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Tema. B pabore uccnenyercsi mpuMEHUMOCTh U3BECTHOTO METO/IA BBISBICHHS CBSI3U MEXAY JIByMsl OCLMILIISTOPAMH,
OCHOBAHHOTO Ha HKCIICPUMEHTAILHOM MOJICIHPOBAaHUU (Da30BOil JHMHAMHKH 10 BPEMEHHBIM psgaM (a3 B CiIydasx, KOTraa
AMeeTCs] HECKOJBKO NMUKOB B CIIEKTPE MOIIHOCTH CHTHAaja. 3ajava BBIABICHUS CTPYKTYPBI CBA3el B aHCAMONSAX (HAJMYHSL,
HanpaBJICHUI ¥ HUHTCHCUBHOCTH B3aUMOJCHUCTBUI MEXIY IEMEHTaMH) 10 SKCIIEPUMEHTAIBHBIM 3aITUCIM UX KOJICOaHUH aK-
TyaJIbHa JIJIsl CUCTEM Pa3JInYHOM Npuposl U npuiioxkenuid. [Ipu ee pemieHny NpUMEHUTENBHO K CUCTEME JBYX OCLHIUISTOPOB
METOJ PEKOHCTPYKIMH Mozelnel (pa3oBoil AMHAMUKH MO BPEMEHHBIM psaM JOKa3al CBOIO 3(p(EeKTHBHOCTH MpPHU yCIOBHUH,
YTO B CHIEKTPE MOIIHOCTU CHUTHaNa uMeeTcs: eAuHCcTBeHHbIN nuk. Lean. VccnenoBanue ycnoBuil NpUMEHMMOCTH YKa3aHHOTO
METOJ]a B MCHEE OJNIAarONMPUATHBIX CIIydasX, KOIJa NMEETCS HECKOJIBKO MHKOB B CIICKTPE MOIIHOCTH M IIHUPUHA 3THX IHKOB
3HauuTenbHa. MeToabl. B kauecTBe TECTOBOH CHCTEMBI B YHCIEHHOM KCIEPHMEHTE PACCMOTPEH aHCaMOIb U3 TPeX OCIIHII-
naTopoB BaH jaep [lonst: ABa B3aMMOAEHCTBYIOIUX OCIMIIIATOPA, NOABEPTAIUCH OTHOBPEMEHHOMY BO3JIEHCTBUIO CO CTOPOHBI
Tpethero. C MOMOIIBI0 UCCIICTYEMOr0 METO/IA TI0 BPEMEHHBIM pealiu3anusaM (a3 OCHHUISATOPOB OIICHHBATIOCH HAJTHYHE CBSI3H
MeXly HUMH. YUCIIEHHBIN SKCIEPUMEHT MPOBOAMIICS MPU PA3IMUHBIX 3HAYEHUSAX NapaMeTpOB OCHUUIATOPOB. Pe3yabrarhl.
[IponemMoHCcTpUpOBaHa BO3MOXKHOCTH JIOKHBIX BBIBOJJOB O CTPYKTYpPE CBsI3€i B pacCMaTprUBaeMOM CUCTEME U MPEIJIOKEH JIU-
arHOCTUYECKUI KpUTEpUil BO3MOXKHBIX ONIMOOK, OCHOBAHHBIN Ha OICHKE aBTOKOPPEISIIMUOHHON (PYHKIUH OCTaTKOB MOJEITH
(a3oBoii TMHAMUKH. [ TIOTyYeHHsT HAJEKHBIX OLEHOK CBS3HM B MPOOJIEMHBIX CUTyalUsX alpoOupoBaHa MpeaBapuTeIbHAS
(GuIBTpaLs CUTHAJIOB.
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Topic. In this paper, we investigate the applicability of the known method for detecting the couplings between two
oscillators, based on experimental phase dynamics modeling by phases time series in cases where there are several peaks in the
signal power spectrum. The problem of revealing the structure of couplings in ensembles (presence, directions and intensity
of interactions between elements) by experimental recordings of their oscillations is relevant for systems of different nature
and applications. In its solution for the system of two oscillators, the method of reconstruction of phase dynamics models by
time series has shown its efficiency provided that there is a single peak in the signal power spectrum. Aim. The investigation
of the conditions for the applicability of this method in less favorable cases when there are several peaks in the power
spectrum and the width of these peaks is significant. Methods. An ensemble of three Van der Pol oscillators is considered
as a test system in the numerical experiment: two coupled oscillators were exposed to the simultaneous influence from
the third one. Using the investigated method, the presence of a couplings between the oscillators was estimated from the
time series of the oscillator phases. The numerical experiment was carried out at different values of oscillator parameters.
Results. The possibility of false conclusions about the structure of couplings in such system is demonstrated. The diagnostic
criterion of possible errors based on the estimation of the autocorrelation function of the phase dynamics model residues is
proposed. To obtain reliable estimates of interactions in problem situations, pre-filtering of signals was tested.

Key words: phase dynamics, identification of couplings, ensemble of oscillators.

Reference: Navrotskaya E.V., Smirnov D.A., Bezruchko B.P. The reconstruction of the couplings structure in the ensemble
of oscillators according to the time series via phase dynamics modeling. Izvestiya VUZ, Applied Nonlinear Dynamics, 2019,
vol. 27, no. 1, pp. 41-52. https://doi.org/10.18500/0869-6632-2019-27-1-41-52

Acknowledgements. This research is supported by the Russian Science Foundation (grant no. 14-12-00291).

BBenenue

3amaya 0OHAPYKEHHSI CBS3H MEXKIY KOJIeOaTeIbHBIMH CHCTEMaMH 110 BPEMEHHBIM PsiaM UX KO-
nebaHmii akTyalTbHa BO MHOTUX 00NAacTAX HAYKW U TEXHUKU: B paguodusuke [1], bmomenunuue [2-9],
kimMatonorun [10-13] u npyrux o6mactsax. CymiecTByeT MHOKECTBO METOIOB aHAIN3a THHAMUKH KO-
nebareabHBIX CUCTEM 110 BPEMEHHBIM psiiaM. |71 BRIABICHUS CBSA3EH MEXKIY CHUCTEMaMU BOCTpEeOOBaH-
HBEIMH OKa3aJICh METONbBI, OCHOBaHHBIC HA aHalM3e (a3 KoJeOaHM, MOCKOIbKY (ha3a — IMepeMeHHas,
XapaKTepU3yIoIllas MTHOBEHHOE COCTOSIHHE CHCTEMBI, BEChbMa YYBCTBHUTENbHAS K BHEIIHUM BO3JCH-
CTBUSM M U3MEHEHUSIM ITapaMeTpOB.

