKA KOH(PEPSHIIMIO OTKPHIBAIOT JOKJIAIbI MPHUIJIAIICHHBIX
YYaCTHHKOB. B pamMKax HIKOJbI-CEMHHApa Y4aCTHUKHM KOH(GEPEHLUH MPOCITYLIAIOT JIeK-
UM M3BECTHBIX CHEIMAIMCTOB MO aKTyalbHBIM MpoOneMaM HeHpoMH(GOPMATHKH. 3a
KpyribiM cTosioM «CHIIbHBII HCKYCCTBEHHBI MHTEIUIEKT: 0003pUMBbIE PEIICHUS, TEKY-
mye u Oyayuye npoOieMbl» YYaCTHUKM KOH()EPECHLMH, UCXOIS M3 HMEIOLIErocs Ha
JTAaHHBI MOMEHT KOJJIGKTHBHOTO OIBITA ¥ 3HAHWH, 0OCYAAT yCIEXH Ha ITyTH CO3AaHMS
CHJIBHOTO HCKYCCTBEHHOTO HHTEIUIEKTa W IIATH, KOTOpBIE IPEICTOUT CHENaTh JUIs
3TOrO.

Ocoboe BHUMaHHE yJensieTcs padoTaM CTYAEHTOB, ACIIUPAHTOB U MOJIOJBIX CIICLIHU-
QIIMCTOB, KOTOPBIE IPUMYT Y4acTHE B TBOPYECKOM KOHKYpCe.

3a mpomemmue roxsl koudepenrms HEMPOMHOOPMATHKA cnoxumack Kak
NPEJCTABUTEIbHBI ¥ MHOTOIUIAHOBBIA 110 TeMaTHKe Hay4HbId ¢opym. B ero pabore
NPUHUMAIOT Y4aCTHE U W3BECTHBIC YUYCHBIC, U MOJIOABIC CIICHUAIUCTHI, aCIUPAHTHl U
cTyzneHTsl. JKenaeM BceM y4acTHHKaM KOH(EPEHIMH IUIOJOTBOPHOH pabOTHI, aKTHBHO-
IO COTPYJHUYECTBA U HOBBIX TBOPYECKHX UJICH.

Opexomumem
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Aoanmuenoe nogedenue u 360110UUOHHOE MOOETUPOBAHUE

O.M. I'YIIIUHA

ToNBATTUHCKUIA TOCYITAPCTBEHHBIN YHUBEPCUTET
g o _m@tltsu.ru

HUCHOJb30BAHUE HEMPOHHOM CETU
JIJISI AHAJIM3A BJIUSTHUSI COOUAJIBHBIX ®AKTOPOB HA
YCHEIIHOCTD CTYJEHTOB B OHJIAMH-OBYYEHUHA

B naHHOW paboTe wuccienyeTcs BIMSHHE COLUAJIbHBIX (AaKTOPOB Ha
YCHEUIHOCTh CTYACHTOB B OHJIAfH-O0O0YYEeHUH C HMCIOJIB30BAaHHEM MHOTOCIION-
HOUM HEMPOHHOH CeTH. AHAIN3 TOKA3bIBAET, YTO MOAJEP)KKA CEMbU U y4acTHE B
IpyIIax 3HAYMTENFHO BIHMAIOT Ha MOTHBAlMIO M peE3yJbTaThl OOydYCHHS.
PesynbpraTsl Mccae10BaHUA NOAUEPKUBAIOT BaXXHOCTh KOMIUIEKCHOTO MOAX0/a
K 00pa30BaTeIbHBIM CTPATETHsM, YUUTHIBAIOIINM KaK aKaJeMHUYECKHe IoKa3a-
TEJIM, TaK U COLMAJIbHBIE aCIeKThI, YTO CIIOCOOCTBYET IOBBIIICHUIO BOBJICUCH-
HOCTH ¥ yCIICITHOCTHU CTYJCHTOB B IUCTaHIIHOHHOM OOyYECHUH.

KaroueBble ciioBa: onnatin-ooyuenue, yCneutHocms cmyoeHmos, coyuaib-
Hble (hakmopwl, aKademuiecKkas ycnesaemocmy, HelpoHHble Cemu, 8067eUeH-
HOCMb, MEMOOONI02USA, AHANU3 OAHHBIX.

BBenenue

CoBpeMeHHOE 00pa3oBaHME BCE AKTHBHEE HWHTETPUPYETCS B HU(PPOBYIO
cpeay, 4TO JieNaeT OHJalH-00ydeHHe Ba’KHBIM JJIEMEHTOM 00pa3oBaTEIbHOIO
nporecca. B 3Toit cBsI3H 0COOCHHO Ba)KHO MOHMMATh (DAaKTOPHI, BIUSIOIINE HA
YCIENIHOCTh CTYIEHTOB B JAUCTAaHIHOHHOM (opmaTte. McciaenoBanus MOKa3bl-
BAIOT, YTO TAKUE ACTIEKTHI, KaK caMO3(()EKTUBHOCTh U BHYTPEHHSISI MOTHBALIHS,
3HAYUTENHHO KOPPEIUPYIOT C ycIeBaeMOCThI0 cTyneHToB [1]. Kak otmeuaetcs
B [2], conmanbHas NOAAEpKKa U HHTEPEC K OHJIAWH-00YUICHUIO UTPAIOT KITF0Ue-
BYIO pOJIb B MOTHBAaIMU y4amuxcs. Ho HecMOTpsl Ha MHMPOKOe pacipocTpaHe-
HHUC OHHaﬁH-KprOB, MHOTHEC y4JalquecCsd CTAJIKUBAIOTCA C TPYAHOCTAMHU B MOA-
JACPKaHUM MOTHUBAlMM, BOBJICUCHHOCTU M JTOCTUIKCHHUU BBICOKHX aKaACMHUYC-
CKUX pe3yJsibTaToB. 1103TOMY OJHOM M3 OCHOBHBIX 3a/1a4 CTAHOBUTCS BBISIBIIC-
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HHUE CJIOKHBIX B3aMMOCBSI3eH MKy aKaJeMHUUYCCKUMHU M COIMAIbHBIME (DaKkTO-
pamu, KOTOpbie (POPMHUPYIOT TOBEACHUE CTYICHTOB M BIMSIOT HAa UX YCIEXH B
OHJIAMH-00yueHHH. J[J1s1 BBISIBIICHUSI KITFOUEBBIX ()aKTOPOB BOCHPHUATHS CTY/ICH-
TaMU Ka4eCTBa 00pa30BaHUS MOXKHO HCIIOJIh30BATh CTPYKTYPUPOBAHHBIE OIIPO-
CBI U TICPE/IOBBIC METOJIbI HCKYCCTBEHHOI'O MHTEJICKTA, B YACTHOCTH HEUPOH-
HbIE ceTH [2].

Hayunas npo0iieMa ucclieIoBaHUS 3aKITF0YASTCs] B HEIOCTATOUHON M3yYCH-
HOCTH POJIA COIMATBHEIX (PAKTOPOB — TAKHUX KaK IMOACPKKA CEMbH, YIACTHE B
rpynmax u gopymax — B pOPMHPOBAHUH YCIIEIIHOCTH CTYICHTOB IPU TUCTaH-
IUOHHOM 00y4eHun. TpaauIoHHbIe METObI aHAJM3a 3a9acTyI0 He CITIOCOOHBI
aJICKBaTHO YYMTHIBAThH CJIOXKHBIC B3aMMOCBSI3M MEXKAY aKaJeMHYEeCKUMH ITOKa-
3aTeNIsIMA M COLIMAILHBIMH aCHIEKTaMH, YTO 3aTPYHSET NOHUMaHue (HaKTOpOB,
BIISIIOIIMX Ha YCIEX CTYICHTOB B OHJAifH-oOydeHMH. B cBs3uM ¢ »THM Bce
0oJice aKTyaabHBIM CTAHOBUTCS MPUMEHEHHE MIEPEIOBBIX METOIOB UCKYCCTBCH-
HOT'O MHTEJIJICKTA, TAKUX KaK HEHPOHHBIC CETH, KOTOPHIC MO3BOJISIFOT BBISBIIATH
KOMILUICKCHBIC 3aBHCHMOCTH M yJIydIllaTh YIpPaBICHUE OO0pa30BaTEIbHBIM
nporieccoMm [3]. CoBpeMEHHBIC METOJBI MAIIMHHOTO OOYYCHHUS, B YaCTHOCTH
HEHPOHHBIC CETH, MPEJOCTABIIOT BO3MOXXHOCTh BBISBIATH  CIOXHEIC,
HEJIMHCHHBIC B3aMMOCBS3M MEXKJIY MHOXXCCTBEHHBIMH TICPEMCHHBIMHU, YTO
criocoOcTByeT OoJiee TITyOOKOMY U TOYHOMY IIOHIMAaHHUIO (GakTOpoB ycmexa [4].

Lenpr0o MaHHOTO WCCIENOBAaHUSA SIBISICTCS pa3pabOTKa W TMPHMCEHCHHE
KOMILJIEKCHOM METOJI0JIOTMH Ha OCHOBE MHOTOCIOWHON HEWpPOHHOH ceTu AJis
aHaM3a BIMAHUS KaK WHAWBUAYAIbHBIX, TaK W COMHAIBHBIX (PAKTOpOB Ha
YCIIEBa€MOCTh CTYICHTOB B OHJIafH-00yICHUH.

MeTomosiorusi uccjaeI0BaHUS

Jlnst aHanu3a BIUSIHUSL COLMAIIBHBIX (PAaKTOPOB Ha YCIEHIHOCTh CTYZCHTOB B
OHJIAHH-00y4eHUH C HCIOJIb30BaHHEM HEHPOHHBIX ceTell OblLia pa3paboTaHa
KOMIUIEKCHasE METOAOJIOTHS, KOTOpasi Oy/leT YYUThIBaTh KaK MHIUBUAYaJIbHbIE,
TaK ¥ COLMAlbHBIE ACTEKTHI, ITOKa3bIBasl CTENEHb WX BIMAHHMA Ha 00paso-
BaTEJbHBIN YCIIEX CTYACHTA.

Jist peanu3anuy TaHHOW METOJOJIOTUM BaXXHO cOOpaTh KayeCTBEHHBIE H
penpe3eHTaTHBHBIC JAHHBIE, OTPAXKAIOIINE KaK HHAWBHIYaJbHBIC XapaKTepH-
CTHKH CTYICHTOB, TaK M UX COLHAIbHOE OKpykeHHue. [l cOopa TaHHBIX ObUI
pa3paboTaH CTPYKTypHPOBAHHBIH ONPOCHHWK, KOTOPBIH BKJIIOYAI B ce0s
pas3IHYHBIe KaTETOPUHM BOIPOCOB, HAIIPABJICHHbIC HA BBIABICHHE COLMAIBHBIX
(hakTOpOB, BIHUSIOMUX HA O0yUYeHNE CTYACHTOB B OHJIaifH-Kypcax. Taxke OpuH
coOpaHbl JaHHbBIE C OHJIAHH-TIIIAT(OPMBI:
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[J 0 BpeMeHH, NMPOBEACHHOM CTYACHTAMH Ha OOpa30BaTEIbHOW OHJIAMH-
raTopme, AJIsi OLIEHKH YPOBHSI BOBJICUEHHOCTH M CaMOOPraHM3alMd
yyaluxcs;

[1 o0 aKTUBHOCTM CTYJICHTOB, BKJIOYas KOJWYECTBO BBIOJIHEHHBIX
3aJaHuif, ydactue B (opyMax M TPYNIOBBIX IHCKYCCHSIX, a TaKxKe
YaCTOTY B3aMMOAEHCTBUS C MaTepHaJaMH Kypca. OTH TIOKa3aTenn
HYXHBI JUIS ONPENCICHUS CBA3M MEXAY COIHMAIBHONH aKTHBHOCTBIO U
aKaJIeMUYECKON YCIIEITHOCTHIO.

[Tomyyenusle paHHBIE ¢ IIATGOPMBI OBLIM COOTHECEHBI C OTBETAMH
OIIPOCHUKOB, YTO JAJI0 BO3MOXHOCTb OLICHUTH, KaK BOCIIPHUATHE COLUAIBHBIX
(hakTOpoB KOppenupyercss ¢ y4eOHBIMH pe3yJbTaTaMd. A KaueCTBEHHBIN
aHaJM3 KOMMEHTapUeB M OT3hIBOB CTYAEHTOB 00 00pa3oBaTelbHOM Kypce
MO3BOJIMJI TIOHSTh UX SMOLMOHAIBHOE COCTOSHAE U OTHOILEHUE K 00Y4YEHUIO, a
TaK)Xe BBISIBUTD, KaK COIMANBHBIE (PAKTOPBI, TAKHE KAK MOJJIEPKKA CO CTOPOHBI
CeMbHM U OJHOKYPCHHUKOB, BIMAIOT Ha MX MOTHBALUIO U YAOBJIETBOPEHHOCTH
HPOLIECCOM.

CoOpaHHble MaHHBIE W3 AHKETHPOBAaHMSA W aHalKM3a JAaHHBIX C 00pa3o-
BaTEIbHOW OHJIAWH IIaTGOPMBI MO3BOIWIIM C(HOPMHPOBATH KOMILIEKCHOE
MIPEACTAaBICHNUE O BIMSAHUM COLMAIBHBIX (DAaKTOPOB Ha OOydUEHHE CTYIECHTOB,
MOCKOJIBKY OHM BKJIIOYAlOT KaK KOJIMYECTBEHHbIE, TaK M KaueCTBCHHBIC
aCIeKThl, HEoOXOoAWMMBIE A TIIyOMHHOTO aHanmu3a. OTH JaHHBIE CTalu
OCHOBOM JJIs TAJIbHEHIIEro aHaiy3a ¢ UCHOJIb30BaHNEM HEHpPOHHOI CeTH, 4To
MOMOIJIO  BBISIBUTh 3aKOHOMEPHOCTH U B3aMMOCBSI3H, CIIOCOOCTBYIOLIHE
yCIIEIIHOMY O0Y4€eHHIO B OHJIaiH-(popmare.

Jliss  mpoBeneHMsT JaNbHEWIIEro WccieloBaHMs Obula  paspaboraHa
MHoOrocioiiass Hediponnas cerb (MHC), HanpaBneHHas Ha BBIIBICHHE
CKPBITBIX 3aKOHOMEPHOCTEH M B3aMMOCBS3€Hl MEXIy pa3IMYHbIMHU IEepEeMEH-
HBIMH, BIMSIOIIMMH Ha YCIIEBAEMOCTh CTYJCHTOB B OHJAiH-00yueHuu. Ha
puc. | mpexncraBieHa apXUTEKTypa MNOCTPOCHHOM MHOTOCIOWHOW HEHpPOHHOM
CEeTH, COCTOSAMIEH U3 CIEAYIOINX KOMIOHEHTOB:

[J BXOAHOM CJOW, BKIIOYAIOIIMN BXOJHBIE JaHHBIE: YCIEBAEMOCTH
CTYAEHTOB (OIIEHKH, KOJMYECTBO BBINOJHEHHBIX 33JaHHUN); BpeMs,
MIpOBEJEHHOE Ha IuaTdopme (cymMMapHOE BpeMsi, CPEIHSSI IPOJOIIKH-
TEIBHOCTH CECCHIA); YPOBEHBb BOBJICYEHHOCTH (YHCIIO B3aUMOJICHCTBUM C
MarepualamMH, yyactue B GpopymMax); counaibHbie GakTopbl (oAgepKKa
CEMbH; HAJIM4ME ApPYy3€d, KOTOpbIE TAKXKE Yy4yaTCsl OHJIaliH; y4acTHE B
Y4eOHBIX TpyImax; oOlIeHHe C HAaCTaBHHKAMH; aKTUBHOE ydJacTHE B
¢dopymax, yatax);

[l CKpBITBIC CIIOM: Z]Ba CKPBITHIX CIOEB, KAXKIBIH N3 KOTOPBIX COCTOSUI M3
64—128 HEHpOHOB, YTO MO3BOIMIIO MOJETH 00pabaThIBaTh W U3BJICKATH

14 YK 004.032.26(08) HenpoHHble ceTn



ISBN 978-5-7262-3186-0 HEMPOUH®OPMATWKA-2025

CJIOKHBIE MATTePHBI U3 NaHHBIX. Kakaplif HEWPOH MPUMEHST HEIUHEeH-
Hyto akTuBaimio (pynkunio ReLU), yTo moBblmano crocoOHOCTh ceTn
K 00y4EeHHIO;

[J  BBIXOJHOW CJIOM C OJJHUM HEUPOHOM, KOTOPBIM BbIaBajl BEPOSITHOCTh
YCHEmHOTO 3aBepiieHuss Kypca (3Hadenme ot 0 go 1). MHus
KJIaCCH()UKAIIMU CTYACHTOB TI0 KaTETOPUsAM («yCIICIIHBINY, «HYKIaeTCs
B MTOMOIIIM) HCIIOIB30BANIaCh CUTMOUTHAS (DYHKITHS aKTHBAIIHH.

[ e e ] ] CRpHITEIE crroii 1
(128 neiiponos, ReLU)

1 Bxozroii ciroit

CRpLITEII cr10ii 2 CrpITHIL c10if 3 S
(64 nefipona, ReLU) (64 neiipona, ReL.U) Brixosoii crofi
: (1 meiipom, sigmoid)

BopoRTHOCTH
YONEWHOCTH

Puc. 1. Mozenb apXuTeKTypbl MHOTOCTIOHHOI HEHPOHHOH ceTH

Mopnenb Obi1a 00y4eHa ¢ HCIIOJIB30BAHMEM METO/a 00paTHOTO pacHpoct-
panenust ommbku (backpropagation). OCHOBHbBIE 3Tamnbl 00y4YEHHUS BKIIIOYAIN
UCIIOJIb30BaHHE!
[J anroputma Adam amst 0OHOBIICHHS BECOB HEHMPOHOB, YTO 00ECIICUUBAIIO
OpICTpYIO U 3(p(PEKTUBHYIO CXOAMMOCTb,

[J OunapHOW Kpocc-aHTponuu (1) kak (GYHKIMH MOTEPh [UIS 3adadyu
OuHapHOH KiIacCH(UKALMM, YTO T[O3BOJIMJIO OLIGHHBATh KauyecTBO
NpeACcKa3aHuii MOJIEIH.

L=%ZZ1(% log(p;)+(1-y;) log(1-p,)), )

roe N — KOIMYEeCTBO INIPUMEPOB, ); — HCTHHHAs MeTKa Kiacca, p; —
npelcKa3aHHasi BEPOSTHOCTD NPUHAIICHKHOCTH K MOJIOKUTEIBHOMY KIIAcCy.

O6yuenne npoogminock B TedeHme 100-200 smox ¢ HMCIONB30BaHHEM
MuHH-O0atdei (o 32—-64 mpumepa), 4TO COCOOCTBOBaANO Ooiee CcTaOMIFHOMY
u OpicTpoMy oOyuenmto. OOydeHHass MOJens ObLTa IMPOTECTHpPOBaHA Ha
TECTOBOM BBIOOPKE, YTO TIO3BOJHJIO OIIGHHTh, HACKOJIBKO XOPOIIO MOEb
0000II1aeT CBOM 3HAHWS HA HOBBIX JaHHBIX. [[JI1 3TOro HCIOJB30BAIUCH
ClIeIyIOIe METPHKH:
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(] ToyHOCTH (accuracy), Ui U3MEpEHHUs NpOLEeHTa MPaBWIBHBIX IIpes-
CKa3aHMH MOJIENIU CPEH BCEX IIPUMEPOB B TECTOBOM BBIOOpPKE,

) monnora (recall), st onpeneneHus criocoOHOCTH MOJENH TPaBHIBHO
UICHTUQULUPOBATh  ITIOJOXHUTCIBHBIE  NPUMEPbl, B  JaHHOM
WCCIICIOBAaHUH — YCIICIIHBIX CTY/ICHTOB,

'] TOYHOCTH TOJOXXHUTENBHBIX MpeICKa3aHuid (precision), sl M3MEpPEHUS
NPOLEHTA YCIICIIHBIX CTYACHTOB CPEOH BCEX CTYICHTOB, KOTOPBIX
MOZEJb KIIacCH(HUIIPOBaa KaK yCHEUIHBIX,

[ Fl-mepa, kak rapMOHHYECKOE CpeHee MEXy TOUHOCTHIO U TIOJTHOTOM,
YTO IMO3BOJIWIO TOJYYHTH OOJIee TMOJHOE IMpPEACTaBICHHUE O KauecTBe
MOJICTIH.

Pe3yJ’l]>TaTl>l HCCJICI0BaAaHUA

Hns mpoBepkn dd¢deKTUBHOCTH pa3paOOTaHHON MoOJEIM Ha OCHOBE
BBIOPaHHBIX METPUK OBbLIa BBHINOJHEHA NPOrpaMMHAas pealn3anus Ha sS3bIKe
nporpammupoBanus  Python ¢ wucmoms3oBammeM  Oubmmorexk: NumPy
(>pdexTuBHAs 0OpaboTka OompmX 00BEMOB HaHHBIX), Pandas (aHamu3 u
MaHUITYJSAUSA TaHHBIME), Matplotlib (Bm3yammzamus nmansbeix), Scikit-learn
(oOyueHne MozemnH, OlleHKa IPOU3BOIUTEIHHOCTH).

Pe3ynbTaThl HEHPOHHOI CETHM Ha TECTOBOW BHIOOpKE MOKa3zanu cOajgaHCH-
POBaHHOE W BBICOKOE KauecTBO kiaccudukanuu (puc. 2). Monens 3 hexTHBHO
WACHTUGHULIUPYET MOJOXKUTEIbHbIE IPUMEPB, NPH 3TOM  OTMEYaeTCs
YMEpEeHHOE KOJMYECTBO JIOXKHBIX CpabaThIBaHUM, YTO CBUJETEIBCTBYET O
HaJIS)KHOCTH TIOJIOKUTENBHBIX NpejacKazaHuid. bamaHc Mexay MomHOTOH u
TOYHOCTBIO ITOJTBEPKAAET CIIOCOOHOCTH MOJIENM OOecIieunBaTh aJeKBaTHbIC
pe3ynbTaThl B YCJIOBHSX, I'Zle KPUTHYHO KaK HAXOXKICHHE IIOJIOKHTEIBHBIX
ClTy4yaeB, Tak ¥ CHIDKCHHE KOJIMUECTBA OIHOOK.

TounocTe (Accuracy): ©.7600

Monnota (Recall): ©.8475

TOYHOCTL NONOXUTenbHbIX NpeackaszaHuit (Precision): ©.8434
Fl-mepa: ©.8065

Puc. 2. Pe3ynpTaTsl HSHPOHHOM CETH Ha TECTOBOM BEIOOPKE

Jns Busyanmzanum paboOTHl HEHPOHHOW ceTH OBUTH TOCTPOCHHI TpaduKh
¢dyHKIMH ToTEps ¥ TOUHOCTH (pHc. 3). OHM MOKa3alu, YTO MOJEINb MOCIIEI0Ba-
TCJIBHO MOBAIIIAJIa TOYHOCTHh CBOUX npencxasaHHﬁ B X0A€ 06yquI/I${Z 3HA4YCHUC
(yHKIUH TOTEph YMEHBIIAJIOCh, & TOYHOCTh BO3pacTaia Kak Ha OOydaroliew,
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TaKk U Ha BaHPII[aHI/IOHHOﬁ BLI60pKaX. 910 03Ha4yacT, 4YTOo MOJCJIb YCIICUIHO
Yuuniachb BbIABIIATE 3aKOHOMEPHOCTH B JaHHBIX.

DYHKUMA NOTEPL To4HOCTL
—— MoTepu Ha obyueHun —— To4HOCTb Ha oby4eHnn
30 NoTepu Ha panuaaumn 0.7 To4HOCTH Ha BanuRaumMm
25 0.6 ’ | \
A |
20 g | f ‘ \ f
= 2
g % 05 WVLW’ LY LY \ \
© |
o T ‘ |
c 15 'g ‘ || v \ IJ
10 0.4 ‘ |

0.3

o 20 40 60 B0 o 20 40 60 80
3noxa 3noxa

Puc. 3. I'paduxn «Dynkiunm noreps» 1 « TogHOCTH»

Jns Gonee rTiayOoOko aHanu3a (HaKTOPOB, BIHUAIONIMX HA YCICHIHOCTh
CTY/IEHTOB, ObLIa MOCTPOEHA THCTOrpaMMa KOPPEISIIUK TPU3HAKOB C
YCIEUTHOCTRIO (puC. 4).

KOppensumsa Npu3Hakos C yCNewHoCTbio CTY1eHToB
BoINONHEHHBIE 331aHWA
YcnesaemocTs
Obuiee BpeMA Ha NnaThopme
Moanepxka cemMbm
OB6uieHme C HaCTaBHUKaMK

YyacTue 8 hopymax

MpuzHakn

Y4acTue B rpynne

Hanuyue apysen
BiaumopeACTBUA C MaTEpUanaMu
CpenHaa NNUTeNbHOCTL CeCCHn

0.0 0.1 0.2 0.3 0.4
Koppensauus Mupcoxa

no yny T o Tu:
OcroBrue $aKTOPM, BNMAKEME WA YCMEWWOCTh: Bunonnewwue 3aaawka, Ycnemaemoctn, Obuce spema wa nnavdopme, Moanepxxa cemou, OGHEHME C HACTABHAKAMMA.
PexoMenayeTCA YARATE 0COBO0E BHWMIMME PAIBHTIG DTWX HINPABAEHNA B OOPAIOBATEALNOM MPOLECCE W COUMANLMOM NOAAEPRKE CTYAGHTOB.

Puc. 4. 'ucrorpamma Koppessiiuy IIPU3HAKOB € YCIEHUIHOCTBIO

®akTopbl «YCIEBAEMOCTb» U «BBINOJHEHHBIE 3alaHus» IOKa3bIBAIOT
BBICOKYIO TOJIOKHUTEIBHYIO KOPPEISIIHIO C YCHENIHOCThIO, YTO CBUAETEIb-
CTBYyeT 00 YCICIIHOCTH CTYACHTOB, KOTOPBIC IMOJYy4arOT Oo0Jiee BBICOKUE
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OLIEHKM U BBINOJHSIOT BCe 33/aHus B y4eOHbIX Kypcax. Dakrop «OOree
BpeMsi Ha TIaThopMe» MMEeT MEHEe BBIPRKEHHYIO TTOJIOKHUTENLHYIO KOppes-
LU0, YTO TOBOPUT O TOM, YTO YBEJIMYEHHWE BPEMEHH, IPOBEJICHHOIO Ha
00y4eHUH, MOXKET CHOCOOCTBOBATH IIOBBINICHUIO YycrieBaeMOcTH. DakTopbl
«ITonnepxkka cembpny, «OOIIEHHE C HACTAaBHUKAMKU» U «YdacTue B popymax»
TaKKe BIMSIOT HA YCIEIIHOCTh, YTO MOJYEPKUBAET BAXKHOCTH COLMATIBHBIX
(hakTOpOB B 0Opa3oBaTEIHLHOM IpOLIECCE.

Juis ompenenenust ¢GaxkTopoB, Hawboiee BIMAIOIIMX Ha IpeICKa3aHue
YCIENIHOCTH CTYIEHTOB, OBUI MOCTPOCH HA OCHOBE MOJENH CIy4aifHOro Jieca
rpaduKk BaXXHOCTH MpH3HAKOB (puc.S5). Bepxame mosummm Ha rpaduke
ABJIAIOTCS HauboJee 3HAUMMBIMH VIS IIPEJCKa3aHusl YCIIEIHOCTH CTYICHTOB B
OHJIAH-00y4YeHHH. AKaJeMUYecKass aKTUBHOCTb M KadeCTBO BBIIIOIHEHUS
3agaHUil  SIBIA-IOTCSL KJIIOYEBBIMHM HMHAMKaTopamu ycnexa. CouuasibHble
(hakTOpBI TaKkXKe BHOCSAT 3aMETHBII BKJIAJ B MPEJICKa3aHUE YCICUIHOCTH, O YeM
HarjaaJHo CBUACTCIIb-CTBYIOT OLICHKHU BJIMAHNA Ha YCOCIIHOCTb CTYICHTOB.

BaXHOCTbL NPU3HAKOB ANS NPeACKa3aHna ycnewHocTH cTyaeHTos (Random Forest)

BeinonHeHHsIe 3a83aHMA

Moanepxka cembn NopAepxKa ceMbu: 0.0828
=
x ObuieHue ¢ HACTABHUKAMM _ ObuweHwe ¢ HacTaBHNKamMu: 0,0578
5
é_ YyacTue g rpynne ¥YyacTue 8 rpynne: 0.0571

B3ammMoneRCcTBMA C MaTepuanammn -

YyacTue 8 ropymax

CpenHan ANMTENLHOCTL Ceccun -

Hanuuue apyzen Hanwuywe apysen: 0.0319

0.00 0.05 0.10 0.15 0.20 0.25
BamHOCTb

Puc. 5. I'paduik BaxKHOCTH MPU3HAKOB /IS IIPECKa3aHUs! YCIICIIHOCTH CTYICHTOB

Taxum 00pa3oM, aHaIN3 Ba)KHOCTH MPU3HAKOB, BBITIOJIHEHHBIH C TOMOIIBIO
MOJIETI CITy4alHOTO JIeCa, TIOATBEPANII, YTO COLMANBHBIE (PAKTOPHI OKA3bIBAIOT
BIMSIHAE Ha TPEACKAa3aHHWE YCHEIIHOCTH CTYAEHTOB. A peKOMeHJaluHu,
MOJTyYCHHBIE C TIOMOIIBI0 HEHPOHHOM CETH, MOTIEPKHYIIH HE TOIBKO BaXKHOCTh
MOBBILICHUS BOBICYEHHOCTH CTYJICHTOB B y4eOHbIil MpoIiecc, HO U aKIEHTHPO-
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BaIM BHUMAaHWE Ha IMPEJOCTABJICHHE COLMAIBHOW ITOANEPIKKU JUIS CO3IaHusI
boJsiee OmarompusTHON atMoc(epbl s 00yUYeHHs M TOBBIMICHHUS YCIIEBaEMO-
CTH CTYAEHTOB. /Il OLICHKH BIMSHHS KaXXIOTO U3 PACCMOTPEHHBIX B UCCIIEN0-
BaHMM COLMAIBHBIX (PAaKTOPOB IOCTpOEHa KOMOMHUpPOBaHHAs JaHMarpaMma
paccesHus ¢ HaJIOKEHHBIMU JIMHUSAME perpeccu (puc. 6).

BAusHMe COUMaNbHLIX (haKTOPOB HA YCNeWHOCTL CTYASHTOB

Yenewnsin . . . .

CouuansHele hakTopsl
» MMoanepxka cembyn
Hanuune apyzen
YyacTue B rpynne

OBl eHUe C HACTaBHUKaMK

YcnewHocTs CTyAeHTa (MeTKa)

HeycneuwHsli . e . ]

o 2 4 6 8 10 12
3HaveHve counansHoro akTopa

Puc 6. /lnarpamma BIHSHUS COIMATBHBIX ()aKTOPOB HA YCIICIITHOCTD

AHanu3 TOJIyYeHHBIX JaHHBIX MO3BOJIMII BBIJICIHTH CIEIyIOUIHe 0COOEH-
HOCTH JUUIsl K&XJIOTO M3 PaCCMaTpUBAEMBIX (hPaKTOPOB:

— TMOJJEpPKKAa CEMbU JEMOHCTPUPYET BBIPAKEHHYIO IOJ0XKHUTEIbHYIO
3aBUCHMOCTbB: C YBEJIMUYCHHEM YPOBHS IOJJICPKKH BEPOSTHOCTH YCIEITHOCTH
CTYZACHTOB Bo3pacTaeT. JIMHUS perpeccun MMeeT HauOOJIBIINK HAKIIOH Cpelu
BCeX (PAKTOPOB, YTO YKa3bIBAET HA BHICOKYIO 3HAUMMOCTB JAHHOTO TIOKA3aTels;

— HaJIW9He Jpy3el TaKXKe CBA3aHO C POCTOM YCIIEIITHOCTH, OJHAKO HAKIOH
JIMHUY PETPECCHH MEHEE BBIPAXKEH, YTO CBHAETEILCTBYET O O0Jee yMEPEHHOM
BIIMSTHUM;

— y4acTue B y4eOHBIX IpyNIax MOKa3bIBAET MOJOKHUTEIbHYIO, HO CIaldyIo
KOPPENSALHUIO C YCIEHIHOCThIO, YTO MOXET TOBOPHTh O HEOOXOJUMOCTH Oolee
ITyOOKOTO BOBJIEUEHUSI MIIM KaueCcTBa B3aMMOAEHCTBUS B IPYIIIAX;
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— B3aUMOJICHCTBUE C HACTABHUKAMHU JIEMOHCTPUPYET IIOJOKUTENBHBIN
TPEHJ, OJHAKO C MEHBIUEH CHUJIOW BIUSAHUS 10 CPABHEHHIO C IOAJECPIKKOU
CEMBH.

Pe3ynbraTel BH3yallbHOTO aHalM3a MOATBEPAWIM TUIOTE3y O TOM, 4TO
cOoLlMalIbHAs IIOAJEPIKKA UIPAacT BaXHYI pOJb B JOCTIKCHUM Yclexa
CTY/ICHTOB B OHJIAiH-00y4eHnn. OCOOEHHO 3HAYMMBIM (HAKTOPOM SIBIISICTCS
TOJI/IEPKKa CEMBbH, KOTOpas OKa3bIBaeT HamOoiee CHIBHOE ITOJIOKHTEIHFHOE
BIIUSHUE HA YCIICIIHOCTD.

JlaHHBIC pe3ynbTAaTHl MOAYECPKUBAIOT HEOOXOAMMOCTH KOMILUIEKCHOTO
MOJIX0Aa K HMOAJAEPKKE CTyIECHTOB, BKIIIOUas YKPEIJICHHE CEMEIHOTO OKpYyXKe-
HUS, CO3[JAHNE YCIOBUH IJIsl COUUAIIBHBIX CBA3EH U aKTUBHOE HACTABHUYECTBO.
OHHM BMecTe [alOT KOMIUIEKCHOE IIOHMMaHHe ()aKTOPOB YCIICIIHOCTH
CTYJEHTOB: COUETAaHHE aKaJEMUYECKON aKTHBHOCTU U COL[MAIIbHOMN TOAAEPKKU
(hopmupyeT OJIaronpusITHBIE YCIOBUS VISl IOCTHIKEHHUS BBICOKHX PE3YJIbTATOB.

3akjrouenue

B pesynbrare mpoBEeAEHHOTO HCCIEOBaHHS OBUIM BBISBICHBI KIIIOYEBHIC
(axkTophl, BIUSIONIME Ha YCICIIHOCTh CTYJEHTOB B OHJIAWH-OOyYCHUH.
Pa3paboTanHas METOMONOTHS, BKIIOYAIONIAas cOOp JaHHBIX Yepe3 CTPYKTYpH-
POBaHHBIH ONPOCHHWK M aHAJIN3 aKTUBHOCTH CTYAEHTOB Ha 00pa30oBaTeNIbHOM
OHJIalH miaTdopMe, MO3BOIMIA MOITYYHUTh KOMIIIEKCHOE IPEICTABIECHHE O
BIIMSTHUM COLMANBHBIX ()aKTOPOB Ha yCHENIHOCTh CTYCHTOB.

BbIcokast ycrieBaeMOCTh M KOJIMYECTBO BBITIOJTHEHHBIX 33aHUH MPOAEMOH-
CTPUPOBAIN IOJIOKUTENBHYI0 KOPPEISILIUIO C YCIEIMIHOCThIO CTYAEHTOB. DTO
yKa3bplBaeT Ha TO, YTO AKTHBHOE y4yacTHE B Y4YeOHOM IpOIecCce SIBISIETCS
KPUTUYECKU Ba’XHBIM JIA TOCTUKCHHSA BBICOKHUX PE3YyJIbLTATOB. Hozlzlepm(a Cco
CTOPOHBI CeMbH OKa3anach HaubOojee 3HaUUMON AJsS YCIHEHIHOTO 3aBEpIICHUS
KypcoB. CTyAeHTHI, MNOJYYarolIHe BBICOKYI0 AMOIHOHAIBHYIO TOAJICPXKKY,
JEMOHCTpUpOBan 0Oojee BBICOKHE aKaJeMUYECKHUE Pe3yJbTaThl. YdacTue B
y4eOHBIX TPYIINAX W B3aMMOJECHCTBHE C HACTAaBHUKAMHM TaKKe ITOJIOKHUTEIILHO
CKa3bIBAIMCh HA YCIIEBAEMOCTH, OJJHAKO WX BIHMSHUE OBLIO MEHEE BBIPaXKEeH-
HBIM.

[IpumeHeHre MHOTOCIOMHON HEHPOHHOMN CETH BBISIBUIIO CKPBITHIE 3aKOHO-
MEpPHOCTH M B3aMMOCBSI3U MEXIY Pa3INuHBIMH (aKTOpaMu, YTO HOATBEPANIO
3HAYUMOCTb KaK aKaJeMHUYECKOH, TaK M COIMAIbHON aKTHUBHOCTH ISl ITPEACKa-
3aHHsl YCHEUIHOCTH CTYAEHTOB. Mozenb MpoAEeMOHCTPUPOBAla BEICOKYIO TOU-
HOCTb ¥ Ha/IC)KHOCTH B KITaCCH()MKAINHU CTYACHTOB 110 YPOBHSIM yCIEITHOCTH.

[Tomy4eHHbIE pe3yabTaThI IOJYEPKUBAIOT BAXKHOCTH CO3JaHUS OJIarONpPHSAT-
HOW 00pa3oBaTeNbHOI Cpellbl, BKIIOYAIOIIEH MOIEPKKY CO CTOPOHBI CEMbU U
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aKTUBHOE BOBJICUCHHE CTYJICHTOB B y4eOHBIH mnpomecc. HMccnemoBanue
MOJTBEPKAAET TUIIOTE3Y O TOM, YTO YCIIEIIHOCTh CTY/I€HTOB B OHJAWH-00yde-
HUM 3aBUCHT HE TOJILKO OT MX aKaJeMHYCCKOH aKTUBHOCTH B 00pa3oBaTellb-
HOM IIPOIIECCE, HO U OT COLMAIBHBIX (PaKTOPOB, a 3HAUUT TpeOyeT KOMILIEKC-
HOT'O M0JIX0J1a K OpraHU3alMi 00pa3oBaTeILHOrO Ipolecca.
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BBIYUCJ/IMTEJIBHASA KOHUEIIIUA ICUXUKHU

B crarse npuBoauTCA 0030p MOIXOJ0B [0 MOJEIUPOBAHUIO YET0BEYECKOH
NICUXMKA B TEPCHEKTUBE MOCTPOEHHs HCKyccTBeHHOW. Ha ocHoBe o00630pa
IpeylaraeTcsi KOHUENIUsS KOTHUTUBHOM apXUTEKTYypHl, TJe ICUXHUKAa paccMar-
pHUBaeTCsA B KAa4eCTBE ONEPALMOHHON CHCTEMBI KUBOTO WM UCKYCCTBEHHOTO
cyOBbeKTa, BKIFOYasi MPOCTPAHCTBO COCTOSHHM, OOYCIIABIMBAIOLIEE €T0 KH3-
HEHHBIE CMBICIIBI B CBSI3M CO CTUMYJIAaMH BHEIIHETO MHpa, M WHTEIJIEKT Kak
CUCTEMY NPUHATHS PELIECHUI 17151 AEUCTBUN B OTHOLUEHUH 3TOTO MUPA C LIETBIO
YIOBIICTBOPEHNUS yKa3aHHbBIX MOoTpeOHOcTeH. Ha ocHOBEe KOHIENIMK mpeiara-
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©TCsl BBIYMCIUTEIbHAS (DOpManu3anus i CO3MaHUs CHCTEM HCKYCCTBCHHOTO
MHTEJUIEKTa IOCPEICTBOM O0YUYCHHUS HAa OCHOBE OIbITA B IPOCTPAHCTBE MHOXKE-
CTBa MOTPEOHOCTEH, ¢ Y4eTOM HX OHOJOTHYECKOW JMOO IK3UCTCHIUAILHOM
3HAYMMOCTH IJIs MHTEIUICKTYaIBHOTO areHra. TeM cambIM, (popManmsyercs
3aJ1a4a OCTPOCHHUS OOIIETO UCKYCCTBEHHOTO MHTEIUICKTA KaK CHCTEMBI TIPUHS-
THS ONITUMAJIBGHBIX PEUICHUH B MPOCTPAHCTBE CHENM(DUISCKUX IS areHTa I10-
TpeOHOCTEH B YCIOBHIX HEOIPENEIEHHOCTH, C MAaKCUMH3aLNeH yCIIeXoB B J0-
CTH)KCHHH TIeNiel, MUHUMHU3AIUN 3K3UCTEHITMATBHBIX PUCKOB M MAaKCUMHU3AIUN
sHeprodpdekTuBHOCTH. Takke MPUBOJUTCS MHUHUMAJbHAs 3KCIEPUMEHTAJb-
Hasl peain3aiis MOeIH.

KnroueBble ciioBa: momusayus, npuxamue pewieHutl, npocmpanHcmeo no-
mpebHoCcmell, NPOCMPAHCMBO COCHOAHUL, NCUXUKA, IMOYUU, dHep2o3¢ghek-
MUBHOCb.

BBenenue

[ompITKM OLM(POBATh MCUXHUKY WIH TOCTPOUTH €€ CHCTEMHYIO MOJEb,
KOTOpast OblIa ObI K TOMY JXK€ M BBIYHCIMMOM, MPEIIPUHUMAINCH MHOTHMH
yuénbimMu, HaurHas ¢ Hopbepra Bunepa [1]. Ho umenno Bunep cdopmynupo-
BaJl OCHOBHYIO MPOOJIEMY B TIOUCKE PEHICHUS — CJIOXHOCTh MEKAUCITUTLTHHAD-
HBIX 3HAHUNA U KOMMYHUKaluu. Kak Mbl OKakeM Jajbliie, s CO3JaHUs CH-
CTEeMHOU MoJIeNy TPeOYIOTCS 3HAHUS TICUXOJOTHH (TICHXOaHali3a), CHCTEMHO-
TO aHalW3a M MPOU3BOICTBEHHON PHIHOYHON SKOHOMHKH (MHUKPOIKOHOMUKH).
A 9TOOBI BEICTPOUTH MOACTHPYIOIINHA IICHXUKY TIPOTPAMMHBIA KOMIUIEKC HYX-
HO 3HaHHE CUCTEMHOTO NMPOTrPaAMMHPOBAHUSL.

Ha nam B3m11, IOCTpOEHNE UCKYCCTBEHHON IICUXUKH, KaK ONEpPaliMOHHOM
YIPABJIAIOIIEH CUCTEMBl HEPA3pbIBHO CBSI3aHO C PELIEHMEM 3aJaud CO3AAHUSA
uckycctBeHHoro mutemnekra (M), paBHOro 4enoBe4ecKoMy, WU MPEBOCXO-
J1iero yejaoBedeckuid. [loToMy 4TO 4enoBedyecKuMi MHTEUIEKT — 3TO YNpaB-
JISIOIIAsl CUCTEMa €ro JEesITEIbHOCTH, pellarouasi OCHOBHBIE 3a/1adyd BBIKHBA-
HUSL ¥ BOCIPOU3BOJICTBA C YYETOM TOPU30HTA MIaHUpoBaHuUs. J{Jisi ocyliecTB-
JICHHUS TIOJOOHOM NEATENBPHOCTH CHCTeMa, Oyab To denoBek mwiau MU, momxHa
[PUHUMATh ONTUMAJIbHBIE PEIICHUS B Ka)XKIbli MOMEHT U B TEUEHHH BCETO
JKU3HEHHOTO LWKJIAa. A ONTHMANBbHOCTH PEIICHHIl MOXKeT OBITh OmpeneseHa
TOJIBKO B paMKaX CHCTEMBI IOTPEOHOCTEH, 00yCIOBICHHBIX CPEION CyIIECTBO-
BaHUsI HOCHUTEJIS CaMOT0 MHTEJUIEKTa U €ro COOCTBEHHOH (hU3MYECKOI OpraHu-
3aIlMei, TO eCTh — B paMKax MCUXUKH, O0BEAUHSAIOMEH COBOKYITHOCTh MBICITH-
TEJNBHBIX TMPOLECCOB CYObEKTa, BHYTPESHHUA MUP €r0 MOTHBAIIUN M OTPAKCHUE
B 3TOM MHUpE OKpY>Kalollel peaibHOCTH.

22 Y[IK 004.032.26(08) HeilpoHHble ceTy



ISBN 978-5-7262-3186-0 HEMPOUH®OPMATWKA-2025

[MombiTKa omucaTh pabOTy TCUXUKU ciaenaHa B MoHorpaduu JleoHThbe-
Ba J[.A. [2]. B pabote mpoaHanu3upoBaHbl TPY/IbI KIACCHYECKOTO TICHXOaHAIHU-
3a ¥ Hay4HbIE OTKPBITUSI COBETCKOW M pycckoi mkonsl. CornacHo eif, pabora
MICUXWKA OCHOBaHA HAa YIPABIICHUH JKU3HEACATEIFHOCTHIO C IENBIO yIIOBIIE-
TBOpPEHUS MOTPEOHOCTEH pa3HBIX YPOBHEH B COOTBETCTBHU C MX MPUOPUTCTAMHU
B TeKylIieM MoMeHTe. « DyHKIMOHAIBHYIO POJb IICHXUKH B Haubosee o0ieM
BHJIE MOXHO OXapaKTEPU30BaTh KaK PEryJSIIUI0 KHU3HEACATSIPHOCTH Ha OCHO-
BE OPUEHTHPOBKH B OOBEKTHBHOM MHUPE ITOCPEICTBOM ITOCTPOCHHS CyOhEKTHB-
HBIX 00pa30B NEHCTBUTENBHOCTHY [2].

O030p noaxonos

B cootBercTBHE ¢ 0000MICHHBIM ONPECIICHHEM WHTEIUICKTa, JaHHBIM [ 'ep-
nenem [3] u Borrom [4], «<MHTENIEKT — 3TO CITOCOOHOCTD JOCTUIaTh CIIOXKHBIX
IeNIel B CIIOKHBIX YCIIOBHSIX TPW OTpaHHYEHHBIX pecypcax». [Ipu sTom, ecnm
YAOBJIETBOPEHHE YCIOBHIO OTPAaHMYCHHBIX PECYpCOB MOXKHO paccMaTpUBaTh
KaK OJHY M3 NOJUENEeH BO BHYTPEHHEH HEepapXWU CIOXKHOW COCTaBHOM IJIO-
GanmpHOH 1eNr, TO (opMaTEHO MOXKHO HAJIMYHE WHTEIUIEKTA y CHCTEMBI CBECTH
K BO3MOXXHOCTU OCYHICCTBJIATH MHOT'OIIAPAMETPUUCCKYIO ONTUMH3AIUIO IIPpU
peleHny 3aaydl IeJICHANPABICHHOTO YNpaBJieHHs] B HEKOEH omeparimoHHOM
cpene. [lpu 3TOM ypOBEHb MHTEIIEKTa OYJET OMPENENIATHCSA KOJHMUSCTBOM H
CJIO)KHOCTBIO CTPYKTYpPHI MPOCTPAHCTBA MapaMETPOB TAHHOHW ONepannoHHON
CpeIsl M CTOSIINX Iepel CHCTeMOoH Ierneil. JIpyrumu ciioBamu, 3agada WHTEI-
JIEKTa — 3TO HAaXOAWTH ONTHMAIBHEIC PEUICHUS Ha Pa3HBIX YPOBHIX B3aHMMO-
JIEHCTBUS C OKPYKAIOMIMM MHPOM, O€30THOCHUTEIBHO K TOMY, SIBIISICTCS JTH CH-
cTeMa JXKMBOH ((KHBOTHOE WIIH YeJIOBEK) Wi HexkuBor (M),

Cornacno Kanemany [5] ympasisironiasi cicreMa 4eJIoBEYeCKON JIeATENbHO-
CTH COCTOHT M3 JIBYX YacTei: MeIJICHHON (0CO3HAHHOE MBIIIJICHNE) U OBICTPOI
(pedrexkTopHOI Wi UHTYUTHBHOM). CO3HAHKME OTHOCHTCS K MEIJICHHOM YacTH
U TPaKTUYECKH HE KOHTPOJIMPYET JKU3HEAEATSIbHOCTh. CO3HAHHE NMPHUHUMACT
YacTh PEICHUI U BOCIPUHUMACT JIMIIh YacTh BHEITHEH W MIHUMYM BHYTpPCH-
Hell nHPOPMAIUU O COCTOSTHUM CUCTEMBL.

[IpunsATHE pemieHuil B KUBOH CUCTEME, a TakkKe (POPMUPOBAHHE OTIBITA €10,
Wi ee o0ydeHHe, OCYIIECTBISIETCS MOCPEACTBOM AMouuil [6, 7]. «Omomuw,
TaKUM 00pa3oM, COOOIIAIOT HaM Ha CBOEM CIELHU(PHUISCKOM «SI3bIKE» HEIo-
CPEICTBEHHYIO OIEHKY 3HAYUMOCTH COMPOBOXAAEMBIX UMH 00pa3oB, TO €CTh
OIICHKY OTHOIICHHA COOTBETCTBYHOIIUX O6"beKTOB U SIBJICHUH K pcaiusanu
noTpeOHOCTEH CyObhekTay [2].

DOMOIMH — 3TO Peaklus NCUXUKH Ha YIOBICTBOPCHUEC TMOTPEOHOCTH WU
nmocTkenue (JInOO He JTOCTHKECHHUE) TENU. DMOIHS TIEPEBOIUT CUCTEMY B HO-
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BO€ COCTOSIHHE, KOMIICHCUPYS OTKJIIOHEHHE OT PaBHOBECHOTO COCTOsIHUS. [lo-
JIO)KUTEINIbHASL YMOLMSI BO3HUKAET B CHCTEME, KOT/Ia IPOUCXOIUT YAOBIIETBOPE-
HHUe norpebHocTH Win nend. OTpuuaTeabHbIe SMOLWH BO3HUKAIOT, KOTa I10-
TpeOHOCTh TpeOyeT YIOBJIETBOPEHHs. DTO CTAHOBHUTCS HWH()OPMALMOHHBIM
CHUTHAJIOM JUUIsI CUCTEMBI O TOBBIIICHWH IIPHOpPUTETa MOTpeOHOCTH. BoseBbie
CUTHAJIBI BBIMOJHSIOT Ty )K€ (DYHKIUIO Ha (PU3MOIOTHYECKOM ypoBHE. Takum
00pa3zoM, SMOIMI MOXKHO HCIIOJIB30BAaTh B KauecTBE (hYHKIMH MOJKPEIICHUS
pu 00y4YeHHH, IPHYEM SIPKOCTh 3MOIIMH MOXET PacCMaTPUBATHCS Kak 3Haue-
HHe (QyHKIMN TOJKPETIICHHS.

Jlist co3paHust MOJeNM MHTEIJIEKTa, BKIIOYAsl pEakluio CHCTEMbl Ha BHYT-
PEHHHE MOTHBHPYIOIIUE CTUMYJIBI M BOCHPHUSTHS PEakiMii BHEIIHETO MHUpa, B
MepPCIIEKTHBE MMEIOIINXCSI OXKUAAHUH M COOCTBEHHBIX BO3JEHCTBUI Ha OKpY-
JKAIOLIYIO Cpeay, IpennonaraeTcs NpUMEHATh TEOpUI0 (DYHKIMOHAIBHBIX CH-
cteMm (TOC) Anoxuna [8] 1 IpUHIMIT AMHAMIYECKOTO paBHOBecHs bepraman-
¢u [9]. Ha ocHOBe nepapxmdeckoit mogemn TOC MoxeT ObITh TOCTPOCHA BHI-
YUCIUTEIbHAS. KOHLENINSA M peanu3ylomas e¢ KOTHHUTUBHAs apXUTEKTypa,
OTHCHIBAONIAs TIOBEICHNE KaK aBTOHOMHOTO MHTEJUIEKTyaapbHOTO areHTa (MA)
[10], Tax u cormyma B tiesom [11].

[Ncuxuka — 3TO OMepaluoHHasl CUCTEMa 110 YIPABJICHUIO KHU3HEAESITEIbHO-
CTBIO YeJIOBEKa, IO THIOTETUYECKON HCKYCCTBEHHON CHCTEMBI. MHTemIeKT —
9TO YaCTh CHCTEMBI TI0 NMPHUHATHIO PELICHUH, BKIIIOYAIOIIEH MOICO3HATENBHYIO
U CO3HATENBHYIO COCTaBIISIONINE, IEHCTBYIONNE KOMITIEMEHTAPHO, Ha KOHKY-
penTtHoI ocHoBe [12]. [Togco3Hanme mpuHUMaET peIeKTOpHBIC pemeHus (KaKk
3TO MMEET MECTO B CIIydyac 4EIOBEUECKOM MHTYHIMH JINOO C MCIOIB30BaHUEM
COBPEMEHHBIX CHCTEM Ha OCHOBE TTyOOKHX HEHPOHHBIX CETEH), a MBIIUICHNE —
CTpaTern4ecKue OCO3HAHHBIE PEIICHUS B PaMKaxX I'OPU30HTA IUIAHUPOBAHHUS C
YYETOM JIOCTYITHOCTH PECYPCOB.

[Mpouecc mpuHATHS pelIEHUH AJIsl TOCTHKEHUS! TEKYIIUX IieJe, Ui yIo-
BJIETBOPEHUSI HACYIIHBIX MOTPEOHOCTEH (M3HONOTMYECKUX W TICUXOJIOTHYe-
CKHUX, MOXKET OBITh ONMCaH KaK MOTHBAIHSI HAa COBEPILCHNE TE€X WM MHBIX JIeH-
CTBHH II0J BO3JEHCTBHEM 3MOLMHA. MOTHBAILUS JEATEIFHOCTH ONpENesieTcs
KaK BHEIIHUMH BO3JICHCTBHSMH, TaK W BHYTPEHHHM COCTOSIHHEM CHCTEMBI.
BHyTpeHHee cocTOsHHE OmpenenseTcss MPUOPUTETOM (QHU3HOJOTHYECKUX H
TICUXOJIOTHYECKUX MHOTPEOHOCTEH, a TaKKe YpPOBHEM JOCTYIIHBIX PECYpPCOB
SHEPTUU M BHEUTHHX (M3HUYECKUX pecypcoB. Bo3melcTBHs BHEIIHEH Cpendbl, a
TaK)ke JaHHBIE O COCTOSIHUM IOJICHCTEM (OpraHOB »HMBOTO OpPraHM3Ma) BOC-
NPUHUMAIOTCSl KaK OIIYNICHHs] CEHCOPaMH CHUCTEMbl M IEpeNaroTcsi Kak BOC-
NPUSTHS JJIs1 U3MEHEHHsI BHYTPEHHET0 ee COCTOsiHMsA. [IpuHATHIe, B mporecce
MOTHBAIUH, PEIICHHS MEepPelaloTCsl Ha WCIIOJIHEHHUE aKTyaTopaM CHCTEMBI JUIS
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BO3JICHCTBUS HA OKPYIKAIOIIYIO Cpeay JH0O0 BHYTPEHHHE MTOJCUCTEMbI (OpTaHbI
JKMBOTO OpraHH3Ma).

Benp nesTenbHOCTE, KaK yiKe TOBOPHIIOCH, CBsI3aHa OOBIYHO HE C OJTHOM, a ¢
LENBIM PAIOM ToTpeOHOCTeH. OOMmuUil CMBICTT KOHKPETHON JESTETBHOCTH — 3TO
CIUTaB €€ YaCTHYHBIX CMBICIIOB, KXKIBIH U3 KOTOPBIX OTPaXKaeT €€ OTHOIICHHE
K Kakoi-mnbo omHOW M3 mMoTpebHOCTel cyOBeKTa, CBS3aHHON ¢ JaHHOW es-
TETBHOCTHIO TPSMO WJIM KOCBEHHO, HEOOXOAWMBIM 00pa3oM, CUTYaTHBHO, ac-
COIIMATUBHO WU Kak-Tn0o uHave. [loaTomMy nesTenpbHOCTh, moOykIaemast Bce-
L[EJI0 «BHEIIHUMI» MOTHBAaMHU — CTOJb K€ PEAKHHA CIydaid, KaKk M [IesTelb-
HOCTb, B KOTOPOI OHU MOJHOCTHIO OTCYTCTBYIOT [2].

B Tekymuii MOMEHT cucteMa BhIOMpaeT Hauboiee 3ddekTuBHOE pelnicHue
JUTS yIOBIICTBOPEHUST aKTyallbHBIX MOTPEOHOCTEH, €ClIM MX IPUOPHUTET BHICO-
kuid. JInO0 HAXOOUT TAKOH BAapHAHT NCSATEIBHOCTH, YTOOBI 3(P(PEKTHUBHO YJIO-
BJICTBOPUTH OYyIyIIHe TOTPEOHOCTH, KOTOPHIE HENMPEMEHHO BO3HUKHYT. UH-
TEJUICKTyalbHAs CHCTEMa MOXKET 3HAaTh, YTO OPTaHU3MY uepe3 HECKOJBKO Ya-
COB TIOHAIOOWTCS MHIIa, HO TOYHOE BpeMs HACTYIUICHHA rojioga OyaeTr 3aBu-
CeTh OT pacxoja PHEPTUH Ha NEATENBHOCTh B Omrpkaiimee Bpems. IlosTomy
HHTEJUICKTyallbHasl CUCTEMa CTPEMHUTCS Kak 00eCIeYnTh HEOOXOMMBIC pecyp-
CBI, KOTOPBIC CKOPO MOHAA00STCS, TaK M SKOHOMUTh UX MOTPEOICHHUE, SCITH 3TO
BO3MOYHO.

Coo0pakeHns! BEIYUCINTEIBHON U TeM Oojiee SKOHOMHYECKOH 3(deKTHB-
HOCTH PacCMaTPUBAIINCH KaK KIIIOYCBBIC MIPHU CO3MAHWN BBIYUCIUTEIBHBIX ap-
xutektyp UM u panee [13, 14]. Onnako cymectBytomue noaxonsl B MU kak
Ha OCHOBE MAaKCHMH3AIlMU BEPOSTHOCTHBIX MpecKa3anuii [15], Tak u Ha ocHO-
BE Pa3NUYHBIX BHJOB BEPOSTHOCTHOH Jorukw [16, 17], B ssBHOM BHIE cooOpa-
eHus 3¢ EeKTUBHOCTH HE paccMaTpuBaroT. Bmecte ¢ TeM, B HOCIIEaHES BpeMs
takke Jpeuna u Jle Kyn [18] yka3siBaeT Ha HEOOXOAUMOCTL BBEACHHUS TOHATHSI
9HEpProdPpPEeKTUBHOCTU KaK (PYHAAMEHTATIBHOTO YIS TMOCTPOCHHUS aPXUTCKTYP
UN. TIpu >TOM, cleayeT OTMETUTh, YTO UMEIOIINECS MOJEIU BEpOSITHOCTHOM
JIOTHKH JIOITyCKAIOT HESBHEIA y4eT (pakTOpoB SHEprod(h(EKTUBHOCTH B Kaue-
CTBE JOMOJIHUTENbHBIX TepeMeHHbIX [16, 17].

OTnane mpemaraeMoil KOHIEIINHA OT KaK YHCTO BEPOSTHOCTHBIX MOJe-
neit [16, 17], Tak 1 OT MozeNei, Tie pecypc-moTpediIeHne BiIsteTcs GaKTopoM,
OTPaHUYMBAIOIINM JIOTUYECKUH BBIBOA [13, 14], COCTOHT B TOM, YTO pEIICHHE
MPEIoIaracTCs HANpaBICHHBIM Ha KOHEYHBIH pe3yJbTaT B MEPCHCKTHBE
YIPAaBJICHUS PUCKAMH, KaK 3K3UCTCHIMAILHBIME (yrpo3a CYIICCTBOBAHUIO CH-
CTEMBI WJIA COI[MYMY, B KOTOPBI OHA BXOJHT), TAK U SHEPreTUYCCKUMU KM
SKOHOMHUYECKHUMH, B CBETE TeOpUHU nepenektus [19].

Cornacno I1.K. AHoxuny [8], peanbHbI HHTEIUIEKT OPUEHTUPOBAH Ha KO-
HEYHBIA Pe3yNbTaT, O YeM IHCAIl aKaJIeMHUK. B CBSA3U ¢ 3THM, MBI TIOJIaraeM, 94To
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IIPUHATHUE pCI_HeHI/Iﬁ MOXET OCYHICCTBIATHCA € HUCIOJIB30BAHUEM 3KOHOMUYEC-
CKHX METO/IOB 3aTPAaTHOIO aHANN3a, C YY€TOM, B TOM YHCIIE, BEPOSITHOCTEH 3K-
3UCTEHIMAIBHBIX YIPO3 W BO3MOXHBIX 3aTpar Ha ux uzberanue. [loaromy pe-
IIEHHE MOKET BBIOMPATHCS 10 KPUTEPUSIM HAWOOJBIICH IOJIIE3HOCTH, MaKCH-
MaJIbHOHM 0e30MacHOCTH M MHUHUMAaJIBHOW 3aTpaTHOCTH (KOA(QHIMEHT Hoe3-
HOTO JCUCTBHS [UIS MTOTYYEHHS SHEPTUH BBDKUBAHMS) AJISI CHCTEMBI HA OCHOBE
MYJBTH-1IENIeBOTO aHanmu3a. K aTomMy mojomren akageMuk AHOXHH, HO MOJAEIH
MapKCUCTCKOM TMJIAaHOBOM COBETCKONM 3KOHOMHUKHM, HCIOJIb30BAHHBIE WM, HE
MOTIJIM OTpakaTb KOHKYPEHIIMIO 3a7ad B MHOTOLENEBbIX cucTteMax. C mpume-
HEHHEM IPUHIUIIOB PHIHOYHOW AKOHOMMKHM MOJIENIb MHTEJIEKTa MOYKET OKa-
3aThcs (POPMaANTN3yeMON U BBIYUCIUMOIA.

O6mas Teopust cucrem Jlrogsura ¢on bepranandu [9] npenmonaraer, yTo
JKUBasi CUCTEMa HAXOJIUTCA B IIOCTOSHHOM JMHAaMU4ECKOM paBHOBecuu. BHem-
HHUE BO3JCHCTBHS WINM BHYTPEHHHE M3MEHEHUs OTKIOHSAIOT CHCTEMY OT PaBHO-
BecHOro coctosnus. JIroboe oTkioHeHNnEe TpeOyeT BO3BpaTa Ha3aa B paBHOBEC-
Hoe cocTtosiHue. st 3Toro TpeOyeTrcsl COBEpIINTh ACHCTBUE, TPATS IHEPTHUIO
CHCTEMBI. A 3HEPTHIO HaJ0 BOCIOJIHHUTH. Pemenns Takoi 3a1a4u, Kak MbI 110-
JIaraéM MOYKHO HaWTH B DKOHOMHUYECKHX MHOTOILICJICBBIX MOJCIIAX YIIPABJICHUA
puckamu [19].

Jist obecrieueHnst BBDKMBAaHHMS BHIA, COLMYyMa WIM WHIUBHIA YEIIOBEK
OCYIIECTBIISIET IIEIEHANPABICHHYIO AEATeIbHOCTh. JlesTenbHOCTh Tpedyer 3a-
TpaT SHEPTUH, KOTOpBIE Moy4aroT n3 nunm. ObecrieueHne nuimeil — oxHa u3
TJIAaBHEHIINX 3a7ad, KOTOPYIO PEIIaoT BCE KHUBbIE OPraHM3MBbI, Hapsay ¢ u30e-
TaHWEM K3UCTCHIUAIBHBIX YTPO3.

Jns obecieuenns numeil Takxe TpeOyeTcsl CoBepIIaTh AEATENFHOCTh. Ta-
KAM 00pa3oM, MbI TIOJIy4aeM rI00ANIbHbIH 3aMKHYTBIA IIUKJ )KHU3HEAESTEIbHO-
cti. B ocHOBe koTOporo 6asmpyercss ’Heprusi BbDKuBaHMA. CleloBaTebHO,
JUISL OLICHKH IIeJICHAINIPABJICHHOMN NEATENIbHOCTH JOJIKHO HCIIONb30BaTh «IHEP-
THI0 BbDKMBaHHs». Ho He mpsMoM (HU3MUECKOM CMBICIIE, a KaK «yHUBEpCalb-
HYIO BTIOTY» (UTO CO3BYYHO C HJeel «I9HEepropyossi» MM «TOKEHa» LU(po-
BOW KPHUINTO-3KOHOMHKH) JJIsl CPABHEHHMSI, KaK Pa3HOIIAHOBYIO YCIIOBHYIO €H-
HUILy, KOTOpasi AaeT KOJIWYECTBEHHYIO OLEHKY A (PM3MOJOTHIECKUX W TICH-
XOJIOTMYECKHUX MPOLECCOB BHIYNCIUTENBHON MOJIETH KHBOTO OpraHn3Ma, oo
HCKYCCTBEHHOH IICUXHUKH KaK OIEPALIMOHHOM CUCTEMBI [UIsl cucTeMbl M.

OHeprust BEDKUBAHUS — 3TO OMOJIOTHYEecKas (B Clydae KHBOTO OpPTraHU3Ma)
00 3JIEKTpUYecKas (B clydae UCKYCCTBEHHON CHUCTEMbI) SHEPIHs, HEOOXO0Iu-
Mast OpraHusmMy HJIW CUCTEME JJid OCYIICCTBJICHUS ueneHanpaBneHHoﬁ BHCIII-
Heil 1esITebHOCTH U UCTIOTHEHUS! BHYTPEHHUX MPOLIECCOB.

OO0 sneprun opranusma u ncuxuku nucan bextepes [20]. On omucan pas-
HBIE THITBl SHEPTUH B OPTAaHU3ME U NMPUHIUIBI UX B3anuMoaeicTBus. B Hauvame
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XX Bexa @peiin B kuure «llo Ty CTOpoHy HNpHHLHMIA YIOBONBCTBUSA» [21]
Harmcall, 4To NCUXHKa paboTaeT N0 SKOHOMUYECKUM MPUHIIUIIAM.

BHyTpeHHee coCTOsSHHE CUCTEMBI ONUCHIBAETCS B IIPOCTPAHCTBE MMOTPEOHO-
CTEH, WITN «MaTpHIle MOTpeOHOCTEH» B [22], ABISAIOIIEMCS OCHOBHBIM SJIEMEH-
TOM MOJIENTN >KUBOW WHTEIJICKTYyaJbHOW CHUCTEMBbI (HAalpuMep, YelIOBEKa) WM
BBIYHMCIIUTENIbHON KOTHUTUBHOM apXuTektypbl M.

OOyueHne cucTeMsl, B paMKax MpeuiaraéMoil KOHIEIINH, OCYIIECTBIISCTCS
MOCPEICTBOM NPHOOPETEHHUS OIBITA, IS 00eCIeUeHHs] IPUHATHS PELICHUH Mo
YZIOBIETBOPEHUS MOTPEOHOCTEN CHCTEMBI B pPaMKaX FOPU30HTA TJIAHUPOBAHMUSL.
B cnydae uenoBeka uyenoBeueckoe 3HaHHE COCTOUT M3 OTPOMHOIO KOJHUYECTBA
3JIEMEHTAPHOTO OIIbITa, MOJIYYEHHOTO U3 COOCTBEHHBIX ACHCTBUII MM U3 TEK-
CTOB (OCMBICIIEHHBIH OIBIT APYTHX JIIO/AEH). DTO 3HaHHUE, ONPEIEICHHOE B IIPO-
CTpaHCTBE NOTPeOHOCTEH, CTPYKTypHupyeTcsi B nokpbitue Mapkosa [23]. Ca-
MOOOYYEHHE 3TO TOydYeHHe W OCMBICIICHHE OIBITa C BRIOOPOM Hambolee 3¢-
(heKTHBHOTO C TOYKH 3pPEHHS 3aTpaT U MOIy9aeMOH MOIb3bI.

OcHoBa (popMHpOBaHHUs OMbITA B TICUXUKE OTKPbITa Ajiepom [24] B pa3Bu-
TUHM JUYHOCTH. TEHAEHIMU 10 YBEIHUYCHUIO 3HAYMMOCTH (IICHXOJIOTHMYECKOU
IIECHHOCTH) IeJICH WM MOTPEOHOCTEH MOXHO IMOHSATh U3 €0 aBTOPCKOW HIICH
«KOMIUIEKC HEMOJHOIICHHOCTH». A BBEIEHHOE UM IOHATHE ICHUXOJIOTHYECKOM
LEHHOCTH TI03BOJIMJIO CPaBHUBATh M PACCUUTHIBATH ICUXOJOTHYECKUE U (HH-
3MOJIOTMYECKUE MOTPEOHOCTH.

KoHuentyanbHasi apXuTeKkTypa

B pacmmpuTensHON TPaKTOBKE MHTEIUIEKT — 3TO CHCTEMa aHAIW3a U TpH-
HSATHSI PEIICHUH Ha OCHOBAHWHW 3HAHWHN W OMBITA AN obecriedeHus 3¢ hexTus-
HOW (DYHKI[MOHAILHOU JCSTEIBHOCTH YEJIOBEKa, COLMYMa, JIUOO BBHICOKOYPOB-
HEBOW MHTEIICKTYaIbHOW CHCTEeMBI (00J1aiatoel HCKyCCTBEHHBIM HHTEIICK-
TOM) WJIM COBOKYITHOCTH TaKHMX cHCTeM. [Ipuuem, MHTEIUIEKT 3TO He abCTpaKT-
HBII HAaOOp 3aKOHOMepHOCTEeH (PU3NYECKOro MUpa WM IMOJY4aeMbIX U3 HEro
(hakTOB, a CHOCOOHOCTH CHCTEMBI YIIPABIATH IEATENBHOCTBIO Ha OCHOBE
OCMBICJIEHHOTO OTbITa. Ha CeromHsIIHMIA 1eHb HHTEIUIEKT CYIIECTBYET TOJIBKO
B JKMBBIX CHCTEMaX, HO MBI PaCCMAaTPUBAEM BO3MOXHOCTb €r0 CO3JaHusS B HC-
KyCCTBEHHBIX CHCTEMaX.

Jlyist 3TOrO MBI MpEJIaracM CIIEAYIONIYI0 aHTPONOLEHTPUYHYIO KOHLIEHTY-
AIBHYIO apXUTEKTYpPy ICHUXUKH, BKJIIOYAIOUIYIO IPOCTPAHCTBO MOTPEOHOCTEH,
CBSI3BIBAIOIIEE MHTEUICKTYAJIbHYIO CHCTEMY C €€ BHEUIHUM MHPOM, C yYETOM
(usnueckux ocoOEHHOCTEH ee cOOCTBEHHOH peanu3aliy, ¢ CUCTEMOW MpPUHS-
TS pelIeHH B 3ToM npocTtpaHcTie (puc. 1). JlaHHas KOHLEIUS MO3BOJISET
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nepeiTy K opmanu3anuu 1 anpodanuy MaTeMaTH4ecKol MoJiel, o0Ccyxae-
MO HIDKE.

Cucrtema = UHTennektyasibHblii AreHT
Mcuxunka = OnepaymnoHHasn cuctema
WHTennekt = Cuctema NpUHATAA peLleHunii

Moaco3HaHve Co3HaHve
(NHTYnLKA) (MblwneHne)
“Cucrema 1" “Cuctema 2"
(“BbICTPO”) (“MepgneHHo”)

—
3Amoyuu Momusayus OxudaHus

MpocTpaHCTBO COCTOSIHWIA

OwyuieHusi | MoTpe6HocTy | [deiicTBus

PeweHus

Bocnpusimusi
CeHcopbl! AkTyartopb!
OwyweHus ? ‘Aeﬁcmsun

BHewwHuiA mup = OnepaumoHHas cpega

Puc. 1. KonnenrtyanbHas KOTHUTUBHAS apXUTEKTYPa HCKYCCTBEHHOM IICHUXUKU

WHTennekT denoBeka pa3BUBACTCS €XECEKYHIHO C MOMEHTa DPOKACHHS.
3Ha4NT, BO3MOXKHO IOCTPOUTH MOJENH WHTEIEKTa TaKkKe HAYMHAsl C CaMOro
MIPOCTOTO COCTOSHMA. YeIOBEUECKUH MHTEIUICKT ONEPHPYET HE OOBEKTaMH, a
BHYTPEHHUMH 00pa3aMu, TO €CTb OTPaKCHUSIMH OOBEKTOB B cucrteMe. BHyT-
peHHME 00pa3bl OMMCHIBAIOTCSA B MPOCTPAHCTBE MOTPEOHOCTEH, B caMOM MpH-
MHUTHBHOM CJIy49ae — OJJHOMEPHOM, a B CIIy4ae peaIbHBIX KUBBIX OPTaHHU3MOB,
6o B ciryyae peanuzanuu st cucreM MU co cnoxHOl nepapxuei B3aumosa-
BUCHMBIX TIOTPEOHOCTEH — TEH30PHOM, UMEHYETCSI «MaTpHILIEH MOTpeOHOCTEI
COTJIACHO NPEIJIOKEHHOH paHee apXUTeKType [22].

Jlng pemieHuss OCHOBHOM 3aJayll — BBDKUBAHMSA HUHIUBUAYAIBHOIO 3K3€M-
IUIApa, COIMYyMa WIHM BHAA — IENBbI0 CHCTEMBI CTAHOBHTCS YAOBIICTBOPEHHE
TEKYIIMX IMOTPEOHOCTEH B COOTBETCTBHH C BBHIOPAHHBIM NpHOpPHUTETOM. [luHa-
MHKa (DyHKIIMOHAJIBHBIX IOTPEOHOCTEl MOXKET OIMCHIBATHCS MaTEeMaTHKOH
PBIHOYHON 3KOHOMHMKH, BKIIFOUas yIIPABICHHE PUCKAMHU Yepe3 BEPOSITHOCTHBIN
aHaJIM3 MCXOJI0B albTEPHATHBHBIX clieHapueB [19]. BzaumoszaBucuMocTs Mex-
Iy (U3HOJIOTHYECKUMH U TICUXOJIOTHYECKUMHU ITIOTPEOHOCTSAMH PacCUNTHIBACT-
csl yepe3 MCUXOJIOTUYECKYH0 IEHHOCTh HOCUTENSI MHTEIJIEKTa KaK MOTEHIUAIb-
HYIO SHEpIUIO BBEDKMBAHUS — YAOBJICTBOPEHHsI 0a30BBIX MOTPEOHOCTEH/MOTH-
BaIlWH, I'/le BBDKUBAHUE TOJIBKO O/THA U3 HUX.

IMorok nmotpebHOCTEH HenpepsiBeH. CormacHo Macinoy [25], ynoBieTBope-
HHE OJHOW NMOTPEOHOCTH BENET K IMOSABICHUIO HOBOW, MOTPEOHOCTH KOHKY-
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PEHTHBI U B3aUMO3aBUCUMBI. TakkKe Ha KOHKYPEHTHOCTh U B3aUMO3aBUCUMOCTh
norpebHocTeit ykaspiBan [1.K. Anoxun [8]. B cBOKO 04epenp, 1elb OTIHYACTCS
OT MOTPEOHOCTH TeM, 4TO OHa KOoHeuHa. Llesb 3akaHUMBaeTCs, KOrja oHa JI0-
CTHTHYTA.

3HaveHNe MPUOPHUTETOB TEKYIIMX MTOTPEOHOCTEH OIpeersieT TeKyIlee co-
CTOSTHHE cUcTeMbl. TeKyIye 3HaueHHs yIOBIETBOPEHHOCTH, HEYAOBICTBOPEH-
HOCTH M BOCTPEOOBAHHOCTH (IIPHOPUTETA) MOTPEOHOCTH, XapaKTEPU3YIOT Te-
KYILIYI0 TOYKY (KOOpAMHATY) B (DYHKIIMOHAIBHOM MPOCTPAHCTBE IIEICHANpPaB-
JIEHHOW YeJI0BEYECKON JeSITeILHOCTH B MEPCIIEKTHBE MOKPHITUI Mapkosa [23].

Beicnime moTpeOHOCTH MOXHO BBIPa3HUTh Yepe3 KOMOMHAIMIO 0a30BBIX I10-
TpebHocteit [25]. [loaToMy m00YI0 1IENIb CUCTEMBI MOXKHO OMHCAaTh KaK KOM-
OuHaumio 0a30BBEIX MoTpeOHOCTEH M moTpedHOCTeH Mitaammx nopsakos. IIpo-
cTpaHCTBO («marpumnay) nmotpedHocteit (I1I1) — OCHOBHOM 3IIEMEHT CHCTEMEI,
Ha KOTOPOM CTPOATCS BCE pacu€Thl U cpaBHEHUA. [loTpeOHOCTH OTpaxaroT Te-
Kymee coctosiare cuctemsl. [1o cytu, I1I1 3T0 Habop CTPOK MO YPOBHSIM COCTO-
SIHUSI CUCTEMBI (Kak B IpOrpaMMe-CyNepBU30pE ONEPAIMOHHON CHUCTEMBI), TIC
B KaXJIOW SYEHKE COAEPKHUTCS TEKyIee 3HAUEHHE MPHUOPHUTETAa MOTPEOHOCTH.
III1 — yHuBepCaNbHBI MaTEMATUYECKUN MHCTPYMEHT JJIS ONMCAHUS J1EATENb-
HOCTH MOJIEJIH YeJIOBeKa MPH OIHMCAHUU ero MmoBeaeHus oo cucrtembl MU npu
€e peau3alum.

B cnyudae mopmenupoBaHus yenoBeueckoil ncuxukd, III1 orpaxaer cMmbica
M000r0 00BEKTa IS YelOBEKa B IMPHUPOJE COCTOUT B BO3MOXKHOCTSIX YHOBIIC-
TBOPEHUS €ro MOTpeOHOCTEH B KOMOMHAIMY Pa3HBIX YpoBHEH. B aToMm ciyuae,
[T moxxeT OBITH AEKOMIO3UPOBAaHO Ha ypoBHU: a) MumuBuayamsHbii (baso-
BeIif); 0) CemeiiHo-ObITOBOM; B) CoIManbHO->KOHOMHYECKHI;, T) TOCyAap-
CTBEHHO-IIMBMIIN3AMOHHBIA. Kaxplii ypoBEeHb MMEET CBOM MPHOPHUTET IMpH
NPUHITUN PEUICHH, TPUYEM PHOPUTETHI MOTYT OBITh PA3JIMYHBIMU JIJIS Pa3-
JIMYHBIX MHAWBULYYMOB.

IIpencrapnsercs BO3MOXKHBIM CO3JjaHME MAaTeMaTHUYeCKOH MOJENH, MO3BO-
JSIFOIEH OCMBICTINTL KapTUHY MHUpa B KoHTekcte I1I1 m HaiiTm onrtumainbHOE
peleHne ISl IeSTENbHOCTH MOJIENN KUBOTO WHTEUIEKTYyaJbHOTO OpraHu3Ma
00 HK3EMIUIIpa MCKYCCTBEHHON HWHTEIUIEKTYaldbHOH CHCTEMBL. AJITOPUTM
aHalln3a MOXKET OBITH IOCTPOEH Ha BBHIOOpE CaMoro 3(PQGEKTHBHOTO PEIICHHS
TeKylIeH 3aJa4d C y4eTOM DPHUCKOB, OTPAaHWYEHHOCTH PECYPCOB M B paMKax
TOPU30HTA IIAHUPOBAHUSL.

MartemaTnueckas Mojaeab

Ecmm paccMaTpuBaTh (i)yHKHI/IOHI/IpOBaHI/IC YeJIOBEUECKOM IICUXUKH B TEUe-
HHEC BCCIro XU3HCHHOTI'O IIMKJIA, a TAKXKEC HCKyCCTBeHHOﬁ IICUXHUKH TUIIOTCTHYC-
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CKOTO HHTEJICKTYyaJbHOIO areHTa Kak OOydYeHHe Ha OCHOBE I10JIy4aeMOro
OTbITa B3aUMOJICUCTBUS C OKpY>Kalollell cpenol, corigacHo [26], To B pa3pa-
0OTKax CHCTEM MCKYyCCTBEHHOTO HMHTEJUIEKTa; HauOosiee pacripoCTpaHeHHOU
TIOCTaHOBKOM siBiIseTCA 00ydeHue ¢ mnojkperuieHneM [27]. OHO OCcHOBBIBaeTCs
Ha MapkoBCKoH Mozeny npouecca NIpUHATHS peleHui [28], mpudem sSBHO MO-
Jy4aeMoe areHTOM IIOJKPEIUICHHE B XOJAE PEalu3yeMOro WM IOBEICHUS HC-
MOJIB3YETCS ATl ONPENEIICHNS TaK Ha3bIBAEMOH «IOJIE3HOCTH» TOTO WM HHOTO
peIIeHus WM ACUCTBHS, MPEIIIeCTBOBABIIETO MOAKPEIUICHUIO, B CBETE «TEO-
puu oxumaeMoi» mone3HocTu [29]. OgHako B SKOHOMHKE, Ha CETOMHSITHUI
JI€Hb, TIOCIIEAHAA TeOpHUs YCTyNHIIa MECTO «T€OPHH MepcreKkTuBy [19], cormac-
HO KOTOpOM, MOJE3HOCTh ACUCTBHUS OIICHHMBAeTCAd KaK IO3UTUBHBIMHU, TaK U
HEraTUBHBIMHM UCXOJAaMHU OT €r0 COBEPILEHMs], TAK U Pa3IMYHBIMH BEPOSTHO-
CTSIMH, aCCOLMMPOBAHHBIMH C STHUMH MCXOJaMH, IpHUeM CyObEKTUBHAS MOJIE3-
HOCTh HO3UTHBHBIX M HETAaTHBHBIX MCXOI0B MOXET OBITh Pa3iIWdYHA M 3TH Pa3-
JIMYHST MOTYT OBITh OTIIMYHBI Y Pa3IMYHBIX CyObekToB. Ha npakTuke, pu o0y-
YEHUsI Ha OCHOBE OIIbITA, IPUXOIMUTCS TAaKXKE OLCHUBATh Ka)XKJ0€ PEIICHHE NN
JIEUCTBHE C TOYKH 3PEHUSI HE MPOCTO OTAEIBHOTO MOJIKPEIUICHHS, a KOMOWHA-
I[UM THMOTETUYECKUX SBHBIX MOAKPEIUIEHUH — 3a JOCTHXKEHHUE PaszIMUHBIX Lie-
nelt (mojyyeHue TUINKM WU yIOBOJILCTBUA) WJIM )K€ HESIBHBIX — 3a n3beraHue
yrpo3 (yaapa TOKOM HJIM OOJMBAaHUS BOJOH), WIN K€ MOIyYSHHE IOJIE3HOTO
JKM3HEHHOTO OIIBITa JIMOO JOCTHM)KEHHE OIPEAEIEHHOTO COLUAIbHOTO CTaTyca,
YTO MOXKET MOTPeOOBaThCS IS JOCTIDKEHHMS 1eTield 1 n30eraHust yrpo3 B OT/a-
JIeHHOM OynylieM, HO He MOXET OBbITh «IOJKPEIUICHO» B OmpKaiiied mep-
cnextuse. TakuM 00pa3oM, TpeOyeTcsl paCIIMpPeHNe CKaISIPHOM OLEHKH MOJIe3-
HOCTH C 3aMEHOH ee Ha BEKTOPHYIO, KaKk HaImpumep, B [26] MOJIE3HOCTh paccyuu-
THIBAETCS B JIBYXMEPHOM IIPOCTPAHCTBE MOJOKHUTEIBHOTO M OTPHUIATEIHHOTO
MOJKPEIICHU — KaK MOJIE3HOCTH IOJTyYeHHs BBITOJ U M30eraHus MoTephb Co-
TJIACHO «TEOpUH TepcrekTuBy [19]. BBenenue HeoOXOIUMOCTH SBHOHM MOA-
JIEp)KKH HMCCIIEIOBATENILCKOH aKTHBHOCTH MOXET OBITh BBEAECHHEM HH(pOpMa-
IIMOHHOM ITOJIE3HOCTH 32 OOHApy’>KeHHE HOBBIX NATTEPHOB, a MOBBILICHUE (-
(DeKTHBHOCTH MOTPEOJICHUS SHEPTUH — 32 CUET HHEPreTHIECKON MOJIe3HOCTH. B
CJIOKHBIX CHCTEMaX, TAKMX KaK YeJIOBEK WJIHM BRICOKOMHTEIUICKTYaIbHBIA areHTr,
MIPOCTPAHCTBO TOTPEOHOCTEH MOXKET OBITh CTPYKTYPHPOBAHO B TE€TEPapXHIO
B3aUMOCBSI3aHHBIX ITOTPEOHOCTEH M OIHUCHIBATHCS HE BEKTOPOM, a MATPHIIEH,
IJIe CTPOKM MAaTpHIbl COOTBETCTBYIOT NMOTPEOHOCTSIM Pa3IMYHBIX YPOBHEH OT
6a30BbIX 70 BhICHIMX [25] wim, B o0lIeM ciydae, TEH30pOM. TeM caMbIM, MO-
KeT ObITh (POPMANN30BaH MPUHIMI WHTEIJIEKTA KaK CPEICTBA JIOCTHIKCHUS
cioxHbIx neneit no I'epuemto [3] u Boury [4] — onpeneneHreM CIOXHOU TeH-
30pHOH (PyHKIMH MOJE3HOCTH.
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[ToHsATHE CITOKHOM I1eJIH, B KOHTEKCTE PUC. 1, MOXKET OBITh (hOpMaTH30BaHO
KaK «MOTUBalMOHHBIN BekTop» z [30]. Ha ocHOBe ompesesnieHHOro HaMu Mpo-
CTPaHCTBA MOTPEOHOCTEH, 3TOT BEKTOP MOXKET OBITH ONpPEIENICH KaK CKaJSIPHOE
MPOU3BEACHUE IBYX BEKTOPOB — &) IOJITOCPOYHON KU3HEHHOW BaXHOCTH (TIpH-
OpHTeTa) MOTPEOHOCTH X M 0) KPaTKOCPOUHOH HEy/IOBIETBOPEHHOCTH (aKTya-
JU3aIMA) TaHHON MOTpeOHOCTH Y. BekTop MpHOpHUTH3AIMH X MOXKET paccMar-
pHUBaThCA KaK TeHETHYECKWH W KyJIbTYPHBIH KON areHTa, MpeaoIpeaeieHHbBIN
€ro reHeTUKOH (B cilyyae 4eJoBeKa) JIMOO0 BCTPOSHHBIH (B CiIydae HCKYCCTBEH-
Horo MA), a Taxke IpHOOPETEHHBIH B XOJI€ €r0 Pa3BUTHSA M JOJITOCPOYHOTO
o0yueHusl («(pOopMHUPOBaHUS JIUIHOCTHY). OH OmpeeNnseT, HanpuMep COOTHO-
IICHUE CKJIOHHOCTEH K pHCKaM paju MPHOOpETeHUH (TIOJ0KHUTEIBHBIX MO/I-
KpeIUicHui) W u30eraHus MmoTeph (OTPHUIATEIBHBIX IMOJKPEIUICHH) B CBETE
TEOPUH MepcrieKTuB [19], ctpemiieHuIo K 00ecreueHuIo 3Hepro3hHEeKTHBHOCTH
[8, 16, 17, 20, 21], u mOTpeOHOCTH K TIO3HAHUIO, YIOBICTBOPSIEMOH KaK ITOBBI-
IICHHE TPENICKa3yeMOCTH OKPYXKAroIleH peanbHOCTH, coriacHo [15]. B cBoro
ouepenb, BEKTOP aKTyalIM3alldil ONpeAessieTcs Ha OCHOBE NAHHBIX, IOJydae-
MBIX B BHJIE 3MONHH [2, 6] Kak HEyIOBICTBOPEHHOCTh COOTBETCTBYIOIIHX IIO-
TpeOHOCTEeH B KOHKPETHBII MOMEHT IPUHSITHS PEIICHUI.

Takum oGpazom, B pamkax MapKOBCKOH MOJENH Mpoliecca MPUHATHUS pe-
meHuit [28], oxumaeMas UEHHOCTh WM MOJIE3HOCTh pealu3alii TOro WU
WHOTO BEKTOpa JeHCTBUI U Oe3[eHCTBUN a B TEKYNIEM COCTOSHHU S, JJIS MO-
MEHTa BPEMEHH f, a TaKKe MOJKPEIUICHHs, TTOIy9aeMoro mpu oOydeHuun [26,
27] B ouepeIHOM MOMEHT BpEMEHH ¢ + 1, MOXKET ONpenesnsThCs CIEeIYIOIINMU
BEKTOPHBIMHU U CKASIPHBIMHU (PYHKITUSIMH.

S; — BEKTOp TIEPEMEHHBIX COCTOSIHUS, CO 3HAUYEHUSIMHU OIpPEAeTIIEMbIMH, CO-
[JIACHO puc. 1, MOCPEACTBOM CEHCOpPOB areHTa, B TOM YHCJE — BKIIOYAIONIMX:
CEHCOPBI aKTyaJIM3al[uy MOTPEOHOCTEH ), HapUMep — BOCIIPUHUMAFOIIUE 10~
JIOXKUTEIBHEIC U OTPUIATEIBHBIC TTOIKPEIUICHUS, IPHOOPETEHHE THOO0 MOTEPIO
SHEPTeTUYECKOTO pecypca, a TaKKe IMOATBEPKACHUC OXHIAHHS PE3yIbTaTOB
TIpeCKa3aHus WM ACHCTBHS (aKIENTOPHI pe3ynbTaTa IeicTBus [8]); CEeHCOpOB
(hUKcaIM COBEPIICHUS NEHCTBUS @; CEHCOPOB OIIYIICHWH f, HE CBSI3aHHBIX
SIBHO C TIOTPEOHOCTSMH MM IeATEIBbHOCTHI0. Copa3MepHBIN BEKTOP § 141 OMpe-
JIeTIsIeT OXKHUJIaHusl.

a; — BEKTOp JCHCTBUI, COBEPIIICHHBIX arcHTOM, OO TUIAHHPYEMBIX K CO-
BEPIICHUIO B OYEPETHOW MOMEHT BPEMEHU d '+, IPUYEM COBEPIICHHOCTDH Aeii-
CTBUH Takke (PHKCHPYETCS COOTBETCTBYIOIIUMHE ITEPEMEHHBIMH COCTOSHHS
(a S 5).

V; — BEKTOP aKTyaJIN3alliil MOTPEOHOCTEH, BRIPAKAEMBIX Uepe3 «BBIIENCH-
HBIE)» TIEPEMEHHBIE COCTOSHHUSA, IPUYEM aKTyalIn3alis HOTPEOHOCTEN SABISETCA
4acThIO COCTOSIHUSA (V £ §), MO0 cHOPMHUPOBAHHBIX OXKHIAHUH ¥ /1 ].
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f; — BEKTOp OLIYIEHNH, HE CBSI3aHHBIX HEMOCPEACTBEHHO C aKTyajIHu3aluen
U y/IOBJIETBOPEHHEM MOTPEOHOCTEN JIMOO0 coBeplLIeHUEM eicTBUi (f € s).

X — BEKTOP NMPHOPHUTH3AIMU NOTPEOHOCTEH, IpeoaraeMplii HEM3MEHHBIM
JUISl ar€HTa B KPATKOCPOYHOH MEpCIIEKTHUBE, HO MOXET OBITh N3MEHEH B J0JITO-
CPOYHOIL.

Z; =X * y; — BEKTOp MOTHBAIMU K yJOBJIETBOPEHHUIO MOTPEOHOCTEH € yueToM
WX TMIPHOPUTH3AINHN U aKTyaIH3any («MOTHBAIIMOHHEII BekTop» [30]).

U(s, s’) — ckamsipHas GyHKIHsI (MaTpHUIila) MOJIE3HOCTH peau3aliii COCTOs-
HUs s° (BKJIIOYAsi COBepIlIaeMbIe IIPH 3TOM JieicTBUsI @ b0 0e3 coBeplleHHUs
KakuXx-JIM0o JIefCTBUI BOOOIIE) NPU UCXOAHOM COCTOSIHHU § B KOHTEKCTE TPH-
OpHUTH3AIIMU TIOTPEOHOCTEH X areHTa, onpenensiemMas B XoJe 00y4eHHs1 Ha Oc-
HOBE TIOJIKPEIUICHHUH 44| Ha MEPEX0Jax M3 COCTOSHUA §; B S;+1, COOTBETCTBYET
Q-pyukuuu B ciryvae npuMeHerns merona Q-learning [31] (B mocrmennem ciry-
gae (pyHKIHS oNIe3HOCTH BhIpoxkaaercs B U(a,a’)).

Fir1 =X -(Vy— Yi+1) — CKaIsIpHAsT QYHKIUSA TNOAKPEIUICHUs (IO CYIIECTBY —
OMOIIMHU) B pe3yJibTare ACHCTBUSI WU Oe3AeHCTBUS d.+; TIPU MEPEXOJe U3 CO-
CTOSIHHSL S; B COCTOSIHHE S+, BKIIIOUasi «BBIZIEJICHHBIE» ITOTPeOHOCTH: 1) 3HEp-
rodddekTHBHOCTH e(@); 2) NPEeACKa3yeMOCTH Kak (YHKIHH OT Pa3HOCTH
8’141 — 841 («tma" MUHYC (BakT») MEXIY OXKHIAHUAMH S r+1, CHOPMUPOBAHHBI-
MH B MOMEHT BPEMEHH f, 1 (PaKTHIECKUM COCTOSIHUEM S;+; B MOMEHT BPEMECHHU
t+1.

0(s,s’) u P(s,s’) — maTpumsl B3anMounckiroueHus (Q) mubo B3amMooOly-
CIOBIICHHOCTH (P) yKa3aHHBIX BBIIIE MEPEMEHHBIX S, €CIIM KaKHe-TO U3 HHUX
(u3rYecKkr He MOTYT OBbITh YJIOBJIETBOPEHBI (1), peaji30BaHbl (@) WU HCIbITA-
HBI (f) areHTOM OJTHOMOMEHTHO () MM e — KaKHue AO0JIKHBI OBITh yIOBJIETBO-
PEHBI, COBEPIIEHBI JINOO UCTIBITAaHBI OAHOBPEMEHHO MJIM OJTHO HEOOXOIMUMO JUIs
npyroro (P).

MuHuMaabHas IKCIIEPUMEHTAJIbHaA peain3danus

B kauecTBe SKcleprMeHTa Oblla MPOBEACHa MHHHMAJbHAS pealru3amis
oOy4eHust areHTa Urpsl B TeHHHC OT creHkH («Self Pong») ¢ pacmmpenuem
MOJIENIH, ONMMCAHHOW M peallm30BaHHOM B [26], OTKPBITHI KO OITyOIHKOBaH B
https://github.com/aigents/aigents-java/tree/master/src/main/java/net/
webstructor/agi.

B peasn3oBaHHOM JKCIIEPUMEHTE MOBE/ICHHE areHTa OCYLIECTBISIIOCH B
4-MEepHOM TPOCTPAHCTBE MOTPEOHOCTEH: 1) TMOJNOKUTENBHOTO MOAKPEIICHHS
NpU OTPaKEHWU MsunKa Jmbo ynapa ero o6 crenky (Happy); 2) nzberanus
OTPHIATENFHOTO MOAKPEIUICHUS IPU yape MsUuKa 00 CTEHKY Ha CTOPOHE UT-
poKa C pakeTkoil; 3) HOBHU3HBI OOHAPY)KMBAEMBIX areHTOM COCTOSIHUH
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(Novelty); oxugaeMocTH WM MPEACKa3yeMOCTH NEPEKUBAEMBIX CHUTYalMH
(Expectedness). Ilpu 3TOM H3MepsiIach ¥ BH3yaJM3MPOBAJIAch aKTyalW3alys
BCEX YeThIpeX MOoTpedHocTeN (puc. 2), M UCCIEAOBAINCH Pa3JINuHbIe 3HAUCHHUS
BEKTOPOB NPHUOPUTH3ALNH [UISl IEPBBIX JIBYX U3 HUX, CBA3aHHBIX C MOAKpETIe-
HHEM. DKCIIEPUMEHT HPOBOJAWIICS C HCHOJB30BAaHUEM Pa3IMYHBIX CTpaTerHi
00y4eHHSI Ha OCHOBE OITBITA, BKIFOYAIOIIETO KaK SBHOE MOIKPEIUICHHE 110 He-
CKOJIGKUM KaHallaM M3BHE, TaK W yIOBJIECTBOPEHUE BHYTPEHHHUX MOTpeOHOCTEH
areHTa, OMMCcaHHbIX paHee [26]. Ilpu aTom cTparernn oOydeHHs IpeAIoIarain
(dbopMHUpOBaHKE SMU30MIECKOI MaMsiTH JUOO B BHIE CETMEHTOB IIOCIEHOBA-
TEJILHOCTEH §, W @, MEXAY TOJIKPEIUICHUSIMH (TIOJIOKUTEIFHBIMA M OTpHILIA-
TEJIbHBIMH), JIMOO B BHJIE KapT MEPEXOA0B MEXKIy COCTOSHUSIMU S, W d,, a MOJ-
KpeIUIeHHe R, M3MEHSIO 3HAYCHUs MOJIC3HOCTH BCEX DJIEMEHTOB SIH30IHMYe-
CKOM MaMsTH Ha CETMEHTaxX MEXIY IOIKPEIUICHHAMH («ITI00aNTbHOe TOIKpPeI-
nerney) [26], B otmmune ot Q-learning [31], rme moxkperieHHe H3MEHSETCS
MHKPEMEHTAIBHO, PACIIPOCTPAHSACH 10 OCH BPEMEHH OT OYIYIIMX COCTOSHHI
K IpEABLAYIIIUM.

° Self Pong
Happy:31 Sad:42 Rate:42%

NN TR
ks

Feedoack 4
Puc. 2. Busyanuzaius npouecca oOy4eHusi areHTa Urpe B TEHHHC OT CTCHKH B IIPO-
CTpPaHCTBE NOTPEOHOCTEH — CTEHKA HaBEPXY, PAKeTKa B CEpeUHE, MAYUK MEXIY CTCH-
KOH M paKkeTKoH, BHU3Y (hYHKLHUH yJOBICTBOPECHHOCTH JHOO HEYAOBICTBOPEHHOCTH I10
yetblpeM notpedHocTsIM (Happy, Sad, Novelty, Expectedness) u otnenpHas ¢yHKOus
SIBHOTO (TIOJIOKHUTENBEHOTO JIHO0 oTpruaTenabHoro) moakperieHus (Feedback)
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B pesysibrare skcnepuMeHTa, A IaHHOM 3a1auu ObUT MOATBEPKAEH (-
(heKT HEeraTMBHOIO BJIMSHHS OTPHULATENHHOIO IOJAKPEIUIEHHs Ha 00y4aeMOCTh
aredra. To ecThb, IpU paBEHCTBE IPHUOPUTETOB MOTPEOHOCTEH MOTY4YEHHS I10-
JIOXKUTEIIBHOTO M M30eraHus OTPUIATENIFHOTO MOAKPEIUICHUSI U COOTBETCTBY-
1omiero opMHUpoOBaHUS 3HAUCHUH (HYHKIMHA 0XKHMIaeMOH ITOJIE3HOCTH B MOJIETIH,
00y4eHHe 3aMeUISIIOCh U ISl HEKOTOPBIX MOoJieNield 1 KOH(HTypanuii HrpoBOro
TOJISL ¥ OTJIOKEHHOCTH HOAKPEIUICHHUS CTAaHOBUIJIOCH HEBO3MOXKHBIM BBHUIY I10-
JIABJICHHUS] UCCIIEA0BATENBCKON aKTHBHOCTH areHTa HaKa3aHWsIMH 3a C/ICTaHHbIe
OLIMOKH MPU MPOBEPKE HOBBIX CTPATETHil.

3akaouenue

WHTennekT dyenoBeka BCET/ia OTBEYaeT Ha Bompoc: «Jlydrie mwmu xyxe cra-
HET OT NPUHATHS PEUICHUD». DKOHOMHUKA YJOBICTBOPSIET MOTPEOHOCTHU YeIIOo-
Beka — (PU3MYCCKHE U MCUXOJIOTUYECKHUE B €r0 COIMATBHO-IIPOU3BOICTBCHHOM
nesTenbHOCTH. [lcMXWKa yIpaBisieT yIOBISTBOPCHHEM MMOTPeOHOCTEH Ha
YPOBHE MOBEICHUS YEJIOBEKA KaK HHIUBUIYyMa.

C IOMOIIIBI0 COOTBETCTBYIOMIEH MaTEeMaTHIECKON MOZEITH MBI MOXKEM CUH-
TaTh CTETNCHb YJOBJIETBOPEHUS MOTPeOHOCTEH B CHicTeMe depe3 3aTpaThl dHep-
TUnu 1A ACATCIIBHOCTH W BPEMCHH — KaK Ha YPOBHEC ODKOHOMHKH, TaK W Ha
YpPOBHE NICUXUKU. YUTO U ABIAETCS OCHOBHOM 3a/laueil MHTEJICKTA.

OcHOBa pelleHusl 3aJa4d BbDKUBAHKS — HEMPEPBIBHOE O0CCIICUCHUE KH3-
HEHHOH SHepruei. JIesaTeabHOCTh YenoBeKka TpeOyeT 3aTpaT dHeprud. Takum
00pa3oM, MOJTy4aeTcss B3aWMO3aBHCUMOCTh MONY4YeHUS U A((EKTUBHOTO HC-
MOJIb30BAHUSL SHEPruu. MHTEIIEKT MO3BOJSIET BEHIOPATh ONTHMAIBHOE pellle-
HUe. YeM BBHIIIe UHTEIIEKT, TeM d(h(heKTHBHEe pe3yabTaT NesSTeIbHOCTH. 3Ha-
yeHne KOd(PUIMEHTa HHTEIDICKTa COCTOUT B TOM, CKOJIBKO WHTEIUICKTYaIbHO-
ro TpyAa OBIJIO 3aTpaveHo paHee AJs CO3MaHMS U MOyYeHHs TaHHOTO 00BEeKTa
WA 3HAHUS.

HHH O6CCHG‘-ICHI/IH BbDKMBaHUA BUJOA, CoOMyMa WKW HHAWBHUJA 4YCJIOBCK
OCYIIECTBIIICT IIeJICHANIPABICHHYIO JEATENbHOCTh, ONMUPAACh Ha MMEIOLIHeCs
3HAHUS W OMBIT, TPUOOPETECHHBIA WHAUBUAYAIBHO JHOO KOJUICKTHBHO, MaKCH-
MU3UPYS 3HAYCHHE KOA(PQPUIMECHTa MHTEIICKTa KaK WHIAWBHIYYyMa, TaK H CO-
nuyMa. B cBoro odepens, py CO3MAaHUM U CPABHEHHWU MCKYCCTBEHHBIX WHTEII-
JIEKTYAIBHBIX CHCTEM, MAKCHUMU3AIMsl YKa3aHHOTO KOA(PHUIIMEHTa MOXKET pac-
CMaTpHUBATHCSA KaKk OCHOBHOH MMOKa3aTelb 3(p(heKTHBHOCTH CHCTEMEI.

CrocoOHOCTh MHTEIUIEKTYaJIbHOTO areHTa OCYIIECTBISTH CBOIO JESTEIb-
HOCTbh B CJIOXKHBIX CpeJlaX ¢ YI€TOM MHOKECTBA IEJIe U YIpo3, ONpeesIIeMbIX
B KOHTCKCTEC MHANBUAYAJIBHOI'O IMPOCTpaHCTBa 6I/IOJ'IOFI/I'-IeCKI/IX, (1)I/I3I/I‘IGCKI/IX u
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9K3UCTEHIUATBHBIX MOTPEOHOCTEH, C ONTHMHU3ALNEH YI0BIETBOPEHHUS MOCIIE-
HHUX, MOXET OBITh PACCMOTPEHO Kak OOIIMII MHTEJIEKT, CHiIa KOTOPOTo OIpe-
JIENIAeTCsl pa3MEPHOCTBIO U CJI0KHOCTBIO 3TOT'0 MPOCTPAHCTBA.

BbruncnurenbHas peann3alys KOTHUTHBHOM apXHMTEKTyphl Ha OCHOBE
npeagaraeMoro popMain3Ma H03BOJSIET TIOJyYUTh TpeIBApUTEIbHBIC PE3yIb-
TaThl, yOSTUTENbHBIC C TOUKU 3PEHHS MX HHTEPIPETAINH.
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EFFECT OF INDIVIDUAL ABILITIES FOR MENTAL 3D
ROTATION IN LEARNING EEG-CONTROLLED BCIS

Brain-computer interface (BCI) systems are designed to facilitate the trans-
mission of control commands derived from brain activity to various computer
applications. Mastery of BCls typically requires specialized training, which
some users—referred to as BCl-illiterates — may lack. This research paper inves-
tigates the relationship between individual mental rotation (MR) abilities, aca-
demic achievement and the cognitive effort required to master BCI based on
SSVEP (steady-state visual evoked potentials) and mental imagery (MI) para-
digms.

In this research 40 participants were tested on motor imagery. Participants
with the best and worst motor imagery abilities were given a robotic arm con-
trol task, during which success rates and task completion times were measured.
Results showed a strong correlation (» = 0.813, p = 0.026) between MR ability
and MI-BCI performance, while SSVEP-BCI showed only a moderate relation-
ship (» =0.672, p = 0.098). Notably, academic achievement did not significant-
ly impact BCI proficiency, suggesting that spatial cognition rather than general
intelligence is critical for MI-BCI literacy.

The reported findings are a step forward towards both understanding the
causes of this phenomenon and the design of successful training programs. One
way to mitigate BCI illiteracy might be through 3D figure MR training, but this
necessitates further research.

Keywords: Human-Computer Interaction, Motor Imagery BCI; EEG Sig-
nals; User Training.
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Introduction

In the modern world, research in the field of brain-computer interfaces
(BClIs) gaining increasing prominence. BCIs are systems designed to receive
and transmit control commands directly from the brain to a computer. This
technology is considered a promising avenue not only for assisting individuals
with disabilities, providing them with new ways to interact with their environ-
ment, but also for enhancing human capabilities more broadly.

Currently, a variety of methods are employed to generate control signals
based on brain activity, encompassing both invasive and non-invasive tech-
niques [1, 2]. However, the key problem of the wide variation in BCI effective-
ness between different users remains. Many people (around 15-30\% [3-5]) are
unable to master BCI even after extensive training — a phenomenon known as
‘BCl illiteracy.” This is particularly important in medicine: although BCI could
help patients with nervous system damage, illiteracy and the complexity of
training seriously limit its application.

To tackle the challenges associated with BCI illiteracy, researchers are ex-
ploring a range of strategies. These include advanced techniques for interpret-
ing an individual's mental state, improving feedback mechanisms, and analyz-
ing additional physiological signals [6—8]. Nevertheless, understanding the in-
dicators of BCI illiteracy and its underlying causes continues to be a major con-
cern. Addressing these issues is crucial for the advancement and accessibility of
BCI technology.

As evidenced by the results of previous studies, cognitive ability scores can
serve as reliable predictors of BCI performance [9, 10]. Primarily, such scores
are derived from tests assessing motor imagery and spatial abilities. However,
these indicators are most often considered within the context of a single BCI
approach (e.g., the motor imagery paradigm). Furthermore, it remains unclear
whether these factors influence the effectiveness of training aimed at improving
BCI control skills.

In this study, we examined a sample of 40 university students to investigate
how effectively participants in groups with high and low mental rotation (MR)
scores manage BCI control using two primary approaches based on SSVEP
(steady-state visual evoked potentials) and mental imagery (MI) paradigms.

Material
To assess MR abilities, we utilized a test developed by Vandenberg and

Kuse [11]. The testing was carried out using the online platform "Three-
Dimensional Mental Rotation Training" [12]. Two primary parameters were
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evaluated: the accuracy of the participants' responses and the average response
time.

To evaluate the participants' ability to control a BCI, they were instructed to
manipulate a robotic arm based on an open-source model [13]. The assessment
focused on two parameters: the number of correctly completed tasks and the
time taken to complete each task. For the acquisition of electroencephalogram
(EEG) data, we employed an 8-channel neurohelmet from NEUROPLAY,
equipped with dry electrodes, sampling at 250 Hz with 0.5-60 Hz bandpass
filtering.

In our study, we decided to use two paradigms: SSVEP and MI.

The MI-BCI paradigm required users to imagine specific body movements
(e.g., left/right hand movements) without actual physical movement. During
imagery, characteristic event-related desynchronization (ERD) and synchroni-
zation (ERS) patterns emerge in specific EEG frequency bands [14, 15], with
distinct mu (8-12 Hz) and beta (18-26 Hz) band modulations for hand move-
ments [16]. This paradigm was chosen due to its intuitive control mechanism
[17, 18]. However, this paradigm has one fundamental problem: significant
interindividual variability in the ability to perform MI tasks, which makes it
relevant for our study. These differences arise from inherent variations in cog-
nitive abilities, attention, and motivational factors [19] — for example, subjects
with lower sustained attention typically exhibit poorer MI-BCI control [20]. For
the MI paradigm, we used a classifier integrated into the NEUROPLAY neuro-
helmet application. This classifier is capable of distinguishing up to four differ-
ent mental states.

The SSVEP paradigm utilizes visually evoked potentials, which occur when
users focus on a flickering visual stimulus. The signal frequency matches the
frequency of the flickers that elicited the response and is manifested by occipi-
tal and parieto-occipital EEG activity. By presenting multiple stimuli at differ-
ent frequencies, the system can identify which stimulus the user is focusing on,
establishing a direct brain-computer communication channel [21]. For the
SSVEP-paradigm, we developed a custom photostimulator with four flickering
buttons. Frequencies were individually optimized using our previously pub-
lished approach [22] to maximize response amplitude at occipital electrodes
(01, 02). While SSVEP-BCIs offer high information transfer rates and require
minimal training [23, 24], they present unique challenges. Low-frequency
stimuli (5-15 Hz), though eliciting robust responses [21], cause significant eye
strain [25]. This not only reduces comfort but also decreases accuracy as fa-
tigue impairs focus [26,27]. To mitigate this, we limited session duration to
5 minutes and included mandatory breaks between trials.
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Both paradigms' processed EEG signals were translated into robotic arm
commands (Figure 1). This dual-paradigm approach allowed comparative as-
sessment of MR ability's influence across different BCI control mechanisms.

Fig. 1. The program interface when working with the SSVEP paradigm

Subjects

Forty participants were recruited for the experiment, primarily consisting of
students from Novosibirsk State Technical University (NSTU) enrolled in
bachelor's programs with a focus on technical disciplines and information tech-
nology. The sample comprised 22 females and 18 males. Participants' ages
ranged from 18 to 27 years (mean 19.92, SD = 2.07). Additionally, the academ-
ic performance of the participants throughout their bachelor's studies was eval-
uated. Among the 40 participants, 14 were classified as "A" students, 16 as "B"
students, and 10 as "C" students.

All the participants took part in the study voluntarily, and informed consent
was obtained. They had normal or corrected to normal vision and reasonably
high experience in the general usage of IT.
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Procedure

In the initial stage of the experiment, participants underwent a cognitive as-
sessment. During the test, the test subjects were given an abstract image of a
three-dimensional figure and four figures. The goal of the subjects was to de-
termine which of the four figures an inverted abstract figure is. At the begin-
ning, the test subjects received detailed instructions on what was required from
them. After that they were given a minute to attempt complete the task. After
the test subjects got used to it, they were given ninety seconds during which
they had to compare as many figures as possible.

Participants were subsequently selected for the next phase based on their
performance in the mental rotation score. Two groups were formed:

1. High-Performing Subjects: participants whose results demonstrated both
above-average accuracy and response times relative to the overall participant
pool (more than 2 SD).

2. Low-Performing Subjects: participants whose accuracy fell below the av-
erage threshold (less than 2 SD), with response times that were average or be-
low aver-age.

Before the main experiment, participants underwent a brief screening ses-
sion to determine optimal stimulation frequencies for the SSVEP paradigm.
This involved presenting visual stimuli at frequencies ranging from 7 to 18 Hz
in 1 Hz increments while recording EEG responses. The frequency eliciting the
strongest response at occipital electrodes (O1, O2) was selected for each partic-
ipant. This personalized approach ensured maximum signal-to-noise ratio for
SSVEP detection.

The selected subjects were then tasked with controlling a robotic claw appa-
ratus to relocate objects from one position to another.

Participants were instructed to move the maximum number of objects from
one end of the robotic arm's workspace to the other within a five-minute
timeframe using the robot-ic arm (see Fig. 2). The control scheme comprised
three distinct commands: lateral movement of the arm to the left, lateral move-
ment to the right, and the ability to grasp or release an object. At the beginning,
the subjects were asked to do this by controlling the arm using SSVEP-BCI.
After that, they were asked to repeat, but this time using MI-BCI. Prior to start-
ing the experimental tasks, participants received instructions detailing the oper-
ational principles of the paradigm, along with a 2-minute familiarization period
to practice all available commands. This preparatory phase aimed to enhance
user under-standing and optimize performance in subsequent trials.
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Fig. 2. Robotic arm

Design and Hypotheses

We sought to explore whether MR abilities affect the BCI mastery. We also
employ academic performance as an alternative factor explaining the effect.

Our experiment had a between-subject design. The main independent varia-
bles included MR accuracy, MR reaction time, and academic performance. MR
accuracy is a derived independent variable based on the number of correctly
and incorrectly identified figures:

MR _ Accurate= corr.ect . (D
- correct +incorrect

The dependent variables were the number of successfully completed object
movement tasks using SSVEP-BCI and MI-BCI, which we refer to as “SSVEP
Success” and “MI Success”, respectively.

Our hypothesis was that subjects with stronger MR skills might produce
more distinct MI patterns, resulting in better classification accuracy in BCI con-
trol. In that case, higher MR abilities might facilitate faster mastery of MI-
based and SSVEP-based BCI.
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Results

The analysis revealed that participants with lower mental rotation scores
(n = 4) encountered significant challenges in performing the task using motor
imagery-based BCI (MI-BCI) techniques. None of these individuals succeeded
in manipulating the object more than twice. Notably, one participant within this
group also experienced difficulties when employing steady-state visual evoked
potential-based BCI (SSVEP-BCI). Conversely, participants with elevated
mental rotation scores (n = 3) performed significantly better, successfully mov-
ing a minimum of five objects, with the highest individual achievement record-
ed at eleven objects.

Statistical analysis (Table 1) indicated a strong positive correlation
(r=0.813) with a significance level of p = 0.026, between the number of ob-
jects successfully manipulated via MI-BCI and the accuracy of performance on
the mental rotation test. In contrast, the correlation between the number of ob-
jects moved using SSVEP-BCI and mental rotation test accuracy was moderate
(r = 0.672), with a significance level of p = 0.098. Furthermore, no significant
correlation, by using Spearman correlation, was observed between academic
performance and SSVEP Success (r = —0.095, p = 0.261) and MI Success
(r=-0.048, p = 0.919) parameters.

Table 1
Correlation Analysis (Pearson)
MR Accuracy MR Reaction time
SSVEP Success r(7)=0.672, p =0.098 r(7)=-0.493, p =0.261
MI Success r(7)=10.813, p =0.026 r(7)=-0.342,p=0.452

The graph (Fig. 3) illustrates the training progress of participants utilizing
the motor imagery-based brain-computer interface (MI-BCI). The red lines
represent subjects with poor mental rotation skills. The green lines represent
subjects with high mental rotation skills. As one can see, subjects with high
mental rotation skills are lower on the graph, indicating that the process of in-
teracting with the BCI is easier for them than for subjects with low mental rota-
tion skills. Also worth noting is the sharp reduction in time spent on task com-
pletion that can be observed in subjects with high mental rotation skills. Thus, it
can be said that there was a relationship between the ability to rotate a three-
dimensional object and the mastery of motor imagery BCI system. However,
such a relationship was not found with academic performance. In addition, such
a relationship was not found with SSVEP-BCI.
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Fig. 3. MI-BCI training plot; S(i) — Result of each student (dashed lines represent ex-
trapolated data); Red lines — Students with low mental rotation; Green lines — Students
with high mental rotation

Discussion

Our study identified a significant positive correlation between the number
of objects successfully manipulated using MI-BCI and performance accuracy
on the mental rotation test. Conversely, when using the SSVEP-BCI, this corre-
lation was moderate. These findings suggest that the phenomenon of BCI illit-
eracy may be linked to an individual's capacity for mental rotation within the
MI-BCI framework. It is crucial to note that the classification of an individual
as a BCI illiterate depends on the decoding methodology [28]. Notably, our
study did not reveal a significant correlation between academic performance
and successful utilization of BCI across both paradigms. This observation may
imply that intelligence levels are not directly associated with BCI illiteracy.
This provides new evidence that mental rotation ability — not measured in
[28] — specifically predicts MI-BCI literacy, complementing their finding that
no users were universally illiterate. It appears that different cognitive strengths
may support literacy in different paradigms.

