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VYipasieHne cOCTOSTHHSIMH HeJIMHEMHbIX

JTMHAMHYECKHX CHCTEM C HCIO0Jb30BaHUEM
pe3epByapHbIX BbIYUCJIEHU
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AHHOTaAIUA

B nmanHo#l paboTte uccienyeTcst MeTO/ YIpaBieH!s! HeJIMHEHHbIMU
JUHAMMYECKMMU CUCTEMaMU C UCTIOIb30BAHUEM PEe3ePBYapHBIX BbI-
YUCJIEHWIA. DTOT MOAXOJL O3BOJISIET IEPEBOANUTD CHCTEMY B 3a/laH-
HOE IIeJIEBOE COCTOSIHME 0e3 HeOOXOAMMOCTH TOYHOTO 3HaHMS €&
ypaBHeHUi aBrxkeHus. OCHOBHAs IIeJIb — BOCTIPOM3BECTH PE3YJib-
taThl ucciaenoBanus Haluszczynski u Rith, a Takxe u3ydnts Bo3-
MOXHOCTH YJTy4IIEHUs] METOAA. DKCIEePUMEHTH NMPOBOAWINCH Ha
cucremax JlopeHua u Péccnepa, nemoHcTpupys 3(h(peKTUBHOCTh
Npe/ITIOKEHHOT 0 1oaxoAa. B paboTte 00CykaaloTcsl IpenMyInecTa
Y HEZIOCTATKH METO/a, a TAK:Ke MPeAJIaralTcs HalpaBJIeHHUs ero Co-
BEPIICHCTBOBAHUSL.

BBegenne

VYnpagiieHue HEJMHEHHbBIMM AMHAMUYECKUMU CHCTEMaMU IPEelCTaBIISIET CO-
0011 BaXXHYIO 3a/1a4y B PA3JIMYHBIX 00JIACTSIX HAYKY U TEXHUKH, BKJIOYAs! (PU3UKY,
OUONIOTHIO ¥ MHXeHepHIo. Takye CHCTeMBI, YacTO MPOSBIISIIONINE Xa0TUIECKOE T10-
BeZIeHHE, CJIOXKHO MOAIAI0TCS YIIPABJICHUIO TPAAUIIMOHHBIMA METOIaMH, KOTOpHIE
TpeOyI0T TOYHBIX MATEMATHYECKUX MOJIeJIe UK OOJbIINX 0OBEMOB IaHHbIX. Pa3-
BUTHE METOJOB MAIlIMHHOTO 00yUYeHHUs, B YaCTHOCTH Pe3ePBYapHBIX BBIUMCIICHUI,
OTKpPBHIBAE€T HOBbIE MIEPCIIEKTUBHI [J151 YIIpaBJieHHs1 TakuMu cucteMamu. RC no3Bo-
JISIET CTPOUTD YIIPABJISIONINE CTPATETHH Ha OCHOBE TJAHHBIX O TIOBEICHUN CUCTEMBI,
He TpeOys e€ SBHOrO MaTeMaTUYECKOTO OMHMCAHMUS.

Llenp naHHON pabOThl — U3YYUTh METOJ YIPABJCHHS, IPEIIOKEHHBIH
Haluszczynski u Rith , moareepauts ero 3(p(peKTUBHOCTh HA MPUMEPAX CHCTEM
Jlopenna u Péccnepa, a Takxke vccieoBaTh MyTH yaydileHus. DTOT MOAXO0[, OC-
HOBaH Ha ucnoJib3oBaHuu 3x0-ceteit (Echo State Networks, ESN), koTopble siBiis-
10TCs pa3HOBUIHOCTHIO RC, 17141 mipecka3aHusl ¥ KOPPEKIIUN JUHAMUKH CUCTEMBI.
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TeopeTnlleche OCHOBBI 1 METOQ0JIOIrUsA

HHunamuueckue cucmemol

JduHamuueckast —CHCTeMa MOXeT ObiTh  MpEICTaBleHa Kak  mapa
(©'es (M, p)), tae M — MeTpuyecKoe NPOCTPAHCTBO, J — MHOXKECTBO 3Have-
HUil BpeMeHH, a ' — CeMeHCTBO OTOOPa)eHHIA, YIOBIETBOPAIONINX YCIOBUAM
TOX/IECTBEHHOCTH, KOMIIO3UIIMU W HEMPEPHIBHOCTH. [[Jisl CHCTEM, ONUCHIBAEMbIX
nuddepeHIaTbHBIMU ypaBHEHUsIMU Bua & = f(x), yIpaBieHue JOCTUraeTCst
BBeJIeHHEM curHana u(t), uameHsiomero quHamuky: @ = f(z) + Bu(t). Lemb
YIPaBJIeHHs] — MEPEBECTH CHCTEMY M3 TEKYILEro COCTOSIHUS B 3JaHHOE LIEJIEBOe
COCTOSIHUE.