B pabotax [14-16] npeyioxeH METO/ BBISBICHUS CBSI3€H B MaJIbIX aHCaMOIISX CBSI3aHHBIX OC-
IWUIATOPOB TI0 BPEMEHHEBIM pPsiiaM, Ha OCHOBE MOJACTUPOBAaHUS UX (a30BOM NUHAMUKH. METOa OKa3bI-
BaeTcs 3 QEeKTUBHBIM ISl OIICHKH B3aHMMOJICHCTBHS MEXKIy IByMsl OCIIHIJUIATOPAMH B CITy4asX, KOrja B
CIIEKTPE MOIIMHOCTH CUTHAJIOB UMEETCS SAUHCTBEHHBIN y3Kui muK. OJHAKO HA TIPAKTHKE TP aHAIH3E
peaIbHBIX JAHHBIX TakKas MOCTAHOBKA HE BCETIA BBIMIOJHACTCS, B YACTHOCTH, BOCTPEOOBAHHOM SBIISACT-
cs1 3a71aua aHaJIM3a MOICUCTEM CO CIOKHBIM CIIEKTPAILHBEIM COCTaBOM HAOIIOMAaeMBIX CUTHAJIOB. B 3THX
YCIIOBHSX MOTYT BO3HUKATh TPYAHOCTH C BBEACHHEM (a3bl KojaeOaHui, 3((hEeKTHBHOCTh U HaIEKHOCTD
METOJa TIPH ITOM MOTYT CHUKAThHCAL.

B nanno# paboTe Ha 3TAJOHHBIX CHCTEMAax HMCCIICIOBAaHBI YCIOBHS MPUMEHUMOCTH JaHHOTO Me-
TONa B CIIy4asx, KOIJa MUMEETCS HECKOIbKO MUKOB B CIIEKTPE MOIIHOCTH CHUTHAJIOB U IIMPHHA 3TUX
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MUKOB 3HauuTeNbHa. C MOMOIIBIO YHCIEHHBIX 3KCIEPUMEHTOB BBIAETICHBI YCIOBUS, IIPU KOTOPBIX Me-
TOA JaeT OOJbIIOE KOJIMYECTBO OMIMOOK, U pa3paboTaH MOAXOM, MO3BOJISIOIINN CHU3UTH UX HPOLEHT.
Kpome Toro, nmpeanoxkeH TUarHOCTUYECKUI KPUTEpUH OIIMOOYHOCTH pe3yibrara B MPOOIEMHBIX CH-
Tyalusax, OCHOBaHHBIH Ha OLIEHKE aBTOKOPPEJIMOHHON (yHKIMU OCTATOYHBIX OIIMOOK HOCTPOCHHOU
Mozenu ($HazoBoil TuHaMUKH. DPHEKTHBHOCTD MPEATIOKESHHOTO MOAX0a U JUarHOCTUYECKOTO KpUTe-
pus 1I0Ka3a B YUCIICHHBIX 3KCIIEPUMEHTAX Ha CUCTEME CBA3AHHBIX OCLHMIUIATOPOB BaH Aep [loss.

1. METOII OLIEHKH CBs3eil MEKAY ABYMS OCHMLJIATOPpaAMU

HM3BecTHBIH METO[ BBISBICHUS HAIIPABICHHBIX CBA3€H M OLEHKU BPEMEHH €€ 3ala3/blBaHus OC-
HOBaH Ha MMOCTPOCHHUH SMITMPUYECKON Mozenu (a30Boil IMHAMUKN HAaOMIONAeMbIX Tporecco 1 (t) u
x9(t). st ATOrO MO UMEIOIIMMCsT BpeMeHHBIM psinaM {x1(t1), ..., z1(tn)} u {z2(t1), ..., z2(tN)}, HA-
MpUMep, C TTIOMOIIBIO BBEJICHHS aHATUTHYECKOTO curHaia [17-20] paccuuThIBarOTCS BpeMEHHBIE PSiIbI
dba3 xkonebauuit {1 (1), ..., d1(tn)} u {P2(t1), ..., d2(tn)}, TOC t; = iAt, At — uHTEpBaT BHIOOPKH,
N — mmna pspa. [lanee mo BpeMeHHBIM psinam (a3 cTpoutcs Mozens (pa3oBoil auHamMuku. Popma
MOZEH BBIOMPAETCs U3 MPENIONOKEHUH, 4TO (a30Basi JMHAMHKA KOPPEKTHO OIMCHIBAETCS CTOXACTH-
4ecKUMHU AU epeHInalIbHBIMI YPaBHEHHAMHE II€PBOTO IOPsIIKa

doi(t)/dt = w1 + G1(Pp1(t), P2(t)) + &1 (1),

Ao (1) /dt = 03 + Ga(alt), 41 (1)) + Ea(t), M

IIe mapameTp Wy ONMpeeNsieT YIIOBYIO YacToTy KoneOauuii, £y (t) — Gernblil myM ¢ HyJIeBBIM CPEIHUM
¥ aBTOKOBapHauHOHHOM ¢GyHkumen (Ex(t)Ex(t')) = ngé(t — t'). Oyakunn Gj 27-IIEPUOINYHBI 110
000UM apryMeHTaM U ONPEEISIOT B3aNMO/ICHCTBIE OCUIIUIATOPOB U COOCTBEHHYIO HETMHEIHOCTh HX
dazoBoii auHamuku. IIpy aHanu3e IUCKPETHBIX BPEMEHHBIX PSIJOB CTPOMTCS MOJENb B Pa3HOCTHON
¢dopme, KOTOPYI0O MOXKHO MOJYYHUTh IyTeM HHTErpUpPOBaHHs ypaBHeHHH (1) Ha MHTepBase KOHEUHOU
IIMPUHBI T

