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HEHPO-TAHAMHYECKOE ITIPOT PAMMUPOBAHHE
ABTOHOMHBIX ATEHTOB

AHHOTaNNA

B jiexuuM paccMarpuBalOTCs 3aJ1aud MHOTOIIATOBOW ONTHMM3ALMU M yIpaBiie-
HUSL CJIOXKHBIMU JIMHAMUYECKUMHU cucreMaMu. OOCYX/1at0Tcs II0CTAHOBKY TUIIO-
BBIX 33/1a4 1 0COOEHHOCTH aJITOPUTMOB HeHPO-TMHAMUYECKOTO IPOTPaMMHPOBa-
HUS, UCTIONB3YIOMIUX IS alpOKCUMAIUi (DYHKIUI ONTUMATBHOTO TOBEICHUS
annapar UCKyCCTBEHHBIX HelpoHHbIX cereil. IlokazaHa cBs3p 3ajauu LesieBOM
a/lanTaly aBTOHOMHOTO areHTa IIpU 00yUeHUH C MOIKPEeIIeHHEM U 3a1adl Ipo-
TPHOCTHYECKOTO ONTHMAJILHOTO yIpaBieHus. IIpUBeIeHbl IPUMEPbI IPHIOKEHUH
METO/I0B HeHPO-/IMHAMUYECKOIO LIPOIPAMMUPOBAHUS.

S.A. TEREKHOFF
Artificial Neural Network Laboratory (ALIFE),
Troitsk, the Moscow Region
E-mail: alife@narod.ru

NEURO-DYNAMICAL PROGRAMMING FOR AUTONOMOUS
AGENTS

Abstract

This lecture is devoted to multistage optimization methods in the control of com-
plex dynamical systems. Statements of typical control tasks are discussed. The
key technology — neuro-dynamical programming method — is based on the ap-
proximation of cost-to-go function by artificial neural networks. Examples show
relations between reinforced adaptation of autonomous agents and predictive
control problems.
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Beenenue: Ilpumepsl cucTeM ¢ IMHAMHYECKH-ONITHMAJIBLHBIM
ynpaBjeHHeM

ParronaneHast JeATETPHOCT IO BEACHHIO XO3SMCTBA, HCHONB30BAHUIO PECYp-
COB, ONTHMAJIBHON OpPraHU3aIiy JEeJIOBOH aKTHBHOCTH SBIIACTCA OCHOBHOW OT-
JUYUTEIBHON YEPTOH YCTPOMCTBA COBPEMEHHON JKOHOMHKH U YIIPABICHUS.
dopmainbHas CTOpOHA IPOOIEMBI CBOJAHTCS K OLPEIISTICHHIO B HEKOTOPOM CMBIC-
Jie HAWIYYINero, ONTUMAJIFHOIO, BAPHAHTA PEIICHHUS B TEKYIIMX ycIoBusax. B
TOCTICAHNE JECSTHICTUS CQOPMYIUPOBAHBI MPAKTHIECKH Ba)KHBIC ITOCTaHOB-
KM 3aJa4 MOMCKa ONTUMYMa, a TaKKe MPEUIOKEHB 0a30BBIC ANTOPUTMBI LIS
nx pemerHus. Hanbompmmii mporpecc B MaTeMaTHUIECKUX METONAX JAOCTHTHYT
TIPHU PACCMOTPEHUH CTATUIECKUX 337189, B KOTOPBIX PEIICHUE TIPHHAMACTCS O~
HOMOMEHTHOY», a OITUMH3MPyeMOH (yHKIIMEl SIBISETCS! OLEHKa [OCIEACTBHU
BBINTOJTHEHHs Takoro pemnieHus. OAHaKo, B YCIOBHAX YCKOPSIOUIETOCS TEMITa
JETOBON aKTUBHOCTU ¥ YCIIOKHEHHUS PEKMMOB KOHKYPEHIIMH JTHLO, IPUHIMA-
OIlIee PEUICHUS, BCE YaIe CTATIKUBACTCA C HEOOXOIMUMOCTBIO ITOUCKA ONTHMY-
Ma B MHOTOIIAroBEIX 3amauax. [IpeameTroM pacCMOTpPEHHS B JTAHHOHM JICKITHH
SIBIDIIOTCSI CHICTEMBI, B KOTOPBIX PeIlleHHe MPHHUMAETCS mo3TamHo. Ilpu sTom
ONITUMAJILHBIM JIOJKEH ObITh BECh MHOTOJTAIIHBIN IIPOLIECC CMEHBI COCTOSIHUI
cucteMsl. [IprBeneM mpUMepsl MHOTO3TAHbIX 3a1a4.

1. Menedscmenm npoexma. YIIpaBIeHUE PeCyPCaMu IPOU3BOACTBEHHOTO W
HCCIIEI0BATENBCKOTO IPOEKTA MPEAIIONaracT NPHHATHE CEPUH MOCIIEI0Ba-
TEMBHBIX pemeHni. Crocod opraHu3aluy YIPaBICHHS HA OCHOBE MHOTO-
LIaTOBBIX PEUICHUI Ha3BIBAIOT “‘real options”.

2. VYnpaenenue onmoguimu 3aKynKamMu 8 mop2osuix cemsx (CynepMapKeTax,
CIeaIN3NPOBAHHBIX Mara3uHax), CeTsX OBICTPOTO MUTAHUS, CETSIX KOC-
METHYECKUX CaloHOB M Ap. OmnpenencHue 00beMa W CPOKOB ITOCTABOK
IIapTUii TOBapOB HA KaXABIH MOMCHT BPEMEHH JOJDKHO YUHTHIBAaTH Oy-
Jyliue moTpeOHOCTH U AN QEepeHIIMPOBAHHBIC PUCKH OT HEXBATKH HIIH
repen3ObITKa TOBapa. YIPaBISIOLHe pelieHns (3aKyIKi) IPOBOJISITCS 11e-
PHOJIMYECKH U [IPOLIECC UX OLUTUMAILHONU BbIPAOOTKH SIBJSIETCS] MHOT'OLLIA-
TOBBIM.

3. Vnpasnenue ounamuxoii ungecmuyuonno2o nopmeena. PerynspHoe yda-
CTHE B TOPrax M pecTpyKTypH3alHs COCTaBa aKTUBOB HOPTQEJIsl 03BOJIs-
10T PACCMATPUBATh 3a/ady YIPAaBJICHHS MM KaK MHOTOIIATOBYIO. YIIPaB-
JISTFOIIAE BO3ICHCTBHS COCTOAT B MOKYITKE U ITPOJaKe HEKOTOPBIX aKTHBOB
mopT¢enst ¢ HENbI0 AOCTHKEHNS BEIOPAaHHOTO KpUTEpHs 3P (EKTHBHOCTH
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(nanpumep, obecriedeHne MAKCHMAILHOHN JIOXO/THOCTH HA YKa3aHHOM Mac-
nrrabe BpEMCHH, [TPU 3381aHHOM YPOBHE PUCKA).

4. Junamuueckoe nianuposanue 3azpy3sku KaHano8 cemu comosot ceéazu [1].
Iens cocTouT B 00€CedeHHH KaueCTBEHHOTO CePBHCA AJIsl MAKCHMAIbHO-
TO YHCTIa TOTB30BaTeNeH MIPH 3a/TaHHOM JIMAINIA30HE BHIICICHHBIX 9aCTOT.
CJI0)KHOCTH COCTOHUT B HEOOXOANMOCTH PE3EPBUPOBAHUS YaCTH PECYPCOB
111 oOecriedeHNs] HelPEpBIBHOCTH CBSI3H IIPH ITepeMelieHIH aO0HEHTa 13
30HBI OTHOU COTHI K ApyToii. I1pu 5TOM ciumikoM OobIIO pe3eps paBHO-
CHJICH OOJBIIOMY YHCILy OTKAa30B HOBBIM a0OHEHTAM IIPH HOBBIX BBI30BaX
(T. e. 6710KUPOBOK). 3a/1aua PENIACTCS MHOTOKPATHO, B PEATBHOM BPEMCHH,
C YYETOM TEKYIIIeil 1 MPOTHO3UPYSMOil JHHAMUKH 3aIPOCOB K CETH.

5. Houck ungopmayuu @ pacnpedenennoli cemu. MapmpyTruzamus 3ampo-
COB B PACIpPEICICHHOM XpaHWININE WH(POPMAILNK IIPEICTABIACT COOOH
3a1a4qy JUHAMHYCCKONH ONTUME3Aanud. 37eCh MOTCHIMATBHBIN BRIUTPHIII
OT pacumpeHus Maciirada morucKa B CeTH IIPOTHBOPEYHT TOTOBHOCTH BbI-
IIOJHATH HOBBIE IOMCKOBBIC 3alpochl. OAHOBPEMECHHO € 3aJadeil moucka
MOXKET PEIIATHCs 3371a9a JHHAMIIECKOTO ONTHMAIBHOTO pa3MEIICHHS HH-
(dopmanuu B ceTH.

6. uuamuueckoe cocmasnenue pacnucanuy. OIHO W3 aKTYaJIbHBIX MPH-
MEHEHHH — JIMHAMUYECKOEC HAa3HAYCHUE IMIJIOTOB HAa PEUCHI B KPYITHBIX
aBHAKOMITAHWAKX. 3a]a4a COACPIKUT CIIOKHBIC AWHAMUYCCKHC OTpaHHdC-
HUSI, BBI3BAHHBIE (PAKTHYUECCKUM BBIOIHECHUEM BO3AYIIHBIX MEPEBO3OK.

7. Llupoxuii kpye «<npobremuvixy 3a0a4, TAKUX, Kak 00y4eHHe B MHOTOIIIaro-
BBIX HI'Pax, aAalTHBHOC YIPABICHUC B PACIIPE/CICHHBIX M ABTOHOMHBIX
cHcTeMax, akTHBHOe oOydeHHe (0OyueHWe areHTa, COMpPOBOXKAAOIEECS
aKTHBHBIM 0TOOpOM HH(OpMaUWu 1A JaNbHEHIIEro oOydeHus), aganTa-
1Ust po00Ta B CIOKHOHM OKpYy’Karomiel cpeze.

Bce mepeunciennsie 3a1aqn 00MaaaoT oaHoM 00MIeil GyHIaMeHTaTbHON CIT0XK-
HOCTBKO — OHTHMaHBHBIﬁ Ha JaHHOM IIIare BKJIaJ B (byHKHHIO OEHHOCTHU MOXET
COOTBETCTBOBATH PEIIEHHIO, JATEKOMY OT ONTHMYMa ISl BCEr0 MHOTOIIATOBOTO
mponecca B reaoMm. OCOOCHHO YETKO 3TO HAOIIOAACTCS B IPOTOTHITNYCCKHUX 3a-
Jagax MOMCKA BBIXOAA WX NTaGHPHHTA: [IOGATBHO ONTHMANBHOE PEIICHIE BKITHO-
YaeT NOKABHBIC OTPE3KH, Ha KOTOPBIX MPOUCXOAUT (PaKTHICCKOE YIaJCHHE OT
TOYKH BBIXOJA. CJ'ICI[CTBI/IGM 3TOTO q)eHOMeHa B OGLHCCTBCHHOfI JKU3HU ABJIS-
I0TCsI, HAITpUMeD, (PaKThl «HEMOMYJSIPHBIX» W, Ha NEPBBIA B3IIIsA, HEOITUMAIb-
HbIX peIHeHI/Iﬁ CO CTOPOHBI IPABUTECJILCTB, IIPHU BLIXOAC UX CTPAH U3 KPU3HUCOB.
OIHAM U3 COBPEMEHHBIX MOAXOA0B K MHOTOIIATOBBIM TIPOBIIeMaM CITYKaT TpH-
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OJIrKEeHHbBIe METO/IbI IIOUCKA a/1alITAlHOHHON CTPATEInH, BKIIIOYAIOIIHE alllIPOK-
cUMalMK (QYyHKUMH ONTHMAJIBHOIO [TOBEACHHUS MCKYCCTBEHHBIMH HEHPOHHBIMHU
cersimu. O01Iee ceMEHCTBO TaKUX HEHPOCETEBBIX METOIOB ITOIYIMIIO CIIEIHATb-
HOE Ha3BaHUC — Helupo-OuHaMuieckoe npozpammuposanue. Yccnenoparenu B
00nacTH aganTaly aBTOHOMHBIX areHTCKHX CHCTEM [2] B CIIOKHO-YCTPOSHHOM
OKPY)KEHHH 3aHHTEPECOBAHBI B METO/[aX HEHPO-JINHAMUYECKOTO POrpaMMHUpPO-
BaHMs1, IIOCKOJIBKY 3TH METOJIbI He TPEOyIOT HOCTPOCHHS HIPSIMBIX MOJIEIIEH cpe-
Il ¥ TIO3BOJISIFOT areHTaM HavYWHaTh JeHCTBOBATh, HE NOXKHAASICH 3aBEPIICHHS
oOy4eHus.

