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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
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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 TPAeKTOpuUH, T7ie Y — Koadduiment auckontuposanusd, y € [0, 1].

' Orgaua obosHavaercst R, a R ocrasiieHo 11t QYHKIUMK BO3HATPAKICHMUSL.
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Torna uenesas gymnxuus J(T) CTaHOBUTCS MTPOCTO MATEMATHYECKUM OKM/IAHUEM OT/Iaun
10 HECKOJIBKIM TPAEKTOPUSIM:

J()=E_.[R(7)]=E, [Zvr} (1.7)

Ortnaya R(T) — 9T0 CyMMa AMCKOHTUPOBAHHBIX BO3HATPAKAEHMI Y7, 32 BCE BpEMEHHbIE
miaru ¢ = 0... T. eneBas dbynkiug J(T) — aT0 oT/jaua, yCpeaHEHHASA 10 HECKOJbKUM
snm30aM. MaTeMaTuyecKoe OKUIAHIe MIPEIoJIaraeT CIydaiiHblil XxapakTep BIOOpa
JEHCTBII U TIOBEIEHNUST CPEIBL, TO €CTh IIPH MOBTOPHBIX 3AMTyCKaX OT/iaua He Beeraa Oyaer
oiMHaKOBOI. Makcumusaius 1eeBoil yHKIIMU — TO JKe CAMO€, YTO U MAKCUMU3BAIIUS
OT/IAYU.

Koaddumment nuckontuposanus y € [0, 1] — BakHas mepeMeHHas, BIUSIONAS HA TO,
KaK OIIEHUBAIOTCS Oy/yIIie BO3HAIPasKAeHNUS. YeM MeHbIIIe Y, TeM MEHBIITHIT BEC IMEetOT
Oyaynire BOSHATPaKICHMUsI, UTO BeleT K «OIM30pyKOCTH» areHTa. B kpaiiHem ciydae,
korziay = 0, 1esieBast pyHKIMA pacCMaTpUBAET TOJILKO HayalbHOE BO3HArpak/IeHue 7,
Kak 1moka3aHo B ypasHeHuu (1.8):

.
R(t),_ =20 =n. (1.8)
=0

Yewm Gouibllie 3HaYeHHUE Y, TeM OOJIBIINI BeC IPUIAETCS BO3HATPAKIEHUAM Ha OYIyIIIX
BPEMEHHBIX IIAarax: areHT CTAHOBUTCS «/IaTbHO30PKUM». Ecii Y = 1, Bo3HATpasKAeHMS
Ha BCeX MIarax NMEIOT OJIMHAKOBHIN Bec, Kak Mmoka3aHo B ypasaenuu (1.9):

T T
R(7) _, =Y yr=Yr. (1.9)
=0 t=0

JLiist 3a71a4 ¢ GecKoneunbiM BPEMEHHBIM TOPU30HTOM HY/KHO YCTaHABAMBATD ¥ < 1, uT0GbI
nesesast pyHKIMs He cTata Geckoneunoi. 151 3a/1a4 ¢ KOHeuHbLM BPEMEHHBIM TOpHU-
30HTOM Y — BaKHBIH [TApAMETP, TaK KaK B 3aBUCHMOCTH OT UCIOJIb3yeMOTO 3HAYeHMst
k03 HIMEeHTa TUCKOHTUPOBAHNS PELIEHIe MOKET CTaTh TIPOLIe WK cloxkHee. [Ipumep
9TOr0 Gy/IeT PACCMOTPEH B Iiase 2.

Ornpenenus MeIeByIo GYHKIUIO U MPEACTABUB 33/1auy 00yUYEHVsI ¢ MOAKPEILICHHEM KakK
MIIIIP, MmoskHO BBIPA3UTh UK yIIpaBaeHust areHToM (puc. 1.2) Kax kI yrpaBaeHus
B MIIIIP (anropurm 1.1).

Anroputm 1.1. Linkn ynpasnexus MIMpP

1: CynTaeMm, 4TO areHT M CpeAa env yxe CO3AaHbl
2: for episode = 0@,...,MAX_EPISODE do
3: state = env.reset()
agent.reset()
for t =0,...,T do
action = agent.act(state)
state, reward = env.step(action)
agent.update(action, state, reward)

00NV B
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9: if env.done() then
10: break

11: end if

12: end for

13: end for

Anroputum 1.1 MokaspiBaeT B3auMO/IeHiCTBIE MEXK/y areHTOM U CPe/Ioi Ha MPOTSIKEHUN
MHOKECTBA MU30/I0B U HEKOTOPOTO KOJWYECTBA IMaroB. B Havase Kask/0ro anu3o0/1a
cpe/la M areHT BO3BPAIAIOTCS K UCXOIHBIM MO3UINAM (CTPOKHU 3 U 4), TIPU 9TOM cpejia
MOPOSK/AeT HAYAJIbHOE COCTOSTHUE. 3aTeM HAYMHACTCS UX B3aUMO/ICHCTBHE: areHT BbI-
MOJIHSET JIeWCTBUE, UCXO/I U3 TAHHOTO COCTOSTHNS (cTpoKa 6), 3aTeM, OCHOBBIBASICH HA
3TOM JICHCTBUH, Cpella TPOU3BOIUT CIIEYIOIIee COCTOSTHUE U BO3HArpaxkaeHue (CTpo-
Ka 7), mepexo/is Ha ciemytomumii mar. I{uki agent.act-env. step aurcs, oka He Oyer
JMOCTUTHYTO MaKCUMAJIbHOE KOJIMYeCTBO maros T inbo cpea He 3aBepHInTcst. 3/eCh
MOSIBJISIETCST HOBBIIT KOMITOHEHT — agent . update (cTpoka 8), KOTOPbIN BKIOUAET B ceOst
anroput™ obydenust arenTa. Ha mpoTskeHnu 60IbINOT0 KOJTMIECTBA MATOB 1 ATIU30/I0B
STOT METOJ] HAaKATJINBAeT JJaHHBIE U HA BHYTPEHHEM YPOBHE 00yJYaeTCst MAKCUMU3AITUT
11es1eBOi (hyHKITUN.

ITOT aJATOPUTM OBIIUI /IS BCeX 3aj1a4 OOYUEHUS C TTOIKPEIIEHIEM, TOCKOJIbKY OH
oTIpeziesisieT HePOTUBOPEUNBHIN MHTEPGEIC B3aNMOIEHCTBUS MEKITY aTeHTOM 1 CPEION.
Jannpiii uarepdeiic cayKUT OCHOBOM /I PeaiM3alii MHOTMX aJITOPUTMOB 00yUYeHMs
C MOIKPETLIEHNEM, BKIIOYEHHBIX B YHU(MDUITMPOBAHHBIH (HPEHMBOPK, KaK OyAeT BUIHO
B puiaraeMoii Kk kaure 6ubsmmorexke SLM Lab.

1.3. Oby4yaeMble (yHKUUK
B 06y4eHnn C NoaKpeneHnem

Korza obyuenue ¢ nogxperienuem chopmynupoBano kak MIIIIP, BosHukaer ecre-
CTBEHHBII BOIIPOC: YeMY /TOJKEH YUUThCS areHT?

MbI BUJIEIH, 4TO areHT MOKET ¢hOpMHUPOBaTh (DYHKIINIO BHIOOpA ACHCTBHI, H3BECTHYIO
kak cmpameeusi. OTHAKO Y CPEJIbl €CTh U JIPYTUE CBOUCTBA, KOTOPbIE MOTYT OBITH TTOJI€3-
HBI /IS areHTa. B 4acTHOCTH, CyIeCTBYeT mpu 0CHOBHbIX (PYHKYUU, KOTOPbIE N3y4aloTCs
B 0OYUYEHUU C TIOKPEILTIEHTEM.

1. Crparerus 1, KOTOpas COMOCTABJISIET COCTOSTHUIO JieficTBrE: a ~ T(S).

2. Oyuknus nogaesnoctr V(s) nau Q(S, a) JJisl BBIYUCAECHUS OKUTAEMO OTIAUr
E.[R(7)]

3. Mogens cpegst' P(s'|s, a).

' Yrobbl cuestaTh HOTAUIO OoJlee KPaTKoii, IIPUHSTO 3alUChIBATh Mapy CJAeAYIONMX APYT 3a

IpYTOM KopTexkelt (s, a, 1), (S,, , a,, » 1,, ) Kak (s, a, r), (s’ a’, r'), T/le MTPUX 03HAYaeT CJe-
Ayroruii mar. 1o o6o3HayeHue OyeT BCTPeYaThCst B KHUTE MOBCEMECTHO.
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CTpaTeI’I/IH T — 39TO TO, KAKUM O6p3.30M areHT IMpon3BoanuT JIENCTBUS B cpeze, 4YTOODBI
MaKCUMU3NPOBaTh IE€JIEBYIO (pyHKIII/IIO. CoracHo IUKJTY ylpaBJ€HUSA areHT J0JIJKEH
ITPON3BO/INTH I[eﬁCTBI/IH Ha KayK/IOM IIare I11ocJje Ha6JIIOlIeHI/IH COCTOAHMA S. CTpaTeI’I/IH
nMeer (byHI[aMeHTaJII)HOB 3HaY€HHUE JIA IHUKJIA YIIPpaBJE€HUA, ITIOCKOJIbKY T€HEPHUPYET
lIefICTBHH, KOTOPbIE 3aCTaBJIAIOT €0 IIPO/J0JIZKATHCA.

Crparerust MOKeT GbITh CTOXaCTUYECKO. ITO 3HAYUT, UTO OHA MOKET € OIPE/IeJIEHHOIM
BEPOATHOCTBIO /IaBaTh Ha BBIXOJIEC Pa3Hble IeHCTBUSA [IJIs1 OZTHOTO COCTOSTHULA. DTO MOKET
GBITH 3amMcato Kak T(a | §) M 03HaYaeT BEpPOSATHOCTD A€iiCTBYS @ /sl IJAHHOTO COCTOSI-
Hus s. JleficTBue, BBIOpPAHHOE TI0 CTPATETHH, 3AITUCHIBAETCST KAk a ~ T(S).

Dyukinuu 1moe3nocTeil mpeacTapistior nHbopMmarmio o mean. OHU TOMOTAIOT areHTy
MOHSATD, HACKOJIBKO XOPOITH COCTOSHUS U JIOCTYITHBIE IEHCTBUS C TOUKHW 3PEHUS OKU-
naemoit otraun. OHU 3aITUCHIBAIOTCS B IBYX (hOpMax:

T
Vi($)=E, s Z(;v’r, ; (1.10)
=

T
Q7r (S’a):]Es“:s,an:ﬂ,r~n ZY”; . (111)

=0

Oyuxmms mosesnoctu V™, npusenennas B ypasuenuu (1.10) oreHuBaer, HaCKOJbKO
XOPOIITUM WJIN TJIOXUM SIBJISIETCS COCTOSTHME. V™ TaeT OIEHKY OKUAAeMOI OT/Iaul OT
npeObIBaHUS B TOJOKEHUH S, IPEAIOJarast, YTo areHT IPOI0JIKAET AeHCTBOBATh B CO-
OTBETCTBUHU €O cBOeii Teky1eil crparerueii 1. Otaava R(t) = Z,T: Oy‘n. MOJICYNTBIBAETCS,
HAaUMHAS € TEKYIIErO COCTOSHUS S M 10 KOHI[A ATTM30/1a. ITO TIPOTHO3HAS OIlEHKA, T10-
CKOJTBKY HE YUYUTBIBAIOTCS BCE BO3HATPAKIECHMS, TIOJyUEHHBIE /IO COCTOSTHUS S.

PacemoTpuM mpocToii mpuMep, KOTOPBIH MO3BOJIUT MOJYYUTh TIPEACTaBIeHNE O (DYHK-
i noJjesHoctu V™. Ha puc. 1.4 nsobpaskeHa JUCKPETHAs cpella ¢ KOHEYHBIM YHCIOM
COCTOSTHUI, B KOTOPOH areHT MOJKET TIepeMeIaThCs U3 KJIETKHU B KJIETKY 110 BEPTUKAIN
U TOpU3OHTAIN. Kaskas kiieTka — aTo COCTOsTHIE, C KOTOPBIM CBSI3aHO BO3HATPAK/ICHIE,
Kak Ioka3aHo Ha puc. 1.4, cresa. Cpema 3aBepiraeTcs, KOTa areHT ONafaeT B I[eIeBoe
COCTOSTHUE C BO3HATPAKAEHUEM 7 = +1.

CrpaBa rokasaHbl osie3Hoctu V7(s), paccurTaHHbIe [JIs1 KAKIOTO COCTOSTHUS 110 BO3-
HarpakIeHustM ¢ omortibio ypasuenus (1.10) nmpu y = 0,9. @yukuus nosesnoctu V*
BCET/Ia 3aBUCUT OT KOHKPETHOI cTpaTeruu . B aToM mpuMepe B3sTa cTpaTerus m, Ipu
KOTOPOIi BCeria BRIGUpaeTcst KpaTdaiimii myTh K 1eJIEBOMY COCTOsTHIIO. Ecau cTpaTerist
GyJIeT APYTOit — K TIPUMEPY, epeMEIeHIe TOJIBKO BIIPABO, — TO 3HAYECHUS MTOJIE3HOCTEN
OyIyT UHBIMH.

ITO MOKA3BIBAET, YTO (DYHKITHS TIOJE3HOCTU SABJISAETCS IIPOTHO3HON U IOMOTAET areHTy
PasJIMyaTh COCTOSTHUS C OJINHAKOBBIM BO3HArpaskieHneM. UeM OJIMIKE areHT K IIeTeBOMY
COCTOSTHUIO, T€M BbIIIIe [T0JIe3HOCTh PacCMaTPUBAEMOTO COCTOSTHUSI.
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r Vi(s)

-0,1 0,31
-0,1 | -0,1 | -0,1 0,62 | 0,46 | 0,31
-0,1 | -0,1 | -0,1 | -0,1 0,8 | 0,62 | 0,46 | 0,31
-0,1 | -0,1 | -0,1 0,62 | 0,46 | 0,31

-0,1 0,31

Puc. 1.4. Bo3HarpaxzaeHusi r u none3HocTu V*(S) ans Kaxxaoro COCTOSIHUSA S B MPOCTOMN KNETOYHOM
cpeae. MNone3HoCTb COCTOSIHUS pacCUMTBLIBAETCS MO BO3HArpaXXAeHUsM € NoMoLLbio ypaBHeHus (1.10)
npu y = 0,9. 3aecb NpUMeEHsIETCs CTpaTerus m, Npy KOTOPOW BCeraa BbibMpaeTcs KpaTyailumii nyTb
K L€NeBOMY COCTOSIHUIO C r = +1

Oynkins nogesnoctu Q" B ypasuenun (1.11) ornenuBaer, HACKOJbKO XOPOIIA MK
IJI0Xa T1apa «COCTOsiHNe — JielicTBre». QF aeT OL[EHKY OKHMIAaeMOil 0TIauu OT BBIOOpa
IEHCTBHS a B COCTOSIHUM §, IPeJIIOIaras, 4To arenT IPo0JIKaeT 1efiCTBOBATb B COOT-
BETCTBUU CO CBOeil Tekytiei crparerneti m. [1o aranmorunm ¢ V" oTaua mogcanTeiBaeTcs,
HAYMHAS C TEKYIIETO COCTOSHIA § 1 /[0 KOHI[A 9MIN30/a. ITO TOKE IIPOTHO3HAs OIleHKa,
MOCKOJIBKY He YYUTBIBAIOTCS BCE BO3HATPAXK/ICHNS, OTYUYeHHDIE 10 COCTOSHNISA S.

Oyuxuun V* u Q" 6osee nogpobHO paccMaTpUBaIOTCA B riase 3. A ceifuac 10CTaTOuHO
3HATh, YTO OHU CYIIECTBYIOT U MOTYT OBITH UCIIOJB30BAHbI ATEHTOM JIJIS PEIEHUS 3224
06yUYeHWS C TIOIKPETIIICHUEM.

Dyuknus nepexonos P(s'| s, a) npenocrasasier nndopmanuio o cpeae. Chopmuposas
9Ty (DYHKIMIO, areHT oOpeTaeTr CloCcOGHOCTD TIPEACKa3hIBATh CJIEAYIOIIee COCTOSHUE S )
B KOTOpOE Hepeizer cpeja mnocje Bpibopa AeicTBus a B coctosauu s. [Ipumenssa mo-
JIY4eHHYI0 (PYHKIIMIO [IEPEX0/I0B, areHT MOKET BOOOPA3HUTh MOCIEACTBIS AeHCTBUI,
He BCTyIlas B JIEHCTBUTEJIBHOE B3aNMO/IEIICTBIE CO cpejioll. B manmbHelinemM oH MOXKeT
KCIIOJIB30BATD 9Ty WH(MOPMAITHIO JIJIs JIAHUPOBAHUS OTITUMAJIbHBIX JIEHCTBHIA.

1.4. AnroputMmbl rnybokoro oby4yeHus
C NOAKpErn/IeHNEM

B RL arenT nactpauBaeT hyHKITNHN, KOTOPBIE TOMOTAIOT eMY JIeHCTBOBATH U MAKCUMU3H-
pOBaTh 1eJIeBYI0 (QYHKIMIO. DTa KHUTA TOCBSIIEHA TIyO0KOMY 06YUeHUIO ¢ nodkpene-
nuem (ry6okomy RL), 4To 03HAUAET, UTO B KAUECTBE AMPOKCUMUPYIONIETO ceMeHcTRa
hyHKIHiT OyyT UCTIOTB30BATHCS TIYOOKIE HEHPOHHBIE CETH.
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B paszesie 1.3 6bL1H TIOKa3aHBI TPH OCHOBHBIE 00y4YaeMble (HYHKITUE B OOYICHUH C TTO/I-
KkpemenreM. VIM COOTBETCTBYIOT TPU GOJIBIIMX CEMEHCTBA AJITOPUTMOB TIIYGOKOTO
06YYEHUST € TIOKPEILTICHIEM — MEemoobl, OCHOBAHHbIE HA CIPAMEZUlL, MEMOObL, OCHO-
8aHHbIe HA NOJEIHOCMIU, T MEMOObL, OCHOBAHHbIE Ha MOOeau cpedvt. CYIIECTBYIOT TaKKe
KOMOMHMPOBAHHBIE METOJIbI, B KOTOPBIX areHTI HACTPAUBAIOT HECKOJIBKO ITHX (hYHKIIHIA,
HarpuMep (YHKIIMU CTPaTeruu U MOJE3HOCTH WK (PYHKIIUIO TTOJIE3HOCTU U MOJIEIN
cpensl. Ha puc. 1.5 npuBeien 0630p IJIaBHBIX 2JITOPUTMOB TJ1yOOKOTO 00YU€eHMUSI € O/
KpeIJIeHUeM B KaXK/IOM U3 CeMENCTB M [T0Ka3aHbl B3AUMOCBA3M MEXK/ly HUMU.

OCHOBaHHble Ha cha'rervm\ 4 OcHoBaHHble N
Ha Mmoaenu cpegbl

OCHOBaHHbIE Ha NOJIE3HOCTU
+ SARSA*.

+ iLQR — ntepatumBHbIV
- DQN — rny6okune Q-cetun*.

JNINHENHO-KBaapaTUYHbIA

- [1BoitHbIe DQN*. * REINFORCE perynsTop.
+ DQN + NnpropuTU3NPOBaHHBI + MPC — ynpaBneHve Ha OCHOBE
6ydep npumepoB*. MPOrHO3UPYLWUX MOOENEN.
- QT-OPT + MCTS — nouck no gaepesy
MoHTe-Kapno
. | N\ | AN | )
N 4

KomMmGuHMpoBaHHbIe MeToapbl,
OCHOBaHHbIE Ha NMOJIE3HOCTN
n cTparteruun

» MeTog akTopa-KkpuTmka*:

+ PPO — npokcumarnbHas
ONTUMU3auUs cTpaTernm®.

+ SAC — mMarkuii meTon,
aKkTopa-KpuTuka

%

* — paccMaTpuBalOTCS B 3TOW KHUre.

A

KomOGuHMpoBaHHblEe MeTOoAbI,
OCHOBaHHbIe Ha Moaenu cpeabl
W NOJIE3HOCTU U/unun cTpaTterum

+ Dyna-Q / Dyna-AC.

A2C', GAE?, A3C®. - Alphazero.
+ TRPO — onTumMunsauus ctpatermm + |2A — areHTbl, JOMOJIHEHHbIE
Mo 0BepUTENbHON 061acTu. BOOOPaKEHNEM.

+ VPN — HelpOHHbIE ceTn
NPOrHO31pPoBaHMWS NOJIE3HOCTH

1. A2C — meTop, akTopa-kpuTrka ¢ OLEHKOM NpenMyLLLeCTBa 3a N LLaroB.

2. A2C — aCUHXPOHHbIN METOL, aKTOPa-KPUTHKA.
3. MeTopg akTopa-kpuTtuka ¢ 0606LLLEHHO OLLEHKO NpenMyLLecTBa

Puc. 1.5. CeMeiicTBa anropntMoB rly60Koro 0by4eHusi C NoaKpenieHneM

1.4.1. AlropuTMbl, OCHOBAHHbIE Ha CTpaTernu

AJITOPUTMbBI U3 9TOTO CEMENCTBA HACTPAUBAIOT CTPATETHUIO TT. XOPOIIINEe CTPATErMH JI0JIK-
HbI OPOKAATh AeHCTBUA, 00eCIIednBaIONIe TPACKTOPUH T, KOTOPbIe MAKCUMU3UPYIOT

1esieBy1o (PyHKIIMIO areHTa J (‘C) =E_, [z:: Oy’ 7, } ITO JIOBOJIBHO MHTYUTUBHBIN ITOIXO/I:

€CJIN ar€HTy HYKHO JIeliCTBOBAThH B cpene, To HaCTpOI‘/JIKa CTpaTeruun KaskeTcs BIIOJIHE pa3-
YMHBIM I10/IXO/I0OM. Kakoe neiictBue 6yz[eT ONTUMAJIbHBIM B JIaHHBII MOMEHT, 3aBUCUT
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oT coctosinust. To ecTh (DyHKIIMS CTPATEruu T IPUHUMAET Ha BXOJIE COCTOSIHUE S U BbI-
JIaeT JIefcTBreE a ~ 7(S). TO O3HAYAET, YTO areHT MOKET IPUHUMATD XOPOIITHE PEIeHUsT
B pasHbix curyanusx. Obcyskaaempiii B riiase 2 Metosi REINFORCE — 210 ocHOBaHHBbII
Ha CTpaTeruy ajropUT™, KOTOPbI Iprobpest HauGoJIbIIy 0 U3BECTHOCTD M CTaJl OCHOBOI
MHOTHUX JIDYTUX JITOPUTMOB.

[1aBHOE TIPENMYIIECTBO OCHOBAHHBIX HA CTPATETUU AJTOPUTMOB KaK KJIacCa METO/IOB
OIITUMU3AIIH — TO, 4TO 3TO OUY€Hb Pa3HOOOPa3HbIil Kiracc. OHM MPUMEHUMBI K 33[a4aM
¢ JIOOBIM TUTIOM JIEHCTBUN — JMCKPETHBIM, HETIPEPHIBHBIM UM KOMOUHUPOBAHHDIM.
KpoMme 1010, 0H1 ONITUMHU3UPYIOT HEIOCPEACTBEHHO TO, 4YTO MHTEPeCcyeT arenTa GoJiblie
Bcero, — 1iesieByio dyukiuio J(1). K tomy ke CaTrToHOM U PYTrUMU B TEOPEME O T'Pa-
JIEHTE CTPATETHH OBLIO JOKA3AHO, YTO ATOT KJIACC METOJIOB TaPAHTUPOBAHHO CXOMTCS
K JIOKQJIBHO' OIITUMAaJTBHOM mosnTrKe. HerocTaTkur 3THX METOI0B — BBICOKAST AUCIIEPCHUST
u Hu3Kast 9 (HEKTUBHOCTH BBIOOPOK.

1.4.2. ANropnTMbl, OCHOBAHHbIE HA MOJIE3HOCTU

Arent nactpausaer 6o V'(s), mubo Q%(s, a). Hacrpoennas GpyHKIuUs 1m0ae3HOCTEN
UCIIOJIb3YETCs UM [IJIsI OLeHKH T1ap (S, @) u moposkaenust crpateruu. Hampumep, crpa-
TErusi areHTa MOKET OBbITh TAKOU, UYTO OH BCET/[a BBIOUPAET JEHCTBUE d B COCTOSIHUU §
€ MaKCUMaJIbHBIM OlleHOUHbIM 3HaueHueM Q7(s, a). B moxoje, o0cHOBAaHHOM TOJIBKO Ha
MOJIE3HOCTSIX, HAMHOTO yallle npumMensiercst Hacrpoiika Q"(s, a), uem V'(s), OCKOIbKY
HEePBYIO IIPOILE IIPeodpa3oBaTh B CTPATErUIO. ITO CBA3aHO ¢ TeM, 4To Q7(S, a) ComepKuT
uHGOPMAIIHIO 0 TTAaPaX COCTOSTHUN U JIeUCTBUI, TOr/a Kak V™ (S) — JIUIib CBeIEHUs O CO-
CTOSTHUSIX.

O6cyxmaembrii B rase 3 Metost SARSA — oivH U3 cTapeiiiiix aIropuT™MoB 00yYeHUSsT
¢ mogkperienneM. HecMoTpst #a cBoio mpoctoTy, SARSA 06beanHsIeT MHOTHE KITIO-
4yeBble WJIEW METO/IOB, OCHOBAHHBIX HA CTPATETUSAX, TAK YTO C HETO XOPOIIO HAUMHATD
n3ydeHue 3ToTo ceMeiicTBa anropnTtMoB. OHAKO OH TTOKa He TOIYINJI ITIPOKOTO pac-
[IPOCTPAHEHU U3-3a BBICOKOI IUCIIEpCHI 1 HUBKOH (P (HEKTUBHOCTH BHIOOPOK BO BPEMSL
obyuenus. Tiybokast Q-cerb (DQN) u ee mocseoBaTe N, Takue Kak ABoiiHbie DQN
1 DOQN ¢ npuopuTH3NPOBAHHON MMAMSTHIO MPETEEHTOB, HAMHOTO a(h(heKTUBHEE 1 Ky1a
HomnyJsipuee. ITo TeMbl TJ1aB 4 u 5.