Pe3zepsyapnvie gviuucnenus

Pe3epByapHbie BHIUHCIICHHS — 3TO KJIACC PeKYPPEHTHHIX HEWPOHHBIX CeTel,
COCTOSIMUX U3 (PMKCUPOBAHHOTO pe3epByapa M 00y4aeMoro BBHIXOJHOTO cliosl. B
JlaHHO# paboTe ucnonb3yercst mogeb 3xo-cet (ESN), koTopast o6naiaer cBOii-
CTBOM 3X0-COCTOSIHHUSI, 00€CIIeUMBAIOIIUM 3aBUCUMOCTb TEKYIIETO COCTOSIHUS Ce-
TH OT UCTOPUU BXOTHBIX IaHHBIX. Pe3epByap ciydaiiHbIM 00pa3oM MHUIIAATH3HU-
pyeTcsi ¢ 3aJJaHHBIM CIIEKTPAIbHBIM pasinycoM (00bvHO B auanasone 0.8-1.2), a
00y4YeHre IPOBOAUTCS TOIBKO IJISI BRIXOJHOTO CJIOs, YTO CHHKAET BHIUMCIIUTEITb-
HYIO CJIOKHOCTb.

Memoovt ynpasaenus

Merton, npeanoxennsiii Haluszczynski u Rith [[1], Bkiiouaet cienyromue srta-
TTBI:

1. Cumynsauus cucTeMsl B LIEJIEBOM COCTOSIHUM X .
O6yuenne RC Ha maHHBIX cocTOsTHUSA X .

H3menenue napamMeTpoB CUCTEMBI 14 IEpexoJa B COCTOAHUE Y.

el

Hcnonbzosanne RC 115 npejickaszaHusi MOBeAeHHsI B COCTOSIHUNA X U BbI-
yncienust ynpasisonieit cunbt F'(t) = K (u(t) — v(t)), roe u(t) — teky-
Iee cocTosiHue, v(t) — MpeAcKa3aHHOe COCTOSHHUE.

5. Hpumenenue F'(t) mjis BO3BpAIIEHUs CHCTEMBI B [IEIeBOe cOCTOstHUE X .
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ITOT NOAXOJ NMpoBepsIcA Ha cucTeMax JlopeHua u Péccrnepa, rie n3smeHeHue
HapaMeTpOB BBI3BIBAJIO IIEPEXO]] CUCTEMBI B HOBOE cocTosiHue, a RC ycriemHo Bo3-
BpaIana e€ B ICXOJHOE. B KauecTBe MeTPUKH MCTIOIB30BATMCH HANOOJBIINI 1T0-
Kasaresb JIAImyHOBa ¥ KOPPEIALMOHHAS Pa3MEPHOCTb.

HaunGonpmmii nokazarens Jlsmynosa (Largest Lyapunov Exponent, LLE) —
3TO BeJIMYMHA, KOTOPas U3MepseT, HACKOJIBKO OBICTPO PacXoAATcs OJIM3KME Tpa-
eKTOpHU CHUCTeMBI B (pa30BoM mpocTpaHcTBe. OHa XapaKTepu3yeT 4yBCTBUTEIIb-
HOCTb CUCTEMBI K HaUaJIbHBIM YCJIOBUSIM:

Koppensmmonnas pasmeprocts (Correlation Dimension, CD) — 310 Mepa
CJIO)KHOCTH aTTPAKTOPa CUCTEMBI, KOTOpas CBsA3aHa C €€ (DpaKTaIbHOM pa3MEpHO-
cTbi0. OHa NOKa3bIBaeT, CKOJIBKO CTeNeHel cBoOo bl (haKTUUECKH 3aJefiCTBOBAHO
B IUHAMUKE CHCTEMBL.

CuHsist TpaeKTopus - LIeJIeBasi, KpacHas - CcTeMa 0e3 yIpaBieHusI, 3eJIeHasl -
CHCTEMa C YIPaBJICHUEM.