JanpHeiiee H3I0XeHNE JTEKIHK TIOCTPOCHO M0 CIIEAyIoLeMy IUiany. BHa-
Yaje Mbl KPAaTKO OCTAHOBHMMCSI Ha KJIACCHYECKOi MOCTaHOBKE 3aJaud ONTH-
MH3AIMU C OTPAaHUYCHHSIMH U IepeijieM K 3ajiade ONTHMAJILHOTO YIIpaBlie-
HUSI CUCTEMOW, MOJCIb KOTOPOU m3BectHa. [anee Oyaer paccMoTpeHa 3agada
YIpaBICHUS B YCIOBHAX, KOTJAa MOJCTH CHCTEMBI HEIOCTYIHA. 3aT€M MBI OT-
Ka)keMcsl OT TpeOOBaHUS JCTCPMUHHUPOBAHHOCTH CHCTEMBI U IIepeiineM K mMap-
KOBCKOMY MPOLIECCY MPHHSATHS PEIIeHns [Uls areHTa BO BHelnHel cpene. by-
YT chOpPMYIUPOBaHBI TOCTAHOBKH 33144 JIHHAMHYECKOTO [IPOrPaMMHUPOBAHHS
n ypaBaenue bennmana. Ocrasiiascs 4acThb JeKuun 0003peBaeT MeTo/bl HEHpo-
JMHAMHYECKOTO MporpamMMuposanusd. OTaensHo ocoboe BHUMaHUe OynyT oOpa-
IIEHO OTIIHYHIO 3a4adu 0OyUeHHs HEHPOHHOW CETH Ha OCHOBE JIOKAJNBHBIX ITOA-
kperuteHu# (reinforcement learning) ot oObIYHON 331241 O0YUCHHS C YIUTCIIEM.
B 3agepriienne OynyT 6oee moapoOHO PACCMOTPEHBI HEKOTOPHIE MPIITOKCHUS,

Knaccnueckas 3agaya onTUMHA3AIHAH C OrpaHNYICHUAMHU

IycTh uccieayeMasi CHCTEMa OMKCHIBACTCS HAOOpOM (BEKTOPOM) MEPEMEHHBIX
x = {s,a}, BUIOYIAIOUINM [IEPEMEHHBIC COCTOAHHMS M TICPEMEHHBIC, OIMCHIBA-
FOLINE BO3MOXKHBIC [ENICHAIPABICHHBIE M3MeHEHHs (YIIPABICHUS) B CHCTEME.
Tlycte nanmee omnpeneneHa ¢yuknus neHnoct (uenn) F(z), xoropyro xena-
TEJILHO MaKCUMH3UPOBaTh. B Kiiaccuyeckoil 0CTaHOBKE 3Ta ONTUMH3ALUS 1ie-
JIMKOM BBITMIOIHSIETCSI BO BPEMEHHOM Touke, 6e3 yueTa XapakTepa MoCieaAyromen
JUHAMHUKA CHCTEMBI. B pe3ynprare MpUMEHEHHs YIPABICHUN CHCTEMa Cpasy
MCPEXOIUT B OKOHYATEIBHOE COCTOSIHUE S(a), KOTOPOE W OLCHUBACTCSI LICICBOM
¢dbyukuueit. 3agaua OITUMHA3AIMYA MOXKET (HOPMYIUPOBATHCS, HATIPUMED, CIICAY-
1o1UM crrocobom

Uureparypa 1o merojam onrumusaunu kpaiine oowupna. Cm. nanp., [3-5].
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Haiimu a*, maxoe, umo

*
a* = argmax F'|s(a),a
gmax F'[s(a), a],
20e A — MHOJCECmBO OONYCHMUMBIX YNPAGIeHULl, ONpedensiemoe 02pa-
HUYEHUSMU

g[s(a).a] =0,
f[s(a),a] <0.
ITocTanOBKHM 3a7a¥ TAKOTO TUIA OKA3BIBAIOTCSI BEChMa COJEP KAaTSIILHBIMH
Ha MpakThke. JI0CTaTOUHO OTMETHUTh, UTO JA)Ke «IPOCTEHIINii» BapHaHT dTOH
3aa4n, B KOTOPOM Bce (PYHKIMH MPEATIONaTatoTCs THHSHHBIME, JOCTATOMCH IS
(dopMymHpoBaHUs OONBIIWHCTBA MIPEAMETHBIX 3a/1ad UCCICNOBAHUS OIICPAITHA.
0O030p TeMATHKH 33,189 ONITHMUBAIIAH BBEIXOIUT 33 PAMKH JaHHOM jiekiun. Kade-
CTBEHHO IIPEICTABICHHE O COBPEMEHHOM COCTOSHHHU B 3TOH 0OTACTH MOXHO I10-
JMy4uTh Ha calite optimization-online.org. [lpu onucanuu 3aaa4n ONTHMU3ALAH
TPEIIOoNAraJoch, YTO0 CHCTEMa MTHOBCHHO MEPEXOTUT B KOHEUHOE COCTOSHUC
HCKITFOYUTETBHO BCICACTBHC YIPABIAIOMINX Bo3neiicteuit. s 3amad, B KoToO-
PHIX CYIIIECTBEHHA THHAMHUKA CUCTEMBI, 3TO SIBIISICTCSI CEPHE3HBIM YITPOIIICHUEM.
OTKa3 OT HEro MPHUBOAUT K MPOOIEME MOUCKA ONTHMAJBHBIX JAHAMHYCCKUX
TPAGKTOPHii, KOTOpasi OTHOCSTCS K Kaccy 3a]1ad ONTHMAILHOTO YIIPABICHUSI,

YIIpaBJIﬂeMaSI ONITUMAJIbHAasA JTHHAMHUKA

Ilorck oNTHMAIIEHOTO YHPABICHUS HAXOMHTCS HA CICAYIONMICH CTyNEHBKE IO
CJIOKHOCTH, TaK KaK B 3a/1a4¢ ONTHMU3AIINH HCHU3BECTHBIM SBISUICS KOHEYHBIH
Ha0Oop YwceN — ONTHMAaNbHBIX 3HAUYCHUH MEPEeMEHHBIX, a 37IeCh MBI UMEeM Jie-
JI0 ¢ HEU3BECTHOU QhynKyueli — 3aKOHOM yrpasieHus. [losTomy uHOTIA 33839y
YIpaBJICHUS HA3BIBAIOT 3aJadci ONTHUMH3AIUH B «DECKOHEUHOMEPHOM) IIPO-
CTpAHCTBE.

[porpamMmHoe ynpabieHue

OTHOCHTEIBHO IPOCTO MOXKET OBITH CHOPMYTUPOBAHA TAK HA3BIBACMAS 3a0ayd
npocpaMmMHoco ynpagienus. B Hell mpeanomaraeTcs, 4TO YIPABISEOLIAC CHI-
HaJBl BO3AEHCTBYIOT HA CHCTEMY HA BCEM MPOTHKEHHM TPOIECca, BIUIOTH 10
JOCTIIKCHHSI KOHEYHOTO COCTOSIHUSI, OJJHAKO 3TH CHUTHANBI HE 3aBUCAT OT (hak-
THYECKOM TPACKTOPHHU YIIPABIICMON CHCTEMBI. ABTOMAT IPOTPAMMHPYETCS Ha
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CJIeIOBaHME HEKOTOPOH, 3apaHee CHHTE3HPOBAHHOW, IPOrpaMMe, KOTopas BbI-
TIONHSIETCSA HE3aBUCHMO OT TOTO, YTO NPOUCXOAWUT C cucTeMoil. [lpyrumum cio-
BaMH, CHCTEMa «HE HAONMFOZAaeTCsD areHTOM-aBTOMaToM. MaTreMaTHIecKn 3a1a-
a4 IPOTPaMMHOTO YIpaBIcHUS GOPMYIHUPYETCA KaK 3a/ada IIOMCKa MHHUMYMa
¢byHKIIMOHANA, KOTOPBIH YacTO MPEANONaraeTcs aaJuTHBHBIM!

Haumu a*(t), maxoe, umo

T
/O F[s*(t), a* (0)]dt + Fr_p[s*(T)]= max,

20e a* € A — MHOMCECBO OONYCUMBIX YNPAGIEHUl, onpedensiemoe
O2paHUUeHUAMY HA 6Cell MPAeKmopuu

g[s(a(t)),a(t)] =0,
fls(a(t)), a(®)] <0.

B BBIpakeHUHN U1 ONTUMAZHPYEMOTO (hYHKINOHAA BRIJCIICH WICH, OTBEYa-
FOIINH OIEHKE KOHEYHOTO (TEPMUHAIBHOTO) COCTOSHUA CHCTEMBL. B mpuioxke-
HISIX [6] paccMaTpHBAIOTCA TAaKXKE Pa3lIMIHBIC YIIPOLICHUS B IIOCTAHOBKE 3TOH
3ajaun (HaIpuMep, KBajpaTuaHbie QYHKIMOHAIBI U JIHHEIHbIe OTPAHUTICHHS).

OTMeTHM BaXXHYIO CHELH(UKY 3a7a4d ONTUMAJIBbHOIO YIIPABJICHHUS, KOTO-
past coXpaHUTCS B JaJbHEHIIIEM IPH MIOCTAaHOBKE JPYTHX 3a/4ad HA TPOTSDKCHUH
Beel nexknnu. V3MeHeHWe (YyHKUWH YIpaBICHUS BIEUYET 3a cOO0H M3MEHEHHE
TpaekTopur cucteMsl s(a(t)), HOITOMY M ONTUMAIBHAS TPACKTOPHS, U OITH-
MaJbHOE YIPABJICHHE JOIKHBI ONPEACIATHCS «OIXHOBPEMEHHO». MrteparmnoH-
HOE BapbHPOBAHNE TPACKTOPUH WX YIIPABICHHs P IIOMCKE OIITUMYMa MOJKET
ObITb 3aTPYAHEHO, IOCKOJIBKY B OTCYTCTBHE PELUCHUS HE SCHO, KAKUE BapuaLuu
SIBTISTFOTCSI TOITY CTUMBIMH.

JIJ1s1 THCIIeHHOTO PEIIeHH 3a1aty IIPOTPAMMHOTO YIIPABICHHUS KITACC YIIPaB-
JICHUH OTPAaHUYHBAIOT TAPAMETPHUYCCKIM CeMeHCTBOM (DYHKIIMH W CBOMST 3a/1a-
9y K KOHEUHOMEPHOM 3a/1aue TTONCKa ONTUMATLHBIX 3HAYCHUH TTapaMeTpoB (T. e.
K Y’K€ pacCMOTPEHHOI 3a1a4e onTumu3anun). Hacro orpaHu4nBaroTCst BEIOOpoM
KyCOYHO-TIOCTOSIHHBIX YIIPAaBICHUH WM ITaAKUMH CIIIalHAMH.

[pencrapnser OONBIION HHTEPEC BO3MOKHOCTD UCIIONB30BAHUS HEHPOHHOH
CeTH B Ka4eCTBE MPOOHOUW (YHKIWH, TaK KaK OHA 00IamacT CBOMCTBAMH KOH-
TPOJIUPYEMOM TJIa/IKOCTH M OTPaHUYCHHBIMH POU3BOJAHBIMH.
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HpOFHOCTI/l‘{eCKOC YOpaBJ¢HHC HA OCHOBE HeﬁpoceTeBOﬁ MOAC/ IR CHCTCMBbI

[porpamMHOe ympapieHHE ABIACTCA MPUEMIEMBIM OIXOOOM BO MHOTHX MpH-
KIQOHBIX CHTyanusax. Ha 3ToM mprHIUIIE OCHOBAaHEI, HAIPUMEp, MPOCTHIC Me-
TAJUIOPEKYIINE CTAHKH WM OBITOBBIC CTHPAJBbHBIC MAaIIWHBL. B oTHX ciydasx
CHCTEMA MOJIHOCTHIO HOIYMHEHA YIPABJICHHIO 2,

B OoJsiee ciioxkKHBIX Cilydasx IOBEJCHUE CHCTEMbI 11071 BO3ACHCTBUEM IIPO-
TPaMMHOTO YIPaBICHHUA MOXKET OKA3aThCSA HeYCIMOUYUeblM U IS €T0 CTaOUITH-
3aIlMH HeoOXOIMMa BO3MOXKHOCTH HaONIONCHHUS 32 CHCTEMOH (M3MepeHHsa co-
CTOSIHUSI) ¥ MCITOJIb30BAHUS ITON 0Opamuoli césa3u B 3akoHe yrpasienus. OnTu-
MaIIBHOE YNpasieHue ¢ 0OPAMHOL C653b10 TaK XKe, KaK U 33j1a4il OLTHMH3AIUH,
HMEET CBOIO IIYOOKYIO HCTOPHIO M MHOT0OOpasue MOCTaHOBOK 33/1a4 U METOANK
ux peueHus [7].

3mech OymeT pacCMOTPEH TOTBKO OJHH U3 MOAXOAOB 3TOTO KIIAcCa — HPOSHO-
cmuueckoe ynpasienue Ha ochose modenu (MPC — Model Predictive Control).
Meron MPC ocobenno 1ieHeH /st TeMaTHKH dTOH JISKIUH 10 TPEM OCHOBHBIM
TPUYHHAM:

e MeTos OCHOBaH B sSIBHOH (hOpMe Ha MHOTOIIATOBOM ITOUCKE PEIleHHUSI.

e B xadecrBe 6a30BOTO0 MHCTPYMEHTA MOXKET HCIIOJIB30BATHCS UCKYCCTBEH-

Hasl HEHPOHHAs CETh, UTO MOBBIIIAET TEXHOJOIHYHOCTh [10J1X0AA.
e MeTox pa3paboTaH A0 NPAMBIX MPOMBILITCHHBIX IIPHIOKEHHUI ¢ OONBIIIM
KOMMEPIECKUM 3(Q(PEKTOM.

