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OnTUMMU3NPYIOTCS (DYHKIIMOHABI TUHAMUYECKMX CUCTEM Pa3JIMYHOIO BHIA C TIOMOIIBIO COBpE-
MEHHBIX METOJIOB O0YUeHUsI ¢ TToAKperuieHrueM. PaccMatpuBaloTcst iMHeliHas 3aa4a pacnpeaelie-
HUS PeCypCOB, 3a1a4a ONTUMAJIbHOIO NOTPEeOICHUS U ee cToXacTuueckue Moaudukanuu. B ooyde-
HUM C ONKPETJICHUEM HCITOJIb30BaIMCh METOBI TPaaeHTa CTPATETUH.
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Beenenue. K HacTostiieMy BpeMeHHM U3BECTHBI LIMPOKO IMMPUMEHSIEMbIE KJIaCCUUYECKUE MOAXOAbI B
ONTUMAaJIbHOM YIIPaBJIEHUHU, TaKue, KaK IpUHLIUIT MakcumyMa [ToHTpsITMHA, IPUHLMIT ONTUMAJIbHO-
ctu bennmana, ynciieHHbIE MeTOnbI U T.1. OmHAKO KpyT MX UCHOJIb30BaHUS orpaHn4eH. B mociennee
BpeMsI B JaHHOI 001aCTH MOJYYMUJIO pPa3BUTHE MAIlIMHHOE OOyYeHNE Ha HEMPOHHBIX CETSIX.

OO6yueHue ¢ monKperuieHueM GopMyIMpyeT 3a1ady ONITUMAJILHOTO YIIpaBJIeHUS Ha sS13bIKe MapKOB-
CKOTO TIpoliecca NMPUHATUS PELICHUN U OCYLIECTBIISET MePEeX0o] K SKBUBAJICHTHOM 3aJadye ONTUMMU3a-
uu. 3amava ONTUMAaJIbHOIO YIIPpaBIeHUSI MOXET ObITh MepeBeleHa Ha SI3bIK MPUHSTUS pelneHus. J1s
OCYIIIECTBJIEHUS Tepexoja K 9KBUBAJEHTHOI 3alaye ONTUMM3AIlMU BBOJSTCS Takue OOBEKThl, KakK
areHT u cpena. Cpena — 3ToO HEKOTOPBIA MApKOBCKUIA TTPOLIECC TIPUHSITUS PEIICHUM, KOTOPBIM Xapak-
TepusyeTcsl MPOCTPAHCTBOM NEHCTBUI § € S, TPOCTPAHCTBOM COCTOSIHUI a € A, AMHAMUKON cpelbl

P, byHKUMeNH Bo3HArpaxaeHUss R U AUCKOHTUPYIOLIMM (haKTOPOM Y. ATE€HT MPEACTaBIsIeT COBO
HEKOTOPBIM CTOXaCTUYECKUI aJITOPUTM, KOTOPBIi IIPUHMUMAET Ha BXOJl COCTOSIHME CPEJIbl S U BO3Bpallla-
eT IeiiCTBUE a, KOTOPOE HEOOXOAMMO IIPUHSITh, YTOOBI MAKCUMU3UPOBATh UTOTOBOE BO3HATPaXKIcHNE.
BzaumoneiicTBysI co Cpenoil, areHT HaKaIlJIMBAET OITBIT UTPHI M C KaXKIOH HOBOM MONBITKOM YIyUIIIacT
CcTpaTeruio cBoeii urpbl. OCylIeCTBUB COTHU THICSY ITOIIBITOK, CTPATETHUsI areHTa CXOAUTCS K ONITUMAJIb-
Hoii. [ToyyeHHast cTpaTeruss MaKCUMU3UPYeT TMCKOHTUPOBAHHYIO Harpamy areHTa o TPaeKTOPUSIM
MIpU B3aUMOJECMCTBUM CO CPEIO 1, KaK CJIEICTBUE, pEelIaeT MCXOAHYIO 3a1a4y ONTUMAILHOIO yIIpaBJIe-

HUA.

B Hacros1ee BpeMs CyIiecTBYIOT ABa OCHOBHBIX CEMEMCTBA aJITOPUTMOB OOYUEHMSI C TTOOKPEIICHN -
€M, B OCHOBE KOTOPbIX JieKaT pa3IMYHbIe IIPUHIUAIILI, 8 UMEHHO ceMeiicTBo Actor-Critic u ceMeiicTBO
Policy Gradient. B pemenun npakrudeckux 3amad Haubosnee 3(pHEeKTUBHBIMU SIBIISTIOTCSI alTOPUTMBI
DDPG [1], TRPO [2] u3 Policy Gradient n anroputmbl SAC [3], A2C [4] u3 Actor-Critic. B manHoi1 pa-
0oTte ucnosibayercs aaroputM Proximal Policy Optimization [5—7], KoTopslii 6a3upyeTcsl Ha uaee 00-
HOBJICHHUSI BECOB HE TOJILKO C IIOMOIIBIO MMOoACYeTa rpaareHTa cTpaTteruu Kak B Policy Gradient, Ho 1 Ha
BBIOOpE HanboJIee pejIeBAaHTHOTO A CTBUSI aKTOPOM M OLICHKE ITPaBIONog001sI BRIOpAaHHOTO NEHCTBUS
KPUTHKOM Kak B Actor-Critic. O0yyeHue ¢ moaKpeIIeHueM YCIIEIHO IIpUMeHsIeTcs B paboTrax [8—12].