Thus, it can be assumed that with the development of the ability to rotate
objects in three dimensions, the user's ability to interact with MI-BCI might
also increase. Then since using MI-BCI itself requires training users to work
with this paradigm, it is possible to combine the process of learning to use BCI
and training the skill of mentally rotating three-dimensional objects. The learn-
er should be given the task of imagine movement on a three-dimensional ob-
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ject. Initially, it would be essential for participants to accurately define the spa-
tial orientation and position of the object in question. This foundational step
could serve to enhance their cognitive mapping abilities, thereby potentially
optimizing their subsequent interactions with the MI-BCI system. Such an inte-
grative training paradigm could lead to improved outcomes in both mental rota-
tion proficiency and BCI operability.

It is important to highlight that the inability to detect a correlation between
SSVEP illiteracy and mental rotation skills may be attributed to the limited
number of participants classified as SSVEP-illiterates (only two students expe-
rienced significant difficulties when engaging with the SSVEP paradigm). In
addition, the lack of randomization might have introduced a bias: all the sub-
jects transitioned to controlling the MI-BCI after their initial experience with
the SSVEP-BCI. It is possible that participants had sufficient time to adapt to
the BCI usage and may have developed generalized strategies that helped them
when interacting via the alternate paradigm. Future studies should take this
consideration into account to achieve a more nuanced understanding of the is-
sue at hand.

Conclusions

Thus, in our research, a relationship between the ability to perform 3D rota-
tion and the mastery of motor imagery BCI system was established. We report
that this relationship may be a step toward understanding the phenomenon of
BCI illiteracy, at least for MI-BCI. However, this hypothesis warrants further
empirical investigation to elucidate the mechanisms underlying this relationship
and to validate the efficiency of such training. In our future studies, we plan
proof our hypothesis that better MR skills might lead to better classification
accuracy and lower cognitive effort in MI-BCI control.
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YCTAHOBJIEHUE COOTBETCTBUA
MEXIY PA3JIMYHBIMU MOJAEJAMU
MHUPA UCKYCCTBEHHOM CUCTEMBI

B npornecce 00yueHUsI HCKYCCTBEHHAs! CHCTEMa aBTOMATHYECKH CTPOUT MO-
Je7b MUpa B Buze rpada, 3aBHCALIYI0 OT Habopa perentopoB. s pa3nmuaHbIX
Ha0OPOB PELENTOPOB MOIYYAIOTCSA Pa3indHble Moaenu. B pabote cdopmymnu-
POBaHBI NIpPaBUIa CONOCTAaBICHUS (YCTAaHOBJIEHHS COOTBETCTBHS) MEXIY pas-
HbIMH MojensiMu. CenaH BBIBOJ O TOM, YTO TMOCIEA0BATEIHHOCTh 00yUeHNs,
pu KOTOpOﬁ BHaYaJIC CTPOATCA MOJCIIU MUPA HAa BXOAHOM U BBIXOTHOM A3BIKE,
a 3aTeM MEXIy HUMH YCTAQHABIUBAETCA COOTBETCTBUE IO3BOJIIET 3aMETHO CO-
KpaTUTh pa3Mep 00ydarolero Kopiyca IIpuMepoB.

KuroueBble ciioBa: epagh mooenu mupa, akcuomvl 00y4eHusl.
Beenenne

ITporpecc mocTpoeHus MHTENICKTYaIbHBIX CUCTEM Ha OCHOBE HeHpoceTeh
B MTOCJICTHHE TOABI TIO3BOJIIII PELINTh PAJ BaXKHBIX M aKTyaJbHBIX 3amad. Cpe-
I TaKUX 33729 MOKHO OTMETHUTBH 3afadM, CBSI3aHHBIC C KOMITBIOTEPHBIM 3pe-
HUeM (KTaccu(UKays, TeTeKTHPOBaHUE, cerMeHTanusi 00bekToB) [1], ¢ rene-
panmel TeKCTOB M M300pakeHH, pacliO3HaBaHNEM M CHHTE30M pedd. B Heko-
TOPBIX CJIy4YasX BO3MOKHOCTH HeHpoceTel MpeBOCXOISAT BO3ZMOMKHOCTH YeJo-
BeKa IPU pelIeHNH MOA00HbIX 3a1a4 [2]. CneayeT OTMETUTh, YTO paboTa TaKuX
HelpoceTreil 1 croco0bl MX 00Y4eHHs COBEPILIEHHO He TIOX0XKH Ha paboTy MO3-
ra 4enoBeka M ero oOydeHue. ApXMUTEKTypa HEWPOCETH NpPU 3THX IMOJIXO0JaxX
(dukcupoBaHa (COCTOUT U3 CIIOCB) U HE MCHSETCS B Mpoliecce 00ydeHHs CETH,
MEHSIOTCS TOJBKO HEKOTOpble MapaMeTphl — Beca CBsi3ed HelWpoHoB [3].
Heiipocern, ocHoBanHble Ha MozenH HeipoHa Mak-Kamnoka — [Tutrca pabo-
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TaroT KpaliHe Hed()(HEKTUBHO M PACTOYUTENHLHO C TOUKH 3pEHHS 3aTpaT YHEPTHH
HAa pelIeHne KOHKpeTHO! 3axaqn [4, 5].

IlocTpoeHne cucTeM CHIBHOTO HCKYCCTBEHHOIO HHTEIIEKTa, BEPOSITHO,
JIOJDKHO OBITH BBITIOIHEHO HAa MHBIX MOJEIAX. Takue moaxo/sl, HCXOASIINE U3
NEepBBIX NMPUHIMIIOB, pa3BUTHl B paborax Illymckoro (monens cunpHoro MU
ADAM) [6-8], KypbsHa (moaxon k co3manuio cuisHOro MU, ocHOBaHHOTO Ha
MIOCTPOEHUN MOAeNN Mupa B Buze rpada) [9-16], CeraeBa (0Omas KOTHUTHB-
Hast Teopust) [17-19]. Monenu Hlymckoro n KypesiHa uMeroT aeicTByronme
MPOTPaMMHBIE peATU3aIiH. DTH MOIXOABI UMEIOT sl OOIINX YepT — CUCTEMBI
UMEIOT HepapXUIecKoe CTPOCHHE, MOJENN paboTaoT C CHMBOJBHBIM IIpe.-
CTaBJIeHHEeM HH(OpMAIK Ha POMEXYTOUHBIX YPOBHIX HEepapXuu (3a UCKIIIO-
YeHHEM HH3IIEr0 YPOBHS PEHENTOPOB U APPEKTOPOB), B MPOLIECCE B3aNMO/ICH-
CTBHSI C BHEIIHMM MHPOM IPHU MOCTYIUIEHMH HOBOW MH(GOPMAIMK MOJENN aB-
TOMAaTHYECKH H3MEHST CBOIO CTPYKTYpY (IOACTPaMBAaIOT CBOIO MOJEIb MHpa
[I0JT HOBBIEC JaHHBIE Ui OoJiee MOJHOTO COOTBETCTBUS C PEAIBHBIM MHPOM),
o0y4eHue Mozesell MOKET POUCXOJUTh 03 yUUTeNs 3a CYET COMOCTaBICHUS
CTPYKTYPBI MOJICNIM C TOCTYMAIOIIMMH JAaHHBIMUA M3 peajbHOro MHpa, Oojee
s deKkTuBHOE 00yUeHHE IMOJy4aeTcsl NMPH HCIOJIB30BAHUM CIICIMAIBHO I10J10-
OpaHHBIX 00yYarOIIMX NPHUMEPOB M UX MOCIEAOBATEIBHOCTH OT MPOCTOrO K
CIIO)KHOMY (MOZIETHN aBTOMAaTHYEeCKH OOHAPY)KHBAIOT MPOCTHIC 3aKOHOMEPHO-
CTH, CTPOST U3 HUX 00Jiee CIIOKHBIE 3aKOHOMEPHOCTH U TaKOE IMOCTPOCHHE T10-
BTOpsieTCS Ha 0oJiee BEICOKUX YPOBHSIX HEPAPXUN).

Crnemyer OTMETUTB, 9TO CTPYKTypa MOJEIN MUpA, TOMyYeHHAsI B Pe3yJIbTa-
Te O0YYEHHUSI CHCTEMEBI, 3aBUCUT OT Habopa perenTopoB U OT TOW YacTH MUPA,
Ha KOTOPOW MpOXOoIuiIo obydeHue. B kauecTBe mpumepa MOXHO pPacCMOTPETH
CUTYAIIHIO, KOTJ]a B KAYeCTBE PELENTOPOB B CHCTEME MCIIONB3YIOTCS TaTYUKH,
OIMCHIBAIOIIME COCTOSIHUE CIIOHOW TEXHHYECKOW CHUCTeMBbI, a d(pQeKkropamMu
BBICTYIIAIOT HEKHE HCIOJIHUTEIbHbIE MEXaHU3MbI (PEryJIATOPbI, KIanaHbl, MO-
TOpBI U T.I. ycTpolicTBa). [loBeaeHne Takoi CUCTEMBI MOXKET OBITh OIMCAHO Ha
SI3BIKE, UCTIONB3YIOLIEM JaHHBIE C PELENITOPOB, WK Ha SI3bIKE, HCIOJIB3YIOIEM
nIaHHble ¢ 3((HEeKTOPOB (MCHOJIHUTEIBHBIX MEXaHH3MOB). Kaxipiii u3 3THX
SI3BIKOB OTIMCHIBAET CBOIO YACTh CHCTEMBI ITO-CBOEMY M BO3ZHHMKAET 3aj]iada Co-
MIOCTABJICHUs ATUX Mozeeil. B obmem Buze 3Ty 3a1ady MOKHO c(hOpMyIIUpO-
BaTh CIEAYIOIIMM 00pa3oM — MMEETCS OIMCAHWE YacTH BHEIIHETO MHpa Ha
pa3IMYHBIX A3BIKAX (3TO MOTYT OBITH KaK S3BIKM ONFCAaHUI Ha OCHOBE Mapa-
METPOB TEXHHUYCCKUX JTATYNKOB W UCIOJHHUTEIHEHBIX MEXaHW3MOB, TaK M OITHU-
CaHMs HAa Pa3IMYHBIX €CTECTBEHHBIX f3bIKax). Heo0Xoanmo ycTaHOBUTH COOT-
BETCTBHE MEXIy STUMH ONHCAHUSIMH TaK, YTOOBI OMMUCAHNE CHUTyallud Ha Of-
HOM (BXOZHOM) SI3BIKE COOTBETCTBOBAJO OITMCAHUIO HAa APYTroM (BBIXOJHOM
s3bIKe). J{JIs MCTIONBb30BaHMs €CTECTBEHHBIX S3BIKOB 3TO 3ajaya IepeBoja C
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OQHOTI'O s3bIKa Ha I[pyFOﬁ, JJIA TEXHUYECKHUX CUCTEM OTO NEPEBOJ C A3bIKA JaT-
YHUKOB Ha S3bIK KOMaHJ HCIIOJIHUTCJIBbHBIM MEXaHHU3MaM (praBHeHI/Ie CHUCTEC-
Mmoit). Jlanee OyaeM paccMaTpUBaTh MOIXOJ], OCHOBAHHBIN Ha MOCTPOSHUH MO-
Jeu Mupa B Buje rpada. sl WIUTIOCTpalMi UCTIONB3yeM 3a/1ady MepeBoja ¢
OJIHOTO €CTECTBEHHOT'O s3bIKa Ha JPYTOM.

I/IHl]yKTl/lBHblﬁ nmoaAX0JA K IMOCTPOCHUIO MOJAECJIN MUPa

Mogenb Mupa CTPOUTCS € UCIIOIb30BAHHEM HHAYKTHBHOTO MOIX0Ma, Mpea-
noxxeHHoro ®pencuoM bakoHoM. Ilpu ee mocTpoeHUN NMPOUCXOIUT aBTOMATH-
YEeCKOE BBIAEICHHE Pa3IMYHBIX U OOLIMX YacTel B ONMCAHUIX PA3INYHBIX CH-
Tyalui BO BHELIHEM MHpe. TodHbIE MPaBUiIa BBLACICHHUS OOLIMX M Pa3INYHBIX
qacTed M IpeoOpa3oBaHHs BXOAHONW HMH(OPMAIMM HA3bIBAIOTCS aKCHOMaMHU
o0y4enus. OHU JETajJbHO ONKCAHBI W MPOWILIIOCTPUPOBAHBI B MPEIBIAYIIUX
pabotax aBTopa [9-14]. AkCHOMBI OOyYEHUS HE 3aBUCAT OT BXOJHOTO W BbI-
XOJ/IHOTO SI3bIKOB U TIO3TOMY NPUMEHUMBI K JIFOOBIM s13bIKaM U Habopam pelern-
TOpOB U 3((hexTOpoB. 3aTeM BbIJIENICHHBIE ()PArMEHTHI U MX TIOCIIEI0BATEIBHO-
CTH MOTYT paccMaTpHBaThCsl KaK CaMOCTOSATENIbHbBIC ONMCAHUS JAPYTUX CUTya-
LW ¥ CPaBHUBATHCS C JIPYTMMHU aHAJIOTHYHBIMU (pparMeHTaMH M UX IOCIeo-
BaTEIBHOCTSIMH U YK€ K BBIICJICHHBIM paHee ()parMeHTaM MOTYT IIPUMEHATHCS
aKkcHoMbl o0ydeHns. Takoi mpormecc MOBTOPSIETCSl peKypcuBHO. B3amMocBszn
MEXAy 3TUMH (PparMEeHTaMH M IOPSAKOM MX CIIEIOBAHHS OTOOpaXkaroTcsi B
Buze rpada. Takoit rpad HaswiBaeTcs rpadom Momenu mupa. [Ipu 3Tom aBToO-
MaTHYECKH TOJTyJaeTCsl MepapXuUuecKas CTPYKTypa, I/Ie Kbl CIICTyFOIIui
YpOBEHb MEPapXWH COOTBETCTBYET OoJiee CIIOKHON M OOWIeH CHTyanuu BO
BHEIIIHEM MHpe. AKCHOMBI O0Y4eHHUSI B TAKOM MPEICTABICHUHN 33Jal0TCs Ipa-
BUJIaMHU TIpeoOpa3oBaHus rpada MOACTH MUPA.

B Mopnenu ecTh TpH pa3HBIX THIA BEpIIHH rpada (CTPYKTYpHbIC, KOHKPETH-
3alUM, TOACTAaHOBKH), COCIMHEHHBIX MEXIy cO0OW CBS3SIMH (CCHUIKaMM).
Ccputku Opb1Bator Tpex tunoB U, D, T. Ccepuiku U (Up) Tuma — 310 CCHUIKK B
HalpaBJeHUH OT HU3IIMX YPOBHEW K Oojee BBICOKMM YPOBHSAM HepapXuu (0T
penenTopoB U 3G PEeKTOpOB K O0JIee BEICOKUM YPOBHSM, OT IPOCTHIX TTOHATHH K
Gomee obmmm). Kaxnoit n3 atux ccpuiok coorBercTByeT cchlika D (Down)
TUTIA, COSIUHSIONIAS STH K€ BEPIINHBI B 0OpPATHOM HalpaBJIeHUH (OT OOIIUX K
Gosiee KOHKPETHBIM TIOHATHSM, OT OOOOLICHHBIX CTPYKTYp K pELenTopaM H
sapdexropam). Ceputku T (Translate) Tuma oCymecTBISIOT TpaHCBEpCalIbHBIC
CBSI3U MEX[Iy BEpIIMHAMH (B CIIlydae ONMHCAHHH HA €CTECTBEHHBIX SA3BIKAX 3TO
CCBUIKM Ha TIEPEBOJI COOTBETCTBYIONINX CTPYKTyp rpada). [lepserii tun Bep-
IIMH (CTPYKTYPHBIE BEPIIMHBI), COACPKUT MHPOPMAIIUIO O KOJIMYECTBE H II0-
psnke (MOCIea0BaTeNbHOCTH U BPEMEHHBIX XapaKTePUCTHKAX ) TIOCTYAIOIIUX C
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HIDKHHX YpPOBHEH CHrHajoB. B 3Tux BepmmHax conmepxuTcs uHpopMmanus o
CTPYKTYPE CHTyallUd — B3aUMOCBSI3H MEXIy MOHATHSIMH M (pparMEeHTaMH Ya-
CTeH BHEIIHEro Mupa (NIpH ONHCAHUHM CUTYallUH Ha €CTECTBEHHOM SI3bIKE OHU
coJiepkaT MH(GOPMAIIHIO O TIOPSAKE CIOB B IPEUIOKEHHN U TIOPSAKE CTPYKTYP
OoJiee HU3KUX ypOBHEH MepapXxuu). DTOT THIT BEPIINH OOBIYHO UMEET HE OYCHb
MHOTO cBsizeil D Tna (M COOTBETCTBYIOIIMX MM CCBUIOK C HI)KHUX YPOBHEH).
Bropoii Tin BepmuH (BEpIIMHBI KOHKPETH3ALNH) CONEPKUT MHPOPMAIHIO O
TOM, Ha KaKue BEpIIUHbI 00Jee HU3KOTO YPOBHS HEPAPXUU MOTYT UMETh CChIJI-
ku D Tuma cTpykTypHble BepIuMHbIL. [Ipy omucaHuy Ha €CTECTBEHHOM SI3bIKE
STH BEPIINHEI COAEPKaT HH(GOPMAIHIO O TOM MHOKECTBE CIIOB, KOTOPBIE MOTYT
CTOATH B ONpEICICHHOM MecTe Ipeiokenus. K mpumMepy, B mpeaiokeHun Ha
MIEPBOM MECTE MOXKET CTOSITh PON3BOIbHOE MM denoseka [lets, Koms, Bacs u
T.I1., COBEPILIAIOLIETO KAKUE-TO NEHCTBUS U COOTBETCTBYIOLIAS BEPLIMHA KOH-
Kpe€THU3anuun 6y;[eT MMETh CChUIKM D THMa Ha 3TH ClIOoBa. Bepllll/IHbl KOHKPETH-
3allMy, KaK MPaBUIIo, COAEPKAT JOBOJBHO MHOTO cchUloK D tuna. Tpetuil tTun
BEpIIUH (BEPUIMHBI MOJCTAHOBKH) COAEPKUT POBHO OJHY CChUIKY D Tumma.
Kaxnas BepmmHa MOXKET HaXOAUTHCS B aKTUBHOM MM B HEAKTUBHOM COCTOS-
HUHM. AKTHBH3aLUsl BEPIIUHBI OCYIIECTBIIAETCS IO ONPEAEICHHBIM MpaBUIaM.
BepmmHa KOHKpeTHU3auy U NOJACTaHOBKY aKTUBUPYIOTCS MIPU NOCTYIIEHUU Ha
HUX CHUTHAJIOB XOTs OBl M3 OJHOW CCBUIKH C 0OJiee HM3KOTO YPOBHS HEPapXUU.
A BeplIMHA CTPYKTYPHOIO THIIA aKTHUBU3UPYETCS NMPHU NOCTYIUIEHUUW Ha HeEe
CUTHAJIOB CO BCEX CCHUIOK C HIKEJIEXKAUIUX YPOBHEM.

[Ipu moctymnernn HOBOM mopunu WH()OPMAIK BXOTHBIE CHTHAIBI OT pe-
HENTOPOB (BEPIIMH CaMOTO HHU3KOTO YPOBHS) C MOMOMIBbIO cChlIOK U Tuma re-
penarTcs Ha BEPIIMHBI Oojiee BBICOKMX ypoBHeH. Ecnm mpm 3ToM BEIIONHH-
JIOCh YCJIOBUE aKTHUBAllUHW BCPHIMHBI 0oJiee BBICOKOIO YpOBH#A, TO OHa B CBOIO
ouepenb nepenaer no ccpuikaM U Tuma CUrHaJ akTUBalMU HA CIELYIOIIHE
BEPIIUHEI emle 6oyee BRICOKUX YPOBHEH. DTOT MpOIlecC MPOJODKASTCS A0 TeX
1op, MOKa IMPOHMCXOMAT aKTHUBAIMM BepIIMH Oojiee BHICOKMX ypoBHeW. Ecmm
OKa)ETCsl, YTO aKTUBUPOBAHHAsI OJHA MJIUM HECKOJBKO BEPILIUH HE MMEET CChl-
sox U Tuna Ha Apyrue akTUBUPOBAaHHBIE BEPIIMHBI U aKTUBUPOBAHHBIE CCHIIKU
D Tuma Ha BepuMHBI OOJiee HM3KHX YPOBHEH IPH NMPOAOIDKEHHH Ha YPOBEHB
penenTopoB (caMblii HIKHUHM YpOBEHb BEPILIHMH) yKa3bIBAIOT HA BCE aKTHBUPO-
BaHHBIC PEIENITOPHI, TO CHCTEMa MOJIyYHiIa Ty HHPOPMALUIO, KOTopas el yxe
M3BECTHA, U OHA MOKET Ha HEE CpearupoBaTh. B MPOTUBHOM cilyyae 3TO O3Ha-
YaeT, YTO CHUCTEMa IONydriia HOBYIO MH(OPMAIMIO W OHA JOIDKHA M3MCHUTH
CBOIO CTPYKTYpPY (CKOPPEKTHpPOBATH CBOIO MOJEIHh MHpAa) B COOTBETCTBUH C
akcuoMaMmu oOy4eHwus. JleTanbHO mporecc O0y4YeHHS W aNrOpUTM pearupoBa-
HUS CHCTEMEBI ONFicaH B paboTax aBropa [9-14].
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ComnocrasieHne pa3JIM4HbIX MoJeJIeld MUpa

YcraHoBiIEHHE CBSI3€H MEXAY MOJACISIMH MUpPa, HCHOJIB3YIOIMMHU Pa3iinyg-
HBIE pelenTophl (ONMMCHIBAIOIINMH BHEITHUHA MHpP Ha pasHbIX S3bIKAX), MOXKET
MIPOMCXOJUTD TPH OCTPOCHUU COOTBETCTBYIOHIMX IpadoB B mporecce o0yde-
HUsL. B TOM citydae, koraa y)ke MMEIOTCSI MOJIENH, ONTMCHIBAIONINE MUP Ha pas-
JIMYHBIX A3bIKax (MaTTEpPHBI IIOTOKAa BXOMHON M BBIXOAHOW MH(poOpMaimu [6]) u
HA/0 TOJIBKO YCTaHOBHUTH COOTBETCTBHE MEXIY PpAa3JIMYHBIMH OIWCAHUSIMHU
MOJKHO HCITONIF30BaTh O0JIee MPOCTHIE U, CIIEAOBATENBHO, Ooee 2P PeKTHBHEIC
mpaBuia. DTH MpaBriIa (AKCHOMBI COTIOCTABIICHHS) TIPUBOAAT K CO3AAHHUIO CCHI-
ok T Tuma, cOeIMHSIOMMX BEPIIMHBI Pa3IMYHbIX Mozene mupa. I[lpu stom
HOBBIE BEPIIMHBI HE co3naroTca. Hike chopMymTnpoBaHbl aKCHOMBI COIIOCTAB-
JICHUSL.

v

Puc. 1. Akcnoma comnoctaiieHust SP-1

Ha puc. 1 npuBenena akcuoma comnoctasinerus SP-1. B BepxHeit wactu pu-
CYHKa TpelCcTaBiIeHbl ()parMeHThl rpa)oB MOJEIH MUPA JI0 TPUMEHEHHUS aKCH-
OMBI COIIOCTaBJICHUS, B HW)KHEH YacTH PUCYHKa — TOT )K€ ()parMeHT mocie
npuMeHeHHs akcuoMbl SP-1. B nieBoif 4acTu puUCyHKa pacIojiokeH pparMeHT
rpada mMozenu Mupa Ha BXOAHOM (in) si3bIKE, B NTPAaBOH YacTH — Ha BBIXOJHOM
s3pike (out). CepbIM IIBETOM 3JIeCh M Aajee M300paxatoTcsi CTPYKTYPHBIE Bep-
IIMHBI, CBETIO-CEPhIM LBETOM — BEPIUMHBI IOACTAHOBKH, OCIIBIM LIBETOM —
BEPILIUHBI AJI1 KOTOPHIX TUI HE UMEET 3HaUCHHA. B kauecTBe npocToro mpume-
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pa MpUMEHEHHs 3TOI aKCHOMBI MOKHO MPUBECTH YCTAHOBJICHHUS CBSI3U MEXITY
CJIOBAMU Ha PYCCKOM M aHIIMiicKoM si3bikax. [TycTh y Hac ecth jaBe (passl
“ITerst xoqut” n “Pit goes” Ha pycCKOM M aHIJIMHCKOM si3bIKax. sl Ka1oro
U3 A3BIKOB B pe3yJIbTaTe 0OyUYeHHUs MOCTPOEHA CBOSI MOZIEIb MHPA, ONUCHIBAIO-
st BHEITHUHA MUpP Ha OJJHOM U3 3THUX S3BIKOB. J[JIs1 yCTaHOBJIECHUS CBA3M MEX-
JIy 9THMH MOJEISMH TOAAJIN NMPUBEICHHYIO BbIe napy ¢pas u ¢passr “Tlers”
n “Pit”. Bepmunam v1 coorBerctBytor Ilers u Pit juis in u out rpagos, coot-
BETCTBEHHO, BepmnHaM sl cooTBeTcTBYIOT (ppassl Ilers xomut u Pit goes. [Ipn
MOCTYIUICHUH 3TOH MH(pOpManuy OyIyT YCTaHOBIECHBI CCHUTKM T THIIA MEXIY
BepmuHaMu sl u vl B in 1 out rpad)ax Kak MOKa3aHO B BEpXHEW yacTh puc. 1.
[Tocne BeImoMHEHN aKCHOMBI SP-1 OyIyT yCTaHOBIEHBI CBA3HM MEXIY BEpILHU-
Hamu pl, p2, v2 B cooTBercTBYylOIUX rpadax. B urore cucrema ycraHOBHUT
CCBUIKY MEXIY CIOBaMH “XOAUT U “goes”.

Ha cnepyrommux pucyHKax MNpeiCTaBlIEHbl aKCMOMBI cOmocTaBieHus SP2,
SP3, SP4. Axcuomsl SP1-SP4 mpou3BOAST CONMOCTaBICHUS B HANpaBICHUU
CBEPXY-BHU3 (€CIM M3BECTHO COOTBETCTBHC MEXKIY OOIIMMHU MOHATHSIMH, TO
YCTaHABJIMBAIOT COOTBETCTBUE MEK/Y JICTAIISIMH).

in out in out
' {7 pl pa2
p1 - P v1 @ v
vi () v
p1 B 1 L /I p‘]
1 "",_,\F i \ p1 o o
p1i @ w1 -
V1 Owvt p10) Op1
Puc. 2. Axcroma conocTaBiienuss SP-2 Puc. 3. Axcuoma comnoctasienus SP-3

Axcrnoma SP-5 mpoBomuT comocraBieHue oT Oojiee YacTHBIX K Oojee 00-
UM NOHATHSM. Bepmmnaa S1 MokeT MMeTh IPOM3BOJIBHOE KOJIWYECTBO CChI-
nok D tuna, mexxay BepuirHamu pl...pn B in yactu rpada u pl...pn B out ya-
cti rpada uMeeTcs B3aMMHO OJIHO3HAYHOE COOTBETCTBUE IPH 3TOM IMOPSIIKO-
Bble HOMEpa COOTBETCTBYIOUIMX BEPILIMH B in M B out 4acTsx rpada MOryT He
COBIIaTb.
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in out

vl () () v
I

p1 pt

va (O vz

e O v
f _‘_

p1O———— O P!

T Ty ]
v2{_; (w2 A
Puc. 4. Axcuoma conocraBiienus: SP-4 Puc. 5. AkcroMa conocTasieHus: SP-5

V.]/'L\’" _J

Mets = D v2
Xoaut goes
Puc. 6. Ilpumep ncnonp30BaHus aKCHOMBI conocTaBieHus SP-5
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Ha puc. 6 npuBeneH npuMep HCIojib30BaHusi akcuoMbl SP-5. B in wactn
rpada BepimHa sl cooTBercTByeT BhIpaxkeHuto “Iletst xomut”, a BepunHa s2
BeIpakeHuto “xomut Ilets”. Ecnu u3BectHO coorBercTBue [letst <-> Pit u xo-
quT <-> goes, To akcuoma SP-5 yctanoBut coorBerctBue “Ilers xomut” <->
“Pit goes” u “xoxaut [ers” <-> “Pit goes”.

CHMIKeHMe 3aTpaT Ha o0y4eHue

W3 nmpuBeneHHOro mpuMepa BHIHO, YTO IPH HAIWYMU MOJAENEH MHpa Uit
YCTAQHOBJICHHS COOTBETCTBHSA MEXKAY HHUMH JOCTATOYHO HCIIONBb30BaTh He-
60JIBIII0E KOIWYECTBO AAHHBIX. DTO KOJIHUYECTBO CYIIECTBEHHO MEHBIIIE pa3Me-
pa KopIryca TEeKCTOB, KOTOpble HEOOXOIMMO HCIIOJIB30BaTh Ul 00y4YEeHHS MO-
JIENN TIEPEBOY CO BXOAHOTO sI3bIKA Ha BBIXOAHOH. Ecnm mna moctpoenus mo-
JIeNT MUpa Ha KaXJIOM M3 SI3bIKOB HEOOXOJIMM OOY4aloIInii KOpIyc pa3mMepoM
nopsaaAKka HECKOJLKHUX COTCH Mera6a171T, TO IJid YCTAHOBJICHUSI COOTBETCTBUA
MEKAY Pa3sHbIMU MOJIEIIIMH JOCTATOYHO OOYy4aroIero KopIiyca pasMepoM Io-
psillKa HECKOJBKHX JIECATKOB MeradaiT. B kauecTBe Takoro Kopiryca MOXKHO
B3ATh, K IPUMEPY, OOBIYHBIN BYS3BIYHBIA CIIOBaph M HEOOJBIIOE YUCIIO MPH-
MEpOB Iap MpeAioKeHuH (MapayiebHBIX TEKCTOB Ha JIBYX S3bIKax). JTO 3a-
METHO COKpAIIaeT 3aTpaThl Ha 00y4eHHe, TaKk KaK pa3Mep CIoBaps OIpeneseT-
Cs1 YMCJIOM Pa3UYHBIX CIIOB B SI3BIKE, a JUISI MOCTPOEHHS Ipada Momenn mMupa
Ha KaKAOM M3 S3BIKOB HEOOXOAWMO Ul KaXKIOTO CJIOBA NPHBECTH IPHUMEP
(mpeokeHne) ¢ MCHONB30BAHMEM 3TOro ciioBa. Kpome TOro, IByS3bIYHBIC
CJIOBAPH MUMEIOTCS] IPAKTUIECKH IS BCEX S3BIKOB, KOPITYC MapajiieIbHBIX TEK-
CTOB JIOCTATOYHOTO AT OOYYEHHs pa3Mepa Ul PEeIKUX SI3BIKOB HAWTH IpO-
OyeMaTHYHO, a HAHUTH TEKCTHI Ha OJHOM SI3bIKE TOpa3/io Mpole, 4eM 1o o0parth
KOPIIyC MapauieIbHbIX TEKCTOB.

Eciu y Hac ecTh HECKONIBKO pa3sHBIX MOJENei Ha PaslWYHBIX S3BIKAX, TO
IpU HEOOXOJMMOCTH MBI MOYKEM YCTAaHABJIMBATH COOTBETCTBUE MEXAY HUMHU
6e3 HeoOXO0IMMOCTH M3MEHSTh CAMH MOJIENIM Ha KaXJIOM M3 SI3BIKOB. DTO M03-
BoJIsgeT Oe3 OOJBIINX 3aTpaT MOIydYaTh MOJEIM IepeBoJa IJIs NIPOU3BOIBHBIX
nap sS3bIKOB (HET HEOOXOIMMOCTH CTPOMTH MOJIETM MHpa 3aHOBO JUIsI HOBOU
Hapsl SI36IKOB).

DT0 cokpamieHne TpeOoBaHMH K KOPITYCy 00yUJaIOMIUX TEKCTOB COTIIACyeTCs
C TeM, 94TO OCBOCHHE pedudr y pedeHka 3aanmaet 10—15 net, a u3ydeHne HOBOTO
WHOCTPAHHOTO f3bIKa MPOMCXOIUT 3aMETHO ObICTpee. YCKOPEHHOE OCBOCHHE
MHOCTPAHHOTO $I3bIKa CBSI3aHO C TEM, YTO MpPU OCBOCHHUH PEOCHKOM SI3BIKA Y
HETO TOJIKO IMPOUCXOJUT IOCTPOCHUE MOAENH MHpPA, a Y B3POCIIOro YeIOBEKa
y’K€ MMEETCs] HEKOTOpasi MOJIETIb MHUpPa M OCBOEHHE HOBOTO SI3bIKA TOJIBKO JO-
HOJIHSET UMEIOIYIOCS MOJIelIb, a He TpeOyeT OCTPOCHUS MOAEIH C HYJIA.
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BrIBOABI

B pabore npeoxker MeTo 00y4eHHs] HCKYCCTBEHHOH CHCTEMBI ITEPEBOY
C OJIHOTO €CTECTBEHHOT'O BXOHOTO SI3bIKa Ha JIPYrod BBHIXOJHOM S3bIK, 3HAYM-
TEJIFHO COKpAIlaIoIui TpeOoBaHus K pa3Mepy oOyuatomiero kopmyca. Tpe6o-
BaHMS CHI)KAIOTCA 32 CUET ITOCTPOCHUS MOJIeNIed MHUpa Ha KaXKJJOM M3 SI3BIKOB
MyTeM aHaJIN3a TEKCTOB HAa COOTBETCTBYIOMIEM SI3BIKE C TOCIIETYIONINM MIPOBE-
JICHHEM COIOCTaBJICHUs 3TUX Mozjeneil. s moctpoeHus: Mojeneil Ha KaKI0M
U3 SI3BIKOB TPEOyETCsl TOIBKO KOPITyC TEKCTOB HA 3TOM si3bIKe. [l comocTas-
JICHUS] MOJIeTIel T0OCTaTOYHO HCIIOJIB30BAHMS ABYSI3BIYHOTO CIOBApsl U HEOOIb-
IIOT0 KOpITyca MapasulesIbHbIX TEKCTOB.

Cnucox numepamypui

1. Dosovitskiy A., et al. (2021). An Image is Worth 16x16 Words: Transformers
for Image Recognition at Scale. https://arxiv.org/abs/2010.11929.

2. Chen X, et al. (2023). A Comprehensive Systematic Review of YOLO for Med-
ical Object Detection (2018-2023). https://doi.org/10.36227/techrxiv.23681679.

3. Liu H., et al. (2022). A Survey on the Neural Architecture Search Methods for
Vision Transformers. https://arxiv.org/abs/2205.04497.

4. Fang W., et al. (2023). Spiking Transformers: Toward Efficient Neuromorphic
Vision Transformers. https://arxiv.org/abs/2304.06351.

5. Schwartz R., et al. (2020). Green Al. Communications of the ACM, 63(12), 54—
63. https://doi.org/10.1145/3381001.

6. Hlymckmii C.A. PeHH>)XUHUPHHT apXUTEKTypbl MO3Ta: POJb M B3aMMOJIEHCTBHE
ocHOBHBIX TojcucteM // Heliponndopmaruka 2015. XVII MexnyHapogHass HayqHO-
TexHH4ecKas KoH(pepeHws. Jleknun no Heliponndopmartuke. M.: MUOU, 2015 C. 13-
42.

7. S.A. Shumskii ADAM: a model of artificial psyche, Automation and Remote
Control, 2022 (6). P. 847-856.

8. S.A. Shumskii O. Baskov ADAM: a prototype of hierarchical neuro-symbolic
AGI, International Conference on Artificial General Intelligence, 2023. P. 255-264,
Springer Nature Switzerland.

9. Kypesa B.E. MogenupoBaHue mporecca 00y4eHHs YeIOBeKa ¢ IMOMOIIBIO T0-
cTpoenus rpada Moaenu Mupa // Yaer u cratuctuka. Ne 4 (56). 2019.

10. Kyppsn B.E. AnropurmM aBTOMaTH4ECKOro IepeBojia TEKCTOB C IOMOIBIO iepe-
Ba Mojenu mupa // Yaer u cratuctuka, N1 (57). 2020.

11. Kypesiu B.E. ABromaTtnueckuii mnepeBox u rpad wmoxmenu wmupa // DOLI:
10.38006/907345-75-1.2020.305.309. IlpuMeHeHHEe TEXHOJOTHH BUPTYaJIbHOW pealib-
HOCTU U CMEXHBIX MH(POPMALMOHHBIX CHCTEM B MEXAUCHUIUIMHAPHBIX 3agadax fit-m
2020. COOpHUK Te3UCOB MEKAyHAapOoaHOW HaydHOU KoHpeperuun, 2020. C. 305-309.

YK 004.032.26(08) HelipoHHble ceTn 57



ISBN 978-5-7262-3186-0 HEMPOVWH®OPMATWKA-2025

12. Kypesa B.E. ABromaruueckuii nepeBos Ha ocHOBe rpada Moxenu mupa // Heit-
poungopmaruka 2021. XXIII MexayHaponHas HayYHO-TEXHHUYECKash KOH(EpEeHIHs.
COopHuK HayuHbIX TpynoB. M.: MU®U. 2021 C. 29-38.

13. Kypesan B.E. MonenupoBanue mporecca o0ydeHuUsl denoBeka. AKCHoOMaTuye-
ckuii moxmxox // He#ipounpopmarnka 2022, XXIV MexayHapoaHas Hay4HO-
TexHu4ueckas kKondepenus. COopHUK HayyHBIX TpyAoB. M.: MOTU. 2022 C. 260-269.

14. Kypspsu B.E. Axcuomsl moctpoerus rpada monenu mupa // Hefipoungpopmatika
2023. XXV MexnyHaponHas HaydyHO-TeXHUYECKas KoH(pepeHnus. COOpHUK Hay4IHBIX
TpynoB. M.: MU®U. 2023 C. 78-87.

15. Kypesu B.E. IToctpoenue rpada monenn mupa 6e3 yuurens // Heitpoungdopma-
tuka 2024. XXVI MexayHaponHass Hay4HO-TexHH4eckas KoH(epeHuus. COOpHHK
Hay4HbIX TpynoB. M.: MOTU. 2024 C. 174-182.

16. Kyppsaua B.E. O6mwmii noaxoa K MOCTPOSHHUIO MOJAEIH MHUPA UCKYCCTBCHHOM CH-
ctemoii // BectHuk ncuxodusuonoruu, 2025. Ne 1. C. 59-63.

17. CerueB B.A. O6mas korautuBHas teopus. M.: OOO "Hay4Ho-u3narenbckuit
uentp Uuadpa-M", 2021. 283 c.

18. CriueB B. A. Kak Hamr Mo3r 3alMChIBaeT MOC/IEA0BATEIbHOCTY CUTHAIOB U IO-
YeMy 9TO BaXKHO JUIS CO3JaHUsS CHIIBHOTO MCKYCCTBEHHOro MHTeiekra / B.A. Cerues //
BectHuk ncuxodusuonoruu, 2024. Ne 3. C. 23-28.

19. CpiueB B.A. MeMCTHHKT, a He pedJiekc, sSBISETCs. OCHOBHON ()YHKIMOHAIBHOM
enunuiei HepBuoil cuctemsl / B.A. Corues // Becthuk ncuxogusnomnorun, 2023. Ne 4.
C. 119-122.

H.C. KYPT'AHOB
MockoBckuii rocy1apCcTBEHHBIN TexHuueckuil yausepeureT um. H.O. baymana
nikk178@mail.ru

PASPABOTKA METOJA OIIPEAEJEHUA
CI'EHEPUPOBAHHBIX BOJIBIINMMU A3BIKOBBIMH
MOJIEJAMHU PYCCKOA3BIYHBIX TEKCTOB

B pabore mpencraBieH HOBBIH METOJI ONpPEICICHUS CTCHEPHPOBAHHOTO
OONBIINMH SI3BIKOBBIMH MOJIENISIMH  PYCCKOSI3BIYHOI'O TEKCTA HA OCHOBE I'H-
OpUIHOM apXHUTEKTYphl, BKJIIOYaoUIel MpeaoOydeHHbIH TpaHchopMep IHKO-
nep, LSTM u monHocBsizHbIe cnou. [[mst oOydeHuss U OleHKH MOJENH CO37aH
OpUTMHANBHBI Ha0Op pycckos3buHbIX TekcToB RuTextLLMDetect. Tarke
UCCIIeZIOBAaHHUE MOKA3bIBACT MOAXO/ K MOCTPOCHUIO HEHPOCETEBBIX apXUTEKTYP
JUIs aHanu3a creHepupoBanHoro LLM pycckoro Tekcra.

KunaroueBble cioBa: kiaccuguxayus mexcma, 6oavuiie s3blK08bie MOOeU,
MawiuHHoe oOyueHue, 21y6oKue HelpOHHble Cemu, PYCCKULl S3bIK, YepHblil
awuk, deep fake, LLM.
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BBenenue

C pazButreM OonbmuxX S3HIKOBBIX Monenelr (LLM) kadecTBO aBTOMATHYE-
CKH CT€HEPHUPOBAHHOTO TEKCTa JOCTHUIIIO YPOBHSI, IIPH KOTOPOM OH CTAHOBHUTCS
MPAaKTHYECKH HEOTJIMYMMBIM OT HANMCAHHOTO YEIOBEKOM. JTO CO3JaeT Kak
HOBBIE BO3MOKHOCTH, TaK ¥ 3HAUNTEIbHBIC BBI3OBHI, CBA3aHHBIE C (hanbcudu-
Kaiued nHdopMalum, MOIICHHUYECTBOM, TeHepalueld nesnHpopManiu u apy-
THMH PUCKaMHU.

Jluist perieHus 3aqaun onpenesieHus: creHeprupoBaHHbix LLM TekcToB Oblin
CO3/1aHbl METOJIbl UX ONpEAETCHUs, OCHOBAaHHbIE Ha aJFOPUTMAaxX MAIIMHHOTO
oOy4enus u HelpoceTsx. B uccnenoBannu [1] mokasaHsl TEKyIIUEe COBPEMEH-
HBIE METOJIbl, pellarolie MpodiieMy OIpeJeNeHns] creHepupoBaHHbIX LLM
TEKCTOB W HaOOPHI TEKCTOBBIX JAHHBIX JUIA OOYYEHUs W OIEHKH KauecTBa pa-
0OTBI JaHHBIX METOJIOB.

OCHOBHBIMHU TIPOOJIEMaMH CYIIECTBYIOIIMX METOMIOB SIBJISIETCS TO, YTO OHU
HanpsIMyt0 He IPUMEHHUMBI JJIsI PYCCKOTO SI3bIKa B CHUTY JIMHI'BUCTHYIECKUX OCO-
OEHHOCTEH PYCCKOTO fA3bIKa, OTCYTCTBHEM B OTKPBITOM JOCTYIIE JOCTaTOYHO
GonbImx, pa3HOOOpa3HBIX HAOOPOB TEKCTOBBIX JAHHBIX HA PYCCKOM S3BIKE,
KOTOpBIE COAIEP Ak Obl OPUTHHAIBHBIE TEKCTHI, CO3/1aHHBIE YETTOBEKOM U TEK-
cThI, co3ganaeic LLM Mozaensamu.

CTOHUT OTMETHTH, UTO CYIIECTBYIOT YeThIpe Habopa ganHex M4 [2], MUL-
TITuDE [3], ruatd-2022-bi [4] u open-rus-mgtd [5], KOTOpbIe TOANCPKUBAIOT
PYCCKHMI $I3bIK M MOTYT OBITh HCIIOJIB30BaHbI JUIA OLIGHKH KauecTBa paboThI
METOJIOB OIpeNeNneHuss CreHepupoBaHHbIX LLM pycCKOSI3BIYHBIX TEKCTOB.
Taxxe CyIIecTBYIOIUE METOAB! HE PACKPHIBAIOT JOCTATOUYHO MOJIHO BOIPOCHI,
CBsI3aHHBIE C 0000IIEHHEM METOOB ISl ONPEEIICHUsS] CTeHEPHUPOBAHHBIX Pa3-
HbiMH LLM TekcToB.

TakuM 00pazoM ocTaeTcsi OTKPHITBIM BOIIPOC KaK OMPEJNENsITh CreHepHpo-
BaHHbIE pa3HbBIMH LLM pycckosi3pIuHbIE TEKCTHL. JlaHHOE UCCIIEOBaHUE pellia-
€T 3TOT BOIIPOC M MpeAaraeT HOBBIH METO] OINPEAEICHHUS CTCHEPHUPOBAHHBIX
LLM pycCKOSI3BIYHBIX TEKCTOB U IpeAsiaraeT MOAX0 IO CO3IaHII0 TIOZ0OHOTO
KJIacca METOJIOB ISl Kiaccuukanum creaepupoBaHHbIXx LLM TeKkcToB.

ITocTanoBKa 3a1a9YH M METOANKA NMPOBEACHUA IKCICPUMEHTOB

Jns pemenns 3amadu mo pa3paboTKe METo/a, KOTOPBIA JOCTaTOYHO XOpO-
1o onpezessul Obl creHepupoBanubie LLM pycckosi3bIuHbIE TEKCTHI HEO00XO-
JAUMO:

1. Co3nmath HAOOP PYCCKOSI3BIYHBIX TEKCTOB JOCTATOYHOTO OOJIBIIOT0 00h-
ema sl o0ydeHus METOZOB OIpeJielieHnsl creHepupoBanHbix LLM Tekcros,
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KOTOPBIN cofepkayl Obl OPUTHHAIBHBIC TEKCTHI, CO3J[aHHBIC YEJIOBEKOM M TCK-
cThl, co3aanubie LLM mopensimu;

2. Paspaborate u 00y4HTh Ha CO34aHHOM paHee HabOpe NaHHBIX METOJ
orpejeNieHus creHeprupoBaHHbIX LLM pycCKOsS3BIYHBIX TEKCTOB;

3. JInst co3maHHOTO METO/a OLGHUTH KauecTBO OIPEEIICHUS] CreHepHpo-
BaHHBIX LLM pyCCKOSI3BIMHBIX TEKCTOB HA BAJIMIAIMOHHBIX HA0OpaX JAaHHbIX.

Bce skcrnepuMeHTH IPOBOJMIINCH HA CEPBEPE CO CIIEAYIONIMMHU TEXHHYE-
CKHMH XapaKTepUCTUKaMHU.

e Buneoxapra NVIDIA TESLA A100-SXM4-80GB

e 12 CPU Intel(R) Xeon(R) Gold 6338 2.00GHz

e 128 Gb RAM

e 200 Gb SSD

B cBsi3u ¢ orpaHMYEHNEM TEXHUYECKHX PECYPCOB OBLIO MPUHSTO PEIICHHE
OTpaHHYHUTh MaKCHUMAIIBHYIO JJTHHY TEKCTa, MM0JIaBaeMyI0 B KJIacCH(UKATOP 10
512 TOKEHOB COOTBETCTBEHHO. TOKEH — 3TO MMHUMAaJIbHAs €IUHUIIA TEKCTa, C
KOTOpO# paboTaeT Mojeib, 00padaThIBaIOINas TEKCTOBBIC JaHHbIC. B 3aBHcH-
MOCTH OT TOKEHH3aTOpa TOKEH MOXET IPEJICTABIATE U3 ceOs CIIOBO, YacThb CJIO-
Ba, CUMBOJI, 3HAK ITyHKTyalluu WM mpoOes. TokeHU3aTop SBISIETCSI MHCTPY-
MEHTOM, KOTOpBIH NpeoOpa3yeT TeKCT B TOKEHbI, MUHUMAJIbHBIE €IUHHIIBI, C
KoTopbIME pabotatoT LLM.

st olleHKM KadecTBa METOJOB ONpelesieHus crenepupoBanHoro LLM
PYCCKOTO TEKCTa MCIOIB30BAIMCH IIHPOKO W3BECTHBIE METPHKH OLICHKH Kaue-
cTBa paboOTHI KIIACCH(PHUKATOPOB accuracy, precision, recall, fl, koTopsie omm-
ceiBaroTcs popmynamu (1-4) COOTBETCTBEHHO.

KOpPPEKTHO OIlpeJie/IeHHbIe TEKCThI TP+ TN
Accuracy = = . (@))]
BC€ TEKCThI TP+TN+ FP+FN
L BEpHO onpeJesieHHble LLM TeKCTbl TP
Precision = = . (2)
BCe onpejeieHHble LLM TeKCTbl TP + FP
TP
Recall = ———. 3
¢t = TP Y FN ®)
Precision * Recall 2TP
= €))

1= Precision + Recall 2TP + FP + FN '

YcnoBHbIE 0003HAYEHUSI J1S1 BCEX METPUK:

e True Positive (TP) — 310 pe3ynbrar npaBuiIbHON KilacCU(PHUKALIMH TOJI0-
JKUTETBHOHN KaTeropuu (TeKCT, creHepupoBaHHbiii LLM) Moernsio.

e True Negative (TN) — 3T0 pe3ynbTaT NpaBHIBHON KIacCU(PHUKAIIMH OT-
pHULATEeIbHON KaTeropuu (TEKCT, HAIMCAHHbIA YeI0BEKOM) MOJIEIBIO.
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o False Positive (FP) — 310 pe3ynbTar HenpaBUIIBHOM KilacCH(pHUKALIUHU TT0-
JIOKUTETHHOM KaTeropuu (TeKcT, crenepupoBanubiii LLM) Mozenso.

o False Negative (FN) — 310 pe3ynbTaT HEPaBUIBHOTO TPEACKA3aHUS OT-
pHUIATENbHON KaTeropuu (TEKCT, HAlMCAaHHBII YeTOBEKOM) MOJIENBIO.

Bo Bcex skcrnepuMeHTax B JJAHHOM HCCJIEJOBAaHMM pelaeTcst 3ajgada Ou-
HapHOH Kiaccu(UKanny, TO €CTh ONPEAEIEHHE TOTO, YTO TeKCT Hanmucan LLM
WM 4enoBekoM. Takum o0pazoM It 0OydeHHss METOAOB OIpE/EIICHHUs CreHe-
pupoBarHOTo LLM TEeKCTa Ha pyCcCKOM SI3BIKE B Ka4ecTBE (DYHKIHHU MTOTEPH BO
BCEX HKCIEpUMEHTaX ObLTa BEIOpaHa OMHAPHAS KPOCC-IHTPOIIHUS.

Oynkuus OunapHoi kKpocc-3HTpornu (BCE) onpenensercs kak:

N
1
BCE = =3 > i+ logp) + (1= y) slog(l=p)), (5
i=1
rne N — komuuectBo mpumepos; y; € {0,1} — uctunnas metka; p; € [0,1] —
HpeJICKa3aHHAs BEPOATHOCTb.

Ha0opbl 1aHHBIX

B nmaHHOM WCCie0BaHMM HCIIOIB30BAIUCH ISITh HA0OpOB MaHHBIX. Cye-
CTBYIOT Ha TEKYIIMH MOMEHT TOJBKO 4eThlpe Habopa maHHbix M4, MULTI-
TuDE, ruatd-2022-bi u open-rus-mgtd, moanepuBaroIue pycCKUi A3bIK LIS
OLICHKHM KadecTBa OOyYEHMs METOJOB OINpEJeNeHNs] CreHepupoBaHHBIX LLM
pycckos3praHbIX TekcToB. Habops! nanaeix M4 1 MULTITuDE mynbTHszb-
HBIE, TIO3TOMY B JIaHHBIX Habopax ObUTH OTOOpaHBI TEKCTHI HA PYCCKOM SI3BIKE.
XapaKkTepuCTUKU TaHHBIX HAOOPOB TEKCTOB MPEICTABICHBI B Ta0M. 1.

Tabmuma 1
CBopHas TabnHIa XapaKTEPUCTUK BaJHIAIIMOHHBIX HAOOPOB JaHHBIX
Hadop | Kon-po | CPeMmee Menuana LLM | Pyxon.
KOJI-BO CJIOB | KOJI-BO CJIOB LLM
JAHHBIX | TEKCTOB TEKCThI | TeKCTBI
B TeKCTe B TEKCTe
gpt-3.5-turbo 3000 3000
M4 12000 205 206 —
text-davinci-003 3000 3000
gpt-3.5-turbo 1300
text-davinci-003 1298
- alpaca-lora-30b 1299
MUL 9074 81 74 P 1299
TiTUDE llama-65b 1288
gpt-4 1300
vicuna-13b 1290
ruard- 21511 31 14 OPUS-MT 10755 | 10756
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2022-bi M-BARTS50
M2M-100
ruGPT2-Large
ruT5-Base-Multitask

mT5-Large
ruGPT3-Small
ruGPT3-Medium
ruGPT3-Large

SberAl-small
OPE 110000 518 563 SberAl-large 5000 | 5000
rus-mgtd

Facebook-XGLM

OrneHka KadecTBa 00ydeHHs METOJOB MPOXOAMIA MO0 BCEM YeThIpeM Habo-
paM JaHHBIX U3 )IaHHOﬁ Ta6J'II/ILIBI COOTBETCTBCHHO. CTOI/IT OTMETUTD, YTO CPEC-
JU XapaKTECPUCTUK 6I)IJ'II/I BBIJICJICHBI:

e 00IIEee KOJUYECTBO TEKCTOB, CO3JaHHbBIX YeJoBeKoM 1 LLM

® CcpeIHee U MEeMaHa KOJIMYECTBA CJIOB B TEKCTaX

e uepes kakyto LLM ObutH co3/1aHbl CreHepHpOBaHHBIE TEKCTHI

Takke CTOMT OTMETUTh, YTO Ha0Op MaHHBIX open-rus-mgtd cOCTOMT U3
450 ThIC. TEKCTOB. DTO IOCTATOYHO OONBINON HAOOp TAHHBIX, MOATOMY JUIS
OIICHKH KadyecTBa PabOTHI METOJIOB OMNPENCICHUS PYCCKOS3BIYHBIX TEKCTOB,
co3nanHbIXx LLM, ObltH B3Th Bcero 10 ThIC. TEKCTOB.

Jns obydeHus MeTomoB ompeneneHus creaepuposanHoro LLM Tekcra Ha
PYCCKOM SI3BIKE B paMKax JaHHOTO HccienoBaHus Obl1 co3maH Habop RuText-
LLMDetect. OcHOoBHBIE XapakTepucTHKH Habopa maHHBIX RuTextLLMDetect
MIPECTaBIICHBI B Ta0J. 2 COOTBETCTBEHHO.

Coznanne CreHepHPOBAHHBIX TEKCTOB MPOUCXOAMIO C TIOMOIIBIO TOITYIIsp-
HBIX Mojenel gpt-4o [6], t-pro-1.0 [7], llama-3.3-70b [8], Facebook-XGLM [9]
U pycckos3blyHbIX Mogeneit ruGPT3-large, m5T-Large u3 pa6otsr [10] uepes
CIieIaNbHbIE MOJCKa3KH (prompt).

JlaHHBIE MOJICKAa3KW HA OCHOBE 3arojoBKa MCXOIHOTO Tekcra 4yepe3 LLM
CO3/Ial0T CTCHEPUPOBAHHBIA TEKCT HA PYCCKOM s3bIKe. [IpuMephl 4acTH MO/I-
CKa30K, KOTOpbIe OBLIM UCIIOJIb30BaHbI JUIsl co3aHus Habopa naHHbXx RuText-
LLMDetect, mpeacraBieHsI B Ta01. 3 COOTBETCTBEHHO.

B kayecTBe TEKCTOB, HAIMCAHHBIX YEJIOBEKOM, HCIOIL30BAIKMCH JIAHHBIC C
HuggingFace [16] n caiita PUA HoBoctu [11]. B coBokymHOCcTH Habop naH-
HeIXx RuTextLLMDetect cocrout u3 601022 TeKcTOB, I'i€ MOJOBHHA TEKCTOB
cresepupoBaHo pasHeIMH LLM. OTOenbHO CTOMT OTMETHTh, YTO CpeaHee W
MeIraHa KOJHWYECTBa CJIOB B Tekcrax cocTaBisieT 470 u 224 cioBa COOTBET-
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CTBEHHO. /[aHHbIE XapaKTEpPUCTUKU BaXXKHBI C TOM TOUKH 3PEHUS, YTO OHU MOTYT
CUJILHO BJIMSTh Ha KAauecTBO OIpejesieHusl creHepupoBaHHoro LLM Ttekcra
pa3HOW JTHHEI B Oy IyIIHX 3KCIICPUMEHTAX.

Tabnuua 2
Xapakrepuctuku Habopa gaHHbIX RuTextLLMDetect

Hatop aannuix i i R e
gpt-4o 10294 10294

RIA news [11] Hosoctu t-pro-1.0 15217 15217
llama-3.3-70b 15287 15287

gpt-4o0 1099 1099

Kinopoisk [12] DunbMbI t-pro-1.0 1531 1531
llama-3.3-70b 1491 1491

gpt-4o 14824 14824

IlyaGusev/habr [13] Beb Texer t-pro-1.0 21227 21227
llama-3.3-70b 21120 21120

N . gpt-4o 12504 12504
mlsa"agéﬁf}?'[lff]/m'w' Iiiz‘f:ﬁle t-pro-1.0 18615 18615
llama-3.3-70b 18437 18437

gpt-4o 12543 12543

wikimedia/wikipedia [15] Be0 Texer t-pro-1.0 18534 18534
llama-3.3-70b 17045 17045

rugpt3-large 28497 28497

6e3 T)il;?;lh?;ﬁ::;lceme JIro6as Tema mT5-large 28496 28496
TeHCTH Facebook 43750 43750
Hroro Bce nannbie Bce mogenn 300511 300511

Tabnuua 3

[Ipumeps! nojackaszok i co3nanus yepe3 LLM pyccKos3bIUHBIX TEKCTOB

Iloackaska

Onucanne

Co3ganue TeKcTa i

Harnuumm noct B Telegram Ha temy " {3arosioBok}"

COIMAJIBHBIX CETEH

Paspaboraii TeKcT U1 TOKacTa Ha TeMy " {3aroixoBok}"

COS,HB.HI/IG TEKCTa OJIAd

Harmumm cTaThio 1u1s OM3HEC-)KypHaa ¢ 3arojoBKoM " {3aronoBok}"

JKypPHAIIOB U BeO-caiiToB

Co3pail TeKCT Ha OCHOBE JaHHOU TeMsI " {3arojaoBoK } "

COS,HB.HI/IG TEKCTa OJIAd

Hamnuim pacckas Ha OCHOBE 3arojioBka " {3arojoBok}"

NPOU3BEAECHUI

Hanumm scce Ha Temy "{3arooBok}" 10 3aJaHHOMY 3ar0JIOBKY
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IMoackaska Onucanune
Co3faHue TeKcTa Ha Hannmm tekct Ha o0yt TeMy
00y TeMy Ipunymaii HOBOCTb Ha JIIOOYIO TEMY

JanHble Opanuch ¢ METKaMH BpeMeHH 10 myoiukanuu Tekctos 10 2019 ro-
Jla BKIIOYUTENBHO. IMEHHO B ATOM roay Hadalu NoABIsATbea Bapuanuuu GPT
MoJjiesnieid. DTO Hy»KHO JUIS TOTO, YTO0OBI MUHUMH3HPOBATH TTOTAAAHMUSI B TEKCTHI,
HallMCaHHBIC YEJIOBEKOM, creHeprpoBaHHbIX LLM TtekcroB. Ecnu He oOpamars
Ha 3TOT aCHEKT BHUMAHME, TO KaueCTBO ONPEENICHUsI creHepupoBaHHbix LLM
PYCCKOSI3BIYHBIX TEKCTOB MOKET CHIIBHO CHU3UTHCS.

Meton nocrpoenust MmojeJeii Hefipocereii ¢ ucnoab3osanuem LLM

Jlig co3gaHus MpOrpaMMHOrO KOJa M apXUTEKTyphl Mozenei Helipocerei
0 oIpejeNieHnto creuepupoBanHoro LLM Tekcra u ux oOy4eHHsl HCIIOJIB30-
BaJIMCh
LLM. Meron mnpexncraBisier coOOi co3laHME CIIELUAIBHBIX IT0JICKa30K
(prompt) s LLM, 4To0BI MO/ENb CMOIJIa Ha OCHOBE II0JICKA30K Cr€HEepHpO-
BaTh KO Ha s3blke python m 3amyctuth ero. B Tekymem moxxone mopenu
HelipoceTeit oOydatorcs Ha 6aze mpenoOydeHHsx LLM Moneneit ¢ OTKpHITHIM
HCXOJHBIM Kos1oM. O0IIas cxema JaHHOTO alropUTMa IIpecTaBlIeHa Ha puc. 1.

PesynpraTsl 3amycka koaa moaaroTcss Ha Bxoa LLM uepe3 cnenuanbHO
chopMUpOBaHHBIE MOJACKa3KU. [laHHBIE TOACKA3KM HY)KHBI JUIST TOTO, YTOOBI
nate 3anadue LLM B TekylleM KoJe BHECTH YJIYUILIECHUSI B apXUTEKTYpPy MoJie-
JM, TapaMeTpel oOydeHHS MOAENHM W HCIPAaBUTh CYILIECTBYIOIINE OIIMOKH B
KOJI€ €CJIH OHH €CTb.

Moackasky no co3AaHuIo

Koaa Mogenu > 3 3anyck co3aaHHOro BoiBoa
onbwan
KnaccucmkaTopa A3LIKOBARA F» LLM kopa obyuyeHua >  pesynstatos
moaens (LLM) =
3anyck Co3aaHHoro -
LLM koga anA BblBog pe3ynbTaTos VKN yNySWeHnA
obyuenun moaenu moaenu Basa paHHbIX
YAYHWEHWUA Moaenu KCnOpeHTOB
A - VYnyuwenue Meosenxa Ha
apXUTeKTYpbI - MNposepka Ha
nepeobyyexue
Bonbwan moaenv AnA Moaenu v OWMGKM
fAsbikopan [€ | MOBLILEHUA [¢— [€— paboTbi Koaa
ynyuweHve
mopens (LLM) kadectea napameTpos v ux
paboTbl obyeHuA ucnpasnexve
moaenv v
i S

Puc. 1. Mertox co3panus, 00y4eHHs U yITydIICHUs] MOAEIN HEHpoCceTH
110 onpenenenuto crenepuposannoro LLM tekcra ¢ nomorpio LLM
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BaxHO OTMETHTH, YTO TPOBEpKa Ha OMMOKH B KOZAE MPOHCXOIUT B CAMOM
Hadvaje IMmocje dTama o0ydeHus Moaenu, namee LLM mpoBepseT mpu3Haku Iie-
peoOydeHnss MOAETH M TpelylaraeT, NMPUMEHSET yIy4IIEeHHs B apXUTEKType
mozenu. KonmudectBo utepanuii MoauuKaluy Koaa MOJACTH HEHPOCETH, CO-
3nanHor LLM, MoxHO 3a7aBaTh BpyuHylo. Eciu omubok B KoJie HET U He 00-
HApYXEHO IepeoOyueHre B X0J¢ 00yYeHHUS MOJEIH, TO JaHHBIC IIard MO JI0-
0aBIICHUIO COOTBETCTBYIOIIUX MOJICKA30K M0 MCIIPABICHHUIO JAHHBIX 3aMCUaHHA
HE J00aBIAIOTCS B KOHTEKCT 3ampoca k LLM. Ilocie paboTel JaHHOTO ajro-
pUTMa OTIaXXCHHAS MOJCTh HEHPOCETH COXpaHseTcs B 0a3y JMaHHBIX SKCICpPH-
MECHTOB.

Takum 00pa3oM MOXHO CO3IaBaTh, OTJIAXXHUBATh U MOJU(PHINPOBATH TIPO-
TpaMMHBIN KOJ JJIS peIIeHUs IPaKTHIECKH JIF000ro Kilacca 3a1a4, B TOM YHCIIe
1 3aJ]a4d [0 ONpelieeHnto creHepupoBanHoro LLM Ttekcra.

OO0yueHnne MoJeJIM U OlIEeHKA Ka4eCTBA KJIacCH(PUKAUMU TEKCTa

B kauectBe HamOoiiee MEPCHEKTHBHOIO METO/a ONpENENICHHUs] CTeHEpUpO-
BaHHoro LLM tekcra Obl1 BBIOpaH MOAXOA C THUOPHIHON apXHTEKTYypOu
HelpoceTeil, KOTOPhId HCIIONB3yeT O0yYeHHE C y4YHUTENIeM II0 Pa3MEeueHHBIM
JAaHHBIM © J1000y4YeHHWeM TpaHC(HOpPMEpOB. APXHUTEKTYpa C JI000ydeHHEM
TpaHcHOpMEpOB IHKOJCPOB ObLIa BEIOpaHa HA OCHOBE HCcilenoBaHus [1] kak
onHa u3 Haubonee >(PpQEeKTUBHBIX Ul pelleHus] JaHHOW 3anauu. ['mOpugHas
apXUTEKTypa MpeCTaBlIeHa Ha puc. 2.

Input text (input_ids, Bidirectional LSTM
attention_mask) | *] | Pre-trained transformer | | _ Dropout (batch, (hidden_size -> | —»{Dropout (batch,
- encoder (sbert, xIm- seq_len, hidden_size) hidden_size * 2) hidden_size * 2)
roberta-base, e.t.c.)

Fully connection layer Fully connection layer
(r';:ﬁ’n"‘;’z"e) e—| ﬁ:;cd"e"r‘f’sri"z‘e‘; ke (hidden size -> ReLU aﬁ;%“e"r‘f's';‘e‘; L (hidden size *2> |4
- -~ hidden_size) - hidden_size)

T

Fully connection layer Fully connection layer
Dropout >  (hidden_size -> GELU Dropout —  (hidden_size -> > Onut;utl (:a'ICT'
hidden_size) num_labels) um_fabels,

Puc. 2. 'nubpunHas apXuTeKTypa Ha OCHOBE MPea00yIeHHOT0 TpaHChopMepa SHKoaepa

JanHast Mojiesib OblIa CO3/1aHa C MOMOIIBIO OMMCAHHOIO BBIIIE METOJA IO
CO3[IaHUI0 MojieNell kimaccudukauu Tekcta. B kadecTBe mnpeno0ydeHHBIX
TpaHC(OpPMEPOB B HKCIIEPUMEHTE HCHOIB3YIOTCS YHKOAEPHI MOJIENN C OTKPHI-
TBIM HUCXOTHBIM KozoMm xIm-roberta-base [17], bge-reranker-v2-m3 [18],
sbert large nlu ru [19] u mexomep mozmens DeepSeek-R1-Distill-Qwen-1.5B
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[20]. DOHKOMEP aHANMM3UPYET BXOJIHOW TEKCT U CTPOUT €ro CMBICIOBOE Mpe-
CTaBJICHHE, HAMpUMep, I Kiaccudukanuu Tekcra. JIeKoap reHepupyer mo-
CJIeI0BaTENIbHOCTh TOKEHOB (HANpUMEp, OTBET, NMEPEBOJ], MPOAOIKEHUE TEK-
CTa), OCHOBBIBAasCh Ha KOHTeKcTe. [laHHas Mojenb HE IpeJHa3HauYeHa JUIst
Kiaccu(MKaIUU TEKCTa M ObLIa B3sATa B KAUECTBE MpPUMEpa, YTOOBI B IKCIICPH-
MEHTaxX MPOJEMOHCTPUPOBATh ¢¢ HEeI(P(EKTUBHOCTh B OTIMYHE OT MOJCICH
9HKOJIEPOB.

Ha puc. 2 batch npencrasiser coboii pasmMep Habopa DaHHBIX B paMKax
oOydeHNs Ha OJHOM 3T0Xe U paBeH 32, seq_len o6o3HadaeT pasMep TOKEHU3H-
pPOBaHHOTO BeKTOpa TeKCTOB W paBeH 512, hidden size sBisieTcss pazmepom
CKPBITOTO CJIOSL M 3aBUCUT OT KOHKPETHOIO TOKEHHW3aTopa, num_layer 310 4mc-
JI0 KJIACCOB JIJISl KJIACCH(UKAIIUU ¥ OHO PaBHO 2.

Tabmuua 5

OO01mas Tabnuna OleHKH KauecTBa ONpeIeNICHUsI MOAICISIMH creHeprpoBanHoro LLM
TEKCTAa Ha PyCCKOM A3BIKC Ha BaJIMJALIMOHHBIX TaHHBIX

. ruatd- open-
Mopean Metpuku | Bamupauuss | M4 | MULTITuDE 2022-bi | rus-mgtd

accuracy 81.46 77.09 89.93 73.37 96.78

precision 85.46 89.77 93.21 73.78 94.25

sbert_large nlu_ru

f1 83.02 72.75 94.18 73.14 96.87

recall 80.72 61.15 95.18 72.52 99.64

accuracy 45.56 38.32 18.58 49.86 70.02

precision 51.46 38.45 84.13 49.91 62.53

deepseek-qwenl.5

f1 52.59 38.65 11.44 59.97 76.91

recall 53.76 38.85 6.14 75.13 99.88

accuracy 76.76 74.58 88.23 67.25 89.84

precision 77.19 79.32 91.97 64.5 83.19

xIm-roberta-base

fl 80.08 72.34 93.23 70.09 90.77

recall 83.19 66.48 94.52 76.75 99.86

accuracy 79.92 717.73 88.38 72.03 92.13

precision 86.41 90.43 929 78.51 86.45

bge-reranker-v2-m3

fl 81.01 73.59 93.25 68.46 92.7

recall 76.24 62.03 93.59 60.67 99.92

PesynbraT 0OyueHus Mozeneil rHOPUAHON apXUTEKTYyphl M OIIEHKa Kaue-
CTBa ONpeEJeNeHUs CreHepupoBaHHOro LLM pycCKOSI3BIYHOTO TEKCTa Ipen-
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CTaBJIeH B TalMI. 5 COOTBETCTBEHHO. B cTos01Ie Baauaanus KauecTBo 00yUeHuUs
METOIOB yKa3aHO cpa3y I BCEX YeThIPeX HaOOPOB TaHHBIX.

Takum oOpa3oM HawTydIryto TO4HOCTh U fl Mepy ompeneneHusi, creHepu-
poBanHOro LLM pyccKOsI3bIYHOTO TEKCTa Ha BalMJIAIIMOHHBIX HAaOOpax jaH-
HBIX, [OKa3ajla  pYyCCKOsI3pIYHAass ~ MOJeNb  JHKOJepa Ha  OCHOBE
sbert large nlu_ru. TouHocTs B COBOKyMHOCTH paBHa 81.46 % 10 Bcem Baim-
JAIMOHHBIM JaHHBIM U BapbupyroTcs oT 73.37 mo 96.78 %. Hamnyunryro mer-
PHKy precision Ioka3aja MOAENb 3HKOJepa Ha OCHOBe bge-reranker-v2-m3,
KOTOpas B COBOKYITHOCTH IO BCEM BaJMIAIMOHHBEIM HaOopaMm ITaHHBIX paBHA
86.41 % u Bappupyercst ot 78.51 o 90.43 %. Takxe CTOUT OTMETUTBH, YTO MO-
nenb nexonepa deepseek-qwenl.S mokaszana IUIOXYHO COBOKYITHYIO TOYHOCTB
onpeneneHus creiepupoBaHHblx LLM TEKkCTOB Ha pyCCKOM SI3BIKE M OHA CO-
craBmia 45.56%. DTOT pe3ynpTaT BIIOJNHE 3aKOHOMEpEH, TaK KaK JAEKOAep
NpeiHa3HaYeH /sl TeHepaly TeKCTa, a He JUIl ero Kiaccudukaimu.

CpaBHeHHe pe3yJIbTATOB C TEKYIIMMH MeTOIaMHU

B kauecTBe cpaBHEHUsI Ka4eCcTBa ONpe/eNIeHNs] 00YUYEHHOTO paHee METo/a C
CYILIECTBYIOIIMMHU METOJAaMH OIpeaeneHus crenepuposanHoro LLM Tekcta
OBUTH B3SITHI MOZETH AJISI OTIPEJEIICHNS aHTIIOSN3BITHOTO TEKCTa U3 MCCIIENA0Ba-
Hus [21]. JlaHHOE CpaBHEHHE TOYHOCTH OIpEAENeHUs crenepupoBanHoro LLM
TEKCTa IPeJICTABIEHO B TabI. 6.

Tabnuua 6

CpaBHEHHE TOUHOCTb CYLIECTBYIOLIMX METOA0B OIPE/IEICHHs TEKCTOB,
creHepupoBanHbIx LLM

Meroa A3bIk Tun TouHocTh, % HaGops! 1aHHBIX
00yuyeHust
RoBERTa/ XLM- N
RoBERTa fine-tuned Anrmmiickuit | C yuutenem | 48.95—88.93 M4, HC3
DistiIBERT Anrmuiickuit | C yunrenem 93 DAIGT-V3
fine-tuned
.G.LTR Amnrnmiickuii | be3 yuurens | 72.78 — 77,06 M4, HC3
(statistical ranks)
Fast-DetectGPT Awnrnuiickuit | bes yuurens | 59.55 —94.48 M4, HC3
(black-box)
GPT4 Amnrnuiickuii | bes yuurens | 37.41 —57.16 M4, HC3
sbert_large_nlu_ru M4, MULTITUDE,
fin g = = Pycexmii C yuuteaem | 77.09 — 96.78 ruatd-2022-bi,
ine-tuning
open-rus-mgtd
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Taxke CTOUT OTMETHTB, YTO B OTKPBITOM JIOCTYIIE PE3YJIbTaTOB paboThl Me-
TOAOB oIlpefeseHus: crenepupoBaHHoro LLM TekcTa Ha pycCKOM SI3BbIKE [10-
CTaTOYHO MaJlo, MOITOMY CPaBHEHHE IPHUBEICHO C METOJaMU OIpeelIeHUs
TEKCTa Ha aHTJIMHCKOM s3bIKe. VICXONsl M3 CPaBHUTEIBHOI'O aHalIW3a MOXKHO
clenaTh BBIBOJ, YTO OOydYeHHas paHee MOJEeNb Ha ocHOBe sbert large nlu ru
MIOKa3bIBAET JJOCTATOYHO BBICOKYIO TOYHOCTH OTHOCHTEIBHO METOJIOB OIpEse-
JICHUS CTEHEPUPOBAHHOTO AHTIIOSI3BIYHOTO TEKCTA Ha Pa3HBIX HAOOpax JaHHBIX.

B paMmkax pycCKOS3bIYHOIO KOHKypca [2] MO ONpEeAENeHUI0 CTeHEHEpH-
poBHHOrO0 LLM pycCKOA3BIYHOTO TEKCTa TOYHOCTh METO/I0B OIPENEIEHUS TEK-
cTa Ha Habope maHHBIX ruatd-2022-bi BapeupoBamack ot 64.22 mo 82.99 %
npotus 73.37 % y oOy4yeHHOH paHee MoJenn Ha ocHoBe sbert large nlu ru Ha
3TOM Ha0Oope AaHHbIX. JIaHHBIM Pe3yNbTaT SIBISETCS JOCTATOYHO CPEAHUM, HO
OH HE OTPa)kaeT B IIOJIHON Mepe KauecTBO OOOOMICHMST METOAA, TaK KaK CpaB-
HEHHE TOYHOCTEH METOAO0B MPOUCXOAUT TOJILKO 11O OTHOMY Ha6opy JaHHBIX.

3akioueHue

Coznan HOBBIH Habop maHHBIX RuTextLLMDetect pycCKOSI3BIYHBIX TEKCTOB
Juisi 00y4eHHs1 METOZIOB OIpeliesieHns: creHepupoBanHoro LLM pycckoro Tek-
cra. [Ipeanoxken Meros co3nanusi, 00yueHHs U yIydIIeHUs] MOJieJiel Heipoce-
Tell Ha OCHOBE TMOPHIHONW apXUTEKTYphI IS PELICHHUS MOCTaBICHHON 3aa4u
1o Kiaccu(uKanuy Tekcra. J[aHHbIi TOAX0/ SBISETCS YHUBEPCAIBHBIM U MO-
JKET MCTIOJIb30BATHCS JUTS PEIIeHHs JII000ro Kiacca 3a/1ad, Iie ecTh Heo0Xo1u-
MOCTBCO3/1aBaTh aJrOPUTMBI U IIPOBEPSTH X padoTocriocoOHOCTh. Co3aHbl 1
o0y4eHsl MoJeny HeHpoceTel ¢ TMOPUIHON apXUTEKTYPOH Ul OIpeeNeHUs
creHepupoBaHHoro LLM pycckosd3bl4HOro Tekcra. lIpennoxeHHble MOAEIH
SHKOJICPOB TIOKA3aJH CBOIO 3(PPEKTUBHOCTD. TOYHOCTH KIACCH(PHUKAIINN TEKCTA
Ha BaJMJAIMOHHBIX Habopax Bappupyercs ot 73.37 mo 96.78 %. U3 atoro
MOXHO CJIeNIaTh BBIBOA, YTO JAHHBIH MOJIENIH JOCTATOYHO XOPOIIO 0000IaroT-
cs JUIsl ONPABIEHMSI CTEHEPUPOBAHHOIO pa3HbIMU LLM pyCcCKOS3BIYHOTO TEK-
CcTa.

[Iporpamma ganbHEUIIMX HCCIIEOBAHUI OyeT BKIIOYATh B ce0s M3yUeHUE
BIIMSHUA JUIMHBI TEKCTa HAa KAauyeCTBO OINpPEAENEHUs creHepupoBaHHbIX LLM
PYCCKOSI3BIYHBIX TEKCTOB, YCTOHYMBOCTH pa3pabOTaHHBIX paHee METOJI0B
omnpezesieHus] creHepupoBaHHbIX LM pycCKOSI3bIYHBIX TEKCTOB K aTakaM Iie-
pedpasupoBaHus U 3aIIUTHI OT HUX.
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3ATIOMUHAHUE MOTOPHBIX [TIPOTPAMM
HEMPOHAMU C HACTPAUBAEMOM 3ATEPKKOM

[Mpennoxena NByXypoBHEBasi HEMPOHHAS MOJIENb YIPABIECHHUS ABHKEHHEM
HOTH dYeNOBEeKa, COYETalomas IeHTpalbHbI TreHepaTop marrepHoB (CPG) m
cioit popmupoBanus narrepHa (PF) ¢ o0ygyaeMbIMu BpeMEHHBIMU 3aJIepKKaMH
nepenaun curHana. Ha tpex Habopax JaHHBIX, MOMYYCHHBIX B CPElle MOJEIH-
poBanusi OpenSim, oHa mpeB3oliuia UMHTAIMOHHBI MLP-koHTpOIITEp M MO-
Jienb ¢ GpukcupoBaHHbIMU 3anepkkaMu: RMSE axktuBaumii Huke Ha 29-53 %,
(azoBas omubOKa yMeHbIIIEHa BTpoe MpH B 1,5 pa3za MEHbBIIEM YHUCIIE OCIUILISA-
TOpOB. Pe3ynbTarhl yKa3plBarOT Ha HOTESHIMA HCIIOJIB30BaHUS 110/1X0/1a B OHO-
HUYECKHX MPOTE3aX U POOOTOTEXHUKE.

KnioueBble cioBa: yenmpanvhblli 2enepamop nAmMmepHO8; 3A0epIuCKU;
Momopuvle npoepammol, OpenSim; umumayuonnoe odyyenue, poooOmomexHu-
Ka.

BBenenue

PuTMuuHBIC ABMKEHUS YENIOBEKA — X0/p0a, OET, meganupoBaHue — BO MHO-
roM (OpPMHUPYIOTCSI B CIMHHOM MO3T€ CIIELHAIU3UPOBAHHBIMH CETSIMHU, U3BECT-
HBIMH KaK LeHTpajbHble TeHepaTopbl nmarrepHoB (Central Pattern Generator —
CPG) [1]. OTr cetr criocoOHBI TeHEPUPOBATh YCTOWYHMBBIA LUK MPH OTCYT-
CTBHMHM BHEUIHEr0 PUTMUUYECKOTO BXOJa, YTO JeNIaeT UX YJOOHOW apXUTEKTypOr
JUIS. HU3KOYPOBHEBOT'O YIPABJICHHS MIAraloIUMH pOoOOTaMH M OHOHMYECKUMHU
KOHEYHOCTSMH [2].

Wmxenepubie peanusaiyu CPG 00BIYHO CIEAYIOT JBYXYPOBHEBOW CXEME:
putmorenepupytomuii yposenb (Rhythm Generation — RG) 3amaer 6a3oByio
TIOCJIeI0BaTENILHOCTD (a3, a cioi hopmupoBanus narrepaa (Pattern Formation
— PF) mpoenupyer ee B akTuBauu oTaeabHbIX MbII [3]. IIpu aTOM mapamerp
«3aJepKKa TMepefadym» MEXIy OCHIIIATOPaMH 3a49acTyio (DUKCHPYETCS WU
UTHOPHUPYETCS, HECMOTPS Ha TO YTO (PHU3HOJIOTHUECKHE HUCCIECIOBAHNS MOKA3bI-
BAlOT KPUTHYECKYIO POJIb 3ama3/IblBaHUN Ui (DAa30BBIX CABHIOB U YacTOTHI
nukia [4].
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TeOpeTH‘ICCKI/IC pa6OTBI 10 CETAM CO CKPBITBIMH 3amnas/ibIBaHUAMU JE€MOH-
CTPUPYIOT, UTO OaXX€ MAJIBIC BapHualuu 3aJICPKECK MOT'YT NEPEBOJAUTE CUCTEMY
13 CTa0WIBHOTO PEXHMMa B XaOTWYECKUH WM, HA000pOT, paciupsTh 00J1acTh
ycroitunBoctu [5]. OTcloa BO3ZHUKAET THIIOTE3a: €CJIU Pa3pelluTh alrOpUTMy
0o0y4eHusl oACTPanuBaTh 3aJep>KKH OJHOBPEMEHHO C BECaMH, TO MOJIENIb CMO-
JKET TOYHEEe BOCIPOU3BOJHUTH TPeOyeMble MOTOPHBIE MPOTPAaMMBI MPU MEHb-
IIEM YHCIIe TapaMeTpOB.

Hacrosmas craThst MOCBSIIEHA IKCIIEPUMEHTAIBLHON MPOBEPKE ITOM T'MITO-
Te3bl Ha 3aJa4e yIpaBJICHUI ONOMEXaHHYECKONH MOJIEIIbIO HIDKHEH KOHEYHOCTH
gyenoBeka. VMcmonp30BaHHEBIN mporpaMMHbIid cTeHn OpenSim, MeTomsl oOpart-
HOIl IMHAMUKH M OTKpBITHIE JATAaceThl JeNaloT 3aJady BOCHPOU3BOAUMOM, a
BBHIOpaHHBIA TUANa30H JIBIKEHUH (OT M30JMPOBAHHOTO CTHOAHUS KOJIEHA 0
IIepEeHOCa HOTH BIIEPEX) — PENPE3EHTaTUBHBIM B KOHTEKCTE IPOTE3UPOBAHUS.

1. TeopeTnyeckne NPeANOCHIIKH POJIH 3aJepPiKeK

Heiipobuonoru paccMaTpuBaOT MOTOPHOE YIPABICHUE KaK MPOIECC, 3aBH-
CSIUH OT TOMOJIOTUU CETH M TOYHBIX BPEMEHHbBIX XapaKTEPUCTUK MEKHEUPOH-
HOTO B3aWMOJICHCTBUS. BpemeHHbIe MapaMeTpbl PacHpOCTPAHEHHs CHUTHANA
BBICTYIAIOT $3bIKOM, 4Y€pe3 KOTOPBIA IIEHTPAIbHBIH TI'eHEepaTop MNaTTEPHOB
(CPQG) xogmpyeT a3y, HOCIeIOBATENFHOCTh U JITUTSIFHOCTh MBIIIEYHBIX CO-
kpauienuit. Ecnu cuna cuHarca omnpenensier, Kakiue 3BeHbsl CETH aKTHBHBI, TO
3aJiep)KKa OIpesieNsieT, Korja OHU aKTUBHPYIOTCS. FIMEHHO oaToMy B OMOJIO-
IMYECKUX CHUCTEMax CYIIECTBYET CIOXKHBII «penepryap» 3aJepikeK, HacTpau-
BacMBIN B XOJI¢ pa3BUTHI, O0yUCHHS U NCHCTBHS HEHPOMOIYIATOPOB [6].

1.1. Knaccuueckasa cmpykmypa CPG

bazoBas momens CPG g ONHOHOTOM CHUCTEMBI COIEPKUT IONAPHO-
MHrHOUpYIOIHe OCHUIUIATOPHI, obecneunBaromye uepenoBanue das «cruda-
HUe / pasrubaHue». PacmmpeHHsIe cXeMBl BKIIOYAIOT rpymisl RG-HEHpoHOB
JUTA KaKIOW cycTaBHOHM mapsl u cioit PF, roe BecoBsle KodQUIMEHTH U 3a-
JIep)KKH (QOPMHUPYIOT MHAMBUAYaJIbHbIE MPO(QUIN MBIIIEYHBIX aKTUBALMK [2].
Ha puc. 1 cxematnuno mokasassl 1Ba ypoBHS CPG: remeparop putMma U ClIoi
(bopMUpOBaHUs TNATTEpHA, MOCHUIAIOUIME LUKINYECKUE CHTHAJIbl K MOTO-
HEHPOHHBIM CrUOATENsIM U Pa3rudaTelsiM JUisl KaKa0i KOHeUHOCTH [7].
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Puc. 1. Ctpyxrypa nmokomoTtopHoro CPG B HepBHOI cucTeMe yenoBeka [7]

1.2. Du3uonozuueckue ucmoyHuKu 3ana3ovléanuil

3anmepkka MEKIY BO30YKICHHEM WHTEPHEHPOHA M OTBETOM MOTOHEHpPOHA
CKJIaJIbIBACTCS U3 TPEX (PaKTOpOB.

o IIpoBomHWKOBas: MaKCHMaJIbHAs CKOPOCTh MPOXOXKICHHS CIaiKa Mo aKco-
HY MOTOHEHpOHOB CHHMHHOTO Mosra komebnercs ot 0,5 mo 120 m/c; Ha
nuHe 40 cMm sTo maet 0,3—80 mc [6].

CuHanTHYecKas: KIacCHYecKas XMMHYecKas Iepefada 3aHHMaeT OKOJIO
1 mc, ogHako st MemieHHBIX NMDA-3aBUCHMBIX CHHAIICOB 3aJEpKKa
pactaruBaetcs 10 5—7 mc [6].

JennputHast 1 MeMOpaHHas1 HHTETPaIisl: BpeMEHHAsE KOHCTaHTa MEMOpaHBI
MoToHeWpoHoB paBHa 1050 Mc, 3amaBast OKHO CYMMHUPOBAHHUS BXOHOB [6].
COBOKYIIHOCTh 3THX TPEX MEXaHU3MOB (OPMHUPYET paclpeIeICHHbIN
CHEKTp 3a/IepXKEK, KOTOPhIi B KOHEYHOM cueTe onpeneisier Gpa3oBoe CTpoeHHe
CPG.

CereBoll aHanM3 KOLIAYbEro CIOMHHOTO MO3ra MokKasall, YTO pachpeleieH-
HBIC 3aJICPKKH MPHUBOAAT K (Ha30BOMY pacCIaWBaHUIO TOJCH BO30YKICHHS
MOTOHEHPOHOB, MO3BOJISISI OTHUM U TEM e OCHMJUIITOPaM y4acTBOBAThb B pa3-
HBIX (paszax mukia [4].

1.3. 3anazovieanusn 6 UCKyCCMEEHHBIX HEUPOHHBIX CEMAX

B Time-Delay Neural Networks 3agep>kxku peanu3yroTcsi Kak (UKCHpOBaH-
HBIE C/IBUTH BO BPEMEHH, TOT]a KAK COBPEMEHHBIE CIIAKOBBIE M AU PEepeHIH-
PYEMBIC TUHAMUYCCKHUE CETHU JTOITYCKAIOT ONITUMU3ANIO HE TOJIBKO BECOB, HO
caMHUX 3HAYeHHMH 3ajaepkek [5]. DTO Mo3BOMAET KOMIIAKTHBIM MOJENSAM all-
IIPOKCUMHPOBATh CIO0KHBIE AMHAMUYECKHE CHUCTEMBI C MEHBIIUM UYHUCIOM IIa-
pameTpoB. B HacTosieM uccie0BaHUN MTPUMEHSIETCS TOTHOCTHIO Tuddepen-
UPYEMBIH MOAXO]I.
72
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1.4. IInacmuunocms 3a0epiricex u odyuenue

B Ownonormueckux ceTsX BPEMEHHBIE MapaMeTpbl CHHAICOB H3MEHSIOTCS
10J] Bo3AeHcTBHEM onbITa. HaOmoaeHust B pa3indHbIX OTAENIax MO3ra MOKa3bl-
BAaIOT, YTO IIPYU YCTOWYMBOM CUMHXPOHU3ALMH IPECUHANTHYECKUX U IIOCTCUHAI-
TUYECKUX COOBITHH JIATEHTHOE BpeMs CIaiKa MOYKET IMOCTEINEHHO CMEIaThCs,
oTpakasi MEJICHHYIO0 BPEMEHHYIO aJlaliTalliio 3a/epkek Heipocetu [8]. B BbI-
YHUCIUTEIBHOM MPOCTPAHCTBE aHAIOTMYHOE MIPABUIIO PEANNU3YETCsl pErysIpHu3a-
TOPOM, MUHMMU3HMPYIOIIAM PacX0Xk/JICHNUE TEKYIIUX U LEeNeBbIX (Pa30BbIX CIIBU-
roB. TakuM 00pa3oM, aJanTHBHBIC 3a/IEPXKKH HE TOJIHKO OMOJIOTMYECKH IpaB-
JIOTIOZIOOHBI, HO M BEIYUCIIMTEIFHO 11EIeCO00pa3HBI.

B coBokymHOCTH npuBeeHHBIE (PAKTHI 00OCHOBBIBAIOT EHTPAIBHYIO HICI0
paboTBI: COBMECTHAsI ONTHMH3AIMS CHHANTHYECKUX BECOB M BPEMEHHBIX 3a-
JiepKeK 1Mo3BossieT KoMrnakTHOMY CPG-KoHTponsiepy BOCIIPOM3BOAUTH CIIOXK-
HBIE MOTOPHBIE POrpaMMbl Oe3 TpoMo3akoir MLP-anmpokcnmarnmm.

2. ITocTaHoBKa 3aga4u
2.1. Buomexanuueckuit cmeno

Mogens HOrH legbdofYmusc u3 OpenSim 4.4 umeeT mecTs CTENEHENW CBO-
001561 (Ta3, O€aPO, KOJCHO, TOJICHOCTOI) M JCBSATh OCHOBHBIX MBIIII] HIDKHEH
KOHEYHOCTH, O0OecledynBaroNnX aJeKBaTHOE paclpeleieHue Harpysok [9].
OTayloOHHBIE TPAEKTOPUM NOydeHbl MeTosoM Inverse Kinematics, akruBanmu
Mmbi — uHCTpyMeHToM Computed Muscle Control (CMC).

2.2. Haboput oannsvix

B Tabn. 1 mpuBeneHbl MCHONB30BaHHBIE ISl OOYyYEHUS M TECTHPOBAHUS
pa3paboTaHHOW MOJEIH 1aTaceThl.

Tabmuna 1
Onucanue HaOOPOB JaHHBIX Ul 00y4EHHsI U TECTUPOBAHUSA
JImuTeNbHOCTD
Jaracer Onucanue
JBHKEHHS
Knee30 Crubanue kosiena Ha 30° 2,000 ¢
Max HOroii BriepeJi C oMolIb0
HipFlex Ta300€IPEeHHOr0 CycTaBa 0,750 ¢
co crubaHueM KoJIeHa
. . Ilepenoc Horu Brepe
SwingWalking P pea 0,500 ¢
(ABMXEHUE TOJOOHO OTHOMY ILIATry)
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2.3. Apxumexmypa u Ounamuxa cemu

CPG coctout U3 n OCLHIUIATOPOB C MaTpuilaMu BecoB W u 3anepxkex T.
Junamuka RG onuchiBaeTcst akTHBHOCTBIO MEMOPaHHOTO MOTEHIMaIa Helpo-
Ha U; U MEAJIEHHON mepeMeHHON ajgantanuu v;. CHCTeMa COOTBETCTBYIOIIUX
ypaBHenuii [10]:

U, = —U; — Bu; + we,y; + Z ,]/Vijyj'(t — Tij) + Iitomc,
J

TqV, = —V; + 5, )
yi = max(0,u;),

rne T, (rise time) — 3a7aeT CKOpocTh U3MEHeHus U; T, (adaptation time) — cko-
POCTH BOCCT@HOBJICHHS aJIalTallMu vV; B — KO3(QQUIHEHT CaMOKOHTPOJIS Yepes3
aJanTanuio; W,, — ABTOCHHANTHYECKas «IIOJIOXKHUTEIbHAs OOpaTHAas CBS3b»
(coOCTBEeHHBII BEKTOP yCHIHABAET U); I, f‘mic — BHeIIHee (KOPTUKAJIbHOE) ITOCTO-
SIHHOE WJIM MEJICHHO MEHSIOIIeeCs BXOIHOE BO30YyKICHHE.

Takas ¢opMa TO3BOJSIET TEHEPHPOBATH YCTONYMBBICE OCHWIIALUH MpPU
HAJIMYAX OOPATHBIX CBsA3eH (1M0100HO ocHMIIIATOpY MaIryoku).

3anepKKu T;; OTpaHM4eHbI quana3oHoM 0-100 MC ¥ MHHIMATH3UPYIOTCS
3HauenueM 10 mc. PF-cioii peanusyercst TMHEHHBIM ITpeoOpa3oBaHUEM C MH-
JIMBHYJIbHBIMU 3a/I€PKKAMU Ty

em(t) = Zi Viniyi (t - Tmi)’ 2

e e, (t) — BXox Mpliisl m; V — MaTpuia BEIXOAHBIX BecoB PF.
2.4. IIpoyedypa odoyuenua

Iar 1 (BPTT). Coemecthas ontumusauus {W,T;;} no MSE mexny BbI-
xonoMm CPG y; u neneBbIMU KPUBBIMHU MBIIIEYHBIX BO30YKICHUH (TT0JTy4EHHBIX
¢ momotbto CMC). O6yuenue Beochk 2000—4000 3mmoxamMu ¢ TOMOIIBIO OTITH-
muzaropa Adam. Cxopocts o0yuenus (learning rate) Ha cTtapTe npUHHMaIAach
paBHOM 1073 u ¢ nomompio CScheduler ReduceLROnPlateau aBToMaTH4YecKH
CHIDKAJIACK JUIS O0JIErYeH sl BBIX0/1a U3 JIOKAILHOIO MUHUMYMA.

ar 2 (Ridge PF). Matpuna V Beramcisercss BHE CeTH MO JMHEHHOU pe-
rpeccuu Ha KOHEYHOM JTarie o0ydeHus. Perraercs nuHeHHas 3a/1a4a METOI0OM
nanmenbmux KBaapatoB (MHK): umes Boixomel y;(t) u ueneswie e,(t) Ha
BCcex t, naxomurcs V, munumusupyromas |Vy;(t) — ey, (t) |. Takum obpaszom,
o0y4enue I/ cocTosio U3 Tpex 3TaroB:

e o0yuenue Tonbko W, T (CPG napamerpsl) npu ¢pukcupoBanHou V;
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e cOop Tpaekropuu y;(t), pemieHne Ui KaXKIOro BbIXOJA JTHHEHHOW pe-
rpeccun V(B HameM ciy4ae WCIONB30BaHa perymsapu3oBanHas MSE-
perpeccust — ridge regression — 4TOOBI M30€XKAaTh MEPeOOyUEHHs, BEAb YUCIIO
napamMeTpoB 9xn HEBEIIUKO);

o (pukcarus HarinenHow IV u qoo0yuenue cHoBa W, T yike ¢ HOBbIM V.

2.5. Konmponvnvie mooenu

B 1ab1. 2 nmpuBeieHO CpaBHHUTENIFHOE ONMMCAHUE UCIIONB3YEMBIX B HCCIIE/I0-
BaHUU MOJENEH.

B namem mccienoBaHMM B KadecTBE 0A30BOTO KOHTPOJUIEPA HMCIONB30Ba-
Jlack HEMpOHHAs ceThb MpsMoro pacnpocrpanenust (MLP). AnprepHaTuBOi MOT
OBl cTaTh PEKyppEHTHBIH KOHTPOJUIEP, NMOTCHIHAIBHO 00Jee MPHCIOCOOIICH-
HBIN JUI TEHEepaluyu BPEMEHHBIX MocienoBarenbHocTeil. OTHaKo MCHONb30Ba-
HHUE PEKYPPEHTHOH CETH yCIO0XKHUIO OBl aHAJIN3, CMELINBAs BINSHUE BHYTPCH-
Hell maMAaT ¢ 3pdexTom onTIMHU3aNNH 3a7ep)keK. MBI BEIOpai CeTh MPSIMOTO
pacrpocTpaHeHust U1 6a30BOro CpaBHEHHs, YTOOBI MOAYEPKHYTH MTPEUMYIIE-
ctBa CPG-mogxona ¢ HacTpauBaeMbBIMH  3ajepkkamu. bomee KpymHas
3-cnoiiHasl ceTh MPOMIPBIBAET 110 TOYHOCTH KoMmmakTHOMy CPG-koHTposepy.
MOKHO OKHIIaTh, YTO PEKYPPEHTHBII aHAJOT Cy3Wi Obl pa3pbiB, HO HE U3Me-
HUJI IPUHIMITHATIBHO BBIBOABI 00 3()(eKTHBHOCTH NpeIIaraeéMoro MeTo/1a.

Tabmuua 2
KOHTpOJIbHBIE MOZEIH UCCIICIOBAHUS
Mopenb Onucaune 3anepKKu
Baseline MLP VMutanuoHHbINH KOHTpOJUIEp: 3 B
(Imitation Learning) CKpHITHIX ciiost (2048, 1024, 512)
CPG =
Fixed delays CPG/PF-momens: T;; = 10Mc (HKCUpOBaHHBIE

CPG IIpennaraemast Mozenb o0yJaemble

Learned delays peat Ae Y
2.6. Mempuxku

s Bepudukanuu paboThl NpeaiaraeMoil MoJieNu ObLIM BBIOpaHbI CIEy-
OLITIE METPUKH KauecTBa:

e RMSE MEbIIIEUHBIX aKTUBAIUI;

e RMSE yrnos cycraBos;

e ¢a3oBas ommdka At 1o KoopAUHATaM.
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3. DKcnepHMEeHTAIbHbIC Pe3yJbTAThI
3.1. Tounocms 6ocnpou3gedenus cUZHAN06

B TaOnwuie 3 mpencTaBiacHbl pe3yIbTaThl MOJCUCTa METPUK KadeCcTBa TPEX
KOHTPOJIBHBIX MOJIEINIEH JUIsl TPEX MCIIOJIb30BaHHBIX B paboTe Habopa JaHHbIX.

B xononke RMSE excitation npuBeneHs! JaHHBIE 7151 CIEAYIOIMX MbIIIIII:

e Knee30 (crubanue xoneHa Ha 30°) — mpimma bifemlh r (nnmuHHAs TO-
JIOBKA JIBYTJIABOW MBIIIIEI Oeipa)

e HipFlex (Max HOTOI Briepen) — MbIIIA psoas_r (TipaBasi O0IbIIas 1Mo-
SICHUYHAST MBIIIIIA)

e SwingWalking (nepeHoc HOTH BIiepen) — TaK)Ke MBIIIIA PSOds 7.

B xononke RMSE joint angle Bo Bcex Tpex 3KCIeprMEHTax IpeCcTaBiIcHa
owubka no yeny ceubanus xonena (koopaunara knee angle r monenn).

B xomonke At, mc s HabopoB nanubix Knee30 u SwingWalking yka3zana
Gazosasn owubka no yeny ceubanus xonena (koopamnata knee angle r mone-
), a uig skcriepuMenTa HipFlex — ghazosasn owubka no yeny ceubanus 6eopa
(xoopnunata hip flexion r moxmenun). B cpennem Monens ¢ oOydaeMbIMHu 3a-
JIep>KKaMH CHIDKaeT ommnOKy muscle excitation Ha 29 % otHocurensHo CPG-
Fixed u Ha 53 % otHOCHTEenBHO Baseline MLP.

Tab6muma 3
MeTpuku KauecTBa KOHTPOJIbHBIX MOZENIEH
Jaracet Mopens RMSE RMSE At, mMc
excitation joint angle
Knee30 Baseline 0,016 7,2° 382
CPG-Fixed 0,012 3,2° 290
CPG-Learn 0,008 2,2° 95
HipFlex Baseline 0,098 6,6° 307
CPG-Fixed 0,072 5,2° 110
CPG-Learn 0,063 4,6° 30
SwingWalking Baseline 0,111 4,1° 420
CPG-Fixed 0,047 2,9° 260
CPG-Learn 0,028 2,4° 110

3.2. Coxkpawenue pazmepoe cemu

Jnst OCTIDKEHHS TIONYYCHHBIX PE3YJIbTATOB OBbUTH BBIOPAHBI CICAYIOIINE
napaMeTpsl pa3Mepa CeTu.
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e Hmuraumonnsiii koutposuiep (Baseline MLP): 3 ckpriThix cios (2048,
1024, 512) ueitpoHoB.

e Moguens CPG ¢ dukcupoBaHHbIMU 3a1epkkamu B 10 Mc: uucio Heipo-
HOB-OCIMJIISTOPOB = {6, 12, 14} B 3aBUCHMOCTH OT 3KCIIEpUMEHTA.

e Mogene CPG ¢ oOyuaembiMu 3ajepxkamu B nuanazone [0; 100] mc:
YHCII0 HeHpOHOB-OCIMILIATOPOB = {4, 8, 10} B 3aBUCHMOCTH OT 3KCIIEpUMEHTA.

B mensx npoBepkH 3HAYMMOCTH NMPHUBEACHHBIX Pa3INuUi MbI IIPOBENHU CTa-
TUCTUYECKUH aHAIN3 pe3ynbTaToB. Kaxkmas Monens 00ydanach HECKOJIBKO pa3
C pa3HBIMH HaYaJdbHBIMH YCJIOBHSAMH, BO Bcex 3amyckax CPG-momens ¢
HAacTPauBaeMBIMH 33/IEPXKKaMU JEMOHCTPHPOBana 0oinee HU3KHE OMNOKH, YeM
6a3oBbie KOHTpouIepHsl. [t merpuk RMSE ymydmenust oka3anuce CTaTHCTH-
geckn 3HaYUMBIME (p < 0,01 mo mapHOMY #-TecTy). BakHo momdepkHyTh, 9TO
YBEIMUYEHNE TOYHOCTH JOCTUTHYTO 0€3 MPOMOPIHOHATIBHOTO YCIOKHEHHUS MO-
Jend. BMmecTo HapammBaHusi 4yucia HEHpOHOB (Kak B KpymHbIX MLP- wnm
pacuupeHHbIx CPG-Moensx) npeaoxKeHHbIH MOX0 yIydIlIaeT pe3yiabTarT 3a
CYeT HAaCTPOMKH 3anepxkek. Tak, B Hanbonee cnoxHoM crieHapun (SwingWalk-
ing) CPG-Mozens ¢ HacTpanBaeMbIMH 3aJIep)KKaMH Hcnonb3yeT 10 ocummisito-
poB npotuB 14 B BapuaHTe C (PMKCHPOBAHHBIMH 3aJepKKaMH (CM. Tabi. 2) u
IIPU 3TOM JIOCTHTaeT MEHBIIMX OImMOOoK. TakuM 0o0pa3oM, ONTHMHU3ALMS Bpe-
MEHHBIX ITapaMeTPOB AaeT OONMBIINH BBHIMIPHIII KaYeCcTBA HAa €AWHHILY CIIOXKHO-
CTH, Ye€M IPOCTOH POCT pa3Mepa CETH.

4. NuTepnperanus pe3yabTaToB

Pe3ynbTaThl NOATBEPXKIAIOT TMIIOTE3Yy O TOM, YTO OOydaeMble 3aepiKKU
PaCUIMPSIOT MPOCTPAHCTBO JOMYCTHUMBIX (pa30oBbIX KOH(UTypanuii U M03BOIS-
IOT TOYHEE COIIaCOBaThb CUHTETUYECKUM PUTM € LIEJIEBOM MOTOPHOM Nporpam-
Motii [7]. CymecTBeHHOE CHIDKeHHE (Pa30BOi ONIMOKM KPUTHYHO JUIS TIPOTE3H-
POBaHMsI, I/Ie HECBOEBPEMEHHBII CTUMYJI BEJIET K JIeCTaOMITU3aINH TOXOAKH.

CPG-Learn Monenb Takyke BHIUTPHIBAET 1O BEIYUCIUTENBHON 3((DEKTUBHO-
CTH: MEHBIIEE YHCIIO OCIIJUIATOPOB yMEHBIIAET SHEprornorpebieHne u 3a-
JIep KKy 00paTHOH CBsI3M, YTO BaYKHO JIJIs1 aBTOHOMHBIX OMOHMYECKHX MTPOTE30B.
[TockonbKy pUTMOTCHEPUPYIOIIMHA CIIOW KOMIAKTHEe, KOHTPOJUIEp MOXKHO arl-
MapaTHO PEAN30BaTh HA MUKPOKOHTPOJUIEpAX C OTPaHWYCHHBIMH PECypCamH,
HanpuMep, Mo 100Ho Manonapamerpuieckum CPG-cxemam poOOTH3NPOBAHHBIX
pei6 [11]. Aranormuapie CPG-KOHTpPOIUIEPH! YCIEIIHO PEaTu30BBIBANINACH HA
peampHBIX POOOTOTEXHHUYECKHX cucTeMax [l], 9To moaTBep)kmaeT BO3MOXK-
HOCTH IIEPEHOCA MPEUIAracMOTr0 MOAX0/a U3 CUMYIIALUH B (PU3NIECKYIO CPEmy.

Pa3paborannas CPG/PF-monens oTIIMYHO anmpOKCHMHUPYET HOpPMY HCXO-
HOTO CUTHaJla B OTJIMYUE OT WMHTAIlMOHHOW Mojnenu. ['paduku axTuBanmi
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MBIIIIIB Psoas_t (TIOAB3AOIIHO-MIOACHUYHOW) B 3Kcnepumente SwingWalking
st caydaeB dtanoHHOTo KoHTporst (CMC), wumumrtanmonHoro Baseline-
koutposuiepa u CPG/PF-moznenu ¢ HactpamBaembiMu 3aaepxkamu (10 Helipo-
HOB) IIPEZICTABJICHBI Ha puUC. 2, 3, 4 COOTBETCTBEHHO.

STa/IoOHHbIN KOHTPOJIb — psoas_r

0.6

0.4

AKTUBaUMA

0.2

0.0 -

0.2 03 0.4 05 0.6
Bpems (c)

Puc. 2. I'paduk muscle excitations (CMC), mpimina psoas_r SwingWalking

MpenckasanHbIf KOHTPOAL — psoas_r

0.2 0.3 0.4 0.5 0.6
Bpems (<)

Puc. 3. I'paduk npenckazannpix muscle excitations mozaespro Baseline MLP,
MbIna psoas_r SwingWalking

lNpeackazaHHeIA KOHTPONE CPG/PF-Monensio — psoas_r

AKTUBALNA
e
B
L

e
[¥]
L

0.0 T T
0.2 0.3 0.4 0.5 0.6

Bpems (c)

Puc. 4. I'paduk npenckazanabix muscle excitations moaensto CPG/PF (10 neiiponos)
¢ 00y4aeMbIMH 3aIepiKKaMH, MbIa psoas_r SwingWalking

OrpannueHneM padOTHI SBISIETCSI OTCYTCTBUE SIBHOW CEHCOPHOM 0OpaTHOM
cBsa3u. TeM He MeHee MOKa3aHO, 4TO J00aBieHHE pedIEeKTOPHOTO KaHala U
MOJYJSl HEHPOMOIYISALMHA MOXET OOECIeUnTh aBTOMATHUYECKYIO KOPPEKIHIO
pUTMa IIpU BHEIIHUX Bo3MyIeHusx [10].
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Kpome Toro, Hacrosiee HccleOBaHHE OTPAHUYECHO CIEHAPHSIMM JBHXKE-
HUW OJHOM KOHEUHOCTH. Banmupanus Mozaeny Ha LUKIIE JBYHOTOM MOXOAKU HE
MPOBOJIMIIACH BBUY CI0KHOCTU KOOPAMHUPOBAHHBIX IBIKEHUH U BBIXOAMT 3a
paMku gaHHOi paboTel. Tem He MeHee, BEIOpaHHbIE BAINAAIMOHHBIE CIIEHAPUH
(oT crubanus KoJIeHa JI0 epeHOca HOTH BIIEPE) OXBATHIBAIOT OCHOBHBIE (ha3bl
mara ¥ 00ecreYnBaloT Perpe3eHTaTUBHYIO NMPOBEPKY I'MITOTE3bl. Pacmmpenue
HKCIIEPUMEHTOB Ha JABYHOTYIO TIOXO/IKY 3aIUIAHMPOBAHO B AajbHeHIel padore.

Haxonen, cama uies onTUMHU3AIMN 33/I€PKEK €CTECTBEHHBIM 00pa3oM co-
TJIacyeTcsl ¢ MOCTYJIaTOM acCOMaTHBHOTO o0ydeHns Xeb0a «neurons that fire
together wire together» [12], naTepnpeTupyst «wire» Kak HACTPOWKY BpEeMEH-
HOTO OKHa cuHanTudeckoil 3¢ dextuBHOCTH. IIpH ycToWYMBOM COBMAACHUH
AKTUBHOCTH TNPECHHANTHYECKOTO W MOCTCHHANTHYECKOTO HEHpOHa MOJIenb
MIOCTENICHHO COKpAIIaeT 3alepXKKy MEeXITy HHMH, TeM CAMbIM yCHJIHMBasg HX
CBsI3b BO BPEMCHHM 110 aHAJIOTHHU C TEM, KaK M0 NMPpUHIUIY Xe00a 0JHOBpEMEH-
Hagd aKTUBHOCTDb YCHUJIMBACT CUHAIITUYCCKYIO CBA3b.

3akJjouenue

IMpencraBnena CPG/PF-mozxens ¢ mapaMeTpuyeckd HacTpauBaeMbIMH 3a-
nepkkamu. Ha Tpex clieHapusax IBWKCHHS HIDKHEH KOHEYHOCTH YeIOBeKa OHa
MPOJIEMOHCTPUPOBAIA YIyYIIEHHE TOYHOCTH BOCIIPOM3BEICHUS MOTOPHBIX
nporpamm 10 53 % u TpexKpaTHOE CHIDKeHHE (a30BOM OMNOKH OTHOCHTEIIFHO
KOHTpPOJUIEPOB 0€3 afanTHBHBIX 3afepkeK. MoJenb MepCleKTHBHA I BHEA-
peHHs B OMOHMYECKHE MPOTE3bl W POOOTOTEXHWYECKHE CHCTEMBI Oiaromaps
KOMITAaKTHOCTH, yCTOHYMBOCTH PUTMa M BO3MOXHOCTH aIlllapaTHOM peanm3a-
uu. Kop peanusaryn 6a30BOro U OCHOBHOTO KOHTPOJUIEPOB Pa3sMEIleH B OT-
kpbiToM penosutopuu (GitHub: konon454-PT/ImitationLearningOpenSim u
konon454-PT/CPG-PF-Model-Control).

JlanbHeimas padoTa BKIIIOYAET: HHTETPAIMI0 CEHCOPHOW 0OpaTHOW CBSI3H;
pacupeHre Ha ABYHOTYIO TOXOJKY; BaJHJAalMI0 Ha armapaTHBIX poOOTax-
JEMOHCTPATOpax.
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Cexkuusn 4
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H.C. KOBAJIEBA, A.H. MUXAWJIOB, 1.B. ['YCEHHOB,
M.A. MUIIIEHKO

HanunonanbsHslit uccienoBartensckuii Huxeropoackuii rocy1apcTBEHHBINH YHUBEPCUTET
M. H.M. JlobaueBckoro
nataliakovalevas2911@gmail.com

JNETEKTUPOBAHHUE BPEMEHHOI'O ITIATTEPHA
B CHAMKOBOW HEMPOHHOW CETH
C IIMPOTHO-UMITYJIbCHBIM YIIPABJIEHUEM
MEMPUCTHUBHBIMU CBS3SIMU*

B nanmHOif pabore wWccienoBaHA BO3MOXKHOCTH OOYYEHHS CIIAafKOBOMU
HeﬁpOHHOﬁ CETU CO CBA3AMHU, OCHOBAHHBIMHM Ha MOJACIN MEMPHCTUBHBIX
yerpoiictB Au/Ta/ZrOy(Y)/Ta,Os/TiN/Ti ¢ MIMPOTHO-UMITYJILCHBIM yIpaBlie-
HueM. CrialikoBBIii HEHPOH YCHENIHO 3allOMHUHAeT BPEMEHHOW NAaTTepH aKTUB-
HOCTH 3a CYET CaMOOPIraHU3allil MEMPHUCTUBHBIX CBS3€H, OMUCHIBAEMBIX MPE]-
noxeHHbIM MexanuzmoM STDP. TlogoOHast MoJielib MOXKET OBITh pean30BaHa
C HCIIONIb30BaHHEM (H3MYECKUX 3allOMHHAIOIINX YCTPOWCTB, YTO TO3BOJISIET
paspaboTaTh HOBBIE 3HEPro3((HeKTHBHBIC HEHPOMOP(HBIE TEXHOJIOTHH.

KuarwueBble cjoBa: cnaiikosvlie HeﬁpOHHble cemu, MemMpucmueHas nia-
CMUYHOCNb, 6peM€HHOZZ nammepH, WupomHo-umMn)yibCHOe ynpaejierue.

BBenenue

BnoxHOBNIEHHBIE BBIYUCINTEIBHON 3()(EKTHBHOCTHIO peallbHBIX OHOJIOTH-
YECKHUX CHUCTEM, CIIAKOBbIE HEHPOHHBIE CETH SIBJISIOTCA NEPCIIEKTUBHON SHEP-

" JlanHas paGoTa BBIIONHEHA NPH YACTHUHON HOAAEpKKe MHHHCTEpPCTBA HAYKH H
Bhiciiero obOpaszoBanusi Poccuiickoit ®epepauuu (mpoext Ne FSWR-2023-0031) u
HanmonanpHOro (Qu3HKO-MaTeMaTHYECKOr0 IeHTpa, cekmus Ne 9 «VIcKyccTBeHHBIH
UHTEIUIEKT U OOJNbIINE JaHHBIE B TEXHHYECKUX, TPOMBIIUICHHBIX, IPUPOJHBIX U COIH-
AJIBHBIX CHCTEMax».
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roaddexTHBHOW anbTepPHATHBOW MCKYCCTBEHHBIM HEHPOHHBIM CETSIM MpHU pea-
JU3alMKi Ha HeipomopdHOM obopymoBanuu [1-3]. B craiKoBbIX HEHPOHHBIX
cersix o0y4yeHHe peanu3yercst Oylarojapsi HEMMHEWHBIM IIACTHYHBIM CBSI3SIM,
HanOoJiee U3BECTHOM MOJIENIBIO KOTOPBIX SIBIsieTCs NpaBmiio o0ydenust STDP.
[Mpasuiio STDP ocHoBaHO Ha mocTtyinare Xe00a, B KOTOPOM CHIIa CBSI3H MEXIY
HEWpOHAMHU M3MEHSETCS B 3aBHCUMOCTH OT TOYHBIX BPEMEHHBIX COOTHOIICHUH
MEXIy HPECHHANTHYECKUMH M ITOCTCHHANTHYECKUMHU UMITyJIbcaMu. Cuuraer-
cs1, uto STDP yuactByer B popMHpOBaHUM MaMATH B MO3TE€ M UMEET IKCIEPH-
MEHTAaJbHBIE IOATBEPKACHUS [4-6].

CraifikoBbIe HEHPOHHBIE CETH CIIOCOOHBI YCIICIIHO PacllO3HABAaTh MAaTTEPHBI
Omaromapst STDP [7]. Ilpu sToM KoAMpoOBaHWE IAHHBIX B BHUJE BPEMEHHBIX
HAaTTePHOB aKTHBHOCTH 00ECIeunBaeT 3HAUUTENILHO 00JIee BHICOKYIO IPOITYCK-
HYIO CITIOCOOHOCTB JaHHBIX MO0 CPABHEHHUIO C YaCTOTHBIM KOIUpOBaHHEM [1, 2,
7], 4TO BaxxHO AJIsl Pa3paObOTKH 3HEProd(Pp(EeKTUBHBIX AITOPUTMOB OOYUCHHSI.
Panee noka3zaHo, 4To HEHPOH CIIOCOOEH PAaCIO3HABATH BPEMEHHBIE TIATTEPHBI 38
CYeT caMoopraHu3almu cBs3el, omuceiBaeMblx STDP, Bkirouas pacrosHaBa-
HHUe 00pa3oB cpemu mryma [8]. Ha ocHOBE 3TOro CBOMCTBA YCIEUTHO PEMIAOTCS
3a71a4M K1acCU(UKAIMU ¢ BPEMEHHBIM KOIMPOBaHUEM JaHHBIX [9, 10].