Asroputmbl MPC Hcnons3yoT YHCIEHHYRO ONITHMHA3AIMIO TS HAXOXKICHHUS OTl-
TUMAIBHOTO YIIPAaBICHUA HAa HEKOTOPOM BPEMEHHOM TOPHU3OHTE B OyAyIeM,
OCHOBBIBASICH Ha MOJICIIH poTiecca. B COBPEMEHHBIX MPIUTOKEHUSIX, TAKAX, KaK
ourcTKa He(PTH, HOPTCXUMUSI, ICILIFOI03HAS U IHIEBAs TPOMBIIIICHHOCTh, OT-
KJIMK YIPaBJISIEMON CUCTEMBI YacTO SIBJISICTCS CYLISCTBEHHO HEIMHEHHBIM, JTO,
HapAIy ¢ Oojce BEICOKUMH OTpaHUYCHUSAMH Ha KA4ECTBO MPONYKTA U YBEIHUIH-
BAaIOIIMMUCS TPeOOBAHUAMHU MPONU3BOAUTEIBHOCTH, YKOIOTHICCKUMHU TpeOoBa-
HUSIMH U, HE B MTOCIICAHIOI 0YCPE/Ih, SKOHOMUICCKUMHI COOOpaXeHUsIME TPeOy-
€T, YTOOBI CHCTEMA HKCILTYATHPOBAIACH B PSIKUMAX, OIM3KAX K TEXHOIOTHICCKH
JIOITyCTUMBIM TPaHHIaM. DTO, B CBOI Ouepenb, TpeOyeT pa3paboTKu TOYHBIX
Mojenell He TOMBKO I OTKIIMKA CHCTEMBI, HO W IS OTpaHHYICHUH.
HefiporHbie cetr ne-(hakTo CTaml OYEHBb MOMYIAPHOW METONUKOH IS MO-
JISTAPOBAHNS HEITWHECHHOW MHOTOMEPHOW NWHAMHKH CHCTEM, BCIICIACTBHEC WX

2B Gosiee COBPEMEHHLIX YCTPOHCTBAX HMEIOTCS dBAPHEHbIE GJOKHPOBKH — MPUME]p YIPAB-
JeHust 110 00paTHON CBA3U.
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YHUKAJIBHBIX AIMPOKCHMAIIMOHHBIX CBOHCTB [8] .

npouiioe oyoywee
yeneeas mpaekmopus

P S )
npoeHo3upyemas
mpaexmopus
OUHAMUKYU COCTOAHUS

ynpasensaemas

mpaekmopus ynpae/zeHue 8

OMKPBIMOM KOHMYpe

ynpasenenue 6
3AMKHYMOM
KOHmype

i

i
20pU30HM YNPagieHus t

20pU30HM hpo2Ho3a

Puc. 1. TlporrocTHueckoe yrpaBjeHHe Ha OCHOBE MOMEIN NTUHAMHKH
CUCTEMBI

MPC Bxiro9aeT CeAyroIme maru:

e HelipoHHas ceTh oOydaeTcs Ha HCTOPHUCCKUX AAHHBIX W TaHHBIX, TO-
JIYYCHHBIX B PE3YIIbTATC HUCIIBITAHAN praBHﬂeMOﬁ CHUCTEMBI B YCIIOBUAX
mporpaMMHOTO yrpasieHus. [locme 00ydeHusT HEHPOHHAS CETh MOKET
UCIOJB30BATHCA I NPCACKA3aHUA AWHAMWUKA CHUCTEMbI P 33a1aHHOM
3aKOHE yIpaBIeHUS Ha N MOCIeIOBATEIBHBIX IIATOB M0 BPEeMEHHU (TOpH-
30HT MPOTHOZUPOBAHUS).

e Ha ka/10M IIare ympaBIeHHS HOBOE COCTOSHHE CHCTEMBI HM3MepsieTcs B
nerie oOpaTHOW CBSI3H.

3Bosiee OCHOBATEMLHOE H, CKOPEE BCEr0, G0Jee TOCTYHOE HAMOKEHHE STHX BOMPOCOB MOXK-
1o uaiitu B crarbsx A. H. [opGans: O6o0wennast allpoKCUMAaUMOUHAs TEOPEMA W BBIYUCIIU-
TEJBHBIE BO3SMOXKHOCTH HEHPOHHBIX ceTelt // Cubupckuil sypras 8oiuuCAUMEsrbROLL MaAmema-
muku. — 1998. — Tom 1, Nel. — C.11-24; OboOmennas annpokCHMAalHOHHAs TeopeMa H U
TOUHOE [PEACTABJCIHNE MIOIOUICHOB OT HECKOJAbKUX [EPEMEIIIbIX CYIEPIOZULMIMA MIIOrOUJie-
HOB OT OfIHOrO nepemenHoro // Hssecmus svicuwiux yuebuowx 3asedenuii. Mamemamuxa. —
1998. - Ne5 (432). - C.6-9. - Ilpum. pex.
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e VIpasIsromue BO3/CHCTBHSA Ha mocneAyromux M 1marax paccMarpuBa-
I0TCS KAK HeM3BeCTHbIC mepeMenbie *. HaGop dTHX mepeMeHHBIX BMECTE
C HEHpPOCETEBOM MOIETBIO OTKIWKA CHCTEMBI CHHTC3HUPYIOT TCOpETHUC-
CKYIO TPacKTOPHIO M3MCHEHHS COCTOSIHHA CHCTeMBl. ONTHMalbHBIC 3HA-
YEHUS YIPABISIONINX MEPEMECHHBIX Jaliee OMPEACISIOTCS HTECPAIIHOHHO
MyTeM MUHUMH3AITHESH CTOMMOCTH TPOTHO3UPYEMON TPASKTOPHUH.

e Tomeko nepgoe ympasnsroiiee neiicteue (n3 [N MOCICIOBaTENBEHBIX 3HA-
YeHWH yrpaBicHNs) (aKTHIeCKHA MPUMEHSICTCS K YIPaBIAEMON CHCTEME.
[anee anropuT™ TOTIA MOBTOPSCTCA JUIA CICIYIOIIETO IIara.

B pamkax MPC—mogxona MOoryT ObITh PACCMOTPEHBI JBE BayKHbIC ITPUKIIATHbIC
POOTIEMBI YITPABIICHUS:

o «Aoanmusnoe» ynpagnenue, MPU KOTOPOM COCTOSIHHE YIIPABISIEMOH CH-
CTEMBI ClefyeT 3afanHoit Tpaekropuu. llenesas ¢yukims mrpadyer ot-
KJIOHCHHE TEOPETHYECKON TPASKTOPHH OT XKeJaTeIbHOU TPASKTOPHH.

o «OnmumanvHoey ynpasieHue — HAXOXKICHUC TPACKTOPHH CHCTEMEL, Be-
IOymel K yka3aHHOMY MHOXKECTBY KOHCUHBIX COCTOSHUI, BIOJB KOTOPOH
CTOMMOCTb YIPABICHUS MUHHMalbHA. CTOMMOCTh MOXKET BKITIOUATH KaK
IPAMBIC MATEPHUAJTILHBIC 3aTPAThI, TAK 1 KOCBCHHBIC Tpe6OBaHI/I$I K ympaB-
JIeHUO (TEeXHOJOIMYECKOe KaueCTBO KPUBOH YIPaBJIeHHUS, CTOMMOCTH MO-
IubUKAIIAE YIPABIIOLICH CUCTEMBI, POOACTHOCTD U T. I1.).

B pabote [9] mpuBeneHO ommcaHUE OAHOW U3 MPOMBIIIICHHBIX Pa3paboToOK —
MPC—konTtponnepa dupmst Pavilion Technologies (CLIIA). OcobeHHO ycHenHb
IIPUMEHEHN TaKHX KOHTPOJUIEPOB B 3aJaue ONTHMAITBEHOTO YIPaBICHUSI XUMHU-
YeCKUMH PEAKTOPAMH 110 MOIYUCHUIO ITOTUIPOIMICHA W JIPYTUX HOIHMEpPOB.
KorTponnep mpumenseTcs LI pelieHns elte mpuMepHo 50 apyrux mpukiaj-
HBIX 3a7a4.

MPC-monxon He cBOOOIEH OT HEAOCTATKOB. B 4acTHOCTH, MOTYT BO3HHKATh
IIPOONIEMBI € YCTOHYMBOCTBIO, BBI3BAHHBIE KOHEUHOCTHIO TOPH30HTA YIIPaBIIc-
Hust. PazymeeTcs, OHH CTOST MEHEe OCTPO, YeM MPH MPUMEHEHHH OOBIYHBIX
JIMHEHHBIX CUCTEM YIIPABJIEHHs K CyIIECTBEHHO HEJIMHEHHOH cucreme, padora-
IOIIeH B HECKOJIBKUX ONECPAIMOHHBIX PEKUMAX.

TpebyeT Tarke cnenuanbHOTO 00OCHOBAaHMS aJEKBaTHOCTH HEHPOCETEBOH
MOZENH B YCJIIOBHAX HEXBaTKW OOyYaOIIMX JaHHBIX O chcTreme. OnHaKo, Uil

4006bIuHO TOPU3OHT 1OMCKA ylpaBjienus M BbGMPaeTCs MeHblIE OPU3OHTA IIPOIHO3HPO-
paHHs1 N ¢ OeabI0 YIPOLIEHHs! PelleHHsT 3afaui ONTHMH3ANUH. 34 TOPH3OHTOM YIIpaBJeHHe
110J1a1'aeTCs1 110CTOALLIBIM.
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9TOH mpoliiemMbl B COBpEMEHHOM HeliponH(opMaTrike y)Ke HaAKOIUICH MOIIHBIN
apceHal CPeACTB.

Heﬁpo-nnHaaneckoe NnporpaMMmHupoBaHue

HpI/IMeHCHI/IC OIMMCAHHOI'O B MPEALIAYIIEM pA3ACIC MOAXOAd K ONTHUMHU3AIHNU
JAHAMWKU CUCTEMBI OTPAHUYCHO HECKOJIBKUMHU 00CTOATEILCTBAMU:

e HeoOxoguMocTh HAMWYHS aJCKBaTHOW MaTeMaTHIECCKOH MOJENIH YIIPaB-
Js1eMOT0 00beKTa. B HEKOTOPBIX BaXKHBIX MPHIOKCHUAX MaTEMaTHIECKOH
MOJIEJIH CHCTEMBI MOXKET M He ObITh, OO ee HCIoJbh30BaHHEe Tpedyer
HENPHEMIIEMbIX BbIMHCINTEIbHBIX pecypcoB. st HaOmoneHns: MOXeT
OBITH JOCTYITHA JIWIIb JIOKAaTbHAs OIEHKA YIPABISIOIIETO PEIICHMS, TaK
Ha3BIBAEMOE reinforcement WK «IOAKPEIICHUE Ha mrare». OcoOeHHO sAp-
KO 3Ta CHTyallus HPOSBISETCA B aBTOHOMHBIX CHCTeMax (poOOTHI, aBTO-
MTUJIOTHI ¥ T. /1.). TIOMCK ONTHMAIbHOTO YIPABJICHHUS B HUX COIPOBOXK/IACT-
Cs1 OKCIIEpHMEHTaIBHBIM HCCiea0BanneM okpyxenus. [Ipu paccmorpenun
TaKMX CHCTEM JIy4llle FOBOPUTDH O 3a/1a4€ OLTUMAJIbHON aJanTalHH.

o [Jonck MHOTOIIArOBOTO ONTHMAJIBHOTO YIIPABICHHS IIyTEM IIPSIMON OIITH-
MH3ALHH BO3ZMOXEH JIMIIb B 3a/a4ax ¢ HEOOJIBIINM YHCIIOM TIEPEMEHHBIX
u BpeMeHHBIX 11aros. [Ipu yBeaudeHun 4ucia COCTOSIHUA U BO3MOXKHBIX
YIPABICHUH CIOXKHOCTB 33a4H OITUMHU3AINHA PE3KO BO3PACTAET. JTO SIB-
nenue HazBaHo P. bemnmanoM «npoxiamuem pazmeprocmuy® [10].

e B o0mem crydae 0ObeKT yIpaBICHUS JAEMOHCTPHUPYET BEPOSITHOCTHOE
[0Be/IeHHEe, KOTOPOE MOXKeT OBITh BBI3BAHO KaK HEMOJIHOTOH OMUCAHHS
CJIOKHOW CHCTEeMBI, TaK N OOBEKTUBHBIMU XapakTepoM Iporeccos. Bos-
MOXXHOCTB HCITOJTB30BaHNS BEPOSITHOCTHOTO OIMCAHMS CIOKHOM CHCTEMBI
U COOTBETCTBYFOLIMH MaTeMaTHIECKUH alllapaT — Helpocemesule annpok-
CUMayuy NIOMHOCMU GEPOSMHOCHY — OOCYKAAINCH B OAHON U3 IPEIIbI-
nymux Jiexiwi asropa [11]. Jlins npencraBieHrs BEPOSTHOCTH TIepexoaa
U3 COCTOSIHHUA B COCTOSHHUE P 33JJAHHOM YIIPABICHHH MOTYT HCIIONB30-
BaThbCA Oatiecogsbl cemu (CM., HampuMep, Jekuuto [12]).