PaccMmaTtpuBaroTcst Tpy MOIEITBLHBIX 3amaun. B mepBoii anxroput™M 3(pheKTUBHO CTPOUT TOUKU TIepe-
KJIIOYEHMSI B pa3pbIBHBIX yIIpaBjicHUsIX. Bo BTOpOil IIpOMUCXOOUT COBITaIcHUE C pellIeHUEeM, IOJTydYeH-
HBIM C TIOMOIIBIO PEKYPPEHTHBIX COOTHOLIIeHU bemmana. HakoHel, B TpeTheil CTPOSTCS ONTUMAITb-
HbIe peLIeHUS IJIsI pa3IMYHbIX BUIOB CIyYailHbIX ITapaMeTPOB.
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OBYYEHME C INOAKPEIVIEHMEM AJI MOIEJIbHBIX 3A0AY 77

1. IlocranoBka3amaum. 1.1.JImHeliHagd 3agavya ONTUMAJIBHOTO ynpaBiieHua UMeem
MPOCTEMIYIO AJMHAMWYECKYIO MOJEIb pacipeneeHNsI peCypcoB C IBYMs IToacucTeMamMu. biauskue 3a-
a4y ONTUMAaJIbHOTO YIIPaBJIEHUS IIMPOKO IpeacTaBiIeHbI B KHuUTE [13]:

F(u) = x(T) + x,(T) — max,
dx,
— = aO)u(1),
dt

dx,
—= = a,(Hu,(?),
0 L (D (1)

uy 20, u,=20, u+u <W =const,

(1.1)

te 0,71, wu=I[u,ul,
%(0)=x',  x,(0) = x°,

e u(?), u,(f) — ynpasnenus, x,(?), x,(f) — da3zoBble nepemMeHHbIe, f € R, — Bpems, T e R, — koHeuHOe
BpeMs, a,(f), ay(f) — 3amanHble GyHKImK, W, x!, x> — KOHCTaHTHI.
l1.2.3amaya onTuMajJlbHOTO NMoTpebieHuUus [14]. Umeem
T
F(u) = J' exp(—0ut)g(u(?))dt — max,
0
x=px—u, x0)=x, x(T)=0, (1.2)
wit)=0, rel0,7],
rae u(f) — MHTEHCUBHOCTb NOTPebJIeHUs WM MTHOBEHHOE 3HaYeHUe MOTpeOIeHNSI B MOMEHT BpEMEHU

t; x(f) — NeHEeXHbIM KaluTal B MOMEHT BpeMeHH f; g(u) — (DYHKIMS MOJEe3HOCTU MOTPEOIeHUS; O —
CTaBKa IMCKOHTUPOBAHUS; P — OAHKOBCKas AEMO3UTHAsH CTaBKa.

DYHKITUS TTOJIE3HOCTH TOTPeOIeHUS g(¢) YIOBICTBOPSIET YCIOBUSIM:

1) g(u) 20,

2) g(u) ctporo Bo3pacraeT mist u > 0,

3) g(u) ctporo Boruyrast nuddepeHnupyemast GyHKIM B oonactu u = 0.

1.3.JuckpeTHasg cToxXxacTuueckasd 3amgada. [lycTe neno3uTHas cTaBKa SIBIISIETCS CITY-
YalHOM BEJIMYMHOIA:

K
F(u) = E, ) exp(—0k)g(u;,) — max,
k=0

Xp+1 = X = PXg — Uy, (1.3)
Xy =a, Xxg=0,
u, 20, te O,_K,
IIe p — ACTIO3UTHAsS CTaBKa; X; — 3HAUEHME KaluTajia B MOMEHT BPEMEHH K; U, — 3HaUeHue NoTpediie-
HYSI B MOMEHT BPEMEHU K; [Ep[f] — MareMmaruyeckoe oxuaanue f nop,ku Ke $={0,1, 2, ...}.

BynyTt npencraBieHbl AUCKPETHOE pacIipeAaeeHre BEPOITHOCTE, BUHEPOBCKMI IIPOLIECC 1 ITyacCo-
HOBCKUI MTpoLIECC.

PaccmoTpuM nuckpeTHoe pacnpenesieHue BeposiTHocTel. ITycTs {#},.n — Ipolecc, 3afaHHbIA B BUAE
MOCIeOBATEIbHOCTA HE3aBUCUMbBIX U OIWHAKOBO paclipeleIeHHBbIX CIydyalHbIX BeauduH. [Ipumep
clydaiiHOTO pacripeneieHus peacTaBieH Ha puc. 1 ¢ mapameTpamu:

Pp=r)=p, re{l.051.06,1.07,1.08,1.09}, (1.4)

rae P(p = r) — BEpOSATHOCTb TOTO, YTO P IPUHUMAET 3HAUCHUE F.