=166, B=8/3 T cucrema

0=10, p=167.2, B=8/3 0=10,

Puc. 1: Ynpasnenue cucremoii Jlopenua ¢ nomomisio ESN

Hcxonnas | I3menenHas | Ynpasisiemas
A (LLE) 2.7878 0.0668 2.7440
u (CD) 1.8131 1.1955 1.7339

Ncxopnas | smeneHHas | Ynpasisemas
A (LLE) 0.1405 0.2035 0.1382
1w (CD) 1.8150 1.9427 1.7516
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a=0.5, b=2, c=4 a=0.55, b=2, c=4 Ynpasnsemas cuctema
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Puc. 2: Ynpasnenue cuctemoit Pécciepa ¢ nomomsio ESN

CpaBHeHue ¢ IPyruM# MOIeJIsIMU

Mmuozocaoiinotii nepuenmpon (MLP)

Msuorocnoinbii nepuentpon (MLP) — 3T0 6a3oBast apXUTEKTypa UCKYC-
CTBEHHBIX HEHPOHHBIX CETEM, COCTOSIIASI U3 BXOAHOTO CJI051, OTHOTO MJIN HECKOJIb-
KUX CKPHITBIX CJIOEB U BBIXOIHOTO cJiosi. O0yueHre POBOJMUTCS METOIOM 00part-
HOro pacrpocTtpaHeHus ommOku. B padore MLP npumeHsIcsl cO CKOMb3SIIIM
OKHOM J1J151 00paOOTKM BPEMEHHBIX PSIIOB, YTO MO3BOJISUIO YUUTHIBAThH MOCHEN0-
BaTeJIbHble JaHHble. OHAKO U3-3a OTCYTCTBHS BCTPOEHHON NMaMATH 3Ta MOJEIb
MIOKa3aj1a OrpaHyeHHy0 3((EKTUBHOCTD B 33/1a4aX YNpPaBJICHHUsS TUHAMUYECKH-
MH CUCTEMaMH 10 CPABHEHHIO ¢ 60Jiee TIPOJBUHY THIMU apXUTEKTYPaMH.

LSTM (Long Short-Term Memory)

LSTM — 3T0 pa3HOBUIHOCTb PEKYPPEHTHBIX HEHPOHHBIX CeTel, CleuaIbHO
paspaboTraHHasi 1y pabOTHI C MOC/IEA0BATENbHBIMI JaHHBIMU. braropaps sueit-
KaM IaMsSTH ¥ BEHTWJIbHBIM MeXaHM3MaM (BXOAHOI, BHIXOOHOW M 3a0bIBaHUS),
LSTM crniocobHa coxpaHsTh MH(MOPMALIMIO Ha JJIMTEbHbIE BpEMEHHbIE HHTEPBa-
JIBL. B aKcniepuMeHTax 3Ta Mofe b yilydlliana TOYHOCTh MpeJcKa3aHuil IUHAMUKHI
cucreM Jlopenua u Péccnepa no cpapHenuto ¢ MLP, uto nenaer e€ noaxonsmei
JUI 3aJa4 yIpaBJeHUs JUHAMUYECKAMM CUCTEMAMU C JOJITOBPEMEHHBIMU 3aBU-
CUMOCTSIMH.

ReservoirLSTM

ReservoirLSTM mpexacraBnsier co0oil THOPUIHYIO apXHUTEKTypy, COYETalo-
LIYI0 IPUHLIMIIBL pe3epByapHbIX BerunciaeHuit 1 LSTM. B atoil Mogenu BHyTpeH-
HUe Beca BEHTHJIEH 3aMeHEHbl Ha pe3epByaphl, a 00ydeHHe NMPOBOAUTCS TOJBKO
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JUIS BBIXOZIHBIX BecoB. Takoe coueTaHue MO3BOJISIET UCTIONb30BATh BHIUMCIUTEb-
Hble BO3BMOXXHOCTH Pe3epBYapHBIX BBIYUCIIEHUIA JJIs1 0OpabOTKM KPAaTKOCPOUYHBIX
BPEMEHHBIX 3aBHCHMoOcTell U criocodHoct LSTM anst MopenmpoBaHus JOJTO-
CPOYHBIX 3aKOHOMepHOCTel. B paboTe 9Ta Monesb mokasaa yiIydlleHHbIe pe3yiib-
TaThl B YIPaBJICHUN AUHAMUYECKUMU CUCTEMaMHU.

0=10, p=167.2, B=8/3 0=10, p=166, B=8/3 yn, cnucTema

R

Puc. 3: Ynpasnenne cuctemoii Jlopenna ¢ momonipio ReservoirLSTM

Ucxonnas | I3menenHas | Ynpasnsemas
A (LLE) 2.7878 0.0668 2.8053
u (CD) 1.8131 1.1955 1.8076

a=0.5, b=2, c=4 a=0.55, b=2, c=4 Ynpasnsemas cuctema
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Puc. 4: Yupasnenue cuctemoit Pécciiepa ¢ nomompio ReservoirLSTM

Ucxopnas | smenenHas | Ynopasisemast
A (LLE) 0.1405 0.2035 0.1484
u (CD) 1.8150 1.9427 1.8301
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ESN-LSTM

