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11 ¢espans 2022 roga ucnonusiercs 70 ner Haymy Camywunosuuy ['mH30ypry — KpymHOMY
y4eHOMY B 00JacTé paguou3uKu U GU3NIECKOH EKTPOHNKH, 3aBEIyIONIEMY OTAEIOM BBICOKOYACTOT-
HOU pensiTuBUCTCKOM anekTpoHukn @PI'BHY «®enepanbHoro mccienoBarenbekoro meHTpa MHCTUTYT
npuknagHoit ¢pusuku Poccuiickoit akagemun Hayk» (Hwmxawmit Hosropon).

Haym CamywminoBuu I'mu30ypr ponuiics B ropoae ['opekom B 1952 romy. B 1974 roqy oxkoHUHIT
c ommyreM paanodusnueckuil pakynsreT [OpbKOBCKOTO rocyaapcTBEHHOTO yHHBepcutera. Ilocie
oxoHuaHus yHusepcurera H. C. ['un30ypr ctanoButcs corpyaHukoM MHCTHTYTa MpUKiIagHOH GU3UKU
AH CCCP (B nacrosimiee Bpems — OUIL UTID PAH). B ero paborax, BEIIOJIHEHHBIX COBMECTHO C
M. U. IlerenuneiM, B.JI. bparmanowm, I'. C. HycunoBuuewm, I'. I JleHUCOBBIM, pa3BUBajach HEIUHEH-
Hasl TEOPHsI CBEPXBBICOKOYACTOTHBIX T€HEPATOPOB: JIa3€pOB HA CBOOOAHBIX AJIEKTPOHAX, THPOTPOHOB,
Ma3epoB Ha IUKIOTPOHHOM aBTOpe30HaHCE. B 3T Toapl HAYAIOCH IIOAOTBOPHOE COTPYIHUYECTBO
H. C. T'unzOypra ¢ capaToBckoi paguo(u3nIecKoi IKOJIOH, KOTOpOe He MPEKPaIaeTCs U 1Mo Ceil JICHb.
Tak, B8 1978 roxy H. C. I'muz0ypr u C.Il. Ky3HeroB omy0ImuKoBaiy CTaBIOIyIO KIACCHYECKON padoTy,
B KOTOPOH ObUIN 3aJI0’KEHBI OCHOBBI HECTALIMOHAPHOW HEJIMHEWHOW TEOPUH JIaMIlbl OOpaTHOI BOJIHBI
O-Tuma u BHepBBIE MTOKa3aHa BO3MOXKHOCTh BO3HMKHOBEHHS CIOXHOW TWHAMHUKH B JTAaHHOM Kjacce
CHUCTEM.

B 1970-80-x romax H. C. I'uH30ypr BBIIOIHII OOJBIION UK TEOPETHIECKUX HCCICIOBAHUH
HEJIMHEIHOW TUHAMMKHU Ja3epOoB ¥ Ma3epoB Ha CBOOOIHBIX NIEKTPOHaX. BrocnencTBuu 3t uccnenoa-
HUS COCTaBUJIM OCHOBY €T0 JOKTOPCKOM Auccepranuy, 3amuieHHon B 1993 roxny.

(© Poickun H. M., 2022
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B nauane 1990-x rogoB BHumManue Hayma CaMyunoBu4a MpUBJIEKAeT aHAIOTHS MEXAY Ipolecca-
MU F€HEpaluy UMITyJbCOB B KBAHTOBOM AJIEKTPOHUKE U B KIACCUYECKUX AJIEKTPOHHO-BOJIHOBBIX CHCTE-
Max, Ipexe Bcero — 3 ¢eKT KoomepaTuBHOTO n3nydeHus wim ceepxusnydenus Juxe. H. C. [uH30ypr
coBMmecTHO ¢ 1. B. 30T0B0i1 mpoBen ocHOBoMoONararomue padboTsl 0 TEOPHU CBEPXU3ITYUSHHS MPOTSHKEH-
HBIX SJIEKTPOHHBIX CT'YCTKOB, KOTOPBIE B COTPYJHUYECTBE C BEAYIIMMHU (PU3MKAMH-IKCIIEPUMEHTATOpaMu
M. U. SAnanguasim (M2® YpO PAH), B.B. PoctoBeim (MC3 CO PAH, Tomck) u np. MO3BONHAIH
peanu30BaTh HOBBIM KJIACC UMITYJICHBIX UCTOYHUKOB 3JEKTPOMATHUTHOTO U3IYyUYECHHS C SKCTPEMalib-
HO BBICOKOW MYJIBTHTUTABATTHOW MTUKOBOM MOIIHOCTHIO W YHUKAJIBHONW KOPOTKO#M CyOHAHOCEKYHTHOMH
JUTUTETBHOCTBIO.

Taxke B Hagae 1990-x romoB H. C. ['mH30Yypr BEIABUHYI HICIO WCIIOIH30BAHUS JIBYMEPHOMH
pacnpenenenHoit ooparHoi cBsazu (POC) mis reHepanuy KOTepeHTHOTO M3ITYYeHHUs IPOCTPAHCTBEHHO-
Pa3BUTHIMU aKTHBHBIMU CPEIaMHM, B KAYECTBE KOTOPHIX MOTYT BBICTYIATh KaK MOIIHBIC CHIILHOTOUHBIC
PETATUBUCTCKUE MyYKHU, TAK U NOJyIPOBOAHUKOBBIEC Ja3epHble cpeapl. Ha ocHoBe aBymepnoii POC,
peann3yeMoil ¢ MOMOIIBIO ABYMEPHBIX OPIITOBCKUX CTPYKTYp, B COTpyaHHYecTBe ¢ A. B. Ap)kaHHuU-
koBbIM, H. 0. IleckoBeiM 1 A. Jl. P. ®enncom B MSI® CO PAH (HoBocubupck) u CTparkiaiackomM
ynusepcurete (Imasro, BennkoOpuTanus) ObUM co3qaHbl Ma3epbl Ha CBOOOAHBIX 3JIEKTPOHAX IJIaHAPHOU
Y TUTHHIPUIECKON TEOMETPHH C PEKOPAHBIM IJIi KOPOTKOBOJTHOBOH YaCTH MHJUTMMETPOBOTO IHANa3oHa
YPOBHEM MOIIIHOCTH.

Bonsmoit Brknax BHec H.C. ['mH30ypr B pa3sBUTHE KBa3HONTHYECKOTO IMOAXO/a K OMHCAHUIO
MIPOLIECCOB 3IEKTPOHHO-BOIHOBOTO B3ammozeicTus. B 1980-x romax H. C. ['uH30yprom coBMecTHO
c I. C. Hycunosuuem, A. C. Cepreesbim u H. A. 3aBonbckrM ObLTa pa3BUTa HECTAIIMOHAPHAS TEOPHS
THPOTPOHA C HE(PUKCHUPOBAHHON CTPYKTYPOH BBICOKOYACTOTHOTO IMOJS U C(HOPMYIUPOBAHBI TPAaHHYHbBIE
YCJIOBUS U3JIy4eHUS B TeHEpaTopax ¢ AU(pakInOHHBIM BBIBOJOM 3Hepruu. Brocneactsun Haym Camyn-
JIOBUY U €ro y4eHUK A. M. MankuH pa3Buiiy KBa3UONTHYECKYHO TEOPHUIO PENITUBUCTCKUX YEPEHKOBCKUX
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pabory Haym CamywminoBud BeneT B 3kcriepTHOM coBeTe BAK mo ¢usuke.
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Annomayusn. [lenv Hactosuield paboThl — YHCICHHOE HCCIeOBaHUE 0000mEeHHON Moxenn PabuHoBnya—dabpukaHTa,
MOJTYYEHHOW ¢ MCIONb30BaHHeM (opmarmn3ma Jlarpanka v ONMKCHIBAIONICH TPEXMOIOBOE B3aMMOICHCTBHE B MPUCYTCTBUH
KyOMuecKoi HeJMHEeHOCTH 001ero Byua. YkazaHHas MOJEINb IeMOHCTPHPYET OOraTyio IMHaMHUKY, 00yCIOBICHHYIO HAJTHIHEM
B YPaBHCHHUSAX HEIMHEHHOCTU TPEThEro mopsaka. Memoodwl. VccnenoBanue OCHOBAHO Ha YHCICHHOM PEUICHUH MMOTYYCHHBIX
aHanuTHIeCKu Au(depeHHaTbHBIX YPABHEHHH, & TAK)Ke UX YUCICHHOM OH(YPKAIIMOHHOM aHAIM3€ C TIOMOIIBIO IPOTPaMMbI
MatCont. Pesyibmamet. 1711 IONTyYSHHONW MOJEIH MOCTPOCHBI KAPTHI JMHAMHYICCKAX PEKUMOB Ha IIIOCKOCTH YIPABIISIONINX
nmapaMeTpoB, 3aBUCHMOCTH TMoKa3aTeneil JIsmyHoBa oT mapaMmeTpa, aTrTpakTophel ¥ X OacceitHbl mpuTshkeHus. Ha miockoctu
YIPABISIOIKMX TAPAMETPOB YMCICHHO HAMIEHbI M IIOCTPOCHBI OM(yPKALIMOHHBIC IMHUH IS TIOJI0YKSHHUI PABHOBECHS U TIPEIEITh-
HOTO IHKJIa eproaa oauH. [loka3aHo, 4To qUHAMAKA 000OIIECHHON MOJICIH 3aBUCHT OT CHTHATYPHI XapaKTEPHBIX BBIPAYKCHHIA,
MPUCYTCTBYIOIIMX B ypaBHEHUSAX. [IpOBEICHO COMOCTABIICHHE ¢ TUHAMUKOU Mojienu PabunoBnya—dabpukaHTa M yKa3aHb
00J1acTH, TIe IMEET MECTO IMOJHOE WIIH YaCTHYHOE COBIAJeHHe TMHAMUKH. 3axmouenue. 11omydeHHas MOIENb SBJISETCS HOBOM
U OTHCHIBACT B3aUMOICHCTBHE TPEX MO B CiIydae, KOraa KyOndeckas HeJIMHEHHOCTh, ONPEACsIoas nX B3auMOICHCTBYIE,
3amaHa B obmieM Buje. Kpome toro, Tak kak paccMarpuBaeMasi MOJIENb MPEICTABISACT COOON HEKOTOPOE €CTECTBEHHOE PACIIIH-
penue u3BecTHON Moxenu PabunoBnda—®PabpukanTa, TO Tak ke, Kak U Mojenb PabuHoBn4a—DabpukanTta, OHA SBISETCS
YHHBEPCAIBHOW M MOXKET MOACTHPOBATH CHCTEMbI PA3IHYHON (pU3HUCCKON MPUPOABLI (B TOM YHCIC PaIMOTEXHUYCCKUE),
B KOTOPBIX UMEET MECTO TPEXMOJIOBOC B3aMMOJICHCTBHE U MPUCYTCTBYET KyOUUECKasi HETMHEHHOCTh OOILEro BHIA.

Knrwouegvie cnosa: monens Pabunosnua—dabpukanra, XaOTHIECKHE aTTPAKTOPbI, popmanm3m Jlarpanxka, OudypKarmoOHHBIN
aHaJN3, MyJIBTUCTA0UIBHOCTb.
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Abstract. The purpose of this work is to numerically study of the generalized Rabinovich—Fabrikant model. This model
is obtained using the Lagrange formalism and describing the three-mode interaction in the presence of a general cubic
nonlinearity. The model demonstrates very rich dynamics due to the presence of third-order nonlinearity in the equations.
Methods. The study is based on the numerical solution of the obtained analytically differential equations, and their numerical
bifurcation analysis using the MatCont program. Results. For the generalized model we present a charts of dynamic regimes
in the control parameter plane, Lyapunov exponents depending on parameters, portraits of attractors and their basins.
On the plane of control parameters, bifurcation lines and points are numerically found. They are plotted for equilibrium
point and period one limit cycle. It is shown that the dynamics of the generalized model depends on the signature of the
characteristic expressions presented in the equations. A comparison with the dynamics of the Rabinovich—Fabrikant model is
carried out. We indicated a region in the parameter plane in which there is a complete or partial coincidence of dynamics.
Conclusion. The generalized model is new and describes the interaction of three modes, in the case when the cubic nonlinearity
that determines their interaction is given in a general form. In addition, since the considered model is a certain natural extension
of the well-known Rabinovich—Fabrikant model, then it is universal. And it can simulate systems of various physical nature
(including radio engineering), in which there is a three-mode interaction and there is a general cubic nonlinearity.
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BBenenne

WccnenoBanue CIIOKHON AMHAMHUKHN HETHMHEWHBIX CHCTEM, B TOM YHCIIe TUHAMHYECKOTO Xaoca,
COCTaBJIsIET OfHY M3 (DyHIAaMEHTAJIbHBIX MEXAUCLUILUIMHAPHBIX IpobneM. K HacTosmeMy BpeMeHH
HAKOIUIEH OOIIMPHBIN MaTepua, BKIIOYAIOMUi MHOKECTBO TEOPETHUECKUX PE3YIbTaTOB, METOIUK U
AITOPUTMOB aHAJIN3a, MHOT000pa3ue MPUMEPOB MOJEIBHBIX CHCTEM CO CJIOXKHOH AMHAMHUKOMH, dKCIie-
puMeHTaNbHbIe AaHHbIe U Mp. [1-10]. IIponyKTUBHBINH MOAXOA B paMKaxX 3TOTO HaNpaBJIeHUsS COCTOUT
B BBIPaOOTKE OOOOIICHHBIX MOJEJICH, OXBATHIBAIOIIUX TOT WJIM MHOW Kpyr ()eHOMEHOB M NPHMEHH-
MBIX, 110 KpaifHel Mepe, 7 KaYeCTBEHHOTO OMHMCAHMS CUCTEM Pa3IndHON mpupoabl. OgHa U3 TaKux
Mozenel mpemokeHa B 1979 1. Pabunosudem u @adbpukantoM [11] mis onmucanus MOIYISAIIMOHHON
HEYCTOHYMBOCTH U BO3HMKHOBEHMsSI Xa0ca IPHU MMapaMEeTPUUECKOM B3aUMOACHCTBUM MOJ B HEPAaBHO-
BECHOW TMCCHUIIAaTHBHOH cpelie ¢ KyOW4ecKOM HEMTMHEHHOCTBIO CO CIIEKTPAIBHO Y3KHUM YCHUJICHHEM.
Cunraercsi, 4To Bo30yKIAIOTCSl TPU MOJIBI — OCHOBHAS MOJIa, NONaAaomas B 00JacTb HEYyCTOWYHBO-
CTH, U B2 CHMMETPHYHO PACIOJIOKECHHBIX CATEIUINTa 3a MpeIeIaMu 3Toi obnacTu. 3agada CBOAUTCS
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NP psJe YIPOLIAIOMINX MPENOI0KEHHH K KOHEUHOMEPHOH cucteMe TudQepeHIraIbHbIX YpaBHEHNH
OTHOCHUTENBHO TPEX ACUCTBUTEIBHBIX IEPEMEHHBIX

i=y(z — 1+ 2% + yz,
g=a(3z+1-2%) +yy, (1
Z=—=2z(v+zy),

Tae T, Y, 2 — AMHAMUYECKHUE TIEpEMEHHBIC, a V U Y — MapaMeTpHL.
N3BecTHO, uTO MOAEens PabuHoBnya—PabpukanTa JEMOHCTPHUPYET O0TaTyio (heHOMEHOIOTHIO
MMHAMHYECKOTO MTOBEACHUS, BKIIIOUAs PAa3IMIHbIC PETYISPHBIC M XaOTHICCKUE PEKUMBI U MYJIBTHCTA-
OMIILHOCTE, KOT/a B (ha30BOM IPOCTPAHCTBE COCYIIECTBYIOT aTTPAKTOPHI pa3HbIX THIIOB [12-20]. Mozaens
HOCUT YHUBEPCAJIbHBIM XapaKTep B TOM CMBICJIE, YTO OHA OXBATHIBAET MHOXKECTBO CUCTEM Pa3IM4YHOMN
(u3nYecKol MPUPOJIBI, TAKUX, HATIPUMED, KaK BONHBI TormmuHa—InuxXTHHTa B THAPOJUHAMHYECKUAX
TeueHusX [21], BeTpoBbIe BOJHBI Ha Bojie [22], BOMHBI B XUMHYECKHX cpenax ¢ nuddysueii [23], a Taxxke
napameTpuieckue KoieOaHus, peaqu3yeMble B paJAuoTeXHHIECKOM ycTpoiicTse [18].

B macrosiieit paboTte MBI IpeyiaraeéM HEKOTOPOE €CTECTBEHHOE pacupeHne Moenu Pabunoprya—
dabpukaHTa, B paMKax KOTOPOTO KyOWdecKasi HeIMHEHHOCTh, OTIPEeIIIoNnas B3anMOIECTBHE TPeX MO,
3amaHa B Oornee oOmeM Buae. MO)KHO ToJlaraTh, YTO MCIIOIB30BaHIE 00OOIIEHHOW MOIETH PACIIHPUT
o0nacTh IpUMEHEHHS TTOX0/1a, TPEATIOKEHHOTO B pabore PabuHoBrya—DabprkanTa, 1 (eHOMEHOIOTHIO
HAOJIFO]AEMOTO IMHAMHYECKOTO TTOBEICHHUS.

1. BoiBoJ ypaBHeHH 0000111eHHOH MoaeIH

3ametum, 4to Mojeb PabuHoBHua—DadpukaHTa MOXKHO TPaKTOBATh KaK Pe3ylbTaT NPUMEHEHHS
MeTO/1a MEJICHHBIX aMIUIUTY/ K CUCTeME TPeX OCIMIUIATOPOB, ONHMChIBaeMoil (yHkuueil Jlarpamxka

2
1 .
L(l‘,y,Z) = 5 E (mnwi —knflfi) - U(x07x17m2)7 (2)
n=0

e noreHuan s3aumoneicteust U(zg, X1, T2) 3aJaH MOJIHHOMOM YE€TBEPTOI CTEIIEHHU 110 TPEM CBOUM
apryMeHTaM ¥ J00aBJIcHa TUCCUTIAIS, onpeaeisseMas GyHknued Panes ¢ koadduimenTaMu, mOI0KH-
TEITBHBIMH JIJIS1 CATEJUTUTOB M OTPUIIATSIEHBIME JJIT OCHOBHOM MOJTBI:

R =3 (~voif + i +voi3) 3)

B orHOILIEHNN HEMHENHOTO B3aUMOJEUCTBUS CHEIAEM MPEANOIOKEHNUE, YTO OHO MOTHOCTHIO

CHMMETPHYHO 110 OTHOIICHHIO K EPECTAHOBKE OCIMILIATOPOB, TO ecTh GyHKiwms U (xg, X1, X2) Mpe-

CTaBIISIETCS B BHUJIE CYMMBI BCEBO3MOXKHBIX KOMOWHAIIMI YETBEPTOU CTETICHH 000OIIEHHBIX KOOPIMHAT.

bnaromaps cumMeTrpuu, TOoTeHIMATbHAS (DYHKIIHS €CTECTBEHHBIM 00pa30M CTPOUTCS KaK CyMMa YEeThIpeX
TPYII OJHOTHITHBIX YICHOB, KOXIas U3 KOTOPHIX MOKET HMETh CBOW MOCTOSHHBINA KOA(PDHUITUCHT:

1
U(xo, x1,72) = 1 (xé + z7 + 90‘21) + 3B (x%:v% + xda3 + x%m%) +

+3u (x%xlxg + 1:%:00332 + x%xoxl) + 4)

+1n (:rgzcl + .1‘81’2 + x:{’xo + x:{’xg + x%xo + x%xl)} .

Kysneyos C. I1., Tioproxkuna JI. B.
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KoHcranTs! W, §, 1 BBICTYIAIOT Kak Oe3pa3MepHbIe apaMeTphl, XapaKTepu3yIoliue HeTHHEHHOCT.
Kax MbI yBUIMM Jajiee, mapaMeTp 1) pu Nepexojie K OIMCAHUI0 B paMKaX METOIa MEUICHHBIX aMILIH-
TYJl OKa3bIBaeTCsl HECYIIECTBEHHBIM. TpaauuuonHast monens PabunoBnya—PabprkaHTa momydyaercs B
npeanonaokeruy u = § = 1.

VYpaBuenus Jlarpanxa
d (0L oL 0L 019 5)
dt (%j 61']' N 8.%1'7 SRS
B SIBHOW (popMe 3amuCHIBAIOTCS KaK

moio + kozo + o [xf 4 3Pxo (23 + 23) + Buz122 (220 + 71 + 32) +
+ 1 (3:ch1 + 3$3:1:2 + x:f + x%)] = YoZo,

myi1 + kizy + o [23 + 3Bz (23 + 23) + 3uwawo (221 + 22 + 20) +
(6)
+1 (323zo + 32wy + a2 + 23) | = —yadn,

maiy + kexo + o (23 4 3Px2 (2§ + 23) + Buzozy (222 + xo + 31) +
+n (32320 + 32321 + 23 + 23)] = —v2io.

3nech OCHOBHOI MOJI€ OTBEUAET OCIMIIIATOP ¢ MHAEKcoM 0, a caTenauTaM — COOTBETCTBEHHO, 1 U 2.

Mmes B BUIy HAJOXKCHHOE PE30HAHCHOE yCIIOBHE 20 & W1 + W2, rA€ ®; = +/k;/m;, B npearo-
JOKCHUU MaJIOW HENMHEWHOCTH U AMCCHUIALMH, MOXHO T0JIaraTh, 4YT0 aMIUIMTYIbI MO 32 XapaKTEpHBIN
WHTEpBaJ BPEMEHH MEHSAIOTCS] HE3HAYUTENIFHO, U IPUMEHUTD K cucTeMe (6) MeToJ MeIJIeHHBIX aMITIUTYI.
st aToro npeacTaBuM 000OIIEHHBIE KOOPAMHATEI OCLMIUISITOPOB B BUJIE

Ty, = ap exp(iopt) + ay exp(—iopt), n=20,1,2, (7)

TAC ap — KOMIUICKCHBIC aMIUIMTYABI. HOCKOJ'II)Ky IIOJTHOC€ KOJIMYCCTBO BCIMYHWH (HeﬁCTBHTCHLHLIe n
MHHMBIC YaCTHU an) IIpY 3TOM CTAaHOBUTCA I/I36I)ITOT-IHI>IM, MBI BIIpaB€ HAJIOKUTH Ha KAXIYIO KOMIIJIEKCHYIO
AMIUTUTYAy Gy AOTIOJTHUTEIIBHOC YCIOBUC

an exp(iwnt) + a, exp(—iw,t) =0, n=0,1,2. (8)

[Tocne moncranoBky Beipaxenuit (7), (8) B ypaBHeHUs (6), yCPEAHEHHS 110 BPEMEHH U MPUBEICHUS
MOIOOHBIX CJIaraeéMbIX, ¢ y4eTOM BO3MOXHOI'O OTKJIOHEHHS 10 4acTOTe OT pe3oHaHca Aw = 2wy — 0] —
—wy # 0 B OKa3arene SKCIIOHEHTEHI, MOyYaeM CIICIYIONIHe aMIUTUTYIHbIC YPaBHEHHSL:

o 1 \ : 3

o = 5“(0@0 4 Z(Domo |:Ma0a1a2 exp (—iAwt) + B (|a0\2 + 2[3‘@1’2 + 26‘“2’2) GO] )

. 1 o1 2 % . 3 2 2 2

ay = —zvia1 +1 nagas exp (iAot) + = (Ja1|* + 2Blaol* + 2Blaz|”) a1 |, ©
2 w1my 2

. 1 . 2 % ; 3 2 2 2

ay = —§Y2a2 + Z(D2m2 |:MCL0(11 exp (ZA('Ot) + 5 (|CL2‘ + 26‘a0| + 2f)|(11| ) az-

Hanee crnemys momxomy pabotsl [11], canraeM, 94TO aMILIUTYa OCHOBHON KOMITOHEHTHI ¢ CYIIe-
CTBEHHO OOJBIIE aMILUIUTYJ CaTEJIJIUTOB (1 2 M YTO KOMIUIEKCHBIE aMILIMTY/Ibl CATEIUINTOB OJMHAKOBBI,
TaK KaK M3-32 OJIM30CTH 9acTOT KOA((UINEHTH B aMIUIUTYAHBIX YPaBHEHUAX IS CaTEJUTUTOB 1 1 2
MIPaKTUYECKU COBIMATAIOT.

Kysueyos C. I1., Tioprokuna JI. B.
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BBemem peiicTBuTenbHble aMIUIMTYAsl Ag1 U (asbl @p 1, UCHONB3Ysl COOTHOLICHUS ap =
= Apexp(igo) 1 a1 = ag = Ajexp(ig;), MOACTaBUM 3TH COOTHOIICHUsI B ypaBHeHus (9) u,
OTZeIsIst ACHCTBUTEBHBIC 1 MHUMbIC YACTH, MOJIYYHM

: . Y0
By = uByB 2—B
0 = Wbob1sing + Ag 0
Bl = —MBQBl sincp — Xf;Bl, (10)
@=1+(2p—1)(B1 — By) +u(2B; — By) cos .

3necy B, = 3/(m,w,An) A%, n = 0,1 — HOpMHpOBaHHBIE NEUCTBUTEIILHBIE AMIUIMTYABL, (P =
= 2(¢po — @1) + Awt — Texymuras dazoBasi paccTpoiika, T = Awt — Oe3pazMepHOe BpeMsL.

HaxoHen, BBeieM HOBbIE TiepeMeHHble T = +/2Bg cos(¢/2), y = /2Bgsin(¢/2), z = By n
Bpems t = t/2. Tlonoxkum take p = ((1/2)u+p —1/2), ¢ = ((1/2)u— P+ 1/2), v = vo/(Aw),

v =v1/(Aw). Toraa u3 cucremsi (10) momydnm:
&= [p(2® +2) + q(=y* + 32) — 1] y + v,
§=[p(=2* +32) + q(v* + 2) + 1] = + vy, (11)
2= =22(v+ (p+q)ry).

Cucrema (11) coBmaner ¢ moznensio PabunoBnya—®dabpukanTa (1), ecniu B ypaBHEHUSX TOJOKHUTh
p =1, ¢ = 0, u, TakuM 00pa3oM, MPEACTABIACT 000OIICHNE HA CIydall KyOM9IeCKOW HeTHHEHHOCTH
Oosee oOIIero Buaa, HeXXEIU B UCcXomHoW Moxenu [11]. 3amernm, 9To, Kak U Mojaelb PabmHOBHYA—
@PabpukanTa, cucrema (11) obmamaer cBOWCTBOM CUMMETPUH OTHOCHTEIHHO 3aMEHBI NMEPEMEHHBIX
T—= —TuY— —Y.

B cucreme (11) mpucyTcTByIoT /1Be Ipymniiel mapaMmeTpoB. IlepBas mpencrapieHa napaMeTpaMu vy
U v, KOTOpBIE WACHTUYHBI MapaMeTpaM Moaenu Pabunosmua—dabpukaHTa 1 IMEIOT CMBICHT K03 dutu-
€HTOB AUCCHUNALNK — IOJIOKUTEIbHOM AJI CaTeJUIMTOB U OTPULATENILHOM [IJIs1 OCHOBHOUM MoJbl. Bropas
TpyIIa IpeICTaBlIeHa TapaMeTpaMu p U ¢. DTO HOBBIC TTapaMeTpPhI, XapaKTepHU3yIOInue HeTnHEHHOE
B3aUMOJCICTBIE MEXKIY OCLILISITOPAMHU B CUCTEME.

2. lnnaMuka 00001IeHHOH MOJe/H HA MJI0CKOCTH MapaMeTpoB
HeJHHEHHOro B3auMoaAeiCTBHS

PaccmoTpum nuHamuky cucremsl (11). [Inst Hawana mocTpouM ajis Hee KapTy TWHAMUYECKHUX
PEKUMOB Ha IVIOCKOCTH IIapaMeTPOB HEJIMHEHHOTO B3aMMOICHUCTBUA (P, ¢) Ul 3HAUCHUH ITapaMeTpoB
v =096 uv = 1.5 (puc. 1, a). Takas kapTa CTpOUTCS IPHU CKAHHUPOBAHUHU IIOCKOCTH MapaMeTpPOB,
KOTZIa B K&KIOH ee TOUKe YUCIECHHO OIpPEAEIIeTCs THIT HaOII0IaeMoro pexknuma, KOTOPBIi 0003HadaeTcst
COOTBETCTBYIOLIMM L1BeToM. Ha kapte, Ha puc. 1, a, HabmonaroTcs ClienyIomue pexXKuMbl: TEMHO-CUHUN
I[BET OTBEYAET COCTOSHHUIO PABHOBECHS, TOIYO0I — MpeAeTbHOMY IUKITY MMeproa 1, )KeNThId — IUKITY
nepruona 2, KpacHeld — IMKIY nepuoda 4, W T. .., YEPHBIM LBET OTBEYACT XaOTHUUCCKOMY PEXKUMY,
a 6enpIM 11BeTOM 0003Ha4YeHa 00JacTh yOeraHus TPaeKTOpHUi Ha OECKOHEYHOCTh. YKa3aHHBIE MEPHOIIBI
LUKJIOB ONPEACISIIOTCA CTaHAAPTHRIM 00pa3oM ¢ noMolubto ceueHuii [lyankape. Taxke cucrema (11)
JIEMOHCTPHPYET HOBBIN THIT IMHAMUKH, He HaOmronapmuiics B Monenu Pabunosuya—®dabpukanta (1),
KOTOPBI COCTOMT B TOM, 4YTO B ()a30BOM NPOCTPAHCTBE CYILECTBYET WHBapUaHTHOE (YyCTOWYHBOE)
MHOKECTBO B BHUJIE OKPY>KHOCTH, IIEJTUKOM Jiexkalee B miockocT z = 0. CooTBeTcTBYyIOIMas 00JIacTh
OTMEYEHa Ha KapTe JUHAMUYECKUX PEXXUMOB CepbIM 1BeTOM. OHAKO 3TOT PEXUM HE NMPEACTaBIsIeT UH-
Tepeca ISl UCCISAOBaHMA, TaK KaK B TEPMHHAX MCXOIHOM CHCTeMBl Au(PepeHInanbHbIX YpaBHEeHHH (6),
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Puc. 1. a — Kapra nunamudeckux pexnmoB cucrems! (11) Ha miockoctu mapamerpos (p, g), nocrpoenHas it y = 0.96
uv = 1.5. b — PazbueHune miockocT mapaMeTpoB (p, ¢) Ha o0IacTy, OTBEYAIOLINE Pa3HON CHUTHATYpe BhIpakeHuil p + 3¢,
3p + q u q (uBer online)

Fig. 1. a — Chart of dynamical regimes of the model (11) at (p, ¢) parameter plane at y = 0.96 and v = 1.5. b — Division
of the (p, q) parameter plane into regions corresponding to different signature of expressions p + 3¢, 3p + ¢ and ¢ (color
online)

KaK CIIeIyeT W3 TeX 3aMeH NepPeMEeHHBIX, YTO CAeNaHbl MpHu BeiBome cucteMbl (11) (cm. pazmen 1),
OH OTBEYACT TOMY, YTO aMILUTHTY/a KojebaHuii ocrmuiaTopa ¢ uuaekcom 0 (ocHoBHast Mona) Ay = const,
a aMIUTHTYIBI OCIHJUISTOPOB ¢ MHAeKcamu 1,2 (careumtel) A; = Ag = 0.

U3 puc. 1, a BUAHO, 4TO OONACTH Pa3IMYHBIX MMEPUOJUYECCKUX PEKHMOB, Xaoca U 001acTh
yOeranus TpaeKToprii Ha 6ECKOHEUHOCTh HMEIOT BHJI PACXOAIINXCS U3 Hadasia KoOpAWHAT ydei. [lpu
9TOM KaueCTBEHHOE YCTPONCTBO KapThl AMHAMHYECKHUX PeXUMOB cucTembl (11) He 3aBUCHT OT BbIOOpa
[apameTpoB Y U V.

Ha puc. 1, b npencrasieHo pazOueHHe MIIOCKOCTH (p, ¢) HAa OONACTH, OTBEYAIOIINE Pa3HOM
CUTHAType BBIpaXXEHUH p + 3¢, 3p + ¢ u q. st Toro 4T006I OOBSACHUTD, OTKY/A B3SIJIHCH STH BBIPAKCHHUS,
nepernumieM cuctemy (11) B cnemyromem Buze:

2 2
. +
x—y[(p+3q)z—1+(p+q)m2—q$ 2y } + vy,

. 2 + 92 12
yzx[(3p+q)2:+1—(p+q)ﬂf2+q2y}+vy, (12)

Z==2z(v+ (p+ q)zy).

B sToM cnydae ypaBHEeHHs BRINIAAAT Oojee TPOMO3AKUMH, OAHAKO UX CTPYKTypa aHAJIOTWYHA CTPYKTYype
ypaBHeHui Moaenu PabnHoBnua—®abpukanTa (1). A UMEHHO, B IEPBOM M BTOPOM YPaBHEHHUSIX CHCTEMBI
(12) B KBaJpaTHBIX CKOOKAX Oy/ET YeThIpE CaraeMbIX BUIA: constiz, 1, constoz? M HOBOE craraeMoe,
KoToporo He 65110 B Momenu (1), consts(x? + y?). Ilpu sTom Beero B cucteme (12) TpH 3HAYUMBIX
KOMOHMHaNWK napaMeTpos, (p + 3q), (3p + q) u ¢, To ecTb KOIPUIHEHTHI TIEPE] ClIaraéMbIMH 2 B
TIEPBOM M BTOPOM ypaBHEHHsAX cucTeMb! (12) i kodddurment nepen cnaraeMbiM (2 + y2), onMHAKOBHIIL
11t 000MX ypaBHEHHit . Yka3aHHbBIE YCIOBHUSI 33/Iaf0T Ha IUIOCKOCTH (P, ) JIMHHK:

p+3¢=0, 3p+q=0, ¢=0, (13)

1I-IeTBepTa.ﬂ KOMOMHAITUS TTApaMETPOB p + ¢ 3aJaeT Ha MJIOCKOCTHU (P, ¢) JIUHUIO p = —q, KOTOpasl SIBISACTCS JIMHHCH
CHUMMETPHHU KapThl JUHAMUYECKUX PEKUMOB, HO HE BIMSCT Ha €€ CTPYKTYpY.

Kysueyos C. I1., Tiopiokuna JI. B.
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KaXK/1asi U3 KOTOPBIX JIEJIUT IUIOCKOCTh (P, ¢) Ha JIBE 00IAaCTH, B OJTHOM COOTBETCTBYIOIIAS KOMOMHAIUS
rmapaMeTpoB OyzmeT OoJbIlle HYJISA, a B IPyroil — meHswIe. IloHOe pasnenceHue TIockocTH (p, ¢) Ha
001acTH TpeACTaBICHO Ha puc. 1, b U OHO, Tak e, KaK U KapTa IUHAMHYECKUX PEKUMOB, HE 3aBUCUT
OT mapaMeTpoB Y U V. 3 pucyHka BUIHO, YTO TIOCKOCTH (p, ¢) pa3buTa Ha miects obnacteil ¢ pa3Hoit
CUTHATYpO# BbIpakeHUH p + 3¢, 3p + q u ¢. [Ipu 3TOM cocTOsIHME PaBHOBECHS, TIPEICIBbHBIC IIUKIIBI
Pa3IMYHBIX TEPHOIOB M Xaoc OyayT HaOmonarecs b B oomactsax / (p +3qg > 0, 3p+q > 0, ¢ > 0),
4(p+3¢<0,3p+¢<0,g<O)u6(p+3q¢g>0,3p+q>0,q<0). UmenHo u3 3THUX OONACTEH U
OynyT BBIOMpPATHCS 3HAUCHHS TTAPAMETPOB P M ¢ IS AanmbHemero uccnenosanus cuctemsl (11). Hoerit
TUIT TUHAMUKH, UTHBapUaHTHOe (YCTOWMYMBOE) MHOXKECTBO B BUJE OKPYKHOCTH, IIEITUKOM Jiexalee B
mwiockocth z = 0, HaxoxuTcs B obnactsax 2 (p+3q > 0, 3p+¢ < 0,g>0)u 5 (p+39 <0, 3p+q > 0,
q < 0), a yoeraHue TpaeKTOpHUii Ha OECKOHEYHOCTh — BO BCEX LIECTH 00JACTAX.

3. /Inunamuka 0000IeHHOW MOJEIH HA MJIOCKOCTH
napaMeTpoB IUCCHIIALMU

Teneps noctpoum amnst cuctemsl (11) kapTbl AMHAMUYECKUX PEKUMOB Ha IUIOCKOCTH MapaMETPOB
(v,v). Hapametpsl p u ¢ BeiOepeM u3 Tex obiacteii Ha miockoctH (p, q) (puc. 1, b), B KOTOpBIX cucTemMa
(11) neMoHCTpUpPYET MEPUOAMYECKIAE U XaOTHIECKHE PEXKHUMEI, TO €CTh U3 obnacteid I, 4 u 6, a Takxke
Ha quHEAK p = 0. COOTBETCTBYIOIIHE KapThl MPEACTaBICHbI Ha puc. 2. Ilpyn UxX moCTpoeHnH HCIIOIB30-
BaJjlaCh Ta K€ IIBETOBAs MMaJUTpPa, 4TO M B ciydae puc. 1, a. Kpome atoro Ha puc. 2, a npeacrapieHa
KapTa TMHAMUYECKUX PEXKHUMOB Jyisi Mosenu Pabunosuua—dabpukanTa (1), B3sitas u3 padorsr [20].
DTO MO3BOJUT COMOCTABUTEL TUHAMHKY CHCTEeMBI (11) ¢ mUHAMUKOH, XapaKTepHOH 11 Moxenu PabuHo-
Buya—®abpukanTa.

0

d v 2.4

Puc. 2. a — Kapra muHaMHuecKux pexuMoB Moxenn Padunosuda—®abpukanta (1) Ha mrockoctu (v, y). b—e — Kaprer
IMHAMAYECKUX pexuMoB cucteMsl (11) Ha mwiockoctu (v,y) wust p = 0.8, ¢ = 0.0 (b); p = 0.9, ¢ = 0.1 (¢); p = 1.3,
q = —0.1(d); p= —0.05, ¢ = —0.85 (e) (uBet online)

Fig. 2. a — Chart of dynamical regimes of the Rabinovich—Fabrikant model (1) at (v,y) parameter plane. b—e — Chart of
dynamical regimes of the model (11) at (v,y) parameter plane at p = 0.8, ¢ = 0.0 (b); p = 0.9, ¢ = 0.1 (¢); p = 1.3,
q = —0.1(d); p= —0.05, ¢ = —0.85 (e) (color online)

Kysneyos C. I1., Tioproxkuna JI. B.
UzBectus By3oB. [TH/, 2022, T. 30, Ne 1 13



Ilycthb cHauana p = 0.8, a ¢ = 0.0. DT0 OTBEUaeT TOMY, YTO TOUYKA HA TJIOCKOCTH (P, q) JICKUT
Ha mHMA ¢ = 0 Ha puc. 1, b. B atom ciyuae B cucreme (12) xoad¢uimeHT nepen ciaraeMbM
(22 4 y?) paBen Hymo u oT Mozenu PaGunoBuua—®abpuxanta (1) oHa GymeT OTIMYATHCS JTHIIb
ApyrumMu ko3 QUIMEHTaMy TIepej] ClaraeMbIMU 2z U 22, a CTPYKTypa ypaBHEHHMIA GyJeT Ta ke camas.
CooTBeTCTBYIOMIAs KapTa JMHAMHIECKUX PeKuMOB cucteMbl (11) Ha rumockoct (v, y) TMpeacTaBieHa Ha
puc. 2, b. U3 ee conocraBiieHust ¢ puc. 2, @ BUAHO, YTO KapThl KaK KaueCTBEHHO, TaK M KOJINYECTBEHHO
WJICHTUYHBI JIpYyT APYTY. A 3HAUWT, U AUHaMKKa cucteMsbl (11) OyxeT uaeHTH4YHA AuHaMuKe cucTeMbl (1).
Taxoxke OTMETHM, 9TO JJIS IPYTHX 3HAYCHUH apaMeTpoB p U ¢, JIeKAuX Ha TuHUN ¢ = 0 B obmactn
p > 0, kKapTa JTUHaAMHYECKUX pexxuMoB cucteMbl (11) MeHaTbes He Oynet. B ciyuae xe korma p < 0,
B cucreme (11) 6yner umeTs Mecto yberaHue TpaeKTOpUil Ha GECKOHEYHOCTb.

[Tycte Temeps p = 0.9, a ¢ = 0.1. B 3TOM citydae Touka Ha IUIOCKOCTH (P, ¢) TIoTIagaeT B 001acTh /
(cm. puc. 1, b). CooTBeTCTByIOIIasl KapTa AMHAMUYECKHX pexXnUMoB cucteMsl (11) Ha ruockoctu (v, y)
MIpeJICTaBlIeHa Ha puC. 2, ¢, U3 KOTOPOTO BUJIHO, YTO TeNeph JUHaMHKa cucTeMbl (11) Komu4ecTBEeHHO
OTIIMYAETCS OT TOU, UTO IEMOHCTPUPYET Mojenh PabunoBndya—Padpukanta (1) (cm. puc. 2, a). Tak,
00JIaCTH MEePHOTUIECKUX U XaOTUYECKHX PEeXKHMOB CTAHOBSTCS IIUPE U CIBUTAIOTCS BIPABO; M KaK MBI
MOKaXXeM JlaJiee, MYJIBTUCTAOMILHOCTD OyeT HaOMIoAaThesl IpH OONBLIMX 3HAYEHMSAX Mapamerpa vy, 4eM
B cirydae mozenu Pabunosuua—dabpukanta (1).

Tenreps monoxum p = 1.3, a ¢ = —0.1, a Touka Ha mIocKocTH (p, ¢) ToManaeT B 006IacTh 6
(cm. puc. 1, b). Kapra nuHamudeckux pexxumMoB cuctemsl (11) Ha mmockoctu (v,y) Ui 3TOTO Citydast
rpencTaBieHa Ha puc. 2, d. BumHo, 9To B TaHHOM CiTydae KapTa TUHAMHUYECKUX PEKHMOB CHCTEMBI
(11) cymiecTBEeHHO OTJIMYAETCS OT KapThl, TOCTPOCHHOM it Moaenu PadmHoBnya—®Padpukanrta (1)
(puc. 2, a): obnacTu MEPUOANICCKUX M XaOTHYECKUX PEKUMOB CTalld MEHBIIIE, a 00JIacTh yOeraHus
TpaeKTopuil Ha OECKOHEYHOCTh — Oosbie. Takke ncdesna BTOpas CTPYKTypa, JEMOHCTPHUPYIOIIas
repexo K Xaocy depe3 MocieIoBaTeIbHOCTh ONdypKaluii yIBOeHUs Iepruoja, HabIronaBmascs mpu
HEeOOJIBIINX 3HAUEHUX MapaMeTpa Y, ciieBa OT OCHOBHOM CTPYKTYpHI, & 00J1aCTh MYJIBTHCTAOMIBHOCTH
cTaya yxe.

U, nakonern, nycts p = —0.05, a ¢ = —0.85. DT0 OTBeYaeT TOMY, YTO TOYKA HA IIOCKOCTH (P, q)
ronaaaet B oonacte 4 (cMm. puc. 1, b). CooTBETCTBYIOIIAs KapTa JUHAMHUYECKUX PEKUMOB CHCTEMBI
(11) Ha mockoctH (v, y) mpeacrasieHa Ha puc. 2, e. V3 pucyHKa BUIHO, YTO B JaHHOM CIIydae KapTa
TUHAMHYECKUX PEeKUMOB crcTeMbl (11) KauecTBEHHO MACHTHYHA KapTe uid Mojenu PabuHoBHYa-—
dabpukanTa (1) (cM. puc. 2, a), XOTS U UMEIOTCSl HE3HAUNTEIILHbIC KOJMYECTBEHHBIC OTIINYHSL.

Bo Bcex ocranbHbIX 00macTsaX mIockocTH (p, q) B cucteme (11) Oyaer umeTs MecTo 160 yOeraHue
TpaeKkTopuil Ha OECKOHEYHOCTD, JINOO HOBBIM TN peXHMa — MHBapUaHTHOE (YCTOHYMBOE) MHOXKECTBO B
BHJIE OKPYXKHOCTH, IICJTUKOM JIexkailee B mockoctu z = 0.

4. Innamuka 0000meHHoi mogeau B ciayyae p = 0.9, ¢ = 0.1

Termepsp paccMoTpuM AWHAMUKY cucTeMsl (11) B ciydae, korna nmapaMeTpsl HETMHEHHOCTH TIPH-
HuMaroT 3HadeHus p = 0.9 u ¢ = 0.1, Oonee moapoOHO. DTOT ciaydyail HHTEPECEH TeM, YTO C OIHOM
CTOpPOHBI KapTa AUHAMUYECKHUX pexuMoB cucteMsl (11) (cM. puc. 2, ¢) moxoxa Ha KapTy I MOJETH
PabunoBnua—®abpukanTa (cM. puc. 2, a), a ¢ APYroi CTOPOHBI HAa HEll MPHCYTCTBYeT psia oTnuaui. Kak
u B padote [20], moctpouM st cucteMsl (11) rpaduku 3aBUCHMOCTH CIIEKTpa MoKkasateeld JIsmyHosa
OT IapameTpa Vv, aTTPakTopbl U 0ACCEHHBI UX MPUTSHKEHUS ISl HECKOJIILKUX (PUKCUPOBAHHBIX 3HAYCHHI
mapaMerpa Y. A Takke YMCICHHO MOCTPOMM OrbypKalMOHHbIE JIMHUK Ha TUIOCKOCTH (V, ).

4.1. Cayuaii y = 0.96. lns Toro 4To66I OBUTO YIOOHO COMOCTABIATh JUHAMUKY cUCTEMBI (11)
¢ nMHaMHKOM Mozenu PabunoBnya—®dabpukanTa (1) BeiOepeM Te ke 3Ha4YeHus napamerpa y. Urax,
mycts ¥ = 0.96. Ha puc. 3, a npencraBieH rpaduk 3aBUCHUMOCTH TpeX IMoKazarenei JIsmyHoBa ot
napamerpa v st cuctemsl (11). W3 pucyHka BUIHO, 9TO B oOmacT v > 1.75 Bce moka3arenu JlsmyHoBa
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Puc. 3. a — 3aBucumocts nokasareneit Jlsmynosa cucremsl (11) ot mapamerpa v anst y = 0.96. b—f — ArTpaxTopsl
cuctemsl (11) mas y = 0.96 npu v = 1.9 (b); 1.6 (¢); 1.4 (d); 1.38 (e); 1.35 (f)

Fig. 3. a — Graphs of Lyapunov exponents of the model (11) on the parameter v at y = 0.96. b—f — Attractors of the
model (11) at y = 0.96: v = 1.9 (b); 1.6 (c); 1.4 (d); 1.38 (e); 1.35 (f)

OTpHIATEeNbHBIE, TO €CTh B CUCTEME CYLIECTBYET yCTOHYHMBOE MONOKeHNE paBHOBeCHs. COOTBETCTBY-
oy a3oBeIi MOPTpeT mpexncTarsieH Ha puc. 3, b. Ha Hem HaGmonaloTcs ABa COCYIIECTBYIOLINX
nonoskenus papHoecust SPT 1 SP, pacronokeHHBIX CUMMETPHYHO M TIEPEXOSIUX JAPYT B APYTa IpH
3aMeHe X Ha —Z U Y Ha —Y, TO ecThb B cucreMe (11) umeer Mecto 6uctabuiabHOCTE. 1Ipu ymMeHbIIeHUT
napaMmeTpa v yCTOWYMBBIE MOJI0KEHUS paBHOBecUs SP| 1 SPIL HCYE3al0T, U HAa UX MECTE BO3HUKAIOT
yCTOMYMBEIE NpenenbHble UKIel CL, n CLi" (puc. 3, ¢), a crapmuii mokaszarens JIsSmyHOBa CTAHOBHUTCS
paBHBIM HyIIO (cM. puc. 3, a). IIpu manpHelilieM yMEHBIIEHUHU MapaMmeTpa Vv MepHOA MpPeesIbHbIX
[IUKJIOB ynBamBaeTcs (puc. 3, d, e), IoKa B pe3yabTare Kackanga OudypKariil yaIBOCHHS TIeproaa He
BO3HMKHYT xaoThueckue artpakropsl Ch; u Chy (puc. 3, /), npu otom crapmmii nokasarens JlsmyHosa
CTaHEeT MOJIOKHUTETHHBIM.

Jnst ananu3a OucTabWIbHOCTH OBUTH IOCTPOCHBI OacceiHbl MPUTHXKEHHs arTpakTopos. Ha puc. 4
NPEJICTaBICHBl OacCEeNHbI NMPUTSHKEHN JJIsl YCTOMYMBBIX IOJIOKEHUH paBHOBecHs SP, u SPf, 060-
3HAYEHHBIX Ha PUCYHKE CHHHMM U 3€JIEHBIM I[BETOM, COOTBETCTBEHHO. OTMETHM, YTO HA 3TOM PHCYHKE
(1 Ha BceX MOCIEAYIOIUX aHAJOTUYHBIX PUCYHKAX) MPECTaBIEHBI MPOEKIHs aTTPAKTOPOB HA INIOCKOCTh
(z, y) u ceueHus: 6acCEHHOB NPUTSDKEHUSI MIIOCKOCTBIO 2z = const, a caMu OacceiHbl NPUTKEHUS
OKpalICHbI B TOT K€ IBET, YTO M ero arTpaktop. [lpum HeOompmmx 3HaueHUsX 29 = 0.1 OacceilHbl
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Puc. 4. IIpoexunst aTTpakTOpPOB Ha IUIOCKOCTH (X, Y) M CEUEHUS UX 0acCeifHOB MPUTSHKEHHS IUIOCKOCTBIO 29 = const
cucrems! (11). y = 0.96 u v = 1.9. BacceiiH npuTsikeHus TOJIOXKECHHA paBHOBecus SP] OkpallleH B CHHHMH LBET,
TIoJIoXKeHns paBHOBecHsa SP} — B 3emensiit (1Bet online)

Fig. 4. Projection of the attractors on a (x, y) plane and sections of their basins by the zo = const plane plotted for the
model (11). y = 0.96 and v = 1.9. The basin of attraction of the equilibrium position SP; is colored blue, and the basin
of SP7" is colored green (color online)

NPUTSDKEHUS YCTOWYMBBIX MOJIOKEHUHI paBHOBecus SP n SPiF MIPEACTABIIIOT COO0H CHMMETPHUIHO
pacIojoKeHHbIE OTHOCUTENBLHO Havajla KOOpAHHAT oBaJibHbIE 0OnacTH. C pocToM 2z OacceliHbl yBemH-
YUBAIOTCS B pa3Mepe, a BHYTPH HUX TOSABISIOTCSA «OCTPOBa», OTBEYAIOIINE pa30EraHuio TPaeKTOPHil
Ha OecKOHEUHOCTh. Jlajee STH «OCTPOBa» YBEIWYHMBAIOTCS B pa3Mepe, a OrpaHHuMBAIOIINE UX CIIpaBa
U cJIeBa TMOJIOCHI CTAHOBATCS BCE YXKe M yXKe, TIOKa COBCEM HE pa3phIBAlOTCS, U 'y 6accelHOB IMOSB-
JISIIOTCS1 cCBOeoOpasHble «XBOCTH. Ecliu 1 nanee yBenMUuBAaTh 2(, TO MOSBISIOTCS HOBBIE «OCTPOBAY,
OTBEYAIOIINe pa30eraHuio TPAeKTOpHil Ha OECKOHEYHOCTh, M HOBBIE «XBOCTBI», a TAK)KE OT OCHOBHOTO
OacceiiHa oTAENAIOTCS 00JIACTH MeHbILIEro pasMepa. Kpome Toro, ¢ pocTtoM zy BHYTpH OacceiHOB
NPHUTSKEHUS TONOKEHUH paBHOBecHs SP| n SPT MOSIBIISTIOTCS y3KUE IOJIOCHI, IPEACTABISIONINE OO0
OacceiiHbl IPUTSHKEHUS] CAMMETPUYHOTO aTTpakTopa. (BHyTpH 001acTu 3eJ€HOro 1BeTa MOSIBISIOTCS
MIOJIOCHI CHHETO IIBETa, a BHYTPH CUHEH — 3esieHoro.) OTMETHM, 4TO JIIsI BCEX OCTAJbHBIX aTTPaKTOPOB
(mpenenbHBIX IUKIOB Pa3IMYHBIX NEPHONIOB, XaOTHUYECKUX aTTPAKTOPOB), HAOIIONAEMbIX B TaHHOM
ciay4ae, OaccelHbl MPUTSKEHHUs KaueCTBEHHO OyIyT TaKMMM ke, KaK JUlsl MOJIOKeHUH paBHOBecus SP; u
SP. C TeM uIIb OTIMYMEM, YTO UX TpaHCcOPMAIMHU GYIyT MPOUCXOUTH MPH MEHBITHX 3HAYEHHSX 20,
a caMu O6acceiHbl CTaHYT YyTh MEHbIIE.