PaccMoTpum BuHEpoBcKuii mpottece. ITycTs {p ), ¢ o, 7] — TeOMeTpUUecKoe OPOYHOBCKOE JIBIKEHME,
T.€. IIpolecc, NoquuHsAtomiicsa 1uddepeHINATILHOMY YPABHEHUIO:
d
9Pr = gdt + caw,, (1.5)
P
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Puc. 1. KoadduimeHT mpupocTa Kanuraia Kak IMCKPETHOE pacipee/ieHUue BEpOSITHOCTEe

rne W, — BuHepoBckuii nporecc, dW, — nuddepeniman BUHepoBcKoro mpoiecca f € R, .

JJtg pelieHust 3TOro ypaBHEHMsI HaM ITOHAago0uTcst iemMa Mto, chopMyInpoBaHHasI U TOKa3aHHasl,
HarpuMmep, B [15].

Onpenenenmue l. [Ipouecc X, Oynem Ha3bpIBaTh nporieccoMm KTo, ecnm

t t
X, =X, + j u(s, wds + j v(t, 0)dW,,
0

0
dX, = udt + wdW,.
Jlemma UTo. Ilycth X, — npouecc Uto, 3agaBaemslii nuddepeHnanom:
dX, = udt + wdW,,
M TIyCTh (¢, X) ABaKbl HenpepbiBHO mucdepeHimpyemast hyHkims Ha [0, +oo) X R. Torna Y, = g(¢, X)) —

CHOBA €CTb ITpoLecCC HUton

2
av, =%+ %8 ax, + 198
ot 0x 20°x

rac (C/Yt)z BBIYUCJIACTCA C UCITOJIb30OBAHHUEM CIICAYIOIIMX ITpaBUJI:
did ~ dtdW, ~ 0, dW,dW, ~ dt.

Bocnonb3oBaBUINCh IEMMOIA MTO, IIojrydyacm

2
P = Po exp((oc —%jt + GW,)J.

IToBeneHue TpaeKTOpUii MpeacTaBICHO Ha puc. 2.

@x,,

PaccMmoTpum nyaccoHoBekumii ipouecc. Iyctb {p ;¢ (0. 7y — ClydaitHas GyHKLMS, TOTYMHSAIONIACS
nuddepeHIMaIbHOMY YpaBHEHUIO:

4Bs _ (o~ Nyt + 6dN, (1.6)
o)
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Puc. 2. KoadduimeHT nmpupocTa Kanuraia Kak MapKOBCKUit rporiecc (16 peanusarinii)

e NV, — CYeTYMK IIyaCcCOHOBCKOTO IIPOILIecca ¢ MHTEHCHBHOCTRIO A. PellleHre cToXacTMuecKoro aud-
depeHIInaTbHOTO YpaBHEHUSI TTOJyYaeTcs C MCITOJIb30BaHUEM JIeMMbl ITO aHAaIOTMYHO CITydalo BUHE-
poBckoro npoiecca. Umeem
P, = poexp((o — A + N, In(1 + 0)).
IToBeneHue TpaeKTOpUit MpeaCcTaBICHO HA puC. 3.

2. Pemenus 7eTepMUHUPOBAHHBIX 3a1a4. 2.1. I uHeiHasg 3amavya paclnpegedeHUS pe-
cypcoB. s 3agaun (1.1) mpuMeHUM NpUHIMIT MakcuMmyMa [ToHTpsTiHa (cM., Harpumep, B [16]).

OnpenenuM kjacc (MHOXECTBO) JAOIMYCTUMBIX YIpaBJIeHUIl KaK MHOXECTBO M-MEpPHBIX BEKTOP-
byuxumit u(f) = (u,(9), u,(9, ..., u,,(f)), KyCOUHO-HENPEePpbIBHBIX Ha 3a1aHHOM oTpe3ke T = [0, 7] ¢ ycno-

BueM (orpanunyenuem) u(?) € U, te T, tne U < R” — 3aganHoe MHOXecTBO. B (popMmanibHOI 3anucu
MHOXECTBO JOMYCTUMBIX yIIpaBieHuil W uMeeT ciaenyroinii BUI:

W ={ue 6,T),ur)e WUte T}

PaccMoTpuM 0000IIeHHBIN BapraHT MPOCTEHIITEH 3a1aun IJIsT IMHEIHOM 1O COCTOSTHUIO CUCTEMBI C
Hepa3aeJaeHHBIMU ITepEMEHHBIMU X, U:

F(u) ={c,x(t,)) > min, ue W,
X = A, t)x +b(u,1), x() = X,,
W={ue €,(T),ult)e Ute T =[0,T]},
AeR™, xeR) ueR’ beR’ celR’

e (-, -y — CKaJiIpHOe IIPOU3BeIEHHE.

2.1)

IMycTb MHOXeCTBO Al TOMYCTUMBIX 3HAYEHUIA yIIpaBieHus saBisgerca koMnakroMm B R”. IlycTs mar-
pyuHasg GyHKLU A(u, 1) 1 BeKTop-dyHKus b(u, ) HerrpepbIBHBI Ha IpousBeaeHnn U X I .

