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OBIIA A XAPAKTEPUCTUKA PABOTDI

Marucrepckasi guccepranus, 60 c., 28 puc., 7 Tabii., 25 UCTOYHUKOB

OITUMAJIBHOE VIIPABJIEHUE, VIIPABJEHUE C IIPOTHO3UPYIO-
MIEN MOIEJBIO, HEIPOHHAS CETh, HEMPOCETEBON PETVJISITOP,
OBYUYEHUE C TTOJAKPEIJIEHUEM

O0BEKTOM UCCIIeIOBAHIST MATUCTEPCKON TUCCEPTAIINY STBJISTIOTCS 33191 CTa-
OMIM3aIY HEJTUHEHHBIX JUHAMUYECKUX CUCTEM, Ha YIIPABJIAIONINE BO3JICHCTBUS
1 TPaeKTOPUU KOTOPBIX HAJIOXKEHbl YKECTKNe OTpaHWYeHusd, U CBI3aHHBIE C Pac-
CcMaTpUBAEMON 3a/jlaueil CXeMbl yIIpaBJIeHUs 110 ITPOrHO3UPYIONIEH MOJIes 1, peaJsiu-
30BaHHbIE Ha OCHOBE HEHPOHHBIX ceTell U METOJIOB OOYUEHUs C MOJIKPEIICHUEM.

[eJsibio paboOTHI SBJISIETCST TOCTPOCHUE HEHPOCETEBBIX PEryJIsTOPOB, rapaHTH-
PYIOIAX ACUMIITOTUYICCKYIO YCTOMNINBOCTD HEJIMHEHHON CUCTEMBI, PETyJIsITOPOB Ha
OCHOBE METOJIOB OOYUIEHUS C TOKPEIJICHIEM.

OcHOBHOI pe3ysIhbTaT MPEJICTABICH aJTOPUTMAMI YITPABJICHNsT HA OCHOBE Heii-
POHHBIX CETEH, TO3BOISIIOMUMHY (IO PE3yIbTaTaM SKCIEPUMEHTOB) TOBBICUTE TTPO-
U3BOUTEHHOCTD CXEMbI YIIPABJIEHN ¢ MTPOTHO3UPYIOINIei Mojienbio B 20 pas.

Pabora cocrout u3 tpex rias. B mepBoii riaBe onpeessiiorcss OCHOBHbBIE 110~
HATHST W PE3yJbTaThl B 00JIACTH YIIPABJIEHUS C MPOTHO3MPYIOMEH Mojenbio. Bo
BTOPOIl TJIaBe pacCMaTpPUBAIOTCS MeTojibl o daiin au3aiina 0OpaTHbIX CBsI3el 1
UX allpoKCUMallUii B cUCTEMax € [POrHO3UPYIOIIe Mojie/iblo. B Tperbeii ryiase
MpPEeJICTABIEHBI PE3YJIHTATHI TOCTPOEHUS HEMPOCETEBOTO PETYAATOPA JIJIs HeJTnHe -
HBIX CUCTEM C OI'PAHUYCHUSIMU, PE3YJIbTAThl MOCTPOCHUS PEryJISITOPa C MTOMOIIHIO
METO/I0B 00y YeHUsl ¢ HOJKPEIJIEHUEM JIJisi CUCTEM C HESIBHOW JIMHAMUKOM, a Tak»Ke
MIPOBEJIEHO CpaBHEHWE MPeJJIaraeMbIX MOJIXOJIOB ¢ KJIACCUIECKUMU aJTOPUTMAaMMA,
OCHOBAHHBIMU Ha PEIeHUM 33/1a4 ONTUMAJbHOIO YIIPABJIEHUS OHJIANH.

HoBuzna mpejcraBieHHo# pabOThl COCTOUT B MOCTPOEHUN HEHPOCETEBBIX pe-
I'YJISITOPOB COBMECTHO C TOCTPOEHUEM 0bJiacTell NpUTSKEeHWsT W obJacTeil Hachl-
IIEHHBIX YIIPABJIEHU, UCIIOJb30BAHUN PE3YJILTATOB TEOPUU POOACTHOIO yIIpaBJie-
HUS T TapaHTUPOBAHHON CTAOMIM3AIUU HEJIMHEHHON CUCTEMBbI, MCCJIEeIOBAHUN
BJISTHUST PA3JIMIHBIX TEXHUK COMIIJIMPOBAHUS TOUEK JIJIs TOCTPOEHUsT 00y YaIOIIUX
BbIOOPOK, 4TO IIOMOI'aeT COKPATUTH BpeMsi 00ydeHusi Oe3 110Tepb TOYHOCTH.

ObnactaMu TpUMeHeHUsT pa3pabOTaHHBIX AJTOPUTMOB SBJISIIOTCS TTPUKJIAT-
HbIE 33/1a41, pelllaeMble B paMKaX TEOPUHU YIIPaBJIECHUs C NPOIHO3UPYIOIIEH MO-
JIEJIbIO ¥ BO3HUKAIOIINE B POOOTOTEXHUKE, XUMUIECKON MTPOMBIIIJICHHOCTH, TPAHC-
MOPTHBIX CUCTEMAX, CHCTEMaX YIpaBJeHns OeCITUJIOTHBIME alllapaTaMid U JIp.



ATYJIbHAA XAPAKTAPBICTBIKA PABOTHI

Maricrapckas jbicepratibis, 60 c., 28 maJj. , 7 TadJj., 25 KpbIHil|

AIITBIMAJIBHAE KIPABAHHE, KIPABAHHE ITA TIPATHA3YIOYAI MA-
J3JII, HEUPACETKABBI POTVYJIATAP, HABYYAHHE 3 I[TAIMAIIABAH-
HEM

Ab’exTam acae aBaHHsT MaricTapcKail JbicepTalibll 3 syIsionIa, 3a,JaHHl cTa-
OLTI3aIbIl HeJIHEHHBIX JBIHAMIUHBIX CICTAM, Ha KiPOYVHBISA VILIBIBBI 1 TPACKTOPDI
SIKIX HAKJIaJI3€HbI 1[BEP/Ibls aOMeXKaBaHHi, 1 3JIyuaHbld 3 pa3liisd/laHbIM 33/ laHHEeM
cXeMbl KipaBaHHS T1a TparHasaBaJbHail MaJIdJil, pIaJiizaBaHbls Ha IPYHIE HEpo-
HaBBIX CeTak 1 MeTa ay HaBydYaHHsd 3 MaJiMallaBaHHeM.

Mbarait nparpl 3’ gyisienia madygoBa HelipaceTKaBbIX PAryJsdTapay, 1MTo ra-
PAHTYIOIb ACIMITATHIYHYIO YCTONJIIBACIL HeJiHelHall ClCTIMbI, paryidaTapay Ha
IpyHIle MeTaiay HaBy4YaHH: 3 MaJiMallaBaHHEM.

ACHOYHBI BBIHIK T18J18/[3€HbI aJIrapbITMaMi KipaBaHHsI Ha IPYHIIE HEPOHABBIX
ceTaK, IITO JA3BAJSAIOND (Ta BHIHIKAX IKCIEPHIMEHTAY ) MABSIIIUbIID TPATYKIbIii-
HaCIlb CXeMbl KipaBaHHs 3 IparfHasaBaJjbHail Ma a0 ¥ 20 pas.

[Ipana ckjiajiaerniia 3 Tpox vactak. ¥y nepiiail 4acTiibl BbI3HAYAIOIIA aCHOY-
HbIsI MAHSTKI 1 BBIHIKI § BOOJIacIll KipaBaHHsI 3 IIparHasaBaJjibHail MaJdJuIio. Y
JIPYTO# 9acTIbl pas3riIsjaloriia MeTajabl adiaiit JIbi3aiiHy 3BapOTHBIX CYyBS3AY 1
iX alpakcimMalibiil y cicTaMax 3 parHa3aBaJibHail MajRJ0. ¥y TPaIsil 4acTiibl 1a-
JlaJI3eHbI BBIHIKI 1a0Y/I0BbI HelipaceTKaBara pary/sirapa Jjis HeJiHefHbIX CICTIM 3
abMerykaBaHHSIMI, BbIHIKI Ta0Y/I0BbI paryJsiTapa 3 jalamMorail Merajiay HaByJaHHs
3 1HaJiMallaBaHHeM JUIs CICTAM 3 HeBbIsyHail JiblHaMiKail, a TakcaMa IpaBej3eHa
napayHaHHe IpallaHaBaHbIX I1aJIbIX01aY 3 KJaCIIHbIMI aJrapblTMaMl, 3aCHaBaHbI-
Ml Ha pa3Bs3Ky 3aJlaHHSAY alTbhiMaJbHara KipaBaHHS aHJIaiiH.

Hagpisna najaj3enait mpalibl CKJajgaela y madyaoBe HeipaceTKaBbIX pAry-
JgTapay cymnojbHa 3 1madyaoBail absacieil nphlIsgrHeHHs 1 abacieil HachluaHbIX
KipaBaHHsY, BbIKAPbICTAHHI BbIHIKAY THOPbIL pobacHara KipaBaHHs JiJisi rapaHTa-
BaHall crabiiizalbli HeJTiHefHA CICTAMBI, Jac/aeaBaHHl YILIBIBY PO3HBIX TOXHIK
COMILIABAHHS KPOITaK JiJisi Ta0y/I0BbI HaBY YaJibHBIX BhIOApaK, 1MTO JlariaMarae cKa-
palinb 4ac HaBy4daHHs 0e3 crpar JlaKJiaHAC.

Abaciisimi §2KbIBaHHS pacipaliaBaHbIX aJrapbiTMay 3 syIsionia Y KbITKO-
BBIS 3aJIaHHI, IIITO Pa3BA3BAIONIA § paMKaX TIOPbIl KipaBaHHs 3 Mparna3aBaibHail
MaJIAJLIIO 1 Y3HIKAOhL Y poOATATIXHINBI, XIMIUHAN IPAMbBICJIOBACI, TPaHCIAPTA-
BBIX CiCTOMax, cicTaMax KipaBaHHs OECILJIOTHBIMI amaparami i iHII.
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GENERAL CHARACTERISTICS OF THE WORK

Master thesis, 60 p., 28 figures, 7 tables, 25 sources

OPTIMAL CONTROL, MODEL PREDICTIVE CONTROL, NEURAL
NETWORK REGULATOR, REINFORCEMENT LEARNING

The object of the master’s thesis research is the stabilization problems of
nonlinear dynamic systems, which are subject to rigid constraints on the control
actions and trajectories, and associated with the task under consideration of the
control scheme according to the predictive model, implemented on the basis of
neural networks and reinforcement learning methods.

The aim of the work is to build neural network regulators that guarantee
the asymptotic stability of a non-linear system, regulators based on reinforced
learning methods.

The main result is presented by control algorithms based on neural networks,
which allow (according to the results of experiments) to increase the performance
of the control circuit with the predictive model by 20 times.

The work consists of three chapters. The first chapter defines the basic
concepts and results in the field of model predictive control. The second chapter
discusses methods for offline design of feedbacks and their approximations in
systems with a predictive model. The third chapter presents the results of building
a neural network controller for nonlinear systems with constraints, the results
of building a controller using training methods with reinforcement for systems
with implicit dynamics, and also compared the proposed approaches with classical
algorithms based on solving optimal control problems online.

The novelty of the presented work consists in building neural network
regulators together with building attraction areas and saturated control areas,
using the results of the robust control theory to guarantee stabilization of a
nonlinear system, studying the influence of various points sampling techniques to
build training samples, which helps reduce training time without loss of accuracy.

The areas of application of the developed algorithms are applied problems
solved within the framework of the control theory with a predictive model and
occurring in robotics, the chemical industry, transport systems, autonomous
vehicle control systems, etc.



I[IEPEYEHBb YCJIOBHBIX OBO3HAYEHIUN U
COKPAIIIEHUN

OY — onrumaJjbHOE yIIpaBJIeHHE
MPC — Model Predictive Control, ynpasienne ¢ mIporHo3upyomnieit MoIeabio
SVM — Support Vector Machines, MeTo/1 0OIIOpHBIX BEKTOPOB
MSE — Mean square error, cpejiHss KBaJipaTHdHas OIINOKA
RL — Reinforcement learning, meros obydenusi ¢ nmojKpernjeHueM
MDP — Markov Decision Process, nporecc npunsatus pemiennit Mapkosa
LBMPC — Learning based model predictive control, ynpasienue ¢ nporao-
BUPYIOLIEH MOJIEJIBIO, Oy YEeHHOE IIPU IPUMEHEHUH MAIIUHHOIO 00y YeHuUsi
>, — MHOXKeCTBO IeJIbIX duces 00Jibline Jud0o paBHBIX a € R

Toy_y = {0,1,.N -1}

||z|| — eBkmmmoBa HopMma BekTOpa T € R"

||| \é = 27Qx — B3Bemennas HopMma BekTopa & € R”, Q > 0

||z||4 = inf ||z — a|| — paccrosinue or ToukK X JI0 MHOXKecTBa A

K — knacc yuknuii, rae byuakmus « : [0,0) — [0,00) - HempepbiBHAS,
crporo Bozpacratormast, a(0) = 0 u limg_,, — 00

I — ejHUYHAs MaTPULA,

Amax(A), Amin(A) — MakcuMaIbHOE U MEUHUMAJTHHOE COOCTBEHHOE 3HAUCHUE
MaTPUIHT A

1, — BEKTOp M3 €JMHUI] PA3MEPHOCTH P



BBEJIEHUE

Meros ynpasienusi ¢ nporsosupyioieii mojenbio (MPC) [1,2] — oana us
MONYJIAPHBIX COBPEMEHHBIX TEXHOJIOTHI TEOPUU YIIPaBJIEeHUs, OCHOBAHHAS Ha Pe-
IIIEHUU B peajibHOM BPEMEHHU 33124 ONTUMAJIbHOIO YITPaBJICHUS ¢ KOHEUHBIM IOPU-
30HTOM, alllIPOKCUMUPYIOIIUX PEIICHUE 3a/lauu ylIpaBjeHus ¢ OECKOHEUHbIM Bpe-
MEHHBIM [TPOMEXKYTKOM (HAIPUMED, 33/[a9i CTaDUTU3AIINHT ).

OcnoBabiMu nipuanaamn nonysasipuoctu MPC nipu perenun npukiaiHbIx
3aa49 (0030p MPAKTHIECKUX MPUMEHEHMIT MOXKHO HaiiTu B pabore [3]) saBisior-
¢ IPUMEHUMOCTD CXeMbI YIIpaBJeHus K HeJMHEHHBbIM CUCTeMaM U BO3MOXKHOCTD
ydeTra OrpaHUYeHUi Ha YIIPaBJeHUs U TPACKTOPUH, a TaKKe CIOCOOHOCTH pabo-
TaTh 6€3 SKCIEPTHOTO BMEIATEIbCTBA B T€UEHUE JINTUTETHLHOTO BpeMernn. C npyroii
CTOPOHBI, 3TH YKe (PaKTOPhl MOTYT CTATh MPUIUHON HEPEAJTUIYEMOCTH AJITOPUTMA
MPC, nanpumep, B ciiydae ObICTPBIX HIPOIECCOB, JJIsi KOTOPBIX PEIICHNEe HeJIMHEe-
HOW 33JIa9¥ ONTHMAJILHOIO YIPABJICHUS HE MOXKET ObITH TOJYUEHO PEryasaTOpOM
JIOCTATOYHO OBICTPO, B PeaJbHOM BPEMEHHU, T.€. B TeMIle OOHOBJICHUsI MH(OPMAIIH
O COCTOSHUSAX YIPABJISIEMOW CUCTEMBI.

OJiMH U3 TOJXO/IOB K PEIIeHnio YKa3aHHON mpobieMbl Mojipa3yMeBaeT mnepe-
HOC HEKOTOPbIX BbruucjeHuit oddiiaitn. B vacrnocTu, B Hacrosiieir padore Jiis
peanuzanun pynknun MPC-perynsaropa npejiaraercss TpUMEHUTb UCKYCCTBEH-
HbIe HEHPOHHBIE CETH W METOJibl 0OyueHus ¢ nojkperieHuem. Heiliponubie cetn
Oy/IyT UCIHOJIL30BATHCS JIJIs AlllIPOKCUMAIIMU 3aKOHA, YIIpaBJeHus, a o0ydeHue c
MOJIKPEIJICHueM — JIJI 3a/1a9 ¢ HesTBHBIM BUJIOM JINHAMUKHU CHCTEMBI.

B wnacrostieii Marucrepckoil jimccepraiuu OyJlyT MCCJIEIOBaHbI BOIPOCHI
YCTORUMBOCTH U POOACTHOCTH HEJIMHEHHBIX JIMHAMUICCKUX CHCTEM, 3aMKHYTbHIX
obpaTHOoil cBs3bio, nmocTpoennoit MPC-perynisgTropoMm, u MpoBe/IeHO CpaBHEHHUE C
ontuMasibHbIM MPC-perysisiTopom J1/1s1 HEKOTOPBIX MPUKJIAIHBIX 3a/a49. B qact-
HOCTH, B TviaBe 1 m3yioxKeHbl ocHOBHBbIEe npuHnunbsl MPC, paccmorpena 3amgada
crabuynsanuu, onvcaln 6azobiit ajaroputm MPC. Tam e ucciejjoBanbl BOIpo-
Cbl CUMIITOTUYECKON yCTONYINBOCTU 3aMKHYTOU CUCTEMbI BMECTE C aJI'OPUTMaMU
MOCTPOEHUS TEPMUHAJIHLHOIO MHOXKECTBA U TePMUHAJBLHON (DYHKITUN 1151 obectie-
YEHUsi YCTOWUMBOCTU ITON CUCTEeMbl. B OCHOBHOI 4YacTu padOThI (FﬂaBbI 2 n 3)
paspadaTbIBAIOTCH METOJIbl 1HOCTPOEHUSI HEHPOCETEBbIX PErYJIsiTOPOB U ObJiacTei
MPUTSKEHUS JIJIA Pa3IUIHBIX HEJUHEHHBIX CHCTEM, IPOBOJUTCA CpaBHEHUE IMPO-
U3BOJUTE/ILHOCTU ¥ TOYHOCTH I[PU MCIOJb30BAHUN PA3JIMIHBIX TEXHUK CIMILIU-
POBaHMUs TOYEK JIJII allPOKCUMAIIE OOPATHOW CBS3U.



I'VJIABA 1
OCHOBHBDBIE ITIOHATUA 1 OB30P JINTEPATYPBHI

Yupasieaune 1o mpornosupyiomieit mogesn — Model Predictive Control
(MPC) [1,2] — coBpeMeHHBIH 1101X0/i K YUPABJICHUIO JUHEHHBIMU U HEJUHEH-
HBLIME JIMHAMIYECKAMI CHCTEMaMH, OCHOBAHHDI HA DEIIEHUH B PEAJbHOM Bpe-
MEHH TT0CJIEJIOBATEJILHOCTH 3aJiad onTrMaibHoro yupasienust (OY) ¢ KOHEUHbIM
BPEMEHHBIM TOPU30HTOM. YTOMSAHYTHIe 3a1adi OY Ha3bIBAIOTCS TTPOTHOZUPYIO-
nEME, GOPMYJIUPYIOTCS B 3aBHCHMOCTH OT TieJiefl yrnpaBJeHusi, YINThIBAIOT Te-
KyIMe U3MEPEHUsI COCTOSTHUH 00'beKTa YIIPABJICHUsS M OIPAHUYECHHs HA TPACKTO-
DUV U YIPABJIAIONINE BO3IEHCTBUS, & TAKKE AlPOKCHMHUPYIOT HCXOAHYIO 33145y
yIpaBJIeHnst Ha GECKOHETHOM TOJIyHHTEPBAJe BPEMEHHN.

B Hacrosiieit riaBe u3sararorcest OCHOBHbIE IPUHIMIIBL 1 0a30BbIi ajropuTm
MPC ma npumMepe 3a/1a49u CTabUIIN3AINE YIPABIAEMBIX JBUKEHHN THHAMAIECKO
CHCTEMBI.

1.1 OcnoBable npuaituinbl MPC

MPC 6aszupyercst Ha CJIeIyOMNIX OCHOBHBIX MPUHIATAX |2]:

® JUIsl IPEJICKA3AHNS U OTNITUMU3AIMK OyJLyIIero MOBeIeHUsT CUCTEMbI UCTIO b
3yercs MareMaTHuecKas MOJeJb yIPABJISIeMOro IPOLEcca B HPOCTPAHCTBE
cocTosiHuii (B OTJIMYIME OT ONUCAHUS B BHJIE TlepeaTOIHON BYHKIME U JIpY-
IUX METOJIOB YaCTOTHOW 00JIACTH );

e JUIsl BLIOPAHHOM MaTeMaTHu4ecKoil Mojean (hOpMYIUPYETCsl IPOrHOZUPYIO-
mas 3agada OY (predictive optimal control problem), koropas Oymer pe-
IaThCs B KaXK/IbIii MOMEHT BPEMEHU; B 9TOU 3a/a4e:

— KOHEYHDII IIPOMEKYTOK yIIPABJICHUSI;

— HavaJbHOE COCTOSTHNE MATEMaTHIECKON MOJIE/IN COBIAJAeT C U3MEPEH-
HbIM TEKYIIUM COCTOsiHUEM (DUBUYECKOIO 00'beKTa YIIPaBJ/eHUs;

— KpUTepHii Ka4eCTBa OTPAXKAET MeJIN YIPABJICHUS: €CJIH TIeJTbIO sIBJISeT-
cst crabuiinzalus 00beKkTa yIpaBJIeHNsI, TO KPUTEPUEM KaueCTBa BbI-
CTyTaeT OTKJIOHEHUE TPACKTOPUN 00bEKTa OT TIOJIOKEHUST PABHOBECHST;

— YUYTeHbl OrpAHUYEHUS HAa TPACKTOPUIO U YIIPABJIAIONIUNE BO3/I€CTBUA;
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e onTHUMaJbHOE yIpasieHue nporuosupytorei 3agadun OV (npejckaszannoe
YIPABJISIONIEE BO3/IEHCTBIE) TPUMEHSIETCST K OObEKTY B TEKYIUil MOMEHT
BpEMEHU 1 JIO TeX IMOp TOKa He OyJIeT U3MepeHo CJIeIyIolee COCTOsAHNEe 00b-
€KTa; 3aTeM OITUMU3AIUS TTOBTOPSAETCS.

