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Annomayusn. [leny HaCTOAIIETO UCCIIENOBAHUS — IPHUMEHHTH MOJIENb B3aHMOIECHCTBUS MOMyIeil TaTaMOKOPTHUKAIIBHOH CH-
CTEeMBI Ul YIPABJICHHUsI HEHPOIUTACTHYHOCTBIO Mo3ra. Memoodsl. IIpoBoasTCs CUXO(MH3HOIOTHYECKHE SKCIIEPUMEHTHI 110
HEHPOOHOYTIPAaBIEHHIO, KOTOPHIE COCTOST B CBETOBON CTUMYIISIIMHU IJIa3 MOHOYACTOTHBIMH CBETOBBIMH MMITYJIbCAMH B AHA-
na3oHe 4...20 I'n u perucrpanuy GHOAIEKTPUIECKOI aKTUBHOCTH TOJIOBHOTO MO3ra. B kauecTBe XapaKTEepUCTUKH 3PEIOCTH
PUTMHKH MO3Tra UCIOJIb3YIOT COBOKYITHOCTh HAJIUYMSI MJIM OTCYTCTBHUS B OHO3JIEKTPUUYECKON aKTUBHOCTHU TOJIOBHOTO MO3Ta
JOMHMHUPYIOIIEH MHKOBOM 4acToTsl B anbga-auanazone DOI, s¢ddexra ycBOCHHS HaBS3BIBAEMBIX CTUMYILSIIMEH PUTMOB
W HaJWYUs MYJIBTUILIMKAIMOHHOTO 3()(eKTa OT HaBSI3bIBAEMBIX CTHUMYJISILIMEH PUTMOB. PaccMarpuBaloTcsi COOTBETCTBYOLINE
MICUXO(U3HOTOTHIECKOMY 3KCTIEPHIMEHTY PEIICHHUS MOJETH 3JIEMEHTapHON TaTaMOKOPTHKAIBHOH sSYeiikn, KOTopasi ONMHCHIBACT-
cst cucteMoit uddepeHnnanbHEIX ypaBHeHHH. MoJenb peann3oBaHa cpeacTBamMH s3bika Python. Pesyremamer. Ilapamerpst
MOJIENHN MOAGUPAIOTCST TAKUM 00pa30oM, 4TOOBI TOOUTHCS KaYeCTBEHHOTO COOTBETCTBUSI CIIEKTPAIbHBIX XapaKTePHUCTHK I10-
JTyYeHHBIX PEIICHUH ¢ OMOEKTPHYIECKOH aKTUBHOCTBIO TOJIOBHOTO MO3ra 00CIeyeMoro. 3peocTh PUTMHUKH OLIEHHBAETCS
T10 TTapaMeTpaM MO TaJaMOKOPTHKAIBHOH saeku. SIpKOCTh M 4aCTOTHBIE XapaKTEPUCTUKHU CBETOBBIX CTUMYJIOB HOJ0U-
ParoTCs UCXOAS U3 MPOTHO3a MOAEIH, Ha BXOJ KOTOPOH MOAAIOT pa3iIMyHbIe BAPHAHTHI IOCIEI0BATEIbHOCTEH HMITYIIBCOB.
3aknouenue. Pa3paboran crocobd muppoBoil THATHOCTHKU YPOBHSI 3pEIOCTH PUTMHUKH MO3Ta Ha OCHOBE CONOCTABIICHUS
pe3yabTaToOB MOJEIMPOBAHMS M JAHHBIX NCHXO(H3MOIOrHYECKOTro SKCIePHMEHTa 0 HeHpOOHOyIpaBICHUIO. DBOIIONUS
pEIIeHN MOZIENN B 3aBUCHMOCTHU OT €€ NMapaMeTPOB CHMYIHPYET MpoLecc OHOyNpaBIeHUs] HEHPOIIACTHYHOCTHIO MO3Ta
C y4EeTOM HCXOIHOTO YPOBHS 3PEIOCTH PUTMHKHU U CTPECC-UHIYIMPOBAHHBIX HCKOKCHUH HEHPOXUHAMUKH. DKCIIEPUMEHTHI
Ha MOJIEJIH C Pa3jIMuHBIMKM [IapaMeTpaMK MOJENIM M BHELIHEro CUrHaja MOTYT OBITh HCIIOJIB30BaHbI B Pa3pabOTKe HOBBIX
MIPOTOKOJIOB HEHPOOHOYIpaBICHHSI.

Knrwouegvte cnosa: Monenb TanaMOKOPTHKAJIBHOW sSTYEHKH, HEHpoOHOyIpaBiIeHNe, HeHPOIIaCTHYHOCTb, ONOIEKTpUYCeCKast
aKTUBHOCTBH MO3Ta, OLIEHKA 3PElOCTH PUTMHUKH MO3Ta.
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Abstract. The purpose of this work is to apply a model of interaction between thalamocortical system modules to control
brain neuroplasticity. Methods. Psychophysiological experiments on neurofeedback are being carried out, which consist of
light stimulation of the eyes with monofrequency light pulses in the range of 4...20 Hz and recording the bioelectrical
activity of the brain. As a characteristic of maturity, brain rhythms use the combination of the presence or absence
in the bioelectrical activity of the brain of a dominant peak frequency in the alpha range of the EEG, the effect of
assimilation of the rhythms imposed by stimulation, and the presence of a multiplying effect from the rhythms imposed by
stimulation. Solutions to the model of an elementary thalamocortical cell, which is described by a system of differential
equations, corresponding to a psychophysiological experiment are considered. The model is implemented using the Python.
Results. The model parameters are selected in such a way as to achieve a qualitative correspondence of the spectral
characteristics of the obtained solutions with the bioelectrical activity of the subject’s brain. Rhythmic maturity is assessed
based on the parameters of the thalamocortical cell model. The brightness and frequency characteristics of light stimuli
are selected based on the prediction of the model, the input of which is supplied with various variants of pulse sequences.
Conclusion. A method has been developed for digital diagnostics of the level of brain rhythm maturity based on a comparison
of modeling results and data from a psychophysiological experiment on neurofeedback. The evolution of model solutions
depending on its parameters simulates the process of biocontrol of brain neuroplasticity, taking into account the initial level of
rhythmic maturity and stress-induced distortions of neurodynamics. Experiments on the model with different parameters of the
model and external signal can be used in the development of new neurofeedback protocols.

Keywords: thalamocortical cell model, neurofeedback, neuroplasticity, bioelectrical activity of the brain, assessment of brain
rhythm maturity.
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BBenenue

Kakum 00pa3oM OLIEHUTH CIIOCOOHOCTh M TOTOBHOCTH Y€JIOBEKA K BOCIPHATHIO HH(DOPMAITUH IS
TaNBHEHTIIeH paboThI ¢ HEel, TS peleHus 3a1a4, K 00y4eHHI0, BO3MOXXHOCTh BOCCTAHOBJICHHS KOTHUTHB-
HBIX CITIOCOOHOCTEH MOCIe CTPECCOBBIX W TPABMATUYECKUX BO3IACHCTBUN? DTO 3amada GyHKIMOHATHHON
JIMAarHOCTHKYU OJTHOW W3 IJIaBHBIX CHUCTEM UeIOBEKa — ero rojioBHoro mosra. [locne ¢yHKIMoOHaIBHON
JIMarHOCTHUKH B Ka)KJIOM KOHKPETHOM CiIydae MpH HEOOXOMUMOCTH CJICAYIOT IIard 1Mo JaJIbHEHIIeMY
CITeIIMATFHOMY TECTHPOBAHUIO M TPEHUHTY KOTHUTHBHBIX (pyHKIMA. B pabGoTre mpemaraeTcss BapuaHT
nupoBOH AMATHOCTHKU YPOBHSI 3PEIIOCTH PUTMUKH MO3Ta HA OCHOBE COIIOCTABIICHHS DKCIICPHUMEH-
TAJIBHBIX JTAHHBIX [0 PUTMHUKE MO3Ta, TOJYUYCHHBIX B XOJAE MCUXO(PU3NOIOTHICCKUX IKCIICPUMEHTOB,
C pe3ysbTaTaMu MaTeMaTu4ecKoro MOJICITHPOBaHUSI.

*The paper presents materials of a talk given at the conference “Nonlinear dynamics in cognitive research — 2023”.
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Jnst onpenenenust ypoBHs (yHKIHOHANEHOW 3 (EKTHBHOCTH pabOThl KOPKOBBIX CTPYKTYP BBe-
JICHBI OTICHOYHBIE XapaKTEPUCTUKN YPOBHEH 3PEIOCTH PUTMHKH MO3Ta (3TAJOHHBIH YPOBEHb M 3 YPOBHS
perpeccry pUTMHKH MoO3ra: ciiabasi, yMepeHHas, Tiryookas) [1]. PasHbele ypoBHU 3peoCTH PUTMHUKH
COOTBETCTBYIOT pa3HbIM 3TallaM OHTOT'€HEe3a HEeMPOHHBIX ceTel Mo3ra, 00eCIeYHBaIOIINX PEKYPPEHTHEIC
LIUKIBl 00paOOTKM CHUTHAJIOB Ul pealn3alliil KOTHUTHBHBIX QyHKIuMA. HelipormactuanocTs Mo3ra
(cHocOOHOCTH YeIOBEUECKOTO MO3Ta U3MEHATHCS T10/] ICHCTBUEM OTIBITA HIIM B OTBET Ha BHEITHEE BO3JCH-
CTBHE) TIO3BOJISICT M3MEHUTH YPOBEHB 3PEIOCTH pUTMHKH Mo3ra [2—4]. [lepeiitu k Ooee 3penoil puTMuKe
MOJKHO YTIPaBJIsisl TapaMeTpaMu aKTUBAIlMH HEWPOHHBIX CETEe MO3ra B XO/I€ NMCUXO(PH3HOIOTHIECKOTO
3KCIIEPUMEHTA.