Paccmorpum dynknuio lamunbroHa—IToHTpsirnHa mist (2.1):
H,x,u,1) = (Y, A" (u,1)X + b(u, 1)),
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Puc. 3. KoadduumeHT nmpupocTa KanuTaia Kak MyacCOHOBCKUIA rmpouecc (16 peanun3aiimii)

a TaKKe COMPSDKEHHYIO CUCTEMY:

lil = _Hx(wa X, u, t) = —AT(“J)\U’ W(tl) =—-C,
IIe Y U ¢ — IByMepHbIe BEKTOPHI, mpuyem ¢ = (1, 1)™.

Yr10o06b1 nommycTumoe yrnpasieHue u(f), t € T 6bU10 onTUMaIbHO B 3anaue (2.1), HE0OXO0AMMO, YTOOBI
Bcroay Ha T BBITTOIHSIJIOCH YCIOBUE

u(r) = argmax H(y(t,u), x(#,u),v,1).
ve
Jst 3amaun (1.1) monyyaeM OKOHYATEIBHO

H = ayy,(1) + a3,y,(1),

. _JdH
Y, = a—XI =0,
. oH
V, = a_xz = 0.
ITosTomy
H _9H _,
dx, ox,
= const,
y(f) =-c=1,

rae 1 — eTMHUYHBIN BEKTOP.

Perienme BBITIISAINT TaK:
%
1

{W, a(t) 2 ay(1),
u

0, &) <a ),
® 0, () 2a) 1),
“CT W, a0 < ay0).

(2.2)
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Puc. 4. AHasImTHYECKOE pCIICHUEC JIMHEMHOI 3a1ayu ONITUMaJIbHOTO YipaBJI€HUs C OIHOI TOYKOI TICPCKIIOYCHU A

1.0 1.0F
0.8+ 0.8
0.6 0.6
—_—u —t
N N
— — a,
0.4F 0.4
0.2F 0.2
0r 0or
1 1 1 1 1 1 1 1 1 1 1 1
0 0.2 0.4 ; 0.6 0.8 1.0 0 0.2 0.4 ; 0.6 0.8 1.0

Puc. 5. AHasiuTHueckoe pellieHue JUHEHHOM 3a1aui ONTUMAJIBHOTO YIPABICHUs C TPeMsI TOUKaMU MepeKITI0YeHUsT

Ecnu a,(¥) =1, ay,(¥) =1 — ¢, t € [0, 1], To pelieHUe wiuttocTpupyer puc. 4. UmeeM ogHy TOUKY
nepeknwoueHus. Ecnu a,(f) =t, a,(¢) = sin(3.5w¢), t € [0, 1], TO pelieHUE UTTIOCTPUPYETCS C TIOMO-
b0 puc. 5. MeeM Tpu TOUKM NEPEKIIOYCHUSI.

2.2.3agavya onTUMAalIbHOTO IMOTpeOIeHU . be3ycnoBHo, 3Ty 3amaqy MOXKHO OBLIO pe-
IIaTh IPUHIIMIIOM MaKCUMyMa, HO MOXHO 1 NpuHUMNoM beinMana.

it Hac caMoe BaxKHOE TO, YTO HEMPOCETH ITOJIydaT TO K€ caMoe pellleHUe, €CIU Mbl UCITOJIb3yeM
oOy4YeHHe ¢ MOAKPETIJIEHUEM.

Huckperusanus (1.2) mo BpeMeHHU JaeT:

T
ZBt In(4,) — max,
=0 e

Xppp = O — Uy, 2.3)
Xy = a,

XTZO.
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Haiimem penieHne ¢ moMoIIbIO IpUHLIMIIA ONITUMaIbHOCTH beimana (cM., HampuMmep, B [14]).
dyukuung beiMaHa uMmeeT BUn, Iae K — TEKYIIUA HOMeEp:

S, (x) = max_ ZB Inu,

up,t=k
IIpu yCJIIOBUAX

X = O — Uy,
xk = X.

3anuiineM peKyppeHTHOe cooTHoleHue bemmmana
S,(x) = max{B' In(w,) + S (00x — )}

C TCpMUHAJIbHBIM 3HAYCHUEM

0, x=20,
Sr(x) = e x <0

Nmeem
U (x) = 725 (2.4)
ZB

B camom mente, moacTaBuM pellieHUe B IIPaBYyIo YacTh ypaBHeHUs bermimana:

T-j-1 1
; ; oo —u; ) (o
5,(x) = max| B/ In(,) + B Y 4B'In (+;)(B) 2.5)
= =0 i
§
MaxkcumyM noiryaum aguddepeHIupoBaHueM IIpaBoit 9actu (2.5):
j T-j-1 t J
B’ +1 " _ B’ owx _ox
u__BJ < x—u =0=u; = T T-j ° (2.6)
J = J Bj + Bj+1 Bt Bt
=0 =0

3HaK BTOpPOit TPOU3BOTHO ITPOBEPSACTCI aHAIOTUIHO.
ITpu moncTaHoBKe (2.6) B IMpaByIo YacTh COOTHOIIEHHUS (2.5) mmoaydaeM