[TockoTbKY B Kazk10# MOMEHT BpeMeHH B 3ajiade OV yUnTBIBAETCS TEKyIIee
COCTOsIHUE, PE3YJIbTUPYIOIIee yIIpaBIeHre MpeJcTaBisger co0oit 00paTHyIO CBA3D.

[Tonyssipuocrs MPC B Teoperuveckux uccienoBanusix [1,2] u na npakru-
Ke [3] obycioBieHa CJAeMyONMMI CBORCTBAMI, KOTOPBIME HE OOJIAJAI0T JIPyTHEe
METOJIbI TEOPUU YIIPABJICHUS:

e KpuTEpuil KagecTBa B NMPOrHo3upyforiei 3agade OV 103BoJIsIeT yIuThIBATH
9KOHOMHUYECKHE TPeOOBaHUsI K TPOIECCY YIpaB/ieHus (HAIDUMED, MUHUMU-
3aI[MI0 SHEPTEeTUIECKUX 3aTPAT);

® YUUTHLIBAIOTCH YKECTKUE OrpaHuveHusi Ha (Pa30Bble U YIIPABJISIONIUE TIepe-
MEHHBIE;

® METO/ ITPpUMEHUM K HEJIMHEMHBIM ¥ MHOI'OCBSA3HBIM CHUCTEMAaM.

OTmernM, 4TO MOCKOJIBbKY pertenue 3ajadn OY HoBTOpsAeTCA JJIA KayKI0To
TEKYIero MOMEHT BPEMEHH, IPOMEKYTOK, JJIsi KOTOPOT'O IIPOrHO3UPYETCsl TOBE/e-
HIE CHCTEMBI, OCTOSHHO cMmernaeTcs ("'ckomp3ut"), B cuity 1ero MPC rakxke umo-
IJIa, Ha3bIBAETCS YIPaBJICHUEM CO CKOJIb3snM ropuszoHTom — Receding Horizon

Control (RHC).

1.2 MPC pag pemeHnd 3aJa49 CTaOMIN3aIN

OcCHOBHBIMHU ¥ HCTOpHYECKH IepBbiMu npuyiokenussmu MPC spisrorces 3a-
Jlaqn crabuan3anny u peryaupoannsi. OcraHOBUMCS MOAPOOHO Ha, pe3ysabTaTax,
nosiydeHdbix B Teopun MPC juist 3ajiaun crabunuzanuu. B aTom pasjene Tak-
»Ke BBOJISITCsI OCHOBHBIE 0003HAUEHMU S, [IOHATHSI, OlIpe/ieJIeHNsT, 0a30Bblil aJIrOPUTM
MPC, csoitcra MPC-peryssitopa.

Kak ObL10 oTMeueno Bbilie, ocHoBHas ujgess MPC cocrtout B TOM, YTOOBI
UCIIOJIb30BATh MaTeMaTHIeCKYI0 MO/IE/Ib IIPOIECCa B IPOCTPAHCTBE COCTOAHMIM JIJIsd
peJICKA3aHMs U OITUMU3AIIMY IOBEJICHUST JIMHAMUIECKOl cucreMbl B Oy ryiiem [2].
HaJjiee cunTaeM, 4TO UCIOJb3yeMast JIjIsI IPeJICKa3aHnii MOJIe/Ib TOUHO OIKMCHIBAET
MPOIIECC yIPaABJIEHWS: Ha O0BHEKT He JEHCTBYeT BO3MYINEHWST W HET HEYUTeHHBIX
pasIMIuii MexK 1y MOJIeNbIo U pusrmdeckum o0bekToM. Takue cxembr MPC HOCsIT
nazBanne HoMuHATBHBIX (nominal MPC scheme).
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Cucrema, KOTOpasi MCCAEIYeTCsT B JTAaHHOM pasjiesie, siBJISeTCsl HeJIMHEeHHO,
JIUCKPETHOM, CTAIlMOHAPHOI:

z(t+1)= f(z(t),u(t)), z(0) = z. (1.1)

Buech z(t) € X C R" — cocrosinue cucrembl B MOMeHT Bpemenn t, u(t) € U C R”

— ympasJsioniee BozjelicTBre B MOMeHT t, t € >y — Bpems, auckpernoe. OTHO-

curenbio pyakmur f @ R” X R” — R" npepgmnonaraercsi, 970 oHa, HEPEpPbIBHA.
Hawanbroe cocrostane cucrembr (1.1) 3amano:

33(0) =10 € X.

Ha cocrosinust u yupapisiionipe Bo3AeficTBUs U HAKJIA/bIBAIOTCsS OrpaHKde-
HUs BUJA

(2(t),u(t)) € ZC X x U, t € L, (1.2)

KOTOPBIE HA3BIBAIOTCS CMEIIAHHBIMY OrPpaHUYeHAIMA. [IoHATHO, uTO Takas popma
3a/IaHUs OMPAHUICHHI BKJIIOYAIOT B ¢e0s1 OJHOBPEMEHHO 1 (Pa30BLIE OIPAHUICHHS]
Ha COCTOSIHUSI CUCTEMbI, U IIPSAMbIC OIPAHUYCHU Ha YIIPABJSIONINE BO3/ICCTBUSL.
OTHOCATEILHO MHOXKECTBA, Z TIPENOIATACTCs, 9TO OHO KOMIIAKTHO.

Henpb (crabumusupytorero) MPC — nocrpoutsh obparhyto cBsizb u(z), npu
KOTOPO# 3aMKHYyTasl CUCTEMa

2t +1) = g(x(t)) = f(x(t), u(z(1))), (0) = o, (1.3)

OyJieT ycToiurBa B HEKOTOPOM 3aJ[AHHOM T1OJIOKEHUH PABHOBECHs (3a/[aHHOM MHO-
JKECTBE), TIPH 9TOM TMEPEeXOJHbII TPOIece He HapylmaeT orpanudenus (1.2) mpu
Beex t € I>.

Onpenenenne 1.1 Touka x* sBJIsSIETCS TIOJIOYXKEHUEM PaBHOBECHs JIJIsST CH-
crembt (1.3), econ Beinosnsiercst x* = g(x*).

Onpenesnenne 1.2 Muoxecrso X C R" HasbiBaercsi 1M0J0KUTEJILHO WH-
BADUAHTHBIM MHOXKECTBOM Jijisi cucreMbl (1.3), ecim Beimosmsercs g(x) € X

Ve e X.

Onpenenenne 1.3 Ilycrs X € R" — nojiokuteabHO MHBAPUAHTHOE MHO-
KeeTBo Jyist cucreMbl (1.3). BaMKHYTOE, MOJIOKUTEIBHO HWHBAPUAHTHOE MHOXKE-
crBo A C X yceroiiuuso gyt (1.3), ecoim Ve > 0, 30 > 0, aro misg Beex
l|zol|a < 6,20 € X, Boinonnsiercs ||z(t)||a < €, Vt € Is,.
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Omnpenenenue 1.4 MuoxectBo A C X, yaoBiaeTBopsiioniee yCIOBUSIM
onpejieneHus 1.3, aCUMITOTUYIECKH YCTOWIMBO ¢ ODJACTHIO TPUTIXKEHUA X, €C-
qu ono ycroitunso u lim ||z (t)|[4 = 0 Vzg € X.

t—+o00

Omnpenenenue 1.5 MHuoxectBo — T/I006aJTHHO ACUMITOTHYECKN YCTOWYHN-
BO, €CJI OHO aCUMITOTHYeCKH ycToitunBo ¢ X = R".

[Ipu A = {2} nonyunm KjIaccuaecKue MOHATUS YCTONIUBOCTH, ACUMIITOTH-
YECKON yCTOMYMBOCTU U IJI0DAJILHOM aCUMIITOTUYECKONW YCTONIMBOCTH pEIeHUs
z(t) = z* mo JlsmyHosy.

Hanee OyneT paccMaTpuBaThC CAydail CTAaOUIM3AIUI CUCTEMbBl YIIPaBJIeHUs
(1.1) juist 3a1aHHOIO TIOJIOXKEHUsT paBHOBecHst, T.e. caydaii A = {z*} € X.

1.3 Bbazossrit aaropurm MPC

Kaxk 0b110 orMedeno B pazjene 1.1, ujes aaropurma MPC cocrout B TOM,
9TOOBI B KaxKIbIii MOMeHT ¢ € [>¢ onTuMusupoBarh Oy/ryiiee MoBejieHue CUCTEMbI
(1.1) na koHeunom ropuszonte N > 2 ¥ UCIOJIB30BATH 11EPBOE 3HAYCHUE [10J1y YCH-
HOT'O ONITUMAJILHOTO (ITPOTPAMMHOTO) YIIPABJICHHSI B KAUECTBE 3HAUCHHsT 0OPATHOM
cBst3u it MomenTa ¢t (em. puc. 1.1). Iox "onrumusanueii Oy ryiero nosejerns"
MOHMMAETCsI peleHne Iporuo3upyiomnieit 3amaaum OY.

- MPOLLNOE BYAYLIEE
N ‘

v

3TanoHHan TpaekTopua

tt

Mpe/cKasaHHas TpaeKTOpHs
U3mepeHHan TpaekTopua
MpeAckasaHHoe ynpaenietne

—_— MpumeHeHHoe ynpasnexne

FOPU3OHT N/TIAHUPOBAHNA
—t—t—t—1—1—+—>
k+1  k+2 . k+p

Puc. 1.1: Cxema MPC

=~

[TonsiTHO, 4TO Jlajee HEOOXOAMMO Pa3/IniaTh COCTOAHUS OOBEKTa YIIPABJICHUSE
x(t), t € I>y, KOTOpbIE U3MEPSIOTCS B KAYKJIOM KOHKPETHOM ITPOTIECCe yTPABJICHHUS,
1 COCTOSHUST MATEMaTUIECKOM MOJICJIN, KOTOPas UCIOJIB3YeTCsl ISl peiCKa3anuii
1 GopMyanposknu rnporuosupyiomeit 3agaan OY. IlosToMy cocTosHus MaTeMaTH-
qeckoil Moziesn Oyziem Oyzem obosnadars x(k[t), k € T y_1. Onn usmensioTcs
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COTVIACHO YPaBHEHUIO
vk + 10t) = f(x(klt), u(klt), z(Ot) = 2(t), k € Ton_y. (1.4)

3J1ech apryMeHT t 1ocjie 4epThl MOJUePKUBALT 3aBUCHMOCTL OT TEKYIIEro MOMEH-
Ta, JJisi KOTOPOIro HPOBOJUTCS OnTuMusalius. HauajabHoe cocrosinue — TeKyliee
cocTosinue 00beKTa yrnpasyienust (t).

Orpanudenust (1.2), 3anucanublie Jisi COCTOSTHUIT MaTeMaTHIeCKOH MOJeJIH
(1.4), umeror BUI:

(@(k[t), u(klt) € Z, k € Tjpn—q.

Kpowme npuBejieHHBIX CMEIIaHHbIX OTPAHUYEHU, B 3a/1a1y, KaK [IPaBUIIO, JIO-
OABJISIIOTCST OrPAHUYUEHUs] B TEPMHUHAJLHBIA MOMEHT BpeMmeHHu. ' TepMUHAJbLHBIE
97eMeHThI" TPOTHO3MPYIOMEil 3aaun bojee MoaPOOHO OyIyT PACCMOTPEHBI HU-
’)Ke 110cjie ee (POPMYJIMPOBKHU.

OcraBmniicss 3jeMeHT nporHosupyoiieit 3ajgaun OY — Kpurepuit Kaue-
crBa. B Bamavax crabwimsalnuu KpUTepuii KadecTBa BHIOWPAETCS MCCIIEI0BATE-
JIeM, IPaKTHKOM, U SIBJIsIeTCsI, CKopee, mapamerpoM HacTpoiiku cxembl MPC. Ha-
npuMep, B 3ajade crabmimsanuu (cM. |2|) kpurepuit KadecTBa BHIOMPACTCS U3
coobpaxkenuit mrpada J100ro cocrosinusg r € X, OTKJIOHSIOMIErocs OT COCTOsi-
Husi paBHOBecus x*. Takke dacTo mTpadyoTcsa OTKJIOHEHUs yipapieHus u € U
or 3nadenus u*. Kak ormeuaercsi B 2], nociejmee ycjioBue 10JE3HO € BbIUUC-
JINTEJIHON TOUYKKM 3PEHUST, MOCKOJIbKY JIJIsi YUCJCHHBIX METOJIOB 3a9aCTyIO MPOIIe
PeIIuTh 3aJia4y, B KOTOPOW B KPUTEPHUHU KAUeCTBa IITPadYIOTCS yIpaBJIdOIine
BozieiicrBust. C Apyroii croporbl 2], ¢ TOYKM 3peHusi peasu3aluu yIpaBJIeHus:
TaKXKe YXKeJaTelbHO n30eX)aTh 3HaueHnit u € U, cOOTBETCTBYIONUX YPE3MEPHBIM
SHEPIeTUUECKUM 3aTpaTaM.

Kpurepnit  kagecrBa Oyjer C€OCTOSATH W3 TEPMUHAJBHON  CTOMMOCTH
Vi(x(N|t)) n cymmapHOil CTORMOCTH NIEPEXOIHOTO TIPOIECCa, T.€. 3TO OyeT KpHuTe-
puit Kagectna Tuna bosbia. TepMunaabHas cTOMMOCTH OyIeT paccMOTPEHa HUXKE,
1pu 00CYXKJICHUU TePMUHAJBHBIX dj1eMeHTOB 3a4a1u OY. CTonMOCTh Mepexo/iHO-
o IPOIecca JIJId AUCKPETHLIX CUCTEM 3a/1aeTCd CYMMOU CTOMMOCTEN 3a KarK/IbIil
sran (Juis kaxjoro k € I y_q)):

=

-1

[(x(k[t), u(klt)).

i
o

B sureparype dyuknus [ : R” x R” — R HasbiBaercst cToMMOCTBIO dTana (stage
cost). [Ipeamonaraercsa |2, 4To oHa HempepbIBHA, & TaKKe:

1. I(z*,u*) = 0, T.e. cronMOCTH OOpAITACTCS B HYJIb B TOUYKE DABHOBECHUS;
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2. cymecrByeT OYHKIUS (v KJIACCa Ko, ITO BBITOJIHACTCS

l(z,u) > ay(|x —2¥|) Y(x,u) € Z.
Takum obpasom, nporrozupyrormast 3aa4qa OY 7151 MOMEeHTa, BpeMeHn t nme-
eT BUJT;
N-1
P(t) : V(z(t)) = min L(z(k|t), u(k|t)) + Vi(x(N]t)), (1.5)

u(t) =

IIPU YCJOBUSAX
z(k 4+ 1[t) = f(z(klt), u(k]t)), k€ Lon-1),

z(0ft) = =(1),
(z(klt), u(klt)) € Z, k€ Lo n-),
z(Nt) € X;.
B sajiaue (1.5) obeyxjasiimecs: Boiiie "TepMuHAIBHBIE 3JeMeHThI":

e TepMuHAJIbHAS CTOUMOCTD Vi(x(N|t)) B KpuTepun Kadecrsa;

e vepmunasbnoe orpanundenue r(N|t) € Xy, rge Xy — TepMUHAILHOE MHO-
KECTBO.

menno ycjioBusi Ha 9TU 3JIeMEHTbl 00eCIeUnBaIOT YCTONIUBOCTH 3aMKHY TOM
CHCTEMBI HECMOTDsI HA TO, UTO PEIIAETCS 3aJ7a9a ¢ KOHEUHBIM TOPH30HTOM (CM.

pasjen 1.4).
Janee ncnonbzyem Caeayomune 0603HATCHHS:
ul(-[t) = {u®(0t),...,u’(N — 1|t)} — onrumanbHoe (IporpaMmiuoe) ylpasjeHue
sajauu P(t);
2V(-[t) = {z°(0t), ..., 2°(N|t)} — coorBercTByIOMmAs TPACKTOPHUS;

XN — MHOXKeCTBO Bcex cocrosinnit © € X, Jyist KOTOPIX CyIIECTBYeT pelieHne
sajiaun (1.5) ¢ x(t) = x.

BazoBrrii aaroputm MPC cocrour B ciiejiyorem:
Hutst xaxxgioro t € Isg

1. m3meputh cocrosane z(t) € X cucremnr (1.1);

2. pemnth 3aja4y (1.5) ¢ nHavanbubim yeaosuem x(0[t) = x(t), nosyuurs ee
pemtenue u’(-|t);
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3. nogarh Ha Bxoj cucrembl (1.1) ynpasisioriee BosjeicTre
uMpc<t) = UO(O‘t). (1.6)

Takum obpazom, B KaxK/plit MOMeHT ¢ € [ Ha cucremy TomaeTcst yrpaBJis-
forriee BozielicTue (1.6), KOTOpoe HesIBHO 3aBUCHUT OT TEKYITEro COCTOSHUsS x(t).
COOTBETCTBEHHO, 3aMKHYTas CUCTEMa UMEET BT

2(t+1) = fla(t), u®(0]F)), t € L. (1.7)

[Tocne 20 ner uccnenopannit Teopuss MPC npuobpesa ¢cBou HbIHEITHUE Yep-
Th1. Corstacho [5], Bee cxembl HoMuHaILHOTO MPC 01uchIBAIOTCSI T1PEJICTABIEHHbIM
0a30BBIM aJrOPUTMOM, a Bce mporuosupytomue 3agaan OY B obdmem Buje ¢op-
Mysupytorest Kak (1.5).

1.4 TepMuHaJibHbIE 3J€MEHTbl U YCTOWYMBOCTH 3a-

MKHYTOM CUCTEMBbI

Cxembl MPC zaBucar ot Bbibopa TepMuHaibibIx 1ementos Vi u Xy, Hanpu-
Mep, camble nepBbie pesyiibrarbl uccaepoanuit 1o MPC [2] 6buin nosyuens jiist
COCTOSTHUSI PABHOBECHSI, COBIAJAIONIEro ¢ HadajoMm koopguuat (x*, u*) = (0,0)
(r.e. f(0,0) = 0) u npeayaranu ucnonbsosarb Xy = {0}, Te. TepmuHAIBHOE
yesiosue npuanmadio suj x(N|t) = 0. [ousitHo, 4T0 BKJIIOYEHHE TEPMUHAJIBHOL
CTOUMOCTHU B KPUTEPUil KA4eCTBa B TAKOM IIOJIXOJI€ HE UMeeT CMbICIa. IIpornosn-
pyomast 3agata OY P(t) npunnmaer Bu/

N-1
Pt): V() = min (@ (klt), u(k]t)),
k=0

1IPU YCJIOBUAX

w(k +1t) = f(x(k]t), u(k]t)), k€ Ton-1),

z(0ft) = 2(t),
(@(k[t), u(klt) € Z, k €Ty,
z(N|t) = 0.

Cpazy oTMeTnM, ITO OrPaHUICHUS-PABEHCTBA CANTAIOTC IoXuMu' ¢ ToU-
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KU 3DEHNsT BBIYUCINTEILHBIX METOJIOB ONTUMUBAINHN, IO9TOMY JlajbHelinee pas-
BUTHE TEOPHUH IIPOJIOJIXKAIOCH B HAIIPABJICHUH OCJIA0IEHUST ATUX IPOCTEHINNX YCII0-
BUIA.

B uacraocru, B pabore [5| npusejennsl ciaeipyiomue obiiue TpeboBaHusi, KO-
TOPBIM JIOJIZKHBI YIOBJIETBOPATh TEPMUHAJBHOE MHOXKECTBO X f 1 TepMHUHAJIbHAS
cronMocTh Vy. OTn ycaoBus JOMOIHAIOT ycaoBus 1-2 Ha DYHKIMIO CTOMMOCTH
sraia | 1 UMeroT BUJI;

3. TepMHHaJbHasg CTOMMOCTb Vy HenpepblBHa Ha X;
4. TepMuHATBHOE MHOXKeCTBO X 5 3aMkHyTO, {2*} € X/

5. cyuecTByeT JoKaJbHas obparnas ceasb ky @ Xy — U, Tmakas urto Jis
Vx € Xy umeer mecro

a) (x,ks(z)) € Z, me. okagbHAs 0OPATHAS CBSI3b JOMYCTHMA;

6) f(x,ks(z)) € Xy, re. repMunanbrOoe MHOXKECTBO X f sIBJISICTCS 110J10-
JKUTEJIbHO MHBAPHAHTHBIM Jist cucteMbl x(t + 1) = f(x(t), ke(x(t)));

B) Vi(f(x, ki(z)))—Vi(x) < =l(x, ki(z))+I(2*, u*), orkyna ciemyer, 1o
TepMUHATIbHAS CTOMMOCTE Vj Moxker caykuth dynkimeit Jlsmynosa
Ha, TEPMUHAIBHOM MHOXKeCTBE X /.

B paborax [1,2] mis AUCKPETHBIX CHCTEM MOXKHO HAUTH CJIEIYIOIINH OCHOB-
HOW PEe3yJIbTaT:

Teopema 1.1 llycts g € Xy ¥ BBIIOJHEHBI Bee MpenojoKenusd 1 — 5
orHocurTesibHo dynknuit [, Vy u repmunaibioro muoxecrsa Xy, Torja

1. zamkHyTas cucrema (1.7), mojydentas B pe3ysibraTe IpuMeHeHusi 0a30BOrO
asropurma MPC| yiosiersopsier orpanndenusim (1.2) st Beex ¢ € Is;

2. 3ajada (1.5) nmeer perenue Jyist Beex t € I>q;

3. =¥ — acMMITOTHYECKH yCTORYMBOE HOJIOXKeHUe paBHoBecus cucrembl (1.7)
¢ 00JIacTbIO IpUTsKeHus: X y.