Kax mpaBuiio, 0CHOBaHHBIEC Ha TTOJE3HOCTH aJITOPUTMBI HMEIOT GOJBIITYIO 3(hhHEKTHB-
HOCTb BBIGOPOK, YeM aJTOPUTMbI, OCHOBAHHBIEC HA CTPATETHH. ITO OOYCIOBIEHO TEM,
YTO Y HUX MEHBIIAs IUCTIEPCUS U OHU TPOJYKTUBHEE UCTIONB3YIOT COOPAHHBIE B CPE/IE
nanublie. OIHAKO HET rapaHTUH, YTO ATU AJITOPUTMBI COMYTCA K ONTUMAJILHBIM 3HaYe-
nugam. K tomy sxe B cBoeil ctaniapTHoil (hOpMyIUPOBKE MX MOXKHO ITPUMEHATH TOJIbKO

! rapaHTI/I}I r106aIbHOI CXOAMMOCTHU — BCE €lle OTKprTbII>’I BOIIpOC. He tak JIaBHO OHa ObLIa 110~

KazaHa /ISl TTO/IKIacca 3a/1ad JTMHeapu30BaHHoTo ynpasaenus. Cwm. crarbio: Fazel et al. Global
Convergence of Policy Gradient Methods for Linearized Control Problems (2018).
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K Cpe/laM C JIMCKPETHBIM MPOCTPAHCTBOM JieiicTBUil. VicToprdecky 9T0 GBITIO TJIABHBIM
orpaHUYeHNEeM, HO Tocieiaue yaydierns, Takre kak QT-OPT, mossosmim ahherTns-
HO TIPUMEHSTh UX K CPeJIaM C HEIIPEPBIBHBIM [IPOCTPAHCTBOM JeCTBUI.

1.4.3. AnropnTMbl, OCHOBAHHbIE Ha MOAENU cpeabl

AJITOpUTMBI U3 3TOTO ceMeiicTBa MO0 3aHUMAIOTCST HACTPOMKON MOJIESN IUHAMITKI
[ePEXOIOB cpejibl, NGO 3aIeHCTBYIOT U3BECTHBIE [MHAMUYECKUE Moeau. Pacoraras
MoJIenbIo cpebl P(s'| s, @), areHT criocobeH peIcTaBUTh, YTO MOKET CIYYUTHCS B OyLy-
IeM, IIPOTHO3UPYS TPAEKTOPUIO Ha HECKOJIBKO Maros Biepes. [lycTs cpena HaxoauTes
B COCTOSTHUU S, TOT/IA ar€HT MOKET OI[EHUTh, HACKOJIbKO COCTOSTHIE U3MEHUTCSI, €CJIU OH
TIPEPUMET TTOCIEI0BATEIBHOCTD IeHCTBUIA &, @, ... 4, TOBTOPHO IpuMeHsist P(s'| s, a).
[Tpu 3TOM OH HUKAK He U3MEHseT cpefy, TaK YTO IIPOTHO3HAS TPACKTOPUS MOSIBIISETCS
Y HETO B Pe3yJIbTaTe MCIOIb30BAHUS MOJIETH. ATEHT MOKET CIIPOTHO3MPOBATH HECKOJIBKO
Pa3HbIX TPAEKTOPUI € PA3IUIHBIMU TOCJIEOBATEIBHOCTSIMU JICHCTBUI U, OTICHUB WX,
MPUHSTH PEIEHNE 0 HAWTydIieM BEIOOpe JefCcTBUs a.

WckaounTebHO MOAETBHBIN MOAXO0/ MTMPOKO TTPUMEHSIETCSI K UTPaM C M3BECTHBIM
oeJIeBbIM COCTOAHMEM, TaKUM KaK HO6€,718. JII/I6O Iopa’kenune B iaxmaTax njin HaBUuralm-
OHHBIE 3a/IaHU C [1EJIEBBIM COCTOSIHUEM $¥. DTO CBSA3AHO C TeM, YTO (PYHKIIMU I1ePeX0/10B
B JIAHHOM CJly4ae He MOJETUPYIOT HUKAKUX BO3HArpaskaeHuil. V1 4ToOBI 3a/1eficTBOBATh
3TOT MOJXO/T /IJIs JIAHUPOBAHUS JeHCTBUH, HOTpe6yeTCﬂ 3aKOJIMPOBaTh UH(MOPMAIIUIO
0 1eJISIX areHTa B CaMUX COCTOSTHUSX.

ITouck 1o gepesy Monte-Kapso (Monte Carlo Tree Search, MCTS) — wmupoko pac-
MIPOCTPAHEHHBIN METO/I, OCHOBAHHBII Ha MOJiesin cpeibl. OH TPUMEHNM K 33J1aUaM C Jie-
TEPMUHUPOBAHHBIM INCKPETHBIM TTPOCTPAHCTBOM COCTOSIHUH € U3BECTHBIMU (DYHKITUAMU
nepexo10B. Iloj1 aTy KaTeropuio 1ojAazaloT MHOrMe HACTOJIbHBIE UTPbI, TAKKE KaK I1aX-
MAaTBI U TO, ¥ JIO HEJIABHETO BPEMEHU MHOTHE KOMITbIOTEPHBIE IIPOTPAMMBI JIJISI UTPBI B TO
6b1tn ocosanbl Ha MCTS. B HeM He ipuMensieTcs MamuiHoe obydenue. /i usydenvis
UTPOBBIX COCTOSTHUN U PacyeTa UX MOJE3HOCTElH MPOU3BOIATCS CIydaiiHble BHIOOPKH
MOCJIEIOBATETHHOCTEN EHCTBUN — CTydaliHbIe CUMYJISITINH. DTOT aJITOPUTM TIPETEPTIEST
HECKOJIBKO YJIYUIIeHUI, HO OCHOBHAS Ujled 0CTaIach HEM3MEHHOI.

[lpyrue MeTo/1bl, TaKKe KaK UTepaTUBHBIN JTMHEHHO-KBaJIpaTHUHBIN peryssaTtop (iterative
Linear Quadratic Regulators, iLQR) niu ynpas/eHne Ha OCHOBE IIPOTHO3UPYIOIIUX
mozeseii (Model Predictive Control, MPC), BKJIfoUaloT U3y4eHre JHHAMUKHU TE€PeXo-
JIOB 324aCTYIO C CUJIbHO OTPAHUYUBAIOIIUMIY JonyienusiMu’. J{Jist udydenust TMHAMUKY
areHTy HY’KHO JICHCTBOBATD B CPe/ie, 4TOOBI cOOPATh TIPUMEPHI ICHCTBUTENBHBIX TIepe-
X07oB (S, a, 1, §").

! Hanpumep, B iLQR mpezmosaraercst, 4To JUHAMUKA [IEPEXOA0B MIPEACTABISAET COOON JTnHEl-

HY10 (DYHKITHIO OT COCTOSTHUI 1 JACHCTBUH, a (hYHKITHS BOBHATPAKIACHUS KBA/[PATUUHASL.
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OcHoBaHHbIE Ha MOJIEJTH CPE/IbI AJITOPUTMBI BECbMa MHTEPECHBI TEM, YTO TOYHAST MOJIEJTh
HaJleJisieT areHTa BO3MOKHOCTBIO 1peiBuaeHnsi. OH MOKET ITPOUTPHIBATH ClIeHAPUN
U IOHUMATD MTOCTE/ICTBUS CBOUX IEUCTBUM, He TTIPOU3BO/IA PEATbHBIX JIeHCTBUH B cpefie.
ITO MOKET OBITh CYIIECTBEHHBIM IIPEMMYIIECTBOM, KO/l HAKOILJIEHUE OIIbITA U3 CPEbI
OYEHD 3aTPATHO C TOUKW 3PEHUST PECYPCOB U BPEMEHMU, HAIIPUMED, B POOOTOTEXHHUKE.
Kpowme Toro, 110 cpaBHeHUIO ¢ METOIaMU, OCHOBAHHBIMU HA CTPATErMU UJIU T10JIE3HOCTH,
9TOMY aJITOPUTMY TpeOyeTcss HAMHOIO MeHbIIIe IIPUMEPOB JaHHBIX J1JIsT 00y YeH s OITH-
MaJIbHO# cTpaTeru. ITo 00YCIOBICHO TEM, UTO HATIMUIE MOJIEIIN IaeT areHTy BO3MOK-
HOCTD JJOIOJIHATD €TI0 PEAIbHBIIA OIIBIT BOOOPasKAEMBIM.

Tem He MeHee 711 GOJIBIINHCTBA 3a1a4 MOJEJIH CPe/bl IIOIYYUTh TPYAHO. MHOrUe cpebl
SBJISIIOTCST CTOXaCTUYECKUMM, U UX JITHAMUKA TIEPEX0/I0B HEM3BECTHA. B TakuXx cirydasx
HEOOXOIMMO HACTPAUBATH MOJIENb. DTOT MOJXO/] BCE €Ille HAXOAUTCSI Ha PAHHEH CTajun
paspaboTKH, U €ro peannusalns CONpsKeHa ¢ psagoM mpodieM. Bo-mepBbix, Mojeu-
poBaHUE Cpe/ibl ¢ OOMMPHBIMU IPOCTPAHCTBAMU COCTOSAHUN U JA€HCTBHIT MOKET ObITH
OYeHb TPYAHBIM. JTa 3a4a4a MOKET JajKe 0Ka3aTbCs HepaspeIlnMoi, 0COOeHHO ecin
TTepexo/ibl Ype3BBIYAITHO CI0KHBIE. BO-BTOPBIX, OT MOJIesIelt eCTh TT0JIb3a TOJIBKO TOT/IA,
KOT/JIa OHU MOTYT TOYHO TTPOTHO3UPOBATH MEPEXO/IbI B cpefie Ha MHOTO IIarOB BIIEPE/I.
B 3aBMCUMOCTH OT TOUHOCTH MOJEJIN OUIMOKK IPOrHO3MPOBAHUA MOTYT CYyMMUPOBATHCSI
Ha Ka)kJIOM Irare ¥ GbICTPO PACTH, YTO JieJIaeT MOJIEIb HEHAIEKHOM.

Ha pannblii MOMEHT HexXBaTKa XOPOILIUX MoJiesiell — IrJlaBHOe orpaHuyeHue JJis pu-
MEHEHHUST OCHOBAHHOTO Ha MOojieqn 1ojxoa. OHaKo OCHOBAHHBIE HA MOJIEJIN METO/IbI
MOTYT GbITh OueHb adekTusHbIMU. Ecaiit orn paboTtaioT, To aheKTHBHOCTD BHIOOPOK
1Utst HUX Ha 1-2 mopsiika BeIlie, 4eM y 6e3MOIeTbHBIX METO/IOB.

Pasinunie MeKLY Memodamis, OCHOBAHHBIMU HA MOOCLU CPedbl, U 63MO0eNbHBIMU Me-
mooamu TIPUMEHSIETCA W B KIACCU(PUKAIMK aITOPUTMOB 00yYEHHS C MOAKPEILICHUEM.
AJIrOpUTM, OCHOBAHHBII Ha MOZIEJIU, — 3TO J11000i1 aJITOPUTM, B KOTOPOM UCIIOJIb3YETCS
JMHAMMKa IIEPEXO/IOB CPEIbl, KaK HacTpauBaeMast, TAK M U3BECTHas 3apanee. beamozesn-
HBIE aJITOPUTMBI He 3aICHCTBYIOT IMHAMUKY MEPEXOI0B CPEAbI B IBHOM BHJIE.

1.4.4. KoMbWUHMpOBaHHbIE METOAbI

JlaHHbIe aJITOPUTMbI HACTPAMBAIOT OJ[HY WJIN HECKOJIBKO OCHOBHBIX (DYHKIIHI 00yUYeHsI
¢ TOJIKperieHueM. [IpeIcTaBIseTCst eCTeCTBEHHBIM 00bEUHUTD TPU PACCMOTPEHHDBIX
MeToj1a, 4ToObI BOCTIOIb30BAThCS MPEUMYITIIECTBAMK Kaxoro u3 Hux. [Ilupokoe pac-
[IpOCTpaHeHke IPHoOPesIa rPyIIa aITOPUTMOB, HACTPAUBAOIINX CTPATETHIO U (DYHKIIHIO
nosiesHocTu. OHU MOJIYYMJIM METKOE Ha3BaHUE METOIOB aKTOPA-KPUTUKA, TTOCKOJIbKY
B HUX CTPATETHUs TeHepUpYeT deticmaue, a GyHKINST MTOJE3HOCTH KPUMUKYem TIeHCTBUSL.
OTH AJITOPUTMBI PaccMaTpuBaioTcs B raBe 6. OCHOBHAS MX CyTh B TOM, YTO BO BpeMs
0byueHst HACTPOEHHAsT (PYHKIIUS MOIE3HOCTH MOJKET [IEPEIaBaTh aKTOPY 0OPaTHBIN CUT-
HaJI, cofiepKaruii 6osbiie MHMOPMAIINH, YeM MTOCIeI0BATEIBHOCTh BO3HATPAXKICHHIA,
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nocTymHast u3 cpejibl. CTpaTerust HaCTpauBaeTcs /ISl UCTI0JIb30BaHU NH(MOPMAIINH,
[peI0CTaBsieMoil QYHKIMEN MTOJIe3HOCTH. 3aTeM, KaK U B MeTO/[aX, OCHOBAHHBIX Ha
CTpaTeruu, CTPaTerns MPUMEHSIETCS /I TeHepalnu IeCTBI.

AJITOpUTMBI aKTOpa-KPUTHKA — 00JIACTh aKTUBHBIX UCCJAEIOBAHUN, B KOTOPOH B TIO-
cyieiHee BpeMsi ObLIO CIETAaHO MHOTO WHTEPECHBIX YCOBEPIIEHCTBOBAHUI. BOT Jniib
HEKOTOPBIE U3 HUX: ONTUMHU3AIINSI CTPATEriy B 1oBepuTeabHoi obmactu (Trust Region
Policy Optimization, TRPO), ontumusarms 6imskaiiiieii crpaternn (Proximal Policy
Optimization, PPO), rpaguentsl ray6okoii geTepMunuposannoii crparernn (Deep
Deterministic Policy Gradients, DDPG), sorucruyeckuii akrop-kputuk (Soft Actor-
Critic, SAC). Ha Texymuit MOMEHT camMoe TTUPOKoe pactpocTpanenue moayunsa PPO,
OH paccMaTpUBaeTCs B TJIaBe 7.

AJITOPUTMBI MOTYT TaKsKe MCIOJb30BATh MOJIEJb TUHAMUKH TIEPEXOJIOB B CPEJIE B CO-
yeTaHUU ¢ GyHKIMEN mone3HocTu u/mim crpaterveit. B 2016 roxy nccrenoatenu ns
DeepMind paspaboranu AlphaZero — anropurtm, npeaHasHadyeHHbIH 171 00yYeHust
urpe B 10. B em MCTS oObenuten ¢ Hactpoiikoii V* u crpareruu . Dyna-Q — ere
OJIMH M3BECTHBIM AJITOPUTM, B KOTOPOM CHavaja MPOUCXOINUT UTEPAIMOHHBIN TIPOIece
HACTPOWKN MOJIEJTN Ha TOTYIEHHBIX 13 CPEJIBI PEATTbHBIX JAHHDIX. 3aTeM 06ydIeHHast MO-
JIeJTb TeHEpUpYyeT BOOOpakaeMble JaHHBIE U UCTIOIB3YeT UX I HACTPOUKN Q-(DyHKIIUM.

ITpuBeieHHBIE B 9TOM pasjielie MpUMepbl — JIUIIb MaJjiast 4acTh aJlTOPUTMOB IJIyOOKOTO
obyueHus ¢ TOAKPEIICHIEM. DTO [JaJieKo He McuepIbiBaomuii crucok. Hamporus,
JAHHBII pasmesl 3aLyMbIBAIC KaK 0030D IJIABHBIX UAed B IIIyOOKOM 00yYeHNN ¢ MO~
KpETUIEHNEM U CII0COO0B MPUMEHEHUSI CTPATerui, GYHKIIUU MOJE3HOCTENH U MOJIeTN
cpebl Kak 10 OTAEJIbHOCTH, TaK U B COYETAaHUU APYT ¢ APyroMm. B obiactut riry6oKoro
00yueHHUsI ¢ TOAKPeIJIEHNeM BeAyTCsl aKTUBHbBIE UCCAeIOBAHNS, U KasKIble HECKOJIBKO
MECSIIIEB TOSIBJISIIOTCS. HOBBIE MEPCIEKTUBHBIE Pa3paOOTKU.

1.4.5. AnroputMmbl, KOTOpble 0bCy>XaatoTcs
B 3TOM KHUre

B aT0i1 kHUTE yTIOp c/leslaH Ha MeTO/[bI, OCHOBAHHBIE HA CTPATETUN U TTOJIE3HOCTU U UX
kombunarmsx. [IpuBoaurest omncanre MetonioB REINFORCE (cwm. rmaBy 2), SARSA
(cm. riaBy 3), DON (cM. rraBy 4) 1 uX paciimpenuii (CM. TJIaBy 5), aKTopa-KpUTHKa
(cm. rnaBy 6) u PPO (cm. rmaBy 7). I'naBa 8 nocBsiiena MeTo/ilaM TapaJsijien3aluu,
KOTOPBIE MOTYT IIPUMEHSTHCS KO BCEM TIePEeUICACeHHBIM aJITOPUTMAM.

Ita KHWra npusBaHa ObITH TPAKTHYECKUM PYKOBOJICTBOM, IOITOMY B Heil He 3aTparuBa-
I0TCS AJITOPUTMBI, OCHOBAaHHBIE HA MOJIEJIN CPe/ibl. BeaMoiesibHbIe METOIbI 3HAYUTETHHO
JIydIITe NCCTEOBAHBI M BBU/Y CBOEH OOTITHOCTH TIPUIOKUMBI K H0JTEE TIMTIPOKOMY KJIACCY
3ama4y. Oaun u ToT Ke anroput™ (Harnpumep, PPO) ¢ MuaMMaIbHBIMU N3MEHEHUSIMU
MOJKET OBITh TIPUMEHEH ¥ K BUICOUTpaM, TakuM Kak Dota 2, u K yrnpasjeHuio po6oTo-
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TEeXHUYECKUM MaHUITYIATOPOM. Ilo cyTu, OCHOBaHHBIM Ha CTPATEruy WUJIM I10JE3HOCTH
AJITOPUTMAM He HY’KHA KaKasi-TO JOTNOoJHNUTeabHAd nHpopMmalug. VX MOKHO TPOCTO
MOMECTHUTD B CPELY U MO3BOJIUTH OOYUATHCSI.

OcHOBaHHBIM Ha MOJIEJIM CPE/Ibl METO/IAM, HATIPOTHUB, /st pabOThl OOBIYHO TPeGYIOTCS
JOIIOJTHUTEJIbHBIE 3HAHUA O Cpe/ie, TO €CThb MOJEJIb IMHaAMWUKHU TIE€PEXO/10B. I[JIH TaKHUX
3aj1ad, KaK MaxXMaThl WM TO, MOJIEJTb — 3TO TIPOCTO TTPABUIA UTPHI, KOTOPBIE JIETKO 3aIPo-
rpaMMupoBath. U gaxke TOT/Ia 3aCTaBUTH MOJIENh PaboTaTh B CBS3KE C AJITOPUTMAMU 00~
YUYEHUS ¢ TOKPEIJIEHNEM — OTHIOJb He TPUBHATbHAS 3a/1a4a, Kak BUaHO 1o AlphaZero
ot DeepMind. 3auactyio Mojiesib cpe/ibl HEU3BECTHA U JIOJKHA OBITH HACTPOEHA, & 3TO
camo 1o cebe cIoKHAsT 3a/1a4a.

AJITOpUTMBI, OCHOBAHHbIE HA CTPATErUU U MMOJIE3HOCTH, TAKXKe HE OXBAYeHbl B TIOJIHON
Mepe. B KHUTY BOIJIN aJITOPUTMBI, KOTOPBIE TTOJIYYUIN MUPOKYIO N3BECTHOCTH M pac-
[IPOCTPAaHEeHHE U [IPU 9TOM UJLIIOCTPUPYIOT KJIHOUYEBbIe TIOHATHS TIyOOKOTO 00yUeHMUsI
¢ noakperieaueM. [lesb KHUTH — TOMOYb YMTATEJSIM 3a7I0KUTHh TPOYHbBIE OCHOBBI
3HaHui B 9T0i obiactu. HageeMcst, 4To IpUBELEHHOE B KHUTE OIUMCAHUE aJIlTOPUTMOB
MTOAITOTOBUT YMTaTe el K 3HAKOMCTBY C COBPEMEHHBIMH MCCJIEIOBAHUSIMA U UX TIPU-
MEHEHHIO B I1yOOKOM 00YUEHIH C TIOJKPEILIEHIEM.

1.4.6. AnropuTtMbl No akTyanbHOMY
N OT/IOXXEHHOMY OMbITY

[TocenHee BaxKHOE Pasinyure MEKIY aJrOPUTMAMU TIYOOKOTO 00YUYeHUsT ¢ TTOAKPe-
IUJIEHHEM COCTOMT B TOM, YTO OHU MOTYT paboTaTh 10 akmyaiviomy onvimy (on-policy)
u no omaoscennomy onvimy (off-policy). 1o Biuser Ha TO, KaK JJAHHBIE UCTIOTB3YIOTCSI
B IMKJIE 00yYeHUSI.

AnropuT™ 00YUEHNUST N0 AKMYATLHOMY ONbIMY YIUTCS TIO TEKYTIEN CTPATETHH, TO €CTh
TSI TPEHUPOBKH MOTYT OBbITh 3a/I€fiCTBOBaHbBI TOJIBKO JIaHHbIE, CTEHEPUPOBAHHBIE TEKY-
1meit crparterueii T. ATO 03HAYAET, UTO TIPU OOYUEHUH B IMKJIE MepeOUPaioTcs BEPCUI
CTPaTeruu T, T, T, U T. [I., IPUYeM Ha KaK10ii nTepaluu IS IOPOK/IeHIs HOBbIX [laH-
HBIX UCIOIB3YETCS TOMBKO TEKYIIAs CTpaTerns. B pesybrare o OKOHIaHUN 00y IeH T
BCe JaHHbIe TOJLKHBI OBITH OTOPOIIEHDI, TOCKOJIBKY OHU CTAHOBSIITCST HECTIONE3HBIMI.
ITO JieTaeT MeTO/Ib 00YYEHUSI TI0 aKTYAJIBHOMY OIBITY Hea(h(HEKTUBHBIMHU C TOYKH 3Pe-
HIs1 BBIOOPKH [IPELEAEHTOB — UM Tpebyercs 6oJiblie 00y4alomuX JaHHbIX. B 9T0il KHure
00CysKIAI0TCS Cllelytolue MeTo/ bl 0OydeHust mo akryanabHomy omnbity: REINFORCE
(cM. rmaBy 2), SARSA (cM. raBy 3), KOMOMHUPOBAHHBIE METO/bI AKTOPA-KPUTHKA
(cm. rmaBy 6) u PPO (cewm. rnasy 7).

B 10 ske BpeMst y alITOPUTMOB OOYIEHNS 110 OMI0NCEHHOMY ONbIMY HET TAKUX TPeOOBAHII.
Jlio6bie HAKOTUIEHHBIE JTAHHbIE MOTYT OBITH MOBTOPHO MUCITOIH30BAHDI TPU 0OYUYECHHUH.
Kak criefictBue, y METo/10B 00yUeHHUsT M0 OTIIOKEHHOMY OMBITY 3(h(heKTHBHOCTH BEIGOPKU
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[IPEIEIEHTOB BBIIIE, HO XPAHUMBbIE [AHHBIE MOTYT 3aHUMATh HAMHOTO OOJIbIIIE AMSITH.
3 MeTOI0B 06yU€eHHMs 110 OTJIOKEHHOMY OTIbITY OyyT paccmorperbl DQN (cm. riiaBy 4)
U €ro paciuperust (CM. TJIaBy ).

1.4.7. KpaTknit 0630p MeETOA0B

MbI TO3HAKOMUJIMCH C OCHOBHBIMH CeMeiCTBaMM AJITOPUTMOB r]Iy6OKOFO O6y‘IeHI/IH
C IIOIKPEIJIEHUEM 1 PACCMOTPEJIN HECKOJIBKO c110co60B UX K]IaCCI/I(bI/IKaIII/II/I. B JTaHHBIX
Io/IX0/[ax yIiop JieJIa€TCA Ha pa3HbI€ XapaKTEPUCTHUKU, U HU OJIMH N3 HUX HE SBJIACTCA
JIy4HInM. B cooTBercTBMU € ATUMU pasjanyudgaMmn BCE€ METO/Ibl MOTYT OBITDH CBe/I€HbI
K CJIeIYIOIIUM KaTEropusaM.

e OcHoBaHHbIE Ha CTPATErUH, [10JIE3HOCTH, MOJEIU CPEbl U1K KOMOMHIUPOBAHHbBIE
B 3aBHCHUMOCTHU OT TOTO, KAKyI0 U3 TPEX OCHOBHBIX (PYHKIIUN 0OyUeHUsI ¢ TOAKPe-
[JleHUeM HACTPAUBAET aJITOPUTM.

e OcHosannble Ha MozeIn n 663MO]1€]II)HI)I€ B 3aBUCHUMOCTHU OT TOTO, UCITOJIB3YET aJi-
TOPUTM MO/JI€JIb IMHAMUWKH TI€EPEXO0B CPEAbl NJIN HET.