Taxum 006pazoM, MOXKXHO YTBEP)KIaTh, YTO TIPH JTAHHBIX 3HAYEHHUSIX MapaMeTpa Y TWHAMHUKa CH-
cremsl (11) B enoM uaeHTHYHA, IO KpailHEH Mepe KauecTBEHHO, AMHAMHUKe Mopaenn PaOuHoBH4a—
@abpuxkanta (1) [20]. IMeroT MecTo Wb KOTUYECTBEHHBIE OTIMYHS, KOTOPBIE COCTOAT B TOM, YTO Oac-
CeWHBI MPUTSHKEHHUS aTTPAKTOPOB CTAHOBSTCA OOJIBILE, a OMHU U Te ke Tpanchopmanuu B cucreme (11)
10 CpaBHEHHUIO ¢ Mojenbio PabuHoBrnya—®PabpukanTa (1) mpoucxoast mpu OONbLUINX 3HAYCHHUSIX 2.
XO0Ts ecTh ¥ OAHO KadeCTBEHHOE OTIMYHUE, COCTOALIEE B TOM, 4To B cucteMe (11) ¢ pocToM 2y BHYTpH
OacceifHOB MPUTSHKEHUS MOSABISIIOTCS y3KHE TOJIO0CHI, MPEACTaBISIONINE co00i OacceiHbl MpUTIKe-
HUSI CUMMETPHYHOIO arTpakropa. B monenu Pabunosuua—®abpukanTa (1) monoOHbIe H3MEHEHUS HE
HaOII0JaNINCh.
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4.2. Cnyyvaii y = 0.78. Tenepp ymeHbIINM 3HaueHHe mapametpa vy. [lycts vy = 0.78. OT™eTmM,
4TO ITUHaMHKa Moaein PabuHoBnua—®abpukanTa B 3TOM ciydae He m3MeHuTcs [20]. A BOT JMHAMHUKA
cuctemsl (11), kak mokaszaHo nasee, OyIeT cylmecTBeHHO oTinyarscs. Ha puc. 5 npencrasien rpaduk
3aBHCHUMOCTH TOKa3areneii JIsmyHoBa oT mapamerpa v U aTTpakTopsl cucteMsl (11), mocTpoeHHbIe 11
naHHoro cimydast. U3 puc. 5, a BuaHO, 4o B obnactu v > 1.75 Bce mokasarenu JlsmyHoBa oTpuIia-
TeIbHBIE, TO €CTh B CUCTEME CYLIECTBYET YCTOMUMBOE MOJ0XKEeHHE paBHOBecHs. COOTBETCTBYIOMINI
(a30BBIN MOPTpPET MpencTaBieH Ha puc. 5, b. Ha Hem, kak U B mpenplIyieM ciydae, HaOmonaoTcs
JIBa COCYIIECTBYIOMMX arTpaktopa SP, u SPJ,? pacronoskeHHbIe CUMMETPUYHO U TIEPEXOMSAIIIE APYT
B JIpyTa TpH 3aMeHe x Ha —x U y Ha —y 3. [Ipy yMeHbIIEHHH TapaMeTpa vV YCTONYMBbIE MOJOKEHHS
pasHoBecus SP, u SP; HCYE3aI0T, M HAa MX MECTE BO3HHMKAIOT yCTOWYMBBIEC NpeenbHble NMKIE CLy 1
CL; (puc. 5, ¢), a crapmmii mokaszarenb JISImyHoBa CTAaHOBUTCS paBeH HYIO (cM. puc. 5, a). Ilpu gams-
HellleM yMEHbIIEHUHU ITapameTpa v B cucteMe (11) BO3HHMKaeT MyJIbTUCTa0UIBHOCTD, KOra B (ha3oBOM
NPOCTPAHCTBE NOMUMO YCTOWYMBBIX NpelenbHbIX ukioB CL; u CL; HaOJTIOAIOTCS PACIIONIOKECHHBIE
BHYTPHY HUX YCTONYMBBIE MOJOKEHHs paBHOBECHS SP; u SP;{ (puc. 5, d). OTmMeTuM, 4TO 3TO HOBBIE
TMIOJIO’KEHUS paBHOBECHS, HE COBIAJAONINE C PACCMOTPEHHBIMHU paHee U BOSHUKAIOIIHE, KaK MBI TOKaKeM
nanee, B pesynbrare apyroi oudypxanuu. Jlanee nepuon npenensHeix nukinos CL; u CLQL yJIBAaUBAETCS
(puc. 5, e, f), moka, B pe3ynbrare Kackaaa Oudypkanuii yIBOeHHs MEpHUOAa, HE BOSHUKHYT XaOTHYECKHE
arrpaktopel Ch, n Ch2+ (puc. 5, g), a crapmuii mokasarens JIAmyHOBa CTaHET MOJOKHUTEIBHBIM (CM.
puc. 5, a). Ilpu 5TOM yCTONUMBLIE TIOJIOXKEHHS paBHOBECUS SP3 1 SP;)r MIPOZIOJIKAIOT COCYIIECTBOBATh
BMECTE C NMPEJEIbHBIMH UKIAMU U XaOTUYECKUMH aTTPaKTOpaMu, M0Ka HE OCTaHyTCA €JUHCTBEHHBIMU
aTTpakTopamMu (puc. 5, /) TOCIEe TOTO KaK XaOTHYCCKHUE aTTPAKTOPHI HCUS3HYT Ipu v ~ 1.27. Takum
oOpazoM, B ominuue oT monenu Pabunosnua—®abpukanTa (1) B cucteme (11) mpu 3HaYeHNUH MapaMeTpa
v = 0.78 B onpeneneHHOM JUana3oHe U3MEHEHHs [TapaMeTpa vV MIMEeT MECTO MYJIBTHCTa0MIbHOCTD. UTO
MOATBEPIKAACT CAETaHHbIM paHee BBIBOX O TOM, 4TO B cucTeMe (11) MynbrucTabunbHOCTh HaOMIOnaeTCst
B OOJbIIEM Hara3oHe M3MEHEHUS MapaMeTpoB.

Ha puc. 6, a npencrapneHs! 0acceiHbl NPUTHKEHUS 1711 YCTONYMBBIX TOJIOXKEHUM paBHOBECHS
SP;, u SP;r (cM. puc. 5, b), 0003HAUYCHHBIC HA PUCYHKE CUHUM U 3€JICHBIM IIBETOM, COOTBETCTBEHHO.
U3 puc. 6, a BUIHO, 4TO IpH HEOONBIINX 3HAYCHUAX zo = (.1 GaccelHBI MPUTHKEHUS MPENCTABISAIOT
000l OKPY>XHOCTH JTOBOJIFHO OOJIBIIOrO pajnyca, pa3lelieHHYI0 Ha JBE YacTH MHOT00Opa3msIMHu
HEYCTOWYMBOTO TOJIOKEHHSI PAaBHOBECHSI, PACIOJIOKEHHOTO B Hadase koopawHaT. [Ipm s3ToM mpaBast
yacTh OKpy)HocTH — Gacceitn SPy, a neas — Gacceiin SP,. C pocToM 2o Kak CHapykH, Tak
BHYTPH OKPY>KHOCTH TIOSIBIISIIOTCSL HOBBIE 00JIaCTH, MPEICTaBIIONINE COO0H OacceiHbl NPUTSHKEHUS
CUMMETPHUYHOTO arTpakropa (cM. puc. 6, a). [Ipuuem, yem Ooinblie zp, TeM OOJBIIE YEPELYIOLIUXCS
obnactell Habmoaercs.

Ha puc. 6, b npencraBnensl 6acceiHsl 1 cinydas v = 1.5, korna B (pa3oBoM MPOCTPaHCTBE COCY-
LIECTBYIOT CHMMETPHYHO PACTIONOKEHHBIE TIAPBL, COCTOSIME U3 npeaenbHoro mukna CLy (wm CLy) u
HaXOJALIErocsi BHYTPH HETO YCTOMYMBOTO IOJI0kKEHUs paBHOBeCHs SP5  (1im SP;) (puc. 5, d). B atom
CiTydae TpY 3HaYEHUX Z( OMU3KMX K HYIIO, Ha IUIOCKOCTH HavdalbHBIX YCIOBHH (X, Yo) HaOmMOmatoTCs
UL 6acceiHbl IPUTSKEHUS YCTOHYMBBIX OJI0KEHUI paBHOBecUs SP3 u SP;“, KOTOPBIC IPEACTABIIAIOT
c000#1 CUMMETPHUYHO pacIoIOKEeHHbIE OTHOCUTENBHO Hadasla KOOPAMHAT oBajibHbEIE o0nactu. C poctoM
Z( BHYTpH TOSIBJIAIOTCSA OAacCEHHBI NPUTSIKEHUS TTApHBIX UM NpesienbHbIX ka0 CL, u CL; , KOTOpBIE
TaKXKe TPENCTABIAIOT c000il oBajbHBIE 00MacTu. IloToM BHYTpH 3THX 00acTel MOSBISIOTCS OBAJIbHBIC
o0JacT, MpeCTaBIsoNne cob0il 6acCeHbl MPUTSKEHUS MAPHBIX UM YCTOHYUBBIX MOJIOKEHUN paBHO-
Becus SP; u SP:,T u T. . Takum oOpazom, mpH zg == (.1 Ha TUIOCKOCTH HaYaJbHBIX YCIOBUU (Zg, Yo)

2C1poro roBops, 3T TE XKe CAMBIE ITONOKSHHS PABHOBECHS, 4TO 1 SP; u SP]. Onnaxo mis yno6cTa H3NOKEHUS MaTepUana
aTTPaKTOPBI (1aXke €CIIM ATO OJIMH U TOT K€ aTTPAaKTOp), TOCTPOCHHBIE I Pa3HBIX 3HAYCHHI mapameTpa vy, OyayT 0003Ha4YaThCs
CBOMM HHJIEKCOM.

30rmernm, uto B crty cuvMerpun crcteMst (11) Bce aTTPaKTOpPHI, €CTH HE OrOBAPHBACTCA MHOE, OYIyT BO3HHKATH
CHMMETPHUYHO PaCIIOIOKEHHON Mapoi 0OBEKTOB, MEPEeXOMIIuX APYT B JApyra IpH 3aMeHe T Ha —x U y Ha —y. [losTtomy
JTaHHBIH MOMEHT IIpU JajbHEHIEM H3JI0KEHUH Marepuaiia OyneT Moapa3yMeBaThes 110 YMOIYaHHIO.
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Puc. 5. a — 3aBucumocts mokasareneit Jlsmynosa cucremsr (11) ot mapamerpa v st vy = 0.78. b—h — ArTpakTops!
cuctems! (11) gt y = 0.78: v = 2.0 (b); 1.6 (¢); 1.5 (d); 1.36 (e); 1.34 (f); 1.3 (g); 1.2 (h)

Fig. 5. a — Graphs of the Lyapunov exponents of the model (11) on the parameter v at y = 0.78. b—h — Attractors of the
model (11) aty = 0.78: v = 2.0 (b); 1.6 (¢); 1.5 (d); 1.36 (e); 1.34 (f); 1.3 (g); 1.2 ()

HaOIIOMAIOTCS CTPYKTYpa B BUJE OBAIBHBIX 00NacTel (0acCeiHbI MPUTSHKEHUS! YCTONUNBBIX MOMOKCHUN
paBHoBecust SP; u SP;), BHYTPH KOTOPBIX PacHoOJI0KEHBI MEHBILME OBaJbHbIE 001acTh (OacceiHbl
IPUTSIKEHHS! IAPHBIX UM TIpeesbHbIX ko CL; 1 CLJ ), KOTOpble OKpY/KEHBI Y3KMMH KOJbLIAMH,
MIPEICTABIISIONIMMHI COOON YepemyroIIrecs: 6acceiHbI MPUTHKEHIS YCTONYNBEIX TOJIOKEHIH paBHOBECHS
SP; u SP;‘ U TapHBIX UM NpefenbHbIX 1ukinoB CL; u CL;‘ . Ilpn naneHeiinieM yBeIMUYEHUE zg BHYTpU
0acCceHOB NPUTSHKEHUS YCTOMYUBBIX MOJIOKEHUM paBHOBecus SP; u SP;)r MOSIBISIIOTCS. «OCTPOBAY,
OTBEYaIOIINe YOETaHHUIO TPACKTOPHH Ha OECKOHEUHOCTh, BHYTPU KOTOPBIX B CBOIO OYEpelb MOSBIISIOTCS
Y3KHE II0JIOCHI, IPeCTaBIomMe co00i OacceiHbl NPUTKEHNUS CUMMETPUYHOTO aTTpakTopa. Jlanee
3TH «OCTPOBa» yBEJIIMYMBAIOTCS B pa3Mepe, a OrpPaHHYMBAIOIINE WX TOJIOCHI CTAHOBSITCS BCE YK€ U
yKe, TIOKa COBCEM HE Pa3phIBAIOTCS U 'y 0acCEHOB He MOSBIIOTCSI CBOCOOpa3HbIe «XBOCTHI». Takum
o0Opasom, najpHelInas TpaHchopmalus bacceiHOB CTAHOBUTHCS TAKOM ke, Kak u B cirydae Y = (.96.

OrmetuM, 4TO GacceliHbl NPUTKEHH NpeenbHbIX HukiIoB CLy n CL; , HaOJTFOAaeMBIX TIPH TEX
3HAYEHUAX Tapamerpa v, koraa B cucteme (11) HeT MynmpTrcTaOMIBHOCTH, HaripuMep npu v = 1.6 (cm.
puc. 5, ¢), MICHTHYHBI OacceiHaM MPUTSHKEHUS, IPECTaBICHHBIM Ha puc. 6, a. A GacceHHbl MPUTSKESHHS
JUISL BCEX OCTaJIbHBIX PEKUMOB, B CIIy4asX KOrJa MYJIBTHCTAaOMIBLHOCTh €CTh (CM. pHc. 5, d—g), OyayT
WICHTUYHBI OacceiHaM NMPUTSKECHUS, IPEJICTaBICHHBIM Ha puc. 6, b. A BOT OacceiHbl MPUTSHKEHUS
YCTOMYMBBIX IOJI0KEHUH paBHOBECHS SP; 1 SP;‘ KadeCTBEHHO OYIyT WACHTHUYHBI TEM, YTO HAOIIOIAINCH
B cucreme (11) s ciayyas y = 0.96 i ycTOHYMBEIX MOJNOKEHUH paBHOBeCHs SP 1 SP;r (cM. puc. 4).
C TeM JIMIIb OTIMYKEM, YTO B JaHHOM Clly4yae TpaHchopMalus 0acceHHOB MPOUCXOAUT ObIcTpee, a uX
pasMep pacTeT 4yTh MEIJICHHEE.

Takum obpasom, cucrema (11) mpu y=0.78 neMOHCTpUpPYET AMHAMUKY, CYIIECTBEHHO OTIIMYHYIO
OT TOH, 4YTO UMeeT MecTo B Monenu PabuHoBuya—®abpukanTa (1) npu ToM e 3HaYEHUH NapaMer-
pay [20]. OcHOBHBIM OTIMYHEM SBISiCTCSI Haauuue B cucteme (11) MymbTHCTaOMIBHOCTH, KOTOpast
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Puc. 6. [Tpoekius aTTpakTOpOB Ha IIOCKOCTH (', y) U CEUEHUS HX 0acceiHOB MPUTSHKEHHSI TUIOCKOCTBIO 29 = const
cucremsl (11). vy = 0.78, v = 2.0 (a), 1.5 (). bacceiin nputskenus nonoxxeHus paBHoecust SP, okpalleH B CHHUI LIBET,
a MonoXeHus paBHoBecus SP — B 3enensiit, npeensHoro mukia CL, — B rony6oit u CLY — B kpacHsiit (1set online)

Fig. 6. Projection of the attractors on a (z, y) plane and sections of their basins of attraction by zp = const plane plotted
for the model (11). y = 0.78, a — v = 2.0, b — v = 1.5. The basin of attraction of the equilibrium position SP; is
colored blue, the basin of SPJ is colored green, the basin of CL; is colored light blue, the basin of CL} is colored red
(color online)

Habronaercs B Mozenu PabunoBnya—®adpukanTa (1) mpu MeHbIIUX 3HaYCHUAX mapamerpa y (Y =~ 0.5).
[Ipu 3TOM, OTMETHM, YTO €CIIN YCTPOUCTBO OACCEHOB MPUTSDKEHUS B cliydae, Korna B cucteme (11) ectb
MYJIBTUCTa0MILHOCTD, AHAJIOTHYHO TOMY, UTO Habmoganocs B Mojenu Pabunopnya—dadbpukanTa (1) npu
v = 0.5, To ycTpoHCTBO OacceitHOB MPUTSHKEHUS B citydae, Korna B cucteme (11) MynsTHCTaOMITEHOCTH

HET, CYIIECTBEHHO MHOE U aHAJIOTMYHO TOMY, YTO HAOII0NaIochk B Mojenu Pabunouua—dabpukanTa
(1) mpu y = 0.2.

4.3. Cayuaii vy = 0.5. Ilycts Teneps y = 0.5. OTMeTHM, 4TO TWHAMUKa Mojenn PaGuHoBHYa—
dabpukanta (1) Ans maHHOTO 3HA4YCHHs NapameTrpa Y JIEMOHCTPUPYET MYNBTHCTa0HIBHOCTS,
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Koraa B ()a30BOM IMPOCTPAHCTBE COCYIIECTBYIOT BE CHMMETPUYHO PACIIONOKEHHBIE Maphl, COCTOSIINE
U3 MPEAENBFHOrO UKIIA U HAXOASIIErocsd BHYTPU HETO YCTOMUMBOTO nojiokeHus paBHosecus [20]. Teneps
paccMmoTrpum auHamuky cuctemsr (11). Ha puc. 7, a npencrasiieH rpaduk 3aBUCHMOCTH ITOKa3aTelen
JlsamyHOBa OT MapaMeTpa v | aTTpakTophl cucTeMsl (11), mocTpoeHHbIe I JaHHOTO cirydas. M3 pucyHka
BHJIHO, YTO JIMHAMHUKA cucTeMbl (11) B 3TOM cllydae MOJHOCTBIO HISHTHUYHA TOH, 4TO HaONIOqaIach B
cucteme (11) must y = 0.78. Tax, mpu v > 2.0 m v < 1.28 B (ha30BOM mpoCTpaHCTBE HAOIIONAIOTCA
YCTOHYUBBIE TI0JIOKEHNUS paBHOBecHs SP, SPI u SP;, SP; COOTBETCTBeHHO (puc. 7, b u puc. 7, h);
B obnmactu 1.28 < v < 2.0 — npenenbubie nukibl CL; 1 CL3+, JIEMOHCTPHUPYIOIIINE MEPEX0]] K Xaocy
yepe3 MOoCIeA0BaTeNIbHOCTh OndypKanuii ynBoeHus nepuona (puc. 7, c—g). Ilpu stom mpu v < 1.5
B cucteme (11) nMeeT MECTO MyIBTHCTAOMITBHOCTE.

A BOT yCTPOHCTBO 0acCEHOB MPUTSDKEHUS CYIIECTBEHHO OTIMYAETCS OT TOTO, YTO HAOIIOIAIOCh
s cnydast ¥ = 0.78. Ha puc. 8, a npencraBneHs! 6acceilHbl NPUTSHKEHUS U YCTOMYHUBBIX MOJIOKEHUH
paBHoBecus SP, u SPI (cM. puc. 7, b), 0603HaYEHHBIX CHHUM H 3€JICHBIM ITBETOM, COOTBETCTBEHHO.
U3 puc. 8, a BUAHO, YTO B JaHHOM CIIy4ae BHEIIHHE TPAHUIBI 6ACCEHHOB MPUTSKEHUS MPEICTABISIOT
co00i1 ctoKHO ycTpoeHHBIe KpuBble. C pOCTOM 2y BHYTpPH OacceiHOB MOSBISIOTCS HOBBIE 00NIacTH,
MpeCTaBIIoMNEe co00l OaccelHbl MPUTSHKEHUS CAMMETPHYHOTO aTTPakTopa, CHavaja y BHEIIHEH
TpaHUIlB], a IOTOM B OKPECTHOCTH Havaja KoopawHart. [Ipn aToMm cam pazmep OacceilHOB He MeHsETCS.
OrmeTnM, 4TO OacceliHbl MPUTAKEHUS, MIOCTPOEHHBIE Ul NpeenbHbX mukiaoB CLs u CL;)r (cm.
puc. 7, ¢), IOJTHOCTBIO MIEHTUYHBI GacceifHam Jutst nonoskenuii pasHosecust SP; u SP] Ha puc. 8, a.
3aMeTHM Takke, 4TO MoJOOHOE YCTPOHCTBO 0ACCEHHOB MPUTSKCHHsI HEe HAONIONAI0Ch HU B MOJIETH
PabunoBnua—®@abpukanTa (1), Hu B cucteme (11) 1t paccMOTPEHHBIX paHee 3HAYCHHUH IMapamMeTpoB.

Puc. 7. a — 3aBucumocts nokasareneii Jlsmynosa cucreMsl (11) ot mapamerpa v mist Y = 0.5. b—-h — ATTpakTops!
cucremsl (11) ma y = 0.5: v = 2.2 (b); 1.6 (¢); 1.4 (d); 1.36 (e); 1.34 (f); 1.3 (g); 1.2 (h)

Fig. 7. a — Graphs of Lyapunov exponents of the model (11) on the parameter v at y = 0.5. b—h — Attractors of the
model (11) at y = 0.5: v = 2.2 (b); 1.6 (¢); 1.4 (d); 1.36 (e); 1.34 (f); 1.3 (g); 1.2 (h)
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Puc. 8. IIpoekuust aTTpakTOpPOB Ha IUIOCKOCTH (T, Y) M CEYCHHs MX 0acCEHHOB MPHUTSHKEHMS IJIOCKOCTBIO 2o = const
cucremsl (11), y = 0.5: v = 2.2 (a), v = 1.4 (b). bacceiinbl npuTsxeHus nonoxenuil papHosecust SP, n SP; okpareHs!
B CUHMI LIBET, a MOJOKEHUI paBHOBECUS SP;r u SPgL — B 3eJIeHsbli, npenensHoro nukia CL; — B romy6oi, a CL;r —B
KpacHblii (1BeT online)

Fig. 8. Projection of the attractors on a (z, y) plane and sections of their basins of attraction by the zp = const plane
plotted for the model (11), vy = 0.5: v = 2.2 (a), v = 1.4 (b). The basins of SP, and SP_ are colored blue, the basins of
SP; and SP{" are colored green, the basin of CL3 is colored light blue and the basin of CLZ is colored red (color online)

Ha puc. 8, b mpencrapnensl 6accelHbl g cirydas v = 1.5, korma B ¢pa30BOM MPOCTPAHCTBE
COCYLIECTBYIOT CHMMETPHYHO PACIIOI0KEHHBIE Maphl, COCTOAIME U3 npeaenbHoro nuukna CLy (uim
CL;) Y HaXOJAIIETOCS BHYTPH HEr0 yCTOMYMBOTO MOJNIOKEHUS paBHOBeCcHs SP; (nmu SP;) (puc. 7, d).
W3 puc. 8, b BumHO, 4T0 OacceliHbl MPUTSIHKEHHUS NONOKEHUH paBHOBecus SP; u SP;L NPEeACTaBISIIOT
coboif, kKak u B cilyuae nonoxenuil pasnosecust SP, u SPJ, mabmonaempix mpu y = 0.78 (cm.
puc. 6, a), OKPYXKHOCTb JOBOJIBHO OOJIBIIOIO pajuyca, pa3AeieHHyI0 Ha ABE€ YaCTH MHOT000pa3usIMu
HEYCTOMUYMBOTO IOJIOKEHUSI PAaBHOBECHUS, PACIIOJIOKEHHOTO B Hadaje koopauHar. C pocToM zp Kak
CHApY’KH, TaK U BHYTPU OKPYKHOCTH TOSIBJISIFOTCS] HOBBIE 00JIaCTH, MIPEACTABIIONINE co00i1 OacceliHb
NPUTSDKCHUS] CAMMETPHUYHOTO aTTpakTopa (MOJI0KEHHS PABHOBECHS).
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Teneps paccMoTpuM OacceiHbl IPUTSHKEHUS NPEAEIbHBIX IUKIOB CL3 1 CL;{. Hx ycTpoicTBO 1
TpaHchopManys UACHTHYHBI TEM, YTO HAOIIONAINCh 171 TpeenbHbIX HUkaI0B CLy n CL; gy = 0.78
(cM. puc. 6, b). OnHako, B OLINYKE OT YKa3aHHOTO ciIydas OacceiHbl MPUTSKEHUS MPeAeIbHbIX UKIOB
CL; u CL;)L CYILECTBYIOT IIPH CKOJIb YTOJHO MaJlblX 3HAYEHUIX zg, @ UX TpaHchopManus IPOUCXOAUT
obicTpee. Taxoke OacceiiHbl IPUTSKEHUS HpeenbHbIX nukios CLy u CL; BCEIJa PACIIONIOKEHBI BHYTPU
LEHTPAIBHBIX 0aCCEHHOB MPUTSKEHMS TONOKEHUI paBHOBecus SP; u SP;‘.

OtMmeTuM, 4TO, KaKk U B mpeapiaymeM ciaydae (Y = 0.78), 6acceiHbl NPUTSHKEHHS TPeAeIbHBIX
mukinoB CLy u CL:, naGmonaeMbIX NpU TeX 3HAYCHMSX Tapamerpa v, korna B cucreme (11) Her
MYJIBTUCTa0MIIBHOCTH, HanpuMep npu v = 1.6 (cM. puc. 7, ¢), uIeHTHYHBI OacceiiHaM NPUTSHKCHHUS,
MIpeCTaBIeHHBIM Ha puC. 8, a. bacceiHpl MPUTHKEHUS UISI BCEX OCTAIBHBIX PEXXHMMOB, B CIIyJasix
KOT1a MYJIBTUCTA0UIBHOCTB €CTh (CM. puc. 7, d—g), NICHTUYHBI OacceliHaM MPUTSKEHUs], IPEACTaBIICH-
HBIM Ha puc. 8, b. A GacceliHbl IPUTSKEHUS JUI yCTOMYMBBIX MONIOKEHUI paBHOBecHs SP; u SPg|r
(cM. puc. 7, h) Ka4eCTBEHHO WACHTHYHBI TE€M, YTO HAOIIOAAIUCH sl YCTOMYMBBIX MOJIOKEHUH paBHO-
Becus SP; u SPQL, cuctemsl (11) g y = 0.78 (cm. puc. 6, a) ¢ TEM JHUIIb OTIIMYHEM, YTO B TaHHOM
ciryyae TpaHchopManysa 0acceliHOB IPOUCXOAUT ObICTpee, a UX pa3Mep pacTeT MeIJICHHEeE.

Takum obpazom, cuctema (11) mpu y = 0.5 AeMOHCTpPUPYET AUHAMUKY, HACHTUYHYIO TOH, YTO
HaOromanack B Heid ke s ¥ = (.78, ¢ TeM JWIMIb OTIANYNEM, YTO OACCEHHBI MPUTHKCHUS YCTOWIMBBIX
MOJIOKEHHUI paBHOBECHS UMEIOT Apyroe ycrpoiictBo. [Ipu atom nunamuka cucrems! (11) mpu y = 0.5
aHAJIOTWYHA JUHAMUKe Mojenu PabuHoBnua—dabpukanTa (1) 3a HCKITIOUEHUEM yCTPOUCTBA OacCeHOB
MPUTSKEHUS aTTpakTopoB [20].

4.4. Ciry4yaii He0OJBIINX 3HAYEHUT TapaMeTpa y. U, HakoHell, pacCMOTpUM cllydail HeOOIb-
mux 3HadeHuit mapamerpa y: ¥ = 0.2 u y = 0.1. OT™MeTum, 9TO TaK ke, Kak B Mojenyu PabuHoBrnya—
®dab6pukanta (1), B cucteme (11) Ha kapTe AMHAMUYECKUX PEKUMOB B 3TOH 00JacTH OymyT HaOIfO-
JATBCS IBE CTPYKTYPHI, OTBEUAIOIINE CYIIIECTBOBAHUIO PA3HBIX THIIOB MPENCIbHBIX IUKIOB (CPaBHUM
puc. 2, a u puc. 2, c). llpaBast cTpykTypa OoTBe4aeT TOMY, YTO CYIIECTBYIONIHE MPH OONBIINX 3HAYCHUAX
napaMeTpa v yCTOMYHMBBIE HOJIOXKEHHsI paBHOBeCHs SPy 1 SPg (puc. 9, a) pu ero yMeHbIIEHUU B
pe3ynbrare, Kak mokakeM najee, oudypkanmn AHapoHOBa—XO0I(ha CTAHOBATCS HEYCTOHYHBBIMU U B
CHCTEME POXKJIarTCs npenenbuble nukiabl CL, u CLZr (puc. 9, b). Ilpu nanpHeiilieM yMEHbIIICHUN
rmapameTpa v IPOUCXOIUT TIEPEXO K Xa0Cy dYepe3 MOCIeI0BaTeIbHOCTD OUdypKamii yABOSHUS epronia
(puc. 9, c—e). IIpu 3TOM GacceitHbl MPUTSHKEHUST HAOIOaeMbIX aTTPAKTOPOB IMOJHOCTHIO HIICHTUYHBI
TeM, 4To Habmoganuck B cucreme (11) ms nonoxennii papHoBecus SP; u SPI (puc. 8, a) mst vy = 0.5.

Puc. 9. Arrpaxrops! cuctemsl (11) misa y = 0.2: v = 2.3 (a); 1.6 (b); 1.55 (c); 1.543 (d); 1.53 (e) mw s v = 0.1:
v=1.6(f); 1.4 (g); 1.31 (h); 1.29 (i); 1.2 (j)

Fig. 9. Attractors of the model (11) at y = 0.2: 2.3 a; 1.6 (b); 1.55 (¢); 1.543 (d); 1.53 (¢) and at y = 0.1: v = 1.6 (f);
1.4 (g); 1.31 (h); 1.29 (i); 1.2 ())
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Puc. 10. Cedyenust 6acceiiHoB mpuTsbkeHnst cuctemsl (11) mmockocteio zg = const. Y = 0.1 u v = 1.4. Bacceiin
npuTsKeHus npezaensHoro nukna CL7 okpameH B cepblii BT, a npenenbHbiX MukiIoB CLg u CL8+ — B roy0oi u
KpacHBIH, COOTBETCTBEHHO (IIBeT online)

Fig. 10. Sections of the basins of the attractors by the zo = const plane plotted for the model (11), y = 0.1 and v = 1.4.
The basin of CL7 is colored grey, the basin of CLy is colored light blue and the basin of CLy is colored red (color
online)

Bropas (;1eBast) cTpyKTypa OTBE4aeT TOMY, YTO CHadana B pa30BOM HpOCTpaHCTBe cucTteMsl (11)
HaOIoaeTca He Tapa CHMMETPHUYIHO PaCIONIOKEHHBIX MPeIeTbHBIX ITUKIIOB, 8 OJWH CHMMETPHUYHBII
npenensHelid KT CL7, KOTOPBIM NpH 3aMeHe MEepPeMEHHBIX £ Ha —T M Yy Ha —Y HEPEXOAMUT caM B
ceds (puc. 9, f). Ilpu yMeHbIIIEHHN TTapaMeTpa vV BHYTPH ATOTO IHUKJIA BO3HUKAET Mapa CUMMETPUIHO
PACIONOKEHHBIX MPENeIbHbIX HUKIOB CLg u CLg, cocymiectBytomux ¢ nukiom CL7 (puc. 9, g).
[Ipu stom mukn CL; coxpansieT cBoro cuMmMmeTpuio. llpy mampHeiimeM yMeHBIICHHH MapaMmerpa v
npeaenbHbli Uk CL7 TepseT cUMMETPHIO M IEMOHCTPUPYET MEPEX0Jl K Xaocy yepe3 MocIeoBaTellb-
HOCTh Oudypkanmii yasoenus nepuoaa (puc. 9, ). OMHOBPEMEHHO C 3TUM COCYIISCTBYIOIIUE C HUM
npenenbubie wukiabl CLy 1 CL§ yMeHbIIAOTCS B pasMepe U MCYE3AIOT, a BMECTO HUX POXKIAETCS
napa CUMMETPHYHO PACIOIOKEHHBIX yCTOMYMBBIX IOJIOKEHUM paBHOBecust SP, u SP;r (puc. 9, i).
W HakoHel, XaOTUYECKUIl aTTpaKTop Mcue3aeT U B (pazoBoM mpocTpaHcTBe cuctemsl (11) Habmonarorcst
JIMIIb YCTOMYMBBIE MOJNOKEHUS paBHOBeCHs SP; u SP;r (eMm. puc. 9, j).

Takxum oOpazom, aAuHaMuKa cuctemsl (11) mpu HeOONMBIINX 3HAYCHHUS TapaMeTpa Y UISHTUIHA
IuHaMuke Mozaenu PabunoBnuya—®abpukanTa (1) mis Tex ke 3HaueHUi mapamerpa. A BOT Oacceli-
HBI TIPUTSDKEHUST aTTPaKTOPOB OYyAyT CYIIECTBEHHO OTiM4YaThes. B cimydae xorma B cucteme (11) Her
MYJIBTUCTaOMIBHOCTH (CM. pHC. 9, a—f, j) GacceiHbl MPUTSHKEHNS WASHTHYHBI (KaK Ka4eCTBEHHO, TaK U
KOJIMYECTBEHHO) OacceiiHaM NPUTSKEHUs yCTOWUMBBIX NOJI0KEHUI paBHOBecHs SP, n SPI gy = 0.5
(cM. puc. 8, a). A xoraa B cucteme (11) MyIBTHCTaOMIBHOCTD TIPUCYTCTBYET (CM. pHC. 9, g—i) OaccelHbI
NPUTSDKeHNS OyayT UMETh BU, TpeAcTaBiIeHHbIN Ha puc. 10. 3necs 6acceifH NpUTSHKEHHS MPeaebHOTO
nukia CL7 okpallleH B Cepblif IBET U UISHTUYEH TOMY, YTO HAOIIONaJCs B CIydae OTCYTCTBHS MYJIb-
TUCTaOMIBHOCTH. A OaCCEHHBI IPUTHKEHHS NPEAeIbHbIX HUKIOB CLg 1 CL; MIPEJICTABIISIOT co00it
OKPYXHOCTH U «OCTPOBa», PACHONIOXKEHHBIE BHYTPU OacceiiHa NpuTsHKeHus npenenpHoro nukia CLy.

4.5. budypkanuoHHbI aHAJIH3 00001IeHHOI cucTeMbl. B 3akmoueHue mis cucteMsl (11)
OB IPOBE/ICH YMCIICHHBIN MOUCK OM(YPKAIMOHHBIX JIUHUH JIs MOJIOKESHUH PAaBHOBECHS U MPEICib-
HBIX ITUKJIOB IEpUOIa OUH ¢ TOMOIIBIo mporpaMmbl MatCont. CooTBeTCTBYIOMIas OndypKrarmoHHas
JyarpamMma npejacTtapiieHa Ha puc. 11. OHa XopoIIo coriacyeTcsl ¢ KapTol JUHAMUYECKUX PEXUMOB,
MIPEACTaBICHHOM Ha puc. 2, ¢, TOATBEPXK/as ee CTPYKTYpy M Oosee moapoOHO omrchiBas HalmonaemMble
B CHCTEME BapUaHThl MYJIBTUCTAOMILHOCTH. Takke ¢ €€ TIOMOIIBI0 MOYXKHO OIPENeTUTh o0Iee KOTH-
YECTBO YCTOWYMBEIX TOJIOKEHUI PaBHOBECHS M MPENEIbHBIX IIUKJIOB TIEPHOAA OJUH, BOZHUKAIOIINX B
paccMaTpuBaeMoi cUCTEME.

OTtMmeTuM, 4YTO BO MHOroM OudypkanuoHHas KaptuHa cuctembl (11) Ha mockocTu
(v,Yy) moX0oXKa Ha Ty, 4TO UMelia MecTo s Mozaenu Pabunosnua—®adpukanta (1) [20]. Tak, Bo-TiepBbIX,
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Puc. 11. Budypkanponnsie tuHun U To4kd cuctemsl (11) Ha urockoctu (v,v) wis p = 0.9 u ¢ = 0.1. SN — cemio-
y3n0Bas Oudypkanus HemoaBXHOM Touku, SNC — cemno-y3ioBas Oudypkauus npeaeiabHbIX IUKIOB, Hi — mpsamas
oudypkanus AnaponoBa—Xomda, Ho — obparnas Oudypranus ArnpoHoBa—Xonda, PD — Oudypkanus yaBoeHus
nepuona npenenbHbix nukinoB, GSNC — jkecTkasi kacaresnpHas Oudypkauus mpeienbHbIX HUKIoB, NS — oOpaTHas
oudyprkanus Helimapka—Caxepa, GH — o06o0menHas Touka oudypkammm Aaaponosa—Xomda, GPD — o6o0menHas
Touka Oudypkanuu ynBoeHus nepuona, ZH — Touka nepecedeHus JIMHU KacaTelnbHOH OnypKanuy HEMOABIDKHONW TOUKH
u gunuK Oudypkaunu Angponosa—Xomda (touka Oudypkamun Zero—Hopf), Rl — pesonanc 1:1, R2 — pe3onanc

1:2, BT — Touka 6udypkaunu bornanoa—Takenca. [TyHkTupoM 0603HaueHBI OH(ypKAIIHOHHBIC JIMHUH, OTBEYAOIIIE
HEYCTOWYUBBIM peXHMaM

Fig. 11. Bifurcations lines and points of the general model (11) on the (v,y) parameter plane, p = 0.9 and ¢ = 0.1. SN is
saddle-node bifurcation of the stable point, SNC is saddle-node bifurcation of the limit cycle, H; is direct Hopf bifurcation,
Ha is inverse Hopf bifurcation, PD is period doubling bifurcation of the limit cycle, GSNC is hard saddle-node bifurcation
of the limit cycle, NS is inverse Neimark—Saker bifurcation, GH is generalized Hopf bifurcation point, GPD is generalized
period doubling bifurcation point, ZH is Zero—Hopf bifurcation point, R1 is resonance 1:1, R2 is resonance 1:2, BT is
Bogdanov-Takens bifurcation point. The bifurcation lines corresponded unstable regimes are indicated by dotted lines

IIpU ABM)KEHUU MO MJIOCKOCTH CIIpaBa HaJIEBO CHadana Ha JUHUM SN B pe3ylbTaTe Cenio-y3I0BOH
OudypKauK poXKIAIOTCS yCTOWYMBOE U HEYCTOMYMBOE MOJIOKEHHE paBHOBecHs . Jlanee ycToiunBoe
MOJIOKEHUE PABHOBECHSI CTAHOBHUTHCS HEYCTOHYMBEIM Ha uHUK Hp, B pe3ynbrare oudypkanuu AHm-
poroBa—Xortga. [Ipu 3TOM B cucTeMe pokaaeTcsl yCTONUNBEIN MPEAeTbHBIN UK, IEPHOI KOTOPOTO
yaBanBaeTcsl Ha TWHUU Oudypkanwum yasoenws mepuoga PD (puc. 11). Kak criegyer u3 Buga KapTsl
TUHAMHYCCKUX PEKHMOB (CM. puc. 2, ¢), majee OyIeT UMeTh MECTO Kackajn OudypKaruil yaBoCHUS
Iepruoaa, B pe3yasrare KoToporo B cucreme (11) BO3HHKaeT XaOTHUECKUH aTTpakTop. OTO COBIIAAAET
C TeM, 4TO Halmoganock B Moaenu Pabunonya—®dabpukanTa (1) B Toli ke 001acTu MpoCTpaHCTBA
apaMeTpoB.

Bo-BTOpBIX, NP ABMXCHHUH TI0 TUIOCKOCTH ITapaMeTpoB (V,Y) ClieBa HAmpaBo B 00MacTH y <
< 0.94 na nuanu Ha B pesynbrare oOparHOi Oudypkamun AHIpoHOBa—Xomnda poXIaloTcs yCTOHINBOE
IIOJIOXKEHUE PABHOBECUS M HEYCTOMYMBBIM NpeAesbHbId HUKI. II0TOM 3TO ycTOHYMBOE MOJIOXKEHUE

4HaHOMI/IHaeM, YTO BCC IOJIOKXCHHUS PAaBHOBECHUSA U LUKIIBI B CUCTEME (11) POXKIAAIOTCA CUMMETPHUYHBIMU ITapaMu.
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PaBHOBECHUS CTaHET HEYCTOMUYMBHIM Ha JIMHHUU H'1 B pe3ynbTare npsMoil oudypkanun AHIPOHOBA—
Xora, a B cucTeMe BO3HUKHET YCTOWUYHMBBIN MPEeTbHBIA UK, KOTOPBI NCYE3HET B PE3yJbTare Celio-
y3JI0BOH OH(ypKaluy NpenebHbBIX HUKIOB Ha TUuHIH SNC, CIMBIIMCH C HEYCTOWYHMBBIM MPEIeIbHBIM
IIUKJIOM, POMUBIIIAMCS B pe3yibTare o0parHoi oudypkarm ArmpoHoBa—Xonda Ha muauu Ho (puc. 11).
IIpu 3TOM, Tak Kak JIUHUU H/1 u SNC, B onpezesieHHOH 001aCTH MPOCTPAHCTBA apaMeTPOB HAXOAATCS
Mexnay nuausMua PD u Hj, to B cucteme (11) BO3MOXHO HECKOIBKO THIIOB MYJIBTHCTaOWIBHOCTH,
KOTJ]a YCTOWYHMBBIN MPEIEeTbHBIA UK C Pa3HBIMH NEPUOAAMU MM Xa0C COCYIIECTBYET C YCTOWYHBBIM
MOJIO)KEHUEM PAaBHOBECHS MM C YCTOMYUBBIM TIPEIIbHBIM IIUKIIOM TTEPHOJa OMH.

B-TpeTbux, npu ABMKEHHH 110 IIOCKOCTH MapamMeTpoB (V,Y) clipaBa HajeBo B obmactu ¥ < 0.3
v < 2.0 va muauu SNC’ B pesynsTare cemio-y3noBoi 6udypKayu IpeaeabHbIX IUKIOB POXKIAKTCS
YCTOWYMBBIA U HEYCTOWYMBBIN MPEAeTbHBIC ITUKIIBI, IEPEXOIAIIne B ceOs Ipu 3aMeHe IepeMEHHbBIX T Ha
—z uyua —y (cm. puc. 9, f). anee na muauu PD’ nepros ycToiunBoro mukia yasourcs (cM. puc. 11)
U B JaJbHEHIeM, KaK CIeAyeT U3 BUa KapThl AHHAMHYECKUX PEXKUMOB (pHC. 2, ¢) OyIeT UMeTh MECTO
Kackana Oudypxamuii yiBoeHus nepuona, B pesyisrare koroporo B cucreme (11) Bozaukaet xaoc. Ilpu
s1oM, Tak Kak juand H) 1 SNC nepecekaror o61acTh CyIecTBOBaHMs YKa3aHHOTO LUKJIA, TO B paccMar-
pHUBaeMoii cucTeMe BO3MOKHA MYJIBTHCTa0MIBHOCTD, KOTIa B (Pa30BOM MIPOCTPAHCTBE COCYILIECTBYIOT
YCTOWYMBBIN MPENeTbHBIA UK, IEPEXOAAIINil B ce0s MpH 3aMeHe TIePEeMEHHbIX, 1 CHMMETPHYHas mapa
YCTOMUYMBBIX MPEICIbHBIX IIUKIOB MEprUoaa ofuH (CM. puc. 9, g).

Taxum obpazom, B cucteme (11) HabIrOMArOTCA CIEAYIONINE aTTPAKTOPHI: B Taphl YCTONYMUBBIX
MTOJIOKEHUH PaBHOBECHS U JBE Mapbl yCTONYMBHIX MPEACIbHBIX IUKIIOB, BOSHUKAIOIIUX B PE3yJbTaTe
pasHBIX OMQypKauid, ¥ CAMMETPUYHEIN MTPENeTbHBIN UK. A TpeACTaBICHHOE Ha puc. 11 J0BOIBHO
CJI0HOE pacIoyiokeHHe OM(YpPKAIMOHHBIX JIMHUA NMPHUBOAUT K OOJIBIIOMY YUCITY KOMOWHAIIUH HX
B3aMMHOTO COCYIIECTBOBAHMS.

Onnako B OudypkannoHHOH KapThHE cUcTeMbI (11) ecTh u psan ommnuuii ot cuctemsl (1). Tak,
B cucreMe (11) HaOmomatoTcsi 1Be HOBbIe OM(ypKAaOHHBIE JTUHHH, KOTOPHIX HE OBUIO B MOZAEIH
PabunoBnya—®adpuxanra (1) [20]. Ito mmaus GSNC, Ha KOTOPOH UMEET MECTO JKECTKas KacaTellbHas
Ooudypkanus npeaenbHBIX TUKIOB, W JUHUA NS, Ha KOTOpoil mmeeT Mecto oOparHast Oudypkanus
Heiimapka—Cakepa, KOTOpasi OrpaHHYHMBAET Ha IIOCKOCTH MapameTpoB (V,?y) 00IacTh CyIeCTBOBAHHS
MIEPUOINIECKUX PEKUMOB U Xaoca ciiea. Taxke B cucteme (11) mosBuIIoCh HECKOIBKO OH(YpPKaIMOHHBIX
TOYEK KopasMepHocTH ABa. J1o Touku GPD mpencrasmnstomas co6oii 0000mmeHHy0 TouKy oudypkrammn
yaBoeHwus nepuona, ZH — Touka mepecedeHus IMHU KacaTeNbHON OM(ypKaIluy HEMOBUKHONW TOUKH
u nmuHuu Oudypkannn ArnponoBa—Xornda (Touka oudypxannu Zero—Hopf), R1 n R2 orpeuatomiue
pe3onadcam 1: 1 u 1 : 2, COOTBETCTBEHHO.

Eme onxo omnune 6udyprxanmoHHON KapTHHBI cucTeMsl (11) oT ToM, 4To MMena MecTo B MOZETH
PabunoBnua—®abpukanta (1), cocTout B ToM, 4T0 B Mojaenn PabuHoBmya—®dadbpukanrta (1) OpuI0
nBe Touku GH (06o6menHast Touka Oudypkaunn AHapoHoBa—Xomda). B mepBoil cxonwimcey TMHAN
npsiMoit Ondypkamuu Aaaponosa—Xorda, odparHoit Oudypkanus AHnpoHOoBa—Xormda u CEI0-y3I0BOH
Oudypkauus npeaeIbHbIX HUKIOB, a BO BTOPOH — JIBEe JIMHUH NMPIMON Ondypkauus AHApoHOBa—Xomda
u 1Be muHuN oOpartHoil oudypkannu AunporoBa—Xomnda [20]. B cucreme (11) 3TH ABE TOUKH CIITUCH,
1 Haburonaercs ik oaHa Touka GH, K KOTOpo# cXomsTest ATk IMHMIA: aBe nuand Hy, muaus H) (Bce
OTBEYAIOT MpsiMOH Ondyprannu Auaponoa—Xorda), muaust Hy (oOparHas 6udypranns AHAPOHOBA—
Xonda) u muanst SNC (cenno-y3nosas Oudypkanus npenenbHbIX TUKIOB) (cM. puc. 11).

3akJoueHue

B pabore B pamkax dopmanusma Jlarpanxka pacCMOTPEHO TPEXMOIOBOE B3aUMOJCHCTBHE B MPH-
CYTCTBUH KyOW4eCKOH HEMHEHHOCTH 00IIero Bujaa. brita 3amicaHa HCXoAHas CHCTEMa, COCTOSIIAS U3
TPEX OCLWIISATOPOB, /Ul KOTOPOI aHaJIUTHYECKH, UCTIONB3YS METO/ MEUIEHHO MEHSIOLINXCA aMIUTUTY/,
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ObLa MoJyueHa TpeXMEpHas CHCTeMa, MpelCcTaBistonias codoii 0000ienne Monenu PabuHoBuua—
dabpukaHTa Ha pacCMaTPUBAEMBIN CITydaii.

JuHaMuKa NOIy4YEHHON CHCTEMBI MCCIIEI0BaHa YHCIEHHO € MIOMOLIBI0 METOJOB TEOPUU AUHAMU-
4eCKOoro xaoca. /[yt Hee MOCTPOEHBI KapThl JUHAMHYECKUX PEKUMOB KaK Ha MJIOCKOCTH NapaMeTpoB,
MPEACTABISIIOMINX co00H KOG PUIMEHTH! AUCCUNIALINY, TaK U Ha TJIOCKOCTH NapaMeTPOB, XapaKTepu3y-
IOIMX HEIMHEHHOE B3aUMOJCHCTBHE MEXAY OCLUIIATOPAMHU B CUCTEME; 3aBUCUMOCTH TOKa3aremneit
JlamyHOBa OT mapameTpa, aTTPaKkTOpbl M X OacceiHbl MpuTsbKeHus. HalieHs!l ocHOBHBIE OM(ypKanun
MOJIOKEHUI PABHOBECHS U MPEIAEIbHBIX LUKIOB IIEPUOAA OAVH. BBUIO IPOBENEHO COMOCTABIEHUE C
Mozenpio PabnHoBrua—®dabprkanTa: yKa3aHbl 3HAUYSHHS apaMeTPOB HEJIMHEWHOTO B3aWMOJEHCTBHA,
IIpY KOTOPBIX YPAaBHEHHUSI OJYYEHHONU CUCTEMBI IIOJTHOCTHIO COBNAAAOT C YPABHEHUSIMU ISl MOZIEIN
PabunoBuua—®abpukanTa; a Takxe, B CIydae KOIIa yPaBHEHUS HE COBIIAAAOT, YKa3aHbl OOJIACTH B
MIPOCTPAHCTBE NAapPaMEeTPOB, JUIsl KOTOPBIX JUHAMMKA NOIYyYEHHONH MOJEIH MOTHOCTBIO WIIM YaCTHYHO
WIEHTUYHA TUHaMuKke Moaenu PabuHoBuda—®abpukanTa.

HccenenoBanne nokasano, 4TO YCTPOMCTBO INIOCKOCTHU IAPaMETPOB, XaPaKTEPU3YIOIIUX HEIUHEN-
HOE B3aUMOJIEIICTBHE MEXTY OCHHMIUIATOPAMH, HE 3aBHCHT OT ITapaMETPOB, MPEACTABISIONNX cO00it
K03 HUIHEHTH! AUCCHUITAINH, a ONIPEAEIIAETCS COOTHOLICHHEM MEXKAY CAaMUMH TTapaMeTpaMH HeTMHEHHO-
CTU. A BOT yCTPOMCTBO INIOCKOCTH NapaMETPOB, MPEICTABIAIOINX c000H K03(GHUIUEHTH! AUCCUIIALINH,
CYILECTBEHHBIM 00pa30M 3aBHCHUT OT IIapaMEeTPOB HEJIMHEHHOro B3auMozaeicTBus. Tak, eciiu mapamerp
g = 0, To JMHaMUKa paccMaTpPUBaeMOW CHUCTEMBbl UACHTUYHA AMHAMHUKe Monenu Pabunosuua—dPao-
PHKaHTa, XOTd UX YpaBHEHMs U He coBnaaaroT. IIpu 3ToM paccMmarpuBaeMas MOJENb IIPEBPAILAETCS B
Mozeib Pabunosuya—®Pabpukanra npu p = 1 u ¢ = 0.

B obmactu p + 3¢ > 0, 3p + ¢ > 0 u ¢ > 0 TuHAMHKa paccMaTpUBAEMON CHCTEMBI KaueCTBEHHO
MaKCHMAaJbHO ITOX0Xa Ha JUHAMHKY Moaenn PaduHoBmua—®abprkaHTa, XOTS M JEMOHCTPHUPYET Pl
OTIMYMHN: yBEeJIMUEHHE 001aCTH MYJIBTUCTAaOMIBHOCTH, IOSBIEHHE HOBBIX OM(YypPKAIlMOHHBIX JTUHUN U
TOYCK KOPa3MEPHOCTH /Ba, U T. I. Bo Bcex ocTanbHBIX 00acTsIX AMHAMUKA PacCMaTpUBAEMOM CHCTEMBI
CYIIECTBEHHO OTJIMYAETCs OT TUHAMUKU Mozaein PaduHoBrua—®adpukanTa BIUIOTH O HCUE3HOBEHUS
HEKOTOPBIX CTPYKTYpP WM IOSIBICHUS HOBBIX.
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HoBblii J1arpankeB B3IJIsI] HA IBOJIOLUI0O 3aBUXPEHHOCTH
B JIBYXMEPHBIX TE€YEHHUSIX KUKOCTH M ra3a
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Annomayusn. Llenv MiccIenOBaHUS COCTOUT B IOMYYSHUH (HOPMYIT AJISI TAKOH CKOPOCTH BOOOpa)kaeMBIX YACTHII, YTO IHP-
KyJISIIUST CKOPOCTH (peabHOMN) JKUIKOCTH I10 JII0OOMY KOHTYPY, COCTOSIIIEMY M3 3THX BOOOpa)kaeMbIX YaCTHII, H3MEHIETCs
(B mporecce IBIKEHUs BOOOpakaeMbIX YaCTHIY) 110 33/JaHHOMY BpeMEHHOMY 3aKkoHy. ([lo HacTosIero BpeMeHy ObIIN M3BECTHBI
TOJIBKO TaKHe CKOPOCTH BOOOPaKaeMBIX YaCTHIL, IIPH KOTOPBIX YIIOMSHYTasl UPKYJISILUS B IIPOLIECCE JIBIDKSHHS OCTaBajlach
HEM3MeHHOH). Memoo. be3 ucnonb30BaHus aCHMITOTHYECKUX, YACICHHBIX U APYTUX HPHOIIKEHHBIX METOIOB ITPOBOJUTCS
CTPOTUH aHaJIN3 TUHAMHYECKOTO YPaBHEHUS JBIDKEHMs (Te€deHus) JItoOOH HempepbIBHOW TeKyueil cpeabl, OT uaeaabHOH
KUIKOCTH JI0 BS3KOTO ra3a. PaccMoTpeHs! IockonapaiienbHble i He3aKpydeHHbIe 0CeCUMMETpUYHbIe TeueHus. Mcnonb3yercs
IPE/ICTaBICHUE O IBIKCHUU BOOOpaXKaeMbIX YacTUll, OCHOBaHHOe Ha Kpurepuu K. 30paBcKoro (KOTOphIii Takke Ha3bIBaeTCsA
Teopemoii A. A. @punmana). Pesyromamol. TIpemniokeHbl GOPMYIBI IJIsi CKOPOCTH BOOOPaXKaeMbIX YacThIl. B 3T hopmyiisl
BXOIAIT MapameTpsl (peajbHOro) TEeUEHHs, UX MPOCTPAHCTBEHHBIE MIPOU3BO/IHBIC U (YHKIHS BPEMEHH, ONpPEACIIIONas 3aKoH
M3MEHEHHS BO BPEMEHH LIUPKYIALMU CKOPOCTH (peasbHON) )KUIKOCTU MO KOHTYpaM, ABIXKYILIMMCSA BMECTE C BOOOpakaeMbIMU
yactuuamu. Kpome Toro okasanocs, 4To npH 3aaHHON QYHKIMH BpeMeHH (M, Kak CJIeCTBUE, IIPU 33/JaHHOM 3aKOHE M3MEHECHHS
LUPKYJIALHUN 0 BPEMEHH) CKOPOCTh BOOOPakaeMBIX YAaCTHUII ONPEAENAETCS] HEOAHO3HAUHO. B pesynbrare mpeasoxeH crnocod
MEHSATh CKOPOCTh M HAalpaBJIeHNE ABIKEHHUSI BOOOPa)KaeMbIX YaCTHIl B HEKOTOPOM JAMANa30He MPH COXPAHEHNH BBIOPAaHHOTO
3aKOHA M3MEHEHHUs LUPKYISAIUH BO BpeMeHH. J{71s BSI3KOH HECHKHMMAEMOI! )KHUAKOCTH MPeIOKeHbI (GOPMYIIbI, B KOTOpPBIE HE BXO-
IAT JaBJIE€HUE U €T0 Mpou3BoaHbIe. 3axnouenue. IIpennoxena HOBas JarpaHkKeBa TOUKA 3PEHHUS HA SBOIIOLHIO 3aBUXPEHHOCTH
B JIByXMEPHBIX TEUCHUSIX >KUAKOCTEl Bcex THIOB. [lomydens! hopMyITsl AsI CKOPOCTH TAKOTO MEPEMEIEHUs] KOHTYPOB, IPH
KOTOPOM LUPKYISIIUST CKOPOCTH (peabHON) JKHIKOCTH TI0 JIF0OOMY KOHTYPY U3MEHSETCs MO 33JaHHOMY BPEMEHHOMY 3aKOHY.
OTOT TEOPETUIECKUH Pe3ynbTaT MOKHO HCIONIB30BaTh B BBIYUCINTEIBHONW THIPOJMHAMHKE [UIS OTPAHHUYCHUS KOIMNIECTBA
JOMEHOB IIPH HCIIOIB30BAaHUN OECCETOYHOTO METO[a pacdeTa TEUCHHH BSI3KOM HEC)KMMAeMOH JKHIKOCTH (METOona BSI3KUX
BUXPEBBIX JOMEHOB).