Bri6op TrepMuHaIbHBIX 37eMeHTOB Vi 1 X ¢ 3a4aCTyI0 3aBUCUT OT KOHKPETHON
3aJ1a41, OJHAKO CYIIECTBYeT OOIMUil MOJX0J K WX HAXOXKJIEHWIO U ITOT CIIOCOD
HasbiBaercss MPC na KBa3u-0€CKOHEUHOM T'OPU3OHTE.

MPC na kBa3u-6€6CKOHEUHOM IOPU30HTE MMEET JIBE OTJIUUNTEIbHbIE U€PThI:
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1. jlokasbHast 0OpaTHas CBsI3b SIBJISIETCS JIMHEHHON, CTPONTCST IO IEPBOMY TTPH-
OJIMKEHUIO HeJIMHEHHOM CUCTEeMbI; OHA, SBJIsIeTCsT (DUKTUBHOM, T.e. JJIs1 (paK-
THYECKOI'O YIIPpABJICHHUSI CUCTEMOI He MCIIOJIb3YeTCsl, OHAKO CJIYIUT JIJIsI 110-
CTPOEHUsT TEPMUHAJBHBIX JIEMEHTOB U MPHU JI0KA3ATEHCTBE OCHOBHBIX Pe-
3yJIBTATOB 10 ACUMIITOTUYECKON YCTOUINBOCTH;

2. TepMuHaJbHOE OrpaHuYeHre W TePMHUHAJIbHAS CTOUMOCTD SABJISIOTCS KBa/l-
PATUIHBIMHE, UX ITapaMeTpPhbl HAXOIATCA 10 PEIIeHN0 ypaBHeHud JIamyHosa.

Buepsbie ujiest kaszu-6eckoneunoro MPC nosiBusiack B pabore [4] st Henpe-
PLIBHBIX HEJIMHEHHBIX CUCTEM

T = f(z,u), z(ty) = xo, (1.8)

¢ JiBaxKibl HenpepbiBHO jindpdepennmpyemoit dynkmumeit f: R” x R" — R", s
KOTOPBIX CUUTAETCA, UTO MOJIOKEHNE PABHOBECHST HAXOUTCS B HadaJIe KOOP/IMHAT,
r.e. £(0,0) =0, upu srom {0} € int U.

B kBaszu-6eckoneunom MPC Bce ajieMeHTBI TPOTHO3UPYIONIEH 3a/1a4i BHIOU-
paloTcsa KBaPaTHIHBIMU: (DYHKITHS CTOMMOCTH JTala 3aJ[aeTcs B BU/JE

L(z,u) = |2]§) + Jullk = " Q + u" R (1.9)
TepMHUHAJIbHAST CTOMMOCTh — KBaJIpaTHIHAsS DYHKIUS BUJIA
Vi(e) = lallb = 7 Px; (1.10)
TEPMHUHAJILHOE MHOYKECTBO — SJIIUTICOUJT BUJIA:
X;={r eR"| 2" Pz < a}, (1.11)

e Q € R, R € R™, P € R"™" — HoJIOXXUTEJHHO OIpeJIe/IeHHbIe MaTPUIIBI.
Matpurpl (), R BbIOMparoTCs UCXOJIs U3 TeJiell TPoIiecca yIpaBieHus (CKOpOCTbh
CXOJIMMOCTH, MUHUMU3AIIUS 3aTPAT U J[P.) U SBJISIOTCS apaMeTpaMu HaCTPORKM
MPC-perynsaropa. Marpuiia P u Koncranta « > (0 He 3aBucaT or Buibopa (), R,
a JIMIIb OT CBOMCTB cucTeMbl yrpapieHus. VX BHIOOD OMUCHIBAETCS HUXKE.

Byjiem cuurarh, aro nepsoe npubsukenue cucrembl (1.8) B Havasge Koop/iu-
HAT

&= Ax+ Bu, A=0f(0,0)/0z, B=0f(0,0)/0u, (1.12)

CTAOMIU3UPYEMO. DTO O3HAUAET, YTO CYIIECTBYET JIMHEHAsd oOpaTHas CBA3b 1O
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cocrosinnio kf(x) = Kz, 410 3aMKHyTast CHCTEMA
& = Ax + Bky(z) = (A+ BK)z

ACUMITOTHYECKH YCTOMUnBa, T.e. Mmarpuna Ax = A+ BK gBisiercs TypBUIEBOI.
Nssecrno [4], uro ecsn nepsoe npubsmxenue (1.12) cucrempr (1.8) B Havase
KOOD/IMHAT CTaOUIU3UPYEMO, TO

1. ypaBuenme Jlamynosa
(Ag + kI)"P + P(Ag + kI) = —(Q + K'RK) (1.13)

MMEET eJMHCTBEHHOE IOJIOXKUATEILHO OlIpejieJieHHoe perrenue P, rie mapa-
metp k € [0,00) yaoBierBopsieT HepaBeHCTBY k < —Apax(Ak);

2. Ja € (0,00), onpejesisiioniasi OKPECTHOCTb HAUAJIA, KOOP/[UHAT

X; ={r eR"| ' Pr < a}

TaKyl0 4TO

a) Ke e U Vz € X¥, Te. junefinast obpaTHasl CBs3b B 00J1aCTU X¥ e
HAPYIIaeT OrpaHuYIeHNil Ha yIIPaBJICHHE;

6) muoxkecTBo X § uHBApUAHTHO JYIst HeuHeinol cucrembl (1.8), samKiy-
TOM JIOKAJIbHOI JinHeitHoit 0bpaTHoil cBsa3bio kf(r) = Kx;

B) Juis moboro x1 € X§ TepMunasbasg cronMocTh V(1) orpannansaet
cBepxy "xBoct" KpuTepusi KauecTBa JJisi OECKOHETHOIO POPU30HTA!

/ (lo(tstr, 2, w)lG + u(®)|R)dt < a7 Py

tq

Torga aJropuTM HAXOXKJICHUS TEPMUHAILHON (DYHKIMH M TEPMUHAILHOTO
MHOXKECTBa, CoracHo [4] cocrout B ciejyoniem:

1. mafitu smneiinyio obparnyio casb ky(v) = Ka;

2. BbIOpaTh KOHCTAHTY Kk € [0, 00), YAOBIETBOPSIONIYIO HEPABEHCTBY
k < _)\maX(AK>7

u perntuth ypasaenue Jlsmyrnosa (1.13) mis naxoxgenus P;

3. maiiTu HaumbosbIIee (1, I KOTOporo umeer Mecro Kx € U Vo € X§;
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4. wajiru naunbosbiee o € (0, 1), MTPU KOTOPOM BBITIOJIHEHO HEPABEHCTBO

ISz, Kz) — Ag|]

FAin(P)
(el '

1P

sup J:EXJ?,:U#O <

B urore nonyuum marpuily P u 3HadeHue <, KOTOPbIE OLPEJIeIsiOT TepMU-
HajabHyto dynkinuo (1.10) u TrepMmunaibioe MuoXkecTBO (1.11). DTH 351€MEHTHI
crposTcs ogdaiia, 10 HaUaIa IPOIecca YIIpaBIeHuUs.

Teopema 1.2 [4] Eciu mepsoe npubmnmxenue (1.12) cucremsr (1.8) B Hata-
JIe KOOP/IMHAT CTabUIN3UPYEMO U IIPOrHO3UPYIOIIas 33/1a4a ONTUMAJILHOIO YIIPaB-
senust P(t) umeer pemenue B ¢ = 0, TO B OTCyTCTBUE BO3MYIIEHUET 3aMKHYTast
CUCTEeMa aCUMITOTHYECKH ycToitunBa. Kpowme Toro, ecim X C R" — MHOXKeCTBO
cocrostauii g, st kKotopbix P(0) numeer pererne, 1o X — 00aCTh TPUTSIKEHUST
3aMKHYTOU CUCTEMDI.

1.5 BpiBoabI

Ocnosnasg ujes ajnropurma MPC coctouT B TOM, 9TOOBI B KAXKJbIii MOMEHT
BPEMEHHN ONTUMHU3UPOBATH OY/yIlee MOBEJIeHNEe CUCTEMbl Ha, KOHETHOM TOPU30HTE
¥ UCIHOJIb30BATh [EPBOE 3HAYECHME T110JIyY€HHOIO OITUMAJILHOIO (IIPOIPAMMHOIO)
yIIpaBJIeHus B KauecTBe 3HAUCHUsI 0OPATHON CBS3M JIJI 9TOIO MOMEHTa, BPEMEHH.
B ¢Bsi3u ¢ Tem, 9TO 9TA HjIest KHTYUTUBHO MOHATHA MPAKTUKAM U JIOCTATOTHO MTPO-
CTa B peaJin3aliii, OHa MOJYUUJIa HINPOKOE PACIPOCTPaHEeHNE B IPOMBIILICHHBIX
IPIIOZKEHUSX |3].

Meroy onupaercst Ha pemnierue 3aa4 OY B pexxuMe peajbHOIO BpeMeHH, KO-
TOPOE B MOJABJISIONIEM UUC/IE CJIYIaeB MOMXKET ObITh MOJYYEHO TOJbKO YUCJIECHHO.
HecmoTpst Ha TO, 9TO ¢ NpUBJIEYEHUEM METOJ0B AJIOPUTMHUIECKOTO auddepen-
[MPOBAHMs YMCJICHHBIE METO/IbI pernenus 3aa4 OY JI0CTuri 3HaauTe/ IbHON 3~
dbekruBrocTu |19, 20] u pasBuTHE BHIYUCIUTETHHON TEXHUKU MO3BOJISET OBICTPO
periarh JOCTaTOYHO CJIOYKHBIE 3aJlauu, JiJisd CYIIEeCTBEHHO HEJIMHEHHBIX CUCTEM,
cucTeM OOJIBIIONH PAa3MEPHOCTH, CUCTEM C OBICTPO MEHSIOIIeics JUHAMUKOM, Cy-
IIIECTBYOIIHME METO/bI MOI'YT MOI'YT OKa3aTbCsd HEI(MMEKTUBHLIMU MK CJUIIKOM
MeJIJIEHHbIMU. B CcBs3u ¢ 9TUM HEJI0CTaTKOM, Jlajiee B MaruCTepcKoil jiuccepra-
IUU IIPEeJIJIaraeTcs BHIHECTH HEKOTOPbBIE BBITUCICHUS U3 KJIACCUICCKOrO aJIOPUT-
ma MPC odduaiin, 170 TO3BOIUT MOBHICUTH MPOU3BOINTEIHHOCTH CUCTEM yTIPAB-
JIEHUsI C IIPOTHOBUPYIOIIEH MO/IE/IbIO.
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I'/IABA 2

M CIIOJIB3OBAHUE METO/J0OB O®®JIANTH
TIN3AVTHA B CUCTEMAX VIIPABJIEHUYA C
[MTPOTHO3UPYIOIIIEN MOJIEJIBIO

Meroi MPC onupaercst na pemenne 3aa1 OV B pexxuMe peajabHOIO BpeMe-
HU, OJHAKO HECMOTpPsSI Ha TO, UTO CYHIECTBYIOT METOIbI 5(P(DEKTUBHOIO PElleHns
srux 3asad |19,20] 1 pazBuTHE BHIYUCIUTETHHON TEXHUKH MO3BOJISIET OBICTPO Pe-
IATh JJOCTATOYHO CJOXKHBIE 331891, JJIsl MHOI'MX KJIACCOB HEJIMHEHHDBIX CHCTEM CY-
IIIECTBYIOIIHME METObI MOI'YT MOI'YT OKa3aTbCsl HEA(MPMEKTUBHLIMU WMJIH CJUIIKOM
MeJIJIeHHBIME. [lJIsT TTPeoioJIeHrsT 9TUX HEJJOCTATKOB B MaruCTEPCKOR Juccepra-
UK [PEJJIAraeTCsl BBIHECTH HEKOTOPBIE BHIYUCACHUS U3 KJIACCUICCKOIO aJrOPUT-
ma MPC oddaaitn. B mannoii rmaBe 6y1yT paccMOTpeHbl OCHOBHBIE CYIIECTBYIO-
e moaxoanl st 3agad MPC, a rakyke Teoprsi METOIOB MAITMHHOTO OOy IEeHMSI,
KOTOpas OyJeT UCIOJIL30BAThCS B IKCIEPUMEHTaX B paMKaX MaruCTepPCKON JUC-
cepTaruu.

2.1 OcHoBHbBIE TIOHATNA HEHPOHHBIX ceTeii

Heiiponnast cerh nmpejicraBiisier coboit ceprio ajropuTMOB, KOTOPHIE CTPEMSIT-
Csl pacro3HaTh 0A30BbIe OTHOIIEHHUSI B HAOOpE JTAHHBIX MOCPEJCTBOM IIPOIECCA,
KOTOPBI UMUTHPYyeT pabOTy 9eIOBEIECKOTO MO3Ta.

Heiiponnast cerb ocHOBaHa Ha HADOPE CBSI3aHHBIX €JIMHUIL WU Y3JI0B, HA3bI-
BAaEMbIX MCKYCCTBEHHBIMU HEHPOHAME, KOTOPBIE CBODOIHO MOJECJUPYIOT HEHAPOHBI
B OnoJiornueckom mosre. Kaykjioe coejinaenue, 1mojo0HO cruHalicaM B OMOJIOrve-
CKOM MO3Te, MOXKET MepeaBaTh CUTHAJ OT OJHOIO MCKYCCTBEHHOTO HEHpoHa K
napyromy. MckyccTBeHHBINH HEPOH, KOTOPBIH IMOJIydaeT CUTHAJ, MOXKeT 00padaThl-
BaTh €ro, a 3aTeM CUTHAJU3MPOBATH JOMOJHUTEIbHBIE HCKYCCTBEHHBIE HEHPOHDI,
cBst3aHHble ¢ HUM [16].

Kirrouesoit Mojiesibio 1JIyDOKOTro 00yUeHUsT SIBJISIOTCS HEHPOHHBIE CeTH C Tpsi-
MbIM pacipocTpaHenueM (MHOTocsofHbe nepcenTponbl). Lenbo jannoro Buja
HEePOHHBIX CeTell siBJIAeTCs allIpoKcuMalysa nekoropoit byukmnun f*. Hampumep,
nutst kaaccudukaropa y = f*(x) cerh orobpaxkaer Bxoj x B Kareropuio y. Cerb

oupejiesisier orobpaxkenue y = f(x;0) u uzyvaer 3nadenue napamerpos 0, Koro-
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phle TTPUBOIAT K TTPUOJIMKEHUIO (DYHKIIMK HAUJIYUITUM 00pa30M.

CHpbITBIA Cnoi

BbIXxOgHOM cnoi

——
BxogoHOW cnoi

Puc. 2.1: Heiiponnast ceThb CO CKPBITBIMH CJOSIMH.

Heiiportbie ceTn HA3bIBAIOTCS CETSMU, MTOTOMY YTO OHUW OOBITHO TIPEJICTAB-
JISTIOTCST 00 beMHEHNEeM MHOTHX pa3andabix pyHKnmit. Mojgenb cBs3aHa ¢ opueH-
TUPOBAHHBIM aruk/rdeckum rpadom (Puc. 2.1), omuceiBatonum, Kak (QyHKIHNT
cocrosr Bmecre. Hampumep, Ml Moruti 661 uMers tpu yuxiun fU, f& y f6),
cBA3aHHbIe B nenouke, ¢ obpasosamueM f(x) = fO(fA(f1(2))). Dru nemmwe
CTPYKTYPBI SIBISIOTCS HANOOJI€e TaCTO UCIOMB3YEMBIMU CTPYKTYPAMU HEHPOHHBIX
cereit. B arom ciyuae £ naspisaercs nepsbim cioem ceru, f) naspisaercs Bro-
PBIM cJI0eM # T. J1. JluHa 1enoukn cioeB Ha3bIBaeTCs TIyOUHON CeTH.

@
AN
w;

b
Lw N *

S p =
- / "
- lH_-'."‘_.

. z=b+ ;a,-w,-
O‘i. a“”l' = g{:)

Puc. 2.2: Crpoenue neirpona.

Heiipon 0OBIYHO MOJIy4YaeT MHOIO OJJHOBPDEMEHHBIX BXOJ0B. KarKblil BXOJ
MMeeT CBOM COOCTBEHHBIH OTHOCUTE/bHBI BEC, KOTOPbIN JlaeT BXOJHOE BO3JIEii-
CTBHE, KOTOPOE €My HeoDXOIMMO JiJisi (PYHKIIMU CYMMHUPOBaHUs 3jeMeHTa obpa-
OOTKM. DTH BECa BLIOJHSIOT TOT YKe TUIl (PYHKIUU, UTO U PASJIUIHBIE CHHAIITHIE-
CKHe CHJIBI OMoJIorniecknx Heiiponos. Beca — 310 amanTtuBHble KOA(DMUIUEHTH B
CeTH, KOTOPbIE OIPEJIEIII0T KHTEHCUBHOCTD BXOJIHOI'O CUI'HAJIA, 3aPETUCTPUPOBaH-
HOTI'O MCKYyCCTBeHHbIM Hefipornom. Ha pucynke (2.2) Beca 0603Hau€HbI W;, 3HAUCHUS
HEHPOHOB HPEJIBIIYIIErO CJIOS — a;. b mapaMeTp IpejcTaBisieT coOOi CMellleHne
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JUIsl JTMHEHHOTO 1peobpa30BaHmsl BXOJIHBIX HEWpPOHOB. Takum 00paszsoM, MbI IO-
JydaeM 3HadYeHue (PYHKIMHA CYMMUPOBAHUS B BUJE JIMHEHHOTO NMpPeoOpa3OBaHUS
z=0b+ Zfil a;ws.

Oyukiyst g Ha pucyHke (2.2) - 910 dyHKIps akruBaiuu Hefipona. Lesb
UCTIOJIb30BAHUS (PYHKIIMNA AKTUBAIMKA 3aKJI0YaeTCAd B TOM, YTOOBI IMTO3BOJHTH
CYMMUDPYEMOMY PE3YJbTaTy MEHSIThCSd B 3aBUCUMOCTH OT BpemeHu.DyHKIINeH
110 YMOJIYQHUIO sIBJISIETCsl HeJiHelHas akruBanuonnast pynkius ReLU g(z) =
max (0, x),KoTOpas PEeKOMEHIOBAHHA JJIsi UCTIOJIH30BAHUs ¢ OOJBITHHCTBOM Heii-
POHHBIX ceTeil nmpsimoro pactpocrpanenus. [Tockonbky ReLU nouru suneitna, ona
COXpaHsgeT MHOTHE CBOMCTBA, KOTOPBIE YVIPOIIAIOT ONTUMUBAIIIO JTUHEHHBIX MO-
JleJieil ¢ MOMOTIbI0 METOI0B, OCHOBAHHBIX Ha I'pajiierTe. JpyruMu nomyasipabIMu
BUaMU QYHKIMU AKTUBAIME SBJSIOTCS CUIMOUIIbHAs (JIOPHCTHYECKAsT) (DyHK-

1 et—e "
1+e=%? eTte T

[Torapiistroniee DOJIBLITUHCTBO UCKYCCTBEHHBIX HEHPOHHBIX CETEBBLIX PEIICHU

s o(z) = runepbosuIeckuii Tanrenc tanh(x) =
1POXO/IsiT 0byUeHue ¢ yuurejieMm. B 31om pexxume pakTuiecKuil BbIXo)| HEHPOHHOM
CeTU CPaBHUBAETCH C KeJAaeMbIM BBIXOJIOM. Beca, KOTOpble 0OBIYHO HAUUHAIOTCS
C TIPOM3BOJILHOI'O HavaJ/ia, 3aTeM KOPPEKTUPYIOTCS CEThIO, TaK YTO CJIEJIyIoIast
UTEpAIHs W UK TPUBEIYT K OoJiee OJIN3KOMY COBIAJICHNIO MEXKTY »KeJTaeMbIM
1 pakTHIeCKUM BBIXOJOM. MeToj o0ydeHnus NbITaeTcss MUHUMHU3UPOBATDL TEKY-
e OmMMUOKN BCeX JIEMEHTOB 00PabOTKU. DTO IJI00AJIHLHOE COKPAIEHHe OMMOOK
COBJIAeTCsI CO BPpEMEHEeM, IMOCTOSHHO M3MeHsis BeChl BBOJIA JO TeX TOp, MOKa He
Oy/eT JIOCTUTHYTa TTpUeMJieMasi TOUHOCTh ceTu. Korja nporecc TpeHUPOBKU 3a-
KaQHUYMBAETCS, TO Y2Ke B OHJIAWH HPOIECcax UCIOJIb3YIOTCS 9TU HATPEHUPOBAHHbBIE
napaMeTphbl U Beca.

Anropurm obyUerHust - aJropuM 00paTHOTO PACIIPOCTPAHEHUsT OMTMOKHU, B KO-
TOPOM HCIIOJIB3YETCs CTOXACTUYECKUI IpajineHTHbIN ciiycK. Jjist 3ajja4un perpecun
Jalre Bcero B Kadectse (DyHKIWMHU moTeph uctnosb3yercs MSE (2.1):

L(youta ytrue) — %Z(yout(l) - ytrue(i))Q- (21)

CoracHoO yHHUBEpPCaJIbHOM TeopeMe alllpOKCUMAIMN — HelpOHHAas CeTh C O]l
HUM CKPBITBIM CJIOEM MOXKET allllPOKCHMUPOBATDH JIO0YIO HEIPEPLIBHYIO (DYHKIIAIO
MHOI'MX [IePEMEeHHbIX ¢ Jit000ii Tounocrbio [17]. Heobxoumo onpejesnnrs jocra-
TOYHOE KOJUYIECTBO HEHPOHOB JjIsl JTOCTUKeHUs 3Toil Tounoctu. C jiroboit Hesu-
HEHHOCTBIO CeTh OCTAETCsI YHUBEPCAIBHBIM AITPOKCUMATOPOM U ITPH ITPABUILHOM
BBIOOpPE CTPYKTYPBI MOXKET JOCTATOUHO TOYHO alPOKCHMUPOBATH (DYHKIIMOHUPO-
BaHue JI000I HelpepbIBHON (PYHKITUH.
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2.2 Metoapl 00ydeHNs C NOAKPENJEeHUEM

O6yuenwne ¢ mogkpemienueM (RL) [18] - 510 obmacth MamuHHOTO 06y IeHusd,
CBsA3aHHAsA C TeM, KaK areHTbl, B3aUMOJICATCBYIOIIHNE CO CPEJIOi, JIOJXKHbBI IIPe/I-
HPUHUMATH JIEHCTBUS B 3TOM cpejie, 4TOObl MAKCUMU3UPOBATH HEKOTOPOE MOHSTHE
KyMYJIATUBHON Harpajbl. B jinTepaType Mo UCCIeJOBAHUSAM U KOHTPOJIIO Ollepa-
nuit [18] 0Oy uenue ¢ nojKperieHneM Ha3bIBAETCs TIPUOJIMIKEHHBIM JIMHAMUIECK UM
HPOIPAMMUPOBAHUEM UJIM HEHPOJMHAMUYECKUM [IporpaMMupoBatnuemM. Murepec K
00yYeHHIO C MOJKPEeIJIeHUEeM BO3HUK TaKKe B TEOPUH OINTUMAJIBLHOIO YIIPpaBJICHHUSI,
KOTOpasi B OCHOBHOM CBsi3aHa C CYIIECTBOBAHUEM UM XapaKTEPUCTUKON ONTUMAJIb-
HBIX PeIlIeHnit, aJrOPUTMAMK UX TOUHOI'O BBITUCICHUS UJIN AllIIPOKCUMAIEi, 0CO-
OEHHO B OTCYTCTBUE MATEMaTUIECKON MOJIE/IN CPeJIbl.