ESN-LSTM — 310 eni¢ oJHa ruOpuaHasi MOJIe)ib, MHTETPUPYIOIAs PE3EPBY-
apHblii cinoit u cioit LSTM. ApXuUTeKTypa COCTOUT U3 Pe3epBYapHOTO CJIOs, CIOS
LSTM wu BbixogHoro cjiost. OOHOBJIEHHOE COCTOSIHUE pe3epByapa oOpadaThBaeT-
cs1 LSTM-6m0koMm, coctosinue pesepByapa 1 LSTM koHKaTeHUpYIOTCS U yepe3
JIMHERHBIN CJION Moy4YaeM MpeacKa3aHue MOJIEIIH.

0=10, p=167.2, B=8/3 0=10, p=166, B=8/3

Puc. 5 : YHpaBJIeHI/Ie cucremoii JlopeHua c HOMOH_II;IO ESN-LSTM

Ucxonnas | I3menenHas | Ynpasnsemas
A (LLE) 2.7878 0.0668 2.8053
u (CD) 1.8131 1.1955 1.8076

a=0.5, b=2, c=4 a=0.55, b=2, c=4 Ynpasnsemas cuctema
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Puc. 6: Vnpasnenue cuctemoit Pécciepa ¢ nomomsio ESN-LSTM

Ucxonnas | 3menenHas | Ynpasisemast
A (LLE) 0.1405 0.2035 0.1784
u (CD) 1.8150 1.9427 1.7825
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Paboma anzopumma

Pe3ynbraThl 9KCNIEpIMEHTOB TOKAa3alld, UYTO CXeMa YIpaBJeHUsS Ha OCHOBE
ESN ycrnemHo BO3BpaliaeT cucTeMy K mejeBoMy coctosiHuio. CpaBHEHHE TIOKa-
3bIBaeT, 4To npocteie MLP u maxe oguHouyHble LSTM He chpaBisioTCs B MOJ-
HOW Mepe C 3aavdeil ynpaBieHus CJIOKHOU TUHAMHMKOM 0e3 OOIIMPHOU HACTPOM-
ku. Pe3epByapHbie MOAX0bI 00J1a/IAI0T YHUBEPCAIBHOCTBIO U IEMOHCTPUPYIOT BbI-
COKYI0 3(p(PeKTUBHOCTh B MIPOTHO3€E ¥ YIPABJICHUN JUHAMHYECKIMU CHCTEMaMHU.
VmeHHO (PMKCUPOBaHHBII pe3epByap 1 00yUYeHHe TOJIBKO BHIXOJHOTO CJIOS Jieia-
0T TaK¥e MOJIE/IM OBICTPHIMU U YCTOMYMBBIMU K IIepeoOyUeHuIo, 0OecTieunBast pu
9TOM MPEBOCXOIHYIO amPOKCUMAIIMIO CJOKHBIX OTOOpakeHuit (pa3oBOro mpo-
CTpaHCTBA.

3akaoyenue

Merton ynpaeienuss Ha ocHoBe ESN mo3Bosmi BOCCTaHOBHUTH YMCIIEH-
Hble aTpuOyTHl Xaoca (JIAMyHOBCKMI MOKa3aTesb M KOPPEJALMOHHYIO pa3mep-
HOCTB) TIPAKTUYECKH JI0 UCXO[HBIX 3HaUeHUil. [ MOpuHbIe HelfipoceTeBbie MOIEIN
(ReservoirLSTM, ESN-LSTM) oka3zanuck 6osee 3 peKTUBHBIMU, YeM CTAaHAAPT-
Hbele MLP nnmu LSTM (c ogMHOYHOH NMaMAThI0). DTO yKa3blBaeT Ha MePCIEKTUB-
HOCTB UCTIOJIb30BaHMS PE3EPBYAPHBIX apXUTEKTYP B 33/1a4aX YIPaBJIEHHUs Xa0COM
¥ IMHaMUKOM. [lepcrieKTHBBI JanbHENIINX UCCIeAOBaHMI BKIIIOYAIOT ONTHMH3a-
M0 apXUTEKTYPbl PE3epPBYapHBIX BbIUMCIICHUH, BHeapenue moaeneit NG-RC u
pa3paboTKy rMOPUIHBIX MOJXOHOB C NTyOOKMMH HEWPOHHBIMH CETSIMH, YTO MO-
XKET MOBBICUTh TOYHOCTh M PACILIMPUTH 00JIACTh TPUMEHEHHS METO/IA B PEaIbHBIX
3ajavyax yrnpasJieHHs CIOXHBIMA CUCTEMaMHU
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