T—j-1 7-j-1 !
Sjx) =B/ In| 777 |+ B Y 4Bl Inf o) e — 2 | (@) B’) =
B[ =0 ZB i=0
i=0

i=0

T-j

Bi t=0

i=0 |

=B’ In| -2 +Bf+'T_j1 B In| X% (ocB)B JB/ In|-0x +B/+1T_j B In xa’ (BBl _

=B’ In| ;2 +|3f'Ti B“In M :[3"2 B In %ﬁ)t
Bi u=0 ZBI t=0 ZBI

i=0 L =0
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Pemenne YpaBHCHUA bemmana 3anuinem Kak

Sk<x>—BZ B n| @B || 2.7)

=0 ZO: B

3. ITocTpoenue penieHmii C IOMOMIbIO 00yUYeHHUs ¢ MOAKpenieHneM. B pabore 0oCHOBOIA 11715l TOCTPOSHUS
YMCJIEHHOTO pellleHMs 3a1a4 ONITUMAJIFHOTO YIIPaBIIEHUS CIIyXKUT aJiropuTM Proximal Policy Optimiza-
tion [5]. BBomuTcs psio MOHSITHIA.

OnpenemeHne 2. MapKoBCKHUIi ITpoIIece HpI/IHHTI/IH pewrenutii: (S, 4, P, R, Y), toe S — mpocTpaH-

CTBO COCTOSTHMIA; A — IIPOCTPAHCTBO ACHMCTBUIA, =P(s, ,, =s'ls,=s, a,= a) — nMHaAMUKa CpeIbl UIN
BEPOSATHOCTH TIepeXoia arTeHTa U3 COCTOSTHUS S B COCTOHHI/IC s' TIpY YCIIOBUHM AEHCTBUS @ B MOMEHT Bpe-

menu £, R = E[r[s,= s, a,= a] — byHkuus BosHarpaxuaeHusi. OHa XapaKTepu3yeT CpelHee BOZHATPaX-
JIEHVE aTeHTa B COCTOSTHUY S TIPY YCIIOBUM NeWCTBUS @ B MOMEHT BpeMeHU £; Y € (0, 1] — mucKoHTUpY-
oImii (pakTop.

Onpeneneunne 3. Crparerus areHra:
To(a|s) =P(aq, =a|s, =s,0).
OnpeneneHnue 4. Harpama 3a anu3on:

I‘,=[E[r|a,=a,s,=s],

T—t-1 '=t
G =ty +Y,+..+Y rr :Z’Y’ /ST
1=t

OnpenencHuce 5. I[1one3HOCTh COCTOSIHUSI:
V(s) =EG, | s, = sl.
OnpeneneHue 6. I1oae3HOCTh COCTOSTHUSI-ACUCTBUS:
O(a,s) = [En[Gt | s, = 5,4, = al.
Onpenenenue 7. DyHKUUS MPEeUMYILIECTBA:
A(a,s) = 0(a,s) =V (s).
31. IBoiicTBeHHas 3ajJgadya onTuMu3ianuu. OnpereauM OTHOIIECHUE BEPOSTHOCTEM
r(0) xak

ne(at | St)

I’;(e) = s r(eola') = ],

nea,d(at | s,)

rae 0,y — mapamMeTpsl TeKYIIel cTpaTernu.
TRPO [2] MakcUMU3UPYET CyppOoraTHbIi (DYHKLIMOHA:

To(a, | s,) A
T, (@, | 's,)

old

LCLI (e) — ﬂé,

e [Et — MaAaT€MaTU4ICCKOEC OKMIJaHUEC 110 BPpEMCHU, a At — (bYHIG_[I/IFI TMpENMYIIIECTBA B MOMEHT BPEMEHMU /.

Be3 nonoNMHNUTEIBHBIX OTpaHUYeHN Makcumusanya L mpusener K ype3MepHo 0OJIbIIOMY OOHOBIIE-
HUIO cCTpaTeruy. BBemeM MomomHUTENBHBIN ITpad 3a UBMEHEHUsI CTPATernu, KOTOpbIe yaIsioT #(0) ot 1.

JIBoiicTBEeHHAs 3a7a9a ONTUMH3ALIN
LH(®0) = £, [ min{r,(0)4,,clip(;(6),1 — €1 + ©)4} |,

[£770) — max,
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IIe € — TUIIepIiapaMeTp, a

a, ecim x<a,
clip(x,a,b) =<x, ecim a<x<b,
b, ecmm x>b.
3.2.Proximal Policy Optimization (PPO). B [5] PPO conepxut nBe He3aBUCUMBIC Ma-
paMeTpu3aluu 4J1s1 akTopa 1 KpuTuka. [Tpouiecc npuHSATHS pellieHni 00eCIeYnBaeTCst aKTOPOM, KOTO-

pHIif UMeeT mapaMerpusalmio 0. [Ipolienypa olleHKU ITOJIE3HOCTH AeHCTBUI aKTOpa OCYIIECTBIISICTCS
KPUTUKOM, KOTOPBII UMEET MapaMeTpu3aiiuio ¢.