B mammuuoM obyueHnun cpejia 00bIdYHO (hOPMYJIMPYETCs KaK IPOIECC IPU-
ustus perernit Mapkosa (MDP), Tak kax MHOrHE aaropuTMbl OOy IeHUsT ¢ O/
KPEIJIEHUEM JIJIst 9TOTO KOHTEKCTa, UCITOIB3YIOT METO/IbI JJMHAMUYECKOTO MTPOrpaM-
MupoBanusi. [18]

bazoBoe RL momenupyercs Kak mporece MpPUHATHS MapKOBCKUX peIIeHuit:

® HAbOpP COCTOsIHMIA Cpejibl U areHTa S
e 1abop jeiicTBuii arenta A

o P(s,s) = Pr(si1 = 5|st = s,a; = a) - BEPOsITHOCTD 1IEPEX0/ia U3 COCTOsI-
HUA § B COCTOsIHUE §' TOJI JIEACTBUEM areHTa a.

o R,(s,s') - HenocpeicrBenHast HArpaJla MoCJIe epexoia oT S K §' ¢ jeficruem
a.

Obyuenune ¢ nojgkpersieHueM Tpedyer MexaHu3MoB ucciaeaopanust. Cirydaii-
HBIIl BEIOOD JIeiicTBHiT O€3 CCHLIKHU Ha, BEPOSITHOE pacIpejie/ieHne BePpOsITHOCTH 10~
Ka3bIBAET HU3KYIO IMPOU3BOINTEIHLHOCTL. [IPoCcThie MEeTOIbI NCCIeIOBAHNST SBJIsI-
10TCs HarboJiee NPpaKTUIHbIMU.

OnuuM U3 Takux MeTojioB siBjsiercs € -greedy [18], Koryma arent BbiOupaer
JeficTBre, KOTOpPOe, MO0 €ro MHEHHIO, UMeeT JIyUIIUil JOJIrOCPOUHbIE 9] dekT ¢
BEPOSAATHOCTDLIO 1 — €. Ecin HuKaxoe JieiicTBre, yI0BIETBOPSIIOIIEe 3TOMY YCIOBUIO,
He HaliJIeHO, areHT BhIOMpAaeT JlelicTBUe PaBHOMEPHO CJydailHbIM 00pa3oM. 3J1eCh
€ < 1 gBisiercst mapamMeTpoM HACTPONRKM, KOTOPbBIA MHOIA U3MEHSIeTCs JIKOO 110
pUKCUPOBAHHOMY PaCIUCAHUIO, JTUOO aJAITUBHO OCHOBLIBAsICh Ha IBPUCTHKE.
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Bribop JieiicTBusi arenTa MOJIe/IMpyeTcs Kak TabJiniia, Ha3biBaeMasi CTpaTe-
rueit m: S x A — [0, 1]:

m(als) = Pla; = als; = s). (2.2)

Tabiuia crpareruu JlaeT BeposiTHOCTD IPUHSITHS JieiicTBuil a B cocrostauu S. Cy-
IMECTBYIOT TAKXKe HEBEPOSTHOCTHBLIE CTPATEIHH.

Oynkiust cronmoctu Vi (s) onpejiensiercst Kak oxKujaemast mpubbLib, HAUN-
Has C COCTOSIHUS S, TO €CTh Sy = S W IIOCJEJ0BATEIbHO CIEAYIOT TOJUTUKE 7.
CurenoBaresibHO, I'py0O roBOP:, (DYHKIIMS 3HAUCHUN OIEHUBAET «HACKOJBKO XOPO-
II0» OHA, JIOJIXKHA HAXOJUTHCsI B OIPEICJTCHHOM COCTOSIHIM.

oo

Va(s) = E[R] = E[> _~'re|so = 3. (2.3)
t=0

rjie caydaiinas BejuunHa R obo3HavYaeT NpUObLIb, U OIPEJIEIIeTCs KaK CyM-
Ma Oy/IyIIKUX JMCKOHTHPOBAHHBIX BO3HAIDAXKICHUIA.

R=Y 4'r, (2.4)
t=0

rjie 1y - BogHarpaxkjienue na srae t,y € [0, 1] — koaddunment jJuckoHTUpOBaHUSL.
C nomornpio (PyHKIUKE CTOUMMOCTH HYKHO HAlTHU CTPATEruio, KOTopas Mak-
cumusupyer 1pubblib. Ha ocnoBanuu teopun MDP, crparerusi nazwiBaercs or-
TUMAaJILHOM, ecJIu OHa JIOCTUTaeT HAWIydIeil oxXugaeMoil NpHOLLIN U3 JH000ro
HAYaJbHOI'O COCTOSIHMUA.
Y1o0b! o11pejIe/InTh ONTUMAJIBHOCTL (POPMaJIbHBLIM 00Pa30M, OlPEJIe/IUM TTPU-
ObLJIbL CTpaTeruu

V™(s) = E[R]s, 7], (2.5)

rae R obosHataer MpuObLIh, CBA3AHHYIO CO CIEAYIOMEH T U3 MCXOIHOTO COCTOSI-
nus s. Onpenesum V*(s) KakK MakCHMaJIbHO BO3MOKHOe 3Hadenne V7 (s), rae m
pa3perieHo U3MeHsITh,

V*(s) = max V" (s), (2.6)

Y
Crparerusi, KOTOpas JIOCTUTAET STUX ONTHMAJLHBIX 3HAUCHUI B KAXKJIOM COCTOsI-
HUU, HA3LIBACTCS OITUMAJILHOI.
XOoTs 3HAUEHMS COCTOSHMI OCTATOYHO JIJIS ONPEACTCHUS ONTUMAJILHOCTH,
IIOJIE3HO ONpeNesuTh (PYHKIMIO NPUOLLIN OT JEHCTBHs areHTB. Y YUThIBAas COCTO-
sIHUE S, JICUCTBUE @ U TIOJIUTUKY T, 3HAUEHUE JIecTBUsI napbl (S, a) o T onpe/ie-
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Jisiercst (popMmyioit

Q" (s,a) = E[R]s,a, 7], (2.7)

rjie R Tenepb obo3HavaeT ciydailHyo NpUObLIb, CBA3aHHYIO C IIEPBBIM JIeiCTBUEM
@ B COCTOSHUM S U HOCJIEYIOIIUM TT.

Teopus MDP yTBep:kmaer, uTo ecam m*° aBsgeTCs ONTUMAJIBHON CTpaTeruei,
MBI TIPHHAMAEM ONTHMAJIbHOE JeiicTBIe, BRIONpast ero n3 Q™ (s,-) ¢ HAaUBBLICIINIM
3HAUYEHMEM B KaxKJ0M cocrosiium s. OyHKIUs npuObLIn OT JIeHCTBUAS TAKOM OIl-
TUMAJbHON cTparerueil (™ Ha3BIBACTCS ONTHMAJBHOR (DYHKIHEH IpUOLLIH OT
JIEHCTBUST M SBJIsIeTCsT 00OITHO 0bo3HavdaeMblit (Q*. TakuMm obpasom, 3HaHUE ONTH-
MaJIbHON (DYHKITUU CTOUMOCTH JEHCTBHUSI JOCTATOUHO, YTOOBI 3HATH, KaK JIeHCTBO-
BaTh ONTUMAJbLHO.

CyiecrByeT HECKOJIBLKO AJITOPUTMOB JIJIS HAXOXKJICHHSI ONTHMAJbHBIX CTPa-
rernii: Mmetos; Monte-Kapiio, MeToJi KOHeUHBIX PAa3HOCTEH, METOI IIPSIMOI0 IIONCKA
crparerun. Ka it 13 KOTOPHIX UMEET CBOM JIOCTOMHCTBA W HEJIOCTATKH, OJIHAKO
qale BCero UCI0JIb3yeTCsi CTOXACTUIECKAs OITUMMU3AIMS U METO/Ibl I'PAJIMEHTHOIO
nogbema. [18]

2.3 Metoanpl nu3aiina oddaaiin peryjisaTopoB B CHCTe-
MaX YITpaBJEHUs C MPOTHO3UPYIOIIEil MOAeThIO

Cy1ecTByeT HECKOJIBKO OJIXO/IOB UCIIOJIb30BaHUs MeTo10B 00ydenus B MPC
CUCTEMAX:

e Hnuniiit MPC
e AnmpokcuMmaliisi 3aKOHa, YIIPABICHUsT

e llcnonb3oBanue obydaeMoil MoOJIeJIM JIjIsI AllIPOKCUMAIUN JIMHAMUKHI IIPO-
THO3UPYIOIIEA MOIesn

e llTepalMOHHbINM MOAXOJ JIJI OCTPOEHUSI TEPMUHAJILHOIO PErHOHA U (PYHK-
AW W3 TPEIbIIYIINX UTepannit

2.3.1 4Bt MPC

[Ipu HEKOTOPBIX CIAOBIX IPEIONOKEHUAX JJIs TUHEHHBIX CUCTEM 38,1248, Oll-
TUMU3AIMK MOXKET ObITh periena odduiaiin, T.€. JI0 HaYaJIbHOW peaJibHON 1polie-
nypbl ynpasienus [6]. B pesysbrare, mosyvaercs siBHbIA 3aKOH yIPaBJIeHU U ().
Passnrne noaxosa Ha HEJUHEHHBIE CHCTEMBI HEe TPUBUAJILHO, U KPOME TOTO JarKe
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B JIMHEIHBIX CIydasix CyHIecTBYOT npobeMbl ¢ 3(DhEKTHBHOCTHIO BbIYMCICHHU
7t MeTofa u3 [6).
B momenT Bpemenu ¢, BEIMHCIIIEM COCTOsHIE X (t), peraeM JUHEHHyIo 3a/1ady

C JIMHEHHBIMU OrPaHUYeHUsIMK
V(z) = min L(x(k|t), u(k|t)) + F(z(t + N|t)), (2.8)

TIPY YCJIOBUSX
z(k+ 1)t) = Ax(k|t) + Bu(klt), t <k <t+ N —1,
o(tt) =), t<kE<t+N-—-1,
Coa(klt) <dy, t <k <t+N—1,
Coulklt) <dy, t <k <t+N-—1,
Cla(t+ N|t) < d/,

C KBaJIpaTHYHOU (PYHKIMEH CTOMMOCTH 3Talla, U KBaJpPaTUIHON TepMUHAJILHON

dyHKIHEH
L(z(t),u(t)) = 2(t)"Qx(t) + u(t) Ru(t), Q,R >0, F(x(t)) = 2(t)" Px(t).

MozxHo nepenucaTh 3aj1a4y 2.8 B BUJIE 3aJ1a9l KBaIPATUIHOIO ITPOTPAMMHU-

poBanusi. st sTOoro 063HaUNM
X = [2T(t+1t),..., 27t + N7, (2.9)
U:=[u"(t+1]t),...,u"(t+ N —1]|t)]7, (2.10)
[lepenumem pyHKIUIO CTOUMOCTH
F(x(t),U) = 27 ()Qz(t) + XTQX + UTRU, (2.11)

e Q = diag(Q, ..,Q, P) € RW+) R — diag(R, .., R) € R™*N.

Hepenl/lmeM ANHAMHUKY CUCTEMBI:

k—1
p(t+k|t) = AFz(t) + Y ABu(t+k—j—1Jt), k=1,.,N, (2.12)
j=0
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Torna

A B 0o ... 0
X = %2 | 40P "o (2.13)
4] AR AN2p B
[ A | [ B 0o ... 0]
M, BBeJs 0obo3HavyeHus ) = 42 U T — AB B 0 ... 0
A:N AN-Ip AN-2B

cokparum 3amuch X = Qu(t) +TU.
C nowmormipio (2.13) mepenmmem (2.11) :

J(z(t),U) = %xT(t)Yx(t) + %UTHU + 2 (t)FU,

rie
Y =2(Q +Q'Q0),
H=2TTQr + R),
F=207Qr.
AnajornaHo, JijIsT BCexX OrpaHrnIeHril MOXKHO ITPOBECTH TaKWe YKe IPpeodpaso-
BaHUsI
GU < W + Ex(t),
rjie

G = diag(Cy, ...,C)T, W = [d, ..,d,)", E = diag(C,, .., C,)Q.

Torpa, 3a1aqa (2.8) npumer Buj

1 1
m[}n §UTHU + ' FU + §I‘TY$, (2.14)

IIpu yCcjJI0BHUHU

GU < W + Ex(t). (2.15)

[IpumenuM 3ameHy repeMeHHbIX BU/Ia
2 =U+H 'FTx,

Herpyano zameruts, uro H ™1 — 10JI0KUTEIBLHO OlIpejiesientast MaTpUIia.
Torpa (2.14) mpumer B/
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1 1 7~
min ézTHz + §xTYx, (2.16)

1IPU YCJIOBUAX

Gz < W + Sz,
Y=Y -—FH'FT,
S:=E+GH'F.

Jasee sra 3a1a49a penaercs ¢ OMOIILIO TCOPUH BITYKJIOH ONTUMUAZAIMN Te-
pes yeaiousi Kapyma-Kyna-Takepa(KKT). Tax kak 3aja4a (¢rporo)BbliykJas ¢
JIOTYCTUMBIM MHOXKECTBOM C HEIYCTON BHYTDEHHEH 4acTbio(T0 MpPeoIoKeH -
sim), 10 yestosust Cuieiirepa BbinosHs0TCs. ONTHMATBHOE PEIleHne eJIMHCTBEHHOE
1 xapakrepusyercs yeaopusamu KKT. [6]

Apupiit MPC peraer 3aja4y /s BceX COCTOsIHMIM, TaKUM 00pa30M BCe IIPO-
CTPAHCTBO COCTOSIHUI JICJINTCA Ha 00JIaCTH, TIE B KaxK 10l 001aCTH JJIst COCTOSTHUSE
ecTh siBHas (PYHKIIUS YIIPABJICHHUS.

AJiropur™ HaxOXKIeHus siIBHbIX (QyHKIUE yipas/ienus [6]:

1. Bsarb m0b6oit g € X
2. Pemmts 3aa4y (2.16) ¢ HaYaJdbHBIM yCJIOBUEM T = T
3. Omnpe/iesuTh aKTUBHBIE OTPAHUYEHsI JIJIs ONTUMU3AIMOHHO# 3a1a1u (2.16)

4. BuruucanTb KpUTHIECKYIO 00JIACTD 110 AKTUBHBIM OIPDAHUICHUSIM U BBHITHC-
JINTH (PYHKIUIO YIIPaBJIEHUsI JJisd 3Toi obyacTu

5. IlepeiiTn kK HOBOMY ()

[1aBHBII HEIOCTATOK 3TOIO METO/a COCTOUT B TOM, UTO KOJUUECTBO ObJia-
creit MoXKeT ObITh JIOCTATOYHO OOJIBIITUM, UTO B OHJIAWH ITPOIEyPe MOXKET I1JIOXO
CKa3bIBATHCA Ha MPOU3BOIUTEIHLHOCTH. TaK KaK B KayKbIii MOMEHT BPEMEHH HY K-
HO OyJIeT UCKaTh K KAKOMY M3 PErMOHOB OTHOCUTCS TEKYIIee COCTOsiHHEe, YTOObI
ONPEJIMJINTH YIIPABJIEHUE JIJIsi HErO.

2.3.2 Anmpokcumanug 3aKOHa YIIPpaBJIEHUS

CyniecTByeT HECKOJIBKO TI0J/IXOJIOB K MOJIYYEHHIO allPOKCUMATHBHOIO Pellle-
ang st ontumuzanun MPC. s nuneitabix cucrem B |7] agroputm obydenns
IpeJCTaBIIeH JOIOTHATEIbHBIMI OIPAHUICHUSAMH J1J1sl 00eCcIIedeHus CTa0N/IbHOCTH
¥ HaKJIB/IbIBaeT OrpaHryYeHUs Ha OINOKY annpokcuMannu. OJHUM U3 0/IX0JI0B K
annpoxcumarun MPC aBisercsa BbIIyKIoe MHOTONapaMeTpudecKoe HeJlnHeiHoe
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nporpammupoBanue [9], rje Bbruncisiercs cybonTuMabHas allpOKCUMAIUs 3a-
kona ynpasienuss MPC. pyroit moaxos - annpokcumuposath MPC ¢ momMorrbio
METO/IOB MAIIIMHHOT0 00y4enus. DTo jenaioT Hefiponmnbie cern B |10], [11], [12]. D1u
METO/Ibl He TaPAHTUPYIOT YCTORIMBOCTD UJTH Y/IOBJIETBOPEHUE OI'DAHUYCHUSAM JIJisi
anmnpokcuMarimonnoro MPC, uro ocobeHHO BayKHO, €CJIM pACCMATPUBATD XKECTKNE
orpaHnuenus Ha cocrosiaust. B [8] ncnonbsyercst meros onophbix BekTopos (SVM)
Jutst annpokcumarun MPC. VeroitunBocTs 1 y10BJI€TBOPEHUE OIPAHUYEHUN MOTY'T
OBITH TapaHTUPOBAHDI JIJIsT TPOM3BOJILHBIX OIMIMOOK MAaJIOTO TMPUOJIMKEHUsI, OCHO-
BAHHBIX Ha NPUCYIIMX cBOicTBaM ycroiuusoctu. B [13]| annpokcumupyercs MPC
C JIUTIITUTIEBBIM CYKAIONTUM OTPAHUYCHUEM, UTO 00ECIIeUnBAET YCTONIUBOCTD MPH
Hemcue3amux omuoKax amnmpokcuMalui. OmmrdKa anmpoKCUMAIIAN, BbIBEIeHHAS
B [8], [13], 0ObIuHO HE joCTHKUMA JIJIs TPAKTUUIECKOTO TPUMEHEHUs,
B [11] HaxomaT anmpoKCUMUPYIONIHil 3aKOH YIIPABJICHUS

u'(t) =1"(z(t)) € U,

ryie u'(t) - TepBLIil BEKTOP MOCTEI0BATEILHOCTH YIIPABJICHUSA, KOTOPas MUHUMU-
3UpPyeT CTOUMMOCTh

t+N-1

J(@(t),ut) = > Ua(k),ulk)) +alz(t + N)|5, t > 0.
k=t

CroumocTb (hopMUpYyETCsT U3 CTOUMOCTH II€PEX0JIOB Ha I'OPU30HTE ILIAHUPO-
BaHust AUHbI N 1 TepMUHAILHON (DYHKIMN. ATIITPOKCUMAIIUS 3aKOHA YIIPABJICHUS
MIPOUCXOIUAT C MTOMOIIBIO HEHPOHHON CeTU: 1M TMapaJlJIeJIbHbIX CeTeid ¢ OJHUM BbI-
XOJIHBIM T1apaMeTPOM,COCTOSIIIUI U3 OJIHOIO CKPHITOI'O CJIOEM C V; HEpOHAMU Ha
CKPBITOM cJjioe Jijist J = 1..m ceTu u JIMHEHHbIMKY aKTUBAIMOHHBIMU (DYHKIITMSIMU.

st Kaxk 1ol pyHKIMI ’Ay(-vj )

;77 HYXHO HaiiTH KOJUIECTBO HEHPOHOB VY, .U

» Umpo
TaKO€ 4TO

minmax [1%(x(t)) = 1\ (@2(t), w)| < —=, j=1,om.  (2.17)
w; xeX \/m

[Ipoueaypa HAXOXKACHUS KOJMUECTBA HEHPOHOB HMPEJICTABIACTCH TAKUM 00-
paszoM: i KaXKJI0ro j yBeJuduBaeM vj, noka (2.17) me cramer BepubiM. Taxxke
IPUBOJUTCA B CTATHE TEOPEMA, B KOTOPOI yTBEPKIACTCA, UTO 11 J11000i (PyHK-
UK yIPABJICHUS fy?(a:t) YUCJI0 MApAMeTPOB, HEOOXOJNMBIX JJIsT JIOCTUXKCHUS T10-
IPELIHOCTH TpubnmKenust Lo win La, TOpsiika O(Ulj), pasao O(v;n), KoTOpOE
pacrer JMHEHHO ¢ PA3MEPHOCTLIO 7 BEKTOPA, COCTOSTHUSI.