Knroueevie cnoea: ckopoCTb JABMKEHHS KOHTYPOB, LUPKYISILUS CKOPOCTH, CKOPOCTh BOOOpa)kaeMbIX YaCTHIL, KPUTEPH
3opaBckoro, Teopema dpuaMaHa, METO] BI3KUX BUXPEBBIX JOMEHOB.

Jna yumuposanus: Cusvix I 5. HoBbIi narpamkeB B3IV Ha HBOJIIONUIO 3aBUXPEHHOCTH B JIBYXMEPHBIX TEUCHHIX JKHIKO-
cru u ra3a // UsBectus By3os. [TH/. 2022. T. 30, Ne 1. C. 30-36. DOI: 10.18500/0869-6632-2022-30-1-30-36
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Abstract. Purpose of the study is to obtain formulas for such a speed of imaginary particles that the circulation of the speed of
a (real) fluid along any circuit consisting of these imaginary particles changes (in the process of motion of imaginary particles)
according to a given time law. (Until now, only those speeds of imaginary particles were known, at which the mentioned
circulation during the motion remained unchanged). Method. Without implementation of asymptotic, numerical and other
approximate methods, a rigorous analysis of the dynamic equation of motion (flow) of any continuous fluid medium, from an
ideal liquid to a viscous gas, is carried out. Plane-parallel and nonswirling axisymmetric flows are considered. The concept
of motion of imaginary particles is used, based on the K. Zoravsky criterion (which is also called A. A. Fridman’s theorem).
Results. Formulas for the speed of imaginary particles are proposed. These formulas include the parameters of the (real) flow,
their spatial derivatives and the function of time, which determines the law of the change in time of the (real fluid) velocity
circulation along the contours moving together with the imaginary particles. In addition, it turned out that for a given function
of time (and, as a consequence, for a given law of change in circulation with respect to time), the speed of imaginary particles
is determined ambiguously. As a result, a method is proposed to change the speed and direction of motion of imaginary
particles in a certain range (while maintaining the selected law of changes in circulation in time). For a viscous incompressible
fluid, formulas are proposed that do not include pressure and its derivatives. Conclusion. A new Lagrangian point of view on
the vorticity evolution in two-dimensional flows of fluids of all types is proposed. Formulas are obtained for the velocity of
such movement of contours, at which the real fluid velocity circulation along any contour changes according to a given time
law. This theoretical result can be used in computational fluid dynamics to limit the number of domains when using a gridless
method for calculating flows of a viscous incompressible fluid (the method of viscous vortex domains).

Keywords: velocity of contours motion, circulation of velocity, velocity of imaginary particles, Zoravsky criterion, Friedmann’s
theorem, method of viscous vortex domains.
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BBenenne

BecceTouHbIil MeTOA NHUCKPETHBIX BHXpeW (MPUMEHSAEMBIA ISl pacdeTa BUXPEBBIX TEUCHHH
HAcaTbHON HECKHMaeMOW >XUAKOCTH [1-3]) ObUT pacnpocTpaHeH Ha AByXMEpPHBIC TEUEHHUS BA3KOM
HEC)KMMAEeMOH KHUJIKOCTH MOCIIe TOSBICHUS U TaKUX TEUYSHUH aHAJIOTOB TeopeM [ enpMrombia o BUX-
psx [4,5]. B crarbsix [4,5] Oblin HaliieHB! CKOPOCTH (BOOOIIE TOBOPSI, HE COBIAIAIOIINE CO CKOPOCTHIO
XKHUAKOCTH) TaKOTO JBMKEHHSI KOHTYPOB, IPHU KOTOPOM HUPKYISIHS CKOPOCTH JKUIAKOCTU IO KOHTY-
pam ocraeTcsi MOCTOSTHHOM. J[J1s IByXMEpHBIX, TO €CTh JJIs IIOCKOIIApaILISIbHBIX U HE3aKPYYCHHBIX
0CECHMMETPHYHBIX TEYCHUU BA3KOW HECKUMAEMOW KUAKOCTH BBIPAKEHHS JJISi CKOPOCTH IepeHoca
KOHTYPOB MOKHO MPEJICTABUTH OAHOM 061mei popmyioit: U = V —v[Q x rotQ] /Q?, rne V — ckopocTh
KHUAKOCTH, 2 = rotV — 3aBUXPEHHOCTh, V — KHHEMaTHYECKUN KO3(PPHUIINEHT BAZKOCTH, X — 3HaK
BEKTOpHOTO Npou3BeneHs. C UCTIOIb30BaHUEM 3THUX CKOpPOCTel OBLI pa3paboTaH Tak Ha3bIBaeMBIil
METOJ] BA3KHX BUXpeBBIX JoMeHOB (BBJI) nns pacuera TeueHuil BA3KOH HECKHUMAaEMOM KUAKOCTH [6].
B nmayuno-momynspHoii hopme cyTh MeTona BB/I kpaTko u3inokeHa, HalmpuMep, BO BBEICHUH K cTarbe [7],
B KOTOPO# JTOKa3aHO cyllecTBoBaHHe ckopocTd U AJsi IPOCTPaHCTBEHHBIX TEUEHUH KUAKOCTH JII0O0TO
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tuna. OJHa U3 TPYIHOCTEH, KOTopas BO3HUKAET Mpu peanuzaiuu Metoga BB/, cocTout B «3apoxaeHum»
Ha Ka)XJIOM IIare 10 BpeMEHH HOBBIX BUXPEBBIX IOMEHOB, YTO TMPHBOAUT K HEOOXOMUMOCTH TPUMEHSTh
pa3IUYHbIE MTOAXOABI AJIs IepepacipeaesieHuss JOMEHOB U UX MHTEHCUBHOCTH C IIENIbI0 OTpaHUYEHUS
00IIIero KOJIMYecTBa TOMEHOB, Haxomsammxcs B obmactu tedeHus [8—10]. HecnoxHo 3aMeTHTh, 9TO
COXpaHEHUE IUPKYISLUUA CKOPOCTH KUIKOCTH MO KOHTYPY (COXpaHEHHUE MHTEHCUBHOCTH BHXPEBOTO
JIOMEHA), IBIXKYIIEMycst co ckopocThio U, He obs3atensHo st metoga BB/, Jloctarodno, 9To0BI OBLT
M3BECTEH 3aKOH M3MEHEHUS STOM IUPKYIALUU Bo BpeMeHH. [loaTomy ecnu HaiiTu Takyio ckopocts U,
MIPHU KOTOPOH MHTEHCUBHOCTH JOMEHA JOCTAaTOYHO OBICTPO CTPEMHUTCSI K HYJIO C POCTOM BPEMCHH,
HaJIMYUEM KakJ[0TO JOMEHa MOXHO OyJeT nmpeHeOpedb Mociie HEKOTOPOTo KOHEYHOTO YKCia IIaroB 1Mo
BpeMeHHU. B UTOTre KONMMUECTBO YIUTHIBAEMBIX JOMEHOB OYZIET OTPAaHUYCHO «ECTECTBEHHBIM 00pa3oMy).

Taxum 00pa3oM, BEIYKCIHTEIbHAS THAPOANHAMUKA [TOCTAaBUIIA TEPENl TEOPETUIECKON THIPOIN-
HaMHKOW 3a7jady: HAaWTH TaKyr CKOpocTh U, 4TOOBI MHTEHCHUBHOCTH JIOMEHA MEHSUIACh TI0 3apaHee
3a/1JaHHOMY BPEMEHHOMY 3aKkoHy. Llenb TaHHOM cTaTbu COCTOUT B MOUCKE BBIPAXKEHUS JJIS1 TAKON CKO-
pocTH uepe3 mapameTphl TEUSHUS, UX MPOU3BOJAHBIC U (IIPOU3BOJIBHO 3aJaHHBIN) 3aKOH W3MEHEHUS
MHTEHCUBHOCTH JOMEHOB BO BPEMEHU.

ITockonpKy HE UCKIIIOUEHA BO3MOXKHOCTH PACIPOCTPAHEHHSI METOAA TUCKPETHBIX BUXPEH U Ha
JIPYTHE TUIBI TSUCHUH, MTOUCK CKOPOCTH U TPOBOIUTCS TSI BCEX THITOB YKUAKOCTEH (OT WaealbHOMH
KUAKOCTH JI0 BSI3KOTO Ta3a). [Ipu 5TOM paccMaTpUBarOTCs TOJIBKO Takue obimact BuxpeBoro (Q # 0)
TEUEHUSI XKUIKOCTH, B KOTOPBIX BCE THAPOJMHAMUICCKIE TTapaMeTPhl U CKOpOCTh U MBaXKIIBI HETIPEPHIBHO
T pepeHIIpPyeMBbI IT0 TPOCTPAHCTBEHHBIM KOOPIWHATAM U BPEMEHH.

1. Kpurepnii 3opaBckoro

Crenyst [11-17], mnst GopMyIUpPOBKH YTBEPKICHUH OyIeM IOJIB30BATHCS MPEACTABICHUEM O
JBOKEHUHM BHYTPH JXKUIKOCTH BOOOPaXKaEMbIX YACTHIIL, IPEUIOKEHHBIM B [11].

IMycte mpoctpancTBeHHast obnacth (G pacnoiokeHa BHYTPH KHIKOCTH C TIOJIEM CKOPOCTH
V(z,y,z,t) u B Helt 310 moJe sBIsieTcs BUXpeBbIM (2 = rot V # () B TeueHHEe HEKOTOPOro OT-
KPBITOTO MPOMEKYTKa BpeMeHU. B obnactu G pacCMOTpPHUM TakkKe TeUueHHE BOOOPaKaeMOH JKHIIKOCTH,
YaCTHIBI KOTOPOM ABIKYTCs cO ckopocThio U(z, y, z, t). YacTHipl BooOpaXkaeMoil )KUIKOCTH HE B3au-
MOZICHCTBYIOT C YACTHLIAMH PeasibHOM JKUAKOCTH M HE BIMAIOT Ha ee JBIbkeHue. [lycts B obnactu G B
TEUCHHE WHTEPBaia BpeMeHH (f1,ty) 3aBUXPEHHOCTh PeaabHON KHAKOCTH {2 H CKOPOCTh BOOOpaxkaeMoii
xunkoctd U cBA3aHBI ypaBHEHHEM

%—g:+rot(QXU):0. (1)

B stom ciiydae u3 kpurepus 3opasckoro [18,19], koTopblit Takxke Ha3biBaeTcs TeopemMont @puamana [20],
CIIe/yeT, 4To B uHTEepBaje (t1,ts) OTPE3KH BUXPEBBIX JIMHUN U BUXPEBBIX TPYOOK MEPEMEIAIOTCS BMECTE
C YacTUIIaMHU BOOOpakaeMOW CPEeIbl, ABMKYIIUMHECS cO cKOpocThio U, a HHTEHCUBHOCTh BHXPEBBIX
TpyOok (mmpkymsiuust [T ckopoctn V 1o KOHTYpY, OIMH pa3 OMOSICHIBAIOLIETO TPYOKY) COXpaHSETCs
(o Tex mop, MoKa 3TH YACTUIBI HAXOAATCS BHYTpHU obnactu (7).

OTO cnencTBUe KpUTEpHs 30paBCKOTO OyAeT UCIOIb30BaHO HIIKE.

2. O6mmii cay4ail HempepbIBHON TeKky4eil cpeabl

JlMHaMHIYeCcKoe ypaBHEHHUE JIBIKCHHS HEIPEPBIBHOM TEKy4ell CPe/Ibl BCEraa MOKHO MPEACTABHT
B Buzie OV /0t + Q x V =F¢ — V(V?2/2), rie Fy — MI0THOCT pacmipesieieHns paBHOeiCTBYOMIEH
BCEX CHJI, IPHJIOKCHHBIX K XKUIKOCTH WIIM Ta3y, OTHECEHHas K ILIOTHOCTH XUIKOCTH Wi Ta3a. Jlaiee,
O[] XKUJKOCTBIO OyZeM IOHHUMAaTh KaK JKHIKOCTb, TaK M Ia3, UMes B BHIY, YTO JKHIKOCTH MOXKET
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ObITh CxuMaeMol. MHoTAa ynoOHO BBIAENUTH NMOTEHIHMAIBHYIO cocTaBisomyo Fo u npeacraBuTh
JUHAMUYECKOE YPaBHEHHUE B BUJIE

ovV

5 TQxV=F-V/, )

e f — HeKoTopoe cKanspHoe Tone (rpaaueHT V f BkmouaeT B cebs V (V?2/2)). Tak, Hanpumep, IHa-
Muyeckoe ypaBHeHHe HaBbe—CToKca [UIs BA3KOH HEC)KUMAEMOM JKUIKOCTH MIPEACTABISACTCS CIEAYIOLINM
obpazom:
2
N o axV_F- V[p+v+n], F = vrotQ, 3)
ot p 2
Ie p — JaBJIEHHUE, p — IJIOTHOCTH, I1 — moTeHnnan MacCoBBIX CHUIL
[MepeiiieM K PacCCMOTPEHHUIO JBYXMEpHbIX TeueHui. [lycth a(t) — mrobast rmaakast QpyHKIHs
BpeMenH t € (t1,ty), Vg — rpaaueHt mo6oii IBaKIbI HEPephIBHO AU(GepeHIPYeMOii 0 BpeMeHH
U mpocTpaHcTBy (yHKumu ¢. Ilpm mutockonapasiensHoM TedeHu Bektopel Vg, V f u F nexar B
IUIOCKOCTHU TEYEHUS, a IPH OCECUMMETPUYHOM — MMEIOT HYJIEBYIO OKPY>KHYIO COCTaBJISIOIIYIO.
Bocnosnb3yemcsi CBOWCTBOM OPTOTOHAJIIEHOCTH BEKTOPOB CKOPOCTH V U 3aBHXPEHHOCTH 2 B
JIBYXMEPHBIX TEUCHHsX. PacKkpbiBas Tpu JBONHBIX BEKTOPHBIX NMpoHM3BeneHUs (¢ yderom Q -V =
=(Q:Vyg) = (Q-F) = 0) nonyuaem, 4T0 ypaBHCHHE

OV/ot+QxU=—a(t)V-V(f+9), 4)
e
U=V +[QxF|/Q*+a[Q x V]/Q* + [Q x Vg]/Q?, (5)

PaBHOCHIIBHO YpaBHEHHIO (2).
Hapsmy co ckopocThio U paccMOTPHM CKOPOCTh €IIe OHOM Boo6pa>1<aeMon xuakoctn V. =
= Vexp{ ft (t)dt}. 3aBI/IXpCHHOCTI> Q ckopoctu V paBHa Q = Qexp{ ft (t)dt}. IloxcraBum BbI-

paxenus V = V exp{— ft (t)dt} n Q = Qexp{— ft (t)dt} B ypasnenue (4). [Tocne cokpamenuii

¥ YMHOXKEHHS Ha exp{ ft (t)dt} momy4nm

t
aav—i—QxU——exp{/ a(r)dt}V(f—i—g). (6)
t1

Poranms ypaBueHus (6) mpuBoauT K ypaBHeHuio Buaa (1). Ilocnennee o3nawaer (CM. TEKCT mocie
dopmyssr (1)), uro mupkymsus I ckopocti 'V [0 KOHTYpaM, MepeMEIIAIONIHMCs BMECTE C YaCTHIIAMA
BOOGPakKaeMOH KHUAKOCTH CO CKOPOCTBIO (5), COXpaHseTCs ¢ TeueHneM BpeMeHn. [ockonbKy ckopocTs
V cBsi3ana co ckopocTbio V cooTHoueHneM V = Vexp{ ft (t)dt}, To mupkymsimst I ckopocTr
(peanbHOI) KUAKOCTH V 10 KAXKIOMY KOHTYDY, nepeMemafomeMycsl CO CKOPOCTHIO (5), MEHSAETCS C
TEUCHHEM BPEMEHH IO 3aKOHY

t

I(t) = T(t) exp {— / a(r)dt}. %)

t1

@opmynsl (5) u (7) ecTb OCHOBHOM pe3yabrar JaHHOM ctarbu. Hamnexxamuii Be1OOp pyHKIINN

a(t) mo3BosseT 3a/1aBaTh 3aKOH M3MEHEHMS LUPKYISIIUHN [0 BPEMEHH, a BIOOp QYHKIMU g — U3Me-

HATH BEJIMYMHY M HaNpaBIeHHE cKopocTu BooOpakaeMbix dyactull U. Ilpu 3Tom, kak 3ameudeHo B [7],

paznn4HbIM 0(t) U g OyILyT COOTBETCTBOBAThH PA3/IMYHbIC PABHOIIPABHBIC TOYKU 3PEHUS HA IBOJFOLIHIO
3aBUXPEHHOCTH.
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3. Ba3kas Hec:kHMaeMasi KHAKOCTH

Jns BsI3KOM HEC)KUMaeMOW >KHAKOCTH ypaBHeHUe ABmxkeHUs umeeT BUA (3). [lostomy U =
=V —v[Q x rot Q]/Q? + a[Q x V]/Q? + [Q x Vg]|/Q2. Tlpu 1BUKEHUN KOHTYPOB (OMEHOB) C
TaKoOW CKOPOCTBIO UX HHTEHCUBHOCTH I OyzmeT MeHAThes cortacHo (7). [Ipu npuMeHeHnu 3Toit ckopocTu
B Metozie BBJI dyHkimu o(t) U g B TeUCHHE KaXJIOTO Iara JODKHBI 00J1a/1aTh [MaJKOCTHIO, OMUCAHHOM
nocie Gopmyisl (3). OqHAKO OHU MOTYT OBITH pa3phIBHBIMU IPU MEPEX0e OT OAHOTO IIara 1o BpeMEeHH
K ciexyiomieMy. Takue pa3pbIBbI JOIMYCKAIOTCS TIOTOMY, YTO OHH COOTBETCTBYIOT I€PEX0OaM OT OTHOM
JIarpaHkeBOW TOYKHU 3PCHHS Ha HBOJIOLMIO 3aBUXPEHHOCTH K Apyroil. Tak, Hampumep, GyHKImO ot)
MOKHO CUMTaTh KOHCTAaHTOW Ha Ka)KIOM IIare o BPEMEHH, IIPU 3TOM BEJIMYHMHA KOHCTAHTHI MOXKET
OBITH Pa3IM4YHON Ha pa3HbIX marax. YToObl BOCIOIB30BATHCS BEIMUYMHAMH, KOTOPBIE B TI0O0OM ciTydae
BBIYUCIISIOTCS IpU peaiu3anuu Metona BBJI, MoxxHo nonoxuts Vg = fV|Q| mmu Vg =V In |Q|,
e B(t) — mobast crynenyaras QyHKIHS BpEMEHH, MOCTOSHHAS Ha KaXI0M PAacueTHOM miare (Hampumep,

B(t) = 0).
3akjoueHue

[Ipennoxxena HOBast JarpaH)keBa TOYKa 3pEHHS Ha 3BOJIOIUIO 3aBUXPEHHOCTH B IUIOCKOTIApa-
JIENBHBIX W HE3aKPYUYSHHBIX TEUCHHSIX XKUAKOCTEH BceX THIOB. [lomydeHsr popMynbl AT CKOPOCTH
TaKOTO TepeMelIeHHs] KOHTYPOB, TIPH KOTOPOM IMUPKYJIISINS CKOPOCTH KHUAKOCTH IO JTFOOOMY JBIIKY-
meMycs KOHTYPY M3MEHsSeTCs 10 3aJaHHOMY BPEMEHHOMY 3aKOHY. JTOT TEOPETUYECKUN pe3yibTaT
MOXXHO HWCIIOJIb30BaTh B BBIYMCIIUTEIBHON THAPOJUHAMHUKE JUISI OTPAHUYEHUS KOJIUYECTBA JOMEHOB
NIPU UCTIONIb30BaHUU OECCETOYHOTO METO/a pacueTa TeUeHUH BI3KOH HeCKMMaeMOW XKHUIKOCTH (MeToza
BA3KHX BUXPEBBIX TOMEHOB).
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B.JI. 3axosopomuuiii, B. E. I sunONcunun™3
JloHCKO# rocyapcTBeHHbIM TexHuuecKkuil yausepcuret, PoctoB-Ha-/lony, Poccus
E-mail: vzakovorotny@dstu.edu.ru, D<Isinedden@yandex.ru
Hocmynuna 6 pedaxyuio 14.10.2021, npunsama k nybauxayuu 05.12.2021,
onybonuxoeana 31.01.2022

Annomayua. B HacTosIee BpeMs TUHAMHYECKas CHCTEMa Pe3aHus MPEICTaBIAeTCA B BUAE IBYX HMOICHCTEM — HHCTPYMEHTA
1 3arOTOBKH, B3aUMOJICHCTBYIOIIMX Yepe3 HEIMHEWHYIO CBSI3b, (OPMHUPYEMYIO mpolieccoM pesanus. [1000HOe npe/cTaBieHie
onpeneisieT BaXKHOCTh U3yYCHHS JHHAMUKHU Tpoliecca pe3aHusl Kak OCHOBHOTO (pakTopa, BIHSOIIET0 Ha 3(pdeKTHBHOCTD
CTaHKOB, TPACKTOPHH UCHOJHUTEIBHBIX JIEMEHTOB KOTOPBIX 3anatorcs UITY u obecrieynBaloTCs ¢ BBHICOKOM TOYHOCTBIO.
Opnako 1Jisi MOBbINICHUS 3()(HEKTUBHOCTH pe3aHusi HEOOXOIUMO COIVIACOBATh TPACKTOPUHU HCIIOJHHUTENBHBIX 3JIEMEHTOB,
3ananHbx YITY, ¢ uamenstomeiicss TMHAMUKONW pe3aHusi, KOTOpasi BHOCUT OTKJIOHEHHUS B 3aJJaHHbIE IIPOrPaMMOil TPaeKTOPHH.
L]env HacToOsIILIEN CTAaTbU — PAaCCMOTPETh 3aBUCUMOCTbh JMHAMUKH NPOILECCA PEe3aHUsl OT IIPOCTPAHCTBEHHOW OpHUEHTalUU
YOPYTOCTH PEXYIIET0 HHCTPYMEHTA U OT PETeHEPAaTHBHOTO 3 (PEeKTa U BHISICHUTH BIUSHHE MPEJIOKESHHON 3aBUCHMOCTH Ha
3¢ PEKTHBHOCTH Mpolecca pe3anus. Bee BOIpoCkl, pacCMOTPEHHBIE B CTaThbe, MPOaHAIM3HPOBAaHEI Ha PUMEPE HAPYKHOTO
TOYEHUs Basa. Memoovl. B 0CHOBY M3y4EHUS MONOKEHBI METOABI MAaTEMAaTUYECKOTO MOAEIUPOBAHUS U SKCIIEPUMEHTAIBHOMN
JNUHAMHKH. B OTJIMYHe OT M3BECTHBIX UCCICIOBAHUIN YYHTHIBACTCS 3aBUCUMOCTh BPEMEHH OOOPOTHOTO 3ama3bIBaHUs OT
KoJIeOaTeNbHBIX CMEUICHUH B HAIPaBICHHU CKOPOCTH PE3aHUs, a TaKKe BIUSHHE (GOPMHUPYEMOH MPU ITOM ITTOJIOKHUTEIBHON
oOpatHoii cBa3u. KpoMe 3Toro npuHUMarOTCsl BO BHUMaHHE U3MCHEHUS 3HaKa BHYTPEHHEH 0OpaTHOH CBSI3M OT HAIpaBJICHUS
nedopmannii, a TaKKe BIUSIHUE pereHeparuBHOTO 3ddekra Ha GopMuUpyeMbie TPUTITHBAIOIINE MHOKECTBA JePOpMaIuii.
Pe3zynomamui. PackpbiTa 3aBUCUMOCTD 3BOJIIOLUN CUCTEMBI OT 3JIEMEHTOB MAaTPUIbl )KECTKOCTHU MPH Pa3IMYHBIX 4acTOTax
BpalCHus WITUHACIIA. I/I3yqum CBOICTBa OBOJIFOIUU CUCTEMBI B 3aBUCUMOCTH OT COOTHOLICHHSA YaCTOT BpAILCHUA IIIUHACIIA
U COOCTBEHHBIX YaCTOT MOJCUCTEMBI HHCTPYMEHTA, a TAKXKE MPOCTPAHCTBEHHOTO PACIPEICICHUS TTONATIHBOCTU. 3aKIIOUeHUe.
OO0CyXIaroTcs 4acTOTHBIE M BPEMEHHBIE XapaKTEPUCTHKH CHCTEMBI. JlemaeTcs 3aKiIrodeHne O BO3MOXXHOCTH TTOBBIIICHHUS
3G PEKTHBHOCTH MpoIlecca Pe3aHus Ha OCHOBE coriacoBaHus mporpammel UITY ¢ AuHAMHUYECKUME CBOMCTBAMU CHCTEMBI.

Knirouegvie cnosa: 3ddext pereHepanuy Cuil pe3aHus, yCTONUYMBOCTD U IPUTATUBAIONINE MHOXKeCTBa AedopManuit, 3hdexTus-
HOCTbh PE3aHHs.
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Correlation of attracting sets of tool deformations with spatial orientation
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Abstract. Nowadays, the dynamic cutting system is represented in the form of two subsystems — tool and workpiece, interacting
through a nonlinear relationship formed by the cutting process. Such a representation determines the importance of studying
the dynamics of the cutting process as the main factor influencing the efficiency of machines, the trajectories of the executive
elements of which are set by CNC and are provided with high accuracy. However, in order to improve the efficiency of
cutting, it is necessary to align the trajectories of the executive elements are defined by CNC with the changing dynamics of
cutting, which introduces deviations in the program-defined trajectories. Purpose of this article is to consider the dependence
of the dynamics of the cutting process on the spatial orientation of the cutting tool elasticity and the regenerative effect, and
to find out the effect of the proposed dependence on the efficiency of the cutting process. All the issues discussed in the
article are analyzed using the example of external shaft turning. Methods. The study is based on the methods of mathematical
modeling and experimental dynamics. In contrast to the known studies, the dependence of the turnover lag time on the
oscillatory displacements in the direction of the cutting speed, as well as the influence of the positive feedback formed in
this case, is taken into account. In addition, changes in the sign of the internal feedback from the direction of deformations,
as well as the influence of the regenerative effect on the generated attracting sets of deformations are taken into account.
Results. Dependence of the system evolution on the elements of the stiffness matrix at different spindle speeds is disclosed.
The properties of the system evolution depending on the ratio of the spindle rotation frequency and the eigenfrequencies
of the tool subsystem, as well as the spatial distribution of the stiffness are studied. Conclusion. The frequency and time
characteristics of the system are discussed. Conclusion is made about the possibility of efficiency increasing of the cutting
process based on the coordination of the CNC program with the dynamic properties of the system.

Keywords: effect of regeneration of cutting forces, stability and attracting sets of deformations, cutting process efficiency.
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BBenenue

Hunamudeckas cucteMa pe3anus (JICP), B koTopoil rmaBHOe BHUMaHUE YICIAETCS yCTOMUYUBOCTU
IBUKEHNAS ¥ (POPMHUPYEMBIM MIPUTATHBAIONINM MHOXECTBaM JAedopmanuii, MpuBieKaeT BHUMaHUE UC-
ciemoBateseil ¢ cepeauHbl mpouuioro Beka [1-9]. Oto cesa3ano ¢ Tem, uto cBoiictBa JICP Bhusitor Ha
a¢dexrnBHOCTD 00padoTku [10-16]. OHM 3aBHCIT OT AMHAMHYECKOW CBS3H, KOTOpask MOAEIUPYETCS
cumamu F = {F|, Fp, F3}T € %), npencrapnennsiMu B BHme uX 3aBUCHMOCTH OT jedopmariuii
X = {X1,Xo, X3}" € RO u dX/dt = vy = {vx,1,vx,2, vx3}t € RG), TpaeKkTOpHil HCIIOTHUTEIb-
HBIX 2neMeHToB craHka (TUDC) u HeymparmseMbix Bo3MmytneHuil. TUDC, kak mpaBuiio, 3aIar0TCs
cucremoit UIIY OBM u npu TokapHO# 06paboTKe MPeaCcTaBIAIOT COBOKYITHOCTh TPAeKTOPHUH MmepeMere-
muit L = {Ly, Lo, L3} € R®) u cropocreit V = {V7, V3, V3}T € %) npononsroro, nonepeuroro
CYNIIOPTOB M BpaIlleHHs IMHUHAETS. TakuM 00pa3oM, TPAeKTOPUH JIBH)KEHHS BEPLIMHBI HHCTPYMEHTA OT-
HOCHTEIILHO 3aTOTOBKH, Ha3BaHHBIE HAMH TPAEKTOPHAMH (OPMO0OOPa3yIOIINX ABHKEHHH, OIIPEAEISIOTCS
CyMMOM L® =L -XuV® =V _dx/dt. Jedopmanuu paccMaTpUBarOTCS B MIOIBMKHOM CHCTEME
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KOOpPJMHAT, IBIXeHHe KoTopoii onpenensercss TUIDC. [Ipu 3ToM ucnonb3yeTcsl MpUHLIKIT pa3faeIeHuUs
newkeHni [16] Ha «memmeHabIe» (TUDC) u «OpicTphIe» (HedopManmu nHCTpyMeHTa) [17, 18]. Pac-
CMaTpUBAIOTCS CIeAyIoMmue (HaKTOPhI, BBI3BIBAIOIINE MTOTEPI0 YCTOMUMBOCTH. CHIIBI BApBUPYIOTCS TIPU
m3MeHeHnn S(t) — mIomany nepecedeHus nepeaHeil rpaHn HHCTPYMEHTA 3aroToBKoi. Vi3MeHeHune cui
3amas/pIBacT 10 OTHOLICHHIO K Bapuaimsm S(t) [1,2,7,19-25]. PaccmarpuBaroTest 3heKThl perenepa-
IIUH CHJI, 00YCIIOBIICHHBIE CIIEIOM OT KoJieOaHWi MHCTpyMEHTa Ha MpeaplrynieM obopote. MccnenoBanus
BBINOJIHEHBI B MIPE/IIOIIOKECHUH, 4TO BpeMs obopoTa 1’ = const [26-35], 1 He MPUHUMAIIUCH BO BHUMa-
HUE Ux 3. 3aMETHM, 4TO camMa KHHEeMaTHKa (hopMupoBaHus mojgaun S(t) MPUBOANT K HEOOXOAUMOCTH
WCTIONIB30BAHMS COOTHOLLICHUS, YIUTHIBAIOIIETO 3G EKT pereHepaiy Cuil

t

S(t) = J/ (Va () — vx o (E)}E. (1)

t=T

HaxoHen, yunThIBalOTCS HEJIMHEWHBIE XapaKTEPUCTUKU U3MEHEHHUsI CUJI OT CKopocTu. Mcnob-
3y10Tcs MOIU(UIMPOBaHHBIC ypaBHeHUsI Panesi, Ban nep [loss u Monenu peBepCUBHOTO TPEHUS, IS
00BSCHEHHS TIOTEPH YCTOMIHUBOCTH M 00Pa30BaHMUS MPUTATUBAIONTNX MHOKECTB [36—43]. YuuThIBaeTCs
napaMeTpuieckoe caMoBo3OyxaeHue [44,45], kotopoe popmupyercs, HaUNHasE ¢ HEKOTOPOH KPHUTHU-
4yecKoW ckopocTH. PaccmarpuBaioch Takyke BIMSHUE IEPUOIMUECKUX BO3MYIIeHUH [46—48], KoTOphIe
dopmupyror Takue 3((HEKThl KaK CHHXPOHH3AIUs, aCHHXPOHHOE B3aWMOJICHCTBUE, BUOpAIMOHHAS
cTabuim3anys B HU3KOYaCTOTHOM 00IacTw M TIp.

AHanm3 MoKa3bIBaeT, YTO CUJIbI, 3aBucsiue ot aedopmaruii 1 TUDC, 00pa3yroT BHyTPUCHCTEM-
HyI0 OOpaTHYIO CBSI3b, CBOMICTBA KOTOPOH BIMAIOT Ha (POPMUPYEMBIEC TIPH PE3aHUN MPUTATHBAIOIIHIE
MHOXecCTBa aedopmaruii. M3ydeHne yCTORYMBOCTH U MPUTATHBAIOIINX MHOXKECTB C YYETOM OTMEUeH-
HBIX 0COOEHHOCTEH JOMOMHAET 3HAHNUA O HETMHEHHON TWHAMUKE pe3aHus, T03BOJIIOMINE YIyUIIUTh
BBIXO/IHBIE CBOHCTBA 00pabOTKH, YTO ONMPEAEISET COepKaHUE CTAThH.

1. MaremaTuieckoe MoJeJIMpoOBaHue

CBOIiCTBa CHCTEMBI MOXXHO PACKPBHITh HA OCHOBE MCIIOIB30BAHUS CIIEAYIONIeH Monenu (puc. 1)
[10,22,44,49]:

2

X dX
m—- +h— +cX=Fs. 2
a Tt > @
3nech m, h, ¢ — cUMMETPUYHBIE, TTOJOKUTEILHO ONPEIEIICHHBIE MATPHIIBI HHEPIIMOHHBIX, CKOPOCTHBIX
H yIpyrux ko3 dUIMEHTOB, COOTBETCTBEHHO: m = [my| B [kre?/Mm], mg = m, s = 1,2,3; h = [hs.i]
B [kre/Mm]; ¢ = [c5y] B [kr/MM], 8,0 = 1,2,3; Fs = F+ ® + &4 F = {F, ), F3}T € MG —

cuna, GopMupyeMas B obnacTu mepenneii rpann; ®,®' — cubl, AeficTByromMe Ha 3aJHHE TPaHHU.
i=3

Hpoekiuu F onpenensiorces koddduIMenTaMHu y;, YIOBIETBOPAIOMEME ycioBuio Y. ()2 = 1, To ecTh
i=1

F(t) = {F1, P>, Fg}T. g manpHeHero Heodxoaumo, kpome (1), cesa3are TUIC ¢ TeXHOIOTHUECKUMHU

pexxuMamu: DIyOHHOM ¢y () u cropocTsio V), () pesanus

t

%wzwm—mytmﬁwmiﬁm®—mﬁm@ 3)

0

rne Va(t) = nDQ, Q — yactora Bpamenus 3arotopku B [¢!]. Eciu B (1) u (3) DX;/dt = O u
V; = const, i = 1,2, 3, To 6ynem 0603HaYaTh: SI(,O) = VLT, tl(,o) =d/2 — L(0), V},(O) = V3.
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W3Bectus By3oB. [TH], 2022, T. 30, Ne 1 39



X' = (X, X5 XY

b

Puc. 1. Cxema npeobpaszoBaHus TpaekTopuid GopMO0oOpa3yrOINX IBIKCHHUIA B CHIIBI PE3aHUSA: d — CXeMa B3aUMOCBSI3H
CHUIT U ZIehOPMAITHOHHBIX CMELICHHUIT; b — CHJIBI B 00JIACTH 3aHUX TpaHCH

Fig. 1. Scheme of transformation of trajectories of the shape-generating movements into cutting forces: a — scheme of the
interrelation of forces and deformation displacements; b — forces in the area of the rear edges

Packpoem 3aBUCUMOCTH F' (0) (t) ot medpopmanuii u TUIC

TOdF® Jdt + F® = p{1 + pexp[~L(V3 — vx, )]}t — X1] / {12(€) —vx, (B)}1d(E), (4
t=T

rae p — naBieHue B [Kr/Mm2]; { — mapamerp KpyTH3HHI B [c/MM]; | — Ge3pa3MepHBIi kod(pduIm-
ent; T(°) — mapamerp, onpenensommit 3anasapisanue cui. Ecom parosecne X* = { X7, X3, X5}7T
(puc. 1, b) sBIsIeTCSA ACHMITOTHYECKH YCTOWYUBEIM, TO HOCIE IIEPEXOAHBIX MIPOLECCOB B 3arOTOBKE
(bopMupyeTcs CTalOHAPHOE HAMPABJICHUE IBIKCHHS M COOTBETCTBYIOIIAS €My TPACKTOPHS cilesia OT
uHCTpyMeHTa. Torna BapHalyiy MOJIOKEH!UsT HHCTPYMEHTa OTHOCUTENBHO CJIe/la BHIBIBAIOT 00pa30OBaHUe
cun () u ®(t)(V), neficTByromyX Ha IMABHYIO M BCIOMOTaTeIbHYIO 3aIHHE TPAHH. PacCMOTPHM TOUe-

3axosopommnuiil B. JI., I'eundocunus B. E.
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HUE YeTHIPeXI'PaHHbIMU IUIACTUHKAMH M3 TBEPAOTO cIulaBa. Torna o4eBHIHA CBA3b MEXKIY IIaBHBIM () U
BeroMorarenbHbM ! yrmamu ! = /2 — . Tak kak paccMaTpuBaeTcsi IPOJOIbHOE TOYEHHE, TO CKO-
pocth V7 = 0 (cM. puc. 1, b). BHauane BEIMHCINM YIIBI OPHEHTAMU BEKTOpPA CKOPOCTHU MO OTHOILIEHUIO
K IepeqHel U 3aAHel TpaHsaM. 311eCh MOJI0XKUTEIFHOE HAIPaBICHUE ONPEAEIAETCs 110 HAIPaBICHUIO
cOmmKeHus nepenHelt oy 1 3a1Hei o@ rpaHeid. M3 reoMeTpUuYeCcKuX COOTHOLICHUN OIpeersieM

vx,1(t) cos @ + [Vo — vxo(t)]sing }
Vs —vx 3(t) ’

vx,1(t)sing + [Va —vx 2(t)] cos @ }
Vs —vx 3(t) '

az(t) = a+ Aa(t) = a + arctg {
&)

as(t) = ol + Aal(t) = a® + arctg {

Monynu P, @) moxHO ANMNpPOKCUMUPOBATh 3aKOHOM IKCIIOHEHTBI, BO3PACTAIOLIEH PU YMEHBIIIE-
Hu ox (t), 0k (t). Tipuuem ymist onpesensiores B cedenusx (A—Al), HOPMATBLHBIX K PEXKYILMM JE3BUAM
(puc. 1, ). Tak Kak 3amHHE yIIBI €CTh BEINYMHBI MaJble, TO HIMEEM BBIPAKCHHS JUIS JOTIONTHUTEIbHBIX
cun Oy = {Px,, Px,Px,}T € RO B dynkmuu TUIC u X

(

Ox, (t) = po{(t)) — X1) ctg g exp(—aas) +exp(—aat) | [Va(E) — vx, (8)]dE},

t

L—-

(6)
O, (1) = po{(ty) — X1) exp(—aas) — exp(—aog) [ [Va(E) — vx, (E)dEctg ¢},

t

S~

(D3 (1) = ka{Px, (1) + Px, (1)},

e o — KOA(POHUIIUEHT KPYTH3HBL, Py — MapaMeTp, UMEIOIIANA CMBICH KECTKOCTH; kf, — KOA(DGUIIUEHT
tpenus. Cuinsl @ y orpannuuBarot passurue aedopmanuii. Cucremsl (2), (4), (6) MO3BONSIOT UCCIEI0BATh
tpaekropun X, F,®, (1), a Taxke aHaTM3MpOBaTH MPHTATHBAIONINE MHOXECTBA AehOpMAImii 1 ux
SBOJIIOIUIO TIPH TIEpEXojie OT OJTHOTO CTAIlMOHAPHOTO COCTOSIHHS K PYTOMY. DTH CBOWCTBA BOJIOIUN
OTIIMYAIOTCS OT PACCMOTPEHHBIX B paboTax [48,50].

2. YcTOiUMBOCTH PABHOBECHUS

B3aumozeiicTBrE 3aBUCUT OT TPaeKTOpUN L®) g V(@) Cucremy OyzieM CYUTaTh yCTONYHUBOH,
€CJIM YCTOWYHMBA TOYKA paBHOBecUs: X * B MOABIKHOW cucTeMe KoopauHat. OrpaHuIuMCs pacCMOTpe-
HUEM HEBO3MYIIICHHON CUCTEMBI HA MOCTOSHHBIX pexumax. JlJis aHaau3a yCTOHUYMBOCTH HEOOXOIUMO
OIPEeAEIUTh JINHEAPH30BaHHOE ypaBHEHUe B Bapuanusax [51]. g toukn X™* cnpaBeanuso: vy, = 0,
i=1,2,3, dF(©) = (. Ha 3arotoBke (opMHpyeTCS HampaBieHue, B KOTopoM D=0, ®(1)=0. Torma X™:

. X" = p S {1, k. 1} (7

e
C1,1 +le(0)51(70) €21 C31

Cz = |C12 +X2p(0)52(70) C22 C32] > p(o) = p{1 + pexp [-CV3]}.

)

0
61,3+X3P() p €23 C33

Pemenwue (7) sBisieTcst emMHCTBEHHBIM 1 X * = const. Torna TMHeapr30BaHHOE YpaBHEHHE B BaApHAIMAX
HAMEET MOCTOSIHHBIE MapaMeTphl, & CUCTEMY MOXKHO PacCMATpPUBATh KaK IOACUCTEMY HHCTPYMEHTA
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¢ oOpatHoit cBsa3bi0. [loaTOMy /U1 aHanIM3a YCTOHYMBOCTH MOKHO HCIOJNIB30BaTh YAaCTOTHBIA KPUTEPHid
HaiikBucra [52], a aMIuTynHO-(a30ByI0 YaCTOTHYIO XapakTepucTuky (ADUX) cucteMbl B pa30MKHYTOM
cocrostaun Wy (jw) mpencraBuTh B BUE

N p (0) i () 1] — —Twj
Wslit) = 1 imrag) 19158 Walio) + ot [1 = exp(=Tow))] x

X Wa(jo) = gsSOHIMO) I Ws(jo)jot,  (®)

e
) =t — X77 g1 =0 /Ay g2 =Ag /Ay g3 =Ag/Ag; Ag=lcis], i,s=1,2,3;

Wo,i(p)p=jo = Ai(p)/A(P);  Wi(p)p=jo = 9iW0,i(P)p=jo; 1 =1,2,3;

X1 €21 €31 Ci,1 X1 €31 C1,1 €21 %1

Agy = |%2 c22 e32|; Ag = |c12 X2 ¢32|; Ag=|c12 2 X2|; ©
X3 €23 (€33 C1,3 A3 €33 C1,3 €23 X3
X1 ho1p + c2.1 3,1

Ar = |x2 mp®+hoop+can c32];
xs mp*+ hosp+ca3 c33

[mp? + hiip+ a1 1 h3ip + c31
Ay = hiop + c12 X2 h3op + c32 ;
hisp+ci3 %3 mp® + hasp + cs 3]

[mp® + hip+ci1 hoip + c21 X1
A3z = hi2p +ci2 mp? + hoop+ca2 Yol ;
hisp+cis mp® + hasp+ a3 %3]

mp? + h11p+ c11 ho1p + c21 h31p + c31
A= hi2p+ci2 mp® + haop + c22 h3op + c3.2
hisp +c13 mp? + hasp+ca3 mp? + hsp+cs3

IMepenarounsie Gpynkuuu W;(p) MOKHO MPEACTABUTH KaK

Wilp) — (1 + 2817 {"p + (17))2?) (1 + 260"y p + (1)) las
' (L4281 T1p + (T1)%p?) (1 + 282Tap + (T2)?p?) (1 + 283 T3p + (T3)%p?)’ T

IMpuuem Q; = (Ti)(_l), i =1,2,3, — pe30HaHCHI, aQEs) = (TZ.(S))(_D, 1,8 = 1,2,3, — aHTUPE30OHAHCHI.
B TpaIMIMOHHBIX CTAHKAX TOKAPHOH IpyImbl Beimonasercst yenosue Q = T <« Q;. Tosromy nmeer

CMBICIT paccMOTpeTh nBa pexxuma: t < T u t > T. OObIYHO S,SO) < tp, u(C)(_l) — 0. Torna

Ws(jo) =~ OTF‘?O)TJ) { ggtz()*) [1- exp(—T(oj)]}. Jlist 5TOTO Ciiydasi Ha pUC. 2 MPUBEIEH MPUMED

ADUX Wy = m {ggtz(;*)WQ (joo)} u Wy 2 = Ws(jw). Wmoctpanuu Ha puc. 2, a, b oTHOCATCS

K ciydaro Q < Q;, Ha puc. 2, ¢, d — k ciuyqaro Q > Q;. Ecmn Q < Q;, To B8 AOUX MOXHO BBIJICIUTH
qactorsl 0; = 271(T;) (™Y, Ha kotopeix {1—exp(—Twj)} = 0. B 0KpecTHOCTSX TOUEK 0; OPMHUPYIOTCS
KPHBBIE TUIA ITUKJION]. 3a c4eT OBICTPOro BpalieHus (a3bl B OKPECTHOCTH ; BapHaluy €2 MPaKTHUECKU
HE U3MEHSIOT CKJIOHHOCTh K caMoB0O30ykmeHnto. Ecim Q > €;, To yMeHbIeHne T MOXET MOBBIIIATh
3amac ycToWumBOCTH (CpaBHHTE puc. 2, a, b, ¢, d). Jaxe mansie Bapuaruu 7' MOTYT BIHATH Ha
ycroitunBocTh. OfHaKo yBenH4YeHHe 2 OrpaHUYEHO IMapaMeTPHUECKUM caMoBO30YkaeHueM [44].
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Puc. 2. ADUX W(o 1) (jw) 1 W(o 2)(jw) npu mapamerpax T7 = 1, Tp = 3, T = 5, T(%) =2, T((;)) =4,& = 0.08,
i=1,2,3;E = 0.08, s = 1,2: T = 100 (a), 50 (b), 1 (¢), 0.5 (b)
Fig. 2. Nyquist plot Wg, 1)(jw) 1 Wi 2y (jw) with parameters 71 = 1, Tp = 3, T3 = 5, T((f)) =2, Tg)) =4,& =0.08,
1=1,2,3;E =0.08, s =1,2: T =100 (a); 50 (b); 1 (c); 0.5 (b)

[Ipoananm3upyem (HakTOpHI, BIUIIONINE HA YCTOWIHBOCTE. OOBIYHO BpEMs UMITYJIECHOM peaKInu
MOJICUCTEMBI MHCTPYMEHTA CYIIECTBEHHO MeHble 1. [l 3Toro ciydas MOXHO paccMOTpPETh JBa
BapuaHTa. [lepgulii BADUAHT CBsI3aH C MOBEJICHUEM CHCTEMBI 0€3 yueTa pereHeparuBHOro 3¢gdexra, To
ectb Ha yuactke ¢ € (0,7"). IIpu o6paboTke getaineil GOIBIIONO JHaMeTpa MOKHO CYUTaTh, 4T0 1' — 00.
31ech moTepst YCTOWYIMBOCTH 00yCiIOBIIeHa (ha30BBIMHU CABHIAMH MKy BapHauusMu rwiomanu S(t) u
cunamu F. HezaBucumo ot cioco6a monenupoBanus (a3oBoro ciBura (BBeIeHHEM allepHOANIECKOTO
3BEHA, ITaJaI0NIel» XapaKTEPUCTUKN U3MEHEHHUS CHJI TIPH YBEITUUSHUH CKOPOCTH U IIp.) PEakIys O CTO-
POHBI pe3aHus MPUBOIUT K MPe0Opa30BaHUI0 CHMMETPUYHBIX MaTpull ¢ U h B Hecummerpuunsle. Torna,
BO-TIEPBEIX, (POPMHPYyEMBIEe KOCOCHMMETPUYHBIE COCTABISAIONINE MAaTPHUIIBI 00Pas3yiOT NUPKYISIHOHHbIE
CHJIBI, IPUBOAAIINE K TMPELECCHOHHBIM KOJIe0aHMAM, YTO BCerna HaloaeTcs Ha IpakTuke. Bo-BTOPHIX,
CUMMETPHUYHbIE COCTaBIIOMME h MOTYT cTaTh OTPHUIIATENIEHO ONPENEIEHHBIMU, TO €CTh YCKOPSIOIIMMHU.
Torna paBHOBECHE CTAHOBUTCS HEYCTOWYMBBIM, H CTAOMIM3UPOBATh €r0 THPOCKOITNYSCKUMHU CHJIAMH,
(hopMHpyEMBIMH KOCOCUMMETPHYHON COCTaBIstonIeil Marpuisl h, He mpeacTaBiIseTcss BOZMOXKHBIM.
Bcerna a5 MOBBIIEHUS] YCTOMYMBOCTH HEOOXOAMMO YBEITHUUTD NIEMEHTH! MaTpul] ¢ u h. Bmopoii Bapu-
aHT: JONOJHUTEIBHO pacCMaTpHUBACTCsl pereHepaTuBHBIN 3pdekT U aHaIM3UpyeTCsl yCTOHYMBOCTL U
t — 00. 3nech pereHepaTuBHEINA 3(hhekT 3aBUCUT OT 9acToThl 2. OH CcIOCOOCTBYET CaMOBO30YXKIEHHIO
B HU3KOYACTOTHOM 006macTi. OIHAKO €ro BIUSHUE U3MEHSIETCS TI0 Mepe TMPUOIMKEHU {2 K OIMHOMN 13
Y4acTOT MOJCUCTEMBI HHCTPyMeHTa. [Ipn ux OIM30CTH yCTOMYMBOCTh CTAHOBUTCSA YyBCTBUTEIHHON K
BapuanusamM €2, a B obmactu Q > Q; pereHeparuBHbI 3Q(deKT cTabHIM3UPYET paBHOBECHE.
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3. BBOHIOIIHH NPUTATUBAKOIIUX MHOKECTB

JlJis IpakTHKY UMEIOT 3HAaYCHHUE CBOMCTBA HE IPH ¢ — 00, a B XOJI€ ABOJIIOIHMH, 00YCIOBICHHOM
MIEPEXOIOM OT OHOTO CTAIIMOHAPHOTO COCTOSIHHS K IPYyTroMy, HallpuMep, IPH Bpe3aHUH MHCTPYMEHTA,
pu 00pabOTKe C M3MEHSIOMIMMHUCS pekuMamu [44,51] u ap. 3a c4eT CyMMHUPOBaHHUSA TPAaeKTOPHUI
CO CIBUTOM Ha ' BO3MOXKHEI CHHXPOHHBIC M aCHHXPOHHBIC B3aUMOACHCTBUS. L[UpKyIAIIMOHHEIE CH-
JIBI BHI3BIBAOT W3MEHEHUs HarpaBieHHus AedopMallii, KOTOpble B COBOKYIMTHOCTH C CYMMHPOBaHHUEM
(X(t) — X(t — T)) 06pa3yrOT NPUTITUBAOIINE MHOXKECTBA, KOTOPBIE «METICHHO» TIEPECTPANBAIOTCS BO
BpemeHHu. Ha ¢opMupoBanre MpUTATUBAIOIINX MHOKECTB OKa3bIBAIOT BIIMSHHAE HE TOJIBKO HEJHMHEHHBIE
cBsi3u (5) u (6), HO U M3MEHEHHUE 3HaKa CWIOBOH oOparHO#l cBs3u. Hakoner, Bpemst 1’ 3aBUCHT HE
TOJILKO OT 4acTOTHl &, HO M OT CKOpOCTH vx 3/7tD, To ectb T = (Q — v, 3/nD) ™. Usmenenne T
BBI3BIBACT CMEIICHUE BO BPEMEHU TPACKTOPHUIA, YTO BHOCHUT JOIOJHUTEIbHYIO HEONPEACICHHOCTh B
cymmy X(t) — X (¢t — T'). D10 MPUBOAUT K HEOOXOAUMOCTH HCIIOIb30BAHHSI METONOB LH(POBOTO MOzIE-
JMPOBaHHUS Ul aHAIIU3a NPUTATHBAIOIINX MHOXeCTB Jedopmanuii. [ToaTomy HcclienoBaHie BBITIOIHEHO
MEeTOJaMH IMPSIMOTO MU(PPOBOTO MOAEIMPOBAHNA Ha MIPUMEpE MPOAOIHHOIO TOUEHUs HenehopMupye-
MOro Bajia u3 craiu 45 aguamerpom D = 40 MM Cc NOCTOSITHHOM mopaveit SS” = 0.1 mm. TlapameTpsl
CHCTEeMBI TIpUBEIeHE! B Tabm. 1 u Tab. 2 [45,48]. O6o6mennas Macca paBHa m = 0.5 - 1073 kr-c2/mm.
[Ipu BappupoBaHUM YacTOTHI {2 BHITIONHAJIOCH €€ COTNIacOBaHUE C Va.