[ ] BelIyHII/Ie O6y‘-IeHI/I€‘ 110 aKTyaJIbHOMY WJIN OTJIOJKEHHOMY OIIBITY B 3aBUCHUMOCTHU OT
TOTO, YIUTCA ar€HT Ha JITaHHbIX, TTOJTYY€HHBIX C IIOMOIIIBIO TOJBKO TeKyIHefI CTpaTeruu
MJIn HET.

1.5. I'nybokoe oby4yeHune
ans oby4yeHus ¢ nogkpenneHnem

B sTOM pasmese 6yayT 09€Hb KPATKO PACCMOTPEHBI TIIyOOKOe 00yUeHe i TPOTIece Ha-
CTPOWKHU TTapaMeTPOB HOBOW HEHPOHHON CETH.

I'ny6okue HelpOHHbIE CETH AOOUINCH OJIECTAIINUX PE3YAbTATOB B AIIIPOKCUMALIMM
CJIOKHBIX HeJIMHEHHbIX GYHKIMU. VIX BBIPasUTENbHOCTh 00YCIOBIEHA CTPYKTYPOH,
COCTOSTIEH U3 TTEPEMEKAIOTIXCS CJI0EB TTapaMETPOB U HEJMHEHHBIX (DYHKITHIT aKTHBA-
nun. B cBoeli HpiHenHEH hopMe HelipoHHBIe ceTu cytiecTBYIOT ¢ 1980-x rozos, koraa
Jle Ky ¢ KoeraMn yermenrHo o6y Iusan CBEPTOUHYIO HEHPOHHYIO CETh PACTO3HABATH
HaIMCAHHBIE BPYYHYIO MOYTOBbIe HHeKehl. Haunnas ¢ 2012 roga ray6okoe obyuenue
VCTIETITHO TIPUMEHSIIIOCH KO MHOKECTBY 3aj1ad. Barogapst eMy GbLTH TOCTUTHY THI TIepeo-
BbI€ PE3YJIBTATHI B IIEJIOM Psijie 00JIaCTel, BKIIOUask KOMITBIOTEPHOE 3PEHIE, MATITHHBII
MepeBojl, TOHMMAaHNe eCTeCTBEHHOTO 3bIKa U CHHTe3 peun. Ha MoMeHT Hammcanus
3TUX CTPOK TJIybGoKoe obyueHne — Hanbosee ahheKTUBHAS U3 JOCTYITHBIX METOMKA
ANPOKCUMAIUY (DYHKIINIA.

B 1991 roxy dsxepaiba Tesaypo Biepsbie (M BecbMa YCIIEIIHO) IIPUMEHIIT 00ydYeHne
C TIOIKPEIJICHEM, YTOObI HAyYUTh HEWPOHHYIO CEeTh UTPaTh B HAPbI HA MACTEPCKOM
yposHe. Tem e MeHee Jmtib B 2015 rogy DeepMind gocturia mponsBOAUTETBHOCTH HA
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YPOBHE YeJIOBeKa /ISl MHOTUX UTP Atari, KOTOpble [TOJIyYUJId IIMPOKOE PACIIPOCTPAHEHNE
B KaueCcTBE OCHOBHOTO METO/[A AIMPOKCUMAIINH (hYHKIMH B tarHoi obmactu. C tex mop
BCE KPYITHBIE YCTIEXH B 0GYIECHUH C TIOIKPETIJICHIEM CBSI3aHBI C TIPUMEHEHHEM HeIHPOH-
HBIX ceTell /I annpokcuManuy QyHKIui. VIMEHHO 1109TOMY B KHUTE MbI COCPEJ0TO-
YHUITMCH UCKIIOYUTETIBHO HA TIIYOOKOM 06YIEHUH C TIOKPETIICHIEM.

HeiipoHHble ceTr HACTPAUBAIOT (DYHKIIUU, KOTOPbIE SIBJSIIOTCS TIPOCTHIM OTOOPAKEH-
€M BXOZIHBIX JJAHHBIX B BBIXOHBIC. OHM BBITTOJIHAIOT TTOCTIE/I0BATEIbHBIC BEIYNCICHIS
Ha BXO/IHBIX JIAaHHBIX JIJIS TTOJTY4YeHUsT BBIXO/IHBIX IAaHHBIX, 3TOT IIPOIECC N3BECTEH KakK
npsamoti npoxod. OyHKIMS MPeACTABIIETCS KaK KOHKPETHDIH Habop 3HAueHn mapa-
MeTpOB 0 ceTu, roBOpUTCS, UTO (PYHKIUS HapaMeTpusnuposana 0. Pasmuutbie HaGOpbI
MapaMeTpPOB COOTBETCTBYTIOT Pa3HBIM (DyHKITUSIM.

Jliist HacTpoiiKU (HYyHKIMKU TPeOYIOTCS MEeTO, KOTOPbIi OyIeT NPUHUMATh WU TeHe-
PHPOBATh JIOCTATOYHO PENPE3eHTATUBHbII HAGOP BXOAHBIX JaHHbBIX, U CIIOCO0 OLEHKU
BBIXO/IHBIX JJAHHBIX, BBIJIABAEMbBIX CeTbI0. OIEHUTDb BBIXO/IHBIE IAHHbIE MOKHO OJIHUM
U3 ABYX crioco6os. ITepBblil 3aK/II0YAETCSA B MOPOKACHIE «KOPPEKTHBIX> BBIXOIHBIX
JAHHBIX, WJIN [[€JIEBOTO 3HAYEHWUS, JIJIST BCEX BXOJIHBIX JIAHHBIX U OIpeeeHnH (hyHK-
I[[UH [TOTEPH, KOTOPAst U3MEPSIET OMIMOKY MEK/IY TI€JIEBBIMU U BBIJIAHHBIMU CETHIO TIPO-
IHO3HBIMK BBIXOJHBIMU 3HAYEHUSAMU. DTU HOTEPHU AOJKHbI ObITh MUHUMHU3UPOBAHBIL.
Bropoii criocob — HermocpeacTBEHHOE IIPEOCTaBAeHNe B OTBET Ha BCE BXOAHBIE JaHHbIE
OJTHOTO CKAJISTPHOTO 3HAYEHMSI, TAKOTO KaK BO3HATPAXKIEHHUE VI OT/Aud. JTa CKaJsIpHAsT
BeJIMUYMHA IMTOKa3bIBAa€T, HACKOJIBKO XOPOIIHW MJIN TIJIOXW BBIXO/IHBIC JAaHHBIEC CETU, 1 OHA
JOJIKHA 6bITb MaKCUMU3UPOBaHa. OTpI/I]_[aTeJIbHOG 3Ha4YeHUe 9TOU BEJINYNHBI MOKET
paccMaTpUBaThCs KaK (DYHKIIHS TTOTEPb, KOTOPYIO CJIelyeT MUHUMUBUPOBATb.

Ecau 3aparbea pynkuueil norepb, KoTopas olleHUBaeT BbIXO/(HbIE laHHbIE CETH, TO,
MEHSA 3HAUYCHUSA ITAaPpaMETPOB CETH, MOKHO MUHMMU3UPOBATH ITIOTEPU U ITOBBICUTD ITPO-
MU3BOJUTEIBHOCTD. JTOT IIPOIECC U3BECTEH KaK I'PAJIMEHTHDBIN CITYCK, [IOCKOJIbKY Hapa-
MeTPbI U3MEHSIOTCS B CTOPOHY CKOPENTIIETO CITyCKa MO MMOBEPXHOCTH (DYHKIIUN TIOTEPh
B MOUCKAX r106aTbHOTO MUHUMYMa.

[Ipotiecc n3mMeneHus MapaMeTPOB CETU C I[eJIbI0 MUHUMU3AIIUN TIOTEPh U3BECTEH TaK-
e Kak npoyecc obyuenus HeWpoHHOI cetn. B KauecTBe mpruMepa TPEImoa0KuM, 4To
HacTpoerHas GpyHkius f(x) napamerpusuposBaHa Becamu cetu 0 kak f(x; 0). ITycrb
L(f(x; 0), y) — 3apanee 3amarHast QyHKIINS OTEPB, T/IE X M § — ITO BXOJHBIE U BHIXO/I-
HbIE JIaHHBIE COOTBETCTBEHHO. ITporiecc 0OyueHst MOKeT ObITh OTMCAH CJELYIONINM
obpasom.

1. M3 Bcero Habopa JaHHBIX ciydaliHbIM 00pa3oM BbiOupaercs Habop (x, ), pasmep
KOTOPOTO 3HAYMTETHHO MEHBIITE, 4eM pasMep BCero Habopa TaHHBIX.

2. 1lpu npsiMoM TIPOXO/ie MO CETH HA OCHOBE BXOHBIX 3HAUEHUIT X BBIYUCIISIIOTCS TIPO-
IHO3HBIE BBIXO/IHBIE 3HaUeHust § = f(x; 0).

3. Tlo BBIIAHHBIM CETHIO TIPOTHO3HBIM 3HAYCHUSM §J U 3HAYCHUAM Y M3 OTOOPAHHOTO
Habopa JaHHBIX paccunThiBaeTcs GyHKIUs noTepb L(7, y).
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4. B cOOTBETCTBUU C TTAPAMETPAMHE CETH MOJICYUTHIBAIOTCS TPAUEHTHI (YACTHbIE TIPO-
u3BoziHbIe) ByHKIMHI moTeph V, L. CoBpeMenHbie MporpaMMHbie OUOIMOTEKH /s
paboThbl ¢ HelipoHHBIMU ceTsiMu, Takue Kak PyTorch win TensorFlow, BbimosHsiior
9TOT TIPOTIECC ABTOMATHYECKH C TPUMEHEHUEM aJTOPUTMa 06PaTHOTO PacpocTpa-
HEHUsT OIUOKY (YTO M3BECTHO TaksKe Kak autograd).

5. OUTUMHU3ATOP MCIOJAB3YETCsI AJsi OOHOBJIEHUS TTAPDAMETPOB CETH C TIOMOIIBIO
rpaarenToB. Hampumep, onTuMuU3aTop Ha OCHOBE CMOXACMUUECKO20 2DAOUECHINHOZ0
cnycka (stochastic gradient descent, SGD) npoussoaut ciaepyioliee 00HOBIEHME:
0 < 6 — aV, L, rae o — ckangpHoe 3Hauenue ckopocTn obyuenus. bubamorexn
A7t paboThl ¢ HEHPOHHBIMU CETAMHE TIPEAOCTABIAIOT 1 MHOTO APYTUX METOIMK
ONTUMU3AIUH.

ITH maru O6y‘{€HI/IH IIOBTOPAIOTCA, TTOKa BbIXO/[HbIE JaHHBIE CETU HE IIPEKPATAT U3~
MEHATLHCA UJIN (byHKL[I/IE[ ITIOTEPDH HE 6y[[eT MWHHUMMU3NPOBaHa NI CTa6I/I]II/ISI/IpOBaHa, TO
€CTb ITOKa CETb He COﬁﬂeTCH.

B 06yueHnu ¢ NoAKpenieHneM HU BXO/HbIe JIaHHbBIE CETH X, HI KOPPEKTHbIE BHIXOIHBIE
JaHHBIE i U3HAYAJIBHO He AaHbl. Hao60poT, 9T 3HAYEHUs IIOJIyYaIOTCA IPU B3AKMO-
JIeCTBUM areHTa co cpeJoil — 13 HabIo1aeMbIX UM COCTOSHUIL 1 BO3SHATPAKIECHUI.
B o6yueHUE ¢ MOAKPEIJIEHHEM 3TO MPEACTABIsIET 0COOYIO TPYAHOCTD JJisi 00YUeHUsT
HEPOHHBIX CeTell 1 MHOTOKPATHO 00CY K IaeTCs Ha IPOTAKEHIH BCell KHUTH.

CJI03KHOCTH reHepalluy U OLEHKU JIAHHbIX BbI3BaHA TEM, UTO HacTpauBaeMble (PyHKIINT
TeCHO cBs3aHbl ¢ 1uKkJaoM MIITIP. Arent u cpega 0OMEHMBAIOTCI UHTEPAKTHUBHBIMU
JQHHBIMU, U B CUJTY CBOEH TIPUPOJIBI TOT TPOIIECC OTPAHUYEH BPEMEHEM, HEOOXOIMMbIM
Ha TO, YTOOBI areHT IPOU3BEJI AeHCTBIE, a cpe/ia BbiojHuIa nepexo. He cyiecryer
OBICTPOro c110c0o0a OPOKAEHNS JaHHbIX /i1 00yYeHUs — areHT JOJIKEH IIPHoGpeTaTh
OITBIT HA KaykoM trare. HakorieHe TaHHBIX U UK 00yUeHMsT TIOBTOPSTIOTCS, Ha Kask-
JIOM Ii1are 00y4eHust IIPUXOUTCS J0KUAATC, I0KA HOBbIE JJaHHbIe He OyyT cOOpaHbl.

Bouee Toro, Tekyiee cocTogHME Cpeibl U MPEAMPUHSATHIC areHTOM JACHCTBUS BIAUSIIOT
Ha TIOCJe/IYI0IUe COCTOSIHI, HabmogaeMbie M. V13-3a 5TOro cOCTOSIHMS U BO3HA-
IPasKACHUS B JIFOOOH MOMEHT 3aBUCIT OT COCTOSTHUIN M BOZHAIPAsKACHWIT Ha MIPEIbILY-
NIUX Tarax. JTo HapylIaeT Jexaliee B OCHOBE TPAIMEHTHOTO CITYCKa TIPEIIOI0KEeHNE
0 TOM, UTO JIaHHbIE HE3ABUCUMBI U OIMHAKOBO pactpeesensl (i.i.d). ITo MoxeT, B ¢BOIO
ouepe/ib, OTPUIATENBHO CKAa3aThCsI Ha CKOPOCTH, C KOTOPOW CXOJIUTCS CETh, U KAUeCTBE
KOHEYHOTO Pe3yJIbTaTa. SHAUNTEIbHbIE YCUITHsT ObLIN MOTPAYEHDI Ha UCCJIEIOBAHUS TIO
MUHUMM3AIUY JaHHOTO a(h(DeKTa, HEKOTOPBIE 13 METOIUK 00CYKAAIOTCS Jaiee B ATOi
KHUTE.

Hessupast Ha 5TH TPyAHOCTH, T1ybokoe obydenne — ahPeKTUBHAT METOANKA aTl-
npoxkcuManuu GyHKIwiL. [t IpeoioJIeHUsT CJIOKHOCTH €0 TPUMEHEHS K 00YUeHUT0
C MOJIKPeTJIEHneM TPUJIETCA IOTPYAUTHCS, HO YCUIIHS He TIPOTALYT AapoM, Bellb OT/[aua
3HAYUTEJIBHO [IPEBLIIIAeT U3/ICPHKKHU.
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1.6. Oby4yeHune c noagKpeneHnem
n obyyeHune C yuntenem

B ocHose 11y6oKoro o6ydeHust ¢ MOAKPENIEHIEM JIEKHUT alllpoKcuManust GyHKIUA.
ITO TO, uTO OOBEAUHIET ero ¢ oOydeHueM ¢ yuureyneMm (supervised learning, SL).
Omako MexIy 0OydeHreM ¢ TIOKPETUIEHIEM 1 00YIEeHNEM C YIUTETEM ECTh HECKOIBKO
paznnunii. Tpu OCHOBHBIX ITepeuncIeHbl Jajee:

® OTCYTCTBHE OpaKyJ/a’;
@ paspekeHHOCTb 00PATHOI CBSI3H;

® TeHepalysl JaHHBIX BO BPeMsi 00yUeHUsL.

1.6.1. OTcyTCTBME OpaKyna

[aBHOE paszindue Mexy 00yUIeHNEM C TIO[KPEIIEHIEM U C YIUTEEM B TOM, YTO B 3a-
nagax 00yueHUst ¢ MOAKPENJIeHUEM He I BCEX BXOAHBIX JAHHBIX MOJCIH UMEIOTCS
KOPPEKTHBIE OTBETHI, TOT/IA KaK B O0YUEHUN C YUUTETEM JIJIs JT0O0TO TPUMepa CyTile-
CTBYET MPABUJIbHBIN UM ONITUMAJIBHBIN OTBET. B 00yUeH! ¢ TIOKPEIIEHHEM aHAJIOTOM
KOPPEKTHOTO OTBETa GY/IET IOCTYII K OPAKYJTY, COOOIIAIONEMY, BBIOOP KAaKOTO ACHCTBUS
Ha Ka)kK[IOM Irare OyeT HauaydIiiM /I OIITUMH3AIINH [[eJIeBOI (DYHKIIUN,

B nipaBrsibHOM OTBETE MOKET OBbITh TIepeaHo GOJIBIIOE KOJTIMYECTBO HHPOPMAIIUHU O Te-
KyIIeM ITprMepe U3 TaHHBIX. K mprMepy, KOPPeKTHBIN OTBET /I 33/1a4 KIaccudurannm
CO/IepKUT MHOTHE GUTBI mHOpMaIK. B HeM He TOJBKO COODIIAETCs O MPABUILHOM
KJIacce [T KasKZ0To TIpUMepa, HO 1 TTI0/IpasyMeBaeTcsl, UTo 9TOT TIPUMep He OTHOCUTCS
HU K OJTHOMY ApYyroMy Kiaccy. Ecin B oT/ieIbHO B3ATOH 3a/1aue KIacCu(pUKanum ecTh
1000 x1accos (kak B Habope nanubix ImageNet), orBer cogepxut o 1000 6ut urdop-
Marun Ha Kax/apii npumep (1 monoxutemrproe n 999 orputiatesnbHbix 3HaueHuit). bosee
TOTO, TIPABUJIBHBIN OTBET HE 00sI3aTEJILHO SIBJISIETCSI KATETOPUEi WU BENleCTBEHHBIM
YUCIOM. ITO MOKET OBITH KaK OrPAHUUYMBAIONINI TIPAMOYTOJIBHUK, TAK U CEMaHTUYE-
cKoe pasbuene — 1 TO U PYTOe COAEPIKUT GOTBITOE KOTMIECTBO OUTOB UH(MOPMAITHIT
0 PaccMaTpUBAEMOM IIPUIMEPE.

B oOyuenu ¢ TOAKPeIIeHneM areHTy TIOCIe TOTO, KaK OH TIPEANPIHSLT EHCTBYE a B CO-
CTOSIHUH $, IOCTYTTHO TOJIBKO TIOJyYeHHOE UM BO3HATPasK/eHUE. AT€HTY He coo0ImaeTcst,
Kakoe JieficTBue onTuMasbHoe. Harpotus, mocpescTBoM BO3HATPAKICHUS €My JIUIIIb
YKa3bIBAETCSI, HACKOIHLKO XOPOIITHM HJIH TIOXIM OBLITO @. [IOMIMO TOTO UTO 9TO yKa3aHue

! B coobmecte N miobsiT cokparienust. VIx GyeT MHOr0 — MOYTH Y BCEX aJITOPUTMOB U Ha-
3BaHUIT KOMIIOHEHTOB €CTh aGOPEBUATYPBI.

2 B KOMTBIOTEPHBIX HAYKAX OPAKYJT — HTO TUTIOTETHYECKIH YePHbIH SATINK, TAIOTINH KOPPEKTHBIE
OTBETHI HA 33/IaHHBIE BOTIPOCHI.
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COJIEPKUT MeHbIIle MHMOOPMAIINH, YeM PABUIbHBIN OTBET, ar€HT YYUTCS HA BO3HA-
TPKICHUSIX, TIOJYYEHHBIX TOJBKO B TEX COCTOSHUAX, B KOTOPBIX OH MOGbIBa. UTOOb!
MIOJTIYYUTh 3HAHUS O (S, @, '), EMY HY>KHO COBEPIIUTH TIEPEXO/L (S, @, 7, s"). Y areHTa MOKeT
OTCYTCTBOBATh MH(MOPMAIINST O BAXKHBIX YACTSIX TPOCTPAHCTB COCTOSTHUI U IEHCTBUIT TIO
TOI IIPOCTOI TPUYNHE, YTO OH C HUMU He CTAJIKUBAJICSI.

Onue 13 crtoco6oB PerieHust 3TOH TPOOJIEMbl COCTOUT B UHUITUATU3AINN SITH30/[0B
TaKUM 00Pa30M, YTOOBI OHU HAYUHAUCD C COCTOSTHUIA, KOTOPBIE aT€HTY HY/KHO U3YUYUTh.
O/HAKO ATO HE BCer/ia BO3MOKHO T10 IBYM TIPUYUHAM. BO-11epBbBIX, MOJKET OTCYTCTBOBATD
MOJTHBIN KOHTPOJIb HAJl CPENON. BO-BTOPBIX, COCTOSIHUST MOKET OBITH ITPOCTO OIHUCATH, HO
TPYAHO UAEHTU(DUITUPOBATH, PACCMOTPUM CUTYAIINIO, KOT/IA YeJIOBEKOTIOI0OHBIN POOOT
yuuTCs fe1aTh 06paTHOE caabTo. YTOOBI TOMOUb aTeHTY Y3HATh O BO3HATPAKICHUN 34
YCIEITHOe TPU3eMJIeHIE, MOKHO HHUATMATIU3UPOBATh CPE/Y TaK, 4TOOBI OHA 3aITyCKaIach
cpasy 1mocJie TOro, Kak Horu po6oTa BOUIYT B KOHTAKT € MOJIOM MOCJIE YIAYHOTO CAJIbTO.
3uanne GyHKIUYA BO3HATPAKICHIS B 9TON YaCTH TPOCTPAHCTBA COCTOSHUN KPUTUYHO,
MOCKOJIBKY 371€Ch POOOT MOKET KaK yepPsKaTh PABHOBECUE U YCIIENTHO BBIMOJHUTH CAJlb-
TO, Tak ¥ ymactb. OJHAKO JIJisI MHUIMAIU3Auu poOOTa B IAHHOW MO3UIIUH TPeOyeTcst
OTIPE/IETUTh TOYHBIE YIJIOBbIE KOOPAWHATHI M CKOPOCTH KaK0TO U3 €r0 CyCTaBOB WU
TIPUJIOKEHHYIO CHJTY, @ 3TO HenpocTo. Ha mpakTuke areHTy /i I0CTUKeHUs TaHHOTO
COCTOSTHMSI HY>KHO BBITIOJIHUTD OYeHb KOHKPETHYIO JVIMHHYIO 1T0CJIe/[0BaTeIbHOCTD Jleii-
CTBU, 4TOOBI C/IEIATh TIEPEBOPOT U TIOUTH MTPU3EMIIUTHCS. V1 HET rapaHTHM, UTO areHT
HAy4YNTCS /Ies1aTh 3TO, TaK YTO JJaHHAsI 4aCTh IMTPOCTPAHCTBA COCTOSTHUH MOKET OKa3aThCs
TaK U He 1CCJIel0BaHHOM.

1.6.2. Pa3pexeHHOCTb 0bpaTHOM CBSA3M

B o6ydennu ¢ mogkperienreM (pyHKIMs BO3HATPAKICHII MOKET ObITh PAa3pesKeHHOII,
TaK YTO CKaJIspHAs BeJIMYMHA BO3HATPAKIECHUS YaCTO paBHA HYJII0. ITO 03HAYAET, YTO
areHT GOJIBINYIO YACTh BPEMEHH He ToJydaeT nHGOPMAIUU O TOM, KaK U3MEHUTH Ta-
paMeTpbl ceTH, YTOOBI ONTUMU3UPOBATD €€ MPOU3BOAUTENHLHOCTh. CHOBA PacCMOTPUM
poboTa, sesaioniero o6paTHOE CaIbTO, U TPEANOIO0KUM, YTO AaTEHT TT0JAyYaeT HeHyJIe-
Boe Bo3HarpaxaeHue +1 ToJbKO 1oce KaxkJA0ro YCHENIHOTO BhIIIOJHEHUS TPBIKKA.
[TouTn Bce npepnpuHUMAEMble UM JICHCTBUS IIPUBEIYT K OTHOMY U TOMY JKe HyJIEBOMY
BO3HATPAKAEHUIO OT CPejibl. [Ipu Takux 06CTOSITEbCTBAX 00YU€EH e YPE3BBIUAITHO 3a-
TPY/HEHO, TIOCKOJIbKY areHT HE MOJIYYaeT HUKAKUX YKA3aHUN O TOM, CIOCOOCTBYIOT JIN
€r0 IIPOMEKYTOYHbIE IeHCTBUS JOCTIKEHUIO e/, B 00yuyennn ¢ yuureemM HeT Takoi
po6JIEMbI — BCEM BXOJIHBIM IIPHMEPAM COOTBETCTBYIOT JKEJTAEMbIE BHIXO/[HbIE 3HAYEHIISI,
B KOTOPBIX TepeiaeTcst MHMOPMAIIUS O TOM, KaK CeTh JJ0JKHA paboTaTh.

PaspexeHHoCTh 06paTHOII CBI3U BAOOABOK K OTCYTCTBUIO OPaKyJia O3HAYAET, YTO B 00-
YUYEHUH ¢ MOAKPEIJIEHUEM Ha KasKIOM Iare U3 Cpeibl OyIeT MOoIyYeHO HAaMHOTO MEHbIIIE
nHOOPMAIHK, YeM B TPEHHUPOBOYHBIX IIPUMepax IIpu 00y4YeHuu ¢ yuuresneMm. B pesyiib-
Tare aJIrOPUTMbI 00YUEHUS ¢ OAKPEIIEHNEM NMEIOT TEHIEHIIUIO K IOy YeHII0 TOPasio
MeHblel 9p(GEeKTUBHOCTU BEIOOPKHU TIPELEAECHTOB U3 CPEIb.
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1.6.3. 'eHepauuna AaHHbIX

B o6yuennn ¢ yauTesreM fanHbIe 0GBIYHO TEHEPUPYIOTCS HE3ABUCHMO OT 00YUIEHUS alro-
putM™a. JleiicTBUTEHHO, EPBBIM IMATOM TIPUMEHEHUST 00yIEHH ¢ YIUTETEM K 3a1aue
GyZIeT MOMCK MJIW TTOCTPOEHHE XOPOIIero Habopa AaHHbIX. B 00y4ennu ¢ nogKperienuem
JaHHbIE JOJKHBI IOPOKAATHCS IIPH B3aNMOJIEICTBAN areHTa CO CPENoil. ITH JaHHbIe
B GOJIBIINHCTBE CIy9aeB FeHEPUPYIOTCS B X0z 00YY9EHUsT UTEPATUBHO, ¢ YePeIOBAHIEM
MEPUOI0B HAKOTLIEHWS JAHHBIX 1 00yueHns. Mexay moTydaeMbIMUA TaHHBIMA U Pa-
6OTOI aATOPUTMa CYIIECTBYET B3aMMOCB3b. KagecTBO aNropuT™Ma BIMSET Ha JaHHbIE,
Ha KOTOPBIX OH 00yYaeTcst, a OHU, B CBOIO 0Y€PE/Ib, BINUSIOT HA TIPOM3BOANTEIBHOCTD
anroput™a. B o6ydernnu ¢ yauresiem HET 3TOH MUKJIMIHOCTH 1 He TpeGyeTcst TOBTOPHAST
rerepaitus BbI6opok (bootstrapping).