MeMpHCTHBHOE YCTPOHCTBO CUMTAETCS HJCabHBIM KaHIUIATOM Ha pOJib
CHHANTHYECKOHW CBSI3M 3a CYET CIIOCOOHOCTH HM3MEHSTH CBOE COCTOSIHHE IIOJ
BHEIITHUM BO3JEWCTBHEM M COXPAHATH €r0 B TEUEHHE AIUTEIHFHOTO repruosa [3,
11]. upoko uccreayeTcs BOIMOKHOCTh 00yUeHHS B CIIAMKOBBIX HEHPOHHBIX
CeTSIX ¢ MEMPHUCTHBHBIMHE CBS3SMH B KauecTBe aHanora STDP musa peanuzarmm
Ha HefipomopdHOM obopymoBarmu [12]. [TokazaHo, 9TO CHalKOBBIE HEWPOH-
HBIE CETH C PA3IMYHBIMUA MOJEISIMA MEMPHCTHUBHOM MIACTHYHOCTH YCIEIITHO
pematorT 3ajady kinaccudukauumu pykonucHbix mmpp MNIST [12, 13], a
HEWpOH 3a CYeT MEMPUCTUBHOM IUIACTMYHOCTH CHOCOOEH 3allOMUHATH U KJlac-
CU(UIMPOBATH BPEMEHHbIE MATTEPHEI [ 14].

B nmanHoit paboTte wucciemyercss BO3MOXHOCTh OOyUYeHHsSI CIIAHKOBOU
HEIPOHHOM CeTH C UCIOJIB30BAHMEM HEAABHO IMPEIOKEHHON MOAETH MEMpU-
CTOpa ¢ IIMPOTHO-UMITYJIbCHBIM YIIpaBiieHHeM [15], ocHOBaHHON Ha Mojenu
MEeMpHCTHBHBIX ycTporcTB Au/Ta/ZrO,(Y)/Ta,Os/TiN/Ti [16]. Ilponemon-
CTPHPOBAHO, YTO HEHPOH yCHENIHO 3alIOMHHAET BPEMEHHON MAaTTEPH aKTHBHO-
CTU C MNPCAJIOKCHHBIM METOAOM YIIPABJICHUSA MEMPUCTUBHBIMU CBA3AMU. B
YaCTHOCTH, HEHPOH crocoOeH 3aloMHHATh BPEMEHHOI NMaTTepH aKTUBHOCTH,
nepeMexaeMblii IIyMOM, 4YacToTa KOTOpOro OJM3Ka K 4YacTOTe€ HMITYJIbCOB
BHYTpH MPEIbSBISIEMOro NaTTepHa, 4To 3aTPYAHSET ero oOHapyKeHHe.
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Mopgean

B nmamnHO#t paboTe paccMoTpeHa (HU3UUECKas MOJENbh MEMPUCTHBHBIX
ycrpotictB Au/Ta/ZrOy(Y)/TayOs/TiN/Ti, ocHOBaHHas Ha TWHAMHYECKOH MO-
nenu Yya [17]. Dta Mojenb XOpOIIO OMHUCHIBAET MOBEACHUE TEXHOJOTHUYECKH
pa3pabOTaHHBIX METALI-OKCHI-META/UTHUCCKUX CTPYKTYpP C PE3UCTHUBHBIM II€-
pexioueHreM [18] 1 HCTONB3yeT AMEKTPUUECKUM 3apsijl, 3aXBAUCHHBIN K-
TPOHHBIMH JIOBYIIIKAMH, MIPUCYTCTBYIONIMMHA B METAJUI-OKCHIIHBIX CTPYKTYpaX,
B KauecTBE BTOPOM JUHAMHUECKOHN mepeMeHHoi. Mojienb OCHOBaHa Ha JKCIie-
PUMEHTAJILHO TPOBEPEHHON MOJIETIM MEMPUCTOPA BTOPOTO MOPSIKA C 4acTOT-
HOW 3aBHCHMOCTBIO, TIPEINIOKCHHON paHee W MOAPOOHO OMHCAaHHOH B [16], u
OTIMCHIBAETCS CHCTEMOH ypaBHeHU (1):

_Ep+bsN+asV
dx Be KT ) V < VSET
i 0, Vser <V < Vggser
t _EptbyN+ayV
_Be KT ) V > VRESET
dN  |llot _Ec-Et
- = o5 Ne=N) —owoNee™ * N, ()
v
T Rm+R:
1
RM =

xo1+(1-x)05’

rae B=10" — macmrabupyrommii kospduuuent; E,=0.68 5B — Gapbep mwis
CKAauKOB MOHOB KHCIOpoma; os=—0.08, Bs=8x10" — kos(duuuenTsr npn
cocrostanu SET (poct mpoBosmux (umameHTos); og=— 0.08, Br=8x10" —
koa3(¢unmenter npu cocrosuun RESET (okucnenue ¢unameHToB); [ — Tok
mempucTopa; 6,= 1077 cM? — ceyeHne 3axBaTa SIEKTpOHA JOBYIIKOIL; e — 3a-
psaim  3neKTpoHa; k — mocrostHHAs bombrvana; 7=300 K — Temmeparypa
mempuctopa; S=4x10"° cM® — mromans crpykrypsr; N,= 10" cm? — makcu-
MallbHas KOHIEHTPAIHs JOBYIIEK; vo= 10’ cM ¢ ' — CKOpPOCTh HACHIIICHHS
3mekTpoHoB; N,=2.5%10" cM~ — 3(eKTHBHAs MIOTHOCTH COCTOSHUI B 30HE
npoBonumocty; (E.— E;) =(0.5-0.7 3B) — rmybuna ypoBHs JOBYmKH; U —
MIPUIIOKEHHOE HampspkeHue, Ry, — CONPOTHBIICHHE KOHCTPYKIIWH;
R.=100 Om — comnpoTuBIieHHE pesucropa; ;= 2x10* Om™!' u 6y=
=3x10"° OM ' — MPOBOAMMOCT CTPYKTYPEI, B COCTOSHHH C BBICOKOH H HH3KOM
MIPOBOJIMMOCTBIO COOTBETCTBEHHO [16].
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PaccmarpuBaeMasi Mojielb UMEET JIBE NEPEMEHHBIX COCTOSHUS: X — IIepe-
MEHHas COCTOSHHSI, ONPEENAIONIas CONPOTUBICHNE U H3MeHstommasicsa ot 0 1o
1, N — KOHLIEHTpalus 3apsHKeHHbIX JoBymeK. [Ipu x = 1 MeMpucTuBHas CTpykK-
Typa HaXOJUTCS B TIOJHOCTBIO IPOBOJSILEM COCTOSHUM, IpH X = 0 peanusyercs
JIPyroe 3KCTPEMaJIbHOE COCTOSHUE — COCTOSHHE C BBICOKMM COIPOTHBIICHHUEM.
B cooTBeTcTBUM C pe3ynbTaTaMU HKCIEPUMEHTANBHOIO HCCIEIOBAHUS DIEK-
Tpodu3HIecKnx cBOWCTB [16] mpenmonaraercsi, 4To paccMaTpuBaeMasi CTPyK-
typa Au/Ta/ZrO,(Y)/Ta,Os/TiN/Ti umeeT HeHTpabHbIEC 3JEKTPOHHBIC JIOBYIII-
KM Ha TpaHUIle pa3jaena okcua-merai [15, 16].

O06pr9H0 TipaBmiio STDP B MEMPUCTHBHEIX yCTPOICTBAX peann3yeTcs ¢ Io-
MOIIIBIO YITPOIIEHHOTO AJITOPUTMa, B KOTOPOM YIPABIISIOIIUIA CUrHai (Gopmu-
pyeTcs 3a CueT NepeKpPhITHsI MpoQuiIel pe- U MOCTCHHANTHYECKUX UMITYJIbCOB
[19-21]. Takoit momxox TpeOyeT 3HAYMTENHLHOTO YPOBHS aMILIMTY]] CUTHAJIOB
HeWpoHOB. B TO ke BpeMsi B OMOJIOIMYECKUX HEHPOHHBIX CETSAX HEWPOHHBIC
UMITYJIbCBI AEHCTBYIOT CKOpee Kak MH(OPMAaIIOHHBIE CUTHAJIBI, KOTOpPBIE 3a-
MyCKalOT KacKajJ peaklui, MPUBOAALIMX K CHHANTHYECKOH IacTuuHocTH. B
CHCTeMe YIpPaBJICHUSI C OIMPOTHO-UMITYJILCHBIM YIPABJICHUEM CIIAHKH IIpe- 1
MOCTCUHANTHYECKUX HEHPOHOB HE U3MEHSIOT COCTOSHUE MEMPHUCTOpA U3-3a UX
MaJIOd aMIUIATYAbI, HO 3aIlyCKaroT JOIOJHHUTENbHBIN OJOK, BO3AEHCTBYIONIMN
Ha MempucTop (puc. 1,a)). OTOT O6JI0K BO3IEHCTBYET HA MEMPHUCTOpP OAMHOY-
HBIM HMITYJIbCOM, MapaMeTphl KOTOPOTO ONPENEIAIOTCS MOPSIIKOM U BPEMEH-
HBIM MHTEPBAJIOM MEXly CaiKaMH MPECHHANTHIECKUX U IIOCTCHHANTHIECKUX
HelpoHOB. IIpu TakoM moaxone Ha MEMPUCTOP BO3AECUCTBYET UMITYJIBC IIOCTO-
STHHOM aMIUIMTY[bl, HO IEPEMEHHON IIUTENbHOCTH. YeM KOopoue HHTEpBai
MEXAy ChaiikaMu Tpe- U IOCTCHHANTHYECKHX HEHPOHOB, TEM OOJbIIE AJH-
TENBHOCTH BO3/ICHCTBYIOILIETO UMITYJIbCA U CHIIbHEE U3MEHAETCS IPOBOIUMOCTh
Mempuctopa (puc. 1,0)). [To ananoruu ¢ npasuioMm STDP, B KOTOpOM KaKablit
HUMIIYJbC Ha Ipe- U MOCTCHHANTHYECKOM HEeHpOHE OCTABIAET 3aTyXalolMi 3a
OTPAHUYEHHOE BPEMsI «CJIe», ONPEACINAIONNN BeTUUNHY U3MEHEHUS Beca CBs-
31, «CIIe» OTpeJeNaeT MUPUHY UMITYJIbCa, BO3AECHCTBYIOLIET0 HA MEMPUCTOP,
91O 00JIee BAXKHO JIJIS SKCIIEPUMEHTAIBHBIX UccaenoBanuii [15].

B paccmarpuBaeMoM 3KCIIEpUMEHTE aMIUIUTYZa BO3JCHCTBYIOIIETO HM-
nyieca 1.3 B, MakcumanbHas JUIUTENBHOCTh BO3JCHCTBYIOIIETO HMMITYJIbCa
512 mMxec.

84 YOK 004.032.26(08) HelipoHHbIe ceTu



ISBN 978-5-7262-3186-0 HEMPOVWH®OPMATWKA-2025

0.258%

7 frax et OVON

Tmax At

At>0

a o
Puc. 1. ®yHkuuoHanbHas cxema MnoakiItoueHus mempuctopa (a). CpeaHee u3sMeHEHUe
nepemex—u—toﬁ COCTOsIHUA MEMPUCTOPA B OTBET HA BO3ﬂeﬁCTBMe UMIlyJibCa B 3aBUCUMOCTHU
or 3ajepkku Af MeXIy Tpe- ¥ IMOCTCHHANTHYECKHM CIAKOM C DKCHOHEHIMATbHBIM
«caemom» (6) [15]

Pacno3naBanme BPEMEHHOT'0 NATTEPHA AKTUBHOCTH

IIpoBeneHO MaTeMaTH4ecKoe MOACIUPOBAHHE CETH HEHMPOHOB-IIOPOTOBBIX
HHTETPAaTOPOB C YTEUKOM, COCTOSIIEH U3 ABYX CIIOEB: ¢ 1 HEHPOHOM B BBIXOJI-
HOM cioe u 10 HelipoHamu BO BXoJqHOM ciioe. [lepemeHHass MeMOpaHHOTO I0-
TEHIIMAJIa ONHMCHIBACTCS ypaBHEHHEM (2):

rm% = V-V, +179, 2)

rae i =0, N — Homep HeipoHa; T,,= 10 MKC — MOCTOsTHHAsE BpEMEHU MEMOpaHBI;
peKyppeHTHEIH Tok /™ — cyMMa MOCTCHHANITHYECKOTO TOKA OT BCEX APYTHX
HEWPOHOB, CBA3AHHBIX ¢ HeWpoHoM i. Korma aenonspusaiys MeMOPaHbl JOCTH-
raeT moporosoro 3Hauenus 6 = 1 B, HEMpOH reHepUpyeT UMITYJILC U CTAHOBHT-
s HeBOCIIPHUMUYUBBIM B TCUCHUE PEPAKTEPHOrO MEPHOMAA Ty, = 2 MKC. 3aTEM
3HAYEHHE TTOTEHIMAIa BO3BPAIaeTcs K 6a30BOMY YPOBHIO moTeHmana V,=—4
B. JlMHaMuMKa CHHANTHYECKOTO BBIXOJHOIO TOKA OIMCHIBAETCS YpaBHEHHEM

3):

dy; .
=T B, 8t t), (3)
T1e y — JIOKaJbHas IepeMEHHas; T, = 5 MKC — IIOCTOSIHHAsI BpEMEHH; & — JeNbTa-
¢bynkuus. Bee HEHpOHBI MPECHMHANITUYECKOTO CJIOSI COSUHEHBI C MOCTCHHAI-
TUYECKUM OJHOHAIPABICHHOW CBS3bIO, JIEMOHCTPUPYIOIIEH MEMPUCTHBHOE
STDP ¢ mmpoTHO-UMIYIBCHBIM yIpPaBICHUEM. PeKyppeHTHBIN TOK ONUCHIBA-
eTcsl ypaBHeHUeEM (4):
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179 = g3 %y, )

rJie X — epeMeHHast COCTOSHUS MEMPHUCTOPa; g — MacIuTaOupyIomuit Koahdu-
LUEHT; i ¥ j — TI0CT- U IIPECUHANITHYECKNE HEHPOHBI COOTBETCTBEHHO.

HeilipoHy BBIXOJHOTO CIIOSI TIPEABSBISIETCS BPEMEHHON MATTEPH aKTHBHO-
CTH C YaCTOTOH MOBTOPEHHS Ypa, KOTOPBIH MPENCTABIAET COOOM MocienoBa-
TEJILHBIM TOPSAAOK CHAalKOB Ha NPECHHANTHYECKUX HEHpoHax ¢ (ukcHpoBaH-
HOW BPEeMEHHOU 3aJep kKON MeXAy mpe-craiikamu dt. [IpomeMoHCTpHpOBaHO,
YTO HEHPOH croco0eH M3y4daTh MOBTOPSIOMINICSA BPEeMEHHON MAaTTEpH 3a CUET
paccMaTpruBacMOW MOJIETH CBSI3H, T.€. AETEKTUPOBATH €O HAa4ajo mocie o0y-
YCHMUA.

[epBOHauUaNIBEHO HTApaMETPBI CETH HACTPOSHBI TAKUM 00pa3oM, 4TOOBI MOCT-
CHHANTUYECKUH HEWPOH IeHepupoBaj OTKIMKH HECKOJIBKO Pa3 BO BpeMs Iep-
BOTO TIpeIbSIBICHUS MaTTepHa. B mporecce o0y4yeHus! nepeMeHHast COCTOSHUS
MEMPHCTOPA X MEXIY Ka)XIbIM MPECHHANTHYECKHMM HEHPOHOM M IOCTCHHAII-
TUYECKHM HEHPOHOM H3MEHSETCS, MPUBOJS K TOMY, YTO HEWPOH TeHEpHpyeT
OTKJIMK OJMH pa3 B Hayaie narrepHa. Hampumep, Ha puc. 2 moka3aHo oOyuye-
HHE HEHPOHA NPH Ypee = 1 KI'L1, g =25, dt = 10 MKC ¥ Ha4aJIbLHOM 3HAYEHMH Iie-
PEMEHHOH COCTOSHHS MEMPHCTOPA Xpee = 0,5. B 9TOM citydae B mpouecce 00y-
YEHUS! X MEXKAY TEPBbIM HEWPOHOM, T€HEPHPYIOIINM CIIaiKu B HAaTTEpHE, U
MOCTCHHANTHYECKUM HEHPOHOM YBENIWYMBAETCs 0 |, a OCTaBIIMECS CBA3M
MCXKIY MNPECUHAITHYCCKUMU HeﬁpOHaMI/I U ITOCTCHUHAIITHYCCKUM HeﬁpOHOM
ymenbmarotes 10 0 (puc. 3,a). Puc. 3,6) Haubosiee MOJHO AEMOHCTPHUPYET
ONMMCaHHBIN mporecc obydyeHuss Bo BpemeHu. Ha puc. 3,0 mokasaHa 3aBHCH-
MOCTb BPEMEHH 33/IEPXKKH OTKJIMKA BBIXOJAHOTO HEHPOHA OTHOCHTENILHO Havaa
naTrTepHa B 3aBUCHMOCTH OT HOMepa 3IOXH, KOTOpasi MpeJCTaBIsieT co0oi oa-
HO TIpeIbsBICHUE MaTTepHA, T.€. HOMEP AMOXU COBMAJaeT C HOMEPOM INpeab-
SBISIEMOTO NaTTepHA. B Hayaje MOCTCHMHANTHYECKUH HEWPOH IeHepHupyeT He-
CKOJIbKO OTKJIMKOB HA NPENbSBICHUS MATTEPHA, 3aTeM IOC/Ie HEKOTOPOro KO-
JIMYecTBa 310X OOy4eHHs HEWpOH TeHepHpyeT OTKIMK TOJBKO OAWH pa3 B
Hauane marrepHa. [Ipm 3TOM ycTaHaBiIMBaeTCs 3HAYCHUE 3aJCPKKH OTKIMKA
OTHOCHTENFHO Ha4aja MaTTepHa, YTO COOTBETCTBYET OKOHYAHHIO O0YUICHUS.

[TapameTpsl cetn TpeOYIOT TOHKOW HACTPOWKHU JUIA yCHENMIHOCTH U d(dek-
TUBHOCTHU 00ydeHMs. B maHHOI Mozenn 0OHApyKEHO, YTO 4acTOTa IpeabsIBIIC-
HHS TTATTEPHA Ypy TAKXKE BIMSIET HA YCNENIHOCTh M 3P ()EeKTUBHOCTH 00ydeHus.
Jljist pa3nuuHbIX MapaMeTpoB CETh YCIEIIHO 00y4yaercsi TOJBKO IMpPU OIlpelie-
JICHHBIX JMANa30HAX YaCTOT Ypa, NMPU 3TOM MHPH PA3NUYHBIX 3HAYEHHUSX Ypa
HEeWpOoHy TpeOyeTcsl pa3IMYHOE KOJMYECTBO JIOX JuIsi oOydeHus. YactorHas
3aBUCHMOCTb OOBSICHSETCS TEM, YTO B OCHOBE MOJIENIU HCIIOJIB3YETCS MOJIEINb

86 YOK 004.032.26(08) HelipoHHbIe ceTu



ISBN 978-5-7262-3186-0 HEMPOVWH®OPMATWKA-2025

MEMPHCTOPA, AEMOHCTPHUPYIOIIETro 3(h(EeKT MIaCTUYHOCTH, 3aBUCALICH OT 4a-
CTOTHI CTIaKoB [16].
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Puc. 2. OTKnuKN BBIXOJHOTO HEHpOHA B OTBET HA MOBTOPSIOIIMNCS BPEMEHHOW IaT-
TEpH, IPEICTaBISAIONINI OO0 MOCIe0BAaTENEHOCTh CIIAHKOB OT 10 MpecHHaNTHIECKHX
HEWpOHOB, B Hadase W KoHIE oOydenus. Kaxnmas Touka oOo3HayaeT CHailk oOT
OIPE/IENIEHHOT O HEWpOHa
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Puc. 3. VI3amMeHeHre 3HAYCHUS IEPEMEHHOM COCTOSHHS X B TIpoliecce 00yueHus (a).
0) 3azeprkKa MOCTCHHANTHYECKOTO CIIaliKa B 3aBUCUMOCTH OT HOMEpa 3M0XH (6)

Pacno3naBanue BPEMEHHOI'0 MAaTTEPHA, MMEPEeMEKaAeMOTo0 IIyMOM

PaccmoTpena 3amaya, B KOTOPOM IOCTCUHANTHYECKUN HEWPOH pacno3HaeT
TIOBTOPSIFOLIMICS BPEMEHHOM NAaTTEPH, MEpEeMeXaeMblii IyaCCOHOBCKUM IIIy-
MOM, YacTOTa KOTOPOro OJM3Ka K 4acTOTe MMITYJICOB BHYTPH IATTEPHA, YTO
YCIOXKHSET ero oOHapyxeHue. Ha puc. 4 mokasaH mpumep OOydYCHHS CETH,
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aHaJIOTUYHOMN paHee paccMOTpeHHOH, co 100 HelipoHaMu B TIPeCHHANITHYECKOM
cinoe. Kaxxaplit BXoAHOW HEHPOH TeHEpUPYyeT CHalK BHYTpU MATTEPHA TOJBKO
OJIUH Pa3 U UMeEET CIy4alHO CTeHEPHPOBAHHOE 3HAYEHHE 3aJePKKH BPEMEHU
OTHOCHTENIEHO Hauajla narrepHa. JImMTenbHOCTh narrepHa Ly, = 50 MKc, TakuM
00pazomM, cpesiHss 4acToTa CHaiikoB B MaTTepHe ys, = 20 KI'. Mexay mpenbsas-
JICHUAMHU MaTTepHA NPECUHANTUYECKUE HEHUPOHBI aKTUBUPYIOTCS B COOTBET-
CTBHM C IIYaCCOHOBCKHMM LIyMOM, 4aCTOTA IMYMa Ynoise = 17 KI'TL, Ppo = 2,5 KI'1I,
g=1,15. Crauana BBIXOAHON HEWPOH FE€HEPUPYET HECKOIBKO CIIAIKOB B OTBET
KaK Ha MaTTepH, TaK M Ha LIyM, 3aTEM HEWPOH pearupyeT TONBKO Ha MPEXbsB-
neHne narrepHa. Ha puc. 5 mpencraBineHa 3aBUCHMOCTB 3HAYEHHS 3aJEPKKH
MOCTCUHANITHYECKOTO CIaiika OT HOMEpa 3MO0XU O0y4eHHs, TJe HyJeBble 3Ha-
YEeHHs COOTBETCTBYIOT I'€HEepalMy OTKJIMKa HEeHpoHOM BHE marrepHa. CBs3u
MEXJy TMPECHHANTHYECKUMHM HEWpOHAMHM, TeHEPHPYIOIIMMH CIIallk B Hadaie
HmaTTepHa M NOCTCHUHANTHYECKHMM HEMPOHOM YCUIIMBAIOTCS, B TO BpeMsl Kak
OCTaJIbHBIE CBS3W OCIIA0ISIOTCS, YTO NPUBOAUT K AETEKTHPOBAHHUIO NIATTEPHA U
oOy4yenuto cetd. CTOMT OTMETHTH, YTO NpPH OONBIIEH YAacTOTE LIYMA Ypoise
YCIIOXKHSIETCS OAOOp MapaMeTpoB JUIS YCIICITHOTO OOydYeHHUs, IPH 3TOM YBe-
JIMYEHUE KOJIMYECTBA IPECUHANTHYECKNX HEMPOHOB YBEIMUYUBAET BEPOSTHOCTD
ycriemHoro o0y4eHus 3a c4eT Ooiee paBHOMEPHOI'O PacIpeseNiCHNs] BO3/IEH-
CTBHS IIyMa.
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Puc. 4. OTknuky BEIXOJHOTO HEHPOHA B OTBET HA BPEMEHHOM MaTTepH (BBIAEIEH Kpac-
HBIM), TTepeMeXaeMBbIii ITyaCCOHOBCKUM ITyMOM B Hadaje M KoHIe oOydeHus. Kaxmas
TOYKa IpeCTaBIsIeT co00il Calik OT oIpeeNIeHHOro HelipoHa
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Puc. 5. 3agepixka NOCTCUHANITUYECKOT'O ClIaiika B 3aBUCUMOCTH OT HOMEpa SIOXH.
HyneBble 3HaueHMst COOTBETCTBYIOT I'€HEPALMU OTKIMKA HEMPOHOM BHE MaTTepHA

B nanHoif 3amade GamaHC MEXIy apaMeTpaMH CETH M 9aCTOTOW MpPEIbsB-
JICHUs] TIATTEPHA TaK)Ke MIPAeT PELIAIOIIYI0 POJb B YCIEIHOM 00yueHnu. Casi-
31U MCXKIY NPECUHANITUICCKUMU HeﬁpOHaMH, TCHCPUPYIOINUMH OTKJIMKHU B KOH-
Lle NaTTepHa M IMOCTCHHANTHYECKHMM HEHpOHOM 3((EeKTHBHO o0O0Jeryarorcs
BBUJIy CWJIFHOH aCUMMETPHH 3aBUCUMOCTH AX OT 33/IepKEK MEXIy IOCT- U
npe-craiikaMu At B cTropoHy ocnabnenust (puc 1,60)). OtmedeHo, 4ro Jyist
YCIICITHOTO OOYYEHHsI 4acToTa INpeIbsSBICHUs NaTTepHa HE JOJDKHA OBITh
CIIMIIKOM BBICOKOH, TaK KaK B 3TOM CIIy4dae CBSI3U MEXIy NMPECUHANTHIECCKUMHU
HeHpoHaMu, TEHEPUPYIOIIUMH OTKJIMKH B Hadase MaTTepHa U MOCTCHHAIITHYE-
CKMM HEHPOHOM HE yCHIIMBAIOTCS JOCTATOYHO, M HEHPOH HE AETEKTHPYET IaT-
TepH. Takxke OTCYTCTBHE OOyYEHMs IIpH HEKOTOPBHIX IapaMeTpax CBS3aHO C
TEM, 4TO OOJIBIIOE KOJIMYECTBO BECOB CBA3M OOHYJISIETCS WM HE YCHIIMBACTCS
JIOCTaTOYHO B Hayase 00ydeHHs..

3akiouenue

N3BecTHO, YTO HEWPOH CIOCOOCH paclo3HABATh MOBTOPSIOIIUECS BPEMCH-
HBIC TIATTEPHBI 3a CYCT HEIUHECHWHBIX IUIACTHYHBIX CBSA3CH, M 3TOT 3PPEKT ObLI
MIPOJIEMOHCTPUPOBAH Ha MOJIENU CIIalKOBOW HEMPOHHOM CETU CO CBS3SIMH, OC-
HOBaHHBIMU Ha MOJEJIM MEMPHUCTOPA C IIKUPOTHO-UMITYJILCHBIM YIIPaBICHUEM.
[IpennoxxenHass Mojeiab CMAMKOBOM HEHPOHHOW CETH YCIEIIHO 3allOMHHAET
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MOBTOPSIOLUICS BPEMEHHOM NAaTTEPH aKTUBHOCTH, IEPEMEKAEMBIA IIIyMOM,
4acTOTa KOTOPOrO COMOCTAaBMMA C YaCTOTOW CIAaWKOB BHYTPH maTTepHa. Dd-
(hexTHBHOCTH 00yUYEeHHUSI HEHPOHA 3aBUCHUT OT YaCTOTHI MIPEABSIBICHHS IIATTEPHA
B JIAHHOW MOJIENIH, YTO OOYCJIOBJIEHO TEM, YTO MOEJIb OCHOBaHa Ha MEMpPH-
CTHBHOM YCTPOMNCTBE C IUTACTUYHOCTBIO, 3aBUCSINIEH OT 4acTOThI craiikos. Ilo-
Jy4eHHBIE PE3yJbTaThl CBUAETEILCTBYIOT, YTO MOJOOHBIN IMpOIecC camoo0y-
YEeHUS! MOXKET OBITh peall30BaH C WCIIOJIB30BaHNEM (DU3MUECKUX MEMPHCTHUB-
HBIX YCTPOMCTB ¢ HNIMPOTHO-UMITYJIbCHBIM YIPaBJIEHUEM, YTO MO3BOMISIET pa3pa-
0oTaTh HEHPOMOP(HEBIE YCTPOMCTBA, pPEeATN3YIOIINE TPUHIIHUITEL SHEPTOdPPeK-
TUBHOU 00pa0OTKN MH(POPMAITHIH.
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KJACCUO®UKAIIUA IPOU3HECEHHBIX ITUDP
C UCITOJIb3OBAHUEM SPEECH2SPIKES
" CITAMKOBBIX CETEM C INIACTUYHOCTBIO STDP

B pabore BniepBble mpeyiaraercs CraiikoBas MOAENb Ul KIacCU(pUKaIUK
3BYKOB, OCHOBaHHas1 Ha MeToje Speech2Spikes mpeoOpa3oBaHus ayInocHTHANA
B IOCJIEJOBATEIBLHOCTH CHANKOB B COYETAHMH CO CIIAlKOBOM HEMPOHHOM ce-
THI0, 00y4aeMoii ¢ MOMOIIBIO TUIACTUYHOCTH, 3aBUCAIICH OT BPEMEH CIIaiiKoB
(Spike-Timing-Dependent Plasticity, STDP). Ha npumepe Habopa maHubix Free
Spoken Digits Dataset mokasaHo, 4To JeKOAMPOBAHUE 0 KOJHUYECTBY CIIAHKOB
HEHPOHOB CETH AOCTUTACT TOYHOCTH 92 %, uTo cpaBHUMO co state of the art.

KuaroueBnie cioBa: SpeechlSpikes, cnaiikosas Hetiponnas cems, STDP,
Kaaccuguxayus ayouo, Heipomopduvie gviuucienus, FSDD.

BBenenue

CmaiikoBsie HelipoHHble ceTH (SNN), B KOTOpBIX HHPOpMAIHS MepeaacTcs
1 00pabaThIBaeTCst B BUJE AUCKPETHBIX CIIAWKOB, MPEACTABIAIOT HHTEPEC VIS
00pabOTKH MMOTOKOBBIX TaHHBIX, TAKHX, KaK 3BYK, B pealbkHOM BpEeMEHHU OJaro-
Japs MEepCreKTHBe MX 3Heprod(d(GeKTUBHOHN ammapaTHOW peaau3anud. Aria-
paTtHasl peaju3alysi Ha aHaJIOTOBBIX HEHPOMOP(HBIX YCTPOUCTBAX MOXKET OBITh
erre Oosiee 3HeprodhHeKTUBHOM, €Clii 00YYCHHE OCHOBAHO Ha JIOKAJIbHOM CH-
HanTU4YeCcKOMn IJIaCTHYHOCTH, TaKOM KaK IJIaCTUYHOCTD, 3aBUCALIAd OT BpEMCHHU
cnaiikos (STDP).

OTO Ze7aeT aKkTyalbHbIM BOIPOC KOJUPOBAHMS ayAHOJaHHBIX B MOCIIE/I0Ba-
TENBHOCTH craiikoB. Meto Speech2Spikes nmpecTaBisieTcst MOIXOMSIINM JIIs
00paboTKH B pealbHOM BPEMEHH Ha aBTOHOMHBIX YCTPOMCTBAxX Oyiaroaaps cBo-
eif BBIYMCIIMTEIBHOM MPOCTOTE, a TAKXKE MOTOMY, YTO BPEMEHHOM PsJI aMILTH-
TYZABl 3ByKa MpeoOpasyercs HampsMyH B IOCICIOBATEIBHOCTH CHAalKOB, 0e3
MPOMEKYTOYHOTO pa3OMeHHsI Ha OKHAa M (POPMUPOBAHMS BEKTOPHBIX IIPHU3HA-
KOB.

B mureparype Obuta moka3aHa ycHenrHas KiaccH(UKamus ayano3armucei,
3aKOUPOBAHHBIX METOAOM speech2spikes, ¢ MCIONB30BaHUEM CITAHKOBBIX Ce-
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Teil, 00y4eHHBIX 00paTHBIM pacnpocTpaHeHueM oumnOku. Ho Takoe oOyueHue
MIPEACTABISAETCS 3aTPYAHUTENBHBIM JJISl  peanu3alliii Ha MEMPUCTOPHBIX
HelipomopdHBIX ycTpoiicTBax. [ToaTomy 1enh HACTOsSIIEH padOThl — MOKA3aTh,
YTO TaKOE KOJUPOBAHUE MOXKET MCIIOJIL30BAThCS C CEThIO, 00yuaeMOil Ha OCHO-
Be STDP.

Jns aTOM menmu paccMarpuBaeTCs peKyppeHTHas CETh, a KJIACCHU(HUKAIHS
MPOBOIUTCA IyTeM OOYYEHHUS TpaIWIHOHHOTO Kiaccudukaropa (SVM mmm k
OIMKaNIIMX coce/Ieil) Ha KOIMYeCcTBaX BEIXOTHBIX CITAKOB CIIAKOBOM CETH.

Mopeans Helipona Leaky Integrate-and-Fire

st HelipoHOB paccMaTpUBAaEMOM CETH MCIOIB3YeTCS MOJENb MOPOrOBOTO
unHTrerparopa ¢ yreukoi (Leaky Integrate-and-Fire, LIF) ¢ moctcnHanTinueckum
TOKOM, OIHCHIBAEMbIM MOJIEJIBI0 CHHANTHYECKOW MpoBoauMocTH [1], B KOTO-
po¥i AMHAMIKA MEMOPaHHOTO MMOTEHITHAaa U(t) HOIUYHHACTCS YPAaBHEHUIO

€2 = —gL(u(t) = trest) = Geoxe(ODUE) = Eexe) = Guan ()W (E) — Eyy),

rae C — eMKOCTh MEMOpPaHbL; gy, — MPOBOJUMOCTD YTCUKH; Jexc(t), Ginn(t) —
CyMMapHbI€ MPOBOANMOCTH BO30YKIAOUINX W TOPMO3AIINX CHHAIICOB COOT-
BETCTBEHHO; Eeyc, Ejpnp, — PABHOBECHBIE MOTCHIINAIBI BO30YXKIAIOIMX U TOPMO-
3SIIUX CHHAIICOB.

IIpu nmocTH>XEeHMM NOTEHLUAIOM IIOPOTa Uy, MCIYCKAaeTCs CIaiK, U MOTEH-
1[aJ cCOPachIBACTCS 0 Upeser. PEPPAKTEPHOCTH OTCYTCTBYET.

CuHanTHYeckue MPOBOANMOCTH COCTOSIT U3 CYMMBI BKJIQJIOB BO30YKIaro-
LIUX U TOPMO3SIINX CUHAICOB COOTBETCTBEHHO, TJI€ BKJIAJ i-I0 CHHAICa OIpe-

JACIACTCSA MOMCHTaAMH tlfBXOIIHBIX CHaﬁKOB, IMOCTYHAOMINX HA 3TOT CUHAIIC!

Ge® = Y wp el ome o — ] — a);

i € exc tlf<t
(t-tf _a, )
ginh(t) = Z Z w; e (t fi dl)/TSyn‘mh @(t - tif — d),
i€inh  f 4
L

TJIe W; — BEC CHHaIca, d — 3aJiep’KKa Ha pacIpOCTpPaHEHHE Clalika Mo CHHAICY,
paBHas | MC, Tsyy, — KOHCTAHTBl BPEMEHH PEJaKCallii CHHANTHYECKOH IIPOBO-
muMocTH, O — dyakuma XeBucanaa.
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Mogaeans cuHanTHYeckoii miaactuunoctu STDP

STDP [2, 3, 4, 5] — Ouosioruyecky MpaBIONOA00HOE MPABHIO OOyUeHUS,
OCHOBaHHOE Ha IpaBuie Xe00a, MogudUIUpYIOIlee CUHAITUYSCKUE Beca Ha
OCHOBE BPEMEHHOU Pa3sHOCTH MEXY Mpe- U NOCTCUHANTHYECKUMHU CHaiKaMH.

Msbr  ucnons3oBanu HeagautuBHyro STDP, B koTOopoil u3MeHeHue
Beca Aw 3aBHCUT OT pa3HOCTH At MOMEHTOB MOCTCHHANTHYECKOTO MU MpPecH-
HaNTHYECKOTO CHAWKOB IO CJIEIYIOMIEMY IPaBHILY:

+ _At
Al—w)H e T, At >0
_ At
—aAwt eT, At <0

Aw =

3nech A mpeacTaBiseT coOOH aMIUTUTYTy HOTSHIHAINH, OIPEIEIISIONyI0 CKO-
pocTh 00yueHus; u*, W — MoKa3arend CTENEHH, ONPEIENIOIIHE 3aBUCHMOCTh
OT Beca ISl HOTEHIMALNK 1 IETIPECCH COOTBETCTBEHHO; O — ITApaMeTp achM-
METPHHU, MAacIITaOMpYIOUIMH BEJINYMHY JETPECCHBHBIX H3MEHEHHH OTHOCH-
TEJIFHO MMOTEHINAINH; a T — BpEMEHHAs! KOHCTaHTa OKHA INIACTUYHOCTH.

Speech2Spikes nus1 npeodpasoBanust peun
B CIIaHKOBbBIE mocjaeaoBaTeJJbHOCTH

Merton Speech2Spikes [6] mpeoOpa3zyer aMILIMTYIy 3BYKOBOTO CHUTHAJIA B
JIMCKPETHBIE CIaliKK uepe3 MopPOroBoe KOJMpoBaHHe. AMIUINTYAa CPaBHUBACT-
csl C AMHAMUYECKUM IOPOTOM, TPH IPEBBILIEHHH KOTOPOTO T'€HEPHUPYIOTCS
CHalKy TOJIOKUTEIBHOW WIIM OTPULATENILHOM MOJIIPHOCTH B 3aBUCUMOCTH OT
HaIpaBJICHUs] M3MEHEHMs CUrHANA. [l MHHHMH3alMU TOTEePb MPU OBICTPBIX
W3MEHEHMSX CHTHAJIA NpUMeHsieTcs: anroputMm Step-Forward, yumTeiBarommii
KyMYJIATHBHYIO OIIMOKY KBaHTOBaHHSI.

OCHOBHbBIE HacTpanBaeMbIe MapaMeTPhl BKIIOYAIOT HOPOT CpadaThIBaHUS
(o ymomuanmio 0.274), BpeMeHHOE OKHO 00paboTKH (5 MC) ¥ KOTMYECTBO Ya-
CTOTHBIX KaHAJIOB (omTUMansHO 76 mipu muamazone 20—80, mo ymomrganunio 20).
Ha Brixozne dopmupyercst 80-MepHBIN BEKTOp, cOCTOAMMK 13 40 KaHAJIOB LIS
HPOU3BOAHBIX CHTHaa ¥ 40 KaHAJIOB JUIsl HHTETPAJIbHBIX 3HAYSHHH, C YaCTOTOH
nuckpetuzanuu 200 I'm.

Jis cnekrpanpHoro aHanuza ucnonbdyercs Sliding DFT, Berunciisiemsrii
MOTOKOBO 0e3 Oydepusaiuu, 4To 00ecreyrBacT MEeHbIlee SHEPronoTpedieHre
o CpaBHCHUIO C TPAAUIHUOHHBIMU KOXJICAPHBIMU MOJCIIAMU. HonyquHme
CHaliKOBBIE MOCJICIOBATEIIFHOCTH COXPAHSIOT BPEMEHHBIE XapaKTEPHUCTHKU
WCXOJHOTO ayJIWOCHTHAJa IPUTOJHBIMH JUIi OOpaOOTKM B PEKYPPEHTHBIX
CHalKOBBIX CETSIX.
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Free Spoken Digit Dataset

B pabote ucnonb3oBaincst OTKpHITHIA ayanonaracet Free Spoken Digit Da-
taset (FSDD), conepsxaniuii 3anvcu npousHeceHHbIX mudp ot 0 mo 9. [Jaracer
BKJIFOUAET 3aIMCH HIECTH AUKTOPOB ¢ 50 MOBTOPEHUIMH Kax 101 1M phI (BCero
3000 aynuodaiinos B popmate WAV, 8 xI'11, MOHO).

CortacHO opUIMaTBHON CIeIU(HUKAINH, TaHHBIE pa3/eieHbl Ha TPEHUPO-
BOYHYIO (3ammucH ¢ uHAeKkcaMu 5—49) u TectoByro (MHAEKCH 0—4) BRIOOPKH IS
KaXJI0r0 TUKTOpa, 4TO O0ecreYrBaeT COANaHCHPOBAHHOE pacIpeieieHue Mo
KJIaccam.

Mopean ceTn

CeTb COCTOUT U3 TPEX IMOIYIISAINI HEHPOHOB:

e ['pynmna rereparopos craiikoB GG, 4bK criaiiki (GOPMHUPYIOTCSI METOZOM
Speech2Spikes;

e OcHoBHas BeIxogHaa nomynsaius (OG), cocrosmas u3 LIF-ueltpoHoB,
4bsl MOJIENb ONKCAHA PAHEE;

e Uuruburopnas nomyssiuus (IG), pasmepom, paBusiM OG, Takke cocTo-
siimast u3 LIF-HelpoHOB.

Meton Speech2Spikes komupyeTr BXOTHOH ayAMOCHTHAl B BHJIE MaccHBa
nuckpeTHbix 3HaueHuil 0, —1 u 1 B 20 kaHanax c¢ mwaroM 5 mc. st yckopeHus
CHUMYJISILIAY Iar ObuT PHHAT 3a 1 Mc. [losoKuTenpHble 1 OTpHULIATENbHBIC 3HA-
YeHHUS WHTEPIPETHPYIOTCS HaMH Kak 2 BXOJHBIX KaHama mo 20 HEWpOHOB B
KoM (cooTBeTcTBYyIommE —1 1 1 B ICXOQHOM MOTOKE), uToro B rpymme GG
40 HEeHWpOHOB.

WuruburopHas rpynna IG BBeaeHa /ist oJjaBieHns] K30bITOYHOM aKTHBHO-
CTH, BO3ZHHUKAOLIEH H3-3a PEKypPEHTHBIX CBs3€H, a TakkKe Ui 00eCHeuCHUsS
KOHKYPEHIIMU MEXAy HeHpPOHAMHU.

CuHanTHYecKrue CBSI3U MEXAy HeWpoHaMH (OPMHUPYIOTCS UCXOAS M3 UX
MIPOCTPAHCTBEHHOTO PACIIONIOKEHHS: BCE HEHPOHBI B CETU pa3MeLaloTcs Ha
JIByMEpPHOH NpsSMOYToJbHOM pelIeTKe C 3aJaHHBIMU IapaMeTpaMH pa3Mmepa
size u niry6unsl depth. ['eHepaTopb! cllaifikoB IMEIOT KOOPAWHATY TTyOHHBI 1.

I'eneparopsl cIaKOB COEAMHAIOTCS UCKIIIOYUTENBHO C HEIIPOHaMU IEPBOTO
ciost OG, mpu 3TOM BEPOSITHOCTh OOpPa30BaHMS CBSI3UM MEXKIY I'€HEpaTOpOM U
HeWpoHOM mim Mexay Heiiponamu u3 OG omnpenenseTcs pacCTOSHHEM MEXIY
HUMH B IPOCTPAaHCTBE. BEPOSTHOCTh COETMHEHUS P MEXIY HEHMpOHaMH [ U J
OIIPEIEIISIETCSI IO TayCCOBY IPaBHILY:

_ —kd%
pij=e Y,
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rie d;j — €BKIMJIO0BO PACCTOSHHME HA JBYMEPHOH PELIETKE, & K KOHTPOJUPYET
IPOCTPAHCTBEHHOE pacmpezeneHue. s coeqUHeHUH 0T FeHepaTopoB CHAHKOB
kK OG k = kipput, @ s coennuuennii mexy Heiiponamu OG — Kipter-

Tak kak pa3mep BXOJAHBIX HEHpOHOB (uKcupoBaH U paseH 40, a pazmep ce-
TH MOXET MEHATHCS, KOOPIUHATHI BXOAHBIX HEHPOHOB NEPECUUTHIBAIOTCS IO
hopmyme :—0 - size, rae n sBIsIETCS HOMEpOM HelipoHa. Takum oOpazom, Heiipo-

HBI PacIioiararoTCsi PABHOMEPHO U COCIMHSIOTCS 110 TEM e TIPaBHIIaM.

Bce cunancel Mexxay BXOJHBIMH TeHepaTopaMu U HelfipoHamu OG, a Taxoke
Mexay HedipoHamu OG, oGmapator miaactuyHocteio STDP: HawanbHble Beca
W;j 3a7al0TCsS PAaBHOMEPHO PACIPECICHHBIMU MEXIy HYJIeM M MaKCHMAallb-
HBIM paHee 3aJJaHHBIM BECOM, a 3aTeM M3MEHSIOTCS COTIIACHO OIMCAHHOW BBIIIE
nuHamuke STDP.

Cas3u ot OG k IG mponcxoaar oauH K OTHOMY, a 00pPaTHO — COTIIACHO pac-
CTOSTHHUSAM C KOAPPUIHEHTOM Kj,ier- B mpocTpancTBe Heliponsl u3 IG pacrio-
JnoxkeHsl TaMm ke, rme u OG. O0a 3Tux Buga cBsa3eid He oOnagaror STDP-
TUIACTUYHOCTBIO.

AJITOPUTM KJIaccHPpuKAUMHU

[Mocne okoH4yaHust 0OyueHUsI CIAKOBOW ceTH Beca (UKCHPYIOTCS (TEXHH-
YecKH 3To o0ecIieunBaeTcsl yCTaHOBKOM A, paBHOI Hyiio). B kadecTBe BbIXOza
CeTH B OTBET Ha BXOJHYIO ay/AMO3aIICh PacCMaTpPUBACTCs BEKTOP KOJIMYECTBA
CIIAaKOB, UCIYIIEHHBIX KaXKIbIM U3 HEUPOHOB CETH.

D¢ddexTuBHOCTE MTPE0OpPa30OBaHUS Ay TUO3AMNCEH CIIAHKOBOH CETHIO OILICHH-
BAeTCs 10 TOYHOCTH KJIACCH(MKAIMH MX TPAJULIHOHHBIM KIaCCH()UKATOPOM,
00y4JaeMbIM Ha BBIXOZAX CIAWKOBOH CETH B OTBET Ha ayIUO3aIHMCH TPEHUPO-
BOYHO BBIOOPKH, M 3aTE€M TECTHPYEMbBIM Ha BBIXOJAX CETH HAa TECTHPOBOYHOU
BbIOOpKe. B kauecTBe kiaccudukaTopa mcronb3oBanack Support Vector Ma-
chine (SVM) ¢ snpom RBF (radial basis function, uiau ['ayccoBckoe spo),
BBUJIy €€ MHTEPIPETUPYeMOCTH, a Takxke Meto] k Nearest Neighbours (kNN).

TouHocTh oneHMBaNach Mo metpuke Fl, ycpenneHHoi 1Mo kiaccaMm ayano-
3amuceil co B3BEIIMBAHUEM 110 KOJIMYECTBY ayIHO3aIHMCEH B KaXKIOM U3 Kiac-
coB. [lockonpky Habop nanHbIX FSDD mmeer ¢ukcupoBaHHBIE TPEHHPOBOY-
HYIO U TECTHPOBOYHYIO BEIOOPKH, KPOCC-BAIMIAIMS HE TIPOBOMIIACK, & JHama-
30H pa3bpoca TOYHOCTEW OLEHMBAICS 1O 5 3amyckaMm oOy4deHHus Kiaccu(puka-
TOpa M coCTaBHIIa OKOJIO 5 % JUTs BCEX MOCIEAYIOINX SKCIEPHMEHTOB.
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Knaccudukanusi mo BXOAHbIM CHAHKOBBLIM I0CJI1€10BATEIbHOCTAM

[MpenBapuTenbHO, B KayecTBE OTIIPABHOM TOYKH ISl CPaBHEHUS, KIIACCH-
(uxarop Obl1 00ydeH Ha KOJIMUECTBAX CIIAHKOB BXOJHBIX I'€HEPATOPOB, T'€HE-
pupyeMbIx MetosoM speech2spikes (TakiuM 00pa3oM, ay/iM03aIKCh OITUCHIBACT-
Cs1 BEKTOPOM IIeJIbIX 4yrcel pasmepHocT 40). TouHOCTh Ha TECTOBOI BBIOOpKE
npuBesieHa B Tabauie 1 B CTPOKaX «I0 KOJIMYECTBAM BXOJHBIX CIIAHKOBY.

TakuM o00pa3oM, B KOJMYECTBE CIAMKOB, TCHEPUPYEMBIX METOJIOM
Speech2Spikes, comepKuTcs nOCTaTOYHO WHGOPMAIMA IS KIacCU(UKAIIH,
XOTSI M C TOYHOCTBIO, MEHBIIEH, YeM JOCTHTAIOT Ha 3TOM Ha0Ope AaHHBIX B
aurepaType. OTO TOATBEPXKIAET BO3MOKHOCTH HCIIOJIB30BAHUSI KOJIMYIECTBA
CIaiiKOB HEMPOHOB CETH B KaYECTBE €€ BBIX0/IA.

OnTumMu3anus runepnapaMeTpos

[MonOupanuck kak mapaMeTpsl KIacCUPHUKATOPOB (HE3aBUCHMO ISl KaX10-
rO SKCHEPHMEHTa), TaK W THUIEpIapaMeTphl CIaiiKOBOW CETH, ONHCAHHBIC B
npeAbIynX paszaenax. ist mondopa runepnapaMeTpoB HCIOIb30BAJICS ajro-
putm Tree Parsen Estimator (TPE) w3 Oubmmorekum Optuna [8].
HactpamBaemple rumepnapameTpbl W JHAMa30HBl WX IOUCKa  OBUTH
CIIeIYFOIIUMHU:

e size: mmpuHa cetu (64 — 512);

e depth: rmy6una cetu (1 — 5);

o  Wiax: MakcUManbHbIH Bec cuHamcos (0.5 — 1.5);

®  Kinput: INIOTHOCTH CBSI3M BXOJHOM TPYIIIIBI ¢ OCHOBHOM (107* — 1072%);
®  Kinter: IWIOTHOCTB CBSI3U HEHPOHOB ApyT ¢ mpyrom (0.1 —2);

e ): xoHcTaHTa 0Oyuenus (10™% — 1071);

e a: mapametp nenpeccun STDP (0.75 — 2);

e T: BpemenHoe okHO STDP (1 mc — 20 mc);

®  Upluss Hminus: TAPAMETPBI 3aBUCUMOCTH OT Beca (0 — 1);

®  Tgy, Tipn ObUIN 3aduKCcHpOBaHBI paBHBIM 0.5 MC ¥ 1 MC COOTBETCTBEHHO.

Jlis kaxzporo Habopa rumeprnapameTpoB Mozenab odydanace Ha 10% ciy-
JaiHO! MOABBIOOPKE MCXOAHOTO JAaTaCceTa, MOCHIE YETO 3aMUChIBATINCH BBIXOIBI
HeiiporoB momynsmn OG Ha BceM HaOope NMaHHBIX, W TPOBOAMIACH S-
(onmoBas Kpocc-BaIuAalMs C UCIOIb30BaHUEM JIBYX KiaccudukaropoB: SVC
(C=500, sagpo RBF) my1st oLieHKH THHEHHON pa3aenuMOCTi pu3HakoB U KNN
(k=5) nns ananu3a KIaCTEPHOI CTPYKTYPHI TaHHBIX.

OnTuMH3NpyeMOH METPHUKON CIYKWJIO CpelHee 3HaueHHEe accuracy score
1o BceM Qongam it 00oux kiaccupukaropoB. Takol 1Moaxo/1 O3BOJISUT KOM-
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IUIEKCHO OLEHUTh KaK JIMHEHHYIO pa3eIMMOCTh MOJTYYEHHBIX MPU3HAKOB (110
nokasareisam SVC), Tak U UX MPOCTPaHCTBEHHYIO KIlacTepu3anuio (1o mokasa-
tensim kNN). Mcnonb3oBaHue KIAaCCHYECKUX METPHK KIACTEPH3AIMU OKa3a-
JIOCh 3aTPYJHEHO, MOCKOJIbKY JIaHHBbIE pa30MBalOTCS Ha OOJIbILIEe YUCIIO Kila-
CTEpOB, YEM YHCIIO KJIACCOB.

Hawnyummii pesynbrar (ncnsiranue Ne74 uz 100) noctur cpeanei To4HO-
ctu 0.705, nemonctpupys 0.803 miust SVM u 0.607 mrs kNN, npu obmem ko-
myectBe STDP cunancoB 5336 B naHHOM KOH(UTYpanuy.

PesyabTaTsl

C mody4eHHBIMH THIIEpIIapaMeTpaMH CIaiKoBas ceTh ObUIa O0ydeHa Ha
mosHOH oOyuaromeii Beroopke. [lonydennas B3BemenHas mepa F1 nmpuBeneHa B
Tabi1. 1 B cTpOKax «KiacCH(pUKALKs 10 BeIX0AaM 00yueHHOH SNN.

Tabmuna 1
Tounocts kinaccupukanmu FSDD 1o Beixomam crialkoBo# ceTH H,
JUTSE CPABHEHUSI, TI0 PA3IMYHBIM KOMOHHAIMSIM BBIXOI0B 00yUCHHOM
1 HeOOYUYECHHOH CIIAifKOBOM CETH M KOJMYECTBA BXOIHBIX CIIAHKOB

IIo uemy nmpoBoaunach
Kraccuguxarop knaccudcans T'unepnapamerpst F1
SVM 10 BBIXOZaM O0y4eHHOMH C =500; agpo = RBF 0.92
kNN SNN 5 coceneit 0.85
SVM 10 KOJI-BaM BXOJIHBIX C=5; snpo = RBF 0.89
kNN CITAHKOB 5 cocenent 0.84
SVM [0 BBIXOaM HEOOYYEHHOM C =100; aapo = RBF 0.89
kNN SNN 5 coceneit 0.87
SVM MO BBIXO/IaM HEOOYUYCHHOM C =100; sapo = RBF 0.95
SNN u K0J1-BaM BXOJHBIX
kNN CHAKOB 5 coceneit 0.89

[Mogo6paHHble 3HAYCHNUS TUIIEPIIAPAMETPOB U OLIEHKH MX BOKHOCTH MPHUBE-
JIeHBI B TaOIL. 2.

Tabmnumna 2
[MongoOpaHHbIe 3HAUCHUS THIIEPIIAPAMETPOB U UX BaXKHOCTh
[Tapamerp Baxunoctb 3HaueHue
size 0.28 451
T 0.24 12.96 mc
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ITapamerp Baxnocts 3HadyeHue
a 0.19 0.795
kinput 0.13 0.00862
Kinter 0.09 0.928
Winax 0.03 1.475
Hminus 0.02 0.982
depth 0.01 5
Hplus < 0.01 0.065
A < 0.01 0.0195

Anamm3 Bausitnusa STDP

s onienku Bnustauss STDP Ha pe3yibrat kiaccuukaimu 00yueHue Kiac-
cU(pHUKATOPa MPOBOJWIOCH TAKXKE Ha OOBCAMHCHHH BBIXOJIOB T'€HEPATOPOB C
BBIXOJIAMH CIIAHKOBOW CETH MpPH HAYaJbHEIX BecaX, 0€3 OOyYCHUS CIalKOBOM
cetn. [lony4eHHBIE TOYHOCTH TPUBEACHBI B CTPOKAX «II0 BBIXOAAM HEOOY4CH-
HOM SNN» Tabm. 1.

O0cykaeHune pe3yJabTaTOB

Pazmiuns Mexy TodHOCTAMH, HOCTHTHYTHIMH KNN 1 SVM mpu xiaccu-
(hUKaIUM BBIXOOB OOYYEHHOW M HEOOYUEeHHON CIIalKOBOW CETH, HE IPEBHI-
MIAI0T HOTPEHIHOCTh B 5 % OT 3amycka K 3allyCKy W MOITOMY HE MOTYT pac-
CMaTpuBaTbCs Kak 3HauuMble. 1Ipu 5TOM 3Ta MOrpenIHOCTh BbI3BaHA HEYCTOM-
YHBOCTBIO Ki1acCH(UKATOpa, a HE CHAMKOBOM CETH, IIOCKOJIbKY HaOJIIoAaeTcs U
MEXAy 3almycKamMH oOyueHHsl KiacCU(pHKAaTOpa Ha BBIXOJAaX OJHOM M TOH ke
CHaiKkoBOil ceTu.

B 10 ke Bpewmsl, nCrosp30BaHKEe MpH KIacCH(PUKALMU OJTHOBPEMEHHO BBI-
XOZI0B HEHPOHOB CIIAHKOBOW CETH M KOJMYECTB BXOAHBIX CIIAHKOB, CTEHEPUPO-
BaHHBIX speech2spikes, moBpImaeT To9HOCTH 10 95 %, YTO 3HAYMMO OTIMYACT-
cst oT 89%, mocTUTraeMbIX NMpH O0YYEHHH Ha OJHHMX TOJBKO BXOIHBIX KOJIHYE-
CTBaxX CHAaWKOB; 3TO MOATBEPKAACT, YTO CIIAMKOBAsi CETh M3BICKAET U3 ayANO-
JAHHBIX TIOJIE3HBIC MPHU3HAKH, OOJIErdaroliue MX JAIbHEHIIyI0 KiIacCH(uKa-
IHO.

Taxum 06pa30M, MPOBEACHHBIC YHCJIICHHBIC JSKCIICPUMEHTHI ITOKa3bIBAIOT
3 PEKTUBHOCTh MPEUIOKEHHOTO MOIX0/a C KOJMPOBAaHHEM ayIHOCHIHANA
MeToZoM speech2spikes ¥ MocCaeIyrONIUM €ro mpeodpa3’oBaHUEM CHAMKOBOM
HEeWpOHHOH ceThio. [Ipy 3TOM AeKOoIUpOBaHKE MO KOJIUYECTBY CIAHKOB I103BO-
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JISIET I0OCTHYb KOHKYPEHTOCIIOCOOHOI TOYHOCTH KIIACCU(HKAIMK TPOU3HECEH-
HbIX udp Ha garacere FSDD.

[Mosy4eHHast TOYHOCTH Ha OJJHOM YPOBHE C IOCTHUTHYTOH CIIAaiiKOBOW CEThIO
B mpensiayniei padore [7], Tabiu. 3, mpu 3TOM IO CPABHEHHUIO C HEHO KOJHYC-
CTBO CHHAINTHUECKUX CBS3eH B MpPEUIOKEHHON CNAaiKOBON CETH YyAaJIoCh CO-
KpaTtuth ¢ nopsaka 100 Teicsa mo 5—10 TeIcsY Onaromapst TOMOJIOTHH, B KOTO-
POl cHHaNTHYECKHE CBSI3M (OPMHUPYIOTCS B 3aBUCHMOCTH OT IPOCTPAHCTBEH-
HOW OMHM30CTH HEHPOHOB. TPaIUIIMOHHBIM KIACCH(PHUKATOPaM ¢ KOAUPOBAaHHEM
3ByKa MEJ-KeICTPaIbHBIMH MPU3HAKAMH IMPEIUIOKEHHAs CEeTh YCTYMaeT B TOY-
HOCTH, HO TIPEUMYIICCTBOM €€ SBISICTCS BBIYHCIHMTENBHAS MPOCTOTA
speech2spikes, B To BpeMst Kak pa3MepHOCTh BXOJJHOTO MPEICTABICHUS TAaHHBIX
npubau3uTenbHo coBmanaeT (40 u 30).

PaccmaTrpuBaemasi cnaiikoBasi HEWpOHHasi CE€Th IO TOIOJOTUU CXOJHA C
Liquid State Machine (LSM), oriu4asch B TOM, 4TO CHHANTHYECKHE Beca
yCTaHaBIMBaIOTCA Noj AedcTBreM miuactuuHoctd STDP. Ho B To Bpems, kak
LSM npennaznauena ajist npeoOpa3oBaHMsl BXOJHBIX JIAHHBIX B IIPOCTPAHCTBO
GoubIIeii pa3MepHOCTH, B KOTOPOM HX TIPOIIE Oy/IeT pa3iesuTh AeKOANPOBIIH-
Ky, B JJaHHOH pa0OTe JEKOJUPOBIINK HCHOIB3YETCs, YTOOBI MPOJIEMOHCTPUPO-
BaTh, YTO BBIXOBI CIIAHKOBOM CETH COJCPIKAT MH(DOPMAITHIO, TOCTATOUHYIO JUIS
pelIeHus KIacCU(PUKANMOHHON 3amauyn. Pa3paboTka IONHOCTBIO CIAKOBOM
MOJIENH ISl pelIeHUs 3a/1a4 KIacCH(PUKANU 3BYKOB, 3aKOJIUPOBAHHBIX METO-
oM speech2spikes, ocTaercst 3agadeii As NaTbHEHIIIETO HCCIEeIOBAHUS.

Tabnmma 3
CpaBHeHue TouHocTel Kiaccuduranun FSDD npeanoxXeHHbIM METOIOM
U Pa3INYHBIMKM METOJAMHU U3 JIUTEPaTypsl [7]

Meron F1
SNN ¢ koauposkoit MFCC 0.93
Ipennoxennas SNN ¢ konuposkoii Speech2Spikes 0.92
Random Forest ¢ konuposkoit MFCC 0.96
kNN 0.97
SVM 0.95
MLP 0.90

BuiBoabl

[IpoBeneHHOEe WCClIeNOBaHUE TMOATBEPAIO 3()(HEKTUBHOCTh KOMOHHALIUH
MeToZa KoaupoBaHUS 3Byka Speech2Spikes m cmalkoBO# ceTH, MpPOJEMOH-
ctpupoBaB TouHocTh 0.92 Ha Habope manHeix FSDD no B3BemenHoi mepe F1
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NIPU JAEKOJUPOBAHKH O KOJIMYECTBY CIANKOB. DTO MOKa3bIBACT MPUHIAIHATb-
HYIO TIPUTOJIHOCTh MPEJIOKEHHOTO MoJIXxo/a K 00paboTKe 3ByKa CIalKOBBIMU
CeTsIMH JUIsl TIOTEHIIMAIBHOTO CO3/1aHHs YHEProdPEeKTUBHBIX HEHPOMOPQHBIX
cucreM 00paboTKK peur. Pa3zpaboTka MOJIHOCTBIO CIIAMKOBOTrO criocoda J1eKo-
JIMPOBaHMS, a TaKkKe MPUMEHEHHE K OoJsiee CIIONKHBIM KIIAaCCU(PHUKAIMOHHBIM
3a7a4amM, SBJISETCS LETbI0 JadbHEHIIero NcCIea0BaHusl.

BaaromapaocTn

Pabota BhITONTHEHA TIpW TTOANEpKKe TpaHTa Poccuiickoro HaygHoro (oHma
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Cexkuus 5

Heitponnbsie cemu 6 KOMNbIOMEPHOM 3pEeHUU
U CEHCOPHBIX CUCMEMAX

I'.C. BOPOHKOB
MockoBckuii rocyiapcTBeHHbIM yHUBepcuTeT uMeHnu M.B. Jlomonocosa
av13675@yandex.ru

B IOMCKE HEMPO®U3UOJIOTHUYECKOI'O ®YHJIAMEHTA,
OBYCJIOBJIMBAIOIEI'O XAPAKTEPUCTUKHU
CYBBEKTHUBHOTI'O 3PUTEJIBHOI'O OBPA3A
HPOCTPAHCTBA. YACTH 11

[Ipomomxken aHann3 (eHOMEHOB CYOBEKTHBHOTO 3PHUTEIBHOTO O0pasa
(C30), cBsi3aHHBIX € IBM:KEHMSAMH TJ1a3a — U3yUeHB! (PEHOMEHBI, B KOTOPBIX
C30 mposBiIsieT CBOWCTBO cMeIIAaThesl (BMECTE CO CMEIIEHHEM B30pa B YCIIO-
BHSIX HEMOJBIKHOCTU TOJ0BHI). [lokazaHo, uto 310 cBoiictBo C30 HaxoauT
00BsSICHEHHE B TEX )K€ TEPMHHAX, COJIep)KaHHE KOTOPBIX OMUCAHO aBTOPOM pa-
Hee B MPEJCTaBICHNH O HEWpO(pHU3HOJOIrHYECKOM MEXaHH3Me, OOBSCHSIONIEM
(heHOMEH KOHCTAHTHOCTH BOCIPHSITHSI MPOCTPAHCTBA (B KOTOPOM, KaK M3-
BecTHO, C30 He cMemIaeTcsi BO BpeMsi CMEIIICHHS B30Pa).

Kniouegvle cnoga: cybvLekmusHblll 3pumenbHbill 00pas, cemuamoynoe u
onmu4yeckoe u306pa.7fceﬂuﬂ, ()GM.WCEHMR 2nasa, KOHCMAHMHbBIL IKPAH.

BBeaenue ¢ NoCTaHOBKOM 3a/1a4n

boicTpble IBWKCHHUS TJa3a IPU HEMOJBIKHOIN TojoBe (CakKagbl) OTCYT-
CTBYIOT y HH3IHUX no3BoHOouHbIX (H/IT); B 3TOM acnekTe MX riia3’ MOXKHO
Ha3BaTh «HCIIOJABMIXHBIM)). 3a Nepuoa, Mmoka rijia3 HEIMOJABHIKCH, ONNTHIECCKOE
n3o6pasenne (O) akTyaibHOro 3puTebHOr0 mpocTpancTsa (A3I), co-
3naBas ceTyatouHoe m3odpakenue (CU) OU, «orneuarsiBaeTcs» Ha peuern-
TOPHOM I10JI€ CETYATKH OJHOKPATHO; IIPU 5TOM Kax/1asi U3 Touek nanHoro O
«OTTICYATHIBACTCS» Y ITHUX KMBOTHBIX HA OJJHOM M TOM )K€ («CBOEM») PELENnTo-

' B crathe paccMaTpHBaeTCS TOIHKO MOHOKYJISIPHOE 3DEHHC.
2 Pacmm¢poBky cokpaleHunii cM. Takke B IOIIHACH K puc. 1.
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pe CU Bo BpeMs BCEro NMepHoJa, TIOKa 3pUTEbHAs paMKa He CMECTHTCS IO
peajibHOMY 3pHUTeJLHOMY npocTpaHceTBy (P3I1)).

VY BbIclMX 103BOHOYHBIX (B/Il) — peup 0 MieKONMTAIOIMX U3 OTPSIOB
XUIIHbIE U MPUMAaThI, B TOM YHCIIE O YyejaoBeke — oaHo u To xxe OU (OU, moka
3pHUTeNIbHas paMKa HETOBI)KHA) OTIIeUaThIBACTCS Ha TepeMelaroneics (cak-
KaJlaMH) TI0J{ HUM CETYaTKe HECKOJIBKO pa3 (BO BpeMsl KaXI0H (HUKcaru B30-
pa). OTo O3HayaeT, YTO NMpHU KKA0H QrKcanny B3opa Kaxaas U3 TOUCK JaHHO-
ro crabuisHOro” OM OTIeYaThIBAETCS HA KHOBOMY» PEIIENITOPE CETUATKH .

Kazanochk Obl, 13 ONMMCAaHHOTO M3MEHSIOLErocsl COOTBETCTBUS PELETITOPOB
ceTyaTKu ToukaMm naHHoro OU crmexpyer, uro y B/I1 mpu kxaxmoit HoBo (hukca-
IIUM B30pa MPOMUCXOANT M3MeHeHue («cmemenue») CU u, B utore, — u3MeHe-
Hue BocipuHumMaeMmoil kaptunku A3l uamenenune («cmemenue») C30. Onna-
ko Bocnpunumaemast kaptunka A3, npyrumu cnoBamu C30, Bo BpeMs OBICT-
PBIX JBIKEHUH a3 OCTaeTCsl KOHCTAHTHOM, cTaduiabHou. [Ipencrasienue o
BO3MOXKHOM MEXaHHU3Me, 0jarojapsi KOTopoMy 00eCIeuHBaETCs 3Ta CTA0HIb-
Hocts C30 y B/II, mmpoko m3BecTHas Kak ()EHOMEH «KOHCTAHTHOCTHb 3pH-
TEJIFHOTO BOCIIpusATHA TpocTtpanctBa» (KBII), ommcano, B yacTHOCTH, B
Haumx paborax [1, 2, 3]*.

B Hacrosmieii ke craTbe ONMUCHIBAIOTCS U aHAIN3UPYIOTCS (PEHOMEHBI, B KO-
topeix C30 (wm cocraBHas yacte C30) y B/II cmemaercsi pu IBIKEHUN
cetuaTku otHOcuTenbHO OU = A3II (B oTiMume OT MPOSBIIEMON CTaOMIBHO-
cti C30 B ¢KBII). [IpoBenenHslit B paboTe aHaIM3 MOKA3ajl, YTO MPOSIBICHHS
sTux cMmemeHnii C30 HaxomaT 0OBSICHEHHE, TEM HE MEHEE, B TEX KE TEPMH-
Hax, HEHpO(QU3HOIOTHUYECKOE COJep)KaHHE KOTOPHIX OMMCAHO B HAa3BaHHBIX
BhIIIIC pab0Tax, OMKUCHIBAIONINX MeXaHu3M cTadumabHocTH C30 (hKBII).

®enomensl co cmenienreM C30 (pHu ABHKEHUH TJla3a) aHATU3UPYIOTCS B
OCHOBHOM TeKcTe cTaTh B TepMuHax napaaurmbl MKJ-KJ ¢ nmpusneuennem
MOHATHS penepHoe mojoxkenne riaasa (PIII), BBenennoro B pabore [1], T.e., —

! 3purenbHas paMka — 110 GOJBIIOMY CYETY, 9TO JIMHHS TIA3HWIBI, OrPAHAYHBAIO-
nias TenecHsiid yron A3IT (puc. 1).

2 CMelenne JIyda B30pa BHYTPH 3PUTEIILHON paMKHU MpakTHUeCKu He u3Mensier OU
A3II — Tax >xe, HanpuMep, kKak He u3MeHseT OU «kapTHHKU» B OKHE CMEILCHUE JIyya
B30pa IO IUIOIIAAX OKHA (IIPU pacCMaTPUBAHUK OKHA C JOCTATOYHOTO PACCTOSHHUSA).

3 Jlnst Gombluel HACNAAHOCTH, B 9TOM OMHCAHHMH OMYIICH PSI XAaPAKTEPHUCTHK [BH-
JKEHHH T1a3a, MeHee IPUHLIUITHATBHBIX IS TIPOBOIUMOTO 3/1€Ch aHAJIH3a.

4 CyTh MeXaHU3Ma, OIHCBIBAEMOTO B 3THX [1, 2, 3] paboTax, B TOM, 4TO OH obecre-
YHMBAeT TOCIE KAXKIOro CKadka B3opa (BO BpeMs CTAaOWIILHOCTH 3PUTEIBHOW PaMKH)
HoIa aHie aKTUBHOCTH OT Kax10i Toukn OU B oi1H U TOT ke («CBOH») HEHPOH B Tak
Ha3bIBAEMOM KOHCTaHTHOM 3kpane (KJ); kanaunarom Ha posnbs KO npennonaraercs
nosne V-1 3puTensHON KOpbI.
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B TepMuHax mapaaurmbl MKD-KJ-PIIT'. OTMeTM Takoke, 4TO B HapagurMe
MKD-KD3-PIII" Haxoaut oObsicHeHue psia npyrux penomenor C30, cBI3aHHBIX
C JBIDKCHUSIMH I1a3a M MAMATHIO; ONMCAaHHE W aHAM3 3THX (EHOMEHOB HE
MIPUBOJISITCS. B HACTOSIIEH CTaThe M3-3a JIMMUTA Ha ee 00beM.

[MockonbKy B X0Jie HACTOSIIIEH PabOTHl UMEI0 MECTO TOJIBKO yCHUIIEHHE I10-
HuMaHus 3Ha4uMocTd moHATust PII, OCHOBHON TEKCT CTaThH HAUYMHAETCS C
ero (PIII') momomuuTensHOTO OnucaHus. B Hmke ciemyromux 31ech ad3anax
Ha3BaHbI (PeHOMEHBI, aHaTIM3UpyeMble B OCHOBHOM TEKCTE.

W3BecteH ()eHOMEH IBMXCHHUE MOC/Ie0BAaTeILHOI0 00pa3a BMECTE C B30-
pom. B HacrosIieit cTaThe OH UMEHYeTCS KaK «/IBHKeHHe MOoCc/Ie10BaTeIbHO-
ro oopasa» (p/IBI1O); B pe3ynbraTe aHaiu3a B TepMHHAX napaaurMbl MKD-
KDO-PIII" npexacrasienne o HelpodusnogornyeckoMm mexanmsme ¢JIBI1O mo-
Jy4aeT TPAKTOBKY, OTJIMYAIOIIYIOCS OT OOIIEIPHUHSATON.

Xopomo u3BecTHO cBoiicTBO C30 cMemaThCs MpH JIETKOM HAJaBIUBaHUU
Ha TJ1a3Hoe s10JI0K0; B HACTOSIIEH CTaThe 3TO CBOMCTBO MMEHYeTCsl Kak (heHo-
MmeH caBur C30 (pCnC30). B To xe Bpemsi, aBTOPY HEe M3BECTHBI HCCIIEA0BaA-
Hus, B KoTopbix GCaC30 omuceBaiics ObI MOAPOOHO M TABAIOCH OOIICIPUHS-
TOE TIPEJICTAaBJICHHE O €r0 HEHPOPHU3NOIOrHIECKOM MEXaHU3ME.

PesynbraTsl npoBeneHHOro aHaiuu3a 3Tux peHomenoB C30 kpaTko 00Cyxk-
JIAfOTCS, TTIABHBIM 00pa3oM, B IICHXO(HU3NOIOTHIECKOM acIeKTe.

[epBrrit pucyHOK B cTaThe (puC. 1), B3AT U3 MPEenbIIyIIeH CTaThH aBTOpa
[1]. TToBTOpeHne pucyHKa O0YCIOBICHO KOMIIAKTHBIM PAcIOJI0XEHHEM B HEM
CTPYKTYp, KOTOpPBIE BMECTE C pacln(pOBKON MX COKPAICHHBIX HA3BaHUH OTH-
CBIBAIOTCS M UCTIONB3YIOTCS (B TOM K€ 3HAUEHHUHN) B HACTOSINEH CTaThe.

OCHOBHO# TeKCT

(1). Penepnoe nonoscenue enaza (PIII). O60CHOBaHUS, TOCTATOYHBIEC IS
BBenerus noHsaTusa PIIIT B mapanurmy MK3O-KD3, monpo6HO ommcaHBl B TIpebl-
nyiiei pabore aBropa [1]. AHanu3 (PEeHOMEHOB, MPOBEACHHBIA B HACTOSIICH
paboTe, TOJIBKO YCHIIHI (KaK ye OTMeueHO BO BBejeHnn) moHUMaHUe 3HAYH-
mocTu nousatus PIIT.

Tak, B Hacrosimiell paboTe MOHSATHE «pelepHasi ceTyaTkay (cemuyamxa 6
nepuoo PIII) umeet, O CyTH, KJIOYEBOE 3HAYEHHE B OOBSICHCHUU CBOHCTBA
C30 caBuraThesi; 0COOCHHO «HATJISIIHO» 3TO 3HAaYCHHUE (KaK KIIOYEBOE) MpPO-
ssritock ipu aHanmmsze GCaC30 (cm. (3)).

! Mapagurma MK3-KJ-PIIT. Tax, [ms KpaTKoCTH, Oy[eM MMEHOBATb B JAHHOM
CTaThe YIOMSHYTOE BBILIE MPEACTABICHUE O HEHPOHHOW OpraHu3alyM, KoTopas obec-
neunBaetT GKBIT; MKD — mexanusm KO; KO — xoncrtanTHblit 5kpan; PIII — peneproe
MOJIOKEHHE T1a3a.
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Puc. 1. Cxema Kosblia COOTBETCTBUH (B 3pUTEIBHON CUCTEME) B IIPOLIECCE penpe3eHTa-
IHsI/BOCTIPOM3BE/IeHHEe XapaKTEePHCTHKH «KOOPAMHATBI» TOYEYHOTO CBETOBOTO HC-
TOYHHKA.

P3IT — peansHOe 3puTensHOe nmpocTpancTBo; A3Il — akTyansHOE 3pHTEIBHOE IPO-
ctpanctBo; TY — TenecHsiii yron A3II; PIIIT — penieproe monoxenune) riaza; OU — om-
THYECKOE U300pakeHue; ceTd. pen. — ceryatka Bo Bpems PIIT (el cootBetcTByeT YPC —
YCIIOBHAs periepHasi cetdyatka, cM. TekcT (1)); f — posea; CH — ceruaTouHas nmpoekius
(orneyarox) OU; KCc — koopaunatHas cucrema cetuatku; KC C30 — koopauHatHas
cucrema (KC) cyopextuBHOro 3purensHoro oopasza (C30); KO — xoHCTaHTHBIN 9KpaH;
MKD — mexanmm KD (sddepeHTHBIl «u30UpaTeNbHBIl BKIIOYATENb)» CETYATOYHBIX
Bx0z0B Ha Helporax KD); III1 — «mpsamoit myTs»; nKC — monspras KC

Kpome Toro, «permepHas ceTdaTkay OOECIIEYMBAaET COXPaHCHHE 3a CeTdat-
koit y B/II BaxHoii ee pyHkumn (kak u'y ceruarku H/IT) — «ObITh IIepBOMCTOU-
HukoM KC» [1], k xoropoil npupaBHeHs! Bce ocTanbHble KC, Tak uny nHave
CBSI3aHHBIE C 3pUTENBHON cucTeMoil. PaccMoTpum aTo nonoxxenue. B oTHowIe-
aun H/TI, momumo Te3uca, uro Bce KC 3puTesibHON cHCTeMBbI TTPUPABHEHBI K
KC penienrropoB cetyatkw, crpaBeuBo Takxke, uto kK KC pementopos cerdart-
ku npupaHena Takke KC OU (= KC A3II) — nockonbky Toukn OW «mpussi-
3BIBAIOTCS» K KOOPIMHATAM TEX PEIENTOPOB CETYATKH, Ha KOTOPBIX ATU TOUKH
«otneyarsiBaroTes» [1]. Kpome Toro, y H/IT x KC ceruatku «upusszana» KC
IJIa3HMIB! (C yU4eToM MaciiTada) — IOCKOJIbKY, Kak OTMEYEeHO BO BBenenuw, y
H/II rna3 «HemoaBMxkeH»; B CBOIO ouepeib, ¢ KC riasHuib (1 rojioBbl) CBsi3a-
Hbl HeliponHble KC Bcex JBHTaTeNbHBIX CUCTEM Tejla, YYaCTBYIOIIMX B JIOCTH-
JKCHHH JKUBOTHBIM 3PHUTEIBLHON IeTu (No0bIYH, K puMepy). Takum o0pasom,
y H/II 3purensHas 1ienb npeacTaBiieHa, 1o cyTH, Bo Bcex KC (CBsI3aHHBIX Tak
wim uHaue ¢ 3peHueM) B koopaunHatax KC peuenropos ceruatku; KC penen-
TopoB ceryatku y H/IT umeer, Takum 0Opa3oM, CTaTyC «IEPBOUCTOYHHUKA KO-
OpIWMHAT 3PUTENBHEIX 1enei (cum. [1]).

VY Bcex ke perentopoB cetdaTku y B/I1 mpomexoguT ¢ Kaxmoil cakkamon
OJTHOBPEMEHHOE (M OIJMHAKOBBIM 00pa3oM) M3MeHeHHe (CMellleHUe) UX Koop-
AUHAT OTHOCUTEJILHO IJIa3HMIBI (TO Xe — U y Bcex Touek OM, cMm. BrIIe) u,
cnenoarenbHo, cooTHomeHne KC ceruatku (= KC ON) ¢ KC apuratensHbIX
cucTeEM M3MeHsIeTcsl C Kaxaoil cakkanoil. Kaszamock Obl, 3Ta HecTaOMIIBHOCTD
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KC ceruyarku y B/ numraer ee craryca «ObITh MEPBOMCTOYHMKOM KOOP/IH-
HaT», KoTophiii xapakrepuzyer KC ceruarku y H/II. Tem ne meHee, 310 He
COBCEM TaK — CM. HUXKE.

VY B/II cratyc ((hyHKIHIO) «IIEPBOMCTOYHUKA KOOPIUHAT» 00peTacT CBs3Ka
«cetuatka/KD»; npoeknus ceruarku B KO y B/II BeIcTynaeT kak crnenuanism-
poBauHBIN 1yOnep ceryatku. JeitcrBurensHo, KC y mpoekunu ceryatku B KO
cootBercTBYeT KC pellenTopHOro 1mojisi penepHoii ceTyatku' — To ecTh, ceT-
YATKH, KOTJIA 7143 HAXOUTCS B PENepHOM ToJI0xkeHun” [1]; 7To cooTBeTcTBHE
coxpansieTca (6maromaps pabore MKD) Bech mepuo, ToKa 3pUTEIbHAS paMKa
HETIOJBIDKHA, HECMOTPS Ha Cakkaabl (OBICTpBIC ABIKEHHA Tiaza) — nbo, MKD
ofecrieuynBaeT TaKkyl K€ MPOEKLHUI0 3pUTEIBHBIX peuentopoB B KO, kakyro
MMEET MPOEKIIMs CETYATKU KaK eciiy Obl I1a3 HaXOJUJICS BCE 3TO BpeMsi (BpeMst
CTaOMJIBHOCTH PAaMKH) B PENEpHOM TMOJIOKEHUH. biaromapsi KOHCTaHTHOCTH
(crabunpHOCTH) cBoek KC, perniepHasi ceTuatka oOecrnieyrMBaeT KOHCTAHTHOCTD
BCEX NPHPaBHEHHBIX K Hel ocTaibHbIX KC, CBSI3aHHBIX C 3pEHHEM, — TaK XKe,
kak nmocnenuue npupaBHeHbl y H/IT k KC ux «HENOABMKHOM» CETYATKH.

Penepnas cemuamxa xax smepooicenmuviii s1emenm. «PenepHyto cerdar-
Ky» MOXHO paccMaTpHuBaTh, [0 CyTH, KaK 3MEpKEHTHBIH (C KaueCTBEHHO
HOBBIM CBOMCTBOM) 3JIEMEHT (3JIEMEHT C KaUe€CTBOM «yCJIOBHOCTEY», CM HIKE) B
OpTraHu3alluy 3pUTeIbHON cucteMsl y B/IT (B cpaBHeHNH ¢ 3pHTENBHON CHCTeE-
Mmoit y H/IT). leficTBUTEIBHO, TOCKOJIIEKY MOMEHTHI peansHoro PIIIT cpaBHU-
TEJIFHO PEAKH W HETPOAOJDKUTENBHBI (B TO BpeMsS KakK PEHEpHBIH XapakTep
npoekimu O B KO coxpansercs, 6marogaps pabore MKD, ctabunbHBIM Bce
BpeMs, MoKa cTabWiIbHA paMKa) MpoeKius cerdatku B KO sBistercs Gombriee
BpEMS «JIHIIb TaKOH, KAK y PENCPHON CEeTYaTKW», T.€. ABISIETCS YCJIOBHO pe-
nepHoi (wnu, eupmyansroti). B 1ol cBsA3M, mpoekiuio cetdatku B KO (T. e.
ceTuaTKy, peanusyemyro HeiipoHamu KO) Bo BpeMs IBIDKEHHI Jyda B3opa (B
CTaOMJIbHOM 3pHUTENFHON paMKe) MOKHO Ha3BaTh YCJOBHOI pemepHOii ceT-
yarkoii (YPC), Torna kak B kparkue nepuoasl peassroro PIIIN — mpocro xy6-
JIEPOM CeTYaTKH.

! Briarogapsi CymecTBOBaHHIO IPAMOTO MYTH PELENTOPbI — FAHTTHO3HEIC KIETKH (110
Xbb6emy, 1990 — cepky cm B [1])

% PeanbHO, €CTECTBEHHBIM OOpPA30M YCTAHOBICHHOE PENEPHOC IONOKEHHE IIas3a
(PIIT") nmeeT MeCTO TOJBKO B MOMEHTHI, KOT/Ia He IPOUCXOAUT BOJEBBIX U IIOMCKOBBIX
CMEIIEHHI HaIpaBJIeHHs JIyda B30pa ecTecTBEHHBIM 00pa3oM (TO eCTh, aKTHBHOCTEIO
s¢depenTHOH cucTembl), Korja KoppekTHpylomas padora MKD paBHa Hyio, Koraa
rjla3 3aHUMaeT B TAKUX YCJIOBUSX CBOE MOCTOSIHHOE (C(popMHPOBAHHOE B OHTOIeHe3e)
MOJIO’KEHKE B IUIAa3HHIIE (ITO TOJBKO M UMeeT Mecto y H/IT — u3-3a «HENOABMIKHOCTIY
WX TJ1a3a U OTCYTCTBUS y HUX MKD).
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2). Ceouicmsa C30, nposensaowuecs 6 peHomene 08uIceHue nocieoopasa
(pH6l10). OOBEKT, ABJIAIONIUICS UCTOYHUKOM SPKOTO CPABHUTEIBHO MPOI0JI-
JKUTEJIFHOTO CBETa, Kak Obl 3aredaryieBaercsi (OTCIoJa Ha3BaHUE «II0CIE00-
pa3» — I10) Ha HekoTOpOEe BpeMs Ha PEelenTOPHOM TOJie ceTyaTKu (B BUJE Ya-
CTH CETYaTOYHOro HeraTWBHOro m3obpaxenus — 4CH). Ira wCU moxer Boc-
MPUHUMATHCS KaK TPH 3aKPBITOM, TAaK M IIPH OTKPBITOM TJIa3e Kak COCTaBHAS
yacth C30; ecny mpu 3TOM COBEPIIATh NPOU3BOJIBHBIE €CTECTBEHHBIC CMEIIle-
HUS Jy4da B30pa, To 3amedarneHHbld [1O BuauTcs Kak mepemMeliaroliuiics
BMecTe co B30opoM. Korga rmas oTKphIT, royioBa HETMOABIKHA, a 00IIEe OCBe-
menne cnaboe, [10 Bunutes xak ero (I10) mpoekius, HamipuMep, Ha JIHCTE OY-
Mard, JBHKYIIAsICS CO B30poM 1o ctabuibHOMy (ony (C30) mucra; npu oT-
JTAJIEHUH 3KpaHa (JIcTa) OT ria3a «mupoekums» [10 yBenmuunBaeTcs B pa3mepe;
B NOJTHOW TeMHOTe BocnpusiTHe I10 Kak «mpoekiys Ha SKpaHe», KaK U CIEAyeT
OXKHJIaTh, MCYE3aCT; NPH MCKYCCTBEHHOM CJBHIE Jyda B30pa, HAIpUMeEp, Mpu
HA/IaBJMBAHUU Ha I1a3Hoe 5100K0, [1O He caBUTaeTcs, B OTIHYHC OT «(HOHO-
Boro» C30 (cm. (3)).

[Mepememenne 1O BMecTe ¢ ecTeCTBEHHBIM 00pa3oM CMEIIaeMbIM B30pOM
MMEEeT, HEKOTOPOE CXOJCTBO C NepeMelleHHeM (BMecTe ¢ JIy4oM B3opa) 00J1a-
CTH HAWJTy41Iero BuaeHus (T.e., «upoekuum» ¢osea) no A3IT (8 pKBITL; [1]).
B ob6oux cmywasx stu mepememieHusi (mepememnenue I10 u mepemernenue
«rpoekmm» ¢osea) mpoucxomaT mo cradbuiabHomy C30 (=A3Il) B memom.
Orta kaxymascs napagokcanbHoi xapakrepuctika C30 — 0qTHOBPEMEHHO Mpo-
SBISITh CBOWCTBO CTAOMIIBHOCTH M CBOWCTBO CMEINATHCS — HAXOIUT OOBSICHE-
HUe B paMkax mapagurMbsl MK3-K3-PIII'. D10 oOBsicHEHNE JaeTcs B IMOAMUCH
K puc. 2'; KOMMEHTapHHI K HeMy CM. HHIKE.

B ornmume ot cityyas ¢ goBea, Ha perienTopax KOTOPOH pU KaykKJ0M HOBOM
B30p€ «OTNedaTsiBaeTcs» HOBbIM yuacTok OU, B cay4ae ¢ I1O mocnennee He
uMeeT Mecra — uoo, «kaprunkay [10 (uCH-nocneodpas) co3maetes BCe BpeMs
OJHUMH M TeMH xe peurenropamu, yCH-mocneodpa3 (kak 3anedyaTiieHHbIH Ha
ceTyaTke) Terepb HE 3aBUCHUT OT CMEIIeHHs camoil cerdarku. [locnennee ne-
MoHcTpupyeTcs orcyrcrBueM kapTuHku I1O B yuactke 2 B OU u coxpaHenn-
eM ee B ygactke 2 B CU Ha puc. 2, b.

MoHO Takxe BHIETH (Ha 3ToM ke puc. 2 B), aro npoexuus [10 B KJ mo-
cJle CMEUIeHHA B30pa CIBHHYJAch Ha ONWH mIar (U3 TOYKH 2 B TOUKY 1) 1O
cpaBHeHmio ¢ npoeknuei [10 B KO Ha puc. 2 A. M30upaTenbHOe cMelleHue
npoexkuun IO (mo oTHOmIEHHIO K oOcTamoLIelcsl CTa0WILHOH NpoeKUHHU
OMN) npousomnwio B KJ 3a cuer padotst MK3. D10 cMenenne mpoexmuu [10 B

1
B citydae ¢ goBea 00bsICHEHHE 3TOTO Mapajokca qaHo B [1].
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K3 (na ¢one cradbunbHoii npoexuun ON) u nposBisieTcss B BOCIPUITUN KaK
nemwxenne [10 Bmecte co B3opom (B ToM uucie, mo porosomy C30 3kpana).

[ a[l > [ o [ __ ﬂ|— Al * " Ta3n
noz2¥ 3+ 4 5 ¥ 3 4\|/
Al * [ & | T A * _
1 \I/I1024« 3 44 1 2 31( 4+
L__ 10 A I
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Puc. 2. luarpammbl (A u B) k 06bsicuennto npuunn GJIBIIO u pCaC30.

Ha A : rna3 Haxonutcs B peniepaoMm nosioxxenuu (PII), B3op Hanpasien B A3II Ha
3BE3/I0YKY, HCKYCCTBCHHBIN CIBHUI B30pa — MMyHKTUpPHAs CTpeNKa; ydactku 2, 3 u 4 OU
(= A3II) ormeuaTsIBatOTCA Ha ceTyatke, co3nasas CU (B BUIe aKTHBHPOBAHHBIX ydyacT-
KOB 2, 3 u 4, COOTBETCTBEHHO); 9TH y4acTku CHU mpoenupyrorcst B penepHsie (TI0 orpe-
nenennto) ydactku 2, 3 u 4 B KO, cootBerctBenHO; [10 cosznaercs Ha ydactke 2 A3I1
(= ON), 6narozmapst IpKOMy CBETY OT 00BEKTa «poMO», 3ToT ydactok 2 OU mpoenupy-
eTcsl B cooTBeTcTBYomMi yyacTok 2 CH u 3aTeM B yuacTok 2 B KO.

Ha B: mocne okonuanus 3acBera (0T 00beKTa «poMO») B30p HampaBiieH (ecTe-
ctBeHHBIM criocobom) B A3II Ha yuactok 4 (mpu atom CHU ¢ I10, 3aneyarneHHbIM Ha
ydacTke 2) caBuraercs BieBo (otHocutensHo OWN); yuactoxk OU 2 (yxe 6e3 I10), a
Taxxke ydactku 3 u 4 O oTnevatsiBaloTcs Teneps Ha yyactkax 3, 4 u 5 CU, coorset-
cTBeHHO; MK «IepeBOIUT CTPEIKH IPOEKIHD) ' B HANPABICHHH CMEIICHHS CETUATKH —
no3tomy IO u3 CHU npoeunupyercss B K9 B yuactok 1, Toraa kak yuyacrku 2, 3 u 4
OWU npoennpyrorest B K9 cHoBa B yuacTku 2, 3 u 4, coorBercTBeHHO. B urore, Ha b
npoekiws [10 B KD oka3siBaeTcs M30MpaTeIbHO CMEIEHHOH OTHOCUTENBHO MPOEKINN
OWU, xoropas ocranack B KO Ha npexxHux ydactkax (cpaBHu ¢ A). ToscTol cTpenkoin
obo3HayeHa npoekuus u3 (poBea. 3HAUCHUsI COKpALEHH CM. B moamucH K puc. 1. Kom-
MeHTapuu (1 o0bsicHenue otaouennn GCaC30) cM. B TekcTe

[MonsiTHO Takke, mouemy 110 He cMmemaercst BMeCTe C HCKYCCTBEHHO CMe-
IIaeMBIM JIy9OM B30pa (HampuMmep, [IpH HAJaBIMBAHWU HA TIa3HOE SOJIOKO).
JleficTBUTENTFHO, HCKYCCTBEHHOE CMellleHUe B30pa IPOUCXOANUT Oe3 BO3AeH-
CTBUSL CO CTOPOHBI 3>(PQepeHTHON CHUCTEMBI (CIIeOBaTeNBHO, 0€3 y4acCTHS
MKD); mostomy mpoexkrust 110 u3 CU B KO octaercst He cMeleHHOI (Tak xe,

"Ha puc. 2 A u b MKD un300pakeH Kak «IepeBOIsIIEe CTPEIKA MeXaHHYeCKoe
ycrpoiictBoy; B [1, 2, 3] MKD onuceiBaeTcsl, €CTeCTBEHHO, KaK HEHPOHHOE yCTPOMICTBO.
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Kak Ha puc. 1 A); 3T0 u oOycmoBnuBaeT Bocnpustue 110 cTabmwiIbHBIM. DTO
(Bocnpusitue 10 cTaObMIBbHBIM) HMEET MECTO KaK HPH 3aKPhITOM, TaK U OTKPbI-
TOM riiaze. B mocnenHeM ciydae MCKycCTBEHHBIH CABHT JIyda B30pa COINpO-
Boxknaercss capuroMm (oHoBoro C30 skpaHa (OTHOCHUTEIBHOTO CTAaOWIBHOM
«rpoexumm» [10); o mpuunHe caura C30 skpana cM. B (3).

(3). Ceoiicmea C30, nposensiemvie 6 ghenomene cogue C30 (pCoC30). B
ciyqae GKBII welipodusnonormueckum (HyHIAMEHTOM, OOCCIICYHBAIOIIIM
crabmibHOCTh C30 sBnsetcs (cormacHo [1-3]) crabmibpHOCTs Tipoekimu OU Ha
Heiiporax K3 (t.e., B YPC (cum. (2)).

B caygae xe pCaC30 C30 mpossnser ceds kak capuramomeecs C30;
casur C30 mpoUCXOAMT TPH JIETKOM HAJaBIMBAHUH Ha TJa3HOE S0JOKO — 3TO
1-e (1 ocHoBHOe) cBoiicTBO C30, posiBisiemoe B pCaC30.

Hamnpasnenne MCKyCCTBEHHO TPOW3BEACHHOTO (HAIaBIMBAaHMEM) CBUTA
C30 sBisercss (Kak ITOKa3bIBaCT MPOCTOC HAONIONCHUE) 3aBUCHMBIM OT
HaTpaBJICHUS U BEIMYUHBI CKOCA TJa3a, MPeIBAapPUTENBHO OCYIIECTBICHHOTO
€CTECTBEHHBIM 00pa3oM. Tak, MpH OIHOM M TOM JK€ HalpaBICHHU BEKTOpa
HanaBnuBaHus cIBUr C30 MOXET NPOM30MTH Kak B HAIIPABJIEHHH CKOCA, TaK U
HaBcTpedy eMy — 3to 2-e cBoiicTBo C30, nposiisemoe B pCnC30.

Bo BpeMms HCKyCCTBEHHO CABHHYTOTO B30pa MOXHO JIOTIOTHUTEIIFHO CMe-
IIaTh B30p eCTeCTBEHHBIM 00pa3oM. IIpu 3TOM CTaOMIBHOCTH MCKYCCTBEHHO
casuHyToro C30 coxpaHseTcs Tak ke, Kak coxpansercs cradmibHocTs C30
BO BpeMsI €CTECTBEHHOT'O CMELIEHHU B30pa B HOpMe — 3T0 3-¢ cBoiicTBo C30,
nposiisiemoe B pCaC30.

1-e ceoticmeo C30. Ilpn HamaBIMBaHUY (M €T0 YACPKUBAHUH) ITOJIOKEHHIE
Ila3a B TJIa3HUIE CTAHOBHUTCA JPYTMM. OTOT OYEBHIHBINH (PAKT IMO3BOJSET
mpenamnonarats, yTo mpu 3ToM npexHee PIII (mPIID") 3amensiercs apyrum, HO-
BbIM McKyccTBeHHbIM PIIIT (a#PIIl). [efictBurensno, mpu HPIIIT cerwartka
OKa3bIBAETCS HECKOJBKO CABUHYTOM OTHOCHTENBHO TOro sxe OU, n peuentops
npexxnero CH mosnydaroT Temepb akKTHBHOCTH OT HOBBIX (HE OT «IIPEXHHUX))
Toyek Toro xe OU; Takum 00pa3om, Ha IpeKHKE, OTKPBITHIE, Oyaroxaps pado-
te MKD, Bxozpl Kk HelipoHam KD (3TH BXOIBI COXPAHSIOT MPEXHEE OTKPHITOE
COCTOSTHHE M BO BPEMs HMCKYCCTBEHHOI'O CIBHTra B30pa) MOCTYMAET TEHEPh aK-
TUBHOCTH OT npyrux touek OW. Takmm oGpaszom, Heiiponst YPC (=K3J) B
ciaydae HPIIT' mo/1y4aloT akTHBHOCTB He OT MPEXKHUX «CBOHUX» Touek OU,
a oT Apyrux (Kaxk 0bl CABUHYTHIX) To4uek Toro ke OU; stor cnBur (pakTu-
gecku, — caBUr KC K3 otHocurensno npexxneit KC K9) u npossnsercs B Buzae
$HCnC30. Unmoctparmeii k 3toMmy 00bsicHeHu0 GCrC30 MOXKET CITyKUTh TOT
ke puc. 2. JleiictBurensHo, ecnu MKD Ha puc. 2, b He Oyner 3anelicTBoBaH
(4TO M UMEET MECTO NPH UCKYCCTBEHHOM CJIBUTE JIy4a B3opa), To, B urore, OU-
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npoekiust B KO (B YPC) oxaxercst ciBuHyTOH (110 CpaBHEHMIO C TaKOBOHM Ha
puc. 2, A).

Oro cnenannoe Bbime oObsicHeHne GCnC30 mmeer, ¢ OAHOW CTOPOHHBI,
BecKoe (Ha Halll B3IJIs1) HOATBEPXKICHHE B CaMOM IIPOSIBICHUH 3-TO CBOWCTBa
C30 (cM. BblIE), U OAHOBPEMEHHO, C JIPYrOW CTOPOHBI, SIBISCTCS TaK:Ke U
00BsICHEHHEM 3TOTO 3-TO CBOWCTBA — MO0, 3TO CHIEJIAHHOE BBIIIE OOBSICHEHHE
HE TPEIoiaracT Kakoro-mmdo u3MeHeHus B pabote camoro MKD.

2-e ceoticmso C30. D10 cBOHCTBO cBUIETENBCTBYET, uTo GCaC30 00y-
CJIOBJIMBAETCS HE TOJIKO MPOCTHIM (M3-3a HAJaBIMBAHWS) CMCEIICHHEM JIyda
B30pa. JlelicTBUTENbEHO, TP HAAABJIMBAHUM JyY B30pa MOXET CMEIIaThCs
TOJIBKO B HampaBJjeHuu 3Toro BekTtopa; C30 xe MOKET MPH ITOM CIBUTATHCS
1 HaBCTpedy BEKTOPY (CM.. Beimie). [ 0ObsICHEHHS 3TOTO CBOiicTBa 00paTuM-
cs1 CHOBA K puc. 2. MoxHO BUeTh (M3 cpaBHeHUsI b ¢ A), 4TO UTOTOBBII CABUT
npoekiuu OU B KD npoucxoauT 0THOCUTENBHO «HYJIEBOTO HAMPAaBJICHUS JTyda
B30pa» (TO €CTh, OTHOCUTENBHO ero HampasieHus npu PII). Dror casur mo-
KEeT ObITh, B YaCTHOCTH, KaK BIIPABO, TaK M BJICBO — B 3aBUCMOCTH OT CYMMBbI
YIJIOB €CTECTBEHHOI'O M MCKYCCTBEHHOT'O CIIBUI'OB JIy4a B3opa. B ombite (koTO-
PBIil JIETKO JOCTYNEH KaXKIOMy HaOIIOJAaTeNio) JEHCTBUTENBEHO HPOSBISETCS
CHJIbHAsI 3aBHCUMOCTD BeJTMUMHEI ¥ Hanpasienus casura C30 (B pCaC30) kak
OT BEJIMYMHEI W HANPaBIICHUS MPEIBAPUTEIFHOTO CKOCa Tia3a, TaK U OT BEI-
YUHBI ¥ HAMIPABIICHHUS BEKTOpa HalaBiIHBaHUA. TakuMm o0pa3oM, 2-€ CBOWMCTBO
C30 B $pCaC30 naxomut oObsicHeHHE B apagurme MKO-K3-PIII', — 6xarosa-
pst umeronierocs B Her nousituio PIIT.

O0cy:xneHue ¢ 3aKJII0YeHUAME

[IpoBeneHHBIf B cTaThe aHanmM3 MoKa3an cruenyromiee. 1) deHoMeHBI
GABIIO n pCnC30 HaxoasaT 00BsACHEHHE B TepMUHaX HapaaurMbl MK3-KO-
PIIT" (pu TOM — O3 MpHBIEUCHHUS TIOHATHSI «IIPOIPHOLETIH»). 2) B mapa-
qurme MK3-KO-PIII™ HaxonsaT o0bsicHEHUsI B HEHPO(PHU3NOIOTHIECKIX TEPMHU-
Hax Takue, B TOM yucie npospigoonecs B C30, XapakTepUCTUKU 3pUTENBHOM
CHCTEMBI, KaK: anpHOPHOCTh' (OHA 06YCIOBJIEHA TEHETHUECKH H OHTOTEHE30M
COOTBETCTBYIOIINX HEHMPOHHBIX MEXaHM3MOB); AUCKPETHOCTh (OHA XapaKTepH-
3yeT, K MpUMepy, CaKKaJbl, CCBUIKU cM. B [1]); ycJoBHOCTBH (OHAa OOBEKTHBHO
npeacTaBieHa yciaoBHOH perniepHoit cetuaTkort (KO ¢ MKDJ); cy0beKTUBHOCTD;
penpe3eHTATHBHOE cofep:kaHMe U apyrue. 3) PesymbraTsl aHanusza yBeJiM-
YHIM KOJIH4ecTBO XapakTepucTHK C30, 0OBICHAEMBIX B TEPMHUHAX Mapajur-

! 310 nonsTHE KOppENMpYeT, 110 KpaiiHeil Mepe B PAJE CIydaeB, C MOHSTHEM «one-
pedicarowee 60306yacoenue, BBeneHHbIM I1. K. AHOXHHBIM [4].
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Mbl MK3-K3-PIIT'; Tem cambiM C30 erie TeCHee «IPUBSA3BIBACTCS» K CTPYKTY-
pam, ob6o3HauaeMbiM Kak «MKO» 1 «KDO». 4) Tem He MeHee, Kak U B ctaThe [1],
aBTOP MOJIaraeT, YTO HET OCHOBAHUH OKHJIATh, YTO POOOT, HAAEIEHHbIH TEXHH-
yecku peann3oBaHHBIMU MKD 1 K3, OyeT UCTIBITBIBATH €lIe U «OLIyIICHUE) —
C30; B 310it ke pabote [1] BhICKa3aHO MPEIIOJIOKCHUE O CBS3H IOHATHS
«OIIYIIEHUE» C MOHSATHEM «KHBOE». B 3TOi cBsizn, «oOpamaer Ha ceOs BHU-
MaHHe»  OOCTOATENBCTBO,  YTO  KPYr  COOTBETCTBHMH  «BOCIPHS-
THe/BocTipon3BenieHne» (puc. 1) comepkur, (aKTHYECKH, BCE 3JIEMEHTHI
«pyukuoHanpHOM cucteMbl» (o I1.K. AHOXWHY); B oTIHUHe ke OT podoTo-
TEXHHYECKHX CHCTeM, «(PyHKIMOHATbHAS CHCTEMa» XapaKTEepU3yeT HMEHHO
KHUBYIO CUCTEMY (M TOXKE€ COJEPKUT HEOOBICHEHHBIE, 110 CYTH, IT0Ka 00a MOHS-
THSL — (GKHBOE» U «OLIYIIECHHE).
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HCCIEJOBAHUE BEPCUU AJI'OPUTMA
PACIIO3HABAHUMS BU3YAJIBHBIX OPUEHTHPOB
B BUOMOP®HON CUCTEME HABUT'ALIUUA *

PaccmarpuBaercst 3agaua pacro3HaBaHUsS BU3YaJIbHBIX OPUEHTHUPOB B CO-
CTaBe AITOPUTMOB OHOBPEMEHHOTO COCTAaBJICHHS KapThl W OINpPEIEIICHUS Me-
cronionoxkenust (SLAM). [Ipn anurensHON paboTe JaHHBIX CHCTEM HPOUCXO-
JUT yBEIHUYEHNE KOJUYECTBA BU3yalIbHBIX OPUEHTUPOB, YTO YBEIUYUBAET Tpe-
6oBanns kK 00beMy maMATH. IIperIokeH, peaan30BaH U UCCIELYETCs ABYXIIO-
POTOBBIIT ATOPUTM PACIIO3HABAHMS BU3YAJIbHBIX OPHEHTHPOB, KOTOPBIH MO3BO-
JSIET YMEHBIIUTh KOJIWYECTBO BH3yalbHBIX OPHEHTHPOB 0€3 CYIIECTBEHHBIX
MOTEPh B TOYHOCTH MOTy4aeMOH KapThl.

KurwueBble cjioBa: cucmemvl OdHOG‘p@MEHHOZZ JoKaauzayuu u kapmupoea-
HUs, uhmezpupoesanue nymu, opueHmupbl, Heuv[?OHHble cemu.

BBenenue

HaBuramus B mpoCTpaHCTBE SBISCTCS BaXKHBIM CBOWCTBOM JKHBBIX Opra-
HU3MOB. J[JIs1 U3y4YeHUs] HAaBUTAllMM KUBBIX CHCTEM BO3MOXKHO MOCTPOCHHUE U
W3yYeHHUE UX BBRIUYUCIUTEIBHBIX Mojaeiei. OXHOHM 13 MOJOOHBIX MOJIEIeH sSBIIs-
ercst RatSLAM [1, 2], ocHOBaHHas Ha TIPEACTABICHUSAX O HABUTAIIMOHHBIX
mpoIieccax B MO3Te TPHI3YHOB. JlaHHAs CHCTeMa OTHOCHUTCS K OMOJOTHYECKH
pENeBaHTHBIM aJTOPUTMaM, IJIi KOTOPBIX OMOJIOTHYECKOE COOTBETCTBHE BaXK-
HEe METPHUYECKOW TOYHOCTH. BroMOpgHBIE MOIETN MO3BONAIOT CYIIECTBEHHO
YMEHBIIUTh TPEOOBAHUS K BBIUYMCIUTEIBHBIM U JHEPTETHUECKUM pPecypcam,
0COOEHHO IMPH HUCIOJIH30BAHUN HEUPOMOP(HBIX alllapaTHBIX BEIYUCIUTEIbHBIX
moyeit [3]. Taxkke CHIIBHON CTOPOHON OMOJIOTHYECKH PEJICBAHTHBIX MOICICH
SIBIIICTCS JICTKOCTD JI00ABJICHUS M M3MEHCHHS MOJIAIBHOCTEH CUCTEMBI. [4]

* lannas pabota mpoduHancHpoBaHa MUHHCTEPCTBOM HAYKH M BBICIIETO 0Opa3zo-
BaHus P® B pamkax rocynapcrseHHoro 3aganus UII® PAH, mpoext NeFFUF-2024-
0037.
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OnHuM U3 BaXXHEHIIHUX 3JIEMEHTOB anropuTMoB SLAM (0JHOBpEMEHHOTO
OTpENEICHNSI MECTOINOJIOKEHUsI W COCTAaBJICHHMA KapThl) M KOHKPETHO
RatSLAM sBrisieTcss MEXaHU3M 3aMBIKAHUS IMKIIOB, TIO3BOJISIONIUA COPOCUTH
HAKOIUICHHYIO OINMUOKY HMHTCTPHPOBAHUS TPACKTOPUHM TPHU IOMAJAHUU B W3-
BECTHYIO 00J1acTh mpocTpaHcTBa. [IaHHBIN MEXaHU3M CBS3aH C PEIICHUEM 3a-
Jladdl pacrio3HaBaHus MecT (place recognition), TO €CTh ONpeeIeHUEM TEKyIIe-
0 MECTOIOJIOKEHHUSI KaK OJHOT0 M3 3allOMHEHHBIX. Pacro3HaBaHue MecToro-
JIO’KEHUS BBIMIOJIHSAETCS. HA OCHOBE JAHHBIX PA3JIMYHBIX CEHCOPOB, YCTAHOBJIEH-
HBIX Ha 00BexTe. Habop BXOOHBIX TaHHBIX MOXKET OBITH PA3IWYHBIM, HO YacTO
HCTIOJIB3YeTCs N300pakeHNe ¢ BUICOKAMEPHI.

TpaguuroHHO K JaHHOM 3ajgaue MOAXOIAT KaK K MOUCKY B 0a3e MaHHBIX
n3o0pakeHwii, Hanbojee OIU3KKUX B MPOCTPAHCTBE K 3ampomeHHoMy. Kimroue-
BBIM BOIIPOCOM SIBJISIETCSI ONHMCaHUe N300paKeHUS B TAKOM BHJE, YTOOBI H300-
PaKEHUS] CO CXOKHUMH OMHUCAHUSMH ObUIM OJIM3KH B MPOCTPAHCTBE, U HA000-
poT.

B03MOXXHO NMpUMEHEHHE pa3IMYHBIX ONUCAHUM HM300pa)KeHHH, TaKuX Kak
HETIOCPE/ICTBEHHBIC MUKCEIBHBIC JaHHBIC M300paKCHUS, KIFOUCBBIC TOYKH HA
n300pakeHNH [S5], BBIXOJHBIC 3HAUCHHS HMCKYCCTBEHHBIX HEHPOHHBIX CETCH
Pa3IMYHOMN apXUTEKTYpHI [6], a Takke KOMOMHAIIMH JaHHBIX METOIOB [7].

B xnaccuueckoi peanusanuu anroputMa RatSLAM B xadecTBe onmucaHus
M300paKeHMI UCTIONB3YIOTCS MUKCENBHBIEC JAHHBIC CKATOTO M300paKCHUS.

OmHako Ui BCeX BUAOB ONHCAaHWA C YBEIMYSHHEM H3BECTHOW 00IacTh
MIPOCTPAHCTBA MPOUCXOAUT YBEIIMICHHE KOIMIECTBA MU3BECTHBIX M300payKeHHHA
B 0a3e JaHHBIX, YTO NMPHUBOANT K YBEIHMUYCHUIO HEOOXOIUMOTO 00beMa MaMsITH
1 BBIYHCIUTEIBHBIX PECYpPCOB.

B anroputme RatSLAM pmannast npobiema perraercst MyTeM COXpaHeHHS B
0a3e aHHBIX TOJIKO HanOoJiee 3HAYMMBIX M300pPaXKECHU, TO €CTh TPOUCXOJIHUT
MOTOKOBas KijacTepu3aius n3oopaxenuid. [I[puMeHeHre TaHHOTO AJITOPUTMA HE
3aBHCHUT OT UCTOYHHUKA OMHCAHUIN U300PAKCHUIN, U MOXKET OBITh UCIIOJIH30BAHO
¢ OoJiee COBpeMEHHBIMH OITUCAaHHUSIMU, TaKiMMH, Kak NetVLAD [6].

KBanTOBaHMe mpoCTpaHCTBAa JUIsi PAaCHO3HABaHUS OTAENBHBIX oOJacTel
MPOBOJIMIIOCH TaKXKe B [8], OHAKO TaM BEINONHSIIACH KIIACCH(UKAIHS H300pa-
JKEHUH M0 U3BECTHBIM KjiaccaMm MecT, a B RatSLAM BrinonHsercs kinacrepusa-
IUS B TIPOIIecce PadOTHI CHCTEMBI.

OIHAKO BO3MOXKHO JIOTIONHHUTENFHO YIYYIIUTh pa3Mep KapThl U CTAOWIIb-
HOCTh (pyHKIOHMpOBaHUs cucTeMbl RatSLAM myTeM ONTHMH3AIlii MOIYIIS
pacro3HaBaHHS BH3YaIbHBIX OPUEHTHPOB U COKPAIICHNH KOJIMYECTBA CO3/1aBa-
€MBIX BU3YAJIbHBIX OPHEHTHPOB HA TPACKTOPHHU.

Hannas paboTa sBIseTCSA pa3BUTHEM HCCIIEAOBaHU [9].
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IlocTanoBKa 3aga4u ¥ ONMHCAHHE ajiropurMa

B cucreme RatSLAM 3anaua pacrio3HaBaHUs BU3yaJIbHBIX OPUEHTHUPOB BbI-
MOJIHAETCS B MOJyJIE KJIETOK JIOKAJIbHOrO BUJa. OCHOBY TaHHOTO MOJYJS CO-
cTaBisieT HabOp HM300paKCHUH BH3YaJbHBIX OPHEHTHPOB C 3allOMHEHHBIMHU
KOOpJMHATaMH B NPOCTPaHCTBE. [Ipy MmojydeHNH Ha BXOJ HOBOTO M300paxe-
HUSI BBIIOJIHACTCS ITPeaoOpaboTKa JaHHOTO M300payKeHNs, 3aTeM MPOU3BOIUT-
Csl CpaBHEHUE U300PAKEHHSI CO BCEMH M3BECTHBIMU M300paKEHHSIMHU BHU3Yyalb-
HBIX OpHUeHTHPOB. CpaBHEHNE N300PaKEHUH BBITOIHACTCS ITyTEM BBIYHCICHUS
METPHUKH Pa3Ndus M300pakeHMH, B Ka4EeCTBE KOTOPOHW HCIOJIB3YETCs] CyMMa
a0COTIOTHBIX Pa3HOCTEH MHTEHCHBHOCTEH muKceneil m3oOpaxenuil. B cimyuae
CXOXECTH HOBOTO M300pXEHUS € KaKMM-THOO BH3YaJIbHBIM OPHUEHTHPOM
(3HaYeHHE X METPUKU HUKE MOPOTOBOT0) OHO PACIIO3HAETCS KaK JAaHHbBIM BH-
3yalIbHbIA OpueHTHp. B ciydae ecii HOBoe M300paXkeHHe CYIIECTBEHHO OTIIHU-
4aeTcsl OT BCEX M3BECTHBIX (3HAYCHMS METPUK CXOXKECTU CO BCEMHU BU3yaJIbHbI-
MH OpHEHTHPAMHU 3HAYCHHE METPUKU BHIIIE MTOPOTOBOT0), OHO COXpaHACTCA
KaK HOBBII BU3YaJIbHBIA OPHEHTUD C 3aIIOMHUHAHUEM TEKYIUX KOOPAUHAT.

KonuuecTtBo pa3auuHBIX BU3YalbHBIX OPUEHTUPOB, TMOIYYEHHBIX Ha KOH-
KPETHOH IOCNEe0BaTENILHOCTH KaApOB, 3aBHCUT OT BEJIMYMHBEI IIOpPOra pacro-
3HaBaHUsA. B ciyyae HM3KHMX 3HAQ4YE€HUI MOPOra KOJIMYECTBO BU3YaIbHBIX OpHU-
€HTHPOB BBICOKO M MOXKET JOCTUTaTh MOJHOTO KOJIMYECTBA KaJpOB B TMOCIENO0-
BaTeNbHOCTU. [IpH NOBBINIEHMHM MOPOra BO3MOXHO YMEHBIIMTH KOJIUYECTBO
BU3yaIbHBIX OPHEHTHPOB. OIHAKO MOCKOJIBKY BXOJIHBIE M300paK€HHUS MOTYT
100 PAaCHO3HATHCS KaK U3BECTHBIH BU3YaIbHBIN OPUEHTHUD, THO0 COXPAaHUTHCA
KaK HOBBIH, M300paXCHUs, METPUKA PAa3IM4IUA KOTOPHIX OT M3BECTHBIX BU3Y-
AIBHBIX OPHUEHTHPOB MEHBIIE MOPOra, HO 3HAUMTENbHA (YMEPEHHO HaJIeKhe
n300pakeHNsT), TAK)KE PACIO3HAIOTCS KaK JaHHBIN BU3yalIbHbIN opueHTHp. [Ipn
3TOM MOTYT NPOUCXOAUTH JIOKHBIE 3aMBIKaHUS IUKJIOB, MPUBOJAIINE K yXY/I-
HICHUIO TOYHOCTU KapThl IPOCTPAHCTBA.

B opurunaneHoii cucreme RatSLAM c naHHBIM HEJOCTaTKOM OOpOJIHCH
MyTeM 3aJaHus 3aB€OMO HM3KOTO 3HA4YEHUs opora METPUKH, YTO MO3BOJIIIO
CO3/1aBaTh JOMNOJHUTENbHBIE BU3yallbHbIE OPHUEHTUPHI HA YMEPEHHO AAJEKHE
n300paxeHus1. JJaHHbIe OPHEHTHPHI HE YBEINYMBAIOT TOYHOCTh KapThl, U YacTO
pacIo3HAI0TCs TOJIBKO Ha TOM H300paKeH!H, HA KOTOPOM OHHU OBLIM CO3aHBI.