3amerum, uto B noaxone MPC 3amaua onTuMu3anuu Ha KaXk0oM 3Tare pelia-
€TCsl 3aHOBO, HAMICHHBIE ONTHMANBHBIC YIPABICHUS AN TIPOILIBIX COCTOSHUN

SHOHS{TMG, ppepennoe P BeJaManoM st olucans Ka'racrpO(bnqecmro pocra 4yucJjaa co-
CTOSTHUH npHu M’dCIHTa()Hp()BaHI/II/I MH()FOMEI)HOI';I 3aj1avu.

120 VIR 004.032.26 (06) Heiipouunie cern



C.A. TEPEXOB

CHCTEMB!I HHKAK HE HCHOJNB3YIOTCs. Brimaromeiics 3acimyroil P. berivana sBU-
JIOCh OTKPBITHE CHOCO0a PeleHus] MHOIOLIArOBOW 3a/1auu ONTHMHU3ALUH, [IPU
KOTOPOM:

e 5(Q(}EeKTHBHO HCMONB3YIOTCA PaHee MOJTYyYCHHbIE ONCHKH COCTOSHHM CH-
CTEMBI;

e QosbImas 3aaaua pa3duTa Ha CEPHUI0 OOJICE MPOCTHIX OMHOIIATOBAIX 33134,
pelaeMBIX HA KKIAOM JTarle,

Meton moydmi Ha3BaHUC «OuHAMUYECKO20 npocpammuposanus» [10]. bonee
oApoOHOE M3MOKEHHE E€T0 MPUBEICHO B CIEAYIOIIEM pas/eie, a 31eCh MbI IIPo-
WITIOCTPUPYEM OCHOBHYIO HZACIO Ha IIPOCTOM IIPUMEPE MAKCHMHU3AIMH MHO-
TOMEpHOH ajMUTHBHON (YHKIIMK C OrpaHHUYCHUSIMH, MPEAJIOKSHHOM CaMHM
P. beinmvmanom.

Pewums 3a0auy onmumuzayuu

N
F(z1,22,...,2N8) = Zgz(%) = max,
i=1

npU 02PaAHUYEHUAX
N

z; >0, E x; =cC.
i=1

3neck PyHKOWUU ¢ HETPEPHIBHEI MTPU HEOTPULATENBHBIX . Tak Kak MaKCH-
MyM F' 3aBHCHT TOnbKO OT umcna N 3neMeHTOB B cymMme (IIPH COXpaHEHHH
HOPS/IKA) M BEIHYHHBL ¢, 0603Ha4YMM ero Kak fy(c). JIerko 3aMeTHTh, 4TO TS
nabopa BBeaeHHbIX QYHKIMH f ClIpaBe/UIMBO PEKypPEHTHOE COOTHOLLCHHE!

nv(c) = max |gn(x) + n—1lc—x
fle) = max [gx (@) + f-a(e— )],

TIOCKOJIBKY, IT0 OMPEICIICHIIO, BeIUInHa f_1 () ONKMCHIBACT ONTHMAIBEHOE 3HA-
weHme it cyMmMbl U3 (N — 1) yIopsiIoUeHHBIX CllaraeMbiX, a apryMEHTBl & 1

(c— ) rapanTUPYIOT BBIUIOJHEHHUE OIPaHUYEHUMN 3a1a4u. Pexypcust 3aMbIKAeTCst
COOTHOIICHUEM

fi(e) = g1(c).
TaKI/IM 06paSOM, HUCXOOAHAs MHOFOMepHaH 3aaa4a OIITUMH3ALUU CBCJIACH K I10-
CJICO0BATCIIbBHOCTU OZ[HOMepHLIX 3aaad, KOTOpLIe MOQOXXKHO paCCManI/IBaTB KaK

MHOTOITIarOBBIM nmponecc NMoucKa OnTuMyma. B HEKOTOPBIX MPHUIIOKCHUAX HH-
ACKCY N IpuAacTCsa CMbBICIT JUCKPETHOTO BPCMCHHU.
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MapkoBcKHii ponecc NPUHATHA PelleHUs

PaccMoTpeHHas BBIIE MHOTOIIATOBAS 3a/a4a ONTHMU3AINH MOKET OBITH TOJIO-
JKEHa B OCHOBY Oojiee IIMPOKOTO Kiacca 3a7ad OINTHMAJbHOIO YIPABICHHS W
moBeieHrs. [[0 3TOro MOMEHTA B JICKIIMK HESBHO MPEIOIATaoch, YTO YIPaB-
JsieMasi CUCTeMa IpeJICTaBisieT co00H HEKOTOPBIH TeXHHYeCKHH 00BeKT, KOTO-
PBId PAIMOHAIBHO HCIONIB3YETCSl IIyTeM IPUMCHEHUS K HEMY YIPaBIIAIONINX
Bo3xeHcTBHH. ONTHMATBHOE YIIPABICHUE MOXKET OBITH CIICHUAIIBHO CHHTE3UPO-
BaHO I 3TOW CHCTEMBI, 3KCIICPHMEHTANBHO O0TpaboTaHo W BHeIpeHO. Moau-
(bI/IKaLII/ISI CHUCTEMBI YIIPABJICHUA B TEXHUYCCKUX MPUTTOKEHUAX — OTHOCHUTECILHO
penkuii mporece, KOTOPBIA PACCMAaTPUBAETCS CKOPEe KaK MCKITIOYCHUS, HEXKEITH
KaK mpaBwio. B manbHEHmeM u30KCHAN MBI Tiepeiinem K apyrod meradope,
KOTOpas CIY>KHT MOCTHKOM OT TCOPHH OIITHMAJBHOTO YIPABICHHS K TCOPHH
aIaNTUBHOTO 00YyYEHHUS B H3MEHAIOIINXCSI BHEIHAX yCIoBHX. [Ipumepom ciry-
KHUT ITOCTPOCHNE ONTHUMAJIBHEIX CTPATCTHH MOBSICHUS d8MOHOMHO20 a2eHmad,
CaMOCTOSITEIIFHO MIPUHUMAIOIIETO PEIICHHS.

Brewmnssn cpeoa

x(r-1)

7 \ 7‘
/ WA
s(-1) s(?)
Aeenm

Puc. 2. CTpykTrypa B3aMMOAEHCTBUS areHTa CO CpeaoH

ATeHT HaxoIWTCs B HEJCTCPMHHHPOBAaHHOU Cpelie, MOJCIb KOTOPOH €My,
BOOOIIEe roBOpS, HEJOCTyIIHA. JTa 3a/la4a B CPABHEHHH C PAaCCMOTPEHHBIMH
paHee B JIEKIMH [IOCTAHOBKAMH €I1le Ha CTYIICHbKY cioxHee. UToOb! nepeiTr K
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Heil BBeJIeM CHavajia OCHOBHBIC ITOHSITHSI, COTPOBOXKAAIOIINE HIPOLIECC IIPHHSITHS
pelLIeHus.

Hon acenmom OGyneM MOHMUMATh ABTOHOMHYIO CYIIHOCTBH (KOMITBIOTEPHYIO
mporpaMmy, poOOTOTEXHHYECKYH) CHCTEMY WIH HEKOTOPYKO (GOpManmbHYIO CH-
CTEMY — ITPEAMETHBIH CMBICT MOXET YTOYHSIThCS B KOHTEKCTE), KOTOpasi nMe-
€T BO3MOXKHOCTH ITOJIydarh HHMOPMAIMIO O CBOEM OKPYXXEHHH H JeHCTBOBATD,
u3MeHsisi cocrosinne (csoe n okpykenusi). OOIas cTpyKTypa B3auMOJIeUCTBHS
areHTa U OKPYXKCHHUs IpHBEICHA Ha PHC. 2.

Bce BpeMeHHBIC M3MEHCHUS TPOMCXOIAT B TUCKPETHBIC MOMEHTHI BpeMe-
mu®. Brewnssa cpeda onmceBaeTCA cOCTOAHHEM cpensl (1), KOTOpoe BEposT-
HOCTHBIM 00pa30oM M3MEHSICTCS BO BpeMeHH. byneM mpemonarars, 9o QyHKIHs
IUIOTHOCTH PACIIPEACIICHUS YCIOBHOU BEPOSATHOCTH 3aBHCHT TOIBKO OT COCTOS-
HHSL N HeﬁCTBHH arcHTa B HpeHLIHyH_[I/Iﬁ MOMCHT BPCMCHM:

z(t) ~ Pla(t)|z(t — 1),a(t — 1)].

B o0iem ciydae areHT He MOXKeT HaOJIIO/aTh BCE KOMIIOHSHTBI COCTOSIHUSI Cpe-
Abl (Harpumep, B 3ajaue OpPUEHTALMK B JIAOUPUHTE areHT HAONIONAeT JIMIlb
HETIOCPENICTBEHHOE OKPY>KCHHE).

Habniooaemas ¢hynryus y(t) Takke OMUCHIBACTCS BEPOATHOCTHON MOIEIBIO:

y(t) ~ Ply(t)]x(t), a(t)].

Kpome Habmonerus y(t) areHT TONydaeT 10KkaibHoe nookpenienue ' (reward)

r(t) = E[R(t)|z(t), a(t)].

To, uT0 areHT HAOIIOIACT, 3aBUCUT OT TOTO, 9YTO OH AcaactT. Takum oOpaszom,
VUUTBIBAETCSA, YTO BOCIIPUATHE arcHTA SBISCTCA AKMUGHBIM HPOYECCOM.

Cam aredT o0NamacT namsameio 0 CBOEM TeKyleM coctossann. HoBoe cocTo-
sHUe (1) OH BOJECH MEHSITh IO HEKOTOPOMY 3aKOHY!

s(t) = fs(t —1),y(t),r(t), a(t)].

B HOBOM cocTosiHUM areHT BBIpaOaTeIBACT ynpasisioujee deicmeue, NpAnepKu-
BasICh CBOCH cmpamezuu 7 (s):

a(t) = [s(t)].

SPaCCManI/IBa}OTCﬂ TaKXe ¥ KOHTHHyaJdLHLIE MOCTAHOBKH 3ajiav, 0OLITHO 9TO MPHBOJHT K
CEPLE3IbIM MATEMATHUECKHM YCJAOKIICIIUSIM.
"Hau uakasauue. . .
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HeJlbiO azenma ABIECTCI MAKCUMU3AUA CYMMAPHOTO IMOOIMPEHUA B IIPOICCCe
aganrtanuu B Cpeac myTeM HAYyUCHUS HGKOTOpOﬁ OIITUMAJIbHOM cTparcruu u
(1)yHKL[I/II/I HU3MCHCHUA COCTOAHMUA:

J(x,a) = E{Z'ytr(t)} = max.

B mocrenHeM BRIpasKeHUH HCIIONB30BaHA JUCKOHTUPOBAHHAS (PYHKIHUS ITOOIIpe-
HHUS, YTO TAPaHTHPYET KOHCUHOCTh CYMMBI JaXe B CILy4ae, eCJIU areHT aJanTHpy-
eTcsl HEOIpeAeIeHHO 1oT0. Bo3MoXHa Takxke Apyras MOCTaHOBKA, B KOTOPOH B
CHCTEME MMEIOTCS BBIACICHHBIC, TOCTIKUMBIC C KOHETHOH BEPOSTHOCTBIO Mep-
MUHATIbHbIE COCTOSHIS, W ITPOLIECC B3aMMOACHCTBHSI CO cpefioil pazOuBaeTcs Ha
OT/ICTIbHBIC BPEMCHHEIC JIIOXH.

Xopoieii merad)opoi Ay Kitacca pacCMaTPUBACMBIX 33189 MOXKET CITYIKHTh
3ajava ajanTalydd BBIACICHHOTO arcHTa B JIAOMPUHTE, B KOTOPOM TaKXe ICH-
CTBYIOT JPyTHE ar€HTHL, CO CBOMMH LEIIMH. ATEHT JOJDKCH HAWTH BBIXOA U3 JIa-
OHUpHHTA, HE CTONKHYBIINCH II0 IIyTH C APyrHMH arcHTamMu. «KiaeTouHslil Mup»
TaOHUpPHHTA CTALMOHAPEH, OAHAKO HAIMYHC MHOMKECTBA YIaCTHHKOB, IIepeMellia-
IOIUXCA B TAOMPHHTE I10 HEM3BECTHBIM HAIICMY areHTY 3aKOHAM, JIeIaeT 3a1aqy
€ro IepeMeIeHHs BEpOITHOCTHOU W HeCTAIIMOHAPHOK.

Ha s13p1Ke AMCKPETHBIX KIETOYHBIX MHPOB (M B IPOCTPAHCTBE, M BO BPEMCHH)
MOXET (POPMYIIHPOBATHCS BEChbMa IUPOKHUH KIIacC 331a4 JIOTUCTHKH, IIAHUPO-
BAHWS, U MCCITSOBAHHS OIISPAIIHii °.

