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[1pegncnosune

B anpene 2019 rozga 6otsl, coznannbie Open Al Five, ceirpanu B Typraupe 1o Dota 2
npotuB komauibl OG — yemnuonoB mupa 2018 roga. Dota 2 — 370 csiokHass MHOTO-
NoJIb30BaTeNbCKast Urpa. ITpoKu B Hell MOTYT BHIOMPATh Pas3HbIX nepconaskeit. /st mo-
Gepl BasKHbI cTparerust, paboTa B KoMaH/ie u ObicTpoe npuHaThe penreHnit. [Ipu takom
KOJINUECTBE TIEPEMEHHBIX ¥ KaKYIIEeMCsT OECKOHEUHOM MPOCTOPE /I ONTUMU3AINH,
CO3/laHKe KOHKYPEHTOCTIOCOOHOI CUCTEMBI MCKYCCTBEHHOTO MHTEJIEKTa KAKETCS He-
nocusbHO# 3agadeii. U Bee sxke 60ter OpenAl ofepskann yBepeHHyIo mobeLy, a HEMHOTO
norozs cranu nmobexaath B 99 % maryeil mporus ouUIMaNIbHBIX UTPOKOB. B ocHoBe
3TOTO JIOCTHKEHUS JIEKUT rIyOOKoe 00yUeHte ¢ MOAKPEIICHUEM.

HeCMOTpH Ha TO 4TO 9TO HEJaBHEE CO6BITI/I€, nccjaen0Banusd B obyacTy Kak O6yquI/IH
C ITIOJIKPEIVICHUEM, TaK 1 I'JIy6OKOI'O O6y‘-IEHI/IH nAyT HE OAHO JIECATUJIETHUE. OZIHaKO 3Ha-
quTeJIbHaA 4aCTb IMOCJICTHNUX M3BICKAaHWTT BKYIIE€ C POCTOM MOIIHOCTN I‘pa(l)I/ILIeCKI/IX 1Ipo-
IIeccopoB cnocobCcTBOBAIN Pa3BUTHIO BO3MOJKHOCTEIN COBPEMEHHBIX aJITOPUTMOB. B aToit
KHHUTE JaHO BBEC/ICHHC B FJIY6OK06 06yqu1/Ie C ITOAKPEIVICHUEM U CBE/ICHDI B IIEJIOCTHYTO
CUCTEMY PE3YJIbTAThl pa60T 3a ITocJjie/lHNE MIECTDb JIET.

Xotst cozanue cucteMbl 06yYeHUsT KOMITBIOTEPHOM TIPOTPaMMBbI JIJIst TTOOE/IbI B BUEO-
urpe, BO3MOKHO, HE CAMO€ BasKHOE 3aHATHE, HTO TOJIbKO Hauasio. Obydenne ¢ mojkper-
JIeHHEeM — 3TO 06J1aCTh MAIIMHHOTO 06YYEHUsI, 3AaHUMAIOIIASACS 3a/[a9aMy MOCJIe/I0Ba-
TEJILHOTO TIPUHATHUS PEIICHUIA, TO €CTh TEMH, pellieHre KOTOPBIX 3aHUMAET OITPeIeTIeHHOEe
Bpemst. OHO IPUMEHNMO TIPAKTUYECKHU B JTIOGON CUTYAIUK: B BUCOUTPAX, HA IPOTYJIKE
0 YJIIIE VJIU TIPY BOYKIAECHUN aBTOMOOUIIS.

Jlaypa I'peccep u Ban JIyn KeHr npeiioskniim 10X0A4UBOE BBEIEHNE B CIOKHYIO TEMY,
UTPAIOIIYIO BEAYIILYIO POJIb B COBPEMEHHOM MaIlllMHHOM 00yueHur. Majio Toro, 4To OHU
HCIIOJIb30BAJIA CBOM MHOTOYHC/IEHHbIE TTyOITUKAIINN 00 UCCIEJOBAHUSIX HA TaHHYO TEMY,
OHU co371ai GUOINOTEKY ¢ OTKPBITHIM UCXOAHBIM KogoM SLM Lab, npusBanuyto mo-
MOYb HOBHUYKAM OBICTPO OCBOUTH riryGokoe MatrinaHoe obyueHre. SLM Lab wamucana
Ha Python ¢ nomoursto dpeiimBopka PyTorch, HO untaTessiM 10CTaTOYHO 3HATH TOJIb-
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ko Python. Ora kuura Gyner nosesHa u tem, KTo coGUpaeTcsi IPUMEHSITh B KaueCTBe
(dpeiimBopka rirybokoro obyuenus apyrue 6ubanoreku, Hanpumep TensorFlow. B neit
OHU MO3HAKOMSTCSI ¢ KOHIEIUAMU U (hOPMYJIUPOBKOI 3a1a4 rayGoKoro 00ydeHust
C TIO/IKPEIJICHIEM.

B uspanuu cBesieHbl BOCAUHO HOBEHIIMe rccae0Banus B cepe riaybokoro obydenus
C TIOZIKPETJIEHNEM | JIaHbl paboune TpuMepsl 1 Kojt. VX 6ubinorexa Takske COBMECTHMA
¢ OpenAl Gym, Roboschool u uncrpymentapuem Unity ML-Agents, uTo jejiaet KHUTY
XOPOIITMM CTAPTOM JIJIsT YMTaTeieli, HalleJIeHHBIX Ha PaboTy ¢ 9STUMU HHCTPYMEHTAMU.

Ion [uxc, pedaxmop cepuu



BBegeHue

C ryboxum obyuenuem ¢ nozpkperiienuem (reinforcement learning, RL) MbI Briepsbie
03HaKOMMUJINCh, Korna DeepMind pocrur GecriperneeHTHON TPOU3BOAUTENbHOCTH
B apkagHbIX urpax Atari. Vcrnosub3ys gniib n3o0paskeHus U He paciiojiaras mepBo-
HAYaJIbHBIMU 3HAHUSIMU O CUCTEME, ar€HThI BIIEPBBIE JOCTUTJIN TTOBE/IEHUST YPOBHS
yeJIoBeKa.

W iesd MCKYCCTBEHHOTO areHTa, 00ydJaroerocst MeToAoM pob 1 oubOK, CAMOCTOSTE b-
HO, 6e3 yuuTeis, nopaajia BooOpaxkeHue. IT0 ObLIO HOBBIM BIIEYATISIONIMM [OAX0L0M
K MalIMHHOMY 00YYEHHUIO U HECKOJIbKO OTJINYAN0Ch OT OoJjiee IPUBLIYHOTO 00yUEHM
C YIHTEJIEM.

Mbr permiii paboTaTh BMECTE Hajl U3yYeHIeM 9TOH TeMbl. MBI YUTaTN KHUTY U CTAThH,
MPOXONIN OHJAHH-KYPCHI, MTYANPOBATN KO/ U TBITATNCH PEATN30BaTh OCHOBHBIE
anroputMbl. K HaM MIPUIIIIO TOHMMAHYE TOTO, UTO TIYGOKOEe OOyUeH e ¢ TOMKPETLIeHHeM
CJTOKHO HE TOJTHKO B KOHIEMTYATHHOM OTHOTIIEHNN — PeaH3alis Ji000To aIropruTMa
TpebyeT TaKUX JKe YCUINH, Kak 1 GOTBITON HHKEHEPHDIH TPOEKT.

[To Mepe MPOABIZKEHUS MBI Bce HOJTBINE Y3HABAIN O XapaKTEPHBIX YepTax riyboKoTo
RL — B3anMOCBs3X U pa3amuusax Mexay aaroputmMamu. QopMupoBaHue 11eJI0CTHOMN
KapTHHBI MOJIEJH IO € TPYIOM, TTOCKOTBKY Tybokoe RL — HOBast 06JacTh HCCTeI0Ba-
HUH U TeopeTudecKre 3HaHus eine He 651 ohopMITeHsl B Bu/e kuuri. Ham mpumnioch
YUUTDHCS 110 UCCIIEA0BATEIBCKUM CTAThsIM U OHJIANHH-JICKI[USIM.