Kpowme toro, RL nHTEepakTBHO: BBITIOJTHEHHbBIE aT€HTOM JIeHCTBUSA (haKTUUECKU TPAHC-
(hopMUPYIOT cpejy, KOTOpas 3aTeM U3MEHSIET PELICHUsI areHTa, KOTOPbIe TTPeobpasyoT
JIaHHbIE, HAOII0/IaeMbIe aTEHTOM, U T. JI. DTOT IUKJ 0OPATHOI CBSI3M — OTJIMYUTEIbHAS
0cob6eHHOCTh 06yUYeHUs ¢ MoAKperieHneM. B 3ajiaqax o6ydeHust ¢ yunTeseM aToro
I[IMKJIA HET, KaK HET U OHATHs, 9KBUBAJIEHTHOTO areHTY, CIOCOGHOMY U3MEHSTh JIaHHbIE,
HA KOTOPBIX 00YYAETCST aJITOPUTM.

[Mocentiee, MeHee 3HAYNMOE PA3TNINE MEKITY 00YIEHIEM C TIOMKPETIEHHEM 1 C YUIH-
TeJIeM COCTOUT B TOM, UTO B TIEPBOM HEIPOHHBIE CETU HE BCET/IA YUaTCs ¢ TIPUMEHEHUEM
byHkIUN TOTEPD, NCTIOIB3yeMOIl B paciio3HaBanuu. [losyyaembre 13 cpezibl Bo3Harpa-
JKIICHUST IPUMEHSIIOTCS He JIJIsT TOT0, YTOOBI MUHUME3HPOBATh OMIMOKY, 00YCJIOBICHHY IO
Pa3HUIIEN MEXKIY BBIXOAHBIMU TAHHBIMU CPEJIbI 1 JKEJTAEMBIMU I[eJIEBBIMU 3HAUEHISIMHU,
a TSI IOCTPOEHUS T1eIeBOI (PyHKIINN, MAKCUMU3UPOBATh KOTOPYIO 3aTE€M YUHUTCS CETh.
TeM, kTO U3y4yay 06yueHre ¢ yIUTeaeM, TTOHAYATY 9TO MOKET MOKA3aThCST HEMHOTO
CTPaHHBIM, HO MEXaHU3M ONITUMU3AIHH, TI0 CYTH, TOT K€ caMbIil. B 06onx ciydasx ma-
paMeTphl CETH HACTPAUBAIOTCS C TIEJIbI0 MAKCUMU3AITUN WJIN MUHUMU3AITUN HEKOTOPOI
dynakimn.

1.7. Pe3iome

B aroii raBe gano onucanue 3agad o0ydeHus ¢ MOAKPEILIEHIeM Kak pabOThI CHCTeM,
COCTOSIIIMX M3 areHTa U CPejibl, KOTOPbIe B3aUMOJAEHCTBYIOT U 0OMeHuBaroTcs MHMOP-
Mallueil B BUJie COCTOSIHUH, IEUCTBUI U BO3HArPAXKIEHUI. AreHTbl y4aTcs IeiCTBOBATD
B cpelie C IIOMOIIbBIO cmpamezuy Tak, 4ToObl MAKCUMUBUPOBATh OKHUIAEMYIO CYMMY
BO3HATrPaKJICHWH, KOTOpast SIBJISETCS UX 1eeBoi (pyHkimeit. C mpuMeHeHneM 9THUX T0-
HATHIL OBLIO TOKA3aHO, KaK 00y4eHte ¢ IIOAKPEILIEHNEM MOKET OBITh C(HOPMYIUPOBAHO
B Busie MIIIIP, B mpeamnosioskennn, uTo (yHKITNS TEePEX0/I0B CPEbl MMeeT MapKOBCKOe
CBOWCTBO.

OTIbIT, TTIOJIYYEHHDII aT€HTOM B CPEJIe, MOKET OBITh UCTIOJIB30BAH JIJist HACTPOIKH (DyHK-
1[I, KOTOPbIE TOMOTAIOT areHTy MAaKCUMHU3UPOBATh 11eJIeBYI0 (hyHKIMIO. B yacTHOCTH,
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GBITIM PACCMOTPEHBI TPH OCHOBHBIE HACTparBaeMble (DYHKITMH B 00YIEHUH € TOIKPETLIe-
Huem: cmpamezuu 7i(s), pynxuuu noresnocmu V'(S) u Q(s, @), a raxske modenu P(s'| s, a).
B 3aBucuMocTH OT TOrO, Kakyio U3 9TUX (DYHKIMIT HACTPAUBAET areHT, AJITOPUTMBI
ray6oKOTO 06YUEHUS ¢ TOAKPEIIEHHEM MOTYT GbITh Pas/ieJIeHbl HA OCHOBAHHBIE Ha
CTPATETHH, MOJIE3HOCTH U MOJIEIIN CPEIbl IMO0 KOMOUHUPOBaHHBIE. VX MOJKHO TaksKe
Pa3IesuTh HAa KATETOPUU B COOTBETCTBUU C T€M, KaK TIOPOK/IAIOTCS TPEHUPOBOUHBIE JIaH-
Hble. B asroputMax 06yd4eHust TI0 aKTyaTbHOMY OIBITY MCIOIB3YIOTCS TOJIBKO JJAHHbIE,
CTEHEPUPOBAHHBIE TEKYIIEH CTpaTerueil, B arOpuT™Max 0OyUCHUST MO OTIOKEHHOMY
OIIBITY MOTYT IPUMEHSATHCS TAHHbIE, MTOPOsKACHHbBIE JII0O0I cTpaTerueii.

Bkpatiie ObLIM paccMOTPEHBI IIPOIECC 0OyYeHH B TIIyOOKOM 00y4EeHUN ¢ MOAKPeILie-
HHUEM U HEKOTOPbIE U3 PasIMyuil MKy 00yUeHeM ¢ MMOAKPEIIEHueM U 00ydeHeM
C YUUTETIEM.



Yactb I

ANropuTMbl, OCHOBaHHbIE
Ha CcTpaTernax
N NONE3HOCTAX



REINFORCE

B 1011 raBe npezicTaBiieH nepBblii 13 OMUChIBaeMbIX B KHuTe anroputMoB, REINFORCE.

Asroputm REINFORCE 6611 ipesiosker Ponasbaom JIxk. Busbsamcom B 1992 oy
u onucaH uM B cratbe Simple Statistical Gradient-Following Algorithms for Connectionist
Reinforcement Learning'. AnTTOpuUTM CTPOHT MapaMETPU3UPOBAHHYIO CTPATETHIO, KOTOPAsT
MOJIyYaeT BEPOSITHOCTH AE€HCTBUI MO COCTOSIHUSIM CPeJlbl. AT€HTBI HEITOCPECTBEHHO
UCTIOJIB3YIOT ATY CTPATErHIO, YTOOBI IEHCTBOBATD B CPEJIE.

OCHOBHO#1 CMBICJI 3aKJIIOUAETCSI B TOM, YTO BO BpeMsi 00yUeHuUst IefiCTBUsI, KOTOPBIE
MPUBOJIAT K XOPOIIUM Pe3yJIbTaTaM, JOJKHBI KMETh OOJIBIITYI0 BEPOSITHOCTh — OHU I10-
JIOAKHUTENBHO 00Kpenisiomcs. B IpoTHBOBEC 5TOMY A€CTBU, TIPUBOASIINE K IJIOXUM
pesyJibTataM, I0JIKHbI UMETh MEHBIIYI0 BEPOATHOCTh. Eciiu oOydeHune yCIenHo, To 3a
HECKOJIbKO UTepaInii pactpe/ieieHue oTyIeHHbIX CTPaTerneil BEpOsITHOCTEN eicTBI
CTaHEeT TAKUM, KOTOPOE IPUBOJIUT K TIOBBIIIEHUIO IIPOU3BOIUTENBHOCTH B cpejie. Bepo-
STHOCTU JIEUCTBUI NU3MEHSIIOTCSI B COOTBETCTBUY C IPA/IUEHTOM (DYHKIIUU CTPATETHH,
B cBasu ¢ yeM REINFORCE usBecren Kak anzopumm zpaduenma cmpamezui.

I_[]IH 9TOTO aJIrTOpUTMa H€O6XOZII/IMO HaJIM4ne TpeX COCTaBJIATONINX:

® [1apaMeTpPU3NPOBAHHON CTpATEeruy;
® MaKCUMM3UPYeMOH 1esieBoil (hyHKIINY;

® Mero/1a OOHOBJIEHUS TTAPAMETPOB CTPATETUH.

B pasnene 2.1 npencraBieHbl apaMeTpU3UpPOBaHHbIC cTpaTeruu. Jlasee, B paszee 2.2,
06CyKIAIOTCST QYHKIMN, OTIPEEIISIOIINE OIIEHKY Pe3yJIbTaToB jAeiicTBuil. B pasmere 2.3
npuBeneHa ocHoBa anroput™Ma REINFORCE — rpaanent crpaterun. OH mpefocTaBiseT
crocob BBIYUCIECHS TPIHEHTa TIeJIeBOH (hYHKITHH O TTapaMeTPaM CTPaTErni. ITO BakK-
HEHNIINii aTam, MOCKOJbKY C MOMOIIbIO IPAJMEeHTA CTPATETUN TAPaMeTPhI MOCJIeIHEeN
npeoOpasyIoTCs A1 MAKCUMU3ALNI HEJeBON (DYHKIMH.

TTocsie 3HAKOMCTBA € AJITOPUTMOM B pasjiesie 2.5 00CyKAAI0TCSI er0 OTPAHUYEHUST 1 BBO-
JISITCSI HOBBIE CTTOCOOBI TIOBBIIIEHMSI TPOU3BOAUTETBHOCTH (CM. TIozipasaes 2.5.1).

B KomI1e rJ1aBbI IPUBE/EHBI [IBE PeasIN3ali 9TOr0 aJArOpUTMA: TIepBast KOPOTKasi U CaMo-
JIOCTaTOYHAsL U BTOPas, IOKa3bIBAIOIAsl, Kak OH BbiloaHeH B SLM Lab.

1 «IIpocTble rpaeHTHbIE AJITOPUTMBI JJist HEIPOCETEBOTO 00OYUEHUS C TIOAKPEILIEHHEM> .
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2.1. CtpaTterud

Crparterust T — 970 (hYHKITHSA, OTOOPAIKAIONIAS COCTOSIHIS BEPOATHOCTH JIEHCTBHH, KOTO-
pble UCIIOAb3YIOTCA 1151 BbiOopa aeiicTBust a ~ 1(s). B REINFORCE arenT HacTpausaer
CTPaTeTrHIo 1 C ee TIOMOIIBIO JIEHCTBYET B CPeTIe.

OnrtuManabHa Ta cTpaTerus, KOTopas MaKCUMU3UPYET CyMMapHOe IMCKOHTHPOBAHHOE
Bo3Harpaxkaenne. OCHOBHOM CMBICJ aJITOPUTMA — HACTPOUTH XOPOIIYIO CTPATETHIO,
a 3To TojpazyMeBaeT amnrpokcumanuio pyukiuu. Heiiponnbie cetu — 9 heKTUBHbBIN
U TUOKUI METOJT ATIIPOKCUMAITIH (DYHKITUH, TaK 4TO CTPATETUST MOKET OBITD ITPEICTAB-
JieHa KaK Try00Kast HEHPOHHASI CETh, OMIPeiesisieMast HACTPAUBAEMbBIMHE TTapaMeTpamu 6.
Takne ceT 4acTO Ha3BIBAIOT CETAMM CTPATErHH T,. [0OBOpPUTCA, 4TO CTpaTerus napame-
TpusuposaHa 0.

Kask/1p1it KOHKpeTHbIiT Habop 3HAYeHHIT TapaMeTPOB CETH CTPaTeTHH MPe/ICTaBIISAET OT-
JleJIbHyI0 cTpaTteruio. YToObl yBUIETD, TIOUeMY TaK MPOUCXOIHT, PACCMOTPUM CJIydail
0, #6,. 1151 moboro AHHOTO COCTOSHNUS S Pa3HbIe CETH CTPATEINH MOTYT BEPHYTh Pa3-
HbIe HabOPbI BEPOATHOCTE! ICHCTBHIL, TO eCTb Ty, (s)# T, (). Orobpaskenus cocrosuuii
B BEPOATHOCTH [IEHCTBUI Pa3/INYaIOTCsl, HOITOMY TOBOPHUTCS, UTO My U Ty — Pa3Hble
crpaternu. Cres0BaTebHO, OHOI HEfPOHHOI CeThI0 MOTYT OBITH IPe/ICTABJIEHBI He-
CKOJIbKO Pa3HbIX CTPATErHii.

B rakoii (hopmympoBKe mporiecc HaCTPONKU XOPOIIel CTPaTermu COOTBETCTBYET I10-
ncky Habopa ONTUMAIbHBIX 3HaYeHUH /ist 0. [109TOMY BaskHO, 4TOOBI CETh CTpPATErHH
6bna muddepentupyemoit. B pasaene 2.3 Gyzer mokaszaHo, Kak CTpaTerus MOKeT ObITh
yJIydilieHa oCPe/ICTBOM TPAJIMEHTHOTO MO//beMa B IPOCTPAHCTBE TIAPAMETPOB.

2.2. LleneBas dyHKUMS

B aToMm pasnere maHo ompezesnenue 1exeBoil GYHKIINU, KOTOPas MAKCUMUBUPYETCs
areatoM B asroputMe REINFORCE. [leneByio dhyHKINIO MOKHO TOHUMATh KaK 11€Jh
arenTa — mobe/ia B UTPe WK TOCTIKEHNE HanOOJIBIIET0 BOSMOKHOTO cyeTa. CHavdasma
BBOJIUTCS TIOHSITHE OTAAYH, KOTOPAs MOACYNUTHIBAETCS IO TPAEKTOPUU. 3aTeM OTAava
HCTTIOIB3YETCS JITTsT TOTO, YUTOGBI OTTPE/ICUT T[eTh.

Kaxk BbI momuure U3 riasbl 1, 1elicTBYIONIUIL B Cpejle areHT MOPOXKIAET TPAEKTOPUIO,
COCTOSIIITYIO U3 TIOCJIEIOBATEIbHOCTY BO3HATPAKAEHUN BMECTe C COCTOSTHUSIMU U Jieii-

crBusaMu. Tpaekropus 0603HAYACTCA T = S, Ay, Ty Spy Oy Ve

Orpava o tpaekropun R (T) onpezensgercs Kak JUCKOHTUPOBaHHas CyMMa BO3Harpa-
K/ICHWH, HauHAas ¢ T1ara ¢ ¥ 10 KOHIIA TPAeKTOPHH:

R(t)=>7y""r. (2.1)

t'=t
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3ameTbTe, uTO B ypaBHernu (2.1) BbrumciieHrie CyMMbI HAUMHAETCS C 11ara ¢, Ho TIoKa3a-
TeJb CTETIeHN TP Koa(dUIINeHTe Y IPU TTO/ICUEeTe OT/Iaul HaumHaeTcs ¢ HyJisd. HysxHo
y4JecTb 9TO B TTOKa3aTesie CTeNeHN Ha TIare ¢ ¢ TIOMOIIBIo ¢ — £.

Korma ¢ = 0, oTaua mpocTo pacCUMTBHIBAECTCS [IJIsSI TOJTHOW TPAEKTOPUH. ITO KPATKO
3anmucbiBaeTca Kak R (T) = R(1). Ilenesas @ynxuus — 570 oxupaemMas oTaqa 1m0 BCeM
MTOJTHBIM TPAEKTOPUSIM, TOPOKIEHHBIM areHToM. OHa oTpeiesisieTcsl ypaBHEHUEM:

J(7)=E._ [R(x)]=E, iv’n . (2.2)

Ypasuenue (2.2) raacut, 4TO OKUJIAHNE BLIYUCIISIETCS 110 MHOYKECTBY TPAEKTOPUI, BbI-
OPaHHBIX 110 CTPATErNH, TO €CTh T ~ ;. MaTtemaTnueckoe oKuanme Tem OJike K MCTHH-
HOMY 3HAYEHUIO, 4eM GOJTbINe MPIMEPOB OBLIO HAKOTLIEHO, U OHO CBSI3aHO ¢ KOHKPETHO
UCIIOIb3yEeMO cTpaTernen .

2.3. [pagneHT cTpaTeruu

MbI onpesesnim cTpaTeruio T, u HesieByto GyHKimio J(1,) — KIoYeBbie KOMIIOHEHTbI
anroputMa crparerun. CTpaTernst peoCTaBIsieT areHTy crnocod AeiCTBIH, a TiereBast
(yHKIINSA — T1€7Th, KOTOPYIO HY>KHO MAaKCHMU3UPOBATh.

HOC]IGI[HI/II‘/JI KOMIIOHEHT 9TOTO aJITOPUTMa — I'PAJIUEHT CTPAaTEru. (DOpMaJIbHO TOBOPUT-
Cs, 9TO aJITOPUTM I'PaJIMEHTA CTPATETNN PEHIACT COACAYIOMIYIO 3a/lavy:

max J (m,)=E,_, [R(7)]. (2.3)

qTO6bI MaKCUMU3NPOBATh IEJEBYIO (l)yHKLII/IIO, BbITIOJTHUM I‘paZII/IeHTHbHL/,I II0/IbEM ITO0
mapameTrpam ctpaternu 0. Kak BbI MOMHUTE W3 Kypca BBICIIEH MaTeMaTUKHU, TPaJii-
€HT yKa3blBaeT HaIlPaBJIeHUE CKOpeliiiero Bo3dpacranust GyHKIwH, YToObI YIydIIUTh
3HaUYeHue 1eJIeBOi (byHKI_[I/II/I1, BBIUMCJINM TPAJAUEHT U IIPUMEHUM €r0 I 0OHOBJICHUS
napamMerpos

0« 0+ av, J(m,). (2.4)

' Ienesyio dynkiuio J (7, ) MOKHO paccMaTpuBaTh Kak aGCTPaKTHYIO THITEPIIOBEPXHOCTD ¢ O
B KayeCcTBe MePEeMEHHBIX, Ha KOTOPOIi MBI IBITAEMCS HAUTH TOUKY MaKcuMyMma. [ nmeproBepx-
HOCTB — 9T0 060011IeHTE OOBIYHOIT IBYMEPHOU TOBEPXHOCTH, TPUHAJIEKAIIIEN TPEXMEPHOMY
IIPOCTPAHCTBY B BBICIINX M3MePeHUsX. [ nieprnoBepxHocTb n3 N-MepHOTO ITPOCTPAHCTBA — 9TO
00bekT ¢ N — 1 usmepeHusiMu.

OGparute BHUMaHUE HA TO, YTO HTOT HAPAMETP MOKET ObITh IIOJNYUYEH € OMOLIBIO JH00TO
TOXO/IANIETO ONTUMHU3aTOPa, KOTOPBIN MpuHMMaeT Ha Bxoze V, J(T,).
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B ypasaenun (2.4) o0 — ckajspHas BeJIMYMHA, KOTOPasl U3BECTHA KaK CKOPOCThb 00-
yueHHs U KOTOpasi KOHTPOJIUPYeT cTelleHb 0OHOBIeHus napameTpos. Yunen V, J(m,)
HaszbIBaeTCs zpaduenmom cmpamezuu. OH ONPEETSIETCS YPABHEHUEM:

vej(n9)=E1~n9 iRt (T)VG logn9<al|st) . (25)

3nech wieH my(a, | s,) — 970 BEPOSITHOCTD AEHCTBHS, PEANPUHSITOrO areHTOM Ha Iifare Z.
JleiicTBue BBIOPaHO 110 cTpareruu, a, ~ m(s,). [IpaBas yacTh ypaBHeHUs yTBEpKIaCT,
4TO rpajienT 1o 6 jorapudma BEpOATHOCTH AEHCTBUA yMHOKaeTCA Ha oTaaqy R (T).

Coracno ypaBaenuio (2.5) rpaiueHT 1esieBoil (hyHKINU SKBUBATEHTEH O/KUIAEMOT
CyMMe TPaJIueHTOB JIOTapU(PMOB BEPOATHOCTEl eI CTBUIT @, yMHOKEHHBIX Ha COOTBET-
cTByIomue oTaaun R (7). [Tormbnit BRIBOI 9TOTO ypaBHEHNA IpUBEeH B mofpasaene 2.3.1.

I'pasuenT crpateruu — 3T0 MEXaHU3M, C TIOMOIIBIO KOTOPOTO U3MEHAIOTCS BEPOSTHOCTH
NeHCTBI, IT0/Ty4eHHbIX 110 cTpaTernu. Ecim otaaya R (T) > 0, To BEPOATHOCTD AefCTBUA
m,(a,|s,) pacrer, u, nao6opor, ecau R(t) <0, To ymenbinaercst. B xoze Muorux oGHosize-
Huli (cM. ypaBHenue (2.4)) cTpaterns HacTParBaeTCs TIPOU3BOIUTH JAE€HCTBUSA, KOTOPBIE
BeyT K GosbieMy 3nadeHuio R (T).

Ha ypasHenunu (2.5) ocHoBanbl MeTojbl rpaguenta crpateruam. REINFORCE 6bun
MIEPBBIM AJTOPUTMOM, B KOTOPOM HCITOJIB30BAJIaCh MpocTeiiiias (hopMa aToro ypaBHe-
Hust. TTosske Ha ero ocHOBe OBLIN OCTPOEHBI AITOPUTMBI (r1aBbl 6 1 7) ¢ GoJiee BBICOKOI
MPOU3BOAUTETBHOCTBIO, IOCTUTAEMON 3a CYET TIPUMEHEHUs TIPeoOPa3OBAHU TIETEBOIT
ynkiuu. Tem He MeHee ocTaeTcs MOCEHIIT BOIIPOC: KAK PEATN30BATD U PENTUTD HIe-
aJbHOE YPaBHEHUE JIJIST BBIYMCJICHUS IPAJINEHTa CTPATETH .

2.3.1. BoiBOA popMynbl AN rpagueHTa rno cTpaTternsam

3/1ech MBI BBIBOJIUM TPAUEHT cTpaTeruu (CM. ypaBHeHwue (2.5)) U3 rpajueHTa meaeBoi
dbyukmuu (ob6paTrTe BHUMaHWE: TPU TIEPBOM TIPOYTEHUH HTOT PA3IET MOYKHO TIPOITY-
CTUTD):

Vo (m) =ViE,_. [R() ] (2.6)

[Tockombky R(‘t) = ZIT: Oy’ ¥, HeBO3MOKHO IpoauddepeniuposaTs 110 0, peleHue ypas-
nenud (2.6) npejacrasiasgerca npobieMaTuunbiM'. BosHarpakienus 7, reHepupyioTes
HeU3BeCTHOU (PyHKIMEN BO3HATPAKIEHU R(st, a, Sm), KOTOPYIO HeJNb3s npoanud-
(hepennmposate. [TapameTpsl ctpaternn 6 BaugioT Ha R(T) Jullb IyTeM U3MEHEHUS
pacupejiesieHU COCTOSHUN U 1eHCTBUI, KOTOPBIE, B CBOIO OUepe/ib, MEHAIOT BO3Ha-
rpak/ieHus, IOJy4aeMble areHTOM.

! Tem He menee sTOT Tpa/IMCHT MOJKHO OILICHUTD, HpI/I6eI‘HyB K OIITUMU3aIIN METOJaMU1 9€PHOT'O

SIIIUKA, TAKUMU KaK PACIIMPEHHBIN MeToz caydaiinoro moncka (Augmented Random Search),
HO 9TO BBIXO/IUT 332 PAMKU KHHTHL.
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Taxum 06pasoM, HYKHO IpuBecTH ypasHeHue (2.6) k hopMe, IO3BOJISIONIE B3ATh Ipa-
aveHt 1o 0. Bocmosb3yemest /171t 9TOro HEKOTOPBIMU YIOOGHBIMHU TOJKIECTBAML.

Eciu 3aganbl GyHkua f(x), mapaMeTpusupoBaHHOE paciipejesieHue BePOITHOCTEN
p(x|6) 1 ero Matemaryeckoe oxuganne e e)[f(x) TO TPaJIMEHT MATEMATHYeCKOTO
OXKUIAHMST MOKET OBITh 3aITUCAH CJACAYIONUM 00Pa3oM:

VeEw x[6) [f(x)} =

=V, [dx f(x)p(x]0) = (onpeneneime waremameckoro oxumammns)  (2.7)
= [dxv,(p(x]0)f(x))= (bitecenme V, noxsmax mrerpana)  (2.8)
=[x (f(x)Vyp(x10)+ p(x[0)V,f(x))=  (undrbepemumposame caowofi bymaumn) (2.9
= [dx [ (x)V,p(x[0) = (v.f(x)=0) (2.10)
~[dx f (x) p(xye)%’g?) - (m ;E:i) (2.11)
= j dx f(x) p(x]0)V,log p(x]0) = (roncranosxa ypasmerma (2.14))  (2.12)
=E, | f(x)V,logp(x|6)]. (onpeneerme vatematitecxoro oxitammn)  (2.13)

[larHOE TOXKIECTBO TJIACUT, YTO TPAAMEHT MATEMATUIECKOTO OKU/IAaHWUS PaBeH MaTeMaTH-
YeCKOMY OXKUIAHUIO TPaieHTa Jorapudma BepoSITHOCTH, YMHOKEHHOMY Ha UCXOIHYTO
(ynkimio. B mepBoii cTpoke MpOCTO aHO ONpeiesieHne MATEMATUYECKOTO OKIIAaHUS.
JList 0OITHOCTH UCTIO/Ib30BaHA HHTETPabHAs (POPMa, TOCKOJIBKY HPE/IIOIATAETCS, YTO
J(x) — HenpepbiBHas GyHKIWs. Ho 3TO TOXKIECTBO B PABHOU MepPe IPUMEHMMO ¥ K BbI-
YUCJIEHUIO CYyMMBI, KOT/ia (DYHKITMS [UCKpeTHAs. B cIeayommx Tpex CTpoKaxX Mpou3Bo-
JSITCsT IPE0OPas0BAHUST B COOTBETCTBUU C ITPABUIAMU HHTETPUPOBAHUSL.