Just mpocToTh, OyieM paccMaTpUBATh CUTYAIHIO, KOIZA B3aHMOJCHCTBUE
areHTa co Cpenol pazObuBaeTCs HA MHOXKSCTBO MOBTOPAIOLIUXCS 3MU3010B. Ya-
CTO 33/ady OTPAHUYHBAIOT CIICHUATBHBIM CIIydacM ITOJHOW HaONMIOmacMOCTH
y(t) = z(t), kak, HAIpUMEpP, B HEKOTOPBIX UTPOBBIX IIOCTAHOBKAX (IIOJE WI-
PBI JOCTYITHO MOJHOCTHIO). Torna HeoOX0AUMOCTh B BBIICIICHUH COOCTBEHHOTO
COCTOSHHMS arcHTa OTIIAJaeT, B MOXHO HCIIOJIB30BATH TSPMUH «COCTOSHUE) UL
OITMCaHUS COCTOSIHUS COBOKYITHOM CHUCTEMBL «a2enm + cpeday.

ATEHT JODKCH HAaydIWTHCS ONTHMAllbHOMY ITOBEACHHIO TOJNBKO HA OCHOBE
3NIEMEHTAPHBIX TOOIIPEHUH, BOSHUKAIOIINX B aKTaxX B3aUMOICHCTBHS CO Cpe-
JoH, 6e3 BHEUTHEr0 yduTens u 6€3 BO3MOXKHOCTH HEIIOCPEICTBEHHOTO HAOII0-
JICHUS OTJAJICHHBIX TOCIEJCTBHH CBOMX JCUCTBHH. J[pyrumu CiroBaMu, areHT
HMeeT MPECTABICHUE O TOM, Ym0 HyKHO clienars (ymo OyJeT OLCHEHO BBICO-

830K KACTOUHEIX MHMDOR OKASHIBAETCS ellle GoJee MHUPOKHM, MOCKOJABKY Ha HEM MOMyT
pACCMATPUBATLCH 3A/AUM OUTUMU3ALMK ISl ABYX K OOJEE arelToB, OTHOCSUIMECH K Meopuu
uep.
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KHMM YPOBHEM MOOIIPEHNs ), HO HE KK 3TOTO JOCTUYb. JTO SIBIICTCS IPUHITAIIN-
QJIBHBIM MOMCHTOM B MPOOICME, U MOPOKAACT CICAYIOIIYIO IpolieMy BhIOOpa
(mUIeMMy paroOHATBEHOCTH-HPPATHOHATBEHOCTH):
e B IMPOIECCE TTOUCKA ONITUMYMA arcHT JI0JIKCH I[eﬁCTBOBaTI) MAaKCUMAaJIBHO
1eIeCo00PA3HO B COOTBETCTBUU € TEKYIIIUM MOHUMAHHEM CHTYAI[HUH.
e Bmecte ¢ TeM, areHT JOIDKEH HCCIET0BATH COBEPIICHHO HOBBIC BAPHAHTEI
TMOBCACHW, B IPOTUBHOM CJIy4a€ OH OCTAHOBUTCA B JIOKAJIbHOM MUHUMY -
Me.

B ciyuae, Koraa COCTOSHHE CHCTEMBI COICPAKHT BCIO CYLISCTBEHHYIO HH(popMa-
LU0 JUISl OIMCAHMs JallbHeHIIel JIMHAMUKH, 3a/la4a CBOIUTCS K MAPKOBCKOMY
npoyeccy®, B KOTOPOM BEPOSTHOCTH TEPEXOIOB 3ABHCAT OT yNPABJISIONIHX ITe-
peMeHHBIX (melicTBhil areHTa). boiee cTporo, BEpOsSTHOCTH MIEPEXOIOB MEXKIY
COCTOSIHHSIMU JIOJKHBI YIOBIIECTBOPSTE YCIOBHIO:

Pls(t+1) =+, r(t+1) =r|s(t),a(t), st —1),a(t — 1),...,5(0),a(0)] =
=P[s(t+1) =5, r(t+1)=r|s(t),a(t)]

JUTsl BCEX COCTOsIHME M McTopuil cucteMsl. Ha mpaxtuke, TpeGOBaHHE MapKoO-
BOCTH YaCTO MOXHO BBIIEPKATh, CCIIU PACIIHPHTH PA3MEPHOCTh MPOCTPAHCTBA
COCTOS{HI/Iﬁ ITYTEM BBEJICHUA HOHOHHHTCHBHOﬁ IIaMsATH 06 UCTOPUU JTUHAMUKHA
CHCTCMBI.

[Ipotiecchl, B KOTOPBIX BEPOATHOCTH MEPEXOAOB 3aBHCAT OT YIPABISIOIINX
MEPEMEHHBIX, MPUHATO HA3BIBATH MAPKOGCKUMU npoyeccamu peuteruti (MDP
— Markov Decision Process). [lanee OymeT mOKa3aHO, YTO HAXOXKICHHUE OMTH-
MaJIbHBIX CTpaTel"I/Iﬁ JUIA TAKUX TTPOMECCOB MOXKET ONMHNUCHIBATLCA KOMITAKTHBIMHA
YpaBHCHUAMUA, PCUIACMBIMH UTCPAINOHHBIMUA QJITOPUTMAMM.

VpaBuenue bensimana

Beenem o6o3HauCHUS. BeposmHocmu nepexo0o8 mMexcoy cocmosHusmu oyaem
OITUCHIBATH KAK

T (s,a,s")=P[S(t+1)=5|S(t) =5, A(t) =a].

9 Maprosckuil npoyecc — npouece 6e3 HOCICACHCTBHS, T. €. CAyYafilbli LPOLECE, SBOMIOLMS
KOTOPOTO Mocae JI0BG0ro 3aaHHOrO MOMEHT4 BPeMeHH ¢ He 3aBHCHT OT HBOJIOLHH, Npeslle-
crBoBasliell ¢, 1P yCJOBMM, 4TO 3lladellde lipouecca B MoMmeuT ¢ (ukcuponauo. Apyrumu
COBAMH, «Oy1yIlee» W «IIPOILIOey TAKOTO MpoHecca He 3aBUCAT APYT OT JPYTd NPH U3BECTHOM
«Hacrosiem». — Ilpum. pen.
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Puc. 3. I'pady mapkoBckoro mnpouecca pelieHui
KPY)KKI/I COOTBETCTBYIOT COCTOAHUAM MpOLEeCCa, TOUKA — BO3MOXKHBIM DEIICHUAM.

B crywae meTepMHHHUPOBAHHBIX TIEPEXOA0B OyeM TOBOPHTH O MOJCITH CMCHBI
cocrostiuil 8 = f (s, a).
BripaxxeHnue

r(s,a,8) =FE[R(t+1)|S(t)=5A{)=0a,S(t+1)=5]

OITUCBIBACT d)yHKLﬂ/HO noowiperust 10 Ha m1are.

O6o3nauum nanee kak V'™ (s) yeny cocmosinust s — T. €. TO CyMMAPHOE 110~
OLIPEHHNE, KOTOPOE MONYYHT arcHT, CIeAYIOMNi CBOCH CTpaTeTHH 7, B SIIU30C,
HAYHHAIOLIEMCS B COCTOSHHH S. 3aMETHM, YTO LIEHA COCTOSHHUS CYIIECCTBECHHO
3aBHCHT OT CTPATETHH:

V7™ (s) = Ex [i’ykr(t+k+ DIS(E) =s
k=0

MakcumaabHO BO3MOMXKHAS OCHA COCTOSHUSA

V*(s) = max V™ (s)

s

lOITOCKO.I[be UEJIbIO areura ApasdcTcd MaKCUMYM MATEMATHYCCKOrO O2KMAallus CyMMbl 1100OLL -
})EHHﬁ, yﬂ06H0 HepeﬁTH OT MOJHOTO BEPOSITHOCTHOIO PACCMOTPEHHST CTOXACTHYECKOIO MIponeccd
noouipenust K OlMcaHulo JOCTATOYHOR CTATUCTHKM — MaTOKMUIAHUsL nooulpenus Ha ware.
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COOTBETCTBYET ONTHMAILHOUN CTpaTernu " . AHAIOTHYIHO TIeHE COCTOSHUS BBE-
aeM TaKke yeny oeticmeust Q7 (s,a) — CyMMapHOE HOOLIPEHUE Ar€HTa, pPel-
TIPUHSBIIECTO B COCTOSHUH S YIPABISIONIEE PEIICHHUE @, W JaJee CICAYIOIICTO
n30paHHON CTpaTeruu

o0
Q7 (s,a) = E, [Z*ykT t+k+1)|SE) =s, Alt) =a
k=0
C mepexofioM OT MpPEACTABICHHS B BHJC OLCHKA COCTOSHUS K IIeHE X01a B
JAHHOM COCTOSIHHH 33/1a4a ONITHMHU3ALUH Ha K&KAOM [Iare YIpoIaeTcs, OJHAKO
YHCIIO MEPEMEHHBIX 33]a41 BO3PACTACT.
IleHBI COCTOSIHUS M JCHCTBHS CBSI3AHBI COOTHOIICHHEM, BBITCKAOIIAM W3
ompeeNeHui:

Q" (s,a) = ZT (s,a,s") - [r(s,a,8) +~V7 (s)].

OnruMainbHas CTPATCTUS COOTBCTCTBYCT MAKCUMAJIbHOMY TOOIIPCHUIO!

V*(s) = max Q" (s,a) = mgxz T (s,a,s) [r(s,a,s") +yV*(s')].

AHAIOrMYHOE COOTHOIICHUE UMECT MECTO K JJIA TCHBI Z[ef[CTBPISI:
Q" (s,0) = Y T(s.0,8) [r (s,0,5) + ymax Q" (', ).
SI

[Tocnennue nBa ypaBHeHUS UTPAIOT PyHAAMEHTAILHYIO POJIb B TEOPUH Map-
KOBCKHX IIPOICCCOB PEIICHUH U JUHAMUYIESCKOM MporpammupoBanun. OHH HO-
CAT Ha3BaHUE ypagHenuil benimana (AN OIEHOK COCTOSHHS M OLICHKH JCH-
ctBus). Pemienne ypaBHeHUs bennmana qaeT onTHManbHOE pacpeneieHue Iie-
HBI 110 BCEMY IIPOCTPAHCTBY COCTOSHHN 331a4d, U TEM CaMBIM, PEIAET Cpasy
CEeMEUCTRO 3a/1ad ONTUMH3AINY, OTBEUAIOIINX PA3THIHBIM HAUYAIBHBIM COCTOS-
HUSIM.

HrpoBasi cTpaTerus U ONeHKA MO3HIIA

VYpasuenue berummana sipisiercs Hanbosee oOIIUM COOTHOIICHUEM JIIsSl OICHKH
TO3MIMK B MTPaX, 06/TaaloIuX MApKOBCKUM cBoiicTBoM ||, Pemenue ypasHe-
wust bemnvana, gopmanbHO, maeT OIEHKY KaXKAOTO COCTOSHHS (T.e. HIPOBOH

UMIlaxMatel, HANPUMEp, OOJ4NAIOT TAKMM CBORCTBOM ¢ TOYHOCTBIO JI0 OTC/IEKHBAHHA BO3-
MOXHOCTH POKMPOBKM Kopodst. IlpaBuja saupewialor poKMPOBKY, €CJM KOPOJb UBHIaJCs Ha
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HOSI/IIII/II/I), IIOOTOMY ONTUMAJILHAS CTPATCIUA UI'PBI JICTKO OHUPECACIIACTCS — Ha
Ka)K/IOM 1lIare ciie/lyeT epeMelarbcs B COCTosHue ¢ 0ojiee BbICOKOW LICHOM,
B Ka4eCTBE KOTOPOM MOXKET BBICTYNATh, HANPHMED, BEPOSITHOCTH BBIUTPHIIIA.
BriOpaHHOE IeiiCTBHE B UTPOBBIX 3aa4aX YaCTO HA3BIBAIOT XOOOM UTPOKA.

ByKBaJNIbHOE OTHCAHUEC COCTOSHUSI KAK COBOKYITHOCTH PACIOIOKCHUS BCEX
(bI/Ipr HATAJIKHUBACTCA HA 6OJ'H)H_II/IG BBIYHCIIATENIBLHBIE CIOKHOCTH. Ha IIPAKTUKE
BBIOMpAOTCst Ooee KOMmakTHBIC TpeacraBicHus [13], arperupyromue 60i6-
1I0€ YHCIO 3IEMCHTAPHBIX COCTOSHUH (Kak-TO, MO3WIMS (UTYPHI B LIEHTPE,
YHCIO Yrpo3 U 3a1uT Guryp, u T.1.). B ¢BOK odepeb, BOZHUKAIOT TPYIHOCTH
IIpHY BBIOOPE MPENCTABICHHS — IPOTHBOPEUHE MEXKIY MOAPOOHOCTHIO OMUCAHKS
1 «OpokisiTheM pasmepHocTi». Cama mpobieMa U3BICUEHHsS CYUJeCHEEeHHbIX
yepm JUIsl TAHHOH 3aJ1a4H SIBJISICTCS] KpaliHe CII0HOM U JIOJIKHA PAaCCMaTPUBATh-
Csl B COBOKYITHOCTH C 33a4CH ONTUMH3ALKHU CTPATCTUH. TeM HE MECHEE, IEPEXOJ
K OLICHHUBAHHIO COCTOSTHHUS, BMECTO HEOOXOIMMOCTH mepebopa W OLEHKH Kax-
JIOH U3 BO3MOXHBIN CTPATETHH, SBISETCS CYIIECTBEHHBIM IIATOM K YIIPOIICHHIO
3aja4u.