Jpyroii TpyaHOCTHIO GbLI GOJIBIION PAa3phIB MeXKIY TEOPUEil U peanusanueil. 3auacTyio
n3-3a OOJIBIIOrO KOJIMYECTBA KOMITOHEHTOB U HACTPAUBAEMbBIX THIIEPIAPAMETPOB AJITO-
puT™bl rry6okoro RL kanpusHbl u HeHaIesKHbL JIJ1s1 yerexa Heo6X0nMbl KOPPEeKTHAsT
coBMecTHast paboTa BceX KOMIIOHEHTOB | TIO/IXO/ISAIINE TUIIepapaMerpbl. V3 Teopuu
JIAJIEKO He Cpa3y CTAHOBATCS MOHATHBIMU JIeTAIN MPAaBUJIBHON peaju3alui, HO OHU
OYeHb BasKHBI. Pecypc, 00beIMHAIONHIT TEOPUIO 1 TIPAKTHUKY, OBLIT OBl HEOIIEHUM BO
BPEMsI HAIero o6yYeHusl.
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Hawm ka3asiock, 9T0 MOKHO HaiiTH HoJiee TPOCTOi Ty Th OT TEOPUHN K PEATU3AIIN, KOTO-
poiii obseryrt 6u1 u3ydenue raybokoro RL. JlaHHAS KHUTA BOTIIONIAET HATIY MOTBITKY
caenath a1o. B Hell BBenenue B riry6okoe RL mpoxoanT yepes Bee CTaini: cHaYasa H-
TYUTHBHOE TIOHUMAHHE, 3aTeM 0ObSICHEHUE TECOPUH U JITOPUTMOB, a B KOHIIE PEaTH3AIHsT
U TIpaKTUYECKUEe PEKOMeHIAINK. B ¢BA3U ¢ 9TUM K KHUTe ripusaraercs dpeiimBopk SLM
Lab, comepskamuii peaansaiiiin BCexX paccMaTpuBaeMbIX alropuTMoB. Eciiit kpaTko, 910
KHUTA, OT KOTOPOH MBI He OTKA3a/IuCh ObI B HAYAJIE CBOETO OOYUECHUSI.

TCny6okoe RL oTHOCHTCS K 061acTH 00y4YeHUs ¢ TIOAKperienueM. B ocHose o6yue-
HUS C MOJKPEIICHUEM 3a4acTyio JIEKUT anmpokcuManust pyuxnuu, B rryboxom RL
ATMMPOKCUMATOPBI 06YYATOTCS TIOCPEACTBOM TIyOOKUX HEHPOHHBIX ceTeil. Obyuenne
C TOJIKPEIIEHNEM, OOYUeHYE ¢ yuuTeieM U obyuenne 6e3 yUuTesst — TPU OCHOBHBIE
METOAMKY MAITUHHOTO 0OYYEHs, Kak/Iast U3 KOTOPBIX OTJINYaeTcst (hOpMYyTUPOBKOiL
3aj1a4 1 0OYYEHUEM JITOPUTMOB 110 JTAHHBIM.

B aroil kHure Mbl (HOKYCHPYEMCST UCKIIOUNTENbHO Ha TIybokoM RL, Tak xak mpobie-
MBI, ¢ KOTOPBIMH HaM IPUXOIMIOCH CTAJIKUBATHCS, OTHOCATCS K JAHHOMY Pasjesy 00-
YUEHUSI C MTOJIKPEIJIEHeM. JTO HAKJIAIbIBAET HA KHUTY J[Ba OrpaHndenus. Bo-mepBbix,
HCKJII0YAIOTCs BCE TIPOYKe METOIUKH JIJIsi OOy4eHHsI allllPOKCHUMATOPOB B 00y4eHnn
¢ ofikperieHreM. Bo-BTopbIx, BbijiesistioTes nccyuenopanus Mexty 2013 u 2019 ronamu,
X0Ts1 00yueHue ¢ moAKpernienneM cyuiecTsyer ¢ 1950-X rogoB. MHor1e coBpeMeHHbIe
JIOCTHKEHUsI OCHOBAHbI Ha (oJlee pAaHHUX UCCIEA0BAHUSX, II09TOMY HaM II0Ka3aJ0Ch
Ba)KHBIM IIPOCJIEANTH Pa3BUTHE OCHOBHBIX 1el. OHAKO Mbl He COOUPAEMCsI OIMCHIBATh
BCIO KCTOPUIO 00JIaCTH.

Kuwura npennasnavena /715l CTy/IEHTOB, M3Y4aIONUX KOMITbIOTEPHbIC HAYKH, 1 pa3pa-
60TUNKOB TIPOTpaMMHOTO obectiederst. OHa 3a/lyMBIBAJIACH KaK BBEICHNE B TIIyOOKOE
RL u He TpebyeT mpeBapuTeabHbIX 3HAHUH 0 ipeameTe. OHAKO MPE/IoIaraeTcs, 4To
quTaTeNh UMeeT HazoBOE MPEICTABICHNE O MAIIMHHOM OOYUYeHH U TIIyGOKOM 00y YeHU 1
u nporpammupyet Ha Python wa cpearem yposue. Onbit pabotst ¢ PyTorch Taksxe mo-
JIe3€H, HO He 00s3aTeeH.

Kuura opranusoBana caeayomnmm o6pasom. B riase 1 gaercst BBe/ieHre B pasinyHbIe
acnekTsl 1pobieM rry6okoro RL 1 0630p €ro aaropurMos.

Yactp [ kHUTH TTOCBSATIIEHA ATTOPUTMAM, OCHOBAHHBIM Ha MTOJIE3HOCTSX W CTPATETHUM.
B rsraBe 2 paccmaTpuBaeTtcs mepBblil METOJ IPAJMeHTa CTPATETUH, U3BECTHBIN KaK
REINFORCE. B rnase 3 onucbiBaeTcs epBblii OCHOBAHHbBIN Ha MOJE3HOCTSIX METO]
noz HazBarreM SARSA. B riaBe 4 o6cyskaaorcest anroput™bt riybokux Q-cereit (Deep
Q-Networks, DON), a riaBa 5 cokycrupoBaHa Ha yJIyUHIAIONIX UX METOUKAX — KOH-
TPOJIbHBIX ceTsIX (target networks), asropurmax aoitaoit DQN u IpHOpUTU3NPOBAHHON
namsitu niperiesientoB (Prioritized Experience Replay).

B uwactu IT ocHOBHOE BHUMaHUE yAeAseTCs aJropuTMaM, 00beUHAIONUM MEeTO-
JIbl, OCHOBAHHbBIE HA MOJIE3HOCTIX U cTpaTeruu. B riaBe 6 npejpcTaBiieH ajJroputM
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akropa-kputuka, pactmmpsonuii REINFORCE. B rnaBe 7 npuBenena ontuMusanust
Gamskaiimeii crparernu (Proximal Policy Optimization, PPO), koTopoii MoKeT ObITh
pacIupen MeTo/l akTopa-KpuTrka. B riaBe 8 06cysKaaoTest IpUeMbl CHHXPOHHO
U ACUHXPOHHON MapaJlJIeIu3alliy, IPUMEHUMBbIE KO BCEM QJITOPUTMAaM B 3TON KHUTE.
B 3axmrouenne B r1aBe 9 MOABOSATCS UTOTH IO BCEM aJITOPUTMAM.

Bce ry1aBbr 00 a/ropuT™Max IOCTPOEHBI 10 0IHOHU cxeMe. CHavajia IPUBOJSATCSI OCHOBHbIE
KOHIIETIIUH U TIPOPAOATHIBAIOTCS COOTBETCTBYIOIINE MaTeEMATHIECKIE (DOPMYIMPOBKU.
3areM ujIeT ONMUCAHUE aJTOpUTMa 1 00CyKIatoTcst peanusaru #Ha Python. B konie
HPUBOIUTCS TOJIHbIHA aJITOPUTM € OA0OPaHHBIMU THIIEpPIIApAMETPAMHU, KOTOPBINA MOKET
ObITh 3amyied B SLM Lab, a ocHOBHbIE XapaKTepPUCTUKHN aJITOPUTMa UJLIIOCTPUPYIOTCS
rpacdukamn.

B gactu I1I ocHOBHO¥I yTIOp c/ies1aH Ha MPAKTUYECKUX JEeTASIX Pean3aliiil aiTOPUTMOB
riy6okoro RL. B riiase 10 onuchIBatoTCs IPaKTUKY TPOEKTUPOBAHKA U OTJIaAKK. B Hee
BKJIIOUEHBI TaK)Ke CIIPABOYHUK FUIIEPIIAPAMETPOB M PE3YJIbTAThl CPABHEHUS TTPOU3BO-
JIUTEBHOCTH aNTOPUTMOB. B T71aBe 11 nipezictaByieHbl OCHOBHBIE KOMAH/IbI U (DYHKIIUU
6ubmorekn SLM Lab, npunaraemoii k kuure. B riase 12 paccmarpuBaercst IPOEKTH-
poBaHue HEHPOHHBIX ceTell, a B riaBe 13 00cyskuaercs anmaparHoe 060pyaoBaHue.

B wactu IV knuru peus uzer o npoektupoBanuu cpesibl. B nee Bxomsar rnassr 14, 15,
16 u 17, B KOTOPBIX PACCMATPUBAIOTCST CIIOCOOBI 3a/JAHUST COCTOSTHUI, TEHCTBU, BO3HA-
rpakieHUi 1 (PYHKITUI Tepexoi0B COOTBETCTBEHHO.