B pabore [13] yxke BBOAATCS HEKOTOpBIE TAPAHTUH YCTONIUBOCTH METOJA
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H& OCHOBAHUU TIPEJIIIOJIOKEHUsI O HENpPepbIBHOCTU 10 JIumimuily mnpaBoit dactu
JIMHAMUYECKO# cucteMbl. CucTeMa MpeJICTaBIsSIeTCs CIeIYIONIUM 00pPa3oM:

2t +1) = flz(t),u(t), &), t 20, z0 =7,

e & € R” - Bosmyienne cucrembl. HoMuHasibHast crucTeMa BBOJUTCS JIJIsT
Jn3aiiHa yrupaBJeHus TaKUM 00pa30M:

wt +1) = fz(t),u(t) +di, t >0, 20 =7,
rie dy = f(x(t),u(t), &) — f(x(t), u(t)). dpeanonaraior HenpepbBHOCTD 10 JIni-
iy st GyHKIuK f OTHOCUTENBHO & € KOHCTAHTOH Ly, , & TaksKe OTHOCUTENILHO
VIPABJIEHUST U W MPEJNOJIaraloT,4ro cymecTsyer Gyukims K Kiacca, Takas 4ro

~

[f (), u(®) = f (), o/ ()] < mullult)=d'(£)]) Ya(t) € X, Vu(t) € U, ,u/(t) € U.

Taxzke BBOJUTCS MPEIIONOXKEHIEe 00 OTpaHIICHOCTH BO3MYIIICHUSA W TO, YTO
Bepro |dy| < p(|&]) t > 0, a Takxe d; € D = B™((d)), d € Rsy < o0o. [pes-
I0JIAIAETCsT, 4TO Jijisi CUCTeMbl cyliecrByer ynpasjenue k(z(t)) € U, koropoe
ABJIACTCA CTAOUIU3UPYIONUM OTHOCUTEIBLHO COCTOSHHAS.

Hakiia/ibIBAIOTCA JIOTIOJHUTENbHBIE OrPaHUYeHNsl Ha OIPelTHOCTH OTHOCH-
TeJLHO COCTOsiHust g € (Q = B™(q) u yupasienus: v; € V- = B™(0), rje uorpeii-
HOCTB AIIIPOKCUMAITAN COCTOsIHMA G = &—x(t) u ynpasienus vy = k*(x) —k*(&).
Torna cucrema yKe IepermuchiBaeTCa B TAaKOM BUJIE:

w(t+1) = f(a(t), k(x(t) + q) +ve) +we, 9 =7, t >0,

U ycroitunBoCcTh CUCTEMBI JIOKA3bIBACTCS, €CJAU BEPHO CJIEJIYIOIIEE,YTO 10~
I'PELIHOCTY ALIIPOKCUMAIIUN COCTOSAHUS U YIIPABJICHUS COBMECTEHO C BO3MYIIICHU-
€M OrpaHMYeHbl U3HAYAJIbHBIM BO3MYIIICHUEM CUCTEMbI Jq+d_v+d_w < d. B nauHoii
CTaThe PaCCMaTPUBAJINCH AIIPOKCUMAIIMN 3aKOHA YIIpaBJICHU:A C ITOMOIIBIO Heli-
POHHOI CeTn,KoTopasd IMOKa3aJja JOBOJJLHO XOPOIINe Pe3yabTaThl.

B pabote ¢ ucnosib3oBanueM pe3ysabTaTos |21] uccsenyorest yeaoBus, mpu Ko-
TOPbIX, HECMOTPsI HA OIIMOKU alllIPOKCUMAIIUN, FTaPAHTUPYETCs BbIIIOJHEHUE OrPa-
HUYEHUI 1 aCUMITOTHYECKasd YCTONINBOCTH 3aMKHYTO# cucteMbl. Ha ocHOBe 3TO-
I'0 UCTOYHUKA OYJIET MPOJIOJIXKATHCS UCCJIe0BaHKE AITITPOKCUMAIINN 3aKOHA, YTTPaB-
JIEHUs C 1IOMOIIBIO HEMPOHHOM ceTu U Pe3y/ibTraTbl OyjLyT HPOJEMOHCTPUPOBAHbI B
riase 3.
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2.3.3 Annpokcumanusg AWHAMHUKHN CHCTEMBI C IIPOTrHO3UPYIOIIei
MO/EJIbIO

CyrecTByeT MeTOJIbI JIJIsT AITPOKCUMATINHT JIMHAMUKY CUCTeMbI, B pabore [14]
ObLJI IIPEJIJIOXKEH JIOKa3yeMo 0e3011acHbIil 1 poDACTHBINR METO/, YIIPaBJIEHHsI, OCHO-
BaHHBIN Ha OOyYEHMM JIJIsi CUCTEM C IPOrHO3UPYIOIIEH MOJeNbio, KOTOPbIi Ha-
spaercss LBMPC. LBMPC wusyuaer purHaMuKy CHCTEMBI IO TTPEIOCTABICHHBIM
TOYKAM,TAKXKE MMEETCsH BO3MOXKHOCTH OOHOBJICHUS JIMHAMUKKM CUCTEMBbI ¢ IIOMO-
I[bI0 HOBBIX M3MEpPEHHil, 00ecieunBaeT Ipu 3TOM 0€30I1aCHOCTh U YCTOWIHBOCTD,
UCToJib3yst Teopuio 13 podbactroro MPC, 14robbI TpOBEPUTH, TPUMEHEHHOE yTIPAB-
JIEHUE COXpaHseT I HOMUHAJIBHYIO MOJIETb YCTOWUNBOM, KOTJIa OHA MO/BEPXKEHA
HEOTTPEJICJICHHOCTH.

JluHaMuKa CUCTEMbI IPEJICTABIISIETCS B TAKOM BUJIE:
x(t+1) = Az(t) + Bu(t) + g(z(t), u(t))

rie g(x(t), u(t)) onucbiBaer HECMOJEIUPOBAHHYIO JIMHAMUKY, KOTOPasi 110 TPejl-
MOJIOZKEHUIO OTpaHnvdena 1 JeKUT B nosutorne W,
Jlanunlii METOJI BBOJUT JIONOJHUTENLHYIO CUCTEMY, KOTOpast 00ydaercst Ha

JaHHbIX 1 UMEET TaKOMN BUJIL:
B(t+1) = Az(t) + Ba(t) + On(@(t), a(t))

ryie O, - 3aBuUCsIasi OT BpeMeHn (PYHKIMsI, KOTOpasi 00y9daeTcst ¢ MOMOIIbIO JTFO-
OOTO M3 CTATUCTUIECKUX METOJIOB.

Best reopust yeTORIMBOCTH CTPOUTCST HA TOM, 9TO HAIa CHCTEMa MPEICTaB-
qsiercst B Bujie pobacraoro MPC ¢ oby4eHol guHAMUKOW Ha M3BECTHBIX BBHIUNC-
JIEHHBIX TOYKAX, U MOXKET aJJallTUPOBATHCA K HOBBIM MOJIYUYEHHBIM TOYKAM, YTOOBI
YJIy9IIaTh TOYHOCTH 00y IeHHON TUHAMUKNA CHCTEMBbI.

Bajiaua (popMyNIUpPyeTcss B TAKOM BHJIE:

Vo(z()) = min ¢, (0, 2(t), ..., 2(t + N),a(t),...,u(t + N — 1))

c,0

IIpu yCJI0BUAX
f(t) = T, f(t) = T,

T(t+i+1)=Ax(t+1)+ Bu(t +1) + O, (2(t + 1), a(t + 1)),
T(t+i+1)=Az(t +1i) + Bu(t + 1),
w(t+1) = Kz(t +1) + cpa,
r(t+i+1l) e XOR;, a(t+i) € Uo KR;,
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(Z(t+ N) € Qo (Ry x {0}),

rje () - JomycTruMoe HHBApUAHTHOE pODACTHOE MHOXKECTBO TAKMX TOUEK, UTO
JI00as TPaeKTOPHUs CUCTEMBbI C HaUaJbHBIM yCJIOBHEM, BLIOpAHHBIM U3 9TOIO MHO-
KECTBA 1 C ylipaBjeHueM u(t), ocraercs B MHOKECTBE st Ji000I 10C/Ie/10BaTe b
HOCTHU OTPAHUYEHHOI'0 BO3MYIIEHU, YIOBJIETBOPsisi OTPAHUYCHUSAM Ha COCTOsIHUE
U yIIpaBJeHue.

Mojesupyercst TouKa yCTORYMBOrO cocrosinust Ty = AO u yupasienus
s = V0, e 0 € R u A € R ¥ € R"™ " - mapaMeTpbl MOJIEINPOBAHNS,
napaMeTrpbl OyIyT ONKUCHIBATH TOUKY paBHOBeCHs st cucrembl, ecin A + BK
ycroituusa 1o Lypy mpu ynpapiaenun

u(t) = K(z(t) — Zs) + us = Kz(t) + (¥ — KA)6.

Muoxecrsa Ry = {0} u R; = @;;%)(A + BK)'W neobxoaumbl jjist pobacTHOrO
MPC, onn npejicTaB/isitoT coboii cyzKatoluecs: orpannydenus. M Torja ¢ momMombo
JIAHHOI'O HEPaBEHCTBa, (POPMYJINPYETCs yIOBIETBOPEHNE OI'PDAHUIEHM:

QC{(z,0):ze X;N0e X;Kz+ (V- KA eU; V0 € U}.

Ac MMOMOIIbIO JaHHOTO HEPABEHCTBA MHBAPUAHTHOCTH BO3MYIIIECHMA:

A+ BK B(¥ — KA)

; . Q@ (W x {0}) C Q.

YVCToIrBOCTD JAHHOTO MeTo/ia OcHOBaHa Ha pobactHOM MPC. Boinu mosryue-
HbI XOPOILKE Pe3yJibTaThl OTHOCUTEIbLHO IIPEJICKA3aHHbIX TPACKTOPHUI 1 ObICTPOI
CXOJIMMOCTH K TOYKE YCTOMYMBOIO COCTOSIHUSI, OJHAKO II0 IPOU3BOIUTEILHOCTH
yerynaJio Hejauneitnomy MPC ¢ HelipoceTeBbIMU Pery/isiTopaMu.

2.3.4 WrepanmoHHBIA MOIXOI

CyrmectByeT urepannoHubiil o xo st moctpoerust MPC peryssitopa [15].
JlaHHBIHT MeTO NCTIOB3YETCST JJIsT TOBTOPSTIOIINXCST 33424, T/e STAaJOHHAsT TPAeK-
TOpUs Heu3BeCcTHa. Hanpumep, cucreMbl Jijisi POHOYHBIX U PAJIMAHBIX MAIIUH, IJ1e
cpejia U JIMHaAMUKa CJIOXKHBI M He COBCEM M3BECTHBI. Peryisitop uMeer cripaBouHyO
nH(pOPMAIIMIO U CIIOCOOEH YJIydIaTh CBOIO 3(M@PEKTUBHOCTD, U3ydas TPeJIblLy-
e urepaiuu. st obeciiedenust peKypeuBHOM BbIIOJHUMOCTHA U HEyObIBaIOIIEH
3P HEKTUBHOCTU Ha KayKJIOH UTepaIuu UCIOJIb3YI0TCs Oe3011acHoe TepMUHAJIbHOE
MHOYKECTBO M TepMuHasbHas (yHKIMs crouMmocTu. [locTtpoenne manHOro pery-
JsiTopa obecreduBaeT TOT (DAKT, YTO (PYHKIHMS CTOMMOCTH YOBIBAET C KarKJIOii
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uTepalueit, TakxKe U3 yJ0BJETBOPEHUs OrpaHuydeHuii Ha j — 1 urepanuu ciejyer

VJAOBJETBOPEHHUE OTpAHUYEHNH Ha J UTEpAIUN U TOUYKA PABHOBECUS 3aMKHYTOI CH-

CTeéMbl aCUMIITOTHNYCCKU yCTOﬁqI/IBa. OnruMaabHOCTD TpaeKTOpI/IfI IIOCTPOEHHBIX

OTUM PEryJIATOPOM JIOKA3bIBACTCA JIJISl BBIITYKJIBIX 3a/1a4.

o Sampled sale sel al the 19 ilorations|

‘‘‘‘‘‘‘‘‘‘

o [[= Sampled safo s a e 5 itorations]

= Sampled safe set at the 2 iterations|

Puc. 2.3: ITocrpoenue caMIimpoBaHHOro 0€3011aCHOI0 MHOYKECTBA.

Yupapisemoe Ha N 1IaroB BIepes MHOXKECTBO 10 OTHOIIEHUIO K S

KJ(S) = P?“@(Kj_l(S)) nxX, KO(S) =5,7 € {1, ...,]\/v}7

(2.18)

rie Pre(S) ={x € R": Ju € Us.t. f(z,u) € S}.

CamnumpoBantoe 6e30nacHoe MHOYKECTBO Ha UTEPAIU j

SS7 = {Ujens U2, 2' (1)},

riie M7 = {k € [0,7] : limy 00 2%(t) = 25 }.
SS7 — 3T0 MHOYKECTBO BCEX TPaeKTOpHil Ha wrepanun i g 1 € M7, Kak

BBITVISIJIUT 3TO MHOXKECTBO TOKAa3aHO Ha pucyHke 2.3.

CroumocTth Ha COMITJINPOBAHHOM Oe30macioM MHOXKECTBE BBOJIUTCA TaKUM

oOpa3oMm, 4TobObl Mbl IITPadOBaJIK T€ COCTOSIHUS, KOTOPbIE HE HAXOJIATCS B HAIIIEM

IIOCTPOEHHOM Oe30macHoM MHOXKECTBE Ha, NpeablAynnux UTepalnax

Q' (x)

_ 7

rie V z(t) € S5, Qj(x)
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t+N-1

Jwen(x]) = min [ Y U(a(klt), u(klt) + Q@ N(x(t + NIt))),

Ut |ty Ut 4+ N —1[t
k=t

IIpu yCcJo0BUHU
ok +10t) = F(@(k|t), u(k[t) Yk € [t, ..t + N — 1],

v(k|t) € X, u(k|t) €U, Vk € [t, ..t + N — 1],
z(t+ N|t) € S/
o(t|t) = 27 (t).

JlaHnublil MeTo 00J1a/laeT PEKYPCUBHON BBIIOJHIMOCTBIO, YCTORUNBOCTHIO U
cxomuMocThio. Ho mpejiaraembiit ogxo 1 siBjsieTcst JOPOrOCTOSIIIIUM C TOUKH 3pe-
HUY BbIYMCJICHUS JlazKe JJisd JIUHEHHON CUCTEeMbl, IIOCKOJIbKY PeryJjdrop J0J2KeH
pemaTh 3a/a4y CMEMIaHHoro IeJIOYNCICHHOTO IPOrPaMMUPOBAHNA B KaXKIbIil MO-
MEHT BpeMeHu. Kb yiydinenus 7aHHOTO T0/1X0/1a ¢ UCIIOJIb30BAHUEM MapaJLIe b
HBIX BBIUKMCJICHHI, & TAKXKe IONBITKHU CAeJaTh TepMUHAJIbHBIE OrpaHnueHns boJee
BDIITYKJIBIMMU.

2.4 BrniBoabl

CymiecTByeT psiji TIOJIXO/I0B JIJIsT BBIHECEHUsT BhIaucaennit oddiraiin st cu-
CTeM C IIPOrHO3UPYIOIeH Mojesibio. Karkiblit MeTo 1 UCIIOJIb3YeTC sl JJ1si CBOErO TH-
na 3aja4. st muHeiHbIX 331849 ¢ HEOOJIBINUM KOJIMIECTBOM 00JIaCcTeil TOX0MUT
sisubiit MPC. Jlns 3aa4 ¢ HesmmaeiHON jJuHamMukoil Oyier 6osiee 3pheKTuBHBIM
METOJI, aIlllIPOKCUMAIUN 3aKOHa yIpaBjeHus. s 3aj1ad ¢ HEM3BECTHON JIMHAMIM-
KOW, TIPEJICTaBICHHO B BHUje HADOpa TOYEK, JIydIlle UCIOJIh30BATH AITPOKCUMa-
1Usi JIMHAMUAKK cucrembl. [lJist 38124 ¢ HeM3BECTHON JIMHAMUKON WJIM U3MEHSFOIIei
CpeJIoii MOJIXOASAT UTepaTuBHbIe MeTObI yiipasjierus MPC.

B janHOoit MarucTepcKoit Jiuccepralun Mbl XOTeJIM BHIHECTH BbIUUCJIEHUST O(-
dutaiin I HeJTMHEHHBIX CHCTEM,II09TOMY DoJiee 3 heKTuBHOE HallpaBjIeHUe —
UCIIOJIb30BAaHKUE AIIIPOKCUMAIUK 3aKOoHa yipapjeHus. st 3Toro Oy yT HCIOJIb-
30BaThCsi HEHPOHHBIE CETU, KaK YHUBEPCAJIbHBIN alllIPOKCUMATOP HEIPEPbIBHBLIX
dyukmuit. A Takxke OyneT NIpUMEHATHCA 00yIeHNE ¢ MOJKPEIJIEHAEM JIJIs CHCTEeM
C HEU3BECTHOW JIMHAMUKOI.
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I'JIABA 3
IIOCTPOEHUE HEMPOCETEBOI'O PETVJIATOPA

B nacrosieit rinase 1eMOHCTPUPYIOTCS MOTEHITUAIBHBIE BO3BMOYXKHOCTH BhIHE-
ceHusi Bblaucaenus odpdiiaiit Jyisi HeJIMHEHHBIX CUCTEM C HPOIHO3UPYIOLIEH MO-
Jesibio. Kak ObLI0 I0Ka3aHO B Ipelblaylleil ryiaBe, Haubojee MepCIeKTHBHBIM
HalpaBJeHUueM JIJIgd pacCMaTpPUBAECMOr0 TUIIA 3a/a4 ABJACTCA UCIIOJIB30BAHUE all-
IPOKCUMAIINK 3aKOHA, yIIpaBjeHus. [y 3Toro OyayT HCIOIb30BaThCA HEPOHHBIE
CeTH, KaK YHUBEPCAJbHBIA alllIPOKCHMATOP HEIPEPBLIBHBIX (DYHKIIHIA.

B »roii riaBe onucaHbl 9KCIEPUMEHTHI U PE3YJIbTaThl UCIIOJIb30BAHUs HEHPO-
CETEBBIX PEryJIATOPOB, & TAKXKe METO/bI IIOCTPOEHUs 00J1aCTeil HACHIIIEHUsT YIIPaB-
JIGHWSI C TIOMOIIIO MEeTOJIa OIMOPHBIX BeKTOPOB. IIpoBojanTest cpaBHEHUE NPOU3-
BojuTeIbHOCTU Jijisi crangapraoro MPC-peryssitopa, periaiomero oHaaiH 1mpo-
THO3UPYIOIINE 33891 ONTUMAJILHOTO VIIPaBJICHUA, U HEHPOCETEBOrO PeryadTopa,
KCIHOJIB3YIOIIECr0 HEAPOHHYIO CeTh, KOTOPasd 3aMEHUT IIPOLE/yPY PelieHusd 11po-
rHO3UpYIOIIe 3amaun. Vceienyercs: npuMeHeHne oOyUeHns ¢ MOJKPeIIeHueM K
MOJICJISIM ¢ HEU3BECTHON JIMHAMUKOM.

3.1 Omnuncanmne MLJTIOCTPATUBHOTO IMPUMeEpPa

PaccMoTpum HeJIMHERHYIO JIMCKPETHYIO JIMHAMUYECKYIO CUCTEMY

2t +1) = fla(t),ult). (3.1)

rie x(t) € R" — Bekrop cocrostauit, u(t) € R™ — sekrop ynpasienus. [Ipesmo-
maraercs, ato f(0,0) = 0.
st cuctembt (3.1) paccMaTpUBAIOTCS OTPAHUICHUST BH/IA,

X={reR"Hz<1,}, U={ueR"|Lu<l1,}, (3.2)
MOSTOMY B KaXK/[blii MOMEHT BPEMEHHU TPEOYETCsi BBIITOJHEHHE BKIIOUCHHSI

(2(t), u(t)) € X x UVt > 0. (3.3)
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Bynem munumuszupoBatTh (BYyHKIUIO CTOUMOCTH

=

~ () + V(X (N)), (3.4)

il

COJIEP2KAIILYIO0 CYMMY CTOMMOCTEH 3TalloB U TEPMUHAJILHYIO CTOMMOCTh, KOTOPasd,
HAIIOMHKM, CTPOUTCS CIIeIHaJbHBIM 00pa3oM, obeciiednBasi BMECTe ¢ TepMUHAJ b-
HbIM OT'PAHUYEHUEM aCUMIITOTUYECKYIO YCTOMYUBOCTH 3aMKHYTON CUCTEMBI.
[IpeiaraeMbie MOIXOBI OYIYT JEMOHCTPUPOBATHCs Ha mpumepe u3 [10],
TOJIBKO OyJIyT M3MEHEHbI OI'DaHMYCHUs Ha yIIPaBJeHue, YTOObI JIydIle IIPOIeMOH-
CTPUPOBATH HACBIIIIEHHbIE yIIPABJICHUSI.
Hennneitnasi cucreMa B JUCKPETHOM BHJIE IIPEJCTABJISIET COOO

t1(t) = —wo(t) + 0.5(1 + x1(1))u(t), (3.5)
To(t) = x1(t) + 0.5(1 — 4dao(t) )u(t),
C OrpaHMYCHUSIMU Ha (PA30BLIC W YIPABJISIONHE IEPEMEHHDIC
reX={-2<2<05 —1<x <2}, (3.6)

welU={ueR||u <1}, (3.7)

[Mar guckperuzamuu 0 = 0.1. lagHas cucrema uMeer CTabUIM3UPYEMOe ep-
BOE IIPUOJIMKEHNE B HadaJie KOOPJAUHAT, KOTOPOEe UMeeT BHU/I

1 —0.05 0.025
x(t+1) = Azx(t) + Bu, A= [005 1 ] , B= [0'025] :

st cucrembr (3.5) BoiOpana KBajparudHas (byHKIUsT CTOUMOCTH STAIA:

U, u) = |[ull* + 0.1,

a TepMHUHAJbHAs CTOUMOCThL W TEPMHUHAJILHOE MHOXKECTBO HAMIEHLI METOIOM
kBazu-oeckoneuynoro MPC u3 rassr 1:

Vi(a(t) = o(t) Px(t),

X;={r eR" z(t)' Px < a},

rie o = 0.2129,
p_ 48.3043 —2.53
| =253 70.8191
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JIvneitnas JokaabHas O6paTHaH CBA3b JJIgd TEPMUHAJIBHOI'O MHOXKECTBa UME-

eT BUJI

ke(x(t)) = Ka(t) = 0.3799z(t) — 0.4201x4(t).
Torjia NPOrHO3UPYOIIast 3a/la4a ONTUMAJBLHOIO YIIPABJIEHUsI

N—

min Y (Ju(k|)| +0.1||z(k[6)][*) + Vi (x(t), (3:8)

k=0

;_n

u t

NPA YCJIOBUAX
z1(k + 1t) = x1(k|t) + 6(—z2(k|t) + 0.5(1 + z1(k|t))u(k|t)),

xo(k + 1|t) = xo(k|t) + 0(0.5(1 — dao(k|t))u(k|t)),

—2 < zy(kft) 0.5, =1 < x9(kft) <2
lu(klt)] <1,
SE(N|t) - Xf.