B nacrosiiee Bpemst ajisl yrpapieHUs MapaMeTpaMy aKTUBAlMK YCIEITHO UCIIONb3yeTCsl aar-
THUBHAasg HEMPOCTUMYIISIIMS, OPTaHU30BaHHAs 110 MPUHIUITY 3aMKHYTON METIH ¢ 0OpaTHOM CBA3BIO OT
O0I' [5-7]. YcTaHOBIEHO, YTO MPEABSIBICHUE HCIBITYEMbBIM, HAXOASIINMCS B COCTOSHUH TPEBOTH
U CTpecca, CBETOBBIX PUTMHUYECKHUX BO3JEHCTBUI, aBTOMATHUECKN (DOPMHUPYEMBIX B pealbHOM BpeMEHH
Ha OCHOBE MX COOCTBEHHBIX DJI, MPHBOIUT K JOCTOBEPHOMY yBeIW4YeHUI0 MomHoctu D3I, a Ttak-
K€ CHIDKCHUIO YPOBHS SMOIIMOHAIBHON Ae3aJanTalid U CTPECCUPOBAHHOCTH UCTBITyeMbIX [8—10].
Br13BanHbBIE cTpeccoM (QyHKIIMOHAIbHBIE HAPYIIEHUS KOPPEKTUPYIOTCS.

st mop6opa mpoTokosia MCUX0()HU3UOIOTHIECKOTO IKCIEPUMEHTa 0 HeHpoOHOyIIpaBIeHUIO
HeoOxoauMa OIeHKa CTETIeH! 3pesIOCTH PUTMHKHU Mo3ra. B paboTe mpemiaraercs ajsi 3TOTO UCTIOIb-
30BaTh MOENIb TAIAMOKOPTHKAIBLHOMN siueiiku [11], pacueTbl Ha KOTOPOM Kau€CTBEHHO BOCIPOU3BOIAT
3((eKThl CreKTpaNIbHONH TUHAMHKM Yy YEJIOBEKAa B OTBET HAa BHEIIHHI CUTHAJ, NOJOOHBIN KCIIEPU-
MEHTaTbHOMY. MO)KHO «KOHCTPYHPOBATh» BHEIIHUN CUTHAJ U CMOTPETh OTKJIMK MOJAENH MPH pa3HbIX
rapamMeTpax, CHMYIIUpPYs MOCIeI0BaTEIbHOCTh MMPOTOKOJIOB, COOTBETCTBYIONINX MEPEX0OIy Ha OYepeTHOM
3Tan 3peJOCTH PUTMHUKH. Takue pacyeTsl MOTYT OBITh MOJIE3HBI MPH pa3pabOTKe HOBBIX MPOTOKOJIOB
HelpoOnoypaBIeHHs.

Monenps B 3TOM CMBICIIE MOXKHO CUHTATh CUMYJSITOPOM IEPCOHANBHBIX TaTaMOKOPTUKAJIBHBIX
peaxmuii. [lepcnexkTuBHas 1eNb 3TOM PabOTHl — MCHOIB30BaTh MTApaMETPhl MOJIENIN U pacdeThl MPH MOA-
60ope ONTUMAIBHBIX PEXUMOB CTUMYJISIINU (Harpumep, horoctumymsanuu [12,13]) ans popmupoBaHus
rosie3HbIX DD -aTTepHOB, YTOOBI BIMATH Ha XapaKTEPUCTHUKN ITEPCOHAFHON TAIIaMOKOPTHKAIBHOM
CUCTEMBI HCIIBITYeMOTO (MAI[eHTa) U YIy4IIaTh ero SMOIMOHAIBHOE COCTOSHUE.

1. Tepmunbi

AIIaHTI/IBHOCTI) MO3ra — CIIOCOOHOCTH MO3ra HpI/ICHOCEl6JII/IBaTI)CH K HOBBIM YCJIOBUAM, U3MCHCHU-
AM B OKpy>Karomieil cpene mwin TpedoBannsM. OHa BKITIOYaeT B ceOsl MPOoIecchl HEWPOITACTHIHOCTH.
[lepeuncanM HECKOJIBKO KIIFOYEBBIX ACIEKTOB aIalTHBHOCTH MO3Ta.

1. Hetponnacmuunocms. Mo3T crIOCOOEH U3MEHATH CBOIO CTPYKTYPY U (PYHKIIMIO B OTBET Ha OTIBIT.
Moxet BkIIto9aTh B ce0si GopMUpOBaHNE HOBBIX CBS3€H MEXIy HEHpoHaMH, N3MEHEHHE CHIIBI
CYIIECTBYIOIIUX CHHAIICOB M JIaXe POXKJIECHNUE HOBBIX HEUPOHOB [2—4].

2. Obyuenue u namamy. Mo3r aganTupyercsi K HOBOH HH(pOpMaLUU Yepe3 mpoueccs 00ydeHus u
¢dopmupoBaHus mamsTH. [lyTeM yKpeIuleHUs] CHHANTHYECKUX CBSA3eH M M3MEHEHUS CTPYKTYPHI
HEHPOHHBIX CETEl MO3T MOXKET YIIyUIINTh CBOM KOTHUTHUBHBIE CITOCOOHOCTH.

3. KomneHncayus npu nospexcoenusax. B cirydae OBpeXAEHHI MO3ra, HalmpuMep, B Pe3ylbTare
TpaBMbI WIKA OOJIE€3HU, MO3T MOXET IBITATHCSI KOMICHCHPOBATh YTPaTy (QyHKIMH, aKTUBUPYS
JpyTrHe 00NacTH WK U3MEHSS CBOIO CTPYKTYPY Ul afanTalud K HOBBIM YCIIOBHSM.

4. Pazeumue 6 meyenue dHcuznu. AJTaNTUBHOCTb MO3Ta MPOSBIAETCS Ha MPOTSKEHUU BCEH XKU3HU.
Jlaxxe B 3peroM Bo3pacTe MO3T MOXKET MPOJOIDKATh MEHITHCS 1 aJallTUPOBATHCS K HOBBIM BBI30BaM,
XOTS C BO3PACTOM 3THU MPOIECCH MOTYT 3aMeUISIThCS.

5. Cnocobrnocms k nepeopeanusayuu. Mo3r o01agaer clioCOOHOCTBIO K NIEPEOPraHn3alui CBOUX
CTPYKTYPHBIX M ()YHKUHOHAJBHBIX KOMIIOHEHTOB B OTBET Ha M3MEHEHHS BHEIIHUX YCJIOBUH,
TpeOOBaHUMN MM 3a/1a4.
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AJanTUBHOCTH MO3Ta SIBISETCS BAKHBIM aCIIEKTOM HaIIel CIIOCOOHOCTH K OOYUEHUIO, aanTalliu
K OKpY’Kalolllel cpene U MPUCIIOCOONIEHHUIO K ITepeMeHaM B Ku3HU. [InactuaHocTh Mo3ra (Helpornia-
CTUYHOCTH) — CIOCOOHOCTh HEPBHOU CHUCTEMBI U3MEHSTH CBOIO CTPYKTYPY U (DYHKIIMIO B OTBET HA OIIBIT,
oOy4eHne, afanTaIyio WIA MOBPEXACHUS. ITO 03HAYAET, 9YTO MO3T MOXET (JOPMHUPOBATH HOBBIE CBSI3U
MEXIy HelpoHaMu (HEPBHBIMU KJIETKAMU), MEHSATH CUJIy CYIIECTBYIOIINX CBSI3€U U JaKe CO37aBaTh
HOBBIC HEHPOHHI B TIpoIIecce, Ha3pIBaeMOM HelporeHes. IltacTiaHOCTh Mo3Tra moipa3yMeBaeT N3MEHEHNUS
Ha ypoBHe cuHancoB. CIOCOOHOCTh MO3ra K IUIACTHYHOCTH Haubolee BhIpaKeHa B PAHHEM JIETCTBE, KO-
712 IPOUCXOANT MHTEHCUBHOE (POPMHUPOBAHNE HEUPOHHBIX CETEH, HO OHA COXPAHSETCS Ha MPOTSHKCHUU
BCel )KMU3HU. DTOT MpPOIlecC MIACTUYHOCTH UTPaeT BAKHYIO POJIb B O0yYSHHH, aJIaliTAIlMH K TIepeMEHaM,
BOCCTaHOBJICHHUH TIOCTIC TTOBPEKICHUN, U OH OKA3bIBACT BIUSHUE HA PA3IMYHBIC ACTICKTHI KOTHUTHBHON
(yHKIIMY, BKJIIOYasl MMaMsATh, BHUMaHUE, MbIIIUIeHHE U oOydyeHHe. [[oHnMMaHue MIaCTUYHOCTH MO3Ta
UMEET 3HAYMMOCTh B KOHTEKCTE 00pa30BaHus, TPEHUPOBOK, PEAOMIINTAIINN U JICYCHHUS HEBPOJIOTHYECKUX
cocrosiHu [14].

2. Junamuka DI -curnaja. IKcnepuMeHT

B crarbe ucnonp30BaHbl SKCIIEpUMEHTAIBHBIE TaHHBIE PaHHUX HccienoBannii. [lompoOHoe ommca-
HHE MPOTOKOJIOB MICUXO(PHU3HOIOTNIECKUX IKCIIEPUMEHTOB 110 AWHAMUYECKOIH (POTOCTUMYIISLIMU IPUBO-
nutes B pabdorax [1,5-10, 13-18].

B xone skcnepuMeHTa 0 JMHAMHUYECKOH (POTOCTUMYIISLNK MepLatoias HHpaKkpacHas jamia
HaTIPaBIAETCS Ha 3aKPBITHIC T1a3a uchbiTyeMoro [1,17]. B kadecTBe CBETOBOM CTUMYIISIIIUN MCTIONB3YETCS
MOCJIEA0BATEIBLHOCTE MOHOYACTOTHBIX CBETOBBIX UMIYNbCOB B Ananazone 4...20 I'n. 331" ucnsityemoro
CHHUMaETCs 10 BO3/ICHCTBHS HA HETO UMITYJIbCHBIM HH(PAaKPacHBIM H3Iy4eHHEM, B POLIECCE BO3NEHCTBUS
u nociue Bo3aelcTeua. Ha ocHOBe perucTpupyeMbIX 4acToT ajiba-puT™Ma UCIBITYEMOIo (B COCTOSIHUI
TIOKOSI TIPH 3aKPBITHIX [M1a3aX) (POPMHUPYETCS BHEIIHUN CUTHAJ C TEMH K€ YaCTOTHBIMU XapaKTePUCTUKAMHU
(gacToTH! anbda-nmuKa ¥ anbpa-auana3zoHa).