YuraTs 110 MOPsAKY caeyeT TaBel ¢ 1-if o 10-fo. B HUX nano BBeneHme BO BCe alTOPUT-
MBI KHUTH 1 TIPEJICTaBIeHbI TPAKTUYECKUe PEKOMEH AN, KaK UX 3aIyCTUTh. B ciemy-
IOIIMX TPeX TaBax, ¢ 11-if o 13-1o0, BHUMaHMe yaessiercs 6ojee creruduIecKiM TeMaM,
U X MOKHO YUTATh B JIOOOM Topsiike. JIJist TeX, KTO He XOUeT BJaBaThCsl B TAKHE I10-
JAPOOHOCTH, IOCTATOYHO IPOYUTATh J1aBbl 1, 2, 3, 4, 6 1 10, B KOTOPBIX 110C/IE[0BATEILHO
M3JI0KEHBI HECKOJIBKO alTOPUTMOB. B KoHIIe, B yacTu [V, momernieHsr oT/iesibHbIE TJIaBbI,
[peHaZHAYeHHbIE [JIsI YuTaTesieil, 0co6o 3alHTepecOBaHHbBIX B O0Jiee TITyOOKOM TTIOHU-
MaHUU UCITOJIb30BAHHBIX CPEJL MU OCTPOEHUN COOCTBEHHBIX CPEL.

ITpunaraemas k kaure 6ubanoTeka mporpaMMuoro obecrevenus SLM Lab — ato mo-
LyJIbHBI GpeitMBopk raybokoro RL, cosmanusiii ¢ momousio PyTorch. SLM — aTo
aG6pesuatypa a5 Strange Loop Machine (Marmmia Ha ¢TpaHHBIX TETJISIX ), Ha3BAHNU,
JAHHOTO B 4eCTh 3HaMeHUTON KHuru XosmrTaarepa «[émens, duep, bax: ata Gecko-
He4yHas TMpJsHaa>'. Bo BKIOYeHHBIX B KHUTY IpuMepax us SLM Lab ucmnonssyiores
cunrakcuc PyTorch u dyuxuun ansa oOydenus: HeiipoHnbix cereit. OHAKO OCHOBHBIE
IPUHIMIIEL PeaU3alui aJrOPUTMOB IIyOokoro RL nmpuMenuMsl 1 K ApyruM (peiiM-
BOpKaM T1y6okoro obydenus, TakuM Kak TensorFlow.

JLiist Toro uTOOBI HOBUYKAM OBLIO Jierde ocBOUTh rirybokoe RL, kommonenTsr SLM Lab
PasOUThI Ha KOHIENTYaJbHO MOHSATHBIE YacTH. KpoMme TOTo, 4TOOBI YIIPOCTUTH TIEPEXO]]

U Godel, Escher, Bach: An Eternal Golden Braid.
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OT TEOPHHU K KOMY, OHU YIOPSIIOYEHBI B COOTBETCTBUHU C M3JI05KeHHeM Trybokoro RL
B aKaJIeMUYECKOI1 JIUTEepaType.

Jlpyroii BaxHbIii actiekT uzydenus raybokoro RL — akcnepumentst. C 3T0ii nesbio
B SLM Lab npexcrasien GpeiiMBOPK [/t 9KCIIEPUMEHTOB, IPU3BAHHBII TOMOYD Ha-
YIHAIOIIMM B CO3/IaHUN 1 TECTUPOBAHUU COOCTBEHHBIX THITOTES,

Bubanoreka SLM Lab — 570 11poekT ¢ 0OTKpbITHIM MCXOAHBIM KogoM Ha Github. Mbl pe-
KOMEH/IyeM YCTaHOBUTH ee (Ha MamuHbl ¢ Linux miim MacOS) u 3armycTuth miepBoe /1emMo,
cyeyst ”HCTPYKIIUSM, IPUBE/IEHHBIM Ha caiiTe pero3utopust https://github.com/kengz/
SLM-Lab. B Git 6bL1a co3pana crenmaibias BeTka book ¢ Bepcuell Kojga, COBMECTUMOMN
¢ aroii kauroit. B smctunre 0.1 mpuBesieHa kpaTkast WHCTPYKIMS 110 YCTAaHOBKE, CKOIIN-
poBaHHas ¢ caliTa PETIO3UTOPHUSL.

JNuctmur 0.1. YcraHoBka SLM-Lab ¢ BeTku book

1 # KNoOHWpyWTe peno3uTopui

2 git clone https://github.com/kengz/SLM-Lab.git

3 cd SLM-Lab

4 # nepeknYUTECb Ha cneuuanbHyw BeTKY ANA 3TOW KHUTHU

5 git checkout book

6 # ycTaHOBUTE 3aBUCUMOCTHU

7 ./bin/setup

8 # panee cnepyiTe MHCTPYKUMAM, NPUBOAMMBIM Ha caiiTe peno3uTopus

PekoMenyeTcst cHavasia 3a/1aTh 9TH HACTPOIKH, YTOOBI MOKHO OBLIO 00YYaTh areHTOB
110 AJITOPUTMaM B COOTBETCTBHUH C MX TOSBJICHNEM B KHUTE. [[oMUMO yCTaHOBKH U 32a-
IyCKa TIePBOTo PUMEpa, HeoOXoAnMocTH B 3HakoMcTBe ¢ SLM Lab 110 ipourtenus rias
006 asropurmax (dactu [ u IT) He BOSHUKHET: BCe KOMAH/IBI 1715 O0YYEHISI areHTOB JIaHbI
TaM, rie HyskHo. Kpome Toro, SLM Lab o6eysxnaercst 6osee oapobHo B raase 11, mo-
cJie TIepexo/ia OT aJITOPUTMOB K MPAKTUYECKUM acreKTaM TIyGoKOro 00ydeHus ¢ TO/I-
KpEIJICHUEM.



bnarogapHocTu

3aBepIUTh ITOT MPOEKT HAM TIOMOTJIO Hemaio Jyiojeil. Cracn6o Murany [[BuTkoBM-
vy, Anekcy Jluacy, Hasuumy [Ixaiitan, sxkony Kpony, Kate Bacunaku n Kefitann
Tincon 3a moiep:RKy u BIoxHoBenue. Boipaskaem Orarogaprocts OpenAl, PyTorch,
Wnbe Koctpukosy u [zxamMmpomupy [skeHutry 3a mpefoctaBjienre BBICOKOKauYeCTBEH-
HOM peayn3aiiuu ¢ OTKPBITBIM UCXOAHBIM KOJIOM Pa3JInIHBIX KOMIIOHEHTOB aJITOPUTMOB
ray6okoro RL. Brarogapum takske Aprypa /[lKyauanu 3a npeaBaputebHbie 06Cy-
KIEHUS CTPYKTYPBI CPefl. DTU PECYPChl U 0OCYsKAeHUs ObLIN GECIIeHHbI TIPY CO3/[aHn 1
SLM Lab.

Xotesnoch 6b1 iobarogaputh Anekcanapa Cabaiiposieca, Ananra I'yira, BpermoHa
Crpuxitanma, Yonra Jlu, [[xxona Kpona, [[sxopan Mpanxka, Karpun [Ixascypus, MaTbio
Patma, [Tugonra Bonra, Paitmorna Uya, Permay P. Monako, Puxo /[zxorntkoscku, Codhn
Tabak u YTky IBcH 3a 06CTOSTEbHbBIE 3aMEUAHUST O PAHHUX HAOPOCKaX 3TOI KHUTH.

Mpbl oueHb TPU3HATETBHBI TPOU3BOICTBEHHON KoManie Pearson — Asmne Kupcanosoii,
Kpucy 3any, Imutpuio Kupcanosy u [Ixyaun Haxum. Baaronapg samemy rnpodeccuo-
HAJIM3MY, CTAPAHUIO ¥ BHUMAHUIO K IeTAJISIM TEKCT CTaJl TOPAs/io JIyyllle.

HaxkoHerr, 9Ta KHUTa He MOSIBUJIACh OBl Ha cBeT Oe3 Hatlero peaakropa Jle6opst Buiibsmc
Koum. Barogapum 3a Bariry moMolib 1 TeplieHue.



O6 aBTOpax

Jlaypa I'peccep paGoraer pazpaboTIMKOM UCCIEA0BATEIHCKOTO IPOrPaMMHOTO obec-
nevenus i pobororexarndeckux cucrem B Google. Tlosyunia crenerb MarncTpa Kom-
bIOTEPHBIX HayK B Hbio-VopkckoM yHEBEpCHTETE CO CHelUaIn3almeil B MalHHOM
obyueHun.