Takum obpazom, juist cucrembl (3.5) omnpegesenbl Bee mapamerpsl MPC-
peryJisiTopa.

Bamada (3.8) Gyer pemarbest OHJIAH MPU CTAHJAPTHON pEaJU3aIii ajro-
purma MPC, nin ucnonn3oBarbest st IIOANOTOBKK IIOJIFOTOBKU JlaTaceTa JIJIst
HeipoperyJsdaropa.

3.2 Iloaxon K pereHuio

Asropurm MPC jjist crabususanuu noJioxenusi papHoBecust £ = 0 cucreMbl
(3.5) cocrout B caemytomem: dust kaxgoro t = 0,1, ...
1. mameputh cocrosume x(t) € X cucremsr (3.5);
2. permuThb 33124y (3.8) ¢ Havaabubim yeaosuem z(0[t) = z(t), monyuuts u’(-|t);
3. nojarh Ha BXOJ, cucteMmbl (3.5) yupasisioniee BozjeiictBue uypo(x(t)) =
u’(0[t).

[TockonbKy Jyist mocrpoeHubix yukImit I, Vi u MuokecTBa X ; BBITOJHEHBI
TpedoBanust TeopeMbl 1.1, 3aMKHyTas cucrema

£t +1) = fa(t), uppe(a(®), t=0,1,....
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ACUMIITOTUYECKN YCTOI/UILH/IBa C O6ﬂaCTbIO NpUTAKEHN A
Xy = {SU() : V(QJ()) < +OO} C X,

cocrostineii n3 Beex Tovuek xog € X, uist Korophix 3a1a4a (3.8) ¢ 2(0[0) = xy nmeer
perenue |2].

Kak oTMedeHo Bplme, mar 2 OPHBEJCHHOIO AJrOPUTMa MOXKET OKA3aThCs
JIOCTATOYHO TPYJIOEMKUM. B CBSI3M ¢ 3TMM B HacTosllell pabore Ipejjiaraercs
BMECTO OHJIAHH pelleHust TPOrHO3UpyIomieil 3amaun (3.8) UUCIEHHBIME MeTO/a-
MH ONTHMAJBLHOTO YIIPABICHUS MCIONb30BATDL JIO Hadasa MPOIeCca yIpPaBJIeHUs]
psiJl METOJIOB MAIIMHHOrO O0y4eHMs, KOTOpPbIe Ha OCHOBE OOydalolleil BLIOOPKH
(x,uppe(z)) € X x U 6yayr crponth npubinmxkennsie 3uadenns Uy pc(x(t))
obpaTHoil cBsi3n Uy po(x), x € X, st TeKynmx cocTosmit ().

Hasiee Oysem paccmarpusarh cucremy (3.5) B konrtekcre pobacraoro MPC
7|, mockosibKy ormmbKa AnmpoOKCUMAITMI Uy pc — Uy pe MOXKET PACCMATPHUBATHCS
KaK BO3MYIICHHE CIICIUAJLHOIO BUJa B JIMHAMUKE 3aMKHYTOMH CUCTEMbBI, KOTOpast
Terepb NMEeT BUJI:

z(t +1) = f(x(t), unrpe(x(t) + d(t)),

riae d(t) € D, D = {d € R"| ||d||c < 1} — MHOXeCTBO JIOIyCTUMBIX OIIKOOK
peasm3anuy yupasienus, 1 > 0.

B pabore ¢ ucnosin3oBanuem pe3yabraros [21] uccsieyorest yeaoBust, npu Ko-
TOPBIX, HECMOTPSI HA OMINOKY AIIPOKCAMAIAN, TAPAHTHPYETCS BLIIOJHEHUE OrpPa-
HAYCHUI M ACUMIITOTHYIECKAs YCTOMYMBOCTL 3aMKHYTON cucreMbl. IIpu neobxomu-
MbI€ LIS BBITIOJHEHMSI 3TUX CBOMCTB NMPETIONOKEH sl CJIeLyOIIUe:

1. JlokaJbHasi HHKpeMeHTupyeMas crabunnsyeMocTh: CylnecTByer Takas 00-
paraas cBs3b k : X X X x U — R™, -dbynkmusa Jlsmoynosa Vi
X x X x U — Ry, HenpepbiBHasI 10 IePBOMY apryMeHTY U yJIOBJIETBO-
psiomas Vs(z,x,v) = 0 Vo € X, Yo € U, u napamerpsl ¢s, 1, Cs. u, Olocs
kmar € R >0, p € (0,1), rakue 40 CJIe/lyI0I1Me HEPABEHCTBA BbIIIOJIHAIOT-
cs1 s Beex (x,2,v) € X X X x U, (z4,v+) € X x U ¢ Vs(x, 2,v) < 0

caallr — 2|12 < Vs(x, 2,v) > cs,

[k(2; 2,0) = ol| 2 Kmaz||2 = 211,

e ¥ = f(x, k(z,z,v)), 27 = f(z,0).
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2. Jlokambnas wernpepbiBHOCTH 10 JIummmuiry. CymectByer A € R, Takast 1aro
mpu Ve € X, Yu € U, Yu + d € U BuImonHgeTcss HepaBeHCTBO

|f (2, u+d) = f(z,u)]] < Alld]|.

1 500
3. Pajuyc muoxecrsa D yjoBjieTBopsieT HepaBeHcTBy 1) < C;—u

Jlist pobacTHOrO BLIOJIHEHN ST OPAHUYEHUT UCIIOIB3YIOTCS CYKEHUE OrPaH K-
deHuii B BUJIE yBEJIMIUBAOIIEHcs TPYOKH: deM OJIKe K Hadaly KOODJIMHAT,TeM
bostee yBemauBatoiieecst Tpyoka st orpanndenuii. [IosToMy Mbl 3aMeHsieM orpa-
HudeHus (3.2) Ha Cy’KeHHbIE BUJIA:

X = (1 — Ek)X = {:c eR": Hx < (1 — Gk)lp},

Usr=1—€e)U={ueR": Lu<(1—¢)l,}.
rjie

1 — k
L=  k=0,1,....N;
L—/p

e =y = max{|| B, || |ockmas
:

B nacrosiineit pabore jijist TOCTpoOeHust anmpokcumaiun Uy po(x(t)) npume-
HSIFOTCsT METOJI OMOPHBIX BeKTOpoB (SVM) 1 HellpoHHbIe ceTH.

MeTo/1, OLIOPHBIX BEKTOPOB € pajuaJjiboil 6asucuoit Gynkuuu [aycca [8] uc-
IOJIL3YETCs, BO-TIEPBLIX, /Ui BLIACICHUA U AIIPOKCUMAINU O0IACTH IPUTAKEHUST
Xo cucrembl (3.1). Dro nossossier abdekTnBHO 00pabaTHBATL TEKYIIHE COCTO-
SHUS JUHAMUYECKON CHCTEMBI U HE JOIYCKATH BLIXOJ 34 MpPeIesbl 00JaCTH MpH-
TSPKEHMsI NIPU YIPABJICHUKM C HOMOINLIO NPUOJUKEHHBIX O0paTHLIX CBs3eil. Bo-
BTOPBIX, METOJ| ONOPHBLIX BEKTOPOB IIPUMEHSICTCS JIJIsi MHOTOKJIACCOBOM KJaccu-
(bUKAIMI ¢ [EeIbIO BLIIEJICHE 00JIaCTell HACBITICHNS YIIPABICHHS.

B obsacTsx, B KOTOPLIX 00paTHas CBA3b U)y pc NTPUHAMAET MTPOMEXKYTOTHDIE
3HAYEHUsI, OHA AIIIPOKCUMUPYETCS ¢ UCHOJIL30BAHUEM HEAPOHHOM ceTH.

Obyuenue HeilpoHHOI ceTn U KJaccudukaius Ha ocHoBe SVM naer npubJin-
JKEHHOE yIpaBJieHusi Thiia 00paTHoil cBsas3u Uy po(r), © € Xo. Cucrema, 3aMKHY-
Tast 0OpaTHOll CBS3bIO Uy po(T), © € Xo, UMeer Bu/T

2(t+1) = F(@(t), arpc(z(t), t=0,1,.... (4)

Jlajiee B 4MCJIEHHBIX 9KCIIEPUMEHTAX IIPOBOJMTCs CPABHEHUE HIPUOJIMMKEHHbBIX
3aKOHOB YIIpaBJeHUsI, O0OYUeHHBIX Ha PaBHOMEPHOI ceTKe, Ha CeTKe, MOJIyYeHHO
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Ha OCHOBE PABHOMEDPHO PACIIPEJICJICHHBIX MOCIEI0BATEILHOCTEN, U Ha CJIydaliHOlM
CeTKe C yBeJMUeHHeM o0beMa 0Oydatolieil BHIDOPKU B OKPECTHOCTH TOJIOYKEHUS
PaBHOBECHS.

3.3 Dba3oBag peaju3alnudg HeiipoceTeBOT0 PeryJjsiTopa

JlJist 9uc/IeHHBIX SKCIEPUMEHTOB B PacCMaTpPUBAEMOM TIPUMEpEe CTaOMIr3a-
nuu cucreMbl (3.5) 6buT BoOpan ropusont mianupoBanus N = 30. B kadecrse
HaYaJIbHOTO COCTOsiHUS BhiOpana Touka xo = (0.4;1.5).

[Tocsie peanuzanuu crangapraoi nponeaypbt MPC s cucremst (3.5), onu-
CaHHON B TyiaBe 1, mojiyueHa TpPAEGKTOPHS 3aMKHYTOW CHCTEMbI, MpEeICTaBJICH-
was Ha pucynke 3.1. Coorsercrpytoras peasmsarnust MPC ynpasnenus: uypo(t)
Nzobparkena Ha pucyHke 3.2.

1.5 T T T T T T T

-1.2 -1 -0.8 -0.6 -0.4 -0.2 0 02 0.4

Puc. 3.1: Tpaekropus 3aMkHyTO# cucrembl B npuMmepe (3.5) mpu mpuMeHEHUN
craniapTHoi nporneaypsl MPC

bazoBasg peanuzanus HelipoperyasTopa BKJIOYaeT co3/lanne HeHPoOHHOM ceTn
JUIst allPOKCUMAInK 00paTHOM cBsi3u Upspc(x) Juist cucrembr (3.5).

JL71s1 mocTpoeHus almnpoKcuMaIuu oOpaTHOR CBSI3M HEOOXOIMMO CO3aTh 00Y-
YAIOIYIO BBIOOPKY JJIsT HEHpPOHHO# cetn. st 3TOT0 B MEepBOM BapuaHTe peasiu-
3allMU AJrOPUTMA, HEHPOCETEeBOro YIIPABICHUsI IIOCTPOUM PABHOMEPHYIO CETKY Ha
mHoxkecTBe (3.6) pomycrumbix cocrostauii. [llar paBHOMeTpoii ceTku BoIOpaH pas-
Hbim 0.05.

B y3max paBHOMEpHO# ceTKn x', i € I, BLIYHCINM PeleHne TPOTHO3HPYIOeil
zajaun (3.8) ¢ mauanbupiM ycsiosuem x(0|0) = z'. 3anomuum snavenne u' =
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Puc. 3.2: Peanusanust o6paTHOil ¢Bsi3u JiJist cuCTEeMbI (3.5) Mpy MPUMEHEHUH CTAH-

ngapTHoii porenypbt MPC

u’(0]0, 2%).

Ha pucynke 3.3 nokazano Bekroproe noJjie cerku ¢ marom 0.1, a ne 0.05, s

boJiee XOpOLIEH JeMOCHTPAINK, B KOTOPOM BU/IHO KaK IIPOUCXOJUT [IEPEXOJL U3 CO-
croguus x(0|0) = ' B cocrosmue z(1]0) = f(x', '), ncnonpays mosydeHHbIe 3HA-

deHus ynpasJienust (obparHoit ¢ssu). Ha pucynke BujiHO, 4T0 Jij1st GOJIBITMHCTBA

TOYEK CJIEJIYIOINIee COCTOSTHIE HAXOMUTCS B IpejiesiaxX JOIMyCTUMBbIX 3Hadenuit. O1-

HaKO, CYIIECTBYIOT TaK2Ke TO4YKHU, I'l€e CJICAYIoIee COCTOAHNE BbIXOJIUT 3a IIPEIAEJIbI

obJiacTu O0y4YeHUst, ¥ B 9TOM CJIydyaeM MOXKHO IOJIYYUTh HEYCTONYMBOE PellieHue.
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Puc. 3.3: BekTopnoe noJie g cerku ¢ marom 0.1.

[Ipojioskast anayin3, Ha pUCYHKe 3.4 npejcrasieH rpaduk u' B 3aBUCUMOCTH
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or x'. MO>KHO yBUJETh MHOMKECTBO OJIMHAKOBBIX YIIPABJIEHUH JIJIS COCTOSTHMIL.
BaKHO OTMETHTB, UTO CETKY 3HAUCHU COCTOSHIAA B OKPECTHOCTU HAYaJIa KO-
OpJIMHAT HYKHO CJIEJaTh JOCTATOYHO JIETaJbHOM, ITOOBI HE II0J1y4aJoCh 3alluK-
JINBAHUE PEryJ/sitopa, T.e. He HPOUCXO/MJI BHIOOP OJHOIO M TOI'O Ke yIIpaBJICHUsI
OKOJIO HYJIsI,KOTOPOE He CIIOCOOCTBYET MPUOIUKEHUIO PEryIsaTopa K Hauaay Koop-

JIHAT.

Puc. 3.4: Yupapiienue Jijisi paBHOMEPHON CETKU 3HAYEHUI COCTOSTHUI Jijisi 00y ue-
HUA HEUPOHHOU CeTHn

Ilepeitjiem K 1nocrpoenuto HeiiponHoit ceru. st BbiOOpa KoJiMuecTBa Heii-
POHOB Ha CKPBITOM CJioe TpUMeM Toxo/ paborel [11]; rae ucmosb3oBasicst ure-
PATUBHBIA IPOIECC JIJIS TOMCKA, ONTUMAIBLHOIO KOJUIECTBa, HEHPOHOB. AJIropuTM™
BBIOMpaeT HEKOTOpOe HavaJbHOEe 3HAUYeHHEe KOJUUeCTBa HEPOHOB, CTPOUT CETb,
KOTOpas allIPOKCUMHUPYeT (PYHKIUIO, a 3aTeM JJisd KaxKJ0ro y3Jja CEeTKU BbIUUC-
JisieT 3HavdeHue npubJIMKEeHHONH 0OpaTHON CBA3U U 0OpATHOW CBSI3U, 10J1yYEHHO
u3 crapapTHoil nporeaypbl MPC, moka He Oyjer JOCTUrHYTa HEOOXOAMMAasd TOU-

HOCTD

€
[|u(t) —u(@)]] < N
rJie, HallOMHUM, 1M — Pa3MePHOCTH BEKTOPa yIPaBJIEHUS.
B Tabnuie 3.1 npejcraBieHa 3aBUCUMOCTb TOYHOCTH OT KOJUUYECTBA HEUpO-
HOB Ha CKpbITOM ciioe. Jlist jocTuskenusi Tounocru 5 - 1072 nonajobuiocs 25
HENUPOHOB.
Ha pucynke 3.5 mpejicraBieHbl TPpaeKTOPUH 3aMKHYTOi cucremsl (3.5), mo-
JlydeHHbIe TPU TIoMOIIH cTataapTHoil nponeaypbl MPC (kpachast kpusasi) u npu

TIOMOITIU TIOCTPOEHHOTO He#ipoceTeBoro peryssatopa (cuHsisa Kpubast). Kax BujHO
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Tabmuma 3.1: Tabauia 3aBUCHMOCTH TOYHOCTU AITPOKCHMAIIUA OT KOJIMYECTBa
HEPOHOB Ha CKPBITOM CJIOE

Kommaecrso neitponos | OmmbKa anmmpoKCuMAaInm
5 0.021

8 0.0092

10 0.008

15 0.0075

20 0.0063

25 0.0049

U3 pUCYyHKa, ITOJIYINJINCh JOCTATOYHO OM3KIe TPaKTOPUHN, aCUMIITOTUYIECCKHU CTPE-
MANMECd K HavdaJly KOOpAHUHAT.

15 T T T T T T T

— TpaektopwalcTaHgapTHen MPC)
— TpaekTopusa(HeMPOCETEBON PerynsTop)

-1.2 -1 -0.8 -0.6 -0.4 -0.2 0 02 0.4

Puc. 3.5: Tpaekropuu, 1nojydeHHble Ipy IOMOIIN CTaHapTHON mporeaypbl MPC
A HEHPOCETEBOTO PEryadTopa

[TogBeileM UTOTHM IpeJICTaBICHHON 0a30BOil peaju3aliuy HeipoperyiasaTopa.
B npejicraBjieHHOM 110/1X0Jie HEOOXOJIMMO CHAYaJIa BHIYUCIUTH 3HAYCHUS YIIPaB-
JICHUS B KaxK/IO TOYKE PABHOMEPHOHN CeTKU Ha MHOXKECTBE JIOILyCTUMbIX 3Ha4e-
HUl cOCTOAHMI. 3aTeM Ha IOJIyUYeHHON BBIOOpPKE, COCTOSAINEH U3 Iap COCTOSHUE-
3HaUeHNe 00paTHOM CBsA3M, OOyUYaeTcss HeWpPOHHAs CeTh, KakK 3ajiada 0O0ydeHUs C
VUYUATEJIEM.

OTMeTrM OCHOBHBIE HEJIOCTATKH JIAHHOI'O I10JIXO/Ia:

e Jly1s1 Xopoiiiei anmpoKCUMali HeoOX0IMMa BhIOOPKa, cojep Kallias JIoCTa-
TOYHO MHOI'O TOYEK, XOTsl HEKOTOPbIE 00JIaCTU UMEIOT OJIMHAKOBbIE 3HAUEHU I

YIpaBJIEHUA WU IOJId HUX €0 HE Ha/JO0 BbIYUCJIATH 3aHOBO.
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e OOyuenne m BaJIUIANNS HEHPOHHON CETH IPOXOISAT JOCTATOUHO J0JITO.
[Ipennonaraemble yJydmeHus i 9TONO MOJIXO/1a;

e YMEHBIIUTDH KOJI-BO FeHepUpyEMbIX TOYECK JIJIA IIOCTPOCHUA alllIPOKCUMAIINU,
pPaCcCMOTpPETL I'eHEPUPOBaHNE TOYEK C IIOMOIILIO CTOXaCTHUYECKOI'O IIOJAXOIa
N CTOXaCTHUYICECKOI'O C YBEJIMYEHUEM IIJIOTHOCTU TOYEK Yy Ha4daJla KOOPpAWHAT.

e [locTtpoutsb Xy — 00JaCTh HPUTAXKEHNS, MHOXKECTBO COCTOSAHMI, 13 KOTOPBIX
CUCTEMA JIOCTUTAeT TEPMUHAJIBHOTO MHOXKECTBa 3a [N I111aros.

® ILJIS{ YCKOp€HuA IMOUCKa YIIpaBJICHUA, BbIACJIUTb MHO2XKECTBa TOYECK, IJIA KO-
TOPBIX TIIPUMEHACTCA HACBIIICHHOE YIIDAaBJICHUE.

e Paccmorperb BO3MOXKHOCTD UCIIOJIb30BaHUs 00yYeHusi 6e3 yuuresisi u o0y de-
HUE C TOJKPEIIEHneM JIJIs TIOCTPOEHNT MHOYKECTBA, JIOMYCTUMBIX 3HAYEHU I
1 3aKOHA, YIIPaBJICHUSI.

3.4 Ilocrpoenmne objacTu nputdkeHud m obJiacTeil Ha-

CBHIINIEHNU yIIPaBJeHns ¢ moMoInbio SVM

IIpu nocrpoenun 6a30BOr0O peryjsitopa B pasj. 3.3 ObLIO 3aMedeHo, 9TO B
BBIOpAHHOW 00JIACTH JIONYCTUMbBIX 3HAYEHUN COCTOSTHUI MOYXKHO BBIJCJIUTDH 10/
MHOXKECTBO TOYEK, M3 KOTOPBIX MOXKHO JIOCTHYb HAYaJ0 KOOpJHUHAT — ODJIACTD
MPUTSI)KEHWS, W TTOAMHOYKECTBA, B KOTOPBIX 3aMKHyTasl CHCTEMa, HEyCTOWIWBA.
IIpenaraercst annpoKCUMUPOBATH 00JIACTD TPUTIXKEHUsT U TOJIHKO IO TOUKAM K3
Hee CTPOUTDH NMPUOJIMKEHUe JIJisi 00paTHON CBS3M.

Bouio crenepuposano 2000 rouek BHyTpr obJactu (3.6) JOMyCTUMBIX 3HAYE-
HUIl COCTOAHUNA C MUCHOJIL30BAHUEM KBa3U-CJIYYANHOrO0 METOJa MOCTPOCHUS C I10-
MOIIbI0 MHOXKeCTB XaJsibroHa [22]. Jliast Bcex aTux Touek onpejiesisieM BO3MOK-
HOCTH JIOCTMXKEHUsI M3 JIAHHOI'O COCTOsIHWSI TOYKM HadaJja koopjuuHat. [lomeua-
€M COCTOSIHHE, M3 KOTOPOI'O JIOCTHXKKMMO HadaJ0 KOODJMHAT, ¢ IOMOIIbIO METKU
1, a Heycroitunpbie cocrosinnst Kak —1. Jlns kiaccudukanmm mpuMeHsieTcss Me-
TOJT OMOPHBIX BeKTOpoB (SVM) (23] myist ammpokcumanum oOTacT TPUTIKEHNUS.
B kaudectBe dyHKIUU sjipa st MeTojia SVM npuMmensier pajuajbHas (QyHKIKA
[aycca.