q)k(t + ‘E) - ¢k<t) = Fk(q)k(t)vq)j(t)?ak) + gk(t)a k,j=12, j#k, (2)

rae Fi(or, ¢j,ar) = wi + Zm,nEQk Oe,mn COS(MPE — nd;) + B n SIN(MPE, —nd;) — TPUTOHOMET-
PUYECKHI MHOTOWIEH HEBBICOKOTO Mopsiika ¢ kodbdunuentamu ap= {o, P }; ex(t) ~ :H Ep(t)dt' -
rayccoB LIyM C Hy/IeBBIM CPEIHIM I UCIISPCHE 0F, ~ ogkt, aBTOKOPPEIAUHOHHAsT QYHKIHMS KOTOPOTO
Ci(t') = (er(t)er(t —t')) /02, (yroBbie ckoOKH 03HAYAIOT MATEMATHYECKOE OKHIAHHE) CIIAACT 1O
HyJIs Ha MHTEpBasie OT Hyist 710 T. [lo BpemenHbM psimam { ¢y (1)} | u {q>j(ti)}iN:1 OLICHUBAIOT KO3(-

dunuents! a; MHorowieHa Fy(dx, ¢, a;) MyTeM MHHAMH3ALUU CPEIHEr0 KBagpaTa OMIMOKA MOJCIIH:

St(Bjok) = yyar S YA Qn(t + 1) — @r(ti) — Fr(Pn(t), ¢ (t:), ax)]” — min.

VHTEHCUBHOCTB Y1 BO3AEUCTBUS BTOPOM CUCTEMBI HA NIEPBYIO MOXKHO OIPEIECIIUTh KAK KPYTU3HY
3aBUCUMOCTU F| OT (2, U HHTEHCUBHOCTb Y2 BO3JCHCTBUS MEPBOM CUCTEMBI Ha BTOPYIO — aHAJIOTHYHO:

2w 2m
1
Vi 23‘[:2//(8Fk(¢k7¢j’ak)/a¢j)2d¢kd¢j' 3)
0 0

Yepes oreHKH K0IDGHUIUEHTOB 4 MOXKHO TMOMYYUTh OICHKA HHTCHCUBHOCTH BO3ICHCTBHS j-i
cucTEMEI Ha k-10

= 1At B (4)
(m,n)EQy
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B pabote [16] 6butn momydeHsl GopMyiasl aiasd uxX 95 %-x HoBepUTENBHBIX MHTEPBAJOB BUIA
Yr — 1.605,, Y& + 1.803,, e Oy, PacCUMTHIBAIOTCA MO TOMY K€ KOPOTKOMY DSy M ONpeenseT
JMCTIEPCHIO BETMYHHBI Yj. ECIU OlleHKa Y, BMECTE CO CBOMM JIOBEPUTEIBHBIM HHTEPBAJIOM IIPEBBILIACT
HOJIb, TO AEJTAeTCS BBIBOJ O HAJIMYUM BO3ICHCTBUS j-H CHCTEMBI Ha k-I0 C BEPOSTHOCTBIO OIIMOKU HE
6onee 0.05, MOCKOIBKY AOBEPUTENBHBIN HHTEpBAT 95 Y%-ii.

OO6patuM BHMMaHHE, YTO AaXKE B CIIydae XOpOILIEH OmNpeneNeHHOCTH (a3 MoAXo He MPUMEHUM
TUTS PeXUMOB (ha30BOH CHHXPOHM3ALNH, TOTOMY YTO TOT/AA (a3bl ABYX OCIFLUIATOPOB HE MOTYT BBICTY-
1ath B POJIM «HE3aBUCHMBIX» IEPEMEHHBIX MIPU MOCTPOSHUH MOIENIH. JTa mpollieMa AUarHoCTHPYeT-

Csl, eCIli olieHKa KoddduienTa pa3oBoii korepertaoctu p = |(1/N) Zf\il exp (7 (¢1(t;) — d2(ts)))
Onu3ka Kk equnuile. Peanusanus moaxoza 3arpynusercs npu p > 0.6 [16].

2. MeToauka uccjie0BaHUuA

Jns uzyueHns: oObsIBICHHBIX BO BBenenun npoOniem ¢ onpeneneHreM (as3bl B YHCICHHOM JKC-
MEpUMEHTE B Ka4eCTBE STAIOHHOMN KOJe0aTeIbHOM CHCTeMBI OBUTH B3SITHI TPU CTOXaCTHYECKUX (BO3MY-
LIEHHBIX BHEIIHUMHU HCTOYHHMKAMH O€JIOro IIyMa) aBTOKoIe0aTeNbHbIX ocuuisTopa Bal aep [lons

d2$1 dxq

a2 w (1 — 5”%@))% — wiz1(t) + &1 (b),

d?x dx

WQQ = (1 — $§(t))7; — w322 (t) + k1o (21 (t) — 22(t)) + E2(2), ©)
d2$3 da?g 2

— = M1 = a3(0) = — 03zs(t) + kios(a1(t) = z3(t) + kass(@a(t) — (1) + Es(0)-

3nech mapameTpel ;= U = U3z = 0.2, o,

2, W3 — KPYTOBBIE YacTOThI, Ef (t) — Oemnblii mym

C HYJCBBIM CpPEIHUM U aBTOKOBApUAIIMOHHOMN

K K Kos  Gymameit (AK®) (E,(D)E(t)) =Ded(t—t),

rie DE1’DEQ’D23 ONPENENAI0T UHTEHCUBHOCTHU

mryMoB. OCHWIIIATOp 1 BIMSIET HA JIBa JPYTHX

a b Zo U T3 C OJUHAKOBOH CHIOH ki_3=Kk;_o=K,

Puc. 1. Cxema CTPYKTYpbI CBA3€M, paccMaTpMBaeMbIX B fanHoii  3HAYCHMC KOTOPOro MCHSJIOCH B IIMPOKOM JHa-

pabore Ma30HE, OCIMILISATOPH! T U T3 JHO0 B3aUMOICH-

Fig. 1. Diagram of the couplings structure considered in this CTBOBaJH, JHOO HET, B 3aBUCHMOCTH OT paccMar-
paper puBaemoro ciydas (puc. 1).