Banu JIyn Kenr — paspaboTurik cucreM UCKycCTBeHHOTO nHTe iekTa B Machine Zone,
HCTONB3YeT TIYOOKoe 0OyUeH e ¢ TOMKPETIIEHUEM [T PETIEHNST TPOOIeM TIPOMBITILIEH-
HOTO TIpon3BoicTBA. CIENMaIUCT B 06IaCTH TEOPETHIECKOH (GDUBUKI U KOMITHIOTEPHBIX
HayK.

Onu BMecTe paspaboTaiu e 61UOIMOTEKH TPOrPAMMHOTO 0OeCTIeYeHUst IS TITyOOKOTO
06yUYeHVS C TIOKPETIJICHUEM ¥ BBITTYCTHIIN PSIJL JIEKIUH U y4eGHUKOB TI0 9TOH TeMe.



OT n3gaTenbCTBa

Bamm sameuanust, mpeyioskeHust, BOIPOCHI OTIIPABJISNTE TIO afipecy comp@piter.com (13-
NaTesabCTBO «IIuTepy, KOMIIbIOTEPHAS PEAKIINS ).

Mbi OyzieM pajibl y3HATh Baliie MHEHe!

Ha BeG-caiiTe m3aTeIbcTBA WWW.piter.com BbI HalijieTe ToApoOHY 0 HHMOPMAIUIO O Ha-
TNX KHUTAX.

O Hay4YHOM peaaKkTope PYCCKOSA3bIYHOro U34aHUS

Anexcanap Uropesunu IlanoB, kanauaat Gpusnko-MareMaTUYeCKUX HAYK, TOIEHT, 3a-
Bexyommuii otnesom OUIL MY PAH, pykoBoaurens [lenTpa KOrHUTHBHOTO MOJIETIPO-
Banmst MOTU, Bexymmii Hay4HbIll COTPYAHUK VIHCTUTYTA NCKYCCTBEHHOTO HHTEJLJIEKTA
(AIRTI), uen Hayuynoro coBeta Poccuiickoii accoruari HCKyCCTBEHHOTO MHTEJJIEKTA.
Crenuauct B 06J1aCT KOTHUTUBHON POOOTOTEXHUKM, 0OYUEHUS ¢ MOJKPEILICHUEM,
001I1er0 NCKYCCTBEHHOTO MHTEJIEKTA.



BeBeneHne B obyyeHume
C NoaKpenneHneM

B 27011 T/1aBE BBOASITCSI OCHOBHBIE KOHIETIITUHN O6y‘{eHI/IH C IMOAKPEIJIEHNEM. Cnavaja
paccMaTpUBaIlOTCA IMTPOCTHIC IPUMEPDI, KOTOPbIE ITO3BOJIAT BaM UHTYUTUBHO ITOHUMATb
OCHOBHbI€ KOMIIOHEHTDI, NCITOJIb3yEMbIC B O6y‘{eHI/II/I C MMOAKpeEIJIEHNnEM, — areHTa

U cpemy.

B wacTHOCTH, MBI PACCMOTPHUM TTPOTIECC ONTUMUIAINH T1eJIeBOI (DYHKITUHN TTOCPEICTBOM
B3aMMO/IeliCTBIA aredTa co cpenoii. Janee nano 6osee hopManbHOE onpepesieHne, a 00-
YUEHUE ¢ MOAKPENJIeHUEM 00BSICHSIETCS € TIOMOIIBIO TIOHSITHSI MAaPKOBCKOTO ITpoIiecca
MPUHSTHUS PENICHIIT. DTO TeOPETHUECKNE OCHOBBI 00YUEHHUSI € TIOAKPEILJICHHEM.

3areM Tpe/ICTaBIeHbl TP OCHOBHBIE (DYHKIINN, KOTOPbIE IOJIKEH BBIYYUTD areHT: cmpa-
meeust, PYHKUUU NoTe3HOCMU U MOOenn cpedvl. [laiee MOKa3aHo, Kak pa3Hble BAPHAHTHI
o6ydenus aTuxX GYHKIMHA TOPOKIAOT PA3JIUYHbIC CEMEHCTBA aJTOPUTMOB TITyOOKOTO
06YUYEHSI C TIOIKPETIIICHIEM.

B Kkom1ie gaH KpaTKuil 0630p OCHOBHOIO METOZA IJIyOOKOIro 00y4eHUst — METO/A alllIPOK-
cuMaIm (pyHKIUHI, KOTOPBIN NCIOJB3YeTCs HA MPOTSKeHUU Beeil Kuurh. Taxke 37ech
06CyK1aI0TCS OCHOBHBIE PA3JIMUKA MEKILY OOyUEHUEM C TTIOAKPEIIeHreM 1 00ydeHrem
C YUUTEJIEM.

1.1. ObyuyeHue c nogkpenseHnem

O6yuenne ¢ noakperuierreM (reinforcement learning, RL) 3anumaercs 3agadyamMu 110-
CJIENIOBATEILHOTO MPUHSTUS peliieHnii. MHoTHe peajibHble po0IeMbl, BO3HUKAOIIIE
B KOMITBIOTEPHBIX UTPaX, CIIOPTE, BOKAEHUI aBTOMOOWIIS, ONITUMU3AIMK TOBAPHBIX 3a-
acoB, POOOTU3UPOBAHHOM YIIPABJICHUH, TO €CTh Be3/I€, T/Ie AEHCTBYIOT JIFO/M U MAIITHHEI,
MOTYT OBITH TIPE/ICTABJIEHBI B TOJ0OHOM BUJIE.

Pemag KaX/y10o U3 9TUX 3a7a4, Mbl IIpecje/[yeM KaKylO-TO I1€JIb: HO6eI[I/ITb B UTpe,
6e301acHo A0€XaTb /10 IIYHKTa Ha3HAYCHUA NJIN MUHUMU3NPOBATh CTOUMOCTDb CTPOU-
TEJIbHBIX MaTE€pUaAJIOB. Mur IpearnpnHnMaeM JNIENCTBUS U TosydaeM M3 OKPYIKaIOIIEero
MUPa OTBET O TOM, HACKOJIbKO OIN3KU K IIeam: TeKyH.[I/IfI CUET, paCCTOAHME J10 ITYHKTA Ha-
3Ha4YCHUWA UM IIEHY O/THOTO U3/1eJI1 . [[OCTI/DKCHI/IE 11eJiv, Kak IIpaBuJIo, IoApa3syMeBaeT
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BBIIIOJIHEHUE PA/IA ACHCTBUH, KaxK10€ U3 KOTOPbIX U3MEHsIeT OKPY Kalolnii Mup. Mbl Ha-
6JTI0/1a6M 9TH M3MEHEHUST MUPa, a TAKJKe TI0JIy9aeM 00paTHYI0 HWHHOPMAIIUIO, OTIUPAsICh
Ha KOTOPYIO IPMHUMAEM PelIeHNe O CJie/lyIoleM Hiare.

IIpencraBbre, 4TO BBI HA BeUyepPUHKE, a Balll APYT MPUHEC (IATIITOK U TIpejjiaraeT Ha
CIIOP KaK MOKHO J0JIbIle OaJlaHCUPOBATD MM, TOCTABUB HA JIa[0Hb. ECJI BbI HUKOT/IA
JI0 CHIX TI0P He JIeJIaJI 9TOr0, TO IepBOHAYaJIbHbIE MONBITKK OYAyT He CIMUIIKOM yad-
HbIMU. BeposiTHO, 1IepBble HECKOJbKO MUHYT BbI IOTPATUTE HA TO, YTOOLI METOLOM IIPOO
1 O1MOOK MOYYBCTBOBATH (PJIArIITOK, BElb OH BCE BPEMSI I1a/IaeT.

A1 OMIOKK TTO3BOJISIT HAKOIIUTh MTOJIE3HY0 HH(MOPMALKIO U IPUOGPECTH MHTYUTHBHOE
HOHKUMAaHKe TOro, KaK yAep;KUBaTh (QJIATIITOK B paBHOBeCHH. Bbl y3HaeTe, rjie HaXOAUTCs
€ro [EHTP Macc, ¢ KaKOil CKOPOCTBIO OH HAKJIOHSIETCSI, [IPU KaKOM yTJIe HAKJIOHA IIa/laeT,
KaK OBICTPO Bbl MOJKET IIOACTPOUTHCS U T. . BbI McIob3yeTe aTy nHGOPMALHIO, YTOOBI
BHECTH KOPPEKTHUBbI IIPU CJIEAYIOIIUX MOMBITKAX, COBEPIIEHCTBYETECH M CHOBA KOPPEK-
TUpYeTe CBOe NoBeeHue. Bbl aske He 3aMeTHTe, KaK HAuHeTe YAEPKIBaTh PaBHOBECHE
10 5,10,30 ¢, 1 Mun u T. 1.