[Tocne npumenenust SVM Jij1s1 annmpokcuMaIuym o0JaCTU IIPUTIXKEHUs, TTPeJI-
CKa3aHHbIE TTOMETKN JJIsT TOUYEK U3 00JIACTH JIOCTHXKUMBIX 3HAYEHWH TTPEJICTABIIe-
Hbl Ha pucyHke 3.6. Takyke Ha PUCYHKE OTMEYEHBI OMOPHBIE BEKTOPA, KOTOPHIE
OIPEJIETAIOT 00JACTh YCTONIMBBIX COCTOSHUIA.
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Puc. 3.6: Annpokcumariyist 00JiacTt NPUTSIKEHIST JIJIs 38191 (3.5)

st onpejieniennsi obJiacTeil ¢ HACBIIEHHBIMU YITPABJICHUSIMUA TaK¥Ke BOC-
oJIb3yeMcst MeTo oM SV M.

Meton SVM xopomias paboraer s pasrpaHuvueHns ABYX KJIACCOB, a B pac-
cMaTpuBaeMoil 3ajadn y Oyjer 3 Kiacca: 1) HachlllleHHe HA BEPXHEH rpaHwuIle,
u = 1, 2) HacblleHne Ha BepxHeill rpanuie, u = —1, 3) TPOMEXKYTOUHbIE 3HATEC-
HUs yrpasienus, |u| < 1. B ¢Ba3u ¢ atum co3mauM j1Be OTIeIbHBIC MOJCITH JIJIs
allpoKcUMaIum 00J1acTeil: MepByro MoJIeJib JIJisi OlpejiesieHust 00J1acTy C yipaBJie-
HUeM ¥ = 1 ¥ BTOPYIO MOJIEJIb JIJIsI OlIpeJiesIeHusI 00JaCTH ¢ yIIpaBjaeHueM u = —1.
Jl1st Kask 1oit MOJIe/I 1TOMevYaeM Te COCTOSTHUE, KOTOPhIe COOTBETCTBYET HACHIIIEH-
HOMY yIIPaBJIEHUIO, KaK 1, ocrajibHble COCTOAHUs Kak —1.

3J1ech HY2KHO IIPUHATH BO BHUMaHUE, YTO B pOOACTHOI BEpCUU UCIIOJb3YIOTCS
Cy>KEeHHUsl OI'PAHUYEHM, TO3TOMY HACBIIIEHKUE YIIPaBICHUST OyIeM OIpPeNessiTh C
3a30pPOM B €, T.€. TIOMETUM BCE COCTOSIHUS M3 KOTOPBIX OyIeT ynpasienue u(t) >=
1—e 6o u(t) <= —1+e€. Hanee obyaaem mofesu ¢ momorpio SVM ¢ paguanibHoit
sijleproit pynknueit I'aycca.

Ha pucynke 3.7 npejicraBiieHbl 00J1aCTH COCTOSIHUM, JIJIsT KOTOPBIX HEOOXO1-
MO TIPUMEHSITh HaCBIIEeHHbIe yIpaBieHns. JaHHbie 00IacT MOMOTYT YCKOPHUTD
OHJIAMH IHPOILEJAYPY, TaK KaK TelepPb HE HY»KHO OyJeT BbIUMC/ISThH JaXKe ¢ IIOMO-
b0 HEPOCETEBOr0 PEryasiTopa 0OpaTHYIO CBSI3b JIJIsd JAHHBIX COCTOSHMI, HYKHO
OyJeT TOJBKO NPUMEHSATHh COOTBETCTBYIOIIEE HACHIIEHHOE yIIpaBJIeHUEe U HE KOH-
TPOJIUPOBATH BBIXOJI AIIIPOKCUMHUPOBAHHOIO YIIPABJIEHUS 34 TPAHUILI JIOIMYCTHU-
MbIX 3HAQYEHUIA.
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(a) Aunpoxkcumuposannas obsiactb upume- (b)) AunpokcuMupoBanHuast 06/1aCTh HPUMe-
menust u(t) = 1 asa 3agaqau (3.5). menns u(t) = —1 mas 3amaqn (3.5).

Puc. 3.7: AnnpokcuMupoBaHHbie 00JIACTH ¢ HACBIMEHHBIM YIIPABJICHUAEM.

3.5 CpaBHeHIE METOJI0B COMIIJIMPOBAHNSA TOYEK JIJId T10-

cTpoeHus ITPUOJINKEHHOII 0OOpaTHOII CcBA3M

B 6a30B0oii peaJinzaluum UCIOJIb3YETCs paBHOMEpHAs CeTKa JIJis 1OCTPOEHUs
MHOXKECTBa TOUYEK sl HpuOJnKeHusi oopaTHoii csa3u. OJIHAKO JJisd paBHOMED-
HOJ CETKM HY>KHO BBIUYKMCJIMTH MHOT'O TOYEK, HO HE BCE OHM OJMHAKOBO BaKHbI
JIUIsT IOCTPOEHHsT 0OpaTHOi ¢BA3u. [loaToMy npeyiaraeTcst TPpOBEPUTH COMILIAPO-
BaHUE TOUKM CTOXaCTUUYECKU U CTOXACTUIECKH C YBEJMUYCHHEM IIJIOTHOCTH TOYEK B
OKPECTHOCTH TOYKHU Hadasa KoopauHat. ITocae it mo1xo/ 00bsaCHSAeT st TeM, 9TO
B OKPECTHOCTHU TOUKHK HavdaJia KOOpPIMHAT 3HAUYEHHS YIIPABJICHHUS MaJIbl, I XOPOIIlee
NnpubJIMYKeHe KpaiiHe BaykKHO JIJIsi COXPpaHEHUsI CBOMCTBA aCUMITTOTHIECKOII.

Ha paBnomepnoii cerke 0110 B3si10 3000 Touek, moaromy OyjiemM ucc/ieioBarb
JIpyrue crocoObl COMILIMPOBAHUS Ha 9TOM K€ KOJUIECTBE TOUCK.

Ha pucynke 3.8 npejicraBienbl COMILIIPOBAHHBIE TOYKHU IIPU CTOXACTUIECKOM
BeiGope 3000 Touex jytst obsactu (3.6) BHYTPH OOJIACTH TPUTSIKEHHS,

Ha pucynke 3.9 npejicraBjieHbl COMILIMPOBAHHBIC TOUKH IIPU CTOXACTUIECKOM
Bbibope 2600 rouek jyist obsactu (3.6) u 400 TOUEK COMIIIMPOBAHHBIX U3 OKPECT-
HOCTH Havasa KoOpIuHAT X.ero = {(21,22) @ [|21]] < 0.2, ||z2|| < 0.2} BHYTPH
00J1aCTU TTPUTSKEHHUS.

Omnbka annpoKCUMAIMK JJIsi 9TUX JBYX CIIOCODOB J1Jisi BBIOPAHHOI'O KOJIUUIe-
CTBa HEHPOHOB Ha CKPBLITOM CJioe 1 = 25 mpejicTaBjieHa B Tadbjuie 3.2.

Kak BugHo n3 tabiuibl 3.2 1pu crocode CIMILIMPOBAHUS CTOXACTUUECKHU C
YBEJIMIEHHO IIJIOTHOCTHIO B OKPECTHOCTH HAaUa I8 KOOPAUHAT, YBEJININBACTCA TOU-
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Puc. 3.9: CommupoBaHHbIE TOUYKHM CTOXACTUYECKU C YBEJHMICHHON IMJIOTHOCTHIO
OKOJIO HYJIs

Tabsuia 3.2: 3aBUCMMOCTH TOYHOCTH AMIPOKCUMAIMK OT THIIA COMILIAPOBAHMS

Tun comiimpoBaHusi Omubka anmpoKcuMaIum
PaBHomepHast ceTka, 0.0049
CToxacTHIeCKU COMIJIMPOBAHHBIE TOYKH 0.0062
CToXacTUIeCKN COMILTMPOBAHHBIE TOUKU U yBe- 0.0039
JIT9eHHast JIOTHOCTh B OKPECTHOCTU HAYaJIa, KO-

Op/InHAT

HOCTbH alllIPOKCUMAIIMKU 110 CPABHEHUIO C PABHOMEDPHOI CETKON M IPOCTOM CTOXa-
CTUYECKOM CIIOCO0e.

[TockosbKy JijIst McciejlyeMoil 3ajiauu JIOCTATOYHO TOJIYUYUTh TOYHOCTH O -
1073, 10 MOXKHO YMEHbLINTH KOJMUYECTBO I'€HEPUPYEMbIX ToueK. B rabiuie 3.3
IPEJICTABJIEHbl PE3YJIbTaThl AIIIPOKCUMAIIMN JIJIsi PA3HOI'O KOJMUYECTBAa TOUYEK B
obyuartomeil Bbibopke. IToHsiTHO, 9TO JijIst TOJIydeHUsT 3aJIaHHON! TOYHOCTH, J0CTa-
touno 2500 Touek, a 3TO 3HAYUT MOXKHO COKPATUTL KOJIMUECTBO ToueK Ha 17%.
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Tabauna 3.3: 3aBUCUMOCTH TOYHOCTH AIIIPOKCUMAIUU OT KOJUUIECTBA TOUYEK IpU
COMILIMPOBAHUYN CTOXACTUYECKN W YBEJMYEHHON MJIOTHOCTU TOYEK BOKPYT HadaJa
KOODJIMHAT

Komnuecto Touek | OmmbKa ammpoKCuMalnn
3000 0.0039
2800 0.0044
2600 0.0047
2500 0.0049

3.6 CpaBHeHIe pe3yJabTaTOB NPOM3BOIUTEILHOCTHI

CpaBHUM pe3yabTaThl TPOU3BOJAUTEILHOCTH NP pPeAJU3AINN KJIACCHICCKO-
ro anroputma MPC u nipn peasmsannu HeifpoceTeBOro perymasiropa, ¢ o0ydeHnem
obduaiin ist perenns 3a1auu cTabun3aluu HeJimHeiiHof cucrembl (3.5).

TpaekTopun oTAeabHO JUI T1 U To IpeJICTaBIeHbl Ha pucyHkax 3.10.

0.4 T T T T T T T T T 15

Tpaextopus|crangapthem MPC) ‘

TpaexkTopnA(HENPOCETEBON perynaTop)

02t TpaekTopA(HENPOCETEBON PErynAaTop)

TpaektopuacrangaptHed MPC) ‘

021

T 04l

06

08

(a) Tpaekropust s xp (b) TpaekTopust Jjst xo

Puc. 3.10: Tpaekropun jyist £1 u 9 jisi cucrembl (3.8)

VipaBjieHus, IOCTPOEHHbIE UCIHOIb3ysd cranaapTHblii MPC u npu nomoriu
HeMpoCceTeBOro peryaaropa, moka3anbl Ha pucynke 3.11

B rabsurne 3.4 npejcraBieHbl 3HAUEHUS BPEMEHU B CpeJHEM JIJIsi IpOoBe/ie-
Husi ojiHOTO Mmiara ajroputma MPC onnaitn. JIjis BeIaucieHust cpejiHero 3HaueHus
Bpemenn ObLta nposejiena 1000 Borunciennii mepsoro mara mnporeaypbt MPC st
Pa3JNIHBIX HAYAJbHBIX TOUYEK IIPU ITOMOIIU MPEICTaBIEHHBIX BBIIIE METOJIOB.

Kak BujiHO U3 TabJIUIbI, TTOCJIEIHUI METO/I, UCIOJb3YIOMIN JIOTIOJTHUTEIHHO
SVM nnist Bblzesienns: obacTeil HACBIEHNsT YIIPpaBJIeHHsI, HE3HAUNTEIbHO BBIUT-

47



1 T T T T T T T T T

Ynpaenenne|cTaHgapTHem MPC)
¥ NpasneHne(HEMpPOCETEBOW PErynaTop)

_04 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

Puc. 3.11: Oynkiys ynpasienus jiis 3ajaun (3.8)

Tabsmia 3.4: 3aBucuMOCThL BpeMeHu nposejenns ojnoro mara MPC ot ncmois-
30BAHHOIO METOJ1a

Vcnosib30Banublii MeTO Bpewms paborsi(mc)
Crannapraas nporeaypa MPC 1240
HeitpocereBoit peryJsitop 55
HeitipoceTeBoit peryngarop ¢ o0JaCcTsIME HACI- 02
[IIEHHBIX yIPaBJICHAN

paJl y HepOCETeBOro PEryasaTopa, He pa3audaloliero rpaHuuHble 1 ITPOMEXKYTOU-
HbIE 3HAUEHUST YIIPABJIECHNS, OJHAKO IO CPABHEHWIO CO CTAHIAPTHOIN MPOIETy POt
MPC Bpewmst perierusi yMeHbIIIEHO B 23 pa3sa.

B npejpiayiiem pasjese ObLIO PacCMOTPEHO MIPOBEJIeHIe 00y YeHUsI Ha, MEHb-
[IeM KOJIMYECTBE TOYEK 3a CUeT CIMILIMPOBAHUST CTOXACTUIECKH W YBEJIUICHUST
IJIOTHOCTH COMILIMPOBAHHBLIX TOYEK B OKPECTHOCTH HadaJa KoopjauHar. JlanHbiii
MEeTOJI YMEHBIIII BpeMst Jijisd obyuenust Ha 17%.

Heobxo/iuMo 0TMETHTD, 4TO MIPUMEHEHNE HEHPOCETEBBIX PEryJIsiTOPOB (TakKe
B KoMOuHaIK ¢ SVM) IPUBOUT K TPAEKTOPHIM 3aMKHYTON CHCTEMBI, KOTOPbIE
MOTYT CYIIECTBEHHO OTIMIaThest oT "aramonnoit”, rie moj "sramonnoit" B qannom
CIydae MOHUMAETCS TPACKTOPHSI, IOy IeHHAsI IIPU IIOMOIIU CTaHIAPTHONR IPOIe-
nypbl MPC. Bbuio nojcunTano, 4To pacxoxkjaeHust tpaekropuii jis 1000 3amyc-
KOB M3 Pa3JINIHbIX HAYAJIHHBIX COCTOSIHAN OTHOCUTEILHO ITAJOHHBIX TPACKTOPMIA
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cocrapuin ne 6onee 16%.

OjHaKoO TpWBEJICHHBIC MOTEPU MOYKHO CUUTATH HECYIIECTBEHHBIMHU B CBI3U
C TeJTBIO YIIPABJIEHUS CUCTEMOM, KOTOpas COCTOUT B CTAOUJIU3AIAU CHUCTEMbl W
rapaHTUPOBAHHOM BbIIIOJIHEHUN OTPAHUYEHMUI.

B To e BpeMs, CYIIEeCTBEHHBI! BBIUTPHIINT 10 BPEMEHW BBIUNCICHUS
upyrpe(z(t)) B cpasrernu ¢ uppe(x(t)) MO3BOJSET TPUMEHATEH HEHPOCETERBIE Pe-
I'YJISITOPbl B T€X Cjydasix, KOIJIa JIMCKPeTU3alus HEelPEePbIBHONW CUCTEMbI OCY-
ImecTBIeHa ¢ MaJieHbKuM Imarom h. Hampumep, B paccMaTpuBaeMOM IIpUMepe
cranpaptras nporneaypa MPC soraucisier ynpasienne 3a 1240 mc, a Heipoce-
TEBOI peryasaTop 3a 5D Mc.

Takum obpa3oM, HellpoceTeBble PEryJsATOpbl MPEeIIouYTHTEbHee B HCIOJb-
30BaHUU B psijie NPOU3BBOJCTBEHHBIX 3a/la4 JIJIsi CUCTEM C ObICTPO MEHSIONIEencst
JMHAMUKOIA.

3.7 lcnoJsb30BaHue HeEPOCETEBOTO PEryJisaTOpa JIJad 3a-

Jadun crabuim3annm oOpaTHOro MasTHHKA

Paccmorpum 3ajiady crabusimsaiiym 0OPaTHOIO MAasTHMKA HA I10JBUXKHOM
ocHoBanuu (resiexkke) |24]. Jluneapusarnust ypaBHeHuii B OKDECTHOCTH BEPXHETO
YCTOWIMBOTO MOJIOKEHUST MasiTHUKA UMEET BHUJL

[ 0 1 0
0 —(I+mi?)b m2gl?
0

| 0

I(M+4m)+Mmi2  I(M+m)+Mml?
0 0
—mlb mgl(M+m)
I(M+m)+Mmli2  I(M-+m)+Mml? 4 L7

+ (3.9)

SO = O O

RS R S D
-0 8 R

0

I+ml?
+ I(M+m)+Mml?

0

ml
| I(M+4m)+Mmi?

rjie
T — TIOJIOYKEHUE TeJIEXKKM Ha 11aTdopme, a ¢ — yroJl HAKJIOHA TEJIEXKKH, U
napaMeTphbl BLIOPAHBI CJACTYIONMIM 00pPa30M:

M =05 m=02 b=0.1, I=0.006, g=098, [ =0.3,

q=(M+m)-(I+m-1?) — (m-1)>
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Orpanuyenyst HaK/IaJblBalOTCA TOJIBKO Ha yron |¢| < T W Ha ynpapienue

lu| < 200.

OrnpejiesieHbl TEPMUAHAIBHBIE SJIEMEHTHI JJI POPMYJUPOBKU 33JIa9l B paM-
kax kBasubeckoneanoro MPC. Jluneiinast oOpaTHasi CBsI3b B TEPMUHAJIHLHOM MHO-
JKeCTBE UMeeT BUJI:

Woe(t) = Kz(t) = [10.0000, 15.8365, —79.1980, —18.5048]z(#).

Tepymunanbuas Gynknus — Kpajgparuunas dbynxmus suaa x(t)? Px(t), rae

1.5979  0.7505 —1.8801 —0.3226
0.7505 09811 —2.6173 —0.4276
—1.8801 —2.6173 9.2988  1.2221

—0.3226 —0.4276 1.2221 0.2119

TounocTh amnnpokcuMalyu, Kak ¥ B HPeAbIAyIeil 3ajade, BbiOpaHa paBHOi
n=>5-1073.

Jst mocTpoenusi ody4datoieil BBIOOPKHU ¥ JlaJIbHEHIIero anaansa oyaemMm pac-
CMaTPUBATH CJEJIYIONLYIO CEeTKY 3HAYCHUN COCTOSHUI:

| <

(3.10)

wHRwWE NN DN

ASRSEEEC IS

Ucnonb3ys paBnomepnyio ceTky 3uadennit ¢ marom 0.1 mogyanm 705600 To-
yek. Mcnosb3yst croxacTruieckoe COMILIMPOBaHKE, CO3J1a/IUM BIOOPKY, COCTOSIILY IO
3 585000 Touek, mpu 3ToMm 50000 ToUueK OyIeM COIMILIIPOBATHL M3 MHOXKECTBA,

(o] [o02]
< |02
=102
0.2

RS SEERS TR

T.€. OKPECTHOCTH Hadaja KOOPJMHAT, B KOTOPOH HEOOXOJMMO yBEJUIUTDH
IJIOTHOCTb TOYEK Jijist Oojiee TOUHOMN ammpokcumalnn. OcTaBiinecs TOUYKH OyieM
comrImponarh n3 3.10.

Ha sTux naByx jgaracerax oOydaeTcss HefipoHHas CeThb JJIsl AIPOKCHMAIIAN
3aKOHa YIPABJICHAA ¢ TOYHOCTBIO 1 = 5 - 1073, JIna JocTuKeHns yKa3aHHOII
TOYHOCTH 110HA,100110Ch 40 HERPOHOB Ha CKPBITOM CJIOE KaK JiJIsi PABHOMEPHOIA
CeTKe, TaK U JIJIT CTOXACTUUIECKOTO COMILIUPOBAHMUSI.
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B rabauie (3.5) MMOKa3aHbl 3HAUYCHNS OIMMMOKN B 3aBUCUMOCTHA OT KOJIMUICCTBA
HEIPOHOB HA CKPBITOM CJIOE JJIS JIBYX COMILIAPOBAHHBIX JATACETOB.

Tabsmma 3.5: Tabsuna 3aBUCUMOCTH TOYHOCTH AIIPOKCUMAIUNA OT KOJUIECTBA,
HEPOHOB Ha CKPBLITOM CJIO€

KonnaecTBo Ommumbka  anmpokcuMmanuu | OmmbKa — anmpoOKCHMAIIIH

HepOHOB (paMHOMEpHAsI CETKA) (CTOXAaCTUYIECKOE COMILIHPO-
BaHUE)

5 1.5362 1.2145

10 0.2873 0.2712

15 0.1267 0.0934

20 0.0544 0.0511

25 0.0219 0.013

30 0.0081 0.0078

40 0.0049 0.0047

ObstacTh PUTSIXKEHUsT UMEET BWJI, MpeJCTaBIeHHbI Ha pucynke 3.12. Ha-
CBITNEHHBIX VIIPABJICHUI B JAHHOM JIaTaceTe HET, MOITOMY OOJACTH HACHIIICHHBIX
YIIpaBJACHUA JIJId 3TOM 3a/[a4U HE CTPOATCH.

®  Touki BHe 0BNACTH NPUTOKEHKMA

®  Toukw vz 0BNECTVN NDWUTRMEHWA

Puc. 3.12: Obsactb nputsixkenust st 3aja4u (3.9)

Pesynbrars nipejicrasienbl Ha pucynke 3.13. Ha pucynke npusejienbl Tpa-
ekTopuu ctangaptTaoro MPC-perynsaTopa n HeifpoceTeBOro peryiaTopa, HadnHast
u3 Touku z(t) = [0.35,0.35,0.35,0.35].

TpaekTopuu OTJI€JILHO JIJIst X1 U T3 HPEJICTaBJIEHbl HA pucyHKax 3.14.