3amernte, uTo B ypaBHenuu (2.10) Oblia pelieHa HAYaIbHAsI 3ajla4a, TaK KaK MOJKHO
B3ATh rpaguent p(x | 0), Ho f(x) — 9T0 PyHKIM YEPHOTO ANMKA, KOTOPYIO HEIb3S
OPOUHTETPUPOBATH. JIJIsT paspernienst 9Toi mpobaeMbl HYKHO Mpeodpa3oBaTh JaHHOe
YpaBHEHNE B MaTEMAaTUYECKOE OKMNTaHNE, ‘{TO6I)I BBIYHCJNUTD €T0 IMTOCPE/ICTBOM OII€HKHU

p(x10)
o BeiGopke. CHavasia B ypaBHeHnH (2.11) BBIMOJHUM YMHOKEHIE HA ———~

. [ouy-
V,p(x]0) p(x6)

yeHHast 1poOb

W MOJXeET 6bITb Tepernncata B BUjie npousseaeﬂuﬂ /lOdeu¢Ma:
p\x
\% p(x | 9)
V,logp(x]0)=—~— (2.14)
0 ( ) p(x \ 6)

[Moxcranoska paBercrsa (2.14) B ypaBuenue (2.11) naet ypasuenue (2.12). U nakonert,
B ypaBHeHuu (2.13) mocseiHee BbIpasKeHME TIPOCTO 3aITUCHIBACTCS KaK MAaTEMaTHUECKOEe
OKUJIaHME.
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Termepb 04U€BUIHO, YTO ITAHHOE TOKIECTBO MOKHO TPUMEHUTS K T1es1eBoi dyukinu. C 1mo-
MOIIIBIO TIOICTAHOBKH X = T, f(x) = R(T), p(x | 0) = p(t | ©) nepenumiem ypasnenue (2.6):

VoJ () =E,_ [R(x)V,logp(]6)] (2.15)

Onmako B ypasuenuy (2.15) HyHO cBsi3aTh wiel p(T | 0) co crparerueii 1, KOTOPOil MbI
MOKeM YIpaBJisiTh. Ciie0BaTeIbHO, er0 HYKHO PA3BEPHYTh.

CTonT OTMETUTB, UTO TPAEKTOPHSI T — 3TO MIPOCTO TTOCIE/IOBATETBHOCTD YePEAYIOIIIXCS
COOBITHIL @, U S, , | B3STHI C MICIIOIb30BAHIEM BEPOSITHOCTH JeicTBHiT arenTa m,(a, | s,)
1 BEPOSITHOCTH TIEPEXOI0B cpefibl p(s, , | s, a,) coorBercTBeHHO. II0CKOIBKY 9TH BEpo-
SITHOCTH OTHOCHUTEIBHO HE3aBUCHMBI, BEPOSTHOCTD BCEH TPACKTOPHH SIBJISIETCS TIPON3-
BeZIEHHEM OT/IETbHBIX BEPOSITHOCTEH, Kak ITOKA3aHO B CJEAYIOEeM YPaBHEHNN:

p(e18)=TTr(s s, a)m(als,). (2.16)

I[Tposorapudmupyem! 06e yactr ypasHerust (2.16), 4ToObI IPUBECTH €I0 B COOTBETCTBIE
¢ ypaBuenuem (2.15):

log p(]0) zloggp(sm s, a,)my(a,|s,); (217)

g p(1/0) = 3 lg p(5,. |5 @) +logry (4, 15,)); 218)
V,log p(1]6)= V_Og(logp(sm |5, a,)+logm,(a, |s,)); (2.19)
V,log p(t]0)=V, > logm,(a,|s,). (2.20)

=20
Ypasuenue (2.18) BbITeKaeT U3 TOTO, 4TO JIOTaPU(hM ITPOU3BE/IEHNS PABEH CyMMe COCTaB-
JIONIKX ero Jorapudmos. HaurHast otciofia Kk 06enM CTOPOHaM 9TOTO YPABHEHSI MOKHO
HPUMEHUTD Tpafinent V, 4to aact ypapHenue (2.19). I'paauent MOKHO BHECTH IO/l 3HAK
CYMMBI I IPUMEHNTD K caaraeMbiM. Uiren log p(s, . |'s, a) MOXkHO omycTuTh, TaK Kak oH
He 3aBKCHT OT 0 U ero rpaguenT papeH HyJuo. TakuM o6pasoM mosydeno ypastenue (2.20),
B KOTOPOM BepOSTHOCTH p(T | 0) BbIpaskeHa uepes n,(a, | s,). Taxske ciieryeT OTMETHTD, 4TO

TPAEKTOPUA T CJieBa COIIOCTABJIAECTCA CYMME €€ OTAE/IbHbIX BDEMEHHDBIX IIaroB t CITpaBa.

Hakonern, ¢ yyerom sToro MoxHno samucarb V, J(1,) us ypasnenus (2.6) B andepen-
upyemoii popme. [loncranoskoii ypasuenust (2.20) B paBenctso (2.15) u BBeneneMm
MHOKUTENSA R(T) TOMyInM:

Vo) (1) =E, | >R (t)Vslogn,(a,|s,) | (2.21)

=0

OnHo U3 IpenMyLIecTB IPUMeHeHUs JorapuMIIeCKUX BePOSTHOCTEH COCTOUT B TOM, YTO OHU
OTJIMYAIOTCs OBBINICHHOM YUCIeHHOM yCTONUNBOCTDIO 110 CPAaBHEHUIO C IPOCTBIMM BEPOAT-
HOCTSIMI. B KauecTBe HEOOIBIIOTO YIPaKHEHHSI TONBITANTECH TOHSTD, 9eM 06y CJIOBIECHO 9TO
IIPEUMYTIIECTBO.
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[Ipob6siemoii 6bL10 TO, uTO ypasHenue (2.6) conep:kano HegubdepeHIupyeMyo GyHK-
nuio. Iocie psaa npeobpasosanuil 6b110 mosydeHo ypasaenue (2.20). Haiitu ero
pelIenue J0BOILHO TPOCTO, IPUMEHUB CETh CTPATETUH T, U BBIYMCIUB IPAJMEHTBI C MO~
MOIIBI0 (DYHKIUU aBTOMATHYECKOTO AuddepeHInpoBatus U3 OubIMoTeK HeHPOHHBIX
ceTenl.

2.4. Boibopka MmeTogoM MoHTe-Kapno

Anroputm REINFORCE paccunTbiBaeT rpajiMeHT CTpaTeruu ¢ MOMOIIbIO BBIOOPKU
MetozoMm MorTte-Kapuro.

IMox ewviboproti memodom Monme-Kapno noppasymeBaercs 1000 MeTO/, B KOTO-
POM JlaHHbBIE, UCIIOTb3YEMbIE JIJIS AMIPOKCUMAIUK (DYHKIUH, TEHEPUPYIOTCS ITyTEM
cayyaitnoil BbiOopku. ITo cyTH, 3TO MPOCTO alIpPOKCUMAIIAs MyTeM CJAy4alHOi BbI-
6opku. Jra MeToAnKa cTasa BoctpeboBanHoil 6marogaps CranucaaBy Yiamy — Ma-
TemaTuKy, paborasuemy B 1940-x rogax B Jloc- AlaMOCCKON MCCIEI0BATENBCKOI
n1abopaTopuu.

Pacemorpum pabory mMeroga MonTe-Kapiio Ha npuMepe BblUUCIEHUs drcaa T (Mare-
MaTHYECKOIW KOHCTAHTHI) — OTHOIIEHUS AJTWHBI OKPY;KHOCTH K ee arametpy'. Merton
MomnTe-KapJjio moaxoauT K pelleHnio 9Toii 3agaun caeayiomuM obpasom: bepercst
OKPY>KHOCTb pajinycoM 7 = 1 ¢ IeHTPOM B Havyajie KOOP/IMHAT U BITUCHIBAETCS B KBa/IpaT.
[Tnomaau dhuryp pasust 72 u (2r)* coorBercTBenHo. Cire10BaTeIbHO, OTHOIIEHNEM ITHX
mrotazeit Gyaer mpocro:

nromanb kpyra '
[JI011Q/1b KBajlpara (27)2

_r
=7 (2.22)

Yucsiennoe 3HayeHue MJIOIIAIU KBajipaTa PaBHO 4, HO TaK Kak T ellle HEU3BEeCTHO, TO
HEeM3BEeCTHA U IJIONanb Kpyra. PaccMorpuM ofHy yetBepTh ¢puryp. UYTo6b! MOAyIUTh
OIIEHKY T, IPOM3BeeM BhIOOPKY MHOKECTBA TOUYEK BHYTPH KBajpaTa ¢ IOMOIIbIO
PaBHOMEPHOTO pacnpenenenus. Pacctosiaue ot TOUKH (X, i), JiesKaleil BHyTPU OKPYIK-

HOCTH, 10 Hayajia KOOPAWHAT MeHbIe 1, To ecTh \/(x - O)2 +(y- 0)2 <1(puc. 2.1). Ecin

MOJICYMTATH C TIOMOIIBIO 9TOTO YCJAOBUS KOJUYECTBO TOYEK BHYTPU OKPYKHOCTHU, TO
€T0 OTHOIIEHWE K KOJUYECTBY BCEX BBIOPAHHBIX TOUEK Oy/IeT TPUOIU3UTETHHO PABHO
OTHOIIIEHUIO, TToJlydeHHOMY B ypaBrenun (2.22). IlocnenoBarenbraast BoIGOPKaA GOJIb-
IIEro KOJIMYECTBA TOYEK U YTOYHEHHUE JaHHOIO OTHOLIEHUSI IO3BOJISIOT PUOIM3UTHCS
K TOYHOMY 3HAYEHUIO. ¥ MHOKEHHE 3TOTO OTHOIIEHUs Ha 4 JlaeT pacyeTHOe 3HAYe-
nue T = 3,14159.

! Mpbr He HCIIOJb3YEM TU JIJIsA 00603HaueHN CTpaTernu TOJIbKO B 9TOM IIPpUMEPE, HO 3aTEM BEPHEM-

Cs K NCXOJHOMY CMBICJTY.
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Puc. 2.1. PacyeT ©t c noMoLLbto BbIbopkn MeTogoM MoHTe-Kapno

Temneps Bepraemcst k rirybokomy RL 1 paccmoTpum nipumenerune metoga Monte-Kapiio
K YUCJIEHHOMY BBIYHMCJIEHUIO IPAJIUEHTa CTPATeETuN B ypaBueHuu (2.5). ITO 0ueHb Ipo-
cro. Maremaruyeckoe oxunanne B, 1noapasymesaet, 4To ueM OoJibliie TpaeKTopuii T
CreHepupoBaHo ¢ TIOMOIIBIO CTPATETHH T, U YCPEHEHO, TeM OHO OJIHKe K PearbHOMY
rpajuenty crpaternn V, J(m,). /L KOHKPETHOI CTpaTerun BMecTo GOIBITOro Komde-
CTBa TPAEKTOPUI MOKHO B3STh JIUIIb OJTHY, KaK MMOKa3aHo B ypaBHeHun (2.23):

VoJ(my)= iR, (t)Vologm,(a,|s,). (2.23)

=0

Tax peann3oBaH IpajiMeHT CTPATErku — Kak olleHka MeTooM MonTe-Kapiio ¢ BBIG0pKoi
110 CreHEPUPOBAHHBIM TPAEKTOPUAM.

Teneps, korya nostyuenst Bce coctapiistionime REINFORCE, paccmoTpuM cam anropuTm.

2.5. AnroputM REINFORCE

B stom paspene oocyskaaercs anroputm REINFORCE u BBoaUTCS HOHATHE alTOPUTMOB
onaiin-o6yuenus. 3aTemM OyAyT PACCMOTPEHbI HEKOTOPBIE €r0 OTPAHUYEHUST U METO/L
6a30BOr0 3HAYEHUS [JIsI IIOBBIIIEHMsI IIPOU3BOAUTEIHHOCTL.

Cam asroputy 2.1 ouens npocroil. CHavasa 3azaeTcst HadaabHOE 3HAYEHNE CKOPOCTH 00-
YYeHUsI OL M CTPOUTCS CeTh CTPATEeruH Ty CO CyYaiiHo MHUIMAIM3UPOBAHHBIMU BECaMU.
3aTeM B Xo/le UTepPalnii 10 MHOKECTBY 9IM30/I0B /IS KasKI0T0 U3 HUX CETh CTPaTernu T,
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reHepUpyeT TPAEKTOPUU T = S, A, T... Sp, Ay 1;- Jlasiee 11 Kask10ro mara ¢ B TpaeKTopum
BBIYMCIIAETCS OTAaYa R (T), KOTOpas MCHOJIb3Y€eTCA IS HO/ICYeTa IpaiieHTa CTPaTeriu.
CyMmMa TPaIMEHTOB CTPATETUH [IJIST BCEX TATOB TIPUMEHSIETCSI JI7IsT OOHOBJIEHIS TTapamMe-
TPOB CETHU cTpaternu 0.

AnropuTtm 2.1. REINFORCE

1: VHMuManM3npoBaTb CKOPOCTb 0OyYeHMUAa o
2: VHuuManu3npoBaTb Beca cCeTu cTpaTeruu T
3: for episode = 0, ..., MAX_EPISODE do
BblbpaTb TpaekTopuw T = S

4: 02 gy Posy wevy Sy Oy Py
5: YcTaHoeuTh V J(m,) = @
6: for t =0, ..., T do
T ' — ’
7: R.(t) = >, v r
8: v,J(m,) = V,J(m,) + R(t)V,2log m(a,ls,)
9: end for
10: 6 =0+ avJ(m)
11: end for

BaskHO IOMHUTD, 4TO TPAEKTOPUS 0TOpAChIBAETCS MOCAE KaKA0r0o OOHOBIEHUS
apamMeTpoB — OHA HE MOKET MCIOJb30BAThCS TTOBTOPHO. JTO BBI3BAHO TEM, UTO
REINFORCE — anroputs™ obyuenus no axmyaiviomy onvimy. Kax Bbl IOMHUTE U3
pasnesa 1.4, B asiropur™Me IpUMeEHsIETCsT 0O0ydeHHe 110 aKTYaJIbHOMY OITBITY, €CJIH YPaB-
HeHue /11 OOHOBJIEHUST TAPaMETPOB 3aBUCUT OT TEKYIIEH cTpaTerui. ITO OYEBUTHO
U3 CTPOKHU 8, OCKOJIbKY TPAJNEHT CTPAaTerni HAIPSIMY0 00y CJIOBIEH BEPOSITHOCTSIMU
neiictsuii T (a, | $,), TIOPOK/IEHHBIMHU TEKYIIIEii cTpaTernei m;, a He KaKoi-TO NPONLIOii
crparerueii ;. COOTBETCTBEHHO, U OTAa4a R (T), Te T ~ T, TaKxKe JT0JKHA TeHEPUPO-
BaTbhCs CTpPaTerueii T, MHade BePOSATHOCTH AeHCTBHIL Oy/TyT Pery/mpoBaThCs Ha OCHOBE
oT/1a4, KOTOPbIe He OBLIN MTOPOKIECHBI CTpaTeruei.

2.5.1. YcoBepleHcTBoBaHne Mmetoga REINFORCE

B npusenennoii panee opmyauposke anroputMa REINFORCE rpaguenT crpareruu
BBIYUCJISIETCS C MTOMOTIBIO BHIOOPKH 10 MeToay MonTe-Kapiio mo ofiHo#l TpaeKTOpHH.
ITO HecMelleHHasd OlleHKa IPaJIMeHTa CTPAaTeruu, HO y TaKOTO MOX0/la eCTh HeJl0CTa-
TOK — BBICOKAsI UCTiepeusi. B 3ToM pasjiesie BBOAUTCS MeTO/l 6A30BOTO 3HAYEHHS [IJIsT
CHIDKEHUS ucmepenu otieHkn. Kpome Toro, mamee 06CysKIaeTcss HOpMaTU3aIust BO3HA-
TPKIECHUHN C [eJTHIO PENTeH st TPOGIEMbI X MACIITaOMPOBAHUSL.

[Tpu ncnosnb3oBanuu BEIGOPKY 110 MeToty MoHTe-Kapsio orjeHka rpajimeHTa crpaTerim
MOJKET UMETb BBICOKYIO IUCIIEPCUIO, TAK KAK OT/laull MOTYT 3HAYMTEIbHO BApbUPOBATLCS
OT TPAEKTOPHUHU K TPAEKTOPHHU. ITO 0OYCIOBIEHO TpeMsT hakTopaMu. Bo-miepBhIX, mefi-
CTBUSM TIPHCYITA OTIPEETEHHAS CTYIATHOCTD, TOCKOJIbKY OHI BHIOPAHBI U3 PaCTIpeie-
JIEHUST BEPOSITHOCTEE. BO-BTOPBIX, HAUAIbHOE COCTOSTHIE MOKET ObITh PA3HBIM B PAs/Iy-
HBIX 3MU30/1aX. B-TpeThux, (QYHKIHS EPEXOI0B CPEIBI MOKET OBITH CTOXACTHIECKOM.
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Ot 13 ctocoGOB CHYKEHUS INCTIEPCHU OIEHKU — MPeodpa3oBaTh OT/Iaul, BBIICTUB
COOTBeTCTBYyIOIEe Ga30BOE 3HAYEHIIE, HE 3aBUCSIIEE OT JAeHCTBHUIT, KaK MOKA3aHO B yPaB-
HeHun (2.24):

T
Vo (m) = (R (t)=b(s,)) Vo logm, (a, |s,). (2.24)
=0
OnuH U3 mpuMepos 6a30BOTo 3HaueHust — GyHKI HostesHoctr V™. Ha Takom BeiGope
6a30BOTO 3HAYECHUST OCHOBAH alTOPUTM akTopa-Kputnka. OH o6cyskaaercs B riase 6.

A]II)TepHaTI/IBHHﬁ BapUaHT — HUCIIOJIb30OBaHUE CPEHUX OTJAa4 Ha TPACKTOPUHN. HyCTI)

1 <

b= —Z R (T) O6paTI/ITe BHUMaHUE: 9TO 6a30BO€ 3HAUCHUE LA TPaeKTOPUHU II0CTO-
T r=0""

SJHHO N HE U3MEHAETCA C COCTOAHUEM St' B pe3yJbTarte I BCeX TpaeKTOpI/Iﬁ 3Ha4YeHUA

orauu OYIyT HEHTPUPOBAHBI OTHOCUTEIBHO HYJIS. [IJIsT KasKI0i TPAaeKTOPUU B CPEIHEM

50 % peficTBUI GYIYT MOOIIPSTHCS, @ OCTATBHBIC — HET.

YT0OBI TIOHATH, YEM 9TO MOKET OBbITh II0JIE3HO, PACCMOTPUM CJIydaii, Korjaa Bce BO3Ha-
IpaskeHusl B cpejie oTpuLaTebhble. bes 6a30Boro 3HaueHMs areHT He HOOIIPAETCS AaxKe
3a OU€eHb XOPOIIIKe JIeUCTBUS, TaK KaK oT/iaua Beeraa orputiaresibuast. Co BpeMeHeM 9TO
BCe-TaKU MOKET MIPUBECTH K XOPOITeH CTpaTernu, BeIb Xy/IIITIe IeHCTBUSA MTOONIPSIOTCS
U TOTO MEHbIIIe, YTO KOCBEHHO TOBBIIIAEeT BEPOATHOCTD JyuliuX Aeiicteuil. Tem He me-
Hee 9TO MOXKeT 3aMelJINTh 00ydeHne, IIOCKOIbKY YTOUHEHNE BEPOSITHOCTEN MOKET
OBITH BBIIIOJHEHO JIMIIb B OJJHOM HallpaBJIeHUU. B cpejax, rjie Bce Bo3HATPAKICHUS
MOJIOKUTEIBHBIE, TIPOUCX0AUT oOpatHoe. O6yuerne 6osee ahPeKTUBHO, KOTIa MOKHO
KaK IOBBIIIATH, TAK U CHUKATh BEPOATHOCTD AeicTBuil. [ 9TOro HeoOXOAMMO UMETh
KaK TOJIOKUTEJIbHBIE, TAK U OTPUIIATeIbHbIe BO3HATPAKICHUA.

2.6. Peanunzauusa REINFORCE

B aTom paspesie ipe/icTaBIeHbl /IBE PeaT3allii, epBast U3 KOTOPHIX SBJISIETCS MUHU-
MaJsIbHOM paboTtociiocobHoi. Bo Bropoii nokasano, kak anroputM REINFORCE peai-
3oBat B SLM Lab, 310 HemMHOrO O0Jiee MpOABUHYTast BEPCHUsT, KOTOPask HHTETPUPYETCST
¢ KOMITOHEHTaMu OMOINOTEK.

2.6.1. MnHumansHasa peanusaums REINFORCE

MuHrMaIbHAsA Peau3aliyist MoJIe3Ha TEM, YTO OHa B GOMBINEH CTEMeHN COOTBETCTBYET
anroputmy 2.1. 1o x0oponmii onbIT pespanierns Teopun B kog. REINFORCE — xo-
POIINI KaHAUAAT Ha 3TY POJIb, TIOCKOIBKY SBJISAETCS MpocTedmuM aaroputmMoM RL,
KOTOPBII MOKHO PEaM30BaTh B HECKOJIBKUX CTPOKAX Kozia (sucTuHr 2.1).

[pyrue arroputmbl RL ciioskHee, B CBSI3U ¢ YeM IS YIPOIIEHUS UX PEATU3AIuN TIPU-
MEHSTIOTCS paclipocTpaHeHHbIe (PPEMBOPKH U MTOBTOPHO MCIIOJIb3yeMbI€ MO/IYIbHBIE
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koMioHeHThI. [ToaTomy, utobsl npusectt REINFORCE B cooTBeTcTBUE € OCTAIBHBIMU
AJICOPUTMAMU B KHUTE, 371eCh faeTcs ero peanusanus B SLM Lab. dto ciryxut BBeneHu-
em B API anropurmMos 6ubaMoTeKH.

JNuctuar 2.1. Hesasucumas pabouyasi peanusaumsa REINFORCE gns pewwenusi CartPole-v0

1 from torch.distributions import Categorical
2 import gym
3 import numpy as np
4 import torch
5 import torch.nn as nn
6 import torch.optim as optim
7
8 gamma = 0.99
9
10 class Pi(nn.Module):
11 def __init_ (self, in_dim, out_dim):
12 super(Pi, self).__init_ ()
13 layers = [
14 nn.Linear(in_dim, 64),
15 nn.ReLU(),
16 nn.Linear(64, out_dim),
17 ]
18 self.model = nn.Sequential(*layers)
19 self.onpolicy reset()
20 self.train() # ycTaHOBUTb pexum oby4veHus
21
22 def onpolicy_reset(self):
23 self.log probs = []
24 self.rewards = []
25
26 def forward(self, x):
27 pdparam = self.model(x)
28 return pdparam
29
30 def act(self, state):
31 x = torch.from_numpy(state.astype(np.float32)) # npeobpasoBaHue
= B TeH30p
32 pdparam = self.forward(x) # npamoit npoxopg
33 pd = Categorical(logits=pdparam) # BepoAaTHOCTHOe pacnpeneneHue
34 action = pd.sample() # pi(a|s) Bblibop aeiicTeBuAa no pacnpeaeneHuio pd
35 log_prob = pd.log_prob(action) # norapudm BepoaTHocTu pi(a|s)
36 self.log _probs.append(log_prob) # coxpaHaem ana oby4deHus
37 return action.item()
38
39 def train(pi, optimizer):
40 # BHYTpeHHWMI UMKN TpaAMeHTHOro BocxoxaeHus B anropuTme REINFORCE

41 T = len(pi.rewards)

42 rets = np.empty(T, dtype=np.float32) # oTamauu
43 future_ret = 0.0

44 # 3pdeKTMBHOE BblMUC/IEHME OTAAuU
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for t in reversed(range(T)):

future_ret = pi.rewards[t] + gamma * future_ret

rets[t] = future_ret
rets = torch.tensor(rets)
log probs = torch.stack(pi.log probs)
loss = - log_probs * rets # uneH rpagueHTa; 3HaK MUHyca ANA MaKCUMMU3aLUK
loss = torch.sum(loss)
optimizer.zero_grad()
loss.backward() # obpaTHoe pacnpocTpaHeHue, BblYMCNEHUE FpaAUEHTOB
optimizer.step() # rpaaveHTHoe BOCXOXAeHue, OGHOBNEHWE BeCOB
return loss

def main():
env = gym.make('CartPole-v@')
in_dim = env.observation_space.shape[@] # 4
out_dim = env.action_space.n # 2
pi = Pi(in_dim, out_dim) # cTpaTerua pi_theta ans REINFORCE
optimizer = optim.Adam(pi.parameters(), 1r=0.01)
for epi in range(300):
state = env.reset()
for t in range(200): # 200 — makcuMasbHOe KO/JMYecTBO WaroB B cartpole
action = pi.act(state)
state, reward, done, _ = env.step(action)
pi.rewards.append(reward)
env.render()
if done:
break
loss = train(pi, optimizer) # oby4yeHue B 3nusope
total_reward = sum(pi.rewards)
solved = total_reward > 195.0
pi.onpolicy_reset() # oby4eHue no aKTyanbHOMY OMbITY:
= OYUCTUTb NaMATb Mocne obyyeHus
print(f'Episode {epi}, loss: {loss}, \
total _reward: {total_reward}, solved: {solved}')
if __name__ == '__main__":
main()

[Tpoiinemcs Mo MUHUMAJIBHON pean3alin.