PaccmarpuBanuch pa3iudHble COOTHOIIIC-

HUS 9aCTOT BCEX TPEX OCHMILIATOPOB: Kak OJM3KHE IPYr K APYry 4YacTOThI, TAK U CHUJIBHO pa3Hyaro-

mpecs. TO COOTHOIICHUE OTPEACIIIO PACCTOSHIE MEXY MHUKAMHU B CIIEKTPaX MOIIHOCTH CUTHAJIOB.

[lyTeM n3MeHEHHs YPOBHS IIIyMOB B YpaBHEHHUSX BaH jaep [lois peryaupoBaiach IHPHHA 3THX [THKOB.

JlocTaTouyHO MHTEHCHUBHOE BO3JICHCTBHE MEPBOrO OCIMIUIATOpPA HA JIBa APYTHX MPHUBOIUT K HAIAYHIO

JIOTIOJTHUTEIHHOTO MHKA B CIIEKTPE MOITHOCTH CUTHAJIOB X2 U T3 (puC. 2).

K K

YucjieHHBIH KCTIEPUMEHT MPOBOAMUIICS MO ABYM CXeMaM.

o Tpaouyuonnwtii memoo [6, 7] — HEOCPEICTBEHHO ITO BPEMEHHBIM PsaM PEIICHUH CUCTEMBI (5).
[Ipu pa3nuaHBIX GUKCHPOBAHHBIX 3HAYCHUSX MAPAMETPOB OCITHIIISITOPOB (5) reHEepUpPOBAIICS aH-
camOib 13 100 BpeMeHHBIX psiioB x1(t), z2(t) u x3(t), KOTOpbIE MOMYYAIHCh ITyTEM HHTETPHPO-
BaHUs ypaBHEHUI MeTonoM Oitnepa—Mapysamsl ¢ marom 0.01. MaTepBan BeiOopku coctaisia 0.3
(20 Touek Ha xapakTepHOM Iepuoe), mrHa psaga — 2000 Touek (okono 100 XapakTepHBIX TepH-
onoB). C momoinkto npeodpazoBanus ['minbpbepra [8] A KaKA0ro BpEMEHHOTO Psijia BBOAMUIACH
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Pric. 2. AMIIATYHBIE CIEKTPE! CHTHANOB OCIHIIATOPOB 2 (t) n x3(t) mpn K = 0.2, k23 =0, D, = D, = D, = 0.9,
w1 =1, w2 =0.7, w3 = 1.1 (Ha ocu f um coorBercTBYIOT f1 = 0.16, fo =~ 0.11, f3 ~ 0.17 ). B xaxx10M BHJHA CIIOXKHAS
CTPYKTYpa, BBI3BAHHASI HAIMIHEM TPETHEr0 OCLHIIIITOPA

Fig. 2. The amplitude spectra of the x2(t) and x3(t) at K = 0.2, kas3 =0, Dy, = D, = D, = 0.9, 01 =1, w2 = 0.7,
wz = 1.1, (on the f axis f1 ~ 0.16, fo =~ 0.11, f3 ~ 0.17 correspond to them). Each shows a complex structure caused
by the presence of the third oscillator

(aza u 10 Kaxk10# mape BpeMEHHBIX PAN0B (a3 MOTyyaauCh OLEHKHU Y;_j; BMECTE C JOBEpH-
TEJILHBIM HMHTepBajoM. Jlanee MmoAcuuThIBasIach N0 (OLEHKA BEPOATHOCTH) IOJNOKHUTEIBHBIX
BBIBOZIOB 72, TO €CTh J0JI1 BPEMEHHBIX PAJOB, Ui KOTOPBIX CIENIaH BBIBOJ O HAJMYUH CBSI3H (IIpH
3TOM OLEHKA Y;_,j, BMECTE CO CBOMM JIOBEPMTENILHBIM MHTEPBANIOM IIPEBBIIIAET HOIb). UTOObI
METOJl TapaHTHPOBaJT HAJEKHOCTb PE3YyJbTaToOB, BBOAMIOCH 00s3aTeIbHOE YCIOBHE: A0S IIO0-
JIOKUTETIBHBIX OLIEHOK O HAJIMYMHU CBSI3U IPU PEaJbHOM €€ OTCYTCTBHM (JIO’KHBIE BBIBOJBI) HE
JIoJbKHA npeBocxoanuTh ypoBeHb 0.05. [lpu Hanu4auu peanbHOM CBSI3U A0JIS MOMOXKHUTEIBHBIX BbI-
BOJIOB OTIPEJIENSACT YY8CMEUMENbHOCHb METONA, U YeM OHa Ooumble, TeM MeTo[ d(p¢eKTHBHEES
BBISIBIIIET B3aUMOZCHCTBUE.