Beca akTopa 0OHOBIISIIOTCS MaKCUMU3anneil GyHKIIMH TTPEUMYIIIeCTBA 10 TTapaM COCTOSTHUE-Iei -
CTBUE JIJISI MOJIYYEHHBIX TpaeKTopuii. Beca KpuTrka 0OHOBIISIOTCS MUHUMU3alMeil CpeqHeKBaapaTUd-
HOM OIIMOKM MEXITY OTJIOXXEHHBIMU JUCKOHTUPOBAHHBIMY 3HAYCHUSIMU BO3HATrpaXkACHUS U ITapaMeT-
pU30BaHHOI (PYHKIIMEH MOJIE3HOCTH.

4. PesyasraTnl BbruMciaeHmii. JIj1s1 pellleHus] IIOCTaBJIeHHBIX 3amad Hapsay ¢ PPO mpumeHsiuch
pas3IMuHbIC aJITOPUTMBI 00ydeHMUsI ¢ TIoaKperuieHueM ceMeiicta Policy Gradient, a umenno TRPO [2],
DDPG [1], SAC [3], A2C [4].

g mpoBeaeHUsT SKCIIEPUMEHTOB HCIIONb30BAIUCH (peiiMBOPKI OOYYEHUST C IIOAKPEIIcHUEM
RLIib u stablebaseline3.

41.Jluneiinag 3amavya onTuMaialbHOTO ynpaBiaeHusa (l.1). AHaIMTHYECKOE pellIe-
Hue 3anayu (1.1) 3amaercs popmyiioit (2.2). st 3agaum (1.1) mpruMeHsieM IMCKPETU3alIMIO IO BpEMEHMU:
F(u) = Xy + xx — max,
Xew = X = QAL Xy = X = qupAL,
w20, w20, x,=0,
u,lc+u,f <W, ke(),_K,
x, =x(t,), keO,K, f., -t =At

HUcnonp3oBaHne aJropuTMOB OOYUEHMS ¢ OAKPEIIeHEM TpeOyeT GOPMYyINPOBKHU 3a1aUM OITH -
MaJIbHOTO YIIpaBJIeHUsI Ha SI3bIKE MPUHSTUS pelleHuit. MapKoBCKMIA Mpollecc MPUHSITUS pelIeHU
noapa3yMeBaeT 3aJaHle IIPOCTPAHCTBA AEMCTBUI, IPOCTPAHCTBA COCTOSIHUM, YHKIIUM BO3HATPAKIIE-
HUS, IMHAMUKY CPeAbl U TUCKOHTUPYIOLIETO (hakTopa.

HOH COCTOAHUEM GYHCM IIOHUMATh BEKTOP U3 YETHIPEX KOMITIOHCHT:
1 2
§ = (atsat ’taT - t)’
1 2 o
rae a,, 1 a, — 3Ha4Y€HUS JUHAMUYCCKUX KOS(I)(I)I/IU,I/IGHTOB B TEKYILIMM MOMEHT BPEMEHU, I — TEKYIIIEE

BpEMA C MOMCHTA Havajia 311M301a 1 T — t — ocraBleecst BpEM 10 KOHIIa 3IM1u304a.

OcTtaHoBUMCS Ha (pyHKIMU Bo3HarpaxkaeHusi. BBuny cnenuduky 3agauyu onTUMUA3ALUN U TPaHUY-
HBIX YCIIOBUI HauboJiee eCTeCTBEHHBIM OyIeT onpeaeiuTh (PYHKIIMIO BO3HATPAKIACHUS IJISI MAPKOB-
CKOTO Mpoliecca NPpUHATUS PEIIEHU ciienytolum oopazoM. Beipasum x,(¢) u x,(¢) u3 ypaBHeHus (1.1):

t

(1) = [u®aa,
0

t

x(1) = [u@a .

0

ITpoBenem nuckperusainuio 1o BpeMeHu (x, = x(t,), k€ 0,K, t, | — , = Af):

!
1 11
X, = E u;a;At,
i=0

t
2 22
X, = Zuia,-At.

i=0
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Analytical solution RL-based solution

1.0 1.0 4

0.8F 0.8 H

0.6F 0.6F f
— U ! e

= N i
— U i g S /)

0.4+ 0.4+ E

0.2f 0.2f i
O i 1 1 1 1 1 1 O i 1 1 1 li 1 1 1

0 0.2 0.4 ; 0.6 0.8 1.0 0 0.2 0.4 ; 0.6 0.8 1.0

Puc. 6. AHanuTHYeCKOE U YMCIEHHOE peLIeHUs JMHEWHOM 3aJa4l ONTUMaJIbHOTO yIpaBjieHus npu a;(f) = ¢,
a)=1—t

3anuineM MTHOBEHHEIC BO3HArpaXkJacHUS B CIydae IeCTBUS [u,l , u,2 |" B MOMEHT BpeMeHHU -
R =wa, 1 =ud,
nEn
PaccMoTpum mipocTpaHCcTBO AeiicTBUA
U= [Lll,u2]T,
u' e [€,+o0).