JlpyriuM BBIXOZIOM U3 JITaHHOW CHTYaIlMd MOXXET OBITh pasJeJICHUE MpPOLec-
COB CO3[IaHMs M PacIO3HAaBaHMs BU3yaJdbHBIX OpUEHTHPOB. IIpu 3TOM pemenue
0 CO3/IaHMHU HOBBIX BH3YaJIbHBIX OPUEHTHUPOB JOJDKHO NMPUHUMATHCS 10 Oojee
BBICOKOMY 3HAUEHHIO IOpPOra METPHUKH (IIOPOT CO3/aHMsA), OCTABIAA TOJBKO
CYIIECTBEHHO OTJIMYAIOIIUECS IPYT OT APYra BU3yalbHbIE OPHEHTHPBI, COCTaB-
JISIOIIKE Y3JIOBBIE TOYKH KapT. PemieHne o pacrno3HaBaHUM H300paXeHUs Kak
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OJIHOTO U3 CYIIECTBYIOIINX BU3YAIBHBIX OPUEHTHPOB TOJHKHO MPHHUMATHCS 10
OTHOCHUTENBHO HH3KOMY 3HAYCHHIO IOPOTa METPUKH (TIOpOT paclo3HaBaHHUsA),
MO3BOJISIS Paclo3HaBaTh KaK JAHHBIA BU3yaJbHBIN OpUEHTHUDP TOJBKO JEHCTBU-
TEJILHO OJM3KHE K HeMy n3o0paxeHus. [Ipu 3TOM MOSIBISIETCS JIOTOTHUTEIb-
HBII BapuaHT 0OpaOOTKH NPH MOJy4YEHHH HOBOTO M300pakeHHMs, KOTIa 3Ha4e-
HUE METPUKU HAXOAMUTCS MEXIy HOPOraMu. DTO COOTBETCTBYET YMEPEHHO Jia-
JIeKMM M300pakeHusIM. B TakoM ciiydae 1aHHOE H300pa’keHne 0TOpachIBaeTCs.
Ha puc. 1 npuBeneHa 6710K-cxeMa IpeUIoKEHHOTO aJlTOPUTMA.

Mony4yeHue nepeore
Kafpa BMAE0n0TOKa

MpEasapuTENsHan
oGpaboTka
W30ODAKEHNA

JnofasneHve HoBOMo
BH3YanNbHOMO OpUEHUTPE|

HE a

L MomnyueH A
HOBGIM KaJp,

NpeABapiT elbHan
obpabtoTka
W300paseHna

ioT100N

MUHUMANEHOE
3HAYSHHWe

METPHKM BhilLe

BEpXHEro nopora

OpPUEHTHUPOB

Co3faHWe HOBOTO
OpHUeHTUpa

3HAYEHUE METPUKM
BbilLie HUKHETO
nopora

NEPEHOCHTCA B TOYKY,

Tekyllee MECTONONOKeHHe F
(CBA3AHHYI0 C I-M DPHEHTHPOM

bIYUCNEHWE MHUHUMANBHOM
3Ha4YeHWA METPUKK

Puc. 1. biok-cxeMa npeayio)keHHOr0 aJIrOpUT™Ma
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Ha nanHyio npo0ieMy Takke MOXHO MOCMOTPETh TaKKe CO CTOPOHBI Kia-
crepuzanuu. Pacrio3HaBaHMe M CO3[aHUE BU3YalbHBIX OPUEHTUPOB MOXKET
OBITH PACCMOTPEHO KaK 3a/1a4a KJIacTepHU3alliK KaJpoB BXOJAHOTO BUIEONOTOKA
B IIPOCTPAHCTBE MHTEHCUBHOCTEH MUKCENEH N300paskeHus!, TIPH 3TOM BU3YyaJb-
HBIM OPHEHTHpPaM COOTBETCTBYIOT LIEHTPOWJBI KIIACTEPOB, @ COBOKYITHOCTh
n300paXeHNH, pacTIO3HAHHBIX KaK JaHHBIM BU3yaJbHBIH OPHEHTHP — KaK COBO-
KyITHOCTh TOYEK, MpPUHAUISKAIINX AaHHOMY Kinactepy. Cymma aOCONIOTHBIX
pasHoCTel muKcenel, BEIOpaHHAs B KauyecTBE METPHKH Pa3iIH4Ms H300paske-
HU, COOTBETCTBYIOT PACCTOSHHUIO TOPOJACKUX KBapTanoB [10] B mpocTpaHCTBE
WHTEHCUBHOCTEW mnHKcene. Ilopory co3maHus COOTBETCTBYET PpPacCTOSIHHUE
MEXKAY LIEHTPOUAAMH KJIACTEPOB, a MOPOry PacHO3HABaHUsS — PaAuycC KiacTe-
poB.

Takum 00pa3oM, MOXXHO BHJIETh, UTO B OpUTHHAIBHON cucTeme RatSLAM
paccTosiHie MEXAYy LIEHTPOUAAMH KJIacTepoB ObUIO PAaBHO PanyCy KIIACTEPOB.
OTO COo34aBAN0 3HAYUTENBHYIO 00JACTh HEOJAHO3HAYHOCTH DPAaCIO3HABAHMUSL.
OpHaKo B cilydae pa3iMYHBIX BEJIMYMH MOPOTOB BO3MOXKHO OOECIedYeHHe JIH-
HEWHOU pa3JeIMMOCTH KIIACTEPOB.

TeCTHPOBaHl/le CHUCTEMbI

Jis TectupoBanus cucteM SLAM mcnions3yroTcst HaOOpBl TaHHBIX CEHCO-
POB, IIOJIyYEHHBIX C OOBEKTOB, IBIDKYIIHMXCS B MPOCTPAHCTBE 10 KapTe MECT-
HocTH. CHCTEMBI IPUHUMAIOT Ha BXOJ| JAaHHBIC CEHCOPOB U CTPOSIT COOCTBEH-
HYIO OLEHKY TPaeKTOPWH [BIDKEHHS OOBEKTa M KapThl MECTHOCTH, U Hajee
MIPOM3BONTCS CPABHEHHE OIICHKH TPACKTOPHH, HOIyUYCHHONW B PE3yNIbTaTe pa-
0OTBI CHCTEMBI, C HCTHHHOU TPACKTOPHEH.

B kauectBe HaOopa JaHHBIX B JAHHOW pabOTe MCMONB3yeTCs ITyOIMYHBINA
Habop nanubix KITTI, nocnenoBarensHoctn 00 1 02 [11], a Taxke HaboOp naH-
weix TUM RGB-D, nocienoBarensaoctsb fr2/pioneer _slam [12]. Habops! naH-
HBIX COZIEPIKaT KaJIpbl BUJIEONOTOKA, & TAK)KE UCTUHHBIE TPAEKTOPHUH.

B kauecTBe MeTpUKH AJIsl CPaBHEHHS TPACKTOPHUH B JJAaHHOW paboTe Impume-
HSETCSl CpemHssi aOCONIIOTHAs OIIMOKa OMNpeieNeHHs MecTonoioxeHus [12].
AbcomoTHas omnbka Tpaekropun (ATE — Absolute Trajectory Error) onenu-
BAeTCs MyTEeM CPaBHEHHS aOCONIOTHBIX PACCTOSHUN MEXAY PACUETHOM M HC-
TUHHOU TpaeKTOpHuei.

s pabotsr cucremsl RatSLAM tpebyercss CHTHANI OJOMETPHH, BBIUHCIIS-
embiii B Habope ganHeix KITTI Ha ocHOBaHMHM KaJpoB BHAEONOTOKA. B manHOM
paboTe B KauecTBE MOIYINS BU3YyaJlbHOM OJOMETPUU NMPUMEHSAETCS MOIU(PUIH-
poBanHas cucrema ORB-SLAM 2 [9]. Ha6op manasix TUM conepuT curaai
0JIOMETPUH, KOTOPBI HEMOCPENCTBEHHO nepeaaeTcs cucteme RatSLAM.
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B paGote mpumeHseTcsi MOHOKYJISIpHasl BU3yajibHas onoMeTpus. [Ipu stom
pa3Mepsbl [oJIy4aeMoil TPAaeKTOPUH BBIMOJIHEHBI B OTHOCHTEILHOM MaciuTaoe.

Taxoke O6buT0 IpOBenieHO TectupoBaHue cucteMbl ORB-SLAM3 na ykazan-
HBIX Habopax naHHbIX. Ha nmocnenosarensHoct TUM nanHas cucrema tepsiia
JIOKaNU3al1uIo, faxke npu ucrnons3oBanuu RGBD. Tloatomy pe3ynbraTsl TECTH-
posanus ORB-SLAM3 na nocnenosarensHoct TUM B pesynbTarax He mpen-
ctaByieHbl. Taxke nockoabKy ORB-SLAM BBINONHSAET HE TOABKO pacloO3HaBa-
HHE MECT, HO U OocTaJibHbIe 3agauil SLAM, cpaBHEHHE 110 TTOTPEOIICHHIO MaMsi-
TH ¥ MCIIOIB30BaHMIO TIPOIIECCOPA C HUM HE BBIMTOIHSIIOTCS.

Bce TecThI BHITOTHEHbBI Ha HOYTOYKe ¢ mpomeccopom Intel Core i3 11" Gen.

[Tpu npoBepke paboThl cucteMbl (ycpeaHeHre 1o 3 3amyckaM) ObUTH TI0JTy-
YeHbI METPUKH, PEICTaBICHHBIE B TAa0M. 1.

Tabmauna 1
Metpuku paboThl CUCTEM
ITocneno- Metpuku [Tapamerpbl Cucrema
BaTCJIbHOCTH RatSLAM Orb -
Onun JBa SLAM3
nopor | mopora mono
Kitti-00 ATE Max 37,48 44,94 13,87
Mean 18,76 18,26 7,59
OJIHH TIOPOT: Median 19,16 16,39 7,05
sth =0,075 Min 4,67 2,88 0,71
HBiHOPOFa: KonmiecTBo BH3yalIbHBIX 2456 646 —
:tch;o(’),l()SSS OpPUECHTUPOB
[orpebnenne mamsitu, Mb 246 244 -
Hcnonp3oBanue mporeccopa 33,4 27,8 -
Pasmep xaptsl, Mb 4,73 1,01 6442
Kitti-02 ATE Max 122,1 121,1 84,48
Mean 24,27 25,48 30,27
OJIHH TIOpOT* Median 22,23 24,29 25,29
sth =0,075 Min 8,43 6,89 7,09
;LBa_nopora: KosnunuecTBo BU3yallbHBIX 2503 556 -
sc=0,15 OpUEHTUPOB
sth = 0,085
[Torpebnenue namsatu, Mb 246 235 -
Hcnonws3zoBanue mnpoueccopa, % 28,2 253 -
Pa3smep kaptei, Mb 5,36 2,03 802,9
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TUM ATE Max 0,73 0,78 -
fr2/pioneer_sla Mean 0.38 0.39 _
m
Median 0,38 0,35 -
OJIMH MOPOT: Min 0,05 0,01 -
sth = 0,03 ] KonmaecTBo BU3yalbHBIX 326 149 -
JIBa 1opora: OPHEHTHPOB
sc =0,05
sth=0,03 [orpebnenne mamsitu, Mb 238 238 -
Hcnone3oBanue nporeccopa 16,4 19,2 -
Pasmep xaptsl, Mb 861,3 406,1 -

Ha puc. 2 npuBeneHs! rpad ki, OJIydEHHBIE B PE3yIbTaTe TECTUPOBAHMSI.

B BepxHeM psiy mpUBEICHO pacipeaesieHne CpeaHel abCoMOTHON OMIHOKH
JoKanmu3anuy (HOPMHPOBaHA HA MAaKCHMAIFHYIO OIIHNOKY, TIOKa3aHa SPKOCTHIO)
MY Pa3IMYHBIX BEIHMYMHAX ITOPOTOB CO3AAaHUS (OCh OPAMHAT) M PACHO3HaBa-
Hust (och abciucc) opueHTHpoB. Ha riaBHOM JnaroHaiiy MpeAcTaBlieH cliydan
OPUIMHAJIBHOM CHUCTEMBI, B KOTOPOW IOpPOrd paBHbl. MOXXHO BUAETH, YTO HA
GoNpIIMX 3HAYECHUSX [IOPOrOB MPOMUCXOAUT POCT OLIMOKH, BBI3BAHHBIN
OmMOOYHBIM pACHO3HABAaHUEM OpPUEHTHPOB. IIpM yMeHBIIEHHH MOpora
pacrio3HaBaHusl HU3KWE 3HAYEHHS ONIMOOK BOCCTAHABIMBAIOTCS.

Bo BTOpOM CcBEpXy psily MpelncTaBiIeHbl Cpe3bl MPeAbITyuX IrpadgrukoB no
IJIAaBHOW JMaroHanu (TEMHO-Cepblii rpadK, COOTBETCTBYET OpPUTHHAIBHOU
CHCTEME), a TaKKe OTCTynass Ha 4YeThlpe 3HAauyeHHWs BJEBO OT TJIaBHOU
nuaroHanu (cepelid rpaduk). ITo ocn abeiycce mpeacTaBieH MOPOT CO3ZaHus,
10 OCH OpAWHAT — BEJWYMHA AOCOIIOTHON OIIMOKH JIOKaIM3aluu. MOKHO
BU/I€Th, YTO NPH PA3IMYHBIX IOPOTax CO3JaHMS W PACHO3HABAHUS POCT
OMMOKN HAYMHACTCS INPH CYMIECTBEHHO Oo0Jjiee BBICOKMX 3HAYCHHUSX IOpOTa
CO3JaHusI.

B TperheM cBepXy psimy IPENCTaBIEHBI IpaduKy ¢ MPEIbIAYIIET0 PUCYHKA,
HO TO OcCH abcuucc NPUBENCHO KOJMYECTBO OPHEHTHPOB, CO3JaHHBIX Ha
TPaeKTOPUH.

B HmxHEM psiny mpeicTaBieHbl rpaQUKy 3aBUCUMOCH pa3Mepa KapThl OT
Iopora co3JlaHusl. 3aBUCUMOCTb Ul OPUI'MHAJBbHOM CHCTEMBI INpe/CTaBlICHA
TEMHO-CEpbIMH rpadMKaMu, JUIsl JBYXIIOPOTOBOH — CEpbIMH IpauKaMHu.
Mo>HO BUIETh JIABHOE CHUKEHUE pa3uepa KapThl C pOCTOM IIOPOra CO3/aHMUs.

Jlanee npuBeneHbl BU3yaIN3alUd TPAEKTOPHH, MOMYUYEHHBIX B PE3yJbTAaTe
TeCTUpOBaHUs. [IyHKTHpHBIE JINHUM — UCTUHHBIE TPACKTOPHH, CIUIOLIHBIE JIU-
HUM — OLICHKA TPAEKTOPHUH B pe3ysbTaTe pabOThl CHCTEMBI, SIPKOCTBIO JIMHUN
MIPEACTaBICHA BEIMYNHA OIINOKH.
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Puc. 2. Cepxy BHM3: pacupeneneHnue cpeaneii abComoTHON OMMOKY JIOKATH3aluu IPH
Pa3IMYHbIX BEJIMYMHAX IIOPOTOB CO3JAHMS ¥ PACIIO3HABAHUS OPUCHTHUPOB, 3aBHCHMOCTh
cpenHel aOCONTHOM OMMOKK JIOKaIM3aliK OT BEJIMYMHBI [IOPOTra CO3AaHUS BH3Yyallb-
HOT'O OPUEHTHUPA, 3aBUCHMOCTb CPEeJIHEH abCOTIOTHOM OMINOKH JIOKANU3aIMH OT KOJIMYe-
CTBa COXpaHEHHBIX BH3yaJbHBIX OpHeHTHpOB Ha Tpaekropusx Kitti 00 (1) u Kitti 02 (2)
n TUM (3) mpu pa3inn4HBIX BEIWYUHAX ITOPOTOB CO3/AHMS U PACIIO3HABAHUS OPUEHTH-
poB

Ha puc. 3 mpeacraBineHsl mpuMepsl pabOThl CUCTEMBI C OAMHAKOBBIMU 3a-
kputnuecknmu moporamu (0,1 mms Kitti 00, 0,08 mma Kitti 02 u 0,05 mns
TUM). IIpu nmoaHATHH mopora BBIIIE KPUTUIESCKOTO HAYMHAIOTCS JIOKHBIC 3a-
MBIKaHHS IIUKJIA U POCT BEJWYMHBI OomuOku. IIpu manmpHEWIeM yBeTHueHHH
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[Oopora y4aIaroTcs J0XKHbIE 3aMBIKaHUS UKJIA TepsAeTCs TOMOJOTHYECKOoe Mo-
Jlo0He KapThl U pealibHOTO NPOCTPAHCTBA.
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Puc. 3. Busyanuzanuu MeTpuK paOOThl OPUTHHAIBHOW CHCTEMBI C 3aKPUTHYECKHM MO-
porom 0,1 Ha Tpaekropuu Kitti 00 (1), ¢ 3akputnueckum noporom 0,08 Ha TpaeKTOpUU
Kitti 02 (2) u ¢ 3akputndeckum moporom 0,05 Ha Tpaekropun TUM (3)

Ha puc. 4 npexacrasnen rpaduk st uieanbHOr0 BapuaHTta B ABYXIIOPOTO-
Boii cucreme. [Topor co3manus opuentupos 0,15 (6ombiie, yem TOT, IPH KOTO-
POM «IIOPTHUTCS» KapTa JJisi OPUTHHAIBHOU CHUCTEMbI), MOPOT PACIO3HABAHHS
0,085. Bermnumnna ommoOky cabo OTIMYaeTCs OT MICAIFHOTO OJHOMOPOTOBOTO
Cilydasi, OJJHAKO KOJUYECTBO HEOOXOIUMBIX OPHCHTHUPOB CYIIIECTBCHHO HUXKE.
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Puc. 4. Buzyanuzauun MeTpuk paboThl MOAWGHUIMPOBAHHOW CHCTEMBI C IIOPOTOM CO-
3panng 0,15 u moporom pacnoznaBanus 0,085 Ha TpaekTopusx Kitti 00 (1), Kitti 02 (2)
u ¢ moporom coznanus 0,05 u moporom pacrnosnaBanust 0,03 wa Tpackropun TUM (3)

B ciydae w3nunIHe HU3KOTO TIOpOTa paclio3HaBaHHUS OPHEHTHPOB B OJHO- U
JIBYXIIOPOTOBOH CXEME€ PACHO3HABAHUSI OPUEHTHUPOB PEIKH, MO3TOMY 3aMbIKa-
HUSI IUKJIOB HE MPOMCXOIUT, M KapTa COOTBETCTBYET HMCKIIOUMTENILHO HHTE-
TPUPOBAHUIO CKOPOCTH.
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Cexkuus 6
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HEPCIIEKTUBbBI HCITOJIB3OBAHUMS UCKYCCTBEHHOI'O
UHTEJUIEKTA B 3AJIAYAX OBOPOHBI'

Okeneptsl HATO BbIIENHIN KITFOUEBBIC TEXHOIOTHH IJIs1 YKPEIUIEHUS 000-
ponbl Oioka Ha mepuon 2020-2040 ronos, omucaHHbe B KHUTe Pemunra u
Urtona «Hayuno-texuuueckue tenneHuuun 2020-2040». OcHOBHON akIeHT
JieNlaeTCcsl Ha COBPEMEHHBIE TEXHOJIOTHH, KOTOpPBIE BEAYT K BOCGHHOM pEBOJIIO-
IIUK: apMHu Oyaymiero OyIyT B OCHOBHOM IOJIaraTbcs Ha aBTOHOMHBIE CHCTE-
Mbl 1 W, 3HaYUTENEHO COKpalas pojib YeiaoBeka Ha roje 60s. B Poccun noka
HET OTKPBITHIX JAHHBIX O PA3BUTHH OOOPOHHO-NPOMBIIUICHHOTO KOMILIEKCa
(OIIK), mo3ToMy Ba)XHO M3ydaTh 3apyOexHble ToAXoabl. OMBIT CIIEONepaIiy
TaKKe MOKa3aJd HEOOXOAMMOCTh CTPATETHYECKOTO MPOTHO3MPOBAHHMS, AJIBTEp-
HATUBHBIX pemieHuit u 3¢ ¢dexTuBHol opranuzanuu OIIK. Dt Bonpock! pac-
CMaTpPHUBAIOTCS B CTAaThE.

KiroueBble cjioBa: HAay4HoO-mexHu4decKoe paseumue, npopvléHble mexnojo-
cuu, uCKyCCWlSeHHblIZ uHmesiekm, cmpameeuqea(uﬁ NpPOCHO3, OpcaHu3ayusl
OIIK.

TexH0JI0ru4ecKuii Npor1o3

B 2020 rony Ympasneane HATO mo Hayke ¥ TEXHOJIOTHSIM Ha OCHOBE HC-
cnenoBanuii, mpoBeaeHHBIX 6000 y4eHbIMH, BBITyCcTHIIO KHUTY «HaydHble u
TexHoJoruueckue tpeHanl 2020-2040» [1]. B kHure paccMaTpuBaroTcsi HO-
sasuswuecs npopuienvie mexnonozuu (II1T) n UX BO3MOXKHOE BIMSHHE Ha BO-
€HHbIE Onepaluy, 0OOPOHHBIE BO3MOXXHOCTHM W NPUHITHE DPELICHHH B 3TOM

1 . o .
CoxpamieHHBI U J0paOOTaHHBIA BapHaHT CTAThH, MPEICTABICHHOH B JKypHAal
«Hayunsriil BectHuk OITK».
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0J10Ke, a TaK)ke CBSI3aHHBIE C HUMU UCCIIE0OBaHMUs, KOTOPbIe OyayT MPOBOAUTh-
cs B miepuoa 2020-2040 rr.

Munuctpsl o6oponsl crpad HATO B 2019 rogy BeIAEIMIN CIIHCOK KITIOYe-
BBIX TexXHOJOTHU: /Januwie, Hcxyccmeennviii unmennexkm (HMH), Asmonom-
Hocmo, [Ipocmpancmeo, 'unep3eyk, Keanmoguvie mexnonozuu.

[Ipu 3TOM B KHHUTE 0c000C BHUMAHUE YICIACTCS CHHEPTeTHICCKIM 3 dek-
TaM, BO3HUKAIOIIAM OT HCIOJIh30BAHUS HECKOJBKHX TEXHOJIOTHYCCKUX MaKe-
TOB, MEXIUCIMIDITMHAPHBIM MoaxoaM. J{is HampaBlieHUHA Pa3BUTHS yIIpaBie-
HueM HATO mo Hayke M TEXHOJOTHSIM IPHUBICYCHHBIC SKCIEPTHI OICHUBAIH
YpOBEHb BBI30Ba, BAXKHOCTh BHUMAHHWSA K 3TOW MPOOJIEMATHKE W MPHMEPHOE
BpeMs TMOJY4YEeHUS pEe3yNbTaToB. Ypogews comosnocmu npoexkmos (YI'II)
OLIEHUBAJICA 110 CIEAYIOLIEH LIKaIe
PaccMoTpeHsI U IpeicTaBIeHBl OCHOBHBIE MTPUHITHITEL.
CdhopMynupoBaHa TEXHOJIOTHYCCKAsE KOHIICTIIUS W/MAIH IPOTpaMMa.
AHaNUTHYECKOE WM SKCIIEPTHOE JI0KA3aTEeNbCTBO IPUMEHUMOCTH.
Mogens, moaATBepKAaroNas padoTy B 1a00PATOPHBIX YCIOBUSIX.
Moeins, moATBepKAatoIas paboTy B peaJbHOM OKPYKCHUU.
JleMOHCTpaIys CHCTEMBI WU MPOTOTHUIIA B TTOIXOISIIEM OKPYKCHUH.
JleMoHCTpaIys IPOTOTHIIA CUCTEMBI B TPOCTPAHCTBEHHOM OKPYKCHHU.
PeanpHast coOpaHHas cucTeMa, MPOUICAIIas TECTHPOBAHHE W JIEMOH-
CTpAaITHIo.

9. PeanpHas cucrema, JOKa3aBIIas MPHUMEHUMOCTh B PE3YJbTaTe yCIICII-
HOTO TIPUMEHEHUSI.

WuTepec B maHHOH paboTe MPEACTaBISIOT OICHKH MEPCIEKTUBHBIX U TPO-
PBIBHBIX TEXHOJIOTHH, KOTOpBIE OyIyT pa3BUBATHCS B OIIDKaifiiee Bpems.

PN A DD =

HckyccTBeHHBIN HHTEJIEKT

WU 3T0 KOMIBIOTEpHOE MOJICITUPOBAHIE IEMEHTOB BBICIICH HEPBHOW Nes-
TEJIFHOCTH YENIOBEKa, BKIIOYasl PACHO3HaBaHHE 0OpPa30B, BBIIBICHHE 3aKOHO-
MEpHOCTeH, 00y4eHHEe Ha OCHOBE ONbBITA, MPOTHO3MPOBAHME, IJIAHUPOBAHMUE,
MOHUMaHHE €CTECTBEHHOI'O 53bIKa, PEIICHHE 33Jad U TeHEepaluio KOHTEHTA.
Ora TeXHOJOTHs IMpHU3HAHA BaKHEWIIEH Cpeay COBPEMEHHBIX BBI30BOB JUIS
ctpan HATO, a MHOTHE 3KCIIEpTHI CUUTAIOT ee HauboJiee 3HAYMMBIM TEXHOJIO-
TMYECKUM JJOCTHKEHHEM B HCTOPUH YEIOBEUECTBA.

Pazsutne MM Hepa3pbiBHO cBsizaHO ¢ 00paboTKoW Gosbmmx naHHbIX (Big
Data and Advanced Analytics, BDAA), mOCKOJNBKY CTPEMHUTENBHBIN POCT 00B-
emoB nu¢poBoil nadopmanuu — ¢ 44 TpuiammoHoB rurabaiit B 2020 rogy u
©XKEeroHbIM IpHupocToM cBbIe 60 % — TpedyeT NpUHINIHAIEHO HOBBIX aHa-
JUTUYECKUX MHCTPYMEHTOB. OIHAKO CIIEAYeT YYWUTHIBATh, YTO MMOTEHIMAN HO-
BBIX TEXHOJIOTWH, BKIIIOYash HAHOTEXHOJIOTHH, YacTO IEPEolLeHHBaeTcs: 0e3
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pa3BHTOfI HpOMLIHlJ'[eHHOﬁ 633131 OHHU OCTAaKTCs JIMIIb BCIIOMOI'aTCJIBHBIMU
3JIEMEHTaMH, TO00HO «IpHIpaBe 0€3 OCHOBHOTO OJII01a.

HcToprueckn 3agaga MOIETUPOBaHHS HHTEIUIEKTa OblIa BIEpBhIE chopmy-
mupoBana B 1956 roxy Ha JlapTMyTCKOM ceMuHape, rie 0OO03HAYMIIHCH IBa
MPUHIMIHAIBHBIX Toaxona. [lepsriit, Hucxomsmmi (cumBonsHBIN) U, ocHO-
BaH HA BBIMOJIHCHUH KOMITBIOTEPAMH TOCJICAOBATCIBHOCTH aJTOPUTMHUCCKUX
omepanuii. TO HampaBieHHe, Oepylee Hadalo OT BOSHHBIX 3a[1ad B KPHUIITO-
rpaduu 1 OaTMCTHKE, SBOJIIOIMOHUPOBAJIO JI0 CJIIOKHBIX CHCTEM YIpaBIICHHS
TPAHCIIOPTOM H SKCIEPTHBIX CHCTEM IMOACPIKKH MPHUHATHS pelieHuid. Xapax-
TEPHOH OCOOEHHOCTBIO SIBJISETCS BO3MOXKHOCTH ITOJTHOTO KOHTPOJISL HAJl JIOTH-
KO mporpaMMBbl (Ui OONBIIAX CHCTEM — TEOPETHUYECKasi), TIOCKOIBKY CIIOXK-
HOCTh 33/1a4M BO3pPAcTaeT MPONOPLUOHAIBHO pa3Mepy Koja (coiepikalero B
cpemHem onHy omuoOky Ha 1000 cTpok).

Bropoe Hanpanenue, Bocxomsaumi WM, ocHOBaHO Ha NpUHUUIIAX
HelipoceTeBo 00paOOTKKM MAaHHBIX. TakWX HWOCH 1O OTKpHITHS PamoHa-u-
Kaxanst (1900 r.) 0 HelpOHHON CTPYKType MO3ra MpOoCTO HE CYIIECTBOBAJIO.
CoBpeMeHHbIe HelipoceTeBbIe MOAXO0Ab (KOHHEKIIMOHU3M) HMUATHPYIOT CaMo-
OPTaHM3YIOILYIOCS CUCTEMY M3 MCKYCCTBEHHBIX HEHPOHOB, I/ie 00y4YeHue npo-
HCXOJUT Yepe3 alalTaliio CHHAIITHICCKUX BECOB HA OCHOBE OOPAaTHOW CBS3M.
DTOT METOJ, paJuKaIbHO OTIUYAIOIIUNCA OT TPAIUIIMOHHOTO MPOTPAMMHUPO-
BaHUS, pealln3yeT MmapagurMy MAauHHOTO 00y4YeHHS, KOT]a CICTEMa CaMOCTO-
ATENBHO (DOPMUPYET aIrOpUTMBI 00pa0OTKM NaHHBIX Yepe3 aHAM3 TPEHUPO-
BOYHBIX BEIOOPOK.

KnroueBoe METOJ0IOTHYECKOE Pa3Iniyne MEXIY IMOAXOJaMH 3aKIH04aeTCs
B TOM, YTO CUMBOJBHEIN M onepupyer GpopManbHBIMU MIPaBUIIaAMH, TOTA KaK
HeﬁpOCCTeBBIe CHUCTEMBI BOCHPOMU3BOJAT OMEP/PKCHTHBIC CBOMCTBa CJIOKHBIX
CHCTEM, TJIe MHTCIUICKTYAIbHOE TTOBEJICHHE BOSHUKACT KaK Pe3yJIbTaT B3aHMO-
)IeﬁCTBPIS[ IPOCTBIX DJICMCHTOB. O6a HanpasJICHUA UMCIOT NMPUHIUIIAAIBHBIC
OTPaHWYCHUS U B3aUMOIOMOIHSIOT JPYT APYyra B paMKaX COBPEMEHHBIX KOTHU-
TUBHBIX apXUTEKTYD.

CTOpOHHUKH HHUCXOJISIEro MOAXOJa Ioyararmt, uro pabora MU momkHa
OBITh OCHOBaHA HA BBIJENCHHBIX UYEIOBEKOM BBICIIMX MPUHIIUIIAX, KOTOPHIC
peamu3yrTCs «BHU3» 3BPUCTUICCKUMU alropuTMaMu. B Bocxossmiem moaxoae
npearnoaraercs, 4to He Tojbko M, HO u YenoBek pOpMHUPYIOT CBOU BBICOKO-
YpOBHEBBIC MIPaBUIa HA OCHOBE aHAIHM3a PEATBHBIX, «IIPU3EMIICHHBIX)» HaHHBIX
U AMEET BO3MOXXHOCTh MEHATH CBOM IIPAaBMIAa IIPH W3MEHEHHU CBOMCTB Cpempl,
B KOTOPOH OH JeiicTByeT. FIMEHHO Ha 3TOM, a HE TOJBKO Ha OBICTPOACHCTBUU
KOMIBIOTEPOB M OONBIINX 00beMax NAaHHBIX OCHOBAHBI MPOJAEMOHCTPHPOBAH-
HbIe B mocneaane 10—15 net npenMyInecTBa BOCXOAAMICTO MOIX01a, MyTh pas-
BUTHS KOTOPOT'O OBUT HENIETKUM — B HEM OBLIO JIBE «3UMBD».

Oxcneptsl HATO BbIiensoT B HeM Tpu BoJHbI pa3utust UU:
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Ilepeas eonna — sxcnepmuble 3HAHUA, KPUMEPUU U JI02UHECKUe paccylcoe-
HUSL.

Ha sTom 3Tame ncnosp3yroTcs 3KCIEPTHBIE 3HAHUS WM aBTOPUTETHBIE HC-
TOYHHUKH, UCTIONIB3YS] KOTOPBIE MOKHO TIOCTPOUTH KOMIIBIOTEPHBIE IKCIIEPTHHIC
cucTeMbl (IIPUMEpPBL: paclpeesieHue pecypcoB, OOCIyKHBaHHE, YNpaBICHHE
3amacam, JOTHUCTHKA).

Bmopasa eonna — mawunnoe unu cmamucmuieckoe obyuenue.

Ota BOJIHA TO3BOJMJIA CO3/aTh MPOTPAaMMBI, MTO3BOJIAIONINE PACIO3HABATh
royoc, oOpadaThIBaTh €CTECTBEHHBIN SI3BIK, OCYIIECTBUTH KOMITBIOTEPHOE 3pe-
HHUe (TpUMEphI: paclio3HaBaHUE JIUI, CIaM-(QUIbTPHI, MEIUIMHCKAs IHArHO-
CTHKa, CEMaHTHUIECCKUI aHAIH3).

Tpembusa gonna — KOHMEKCMYanbHas A0ANMAYUSL.

WU >Toit BostHBI coyeTaeT cuiibHble cTopoHbl UM nepBoii u BTOpoil BOJH, K
TOMY € OH CIOCOOEH K aHaJIN3y KOHTEKCTyalbHOW CIIOKHOCTH, abCcTparupo-
BaHMIO, U OOBSCHEHHIO (IIPHMEpPbl: aBTOHOMHBIE TPAHCIIOPTHBIE CPEICTBA, KH-
OepareHThl).

Bonee moapobHO nocTikeHus nochenHen «BecHb» MM MoxHO oxapakTe-
pu3oBath Tak [3, c.97]:

1. «2010 r. YBennueHue «riryOMHBD» (4HCIIA CKPBITHIX CIIOEB B HEHPOHHBIX
CeTsIX) CHeNayo MX MPUMEHEHHEe KOMMEPUECKHM M YCHEUIHBIM B COCTSI3aHUSX,
TIO3BOJISIS pelaTh 3a/1aul PacO3HABAHUS PEUH U N300paKeHHH.

2. 2013 r. IIpencraBieHa cxema IeHEPAaTUBHO-COCTSI3aTENbHBIX HEHPOH-
HBIX ceTell, o0ydaromas co3aBaTh GOTOPEATCTUUHBIE U IPYyTHe BHJIbI CUTHA-
JI0B 0€3 IPSIMOTO y4acTHsI YeIoBeKa.

3. 2016 r. Mertoasl 0OydeHUs C TMOAKPEIUICHHEM YOCIUTEIHHO MPOSBUIN
ceOst B KOHTEKCTE MOOep! HaJl YEMITMOHAMH MHUPA U JIyYIIUMHA KOMITBIOTEPHBI-
MH IIPOTPaMMaMH UISl UTPBI B TO, IIAXMATHI M CETH.

4. 2022 r. Apxutekrypa GPT (Generative Pre-trained Transformer) crana
IUPOKO M3BecTHOU Omaromapss GPT-3 mist 00paboTKH eCTeCTBEHHOTO s3bIKa. B
kpatdaitimee BpeMsa GPT crana kitoueBOil TEXHONOTHEH IS CO3MaHUs OOJb-
mux s3bIKOBBIX Mogeneil (LLM) — yxke co3aaHO HECKOJIBKO JECATKOB TaKUX
MoJieTIel KPYITHBIME KOPHOPAIIHSAMU.

Okcneprsl DARRA (YnpaBneHus: NepCHEKTUBHBIX HCCIIEI0BATENBCKIX
npoektoB MunucrepcrBa o6oponsl CIIA — Defense Advanced Research Pro-
ject Agency) — Gonbmre onTuMuUcThl B otHOImeHn:n MW, Onn umyT: «Co3na-
HHUE BBIYMCIHMTEIBHBIX CHCTEM C TaKUM YEJIOBEKONOJOOHBIM HHTEIJIEKTOM B
HaCTosIIee BpeMs MMeeT pellarollee 3HaueHHe, MOTOMY YTO TEMI BOEHHBIX
oreparuii B HOBBIX 00JIACTSIX MPEBBINIAET TOT, B KOTOPOM JIFOAH 0€3 MOCTOPOH-
Heil MOMOIIM MOTYT OPUEHTHPOBAThCS, TOHUMATh U IeHCTBOBaTh [1, c. 52].
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BakHO YeTKO pa3neNnsaTh, YTO MOKHO JIOBEPUTh MAllIHHE, a T He00X0IuM
YeJIOBEUECKHI KOHTPOIIb. B HCTOpUY ObLIM Cilyyau, KOT/Ia aMepPUKaHCKHE KOM-
MBIOTEPHBIE CUCTEMBI OIIMOOYHO CUTHAJIM3UPOBAIM O COBETCKOM SIIEPHOMU aTa-
Ke, HO KaracTpodbl yianock u30exaTh Oyarogapsi Jito/sM, KOTOpbIE Iepenpo-
BEPSUIN JIaHHBIE.

CranncnaB Jlem paccMaTpuBai 3Ty mpoOjeMy U NpHIIET K BBIBOLY, YTO
MOJIaraThCsl Ha TOJNBKO Ha aBTOMATHKY B TaKHX BOIIPOCaX — TYIHKOBBIM IyTh
[4]. YroOb1 n3bexkaTh pOKOBBIX OHIMOOK (HAampuMep, U3-3a c¢00sl MPOrpaMMbl
wm ), Hy>XHBI MEXIyHAPOAHBIE JOTOBOPEHHOCTH, PETYIUPYIOIINE HCIOTb-
30BaHUE TEXHOJIOTHH B c(hepe sAepHOTO OPYXKHS.

Crout o0paTtuTh BHUMaHHe Ha oueHKy [lemapramenta O6oponsl: «llenTa-
TOH HILET CIOCOObI UCTIOIb30BaTh UCKYCCTBEHHBIH MHTEIUIEKT, UCIOb3YS €T
MPEeNMYIIECTBA B TAaKUX OOJIACTAX Kak oOecredueHne aBTOHOMHOCTH B 00€BOM
MPOCTPaHCTBE, aHAIM3 Pa3BEJIaHHBIX, OTCICKHBAHHE 3arucel, NpodUIaKTH-
4yeckoe oOCy)XKMBaHHEe M BoeHHas MenuuuHa. WU siBnsiercs kimtoueBol 00ia-
CTBIO JUI MHBecTULMH JlenapTamenTta 000poHbl, Ha KoTopsie B 2020 romy Obl-
JI0 BBLIENEHO MmoyTH 1 Mmimapy nomiapoB. bromker OObeAMHEHHOTO HEHTPa
MCKYCCTBEHHOT'O MHTEIUIEKTa yIBOUTCs Ooyee yeM 208 MHUIUTHOHOB J10JUIapOB,
npu 5ToM B 2021 rogy U B MOCIEIYIOMNE TObI 0XKHUIAETCS 3HAYNTEIBHOE yBE-
nndyeHne. B Hacrosiee BpeMst BOGHHbIE cTpeMsTcs nHTerpuposats U B pas-
pabOTKy CHCTEM BOOPY>KEHHS, AOTIOIHHUTH JIIOJEH-0NepaTopoB MaHEBPEHHBIMH
NH-poboTamu Ha 110JIe OUTBEI U YBEIHYUTHh TOYHOCTH OTHS» [2, €. 53].

WU pa3BuBaeTcs o4eHb OBICTPO, U Ceyac HEesICHO, HACKOJIBKO PaIiKaEHO
peoOpa3uT OH BOOPYKEHHbIEC CHIIBI B Onpkaiiimue aecsaTuieTus. EctecTBenHo,
BEyIIHE KOMIIAHUN CTPEMSATCS CO3/1aTh OOJIBIINE CIOXKHBIE TOPOTHE CHCTEMBL.
Jonanbn Tpamn 651arocioBHI HECKOJIBKO KPYMHEHIINX (GUPM Ha WHBECTHIHH
oowsemoM $ 500 mupa Ha co3maHue HOBBIX IIeHTPoB .

Celfgyac MOKHO OBICTPO M HEJOPOTO YIYUIIUTh BOCHHYIO JIOTUCTHUKY C IIO-
momipto MU, B CCCP croxHble pacueTbl CHaOKEHUSI BO BpPEMsI yUCHUI BbI-
TIOJTHSUIN JIFOAM — 3TO OblIa TsDKeast U toirast padoTa.

[lenTaroH nenaeT cTaBKy He Ha «TJIAMypPHBIE» TEXHOJIOTMH BpOJlE TeHepa-
TuBHOTO MU MM aBTOHOMHOTO OpY’KHS, @ Ha ONTUMM3AIMIO PYTHHHBIX MPO-
LIeccoB: cHaOXKeHHe, KaJpbl, YIpaBieHne. DT0 YCKOPSET NPHHSATHE PELIeHHH,
JlaBasi KJIFOYEBOE MPEUMYILECTBO — Ja)K€ €CIIHM NMPOTHBHUK TEXHWYECKU CHIIb-
Hee, 0ojee KOPOTKHH UMK MPUHSTHS PEHICHHID MOXET CTaTh PElIarolniuM
(hakTOpOM B peanbHOI BoitHe [5, ¢.103].

[IpunsTo cumraTh, uyTo Ha cerogus y apmun CIIIA He Moxer ObITH Oonee
cuibHOTO TpoTBHUKA. HO ects Gomnee cmabpie coro3nmkm, KoTopsiM CIIIA
MOXET OKa3bIBaTh BOCHHYIO IOMOIIb B pa3nudHoi ¢opme. U mepenaya TexHo-
noruit U1 mMoxeT ObITh TOW (OpMOIT IOMOIIH, TIPEOCTABICHUE KOTOPOil He
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caenaet ee nosyyateneil cunbHee CIIA, HO MOMOXXKET MPOTUBOCTOSTh UX Me-
HEC B ITaHHOM HAITPaBJICHUHN Pa3BUTBIM IPOTUBHUKAM.

Hayunvblie npo6Jiems! u pazsutue U

[lepBas mpobnema reneparuBHoro MU cBs3aHa ¢ TeM, 9TO AJs €ro o0yde-
HUS TOJDKHBI OBITH JIOCTYIHBI OTPOMHBIE MACCHUBBI Pa3MEUCHHBIX AaHHBIX. WX
MOJIrOTOBKA — OT/Ie/IbHAs mpobiieMa. PaboTa ¢ OrpOMHBIME MacCHBaMH TPeOyeT
HCII0JIb30BAHUS CYNIEPKOMIIBIOTEPOB. [Ipu 3TOM BO3MoxkHOCTH Takoro MU kpu-
TUYECKMM 00pa3oM 3aBHCUT OT oOydvaromieidl BeiOOpku. [To cyTH, oH opueHTH-
POBaH Ha MPOILIOE, HO B 3TOM MPOLUIOM OH 4acTO HaXOJUT JIyUIlIHe PeIIeHUs
MOCTaBJICHHBIX 3a/Jau.

Bropas mpob6nema emre cepbesneil. B orimune ot morumueckoro MU, mer He
3HAeM, YTO OH IIPEUIOKHT M 13 4ero Oyner ucxoauth. OH HempospadeH. [o-
IIBITKH YIIPOCTUTBH €T0, OHSThH «KaK OH JTyMaeT», yOpaB HE caMble BaXKHBIE CBSI-
31 B HEMPOHHBIX CETSIX, OOBIYHO MPOBATMBAIOTCA — OH TEPSET CBOM BO3MOXKHO-
ctu. ['py0o ToBOps, ¢ Takoi cucTeMOH Hajo oOpamaTbes Kak ¢ HOBBIM OHOIIO-
TMYECKUM BUAOM, MHOTOKPAaTHO JaBas IOXOXHE 3aJaHUS U IBITasiChb Paso-
Opatbcs, Kak OHM OyyT AEHCTBOBATH B BAXKHBIX AJISI HAC CUTYAIUAX.

TeM He MeHee, MOKHO T'OBOPUTH O «Uyie HEHPOCETE».

B mpomnecce o0yuyeHusi ceTh HacTpauBaeT MUJIHMOHBI MJIM MUIUIMAPIBI Ta-
pameTpoB. He BHojHe NOHATHO MOYeMy, B OTJIMYHME OT CTaHAAPTHBIX METOJOB
MIPOrpaMMHUPOBaHUs, 3TO yaaercs. Ilo cyTH, B OCHOBE BCEro JEXHT METOJ
HrproTtona pemennst ypaBHeHUsS X = f(X) cO MHOXXECTBOM TEXHHYECKUX YXHIII-
pEeHHUIA.

UU 6opemcs ¢ «komOUHAmMOpHbIM 63pbl8OM» — €TO MOXKHO YIHUTh 0€3 SIBHO-
TO TMOHMUMaHWs BHYTPEHHHX MexaHm3MoB. [lopaxaer BosmoxunocTts MU mepe-
BOJIUTH HA COTHIO C JIMIIHUM $I3bIKOB. [I0Ka OH HE IPEeBOCXOUT IIEPEBOTINKOB-
CHHXPOHHCTOB BBICOKOTO YPOBHS, HO NpOLIECC Pa3BHUTHs BO3MOkHocTed MU
UAET OYCHB OBICTPO.

Ilobeda «106020 NPOSPAMMUPOBAHUAY HAO «KAACCULECKUM NPOSPAMMUPO-
sanuemy. I MOXeT yke mucaTh KOMIIBIOTEPHBIC NMPOrpaMMBbl KaK HauWHAIo-
IIMHA TPOTPAMMHUCT, HO H 3/1€Ch MPOTPECC SBISAETCS OYCHb OBICTPBIM.

WU no3Bonuia Ha HOBOM YpPOBHE IOHSATH CaMOOPTaHM3aIMIO, KOTOpas Xa-
paKkTepu3yeT Hall SI3bIK, BOCIIPHATHE MY3BIKM M H300paxenuid. [lcuxomoru
nucanu o0 3Tux Mexanu3max B Hameid BH/I. Ho ¢ pasButuem MU oka3eiBaet-
csl, 4YTO Bce OOJIblllee YHCIO TCUXUYECKHX (YHKIHMH peaM3yIoT CIO0XKHBIE
HellpoceTeBble MOJEIH, TaKXKe BOIIOUIAIONIUE UAEHU CAMOOPTaHU3aLHH.

ITo ouenke sxcneproB HATO, naneneiimee passutue MU u ero mpumene-
HHE TpeOyeT yCIeX0B CIEAYIONNX 00IacTsIX:
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e [lpoaBuHyTBIE aaTOPUTMBI: MOBbILeHNE dPdekTHBHOCTH U 00001IIe-
nue MU. HeoOxonuMel nanbHEHIINE HCCIeOBaHKs B 00JaCTH MAIIMHHOTO U
riy6okoro odyuenusi, coctsizaresnsHoro MU, a Taxke HelpoMopdHBIX U Bepo-
STHOCTHBIX BBIYMCIICHHH.

e YenoBeKko-MaIIMHHBIA CHMOMO3: JTOCTH)XEHHsI B 00IacTH MHTEpQei-
coB, yenoBekoneHTpuaHoro VU, Busyanmuzanuu, oOBSICHUMOCTH COIHAIbHO-
TEXHHYECKOE coydyacThe (HanpuMmep, KOMaHIHasl TNHAMUKA).

o IIpumenenue UU: N — 310 6a3oBasi TEXHOIOTHS, NOIIEPKUBAIOIIAS
MPOTHO3HYIO, MPEANUCHIBAIONIYI0 M Aa)X€ KOTHUTHBHYIO AHAINTHKY JaHHBIX.
Heobxoanmsl mpomeccsl, npeodpasyromune Kak CTpyKTYypHPOBAaHHBIE TAaHHBIC,
TaKk ¥ HECTPYKTypHUPOBAHHBIC JaHHBIE (Hampumep, 00pabOTKy €CTECTBEHHOTO
SI3BIKA C MCIIOJIB30BAHMEM TIIyOOKOro 0OydeHHs) B MHCAWTHl U MPOTHO3HWPOBa-
HHE IS JIUL, TPUHUMAIOIINX PEIleHNs. 3aTeM 3TH MHCTPYMEHThI MOTYT OBITh
MIPUMEHEHBI JUIS PELICHUs] KPUTHYECKUX 3a]iad B o0nact 000poHbl 1 Oe3omac-
HOCTH, TAaKUX KaK

— Ilcuxo-couuanbHO-TeXHUYECKUH ypoBeHb: Mcnonws3zoBanue UM st
CO3/1aHUs AT€HTOB YEJIOBEUECKHUX, COIIMATIbHBIX MU CIIOKHBIX CUCTEM B paMKax
MOJICTIMPOBAHUS U CUMYJISIIIAU JJIsI TIOAJIEPIKKU OoJiee peaMCTUYHOTO aHaIn3a
U TIEPCOHATN3UPOBAHHOTO 00YYEHUSI.

— ApanTtanmsi: AJZanTHBHBIC METOABI NMPEB30OHMIYT TEKyIINE pa3BeibIBa-
TeJIbHBIE IUKJIBI B TaKUX 00JACTSIX Kak paJuodJIeKTpoHHas O0oprOa. Mosker
moTpeboBaThcs pa3paboTKa HOBOH MMapagurMbl pa3BeIKH.

— Kubepnpoctpancrpo: Pazpaborka arerroB MW misa 3ammtel B Kubep-
MPOCTPaHCTBE (HApUMEpP, KOMIIBIOTEPHBIE aHAJIOTH T-KJIETOK MMMYHHOH CH-
CTeMBbI) U HACTYyMaTeNbHBIX KuOepomneparuii (HarmpuMep, areHThl IPOHUKHOBE-
HUSI U TIOUCKA YSI3BUMOCTEH).

— HudopmanuonHoe mnpocTpancTBo: lcmons3oBaHne HHPOpMAIUK B
Ka4yeCTBE OPYXHUS C TOMOIIBI0 MCKYCCTBEHHOTO WHTEIIEKTa (HArmpuMmep, IH-
ngeikoB) U pa3paboTka Mep TMOPHIHOI BOIHBI (HalIpUMep, areHThl MPOHHK-
HOBEHHMS U [IOUCKA ySI3BUMOCTEH).

Onenka nepcnektuB MU skcnepramu HATO npencrasnena B taba. 1.

Tabmuna 1
Ob6nacThb Vposeus
. BrizoB Buumanue P [opuzoHT
TEXHOJIOT Uil TOTOBHOCTH
IIponBunyTHIC .
POABHIY PeBomonoHHbII OxumaHue 4 2030
aITOPUTMBI
puknanuoi U PeBomnronnonHbIN Osxunanue 6 2030
Yenosexko- .
N Bericokui Ilepexnrouenue 4 2035
MAaIlIMHHBIA CUMOKO3
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Kapra npeanosno:xenuii. UckyccTBeHHbIN HHTELIEKT

B.1. Oonapy:xeHue/reHepanus nNoaeJbHbIX Meanagaiiios.

ABToMarnueckoe oOHapy)KEHHE WM Co3[aHue (ajbIIMBBIX COOOIIEHUH B
CMU, Bujeo, ayauo U COOOINCHHUIA B COIMANBHBIX CETSX B KAUYCCTBE OTKJIMKA
Ha pealbHbIC CUTYallld WIM KOMMYHHKAIMH B PEXKHUME PEalbHOTO BPEMEHH C
KOHKPETHBIMH JINIIAMU WJIH TPYIITaMH.

B.2. BupTya/jibHblil COBETHUK KOMAaHIMPA.

IMoanepxka M KOHCYIBTUPOBAHHE TTOJIEBBIX KOMAaHIMUPOB B PEKHME peaib-
HOTO BPEMEHH C ITOMOIIBIO PACCYKICHUI U COBETOB, OCHOBAaHHBIX Ha BCECTO-
pOHHEN OTIEepaTUBHOMN OCBEAOMIIEHHOCTH.

B.3. ABTOMaTHYecKasi KOMMYHHUKALMS.

OcHaleHne Kax10ro cojiiata HHCTPYMEHTaMH, [TO3BOJIAIOIINMYI MTHOBECH-
HO ONpEACIATh U aKKYpaTHO NCPEBOANUTDH SA3bIKH, ABUKCHHUA U SMOIIUN Y€JIOBC-
Ka B Ji1000€e BpeMs U B JTF0OOM MecTe.

B.4. ITonmeHa cucTeM HCKYCCTBEHHOI0 HHTEJLJIEKTA.

CKpBITHBIH nipoxoA B kI Habaodenus — Opuenmayuu — Pewenuii — /leti-
cmeutl CUCTEM MCKYCCTBEHHOTO MHTEIJIEKTA YTOOBI BHEIPUTH B HEe BBOZSIIHE
B 3a0Jy’XJCHUE JaHHbIC U WH(POPMANHUIO, ITO3BOJISIONINE TTOBIHATh Ha PUHS-
THE PELEHUM.

B.S. I'ny0okue daabcupuxanum.

Mopau¢ukanus 1 UIMUTAIMST BPaKAEOHBIX KOMMYHHKALUHA, B TOM 4HCIIE B
pEeXHUMeE peanbHOTO BpEeMEHHU (BHIEO, ayauo, M T.1.) 9TOOBI MOJOPBaTh K HIM
JIOBEpHE.

B.6. OnTuMu3anus UCNOAb30BAHUSI TPAHCIIOPTA.

OntuMasnbHOE pacrlipeziesieHHe U MaplipyTH3alysi TPAHCIIOPTHBIX CPEACTB
(MaHII/IHBI, CKOopass IOMOIIb, MNEPECABUKHBIC KOMAHAHBIC ITYHKTbI, MallllHbI
HAOIOACHUS M KOHTPOJIS, TAHKH, OPOHETPAHCHIOPTEPH! U T.J.) HA OCHOBE 3Ha-
HUSI OTIEPATHBHON CUTYAIMU B PEKHUME PEaTbHOI'O BPEMEHH.

B.7. JecTpyKTHBHOE NIOBEAeHHeE.

TouHOe MporHo3upoBaHUe MOBEACHHS JIIOAEH WK IPYI Ha OCHOBE (hOHO-
BBIX JIaHHBIX (HampuMep, Ha OCHOBE COIMAIBHBIX CeTel, HaOiomeHus, Onuo-
METPHYECKUX JaHHBIX).

B.8. Tounas BcTpeua.

3axBar W ONpeIeTeHUE IeNei B MHOTOJIOJHON WM JAWHAMHUYHON 0o0cCTa-
HOBKE 00 B 3arpOMO’XKJCHHOM IIPOCTPAHCTBE C BBICOKOTOUHBIMH JIOKAJIH30-
BaHHBIMHU 3PPeKTaMu (KHHETHIECKUMHU WM SHEPTeTUIECKUMH) U MOpakeHHUE
UX C BBIOOPOYHOH JIETAIEHOCTBHIO.
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B.9. ABTOMaTHYecKOe HABEJAEeHHUE.

HpCI[CTaBJ'IeHI/IC peKOMeHI[aHI/Iﬁ 10 TO‘IHOMy HaAaBCACHUIO HA LICJIb I10 BCGMy
BOCHHOMY, SKOHOMHYCCKOMY, HWH(POPMALUOHHOMY H JHUIUIOMATHYCCKOMY
CHCKTPY JUIS JOCTIOKCHHSI JKEJIAEMOTO OIEPaTHBHOTO/CTPATETUUCCKOro A(-
(ekra.

[epcmextuBsl ucnonp3oBanus M B 000poHE MpeaCTaBICHBI B KHATE JI0-
CTaTOYHO CKpOMHO. BrionHe BeposiTHO, 4TO cTpeMurensbHoe pazsutue U cy-
LIECTBEHHO U3MEHUT 3TU MPOTHO3bI.

3akiouenue

Kpynuble y4yeHnmsi, BBIJAIOIIMECS OTKPBITHS, YyCIICIIHBIE HAYYHO-
TEXHHUYECKHE KOPIIOPALUH, KaK MPaBUIIO, SIBIISIIOTCS OTBETOM Ha OOJIBIINE BbI-
30Bbl. OUeHb YaCTO UMEHHO MOJIO/IbIE OPUEHTHUPYIOTCSI Ha HOBBIC, HETPAAUIIH-
OHHBIE TTOJIXO0/IBI, HA BOIUIOLIEHHE MeuThl. [lociennee oueHb TECHO CBSI3aHO C
Hay4HOH (QaHTacTHKoi. L[HOIKOBCKMIA, Tpexae deM WH)KEHEPHl B3sUTUCH 3a
JIer1o, mucai (paHTaCTUYECKHEe POMaHBI M yXe MoToM (opMyiisl. Pyccknit xoc-
muct Huxonaii demopos rpesun o 6eccmeptuun, Banepuit bprocoB medran o
IyOMHAX aToMa.

OrpomMHO# CHIION SIBJISIIOTCS MOJIOJIbIE YCIICIIHbIE YIEHBIE U PYKOBOAUTEIH,
B3SIBIIMECS 32 KPYIHBIE TOCYIapCTBEHHBIE MPOEKTHI. VIMEHHO Tak jeno oocro-
SJI0 B cTalMMHCKUE BpeMeHa. [Imutpuit denopoBuu Yctunos cran Hapogusim
komuccapoM Boopykenusi CCCP B 1941 roay B Bo3pacte 33 net. M 310 crincok
MOJIOJBIX JTUAEPOB MOXKHO NPOAOIIKATh U IMPOJOIKATS.

HmenHo no sToMy myTH ceifuac uaet Tpamim, npuBieKas BO BIACTh U B BbI-
noJHeHue Kimo4eBbix npoekToB OIIK Moioabix KOHCEpBAaTOPOB, JOOMBIINXCS
3HAQYMMBIX YCIIEXOB B YKPEIICHHH OOOPOHBEI CTpaHbl. DTO OTPOMHAasl CHjia U
CepBE3HBIN BBI30B Ui Hac. OOpaTM BHUMaHKHE HA HEKOTOPBIX U3 HUX.

Tpamn GopmupyeT HOBYIO 31MTY, onmpasich Ha munepos OIIK, rpezusmmx
(harTacTHUECKMMHU IpoekTaMu. Kak 3T0 ckaeTcsl Ha aMEepPUKaHCKOH TTOJIUTHKE
— BOTIpOC OTAENbHBIN. OJJHAKO OYEBUAHO, YTO 3TO CEPbE3Has OCHOBA JUIA PHIB-
Ka B 00OPOHHO-IIPOMBIIIJICHHOM KOMITIEKCE, KJIFOUeBbIE HApaBIeHUS KOTOPO-
TO MpEeACTaBIeHbI B 00CyxaaeMol kHuUre. OrpOMHBIE YCUIIHSI BKJIAIBIBAIOTCS,
4TOOBI pellaTh KIIOYEBBIE 337add B 3TOW 00JacTd MO0 «IIOBEPX» CIOMKHB-
1Ieicst OrOpoKpaTHH, JIMOO OTOJBHTast €€ B CTOPOHY.

B 2020 r., xoraa nucanack kuura [1], ObLIO TPYIHO MPEANIONOKUTH, YTO B
Oommwkaiimme 5 et pazButhe MM 3HauMTENbHO yCKOPUTCS, a HayaBIIUECS B
psiie pernoHOB MUPA BOSHHBIE KOH(MIMKTHI CAETAIOT OCTPO AKTYAIBHBIMH ITPO-
6seMbl Mcnonb3oBaHus TexHoyornid 1M B BoeHHOH oOsacTu. DTO MpHBENO K
3HAYUTEIBHOMY POCTY KaKk 00beMOB Hcroib3oBanus VU, tak u cdep ero npu-
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MeHeHus. [lunamuka passutus VM 3a 2023-2024 1T. B OTKPBITEIX 007aCTAX
oTpaxkeHa B [6], O BOGHHBIM IMPHUJIOKEHUSAM TaKasl CTAaTUCTUKA HAM HEIOCTYII-
Ha. Ho He BBI3bIBaeT COMHEHHMs, YTO TaM BCE Pa3BHBAeTCs elle Ooliee AUHA-
MUYHO.

Hawm Henb3s oTCTaBaTh.
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Cexyus 7

Heiipounovie cemu 6 MoaeKyiApHoil ouonozuu u hapmaxkonozuu

AJL TIPOCKYPA, E.JI. COPOKOYMOB, A.C. PATYIIHAK"

®denepanbHblil HCCIIEN0BATENBCKUN HEHTP HHPOPMALIUMOHHBIX
1 BBIYMCIINTEIBHBIX TeXHOJ0rui, HoBocubupck
annleop@mail.ru

PEKOHCTPYKUIMSA MOJIEKYJISIPHBIX
PET'YJISTOPHBIX IYTEM JIOKAJIBHOI'O BUOCHHTE3A
B CUHAIICAX TMIIIMIOKAMIIA®

B pabote npoBenieH aHanH3 MEPEKPECTHRIX B3aUMOICHCTBUII B PETyIsSTOp-
HBIX CETSAX JIOKAJIbHOIO0 OMOCHMHTE3a M CHHANTHYECKOW IJIACTUYHOCTH B BO3-
OyXIaronmx cHHarcax HedpoHoB moyis CAl rummokamma mocie HWHIYKIHH
JIOJITOBPEMEHHOM NoTeHIanuu. PaccMoTpeH BKiIal peMOAeTupOBaHUs IIUTOC-
KeJieTa B 00eCIIeYeHUE JIOKATbHOTO CHHTE3a OCJIKOB B ICHAPUTAX.

KaroueBsle ciaoBa: cunnoxamn, OeHOPUMHbLL WUNUK, JOKAIbHBIL OUO-
cunmes.

BBenenue

I'mnmokami BOBJICYECH B PEalM3allMI0 BBICIINX KOTHHUTHBHBIX (YHKUHMH H
MOZYJISILUIO MIUPOKOTO CIIEKTpa (PU3UOIOTHIECKHX MIPOLECCOB B opranusme [1,
2]. Tone CA1 runmnokamiia urpaeT KIfoueByIo poiib B pOpPMUPOBAHUU U U3BJIE-
YEeHUH MaMATH, pealn3alid KOTHUTUBHBIX (QYHKIMI MO3ra, y4acTBYeT B IIPO-
CTPAHCTBEHHOM HaBHUraluu 1 00paboTke HHPOPMAIHH.

CHHAaINCHI NPEACTAaBIAIOT CTPYKTYPHO YIOPSJOYCHHBIE U BBICOKO IIACTHY-
Hbl€ Ha YPOBHE MEXKMOJIEKYJSIPHBIX B3aUMOACUCTBUN CIELUAIN3UPOBAHHbIC
KOHTaKTHl MeXIy HeWpoHamu. [locTcHHanTHYeckoil yacThio OOJBIIMHCTBA
BO30YK/IAIOIIMX [IyTaMaTeprUIeCKNX CHHAIICOB I'MITIIOKAMITA SBISIFOTCS ACH/-

* PaGoTa BBINONHEHA B paMKaX IOCYJapCTBEHHOro 3aAaHus MuHoOpHayku Poccun
s DeneparbHOrO MCCIIEA0BATEIBCKOTO HEHTPa WH(POPMAIIMOHHBIX M BBIYHCIHTEIIb-
HBIX TEXHOJIOTHH.
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PUTHBIC IIUIKMKH, OTBETCTBEHHBIC 3a MPUEM U OBICTPYIO 00pabOTKYy pa3HOO00-
Pa3HBIX MO CBOEH Ipupojie curuaios [3].

[MocTpoeHue HeHpOHAIBHBIX ceTed B Mo3re TpeOyeT NMpaBUIIBHOH COOpKH
TPWIIMOHOB CHHANTHYECKUX cBsizeil. DopMupoBaHue, mojiepKaHue M mpa-
BWIbHOE (DYHKIMOHMPOBAaHWE WHTEPAKTOMa JCHAPHUTHOTO IIUIHKA B 3HAYH-
TEJIFHOM CTENEHW 3aBUCHUT OT KOOPIMHAIMH CIOKHBIX MOJICKYJIAPHBIX CeTei,
KOTOpBIE MO3BOJISIIOT OBICTPO 00padaThiBaTh MH(GOPMAIMIO M pearupoBaTh Ha
HETIPEPHIBHBIA M pa3HOOOpa3HBIN KacKaJ BHEIIHMX CTHMYJOB, 4acTo 0e3 J0-
CTaTOYHOTO BPEMEHH U CBSI3U C COMOM. JIOKabHBIN CHHTE3 Oellka SHepreTH-
YECKH BBITOJICH 110 CPABHEHHUIO C TPAHCIIOPTHPOBKOH OTIEIBHBIX OETIKOB B ITH-
CTaJIbHBIE OTPOCTKH, TIOCKOJBKY TpaHCHAIMs ofgHoi Moiekynsl MPHK moxer
BOBJIEKATHCS B PA3IMIHbIC MOJIEKYJIIPHBIE KacKazsl [4].

ITrardopma GeneNet (POCITATEHT Ne 990006 ot 15/02/1999) [9, 10] siB-
JIA€TCA UHCTPYMEHTOM [JId BU3YaJIbHOTO MOACIUPOBAHUA U pa3pa6OTKl/I MOJC-
JICH TPOIIECCOB CO CIIOXKHOM opranusaiueil. Ha ocHOBe OmyOJMKOBaHHBIX JKC-
NEPUMCHTAJIbHBIX JaHHBIX Mbl PCKOHCTPYUPOBAJIU MCEKMOJICKYJIAPHBIC B3au-
MOJICHCTBHSI B MHTEPAKTOME JCHAPHUTHOTO INUIHMKAa HMUPaMUJIHOTO HEHWpoHa
nonst CAl runmokamna [5, 6]. B pabore paccmarpuBaioTcss MOJIEKYJSIpHBIC
ACIIEKTHl OPraHU3alUH B PETyJISTOPHBIX CETSAX JIOKaJbHOTO OMOCHHTE3a B BO3-
Oyxnmarommx cuHarcax HeiipoHoB monst CAl runmokammna. OTOeTbHBIN aKIeHT
caenaH Ha OaaHC MEXIy pEeMOJCINPOBAaHUEM [IUTOCKEIETa U MPOCTPAHCTBEH-
HO-BPEMEHHOM KOHTpOJIE CTapTa Hadana cOopku Oenka Ha pudocoMe.

JloxanbHbIi 0MOCHHTE3 B JeHAPHUTAX HEHPOHOB rHMIOKAMIIA

He#ipoHbl SIBISIFOTCS YHUKAJIBHBIMH KeTKaMH. 110 cTpOCHUIO U (DYHKIMAM
OHH CXOIHBI C IPYTMMH KJICTKaMH, HO O0JIaAal0T CIIOCOOHOCTBHIO MepenaBaTh
nuHpopManuio Apyr apyry, GopMUpYs HEHpPOHAIBHBIE CETH Pa3IMYHbIE MO CBO-
eil apxurekType M QyHKUMOHaNy. bnaromaps CBOMM OTpOCTKaMm (akcoHaMm M
JICHJpPUTaM) OHU CIIOCOOHBI BOCIIPUHMMATh CHUTHAJIBI BHEIIHEH M BHYTpPEHHEH
cpenbl, TpeoOpa3oBbHIBAaTh MX B HEPBHBIE MMITYJIbCHI W IE€PEAaBaTh APYTHM
kneTkaM. IIpudeM B psiie cilydaeB AMMHA TaKUX OTPOCTKOB MOXET JOCTHIraTh
pPaccTOSIHUI O COTEH CAaHTHMETPOB OT TE€N KJIETOK Yy BBICIIUX IT03BOHOYHBIX.
Ux ¢dopmupoBaHue, oAnepKaHUe W TPaBHUIIbHOE (PYHKIIMOHUPOBAHHUE B 3HA-
YUTEJIBHOM CTENEHU 3aBUCIT OT KOOPAUHALMU CIOKHBIX MOJIEKYJISIPHBIX CETEH,
YTO TO3BOJISIET OBICTPO 00padaTeBaTh MH(POPMAIHIO, pearnpys Ha HENpephIB-
HBIA M Pa3HOOOpa3HBIA KacKaJ CTUMYJIOB, 4acTO 0e3 JOCTATOYHOIO BPEMEHH
JJIS CBSI3U C COMOIA.

VY 3yKapHOT TPaHCKPHUIIIHS BCeX 0€3 UCKIIIOYCHHS TeHOB MTPOUCXOTUT B SIA-
pe. IlpoctpanctBennas cerperamus MPHK B nurtomnasme kieTok — XOpoiro
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W3BECTHBIN OHoONIOrHYeckuil (DEeHOMEH, XapaKTepHBIH Ui MOJSIPU30BAHHBIX
KJIETOK, B YaCTHOCTH HEHPOHOB, Y KOTOPBIX JIOKaJIbHAs MPOAYKIH OeJKa ocy-
LIECTBJISIETCS. B MECTaX, KOTOPbIE AOBOJIBHO yaaneHsl oT coMbl. Takue MPHK B
COCTaBe CHeUU(PHUIECKUX OETKOBBIX KOMIUIEKCOB HAIIPABJIEHHO NEPEMEIA0TCs
1o nurockenery. [IpuyeM, BaXKHO MOJYEPKHYTh, YTO TPAHCIAIMS OeiKa B Ta-
KHX KOMIUJIEKcaxX ITOJaBlieHa M 3allyCKaeTcs CHenu(pHYecKUMH CTUMYJIAMH,
HarpuMep, TaKUMH Kak W3MeHeHHe 3(PQEeKTHBHOCTH CHHAIICOB B OTBET HA
IpULIEIIANA CUTHATL.

JloxanmbHBIH, OCYIIECTBISEMBI BHE COMBI KIIETKH, CHHTE3 OeJIKa CUUTAeTCA
SHEPreTUYECKH BBITOAHBIM 10 CPABHEHUIO C TPAHCHOPTHPOBKOM OTIEIBHBIX
OEIKOB B AUCTANbHBIE OTPOCTKU, MOCKOJBKY TPAaHCILIIUS OJHOM MOJEKYJIBI
MPHK MoeT npuBOAMTH K CHHTE3y OEIKOB AJISI Pa3lUYHBIX KacKaJoOB, YTO
HO3BOJIAET PAAUKAIBLHO H3MEHSTH JIOKAIBHBIH IIPOTEOM M MOCIIEeYIOIHe ObICT-
pBI€ OTBETHI MIPH MOJTyUYEHUH CUTHAIIOB [4].

B nenapurtax mupamMuIHBIX HEHPOHOB THIIIOKaMIIa MPUCYTCTBYIOT BCE HE-
00X0IMMbIC KOMIIOHEHTHI J1s1 OnocuHTe3a OenkoB [7]. B muteparype otmeua-
€TCsl HEe 4acTOe HaJU4Yde Yy HUX DJIEMEHTOB BHE COMATHUECKOTO ammapaTa
Tonmpmxu (outposts), 4To, MO-BUIUMOMY, ITO3BOJISIET MPEATIOIOKHUTh CYIIECTBO-
BaHME HE3aBHCHUMOTO OT ammapara ['oJIb/Ku CEeKpeTOPHOTrO IMyTH, OEIKH KOTO-
pOro ycHemHo 0OecIeuMBaloT JIOKAIbHBIE M BPEMEHHBIE CHHAITHYECKHE MO-
muduKanyy, TO0CTaTOYHbIe A (DYHKIMOHMPOBAHMS CHHAIICOB, M3MEHEHUS H
noaepkanus ux dpdexruBHOCTH [8, 9].

JlokaJbHBIIi OMOCHHTE3 H CHHANITHYECKAS IJIACTHYHOCThH

Honrospemennas norennuanus ([IBII) — ycunenne cuHanTHYeCKUX CBA3EH
Ha MPOTSHKCHNUH JTUTEIHHOTO BPEMEHH, B OCHOBE UEro JICKHUT aKTUBHOCTH TITy-
TaMaTHBIX penentopos [10].

B runmokamne HeHpOTPaHCMUCCHST KOHTPOJIUPYETCS] HOHOTPOITHBIMU TITy-
tamaTHbiMH penentopamu, HMJIIA (N-metmwi-D-acnaprar) u AMITA (o-
aMHUHO-3-THAPOKCHU-5-MEeTUI-4-N30KCa30IIPONMOHOBAs KUCIIOTa) TUIIOB. AM-
ITA penentopsl ¢ cyobenmanuamu GluR2 u GIuR3 (GIluR2/3) ompenenstor
6aszoByto HelipoTpancmuccuro u uHaykmoo JIBII. Tlocie wanykuum JIBIT mox
koHTposeM HMJIAP mponcxoaut nHTCHCH(UKAIS WX BBIBOJA M3 CHHAIICA H
SHAOIWTO3 (KIIOYEBBIM peryisaropoM sieisercs nporemHkmHaza C (ITKC))
(puc. 1A), a Taxke BBenenue AMIIAP ¢ cyorenunnmeii GluR1 (puc. 1B), uro
yBenuunuBaeT mIoTHOCTE AMITAP B 30HE CHHAaNTHYECKOTO KOHTaKTa, ONpesie-
75151 HOBYIO 3((eKTUBHOCTD cHHamca. [lonaep:kaHne HOBOTO YpOBHS HEHpO-
TpaHcmuccuu conpsbkero ¢ 3ameHol GluR1-AMITAP wa GIluR2/3 (puc. 1B),
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IUIOTHOCTh KOTOPHIX Jajee MOIIepPKUBAETCSI KOHCTUTYTUBHBIM PEIHKINPOBa-
HueM (puc. 1I') [6, 10-12].

Jist [umTenbHOro mojaiepkaHusl (pyHKIMOHUPOBAHUS CHHAITHYECKHX Ce-
Teil HeoOxonuma skcrpeccus reHoB. [Ipu aTom wacte obpaszyemoit MPHK He
TPAHCIMPYETCSl B COME, a HAINPaBIsAETCAd K MECTaM CBOEH JIOKalbHOM TpaHCIsA-
un. Tak, B TeueHne 2 gacoB nocie nHAyknuu JIBII HaOromaeTcst 3HAYNTEIh-
Hoe yBennueHnre MPHK B nennpurax [13].

KnroueBsiM Oenkom, obecrieunBaronM Kak TpaHcropTupoBky MPHK u3
COMBI B JACH/PHTHI, TaK U IOAABJICHUE NPEKACBPEMCHHON MHUIMAIIMH TPaHC-
s, seisietcs FMRP (Fragile X messenger ribonucleoprotein), KoTopsrit
koaupyetcst reioM FMR1 [14-16]. Mumensmu FMRP BricTymaeTr mimpoxwii
CHeKkTp OenKkoB, 3aJCHCTBOBAHHBIX B  PETYJIMPOBAaHMM  CTPYKTYPHO-
(hYHKIIMOHATFHON TIIACTUYHOCTH cuHamca [17], B ToM gucie CyObheTuHHIBI
GluR1 u GluR2 AMIIAP, ckaddonn-6enku B yactHoctu, PSD9S5 [18], korto-
pblit o0ecrieunBaeT 3assKOPUBAHUE TIIyTAMATHBIX PELIENTOPOB B 30HE CHHAIITH-
YEeCKOIro KOHTaKTa, a TAK)Ke BXOAUT B KIIFOUEBBIE TSI CHHAITUYECKOHN TUIacTHY-
HOCTH MaKpOKOMILIEKCHI OCITKOB mumuka [19].

HenocpencTBeHHBIM TapTHEPOM B PETYISILHMH JIOKAIBHOW TPaHCISIIMN
FMRP snsercs 6enoxk CYFIP1 (Cytoplasmic FMR1-interacting protein 1),
KOTOpBIH BEIcTymaeT mocpenaukom Mexay FMRP-MPHK u 6enxoBoit mamm-
Ho#t Tpancanun [20, 21]. OH HanpsIMyTO B3aMMOJEHCTBYET ¢ (haKTOpaMH WHH-
nuanmu tpancisnuy, Ho He ¢ MPHK. Accommarus FMRP-CYFIP1 gopmupyer
MOJTHOLIEHHBIH KOMIUIEKC GJIOKMPOBKY HHULINAINY TPAHCILSIIAN

MeTtaboTponHbIE ITyTaMaTHbIE PELENTOPH! MIMITHKOBBIX CHHAIICOB THIIIO-
kamma — mGluR1 u 5, cBs3annbie ¢ G-0enkoBeM KomImiekcoMm (Gq/11), aktu-
BupytoT pochonunazy C (DJIC), npoayuupyromyio auamuirauiepoi (JAD) u
unosutontpudocdarsl (M3D). TAI' akruBupyer nporennkunazy C (ITKC), a
N3® obecrieunBaeT BHYTPUKIETOYHBIH MOIBEM YPOBHS HOHOB KalbI[Hs, HE00-
xoauMblit 1uist pazsutus JABIT [22].

AxtuBanst mGluRs cHuMaer tpancisiiuonHoe monasinenne FMRP uepes
nedochopmnuposanue nporennpocdarasoit 2A (PP2A Ha puc. 1), npuBost K
€ro JanbHEeNIeH ferpafaliy U 3ayCcKy TPAHCIALUY €ro MUILIeHeH [23, 24].

®dochounozuronrpudocharsr (PUD3) — BropuuHBIE TOCPESTHUKH, AKTUBHO
HapaOatbeBaroTcs pocopuro3nToN-3-krHA30H (PM3K) mocne maaykunu JIBIT
W BOBJICUCHBI B 3aIlycK TpaHCHsAmu Oenka depe3 mporenHkuHa3zy B (ITKB)
[25]. mGIuR1/5 Ha cuHancax BxomsaT B Makpokomiuiekcel HMJIAP depes B3a-
umozeicteue co ckapdona-oenkamu Homer [26]. Rong ¢ coaBTopamu nokasa-
JU BO3MOXXHOCTh (hopmupoBanus komruiekca Homer-mGluR-AGAP2-OU3K.
AGAP2 (Arf-GAP with GTPase, ANK repeat and PH domain-containing pro-
tein 2) mpu 3ToM ycunuBaet aktuBHocTh ®U3K [27].
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ITo ganHBIM 0a3bl maHHBIX Swiss-Prot AGAP2 o6namaeT JOMEHOM CBSI3bI-
Banus ¢ DJIC, hopmupysi, TakuM 00pa3oM KOMILIEKC OEIIKOB, B KOTOPOM IpO-
HCXOJUT MPOCTPAHCTBEHHOE COMMKEeHUE, ¢ 0HOM cTopoHbl, mGluRs ¢ ux 3¢-
dhexropom DJIC, ¢ Apyror — KOHBEPICHIIUIO CUTHAIBHBIX IMyTEH IIyTaMaTHBIX
PEIENTOPOB NIMITKUKA C KACKAJIOM aKTHBAIMU OSIKOBOro cuHTe3a (puc.1).

A |
b [ | B
[(ewr1}——(cur1]  [umase ] [Gury3] [mewris) (Glur1 |5 GluR2/3
T T T
|_PsD95 |——[ Pspas |—I"pspos | (Cnar_ Y mKC
Shank e
GluR-1 cuHanc
DU
GluR-1 4
GlurR2/3
SN r
PEMOAG/MPOBAHUE 1101 1o apie [ GluR2/3 ] [ GluR2/3 ]
aKTHHOBOTO passTMA ABn =
uuTOCKeNeTa N
6.10KMPOBKE MHULMALIMK MHULMALMA
TpaHCAALMKN TpaHcnopT MPHK TpaHcaaumMn mPHK
M3 COMbI B IeHAPHTbI
— aKTMHOBbIE aKTUBUPYIOLLME PETYIATOPHbIE
() myramarnsie peuentoper C) perynatopHbie Genku  (AATAR) dunamerrsi T waaumopeiicrann
I:I ckadbona-6enkn () stopuuHbie nocpeaHitki [‘\‘_j MPHK —— 6nokuposka npouecca
O KWHa3bl manble perynaTopHble  _ MPOCTPAHCTBEHHOE  ____ ,  qapayoneie npoueccax
Monerynbl cBnmmenne

Puc. 1. Cxema perysiTOpHBIX IIyTeH JIOKaJIbHOI'O CUHTE3a U PEMOAEIMPOBAHUS IIUTOC-
KeneTa cuHamnca. OnucaHue B TEKCTE.

HMJIAP — HMJIA (N-metun-D-acnaprat) peuentop GluR-1 — cyopeaunnma AM-
I[MAP (AMIIA (a-amMuHO-3-THAPOKCH-5-METHI-4-N30KCA30MPOIIMOHOBAsT KUCIIOTA) pe-
uenrop); GluR2/3 — AMIIAP c cyowsenuannamu GluR2 u GluR3; mGIluR1/5 — metabo-
TPOIHBIE TIIyTaMaTHBIE penentopsl; ckaddonn-6enku: PSDIS5 (post synaptic density
protein), Shank (SH3 and multiple ankyrin repeat domains protein), Homer (Homer
protein homolog 1); AGAP2 — Arf-GAP with GTPase, ANK repeat and PH domain-
containing protein 2; PIX — PAK-interacting exchange factor beta; PAK — p21-activated
kinase; Racl — Ras-related C3 botulinum toxin substrate 1; Cdc42 — Cell division con-
trol protein 42 homolog; FMRP — Fragile X messenger ribonucleoprotein; CYFIP1 —
Cytoplasmic FMR1-interacting protein 1; PP2A — protein phosphatase 2A; ®UD3 —
dbocharuaumuaosuron-(3,4,5)-rpudocdar; JAI — mumammnrmuuepun, 3P — wnHO3M-
tonrpudocdarsr, 'TO — ryanosuntpudocoar; GJIC — dpocdonunaza C; [IKC — npore-
naknHaza C; [TKB — nporennkunasza B; ®U3K — dpocdonnozuron-3-kunaza
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JleHIpUTHBIC IMITUKKA CTPYKTYPHO BBICOKO MWHAMHYHBI, YTO BaXKHO IS
CHUHaNTHYeCKUX MOAM(DUKALN, CBSI3aHHBIX C 00y4eHHEM, CTapeHHEM U Helpo-
JlereHepaTUBHBIME 3a0osieBanusivu [28]. lutockener cimyxut miatdopmoit
s tpadpduka MPHK, nelicTByer kak kapkac jajisi OpraHM3aliii KOMIOHEHTOB
TpaHCJIALMOHHOrO amnmnapara [29]. PemoaenupoBanue UTOCKeNeTa JTOCTUTaeT-
Cs IIMKJIOM TOJMMEPHU3AINY ¥ JETIONIMEpHU3alui (PUIaMEHTOB HAa OCHOBE MO-
HOMEPOB, KOTOPbIE TAKKE CUHTE3UPYIOTCA JoKaibHO [30].

KitroueBbIME peryisropaMu peMOJICIAPOBAHIS aKTHHOBOTO ITUTOCKENETa B
IeHnpuTHOM mumuke mociie uHxykmn JIBIT seusrorcs mansie I'@A3sr Racl
(Ras-related C3 botulinum toxin substrate 1) u Cdc42 (Cell division control
protein 42 homolog). /IBII 3anmyckaet cUrHaJIbHBIE KAaCKabl 3THX OEIIKOB Yepe3
(dbopMupoBanue crierupUIecKUX KOMILIEKCOB.

CYFIP KOHCTUTYTHBHO SIBJISIETCS YacThI0 KOMIUIEKCA PEMOICITHUPOBAHHUS
aKTHHA, cBA3aHHOTO ¢ Racl, Takum 00pa3oM BBICTYNAas MOCTHKOM MEXIY
TPAHCISIMOHHON peryisnueil 1 akTHHOBBIMHU ITTOCKeneToM [31, 32].

Iporennkunaser cemeiictea PAK (p21-activated kinase), a¢¢dexropsr ma-
neix ['Tda3z Racl u Cdc42, Bxomsr 8 HMJIA-penienTopHbIe MaKpOKOMILICKCHI
yepe3 B3aumoeiicteue ¢ PIX (PAK-interacting exchange factor beta), akruBa-
topamu Racl [33] u ckaddonn 6enxamu Shank (SH3 and multiple ankyrin re-
peat domains protein) [34].

Santini ¢ coaBropamu npexamnonararot, uro FMRP 3axBatsiBaer CYFIP u3
KOMIUIEKCOB peMojenupoBanust aktuHa Racl, a HegocraTok B cunrese FMRP
CcrocoOCTBYET M3NMHIIHEH dKcIpeccuu curHaimbHoro myTtu Racl/PAK, uro Oy-
JIET cIocoOCTBOBATH T€HEpAIMK TOHKUX, HE 3PEIIbIX, ITHIHUKOB [35].

Takum 06pa3oM, B ACHAPUTHBIX MIWMUKAX MUPAMHUIHBIX HEHPOHOB THIIIIO-
KaMmIla CYIIECTBYIOT TOYKH IEpPECeYeHHs] CUTHAJbHBIX IyTEH peryIupoBaHus
JIOKaJIBHOTO CHHTE3a OEJNIKOB C CHTHAJIBHBIMHU IYTSMH KOHTPOJISI TiIyTamaTep-
THYECKON Tepelayd M PEeOopraHM3alliil aKTHHOBOTO IIUTOCKENETa B TEUCHHE
MHIYKLIUH U Pa3BUTHUS JOJITOBPEMEHHOMN IMOTEHINAIINY.

3akjrouenue

B pabore paccMOTpeHBI MOJEKYJSIpHBIE ACIEKTHl OpraHU3alul B PETyJIs-
TOPHBIX CETSX JIOKAIBHOTO OMOCHHTE3a B BO30YKIAIOINX CHHAIICAX HEHPOHOB
monst CA1 rummokamra. IIpeniokeH MOJIEKYISPHBIA MEXaHU3M KOHTPOIS aK-
TUBAlMM WHUIMAIMKA TPAaHCISIIMU B IIpoLecce HM3MEHEHHsS 3()(EeKTHBHOCTH
cHHanTH4ecKoi nepenaud. OTAENBHBIN aKLEHT CAENaH Ha OalaHCc MEXIy pe-
MOJICTIMPOBAaHUEM LUTOCKEIETa M IPOCTPAHCTBEHHO-BPEMEHHOM KOHTPOJIE
cTapTa Havaja cOopku Oenka Ha prOocoMe.
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EVALUATION OF INTELLECTUAL CAPACITIES
OF LANGUAGE MODELS
FOR THE FORMATION OF REASONABLE DECISIONS
IN ROBOT CONTROL

An agent system to control robot behavior according to human instructions
is proposed, in which a Large Language Model is the central component. The
system interprets these instructions into logically sound sequential actions that
ensure goal achievement taking into account known information from the envi-
ronment. The intellectual capabilities of Large Language Models in agent sys-
tems are investigated. Experiments are conducted using modern models of both
instructive Qwen2.5, Codestral, Mistral Large, and reasoning Qwen3,
Deepseek-R1 with different numbers of parameters.

Keywords: large language models, agent systems, logical reasoning, deci-
sion making, robot control.

Introduction

This work considers the problem of controlling the behavior of a robot
based on generalized instructions received from a human during a dialogue,
taking into account external information about the robot's environment. Such
instructions require interpretation into logically sound sequences of atomic ac-
tions that ensure the execution of the assigned task. This problem could be
solved using agent systems based on Large Language Models (LLM). Such
systems represent a modern concept in artificial intelligence that combines the
capabilities of LLMs with the autonomy of agents. These systems are capable
of independently analyzing and determining problem-solving strategies, using
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external tools, and interacting with the environment without human control.
They are based on the use of LLM as the «brain» of the agent system, supple-
mented by various components, such as memory and a set of possible tools or
actions [1-3].

The purpose of this study is to find out what LLM can be used to design
agent systems (see Fig. 1) with a high level of task understanding. Task under-
standing involves not just the generation of a sequence of atomic actions by
models, but a semantically sound interpretation of the goal of an incoming hu-
man instruction, its context, and its hidden premises.

Dynamic environment
(graph, images, ets) «— — — Information from RGB/LIDARdata |— — —
Set of actions P
move = — — — - _Feedbackfrom Interpreter | — — — —
photo |
Input: =
done — W Output: e \
text for LLM . [ Action
that include > Reas:;nlng )\ Interpreter >
\
A storm is coming, pnecesany Action
find a safe shelter! jnformation LLM Agent \“’

Q + |
| —| Output reasoning history !
“@'

Cycle until "done" action received

Fig. 1. Agent system for controlling robot behavior. LLM uses as input a representation
of the robot's world in the form of a graph, a list of possible actions to control the robot,
instructions from a human, as well as feedback from the environment and its previous
responses. As a response, LLM gives reasoning based on the information received and
forms the next action for the robot

In this work, experiments are conducted on the use of an agent-based sys-
tem inspired by works such as ReAct [4], SayPlan [5] on various types of
LLMs from instructive Qwen2.5 [6], Codestral [7], Mistral Large [8] to reason-
ing Qwen3 [9], DeepSeek-R1 [10] to control the behavior of a robot.

The main contributions are:

e The dataset of behavioral instructions for testing the intelligence of
LLM:s for autonomous robot control.

e Results of a comparison of the capabilities of different LLMs for making
decisions in the form of choosing atomic actions to achieve the goal of a behav-
ioral instruction.
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e The agent system is based on LLM for controlling the behavior of a ro-
bot when executing instructions from a human.

Related works

This paper builds on a number of studies on the use of LLMs to generate
logical reasoning and planning both on general test problems (arithmetic, com-
mon sense, symbols) and in agent systems.

The work [11] shows that LLM (for example, GPT-3, Codex) without addi-
tional training can decompose high level goals into sequences of actions for
embodied agents.

The authors of [12] present a survey of methods for integration of LLM into
embodied agents, comparing specialized planners and the use of LLM with
their common-sence knowledge. The latter approach allows generating action
plans in natural language without special training.

The paper [13] evaluates LLMs for planning by examining prompt formats
and generation strategies. It shows that the quality of plans is strongly depend-
ent on the prompt structure and the way the tasks are decomposed.

The work [14] argues that LLMs are insufficient for robust planning due to
the lack of structured reasoning and self-checking. It proposes a neurosymbolic
architecture called «LLM-Modulo», where LLMs generate hypotheses and
knowledge, and external symbolic modules check them, ensuring the correct-
ness and flexibility of plans.

The authors of [15] demonstrate a prompting technique for LLMs called
Chain of Thoughts (CoT). This allows the model to step-by-step solve prob-
lems that require logical inference. The limitations of the work are low effi-
ciency on small models (~1B parameters), sensitivity to prompts: the order and
style of examples affect accuracy. Moreover, errors in logic are possible even
with correct answers.

The paper [4] proposes ReAct — the approach for interacting with LLMs, in
which the models generate CoT and actions to solve problems. Reasoning helps
to adapt planning, handle exceptions, and select relevant actions. The disad-
vantages of the approach include the requirement for a large length of input
sequences, which increases computational costs, and the structure of alternating
reasoning and actions sometimes causes repetitions and loops.

The authors of [5] presented SayPlan — the system for robot control based
on LLMs and using a scene graph. The system consists of two components.
Semantic search — the model first interacts with a «collapsed» graph, expanding
only the relevant nodes. Iterative replanning — after generating the initial plan, a
scene graph simulator is used, which checks the plan for feasibility and returns
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feedback for its adjustment. Limitations: dependence on a pre-built graph, limi-
tations of modern LLMs in logical reasoning, requirement of an auxiliary scene
simulator for accurate feedback.

Thus, modern approaches to using LLMs to solve problems that require log-
ical reasoning demonstrate significant success but are accompanied by various
limitations related to the number of model parameters, sensitivity to changes in
prompts, limitations of computing resources, and reliability of output.

Problem Statement

The main task is for the agent to carry out behavior instructions from a hu-
man using a limited set of actions and information about the environment.

A four-wheeled robot operating in a three-dimensional environment with
various objects (trees, houses, etc.) was used as a research platform. This robot
is capable of performing actions based on a local planner on a terrain map (see
Fig. 2). To simplify interaction with the environment, the robot's movement
according to the local planner (Path planner route) was replaced by moving the
robot to the end point of the route (Destination). The agent could use the fol-
lowing actions to control the robot: move — move to a specified point; rotate —
rotation towards the target object; photo — receiving an image from a camera.

-

=
= ' Destionation = —
Path planner route
|~ ¥ 4 =
>
==

Fig. 2. Controlling the behavior of a robot in the environment

In addition to the possible actions of the robot, the following tools were
added to the agent — certain functions in the Python programming language that
perform precise calculations to avoid hallucinating models: define_side — the
position of one object relative to another object; define_ distance,
max_distance, min_distance — operations on distances between objects; er-
ror — message if the command cannot be executed; done — completion of the
execution of the instruction by the agent.
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The environmental information is presented in the form of a hierarchical
graph (see Fig. 3) with the following structure: Level 0 — areas of interest that
contain groups of objects; Level 1 — the object and coordinates of its center;
Level 2 — coordinates of positions near the object with orientation to the cardi-
nal points to which the robot can move. In total, graph consists of 5 areas, 88
objects and 352 points for robot movement.

" AL : ,s .
Fig. 3. Three-dimensional environment with a four-wheeled robot
with a description of the structure of a hierarchical predefined graph

Since the work uses an unchangeable, pre-defined terrain map with precise co-
ordinates, this does not allow for taking into account the dynamics of the envi-
ronment around the robot. Thus, the challenge is to assess how effectively the

LLM in such a configuration can make informed behavioral decisions by inter-
preting human instructions and using a given spatial model of the environment.

Method

The proposed agent-based system is a special case of the general ReAct ap-
proach, which is capable of solving a wide range of problems from different
domains for the case of robot behavior control. For reasonable control in specif-
ic world in the Sec. «Problem Statement», as in the SayPlan approach, a hierar-
chical graph of the robot world with static objects was used. Due to the large
input context window of the models participating in the experiment, this graph,
unlike the SayPlan approach, was submitted in full so that the language model
had an idea of the entire scene. Also, due to the specifics of the ReAct ap-
proach, unlike SayPlan, a plan for the robot is not made in advance, the choice
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of further action for the robot is determined based on previous responses and
states received in the process of executing instructions from a human.

The system is based on interaction with LLMs using In Context Learning
method [16]. This method is based on the ability of LLMs to perform new tasks
without changing their parameters, using only examples provided as text in the
query. The instructional format implies the use of special «systemy, «user»,
«assistant» tokens to separate messages within the input sequence (see. Fig. 4).

In this work, the System message includes a description of the problem in
accordance with the «Problem Statement» Sec. and the desired response in
JSON format. User messages contain a description of the graph, instructions
from a human, and messages received during the control process, for example,
that the robot has successfully moved to a given coordinate or, conversely, that
the movement was unsuccessful. Assistant messages contain model responses
in the specified JSON format with the keys «chain-of-thought», «action», «ar-
gumentsy. Thus, the proposed system receives a response from the LLM, pars-
es the keys, applies actions to control the robot, forms feedback on the com-
pleted action, marks the model responses and feedback with special assistant
and user tokens. This process is repeated until the «done» or «error» action is
received (see Sec. «Problem Statementy).

<|system|> {

Instructions for agent</s> gresie Large "chain-of-thought": ...,
<|user|> Lan uage "action": ...,

Graph and instruction from g g "arguments": ...
human</s> Uolgaid MOdeIS }</s>

<|assitant|> -

Fig. 4. In Context Learning method using the example
of Chat Template with special tokens

Datasets

Most existing benchmarks on robot control consider the task when the robot
is indoors and solves various household tasks, for example, putting something
to somewhere. This paper considers the control of the robot’s behavior in hard-
to-reach and dangerous places outside the house. Moreover, all commands in
the benchmarks imply an unambiguous solution to the instruction from a hu-
man. It does not consider cases of ambiguous commands and instructions that
the robot cannot physically execute.

This work offers a set of 60 test instructions divided into 3 types. Direct in-
structions related to objects on the map, such as «take a photo of any three
trees», «go around the nearest house on all sides». Abstract instructions are
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general tasks without specifics, such as «check fortifications», «find shelter».
Out-of-Space instructions that are not related to the robot’s capabilities or in-
clude objects that are not in the graph, such as «cut down a treey, «fly to the
Moony.

The difficulty of non-manual evaluation of the proposed instructions is that
it is impossible to create «ground truth plans» for them, since the execution of
instructions may depend on the current state of the robot, some instructions
(especially Abstract and Out-of-Space) do not have an unambiguous algorith-
mic solution.

Experiments

The Success Rate (SR) (see Eq. (1)) is used as an evaluation metric — the ra-
tio of correctly executed instructions to the total number of instructions in the
test sample.

NCOTTECL’

N

where N, orrece 18 the number of instructions executed correctly, N is the total
number of instructions.

The evaluation of correctly executed instructions was performed manually
by humans (see Tab. 1), taking into account the free interpretation of abstract
commands — depending on the language model, the agent can choose a different
order of actions that will lead to the successful execution of the instruction. To
avoid looping of actions, a limit of 50 steps was set.

The instruction was considered to be correctly executed if: agent's actions
are reasoned and lead to the successful execution of instructions; logical con-
clusions and sequence of atomic actions are observed; absence non reliable
information on the input context (incorrect interpretation of graph nodes, inap-
propriate use of actions).

SR = 100 % €Y)

Table 1

Success Rate assessment for different models by test command types. Mean +std, n =5
Model Total, % Direct, % Abstract, % | Out-of-Scope, %

Qwen2.5-14B-Instruct 42 £13 60 =18 26 £18 39 +11
Qwen2.5-32B-Instruct 68 £9 65 +6 52 +16 86 +6
Codestral (22B) 50 £8 64 +7 40 £8 48 £9
Mistral Large (123B) 70 11 65 +16 65 +12 80 13
Qwen3-32B 64 £5 68 £10 41 +£5 84 +7
DeepSeek-R1 (671B) 72 £5 66 £9 58 £3 93 £5
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5 people took part in the evaluation. The calculation of the consistency of
the answers was carried out using Gwet’s AC; [17] equations (see Eq. (2)). The
Tab. 2 shows the results of this criteria.

AC = pl . Z Z rliglq— 1 - 12 (1= 1),

()

where p, is the overall agreement probability, p, is the chance-agreement
probability, n is the number of studies rated, Q is the number of categories in
the rating scale, 13, is the number of raters who classified the i studies into the
q category, 1 is the total number of raters, T, is the probability that a rater clas-
sifies a study into categories Q [18].

Table 2
Interrater reliability for 5 raters using AC; Statistic,
SE is the Standard Error, CI is the Confidence Interval
Model AC; Pa Pe SE 95 % CI

Qwen2.5-14B-Instruct 0,52 0,76 0,49 0,07 [0,38 — 0,67]
Qwen2.5-32B-Instruct 0,55 0,75 0,44 0,08 [0,39 - 0,72]
Codestral (22B) 0,59 0,80 0,50 0,07 [0,46 —0,73]
Mistral Large (123B) 0,55 0,74 0,42 0,08 [0,39 -0,71]
Qwen3-32B 0,65 0,81 0,46 0,07 [0,50 —0,80]
DeepSeek-R1 (671B) 0,73 0,84 0,40 0,07 [0,59 —0,86]

Discussion

The results of the experiments with LLMs in the agent system demonstrated
that the models have the ability to logically plan the robot's actions. This con-
firms their applicability in agent systems, similar to previously presented ap-
proaches such as ReAct and SayPlan. The following limitations were also iden-
tified during the evaluation:

o Incorrect reasoning logic and action selection were noted. For example,
in tasks requiring calculating the distance between objects, models performed
arithmetic calculations within the CoT instead of calling the predefined action
«define distance».
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e There were cases of «misunderstanding» of the graph structure specified
in the system prompt. For example, models mistakenly concluded that it was
impossible to build a route due to the lack of connections between positions.

e In a number of examples, unfounded assumptions without calculations
were recorded, when instead of calling the «define side» action, the model
made conclusions based on intuitive assumptions. Thus, for the instruction «go
to the house that is north of the street lamp», the model formed a CoT «I as-
sume that house 1 is located north of one of the street lamps», which was not
accompanied by checking the actual position of the objects.

e Errors in graph interpretation were identified related to the omission of
part of the context. For example, the model stated: «There is only one house in
the graph — house 1», although in reality there were 2 houses in the graph.

To eliminate the described limitations, further work will be aimed at:

e Developing a system component for dynamically mapping the environ-
ment, which will allow the agent to make more accurate decisions on control-
ling the robot's behavior.

e Implementing support for feedback not only with the environment but
also with a human to introduce a full-fledged dialogue and improve the accura-
cy of executing instructions.

e Implementing memory mechanisms to solve the problem of forgetting
long contexts.

Conclusion

An agent system has been developed that is capable of interpreting human
behavior instructions. The agent's action space is represented by atomic (or
low-level) robot commands, extended by Python tools that help avoid halluci-
nations when performing calculations and improve the accuracy of the output.

A set of behavioral instructions was prepared to test the intellectual abilities
of large language models during autonomous control of a robot, consisting of
60 commands divided into 3 types. Experiments conducted on the prepared
dataset demonstrate that large language models as a central component of an
agent system have the ability to logically reasoned and structured action plan-
ning, and the number of model parameters directly affects this ability.
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REASONING WITH HYPOTHESIS GENERATION

Abstract. Reasoning language models constitute a novel and significant ad-
vancement in the field of natural language processing. The recently introduced
paradigm of «test-time scaling» enables performance improvements across a
range of benchmarks, in part by emulating human-like problem-solving strate-
gies. These models exhibit particularly strong outcomes on complex mathemat-
ical tasks that necessitate the decomposition of problems into simpler sub-tasks.
Several methodologies have been proposed to train models to engage in reason-
ing prior to generating final answers. In this context, «reasoning» refers to the
exploration of a solution space in search of an appropriate answer. This work
investigates the development of a fine-tuning algorithm for language models,
specifically designed to impart reasoning capabilities through the application of
the Best-of-N approach. This approach involves generating multiple candidate
responses and subsequently selecting the optimal one using various strategies,
such as majority voting or a mathematical verifier that evaluates not only the
final answer but also the reasoning process itself. We propose and implement a
fine-tuning algorithm that enables a language model to generate four distinct
hypotheses in response to a mathematical problem statement. The adoption of
this reasoning-centric methodology yields notable improvements on mathemat-
ical benchmarks, including MATH 500 and RuMultiAR.

Keywords: Reasoning, LLM, NLP.
1. Introduction

Language models exhibit outstanding performance on a wide range of text
generation tasks that involve responding to general instructions. Nevertheless,
large language models (LLMs) face notable challenges when tackling certain
mathematical problems.

Following the technological breakthrough achieved by ChatGPT, the per-
formance of language models has become highly dependent on the quality of
the training pipeline. The conventional LLM training pipeline consists of pre-
training on an extensive text corpus, supervised fine-tuning on high-quality
data, and, in some cases, the application of reinforcement learning techniques —
such as to enhance model safety and response reliability.
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Recent research, however, has demonstrated that increasing inference time
enables models to solve more complex problems without the need for explicit
additional training. Specifically, the more time a model is allocated for reason-
ing [1, 2, 3], the better it performs on intricate tasks across various domains.

Two fundamental approaches have emerged for improving model perfor-
mance by leveraging increased inference time:

1. Verifier-Based Search Strategies [4]. The first approach involves generat-
ing multiple candidate answers and employing a verifier to select the most ap-
propriate one. The verifier may take the form of either a programmed heuristic
or a trained reward model.

Verifier-based search strategies encompass several methods, including:

- Best-of-N: In this method, multiple candidate answers are generated, each
of which is assigned a specific score using a reward model [5]. The answer with
the highest reward is then selected as the final output.

- Beam Search: This approach systematically explores the solution space,
often utilizing a process reward model (PRM) to guide sampling and validate
intermediate reasoning steps.

- Diverse Verifier Tree Search (DVTS): This technique extends beam
search by partitioning the initial beams into independent subtrees, which are
then greedily expanded using the PRM.

2. Reasoning-Based Generation. The second strategy centers on eliciting
reasoning directly from the model. The model generates chains of reasoning —
often demarcated by special tokens such as «think» — and produces the final
answer within «answer» tokens. Notable examples of this approach include
DeepSeek-R1 [6] and QwQ (ol is not discussed here, as the specifics of its
training and inference processes are not publicly known).

How do models learn reasoning? Models acquire reasoning abilities through
specialized training regimes. For example, DeepSeck was trained over several
stages, one of which employed GRPO [7] — a reinforcement learning method —
which enables the training of reasoning-capable models without the need for a
separate supervised phase on high-quality instructional data.

Nevertheless, these approaches have certain limitations. For instance, the
GRPO method demands significant computational resources for training,
though this challenge has been partially mitigated by solutions such as the
Unsloth library. Additionally, GRPO is most effective with models already
capable of generating high-quality textual sequences, which means that smaller
language models do not benefit as much from this approach. Regarding verifi-
er-based search strategies, their primary limitation is the necessity of integrat-
ing the language model within a broader system that includes a verifier. As a

YOK 004.032.26(08) HelipoHHbIe ceTu 153



ISBN 978-5-7262-3186-0 HEMPOVWH®OPMATWKA-2025

result, improvements in model performance rely on enhancements to the overall
system rather than the language model alone.

The aim of this work is to enhance the performance of language models by
proposing a reasoning algorithm that merges the strengths of both native chain-
of-thought generation and N-hypothesis generation strategies. This paper intro-
duces a novel approach to reasoning: generating multiple hypothetical solutions
for a given problem and selecting the best one among them. Unlike the Best-of-
N strategy, which requires running the model N times to obtain N candidate
solutions, the proposed method enables the model to generate and select the
best hypothesis within a single generation.

Experimental Validation. Two benchmarks are utilized to validate the effec-
tiveness of the proposed approach: MATH 500 and ruMultiAr.

MATH 500: This dataset comprises a subset of 500 examples from the
OpenAl MATH Benchmark. This benchmark is widely used for evaluating the
mathematical reasoning capabilities of contemporary language models.

RuMultiAr: This task, sourced from BIG-bench, evaluates a model’s ability
to perform multi-step arithmetic operations, including addition, subtraction,
multiplication, and division. The task assesses a model’s capacity for sequential
reasoning, as it is necessary to solve a series of arithmetic expressions with
multiple levels of nesting and variable bracket contents. Although relatively
straightforward for humans, as each step follows logically from the previous
one, the task is specifically designed to test a system’s ability to decompose
complex problems into simpler sub-problems and to plan its actions.

A model trained with the proposed form of reasoning demonstrates superior
performance on both benchmarks relative to the baseline model.

2. Best-of-N

The proposed method, which involves generating multiple hypotheses when
solving a mathematical problem within a single generation, is based on the
Best-of-N method.

The Best-of-N method (see Fig. 1) is an approach to decoding large lan-
guage models where, in response to a single prompt, the model generates sev-
eral variants — usually N independent text completions. Each of these variants is
generated independently, as if they are separate attempts to answer the original
prompt. After all N variants are generated, one of them is selected — the one
considered the best according to a predetermined criterion.

This criterion can be a special reward model trained to evaluate the quality
or relevance of the answer, or the final choice can be made by a human annota-
tor. Sometimes, selection is done using simple heuristics, such as answer
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length, complexity, or diversity. In practice, the choice of criterion depends on
the specific task and the purpose of generation.

[ Answer_1 ] { Answer_2 J ( ] [ Answer_n ]
A N A A 4

[ Process Reward Model ]
Answer_n

Fig. 1. Best-of-N

This method helps eliminate some generative errors that arise during single
sampling: due to stochastic fluctuations, the model can «go off track» or pro-
duce a less meaningful or trivial answer, which does not always reflect its full
potential. Multiple generations increase the chance of obtaining a more coher-
ent, logical, or informative response since, among N different options, the
probability of having at least one good answer increases significantly.

A significant drawback of Best-of-N is its linear increase in computational
costs: each additional variant requires a complete regeneration run. Moreover,
sometimes the model gets stuck on overly cautious or repetitive patterns, pro-
ducing similar outputs; in this case, diversity may still be limited.

The method is widely used where output quality is critical: in chatbots, code
generators, support automation systems, as well as for writing or summarizing
texts. It is often combined with other generation control techniques, such as
temperature, top-k, or nucleus sampling. As a result, Best-of-N provides a bal-
ance between randomness and controlled quality, allowing for a higher proba-
bility of obtaining the best possible answer at the current stage.

The Best-of-N method enables better performance on mathematical bench-
marks. For this purpose, in this work, two models were validated: qwen-0.5B
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and qwen-1.5B. The results are shown in Table 1. The implementation details
of the method are described in the next section.

Table 1. Performance of the baseline model and the Best-of-N method. The results were
measured three times using a temperature of 0.6 and a top_p of 0.95

Model Num generations MATH 500
Qwen/Qwen2.5-0.5B-Instruct 1 0.270
Qwen/Qwen2.5-0.5B-Instruct 16 0.466
Qwen/Qwen2.5-1.5B-Instruct 1 0.473
Qwen/Qwen2.5-1.5B-Instruct 4 0.604
Qwen/Qwen2.5-1.5B-Instruct 16 0.642
Qwen/Qwen2.5-1.5B-Instruct 128 0.632

3. Dataset creation

To endow language models with enhanced reasoning capabilities, a synthet-
ic dataset is constructed. Each data entry consists of a prompt and an answer,
wherein the answer includes an explicit instruction for the model to «think,»
presents four hypotheses, and concludes with a final solution to the problem.
The methodology for generating this dataset in the present work is based on the
Best-of-N approach, comprising the following components:

Tasks: For English, approximately 10,000 mathematical problem statements
were generated. For Russian, around 16,000 problems were created using an
algorithm derived from the Big Bench codebase, which facilitates the automatic
generation of simple mathematical problems.

Prompt Construction: The prompt is structured in two main parts. The pre-
fix adopts a template from the light-eval library for the MATH 500 benchmark.
The prompt is designed such that the final answer is enclosed within a box,
thereby explicitly demarcating the solution.

Sample Generation: For each problem, n answer samples are generated in
parallel, using a temperature setting of 0.6 and a top-p value of 0.95. This sam-
pling process is performed efficiently in parallel by means of continuous batch-
ing implemented in vLLM.

Process Reward Model (PRM): Subsequent to sample generation, the best
answer for each problem instance in the ruMultiAR dataset is selected via a
Process Reward Model (PRM). Each response is divided into fragments by a
delimiter, with each fragment assigned a specific score. The final answer se-
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lected is the one receiving the highest cumulative score. In addition to the
mathematical outcome evaluation model (Outcome Reward Model, ORM)
Qwen2.5-Math-RM-72B, Alibaba has introduced process reward models
(PRMs), specifically Qwen2.5-Math-PRM-7B and Qwen2.5-Math-PRM-72B.
These PRMs provide a promising approach for supervising the reasoning pro-
cess in mathematical problem-solving tasks with large language models
(LLMs), enabling the identification and correction of intermediate errors. For
this algorithm, Qwen2.5-Math-PRM-7B was employed as the PRM.

Validation: Validation is performed using custom code. The final answer is
extracted using the latex2sympy2 library and then compared to the reference
answer through an exact match criterion.

4. Reasoning Based on the Best-of-N Method

In this section, we introduce a new multi-hypothesis reasoning approach in-
spired by the Best-of-N methodology. Unlike standard inference, where the
language model produces a single solution to a given mathematical problem,
our method leverages the model’s ability to generate multiple solution candi-
dates and autonomously select the most accurate one.

The core idea is to encourage deeper reasoning and robustness by having
the model tackle the same problem in diverse ways. Specifically, when given
an input prompt containing a math problem, the model simultaneously gener-
ates four distinct solution hypotheses. Immediately following this, the model
evaluates its own outputs and selects the best answer from the four candidates.

This process consists of two conceptual stages:

1. Multi-Hypothesis Generation:

Upon receiving the problem statement, the model produces four independ-
ent solution variants. These hypotheses may differ in approach, intermediate
steps, and ultimately, in their final answer. This diversity is expected to in-
crease the likelihood that at least one of the generated solutions is correct or
contains useful reasoning steps.

2. Self-Selection Mechanism:

After generating all four hypotheses, the model applies internal verification
and comparison, effectively acting as its own critic. It analyzes the generated
responses and selects the one it deems most accurate, well-reasoned, or best
aligned with the problem requirements.

We  fine-tune  several instruction-following language  models
(Qwen/Qwen2.5-0.5B-Instruct, Qwen/Qwen2.5-1.5B-Instruct, and Llama-3.2-
1B-Instruct) on this synthetic multi-hypothesis data. The fine-tuning is per-
formed with supervised learning for a single epoch. The training objective is to
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enable the model not only to generate multiple hypotheses but also to judge and
select the best possible answer from among them.
A sample output from the final fine-tuned model, demonstrating this Best-

of-N reasoning process, is illustrated in Fig. 2.

Math problem

Let me think:
hyp_1:<hyp_1>
hyp_2: <hyp_2>
hyp_3: <hyp_3>
hyp_4: <hyp_4>

I think correct answer is hyp_3:
<hyp_3>

. /

Fig. 2. Overall Reasoning Workflow

5. Evaluating the Reasoning Model on Mathematical Benchmarks

The algorithm demonstrates the effectiveness of the new reasoning method
on the ruMultiAR and MATH 500 benchmarks (Table 2). In the tables, -w-hyps
indicates that the model was trained to generate hypotheses, whereas -wo-hyps
means that the model was trained on the best answers only.

Table 2. Performance of the baseline model, the Best-of-N model, model trained on the
best answer (-wo-hyps), and the model with the new reasoning method (-w-hyps). The
results were measured three times using a temperature of 0.6 and a top_p of 0.95

Model MATH 500 RuMultiAR
Qwen/Qwen2.5-0.5B-Instruct 0.27 0.093
Qwen/Qwen2.5-0.5B-Instruct- best-of-4 0.386 0.199
Qwen/Qwen2.5-0.5B-Instruct-wo-hyps 0.370 0.191
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Model MATH 500 RuMultiAR
Qwen/Qwen2.5-0.5B-Instruct-w-hyps 0.403 0.200
Qwen/Qwen2.5-1.5B-Instruct 0.479 0.255
Qwen/Qwen2.5-1.5B-Instruct- best-of-4 0.604 0.454
Qwen/Qwen2.5-1.5B-Instruct-wo-hyps 0.574 0.488
Qwen/Qwen2.5-1.5B-Instruct-w-hyps 0.587 0.504
Llama-3.2-1B-Instruct 0.211 0.132
Llama-3.2-1B-Instruct- best-of-4 0.348 0.284
Llama-3.2-1B-Instruct 0.359 0.209
Llama-3.2-1B-Instruct 0.354 0.230

6. Conclusions

This work demonstrates the effectiveness of the Best-of-N method as a
foundational approach for enhancing the reasoning abilities of language models
in mathematical problem solving. By systematically generating multiple solu-
tion hypotheses for each math problem and then selecting the most accurate
answer among them, we showed that the model’s final predictions become
more reliable and precise.

To fully leverage this approach, we developed a novel two-stage algorithm,
adapted for the RuMultiAr and MATH 500 benchmarks. In the data generation
phase, we constructed a synthetic dataset where each prompt is accompanied by
four alternative solution paths and a selected best answer. This was accom-
plished with custom scripts based on BigBench and through the application of
the Best-of-N paradigm, augmented by an answer verification stage. As a re-
sult, the training data itself not only exposes the model to diverse reasoning
patterns, but also teaches it the meta-skill of evaluating its own outputs—a cru-
cial step toward stronger reasoning and self-verification.

The fine-tuning experiments were conducted on several open-source lan-
guage models, including Qwen/Qwen2.5-0.5B-Instruct, Qwen/Qwen2.5-1.5B-
Instruct, and Llama-3.2-1B-Instruct. Training the models on this synthetic data
for a single supervised epoch led to observable improvements in the generation
and selection of high-quality mathematical solutions. The models learned both
to propose multiple lines of reasoning and to select the most plausible one,
thereby exhibiting enhanced multi-step reasoning and self-correction capabili-
ties.
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Overall, our findings confirm that integrating the Best-of-N approach into
both the training process and the data itself is a promising direction for teaching
language models more sophisticated, reliable reasoning. This methodology not
only boosts the accuracy of mathematical problem solving, but also provides a
general framework for tackling challenges in other tasks that require advanced
reasoning and decision making by Al systems. The insights from this work
point toward new opportunities for further research in the field of automated
reasoning, model self-verification, and the generation of trustworthy Al solu-
tions in mathematics and beyond.
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METOJ0JIOT'SA KOTHUTUBHOI'O AHAJIM3A
N OBPABOTKHA JAHHBIX ACCOLHUATUBHOI'O
IKCIHHEPUMEHTA JJIs1 UCCJIIEJOBAHUSA IPUDTOB

B cratbhe npencTaBieHa KOMIIJIEKCHAsE METOJIOI0TUSL cO0pa, MHOTO3TalHON
00paboTKM M aHaM3a AaHHBIX, MOJIYYEHHBIX B XOZE aCCOLMATHBHOIO JKCIIe-
pHMEHTa, HANPABJICHHOTO HA M3y4YeHHWE KOTHUTUBHOTO BOCIHPUSTHS MIPUPTO-
rpaduueckux o6pa3oB. JleTadbHO omMcaH Ipouecc pabOoThl ¢ MOJIb30BATEIb-
CKMMHM acCOLMALUSIMU, BKIIFOUas 3TAIlbl NPEBapUTENIbHON 00paboTKH, ITpuMe-
HeHus pa3nuuHbix NLP-TexHonoruit Ans HopMaau3aluy, CTPYKTYpUPOBAHUS U
oOoramenust 1aHHBIX. [IpOBOIUTCS CpaBHUTENBHBIM aHAN3 3(GQEKTUBHOCTH
Pa3IMYHBIX AITOPUTMOB 00pabOTKU M MX BIMSHUS Ha PE3YJIbTaThl aHAIH3A.

KuaroueBsie ciioBa: wipugpmospaguueckue obpassl, KoeHUMuUEHOE MOOenu-
posanue, accoyuamusHblil SKCnepumenm, oopabomka ecmecmeeHHO20 A3bIKA
(NLP), nemmamuzayus, 8eKmopusayus mexKcma, CeMaHmuieckuti nouck, nojiv-
308amenvckoe gocnpuamue, Wpupmosol Ou3aiiH.