Moodepnuzupoeannvlii n00xX00, KOTOPEIIi COCTOUT B TOM, UTO IS CHIDKEHUS OITHOOK TIeper] BBe-
JeHreM (a3l pacCMaTpUBAaIach BOSMOXKHOCTD IPEABAPUTEIbHOM (DHIBTPALIMU CUTHAIIOB X2 (t)
x3(t). BOBMOXHOCTH yIyd4IIeHHS Pe3y/IbTaTOB OLCHKH CBS3CH MpPH JIF0O0N (HIBTpAIii HE Ove-
BUJIHBI, TAK KaK CUTHAJI CKPBITOIO OCHMJIISTOPA HE TOAMEIINBACTCS aATUTUBHO K HAOII0OaeMbIM
CHTHajlaM, a BIUSET Ha UX JUHaMHKY. [locnenyronmid pacdeT ¢a3pl METOAOM aHAIUTHYECKOTO
CUTHaja SIBJISIETCS HEIMHEHHBIM NpeoOpa3oBaHUEM BPEMEHHOIO Psd, YaCTHYHO HCKaKCHHOTO
¢unerpanueir. B nanHo# paboTe MCmoap30Baioch TP BapuaHTa (GuiIbTpauuu: 1) yaaneHue BbI-
COKOYACTOTHBIM WJIM HU3KOYACTOTHBIM (DMIIBTPOM IIMPOKOH 00JacTH 4acToT (OT HyNIsA 10 COO-
CTBEHHOH 4acTOThI WJIM OT COOCTBEHHOM YacTOTHI U BBIIIE), B KOTOPOH COAEpIKaJICs CHEKTpajb-
HBIH TIMK BO3JEHCTBYIOMIETO MEPBOTO OCIFILIATOPA, HO HE COIePrKajics COOCTBEHHBIN CIIEKTPahb-
HBII UK HaOJII0NaeMOro CUrHaia; 2) yaajeHue PeXeKTOPHBIM (PUIIBTPOM TONBKO OTHOCHTEIBHO
Y3KOM MOJIOCHI YacTOT, B KOTOPOM MPEICTABIEH CINEKTPAJIbHBIN MUK BO3JAEHCTBYIOMIETO OCUUIIIS-
TOpa, HO He COOCTBEHHbBIC MUKKM 000X HabMOTaeMbIX X2 (t) U x3(t); 3) BbIACICHHE MOIOCOBBIM
GuIBTPOM 00IACTH YACTOT, COIEpIKaIIeii COOCTBEHHbIE MTMKU 000MX OCIMILIATOPOB X2 (t) u 2:3(t).
ITone3HpIMU OKa3aaMch BTOPOM M TPETUH BapHaHTHl (PUIBTpalMu, Pe3yIbTaThl KOTOPBIX B COIO-
CTaBJIEHUH C UCXOIHBIM BapHaHTOM (0e3 (UIbTpaIlii) MpeICTaBIeHbl HUXKE.

3. Pesyabrarsl

bruu MMOJIYy4YCHbI 3aBUCHUMOCTH OOJM IIOJOXHTCIBbHBIX BBIBOOAOB 77 OT KOS(l)(I)I/ILII/IeHTa BO3,Z[CI>1—

ctBus nepBoro ocinistopa K (puc. 3, 4). JlaHHbie pacueToB MO3BOJISIIOT CACNATh CIECTYIOIINE BBIBO-

IIBI.
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Puc. 3. Pesynbrarer ans cuctemsl (5) mpu k23 = 0, 1 = 1, w2 = 0.7, w3 = 1.1, DEl = DEz = DE?’ = 1: BepxHH
PSZL COOTBETCTBYET PE3yNbTaTaM BBISBICHHS CBsI3H Mexay x1(t)u x2(t), cpenuuii psang — mexay x1(t) u x3(t), HIKHUE psg
Mexay x2(t) u x3(t); a, b — 3aBHCHMOCTD YacTOTHI MOJOXKHUTEIBHBIX BBIBOXOB 7. OT Kodbduimenta cBs3u K st Y12
U Y2-1; ¢ — YCPeIHEHHOE IO aHCaMONio 3HadeHne Koddduurenta GpasoBoit korepentHocTn (p) mist x1(t) u x2(t); d, e —
n(K) mis Y153 ¥ Y3515 f — (p) mnst z1(t) u z3(t); g h — n(K) s Y23 ¥ Y3-2; i — (p) anst z2(t) u z3(t). Kupuas
JIMHHS — PE3YJIBTaThI TOTy4YeHbl 0e3 MpeaBapHTEIbHON (DHIBTPAIIMK CHIHAIIOB; JIMHKSA C TPEYTOIbHUKAMHI — BPEMEHHBI PAJIBI
NPENBAPUTENLHO (QUIETPOBAIKCEH C MOMOIIBIO pesicekmopho2o GUIBTPa, PH 3TOM TIOAABISIIUCH YACTOTHI, COOTBETCTBYIONIHE
nepBoMy (BO3ZEHCTBYIOIEMY) OCHUIUIATOPY; JUHUS C KPY>KKaMH — BPEMEHHBIC PSIIbl MPEABAPUTENHHO (DHIBTPOBAIKHCH C
MOMOIIBIO 1010C06020 (PUIBTPA, MPH STOM BBIIEISINCH YACTOTHI, COOTBETCTBYIOIIME BTOPOMY U TPETHEMY OCHHILIATOPAM;
TOPU30HTAbHAS INTPUXOBAS JIMHUS — JIOMYCTUMBIA YPOBEHD YaCTOTHI OMIMOOK

Fig. 3. Results for the system (5) at ko3 = 0, w1 = 1, w2 = 0.7, w3 = 1.1, Dy, = D, = D, = 1: the top row
corresponds to the results of identifying the relationship between x1(¢) u z2(t), middle row — between x1(¢) and z3(t),
bottom row between w2(t) u x3(t); a, b — the dependence of the frequency of positive conclusions n on the coupling
coefficient K for 12 and y2-1; ¢ — the ensemble-averaged value of the mean phase coherence (p) for x1(t) and x2(¢);
d, e - n(K) for 153 and Y3—1; f — (p) for z1(t) and z3(t); g h — n(K) for ¥2—3 and Y3_2; i — (p) for z2(t) and
x3(t). Bold line — results obtained without pre-filtering signals; line with triangles — time series were pre-filtered using a
rejection filter, the frequencies corresponding to the first (acting) oscillator were suppressed; line with circles — time series
were pre-filtered using a bandpass filter, the frequencies corresponding to the second and third oscillators were distinguished;
dashed horizontal line acceptable level of frequency error
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Puc. 4. Pe3yneraTel BBIABICHHS CBSI3H MEXIY X2 U x3 B cucteMe (5) mpu ko3 = 0, 1 = 2, w2 = 1.5, w3 = 1,