HArepanuu B ypapHeHHsax bejuimana

OIHUM W3 TPSIMBIX IOAXOXOB K MOUCKY ONTHMAJIBHOM aJalTauiy B (KOHETHBIX
U AUCKPETHBIX) HTPOBBIX HO3ULUSIX CILYIKUT UMEPAYUOHHOE GbINUCILEHUE OYEeHKU
nosuyuu (value iteration).

T (s) = In{?XZT (s,a,8") [r(s,a,8") + V" (s)].

s/

Cx0auMOCTh aITOpUTMa value iteration JETKO yCTaHABIUBACTCS IS TIOKa3a-
TeIns! ANCKOHTHPOBAHMUS 7y, MEHBIIETO EANHHIIBI — UTEPALIMOHHOE OTOOpaKeHHe
SBIAETCA CXUMAOIIKUM. Ecii IHCKOHTHPOBAaHUE OTCYTICTBYET, TO Ul CXOJU-
MOCTH TPeOYyIOTCsI JIONOIHUTENIbHBIE YCIOBUS HA MAaTPHLLy BEPOSITHOCTEH W Ha
JOCTHXUMOCTb COCTOSTHUH (T. €. MPU HEOTPaHUICHHBIX UTEPALMIX KaXI0e CO-
CTOSIHHE TTOCEIIaeTCa OECKOHEUHOE Jucio pa3). OOCyKIeHHE CXOANMOCTH UTE-
pauyii B Ciy4ae HEIPEPLIBHBIX IIEPEMEHHBIX U YIIPABICHHAX BBIXOANT 34 PaMKH

fojee «paHHWMX» Xofax B naptud. OfHaKo, B caydae Maxmat, 3Ty npobaemy Jerko o6o#-
TH, €CJM PACUMPUTDL LOLUSTHE COCTOSIIMA, BBEUS LOLOJIIWTEIbIYIO JAOIHYECKYIO lIePeMELLYIo
«JIBHTAJCST M Kopoan?». B urpe o cutyamma Gonee cjoxHas BeaencTrie npasuaa «Ko», sa-
LIPeLAIOUIEero IOBTOP PacloJ/IoKel st KaMilel 11a urposoi pocke. Ilosromy 1abop HouycTHMbIX
XOJI0B B HEKOTOPOH MO3HIMH (JOPMAJLHO 3aBHCHT OT BCeH MPEALICTOPHU NMAPTHH.
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5Toi mexmn 12,

Jpyroil naTepecHOl 3a1aucii ABIACTCS OYeHUBAHUE HEKOMOPOT Onpedernex-
HoU cmpame2uu T TIOBeACHUs areHTa (policy evaluation). YpaBHeHUe A7 LEHBI
COCTOSTHHS OTHOCHTCITBHO 3aJaHHOW CTPATErdH UMeCT BUIL:

T (8) € DT (s,m(s),8) [r (5.7 (), 8) + V7 ()

31ech CoCTOsIHUE S HAXOAUTCS HA NOMYCTAMON TPAeKTOPHH, BeAylIeh u3
COCTOSIHHS $ [IPH IPHMEHEHUH JIeiicTBYs 7 () B JAHHO#M cTparerun. Eciu momy-
YeHa OLIEHKA COCTOSIHUM B BHIOPaHHOH CTpareruu, T0 €€ MOXKHO HCII0JIb30BaTh
IUTA YITy9IICHUsT caMoil ctpaterun (policy iteration). A WMEHHO, rapaHTHPOBA-
HO OoJlee LIEHHOW CcTpaTeruell OyIeT CTpaTerHs, «icdoHdA» MO OTHOLICHHIO K
JTAHHOM:

mj41 (s) < arg maXZT (s,a,8") [r(s,a,8") + V] (s')].

[pu pa3paboTKe aNTOPUTMOB IIATH OLICHUBAHUS CTPATCTHU U €€ YTOUHCHHUS
MOTYT YepenoBaThca. B MUCKpETHOM cilydae BO3HHKAIOIIUC IPH MPSIMOM HTe-
pUpOBaHWH ypaBHEHUs bermMaHa TPYyAHOCTH B OCHOBHOM CBSI3aHBI C TIPaKTHUC-
CKHUM O0CCIIEUCHHEM CXOMMMOCTH 33 MMPUEMIIEMOC BpeMs BhrumciacHuil. Hems-
BECTHBIC BEJTMYMHEI I[CHBI COCTOSHUSI MOTYT TIPEICTABISATHCA B BHIC BEKTOPOB,
a BEPOSATHOCTH MEPEXOA0B — B BHIC MATPHIl. B YaCTHOCTH, COOTHOIICHUS IS
OLICHUBAHMUS CTPATETHH MOTYT PaCCMAaTPHUBAThCA, KaK CHCTEMa JIMHEHHBIX ypaB-
Heruii 12

V=R"+T"V,

a 3aJa4a BBIYMCJIICHHSA OIICHKU IMO3HUIITMH MOXKCT OBIThH CCI)OpMyJ'[I/IpOBaHa Kak 3a-
Jda4da pelicHUsA JTHHCHHBIX HCPABCHCTB TUIIA

V<R+ATV

C AOIIOJTHUTCIIBHBIMU Tpe6OBaHI/I$[MI/I MAKCUMAJIBHOCTH OILICHOK.

2Hekoroprie NpUHLHNHAILHO CAOKHEE B TEOPHHM 00YHEHHS ¢ MOAKPENJCHHEM BOMPOCH pac-
cMarpusaiorest B padore [14].

133jech 1 najee 10 TEKCTY JEKLUMM UDSIMbIE 1I0JY2KUPLbIE OYKBL B (DOpMy/sax 0603uada-
10T BEKTOPBI, COCTABJEHHBIE M3 3/1eMEHTOB, 0003HAYaeMbIX COOTBETCTBYIOLUMU <«OOBIUHBIMUY
OykBaMu ¢ nHaeKcamu. — [IpuM. pen.
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HeiipoceTepasi annpoxkcuManus (yHKIHH HEeHHOCTH

TabmuaHoe TpeAcTaBlIeHNE LEH ACHCTBUM W COCTOSHHM 3aJadyl WMEET €CTe-
CTBCHHBIC 02PaHUYEHUs NO Macuimabupyemocmu 3a0a4y Ha OONBIIYIO pa3Mep-
HOCTH, B JIMCKPETHBIX MOJEIIAX, MMEIOIIHAXCS B JINTEPATYPE, UUCIIO H3MCPCHHIA
BECHbMA PEIKO TIPEBOCXOIUT AHNKUHY. BBIXO COCTOUT B MOMCKE MPHUOITNIKESHHBIX
annpoxcumauui QyHKuui 3ana4uu.

HmeroTcst ABa BaXKHBIX YCIOBHSA, BIUAIOIMINAX Ha 3(PQEKTUBHOCTH BHIOHWpa-
€MBIX aJTOPUTMOB aMIIPOKCHMANWU. Bo-IEepBHIX, alTOPUTM NODKEH OCHOBEI-
BaThCS HA (QYHKIHSIX, 00NQTAONIMX OOTaTBIMH BO3MOKHOCTSMH IO aIlipoK-
CHMAIIHH, W, BO-BTOPBIX, JUI BBIOPAHHOTO AJTOPUTMA JOJDKHBI CYIIICCTBOBATH
MacCIITaOUPyEeMbIC aJrOPUTMBI BEIOOpA HAPAMETPOB ANMPOKCUMANUN, DTH JBA
TpeOOBaHMUS YACTO SIBISIOTCS MPOTUBOPCHALTIMHI JPYT APYTY — OOTaThiii Habop
ANMPOKCUMHUPYIOMHX QYHKIHUH OOBIYHO CBSA3aH ¢ OONBLINM YHCIOM CBOOOIHBIX
TapaMeTPOB.

W cKyCCTBCHHBIC HSHPOHHBIC CETH SBISIFOTCS BECbMa SCTCCTBCHHBIM HHCTPY-
MCHTOM JUTSI MPHOIMKCHHOTO MPCACTABICHUS OICHOK COCTOSHHUE IIPU POCTE
pasmepHOocTH. OHAKO B CTAHJAPTHO MTOCTaHOBKE 3a/1a9a aIIpOKCUMAIINY Hel-
POHHOI CETBIO pacCMATpPHBACTCs, KaK 3ajada obyuenus «C yuumenemy», T.€. C
HCIOTB30BaHAEM OOYyJaroIiX map BHIA

(8exmop apeyMenmos, 3HaueHue annpoKCUMUPyemMol QyHKyuu).

B 3amade annpoxcuManuy nexHoctr coctosuus (V(s) wm Q(s,a) «mpa-
BUJIbHBIE» O00YYAMOIIHE 3HAYCHHUS OTCYTCTBYIOT — OHH SBISAIOTCS PEIICHUEM 3a-
Jlavuy ONTHMH3AINH, KOTOPYIO KaK pa3 MPeCTONT PEIIHTh. DTO 00CTOSTEIhCTBO
BHOCHT HOBBIH, IPUHIUIUAIBHBIA YPOBEHB CIOKHOCTH B ITOCTAHOBKY 3a/1a4H,
a UMEHHO, OIITUMAJILHOC PELUCHUE 3a/1a4u, ConepKallei npubianXeHus B ONnTH-
MHU3HpYeMOM (GYHKIMOHAIE Ha KIacce BHIOPAHHBIX aNPOKCUMALINE He 0053aH0
CYWecmeosams, a €CIH PelicHre TPUOMIKEHHON 3a/a41 BCe-TAKU CYILIECTBYET,
OHO He 0053aH0 npudIUICams CODOM PEIICHIE UCXOIHON MOYHOL 3a1a4H.

Ha mpakTuke 3TO OPUBOJMT K TOMY, YTO IPHXOJUTCH JOBOJIBCTBOBATHCS
CyOONTHMAIBHBIMA CTPATCIUSIMH, [IPEACTABICHHBIMH AIMIPOKCHMALIMSIMA, W ITH
CTpaTeTruy BEChbMa PACHIMPUTETBHO TPAKTYIOTCS KAK MPHUONIKEHHBIC PEIICHIUS
3a]aun ONTHMANbHON amantauuu (ynpaeiehus). CeMeHCTBO TPHOMMKEHHBIX
ANTOPHUTMOB, OCHOBAHHBIX H4 HEHPOCETEBBIX METOAAX ANMPOKCHMALUH (QyHK-
A OIEHKHW COCTOSIHWN B MHOTOIIATOBBIX 3a71a9aX, MPUHSATO HA3BIBATH Helpo-
QuHamuyeckum npozpammuposaruem [15].
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PaccmorprM BHadane, Kak MOXET OBbITh HOCTPOEHO oOyueHHe HeHpOHHOM
CeTH B Cilydac 3aJadll WTCPAI[OHHOTO BBIUMCIICHHS IL[EHBI COCTOSHHSA. AJITO-
puT™ value iteration COCTOWNT B MOWCKE HEMOABIDKHOW TOYKW ypaBHCHHS THIIA
V = ¢g(V) metomom mpocroii ureparmu. Oniepauust IPUCBaHBAHMUS HOBOTO HTE-
parponroro suadenust V1 < ¢(V}) B ciydae HelpoceTeBoil anmpoKCHMALHH
HE MOXeT OBITh IPUMEHEeHA HEeITOCPECTBEHHO U JIOJIKHA OBITh 3aMEHEeHa HEeKO-
TOPOii orepariell N3MEeHEeHHUs! BECOBBIX KOI(PUIIHEHTOB HEHPOHHOU ceTu.

[IpocTeie BapHaHTH! HATAIKUBAIOTCS HA METOAWYECKHE clIoKHOCTH. Hanpu-
Mep, OINEpPaINIO IIPHCBAaMBAHHUS MOXKHO OBLIO OBl 3aMEHUTH OJHHM IIaroM Ipa-
JVEHTHOTO YMCHBIICHHS OLIHOKH

KOTOPBIA MPUBOANT K CiexyomuM (opMynaM OOHOBJICHHS BeCOB HEHPOHHOW
CETH C HEKOTOPBIM IIaroM

w = w+5g(V) = Vau(s)] (),
ow

XOTs 3TH COOTHOLICHUSI [IPEACTABISIFOTCS] BECbMa €CTECTBEHHBIMHU, UMEETCS
HECKOJIBKO CEPhE3HBIX KOHMPAPUMEPOS, YKA3hIBAIOIINX Ha OTCYTCTBHE CXOIH-
MOCTH TaKOTO aJITOPUTMa JaXe B CIydae MPOCTHIX JMHEHHBIX aIlIPOKCAMAIAH
[13]. IIpuanHa KpoeTcs B MOTepe CBOICTBA OE3yCIOBHONW CKAMAeMOCTH OTOO-
paKeHus, B KOTOPOM HCIIOJNB3yeTcs armpokcumaiiis. HecMoTpst Ha To, 4TO B
JuTeparype ObUIO IPE/UIOKEHO MHOIO IPAKTUUECKH IOJIe3HBIX croco0oB cTa-
Ownuzauny ureparuii [16], oOwmid BEIBOA TaKOB — JIOKAJIbHBIC METOABI Value
iteration ¢ anmpoKkcuManuel (PyHKINH IEHHOCTH B 0OIIEM CITydac He CX00SMCA.