1.

Pi CTPOUT CETh CTPATEIMU — IIPOCTOI MHOTOCJIOMHBII MEPIENTPOH C OJHIM CJIOEM
u3 64 ckpbIThIX 251eMeHTOB (cTpokn 10-20).

act ompeziessieT METOJ, C TOMOIIBIO KOTOPOTO BBIMIOJTHSAIOTCS MeiCcTBUS (CTPO-
xu 30-37).

train peasusyer maru 0OHOBJIeHMs B airoputMe 2.1. 3ameTbTe, 40 (DYHKITHS TIOTEPD
BbIpAyKEHA KAK CyMMa OTPHUIIATEIbHBIX JIOTApPUGMOB BEPOSITHOCTEH, YMHOKEHHBIX HA
orgaun (crpoku 50—51). 3HaK MUHYC HEOOXOAUM, TaK KaK [0 YMOJTYAHKIO OIITUMU-
3arop PyTorch MurnMusupyer norepu, Toria Kak HaM HY;KHO MAaKCUMU3UPOBAThH
nesieByio pynkuuio. Bosee Toro, pyHkIms nmoreps chopMyanpoBaHa TakuM oOpa-
30M, 4TOOBI BOCIIOJIB30BATHCSI (DYHKIIMEN aBTOMATIHUECKOTO AudhepeHInpoBanms
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PyTorch. ITpu BbizoBe loss.backward() BbIYKC/ISETCS TPAAUeHT (DYHKIIUU IIOTEPh
(cTpoka 53), KOTOPBII paBeH rpagueHTy cTparterun. HakoHell, mocpeacTBOM BhI30Ba
optimizer.step() (cTpoka 54) 0OGHOBIISIOTCS APAMETPhI CTPATET .

4. main — 9TO OCHOBHOII IIUKJI, B KOTOPOM cosjaiorcs cpena CartPole, cernb crpareruu Pi
U OITUME3ATOP. 3aTeM 3alryckaercs Huk o0yderus mo 300 snusomam. B xoze 06-
YUEHUST TIOJTHOE BO3ZHATPAK/IEHIE 32 HTT30/1 JIOJKHO pacTh /10 3HaveHust 200. 3azaua
B Cpejie pellieHa, KOT/a MoJHOe Bo3HATpaskeH e Boie 195.

2.6.2. MNocTpoeHne cTpaTerun ¢ nomolubto PyTorch

Peanmzanus crpaternu 18 3acay;KuBaeT 60Jee PUCTATHHOTO PACCMOTPeH s, B aToM
pasgesie GyzieT TIOKa3aHo, KaK BHIXOHBIE TAHHbIe HEPOHHOI ceTH TPeobpasyroTces B pac-
Tpejiesienne BeposTHOCTell IeficTBIi, ncrob3yeMoe 17T Bibopa jeiicTuil, a ~ 1 (s).

OcHOBHast Ujiest COCTOUT B TOM, YTO PACIIPEETIEHIE BEPOSATHOCTEN MOXKeET OBITH Mapa-
MeTPU3UPOBAHO ABYMsI Iy TsAMU. [TepBblil 3aki04aeTcs B BBIUUCICHUN TIOJHBIX BEPOSIT-
HOCTeH /IJIs1 IMCKPETHOTO pacipesiesienusl. BTopoil — B yKazaHUM CpeiHero 3HauyeHust
U CPEeJIHEr0 KBAJPATUYHOTrO OTKJIOHEHMs! JIJIsT HEIIPEPBIBHOTO PACIIPEIeIeH s, TAKOTO
KaK HOpMaJIbHOE pactipeieieHue. JTH apaMeTphbl paciipe/iesieHUst BEDOSTHOCTENH MOTYT
OBbITH HACTPOEHBI HEMPOHHOIT CETHIO U TTOJIYYEHBI HA €€ BBIXOJIE.

YTo6BI MOJYIUTH HA BBIXOJIE JICHCTBIE, CHAYAA TPUMEHSIETCST CEeTh CTPATETHH JIJIsT
BBIYMCJIEHUS [1aPAMETPOB paciipe/iesieHns BEPOSTHOCTEN 110 COCTOSTHUAM. 3aTeM TH
[apaMeTpbl UCIIOJIb3YIOTCA U1l TIOCTPOEHUS paciipe/ie/icHsl BEPOATHOCTEN JeiCTBUIA.
Hakowert, ncXo/is1 U3 pacipe/ie/ICHust BEPOSTHOCTEH, BHIOMPAETCS IEHCTBUE U BBIYMCIISI-
eTcs ero Jiorapuhm BepOsSTHOCTH.

PaccmoTpum, Kak 9To paboTaet B TiceBIoKo/e. B anropurme 2.2 cTpouTes pacipeieieHne
BEPOSITHOCTEH JIJIST AMCKPETHBIX JEHCTBUI, KOTOPOE MCIIOJIb3YETCS /IJIsI BBIYMCICHUS
Jiorapudma BeposITHOCTH. 37eCh CTPOUTCS PACIpesiesieHue 0 KaTeropusiM (ITOJTMHOMH-
aJIbHOE), HO MOTYT OBITh 3a/I€HICTBOBAHBI U IPYTHE BU/BI JUCKPETHBIX PACTIPEACTCHIT.
TTockoJIbKY BBIXO/HBIE JIaHHBIE CETH He 00s13aTe/IbHO HOPMAJIM30BaAHbI, TAaPAMETPBI Pac-
npeeeHnst 00padaThIBAIOTCS KaK JIOTUTHI, & HE BEPOSATHOCTH. AJITOpUT™ 2.2 TIpUO/IzKEH
K peanmsanyu crparernn B auctunre 2.1 (crpoxn 31-35).

AnropuTM 2.2. MocTpoeHve ANCKPETHOI CTpaTerum

1: 3apaHbl ceTb cTpaTeruu net, knacc pacnpepeneHus

= no kaTteropuam Categorical u cocTosaHue state
2: BblYMCAUTb BbIXOAHOE 3HayveHue pdparams = net(state)
3: MocTpouTb 3K3eMnaAp pacnpeneneHna BepoATHOCTeW

= opHoro geicteusa pd = Categorical(logits=pdparams)

ﬂJIH OT/1€JIbHBIX pacnpeneHeHHﬁ BepOHTHOCTefI MOTyT HOTpe6OBaTbCH CIieaJibHbI€ ITapaMe-
TPbI, HO 3Ta K€ n/ied IpUMEeHNMa U K HUM.
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4: WUcnonb3oBaTb pd ana Bbibopa geicTBus, action = pd.sample()
5: C nomowbt pd u action BbMUCAUTL NorapudMm BepOATHOCTH
= neiicteuA, log _prob = pd.log_prob(action)

B smuctunre 2.2 npuBeieHa mpoctas peaausaiius ajaroputMa 2.2 ¢ nomotsio PyTorch,
KOTOPAast B 3HAUNTEJIbHON CTEIIEHU COOTBETCTBYET €To maraM. /[Jist MpoCcTOThI NCIIOIb3Y-
10TCsT (DUKTUBHBIE BHIXO/IHbIE flaHHbIe ceTu crpateruu. PyTorch mpeoGpasyer ykasaHHbie
JIOTUTHI B BEPOSITHOCTH BHYTPH KOHCTPYKTOpa Kjacca Categorial TpH MTOCTPOCHUN
pacripejieJieHus 10 KaTerOPUSIM.

JIncTuHr 2.2. Peanusaums ,U,MCerTHOl)'I CTpaTermm C noMOLLbO pacnpeaeneHusa no Kateropuam

[ay

from torch.distributions import Categorical
import torch

# cyuTaem, 4YTO AnA ABYX AedcTBuUii (ABUXeHUI BneBo U BrpaBo B CartPole)
# M3 ceTu cTpaTerum 6biAM MONYy4YeHbl JIOrUTbl BepoATHOCTEN

policy net_output = torch.tensor([-1.6094, -0.2231])

# pdparams — 3To noruTel, cooTBeTCTBywwue probs = [0.2, 0.8]

pdparams = policy net_output

pd = Categorical(logits=pdparams)

OWoONOUTD WN

[
P ®

# BbibOp AeincTBMA
action = pd.sample()
# => tensor(1l), wnu ABUXeHWe BMpaBo

[ Y
uhwN

# Bbl4MCNIeHMe florapudma BepOATHOCTU AeilcTBuA
pd.log _prob(action)
# => tensor(-0.2231), norapudm BepOATHOCTU ABUXEHUS BMNpPaBO

[y
N o

Crpaterus 1jisl HeIPePhIBHBIX A€HCTBUII CTPOUTCI aHAJIOIMYHBIM 00pasoM. AJIro-
puTM 2.3 TIeEMOHCTPUPYET MIPUMEP TPUMEHEHNS HOPMAJTbHOTO pactpenenenns. Kak
Y MHOTHE JIPYTHE PACTIPEIETIEHNUST, OHO TTAPAMETPUBUPYETCS CPEAHUM 3HAYEHUEM U CPEJI-
HUM KBaJpaTUUHBIM OTKJIOHeHHEeM. B Koze MHOrUX GUOIMOTEK [/t HAYYHBIX BbIYKC/IE-
HUI ATUM TIapaMeTpaM COOTBETCTBYIOT loc U scale, TIOJl KOTOPBIMU TIOJIPa3yMeBaeTCs
peryJimpoBaHue ciBura 1 Maciraba pacrpezesens. ITocie HocTpoeHus pacipeaesieHist
BEPOSITHOCTHU JIENCTBUI OCTAJIbHBIE THArW 110 BHIYMCJIEHUIO JloTapudma BeposiTHOCTEN
JIENCTBUH Takue ke, Kak U B ajiroputme 2.2.

AnropuTtMm 2.3. oCTpOEHME HEMPEPbLIBHOW CTpaTerum

1: 3apaHbl ceTb cTpaTerun net, knacc HOpMasbHOr o

= pacnpegeneHna Normal u cocTofAHue state
2: Bbl4MCAUTbL BbIXOAHOE 3Ha4veHue pdparams = net(state)
3: MNocTpouTb pacnpepeneHne BepoOATHOCTEN OJHOro

= neiicteua pd = Normal(loc=pdparams[@], scale=pdparams[1])
4: Wcnonb3oBaTb pd ans Bbibopa ApeicTBuA, action = pd.sample()
5: C nomouwpl pd n action BbMMCANTL Norapu¢m BEpOATHOCTHU

= neiictBuA, log_prob = pd.log_prob(action)
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JLJ1s1 IOJTHOTBI UBJIOKEHUST TIPUBOIUTCST TAK/KE Peau3alius airopurma 2.3 ¢ moMolIibio
PyTorch (nucrunr 2.3).

JInctuHr 2.3. Peanvsaums HenpepbIBHOW CTpaTeruu C NMoMoLLbIO HOPMasbHOMO pacrpeaeneHus

from torch.distributions import Normal
import torch

# cynTaem, 4TO ANA OAHOro AelcTBUA (KpYyTAWEro MOMEHTA MaATHUKA)
# ceTb cTpaTeruu BbiAana cpefHee 3HayeHWe mean

= | cpefjHee KBagpaTU4HOe OTKIOHeHue std

policy net_output = torch.tensor([1.0, 0.2])

# pdparams — 3710 (mean, std) wam (loc, scale)

pdparams = policy net_output

pd = Normal(loc=pdparams[@], scale=pdparams[1])

uih WwWnN -

O 00N

10

11 # BblbOp AencTBUA

12 action = pd.sample()

13 # => tensor(1.0295), Benu4YMHa KpyTAWEro MOMEHTa

14

15 # Bbl4MC/IeHMe florapudma BepOATHOCTU AeicTBuA

16 pd.log_prob(action)

17 # => tensor(-0.2231), norapu¢m BepoATHOCTU ISTOro KpyTAWEro MOMEHTa

YHuBEpCcaIbHOCTD MPOIEcca MOCTPOCHUS CTPATETUN TTO3BOJISET JIETKO TPUMEHUTD €T0
K cpe/laM Kak C IMCKPETHBIMHU, TaK W C HeIIPePhIBHBIMU JieiicTBusaMu. Ero mpoctora —
ellle 0/iHa CUJIbHAg CTOPOHA AJITOPUTMOB, OCHOBAHHBIX Ha CTPATErUHU.

Ausropurmbt 2.2 u 2.3 peasmzoBanbl B SLM Lab B 0600111eHHOIT /1715t BCeX OCHOBaHHBIX Ha
CTPaTErnu AITOPUTMOB (hOPMe Kak MOJIYJIH, KOTOPbIE MOKHO UCITOIb30BATH TIOBTOPHO.
Kpowme Toro, 3T peansaiiiy OnTHMHU3UPOBAHDI JIJIsT TOBBIIIEHUST TPOU3BOUTETHHOCTH.
Hanpumep, /it yCKOPEHS BBIYKMCIEHUIT Bee JIorapu(Mbl BEPOSITHOCTH JA€HCTBUI pac-
CUYMTBIBAIOTCS O[HOBPEMEHHO U TOJILKO BO BPEMst OOyUeHUSI.

Paccemorpes ouetb ipoctyio peanuzanuio REINFORCE, terepb 06cy/iiM, Kak OH pea-
yuzoBad B SLM Lab u kak nHTErpupoBaH ¢ ee KOMIOHEHTaMU. ITO IIOCIY/KUT BBEIECHH-
€M B pealn3alnio aJropuTMOB ¢ roMolibio ¢ppeiimBopka SLM Lab. Janee B kHure Koz
REINFORCE wucnonb3yercs B KadecTBe POIUTENbCKOTO KJIACCA, TIyTeM PaciiupeHus
KOTOPOI'0 peaii30BaHbl 6oJiee CI0KHbIE aJITOPUTMbL. [TOCKOJIBKY BCe TOCIEYIONIHE 9KC-
TMepUMEHTDI OYYT 3amMyCKaThest ¢ moMothio SLM Lab, mpuiro BpeMst TO3HAKOMHUTECST
¢ 3TUM (PPEMBOPKOM.

B caenytomux pasmenax 06CYKIAIOTCS JTUITH METO/BI, CIIETN(UIECKIEe I paccMa-
TPUBAEMBIX AITOPUTMOB. VX MHTErpaIust ¢ KOMIOHeHTaMu (hpeiiMBOpKa GUGIOTEK M
ocTaBjleHa B KauecTBe IIPaKTUYECKOro 3aflaiysd 110 usydenuio kozxa. [lonneiil kox co
BCEMHU KOMIOHEHTAMH, HeOOXOAMMBIMI 7S 3amrycka oOyuerust B RL, MOKHO HallTH
B [IpusIaraeMoM perosutopun koga SLM Lab.
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2.6.3. Bbibopka gencraui

Pasbepem 1noapobHO METOIbI BIOOPKK AeHCTBUIT Kiacca Reinforce, IpuBeIeHHbIE
B smucTure 2.4. O6paruTe BHUMaHue Ha TO, YTO Ha IIPOTSKEHUN BCeil KHUIM st
SICHOCTH U3JIOKEHUsT HEKOTOPbIE CTPOKH KOJIa, HECYTIECTBEHHBIE IS TOSICHEHMST (DYHK-
[IMOHAJILHOCTH METO/IOB, OTIYIIEHBI HJIN 3aMEHEHbBI Ha <...». KpoMe Toro, MeTOIbI ¢ TEroM
@lab_api — 910 cranmaprubie Metoabl AP anropurmos 8 SLM Lab.

calc_pdparam pacCUMTBIBAET [1apaMeTphl paclpeesieHus JeHCTBUN U BbI3bIBACTCS
MeToZIOM self.action_policy (cTpoka 15), KOTOPbIi TPOU3BOAUT jielicTBUE (ITO TIO-
npoGHee orrcato B rozpaszese 2.6.2). act BBIMOMHET BBIGOPKY A€HCTBUS 110 CTPaTernu
JEUCTBUI, KOTOPast MOKET OBbITh MPEICTaBICHA HETPEPHIBHBIM MUJIH IHUCKPETHBIM Pac-
mpeznesieneM, HarpuMep Categorical mam Normal.

Jinctunr 2.4. Peanunsaums REINFORCE, Bbi6opka AENCTBUI MO CETU CTpaTerumn

1 # slm_lab/agent/algorithm/reinforce.py
2
class Reinforce(Algorithm):

def calc_pdparam(self, x, net=None):
net = self.net if net is None else net
pdparam = net(x)
10 return pdparam
11
12 @lab_api
13 def act(self, state):

3
4
5
6 @lab_api
7
8
9

14 body = self.body

15 action = self.action_policy(state, self, body)

16 return action.cpu().squeeze().numpy()

17 # npumeHAem squeeze ANA npeobpasoBaHUA CKANAPHON BENUYMHBI

2.6.4. PacyeT noTepb, 06YCNOBNEHHbIX CTpaTErnen

B suctuaTre 2.5 MpuBesieH MeTO/I, KOTOPBIH B JIBa 9Tala BHIYUCASIET (PDYHKITUIO TIOTEPD
quist crpaternn. CHavdajia HyKHO PACCUUTATh TOKPEIJIAIONUM CUTHAJ, YTO JI€JIAETCS
C TIOMOTITBIO MeTo/Ia calc_ret_advs, TOJICYNTHIBAIONIETO 3HAYEHUS OTAAYH JIJIST KASK/I0TO
asemenTa B nakere (batch). IIpu He0OX0AMMOCTH MOKHO BBIAEIUTh Oa30BO€ 3HAUEHUE
u3 oTAaun. B 1aHHOM TIpUMepe pacCYMTHIBAIOTCS TOJIBKO CPe/HNe 3HAUYEHUS OT/aun
B TTaKeTe.

Nwmesa 3navennst oTaum, MOXHO HAWTU (DYHKITUIO TTOTEPH IS cTparernu. B calc_
policy_loss MBI CHavasa MOJy4daeM pacipezieieHrie BepOsITHOCTe! 1ecTBUi (CTpo-
ka 15), Heobxoaumoe i nojcuera jgorapudma BeposatHocTeil gefictsuii (crpoka 18).
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3arteMm oObeuHgeM 3HaYeHUS oTaun (06o3HaUeHbBI advs) ¢ JorapudMaMu BEpOsIT-
HocTelt, 4To6bl 06pa3oBarh 3HAUEHKE TTOTEPh, 0OYCIOBIECHHBIX cTparterueii (cTpo-
ka 19). Oro BeINoOAHSAETCS B TOH ke dopme, uto u B guctunre 2.1 (crpoku 50-51),
[MO3TOMY MOKHO BOCIIOJTb30BAThCST aBTOMATH4YeCKOl (hyHKInel quddepeHIimpoBanus
PyTorch.

[Ipu sxkenaumy JOMOIHUTENBHO K (DYHKIIMH TOTEPh MOKHO HAWTH MApaMeTP SHTPOTTIHI
LTS yITydIneHust uccyienoBanus cpeabt (crpoku 20—23). Bosee metanbHo 910 06CyKaa-
eTcs1 B pasziedie 6.3.

JinctmHr 2.5. Peanusaumst REINFORCE, pacyeT dyHKUMM NOTepb Anst cTpaTerum

1 # slm_lab/agent/algorithm/reinforce.py

2

3 class Reinforce(Algorithm):

4

5

6 def calc_ret_advs(self, batch):

7 rets = math_util.calc_returns(batch[ 'rewards'], batch['dones'],

= self.gamma)

8 if self.center_return:

9 rets = math_util.center_mean(rets)

10 advs = rets

11

12 return advs
13
14 def calc_policy_ loss(self, batch, pdparams, advs):
15 action_pd = policy util.init_action_pd(self.body.ActionPD, pdparams)
16 actions = batch['actions']
17
18 log_probs = action_pd.log_prob(actions)
19 policy loss = - self.policy loss_coef * (log_probs * advs).mean()
20 if self.entropy_coef_spec:
21 entropy = action_pd.entropy().mean()
22 self.body.mean_entropy = entropy # obHOBneHuWe norvpyemoi nepemeHHon
23 policy loss += (-self.body.entropy_coef * entropy)
24 return policy loss

2.6.5. Lmkn obyyeHuns B REINFORCE

B nmuctunre 2.6 moxasanbl MUK 00y4eHUs U CBA3aHHBIA ¢ HUM METOZ BHIOOPKU U3
HaMsITU. train OOHOBJISIET OJIUH TTAPAMETP CETH CTPATErHU C TIOMOIIBIO MAKETa HAKO-
IJIEHHBIX TpaeKkTopuil. OOyueHne HAYHETCSI, KAK TOJIBKO OyeT COOPaHO JOCTATOYHO
JTaQHHDbIX. HOJIy‘{eHI/Ie TpaeKTOpHﬁ N3 MMaMATU areHTa IMPONCXOaUT IMTOCPEACTBOM BbhI30BaA
sample (cTpoka 17).
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[Tocie BBIOOPKHU HaKeTa JaHHBIX BBIYUCIISAIOTCS ITIapaMeTPhl pacipeleeHns BEPOsT-
HOCTel JielicTBUIT pdparams 1 3HAYEHUST OT/[a4K advs, KOTOPbIE UCTIOJIb3YIOTCS JIJIsI pac-
yeTa (pyHKIIMM 110TEPb Jist cTpareruu (cTtpoku 19—21). 3aTem ¢ MOMOIIBIO 9TUX [TOTEPD
OOHOBJISIOTCSI TTAPAMETPbI CETH cTpareruu (cTpoka 22).

JInctuHr 2.6. Peanunzaums REINFORCE, meTog o6yyeHust

1 # slm_lab/agent/algorithm/reinforce.py
2
class Reinforce(Algorithm):

def sample(self):
batch = self.body.memory.sample()
batch = util.to_torch_batch(batch, self.net.device,
= self.body.memory.is_episodic)
10 return batch

3
4
5
6 @lab_api
7
8
9

12 @lab_api
13 def train(self):

14 .

15 clock = self.body.env.clock

16 if self.to_train ==

17 batch = self.sample()

18 .

19 pdparams = self.calc_pdparam_batch(batch)

20 advs = self.calc_ret_advs(batch)

21 loss = self.calc_policy loss(batch, pdparams, advs)

22 self.net.train_step(loss, self.optim, self.lr_scheduler,
= clock=clock, global net=self.global_net)

23 # cbpoc napameTpoB

24 self.to_train = 0@

25 return loss.item()

26 else:

27 return np.nan

2.6.6. Knacc Memory gna xpaHeHus npMMepos
nNpy 06y4eHUN Mo akTyasbHOMY ONbITY

B sToMm paszesie paccmaTpuBaeTcs KJ1ace 11aMsTH, B KOTOPOM peasin30BaHa reHeparius
BBIGOPOK TIPH OOYUEHUH TI0 aKTYaTLHOMY OTTBITY. B cTpoke 17 muctuinra 2.6 MOXKHO BH-
TI€Th, 9TO OOBEKT MAMSITH BBI3BIBAETCSI, YTOOBI OTYIUTD TPaeKTOpuH 17ist 00ydenust. [To-
ckosibky REINFORCE — 310 anroput™ o0y4YeHtst 70 aKmyaisHOMY Onblmy, BIOPaHHbIE
UM TPAEKTOPUH JIOJIKHBI XPAHUTHCS B KJ1acce Memory Ji7ist 06y4eHns 1 0TOPachIBaThCs
OCJTe KasK/[0TO Tara 0GHOBJIEH ST BECOB.
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B nannom paszesie IpUBOAATCS CBEJIeHUS O TOM, Kakas nH(opMals XpaHuTcs B a-
MSITH ¥ KaK OHa MCTIOJMB3YETCS B IUKIIe 00ydenst. UnTaTesn, KOTOPBIM He HYKHbI JTe-
TN KJIACCOB TIAMSITH, MOTYT TIPOIYCTUTH €r0 Oe3 yiepOa JiJisi IOHUMAHUST QJITOPUTMA
REINFORCE.

Pacemorpum kiace OnPolicyReplay, B KOTOPOM peajin3oBaHa 9Ta joruka. OH COmep:KuT
caenyionie metobl APT:

® reset — ouMINaAET MaMITh M yCTaHABINBAET HauaJbHbIE 3HAUCHUS 71T IePEMEHHBIX
KJIacca maMATy;

® update — j106aBJIET IPUMED OTIBITA B TIAMST;

® sample — MPOU3BOJUT BBIGOPKY MaKeTa JAHHBIX s 00y IEHIISL.

Munupanusanys, o4ucTKa U yCTaHOBJIEHUE HayaJbHbIX 3HAYCHUI IIepEMEHHBIX Ma-

MATH. __init__ MHUIUMAIU3UPYET IlepeMeHHble KJacca, BKII0Yasd KJII0YM XPaHUIHIIA
B cTpoke 15. 3aTeM OH BBI3BIBACT reset, YTOOI CO3/ATh MYCTYIO CTPYKTYPY JaHHbIX.

B nmmctunre 2.7 reset MCOIb3yeTcs i OUNCTKY TTAMSATH TTOCHE KaK/I0TO Tara IiKJa
obyueHust. ITO MPUCYIIE TOJIBKO 00YUEHUIO TI0 AKTYAJIBHOMY OTIBITY, TIOCKOJIbKY TPA€EK-
TOPUU HE MOTYT ITOBTOPHO TIPUMEHSITHCSI JIJIST TOCTIEAYIOIIUX IUKJIOB O0YIEHHSI.

Kiace mamMsiTt MOKET XpaHUTh TPACKTOPUH 13 GOJIBIIIOTO KOJUUECTBA STIM30/[0B B aTPH-
GyTax, MHAIHATN3UPYEMBIX B cTpoKax 21 1 22. OTaenbHble SMU30/bI CTPOSATCS TIO-
CPEICTBOM XpaHEHU OITbITa B CJIOBape JAaHHbIX TEKYIIEro o1n30/1a self.cur_epi_data,
KOTOPBII OUNIIAeTCs B CTPOKe 23.