ITOT TPOIECC HATIISHO IEMOHCTPUPYET, Kak pabotaeT 0OydeHre ¢ MOIKPeIJIEHUEM.
B 00yueHun ¢ OIKPEIIEHIEM BAC MOKHO HAa3BaTh ar€HTOM, a (DJIATIITOK U Ballle OKPY-
Kenue — cpenoil. akTuUecKu mepBast Cpela, 3aa4y KOTOPOil Mbl HAYYUMCSI PEIIATh
C TIOMOTITBIO OOYUEHUS ¢ OAKPEITIEHNEM, — TO UTPOBAst BEPCHs JAHHOTO CIIeHAPUS TIO]T
nazBauueMm CartPole (puc. 1.1). AreHT yIpaBisieT CKOMb3SIIIEH BIOIb OCU TEJNEKKOI
TaK, 4TOObI YAEPKUBATH CTEPKEHDb B BEPTUKAIBLHOM TIOJIOKEHUU B TEUEHNE 3aJaHHOTO
BpeMeHu. PeasbHble CroCOOHOCTH JIIO/IEi TOPA3/I0 MIUpPe, BEb Mbl MOKEM HHTYUTHBHO
MOHUMATh (HUBUIECKYIO CTOPOHY MTPOUCXOAANIETO. A MOKEM M TPUMEHUTH HABBIKU
BBITTOJTHEHUST CXOKUX 3aJAHUH, TAKUX KaK GaTaHCHUPOBAHKE TIOJHOCOM, YCTABJIEHHBIM
nanutkamu. Ho, 1o cytn, hopmynmpoBka 3aaun octaeTcs Toi ke caMoit.

Puc. 1.1. CartPole-v0O — npocTas urposasi cpega. Llenb — yaepxaHue
B PaBHOBECUM CTEPXHS Ha NpoTshkeHnn 200 Wwaros NOCPEACTBOM ynpasieHus
nepeMeLLeHnsaIMN TeNeXKN BNpaBo 1 BNEBO
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B 0byueHnm ¢ OAKPEIJICHHEM U3YUYalOTCs TIOJ0GHOTO POJIa 3a/a4H, a TAKKe METO/BI,
C MOMOTI[BIO KOTOPBIX UCKYCCTBEHHbIE ar€HTHI YYaTCsl UX PENiaTh. IT0 06JaCTh UCKYC-
CTBEHHOTO MHTEJJIEKTA, KOTOPast BOCXOIUT K TEOPUH ONTUMAJIBHOTO YIIPABIEHUS U FC-
M0JIb3YeT MOHSITHE MAaPKOBCKOTO Tipotiecca npunsitus pemmenuii (MIITIP). RL nossumncsa
B 1950-x rojiax B KOHTEKCTE IMTHAMUYECKOTO TPOrPAMMHUPOBAHUS U KBa3UJINHEIHbBIX
ypasHeHwuit 6arogapst Puuapay Bemmvany. Ero mMst 6yzier eriie He pa3 yIoOMsSTHYTO
[PU M3YYEHUH TTOJYYUBIIETO U3BECTHOCTH B OOYUEHUY € TIOJKPETJICHUEM YPABHEHYSI
Bennmana.

3agaun RL MoryT ObITh IIpeCTaBIEHbI KaK CHCTEMa, COCTOSIIAsA U3 areHTa 1 CPE/bl.
Cpena penocTapiisget HHGOPMAIIHIIO, OITACHIBAIOIIYIO COCTOSHIAE CUCTEMBL. ATEHT B3au-
MOJIEMCTBYET CO CPEIOii, HAbJIIOIast COCTOSTHIE U UCTIOJIb3YST TAHHYI0 HH(MDOPMAIIHIO ITPU
BoIOOpE deticmeust. Cpesla TIPUHUMAET JAEHCTBUE U TIEPEXO/INT B CJIEYIOIIEE COCTOSTHUE,
a 3aTeM BO3BPAIIAET areHTY CJIEAYIONIee COCTOSTHUE U 8o3HazpaicOenue. Korma 1muki
<«COCMOosiHUe — Jelicmeue — 603HaAzpaNcOeHues> 3aBEPIIEH, PEOIATaeTCs, YTO CEIaH
onuH mrar. [{Ks moBTopsercs, MoKa cpejia He 3aBepITUTCs, HAlTPUMep, KOT/ia 3aj1a4a pe-
mena. [ToJiHOCTBIO ATOT TIPollece MoKa3aH Ha AuarpamMmme Iukia yipasienus (puc. 1.2).

CocTosiHue s, BosHarpaxgeHue r,

Siiq I

HencTteune a,

Puc. 1.2. Livkn ynpaBneHus areHToM B 06yUYeHun C NoAKpenieHnem

DyHKIMS, B COOTBETCTBUU C KOTOPOII ar€HT BHIOMPAET JICHCTBYSL, HA3BIBAECTCSI CIPAIMe-
eueti. DopMasibHO cTpaTerust — aTo (DYHKINST, 0TOOPasKAIOIIast MHOKECTBO COCTOSTHUI
B MHOKECTBO JeiicTBuil. JlelicTBrE UBMEHSIET CPEy U BJMSAET Ha TO, YTO areHT HabJIo-
naet u genaet pasbiie. O6MeH nHGOpMaIeil MeKIy areHTOM U CPEIoil pasBopaunBa-
€TCsI BO BPEMEHM, OJTHAKO er0 MOKHO pacCMaTPUBATh KaK IIPOIece MOCJIe0BaTebHOTO
MIPUHATHS PEHIeHn .

B samauax RL ectb yenesas gpynxuus, koropas aBiseTcs CyMMON TTOJTy4eHHBIX aTeHTOM
BO3HATPAKICHWI. 3a/1aua areHTa — MaKCUMU3UPOBATH 1eJIEBYI0 (DYHKITUIO, BHIOMPast
Hansyute gedctus. OH yuumcst 3TOMY, B3aUMOJIEHCTBYSI CO CPENOH METOOM TTPob
1 ONIHOOK, U MCTIOMB3YET TIOOIIPSIIONTIE CUTHATDL /IS HOOKPENeHs Ty IIuX IeHCTBII.

AreHT ¥ cpe/ia onpeiesieHbl KaK B3aMMOUMCKIIIOYAIOIIIE CYIIHOCTH, YTOOBI MbI MOTJIH
YEeTKO OTJEJUTD JIPYT OT IPYTa COCTOSIHUA, /IeCTBUS 1 Bo3HArpaxaeHus. Cpeiry MOKHO
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pacCMaTpuBaTh KaK BCE, YTO HE ABJIACTCA alr€HTOM. HaHpI/IMep, JIJIA €3/1bl Ha BeJIOCHUIIEe/[e
BO3MOJKHBI HECKOJIBKO Pa3/JIMYHBIX, HO PaBHO3HAYHbIX OHpelIe]IeHI/Iﬁ are’HTa u Cpe/bl.
Ecmu pacCMaTpruBaThb BCE YE€JIOBEYECKOE TEJO KaK areHrTa, KOTOprfI Ha6]IIO,ZIaeT CBOE
OKpYJK€E€HUE, a ITPOMN3BO/IMMbIC UM HAIIPSKEHUS MBI — KaK I[eﬁCTBHH, TO CpeZla — 3TO
Z10pora n BeJIOCUIIE/. Ecam cunTaTh areHTOM MBICTUTETbHBIA Iporiecc, To cpenoﬁ 6YLIYT
(1)I/I3I/I‘-I8CKO€ T€JI0, BeJoculie/l u 1opora, I[efICTBI/IHMH — HEPBHbIE NMITYJbCHI, IIE€pe-
CblJIa€MbI€ OT TOJIOBHOI'O MO3T'a K MYCKYJIaM, a COCTOAHUAMN — TOCTYIAIOIINEe B MO3T
CUTHAJIbI OT OPraHOB YYBCTB.