Wnes permenus npoOieMbl CO CXOAMMOCTHIO COCTOUT B HCIOJIB30BAHUH IS
BBIUMCIICHUS (DYHKITMH [ICHBI COCTOSIHUS 2106AIbHOU UHPOPMAITMHA O TPACKTO-
pHM M3 COCTOSIHHMH, KOTOpBIE [MOCEN[aJnch areHToM. CeMeicTBO ajJropuTMOB,
OCHOBAHHBIX HA 3TOM IOJXOje, IOIYYMIO HAa3BaHUE «MemOObl PA3HOCHIEN NO
gpemenu» (temporal difference methods, T D()\). B coBpeMeHHOM BHjie TEOPHs
TD()\) chopmynuposana Carrorom u bapto B [1].

B nuckpeTHOM Ciydae alrOPUTMBI C Pa3HOCTSMH II0 BPEMEHH 00xoaAT (da-
CTHYHO) TaK)Xe M JIpyroe OrpaHuueHHe METOJOB value iteration, a WMEHHO,
OHH sBJISIFOTCsL online-anropurMaMu u He TPeOYIOT JUlsi HOBBIX NPUOIVIKEHUH
ToceIieHns1 BceX cocTosHnil. OOydeHre MPOUCXOANT OTACTBHBIMH TPACKTOPH-
saMu (3nm3onaMu). B mpocteiniel TpaKTOBKE, €CITH MPOUCXOAUT H3MEHEHHE B
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OIIEHKE HEKOTOPOTO COCTOSHUS, 3TO U3MCHCHHC OTPAXKACTCS U HA TPEABLIYIIUX
cocrosiHusX. QOOHOBIICHUE OLCHKH MPOUCXOANT CHHXPOHHO,

Hawubonee mpocto anroput™ GopMynupyeTcs B Clydae AUCKPETHBIX COCTO-
samit. [Ipennmomaraercs, 4TO €ClIM OLEHKA TEKYIIEro COCTOSHHUS TOCIE [iara
YTOUHSICTCS HA BEIMYUHY OV, TO OLIEHKA MPEABIAYIIETO COCTOSHHS TO/DKHA
OBITH yTOUHEHA Ha A0V, COCTOSHHS Iepen HUM — Ha A\26V u T. A. g Haxom-
neanss uHGOPMANUU 00 MCTOPHU COCTOSHHUN OTBOJWTCS CICIHAIBHAS [AMSTH
(eligibility trace).

Aaroputm 1: TD()\) — MeTon pasHocTed MO BpeMeHH

Require: Unnunanusuposats V <ar0boe; e <= 0
for all daa xasmdoeo snuzoda do
§ <= cayuatinoe
while do konua snuzoda do
s'~T|s,m(s),s]
§<=rls,m(s)] +V(s') = V(s)
e(s) <e(s)+1
V&V+4i-e
e < \ve
s< s
end while
end for

B 5TOM anropuTMe UCIOIb3yeMast CTPATETHS T (S) MOXKET ObITh II0CTOSHHOM,
B 3TOM CIIydJac BBIYHCIACTCA (PYHKINS OLEHKH COCTOSHHH OTHOCHTENBHO 3TOH
CTpareruu. AJBTEPHATHBHO, CTPATETHsI MOXKET OBITh BEIOpaHa 2#Ca0HOU 1O OTHO-
IICHUIO K TEKyIel oreHke V', B TakOM CIIydae ajJTOPUTM OICHHBACT 3HAUCHIE
ontumansHOU cTpareruu V'*. Ha npaxTuke cxoisiieecs pelieHne 10CTUracTCs
UL €-01CAOHBIX CTPATETHH, B KOTOPHIX C BEPOSTHOCTBIO € MPEANPHHAMACTCS
CilydalHOe JEWCTBHE, 2 B OCTANBHBIX CIydasx — >KaAHoe (MaKCHMU3UPYIOIIEe
Tekyiee 3HaueHne V). OGBITHO CTPATErny KIacca e—KaJHBIX aCCOLMUPYIOTCS
C UCCIIEAOBATEIBCKUM IIOBEJCHUECM areHTA.
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IpuBecHHBIN aMrOpuT™M 0000IIACTCS HA BAPHAHT ¢ HEHPOCETEBOM ATMPOK-
cumauueil GyHkuuu oueHku. [1larn BHyTpEHHEro LUKIA UMEIOT BH]

§ <= rs,m(s)] +7Vau(s") — Vi (s),

e < \ye+ M,
ow

wesw+n-6-e.

3aMeTHM, UTO BEKTOP «CTICIa MaMATH € ONMPEACICH 30eCh IS KaXI0To IMa-
pamMeTpa HelipoceTeBoi MOIETH W, a He IUIs Habopa COCTOsHMIM (KaK B JUCKPET-
HOM ciydae). K coxaseHnio, TOUHBIX Pe3yIETaToB O CXOANMOCTH AITOPHTMOB
TD(A) ¢ annmpoKCHMAIHIMA U3BECTHO MAJo.

AaroputMm SARSA n Q-o0y4enune

HacTo Ha MpaKTHKE WCTIONB3YIOTCSA allTOPUTMBEI BPEMEHHBIX pa3HOCTEH, B KOTO-
PBIX aIIPOKCHMHUPYETCS HE LEHHOCTh COCTOSIHUS V ($), @ LeHa IeHCTBHUs arcH-
ta (s, a) B manHOM cocrosirun. Kak yxe oTMedanoch, QyHKIps () Mo3BOISIET
000iTHCH €3 MOJIeNIH CHCTEMBI, TaK KaK ONTHMAILHOE YIPAaBICHHE B KaXJIOM
COCTOSIHUHM MOJXKET ObITh HAH/JICHO HEIIOCPEICTBEHHO:

a® = argmax Q(s,a).
a

MOXKHO BBIICINTH JBa BAPHAHTA alTOPHTMOB JUls HaxoxaeHds Q(s,a). B
IIEPBOM BAapHAHTE IPU BEMUCICHHN PA3HOCTH IO BPEMEHH UCIOJNIB3YeTCs TeKy-
mee 3HadeHre QyHKIMA (Q(S,a), T. €. pa3HOCTH COTIACOBAHBI C OLICHHBAEMOM
cTparerucH (B aHITIOA3BIYHON TUTEpaType UCIONB3YETCS TEPMUH on-policy).

Q[s(t),a(t)] <= Q[s(t),a(t)]+
+a{r(t + 1) +49Q[s(t + 1), a(t +1)] — Q[s(t), a(t)] }

Anroput™ nonmyunn HazBaHne SARSA (B COOTBETCTBHH C MHEMOHHKOM
0003HAIEHIH MOCIENOBATENBHOCTH S, a — 1 — §'a’). Llukisl 00yueHust ycTpo-
EHBI [10 3[0XaM, Ha KKI0N IPOGHON TPaeKTOpHU BEJIMYMHBL yIpasueHuil a(s),
a’(s') BBIOMPAIOTCS £—KaJAHBIMU OTHOCUTEIBHO TEKYLIEH oueHKH ().

Bropotii BapuaHT, Ha3sIBaecMBIi (J—06yuenuem (Q—learning) uConb3yeT MpH
BEIYHCIICHIH DPA3HOCTEH MO BPEMEHU MAKCUMAIbHYIO TEKYILYIO OLEHKY () B
JaHHOM COCTOSHHH, HE3aBHCHMO OT TeKyIlei crparerun. TakuMm oOpasoM, mpH
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MOJICIINPOBAHUM HCIIONIB3YETCsl OJ[HA CTparerus, a (GakTHYecKn OIeHHBACTCS
Apyras (onTHMalbHas OTHOCHTENIBHO TeKyliliel oueHKH (). Takue MeTojbl Ha3bl-
BaIOT HE COTIIACOBAHHEIMH (off-policy). YpaBHeHH 115t 0OYUCHUS areHTa IMEIOT
BUJ:

Q[s(t),a(t)] = Q[s(t),a(t)]+
+a{r(t +1)+ ’yrrzz}XQ[s(t +1),a'] — Q[s(t),a(t)] }

CpaBHHTEIIEHAS OICHKA 3TUX METOJOB [IPUBE/ICHA B TAOIUIIC:

SARSA H Q-obyuenue ‘
O6yuenne ctpaTernd, Hauayd- || O6yueHHe ONTUMAaNbHOM CTpaTe-
mel cpenu e-’KagHbIX. ruu

Bricokas cxkopocTh o06yueHus, || Bricoka BepOSITHOCTb MOMafaHUs
TaK Kak IPUHHUMAIOTCS BO BHUMA- || B JIOKaJbHBIH MUHHUMYM.

HHME <«UCCJIe[0BATEIbCKHE» LIATH
(¢ BEPOSTHOCTBIO €)

Jist 060HX BapHAHTOB MPEMIOKEHB! MOIU(HUKALINY, YIUTHBAIOLINE «CICIBL
namaTh» (HasbIBaeMble, cOOTBeTCTBEHHO, SARSA(N) u Q(N)) ¢ HelipoceTeBbl-
MM alPOKCHMAIHSIMA.

3HAYNTENBHAS HCCIICAOBATEIBCKAS AKTHBHOCTE B 0GIACTH AJIITOPUTMOB pac-
CMOTPCHHBIX KJIACCOB CBSI3aHA C MOWCKOM METOMOB arperalyd COCTOSHHU B
MaKpO-COCTOHHA (CYIIECTBEHHBIC YEPThHI 3aadn), COKPALIAMOUIAX MPOCTPaH-
CTBO TIOWCKA 3a[ad, a TAKXKE C TEOPETUUCCKAM OOOCHOBAHHEM CXOIUMOCTH
anmpOKCHMAIIHOHHBIX aJTOPUTMOB B CITCLHAIBHBIX YCIOBUSIX.

[Ipumepbl NPUKIAAHBIX Pa3padoTOK
B 3aBCPUICHUC JICKIIMW OCTAHOBHUMCS HA JABYX BAKHBIX MPUMEPAX TeXHOJ’[OFI/Iﬁ

HEHPOIMHAMIIECKOTO IIPOTPaMMIPOBAHUS: YIIpaBlIcHNEe (UHAHCOBBIM MOPTdhe-
JIEM U ONTHMH3ANNA PECYPCOB B CETSIX COTOBOH CBSI3H.
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JuHaMH4ecKoe ynpaBieHne nopTesieM GUHAHCOBBIX AKTHBOB

B paborte [17] omuceIBaeTcs mpuMep YCIEITHOTO HCITOTB30BAHUS METOAOB MHO-
TOIIAroBOr0 OOYUCHHMS JUIA 3a/add YIIPaBICHHS TOPTroBoi cucreMoil. PaccMot-
PUM HpOCTEHImi BapHaHT, Kora MOPTdENs COCTOMT W3 ofHOTo akTiBa ' ¢
LICHOW z¢, M ABTOMATHYECKash TOProBasi CHCTeMa BbIPA0ATHIBAET ONTHMAIBHYIO
nocnenosarenbHoCTh pewennit F; € {—1,0,1}. Tpu BapuanTa pemennii coot-
BETCTBYIOT HOKYIIKE (/ong), MACCHBHOMY OXHIaHUIO U, COOTBETCTBEHHO, ITPOJa-
xe (short) aktusa. IIpu 3TOM A7 IPOCTOTHL OyAEM CIHTATh, YTO 00BEM KaXKIOH
cAeiKu (puKCUpOBaH, MareMaTHUECKH Peub HACT 00 OOMECHE OMHOTO AKTHBA
moprdierts Ha PYTOii 1O TeKyIIell PrIHOIHOM 1ieHe 1°, B MOMEHT cBepIIeHus 5Ta
C/leNIKa HE M3MEHSET CTOMMOCTh IOpT(desis, 0JHAKO OHA BPE/HO WIIM IIOJIC3HO
CKa3bIBACTCS HA €r0 LICHE B OyayIIeM.

Toprosas cucTemMa MOXET CIe0BaTh HEKOTOPOH IMapaMeTpUIeCKON MOIEIH:

Fy = F[‘gt;F—l; {Ztazt—lw--;ytayt—la---}]

3neck § — oOydaeMmbic TapaMETPBI, Yy j — JOMOIHUTEIBHBIC BHCITHHE TIC-
PEMEHHBIC B COOTBETCTBYOIHE MOMEHTHI BPEMCHHU (HAPUMEP, 3HAYCHUS OHp-
JKCBBIX WHICKCOB, IICHBI 0a30BbIX aKTUBOB W T.II.). COOTHOIICHHUE IS JI0XO/A,
MOJY9aeMOTO CHCTEMOU-TpeaepoM 3a T 1IaroB, UMeeT BHUI:

T T
PT:ZRt:UZ{Tf—‘rFt_l[Tt—T{} —(5|Ft—Ft_1‘}.

t=1 t=1

3nech v — 00BEM CHENKH, 0 — KOMHCCHS, 'y = 2p — 2¢_1 — TEKYyIIast 110-
XOJIHOCTh, BEJIMYIHMHBI C MHACKCOM f COOTBETCTBYIOT JIOXOJHOCTH OE3pHCKOBO-
ro akTuBa (Hampumep, TOCYAaPCTBCHHON IICHHOW Oymaru). Bo3MOXHBL Apyrue
COOTHOIICHUS T IoXofa HopTdensd, YIUTHIBAIOIINE, HAMPUMEp, YaCTHIHOC
penHBecTHpOBaHKE MPUOBLTH [18].

enb TOProBoi CHCTEMBI MOXKET (POPMYITHPOBATHCS KaK JOCTIKCHUE MAKCH-
MaJlbHOTO Jtoxosa. Ha mpaxTuke, B COOTBETCTBUH C MPE/ICTABICHUSIMH B 001aCTH
(UHAHCOB, IPUHATO ONTHUMH3UPOBATH BEIUYMHY OTHOIICHHS CPSIHErO I0X0/a

YTopmepenem nasvisaercs nodmmomnecmeo akTHROR (HATIPHMEp, UEHHLIX OYMar) U3 MHOMe-
cmea akrTuBoB, 06opaurBaOIKUXCs 1A poiike. [TopTheds JOrMUeckr JOUOMSIETCs ele OULHM
AKTHBOM — (CBOOOIHLIMU) JIEHBMAMH.