IMpusenem npumepstr X;(t) (puc. 3, puc. 4) npu Bpesanuu uncrpymenrta (I = const). Ilpu

(*)

NPOYNX HEM3MEHHBIX YCIOBHAX HA YCTOHYMBOCTH BIUAET KOOQQUIMEHT ycuneHus k = pgoty ', TO €CTh

0 o 0 o o

BJIMACT U DIyOMHA pe3aHus té ), Cucrema, yctoitunBas npu tz(, ) =1.0 MM, CTAaHOBUTCS HEYCTOWYUBOU
0

npu t;, ) =20 MM, M TOTZIa B OKPECTHOCTH paBHOBecHs (HOPMHUPYETCS MPUTATHBAIOIIEE MHOKECTBO

THUIIa JBYMEPHOTO HHBAPHAHTHOTO TOPA.

Bonee HamsaHy10 KapTUHY MpeoOpa3oBaHus AaeT ¢a3oBblil moprper (puc. 4). O6HapyKeHO, 4TO
BpEMsI YCTAHOBJICHUS CTAL[MOHAPHOI'O COCTOSIHUSI MOJKET CYIIECTBEHHO YBEJIMUYMBAThLCS MPU yBEIUUYECHUU
g2 3a cueT QYHKIMOHAIBHOM CBsI3aHHOCTH cHJI U Aedopmaunii. CUTyalusi MEHsIETCS, €CIA YIUTHIBAThH
3aBUCUMOCTB 1’ HE TONBKO OT €2, HO M OT vy 3 (puC. 5). B aTOM citydae 1o Mepe yBenuuenus k = pggtl(f)
BHayaJie CHCTeMa TepsieT yCTOHUMBOCTb, 3aTeM 00pa3yroTCsl IPUTATHBAIOIINE MHOXKECTBA JiehopMannit

CIIOKHOU CTPYKTYPHI, IEPHOTUICCKH IOBTOPSIONTHECS HA CYTIEPHU3KOM JacToTe (pUc. 5, @, BCTABKa «A»).

Tabnuua 1. ITapameTpsl ANHAMUYECKOH CBS3U

Table 1. Parameters of the dynamic link

P, po, | & [ou=o2, | TO, [ w | ke
Kkr/mMM? | KT/MM | M/c pag~! c
50-1200 50 0.1 120 0.0008 | 0.5 | 0.2

Tabnuua 2. MaTpuibl CKOPOCTHBIX KOI(PGHUIIMEHTOB U YIPYTOCTH

Table 2. Matrices of velocity and elasticity coefficients

hia, ha 2, h3 3, hia2=ho1, | hi3=hs1, | ha3 = h3z2,
KI-C/MM | KI-C/MM | KI-C/MM KI-C/MM KI'-C/MM KI-C/MM
1.3 1.1 0.8 0.6 0.5 0.4
C1,1, €22, €33, C1,2 =C2,1, | €C1,3=2C3,1, | C23=C32,
KI/MM KI/MM KI/MM KI/MM KI/MM KI/MM
2000 1500 200-1500 200 150 80
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PI/IC. 3 HpI/IMepLI NEPEXOJHBIX MTPOLECCOB ﬂe(l)OpMaHI/IOHHLIX CMeH_IeHI/Iﬁ IIpy BpE€3aHUU HUHCTPYMEHTA B 3arOTOBKY
(p = 400 kr/mm?): £ = 1.0 mm; T = 1 (a), 0.5 (b)

Fig. 3. Examples of transient deformation displacements when tools are plunged into the workpiece (p = 400 kg/mm?):
9 = 1.0 mm; T = 1 (a), 0.5 (b)

dX,/dt,
m/s-10"!

0.2 \

0
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-0.4 H

0 05 10 15 20 25 3.0 X, mm-1073 22242628 3.0 32 34 X, mm-1073
a b
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3.8
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Puc. 4. IIpumep dasoBoro noprpera GopMHUPOBAHHS yCTAHOBHUBIINXCS MPUTATHBAIOIINX MHOKECTB AedopManuii (a, b) u
(bparmMenTa BpeMeHHOMU TpaekTopuu s aedopmanuii X (t) (c)

Fig. 4. Example of the phase portrait of the formation of the steady-state attracting sets of deformations (a, b) and
fragment of the time trajectory for deformations X5 (¢) (c)
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Puc. 5. Ilpumepsl HepeXoAHBIX MPOLEccoB AehOpMAIHOHHBIX cMemennit B ciydae 7' = T'(Q, vx 3): k = 1.0 (a); 2.0 (b)

Fig. 5. Examples of transient deformation displacements in the case of 7' = T'(Q,vx,3): k = 1.0 (a); 2.0 (b)
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CrpyKTypa Kaxaoro ¢pparmMmeHTa 3THX HepHOIAHIe-
cKuX Aedopmaruii mpeacTasiIseT Habop Mpeaeb-
HBIX IIUKJIOB C TIepecTpanBaeMbIMH ITapaMeTpaMu
U AByMepHbIX Topos. Ilepectpoiixa Habmonaercs,
KaK BO BPEMEHH, TaKk U B npocTpancTse. [loaTo-
My BapHamuy MOAYIS AeGopManuii He CTONb 3a-
METHBI, KaK NEPUOANYECKH IMOBTOPSIIOLIUECT UX
WM3MEHEeHMs, HanpuMep, B HarpasieHun X 1. [Ipu
JanbHEHIIeM YBEJIMYCHUH kK = 2 B CHUCTEME Cy-
MEPHU3KOYaCTOTHBIE TTPUTATHBAIOIINE MHOXKECTBA
ncue3aloT U (HOPMHUPYIOTCS XaoTH4YeCcKHue nedop-
Maru (puc. 5, b). B dopmupoBannu nmpurarusa-
IOIIMX MHOMKECTB Y9acTHe NMPUHUMAIOT cuibl @ u
@), Ha puc. 6 nau npumep auarpammsl 6ugyp-
KAl MPUTSATUBAIOIIMX MHOXXECTB Ae(OpMariuid,
HANAJHO IIOKA3bIBAOIIUI U3MEHEHUS UX CBOMCTB.
ToukaMm «a» u «b» Ha puUC. 6 COOTBETCTBYIOT Tpa-
EKTOpHHU Ha puc. 5, a, b.

HccnenoBanus mokas3sIBalOT, YTO 00JACTh
«3» Ha puc. 6 MOXKET HHUBEJIMPOBATHCA, €CIU
yMeHbImaerca gs. Takum oOpa3oM, M3MEHEHHE
opHeHTaluu AedopManuii B IpoCTpaHCTBE BIUSIET
HE TOJHKO Ha YCTOWYMBOCTH, HO U Ha MPHUTATHBA-

0 10 20 30 40 50 60 70 80 90 Qs

Puc. 6. Inarpamma 6u¢ypranuii NpUTATHBAIOIIUX MHO-
KECTB Je(hOpPMAIIMOHHBIX CMEIICHUN BEPIIHHBI HHCTPY-
MEHTa: 1— TOYKa pPaBHOBECHS aCHMITOTHYECKH yCTOU-
4yuBa; 2 — 001acTh (GOPMHUPOBAHUS MPEACIBHOTO IHKIIA;
3 — 001acTh CyHepHU3KOYACTOTHBIX MPHUTATHBAIOIINX MHO-
KEeCTB; 4 — 00JIaCTh XaOTHUYECKON TUHAMMKH; 5 — 00JIaCTh
HEYCTONYMBOI CHCTEMBI B LIEJIOM

Fig. 6. Bifurcation diagram of the attracting sets
of deformation displacements of the tool tip: 1 —
asymptotically stable equilibrium point; 2 — region of
limit cycle formation; 3 — region of super low-frequency
attracting sets; 4 — region of chaotic dynamics; 5 — region
of unstable system as a whole

IOlIMe MHOXeCTBa. B TOM cirydae, eciii ipyu MOAETMPOBAHNH TWHAMUKY HE YYUTHIBATH 3aBUCUMOCTH 1’
OT CKOPOCTH Uy 3, TO 001acTh «3» Ha puc. 6 He obpasyercs.

B cBs13m ¢ pa3paboTKoit H3HOCOCTOMKIX HHCTPYMEHTAIBHBIX MaTeprajoB [53] U COBEPIICHCTBO-
BaHUEM IINUHAEIBHBIX y3710B [54], mosiBUIach BO3MOXKHOCTb PACCMOTPEHUS PEXKUMOB, ITPU KOTOPBIX
BBIONHSAIOTCS yenosus Q > (T;) L. Onu BBHIMONHAIOTCSA MPH pacTauMBAHUU OTBEPCTHi MANIOKECTKUMH
Oopriranramu u 1p. [Ipu morepe yCcTOMYMBOCTH 371eCh cpasy (GopMHpyeTcs IpenenbHbIi nuKi (puc. 7, a)
WJIM TIOCJIE HEKOTOPOTO KacKajla YABOCHISI TIEpHoIa 00pa3yeTcs XaoThuueckas JuHaMuka (puc. 7, b), Ha
(hopMHpOBaHHE KOTOPOW OKa3bIBAET BIUSHUE, KAK COOTHOIICHHUE g2 M g3, TaK M IMapaMeTphbl ypaBHe-
HUi (6). OOpa3oBaHUe CYNEPHN3KOYACTOTHBIX NMPUTATUBAIONINX MHOKECTB M UX MEIJICHHAS 3BOJIOIHS B

OTOM CJIydac HC Ha6monaeTc;1.

dX,/dt,
0% A
0.01 /\W‘ o
AL
0
-0.02
0 05 1.0 15 20 X, mm-102
a

dX,/dt,
m/s

0.05

-0.05
-0.10
-0.15
-0.20
-0.25

/

0 05 1.0 1.5 2.0 25 3.0 X, mm-102

b

Puc. 7. Ilpumepsl n3MeHeHus (Ha30BBIX TPAGKTOPHH NPH BapHaIlH COOTHOIICHUS: d — g2 U b — g3

Fig. 7. Examples of changes in phase trajectories when the ratio: a — g2 and b — g3
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4. AHaJIM3 pe3yibTaToB

[pencraBnenue cuil pe3aHus B KOOPAUHATAX YNPYTHX JeQopMaluii BEPIIMHBI HHCTPYMEHTA OTHO-
CHUTEIFHO 3arOTOBKH, a TaKXKe MPH TEXHOJIOTHUECKUX pexumMax, onpeaensteMerx TUIC, npuHIHIHAIBHO
HM3MEHSIOT IapaJurMy aHaju3a npouecca pe3aHuss. OH paccMaTpuUBaeTCs Kak equHas JUHaMHYecKas
crcTeMa, KOOPIMHATHI COCTOSIHUS B KOTOPOI M CHIIBI ABISAIOTCA (PyHKIIMOHAIBHO CBSI3aHHBIMH, a MaTeMa-
THYECKOE MOJCIIMPOBAHNE CHJI PACKPHIBAE€T BHYTPEHHIOIO 0OpaTHYIO CBSA3b B AMHAMHUYECKON CHCTEME
pe3anus. B 3aBucuMoOCTH OT HampaBieHHs AeQOopManuii U3MeHseTcs 3HaK (HOPMHUPYEMOi pe3aHHeM
00patHO# cBsi3u. OHAa MOXET CIIOCOOCTBOBAaTh CaMOBO30YXKICHHUIO CUCTEMBI, a TAKXKE CTaOMIM3UPOBaTh
paBHoBecHe. [loka3aHo, 4TO yBelIWYeHHE NMHAMUYECKOI MOJaTIIMBOCTH B HANPaBJIEHUU CKOPOCTH pe-
3aHMs, IPUBOAAIIEE K BO3PACTAHUIO KONEOaHUM vx 3 B 3TOM K€ HAIIPABICHUH, BBI3HIBACT U3MEHEHHE
HalpasJeHUs: CyMMapHO# ckopoctu (cM. puc. 7, a, b). Ecnu Ha onpeneneHHOM oTpe3ke GOopMUpyeTcst
CKOPOCTb v¥x 3 B HAIPaBICHHHU V3, TO MOCJIE €€ MHTErPUPOBAHUSA 110 BPEMEHH BO3PACTacT ILIOIIAIb
Cpe3aeMoro CIosi, YTO MPUBOAUT K 00pa30BaHUIO MOJIOKHUTEIBHON 00paTHOM cBsi3u. OJHAKO HEOOXOAUMO
YUYHUTBIBATh, YTO CKOPOCTb VUx,3 B CTAMOHAPHOM PEXKHMME HE MOXKET MMETh OJIHMH 3HaK. Eciu Bpems
00paboTKH t5, TO OYEBUIHO YCIOBUE fgﬁ vx 3(E)dg — 0. B paccmaTpuBaeMoM Kiacce CHCTeM (yHKIHS
vx 3 ABIIAETCA nepuoaudeckoi. [TooTomy BpeMeHHBIE y4acTKH caMOBO30YKIEHUSA JJOIKHBI CMEHSTh-
csl yyacTKaMu cTaOmnn3anuu. MccnenoBaHus MOKa3aid, YTO OTMEYEHHBIH (aKkTop caMOBO30YyKACHUS
BBI3BIBAET JOMOJIHUTEIbHBIE HEJTMHEHHBIE B3aNMO/IEHCTBHUS, MPUBOAIINE K 00pa30BaHMIO CYIEPHHU3KO-
YaCTOTHBIX IPUTATHBAIOIIUX MHOXECTB CIOKHONH BPEMEHHOW CTPYKTYpBHI. YBeJIN4eHHE ko3¢ dHuLuneHTa
B030YKACHHS NMPUBOAUT M K (POPMUPOBAHHUIO MPENEIBHBIX [UKIIOB, a TIPH YBEIMYCHUH KOI()PHUIIUCHTOB
BO30YXKIeHUS — K (DOPMHUPOBAHUIO XaoTH4YeCKOH auHamMuku. OHa oOpasyercs, Kak MpaBuUiIO, MOCIE
KacKaJloB YABOCHHS Mepruoaa KojaeOaHui.

YMeHbIIIeHHe TOAATIMBOCTH ¢1 M g2 MTPUBOIUT K (OPMHUPOBAHUIO HHBIX 3¢ (ekToB. Bo-TiepBhIX,
nedopMaluy B 3TUX HANpaBIEHHUSAX YMEHBLIAIOT IUIOIIAAL CPE3aeMOro CJosl, TO €CTh 00pa3yloT OTpHIIa-
TENBbHYI0 00paTHYIO CBA3b, KOTOpAs MMOTEHIIHAIBHO MOXKET CTaOMIN3NPOBaTh paBHOBeCHe. Bo-BTOPBIX,
YMEHBLIEHHE CyMMapHOH ECTKOCTH B HalpaBIeHUU X9 NMPUBOAMT K 3aTATUBAHUIO MIEPEXOIHOTO MPO-
I[ecca YCTaHOBJIEHHS CTAaIlMOHAPHOTO COCTOSIHUSA. [Ipy Bpe3aHnu MHCTPYMEHTa B 3aTOTOBKY MMEET MECTO
(yHKIMOHANbHAs CBA3aHHOCTH CUI U edopmannii. [losToMy mpu yBeIMUYEHUH g2 BpeMs MEPEXOAHOIO
MpoIecca BO3pacTaeT, YTO OTPaHUIMBAET BO3MOKHOCTH YIIPABICHHUS YIPYTUMHU Ae(POPMAITUSIMHI.

W3meHenne cyMMapHOH CKOpocTH Ae()OPMALMOHHBIX CMEIICHUH 1 BPAILCHUS] IIITMHAEIS H3MEHICT
BpeMeHHOE OKHO, T0 ecTh T’ = (Q — vy 3/mD)~! B unTerpabubx oneparopax cucteM (3), (4) u (6), Ko-
TOPOE BO BCEX paHEE BHINIOJHEHHBIX MCCIIEOBAHUIX CUUTANIOCh MOCTOSHHBIM [1-7,10-13,20-32,44,49].
Ero usmenenue He TOJIBKO CIIOCOOCTBYET MOTEPE YCTOMYMBOCTH, HO U BO MHOTOM OIIpeNeNsieT TOMo-
Joruro (a30BOTO MPOCTPAHCTBA CUCTEMBI B YCTAHOBUBIIIEMCSI COCTOSTHIH, BHOCS HEPETYISIpPHOCTh B 1.
W3MmeHeHne HampaBiIeHUs] CYMMapHON CKOPOCTH MPHUBOAMUT K MPOSBICHUIO AOMOJHUTENBHBIX cul D,
O, Onu obecreunBaoT HenMHEHOE TeMI(UPOBAHHE KONECGAHHA U CIIOCOOCTBYIOT 00Pa30BaHHIO
Pa3IMYHBIX NPUTATHUBAIOIIMX MHOXECTB B YCTAHOBMBILIEMCS COCTOSHUH, B TOM 4HCIe 00pa30BaHUIO
XaO0THYECKUX aTTPakTopoB (cM. puc. 7). IlpuTsaruBatomme MHOXKeCTBa AedopMaliiii paccMaTpuBalOTCs
B HOABIKHOH cucteMe koopauHaT THDC, kxoTopble 3amaroTcs U odecreunBaroTess cucremamu UITY
cranka. AHanu3 B3anMocBsa3u TUOC n nedopmanmii 6a3upyercst Ha METOJIE pa3JeIeHNs ABIKEHUH,
OCHOBAaHHOM Ha aCUMITOTHYECKHX CBOMCTBAX PEILCHUI HEIMHEHHBIX ITU(depeHINaNbHbIX YpaBHEHHH,
MMEIOIMX Majble ImapaMeTpsl Ipu cTapimux npousBogHsix [17,18]. B [16] mokasano, uto TUOC
XapaKTePU3YyIOT «MEAJICHHbIC» NBIKEHUS. VIMEHHO 3TH IBMXXEHHUS C BBICOKOH TOYHOCTBIO obecrie-
YUBAIOTCSl B COBpeMEHHBIX cTaHKax ¢ UIIY. «beicTpbley nBUMKEHUS, pacCMaTpUBAEMBIE B BApUALIUAX
OTHOCHUTEIBHO «MEIUIEHHBIX», B METAINIOPEXKYIINX CTAaHKaX XapaKTepU3YIOT yIpyrue aedhopMarioHHbIe
cmerenus. Onm, Hapsany ¢ TUDC, onpenensior reoMeTpHYecKy 0 TOMOJIOTHIO (OPMHUPYEMOH pe3aHreM
MTOBEPXHOCTH.
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Ecnu ananuTHyecku 3ajjaHa TeOMETpUYecKasi TOIOJIOTHS, TO U3 Hee Ha OCHOBE MCIOIb30BAHUSA
Pa3IUYHBIX CTATUCTUYECKUX (PYHKIIMOHAIOB MOXKHO OIICHUTH OOJBINUHCTBO MCIIOJIb3YEMbIX B HHKEHEP-
HOW TIpaKTHKe TOoKa3aTeeld TOUHOCTH JMHEHHBIX Pa3MepoB, MPOJOIBHOMN U MONEePeYHON BOIIHUCTOCTH
U B HEKOTOPBIX CIy4YasX MIepoxoBaTocTH [17,54]. BelnonHeHHbIE HCCIEI0BAHMS MTO3BOJSIIOT CB3aTh
reoMeTpHIecKre OLEHKH (POPMHUPYEMOH pe3aHreM JEeTal C MPUTATHBAIOIIUMHI MHOXXECTBaMU Jedop-
MAaIMOHHBIX cMelleHui. B yacTHOCTH, TOKa3aHO, UTO U3MEHEHHE JUaMeTpa 3aroTOBKHU ONpeAesieTcs
HE TOJIBKO CMEIIIEHHEM TOYKH PaBHOBECHS CHUCTEMBI, HO U (JOPMHUPYEMBIMU MPUTATHBAIOIIMMH MHO-
YKeCTBaMH, TaK Kak HelnHelHble ¢yHKIuH (6) HEe 00MaaroT CBOMCTBOM IEHTPAIBHON CHMMETPHH
OTHOCHUTEJIFHO TOYKH paBHOBecws. [lorTomMy HabOMIOMAroTCsS 3PGEKThl TMHAMHUYECKOTO, 3aBUCSIIIETO
OT KoJieOaHMi{, CMEIIEHUs] TOYKH PaBHOBECHs, BIMSIOIIUE Ha IUAaMeTp 3aroToBKu. [Ipu paccMotpe-
HUY BJIVSIHHS KOJIeOaHH Ha TEeOMETPHUYECKYIO TOIIOJIIOTHIO HEOOXOUMO OTMETHUTH, YTO JAJIEKO HE BCE
KoJIeOaHMsI OCTABIISIIOT Clieql Ha oOpaboTaHHON moBepxHOCTH. KorebaHus B HampaBieHUAX Xo U X3
SIBIISIFOTCS. KOJUTMHEAPHBIMH K (hOPMHUPYEMOil pe3aHueM ITOBEPXHOCTH U HEMOCPEACTBEHHO MPAKTHYECKU
HE BIUAIOT Ha ee (popmupoBaHue. OfHAKO OHU MOTYT CTaOMIIM3UPOBATh Ae(OpMaLIMK B OPTOTOHAIEHOM
HarpaBiieHHU. bolee Toro, BEICOKOUaCTOTHBIE KOJIeOaHUsl B HAIIPABICHUH CKOPOCTU PE3aHUS BBI3BIBAIOT
3¢ dexT BUOpANMOHHON CTAOMIM3AIMA PAaBHOBECHS B HU3KOYACTOTHOH oOmactw [13,45]. Bompocs
0TOOpaKEHUH MPHUTATUBAIOIINX MHOXKECTB Je(OPMAIIMOHHBIX CMEIIEHHH B T€OMETPHUIECKON TOMOIOTHH
(dhopMupyemMoli pe3aHueM MOBEPXHOCTH MOJAPOOHO M3JIOKEHBI HAMH paHee B padote [16].

dopmupyemble MPUTITUBAIONINE MHOXKECTBA J1e(POPMAIIMOHHBIX CMEIICHUH BIMSIFOT Ha MOIII-
HOCTh HEOOpaTUMBIX NpeoOpa30BaHUI SJHEPTUHU B 00JACTAX COMPSDKEHHS 3a/IHUX TPaHel HHCTPyMEeHTa
Y 3aTOTOBKH, YTO M3MEHseT (hU3MUECKHe SBJICHUS B KOHTAKTHOW OOJIaCTH, BIUAS HA HHTEHCHUBHOCTD
W3HAIIMBAaHUA MHCTpyMeHTa. [lo Mepe yBennueHusI MOITHOCTH HeOOpaTUMBIX IIpeoOpa3oBaHUl UMEeT
MECTO CMEHa TPEBATUPYIOIINX (HU3MUSCKUX B3AUMOJICHCTBHI: IPOIECC MEXaHUIECKOTO B3aUMOJICHCTBUS
3aMEHSAETCs] Ha MOJIEKYIIIPHO-aIT€3HOHHOE 1, HAKOHEIl, MOJIeKyIsipHO-aud dy3nonHoe. Hanmpumep, B [52]
MMOKa3aHo, YTO MIHUMAaJIbHAsl HHTEHCHUBHOCTH M3HAIIMBAHMS HAOIIOMAaETCs TIPH TEePEX0/e OT aJIre3HOH-
Horo K auddy3uoHHOMY B3anMozeicTBrio. PopMupyemble IIPH Pe3aHUU MPUTATHBAIONINE MHO)KECTBA
JIe(OPMALMOHHBIX CMEIECHUH, U3MEHS HapsAy ¢ TEXHOJIOTHYECKUMH PEXKHMaMH MPEBAIMPYIOIINE
MEXaHU3MBbl B3aUMOJICHCTBUH, BIUSIOT HA ONITUMAJIbHBIC MTapaMeTPhl TEXHOJIOTHUECKUX PEIKMMOB, TTPEK-
Jle BCETO Ha CKOPOCTh pe3aHus. JlpyruMu cioBaM, XapakTepUCTUKH U3HAIINBAHUS CTAHOBSITCS TaKKe
3aBUCSIIUMHA OT ()a30BOil TPAEKTOPHH MOITHOCTH HEOOPAaTHUMBIX IIPeoOpa3oBaHuil B 00IACTIX COMps-
KEHMsI 3aJJHUX TpaHe MHCTPYMEHTA U 3ar0TOBKH, Ha KOTOPYIO BIUSIOT MPUTATHBAIONINE MHOXKECTBA.
OHHM MOTYT MOJIETTUPOBAThCS HHTETPAIBHBIMU OneparopaMu BoibTepphl BTOPOTO polia OTHOCUTEIEHO
(ha30BBIX TPACKTOPUH MOITHOCTH HEOOPAaTUMBIX MPeoOpa30BaHMKA IO IPOU3BEACHHON padote [55,56].
[TosTOMY B 3aBUCHMOCTH OT MPHUTATHBAIOIINX MHOXKECTB TPEOyeTCsI KOPPEKIHs CKOPOCTH PE3aHus, IPH
KOTOpPON MHTEHCHBHOCTh M3HAIIMBaHUA MUHUMAaJIbHA.

B mocnennee necstuierue B MUPOBBIX HAYYHBIX IIEHTPAX MOMYYHIIN Pa3BUTHE UCCIIENOBAHUS O
CO3JJAHMI0 MaTeMaTHYECKOTO M MPOTPaMMHOTO WHCTPYMEHTAPHsI B HAIIPaBICHHH BUPTYaIbHOTO HUCCIE0-
BaHUS MpoIieccoB o0paboTku Ha ctaHkax [57,58]. OHM BKIIOYAIOT B ¢e€0sl aITOPUTMBI M TIPOTPaMMBbI
JUTS TUHAMUYECKOTO aHaju3a, B TOM YHCJIE HCCIEAOBAHUS MPUTATUBAIOIINX MHOKECTB Ae(opMannoH-
HBIX CMEIICHUN U CHJI B OOJIACTSAX CONPSDKEHUS TpaHedl MHCTPYMEHTa M 3aroToBKH. Vcnonb3oBaHUe
3TOTO MHCTPYMEHTApHs HalpaBiIeHO Ha OTPabOTKy alTOPHUTMOB coracoBaHus mnporpammsl UITY u
JIMHAMUKHU pe3aHus. Meroas! koppekuuu nporpamMsl UITY Bkirodaror cieayromue stansl. Ha nepeom
JTarne ompeAesnseTcs TPAeKTOpHUs CKOPOCTH pe3aHus, IPU KOTOPOH B0 TPAeKTOPHH 0OeCTIeunBaeTCs
MUHUMU3AIUsl HHTEHCUBHOCTH M3HAIMBaHus. Ha BTopoM 3Tare BJOJb TPACKTOPHUU 00ECIICUMBAIOTCS
nedopMaloOHHBIE CMEIIEHUs, TP KOTOPBIX TeoMeTpHUYecKas TOTOJIOTHS (OpMUPYEMOU pe3aHneM
JIETaJIH YIOBJIETBOPSIET TEXHUUECKUM TpeboBanusM. [Ipu 3Tom momaraercs ooMmeH nHpopmanyeid u
KOPPEKTHUPOBKa, Kak mporpaMmMbl YUIIY, Tak ¥ anropuTMOB yIpaBieHUS U HACHTH(QHUKAIIUN ITapamMeT-
pOB ITUHaMHUYeCKO# CBsi3U. Llenpro KOpPEeKTHPOBKH (COTTIACOBAHHMSI) SIBISIETCS M3TOTOBJICHUE MMApTUH
JleTajeil Mpu MUHHMH3AIUN MPUBEICHHBIX 3aTpar U oOecledeHnH TpeOyeMoro KadecTBa JeTalei.
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[IpuBeneHHbIC B CTaThe HOBBIC 3HAHUS 110 JUHAMUKE pe3aHus, 3aKoHaX (JOPMUPOBAHUS HPUTATHBAIOIINX
MHOXECTB Je(OopMaITuii, MX DBONIONUN U OU(YPKAIUSIX SIBISIOTCS COCTABHON YaCThIO PEUICHUS TOMN
oO1Iel 3amaun.

BrIBoabI

MareMaTH4eCKUM MOJEIUPOBAHUEM U SKCIIEPUMEHTAIBHO JOKAa3aHO, YTO BapUallud IPOCTPaH-
CTBCHHOU JMHAMWYECKOHN MOJATINBOCTHA U3MEHSIIOT IIPEBATHPYIONINE UCTOYHHUKHI CaMOBO30YKICHIS
CUCTEMBI PE3aHHs U MOTYT U3MEHSTH TOTIOJIIOTHIO TIPUTITUBAIOIINX MHOXECTB Je(OopMaIinii HHCTPYMEHTA
OTHOCUTEJIFHO 3arOTOBKH, BIUSIONIYIO Ha BBEIXOJHBIE XapaKTEPUCTHKU mpoliecca pe3anus. Heoxunan-
HBIM SIBIIIETCS TOKA3aTelNbCTBO CKJIOHHOCTH CHCTEMBI K TIOTEpE YCTOHYMBOCTH 32 cUeT JedopMaruii B
HaIlpaBJICHUH CKOPOCTHU PE3aHMsI, a TakKe 00pa30BaHHUE B 3TOM CIydae CYNEPHU3KOYACTOTHBIX IPUTS-
TUBAIOIINX MHOXKECTB JeOopMaIii CI0KHON BPEMEHHOM CTPYKTypHl. Jl0Ka3aHO TakXKe MOBHIIIICHUE
YCTOWYMBOCTHA PABHOBECHS, €CIIM YaCTOTA BPAIICHUS LIMUHJCIS MPEBHIIaeT COOCTBEHHBIC YacTOThI
KoJIeOaTeIbHBIX KOHTYPOB, (POPMUPYEMBIX MOJCUCTEMON HHCTpyMeHTa. [lomyueHHbIe pe3yabTaThl OT-
KpBIBAIOT HOBOC HaIpaBJIcHUE yBelndeHUs A()(PEKTUBHOCTH pe3aHus Ha OCHOBE KOHCTPYKTHBHOTO
HU3MEHEHHUS YIPYTUX CBONCTB MOJCUCTEMBlI MHCTPYMEHTA, €T0 TEOMETPUU U COIVIACOBAHUS IIPOrpaMMbl
YIIY ¢ nuHaMHUYeCKUMHU CBOMCTBAMH CHCTEMEIL.
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PocTOBCKHMIT HHCTHTYT CEIbCKOXO3SHCTBEHHOTO MAIIMHOCTpoeHus (HblHe JJOHCKOIT rocynapcTBeH-
HBIHA TexHrmdeckuid yHuBepcuret, I TY). 3amuTun auccepranuio Ha CONCKaHUE YYEHOH CTEHEeHH
KaHAMJaTa TeXHu4eckux Hayk (1966) B HoBouepkaccKkoM MOJIUTEXHUUECKOM UHCTUTYTE (HBIHE
FOsxHO-Poccuiickuii rocyaapcTBeHHbIH MOMUTEXHUUECKUN YHUBEPCUTET) U JOKTOPA TEXHUYECKUX
Hayk (1983) B KueBckoM nojaureXHHuecKoM HHCTUTYTe. OCHOBAJI HAYYHYIO LIKOJTY, HCCIIEAY OO
CHHEpreTHYeCKUe TIPUHIHITBI YIPABIEHHUs U ANATHOCTUKHU MPOLIECCOB pe3anus U TpeHus. boree 40
net paboTaeT B 00JIaCTH MCCIEIOBAHNS YCTOHYMBOCTH U 3BOMIONNH JHHAMIYECKUX HENMHEHHBIX
cucTeM, B3auMonercTByromux co cpeaamu. C 1981 mo 2015 rox sBisuics 3aBexyromumM Kadenpoi
«ABTOMATH3aIUA POU3BOACTBEHHBIX mporieccoB» AI'TY, a ¢ 1991 roma mo 2008 rox 6sL1 IIpo-
pekropom 1o HayuHOH padore AI'TY. ABTop Gonee uem 400 HaydHBIX CTaTei Kak B pOCCHICKHUX,
TaK U 3apyOeXHBIX Hay4YHBIX JKypHaJaxX, a TAKXKe psijla aBTOPCKUX CBHICTENILCTB U ITaTEHTOB.
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Annomayusn. [Jenv vccnenoBaHus — HW3y4YUTh BIMSHHE OCOOCHHOCTEW CEHCOPHOW HMH(pOPMALWH, MPEIIISCTBYIOMICH Lie-
JIEBOMY BU3YaJIbHOMY CTHMYITy, Ha €ro o0pabOTKy HEHpOHHOH CEeThI0 KOpHI TOJIOBHOTO Mo3ra. B kauecTBe BH3yalbHBIX
CTHMYJIOB HCIIOJIb3YIOTCS HEOJHO3HAYHbIE M300paskeHust — KyObl Hekkepa ¢ BEICOKOIT M HM3KOH CTEIEHbI0 HEOAHO3HAYHOCTH.
Memoowi. Vicrionb3yroTcsi METO/IbI YaCTOTHO-BPEMEHHOTO aHAIM3a UCXOAHBIX CUTHAJIOB 3JIEKTPHUYECKOI aKTMBHOCTHU TOJOBHO-
TO MO3ra Ha OCHOBE BeHBIeT-peoOpa3zoBaHus. sl CpaBHEHUS MOBEICHYECKUX XapaKTEPUCTHK BU3YaJbHOTO BOCTIPHATHS
HCTIONB3YeTCs MHOTO(AKTOPHEIH IUCIIEPCHOHHBIN aHanu3. CHeKTpaibHas MOIIHOCTh CHTHAJIOB aKTMBHOCTH MO3Ta B Pa3ind-
HBIX YCJIOBHSIX CPaBHHMBAETCS TP IIOMOILM CTAaTHCTUYECKOIO TecTa ¢ KJIACTepHON KOppeKIMel MHOKECTBEHHBIX CPAaBHEHHM.
Pesynomamur. Tloka3aHo, 9To, KOT/Ia HEOJHO3HAYHBIE CTUMYIIBI CIEAYIOT 32 OAHO3HAYHBIMU CTHMYJIAMH, AKTHBHOCTh HEHPOHOB
B CEHCOPHBIX 00MacTsIX ociabeBaeT Ha paHHEH cTaauy 00pabOTKH, HO YCHIIMBAETCS Ha MO3JHUX CTAAUAX. JTO IOATBEPKIAET
HepapXU4ecKyro OpraHu3amnnio o0paboTKH ceHCOpHON MH(OpMAaIUH, IJie HU3KHE YPOBHH 00pabaThIBAIOT ETaIH CTUMYIIA,
a BBICOKHME YPOBHH IPEACTABISIOT €r0 WHTEPIPETAIMI0. AHAIU3 TAKXKE MOATBEPAUI, YTO 00pabOTKa HEOJHO3HAYHBIX H
OIHO3HAYHBIX CTUMYJIOB COBIIAJaeT Ha HU3KHUX YPOBHAX M3-3a HX cXOkel Mopdonoruu. [1o3ToMy MO3T MOXKET HCIIONB30BaTh
CEHCOPHBIH MabJIOH OXHO3HAYHOTO CTHMYJIa Ha HU3KHX YPOBHSIX, YTOOBI CHU3UTH 3aTpaThl Ha 00paboTKy neTanel HeoxHo-
3Ha4yHOTO cTUMYJA. Korna oqHO3HaYHBIH CTUMYI ClleyeT 3a HEOZHO3HAYHbIM CTHMYJIOM, HaOJIFolaeTcsl YCUIICHHEe HEeHPOHHOI
aKTUBHOCTH B JIOOHOH Kope. DTO OTpa)xaeT aKTUBALMIO HUCXOISIIUX NIPOLECCOB, 0OHAPYKUBAIOIINX HECOOTBETCTBHE MEXKIY
TEKyIIUM OJJHO3HAYHEIM CTHMYJIOM U IIa0IOHOM, C(POPMHUPOBABIIMMCS Ha OCHOBE IPEAIICCTBYIOIETO HEOMHO3HATHOTO CTUMY-
na. 3axmoyenue. IlomyueHHbIE Pe3yabTaThl PACIIUPSIIOT UMEIONHMECS 3HaHUS 00 0COOSHHOCTSX aKTUBHOCTH MO3Ta, CBSI3aHHON
¢ 06paboTKOi 3pUTeNpHON HH(OPMALUK B YCIOBHAX HEOTHO3HAYHOCTH CEHCOPHBIX JTAHHBIX.

Kniouegole cnoea: HeOMHO3HAYHBIE CTHMYIBI, IAOIOH CTUMYIA, HepapXust 00paboTKH, eKTposHnedanorpadus, TeOpHs
IIPOTHOCTHUYECKOIO KOAUPOBAHUSL.
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Influence of «sensory prehistory» on the ambiguous stimuli processing
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Abstract. Purpose of this work is to study the effect of previous sensory information on the brain’s processing of current visual
stimuli. Bistable images (Necker cubes) with a high degree of ambiguity (HA) and a low degree of ambiguity (LA) were used
as visual stimuli. Methods. In this paper, we used wavelets to identify features of the brain activity signals. A multivariate
analysis of variance was used to compare behavioral characteristics. Spectral power and event-related spectral perturbations
were compared via a cluster-based permutation test using the FieldTrip package for Matlab. Results. We found that when the
HA stimuli followed the LA stimuli, the activity of neurons in the sensory areas decreased in the early processing stage but
increased in the later stages. This result confirmed the hierarchical organization of processing, where the low levels processed
the details of the stimulus, and the high levels represented its interpretation. We supposed that processing of HA and LA
stimuli was similar at low levels due to their similar morphology. Therefore, the brain might use the LA stimulus template
at low levels to reduce the demands when processing the details of the HA stimulus. When the LA stimulus followed the
HA stimulus, a weakened response in the sensory regions accompanied a high response in the frontal cortex. It reflected
activation of the top-down cognitive functions, detecting a mismatch between the LA stimulus and the HA stimulus template.
Conclusion. These results expanded the existing knowledge about the sensory processing mechanisms.

Keywords: ambiguous stimuli, stimulus template, processing hierarchy, EEG, predictive coding theory.
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BBenenne

Mosr HCIoNB3yeT CEHCOPHYIO HH(OPMAIHMIO Ul CO3MaHMs IPEACTABICHUS O BHEUIHEH cpeje.
OmnyOnuKoBaHHBIE PE3YIIBTAaThl CBUAETENBCTBYIOT O TOM, 4TO 00paboTKa MO3TOM CEHCOPHOW MH(OpMaIim
OpraHM30BaHa UEPApXUUECKU: Ha HU3KHX YPOBHSIX OCYLIECTBIETCS 00pabOTKa OTAENbHBIX JeTaneH, B
TO BpeMs KaK BBICOKHE YPOBHH MHTEPIIPETUPYIOT HOTYISHHYIO HHPOpMaIuio Kak 1enoe. CymiecTByeTr
MHEHHE, YTO MO3T UCIIOJIb3YET alpUOpHBIC 3HAHUS (IPOTHO3bI) HAPSALY C CEHCOPHBIMM JaHHBIMH IS
CO3JaHMsI TOYHOTO IPEACTABICHN O BHEHHeH cpene [1,2].

[Iupoko pacnpocTpaHeHa TEHICHIMS PacCMaTpUBaTh MPOTHO3b! KAK MPOLECCH BEICOKOTO YPOBHH,
JIEHCTBYIOIIIME CBEPXY BHU3 HAa MEXaHU3MBbI Oojiee HU3KOro ypoBHs mepapxuu. Hampumep, Oombias
4acTb JIMTEPATYPbl IPEIIIOIAraeT, YT0 IPOrHO3bl NPUBOIAT K (OPMUPOBAHHUIO MIA0JIOHOB CTUMYIOB [3-5].
Mosr comocTaBisieT 3TH MIa0JIOHBI ¢ BHEIIHEH ceHcopHOoM nHpopManuei [6]: m1abloHbl epenaroTcs
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C BBICOKMX YPOBHEH Ha HHU3KHUE, B TO BPEMs KaK CHTHAJIBI, UAYIIHE B IPOTUBOIOIOXKHOM HAIPABICHAN —
OT HU3KHX K BBICOKHM YPOBHSM HepapxuH, KOAMPYIOT OIMMHUOKU Takoro coroctaBieHus [7]. Takum
o0pa3oM, IPOrHOCTHYECKasl Nepeada CUTHAJIOB OTpaXkaeT HUCXOMAIUE MPOIIECCH, a Mepeadya CUr-
HaJIOB O MPOTHOCTHYECKUX OIMOKAaX IMPEACTaBIsET COOOH BOCXOIANIYI0O 00pabOTKy. DTH MPOIIEeCCh
B3aMMO3aBUCHMBI U BCETIA B3aUMOACHCTBYIOT Mexy coOoii [1]. Takum oOpa3om, Ha ceromHsIIHUI
JIeHb CYIIECTBYET TOCTATOYHO JOKA3aTeIbCTB TOTO, YTO MPOTHO3EI (POPMHUPYIOTCS Ha Pa3HBIX YPOBHSIX
00paboOTKK U B3aMMOJACHCTBYIOT APYT C IPYroM Yepe3 HUCXOMAIIME U BOCXOASIIHNE MOTOKA WHPOpMAIIUU
B Mo3re [2, 8]. B To jxe Bpems BOIPOC 0 TOYHOM MEXaHW3ME, JIeKAIIEeM B OCHOBE CPABHEHUS IIPOTHO30B
Y CEHCOPHBIX JIaHHBIX, OCTAETCS OTKPHITHIM.

B manHoif paboTe MBI paccMarpuBaeM 00padOTKy MHOTOKPATHO MPEABABISIEMBIX HEOMHO3ZHATHBIX
BH3YaJIBHBIX CTUMYJIOB (KyOoB Hekkepa) ¢ HU3KOH cTeneHbio HeomHo3HayHocTh (low ambiguity, LA) u
BBICOKO# cTerneHbto Heonno3HauHocTH (high ambiguity, HA). Bo Bpems nmocTyruieHus cooOIeHuid 0T
HCTIBITYEMOTO 00 MHTEPIIPETAINH KaXXIOTO BH3YaIBHOTO CTUMYJa PETUCTpUpOBAIHCh DI -CUTrHAIBI 1
BpeMeHa MHTepHpeTanuu Kyba (Tak Ha3pIBaeMOe BpeMs peakiuu, reaction time, RT). 13 nuteparypst
M3BECTHO, YTO TIOBTOPHOE BO3JIEHCTBHE MIACHTUYHOTO WIIH CXOXKEro CEHCOPHOTO CTHUMYJA BBI3BIBAET
aJlanTaluuio HeMPOHHOTO aHcaMOJIsl. DTOT 3P PEKT Moapa3yMeBacT CHUKEHIE HEHPOHHOTO OTKJIMKa Ha
MOBTOPSIIOIIMECS CTUMYIBI [9] M OTHOCHUTCS Kak K HU3KOypoBHEBBIM [10, 11], Tak U K BEICOKOYpPOBHEBBIM
[12,13] nponeccam.

CorrnacHo HaIUM MPEABIAYIUM padoTtam [14-16], uAHTEpIIpEeTanHsl CTUMYJIOB C BEICOKOH CTere-
HBIO HEOIHO3HAYHOCTH 3aHMMAaeT OOJIbIIe BPEMEHH, YeM MHTEPIIPETAIls CTUMYJIOB C HU3KOH CTETIEHBIO
HeomgHo3zHauyHOCTH. KyOnt LA 1 HA mMeroT modti ofrHaKoBYI0 MOPGOIOTHIO, TOITOMY MOXKHO IPEIITOI0-
KHTh, YTO OHU UMEIOT aHAJIOTHYHBIHA Mporiecc 00padOTKH Ha HU3KHUX YPOBHAX. MBI TaKKe IPEIIoaraem,
9TO UHTEpnperanus ctumynaa HA 3agelicTByeT mporeccsl Ha 6oj1ee BRICOKUX YPOBHSX; CIIEIOBATEIBHO,
Ha 3THX YPOBHIX ero o0paboTKa 3ajieiicTByeT OOJIBIITYI0 HEHPOHHYIO MOMYIISINIO, YBEININBas oo1ee
Bpemst 00paboTku. HakoHen, MbI ipeanonaraem, 4ro mabdiaoH ctumyna HA mossisercs Ha uepapxuye-
CKH 0oJiee BBICOKHX YPOBHAX 00paboTKu, dyeMm madmoH LA. B pesymerare mabmonst HA n LA moryT
MO-pa3HOMY BJIMATH Ha 00pabOTKYy TEKYLIMX CTUMYJIOB.

1. MeToabl

1.1. HcnbiTyemble. B skcneprMeHTax NPUHSUIM y4acTHE ABAIUATh 3JOPOBBIX HCIBITYEMbIX
(16 myxunH u 4 >kxeHIMHBI) B Bo3pacte oT 20 10 36 jeT ¢ HOpMaJIbHON WM CKOPPEKTHPOBAHHOMN
JI0 HOPMBI OCTPOTOH 3peHusi. Bce oHM 3apaHee naBaiy NUCbMEHHOE MH()OPMUPOBaHHOE cornacue o0
y4acTHH B 3KclepuMeHTe. Bce yyacTHHKM ObUIM 3HAKOMBI C DKCIIEpUMEHTANbHBIM 33JaHHEM U He
y4acTBOBAJIM B IMOZOOHBIX 3KCIIEPUMEHTaX B TECUEHHE IOCIEAHUX 6 MecsleB. DKCIIEPUMEHTAIbHbIE
MCCIIEI0BaHMS IPOBOAMIINCH B COOTBETCTBHU C XEILCHHKCKOH JeKIapanyei 1 01o0peHbl KOMUTETOM 0
9THKE MCCIEIOBAaHUM.

1.2. DkcnepuMeHTaJbLHAsA Npoueaypa. B kauecTBe HEOJHO3HAYHOTO BU3YaJIbHOTO CTUMYJIA HC-
noss3oBaiicst Kyo Hekkepa [17,18]. McnbiTyemsblii 6e3 KakuX-TuO0 HapyIICHUH 3pUTEIBHOTO BOCIIPUATHUS
nHTeprpernpyeT 2D u3zobpakenue kyda Hexkepa kak 3D-00beKT n3-3a CIenU(PUIECKOTO MTOJIOKEHHS
pebep kyOa. B 3aBuCMMOCTH OT KOHTpacTa BHyTpeHHUX pebep KyO Hekkepa MokeT ObITH BOCIIPHHAT
KaK OpHEeHTHPOBaHHBIN 100 BIEBO, 1100 BrpaBo (puc. 1, a). KoHTpacT Tpex cpeaHnx JTWHUNA, EHTPH-
POBAHHBIX B JIEBOM YTy, HCIIOJIb30BAJICS B Ka4eCTBE KOHTPOIbHOTO mapamerpa a € [0, 1] (a — ypoBeHb
HEOIHO3HAYHOCTH). 3HaueHus ¢ = 1 u a = 0 coorBeTcTBYIOT 0 (d4epHBIM) U 255 (6ETIBIM) THUKCENAM SPKO-
CTH BHYTPEHHHX JIMHHHA C MCIIOJIb30BaHUEM 8-OMTHOW MaUTPhI Cepoil MmKambl. [103TOMY ynpaBisromni
napameTp MOKHO ONPEIeTnuTh Kak a = ¢/255, Tne g — ApKOCTh BHYTPSHHHX IHHHN. B Hamem skcre-
PUMEHTE MBI HCIIONb3YeM H300pakeHHus KyOa Hekkepa ¢ 8 pa3nuyHbIMHM YPOBHSIMU HEOAHO3HAYHOCTHU
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Puc. 1. a — HaGop Bu3yanbHBIX cTHMYIOB (KyOOB Hekkepa ¢ pa3in4HOM CTENIeHBI0 HEOMHO3HAYHOCTH); b — CXeMaTu4ecKas
WLTIOCTPAIHS SKCIIEPUMEHTAIBHON NMPOLeAyphl, oTpaxatomas aemoHcrpanuio 400 ky6oB Hekkepa, uepemyronuxcs ¢
JleMOHCTpaluel abcTpakTHhIX n300paxeHuil. RT — Bpemst peakMu UCTIBITYeMOro; ¢ — KCIIEPUMEHTAIBHBIC YCIOBHSA

Fig. 1. a — Set of visual stimuli (Necker cubes with varying degrees of ambiguity); b — schematic illustration of an
experimental procedure that reflects a demonstration of 400 Necker cubes alternating with a demonstration of abstract
images. RT — subject’s reaction time; ¢ — experimental conditions

(cMm. puc. 1, a). [Tonosuna u3 vux (a € {0.15,0.25,0.4,0.45}) cunTarotcs JI€BOOPHEHTUPOBAHHBIMH, JPY-
rast nosiosuHa (a € {0.55,0.6,0.75,0.85}) nmpaBoopreHTHpoBaHHBIME. B TO Bpems kak mist a~0 n a~x1
(M300paXkeHHs ¢ HU3KUM YPOBHEM HeoaHO3HAYHOCTH (LA)) KyOBI JISTKO HHTEPIPETUPYIOTCS KaK OPHEH-
THUPOBaHHbIE BJIEBO U BIPaABO, A a ~ 0.5 HASHTUPUKAIMS OpUEHTAINH KyDa sBiseTcs 0oJee CI0KHOM
3aJ1aueil, IMOCKOIBbKY MBI UIMEEM JIENI0 C N300paKeHUSIMH C BBICOKHM YpPOBHEM HeopHo3HauHoctu (HA).

Kaxnoe nzobpaxenue kyba Hexkkepa ObUT0 BBIBEJIEHO B IIEHTP SKpaHa KOMIIBIOTEPA C MCIIOIb30Ba-
HHEM YepHBIX U CEephIX JIMHUH Ha OcemoM ¢one. M300pakenus kyonkoB Hekkepa (142-MUIITAMETPOBBIE)
JeMOHcTpupoBaiuch Ha 24-mioiiMmoBoM JKK-MonuTope Ben(QQ ¢ mpocTpaHCTBEHHBIM pa3peleHuEM
1920 x 1080 muxcemneit n yactoToit ooHOBNEeHNs 60 I't1. McnpiTyeMble pacronaraiuck Ha pacCTOSHHUH
70...80 cM oT MOHHTOpA ¢ yriioM 0030pa npumepHo 0.25 pa.

Bech sxciepument e okoso 40 MUHYT [T KaXXKIOTO YYAaCTHHKA, BKIIOYAsi KOPOTKHE 3alUCH
O3I' B coctossHuu nokos (mopsiaka 150 ¢) A0 U mocjie OCHOBHOM YacTH AKCIepuMeHTa. Bo Bpemst
9KCIIEPUMEHTAIFHBIX CEaHCOB KYOHMKH C 3apaHee 3alaHHBIMU 3HAaYeHUSAMH ¢ (BBIOpaHHBIMHU K3 Habopa
Ha puc. 1, a) ObUIM cay4yaiHBIM 00pa3oM npoaeMoHCcTpupoBaHsl 400 pa3, Kaxablid Ky ¢ onpeaenéHHon
HEOJITHO3HAYHOCTHIO ObUT IpecTaBieH okosio 50 pa3. Cxema 3KCIIEpUMEHTAIBHOTO CeaHca MoKa3aHa
Ha puc. 1, b. Kaxnplit i-if ctuMys ObUT TIpeACTaBIIeH B T€UeHHE BPEMEHHOTO MHTepBaja T;, a CIemy-
foruii (i+1)-# cTUMYZ JEMOHCTPUPOBAJICS MMOCIIE BPEMEHHOTO MHTepBaia ;. [IpOIOIKUTENbHOCTD
JIeMOHCTpAIMK CTUMYJIa BapbHPOBAIach B Auamnasone T € [1,1,5]c.

J1s KaykI0ro CTUMYyJa MBI OLIEHUBAIIH MTOBEICHUYECKYIO peakiuto, uimepsis BpeMs RT, kotopoe
COOTBETCTBOBAJIO BPEMEHH, POIIEAIIEMY OT MPEABSIBICHHUS CTUMYJIA 10 HAKaThS KHONKH (CM. puc. 1, b).