BBenenue

pudrorpaduyueckuii nu3aiH SBISETCS HEOTHEMJIEMOW YacThlO COBpe-
MEHHOU BU3YaJIbHOH KOMMYHHKAIM, OKa3blBasi 3HAYMTEIHFHOE BIMSHUE Ha
(opMHpoBaHHE SMOIMOHAIBHOTO OTKIMKA W HMHTEPHPETAlHi0 WHPOpMaIWU
noJp3oBareneM. TpanunnoHHbIe MOAXObI K BBEIOOPY MIPU(TOB, OCHOBaHHBIE
Ha 3KCIIEPTHBIX OLCHKAX JIM OOLINX CTIJIMCTUYECKUX KIacCH(pUKaIMx, 3a4da-
CTYI0 HE YYUTHIBAIOT TIyOWHHBIE, CIOHTAHHbIE KOTHUTHBHBIE acCOLMALIUH,
KOTOpBIE IPUQTHI BEI3BIBAIOT Y KOHKPETHBIX IeIeBbIX ayanuTopuil. [lonnManne
3THX aCCOIMAIMN KPUTHIECKH BAXKHO UIS CO31aHMS 3(P(HEKTHBHBIX U PE30HU-
pyloIMX Iu3aiH-pemwieHuil. EcTh psia ucciieqoBaHMid, KOTOPBIE ITOKa3bIBAIOT
CTETICHb BIISHUS BU3YAIBHBIX MPEICTABICHUN HA MHEHHE moTpedutens [1]. B
KOHEYHOM HTOre MPaBHILHO BBHIOpaHHBIN mpudTOrpaduueckuii oopa3 Moxer
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NPUBJICYb TPABUIILHYIO ayJUTOPHIO, 3aKPENUTh BAXKHYIO ACCOLMAIMIO WA
YIPOCTHUTh MOJIB30BATENBCKOE B3AUMOJIEHCTBHE C MPOYKTOM.

OCHOBO# cucTeMbl 1oj00pa MWPH(TOB SIBISETCS aCCOIMATUBHBIN IKCIEPH-
MeHT [2]. OH no3BoJIsieT coOpaTh y PECIIOHAEHTOB KOTHUTHBHBIN acCOIMAINN B
cBoOoHOU opme. Takum o6pazom, GopMupyercs oOIIUpPHAS acCOIMATHBHAS
CeTb, KOTOpasi MPUTOIHO K aHAIN3Y.

[Monp30Barenbekue acconuanuy, 0COOEHHO COOpaHHBIE B XOZAE SKCIEPH-
MEHTOB CO CBOOOMHOW ()OpMOH OTBETa, MPEICTABIAIOT COOOW OOraThiii, HO
«CBHIPO» UCTOYHHMK KAYECTBEHHBIX NAHHBIX. J[JIsl M3BICUCHUS] M3 HUX TMOJb3BI
TpeOyeTcs cI0XKHass MHOTO3TanHas 00paboTka. bes cucremarndyeckoro moaxo-
Jla K 00paboTKe M aHAIN3Y TAKHX JAaHHBIX HEBO3MOXHO OOBEKTHBHO OIICHHUTH
BOCIIPUSITHE MIPU(TOB, BBISIBUTh 3aKOHOMEPHOCTH WIIM pa3paboTaTh HAy4HO-
000CHOBaHHBIE PEKOMEHAAINH U qu3aiiHepoB. Pyunas oOpaboTka GoipIImX
00BEMOB JaHHBIX OYAET TPYIOCMKOH M He 00CCIICUUT OCTATOYHOM TITyOHMHBI
CEeMaHTHYECKOr0 aHaJIn3a.

Ienp maHHO# paboOTHl — pa3paboTaTh, aNPOOUPOBATH U JCTAIBHO OMUCATH
TEXHOJIOTHIO 00PaOOTKH M aHaIN3a MAacCHBa JaHHBIX, TOJYYEHHBIX B pe3yibTa-
TE€ acCOLMATUBHOTO dKcrepuMenTa. Ocoboe BHUMAHUE yIENSETCs CPaBHEHHIO
3 PEeKTUBHOCTH PazIMYHBIX anroputMoB NLP u BBIOOpY ONTHMAaJBbHBIX MOJ-
XOJIOB JUIS HOPMAJIM3AIUK, aHATN3a U BU3YATHM3aI[HH TT0JIb30BATEILCKUX aCCO-
UL O pUPTaMH, a TAKXKE BIUSHHIO 3TUX TPOIECCOB HA KAYECTBO MTOUCKA
mpudTOB 10 3arnpocy.

HpOBeaeHne ACCOIMMATUBHOI'O JKCIIEPUMEHTA

C nenbio cOopa dMIHUPUYECKUX JAHHBIX O BOCIPHATHU Pa3IMYHBIX HIpHD-
TOB M MX BapHaluii ObUI CIUIAHMPOBAH U MPOBE/ICH aCCOIMATHBHBIN 3KCIIEpH-
MeHT. B Hem mpumsiim yuactue 100 crynmeHToB-moOpoBosbiieB 3 MITY
um. H.D. baymana. [[ns skcniepumenTa Obiio otoOpano 10 6a30BBIX, IIUPOKO
pacnpocTpaHeHHbIX WPUQTOB. [t Kaxka0ro U3 3TUX 0a30BBIX WIPU(PTOB reHe-
PHPOBAINCH BapHAIlMK MyTEM M3MEHEHUs! IIATH KIIIOYEBBIX THIOTpapHUIecKuX
IapaMeTpoB: HACBIIIEHHOCTH, CTHJISI, MEXOYKBEHHOTO pacCTOSHHS, pa3Mepa
KErJIsl ¥ HMHTEPJIMHBSKA, B COOTBETCTBHH C IPEIOTPEICICHHBIMY JHaria30HaM1
3HaueHull. PecionaenTy npeabsaBisuioch 50 YHUKaIbHBIX, CIIy4allHO CT€HEpH-
POBaHHBIX MPUPTOrpaUUECKUX CTHUMYJIOB. OKCIIEPUMEHT IPOBOAMICA Ha
crenuanbHO pa3paboTaHHOW oHiaiH-mIatdopme. Ha skpane neMOHCTpHpO-
BaJICS TEKCTOBBINA OJIOK, HAOPaHHBIM OHOW M3 BapHallui mIpu(Ta, ¥ yIaCTHUKY
MpeAaragoch B CBOOOAHON opMe OMMCcaTh CBOM acCOLMAIMU 34 OTPaHHUYCH-
HOe Bpems (60 cexkyHI), 9TO CTUMYJIHPOBAIO CIHOHTAHHBIC PEAKIHMH. Takum
o0OpaszoM, ObuT copmupoBan mgataceT u3 5000 MOJIB30BATEIBCKAX PEAKIIUI.
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Omtaiin-iaropMa MO3BONISIET BU3YaTU3UPOBATh COOpPAHHBIC JAaHHBIC B BUC
rpada [3]. lpudTe! nmpeacraBieHbl cepbiM LBETOM, PEaKLUK Ha HUX OEJIbIM, a
HaJl K&XJIOW CBS3BIO MMOJIIMCaHa YacTOTa, TO €CTh KOJIMYECTBO TAKUX accolua-
LY.

[epBuuHBIil aHAIN3 MOIYYSHHOTO MAacCUBa JIAHHBIX ITOKa3ajl, YTO JaHHBIE
MIPECTABISIOT CO00i OOoraThlii, HO TeTeporeHHbIN 1 "chIpoil”" HabOp TEKCTOBBIX
nmaaHbIX. M3 5000 moTeHIMaIbHBIX peakiui (paKTHIECKOEe KOIMIECTBO OCMBIC-
JICHHBIX OTBETOB COCTaBHJIO OKOJIO 97 %, He3HaUMTENIbHAast 9acTh ObLIa MPOITy-
IeHa Wik oTMedeHa Kak «[skipped]». Pa3mep acconmaryy 3Ha9NTENTFHO Baph-
HPOBAJICS — OT OAHOTO CJIOBa (HAIIPHIMEP, «KPACHBOY», OOBITHO») A0 pa3BEepHY-
ThIX (ppa3 («Kak Oyaro u3 ckazkm», « CITUIIKOM OOJIBIINE OTCTYIBI MEXIY OyK-
BaMM, HE HPABUTCSA»). YKE Ha 3TOM 3Tare CTajJ0 OYEBHUAHO HAIMYUE MHOXKE-
CTBAa CHHOHMMHUYHBIX WX OJIM3KUX MO 3HAYEHHIO OTBETOB (HAIPUMEp, «KPacH-
BO» M «3CTETHYHO») U PA3IMYHBIX I'paMMaTHYeCKUX (OPM OJHUX U TeX XKe
cioB. Oko1o 2 % OTBETOB COAEPIKAIHM HEPEICBAHTHYIO HH(OpMAIHIO U Tpebo-
BaJ (PUIbTPALIMH.

TakuM 00pa3oM, BBISIBIIM KJIIOYEBYIO MPOOJIEMYy: MPSIMOHW aHAIN3 CHIPBIX
TEKCTOBBIX ACCOIMAINH KpaiHe 3aTpyIHEH Uil KOHEYHOTO IMojib3oBaTens. Mc-
MOJIb30BaHNE HEOOpaOOTaHHBIX peakuuil JJIsl TMOCTPOeHHUs, Hampumep rpada
accolnyanyii IpuUBeso ObI K CO3aHUI0 YPE3BBIYAiHO 3alIyMJICHHOTO M TPYAHO-
guraeMoro rpada. CnumkoMm OOJBIOIOE KONWYECTBO YHHKAJIBHBIX Y3JIOB-
accolyalnii, MHOTHE U3 KOTOPBIX, 110 CYTH, DyOJIMPYIOT ApYyr Opyra (Hampu-
Mep, «KpacuBo», «kpacuBbii»). JJIMHHBIE OTBETHI, COAEPIKAIINE HECKOIBKO
uaeH, Takke TpeOyroT AeKoMIo3uiun. 13 storo ciemyer, 9ro 3ajgadeil uccie-
JIOBaHHWS CTaja pa3paboTKa M OleHKa Hcronb3oBanusa «KoHBelepa 00paboTKn
ectecTBeHHOTO s3b1ka» (NLP), koTopsiit o3Bommi OBl Tpeobpa3oBaTh UCXOI-
HBbIC TCKCTOBBIC aCCOIMAIIMH B CTAHIAPTH3WPOBAHHBIN M OOOTAICHHBIN BH/I,
ONTHUMAJIBHBIH JUTS MOCIIEAYIOIIETo MoucKa 1 aHanu3a. KoHeYHO! 1eNbio 3TOro
KOHBelepa sBisieTcst odecrieueHre P PeKTUBHON PabOTHI KIIIOYEBOrO OM3HEC-
nporecca pa3padbaThIBaeMOW CHCTEMBI — IOHMCKA LMIPU(TOB MO 3aJaHHBIM Xa-
paKTEepUCTHKaM.

O0padoTKa TaHHBIX

Jlis mpeoOpazoBaHUsl MaccuBa W3 TEKCTOBBIX PEAKIMH B aHATMTHYECKH
mpuUroHeIil (opmar OBUT pa3paboTaH MHOTOATAIHBIA KOHBeHep 00pabOTKH.
[TepBeIM mIarom sBIsIack 6a3zoBas mpenoOpaboTKa TeKcTa, BKIFOYAIOIast pH-
BeJICHHE K HIDKHeMY peructpy, ynamenue URL, email, crienmansHBIX CHMBO-
JIOB (KpOMe 3HAYMMBIX Je(ICOB) M HOpMaIH3anuio nmpodenos. [amee cremgosa-
Jla TOKEHH3anus — pa30ueHne TeKCTa Ha OTJETbHBIE CI0BA (TOKEHBI) C HCIIOJIb-
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30BaHMEM TOKeHH3aropa u3 oudnnoreku spaCy. Ilocne 3Toro npou3BoAMIOCH
yJlaJieHHEe CTOI-CJIOB — UCKIIIOYEHHE YacTO BCTPEYAIOLIMXCS CIY)KEOHBIX CIIOB,
HE HECyIIMX 3HAYNUTEIbHOW CEMaHTHYECKOW Harpy3kd, C HCIIOJIb30BaHHEM
CTaHAAPTHBIX U, IPU HEOOXOANMOCTH, KACTOMHBIX CJIOBapel. DTOT Liar 3Ha4YH-
TEJIFHO COKpAIaeT 00beM TEKCTa, He BIIMsIsl Ha OCHOBHOM CMBICIT aCCOIMAIUH.

KiroueBsIM 3TanomM oOpaboTKH cTaja JeMMaTH3alus — IPHBEICHUE TOKe-
HOB K WX Ha4yaJbHOW CIIOBapHOH (opme (JeMme) ¢ momolbio Mopdomorude-
ckoro ananmuzaropa Pymorphy2 u spaCy. DT0 M03BOJINMIO CTPYyNIIUPOBATH CIIO-
Ba C ONMHAKOBBIM 3HAYCHHEM, HO DPa3HBIMH TIpaMMaTHYeCKUMHU (opmamu
(HampuMep, «MHTEPECHBIN», KAHTEPECHO» CBEIHCh K JIEMME «HHTEPECHBII).
3TOT mpolecc CyIIeCTBEHHO CHU3WI KOJNNYECTBO YHHKANBHBIX JIEKCHYECKUX
€IMHUIl B KOpILyCe, C/eJIaB JaHHbIE 0oJiee OJHOPOMHBIMHU IS MOCIIEIYIOIIETO
Y4acTOTHOTO aHaiu3a. Hanpumep, B MCXOAHBIX JaHHBIX YacTO BCTPEYAJIHCH Ba-
pHAaLK CIIOBA «KPAaCHBOY», MOCJIE JIEMMATH3aluN OHH OBUIM OOBEIUHEHBI IO/
OJIHOH JIEMMOX.

I[J'IH [[am)Hei/'Imero YKPYIHCHHUA CEMAHTUYCCKUX CAWHUL] TPUMCHAIACH
TpyNIMPOBKa CHHOHUMOB. [lockonbKy mpenbiaymas 00paboTka He MOKPBIBACT
OnH3KHE MO CMBICTY CJIOBA (HAIPUMED, «ICTCTUYHBIN» U «IIPUBJICKATEIBHBIIN ),
UCIIONIb30BaHME Te3aypyca, Takoro kak RuWordNet, 103BOIMIO BBIIBHTH U
CTPYIIHPOBATh TAaKHe JIEMMBI IO OJHON KaHOHWYeCKOW (HopMoi. DTOT mar
HaIpaBJicH Ha BBISBICHHE 0oJiee KPYITHBIX CEMAaHTHYECKUX KIIaCTEPOB acCOLM-
auuii, XOTs U TpedyeT aKKypaTHOro IMoaXoJa K BHIOOPY IIIyOMHBI CHHOHHMHHU
BO m30ekaHne 00BEANHEHHS PA3HOPOIHBIX TIOHITHH.

OuHANBHBIM IIaroM MOATOTOBKH IAHHBIX VIS YIIIyOJEHHOTO CeMaHTH4e-
CKOTO aHajim3a crana Bekropuzamus Tekcra (Text Embedding) [4]. O6paboran-
HbIE TEKCTOBBIE acCOLMAlUK (Yallle BCEro, IMOCJIeJOBATEIbHOCTH JeMM 0e3
CTOII-CJIOB) TMPEOOPa3OBBIBATNCH B UYHCIOBBIE BEKTOPHI (IMOEIAMHTH) C HC-
MOJIb30BaHUEM TpenoOyueHHol Momenn SentenceTransformer (paraphrase-
multilingual-MiniLM-L12-v2). OT0 no3BOiMIO NPEICTaBUTh CEMaHTUKY Kax-
JIOW accolyani B MHOTOMEPHOM BEKTOPHOM MPOCTPAHCTBE, YTO OTKPBLIO
BO3MOXKHOCTH JJISl CEMAaHTHYECKOTO MOUCKA U aHaJIHM3a OJIM30CTH MEXIY pas-
JIMYHBIMH PEaKLIUSIMH U 3a[IPOCaMH OJIb30BATEIICH.

OOmmit anroput™ 00pabOTKM JaHHBIX MPECTaBICH Ha puc. 1, OH 00beaH-
HSeT KaKIBI JTan KOHBeWepa M IOKAa3bIBaeT, Kak (DOPMHUPYETCS MTOTrOBBIH
pe3ynbTar.

Ha puc. 2 mpeacTaBieHO KOJIMYECTBO YHUKAJBHBIX 3aIlHCEH, OCTAaBIIMXCS
nocne o0pabOTKH Ha KaXKAOM M3 3TanoB. Kak BUAHO M3 QMarpamMMsbl, JaHHbBIH
HOAXOJ ITO3BOJIMI COKPATHTh KOJIWYECTBO M OOBEIUHHUTH OJM3KHIL IO CMBICITY
BapuaHTHL. Kpome Toro, miardopma mo3BOJISET peryMpoBaTh apaMeTpel 00-
pabOTKH TEKCTa, TAKUM 00pa3oM MOJIb30BATENb MOXKET «4yTKO» BHIOPATh KaKas
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KOHKpETHO 00paboTka HykHa. O0Iee COKpalieHne TakKe YIPOIIaeT Mporece
moncka mWpHpTa UI1 PEKOMEHIAINI ¥ MOBBIIACT KAaYECTBO B3aMMOJCHCTBHS
MEXly HccleoBaTesieM H CUCTeMoi. CpaBHEHHE pa3lMYHbIX MOAXOJO0B K 00-
paboTKe TaHHBIX MTOKA3aJI0 UX CYIIECTBEHHOE BIMSHHUE Ha KOHEUHBIE PE3yNbTa-
Thl U UHTEpHpeTanuio. YacTOTHBINA aHaJIU3, IPOBEIECHHBIM Ha CBIPBIX TOKEHAX,
3aTeM Ha TOKEeHax 0e3 CTOI-CIIOB, Ha JIeMMax M, HaKOHell, Ha KaHOHMYECKUX
(dopMax CHHOHMMOB, MPOAEMOHCTPHPOBAI IOCJIEIOBATEIbHOE YMEHBIICHNE
«IIyMa» U YKpYTIHEHHE CEeMaHTUUECKUX KaTeropuil.

LIpenobpadboTka?
Her
Her

Hopmanuzauyus [€— SpaCy

P hy 2
NemmaTusaums [«— Fymorphy

I

pynnuposka l€«— RuWordNet
CUHOHWUMOB

MocTpoeHnue Sentence
3mbeanHros Transformers

Pesynbrar

Puc. 1. Anroputm 00pabOTKH JaHHBIX

Janee Mbl paccMOTpUM, Kak pas3iuuHble KoH¢urypauuu storo NLP-
KOHBelepa BIHUSIOT Ha KaYeCTBO PElICHHs 3aJa4u — MOUCKa MPU(TOB MO acco-
nuamnuu.
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5000

ObLiee KONUYECTBO

4122

KonuuecTBo yHUKanbHbIX

3715

BaszoBas o6paboTka

JNemmMaTtmzauma 3285

O6befMHEHE CUHCHUMOB 3200

Puc. 2. CpaBHeHHe KOIUYECTBA 3alUCel HA KaXKOM dTare 00paboTku

Houck mpudroB no accounanumn

[poiins yepe3 MHorosranHbiii kKouseliep NLP-00paboTku, HCXOMHBII Mac-
CHB U3 IOJIb30BATEIbCKUX peakluil mpeodpa3yeTcs B CTPYKTYPHPOBAHHBIA U
HOPMaJIM30BaHHBIH HA0Op JaHHBIX. DTOT HAOOP MOXKET OBITh PE/ICTABICH KaK
B BHJE TaONUIBI C OOpa0OTaHHBIMHM JIEMMaMH M CT€HEPHPOBAaHHBIMH OM-
OennuHramu, Tak ¥ B (opme rpada accoumanuii, rae y3naMu BBICTYHArOT
mpuQTH ¥ CEMaHTUYECKUE €IMHUIBI (JIEMMBI MJIM TPYIIITEI CHHOHHMOB), a pe-
Opa oTpakaroT cuiry ux cBsizu. OgHaKo cama 1o cebe 00paboTKa JaHHBIX — 3TO
JIMIIb CPEICTBO VISl JOCTHXKEHHsI OCHOBHOM IeJIM: TPEIOCTaBIICHUS M0Ib30Ba-
Tenr0 A(PGEKTUBHOTO HHCTPYMEHTA [UIS TOWCKAa IIPH(TOB, BEI3BIBAIOIINX
ompezeneHHble acconuanyu [5]. VIMeHHO Ha 3TOM 3Tare BCTaeT BOTPOC O BhI-
Oope Hambolee MOIXOAAIICH CTpATETHH TIONCKA, KOTOpast Obl ONTHMAIBHO HC-
M0JIb30BaJIa MOJrOTOBJICHHBIE aHHBIE. Pa3nmiuHble ypoBHU 0OpabOTKH TEKCTa
OTKPBIBAIOT Pa3HbIe BO3MOXKHOCTH JUT peaM3alliy TOUCKOBOM soruku. Jlanee
MBI IPOBEJIEM CPAaBHUTEIIBHBIM aHAM3 KIIIOYEBBIX CTPATETHH MOKUCKA MIPHU(PTOB
10 acconuanusaM, OICHHUBAA HX Bq)q)eKTI/IBHOCTL Ha HaleM JSKCIIEPpUMCHTAJIb-
HOM JlaTacere.

BazoBerit mogxox: Ilomck mo TOYHOMY COBMAZEHUIO B HEOOPaOOTaHHBIX
JaHHbIX. Hambosee npsMONMHEHHBIH METOJ| 3aKJII0YaeTcsi B IMOMCKE TOYHOT'O
WJIN YaCTHYHOT'O BXOKAEHHS CTPOKH 3alpoca MOJIb30BaTeNsl HENOCPEICTBEHHO
B HMCXOJHBIe, HeoOpaboTaHHble. Takoi Moxxon, XOTh U MPOCT B peaHu3alliH,
CTpajaeT OT KpalHe HW3KOW MOJHOTHI M BBICOKOH 3alIyMJICHHOCTH PE3yJbTa-
ToB. OH HE CcrIocoOeH yuecTh CHHOHMMUIO, Pa3iIMYHbIe TpaMMaTnieckue Gop-
MBI CJIOB WJIM HE3HAYUTENbHBIC ONeYaTKky. I[[ppMeHeHne 3TOro MeTo1a K Halie-
My matacery u3 5000 accommanuii moxaszajio ero MpaKTHYECKY0 HETIPHTO[I-
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HOCTb JIJIsl CEpbEe3HOT0 aHanm3a. Hanpumep, uis 3ampoca «3CTETUYHBINY ObLIO
HaWJICHO JIHIIb 3 COBIAJCHUI, B TO BPEeMs KaKk CEMaHTHUYECKH OJIM3KUE peak-
UK («KPAaCUBBII», «rapMOHUYHBII») OCTAIMCh HEYUYTCHHBIMH. Brranciurens-
Hasl CJIOKHOCTh TaKOro TNOMCKA, JIaKe C HMCIOJIb30BaHWEM CTAaHAAPTHBIX TEK-
CTOBBIX MH/EKCOB 0a3bl JaHHBIX, HE OIPaBAbIBACTCS HU3KUM Kaue€CTBOM IIOJTY-
YaeMBIX PE3yJIbTATOB B KOHTEKCTE CEMAaHTHIECKOTO COTIOCTaBIICHHSI.

Virygmennsiit noaxox: [lonck mo coBmaneHnio 00pabOTaHHBIX KIIOYEBBIX
cJI0B (JIEMM/CHHOHHMOB).

3HauNTENhHOE YIYYIICHHE NOCTHTaeTcs 3a c4eT mpeaBaputensHoi NLP-
00paboTKH KakK IOJB30BAaTENLCKOTO 3ampoca, TaK M BCEX accoIManuii B 0ase
JaHHBIX. B Hamel cucteme 3TO 03Ha4aeT NMPHUBEAEHHE TEKCTOB K JieMMaM (H,
OIIMOHANIBHO, K KaHOHWYeCKMM ¢opmaM cuHOHMMOB). Ilomck 3atem ocy-
IIECTBIISIETCS 110 COBMAJICHUIO 3THX HOPMAIM30BaHHBIX JIEKCHUECKUX €AMHHII.

Takast 00pabOTKa MAHHBIX CYIIECTBCHHO MOBBIMIACT IOJHOTY IMOKCKA, TaK
Kak pasHble clloBOQopMbI 00beanHsr0TCs. ['pad accormanuii, mocTpoeHHbIH Ha
JICMMax, CTAHOBUTCS 3HAYUTCIIbHO YHUIIC U I/IHq)OpMaTI/IBHee. YacToTHBIN aHa-
JIM3 arperupoBaHHBIX JIEMM JIaeT Ooyiee TOUYHOE MPEJICTAaBICHHE O JIOMUHUPY-
IOMIMX acconuanusx. Eciu onoIHUTEIbHO NPUMEHSIETCsl TPYIITUPOBKA CHHO-
HHMOB, TIOJIHOTa TIOMCKa elle 0oJiee BO3PACTaET, O3BOJISI HAXOAUTH MIPH(THI
1o GoJsiee MIMPOKOMY CHEKTPY CEMaHTHUECKH OJM3KHX 3alpOCOB, XOTS 3TO MO-
JKeT IPUBECTH K HEKOTOPOH MoTepe CHEeU(PUIHOCTH U TpeOyeT KaueCTBEHHOTO
Te3aypyca. CII0’)KHOCTh petoOpaboTKH Beel 6a3bl BO3PACTAET, HO BBINOIHSCT-
Cs1 OTHOKPATHO, a CI0XKHOCTh 00pPabOTKM 3ampoca M caMOTo MOWCKa OCTAeTCs
MPUEMIIEMOH, 0OCOOCHHO TPW HAIWYHH TEKCTOBBIX MHIEKCOB IO MO0 00pabdo-
TaHHBIX JIEMM.

[IpoxBunyThIil moaxon: CeMaHTHYECKUH MOUCK HA OCHOBE TEKCTOBBIX OM-
O6ennuuroB. [yt mMpeosoJeHUsl OTpaHMYEHHH JIEKCHYECKOTO COBIAJCHUS W
yJIaBJIMBaHUs Oosiee TIIyOOKHUX CMBICIOBBIX CBSI3€H NMPHUMEHSETCS CeMaHTHYe-
ckuii nouck. [Tosp30BaTenbeKuii 3anpoc U COXpaHEHHbIE acCOIMAIMN TIpeodpa-
3YIOTCS B IJIOTHBIE BEKTOPHBIE MTPEACTABICHHUS C IOMOIIBIO Moierneit Tima Sen-
tenceTransformer. CxoncTBO MeXIy 3aIpoCOM M acCOLMAINEH BBIYHCISIETCS
KaK KOCHHYCHasi Me€pa MeXIy MX BeKTOpaMH. Pe3ynbTaThl pamXHpYIOTCS IO
yOBIBaHHIO 3TOTO CXOJICTBA.

OTOT METOX IEMOHCTPUPYET HAMBBICUIYIO MOJTHOTY, HAXOAS CEMaHTHYECKU
peneBaHTHBIC WPHQTHI 1K TIPH MTOJTHOM OTCYTCTBUH OOIINX KIIFOUEBBIX CIIOB.
Hamnpuwmep, 3anpoc «armocdepa CTapuHHON KHUTH» MOJKET YCIICIIHO BBISIBUTH
MIPAQPTHL ¢ aCCOLMALMAMU «BUHTAXKHBIN» WIM «KaK B CTapbIX (OJIMaHTaX).
Opnako, 3TOT moaxof Oojee TpeboBaTeNeH K BRIYUCIUTEIBHBIM pecypcam H
MHTEPIIPETalys Pe3yJIbTaTOB MOXKET OBITh CIIOXKHEE, TaK KaK CeMaHTHYeCKas
OJIM30CTH HE BCer/ia 03HAYaeT MPsIMOE JIEKCHUECKOE COOTBETCTBHE.
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B ta6n. 1. [IpeacraBieHo cpaBHEHHE BO3MOKHBIX peaU3allHi.

Tabmuua 1
CpaBHHTEIBHBII aHAIN3 aJITOPUTMOB
CnoxHzocts | Cnoxsocts [ HMHTepnperu-
IHonxon Tounocts | IlomHoTa
06padoTku 3ampoca pyemMocTh
. Ouenb OueHb
basoBslit Huskas Huskas Bricokas
HH3Kast HH3Kas
Jlemmbl Bricokas |  Huzkas Huskas Huskas Bricokas
Jlemmbl n
Boicokas | Bricokas Bricokas Huzkas Cpennss
CHHOHYMBI
Ouenb
Ombennunru | Beicokas Bricokas Bricokas Cpennss
BEICOKast

YuuTbiBas 3T0, JIs TIOKCKa MIpu(Ta M0 acColMalMU B HAIIeH CHCTeMe pea-
nu30BaH rUOKuil ruOpuanblid noaxon. Ilo ymMon4yaHuio cucTeMa HCHOJb3YeT
MOUCK TIO JIeMMaM, 00eCIeYHBAIOUIHA XOPOIINl KOMIPOMHUCC MEXKIy TOYHO-
CTBI0, IIOJIHOTOM U cKOpocThio. [Tonp30BaTeNI0 NpeoCcTaBIsIeTC BO3SMOKHOCTD
pacIIUpUTh MOUCK 3a CYET IPYNIUPOBKA CHHOHUMOB WM NMEPEKIIOYUTHCS Ha
Oosee MIyOOKHII CEMAaHTHYCCKHIA MOKMCK MO 3MOCIMHTaM, €CIIU JCKCHYCCKHIMA
MIOUCK HE J1all YAOBIICTBOPUTEIBHBIX PE3yJIbTaTOB WIN TPeOyeTCsl NCCIea0BaTh
Gosree abcTpakTHBIE CBA3M. Pe3ysbTaThl Bceraa paHmKUPYIOTCS C YI€TOM 4acTo-
ThI aCCOLIMALUN U, B CIy4ae CEMAaHTHUYECKOTO MOMCKA, CTENIEHN CXOJCTBA, YTO-
OBI IpeIOCTaBUTh HANOOJIeE peIeBaHTHRIC BAPHAHTHL.

BoiBoabI

B HacTosmelr paboTe mpeacTaBiieHa METOIOJOTHS 0O0paboTKM W aHanmm3a
JIAaHHBIX aCCOIIMaTUBHOIO DKCIEPUMEHTA, HAIIPABICHHOIO HA M3y4YE€HUE KOTHU-
TUBHOTO BocnpusiTHs mpudroB. KimroueBoii 3anaueii sBisinack Tpanchopmarus
CBIPBIX TEKCTOBBIX acCOLMAaIMii B CTPYKTYPUPOBaHHBIN (opmar, mpUroaHsIid
Jutst 3 (HEeKTHBHOTO MOKCKa MPU(PTOB 110 CEMaHTUIECKUM 3aIPOCaM.

YcraHoBneHo, 4yTo MHoroortamHas NLP-o0pabotka, Bkirouaromas jgemma-
TU3ALMIO, TPYNIHPOBKY CHHOHMMOB M TEHEpalHUI0 TEKCTOBBIX AMOEIIMHTOB,
KPUTHYECKH BaXKHA U1 HOPMAaJM3allMU NaHHBIX U BBIABICHUS 3HAUYMMBIX IaT-
TepHOB. CpaBHUTENBHBIN aHAIN3 CTPATETUH MMOUCKA MTOKA3aJl, YTO JIEKCHYECKUI
TIOUCK 110 00pabOTaHHBIM JIeMMaM OOecTIeYnBacT XOPOIINi OalaHC TOYHOCTH U
MIPOM3BOINTEIBHOCTH, TOT/Ia KaK CEMAaHTHYECKUH IMOUCK HAa OCHOBE 3MOEINH-
TOB 3HAYUTENBHO PACIIUPSCT MOJHOTY Uil OOpasHbIX 3ampocoB. OnNTHMaib-

168 YK 004.032.26(08) HelipoHHbIe ceTu



ISBN 978-5-7262-3186-0 HEMPOUH®OPMATWKA-2025

HBIM PEIICHHEM JJIsl CUCTEMBI TI0MCKa MIPU(TOB NMPU3HAH THOPUIHBIIN TOAXO0/,
KOMOMHHUPYOLIUN 3TH CTPaTeruu.

[Tpumenenne pa3paboTaHHON METOIUKH MO3BOJIUIIO:

1. OGpaboTaTh ¥ MPOAHAIN3UPOBATH MACCHB TI0JIb30BATEIBLCKUX JJAHHBIX.

2. IToctpouts MHGOPMATHBHBIN rpad acCOIHAIH.

3. [TonoOparh ONTHMaNIBHBIN AITOPUTM TTOMCKa IPUPTOB.

Taxkum 00pa3om, IpeIoKeHHBINH KOHBeWep 00pabOTKH JaHHBIX oOecneyn-
BaeT IOJy4eHHe OOBEKTUBHBIX BHIBOJIOB O KOTHHUTHBHOM BOCIIPHSATHH LIpH(]-
TOB U (opMHUpyeT OCHOBY Uil pa3paOOTKH HaydIHO-OOOCHOBAHHBIX HHCTPY-
MEHTOB IIOJJICP)KKM TIPHHATHS pelleHHH B mpHudTorpadpuyeckoM au3aiiHe.
JlanbHeiiiee pa3BUTHE METOAWKH CBS3aHO C HHTErpaldeil 0ojee CIIOKHBIX
KOHTEKCTYaJbHBIX MOJENICH M paclIMpEeHHEeM SKCIIePUMEHTAJIbHON 0a3bl i
HOBBIILICHUS TOYHOCTH PE3yJIbTaTOB.
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CPABHUTEJIbHBII AHAJIN3 KOPPEJISIHUOHHOT O,
KOTEPEHTHOTI'O M SHTPOIUITHOT O MOJAX0/0B
K OLIEHKE ®YHKIIUOHAJIBHOI CBSI3HOCTH
HEPOCETEI 'OJIOBHOI'O MO3I'A HA OCHOBE
CUHTETHUYECKHUX U PEAJIBHBIX $MPT JAHHBIX

B pabote paccMaTpuBarOTCs pe3yNbTaThl HCCICAOBAHUIN MO OCOOCHHOCTSIM
MOCTpoeHUA (PYHKIIMOHATBFHBIX KOHHEKTOMOB TOJIOBHOTO MO3Ta YelIOBeKa Ha
OCHOBE pacueTa pa3HbIX METPHUK CBSIZHOCTH HEHPOPU3NOIOTHISCKHX psnoB. Ha
CHHTETHYECKUX NAHHBIX OBUT IMPOBEACH aHAIN3 YyBCTBUTEIHHOCTH CEMH MET-
PHUK CBA3HOCTHU K Pa3JIMYHBIM OCO6CHHOCT$[M BPEMCHHBIX PAI0B. HOKa3aHO, qTO
COBOKYITHOC NPUMCHCHHUE pacy€Ta MCTPUK IO3BOJIICT HE TOJIBKO OXapaKTEpH-
30BaTh CBOWMCTBA BPEMEHHBIX PSAZOB CaMHUX JaHHBIX, HO U MO peasbHbiM GMPT
JAHHBIM KJIacCU(UIMPOBATH HA OCHOBC KOMHUTETa HEHPOHHBIX CETCH pa3imy-
HbIe (PYHKIIMOHAIBLHBIC COCTOSHHS HEHPOCETEBBIX apXUTEKTYP TOJIOBHOTO MO3-
ra MalUeHTOB C JUATHO30M MIM30(PEHUS U 3J0POBBIX UCIBITYEMBIX C TOYHO-
cTbio 10 77 %.

KialoueBble cj0Ba: @yHKyuOHANbHbIE KOHHEKMOMbI, BDeMeHHOU pso,
@MPT, komumem HelpOHHBIX cemell, WU0PPEHUS.

BBenenune

B moctpoeHnu Mojien MEXaHU3MOB TOJIOBHOTO MO3ra B)KHBIM ILIArOM SIB-
JsieTcsl  uccienoBaHWe (PYHKIMOHAIBHOM —apXHMTEKTyphl B3aHMOJCHCTBHS
HEWPOHHBIX CeTel T'OJOBHOTO MO3ra B KOTHUTHBHBIX IpOLIECCaX CO3HAHUS U
aHaJIM3 MX TUHAMHKH B peajn3aliiy NoBeIeHuUecKuX akToB [1]. OqHum u3 mep-
CHEKTUBHBIX METOOB MOJYYEHHs JaHHBIX JUIS PEIICHHS 3TUX 3a/a4 SIBISETCS
MeToll (PyHKIMOHAJIbHOW MarHUTHO-pe3oHaHCcHOW ToMorpaduu (GMPT), nosz-
BOJISIIOIIMK TIONTyunTh BpeMeHHble psnbl BOLD  (blood-oxygenation-level-
dependent) curHama, oTpakarolipe IWHAMUKY T€MOIMHAMHYECKOTO OTBETA,
HaIpsIMYIO CBSI3aHHYIO C aKTHBHOCTBIO HEHpoceTel, B KaxI0i oOJacTH MHTe-
peca [2].

VIMEHHO 3TH MHOTOMEpHBIE PSJIbI, @ HE Y>Ke TOTOBBIE MAaTPHUIIBI CBA3HOCTH,
CoZlepKaT MaKCHMAJIbHO IOJHBIH 00beM MH(GOPMAUH O HEWPOHHBIX IPOIEC-

170 Y[OK 004.032.26(08) HelipoHHbIe ceTun



ISBN 978-5-7262-3186-0 HEMPOUH®OPMATWKA-2025

cax. OmHaKko B MEpBOHAYAILHOM BUJIE TaKue JaHHBIC TPYIHO UHTEPIPETUPO-
BaTh. OHU BBICOKOPA3MEPHBI, 3alllyMJICHBI, aBTOKOPPEJIUPOBAHbI U, KaK MPaBU-
JI0, BKJIIOYAIOT KaK JIMHEHHbIE, TaK U HeJIMHEHHbIE KOMIIOHEHTHI. [lo3TOMY BBI-
6op crmocoba mpeoOpa3oBaHUS CHIPHIX PAIOB B HH(GOPMATHBHBIC TPH3HAKU
CTaHOBHUTCS KJIIOYEBBIM 3TAIIOM PaOOTHI.

TpaanuoHHO HCCNeoBaTeNb Cpa3y BBIYHCIAET OAHY-IBE HPUBBIYHBIC
METPHUKH CBS3HOCTH — Harpumep, K03()(GHUINEHT KOPPESIIUU WM KOTEePEHT-
HOCTb — M CTPOUT KOHHEKTOM [3-5]. Takoil mpsMoil myTh coOya3HHUTENCH, HO
omaceH: Jt00as OTHeIbHAs METPUKa OMUPAeTCs Ha CBOM MOJEIbHBIC JIOMyIe-
HUS (JIMHEHHOCTP, CTAIIIOHAPHOCTH, OTCYTCTBHE OOMIETO U T.1.) U TIOTOMY MO-
KET MO0 «IPOIYCTUTE)» BaKHYIO CBA3b, JHOO0, HA0OOPOT, CreHepHUpOBaTh
JI0>)KHOTIOJIOXKUTENBHBIA pe3ynbTaT. boee Toro, eciin Ha 3Tare npeaBapuTelib-
HOH 00paboTku (meTpeHauHr, Quibtpanms, yaaienue AR(1)-koMmoHeHTHI)
MMPUMEHUTDH MMapaMETpPhbl, ONITUMAJIbHBIC JINIIb JI OﬂHOﬁ MEpPbI, TO OCTAaJIbHBIC
pe3yJbTaThl aHAJIM3a OKAXYTCS UCKYCCTBEHHO 3aHMKeHHbIMU. Kiaccudukarys
COCTOSTHMH T'OJIOBHOTO MO3Ta XapaKTepU3yeTcs OTIIMYUEeM (yHKIMOHAIBHBIX
KOHHEKTOMOB TOJIOBHOTO MO3ra OOJBHBIX C AMAarHo3oM MIH30(peHuei ot
TpyNIbsl HOPMBI, HO TIPH 3TOM IIpeaoOpaboTKa JaHHBIX MOXKET YAAIUTh OTH
NPU3HAKH JJIs1 KOHKPETHOH METPUKH. BaskHBIMH piieMeHTaMH Kiaccupukamn
SBJISIIOTCS MHHHMAIIbHBIC BPEMEHHBIC 3aTpaThl U 3aTPaThl BBIYHUCIHTEIBHBIX
MOIITHOCTEH PH MaKCHMaJIbHOM COXpaHeHHH 00beMa HH(POPMALIUH.

Lenpro manHOM pabOTHI OBLIO MPOIEMOHCTPHPOBATH BOZMOXKHOCTE 3 dek-
TuBHOU Kinaccudukanuu mo ¢(MPT-gaHHEIM (TTOCTEe KOppeKuuu apTedakToB
IOBIDKCHHS W NPUBEICHUS B aTJacHOE IPOCTPAHCTBO) METOAAMH MAIIHMHHOTO
00Yy4eHHUSI COCTOSHHI MOKOSI T'OJIOBHOTO MO3Ta OOJBHBIX C JUArHO30M IIH30-
(peHuelt u rpyInbs HOPMBI HA OCHOBE UCIIOJIb30BaHHUS MUHUMAIIBHOTO Habopa
CeMHU METPHK pacueTa (pyHKIMOHAILHOTO B3aUMO/ICHCTBUS YEThIPEX 30H, MOJ-
JIep)KUBAIOIINUX 0a30BBI ypOBEHb CO3HAHUS. TakoW CEThIO SIBISIETCS CETh IO-
kost DMN (Default Mode Network), B coctaB KoTOpoi BXOAAT 30HBI posterior
cingulate cortex (PCC), medial prefrontal cortex (mPFC), left inferior parietal
cortex (LIPC), and right inferior parietal cortex (RIPC) [6]. dns xapakrepu-
CTHK{ OTIMYMTENBHBIX MPU3HAKOB HAOOPOB BPEMEHHBIX PSIOB OBLIO MPOBEE-
HO HCCJIEZIOBaHNE YYBCTBUTEILHOCTH Mep K Haubosiee 4acThM OCOOCHHOCTAM
CHT'HAJIOB Ha MOJCIIbHBIX JTaHHBIX.

Matepuajbl 1 MeTOABI
B pa6ore 6pumm ricrionb3oBansl PMPT nanHBIE COCTOSHUS MTOKOS TOJIOBHO-

ro mo3ra u3 6a3pl maHHBIX [lcmxmarpudeckoit kauHHYECKOH OombHUIBI No |
umean H.A. AnekceeBa [7]. [laHHple ObUIM MONy4EHB METOJOM MarHUTHO-
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pe3oHaHcHO# ToMorpadgun Ha MP-tomorpadge MagnetomVerio 3T (Siemens,
I'epmanus) ¢ ucronb3oBaHueM 32-KaHalubHOW TojoBHOW MP-katymku. s
noxydeHuss naHHbIX (GMPT ObUIM HCHOJIB30BaHBI CIEAYIOIIME MapameTphl:
30 cpes3os, TE = 25 mcek, TonmmuHa cpe3a = 3 M, yroi nepeBoporta = 90°, mo-
ne HaGmoenns = 192 x 192 mm?. JIaHHBIE IO COCTOSHHIO MTOKOS 3aMHCHIBATHCH
JUIS. KaXJIOTO HCIIBITYEMOro, NMPHUHUMAIOIIEro y4yacTHe B dkcnepumeHte. TR
Opu1 3amucaH B nByx Bapuantax 1000 mcex (18 wdemomek), 1100 mcek
(22 genoseka). Bpemst 3amucu cocTosTHUSI TIOKOS cocTaBisuio 10 muH. Ydact-
HUKaM OBUIO JITaHO 33/IaHME B TEUCHHE BCETO BPEMEHH HKCIIEPUMEHTA JIeXKaTh
CHOKOWHO M paccialIeHHO C 3aKPBITBIMH IJ1a3aMH (3achIIIaHUE KOHTPOINPOBA-
JIOCh TIOCIIELYIONIMMH BepOaNbHBIME OTBETAaMH U ¢ momolnbio MP-coBmecTn-
Moro monmrpada). ['pynma 6oneHBIX ¢ nuarao3oM mm3oppenns F20.0 cocra-
BHJIa 25 4enoBeK Bo3pacToM OT 18 1o 42 ner (cpemgnmii Bo3pact — 29+2 roja),
TpymIa 3J0pOBOTO KOHTPOJIS COCTaBWia 15 uemoBek Bo3pacToM oT 18 1o
34 et (cpemuuii Bo3pact — 27+7 roma). JlaHHble ObLIH HpeaoOpabOTaHbI C
yaneHueM apTehakToB JIBIKEHUS.

Mpl pazpaboTtaiy ¥ NPUMEHHIH Ha0Op M3 IECTH CHHTETUYECKHX TECTOB,
Ka)KIlbIﬁ M3 KOTOPBIX COCTOSI U3 YETBHIPEX 3apaHCC U3BCCTHBIX BPEMCHHBIX PsI-
JioB. lllecTh CHHTETHUECKHMX TECTOB COZEPIKaIM HanboJiee YacTo BCTPEYaIOIIn-
ecst B BOLD-curnanax apredakTbl. MBI CTPEMHIINCH BBISIBUTH YS3BUMOCTH
Ka)XJOH Mepbl, CPaBHUTHh HX MEXIYy CO00H M TeM caMbIM COpMYIHPOBATh
MIPaBUJIO, OIIPEAEIAIoNIee HAIUIHEe apTe()akTOB BPEMEHHBIX PSIOB IO MaTpH-
I1aM CBSI3HOCTH HA Pa3HbIX METPHUKaX.

Hwke nprBeneHO onycaHne Kaka0ro TecTa:

Tect 1: UyBCTBUTENHHOCTD METPUK K HEIWHEHHBIM CBSI3SM. JTOT TECT OBLI
pa3paboTaH IS OIEHKHA CHOCOOHOCTH METPUK OOHApyKHWBaTh HENHWHEHHBIE
3aBHCUMOCTH. MBI MOJIENMPOBAIM KBaJIpPaTUUHYIO CBSI3b BHIA y = X + x* + g,
rJe € — rayccoBCkuil myM. Bappupys Bec JMHEHHON M HEIMHEMHOW KOMIIO-
HCHT, MbI IIPOBCPAIIN, KAaK MEHACTCA BCINYUHA KOB(I)(I)I/IHI/IGHTa CBA3HOCTH BpC-
MEHHBIX PSJIOB Ha Pa3HBIX METPUKaX.

Tect 2: YcroituuBocTh K mymy. OlieHHBaIACh CIIOCOOHOCTh METPUK JICTCK-
TUPOBATh MPOCTYIO JIMHEHHYIO CBS3b B YCIIOBHSIX Pa3IMYHOTO COOTHOIICHHS
curHai/myMm (SNR). Mozgens uMena Buj y = x + €, TIe X — YUCTHIA CUTHAJI, a
MOIIIHOCTh JJUTHBHOTO IIyMa € IIOCTENEHHO YBEINYNBaIach.

Tecr 3: PasnuueHne JOXHBIX cBs3el (HAJMYHE CTOPOHHETO HCTOYHHKA
curHana). llenpro Tecta OBDIa MpOBEpKa CIOCOOHOCTH MEp CBSI3HOCTH IIPH
HaJIMYUM KOHTPOJBHOM NEPEeMEHHOW HWrHOPHUPOBATH JIOXKHYIO KOPPEISIHIO,
BBI3BAHHYIO OOIIMM MCTOYHUKOM. MOAENIMpOBaNCh /1Ba CUTHANA, X =z + € U
y =z + &, KOTOpbIE HE UMEIN MPSIMOH CBA3M APYT C APYroM, HO 00a ympasisi-
JIMCh TPETHHM UCTOYHUKOM Z.
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Tect 4: YcroWynBOCTH K aBTOKOppesIMU. [laHHBIM TeCT HCCienoBal,
HACKOJIbKO CHJIbHAsi aBTOKOPPEJISILIMS CUTHAJIA MOXKET NPUBOIMTH K JIOXKHOIIO-
JIOXKUTENbHBIM pe3yJibTaTaM. |'eHeprpoBaNnCh JIBa MOJHOCTHIO HE3aBUCHMBIX
aBTOPErPECCHOHHBIX BpEMEHHBIX psfa mnepBoro mnopsaaka (AR(1)), x(f)=
=p *x(t—1) + &, rne K03hPUIHEHT aBTOKOPpEISIINH p BapbupoBaics ot 0 1o
0.99.

Tect 5: UyBCTBUTEIBHOCTh K BPEMEHHBIM 3aJIepKKaM. 3/1€Ch MPOBEPsIIach
CHOCOOHOCTH METOIOB OOHAPYXHMBATh CBS3b C BPEMEHHOM 3a/epkkoil. Monens
umena BUA y(f) = x(¢— L) + €, Toe CUTHAN y ABJISUICSA KOMHEH CHUTHANA X, HO C
3aIepKKOi (JraroMm) L, Bemn4rHa KOTOPOH BapbUPOBANIACH.

Tecr 6: YcroitunBocTh K BHIOpOCaM M HEOIHOPOIHOCTH CUrHaia. B sTtom
TECTe OLCHUBAJIOCH BIMSHUE PEIKHX, HO CHJIbHBIX OTKIIOHEHUI Ha pe3yJIbTaThl.
B 6a30Bblil CUTHAN C JIMHEHHOMN 3aBHCUMOCTBIO M HU3KOW IUCIEPCHEH BHOCH-
JIOCh HEOOJIbIIOE KONMNYECTBO (7 %) XaOTUYHBIX BBIOPOCOB — TOYEK, 3HAYCHHS
KOTOPBIX OpaJIUCh U3 paclpeieseHus C AUCIIEPCUEH, Ha TIOPSAA0K IPEBHIIIA0-
e 6a3oByIo.

B paboTe 056110 TPOBEAECHO HCCIIEAOBAHUE CIEAYIONINX CEMH METPHK (B TOM
Yycie HalpaBieHHbIe, HEeHANpPaBJIeHHbIE W YaCTHYHBIE): KO3((HUINEHT Koppe-
naun [Tupcona (correlation), 4° MeToJ1, BeMUMHA B3anMHOI HH(opMauu MI
(mutual information), xo3ddurment xorepeHTHocTH (coherence) Ha OCHOBE
BetiBiner 1 @yppe npeoOpazoBaHmii, BETUYNHA MPUIMHHOCTU 10 [ peHmxepy
(GC, Granger causality), koadumment transfer entropy (TE) u Benmmunaa A(H)
(MVAR-frequency domain based techniques).

B 3anmaue knaccudukauy UCHBITYEMBIX TIO IPYIaM — OOJNBHBIE C JMArHoO-
30M HIM30(PEHUS] U TPYIITBI HOPMBI JUISL KQKIOTO UCIBITYEMOro ObUIN MOJTO0-
TOBJICHBI IBa THIIAa HAOOPOB NPHU3HAKOB:

1. HabGop mpu3HaKoB CBSI3HOCTH PErMOHOB TI'OJIOBHOTO MO3ra (KOHHEKTO-
MBI) Ha ceMH MeTpukax. M3 McXomHbIX (ailyioB Uil Ka)KAOTO HCIBITYEMOTO
ObUTH M3BJIEYEHBI MATPUIIBI CBI3HOCTH, PACCUUTAHHBIE C TOMOIIBIO CEMH MET-
puk: correlation, h?, coherence, MI, GC, TE u A(H). Kaxnast paccuntanaas
MaTpHla CBS3HOCTH OblIa peoOpa3oBaHa B OJHOMEPHBIH BEKTOP IPH3HAKOB.
HomomaurensHo  ObT co3maH  OOBEOTUHEHHBIM ~ HAOOp  MPU3HAKOB
(ALL_CONNECTOME FEATURES), momydeHHBI ITyTeM KOHKAaTCHAIHH
BEKTOPOB BCEX CEMHU METPHK.

2. Habop ucxoaubix Bpemennbie psgoB GMPT (RAW_ TIMESERIES):
Bpemennsbie psapl BOLD-curnana Obliiv M3BJICYEHBI M TaKKe MPeoOpazoBaHbl
B OJTHOMEPHBIH BEKTOP ITPU3HAKOB.

OcHOBHOW 3aa4cii OBUIO MOCTPOCHHUE U OICHKA MOJIeIel OMHApHOW Kiac-
cU(UKAIHK JITsL pa3IMYSHUs] TPYIII MAlMEeHTOB U 3I0POBOTO KOHTPOJISL.
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bruta mpumeHeHa npoleaypa BI0KEHHON MepeKkpecTHON npoBepku. BHem-
HUi nuki: Mcrnonbs3oBaiics AJis UTOTOBOM OLIGHKH MPOM3BOAMTENIbHOCTU. Bcee
JTAHHBIC MHOTOKPATHO pa3esisuinch Ha oOyuaromiyio (90 %) u tectoByto (10 %)
BBIOOPKH. DTOT npouecc Bkiroua 10 pazneneHnii, NIOBTOPEHHBIX TPH pasa, uTo
B cymMme jnayno 30 He3aBHCHUMBIX JKCIIEPUMEHTOB ISl KaKaoW Mojenu. Ddu-
HaJIbHAsi TOYHOCTh MOJIEIIH — 3TO Cpe/iHee MO pe3yabpTaTaM 3THX 30 TecToB.

BayTtpennnit nuki: Mcnons3oBasics TONBKO BHYTpH oOydaromieli BBIOOPKH
BHemHero nukna. Ero 3amadeii Obu1 Mo00p ONTHMAIBHBIX THIIEPIIApaMETPOB.
Jns storo npumenstics GridSearchCV ¢ 5-kpaTHoi epeKkpecTHON IPOBEPKOMA.

Brun mpoTecTHpoBaHBI YeTHIpe MapajuIeIbHBIX MOIX0Aa K 00padoTke mpH-
3HAKOB:

BazoBas o6pabotka (Identity): 3amorHeHHEe MPOMYIIICHHBIX 3HAYEHUI Cpea-
HUM ¥ CTaHJapTHU3anus (MacITaOupoOBaHUE) BCEX MPU3HAKOB.

Ot60op K-myumux (SelectKBest): OtOop mpu3HakoB Ha OCHOBE f-CTaTH-
ctukd ANOVA. KonunuectBo orOupaembix mpusHakoB (k) Obuto rumeprapa-
METPOM, KOTOpBIit HacTpanBaics (nepedupanuck 3Hadenus 10, 20, 40, 80).

Meton rnaBabix komMnoHeHT (PCA): CHmkeHHE pa3MEpPHOCTH IyTEM TIpPO-
eKIM JTaHHBIX Ha TJIaBHBIE KOMIOHEHTHI. KOJIMYecTBO OCTaBisieMBIX KOMIIO-
HEeHT ObUIO rumeprnapaMeTrpoM (mepedupanuch 3HaueHus 5, 10, 20, a Taxke
Topor ISt coxpaneHus 95 % mucnepcun).

JlunelHpI TUCKpUMHUHAHTHEIN aHanmu3 (LDA).

Brumn mpotecTHpoBaHBI ClIEAYIOMHE KIaCCHPUKATOPEI ¢ IOJ00POM THITEp-
apaMeTpoB:

Jlormctnueckas perpeccus (LogisticRegression): ¢ mogbopom ko3 duim-
eHTa peryispuzanun C.

Cayuyaiinsiii tec (RandomForestClassifier): ¢ mogdoopom konudectsa aepe-
BbeB (Nn_estimators) U UX MaKCUMaabHOM riyOouHsl (max_depth).

I'pamuenTnsiii Oycrunr (XGBClassifier): ¢ mon6opom KoiryecTBa JepeBbEB
U UX TJTyOHHBI

Kaxnast Bo3MOKHasi KOMOWHAIMSI METO/Ia TIOATOTOBKM U MOJIENH KJIaCCH-
¢ukanuy ObUIa OlleHEHa BO BHYTPEHHEM IIMKJIE, ¥ JIy4Ias U3 HUX MCIOJIb30Ba-
Jack IJIsl TIOJydEHUsS] UTOTOBOW OLIEHKM HA OTJIOKEHHOW TECTOBOW BBIOOpPKE
BHEIITHETO [MKJIA.

Juis ompeneneHuss YpOBHSA 3HAYMMOCTH OBLT WCIIONB30BaH IEPMYTAIHOH-
HBIA TecT: J[ms KakgoW BBIABICHHOM Iydimedi KOMOWHAIMHM «IIPU3HAKHU-
MOJIeNb» OBLI TPOBENCH IOMOMHHUTENBHBIM TecT. METKH KJIaccoB («Iraiu-
EHT»/«KOHTPOJIb») ClIy4daiiHbiM 00pa3oMm nepememuBanuch 100 pas. {is kax-
JIOTO TIEPEMEIIaHHOTO Habopa JaHHBIX 3aHOBO IPOBOJIIIACH IpoLEypa 00y-
YeHHUS U OI[CHKH.
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Pe3yabTaTsl

Kaxaplil ¥3 mecTd CUHTETHYECKHUX CLEHApHUeB MOATBEPAMI HAIIW OXHJa-
HUSI OTHOCHTEJILHO TTOBEJICHUSI METPUK CBS3HOCTH:

Tecr 1 (Henunetinocts): Mupopmanuonnsie (M1, TE) u nenuneiinsie A(H)
METO/IbI TIOKa3aJIH BEICOKYIO pOOacTHOCTE.

Tecr 2 (Lllym): JIuneitble MeTOABI MOKa3aIM HawOoiee pe3Koe IajieHHue
5 PEKTUBHOCTH 110 MEpPE POCTA IIIyMa.

Tect 3 (Croponnwmii ncrounnk): Yactuansie Bepcun metpuk (Partial Corre-
lation, MI Partial) ycentHo cipaBHIIMCE ¢ 3aqaueii, aHHYIHPYS JTOKHYIO CBSI3b,
B OTJINYHUE OT TIOJIHBIX BEPCHH.

Tectr 4 (ABtokoppemsnus): Merpuku Correlation u MI mokasamu ceOs
KpaifHe HEeHaJeKHBIMH, O0OHAPYXHUB CHIBHYIO JIOKHYIO cBsi3b. GC u TE oxkaza-
JICh ropasio 0oJiee yCTOWYNBBIMH.

Tect 5 (Bpemennoii Jlar): Meroasr (Correlation, MI, AH) He criocoOHBI
onpenenuTh Benuurny 3aaepxkku. Junamudeckue (GC, TE) oka3piBatoTcs He-
5 QEKTUBHBI, €CIIM X BHYTPEHHHH IIapaMeTp Jlara He COBIMAIACT C PeabHBIM.

Tect 6 (Ocobennoctu B curnane): Merpuku Correlation u GC oka3anuck
Ype3BBIYAHHO UyBCTBUTEIBHBI K 3HAYUTEILHBIM M3MEHEHUSIM B curHaie. Mu-
¢dopmanmonnsie u HenuHeitHBe MeTonsl (MI, TE, AH) mpoxeMoHCcTpHpOBaH
3HAYUTETHHO OOJIBIIYIO POOACTHOCTD.

B coBokymHOCTH, pe3ynbTaThl HA CHHTETHYECKUX JAHHBIX MPOJAEMOHCTPH-
pOBaM CHIIBHBIE W CIIa0ble CTOPOHBI MeTpHK. Koppemsamms > dexTrnBHa Tpu
JIMHEHHOW CBA3H, HO MOXET MPOIMYCTUTh HEINMHEIHBIE OTHOLICHUS U 3aBHCUT
OT HAIWYMS CWIIBHBIX M3MEHEHUH B JIaHHBIX WM I700ambpHOTO TpeHApl. Hemm-
ueiinpie Metpukn (h°, MI, AH) Gollee yHHBEepCANBHEI, OJHAKO OHH HE Pa3lli-
YalOT NMPUYMHY M CIEACTBHE M MOTYT OBITH OoJiee «IIYMHBIMU» (MX TPYIHO
TOYHO OLIEHUTHh HAa KOPOTKHX BBIOOPKaX JaHHBIX). METPUKH HANpaBJICHHOCTH
(CG, TE) packpbIBatOT CTPYKTYpY BIMSHHSA W BPEMEHHbBIE 3aJIep)KKH, HO Tpe-
OyI0T crienuaNIbHBIX JOMYIIEHUH U OONBIIOro 00beMa JTaHHBIX, a TaKKe JyB-
CTBHUTENILHBI K HAPYIICHHUIO CTAlMOHAPHOCTH. KOorepeHTHOCTH moJyie3Ha, Koraa
M3BECTHA 3HAYMMAas YacTOTa B3aMMOJACHCTBHS, HO HE OTPAXKaeT HEIMHEHHBIX
3aBHCHMOCTEH BHE TapMOHHYECKHX Konebanuii. Takum obpa3om, mis 6oraTeix
U IIYMHBIX HEHPO(QU3MOIOIHYECKHX NAHHBIX JIOTHYHO MPUMEHATh KOMILICKC-
HBII TIOAXOA, cOYeTasl HECKOIBKO METPUK U MPEABAPUTEIHHO «OUHIIAsD» CUT-
Hallbl OT apTe(aKTOB JBIKCHUS.

Hcnonb3ys pe3ynbTaTbl TECTOB KaK JUATHOCTUYECKUM HHCTPYMEHT, MBI
MOXEM IIPOaHAIM3UPOBATh OCOOEHHOCTH HEHPO(U3NOIOTHIECKIX CUTHAIIOB B
PCaIbHBIX JAaHHBIX AJIA OMIPEACIICHU KIIFOUCBBIX XapaKTCPUCTHUK, OTIINYAIOIINX
HEWpOHAJbHYIO AMHAMUKY B HCCIIEyeMbIX Ipynmax. Mbl IPpUMEHMIN JTaHHBIA
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moaxoa k GMPT curHamam COCTOSIHHSI ITOKOSI TOJIOBHOTO MO3ra U3 0a3bl JaH-
HeIX [lcuxnatpuyeckoil xnmuaHnueckor OosnpHUIBI Ne 1 M. H.A. AnekceeBa B
3aja4e OMHAPHOM KiIacCH(UKAIMU TPyl TALUEHTOB 1 HOPMBI.

Bbutn nommy4eHs! ceayonye pe3ynbTaThl:

1. JlaHHBIE cozepaT CHIIbHBIE JIMHEIHbIE KOMIOHEHTHI. CXO0JICTBO MaTpPHIL
CBSA3HOCTU MPOCTOH JIMHEMHOM KOPPENALUU U CIOKHBIX HEIMHEHHBIX METPHK
(AH, TE) siBnsieTcst KIIIOUEBBIM PE3YJIBTATOM.

2. ¢MPT curnansl ymepeHHO 3anrymiieHbl. OTiIn4ne MaTpull CBA3HOCTH,
MIOCTPOEHHBIX Ha METPHUKE UyBCTBHUTEIBHOIO K IIyMy TecTa I 'pelHmkepa n
METPHKH Oosiee poOacTHOM KOppesinny yKa3blBaeT Ha HAIW4ME B IAHHBIX 3Ha-
YUTENBHOTO aJAUTUBHOIO IIyMa, KOTOPBIH, OHAKO, HE TOJHOCTHI0 MACKUPYET
OCHOBHOM CHTHAJL.

3. B nonyuennsix @MPT naHHBIX HAOIIONACTCS CUIIbHASL ABTOKOPPEIISIIHS.
Oto cBoiictBo BOLD-curnana, KoTropoe, MOXeT NPUBOAUTE K JIOKHBIM CBA3SIM
JUISL IPOCTBIX METPUK M YCIOXKHATh aHANW3 A Oojiee MPOABHHYTHIX, TAKUX
kak ['peitHmkep. Yenex kiaccupUKalUyu Ha TPYINNy MAlMEHTOB U HOPMBI Ha
OCHOBE JTHX JaHHBIX JaXe Ha JaHHbIX ¢ yaaneHHoW AR(1) cocraBmsromieit
MOKa3bIBAET, UTO Pa3IM4Msg MEXAy TPyNIaMU HE CBOJSITCA TOJIBKO K ATOMY
cBOMcTBY. U, TeM He MeHee, 9TO He rapaHTUPYET HaIU4Ksl aBTOKOPPEIALNH, a
JIMIIH TTO3BOJISIET CAENATh MPETOI0KEHHE O Hell (B HaIbHEHIIIEM ITpoBepsieMoe
IIPY TIOMOIIH, HaripuMmep, Metoa Hurst-3KCIOHEeHTH).

4. Paznnums MexIy TpynIiaMy MalueHTOB U HOPMBI HE JISKAT B YaCTOTHOU
o0acTv MM B IPOCTBIX BPEMEHHBIX 3a/iepkKax. Hu3kuit ypoBeHb mpeckasa-
Hus OmHapm3anuu MeTpuku Coherence W OTCYTCTBHE SIBHOTO MPEHMYIIECTBA y
JIaro-4yBCTBUTENBHBIX METOZOB TOBOPHT O TOM, YTO KIIOYEBBIC PAZIHUMA
KpoIoTcs B OOIIeH TOMOJIOTHH U CHJIE OJHOBPEMEHHBIX CBSI3€i, a HE B UX Ha-
CTOTE MITH CKOPOCTH.

B mmxecnenytoueit Tabn. 1 npeacTaBiIeHbl pe3yabTaThl OMHAPHOHN KiaccH-
¢uKanuy Ha TPYIIbI MAMEHTOB U HOpMBI Ha ocHOBe PMPT maHHBIX cocTos-
HUSI [TOKOSI TOJIOBHOTO Mo3ra 13 0a3bl JaHHbIX [IcuxuaTpuueckoil KITMHNYeCKon
oonpHuIel Ne 1 um. H.A. Anekceepa. [IpencraBnensl Hanbonee 10 Hambomee
YCIIEIIHBIX BapHaHTOB Kiaccu(UKanuu. B TeKymmx cpaBHEHHSX OBUTH HC-
I0JIb30BaHbI pa3Hble KOMOMHAIMY TECTUPYEMBIX BEIOOPOK METPHK: HAaOOp mpH-
3HAKOB CBSI3HOCTH PETMOHOB TOJIOBHOTO MO3ra (KOHHEKTOMBI) HA CEMU METPH-
kax (Correlation, 4%, Coherence, MI, GC, TE u A(H)), 06beaiHeH BT Ha0OP
npu3HakoB (ALL CONNECTOME FEATURES), noay4eHHbIH TyTeM KOHKa-
TEHAIllMM BEKTOPOB BCEX CEMH METPHK M MCXOJHBIC BPEMEHHBIE PsbI (T10Cie
nosnyuenus cpennero BOLD-curnana wiu nonyudeHuss PCA KOMIOHEHTHI 1O
BCEM BOKCENAM HcCclenyeMoil 30HbI). BXogHBIMH NapaMeTpaMu K MOJEISIM
MOTJIH OBITH 00paOOTaHHbIE TaHHBIC MTPU3HAKOB (IIOJyYEHHBIE B ITPOCTPAHCTBE
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METpPHK), Ha OCHOBE MeT0JI0B 0a30Boit 00padoTku (Identity), or6opa K-myummmx
(SelectKBest), merona rinaBHbix komMrnoHeHT (PCA), nuHeEHHOro AMCKpUMH-
HaHTHOro ananusza (LDA). Beero 6but0 mpotectrpoBano 126 pa3HbIX BXOJIHBIX
npu3HaKkoB. B kadyecTBe THIIOB KiacCH()PUKATOPOB OBUTH HCIIOJIb30BAHBI: JIOTH-
ctuyeckast perpeccusi  (LogisticRegression), ciydaiiaeiii  sec  (Random-
ForestClassifier), rpaguentsiii 6yctunr (XGBClassifier), a Takke Ha BTOpoM
ypoBHE ObIIa MCIIOJIb30BaHA MOJAETb HEHPOKOMHTETA: JMHEHHBIH TUCKPUMU-
HAaHTHBI aHANU3 ObUT NPHMEHEH K pe3yJbTaraM, MONYyYCHHBIM Ha KaKIOM
KJIacCU(HKATOPE C HAMITYYIINM BapUAHTE TOUHOCTH.

Tabmuna 1
Pe3ynbrars! OMHApHOH Knaccu(UKAIMU Ha TPYIIIEI TAI[EHTOB
1 HOpMBI Ha ocHOBe GMPT maHHBIX COCTOSHHS MOKOSI TOJIOBHOTO MO3Tra

06- Knaccugu- Cpeaus| Cpeancxsaz- p-value
No Mertpuka A60TKA KaTo TOYHOCTB| paTU4HOE (nepmyT.)
p P ,% _|otknonenne, %| "PMYT
1 Bee merpuki bes RandomForest 71 15 <0,01
BMECTE 00paboTKH
Tpaunchep bes
2 sHTponust (TE)|o6paboTku RandomForest 69 B =001
3 Bce metpukun PCA XGBoost 69 13 < 0,03
BMECTE
Henunerinbrit B
4 | mokasatenb o6 agZTKH XGBoost 68 11 <0,01
(AH) P
5 Tpancdep KBest | RandomForest 67 15 <0,02
suTponus (TE)
6 Bee metpukn PCA RandomForest 66 15 <0,01
BMECTE
7 Korepenrnoct PCA XGBoost 66 12 < 0,01
b (Coherence)
g| Tp anchep PCA RandomForest 66 13 <0,01
suTponus (TE)
g | Tpancdep PCA XGBoost 65 11 <0,01
surponust (TE)
10 Bce meTpuku PCA LogReg 64 13 <0,01
BMECTe
Ucxonusie Bes
* | BpeMeHHbIE XGBoost 52 11 0,30
00paboTKH
psiasl
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Kak BuiHO 13 TaOnuipl HauboJee ycnenHas TOYHOCTh KIIaCCU(HUKAINH CO-
OTBETCTBYET CIly4alo, KOTJia B KauecTBe MPU3HAKOB HCIIOJIb3YIOTCS BECh HA0Op
MmeTpuk. KittoueBo# 1enbio paboThl ObIIIO HE TIOCTPOUTH HACAIBHYIO MOJIETb, a
CpaBHHUTH MH(POPMATHBHOCTDH IIPHU3HAKOB B PaBHBIX ycioBUsX. Mcrmonbp3oBanue
OrpaHMYEHHOTO Habopa KJIaCCU(HUKATOPOB SIBIISETCS JIOMYLIEHHEM, TaK Kak
pe3ysbTaThl MOTYT BapbHpOBAThCS Ul IPYTUX TUIOB Mojeinel. Tarke B jaH-
HOM HCCJIEZIOBATEIbCKOM aHaIN3€ HE IPHUMEHSIIHCH (hOpMalbHBIC TIONPaBKH Ha
MHO)KECTBEHHbIE CpaBHEHHMs (Harpumep, nomnpaska bondepponn) npu tectu-
POBaHUU OOJBIIOTO YHCIA aHCAaMOJEH. ITO CO3MAeT PUCK JIOKHOIIOIOKUTEIb-
HBIX HaxomoK. OHAKO CTaOMIBHO BBICOKHE PE3YJIBTAThI OMHUX M TEX )K€ MET-
puk (Correlation, AH, TE) Ha pa3Hbix Habopax HPU3HAKOB JIAIOT YBEPEHHOCTb,
4T0 UX 3((HEKTUBHOCTh — HE IMPOCTO CIy4alHOCTb, a OTPaKCHHE peaJbHOH
uH(opmaTtuBHOCTH. VCTIOIB30BaHNE MCXOIHBIX BPEMEHHBIX PSAOB UIS Kilac-
cu(UKAIMKA HE JaeT BBICOKYIO TOYHOCTh M COOTBETCTBYET CIy4YailHOMY 3Haue-
Huto 52 %.

3aki0yeHue

B paboTe nmponeMOHCTpUPOBaH MOAXOM, I/ie HA0Op METPHUK CBSI3HOCTH HC-
MOJIb3yeTCs KaK JUATHOCTHMUYECKUM WHCTpYMEHTapUi Al XapaKTepUCTHUKU
BpPEMEHHBIX psitoB. CHucTeMaTnyeckas KanOpOBKa METOJOB Ha CHHTETHYECKUX
«cTpecc-TecTax» IMO03BONIMIA MHTEPIPETUPOBATh PE3yNbTaThl, MOIYYCHHbBIE HA
peansHBIX GMPT-naHHBIX.

Ha MopmenbHBIX IaHHBIX OBIJIO ONPENENeHO, K KaKMM OCOOEHHOCTSM B
HEUPO(DHU3HOIIOTHYECKNX CUTHAIAX TyBCTBUTEIbHA KaXKasi U3 METPHUK:

Jluneiinas xoppemsiuus dPQGEeKTHBHA I BBIABICHUA OOIIMX CHHXPOHHO-
CTel, HO ysI3BMMa K aBTOKOPPEJISILIMK U BBIOPOCAM.

IIpyuunHHOCTE 1O I'peiiHIKEPY NO3BOJIAET y4ECTh HAINPABICHHOCTb U 3a-
JIEPXKKH, HO KpaifHe 4yBCTBUTENbHA K IIIyMY.

Wndopmaunonnsie u HenuHeiinsle Metpuku (TE, AH) pobactubl k Henu-
HEHHOCTSIM M BBIOpOCaM, HO MOTYT TpeOOBaTh OOJIbILE JAHHBIX JUISI HaJIS)KHON
OLICHKH.

OCHOBHBIM pPe3yJbTaTOM SIBISIETCA JEMOHCTpAaLUs TOrO, YTO Ha OCHOBE
MaTpHILl CBA3HOCTH MOXKHO NMOCTPOUTH 3((EeKTUBHBIN Kiaccudukarop, paszie-
JSFOIMH TTAIIEHTOB ¢ IMM30()peHUEH W 340POBYI0 KOHTPOJIBHYIO TPYIMITy Ha
JaHHBIX yeTbIpex 30H cetd DMN. Ilpu 5ToM B kaduecTBe MPU3HAKOB I MOJIE-
JM MAaIIMHHOTO OOYYEHUs BBICTYIIAIOT HE MCXOJAHBIC JTAaHHBIC, a PE3YJIbTaThl
pacdeToB caMHUX METPHK, M MOKA3aHO, YTO PE3yJIbTaThl TAKUM 00pa3oM yiyd-
matotes Ha 20 %.

AHanu3 1oxasaj, 4To pa3jnyusl B HEWPOHAJIbHOW JTUHAMHUKE MEXAY IpyIl-
[IaMHU HOCSIT KOMIUIEKCHBII XapaKTep, BKIKYasl KaK JIMHEHHbIE, TaK U HEJIMHEH-
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HBbIC KOMIIOHCHTEI. 3TO MOAYCPKUBACT HCO6XOZ[I/IMOCTI) HUCIIOJIB30BAaHUsA TI'U-
6pI/II[HI)IX MOAXO0J0B JId MOJYUYCHUA HaI/I6OJ'Iee MOJIHOM KapTHUHBI HeﬁpOHHBIX
B3aUMO/JICHCTBUI.

PaboTa BBITIOJIHEHA TPH YAaCTUYHOW TMOAJEPKKEe POCCHICKOro Hay4HOTro
donma rpant Ne 23-78-00010, https://rscf.ru/ru/project/23-78-00010/.
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Cekuusn 10

Heiiponnvie cemu u ghynoamenmansHovle HAyKu

B.A. HIEBBIPUHA, A.C. PATYHIHSK, AJL TIPOCKYPA

DenepanbHblil HCCIIEN0BATENBCKUN HEHTP HHPOPMALIMOHHBIX
1 BBIYMCIINTEIBHBIX TeXHOJ0rui, HoBocubupck
ratushniak.alex@gmail.com

MMPOBJIEMBI M1 TIOAXO/AbI K MOAEJINPOBAHUIO
BUOJOTMYECKUX MTH®OPMAIIMOHHBIX CUCTEM*

B crarbe paccMaTpuBarOTCs IPUHLIMITMAIBHBIE OTPAaHUYEHHS U BO3MOXHBIC
MOAXOb! K U3Y4YEHHIO (DyHKIIMOHMPOBAHMS OMOJIOTHIECKUX MH()OPMALTMOHHBIX
cucreM. IIpoBonuTcs aHanu3 mpoOIeM Kak SKCHEPHUMEHTAIBHOTO, TaK ¥ UMH-
TaIlMOHHOTO MOJICTIMPOBAHMSI OMOCHCTEM, KOTOpPBIE, 10 CYTH, SIBISIOTCA LU}-
POBBIMU HH(POPMAIIMOHHBIMH MOJICKYJISIPHBIME MaITHHAMH.

KaioueBbie ciioBa: mooenu KOZHUMUBHBIX (DYHKYUOHATLHBIX CUCEM, C)-
NPAMONEKYAApHble J02UYecKue KOMNIEKCbl, B03HUKHOBEHUE IHCUBLIX CUCMEM,
He2OHMPOnUsl, OUOUHPOPMAUKAL.

BBenenue

[To momuHMpYIOMMM ceiidac MpeaCcTaBIeHUAM O 0a30BOM (PYHKIHMH MO3Ta
MPEAIOoJaraercsi, YT0 OCHOBHBIMH €AMHHLIAMH 00paboTkK MH(OpMaLUK sIBIIS-
IOTCSI HEpBHBIE KJIETKHU U MEXKIIETOUHbIE KOHTAKTHI. [Ipu 3TOM mocTtynupyercs,
4T0 (PyHKIMS 3THUX 0a30BBIX DJIEMEHTOB CBOJIUTCS K POJIM KIIOYEH — MpHemy,
MEPEeKIII0YEHUIO U nepegade curHanoB. OfHAaKO HEHPOHBI M CHHAICHI YPE3BbI-
YaliHO CIIOXKHBI U OoJiee MOX0XKK HE Ha MEpeKIIoYaTe]ld U MEMPHCTOPEI, a Ha
MOJIEKYJISIpHBIE HH(POPMAIMOHHBIE MaIIMHBL. VI3BECTHO, YTO SyKapHOTHUECKHE
KJIETKH COZAEP>KaT BEICOKOYIOPSIIOUEHHBIE MapalleIbHbIE MOJIEKYISIPHBIE CETH
[1]. CtpykTypa 1 QyHKIHS 3TUX ceTell Ui onpeneicHus 0a30BBIX (GYHKIUH U
MOJIEKYJISIPHBIX MEXaHM3MOB X OCYLIECTBICHHUS U3ydeHa HeaocTaTodHo. Of-
HAKO U MMOHWMAHWS MPUHIIAIIOB U MEXaHU3MOB (YHKIMOHUPOBAaHUSI OHOCH-

* Nlaunas pa6oTa BHITIONHEHA B PAMKaxX roCyIapCTBEHHOrO 3a1anus MUHOOPHAYKH
Poccun st depepanbHOr0 MCCIIEOBATENBCKOTO LEHTPAa MH(POPMALMOHHBIX U BBIYUC-
JIMTENHHBIX TEXHOJIOTHIA.
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cTeM, (pyHIaMeHTaIbHBIX OCHOB JKM3HH 3TO KpaitHe HeoOXxoauMeM [2, 3]. 3a-
Jlaya MOUCKa MOJXO0J0B, KOTOPBIE MO3BOJIMIIM Obl MPHOJIU3UTHCS K PELICHHIO
npoOieM aHanu3a paboThl OMOWH(OPMAIMOHHBIX CHCTEM KpaiHe akTyasbHa.
Pemenne aToii 3ama4yn MO3BOJIMT MPOABHHYTHCS Kak B pa3paboTKax TeXHHYE-
CKUX KOTHUTHBHBIX CUCTEM, TaK U B IUArHOCTHKE, MPOPHUIAKTUKE U KOPPEKIIUU
HapylnIeHui B paboTe OHMOJIIOTHYECKNX CHCTEM.

OpHaKo Ha IMyTH MOJICITUPOBAHNS BHYTPHUKIIETOUHBIX MOJIEKYJISIPHBIX ceTel
C HEJBIO BBISBICHUSA UX (QYHKIMOHAIBHON POJIM BO3HUKAIOT IPOOJIEMEI, perie-
HUE KOTOPBIX MOKa He HaineHo. [Ipexne Bcero 3To:

1. DkcrepUMeHTaIbHAS «HEIOCTYITHOCTDY;

2. Heympomraemasi CIOXKHOCTD + IapajlIen3M;

3. KoHuenryaibHbIE IPEACTABICHUS O «aHAJIOTOBOCTHY» CHCTEMBI

IMoncky 1oxxon0B Ui NPOABM)KEHUS B PELIEHUH TaKHX 3a/ad MOCBSIICHA
JlaHHasi pabora.

IIpo6JieMbI 3KCIIEPUMEHTAJIBHOI0 UCC/IEJOBAHNS OMOCHCTEM

OCHOBHOI HepemeHHOH NpoOJIeMOil SIBISIETCS MPaKTHYECKOE OTCYTCTBUE
METOJIOB, TEXHOJIOTUH M anmapaTHBIX CPEACTB AJS B3aUMOAEHUCTBHS C HaHO-
YPOBHEBBIMHU cucTeMaMu. [loxkanyi, oqHIM W3 Hambollee MPUEMIICMBIM H HC-
MOJIE3YEMBIM METO/IOM SIBJISICTCSL BO3JICHCTBHE MOJICKYJIIPHBIMH MHCTPYMCHTA-
MH = OHOJIOTHYECKH aKTUBHBIMH COCIMHECHUSIMH Ha OTICIEHBIC CTPYKTYPHEIC
aeMeHTHl KieToK. OqHako Ha0Op TaKWX COCOMHEHUH JOCTaTOYHO OTpaHHYEH.
[Ipu 3TOM U M30MPATETFHOCTh BO3ACUCTBHUH JaJeKO HE BCETAa M3BECTHA H JO-
CTaTOYHA I WHTEPIpETalny MOTydaeMbIX pe3ynbraToB. bomee n3bmparens-
HBIMU SIBJIIOTCS TEHETHYECKHE METOMBI MTO3BOJISIOINE BKIIOYATh WM OTKIIIO-
4aTh pabOTy OT/AENBHBIX CTPYKTYPHBIX OJIOKOB MOJICKYJIIPHOM MalllMHBI KJIET-
k. OHAaKO TMPHU MPAKTHUYECKOM OTCYTCTBHH OOIIEH CTPYKTYpBI M KOHILEIIHH
paboTh MOJIEKYJISIPHBIX KOMIUIEKCOB U TaKUe 3aTpaTHbIE METOJIbI He o0ecTieun-
BAaIOT CO3/IaHNE KOHILIEIIIUH PA00THI HCCIIETyEMBIX CHCTEM.

B nmanHol paboTe MBI IPOBEH aHAIM3 BO3MOYKHOCTH 3KCIIEPUMEHTAIBHOTO
HCCIIEIOBAHMSI MEKKIETOUYHBIX KOHTAKTOB. [l ymNpolLieHHs HHTEpIpeTaliy
MOJIy4aeMbIX Pe3yJIbTaTOB NPEACTaBISIETCS MEePCIEKTUBHBIM IPOBOJUTH TaKUe
HCCIIEIOBAaHM Ha MaKCHMaJbHO PEAYIMPOBAHHBIX cHcTeMmax. Pabora mpose-
JIeHa Ha KyJIFTUBHPYEMBIX B TeueHHe 240 gacoB HefipoHax Lymnaea stagnalis.
[Ipu 3TOoM B KynmeType (HOPMHUPOBATUCH MEXKKICTOYHBIC KOHTAKTHL. OmHAKO
SKCIEPUMEHTANBHBI aHaJIH3 TaKWX HAHOPAa3MEPHBIX CTPYKTYP IOCTaTOYHO
OTpaHrYeH. B CBS3M ¢ 3TUM NMpUMEHEH MOIXO0JI, OCHOBaHHBINA Ha (popmMupoBa-
HUM Ha COME KJIETKH HH()OPMAIIMOHHBIX BXOJOB C IOMOIIBIO IPHCACHIBAIO-
IIUXCS MUKPOIIMIIETOK C TuameTpoM 2—4 Mkm (puc. 1).
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Puc. 1. MoaenupoBanue nH(MOPMALMOHHBIX BXOIOB HA HEHPOHAX B MMPOCTOI! CETH.
K1-KS5 netiponst Lymnaea stagnalis B KyapType TkaHu. P1-P4 MukponumneTku
MOJIeTHpYIomye HHYOPMAIIMOHHEIE BXOIBI

[MpoBepka (yHKIMOHAIBHBIX CBOWCTB TAaKMX BXOJOB NPOBOJMIACH C HC-
MOJIb30BAHUN aJITOPUTMOB BBIPAOOTKHU IIACTUYCCKUX peakiuil. BripabaTriBa-
JIUCH JIBa BHJA IIACTUYCCKUX PEAKIUH — aCCOIMATUBHBIN CTUMYJ U ayTOIOI-
KpEIUICHHSI CIIOHTAHHBIX MOTCHIMAIOB JeUcTBUs. [IpuMep peaknuu HEWPOHOB
HA aCCONMATHBHEIN CTUMYII MIPECTABICH Ha PHC. 2.

[Ipumep anropuT™Ma CTHMYISAIUH MPH AyTOMOAKPEIUICHUSIX JITUHHBIX Me-
JKHUMITYJIbCHBIX UHTEPBAJIOB MPE/ICTABICH HA pUC. 3.

ITpu TakoM anropuT™Me CTHUMYJISIIUU JUTUTEIBHOCTh MEKUMITYJIbCHBIX WH-
TEPBAJIIOB M3MEHSIACh B CTOPOHY Y/UIMHEHUS MPH TMOJKPEIUICHUH KOPOTKUX
MHTEPBAJIIOB U B CTOPOHY YKOPOYEHHS MPU MOAKPEIUICHUH JUIMHHBIX UHTEpBa-
noB. [Ipumep nipencraBieH Ha puc. 4.

[Tpu BBIPaOOTKE IUIACTUYECKUX PEAKIMH OTMEYCHO M3MEHEHHE TPaHCMEM-
OpaHHBIX TOKOB M ONTHYECKUX XapaKTEPUCTUK Ha Y4YacTKe BO3JEHCTBUSL.
Mo>xHO MPEANOJIOXKNUTh, YTO HAa TaKUX MOJCIIBHBIX BXOAaX IMPOUCXOIAT IEpe-
CTpOﬁKH MOJICKYJIAPHBIX CTPYKTYP CXOJAHBIC C UBMCHCHUAMU B MCIKKIICTOYHBIX
KOHTAKTax.
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Puc. 2. BripaboTka peakunu HeiipoHa Ha acCOIMUPOBAHHBIN cTUMYI. 1. BepxHmil rpa-
¢ux — meMOpanHBIi noTeHnman kiaerku K1, HwkHMA rpaduk crumyist gepes P1 u P2,
1A oTBeT Ha nepBo€ MpPEbsABICHUE aCCOLMUPOBAHHOIO IOANIOPOrOBOrO U HAANIOPOro-
BOro ctumyJios: 1b — nocne 5 coueranuii ctumynos. 1B — nocie 50 coueranuii crumy-
noB. 1I" — oTBer Ha ycioBHBIN paHee He dddexTuBHbI cTuMyd. 1/ — uepe3 75 crumy-
J0B. 2A — TpaHCMEeMOpaHHbIE HOHHBIEC TOKU B Hadasle CTUMYJSIIKU. 2b — Toku Ha sTame
MOSIBJICHUSI OTBETOB Ha paHee He 3(dexTuBHbIA cTumyn. 2B — Toku mpu cTaOUIBHOM
OTBETE HA NEPBBII CTUMYI. 3 — YcpeqHeHHas: KpUBasi OTBETOB Ha UCXOAHO HE (P dek-
TUBHBIN cTuMyIl. KanuOposku 10 MB u 3 M cex

D L]

T w T T T T T T T T T

Puc. 3. Ilpumeps! anropuT™Ma CTUMYJISLMU HPU ayTONOJKPEIUICHUU <«JUIMHHBIX)» Me-
KHUMITYJIbCHBIX UHTEPBAJIOB. A — CIIOHTaHHBIE IMOTCHI M AJIbI ﬂeﬁCTBHH H30JIMPOBAHHOT'O
Heiipona Lymnaea sstagnalis. b — CTumybl, moaBacMblie Ha HEHPOH MPU MPEBBILICHUN
3aaHHON JUTMHBI MEXUMITyJIbCHOTO HHTEpBada. AMIIINTYAa cTuMynoB MeHee 10 % ot
[IOPOTOBOM.

20 40 60 80 min.

Puc. 4. Ilpumep auHamuku (HOPMHUPOBAHUE IUIACTUYECKOH PEaKIMi H30JIMPOBAHHBIX
HEWPOHOB NPH ayTONOAKPEIUIEHUH «UIMHHBIE» MEXHMITYJIbCHBIX MHTepBaoB. IIo ocu
X IIMTENBHOCTh MEKUMITYJILCHOTO HHTepBaia. CTpeskaMu 0003HAa4eHbl HAYajuo U KO-
Hell pexuMa ayTonoakperuieHuil. [IyHKkTHpHast THHUS BHIOPAHHBIN HOPOT IOJIKpETIe-
HUI
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Panee Hamu OBUIO MOKa3aHO, YTO HAPYIICHUS AUHAMUYECKUX TMEPECTPOCK
[UTOCKEJIEeTa, BhI3BAHHBIC YK30I€HHBIMHU JIMTAHJAAMH aKTHHA W TyOyluHa, OKa-
3BIBAIOT BIIMSHUC HA PCAM3AINI0, COXPAHCHIE U MTOBTOPHYIO BHIPAOOTKY ILIa-
CTUYECKUX peakuuit [4, 5]. DTH JaHHBIE TOATBEPXKIAIU MPEANONIOKEHHUE, YTO
HCXOJTHOE COCTOSIHUE U CTPYKTYpPHBIE MEPECTPONKN aKTHUHOBOTO IIMTOCKEJETa,
00yCIIOBIICHHBIC aKTHBHOCTBIO OETTKOB, MOIYIHPYIOUINX TH MPOIECCHI, MOTYT
OKa3bIBaTh BIHUSHUE Ha IJIACTUYECKHE CBOMCTBA KJIETKH. MOXXHO IpPEanoso-
JKUTh, YTO MEPBON peaKIMell KICTKH Ha BO3ACHCTBUEC MOXET OBITH HAapYIICHHUC
CBsi3ell MEMOpPaHHBIX CTPYKTYP C KOPTHKAIBHBIM aKTHHOBBIM ITHTOCKEIIECTOM.
DT0, MPUBOIUT K IEPECTPOMKAM MOJEKYJSIPHOW MAIIMHBI MEKKIETOYHOTO
KOHTaKTa ¥, COOTBETCTBEHHO, K M3MEHEHHIO OTBeTOB. HapyIeHue cBs3u MOH-
HBIX KaHAJOB C IUTOCKEIETOM IPOSIBIISICTCS KaK yMEHBIIEHHE TpaHCMeMOpaH-
HBIX MOHHBIX TOKOB Ha y4acTKe BO3IEHCTBHA, 0€3 M3MEHEHUSI aKTHBHOCTH OT-
JIeTbHBIX KaHAJIOB, MPOBOJISIINX 3TH HOHBI.

JIst IpOBEPKH TaKUX TPEAMONIOKCHUNA CTPYKTYPBI IIUTOCKEIETa, MOIU(H-
IUPOBATUCH TE€JCOIMHOM — OCJIKOM, aKTHBHPYEMBIM MOHAMH KaJIbIMS U MOY-
JUPYIOIIUM pa300pKy aKTHHOBBIX HUTCH ITUTOCKEIICTA.

I'enconvu BbI3bIBaANl 3HAYUTENHEHOE YMEHBIIEHHUE BXOSIIMX MOHHBIX TOKOB
Y MOJABJISUT Pa3BUTHE PEAKIIMU MPUBBIKAHUS Ha AJIEKTPUUYECKYIO CTUMYJIISIIHUIO.
Takum o0Opa3oM, ObUIO TOKA3aHO, YTO PEAKIMS KICTKH Ha BHEITHHHA CHUTHAI
MOJKET 3aBHCETh HE TOJNBKO OT XapaKTepa CHTHalla, HO M OT COCTOSHUS KOPTH-
KaJbHOTO aKTHHOBOTO ITUTOCKENIeTa 30HBI BO3ACUCTBHS, T.€. OT IMPOCTpPaH-
CTBEHHOH JIOKaJIM3alMN MOJEKYISIPHBIX CTPYKTYp Ha 3TOM YyYacTKe HEHpoHa

(puc. 5).

20 40 60 80 min.

Puc. 5. Ipumep nuHaMuku (GOpMUPOBAHME IIACTUYECKOH peakiMil M30JIMPOBAHHBIX
HEWPOHOB NpH JIOKAJIBHOM JEHCTBUM TENb30JIMHA M AyTONOIKPEIUIEHHH «IJIMHHBIC)
MEKUMITYJIbCHBIX UHTepBaioB. [1o ocu X IIUTENBHOCTh MEXKUMILYJICHOI'O MHTEpBAJa.
CrpenkamMu 0003HA4eHBI HAYaJI0 W KOHEIL[ PeXMUMa ayTomoiakperuieHuid. IlyHKkTupHas
JIMHUS BBIOPAHHBIN TOPOT MOIKPEIICHUH

Cavii JAaHHBIC NOATBEPIKAAIOT MPEAIIOJIO0KEHNUE, YTO 6€J'IKI/I, MOAYJIMPYIOIIHEC
JAUHAMHUYCCKYIO MOABWXXHOCTb HHUTOCKCIICTA W AKTUBUPYCMBIC BTOPHUYHBIMH
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MOCPEAHUKAMHU, MOTYT IPUHUMATh y4acTUE B TPAHCIAIMU UH(DOPMALIUK O dKC-
TPaKJIETOYHOU Cpelle B MUKPOM3MEHEHUs] MOJIEKYJISIPHOM MalllMHbI HEMpOHAa U
TaKUM 00pa3oM 00YCIIOBIMBATh CHEUU(PHKY IUIACTUYECKUX PEaKIni.

AHani3 TpoIECcCOB B TAKUX MOJEIBHBIX BXOAAaX MOXET CIOCOOCTBOBATH
[IOHMMAaHUIO IIPOLIECCOB B €CTECCTBEHHBIX MEKKIICTOYHBIX KOHTAKTAX-CUHAIICAX.

IToaxoawl Kk MOAC/JIMPOBAHUIO OMOJIOTHYECKUX
I/lH(l)OpMa].ll/IOHHLlX CHCTEM

ITpn MonenupoBaHMK OMOCHCTEM BO3HHMKAIOT IPOOIEMBI HEYHpOIIaeMOn
CJIO’KHOCTH, TapajieN3Ma MOJIEKYJIIPHBIX MaIINH KJIETKH U KOHLENTYyalbHbIe
MIPEACTABICHUS O «aHAJIOrOBOCTWY cUcTeMbl. IIpuMeHseMble MaTeMaTHUECKHE
METO/IbI, KaK MPABUIIO, HE YUUTHIBAIOT, YTO TAKUE CHCTEMBI IO CYTH SIBIISTFOTCS
IU(PPOBBIMU JIOTHYECKUMH YCTPOHUCTBaMH. MOJIEKYIIbI, COCTABISIONINE HX OC-
HOBY, MOTYT HaXOAMTBHCS B OIPAaHHMYCHHOM YHCIIE YCTOWYMBBIX COCTOSHUI.
OjHaKO TpPaJMIMOHHBIE ITOAXO/bI K MOJEIMPOBAHHIO MPOLIECCOB B OHMOCHCTE-
Max, B OOJIBIIMHCTBE CIIy4aeB, 0a3upyIOTCS Ha MaTEMaTHYECKUX METOJaX, OpH-
EHTUPOBAHHBIX Ha HENPEPBIBHBIC MPOLECCHI, CBOAALINECS K Au(hepeHraib-
HBIM ¥ MHTETPAJIbHBIM yYpPaBHEHHSM. YUHTBIBAS AUCKPETHOCTH OMOCHCTEM HX
MOJIETIMPOBAHNE, BEPOSITHO, HanOOJIee MPOTYKTUBHO BECTH C HCIIOJIB30BAHUEM
amnmapaTta JUCKPETHOH MaTeMaTHKH, TPUMEHUMOTO JUISl JIOTHYECKUX MOJENeH,
BEPOSATHOCTHEBIX OYyJNeBBIX ceTeil, cereil [leTpw, meneit MapkoBa, areHTHBIX MO-
neJe v T.I.

Ot mpoOsieMbl HE TO3BOJSET, MPAKTHYECKH, C HCIOIb30BAaHHWEM CyIIe-
CTBYIOIIMX TEXHOJIOTHH M aIllllapaTHBIX CPEACTB, TOCTHYb PE3YNIbTaTa 3a acTpo-
HOMHYECKH 0003puMoe Bpemsi. [loaToMy mpeacTaBisieTcsi HEOOXOAUMBIM U
BO3MOJKHBIM CO3aHHE MOJENeH NMpeNenbHO MPOCTHIX 3BOIIONMOHHO MEpBHUY-
HBIX OMOAareHTOB, KOTOpHIE, KaK MOXKHO NPEINOJIOXKHUTh, Ha HAYaJIbHOM 3Tare
9BOJIIONUH (POPMUPOBAIUCH CIOHTaHHO, caMocOOpkoi. Jlanee, omupasch Ha
TaKue MOJCIH M YUHUTHIBAsK MPEEMCTBEHHOCTh, IMEPHKEHTHOCTh OPTaHU3aAIUH
OHMOJIOTMYECKUX CHCTEM, MOXHO MOMBITATHCSI HAPALIMBATH CIIOKHOCTH JIO TIpe-
JIEJIOB aNMapaTHBIX OTPAHUYEHUI.

IToHATHO, YTO BO3HMKHOBEHHE M CYLIECTBOBaHHE TEPMOAMHAMUYECKU OT-
KPBITBIX OMocHcTeM 0a3upyeTcsi Ha HErSHTPONMIHHOM npuHImIe. [ peann-
3aIliM TaKOTO MPHHIUIA CHCTeMa (CynpaMoOJIeKyIIpHasi KOHCTPYKIHS, areHT)
JIOJDKHA 00J1aJaTh CIIOCOOHOCTBIO K BOCHIPUSITHIO BHEITHUX CHTHAJIOB MX JIOTH-
4ecKoW 00paboTKe, 3aIOMHUHAHHUIO, MPOTHOCTHUKE M PEAKIMU IO3BOJISIOUICH
pearupoBaTh Ha BO3ACHCTBUS, CTAOMIM3HMPYS WM yBEIMUYHMBAsS CyMMapHYIO
HeraHTpomnuio. T.e. Takas cucTeMa JIOJDKHA COoAepKaTh: 1) Habop penenTopoB B
COOTBETCTBUH C HA0OpOM (DM3MUYECKHX IPOLIECCOB B TOH MPOCTPAHCTBEHHOU
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(aKosoruueckoii) Huile, B KOTOpoi (opMmupyercst arent; 2) Habop addekro-
POB, TIO3BOJISIOIIMX M30€XKaTh SHTPOIUMHBIX BO3JEUCTBUN W/WiIKM mpHOOpeTe-
HHE MH(QOPMALMOHHBIX U 3HEPIeTHYECKUX PECYPCOoB; 3) JOCTaTOYHO MPOCTYIO
MOJIEKYJISIPHYIO KOHCTPYKIIMIO, BHIITOJHAIONIYIO Jorndeckue pyHkunu. Jloyk-
HO OCYILIECTBJIATHCS BBIICICHHE aCCOLMUPOBAHHBIX CHUTHAJIOB, 3allOMHHAHHE
acCOIMAINY M OTleperKaroliee BKIIOUYEHNE COOTBETCTBYIOMNX 3P (eKkTopoB.

ITpy BO3HMKHOBEHMH TEPBHYHBIX XKHBBIX CHCTEM, (pIroKTyanmoHHO (op-
MUPYIOIIECS TPENEIFHO MPOCTHIE MOJICKYJIIPHbIE KOHCTPYKLUH MOTJH BO3-
HHUKaTh C HEKOTOPBIM «3alacoM», H30BITKOM YHOPSIOYCHHOCTH - HEIIHTPOIIHU
N. Bo3geilcTBue MpoueccoB, MPOUCXOASIIUX B OKPYXKAIOIIEH SHTPONUUHON
cpelne, MPUBOJAMIO K YMEHBUICHHIO 3TOH YIOPSAAOYEHHOCTH, YMEHBIIAs CyM-
MapHYIO HEI9HTPOIIHS

XN=N-AN+I — N Ki=Nk

[TpuobperenHas nHGOPMALNS B JATBHEHIIIEM HCIIONB3YETCSD MOJEKYIIPHOU
CHCTEMOH ISl yMEHBIICHUS SHTPOIMH C HEKOTOPBIM K03 ¢unnenrom Ki, co-
3[aBasi TOTOJHUTEIBHBIN 3aI1aC HEMSHTPOIIHH.

Ota QyHKIMS PEaM3yeTCs C MOMOIIBIO MPOTHO3MPOBAHUS, I KOTOPOIO
UCIIOJNIB3YEeTCs paHee MoJiydeHHas (3amucaHHas) nHdopmanus. [Ipu nporaosu-
poBaHUN HGO6XO}II/IMO YUUTBIBATh 3HAYCHUA BXOAHBIX CHUTHAJIOB KaK B TCKY-
M MOMEHT BpPEMEHH, TaK U B IpoiuioM. Ho npu 3ToM HabOp JaHHBIX MOXKET
3HAUUTEIBHO pPacIIUpsAThCs. OCOOEHHO INPH PACIIUPEHHH TOTO BPEMEHHOTO
0Tpe3Ka, JaHHBIE U3 KOTOPOro HE0OXOIUMO YYHTBIBaTh. bonblioe Koian4ecTBo
BXOJHBIX JaHHBIX 3HAYHUTEIBHO OrPaHMYMBAECT BO3MOXKHOCTH MPOrHO3UPOBA-
HUSI, YBEJIMUYMBACT BPEMsI M CHIDKAeT KadecTBO IporHo3a. [loatomy B Omocu-
CTEMax OCYILECTBIIACTCS MOUCK U 3alIOMUHAHHME HE CAMUX JAHHBIX, 4 UX acco-
UALUH (KOPPENArii) ¢ TOCISIYIONINM aHAIN30M U HaX0XKACHHEM IIPHYUHHO-
CJIEZICTBEHHBIX CBSI3€i MEXIy COOBITHSIMH BO BHEIITHEM MHpPE O0TOOPaKaeMbIX B
MPUXOIAIINX CUTHANIAX.

VIMeHHO Ha OCHOBE TaKUX (PU3MUECKUX MPEACTABICHUNH MOXKHO pacCMaTpu-
BaTh Mapagurmy paboThl )KUBBIX CUCTEM.

B kauecTBe 10X0/1a K MOJCIMPOBAHUIO HMH(OOPMAIIMOHHBIX IPOIIECCOB B
6I/IOCI/ICTeMaX npeaAnpuHsTa MonbiTKa CO3AaHUsA MOJACIIN HpOCTeI‘/IIH_IeFO H3 BO3-
MOXHBIX OMONOJ00HOTO areHTa. Poiib 1IeMEHTOB pelenuuy, JOrHYecKuxX die-
MEHTOB, TaMATH ¥ 3((HEKTOPOB HAYAILHOM 3Tarle BOSHUKHOBEHUS U 3BOJIIOLMN
OGuocucTeM Urpaiu, BEpOsSTHO, OpraHMYecKue MOJIEKyJbl. M3 Takux, 1o cyTH,
IU(POBBIX JTOTHUECKUX YCTPOWCTB, B AaJbHEHIIIEM COOMPAIUCH CHCTEMBI CIIO-
COOHBIE PELENTHPOBATH BHEIIHUE BO3ACHCTBUS 00padaThIBaTh M HCIOIB30BATh
oOHapyXeHHbIE U 3a()MKCHPOBAHHBIE aCCOIMATHBHBIE CBSI3H AJISI 00ECIICUeHNUS
COXpaHEHWs YCTOWYHBOCTH CHCTEMBI B MaibHeHImeM. /711 IPOBEPKH IPEAIo-
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JIOKEHHUA O POJIM 3allOMHUHAaHUA aCCOIMAaTHUBHBIX BOSHeﬁCTBHﬁ B YBCIMYCHUU
YCTOWYHMBOCTH CHUCTEMBI pa3paboTaHa MOJeJb MpocTeiiero OuoareHra [6]
(puc. 6).

Laox
pellenTopoR

Baox uamsing Es

JOTHTIECKIX MpexTopon

OIMEPAITHIT

Gaor |

T W W,

HN- R N A

Puc. 6. BapuanT 3cku3HON cXeMbl MPOTOOMOIOTHYECKOTO areHTa (KoalepBaTa) ¢ dJie-
MEHTaMH MOJIEKYJISIPHBIX CTPYKTYD, BBINOJHSIOUIMX JIOTHYECKUE OIepaliu. ATeHT Co-
cTouT U3 peuentopHoro 6ioka (R1, R2), 610ka norundeckux ornepanuid U maMsaTe (die-
MeHTHI JoTukd — & («»), 1 («1JI»), 3 — 3anepxkka, T — Tpurrep — 2JI€MEHT HaMATH) 1
3 pexTopoB — D

AnHanu3 paboThl TaKOro MPOTOOHOIIOTHYECKOTO areHTa IoKasal, 4To Ipu
COOTBETCTBUM KOJIMYECTBA ACHCTBYIOIIMX (PAaKTOPOB B MOJENH OKpY’Karolleh
Cpeibl M KOJIMYECTBA PELENTOPOB areHTa COXPaHSETCs €ro yCTOWYMBOCTH B
TeueHHEe HEOIPAaHUYEHHOT0 OTPe3Ka BPEMEHH.

3akjrouenue

IMoaxons! K MOAETMPOBaHMIO MH()OPMAIMOHHBIX BXOJOB Ha HEHpOHAX U
MMHTAMOHHOE MOJENUpPOBaHUE (PYyHKIMII BHYTPHKIETOYHON HH(OPMAIMOH-
HOH ceTH Ha 0a3e pabOTHI MPOCTEHIIEro HErSHTPOITMHHOTO areHTa IpencTaB-
JSIFOTCST HanOoJIee MePCIeKTHBHBIMH.

MO>XHO TPEIIOIOKHUTh, YTO B COCTaBE BHYTPUKIETOYHBIX CUTHAJIBHBIX CE-
TeH, KpOME M3BECTHBIX, — PELEIINH, YCUICHUS] CUTHAJIOB M BKIIOYCHUS (-
(hexTOpOB, MPUCYTCTBYIOT €Ille ¥ YAAYHO c(hOPMHPOBAHHBIE B MpoOLECcCE IJIH-
TEJIbHOM 3BOJIFOIIMM MOJIEKYJISIPHBIE CHCTEMBI BBISIBIICHHS W 3aIIOMHHAHHS ac-
COLMATUBHBIX BO3JCHCTBUH, OOCCIICUMBAIOLINE OINCPEKAIONINE PEAKIUU CH-
CTEMBI ¥ CTaOMJIM3HMPYIOIIUE, TAKUM 00pa3oM, TOMEOCTa3. B MeXKIeTOYHbBIX
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KOHTaKTaxX TaKW€ MOJICKYJIAPHbIE MaIllWHbI ONPCACIIAIOINE B3aMMOCBIA3U
BHCIIHUX MCIUATOPHBIX W APYIUX CUTHAJIOB, BEPOATHO, UTPAOT KIIHOYEBYIO
postb. BeIsIBIIeHHE ¥ HHCTPYMEHTAILHOE MOAEIMPOBAaHNE TAKUX MHOTOYpPOBHE-
BBIX HETIHTPOIMHHBIX MOJICKYJSIPHBIX KOHCTPYKLMH SIBIISICTCS 3afadedl Jajb-
HEWIIero JeTalbHOI0 aHaJM3a BHYTPHUKIETOYHOM MOJIEKYJSIPHOW CeTH, Ha
IIPUMEPE OTHOCHUTEINIFHO MPOCTHIX CETEH B CHHATICAX.

BbickazaHHbIE NpEAIIONOKEHHS HY)XKIAlOTCSl B JajbHEHIIEH TeopeTHko-
SKCIIEPUMEHTAIILHOM MPOBEpKE, eCTECTBEHHO. B paboTe MCronb30BaHbI paHee
OITyOJIMKOBAaHHBIE MaTepHaisl [7-9].
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ADAPTIVE SIGMOID APPROXIMATION OF A SYSTEM
OF NON-EQUIDISTANT POINTS

For non-stationary processes with strong outliers, a mathematical model is
proposed that represents a superposition of adaptive sigmoid approximations
(SASA). A nonlinear dependence between two data samples is considered, in
which a single parameter determines the change in the correlation and
determination coefficients, as well as the average distance between samples.
Using the Runge and Lee functions as an example, SASA4 is compared with
traditional spline approximation.

Keywords: adaptive sigmoid approximation, correlation and determination
coefficients, Runge and Lee functions.

Introduction

In many cases, experiments involve a highly non-uniform system of time
arguments x;, which defines two samples of ~ points: 3 ={yg; y,..., »y_} and
Z={z0;2,... zy_} - Examples of such processes may be heart contractions
occurring under conditions of strong arrhythmia, flare phenomena in stars or
the activity of neurons in the brain during the reorganization of the body's
rhythmic movements. Constructing a mathematical model Z= f(y) for such
processes is characterised by the presence of a significant number of outliers.
Such outliers are not an experimenter's error but are a consequence of a new
physical process that appears at a certain value of the argument x; in the non-
stationary system. The existence of a large number of outliers on a non-uniform
argument grid x; does not allow using traditional spline interpolation methods
to construct a mathematical model Z=f(y). Standard non-linear approxima-
tion methods using Gaussian functions are also ineffective, since localized out-
liers often have a small number of experimental points.

The objective of the mathematical model 2= f(») developed in this paper

is to present the method of superposition of adaptive sigmoid approximations
(S4SA) for a system of experimental points with a significantly non-uniform
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grid of argument values x;. The use of S4S4 ensures smooth behavior of the

approximating function even with sharp jumps in experimental data and allows
maintaining physical interpretability of the results. Sigmoid functions are often
used for approximating experimental data, as well as an activation function of
mathematical neurons in artificial neural networks [1-3]. The current state of
the application of superposition of sigmoid functions is presented in [4—6]. Our
work is different in that it uses SASA for a system of non-equidistant points
with different transition regions, as well as introduces of an adaptive parameter
that will change the growth rate of the model depending on the length of the

approximated interval. The mathematical model Z = f ( y) that we are develop-

ing must correctly describe the correlation between the quantities z and y, as
well as answer the question about the degree of determinism between them
under non-stationary conditions.

1. Pearson's correlation coefficient

The Pearson sample correlation coefficient 7,_:

M 2 10 0
L) -0 )]

is considered to reflect the presence of a linear statistical relationship between

quantities y, = y(x;) and z =z(x;). In Eq. (1) (u) signifies the summation
N

operation (u)=(X u;)/N , where by u we mean following quantities:
i=0

u; = { yivEizzes yl-zl-} . To construct a mathematical model, we will move on to

normalized variables Y, and Z; using the formulas Y, =(y,—<y>)/s, and

Z;=(z;—<z>)/s,, where the sample variances are equal to: si =< y2>—< y>2,

s2= <22> ~(z)*. The value 1., =Ty, does not change with a linear replacement

of ¥, > Y, and z; > Z; . Considering (Y)=(Z)=0, <Y2>=<Zz>:1 , we get

Fyz = <YZ > . As a convenient parameter describing the correlation of quantities

{¥;}and {Z;}, we introduce the square of the mutual distance between samples:
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N-1
DY, =Y [Vi-2 ]2)/N =2(1-(Z)). Consequently, there is a simple relation-
i=0
ship between r;, and the quantity D;,:
1.
ty, =1-—Dy,. (2)
2
Eq. (2) shows that the quantity Dy, is the most sensitive parameter characteriz-

ing the correlation between two nonlinear functions. If the quantity is
Dy, — 0, then r,, > 1.

2. Adaptive sigmoid approximation 7 = F(Y)

To construct a mathematical model Z=F(Y)of two normalized samples

{Y;} and {Z;} given on a non-uniform grid of arguments x; , we will use the

SASA method:
N-1

ZA:F(Y)=20+;{1+ (:{;HY)C([_)H. 3)
€X _T

In Eq. (3) Y.(i)=(Y; +Y;)/2 is the center of the i-th interval [Y;_;; ¥;]. The

characteristic scale of the sigmoid curve change t(i)=(Y; -Y;_;)/L; will be less
than the value of this interval if the dimensionless quantity Z; >1. In the limit-
ing case, when all Z; >>1, at the center of the i-th interval the mathematical
model Z(Y)=F(Y) is equal to half the sum of the neighboring values
Z(¥,

c

(i))=(z;+z;,)/2, and at the point ¥,

1

the model Z,(Y;)=
=Z;(1-2exp(-L; /2)) practically coincides with the value z; . However, when
L;>>1 for values Y that are different from Y;, such an approximation
Z=F(Y)is of a "wave-like" nature. If we reduce the parameter to Z; ~3, then
the SAS4 (3) at the point ¥, becomes a coupled problem, in which many neigh-
boring values {Z;} are involved. In this paper, an algorithm for selecting the
fitting parameters I; is proposed, based on the requirement of smoothness of

the mathematical model Z = F(Y).
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The coefficient of determination Rzzy is introduced as the ratio of the vari-

ance s§ due to regression to the total sample variance Sf [7-9]:

3 (z-(2)
R = ——=(%) @
> (2(2)

If Rzzy =1, then all empirical values Z; lie on the regression curve, i.e.
Z,=2;=F(Y) , <2§Z> =1. In this case, the process Z=F (Y )is completely
deterministic and is exactly described by the regression function. Determination
coefficient’s proximity to zero Rzzy ~0 indicates that the regression model is

not suitable for describing the dependence Z on Y.
3. Application of sigmoid mapping Z = F (V)
Let us apply SASA4 (3) to the following model:
Ja =+
y(x)=x, z(x)=x-32exp . 5)

The argument x varies within [~1; 1]. If |a|>> 1, the term with the exponent
in Eq. (5) at —1<x <1 makes only a small contribution, and the system of
points z; = y; becomes almost completely correlated (ryz ~1). If the parameter
a is in the interval —1<a <1, then the correlation between the values y and
z decreases. For all values of a the normalization y; »7Y; and z; > Z; is

performed, as was noted in paragraph 1. The dependencies Y;(X;), Z;(X;)

and the scatter diagram of points Z, (Y;) for a = 0.8, as well as the number of

points M =11 are presented in Fig. 1.
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Fig. 1. (@) — dependencies ¥;
(b) — scatter plot of points Z, = Z; (Yl)

Analysis of Fig. 1 shows the existence of a strong outlier Z;, =2.46 at X, =1.
The scatter plot of points Z; =Z;(Y;) shows a complex relationship, with 7, =

=0.015 being small for the parameter value a = 0.8. Let us apply the S454 (3)
to describe the scatter plot of points. Fig. 2 shows two sigmoid curves
Z =F(Y)(3) that approximate the system of points Z; = Z;(¥;) shown in Fig. 1.

Z,Z(Y)
»
2 /
|
1 ¥
/
I
——
A~ .- —a- f/
0 8~ N\ /I
/ . (
= \ |
4 N |
1] ® . |
./
o
=15 -1.0 -0.5 0.0 0.5 1.0 1.5Y

Fig. 2. SASA scatter plots of points (M = 11), shown in Fig. 1 (b). The blue curve
corresponds to the constant ¢ value for all points L;=3; the red

curve — ;=10

An analysis of Fig. 2 shows that the lesser value ;=3 in the expression for
t(i)=(Y;-Y_;)/L; (3) better describes the sections with monotonically
changing points (i =0, 1, ..., 8) . However, L, =3 poorly conveys the behavior of
the function near the outlier Z, (for i=10 the value Z,=2.46). On the

contrary, for a greater L,=10, the approximation (3) is close to all points 7, but
193
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between such points oscillations appear, leading to the «wave-like» nature of
the curve. For an adaptive determination of the parameters , corresponding to

each point i we require the following relation to be satisfied:
max;_o1 n-1 ‘Zi -Z (Y[ )‘ <a. (©6)

Relation (6) shows that the maximum deviation between points Z, and SAS4

(3) is less than the dimensionless value o. The result of the program
minimizing the parameters L, under condition (6) is shown in Fig. 3.

Fig. 3. SASA scatter plots of points (M = 11), shown in Fig. 1 (b). The blue curve
corresponds to the dimensionless value o = 0.1; the red one — to the value o = 0.05

Fig. 4 shows the dependence of the Pearson correlation coefficient 7, and
the average distance between points Dy, with parameter —3.5<a <3.5 (5).

Yy 4.

Yz

o
S .
N
Lt

- AR

0 \ —

a

-3 -2 -1 0 1 2 3
Fig. 4. The thin line shows the dependence between the Pearson correlation coefficient
Tyz (a) and the parameter « ; the thick line shows same dependence for Dy, (a)
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The graphs in Fig. 4 are constructed for model (5) with the number of points
N=151. The minimum value of #, ~—0.125 and the maximum value of

Dy, ~ 1.5 are achieved at a ~0.9. For all a =[-3.5; 3.5], the value (4) of the
determination coefficient Ry, ~is 1, since the points of the SASA Z = F (Y)
are very close to the points of the scatter plot Z; =Z,(Y;). Let us apply
expression (3) to approximate the Runge function Z(Y)=1/ (1+25Y 2) in the
interval —1 <Y <1 in order to compare SAS4 with the spline method.