YipaBieHusi, IOCTPOEHHbIE UCHOIL3Ys cranaapTHblii MPC u npu nmomorru
HeMpoCceTeBOTO PerynsaTopa, MoKa3aHnbl Ha pucynke 3.15.

ol



0.4 T T T T T 0.35 T T T T T 7

TpaekTopua(cTaHoapTHe MPC) TpaexTopuacTaHaapTHe MPC)
— TpaekTopns(HenpoceTesol perynstop)| | 03 — TpaekTopwaA(HERpoceTEBOI perynsaTop}|
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0.2 0.1 0 01 0z 03 0.4 0.2 -0.1 0 01 02 03 04

(a) Tpaexropus jyst o6paTHoro masitanka  (b) TpaekTopust 11 06paTHOrO MasiTHUKA
Ha cpe3e g KOODAWHAT T1 U Ty Ha cpese 7718 KOOPAWHAT T1 U T3

Puc. 3.13: Cpesbl TpaekTopun jjist crabuin3aimu 0OpaTHoro MasiTHHKA (3.9)

0.35

T T
Tpaektopua(cTaHoapTHe MPC)
TpaexkTopnA(HENpoCceTEBOW perynaTop) 0.3

T T
TpaextopuacTaHaapTHed MPC)
TpaekTopwA(HEWpoceTEBON perynaTop}|

0.25

0.2

0.15

017

0.05

D05

02 . - - - ‘ - - - : 0.1
(a) Tpaekropus z; (b) Tpaexkropusi x3

Puc. 3.14: Tpaekropuu st crabuiusarnuu obpaTHoro Magruuka (3.9)

Jljist BblumMC/IeHMsT CpejiHero 3Hadenust BpeMmenu ObLio 1posejeno 1000 1po-
1eJIyp BBIUUCIEHUs IepBoro mara mporneaypbl MPC u3 pasindHbiX HadabHBIX
TOYEK IPH ITOMOIIU BbIIIENPECTaBJICHHbIX MeTO0B. [Ipu ucnosmb30Bannmu craH-
naptHoit mporenypsl MPC cpenfee 3nauenne BpeMeHN BBIYUCICHUS OJHOTO PaB-
ndgerca 1633 mMc, B TO BpeMsT KaK TpuMeHeHne HelipOCeTeBOTO PETryasTopa COKpa-
aeT BpeMsi BBIIIOJHEHUsI OJHOTO Iara Jio 78 Mc.
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1 T T T T T T T T T

Ynpaenenne|cTaHgapTHem MPC)
¥ NpasneHne(HeNpoOceTEBON PErYNaTop) | —

_? 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

Puc. 3.15: Oynkius ynpasienus jiis 3ajaun (3.9)

3.8 IIpumenenmne oOydeHHs C MOAKPENJEHUEM JIJis CH-

CTE€M C HEeIBHOI TWHAMMWKOI

Paccmorpum 3asady mepeBepHYyTOro MasgTHUKA, PACIOJOXKEHHOTO Ha IO-
JIBM2KHOM 111ardopMe, JlanHasi KOHCTPYKIUs 1IpejicraBieHa Ha puc. 3.16.

-

Puc. 3.16: TlepeBepHyThiit MasiTHUK Ha 1jiaTdopme

MagTauK moAAepKUBAETCA B PABHOBECUN 3a CUET U3MEHEHUs CKOPOCTHU Te-
JIEYKKH, JIBIKEeHNe MasTHUKA IPOUCXOIUT IO TOJIBUKHON My1aTdOpMe U eCTh BO3-
MOYKHOCTH JIBUTQTHCS TOJBKO BJIEBO M BIPABO. YIpaBJeHne MasiTHUKOM MOXKET
OBITH ONMMCAHO MApKOBCKHMM IpolieccoM. B Takux mporeccax yrnpasJisioniee Jeii-
CTBWE OIPEJIESIeTCS TOJBKO TEKYIUM COCTOsIHUEM OOBeKTa yIpaBIeHus W He
3aBUCUT OT HPEJIIECTBYIONUX cocrosiuunit. Jlanubiit MmapkoBckuii nporecc Oyjer
UCIIOJIb30BAThCS JIJIsT 00yUYeHUs ¢ MojKperieHueM. s SMyaIupoBanus CUCTEMbI
Oyier uctosb3oBaThest 00bekT CartPole-v0 6ubmorekn gym.

st perenust 3aa41 HEOOXOUMO B KaXKJIOM COCTOSTHUU § OObEKTa, yIIpaBJie-
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HUS IPABUJIBHO ONIPEJICJIATh JeiiCTBUE G, KOTOPOE IIPUMEHACTCA K TeJeKKe C Ma-
ATHUKOM. MHOXKECTBO JOCTYNHBIX JEHCTBUII HAJlT MAagTHUKOB: IBMXKEHUE BJICBO U
JIBH2KEHHE BIIpaBo. Kak omuchIBaJjIoch B rjiaBe 2, 3ajiada 00y deHus C MOJIKPeILIeHI-
€M peIIaeTcs C IOMOIIBIO areHTa, B3auMOJIeHCTBYIONIEr0 ¢ CPejoit, pUKcupyloiei
B TOM YHUCJIE U COCTOSHUE O0BEKTa, a TaKxKe cpejia IepegaeT areHTy COCTOsHUE
0o0beKTa yIpaBJeHns U HArpa/ly 3a JieiiCTBUe areHTa, rnepene/iinee 00beKT B TEKY-
mee cocTosinne. AreHt, moJIyduB OT Cpejibl KHPOPMAIUIO O COCTOsIHUN O0bEKTa 1
CBOIO HAIrpa/ly, OlIpejiessieT CJejyolee JeicTBIe, KOTOpoe OH CUUTaeT HauboJee
[IPaBUJbHLIM B JJAHHBI MOMEHT BPEMEHMU.

MHOXKeCTBO COCTOSIHUIN JIJIsl JIAHHON 3a/aul 3a/1aeTCsl CIeIyIOIMUM 00pa3oM:
X ={|z| <24, 2 €R, |23/ <04, 24 € R}

CrapToBBIM COCTOSIHUEM MasiTHUKA Oy/IeT paBHOMEPHOE CJIydaifHOe 3HAUEHHUE
B npejesiax +£0,05. Harpajga Oyner nHasnadarbes B pasdMepe 1.0 3a To, 4TO MadAT-
HUK He OyJleT mepeBepHyT U He yiijieT 3a I'paHullbl MHOXKecTBa X . Tak»ke orpanu-
YUM SKCIEPUMEHTHI KOJUUIECTBOM 3MU30/10B cTrabuauzanuun 200 THKOB BpEeMEHH.
Harpaya juist Bcero snmsoja OyjieT He IPOCTO CYMMa BCEX IOJIyUYEHHBIX HaIpaj,
a JIMCKOHTUPOBaHHAs CyMMa C KOHCTaHTOW JinckoHTupoBaHusi v = 0.99. Kosinue-
cTBO 3113008 J1s1 o0yuenne 10000. Konuuecrso smu3o/108 i Baguganuu 1000.

Bribop onTuMaJibHOTO yITpaBJaeHUs OyJIeT OCYIIECTBIATHCS C MTOMOIIbIO Hefi-
POHHOI CeTU € OJIHUM CKPbIThIM cJjioeM. Ha Bxoj OyjieT 1ojiaBaThcst BEKTOP CO-
CTOSIHMI, B CKPBITOM cJioe OyjierT 12 HefipoHOB, a Ha, BBIXOJE BEPOSITHOCTH BHIOOPA
JIEHCTBUS JIBUYKEHUS BJIEBO U JIBUKEHUsI BITPaBo. BhIOOp KoJiMvyecTBa HEHPOHOB Ha
CKPBITOM CJIOe OCHOBbIBaJics Ha Tajmie (3.6). Bo Bpemst o0yuenust Oymer ucmosin-
30BaTbCs €-)KaJIHasl CTpaTerusl BbIOOPa OINTUMAJIbHOIO JICHCTBUSA B KOHKPETHDI
MOMEHT BPEMEHHU, TTOITOMY IOCJIE MOJYyUYeHUsT BEPOSATHOCTU COObITHI B JIAHHbIN
MOMEHT BpeMeHH, Oy/ieT BbIOMpPAThCs JIeHCTBHE CAydYaiiHbIM 0Opa3oM, Ie JeiT-
cBue OyjieT BbIOpAHO CJIyYaliHO C BEPOSITHOCTHIO, KOTODPYIO BbIjiajia HEHpPOHHAs
CeTb.

Tabmuta 3.6: Tabauna 3aBUCHMOCTHU MPOTIEHTA YIATHBIX SMU30/I0B OT KOJUIECTBA
HEPOHOB Ha CKPBITOM CJIOE

Kosm4ecTBo HEPOHOB HA CKPBITOM CJIOE Ynaunwie snuzo7bi( %)
5t 76

8 95

10 98

12 100
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PesyibraT 00y4ueHHOTO PeryssTopa npejicraBjieHbl Ha pucynke 3.17.

004

0.015
n.010
0.005

0.0z 0.000

x1

" 00005
0.01
-0.010
0.00 —-0.015

—0.020

0 I s 75 100 125 150 175 200 . . . . : . . . .
¢ D 2 s0 75 100 125 150 135 200
t

(a) Tpaekropust mo x; (moaoxenue Tejex- (b) Tpaekropus 1m0 x3 (yroa HaKJIOHA Ma-
KH) SITHUKA)

Puc. 3.17: Tpaekropuu jijis cTabuan3anu oOpaTHOro MasiTHUKA,

Kax BUJHO M3 PUCYHKA, TPAeKTOPHUs IO MEPBOl KOOpJUHATE CMENIAeTcs C
KayKJIbIM THKOM BIIPABO,a 3HAYUT, UTO CKOPO MAasSITHUK IMEPEHeT 3a yCTaHOBJICH-
HbIe I'PAHUIIBI, HO MOYXKHO OTMETUTH, YTO YTOJI JIOCTATOYHO XOPOIIO CTabUIN3NPO-
BaH.

Obyuenue ¢ nojKperieHrueM 00ydaeTcs 3a cYeT Harpa/| U [bITaeTCss MaKCh-
MU3UPOBATH MOJyYaeMble HATPAJIbl, TAK KaK B JJAHHONW KOH(MPUTYPAIMH, MbI TTOJTY-
JaeM KOHCTaHTHOE 3HAaUeHNe HArPaJibl 38 MO3UITMIO Ha, MOJABMXKHON MaTdopme, To
YIPaBJIEHUE HEJIOCTATOYHO XOPOIIO HAYUUJIOCH ONPEJIE/IsiTh ONTUMAJIbHYO T10JI1-
TUKY B JJAHHOM cJyydae. Hy»KHO 100aBUTH M3MEHHAIONeecss KOJTMIeCTBO HArpa bl
3a TO3UIUIO TEJEKKN Ha I1ardopme.

Uccnenyem pyHKITUU HArpaJbl BUIA

1
r(a) = ———, (3.11)
a+ |xq|

Oynem mposepsaTh ciaenytormume 3uadenus « = {0.01,0.05,0.1,0.5,1.0,2.0}. Tak
KaK Mbl XOTUM CTaDMJIM3UPOBATD MAsiTHUK B HPEJIEIaX STUX MOJOKEHUN TEJIeKKN
Ha rraTdgopMe, To OyjieM TPOBepATH YAadeH JIU STU30/1, €CJU YIaJ0Ch OCTABATHCS
B npegenax |r1] < (o + min(w,0.1)). Bamuguposars 3nm30/pl crabusuanum Ha
BpeMeHHOM npoMexKyTKe 400 TUKOB.

Kax BujHO U3 pe3ysbTaToB TaOJUIDLI 3.7 cTabMJIM3UPOBATH C TOYHOCTDLIO
0.01 — 0.05 He 1oJIy4YnJIoCh, CJUIITKOM MaJiblii IPOIEHT Y/auHbIX CTaOu/IM3aluii,
BO3MOYKHO 3TO CBA3AHO C TEM, UTO yKe ITPOUCXOJISAT CJIWUIIKOM MaJible U3MeHe-
HUST MAasATHUKA, U TTOITOMY CJIOYKHO OOy IUThCsT BRIOMPATH MPABUIBHYIO CTPATETHIO.
Hauunas ¢ nosuiuu 0.1 — 1.0 nosiyuuniioch crabuin3upoBaTh JIOCTATOYHO Kade-
CTBEHHO, HO UeM OJivKe cTabuin3anuus K TpaHuIaM MHOXKECTBa COCTOSAHUN, TeM
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Tabauna 3.7: Tabyuma 3aBUCUMOCTH IIPOIEHTA YAAYHBIX SIU30/I0B OT IIO3UIUAN
BOKDPYI' KOTOPO#l CTabMJIM3UpyeM MasiTHUK

[Tozunus Viaaubie smm307b1( %)
0.01 36
0.05 45
0.1 90
0.5 96
1.0 99
2.0 85

Xy2Ke MOJIydaeTcss OOYUNTh Ha 9Ty MO3UINUI0 MAsgTHHUK, TTOITOMY Ha mosuruu 2.0
HOJLY UMJI0CH KOJMYECTBO yIauHbIX no3uimii 81%.

0.04

003
003
002
0.02
0oL

0.00 001

®3

= -0.01 0.00

—0.02 —0.01

-0.03 —0.02

—0.04
-0.03

-0.05

5 25 so 75 100 135 150 175 200

o 5 50 75 100 125 150 175 200 time

time

(a) Tpaekropust 0 KOOPIHHATE X7 (b) TpaekTopusi O KOOpAUHATE T3

Puc. 3.18: Tpaekropuu jijist crabusinsanuu oOpaTHOIO MasiTHUKA C HArpaJjoi 1o
dbopwmyie (3.11) c a = 0.1

Pesynbrar 06yuenus 1o ¢opmysie (3.11) ¢ a = 0.1 npejcrapienbl Ha PUCYH-
Ke 3.18. 371ech MOXKHO YBHUJETh, UTO CTAOUJIU3AIIMS MPOILIA HE TOJBKO 0 YTy
HAKJIOHA TEJIEXKKW, HO ¥ 3a cueT jauddepeHinpoBaHHOil Harpa bl 3a MOJOYKEHWe
TEJIEXKKM, TeJIeXKKa cTabusinsupoBasiach 0koJio 0.1,

Mo2KHO OTMETHUTD, 9TO OOyUEHHE C TOAKPEIJIEHHEM MOYKET HAYIUThCS ONTH-
MaJIbHOMY YIIPaBJIEHHUsI 38, CUET B3aWMMOJIEHCTBUS CO CPEIoit M He TpedyeT 3HaHUsI
JUHAMUKE 00bekTa. Ecan 100aBisTh HEeoOXoInMble U3MEeHeHus B (DYHKINKM Ha-
I'paJibl, TO MOXKHO PEryJupoBaTh ONTUMaJbHOe yipasjenue. Opnako oOydeHnue
C TOJKPEIJICHHEM TI0 MPEJICTABICHHBIM Pe3ysIbTaTaM HE MOXKET TrapaHTHPOBATH
BBICOKYIO TOYHOCTH BBIUMCIEHUS W TpeOyeT MaJbHEHINX WCCJIEIOBAHWI B 3TOM
obJiacTu.
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3.9 BpIBoabI

B manmoit MarucrepcKoit 1uccepTaini OLLIO UCCIEI0BAH0 TpUMeHenne Heii-
POHHBIX ceTell /i1 Al pOKCUMAITIY 3aKOHA YIIPABJIEHUS JJIsT HEJIMHENHBIX CUCTEM,
KOTOpbI€ TIOBBICUJIM [TPOU3BOJIUTEILHOCTD OHJaMWH Bbhiuucjenuit B 20 pa3. Tak-
JKe OBLITM MCCTeOBAHBI pa3Hble TEXHUKU COMILTUPOBAHUS, ¥ OBLIO TTOKA3aHO, ITO
MOYKHO COKPATUTh KOJMYECTBO TOYEK TPEHMPoBOUHOrO Habopa Ha 17% npu nc-
110JIb30BAHUU CTOXACTUYECKOI'O COMILJIMPOBAHUS U [OBBIIIEHUS IIJIOTHOCTH TOYEK
y HadaJja KOOpJIMHAT. BblIM mOCTPOeHbI 00JIaCTH IPUTXKEHUs ¢ oMoIIbio SVM
JUIst 6oJiee KaueCTBEHHOI'O COMILIIUPOBAHMSI.

st cucreM ¢ HesIBHOM JTUMHAMWKO# OBIIO UCIIOJB30BAHO O0YUEHNE C MOJIKPETT-
JeHueM. Bplio mokazana BO3MOXKHOCTH PEryJnpoBaTh OOydeHHue 3a cueT h3MeHe-
Husi pyuknuit Harpaj. Jdauubiit meTos He Tpedyer 3HaHUN O JIMHAMUKE CUCTEMBbI,
OJTHAKO HE MOYKET TapaHTUPOBATH BBICOKYIO TOUYHOCTH BHIYUCTCHUH, TOITOMY HY K-
HBI JlaJIbHEITNe CCiIeIoBaHnus B 9TOI 0DJIacTH.
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SAKJIIOYEHUNE

MPC npejcrasisier coboit ceMeiicTBO PEryasiTOPOB, KOTOPOE IIO3BOJISIET sSIBHO
HCIIOJIBE30BATh MOJEIb O0ObEKTa YIIPABICHUs JJIsl TIOJYUEeHNs YIIPABJISIIONIEr0 CUr-
Hasia. Hecmorpst Ha 3pdeKTUBHOCTH 1 IMTUPOKOE PACIPOCTPAHEHNE HA MTPAKTUKE,
JIAHHBI METOJI HE TOAXOJNT JJIsi OBICTPHIX IMPOIECCOB, IJisi KOTOPHIX PEIIeHHE
HeJIMHEHHOM 3a/1a91 ONTHUMAJILHOIO YIIPABICHUsT HE MOXKET OBITH MOJIyUeHO pery-
JISTTOPOM 3a KOPOTKMUi 1epnojt, KBanToBaHus. OJIMH U3 MMOIXO0/I0B K PEIEHUIO yKa-
3aHHOI MPOOJEMBI MO/Ipa3yMeBaeT MMePEeHOC HEKOTOPBIX BBIYUCIEHU oddaiin.
Hpyroit nejoctaTok merojia cocrouT B ToM, uro MPC mpejnosaraer Hajgmdue
JIMHAMUYIECKO MOJIEIN, TOITOMY B yCjOBHsAX HeusBecTHO# muHamukn MPC ne
CMOXKeT HaXOJUTh (P(PEKTUBHOE yIpaBIeHue W HeOOXOJIMMO UCIIOJIL30BATH JIPY-
e METOIbI.

B nacrosiieii MarucTepeKoi JuccepTaiyuy sl MOCTPOEHUST alllIPOKCUMAITH
yupasjiennsgs B MPC peryisTope ucIoib30Baich HeiipoHHbIe cetu. [yisa Momu-
dvkanun 3a7a91 00OPATHOrO MasTHUKA B BUJE 33Ja9W C HEU3BECTHON TUHAMUKN
OBLJI UCIIOJIB30BAH METOJ O0yUeHUs ¢ MOJKpeIlJIeHIeM, KOTOPBIi 03BOJIsIeT OIIpe-
JIEJINTD YIIpaBJICHHE HA OCHOBE B3aUMOJICHCTBUS CO CPEJION U IIOJIyUeHU HarPa bl
3a JICICTBUE B 9TOU cpejie.

bbbl mpoBejieHbl HCC/IeIoBaHUsI 110 PEIIeHNI0 YKa3aHHON MpobJIeMbI IyTeM
nepeHoca HEeKOTOPhIX BhraucieHuit odpduiaitn. [Ipepocraniensl pesyiabraThl Oa-
30BOM peasimzannu ajropurMma. B wacrnoctu, jurs peanmzanun Gy MPC-
pery/sitopa ObLIM IPUMEHEHbl HMCKYCCTBEHHBLIE HEUpPOHHBIE CeTH. DbLIu IpoBe-
JIEHBI AKCTIEPUMEHTHI JIJIST TOCTPOEHUsT 0DJIACTH TIPUTSIKEHWsT ¢ TTOMOIIBI0 SV M.
[Ipoanan3upoBaHbl PA3IMIHbIe TEXHUKKM CIMILIAPOBAHUSI TOYEK JIJIs AlIIPOKCH-
MaIuu obparHoii cBa3u. Jljisg ucciegoBanns IpUMEHEHUs HeiipoCceTeBOro perysisi-
TOPa HMCIOJIB30BAJIUCH 3aJ1a91 C JIBYMEPHBIMU M YIETHIPEXMEPHBIMU MHOYKECTBa~
MU COCTOsiHMIA. TeXHMKa CTOXaCTHUYECKOr0 COMILIMPOBAHUS C YBEJIUUECHUEM ILIOT-
HOCTW BOKDPYT HadaJa KOOPAWHAT YMEHBINIa KOJWIEeCTBO TOUEK, HEOOXOMMMBIX
JJIs TIOCTPOEHKST TPEHUPOBOYHOrO Habopa Ha 17%, a 3HAYUT U COKPATUIIA BPEMs
Ha oOyuenusi. CpejHee BpeMsi BblnoiHeHus ojHoro mara MPC s cranpaprHoii
npore iy phl coctapiisio 1240 Mc, a Mpu UCTIOIB30BAHIH HEHPOCTEBOTO PEryJ/IsiTOPa,
cocraBysT H2 mc. [IpousBonuTEILHOCTH CUCTEMBI ¢ HEHPOCETEBLIM PErYJIsITOPOM
yMeHbIIIIIa BpeMs BbinosHeHus ojHoro mara MPC B 20 pas.

Hanbueiine HampaB/IeHns] UCCJIEI0BAHN BKJIIOYAIOT TPUMEHEHUE PA3JInt-
HBIX apXUTEKTYDP HEHPOHHBLIX ceTeil s obecledeHuss HeoOXOIMMbBIX TapaMeTpOB
MPC perynsropa, a Tak»Ke IIOCTPOCHHE PEryJisiTOPOB 110 HEU3BECTHON JIMHAMUKE.
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