JuctuHr 2.7. OnPolicyReplay, ouncTka u yctaHOBKa HayasibHbIX 3HA4YEHWI NepeMeHHbIX

1 # slm_lab/agent/memory/onpolicy.py

2
3 class OnPolicyReplay(Memory):
4
5
6 def __init_ (self, memory_spec, body):
7 super().__init__ (memory_spec, body)
8 # BHUMAHUE: pns npumepoB B 06YYeHWM MO aKTyallbHOMY OMbITY
= frequency = episode, AnA Apyrux npuBefeHHbIX fanee
= knaccoB frequency = frames
9 util.set_attr(self, self.body.agent.agent_spec['algorithm'],
= ['training_frequency'])
10 # He HyXHO o4MWaTb BCe MpuUMepbl OMbITa, KOrja NaMATb 3MNU30AuWYecKas
11 self.is_episodic = True
12 self.size = @ # Bce npuMepbl OMbITa COXpPaHEHbI
13 self.seen_size = @ # BCe npumepbl OMbITa MPOCMOTPEHbI HAKOMUTENBHO

14 # 06bABNSAETCA, Kakue KJHYU HYXHO XpaHUTb



15

16
17
18
19
20
21
22
23
24
25
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self.data_keys = ['states', 'actions', 'rewards', 'next_states',
= 'dones']
self.reset()

@lab_api
def reset(self):
""'OymwaeT NamATb, WCMNOAb3YyeTCA ANA UHWLMANM3aLUUU NepemMeHHbIX namaTtu' '’
for k in self.data_keys:
setattr(self, k, [])
self.cur_epi_data = {k: [] for k in self.data_keys}
self.most_recent = (None,) * len(self.data_keys)
self.size = @

Oo6nornenne mamsitu. OyHKins update urpaet posb Metoga APT st kiracca maMsiTi.
JloGaBJieHue olbiTa B AMITh, 110 OOJIBIIOMY CUETY, IPOMCXOAUT IIPOCTO, €AMHCTBEHHAS
CJIO’KHAS YaCTh — ATO OTCJIEKUBAaHNE TPaHUIl a1n30/1a. Koy B mctunre 2.8 MOXKHO pas-
JIeJTUTh Ha CIIeIYIONIHe TaTH.

1.
2.

JlobGasieHve mperie/ieHTa B TeKytuii amuson (ctpoku 14 u 15).

[Tposepxka Toro, 3aBepimics jau anu3o7 (ctpoka 17). /lnst atoro coryskut mepemMenHast
done, KoTopas npuHUMaeT 3nadenue 1, eciu anu3on 3asepiiet, u ) — B IPOTUBHOM
cayyJae.

Ecoiit armzon okomden, 1obaienne Beero Habopa MperefenToB /IS SMU30/1a B OCHOB-
Hble KOHTeitHepbI Kiaacca namaTu (ctpoku 18 u 19).

Ecuiit a1iu30/1 3aBepIiieH, OYUCTKA CI0Baps TekyIero smu3ona (crpoka 20), 4Tobn
MIOJITOTOBUTD KJIACC MAMSTH JIJIsI XPAHEHUST CJIEYIOIIETO AMU30/1a.

Eciiu 6110 HAKOIUIEHO sKeJlaeMoe KOJMYECTBO AIM30/[0B, YCTAHOBKA B areHTe /st
(daara o0yuenus snaveHus 1 (cTpoku 23 u 24). ITO CUTHAIUBUPYET areHTy O TOM,
YTO OH JI0JIZKEH 00YUUTHCST TAHHOMY BPEMEHHOMY IIAry.

Jinctuur 2.8. OnPolicyReplay, no6aBneHne npeueseHToB

1
2

3
4
5
6
7
8
9
10

11
12

# slm_lab/agent/memory/onpolicy.py

class OnPolicyReplay(Memory):

@lab_api

def update(self, state, action, reward, next_state, done):
"' '"MeTon uHTepdeiica AnA OBHOBAEHUA MNaMATH
self.add_experience(state, action, reward, next_state, done)

def add_experience(self, state, action, reward, next_state, done):
"' 'BcnomoraTenbHblii MeTos MHTepdeica ana update()

= nna gob6aBneHns onbita B NamMATb
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13 self.most_recent = (state, action, reward, next_state, done)
14 for idx, k in enumerate(self.data_keys):
15 self.cur_epi_data[k].append(self.most_recent[idx])
16 # Ecnu 3nu304 OKOH4YeH, A06aBUTb ero B MamMATb M OYUCTUTb cur_epi_data
17 if util.epi_done(done):
18 for k in self.data_keys:
19 getattr(self, k).append(self.cur_epi_data[k])
20 self.cur_epi_data = {k: [] for k in self.data_keys}
21 # Ecnan areHT Hakonmwua xesaemoe KOJIMYECTBO
= 3MU3040B, TO OH rOTOB K OBYy4YeHu
22 # ONMHA — 3TO KO/MIMYECTBO 3SMNU30[O0B C YYETOM BJIOKXEHHOW CTPYKTYphl
23 if len(self.states) == self.body.agent.algorithm.training_
= frequency:
24 self.body.agent.algorithm.to_train = 1
25 # OTcnexuBaHue pasmepa NamATUM U KONMYECTBa MPUMEpOB OMbITA
26 self.size += 1
27 self.seen_size += 1

Boi6opka u3z mamstu. B jctunre 2.9 sample pocTo BO3BpaIaeT BCe MOJIHbIE SITH30/Ib,
yIIaKOBaHHbIE B ¢JI0Bapb batch (cTpoka 6). 3ateM oH ounIIaeT aMATh U yCTaHaBIUBACT
HavaTbHbIE 3HAYCHUST TEPEMEHHBIX (CTPOKA 7), IOCKOJIbKY TTOCIE 3aBEPIIEHS T1ara 06-
YUYEHUSI aTeHTOM COXPAHEHHBIE TIPEIEIEHTHI HOJIBIIE He ICHCTBUTETbHBL.

Jnctunr 2.9. OnPolicyReplay, Bbibopka

1 # slm_lab/agent/memory/onpolicy.py
2
class OnPolicyReplay(Memory):

batch = {k: getattr(self, k) for k in self.data_keys}
self.reset()

3
4
5 def sample(self):
6
7
8 return batch

2.7. O6yyeHune areHTa B REINFORCE

Y anroput™MoB riy6oKoro 00yueHust ¢ TIOAKPEIIEHUEM 3a9acTyi0 MHOTO THIIEpIapa-
MeTpoB. Harmpumep, J0KHBL OBITH YKa3aHbl THIT CETH, apXUTEKTYPa, (DYHKIIUN aKTH-
BallUH, ONITUMU3ATOP U CKOPOCTh 00yuenust. Bosee npoaBunyTas (hyHKIMOHATEHOCTD
HEIPOHHOI CeTH MOKeT BKJIOUATh OrPAHUYEHNE IPAJUEHTOB U CHIKEHUE CKOPOCTU
o6yuenus. 1 510 TOIBKO «Ti1y6oKast» 4acTh! AJTOPUTMBI OOYYEHUS C TTIOKPETIIIEHIEM
MO/IPa3yMeBalOT TaK:Ke BHIOOD TUIIEPIIAPAMETPOB, TAKUX KaK KOA(MHUIIMEHT TUCKOHTHU-
pOBaHUs Y U yacToTa 00yueHust arenra. JIJist yIpoIieHust yIpaBJieHnst Bce BBIOPaHHbIE
3HAUEHUs TuieprapaMeTpoB ykasaubl B SLM Lab B daiire popmara JSON mos Ha-
3BanueM spec (1o ectb crenudukaius). bosee mogpobubie cBegenuns o dailjie spec Bbl
Hatizere B riase 11.
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Jluctunr 2.10 copepsxut npumep daitna spec s REINFORCE. Otot daiin numeercs
taxke B SLM Lab B slm_lab/spec/benchmark/reinforce/reinforce_cartpole.json.

JNuctunr 2.10. MNpocToii daiin spec ans urpsl B cartpole ¢ nomolybto MeTtoga REINFORCE

1 # slm_lab/spec/benchmark/reinforce/reinforce_cartpole.json

{

"reinforce_cartpole”: {
"agent": [{
"name": "Reinforce",
"algorithm": {

}
P

"env":

net":

"name": "Reinforce",

"action_pdtype": "default",
"action_policy": "default",

"center_return": true,

"explore_var_spec": null,

"gamma": ©.99,
"entropy_coef_spec": {

"name": "linear_decay",

"start_val": 0.01,

"end_val": @.001,

"start_step": O,

"end_step": 20000,
Iy

"training_frequency": 1

memory": {
"name": "OnPolicyReplay"

N
"type": "MLPNet",
"hid_layers": [64],

"hid_layers_activation":

"clip_grad_val": null,
"loss_spec": {
"name": "MSELoss"
3
"optim_spec": {
"name": "Adam",
"lr": 0.002

3,

"1lr_scheduler_spec": null

[{

"name": "CartPole-v@",
"max_t": null,
"max_frame": 100000,

11,

"body": {

"selu",
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"product”: "outer",
"num": 1

s

"meta": {
"distributed": false,
"eval_frequency": 2000,
"max_session": 4,
"max_trial": 1,

3

}
}

Moxer TIOKAa3aTbCs, YTO 3/1€Ch CJIUIITKOM MHOI'O HACTPOCK, ITOITOMY CTOUT HpOﬁTHCb 110
OCHOBHBIM KOMIIOHEHTaM.

Anropurm — 510 REINFORCE (cTpoka 8). 3nauenue y yctanoBJIeHO B cTpoke 13.
[Tockoabky B cTpoke 11 oTkioueHo center_return, B KauecTBe MOIKPEILIIONIE-
ro CUTHaJIa UcroJb3yercs 6a3oBoe 3HadeHue. YToObl CTUMYIMPOBATH U3YUCHIIE,
K GyHKIMT TTOTEPD T06ABISIETCS IHTPOTINS ¢ TUHEHHON CKOPOCTHIO YMEHbBITEHUST
snauenus (crpoku 14-20).

ApXHTEKTypa CeTH — MHOTOCJIONHBII TIEPIENTPOH C OTHUM CKPBITBIM CJI0EM, BKJIIO-
yatoruM 64 anemenTa u ¢yukinio akrusanun SeLU (ctpoku 27-29).

Ontumuszarop — a1o Adam [68] co ckopocTbio 06yuenust 0,002 (ctpoku 34—37).
CkopocTh 00yUYeHnst BCeria MOCTOSTHHAS, TOCKOJBKY CXeMe CKOPOCTH 00ydeHust
rpucBoeHo 3Havenuie null (crpoka 38).

Yacrora 00yuyeHuss — obydeHue 110 911M30/aM, TaK Kak BblOpaHa 11aMsTh OnPoli-
cyReplay (cTpoka 24) u areHT 00y4aeTcs B KOHIIE KaKI0r0 SIIM304a. ITO KOHTPO-
JupyeTcst mapaMeTpoM training_frequency (cTpoka 21), smauenmne 1 KkoToporo
MOJIPa3yMEeBAET, UTO CeTh OyIeT 00YUaThCS HA KAsKIOM JITH30/IE.

Cpena — CartPole us OpenAl Gym [18] (ctpoka 42).
Jtenprocts 00ydyenus — 100 000 BpeMeHHBIX maros (cTpoka 44).

Onenka — areHT oneHnBaercst Kaskzapie 2000 BpeMeHHBIX 11aroB (cTpoka 52). Bo Bpe-
M OIIEHKHM 3aITyCKalOTCA YEThIPE 91TIN30/1a, 3aTEM IMOACUYUTBIBAIOTCA CpeIHNE ITOJIHbIE
BO3HATPaKIE€HUS W BBIAETCS OTYET O pe3yJibTaTax.

Y1o6s1 06yunth arentra REINFORCE ¢ nomorpsio SLM Lab, sanycrure B TepMunae
KOMaH/bl 13 inctraTa 2.11.

JNnctuHr 2.11. O6yyeHne areHta REINFORCE

1 conda activate lab
2 python run_lab.py slm_lab/spec/benchmark/reinforce/reinforce_cartpole.json
= preinforce_cartpole train
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371ech ¢ MOMOTITHIO YKa3aHHOTO (haiiia spec Gyzer 3amyiieHo mpobHoe obydeHwe Triall,
COCTOSIIeE M3 YETHIPEX MOBTOPSIIOMINKCS CeaHcoB Session. CpeqHMiT pe3yIbTaT 3aTeM
Oyzer oTobpasken Ha rpaduke 11 IPOOHBIX UCIIBITAHUN C MHTEPBAJIOM 3HAUEHMIA 110-
rperrHocTei. J[omoaHuTebHO rpad K pe3yabTaToB MPOOHBIX UCTIBITAHMIT BBIBOIAUTCS
TAK/KE CO CKOJIB3SIIINM CPETHUM TI0 o1feHKaM B 100 KOHTPOIbHBIX TOUYKAX, YTOObI TTOJTY-
YUTh CrIakeHHyIo KpuByto. O6a rpaduka mokasaHbl Ha puc. 2.2%

trial graph: reinforce_cartpole t0 4 sessions trial graph: reinforce_cartpole t0 4 sessions
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Puc. 2.2. Mpacunky pesynbTaToB NpobHbIX UCMbITaHui ans Metoga REINFORCE u3 SLM Lab,
NMOCTPOEHHbIE MO CPEAHMM 3HAUYEHMSM AJ1 YETbIPEX MOBTOPHbIX CECCUiA. [0 BEpTMKaNM OTIOXKEHbI
nosiHble Bo3HarpaxaeHus (06o3HayeHbl mean_returns), ycpeAHeHHbIe N0 BOCbMM 3MM304aM
Ha NPOTSXKEHUWN KOHTPOSbHbIX TOYeK. MOpM30oHTanbHasi OCb COOTBETCTBYET BCEM KaapaM 0byueHus.
CnpaBa npviBefieHa CrinaxeHHas Bepcusi rpaduka, oTobpakarowas CKonb3silee cpegHee Mo OLeHKam
B 100 KOHTPONbHbIX TOUKax. CnegyeT OTMETUTb, YTO MaKCUMasbHOE NOSIHOE BO3HArpaXkaeHue
B CartPole coctaBnset 200

2.8. Pe3ynbTaTthl 3KCNEPUMEHTOB

B aToM paszesie Mbl BOCIIob3yeMcs GyHKIMeN axcrnepuMmenTrpoBaius SLM Lab mas
M3YUYEHUS BJUSHIS OTIEIbHBIX KOMIIOHEHTOB aJITOPUTMa Ha ero paboty. B mepsom axc-
MePUMEHTE CPABHUBAIOTCS PE3yJIbTAThl IPUMEHEHUS PAa3HbIX 3HAUCHWH KoadduimenTta
JMCKOHTUPOBaHs Y. Bo BTopoM — JeMOHCTpUpYyeTcst yaydlienne Grarofapst HCmob-
30BaHMIO HA30BOTO 3HAYEHMSI B TIOMKPETLISIONIEM CUTHATIE.

U Trial qossken 3amyckarbest ¢ 6OIBIIMM KOJUYECTBOM Session, TIPUYEM ¢ OAHUM U TEM Ke SPec,
HO Pa3HBIMU CJIyYaliHbIMK HadabHbiMK yncsiaMu. B SLM Lab ato nesaercst apromaTuuecku.

2 TlonHble Bo3HArpaskieH st 0003HaueHbI Ha rpadrkax Kak mean_returns. Jljist oleHKy mean
returns BeIYUCISIOTCST 6€3 ANCKOHTHPOBAHUSI.
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2.8.1. DKCrepuMeHT Mo oLeHKe BANSHUS
Koa(pdurumneHTa ANCKOHTUPOBAHUS ¥

KoaddurmeHT 1uCKOHTUPOBAHUS Y PEryJIUpPyeT Bec OYAYIINX BOZHATPAKICHUIT TpU
BBIYKCJIEHUM OTAa4n R(T), KOTOPAs MCIIOJIb3YyeTCs KaK MOAKPEIISIONNN CUTHAL
Yewm Gouibie 3HaueHre KOIDHUIMEHTA IMCKOHTUPOBAHMS, TeM OOJBIINN BEC UMEIOT
Oyytre BosHarpaxeHst. OnTuMaibHOe 3HaYeHe Y 00yCIoBIIeHO 3anadeit. JIyist 3amaq,
IJle ar€HTY HY/KHO YUUTHIBATH BJIMSHIE CBOUX JAEUCTBUN HA OY/Iyli[iie BO3HATPAKIEHS
[P [JTATEJTBHOM BPEMEHHOM TOPU30HTE, 3HAUEHIUE Y JIOJIKHO OBITD BBIIIIE.

YT06bI UBYUHUTD BJAUSTHUE KOI(DDUITMEHTA JUCKOHTUPOBAHS, Mbl MOKEM 3aITyCTUTh
anroput™ REINFORCE u cpaBHUTB pe3yibTaThl ¢ pa3HbIMU 3HAUEHUAMU Y. /{1 aTOTO
usmenure Baiin spec uz aucrunra 2.10, gobasus crenuuKaiuio search 17 y. 1o 1Mo-
KasaHo B JcTuHTe 2.12, r71e B cTpoKe 15 ompesessieTcst CETOUHBIH MOMCK IO THIepIIapa-
Metrpy gamma. B SLM Lab mosmslii daiin spec cogepskurcs B slm_lab/spec/benchmark/
reinforce/reinforce_cartpole. json.

JNuctunr 2.12. daiin spec ans REINFORCE co cneumndukaumein search
[Ns pa3HbIX 3Ha4YeHU gamma

1 # slm_lab/spec/benchmark/reinforce/reinforce_cartpole.json

2

34

4 "reinforce_cartpole": {

5

6 "meta": {

7 "distributed": false,

8 "eval_frequency": 2000,
9 "max_session": 4,
10 "max_trial": 1,
1 s

12 "search": {

13 "agent": [{

14 "algorithm": {

15 "gamma__grid_search": [0.1, 0.5, 0.7, 0.8, 0.90,

= 0.99, 0.999]

16 }

17 ]

18 }

19 }

20 }

Yro6sl 3ammyctuth srcriepuMenT 8 SLM Lab, Bocmosbayiitech KoMaHaMu, IPUBE/EH-
HBIMU B JicTHHTE 2,13, DKCIEPUMEHT HE3HAUNTEIBHO OTJIMYAETCST OT OOyUEHUST areH-



naBa 2. REINFORCE 77

Ta — MBI IPUMEHSIEM OJIUH U TOT ke (haill spec, U3MEHUB PEKUM 00yUeHHUs train Ha
peskuM 1oucka search.

JIncTuHr 2.13. 3anyck 3KcrnepyrMeHTa No NpoBepKe pasHbIX 3HAUYEHUI gamma, 3aAaHHbIX
B chalne spec

1 conda activate lab
2 python run_lab.py slm_lab/spec/benchmark/reinforce/reinforce_cartpole.json
= reinforce_cartpole search

3mech GyJer 3amylieH SKCIIePUMEHT Experiment, KOTODBIA IIOPOAUT MHOKECTBO IIPOO-
HBIX UCTBITAaHUH Trial. /[y kKak0ro U3 HUX UCIIOJIB3YETCSI CBOE 3HAUEHUEe gamma,
KOTOpOe TojcTaBiasgercs B usnavanabubiii daita spec 1 REINFORCE. B kaxknom
Trial 3aIlyCKaIOTCS YETBIPE MOBTOPSIONIMECS CECCUU Session, YTOOBI MONYYHTh CpeHee
3HAUEHUE C IOBEPUTEJIbHBIM nHTepBajioM. OHO IIPUMEHSIETC JIJIst TTOCTPOeHus rpaduka
PE3yJIbTATOB MHOKECTBA ITPOOHBIX UCTIBITAHUIL. JIJist 06JIeTYeHUsT CPABHEHUS TAK/Ke TIPH-
BOJIUTCSI CIIIAKEHHBIN rPpaK CO CKOJIB3SIINM CpeIHUM 110 otteHKaM B 100 KOHTPOIbHbBIX
toukax. OHu uzobpakeHbl Ha puc. 2.3.

Ha puc. 2.3 nokazano, uto s y > 0,9 mpousBoauTeabHocTh Bbile. Hanayunmii pe-
3yJIbTAT IOCTUTAETCS B 1ecTOM pobHoM ucnbitatnuu mpu Y = 0,999. Korzia snauenue y
CJIMIITKOM HU3KOE, AJITOPUTM He MOKET HACTPOUTH CTPATETHIO, TO3BOJISIIONIYIO PEINTh
3a71a49y, ¥ KPUBast OOYIEHIsT OCTAETCST TIOJIOTOM.

multi trial graph: reinforce_cartpole multi trial graph: reinforce_cartpole
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Puc. 2.3. BnusiHne pasnnyHbIX 3HaUYeHWM koadduLumMeHTa AMCKOHTUpoBaHus v. Anst CartPole Huskue
3HAYeHUs1 Y NPUBOAAT K NIOXOM NPOM3BOAUTENBHOCTM. Mpu v = 0,999 B LWECTOM NPOBHOM UCMbITaHUK
[OCTUraeTCs Hauny4lumii pesynbTaT. Kak npaBunio, Ans pasHbIX 3aay ONTUMaibHbIe 3HAUYEHWs Y MOryT
pasnmuyaTbCs



78 Yactb I e ANropuTtMbl, OCHOBaHHbIE HA CTpaTErnsaxX U None3HoCTsX

2.8.2. DKCrNepuMeHT No OLeHKE BNSHUSA
6a30B0Oro 3Ha4eHus

B 5701l r1aBe MbI Y3HAJIU, 4TO IPUMEHEHE 0A30BOTO 3HAYEHUST MOXKET [TIOMOYb YMEHb-
HIUTH AUCIIEPCHUIO TIPU OlIEHKE TPAeHTOB cTpateruu metogom Monte-KapJio. /laBaii-
T€ MPOBEJIEM IKCIEPUMEHT, 4T0OBI cpaBHUTD npousBoauTesbHocTh REINFORCE
C UCIoJb30BaHueM U 6e3 ucrnosb3oBanus 6a3o0Boro sHadeHusi. OHO MOXKET OBITH
BKJIIOUEHO MJIM OTKJIIOUEHO C ITOMOIIBIO TUIlepIiapaMerpa center_return B (aiiie
spec ajaropuTMa.

[l mpoBeieHnst aKkcniepuMeHTa cKonupyeM nsHadanbHbii daiin spec st REINFORCE
1 TlepenMeHyeM ero B reinforce_baseline_cartpole. YacTiuno aTOT haiis spec npu-
Bezied B nctunre 2.14. 3ateM gobasum crienuduKaiuio search sl BHIIOJTHEHUS 110~
HCKa IO CETKE TIOCPEACTBOM BKJIIOUEHUS U OTKJIIOYeHUsI center_return (cTpoka 15).
Daiin spec gocrynen B SLM Lab 1o agpecy slm_lab/spec/benchmark/reinforce/
reinforce_cartpole.json.

Jinctunr 2.14. daiin spec ans REINFORCE co cneuudukaument search ¢ BKIIOUEHUEM U OTKITIOYEHWEM
6a30B0ro 3HaueHus (center_return)

1 # slm_lab/spec/benchmark/reinforce/reinforce_cartpole.json

2

34

4 "reinforce_baseline_cartpole": {
5

6 "meta": {

7 "distributed": false,

8 "eval frequency": 2000,
9 "max_session": 4,
10 "max_trial": 1,
11 s
12 "search": {
13 "agent": [{
14 "algorithm": {
15 "center_return__grid_search": [true, false]
16 }
17 3]
18 }
19 }
20 }

Bocmoabsyiitech koMaHgamu us guctunra 2.15 s samycka sxcrepuMenta 8 SLM Lab.

Jinctunr 2.15. 3aI'IYCK 3KCNepuUMeHTa No CpaBHEHNIO NPOMN3BOANTENBHOCTU C 6a30BbIM 3HAYEHNEM
1 6€3 HEro B COOTBETCTBUM C halyioM Spec

1 conda activate lab
2 python run_lab.py slm_lab/spec/benchmark/reinforce/reinforce_cartpole.json
= preinforce_baseline_cartpole search
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Takum 06pasoM Oyer 3alylleH S9KCIIEPUMEHT Experiment ¢ ABYMs IPOOHBIMU UCIIbI-
TaHUAMU Trial, B KaKAOM M3 KOTOPBIX OYIeT 110 YeThipe ceccuu Session. Ha puc. 2.4
[pUBeeHbl rpaduK Pe3yabTaTOB MHOKECTBA IPOOHBIX UCIIBITAHMI U €r0 CKOJIb3sIIIee
cpenree 10 oreHkaM B 100 KOHTPOJIbHBIX TOYKAX.

multi trial graph: reinforce_baseline_cartpole multi trial graph: reinforce_baseline_cartpole
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Puc. 2.4. Ha 3Tux rpacukax nokasaHo, YTo Mpu UCMOb30BaHNM 6a30BOro 3HAUYEHNUS ANS YMEHbLIEHNS!
[AMCNEPCHM MPOU3BOANTENBHOCTL BO3PACTaET

Kak u oxunanocs, npoussogurenpiocth REINFORCE ¢ npumenenneMm 6a3oBoro
3HAUEHMs B CPaBHEHUM ¢ Bepcreil 6e3 6a30BOro 3HaYE€HUs MOJIYUNIACh BBIIIE 3 CUET
YMEHbBINEHUs IUCTIEPCUN OIIEHOK TPaJineHToB cTpaTernu. Ha puc. 2.4 nokasamno, 4To
Bepcus ¢ 6a3oBbIM 3HAYEHNEM U3 ITPOOHOrO0 UCIIbITaHus ¢ HoMepoM 0 oOyuaeTcst ObicTpee
U [0JIy4aeT OOMbIINE TOIHbIE BO3HATPAK AEHISL.