TTo cyTtu, cuctemMa 06yUeHNsI ¢ MOAKPEIICHUEM PEATM3yeT IIUKJI YIIPABJIEHUsI ¢ 00paTHO
CBSI3BIO, TJIE aT€HT U CPe/la B3AaNMOJIEUCTBYIOT M OOMEHUBAIOTCS] CUTHAJIAMU, TPUYEM areHT
IbITAETCS MAKCUMU3UPOBaTh HeteBylo GyHnkuuio. Curnaasl — a10 Tpoiika (s, a, 1,),
YTO COOTBETCTBYET COCTOSHUIO, ICHCTBUIO U BO3HATPAKICHUIO, a UHIEKC ¢ YKA3bIBACT
Ha HOMep Iara (MOMEHT BPEMEHM ), Ha KOTOPOM BO3HMK curHax. Koprex (s, a, 7,) Ha-
3BIBAETCSI NPeyeOeHMOM WA 9aCThIO MOJTyYaeMOro areHTOM Orbita. [IUKIT yIpaBieH st
MOZKET TIOBTOPSITHCS 10 OECKOHEYHOCTHU' WJIN 3aKOHUUTHCST 10 JTOCTUKEHUH JTHOO0 KO-
HEYHOTO COCTOSTHUS, JTNO0 MaKCUMAJIBHOTO 3HaueHus miara ¢ = T. BpeMeHHOU rOpU30HT
ot ¢t = 0 10 MOMEHTa 3aBEPIIEHNUS CPe/Ibl HOCUT HasBaHue anusoda. Tpaexmopusi — 310
TIOCJI€I0BATE/IbHOCTD IMTPEHeIeHTOB, NJIN YaCTb OIIbITA, HAKOIIJIEHHOTO B TEYEHUE ITIN30/1a,
T=(Sy Ay 1,), (S, a, 1,)... OObIuHO arenty 171 00ydenus Xopouieii crpaTeruu TpebyeTcs
OT COTEH JI0 MAJIJIMOHOB 3MU30/I0B B 3aBUCUMOCTH OT CJIOKHOCTH 33/[a4N.

PacemoTpum it o6ydeHust ¢ MoAKpeIieHneM Tpu nmpuMmepa cpen (puc. 1.3) u onpe-
JleJIeHUsI COCTOSTHU, IENCTBUI 1 BO3HATPasK/IeHNit. Bece 9T cpe/ibl MOKHO MOJTYYUTh
B OpenAl Gym — 6ub/oTeKe ¢ OTKPBITHIM KCXOAHBIM KOZOM, KOTOPast IIPEAOCTaBIsIeT
CTaHaPTU30BAHHBINH HAOOP Cpes.

a) CartPole 6) Atari Breakout B) BipedalWalker

Puc. 1.3. Tpu npumepa cpep C pa3HbIMU COCTOSIHUSIMU, AEUCTBUSIMU U BO3HArpaXKaeHUsiMu

! BeckoHeuHbIe IUKJIBI YIIPABJIEHUS CYIIECTBYIOT B TEOPUH, HO He Ha rpakTuke. Kak mpasuso,
JUIST CPe/ibl yCTaHABIMBACTCS. MAKCHMMA/IbHOE KOJIMYECTBO HIaroB 1.
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CartPole (cMm. puc. 1.3, @) — ogHa U3 IpocTelnuX cpej A5 00ydeH s ¢ NOAKPeIIeHueM,
Oblia Brepsbie omrcana bapro, Carronom u Angepcorom B 1983 rony. B aroii cpeze
CTEPIKEHb 3aKPEIICH Ha TEIEKKe, KOTOPast MOJKET JIBUTAThCS 10 IOPOKKE 6e3 TPeHUsI.
OcHoBHbIe 0COOEHHOCTH CPEJIbl IPUBEIEHDI JATIEE.

1. Hexp — yaep:KUBATh CTEPKEHDb B BEPTUKATIBHOM 10JI0keHnn B Tedenue 200 maros.

2. CocrosiHue — MaCCHB U3 YETHIPEX JIEMEHTOB: [TTO3UIINS TETEKKN, CKOPOCTD TEJTEK-
KU; yTOJI HAKJIOHA CTEP>KHST; yTJI0Bast CKOPOCTh cTep:kHsd |, Harpumep [—0,034; 0,032;
—-0,031; 0,036].

3. IeiictBue — 1iesioe uncio: () mpu repemMerienny TeJie;KKu Ha (PuKCUpPOBaHHOE pac-
cTosHue BJeBO U 1 — npu nepeMenieHny Ha (GPUKCUPOBAHHOE PACCTOSTHUE BIIPABO.

4. B03Harpa>1<z[e}me paBHO +1 Ha KaKZIOM 1IIare, Ha KOTOPOM CTEPIKEHDb OCTACTCA B BEP-
THUKaJbHOM ITOJIOKECHMH.

5. Cpena 3aBepmaercs 1160 MIPU MaAeHUN CTePKHA (OTKIOHEHNE OT BEPTUKAIN Ha
yroJi GoJibiiie 12°), 1160 PU BBIXO/IE TEJIEKKHU 3a MPEesbl 9KpaHa, Jubo Mpu J0-
CTUKEHUM MAaKCUMAaJIbHOTO YHcJa 1aros, pasuoro 200.

Atari Breakout (cm. puc. 1.3, 6) — 910 crapast KOHCOJIbHAsT apKajiHasl UTPa, B KOTOPOI
€CTh MSTYMK, PacioJIOKeHHasT BHU3Y dKpaHa ardopMa u 6oku. [lenb — momanath
B OJIOKH U paspyniaTh UX, 0TOMBast MAYUK MIaTGopMoil. B Hauae urpbl y UTPOKa IsITh
JKUBHE, OJTHA U3 KOTOPBIX TEPSIETCST, KOT/Ia MSTUMK MOTIa/IaeT MUMO TLIAT(HOPMBI.

1. Heap — HabpaTh MAKCUMAJIbHbIII CYET B UIPeE.

2. Cocrosuue — 1udposoe uzobpaxenue B popmare RGB ¢ paspemennem 160 x 210 -
KCeJIOB, TO €CTb TO, YTO MbI BUJIUM Ha 3KpPaHe UI'PHI.

3. HeiictBue — 1eo0e uncao us zabopa {0, 1, 2, 3}, KOTOpoE CONOCTABIIAETCSA UTPOBLIM
neiicteusM {6e3/ieficTBIEe, 3aIlyCTUTh MSYUK, IepeMelleHne BIPABO, TIepeMelieHe
BJIEBO}.

4. BoanarpaskaeHue — Pa3HOCTb B cUeTe MeK/IY [IBYMs WIYIINMU JIPYT 3a IPYTOM CO-
CTOSTHUSIMU.

5. Cpema 3aBepmiaercs, KOra BCe JKIU3HU OTEPSTHDI.

BipedalWalker (cm. puc. 1.3, 6) — 3a1aua HenmpepbIBHOTO YIIPABJICHUS, T/Ie areHT-POOOT
CKaHMPYET OKPECTHOCTH € TIOMOIIBIO IATYMKA-JIU/IAPA U CTAPAETCS YIEPKATHCS OT T1a-
JICHWA TTPU IBUJKEHUN BIIPaBO.

1. Ieap — uaTH BIpaBo He Majasl.

2. CocrositHue — MaccuB U3 24 371eMeHTOB: [yroJ HaKJOHA KOPITyCca; YIa0Bas CKO-
POCTH KOPITyCa; CKOPOCTH TI0 0cu X; CKOPOCTD 0 OCH Y; yroJ IMOBOPOTA MapHIPa
6ezpa 1; ckopocts tapHupa Gezpa 1; yrosr moBopoTa mapHupa KoJeHa 1; ckopocTb
mapHupa Kojena 1; ecTb Jin KOHTAKT ¢ 3eMJyell Horu 1; yroJ moBopoTta mapHupa
6ezipa 2; cKopocTb TapHupa Oeipa 2; yroJi MoBOpOTa MapHUpa KoJieHa 2; CKOPOCTb
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IapHUpa KoJieHa 2; eCTh JIM KOHTAKT ¢ 3emyielt Horu 2... 10 mokazanuit mumapal, Ha-
npumep [2,745e—03; 1,180e—05; —1,539e-03; —1,600e—02... 7,091e—-01; 8,859¢e—01;
1,000e+00; 1,000e+00].

HeiicTBe — BEeKTOP U3 YETHIPEX YUCEJI C TJIaBAOIIEH 3aMITON CO 3HAUCHUSAMU
B unTepnaise [—1,0; 1,0], umerouuii BuA [KpyTAIIMA MOMEHT U CKOPOCTH Oenpa 1;
KPYTAINNH MOMEHT W CKOPOCTb KoJieHa 1; KpyTSIIUil MOMEHT U CKOpOCTh Oepa 2;
KPYTSIIIUI MOMEHT U CKOPOCTH KosteHa 2|, naripumep [0,097; 0,430; 0,205; 0,089].

Bosnarpaskaenne — 3a Brkenne BIpaBo MakcuMasibHo 710 +300 1 —100 3a nazenue
pobora. Kpome Toro, 3a Ka Il MAar AaeTcst HeOOIBITOe OTPUIIATENHHOE BO3HA-
rpaskzienne (1aTa 3a JIBUKEHIE ), TIPOHOPIUOHAIBHOE TPUIOKEHHOMY KPYTSIIEMY
MOMEHTY.

Cpezia 3aBepmiaercs, Korja Tejio podoTa KacaeTcst 3eMJIH, OO0 TIPU JTOCTHKEHUN
IeJTU, PACTIOTIOKEHHO CIIpaBa, JHO0 MOCTe MAKCHMATBHOTO KOJMYECTBA TIAT0B,
pasHoro 1600.