. 1 2
J7s1 peanu3aliuy orpaHUYEeHUN Ha JOMTyCTUMBIEe 3HAUeHUS yIIpaBieHus i, + u; < W cyliecTByeT ABa
OCHOBHBIX IIpyeMa, a UMEHHO MacKMpOBaHUE 3aBEIOMO HepeeBaHTHBIX NEMCTBUI WM C IIOMOILBIO

mrpada 3a HapylleHue orpaHnYeHuii. B maHHOM ciiydae HapyllleHre YCJIOBUS u,1 + u,2 < WBneueT 3a co-
0o1i HasmoxXeHue mTpada n 3apepireHue sann3ona. IlTpad momaraercss paBHBIM MaKCUMAaJIbHO BO3MOXK-
HOM Harpaje 3a 3nu3o4. [TogoOHbIN clieHapuii ¢opcupyeT areHTa Ha MCII0Jb30BaHMe 3HAUCHUI neii-
CTBMSI U3 IOIIyCTMMOIO MHOXECTBA 1 ITO3BOJISIET €My M30erarb HapylleHHsl IOCTaBJICHHBIX OTpaHU4e-
HUIA.

PaccMmoTpum guckoHTUpyIomuit ¢pakTop. Cpena amu3oguyeckasi, To3TOMY HEOOXOTUMOCTHU B SIB-
HOM UCIOJIb30BAaHUU Y HET. 31ech U Jajiee y = 1, T.e. ITUCKOHTUPOBAHUE OTCYTCTBYET. JIlMHaMuKa Cpebl
OpEeaCcTaBIsIeT COOOM IeTepMUHUPOBAHHYIO (DYHKIWIO, KOTOpask He 3aBUCUT OT IIPUHSATOTO areHTOM
JIeACTBUS:

1 2
Sl = (at+1,at+1,t+1,T _t_l)

Pesynbrater padotser PPO TakoBbl. PaccmoTpuM 3amady pacnpeneneHus pecypcoB. ConracHO IpUH-
Ity Makcumyma [ToHTpsATMHA, aHATUTUYECKOE pellieHre MMEeT BUII CTYIIEHUAThIX (YHKIIMIA:

. (L =05
Lll =

0, <05,

. [0, £=0.5
u, =

1, t<0.5.

Ha puc. 6 ITIOJIY4€HO COBIMIaACHUE C OTUM PCIICHUEM, KOrga IMNMpUMEHACTCA O6y‘-ICHI/IC C MIOAKPEILIC-
HHEM, Ha pucC. 7 — TO ke caMmoe JJISL TPEX TOUECK MEPECKITIOYCHUA.
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Analytical solution RL-based solution
1.0 1.0 , " '
0.8F 0.8F
0.6 0.6 :
=l St )
X X
U e L
0.4+ 0.4+ :
sl 02} i
0 i 1 1 1 1 1 1 O i 1 1 : Il 1 1 1 ‘:-ll 1
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0

t

t

Puc. 7. AHanuTHYeCKOe M YMCIEHHOE PellIeHNs JIMHEITHOM 3a1aui ONTUMAJIbHOTO YIpaBjieHus Ipu a;(¢) = t, ay(f) =

= max{sin(3.5n¢), 0}

Analytical solution
— u

100 -

80
S

60 -

40

0 5 10 15 20 25

IMpoaHanu3upoBaB MOJyYeHHKIE PEIICHUST, IPUXOIUM K BHIBOIY, UYTO PEIIEHUS 3a1a4 ONITUMAJIbHO-
ro yrpasJieHUs, HaliIeHHBIE ¢ TTOMOIIBIO OOYYeHUS C MOIKPEIUICHUEM, COBHAAAIOT C aHATUTUYECKUMU

RL-based solution

100

80

60

40

Puc. 8. YripaBieHue mist 3aga4u ONITUMAIBHOTO MTOTPEOICHUST

C TOYHOCTbBIO 1O JUCKPETU3allNH.

42.3agaya ontuMaidbHOro norpeb6GaeHusa (1.2). AHaIUTUUYECKOE pellleHUe 3aa4yu

(1.2) 3amaercs popmynoii (2.7). Ilom cocTossHrEM OyaeM ITOHUMATh BEKTOP U3 TPEX KOMIIOHEHT:

§= (C,t,T_t),

o€ ¢ — 3HAYCHME JOCTYITHOI'O KalimMTajia B TCKYHIHﬁ MOMEHT BpEMEHU, [ — TEKYIIlee BPpEMS C MOMEHTa

Havasia anu3ona u 7' — ¢ — ocraBiieecs BpEMA 10 KOHILIA 3ImM304a.