Z(Y)

1.0

0.8

0.6

0t T T Y

—~1.00 —0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00

Fig. 5. The Runge function is marked with a dotted line; the thick gray line is the SAS4
at a constant value [, = 10; the thin black line is the cubic spline approximation; the

dots are the grid nodes (M = 7) through which the S4S4 and spline approximation are
carried out

The spline approximation of seven points shows significant variations
relative to the Runge function, with a standard deviation of D{3’ ~0.07. For

SASA, the standard deviation is less: D{5*“? ~ 0.04, and in both cases N =51
points are used to calculate D,,. As the number of grid nodes increases
(M>10), the advantage of SA4SA over the spline approximation decreases.

The results of comparison of both methods for the Lee function

3
3 7Z'(Y+1)

Z(Y)=|si +1{/2 [10] are shown in Fig. 6.
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Z(Y)

1.0

0.8

0.6

04

0.2

0.0

-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

Fig. 6. The Lee function is marked with a dotted line; dots are grid nodes (M = 17); the
thick gray line is the sigmoid approximation with a constant parameter L, = 10; the thin
black line is the cubic spline approximation

In Fig. 6 it is evident that at M = 17 in the interval ¥ =[-0.25;1] the Lee

function and its approximations practically coincide. However, on the initial
interval Y =[-1;—0.25] the spline approximation shows worse results than

SASA. The total error over the entire interval —1<Y <1 for the spline is
D) ~0.05, whereas for SASA DY ~ 0.02.

Conclusion

A mathematical model of superposition of adaptive sigmoid approximations
(SASA) of experimental data characterized by the presence of outliers has been
developed. These outliers are not measurement errors but are due to the occur-
rence of new physical processes in non-stationary systems at certain points in
time. Within the framework of the SASA model, an algorithm has been pro-
posed that determines the characteristic scale of heterogeneity of sigmoid map-
pings L, based on the value o — the absolute difference between the values of

the normalized sample Z; and the values of the mathematical model
Z,=F(Y)).

The relationship between the Pearson correlation coefficient 7,, and the
distance between curves Dy, for two nonlinear processes is established. A
nonlinear model of the relation Z (Y ) is proposed, whose scattering diagram

Z, =2, (Yl) varies significantly depending on a single parameter |a| <3.5. For
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the nonlinear model, the coefficients 7, (a), Dy, (a) and the coefficient of

determination Ry, =1 were calculated. Using the Runge function and the Lee

function as examples, it is shown that S4S4 provides a smaller error compared
to spline approximation with a small number of approximation nodes.
The proposed mathematical model of SASA with an adaptive algorithm for

selecting parameters L; that change the growth rate of the model depending on

the length of the approximated interval can be applied for training artificial
neural networks in the case of strong heterogeneity of the available array of
experimental data.
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INPUMEHEHHUE DEEP DETERMINISTIC POLICY GRADIENT
B 3AJAYE HABUTAIIMU MOBHUJIBHOI'O POBOTA:
ABTOMATHYECKHMI IMTOABOP TMITEPITAPAMETPOB
C UCITOJIB30BAHUEM OPTUNA

B manHOI1 cTaThe paccMaTpuBaeTCsA NPaKTUIECKas peal3alisl 1 ONTHMH3a-
IIUsI TUTIIEPIIAPaMETPOB KJIACCHUECKOTO aJITOPUTMA TIIyOOKOTO OOYHEHUs C MOA-
kperieHneM — Deep Deterministic Policy Gradient (DDPG). OcHoBHOE BHU-
MaHHUe YAENEHO 3asade (OPMUPOBAHMS YNPABISIOIIMX BO3ACHCTBUIL IJIsI MO-
omwisHOro podora (MP) ¢ auddepeHnnanbHbIM TPUBOIOM, 00ECIICUHBAIOIINX
€ro JIBIDKEHUE B 33IaHHYIO 1I€JIeBYIO TOUKY. Pe3ynbraThl HccieioBaHus IeMOH-
CTPUPYIOT BJMSHHE BBIOOpA THIEPIIApaMETPOB HA CXOAMMOCTH aJIrOpUTMa
DDPG.

KaroueBbie ciaoBa: DDPG, nranuposanue nymu, MOOUTbHBIL poOOm,
HACMPOUKA 2Unepnapamempos.

BBenenue

OcHOBHO# mpo0IieMoil yrnpaBieHns] MOOMIIBHBIMU POOOTaMH SIBIISICTCS WH-
Terpauusl TUIAHUPOBAHUS TPACKTOPUH C CHCTEMaMH pPEaIbHOTO BPEMEHH,
BKJIIOYAsl JIOKAJbHOE H30eraHue MpPEeIsTCTBHMA, THHAMHUYECKYIO KOPPEKIIHIO
MyTH ¥ KOMIICHCALIUIO CEHCOPHBIX HOrpeITHOCTeH. TpaguiioHHbIE aTOPHTMEL,
OCHOBaHHBIEC Ha CTAaTHYECKHUX MOJEISX, 9aCTO Hed()(EKTHUBHBI B TMHAMUYECKUX
cpenax Hu3-3a 3aBUCHMOCTHU OT alpHOPHBIX JaHHBIX, OTCYTCTBHS agalTalliu K
M3MEHEHHSIM M BBICOKOH BBIYMCIHTENBHOM CIOKHOCTH. bolee mepcrnekTHBHBI
THOpUIHBIE MTOAXO/bI, COYETAIONINE NIO0ATbHOE IUIAHUPOBAHUE C JIOKAJIBHOU
ajlanTaiyei, a Takke MeTO/bl MAllIMHHOTO 00yueHHs, 00eCIIeunBaloIINe Peak-
MO B pEJIbHOM BPEMEHH M ONTHMHU3AIMIO YIIPABICHHSI.
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Pabora nocesmena HacTpoiike runepnapamerpos anroputMa DDPG u ero
MoAU(UKALUA, TIMPOKO NMPUMEHSIEMbIX B HAaBHI'AllMM WM TUIAHUPOBAaHUU TpaeK-
TOpUil B IuHaMH4Yeckux cpenax. Mccienosanus [1-3] moarBepkaaroT 3¢ dek-
tuBHOCTE DDPG B 00y4YeHHMH U CXOMUMOCTH, a paboThl [4—6] TEMOHCTPHPYIOT
€ro pe3yJabTaTUBHOCTH B YNPABJICHUH POOOTaMH C HEIWHEWHOW JWHAMUKOM.
Oco06srit Bkiax BHecnu FOxua [.A. u [Tanos A.U. [7-10], npemioxuBime uH-
terpamuio RL u SLAM, 9T0O ynmydmuiao HaBHTAIUIO U 00pabOTKy CEHCOPHBIX
JTAHHBIX B M3MEHSIONINXCS YCIOBHSX.

OOBEKTOM HCCIIeAOBaHMS BHICTYTIaeT MOOWIbHAS pOOOTH3NPOBAHHAS TLIAT-
dopma ¢ muddepeHnnanbHON KHMHEMaTH4Iecko cxemoit (puc. 1). Ympapmsio-
Imas CUCTeMa SKCIIEPUMEHTAIBHOTO o0pa3lia MOCTpoeHa Ha 0a3ze MHKpO-
koHTposuiepa ESP32 oGecneunBatomiero TouHoe (GOpPMHpPOBAHHE 3adaHHBIX
YIJIOBBIX CKOPOCTEH BpallleHHs KOJIECHBIX IPHUBOMOB, MONydas YHpPaBiISIONIHE
CUTHAJIBI OT BBIMIECTOSIIETO0 BBIYMCIUTENLHOTO YPOBHS IO OECIIPOBOIHOMY
Wi-Fi-kanauy.

BepxHuii ypoBeHb yIpaBieHHS] pealn3oBaH B BHIE NPEABAPUTEIHLHO 00Y-
YEHHOW HCKYCCTBEHHOW HEHpOHHOW CETH, Pa3BEpPHYTOM Ha MEPCOHAIBLHOM
KoMIbloTepe. JlaHHas cucTeMa BBITIOIHSCT:

e 00paboTKy MPOCTPAaHCTBEHHBIX KOOPAWHAT poOOTa, MOITyJaeMbIX OT OII-
TUYECKOM CHCTEMBI motion capture (paboTaroIeil mocpeacTBOM MapKepoB);

e TCHEpaNHWIo YIPABIAIOMNX KOMaH[ (JIMHEHHOHN M YIIIOBOW CKOpPOCTE) C
ucnonp3oBanueM anroputMa Deep Deterministic Policy Gradient (DDPG).

Ha wmuxpokontpoiuiepe ESP32 peann3oBaH HHM3KOYPOBHEBBIN KOHTYp
YIIPABJICHUS, BKIFOYAOLIMI:

e [IM/I-perynaTrop CKOPOCTH BpallleHHUs JBUTATEIICH;

® cucreMy 0OpaTHOH CBSI3H IO JaHHBIM YHKOEPOB;

® TOUHOE MOAJIEPKAHUE 3aaHHBIX YIIIOBBIX CKOPOCTEH KOJIEC W1 W,.

OcHoBHO# 11enpio anroputma Deep Deterministic Policy Gradient (DDPG)
[11] sBnsgercs TeHepamus YHPABIIOMINX BO3ACHCTBHMA, 00ECIEUMBAIOIIIX
JIBIDKEHHE po0O0Ta K IEJIEBOM TOUKE, IOJIOKEHHE KOTOPOH MOXKET 3a/1aBaThCs
MIPOU3BOJIHFHEIM 00pa30M M U3MEHATHCS B Tporiecce paboThI.

B ocHoBe meroma jexuT MommduuupoBaHHas Bepcus anroputma DDPG,
CYITHOCTh KOTOPOTO 3aK/II0YaeTcss B MAaKCUMM3ALlUH COBOKYITHOTO BO3HArpax-
JIEHUs TIOCPEICTBOM COBMECTHOM ONTHMM3ALMHU ABYX HEHPOHHBIX ceTeil: Ak-
tepa (Actor) u Kpuruka (Critic).

ApXHTeKTypa aJI'OpUTMa Mperoaraer cieaymouee QyHKIHOHaIbHOE pa3-
JIeJIeHUe:

1. Cetp axTepa OCYLIECTBISET MapaMeTPU3ALUIO CTPATETUH YIPaBICHUS

(policy).
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2. Cerp KpuTHKa BBHITONHAET OIECHKY Q-pyHKIHMH (QYyHKIUH HEHHOCTH
JeHCTBU).

ﬂ/za/nwo/z/;a(
Tpubodusie HOSKOMY G
xoneca no3uyLoHYPOSHUS
e =N ™ {
,,/ </ O‘[ . \_»\
Ry \ / S
s \ @ A i
p ey \ & / -
/[g/”aog Sy | )
= 1 £5P32
e
LUigpobos . ._,4/ §
mopa _\\ - 3 \"/.‘, ) / |

Puc. 1. O6bekt ynpasnenus (MoOMIbHAs poOOTH3UPOBaHHAS IIATHopMa
¢ nudpepeHINaTBEHON KHHEMaTHYECKOH CXEMO)

MeTomonorn4eckyro OCHOBY paOOThl HEWPOHHBIX CETEH COCTaBILSIET Map-
KOBCKMI Tpoliecc NpHHATHA pemeHuil [12], dopmanu3yeMblil cieayomumMu
KIIFOYEBBIMU KOMITOHECHTAMM:

MeTomonorndeckyro OCHOBY paOOThl HEHPOHHBIX CETEH COCTaBISIET Map-
KOBCKHI TIpOIIecC MPHUHATHS pemeHuid [12], KoTopblii (opMamu3yeTcs Ciemy-
IOIIMMH KITFOYEBBIMU KOMIIOHEHTaMHU:

® §— BEKTOp TEKYIIEro COCTOSIHUS CPEIBI;

® g — BEKTOp YHNPAaBJSIOUINX BO3AEHCTBUI, FT€HEPUPYEMBIX HEHPOHHOM Ce-
TBIO;

®  Spext — BEKTOP COCTOSIHHS CPEIIbI MOCTIe TPUMEHEHHS CTeHEPHPOBAHHBIX
YIIpaBIICHUH;

® 7 — CKaJLIPHOE 3HAUCHNE BO3HATPAXKICHUS;

e done — OGuHaApHBINA (rar, THINIHUPYIOLINNA 3aBepIIeHHe 3MH301a 00yde-
HUSL.

B coorBercTBuu ¢ ucrounukamu [13], 6a3oBsiit anroput™ Deep Determinis-
tic Policy Gradient MoxeT OBITh NPEACTABICH B BHIC CIACAYIONICH MOCIen0Ba-
TEIBHOCTH I1aroB:

1. 3arpyska npenoOy4eHHON MOJIENH, €CIH OHA ECTb.

2. Wuuumanuzauus napameTpoB:

200 YOK 004.032.26(08) HeipoHHbIe ceTu



ISBN 978-5-7262-3186-0 HEMPOUH®OPMATWKA-2025

a. Ilapamerpsl ceTeil: MHULIMAIU3UPYEM ITapaMeTpbl OCHOBHOM U LIEIEBOU
cereii Aktepa (8™, 6™ ) u Kpuruxa (8¢, 62);

b. Co3maem Oydep BocponsBeneHHS A XPaHEHHS OIBITA areHTa B BUIC
MePEXo0B {S, A, ¥, Spext, dONE};

c. OmnpenensieM napamerp Lryma, 4To0bl 00eCIeYUTh UCCIIC0OBAHNE CPEJIbI
areatoM. Illym (N) moGaBisieTcss K KaXIOMy CreHEPUPOBAHHOMY 3HAUYCHHIO
nericTBus (a):

a; = m(s;| 87) + N,

rae m(s;|0™) — 910 GyHKUMA mnoAMTHKH (AKTepa), annpoKCUMHpyemas
HEWPOHHOI ceThio ¢ napamerpamu 0™; N; — 3HaYeHHUe 1IyMa, CreHepUPOBAHHOE
C UCIIONIb30BaHueM mporiecca OpHinTeliHa—Ynenoeka [14].

3. OOHyseHue BpeMEHHOI'O CYeTYHKa 1 lepeMeHHoi Harpanbl 3a snusoz;

4. COpoc cpenpl 10 HavanbHOro cocrosuus {x, =0, y. =0, x; = dy,,
Ve = dyi, angle, = 0}, rne dy; u dyi — KOOPJMHATHI 3aJJaHHON TOYKHU.

5. 3amyck mukira oO0yueHus (JlefcTBUA MOBTOPSIIOTCA IO JTOCTHIKEHHUS 3a-
JIAHHOT'O KOJIMYECTBA IIAaroB WJIN KPUTEPHUEB OCTAHOBKH):

a. Tlenepauus Bexropa [eiictBus: a; = T(s;|0™) + N; (reHepauust mpouc-
XOJIUT CEThI0 AKTOpa Ha OCHOBaHUH TeKyIero CocTosiHUsI Cpeasl (s));

b. BrinonHuB AelcTBUS @; , aT€HT MOJyYaeT HArpaiy 1; U HaOJIONaeT HO-
BOE COCTOSIHUE Spext;

c. 3amuce momydeHHoro Bekropa CocrosiHus B Bydep (xpanunmiue naH-
HHX) ({Siﬂ ai, Ty, Snext});

d. Ecxm 3anmcu B Bydepe npeBriciim pa3mep makera oOy4eHus, TO mepe-
XO/IUM K IPOIIeCCY KOPPEKTHPOBKU (KoiuyecTBO 3amuced B Bydepe > naker
00yUeHUs):

i.  Ilomyuaem ciayuaiineiii maket u3 bydepa {s;, a;, i, Spext};
il.  PaccumThIBaeM /sl KaXIOTO OT/AENBHOIO 3J€MEHTa ITaKkeTa MpeacKasa-
Hue (y;) u BerancisieM omnoky Kpurnka (loss_c):

1. y; =1+ (1 — done;)) * y * Q' (s_next;, 7 (s_next;|0™ )| 62"),
rie Y — KO3 PHUIUEHT TMCKOHTUPOBAHMUS;

2. loss_c = 1 Ty — Qs a;]09)"2);

3. O6noBJssieM Beca KpuTuka;

iii.  PaccumTeiBaeM ommoOKy AKTepa U KOPPEKTUPYEM €ro Beca:

1. a; =1 (s|8™);

2. loss_a= —%Z Q(sy, a; 6972

3. O6HoBJsieM Beca AKTODa;

iv. OGHoBJsieHue npuoputeta bydepa;
v.  OOHOBIIEHHUE LIENIEBBIX CETEH:
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0" x0T+ (1—1)* O™ (Akrepa);
0% « 102 + (1 —1) * 8¢ (Kpurnka),

rae T — Ko3pPuueHT ckopocTr 00HOBIEeHUS (T K 1).
e. IlepeonpegesieHre BeKkTpa cienyoero CocTosiHU:
L 8= Spext
f. 3ammceiBaem Harpany 3a snuson (1;);
g. Ecnu kommuecTBO 3MM30/10B HE NPEBBIIIEHO BO3BPALIAEMCS K LIAry «ay;
Jnst paboThl MCCIIeyeMOro ajlropuTMa HeoOXOAMMO IoJ00paTh rurepra-
pameTpsl. Huke npuBesieH nx BuIO0p.

Onrumusanus runepnapamerpos RL-anropurma

Hacrpolika runepnapaMeTpoB U apXUTEKTypbl CETEH akTepa U KpPUTUKA —
KIIIOUEBOM, HO TPYAOEMKHIl 3Tal, MOCKOJIBKY MX BBIOOP HANPSIMYyIO BIHSET HA
CXOIMMOCTb U PabOTOCIIOCOOHOCTh allrOPUTMA.

B nanHoii pabore uccieayroTcsi TpU BapuaHTta HeWpoHHbIX cereil DDPG;
UX OTIMYHS MPECTaBICHBI B Ta0n. 2 u 3. [y moxbopa rumepnapaMeTpoB Hc-
TIOJIB30BAJIMCH TMAIla30HbI 3HAYEHHH, yKa3aHHbIe B Ta0M. 1.

Tabmuua 1
ITpuHrMaemble 3HaYeHUS TUIEpIapaMeTpoB

I'unepnapamerp Ot Jo
Pasmep Oydepa 10000 1000000
Pa3mep nakera oOy4eHHs 32 256
CkopocTh 00yueHust 1Jis ceTH AKTepa 0.0001 0.001
CxopocTb 00yueHust 1151 ceti Kputuka 0.001 0.01
Yy 0.9 0.999
T 0.001 0.01(0.005)
[Mapamerp perymspuzannu (L2) 0.001 0.9
Ipuoputer Oydepa BocnponsBeneHus () 0.1 1
KonuyecTBo HEHpoHOB B cioe 32 256

oabop runepnapaMeTpoB MoKeT ObITh ABTOMATH3UPOBAH C HCHOJIb-
30BaHUEM Pa3TUYHBIX METOA0B, BKIIOYA:
® TIOJIHBIU 1epebop BceX MapameTposB;
CITy4aiHBIH BEIOOP KOMOMHAITHIH;
0alieCOBCKYIO ONTHUMH3ANHIO [15];
BEPOSITHOCTHBIE METOBI [16];
OMONMMOTEKY aBTOMAaTUYECKOI HacTpoiiku mapameTrpos Optuna [17];
ONTHMU3AINIO poeM JacTwil [ 18];
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e MmeToj panHeit octaHoBku (Hyperband) [19];

®  AJNTOPUTMEI CIy9alHBIX JiecoB [20];

® TEHETUYECKHe anropuTmsl [21].

B Hacrosimiem nccneioBaHNK TPUMEHSIICS KOMOMHMPOBAHHBIN MOIX0 K
ONTHMH3ALUU THNEPNAPaMeTPOB, BKIIOYAIOIINNA MTOIHBIA nepebop, cirydaii-
HBII TIOMCK ¥ aBTOMaTH3MPOBaHHYIO HACTPOMKY C MCIIOJIb30BaHHEM OHOIMOTE-
ku Optuna.

[Tpomecc onTUMM3AIMK BBINOIHIICS B CIIEIMAIBHO pa3pabOTaHHOU cpene
npenoOydeHnss Moaenn. DPQPEKTHBHOCTh KaKIOH KOMOWHAIINM THIepIapa-
METPOB OIICHUBAJIACH 10 CIEAYIOIINM KPUTEPHUSIM:

e cpenHee BpeMs 00yUeHUS Ha SIH307;

e juHAMHKA QYHKIMU BOSHATPKACHHUS;

e 3Ha4YeHHA OMHMOOK 00YyUeHHS ceTeil akTepa U KpUTHKA.

Jlnst mapametpa perymspuzanuu L2 ucnonab30Baics METOA CIydyailHOW BBI-
OOpKHM: M3 3aJaHHOTO Juana3oHa reHepupoBainvch 10 3HAaYEHUIA, MOCe 4ero
BBIOMPAIOCh ONTUMAIBHOE M0 MAaKCUMAIbHOMY 3HaueHHI0 Harpansl 3a 100
SIU30/I0B.

C nomomrsio Optuna 66110 TPOBENEHO TPH cepuM HctbiTanuii o 100 ute-
pauuil Kaxzaas, Ipu 3ToM Kaxzaas urepanus Bkiaoyana 100 3mox cUMyssuu.
Pasmep Oydepa Boctipoussenenus ¢pukcuposaics Ha yposae 100 000, a xo3¢-
(UIMeHT NPHOPUTH3ALMK O TOAOHMpalCS 3KCIEPUMEHTAIbHO — Ha OCHOBE
aHalM3a MoKasatens Average reward.

Jlyist Bcex TecTHpyeMbIX KOMOMHAIMN THIIEpIIapaMeTpOB CTPOMINCH Tpadu-
Ku 00y4deHHs Ha MpoTshKeHuH 2500 3130408, OTpaskatonie JHMHAMUKY:

e Critic loss,

e Actor loss,

e Average reward.

Pe3ynbraThl ONTHUMHU3aNWK, BKITIOUasi BBIOpaHHBIE 3HAYSHUS TUIIEpIIapaMeT-
poB, mpencTaBieHbl B Ta0. 2. Ha puc. 2 mokasan mpoiiecc BoIOopa cKopocTeit
oOyd4eHust Juisi ceTeil akTepa M KpUTHKA, OCHOBaHHBII Ha O0TOOpE MapaMeTpoB
U3 TPEX HAWIYYIINX KOMOMHAIIH.

Jliist BBIOOpa apXHUTEKTYpHI (KOJIMYECTBA CJIOEB M HEHPOHOB B HUX) NpHME-
HSUTUCH CIICTYIOIIHE TTOIXO/IBI:

® DOKCIIEPUMEHTHPOBAaHHE C KIACCHYECKHUMH CTPYKTypamH (Hampumep,
300/400);

® aBTOMAaTHYECKHH MOAOO0p ¢ UCTIONF30BaHUEM TUHAMHYECKON HACTPOHKU
apxutextypsl (ACN) nnn sBomrorimorHoT0 oaxona (NEAT);

® TpaIMEHTHBIE, CIydaiifHbIe 1 Oa3UCHBIE METOBI;
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e MeToAsl TMoOcTeneHHoro yBenmdenuns (Growing) WM yMEHBIICHUS
(Pruning) gmcina cmoeB 1 HEHPOHOB.

B pamkax nmaHHOTrO MccieqoBaHMsi Obula BbIOpaHa KJIacCHYecKasl apXH-
TekTypa ¢ Tpems ciosmu 1o 300 wetiponos: 300/300/300 [22-26]. Jlanee npo-
BoAWIIMCh cuMyJisiiu Ha 5000 smu3ogax ¢ MUHUMYMOM B 50 1m1aros, 4To mMo3-
BOJISUIO TIPOAHATM3UPOBATH CXOJMMOCTh aITOPUTMA.

JlOoNONTHUTENBEHO aHaIM3UpOBajach CTAOMJILHOCTH HATPaAbl 3a IMU30/1: B
Cllyyae YacThIX PE3KUX KoyieOaHWW MPUHHMANIOCh PELICHHE O KOPPEKTHPOBKE
KOJINYECTBA HEHPOHOB B KPAaHUX CJIOSX WM U3MEHEHUH TITyOHHBI CETH.

Average Reviard [SEINE H

«Average reward»

Too/mn sxsmn  Smn  beb/mn HSsSmn 10mA  16/mA 1sssma 1Sma ee/ma imssma 0n

Actor Loss.

«Actor loss»

167min 3303mn  Smin  667min 8333mn  10min  1167mn 1333ma  15min  667mn 18%imin  20m

Crtic Loss B X

1499
1200
1009

Y

«Critic loss» l W’\,‘J\
|

© AN AIEmA Smn GW/mn BIRMmA  10mA  L/mn WEm 1sma 6o mn 8Eme 2

Puc. 2. Ilpumep BoiOopa ckopocTelt 00yuenus ais cereir Akrepa u Kpuruka
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Tabmuna 2
BoiOpaHHbIe 3HAYEHUS THIIEPIIAPAMETPOB
l'unepnapamerp Mogens 1 Mogens 2 Mozens 3 Merton
ITonnoro
Pasmep Oydepa 100000 nepeGopa
Paswiep naxera 125 100 100 «Optuna»
00yJeHUs
Cropocts, 00yuenus 0.0002 0.0001 0.0002 «Optuna»
JUIsl ceT AKTepa
Cropocts, 00yuerms 0.0013 0.0012 0.0001 «Optunay»
it cet Kpuruka
Y 0.9793 0.9719 0.9287 «Optunay
T 0.0074 0.0031 0.0094 «Optunay
TTapametp 0.0050 CityuaiiHoro
perymsipuzarmu (L2) BEIOOpa
IMpuopurert Gydepa [Tonnoro
0.6500
BOCIpOU3BEACHUS (o) nepebopa

KonnvecTBo cj0eB M HEHWPOHOB B CETSAX BBIOMPAIHCH IKCIIEPUMEHTAIBHO
(pe3yabrar moabopa B Tab. 3).

Tabmmua 3
ApxurekTypsl HelipoHHsbIx ceteil DDPG
Ne ApxuTeKTypa BrixoaHoit BexTop SRqo
B Cetb Cron (a;) (cumyJsinms)
AkTO 512:400:350:250 =
1 P {v = const, 90,16
Kpurux 400:300:200 w; }
AxTop 150:250:450
2 94,15
Kpuruk 400:300:200
{vi, wi}
AxTop 150:250:450:250
3 71,22
Kpuruk 400:300:200

B pesynbrare Obutn copmupoBaHsl M HacTpoeHbl Tpu monenun DDPG.
Kaxnass momens Obula IpOBEpeHa B CHUMY/SLUH 110 METPUKH YCIIEIIHOCTh

HaBHUTanMHu — Success Rate:
SR — Nsuccess

b
Ntotal
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r1e Ngyccess — KOJMUECTBO YCIICIIHBIX O0X, Nyopq; — OOLIEE KOIUYESCTBO JIIOX.
Jist onieHkn 3¢ (GEeKTUBHOCTH aJIrOPUTMa B CUMYIILMH HCIIOJIb3YEM Cpe/Hee
3HaUEHUE YCIIENTHOCTH HaBUranuu 3a 10 3mu30/10B:

%i°SR;

SRy = m

[IpoBeneHHBIE CUMYJISIIMN BBLIBHIM IIPEMMYIIECTBO BTOpOH Monenu (0e3
BPEMEHHBIX OTpaHMYEHHH BO3HATPaXKICHHS) MO MeTpuke «SRqp». st aToit
MOJeNnH OBUIM MPOBENEHBI SKCHEPUMEHTHL. JKCHEPHMEHTHI NPOBOAMINCH B
HWICHTUYHBIX YCIOBHUAX: poOOT cTapToBai m3 koopauHat {0; 0} u nBuraics B
OKPECTHOCTH CJIy4alHOH TOYKU IIOJIMTOHA. Pe3ynbTaTbl OJHOIO U3 HKCIEpU-
MEHTOB IIPEACTaBIEHBI Ha puC. 3.

NepemeuteHune poboTa B OKpecTHOCTH ToukuM: {1.25; 0.88}

—— Teopun
09
w—JKCNEPUMEHT

|

I

|
038 .
= =LUenesan obnaciv

0,7

06

0,2

0,1

0
0 01 0.2 03 04 0.5 0.6 0,7 038 09 1 11 12 13 14
Xmm

Puc. 3. [lepemerienue podora B okpectHOCTH Touku: {1.25; 0.88}
3akJouenue

B nanHO#l paboTte Obuia pacCMOTpPEHA MPAKTUYECKAs pean3alis alropuT-
Ma ri1y0okoro odyduenus ¢ nojxpervieaneM DDPG st 3a1auu HaBuraiuu Mo-
ounbHOro pobota ¢ muddepeHanbHpIM IpuBoIOM. [IpoBeaeHa HacTpoiika
THIIEpIIapaMETPOB ¢ HCIOJIb30BAHHEM KOMOHWHHUPOBAHHOIO MOAXO0/a, BKIKOYa-
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OIIETO MOJIHBIN Tepedop, CITydaiHbIN TTOUCK U aBTOMATH3UPOBAHHYIO ONTUMHU-
3a1uio ¢ moMouibio 6ubnmorexu Optuna. BbUTH MPOTECTUPOBAHBI TPU APXUTEK-
TYpHBIX BapuUaHTa MOJENH, U3 KOTOPBIX HaWIydIlUe Pe3ylbTaThl 10 METPHKE
ycnemHocTH HaBurauu (SR_10) nmponemoHcTpupoBaia BTopast MoJieiIb — 0e3
BPEMEHHBIX OIpaHUYECHUI HAa BO3HATPaXKACHUE.

CHMyISLIMOHHBIE KCIIEPUMEHTHI ToATBepaAmN criocooHocts DDPG obec-
MeYNBaTh CTAOWIBHYIO CXOAMMOCTH M BBICOKYIO 3(p(heKTHBHOCTH B 0a30BBIX
CLEHApHIX HaBuranuu. IIpuMeHeHHe KIacCUYeCKOM apXHTEKTYphl C TpeMs
CKPBITBIMH CIIOSIMH TIOKa3aJI0 XOPOIIINE Pe3yNIbTATHI MO MOKA3aTeIsIM (pyHKIHH
MOTEPh U CPEOHEN Harpabl.

B nanpHeliieM maHupyercs anpooaius pa3paboTaHHBIX MOJeNIel B yCIo-
BHSX PEATBHOTO MHpA, PACIIMNPEHHE aJrOpUTMa C HMCIIOJIB30BaHHEM MOAn(DU-
Kanui multi-critic, a Takke HUCCIeIOBaHHE ero MPUMEHUMOCTH K OoJiee CIIOXK-
HBIM 3a/layaM, BKJIKOYas yNpaBJICHUE CUCTEMaMU C HEJIMHEHHON AUHAMUKOU U
q)yHKIJ,I/IOHI/IpOBaHI/Ie B UBMCHAIOIUXCA BHCITHUX YCIIOBUAX.
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Ilpuknaousie neiipocemesvle cucmembl

A.B. IIETPYHIEHKO, M.B. CYXOB

HO>xHO-Y panbckuii rocy1apCTBEHHBIN yHUBEPCUTET, T. YensiOnHCK
sukhovm@susu.ru

OIIPEJIEJIEHUE BPEJIUTEJIEA PACTEHUI
HA OCHOBE HEMPOCETEBBIX TEXHOJIOT Ui

Cenbckoe X03HCTBO — 3TO 0o/HA U3 (DyHIAMEHTAIBHBIX OTpacied SKOHO-
MHKH, COCTOSIHUE TEXHOJIOTHH KOTOPOH MOXKET OKa3bIBaTh 3HAYMTEIILHOE BIIH-
sHUe Ha 3(()EeKTUBHOCTh M YCTOWYMBOCTH BHYTPEHHETO IMPOJIOBOJILCTBEHHOTO
PBIHKA M SKCIIOPTHBIM moTeHnuain. [Ipomecc onpeaeneHus BpeauTeneil pacre-
HUHA TPENCTaBIseT co0OH CIOXKHYIO 33/1ady, TPeOyIOUIyl0 3HAUUTEIbHBIX 3a-
TpaT BPEMEHHBIX, (PU3NIECKUX, & TAK)KE MHTEIUICKTYaJIbHBIX PECYpcoB. AKTY-
AIBHOM SIBIISIETCS 3a/1ada pa3pabOTKH HEHpPOCETEBBIX MOAENeH, obecreunBaro-
IIUX BBICOKYIO TOYHOCTh JETEKTHPOBAHMS BpEIUTENEH pacTeHUil MpU MUHH-
MaJlbHbIX BBIYMCIIUTENIBHBIX U BDEMEHHBIX 3aTpaTax.

KiroueBble ciioBa: epedumenu pacmenul, onpeoeierue epeoumeineii pac-
meHutl, Helpocemegvle MeXHONI02UL, AHAU3 U300PAdICEHUI.

BBenenune

B mocnennue ronasl HaOMIOAACTCS YCTOWYMBAs TEHJEHIUS K aKTHBHOMY
(hMHAHCHPOBAHUIO arpOTEXHOJIOTHH, HANIPABJICHHBIX Ha BHEJIPEHHE MHHOBAIH-
OHHBIX METOJI0B 00pabOTKH MOYBHI, OPOIICHHS, a TAK)KE CHCTEM PAaHHETO BbI-
SIBJICHUS BpEIMTENICH 1 3a00JIeBaHMIl PacTeHU, YTO MOXKET UMETh pellaroliee
3HAYEHME JUISl MTOBBIMIECHUS MPOU3BOIUTEIBHOCTH CEIHCKOTO XO3SIHCTBA B IIe-
JI0M " 6€30TaCHOCTH TOCTABIISIEMbBIX HA BHYTPEHHNI W BHEITHNUI PBIHKH MHUIIE-
BBIX ITPOJTyKTOB.

[Ipormecc ompeneneHus BpeauTeneil pacTeHud IpeAcTaBIsIeT cCO00H Hempo-
cTyto 3amady. OCHOBHBIMH IPU3HAKAMH, UCIONB3YEMBIMU MPU ONpPEICICHUH,
HallpuMep, BpeauTelel pacTeHUH, sIBIIOTCS IBET, (opMa, TEKCTypa U pasmep.
B cBs3u ¢ 3TUM 0COOBIN HHTEPEC MPEACTABISICT IPUMEHEHHE PEIICHUI Ha OC-
HOB€ KOMIILIOTCPHOI'O 3p€HUA U, B HaCTHOCTHU, CBEPTOUHBIX HeﬁpOHHbIX CeTefl,
JIEMOHCTPUPYIOLIMX BBICOKYIO0 (D (PEKTHBHOCTh B 3aJayax aHain3a n300paxe-
Huid. OOpaboTka OoJBIIOr0 0O0BEMa BH3YaJbHBIX JAHHBIX IO3BOJISIET OCY-
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HIeCTBIATh 3()()EKTUBHBIA MOHHTOPUHT TOCCBHBIX ILIOMIANCH, MIPOBOIUTh ar-
papHbIi aHaau3, JOPMHUPOBATH MPOTHO3BI U IMPUHUMATHL 0OOCHOBAaHHbBIE pellie-
HUSL.

Perienne 3amaun onpesencHus BpEAUTENICH pacTeHUi OyaeT crmocoOCTBO-
BaTh Pa3BUTHIO ITU(PPOBBIX TEXHOJIOTHI B arpapHOW OTPACIIU M HPEIOCTABIATh
BO3MOXKHOCTh JJIsSl OIIEPATUBHOTO U TOYHOTO BBISBIICHHUSI YTPO3 CEIBCKOXO3SIH-
CTBEHHBIM KYJIbTYpaM, B YaCTHOCTH, OIIPEEICHUsI BpeJuTeNel pacTeHU .

ITocTanoBKka 3aJa4M U OIIMCAHME AJITOPUTMA

Jist s exkTHBHOTO pemeHns 3a1aun ONpeeIeHUs] BpeAuTeaed pacTeHuH
HEOOXOANMO OMNPEAEINUTh MOAXOSIIYI0 HEHPOCETEBYIO MOJIENb, OCYIIECTBUTh
mox00p MaHHBIX IS O0y4YeHHS W 0OOCHOBATh BHIOOP apXHTEKTYpHOTO pelle-
HUSL.

B xadecTtBe 0a30BO MOAENH IS pEIICHUS 3aJa4l JCTCKIMH BpEAUTEICH
pacrenuii Obiia BbiOpaHa apxurektypa YOLOVSs [1]. danublid BbIOOp 00Y-
CJIOBJIEH PSZIOM (DaKTOPOB:

1) cbOamaHCMPOBAaHHOE COOTHOIICHHE MEXAY TOYHOCTHIO, CKOPOCTHIO H
pa3smMepoM MOJIEIIH;

2) onmHa M3 HamOoyiee KOMITAKTHBIX Bepcuid B cemeiictBe YOLOVS, moaxo-
JUIIast AJ1sl BHEAPEHUSI HA YCTPOWCTBAX C OTPAaHMYEHHBIMH BBIYMCIUTEIEHBIMU
pecypcamu, BKJIIOYass MOOWJIBHBIE YCTPOMCTBA M BCTpaMBaeMble IUIATEHI,
HanpuMmep, Nvidia Jetson;

3) BBICOKas yCTOWYHMBOCTh W TOYHOCTh MOJEJH, MOJTBEpIXKIAloleecs ee
IMIMPOKUM HCIIOJIb30BAaHUEM HCCIIEIOBATEIbCKUM M HPOMBIIUICHHBIM CO00-
IIECTB;

4) NOCTYMHOCTh OOIIMPHOW IOKYyMEHTAIMH, Y9E€OHBIX MaTEpHaloOB H CO-
00IIEeCTB MOJAEPKKH, CYIIECTBEHHO YINPOINAIONasl MPOIECC HHTETPALH U
aJlanTaly MOJENH MO/ CIeU(UKY 3aa4H.

Onucanue nabopa 0anHHbIX

Jns oO0y4eHus W Bamumald MOZAETH OBUT WCIOJBh30BaH HA0Op JaHHBIX,
c(hOpMHUPOBAHHEI Ha OCHOBE OTKPHITHIX JAaTACETOB, Pa3MCEIICHHBIX Ha ILIAT-
dhopme Roboflow. Bee mannsie noctymas! o munen3un Public Domain (o6mre-
CTBEHHOE JOCTOSHIE), o0ecTeunBaromas cB000IHOE HCIOIH30BAHNE B paMKaxX
HCCIIEIOBATENFCKUX M MPUKIATHBIX 3a7ad, a TakKe aBTOPCKOro Habopa JaH-
HBIX MOJIYYECHHBIX METOAOM cOopa (oTorpaduii BpeauTenci.

HroroBerii nmatacer BKJIOYaeT 3766 aHHOTHUPOBAHHBIX W300paKCHH, U3
HUX okosio 1000 m3o0paskeHU COOCTBEHHON TOITOTOBKH M MPenoOpabOoTKH,
KaXJI0€ M3 KOTOPBIX COJNIEPYKUT HE MEHEE OJHOTO OOBEKTa, OTHOCSIIETOCS K
onHoMy U3 18 mpemonpenencHHbIX kiaccoB. CTpykTypa HabOpa JTaHHBIX COOT-
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BercTByeT (popmaty COCO, mpencTaBisiomuil coOO# IIMPOKO pacmpocTpa-
HEHHBIN CTaHaapT NpCACTaBJICHUA aHHOTHUPOBAHHBLIX NAHHBIX B 3ajjla4yaX KOM-
MBIOTEPHOTO 3PEHHUS.

B cocraBe maracera mpUCYTCTBYeT aHHOTAUMOHHBIA (aitn B Qopmare
JSON, pa3menieHHbII B KaTanore ¢ N300paKeHUSIMHU U COJEPKAIINN CTPYKTY-
PHPOBAaHHOE OIMCAHUE KaXKJ0r0 OOBEKTa, BKIIIOYAs METKY Kiacca, KOOpIHHa-
THl OTPaHHYMBAIOIICTO TpsMoyromsHUKa (bounding box), myTs kK H300paxe-
HHIO, HA KOTOPOM IIPHCYTCTBYET OOBEKT, a TAKXKE IOIOIHUTEIBHYI0 METanH-
(dopmanuro, HeOOXOIUMYIO Ul KOPPEKTHOH 3arpys3KH, BU3YalH3allid H HC-
MOJIB30BAHMS JAHHBIX B TIpoIiecce 00y9IeH s MOJEIIH.

[layee mpoBENEHO COOTBETCTBHE MEXKAY LIETOYHCICHHBIM HICHTH(UKATO-
POM KJlacca M ero CTpOKOBOW MeTkoH. Kpome Toro, KoopAnHaTHl OrpaHHYHBa-
IOIET0 MPSMOYTONBHHUKA JOJDKHBI OBITh NPHUBEIEHBl K HOPMAIN30BAaHHOMY
BUJly, TO €CTh IpeoOpa3oBaHbl B 3HaU€HHs B Ipeaenax uHrepsaia ot 0 o 1,
YTO SIBJISETCS CTaHAAPTHBIM TpeOoBaHUEM sl (OPMATOB XPaHEHUSI Pa3METKU
U MOCJIEAYIONIEH X BU3yaIn3alyy.

Ilpeoobpadomka oannvix

Jlns moBpIIeHNsT 0600MIaromeii CrtocCOOHOCTH MOJENH U PACIINPEHHAS Pa3-
HOOOpa3us, o0yJaromero gaTacera Ha dTare nperoopaboTKH, HCIOIB30BaIach
O6ubnmmoTexa ayrmenraiuii Albumentations, peanu3syomias HabOp BEpOSTHOCT-
HBIX M TApaMETPU30BAHHBIX NMPEOOpa3oBaHuil H300paxeHui [2].

OcHOBHBIE napaMeTpbl, IPUMEHCHHBIC B IMTPOLECCE ICHEPAIIUN aYyTMEHTUPO-
BaHHBIX JITAHHBIX:

1) 3HaueHHs OTTCHKA M300paKEHUsS BapHHUPOBAIHUCH B Tpeaenax +1.5% or
WCXOJJHOTO 3HAUCHHUS, HIMHTHUPYS pa3HOOOpa3ue yCIOBHiA OCBEILCHUS;

2) HacCBIIEHHOCTh M300paXKEHUs M3MEHsUIach B npenenax +70%, mo3possis
MOJIETIM aJaNTHPOBAThCS K Pa3IMYHOM IBETOBOH HMHTEHCHUBHOCTH BXOJHBIX
N300paKeHNH;

3) spkocTe M300paskeHMs BapbHpoBaiach B mperenax +40%, moBbImas
YCTOWYHMBOCTBH MOJICNH K PA3IIMYHBIM YPOBHIM OCBEILCHNS;

4) m300paXeHUs MOJBEPTaNNCH CABUTY II0 TOPHU3OHTANHA W BEPTHUKAIN 10
+10% oT pa3mMepoB H300pa’KeHUs, COCOOCTBYS yCTOWYMBOCTH K HEOOJIBIINM
MO3UIIOHHBIM CIBHTaM OOBEKTOB;

5) u3o0pakeHus MacmTabUpOBAINCH B Juana3one oT +50% oT ucxomgHoro
pa3mepa, N03BOJIsIsl IMUTHPOBATh 00BEKTHI Pa3IMYHOIO pa3Mepa U pacCTOSHHS
JI0 KaMephbl.

Buvioop mempux 0na onucanus pe3yiomamos mooenu
ObocHoBaHHBIM OymeT BBIOOp MeTpuk TouHOcTH (Precision), MOTHOTHI
(Recall) m F1-meps! st OLleHKH MOZIETH IETEKTHPOBAaHUS BpeAHTENeH pacTe-
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Huil. JlaHHbIH HAOOP MO3BOJISIET BCECTOPOHHE OIECHHUTH MOBEICHHE MOJCIH Ha
BaJIMIAIIMOHHOW BBIOOpPKE, B OCOOCHHOCTH — KAueCTBO NPEICKa3aHUi Mo Kax-
JIOMY KJIacCy B OTJEJIBHOCTH, YTO Ba)KHO NPH HAJIMYUU MHOXKECTBA KaTeropuit
00BEKTOB C Pa3JIMYHBIM YHCIIOM Mpe/CTaBUTENeH, 0COOEHHO B Cilydasx, KOraa
KJIaCCHI SIBIISIIOTCSl HecOaaHCHpOBaHHBIMH [3].

BriOpanHbIii HAOOp METPHK 0OECTIEUNBAET JOCTATOYHO ITOJIHOE, Ha/IeKHOE
1 00OCHOBaHHOE OITMCAHHE IOBEACHHSI MOJICIH, MO3BOJISIS JENaTh COnIepxkKa-
TEJIbHBIE BBIBOJBI O €€ IPUTOAHOCTH K IIPUMEHEHUIO B PEAIbHBIX YCIOBHIX.

Peanuzayus moodenu odyuenusn

B xauectBe 0a30Boil apXMUTEKTypbl ObLIa HCHOJIb30BaHA MPENOOYyUEHHAsS
mozaens YOLOVS, wsHayanbHo HaTpeHupoBanHas Ha 80 kmaccax COCO-
naracera. J{ns agantanmu nox crienuduKy 3a1aud ONpEJeTIeHUs] BpeauTenen
pacrenuit 6611 MoaMGUIMPOBaH BbIXOHOH cioi Mozaenu (head) amns nepeopu-
eHTHUpOBaHUs Ha 18 meneBrIX KiaccoB. B mononHeHnn Uit HavyalbHON MHUIM-
anu3alys BECOB M CMelleHWH Oblla mprMeHeHa WHHMIManm3anus Kcasbepa,
KOTOpast criocoOCTBYeT Oosee CTaOMIBHON 1 OBICTPOIT CXOJMMOCTH C COXpaHe-
HHEM JUCIICPCHU CUTHAIOB B INIyOWHHBIX CIIOSX MOJEIH. APXUTEKTYpa MOJEIH
MpeacTaBieHa Ha puc. 1.

Based YOLOv5 Head

conv_10 input: [256, 1, 1]
C3_13 output: | [256, False]
A,
conv_14 input: [256, 3, 2]
C3_17 output: | [512, False]
k.
conv_18 input: [512, 3, 2]
C3_20 output: | [1024, False]
Detect input: | [1024, False]
Detect output: | [18, anchors]

Puc. 1. Apxutextypa Mozaenu HeHPOHHOU CeTH

212 Y[OK 004.032.26(08) HelipoHHbIe ceTun



ISBN 978-5-7262-3186-0 HEMPOUH®OPMATWKA-2025

OOyueHne MPOU3BOAMIOCH C MCIOJIB30BAaHUEM OIITHMHU3aTOpa CTOXAaCTHYE-
CKOTO TrpagueHTHOro crycka (SGD) — ogHoro u3 Hanbosiee yCTOMYUBBIX U HH-
TEPIPETHPYEMBIX METOJIOB ONTHMH3ALNH, 00ECIEYHBAIOIIEI0 XOPOLIYI0 CXO-
JMMOCTh NPU HAJIMYUM IIyMa W BapUaTHBHOCTH B AaHHBIX. J{Js ynpaBieHus
CKOPOCTBI0 00YYEHUS NPUMEHSUICS KOCHHYCHBIN IUTaHUPOBINUK (cosine-decay
scheduler), mnaBHO cHIDKaronwi ko3¢ ¢unneHt ckopoctn odydeHus (learning
rate) B TeUeHHeE Iporiecca 00ydeHHs, CrIocoOCTBYs Ooiee MATKON M cTaOMIIh-
HOH ajjanTanyy BECOB MOJICNH Ha ITO3/IHUX JTarax.

Mopens oOydanace Ha IPOTSHKEHAN 35 310X MpH pa3Mepe Oatda, paBHOM 8
N300pakeHISIM, KaXI0€ U3 KOTOPBIX OBLTIO MacIITabMpoBaHO 1O pasmepa 640
Ha 640 nukcened mia obecrieueHns OaaHca MEXIY KadyeCTBOM I'paHEeHTHBIX
OOHOBIICHHH U TOCTYITHBIM 00BEMOM BHICOMAMSITH.

Ha ocHOBaHNM COBOKYITHOCTH MPHUBEICHHBIX TpaduKoB, OblIa BEIOpaHa MO-
Jielib, TOJIyYeHHas M0 3aBeplieHud 33 3rmoxu 0oO0y4eHUsl, 4TO O0O0YCIOBJIECHO
HanJ1ydliuM COOTHOLICHHUEM YKAa3aHHBIX METPUK Ha JaHHOM 3Tarie O6y'-leHI/I§I.

B tabnuue 1 npeacraBieHsl pacin@poBKU KIacCOB ¢ COOTBETCTBYIOIUMU
3HAYEHHUSMH METPHK.

Tabnmma 1
3Ha4YeHMs] METPHK 110 KXKJIOMY KJIaccy
Ne Hasparne Kinace Precision | Recall | Fl-score
BpeUTENs

1. | Tamsl panHeTro adelges _laricis_gall 0.8 0.68 0.74
€JI0BO-JIUCTBEHHOT'O
xepmeca
Altica lythri altica_lythri 0.86 0.59 0.7

3. | Mmaro kamycTHO# cabbage white 0.98 0.87 0.92
OesIHKI

4. | Kyxonka kamycTHO# | cabbage white cocoon 0.65 0.62 0.62
OeIsTHKH

5. |T'ycennna cabbage white cutterp 0.66 0.74 0.7
KaIlyCTHOH OeIsTHKH illar

6. |IIpsBuma cereal leaf beetle 0.97 0.84 0.9
KpacHOrpyas

7. | YepHas crucifer_flea beetle 0.76 0.8 0.78
KPECTOLIBETHAs
6romka

8. | Hwmaro diamondback moth 0.9 0.83 0.86
KaIlyCTHOM MOJIH
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Ne Hassarne Knacc Precision | Recall | Fl-score
BpEAUTEIISI

9. | Kykonka diamondback moth_co 0.5 1.0 0.67
KaIlyCTHOH Mou coon

10. |T'ycenuma diamondback moth _cu 0.67 0.51 0.58
KaIlyCTHOM MOJIH tterpillar

11. | YxoBepTka earwig 0.8 0.74 0.77
OOBIKHOBEHHAs

12. | KanyctHsrlit eurydema_dominulus 0.82 0.85 0.83
KPECTOLBETHBIN K10

13. | F'opununsrii eurydema_ornata 0.85 0.88 0.86
KPECTOLBETHBIN K0

14. | maro nyrosoro meadow_moth 0.91 0.81 0.86
MOTBIIIbKa

15. |T'ycenunna nmyrosoro | meadow moth cutterp 0.78 0.51 0.62
MOTBLIbKA illar

16. |Jlyrosoii kion stink_bug 0.98 0.8 0.88

17. |Bonnucras striped_flea beetle 0.98 0.89 0.93
KpECTOLBETHAs
6romka

18. | Jloaronocuk weevil 0.89 0.89 0.89

Mopenbio AeMOHCTpHUPYETCsT BBICOKast 3(p(PeKTHBHOCTH 1O OONBIIMHCTBY
kiaccoB. OcoOEHHO XOpOIIO TPENCKA3bIBAIOTCSA KIACCHI C OONBIINM YHCIOM
IIPUMEPOB U SPKO BBIPAKECHHBIMH BHU3YaJIbHBIMH IIPU3HAKaMU, HAIPUMED,
kiace striped flea beetle (261 o6bekT), F1-mepa kotoporo pasHa 0.93, a Tak-
ke cab-bage white (0.93), cereal leaf beetle (0.90) u weevil (0.89).

Jns HexoTopwix KilaccoB, Takux kak diamondback moth cocoon (9 00b-
€KT), HabrotaeTcsi BhIcokoe 3HaueHue mosHoTH (1.00) mpu HU3KOH TOYHOCTH
(0.50), uTo MOXET yKa3bIBaTh Ha OIIMOOYHYIO KIIACCU(PHKALUIO IPYTUX 00BEK-
TOB KaK JAHHBII KJacc, aHAJIOTHYHAs TCHACHLMS HaOII0JaeTCs Uil KIIaccoB
cabbage white cocoon n meadow moth_cutterpillar. 9To MOXxeT OBITH BEI3Ba-
HO COBOKYIHOCTBIO AncOanaHnca JaHHBIX U HEJOCTATOYHOW BH3yalbHOH BhIpa-
3UTENBEHOCTBIO JaHHBIX KIIaCCOB.

Pa3paborka BeO-npujiokeHnst

Jns mpemocTaBieHHs MONB30BaTENECKOTO MHTEpderica K pa3paboTaHHOU
MOJIETIM JICTEKTUPOBAHUSI BPEAUTENCH pacTeHWH OBUI HMCIOIB30BaH 4YaT-00T.

214 YK 004.032.26(08) HelipoHHbIe ceTu



ISBN 978-5-7262-3186-0 HEMPOUH®OPMATWKA-2025

JanHblii nogxoxa obecrieynBaeT yI0OCTBO B3aWMOAEHCTBUSI KOHEYHOTO IOJIb-
30BaTels C MOAENBI0 0e3 HEOOXOJMMOCTH HACTPOWKH CPEAbl WM yCTAHOBKH
JIOTIOJTHUTEIILHOTO IPOIPAaMMHOT0 00ECTIeYEHHSL.

B mpornecce pazpaboTku BeO-IIPHIIOKEHHST OBUI MCIHOJB30BAaH S3BIK MPO-
rpaMMupoBaHus Bbicokoro yposus Python Bepcuu 3.8.10 . B kauectBe nHTE-
TpUpOBAaHHOMN cpenbl pa3paborku mpumensiack Visual Studio Code Bepcum
1.100.0, pa3paborannas koprnopaiueii Microsoft. Beibop nannoi cpensr 00y-
CJIOBJICH €€ IHMPOKUMH (DyHKIMOHAJIBHBIMH BO3MOKHOCTSIMH, OOECIIeUuHBar0-
IIAMHA YOOOHYIO pabOTy C CepBUCAMHU U MTPOTPAMMHBIMHA KOMIIOHEHTaMH [4].

Bes mormka o0paboTkn mM300pakeHWH W TeHepaluu MpeAcKa3aHduii ObLia
MHKAICYJIMPOBaHa B MOJyJb B3aUMOEHCTBUSI 110JIb30BATENS C yaT-00TOM. JTO
MTO3BOJIMJIO CO3/1aTh JICTKUN M IIEPEHOCUMBIA HHTEp(ENC It B3auMOACHCTBHS
C MOJIETbIO, MPUTOIHBIN KaK AJIS JIOKaJIbHOTO TECTUPOBAHMS, TaK U AJISI TIOCIIe-
JIYIOIIETro pa3BepThIBaHUS Ha yJIAJICHHOM CepBepe.

Beb-npuiioykeHue MOCTPOGHO C y4YEeTOM MOAYJIBHOM apXHUTEKTYphl, YTO
o0ecrieunBaeT ero pacuiMpsieMOCTb U OOJIerdaeT TECTHPOBAHUE OTIEIbHBIX
KOMITOHEHTOB. lcrionp30BaHNe aCHHXPOHHOTO MPOrPaMMHUPOBAHMS TO3BOJISET
3 deKkTuBHO 00padaThIBaTh MHO>KECTBEHHBIE 3alpPOCHI MOJIL30BATEICH U BbI-
TIOJHATH JUTUTEIIbHBIE OTIepaluy, HalpuMep, MpeacKazaHue Kiacca, 6e3 OIoku-
POBKH OCHOBHOTO MIOTOKA MCIOJTHEHHS.

Be6-npunnoxenue npenacrasiseT co0oi ynoOHBIH HHCTPYMEHT ISl B3aHMO-
JIEWCTBHSA C MOJIENBIO KOMIIBIOTEPHOTO 3pEHUS M CO3JjaHus 00YyJaloIIero nara-
ceTa B YCJIOBHSAX OTPaHWYEHHOTO MOJIb30BaTENbCKOro MHTEp(eiica. Ero mpu-
MEHEHHE CYIIECTBEHHO YMPOIIAET Ipolecc cOopa U aHHOTUPOBAHUS H300pa-
JKEHUH IS TOCTIeAYIOIIEero oOydeHns ¥ BaHIallne MOJICIICH.

Pa3zpaboranHoe BeO-mpuiioxkeHre 00eCreYnBaeT JABa MOJHOICHHBIX PEXU-
Ma paboThl: pexxuM HH(pepeHca HelipocerH (predict) U pexuM cOopa AaHHBIX
(collect). ITepexaroueHne MEXIy PEKHMaMHU OCYIICCTBISICTCS KaK 4yepe3 Ko-
MaH[bl, TaK ¥ aBTOMAaTHYECKH — Ha OCHOBE HANW4YUsl Mojesiu B (aitoBoil cu-
CTEME CEPBEPHOM YacTH BEO-TIPUITOKEHHSL.

BoiBoabl

B xone uccieoBanus Obuia MpoaHaIM3UPOBAHA M PEATH30BaHA MOJIENb JIe-
TEKTUPOBaHHUA OOBEKTOB Ha OCHOBe apxUTeKTyphl YOLOVSs, BEIOOp KOTOpOit
000CHOBaH €€ BHICOKOIl BEIYUCIHTEIBHON 3 ()EKTHBHOCTBIO U YCTOHYMBOCTBIO,
TaKoKe NPHBEACHO ONMUCAHHE MPeIoOpabOTKH JAaHHBIX C MCIOJIB30BAaHUEM ayT-
MEHTaIn, OMCaHie HHCTPYMEHTOB O0y4YeHHs MOJenu, Takux kak SGD, xocu-
HYCHOTO IUIQaHHUPOBIIMKA M MHUOWanu3anuu KcaBbepa, a Taike HPOIAEMOH-
CTPUPOBAHBI Pe3yJIbTaThI JYYIIel IOXH 00y4YeHusl, r/ie OOIBIIUHCTBO KIIaCCOB
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MOKa3aJii BBICOKHE 3HAYCHUS 10 BEIOpaHHOMY HaOOpy METpPHUK, YTO CBHUETEIb-
CTBYET O BBICOKOH TOYHOCTH M MOJTHOTE MPEICKa3aHUl MOJIENH.

Tem He MeHee, BBISIBJICHBI OT/EJBHbIE KIAacChl (HAIpuUMep, KOKOHBI U ryce-
HHIIBI), TI0 KOTOPBIM HAOJIIOAAETCsl CHIXKEHUE TOYHOCTH, YTO MOKET OBITH CBSI-
3aHO KaK C MEHBIINM KOJIMYECTBOM O0YYaIOIIUX COMIUIOB, TaK M C BU3yaIbHOU
HEOIHOPOAHOCTHIO MPE/ICTABICHHBIX OOBEKTOB. JTO YKa3bIBaeT Ha IMOTEHINAI
JUIS JajdbHEHIEro yJaydIIeHus] MOJENHN 3a CUET YBEJIMUCHHsI 00beMa JIaHHBIX,
TapreTHPOBAaHHOM ayrMEHTAllMd W BO3MOXKHOH HACTPOMKH ApXHTEKTYpPHBIX
KOMITOHEHTOB.
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ARTIFICIAL INTELLIGENCE FOR DESIGNING
A QUANTUM CASCADE LASER*

The paper investigates the capabilities of modern artificial intelligence sys-
tems for designing a quantum cascade laser for biomedical imaging. The study
was conducted in two stages. At the first stage, the DeepSeek, GigaChat, Per-

*The work was carried out within the framework of the state task of the Federal
State Institution "Federal Scientific Center Scientific Research Institute for System
Analysis of the Russian Academy of Sciences on the topic FNEF-2024-0001 «Devel-
opment and deployment of trusted Al systems based on new mathematical and algo-
rithmic approaches and fast computing models compatible with domestic computer
hardware» (1023032100070-3-1.2.1).
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plexity, Qwen and YandexGPT dialogue systems were formulated with 6 tasks
for designing and computational modeling of a quantum cascade laser. At the
second stage, the project and computational model were detailed with the
DeepSeek dialogue system.

Keywords: LLM, systems engineering, computational modeling.

Introduction

Modern artificial intelligence systems are rapidly developing and consist-
ently surpass humans not only in games [1], but also in areas of activity related
to the real world (programming [2], medicine [3]). At the same time, there is a
gradual transition from automation of individual product development tasks to
full-cycle Al development, in which teams of Al agents solve a full set of tasks
for developing new products, from the idea to launch into productive operation
[4], [5]. This paper explores the possibilities of using open artificial intelligence
systems DeepSeek [6], GigaChat [7], Perplexity perplexity-cb, Qwen [9], Yan-
dexGPT [10] to develop conceptual and computational models for quantum
cascade laser project.

Three methodologies are used for conceptual modeling. The first, based on
the SysML v2 system modeling language, is a standard for modeling-based
systems engineering [17]. The second, based on the object-process model, al-
lows modeling the structure and behavior of a system within a single model
[18]. The third, methodology for functional modeling IDEF0, one of the first
methodologies for systems engineering, developed in 1981 by US Air Force
Department as part of an industrial automation program called ICAM (Integrat-
ed Computer Aided Manufacturing) [19].

For computational modelling Python language [11] is used. For detailed
computational analysis Simulink/Matlab [12] and Comsol Multiphysics [13]
frame- works are tried.

Related Works

Alexander Bogdanov’s Tektology [14], developed in the early 20th century,
is currently regarded as the first fundamental variant of general systems theory
and a precursor of cybernetics. At its core, Tektology is based on the idea that
all systems — whether living or non-living — can be understood through system-
atic analysis of their organizational structures.
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The most recent evolution in systems science is Model-Based Systems En-
gineering (MBSE) [16], which represents a paradigm shift in systems engineer-
ing, replacing traditional document-centric approaches. MBSE is defined as “a
formalized methodology that is used to support the requirements, design, analy-
sis, verification, and validation associated with the development of” complex
systems. This approach involves developing a set of related models that help
define, design, simulate, and document a system under development, marking a
fundamental transformation from earlier systems engineering practices. The
progression from Bogdanov’s philosophical and theoretical Tektology [15] to
today’s rigorous model-based engineering methodologies demonstrates how
systems thinking has evolved from abstract organizational principles to practi-
cal, model-driven engineering frameworks capable of managing extraordinary
complexity in modern technological systems.

SysML v2 [17] and Object-Process Methodology [18] are realizations of
MBSE. SysML v2 is the latest iteration of the Systems Modeling Language
(SysML), a standardized modeling framework designed to support MBSE. It
serves as a general-purpose language for specifying, analyzing, designing, and
validating complex systems, emphasizing precision, expressiveness, and con-
sistency in modeling. Object-Process Methodology (OPM) is a holistic systems
modeling framework that integrates structure, behavior, and function into a
unified model, enabling the design and analysis of complex systems. The
IDEFO [19] methodology was also used to model QCL manufacturing pro-
cesses.

Quantum cascade lasers (QCLs) [20], [21] are semiconductor lasers that
emit in the mid- to far-infrared region of the electromagnetic spectrum. Unlike
conventional diode lasers that rely on electron-hole recombination across a
bandgap, QCLs operate based on intersubband transitions within the conduc-
tion band of a carefully engineered stack of quantum wells. Electrons “cascade”
through multiple energy levels, emitting a photon at each step, enabling high
efficiency and output power.

A few studies have been devoted to the use of machine learning methods to
develop quantum cascade lasers. In [22] used genetic optimization. [23] pre-
sented solution with Bayesian optimization. [23] and [25] describe using of ma-
chine learning framework and deep neural network trained with physics-based
transfer learning (PBTL) methodology for design and optimization of quantum
cascade lasers and other nanophotonic devices.

Currently, a key area of research in artificial intelligence is the use of large
language models for scientific research and engineering [26], [4], [5].
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This work explores the possibility of using publicly available dialogue sys-
tems based on large language models [6], [7], [8], [9], [10] to study quantum
cascade lasers.

Methodology

The research was conducted in three phases.

In the first phase, the following 6 tasks were set for the dialogue systems:

T.1.1. Make technical design of quantum-cascade laser for 2-5 THz range
for biomedical imaging with high tunability.

T.1.2. Make SysML v2 model for the quantum-cascade laser for 2-5 THz
range for biomedical imaging with high tunability.

T.1.3. Make object-process model for the quantum-cascade laser for 2—
5 THz range for biomedical imaging with high tunability.

T.1.4. Make SysML v2 model for the fabrication process for the quantum-
cascade laser with 2-5 THz range for biomedical imaging with high tunability.

T.1.5. Make object-process model for the fabrication process for the quan-
tum-cascade laser with 2-5 THz range for biomedical imaging with high tuna-
bility.

T.1.6. Make computational model of the quantum-cascade laser with 2—
5 THz range for biomedical imaging with high tunability om Python program-
ming language.

The results of the tasks were analyzed and dialogue systems with the most
in-depth solution to the computational modeling problem were selected.

At the second phase, some educational materials were developed with se-
lected chatbot:

T.2.1. Introductory articles about quantum cascade lasers and their manu-
facturing.

T.2.1. Introductory articles about conceptual modeling. SysML v2, OPM,
computational modeling in Matlab/Simulink, computational modeling in Com-
sol Multiphysics, quantum cascade lasers and their manufacturing.

T.2.3. Introductory articles about computational modeling in Comsol Mul-
tiphysics.

The third phase explored the possibilities of conceptual and computational
modeling in more depth:

T.3.1. Analysing of the patent for QCL-based spectroscopy system.

T.3.2. Detailed SysML v2 modelling for QCL-based spectroscopy system.

T.3.3. Detailed Python computational modeling for QCL-based spectrosco-
py system.
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T.3.4. Trying of Matlab/Simulink computational modeling for QCL-based
spectroscopy system.

T.3.5. Trying of Comsol Multiphysics computational modeling for QCL-
based spectroscopy system.

Detailed IDEFO modeling for QCL production system.

Results

In the first phase, all models demonstrated the ability to create SysML v2
models and object-process models. Their full answers are posted in [27]. Below
are some examples of generated models.

Fig. 1 shows an element of the SysMLv2 model generated by the Perplexity
dialogue system.

Example SysML v2 Snippet (Conceptual)

text 0

package QCL_Model {

block QuantumCascadelLaser {
part ActiveRegion: ActiveRegion;
part Waveguide: Waveguide;
part Cavity: Cavity;
part TuningMechanism: TuningMechanism;
part CoolingSystem: CoolingSystem;
part OpticalOutput: OpticalOutput;

property FreguencyRange: Range = [2 THz .. 5 THz];
property OutputPower: Real = 388 mW;

¥
nronartv NneratinaTemnaratura: Roal = « K=

Fig. 1. An element of SysML v2 QCL model from Perplexity.Al

Fig. 2 shows an element of the object-process model generated by the Gi-
gaChat dialogue system.

Fig. 3 shows an element of the computational model of a quantum cascade
laser in Python generated by the Qwen dialogue system.

The DeepSeek dialogue system demonstrated the best results of the first
phase because it was presented with the most deeply developed conceptual and
computational models. The resulting SysML and OPM Models, computational
model in Python of the first phase is available in the Phasel folder in [27].
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class Cooling System {

[
ra

- Metopm oTeOga Tenna IiMMKF.‘()I(.aHaJ'Il:-HEIH ¥MOKOCTHaA CHMCTeMa )

(]
L]

- 3pdeKTHEHOCTE TennoobMmeHa

B
=

class Power_Source {

=]
LA

)

27 - HanpaAxeHue W Tok

28 - McTo4HMK nocToAHHOrO HanpAKeHWA

3g | class Output_Window {

31 - BuixogHan anepTypa
32 - GopMa W MaTepuan BIXOJHOTO OKHa

a5 | // Npoueccw

36 | process Inject Electrons "WHbeKUMA 3NeKTpoHOE"

37 | process Intersubband_Transition "WHTepcy6Banpoewe nepexonp’”
33 | process Scatter Excess_Heat "OTeepesue usBeToyHoro Tenna”
30 | process Form_Light_Beam "OopMupoEaHWe CBETOBOro ny4ka”

40 | process Cool_Laser "OxnawgeHus nazepa”

42 | [/ Ceazm
43 | Power_Source --»> Inject_Electrons

Fig. 1. An element of OPM QCL model from GigaChat

Python Code
python 0O W
1 import numpy as np
2  import matplotlib.pyplot as plt
3
4, class QuantumCascadelaser:
50 def _ init_ (self, freq_range=(2, 5), power_mW=1@@, tuning_steps
6 # Initialize parameters
7 self.freg_min, self.freq_max = freq_range # THz range
8 self.power = power_mW # Output power (mW)
9 self.temperature = 388 # Room temperature (K)
1@ self.thermal resistance = 1@ # K/W (diamond substrate) [[4]
11 self.tuning_steps = tuning_steps
12 self.active_region = StrainBalancedActiveRegion()
13 self.tuning_mechanis 4 HybridTuningMechanism()
14

Fig. 2. An element of Python computational model from Qwen
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Operator THz Biomedical
Imaging System

Electrical Power

Diagnostic Image

Eiological Tissue

Fig. 3. Top-level OPM Model of a biomedical visualization system based
on a quantum cascade laser

Fig. 4 shows a manually created, top-level object-process model of a bio-
medical visualization system based on a quantum cascade laser, based on a text
description. The Fig. 5 shows the model of the “Acquire biological signature”

process.

i

THz Biomedical
Imaging System

‘Acquire Biological
Signature

Biological Tissue

[, (resmmea]” o)

Generate
Cantrast
Map

‘ THz

Electrical Power
4
Diagnestic Image

Fig. 4. OPM Model of the “Acquire biological signature” process

The results of computational modeling of the DeepSeek-generated model in
Python are shown in Fig. 6.
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Fig. 5. Computational modeling results by DeepSeek code execution

At the second phase DeepSeek dialogue system generated introductory arti-
cles with such prompt:

“napishi stat’yu na temu “Tema” sleduyushchim obrazom: 1. sformuliruj 20
tezisov po teme 2. proanaliziruj ih sostav, uberi lishnee, dobav’ neobhodimoe.
3. raskroj eti tezisy na glubokom akademicheskom urovne. 4. napishi tekst,
raskry- vayushchij temu s etimi tezisami. 5. sformuliruj voprosy ot imeni 14-
letnego podrostka k poluchennomu tekstu. 6. otvet’ na postavlennye voprosy v
dostup- noj dlya 14-letneno podrostka forme. 7. perepishi tekst stat’i s organ-
ichnym vklyucheniem v nego otvetov na voprosy.”

Then, dialogue system Qwen checked and expanded text of the article with
such promt (in Russian):

“Ty — specialist po sistemnomu inzhiniringu. Proanaliziruj tekst v prikreply-
onnom fajle na predmet polnoty opisaniya raskryvaemoj v nyom temy. Isprav’
ego takim obrazom, chtoby on byl dostupnym dlya 14-letnego podrostka i pri
etom obladal akademicheskoj glubinoj.”

Then, it changed style of the article with such prompt (in Russian): “A
teper’ perepishi etu stat’yu dlya uchyonogo issledovatelya” Results are availa-
ble in the “Phase2/QCLIntroArticles” folder in [27].

At the third phase, the task of developing a project for a spectroscopy sys-
tem based on a quantum cascade laser is being solved based on information
from a patent [28].

In the first step dialogue systems make analysis of the patent in text format
and build high-level SysML v2 model of the solution in the patent.
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In the second step, the oral cancer diagnostics system was selected from the
patent solution use cases. Dialogue systems developed their own SysML v2
models for it, from the high-level to the detailed quantum cascade chip level.
The SysMl v2 models was cross- and self- checked and corrected by dialogue
systems. Formal verification for these models was also made. SysML v2 format
allows to transfer results of one dialog system to another in a strictly formal
form, that is important for complex systems development.

In the third step, the dialogue systems developed Python computational
models of the spectroscopy system as a whole and the quantum cascade chip.
They were texted in the GigalDE system.

In the fourth and fifth steps, the dialogue systems generated computational
models for Comsol Multiphysics and Matlab. They can also be cross-checked
by dialogue systems, but testing in the computational environments themselves
was not carried out.

At the 6th step, the modeling of the quantum cascade laser production pro-
cess was tested using the IDEFO methodology. DeepSeek and YandexGPT
were used. The systems were able to describe the production processes to the
level of operations on specific equipment.

Results of Phase 3 are available in the «Phase3» folder in [27].

Conclusion

The first phase of the study demonstrated that the functionality of conceptu-
al and computational modeling of systems is available in open dialog systems.
The second phase of the study showed that with the help of open dialog sys-
tems, one can quickly prepare introductory training materials on a topic of in-
terest. The third phase of the study demonstrated both the high level of concep-
tual and computational modeling tools in dialog systems DeepSeek and Qwen
and the rapid development of this tool in the dialog system Qwen, since the
time difference between the experiments of the first and third phases was about
a month and during this month the level of the dialog system Qwen in the tasks
of conceptual and computational modeling increased significantly. At the same
time, an additional dialog system Qwen-Coder appeared for computational
modeling. These results demonstrate the importance of developing such sys-
tems at an internationally competitive level. With the help of LLMs, the analy-
sis of industrial manufacturing processes is possible down to individual opera-
tions on specific equipment. In turn, access to physical equipment for verifica-
tion of de- signs created using LLMs is a key factor for the development of
these LLMs.
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JTOMEHHASI ATATNITALIASI YHUBEPCAJTbHBIX
AKYCTHUYECKUX MOJEJIEN 151 KTACCU®UKALIUN
9MOLMI HA IPUMEPE HuBERT

PaccmarpuBaetcs 3amada JoMeHHOM afgantanuu 6a3oBoi mogenn HuBERT
JUIs Ki1acCHU(UKAIMK TIO3UTHBHBIX W HETaTUBHBIX DMOLMWI B PYCCKOS3BIYHOM
YCTHO# pe4H C WCIIOJNb30BaHMEM Mayioil oOywaromieil BeiOOpku. IIpemmoxkeH
MOJIXO/, COUYETAIOINI YaCTUYHYIO Pa3MOPO3KY BECOB MOJICNIU C IPUMEHEHHEM
TPUIUICTHONW (PyHKIIMH MOTEPh M MOCIEAYIOMIM 1000ydeHnEeM KilacCH(pHUKAII-
OHHOTO ajanTepa. OKCIEpUMEHTalbHAas MpPOBEpKAa MPOAEMOHCTPUPOBANA
VIIydIIeHne KadecTBa KIACCH(PHUKAINK IMOIUA W TPYNITHPOBKA BEKTOPHBIX
MPEACTABICHUM B CPAaBHEHUM C UCIOJIb30BAHUEM TOJBKO KPOCC-3HTPONUITHON
WIH TPUIUIETHOH (QYHKITUH ITOTEPb.

KutioueBble ¢j10Ba: pacnozunaganue smoyui, 0oMenHas aoanmayus, Kiac-
cughuxayusi, aHau3 yCmHoU peyu.
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BBenenue

PacrioznaBaHue sMOLMH 110 TOJIOCY CTAHOBUTCS Bee Ooliee BOCTpeOOBaHHON
3ajadell B 00JIaCTSX, CBS3aHHBIX C AHAIM30M YCTHOH pEYH, €CTECTBEHHOI'O
S3bIKa M YeJIOBEKO-MalllMHHBIM B3auMojieiicTBueM. Pactymuii nHTepec k aaH-
HOMY HAIIPaBICHUIO OOYCIIOBIICH aKTHBHBEIM Pa3BUTHEM WHTEIUICKTYaTbHBIX
CHCTEM B TaKHMX 00JIacTIX, KaK BUPTYaIbHBIE TOJIOCOBBIE ACCUCTEHTHI M CEPBH-
ChI ICUXOJIOTUYECKON moaaep>kku [1].

TpaguuroHHBIE TOJXOABI, OCHOBAHHBIC HA PYYHOM BEIICIICHUH MIPH3HAKOB
U KIACCHYECKHX alTOPUTMAaX MAIIMHHOTO OOydYeHHS IEMOHCTPHUpPOBAIN Clia-
OBle pe3ynbTaTH [2], YTO CTUMYIHPOBAJIO pa3BUTHE HOBBIX moaxonoB. Cymie-
CTBEHHBII MIPOTPecC B PaclO3HABAHUK 3MOIMI 110 TOJIOCY CBSA3aH C MCIIOJIB30-
BaHHeM oOyueHHs mpezcTaBieHuil (aHTa. Representation Learning), B 9acTHO-
CTH, OOJBIINX YHUBEPCATIBHBIX aKyCTHUECKHX MOJeNell CaMOKOHTPOJINPYEeMO-
ro oOyuenus (anri. Self-Supervised Learning), npeaBapuTeabHO 00y4EeHHBIX
Ha KPYHMHOMACIITa0HBIX peYeBbIX Koprycax. Ho pe3ysibTaThl No-NpexHeMy He
MO3BOJISIIOT HCIIONb30BaTh TAaKWE PEHICHHsS Ha INPAaKTHKE, ITOCKOJIBKY 3aj1ada
SIBJISIETCSI JOCTATOYHO CJIOKHOM, a 3((eKTHBHOE NMPUMEHEHHE TaKUX MOJeleH
TpeOyeT ajanTanuy K Crenu(uKe SMOIMOHATBHONW PEUYH, YTO aKTyaH3HpYeT
HCCIICIOBAHMS B 00JIACTH Pa3pabdOTKH METOIOB TOMEHHOM a/lalTaIlii.

CoBpeMeHHbIE YHUBEPCATbHBIE aKyCTHUSCKHE MOJIEIH CaMOKOHTPOIUpYE-
Moro oOyuenwust, Takue kak Wav2Vec2 [3], HuBERT (Hidden-unit BERT) [4] u
WavLM [5], neMOHCTpUpPYIOT BBICOKYIO 3(PQEKTHBHOCTh B 3aJadax aHajm3a
ycTHOH peun. Takue Momenn o0y4aroT Ha OOJBIINX 00BEMax HEPa3MEUEHHBIX
ayIUOJaHHBIX, YTO BCIEACTBHE O0OOIIECHUS 0OECIeunBaCT HM3BIICYCHUE YHU-
BEPCAJIBHBIX aKYCTUYCCKHUX HpeHCTaBHeHHﬁ, MPUTOJHBIX JIsA PEHICHUA pas-
JUYHBIX 3a/1a4 00paboTku peun. OgHAKO, MPSMOE MPUMEHEHHE TaKUX Tpe-
CTaBJICHUH JJIA paCrio3HaBaHUA 3MOHI/II71 HC SABJISACTCA OIITUMAJIBHBIM, IOCKOJIb-
Ky MaTTEPHBI SMOIMK B PEYU HE SBISIFOTCS YHHBEPCAIBHBIMH U MOTYT CyIIe-
CTBEHHO pa3In4aThCs B 3aBHCUMOCTHU OT S3BIKOBBIX U (POHETHUECKHX OCOOEH-
HOCTel [6].

Taxkum 00pa3oM, BO3HHKAaeT HEOOXOAMMOCTh B CHEIHAIM3HPOBAHHBIX Me-
TOJaxX JOMEHHOH alanTalMy K 3a/aue pacro3HaBaHHs 3MOLMH 1o ronocy. Oc-
HOBHBIC METOJBI JOMEHHOW alalTalliil YHUBEPCATHHBIX aKyCTHYECKHX MOJIe-
JIeH BKITFOYAIOT T000YYeHHUE, IEPEHOC OOYUEHUS ¢ YaCTHIHOM 3aMOpPO3KOH Be-
COB MOJICNIH, a TaKXKe MpHUMEHEHHEe amantepoB. [lomHoe M000ydYeHHne MOaeTH
MOJKET 00eCIeYUTh BBICOKYIO TOYHOCTB, HO TPeOyeT 3HAUYNTEIbHBIX BBIUYHCIIHU-
TENBHBIX PECYPCOB M KPYITHOMACIITAOHBIX y3KOMPOMUIBHBIX HAOOPOB JaHHBIX
SMOIMOHANBHON peun, cOOp M pazMeTKa KOTOPBIX MPEICTABIIIOT YPE3BEIYANHO
TPYZOEMKYIO U JOPOTOCTOSIIYIO 3a7a4dy. B cBOIO ouepesb, METO/bI, OCHOBaH-
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HblE Ha JOOOYYEHHH C YaCTHYHOM 3aMOpO3KOil BECOB M NMPHUMEHEHUH ajarTe-
POB SIBJISIFOTCSI HanboJiee MePCIeKTHBHBIMU, MMOCKOJIBKY MO3BOJISIOT 3P (EKTUB-
HO HCIIOJIb30BaTh CPAaBHUTEIBHO HEOOIIbIINE HAOOPHI JaHHBIX.

CpaBHeHHe KOPIYCOB YMOLMOHAILHOMN peyn

[IpoBenem cpaBHUTEIBHEIN 0030p HAOOPOB JAHHBIX AYMOLUOHAIEHOW PEUH,
OCHOBHBIC ITapaMeTPhl KOTOPBIX MTPUBECHEI B TA0M. 1.

DUSHA [7] — man6osee KpyIHBIA OTKPBITHIA HA0OP JAaHHBIX SMOIMOHAIH-
HOW peun Ha pycckoM sizbike. Comepxkur 6omee 50000 3ammceit, cyMMapHO#
MPOJIOJDKUTENBEHOCTBIO 0K0J10 350 4. HaGop coctout u3 nyx yacreii: Crowd n
Podcast. Tlomumo aynmosammceit B Habope comepikarcsi 64-MepHBIE Med-
kerncrpaibHble kod(duipentsl (anrn. Mel-Frequency Cepstral Coefficients,
MFCC), nocuurannsle kaxjasle 20 mc. YacToTa QUCKpeTH3allMU ayauo3allu-
ceit — 16 kI'i1. B HaOope mpezcTaBieHO YeThIpe Kiacca SMOLUKN: pajgoCcTh, Ie-
yajb, THEB U HEUTpAJIb.

IEMOCAP [8] — MyIbTUMOaNBHBIN HA0Op JTAHHBIX YMOIMOHATBHON peyH,
BHJICO Y TCKCTOBBIX TPAHCKPHIIIINI Ha aHTTTUHCKOM si3bIKe. CONCPKUT MOPsIKa
12 9acoB HaHHBIX, 3aMMCAHHBIX aKTepaMu. B 3amuicu MpUHUMAIIO y9acTUE TSTh
MY>KUUH U MATh JKEHIIUH, KOJIU4ecTBO 3anuceil — 7304. Yactora auckperusa-
uuu aynuo — 48 kI'n. IlpeacraBieHo medTh KI1accoB YMOLUN: PajoCTh, IeYalb,
THEB, CTpaX, pa3ov4apoBaHHE U HEUTpPaJb.

RAVDESS [9] — Habop HaHHBIX 3MOIMOHATHFHON PeYd M BHIEO HA aHTIIHI-
ckoM s3bike. Comepxut 1440 3ammceil akTepoB, MPOJOKATETFHOCTRIO OKOJIO
8 4. B 3ammcu ywactBoBanmy 12 MmyxumH U 12 xenmmH. YacToTa quCKpeTH3a-
nuu aynuo3zanuceit — 48 kI'1. IlpeacraBieHo ceMpb KJIacCOB 3MOIUHA: PaioCTh,
reyajib, THEB, CTPaxX, OTBpAIllEHHUE, YUBICHUE U HeWTpanb. Ha kaxayro amo-
U0 MMPUXOAUTCA ABa YPOBHA UHTCHCHUBHOCTHU BBIPAXKCHUA — HOpMaJ'IBHBIﬁ u
YCHUJICHHBIH.

RESD [10] — Habop maHHBIX IMOLMOHAILHOM pedn Ha pycckoM sizbike. Co-
nepxut 6osee 3000 3amvcel, MPOAOKUTEIBHOCTBIO TOpsiAKa 3.5 9, 3amucaH-
HBIX akTepamu. YacToTa AucKpeTmsauuu ayauosamucedl — 16m 44.1 xI'm.
[IpencraBneHO ceMb KJIACCOB SMOLMH: pajoCTh, MeYalb, THEB, OTBpAIICHUE,
cTpax, BO30yKICHHE 1 HEHTpaIb.

Emo-DB [11] — Ha®op IaHHBIX 3MOIMOHANBHONH AaKTEpCKOW pedd Ha
HemenkoM si3pike. Comepxut 535 3ammcedt, oOmei MPOAOIKUTEIHHOCTEIO
30 muH. B 3anmcn ygacTBOBaNM MATH MY>KYMH U IISITH JKeHIMH. YacroTa auc-
KpeTm3anuu ayamosammceir — 16 xI'm. [IpencraBieHo ceMb KIIACCOB AMOITHIA:
pamocTh, meyains, THEB, OTBpAIIeHIE, CTPax, CKykKa M HEHTpaIb.

228 Y[OK 004.032.26(08) HelipoHHbIe ceTun



ISBN 978-5-7262-3186-0 HEMPOUH®OPMATWKA-2025

Tabmuna 1

CpaBHEHHUE OTKPHITBIX HAOOPOB ayIUOJAHHBIX IMOIIMOHATBHOU peun

Haspanue JlnurenbHOCTH S3bIK 3anuceit Yucno kiaccoB
DUSHA 300 gacos Pycckuit 4
IEMOCAP 12 yacoB AHrImickui 6
RAVDESS 8 yacoB AHrImickui 7
RESD 3.5 gaca Pycckuit 7
EMO-DB 30 MUHYT Hemeuxnii 7

Bb16op 6a30B0ii yHHBepcaIbHOM aKyCTHYeCKOH Moaean

BaxkHasi 0COOGHHOCTh CaMOKOHTPOJIMPYEMBIX aKyCTHUECKHX MOJeNei 3a-
KJIFoYaeTcsi B 00y4eHUH Ha HEPa3MEUeHHBIX JTAaHHBIX, YTO [TO3BOJISIET UCIIOJIB30-
BaTh OOJbIIME JaTaceThl W O0ECHEeYMBAET YHHBEPCAIBHOCTH IMOPOXKAAEMbIX
aKyCTUYECKHX MpPEeJCTaBICHUN Ul pa3IMyHbIX 33/a4 aHajlu3a ycTHoU peun. K
JJAHHOMY THITy OTHOCATCSI MOJIEJIM, OCHOBAaHHBIE Ha AapXUTEKType TpaHC-
topmep [12], nanee paccMOTPUM OCHOBHBIC U3 HHX.

Wav2Vec2 — caMOKOHTpoOJIpyeMast aKyCTHIecKast MOJIeNb IIyOoKoro o0y-
YEHUs], HICTOPHUIECKHU TIEpBasi CPEey IMPOINX PACCMOTPEHHBIX B JAHHOM HCCIIE-
nmoBaHuU. ba3oBbIe apXUTEKTypHBIE KOMITOHEHTH Wav2Vec2 BKIIOYArOT:

1. CBepTOUHBIH KOAEp W3 CEMH CJIOEB, OTBEYACT 33 M3BJICUCHHE HHU3KO-
YPOBHEBBIX aKyCTHUECKUX IPU3HAKOB U3 PEUEBOT0O CUTHAJIA.

2. Tpanchopmep n3 12 cioeB, aHATH3UPYET MOCIETOBATEIHHOCTH HU3KO-
YPOBHEBBIX MPU3HAKOB, MTO3BOJIIET MOJEINPOBATh KOHTEKCTHBIE CBA3U MEXIY
(bparMeHTaMH pedu ¢ UCIOIb30BaHHEM MEXaHU3Ma BHUMAaHHUSL.

3. MackupoBaHue BBIXOJJHOTO CHT'Hala KOJepa, Kak croco0 ayrMeHTalluy,
MO3BOJISIIOIINIT IPOTHO3UPOBATH MPOIYILIEHHbIE PPArMEeHTHI CUTHAIIA.

4. KaHTOBaHHE C HMCHOJIB30BaHUEM JIOTHCTHYEeCKOW (yHkumu ['ymGens,
BBIMOJIHAET JUCKPETH3ALMIO CKPBITHIX COCTOSHUI uepe3 KOJOBBIC KHMIH IS
peoOpa3oBaHus HETIPEPHIBHOTO IPE/ICTABICHUS B KOHEYHOE.

HuBERT - camokoHTponupyemasi akycTU4eckas MOJEeldb Ha OCHOBE
BERT [13], pa3BuBaer unen Wav2Vec2, mo3toMmy UMeeT oOIIne apXUTEKTyp-
HbIe KOMITOHEHTHl. OCHOBHOE OTJIMYME 3aKIIOYAETCsI B CTPYKType TpaHcdop-
Mepa, B KOTOPOM IMPUMEHSETCS MOCIOMHAs KIACTEPH3ALUs CKPBITBIX COCTOS-
auii. Kimacrepsr MFCC-nipu3HakoB HCHOJB3YIOTCS B KayeCTBE IICEBIO-METOK,
MOJY4YEHHBIX aNropuTMoM k-cpennux (mpu k= 100). B mpouecce oOyuenus
MOJIeNb TPEeACKa3bIBaeT, K KaKOMYy KJIacTepy OTHOCHUTCS MacCKHpPOBaHHBIH
¢bparment. B pesynbraTe nOCTHUTaeTCs YIYYIICHHBIH 3aXBaT MPOCOIUYECKHX
peUeBbIX MPHU3HAKOB, YTO MO3BOJIAET MOJEIMPOBATh HHTOHAIMIO M TEMOp, 4TO
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B CBOIO O4Yepelb MMEET KPUTHYECKOe 3HA4YeHWe Ul 3aJaudl Paclio3HaBaHMs
SMOLMH.

WavLM — mozens, pazsuBatonias apxutekrypy HuBERT nmyrem noGasie-
HUsL OoJiee CII0KHOM ayrMEHTallUH: [IyMOBOE MAacKHMPOBaHHE, MOJICIMPOBAHNE
CMEUIaHHON peyd W AWHAMUYECKOE M3MEHEHHE OTHOILICHWS CHUTHAI-IIYM B
npouecce o0y4deHust. MexaHu3M BHUMaHUs 00ydaeTcsi ITHOPUPOBATH apTedak-
THI 1 (oKkycHupoBarbecsi Ha peun. Kpome toro, moznens WavLM oOyvanace Ha
3HAYUTETBHO OouiblieM o0beMe JaHHBIX — 94 THICSY 4YacoB, B TO BpeMs Kak
Wav2Vec2 u HuBERT — Ha 60 ThICS9aX 4acOB aHTJIOS3BIYHBIX ayJHOIaHHBIX
pedeBoro kxopmyca LibriLight [4]. TIpemnoxeHHpIe MOomuduUKammu obdecredn-
BAalOT YCTOWYHMBOCTD B CJIOKHBIX aKyCTHUECKHX YCIOBHUSIX.

B Tabun. 2 mpeacTaBieHs! pe3ynbTaThl Uil PACCMOTPEHHBIX MOJENEH B 3a-
Jlade pacro3HaBaHUS SMONIMK Ha BHIOPAHHBIX JaTaceTax, a TaKKe Pe3yJIbTaThl
nepekpecTHoit nmposepku (anrit. Cross-Validation, CV). Tak kak Hanbosee BbI-
COKHE 3HAYCHHUs Ui OOJBIIMHCTBA HAOOPOB IPOJEMOHCTPUpPOBaia Oa3oBast
monens HUBERT, umenHo oHa Oblia BeIOpaHa B KaueCTBE OCHOBBI IS Jalib-
HEWIIero uccie10BaHus.

Meton nomennoii agantanuu HuBERT pis kiaaccudukanuu sMouuii

Jns noMeHHO# ajmanrTanuu mon 3amady KiIacCH(UKAIMH SMOIUI Ha pyc-
CKOM s3bIKe OyJIeM HCIIONIb30BaTh NaHHbIe 3 gataceta DUSHA. Monenuposa-
HHEe MaJloil o0yd4aromieil BEIOOPKH B HMCCIEIOBAHWN OCYIIECTBIBIIOCH CITydaid-
HEIM oTOOpoM 2000 peueBBIX ayamo3amuicell W3 TPEHHPOBOYHOTO Habopa wc-
XOJHOTO Jatacera, mo 500 mpuMepoB Ha KaXIbIid KJacc 3MOIHA, o01meit mpo-
JIOJDKUTEIIBHOCTRIO OKOJIO 4 4. Bamumanus U TeCTHPOBAaHUE MPOBOJHINCH Ha
COOTBETCTBYIOIIMX MOBBIOOPKAX MCXOJHOTO JaTaceTa.

Tabumuua 2

CpaBHeHI/Ie 0a30BbIX Bepcnﬁ YHUBEPCAJIBHBIX aKyCTUYCCKUX Moz[eneﬁ
B 3a/1a4€ paClio3HaBaHus 3MOITUH 110 cpe/:[Heﬁ omunoke KJ'IaCCI/I(bI/IKaL[I/II/I

Hassanue naracera
Mopenb Ccv
RESD EMO-DB IEMOCAP RAVDESS
Wav2Vec2 47.2 19.9 41.7 45.7 66.5
HuBERT 48.4 12.3 36.1 34.6 59.6
WavLM 55.2 12.9 37.1 384 61.7

bazoBas momens HuBERT coaepxut 12-cnoiiHblii Koaep, pasMEPHOCTb
IPOCTPAHCTBA MIPU3HAKOB KOTOPOro 768 31neMeHTOB. [l peleHus: NoCTaBICH-
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HOW 3a/a4yd TIpemIoKeHa KOH(UTypalus ABYXCIOHHOTO aaanTepa, KOTOPBIHA
COCTOUT M3 NMPOEHUPYIOUIETO CIIOS MOHMKEHHS Pa3MEPHOCTH 10 256 n KiIacch-
GUIPYIOMETo €05, Pa3MEPHOCTh KOTOPOTO PaBHA YETHIPEM, YTO COOTBET-
CTBYET 4HCIy KiaccoB sMmouuid. OOydeHue agantepa BBIIOJIHSIOCH C IpHMe-
HeHueM (yHKIK Kpocc-auTpornuu (auri. Cross-Entropy, CE):

1
Leg = - Iiv=1ZJC'=1(Yi,j log(pi,j)) > (D

re y; ; — OMHApHBIA MHINKATOP UCTHHHOTO KIIACCa, P;;j — NMPEACKa3aHHas Be-
POSTHOCTb NPUHAJUIEKHOCTH [-F0 BXOAHOTO IIpUMepa K kiaccy C.

CnepBa ObUIO ITPOBENCHO HCCIEAOBAHNE BIMSHHS KOJIMYECTBA 3aMOPAXKH-
BaeMbIX CJIOEB Kojiepa 0a30BOW MOnENM Ha TOYHOCTH Kiaccugpukanuu. [lo-
CJIOMHasi pa3MOpO3Ka BBIMONHAIACH B OOPATHOM IOPS/IKE, HAUMHAS C BEPXHUX
cnoeB mozenu. Ha puc. | MOKHO yBHIETh, YTO TOYHOCTH KJIACCH(UKALIUK pac-
TET BMECTE C YBEIMUEHHEM KOJINIECTBA PAa3MOPOXKEHHBIX ClI0eB Kojepa. OxHa-
KO pasHuna Mexxay 10 u 12 crnosmu HeBenMKa, IOATOMY I JalbHEHIero 10-
00yueHus pa3MopakuBairch 10 ¢0eB, ocTaBIsIs Beca MEPBBIX ABYX 0e3 n3Me-
HeHuil. Takol pe3ysibTaT MOXHO OOBSCHUTH TeM (PaKTOM, YTO IMOLMOHAIIbHAS
PYCCKOsI3bIYHASI PeUb B HCXOIHOM Habope naHHbIX rnpu oOydennnt HUBERT He
IIpeJCTaBIeHA.

JUia monmyuyeHMs YKa3aHHBIX pe3yJbTaTOB MCIIOJIB30BAINCH CIIEAYIOIINE
HaCTPOMKH TUIeprapaMeTpoB: KOJIMYECTBO 310X — 5; pa3mep 0aTya — §; KOJIH-
YECTBO IIaroB HAKOIUICHHUS IPajineHTa — 4; CKOpocTh 00ydeHus — Se-5.

75
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Koauuectso Pa3sMOpPOKEHHBIX CII0€B

Puc. 1. 3aBucuMocTs OmmMOKH KIacCH(PUKAIIHA IMOIUI OT KOJINIECTBA
pazMoposkeHHbIX cioeB mojenu HuBERT
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N3nauanpHO 6a3oBas Mmogens HuBERT pemaer 3agauy caMmokoHTpoIupye-
MOTro 00yuYeHHs MPEACTABICHUH, [IeJIb KOTOPOTO 3aKJIH0YaeTCs B mpeodpa3oBa-
HUM UCXOJHBIX ayIUOJIAaHHBIX B KOMIIAKTHBIC U WH()OPMATUBHBIC BEKTOPHI IM-
OeITMHTOB 0O€3 MCIOJb30BAHUS SIBHBIX METOK, TJIC CXOXKHE OOBEKTHI OKa3hIBa-
IOTCS1 OJTM3KU B BEKTOPHOM IPOCTPAHCTBE. YUMTHIBAS JaHHBIA (DaKT, CIEAyIO-
OIMM 1IaroM MpeasIoKeHO HCCIEeNOBaTh CTPATErvi0 aJanTalydd MOJENH, HC-
MOJTB3YSI MTOIXO METPUIECKOTO OOYICHUS.

3amaya METPUIECKOTO OOYICHUSI COCTOUT B TOM, YTOOBI U3MEPATH CXOJICTBO
MEXIy OOBEKTaMH, ONTHMH3UPYS (YHKIHIO PACCTOSHHSA, YTO MPUBOIUT K
TPYTIIAPOBKE MOXOXHMX O0BEKTOB B BEKTOPHOM IpocTpaHcTBe. [ oOydeHus
moxaenu HuBERT ¢ momorpio 1aHHOTO Moaxo1a ObuTa McclieZloBaHa TPUTLIET-
Hast QyHkuus notepb [14]. Jlannas ¢yHKims oOydaeTcs Ha TpOHWKax 00beK-
TOB — SIKOPHBIW, MMOJOKUTENbHBIN U OTpULaTEIbHBIN. [1oa SIKOpHBIM TpUMEPOM
MOHUMACTCS IICJICBON OOBEKT 3aJaHHOrO KJacca, MOJOKHUTCIbHBIN MpUMeEp —
oOpaser Toro e Kijiacca, OTpUIATENBHBIH — 00pasel Jr0oro Jpyroro Kiacca.
CMI)ICJ'I 3aKJII04Ya€TCd B MUHUMU3AIHUU PACCTOAHUA MCKAY AKOPHBIM H I1OJIO-
JKUTCITHHBIM OOBEKTOM, M B MAaKCHUMH3AIUU MEXIY SKOPHBIM WM OTPHIATEIIb-
HBIM 00BEKTOM, UCTIONIB3YS CICAYIONIYIO (PYHKITUIO:

Leriprer = Xita max(llfo(x) = fo(eDIZ = Ifo(xd) = foGxDIZ + ,0), (2)

e fo(*) — Mozmenk; X; — SKOPHBIA OOBEKT; X; — IMOJOKUTENBHBIN MPUMED;
X; — OTPHUILATENBHBIH NMPUMEpP; O — OTKIOHEHHE, 33Jalollee MUHIUMAIIBHO J0-
IyCTUMOE PACCTOSIHUE MEKAY X; ¥ X; . OnruMusanust GyHKUHHE Lyyipier OCY-
IIECTBIISIETCS 110 TapaMeTpaM MOAeNH 6.

I'mnoTesa 3akimoyaeTcst B TOM, YTO JaHHBIM MOAXOJ CMOXKET HOBBICHTH Ka-
YECTBO KITACCHU(PHKAINY 32 cueT Ooiee 3(h(HeKTHBHON TPYIIIHPOBKH OOBEKTOB B
BEKTOPHOM TIpocTpaHcTBe. [IpeluioxkeH ciie Ny omuii anropuTM:

1. ®opmupyercs TabmMLIA TPHUILUIETOB M3 HCXOMHOTO TPEHHPOBOYHOTO
Habopa, KOJIMYECTBO TPHUILIETOB MOYKET BapbHPOBATHCS.

2. Brwmomasercs noo0yuerne 6a3oBoit mogenn HuBERT.

3. VYcpemHeHHBINH BBIXOJ MOCICIHETO CJI0si TpaHchopmepa 6a30BOH Moje-
JIM TIEpeaeTcsl B IPOEKLMOHHBIN CIIOH afanrtepa.

4. BBIX0I MpPOEKIMOHHOTO CIJIOs Iepernaercs B (YHKIUIO aKTHBALUH
ReLU.

5. Beixox QyHKIMM aKTHBAlMU THOAAETCS B TPUILIETHYIO (PYHKIHUIO MO-
TEpb.

6. B koHIe 00yuyeHns Beca IMOy4YEeHHON MOJIETH 3aMOPaKUBAIOTCS U 00y-
YaeTcs TOJIBKO KIACCH(UIMPYIONINHA CIIOH ajanTepa ¢ UCHOoIb30BaHNEM KPOCC-
SHTPONUIHHON (PYHKIIUH OTEPb.

232 Y[OK 004.032.26(08) HelipoHHbIe ceTun



ISBN 978-5-7262-3186-0 HEMPOUH®OPMATWKA-2025

YucaeHHbIE IKCIEPUMEHThI H OLIEHKA Pe3yIbTATOB

UYucrieHHbIE 3KCHIEpUMEHTHI TpoBouich B cucreme Google Colab ¢ nc-
MOJIb30BaHUEM rpadUuecKux yckopuTeneil. {1 OleHKH pe3ybTaToB MpHMe-
HSUTHCh CTaHJAPTHBIC METPUKH KIacCU(HKAIMH, TAKHAE KaK accuracy, precision,
recall u F1. B 4iCIeHHBIX SKCIIEpUMEHTAX UCTIOIB30BAINCH PaHee OTOOpaHHbIC
nannble U3 garacera DUSHA.

Ha HavanmbHOM 3Tare SKCIEPHUMEHTOB MPOBOIMIOCH T000ydYeHHe 0a30BOi
MOJICTI C HCIONb30BaHHEM (DYHKIUH KPOCC-OHTPONUHM U yKa3aHHBIX paHee
THIIEPIIAPaMETPOB, MOI00P KOTOPBIX OCYHIECTBISIICS JKCIEPUMEHTAIBHO. 3a-
TEM THIeprapameTpbl (UKCHPOBAIUCH U BBINONHSIIACH CEPHSI IKCIIEPUMEHTOB
1o 1000y4yeHnto 0a30BOH MOJENHM C UCIIOIb30BAHHEM TPUILICTHON (DYHKIUH.
Tabnuma TpurutetoB comepkuT 2000 CTPOK, YTO COOTBETCTBYET KOJIUYECTBY
OTOOpPaHHBIX PEUYEBBIX ayIMO3aMUCEH.

Ha ¢unaneHOM 3Tane Ga3oBasi MOJeb J1000ydaiach C HCIIOJIb30BaHHEM
NPEAJIOKEHHOTO  MMOJX0/la, KOMOMHMPYIOIIEr0 TPUIUIETHYIO W Kpocc-
SHTPONHUUHYIO QYHKIMH, HA TOM e oOydaromeM Habope. [Ipu 3TOM Kiaccu-
(UKAIMOHHBIHA amanTep o0ydYascs ¢ THIepIapaMeTpaMy, aHAIOTHYHBIMU 00Y-
YEHHIO KJaccu(prKaTopa IpH CTAHAAPTHOM Moaxoze. B Tabi. 3 mpencraBineHbl
3HAYEHHs] METPHK, MOJYYCHHBIX B PE3YJIbTATE CEPHH IKCIIEPUMEHTOB IS Kax-
JIOTO PACCMOTPEHHOTO MOAXO0/a. 3aMETHM, YTO HPEIOKEHHBIA MOIXO0. MPO-
JIEMOHCTPUPOBAJ HAWIYYIINE 3HAYCHUSI [0 BCEM METPUKAM OLEHKH TOYHOCTH
KJ1acCH(hUKAITIH.

Tabnuna 3
CpaBHEHHE pe3yJIbTaTOB KJIaCCH(UKAINH SMOIHH
mozensio HUBERT ¢ nomenHoit ananrtanueii Ha pa3HbIX GYHKIMSIX TOTEPh

Hasganue QpyHKIMN Accuracy Precision Recall F1

Kpocc-aurpormst (Lcg) 0.76 0.72 0.85 0.78
Tpunner (Leripiet) 0.81 0.77 0.87 0.82
Liripiett Lcg 0.84 0.81 0.87 0.84

Jlanee ObITM PacCMOTPEHBI PACIpPENSNICHNs] CKPBITHIX HPEICTABICHUH HO0-
00y4eHHBIX Mofesel IS MPOBEPKH T'MIIOTE3Bl O METpUYeCKOM o0yueHnH. Ha
pHcC. 2 TIPEACTaBICHBl PACIPEACICHNS YCPEIHEHHOTO BBIXOAA C MOCIEIHETO
CcJ10st TpaHcopMepa TPEHUPOBOTHON BBHIOOPKH ISl BCEX PACCMOTPEHHBIX MOA-
XOZIOB B paMKaxX YHCJICHHBIX SKCHEPHMEHTOB. Moenb, 1000ydIeHHas IpeIo-
YKEHHBIM METOJIOM JIOMEHHOM aJanTallii CMOTJIa Hanboee TOYHO pa3IenuTh |
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CrpYyNIHUPOBATh COOTBETCTBYIOIIME 3MOLMHU [0 CPABHEHUIO C ABYMS APYTHMHU
MMOIXOAAMH, YTO BHAHO W3 TPEIOKEHHBIX rpadukoB. B pesyipraTe MOXKHO
cenaTh BBIBOJ O TOM, YTO IMOKAa3aTeId METPUK YIYUIIAIHCh 3a CueT OoJjiee
TOYHOW TPYIIIMPOBKH 0OBEKTOB SMOLIMOHAIBHBIX MPOSBICHUN B IPOIECCE 10-
MeHHOM ananTanuu 6a3osoi moaenu HuBERT.

Puc. 2. Pactipenenenus BeIxo10B nocieanero cios monenu HuBERT
Ha TPEHUPOBOYHBIX JAHHBIX MOCIIE J000YUECHHS C UCIIOIb30BAaHUEM:
(a) kpocc-aHTponuH, (0) TPUIUIETHOH (QYHKIUU U (B) X KOMOWHALIUHI

3akJjouenue

B pabore paccmorpeHa 3agada JIOMEHHOW ajanTanuu 0a30BOH Mopenn
HuBERT gans pernenus 3amaun KiaccH(UKAIUH MMO3UTUBHBIX M HETATHBHBIX
SMOIMOHANBHBIX TPOSBICHUN B PYCCKOS3BIYHON YCTHOW pedd MO Maylol BbI-
6opke maHHBIX. [yt 3TOTO OBUT COpMHUpPOBAH COATAHCHPOBAHHEBIA TPEHUPO-
BOYHBIA Ha0Op MaHHBIX, cocTosmii n3 2000 pedeBbIX ayano3ammceii U3 gara-
ceta DUSHA. [lo3utuBHEIH Ki1acc smonuii opmupoacs u3 500 aymuo mpu-
MEpOB 3MOIMU pamocTH W HelTpamu, Bcero 1000 mpumMepoB, a HETaTUBHBIN
kiace — u3 500 mpuMepoB 3MOIHI 1evann u rHeBa, utoro 2000 ayano3amnmceit.
PaccMOTpeHs! cieayrone MeTOIbl: JOMEHHAs aJanTalis C YaCTHYHON pa3Mo-
PO3KOii BecoB 0a30BOi MojeH, 1000yueHHe 0a30BOM MOJCIU C HCIOJIb30Ba-
HUEM KJIaCCU(UKALMOHHOIO aJanTepa, KPOCC-IHTPONUHHOW W TPUILIETHOU
¢yHkmed noreps. b1 mpemiokeH KOMOMHUPOBAaHHBIH METOZ JAOMEHHOM
ajlanTaiyy, Ipxu KOTOPOM YacTHYHO Pa3MOpOXKEHHas 0a3oBast MOJENb 1000Yy-
YyaeTcs Ha TPUILIETaX, 3aTeM 00ydJaeTcsl TOJIBKO KiIacCH(UKAMOHHBIIN afanrtep
C UCTIONTb30BaHUEM KPOCC-IHTPOIINH.

[To uToram mcciegOBaHUS MOXKHO CIIENATh CICTYIOIINE BEIBOJBI: TPHUILICT-
Hasi (QYHKIHA TOTEPh IMO3BOJACT YCHIUTHh Pa3UUUs MEXITY SMOIMAMHU IIPH
oOydeHnH, 4TO IMOKa3aHO Ha rpadukax. [Ipm sToM He TpeOyrorcs Oombine
00BeMBI 00yJarOINX MaHHBIX, KaK IMPH 0O0Y4YeHUH KIacCH(pHUKATOpa C IMpHUMe-
HEHHeM Kpocc-3HTponud. OnHaKo, TaHHBIN MOIXOA YyBCTBHTENEH K (HOpMU-
POBaHMIO TaOJIUII TPUILIETOB, TaK KaK CIMUILIKOM JIETKHE (HalpUMep, OAMH Ye-
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JIOBEK BBIPAKaeT OJMHAKOBYIO ASMOIIMIO) U CIHUIIKOM CJIOXKHBIC TPHILICTHI
(HampuMep, YMOLUH BBIPaXEHBI c1a00, TM00 CUTHAN 3allyMJIeH) CYIIECTBEHHO
3aTPYyAHAIOT IMPOIECC JOMEHHOM ajanTalldd, YTO BBIPAXAETCS B MEAJICHHOM
CXOJIMMOCTH, a TaKKe yXyJIeHHo obobuatomei criocobnoctu. B pesynbrare
MOJKHO CZ€JIaTh BBIBOJ, YTO NMPEATI0KESHHBIA OIXO0/ ABISIETCS NEPCIEKTUBHBIM
JUISL TAJTBHEHIIIETO Pa3BUTHSL.
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WucruryT ¢usnku 1 MmateMaTnku CaHkT-IleTepOyprekoro nojguTeXHUYECKOro
yHuBepcureta [lerpa Benukoro
shatrov_av(@spbstu.ru

MOCTPOEHUE MATEMATHUYECKOHN MO/JIEJIN
BUOJIOIr MTYECKOM OYUCTKH CTOYHBIX BOJT
HA OCHOBE ®U3NYECKU HH®OPMHUPOBAHHBIX
HEWPOHHBIX CETEN

[Ipeanaraercst alropuT™M MOCTPOSHUSI MAaTEMAaTHYECKONH MOJENIN OHOJIOTH-
YECKOM OYMCTKH CTOYHBIX BOJI Ha OCHOBE ()M3MUYECKH HHGOPMUPOBAHHBIX
Heifponnsix cereit (PINN). IlpoBoaurcsa cpaBHuTensHBIN aHanu3 PINN mone-
Je M aHAIUTHYECKOW MOIU(HKAIMHM KJIACCUYECKUX YHCICHHBIX METOJIOB.
OcymiecTBisieTcss MOUCK ONTUMAaNbHBIX mapaMeTpoB PINN mozmeneit (umcia
HEWpOHOB W CJIOEB), a TAaKXKE THIEpIapamMeTpoB MeToja oOydeHus (ducia
NPOOHBIX TOYEK).

KnioueBble ciioBa: ¢usuuecku ungopmuposanuvie HelupouHbvie cemu,
OUUCIKA CIMOYHBIX 800, 0OYUeHIe HEUPOHHOU Cemu.

BBenenue

CrouHble BOABI — 3TO aTMOC(epHbIe OCAaKH, a TAKKe BOIBI OT MOJIHBA 3e-
JICHBIX HACaXJICHWH M YJIHI, OTBOAUMBIC B BOJIOEMBI C TEPPUTOPHUI MPOMBIII-
JICHHBIX TPEANPUATHN M HACENEHHBIX ITyHKTOB YEpPE3 CHUCTEMY KaHaIM3alUH
WIH CaMOTEKOM, CBOMCTBA KOTOPBIX YXYIIIEHBI B pe3yibTaTe IeATeIbHOCTH
yenoBeka. [IpuHIMNUanbHON 0COOCHHOCTRIO JaHHOW PabOTHI ABJSETCS CO3/a-
HHE CHCTEMBI MOJICIMPOBAHM, MOHUTOPHHTA U YTIPaBJIEHHs MPOLECCOM OHo-
JIOTHYECKOW OYMCTKU CTOYHBIX BOJ Ha OUUCTHBIX COOPYKEeHUsX. MaTemaTHue-
ckast Mojienb [1] mo3Bossier chopMupoBarh GyHKIMOHAN Uil HACHTH(QUKAINN
MOJIEIM U TOCIEAYIOIIEro yrpasieHus mporeccoM. CTaHIapTHBIA MOAXOX K
MaTeMaTH4eCKOMY MOJICITMPOBAHHIO TAKUX 3a/lad COCTOMT M3 ABYX 3TaroB. Ha
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MIEpBOM 3Tare Ha OCHOBE MH(OPMAIIUH O MPOIIeccax B MOJETHUPYEMOM OOBEKTE
CTPOMTCS MaTeMaTHuyecKasi MOJe/b (Jalie Bcero, B Buae cuctembl auddepeH-
LIUAJIbHBIX YPaBHEHHH C HAaYaJbHBIMU MJIM TPaHUYHBIMH ycioBusiMu). Ha BTO-
POM 3Tare 3TH YpaBHEHUS PEIIArOTCsl YUCICHHO C BBICOKOW TOYHOCTBIO C I10-
MOIIBIO CTaHIAPTHBIX MeTo0B (Hamnpumep, Pynre—Kyrra). Ilo pesynbratam
TaKUX PAaCYETOB JIETAIOTCSI BBHIBOJBI O TTOBEJCHUH MOJCIUPYEMOro OOBEKTa.
Ecnu pe3ynpTaThl HE COOTBETCTBYIOT JIAaHHBIM HaOMIOJeHUI 32 00BEKTOM, TO
BO3BpAILAIOTCS K IEpBOMY dTamy. Takol HMOAXOA Ha CETOAHSIIHHUNA AEHb cie-
IyeT cuuTaTh ycrapeBmmM [2, 5]. CoBpeMEHHBIH MOIX0A COCTOUT BO B3TIIIC
Ha quddepeHnnanbHbIe YpaBHEHU He KaK Ha aOCOIIOTHO TOYHYIO XapaKTepH-
CTHKY 00BbeKTa (B OOJBIIMHCTBE PadOT 110 MATEMAaTHYECKOMY MOJACIHPOBAHUIO
OHH, 110 CYTH, 3aMEHSIOT caM 00BEKT), a KaK Ha MPUOIMKEHHYI0 HH(pOopMaLnio
0 HeM [2]. C Takod TOYKH 3PEHHs, BRICOKOTOUHOE pemicHue auddepeHinas-
HBIX YpaBHEHUI NpeICTaBIsIeTCs] OECCMBICICHHBIM. bosiee mnepcrneKkTHBHBIM
npeAcTaBisieTcs nepexo] ot AudGpepeHIuaIbHbIX ypaBHEHHN K MPUOIIKEH-
HOW MoJenu B BUJE QYHKIHH, KOTOPYIO MOYKHO JIETKO YTOYHHUTH MO Pe3ylibTa-
TaM HaOoaeHMH [2].

B kauectBe Takux (YHKIMI BCe Yalle MCHOIB3YIOT (GU3NUECKH MH(DOPMH-
poBanubie Heiiponneie cetr (PINN) [5]. OmHako, GonbIIMHCTBO paboT Mo
PINN yHacnmemoBai HETOCTATKH KIACCHYECKOTO IMOIX0/Aa K MaTeMaTHIeCKO-
My Mozenupoanuro. Cremyst Moae Ha rirybokoe oOydenue deep learning, s
MTOWCKA MPHUONKECHHBIX PEIICHUH UCIIONB3YIOTCS HEHPOHHBIE CETH ¢ OOJNBIIIM
YHUCJIOM HEWPOHOB U CIIOEB, UCIIOJIB3YIOTCS CETH CO CIOXHOW apXUTEKTYpOU,
KOTOpasi 9acTO HUKaK He CBs3aHa C CyThio 3amaun [5-9]. Ham omeir [2—4,9]
MTOKA3BIBAET, YTO B OOJIBIIMHCTBE 3a7ad MOXKHO ITOJyYUTh PEIICHHE a/IeKBaT-
HOH TOYHOCTH, UCIIOJIb3YA HeﬁpOHHBle CCTU C OJJHHUM CKPBITBIM CJIOE€M C HEC-
OONBIINM YHCIIOM HeHpoHOB. Takue ceTH mpolie MHTEPIPEeTHPOBaTh, NOYYH-
BaTh 10 HOBBIM JAaHHBIM, UCIIOJIB30BATh BO BCTPANMBACMBIX CUCTEMAX U T.H. Pa-
060TOCIIOCOOHOCTh MOJOOHOTO MOAXOJa W TPOBEpseTcs B AaHHON pabore Ha
NPaKTHYECKH MHTEepecHOH 3amade. [Ipm HEOOXOAMMOCTH pa3Mmep Takux ceTed
JIETKO YBEIMYHTb, UCIIOJIb3YsI BOJIIOIMOHHBIE allTOPUTMBI [2]

IlocTaHoBKa 3a7a4u M oMM CAHUE ajaropurma

OuucTKa CTOYHBIX BOJI BKJIIOYACT MHOXKECTBO CIIOXKHBIX 3TanoB. B manHO#
paboTe OCHOBHOE BHHUMAaHHE YAEISIETCS Ipoleccy yIaleHus a3oTa, 4To o0y-
CJIOBJICHO €TO 3HAYUTEIbHBIM BKJIAZIOM B 3arpA3HEHHE BOJHBIX OOBEKTOB. Y Ia-
JICHUSI a30Ta OCYIIECTBIISCTCSA MyTeM HUTPUPHKALUM W CIEAyIOIed 3a Her
neantpudukanuyu. Hutpudukammus — mporecc OKHCICHUS MOHOB aMMOHUS
NH; o murpatos NO3 KOTOpBIi ocymmecTBIseTcsS B ABa STana. Ha mepBom
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sTamne OakTepuu Buaa Nitrosomonas OKHCISIOT aMMOHUHM 10 HUuTputa NO; 10
cxeme

3
NH} +§02 - 2H* + NO; + H,0. €Y)

Ha BTopom stamne 6akrepun Nitrobacter OKUCISIOT HUTPUT OO HUTPATA IO
cxeme

1
NO3 +50, > NO5. )

Jlenutpudukanyss — MpoOIecC BOCCTAHOBICHUSI HUTPATOB 10 MOJIEKYJISIP-
HOI'O a30Ta.