AT cpelIbl IEMOHCTPUPYIOT PA3JIHYHbIE BAPHAHTHI TOTO, B KAKOM BUJIE MOTYT OBITH
npejcrasiiensl coctosuus u geiicrsus. B CartPole u BipedalWalker cocrostaust — 10
BEKTOPbI, KOAUPYIOIUE CBOWCTBA, TaKKe KaK MO3UIUU 1 ckopocTi. B Atari Breakout
cocTosgHue — 910 n3o0pakenue skpana urpsl. B CartPole u Atari Breakout geiicTBus
SIBJITIOTCS OJIMHOYHBIMU JICKPETHBIMHY TIETIBIMU YHCaaMu, Toria kak B BipedalWalker
JleficTBe — 9TO BEKTOP M3 YeTblpeX HelPepPbIBHBIX BellleCTBEHHbIX 3HaueHuil. Bo3Ha-
rpaskJieHre BCeT/a MPeICTaBAeHO CKAISPHON BETMYNHON, HO TIPEIEIbl €r0 3HAYeHU !
BapbUPYIOTCS B 3aBUCUMOCTH OT 3a/IaHUS.

ITpocMOTpPEB HECKOMBKO TPUMEPOB, MOKHO BBECTH (hOpMaTbHbIE 0G03HAYEH U JIJIST CO-
CTOSTHWUH, IeNICTBUI 1 BO3HATPAKIEHIH.

Cocrosiaue:

ses, (1.1)
rzie S — IMPOCTPAHCTBO COCTOSTHUM.
JleticTBue:

ac A, (1.2)
rie A — IIPOCTPAHCTBO JICHCTBUIA.
Bosnarpaxnenue:

r,=R(s,a,s,. ), (1.3)

rie R — GyHKIUS BO3HATPAK/I€HUS.
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[TpocTpaHcTBO cOCTOAHUN § — aT0 HAGOP U3 BCEX BOZMOJKHBIX B CPE/l€ COCTOSTHUIL.
B 3aBUCHMOCTH OT CPEIBI OHO MOJKET OBITH OTPeeTeH0 Kak Habop MeNbIX WIN Bele-
CTBEHHBIX YKCEJI, BEKTOPOB, MATPUIL, CTPYKTYPUPOBAHHBIX UJIM HECTPYKTYPUPOBAH-
HBIX JAHHBIX. AHAJIOTHYHO MPOCTPAHCTBO ACHCTBIIT A — 9TO HAGOP BCEX BO3MOKHBIX
JIeHCTBUI, onpeesieMbIx cpenoii. OHO TakKe MOKET UMETh Pa3HbIi BUJI, HO Yalle
BCETO JIelicTBUE OIPe/IeJISIeTCs. KaK CKaJsIpHas BeiudnHa uin Bekrop. OyHKIus Bo3-
Harpaxaenus R(s, a, s, ,) IPUCBanBaeT MOJ0KUTENbHOE, OTPULIATEIbHOE UK PABHOE
HYyJIO CKaJIIPHOE 3Ha9eHne KaxkA0My nepexony (s, a, s, ). [IpocTpancTso cocTosmmii,
IIPOCTPAHCTBO JIeHCTBUI 1 (DYHKITMSA BO3HATPAXKAEHNS 337ai0TCA cpeioil. Bmecte onn
COCTABJISAIOT KOPTEXKU (S, @, 1), ABJAIONINECS OCHOBHBIMU MH(MOPMAIIMOHHBIMU €/IUHU-
[[AMU [IPU OTIMCAHUU CUCTEM OOYUYEHUST ¢ TOAKPETICHIEM.

1.2. ObyyeHue c noakpenneHnem
Kak MIIP

Tenepb paccMOTPUM, KaK cpejia MEPEXOUT U3 OJTHOTO COCTOSTHUS B IPYTOE € TOMOIIIBIO
TaK Ha3bIBAEMON (ynkuuu nepexodos. B obyuennu ¢ nopkpernsienneM GyHKIUSA Hepexo-
JIOB — 3TO OCHOBHOI KOMITOHEHT MapKOBCKOTO TIpotiecca npuHsTtus perrennii (MIITIP),
KOTOPBIN SIBJISIETCS MaTeMaTHYecKOl OCHOBOM MOIETMPOBAHUS TIOCJIEI0BATETbHOTO
MIPUHATUA PelleHUu.

YT06bI IOHATD, KaK (PyHKIMK 11epexoqoB csasanbl ¢ MIITIP, paccmorpum o61iyio mo-
CTaHOBKY 33Jla4ll, IPUBEICHHYIO B CJIEIYIONEM BbIPAKCHUU:

s, ~ PG, | (spap), (5, a)... (s, a)). (1.4)

B Borpaskenuu (1.4) yrBepskaaeTcs, 4TO Ha BPEMEHHOM IIare ¢ cJejyiomiee cocTos-
nue s, , , Gepercs u3 pacnpesesienus BepoaTHocteil P, 00yc/I0BIEHHOTO BCeii HCTOPHUEii.
BeposTnocTs nepexosa cpezibl U3 COCTOAHUA S, B COCTOSAHUE S, , | 3aBUCUT OT BCEX IIPE/IbI-
JIYIITUX COCTOSHUN S U IENCTBUI @, KOTOPbIE UMEJU MECTO B JIAHHOM 3ITU30/I€e 10 3TOTO
MOMeHTa. 3amucarh (DYHKIIUIO TTEPEX0I0B B TTOJ06HOI (hopMe CIO0KHO, 0COGEHHO eCITH
BIIM30/IBI PACTSTHBAIOTCS Ha GOJIBIIIOE KOJIMYECTBO MIaroB. [Ipu MPOeKTHPOBAHUN TAKIX
(hyHKIUIT TIEPEXO/I0B HYKHO YUUTHIBATH OTPOMHOE KOJMYECTBO KOMOMHAIIU (haKTOPOB,
BO3HUKABIIINX B TeYeHUE BCeX MPeAbLIYNINX 11aroB. Kpome Toro, B Takoil (hopMyJInpoBKe
CTAHOBUTCS OY€Hb CIIOKHO (DYHKITHSI BBIOOPA JIefCTBIIT areHToM — ero crparerwst. [To-
CKOJIBKY JIJIs1 IOHUMAHUS TOTO, KaK JIeHCTBIE MOXKET U3MEHUTD CJIEYIOIIee COCTOSTHIE
Cpe/ibl, BakKHa BCSL UCTOPUA COCTOSAHUI 1 IeHCTBUI, TO areHTy NPUeTCs IPUHUMATD BO
BHUMaHUE BCIO 3Ty HH(MOPMAIIHIO, TPUHUMAsI PEIEHUE 0 BHIOOPE JeHCTBUSL.

YT00bI (DYHKITHS EPEXO0B CPEIbI CTala JIydllle pealn3yeMoil Ha TIPaKTHKe, Ipeobpa-
3yeMm ee B MIIITP. Cnenaem takoe rpejiosiosKenue: mepexosl B CJeayIolee COCTosHue
S, BaBUCHUT TOJIbKO OT MPEJbIAYIIMX 3HAYEHUI COCTOSAHUA S, U eficTBu a,. [lannoe
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IIPEAIIOJIOKEHNE N3BECTHO KaK MAPKOBCKOE ceoticmso. C Y4€TOM 9TOIro (bYHKHI/IH repe-
XOO0B IMpUMET CJIeI[yIOH_II/Iﬁ BUI.

s, ~P(s,,,|s,a). (1.5)

t+1

Bripaskenue (1.5) riacut, uto cieyioniee coCTosHuUeE s, ., 6epeTcs U3 pacrpeieleHus
BeposaTHocTeit P(s, . | S, @,). ITO ynpoleHHas hopma epBoHaYaIbHON (PYHKIUK Hepe-
X0/10B. MapKOBCKOE CBOMCTBO MO[Pa3yMeBaET, YTO TEKYIIIE COCTOSIHIE 1 AeHCTBIE Ha
Iare ¢ cojiepskaT JOCTaTOUHO MHMOPMAITHH, YTOOBI B TIOJHOM MEpe OIPEICTUTh BEPOSIT-

HOCTB IIEpexo/ia B CIeaylolee COCTOSIHIE Ha miare ¢ + 1.

HecMmoTpst Ha IPOCTOTY JaHHOU (hOPMYIMPOBKH, OHA TOBOJIBHO adhdexTrBHA. B 1mom1006-
HO#T hopme MOTYT GBITH BBIPAsKEHBI MHOTHE TIPOTIECCHI, TAKKE KaK UTPHI, YIIPABICHNE PO-
GOTOTEXHUYECKUMY CHCTEMAMH U TTAHUPOBAHME. ITO CBSI3AHO C TEM, UTO OTPEIeTeHIE
COCTOSIHMS MOYKET BKJII0YATh JI00YI0 NH(GOPMALIMIO, IIO3BOJIAIONIYIO CAeIaTh (OyHKIIUIO
Mepexo/[0B MAPKOBCKOII.