ITo pesyabTaTtaM QyHKIHMOHAIBEHOH NPOOBI «JMHAMUYECKAsk POTOCTUMYIISLMS» MOXKHO OIPENEIUTh
XapakTep PUTMHKH HCIIBITYEMOTO: ATAJIOHHYIO PUTMHUKY, WM 3TAJIOHHBIA YPOBEHb 3PEIIOCTH PUTMHUKH,
1 HECKOJIBKO YPOBHEH perpeccuu pUTMHKH Mo3ra (cialyro, yMepeHHYIO0, TIIyOOKyI0). YCTaHOBIIECHO,
YTO MPH CTPYKTYPHOH M (DYHKIIMOHAIBHOW NECTPYKIIMH HEHPOHHBIX CETeH MO3ra MpOSBISIFOTCS Of-
HU U T€ K€ BapUaHThl HAPYIICHUH JUHAMHYECKHX CTPYKTYp PUTMHKH Mo3ra. OHH U Te K€ UCKaXKECHUS
JTUHAMHYECKUX CTPYKTYP PUTMHUKH MO3Ta MPOSBIAIOTCS U Y IeTel ¢ OpraHn4Ieckon 3aaepKKoil pa3BUTHSA
MO3Ta WJIM CHHAPOMOM jAe(uIuTa BHUMaHUS U THUIIEPAKTHUBHOCTH, M y B3POCIHBIX NPH INETNPECCHH,
SMOLIMOHAJIEHOM BBITOPaHMH, CTpeccax pazHoil mpupozsl. CTeneHb HapyIIeHUH onpeensercs ryou-
HOW perpeccuy ypoBHS 3pellOCTH PUTMUKU. BoccTaHOBIEHHE PUTMHUKHU IIPU HEHPOOHOyNpaBIECHUN
COOTBETCTBYET 3TanaM co3peBaHus. KaxxqoMy nepexoay Io IIKaje 3pelOCTH COOTBETCTBYET NMPOTOKOI
MIPOIIEAYPHI PE30HAHCHOTO OMOyTIpaBieHns. TakuM 00pa3oM, MPUMEHEHNE HeHpoOroyIpaBieHus (pe3o-
HAHCHOTO OMOYNpaBIEHHUS) /ISl peaOUINTALK OCYIIECTBIACTCS Yepe3 MOCIe0BaTeIbHOCTD MPOTOKOJIOB
(mpouienyp), oOecTieYMBAIOIINX TTEPEX0] HAa OUEPEAHOI 3Tl 3PEIOCTH.

OTaNoHHBII YPOBEHB 3PEIOCTH PUTMUKH MO3ra, 00eCIeyuBarOIIni NepCOHAIbHBIN ONTUMYM
KOTHUTUBHBIX QYHKINH, Gpopmupyercs k 7 rogam. I (PeKTHBHOCTh KOTHUTUBHBIX (YHKIMHA U CTPecCco-
YCTOWYHMBOCTB CBSI3aHbI C YCTOWYMBOCTBIO ATAJIOHHOM PUTMUKHU. DTAJIOHHBIH yPOBEHb 3PEIOCTH XapaKTe-
pHu3yeTcs ClenyoUMMU IpU3HaKaMu: B (JOHE — YETKO BBIpAXEHHBIH anb(a-puT™ B nuanazone 8...14 I'i;
[P TUHAMUYECKONH (POTOCTUMYIISIIMN COOCTBEHHBIN anb(a-pUTM COXPaHAETCs]; HPOSIBISIIOTCS PUTMBbL
C 9aCTOTaMHU CTUMYJISAINK (YCBOCHUE PUTMA), TO €CTh QAANTHBHOCTh M IUIACTUYHOCTH MO3Ta Pealn3yloT-
cs1 yepe3 BocipousBeneHue B D01 konebaHuii cBETOBOIO CUTHaJIa; MPOSBIISIOTCS PUTMBI C YaCTOTaMH,
KpaTHBIMU 9acTOTE€ CTUMYJSLUHN (MYJIBTUIUIMKALIMA), TO €CTh aAalTUBHOCTh U IUIACTUYHOCTh MO3ra
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peanu3yloTcs yepe3 reHepanrio HOBOTO PUTMa; TOCIe CTUMYIISIIIMA MOLITHOCTD ajb(a-puTMa He BBIILE,
yeM J10 ctumynsiiuu. Ha puc. 1, a npuBeseHbl aMIUIUTYAHBIA CIEKTP U JuHaMudeckuid criektp D3I uc-
MIBITYEMOTO C SIBHO BBIpaKEHHOW NMUKOBOW 4acTOTOH B ajib(a-auamnazoHe (IpuMep 3TaJOHHON PUTMHKH).

ITo pesynpratam (QyHKIHOHAIBHON MPOOHI «IWHAMUYECKassh (POTOCTHMYIISLUST» MOXKHO BBIZIE-
JUTBH 3 yPOBHSI pErpeccCHH PUTMHUKH MO3ra: IIyOoKasi, yMepeHHasi, ciabas. 3aMeTuM, 4To Ha TaHHOM
JTamne WCCIeOBaHUHN JETeKTHPOBaHHE MPU3HAKOB PUTMHKH MO3Ta, B TOM YHCIE M CHEKTPAIBHOTO
nvKa B anb(da-auamna3one, ocylecTBiseTcs dkcrepToM. Crabas perpeccus puTMUKH MO3Ta XapakTe-
pu3yeTcs CISAyIOIMUMY Tpu3HakaMu: B (oHEe — CiralbIil 9acTOTHBIA MUK B TUAIla30HE ailb(da-purMa
(8...14 I'm); mpu quHAMUYECKOH (POTOCTUMYIISAIIUHA OTCYTCTBYET XOTS OBl OJJMH MPHU3HAK 3TaJOHHON PHT-
MHUKH MO3Ta: yMEHbBIIAETCS WM OTCYTCTBYET aib(a-1K, OTCYTCTBYIOT WIH cIa00 BBIPaKeHBI 3P (PEKTHI
YCBOGHUS PUTMAa M MYJIBTHILTHKAIIMA. YMEPEHHAs! PErPeCcCHsi pPUTMUKH MO3Ta XapaKTepPU3YyeTCs CIey-
IOLIMMH NPU3HaKaMu: B (JOHE — OTCYTCTBYET YaCTOTHBIN MUK B nuamna3oHe anbda-putma (8...14 'm);
IIPH THHAMHUYECKOW (POTOCTUMYIISIIIUYA OTCYTCTBYIOT WM ca00 BbIpakeHBI 3(p(PeKThl ycBOSHHUS pUTMa
Y MyJIBTUILTUKAIUU. [TTyOoKas perpeccusi pUTMHUKH MO3Ta XapaKTepu3yeTcs CIeAYIOIMMH TpU3HaKa-
MH: B GOHE — OTCYTCTBYIOT YacTOTHBEIC NMUKHU B anbda- (8...14 I'm) u Tera- (3...8 ') auanazoHax;
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Puc. 1. Junamuyeckue crektpsl OO0 B XoIe SKCHEpUMEHTOB IO HelpoOmoymnpasieHuto. [lo ocu abcmuicc — gactora
crektpa, I'n. ITo ocu opauHaT — Bpems sKcrepuMeHTa, ¢. Ilo ocn Z — cnekTpanbHas INIOTHOCTb, OTPaKEHHAs B IPKOCTH:
a — TpUMep ITAJOHHOH PUTMHKH, b — perpeccus pUTMHUKH, ¢, d — AuHaMuueckue cuekrpbl DO ucnbiTyeMoro B xoue
JKCIIepUMEeHTa (CJIeBa) M BHEIIHETO CUTHAIA (CIIpaBa)

Fig. 1. Dynamic EEG spectra during neurofeedback experiments. On the abscissa axis — spectrum frequency, Hz. Along the
ordinate axis — experiment time, s. Along the Z axis — spectral density reflected in brightness: a — example of reference
rhythmics; b — regression of rhythmics; ¢, d — dynamic EEG spectra of the subject during the experiment (left) and external
signal (right)
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MpH AMHAMUYECKOW (POTOCTUMYIISIIAN OTCYTCTBYIOT 3((PEKThHl YCBOCHHUSI pUTMa U MYJIBTUIUIHKALINY;
MOCJIe CTUMYJISIIIAA MOIIHOCTH aiib(a-puT™Ma BHINIE, YeM 10 cTuMyisiuu. Ha puc. 1, b npuBenen
JTUHAMHUYECKHUH crekTp (crekTporpamma) 331 HCTbITyeMoro, Ha KOTOPOM OTMEYAeTCs] OTCYTCTBUE THKO-
BOIl 4acTOTHI B anb(a-nuana3one, To eCTh KapTuHa DD -CrieKTpa CUUTaeTCsl «Pa3MBITO» (perpeccus
PUTMHKN).

D¢ PexTHBHOCTH PE30HAHCHOTO HEHPOOMOYIPABICHHS IS YAYUIICHNS! KOTHUTHBHBIX (YHKINH
cBsizaHa ¢ (hOPMHUPOBAHUEM IHKA B anb(ha-auana3oHe, MOBBIILICHUEM YacTOThI aibda-nuka, ¢ 3hpexramu
yCBOCHHs puTMa ¥ dPdeKTaMu MyIbTUIUIHKAIIAA PUTMOB COOTBETCTBEHHO [14, 19]. JIlnHamudeckue
criektpsl DOI B X0/Ie SKCIIEPUMEHTOB TI0 pe30HAHCHOMY OMOYTpaBIeHHUIO TPUBEEHBI Ha puc. 1, ¢, d.
B ncuxo¢u3nonornyeckux MCIBITAHUAX MO0 THHAMUYECKOH (POTOCTUMYJISIINK Y Pa3HBIX HCIBITYEMbIX
MPOSIBISIIOTCS cienyromue 3¢ dekTsl: chopMupoBan/He chopmupoBan ambda-nmuk B crekrpe I3I;
YCTOWYMBBIN / HEYCTOWYMBHIN anbda-auana3oH B X0e dKCIIEPUMEHTa; HAOIIOIatoTCs / He HaOII0IaloTCs
pe30HaHCHBIE CIIEKTPAJIbHBIEC MKW HA YacTOTE CTHUMYJISIIINH; HaOMOqaroTCs / He HaOMIoaloTCs pe3oHaHc-
HBIC CIIEKTPAJIbHBIC MUKW HA KPATHBIX CTUMYJISAIUHM YaCTOTaX (MYJIBTHILTHKAIIMS PUTMA).

Hampumep, B cnekTpanbHON AWHAMUKE HCIBITYeMoro (cMm. puc. 1, ¢) ansda-muanazon 29I
chopMHUpOBaH, alb(a-MUK pETUCTPUPYETCS; MPH Moade BHEIIHETO CUTHaNa (CM. pHc. 1, ¢, clipaBa, BpeMst
200...450 ¢) perucTpupyeTcsl YCBOCHIE PUTMA, IIMKOBAs YacTOTa B anbda-puTMe coxpaHseTcs. Bummo,
YTO YK€ IIPU IEPBBIX CBETOBBIX BO3ICHCTBUAX U MO MEPE YBEIMYCHHUS UX YaCTOTHI B criekTpax D2
HaOTIOArOTCA PE30HAHCHBIE CIIEKTPajIbHbBIE UK, TOYHO COBMAAIONINAE IT0 YaCTOTe C ACWCTBYIOIIEH B
JTAHHBIH MOMEHT YaCTOTOW CTHMYJISAIUHA. DTH CIIEKTPAIbHBIE TMKH 00Pa3yIOT HA JUHAMUYECKOM CIIEKTpPe
O3I (cm. puc. 1, ¢, ciueBa) HAKIOHHYIO TPSIMYIO JTHHUIO, OTPAXKAIONIYI0 PE30HAHCHYIO aKTHBAIIHIO
MO3TOBOH aKTUBHOCTH HA YaCTOTE CTUMYJISAIUH (TIPUMEP 3PENIOi PUTMHUKH).