1506b1uII0 UMEIOTCS el H3HCPKKH CUCJIKH.
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K ero gucnepcun (omuowenue Hlapna). JIns neneii npuMeHSHUSI METOTUK MHO-
rouaroBoi onrumuzatuu B padore [17] Obur npemioxed auddepeHuuanbHbId
Bua otHoureHus [llapma.

AnTopuT™ OBLT IIPHMEHEH [UTA TOPTOBIH HAa CPEIHEMECSIIHBIX 3HAUCHUAX
napekca S&P 500. B Mogenn HCoIb30BAIMCE JOTONHUTENBHO ele 0xoio 80
BPEMEHHBIX Psi/IOB (KaK MaKpOIKOHOMHUYECKHX, TaKk W (puHaHCOBBIX). [list crap-
TOBOI0 00Y4EHHsI TPei/iep-CUCTEMbI HCIIONB30BAJINCH HCTOPHUYSCKHE JaHHbIC 32
1950-1969 rogpl. B urpoBoM pexxrMe cucTeMa IpoBepsUIach Ha 25-IeTHEM Mpo-
MexyTKe ¢ 1970 mo 1994 rogsr. [lonyuennoe cootHouenue lapna cocraBumo
BenuuuHy 0.83 B rox. s cpaBHEHUs CTpaTerus «KylH U ACpXKH» OaeT Ha
3TOM pacTyiem peiake 3HaueHne (.34 B 1o, B KauecTBe OE3PHCKOBBIX AKTHBOB
paccMaTpuBakuCch T00BbIe Bekcerst kasHauelictea CIIA (US Treasure Bills).

ABTOpBI OTMEUYAIOT, YTO TOPIOBas CHCTEMa, OCHOBAHHAS HA AJTOPHUTMAaX
HEHpO-TMHAMHAYIECCKOTO IPOTPAMMHPOBAHUS, IPUHAMAIAa BECbMa KaueCTBECHHBIC
peteHus B nepronasl HeTsIHOTO Kpusuca B 1974 rony, ¢uHaHCOBBIX mpobieM
nayana 80-x ToZoB, PHIHOYHBIX MonpaBok 1984 roma m odOBama peiHka B 1987
TOZy.

I[I/IHaMI/I‘leCKOE PE3€PBUPOBAHNEC KAHAJIOB CETU COTOBOH CBSI3H

B ceTsax COTOBOM CBA3M OCTPO CTOMT MpoOIeMa pachpeAciCHHS ANANa30HOB
9acToT AJ oOecIeueHUsI MaKCHMaIbHOTO KOJTHYICCTBA YCIYT B YCIOBHAX CTOXA-
CTHYCCKH U3MCHSIIONIUXCS MOTPEOHOCTEH. PaccMOTpUM MOZIEIIb COTOBOM CETH.

3amannas reorpadudeckas o0MACTh PA3ACIBICTCS HA HEMCPECCKAIIIHACCS
SYCHKU M KaXaas sdciika 00CCrCYMBACT yCAYrH B MPEACIAX CBOMX TPAHHMIL,
Bech mocTymHBIN nuama3oH 4acTOT pa3OWT Ha KaHANBl. KaKIell KaHAa MOXKET
HCIIONB30BaThCsl OMHOBPEMEHHO B HECKONBKUX SIMEHKAX, IPU YCIOBHUH, YTO 3TH
siHeKn reorpauUuecky Jaieku Apyr OT Apyra (Tak, 4To HeT HHTephepeHLHN).
Korta mom»30BaTesis 3apamiuBacT yeayry, eMy 00 Ha3HAYAeTCs OJWH U3 CBO-
0O/MHBIX KaHAJIOB, MO0 BI30B OnoKupyeTcs. Takxe, npu MPECCUCHHH TPAHHII
30HBI, aKTUBHBIN BEI30B MEpeaacTcs OT COTOBOM AUEHKN K coceHeH suelike, Tae
eMy BBLAersIeTcs kKaHal Ecii Takoro xaHanma HET, CEpPBHC MPEPHIBACTCA.

Takum 06pa3oMm, KpUTEpUil ONTUMAIBHOCTH JOJKEH YIUTHIBATh KaK COKpa-
IIeHUE YHciia OTOKUPOBOK, TAK W YMEHBIICHHE BEPOITHOCTH MIPEPHIBAHKS Cep-
BHCA.

MHorme COTOBBIE CHCTEMBI HCIIONB3YIOT (PUKCHPOBAHHOE pacCHpeCIiCHUC
kaHaNoB. bomee 3 QeKTHBHON SABIACTCA CTpaTerus AMHAMHYCCKOTO pacmpe-
JICIICHUSI, KOTOpasi MO3BOJICT WCIONB30BATh B SUCHKE /170601 KaHAaJ, KOTOPBIH
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CBOOOJICH 1 6 OuHHbITI MOMEHM HE WCIONIB3YeTCsl B COCEAHNX sSUeiKax.

Coopmynupyem 3Ty 3aj1a4y B TEPMHUHAX MHOTOIIArOBOH onTuMuzaunu [15].
CMeHa cOCTOSHHA IPOUCXOINT, KOTa KaHal 0cBOOOX JaeTcst (TI0Ib30BaTelb Io-
KHAZAeT sTIeHKy) WUIM KOTZa HOBBIH ITONB30BAaTEllb 3AlIpPAllNBAcT KaHal (HOBBIH
BBI30B), W00 MOIB30BATEIb MIEPEXOIUT U3 SUCHKH B TUCHKY (ITOIICPIKKA BHI30-
Ba). CoCTOsIHAE B KaX/IbIii MOMCHT OITHCHIBACTCS CIINCKOM 3aHSATHIX KaHAJOB B
KaXJI0i STUCHKE, & TAKIKE TUIIOM COOBITHS, BBI3BABIIETO CMEHY COCTOSIHIS (BXO/I,
BBIXOI, TTOAZICPIKKA).

YrpaBieHHE COCTOUT B ONITHMAITBHOM [TEPEeHA3HAUCHUN KaHAJIOB, KOT/A MOJIb-
30BaTENb MOKHWAAET cucTeMy. llenp mepeynakoBkH — obecreueHne OONBIINX
BO3MOXHOCTEIl 0 MPEAOCTAaBICHHIO CBOOOJHBIX KaHAJIOB, HE MPOTHBOpEYa-
ITUX OTPAaHWICHHSAM Ha COCEACTBO sueek. Korma mose3oBaresk BXOAWT B CH-
CTEMy, YIPaBIAOLICE NCHCTBUC COCTOUT B BBINCICHUH KaHAJIA WIN OTKa3e OT
IIPEIOCTABICHAS KaHala, eCId CBOOOJHBIX KaHAJIOB HET HJIM €CIH BBICICHHUC
HMEIOIIErocs KaHaJIa MPUBEICT K OONBIIOMY YHCIY OJOKHPOBOK B CIEAYIOLIHE
MOMEHTHI BpeMeHH. Kax/biii ciryqaii OlOKHPOBKH HITH 0TKa3a B CEPBHCE MPHBO-
JIMT K yBenndeHuio mrpada Ha Bpemennom imare. Ilens ontumusanum — HalTH
CTpATeruio ¢ MUHUMAJILHBIM CYMMAapHBIM HITpadoM.

Yucno pasnu4HBIX COCTOSIHUU JIISL 3TOU 3a1a4l OYEHb BEITUKO, IOTOMY Ipsi-
MO€ IPUMEHEHNE METOIOB JTHHAMHYIECCKOTO IIPOTPAMMHUPOBAHUS IS ITPAKTHIE-
CKH MHTEPECHBIX MacImTaGoB HeBO3MOXKHO '®. OjHako, IpHOTHKEHHEIE pelie-
HUSI MOXHO MOJYYHTh METOINKAMHY, UCIOIB3YIOMIUMI COKPAIICHHOE OIHCAHUE
cocrosiunil u quddepeHunposanue o BpemeHu. Jis pocToThl, MOXKHO CUH-
TaTh IMOJICPXKKY CepPBHCA IIPU TIEPEXOAE OT AUCHKH K SUeHKe TBYMST COOBITHSIMHA
— yXoI TOJNB30BaTeNd U3 OJHOW AYECHKU M HOBBIM BBI30B B Apyroi. Kpome To-
IO, JUIS KaXXKJOH SYCHKH OTpaHHIHMCS JIUIIb arpernpoBaHHON HH(popMalmed —
YHCIIOM CBOOOHBIX KaHAIOB M Ul KOKIOTO KaHajia CEeTH — KOJHMYECTBO Pas,
CKOJIBKO 3TOT KaHAJT UCIIONB3YeTCs B JIAHHBIA MOMEHT COCE/SIMH JIAHHOW sTaeii-
kx#. B 3TOM ciIydae 9Mci0 COCTOSHUN IMPONOPHUOHAIBEHO MPOU3BEACHUIO YHCIA
SYeeK W YHCiIa KaHAJIOB, M 3aJa4a CTAHOBHUTCS 0003PUMOiA.

B pabote [15] nmpuBomsTCS pe3yNbTaTH A IMTyaCCOHOBCKOTO ITOTOKA 3aKa-
30B B cetu 3 50 sueek ¢ 70-0 xKaHaJIaMH, MPH Harpys3ke B HECKOJBKO COTCH
BBI30BOB B 4Yac B Kol sueiike. Anropurm TD(A\ = 0) ycroifunBo obecre-
YMBAET MEHbBILEEC YUCIO ONIOKMPOBOK, B CPAaBHEHHH C JIy4YLINMUA H3BECTHBIMHU
SBPUCTHYECKUMH aITOPUTMaMU AWHAMHYECKOTO paclpefeNeHns, U 3aBeI0MO
IIPEBOCXOANT AJTOPUTMBI C (PUKCHPOBAHHBIM PACIPEICTICHUEM YaCTOT.

161‘[0 KaK e 6blCTpO pacreT MOWIIOCTL U [HIAMATb KOMIIb[OTGpOB!
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HUrorn

CumOM03 HEHPOHHBIX CETEH M METOAOB IUHAMHYECKOIO MPOTPaMMHPOBAHUS
JUIA PELICHIs] MHOTOIIATOBBIX 3aAad ONTHMU3AIMH — IINPOKO M WHTCHCHBHO
pa3BHuBaemasi 00JacTh COBpEeMEHHOW npukiaaHol Maremariku. OCHOBHBIE pe-
3yJIbTaThl MONY4YeHBI B TedeHue nuiib mocuennnx 10 ger. K coxanenwro, He
JUIA BCEX YCIOBHUIl MCIONB30BaHMS AITOPUTMOB B HACTOAIIMNA MOMEHT MMEOT-
cs1 ctporre obocHoBaHUA. C OpYyroi CTOPOHBL, KaK M B 00OJMACTH ONTHMAIbHOTO
YIpaBJICHUS, BaXKHBIM HCCIECIOBATENBCKAM HHCTPYMEHTOM SBIISIETCS KOMITBIO-
TEePHOE MOJCIUPOBAHHE.

AITopUTMBI HEHPO-TUTHAMUYIESCKOTO MIPOTPAMMUPOBAHUS KpaliHe IPHBIICKA-
TEJNBHBI HE TONBKO JUIS TPAAUIHOHHBIX «TSKEIBIX» 3a4ad ONTHMH3AINH, HO
W U TOCTPOEHHS MPOCTHIX NPHONIKCHHBIX PEIICHUH B MOOIIBHBIX YCTPOH-
CTBaX, BCTPaMBAEMBIX H POOOTOTEXHUICCKHAX CHCTEMAX.

baaropapuocTu

ABTOp BEIpaXkaeT rmyOokyro OmaromapHocTs FO. B. TromermeBy u H.I” Maka-
PCEHKO 32 IUIOAOTBOPHBIC KOMMEHTAPHU M TBOPYECKOE CONICHCTBHE.
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Cepreii Anexkcanaposnd TEPEXOB, kanaunar ¢usnko-MareMaTHIecKUX Ha-
YK, 3aBEAYIONIH JabopaToprell MCKyCCTBEHHBIX HelpoHHbIX cereii ALIFE
(r. Tpoutik, MockoBckast 00i1.). O61a¢cTh HAyYHBIX HHTEPECOB — AHAINS JTAHHBIX
IIPU TIOMOIIU HCKYCCTBEHHBIX HEUPOHHBIX CETCH, FeHETHUCCKUE AJITOPUTMEL,
MapKOBCKHE MOJENH, 0alieCOBBI CETH, METOABI ONTHMH3ALIUK, MOACIHPOBAHHUE
CIIOKHBIX crcTeM. ABTOp 1 MoHOTpaduu u 6onee 50 HayIHBIX ITyOMHKAINH.
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