Ormnpene uM TUCKOHTUPYIOLINH (hakTop Kak Y = 3, a BO3HarpaxaeHue — Kak MoJe3HOCTh MoTpedJie-

HUI B TGKYH_[Hﬁ MOMCEHT BPpEMCHMU.
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Action

Puc. 9. YnpasieHue 1Uist 3a1a4u ONTUMATBHOTO MOTPEGICHUS, Tae KO3MOUIIMEHT TPUPOCTa KaruTala MpeacTaBlIieH
KaK IMCKPETHOE paclipeneieHne BepOosITHOCTE

200

150 -

Action

50

0 | L "|| .
0123456 78910111213 141516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49
t

Puc. 10. YopapieHue 1St 3aa4i ONITUMAJILHOTO MOTpebIeHus, Tae KO3 UILIMEHT IPUPOCTa KanuTalla peacTaBicH
Kak 11 dy3MoHHBII npoliecc

CKJ'IaI[I:IBaSI BCC IJVMICKOHTUPOBAHHBLIC BO3HArpa>kacHus B KaXaIbliA MOMEHT BpEMCHMU, ITOJTYYUM UTO-
TOBOC NMCKOHTUPOBAHHOC 3HAYCHMEC BO3HArpaXXKacHus 3a 3113014, KOTOPOE€ COBIIAJacT CO 3BHAYCHUEM

¢dyHKIIMOHAaNA:

T-1 T-1
Gy =Y Y, =Y B'log,).
i=0 i=0

B oTimmume oT AMHENHON 3amayyd ONTUMAJILHOIO YIIpaBJIeHMUS OUHAMHUKA CpeIbl AJs 3agadu
OIITUMAJIBHOTO ITOTpeOJIeHUsT obOJiamaeT 0oJiee CIOXHOM CTPYKTYpPOM M 3aBUCUT OT OEHCTBUS,
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Puc. 11. YopasiieHue i 3a1a4u ONITUMAJIBHOTO TTOTpebIeHus, Tie Ko3(OUIIMEHT MPUPOCTa KanuTalia MpeacTaBicH
KakK IyacCOHOBCKMIA Mpolecc

MPEANPUHSITOrO Ha BEIOpaHHOM Iare. TeM He MeHee JMHAMUKa CPedbl OCTAeTCs NeTEPMUHUPO-
BaHHOM (pyHKIIME.

IMpuMeHsiss onTUMU3allMiO TpaaueHTa crpateruu, PPO oGecrieunBaeT aGCOMIOTHYIO CXOIMMOCTD
YMCJIEHHOTO pelleHus ITpyu (UKCUPOBAHHOM MCXOOHOM 3HayeHUM Kamurtaia x B (2.4) (cMm. puc. 8) K
aHAJIUTUYECKOMY C TOYHOCTBIO 10 AUCKPETU3ALIUH.

43.3amavya ctoxactTuyeckoro kpeaurtoBaHus (1.3). Ora 3anaya cioxHee NpeablIy-
IIMX M3-3a HeIeTEpPMUHUPOBAHHOCTH cpebl. JJaHHAs 3a7ada He UMeeT aHAJIMTUYECKOIO pPellIeHMsI, T10-
STOMY He YIaeTCs CPABHUTH C 3TAJIOHHBIM.

MapKoBCKUi1 mpolLiecC NPUHITHSI PELISHUI IS 3aJa4i CTOXaCTUYECKOrO KPEAUTOBAHUS 3a0aeTCs
aHaJIOTMYHO OeTepPMUHUPOBAaHHOMY ciydalo. Huke mpencTaBiaeHbl pellieHrs TpeX TUIIoB 3agay (1.4)—
(1.6) cTOXacCTUYECKOIO KPEAUTOBAHUS, TTIOJIyYEHHBIE C UCITOJIb30BAHUEM aJITOPUTMA ONITUMU3AL[UM Ipa-
JUeHTa cTparternu. JIJIs1 HAlllMX Tpex clydaeB pellleHUs MpeacTaBieHbl Ha puc. 9—11. B naHHOM ciydae
YIAJIOCh TOOUTHCSI CXOAUMOCTU AJITOPUTMOB OOYUYEHUS C TTOAKPEIICHUEM.

3akmouenne. Itak, oOydeHUe C MOOKPEIICHUEM CTPOUT pellleHUs ISl IeTePMUHUPOBAHHBIX 32124
OINTUMAaJIbHOTO yripaBieHUs1. OHU COBITANAIOT ¢ HAMIEHHBIMU MOCPEACTBOM KJIACCUYECKUX aJITOPUT-
MoB. TakKe IOIy4aioTcsl pa3pbIBHBIE yIpaBiieHus. IS cToXacTMYeCKUX 3a1a4 OIITUMAJIbHOIO YIIpaB-
JICHWSI JAaHHbBII TTOAXO/I TaeT CXOASIIYIOCS MocaeaoBaTeIbHOCTh. OTHAKO HE ClieayeT 3a0bIBaTh, YTO KO-
JIMYECTBO UTEpaLIUii TP OOYUYEHUN MOXET ObITh OUEHB OOJILIIUM (B HallleM CIy4ae — HeCKOJIbKO MUJI-
JIMOHOB). DTO MMEET MECTO, B YACTHOCTH, IIPU POCTE KOJMYECTBA TOYEK AUCKpeTU3aluu. Merton
00y4YeHUS C MOIKPETJIEHNEM IEMOHCTPUPYET CBOIO 3 (PEKTUBHOCTH JJIST IMMPOKOTO KJ1acca 3agad. Tem
He MeHee Bcerna HY>KHO BhIOMpaTh, KOTIa OH YCHEIIHO KOHKYPUPYET C TPAAULIMOHHBIMU aHAJIUTHYE-
CKUMM Y YUCJICHHBIMU METOHAMMU.
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