B cnekrpanbHoii tTuHaAMHKE HCIbITyeMoro (puc. 1, d) anbga-nuanazon D3I He chopmMupoBaH.
B orBer Ha BHemHME curHan (puc. 1, d, cupaBa) B criektpe D3I He HaOMIOAAIOTCS PE30HAHCHBIC
3G EKTHI, YTO TOBOPUT O MOJIHOM OTCYTCTBHU YCBOCHHS PHUTMA, MYJIBTUIUIMKALUN U yCTOWYHBOCTH
anbda-nuanazoHa (perpeccuss pUTMUKH).

Pa3zHooOpasue 3 deKToB HelpoOHOyIpaBIeHHs B 3aBUCUMOCTH OT BHJAa CTUMYISALUH, 3peJo-
CTH U (YHKIIMOHAJIHHOTO COCTOSIHHSI TOJIOBHOTO MO3Ta CTaBUT IE€peN MCCIIEOBATEIMH 3a1ady o
cucreMaru3anuu SPQGEKTOB U HAMIPABICHHON CTUMYJISILIUU JUIS VX MOSBIICHHS.

B xagecTBe XapaKTepHUCTHKHU 3PEIOCTH PUTMOB MO3Tra HEHPO(U3NOIIOTH HCIIONB3YIOT COBOKYTI-
HOCTh HAJIMYHSI IIM OTCYTCTBHSI B OMOIJIEKTPUIECKON aKTUBHOCTH TOJIOBHOTO MO3Ta JOMUHHPYIOIIEH
MTUKOBOM 9acTOThI B anb(a-nuanazone DI, adpexra ycBOCHNS HABA3BIBAEMbIX CTHMYJISIIUEH PUTMOB U
HaJM4YUs MYJIBTHIUIUKAIIMOHHOTO 3¢ dexTa 0T HaBsI3bIBaeMbIX CTUMYIIAIHENH putMoB. Heiliporuractiny-
HOCTBh MO3Ta — CIIOCOOHOCTDH YEJIOBEYECKOTO MO3Ta U3MEHATHCA MO JeHCTBHEM OMBITA WIH B OTBET
Ha BHEIIIHEE BO3JIEUCTBHE, MO3BOJISIET U3MEHUTh YPOBEHb 3pEJIOCTH pUTMHUKH Mo3ra [15]. Ilepeiitu ot
perpeccuBHON PUTMHUKH K OoJiee 3peroi MOXKHO yNpaBiisisl HapaMeTpaMH aKTUBAallUU HEHpPOHHBIX ceTel
MO3ra B X0/i¢ HeHpOo(H3HOIOTHIecKOro 3KCIIEpIMEHTa. ABTOpaMU TIpeIaraeTcs CIeAyomas oreHKa
3peNIOCTH PUTMa C TIOMOIIBIO paHKUpoBaHus no mkane ot 0 1o 3 6amioB 3¢h¢GeKToB JOMUHUPYIOIIEH
MMUKOBOH 9acTOTHI B anb(da-muamnazone D3I (mammame — 1 6amn, orcyrcrBue — 0 6aminos), addexra
YCBOCHHUS HaBS3BIBAEMbBIX CTHMYIISAIMEH pUTMOB (Hasmaue — 1 6ai, orcyrcTBue — 0 OaJUToB) M HATHYMS
MYJIBTHIUINKAIIMOHHOTO 3(h(heKkTa OT HaBsI3bIBAEMBIX CTUMYIIALIMEH puTMOB (Hammane — 1 6amr, oTcyT-
ctBue — 0 6amnoB). PPEeKTUBHOCTH MPEATIOKEHHOTO aJTOPUTMAa OIEHKH 3PEIOCTH PUTMA 10 MIKaIe OT
0 1o 3 GayIoB C TTIOMOIIBIO OLEHKH TpeX 3 (EeKTOB MposiBIIIach Mpu aHaimm3e DI -koppensaToB mpodiaem
B 00yYCHHH Y MIIAJIITUX ITKOJIBHUKOB [ 1]. Pe3ynsrarhl ncnbiTanuii 3aHocsates B Tabn. 1. C momoIpio
MpoLeAyphl HEMPOOHOYIIPAaBIEHUSI C POCTOM KOJMYECTBA CEAHCOB M B COBOKYMHOCTH C IPaBHIBHO
moIoOpaHHBIMU CIICHAPUSIMHU 3KCIIEPUMEHTa MOXKHO JOOUTHCS Tepexofia K Oosiee 3peoil puTMHUKE.
[Ipobnema coxpanenust 3pdexkroB nmpoueaypsl HeiipoOuoynpaBieHHsI Ha ONpPEACICHHOE BpeMs HITH
HACOBCEM IIPECTABISET COO0H OTACTBHYIO 3a/1ady.
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Tabmuma 1. OneHka cTeneHu 3peIoCTH PUTMHUKH

Table 1. Assessment of the degree of rhythmic maturity

ITuxoBas yactota | AmantuBHOCTE:| [ImactuuHocTh:| OIleHKa N mpotokonos

3penoctb o
B O-Ialla30He YCBOCHHE MYJIBTUIUI- | 3pEJOCTH . HelipoOuoyn-
(0;1) putMa (0;1) karus (0;1) PUTMHUKHA P paBIICHHS
0 0 0 I'myGokast perpeccus 3

1 0 0 1 YMepeHHas perpeccus 2
1 1 0 2 Crnabast perpeccus 1
1 1 1 3 DTallOHHAs PUTMHUKA 0

ITocnenoBarenbHOCTB IIPOTOKOIOB IPOLELYPbl HEHPOOHOYIPaBICHUS IPUBOJUT K IIEPEXOAY PUT-
MHKH MO3ra Ha oyepeHOl ypoBeHb 3pesiocTu (puc. 2). OT perpeccun puTMHUKU Mo3ra (puc. 2, a) mocine
HECKOJIBKHX CEaHCOB (POTOCTHMYJISIMA MPOUCXOAUT MEPEX0o] K 3PeNoil pUTMHKE: TOSBIEHHE TTHKOBOTO
anbda-putMma (puc. 2, b), 3aTeM ycBOeHHE puTMa (pHC. 2, ¢) U TOSBICHUE MYJIBTUILTUKAIIMOHHOTO
a¢dexTa oT HaBA3BIBAEMOTO CTUMYIALMEl putma (puc. 2, d).

Takum oOpa3om, npuMeHeHNe HeHpoOHOypaBiIeHUS AJsl peabMINTaluy OCYIIECTBISICTCS Yepe3
MOCJIEJOBATEIFHOCTh POTOKOJIOB, 0OECIIEUNBAIOIINX MEPEX0/] Ha OUepeHON ATal 3peoCTH (CM. pHC. 2)
Ilepexon Ha 3TaJOHHBIN YPOBEHb 3PEIOCTH CONPOBOXKAAETCS CYOBEKTUBHBIMU OLIYIICHUSMH YIy4UIICHUS
COCTOSIHUS HCIIBITYEMBIX U YIy4IlIeHMEeM KOTHUTHBHBIX criocobHocTtei [1,5-10,13-16,18].
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Fig. 2. Dynamic EEG spectra of a subject during the neurofeedback procedure. Transition from immature to mature rhythmicity

3. MoaeanpoBaHue ylpaBJieHUs] HEHPOMJIACTUYHOCTHIO IPH OMOyNpaBJIeHUU

3.1. Moneasn. [l mogenupoBanust D31 -0CHHIUIATOPHON CUCTEMEI YelIOBEKa Mpeyiaraetes de-
HOMEHOJIOTHYECKas. MOZIEeNb YIIPaBICHUS] HEWPOIUIACTUYHOCTHIO Ha OCHOBE B3aWMOACHCTBHS aHcamOuei
BHYTPH OHOTO TAJIAMOKOPTHUKAILHOTO MOAYJIS MIM HECKOJIBKUX B3aMMOICHCTBYIOIINX MOAYJICH. JTa
Mozeh Obla pa3paboTaHa M JETAIBHO HCcienoBaHa panee [20-22].

[pu BEIOOPE TaKOTO MOAXO0/a K MOJCIHPOBAHHIO STOTO CIOKHOTO (DEHOMEHA C MTOMOIIBIO IPOCTOM
MOJIETIM MBI OITUPAeMCsl Ha JaHHBIE IKCIIEPUMEHTANBHBIX HEHPOPH3HOIOTHYECKIX UCCIEOBAHUN O TOM,
YTO B3aUMOCBSI3aHHBIC HEUPOHAIBHBIC MOAYJIU — CHEIU(PUUICSCKUN TanaMmyc, Kopa, pEeTUKYJISPHbBIC
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sjipa TajlaMyca — MrparoT BXKHYIO POJib B mporieccax o0paboTKu HH(popMaIliu. AKTUBHOCTh MO3Tra
peructpupyercsa B curnanax 231

OnuH HEHpOHHBIM MOYJIb COCTOUT M3 aHCcaMOJIeH MUpaMUIHBIX HEHPOHOB M TOPMO3HBIX MHTEp-
HelipoHoB KopsI (Cortex), HelipoHOB crueruduaeckux Tamamudeckux saep (Thalamus) u TopMo3HBEIX
HEHPOHOB peTUKYIspHOTO siapa Tanamyca (NRT), cBsizaHHBIX Mexay coboit [11].

Cxema MeXMOJYJIbHOTO B3aMMOACUCTBUS MOKa3aHa Ha puc. 3, a [22]. TpeyroibHUKaMu Ha cXeme
MOKa3aHbl BO30YIUTENbHBIE, a KPYKKaMH — TOPMO3HBIE CBS3H MEXy MOIYJISIMH. BHemHNi ceHCOpHBIi
CUTHAJI B CHCTEMY TomajaeT dyepe3 Tanamyc. CTpenka B HIDKHEH 9acTh puc. 3, a — CEHCOPHBINA BXOJ
B TaJlaMyc.