1.3. 3anmuch n 06padoTka curnanoB L.  ODI'-curHanmbl perucTpUpOBAIUCH C UCIOIb30BaHUEM
METO/1a MOHOIIOJISIPHOM perucTpanyy 1 KIacCH4eckol pacIIMpeHHOM cXeMbl pa3MeleH s IEKTPO/I0B
10-10. Mp1 3anmucanu 31 curHan ¢ AByms pedepentamu, Al u A2, pacnonoXKeHHBIMH Ha MOYKaX yIIeH,
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Y 3a3eMJISIONINM 3JIEKTPoAoM N, pactoiI0KEHHBIM UyTh BbIIIe j10a. CHTrHANB! OBLUTH MOMYyYEHBI C TOMO-
IIBIO YAIIEYKOBBIX aAre3uBHBIX AeKTporoB Ag/AgCl, momemEnnpix Ha macty «Tien-20» (Weaver and
Company, Konmopano, CIIIA). HenocpencTBeHHO nepes HadaaoM 3KCIEPUMEHTOB MBI IPOBETH BCE HEOO-
XOIUMBIE TIPOLICAYPHI ISl TIOBBIMICHUS TPOBOAMMOCTH KOXKHU M CHIDKEHUS €€ COTMPOTUBIICHUS C MTOMOIIBIO
abpazuHoTO Temst «NuPrep» (Weaver and Company, Konopano, CIIIA). [Tocne ycTaHOBKH 3JEKTPOIOB
COTIPOTHBIICHHE KOHTPOJIMPOBAIOCH HA MPOTSHKEHUH BCEro dKcrepuMenTa. OOBIYHO 3HAYEHUS COMPO-
TUBJICHUS U3MEHSUIHCH B MHTEpBatie 2...5 KOM. [[nsg ycunenus n aHanoro-mugpoBoro mpeodbpa3zoBaHus
curHaioB D01 ucnosp3oBaics 3MekTpo3Hiedanorpad «unedanan-231-19/26» (kommanus «Meaukom
MT/I», Taranpor, Poccuiickas ®enepanus) ¢ HeCKOMbKUMH KaHamamMu D31 1 JBYXKHOIIOYHBIM yCTPO¥i-
cTBOM BBOAa (kiaBuarypoii). Heobpaboranusie D3I -curHams! priIbTpOBaICh MOJIOCOBBIM (DIIIBTPOM C
KOHEYHOH MMIYIBCHOW XapaKTepUCTHKOHM ¢ ToukaMu oTcedkd 1 I'm u 100 I'm n pexekTopHBIM HHitbTpomM
Ha 50 ['M ¢ TOMOIIEI0 BCTPOCHHOTO ammlapaTHO-TIPOTPAaMMHOTO KOMIUIEKCA. YaajieHue apredakToB
MOPTaHH TJIa3 U CEPAIICONCHUS TTPOBOAMIOCH METOAOM aHan3a He3aBUCHUMBIX KoMroHeHT (ICA) ¢
ncrnons3oBaHueM nporpammuoro obecnedenuss EEGLAB [19]. Ilocne mpoueayps! npeaBapuTebHOM
00paboTku D3I" MBI UCKITIOYIIIA HEKOTOPHIE UCITBITAHUS W3-32 BHICOKOAMIUIHTYIHEIX apTe(akToB U
paccmotpenn 320 ucnbITaHui U3 nepBoHadaibHbIX 400.

3anmcannapie D3I '-cUTHABI OBUTH CETMEHTHPOBAHBI Ha 4-CEeKyHIHBIC 3aITUCH, TIe KakKmas 3a-
HUCh ObLTA CBs3aHA C OMHOM JAeMOHCTparueit kydba Hekkepa, BKiodast 2-CEKyHIHBIN HHTEPBAI 10 U
2-CeKyHIHBI WHTEPBAJ MOCIe MOMEHTa JIeMOHCTpanuu Kyda Hekkepa. MBI paccuuTainy CeKTpaIbHYIO
MOIIHOCTL JIS Ka)KJAOro MCIBITAaHWSA B muara3soHe 4yacTtor 4...40 't ¢ ucooip30BaHHMEM BEUBIIET-
npeobpasoBanus ¢ BetiBaerom Mopie [20]. YUucno uukinoB (n) Obu10 onpeneneHo kak n = f, roe f —
gacToTa curHana [21]. BeliBneT-ananu3 npoBoamiics B cpeae Matlab ¢ ucmons30BaHreM HHCTPYMEH-
tapus Fieldtrip. MaTepsansr 0.5 ¢ ¢ ka0l CTOPOHBI 3aIMCH OBUTH 3ape3epBUPOBAHBI ISl pacdéra
MOILHOCTH BeliBiera. B pe3ynbrare Mbl pacCMOTpPEIN MOIIHOCTh BEHBIETa HA UHTEpBaie 3 ¢, BKIOUas
MpecTUMYyIbHOE cocTosiHue (0T —1.5 ¢ 1o 0) u cBA3aHHYIO CO CTUMYJIOM akTHBHOCTH (0T 0 1o 1.5 ¢).
Jlns monmydeHHOH BEWBIIET-MOITHOCTH MBI PACCMOTPENIH CHEKTpaiabHble Bo3MyImeHus ERSP (Event-
Related Spectral Power), cBs3aHHBIC ¢ COOBITHEM (TIPEABABICHUE BU3YAIBHOIO CTHMYJIA), UCTIONB3YS
HOPMHUPOBKY [aKTHBHOCTH, CBSI3aHHAsI CO CTHMYIIOM — IMPECTUMYIBHOE COCTOSHUE|/TMpecTUMYIbHOE
COCTOSIHUE.

1.4. DxkcnepuMeHTaNbHBIE yeaoBuA. J[Ba Tuna ctumynoB LA m HA Obinm crpynmupoBaHbI
W pa3zfesieHbl 10 yCIOBHSM B COOTBETCTBHH C HEOJHO3HAYHOCTHIO MpEbIIyIIero ctumyna. beima
BBE/IEHA B PACCMOTPEHHE HE TOJNBKO HEOAHO3HAYHOCTD MPEIBIAYIIEro CTUMYa (MepBhIA MPEabIAYIINi),
HO W HEOIHO3HAYHOCTH CTHMYJIA, IIPEICTABICHHOTO IBYMs KyOamMu paHee (BTOpPOH MpenblIyIInid).
B pesynsrare st ky6oB LA u HA MBI paccMoTpenu deTbipe ycinoBus (cM. puc. 1, ¢):

e ycnoBue 1 — oba mpeAbIAyIIUX KyOHuKa UMEIOT HU3KUI ypoBeHb HeogHo3HauHoCcTH (LA-LA);

e yCIOBHE 2 — IMEPBbI NpeAbIAyINi Ky0 MMeeT HU3KUI YPOBEHb HEOIHO3HAYHOCTH, a BTOPOH
MpenpIIyInid Ky0 nMeeT BBICOKUH ypoBeHb HeomHo3HauHOCTH (HA-LA);

e ycnoBHe 3 — MepBHIi MpeablIyIui Ky0 UMEEeT BBICOKHI YPOBEHb HEOAHO3HAYHOCTH, @ BTOPOH
MpeabIAYIINN KyO uMeeT HU3KUN ypoBeHb HeonHo3HauHOCTH (LA-HA);

e ycioBue 4 — 00a IpeapIIyIuX KyOruKka UMEIOT BEICOKUH ypoBeHBb HeoqHo3HauHOCTH (HA-HA).

YroObl COXpaHUTh KOMMUeCTBO DI -3amucei MOCTOSHHBIM B 3aBUCHMOCTH OT YCJIOBUH M HCIIBITY-
€MBIX, MBI BEIOpanu 16 cOOBITUI I KaXKIOTO YCIOBUSI.

1.5. CrarucTuveckuii anaau3. CTaTUCTUYECKUM aHAIU3 HA TPYIIOBOM YPOBHE MPOBOAUIICS
JUTsl 3HAYeHUH MeJIMaHbl BpEMEHHU PEeakIui, MeIMaHbl BPEMEHU MPEAbIBICHIUS BU3YAIBHOTO CTHUMYJIa
Y COOTHOIIEHUS MEX]y JIEBOCTOPOHHUMHU U TIPABOCTOPOHHHMH CTUMYJaMH, a TaKK€ COOTHOIICHHS
Mexny ctumynamu LA u HA. OcHoBHBIE 3 QeKTh OLEHUBAIUCH ¢ TOMOLIBI0 MHOTO(AaKTOPHOTO
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JHMCIIEPCHOHHOTO aHanu3a ¢ koppekuueii ['punxayca—Ieiicepa. Mbl nmpoBoamiu post hoc ananu3 1160 ¢
romMoipio t-kputepus CThIONEHTA JUIS 3aBUCHMBIX BBIOOPOK, JTMOO C TTIOMOIIBI0O KPUTEPHST YHIIKOKCOHA, B
3aBHCHMOCTH OT HOpMaJILHOCTH BBIOOpOK. HopManbHOCTE Obl1a mpoBepeHa ¢ momortnpto tecta Llammpo—
Yuka. MBI TpOBENIH CTaTHCTHYECKUH aHAJIN3 C UCITOJIb30BAHKMEM ITporpaMMHoro obecredeHus SPSS.
Hcnonb3yembie TECTHI, a TAKXKE UX MapaMETPhl yKazaHbl B pasnene «Pe3ynbrarsiy.

CnekTpaibHas MOIIHOCTD U CIIEKTpalbHbIE BO3MYIICHUSI CPAaBHUBAJIUCH JIJIS1 PAa3IMYHBIX yCIIO-
BHI DKCTIIEPUMEHTA BO BPEMEHHOH, MPOCTPAHCTBEHHON M YaCTOTHOH OOJACTAX C MOMOUIBIO t-TecTa
JUTSL 3aBUCUMBIX BBIOOpOK. KOppeKuns MHOKECTBEHHBIX CpaBHEHMH OblJla OCHOBaHA Ha KJIACTEPHOM
MepMYTallMOHHOM TecTe U MeTojie paHaomuzanuu Monrte-Kapno. Kputnueckuil o-ypoBeHb sl TapHOTO
cpaBHeHHsI ObUT ycTaHOBIeH paBHBIM 0.05. KpuTHdeckuii o-ypoBEHB IS KJIACTEPHOTO TeCTa OBLIT
ycTaHoBieH paBHBIM 0.025. MUHHMaIbHOE YHCIIO 3JICMEHTOB B KJIacTepe OBLIO YCTAHOBIICHO PABHBIM 2,
a 4UCIIo epecTaHoBOK Obi1o paBHO 2000. AHAIM3 OCYIIECTBISUICS ¢ TToMoIIbko makera Fieldtrip ms
Matlab.

2. Pe3yabTarsl

2.1. Bpems peakmyuu. Mpbl IpoaHaIU3UpOBaIN BIUSHUE HEOIHO3HAYHOCTH MPEABIIYIIEro CTH-
MyJa OTAENBHO s TeKymux cTuMynnoB LA m HA. Me1 cpaBHmin RT HCIIBITYEMBIX B YETBIPEX YCIOBUAX
(moppobuee cm. Metons! u puc. 1, ¢). Puc. 2 nemonctpupyert, kak RT oTnugaercs B 3THX yCIOBHSIX
st ctumynoB HA u LA. MuorodakTopHBIH AUCIIEPCHOHHBIN aHAJIN3 BBISIBIII 3HAYUMBINA dPQeKT
AKCTIEPUMEHTAIBHOTO YCIOBHUs tst 060ux crumynos. st HA: F'(3,57) = 10.787, p < 0.001; mnst LA:
F(3,57) = 6.067, p = 0.001.

RT [s] HA #
2 = = 9 =
— I ° . n
=] = o o =
15 S S1s o 2
5 LS} o 3
=} =} l. o f=}
1 3 S 1 & 3
e S :
0.5 2 2051 2051
1 ) 3 4 05 1 1.5 2 0.5 1 1.5 2 05 1 1.5 2
a Conditions b RT at condition 4 [s] RT at condition 4 [s] RT at condition 4 [s]
RT [s] LA
2 = = o
2 218 2,
< el N
= = =
' = 214 2
k=) b=l 3
5] =) 5]
! 8 g 1 5
= ® S
c Sos|
1‘ 2 3 4 0.6 1 1.4 1.8 0.6 1 1.4 1.8 0.6 1 1.4 1.8
Conditions RT at condition 1 [s] RT at condition 1 [s] RT at condition 1 [s]
C

Puc. 2. a — Bpewms peakuun RT B yeTbipex ycinoBusx uid Tekyuiero ctumyiaa HA; b — mapasie paznuuns mexny RT B
Pa3NMUYHBIX YCIOBUAX I Tekymero ctumyna HA; ¢ — Bpems peaknuu (RT) B ueThIpex ycIOBHSAX IS TEKYIIETO CTHMYIIa
LA; d — napHsle pasnuuns Mexxay RT B pa3inuHbIX yCIOBHAX AU TEKyllero ctumyna LA

Fig. 2. a — Response time (RT) under four conditions for the current stimulus HA; b — paired differences between RT
under different conditions for the current stimulus HA; ¢ — response time (RT) under four conditions for the current
stimulus LA; d — paired differences between RT under different conditions for the current stimulus LA
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Jnsa crumynoB HA Mbl HaGmonaan MUHUMANbHOE BpeMs peaklu B YCIOBUH 4, I7ie ABa MpeJibl-
IyIIUX CTHMYJIA TAKXKEe UMEIU BBICOKHI YPOBEHb HEOIHO3HAYHOCTU. HanpoTuB, HCIIBITYyeMble JJEMOH-
CTPHUPOBAIN MaKCHMaJIbHOE BpeMs peaKIMH B YCIIOBUH 1, Tle /1Ba MpenpIaynx Kyoa IMeITn HU3KUI
YpOBEHb HEOJHO3HAYHOCTH. Post hoc aHanm3 ¢ MOMOIIBIO KPpUTEPHUsT YHIIKOKCOHA ITOKa3aj, 9TO BpeMs
peaxuuu B ycaoBun 4 (M = 1.01 ¢, SD =0.27 ¢) 6bu10 3HAYNTETHHO HUXKE 110 CPABHEHHIO C YCIIOBHEM |
M=1.18 ¢, SD=0.32 ¢): Z = 3.547, p < 0.001. Ananu3 mapHsIX pazauuuii (puc. 2, b) mokasai, 4yTo
19/20 ucnpITyeMbIX JEMOHCTpUPOBAIH 3(P(EKT B TOM ke HaIllpaBJISHHH, YTO U TPYIIA, U TOJIBKO OIWH
WCIIBITYEeMBIH nMel 2QQeKT B MPOTHBOIOIOKHOM HalpaBiIeHHH. BpeMs peaknun B yCIIOBUH 4 Takxke
Ob110 HIDKE, ueM B yeioBun 2 (M =1.12 ¢, SD=0.32 ¢): Z = 3.323, p = 0.001. B stom ciygae 2/20
UCTIBITYEeMBIX MPOIEMOHCTPUPOBaH ) (PEKT B IPOTHBOIOIOKHOM HANpPaBICHUH, & OJUH UCIBITYEMBII
He IMoKa3ai HuKakoro 3¢dexra. Hakonen, Bpems peakiuu B ycioBur 4 ObLJIO HIKE, Y€M B YCIOBUU 3
M=1.09 ¢, SD=0.33 ¢): Z = 2.696, p = 0.007. AHa)NHM3 TMapHBIX pa3IHMUNN Moka3aj, 910 15/20
HCTIBITYEMBIX JIEMOHCTPUPOBAIN 3P HEKT B TOM XKe HAIPaBICHNUH, YTO U Tpymma, 4/20 UCTIBITYyeMbIX Jie-
MOHCTPHPOBAJH dPPEKT B MPOTHBOIOJIOKHOM HATPaBICHHH, & OAWH HCHBITYEMBII HE JEMOHCTPHPOBAI
HUKaKoTo 3¢ deKra.

Hust ctumynoB LA mbl HaOmonanm MUHUMaIbHOE BpeMsl peakiiy B YCIOBUH 1, T/Ie J1Ba MpebIIy-
X CTUMYJIa TaK)Ke MMEIN HU3KUH YPOBEHb HEOAHO3HAYHOCTH, U MaKCHMAaJIbHOE BPEMsI PEaKINH —
B YCJIOBMH 4, TJie JiBa MPEIbIIYIINX CTUMYJIa UMEIH BBICOKMI YPOBEHb HEOJHO3HAUYHOCTH. TecT Yui-
KOKCOHa TIOKa3all, 4yTo BpeMs peakuuu B ycioBuu 1 (M = 0.82 ¢, SD = 0.23 ¢) ObI10 3HaYUTEIHHO
HWKEe Mo cpaBHeHHO ¢ ycioBueM 4 (M = 0.89 ¢, SD = 0.26 ¢): Z = 3.061,p = 0.002. Ananus
MApHBIX pa3ianduil mokaszain, 4yTo 18/20 ucmpITyeMbIX mokasain 3QQeKT B TOM K& HalpaBICHUH, YTO U
rpymmna. OQuH HCIBITYEeMBIH TPoJeMOHCTPHPOBai 3p(eKT B MPOTHBOIOIOKHOM HaNpaBieHHUH, a APY-
roll — HHKaKoro. Bpems peakuuu B ycioBuH 1 Takke OBLIO HIDKE, YEM BPEMs PEaKlUU B yCIOBUU 3
M =0.89 ¢, SD =0.25¢c): Z =2.13, p = 0.009. B atom ciryuyae 4/20 ucnpITyeMbIX MOKa3and dPQext
B IIPOTHBOIIOJIOKHOM HampasiieHuH. HakoHel, BpeMs peakiiui B yCIOBUHU | OBUTO HMKE, 9eM BpeMst
peakuuu B ycnoBuu 2 (M = 0.87 ¢, SD = 0.26 ¢): Z = 2.67, p = 0.008. Ananu3 napHbIx pa3inuuii
nokasai, 4to y 4/20 ucnsiTyeMbix Habmogancs 3GGexT B MpOTUBONONIOKHOM HAIPaBICHHH.

Hakonern, MHOTO(aKTOPHBIH AMCIIEPCHOHHBIN aHAIM3 ¢ monpaBkoil [ punxayca—Ieiicepa mokasza,
YTO MeIraHa BPEMEHH Ipe3eHTaruu Kyoa Hekkepa cyliecTBEHHO HE M3MEHHJIACh B 3aBUCHMOCTH
oT ycioBuil Kak uisi ctumynoB LA: F'(1.3,24.9) = 2.883, p = 0.093, tak u s crumynos HA:
F(1.38,26.3) = 1.646, p = 0.214. CooTHOILIEHHE MKy KOIHYESCTBOM JICBO- M MPABOOPUEHTHPOBAH-
HBIX TEKYLIUX CTUMYJIOB TAK)XKe HE H3MEHHJIOCH B YCIOBHSX Kak it ctumyinoB LA: F'(1.26,29) = 3.604,
p = 0.059, tak u mis crumynoB HA: F(1.9,45.5) = 1.159, p = 0.323. DTu pe3ynbrarsl CBUACTEIb-
CTBYIOT O TOM, YTO HI MOMEHTHI BPEMEHH, B KOTOPBIE UCIBITYEMBIM IEMOHCTPHPOBAJINCH BU3yaIbHbIE
CTHMYJBI, HA OPHEHTaLHs Ky0a He BIMSIOT Ha BpeMs peakluu B paccMaTpuBaeMbIX yciosusix 1-4. Ha
JTAaHHBIA TapaMeTp OKa3bIBaeT BIHMSHUE TOJHKO HEOJHO3HAYHOCTh MPEABIAYIINX BH3YAIbHBIX CTUMYIIOB.

UTo0OBI MpoaHAIM3UPOBATh, KaK MPEIbIIyIas OpUEHTAINI CTUMYJIa MTOBJIHsIIa Ha BpeMs peak-
MU, MBI BBEJIN KOOPPHUIHMEHT ©, XapaKTepu3yIOIIHi COOTBETCTBIE MEXy OPHEHTALMEH TEKYIIETo 1
MPEABIAYIIEro CTUMYIIOB. s Kax1oro ucnblTaHust © = 1 ykas3pIBaJIo, YTO TEKYLIUH CTUMYI UMEET Ty
YK€ OPUCHTAIUIO, YTO M MPEIbIAYIIHA CTHMYI, ® = 2 0Tpa)xao COOTBETCTBHE MEXK]y OpUEHTAIUCH
TEKYIIEero CTUMYyJia M JBYyMs MpenbIyuMu ctuMyiaamu. Hamporus, ® = ( o3Havaet, 4To TeKymas
OpPHEHTANHs CTUMYJIAa OTIMYAETCS OT MPEeNbIAyIIeH OpUEHTANH CTUMY A, 3HadeHns1 ® ObUTH yCpeTHEHbI
10 BCEM HCTIBITAaHUSIM U COMOCTABJIEHBI MEXIY YETBHIPbMS yCIOBUAMU. B pesynbrare aucrnepcruoHHO-
r0 aHajM3a BBIIBICHBI OCHOBHbIC (haktopbl kak miast HA crumynos: F'(3,57) = 11.702, p < 0.001,
tak u st LA ctumynos: F'(3,57) = 2.913, p = 0.042. 3areM MbI HCIOJIB30BAIH MHOTO()AKTOPHBIH
KOPPEIIIHOHHBIA aHaN3, 9TOOBI POBEPUTH, KOPPEIHUPYET JH ©® B 3TUX yCIOBHUSAX CO BPEMEHEM pe-
akuuu [22]. B pesynbrare cnabasi koppessinus Habmoaanach kak s crumyino HA: r(59) = 0.29,
95% CI [0.042 0.51], p = 0.02, Tak u mgua ctumynos LA: r(59) = —0.25, 95% CI [—0.48 — 0.0004],
p = 0.045. HakoHell, MbI TIOJY4HJIM, YTO YACTOTA OIIMOOK HE M3MEHSETCS] B 3aBUCHMOCTH OT yCIIOBHIA
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kak juist crumyinoB HA (M = 9.2%, SD = 10.4%): F(3,57) = 0.288, p = 0.844, Tak u Uil CTHMYIIOB
LA (M = 1.7%, SD = 3.5%): F(3,57) = 0.497, p = 0.686.

2.2. HeiipoHHasi aKTUBHOCTh BO BpeMsl NPeCTUMYJBHOI0 cocTtossHus. CoracHO pe3yib-
TaTaM, OMKCAaHHBIM BBIIIE, HEOJHO3HAYHOCTh MPEIbIAYIIET0 CTUMYJa MOBIHUIIA Ha BpEeMs, KOTOPOE
HCIIBITYeMBbIN 3aTpauynBajl Ha WACHTH(PHUKAIMIO TeKyIHux cTUMynoB. RT Obu1o HEKE, €clu ypOBEHBb
HEOTHO3HAYHOCTH TPEIBIAYIIEro BH3yaJbHOTO CTUMYJIa COBIAJ C YPOBHEM HEOJHO3HAYHOCTH TEKYIIETO
ctumyna. I1ot 3¢ deKT ObUT CHITBHEE, SCIIH JIBa PaHEe TMPEICTABICHHBIX CTUMYJIA UMEITH OMHAKOBEII
ypoBeHb HeoaHo3HayHocTH (00a LA mnm o6a HA). Mbl npeanonoxuiu, 4to 0o0paboTka roJOBHBIM
MO3TOM IPEIBIAYIINX CTUMYIIOB BIUSET Ha TPECTUMYJIBHOE COCTOSTHIE TEKYyIEero ctuMyina. Tak, mocie
00pabotku ctumyioB LA (ycioBue 1) oHO ObUTO OoJiee OMATONPHUATHBIM 1T 00paOOTKU TEKYIIETO
ctumyna LA. HanpoTus, npecTuMynbHOE COCTOsIHNE TTocsie 00padoTku ctumynoB HA 6wuto Oosee Giaro-
MPUATHBIM JJ1s1 00pabOoTKH TekyIiero ctuMynna HA. B cOOTBETCTBUM ¢ 3TUM MBI CPAaBHIUIH CHEKTPAIBHYIO
MOIITHOCTh MPECTUMYJIBHOTO COCTOSHUS MEXy ycinoBueM | u ycioBueM 4 (puc. 3, a).

CpaBHUBas MPECTUMYJIBHBIE COCTOSHUS, chopMupoBaHHbIe TIocie 00padoTkn HA u LA cTumynos,
MBI OOHAPYKWJIM 3HAYMMBIA HeraTuBHbIN Kinactep (p = 0.0475) B wacrorHOM nmamnazone 16...18.75 I'm,
JOKaIM30BaHHBINA B 3aThU10uHOM (OZ) 1 TeMenHo#t (Pz u CPz) obnacTsx romoBHOTO Mo3ra (puc. 3, b).
CriekTpanbHas MOIIHOCTh 3TOTO KaacTepa B yciaosun 4 (M = 1.7 x 10%, SD = 7.2 x 10*) 6bina BbiIe,
yem B ycosun 1 (M = 1.5 x 104, SD = 6.2 x 10%). AHanu3 napHeIX pasnnuuii mokasan, uto 17/20
HCIIBITYEMBIX TTOKa3aiau 3G(EeKT B TOM K€ HaIlpaBJICHWH, YTO U Tpymma (puc. 3, ).

3amMeTuM, 4TO MEJMaHHOE BPEMsl MPEIbSBICHUS TEKYILEr0 CTUMYJIA HE UMEJIO 3HAYUMBIX Pa3IHIuid
s atux yenosuit (£ = 1.307, p = 0.191, Ttect Yunkokcona). Takyke 3HAUYUMBIX DPa3idduil He
HaOMIONAN0Ch I COOTHOIIIEHHE MEX/Ty JIEBOH 1 TpaBoOil OpueHTAIMAMH TeKymiero ctumyna (Z = 0.105,
p = 0.917, Tect Yunkokcona). Takum oOpa3oM, MBI TIPUXOMM K BBIBOIY, YTO HAOIIOMAEMOE M3MEHEHIE
CHEKTPaJIbHON MOIIHOCTH OBIJIO BBI3BAHO TOJIBKO HEOJHO3HAYHOCTHIO MPEIBIIYIIEro CTUMYa, HO He
JUIMTEIILHOCTBIO 3KCIIEPUMEHTA WM TEKYIIeH OpUEeHTAIeH CTUMYIIA.

Spectral power (SP), condition 1 and condition 4
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Puc. 3. ConocraBnenue npecTUMyabHON crieKTpanbHOil MommHocTH (SP) B ycinoBuu 1 u ycnosuu 4: a — cxeMaTH4deckoe
Mpe/ICTaBICHUE YCIOBUH 3KCIepUMeHTa; b — 3HaueHHe ¢ OoTpakaeT pe3yinsTaT cpaBHeHHs SP Mexmy ycmosuem 1 u
yCIIOBHEM 4 ¢ UCHOIb30BaHUEM t-KpuTeprs. Kpykouku moka3bIBatoT 3HAYMMBIH Kinactep (p < 0.05 ¢ momomnisio t-KpuTepust
JUIS TAPHBIX BBIOOPOK C KJIACTEPHOM IONPABKOIl [7Isi MHOXKECTBEHHBIX CPaBHEHMIT); ¢ — paclpeeneHne NapHbIX pa3iniuii
oTpaxaeT u3MeHeHne SP Mexay ycioBueM 1 u ycioBueM 4 y Bcex ydacTHHKOB (IBeT online)

Fig. 3. Comparison of the prestimul spectral power (SP) in condition 1 and condition 4: a — schematic representation
of the experimental conditions; b — the value of ¢ reflects the result of the comparison between SP in condition 1 and
condition 4. The circles show a significant cluster (p < 0.05 using the t-test for paired samples with cluster correction
for multiple comparisons); ¢ — the distribution of pairwise differences reflects the change in SP between condition 1 and
condition 4 for all participants (color online)
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2.3. HelipoHHasi aKTHBHOCTb BO BpeMsl 00pa0oTkH ronoBHbIM Mo3roM HA ctumynos. Kaxk
OTHCaHO BBHIIIE, IMOCe 00PadOTKH ABYX CIEAYIONMUX IPYT 3a OpyroM cTuMmysioB HA kopTukambHas
aKTUBHOCTbH MPOSIBIISUIA TOBBIIICHHYIO MOIIHOCTD [3-AMala30Ha B 3aTBUIOYHO-TEMEHHOW 00JIaCTH TOJIOB-
HOTO Mo3ra. B aToM cimyyae 00paboTKa roJOBHBIM MO3TOM TeKyIlero ctumyina HA 3aHumana MeHbIe
BpeMenu (MeHblIee 3HadyeHue RT) (cM. puc. 2, a). UToObl npoaHann3upoBaTh KOPTUKAIBHYIO aKTHBHOCTD,
JIe)KAIIyI0 B OCHOBE CHMKCHHSI BPEMEHH PEAaKIIUH B 3TOM COCTOSHHH, MBI CPaBHWIIH CIIEKTpPATbHbBIE
BO3MYIIICHUS, BBI3BaHHEIE 00pPa0OTKON BHU3YaJIbHOTO CTHMYJIa, MEXIy yclIoBHEeM | u ycinoBueMm 4 B
teuerne 0.35 ¢ mocne Havaja MpeabsIBICHAS CTUMYIa. B pesynbrare Obpu1 00HapyKeH 3HAYMMBIN 110~
JOXUTENBHBIN KiacTep ¢ p = (0.045. DTOT KIacTep pacmoiIokKUiICsI BO BpeMeHHOM auana3one ot 0.15
10 0.162 ¢ mocnie Havaja cTUMyia B auanaszoHe dactor 17.5..17.75 I'm u mokanu3oBaics B IpaBoi
3areutouHoi (02), remenHol (P4, P8) u Bucounoii (Tp8) obmacTsax rojgoBHOro mo3ra (puc. 4, a). ERSP
B 3ToM Kiactepe B ycnoBun 1 (M = 0.17, SD = 0.45) Obu1 Bbiie, uem B ycinoBuu 4 (M = —0.09,
SD = 0.31). AHanu3 mapHbIX pa3auyui mokaszai, uto 15/20 ucnbiTyeMbIxX mokaszanu 3QGeKT B TOM kKe
HaIfpaBJIeHUH, 4YTO U rpynna (puc. 4, b).

ERSP for HA-stimuli, condition 1 and condition 4

A_f?

[

ERSP at condition 4 [a.u.]
(e

0o
e °
o © o
e
-1
f=175..17775Hz -0.5 0.5 L5
t=0.15...0.162 s b ERSP at condition 1 [a.u.]

Puc. 4. ConocraBneHue CIeKTpaIbHBIX BO3MYILIEHHH, BbI3BaHHBIX cTuMyiioM (ERSP), Bo Bpemst o6padorkn HA ctumyna
B ycioBuH | u ycnoBuu 4: a — 3Ha4eHUE ¢ OTpaxkaeT pesynsTar cpaBHeHHs ERSP mexny ycioBuem 1 u ycnosuem 4.
Kpy»xouky nmoxa3sIBatoT 3Ha4nMEIi Kinactep (p < 0.05 ¢ TOMOIIBIO t-KPUTEPHst MAPHBIX BEIOOPOK € KIIACTEPHON MOIPABKOH
JULSI MHOKECTBEHHBIX CPaBHEHHI); b — pacHpesielieHle MapHbIX pasiuduii nokassiBaeT n3MeHeHne ERSP mexny ycinoBuem
1 u ycroBueM 4 B rpymie yyacTHUKOB (IBeT online)

Fig. 4. Comparison of spectral perturbations caused by the stimulus (ERSP) during the processing of the HA stimulus in
condition 1 and condition 4: a — t-value reflects the result of the comparison between the ERSP in condition 1 and
condition 4. The circles show a significant cluster (p < 0.05 using the t-test of paired samples with cluster correction
for multiple comparisons); b — the distribution of paired differences shows the change in ERSP between condition 1 and
condition 4 in the group of participants (color online)

2.4. HeiipoHHasi aKTUBHOCTb BO BpeMsi 00padoTky rojioBHbIM Mo3roM LA crumynos. Cpas-
HUBas CHEKTPalbHbIE BO3MYILEHH, BBI3BaHHBIE 00paOOTKOM TOJIOBHEIM MO3TOM cTuMyJaa LA mexay
ycioBueM | 1 yciaoBueM 4, MbI OOHApYKMIIN YeThIpe OTPHLATEIBHBIX U IBA TIONOKUTEIHHBIX KIIacTepa.
IlepBeiii monoxxutenbHbIN kiactep ¢ p = 0.0105 pacnonoxuiics Bo BpeMeHHOM AuanazoHe 0.26...0.35 ¢
[OCJIe HaJajla CTUMYJa B Juamna3zone JactoT 19...23.75 I'm u mokanu3oBaiicss B MPaBOH 3aTbUIOYHOM
(Oz, 02), Temennoti (P4, P8) u Bucounoii (TP8) obmacTsax romosHoro Mosra (puc. 5, a). ERSP B atom
knacrepe B ycnosuu 1 (M = 0.18, SD = 0.44) 6bu1 Beimie, uem B ycnosun 4 (M = —0.12, SD = 0.25).
AHanu3 MapHBIX pa3Iuddi mokaszai, yto 17/20 uchpITyeMbIX moka3ann 3Q(eKT B TOM K¢ HalpaBJICHUH,
4TO U rpynna. Bropoil nonoxurensHeli kinacrep ¢ p = 0.0105 pacnonoxuics BO BpeMEHHOM JHANa30He
0.3...0.35 ¢ B muama3one gactotT 25.75...28 I'm u mokamu3oBaics B MpaBoii 3areutouHoi (O2) u TeMeHHOH
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ERSP for LA-stimuli, condition 1 and condition 4
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Puc. 5. JIBa nonoxuTenbHbIX Kinactepa (a, b) orpaxaror pesynsrar cornocraBiennss ERSP Bo Bpems o6pabotku LA
CTHUMyJNa B yCJOBHH 1 u ycinoBuH 4: a — 3HadeHue t oTpaxkaeT pe3ynprar cpaBHeHus ERSP mexny ycnoBuem 1 u
ycnoBueM 4. Kpykodkn 1mokaspIBaloT 3Ha4MMBIN Kiactep (p < 0.05 ¢ moMomipio t-KpuTepust IJ1sl HapHBIX BEIOOPOK C
KJIaCTEPHOH MOMPaBKOH 11 MHO)KECTBEHHBIX CpaBHEHUi); b — pacnpeneneHre HapHbIX Pa3IUduil OKa3bIBaeT H3MEHEHHE
ERSP mexny ycnoueM 1 u ycnoBueM 4 B IpyIie Y4acTHUKOB (IBeT online)

Fig. 5. Two positive clusters (a, b) reflect the result of ERSP matching during LA stimulus processing in condition 1
and condition 4: a — t-value reflects the result of the comparison between the ERSP in condition 1 and condition 4.
The circles show a significant cluster (p < 0.05 using the t-test of paired samples with cluster correction for multiple
comparisons); b — the distribution of paired differences shows the change in ERSP between condition 1 and condition 4
in the group of participants (color online)

(P4 u P8) obmactu ronoHOro mMo3ra (puc. 5, b). ERSP B satom xnactepe B ycmoBuu 1 (M = 0.18,
SD = 0.45) Obw1 Beimie, yem B ycioBun 4 (M = —0.09, SD = 0.21). AHanu3 mapHBIX pa3IHyYUil TTOKa3all,
gro 18/20 ncnpITyeMbIX mokaszanu 3QdexT B TOM ke HallpaBICHUH, YTO U TPYIIIA.

OTtpunarenbHble KIacTepbl HaOmonanuch B Teuenue 0.15 ¢ mocne Havyama cTuMysia B [3- U
0-nuanazonax yactoT (puc. 6). IlepBslif knactep ¢ p = 0.031 mposBiIsUICA OT Hadaja CTUMYyJa 10
0.098 ¢ B amamazone wacror 17.25...19 I'm m BKItouan B cebst marumku D01 B mpaBoii mobHoi (F4, F8),
nobuo-nentpanbHoii (FC4) u npasoii Bucounoii (T4) obnacTsix romoBHoro mo3ra (puc. 6, a). ERSP
B 3ToM Kiactepe B ycioBuu 1 (M = —0.11, SD = 0.25) 6pu1 HMXe, yeM B ycioBun 4 (M = 0.17,
SD = 0.28). AHanu3 mapHbIX pa3auuuii nokasan, 4yTo 16/20 ucneITyeMbIX nokasanu 3QQeKT B TOM xe
HaIpaBJICHUH, 9TO U TPyIIA.

Bropoii knactep ¢ p = 0.036 pacnonoxuics ot Hadana ctumyna ao 0.018 ¢ B auamazoHe yactor
5.25...5.75 I'm m Brurouan B cebst meBocTopoHHKE TeMeHHbIe (P3), nentpansao-remennsie (CPz, CP3),
neBoctoponnue Bucounsle (T3) u neBocroponnue a06HbIe (F3) marunku 931 (puc. 6, ). ERSP B aToM
knactepe B ycnoBuu 1 (M = —0.12, SD = 0.17) 6511 HIKE, yeM B ycnosun 4 (M = 0.14, SD = 0.44).
AHaM3 MapHBIX pa3IHduil moka3ai, uTo 16/20 uchpITyeMbIX moka3anu 3pdekT B ToM ke HalpaBJICHUH,
yTo ¥ rpynmna. Tperuit kiacrep ¢ p = 0.045 pacnonoxusics Bo BpemeHHoM nuanasone ot 0.094 ¢ no
0.142 c mocne Hadaia ctuMyia Ha gacrore 6.25 'l 1 mokanm3oBancs B cpenHel ¢pponTtansHon (Fz)
u pponTansHo-1IeHTpanbHo (FCz), a Takke B neBolt BucouHoii (T3) u ¢pponTansHo-Brcounoi (FT7)
oOmacTsax rojgoBHOTO Mo3sra (puc. 6, ¢). ERSP B atom ximactepe B ycnosun 1 (M = —0.11, SD = 0.15)
Obu1 HKKe, yeM B ycnoBud 4 (M = 0.13, SD = 0.36). AHanu3 napHbIX pa3nuuuid mokasai, uro 17/20
HCIBITYEMBIX TIOKa3aJi 3QQEKT B TOM XKe HaIllpaBIeHHUH, YTO U TPyIIa.

Yersepthlii knactep ¢ p = 0.046 pacnonoxuics Bo BpemeHHoM nuanaszone 0.066...0.074 ¢ mocne
Hadajia cTUMyJa Ha gactore 5.25 'l u Brintodas B cebst cpeanue ¢pponransHbie (Fz) u gpponTansho-
nentpansabie (FCz) matumky, a Taxxke jeble Bucounsie (T3) u nenTpansHo-TeMeHHble (CPz) narunku
(puc. 6, d). ERSP B aTom xnactepe B ycnosuu 1 (M = —0.09, SD = 0.14) Obln HIDKe, yeM B yciIoBUH 4
(M = 0.14, SD = 0.36). AHanu3 napHbIX pazIHIui oka3ai, 4yTo 16/20 UCTIBITYyeMBIX MOKa3ajH TOT JKe
3¢ deKTt, 4To u rpymma.
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ERSP for LA-stimuli, condition 1 and condition 4
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Puc. 6. OtpunarenbHbie KnacTepsl (a—d), oTpaxaromue pe3yasTar conoctaBieHuss ERSP Bo Bpems o0paboTku ctumymna LA
MexXIy ycnoBueM 1 u ycnoBueM 4. 3HaueHue ¢ oTpaxkaeT pesynsrar cpaBHeHus ERSP mexny ycnosuem 1 u ycnosuem 4
[t Beex AaraukoB OOI. Kpyouku moka3siBaroT 3HaUMMBbIH Kkiactep (p < 0.05 ¢ moMoIpko t-KpuTepHs I MapHBIX
BEIOOPOK C KJIACTEPHOM KOppEKIHel TSI MHOKECTBCHHBIX CpaBHEHHH). Pacripesienenne mapHbIX pa3anduii IOKa3bIBaeT
n3menenne ERSP mexny ycinoBuem 1 u ycinoBueM 4 y Bcex y4acTHHKOB (LBeT online)

Fig. 6. Negative clusters (a—d) reflecting the result of ERSP comparison during LA stimulus processing between
condition 1 and condition 4. The value of t reflects the result of comparing the ERSP between condition 1 and
condition 4 for all EEG sensors. The circles show a significant cluster (p < 0.05 using the t-criterion for paired samples
with cluster correction for multiple comparisons). The distribution of paired differences shows the change in ERSP
between condition 1 and condition 4 for all participants (color online)
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OO0cy:xneHne pe3yJjbTaTOB

[Ipu BocpusTHH MOCIEIOBATENBHO NPEICTABICHHBIX HEOAHO3HAYHBIX CTUMYJIOB — KyOoB Hek-
Kepa — HEOJHO3HAYHOCTh MPEIbIIyIIero CTUMYJ/a BIUIeT Ha 00pabOTKy TOJIOBHBIM MO3TOM TEKYIIIETO
BHU3YaJIbHOT'O CTHMYJIa. BBIJIO MOKa3aHO, YTO UCTIBITYEMBIH ObIcTpee 00pabaThiBaeT CTUMYI, €CIIH €T0
HEOJHO3HAYHOCTh COBIAJAET C HEOJAHO3HAUHOCTHIO PaHee MPEACTABICHHBIX CTUMYJIOB. MOXKHO TIpen-
MOJIOKUTbh, YTO HMOMYJIALUN HEHPOHOB, BOBICUEHHBIE B 00PaOOTKY NPEIbIAYIINX CTUMYJIOB, OCTAIOTCS
AKTUBHBIMH B TEUEHHUE IMOCJENYIOIIEro MpecTUMYIbHOro nepuona. s monTBepkIeHusl 3TOro Mbl
CPaBHWJIM NIPECTHUMYIIBHBIN Iepuof nocie o0padotku ctuMynoB HA u LA u oOHapyxunu yBenuueHue
MOILHOCTH [3-AMana3oHa B 3aTbUIOYHO-TEMEHHON 00JIacTH KOPHI TOJIOBHOTO MO3Ta B MEPBOM CIIydae.
AKTHBaIUs TOMYISIANA HEHPOHOB TIepe]; 00paboTKON CTHMYIa MOXKET OBITH CBsI3aHA C BOSHHKHOBEHHEM
NPeCTUMYJIbHOTO 1abioHa [3,4].

ComacHo pabote [23], mabioH cTUMYyNa MOSBIAETCS KaK pe3ynbTar oxkunanuid. Ecim 3To Tak, 1o
Ui Oosiee OBICTPOM peaKMK HCIBITYEMbIE OKHIAI0T CTUMYJI C BBICOKUM YPOBHEM HEOIHO3HAYHOCTH
(HA) mocne nByx ctumynoB HA. OgHaxko MBI IPEIbSABISIEM CTUMYJIBI CIyYaifHBIM 00pa3oM, U BEpOsT-
HOCTb yBHUAETH cTuMyl HA mocne nByx xyoukoB HA HeBenuka. VcnbiTyemble ¢ Oombliel BEpOSITHOCTBIO
oxuparoT ctumyn LA mocne nsyx HA. Hakonen, wicnibITyeMble JOJDKHBI ONPEACTATh OPHUEHTAINIO
kyOa Hekkepa (To ecTb jeBasi/lipaBas OpUEHTALMS), HO HE YPOBEHb €r0 HEOAHO3HAYHOCTH (TO €CTh
LA wmu HA). [losToMy OXXpjjaHHe U MOMyYEHHBINH 11a0lIOH JOJKHBI BKIIOYATh B ¢€0s1 OPHUEHTALIHIO
CTUMYyJa. YUHUTBIBAs BBILIECKA3aHHOE, HCIIBITYeMbIe JOJDKHBI ObICTpEe pearnpoBaTh Ha CTUMYI C TOH ke
OpHeHTaluel, 4To u npeapaymui. OnHaKo HallM pe3ysbTaThl MOKa3bIBAIOT, YTO CXOAHAS OpPHUEHTAIUA
TEKYIIETO W TPEAbIIYIIEr0 BU3yaIbHOTO CTUMYJIa HE BBI3BIBAET OoJiee OBICTPON pEeaKIim.

Cornacno 0030py [ 1], mabnoHsl CTUMYIIOB MOSBISIOTCS HA Pa3HBIX YPOBHSX HEPapXUH CEHCOPHON
00paboTku. MBI mpemonaraeM, YTo OpUEHTAIHS CTUMYJIa XapaKTepHU3yeT IIa0JIOH BHICOKOTO YPOBHS,
TOIZa Kak IabioH Ha Ooliee HU3KUX YPOBHAX oTpaxkaeT Mopdoioruto ctumyna. HelipoHHnas peakuus Bo
BpeMs 00paboTku ctuMyina HA yBenmuuuBaeTcs 1Mo AByM BO3MOKHBIM ITpuarHaM. Bo-mepBoix, ctumyn HA
HMEET HEOIPEICJICHHYIO OPHEHTALHIO, I03TOMY JUIS €TO ONPEACIICHNS HEOOX0IMMO 3a/1eicTBOBATh OojIee
KpYITHBIE MO/ HEHPOHOB HA BBICOKHX YPOBHSX HEpapXuu o0paboTku. Bo-BTopsix, Mopdomorus
crumyioB HA Gonee cnoxHa. Hapsiy ¢ aHaIOTMYHBIME XapaKTepUCTUKaMU (BHEIIHUE TPaHU Ky0a), KyO
Hexkkepa ¢ BBICOKMM ypOBHEM HEOJHO3HAYHOCTH MMeeT 0ojiee BHICOKMH KOHTPACT BHYTPEHHUX TpaHeH.
Takum o6pazoM, aist 06paboTku ctuMyna HA HeoO6xoauMo MONMy4YuTh OOJbIE CEHCOPHBIX JaHHBIX, YTO
MPUBOIUT K OoJiee BEICOKOM aKTHUBAIlMK HEHPOHOB Ha HU3KUX YPOBHSX HEPApXUH CEHCOPHOU 00pabOTKH.
[TockonbKy opreHTaIus MpeAbIIyIero CTUMyJa He BIUsSeT Ha 00pabOTKy TOJIOBHBIM MO3TOM TEKYIIETO
BU3YyaJbHOTO CTHMYJIa, MBI HE paccMaTpUBaeM IabIOH BHICOKOTO ypoBHA. Hao00poT, MBI opreHTHpYyeMes
Ha HU3KOYpPOBHEBBIE IMAOIOHBI.

MpI IpOBeNH CPaBHUTENIBHBIA aHAJIN3 aKTUBHOCTHU T'OJIOBHOTO MO3Ta, CBI3aHHOU ¢ 00paboTKon
BH3YaJIbHOTO CTHMYJIa C BBICOKUM YPOBHEM HEOAHO3HAYHOCTH B JIBYX CIy4asX: MPEABIAYIINM CTHMY-
JIOM SIBJISJICS CTUMYJI C HU3KUM ypOBHEM HeonHo3HauHOCTH (LA) M mpeabIIyiiM CTUMYJIOM SIBIISUICS
CTHUMYJ C BBICOKMM ypoBHeM HeomHo3HadHOcTH (HA). Mb1 Habmronanm 6osiee BHICOKYIO MOITHOCTD
B - u O-nmamazoHax B 3aTBUIOYHOH M TEMEHHOH OO0JacTAX TOJOBHOTO MO3ra B IIEPBOM CIIydae A
t < 0.15 c. [1oBbIIeHHAs MOITHOCTD O-IMana3oHa B TEMEHHOW 00JIAaCTH CBHAETEIHCTBYET O BO3POCHINX
TpeboBaHMAX K 00paboTke HMHGOPMALUY, IPUBOIAIINX K IPUBJICUCHHUIO JOIOJIHUTEIbHBIX KOTHUTHBHBIX
pecypcoB [24,25]. Beicokast MOITHOCTE [3-OMana3oHa B 3aThIJIOYHOW W TEMEHHON 00JACTAX XapaKTepH3y-
T 3a/1a4M, CBI3aHHbIE C SHIOT€HHBIMHI HUCXOSIIUMU IIPOLIECCAMH, BKJIIOUas 00pabOTKy HEOTHO3HAUHbIX
BHU3yaJIbHBIX CTUMYJIOB [26]. B wacTtHOCTH, B pabore [27] OucTabuibHble BU3yalbHbIE CTUMYIBI (JIU-
0 — cakco(oH) OBUTH MPEICTABICHBI UCIBITYEMBIM TOCe U300paKeHNH, KOTOphIe ObUTH YEeTKUMHU
MIPECTABICHUAMH JIMLA UK cakco(oHa. AHAJIIOTUYHO HAIUM pe3yJbTraTaM, YBEINYEHHUE MOLTHOCTH
B [-auanazoHe HaOJIOAaNoCh B 3aThIJIOYHON U TEMEHHOH oOacTsiX nmpu 0o0paboTke HEOJHO3HAYHOTO
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CTHMYJIa TIOCIIE OJJHO3HAYHOTO. ABTOPBI COOOIIMIIHN, YTO UCIBITYyEMbIe B OCHOBHOM MHTEPIPETHPOBATIH
HEOZHO3HAYHYI0 KapTHHY Kak JIMI0. MomHOoCTh $-anana3oHna Obuia BEIIIE, €CIIM HEOJHO3HAYHAs (HUTypa
cieioBaja 3a cakco()oHOM, a He 3a H300paxeHneM Juia. [1ockoabKy 0HO3HAYHBIN CTUMYI OBUT 4aCThIO
HEOAHO3HAYHOI'0, MPEIIO0NIarajoch, 4To UX Mopdosorus cxonaHa. Takum 0O6pa3oM, aBTOPbI NPEAIIOIO-
JKUITM, YTO YCHJICHHBI HEHPOHHBINM OTBET OBLT CBA3aH C MPOLECCAMU BBICOKOTO YPOBHS, CBSI3aHHBIMU
C MHTEpHpeTanueil CTuMyiIa B IIEeJIOM, a HE C HU3KOYPOBHEBOH 00paOOTKOW OTAEIHHBIX MPHU3HAKOB
ctumyina. Kak y»e roBopuiioch BBIIIE, Mbl HE paCCMaTPUBAEM BIIMSTHUE OPUEHTALIUU BU3yallbHBIX CTH-
MyIoB. [loaToMy W3 aHanm3a OBLIN MCKITIOYCHBI OOJIee BHICOKUE CTAANH 00pabOTKH, OTBETCTBEHHEIC
32 MHTEPHPETALMIO CTUMYJIAa B IIeJIOM. MBI IPULUIA K BBIBOAY, YTO OoJiee BBICOKAs MOIIHOCTEH O- U
[-auana3zoHa MOXET OBITh CBsi3aHA ¢ 0OPabOTKOM MPU3HAKOB CTUMYJIOB HA, KOTOpBIE HE TOXOXKH Ha
ctumynsl LA (Hanpumep, BHyTpeHHHE rpaHu). ToT ¢akt, 4To Mbl HaOII0HaeM OoJiee BHICOKYIO PEaKIHIo
st ¢ > 0.15 ¢ mocne npeabsaBIeHUs CTUMYJIa, TOATBEPKIAEeT ITO Mpearnoioxkenue. JleiicTBUTeNnsHO,
t < 0.15 ¢ MOXXHO CBSI3aTh ¢ HU3KMMH YPOBHSIMH, Ha KOTOPBHIX 00pa0aThIBalOTCSl BHELIHUE KOHTYPbI
ky0a Hexkepa. DT 0COOEHHOCTH CTUMYJa CXOIHBI /Ul KyOOB C HU3KHM M BBICOKUM YPOBHSAMH HEOJHO-
3HaYHOCTH, U O3TOMY MBI IIPEIIOIaraeM CXOJHYI0 aKTHBHOCTh HEHPOHOB Ha 3THX YPOBHAX 00paboTKu
s ctumyina LA u HA.

Bt mpoBeneH cpaBHUTENBHBIA aHAIW3 aKTHBHOCTH TOJIOBHOTO MO3Ta, CBA3aHHOU ¢ 00paboTKoi
BU3yaJIbHOTO CTUMYJIAa C HU3KMM YPOBHEM HEOJHO3HAUYHOCTH B JBYX CIy4asx: MPEIbIAYILUM CTUMYIOM
SIBJSIICSL CTUMYJI C HU3KMM yPOBHEM HeopHo3HauHOCTH (LA) M mpensiaymuM CTUMYIIOM SIBISUICS CTUMYIT
C BBICOKMM YpOBHeM HeofgHo3HauHocTH (HA). AnamorndyHo, HEHpOHHas peakiys B 3aTBUIOYHOH U
TEMEHHOU 00JacTAX TOJIOBHOTO MO3Tra OCTaeTcs Hem3MeHHOH B Teuenue t < 0.15 ¢. s ¢ > 0.15 ¢ mbr
Ha0JI0aeM yBeIMUeHNE MOIHOCTH [3-Ouana3oHa B TEMEHHOHW o0siacTH A mpeablayiiero crumyna LA.
3TO MOATBEPKAAET HAIlE MPEIIMONIOKEHHE O TOM, 4To cTuMyinbl LA 1 HA o0GpabareiBaioTcsi aHATOTUIHO
Ha Oonee paHHHMX CTaJusIX, TOrAA Kak 0ojee BHICOKHE cTaguu o0paboTku ctumynoB HA tpelyrot nomnos-
HHUTENBHBIX pecypcoB. HeoxnnaHubiM addexTom siBiseTcs 6oliee BbICOKas MOIIHOCTD - U O-auana3oHa,
HaOmomaemas it ¢ < 0.15 ¢ ams npenpiaymero ctumyiia HA. MomHocTs 0-muamna3ona B MeIuaaIbHON
¢poHTaNBEHON 001acTH yBeMUUBaeTcs, korna ctumyn LA ciexyer 3a ctumynom HA. M3BecTtHO, 4To
¢porTansHO-MeananbHas ammuintyna ERP (Event-Related Potential) pacter B curyanmsax, TpeOyro-
KX OOJBIIOr0 KOTHUTUBHOTO KOHTpouisi. HemaBuuii 0030p [28] cBsA3bIBaeT GpOHTANBHO-MEIUATBHYIO
amumtyny ERP ¢ nBymst koMImoHeHTamMu KOTHHTHBHOTO KOHTPOJISI — OOHapyXKeHHEM HECOOTBET-
CTBHSI C TICPLICTITUBHBIM I1a0JIOHOM U 3aMeasieHneM peakuuu. Hakonern, B 0630pe [29] mokaszaHo, 4yTo
0-MOIIHOCTH BO (PpOHTATBEHO-MEINATHHON 00IaCTH yBETUYUBACTCS MIPH BBHITOJHEHNUH 3a/1a9 B PaMKax
KJIaCCUYECKUX MHTep(epeHINOHHbBIX napagurM. MomHOCTh B-auana3oHa B MpaBol JOOHOH Kope 00bIu-
HO acCOLUHMPYETCS C HUCXOAALUIMM KOHTposieM peakiuu [30]. OTa KOrHUTHBHAs (YHKIHS aKTHBUPYETCS
B 3aJa4ax, TpeOyIOIuX OBICTPOrO NPEKpaIleHHs 1eHCTBUSL.