DEl = DEz = DEs = 1: a, b — 3aBUCUMOCTb YaCTOTHI MOJOKHUTENBHBIX BBIBOIOB 1.( K) oT Koodduimenta ces3u K s Y23
U Y3—2; ¢ — YCpeAHEHHOE 10 aHCaMOITIO 3HadeHne kodddurmenta da3oBoit korepentHOCTH (p) M1 2 (t) 1 x3(t). KupHas
JIMHUS PEe3YNIBTATHI MOJTYyYCHBI 03 MpeaBapuTeNbHON (QUIBTPAMU CUTHAIIOB; JIMHUS C TPEYTOJILHUKAMU — BPEMEHHBIC PSIbI
IpEIBAPUTEIBHO (PUIBTPOBAIKCEH C TIOMOIIBIO pedicekmopro2o (GUIBTPa, MOJABISUIUCH YaCTOTHI, COOTBETCTBYIOIIHME MIEPBO-
My (BO3OCHCTBYIOIEMY) OCIIIUIATOPY; JIUHHS C KPY)KKaMHU — BPEMEHHBI PSIBI IPEABAPUTEIHHO (IIIBTPOBAIIICH C TOMOIIBIO
n010c08020 (GUIBTPA, BBIICISUIACH YACTOTHI, COOTBETCTBYIOIIAE BTOPOMY H TPETHEMY OCHMILIATOPAM; TOPH30HTATIBHAS ITPH-
XOBas JIMHUS — JOIYCTUMBIH YPOBEHb YacCTOTHI OLIHOOK

Fig.4 The results of identifying the relationship between z1(t) u x2(t) in system (5) at ka3 = 0, w1 = 2, w2 = 1.5,
w3 =1, D;, = D, = D¢, = 1: a, b - the dependence of the frequency of positive conclusions n(K) on the coupling
coefficient K for ¥2—,3 and y3_,2; ¢ — the ensemble-averaged value of the mean phase coherence (p) for z2(¢) and x3(t).
Bold line — results obtained without pre-filtering signals; line with triangles — time series were pre-filtered using a rejection
filter, the frequencies corresponding to the first (acting) oscillator were suppressed; line with circles — time series were pre-
filtered using a bandpass filter, the frequencies corresponding to the second and third oscillators were distinguished; dashed
horizontal line — acceptable level of frequency error

a) TpaIunUOHHBIA METOJ AEMOHCTPUPYET BBICOKYIO WYBCTBUTEIBHOCTH ITIPH BBISBICHHU peallb-
HO CYLIECTBYIOIIMX CBfA3€H, HO HaJM4ue OOIIEro MCTOYHHMKA BO3IEHCTBUS OCLIUIATOPA X Ha
HECBSI3aHHBIE OCHHMJUISTOPHI X2 H X3 MOXKET IPUBOAUTH K JIOKHO-TIOJIOKUTEIBHBIM BBIBOAAM (O
HaJIMYUM CBSI3U, KOTJA PeanbHO OHA OTcyTcTByeT). Kak mokasaHo Ha puc. 3, a, d, MeToq uMmeer
BBICOKYIO UYBCTBHTEIBHOCTb K BBISIBIICHHIO CBSI3H MEXAY MEPBBIM M BTOPBIM OCHUIIISITOpaMHU
(cM. puc. 3, a) ¥ MeXIy NEepBbBIM W TPEThUM OCIHIUIATOpamMu (CM. puc. 3, d) — Belmu4nHA N
OBICTPO BO3pacTaeT OO eANHUYHOTO 3HaueHus. [Ipu 3TOM, Kak BUIHO Ha puC. 3, g, &, MeToA JaeT
00IBII0E KOJTMYECTBO MOJIOKUTENBFHBIX BHIBOJIOB O HAJMYUHU CBS3H I HECBA3aHHBIX OCITHIIISA-
TOpOB: Ha pucC. 3, g, h ipu K > (.3 10151 MOJIOKUTETBHBIX BHIBOJIOB (I0JISI OIIMOOK) MPEBHIIIAET
JIOITYCTUMBIA YPOBEHb, IIOKA3aHHBIN TYHKTUPHON JIMHUEH.

0) AmnajormyHas CUTyalluds HaONIoAacTCs M TpH OONIBIICH paccTpoike YacToT (CM. pHuc. 4) mpH
W] = 2, wWg = 1.5, w3 = 1.

B) Kpowme toro, u3 puc. 3, b BUIHO, METOA MOXET AaBaTh JOXKHBIC BHIBOABI O HAIIPABICHUH BO3/CH-
CTBHS: Ha PUCYHKE BEJIMYMHA 1 JUIS Y2_,1 MPEBBIMIAET AOMyCTUMBIH ypoBeHb 0.05 (B TecToBOM
MOZIETIBHOM ypaBHEHHUH (5) MMEETCsl TOJNBKO OJHOHAIIPABIEHHOE BO3ICHCTBHE OT OCIIIUIATOPA
x1(t) Ha x2(t), HO HET BO3ACHCTBHS B OOPATHYIO CTOPOHY).

r) [lpumeneHne MOIUQPHUIMPOBAHHOTO METOAA, IPEAYCMATPHUBAIOIETO IPEABAPUTEIHHYIO (DHIIBTpa-
U0 CUTHANOB x2(t) W x3(t), MO3BOISIET CHU3UTH MPOLEHT OMIKOOK J0 TPeGyeMOoro Maioro
YpOBHS: Ha puc. 3, g, h u puc. 4, a, b 101 MOJOKUTEIHHBIX BBIBOJIOB 7 KaK ITOCIE ITOJIOCO-
BOro (JIMHWA, TIOMEUCHHAS! KPY)KKaMH), TaK U IMOCJE PEXEKTOPHOIo (JIMHUs, IIOMEYEHHAsl Tpe-
YTOJIBHUKAMHU) (PUIBTPOB MpaKTHUECKH He MpeBbimaeT ypoeHb (.05, moka3zaHHBIN MyHKTHPHOM
TOPU3OHTAJIBHON JIMHUEH.