Mogernb 3neMeHTapHON TaTaMOKOPTHKAIBHON sIMeWKH, COOTBETCTBYIOIIAs CXeMe Ha puc. 3, 4,
OTHCHIBACTCS CHCTEMOH auddepeHnmuansuex ypasHeHui (1)—(3):

dU U

= bk BT+ keoUer — k13U, 1
dt T1
dU. U

72 = 2 by BTy + ko1 Uy + kaola), (2)
t T2
dU. U.

s B ik BT + k], ®
t T3

rne Uy, Uz, Us — ycpenHeHHas aKTUBHOCTh HEUPOHOB BHIOPAHHBIX YYACTKOB Tajamyca, KOpbl U
PETUKYJSAPHBIX fAJIep TajaMyca COOTBETCTBEHHO; T; — XapaKTEepHOE BpeMs 3aTyXaHUs aKTUBHOCTH
B COOTBETCTBYIOIINX HCUPOHHBIX aHCAMOJISIX; k; — aMIUTUTYa TCHePaIlMi UMITYJIbCHOW aKTHBHOCTH
COOTBETCTBYIOITUMH HEUPOHHBIMH aHCaMOIsiMu; 1; — yCpeaHEHHBIE BEIUYHHBI IS MTOPOTOB BO3-
Oy>KJICHUSI COOTBETCTBYIOIIMX HEHPOHHBIX aHcamOnel; U,, — BXOJHOW CHTHAJ, IOCTYIAIONUN Ha
Tanamyc; k;; — ko3QGUIMEHTHI B3aUMHOMN CBS3M MEKy TIOJCUCTEMAMHU B TaJlaMOKOPTUKAJILHOM AYelKe;
F;[f] — crymenuaro-o6pa3susie GyHKIHH, KPYTH3HA KOTOPBIX XapaKTepu3yeT pa3opoc BEIMUYNH [OPOTOB
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Puc. 3. a — cxema QyHKIIMOHAIBHBIX CBSI3CH MEXIY MOICHCTEMAMHU B OJHOM TalIaMOKOPTHKAIBHOI siueiike; b — 3aBHCHMOCTD
IUTUTENFHOCTH MEPBOTO MMIYJIbca (CIUIONIHAS JIMHHSA) U MIEPHOa CIEAYIONNX 32 HIM aBTOKOJICOaHUH OT OCTOSHHOW BEJTMYNHEI
BHEIITHETO CHrHaja (IyHKTHP)

Fig. 3. a — diagram of functional connections between subsystems in one thalamocortical cell; » — dependence of the duration
of the first pulse (solid line) and the period of self-oscillations following it on the constant value of the external signal (dotted
line)
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OKOJIO YCPEIHEHHBIX 3HaYeHUH B paccMaTpHUBaeMoOM aHcamOie (Ipyroe HazBaHHe — (YHKIHMH SHEp-
roo0ecrevenus); B KBaJpaTHbIX CKOOKaX — aHaJIOT MOCTCHHANTUYECKOro MOTeHIMala Ha MeMOpaHax
COOTBETCTBYIOIIUX aHCaMOIe HEHPOHOB.

Oty Mozmens OyneM WCIONB30BaTh ISl WHTEPIPETAIIMN KCIIEPUMEHTOB 10 OMOYTIpaBICHHUIO,
TO €CTh YIPaBJICHHIO MapaMmeTrpamu D3I -0CHMILIATOPHON CHUCTEMBI YeJIOBEKa BHEITHHUM CHTHAJIOM
¢ mapametpamu D3I JaHHOTO YeIOBeEKa.

C 0omHOM CTOPOHBI, B ICUXO(QHU3HOIOTHIECKOM 3KCIIEPUMEHTE 3peJIOCTh PUTMA, KaK ObUIO yIIo-
MSHYTO BBIIIE, OIEHUBAIOT 110 HAIMYHIO / OTCYTCTBUIO B DD -curHane ucmpITyeMoro Tpex 3¢ QexTos:
3¢ PeKTOB JOMUHUPYIOIEH MUKOBOW 4acTOTH B anb(a-auanazone DO1'; apdekra ycBoeHHs HaBsA3bIBae-
MBIX CTUMYJIALMEH PUTMOB M HAJIMYKS MYJIBTUILTMKAIIMOHHOTO 3()(eKTa OT HaBA3bIBAEMBIX CTUMYJIALMEH
PHUTMOB.

C npyroii CTOPOHBI, TUHAMUYECKUE PEKUMBI MOZICJIU OLPEEISIOTCS ee apaMeTpaMu U IapaMer-
paMu BHEITHETO CHTHAJIA.

[Ipenmnaraercst olleHUBaTh 3pEJIOCTh PUTMA TI0 ONpEEISHHBIM MapaMeTpaM MOAETH TalaMOKOp-
TUKAIBHOM STYEHKHU, KOTOPbIE KOPPEKTUPYIOTCS TaKHUM 0Opa3oM, YTOOBI COOTBETCTBOBATH JMHAMUKE
CIIEKTPAJIbHBIX KOMIIOHEHT OMO3JIEKTPHUYECKON aKTHUBHOCTH I'OJIOBHOIO M03ra, o0ciieryeMoro npu ¢poHo-
BOI1 3alMICH M IPU CTUMYJISILIFH TTOCIIEI0BAaTEIFHOCTHIO CBETOBBIX UMITYJIHCOB.

Tak xak Ha MOZIENHM MOXHO M3MEHEHHEM €€ MapaMeTPOB MONYyYUTh TUHAMHKY, COOTBETCTBYIOLIYIO
«3peJIoii Kope», TO €€ MOXKHO CUUTATh MOJIEIIBIO yIIPaBICHU HEHPOIIaCTUYHOCThIO [17].

s BpIOOpa mapaMeTpoB MOZAENH AJsl OLEHKU 3PENIOCTH KOphl Oblja HMcCeN0oBaHa Ba)kKHAs
3aBHCHMOCTH OT BHEIIIHErO CHTHaja JIUTENbHOCTH MEPBOTO MUMITYJIECA U TMEPHOA CICAYIONINX 32 HUM
aBTOKOJIeOaHMI, ee BUJI IPUBEIEH Ha puc. 2, b [22]. BaXHbIM MapaMeTpoM SBISETCS TaKKe HAKJIOH
CTyIeHYaTo-00pa3HbIx GpyHKumit F;[f] u moporu cpabarsiBaHus i MOICTBHBIX TEPEMEHHBIX.

PaccmoTpuM AnHaAMHYECKHE PEXKUMBI B MAaTEMAaTHIECKOM MOJIENIN 3JIEMEHTAapHON TalTaMOKOPTH-
KaJIbHOM SYEWKH C TIOCTOSHHBIM BHEITHUM CHTHAJIOM. YPaBHEHU:, IPUBEICHHBIE HIDKE, IPEICTABIAIOT
co00i1 peaylHpoBaHHYIO MOJIETb C OIMHAKOBBIMH BpEMEHAMHU PEJIaKCaIliH U ONpeeIeHHBIMU 3HaYEeHUS-
MU K03 (QUIIMEHTOB B3aUMHOM CBSI3M TOJCHUCTEM:

U
— = U1+ FlUes(t) = U], )
du.
d—; = —U + F[-0.5+ U], (5)
du.
d—;’ = —Us + F[-0.5+ Us). (6)

U (t) — BHEHIHMIA curHAJ 3a/1aH (7) Ha OrpaHUYECHHOM BPEMEHHOM HHTEepBae (puc. 5, a, g).
Uer = A(t)] sin (wez (8)1)], ez (t) = ot + b. (7

Crpykrypa Tpexmeproro ¢azosoro npocrpanctsa (U, Uz, Us) moka3biBaet, Kak IpH BbIOpaH-
HBIX HadaJIbHBIX ycnoBusax 0 < Ug, < 1 mepemeriaercs To4Ka U3 33JJaHHOTO Ha4aJIbHOTO COCTOSHHUS.
Ipu Uep, = 1 unu U, = 0 UMK CIMBAETCS C COCTOSIHHEM PaBHOBECHS C 0Opa30BaHHEM yCTONUH-
BOIO COCTOSIHUSI PaBHOBECHs. B HEaBTOHOMHOI CHCTEME COCTOSHHE PAaBHOBECHSI BMECTE C LIUKIOM
nepemMemnaercs mo GazoBoMy mpocTpancTBy npu u3MeHeHUH Ue,. CKOPOCTh NBYKEHHSI COCTOSTHUS
paBHOBECHS C TEUCHUEM BPEMEHHU OIPEAEISETCS CKOPOCTHIO (YACTOTOW) M3MEHEHHUSI BHEIITHETO CUTHA-
na. CoOCTBEHHAsI e YacTOTa CHCTEMBI OMPEIEISIeT CKOPOCTh IBIKCHHS H300paXaroleil TOYKH M0
TPAEKTOPUH YCTONYMBOTO MPEACIBHOIO [UKIA. TOraa 31eCh MOYKHO BBIICIHTD HECKOIBKO PEKHUMOB, KO-
TOPBIC BBIABJICHBI UCKITIOUYUTEIIBHO IIPHU YUCJICHHOM aHAJIM3€ CUCTEMBbI Z[I/I(i)(l)CpeHHI/IaJ'IBHBIX ypaBHeHHﬁ,
OIIUCBhIBAOIIUX MOICJIb. By,ueM paccMarpuBaThb FapMOHPI‘{eCKPIﬁ BHEIIHWI CUTHAJ B BUJC CUHYCOHN/IbI
¢ JIMHEWHO MEHsoIIecs yacToTol (7).
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3.2. Pesyabtarsl pacuéroB. Ha Monenu npoBeneHs! pacy€Thl CUTHAJIOB M UX CIIEKTPOB B CIIY-
Yae 4YaCTOTHOW MOAYJSALUHU TalAMUYECKOTO CHTHAJIA BHEIIHHM CUTHAJIOM C JIMHEHHO BO3pPACTAIOLICH
gactoroid. I3BecTHO, 4TO BHEIIHHUI CHUTHAJ MOCTYIAeT Ha KOPY Yepe3 Tajamyc.