PacecMoTpuM IpuMep ¢ MocJIeIoBaTeIbHOCThI0 Ynces DuboHauyn, onmuchiBaeMoil hop-
MyJIOi s, , =S, + s, ,, TZle KK/l 4JIeH s, paccMaTpHBaeTcs Kak cocTognue. Utobn!
aTa (GyHKINS cTama MAapKOBCKOIA, TIEPeOIPeIeInM COCTOSTHIE KaK S, = [51 VS ] Tenepnb
COCTOSTHUE COJIEPKUT AOCTATOYHO MH(OPMAITNN I pacueTa cJenyIoliero sJeMeHTa
nocJesoBarebHocTU. B Gostee obieit (hopme ata cTpaTerus MoKer ObITh MPUMEHEHA
K JII060H crcTeMe ¢ KOHeYHBIM HaGoPOM & TTOCIEI0OBATEIbHBIX COCTOSTHUI, COMEPIKATIIX
JIOCTATOYHO CBEIEHUH JIJIsT TIePexo/ia B cieytolee coctosinue. B npumeuannu 1.1 Gosee
nozpoGHO onmcaHo onpeneenue cocrosuuil B MIIIIP u B ero 06061mennoi hopme —
yactruuHo Habmogaemom MIITIP. OGparuTte BHUMaHME: Ha IPOTSIKEHUH BCEl KHUTH
BCTPEYAIOTCST TPUMEUAHUSI, TJE BOTIPOCHI paccMaTpuBaoTest yriybierno. Ipu mepsom
MIPOYTEHUU UX MOKHO TIPOITYCTUTH — 3TO HE TIOMEIIAeT MOHATH OCHOBHYTO TEMY.

Mpumeyanue 1.1. MMMP n yacTtnuHo Ha6bnropaembie MIMMP

Jlo cux 10p TOHSTHE COCTOSHUS IPUMEHSIIIOCH B IBYX ciydasix. C OJ[HOI CTOPOHBI, CO-
CTOSIHUE — 3TO TO, YTO TIOPOJKAAETCS CPeloi 1 uTo Habuoaer arent. HasoBem ero na-
bmodaemvim cocmosnuem s.. C IpyToit CTOPOHBI, COCTOSHME — 9TO TO, UTO UCTIOIb3YeTCs
dyuximeit nepexonos. HazoseM ero enympennum cocmosnuem s," cpejpl.

B MIIIIP s, =", To ects HaB/II01a€MO€ COCTOSIHIE HIEHTIYHO BHYTPEHHEMY COCTOSTHUIO
cpesbl. ATeHTy HocTynHa WHGOPMAIKst, KOTOPAsk UCIIOJIb3YeTCsI IS IEPEX0/A CPEIbI
B CJIE/YIONIEE COCTOSTHUE.

Ito He Beerza BepHo. HabimozaeMoe cOCTOSIHIE MOKET OTINYATHCS] OT BHYTPEHHETO CO-
CTOAHUA CpejibL, s, # 5,". B 9TOM cityuae cpeia OnuChIBACTCA KaK 4acmuuno nabmooaemolii
MIIIIP, Tak KaK MpeJIOCTaBISIEMOE areHTy COCTOSTHUE St COJIEPIKUT JINIIb YacTh HHMOpMa-

1IN O COCTOAHWU CPE/IbI.

B aroil kKHUTE B GOTBIIHHCTBE CAYYAECB JaHHOE PA3IUUUe HE YUUTHIBAETCS W MPEAIIO-
naraercst, uto s, =s,". OiHaKo 3HaTh 0 yacTUuHO HabogaeMbix MITIIP BaHO 1O ABYM




naea 1. BBeaeHue B 0byyeHue ¢ noakpenieHmem 33

npuynHaM. Bo-TIiepBbIX, HEKOTOPbIe pacCMaTPpUBaeMble IIPUMEPHI CPEIbl He SBIISIOTCS
uneansubivu MITITP. Hanpumep, B cpesie Atari nabsioziaeMoe COCTOSIHEE S, — 9TO OJIHO
usobpaxenue B popmare RGB, B koTOpOM nepenaercst uHGOPMaIust 0 O3UIMU 00BEKTa,
KOJIMYECTBE JKM3HEH arenTa u T. JI., Ho HeT ckopocteil oobekta. CropocT Gy/ryT BRIIO-
YeHbI BO BHYTPEHHEE COCTOSTHUE CPE/Ibl, TOCKOIBKY OHU TPEOYIOTCS IS OTIPEIeICH ST
CJIE/LYIONIETO COCTOSTHNS, 3a[TaHHOTO JielicTBreM. Torzia /Uit TOCTHKeHNST BBICOKOI T1po-
M3BOJIMTEILHOCTH HYKHO Oy/ieT npeobpasoBarh s, TaK, 4ToObI OHO cojepsKano Goblie
cBetleHui. 1o 00cysKaaeTcs B Tiase 5.

Bo-BTOpPbIX, MHOTHE HHTEPECHDIE PEATIbHBIE TPOOJIEMBI 10 CBOEIT CYTH SIBJISIIOTCS YACTHY-
Ho HabuogaembiMu MITTIP, B X 4KMC/I0 BXOAAT CJyYau POSIBJIEHMS OrPAHUYEHHOCTH
JATYMKOB WJIK JIAHHBIX, OIIMOOK MOJEINPOBAHUS U 3alllyMJIEHHOCTU cpejibl. [leTanbHoe
pacemoTpenue yacTuaHo HabmogaemMbix MITTIP exuT 3a peaesramMu 9T0i KHUTH, HO OHU
OyIyT BKparTIie 3aTPOHYThI [IPU 00CYKIECHUN apXUTEKTYPbI HEIIPOHHBIX ceTell B riase 12,

Lint

HaKoneu, IIpU PaCCMOTPEHUUN CTPYKTYPbI COCTOSIHUI B rJ1aBe 14 pasanine MEexXaAy s, 1 S;
6y[[eT UMeTb O0JIbIIOE 3Ha4YeHue, MNOCKOJIbKY areHT O6y‘{aeTCH 1o s, I/III(bOpMa]_[I/IH, KOTO-
Lint

pasd COACPKUTCA B S, U CTCIIEHD €ro OT/IMYUS OT S, BJMAIOT Ha TO, HACKOJIbKO CJIOKHBIM
WJIN TIPOCTBIM 6yneT peureHune 3ajlavu.

Temnepb MOKHO HPeCTaBUTH (hOPMYJIMPOBKY 3a/lauil 00yUYeHUS ¢ MOJKPEIIeHIeM B BHIE
MIIIIP. MIIIIP onpesensiercst KOpTeskem U3 ueThipex asemMentos — S, A, P(.), R(.), rae:
S — nabop cocTosAHNI;

A — mabop aeiicTBuii;

PGs, | S, @) — (PyHKIMS Iepexo/ia COCTOSTHUIA CPeIbl;

R(sl, a, sm) — (byHKIIMS BO3HATPAXK/IEHUS CPEJIbI.

PaccmarpuBaemble B 9TOi KHUTe 3a/1aurt 00yYeHNs ¢ HOAKPEIIeHNeM NCIOJIb3YIOT OTHO
BasKHOE TIPEAIIoI0KeHe: hyHKIMs nepexonos P(s, . | S, a,) 1 YHKIMS BO3HATPaxk/Ie-
uuit R(s,, a,, s,,,) HeZOCTYHBL /7151 arenToB. OHI MOTYT IIOJyYnTh HHMOPMAIIIO 06
9TUX (PYHKIUAX TOJBKO Yepe3 COCTOAHNUS, IeHCTBUA U BO3HATPasKAeHNUS, BO3/eiiCTBUIO
KOTOPBIX II0JIBEPTaloTCs Ha JaHHbIIii MOMEHT B CPEJIE, TO €CTh YePE3 KOPTEXHU (S, @, 1,).

Yto6bI (hopMyIMPOBKa 3a1a4r OBLTA TOTHOM, HYKHO GOPMATN30BaTh MOHATHE Ma-
KCUMU3UPYEMOI areHToM I1ieJieBoii (pyHKimu. Bo-miepBbix, onpeneiim omoauy' (return)
R(‘r), UCIIOJIb3Y S TPAEKTOPHUIO U3 IIUB0AA T = (Sy, Ay, 7). (Sp Ay 7):

T
R(t)=1,+n, +yzrz+...+y'rT:ZYfTr. (1.6)

=0

B ypasuenuu (1.6) oTaua ornpeziesieHa Kak AMCKOHTUPOBAHHAS CyMMa BO3HATPAKICHII
Ha T