Jnarnocruyeckuii KpuTepuii (OlleHKA BePOSTHOI OIIMOKHU B ONpeieJieHUH CTPYKTYPHI CBsI-
3eif). {11 moucka KpuTepueB NpoOIEeMHBIX CUTyaluil IPOBOIMICS aHAJIW3 OCTATOYHBIX OIIMOOK («da-
30BBIX» IIIYMOB) MOCTPOCHHBIX MojeJeli (a30Bol JTUHAMHUKH M paccUnuThIBaIUCh HX AKD.
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Ha puc. 5, a mokazana AK® ocrarkoB momenu (2) wist z2(t) B (5) mpu ko3 =0, K =1, w1 = 2,
wo = 1.5, wg = 1, DE1 = D(§2 = 0.1, DE3 = 0.3. Haimumue orumbaromeii B AKD MoKeT BBICTYIaTh B
Ka4yeCTBE JIMAarHOCTHYECKOTO KPUTEPHUS HATMYUS CKPBHITOTO HCTOYHUKA BO3JICHCTBHS, HE YYTEHHOTO PU
MMOCTPOCHUU Mojeiu (a30Boil AuHaMUKU. [IprMeHeHHe PeXEeKTOpHOro (GuisTpa K 000MM CHrHajlaM
To W x3 (MOJABIISUIMCH YaCTOTHI B 00JAaCTM OCHOBHOTO ITHMKA YacTOThI BO3JACWCTBYIOIIETO CKPBITOTO
OCITIIIIATOPA) TPUBOAUT K TOMY, uTo orubaromias B AKD ocrarkoB Momenn nponamaer (puc. 5, b).

Taxoke OBUTH TOMy4YEHBI TpaUKU 3aBUCUMOCTU BEIMYWUHBI . OT KOY(PQHUIMECHTA BO3ICHCTBUS
OCHMJUIATOPA T2 Ha X3 MPHU COXPAHEHUH BO3ACHCTBUS HA HUX CO CTOPOHBI MEPBOTO OCHMILIATOpA (CO-
OTBETCTBYIOIIAsl CTPYKTypa CBsI3U MOKa3aHa Ha puc. 1, b). Ha puc. 6 npuBeneHs! rpapuxu Ans caydas
ciaboro Bo3neicTBusa co cTopoHbl x1 (mpu K = 0.6, puc. 6, BepxHU# pan) u Oojee CHIBHOTO (IIpH
K =1, puc. 6, amxuuii psan). Ilpu cnabom BozneiictBuu (mpu K = 0.6) mepBoro ocuusuisTopa Ha
ZT9 W T3 TPATUIIMOHHBINA W MOIU(UIIMPOBAHHBIA METOBI BBISIBICHUS CB3H d(P(PEKTUBHBI yXKe TIpU Ma-
JIBIX 3HAUEHHSX ko_,3: JONS MOJOKUTEIBHBIX BHIBOAOB BEJIMKA Kak Oe3 MpeABapUTEeIbHON QuiibTpaun
curHanoB (puc. 6, a, )KUpHas JIUHUS), TaK U B CIIydae IPUMEHEHHUS TTOJI0COBOTO M PEXKEKTOPHOTO (PHITh-
TpoB (Ha puc. 6, a, TUHUH C TPEYroJIbHUKAMU U KPYKKaMH, COOTBETCTBEHHO). OIIHAKO MPH OIICHKE
BO3/ICHCTBHUS B OOpaTHYIO CTOPOHY, TO €CTh OCHWJUIATOpPa T3 Ha xo (pHUC. 6, b), mOmT OMMOOUHBIX
BEIBOJIOB TIPEBHINIAECT TPeOyeMblil ypoBeHb. [IpuMeHeHre T0I0COBOI (PUIBTpAINU JaXKe YBEIUYHBACT
70TI0 OomMOOoK. Takyro CHTyaIio MOXKHO JTHAarHOCTHPOBATh KaK C ITOMOIIBIO MPENI0KEHHOTO KpHTe-
pusi, OCHOBAHHOTO Ha OLICHKE aBTOKOPPEISLHOHHONW (DYHKIHH OCTATKOB MOJCIH JJis CHrHanma xa(t),
TaK 10 GOJBIIOMY 3HAYEHHIO OIIEHKH K0dddurmenTa (ha3oBoit KOrepeHTHOCTH P (pHcC. 6, ¢), KOTOpoe,
KaK OTMeJaJIoCh paHee B II. 1, s paboTOCIIOCOOHOCTH METO/Ia He JIOJDKHO MpeBhIIaTh 3HadeHue 0.6.

Camasi CIIO)KHAsT CHTyanusi HaONIOMAeTCsl MPH CHJIBHOM BO3ICHCTBHM OCIHULIATOpPA X1 Ha T

uzx3 (mpu K = 1). llpu ko3 = 0 monst omumOOK mpuUHHMaeT Oonblioe 3HaueHue (puc. 6, d),
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Puc. 5. ATokoppemsinuoHHast GyHKIHs ocTaTkoB Moxenu (2) must x2(t) B (5) mpu ko3 = 0, K = 1, 1 = 2, w2 = 1.5,
w3 =1, Dy, = Dg, = 0.1, De, = 0.3: a — 22(t) He QuabTpoBancs; b — mepen BeeneHueM (asel K T2(t) GBI IpUMEHEH
PEKEKTOPHBIH PUILTP

Fig. 5. Autocorrelation function of residuals of the model (2) for x2(t) in (5) at ko3 = 0, K = 1, 1 = 2, w2 = 1.5,
w3 =1, D, = D, = 0.1, D, = 0.3: a — x2(t) is not filtered; b — a rejection filter was applied to the x2(t) before the
phase extraction
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Puc. 6. Pe3ynbTarsl BRISIBICHHS CBA3H MEXKIY T2 M T3 B cucTeMe (5) mpu w1 = 2, w2 = 1.5, w3 = 1, DE1 = DEz = DEs =1
BepxHuit psax st K = 0.6, awkauit paa st K = 1; a, b, d, e — 3a8BUCHMOCTD 9aCTOTHI MOJIOKUTENBHBIX BBIBOIOB 7 (k2—3)
oT K03(p(pHLIHEeHTA CBA3M MEXAY OCLIIUIATOPAMU T2 U T3 Ui Y23 (a, b) v Y32 (d, e); ¢, f — ycpenuéHHOE 10 aHCaMOITI0
3Hauenne koddduimenta hazoBoii korepentHOCTH (p) Wi 2(t) U x3(t). JKupHas NUHUA — pe3yNibTaThl MONyYeHbI Ge3
NpeIBapUTEIbHON (GUIBTPALIMN CUTHAJIOB; JIMHUS C TPEYTOJIbHUKAaMH — BPEMEHHBIE PSAbl MPEIBAPUTENHHO (QUIIBTPOBAIUCE C
MIOMOIIBIO pedicekmopHo20 GUIBTPA, IPH 3TOM MOAABIUINCH YAaCTOTHI, COOTBETCTBYIOIIHE IIEPBOMY (BO3AEHCTBYIOMIEMY) OC-
UUITOPY; JTHHHS C KPY>KKaMH — BpEMEHHBIE PsIBI IPeIBAPUTENEHO (HIETPOBAINCH C TIOMOIIEIO 1010c06020 HUIBTPA, IPH
9TOM BBIICISUIMCH YaCTOTBI, COOTBETCTBYIOIIHE BTOPOMY M TPETbEeMy OCLHUIITOpPAaM; FOPU30HTANIbHAS IITPUXOBAst JIUHUS —
JIOMYCTUMBIH YPOBEHb YacTOTHI OLTHOOK