BX0/IHOW CEHCOPHBIN CUTHAI SBISIETCS] YaCTOTHO-MOIYTMPOBAHHBIM CHUTHANIOM (B Ticuxodu3nye-
CKOM JKCIIEpUMEHTE OH aHaJIOTHYCH MH(PPAKPACHOMY BBICOKOYACTOTHOMY MOAYJIMPOBAHHOMY CHTHAIY
M0 OTHOILEHHIO K cOOCTBEHHOH yacToTe curHaia D0I"). Curaan oT nmepeMeHHOW KOpbl aHaJOrHueH
WHTETpaIbHOMY OMo3NeKTprueckoMy curHary D3I

B nanHol paboTe M3 BCeX MapaMeTpOB MEHsSUIACH TOJBKO BEIMYMHA BHemrHero curHana Ug,.
Uwucnennsie 3HaUeHUS mapameTpoB: k; = 1,1 =1,2,3; v, = 1,1 =1,2,3; 11 = 0; T> = 0.5; T5 = 0.5;
kex = 1; k13 = 1; koyp = 1; koo = 0; k3o = 1. @yHKuus sHeproodecieyeHus 3aBUCUT OT mapameTpa d:
gyeM Ooublie d, Tem Oosee mosoras GpyHKuus. [y pa3nudHbIX mapaMeTpoB d MOMyYSHHAs! B YHCICHHBIX
SKCMIEPUMEHTaX AMHAMHKA COOTBETCTBYET STAJIOHHONW PUTMHKE M Pa3IMIHBIM CTENEHSIM PEerpeccuu
PUTMHUKHU B TICUXO(PU3ZNOIOTHIECKHUX IKCIIEPUMEHTAX 110 HEHpoOmoynpasieHuro (puc. 4).

t
Fi=05-(1+ef(L)) =05 1+2/d 24 (8)
» = 0. pi =0. N e z .
0

Hnst Ug, 6611 B3AT curdai (7), KOTOPHIM aHaJOIM4eH SKCIepUMEHTAIbHOMY: 4acTOTa OCLIHILINpY-
IOIIeH YacTH JIMHEHHO BO3pacTaeT B HEKOTOPOM MHTEpBalie 4acToT (puc. 5, a, ).

Pacuetsr hopmupyroT OHOIMOTEKY PEKUMOB, COOTBETCTBYIOIINX JaHHBIM MICHXO(PH3HOIOTHYECKIX
9KCTIEpUMEHTOB. HeKoTophle U3 3THX PEeKUMOB C Pa3HBIMHU HapaMeTpaMH CHCTEMBI M BHEIITHETO CHTHAJa
MIPUBEJICHBI Ha PUCYHKax puc. 5, 6, 7.

Ha Bcex puc. 5, 6, 7 pacdéToB Ha MOJIENTU AJIsl CUTHAJIOB 110 OCH OPAMHAT — aMILUIUTYAa CUTHAJIOB B
uaTepBasie oT 0 1o 1, mo ocu abcruce — mHTEpBai BpemeHnu ot 0 o 100. [l quHaMUYeCKHX CIIEKTPOB
10 ocH abCIUCC — YacTOTa B OTHOCUTENBHBIX equHuIax u naTepsajie ot 0.01 go 0.05, mo ocu opauHaAT —
Bpems B marax cuera oT 0 go 10000 ¢ yuerom untepBana mara 0.01.

Ha puc. 5 B BepTUKaNbHBIX KOJOHKAX IMPUBEICHBI OTKIMKKA MOJCIU HA BHEIIHUN CUTHAN C IJIABHO
M3MEHSIOIIENCs YaCTOTOW MpHU pa3HBIX 3HadeHusXx mapamerpa d. [lepsas komonka puc. 5 d = (.01
COOTBETCTBYET CHCTEME C STAIIOHHOW 3PEIOCThI0 PUTMHKH; BTopas kKonoHka d = (.1 COOTBETCTBYyET CH-
CTeMe C YMEPEHHOU perpeccueil puTMHUKH; TPEThs KOMOHKA d = (.2 COOTBETCTBYET CHCTEME C IITyOOKOMH
perpeccueil puTMUKH. [IpuBeeHbl cBEPXY BHHM3 BHEIIHUI CUTHAN, OTKIHMK cUCTeMBL. I1o ocu opauHar —
aMIUTUTya CUTHAJIOB B MHTepBasie oT 0 1o 1, mo ocu abcmucc — mHTEpBaI BpemeHu oT 0 mo 100.
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Puc. 4. ®ynkimu sHeproodecnedeHus Mpy pa3IHIHbIX 3HAYEHHUAX MapaMeTpa d: @ — COOTBETCTBYET CHCTEME C 3TaJOHHON
3penocTeio putMukH, d = 0.01; b — coOTBETCTBYeT cucTeMe C yMepeHHOH perpeccueil putMuku, d = 0.1; ¢ — cOOTBETCTBYET
cucreMe ¢ nryboKoil perpeccueit purmukn, d = 0.2

Fig. 4. Energy supply functions for different values of the parameter d: a — corresponds to a system with standard rhythmic
maturity, d = 0.01; b — corresponds to a system with moderate rhythmic regression, d = 0.1; ¢ — corresponds to a system
with deep rhythmic regression, d = 0.2

Hyiioenv U. B., Konocog A. B., Ilepusxos C. A., Ecopoe U. C., Ilonesasn C. A., Axno B. I,
WzBectus By3oB. [TH], 2024, T. 32, Ne 4 481



1.0 UL 1.0

0.8
0.6
04
02
0
1.0 U 1.0 G 1.0 G
0.8 0.8 0.8
0.6 0.6 0.6
04 04 04
02 02 02
0030 4 6 S0 100 bo 0 20 40 60 80 100 0072 4 e 8 100
a C

Dynamic spectrum Dynamic spectrum

9k 25 12 [ 14
8k o o % 9kl!
- 20 8k 8k ! 10 8k 12
7k 8 7k ﬂ g 7k 10
o O 5 o0k , 6k 6k
£ sk £ sk 6  E5h 2 8
E £ E sk 6  Esk
4k 10 4k 4 4k &= 4k 6
B 4
3k 3k 3k 3k 4
2k 5 2k 2 2k 2 2k
2
1k 1k H 1k 1k
0 001 002 003 004 005 0 0001 002 003 004 005° 07001 002 003 0.04 005 ° 07001 002 003 004 005°
g Frequency h Frequency i Frequency j Frequency

Puc. 5. OTKIUKHA MOJCIH HA BHEIIHWN CHUTHAI C IUIABHO MCHSIOIMICHCS YacTOTOM MpH pasHBIX 3HAYCHHSAX Mapamerpa d:
@ — COOTBETCTBYET CHCTEME C ATAIOHHOIT 3penocThio puTMUKH, d = 0.01; b — COOTBETCTBYET CHCTEME C YMEPEHHO! perpeccueit
purmuky, d = 0.1; ¢ — COOTBETCTBYET CHCTEME ¢ MIyOOKoi perpeccuei purmuky, d = 0.2. d — ®a3oBoe NpocTpaHCTBO
cucrems! ipu d = 0.01; e — ¢asoBoe mpocrpancTBo cuctemsl npu d = 0.1; f — da3zoBoe npoctpancTBo npu d = 0.2.
g — JluHaMHuYecKHil CIIEKTp BHEIIHETO CUTHAla; /i — AMHAMUYECKUH CIIEKTpP, COOTBETCTBYIOIIMIT 3penoii putmuke, d = 0.01;
i — IMHAMHUYECKUH CIIEKTpP, COOTBETCTBYIOMINI PUTMHKE C yMepeHHOU perpeccueit, d = 0.1; j — IMHAMUYECKHUHA CIIEKTD,
COOTBETCTBYIOIMH PUTMUKE C TIIyOOKo# perpeccueit, d = 0.2

Fig. 5. Model responses to an external signal with a smoothly varying frequency for different values of the parameter d:
a — corresponds to a system with standard rhythmic maturity, d = 0.01; b — corresponds to a system with moderate rhythmic
regression, d = 0.1; ¢ — corresponds to a system with deep rhythmic regression, d = 0.2. d — Phase space of the system for
d = 0.01, e — phase space of the system for d = 0.1, f — phase space of the system for d = 0.2. g — Dynamic spectrum of
the external signal; 7 — dynamic spectrum corresponding to mature rhythm, d = 0.01; i — dynamic spectrum corresponding to
rhythm with moderate regression, d = 0.1; j — dynamic spectrum corresponding to rhythm with deep regression, d = 0.2

Hyuoenv U. B., Konocos A. B., Ilepmsixos C. A., Eeopos U. C., Ilonesasn C. A., Axno B.I.
482 W3Bectus By3os. [TH/I, 2024, 1. 32, Ne 4



Ha puc. 5, d, e, f — dazoBble mopTpeTsl CHCTEMBI IIPH Pa3HBIX mapamerpax d. Ha puc. 5, g, 4, i, j —
JUHAMHUYECKUH CIIEKTP BHEIHETO CHTHaJla; AMHAMUYECKUH CIEKTpP, COOTBETCTBYIOIINI 3pENON PUTMHKE
d = 0.01; nMHaMUYeCcKHU CIIEKTP, COOTBETCTBYIONINI PUTMHUKE C YMEepeHHO# perpeccuert d = (.1;
JTMHAMHYECKUH CIIEKTP, COOTBETCTBYIOMNI PUTMHUKE ¢ TITyOoKoit perpeccueit d = 0.2. [1o ocu abcmmce —
4acTOTa B OTHOCUTENBHBIX enuHunax u uarepsane ot 0.01 no 0.05, no ocu opaunar — Bpemst ot 0 no 1,
1o ocu abcuuce — Bpems B marax cyera oT 0 mo 10000 ¢ ygerom miara no Bpemenu 0.01.

Ha puc. 6 npuBeneHs! oTKIHKH Mojenu ¢ napamerpoM d = (.01 Ha BHENIHHIA CHTHAJ C HENpa-
BUJIBHO 33JJaHHBIMHU ITapaMeTpaMu BHEIIHEro curuana. Ha puc. 6, ¢ BHEMIHNI CUTHaJI Majod aMILTUTYbI
(ma puc. 6, b — MMHAMUYECKU CHEKTp BHEIIHETO CHUTHAJIa) HEe BBI3BIBAET OTKIJIMKA HA MEPEeMEHHON
KOpHI (puc. 6, ¢ TMHAMUYECKUI CIEKTp CUTHaja epeMeHHol kopsl). Ha puc. 6, d BHemHui curnan
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Puc. 6. Orxnuku Mozmenu ¢ napamerpoM d = 0.01 Ha BHEIIHMIT CUTHAJ C HETIPAaBMIIBHO 33AaHHBIMH ITapaMeTPaMH BHEITHETO
CHUTHAJIa: @ — BHEIIHUH CHTHAJ MaJIoi aMIUTHTY/bI, OTKJIUK NEPEMEHHON KOPbI; b — IMHAMUYECKUH CIIEKTpP BHEIIHErO CUTHAIA,;
¢ — IMHAMUYECKHH CIIEKTpP CUI'HAJa TIEPEMEHHOM KOPBI; d — BHEIIHHI CUTHAJ BBICOKOM YaCTOTHI, OTKIMK IIEPEMEHHOM KOPBI;
e — ITUHAMPYECKHI CIIeKTP BHEIIHETO CHTHANa; f — TMHAMUYECKHI CIIEKTP CHTHAJa IEPEeMEHHOH KOpHI

Fig. 6. Responses of a model with parameter d = 0.01 to an external signal with incorrectly specified parameters of the
external signal: @ — external signal of small amplitude, call of variable cortex; b — dynamic spectrum of the external signal;
¢ — dynamic spectrum of the variable cortex signal; d — external high frequency signal, variable bark call; ¢ — dynamic
spectrum of the external signal; /' — dynamic spectrum of the variable cortex signal
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BBICOKOM 4acTOTHI (Ha pHUC. 6, e TMHAMHYECKHI CIIEKTP BHEIIHET0 CUTHaa) HE BBI3bIBAET OTKIMKA Ha
MepeMEHHON KOpHI (pHc. 6, f TMHAMHUYECKHUI CIIEKTP CUTHAJIA IEPEMEHHON KOPEI).