OtcyTcTBHE pa3auyuid B 3aTBUIOYHOM M TEMEHHON Kope Ha 6onee panHuX craausx (t < 0.15 c¢) mo-
KEeT CBUIETEIHCTBOBATH O TOM, YTO MO3I' C()OPMHPOBAJ COOTBETCTBYIOIIHUE MIA0IOHB! HA HU3KUX YPOBHSIX
00pabOTKH HE3aBUCUMO OT HEOIHO3HAYHOCTH MPEABIIYIIET0 CTUMYa. DTO MOXKET OBITH pe3yJIbTaToM
cxomHo Mopomornn BHEITHUX rpaHeil ky0oB HA n LA. B To ke BpeMs akTHBAIis KOTHUTHBHOTO
KOHTPOJII MOXKET OTpakaTh 3HAYMTEIHHOE HayaJlbHOE HECOOTBETCTBHE MEXIy LIiabioHoMm Kyba HA
Y TIOJTy9eHHBIMH CEHCOPHBIMU TAHHBIMH Ha OoJjiee paHHHMX CTaAMsIX oO0paOboTku. UTOOBI OOBSICHUTH
3TO SIBICHUE, MBI IpenmnoiaraeM, 4to ctuMyil HA oOpaOarbiBaeTcs Ha Oosiee BBICOKHX YPOBHSX IIO
cpaBHeHUto co ctumyinoM LA. Takum obpazom, mabdiaon HA mossiseTcs Ha 60yiee BEICOKHX YPOBHSX,
yeM 1mabnoH LA. Mosr conocrasisieT HOCTyNaOLIyl0 CEHCOPHYO HHPOPMALUIO C MIa0JI0OHOM CTUMYJIOB
BBICOKOTO YPOBHS, 4YTOOBI MHHMUMM3UPOBATh 3aTpaThl Ha 00paboTKy. CeHCOpHbBIE TaHHble Ha HU3KHUX
YPOBHSIX HEOCTATOYHBI, YTOOBI COOTBETCTBOBATh ATOMY LIA0JIOHY, © MO3T IBITAETCS MOCTPOUTH M1a0I0-
HBI HU3KOTO YPOBHS U3 IIa0JIOHOB BBICOKOTO YPOBHA. DTOT MEXaHM3M MPOXOIUT Yepe3 B3aUMOJeHcTBIE
MEXly HUCXOZSIIMMU IPOIecCaMu, CBI3aHHBIMHU C aJanTanuell mabioHa, ¥ BOCXOISIIMMH IIPOLECCAMH,
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CBSI3aHHBIMH C BBISBJICHHEM OIIMOOK comocTaBiieHus. Takum o0pa3om, korna ctumyd LA criemyer 3a
HA-ctumynom, TpeOyeTrcst HUCXOASIIMIA KOHTPOJb IS epeBoza madiaoHa HA BBICOKOTO ypoBHS Ha
HU3KHE YPOBHU 00pabOTKU. DTa TUIIOTE3a COBMAAaeT ¢ TOUKOM 3peHMs], MpeasokeHHoH B o030pe [1].
ABTOPBI PEATIONOKIIIN, YTO O0JIee BBICOKHE YPOBHH HEPapXHUU 00pabOTKU U3BICKAIOT 0COOCHHOCTH
CTHMYJIOB BBICOKOTO MOpPSAKA M MCIONB3YIOT WX ISl CO3JaHMs Habopa MPOTHO30B, KOTOPHIE MOTYT
OBITH OBICTPO afmanTupoBaHbl. OHH TaKKe MPEAONIATAIOT, YTO ATH MPOTHO3bI TIEPENAIOTCS Ha HU3KUE
ypoBHH 00paboTKH uepe3 npsiMble cBa3u. COMTacHO 3TUM IPEATIONOKECHUSAM, aBTOPHI CBS3BIBAIOT 3TU
NPSMBIC CBSI3H ¢ HUCXOJSIIMMH MPOLIECCAMH, YTO HO3BOJISIET MepeaBaTh HHPOPMALIUIO MEXKTY BHICOKHM
Y HU3KUM YPOBHSMH M IIPOITyCKaTh IPOMEXYTOUHbIE YPOBHU. Haly pe3yabTaTsl OKa3bIBalOT, YTO 3TH
HUCXOJAIINE MPOLIECCH BKIIOYAIOT B ce0s1 KOHTPOJIb KOH(IMKTA H KOHTPOJIb PEaKINH, peaTn3yeMble
4yepe3 HEHPOHHYIO aKTUBHOCTB BO (PPOHTAIBHO-MEANAIBHOM Kope, NepeTHell NOsICHON Kope U IpaBoi
HWKHEH JO0HOH Kope.

3akjoueHue

B nannoii pabote ObUTO MPOaHAIM3UPOBAHO BIUSHUE HEOIXHO3HAYHOCTH MPEIBIAYILIETO CTUMYJIa
Ha 00paboTky Tekymiero. Ha moBeneHueckoM ypoBHE OBIIIO OOHAPY)KEHO, YTO MCIBITYeMbIe ObICTpee
pearupytoT Ha ctumyisl HA, crenyromue 3a ctumynamu HA. B To e Bpems Gosee ObicTpas peakuus
Ha LA ctumynsl cienyer 3a LA crumynamu. Ananu3 D01 mokasbiBaeT, uTo, koraa ctumyna HA crnenyer
3a cTUMyJIoM LA, HelipoHHAst aKTMBHOCTh B CEHCOPHBIX (3aTBUIOYHO-TEMEHHBIX) 00nacTsax ociabeBaer
Ha paHHel craguu o0pabOTKH, HO YCHJIMBAETCA Ha MOCIEAHHX CTAaIUAX. JTO CBUIETEIBCTBYET 00
HepapXU4ecKOl OopraHu3aluu 0O0pabOTKH, Ile HU3KHE YPOBHHM 00pabaThIBAlOT NETad CTHMYJa, a
BBICOKHE YPOBHH IIPEACTABIISIOT €0 MHTEPIPETALNIO0. DTO TaKKe MOATBEPIKAACT TOT (PaKT, 4TO HA HU3KUX
ypoBHAX 00paboTka ctuMyinoB HA n LA cxomna m3-3a cxoxkedt Mopdoioruu. [103ToMy MO3T HCIIONB3yeT
mabiioH ctuMyna LA Ha HU3KHX YPOBHSIX, YTOOBI YMEHBIIUTD 3aTpaThl Ha 00pabOTKy AeTalel cTUMyna
HA. Korma ctumyn LA crnenyer 3a ctumynom HA, ocnabnennas HeHpOHHasI peakiivs B CEHCOPHBIX
00JIaCTSIX CONPOBOXKAAET BHICOKYIO PEaKLHUIO B TOOHOW KOpe. A MMEHHO MBI HaOJI0#aeM BBICOKYIO
MOIITHOCTh O-AHMana3oHa B MeJIHUAIbHON JOOHOH KOpe W BBICOKYIO MOIIHOCTD [3-IHMara3oHa B MpaBoi
7100HO# Kope. MBI cunTaeM, 4To 3TO SIBISIETCS HIEKTPoIHLEaIorpadhuecKUMHI MapKepaMy HUCXOAALINX
MIPOIIECCOB, CBSI3aHHBIX C OOHAPYXEHNEM HECOOTBETCTBUS MEXIy CTUMYJIOM LA u maGmoHoM cTuMyrna
HA. O6HapyxeHHbIe MapKephl MOTYT OBITh B TaJIbHEHIIEM HCIIONb30BaHBbI ISl CO3AaHMUsI HHTEpQelcoB
MO3T—KOMITBIOTED JJIsl aHAJTKN3a BHUMAHHS M KOHTPOJIS OIIMOOK OINepaTopa, BHIMOIHSIOUIET0 PYTHHHBIE
oTIepaIiy, CBA3aHHBIE ¢ 00padOTKOW BHU3yaIbHOH nH(popMaruu [31-34].
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Kyy Anexcanop Koncmanmurnosuu. Oxonumn OakaiaBpuar CapaTOBCKOTO TOCYIAapCTBEHHOTO
TeXHU4eckoro ynusepcurera uMeHu I'arapuna 0. A. no cnenuansHocTH «MexaTpoHUKa U po-
6otorexnuka» (CI'TY, 2017) u marucrparypy CI'TY no cneunansHocTH «MexaTpoHHKa M
pobotorexHuka» (2019). B Hactosiee Bpemst — actiupanT kadeapsl « Hpopmaronnas 6e3omac-
HOCTb aBTOMaTu3upoBaHHbIX cuctem» CI'TY. Paboraer B banTuiickoM IEHTpe HEHPOTEXHOIOTHiA
Y HCKYCCTBEHHOTO MHTeJUIeKkTa banruiickoro ¢enepansHoro yausepcurera umenu Y. Kanra B
JOJDKHOCTH MITQJIIIETO HAyYHOTO COTpyAHHKA. OOnacTh HaydIHBIX HHTEPECOB — METOABI aHAIN3a
HEHPO(DU3NOIOTHUECKUX CUTHANOB. ABTOp 14 Hay4HBIX MyOnukamuid u 5 mporpamm s OBM.
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Maxcumenxo Braoumup Anexcanoposuu — ponuics B ropoae Atkapcke CapaToBCKoit obmactu
(1989), oxonunn CapaToBCKuil rocyrapcTBeHHbIH yHuBepcutTeT (2012). 3amuTiin quccepranuu
Ha COMCKaHHE YUCHOH CTerneHH KaHauaara ¢pusuko-maremMarnyeckux Hayk (CI'Y, 2015) u nokro-
pa ¢pusuko-matremarndeckux Hayk (CI'TY, 2020). Crapumii Hay9HBIH COTPYIHHK J1a00paTOpHU
HepoHayKH W KOTHUTHBHBIX TeXHOJOTHI YHUBepcuteta VHHOMOMIC, ipodeccop (¢ 2021 rona).
Jlaypear Ilpemunu IIpesunenta Poccuiickoit denepanuu B 00NacTH HAYKH W MHHOBALWN UIS
Mononbix yuéHbix (2020). Hayunbsie HHTEpeChl: BBISBICHHE HOBBIX (PyHIAMEHTaJbHBIX MEXa-
HHU3MOB JHHAMHKHM HEHPOHHOW CETH TOJIOBHOTO MO3ra OCHOBBIBASCH HA pe3ylbTaTax aHaIM3a
HEeHpO(DH3MOIOrHIECKHX CUTHAJIOB M Pe3yJIbTaTax MaTeMaTHYeCKOTro MOJEIMPOBAHNUS IIPOLECCOB
HEHPOHHOTO B3aUMOZEHCTBHS C HCIIOJIb30BAaHUEM CETeH MCKYCCTBEHHBIX HEHPOHOIOXOOHBIX dlie-
MEHTOB; pa3paboTKa IPPEKTHBHBIX METOIUK ACTEKTUPOBAHHS XapaKTepHbIX (HOPM HEHPOHHOM
AKTMBHOCTH Ha OCHOBE aHaJM3a CHUTHAJIOB JJIEKTPHUYECKOW aKTHBHOCTH C LIENIbIO pa3paboTKu
UHTEPENCOB «MO3T — KOMIBIOTEP» AT PEaOUINTALUH, POOOTOTEXHUKH M KOHTPOJIS COCTOSHHS
YeTI0BeKa.
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Revealing the neural network underlying covert picture-naming paradigm
using magnetoencephalography
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Abstract. The ability to name trivial everyday objects is a key cognitive function that is tested after head injuries or brain
surgeries. Although quite a lot of long-standing knowledge on this topic has accumulated over the past few decades and
many theoretical models have been created, the underlying neural substrate and brain functioning are still not fully aligned.
As far as we know, there have been no studies on this topic using magnetoencephalography (MEG), which allows recording
electrophysiological activity with a high temporal resolution. Therefore, to study the underlying spatio-temporal brain
activations during the sensory and semantic processing of object naming, we conducted MEG experiments with 15 subjects
grouped into three equal-sized groups with different types of language training and skills. Using boundary element methods
for modelling cortical surfaces and dynamic statistical parametric mapping to solve the inverse problem, we reconstructed the
cortical source activity from the recorded MEG data. The reconstructed cortical maps showed a homogeneous brain response
in all three groups at the sensory processing stage, while the responses between the three groups at the semantic processing
stage were different. In addition, average time courses were constructed for key brain regions such as the lateral occipital
cortex (LO), fusiform gyrus (FG), Broca’s area (BA), and Wernicke’s area (WA). The obtained results assume unimodal forms
for LO and WA time series, and bimodal forms for FG and BA. The only LO curve peak and the first FG peak resided in
the time interval for the sensory processing stage, whereas, the only WA peak, the second FG peak and the second BA peak
resided in the semantic processing stage. The first BA peak was located at the boundary separating the two stages. In addition
to segregating regions involved in sensory and semantic processing, this study confirmed the involvement of FG in object
naming (for the first time using MEG) that is at risk of resection during mesial temporal lobe epilepsy interventions. However,
the results from this work are preliminary due to the limited sample size, and future research with a larger cohort of subjects
are needed to verify/strengthen the findings of this study.

Keywords: magnetoencephalography, picture naming, object recognition, cognitive neuroscience, visual perception.
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Annomayus. Llens paboThI — UCCIIENOBATh MPOCTPAHCTBEHHO-BPEMEHHYIO aKTUBHOCTh MO3Ta, BBI3BIBAEMYIO CEHCOPHBIMU 1
CEeMaHTHYECKIMH IIPOIIECCaMH BO BpeMsI IMEHOBAHMS 00BEKTOB. J{JI 9TOro OBLIM MPOBEIEHBI SKCIIEPUMEHTHI II0 MarHATORH-
nedanorpaduu (MIT') ¢ naTHagnaThi0 CyOBEKTaMH, KOTOPbIe OBLIN IOZSNICHB! HA TPH PaBHBIE N0 Pa3Mepy TPYIIIBI C pa3HBIMU
TUTIAMH S3BIKOBOH MOATOTOBKH M HABBIKOB. Memoosl u pesyrbmamaul. AHANN3 3aMCcaHHBIX MOI'-IaHHBIX ¢ IPUMEHEHHEM
MeTOa TPAaHUYHBIX 3JIEMEHTOB JUII MOAEIMPOBAHUS KOPKOBBIX IOBEPXHOCTEH, a TaKKe HCHONB30BAHHE THHAMHYECKOTO
CTaTUCTHYECKOTO ITapaMeTPUIECKOTO OTOOPaXKEHH s ISl pELICHUs] 00OpaTHOIT 3a/1a4y, MO3BOJIMIN PEKOHCTPYUPOBATh aKTHBHOCTh
KOPTHUKAJIbHOI'O MCTOYHUKA. BoccraHoBiieHHBIC KOPKOBBIC KapThl IMOKa3aJIu OﬂHOpoﬂHblﬁ OTBET MO3ra BO BCEX TPEX IpyIlnax Ha
CTaJl CEHCOPHOI 00pabOTKH, B TO BpeMs KaK OTBETHI MEXAY TpeMs IpyIIaMHi Ha CTaIiH CEMaHTHYECKOH 00paboTKH ObLIH
pasHbMu. Kpome Toro, ObIIM ITOCTPOEHBI CPEeIHIE BPEMEHHbIE KyPChI IS KIIFOUEBBIX 00JacTel MO3ra, TaKUX Kak JaTepabHast
3arputouHas kopa (LO), BeperenooOpasnas u3swinHa (FG), odnacts Bpoka (BA) u o6nacte Bepuuke (WA). [TonydeHnnsie
Ppe3ynbTaThl IPUHUIMAIOT YHUMOJAIbHBEIE GOPMBI A7 BpeMeHHBIX paaoB LO u WA u 6umonansueie Gopmel a1 FG u BA.
EnuncTBenHbIi muk kpuBoit LO u nmepsrlit muk FG HaxomsaTcss BO BpeMEHHOM HHTEpBaje CTAJWH CEHCOPHOW 00paboTKH,
TOTJa KaKk eIUHCTBeHHBIH Nk WA, Bropoii muk FG u Bropoit muk BA — Ha cragun cemanTudeckoi o6pabotku. [lepBsrit
nuk BA pacnonoxeH Ha rpaHuiie, pasaeisiomel 1Be cTaauu. B AomoiHeHne K pas3aeneHuio o0iacTed, y4acTBYIOIIUX B
CEHCOPHOIT 1 CeMaHTHUYECKO 00paboTKe, Hallle HCClIeOBaHUE MOATBepANIO yyacTue FG B nMeHOBaHMH 00BEKTOB (BIIEPBEIC
¢ ucnonp3oBanueM MOI), KOTOpbIe OABEPKEHBI PUCKY PE3EKIUH BO BpeMs BMEIIATENILCTB MPU ME3HaTbHONW BHCOUHOI
snmnencuu. 3axniouenue. CiocOOHOCTb Ha3bIBaTh TPUBUAJIBHBIC TOBCEAHEBHBIE MPEIMETHI SIBIISETCS KIIIOYEBOI KOTHUTUBHON
(dyHKIMEH, KoTopasi TECTUPYETCS MOCIE TPaBM TOJIOBBI MIIM OTIEpaIiii Ha TOJIOBHOM Mo3re. IlomydeHo HOBOe MOHMMaHHE MeXa-
HHU3MOB CKPHITOTO HaMEHOBAHMS KapTUHOK M MX HeHpoHaIbpHOTO cyOcTpara. Pesymbrarsl paboThl MOMYEPKUBAIOT BaXKHOCTH
BepeTeHO00pa3HON M3BUIIMHBI, KOTOpas MOJBEP)KEHA PUCKY PE3EKLIUH NP Me3UaIbHOH BUCOUYHOHN smmternicun. OJHAKO MOHBII
MEXaHHU3M 3Tala CeMaHTU4YeCKOH 00paboTKHU sABJIIETCS OoJiee CIOXKHBIM U TpedyeT 1opaboTku. [1o-BuaMMOMYy, CyIIECTBYIOT
JIByHAIIpaBICHHBIE CBSI3M MEXIY TPeX(OKaIbHOH CeThIo, 00pa30BaHHON BEpETEHOOOPAa3HON M3BIIMHOM, 00nacTeio bpoka n
obnacTeio BepHuKe, U MX IPUYUHHO-CIIEICTBEHHEIE CBS3M HEOOXOIMMO HCCIIEIOBATh B OyIyIleM, KaK U CBSI3U 3TOU CETH C
BHyTpHIapueTaibHON 6oposoii. CienyeT Takke pa3paboTaTh HaJEKHBIH METOM ONpPEIeNICHHS [THKOB BBI3BAHHBIX OTKJIMKOB.

Knrwuegvie cnoea: marantosnuedanorpadus (MOI), HaumeHOBaHHE H300paKEHUI, paclio3HaBaHNE OOBEKTOB, KOTHUTHBHAS
HeWpoOHOIIOoTHus, BU3yallbHOE BOCHPHSTHE.

Bnazooapnocmu. Oto vccienoBanue O0buIo nojiepxano Ilopryranbckum (OHIOM HayKH M TeXHUKH U IlopTyranbckum
MuHHCTEPCTBO HayKH, TeXHONIOrui u Biciiero oopasosanus (UID/PS1/01662/2019), yepe3 Hanmonanbsubie ¢pouasl (PIDDAC).
AHanu3 TaHHBIX OBLT IPOBEJEH HpH mojepxke Poccuiickoro HayqHoro gonaa, rpant Ne 19-12-00050. ABTOpHI BEIpaXKaroT
NpU3HATEIBHOCTh A0KTOpY Anpuane Cammaiio u Enene I'apaiizaban XaiiHie 3a UX pojb B MPOBEJCHUH JKCIIEPUMEHTOB,
TUIOZI0OTBOPHBIE MPEUIOKEHUS ¥ (YHMHAHCOBYIO MOAAEPKKY. MBI Takke xotenu 61 mobnarogaputs Onyapno Jlomeca-Kaneny n
Ansbepto [Ix. ToHcaneca-Buibspa 3a MxX IOMOIIB U TOJJIEPKKY B cOope TaHHBIX. HakoHem, MbI Gl1aromapuM y4acTBYIOIIHX
netelt u ux poputenei, a raxxe Koponesckuil komtenx Jla Mopanexa, I'actunre Illkona Manpuna u C.E.LP. IIpuncunu ne
AcTypusi, KOTOpBIE TTIOMOTIIH CO cOOPOM JaHHBIX U OKa3aJH HEOIEHUMYIO TIOMOIIb U TOJJIEPKKY.

*TH aBTOPBI BHECIH PaBHBIH BKJIAJ B 3Ty padoTy.

Yxonax I1., Tabapu @., ucapuux A. H.
WzBectus By3oB. [TH], 2022, T. 30, Ne 1 77


https://doi.org/10.18500/0869-6632-2022-30-1-76-95
https://doi.org/10.18500/0869-6632-2022-30-1-76-95
https://doi.org/10.18500/0869-6632-2022-30-1-76-95

s yumuposanusn: Yxonax I1., Tabapu @., [lucapuux A. H. BeisiBieHHe HEHPOHHON CETH, JekKAIeH B OCHOBE MapaurMbl
CKPBITOTO HAUMEHOBAHHsI H300pakeHHH, C TIOMOIIBI0 MarHuTo3HIehanorpadun // Ussectus Bysos. [TH/I. 2022. T. 30, Ne 1.
C. 76-95. DOI: 10.18500/0869-6632-2022-30-1-76-95

Cmamws onybnuxosana na yciosusx Creative Commons Attribution License (CC-BY 4.0).

Introduction

Accessing semantic memory can be defined as recollecting the meaning of a noun, generalisable
to any context [1,2]. Numerous neuropsychological studies support the role of ventral temporal cortex in
semantic memory [3,4], including ones based on electrical cortical stimulation [5, 6], positron emission
tomography (PET) [7-11], magnetoencephalography (MEG) [12] and intracranial event-related potential
(ERP) [13,14]. These studies span the entire ventral temporal cortex, from the temporal pole and through
the fusiform gyrus (FG). It is noteworthy that in a number of reviews, these brain areas are completely
ignored, and the semantic function is assigned exclusively to the lateral temporal regions [15-18].
However, a recent study by Forseth et al. [19] convincingly argues that semantic memory is located in
the FG, which previously has also been referred to as the basal temporal language area [5, 6].

A popular paradigm for studying semantic memory is picture-naming, which includes an auditory
or visual description of an object, followed by the naming of that object by the participant [19,20].
The naming can either be overt when the subject speaks the name out loud, or it can be covert, which
means that the subject mentally rehearses saying the name but does not actually say it.

Cognition in the picture-naming task can be divided into three stages, gradually progressing with a
clear functional specialization [21]: (1) sensory processing, (2) semantic processing, and (3) articulation.
These stages were distinguished in a recent electrocorticography (ECoG) study using spatiotemporal
broadband gamma activity (BGA) patterns [19]. The researchers found that the place and timing of
sensory processing depends on the sensory modality used to describe the object to be named. In the
case of visual picture-naming, it was localized in the lateral occipital (LO) cortex. Activation spreads
forward along two hierarchical visual processing streams from the early visual cortex [22,23]: (I) Ventral
stream — caudal to rostral FG and (II) Dorsal stream — occipital pole to the intraparietal sulcus (IPS).

After the sensory processing stage, both auditory and visual naming experiments demonstrate
concurrent activity in FG, IPS, inferior frontal gyrus (IFG), and supplementary motor area (SMA) in
contrast to the presentation of nonsensical stimuli [19]. The activity in the SMA is accompanied by
sensorimotor activations corresponding to the articulation unlike other three regions that precede any
such sensorimotor activity. Therefore, the neural substrate of semantic processing can be reduced to a
three-locus brain network comprising of FG, IPS and IFG.

It is generally accepted that IFG is involved in semantic selection and phonological processing
[24-26] segregated along an anterior-posterior axis [27,28]. The anterior pars triangularis (Brodmann
region 45) performs top-down control of the semantic network, possibly with feed-forward and feedback
information encoded in distinct frequency bands [29,30]. At the same time, the posterior pars opercularis
(Brodmann area 44) controls the language production aspects. These two areas together form the Broca’s
area (BA), widely recognised as a critical component for speech production [31,32]. Although the exact
nature of speech production is not yet known, there is some evidence that BA coordinates the activity
of the cerebral cortex to convert information into motor codes of the cortex to produce words [33].
In fact, BA acts as an interface between the lexical-semantic and articulatory networks. Direct cortical
stimulation of this area results in a modality-independent naming deficit, i.e. inability to the name the
object described either visually or auditorily [19].

It should be noted that FG and IPS are critical for semantic encoding. The study by Forseth
et al. [19] showed lesser overlap of the heteromodal semantic network in IPS than in FG, probably
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because the task was focused on common object-naming rather than action-naming, which can involve
more parietal regions [34-36]. Whereas, direct cortical stimulation of the FG leads to speech arrest [6].
Atrophy and hypometabolism in the anterior FG has also been documented in patients with semantic
dementia [37,38].

Another brain region relevant here is the Wernicke’s area that has been designated diverse roles
in different language studies. In particular, it has been considered a secondary region engaged with IFG
in semantic control [28,39], a central site for semantic representation [18], or a lexical interface [26].
In the recent review of the area by Binder [40], he discussed the variability in its localisation across
subjects and studies, and generalised its location to Brodmann areas 22 (posterior superior temporal
gyrus or pSTG) and 40 (supramarginal gyrus) that surround the left posterior sylvian fissure. However,
the functional definition of the area can lead to its localisation virtually anywhere in the temporal cortex.
For instance, it was localised to the posterior middle temporal gyrus (pMTQ) in the work of Forseth et
al. [19]. Therefore, for the purposes of our research that closely matches the study of Forseth et al. [19],
we will use Brodmann area 22 which is adjacent to the pMTG as the Wernicke’s area.

As mentioned above, the involvement of the ventral temporal lobe is disputed, and further
investigation is needed to confirm and characterize its role. This region is especially at risk during
surgical resections for mesial temporal lobe epilepsy [19]. Curiously, minimally invasive approaches such
as laser interstitial thermal ablation, which generally spare the FG, show a reduction in post-operational
deficits such as object naming, further highlighting the role of FG in semantic processing [41,42].
Further, the individual roles of each of the studied areas and their coordinated activity are not completely
understood and require further investigation. Therefore, the goal of this study is to reveal the spatio-
temporal activation patterns from the lenses of MEG in performing the covert picture-naming of common
objects and thus, to understand the likely roles of the involved language processing areas such as IFG
(Broca’s area), FG, pSTG (Wernicke’s area), and LO. In the process, we also validate the involvement
of ventral temporal regions such as FG.

In order to segregate the stages of sensory processing and semantic processing, we designed the
experiment in a foreign language with subjects divided in different groups of equal sizes based on their
language proficiencies and mode of language schooling. We expected sensory processing stage to be
homogeneous among the three groups and the semantic processing stage to be heterogeneous.

1. Materials and methods

Our study involved fifteen children who speak English as a second language. All participants
were right-handed with no history of neurological or cognitive impairment. Right-handedness or left-
hemispheric language dominance was validated using Edinburgh Handedness Inventory [43]. Their
English proficiency scores were tested using the Oxford Quick Placement Test which can have a
maximum score of 60.

The participants were divided into three group (/N = 5 subjects in each group) based on their
mode of language schooling. Group-1 is formed by children who were taught English as a Foreign
Language (EFL) for at least 5 hours/week. These students have the lowest proficiencies, but not so
low as to lose comparability (score 41.00 =+ 2.07). Group-2 includes children belonging to Content and
Language Integrated Learning (CLIL) system with intermediate levels of English proficiency (score
46.40 % 2.59). Essentially, CLIL involves teaching certain subjects such as natural sciences, social
sciences, and arts and crafts in a foreign language such as English. These students receive a weekly
English training of at least 11 hours/week including EFL and the other aforementioned subjects. Finally,
Group-3 is formed by highly-proficient children (score 55.00 4= 1.46) that belong to the immersion
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teaching program [44] taught in two British schools of Madrid, Spain. Herein, all courses are taught
in English, except social studies and Spanish language, for at least 25 hours/week. No significant
differences in non-verbal intelligence were found between the groups as per the Raven’s SPM 60-item
test. One of the subjects from Group-3 (Subject-7) was later excluded from analysis due to highly
noisy data.

All participants resided in Madrid, Spain. The mean ages of children in Groups-1 and 2 were 11.4
years and was 12.0 years in Group-3. The age difference is due to the heterogeneous classification of
grades in different schools, i.e., the 5th grade of one school is equivalent to the 6th grade of another
school. The gender distribution in each group was roughly balanced (3, 2, and 3 females out of 5 subjects
in Groups-1, 2, and 3, respectively).

The experiments were carried out between 2015 and 2018, and approved by the local Ethics
Committee. Written informed consents were obtained from the parents of all children who voluntarily
participated in this study. All analyses were carried out using MNE-Python 0.22.0 [45], except for the
statistical analysis which was carried out in MATLAB R2019a.

1.1. Stimuli and task. During the data acquisition, the participants completed a covert visual
picture-naming task to avoid muscle contamination artifacts. The task consisted of 120 trials divided
into two blocks of 60 images each, presented in a pseudo-random order in which the participants were
asked to mentally rehearse naming the object shown in a picture, e.g., “bat” or “tree”. The stimulus
images were presented for 3000 ms, followed by a blank screen for a variable duration of 1700-2300 ms.
Therefore, each trial lasted for approximately 5 seconds and the total experiment duration was close to
12 minutes. The stimuli were selected from a set of pre-normalised description naming cues, MultiPic
databank (https://www.bcbl.eu/databases/multipic), and presented using Psychopy software [46].

1.2. MEG recording and preprocessing. Brain activity was recorded with the Elekta Neuromag®
(Elekta AB, Stockholm, Sweden) magnetoencaphalography (MEG) whole-head scanner (102 magneto-
meters and 204 planar gradiometers) inside a magnetically shielded room (VacuumSchmelze GmbH,
Hanau, Germany) at the Center for Biomedical Technology, Universidad Politécnica de Madrid, Spain.
The participants sat comfortably 135 cm from a translucent screen onto which the stimuli were projected.
Their legs were extended, and their hands were either on their knees or on an armrest in front of them.
Digital models of the head shape of each subject were determined prior to the MEG recording using
a digitizer (3D Space Fast-Track, Polhemus, Colchester, VT, USA) that were co-registered with three
anatomical reference points (nasion, left and right preauricular). Channels with poor signal quality were
manually removed from consideration after visual inspection for artifacts, and a temporal Signal-Space
Separation (tSSS) filter was applied for artifact removal using MaxFilter software (v2.2). The length of
raw data buffer was changed from the default value of 4 to 10 seconds for more efficient suppression of
internal interference, while the subspace correlation limit was set as 0.98. The signals from the removed
noisy channels were replaced with the weighted average signals of the neighbouring channels depending
on their respective distances. The head position relative to the MEG scanner was continuously monitored
using four head position indicator (HPI) coils placed around the head.

Vertical electrooculogram and electrocardiogram activity were also recorded using dedicated
channels for subsequent correction of artifacts from eye blinking and cardiac activity. The sampling rate
was 1000 Hz, and an online anti-aliasing bandpass filter was implemented in the range 0.1-330 Hz. The
recorded data were converted and stored in the Brain Imaging Data Structure (BIDS) format [47].

While analysing the raw data, we identified the time instants of stimulus presentation from the
events log generated using a parallel port channel connecting the stimulus presenting computer to the
MEG recording computer. Due to an inherent 56-ms average delay of the graphic card, the actual
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stimulus appeared on the screen after this specified delay for logged events. Therefore, we adjusted this
delay in all subsequent analysis.

Due to technical errors, it was impossible to record electrocardiographic (ECG) activity of
Subjects 7-15. In addition, both ECG and electrooculography (EOG) were not recorded for Subject 5.
As a result, we applied subspace-projection (SSP) correction only for eye blinks in all subjects except
Subject 5 for whom no artefact removal was performed. After artifact removal, the raw data were
processed using a 1-20 Hz bandpass filter with zero-lag finite impulse response (FIR) and Hamming
windowing.

N = 120 trials (=500 to 1000 ms) corresponding to the total number of presented images were
generated for each subject. Then, the baseline was adjusted using data from —500 ms to 0 ms in
each trial. Due to technical problems, the total number of trials were less than 120 for some subjects.
The number of images shown to each subject are presented in Table 1.

Table 1. Total number of pictures shown

Subject 1 2 3 4 5 6 7 8|1 9 |10 11|12 |13 |14 |15
Group 2 3 1 1 1 2 3 3 312123 1 1 2
Pictures | 120 | 120 | 120 | 120 | 120 | 120 | 111 | 98 | 82 | 89 | 85 | 87 | 87 | 89 | 83

The time series of NV trials were time locked to the image presentation moment and they were
averaged for each subject to produce event-related fields (ERF).

1.3. Source reconstruction. The standard default anatomy from FreeSurfer [48] was warped to
match the digitized head points recorded with the Polhemus Fastrak device. The surface-based source
space was tuned using recursively subdivided octahedron spacing, and then a geometric brain model was
created using the boundary element method (BEM). The surface was downsampled to 5120 points, and
a single layer model with a conductivity of 0.33 S/m was used. Finally, the BEM solution was created
using a linear collocation approach. Using the BEM model and source space, a direct solution was
generated, which was essentially a transformation of the source space activity to the recorded channel
space activity based on the head geometry and conductivity, also known as forward model. The source
orientations were based on the brain surface. Additionally, the elements of the forward model matrix
were scaled using predetermined factors to account for the differences in magnetometer and gradiometer
recordings of the same cortical activity.

To compute the inverse solution, we needed, in addition to the forward model, a noise covariance
matrix, which was obtained by calculating the sample coherence from the baseline period of each
epoch, i.e., from —500 to 0 ms. Thus, noise covariance matrix was calculated from individual epochs
without averaging. The inverse operator was then assembled with a strong emphasis on radial activity.
The source variances of tangential dipole components were weighted by a factor of 0.2 to ensure the
indicated emphasis to radial activity. Additionally, since deeper brain sources have significantly less
influence on recorded data than cortical activity that is closer to the surface, the forward model was
normalised using exponential depth-weighting with an exponent of 0.8.

The inverse problem is an ill-posed problem in that it has infinite solutions as the degrees of
freedom (number of modelled brain sources) far exceed the number of constraints (number of channels).
Thus, the excessive degrees of freedom are handled using regularisers based on some assumed priors
regarding the solution. Three widely popular approaches to solve the inverse problem respectively aim
for solutions with minimum norm, minimum variance, or fitting a small number of equivalent current
dipoles in the brain. Here, we used the dynamic statistical parametric mapping (dSPM) technique [49]
which is a minimum variance method with the regularisation parameter set to the default value of
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(1/3)2 = 0.111. At each source location, the source activity was estimated as the vector norm of all
tangential and radial source activities.

Thus, we obtained an inverse solution showing the estimated average brain source activity
underlying the recorded MEG data upon stimuli presentation. The activity of cerebral cortex could then
be observed in an interactive figure, showing different images at different times.

1.4. Evoked responses in regions of interest. From the ERFs in the channel space, we estimated
the evoked response in the source space using the inverse operator and smoothened the time courses
using the Savitzky—Golay filter with 251-ms window size and polynomial order 3 as in the work done
by Forseth et al. [19].

To find a representative time course of the brain sources located in regions such as LO, FG, BA
and WA, we used the first right singular vectors after applying singular value decomposition to all the
time courses in the regions of interest. These signals were then scaled to match the average per-vertex
power in the corresponding region of interest. First, the dominant source orientations in each region
were determined, and then a sign flip was applied to all sources, the directions of whom were opposite
to the dominant one.

In addition, we averaged the ERF for subjects belonging to the three groups, and a global average
ERF for all subjects was also calculated. A weighted average was used considering the total number of
trials for each subject according to Table 1 in order to account for the inter-subject variability in total
number of trials. We used Desikan—Killany atlas to mark the LO and the FG, and Brodmann atlas to
mark the BA and the WA.

1.4.1. Statistical analysis. The most prominent local peaks in the evoked responses were
evaluated after setting a minimum prominence level of 5% peak-to-peak amplitude for a peak to be
identified. The average amplitudes and latencies of these peaks were then independently studied. The
number of samples in each group were 5 except in Group-3 which had 4 samples after dropping
Subject-7. The significance level a was kept to be 0.05. The differences between the average peak
amplitudes and latencies of all the groups in pairs of two were checked for statistical significance via a
post-hoc power analysis. The standard deviation was estimated using the pooled standard deviation (o,)
approach over any two groups, Group-¢ and Group-j, such that

(ni — 1)o7 + (n; — 1)o7
Gp a n; + n; — 2 '

The sample size was kept to be 5 for comparisons between Group-1 and 2, whereas it was
conservatively kept as 4 in the other two cases involving Group-3.

2. Results

2.1. Cortical activation maps. Cortical activation maps obtained from source localisation were
time-averaged in the intervals: 0-250 and 250-750 ms post-stimulus onset to capture the prominently
active regions in the sensory and semantic processing stages, respectively. The respective average
cortical maps for all the three groups are shown in Figs. 1, 2, and 3.

During the first 250 ms or the sensory processing stage, the cortical maps are similar for all
three groups; visual inspection shows activations in lateral occipital cortex (LO), intraparietal sulcus
(IPS), fusiform gyrus (FG), precuneus, and lingual gyrus. Over the next period from 250-750 ms or the
semantic processing stage, the activation maps intensify and spread forward. All groups show activations
in LO, Wernicke’s area (WA), Broca’s area (BA), FG, IPS, superior temporal sulcus (STS), hippocampal
gyrus, and precuneus. Simple eyeballing suggests that in contrast to Group-2, BA is more strongly
activated in Group-1, while in Group-3 the activity is partial.
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Fig. 3. dSPM cortical maps for Group-3 averaged over 0-250 ms (LEFT) and 250-750 ms (RIGHT) (color online)
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Fig. 4. dSPM cortical maps for all subjects averaged over 0-250 ms (LEFT) and 250-750 ms (RIGHT) (color online)

The cortical maps of the two stages averaged over all participants are shown in Fig. 4. An
interesting observation is that activity from the early visual cortex is seen spreading forward ventrally
from caudal to rostral FG, and dorsally from the occipital pole to the IPS, as was expected from the
discussion in Introduction. Additionally, we also see a migration of activity from the cuneus and lingual
gyrus towards the anterior cingulate and hippocampal gyrus.

2.2. Average source time-courses in regions of interest. We then estimated the intra-group
average of the source time-courses corresponding to the four regions of interest. The evoked responses in
LO, BA, WA, and FG for Groups 1, 2, and 3 are shown in Figs. 5, a, b and ¢, respectively. The vertical
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Fig. 5. Evoked response inregions of interest for (@) Group-1,
(b) Group-2, and (¢) Group-3. The vertical and horizontal
error bars represent the standard deviations of the peak
amplitudes and latencies among the considered group of
subjects. The location of the error bars correspond to the
mean peak amplitudes and latencies (color online)
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and horizontal error bar magnitudes are double the standard deviations of the peak amplitudes and
latencies, respectively. Each error bar is located at the coordinates corresponding to the mean amplitude
and latency of the most prominent peak of the evoked response curve it corresponds to.

2.2.1. Power analysis of region-wise peak latencies. A common feature for all three groups is
that the LO and FG are activated first, followed by WA and BA. Particularly, the region-wise mean
latencies in all three groups are as shown in Table 2. However, this promptness of LO wasn’t found
to be statistically significant in most subjects. As shown in Table 3, only Group-2 showed significant
promptness of LO in comparison to the other 3 brain areas. Further, we note from both Fig. 5 (eyeballing)
and Table 3 (power analysis) that the responses from the four regions were most distinctive in Group-2,
followed by Group-3 and then by Group-1. Due to high inter-subject variability and lack of a sharp
unimodal LO response in individual subjects, the prominent LO peak is not correctly identified and
hence, the LO promptness is not statistically significant.

Table 2. Region-wise mean latencies (ms)

ROI LO | WA | BA | FG
Group-1 276 | 320 | 347 | 332
Group-2 187 | 345 | 470 | 326
Group-3 334 | 391 | 401 | 241

All subjects | 261 | 348 | 405 | 305

Table 3. Power analysis of region-wise mean latency differences. Percentage power
denoting statistical significance of differences in mean latencies of each region

Group-1 Group-2
% | LO| WA BA FG % | LO| WA BA FG
LO | — | 14.02 | 48.24 | 37.41 LO | — | 86.92 | 100.00 | 90.86
WA | — - 9.79 | 6.92 WA | — — 63.21 8.62
BA | — — — 9.50 BA | — — — 84.72
FG | — — — — FG | — — — —

Group-3

% | LO | WA BA FG

LO | — | 13.24 | 14.83 | 22.65

WA | — — 6.20 | 51.86

BA | — — — 52.61

FG | — — — —

One can see that the delay in WA and BA peaks was most pronounced, although insignificantly, in
Group-2 (P = 63.21%) as opposed to the delays in Group-1 (P = 9.79%) and Group 3 (P = 6.20%).
In both Group-1 and 2, we see that BA has a bimodal response and the second peak is consistently
identified as the prominent peak, whereas WA seemingly has a unimodal response and the prominent
peak is identified in the vicinity of its peak. On the other hand, the definition of the peaks is less
clearer in Group-3. Although, manual inspection of Fig. 5 suggests that the WA and BA responses of
Group-3 have drifted to the right in comparison to Group-2, the prominent peaks still remain in the
centre. Thus, even though we observe WA and BA responses to be occurring later than the first FG peak
in Group-3, the differences were not significant (WA: P = 51.86%; BA: P = 52.61%). Whereas in
Group-2, significant promptness of FG was only observed versus BA (P = 84.72%). All three groups
showed bimodal FG responses. It is interesting to see that the identified prominent peaks are different in
the three groups. In Group-1, the second FG peak has a higher amplitude more commonly and therefore,

Yxonax I1., Tabapu @., ucapuux A. H.
WzBectus By3oB. [TH], 2022, T. 30, Ne 1 85



the identified prominent peak is the second FG peak which belongs to the semantic processing stage.
Whereas in Group-3, the amplitudes of the first peak are generally higher and therefore, the first peak is
identified as the prominent peak which belongs to the sensory processing stage. Since the amplitudes
of the two FG peaks are much closer in Group-2, the prominent peak is localised somewhere in the
middle of the two peaks. Nonetheless, we still see significant delay between the BA response and the
intermediate FG peak in Group-2 (P = 84.72%). Group-1 showed no such significant delay between
the FG response, and the WA (P = 6.92%) and the BA (P = 9.50%) response as the second FG peak
is supposed to concur WA and BA peaks during the semantic processing stage.

2.2.2. Power analysis of region-wise peak amplitudes. The region-wise mean amplitudes of
the most prominent peaks in each group are tabulated in Table 4. Their differences too were inspected
for statistical significance and the results of the corresponding power analysis are shown in Table 5.
The amplitudes were more distinguishable in Group-1 and 2 than in Group-3. The LO responses were
generally the highest except in Group-1 where the BA response was insignificantly higher (P = 22.35%).
In both Group-1 and 2, the FG response was the lowest and there was significant difference between the
FG and the LO peaks for both (Group-1: P = 83.51%; Group-2: P = 93.02%). Taking FG as a datum
in both, we notice some interesting behaviour in the two groups. In Group-1, BA response was higher
than the lowest response among all regions, i.e. the FG response, although the difference in amplitudes
was not significant (P = 60.31%). On the other hand, in the same group, the WA response was even
closer to the FG response leading to an even more insignificant difference (P = 19.46%). Whereas in
Group-2, we see such an amplified-but-insignificantly-higher response for WA (P = 51.27%) which is
greater than the BA response (P = 7.49%). In fact, the BA response in Group-2 is that low so as to be
significantly lower than the highest region-wise response, i.c., the LO response (P = 82.50%). This
trend of downplayed BA response was also seen in Group-3, although insignificantly (P = 27.49%).

Table 4. Region-wise mean peak amplitudes (dSPM)

ROI LO WA BA FG
Group-1 3.6386 | 3.1479 | 4.2803 | 2.8939
Group-2 4.2751 | 3.9990 | 3.4174 | 3.3312
Group-3 3.5382 | 3.0951 | 3.2109 | 3.2990
All subjects | 3.8340 | 3.4314 | 3.6868 | 3.1573

Table 5. Power analysis of region-wise mean peak amplitude differences.
Percentage power denoting statistical significance of differences in mean
peak amplitudes of each region

Group-1 Group-2
% | LO | WA BA FG % | LO | WA BA FG
LO | — | 40.93 | 22.35 | 83.51 LO | — | 25.23 | 82.50 | 93.02
WA | — — 44.49 | 19.46 WA | — — 39.64 | 51.27
BA | — — — 60.31 BA | — — — 7.49
FG | — — — — FG | — — — —

Group-3

% | LO| WA BA FG

LO | — | 2681|2749 | 13.34

WA | — — 8.78 | 10.60

BA | — — - 7.56

FG | — — — —
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Figure 6 shows the evoked responses in 50 All

the regions of interest averaged over all subjects. | —o
. o . . r —\vvernicke |
For LO and WA, there are single distinguishable 43 —Broca
4.0+ —Fusiform ||

peaks. Whereas for BA and FG, there are two
peaks. Even though the prominent LO peak is 3.5
placed slightly to the right of the peak in the 733.0 L
LO curve, the latency analysis showed that the 25t
LO response was earlier than the second peak of 4

the BA response (P = 99.69%). Whereas, the 20r
difference between the latencies of the LO peak L3¢
and the WA peak was high but not significant 1.0¢
(P = 73.86%). The prominent FG peak was 05 ‘ ‘
localised in the middle of the two FG peaks -300 0 Time (ms) 500 1000
was not significantly far in time from either Fig. 6. Evoked response in regions of interest for all
the LO peak (P = 40.66%) or the WA peak  subjects (color online)

(P = 31.59%). However, the intermediate FG prominent peak was still much earlier than the second
BA peak (P = 93.92%).

In sum, we saw the only LO peak concurring with the first FG peak roughly near 200 ms (sensory
processing stage), wherein the LO peak was higher than the FG peak. This was followed by two BA
peaks, the second FG peak and the only WA peak. The second peaks of FG and BA, and the WA peak
concurred roughly near 350 ms (semantic processing stage) with insignificant delays between them.
Although, lacking statistical backing, the followed order of peaks was: 1) WA peak, 2) second FG peak,
and 3) second BA peak. The prominent peak in BA was never the first BA peak in any group and hence,
it was never selected by our peak characterising algorithm. Therefore, it is difficult to comment whether
the first BA peak fell in the sensory or semantic processing stage. All notable activity in all regions
of interest lasted roughly between 0-750 ms. BA response was unusually high in Group-1 and WA
response was unusually high in Group-2.

Table 6. Region-wise power analysis of mean differences of latencies and peak
amplitudes over all subjects

Peak latencies Peak amplitudes
% | LO | WA BA FG % | LO | WA BA FG
LO | — | 73.86 | 99.69 | 40.66 LO | — | 67.05| 13.52 | 98.99
WA | — — 4421 | 31.59 WA | — — 21.65 | 37.12
BA | — — — 93.92 BA | — — — 58.99
FG | — - - — FG | — — — -

2.3. Average source time-courses in subject groups. Figure 7 shows the evoked responses of
each region of interest separately averaged over all subjects of a selected group.

2.3.1. Power analysis of group-wise peak latencies and amplitudes in LO. In Fig. 7, a we
notice that all three groups exhibit nearly unimodal LO activity. In particular, the average latencies for
Group-1, 2 and 3 were 276, 187 and 334 ms, respectively. The LO response in Group-2 was significantly
earlier than in Group-1 (P = 89.67%), whereas this difference did not reach significance in case of
Group-3 (P = 55.36%). However, it is easier to notice the failure of the prominent peak identification
again. The identified prominent LO peaks are shifted to the right in both Group-1 and 3 and correctly
positioned only in Group-2. One may notice from simple eyeballing that the first LO peaks in both
Group-1 and 3 are actually concurring with the correctly identified LO peak of Group-2. Moreover,
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Fig. 7. Evoked response in regions of interest for all three groups of subjects (color online)

Group-2 displayed a relatively higher LO peak than Group-1 (P = 86.92%) and 3 (P = 89.11%).
The mean amplitude of the LO response in Group-2 is very high because the response is well defined
and aligned which is evident from the narrow error bars in comparison to Group-1 and 3.

2.3.2. Power analysis of group-wise peak latencies and amplitudes in WA. Further, we
see higher-but-insignificant activation of WA (Fig. 7, b) in Group-2 than in Group-1 (P = 70.12%)
and Group-3 (P = 57.86%). Therefore, we again see an amplified WA response in Group-2. All
groups presented a unimodal waveform. All three groups had very similar mean latencies. Particularly,
Group-1, 2 and 3 had mean latencies of 320, 345 and 391 ms, respectively. The largest possible power
of difference in mean latencies among the three groups was between Group-1 and Group-3 and it was
found insignificant (P = 16.17%).

2.3.3. Power analysis of group-wise peak latencies and amplitudes in BA. From Fig. 7, c,
one can see that at least Group-1 and 2 show two prominent BA peaks. The first peak occurs at the
border of the sensory and semantic processing stage, while the second peak certainly appears in the
semantic processing stage, i.e., between 250-750 ms. The prominent peak latencies were again compared
for the three groups in BA and we found that the second BA peak in Group-1 was quite earlier than
in Group-2 (P = 89.66%). Group-3 response lacked a clear prominent peak and had an intermediate
mean latency of 388 ms which did not differ significantly from both Group-1 (P = 17.07%) and 2
(P = 23.35%). The Group-3 response was plateau-like and receded the last.
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2.3.4. Power analysis of group-wise peak latencies and amplitudes in FG. The evoked
response in FG (Fig. 7, d) has two prominent peaks in all three groups. As noted earlier, the second peak
is more prominent in Group-1, whereas the first peak is more prominent in Group-3. The highest peaks
of all three groups had similar amplitudes with a maximum difference between Group-1 and Group-2
having P = 36.36%. From Fig. 7, d, one can see that the difference lies in both the first and the second
FG peaks of Group-1 and 2 when taken together. Instead, the prominent peak analysis only allows us to
compare the second FG peak of Group-1 with the first FG peak of Group-3. Both FG peaks of Group-2
had similar amplitudes that did not differ much from the highest peaks in Group-1 and 3, as noted.

Table 7. Power analysis of group-wise mean latency differences. Percentage power denoting
statistical significance of differences in mean latencies of each group

LO WA
% Group-1 | Group-2 | Group-3 % Group-1 | Group-2 | Group-3
Group-1 — 89.67 16.22 Group-1 — 8.69 16.17
Group-2 — — 55.36 Group-2 — — 12.62
Group-3 — — — Group-3 — — —
BA FG
% Group-1 | Group-2 | Group-3 % Group-1 | Group-2 | Group-3
Group-1 — 86.60 17.07 Group-1 — 6.45 39.16
Group-2 — — 23.35 Group-2 — — 28.66
Group-3 — - — Group-3 — - —

Table 8. Power analysis of group-wise mean peak amplitude differences. Percentage power
denoting statistical significance of differences in mean peak amplitudes of each group

LO WA
% Group-1 | Group-2 | Group-3 % Group-1 | Group-2 | Group-3
Group-1 - 86.92 8.78 Group-1 — 70.12 6.28
Group-2 — — 89.11 Group-2 — — 57.86
Group-3 — — — Group-3 — — —
BA FG
% Group-1 | Group-2 | Group-3 % Group-1 | Group-2 | Group-3
Group-1 — 30.24 32.05 Group-1 — 36.36 24.79
Group-2 — — 12.07 Group-2 - — 5.71
Group-3 — — — Group-3 - — —

3. Discussion

ERF underlying covert naming of common objects presented in visual images were estimated for
three groups of subjects with different kinds of language schooling. The observed activity demonstrated
a serial response separated into different stages with distinguishable spatiotemporal activation patterns
and cognitive functions [21]. The first stage of sensory processing (0-250 ms post-stimulus onset)
occurred homogeneously over all groups in the same regions such as LO and FG and showed a similar
temporal activation in those regions. Our results are consistent with those of the heteromodal study
by Forseth et al. [19] in the 0-250 ms interval which also motivated the choice of the particular time
window to study sensory processing stage in our study.
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The brain region extending anteriorly and ventrally from the lateral occipital cortex to the posterior
temporal cortex responds strongly to visual stimuli containing objects that can be better identified than
to fuzzy shapes [50-54]. Studies based on event-related potentials on these regions of cerebral cortex
showed greater activation when observing identifiable objects compared to scrambled images [55-58].
The activated areas include parts of the LO, the ventral occipito-temporal area, the posterior and mid
FG, and the occipito-temporal sulcus and are collectively referred to as the lateral occipital complex
in an extensive review of functional magnetic resonance imaging (fMRI) research demonstrating the
leading role of this substrate in object recognition [20].

Therefore, we expect LO and FG to be equally active for all the three groups of subjects,
regardless of their language proficiency, at least at the moment corresponding to object recognition. At
later stages, corresponding to the object naming, we can see inconsistency between the groups.

The subsequently investigated response was in the range 250-750 ms after the stimulus first
appeared that corresponded to the semantic processing stage. As noted earlier, salient evoked responses
in all groups and regions of interest were only seen until 750 ms. Thus, we chose the leftover time
window after sensory processing stage to represent the semantic processing stage. Widespread activity
was observed in regions such as LO, BA (IFG), WA (pSTG), and FG. We found amplified response
of WA in Group-2 as compared to the other groups (Fig. 7, ), although it failed to reach acceptable
statistical power of 80%. Whereas in Group-1, BA response instead was unusually amplified (Fig. 1).
Thus, the stage of semantic processing was different for all three groups, since they differed in their
language training and proficiencies. We infer that the techniques employed by the brains of these
differently abled subjects were unique and depended upon their schooling. Other areas of noteworthy
cognitive activity were IPS, STS, precuneus, lingual and hippocampal gyrus.