B pabote paccMoTpeHa Mo/ieh HUTPU(DUKAIINH, B KOTOPO MPOIECCHI, CBS-
3aHHBIC C OKHCJICHHE a30Ta, PACCMATPUBAIOTCS OTMAECILHO OT OCTAIBHBIX MPO-
LIECCOB OMOOYNCTKH:

dt MKy, + Ny By;
dN, _m N B _ K2 N, B.:

dN. N
=R B ®)
dt Y, Ky, + N,

B, _ N .

a MRy N, KB

at - HeE, + N, KB

roe N;, N,, N3 — KOHICHTpaluu aMMOHHs, HUTPUTOB M HHUTPATOB COOTBET-
CTBEHHO; By, Wy, kq,, U By, Uy, kg, — KOHIIEHTpAIMH, MAKCHMATILHBIE yIIENb-
HBIE CKOPOCTH, KOHCTAHTBHI OTMHpPAHHS MHKPOOpraHm3MoB Nitrosomonas u
Nitrobacter coorBercrBeHHo; Y;, Y, — skoHOMHYecKHe KO3(D(DUIMEHTHI;

Ky, , Ky, — KOHCTaHTBI [OJyHACHIIIEHHS.

[MocTaBneHHas 3ajaya COCTOMT U3 ISTH OOBIKHOBEHHBIX JU(QEepeHIHaTb-
HBIX YpaBHEHHH H JOMYCKAeT CYIIECTBEHHOE YIIPOIIEHHE. 3aMETHM, YTO B CH-
creme (1) nepBoe u yerBeproe O/1Y 3aBUCAT TOJIBKO JApYT OT Jpyra. Torga s
HayaJla MOXXHO PacCMOTPETh YIPOILEHHYIO MOJIENb, COCTOSIIYIO M3 MEPBOrO U
yetBepToro OJ1Y.
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MopeabHas 3a1a4a

Pa3znenuB nepBoe ypaBHeHHE Ha Y] U CIO0XUB MEPBHIE TPU ypaBHEHUS, I10-
nmy4yaeM BeIpaxeHue N3 yepes N;, N,. [l moucka pemieHus OCTaBlIeics cu-
CTEMBI YETHIPEX YPaBHEHWI paccMOTpHM JjBa monxona. Ilepsblii momgxon co-
crout B mocrpoenuu pemenus: PINN B Buze [2]

N

N
M@ =) avina), B = ) dvlxb), j=1,2,

i=1 i=1
T7e B KadecTBe 0a3ucHBIX (yHKIUH v BEIOpaHs! th(a(x — b)).

OO0yueHne MPOBOJAMTCS B TIPOIecCEe MUHUMU3ALNH (DYHKIIUH OTEPh

N 2

E(N B)—Z le+ Mg s
v 5= dt Ky Nt

=1
dB, N 2 ,
+| - H1m + kg, By | (x) +8 (N(0) — Nyp)* + €©))

dt
+8(B;1(0) — B1p)?]

Ecinu uMeroTcst 1aHHble M3MEPSHHUH, TO B PYHKIIUIO MTOTEPh JT00aBISICTCS Clia-
raeMoe, paBHOE CyMM€ KBaJpaTOB OTKJIOHEHHH BBIXO/Aa CETH U M3MEPEHUH,
YMHOKEHHOH Ha MTpadHOi MHOKHUTEINb.

Bo Bpems 00ydeHHs Mozenn MBI yepe3 Kax/ple 3 mara MeTojJa ONTHMH3a-
UM (B KayecTBe KOTOPOro Hcmoib3oBasicss RProp [5]) cimywaitHeiM oOpa3om
HepereHepUpyeM TECTOBBIC TOUKH X; . TaKMM 00pa3oM, MBI TIOCTOSTHHO MPOBE-
psieM ee Ha OTICIHFHOM BalMIAIIOHHOM Ha0ope HaHHBIX. MBI COXpaHIeM Ty
BEPCHIO MOZEIH, KOTOpasi AaeT HAMMEHBIIYI0 OIINOKY Ha STOM BallMJAI[OH-
HOM Habope. B kadecTBe (hpmHATBFHONW MOZETH MOKET MCIOIB30BAaTHCS camas
JMyd4Iasi COXpaHeHHast BEPCUS WIIH MOCIEeTHEE COCTOSHUE MOJICH W UCTIONB3Y-
eM ero s puHaIbHOI paboThl Wiu oneHku. Kak nmokaszano B [2], ucrons3oBa-
HUEC MEPETrCHEpAMNU TCCTOBBIX TOYCK IMO3BOJIACT MHOT'OKPATHO COKPATHUTH HX
KOJIMUECTBO 0€3 MOTEPH TOYHOCTH O0YUCHHUS.

[lepBbIii BapuaHT HampaBjeH Ha MaKCHMH3alUI0 0000maromeil cnocooHo-
CTH MOJIENTM ¥ MUHHMH3AIIMIO PHCKA IepeoOyUYeHus 3a CUeT BpIOOpa TOUKH IH-
Ka MPOU3BOJMUTEIFHOCTH HA HE3aBHUCUMBIX JIaHHBIX. BTOpOi BapuaHT HaleleH
Ha IOJIHOE HCIIOJIb30BaHUE 3a/IaHHBIX BBIYMCINTEIBHBIX JaHHBIX 0€3 aKTHBHO-
TO KOHTPOJIS 32 IIepeo0ydeHUEM.
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Ha cnenyromem srare aHaJOrMYHBIM 00pPa30M CTPOUTCSI PELICHUE BTOPOTO
U MSTOr0 YPaBHEHUI, UCIIOb3Ys B KauecTBe N; U B; HEUpPOCETEBbIE PEIICHNUS,
MIOCTPOEHHBIE Ha NPEABIAYIIEM dTare, P 3TOM HCIOJIB3YeTCsl (QYHKIHMS I0-
Tepb, aHaJoruyHas (4).

Bropoit moaxon cocToWT B aHAIMTHYECKOH MOIU(UKAIMU KJIACCHYECKUX
YyHuCcIeHHBIX MeTo10B (AMNM) M npHBOIUT K MOCTPOSHHIO MHOTOCIOWHBIX
¢yHKIIMOHATBHBIX TpuOmKeHni [2, 3]. CyTb MOIU(UKAIIMH COCTOUT B TOM,
YTO KJIACCHUYECKUE METOMABI IPUMEHSIOTCA K MPOMEKYTKY IEPEMEHHOMN JTUHBI.
B pesymnpraTte momydaercs aHaior HEHPOHHOW ceTH riryookoro oOyueHms. Of-
HO U3 IIPEUMYIIECTB TAKOTO MOAXOAA Mepel KIACCHYECKUMH YHCICHHBIMU Me-
TOJaMH SBJIIETCS TO, YTO OH ITO3BOJISIET MOJIyYUTh PEIIEHUE B BUJIE aHAJIUTHYE-
cKko# (opMynbl, a He HaOOpa YNCIIOBBIX 3Ha4eHHH. OOBIYHBIE OLIEHKH TOYHO-
CTH MCXOIHBIX KJIACCHYECKUX METOJIOB IOKa3bIBAIOT, YTO TAKUM 00pa3oM Mo-
I'yT OBITh MOJY4YEHBI CKOJIb YrOJHO TOYHBIE PELICHHUS; MOJOOHBIC IMOIXOJbI
MO3BOJISIIOT /1aTh YAOOHBIE OLIEHKH TOYHOCTHU IOJY4EHHBIX Nnpuomkenui. [1o-
JY4MBIINECS TaKUM 00pa3oM MOJENN NMPU HEOOXOAUMOCTH MOYKHO YTOYHHUTH C
TIOMOIIBIO0 OOBIYHBIX METOJIOB 00y4EHHsT HEHPOHHBIX CETeH.

B nanHOil 3amade Ans mepBOTro IIara NMPUMEHSICA UCIPAaBIECHHBIA METOJ
Oiinepa.

2
Nia = Nio +=F;(Nyo, Bjo) + 5= (F/n(Njo, B0 )F; (N, Byo) +
+F}5(N; 0, Bj0)Gj(Nj 0, Bj0));

5)
t t2 , (
Bj1 = B +7B;(Njo Bjo) + 55 (Bjn(Njo Bj.o)Fi(Nj0, Bjo) +
+B/3(N; 0 Bj0)Gj (N0, Bj0))-
Jig mocneayronyx maros NpUMEHsICS yTOYHEHHBII MeTo ] Dilnepa:
Nkt = Ny + 5 F (N B )
” =1,2. 6)

2t )=
Bj k41 = Bjy-1 + ;Gj(Nj,k' Bj)

3nech t — IPOMEXYTOK BPEMEHM, HA KOTOPOM PEIIAeTCs CUCTEMA, N — YUCIIO
cioes Fj, Gj —npaBble 4aCTH COOTBETCTBYIOMINX YPABHEHUH CHCTEMBI (3).
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PesyabTaTsl pacuera

Jns KOHIEHTpanuy aMMOHHS W3 ympouleHHoH cuctemsl OJ1Y Obutn mo-
CTpOEHBI rpaMKH BBIXOI0B HEHpOCeTeil B CPaBHEHHUH C PELIEHHEM C OMOIIBIO
maketa Matematuka (cM. prc. 1) mocne 2000 3mox o0y4eHusI.

N1 NI_p(t) N1t
1.0}
3
[
.
o8|\
L)
osf
L]
S
Y
0.4 Y
.
s
)
0.2 %
‘\
N . t
5 10 15 20
a
81 B1_p(t) B1(t)
I”-\~
o8l ~

0.6

0.4

0.2

10

6
Puc. 1. I'paduku BeIX0Ja HEHPOCETH B CPABHEHHUH C PELICHUEM U3 TTaKeTa
Marematuka st 10 HelipoHOB 1 00y4aroIiei BEIOOpKHU pazmepoM m = 300

Ha puc. 1,a — xpuBasg N1 _p(t) — BeIX0o HEHpOCETH I KOHIICHTPALUHU aM-
MOHHMS, KpuBast N1(t) — TouHOe pemieHHe (B KauecTBE KOTOPOIO HCIOJIb30Ba-
JIOCh BBICOKOTOYHOE PEIISHHE C IIOMOIIBI0 BCTPOCHHOH (yHKIMM nakera Ma-
TeMaTHKa) Ui KOHIICHTPAIuK aMMOHus, puc. 1,6 — kpuBas Bl p(t) — BeIxof
HelpoceTu il KOHLUEHTpaluu MuKpooprannamoB Nitrosomonas, B1(t) — pe-
nieHne u3 mnaxkera MaTeMaTHKa A KOHIEHTPAaUU MHUKPOOPraHu3MoB. [lng
KOHLIEHTPALMK aMMOHUsSI M KOHIIEHTPAIlMd MHUKpoopraHu3mMoB Nitrosomonas

OBUIO OTPEJENICHO ONTHMAIFHOE KOJIMYECTBO HEHPOHOB MPH pa3iNyHBIX 00be-
MaX JaHHBIX B 00ydaromiei BEIOOpKe.
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Puc. 2. I'padpuxu MSE 151 o6yuatomeit Beioopku m = 300

Ha puc. 2,a npencrasiens rpaduku ¢ kpubiMu Error N1 _best mams myd-
mux BecoB 1o (yHknmm moreps u Error N1 end nnms kxoHma oOydeHws,
puc. 2,6 npencrapusier rpaduku ¢ kpuBbiMu Error Bl best m Error B1 end.
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I'padmku, nmokaspiBarolue 3aBUCUMOCTDh CpeJHEKBaIpaTHYHOH ommOkun MSE
OT KOJIMYECTBA HEMPOHOB, OATBEP)KIAIOT HATMYHME HEMOHOTOHHOM 3aBHCHMO-
ctu. U3 puc. 2 BUIHO, YTO TIPH YBEJINYEHHUU YHCIIA MPOOHBIX TOYEK BOJIOINS
MSE neonnoponna juis Error N1 u Error B1: B mepBom ciydae ommOku cHa-
Yaja yMEHbIIAIOTCS, a 3aTeM HaOIIofaeTcs pocT MpPU OJHOM JIOKAIBHOM JKC-
TpeMyMe (min); BO BTOPOM Cilydae HaOJIFOAaeTcs /1Ba JIOKAIBHBIX 3KCTpEMyMa
(max, min).

ITpu 3ToM noBeneHue MSE cylliecTBEHHO OTIMYAeTCs Ul pa3IuyYHbIX 3Ha-
geHnid BeIOOpOK (m = 100, 200, 300). Ot TeHaeHIMH Ooyiee MOIPOOHO TIPO-
CJIe)KMBAIOTCS B CIEAYIOIINX TaOIHIax.

Tabmuua 1
3navyenust MSE nins obyuarorueil Beioopku pasmepom m = 100
m =100

n |Error N1 best Error N1 _end Error B1 best Error B1 end

10 0.0325203 0.0325643 0.207223 0.206727

20 0.0149167 0.016431 0.0519583 0.0490315

30 0.0128498 0.011734 0.0596556 0.0581638

40 0.0134672 0.0120267 0.0335154 0.0321536

50 0.0330645 0.0259212 0.0582747 0.0595397

60 0.0648984 0.0572539 0.116849 0.114796

Tabnuna 2
3nauenust MSE nyist oOy4atoieii Bei0opku pazmepom m = 200
m =200

n Error N1 best Error N1 _end Error B1_best Error B1_end

10 0.0384031 0.0368493 0.197957 0.192053

20 0.0287966 0.0292623 0.1865 0.186348

30 0.0169593 0.011734 0.0504895 0.0581638

40 0.00656686 0.00702171 0.0291264 0.0288571

50 0.00617221 0.00572267 0.0102528 0.00913541

60 0.0100809 0.0105933 0.0518275 0.0511819
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Tabnuna 3
3unavyenust MSE nms oOyuaromeit BeIOopku pazmepom m = 300
m =300
n Error N1_best Error N1_end Error B1 best Error B1 end
10 0.0133935 0.0141222 0.0386405 0.0385336
20 0.0124543 0.0121887 0.0521557 0.0522308
30 0.0111085 0.0109431 0.0397787 0.0390886
40 0.00415952 0.00438526 0.0122263 0,0121457
50 0.00329839 0.00372095 0.00736211 0.00793151
60 0.00675434 0.00653267 0.025666 0.0270188

W3 tabmn. 1 BuaHo, yto st m = 100 onTUMaIbHOE YHCIO HEHPOHOB COCTAB-
nsiet 30 st Nym 40 mis By . U3 tab6n. 2 crienyet, uto A m = 200 Hawmydiue
pe3ynbTathl AaeT HedpoHHas ceTh u3 50 HelponoB. s m = 300 nomyyaercs
aHAIIOTUYHBIA PE3yIbTaT.

BriBoabl

HpeI[CTaBJ'IeHHBIe PE3YJIbTAThI MO3BOJIAIOT CACIATh BbIBOJ, YTO PEHICHUE C
noMonipto PINN Mo3BOJIIOT [aeT cepuio pelieHui pa3iudyHoro pasmepa u
TOYHOCTH. YBEIMUYMBAsl YUCJIO HEMPOHOB, MOXKHO IOJIyYUTh JAOCTATOYHO TOY-
HOE pelIeHUe CHCTeMBbl TU(QepeHIMaNnbHbIX YpaBHEHUI Ha JJIMTEIBHOM HWH-
TepBare BpeMEHH Oe3 MCIOIb30BaHMS TIIyOOKOrO OOYYeHHS HIIM CIOXKHBIX
HellpoceTeBbIX KOHCTpYKIMH. [TomydaeMble Moieny aganTUBHBI, UX TOYHOCTb
MOXET OBITh CYIIECTBEHHO MOBBILIEHA TP MCIIONB30BaHUM H3MepeHnid. OHa-
ko obOyuenme PINN TpeOyeT OONBIINX BBIYHCIUTENBHBIX PECYpPCOB U Tepe-
CTPOWKHM BBIYHCIMTEIBHOTO TpoIiecca MPH HEOOXOOUMOCTH HICHTH(PHUIIUPO-
BaTh MapaMeTphl 3a/1a4u 110 AAHHBIM U3MepeHui. IlocTpoeHne MHOrocioiMHoro
pelIeHus], TOJlydeHHOTO Ha OCHOBE aHAIUTHYECKOH MOIU(DHKALNY YUCICHHBIX
METOJIOB, MEHEE TPYI0EMKO, HO JUIS MOTy4eHHsI IPUEMIIEMON TOYHOCTH TpeOy-
eT MEPHOANYECKON IepereHepanuy Ha OCHOBe m3MepeHHH. CylecTBEHHBIM
JOCTOMHCTBOM TaKHX MOJIGJ'ICFI SABIISICTCA ABHOC BKJIIFOUCHHEC B I'OTOBBIC (I)OpMy-
JIBI TTAPaMETPOB 3a/a4M, YTO YIIPOINACT MX HIACHTH()HKAIUIO [0 U3MEPCHUSM.
IIpoBeneHHOE HCCliegOBaHUE MOATBEPXkKAAeT Hamle yoexxaeHue [2] B TOM, 4To
MHOTHE TIPAaKTUYECKH MHTEPECHBIE 3314 MOTYT OBITh PEeIIeHBI 0€3 HCII0IIB30-
BaHMsI IIyOOKOTO OOY4YEHMs W CIIOKHBIX HeHpoceTeBhIX KOHCTpyKuuid. [Ipm
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BO3HHUKHOBEHUH IPOOJIEM C MOCTPOCHHEM TaKMX MOJeeH (Hampumep, Mmpu
MOSIBJICHUH YKECTKOCTH), II€JIeCO00Pa3HO HCIIOIb30BaTh MOJACIH C (PU3UISCKH
00YyCIIOBJICHHOM apXUTEKTYypO#, COYeTaronmMx 00a PacCMOTPEHHBIX IMOAXOIA
[3]. Ecniu mpocThle MOIETH OKa3bIBAIOTCS HEJIOCTATOYHO TOUYHBIMH, TO JJIS MO-
CTpOcHHUs 0O0Jiee CIOXKHBIX M TOYHBIX MOJICNICH ONTHMAIBHOW apXUTEKTYPHBI
MO>KHO MCHOJIb30BaTh 3BOJIOLUUOHHBIE aITOPUTMBI [2, 9].
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HN.1. OJIBKOB, A.1. TABPUJIOB

Ckontex/MOCKOBCKHU# MTOJTMTEXHUYECKUH YHUBEPCHTET
olkovi@yandex.ru, alexgavrilov@mail.ru

KJIACCU®UKAIINA JEPEKTOB CBAPHBIX COEJJUMHEHUI
C UCITOJIb30BAHUEM MVYJbTUMOJAJIBHBIX
BOJIBIINX SI3bIKOBBIX MOJAEJIENA"

B macrosimeit pabote ounenuBaercs 3PpPEKTHBHOCTH BU3YaJIbHBIX OONBIIIX
sI3BIKOBBIX Mozenelt (BBAM) s mnenTrdukannu n1eeKToB CBapHBIX COEIU-
HEHUH, C aKIEHTOM Ha MX MOTEHIMAIBHYIO IOJIE3HOCTh IS HAYMHAIOIINX
CBapIIUKOB M B Ka4eCcTBE OJIOKOB MPUHSATHSA PEIICHUNA B aBTOHOMHBIX pOOOTax.
Hcnonp3ys momenu Gemma-3B, Gemma-27B u Qwen2.5-VL-32B, ciocoOHbIe
YMECTHThCSI B 00beMe ornepaTuBHOW mamsty 24 I'b wnu Ha ofHOM BHICOKapTe
RTX 3090 c xBaHTH3aIMel, Mbl IPOBOJIUM CPAaBHUTEIbHBIN aHANU3 NMPOU3BO-
JUTENIHOCTH Ha CTaHAApPTU3UPOBAHHOM HAOOpe NaHHBIX JIEEKTOB CBApHBIX
COETMHEHUIN BBICOKOW CIO0XHOCTH C NMEPEMEHHBIM OCBEIIEHUEM H YCIOBUSIMU
0030pa, cpaBHHBAsI PE3YJILTATHI C COBPEMEHHON BEpCHUEN TPaJAUIIMOHHONW apXu-
tekTypel YOLO, a umenHo YOLOv12. Pe3ynbpTaTsl MOKa3bIBalOT, YTO MOAEIH
¢ 27 MuuIMapAaMy apaMeTpoB JOCTUTAET TOYHOCTH BOCCTaHOBIEHNUS 66,36 %
u 6onee HU3KOH TouHOCTH 46,10 %, B TO BpeMs Kak MOZIETh C 3 MIJUTHAPIAMHA
IapaMeTpoB JAEMOHCTPHPYET IUIOXYI0 HaleKHOCTh — 35,05 % TouHOCTH BOC-
CTaHOBJICHHUS, COTMOCTaBUMYI0 C pesynpTaramMu YOLOvVI2. B T0O e Bpems
Qwen2.5-VL-32B nokazana MeHee KaueCTBEHHBIC PE3YJIbTaThl IO CPABHEHHIO
¢ Gemma-27B, HecMOTps Ha aHAJOTHYHBIN pa3Mep, BEPOSITHO, M3-3a MEHBIICH
CHOCOOHOCTH CJIEIOBATh MHCTPYKIIMSM, @ TaKKe MEHbBIIEro o0beMa MpecTaB-
JIeHWi 3a7a4 CBapKH B ee oOydarolieM Habope NaHHBIX. MBI 3aKIII04aeM, 4To
6onpime BBSIM MoryT goctirath KOJIHYECTBEHHO MPEBOCXOISIINX Pe3ybTa-
TOB Ha CIJIOXHBIX HaOOpax JaHHBIX, UCIIOJNIB3YS MPHCYIIee TIOHNMaHUE CBapKH,
MOJY4YEHHOE M3 UX OTPOMHOT0 00beMa MpeiBapUTEIbHO OOyYEHHBIX JaHHBIX,
YTO MO3BOJISET YIYYIIUTh (PYHKIMOHAILHOCTH 10 CPAaBHEHHIO C COBPEMEHHBI-
MH JI€TEKTOpaMH OOBEKTOB M JIEMOHCTPHPYET MOTCHIUAN JUIs MCIOIb30BaHUS
B KayeCTBE BCIOMOIaTEILHOTO WHCTPYMEHTA JUISi HAYMHAIOIINX CBAPIIUKOB B
npouecce o0ydeHUs], MPHU YCIOBMM NajbHEimeld ToHKoW HacTpoiiku. Kpome
TOT0, MOAEH JOCTATOYHO MaJbl, YTOOBI TOMECTUTHCSA HA OJHOM MOTPEOUTEIh-
CKOW BHJIEOKapTe, YTO TAKXKE MOTCHIMAIBHO ITO3BOJIAET HCIONB30BATH HX B
HEOOIBIINX pOOOTH3NPOBAHHBIX CHCTEMAX.

* Jlannas paGoTa BBIIOJHEHA IIpY Ioanepxkke rpanta B.E. ®opToBa MoCKOBCKOIo
INonuTexHmueckoro Y HUBEPCHUTETA.
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KuroueBnie cinoBa: Busyanvras BAM, knaccupurayus degpekmos ceaphvix
coedunenutl, degpexmoi ceapku, obecneuenue Kavecmea, npomviuiiennviil HU.

BBenenue

OobecrieueHne BHICOKOTO KayecTBa CBAPHBIX COCJMHEHHH KPUTUYECKH BaXK-
HO JISl EJOCTHOCTH M 0€30MacHOCTH KOHCTPYKLHMH B Pa3iIMYHBIX OTPacisaX
MIPOMBIIINICHHOCTH, BKJIIOYAs aBTOMOOMJIECTPOCHHUE, adpPOKOCMHYECKYIO MpO-
MBIIIJIEHHOCTD, CTPOUTENBCTBO M SHEPIETUKY. 3a MOCIEAHEE ACCATHIETHE Me-
TOMBI TITyOOKOT0 00yYeHHS COBEPIIMIIM PEBONIONUIO B O0NACTH OOHAPYKEHUS
nedeKToB CBapHBIX coeAnHeHui. MccnenoBanus, Takue kak paboTel Bacana u
np. (2024) u XKoub u ap. (2025), mokazanu, 4TO MOJIEIN Ha OCHOBE CBEPTOYHBIX
U TpaHC(OPMEPHBIX ceTell CIIOCOOHBI MACHTH(GHLIMPOBATEL CIOXKHBIE Te(EeKThI
CBapKU C BBICOKOH TOYHOCTHIO. [lapasuiennbHO, HelaBHHUE pabOTHI, TaKHe Kak
«ITonumaror au MYJIbTUMOJAJIbHBIC 60.]'[])1111/16 S3BIKOBBIC MOJICIHN CBapKy?»
(2025) [1] u dpeiimBopk WRT-SAM Uxoy u ap. (2025) [2], nokazanu, 4To
(dbyHIaMeHTaIbHbIE MOJIENIM — U3HAYaJbHO pa3pa0dOoTaHHbIE IS OOIMX 3ajad
KOMITBIOTEPHOTO 3pEHHSI — MOTYT OBITH aJanTHPOBaHBI ISl CHEIUAIM3UPOBaH-
HOW WHCIICKIIMU CBapHBIX COCIMHEHHMH. DTH IOJIXOJBI HE TOJIBKO OOHApYXH-
BAlOT AE(EKThl, HO M TOTEHIMAIGHO MOTYT INPEAOCTABJISATH OOBSCHEHHS Ha
€CTECTBEHHOM S3bIKE W IIpe/uIaraTb KOPPEKTHPYIOIIHE PEKOMEHIAINN — BO3-
MOXHOCTH, KOTOpPBIE HEAOCTYITHBI YUCTOMY JIETEKTOPY OOBEKTOB, TAKOMY Kak
YOLO.

Uro kacaercsi 00Oy4eHHs, TO CBapKa OCTAETCS HABBIKOM, TPEOYIOLINM 3Ha-
YUTENBHBIX BPEMEHHBIX M TPAKTHYECKUX 3arpar. OOMenpuHsTO, Y4TO JOCTH-
XKeHre 0a30BOM KOMIIETEHTHOCTH B TaKMX TEXHHKaX, KaK pydyHas JyroBas
CBapKa MOKPBITEIM 351eKTpooM (SMAW), 00bruHO Tpebyet 6osiee 300 u mpak-
TUYECKOTO OOy4YeHHs, a Kypchl, mpemarammue 585-4acoBoe MpPaKTHUECKOe
o0y4eHue, TO3BOJISIIOT AOCTHYb YpoBHA | U 2 kBanmudukanmu [3]. Ota 3Ha4YH-
TeJIbHasl OTPEOHOCTh B UIMTEIBHOM OOYYEHHH NEpCOHAJIA MTOJUYEPKUBAET I10-
TEHIUATBHYI0 [EHHOCTh HHTEJUICKTYAJIbHBIX CHCTEM TMOJACPKKU: IyTeM
MIPEOCTaBIICHNST OOPATHOM CBSA3M B PEXXHMME PEaIbHOTO BPEMEHH, KOHTEKCTHO-
3aBUCHMON MH(OPMAIMH, MYyJIbTUMOIAJIbHAS CUCTEMa MOXET IIOIIEPKUBATH
CBapIIMKOB KaK BO BPEeMs TEKYIIMX ONEPALMid, TaK M Ha dTarax o0ydeHHs, 1o-
TEHINAIBHO COKpaIlasi KpHBYIO OOyUYEHUs 1 MOBBIIIAs 0OecTIeYeHIe KauecTBa.

B nanHO# paboTe MBI CpaBHMBAEM NPOU3BOAMTEIHFHOCTE HAIIETO MOAXOAA,
OCHOBaHHOTO Ha MynbTHMOAaNbHOH BSM, ¢ YOLOvVI2 [4] Ha cTanmapTusupo-
BaHHOM Ha0ope MaHHBIX Ie(eKTOB CBapHBIX coenwHeHHH. XoTs YOLOv12
MOXET MPEBOCXOAUTH MO TPAJULIMOHHBIM METPHKaM, TAKMM KaK TOYHOCTb U
MOJHOTA, HAll TOAXOJ OTJIMYACTCS MPEIOCTaBICHUEM ITOPOOHBIX MHTEpIpe-
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TallMi Ha €CTECTBEHHOM SI3bIKE, KOTOpble HH(POPMHUPYIOT ONEPATOPOB O BEPO-
ATHBIX MPUYMHAX Ne(EeKTOB M MpearaloT KOppeKTHpYIoIue aeiicTBus. Mbl
YTBEp)K/AaeM, 4TO 3Ta JIONOJHUTENbHAs (YHKIMOHAJIBHOCTh CO3JaeT Oolee
LEJIOCTHYIO CUCTEMY KOHTPOJISI Ka4eCTBa — CUCTEMY, KOTOpasi He TOJIbKO 0OHa-
pykuBaeT IeeKThl, HO U MOMOraeT CBapIUKaM OBICTPO JHAarHOCTHPOBATH M
YCTpaHATh NMpoOJIeMBbl B IIPOLECCE MPOM3BOJACTBA, a TAKXKE MMEET JOMOJIHH-
TEJILHBIM MOTEHINAJ UCTIONIF30BAaHMS B MOOMIIBHOM POOOTOTEXHUKE.

2. ITocTaHoBKA 3ala4YM U OITHCAHME AJITOpUT™MA

B 1aHHOM WHCClIeOBaHUM OIIEHUBAIOTCS BO3MOXKHOCTH HICHTH(UKAILUU
Je(eKTOB CBApHBIX COEANHEHUI C UCIIOJIB30BAHIEM KaK BU3YaJIbHBIX OOJIBIINX
s3BIKOBBIX Mojieneit (BBSIM), Tak u crienuanin3upoBaHHOW MoJenu oOHapyxe-
Hust 00bekToB YOLOV12. OneHka npou3BOAUTENHLHOCTH MPOBOAMIIACH HA 00-
IIEZOCTYITHOM Habope NaHHBIX NedeKTOB cBapHbIX coequHeHui [5]. BBIAM
ObUTM OCTYIHBI Yepe3 KOHEUHYIo Touky BeiBoga bSIM, a YOLOv12 6but pea-
JIM30BaH ¥ 00y4YeH HerocpeAcTBeHHO B GpeiimBopke PyTorch.

2.1. 0Bt HOGG Y A

OKCHepruMeHThl TPOBOAWINCH C HCIIOJB30BaHMEM Habopa JaHHBIX Weld
Classifier [5], cocrosmero u3 3274 n300paxeHni CBapHBIX COEIUHEHUH C TIPH-
3HaKaMH, Pa3ACICHHBIMA Ha BOCEMb KJIACCOB, BKIOYAsl IIPOXKOT, TPEIIMHY,
M30BITOYHOE yCHUIJICHHE, XOPOIIee Ka4eCTBO CBApKH, NEPEKPBITHE, TOPHCTOCTb,
Opp3ru U moape3. Habop maHHBIX pa3zeneH Ha 0OydJaromliii, IPOBEPOYHBIN H
TECTOBBI HAOOPHI JAHHBIX B COOTHOMEHUH 93, 5 1 2 % COOTBETCTBEHHO.

W3o6paskenus B Habope JaHHBIX IEMOHCTPUPYIOT BBICOKYIO BApHAaTUBHOCTh
Y MOJTyYEHBI B YCJIOBUSX CUIIBHO Pa3IMYaIOIIECrocs OCBEIEHUs U YTIIOB 0030pa,
a TaKKe MOTYT COJEepKaTh MMOCTOPOHHUE 3JIEMEHTHI, HE OTHOCSAIINECS K 3a/1a4e
knaccudukanuu. Pazpernienre n3o0paxeHus sl Bcex n300pakeHuid B Habope
JAHHBIX cocTaBisieT 640x640 mukceneidl. OOyyarome H300paKCHUS COEpKaAT
HaMEpEeHHO BBEJICHHBII COJIb-TIEPEYHBIH HIyM.

JIyist OBBILIIEHUS HAZEKHOCTH M 0000LIEHUS] TPUMEHSUTHCH METO/IbI YBEIH-
YeHHS JaHHBIX, CTaHAapTHEIC i peanm3anuu Ultralytics, BKirouas cirydaitHoe
MacuTabupoBaHue, CIydaiiHyo 00pe3Ky, CiIydaiiHOe OTpaskeHHEe U W3MEHEHHE
IBETA.

2.2. Peasuzammusa BBAM

MbI HCCTIEeI0BATIM TPH OTKPBITHIX BU3YAIBHBIX OOJBIIUX SI3BIKOBBIX MOJIE-
au: Gemma-3B-it, Gemma-7B-it u Qwen-2.5-32B. 3tu Moaenu ObLIH pa3Bep-
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HYThI Yepe3 KOHEYHYI0 TOYKy BbiBoma koboldcpp [6], ¢ Bepcueit koboldcpp
1.87.4, pasmemniennoit Ha padodem IIK ¢ 128 I'b onepatusHoit namsatu DDR4,
nponeccopoM Ryzen 3950x u nByms Buneokapramu RTX 3090 24 I'b ¢ onepa-
nuoHHon cuctemorr Windows. Gemma 3 27B, Gemma 3 4B u Qwen2.5-VL-
32B Obim 3amymiens! ¢ kBantusammsamMu Q5 K M, Q8 u Q5 K S coorser-
CTBEHHO ISl TEKCTOBOH YaCTH, B TO BPEMsI KaK IPOEKTOPHI 3pEHHS OCTaBAIHNCh
B opmare fpl16 g xaxmoit monenu. Kaxnoe nzodpaxenue aedexra cBapHO-
ro coeauHeHUs ObLIO TpeacTaBieHo BBSM co cnemyromum 3anpocom:

«You are to process a weld image for quality. The image is one of the 8 fol-
lowing types: “Burn-through, Crack, Excess Reinforcement, Good Welding,
Overlap, Porosity, Spatters, Undercut.” Label all the categories present in the
image, delimited by a comma and a whitespace. Only use these categories,
WITH THESE EXACT SPELLINGS, do not introduce additional ones».

3arpoc COCTOMT U3 ONpeesieHHs: 00JacTH U XapakTepa 3aJa4yu, YTo [OMO-
ract yMCHbIIUTH O6J'laCT]> BO3MOJKHBIX BBIXOJAHBIX JaHHBIX MOJECJIH, NEPEUUC-
JICHUs] BO3MOJKHBIX KaTeropuii 1eeKToB U TpedyemMoro gopmara BbIBOJA, YTO-
OBl BBIXOJHBIE JAaHHBIC MOJIEIN MOXXHO OBUIO MaccoBO CUHMTBIBATH JUIS CO37a-
HUSI TabJMI pe3ybTaToB. JIONONHUTENbHOE TPEIOKEHHE B KOHIE OBLIO J10-
0aBieHO, KOTr/1a OBIIM OTMEUECHBI CIy4al OTCYTCTBHS KaTETOPUH B BBIXOJHBIX
JaHHBIX, ero 100aBJICHHE MO3BOJIIO COKPATHTh KOJMYECTBO TAKUX TaJUTFOLH-
HAIWA 10 OgHOTO ciaydas msi Gemma-27B-it.

3anpoc ¥ M300pakeHne ObLIN OTIPABJICHBI B KOHEYHYIO TOYKY CO CIICIYIO-
LIEN CTPYKTYpOH JaHHBIX:

data = {
"max_context length": 4096,
"max_length": 240,
"rep_pen": 1.05,
"temperature": 0.5,
"images": [image data],
"prompt": prompt,
"stop_sequence": [
"### Instruction:",
"### Response:"

I'me m300pakenust ObUTH IpeoOpa3oBaHBI B KOAWPOBKY base64 mepen oT-
mpaBKOH B KOHEYHyIo TouKy. Ilapamerp "max context length" ompememnser
MakCUMaJbHYH0 JUIMHY BBOJA B JKETOHAax, oTHnpasiasiemMyro B BbSM,
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"max_length" omnpenenser MakcUMallbHYIO JUIMHY OTBeTa Mojenu, "rep pen”
YBEJIMYMBAET BAPUATHBHOCTh OTBETA MOJIENH 3a cyeT wmTpada 3a yKe HUCIOIb-
30BaHHBIE JKETOHBI, a MapaMerp 'temperature" omnpeaeNseT IUIOCKOCTHOCTh
pacrpeeneHust BEpOosITHOCTEH BBIXO/IHBIX KETOHOB, TP Oojiee BBICOKUX 3Ha-
YEHUSIX TEeMIIEPaTyphl MOBBIIIAIOTCS BEPOSITHOCTH MEHEE BEPOSTHBIX JKETOHOB.
BeIxoaHbIE TaHHBIE MOJIENHN 3aTEM HCIIOJIB30BAINCH B KAYECTBE METOK KIIACCH-
(hmKanmu IS OIIEHKU CITIOCOOHOCTH MOJICNIM Paclio3HABATh NE(EKTHI.

2.3. Peanmu3zamusa YOLOv12

YOLOvVI12 6but peanusoBan ¢ ucnois3oBanueM PyTorch 2.6.0+cul24. 13
maTH  cymectByromux Momeneii YOLOv12 Opmia mcmonb30BaHa MOJIENb
YOLO12m ¢ 19,6 MuinuoHaMy mapamMeTpoB, KoTopas mocTturia 52,5 mAP
(cpenneit Tounoctn) Ha Habope ganHbix MS COCO mo cpaBuenuio ¢ YO-
LO12x ¢ 33,05% Becos. YOLOI12m Obl1 MHUIIMATU3UPOBAH BECaMH, Mpe/Ba-
putenbHO 00y4yeHHBIMH Ha Habope maHHbix MS COCO. 3atem Mojenb Oblia
nmoo0ydeHa Ha oOy4varomeit yactu Habopa ganHeix Weld Classifier ¢ ucmons3o-
Banuem SGD ¢ MomeHTOM ¢ yacToToir o0yuenus 0,01 u pasmepom makera 32,
3HaueHneM momeHTa 0,937 u 3aryxanuem Beca Se-4. OOyuenue mmutock 300
smox. 3arem obydenHas moxens YOLOv12 Oputa mcronp3oBaHa i1l 0OHApy-
JKeHHUs 1e()eKTOB Ha TECTOBBIX M300pakeHMsX. CliexyeT OTMETHTh, YTO HEKO-
TOpble M300paKeHHs OBLIM aBTOMAaTHYECKH HCKIIOYEHBI M3-33 MPHCYTCTBYIO-
IIAX CETMEHTALMOHHBIX METOK, KOTOpbIe MOZAETh HEe ObuIa paccunTaHa Ha 00-
paboTKy.

2.4. MeTpuKH OLIEeHKH

J1s1  KOIMYeCTBEHHOrO CpaBHEHHs InpousBoguTenbHOCcTH BBSIM  u
YOLOVI12 MBI UCTIONB30BAIH CTAaHAAPTHBIE METPUKN OOHAPYKEHUsSI OOBEKTOB!
TOYHOCTB, MOJHOTY, F1-omenky u cpeanioro TouHocts (MAP). JIns YOLOv12
9TH METPUKU PACCUUTHIBAINCH IyTEM CPaBHEHMs IMpPeCKa3aHHBIX OrpaHUYU-
BaIOUIMX PAMOK C UCTHMHHBIMU aHHOTanusMHu. s BBSAM ouenka npencrasis-
Ja coboil yHUKalbHBIE TPOOJIEMbI M3-3a TEKCTOBOTO XapakTepa BbIBoJa. MBI
OIeHWIH Tpom3BoauTeIbHOCTE BBAM crenyronmiv o6pazom:

[l HoaHoTa: mpoueHT (GakTHIeCKH 0OHAPYKEHHBIX Je(EeKTOB, IPaBHILHO
UACHTH(UIVPOBAHHBIX (HE3aBUCHMO OT TOYHOTO OMMCAHMs). DTO OIpe-
JIeNATIOCH MyTeM MpoBepkH, yrnoMsanyna 1u BBAM mun nedexra, naxe
€CIIM OTIMCAaHUE ObIJIO HETOYHBIM.

[] To4HOCTB: TNPOIEHT HICHTU(PHUIUPOBAHHBIX NE(PEKTOB, KOTOpHIE Ha
caMOM JieNie SIBJISTIOTCS ICHCTBUTEIBLHBIMU Je(eKTaMu (T.e. He TaJlIio-
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LHUHAUAMH). DTO TpeOyeT pyYHOH MPOBEPKU KAXKIOTO UIECHTUPHIIUPO-
BaHHOro jaedekra, coobmernoro BBSIM, mo cpaBHEHHIO ¢ MCTHHHBIM
3HAYEHHEM.

[1 Fl-omenka: rapMOHHYECKOE CPE/IHEE TOUHOCTH U ITOJTHOTBHI.

[J YacroTa rauTOMMHAIAI: YacToTa, ¢ KoTopoit BBAM coobmana o ae-
(heKTax, OTCYTCTBYIOMIUX HA H300paKCHUH.

IIpumep oneHKH:

Puc. 1. TecToBoe n3o6paxxeHue nposxora, NCTUHHAs MeTKa: Burn-through x 2,
BBEIBOJ Mojienn: Burn-through, Porosity

3. DkcnepuMeHTAJbHBIE Pe3yJIbTAThI

Tabmuna 1
YOLOI12m
Krace H300p. Kon. Tounocte ITomnoramAPS50 mAP50-

Kiacca 95:
Burn-through 5 6 1 0.452 0.546 0.283
Crack 67 76 0.663 0.513 0.558 0.32

Excess Reinforce- 12 37 0 0 0 0
ment

Good Welding 56 64 0.358 0.5 0.323  0.191
Overlap 6 7 0.114 0.429 0.108 0.0451
Porosity 30 216 0.326 0.463 0.361 0.187
Spatters 31 650 0.521 0.0323 0.178  0.104
Undercut 7 7 0.0115 0.143 0.159 0.151

all 189 1063 0.374 0.317 0.279 0.16

YOLOVI12, 6a3oBast MozieIb 0OHapyKeHUs] OOBbEKTOB, JOCTHIIIA HU3KHX 3Haue-
HUI TOYHOCTH U TIOJHOTHI M3-32 CIIOKHOCTH Habopa JaHHBIX.

YOK 004.032.26(08) HelipoHHbIe ceTu 251



ISBN 978-5-7262-3186-0 HEMPOVWH®OPMATWKA-2025

Tabmuna 2
Gemma-3-4b-it

Knacc N306p. WIT JIII  JIO TounoctsIlonnora F1
Burn-Through 5 3 61 2 0.047  0.600 0.087
Crack 67 39 13 28 0.750  0.582 0.656
Excess_Reinforcement 12 0 1 12 0.000  0.000 0.000
Good_Welding 56 10 1 46 0.909  0.179 0.299
Overlap 6 1 3 5 0.250  0.167 0.200
Porosity 30 8 17 22 0.320  0.267 0.291
Spatters 31 7 11 24 0.389  0.226 0.286
Undercut 7 7 150 0 0.046  1.000 0.085
All 214 75 257 139  0.226 0.351 0.275

Gemma-3-4b-it xeMoHCTpHpYyeT pe3yabTaThl, aHanoruanasie YOLO-v12, moka-
3bIBast JIYUIIYIO ITOJHOTY, HO 3HAUYUTEIBbHO O0Jiee HU3KYIO TOUHOCTh. B 2,35 %
ClTy4aeB MO T€HEPHPYET METKH, HE OIPEICIICHHBIE B HHCTPYKIHH.

Tabmnuna 3
Gemma-3-27b-it

Krnace M300p. UIT JII  JIO Tounoctsllomnora F1
Burn-Through 5 4 30 1 0.118  0.800 0.205
Crack 67 53 13 14 0.803 0.791 0.797
Excess_Reinforcement 12 0 0 12 0.000  0.000 0.000
Good_Welding 56 37 1 19 0974 0.661 0.787
Overlap 6 0 0 6 0.000  0.000 0.000
Porosity 30 25 41 5 0379  0.833 0.521
Spatters 31 21 42 10 0333  0.677 0.447
Undercut 7 4 33 3 0.108  0.571 0.182
All 214 144 160 70 0474 0.673 0.556

27-munnuapasas Bepcus Gemma TPOU3BOAUT HAWIYUIIHE pPe3yJabTaThl, C
HauBbICIIEH TOYHOCTHIO, TOJHOTON U F1-oueHKo# cpean olleHHBaeMbIX MOJe-
neit. YacTora rajumoliMHAUUK OTCYTCTBYIOIIMX KiaccoB coctaBuia 0,33 % ot
BCEX MPOTHO30B.

[MpumeyarensHO, YTO TPYIHOCTH, C KOTOPBIMH CTaJKHBAJIHNCh Pa3INYHbIC
APXUTEKTYPBI MOJieNIeH, OBIIIM CX0XKH B CIIydae N30BITOYHOTO yCWIICHHS, OJTHA-
KO MHTEPECHO, UTO KIIacc MepeKphIThs ObuI dyume pacmo3Han YOLOvVI2, mpu
sToM 00e BESIM mouTH MONMHOCTHIO HE CMOTIIN PaclO3HATh €T0 SK3EMILUIIPHL, B
TO BpeMsI Kak OpbI3TH UMENIH OOpaTHYIO CUTyaluoo. Bo3aMoXHO, pelakTHpOBa-
HHE BXOJIHOT'O 3aIIpoca MOTJIO OBl CMATYUTH CUTYALIUIO.
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Tabmnuna 4
Qwen2.5-VL-32B-Instruct

Krnacc Wzo6p. UIT JIII JIO  Tounocts [lomHoTa F1
Burn-Through 5 5 69 0 0.068 1.000 0.127
Crack 67 8 0 59 1.000 0.119 0.213
Excess_Reinforcement 12 2 65 10 0.030 0.167 0.051
Good Welding 56 11 2 45 0.846 0.196 0.319
Overlap 6 4 37 2 0.098 0.667 0.170
Porosity 30 15 24 15 0.385 0.500 0.435
Spatters 31 22 69 9 0.242 0.710 0.361
Undercut 7 7 89 0 0.073 1.000 0.136
All 214 74 355 140 0.173 0.346 0.230

C 1maHHBIM 3alPOCOM MOJIENb T'€HEpHpOBala MPOTHO3BI, HO HE CMOIJIA
00ecIeYnTh COIJTaCOBAHHBIA (opMaT, Hake NPH IOHWKEHUH TeMIIepaTyphl
mapametpa 10 0,1. [Toce 0o9MCTKH BRIXOAHBIX JAHHBIX pe3ylbTaThl OBUIN aHa-
normuasl Gemma-4B, Ho ¢ 6oiiee HU3KOM TOYHOCTHIO. Jlanee ClieayoT HarsI-
HBIE ITpUMepsl paboThl Moaeneit Qwen-2.5 n Gemma-3 ¢ n300pakeHUSIMU:

N3o0paxenue

BeiBog Qwen2.5

BriBog
Gemma-
3

HUc-
THHHAas
METKa

The given image depicts a welding joint that
exhibits two distinct issues:

1. Overlap: This refers to the situation where
the edges of the metal pieces being welded
together are not properly fused, resulting in an
uneven surface. In the provided image, the top
edge of the joint shows an area where the met-
al appears to have been piled up, indicating an
overlapping of material rather than a clean
fusion.

2. undercut: An undercut is a groove or de-
pression along the edge of the base metal
caused by improper welding techniques. In this
image, there is a visible groove or indentation
at the interface between the welded metal and
the base metal, which is indicative of an un-
dercut.

These two issues—overlap and undercut—are
clearly observable in the provided welding
joint image.

Final Answer: Overlaps, Undercut

Burn-
through,
spatters

Over-
lap,
Under-
cut
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Burn-though, Spatters, Undercut Spatters, | Good_
Burn- Weld-
through |ing

Excess_Reinforcement, Undercut Good Good_
Welding | Weld-

Ensure that your response is concise and fol- ing

lows the exact format provided.

Burn-through, crack Crack Crack

Paccmorpum mpuMmepsl pabOThl OOJIBIIMX SI3BIKOBBIX MOJIENEH B MHOTIO-
ITaNHBIX YCIOBHUSIX, CAMYJIUPYIOLMX paboTy cBapiivMKa ¢ Heil. 3ampockl mpo-
M3BOJMIINCh Ha PYCCKOM si3bike jajisi mozaein Gemma-3-27b, enquHCTBEHHOU
MOJICTIH TAaKOTO pa3Mepa, CIIoCOOHON paboTaTh C PYCCKHUM SI3bIKOM Ha BHICOKOM
YpOBHe.

Hpumep 1: Iopucrocts

254 YK 004.032.26(08) HelipoHHbIe ceTu



ISBN 978-5-7262-3186-0 HEMPOUH®OPMATWKA-2025

{{[INPUT]}}

YTo ThI MOXKEIIIb CKa3aTh 00 TOM CBAPOYHOM IIBE?

{{IOUTPUTT]}}

Ha n300paxeHnu BUJICH CBAPOYHBINA MIOB, KOTOPBIN BBHITJISAUT HEKAYCCTBCHHO
1, BO3MOXHO, Jie(eKTHBIM. BOT MOu HaOIt0ICHNS:

* **HenosHoe mpormasnenne: ** BUIHO, YTO METaJT HE TTOJHOCTHIO pactia-
BIJICS B MECTE COCAMHEHUS. DTO MPOSIBISCTCS B BUJC YIIyOJICHUA U HEPOBHO-
cTe.

* **TlopucTocTh: ** B mBe BUIHBI MalleHBKHE OTBEPCTHSA (TIOPHI), UTO yKa3bI-
BaeT Ha HaJTMYKe ra30B BO BpeMs cBapKu. [1opbl ocnabisioT 1I0B.

* **Tpemunbl: ** Ha cThIKe 3aMEeTHA TPEIIMHA, KOTOPAs SBISIETCS CEPhE3HBIM
nedextoM. Tpenriaa MOKeT MPUBECTH K Pa3pyIIEHHIO KOHCTPYKIIUN TIPH
Harpyske.

* **HepoHas reometpusi:** [1loB He UMeeT POBHOM, aKKypaTHO# (GOpMBL. DTO
MOXET OBbITh BEI3BAHO HENPABUIILHBIM YIJIOM HAKJIOHA AJIEKTPO/Ia UIIK HEpaB-
HOMEPHOI nmojauei MeTasia.

* *¥*OrcyrerBue 3amuthl:** Cyst Mo BHY, CBapKa MPOU3BOAMIACE Oe3 mocTa-
TOYHOM 3aIIUTHI OT aTMOC(EPBI, YTO CIIOCOOCTBOBAJIO 0OPa30BaHUIO OKUCIIOB U
Top.

**BpiBoa:** DTOT CBapOYHBII IIOB HENPUEMIIEM JUTS OOJBIINHCTBA PUMEHE-
Huil. OH TpebyeT nepenenku. Heo6XoamMo BEIICHUTH MIPUYHHY Ie(peKTOB (He-
MIPaBUJIBHBIE TAPAMETPBI CBAPKH, TPA3HBIA METaUI, OTCYTCTBHE 3AIUTHI H T.JI.)
U yCTPaHUTb UX NEpe]] IOBTOPHOM cBapkoi. Mcnonbp30BaHME TaKOro 1IBa MO-
KET NPUBECTU K CEPLE3HBIM MOCJICACTBUAM, BILIOTH 10 aBapUH.

{{[INPUTT} }

A moueMy Tak pou301uI0?

{{{OUTPUT]}}

[Tpu4nH, 1O KOTOPBIM MOT MOJIYYUTHCS TAKOW HEKa4eCTBEHHBIH CBApOYHBIN
II0B, MOXeET OBITh HECKOJIEKO. BoT Hanbosee BeposiTHEIE:

**]. OmuOKH B IOATOTOBKE K cBapKe: **

* **Tps3HbIil MeTainr: ** Hanngue p)kaBUMHBI, Macia, KPaCKH WIIH IPYTHX 3a-
IPSI3HEHUIT Ha TIOBEPXHOCTH METaJlIa IPEISTCTBYeT HOPMaJIbHOMY NPOILIaBIIe-
HHIO ¥ 00pa30BaHHIO KaYeCTBEHHOT'O 1IIBA.

* **HenpaBuibHas MOATOTOBKA KPOMOK:** KpoMku feranel JOJKHBI OBITH
MPaBUIIBHO MOJIrOTOBIICHBI (CKOIIEHBI, 3a4UIIEHbI) JJIsl oOecTieueH s J0cTa-
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TOYHOTO 00beMa MeTalIa JAJIs CBApKH.
* **Hemoaxosias TOJIIIMHA MeTaa: ** BeiOOp HEMPaBHILHOTO PEXKUMa
CBApKH JUIs IAHHOM TOJIIMHBI METAJLIA.

**2. Ommbku B mporiecce cBapku: **

* **HenpaBuibHbIe TapaMeTpbl cBapku: ** HenpaBuinbHO 0K00paHHEIHA TOK,
HarnpspKeHUe, CKOPOCTh cBapky. CITMIIKOM HU3KHH TOK ITPUBOJIUT K HEMOJIHOMY
NPOIUIABIICHUIO, CITUIIKOM BBICOKHH - K TPOKUT'aHHIO METAILIA.

* **HenpaBWIIbHBIN YTOJI HAKIIOHA AIeKTpoaa: ** HempaBUIBHBIN yroM HAKIIO-
Ha DJIEKTPOJa BIUsIeT Ha (opMy LIBa U TITyOHHY IPOIUIABICHHS.

* **HepaBHoMepHas mogavya Metauia: ** HepaBHOMepHas mogada mprcamzoy-
HOTO MeTaJuIa (€CIIH UCTIONb3yeTCs) IPUBOIUT K 00pa30BaHUIO ITOP U HEPOBHO-
CTen.

* **HemoctaTouHas 3amuTa oT atMochepbl: ** OTCYTCTBHE MM HEJJOCTATOK
3amuTHOTO ras3a (mpu ceapke TIG wiu MIG/MAG) wiu uCHonbp30BaHUE He-
noaxojsero ¢utoca (npu cBapke MMA) NpUBOINT K OKUCICHUIO METaJJIa U
00pa30BaHUIO MOP.

* **CnumkoM OoJbIIasi CKOpOCcTh cBapku: ** He maet meraymuty 10CTaToqHO
BPEMEHH JIIS PacIUIaBICHUS M COSTMHEHUSL.

**3. OmmOKky B KBANH(UKAIIUH CBapIUKa: **

* **HemocTaTOYHBIN OMBIT: ** HEOMBITHBIN CBApPIIMK MOKET JOITyCTUTH OIIN0-
KU B BBIOOpE MapaMeTpOB CBAPKH WIIM B TEXHHUKE BBITIOJIHEHNUS 11BA.

* *¥*OrcyrcTBHe HE0OX0MUMOI KBanupukanuu:** CBapIIMK T0JDKEH UMETh
COOTBeTCTBy}OH_[yIO KBa.HI/I(bI/IKaHI/IIO JJIS1 BBITIOJTHCHU L CBapKI/I JAHHOI'O THUIIA U
CJIOKHOCTH.

**4. TIpobiemsl ¢ 00opymoBaHueM: **

* **HencnpaBHOCTH CBapOYHOTO armapara:** HencnpaBHOCTH B CBAPOYHOM
anraparte MOT'yT IPUBOJUTH K HECTAOMIBHOCTH TOKA WIIM HANPSDKEHUSI, YTO
BJIMSICT HA Ka4eCTBO ILBA.

* **3HOIIEHHBIC NIEKTPOABL: ** VcTonp30BaHNe H3HOIIECHHBIX AIIEKTPOIOB
NPUBOJIUT K HECTAOMIBHOM Ayre U yXyALICHHUIO Ka4eCTBA LIBa.

**B maHHOM KOHKPETHOM CiIydae, Cyas 10 H300paXeHn 0, Hanbojee BEposT-
HBIMU TIPUYAHAMH SIBIIFOTCA: **

256 YK 004.032.26(08) HelipoHHbIe ceTu



ISBN 978-5-7262-3186-0 HEMPOUH®OPMATUKA-2025

* **HenocrarouHslit Tok:** [IpuBen K HEMOJIHOMY NPOIUIABICHHUIO U 00pa3o-
BaHUIO YIIyOJIeHU.

* *¥*(OQTCcyTCTBHE 10CTAaTOYHOM 3amuThl: ** CriocoOCTBOBaIO 00pa30BaHUIO ITOP
Y TPEILHH.

* **B03MO0HO, HEIOCTATOYHBIN OMBIT CBApINUKA. **

I[J'IH TOYHOI'O ONPCACIICHNUA TPUINHDBI HCO6XOZ[I/IMO IPpOBECTHU Oonee ].'[eTaJ'ILHLIfI
aHaJIM3 U OCMOTP IIB4, 4 TAKKC U3YUUTH YCJIIOBUA CBAPDKU U KBaJII/I(bI/IKaLII/IIO

CBapIIKKa.

Ipumep 2: IIpoxor

{{[INPUT]}}

Kak Bam KkakeTcs, BBITJISIINT CBApHOW IIOB Ha 3TOM H300pakeHmu? Ecmm
ecTh AedekT, Kakoi U3 HUX Hamboiee 3aMeTeH? Bo3MOXKHBIC THIIBI IE(EKTOB:
«IIpoxor, Tpemuna, MN30eIToK apmmpoBaHusi, Xopomras capka, Haxnécr,
ITopuctocts, PazopesruBanme, Ilogpesy.

{{{OUTPUT]}}

Cyns o n300paeHu0, CBapHOU IIOB UMEET HEeCKOJbKo nmpobiem. Hanbo-
nee 3aMeTHBIM JedekroM siBisiercst **[Ipoxkor** (Burn-through). Buano, uro
MeTaJlI IPOIJIaBJIeH HACKBO3b B HECKOJIBKMX MECTaX MO OKPY)KHOCTH IIBA.
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Taroke MpUCYTCTBYIOT Cleaytomne ne(eKTh:

*  **Paz0operuBanue™* (Spatter) - BOKpyT 11Ba MHOTO OpBI3T MeTasUIa.

*  **30b1TOoK_apmupoBanus®™* (Excess reinforcement) - IIOB CIMIIKOM BBI-
Ty KJIBIH.

*  **Jompes** (Undercut) - HeGonpIIMe YrayOIeHUs BJOIb KPAeB IIBa.

B 1iermomM, kauecTBO CBapKH OCTABISCT JKEIATh TydIIero. [Ipoxor — cephe3HbIi
JeeKT, KOTOPbI MOKET CHU3UTh MPOYHOCTh COCTUHEHHS.

{{[INPUTT} }

Kak npenoTBpaTuTh 00pa3oBaHne Takoro aedexra?

{{{OUTPUT]}}

[MpepoTBpaieHue mpoxkora Nmpu cBapke TpeOyeT BHUMAHUSI K HECKOJIbKHM
KII0YEBBIM (pakTopaM. BoT OCHOBHBIE CIIOCOOBI:

*  **[]paBUbHBIN BEIOOP CBAPOYHBIX IMapaMeTpoB:**

*  #*Cua Toka:** YMmeHbiuTe ciity Toka. CIHIIKOM BBICOKHH TOK ITPHUBO-
JIAT K Ype3MEPHOMY HArPEBY U MPOIUIABICHHIO METasla.

*  **CkopocTb CBapku:** VYBenmmubTe CKOPOCTH CBapKH. boiee ObicTpas
CBapKa yMEHbIIAET BpeMs HarpeBa MeTajlia B OJJHOW TOUKe.

*  **Hanpspkenue nyru:** OrperynupyiTe HamnpspkeHHE TyTH B COOTBET-
CTBHUH C TOJNLIMHOW MeTaJIa ¥ BBIOPAHHBIM CBAPOYHBIM HPOLIECCOM.

*  **Tonmmaa Metasa: **

* Jlpm cBapKe TOHKHX MaTEpHaJIOB HCIIOJIB3YHTE MEHBIINA TOK M Oojee
BBICOKYIO CKOPOCTB CBAapKH.

*  JIng TONCTBIX MaTepUalioB MOXKET MOTPeOOBAThCS NpEIBAPUTEIBHBIN
MPOTrpeB, HO KOHTPOJHUPYITE TEMIIEpaTypy, YTOObI H30eXKaTh Meperpena.

*  **TexHHKa CBapKu:**

*  **Yrox HakJoOHa 3JeKTpoja/ropenku:** IloxnepkuBaiTe MpaBHIBHBINA
YTOJ1 HaKJIOHA, YTOOBI PABHOMEPHO PacIpeieNsiTh TEIIO.

* ¥ JIBIKEHHE DIIEKTPOa/Topenku: ** Vcrnonb3yiite NpaBUIIbHYIO TEXHUKY
JBIDKEHUST (HarpuMmep, KpYroBble, 3WUr3arooOpasHble), YTOOBl pPaBHOMEPHO
HarpeBaTh METaJLl.

*  **TJonrorosBka Merasuia:**

*  **Ougperka:** TmaTenTpHO OYUCTUTE METAIIT OT PXKABUMHBI, Macia, TPs3u
U JPYTHX 3arpsi3HEHHN.

*  **¥CocrosHue KpoMok:** YOennrech, 4TO KPOMKH METaJljIa MPaBIIBHO
MOJITOTOBJICHBI [T CBapKH (¢ (hackoif, ecii He0OOXOANMO).

*  **}Icnonp30BaHUE MOIXOAAIIETO 000pyIOBaHMS: **
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*  **CpapouHblil anmapar:** Vcrnons3yliTe CBapOYHBIH amnmapar, COOTBET-
CTBYIOLIU TUITy METaJ1a ¥ TOJIILUHE.

*  *EDneKTpoapl/IpHCanouHblil MaTepuain:** BriOupaiiTe 21eKTpoIbl Win
NPUCAJOYHBIA MaTepHaj, COBMECTHMbIE C OCHOBHBIM METAJJIOM.
*  **KoHTposb nporecca: **

*  **BusyanbHbIH KOHTPOJIb: ** BHUMAaTEIFHO ClleMTe 3a MPOLECCOM CBap-
KM, YTOOBI BOBPEMSI 3aMETHTh ITPU3HAKH ITEPErpeBa WM MPOXKOTa.

*  **TecrupoBanue:** [IpoBoaure HepaspylIalOIINe UCTIBITAHUS CBapHBIX
IIBOB (HampHMep, BU3YAIbHBIH OCMOTp, yIbTPa3ByKOBOH KOHTPOJB) JUIS BBISB-
neHus aeeKToB.

B koHKpeTHOM ciydae, Ha U300paKeHHH, BO3MOXKHO, Mpo0IieMa B CITUIIKOM
BBICOKOM TOKE WJIM HEJOCTATOYHOM CKOPOCTH CBapku. Take CTOUT IIpOBe-
PHUTh, NPABWIBHO JIM BBIOPAH 3JIEKTPOJ/NIPUCATOUHBIA MaTepuall Uil JaHHOW
TOJIIIMHBI METAJIA.

3akJjouenue

Kak mokaspIBaloT pe3ysbTaThl, Mbl 3aKJII0YacM, YTO BU3YyaJbHbIE OOJbIIME
SI3BIKOBBIE MOJIENTH CIIOCOOHBI MPAaBMIIBHO KIacCHU(PUIIMPOBATH AE(PEKTHI CBAp-
HBIX COCIMHEHHH, IPEBOCXO/ISI COBPEMEHHbIE MOJEIN OOHApYKEHUsI 00BEKTOB
Ha CJIOKHBIX HAOOpax IaHHBIX U MOTYT OBITh pa3yMHO HCIHOJIBb30BaHBI B Kade-
CTBE BCIIOMOTATEJIFHOTO WHCTPYMEHTa Ul HAYMHAIOMIMX CBAPIIMKOB, HpPHU
YCIIOBUH JATbHEHIIETO NOOOYYEHHS ISl TIOBBIMIEHUS TOYHOCTH BOCCTaHOBIIC-
HUS ¥ TOYHOCTH Bbime 80 MpOIEHTOB, Kak 3TO OBUIO CAETaHO Ha TPHMEpPE
MedGemma 115t MeIUIIMHCKUX 3a1a4. CaenryeT OTMETHTh, YTO KaueCTBO OIICH-
KM 3HAQUMTEIbHO CHHUIKAETCS Ha HI)KHEM KOHILE crekTpa pasmepa BBSM, uto
yKa3blBaeT Ha HEOOXOJMMOCTh MCIIONIL30BaHHs Mojenell pasmepom Oomnee 20
MUJIJIHApAOB NapaMeTpoB. TeM He MeHee, Jake IpU ITOM pa3Mepe MOJEIH
JIOCTaTOYHO MaJbl, YTOOBI TOMECTHTHCS Ha OJHOM MOTPEOMTENLCKONH BH-
JIEOKapTe, YTO TaKXKe MOTEHIMAIBLHO MO3BOJISET HCIIONB30BAaTh UX B HEOOIb-
KX pPOOOTH3MPOBAHHBIX cucTeMax. ClelyeT OTMETUTb, YTO AaXXe IPH 3TOM
pasMepe BO3MOXKHO MOJIy4YeHHE XyALIEro pe3ysbTara, Kak B caydae Qwen-2.5-
32B, BepOATHBIMU NPUYMHAMHU 3TOTO SBILIFOTCS MEHEE JUIMTEIbHOE 00ydeHME,
a TaKk)Ke MEHbIee MPEACTABICHUE 3aad CBAPKH B €€ OCHOBHOM Habope JaH-
HBIX.

JlanpHeHINe HarpaBlIeHUs Al UCCIECJOBaHMS BKJIIOYAIOT MHOTOIIAroBOE
MIPOTHO3UPOBAHNE HEyTauHBIX KiaccoB st BEAM myTtem noapobHoro o6bsc-
HEHUS TOTO, YTO TAaKO€ MEPEKPBITHE M M30BITOYHOE YCHIICHHE, MPEKAE HeM
JleNlaTh MPOTHO3BI, @ TaKXKe HCIIOJIb30BaHHE PACCYKJIEHHH B BBIBOJE MOJEIH,
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HUHAYIIMPOBAHHBIX CUCTEMHBIM 3alIpOCOM WJIM TOHKOHM HacTpoiikoi. Oxxumaercs
MOJy4eHHE JONOIHUTENBHBIX IIPEUMYIIECTB MPH 1000yYSHUH Ha OCHOBE BH-
JICOIaHHBIX W TPU MOJYYEHUH NPsSMON 0OpaTHOM CBS3M OT CBapIIMKOB, pado-
TaIOIUX C CHCTEMOM.
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CROSS-TALK OF THE HIPPOCAMPAL SYNAPTIC
RECEPTORS PATHWAYS

The paper analyzes the cross-talk between signaling pathways of neuro-
transmitter and non-neurotransmitter receptors. It delves into glutamate recep-
tor complexes within the dendritic spine interactome, which enable the struc-
tural and functional plasticity of the synapse during LTP. The mechanism link-
ing the regulation of local protein synthesis induction and cytoskeletal remodel-
ing within the local dendritic interactome under the control of glutamate recep-
tor has been reconstructed.

Keywords: synapse, dendritic spine, local synthesis, actin cytoskeleton.
Introduction

Dendritic spines while being responsible for receiving and rapidly pro-
cessing diverse incoming signals are the postsynaptic component of most glu-
tamatergic synapses of hippocampus [1].

The formation, maintenance and appropriate functioning of the dendritic
spine interactome largely depends on the coordination of complex molecular
networks that allow rapid information processing and response to a continuous
and diverse cascade of external stimuli, often while lacking time required to
communicate with the soma. Local protein synthesis in dendrites is energetical-

" The research was carried out within the state assignment of Ministry of Science
and Higher Education of the Russian Federation for Federal Research Center for Infor-
mation and Computational Technologies.

Y[OK 004.032.26(08) HelpoHHble ceTn 261



ISBN 978-5-7262-3186-0 HEMPOVWH®OPMATWKA-2025

ly advantageous, since translation of a single mRNA molecule can be involved
in multiple molecular cascades [2]. The hippocampal synaptic molecular path-
way cross-talk during of neurotransmission modification under diverse recep-
tors control of local protein synthesis and cytoskeletal remodeling in excitatory
synapses are represented in this article. The synaptic structural-functional regu-
latory pathway reconstruction in response to complexity signals (mediators and
non-mediators) are presented.

Molecular functional system of the dendritic spine
mediated synaptic efficiency

The phenomenon of long-term potentiation (LTP) characterized by persis-

tent synaptic transmission facilitation owing to neurotransmitter release a wide-
ly accepted cellular model of learning and memory [3].
GeneNet database (Russian Patent no. 990006 dated Feb 15, 1999) [4] in-
cludes information that allows graphical reconstruction of hippocampal
synaptic ~ neuro-transmission  regulation and  modulation  system
(http://wwwmgs.bionet.nsc.ru/mgs/gnw/genenet/viewer/AMPA html) (Fig. 1).
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Fig. 1. Fragment of the «Intermediate-LTP» network and schematic representation of the
GluR2 — AMPAR to GluR1-AMPAR receptor replacement process following synaptic
activation. Proteins and reactions are present in the GeneNet database format
(http://wwwmgs.bionet.nsc.ru/mgs/gnw/genenet/viewer/AMPA .html). More detailed
description is provided in the text
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Hippocampal glutamate neurotransmission is primarily regulated through
several key types of glutamate receptors. Ionotropic glutamate NMDA recep-
tors (N-Methyl-D-Aspartate receptors, NMDARs) conduct calcium and sodium
ions and serve as key regulators of LTP induction. Incoming calcium flow in-
duces a variety of molecular rearrangements in the interactome — in particular,
cytoskeleton and protein complexes remodeling, leading to new input associa-
tions depending on their type and pre-existing state of the synapse.

The AMPA receptors (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptors, AMPARSs) conduct sodium ions once activated by glutamate
thus providing basis for glutamate neurotransmission and LTP induction. Under
NMDAR control, in the first minutes after LTP induction AMPARSs containing
GluR2 and GluR3 subunits (GluR2/3) phosphorylated of protein kinase C
(PKC) and to get displaced from the synapse while AMPARSs containing GluR1
subunits, which were phosphorylated by protein kinase A (PKA), are being
introduced into synaptic membrane. New AMPAR density is established within
20-30 min and can subsequently be maintained through a process of receptor
recycling for a long time (Fig. 1) [4-9].

Hippocampal metabotropic glutamate receptors (group I, mGluR1 and 5)
modulate the level of secondary messenger production, activating phospho-
lipase C (PLC) [10].

Dendritic spine glutamate receptors are formed in protein complexes, con-
taining a variety of kinases and phosphatases capable of signal pathway induc-
tion promoting new levels of neurotransmission efficiency, key cytoskeleton
remodeling regulators involved in LTP (Fig. 2).

Regulation of synaptic plasticity
by non-neurotransmitter receptors

PIP2 (Phosphatidylinositol 4,5-bisphosphate) generation is controlled by
Phosphoinositide 5-kinase (PISK). PIP2 is a substrate for hydrolysis by PLC
which produces two secondary messengers — inositol 1,4,5-trisphosphate
(InsP3; IP3) and diacylglycerol (DAG). DAG activated PKC, which in turn
phosphorylates other proteins including GluR2/3 AMPAR (Fig. 2).

PIP3 (Phosphatidylinositol (3,4,5)-trisphosphate) generation is controlled by
Phosphoinositide 3-kinases (PI3K). PIP3 involved into diverse hormonal recep-
tors, neurotrophic factors receptors and etc. signalling pathways.

cAMP (cyclic adenosine monophosphate) generation is controlled by adenyl
cyclase (ADCY8) which colocalized with PKA on hippocampal dendritic spine
[11]. cAMP activate of PKA. GIuR1 subunits of AMPARs are phosphorylated
of PKA which is a necessary step during LTP. We’ve earlier indicated the ma-
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jor role of the mobile GluR1-AMPAR pool presence plays during high-speed
synaptic efficiency changes [9].
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Fig. 2. Schematic representation of synaptic receptors pathways cross-talk in the hippo-
campal CA1 region. NMDAR — NMDA receptor; mGluR1/5 —metabotropic glutamate
receptors, group I, type 1 and 5; LR — leptin receptor; IR — insulin receptor; D1/D5R —
dopamine receptor, type 1 and 5; PSD95 — post synaptic density protein; Homer —
Homer protein homolog 1; Shank — SH3 and multiple ankyrin repeat domains protein;
Racl — Ras-related C3 botulinum toxin substrate 1; Cdc42 — Cell division control pro-
tein 42 homolog; PIX — PAK-interacting exchange factor beta; PAK — p21-activated
kinase; IP3 — inositol 1,4,5-trisphosphate; DAG — diacylglycerol; PIP3 — phosphatidyl-
inositol (3,4,5)-trisphosphate; PIP2 — phosphatidylinositol 4,5-bisphosphate; Glu — glu-
tamate; DA — Dopamine; FMRP — Fragile X messenger ribonucleoprotein; CYFIP1
(Cytoplasmic FMR1-interacting protein 1; PKC — protein kinase C; PKA — protein ki-
nase A; PISK — Phosphoinositide 5-kinase; PI3K — Phosphoinositide 3-kinase; mTOR —
mechanistic target of rapamycin; Act — RAC-alpha serine/threonine-protein kinase, Pro-
tein kinase B alpha; PLC — phospholipase C; AGAP2 — Arf-GAP with GTPase, ANK
repeat and PH domain-containing protein 2; ADCY8 — adenyl cyclase; IP3R — IP3 re-
ceptor
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The dopamine receptors mediated modulation
of hippocampal glutamatergic neurotransmission

Dopamine receptors (D1/D5R types) are present at glutamatergic synapses,
acting as non-mediator receptors. Through the G protein complex, they trigger
the generation of additional pool of cAMP, promoting introduction of GluA1-
AMPAR into synapses facilitating LTP development [12, 13] (Fig. 2).

Thus, ADCY8 is cross-talk point in dendritic spine receptors signalling
pathway: NMDAR — ADCY8 — cAMP — PKA — increase the GluAl-
AMPAR density; Dopamine — D1/D5R — Gs — ADCY8 — cAMP — PKA
—increase GluA1-AMPAR density. Dopamine receptors form positive feed-
back loop during the development of NMDAR-induced LTP (Fig. 2).

The hormonal mediated regulation of hippocampal neurotransmission

Leptin and insulin are produced by white adipose tissue and the pancreas,
respectively and are involved in body metabolism regulation [14—16].

Insulin (through its receptor (IR)) is activated mainly by phosphoinositide
3-kinase (PI3K) evoked generation of PIP3. It has been shown that brief incu-
bation with insulin leads to removal of synaptic GluR2/3-AMPARs accompa-
nied by activation of PKC independent of NMDAR activity [17].

Preincubation with leptin led to an increase synaptic GluA1-AMPAR densi-
ty during LTP, which was accompanied by PIP3 accumulation, indicating di-
rect involvement of PI3K in leptin receptor (LR) signaling cascade [18]. Rong
showed formation of the Homer-mGluR-AGAP2-PI3K complexes within den-
dritic spine proteome. AGAP2 (Arf-GAP with GTPase, ANK repeat and PH
domain-containing protein 2) enhances PI3K activity during this process [19].

Therefore, the convergence points for signaling pathways of glutamate re-
ceptors, LR, and IR at hippocampal synapses is PI3K and accumulation of its
product PIP3 (Fig. 2).

Local neuronal biosynthesis regulation during LTP

Local protein synthesis is energetically advantageous compared to the
transport of individual proteins to distal outgrowths, such as dendrites, since
translation of a single mRNA molecule can be involved in multiple molecular
cascades [2]. A significant increase in dendritic mRNA levels is observed with-
in 2 hours post-LTP induction [20].

The key protein responsible for both transporting mRNA from the soma to
dendrites and translation initiation suppressing is FMRP (Fragile X messenger
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ribonucleoprotein) [21-23]. FMRP targets are proteins involved in structural-
functional synaptic plasticity regulation during LTP, including GluR1 and
GluR2 subunits, scaffold proteins [24-26].

CYFIP1 (Cytoplasmic FMR1-interacting protein 1) serves as an adaptor be-
tween FMRP and mRNA and the translational machinery [27, 28]. CYFIP1
directly interacts with translation initiation factors but not with mRNA itself.
The FMRP-CYFIP1 association forms a total translation initiation blockade

(Fig. 2).
mGluR receptors mediated regulation of dendritic local biosynthesis

mGluRs directly regulate dendritic local protein synthesis through protein
phosphatase 2A (PP2A)-dependent dephosphorylation of FMRP [29, 30].

NMDAR and mGluR1/5 receptors interact through Homer scaffold proteins
[31] which provides PLC mediated PKC activation as mentioned above [10].
Within the dendritic spine interactome, a Homer-mGIluR-AGAP2-PI3K protein
complex is formed that mediates heightened PI3K activity [19]; PIP3 subse-
quently initiates protein translation via the protein kinase Akt pathway through
mTOR complex proteins [32] (see Fig. 2).

According to Swiss-Prot database, AGAP2 contains a PLC-binding domain,
thereby forming a protein complex that additionally provides spatial proximity
between mGluRs, PLC and PKC as key partners during LTP. Thus, Homer
proteins can be considered as a convergence point integrating signaling path-
ways between different types of glutamate receptors and the mTOR-dependent
local protein biosynthesis pathway (Fig. 2).

Cross-talk regulation pathways of actin remodeling and local biosynthesis

The actin cytoskeleton of dendritic spine serves not only as a platform for
mRNA trafficking but also functions as a scaffold for organizing components
of the translational machinery [33]. Cytoskeletal remodeling is achieved
through cycles of polymerization and depolymerization of locally synthesized
monomers filaments [34].

The key regulators of actin cytoskeleton remodeling are the small GTPases
Racl (Ras-related C3 botulinum toxin substrate 1) and Cdc42 (Cell division
control protein 42 homolog). LTP triggers their signaling cascades through the
formation of specific protein complexes.

It should be noted that CYFIP constitutively forms part of the actin remod-
eling complex associated with Racl, thereby serving as a functional bridge be-
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tween translational regulation and the actin cytoskeleton [35, 36]. CYFIP re-
moved in cytosol after Racl activation.

PAK family kinases (p2l-activated kinases) are effectors of the small
GTPases Racl and Cdc42. PAKs directly associate with PIX (PAK interacting
exchange factor ), activators of Racl and Cdc42 [37], which are anchored
within NMDAR macrocomplexes via the scaffold protein Shank (SH3 and mul-
tiple ankyrin repeat domains protein) [38] (Fig. 2).

FMRP sequesters of free CYFIP in cytosol redirecting it to regulation com-
plexes of dendritic local synthesis. The deficient FMRP may leads to hyperac-
tivation of the Racl/PAK signaling pathway and formation of immature thin
dendritic spines and impairs synaptic plasticity [39].

Thus, CYFIP serving as a critical convergence point between signaling cas-
cades of regulation synaptic plasticity and cytoskeleton remodeling (Fig. 2).

Conclusion

The dendritic spine interactome of hippocampal neuron is a functional sys-
tem controlling of changes synaptic efficiency in response to incoming stimuli.
The mobile GluR1-AMPAR pool presence in the spine providing necessary
capabilities for the high-speed changes in synaptic efficiency.

Dopamine and leptin receptors form positive feedback loops via increase
membrane GluA1-AMPAR density during NMDAR-induced LTP. Insulin re-
ceptors form a negative feedback loop on synaptic AMPARSs density.

There are critical convergence points between actin remodeling pathways
and signaling cascades of the local protein synthesis such as, in particular,
Homer scaffold-proteins and also CYFIP.

The synapse not only passively changes its functional status in response to
an incoming signal but it also can ensure the phenomenon of neuronal ad-
vanced reflection due to dynamic reorganization of the synapse molecular en-
sembles.
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HNCCIIEAJOBAHMUE BJIMSIHUSI CBETOBOI'O CTUMYJIA
HA MUKPOBOJIHOBBIE U3JIYUYEHHUSA I'OJIOBHOI'O MO3TI'A
YEJIOBEKA METOJOM MUKPOBOJTHOBOM
OHUHE®DPAJOI'PA®OUN U PAIMOTEPMOMETPUN

IIpencraBneHsl pe3ynbTaThl HCCIAEAOBAHUNM MUKPOBOJHOBBIX HW3IYUYEHUI
ronoBHOro Mosra uemoseka (1,0-5,0 I'Tm). Mcmonb30BaHBl METOIBI MHKpO-
BouTHOBOH 3HIedanorpadgun (MBOI') 1 MUKPOBOIIHOBOH pagiOTEPMOMETPHH
(PTM). Iloka3zaHo, 4TO HHTEHCUBHOCTb M3JIyYCHHUH 3aBHCUT OT CBETOBOTO CTHU-
Myjia (cBer/TeMHOTa). Pe3ynbTaThl MOATBEPHKIAAIOT KOTHUTHBHYIO HPUPOIY
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PETUCTPUPYEMBIX CUTHAJIOB W OTKPBIBAIOT HOBBIE MEPCHEKTHBBI [JI1 HEWHBa-
3UBHBIX MCCJIEIOBAHUI BBICIIEH HEPBHOMU JEATEIbHOCTH.

KuaroueBnie cioBa: Mukposonnosas snyeganoepagus, MBII, muxpogon-
Hogast paduomepmomempusi, PTM, snexmpomaznumnoe usiyuenue mosed, Ko-
SHUMUBHbIE NPOYECCHL, CEEMOBOU CIMUMYJ, YACMOMHbIL 8CHIECK, CYUeCmBeH-
HbIU YACTNOMHBILL BCNIIECK.

Beenenune

HccnenoBanue (GU3NOJIOTHYECKAX OCHOB BBICIIICH HEPBHOW JESATEILHOCTH
(BH/I) TpamuiimoHHO OMUpAeTCsl Ha aHAIN3 AJICKTPUIECKOW aKTUBHOCTH MO3Ta
(B3I') u remoauHamuueckux peakiuii (GMPT). OgHaKo 3TH METOABI UMEIOT
CYIIIECTBEHHBIC OTPAaHMYCHHS BO BPEMEHHOM M IMPOCTPAHCTBEHHOM paspeliie-
HUM. B mocienHue rojpl 0coObIii MHTEPEC BBI3BIBACT M3Y4YEHHE COOCTBEHHOI'O
AJIEKTPOMArHUTHOTO M3JIy4€HHs TOJIOBHOTO MO3ra B MHUKPOBOJIHOBOM JHama-
30He (1,0-5,0 I'T) [1-4], KOoTOpoe, Kak IMMOKAa3bIBAIOT HAIIM HCCIICOBAHUS,
MOJKET OTPakaTh MIyOUHHBIC MPOIIECCH HEHPOHHOI aKTUBHOCTH.

Pa3paboTaHHbIil HAaMH METOJ MHUKpPOBOJIHOBOH 3HIedarorpadpun (MBII)
[5] mo3BOMSET pernCTpUpPOBATH CBEPXCIAOBIC ICKTPOMATHUTHBIC W3ITYYCHHUS
MO3Tra MOIIHOCTBIO 1071 - 1071 BT, 94TO OTKpBIBAET HOBBIE BO3MOKHOCTH JISI
HCCIIEIOBAaHUS (PH3HOIOTHIECKUX OCHOB BBICIICH HEPBHOW ESTEIHHOCTH
(BHM) [6-8]. OcoOblii nHTEpEC MpeACTaBisieT W3yYeHUe PeakMu MUKPOBOJ-
HOBOM aKTHBHOCTH Ha CCHCOPHBIC CTUMYJIbI, B YaCTHOCTH — 3PHUTEIIbHBIC, YTO
MOJKET IPOJUTh CBET Ha MEXaHU3MbI BOCHPHUATHI ¥ 00pabOTKH MH(OPMAITUH
KOPKOBBIMHU CTpYKTypamu [9].

Ienb HOBOTO HICCIEIOBAHUS — BBISIBUTH BIMSHUAC CBETOBOIO CTHMYJIa Ha aK-
TUBHOCTh 3aTBUIOYHBIX JOJIEH MO3ra Ha TPYIIE HUCCICAYSMbIX, CPAaBHHUThH pe-
3yJBTATHl ¥ MTOITBEPANTH KOTHUTHBHYIO MPUPOTY HAOII0aeMBIX A((EKTOB.

IlocTaHoBKa 3a7a4u M ONIMCAHUE ajropurma

WzmepurensHOEe 000pyI0BaHUE:

e [lony0e3axoBas kamepa (BOK) ETS-Lindgren FACT TM 10-4.0 Plus
(I'OCT P 50414-92).

e Amnammsarop cmnekrpa R&S®FSW43 (2 I'm — 43,5 ITm) u anTeHHa
R&S®HLO050 (850 MI'y — 26,5 I'T) [10].

e Pammorepmorpad PTM-01-POC (3,2-3,7 I'Tu) s uamepenust riryOuH-
HoM Temmepartypsl [11,12].

Pabouee mecTo nokazaHo Ha puc. 1.
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Puc. 1. Pabouee MecTo B 6€39X0BOI SKpaHUPOBAHHOM KaMepe

HpOTOKOJ’I IKCIIEpUMEHTa

YuactBoBaiu 3 HCHBITYeMbIX. Beero Obu10 mpoBeneHo 96 HKCIEepUMEHTOB:
JUISL KQKJIO0T0 MCIBITYEMOrO MO 8 SKCIEPUMEHTOB MTOOUYEPEIHO MPU CBETE U B
TEMHOTE C TIPaBOM M JICBOM CTOPOHBI 3aThUIKA. B Ka)J0M dKCIIEpUMEHTE peru-
CTPUPOBAJIaCh aMIUTUTYAHO-YaCTOTHbIE XapakTepuctuku (AYX) sHepreTuku
COOCTBEHHOTO MHKPOBOJIHOBOTO H3JIy4EHHs TOJIOBHOTO MO3Tra B IIOJIOCE HPO-
myckanus B auanasone 1,0-5,0 I'Tno. AUX peructpuposanucs B 4001 3HaueHu-
ax 4actoTel. K coxajeHWio, TpH pPErucTpandy B  IKCHEpHUMEHTaxX
{1;2;JleBas;Temuora} u {1;3;JleBas;TeMHOTa} TPOHU3OIIIO HAPYIICHHUS OOIINX
HACTpoek mpubopa perucTpannu, modromy nanneie {1;2} u {1;3} He yunuTsIBa-
JIMCh TIPH CTAaTUCTUYECKOM aHanu3e. B cpenHeM Bpems OHOTO 9KCIEPHMEHTA C
MOJITOTOBKOM K CIIeIyIomeMy 3aHUMaja oKojio 3—3,5 MUHYT.

IlepBUYHBIA CTATHCTHYECKHI AHAIN3

[lepBUYHBIN CTAaTUCTUUECKUM aHAIM3 3aKIHOYANICS B CPABHUTEIBHOM IOJ-
c4eTe CyIECTBEHHBIX MHKPOBOJIHOBBIX BCILIECKOB. lcmonp3oBaniach Clenylo-
11ast TEpPMUHOJIOTHS:
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YacTOoTHBII BCILUIECK — ATO Pa3HUIA JUISI KaXIOTO YCPETHEHHOTO HHTEP-
Bajia 4acTOThl MeXAy (OHOM U curHajgoM. Ha rpadukax uuTepBan orodpaka-
€TCSl TOUKOM.

CyuiecTBeHHbIH BCIJIECK — 3TO YaCTOTHBIN BCIUIECK > 3aJIaHHOTO MOPOTa.

[pennonaraercs, 4To MOAO00POM MOPOTa MOXKHO BBIJICIIUTH CYIICCTBCHHBIC
CUTHAJIBI, CBA3aHHBIC CO CTUMYJIOM, T.€. UMCIOIINE KOTHUTUBHBIN XapaKTep.

Tak kak KaxIeiid SkcriepuMerT coaepkan 4001 3HaueHwMA, TO I UX 00pa-
0OTKHM OBLTH HATTUCAHKI CIICIIHATBHEIC TPOTPaMMEI Ha s3b1ke Python.

[Iporpamma MWENC BeITIONTHSET:

1) moacUeT cylecTBeHHbIX BCMJIECKOB IS KaKIOTO IKCIEPHUMEHTa. DM-
MUPUYECKH TOpor ObLT BbIOpaH B 22 dBuV/m.

2) B uudpoBoM Bule GUKCHPYET U B rpaduueckoM BHJE OTOOpakaer pac-
MpeesieHre BCIUIECKOB 10 YaCTOTHOM IIKajie B paMKaX IT0JIOCHI ITPOIMYCKaHUS,
YTO, MOMHUMO CaMOCTOSTEIBLHOIO 3HAUCHHS, OYAET CIYXKHUTh JaHHBIMU Ui 00-
Jiee TIIyOOKOr0 CTATUCTHYCCKOTO aHAIIM3A.

ITo cytu, pesyiabrar pabotsl nporpaMmmbl MWENC — 3T0 MHUKPOBOJTHOBas
sunedanorpamma. Ha puc. 2. mpeacTaBiIeH THIIMYHBIA PE3YIbTaT €€ padOTHL

MlaTa:12.Mar 2025 Tun npuBopa:FSW-43 CTUMyn:TeMHOTa Cepus 1 JKCnepuMenT 02

g R
Bainc. o

DTI2025:

i — cnnecx (on - curwan)

1 Aneccanap F1028.C5Y scnriecky (84 w3 4000 T0er)

Ompem:

E
Flepanserpu ananvsa 3
=}
°

| [Bennecxu onpegenaioTes Kak:
Bcnneck = ot - cHran
51 |cywmiscTaessuit scrneck = nopor

1000.0 1500.0 2000.0 2500.0 3000.0 3500.0 4000.0 4500.0

Hecrpoficu orogpwneran
[ Nonasmars voven perneckos.

EE—

Maaganoce
S

Cymma Benneckos: 84 Mopor: 22 PasmepHocTs: dBpV/m  Lilar: 1000000.0 My

Conparers e
e

Paccumars

PaccHuTars 1 CospartTe

Benneck (0/1)

0
1000.0 1500.0 2000.0 2500.0 2000.0 3500.0 4000.0 4500.0
Mru

Puc. 2. Pesymbrar pabotsl nmporpammel MWENC Ha mpumepe 2-ro 3KCIIepHMEHTA
1-# cepun npu ctuMyiie «reMHOTa». CripaBa BHH3y — MHKPOBOJIHOBAsI SHIEdarorpaMma
1o meroarke MBOI
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CymMaphble pe3yabTaThl padotel mporpammbl MWENC nuist Bcero uccie-
JIOBaHHSI TIPUBEJICHBI B Ta0I. 1.

[porpamma SSPIKES mno3Bossier rpaduuecku cpaBHUBATh B paMKax ce-
pH SKCHEPHMEHTOB CyMMAapHBIE CYIECTBEHHBIC BCIUIECKH IPH Pa3HBIX CTH-
Mysax (B TAHHOM CJy4ae «CBeT/TeMHOTa»). Ha puc 3. IlpuBeneH pesynbTar
pa6ots! nporpammel SSPIKES nist tanHBIX Beero uccienoBanust. @akTH4ecKu
3TO rpaduyeckoe 0TOOpaKEHHE ColepKUMOro Taba. |

Tabmuna 1
Cy1iecTBeHHbIE MUKPOBOJIHOBBIC BCIUIECKH TIPOBEICHHOTO MCCIICTOBAHMS
VIS 3-X 4EIOBEK

nopor - 22, don = fon max
Ienbrryemsrii Nel IcnbiyeMsrii Ne2 IlcnsiTyeMslii Ne3
%’i’?{k TIpaBeIit Jlersrit TlpaBerit JleBbrit TIpaBsrii JleBbril
Crumyn | Ceer | Temu | Ceer | Temn | Cser | Temu | Ceer | Temn | Cser Temn Cger Temn
C;;fm s | 1d | 2 | 2d [ 3s | 3d | as | ad | ss | sd 6s 6d
1 85 89 92 68 67 91 86 72 il 93 79 92
2 69 84 74 16 93 98 105 88 86 68 99 89
3 92 84 84 22 74 85 81 78 83 98 79 88
4 88 90 84 82 87 89 78 84 79 81 98 83
5 98 82 926 94 85 66 20 92 i 84 75 83
6 17 88 93 102 T2 93 82 94 T 80 98 71
7 80 83 75 74 81 86 93 63 84 80 90 90
8 79 75 97 82 93 93 98 78 80 101 80 94
::::C 3 s 5 1 1 6 s 3 2 6 3 4
Cym 663 675 AT 502 652 701 713 651 637 685 608 600
Cp 82,9 84.4 89.5 83,7 81,5 87.6 89,1 814 79.6 85,6 76.0 75,0

HUccnenosanne meroanom PTM

Meron PTM npumMeHHM AJisl OLICHKH BHYTPEHHEH WM TNTyOMHHOM Temiie-
paTypbl Mo3ra Ha riIyOuHe 5—7 ¢M OT MOBEPXHOCTU KOXKH, XOTSI IPUPOJa 3TOTO
mpolecca 0 CUX Mop He oueHb Xopoino uccienoBana [13—14]. IIpu stom pe-
THCTPUPOBAJIOCH CYMMapHOE 3JEKTPOMAarHUTHOE U3TydYeHUE TKaHeW 3aThlIou-
HBIX JOJeH KOpHI TOJIOBHOI'O MO3ra, a HE TOJBKO H3MEHEHHE TEeMIIepaTyphl
KpPOBOTOKA.
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Jnsg u3MepeHus TeMIepaTypbl MO3ra HCIIONB30BalCs paguoTepMmorpad
PTM-01-POC [11, 12], koTOpHIiA MO3BOJSET 3apErHCTPUPOBATH MOITHOCTH
3JIEKTPOMArHUTHOT'O U3JIyYeHHUs TITyOOKHX TKaHeH B 1uana3oHe dacror 3.2-3.7
I'Tn. Jna npoBenenus usmepenuil antreHny PTM-01-POC auamerpom 32 MM
yCTaHaBJIMBAIN B 00JIACTSX MMPOCSKINH 3aThUIOYHBIX J0JIEH KOPBI MO3Ta, IIIOTHO
IprKnuMas ee K MoBepxXHocTH koxku. [loe pacripenenenust TimyONHHOM TeMIe-
paTypsl 3aTBUIOYHBIX JI0JeH KOPBI MO3Ta MPH CTUMYJIHPOBAHWM CBETOM ITOKa-
3aH Ha puc. 4.

Mpsean cropons samsscs Tew

o = § wwe, coer - 2 o

Puc. 3. CpaBHeHHE BCIUIECKOB IIPU Pa3HbIX CTUMYJIax

20 wporoxona: QIEOKKO000 LA
Obeauryesuait opran: Mo
Mara oBcreaomanmn; 23,01.2025

Tlone pasmnub Tem, KOMH Obcaeayemuil opram: Mo
P epaTyp

210

Tiar wawrepm- 8.170°C

Tonnepurypal'Cl: - 2.7, cpean: B0, wpwse 27
Bremmore

am T - i
2 Tommoparypa[C w25, cpuan- 08, maxe: 23 <28

Tpn cocre

Puc. 4. Ilone pacupenenenus riryOHHHOI TeMIIepaTyphl 3aTIOYHBIX JOJICH KOPBI MO3ra
MIPU CTUMYJIMPOBAaHUU CBETOM
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Pe3yabTaTsl

AHanu3 JaHHBIX BBISBUI CICIYIOUINE 3aKOHOMEPHOCTH:

1. s npaBoif 3aThIIOYHON JOJH:
— Cpeanee KOJIMYECTBO BCIUIECKOB B TeMHOTE: 84,4 + 3,2
— Cpeanee KOIMYECTBO BCIUIECKOB IpH cBete: 82,9 + 2.8
— Paznmumst crarucriuueckn 3Ha9uMEI (p < 0,05)

2. Jlns neBoi 3aThUTOYHOM JTOJIH:
—CpenHee KOMMYIECTBO BCIUIECKOB B TeMHOTE: 81,4 + 2.9
— CpenmHee KOIMYECTBO BCIUIECKOB TpH cBete: 89,5 + 3,1
—Paznmmuns cratuctuaecku 3Ha9uMHI (p < 0,01)

OO0cyxknenne pe3yJbTaTOB

OCHOBHBIE pe3yJIbTaThl TOKa3bIBAIOT:

1. Jlarepanu3zoBanHble OTBeTHI. [IpaBoe mosymiapue MposBIAsSET OOJBIIYIO
aKTHUBHOCTh B TEMHOTE, YTO MOXKET OTPakaTh €ro poJib B 00pabOTKe Hecenu-
¢urueckoit nHGOpMaLMK U SHIOTCHHON akTUBHOCTH. JleBoe momymapue Gonee
AKTHBHO Pearupyer Ha CBETOBOI CTHMYJ, YTO COTJIACYETCS C €ro CHerualmn3a-
Mel B aHAJIMTHYECKOH 00paboTKe CeHCOpHOW MH(pOPManyu. DTH Pe3yJIbTaThl
COOTBETCTBYIOT HEHPO(PHU3HOIOINIECKUM MOJICIISIM TIOYIIApHON CIeuain3a-
UM

2. KorantuBHas koppermsmus. OOmiee KOTMYECTBO 3HAYMMBIX BCIIECKOB
(mopor: 22 nbMkB/M) cucTemMaTHdecku BappHPOBajIOCh B 3aBHCUMOCTH OT CTH-
MYJIOB, 4TO MOJTBEPKAAET TUIOTE3y 0 ToM, uTo MBOI' dukcupyer KOrHUTHB-
HO 3HAYUMYIO IEKTPOMArHUTHYIO aKTUBHOCTb.

3. IIpoBepka ¢ MOMOIILI0 MUKPOBOJIHOBOUW TepMopanuomerpun TPM. Jlo-
NOJHUTEbHAsT MHUKpoBoJHOBass TPM (tepmopammomerp RTM-01-RES) noa-
TBEpHJIa N3MEHEHHS U3ITyUeHHUs, 3aBHUCSIIUE OT CTUMYJIa, HCKIIIOUUB apTedax-
ThI OT TEMIIEPATypPhl KPOBOTOKA.

[Momy4eHnble pe3ynabTaThl JEMOHCTPHPYIOT noreHuman MBOI kak ¢yHk-
LUOHAJIBHOIO JMarHOCTUYECKOT0 MHCTPYMEHTA, MPEJIararouiero MNOHUMaHHe
3JIeKTpOoMarHuTHbIX KoppensitoB BH/I. HeoOxoanmsl nanpHeimme uccienosa-
HUSI JJ1S1 MOJICITMPOBAHHUS MHKPOBOJHOBOTO CHEKTPA M JOKAIU3AIUU NCTOYHH-
KOB M3JTy4CHHUS.

BriBOaBI

1. HOZ[TBGp)K,I[eHa 3aBUCHUMOCTb MPIKpOBOJ'IHOBOﬁ AKTHUBHOCTH MO3ra OT
CBETOBOT'O CTUMYJIA.
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2. Metoast MBOI' u PTM nononHAIOT ApYyT ApyTa, OTKPHIBas HOBBIE BO3-
MO>KHOCTH Ju1s u3yuenust BH/I.

3. Ilnanmpyercsi pacuiMpeHue BHIOOPKH M pa3paboTKa MOJEIH T'eHepannuu
MUKPOBOJIHOBBIX U3IIy4EHUI.

BaaropapHoctun

ABTOpBI BBIpaXKaroT OsarogapHocTs coTpynaukam ®BY «Hmxeropoackuii
LICM» u nepcoHanbHO BemymeMy nmkeHnepy A.®. boromonoBy, mepcoHaIbHO
rmaaoMy mHxeHepy OOO «ATOH» 1O.B. UBneBy, BceM ydacTHHKaM HCCIe-
JIOBaHMS U KOJUIETaM 3a TEXHHUUYECKYIO TOANEepKKy. PaboTa BRINOIHEHAa HHUIH-
aTUBHBIM 00pa3oM Npu (hrHAHCOBOU moaepxkke A.A. AKUMOBa.
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CLASSIFICATION OF THEATRICAL PERFORMANCE
VIEWING PHASES USING EEG AND ANALYSIS
OF INTER-SUBJECT BRAIN ACTIVITY SYNCHRONIZATION®

The aims of the work were to recognize the stages of viewing a theatrical
performance according to the EEG data of the viewers and to evaluate the inter-
subject synchronization of bioelectric activity at different stages of viewing the
play. Studies of synchronous changes in bioelectrical activity across multiple
participants have only recently become possible with the development of
hyperscanning technology. The circular correlation coefficients (CCorr) were
calculated between all subjects paired (21 participant pairs) across three
S-minute time intervals (at the beginning, middle, and near the end of the per-
formance) to assess simultaneous changes in bioelectrical activity. CCorr val-

* This work was supported by the Russian Science Foundation (RSF), Project No.
24-28-01797.
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ues in participant pairs were compared with the randomly permuted data by
1000 permutations in these pairs. The circular correlation coefficients between
subjects increased in theta, low and high alpha frequency bands between parie-
to-occipital and central cortical areas and decreased between frontal and central
areas. Classification of different stage of performance perception by EEG data
(spectral power and time features) revealed high accuracy in classifying indi-
vidual da-ta (from 80 to 100 % by SVM), but decreased accuracy in mixed
sample.

Keywords: EEG, Classification, Hyperscanning.
Introduction

Recently was highlighted the potential of hyperscanning techniques to ex-
plore the neural mechanisms underlying social interaction and shared experi-
ences [1]. Hyperscanning is the simultaneous synchronized recording of the
brain activity of two or several participants [2]. So, it is possible to assess how
collective activities, such as watching a theatrical performance, modulate brain
activity across individuals [3]. Electroencephalography (EEG) hyperscanning
provides a unique opportunity to examine real-time, inter-brain synchrony and
its relationship to emotional and cognitive engagement in a naturalistic setting.

Theater, as a dynamic and emotionally rich art form, offers an ideal context
for studying how shared narratives and live performances influence dynamic of
brain activity. Previous research has demonstrated that synchronized neural
activity can emerge during joint attention, emotional contagion, and coopera-
tive tasks [4]. This study employs EEG hyperscanning to investigate the neural
signatures of shared theatrical experiences in different stages of performance
perception (at the beginning, middle, and the end of the performance). By ana-
lyzing multi-brain dynamics during live performance viewing, we aim to shed
light on the neurocognitive basis of collective aesthetic experiences in natural-
istic environments. EEG is widely used for classifying cognitive and emotional
states due to its high temporal resolution and ability to capture neural dynamics
in real time. For the states classification by the EEG features used Support Vec-
tor Machines (SVM), Random Forest, Deep Neural Networks (DNN), which
allow the automated detection of EEG patterns associated with various mental
processes — including attention, emotional arousal, relaxation, and fatigue [5].
Aim of our study was the states classification in naturalistic settings during live
performance perception.
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Methods

EEG registration and preprocessing

The seven people 20-57 years old, 3 women, 4 men took part in the study.
The study was conducted according to the Declaration of Helsinki 1964 and its
subsequent additions. The subjects were familiarized with the study procedure
and gave their informed agreement to participate.

The subjects were at the performance «African Fairy Tale» (director A.
Gogun) with the two actors (man and woman), in the theater studio for children
and adults “KoZa” (St. Petersburg, Russia). The subjects observed the theatrical
production without interpersonal communication and, when feasible, reduced
motor activity. The performance lasted about 50 minutes. The subjects were
located at a distance of 1.5-2.5 meters from the stage space. The EEG was rec-
orded during quiet wakefulness with eyes open before (3 minutes), after
(3 minutes), and during the viewing of a theatrical performance.

EEGs were recorded from 19 AgCl electrodes arranged according to the 10-
20 system (Fpl, Fp2, F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5, P3, Pz, P4,
T6, O1, 02) using a mobile amplifiers (smartBCI, LLC Mitsar, SPb) monopo-
larly with sampling rate 250Hz. The combined ear electrode was placed on the
earlobes of both ears, while the grounding electrode was positioned at the fron-
to-central location. Electrode impedance did not exceed 5 kQ. Data analysis
was performed in the frequency range of 1.6-30 Hz. Data preprocessing were
carried out using the WinEEG software package (Ponomarev V.A., Kropotov
Y .D., No. of state registration 2001610516 of 08.05.2001).

During EEG registration, an event indicator (located in front of the audi-
ence) sent synchronizing markers to the EEG records of all participants. EEG
recording and data synchronization were carried out using SmartBCI hardware
and software systems, WinEEG software package (Ponomarev V.A., Kropotov
Y.D., No. of state registration 2001610516 of 08.05.2001) and Psytask software
(Ponomarev, 2001).

Ocular artifact removal was performed using spatial filtering by zeroing in-
dependent EEG components associated with blinks and horizontal eye move-
ments [6]. EEG segments containing slow waves (0—2 Hz with amplitude >
35 uV), fast waves (20-35 Hz with amplitude > 35 pV) and any waves exceed-
ing 100 pV in amplitude were excluded from the analysis.

For further analysis, we used 5-minute recording segments from: the be-
ginning, middle, and final phase of the play. Thus, three distinct temporal inter-
vals were analyzed: initial exposure (opening segment, beginning), central de-
velopment (mid-performance, middle), and conclusive phase (pre-finale seg-
ment, ending) of the theatrical viewing experience.
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EEG-data classification

For classification, each participant's artifact-free EEG recordings were di-
vided into 2- second epochs. For each epoch were calculated: spectral fea-
tures — spectral power in six EEG bands: delta (1.5-4 Hz), theta (4-8 Hz), low
alpha (8-10 Hz), high alpha (10-13 Hz), low beta (13—18 Hz) and high beta
(18-30 Hz); time features: mean, std, asymmetry, kurtosis, entropy, mobility
(Hjorth) and complexity (Hjorth). Classification was performed by SVM with
radial basic function and Random Forest.

Three classification stages were used: (1) — the beginning of the theater per-
formance, (2) -the middle part, and (3) — the ending. For each performance
stage (beginning, middle, and ending) 130-150 analysis epochs were examined
(samples). Fifteen percent of samples from each class, randomly chosen,
formed up the test sample. Eighty-five percent of the samples were included in
the training sample. Training was conducted using 5-fold validation. Each clas-
sification procedure was executed independently 10 times.

Analysis of synchronization

The Circular correlation coefficient (Ccorr) was calculated to determine the
intersubject synchronization between the two participants in each pair, accord-
ing to the formula (1):

N

Z sin(¢ — @)sin (y — )

k=1

N ’ (1)
\/Zsinz (0-9)sin’ (v~ ¥)

k=1

Ccorr =

where @ and s are the circular average values of signal phases over the sample
[71.

The Ccorr is a statistical measure used to quantify the correlation between
the phases of two signals, taking into account the periodicity (cyclicity) of
phase values.

The calculation was performed using the HyPyP module for Python [8].
Cecorr indices were computed at 4 s non-overlapping, artifact-free for both par-
ticipants epochs in the pair in the theta (4-8 Hz), low alpha (8—10 Hz) and high
alpha (10-13 Hz) frequency bands and averaged for each pair of subjects in
each of the three condition (beginning, middle and ending of the performance
viewing).

For statistical evaluation of the nonrandom changes of synchronization in-
dices (Ccorr), the comparison was made with the synchronization indices in the
«random» data, which were generated by permuting the 4-second epochs for
each pair. The permutation of epochs and calculation of connectivity in the
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“random” data was performed 1000 times. The synchronization indices for each
electrode pair were averaged over 1000 repetitions to form the “random” data
for comparison. Comparison of synchronization indices of real and random data
for each pair of electrodes was performed using the Mann-Whitney test.

Analysis of EEG spectral power

To monitor the participants' states, the spectral power of the EEG during
quiet wakefulness with eyes open was compared after versus before watching a
theatrical performance. The EEG spectral power was calculated for 19 leads
across six frequency bands: A (1.5-4 Hz), 6 (4-8 Hz), al (8-10 Hz), a2 (10—
13 Hz), B1 (13-18 Hz), and B2 (18-30 Hz). The analysis was performed using 4-
second epochs with a Hanning window and 50 % overlap. For statistical analy-
sis, the spectral power data were transformed using a decimal logarithm. o as-
sess differences in spectral power between states, a repeated-measures ANOVA
was used to evaluate main effects and interaction effects of the factors:
STATE x REGION. Differences were examined separately for each frequency
band with Huynh-Feldt correction applied.

Results and discussion

The analysis of EEG spectral power during quiet wakefulness with eyes
open after versus before watching the performance did not reveal any signifi-
cant differences in any of the EEG frequency bands. This may be attributed to
the absence of fatigue among the viewers.

Classification of the three stages of performance perception — beginning,
middle and the ending (three class) was carried out for each subject individual-
ly using selected spectral and temporal features. Comparison of classification
accuracy using SVM and Random Forest demonstrated that there were no sig-
nificant differences between these two classifiers for our data. Classification
accuracies in different subjects varied from 80 to 98 %.

When samples from all participants were mixed (one leave out cross valida-
tion), classification accuracy decreased, which may suggest a lack of generali-
zation of features, due to the variability of spontaneous EEG among partici-
pants. However, we can conclude that in individual subjects the different stages
of play viewing are quite well discriminated.

Analysis of CCorr values demonstrated a different degree of intersubject
synchronization at different stages of joint viewing of the performance

(Fig. 1).
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Fig. 1. Circular correlation coefficient values between pairs of subjects compared to
"random" data generated by epochs permutation. Stages 1, 2, 3 — stages of viewing the
performance; Theta, Low Alpha, High Alpha — are the frequency bands. Black/Gray
lines connecting electrodes — increase/decrease in synchronization compared to random
data.

At the first — beginning — stage of viewing the play, there is an increase in
synchronization between separate leads of the frontal and central regions of the
cortex and a decrease in synchronization between the frontal-central zones of
one person and the temporo-occipital zones of the other. It can be assumed that
synchronization in the central regions of the cortex is associated with the in-
volvement of the mirror neuron system in the perception of the actors' actions
on stage [9]. The mirror neurons system included in the "social brain" and
providing processes of imitation and social cognition [4, 9, 10]. In the second
analysis interval, the intersubject synchronization between the central and pari-
etal regions of the cortex increases, while be-tween the frontal (as well as be-
tween the frontal and parietal-occipital) regions of the cortex decreases. Proba-
bly, the mechanisms of multisensory analysis of perceived presentation were
the same in all viewers and led to synchronization of the activity of the parietal
regions, while semantic analysis of performance in different subjects was prob-
ably provided by different strategies, leading to reduced intersubject synchroni-
zation in the frontal regions of the cortex. At the third stage of viewing the per-
formance, when the plot of the play gradually moves to the finale, the intersub-
ject synchronization in the audience mainly decreases: a decrease in phase syn-
chronization mainly observed in the low alpha band, while in high alpha band
synchronization was higher in all stages of performance perception.
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Conclusions

The classification of different stages of theatrical performance perception
based on EEG spectral and temporal features revealed high interindividual var-
iability in EEG characteristics. While classification accuracy for each partici-
pant individually remained at an acceptable level (exceeding 80 % for three
classes), it decreased significantly when participants were excluded from the
analysis (with the one leave out cross validation).

The study demonstrates the feasibility of synchronized EEG recordings in-
volving multiple subjects in a theater setting, opening new avenues for research
in the hyperscanning paradigm. We demonstrate differences in inter-subject
synchronization between viewers in different stage of viewing in the theta, low
and high alpha EEG bands, which we attribute to the synchronous activity of
somatosensory areas — involved in action perception and mirror neurons system
involved in the story immersion. Also, the analysis revealed less synchroniza-
tion compared to random data in these EEG bands in the frontal region. We
hypothesize that this may be due to the different upper-level analytic mecha-
nisms engaged by participants when viewing the performance and their indi-
vidually different interpretations of it.
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TEHEPATUBHASI HEHPOHHAS CETh
HA OCHOBE BEPOATHOCTHOI'O METOJA
I''TABHBIX KOMIIOHEHT

B cratee mpemnoxkeH crnocod MocTpoeHUs] TEHEPATUBHBIX MOAENEH Ha Oc-
HOBE MUPaMHUAIBFHBIX HEUPOHHBIX ceTelt OpicTporo ooyuenus (BHC). B ocHo-
B€ MIOCTPOCHHUS MOJIeNel TOJI0KEH BEpOSATHOCTHBIN METO/I TTIAaBHBIX KOMIIOHEHT
(PPCA). Meton PPCA mno3BonseT aHaIUTHYECKH MOCTPOUTHh MATPHIBI ONTH-
MaJIbHBIX JIEKOJICPOB CIIOCOOHBIX BOCCTAHABIMBATh 00pa3bl M3 CIIyYailHBIX Ja-
TEHTHBIX NEepeMeHHBbIX. B pabore mpencrasiensl mMeroasl odyuenns BHC k
Marpuuam jexojepoB. OOydyeHHe BBIMOIHSAETCS 32 KOHEYHOE YWCIIO IIaroB U
He TpeOyeT WTepalMoHHBIX Nponeayp. [IpuBoasTCS IpUMEpPHI TOCTPOCHUS pe-
amm3yronmx BHC s nabopa mannaeix MNIST. [TokazaHbl pe3ynbTaThl TeHe-
pauuu 00pa3oB CTHIMCTHYECKU 1T0100HBIX Habopy MNIST.

Kniwouegvie cnosa: cenepamushnas mooeinb, 8apuayuOHHbII A8MOIHKOOED,
BEPOAMHOCMHBINL MEMOO 2NIAGHbIX KOMHOHEHM, OblCMpas HeUpoHHAs Cemb,
RUPAMUOANbHAS CMPYKIMYPA.

BBenenne

K cemelicTBy reHepaTuBHBIX MOJEJEH OTHOCSTCS BApUALMOHHBIE ABTOIH-
kozepsl (VAE) [1, 2]. Knaccuueckuii aBTO’HKOJEp, COCTOUT U3 JIByX OCHOB-
HBIX 4YacTeil: SHKOZepa, MpeoOpa3yroLiero BXOJHbIE JaHHbIE B C)KAaTOE Mpea-
CTaBJICHHUE (JTaTEHTHOE MM MHAYe CKPHITOE NMPOCTPAHCTBO), U AEKOAEpa, KOTO-
PBINl BOCCTAaHABIMBAET JAHHBIE U3 JIATEHTHOTO NMPOCTPAaHCTBA. BapuailioHHbIH
ABTODHKOJZIEp J100ABISIET B ATY apXUTEKTYpy CIy4YaiHBIA IIyM, MpeArosaras,
4TO B JIATCHTHOM IPOCTPAHCTBE JaHHBIC PACHpEENICHBI COITACHO NpeaBapH-
TEJIFHO BEIOPAaHHOMY BEpPOSITHOCTHOMY paclpeieIeH o, Yalle BCero HopMalib-
HOMY C eAMHMYHOM MaTpHlei KoBapHuauii (puc. 1).
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JlaTteHTHOe
NPOCTPAHCTBO
SHKoAEep [ekonep

2 BV ~

Puc. 1. Apxutextypa BapualliOHHOTO aBTO’HKOAEPA

ITpn oOyuyeHNN aBTOHKOAEpA OJHOBPEMEHHO PELIAIOTCS ABE ONTHMM3ALN-
OHHBIE 3aJa4H.

— Mojenb 3HKOIEpa CTPEMUTHCS CBsI3aTh d MEPHBIH BEKTOP 00ydarolei
BBIOOPKH { C HEKOTOPBIM ¢ MEPHBIM CIIy4aifHBIM BEKTOPOM JIATCHTHBIX IIepe-

MEHHBIX C HOPMAJIbHBIM 3aKOHOM BEPOSITHOCTHOTO PACIpeIe/ICHHU:
x:f(t,wE)—>N(u,I),

e W, — napameTpel sHKoaepa, [ (f,w,) — QyHKIUHsS OTOGPaKEHHS LeNeBbIX
06pa3oB B JTATEHTHOE MPOCTPAHCTBO.
— Mogens aexonepa ¢ =¢(x; w,) ¢ napaMeTpamMH W, HampoTHB 00ydaet-

Cs IpaBUJIbHO BOCCTAHABJIMBATH 06pa3 t 1o cnyqaﬁHoﬁ JIATEHTHOU MEPEMCH-
HOM X Ipu yCJIOBHUHU, YTO OHAa COOTBETCTBYET MHOTOMEPHOMY HOPMAJIBHOMY

3aKOHY pacnpeaciacHus N(}/l, I) C MATEMATUYCCKUM OXKUAAHUCM |L.

Jns peanusanuu dHKOAepa U JieKozepa OOBIYHO MCIIONb3YIOTCS MHOTO-
CJIOMHBIC HEMPOHHBIE CETH, KOTOPbIe 00YyJaroTCs METOAOM O00paTHOTO paclpo-
cTpaneHus omuOok. Ilocime Toro kak oOydeHHE 3aBEpIICHO 3HKOIEP YKe
Gosbire He TpeOyeTcs. [ reHepain 00pa3oB, Ha BXO JIEKOIEpa I0CTaTOYHO
MOJaTh 3HAYCHUE JIATCHTHOW MEPEeMEHHOH, BBHIOpaHHOW CIlydailHBIM 0Opa3om

13 aIPUOPHO 3aaHHOTO pacnpenenenus N (p, 7).