Ha puc. 7 npuseaeHs! npuMepsl MyJIbTUILITUKAUN PUTMa Pa3IMYHBIMY BHEIIHUMHU CUTHAJIAMU:
BHEIIHUM CHUTHAJIOM C MEHSIOIIUMHUCS YaCTOTON M aMIUTUTYIOH, BHEITHUM CHTHAJIOM C HHTEPBaJIHHBIM
M3MEHEHHEM YacTOT B KaXKIOH TpeTH BPEMEHHOT0 WHTEpBajia MOAAYM BHENIHero curHana. lIpuso-
JATCS OTKJIMKHM Ha BHEUIHUM CUTHAJ NEPEMEHHOM KOpBI; IMHAMUYECKHE CIIEKTPhl BHEIIHErO CUTHAJIa
U CUTHaJa — OTKJIMKA IIEPEMEHHON KOPBI.

10 U.  Dynamic spectrum uex Dynamic spectrum
9%k 0 gl
8k : o sk 10
7k 7k .
., 6k 6 ., 6k
,E 5k / E 5k> 6
4k 4 4k / A
3k 3k
2%k 2 Y 4 2
1k 1k ‘
o 0 001 002 003 004 005" 0 001 002 003 0.4 0.05O
0 20 40 6 80 100 Frequency Frequency
a b c
10 U.  Dynamic spectrum uex Dynamic spectrum
08 9k 16 ok
06 8k 14 8k 10
04
02 7k 12 7k 8
0. » 6K 10 0k
E Sk o 8 E Sk 6
1.0 4k 6 4k 8/ 4
08 3k o 3k 'y
06 2k 4 2k 5
04 1k 2 1k
02 0 0
0 001 002 0.03 0.04 0.05 0 001 002 0.03 0.04 005
%0 20 4 6 80 100 Frequency Frequency
d e f

Puc. 7. Tlpumeps! MyIbTHIDIMKAIMNA PUTMa PA3IMYHBIMUA BHEIIHUMH CHTHAJIAMH: @ — BHEIIHUI CUTHAJ ¢ MEHSIOIIMHUCS
YacTOTOH M aMIUINTYAOH, CUTHAJI IEPEMEHHOM KOpbl; b — TUHAMHYECKHI CHEKTP BHELIHEro CHTHANA; ¢ — AMHAMUYECKUil
CIIEKTp CUTHAJa IEPEMEHHON KOPBI; d — BHEIIHUI CUT'HAJ C IePEeMEHHON 4acTOTOH (MEHsAeTCcS YacToTa CUTHaJIA OT pas3yiny-
HBIX HA4aJbHBIX YacTOT B KaXIOW TPETH BPEMEHHOTO MHTEpBaJla MOAaul BHEIIHETO0 CHTHANA), CUTHAN MIEPEMEHHON KOPBI;
e — IMHAMUYECKHH CIIEKTP BHEIIHETro CUTHaja; f — IMHAMUYECKHH CIIEKTP CHTHaJa IePEeMEHHON KOpBI

Fig. 7. Examples of rhythm animation by various external signals: a — external signal with varying frequency and amplitude,
variable cortex signal; b — dynamic spectrum of the external signal; ¢ — dynamic spectrum of the variable cortex signal;
d — external signal with variable frequency (the frequency of the signal changes from different initial frequencies in each third
of the time interval of the external signal), variable bark signal; e — dynamic spectrum of the external signal; f — dynamic
spectrum of the variable cortex signal
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3akiaoueHue

Ha ¢enomenonorn4eckoit Mogeay HeHPOIIaCTHYHOCTH HOTyYSHbI aHAJIOTUYHbIE 3KCIIEPHMEHTAIIb-
HBIM PEKUMBI, KOTOPBIE MO3BOJISIOT Ka9Y€CTBEHHO O0BACHUTH HEKOTOPBIE MEXaHW3MbI BOSHUKHOBEHUS
Pa3InYHBIX PE30HAHCHBIX PEKUMOB TAJTaMOKOPTHKAIBHOM cucTeMsl (Tabm. 2). MccnenoBanue moxenu
MOKa3aJio, YTO aMIUTUTYAa BHEITHETO CUTHANA SBISETCS OHUM U3 BaXXHBIX YIPABIAIONINX MTapaMETPOB
Pa3IMYHBIX PE30HAHCHBIX PEKUMOB B Takoil cucteme. [loaTomy B clieHapHsx OMOyNIpaBiIeHHUS BaXKHO
YUHUTBIBaTh HE TOJIBKO YaCTOTHBIE, HO M aMILUIUTYIHbIC XapaKTePUCTHKK BHEITHETO CUI'HaNa (CM. pHc. 3, b).
MOKHO yCIOXKHSTH MOJEJIb, pacCMaTpyBasi, HAPUMEpP, HECKOIBKO B3aUMOACHCTBYIOLINX SUECK.

Hcxons m3 mporHo3a Moaeny, B HEHPOPU3NOIOTHIECKOM IKCTIEPUMEHTE JIJIsl TIOBBITIEHHS (-
(PEeKTUBHOCTH CTUMYJIALIMHU CIEAYyeT YIPaBIATh aMIUITUTYAON CUTHAJA (IPKOCTBIO CBETOBBIX CTHMYJIOB)

Tabnuua 2. DKCIEPUMEHT U pe3yJIbTaThl MOACIHPOBAHUS

Table 2. Experiment and simulation results

Ne Jannble Pesynbrarel pacueroB

1 | Ilpu 3akpbITBIX IMa3zax | B oTBeT Ha MOCTOSHHBIN cUrHAN 3agaHHON aMIIUTYAb! U, = 0.5 uau Ha
peructpupyercst anbda- | CyMMy HECKOIBKMX TapMOHHUYECKHX CUTHAJIOB Pa3HOM YaCTOTHI B 331aHHOM
AKTHBHOCTb. 3peliasi 3Ta- | MHTEpBaJie TOAIIOPOTrOBOI aMIUIUTYIbl BO3HUKAET NMIIYJIbCHAsI aKTUBHOCTb
JIOHHAs1 pUTMHKA. C COOCTBEHHOH 4acTOTOM aBTOKONEOAHHH B TalaMOKOPTHKAJIBHON CHCTEME.

2 | CdopmupoBan anbpa- | [TosiBIEHHE OCHOBHOTO PUTMA 3aBHUCHT, KPOME aMIUIUTY/b! BHEIIHETO CHT-
nuk B crekrpe 20T HaJa, ¥ OT IapameTpa HakjioHa d ¢pyHkuuu sueproodecnedeHust F'[f]. Uem

menbline d (kpytast F[f]), TeM MelUieHHee 3aTyXarOT KojaeOaHUs U MOJ-
JEP>KUBACTCS OCHOBHOM PUTM, COIIOCTABUMBIN B SKCIIEPHIMEHTE C albda-
put™MoM puc. 4, a, b, puc. 5, a, d, g, h y4acTKH B OTCYTCTBHUH BHEIIHETO
CHUTHaJIA.

3 | He copmuposan anbda- | [Ipu Gonsmmx d (monorast F[f]) ocHOBHO# put™ He GpopMUPYETCSL.
nuK B criektpe D91

4 | Habmromatotcs pezoHanc- | CoxpanseTcs 0a30BBIi pUTM, IPOMCXOANUT HABA3bIBAHUE BHEUTHEH YacTOTHI.
HbIE CTIEKTpasbHble TMKK | [Ipm Maroil yacToTe BHENIHEro CUTHANA IIPOUCXOANT pasieieHue Koiaeha-
Ha YacToTe CTUMYJISIIMU | HUH Ha JBa YaCTOTHBIX MaclITada: yacToTa OruOaromiei OTKIMKOB paBHa
MIPY COXpaHEHUH alib(a- | 4acTOTE BHEIIHEro CUrHaja; 4YacToTa 3alOJHEHHUs aBTOKOJIeOaHUsIMHU OTpe-
puT™Ma JeTsieTCs TTapaMeTpaMu CUCTeMBI puc. 4, a, b, puc. 5, a, d, g, h

5 | He nHabGnronarorcst pe3o- | YacTora 3KCIIEpUMEHTAIBHOTO CHI'HAJIA BBIILE COOCTBEHHOM YacTOTHI Tala-
HAaHCHBIE CIIEKTpajbHblE | MOKOPTUKAJIBHON CHUCTEMBI. ba30oBbIl puTM coxpansercs. PUTM He HaBs-
MUK Ha YacTOTE CTUMY- | 3BIBACTCS, @ OCHOBHOW PUTM MOIYIHPYETCS BBICOKOYACTOTHBIM CHTHAJIOM.
JSIIMY TIPY COXPAaHEHHWH | AMIUIMTY/A SKCIIEPUMEHTAIbHOTO CUrHajla HHKE OPOTOBOH JIst BO3OYX-
anbda-puTma. JIeHUs] KoJieOaHul B TaTaMOKOPTHKAIBHON CUCTEMBI puc. 4, a, puc. 6.