Fig. 6. The results of identifying the relationship between z2 and z3 in (5) at 1 = 2, w2 = 1.5, w3 = 1,
D., = D¢, = D, = 1: the top row corresponds to K = 0.6, bottom row for K = 1; @, b, d, e — the dependence of

€1 § §
the frequency of positive conclusions n(k2—3) on the coefficient of coupling between oscillators z2 and x3 for Y23 (a, b)

and Y32 (d, e); ¢, f — the ensemble-averaged value of the mean phase coherence {p) for z2(¢) and z3(¢). Bold line — results
obtained without pre-filtering signals; line with triangles — time series were pre-filtered using a rejection filter, the frequencies
corresponding to the first (acting) oscillator were suppressed; line with circles — time series were pre-filtered using a bandpass
filter, the frequencies corresponding to the second and third oscillators were distinguished; dashed horizontal line — acceptable
level of frequency error

a mpu kg3 > 0 BmioTh 10 0.8 YyBCTBUTENBHOCTh METOJA K CBSI3W MPHUHUMAET MaJble 3HAUCHUS.
TakuMm 00pa3oM, Hagu4He OOIIETO MCTOYHHKA BO3IACHCTBHSI MOXKET CHU3HUTH d(P(EKTHBHOCTH METONA
TIPH BBISBJICHUU CYIIECTBYIOIICH CBS3H.

[IpumeneHne pexeKToOpHOTro (PHUIBTPa B 3TOM CiIydae OKa3bIBaeTcs Oomnee 3(h(heKTUBHBIM IO CpaB-
HEHHIO C ITOJIOCOBBIM (PHIIBTPOM, TaK Kak MpH k2—,3>0.9 4yBCTBUTEIHHOCTH MOTUPHUIIMPOBAHHOTO Me-
TOAa C IPUMEHEHHEM IOJI0COBOTO (HIIBTPa CHUKACTCS CHUJIbHEE, YeM MPU HCIONB30BAHUH PEKEKTOP-
Horo ¢unsrpa. [Ipu aTOM 00a GuIbTpa CHIXKAIOT A0 omHOOoK mipu ko3 = 0.

3akaoueHue

Mertox BBISIBIICHUS CBS3M, OCHOBAHHBIM Ha MOICIUPOBaHMM (DAa30BOM JTUHAMHKH MOXET JaBaTh
JIO’KHBIE BBIBOJBI O HATMYHUN/OTCYTCTBUH CBSI3U B CIIydasiK, KOTJIa UMEETCsl HECKOJIBKO MMKOB B CIIEKTpe
MOIIHOCTH CUTHAJIOB M LIMPHHA 3TUX NHUKOB 3HauuTenbHa (mopsinka 10% u Gonee OT 4acTOTHI Mak-
cumyma). [ist pemenust 3Toi mpoOIeMbl MOYKHO MPEATIOKUTH (Kak Haubosee 2 (GeKTUBHBIC U3 MPOBE-
PEHHBIX HaMM) JBa MOAX0Ma K (GUIBTPALUM CUTHAIOB B OKPECTHOCTH OHOTO U3 HAOIIOOAEMBIX ITHKOB!
1) ynaneHue pexeKTOPHBIM (DPUIIBTPOM TIOJIOCHI YAaCTOT OOILETr0 HCTOYHHKA BO3ACHCTBHS, TUK KOTOPOTO
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HAOJIOACTCSA B CHEKTpaX O0OMX HCCIEIYyEeMbIX CUTHAJIOB; 2) BBIJICIICHUE MOJIOCOBBIM (QUIBTPOM 00-
JIACTH YacCTOT, COAeprKalleil COOCTBEHHBIE MMMKH 000WX MCCIIENYyEeMbIX OCHWIIATOPOB. [Ipu BeIABICHHN
peanbHO cymecTByIoUIel cBsi3u 6omnee 3h(HEeKTHBHBIM OKa3bIBaeTCs MOAXO] C IPUMEHEHHEM PEXEKTOP-
HOTO (UIBTpa.

JAMarHocTU4eCcKUM KpUTEpHEM BO3MOXKHBIX MPOOIEMHBIX CHUTYaIllii MOXKET CIIyKHTh OLICHKA aB-
TOKOPPENSANOHHON (DYHKIIMH OCTaTOYHBIX OIMIMOOK ITOCTPOEHHOH Mozenu (a30BOW IMHAMUKH: aB-
TOKOpPEISIMOHHas (DYHKIUS OCTATKOB MOJIENIM MEIJICHHO CIaJaeT 0 HyJIEBOTO 3HAYCHUS B CiIydae
HaJIA4Hst 00IIero (He Y4TeHHOTO MPH MOCTPOSHUH MOJIENN) UCTOYHHIKA BO3/EHCTBHSA Ha HAaOIIOaeMble
OCIHJUIATOPHI.

O heKTHBHOCTD MPEIOKEHHBIX MOJXOA0B U JUATHOCTHYECKOTO KPUTEPHS IPOJEMOHCTPUPOBa-
Ha YHCJICHHBIMH KCIIEpUMEHTaMH Ha CHCTEME CBSI3aHHBIX OCIIMILIATOPOB BaH jaep Ilos.
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