It would be helpful to compare our results with the work by Forseth et al. [19], but unfortunately,
they did not define the semantic processing stage using the time axis corresponding to stimulus onset.
Instead, they defined the semantic processing stage ranging from —2000 to —1000 ms to articulation
onset. Since our experiments used covert naming instead of overt naming, we do not have the time
markers of articulation onset. In other words, a disadvantage of using the covert naming paradigm was
that we did not see a clearer definition of the state of "silent"articulation that would underlie the mental
speech of the selected word. Since there were virtually no words, we did not observe any activity in the
sensorimotor cortex or the SMA. Nevertheless, we did observe the cortical activations migrating from
the early visual cortex along the ventral and dorsal hierarchical streams [22,23] between the sensory
and semantic processing stages.

We then examined the temporal response of LO, FG, BA and WA in all three groups of subjects
(Fig. 5) and the global average across all subjects (Fig. 6). From the global average, we can see that
at the stage of sensory processing (0-250 ms), activation in the visual cortex should be expected,
corresponding to object recognition. The LO peak was the earliest to occur. The first FG peak during
this period hypothetically corresponds to the semantic memory access required to recognise the shown
object. These functions attributed to LO and FG should not be affected by their knowledge of the
articulation language but only of the language in which they can implicitly name an object. Between
the two BA peaks, we saw one WA peak and a second FG peak. The peak latencies for the identified
second BA peaks were significantly later than for LO. Although, the difference between the LO and
WA peak latencies was also nearly significantly. Especially, if we consider that the estimated LO peak is
shifted to the right of the LO peak in curve (Fig. 6). Since they occur in the time interval suggested for
semantic processing, we propose continuous coordinated activity between BA, WA, and FG aimed to
finding the correct word of the articulation language to name the displayed object. Based on the evoked
responses within the group, we observed that the LO and FG peak latencies in the early stage of sensory
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processing were the same for all three groups, while the peaks in BA, WA, and FG that belonged to the
later stage of semantic processing were delayed as proficiency improved (Fig. 5). Even in the inter-group
responses (Fig. 7), the peaks of the second stage were more lagging for groups with higher proficiency.
Furthermore, Group-1 had the earliest BA response among the three groups (Fig. 7, ¢). Perhaps this
is an indicator of how intermediate proficiency subjects spend their time choosing and pronouncing
words in contrast to low and high proficiency subjects that either can’t choose or don’t require longer to
choose, respectively.

Interestingly, the second FG peak was lower than first FG peak in Group 3, as opposed to
Groups 1 and 2. If we suppose that FG does represent lexical access once in the subject’s native
language during the sensory processing stage, then in the articulation language at the stage of semantic
processing, the appearance of lower second peak for Group 3 is reasonable, since the proficiency in
the articulation language is native-like. However, for Groups 1 and 2, the two peaks corresponding to
naming the object in the native and articulation languages, respectively, are either equally high or the
second peak is higher than the first, demonstrating more effort to name an object in a foreign language.
Moreover, the occurrence of semantic memory access during sensory processing also supports the idea
that the memories of the past guide the perception of the present.

Finally, activations of language-related areas such as BA (Fig. 7, ¢) and WA (Fig. 7, b) in Group-1
and 2 were higher than in Group-3. Phonological processing and word formation in a foreign language
will require additional effort, and this may be the reason why we see the highest BA response in Group 1
with the lowest proficiency and why it decreases as the proficiency increases. Group-2 may have a
better understanding of the phonological aspects, but struggles with word selection. Therefore, we see
the WA response in Group-2 is higher than in Group-1 and 3.

3.1. Limitations of the study and future directions. This study was admittedly limited in
its sample size and further work is needed to statistically back up the likely trends and mechanisms
proposed in this paper. The role of IPS was not explored in the same manner as the other studied areas
and can turn out to be the missing piece in describing how the FG, BA, and WA are communicating
during the semantic processing stage. Lastly, the method for identifying prominent peaks needs to be
developed in the future. The method works well for homogeneous unimodal responses or in cases of
multimodal responses where the peak of interest is always at a particular prominence ranking with
the other peaks. The method easily fails in cases where multiple peaks of similar prominence concur
and the resulting peak is located at the centre of those peaks. A possible direction could be to look at
projecting the individual evoked responses to a common average evoked response and extracting the
evoked response features from that projection.

The study was planned to have roughly the same number of male and female participants. However,
due to odd numbers of total participants and participants per group, it was not possible to have an exactly
balanced gender ratio. Moreover, due to the later exclusion of subject 7, the ratio was further skewed.
The used methods and analysis pipelines are publicly available at https://github.com/pchholak/picname
and can be readily used in other studies to ensure conformity of analysis methods.

Conclusions

We have conducted a series of MEG experiments based on the covert picture-naming task
with fourteen non-native English speakers, who made up three groups with different kinds of language
training and proficiencies. We found two stages of brain response, corresponding to sensory and semantic
processing, which differed in spatio-temporal cortical activation. The active regions found in our two-
stage response are consistent with the active regions found in other studies based on techniques such as
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fMRI, ECoG, and direct electrical stimulation. The sensory processing stage remained uniform across the
three differently proficient groups, whereas the semantic processing stage showed inconsistencies. A new
understanding of the mechanisms of covertly naming pictures and their neuronal substrate has been
obtained. The complete mechanism of the semantic processing stage seems to be much more complex
and requires further work. It seems that there are bidirectional connections between the three-focal
network formed by fusiform gyrus, Broca’s area, and Wernicke’s area, and their causal relationships
need to be investigated in the future. The connections of this network with the intraparietal sulcus also
need to be investigated. In addition, a robust method to identify evoked response peaks needs to be
developed in future. Finally, this work highlights the importance of fusiform gyrus, which is at risk of
resection in mesial temporal lobe epilepsies.
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Annomayusn. Llens HaCTOAIIETO MCCIIENOBAHUS — M3yUeHHE 0COOCHHOCTEH IeéMOAMHAMUYECKOTO OTBETAa HA BBHITIOJIHEHUE
Pa3IMYHBIX TUIOB ABIDKEHHS (OAMHOYHOE ABMXKEHUE, CEPHsl JBM)KEHHUM, «TIIIMHI») NpaBoi pykoil. Memoowv:. B nannoit
pabore perucTparysi reMOAMHAMUIECKOr0 OTBETa OCYIIECTBIIUIACH C IIOMOLIbIO (yHKIIMOHAIBHOM ONmKHeH MHppakpac-
Hoit criektpockoruu (mpudop NIRScout ot NIRx, I'epmanmst). Cuctema NIRScout ncnonesyer 16 ontonoB (8 HCTOYHHKOB
U 8 NIeTEeKTOPOB) U PETUCTPALMM I€MOAMHAMHUYECKOIO OTBETa B KOpE TOJIOBHOIO MO3ra C YacTOTOH AMCKPETH3aLUU
7.8125 I'. OnToas! HEMHBA3UBHO Pa3MEILAOTCS Ha KOXKE TOJIOBBI IAI[MEHTa IIyTeM YCTAaHOBKU B FHE3/ia CIELMAabHOM MIANoYKy
EASYCAP. Pesynomamui. IlokazaHo, 9TO CyMMapHBI TeMOAMHAMUYECKHN OTBET B MOTOPHOH KOpE JICBOTO MONYIIAPHS
c1abo pazaryaeTcs MEXIy BCEMH pacCMaTpUBaeMbIMH BHIAMM JIBID)KCHUS, IIPU 3TOM BBIPAXKEHHOCTh KOHTpaaTepalbHOCTH
JEMOHCTPUPYET CYLICCTBECHHBIC Pa3/IMuus MEKAY TUNaMH JBIoKeHUH. CuilbHee BCEro KOHTpallaTepalbHOCTb BBIPaXKEHA MPU
BBITIOJTHEHHH CEPUH IBIDKCHHH, B TO BpeMsI KaK OJUHOYHOE C)KaTHE KHCTH BBI3BIBACT HAMMCEHBIIIYIO KOHTPATATePaIbHOCTb.
3axnouenue. TlomyueHHsle B paboTe pe3ysbTaThl AEMOHCTPUPYIOT BBICOKYIO UyBCTBHTEIBHOCTh TEXHOJIOTHH (yHKIIMOHATBEHON
OmmxHeH HHPPAKpaCHOH CHEKTPOCKOIMU K BBHITIOJIHEHUIO Pa3JIMYHBIX THIIOB JIBIDKEHUI. 31eck 0co00 clieyeT OTMETHTh
KOPOTKHE OIUHOYHBIE CXKATUSI KHCTH, KOTOPBIE XOPOIIO BUAHBI HA XapaKTEPHCTHKAX OKCHTCHHPOBAHHOTO U JI€30KCHTECHU-
POBaHHOTO T€MOINIOOMHA, YTO MOXKET OBITH MCIIOJIB30BAHO NPH Pa3pabOTKe M MPOSKTUPOBAHHM Pa3IMYHBIX MHTEp(elcoB
MO3I — KOMIIBIOTEP, B TOM YHCJI€ U MYJIbTUMOJAIBHBIX.

Kniouegvie cnoga: reMoTHAMUIECKHI OTBET, (DyHKIMOHAIbHAS OMIDKHSAS MH(paKkpacHas CIEKTPOCKOMNHS, TIMIUHT, IBHKEHUE
PYKU, aKTUBHOCTb T'OJIOBHOTO MO3ra.
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Abstract. Purpose of this work is the analysis of the hemodynamic response to the execution of various types of movements
(single movement, series of movements, “tapping”) by the right hand. Methods. In this paper, the hemodynamic response was
recorded using functional near infrared spectroscopy (NIRScout instrument from NIRx, Germany). The NIRScout system uses
16 optodes (8 sources and 8 detectors) to record the hemodynamic response in the cerebral cortex with a sampling rate of
7.8125 Hz. Optodes are non-invasively placed on the patient’s scalp by inserting into the sockets of a special cap “EASYCAP”.
Results. We show that the total hemodynamic response in the motor cortex of the left hemisphere slightly differs between
all the considered types of movement, while the severity of contralaterality demonstrates significant differences between the
types of movements. Contralaterality is most pronounced when performing a series of movements, while a single squeeze of
the hand causes the least contralaterality. Conclusion. The results obtained in this paper demonstrate the high sensitivity of
functional near-infrared spectroscopy technology to the performance of various types of movements. It should be especially
noted here short single hand squeezes, which are clearly visible on the characteristics of HbO and HbR, which can be used in
the development and design of various brain—computer interfaces, including multimodal ones.

Keywords: hemodynamic response, functional NIRS, tapping, hand movement, brain activity.
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BBenenune

W3yuenne npuHIMIOB U (QU3MUECKUX 3aKOHOMEPHOCTEH PabOThI TOJIOBHOIO MO3ra SIBISETCS
OITHOW M3 HamboJiee BaXKHBIX W aKTUBHO HMCCIEIYyEeMBIX 33/1a4 COBpeMEeHHOH Hayku [1-7]. OganM n3
Hanboree MepCreKTUBHBIX M MOIIHBIX HHCTPYMEHTOB HEMHBA3MBHOW HEHPOBU3yalIn3alliy Ui perucTpa-
LM aKTUBHOCTH TOJIOBHOTO MO3ra SIBJISIETCs] (PyHKUMOHAIbHAs ONVKHSA HH(ppaKpacHask CIEKTPOCKONHUS
(bBUKC, fNIRS) [8,9]. laHHas TEXHOJOTHS HCIIONB3YET CBET B OMMKHEM WH(GpaKpaCHOM JIHAIla30He
JUTSL IETEKTHPOBAaHUS N3MEHEHHH ypoBHS okcurennpoBanHoro (HbO) u ge3okcurenuposarnoro (HbR)
reMoIIo0MHa BCIEICTBUE TeMOIUHAMUYECKOH aKTUBHOCTH MO3ra M OBICTPOH JTOCTaBKH OKCUT€HHPO-
BaHHOM KpOBU K aKTUBHBIM KOPTHUKaJIbHBIM 00NacTAM depe3 HeHpOBACKYIIPHOE COENMHEHUE. 31ech
ClIeqyeT OTMETUTh, YTO UMEET MECTO B3aUMOCBS3b MEXKIY JIEKTPUUECKONH aKTMBHOCTHIO TOJIOBHOTO
MO3Tra ¥ TeMOIMHaMUYecKuM oTBeToM. Tak, B pabote [10] oOHapykeHa BBICOKas M 3HAYMMAas KOPPEIIALIUS
koHeHTpanuii HbO n HbR ¢ ammmtynamu snekTprudeckoil akTHBHOCTH B anb(a- u O6eTa-1uamna3oHax
(8...13 I'm u 13...30 T';, cooTBercTBeHHO). [IpH 3TOM MOKa3aHo, yTo KOHIeHTpanus HbO orpunarensHo
CKOppEIMpOBaHa C AeCUHXpOHU3auuel anbda- u Oeta-puTMoB, a koHueHTpauus HbR xapakrepusyercs
MTOJIOKUTENBHON KOPPEIAneil CO CHUKEHUEM aMILTUTY] 00OUX PUTMOB.

3amerum, uro GBUKC peructpupyer curaamsl Toil ke PU3NOIOrHIECKOi OCHOBBI, 9TO M (DYHK-
UOHaJIbHAs MarHUTHO-pe3oHaHCcHast Tomorpadus (GMPT), mostomy 06e TEXHOJIOTUU NPEIOCTABISIOT

baoapun A. A., Ipybos B. B., Anopees A. B., Aumunoe B. M., Kypxun C. A.
WzBectus By3oB. [TH], 2022, T. 30, Ne 1 97


https://doi.org/10.18500/0869-6632-2022-30-1-96-108
https://doi.org/10.18500/0869-6632-2022-30-1-96-108

B3auMOCBs3aHHbIe AaHHbIe. B TO ke Bpems GBUKC umeert psin npenMyiiecTs: HOPTaTUBHOCTD, MPOCTOTA
HCTIOJIB30BAaHUS, BO3MOXXHOCTh MOHUTOPHHTA B PEAIbHOM BPEMEHHU, HU3Kasl YyBCTBUTEIBHOCTh K JIBUTA-
TeJIbHBIM apTedakTam, 6ojee BEICOKOE BPEMEHHOE Pa3pelleHne, BO3SMOXHOCTh OTASIBHOM perucTpanuu
M3MEHEHHH KaK Je30KCHIeMOITI00nHA, TaKk U okcuremoriioouna [10, 11].

B nacrosimee Bpemst ¢ momotisio ¢BUKC akTHBHO pOBOASTCS MCCIEAOBAaHMS, HATIPABICHHBIC
Ha U3y4eHHE HEeHPOHHOM aKTMBHOCTH I'OJIOBHOTO Mo3sra [12]. MHoro paGoT HampaBiI€HO Ha OLIEHKY
YMCTBEHHOI Harpy3ku, TO €CThb KOJIMYECTBA 3aTPAaYE€HHBIX YMCTBEHHBIX YCHJIUH Ul BBIIOJHEHUS TOU
WM WHOH 3afa4un. B wactHOCTH, B padote [13] aBTOpbI 00HAPYXHUIIK, YTO U3MEHEHHE PA3HHUIIBI MEXKIY
OKCHUTCHHPOBAHHBIM U JI€30KCUTEHUPOBAHHBIM TeMOTJIOOMHOM 3HAYMMO yBEIHYHMBACTCSA C POCTOM YPOBHS
CIIO)KHOCTH 3aJauu. bbuto moka3aHo, 4TO U3MEHEHHS B TEMOJMHAMUYECKOM OTBETE UyBCTBUTEIBHBI K
OOJBLIMM Pa3IMYUSIM B CIIO)KHOCTH 33aHHS, B TO BPEMS KaK YyBCTBUTEIBHOCTD K MEHBIINM Pa3IHuusiIM
OTCYTCTBYET U TpeOyeT JIONOIHUTEIbHbBIX UCCIIEJOBAaHUH.

Hpyroe npumenenne ¢bUKC HaxoanT B pa3nuuHBIX THOPUIHBIX MYJIBTUMONANBHBIX HHTEpdeiicax
Mo3r—-koMmmbtotrep [14-16], Hanmpumep, I OLIEHKH YpPOBHS BHUMaHuUA [17], B MCCIENOBaHUAX IO
JUArHOCTUKE Pa3NIMYHBIX KOTHUTHBHBIX HapymeHud [18] m mpyrux npunoxeHusx. M3-3a manugus
BPEMEHHOM 3aI€PKKU MEXKY aKTHBALlEN OIPEEIEHHOIO Y4acTKa KOPbI TOJIOBHOTO MO3Ta M NOSIBIEHHEM
B HEM TeMOJUHAMHYECKOTO OTBETa, B OONBIIMHCTBE SKCIIEPHUMEHTAIBHBIX MapagurM HCIBITYEMbIM
JlaeTcsl JUIUTENbHAsI Harpy3Ka ¢ MPOAODKUTEIBHBIMU Nay3aMH MEXy 3aJaHusIMHU. B yacTHOCTH, TpH
aHaJM3e JBUTaTeJIbHOW akTUBHOCTH ¢ moMoiibio GBMKC 00bvHO BBIMIONMHSETCS Cepusi ONMHAKOBBIX
JBIKEHUH B paMkax ofgHoro 3anaHus [10]. 3nech BaXHO U3yUyEHUE U CPABHEHUE TE€MOAMHAMUYECKOTO
OTBETa Ha BBHIIMOJIHEHNE PA3JIMYHBIX THIIOB ABM)KCHHA ITyTEM aHaJIN3a M3MEHEHHUI B KOHIIEHTPALIHIX
Je30KcureMorioonHa u okcuremorioduta [19]. B HacTosmee Bpems 3TH BOIPOCH Majo H3yYEHBI.

B nannoii pabote npeacTaBieHbI pe3yIbTaThl aHATN3a TEMOANHAMUYECKOTO OTKIMKA FOJIOBHOTO
MO3I'a P BBIMOJIHEHUH PA3IMYHBIX TUIIOB IBIXXCHUH. B KadecTBe aHaIM3UpyeMBIX CUTHAJIOB ObLIa
paccMoTpeHa AMHAMHUKa OKCUTEMOTIIOONHA ¥ I€30KCUTEMOITIO0NHA.

1. MeTtoabl

Curnansl BUKC peructpuposaiuchk mpu momorny npudopa NIRScout (NIRx, I'epmanus). Cucre-
ma NIRScout ncronssyer 16 onTonos (8 HCTOYHUKOB U 8 TETEKTOPOB) JJIS PETHCTPAITUN TeMOIUHAMU-
YEeCKOTO OTBETa B KOpPE TOJIOBHOTO MO3Ta ¢ 4acToTol auckperm3anvu 7.8125 I'n. OnToasl HEMHBa3HBHO
pa3MeIaoTcst Ha KOXKe TOJIOBBI MAllMeHTa MyTeM YCTaHOBKH B rHe3/a crienuainbHoi mamnouku EASYCAP.
Kax it kanan pbUKC obOpa3oBan nmapoii «MCTOUHUK—IETEKTOP», KOTOPBIE PACTIOIOKEHBI JOCTATOY-
HO Onm3ko Apyr K Apyry. ONTHMaIbHOE PacCTOSIHHE MEXAY UCTOYHHKOM U JAETEKTOPOM COCTaBIISIET
OKOJIO 3 CM H3-3a crenu(prIecKoil GOpMBI TPACKTOPHH OMMKHET0 WH(PAKPACHOTO M3ITYUEHHS: CBET
paccenBaeTcsl B TKaHAX KOpBI TOJIOBHOTO MO3Ta M Ha TIIyOHHE NMPUMEPHO 3 CM OTPa)KaeTcsl B CTOPOHY
JETEKTOpa.

PaccranoBka onToA0B ObIIa aHAJIOTHYHA NMPUBEICHHON B paboTe [12] M MOKphIBajga MOTOPHYIO
xopy. Ha puc. 1, ¢ mpuBenen mcnons3dyembrii MmoHTax ¢ 23 kanamamu ¢$BUKC. Kpome Toro, mis
JyYIIIero TOHUMAaHUs pa3MelleHus ONTOJO0B Ha puc. 1, ¢ MOKa3aHo pacrioyiokeHue ka"anoB OOI mo
MexayHapoaHoi cxeme «10-10y.

B skcniepuMenTe MpUHAMAITH yYacTHe ABEHAIATh 30POBBIX 100POBOIIBIEB: Bo3pacT — 22...38 Jer,
COOTHOIIIEHHE MY)KYHH U KEHIIUH — 7/5, IpaBIIH, He 3aHUMAIOIIHeCs MPOPeCCHOHANBHO CIIOPTOM, HEKY-
psmue. Hu y o1HOTO U3 HCHBITYEMBIX He OBIIM THarHOCTHPOBAHBI 3a00JIEBaHUS OTIOPHO-IBUTATEIHHOTO
anmnapara WIM [IeHTpalbHON HepBHOM cucTeMbl. Kax1oro yuacTHUKa MPOCHIIN MPUIIEPKUBATHCS 3110-
poBoro o0pasa KU3HU B TedeHne 48 4acoB mepe]] SKCIIEPUMEHTOM, YTO BKIIFOYANIO B ce0s 8-uacoBoi
COH, OTKa3 OT yHnoTpeOIeHHUs aJKoToJIs, OTpPaHHYEHHOE MOTpedIeHne KOQeHnHCOoIepKaIIUX MPOITyKTOB,
yMepeHHble (ru3udeckue Harpy3ku. KakIplii ydacTHHK MpeaocTaBHi MH()OPMHPOBAHHOE MHCHMEH-
HOE coIflacue Tepes] y4acTHEeM B 3KCIepUMEHTe. DKCIepUMEHTallbHas Mpoleaypa Obula NMpoBeeHa
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Fig. 1. @ — General design of the experiment; » — demonstration of commands presented to the subject; ¢ — arrangement
of optodes used (color online)

B COOTBETCTBUM C XEJIbCHUHKCKOW NEKJIApallued U YTBEPKJEHA KOMUCCUEH 10 3TUKE YHUBEPCUTETA
HNunononuc.

OKCIEepUMEHTHI IPOBOAMWINCH B NepBOil monoBuHe AHA. [lepen HaYanoM sKCIepUMEHTa YYaCTHUKU
ObUTH TPOMH(OPMHUPOBAHEI O €T0 LEIIX U METOJaxX, a TaKkXKe O BO3MOXKHBIX HEymoOCTBax. McmbiTyemble
MMEJIM BO3MOXHOCTh 33/1aTh JIF0ObIE HHTEPECYIOIIHE BOMPOCH U MOIYYNUTh TOAPOOHBIE OTBETHI.

DOKCHNEpUMEHT MPOBOIWIICS CICAYIOIMM 00pazoM. McnbITyeMblll cuaen B yIOOHOM Kpeciie U
BBIMOJIHSUT JBMKEHUS! Pa3IMYHbBIX TUIIOB MIPABOM PYKOH COIIACHO YKa3aHUAM Ha MOHUTOPE, Pa3MEIIEHHOM
Tepen mia3aMu UCTBITyeMoro Ha pacctosauu 70...80 cM. [[u3aliH SKcriepuMeHTa BKIIFOYAeT B ceOs Tpu
TUTA ABWKCHUN: OMHOYHOE JABMKEHHE — HCIBITYEMBIH YeTKO CKUMAeT U pa3kKuMaeT KUCTh OUH pas,
Ha BBINOJTHEHUE OTBOAMUTCS 5 CEKYHA; CEpHsl ABMKEHUIN — HCIIBITYEMBIN HECKOJIBKO pa3 YETKO CKUMAET
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U pa3KUMaeT KUCTh B yHOOHOM miisi ceOst Temrie B TedeHue 10 CeKyHI; «TAIIHUHT» — M00YepEmIHOe
MOCTYKUBaHKUE OOJIBIINM TaJIbIIEM 110 OCTAIBHBIM HaJbIlaM KUCTU B YIOOHOM JJIsl ce0sl TeMIIe B TEUCHUE
10 cekyH.

OO0mmii Au3aifH SKCIIEpUMEHTa CXeMaTHIHO TTOKa3aH Ha puc. 1, a. Kaxmelil skcriepuMeHT Hadu-
HaJICSl ¥ 3aKaHYUBAJICS 3-MUHYTHOH 3alUChI0 OHOBOW aKTHBHOCTH, B TEUCHHE KOTOPOI HUCIBITYyEMOMY
MpeIarajJoch pacciaabuThCs U HE MIeBENUTh pykamu. OCHOBHAs YacThb SKCIEPUMEHTA COCTOsUIAa U3
60 TpuayioB, oOmIas cxeMa OJHOIO TpHasia nmpuBeaeHa Ha puc. 1, b. Kaxnaprit Tpuan BUKC naunHancs
¢ ¢uKcarMu BHUMAaHHUS — Ha YEPHOM JKpaHE B IICHTPE TMOSBISICS CBETIBIA KpecT Ha 2 CEKYHIBI.
3areM MmoBepx KpecTa Ha 1.5 ceKyHABI MOSIBIIAIACH MOJCKA3Ka, COOOMIArOIast NCTIBITYEMOMY, KaKOH
TUI JABWKCHHUS HEOOXOJMMO BBINOJIIHUTH: CTPEJIKA — OJIMHOYHOE JBIIKCHHE, IBOWHAS CTPEIKa — CepUs
JBIDKEHHM, TOUKa — TAMNNUHT nanbiaMmu. [locie sToro noackaska ucuesalia U UCHBITYyEMOMY JaBalIOCh
BpeMs1 BHITTOJHAUTH Tpedyemoe ABmKeHNe. B KoHIle TpHaia JeMOHCTPHPOBAIICS YEPHBIA SKpaH B TEUCHUE
15 cexyHn, U maBanock BpeMs Ha OTABIX. J{JIs1 KaKI0To THIa TBMKCHHH OBUIO BBITIONHEHO 20 TpHAoB,
TPHAJIBI ISl BCEX TUIOB JIBUKCHUH ObUIM MEpPeMEIaHbl U MPEAbIBISUIUCH B CIyYailHOM TOPSIIKE.

B skcnepumentax ¢ pbHUKC ncnonp3oBanock U3nydeHue ¢ AByMs JJTUHAMH BOJH: A; = 785 HM
U Ay = 850 HM, KOTOpbIE MPOXOJSAT Yepe3 KOXKY, KOCTHYIO TKaHb U BOJY, HO XOPOIIO MOIIOINAITCS
OKCHT€MOTJIOONHOM U JIe30KCHT€MOTIIOONHOM, COOTBETCTBEHHO.

OkcnepumenTanbHble ganHble GBUKC HeoOxonumo mpeaBapuTenbHo 00padbaThIBaTh, YTOOBI UX
MOXHO OBLIO MCHOJB30BaTh B KaueCTBE MHAMKATOPAa U3MEHEHMsI OKCUTeHAlUW TKaHel. [Tockonmbky
OKCUTeMOTIIOONH M JIE30KCUTEMOTIIOONH TMO-pa3HOMY TOIJIOMIAIOT CBET B ONFMKHEM HH(PaKpacHOM
JMaria30He, MBI PACCYUTAIN U3MEHEHHUS B OTPAKEHHOM JBYXBOJIHOBOM CBETE C HCIIOJIH30BAaHHUEM MOJIH-
¢unmpoBanHoro 3akoHa bepa—Jlambepra [20]. B pesynbrare OblIN MONyYeHBI ABE XapaKTEPUCTHUECKUE
Mepsl HbO u HbR, koTophie 0TpaxaroT CKOPOCTh OTHOCUTEIBHBIX H3MEHEHUH B YPOBHSX KOHIICHTPAIIUU
OKCHUTE€MOTIIOOWHA U J€30KCUTEMOTIIOONHA, COOTBETCTBEHHO.

Co6op mauuabrx GBUKC u mporienypa npenBapuTeIbHONH 00paboTKH BEITIOMHSIINACE C TIOMOIIIBIO
nporpamMmmHoro obecredenusi NIRScout. Xopormo m3BecTHO, YTO Ha IKCIIEPUMEHTAIBHBIC JTaHHBIC
(GBUKC vacto BinusitoT moOOYHBIE (DU3MOIOTHYECKUE IIYMBI M apTe(aKThl, XapaKTEPHBIE YaCTOTHI
KOTOPBIX HaxomsaTcs B auanazoHe dactor (BHKC, Bximrouas BoHBI Matiepa (C THITMYHON YacTOTOM,
ommskoit k 0.1 I'm), apixanue (6mmskoe k 0.25 I'm) u cepaneduenue (okomo 1 I'mm). Kak ymomuHanoch
B 0030pHO# cTarbe [18], BO MHOTHX CiIy4asXx MOJOCOBOI (PHIBTpAlMK JOCTATOYHO JIS YIaJeHHS
HU3KOYacTOTHOTO (pusnonornueckoro myma B AaHHbIX GBUKC. B cBsi3u ¢ 3THM Takxke ObUT TPUMEHEH
niostocoBoit GrteTp 0.01...0.1 ' x curaanam GBUKC ¢ momompro NIRScout, 4To0bI MpeaoTBpaTUTHL
3¢ ekt ToOOIHBIX (HU3HOTOTHIESCKUX BO3ICHCTBUM.

2. Pe3yabTaThl

[Mpexxae Bcero, ObUTH MOTYyUYESHBI 3aBUCUMOCTH M3MEHEHHS OKCH- M JIE30KCUTeMOTIIOONHA IS TPEX
paccMaTprUBaeMbIX THIIOB JIBIDKEHHMS. JlJIs 3TO MCTIONB30BasICsA S-CeKyHAHBIH (PparMeHT mepes KaxKIbIM
JBUTATEIBHBIM aKTOM, B3SATHIH M3 (ha3bl OTABIXA MPEABLAYIIETO Tpuana (Miu U3 (pOHOBOH aKTHBHOCTH
B CIIydae MEPBOTrO UCHBITAHHS). DTOT JOTOIHUTENLHBIA parMeHT UCIONB30BAJICS /ISl BHIIOITHECHUS
npouenyphl KOppeKuy 0a30Bol JIMHUM (Tak Ha3bBaeMoM baseline correction) AJisl HCKIIIOYESHUS! BIUSHUS
110001 mpeabIayIel aKTUBHOCTH Ha BBIIOJHEHHUE TEKYLIETO 3aJaHus. 3aTeM IOJydeHHbIe 3aBUCUMOCTH
M3MEHEHHS OKCH- M JIe30KCHTeMOIIIO0MHa ObITH ycpeaHeHs! 1o 20 TTOBTOPEHUSAM ISl KaKIOTO THIA
IBIDKEHUS (puc. 2).

BuzHo, uTo BhIMOIHEHKE IBMKEeHUS BbI3biBaeT pocT HbO u ymensienne HbR no Bceit MoTopHoit
KOpe, NIPH 3TOM HaOJII0AAeTCsl SIPKO BBIPAXKEHHAs] KOHTPAIaTepalbHOCTb, CBOMCTBEHHAS IBHIKEHUSIM
pyk. [eiicTBuTenpHO, aMIuMTyaa n3MeHeHns koHteHTpannii HbO n HbR B neBom momymapun 6ombime,
4YeM B MPaBOM, YTO 0OYyCJIOBIEHO JIBM)KEHHEM MpaBoi pykod. M3menenus konunentpaunit HbO u HbR
B OTBET Ha BBINIOJIHEHUS JABMKCHHS BBI3BAHBI YBEITMUECHHOH METa0OJIMYECKOH MOTPEOHOCTBIO MO3ra
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Puc. 2. V3menenust okcu- (CHHUIT) U 1€30KCUTeMOrIOONHA (3eICHbIH) TSl Pa3INYHbIX TUIIOB JBIKEHUS: d — OAWHOYHOE
IBIDKCHUE; b — TANUIMHT; ¢ — MHOTOKpPAaTHBIC MOBTOPEHHs. Boiee CBETIbIM 00IACTsIM TeX JKE [[BETOB COOTBETCTBYET
cTaHJapTHas OmHOKa. BepTUKaNbHBIC MTPUXOBBIC JIMHUH 0003HAYAIOT HAYaI0/KOHEI[ BHIMOIHEHHS IBHKCHUS (IIBET
online)

Fig. 2. Changes in oxy- (blue) and deoxyhemoglobin (green) for different types of movement: a — single movement; b —
tapping; ¢ — multiple repetitions. Lighter areas of the same colors correspond to the standard error. Vertical dashed lines
indicate the beginning/end of the movement (color online)
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B KHCJIOPOJIC, YTO MPHBOIUT K NEPEU30BITKY PETHOHAIBLHOTO MO3TOBOTO KPOBOTOKA JJISl YIIOBJICTBOPCHUS
MeTa0OoNINYeCKUX MOTpeOHOCTel Mo3ra. [ eMoIMHaAMUYeCKUil OTBET Ha YBEIMUYCHUE HEHPOHHOW aKTUBHO-
CTH OTIpEEISIeTCS HECKOIBPKUMHU MEXaHU3MaMH HEPBHO-COCYIMCTOTO B3aMMOIEHCTBHSI, B YaCTHOCTH,
M3MEHEHUEM JraMeTpa KammuisipoB [21]. Takum oOpa3oM, N30BITOK MO3TOBOTO KPOBOTOKA BEI3HIBACT
yBenundenue kouueHtpanuu HbO u cHmwkenue konrenrpamnun HbR.
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Puc. 3. a — Pacnpeznenenne no KaHajlaM MAaKCHMalbHBIX 3HAY€HHH aMIUIMTYIbl FEMOAMHAMUYECKOTO OTKJIMKA IJIs
Ka)KIOTO THIA JBIKEHUS; b — pasHHIA MEXTy MaKCUMAJIBHBIMH 3HAYCHISMH aMIUIUTYAbI TEMOJHHAMIYECKOTO OTKIIMKA
CHUMMETPUYHBIX KaHAJIOB JICBOTO U IIPABOro MOIYIIAPUA; ¢ — CyMMapHBbII TeMOJMHAMUYECKUI OTBET B JIEBOM MOJIyIIApUU
JUISL K&XKIOTO U3 THIIOB ABMXKCHHS («Sin» — OAMHOYHOE JBIKEHHUE, «tap» — TAMIHMHIL, «multy — cepust IBxkeHui); d —
OTHOIIEHNE CyMMapHOTO T'éMOJHMHAMHUYECKOTO OTBETA JIEBOTO M IIPABOTO MONYIIAPUIl U pacCMaTpUBAEMBIX JIBIDKCHHH.
3nech B Ka4ecTBE I'eMOMHAMIYECKOTO OTBETa paccMaTrpuBaercs pasnuna mexay HbO u HbR

Fig. 3. a — distribution over channels of the maximum values of the hemodynamic response amplitude for each of the
movement types; b — difference between the maximum values of the hemodynamic response amplitude of symmetrical
channels of the left and right hemispheres; ¢ — total hemodynamic response in the left hemisphere for each of the
movement types (“sin” — single movement, “tap” — tapping, “mult” — series of movements); d — ratio of the total
hemodynamic response of the left and right hemispheres for considered movements. Here, the difference between HbO
and HbR is considered as a hemodynamic response
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MakcuMaJbHBINA TeMOIMHAMUYECKHI OTBET pacrojaraetcs BOIu3u nojaokeHus aatauka 30 C3
(cm. puc. 1, ¢). 3nech cienyer OTMETUTh, YTO COIIACHO IIOCIEIHUM pe3yibraTaM, JaHHas 001acTh
COBIIAJaeT C PACIONOKEHHEM MEPBUUHON MOTOPHOM Kopbl (M1).

Jlnst aHanu3a pasauyuii MEKAY ABIKEHUAMH OBIIO IPEIUIOKEHO HUCIIONb30BaTh €AMHYIO XapaKTe-
PHCTHKY, BKJIIOHaOLIyIo n3Menenne konuentpaunii HbO u HbR. B ponu Takoil BenMM4nHBI BBICTYNAET
pasuutia Mexay HumMu — (HbO—HbR). 3ameruM, 9To maHHast BenmduHA 9acTo o0mamaeT OONbIiei qyB-
CTBUTEIBHOCTBIO K U3MEHEHHUSIM reMofuHamMudeckoro orseta, yeM HbO mim HbR mo otnensHocTh [16].

Brun HaliieHpl MakCUMalTbHBIE 3HAYCHNS TEMOAMHAMUYECKOTO OTKJIMKA IS KaXKAO0TO KaHala v
TUna ABWKeHHA (puc. 3, a). BuaHo, 4To MakcumalibHbIe 3HAYEHUS [UIS BCEX THIIOB OBMXKEHHUH cl1abo
OTIHMYAIOTCS APYT OT Apyra. beuta ncciiegoBana BEIPaXXEHHOCTh KOHTPAIATEPATbHOCTH IS Pa3InIHbIX
THIIOB JBM)KCHUH, KaK Pa3HHIIA MEXKIY MaKCHMAJIbHBIMU 3HadeHUsIMH aMIuuTynbl (HbO—HDbR) mexay
CUMMETPUYHBIMHM KaHajaMH JIEBOTO U IpaBoro nomymapuii (puc. 3, b). OO6HapyKeHO yBeIUYeHHE
BBIPAKEHHOCTU KOHTPAJIaTepalbHOCTH ATl TANIUHTA U MHOTOKPATHBIX CIKaTUH KUCTH, IO CPABHEHHIO C
OJUHOYHBIM C)KaTHEM KHCTH.

PaccmoTpeH cymMMapHBIN TeMOIUHAMHYECKUN OTBET B JIEBOM M IPAaBOM IOJIYIIAPHN JUIS Ka)KI0-
ro u3 TUNoB JBHXkeHHs (puc. 3, d). IlokaszaHo, 4TO cyMMapHbIil reMOJMHAMHYECKHUI OTBET B JIEBOM
MOJTyIIapuy c1abo pa3muyaeTcss MeXAy BCEMHU BUAAMH IBIKCHHNA. B TO jke Bpems cTereHp KOHTpa-
JlaTepalbHOCTH, paccMaTpuBacMasi Kak OTHOIIEHHE CyMMapHOTO TéMOJIMHAMUYECKOTO OTBETA JIEBOTO
¥ TIPaBOTO MOIyLIapUi, TEMOHCTPUPYET CYIIECTBEHHOE paszindue MEXIy ABMKEHUAMH (pHc. 3, ¢).
MaxkcuManbHO BBIpayKE€Ha KOHTPAJIaTeEpaIbHOCTh IPU BBHITOJHEHUH CEPUU IBHKEHHM, a MUHIMAIBHO
BBbIpakKeHa MPH OAMHOYHOM COKaTHH.

3akiarouenue

B pabote npeacTapieHbl pe3yabTaThl CPABHEHUS Pa3HbIX TUIIOB JIBIKEHHS, a TAK)KE PACCMOTPEHBI
Pa3IMYHbIE MTOIXObI K aHAJIN3Y FEMOAMHAMHYECKOIO OTKIIMKA.

Brl10 moaTBep:KIEHO, YTO paclpeneieHre OTKINKA MPHU BHINOJHEHUM ABM)KEHUS 3aBUCUT OT
obnactu mo3ra. Iloka3zaHo, 9T0 MaKCHMalIbHBIE OTBETHI MOSBIIAIOTCS B MONYIIApUH, KOHTpaJaTepaIbHOM
10 OTHOUIEHUIO K BBIMOJHSAIONIEH KOHEYHOCTH.

ITokazaHo, 4TO CyMMapHbId N€eMOJIMHAMUYECKUM OTBET B MOTOPHOM KOpE JIEBOIO IOIyIIApUs
€120 pa3nuyaeTcs MeXIy BCEMH pacCMaTpUBaeMbIMH BHAAMU ABMKCHHMS, [IPU 3TOM BBIPAXKEHHOCTh
KOHTpaJlaTepaJbHOCTH JEMOHCTPUPYET CYIIECTBEHHbIE Pa3INuns MEXIy THIaMHu JIBIbKeHUH. CuibHee
BCET0 KOHTPAJIaTEPAILHOCTD MPOSBIAETCS MPHU BBINOJIHEHUN CEPUN JBM)KEHUH, B TO BpEMS KaK OIH-
HOYHOE€ C)KaTHe KMCTH BBI3bIBAET HAUMEHBIIIYI0 KOHTpanarepaapHyto peaknuio. Hamuune nmomoOHOi
aCHMMETPHH IIPH BBIIIOTHEHHE PACCMaTPHBAEMBIX TUIIOB JIBH)KEHHUH, BEPOSITHO, BEI3BAHO PA3IHUYUSIMHU B
4CCOLIMMPOBAHHON HEMPOHHON AKTMBHOCTH, B PE3YIbTATE KOTOPOM KaXKJ10€ U3 ABUKCHUU 3aJ€HCTBYET
pa3uyHbBIe IO CBOEMY pa3Mepy HEMpOHHBIE CeTH WM TpeOyeT pa3sHylo CTENeHb MX aKTUBAIHU.

Pa3nuuust B KOHTpanarepaabHOCTH TAKXKE OTPAXKaroT U3MEHEHHE MEXKIOMYIIApHBIX B3aUMOCH-
CTBUH MeXTy oOmacTaMu M1 KakIoro MoNTymiapusi, B pe3ylibTare KOTOPBIX MOBBIIICHHAS aKTHBAITHS
HelpoHOB B M1 ogHOro momymapus BbI3BIBA€T CHI)KEHHE aKTUBHOCTH B M1 IpOTHBOIOJIOKHOTO
noxymapusi. 9To, B CBOIO OU€pe/ib, BBI3BIBAET ITOBBIIIEHHE OKCUTEMOINIOOMHA B KOHTpaJaTepaabHOil 1BU-
XeHHto kope M1 u3-3a HaJIMUUs KOMIICHCALMOHHBIX MEXaHNW3MOB U IOBBIILICHUE 1€30KCUIeMOITIO0NHA B
uncuaarepaibHoi Kope M1, 00yciioBiIeHHOe akTUBalKeil TOPMO3SIIUX CBA3EH MEXy MONyIapusiMi U
MPOJOJDKAIOLIIMMUCS META00IMUECKUMU IIPOLIECCaMH.

OTMeTHM, YTO pe3yabTaThl, ONIyUYeHHbIE B JAHHOW paboTe, XOPOILIOo COIIacyroTcsa ¢ U3BECTHBIMU
panee [22-24]. B wactHOCTH, B pabdore [22] ObLI0 00OHAPYKESHO CBSI3aHHOE C MHTEHCHBHOCTHIO JBIDKCHHS
yBEIMUCHNE HEHPOHHOM aKTUBHOCTH B KOHTpalaTepaJbHOM MOJyIIApHH, MPUBOJIIEE K 00Jiee BHICOKHM
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nonoxutenbHbiM BOLD (Blood-oxygen-level-dependent) otBeTam, nepenaroiieecs B UIICHIIATEPATILHOS
ToJTyIIapiue M CONpOBOXKIaeMoe Oosiee BBIpaXEHHBIM oTpullareasHbiM BOLD orBeToM B JaHHOM
MOJIyIIapUH. 371eCh CIEeAyeT OTMETUTH, YTO OTpunaTeabHbiii BOLD 0TBET 10 CpaBHEHHIO ¢ HCXOIHBIM
YPOBHEM BO3HHKAET KaK CIIEJICTBUE YBEITMUEHUS COACPIKaHUS Je30KCUTEMOTIIOONHA.

3aMeTnM, 4TO MOJTYyYEHHbIE B paboTe Pe3yabTaThl IeMOHCTPUPYIOT BHICOKYIO YYBCTBHTEIBHOCTh
texHosnornu GBUKC K BBITOTHEHUIO pa3IMYHBIX THIIOB JABWKEHHHA. B 4acTHOCTH, KOPOTKHE OAWHOYHBIE
CKaThsl KUCTH XOPOIIO BUAHBI Ha xapakrepuctukax HbO u HbR, uTo Moxer OBITh HCIIOIB30BaHO
pu pa3paboTKe W MPOEKTUPOBAHUH PA3IMIHBIX UHTEPPEHCOB MO3T—KOMITBIOTED, B TOM YHCIIE U MYIIb-
TUMOJIATIHHBIX, TaK KaK OTKPHIBAET BOBMOXKHOCTH HCITONIb30BaHUs OoJiee KOPOTKUX KOMaHJ HpPU KX
cozganun. OTMETHM, 4T0 0OBIMHO MHTEpP(Ech Mo3T—KommbioTep Ha 6a3e Texnonoruu ¢bUKC tpedyroT
MPOJOJDKUTENFHON HAarPy3KH, B YaCTHOCTH, CPEIIU IBUTATEJIBHBIX 3a/1a4 HanOoliee MOIMyIIPHOM SBISEeTCS
TRTIHHTY, TPEOYIONU aKTUBHOCTH mopsiaka 10 cexyH.
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CeJiekuus NPOCTPAHCTBEHHBIX MOJI B aHCaMOJIe Xa0THYEeCKHUX 0TOOpaKeHU i
¢ 1aJbHOIEH CTBYIOIIUMH CBSI3AMH
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Annomayus. Llens HACTOSIIETO UCCIICNOBAHNS — BBISBICHHE 3aKOHOMEPHOCTEH (OPMHUPOBAHUS IIPOCTPAHCTBEHHBIX CTPYKTYP
B aHCaMOIle Xa0THYECKUX CHUCTEM C HENOKAIbHBIMU AU((hy3MOHHBIMU CBSI3SIMU; BIUSHHS HA 3TH CTPYKTYPHI BOTHOBOH XapakTe-
PUCTHUKH IIMPPOBOro GpuitbTpa, 00pa30BAHHOTO CBI3IMU MEXIY dIeMeHTaMu aHcaMOis. Memoosl. ViccnenoBanne mpoBOIHIOCH
MOCPEACTBOM YHCIEHHOTO MOJETINPOBAHUS aHCAMOJIS JIOTHCTHYECKIX OTOOPa)KeHHH, pacyeTa TUIINYHBIX KOJIeOaTeIbHBIX PEeXKH-
MOB M HX CIIEKTPaJIbHOIO aHaiu3a. [Ipu 3ToM cucrema cBs3eil ancamOns paccMaTpuBaiach Kak HuQpoBoil GpuisTp ¢ acToTHOM
XapaKTEepUCTUKOI, 3aBUCAIIEH OT mapaMeTpoB cBsa3eil. PaccmarpuBanach Koppesaius MeKay NPOCTPAHCTBEHHBIMH CIIEKTPaMU
U aMIUIATYTHO-9aCTOTHON XapaKTePUCTHKON (HIBTpa CBA3el M B3aMMHAsi KOTePEHTHOCTh KoJleOaHUH pH N3MEHEHUH ITapaMeT-
poB cBsi3H. Pesynomamut. IlokazaHo, 4TO cucTeEMa CBI3€H MEXIY XaOTHIECKUMH OTOOpaXEHHAMH BeAET cebsl Kak BOIHOBOM
¢ueTp, 00TATAIOINIA CEICKTUBHBIMU CBOMCTBAaMH, II03BOJISIS CYIIECTBOBAThH IIPOCTPAHCTBEHHBIM MOJaM C ONpeIeIICHHBIMU
JUTMHAMH BOJIH M TTOAABIAs Apyrue. CeleKnus MpoCTPaHCTBEHHBIX MOJ IIPOUCXOIUT HA OCHOBE BOJHOBON XapaKTEPUCTHKU
¢unpTpa cBsA3€H, BHI KOTOPOH ONMpenessercss painycoM ACUCTBUS W BEITUYMHOW CBS3CH MEXIY 3JIEeMEHTaMH aHCamOIs.
B o0nacty CUIBbHOI CBSI3M BOJHOBBIE XapaKTEPUCTHKY JUIsl aHcaMOJIeil ¢ JIOKaIbHBIMH U HEJIOKaJbHBIMHU CBSI3SIMH KauyeCTBEHHO
OTINYAIOTCA, YTO BEAET JUIS HUX K NMPHHIUINAIBGHO pasHOMY moBeneHuro. Obcyocoenue. Vcrionp3oBaHne CHEKTPaIbHBIX
METOJIOB AJIsl aHANIN3a ANHAMUKHI CHCTEM CO CIIOKHOW TOMONOTHEN CBSI3H NMPEACTAaBISAETCS IEPCIICKTUBHBIM HAIPaBICHUEM,
B TOM YMCJIE U JUIS UCCIIC[I0OBAHUS CUHXPOHU3AIMU U MYJIBTUCTA0MIBHOCTH B Xa0TUUECKUX OCLMIUIATOPAX U OTOOPaKEHUSX.
OO6HapyXeHHBIE 3aKOHOMEPHOCTH 0000IIAIOT Pe3yIbTaThl, H3BECTHBIE IS aHCaMOIel OCIMIIIATOPOB C JIOKATBHBIMHA CBS3SMH.
OHH B 3HAYNTENBHOM YacTH MOTYT OBITh IPHMEHEHBI K aHCAMOMISM aBTOKOJIE€0ATENbHBIX CUCTEM C HETIPEPHIBHBIM BPEMEHEM.

Knruesvie cnosa: mpocTpaHCTBEHHO-BPEMEHHOM Xaoc, aHCaMOIU 0TOOpakeHH, CHHXPOHH3AIUs, IIPOCTPAHCTBEHHAS (DUITh-
Tpanusi.
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Abstract. Purpose of this work is to determine regularities of formation of spatial structures in an ensemble of chaotic
systems with non-local diffusion couplings and to study how these structures depend on the wave response of the digital filter
formed by the ensemble couplings structure. Methods. The study was carried out by numerical simulation of an ensemble
of logistic maps, calculation of its typical oscillatory regimes and their spectral analysis. The network was considered as a
digital filter with a frequency response depending on the coupling parameters. Correlation between the spatial spectra and the
amplitude-frequency response of the coupling filter and the mutual coherence of oscillations when the coupling parameters
change were considered. Results. The system of couplings between chaotic maps behaves like a wave filter with selective
properties, allowing spatial modes with certain wavelengths to exist and suppressing others. The selection of spatial modes
is based on the wave characteristic of the coupling filter, the type of which is determined by the radius and the magnitude
of couplings. At strong coupling the wave characteristics for ensembles with local and non-local couplings are qualitatively
different, therefore they demonstrate essencially different behavior. Discussion. Using spectral methods for dynamics analysis
systems with complex network topologies seems to be a promising approach, especially for research of synchronization and
multistability in ensembles of chaotic oscillators and maps. The found regularities generalize the results known for ensembles
of maps with local couplings. They also can be applied to ensembles of self-sustained oscillators.

Keywords: spatiotemporal chaos, ensembles of maps, synchronization, spatial filtering.
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BBenenune

AHcaMOnH KonebaTeIbHBIX CUCTEM TPEICTABISIOT 3HAYNTENBHBIA HHTEpEC I (GU3UKU U JPYTHX
€CTECTBEHHBIX HayK, ITOCKOJIBKY CITYXaT MOAEIISIMU MPOCTPAHCTBEHHO PACIPENEIEHHBIX CPE, O3B0
BBISIBJISITh MEXaHU3MEI SIBJICHHH KOOTIEpAIliH, KOHKYPEHIIUN U caMmoopranm3aiii. OcoOblii HHTEpeC
MPEACTABISAIOT aHCAMOIH OCHIIISITOPOB C XaOTHYECKUM IMOBe/eHHEM [ 1, 2] MOCKOIBKY B MOTOOHBIX
CHUCTeMaX MOXXET HaOIromaThCsl MIMPOKUN KPYT SBIEHHM, HApUMeEp: CHHXPOHHU3AIUS XAaO0THYECKUX
Kojebanuit [2—6], 6erymue BoiHEI [7, 8], 0Opa3oBaHHe TUCCUNIATUBHBIX MPOCTPAHCTBEHHBIX CTPYKTYP
[9-11], pa3BuTas MyasTHCTAOMIBHOCTS [12—17].

B nmocnegnue roapl, Hapsay ¢ U3yYeHHEM aHcamOJiel C JTOKAJbHBIMU CBSI3SIMU MEXIY Y3JIaMH,
3HAYNTENBHBIN WHTEPEC MPUBIEKAIOT K cede ceTr ¢ Ooree cioxHOi Tononorneil. OMHIM U3 TPUMEPOB
TaKUX CETeH MOXKHO CUUTATh CHUCTEMBI C danbHoldeticmayiowumu cesazamu (JIC), koraa B3auMoaenCcTBYIOT
HE TOJBKO OmmKaiIme cocenyd, HO M yHaJIeHHbIe JApyT OT JApyra 3JeMeHThl ancamOma. MHtepec k
ancam6nsm ¢ JIC momorpeBaeTcsi pa3BUTHEM COBPEMEHHBIX MH(POKOMMYHHUKAIIMOHHBIX TEXHOJIOTHH,
a TaKk)Ke UCCIIeJOBAaHUAMH B 00acT OHOJIOTHH, HEHPO(U3NOIOTHH U COIHONIOTHH. VIHTepec K THHAMUKE
ancamoneit ¢ JIC nposBisercs Takke B CBSI3UW ¢ OOHapyKEHHEM B HHUX OCOOOTr0 BHJa KIACTEPHBIX
CTPYKTYp, MOTYUYHUBIINX Ha3BaHue xumep [18-22].

CucremMBbl BRICOKOH pa3MEepHOCTH, KaK IMPaBUIIO, IEMOHCTPUPYIOT OOJIBIIIOE pa3HOOOpasne cocy-
LICCTBYIOIIUX PEKUMOB, TO3TOMY MX TPYAHO aHAIM3UPOBATh, UCIONB3YsI METOABI OU(YPKALMOHHOTO
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aHaJM3a, IpUMEHseMble A7 0ojee MPOCTHIX CUCcTeM. B Takux ciydasx yaoOHO MCIOIb30BaTh HHTETPAIIb-
HbIE XapaKTEePUCTHKH, MO3BOJISIOLINE IPEICKa3bIBaTh TUIIMYHOE [I0BEICHUE aHCaMOIs IIPU CTAHIapPTHBIX
HayaJbHBIX ycloBUAX. OIHUM M3 TaKUX MOIXOMOB SIBISAETCS CIEKTpalbHBIN aHaJIN3, OCHOBAHHBIN Ha
pacdere BpPEMEHHBIX U IIPOCTPAHCTBEHHBIX CIIEKTPOB. Ilepexon OT BpeMEHHOTO ONUCAHUSA K YaCTOTHOMY
ABJISICTCS TPAIULMOHHBIM Kak JUisl GM3HMKH, TaK U Uil TeXHUKH. OH MO3BOJISET, HAIIPUMEp, AUarHOCTUPO-
BaTh CHHXPOHH3ALNIO MEXy OCHMILIITOPaMHU aHCaMOJIs M KOJIMYECTBEHHO OIEHUTH ee BeNnduHy [23].
J17151 HEKOTOPBIX THIIOB CBSI3M (Hampumep, AnpQPpy3HOHHON) HCIONB30BaHIE CIEKTPAIbHOTO METOAA MO3-
BOJISIET OTPENIENUTh YCIOBUS ISl CHHXPOHU3AINH XaOTHYECKNX KojeOaHnii B aHcamOIie B 3aBHCUMOCTH
OT BEJIMYMHBI CBsI3ei [6].