6 | Habmromarorcst pe3oHaHc- | YMEHbIIIEHa 4acTOTa OCHOBHOIO PHTMa BBHIY I0j0roit dyHkumu F[f)
HBIE CMIEKTPaJbHbIC KK | (d COOTBETCTBYET HEAOCTATOYHOM 3PEIOCTH PUTMHKH KODBI), YTO COMOCTa-
Ha 9acTOTe CTUMYIALUH, | BUMO C TIEPEXOIOM B JIPyTHe HU3KOYACTOTHBIC JICNIbTa- U TeTa-AWala30HbI.
anbga-puT™ He coxpans- | Cucrema paboTaeT B pe)KMME BBIHYKICHHBIX KOJICOaHUH IPH Mo/1a4e BHEII-
eTcsl. HETO BBICOKOYACTOTHOIO CHTHala puc. 4, a, puc. 5, b, c, e, f, g, i,].

7 | Mynprumunkanus putMa | PesxuM momy4aeTcs Ha MOJENH ¢ BHEITHHM CHUTHAJIOM C IIJIABHO CIIaJaroIeit
IIPY COXpaHEeHuH anb(a- | aMIIMTynou puc. 4, a, puc. 7, a, b, c. B TMHaMUYecKOM CIEKTpe CHTHa-
puTM™a. Ja HaOroAatoTes cialble JIMHUKM Ha KPaTHBIX yacToTax (IpOpHCOBaHBI).

Coxpansiercst 6a30BbIil PUTM, IPOUCXOJUT HABSI3bIBAHUE U MYJIBTHILIAKA-
s puT™Ma. PexuM mosydaeTcs Ha MOJIETH ¢ BHEIIHUM CHTHAJIOM JIMHEHHO
MEHSIOUIEHCS 4acTOTOH B HEKOTOPOM MHTepBajie (3 MHTepBana U3MEHEHUs
YaCcTOTHI B XOJI€ TIPEIBSIBICHUS BHEITHETO CUTHAIIA) puc. 4, a, puc. 7, d, e, f.
B nuHamMuveckoM creKTpe CHrHasIa HaOMIOAAIoTCs crnalble IMHUHM Ha KpaT-
HBIX YacToTax (mpopucosaHbl). CoxpansieTcs: 6a30BbIi PUTM, TPOHCXOANUT
HaBSI3bIBAHUE W MYJIBTUIUTMKAINS PUTMA.
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(cM. puc. 3, b), COOTBETCTBYIOIIMM 0Opa3oM BBHIOMpaTh MHTEPBAI YaCTOT BHEIIHETO CHUTHaa B COOTBET-
CTBUH C OMO3JICKTPUYECKOM aKTHBHOCTHIO TOJIOBHOTO MO3Ta UCHBITYeMOro (cM. puc. 3, b).

3penocTh PUTMHKH, COTIACHO MOZEIBHBIM pacueTaM, MOXKHO OIIEHHBATh IO BBIYHUCICHHOMY
rmapameTrpy d MOHIEIH TaJaMOKOPTHUKaJbHOW SYEHKH, MapaMeTphl KOTOPOH KOPPEKTHPYIOTCS TaKUM
00pa3oM, 4TOOBI COOTBETCTBOBATh JMHAMHKE CIEKTPAJIBHBIX KOMIIOHEHT OHMO3IEKTPHUUECKO aKTHBHOCTH
TOJIOBHOTO MO3ra HCHBITYEMOTrO Hpu (POHOBOHM 3alMCH M MPH CTUMYISILUHU MOCIEI0BATEIbHOCTHIO
CBETOBBIX UMIYNbcOB. Ha puc. 8, a nmpuBeneHa oOpaTHO NMPOMOPIMOHATIbHAS 3aBHCHMOCTh YPOBHA
3pEOCTH PUTMUKH B MIPOIEHTAX (OCh OPAWHAT) B 3aBUCHMOCTH OT TapaMeTpa mMoxaeu d (och adcIiuce).

B Tabn. 2 HammsaHO mpencTaBieHo 0000IIeHIEe pacueTOB MOJCIN W TAHHBIX IICUXO(PU3NOIOTHYIC-
CKOT'O DKCIIEPHMEHTA.

Cxema nu¢poBoii OlleHKH CTeleHH 3peocTH Kopbl. Ha ocHOBe MaHHBIX MCHUXO(U3HUOIIO-
THYECKUX JKCIEPUMEHTOB 10 HEHpPOOMOYIpaBICHNUI0O U MOJENIBHBIX PacyeTOB MOXKHO TNPEAJIOKHUTH
CJICAYIOLIYIO cXeMy LU(POBOH OLIEHKU CTENCHH 3PEJIOCTH PUTMHKH MO3Ta puc. 8, b.

1. B orcyTcTBHMM BHENIHETO CHTHAJA MPH 3aKPBITHIX TIa3aX OMPEAEISIOTCS TPaHUIB! alb(a-puTMa
W HaJM4YMe TTMKOBOW 4acToThl B ajbda-purMme. [IpoBoauTCs MpeaBapuTelibHas OLIEHKA CTETICHN
3pEIIOCTH PUTMHKH KOPHI (TalI. 2).

2. IlpenpsBnsgeTcs TECTOBBIN CTUMYI MOJEIH C IapaMeTpaMH, COOTBETCTBYIOLIMMH MPEIBAPUTEIHHO

OIIEHEHHOH CTETIeH! 3PEeNOCTH PUTMHUKH COTTIACHO NICHXO(U3NOIOTHYECKOMY 3KCIIEPUMEHTY.

dopMupyeTcs MPOTOKOI CTUMYJISALMH COINIAcHO II. 1.

4. TlpoBomuTcs BBIMMCIUTEIBHBIN IKCIIEPUMEHT C MapaMeTpaMy MOJENHN, COOTBETCTBYIOIIUMH IPO-
BEICHHOMY IICUXO()U3HOIOTHIECKOMY IKCIIEPUMEHTY.

5. OueHUBaOTCS pacyeTHBIE CIIEKTPBI U CIIEKTPBI peanbHoro D3I'-curHana, 3alucaHHoro B Xone
MCUXO()M3UOTOTHIECKOTO SKCIIEPUMEHTA.

6. U3MmeHsroTcs mapaMeTphl MOAETH Ul TOTY4YEHHUs] CXOJHOW pe30HAaHCHOW ITWHAMHUKHM CUTHaja
B BHJIE YCBOEHUS PUTMa BHEIIHETO CUTHAaIA.

7. KoppekTupoBaHHe aMIUIUTYAHBIX M YaCTOTHBIX XapaKTePHUCTUK BHEIIHETO CUTHAJIA B TICUXO(H-
3MOJIOTUYECKOM dKcriepuMenTe. [loBroperne .. 3, 4, 5 10 AOCTHKEHUS YAOBIETBOPUTEIHHOTO
CXOZICTBA MOJTyYEHHBIX CIIEKTPOB.

8. OmueHuBaeTcs CTENEHb 3pEIOCTH PUTMHUKH KOPBI UCTIBITYEMOTO.

9. OnuenuBaercs mapamMeTp MOJENHN, KOTOPBIA COMOCTABIEH CO CTENEHBIO 3PEIIOCTH PUTMHUKHU KOPEI
(mapamerp Momenu d IEPECUUTHIBACTCS B MIPOILICHTHI pUC. 8, ).

10. CoxpanstoTcs mapaMeTpbl MOAEIH U MOJATOTaBIMBAETCSA HOBBIN pacder M. 2 1o creHapuio «Ctu-

MYJISLHS BHELIHUM CUTHAJIOM 3((deKTa MmIacTUIHOCTHY.

11. dukcupyercs pe3yabraT ICUX0(U3UOIOIHUECKOr0 SKCIEPUMEHTA M MOATOTABINBACTCS HOBBII

9KCTIIEPUMEHT 10 CIieHapHi0 « CTUMYIANNS HEHPOITACTHIHOCTH KOPBD».

(98]

BeiBonbl. Maremarnueckas MOZETb B3aUMOACUCTBHUS MOAYJICH TalaMOKOPTUKAIBHOW CHCTEMBI
YCHENTHO IPUMEHEHA JIJIS YIIPaBICHU HEHPOIUIACTUIHOCTRIO MO3Ta. B Xoze cormocTaBieHusI pe3yJIbTaToB
TICUXO(U3NOIOTUIECKAX U BBIYUCIUTEIBHBIX IKCTIEPUMEHTOB TI0 HEHPOOHOyTIpaBIeHIIO (hopMupyeTcs
OubIMoTeKa PeKUMOB MOIETH (AIMHAMHYECKHUX CIEKTPOB, TECTOBBIX CUTHAJIOB) IS OMUCAHUS «MOJICITH-
MIPOTOTHIIAY», COOTBETCTBYIOIEH PA3IMYHBIM YPOBHSM 3PEIOCTH PUTMHUKHU KOPBHI.

Pazpaboran cnoco0 mu¢ppoBoi AMATHOCTHKH YPOBHS 3pPEIIOCTH PUTMHKH MO3Tra Ha OCHOBE
COTIOCTABJICHUS PE3yIBTaTOB MOJCIHPOBAHMS U TAHHBIX IICHXO(PU3HOIOTHIECKOTO dKCIIEPUMEHTA T10
HelpoOnoyIpaBIeHHIO.

OBOJIOIUS PEIICHUI MOJEIN B 3aBUCMMOCTH OT €€ HapaMeTpPOB CHMYIUpPYET Ipoluecc Ouo-
VIIPaBJICHHUS HEHPOIUIACTHYHOCTHIO MO3Ta ¢ YYETOM HCXOIHOTO YPOBHS 3PEIOCTH PUTMHUKH U CTPECC-
HMHAYIHUPOBAHHBIX HCKAKEHUM HEWPOIMHAMUKHY.

DKCIEPUMEHTHI Ha MOJICH C PAa3IMYHBIMA TTapaMeTpaMy MOJEIH W BHEITHETO CHTHANIA MOTYT
OBITH HCTIOJIB30BaHBI B pa3pab0TKe HOBBIX MPOTOKOIOB HEHPOOUOYIIPaBICHHS.
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Puc. 8. a — 3aBUCHMOCTb CTENEHHU 3pEIOCTH PUTMHKH B MPOLEHTaX (OCh OpPAMHAT) OT 3HAYEHHUS MapaMeTpa MoIenu d
(ock abemmcc), 3 — 3penast pUTMHKa, 2 — ciabas perpeccus puTMHKH, 1; 0 — yMepeHHas 1 Dry0oKkasi perpeccusi puTMHUKHY;
b — cxema nuQpPOBOIT OLIEHKH CTENEHU 3PEIOCTH PUTMUKH MO3Tra

Fig. 8. @ — Dependence of the degree of rhythmic maturity as a percentage (ordinate axis) on the value of the model parameter d
(abscissa axis), 3 — mature rhythmicity, 2 — weak rhythmic regression, 1;0 — moderate and deep rhythmic regression;
b — scheme for digital assessment of the degree of maturity of brain rhythms
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