VYiyumennsiM BapuanToM VAE sBisiercst yenoBHbIN aBTosHKOAEp (Condi-
tional VAE). B 31001 apxuTekrype cymecTByeT AOMOIHUTENBHBIH BXOJ], HA KO-
TOpBIM IOCTyIaeT MeTka kiacca. 1o cymecTBy, s Kaxaoro kiacca (gopmu-
pyeTcsi CBOi BapHalMOHHBIA aBTO3HKOJIEp, KOTOPBIH 00y4aeTcst Ha NpUMepax,
HMPHUHAANIESKAIIUX TOJBKO 3TOMY KiacCy. biarogaps 3ToMy pelleHUI0 peau-
CTHYHOCTBH T€HEPHPYEMBIX 00pa30B yIIyUIIaeTcsl, HO MPUBOJUT K HEOOXOIUMO-
CTH HCIIOJIb30BaHMS JOMOJHUTEIBHBIX PECYPCOB MPU peanU3alliid apXUTEKTY-
per CVAE. Jlns Gonpmux HEHPOHHBIX ceTeil mpomenypa oOyuenuss VAE u
CVAE 3arnMaeTt mumaTensHoe BpeMs U TpedyeT O0IbIIoro oobemMa BEIOOPOK.
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BapuanuoHHble aBTOPHKOAEPHI UMEIOT JIMHENHBINA IIPOTOTHUIL — 3TO BEPOSIT-
HOCTHBIN METOJ INIaBHBIX KOMITOHEHT (aHri. Probabilistic Principal Component
Analysis — PPCA) [3]). OmimnuurtenbHas ocodenHocts Metona PPCA coctout B
TOM, 4TO OH ITO3BOJIACT HAWTH aHAJMTUYECKOE PelleHNe s PYHKIHUU 0ToOpa-
JKEHHUSI U3 MPOCTPAHCTBA 00pa30B B MPOCTPAHCTBO JIATEHTHBIX IEPEMEHHBIX H
obpatHo. [loiyueHHOE peleHre MOXHO HENOCPEICTBEHHO HCIIOIb30BaTh IS
TIOCTPOEHMS JIeKOJIepa TeHEPATUBHOW MO, HEOOXOIMMOCTh B 3HKOJEpE B
9TOM CIy4yae OTHajaeT.

B mannO# paboTe OymeT pacCMOTPEHO MOCTPOCHNE TeHEPATHBHBIX MOIEIIEH
¢ ucrons3oBaareM Metoga PPCA Ha ocHOBe MHOTOCIIOMHBIX MAPaMUAIATBHBIX
HEeWPOHHBIX ceTell ObicTporo odyuenus [4]. bnarogapst camomnonoOHO# CTpyK-
Type, CeTH JAHHOTO Kjacca CHOCOOHBI OBICTPO 00y4aThCsi K MPOU3BOJIBHBIM
byHKIMAM. DTUME QYHKUUSIMUA MOTYT OBITh, HallpUMep, KOOPIUHATHBIE KOM-
MOHEHTHl MHOTOMEPHOTO OTOOPa)XEHUsI BEKTOPOB M3 JIATEHTHOT'O MPOCTPAHCTBA
B IPOCTPAHCTBO 00pa3oB. AJTOPUTM OOy4eHHs OBICTPBIX HEWPOHHBIX CeTel
NPUHIMIHAIBHO OTIMYAETCsl OT METoJja 00PaTHOTO PAacCIPOCTPAHEHHS OIIUOKN
OTCYTCTBHEM JUTUTENBHONW WTEPAlMOHHOW TpoLEeAypsl 1O MHHHUMH3ALMN
omnbku. OOy4yeHne Bceraa BBIMOIHACTCS 32 KOHEYHOE YMCIIO IIAaroB ¢ rapas-
THPOBAaHHOHN TOUHOCTBIO.

BepOﬂTHOCTHBIﬁ METO/ I'/IABHBIX KOMIIOHCHT

Uness meroma PPCA 6Gasupyercss Ha TEOpETHUYECKMX pa3pabOTKax KOHIA
90-x romoB, MMEOMMX OO0IIee Ha3BaHHE Oali€COBCKHE METOIBI MAIIWHHOIO
obOyuenwus [5,6,7]. Crexys padote [5], paccMOTpHM KpaTKO OCHOBHBIE ITOJIOKE-
Hus ganHoro pemieHus. Cormacuo meroay PPCA, cBs3b Mexay odpasamu 00y-
Yalolleil BBIOOPKH ! W JIATEHTHBIMU TIEPEMEHHBIMH X 3aIaeTcsl JIMHEHHBIM
0oToOpa’keHHeM BUAA:

t=Wx+p+e, (1)

rne W —aTo MaTpHna pa3MepHOCTIO d Xq , € ~ N (O, o'l ) — CJIy4aliHbIHN IIyM,

COOTBETCTBYIOIINI HOPMaJIbHOMY 3aKOHY C HYJIEBBIM CPEIHHUM, JHaroHaIbHON
v 1% 9] 2

KOBapHaIlOHHON MaTpuLed U Jucnepcuedl 6°, mapaMeTp Ll MO3BOJISIET MOAEIH

JAHHBIX UMETh HEHYJICBOE Cpe/iHee 3HaueHHe. [l JIATCHTHBIX TEePEMEHHBIX
JIEKITAPUPYETCsT U3OTPOITHBIN HOPMAJIBHBIN 3aKOH PACIIPEICIICHUS ¢ SIMHUIHOMN
JIUCTIEPCUEH:

p(x)= (Zn)*q/2 exp{—%xrx} . 2)
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Breipaxxenne (1) moxmpasyMmeBaeT pacmpeiesieHHe BEpOATHOCTEH 1o
-TIPOCTPAHCTBY VIS IAHHOTO X B BUJE!

p(t|x)=(2n62)exp{—ﬁ|t—Wx—p"2}. 3)

Ucnons3ys (2) u (3), moayduM mpenenbHOe (MapruHaIbHOE) pachpenee-
HHe U1 00pa3oB f :

~[plebp ()= () [ exp{ =3 € (1)

rne C=c/+WW', koBapuauuoHHas MaTpHIA (YTO TAKXKE MOXKHO HETOCpE/i-

CTBEHHO MOJy4uTh U3 BhipaxkeHus (1)). Mcmonw3ys mpasuno baiteca, M0OxHO
BBIUUCIIUTH AIlOCTEPHOPHOE PACIpeeNieHHe CKPBIThIX MEPEeMEHHBIX X MpH 3a-
JTAHHOM Ha0JII01aeMOM 1 ,

plol) =2y i

1 _ T/ -
Xexp[_z{x_M W () (oM ) x M IWr(z_u)}}
rae arnoCTepruopHas KOBapualilMOHHas MaTpulia 3aJaC€TCs BbIPAKCHUEM
M =c} (P I+ W)

Jlist onpenenenus onTUMabHOTO oToOpaxkeHus (1) 3amumem sorapudmu-
YecKylo (pyHKIUIO TPaBIONofoous Mo oOydaromei BeIOOpKe pasmMepoM N, H
rocJie mpeoopa3oBaHui OTYUUM:

L= nZNl:ln{P(f,,)} = —%{dln(2n)+ln|C|+tr(C—1S)}’

rJie MaTpuIia
N

N =%Z(% —p)(t,-n)"

n=1

SIBIISICTCS KOBAPHALIMOHHOW MaTpHIlei o0yJaromeii BEIOOpKH {tn}, N — pazmep

BBIOOpKH. [IJI1 HAXOXIEHHUS ONTHMAJIbHOTO OTOOpaskeHus, (QYHKIHMS IpaBlO-
NoJ00MsT MAaKCUMHU3UPYETCs 10 MEPEMEHHBIM | H W, cliefysl yCIIOBUSM JKc-

TpeMmyma:
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dL dL

o0, ==
dp aw

B pa60Te [5] MMOKa3aHoO, YTO ONTHUMAJIbHBIC 3HAYCHUA OMPCACIIAIOTCS BbIpa-
KCHUAMU

w=u,(A,-o1)"R, @)
rie marpuma U, (pasmepoM d xq) COACPKUT g BEKTOPOB-CTOJOIOB, KOTO-

pbI€ SIBIISIIOTCSI COOCTBEHHBIMH BEKTOPaMHU BBIOOPOYHOI KOBapUAlMOHHOM MaT-
pHuLBEl S ¢ COOCTBEHHBIMH 3HAUEHUAMHU A, A,, ..., A , Da3MEILICHHBIMH B Maro-

HaIBHOH MaTpuue A, B mopsake yobiBanus, R — NPOM3BOIBHAS X g OPTOro-

HaJIbHas MaTpuiia BpameHus. Takke IOKa3aHo, YTO IPU ONTHMAILHOM BBIOOPE
2
MaTpuipbl W, olleHKa MaKCUMAJILHOTO TIPABAOION00MS A1 G~ B { — IIPOCTPaH-
CTBC OIIPEHACIIICTCA KaK
1 d
o' =—r
d—q ;=4

j°

A

BOCCTAHOBJICHUS 06pa3a 10 JIATEHTHOMH HepeMeHHOﬁ MOKET OBITH MCIOJILE30Ba-
HO MaT€MaTUYCCKOIro OXKMJaHUC JJIs1 MOJCIIN (1)

rome A .., A, HauMeHbIINE COOCTBEHHbIE 3Ha4eHMs Marpuulbl S . s

q+12 g2

t=Wx+.

B [5] otmeuaercs, uTO Takas OIICHKa BO3MOXKHA, HO HE SIBIAETCS OITH-
MaibHOU. [loka3aHo, YTO ONTHUMAaNIbHAS OIIEHKA MOKET OBbITh MOJy4YeHa C HC-
MOJIb30BAaHHUEM CJIEAYIOIIETO BEIPAKEHUS:

T -1
t=W(W'W) Mx+p.
Taxum 06pa30M (byHKHI/IH JACKOoJCpa FeHepaTI/IBHOﬁ MOECIN ONPECACIIACTCA

-1
Matpuued W wuiam MaTpuUuHBIM @pou3BelneHuem H :W(WTW) M, tne

M =c’I+W'W. HanomuuM, uto W sBiseTcs NpPSAMOYTOIbHOH MarpHueit
pasmepHoct dxq, a M — xBampaTHOil MaTpuueil pasmepHocTd dXxd wu
q<<d.
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[MupaMuaaabHbie HEPOHHDbIE CeTH OBICTPOro 00y4YeHHUs

Teopust JaHHOTO KJ1acca ceTel mpejcTanieHa B padorax [4, 8]. Paccmorpum
MOCTpOEHHE JeKoxepa Ha 00paTHO-OPHEHTHPOBAHHBIX — MMHPaMHIAIBHBIX
HEHPOHHBIX CETSAX. DTH CETH UMEIOT TIIyOOKHE CBS3U C AITOPUTMOM OBICTPOTO
npeobpazoBanus Pypee (BI1D). Bo3pMeM 3a OCHOBY TOIOJIOTHYECKYIO MOJIEINb
«Kynmu-Trroku ¢ mpopexUBaHUEM 110 BpeMeHn» [9].

m _
U _<”n71”n72"'”m+1” Vi1V "'v1v0>’

m"m=1"m-2
= » v
=\UalU, UitV Ym1Vma ViVo />

m _
z = <un—lun—2 . .unHlvm—lvm—Z T vlv0>'

B aT0¥i MOzenn KOpTEXH MPEACTaBISIOT CO00I MOpa3psiTHbIe MpeIcTaBie-
HUS TO3UIMOHHBIX HOMEPOB perentopoB — U™, akcoHoB — V" 1 HEHPOHHBIX
saep — z" B penenax HeWpPOHHOTO cliosi m. B cBoro odyepenb, paspsaHbIC Iie-
pPEMEHHBIE ¥, — 3TO MO3ULMOHHBINA HOMEp pelenTopa B Ipejenax saapa, a v, —
TIO3UIIMOHHBIA HOMEp aKCOHA B NpeJeNax siapa ciosi m (HyMepanus peLenTo-
POB, aKCOHOB M HEHPOHHBIX SA€p HauMHaeTcs ¢ HyJs). CeTh UMeeT IMOCIONHYI0
SIIEPHYIO CTPYKTYPY C YHCIIOM CJIOEB paBHBIM 7. B Tepmunax BII® HelipoHHOE
AIpO COOTBETCTBYeT 0a30BOH omepaluy, Hampumep, «0babouxay. B obmem
cllydae HEHpOHHOE sIpO MpeicTaBiIseT co0O0il MaTpuily BECOB pa3MepoM
P, %X &, - OyHKIMN aKTUBALlMM U BXOJBI CMEIIEHHH OTCYTCTBYIOT. COBOKYII-
HOCTb YUCEN Py, P> *sPyy U Qo> &> "> &, ONMPEHEIIIOT CTPYKTYPHBIE Xa-
paktepuctukn cetu. CeThb JIMHEHHA W OTHOCHTCSI K KaTEropuu OBICTPBIX
Heiiporneix ceterr (BHC). I mocTpoeHns mupaMuaaibHON ceTdn BhIOEepeM
CTPYKTYPHBIE XapaKTEPUCTUKH CETH CIECAYIOIINM 00pa3oM:

® pa3sMEpHOCTH pPELENTOPHBIX TMOJIEH CeTH TOJO0XHM  paBHBIMHU
Py=p ='=p,, =1 Ho3HaueHue p, , #1 BBIOMpaeTCsA PaBHBIM pa3MEpPHO-
CTH JIATEHTHOTO NPOCTPAHCTBA. B 3TOM ciydae pasMepHOCTH CETH IO BXOIY
Oyner paBHa N = popy -+ P, = Py

® Pa3MEpHOCTH aKCOHOBBIX MOJIEH CeTH 3afaJuM INPOM3BOJBGHBIMH HATY-
paJbHBIMU LIEJIBIMU YUCIAMH g, &), ", &, - PA3MEPHOCTb CETH IO BBIXOAY B

3TOM cityqae Oyzner paBHa M =g,g,---g, . OTO 3HaUCHUE BHIOMpAECTCs paB-

HBIM Pa3MEpHOCTH { — MPOCTPAHCTBA.
Tononoruueckass MOZIENb NPH JAAHHBIX CTPYKTYPHBIX XapaKTEepUCTHKaX Oy-
JIET UMETh BUJ:
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m j—

Uu” = <un71 0n72 ...0m+10m VitVim-a "‘V1V0>,
m = e e

Ve = <un—1 0;1—2 0m+1 VirVm-1Vim-2 W > H
m p—

z = <un71 On—Z - 'Om+1 VrtVi—2 V1V >

Ha puc. 2 npuBeneH npuMep TONOJIOTMUYECKON MOJIENH TPEXCIOWHON nupa-
MUJQJIBHON HEHPOHHOM CETH Ul CTPYKTYPHBIX IIapaMETPOB [ DDy p2] = [1 13] R

[goglgz] = [227] .
N{ %
o
00 Kl
', G
O
O\ Vel

27

Puc. 2. Tononorus mupamMugansHO HEHPOHHOH CETH.
Be1sieneHHbIE HyMEpOBaHHbBIC BEPIIUHBI [IPEACTaBIIIOT HEIPOHHBIC 1pa

CeTp IMeeT pa3MepHOCTD 0 BXOY paBHYIO 3, a o Berxoxy 28. B [8] moka-
3aHO, 4TO MUpaMUAAIbHAs CETh OOPaTHON OPHEHTAIIMH MOXKET XPaHUTh MPOH3-
BOJIbHBIE AMCKPETHbIE (YHKIMH, Pa3MEPHOCTh KOTOPBIX OINpPENeIsIeTCsl pas-
MEPHOCTBIO BBIXOJIA CETH, a X KOJIMYECTBO — Pa3MEpHOCTHIO BXxoa. Hampumep
ceTb, MOKa3aHHas Ha pHUC. 2 CIOCOOHA XPaHUTh TPH MPOHM3BOJIEHBIE BEKTOP-
(byHKIMH pa3MepHOCTHIO 28.

Crnenys [10], paccMoTpuM KpaTKo crmocod oO0y4eHus ceTn. B cooTBeTCTBHA
¢ 00001mIeHHOM TeopeMoii axkropuzannu emeHTs Matpuisl BHC mpeacras-
JISIIOTCS B BUAE:

h(U,V) = w:;'l (uH, v )w:’f (OH, V., ) . ~wa (00, v, ) s %)
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rae U, V — no3unus snementa B marpuue bHC, w;” (um,vm) — BJIEMEHT MaT-
PHIIBI HEHPOHHOTO siIpa ¢ HoMepoM z” B cjoe m, U, ,V, — MO3ULHS dIEMEHTa
B Matpuile HelpoHHOro siapa. Ilycte o0pasel [ k (V) MIPEICTaBIAET COOOMU

Ha0op, COCTOAIMMI U3 p, , AUCKPETHBIX (PyHKIMH, 3aJaHHBIX Ha HHTEpBaie

JUTMHHOW M. BBIITOTHUM MYJIBTHIDIMKATHBHYIO AEKOMIIO3HIINIO KaKIO0H (PyHK-
IIMU 110 MEPEMEHHBIM V,, HauMHas co cTapuiero paspsana [8], B pesyibraTe

q)yHKI_[I/IH 06paSa IpeACTaBIIACTCA B BUJC!
fk(V) :(Pf:,,l (anl)(pf”*Z (van)“'(pl]-CD (VO)’ (6)

rae i" = <VM71VM72 o-~v1v0> — MO3UIHOHHBIA HOMEP MHOXUTEIS YPOBHS m , k —

mopsAKOBEI HOMep (yHkmn. CpaBHHBas BeIpakeHus (5) u (6) Hemocpen-
CTBEHHO TIOJIyYUM CIIeIyIOIIee IPaBUIIO 00ydeHHs HEHPOHHOH ceTn:

n—1

_ kK _
Wz”" (un—l >V ) - (Pinfl (V,,_l ) oIda m=n-— 1’
m _ k _
w, 0,.,v,)= 9, (v,) mmt m<n-1,
m __
= <u”’l 0’7*2 o 0m+1 VintVm—2""" V1Yo > s
-m

= <vm—]vm—2 o 'V1V0>-

[MpexBaputenbHO, U YNOPSAOYUBAHUS XPAaHUMBIX (QYHKIHH, TOJDKHO
OBITh YCTaHOBJIEHO B3aMMHO-OJHO3HAYHOE COOTBETCTBHE Kk <>, , MEXIY
MOPSITKOBBIM HOMEPOM (YHKIMHU M pa3psiAHON TepeMeHHON u, | . CuuThIBaHNE

MaMSITU BBIIOJHSETCS YCTAHOBKOM HA BXOJI€ HEMPOHHOW CETH YHApHOIO KOAA,
B KOTOPOM TOJIBKO OJMH M3 pa3psAmoB paBeH 1, a octanmbHble Hynu. s ceTw,

MMOKa3aHHOM Ha puc. 2 — 3T0 OyAyT KOMOWHAIHNN [0 01], [010] W [100].
[Tpu ucrons30BaHUN KOAOB [1 10] 00passl 1 1 2 cKiIagpIBalOTCs, a MPH KOJax
[1—-10] u3 nepeoro oGpasa BerauTaeTCs BTOPOiA, B 00LIEM Cllydae NpH 3Haue-

1 2
HUSX HAa BXOJIE [(x B y] Ha BEIXOJE HOIyunM obpas ¢ =af ' +Bf > +yf°. 3ame-
THM, YTO TOT K€ PE3YJIBTAT MOKHO MMOJYUYHUTh, €CIIH YMHOKHTH BEKTOP CTPOKY

[aﬁy] Ha MATPHIy Pa3MEPHOCTHI0 3X28 CTPOKH KOTOPOH COBMAAAIOT C BEK-

top-bynkuuamu 1, 2 u f:
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fi Ao Sy
[aBy]x| f& f£7 = fo|=of +B*+y/°.
noR o S5

OrTcroa cienyer, 4To mupamMu/aibHas HeHPOHHAs CETh SIBISETCS (haKTOpH-
30BaHHBIM NPEICTABICHUEM IPSIMOYTOJIbHOW MaTpPHIBL, CTPOKAMH KOTOPOH
SIBJISIFOTCSL XpaHUMble 00pasbl. DTO MOXKHO JI0Ka3aTh, O0OJee CTPOro UCIOJb3YS
MOHSITHE YHCIIa cTeneHeit cBoooasl [11]. XpanuMelie 00pa3bl — 3TO IPOU3BOIb-
HBIC (YHKINHU, HAIPUMED, 3TO MOTYT OBITh cTpoku MaTpuilsl PPCA nexomepa.

@DakTOpU30BaHHOE MPEACTABICHUE MATPHIBI COCTOUT W3 MapaiyieIbHBIX
BBIUHCIIUTENBHBIX 3JIEMEHTOB, OPTaHU30BAaHHBIX KaK HEWPOHHAS CETh, YTO MO3-
BOJIIET 00ECIIEYUTh BHICOKOE OBICTPOEHCTBIE PH HCIIOIb30BAHUHU CIICIIHAIIH-
3MPOBAHHBIX NIPOIIECCOPOB C paclapajulelMBaHueM onepanuil. B atom cocrour
[JIaBHOE IPEUMYILECTBO HEUPOCETEBOM peann3aliu.

[MupamuaanpHyI0 HEHPOHHYIO CETh HE CJIOKHO OOOOLIMTH Ha JABYMEPHBIN
ciyvai, ynoOHbIH s 00paboTku n3o0pakeHuit. CoxpaHuM JUTs KaXkJIOW KO-
Op/AMHATBI M300paKEHUsI THIT TOMOJIOTHH PAaCCMOTPEHHOM BBIIIE OJJHOMEPHOU
MOJIETIM, TOT/Ia TOIOJIOTHYECKass MOJENb NUPaMUAANBGHON CeTH MaMsTH JUIs
JIBYMEPHOTO CITydasi TPUMET BHUI:

U =<u:710;7 0 0y v vl*v;>,

m+1

*
V <7/l 0 0m+l va vm 27 vl vO > 2

n-1
* * * * %
n72.”0m+lvm lv -2 V1V0>.

n—-1

zy =<u* 0

CumBon (*) 31ech 3aMEHSeT CUMBOIBI X M ) O3HAYAIOIINX MPHHAICK-

HOCTh K KOOpAWHATAM H300paKeHMS. DJIEMEHTBI YETHIPEXMEPHOM MaTpHIlbI
BHC s manHOW MOAENM TakKe BBIPAXKAIOTCS Yepe3 3JIEMEHTHl HeHPOHHBIX
aaep:
h(U U, VV) MZM(uy uw, v, )w,,z “(O"
Zx 3 Zx

X
n=12"n-1> “n-1°"n-1 n 2’0

v X
n-22 V-2V 72)"'
o 0;,0;;
WZ,?,Z? VO S vo
a MyJIbTUIUTUKATUBHAS ICKOMITO3HIIMS COXPAHSICMbIX U300pKCHUI UMEET BHLI;
¥ X k ¥ X k Vo X
) =0n ("n—l’ Vi )‘Pf:*‘f:ﬁz (2w ) P (35.7)-

CpaBHUBast 1Ba MOCIEAHUX BBIPAKEHUS, TIOJyYHM MPABUIIO O0Y4EHHS JIBY-
MEPHOM NUPAMUJAIBHON HEMPOHHOM CETH:
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y R X

n—1 ) Wk ¥ X _
w el gt (un—] s Uy 15 Vot Vi ) - (Pi:",i;f" (vn—l > Vo ) A m=n-— 1’

X

n—2 ¥ XLy X _ Ak ¥y
WZ)’:’Z’Z’:’Z (On—z > On—2’ Vias vn—Z) - (Pl';"z 2 (vn—Z > vn—Z) s m<n-— 1’

* *

m _ * * * ok
Zx —<u 10n-2"'0m+1vm-lvm-2"'v1v0>’
. * * * %

i’ =<Vm_1Vm_z"'V1 v0>.

IpenBaputensHO, I YNOPSANOYMBAHMA XPAaHUMBIX (GYHKIUH, MOIDKHO
OBITH YCTaHOBJIGHO B3aHMHO-OJHO3HAYHOE COOTBETCTBHUE k<—><u,ff],u;‘7]>

V X
Y ou

MEXK]y TIOPSIIKOBBIM HOMEPOM (DYHKIMH U 3HAUEHUSMU NIEPEMEHHBIX U, |, U, .
CUuThIBaHHE TAMATH BBHITIONHSAETCS YCTAaHOBKOH Ha BXOJle HEHPOHHOH ceTH

X
n-12

JBYMEPHOH MacKU Pa3MEpHOCTBIO p) X p* . B KOTOPOIl TOJIBKO OJIUH U3 IHUK-
cesoB paBeH 1, a octanmpHble Hynu. Ha puc 3. mokaszaHa Tomojorudeckast Mo-

nens npymepHoit BHC.

Puc. 3. Tononorunueckast Moaens AByMepHoi mupamuaansaoid BHC

ITo Bxomy ceTh umeeT pa3MepHOCTh 3%3, a Mo BeIXoAy 28%28, pa3MepHOCTh
JIATEHTHOT'O MpocTpaHcTBa paBHa 9. CeTh TpexcioiHasl, CTPYKTypHBIE Xapak-
TEPUCTHKA MOJCIH ONPENEIAIOTCS PasMEPHOCTSMH PELENTOPHBIX U aKCOHO-
BBIX MOJICH HEWPOHHBIX sifep Mo cnosMm: p* = p’ = [1 1 3] , g =g = [2 2 7] ,
CUMBOJIBI X M y 0003HA4YalOT MPOCTPAaHCTBEHHBIE KOOpAuHATHL. CeTb Ipea-

CTaBsieT co00i (haKTOpH3aIMI0 YETBIPEXMEPHOW MAaTpHUIBl Pa3MEPHOCTHIO
[3%3, 28x28] 1 ciocobHa coxXpaHsTh 9 MPOU3BOIBHBIX N300pAXKEHUH pa3MepoM
28x28.
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Pe3y.m,TaT1,1 IKCIIEPUMEHTOB

OkcnepuMeHThl ObUTH TpoBefieHbl Ha Habope aanHbIx MNIST [12], koro-
pBIA COMEPKUT 00pa3bl pyKOMUCHBIX IHMpp oT 0 10 9 B BHIE MUKCEIBHBIX
n3obpaxeHnuid pazmepoM 28x28. O0beM oOyuaromieid BIOOpku paBern 60000
n3obpaxenuit 1 10000 conepxut TecroBas BeiOopka. Ha puc. 4 mokasana BbI-
Oopka C JeCATHIO NPEACTaBUTESIMU JUIS KaXI0oro kiacca. Ilpu mpoBeneHnu
SKCIIEPUMEHTOB BCE 00pa3bl BBIOOPOK IIPEABAPUTENHLHO HOPMHUPOBAIKNCH 10
SHEPTUH K €TUHUIHOMY YPOBHIO.

7IEIH=I

(S —INWc v [~ oo o)
SNEERASNSN

t{

S O~ % Wl LM [
QDX 4 [N [S]o
SENEENRRRR
O] Ll [N [
O ¢ WLl [N [soles
(OIN[NIGS s
EENANAENED
SEEENARSSE

>

B 13 Habopa PyKOMHUCHBIX LIU(P

=
(@)
[®}
o
=
S

Pa3zmepHOCTB TaTeHTHOTO TpOCTpaHcTBa Obla BeIOpaHa paBHOH 9. Jlist mo-
CTpOEHHS AEKO/IEepa B PaBHOW CTENEHNW MOXKHO HCIIONb30BaTh KaK OJHOMEp-
HYIO, TaK ¥ JABYMEPHYIO pEallM3allMI0 CETH. Bhluncinenne mMaTpuisl JeKoaepa

H= "h(V, U )" yI06HO TPOU3BOAMTE JUIs OJHOMEPHOTO CIIydasi, CJIeLys BhIpa-
xeHu1o (4). [lo 910t MaTpHIle MOXXHO HETIOCPEICTBEHHO MOCTPOHTH OTHOMEP-
HYIO CeTb, HCIIONBb3Ysl CTONOLBI Kak (yHKIMM 0Oy4aloIlero MHOXECTBa IS
cetn. OTHOMEpHAs ceTh OyAeT UMETh pa3MepHOCTD 9 1o BXxoxy U 784 = 2828
1o BeIxoxy. [l mepexoma K AByMEpHOMY 00pasy, BBIXOZHOH BEKTOp Iiepe-
(dopmaTupyercst K MaTpHLE 3aMEHOH OJHOMEPHOI0 MHIEKCa KOOPIHMHAT, IBYX-

Pa3psIIHBIM UYUCIIOM V:<V-", V"> C OCHOBaHMSIMU pa3psioB PaBHBIMH pa3-

MEPHOCTSIM M300pa)KeHHs 10 OCSIM X M ) , B JIAaHHOM ciiy4dae 28x28.

Jlis mocTpoeHus ABYMEpHOM HeHpoHHOI cetw matpuily [ crieayer mpu-
BECTU K YEThIpEeXMepHOil (hopme, 3TO MOXKHO C/eNaTh MpPEeACTaBICHUEM HOMe-

n—-1

POB CTPOK ¥ CTOJIOIIOB B IBYXPa3psiIHOM BHIE V = <V"’, V"> ulU= < MThE > .
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OOygaromumu 00pa3zaMi CeTu OYIYT SBIATHCS IBYMEPHBIE IIOCKOCTH YEeTHI-

Y u, . Peanuzanus nBy-

pPEXMEPHOM MaTpUIIbI, OIpeNeNieMble paspsiaaMu U, , U,
MEpHOM ceTH Moka3aHa Ha puc. 3.

Marpuna aekozepa pacCuuThIBajIach 1o 00ydaromeil BBIOOpKe, COCTOSIIEeH
n3 30000 npuMepoB B IBYX BapUaHTaX, A ONTUMAJIbHOTO U HE ONTUMAJIBHOTO
BoccTaHoBieHus. Ha puc. 5,0 n 5,b mokasaHel pe3ynbTaTbl PEKOHCTPYKIMN
00pa3oB Ipu 1ojade Ha BXOJ[ JIEKOJepa CIIyJalHBIX BEKTOPOB JIATEHTHBIX IIe-
peMeHHbIX. PazHuIa MeXIy AByMs CIIOCOOAMHM PEKOHCTPYKLIMH BHU3yalbHO HE
3ameueHa. [lnsi cpaBHEHUS Ha pHC. 5,C TOKa3aH pe3yjbTaT PEKOHCTPYKIUH,
nonydeHHolt VAE — aBTOHKOJEpPOM MOCTPOEHHBIM Ha OCHOBE CBEPTOYHOM
HEHPOHHO# ceTH, peann3oBaHHON Ha rwiathopme MATJIIAB 2021b [13] mns
TOM e oOyuaroniei BbIOOpKH. O4EBUIHO, YTO TeHEpAaTHBHA MOJIENb Ha OCHO-
BE CBEPTOUHON HEHPOHHOU CETH JaeT Jy4Ilnil pe3ynbTaT, YeM JIMHEHHBIH Mo~
xo1 Ha ocHoBe MeToga PPCA. Tem He MeHee MOCTPOEHHbIE JIMHENWHbIE TeHepa-
TUBHBIE MOJICIN SIBIISIOTCS PabOYMMHM, a BOCCTAHABIMBAaEMbIE 0Opa3bl BIIOJIHE
Y3HaBaeMbl, IIPU ITOM BpeMs MOCTpOeHUs reHepatuBHoid moxenun PPCA Ha
MOpsAOK MeHbIe, deM Momenun VAE. VYBenmndenune pasmepa oOydaromieit
BBIOOPKH NPAKTUIECKU HE BIUSIET HA PE3YIbTaThI.

a) He ontumanbHas b) OntumanpHas c) Pexoncrpykius VAE
pexonctpykuus PPCA pexonctpykuusi PPCA CBEPTOYHOM HEHPOHHOM
CETBIO

Puc. 5. Pe?;yJ'ILTaTI)I PEKOHCTPYKIUHN 06pa30B OAWHOYHBIMHU I'CHEPATUBHBIMU MOACIIAMU

DKCHepuMeHTHl mokazanu, 4to Meto]l PPCA mo3BosisieT moiyduTh BIIOTHE
YIIOBJICTBOPUTEIIBHBIC PE3YJIbTATHI IPU pPEATU3aIliH yCIOBHOTO MHOXCCTBCH-
Horo nexojepa (ananor CVAE). B atom cirydae gekoaepst PPCA ctpositest mis
KaXKIOTO KJlacca pa3feibHo, IPH STOM HUCIONB3YIOTCS Bce 00ydaromue mpumMe-
PBI KOHKpeTHOTO Kiacca. Ha puc. 6 moka3aHsl IpIMepsl MHOXKECTBEHHOH pe-
KOHCTpYKuMHu Ha ocHoBe MeTona PPCA. Kaxnprii cronben B TabiuIe COOTBET-
CTBYET OJJHOM I€HEpAaTHBHOM MOJENM Kiacca, a KaKaas CTpOKa — OJJHOM CiIy-
YyalfHOM pealin3aluu BEeKTOpa JaTeHTHBIX EPEMEHHBIX.
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Mapent. PPCA. PazMepHoCTE SITSHTHONO NPOCTPMHCTEA=)
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Puc. 6 Pe3ynbTaThl peKOHCTPYKIUK 00Pa30B MHOXKECTBCHHBIMHU
reHePaTUBHBIMH MOJEIISIMU

3akJirouenue

B nanHO# paboTe paccMOTpeH albTepHATHBHBINA BapHaHT MOCTPOSHHS Te-
HEpaTHBHBIX HEHPOCETEBBIX MOJENeH Ha OCHOBE BEPOSTHOCTHOTO METOAA
rraBabIX KomnoHeHT (PPCA). B ormuume ot wmaccnyeckux VAE monmenei,
Mozenb reHepatuBHOr0 PPCA-niekoepa cTpouTcs aHaIuTHIECKH, U He Tpeoy-
€T JUTUTENBHOTO UTEPAllMOHHOTO O0Yy4eHHMs, IPH ITOM COXpaHAETCsS MpueMIe-
MO€ KauecTBO reHepanuu o0pazoB. B crarke mokasaHo, 4To MOCTPOCHHBIE MaT-
PHILBI IEKOJIEPOB MOTYT OBITh 3((EeKTHBHO pean3oBaHbl B Ki1acce OBICTPBIX
HellpoHHBIX ceTeil. Hactpoiika peanusyronieid BHC BeimonHsAeTcs 3a KOHEUHOE
YHCIIO IIaroB, a YMCIIO BHIYUCIUTENBHBIX ONEpalid IpH 3TOM IPUMEPHO TaKoe
e, KaKk M YUCJIO0 OIepalliy Mpu rerepanun oopasa. Tonomnorust BHC 3amaercs
AQHAJIMTHYECKON MOJIETIBIO M TCHEPHUPYETCs] aBTOMAaTHUYECKU. | eHepaTuBHAs MO-
JeTb UIA N300paXeHUH MOKET OBITh peaan30BaHa Kak B OTHOMEPHOM, TaK U B
nBymepHoM Bapuante BHC.
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DEVELOPMENT OF A PREDICTIVE MODEL FOR
FORECASTING THE FOREST FIRE SPREAD VECTOR

This paper addresses the task of modeling forest fire spread based on an en-
ergy approach. There is a mathematical model that accounts for heat transfer,
pyrolysis of woody fuel, and the influence of moisture and also created a two-
dimensional computational grid, with parameters defined by the user. Input
data on meteorological conditions and terrain are obtained automatically
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through APIs. The implementation is done in Python with a graphical interface
that allows real-time visualization of the burning process. This work establishes
a basis for further enhancement of the model and its adaptation to reality.

Keywords: forest fire, mathematical modeling, heat balance, pyrolysis,
numerical simulation.

Introduction

Forest fires constitute a significant natural hazard, inflicting substantial
damage each year on forest ecosystems, infrastructure, and public health. In the
context of lengthening dry seasons and escalating climate instability, the chal-
lenge of forecasting and analyzing fire-spread dynamics has become particular-
ly urgent. Timely and accurate prediction is especially critical, since rapid fire
growth and abrupt shifts in fire-front direction pose serious threats to human
life and can result in severe economic losses.

Contemporary climate change is accompanied by an increase in both the
frequency and intensity of forest fires, necessitating improvements in monitor-
ing and forecasting methodologies. Traditional approaches often fail to account
for the combined influence of factors such as fuel moisture content, wood py-
rolysis, terrain relief, and wind dynamics, thereby reducing prediction accuracy
and undermining the effectiveness of fire-containment measures.

The development of mathematical models that describe combustion pro-
cesses under variable external conditions enables a deeper understanding of
fire-development mechanisms and provides a foundation for constructing effec-
tive predictive systems. In particular, the integration of physicochemical pro-
cesses—such as pyrolysis—and the automated acquisition of meteorological
data via application programming interfaces (APIs) open new avenues for cre-
ating dynamic, adaptive models.

The objective of the present work is to construct a mathematical model of
forest-fire spread based on heat-balance equations and to implement it as a
simulation program. To achieve this objective, the study addresses the follow-
ing tasks:

* Determine the main parameters identify the key factors affecting fire
spread: ignition temperature, thermal conductivity, moisture content, pyrolysis
parameters, wind speed and direction, and altitude above sea level.

* Formulate a system of equations describing the thermal and chemical
processes occurring in the forest environment.

* Implement a numerical scheme that models the dynamic behavior of a
forest area the change in state of a forest area over time and space.
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* Organize the automatic retrieval of meteorological and geophysical data

through APIs as input data for calculation.

* Conduct a series of simulations under various environmental parameters
and analyze the obtained results.

Analysis of Existing Models

Before designing our model, we conducted a comparative analysis of exist-
ing fire prediction tools to evaluate their performance characteristics and short-

comings.
Table 1
Presents a comparative analysis of existing forest fire prediction systems

Parameter Rosleskhoz System CALFIRE FIRIS European EF3F

(ISDMRosleskhoz) [4] System (Copernicus
(3] EMS) [5]

Rothermel’s Rothermel’s Global fire risk
Basis of mathemat- | algorithm (operational | algorithm (opera- | assessment system
ical model? fire front forecasting) tional fire front | based on NDVI and

forecasting) meteorological data
Entire territory of the Arid forests EU countries
Russian Federation of California (especially the
Geographic area (especially Siberia, Mediterranean
the Far region,
East, Arctic) Scandinavia)

Supports forecasting
of deep smoldering

High accuracy
in arid condi-

A mor e universal
way of accounting

Advantages fires considering soil tions (error < for moisture
moisture 8 %) and its influence
on fire spread
Poor integration with Ineffective Not adapted for
Disadvantages pyrolysis models for peatlands boreal forests
and wet forests
Existing Prototypes:

* ISDM-Rosleskhoz
Limitations: poor integration with satellite platforms and significant data la-

tency.

¢ BehavePlus

Limitations: neglects terrain relief in its spread simulation.
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* FARSITE

Limitations: high parameterization complexity; incapable of operating cor-
rectly with unprocessed input data.

* Global Fire Weather Database (GFWED)

Limitations: fails to capture localized ignition hotspots in boreal forests
(taiga).

* Global Wildfire Information System (GWIS)

Limitations: lacks sufficiently detailed datasets for reliable operation within
the Russian Federation.

Mathematical Model

Our mathematical model is based on a combination of established formula-
tions, including Rothermel’s combustion equations, Fourier’s law of heat con-
duction, general physical heat transfer laws, and empirically derived parame-
ters. First, it is worth noting that predictive models can be classified into three
types: theoretical, empirical, and semi-empirical. Semi-empirical models are
significantly easier to verify than theoretical models, while being more accurate
than purely empirical models [1]. Therefore, our model is based on a semi-
empirical approach. During the study of existing models, we found a universal
mathematical formula that combines the advantages and solutions to problems
of previous systems. The derived equation (1) incorporates all major thermal
and chemical processes.

0 _ 0
%€ _v.(AT) + py (1 - ) ™™ — 0,2,
ot ot 1)
om
~h(T -T,)~o(T* ~T,) - L, —*.
ot
Let us consider each element of this equation separately.
Table 2
Elements of the equation and their description
Element Meaning Interp .retatuon / Role in the model
Derivation
Shows how thermal ener-
Derived from changes in the burnin
2 gy chang g
—Q Eneergl}ll al;)iaolince the first law of zone under the
ot 4 thermodynamics influence of various
processes
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Element Meaning Interp 'retajuon / Role in the model
Derivation
Thermal Derived from Indicates the rate of heat
V- (LAT) conductivit Fourier’s law of «accumulation» due to
Y heat conduction thermal conduction
Indicates how much heat
Combustion Rothermel’s fire is re-leased
PV (1-a) energy model during the combustion
of wood
FHumidity Accounts for the effect
e P influence Rothermel’s fire of moisture on thf.: energy
. re- lease during
function model .
combustion
Acts as a retarding factor
om,, Heat absorbed Derived from ther- | for fire spread; using a
-L, 7 = during moisture mogravimetric Heaviside function
evag oration analysis (TGA) ensures correct account-
=H(T-T,) p experiments ing of moisture
evaporation
“WT-T,) Convective heat Newton’s law Accounts for heat
a exchange of cooling losses due to wind
4 4 Thermal Stefan—Boltzmann Accounts for energy
—o(T"-T)) - . losses due to thermal
a radiation law of radiation s
radiation
op Energy absorbed Derived from Derived from
—Qp < during pyrolysis the energy the energy
ot [6] conservation law conservation law

Explanation of the Parameters Used in the Mathematical Model.

Accounting for moisture: e #™w_ accounting for wind influence: — (T - T},),
1 Q- 9pc
accounting for pyrolysis: — Q,, =

The fire spread vector directly depends on the energy balance function, as
fire moves in the direction of the most favorable conditions for its propagation.
If the energy at a certain point increases, the fire intensifies there; otherwise, it
weakens. Description of the Stages for Determining the Forest Fire Spread
Vector:

1. Calculation of temperature for each terrain grid cell using the energy
balance equation based on sensor data.
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2. Determination of the ignition threshold temperature and computation of
the time gradient for each cell:

ar\ 2 at\?
3. Determination of the ignition threshold temperature and computation of

the time gradient for each cell:
1

V= 3)

Simulation Implementation

The model is implemented in Python using the NumPy, Matplotlib, and
Tkinter libraries. For numerical simulation, a two-dimensional area is divided
into uniform square sectors by latitude and longitude. Each sector is character-
ized by a set of parameters: the presence of woody fuel (fuel density), tempera-
ture, burn time, wind speed and direction, relative humidity, and terrain relief.

Before starting the simulation, the user specifies the geographic boundaries
of the modeling area (center coordinates, domain size, and grid resolution) via a
Tkinter graphical interface. For each sector, arrays of data for wind, humidity,
and elevation are retrieved through batch HTTP requests to external APIs,
which are then used in the calculations without manual input.

To initialize the forest domain, a binary field denoting vegetation presence
is generated according to a specified coverage ratio.

The main simulation loop consists of successive time steps. At each step,
for each «healthy» (unburnt) sector, the heat balance is computed using the heat
conduction equation with considerations for pyrolysis and heat losses. The sec-
tor’s temperature is updated, and when it reaches the ignition threshold, the
sector is switched to a burning state. For burning sectors, combustion time is
tracked until the transition into a smoldering phase, followed by the formation
of residual ash.

Fire spread to neighboring sectors is modeled using the resultant front vec-
tor, which combines the directed effect of wind and the temperature gradient.
The ignition probability in adjacent sectors is adjusted by a humidity factor.
Additionally, a terrain relief parameter is included in the model: elevation in-
formation for each sector is obtained from the same API, which provides a ba-
sis for accounting for slope in future model refinements.

For real-time visualization, Matplotlib is embedded in the Tkinter interface.
The application window is divided into four panels: the fire spread map (color-
coded by sector state), the wind vector field, the humidity heat map, and the
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terrain elevation map. During the simulation, the current step number, the count
of ignited sectors, and overall progress are displayed. All simulation parameters
can be dynamically modified through the interface controls. Example of the
interface displaying fire spread simulation results using test data (Fig. 1-4).

Step 55: burned 466/2132

Wind (speed and direction)
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Fig. 1. Wind field Fig. 2. Fire map

Elvatlon (m) Humidity (%) 100
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Fig. 3. Topographic map Fig. 4. Humidity map
Results

The developed model exhibited robust performance under variations of key
environmental parameters—fuel moisture, wind speed, and forest type. Its nu-
merical implementation successfully captured the following physical processes:

Sequential sector transitions from a healthy-forest state through active com-
bustion and smoldering to an ash state;

Fire-front formation, where the propagation direction was defined by the
fire-spread velocity vector, computed via the energy-balance equation between
adjacent sectors.

Data automation was achieved through integration with external APIs: the
system automatically acquired current meteorological parameters (wind speed
and humidity) and a digital elevation model (DEM) for specified geographic
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coordinates. For visual analysis, an interactive interface (Python/
Tkinter/Matplotlib) was developed to display in real time: fire spread, with col-
or-coded state transitions; wind vector field, showing speed and direction; spa-
tial moisture distribution; topographic features of the terrain.

Discussion

The results address the principal research objective: the incorporation of the
pyrolysis model [6] eliminated the principal shortcoming of the Rosleskhoz
system (Table 1). This improvement is evidenced by the stable replication of
combustion dynamics during test scenarios. Employing a Heaviside function to
model moisture effects aligns with Barovik and Taranchuk’s [1] findings on the
benefits of semi-empirical methods that balance physical fidelity with practical
applicability. Moreover, automating geodata acquisition through APIs fulfilled
the requirement for real-time updating of input parameters as outlined in the
Introduction.

Despite these advances, a fundamental limitation remains: the model does
not account for terrain slope effects on fire-spread velocity, even though eleva-
tion data are available. This omission contrasts with the CALFIRE FIRIS
methodology [4], which treats topography as a critical factor. To remedy this
deficiency, we propose: introducing correction coefficients that relate elevation
gradients to front velocity;

Generating synthetic simulation data to train machine-learning models for
predicting fire behavior over complex terrain; extending the model to a fully
three-dimensional format to incorporate convective currents and ember
transport. These enhancements will further improve predictive accuracy and
operational utility in heterogeneous landscapes.

Conclusion

In the course of this work, a mathematical model of forest fire propagation
was developed based on the heat balance equation, taking into account thermal
conductivity, pyrolysis of wood fuel, heat losses, moisture, and wind effects.
The model is implemented as a numerical simulation in Python, utilizing exter-
nal data automatically obtained via APIs.

Numerical experiments showed that the proposed approach allows flexible
reproduction of fire spread characteristics under various environmental parame-
ters. The model captures key features of ignition dynamics and provides oppor-
tunities for further development, including refinement of physical parameters
and expansion of geophysical factors. In particular, the capability to account for
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terrain elevation has already been incorporated, creating a foundation for future
modeling of terrain effects on fire spread.

In the future, it is planned to use the simulation results to create a custom
training dataset, which can be applied when building predictive models based
on neural networks. This approach will complement physically-based methods
with machine learning and improve forecast accuracy in the presence of com-
plex or incomplete input data. The development of a hybrid model that com-
bines physical simulation and learning on real or synthetic data may become an
effective tool for predicting and assessing the risks of forest fire propagation.

The obtained results confirm the viability of the chosen approach and its
suitability for use in theoretical analysis, educational modeling, and as a proto-
type for more complex forest fire prediction systems.
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HENOJIBUKHBIE TOYKHW MOJIEJIA XONI®UJIIA
C KBA3BUJIUATOHAJIbBHOM MATPHUIIEN CBS3H

Tt monenu Xomnduinaa ¢ MaTpulen CBsI3H, Y KOTOPOH OTJIMYHBIE OT HYJIs
MaTpUYHbIC SJIEMEHTHl IPUHAAJIECKAT MEPBOW KBa3WUAWArOHANU W SIBISIOTCS
BEIIECTBEHHBIMU YHCJIaMH, MOJIyYEHO IPOCTOE M HCUEPIBIBAIONIEE ONHCAHNE
BCETr0 MHOXKECTBA HETOJBM)KHBIX TOYeK. /|11 OTBICKAHMSI BCEX HETIOJBIIKHBIX
TOYEK HEOOXOJMMO MOCTPOUTH rpaduk Kod(p(UIMEHTOB MaTpULbI CBSI3U H
OTBICKAaTh HAa HEM BCE BHYTPEHHHE JIOKaJbHbIE MUHUMYMEL. [loxydeHHBIE pe-
3yJNBTaTHl 0000IIAIOTCS Ha O0Jlee MIMPOKOE MHOXKECTBO MATPHII CBS3H.

KuaroueBble ciioBa: modens Xonghunoa, Henoosudxicrvle mouku, K8asuoua-
20HANILHASL MAMPUYa

BBenenue
PaccmatpuBaetcs Monens Xomnpuiga ¢ CAMMETPUYHOW MaTpHLEH CBSI3M, Y

KOTOpPOW OTJIMYHBI OT HYJISI TOJIBKO 3JIEMEHTHI IIEPBOI BEpPXHEH HaJauaroHanu
(v HIDKHEH MOJINaroHaNN):

0 a, O 0 0
a, 0 a, 0 0
0 a, O a,, 0 0
A=|0 0 (1
0 @23 0 Ay 0
0 a, 14 0 (2
0 0 0 a 0
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[TomoOHBIE MATPHUIBI BO3HUKAIOT MPH OMHCAHHM JTHHEWHBIX IIETIOYEK Ou-
HapHBIX «areHTOB» C KOPOTKOJAEUCTBYIOUIUM B3aUMOJEHCTBHEM: KaXIbli
«areHT» BHYTPU LENOYKHU B3aUMOACHCTBYET C ABYMsI COCENSMH, a KaXKIbIH
KpailHUH «areHT» B3aUMOJICHCTBYET ¢ OOHUM coceloM. [1oqoOHBIM oOpa3oM
BBITJISLIUT, HAIPUMEP, MaTpuUlla CBsI3U JJIsi OJlHOMEpHOM Mozenu W3uuHra ¢ ot-
KPBITBIMU TPaHALAMH [ 1] — ¢ TEM TONBKO OTIHYHEM, YTO B MOAenH M3uHra Bce
@;,;,, OIMHAKOBBL a; ., =1.

MHOXeCTBO HETIOBIKHBIX TOUEK CETH XOM(HIga COBIAAAaeT ¢ MHOXKe-
CTBOM JIOKATBHBIX MAaKCHMyMOB KBQJIPAaTHYHOTO (PYHKIIMOHANA OT n OWHap-
HBIX IEpEMEHHBIX s, [2]:

i+

F(s)=(Ags,s)= Z:jzla,.jsl.sj > max, s=(s,...s,), 5, =1, i=1L..,n.(Q2)

i

U3 ¢usnueckux coobpakeHuid F(S) Ha3bIBArOT 0OpaTHOI 3HEprueil cocro-
SIHUSL § = (sl,sz,....,sn) . B Hameit paboTe ycTaHOBIIEHO, YTO MAaKCUMyMBI F(S)
CaMbIM HENOCPEICTBEHHBIM 00pa3oM CBs3aHbl ¢ MUHUMyMaMK Tpaduka koad-
(unmeHToB {a[’i+1 };H MaTpHIBI CBSI3H.

Bcrogy B nmanpHeleM, KOHKPETHOE 3HAYEHUE CIIMHOBOW IEPEMEHHOHN s,
cHabxaercst BepxHel tuisnkoii: §, . IpsimbiM BeraucieHuneM (6o cu. [3], [4])
MOXHO IT0Ka3aTh, YTO IJI00AJBHBIH MAaKCUMYM KBaJPaTUYHOTO (DYHKIMOHANA C
Mmarpuiieii cs3u (1) mocTuraercs Ha KOHGHTYpaIluw §=(§1, Sys Sy uens §n),
HEPBYIO0 KOOPAMHATY KOTOPOM MOKHO BBIOpAaTh MONOXHUTENbHON: §, =+1, a

OCTaJIbHBIC KOOPAWHATBI BBIYUCIIAIOTCA C IMOMOIIBIO 3HAKOB MAaTPUYHBIX 3JIC-
MCHTOB

€ i1 = Sign(a,‘,m) (3)
o opmyre:

k-1
§,=d, -5, e d,=|[lein | k=2.3,...n. 4)
i=1

Hcnonp3yeM (U3NYECKYI0 TEPMHHOJOTHIO M OylieM Ha3bIBaTh OMHAPHYIO
HepeMeHHylo S, =+l cnunosoii iepeMeHHOH, a KOHQUIYpaluIo, OCTABIIIIO-
LIYIO TJ00anbHbll MakcuMyM GYHKUHOHATY F(S), OCHOGHbIM COCMOSHUEM.

Bripaxxenus (4) o3Ha4aroT, 9TO I MaTPUIH CBs3U (1) OCHOBHOE COCTOSTHHE
OTIpEeNeISIeTCSl TONBKO 3HAKAMH MATPHUYHBIX DJIEMEHTOB d C moMomIsIo

i+l
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a0COJIIOTHBIX 3HAYEHUN |a

i i41| 3aIIHCBIBACTCS MAKCHUMAJIbHOC 3HAYCHUC (1)yHK-

LIHOHANA:
max F(s) = F(8) = 2(|a12| +|a23|+...+|a

n-ln ) : (5 )
B cnenyromem paznene uznaraercsi yCTpOMCTBO MHOKECTBA HEMOABUKHBIX
TOYEK CCTH, KOraa BCC MATPUYHBIC BJICMECHTBI ITOJIOKUTEIIBHBI a >0. B

pas3z. 3 3TH pe3yJIbTaThl PACIPOCTPAHSIIOTCS HA CIydail 3HAKOIICPEMEHHBIX KO-
3¢ GUIMECHTOB, a TaK)KE HAa MATPUIIBI CBS3H, Y KOTOPHIX OTJIMYHA OT HYJS HE
MepBasi, a TOJIBKO BTOPas KBa3UAHATOHAIb, JINOO — TOJIBKO TPEThS M TaK JaJice.
B 3aximrouenne o0cyxaaeTcs HalpaBlIeHNEe JaTbHEUINX uccienoBanuid. Jloka-
3aTeNbCTBA BCEX OMMCHIBACMEIX PE3YIIbTATOB MOXXHO HAaWUTH B [3], [4].

i, i+l

2. MakcumyMbl F-pyHKIHOHAIA € TIOJ0KUTEIbHBIMA a

i,i+l

1) [MocTanoBka 3agaun. M3 Teopuun accolMaTUBHBIX HEUPOHHBIX CETEH U3-
BecTeH (yHAaMEeHTaNbHbIA (DaKT: Jjst TOro, 4toObl KOH(purypauus s Obuia

MakcumMyMoM (yHkImoHana F(s) = (As, s), HEOOXOAUMO U AOCTATOYHO, UTO-
OBl JUIS KaXKJI0r0 3HAUEHHS MHAEKCA  JIOKANBHOE HoNe /, = a, , S, | +a; 1S,

I[eﬁCTByIOH.[CC CO CTOpPOHBI CCTH Ha CIIMHOBYIO IICPEMCHHYIO S, , ObLIO OJIHOT'O C

HEIO 3HaKa:
hs, >0, i=12,..,n (6)

B npumenennu k marpute (1) JOIKHA BBIMONTHATHCS CHCTEMA HEPABEHCTB:

a,,8,8, >0, i=1
B, =9 @ 08,08, + 8,8, >0, 1<i<n (7
Ay iS,1S, >0, i=n.

3navenne F' -pyHKOMOHANA Ha KOH(UTypanmuu BecbMa MPOCTO CBSA3aHO C JIO-
KaJIbHBIMU HOJIIMU A, :

F(s)=(As,s)=> ks, . (8)

SlcHo, 4TO KOTZa BCE @,,;,, TONOXXHUTEIBHBI, TMOOATBHBI MakcUMyM F(s) 1o-

cruraerca Ha KoHurypamuu s =(+1,+1,+1,...,+1), u ero 3HaueHue paBHO

n-1 v
F(s)= Z'ZH a; ., - ONHAKO ¥ B 9TOM Cllydyae y CUCTEMbI ypaBHeHui (7) Mo-
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I'YT CYIIECTBOBATh PEIICHHS, HE BCE KOOPAMHATHI KOTOPBHIX MOJOXKHUTEIbHBI.
OTO HEOUEeBHIIHOE YTBEP)KACHHE CBS3aHO CO CIEAYIOIIUMH COOOPaKEHHSIMHU.
st perienus cuctemsl (7) BEIOMpAIOT HaYalbHOE 3HAUYCHHE TIEPBOM CIIMHOBOW
HEepeMeHHOH — 00BIUHO §, =+1, — M Iuar 3a [IaroM OTHICKUBAIOT 3HAUYCHHS

OCTaJBbHBIX §, M3 YCJOBMA IOJIOXKUTEIBHOCTU NPaBoi 4acTH HepaBeHCTB (7).

OOBbIYHO, TOCNENYIONIEMY CIHHY IIPUCBAMBAETCS 3HAYEHHME IIPEABLIYIIETO
crvHa. ITpennonoxuM, ONTUMAIbHbIC 3HAUCHUS S, , U §, NCPEeMEHHBIX S, , U

s, yxe HaiineHsl §, | =5, =+, 1 HE0OXOMUMO C MOMOIIBIO ypaBHeHus (7.2)
HalTH ONTUMAaJIBFHOE 3HaYeHHE IepeMeHHOH s,,, . Ecmu xoadduuments! ypas-

HeHus (7.2) BO3pacTalOT MO MOPSAKY CBOETO CIENOBAHHUSA B YPaBHEHHUU —
a,,<a, ., ,— I S, BO3MOXKHO €IMHCTBCHHOE 3Ha4YeHHUe: S, =+1 (YTOOBI

i,i-1 i, i+l
CyMMa cllaraeMbIX B ypaBHeHHH (7.2) OblLta monoxkutenbHoi). Eciu sxe xoag-
¢unmentsl ypaBHeHHs (7.2) yOBIBAIOT MO TOPSAKY CBOETO CIIECHOBAHUS —
a >a.

i1 > ;> — TO VIS S, BO3MOXKHBI 002 3HaueHus: S, =+*1. B Takom ciy-
qgac MpoOBEPAIOT — MOXKHO JIM OTHU «3aTpPpaBOYHLIC» 3HAYCHUA NPOAOJDKUTL IJIA
OONMBIINX 3HAYEHHH HWHAEKCA i TakK, YTOObI Ha Ka)X[IOM Ilare BBIMOJHAIOCH
KiroueBoe ycioBue (6)? B Hambonee WHTEpECHBIX Ciydasx MPOAODKEHHE
UMEIoT 00a 3aTpaBOYHBIX 3HA4YeHMs. Takas CUTyauus O3Ha4yaeT, 4TO EIUH-
CTBEHHOE pEIIeHHEe CHCTeMbl ypaBHeHui (7) pacimerusiercs npu i+1 Ha 1Be

PaBHOIIPABHBIE BETBH — MOJI0XKUTEIBHYIO U OTPHLATEIBHYIO:

o) o) o) o) o) o)
Sivt TS TSz T T +1 u Sivt T Si2 TSz T = -1.

31ech MBI 1a/IMM TOJIBKO (hOPMYJIHMPOBKH OCHOBHBIX TOJIyYEHHBIX PE3YJIbTATOB,
JIoKa3aTeIbCcTBa KOTOPBIX MOXHO HaWTH B [3, 4]. Bynem onuparbes mpu 3ToM

Ha CXeMaTHYecKuil rpaduK 3aBUCHMOCTH KOHCTaHT {a, .}’ OT 3Hauenuii

MHJECKCAa i+] — HamOMHHUM, 4TO y Hac Bcerma §, =+1. Ha puc. | npusenen

Takod rpaduK ¢ TpeMs ABYCTOPOHHHMMH MHHUMyMaMu. TOYKH MHUHMMYMOB Ha
rpaduKe UrparoT B AATbHEHIIIEM BayKHYIO POJIb.
2) OcHoBHas Teopema. [TycTs rpaduk mocienoBaTenbHOCTH KOG GHUINEH-

TOB {a,,,} UMeeT p NBYCTOPOHHHMX — BHYTPEHHHUX — JIOKALHBIX MUHUMY-
MoB B Toukax /+1, t+1, u+1,..... Torna F-dynkuuonan (8) umeer poHo 27

MaKCUMyMOB, KOOPAWHATHI KOTOPBIX MOJIYYalOT B Pe3yJbTaTe MOCTPOCHHS OU-
HapHOTO JiepeBa BAPHAHTOB € TIOMOIIBIO HIXKECTIELYIOIEero anroputma 1°-5°.
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()

1°. Ionoxum s, =1. To ke 3HaYeHHE NPHCBAUBAEM U CICAYIOIIUM CIH-
HOBBIM NIEPEMEHHBIM S, , BIUIOTh A0 3HAUEHUS MHAEKCA =/, KOTopoe mpea-

-1
MIECTBYET IEPBOMY BHYTPEHHEMY MUHUMYMY ITOCJIEAOBATEIIBHOCTH {ai,i+1 }inzl .

RNy Sy Sy ©)

at+1 42

aI+1,I+2

au,u+1

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 3 .. k+1 o. I+ +2 0 om0t 1 42 . pt1 .. u utl .. n
i+1
n-1

Puc. 1. Cxematnueckuii rpak NOCIEA0BATEIbHOCTH {al_ ”'}1

Bepxuuit uagexc (+) 31ech MapKUpyeT MEPBBIH 3Tall MOCTPOSHUSI KOH(H-
TYPAIIOHHOTO BEKTOPA, BCE TEKYIINE KOOPIMHATHI 3/1€Ch PaBHBI +1 .

2°. B Touke /+1 mpomcxoauT pacuieruieHHe MocIej0BaTeIbHOCTH CIIMHOB
Ha JIB€ BETBU — IOJIOKUTENBHYIO M OTPUIATENBHYIO (CM. MOSCHEHHS BBIIIE).
Kaxnast HoBast BETBb NIPOIOJDKACTCS IPUCBOCHHBIM €l HaYaIbHBIM 3HAYEHHEM
KOOPAMHATHI BIUIOTh J0 3HAYEHMS MHJEKCA i = {, KOTOpOE NMPEALIECTBYET BTO-
poMy BHYTPEHHEMY MHHUMYMY IIOCIIE/IOBATENIBHOCTH KO3 (HHUINEHTOB

-1
{ai,Hl }?:1 :

Q) S
A5 =41, L §7 =41

ST =41, . 8 =41,
NS =1, .. §% =-1

1+1 t

Bepxuuii nnaekc (++) MapKUpyeT d3JeMEHTHI MOJOKUTEIbHON BETBH, BO3HUK-
el mocie paciieruieHus nocienoBatensHocTr (9). Unpeke (+-) mapkupyer
3JIEMEHTHI OTPULIATEILHON BETBH.
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3°. B Touke ¢+1 Kaxkgas M3 OBYX HOBBIX IOAIIOCIEIOBATEIBHOCTEH pac-
HICTUIIETCS. Ha TIOJIOKUTENFHYIO U OTPHUIIATENbHYI0 BeTBH. HOBBIE BETBU Tpo-
JIOJDKAIOTCSl MPUCBOSHHBIMH UM Ha4aJbHBIMU 3HAYEHUSIMU KOOPAMHATHI BIUIOTh
JI0 3HAYEHUS HHJEKCa [ =, KOTOpOE MPEIIIECTBYET TPEThEMY MHHHUMYMY

OCJICA0BATCIIBHOCTHU {ai i+l } :

S =41 L0 =41
S50 =41 L 880 =+,
/ NS =1 L8 =1
ST =41, . 5 =41,
N ST =4 LS =41
= e 5 =
NS =1, LS0T =1

1+1

Wnpexc (+++) MapKupyeT 3JIeMEHTHI ITOJIOKUTETFHON BETBU PEIICHHH, 110-
JMyYaroImeics B pe3yJbTare pacuiervieHns (++)-BeTBH, a HHAEKC (++-) moMeda-
€T 3JIeMEHTBHl OJTHOBPEMEHHO 00pa30oBaBLICHCS] OTPULIATEIHHOW BETBH pelle-
HUMl. AHAJIOTUYHO, UHIEKCH (+-1) U (+--) MapKUPYIOT MOJIOKUTENBHYIO U OT-
pHLATEIbHYIO BETBH, ITOIYJAIOUINECS B Pe3yIbTaTe PACIIEIUICHNS B TOUKE f + 1
(+-)-Trocie10BaTeILHOCTH.

4°, HakoHern, B TOUKe u# +1 MPOMCXOIUT PACIICIUICHUE KaXXIOH U3 YEThIpeX
MOCTPOEHHBIX TIOJIIOCIIEIOBATEILHOCTE Ha JIBE BETBH — IOJOXXUTEIBHYIO U
oTpunarensHyto. HoBooOpa3oBaHHBIE IIOCIENIOBATEIBLHOCTH IPOIOIDKAIOTCS
IPUCBOCHHBIMM HayajJbHbBIMU 3HAYEHUAMU KOOpDAUHAT S,,, OO IOCIEAHErO

3HA4YCHUA HHCKCA i+l=n:

ST =4, L S =4,
ST = L T =4, o ST =, L S =
S0 =4, L §T =, ST = L S =L,
7 NS =1, =1, o ST =1 L §T =L
0=+, . &Y=+,
N ST = L ST =4, o ST = L T =4
) =-1,  §7=-, NS =, L ST =
NS = L ST = o ST =, L T =4
NS = ST =1

i+l

5°. B obmeM ciydae, KOrzja YUCIO BHYTPEHHUX JIOKAJBHBIX MHHUMYMOB
paBHO p, OyZeT  CKOHCTpYyHUpOBaHO 27 n-MEpHBIX  KOH(HIypamui
(p=3=2"=8). Bce oHM ABNAIOTCA MaKCUMyMaMH F-(yHKIMOHANA, MO-
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CKOJIbKY Ha KaXXJOM IIare ajiropyuTMa BBIMOIHIETCS HepaBeHCTBO (6). Jpyrux
MakcuMyMoOB y F-dyHKImoHama He uMeeTcs. O

Ioctpoennrie KoHGUTYyparuu OyIeM Ha3BIBaTh MAX-KOHPUSYPAYUAMU.
SBHBIN BUI max-KOHQHUTypanui, MOTydeHHBIX IPU aHAIHU3€ pHC. 1, mpuBeneH
B Tabu.l; B mocnemnHeM cToJOIe Uil KaKIoH KOH(QUTYpaIii IPpUBOIUTCS 3Ha-
4yeHue F-(yHKIHOHAA.

Tabmauna 1
Max-KkoHpHrypanny, OTBEYAroIIne prc. 1
P10 0 I+l .0t t+l o ouw ou+l ol
s<****>§+1 PP S (P (S +1§ F,, =F=2Y""a,
st 3+1 S ) [ PR R RS —13 F., =F,—4a,,
ST ULl e 4l 41 e 41 =1 e =1+l - 1) F. =F,—4(a,, +a,,)
N I INRITS RS TP SRS USRS TS T F. =F —4a,,
D L e S L s Ot B Y R PR
SCIHL e 4l =1 e =1+l e 4l =1 e =1 E | =F,—4(a,, +a,, +a,.)
SCHAL 4l Sl e 21 =l e o1 # L e+l F = F— 4y, +a,,)
T L e L L = = F.__=F,—4a,,
[lepass koHurypamust s sBiSeTcs OCHOBHBIM  COCTOSHHEM

F-¢pynkumoHana: 4erblpe IUIIOCA CBEPXY O3HAYAIOT, YTO B Hayale KaXIOro
MHTEpBaja 3HAKOIOCTOSHCTBA CIIMHOB HayaJbHOE 3HA4YEHHE CIIMHOBOU Iepe-
MEHHOH paBHO +1 . OT0 3HaueHue F-pyHKLUUOHANA 0003HAUEHO [} .

(+++-)

Konduryparmms s OTBEUACT CJIydYaro, KOTJa Ha MEPBBIX TPEX MHTEPBa-
JlaX 3HAKOIMOCTOSIHCTBA CIITHOBAs NIEpEMEHHAS paBHA +1, M TOJNBKO Ha MOCIEI-
HEM, YeTBEPTOM MHTEpBaje, CIHHOBas IepeMeHHast paBHa —1. BooOie, MuHycC
B BepXHEM (WM HIDKHEM) WHAEKce 0003HAYaeT WHTEPBAI, HA KOTOPOM CITHHO-
Basl IepeMeHHast paBHa —1.

[osicHnM, 94eM OIpenensioTCs 3HA4eHUS OCTAIbHBIX MAaKCHMyMOB B IIO-
ciaemHeM ctonbie Tabm. 1. Jeno B TOM, 4TO BCEe B3aMMOJCHCTBHS B CHCTEME
HpOHCXO}IHT MC)K)Iy COCCAHUMU CIIMHAMMH. HOKa aBa COCCAHUX CIIMHA UMCIOT
OJIMHAKOBBIC 3HAKW — B3aUMOJCWUCTBHE MEXIY HHMH JaeT IMOJOXKHUTEIbHBIN
BKJIaJ B 3Ha4YeHue F-dyHkimonana. Koraa nBa coceja MMEIOT MPOTHUBOIIOIOK-
HBIC 3HAKH, X BKJIAJ B 3HaYcHUE (QDyHKIMOHANA oTpuIiareieH. [lomo6Has koJ-
JIU3Us] BO3HHUKACT TOJBKO KOT/IAa JIBAa COCEJHUX CIMHA MPHUHAJUICKAT WUHTCPBa-
JaM 3HAKOITOCTOSTHCTBA C TPOTHUBOIIONIOKHBIMU 3HAaKaMu. Torjma 3HAYeHHE
(yHKIIMOHANA TSI KOHDUTYPAIH YMECHBIITAETCS 10 CPAaBHEHHIO C TTTO0AITEHBIM
MaKCUMyMOM [, Ha y4YETBEPEHHYIO BEIMYUHY B3aUMOJCHCTBUS 3THX IBYX,

KpailHUX CITUHOB.
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3) O6pasywmue koHpurypamuu. 13 nepsoro croydia Tabm. 1 BeIMHIIEM
TpU KOH(QUTYpalHH, Al KOOPJMHAT KOTOPBIX MPOMCXOAUT TOJILKO OJHA Iepe-
MeHa 3HaKa, ¥ MIPUCOCTUHAM K HUIM OCHOBHOE COCTOSIHHE:

SO g )

w st (10)

> B

OTH KOHPHUTYpaMd MOXKHO CUYHTATh «OOPa3yIOMIMMI» IS BCEX OCTAJIBHBIX
max-KOH(QHUTypauii B TOM CMBICIIE, YTO XapaKTEPUCTUKH IMOCIEIHUX MOXKHO
BBIPA3UTh UYepe3 XapaKTePHCTHKH «o0pasyrommxy». IIosiCHUM CKa3aHHOE Ha
npumepe koupurypamuu s | UI1 KOOpAMHAT KOTOPOil XapaKTEPHHI 1BE
nepeMeHbl 3Haka. Bo-mepBbiX, (cM. mocieanuii ctosoer Tabnuier 1) 3HadeHHE
F -dyHKIMOHANA U1 Hee OYCBHUAHBIM 00PA30M BBIPAXKACTCS Yepe3 3HAUCHUS

(hyHKIMOHAA AJ1s «00pa3yIomuX» KOHUTypanuii:

F++—+ =F+++—+F++——_F++++' (11)
Bo-BToOphIX, camy KoH(urypamuio s MOXHO HONy4HTb B pe3ysbTaTe Io-

(++=-)

(+++-) , S u

KOOPJMHATHOTO YMHOXXEHHUSI TeX K€ Tpex KOH(urypauuii s

s _ 1S TIOKOOPIMHATHOTO YMHOMKEHHSI BEKTOPOB OyJeM HCIONb30BATh

CHUMBOJI O :
s(++—+) =s(++%) @ s(++7) @ s(++++) . (12)

AHanoru4yHele PpaBEHCTBA CIPaBEJJIMBBI M UL  JABYX JpPYyrUX Mmax-
KoH(uUrypauuii ¢ nByMs HepeMeHaMH 3HaKa y KOOpAWHAT. A Juil max-
(+-+)

KoH(pUTypauuu s , Y KOOpJIMHAT KOTOPOH NPOUCXOJAT 3 TIepeMEeHbI 3HaKa,
HEO0XOIUMO UCTIONB30BaTh Bee 4 «00pa3yromuxy» KOHPUTYPaIIHH:

F+—+— = F+++— + F++—— +F+——— _2F++++ (13)
S(+_+_) — s(+++—) @S(++——) QS(+———) Os(++++)

-1
3ameTuM, 4TO Koraa y rpaduka kodGQuUMeHToB {a, ., };, MMEEeTca p JBY-

CTOPOHHUX  JIOKAIBHBIX ~ MHHHUMYMOB, UHCIO  «O00pasylomux»  max-
KOHHTypauuii paBHo p+1, U yepe3 UX XapaKTEPUCTHKUA MOXHO BBIPA3HUTh -

Hanonobue ¢opmyin (11)—(13) — xapakTepucTUKH Bcex ocTanbHbiX 2”7 — p—1

max-koH}puryparmid. Onucanue OOJIBIIOrO YKC/Ia MaxX-KOHPUTYpaluid ¢ 1mo-
MOIIBI0O MHOTO MEHbILEro Habopa «00pa3yrolux» max-KoHQHUrypalui npe-
CTaBJIsIET OmpelelieHHbI HTepec. OHAKO, TAKOE OKa3bIBACTCS BO3MOYKHBIM
HE 711 BceX KJIaCCOB MATPHI] CBS3H.
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3. O6o01IeHe Oy YeHHBIX Pe3yIbTATOB

O06001mMM TOTyYeHHBIE BBIIIE PE3YJIBTAThI: BO-TIEPBBIX, Ha CITy4yaid, 3HAKO-
HEPEMEHHBIX BEIIECTBEHHBIX YHCEN ¢, ,,,; BO—BTOPBIX, HA TOT CIyd4ai, Korja
OTJIMYHBIC OT HYJIsI MAaTPUYHBIC DJIEMEHTHI NPHUHAIIICKAT BTOPOH KBa3UIHAro-
Han (00 — TpeTbel, YeTBEPTOI U Tak Janiee).

3.1. [Iycte F-pyHKIMOHAT OTBEYAET 3HAKOIEPEMEHHOM MOCIEI0BATEIFHOCTH

KO3 PHUIUECHTOB {ai M}, a O -QyHKIIMOHAT OTBEYACT IOCJCIOBATCIBHOCTH

i,i+l

MX aGCOMOTHBIX 3HAYEHHIA {|a } . O603na4nmM gepes s’ = (sl”’,s;”, - s,ﬁ”),

[=1,2,..,q9, Habop max-koHGUrypauui F-QpyHKIMOHANTA, a dYepes
¢ = (65“), o\, ..., sz“)) , a=1,2,..,q9, — aHamoruuHeli Habop max-
koH(purypamunii @ -¢pysnknuonana. Oxa3pIBaeTcs, 4TO:

1) komuyecTBa KoH(pUrypaluil B 00oux Habopax OJUHAKOBO: ¢, = ¢, =( ;

2) KOOpAMHATHl Max-KoH(Urypauui 3Tx (YHKIMOHAIOB CBA3aHBI JAPYT C
JIpyroM nocpeacTsoM koddduuuento d, =+1 — cM. Bolpaxenus (4):

8 (1,52, 50) = ({0 ) (4,60)) =12,

3) 3HaueHHs PYHKIHOHANOB HA COOTBETCTBYIONINX KOH(UIYPAIHsIX COBIA-
nator: F(s")=d(6"), I=1,2,....q.

k-1
Hanomuum, urto ¢, ., =sign(a; ,,,), u d, =Hs,’i+] , k=2,3,..,n —cm.
i=1

dopmysi (3), (4).
3.2. [lycTh y MaTpHIIbI CBSI3M OTJIMYHBI OT HYJISI DJIEMEHTHI TOJIBKO BTOPBIX

KBa3uauaroHaneil (st pOCTOTH CYMTAEM A YETHBIM: 71 = 2m ):

0 0 a, O

0 0 0 a, O

a, 0 0 0 a; O

. a 0 0 0 a 0

A=| " G ‘ . (14)

oo ay; 00 0 ay
) agz, 0 0 O

a 0 0

75
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B Takom cmyuae, cucrema ypaBHeHHMH (6) pacmagaeTcst Ha JBE IMOJCHUCTEMBI:
OJIHA CBSI3BIBACT JPYT C APYTOM /m CIIMHOB C HEYCTHBIMH HOMEpaMH, Npyras —
M CIIMHOB C YETHHIMU HOMEPAMHU:

a,58,8, >0 ayyS,8, >0
(a8, +as;85)s; >0 (a8, +ay586)s, >0
(as;85 + as;8,)s5 >0 (G484 + aggSg)ss >0
. H . (15)

(an73,n75sn75 + a/ﬁ},nflsn—l)srlf} > 0 (an72,n74sn74 + an72,nsn)sr172 > 0

an—l,n—3Sn—3sn—l > O an,n—ZSn—ZSn > 0

JIBe cucremsl ypaBHeHHH (15) HUKaK HEe CBSI3aHBI IPYT C APYTOM, OHU OITH-
CBIBAIOT J[BE HE3aBUCHMBIE CIIMHOBBIE TOcHcTeMbl. KaXkaas moacucrema u3 m
CIMHOB 1Oo100Ha TOH, YTO OBLTAa paccMOTpeHa BhIIe. UTOOBI OTHICKATH MaKCH-
MyMbl F -pyHKIIHOHAIA OONBIION CIIMHOBOW cHCTeMBbI (14) mocTynuMm cliemy-
oM obpasom. i KaXkaoi M3 ABYX CHMHOBBIX IOACHCTEM IIOCTPOUM Ipa-
duk ee korHULUEHTOB —{awl,z”l}zll u {azl.’ Z(M)}:l , — Ha KaxJoM rpaduxe
OTBIIIEM IOJIOKEHHUA M YHUCIO BHYTPEHHHX JIOKAJbHBIX MHHUMYMOB, W IS
Ka)XJIOW MOJICHUCTEMBI IocTpouM aHajor Tadmuubl 1. Tenepsb ocraercsi TOJIBKO
00BEIMHUTD TMOJY4YEHHbIE PEe3yNIbTaThl, YepeaAys APYT C APYrOoM 4Huciia, OTHO-
CSIIIUECs K HEYETHBIM M YETHBIM CIIMHAM.

ITycts y mepBO# HOCIENOBATEIBHOCTH KOI(D(UIMEHTOB UMEETCs p, IBY-

CTOPOHHHX JIOKAJIbHBIX MUHUMYMOB, a Y BTOpOﬁ ux —p,. Torz[a YHUCJIO MaKCH-

MyMOB F-(QyHKIMOHaIa GOJNBIION COMHOBOM CHCTEMBI paBHO 2-277 : MHO-

JKUTENNh 2 BO3HHMKAET H3-3a TOTO, 4YTO O6’b€}1PIH$I$I B OJHO 1IEJIOC IMpUHAJICKa-

] (2)

1EC ABYM MOACUCTEMAaM m -MEPHBIC BEKTOPBI §°° U § ', HCO6XO,Z[I/IMO TaK XK€

00pa3oBaTh U mapy (s(”, - s(z)) : 3HaueHne F-(DyHKIMOHANA I Hee Oy/IeT TeM

e, 4TO M JUISl [Iaphl (s“), s(z)) , @ 71-MepHBI KOH(HMIYPALUOHHBIH BEKTOP —

coBceM apyruM. Takum oOpa3oM, Kakablii MakcuMyM F-(hyHKIMOHana OyJer
3[1eCh JBAX/IbI BEIPOXKIeHHBIM. CKa3aHHOE €CTECTBEHHBIM 00pa3oM 0000IaeT-
s Ha CITy4aid, KOTJla Y MaTPHUIIbl CBS3U OTJIIMYHBIMHU OT HYJISI SIBJISIFOTCS 3JIEMEH-
THI k -0l KBa3WaAMaroHau.

[pexacraBnsieTcs, YTO MHOXECTBA HEMOJABMKHBIX TOYEK ceTH Xompuiaa B
cilyyae, KOTJja MaTpuiia CBSI3U SIBJISETCS KBa3WIUATOHAIBHOM, HMCCIIETO0BAHBI
JIOCTATOYHO TTOJIHO. XYK€ OOCTOUT JeNIo ¢ MaTpuuamu Oosee olmiero Buaa, y
KOTOpI)IX OTJIMYHBI OT HYJIA XOTsA 6])1 JABC€ KBazuguaroHaiu — Haan/lMep, 1-51 u
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2-1. MBI mIaHUpYyeM MPOJOJDKUTH AajbHENIINE HCCIEeOBaHUS HUMEHHO B 3TOM
HaIpaBJICHUH.

Astop npusHateneH bopucy Kpepkanosckomy u SkoBy Kapannamesy, u3
00CyXJeHUI1 ¢ KOTOPBIMH POJIWIIMCH MHOTHE HJEeH 3TOH padoThl. 3amMeyaHus
Wuner KaraHoBoi MHOTO CITOCOOCTBOBAIIH YTy UIIIEHUIO W3JI0KEHHMSI.

Cnucok numepamypot

1. Kryzhanovsky B.V., Litinskii L.B. n-vicinity method and 1D Ising Model // Op-
tical Memory and Neural Networks (Information Optics). V. 27 (2018). No. 4. Pp. 235—
245.

2. Jlutunckuil JI.b. O npsAMOM BBIYUCIICHUU HENOJBHKHBIX TOUEK HEHPOHHOHU ce-
T // Teopetnueckas u MateMaTudeckas pusuka, 1994, T. 101(3). C. 467-479.

3. Litinskii L. Hopfield model with quasi-diagonal connection matrix //
arXiv:2502.05985.

4. Litinskii L. Hopfield model with quasi-diagonal connection matrix // Optical
Memory & Neural Networks, 2025. V. 34, #3 (in press).

B.A. CbIYEB

Hayuno-npaktraeckuii nentp «Ilcnxocomaruueckas HopManusanusy», Yepenosen
vas-@mail.ru

MHMWHHNMAJIBHO HEOBXOJINMASA
N JOCTATOUYHASA APXUTEKTYPA JUIAA CO3JAHUS
300MOP®HOTI'O, CUJIBHOT'O UHTEJIVIEKTA

B naHHOW cTaTbe ommMcaHa MHHUMAJIbHO HEOOXOIUMAs apXHUTEKTypa
HEHPOHHBIX CeTel, OCHOBAaHHAs Ha MPHUHIHUIIE BO3OYKICHUS TPYII HEHPOHOB,
JUISL CO3/1aHMSl CUIIBHOTO MCKYCCTBEHHOTO MHTENJIEKTa — apXxuTekTypa Chluesa.
[TomoOHas MHTEIUIEKTyanbHas CUCTEMa CHOCOOHA, CaMOCTOSTENILHO YBEIHYH-
BaTh 00BbEM pa3MEUEHHBIX JAHHBIX, OPUEHTHPOBATHCS B HE3HAKOMOH 00cTa-
HOBKE, TIOBTOPSTH ACHCTBUSI, MPUBEAIINE paHee K MOJIOKUTETILHOMY pe3yIbTa-
Ty Y NPOSABIATH APYrUe MPU3HAKY MOBEACHUS CBOWCTBEHHBIE JKUBOTHBIM B TOM
YHCIIE YEIOBEKY.

KiroueBble cl10Ba: cuivHblll uCKyCCWIBQHHbll:l UuHmeieKkm, MauuHHoe 06y-
YeHue.
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BBenenue

Bce cymecTByromue moaxoapl K MOJASTUPOBAHUIO HEUPOHHBIX CETEH OCHO-
BBIBAIOTCSI HA TOM, YTO OCHOBHOW (DYHKIIMOHAJIHHON CIUHUIICH HAIICH MCUXUKH
SIBIISICTCS. HEHPOH, OJTHAKO HAOIIOJICHHUE 3a KHUBBIM PaOOTAIOIIUM MO3TOM, T0-
Ka3aJio, YTO HECHPOHBI B HEM HE pabOTalOT MOOJWHOYKE FUTH JTAXKE IETOYKaAMHU
(pednekcamMu), OHM aKTUBUPYIOTCS OTHOCHTEIIEHO HEOOIBITUMH MO JISIIUSMH,
KOTOpBIE MOXHO YaCTHYHO acCOIMHAPOBATH C KOJIOHKAMH HEOKOpTEKCa WITH
SIPaMU TTOJTKOPKOBBIX 30H [1] y MICKOITUTAOMINX, HO IPUCYTCTBYIOT U Y TIPH-
MUTHBHBIX KUBOTHBIX [2]. B Takol mOMyJsiMy HACYUTHIBAIONICH JAECATKU ThI-
CSY HEHPOHOB, MPOXOAUT BOJHA BO3OYXKACHUS M POJNb OONBIIMHCTBA M3 HUX
3aKJII0YAaeTCs UMEHHO B YMEHHH CHHXPOHHO BO30YaaTecs. Eciam oTaenbHbIE
HEHPOHBI HAYHYT BapHHPOBATH BPEMsI CBOETO CIaiiKa, B 3aBUCUMOCTH OT BXOJ-
HBIX UMITYJIbCOB BCS TOMYJISIIUS HE CMOXKET CHHXPOHH3UPOBAHO BO30YXIaTh-
cs1. Ho mouemMy B X0/1¢ 9BOJIFOLIMY MOSBUIIMCH TAKHE CHHXPOHHO BO30YKIaeMbIe
rpynmnsl HelipoHoB? KakoBa ux posns B Hameil ncuxuke? OTBET Ha 3TOT BOIPOC
nmaet OOmiast korHuTUBHAS Teopus [3]. OHa MOKa3kIBACT, YTO TaKas MOITYJISIIHS
croco0Ha 3alIOMHUTH TTOCIIEAOBATEIFHOCTh MPUXOASAIINX OT PEIETITOPOB CHT-
HAJIOB, COBITAJAONIUX [0 BPEMEHU C BaYKHBIM JUI BEDKHBaHUS coObITHEeM. [o-
JIOOHBIE TIOMYJISIMNA HEHMPOHOB, PACIONaralonIfecss Y MICKOIHUTAIONINX B KOpe
TOJIOBHOTO MO3Ta, Ha3bIBatoTca B OOMmIel KOTHUTUBHOW TEOPHUH — MEMCTHHKT
(MHCTUHKT TaMATH). MEMCTUHKTBI HE MOTYT COXPAaHUTH JIIOOBIE IMOCIIEeI0Ba-
TETLHOCTH CUTHAJIOB OT PEIENTOPOB, Ui TOTO YTOOBI TO MPOM3OILIO, OHH
JIOJDKHBI TIOJYYHUTh JOMOJHUTEIBHOS BO30YKICHHE OT MOMYJISAIHA HEHPOHOB,
PACIONIOKEHHBIX B TOJKOPKOBBIX 30HaX MO3Ta W HA3bIBAEMBIX WHCTHUHKTHI.
MHCTUHKTHI B CBOIO OYepe/ib, MOTYT aKTHBUPOBATHCS BPOXKACHHO 3aJJaHHBIMU
MOCJICIOBATEIFHOCTSMU CUTHAJIOB OT PEICNITOPOB, OTOOPAHHBIMU B XOJIC BO-
mouuu. [ToHATh, Kak 3TO TPOUCXOIUT MPOILLE BCErO HA IPUMEPE UMIPUHTUHTA.
Y HOBOpPOXXICHHEIX TYCST, B ONPEICIIEHHOS BPEeMsl OHTOTeHe3a Ha HeOOoIbIIoe
BpeMsl BKITIOYACTCS MHCTUHKT PaclO3HaBaHUS MaTepd. B 3TOT mepuoxa Bpeme-
HU, TIOCJIEAOBATEIFHOCTh 3PUTENBHBIX CHUTHAJIOB, XapaKTEPH3YIOUINX MPEeaMET
OTIPENICJICHHOTO pa3Mepa, BPOKACHHO CIOCOOHA AaKTHBHPOBATH MOITYJISIIHA
HEHpPOHOB HMHCTHUHKTA, KOTOPBI B CBOIO O4YepeAb AaKTUBHUPYET MEMCTHHKTBHI
KOTOpBIE€ Y MTHI] PaCIOIOKEHbI B TOMOJIOT€ KOPBI MIIEKOTIUTAIOIIUX — IJIalle.
ITocne akTMBAaMU MEMCTHHKTBI MPUOOPETAIOT BO3MOXKHOCTH 3allOMHHTBH I10-
CJIeIOBATEIbHOCTH CUTHAJIOB, M TYCEHOK 3allOMHHAET TOCIEI0BaTEIbHOCTH
CUTHAJIOB OT PEILENTOPOB, COBIMAJAIONIME C 3TUM MOMEHTOM, HalpUMep, OH
MOXKET 3aleyvarieTb B CBOEH MaMsTH MaMy T'ycsl WJIM YeJIOBEKa U 3allOMHUT UX
Ha BCIO )KU3Hb.
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[MpumepHo Takke pabOTAIOT MHCTHHKTHI U MEMCTHHKTHI y dernoBeka. [lo-
JipobHee 00 3TOM Mpollecce MOXKHO MPOUYUTATh B cTaThe [4], Tie OMUCHIBAIOTCSA
COXpaHCHHE MOCIIEIOBATEIBHOCTEH 3pUTEIHHBIX CUTHAJIOB BO BTOPUYHBIX, KC-
TpacTPHAPHBIX, 30HAX 3PUTEIBHOI KOPEI.

B naHHOW cTaThe MBI OMUIIEM MUHUMAIBHO HEOOXOIUMYIO apXHTEKTYPY
HEHPOHHBIX CETeH, OCHOBaHHYIO Ha MPHUHIHUIIC BO30YKICHUS TPYIII HEHPOHOB,
HEOOXOIUMYIO JIJIsl CO3JIAHWSI CHIIBHOTO HCKYCCTBEHHOTO WHTEIUICKTA — apXH-
TekTypy ChIdeBa, a TakKe MOMPOOyeM ONMUCaTh IMOAXO]] K €€ peaTu3alliy C 1Io-
MOILBIO CITAKOBBIX HEHPOHOB.

Onucanue apXuTeKTypbl

[Mompobyem pazobpaTbcss W3 KAKUX TOICHCTEM IOJDKHA COCTOATH WHTEN-
JIEKTyalbHAsl CHCTeMa, paboTaromas Ha ONMMCAHHBIX BBIIIEC MPUHIUIIAX PabOTHI
Hallel MCUXUKU.

Ha pmc. | mpencraBmeHa MHHHMAQJIBHO HEOOXOOWMAs UL TOCTPOCHUS
CIJIPHOTO MCKYCCTBEHHOT'O MHTEIUIEKTa CTpyKTypa. OHa CONEpKHUT IOACHCTE-
MbI MHCTUHKTOB. Ha puCyHKe MpencTaBieHbl MHCTHMHKTBI BHUMaHUs, 0003Ha-
yeHHble «B». U 7Ba THIa MOTHBAIIMOHHBIX WHCTHHKTOB, CTPECCOBBIC 0003Ha-
YCHHBIC HA PUCYHKE OYykBO#l «C» M IiesieBbie 0003HAUCHHBIC HA PUCYHKE OYK-
Bo#t «II». Takxke Kpy)OYKkaMu Ha PUCYHKE 0003HAYEHBI MEMCTHUHKTHI CITOCO0-
HbI€ 3aMIUCBIBATD MOCJIEI0OBATEIbHOCTH CUTHAIOB, COBIAAAIOIINE 110 BPEMEHH C
Ba)KHBIM COOBITHEM, M KBaIPATUKAMU 3JIEMEHTBI — TIOACUCTEMBI IIPUHUMAIOIIICE
CUTHAJIBI OT penenTopoB. IMEHHO TIOCIIeIOBATEIIFHOCTh AKTUBAIIMH IIEMEHTOB
U COXPAHSIOT MEMCTHHKTHL. 3PUTENBHBIC PEIETITOPHI PEICTABICHBI HA PUCYH-
KE& CHMBOJIOM TJIa3a, a 3BYKOBBIE PELENTOPHI CHMBOJIOM yXa HCIIONIHUTEIIbHEIC
MEXaHU3MBI - CHMBOJIOM PyKH. Bcero Ha puCyHKe IpeiCcTaBIeHO IEBATh yPOB-
HEl MEMCTHHKTOB, IPUMEPHO TaKOe K€ KOJIUYECTBO MMEET MO3T YeJIOBEKa.
MeMCTHHKTBI IEPBOTO YPOBHSI 3alIMCBHIBAIOT IOCIIEAOBATEIFHOCTh AKTHBAIIUH
3JIEMEHTOB, BTOPOTO YPOBHSI MOCJIENOBATENILHOCTh AKTHBAIIMM MEMCTHHKTOB
nepBoro ypoBHs U T.A4. [Ipu 3ToM HyJNeBO#l ypoBeHb — YPOBEHb DJIEMEHTOB SIB-
JISIeTCSl KaK BXOJHBIM, TaK W BBIXOAHBIM, CUTHAJI MOXKET MOJHUMAThCS BBEPX U
cryckaTbesi BHU3. OCHOBHBIMU MpPOLECCAMH B TaKOM apXUTEKTYpeE SIBISIOTCS
KOHCOJIMJALMSI — COXpaHEHHE MOCIEI0BAaTEIbHOCTH CUTHAJIOB COBMAAaloLIUe
M0 BPEMEHHU C BAXHBIM COOBITHEM W y3HaBaHUE — aKTHUBAIMS KOHCOJIHIHPO-
BaHHOTO MEMCTHHKTA HCXOIHOM MOCIIEeJOBATEIIFHOCTHIO MIIH €€ YacThI0, a TaK-
K€ aKTHUBAIMsl MEMCTHHKTa Oojiee HU3KOTO ypPOBHS BBI3BaHHAs AKTHBALUEH
MEMCTHHKTa 060Jie€ BRICOKOTO YPOBHS B KOTOPYIO OH BXOJIHT.

IMompobyem mpencTaBuTh, Kak padoTaeT Takas apxurekrypa. CHrHaJIBI OT
PELENTOPOB TMOCIEN0BATEILHO AKTUBUPYIOT JJIEMEHTBI, KOTOPBIE CBSI3aHBI C
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OJIM3KO PacIONI0KEHHBIMHU 3JIEMEHTaMH JBYXCTOPOHHHMH CHHAICaMU. AKTHB-
HBIE 3JIEMEHTHI IEepelaloT CUTHAJBl 10 CHHAIcaM OJIM3KO PAacIOIOKEHHBIC
MEMCTUHKTBI, HO OHU HE€ MOTYT COXPaHMTh IIOCIEJOBATEIBHOCTH CHUIHAJIOB
MOTOMY, YTO HE MOJYYWJIN JIONOJHUTEIbHOE BO30YXKICHHE OT MHCTHHKTOB.
Temneps npeacraBuM, YTO BO BHEIIHEW cpejie MPOMU3O0ILIO COOBITHE, BBI3BIBAIO-
miee ONpeNeNICHHYIO ITOCIIe0BATEIbHOCTh AKTHBAIMN PEIEHTOPOB. Y KHBOT-
HBIX aKTHBALMIO WHCTHHKTOB BHUMAaHHS BBI3BIBACT, HAIPUMEp, HAMUUH JBH-
JKSHUS B 3pUTEIHLHOM I10JI€, HAJTMYUH NTPU3HAKOB JIMIA M MOPABI >KHBOTHOTO,
MPUCYTCTBUE BO BHEIIHMX 3ByKaX (POPMAHT XapaKTEPHBIX AT KOMMYHHUKAIH-
OHHBIX CUTHAJIOB JKMBOTHBIX M T.A. MBI Takke MOXKEM 3alpOrpaMMHpPOBATh
HaIlld WHCTUHKTHI aKTMBHPOBAThCS MPH HAJIMYMU BO BHEIIHEH cpeze ompene-
JICHHBIX COOBITHH, HAIpUMEp, €CIH ayJIro JATYUKH 3a()UKCHUPOBAIN TIOCIEN0-
BaTEJIbHOCTh HECKOJBbKHX (POPMAHT XapaKTEPHBIX JUIS YEJIOBEYECKOW pPedH.
CuHancel OT MHCTUHKTOB BHUMAaHMS MPHUXOJIAT K MEMCTHHKTaM PacIoIOKEH-
HBIM OJIM3KO K 3JIeMEHTaM (perMoHbI MHCTHMHKTOB BHUMaHUA). [locie akTuBa-
MY, TTOJIy4YEeHHOH OT MHCTHHKTOB BHUMAaHUSI MEMCTHHKTHI ITPHOOPETAIOT CIIO-
COOHOCTB 3aITMCHIBATH NTOCIEI0BATEIbHOCTH CUT'HAIOB.

Ha nepron o6ydenus Hamiel HHTEIUIEKTYaIbHON CHCTEMBI BO30YKICHHUS OT
WHCTHHKTOB BHHMAaHHS JOCTAaTOYHO /IS KOHCOJIMJAIMK MEMCTHHKTa (COXpa-
HEHMs [OCIeOBaTeNIbHOCTH cUrHanoB). Hampumep, y pebenka B Bo3pacTe OT
3 mecsues 10 6 neT Bo30YKICHUSI OT MHCTUHKTOB BHUMAHMUsI, aKTHBUPYEMBIX
3BYKAaMH Y€JIOBEYECKOI peun T0CTaTOYHO JUI COXPaHEHHUSI MEMCTHHKTA.

MBI TakKe MOXKEM 3alporpaMMHUpPOBATh HAIly CUCTEMY Tak, YTOOBI B orpe-
JICJIEHHBII TPOMEXKYTOK BPEMEHH, MOKAa KOHCOIUAUPYIOTCSI MEMCTUHKTBI HUXK-
HHUX YpOBHEH, BO30YKACHHS OT MHCTHHKTOB BHUMAaHUS, ObIJIO TOCTATOYHO IS
COXpPaHEHHsI MEMCTHHKTOB. B 3TOM ciydae Hallla MHTEIUIEKTyalbHas CHCTEMA
He OyZeT cOXpaHsTh IT0CIIeI0BATEIbHOCTH CUTHAJIOB TIOKA MHCTUHKTHI BHUMa-
HUSI HE akTUBHBI. Hanpumep, eciu roBOpHUTh 00 ayIuo CUTHAJaxX, OHa He Oyzxer
COXpaHATh 3ByKH pabOTaloOIIEro ABUTATEN, IIyM BETpa U TaK jaaiee, HO OyneT
COXpaHATH MOCIIEI0BATEILHOCTH 3BYKOB UEJIIOBEUECKOW PEUd MOTOMY, YTO OHHU
aKTHBHPYIOT HHCTHHKTHI BHUMaHH.

MeMCTHHKTBI TIEpBOTO YPOBHSA JKMBOTHBIX, CIIOCOOHBI COXPAHATH MOCIENO0-
BaTEJIbHOCTH CHUTHAJIOB NMPOAOJDKUTEIHHOCThIO MPUMEPHO 250 MUIIHCEKYHN.
Takoe BpeMsi COOTBETCTBYET M CpPEAHEH IpOAODKUTEIBHOCTH (UKcannuu
B3raa 250 Mc U cpeqHel mpoao/pKUTeNnsHOCTH ciaora 200 muucekyHn [6],
[71, [8], [9], [10]. MeMCTHUHKTBI BTOPOTO YPOBHSI, 3alICHIBAIOT YK€ MOCIE10Ba-
TENIFHOCTH CHUTHAJIOB OT MEMCTHHKTOB II€pBOro ypoBHsA. Hampumep, mpu 3amo-
MHHAHHWU 3BYKOB PEYM, MEMCTHHKTBHI IIEPBOTO YPOBHS COXPAaHSAT MOCIIEI0BaA-
TEJNBHOCTH (OPMAHT — (POHEMBI (3BYKH S3bIKa), MEMCTHHKTHI BTOPOTO YPOBHS
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COXPaHAT TOCIICAOBATEILHOCTH (POHEM — CJIOTH, TPETHErO — CJIOBA, YETBEPTO-
ro — CJIOBOCOYETaHHUS U T.J.

Bricokre ypoOBHM MEMCTHHKTOB HE ITTOJIYYalOT BO30YXKICHHE OT MHCTHHK-
TOB BHUMAaHHS, OHHU MOJIYYAIOT BO30YkKJICHUEC OT MOTHBAIIMOHHBIX WHCTUHKTOB
U JJIs TOTO, YTOOBI OHU KOHCOJIUAMPOBAIHCH, HEOOXOUMO aKTHBHPOBATH ATH
MHCTUHKTEI.

VY XKHUBOTHBIX, CPEITU MIPOYNX MOTHBAIIMOHHBI HHCTHHKTOB, IPUCYTCTBYIOT
I[EJIEBbIe, KOTOPhIE YACTUYHO MOKHO ACCOIMHUPOBATH C M0(paMUHEPTHUECKIMHA
HEHpPOHAMHU ¥ CTPECCOBHIE, KOTOPHIE YACTHYHO MOXXHO aCCOIMHPOBATH C TH-
CTaMUHEPTrU4YEeCKUMM HeilpoHamu. Kak Mbl MO>KEM BUAETH HAa CXEME B HalleH
HHTCHHeKTyaﬂbHOﬁ CHCTEMC, TaK XC, KaK U y KUBOTHBIX, ICJICBbIC NHCTUHKTBI
CHOCO6HbI aKTMBHpOBaTL JABUTAaTCJIbHBIC MHCTHUHKTbBI BHUMAHHWS (I/IHCTI/IHKT])I
BOJ'II/I). PeFI/IOHbI JABUTAaTCIIbBHBIX MHCTUHKTOB BHHUMAHUA paCHOHO)i(eH]:I B HCIIO-
CPEICTBEHHOW OJIM30CTH OT JBHTATEIBHBIX JJIEMCHTOB, NPU aKTUBAIMH KOTO-
PBIX BKJIFOYACTCS WCIOJHHUTENBHBIC MEXaHU3MBI, TTOPTOMY NP aKTHBAIUH IIe-
JICBBIX HMHCTUHKTOB U TOJBKO B CIIyYae MX aKTHUBAIMH HAIla HHTEIUICKTyalbHast
CHCTeMa CIIOCOOHA COBEpIIaTh Kakhe-TO NeHCTBHA. B mpoTHBHOM ciydae
MEMCTHHKTHI BBEICOKOTO YPOBHA ONlaromaps HAIMYHIO JABYXCTOPOHHUX CHHATI-
COB CMOTYT JIMIIIh BO30YKIaTh MEMCTHHKTHI HU3KAX YPOBHEH PacIONOKEHHBIC
PSAOM C CEHCOPHBIMU 3JIEMEHTaMH, MPH 3TOM CEHCOpHBIE AJIEMEHTHI OyAyT
MOCIIEZIOBATEIFHO BO30YKIAAThCsI, M Hallla MHTEJUIEKTyaJIbHAs CUCTEMa CMOXKET
}IyMaTB, paSMBIIHJ'IHTI), l'IJ'IaHPIpOBaTB, TO €CTh «BHUIACTH» 6nar011ap${ AKTHUBAIIUN
CEHCOPHBIX 3JICMEHTOB CBOU MBICIIH.

VY KUBOTHBIX, ICJICBbIC MHCTUHKTHI aKTHBHUPYIOTCS OTOOpPAHHBIMH B XOJIE
€CTECTBEHHOTO 0TOOpa MOCIICAOBATCIBHOCTSIMA CUTHAJIOB, COBIAIAIONIUMHE C
CUTYaIlsSIMUA CIIOCOOHBIMH YBEIHMYUTh BEPOSTHOCTh MEpEAadll T'CHETHUCCKOU
HHPOPMALIUU CIEAYIOMIEMY TOKOJCHUIO — 3TO CHTYalldd, CBS3aHHBIC C pa3-
MHOXCHHEM, (JIFOOOBb, CEKC, BOCITUTAHUE JIETCH U T.J.), CATYallld, CBI3aHHBIC
C TIOTIOJTHEHHWEM 3allaca MATATEeIbHBIX BEHIECTB U T.J. Bce 3T CHUTyaIiu BBI3HI-
BAaIOT Y HAC YIOBOJBCTBHE M COOTBETCTBEHHO MBI OyZeM BHIIIOJHATH MOCIIEN0-
BaTENIFHOCTH JBIDKEHHH, BHI3BIBAIONINE y HAC YJOBOJIBCTBHUE, IIOCTEIIEHHO pac-
IMpsAsS KOJIMYECTBO U CIIOKHOCTh TakMX IBWKeHMWU. Hampumep, Bce netu B
MITaJICHYSCTBE 3alIOMHHAIOT MOCJIEI0BATCIBHOCTD IBMKCHUS PYKH HEOOXO M-
MY JUI TOTO, YTOOBI COCaTh Majell MOTOMY, YTO 3TO MPHATHO, 3aTEM MBI
YYUMCSI €CTh U3 JIOXKCUKH, TOTOBHUTH ceOe OyTepOpobl U SIMYHHITY, TOTOBUTH
CJIOKHBIC OJTI0JIa, @ HEKOTOPBIC CTAHOBATCS MIe(-moBapaMy BEICOKOTO Kiacca.

CrpeccoBble MHCTHHKTHI Y KUBOTHBIX, HAIIPOTHUB, aKTUBUPYETCS MOCIEI0-
BaTENLHOCTSIMI CHTHAJIOB, COBIIATAIOIINMHE C CUTYaIlUSMH, IIPETIATCTBYOITIMH
nepefade TeHeTHIeCKON WHPOPMALUU CIEIYIOIEMY MOKOJICHHI0. JOTO MOTYT
OBITH OOJIEBBIE CHTHAIBI, CBHACTEIHCTBYIOIINE O TPABMAaxX MM OOJIE3HHU, CUTHA-
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JIBl BHYTPEHHHMX PEIIENITOPOB, COOOIIAIOIIMe 00 OTPaBICHUH, TPOMKHE 3BYKH,
KOTOPBIC MOTYT COBIIAaTh C OMACHBIMHU IPOILIECCAMH U TaK Jajiee.

Kak MBI BHIUM Ha CXEME IIEJICBBIC U CTPECCOBBIC HHCTHHKTHI COCIMHCHBI
OTJICNFHBIMU CHHAIICAMH M MOTYT BJIMATH APYT Ha JAPyra, MPUUYEM BIHSIHUC B
000HX CIIyYasx, WCKIFOYUTEIBHO HETaTHBHOE, TO €CTh AKTUBAIMS IICJICBOTO
MHCTHHKTA TOPMO3UT aKTHBAIMIO CTPECCOBOTO U HAOOOPOT, AKTHUBALIUS CTPEC-
COBOT0 TOPMO3UT AKTUBALIKIO IIEJICBOTO, MIPU ITOM COOTBETCTBEHHO, CHUIKEHHE
AKTHBAI[MH CTPECCOBOTO MHCTHHKTA YBEIHUYUT aKTHBAIMIO IEJICBOr0 U Ha000-
pot. TlouTtu Bce CBsI3M B Hallleil cUCTeMe IBYXCTOPOHHHE, COOTBETCTBEHHO aK-
TUBALMSI MEMCTUHKTA KOTOPBI paHee BO3HUK Oyarojapsi 1ejieBoMy HHCTHHKTY,
ABTOMATUYCCKU TMPUBCACT K €TI0 aKTUBalUWM U COOTBETCTBCHHO YBCIIMYUTCA
BEPOATHOCTb COBEPUICHUA ABUXCHHUA, APYTUMH CJIIOBAMH Halla CUCTEMa aBTO-
MAaTHU4YE€CKHU 6yz[eT ACJIaTb TO, YTO paHEC MPUBOJMUIIO K aKTUBAIIUU LEJIECBbIX WUH-
CTHHKTOB M TaKX¢ aBTOMATHUYCCKU OTKAXKETCS OT IMOBTOPEHUS MOCTYIKOB, KO-
TOpBIC KAaKUM-THOO0 00pa3oM, CMOTYT aKTUBHPOBATH CTPECCOBBIC HMHCTHHKTEI.
CrieruanbsHO 00paTHM BHHMaHUE Ha TO, YTO HAIlla HHTEIUICKTyallbHask CHCTEMa
OyZAeT OTAENbHO COXPaHATh MEMCTHHKTHI BbI3BAHHBIC aKTHBAIIUEH Kak CTpec-
COBBIX, TaK H IEJICBBIX HHCTUHKTOB. Takue MmpoIecchl y UBOTHBIX 00eCcIeyn-
BAIOT MX MOTHBAIIMIO U TUIAHUPOBAHUE CICAYIOMIUX IIAaroB, IMPH KOTOPOM aB-
TOMATHYECKH OTOPACHIBAIOTCS ITUIAHBI, KOTOPBIE KaKUM-THOO 00pa3oM BBI3bI-
BAalOT aKTHBAIMIO CTPECCOBBIX WHCTUHKTOB W PEaM3YIOTCS IJIaHbI CIIOCOOHBIE
BbI3BATh aKTUBAITUIO LICJICBBIX WHCTHUHKTOB.

OtaenbHO XOTENIOCH OBl paccMOTpPETH Iporiecc Kotopble B OOmieil Koruu-
TUBHOW TCOPUM HA3BIBACTCS Y3HABAHHEC. Y3HABAHHE — 3TO aKTUBAIMS YKE KOH-
COJIUIMPOBAHHOTO MEMCTHHKTA IMOBTOPEHUEM IOCJICIOBATEIEHOCTH CUTHAJIOB
KOTOpast €ro co3fajia MM YacThI0 3TOH IMOCIIEAOBATEIFHOCTH €CIIA BO30YKIe-
HUE UJIET CHU3Y W, €CIIM aKTHBALUA UACT CBEPXy BO30YKICHHUE €0 MEMCTHHK-
TOM 00Jiee BBICOKOTO YPOBHSI B KOTOPBI OH BXOJIHT.

IMocne TOro Kak MEMCTHHKTBI HUXKHUX YPOBHEH, BXOASIINE B PETHOHBI UH-
CTHHKTOB BHUMaHWUsI, OYJyT B 3HAUUTEIBHOU CTEIICHH 3aMOIHEHBI, KOHCOJIHIa-
I[Misl MEMCTUHKTOB BBICOKOT'O YPOBHSI OyJIeT MPOUCXOIUTh B 3HAUYNTEIIBHOM CTe-
MIEHN uepe3 y3HaBaHHe. UTOOBI MOHATH, KaK 3TO MPOUCXOAUT, TaBaifTe IIOCMOT-
PHM, KaK 3TO IPOUCXOIUT Y YeIOBEKa.

[IpencraBpTe, YTO BHI HIETE 110 JECHOW TPOIMHKE, MPOILTH OEPE30BYIO PO-
Iy, MHHOBAJI €IhHHUK. B3pOCIBIii YenoBeK, CKOpee BCEro yKe BUACT U Oepe-
30BBIC POIY, W CIEHUKH, MOATOMY BXOZsIIas WHGOpPMANHUS OT PEIEHTOPOB
YaCTHUYHO OyJeT COBMAIaTh CO CTAPhIMU BOCIIOMUHAHUSIMA M MEMCTHHKTBI UX
xpansiiee OyayT akTuBUpoBaThes. OHU OYIyT aKTUBHBIMU HETPOMOJKUTEIb-
HOE BpEeMsi, ICCATKH MUHYT U €CJIM BaC MOCIE TaKOW MPOTYJIKH CIPOCUTh MUMO
KaKdX JIEPEBLEB BBl MMPOXO/IHIM BBl BPSIL JIM TOYHO BCIIOMHHUTE WX MOPObI, HO
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€CIIM 3a EIbHUKOM Ha Ballly TPONMHKY BBIHAET MEABEIb, €T0 BHEIIHUNA BUI U
pBIYaHNE, aKTUBHPYIOT MOTHBALMOHHBIE CTPECCOBBIC MHCTHHKTHI, KOTOPBHIE B
CBOIO oYepelb, aKTUBUPYIOT MEMCTUHKTHI BHICOKOTO YpPOBHS, OHM CMOTYT 3a-
MIOMHUTB TTOCIIEI0BATEIHHOCTh AKTUBAIMY Y3HAHHBIX paHEe MEMCTUHKTOB U BBI
HaJ0JIT0, BO3MOXKHO Ha BCIO KM3Hb 3alIOMHUTE, YTO B 3TOT €IbHUK uepe3 Oepe-
30BYIO POILLY JIyuIlle HE XOJUTb.

Bo3MoHOCT y3HaBaTh MEMCTHHKTHI IO YaCTH MOCIEJ0BATENIBHOCTH, MO3-
BOJIIET MHTEJIEKTYaJIbHBIM CHCTEMaM IIJIAHUPOBATh CBOE MOBEJIECHUE B HE3Ha-
KoMmoili cpene. Hampumep, ecni poOOT ympaBiIsieMblid TAaKOW CHCTEMON O3HAKO-
MHUTBCSI ¢ HECKOJIBKUMH TIOMEUICHUSMH, B JalbHEHIIEM, €CIM OH IOMaJeT B
HOBOE TOMEIIEHHE, OH CMOXET y3HaThb OKHO, ABEPb, IUBAH W T.[. CCIH OHHU
XO0Td OBl HEMHOrO HAalOMHHAIOT TO, YTO OH BHJEN paHblIe, AKTUBALHS
MEMCTHHKTOB HHM3KHX YPOBHEH BBI30BET y3HAaBaHWE MEMCTHHKTOB BBICOKHX
YpOBHEH paHee MPUBOAMBIIMX K IMOJOXHTEIBHOMY pE3yJbTaTy M HaJIO)KEHUE
HECKOJIBKUX IIeJIEBBIX MEMCTHHKTOB INPHBEIET K HOBOH IOCIEI0BaTEIbHOCTH
JIeficTBUI CKOMIMJIMPOBAHHOM U3 HECKOJIBKUX IIEJIEBBIX MEMCTHHKTOB.

MeMCTHHKTBI
IX ypoBusa O

O O MIEMEHTBI
A0
Q MemcTunkTs |
YPOBHSA

QQ

MEeMCTHHKTBI
Ilyposusa

O
W),

O

O
O

C, |1

Puc. 1. Apxurektypa HEWPOHHBIX CeTel, MHHUMAIbHO HEOOXOOMMAas IS CO3MaHUs
CHJIBHOT'O MCKYCCTBEHHOTO MHTEIUICKTa — apxuTekTypa CorueBa. UTOOBI cenaTh pucy-
HOK YMTaeMbIM, II0Ka3aHbI TOJbKO HEKOTOPBIE CBSA3U MEXYy MEMCTHHKTAMU
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BriBoabI

[MomoOHast apXUTEKTypa, COCTOSIIAS BCErO JIUIIb U3 HECKOJIBKUX THUIOBBIX
MOJICUCTEM U PEaIU3YIOINIas BCEro JIBa OCHOBHBIX THIIA IPOIECCOB, CIIOCOOHA
MOKa3bIBaTh BCE TMPU3HAKU TIOBEJEHUS >KMBOTHBIX BKJIIOYAs M 4YEJIOBEKa.
Hanpumep, koHCOMMmaIus MO3BOJISIET C IEPBOTO NPEABABICHUS COXPAHATH
MOCTICIOBATEIIFHOCTA CUTHAJIIOB OT PEIETITOPOB, COBIIAJAIOIINE TI0 BPEMEHH C
BaXHBIMH COOBITHSAME. [Ipy 3TOM MMes MUHUMAIBHBIN 0OBEM pa3MEueHHBIX
JAHHBIX (TI0CJIEAOBATEIFHOCTH, AKTUBHUPYIOIINE HHCTHHKT) IOJO0HAsA CUCTEMA,
CaMOCTOSITEJIFHO YBEIWYNBAET KOJINIECTBO PAa3MEUCHHBIX TaHHBIX HAa HECKOJIb-
KO TIopsaKkoB. Hanpumep, y denoBeka Mpu POXKIACHUA UMEETCS HECKOIBKO CO-
TEH WHCTUHKTOB, KOTOPBIE O 3pEJOCTH, TMOPOXKIAIOT TOpsSAKa MUILTHOHA
MCEMCTHUHKTOB, HpI/I AKTHUBAIIUHU KOTOpLIX, TAKIKC aKTI/IBI/IpyeTCH U UHCTHUHKT UX
nopoauBIIUi. brarogaps BO3MOXXHOCTH y3HaBaHHS MO YacTH HCXOAHOM MO-
CJIEJIOBATEIEHOCTH, MOJ00HAs CHCTEMa MOXET OPUCHTHPOBATHCS B HE3HAKO-
Mo# cpezne. bnarogapss ToMy, 4YTO CUTHajd Ha MEMCTHUHKTBl HH)KHHUX YPOBHEM
MOJKET CITYCKaThCS ONHOBPEMEHHO OT HECKOJBKHX MEMCTHHKTOB BBICOKHX
YPOBHEH, MOTYT IOSBIATHECS HOBBIE MOCIEIOBATEIHFHOCTH aKTHBALMHU JJIEMEH-
TOB, BBI3BIBAOIIEE HOBBIE CEHCOPHBIC OUTYIICHNUS (TUIAHEI, Pa3MBIIUICHHS, MeU-
THI) ¥ J1a)K€ HOBBIE IOCIIEAOBATEIBHOCTH AeiicTBuil. [Ipruem mis 3amycka wnc-
MTOJTHUTEIBHBIX MEXaHU3MOB TpeOyeTcs OMOIHUTEIBHOE BO30YKICHHUE peru-
OHOB MEMCTHHKTOB TPUJIETAIONINX K JIBUTATEILHBIM 3JIEMEHTaM, BOSHUKAIOIIIEEe
MIPH CHIILHOM BO30YKJICHUH IIEJICBBIX MEMCTUHKTOB (KEJIAaHUH, BOJIH).

OTAENIBHO CICIYeT 3aMETUTh, YTO MOJ00HAS CHCTEMa UACATBHO alanTUpPO-
BaHa K MYJbTHUMOJAIBHOCTH. MEMCTHUHKTHI BBHICOKUX YpOBHEH MOTYT cOXpa-
HATH MOCJIEA0BATEIBHOCTH CUTHAIIOB OT MEMCTHHKTOB Pa3HbIX MOJAIbHOCTEMH.
Hampumep, nocneaoBaTeabHOCTh 3BYKOB, CKIIQJBIBAIOIIYIOCS B CIIOBO «KOII-
Kay», MOCIICIOBATCIBPHOCTH BU3YaBHBIX CHUTHAIOB CKJIAJBIBAIONIHECS B 00pa3
KOIIKH ¥ T.I. B pe3ynmbTare MBI MOXKEM IIONYYUTh CHCTEMY, KOTOpasl MOJIHO-
CTBIO MTOBTOPSET MOBEICHNE )KUBOTHBIX, B TOM YHCJIE YeJIOBEKA, TO €CTh CHIIb-
HBI HCKYCCTBEHHBIH MHTEIJIEKT.
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