B nanHOM MCcneoBaHUM MBI MIPEAJIAraéM PacCMaTPUBATh CBSI3H MEXIY OCIMIUIATOPAMH CETH Kak
HPOCTPAaHCTBEHHBIN IM(PPOBOM GUIBTP, CBOWCTBA KOTOPOTIO XapaKTEPU3YIOTCSl BOJHOBOW XapaKTEPUCTH-
koii. Panee meton mudpoBoro GpuiabTpa ObLT HCTIOIB30BaH IS aHAIN3A 3aKOHOMEPHOCTEH GOopMUpOBaHUS
MYJIBTUCTaOMIBHOCTH NIEPUOANIECKUX OPOUT B aHCaMOIe 0TOOpakeHUH ¢ JaJbHOICHCTBYIOIIUMHU CBS-
3siMH [24] W Ans aHanM3a NPOCTPAHCTBEHHBIX MOI B aHcaMmOlle C JIOKaJbHBIMH AU Y3HOHHBIMHU
CBs3MH [25]. B HacTosIIEM HCCIETOBAHUN MBI PACCMaTPUBAEM CEJIEKIAIO IPOCTPAHCTBEHHBIX MOJ B
aHcaMOJie C HeJTIOKAJIbHBIMH CBSI3SIMH, HAXOISIIEMCS B PeKHME MPOCTPAHCTBEHHO-BPEMEHHOTO Xa0ca.
Takoit pexxuM 00bEMHSAET B CBOEM COCTaBE MHOXKECTBO METACTAaOMIIBHBIX MTPOCTPAHCTBEHHO-BPEMEHHBIX
COCTOSTHHI U €ro CBOMCTBA 3aBHCAT OT CBSI3€H MEXIy JIEMEHTaMH aHCaMOJIsl.

1. ITpocTpaHcTBeHHAas1 celeKIUsI B aHCAMOJIAIX C TaJbHOECTBYIOLIEH CBA3BIO

PaccmoTpum ancam6ip 13 N 0TOOpaskeHHi ¢ CHMMETPUYHOHN CBA3BIO, 3aMKHYTHIN B KOJIBIIO

L
MW+D=JW%@»+%;X:W@wﬂm%JWEMM~ (1)
j=—L

3nech x;(n) — IMHAMAYECKas IePEMEHHaSsI, 3aBHUCSIIAst OT JUCKPETHOTO BPEMEHH 1. U TIPOCTPAHCTBEHHOM
KOOD/IMHATHI 4, 3a1aHHOM Ha otpeske [1 : N|; F(z) — byHKums, 3a1ar0mas IMHAMHUKY OJHHOYHOTO
OTOOpaXKEHHUsI; Y — CUJIa CBSI3ed MEeKy sieMeHTamu ancamb6ist, L = 1,2, ..., N/2 — ux MakcuMaJibHOE
JanbHOecTBUE (paanyc CBs3eil). BeiencTpre KombIeBOH TOITOJIOTHH CETH BCE OTEpaIy ¢ HKHUMU

WHJIEKCAMU BBIMOJHAIOTCS 110 MO0 V.
Cuctema cBszeii B cetr (1) mpencrasisger coOol TMHEHHBIN QUIBTP, 00IaIAIONIHNA CENEKTHBHBIMU

cBolictBamu. UToOBI yOequThCS B 3TOM, IiepenuiieM ypaBHeHue (1) B Buzge

L

zi(n+1)= > hiF (ii(n)), 2

j=—L

e ho =1—v, hj =v/(2L) (j = %1, ..., £L) — nonoxurensHble KOHCTaHTHI. PopMyiy (2) MOXHO
MPEJCTABUTh KAaK CYNEPIIO3UIIMIO HETUHEHHOTO OTOOpaskeHUs

yi(n) = F (z;(n))

Y JIMHEHHOW CBEPTKH IO MPOCTPAHCTBEHHON KOOpIMHATE
L
Jj=-L

Ilocnennee ypaBHeHue coBmagaer mo (GopmMe ¢ ypaBHEHUEM JIMHEHHOro nudposoro ¢puiasrpa ¢ UM-
MYJIBCHON XapaKTEepUCTHKOW h, NelicTByIOIero Ha NpocTpaHCTBEHHYIO TpaekTopHio y. Kak u3BecTHo,
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Puc. 1. I'pauxu xosddunnenra nepenaun ¢pusrpa cszeit npu Y = 0.4 (@) u ero AUX npu y = 0.9 (b)

Fig. 1. Plots of the frequency response of the coupling filter at y = 0.4 (a) and its amplitude-frequency response at
y=10.9 (b)

gacToTHas! (BOJHOBAs) XapaKTepUCTHKA Takoro (uibTpa ecTh mpeodpasoBanne Oypbe 0T €ro NMIyIbC-
HOM XapaKTEpHCTUKH; JJIs YKa3aHHBIX BbILIE 3HAYE€HUH KOd()(OHUIHEHTOB /; OHAa NPUMET BUIL:

L
R@ﬂzl—y+%§:mﬂmy 3)
=1
3necs R — koaddunment nepenaun puisrpa, ® € [0 : 71| — HOPMHUPOBAHHAS IPOCTPAHCTBEHHAS YACTOTA
(BOJIHOBOE YKCIIO)'.

Paccmotpum cBoiictBa R, ompenensiembie Gopmymoii (3). Ipexe Bcero ormMerum, uto R(®) —
BEIIIECTBEHHAS BEIMYNHA, YTO SBIISETCS CIIENCTBUEM CHMMETPHUH CBs3eil B ancambie?. ['paduk pyHKmm
R(®) onpenensercs paanycoM cBsizeld u 1uist 3Hadennid L = 1, 2, 5, 10, KoTOpble pacCMaTpUBaKOTCS B
JTAHHOM HCCJIEIOBAaHUH, OH MPEACTaBlIeH Ha puc. 1, a. Xopomo BuaHO, 9To ipu L > 1 xodddunment
nepeadu UMeeT J1enecmKkosyio CTPYKTYpy ¢ BEIPaKEHHBIM MaKCUMYMOM B OKPECTHOCTH HYIS (OCHOBHOU
Jlenecmox) v OCUWUIMPYIOIINMH «XBOCTaMm» (b6oxogvimu enecmkamu) Ha iepudepun. Taxas ¢popma
HallOMUHAET XOPOIIO U3BECTHYIO B PaAMOTEXHHUKE QyHKUMIO sinc. JJaHHOE CXOICTBO HE CIy4aiHO, HO-
CKOJIbKY BBIpaKCHHE JUIsi R sIBIsIeTCSl AUCKPETHBIM aHAJIOTOM BBIPAKEHUS JUIS CHIEKTPa IPSIMOYTOIBHOTO
UMITyJbca, U Ipu Oonbiux L cooTHomeHue (3) XOpoIo annpokcumupyercs: GopMyaoit

R(®) ~1—vy+ ysinc ((L +0.5)®). 4)

«XBOCTBD» YaCTOTHON XapaKTEPUCTUKU MPHUITOTHATH HAJI OChIO a0CIMCC HA HEKOTOPYIO MOCTOSHHYTO
BenuunHy AR, xotopas mpu L > 1 Ommska k 3HadeHuto 1 — vy. [loaToMy 3HaYeHHe CHIIBI CBS3eit
ompeessieT HHTCHCHBHOCTh CEJICKTHBHBIX CBOUCTB (uibrpa. CylecTBeHHO BiusieT Ha Gpopmy R(®)
Takoke paanyc cBsaseil. C yBenndeHueM L 9ucio OOKOBBIX JIETIECTKOB PACTET, a MX IMHPHUHA YMEHBIIAETCS
(mpu L >> 1 mmpuHa JenecTkoB o0paTHa paauycy cBsizei). TakuMm oOpa3oM, B AWara3oHe 3HAUYCHUH
cBm3u 0 < ¥y < 1 OCHOBHOM JIEMIECTOK BCETJa MPHUIOAHAT HaX OOKOBBIMH, BEIMYWHA KOTOPBIX TEM
MEHbIIIEe, YeM BhIlIe uX HoMep. [Ipu cinaboii cBsi3u GUIBTP SBISETCS MPO3PAYHBIM IS JIFOOBIX JITUH
BOJIH; TIPY 3TOM C yBEJINYEHHEM CBSI3H CEJIEKTUBHBIEC CBOMCTBA yCHINBAIOTCA B CTOPOHY ITO/IABICHUS
KOPOTKOBOJTHOBBIX PEXKHUMOB.

W3 Beipaxkenus (3) nerko nony4uTtsh ¢azodactoTHyio (PUX) n aMmmnTynHo-4yacToTHYI0 (AUX)
XapaKTepUCTHKH (HUIBTPa CBA3CH.

Lt oTiHUms IPOCTPAHCTBEHHEIX YaCTOT OT OGBIYHBIX GyIEM HX IIOMEUaTh YePTOH CBEPXY.
2 Jlns ancamGueit ¢ HECHMMETPHYHBIM CBS3sIMU R OyIeT KOMIUICKCHBIM.
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da3oyacToTHAA XapakTepucTuka. [lockonpKy Ko QHUIMEHT mepeayn SBISIETCS BEIeCTBEH-
HBIM YHCJIOM, (pa30BBIH CABUT MPOCTpaHCTBEHHOro GuibTpa ¢ = arg (R) nmbo paBeH HyNO Mpu
MOJOXUTENBHOM R, 1160 7 — npu otpunarensHoM. Takum oOpazom, PUX sBisieTcs 1100 MOCTOSHHOM,
00 KyCOYHO-TIOCTOSHHOHN (YHKIIMEH BOJHOBOTO ymciia . [lociemunii cirydail peann3yercs, ecliu
rapaMeTp CBA3H MPEBOCXOIUT HEKOTOPOE KPUTUUYECKOE 3HAUCHHE

2
4 —arctan (L — 1)’

Ye = (5)

AMIUINTYAHO-4ACTOTHAsl XapaKTepuCTHKA. Bua aMInmMTyIHO-9acTOTHON XapaKTepUCTHKH
A(®) = |R(®)| Taxxke Oyaer omiMyarees st Y < Y U Y > Y. B nmepBom ciydae AUX coBnagaer ¢
COOTBETCTBYIOMUM rpadukoM R(®), nzobpaxkeHHbM Ha pHC. 1, a. [I0CKOIBKY MaKCHMAIIBHOE 3HAYCHHE
ko3 dumeHTa nepeaayn AOCTUTaeTcsl Ha HyneBoil uyactore, ¢popma AUX Oyner cOOTBETCTBOBATH
¢uneTpy HIDKHEX 9acToT (PHY); mpu 3TOM OCHOBHOM JIEIECTOK MOYKHO CUUTATh HOIOCOU NPONYCKAHUA,
a O0KOBBIE — nonocot 3azpaxcoenus: GuiapTpa. C POCTOM Y CPEOHUH YPOBEHB IOJIOCHI 3arpa)ICHUs
TIOHIKAETCSI, COOTBETCTBEHHO CENICKTUBHBIE CBOWCTBA (uibTpa ycunmBatotes. [Ipu v > v, dopma AUX
CTaHOBUTCS OoJee CIOXKHON, YTO MOKHO YBUZIETh Ha IpuMepe rpadukoB Ha puc. 1, b, Ho npu L > 1 oHa
npopoinkaer coorsercTBoBath OHY. McknroueHHEM SIBIISIETCS C1y4al JIOKAJIBHBIX CBA3EH, IIPU KOTOPOM
Mepexoy Y Yepe3 KpUTHIecKoe 3HaueHue MPUBOAUT K cMeHe Tuna ¢uisrpa ¢ HU Ha 3arpaxkmarontuit
(cM. [25]).

Taxum oOpa3oM, CUCTEMa CHMMETPUYIHBIX AThLHOMESHCTBYIONINX CBsi3el pu L > 1 BemeT cedst
KaK MPOCTPAHCTBEHHBIN (QUIBTP HIKHUX YaCTOT, INUPHHA MOJOCHI IIPOIMYCKaHUs KOTOPOTO ONpPEAeIIseTCs
paanycoM JEUCTBUS CBSI3EH, a CEIEKTUBHBIC CBOICTBA (OTHOMICHHE KO3(DPHUIIMEHTOB MIepeaadn B MOJI0Ce
NPOITyCKaHUS U 3arpaXIeHus) — CHIIOHN cBsa3el Y. Kak u3BecTHO, CBA3M MEXAY OTOOpaKEHUSAMH OKa3bl-
BalOT BIMSHUE Ha X BPEMEHHYIO M IPOCTPAHCTBEHHYIO TUHAMHUKY. [Ipy 3TOM n3MeHeHne BeTUYUHbI
napamMeTpa CBsI3U MOXKET IIPUBOIUTH K (POPMUPOBaHMIO B aHCaMOJIe pa3iIMYHBIX [IPOCTPAHCTBEHHBIX
CTpYKTyp. VIHTEpecHO BBIACHUTH, HACKOJIBKO 3TH W3MEHEHHS KOPPEIUPYIOT C M3MEHEHHEM (OPMBI
BOJIHOBOI XapaKTepUCTUKH (pUiIbTpa CBsI3eH, paCCMOTPEHHOH BBIIIE, X BO3MOXKHO JIM IIPENICKa3aTh Ipo-
CTpaHCTBEHHbIE CBOICTBA HaOMIOaEeMbIX PEKUMOB 10 BUY 3TOW XapaKTepUCTHKH. /[aHHBIE BOIPOCHI U
OyIyT pacCMOTpPEHBI B XOJI€ YHCICHHOTO HCCIEIOBAHMS.

2. PaccMaTpuBaemMasi CHCTEMA M AJITOPUTM HMCCJIeI0BAHMUS

B kxauecTtBe 0ObeKkTa HcClIeIOBaHMS BbIOEpEM HanOoJee MPOCTYI0 CUCTEMY, IEMOHCTPHUPYIOLIYIO
Pa3BUTHII IPOCTPAHCTBEHHO-BPEMEHHOHN Xa0C: KOJIBIO U3 N JIOTHCTHYECKUX OTOOpa)KeHUH, ypaBHEHHE
kotoporo cootserctByeT (1) npu F(z) = az (1 — ), rae o — mapamerp, ynpaBIsSONHN THHAMUKON
OMHOYHOTO OTOOPAXKEHHS.

Jloructuueckoe orobpaxeHue siBisieTcst 6a30BOM cUcTeMol HenuHelHol nuHamuku. Ero nmosene-
HHUE XOPOIII0 U3BECTHO: C POCTOM O OHO JIEMOHCTPHpPYET Kackaj OndypKannii ynBOSHUS TEPHOTUIECKIX
opOuT, 3aBepLIAIOIIUIics IEPEXOIOM K Xaocy; B 3aKpUTUYECKOI 001acTH HabmonaeTcsl pa3BUTHE XaOTH-
YEeCKOW TMHAMUKHU depe3 Kackaja oOparHbix ondypkanunii ynsoenwns. [lpn 3.68 < o < 4 B oroOpaxeHUH
peasnzyercsi peXXHM Pa3BUTOIO Xaoca, KOTOPBIM i ciadbix cBsized (y ~ () coxpaHsercs U npu
obbennHeHNN O0TOOpakeHWH B aHcaMmOnb. B aToMm ciydae B aHcaMmOne peanmu3yeTcsi pekhM OIIHO-
POAHOTO HMPOCTPAHCTBEHHO-BPEMEHHOTO Xaoca. B ancamOne ¢ JOKalnbHBIMM CBSI3SIMH B AHANa30HE
0 < v < 1 naGmoaeTcss MHOXKECTBO NMPOCTPAHCTBEHHO-BPEMEHHBIX PE)XXKUMOB, BKIIIOYAs AUCCHIIATHBHBIE
CTPYKTYpHI [26].

HccnenoBanue cuctemsl (1) mpoBOAUTCS METOIOM YHCICHHOTO YKCIEPUMEHTA MPHU (PUKCUPO-
BaHHOM 0. = 3.98 U MeHsIoImuUXCs 3Ha4eHusIX Y ¥ L. B Xoxe unciieHHOro sKcrnepuMeHTa onpeneser-
csl TIpefeNibHasl TPACKTOPHS MPH CIIyYaiHBIX HAaYaJIbHBIX YCIOBHSX, PABHOMEPHO PaCHpelCICHHBIX B
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nuanasone |0 : 1], mo KOTOpo#t cTposTest PasoBblie MOPTPETHI M MPOCTPAHCTBEHHBIE CHUMKH KOJICOAHHIA,
paccunThIBArOTCS (QYHKIMS B3aMMHON KOT€PEHTHOCTU U MPOCTPAHCTBEHHBIE aMIIJIUTYIHBIC CIIEKTPEI

5p (0= 2 ) = /X0 00). ©

N
e Xx(n) = Zf\il xi(n)exp (—j2mnki/N) — auckperHoe npeobpaszoBanue Dypoe (AI1P) npoctpan-
CTBEHHOI'O CHHUMKA KOJIcOaHWI B MOMEHT BpEMEHH 7, k — HOMEP MPOCTPAHCTBEHHOM FrapMOHHUKH.

3. Biausinue cBf3eii Ha B3aHMHYI0 KOTePEeHTHOCTh KoJle0aHui

[Ipu HyneBo# cBsi3u Kaxaoe W3 OToOpaxkeHwit aHcaMOIns (1) AEMOHCTpPHpPYET HE3aBHCHMYIO
JMHAMHMKY, [I03TOMY KOJIE€OaHUS B Pa3HBIX AUEHKAX CETH SABIIAIOTCS HEKOIEPEHTHBIMU®, U aHCaMOJIb B
LIEJIOM JEMOHCTPUPYET PEXKUM OIHOPOIHOTO MPOCTPAHCTBEHHO-BPEMEHHOro xaoca. OIHaKo ¢ pOCTOM
CBSI3M KOJICOAHHS CHHXPOHHU3YIOTCS, B pE3yABTaTe YeTO B aHCAMOJIe MOTYT Pealin30BaThbCsl PA3HBIC THITHI
MIPOCTPAHCTBEHHOTO ¥ BPEMEHHOTO TOBEICHUH.

PaccmoTpuM, Kak MEHsIETCS KOTEpEHTHOCTh KOJIeOaHuil B aHcaMOJIe ¢ POCTOM CBSI3U JIISl Pa3HBIX L.
Jlist ee U3MepeHus MbI BOCIIONB3yeMcsl (hOpMYJIOH, IMTOTYIeHHOH B pabdore [23]:

_ Jo~ Cii() (P(0) + Pj(0)) do.

%5 = T (o) + Py(w) do @

3neck C; j(w) — GyHKIUS B3aMMHOII KOT€PEHTHOCTH MKy JMHAMHKOIL i-T0 U j-ro oToOpasenwuii, F;
u P; — COOTBETCTBYIOIIUE CIIEKTPBI MOIIHOCTH. Benuuuna S; j, ABIAIOMIAACS MHTEPAIbHOW Mepoi
KOTepEHTHOCTH KoJIeOaHW 10 BCEM YacTOTaM, OTPENENsIeT OTHOIIEHNE MOITHOCTH KOT€PEHTHON 4acTH
CUT'HAJIOB MOACUCTEM ¢ U j K MX o0melt MomHoctu. OHa siBsieTcs 0e3pa3MepHOil BeIWYNHOMH, NPUHUMA-
foIe 3HaYeHHs OT HyJNs (71 MOJIHOCTHIO HEKOT€PEHTHBIX CUTHAJIOB) 10 €AUHHIBI (U1 TIOTHOCTHIO
KOTECPCHTHBIX ).

B nacrosmem uccinenoBaHuM MBI pacCMaTpHBaeM KOTEPEHTHOCTh MEXK]y COCEAHUMH OCLMIIIATO-
pamu S; ;+1, 0003HaUaeMyto B pajipHeimem kak S (7). byaer i oHa OqMHAKOBOW B PAa3HBIX YacTsX aH-
caMOIIs MM Jke OyIeT MEHATBCS OT TOUKHM K Touke? MccenoBanus MOKa3bIBaOT, YTO MOXKET HaOMoaaTbes

S—T—T1— ‘ T ———— ¥ TOT U Apyro# ciydail. CoOOTBETCTBYIOIINUE TIPH-

”WWW i rM r‘m q MM MepbI IIPUBENICHBI Ha PUC. 2, T/Ie OCTPOCHBI Ipa-
0.9 ¢uku S(i) mis AByX 3HaYCHHWI HapaMerpa Jo-
08 KajbHOH cBs3u: v = 0.16 u y = 0.22. Kak BugHO
0.771 1 w3 nepBoro rpaduka, B aHcamMbiie MOTYT COCY-
0.6 | 1mecTBOBarh KilacTephl Kak ¢ BBICOKHUM, TaK U C
051 | HM3KUM ypOBHEM KOT€pPEHTHOCTH. B 3TOM ciyyae,
041 | UIA OIIEHKW KOTePEHTHOCTH KOJICOaHUH aHcamOIIs
031 B LIEJIOM LIEJIeCO00Pa3HO B3ATh CPENHES: Siean =
R L = (S(i)), a w11 OUEHKH HEOAHOPOIHOCTH B
0.1 o | pachpejiencHuH — MaKCUMAIBHOE W MUHMMAITD-

HOC 3HAYCHHS: Spmax = max{S(i)}, Smin
= min{S(¢)}. OueBumHo, YTO B Ciy4ac
HEOIHOPOIHOTO PACIIpe/eIeHHs] KOTePEHTHOCTH

Fig. 2. Plots S(4) for an ensemble with local couplings at Oyner BBIONHATBCS  COOTHOLICHUE ‘? min <§
y=0.16 and y = 0.22 < Smean <€ Smax. [IPOTHBOIIOIOKHEBIN CITydait

50 100 150 200 250 300 350 400 450 i

Puc. 2. I'paduxn S(i) s aHcaMOIs C JTOKAIBHBIME CBSI-
3aMunipu vy = 0.16 my = 0.22

BHOII KOI€pE€HTHOCTBIO 31€Ch ITOHUMACTCA B3aMIMHEIN 3aXBaT (1)&3 B CIIEKTpax KoJleOaHuit IIOACHCTEM.
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peamusyercst pu Y = 0.22 (TpuxoBas JUHHUS Ha puc. 2). 3mxech S(i) MPaKTHUESCKH SIBISICTCS KOHCTaH-
TOM, & MOTOMY Smean =~ Smax = Smin-

PaccmoTpuM, Kak Smean, Smax B Smin MEHSIIOTCS C pOCTOM Y. Pe3ynbrarsl pacyeToB MpUBEICHBI
Ha puc. 3,a (L = 1), puc. 3, b (L = 2), puc. 3, ¢ (L = 5) u puc. 3, d (L = 10). Jns Bcex pac-
CMOTPEHHBIX CIIy4aeB 3aBUCUMOCTbH KOTEPEHTHOCTH OT CBSI3M MOXKHO pa3fefuTh Ha JBE XapaKTEpHbIE
30HBI: 001acTh omHOpoaHOM KorepeHTHOCTH (I u III) m obnmacts HeomHOpOmHOM KorepeHTHOCTH (II).
HeonmHopomHast KOTepeHTHOCTh O3HAYAET, UTO B aHCaMOJIe IPUCYTCTBYIOT WHTEPBAJIBI KaK C BBHICOKOI
(S(i) ~ Smax), TaK u ¢ HU3KOM (S(i) >~ Spin) KOTEPEHTHOCTBIO, TO €CTh HOPMHUPYIOTCS CTALMOHAPHBIC
MPOCTPAHCTBEHHBIE CTPYKTYPHI (B HEIMHEHHOW TUHAMHUKE MX NMPHHATO HA3BIBATh OUCCUNATNUBHBIMU
cmpykmypamu). 30Ha TUCCUTIATUBHBIX CTPYKTYP pacrojiaraercs B y3KOM JHara3oHe 3HauYeHUH mapa-
Metpa cBsi3u rpu Y 2 0.1 1 ee IUpHHA HE3HAYUTEIBLHO YBeIHYHBaeTCs ¢ pocToM L. COOTBETCTBEHHO,
30HA OHOPOIHOCTH 3aHMMAeT OCTAaBIIMECS AMANA30Hbl 3HAYEHHI y: 00nacTh cnadbix cBszeil (30Ha I), B
KOTOpPOW KOT€PEHTHOCTH OJIM3Ka K HYI0, M 00JIaCTh CPEAHNUX M CHIIBHBIX cBs3eil (30Ha III), B KoTopoit
KOTE€PEHTHOCTH NIPUHUMAET CYIIECTBEHHBIC 3HAYCHHS M MOXKET JOCTUTaTh €NWHUIIEL. [ mocnenHeit
XapaKTEePHBI [[Be THUIUYHBIC 3aBUCHUMOCTH Spean(Y): MOHOTOHHBIH pocT mpu L > 1 U yHUMOJaib-
HBIIl XapakTep: BHaJale pocT, a 3areM mazeHue npu L = 1. PasHoe moBeneHue GyHKIHUU Spean(Y)
CBUJIETEIILCTBYET O KAUECTBEHHOM Pa3JIM4YHMU B MOBEJICHUU aHCAMOJICeH C JIOKaJbHBIM M HEJIOKAIBHBIM
B3aUMOJICHCTBHEM, KOTOpOe HalIIoaeTcsl Ipy CHIIbHOM cBsA3u. PaccMoTpuM mosenenue cuctemsl (1) B
pa3HbIX 30HaX OoJee neTajabHO, CpaBHUBAA ero ¢ u3mMeHeHneM AUX ¢unsrpa cBszeit (3).

1.0+ R I B L “‘j
g 09F 1 1 = mean 1 8% ]
50.8- B 5081 o—o max
51 1 g r v+ Memn
£ 060 ! 1 g% 1 1 1
0.5+ B 0.5 b
g04r 1 §04r 3
o3l i S03F B
203} | 203 ]
2020 / 1 £ ]
= 0.1k B = 0.1 ]
0k Cb ) e () e [P R Y B NI NR R
a 0 01 02 03 04 05 06 07 08 09 vy b 0o 01 02 03 04 05 06 07 08 09 vy
1.0f N 1o S
00‘97 e—o max 00'97 e—o max
1 [ B—& min ] [ B—& min
§ 0.8 e—« mean § 0.8 +—« mean
Q I 7 Q r 1
£0.71 N 5071 ]
0.6 1 11 il 1 = 0.6~ =
S5l 1 Soslh I |
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[ j RS i
E03k i S03L ,
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Puc. 3. I'paduky 3aBHCHMOCTEH KOTEPEHTHOCTH OT Y IIPH pa3HBIX paguycax cBs3u: L = 1 (a), 2 (b), 5 (¢) u 10 (d)
Fig. 3. Plots of coherence from vy at different radii: L = 1 (a), 2 (b), 5 (¢) and 10 (d)
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4. 30Ha NPOCTPAHCTBEHHO OTHOPOIAHBIX KoJIeOaHUil

PaccMoTpum cHavama o01acTh mapaMeTpa CBSI3H, TJe KOTEPEHTHOCTh HE 3aBUCHT OT KOOPIUHATEHI,
to ectb uHTepBaibl I 1 II1. OnHOpPOAHOCTH S(7) SABIASETCS CIAEACTBUEM MPOCTPAHCTBEHHOM OTHOPOAHOCTH
KoJIeOaHMit, TO €CTh OTCYTCTBHS CTAIllMOHAPHBIX MPOCTPAHCTBEHHBIX CTPYKTYP.

Hntepsan I. [lpu manoii cBA3H CEICKTUBHBIC CBOMCTBA CETH, ompenesieMble Gopmymoit (3),
BBIPaXKEHBI €J1a00, U MPOCTPAHCTBEHHBIN QUIBTP SBISETCS BCEBOJHOBBIM. [103TOMY IpocTpaHCTBEHHOE
pacnperneneHue JOKHO COAEeprKaTh MOIBI BCEX AJMH BOJIH U PE3YJIBTUPYIOIINNA PeXUM OyneT mpeacTas-
JATH co00 pa3BUTHIN MPOCTPAHCTBEHHO-BpEMEHHOH Xaoc. [IpoBeseHHbIE pacueThl MOATBEP)KIAOT 3TH
npeanonoxenus. Kak mokasanu nccnenoBaHus, BpeMeHHast AnHamMuKa ancam6is (1) B obmactu I coort-
BETCTBYET OJHOJICHTOYHOMY XaOTHYECKOMY aTTPaKTOpPy, a MPOCTPAHCTBEHHAS AWMHAMUKA TIPEICTaBIACT
c000i1 OTHOPOIIHBIN POCTPAHCTBEHHBIN Xaoc. TunmdaHsie ¢a3oBbIe TOPTPETHI U MMPOCTPAHCTBEHHBIE
CHUMKH T peKUMa B JTaHHOW 00JIacTH MpUBeneHsI Ha puc. 4, a (msa L = 2) u puc. 4, b (w1 L = 10).
AHaJOrMyHbIe OPTPETHI CYLIECTBYIOT U ISl APYTHX 3HaueHui L. BusyalbHO OHM MOYTH HE pa3iuyaroT-
csi. OHaKo pacdyeT MPOCTPAHCTBEHHBIX CIIEKTPOB MOKA3bIBACT, YTO KOIWYECTBEHHBIC PAa3IMUUs MEKIY
HHUMH CyIIecTBYIOT. PaccMoTpum rpaduku Sp(®), npuBeaeHHbIC Ha prC. 5, a. Kak BHIHO U3 PUCYHKA, C
poctoM L 1107151 KOPOTKOBOSHOBBIX MOJI B IIPOCTPAHCTBEHHOM Xa0CE YMEHBIIAeTCsl. 3aMETHO CXOJICTBO
(hopMBI TPOCTPAaHCTBEHHBIX CIIEKTPOB ¢ hopmoit AUX (3): oHn nmeroT mogooHyo AUX s1enecTKoByIo

i "ﬂ\f"‘
\li \\‘/Mt,u W/

»«\N)M\\m»'

b 5 10 15 20 25 30 35 40 45 i 0 0.2 0.4 0.6 0.8 Xy
Puc. 4. Jlunamuka cucteMsl B o0nacTu I: mpocTpaHCTBEHHBIE CHUMKH (Cl€Ba) M MepeKpecTHbIe (a30Bble MOPTPETHI
(ctipaBa) mpu Y = 0.08 u L = 2 (a), 10 (b)

Fig. 4. System dynamics in region I: spatial snapshots (left) and cross phase-portraits (right) at y = 0.08 and L = 2 (a),
10 (b)

Ulabynun A. B.
116 W3Bectus By3os. [TH/I, 2022, 1. 30, Ne 1



Sp ‘ Sp ‘ ]
I i ] 097 = ]
—o L= .

0.9 — ]ﬂ:?o n 0.8 I :tjo ]
r 1 0.7 b
0.8 ! R 0.6 - i
— ‘ ‘ ! 1 0.5 1
0.7 ! : ! a 0.4 -
[ | | | A 0.3 7]
0.6 : ‘ ‘ ] . 021 g
L 1 0.1 ]
05 ! ! ! ! ! ! ol B pgzes ]
a 0 0.5 1.0 1.5 2.0 2.5 [0 b 0 0.5 1.0 1.5 2.0 2.5 [)

Puc. 5. IIpoctpanctBennsie crekTpsl (a) B 3oHe I pu v = 0.08 u (b) B 30ne 11l npu y = 0.9; BepTUKaIbHEIE IITPUXOBbIE
JMHHUY Ha PUCYHKe () OTMEYaroT MOJIOKeHHE MUHUMYMOB AUX, ITPUXIYHKTHPHBIE — €€ MAaKCHMYMOB

Fig. 5. Spatial spectra (a) in zone I at y = 0.08 and (b) in zone III at y = 0.9; on figure (@) vertical dashed and
dashed-dotted lines mark minima and maxima of the frequency response plot, correspondently

CTPYKTYpY; IPUYEM YMCIIO U PACIIONOKEHNE IKCTPEMYMOB U TaM W TaM WACHTUYHO (7151 HAIMISHOCTH
pacroiokeHne 3KCTPEMYMOB COOTBETCTBYOMINX AUX OTMEUEHO BEpTHUKAJIHHBIMH JIMHUSAMH). B TO e
BpEMsI, MEXly HUIMH CYLIECTBYIOT KOJIMUECTBEHHbIE Pa3/INuusl: YPOBEHb OOKOBBIX JICIIECTKOB CIIEKTPOB
CYIIECTBEHHO HIDKE, 4YeM 3To cliienyeT u3 ¢popmbl AUX, To ecTh celleKTUBHBIE CBOMCTBa B aHcamoOine (1)
MPOSBIISIIOTCS] CHIIbHEE, YeM B COOTBETCTBYIOIIEM JIMHEHHOM (uitbTpe (3).

Hurepsaa III. B o0mactu CHIIBHON CBSI3M HAOMIOAACTCS KAYECTBEHHOE PACXOKICHHE B TIOBE-
JIeHUH aHcaMONel ¢ JOKaJIbHBIMH M HEJIOKAIbHBIMU CBA3SIMU: pu L > 1 HaOmromaeTcst MOHOTOHHBIN
POCT KOT€PEeHTHOCTH € pocToM Y (cM. puc. 3, b, ¢ u d), npu L = 1 KOrepeHTHOCTh BHayajie pacTer,
a 3areM, npu y > (.8 HauMHaeT yMEHbBIIAThCS; NMPU Y =~ 1 OHAa CTAHOBUTCSA ONM3KOW K HYNIO (CM.
puc. 3, a). lanHoe pacxoxaeHne oOBsACHAETCS KauecTBeHHBIM pasnnuneM AUX ¢unsTpos. Kak yxe
OBIJIO OTMEUEHO B pasfiene 1, B TO BpeMsl Kak HeJIOKaJIbHBIC CBsI3U cOXpaHsioT cBoiictBa ®HY Bo Bcem
JMana3oHe 3HaYeHHUH Y, CHCTeMa JIOKaJIbHBIX CBs3el mpu Y > (.5 HaunmHaeT mpuoOpeTaTh CBOWCTBA
3arpaxjaromiero GUIbTpa, YTo OTpakaeTcs Ha noBeaeHuH ancamOist. Kak Obto mokasano B pabote [25],
HayuHas ¢ Y = (.5 CHIKEHUE TOJIH KOPOTKOBOIHOBBIX PEKUMOB CMEHSETCS UX POCTOM C MAKCUMYMOM B
OKpPECTHOCTHU ( = JT. DTOT Mpoliecc pe3ko ycunusaetcs mpu Y = 0.8. [loatoMy npu cuiIbHON JTOKaJIbHOR
CBSI3M B IIPOCTPAHCTBEHHOM CIIEKTpE HapsAay C AITMHHOBOJHOBBIMHM MOAAMHU MPHUCYTCTBYIOT H KOPOTKO-
BOJIHOBBIE. [IpocTpaHcTBeHHAs TUHAMHUKA MPEACTABISAET CO0O0M COCYIIECTBOBAHHE METAaCTaOMIBHBIX
KJIACTEPOB «TMHHBIX» M «KOPOTKUX» MOJI, KaK 3TO IMOKa3aHOo Ha puc. 6, a. [lepemexaeMoCTh MEXIY
9TUMH KJIaCTEPaMU U SBJISETCS NMPUIMHON 0CIIa0NeHMsI KOTepEHTHOCTH.

WHoe moBeneHne XapakTepHO Ul aHcaMOJIeH ¢ HEJIOKAIbHBIMU CBSI3SIMU. 31€Ch HU3KOYACTOTHBIN
XapakTep NPOCTPAHCTBEHHOTO (DPUIIBTPA COXPAHSETCS U MPU CUIIBHOM CBsI3M (CM. puc. 1, b), mo3TOoMy pocT
CBSI3U NIPUBOAMT K JAJIbHEHIIIEMY OHMKSHHUIO J0JIM KOPOTKOBOJIHOBBIX MOJ B aHcambie. JTo XopouIio
BUIHO TIO MTPOCTPAHCTBEHHBIM CHUMKaM KoJIeOaHUH, MOCTPOEHHBIX Ha pHC. 6, b 1 L = 2 u 0coOeHHO
Ha puc. 6, ¢ g L = 10. B pe3ynbrare, npu CUIBHON JATbHOICHCTBYIONIECH CB3H aHCAMOJIb TOCTEIICHHO
MEPEXOTUT K PEXKUMY, OIM3KOMY K XaOTHIECKOH CHHXPOHHU3AIUH, YTO BUIHO TI0 IIEPEKPECTHBHIM (Pa30BBIM
moprperam (cM. puc. 6, ¢).

Kax u B 30He I, B 0011acTH CHUIIBHOM KOT€PEHTHOCTH HAOIIONAECTCS] KAUCCTBEHHOE COBIIAJACHUE MEXK-
Iy TIPOCTPAHCTBEHHBIMH CIIEKTpaMu KojebaHwuii (puc. 5, b) u dpopmoit AUX (cm. puc. 1, b). Kak BugHO
13 PUCYHKOB, BO BCEX CIIEKTpaX, Kpome L = 1, MIpUCYTCTBYIOT JIUIIb JJIMHHOBOJIHOBHIE KOMITIOHEHTHI.
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OnHako, KaK U NpH ciiaboii CBSI3U, CEIEKTHBHBIC CBOMCTBA aHCAMOIIsl BRIPaXKEHBI TOpas3io CUIIbHEE, YeM
COOTBETCTBYIOIIETO JIMHEHHOTO (HUIIBTPA, TAK YTO BEIMYMHA OOKOBBIX JIEIECTKOB CTAHOBUTCSA HACTOJBKO
MAJIOH, 4TO B CIIEKTPaX OCTAOTCS JIUIIb T€ KOMIOHEHTHI, KOTOPhIE COOTBETCTBYIOT OCHOBHOMY JICTIECTKY.

Taxum o6pazom, B obmactsx | u 11l muHamuka cucremsl (1) mpeacTaBiseT coOol MPOCTPaHCTBEHHO-
BPEMEHHON Xaoc, ¢opMa MPOCTPAHCTBEHHOTO CIIEKTPa KOTOPOTO KAa4ECTBEHHO CXOXka C aMILTUTYIHO-
YaCTOTHOM XapaKTepUCTHKON cucteMsl cBsizeit (| R(®)]), HO He MOBTOpSET ee.

i
it

\\ I

|

"

|
i

=

|
|

0.8

0.6

0.4

0.2

0

c

Puc. 6. /lunamuka cuctemsl B obnactu III: mpocTpaHCTBEeHHbIE CHUMKH (CJI€Ba) U IEpeKpecTHhIE (a30Bble IOPTPETHI
(cpaBa) mpu Yy = 0.9 u L =1 (a), 2 (b), 10 (¢)

Fig. 6. The system dynamics in region III: spatial snapshots (left) and cross phase-portraits (right) at v = 0.9 and
L =1(a),2(b),10(c)
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5. 3oHa qMCCUNIATHBHBIX CTPYKTYP

Kak 6bU10 OTME4EHO BbILIe, B Ooublieil yacTi auanasona y € [0 : 1] koneGanus B ancamoue (1)
HPECTaBIAIOT cOO0H OAHOPOIHBIM IPOCTPAHCTBEHHO-BPEMEHHON Xaoc. PaccMOTpUM Temeps IUHAMUKY
B OCTaBIIEMCSl HHTEpBaJle 3HaYeHUH Y, 0003HaueHHOM Ha puc. 3 kak 30Ha II. B 3T10i1 0obnactu korepenrt-
HOCTb MEHSIETCSI BJIOJIb aHCAMOJIsl, TaK YTO B HEM COCYIIECTBYIOT KaK ydacTKH ¢ monHoit (S(i) = 1),
Tak u co cnaboii (S (i) < 1) korepeHTHOCThIO. Takasi HEOAHOPOAHOCTD MPENONATaeT CyIIeCTBOBAHHE
CTallMOHAPHBIX MPOCTPAHCTBEHHBIX CTPYKTYp. KakoB BUA 3THX CTPYKTYp U OYIyT JIM OHHU KaK-TO CBSI3aHBI
¢ koaddurmeHToM nepenadan GmwisTpa R?

Jiis oTBeTa Ha JJaHHBIC BONPOCH PACCMOTPHUM THIIMYHbIE IPOCTPAHCTBEHHBIE CHUMKHU KoJieOa-
HUll B aHcamOJie pu pasHbIX L, npuBeaeHHbIe Ha puc. 7. Kak BUOHO M3 PUCYHKOB, 00pa3yromuecs
CTPYKTYPBI IIPEACTABIAIOT COO0M HeperyaspHble COYeTaHUs KJIAaCTePOB C Pa3HBIMH XapaKTEPHBIM Mac-
mrabaMu, COOTBETCTBYIOIIMMHU IIPEUMYIECTBEHHO KOPOTKOBOIHOBBIM MoziaM. Tak, B Cilydyae JIOKaJIbHBIX
CBsI3€il OCHOBHOM MO0 SABJISIFOTCS POTHBO(da3HbIe KoJeOaHMs, MPOCTPAHCTBEHHBIH CIIEKTP KOTOPBIX
npencTaBiseT codoil O-ummynbe Ha yactore @ = . [Ipu y = 0.14 npotrBodasHbie KosebaHus pacupo-
CTPaHAIOTCS Ha BeCh aHCaMOlIb, B OCTAJIbHON YacTh MHTepBaia Il oHM mepemexaroTcst ¢ KOPOTKUMH
KJIacTepaMH MHOU CTPYKTYPHI, KaK 3TO IOKa3aHO Ha puc. 7, a. IIpn nansHomeHcTByOMMX CBA3AX HaOOp
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Puc. 7. IlpoctpancTBenHble CHUMKH B 30He Il mpu: L = 1,y = 0.16 (@); L = 2,y = 0.18 (b); L = 5,y = 0.2 (¢)
L=10,vy=0.2(d)

Fig. 7. The spatial snapshots in zone Il at: L = 1,y = 0.16 (a@); L = 2,y = 0.18(b); L =5,y = 0.2 (¢) L = 10,
vy=0.2(d)
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YepeayIoIIUXCs KIacTepoB sIBIsIeTCs 0ojiee pa3sHOOOpa3HbIM, HO U B 3THX CIIydasX, OYEBUIHA BBICOKAsS
J10J151 KOPOTKOBOJIHOBBIX MO[I.

KoneOarenbHble pesKuUMBI, [TOKa3aHHbIE Ha PHUC. 7, HE €AMHCTBEHHbIE AJIS JAHHBIX 3HAYCHUH
napameTpoB. OUeBUIHO, YTO BCJICACTBHE TPAHCIALUOHHON cuMMeTpun cuctemsl (1) mobble mpocTpan-
CTBEHHBIE CTPYKTYpPHI, IOITy4YEHHBIE U3 N300paKeHHBIX IOCPEACTBOM CABHIa HA MPOU3BOJILHOE YHCIIO
siYeeK BIIPABO WJIM BIIEBO, OYAyT TakyKe COCYyIIeCTBOBaTh B aHcambie. Kpome Toro, cymiectByeT MHO-
’KECTBO U JAPYTHUX MOXOXKHUX CTPYKTyp. Takum obOpasom, B 30He Il B cucteMe HabmomaeTcs pa3BuTas
MYJIBTUCTa0MIIBHOCTb.

Jnst onpeneneHusl KOMMYECTBEHHOTO COCTaBa BOJHOBBIX MOJ, NMPUCYTCTBYIOIIHMX B aHcaMOIe,
oOparuMcs K IPOCTPAHCTBEHHBIM CIIEKTPaM paccMaTpUBaeMbIX KojeOaTelIbHbIX pekuMoB. Kaxnomy u3
aTTPaKTOpoB OyIeT COOTBETCTBOBATH CBOM CIIEKTP, KOTOPBIM OyIeT XapaKTepu30BaTh IPOCTPAHCTBEHHBIC
CBOICTBa JaHHOTO pexxuma. Ho, MOCKONMbKY TaKHUX aTTPaKTOPOB MHOXECTBO, [UISI TOTO YTOOBI XapaKTepH-
30BaTh CUCTEMY B LIEJIOM, [IPU pacyeTe CIeKTpoB mo ¢Gopmyse (6) Mbl OyaeM MpOBOAMTH YCpeIHEHUE HE
TOJIBKO 110 BPEMEHH, KaK JJIsl IPOCTPAHCTBEHHO-OJJHOPOAHBIX PEXKUMOB, HO U 10 HAYAJIBHBIM YCIOBHUSIM.
[TocTpoeHHBIE TakUM 00pa30M CIIEKTPHI IPUBEICHBI Ha pHC. 8.

N3 aHanu3a CeKTpOB MOXKHO 3aMETUTh, IIPEXK]E BCET0, «IIPOBA» HA HYJIEBOM 4acTOTE, O3HAya-
IOIIMHI MOAABIEHUE UIMHHOBOJIHOBBIX MOJ, XapaKTEpHOE NI NaHHOU 30HBEL. KpoMe Toro, oueBHIHO,
YTO CHEKTPbI 00JIaAal0T JICHECTKOBON CTPYKTYPOH, MOZOOHO TOMY, KaKk 3TO MMEET MecCTO B 30HE l.
OpnHako 37ech 9Ta CTPYKTypa MMEeT IyajibHBIH XapakTep Mo OTHOWEeHHIO K ¢opme AUX mpocTpaH-
CTBEHHOTO (PUIIBTpA CBSI3EH: JIETKO yOSIUTHCS, YTO MAKCUMYMBbI B CIIEKTPaX COOTBETCTBYIOT MUHUMYyMaM
XapaKTepUCTHKHN U Hao0opoT. [y OompIIel HaIISIIHOCTH HA PUC. 8 TIOCTPOEHBI BEPTHKAJIBHBIE ITPH-
XOBBIC JIMHHUH, OTMEUYAOIINE MOJIOKCHHUSI MUHUMYMOB (yHKumu R(®) mis pasueix L. JlyansHOCTb
CIeKTpa 1o oTHomeHHo kK AUX 0coOeHHO 3aMeTHa Ha IpuUMepe aHcaMmOJIsd C JIOKaJbHBIMH CBS3SIMU,
IJie MAKCUMYM OKa3bIBa€TCsl CTPOro Ha MPOCTPAHCTBEHHOM 4acTOTE (O = JT, HO OHA MPOSIBIACTCS U AT
JaJIbHOIEUCTBYIOIINX CBA3EH.
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Puc. 8. HpOCTpaHCTBeHHLIe CIICKTPBI B 30HC JUCCUNIATUBHLIX CTPYKTYD

Fig. 8. Spatial spectra in the zone of dissipative structures
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Takum 06pa3oM, B 30HE TUCCUIIATHBHBIX CTPYKTYP, TaK K€, KAK M B 30HE OIHOPOIHOTO MPOCTPAHCT-
BEHHO-BPEMEHHOTO Xa0ca, HaOIIOAAETCS CENIEKITHS TPOCTPAHCTBEHHBIX MO CeTeBbIM (hrtbTpoM. OHAKO
9Ta CEeNeKIHs IPOUCXOANT MTPOTHBOMIOIOKHBIM 00pa3om: eciu B obnactsax I u Il mpocTpancTBeHHBIE
CITEKTPHI KOJICOAHWH OKa3bIBAIOTCS KAaueCTBEHHO CXOKU ¢ AUX ¢mibTpa cBsi3el, B pe3yyibraTe 4ero
C POCTOM Y TOAABISAIOTCS KOPOTKOBOJHOBBIE MOBI (32 MCKIIIOUEHHEM Ciy4as JIOKAIbHBIX CBA3EH),
T0 B 30HE I, HA0OOPOT, MONABIAIOTCS MPEUMYIIIECTBEHHO IJIMHHOBOIHOBBIE MOJBI, a JJIMHBI BOJH,
COOTBETCTBYIOIKE MUHUMYMaM AUX, coXpaHsoTCs.

3akaoueHue

[IpoBeneHHBIE UCCIEIOBAHMS MTOKA3AIIH, YTO CUCTEMA CBSI3eH MEXAY XaOTHYECKUMHU OTOOpaKEHH-
SIMU TIPEZICTABIISIET COOOH JIMHEWHBIN BOIHOBOW (DUIIBTP, 00J1aIa0IINil TPOCTPAaHCTBEHHO-CENIEKTHBHBIMHU
CBOMCTBAMM, II03BOJISIA CYLIECTBOBATh POCTPAHCTBEHHBIM MOJAM C OIPEAEICHHBIMU JIIMHAMU BOJH
u noxpasisis Apyrue. Cenekuusi TpOCTPAaHCTBEHHBIX CTPYKTYP HMPOMCXOAUT HA OCHOBE BOJHOBOW Xa-
PaKTepUCTHKH (PUIIBTpa CBsI3ei, BUA KOTOPOH ONpEeAessieTcs] PaalnycoM JICHCTBUS M BETMYUHON CBA3eH
MeXIy dreMeHTaMu ancaMOis1. CeneKTHBHBIE CBOMCTBA HAITISIIHO MPOSIBIIIIOTCS B PEKUME Pa3BUTOTO
HPOCTPAaHCTBEHHO-BPEMEHHOTO Xaoca. B 3ToM cirydae mpocTpaHCTBEHHBIH CHEKTp KosieOaHUi KauyecTBEH-
HO COOTBETCTBYET BOJHOBOW XapakTepuCTHKe (pribTpa cBazeld. Mexay crekTpoM u (popmMoii BOIHOBOI
XapaKTEPHUCTUKHU CYIIECTBYET TAK)KE U KOJIMYECTBEHHOE COOTBETCTBHUE: PACIIOIIOKEHUE MUHUMYMOB U
MaKCUMYMOB B IIPOCTPAHCTBEHHBIX CHEKTPaX IPUXOJUTCS Ha TE KeE AJIMHBI BOJIH, YTO U COOTBETCTBYIO-
1€ SKCTPEMYMBI BOJTHOBOHN XapaKTepUCTUKH. TeM He MeHee MOJHOE COOTBETCTBHE MEXKIY HUMH HE
HaOJo1aeTcs: CeNeKTUBHBIE CBOWCTBA B HEJIMHEWHOMN cHcTeMe MPOSBIIAIOTCS CYLIECTBEHHO CHIIBHEE,
9YeM B COOTBETCTBYIOIIEM JIMHEHHOM (MIIBTpE CBS3EH.

B Xone 4ncieHHOro MOJETMPOBAHHS aHCAMOIS JIOTUCTUYECKUX OTOOPaKeHUH BBISICHUIOCH, YTO
MEeXIy TUHAMUKOW aHcaMOJiel ¢ JOKaJbHBIMH M HEJIOKATHHBIMHU CBS3SIMH CYIIECTBYET XapaKTepHOE
KauecTBeHHOE paznnunre. OHO MposBIsieTCs B 00JAaCTH CHIIBHOHM CBsI3U. B 3TOM citydae pocT cuibl
HEJIOKAJIBHBIX CBSI3€M BEAET K IIOAABIEHHUIO KOPOTKUX BOJIH M IOCTENIEHHOMY IIEPEXOY K PEXKUMY MOJTHON
CUHXPOHM3AINH, a POCT JOKAJIbHBIX CBA3EH BENET K MPOCTPAHCTBEHHO-BPEMEHHON MepEMEKAEMOCTH
MEXy JJIMHHOBOJHOBBIMYM U KOPOTKOBOJHOBBIMU KnacTepaMu. [Ipu 3ToM nepexon K CUHXpOHM3aLUuU
HE MPOUCXOIUT.

[ToMuMO OTHOPOIHOTO MPOCTPAHCTBEHHO-BPEMEHHOTO Xaoca B HEOOJBIIOM WHTEPBAJIE CBSI3H B
aHcaM0J1e HaOIIONAI0TCS JUCCUIIATUBHBIC CTPYKTYPHI. 34€Ch TAKXKe IPOSIBISIOTCS CEJICKTUBHBIC CBOHCTBA
CETH, HO «B OOpaTHYIO CTOPOHY»: MakCHMyMaM B XapaKTEePHUCTHKE (QUIBTpa CBs3el COOTBETCTBYIOT
MHHAMYMBI B paclpe/ieIeHIH SHEPTHH KoJeOaHni 1Mo AirHaM BoiH. [1oaToMy B 00macTH AMCCHIIAaTUBHBIX
CTPYKTYp NOMHHMPYIOIIMMH CTAHOBATCS MOJbI C MAJIOM JUIMHON BOJIHBI.
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Ulabynun Anexceii Braoumuposuy — ponuincs B Caparose (1966). OxoHumI ¢ omimuueM (usmde-
ckuii haxynsretT CapaToBCKOTO rOCYapCTBEHHOTO YHHBEPCUTETA 10 HanpasieHnio «Paguodmsnka
u anekrpoHukay (1990). 3ammTii IuccepTaluio Ha COUCKAaHHWE YYEHOU CTEIeHH KaHAuIara
(uzuko-maremaTndeckux Hayk (1998, CI'Y) u noxropa ¢u3uko-mareMarndeckux Hayk (2007,
CI'Y) no crenmansHoctd «Pagnodusukay. C 1990 roga paboraer Ha Kadenpe paxuopu3uKH
U HeJIMHeHHOH nnHaMuKK CapaToBCKOTO rOCYJapCTBEHHOTO YHUBEPCHTETA, B HACTOSIIEE BpeMs —
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TUCTaOMIBHOCTD, KJIETOYHBIC aBTOMAThI, HCKYCCTBEHHbIE HeHpOHHBIe ceTH. OmyOIHKOBa CBBILIE
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