ITOT pasjest ObLI MUHUMAJIBHO BO3SMOKHBIM BBEJICHUEM B BO3MOKHOCTH (DYHKIIUHU 9KC-
nepuMenTrpoBanns SLM Lab mo samycky otmenbHbIX 9KcepuMeHTOB. BoJiee getanbHo
[IPOEKTUPOBAHHE KCIIEPUMEHTOB ¢ Tiomotbio SLM Lab paccmarpusaercs B ruase 11.
ITa GYHKIS TOHATOOUTCS HaM JIUTITH B CJIOJKHBIX CIYYasTX U He SBISETCST HEOOXOANMON
TSI IOHUMaHMsI aITOPUTMOB, 00CY KIaeMbIX B 9TOU KHHTE.

2.9. Pe3ome

B aroii rnaBe nano BBenenue B REINFORCE — anroputm rpajiuenTa crparteruu.

Ero ocnoBHast uyiest — HacTpoOIKa IMapaMeTpoB CeTU CTPATErUH JIJISI MAKCUMU3AIIUH TieJie-

BOIi PYHKIINH, KOTOPOI ABJIsAeTCA oKugaeMasd oTaada J (ng) =E,, [ R(r)] LIS areHTa.
~ Ty

Mpur1 nanmm oripeniesienme rpajsieHTa, mpoanddepeHIImpoBaIN ero U Oy YN 2JIeTAaHTHOE
BoIpaskeHre. OHO MO3BOJISIET HACTPAUBATh BEPOSITHOCTH JIEHCTBUM 71T CTPATETUN TaK,
4TOOBI MOOIIPATH XOPOIIHe AeiicTBrst u He nootpsith mioxre. B REINFORCE rpaauent
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CTpaTETrnn BbIYUCJIAETCA C IIOMOIIbIO BI)I60])KI/I METO/J0M MOHTe-KapJIO. JTa OII€HKa MO-
JKET UMETb BbICOKYIO JIMCITEPCUTO, U O6HI€HpI/IHHTbIM METO/IOM €€ YMEHbIICHWA ABJIACTCA
BBeJeHUe 6a30BOr0 3HAYEHU.

PeanmmsoBaTh 3TOT aliTOPUTM JIOBOJBLHO TTIPOCTO, KaK MOKa3aHo B JucTwHTe 2.1. Bplaa
TaK;Ke paccMoTpena ero peaimsanus B SLM Lab B kauectse BBegenus B API anropurma,
KOTOPBII UCTIOJIB3YETCS HA TIPOTSIKEHIH BCEH KHUTH.

2.10. PekoMeHayemas nutepaTtypa

e Levine S. Sep 6: Policy Gradients Introduction, Lecture 4. 2017 [74].
o Fei-Fei L., Johnson ]., Yeung S. Lecture 14: Reinforcement Learning. 2017 [39].
e Metropolis N. The Beginning of the Monte Carlo Method. 1987 [85].

2.11. icTopnyeckaqa crnpaska

Metox Monte-KapJio 6611 nonyssgpusosad CtaHucaBoM YJiaMoM, paboTaBIIuM B UC-
cienoBaTesbekoil maboparopun Jloc-Amnamoc B 1940-x rogax. B HasBanun «MownTe-
Kapmo» HeT Kakoro-To 0c060TO CMBICIA, HTO MPOCTO 3aTTOMUHAIONIASICS ATbTEPHATHBA
TepMUHY «BBIGOpOUYHAs otteHKa». Ho ero mponcxoskaenue Bee ke 3austHoe. OHo GBIT0
npemtoxkeHo Hukonacom MeTpornosncoM, GU3NKOM 1 KOHCTPYKTOPOM BBIUMCITUTEb-
HBIX MallliH, OTBETCTBEHHBIM 3a NPOHUYHOE HasBanue Kommbiorepa MANIAC [5].
MeTpomoJic yeabitmat o fsjie Yrama, KOTOPBIH 6past IeHbIU B JIOJT Y POACTBEHHUKOB,
MOTOMY YTO «eMy TIPOCTO HY’KHO ToexaTh B MoHTe-Kapsos. [locie aToro Hazsanue
Ka3aJ10Ch COBEPINEHHO OUeBUAHBIM [85].

B 10 e Bpemst B [leHcunbBanckoM yHuBepcutere B Duiazienbdun ObL1 yCOBEPIIEHCTBO-
Bau komibiorep ENTAC. Orpomuas marmha, cocrosiiast us 6osiee uem 18 000 asekr-
POHHBIX JIamIl, ObLJIa OHUM 13 HanboJIee PAHHUX HTEKTPOHHBIX KOMITBIOTEPOB 00IIEro
HasHaueHus. Beraucanrenbias Moub 1 riubkocth ENTAC 1poussesn Bievarienye Ha
Yiama. On rocuuTas ero moaXo/SANUM HHCTPYMEHTOM /I MHOTOYUCJIEHHBIX PETYJISP-
HBIX BBIUYUCJIEHUH, HEOOXOAUMBIX JIJIs IPUMEHEHSI CTATUCTHYECKUX METOJIOB B OI[EHKE
(ynkmmit. Ero kosnera o Jloc-Aamocy Bblaiomuiics yuenbiii-ynusepcani [[:xkoH ¢on
Heiiman cpasy ke yBujes monesnoctsb noaxoaa Monte-Kapio. B 1947 rogy on cxema-
TUYHO OTIUCAJ ATOT METOJI B 3aIIUCKe, TIOJIAHHOI IJIaBe TEOPETHYECKOTo oT/eenus Jloc-
Anamoca [85]. BoJiee mogpoGHbIe CBEEHNST O BOSHUKHOBeHU MeTo10B MonTe-KapJio
MOJKHO TIOU€ePIHYTh 13 ctaTbu Hukosaca Merpomnosica The Beginning of the Monte Carlo
Method, onybkoBaHHOI B criennaibioM uaganuu Los Alamos Science 8 1987 ropy.



SARSA

B aroii tnaBe paccmaTtpuBaercss SARSA — Hann epBwIil aITOPUTM, OCHOBAHHBIN Ha TT0-
siesroctrt. On Obu1 ipestoxker Pymmepu n Huparmskanom B 1994 roy u omiicas B cTaThe
On-Line Q-Learning Using Connectionist Systems [118]. On moxyumn Takoe HazBaHue,
Tak Kak /7T €T0 paboThI «HY/KHO 3HATH TIOCTEN0BATENLHOCTD 3HAYEHHI “COCTOSTHITE —
JeiicTBre — BO3HArpaskieHe — cocrostine — aeiictue” (State — Action — Reward —
State — Action) 1epe; BbIosHeHEM OOHOBICHMS» .

OcHoBaHHbBIE HA TI0JIEBHOCTH JITOPUTMBI OIIEHUBAIOT MAPhl «COCTOSIHUE — JIeHCTBUE»
(s, @) MoCpeICTBOM HACTPOWMKU O/IHOM U3 (pyHKIMiT Tosie3Hoctu — V*(s) nm Q™(s, a) —
U MCIIOJIb3YIOT HOJIyYeHHbIe OIIeHKH I Bhibopa meiictsuii. Hacrpoiika GyHKImii mo-
JIE3HOCTH MIPOTUBOTIONOKHA HEMOCPEICTBEHHOMY OOYUEHUIO areHTa CTPaTeruu, coro-
crapJistoneil coctostuusiM jieiictBust, npuMmensemomy B REINFORCE (cm. riasy 2).
Anroputm SARSA nactpauBaer dyukiuio Q'(s, a), Torna Kak Apyrue aaropuTMbl,
TakMe Kak aJrOpuTM akTopa-Kputuka, — V(s). B pasgene 3.1 oObsicHsaeTCs, IOUEMy
B JaHHoM cirydae yHkiua QF(s, a) — xopormuii BbIOOp.

B ocnoBe anroputma SARSA nexat nBe ugeu. [lepBass — 370 MeTOJI HACTPOUKH
Q-dyHKIU, U3BECTHBIN KaK METOJ BpeMeHHbIX pasinunii (temporal difference),
nin TD-o6yuenue. OH sBJIsIETCS abTePHATHBOI BBIGOPKE MeTosoM MonTe-Kapio
I[IPU OIIEHKE COCTOSTHUN MJTU TIOJIE3HOCTH MAP «COCTOSTHUE — JeHCTBUE> Ha OCHOBE OTIbITA,
MOJIyYEeHHOTO areHTOM B cpezie. TD-00yueHne — Tema paszena 3.2.

Bropas uynes — aTo MeToz oposkieHust elicTBUi ¢ momotbio Q-dbyuknuii. U 3nech
BO3HUKAET BOIIPOC: KaK areHThl BIOMpaloT xopouiue geiictusa? OnHoll us ¢pyHmga-
MEHTaJIbHBIX TIPo6eM RL sBisieTCss JOCTHREHNE OTITUMAIBHOTO HGaJaHca MExK/ILy
HCMIOJB30BAHUEM 3HAHWI areHTa U UCCIIE0BAHNEM CPEbI Uit 0OyUEeHUsT HOBBIM Ha-
BbikaM. [Tpo6aema BEIG0pa MEXKILY UCTOIb30BAHUEM CIMPAMEZUL U UCCIe08aAHUEM CPEDbL
obcyskmaercst B pazzene 3.3. 3/ech TakyKe PACCKa3bIBAETCS O MPOCTOM TTOJXOIE K €€
PelIeHnIo — €-KaTHON CTPATETr L.

' B metictButeapnoctu SARSA ne 6611 HaszBad Tak Pymvepn m HupamkanoM B X CTaThe
1994 roga. ABTODBI NPEAIOYIN TePMUH «MoAndUInpoBaHHOe Q-00yueHre HeHPOHHBIX
cereit» (Modified Connectionist Q-Learning). Puuap CaTToH IpeiioKuI albTePHATUBHOE
HasBaHMeE, KOTOPOE U TIPIZKUIIOCE.
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[Tocsie 3HAKOMCTBA € UaEIMH, JeRaluMu B ocHoBe MeTozia SARSA, B pasznesne 3.4
MIPUBOINTCST CaM aJTOPUTM, a B pasziesie 3.5 — ero peanusaiiis. B KOHIle TIaBbl JaHbI
UHCTPYKIMH 110 00yUeHUIO areHTa ¢ moMoibio SARSA.

3.1. Q-pyHKUMA N V-PYyHKLMSA

B aTom paszesie pacckaspiBaetcs, mouemy SARSA nactpauBaer Q-dpyHKIHIO, a HE
V-cbyrxrnuio. [lanbl oripesiesieHust 3TuX (DYHKIUN U HHTYUTHBHO TIOHSITHOE OOBSICHEHE
TOTO, UTO U3MEPSIET KAXK/Asl U3 HUX, JAJIee OMUChIBAIOTCS IpenMytiecTBa Q-QyHKImu.

B paszese 1.3 611 BBeieHbl e GyHKmu nostesHoctu — V7(s) u Q(s, a). Q-byHKuus
n3MepsieT MOJIe3HOCTh Maphl «COCTOSTHIE — JleficTBHey (s, @) TIPH OTIPe/IeIeHHOI cTpa-
terun T (3.1). [lose3nocTs (S, @) — 9TO OKkUAAEMOE CYyMMapHOe TUCKOHTUPOBAHHOE
BO3HATPaK/ICHUE 32 BBIOOD JICUCTBUS d B COCTOSIHUY $ ¥ TIOCJIEYIOTHE ACHCTBYS B CO-
OTBETCTBUM CO CTPATErHei T

T
Q" (87 a):Esl):x, ay=a, 1~n Z’Y”; . (31)
t=0

DyHKIUY TOJIE3HOCTH BCET/Ia ONPENEISIOTCS ¢ YUeTOM KOHKPETHOW CTpaTeTnu T,
B CBSA3H C YeM B UX 0003HAYEHUU IIPUCYTCTBYET BEPXHUIT NHAEKC 7. UTOOBI IIOSACHUTH
9TO, MPETION0KUM, UTO MBI oTleHuBaeM (s, a). Q™(S, @) 3aBUCUT OT MOCTEIOBATEb-
HOCTHU BO3HATPAKAEHUIN, KOTOPBIE areHT MOKET IIOJIY4YUTD 110C/ie BbIOOpa 1eiCTBUS
B COCTOSIHUM S. ITH BO3HATPAXkKAEHUsT 00y CIOBJIEHbI OYAYIIMMU LEIIOYKaMK AeiCTB1IA,
a Te, B CBOTO OUePE/Ih, — cTpaTerneil. PazHbie cTpaTernu MOTYT TIOPOK/IATH PAa3IMIHbIE
Oyzyiiue 1mocae0BaTeJIbHOCTU AeHCTBYIL I JaHHOM Hapbl (S, @), B pe3yJibTaTe 4yero
BO3HArpasKAeHMsI OyIyT PasJInyaThCs.

V™(s) uamepser 1oJie3HOCTh COCTOSTHUS S TIPU ofipejiesieHHoit ctparernu Tt (3.2). [Toses-
HOCTB cocTosTHUA V™(S) — 9TO ORHMIaeMoe CyMMapHOe TUCKOHTHPOBAHHOE BO3HATPa-
KJIeH1e, HAaUMHAsI C COCTOSTHUSA S 1 Jlajlee B COOTBETCTBUN C OIIPE/ICTIEHHOI CTpaTerneii .

.
Vi(s)=E, _, ... ;)v‘n . (3.2)

Q7(s, a) TecHo cBsizana ¢ V"(s), kKoTopas SBJSIETCS MAaTEMATUYECKUM OXKHUJIAHUEM
Q-3HaveHuiT 1T BCeX AEHCTBUN @, TOCTYIMHBIX B OT/IEIBHO B3STOM COCTOSIHUU S TIPU
CTPaTeTuu Tt

Vi (5)=E, u[Q (s a)] (33)
Kakyto sxe dyHkmmio ydnie HacTpansath areHty — Q"(s, @) niu V7(s)?

PaccMoTpuM 3Ty cUTyaIuio B KOHTEKCTE UTPBI B MAXMAThl ¢ TOYKHW 3PEHUST OJTHOTO
UTPOKA. ITOT UTPOK MOXKET OBITH TIPENCTABIEH cTpaTerneil M. KOHKpeTHas paccTaHOBKA
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(uryp Ha ocke — ato coctosinue s. ONBITHBIN TAXMATUCT HHTYUTUBHO IOHUMAET, XOPO-
T1ast 9Ta AMCIO3UINS WK T1oxast. V*(s) 1 ecTb MHTYUITVS, BBIPAKEHHAS KOJTMUECTBEHHO,
Harpumep, Kak yucao ot 0 go 1. CHauamna sHauenue V7(s) pasao 0,5, MOCKOJIBKY 06e
CTOPOHBI HAYMHAIOT UTPY B PABHBIX YCIOBUAX. B X01€ UTPBI HAII TMTAXMATUCT TOGUBAETCST
ycrexa Win TepIuT MopaxkeHus, 1 3Hadenue V7(s) pacteT UM yMEHBIIACTCS ¢ KaXK/IbIM
xomoM. Eciii urpok odenp ycrmereH, To 3HadeHne GyHKInu mojesnoctu V7(s) 6JusKo
k 1. B JaHHOM KOHKPETHOM cjiydae V™(s) TOkKAeCTBEHHA BEPOSTHOCTH OOl HAILIETO
MIaXMaTHCTa, BBIYUCISAEMOM JIJI KaXKI0H AMCIIO3UINK B Urpe. Tem He MeHee HHTepBaJl
3Hauenuit V"(s) 3aBUCUT OT TOTO, KaK OIPeJIeJIIETCS CUTHAJ BO3HATPAXKEHUS 7, TI0ATO-
My OHa He 00g3aTeIbHO PaBHA BEPOATHOCTH 1100€e/1bl. Bosiee Toro, B Urpax st OHOTO
UTPOKA OTCYTCTBYET CaMO MOHSITHE MOOEIbI HaJl IPOTHBHUKOM.

[ToMuMO OIEHKM JAUCTTO3UTIAH, IITAXMATUCT PACCMATPUBAET HECKOJIBKO aJIbTEPHATUBHBIX
XOJZIOB M X BO3MOKHBIE TToCeICTBUS. QF(S, @) TIPe/ICTaBISeT KOJTUIECTBEHHYIO OTIEHKY
Kaxk10r0 Xo1a. Ha ocHOBe 5TOTO 3HAUeHUs MOKET OBITh TIPUHSTO PELIeHHe O JIyJIeM
xo7ie (/1eficTBUM) TTPU KOHKPETHOW aucrio3uiiun (coctossaun). CymiecTByeT U APyTroi
€110co0 OLEHKH X0/[a — ¢ TIOMOIIbIo Jinib V*(s). HyKHO paccMOTpETH Clieyromine co-
CTOSTHUS S’ JIJIsT KYK/IOTO JIECTBUTENIBHOTO X0/a a, paccuuTaTth V(s") i1 Kaxk0ro U3
STUX COCTOSTHUI U BBIOPATH JeliCTBUE, PYKOBOACTBYCH AydiinM s. OHaKo 910 Tpebyer
BpeMeHU 1 3HAHUST (DYHKIIUU TIePEX0/IOB, KOTOPas B IIAXMaTaX JIOCTYITHA, HO BO MHOTHX
JIPYTUX Cpe/laX — HeT.

[TpeumytiectBo QF(S, @) 3aKJII0YAETCS B TOM, UYTO OHA [IPEIOCTABJISIET areHTY METO/ JIJIst
HEIOCPEICTBEHHOTO OCYIIECTBIEHUS IENCTBUM. AT€HTbI MOTYT BbraucauTh Q™(s, a) ajis
Ka)KIOTO IENUCTBYS @ € A, TOCTYTTHOTO B KOHKPETHOM COCTOSTHUH S, U BBIOPATD AEiiCTBIE
110 MaKCUMaJIbHOMY 3HaueHuto. B unaeanbuom caydae Q(S, a) NMpeaACcTaBaAsSeT ONTH-
MaJIbHYIO OKHIAEMYIO MIOJIE3HOCTh BHIOOPA IEHCTBYS d B COCTOSIHUU S, 0003HAYAEMYI0
Q'(s, @). D10 JyUlliee, YTO MOKHO CIEJIATH, €CJU AEHCTBOBATH OMTUMAJILHO MTPH BCEX
mocJIeIoBaTebHOCTSIX fAeiictBuil. CiemoBarenbho, suanue Q°(S, @) 1aet onTUMAaIbHY IO
CTPaTEeruio.

Henocrarok nacrpoiiku Q7(s, @) COCTOUT B TOM, UTO alllIPOKCUMAITUS (DYHKITUY CTIOXKHEe
C BBIUUMCIIUTEILHO TOUKU 3peHtst 1 TpebyeT GOJIbINEero KoJInuecTBa JaHHBIX M0 CpaBHe-
Huio ¢ V(s). UToObI HayunThCsT IaBaTh XOPOIIYIO OIIEHKY B caydae ¢ V7(s), Tpebyercs,
4ToOBI JaHHbIE B I0CTATOYHON MEPEe OXBAThIBAIM MPOCTPAHCTBO COCTOSHUN. B TO Ke
BpeMst it Q"(S, @) HyKHBI BCe TIaphbl (S, @), a He TOJIbKO Bee coctosnus s [76, 132]. Kom-
OGUHUPOBAHHOE TIPOCTPAHCTBO COCTOSTHUN U JIEHCTBUN 3a4aCTy0 3HAYUTEIHHO GOJIBIIIE,
YeM TIPOCTPAHCTBO COCTOSTHUIL, TI03TOMY JIJIst 0OyUeHUsT Xopolieil oteHke Q-(hyHKINN
HEOOXOMMO GOJIBINE TaHHBIX. PAcCMOTPUM KOHKPETHBIN TIPUMED: MIPEATOIOKIM, YTO
ectb cocroguue s ¢ 100 BO3MOKHBIMY JECTBUSIMU U areHT, HONPOOOBABIINN KaskK10€e
neticTBue 1o ogHOMY pasdy. Ecam mber Hactpausaem V(s), To Bce atur 100 ermHUI] TaHHBIX
MOTYT OBITH UCTIONB30BAHBI JIJIsT HACTPOMKY MOJIE3HOCTH S, TOTA KaK MPU HACTPOIKe
Q7 (s, a) nst Kask101 1apsl (S, @) ecThb JUIIb 110 OIHON eIMHUTIE JaHHBIX. Kak npaBuiio,
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yeM 6oJIbllIe KOJIUYeCTBO AaHHbBIX, TEM JIYYII€ alllIpOKCUMallnA (I)yHKHI/II/I. HpI/I TOM XK€
KOJIMYECTBE JJaHHBIX OII€HKa V-(l)yHKLH/II/I 6y11€T, CKOpee BCero, Jy4duie, 4eM OIl€eHKa

Q-dpynkimu.

Xots V(s) MOXKeT 0Ka3aThC MPOIIE alTPOKCUMUPOBATh, Y Hee eCTh OJIUH CYTIEeCTBEH-
HbIi HegocTaToK. YT00bI Henoab3oBath VF(s) 11 BbIOOPA NEiCTBUIL, areHT H0JKEeH
HUMeTh BO3MOKHOCTH BBIOPATh KasK/I0€ U3 AeHCTBUI @ € A, JOCTYIHBIX B COCTOSIHUM S,
u HabJIIo/IaTh CJEYIONIee COCTOSTHIE S, B KoTopoe mepeiiner cpeaa’. Kpome toro, emy
HYKHO 3HATh MMOCJEyIoliee BO3Harpaxkaenue 7. Toraa areHT MOXKeT JIeHCTBOBATH OIl-
TUMaJIbHO, BBIOUPAst IEHCTBUS, KOTOPbIE BEAYT K OOJIBIIMM OKUIAEMBIM CyMMapPHBIM
BO3HATPAKIECHUSIM E[r +Vr (S')J. OJIHAKO eCJI TIEPEXO/IBI B CPEJIE CAYUAITHBI, TO BHIGOD
JICVICTBUS @ B COCTOSTHUY S MOJKET TIPUBECTU K PA3HBIM CJIEIYIOIINM COCTOSTHUSM $ . Tora
ATeHTY JIJISI TIOJTyYEHsI XOPOIIEH OIIEHKU OKUIAeMON TIOJIE3HOCTH BHIOOPAa KOHKPETHOTO
NEHCTBIST MOJKET TTOHA0OUTHCSI TOBTOPHUTH ATOT MPOIECC MHOTOKpaTHo. U 310 moTeH-
IIUAJTbHO 3aTPATHO € BBIYMCJIUTETHHON TOUKU 3PEHUS.

Pacemorpum crremytonuii mpumep. [Tpeanomokum, 4to BEIOOP AHCTBYS @ B COCTOSTHUH S
B OJ[HOI1 TI0JI0BUHE CJIy4aeB IIPUBOAUT K COCTOSHHUIO S ¢ BO3HarpasKieHuem 7 =1, a B ipy-
roil — K COCTOSIHMIO S, C BO3HArpaskaeHueM 7, = 2. Kpome Toro, cuntaem, 4To N3BECTHDI
T0JIE3HOCTH COCTOSTHMIA S| 1 S5, a V™ (s{) =10u V™ (s5)=-10. Monyuaem:

n+VT(s))=1+10=11; (3.4)
n+Vi(s))=2-10=-8. (3.5)

Torna us ypasuenus (3.6) oxugaemMas HoJE3HOCT E[r +VT (s')] =1,5:
Tl 1 ' T ' Tt 1
E[r+ V(s )]=§(r1 +V*(s))+r+V (52)):5(11—8):1,5. (3.6)

OpmHako ecu IpUMeEpP OJINH, TO OIeHKa E[r+ VT (s')] Gyner pasHa 11 wiu —8, uto 1a-
JIEKO OT OJKMIaeMOT0 3HaueHus 1,5.

Tpebosanue snanus ciedyiowezo waza nist V(s) yacro apiasercsa npobaemoit. Hanpu-
Mep, MOJKET OKa3aThCst, YTO areHTa MOKHO MePe3ayCTUTh He BO BCEX COCTOSHUSIX, KO-
TOPBIE HYKHBI [I7IT U3YUEHUS BCEX IOCTYITHBIX IEHCTBIH, WTH TIEPE3AITYCK areHTa MOKET
6bTh 3arpatHbiM. Q(S, a) 1mo3BoJIsIeT M36eKaTh 9TOU MPOBJIEMBI, TAK KaK HATIPSIMYIO
HacTpanBaeT moye3HocTH (s, @). Ee MokHO paccMaTpuBaTh Kak XpaHeHUE CJIeYOIero
nrara Jijis Kaxxoro gefctsus a B kaxaoM cocrosnuu s [132]. Iloatomy anropurmor RL
¢ BBIOOPOM JIEHCTBHIT € TTOMOIIBIO HACTPOEHHON (DYHKITIH MOTE3HOCTH Yallle armmpoK-
cumupyiot Q7(s, a).

! 3mech st IPOCTOTHI OMYIIEHbI MH/EKCHI [IATOB U PUHSATA CTAHAAPTHASL HOTAlUs (S, a, 7, S,

a',r"). Ha rexyuem mare ¢ ucrosbayercss 0603HaueHne Koprexa (S, a, ), a Ha CieyIouem
maret +1— (s’ a’,r").
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3.2. MeToa BPEMEHHbIX Pa3/IMunii

B sToMm paszesie obcyskaaeTcst HacTpoiika Q-(GYHKIIUH ¢ OMOIIBIO METO/Ia BPEMEHHBIX
pasmranii (TD-06yuenus). OcHOBHAs CyTh — UCIOIb30BaHUE HEHPOHHOII CETH, KOTOPast
Ha BXO/le OlleHNBaeT (Q-3HaueHns 33JJaHHbIX 1ap (S, @). ITO U3BECTHO KaK cemy nojie3-
nocmu (value network).

Hacrpoiika mapaMeTpoB CETH MOJIE3HOCTH MPOUCXOIUT CIeAYIONM 0Opa3oM. Tete-
pUPYIOTCS TPAEKTOPUM T U AAIOTCS TPOTHO3HbIE Q-SHa‘{eHI/IH JUIST K10 Tapel (S, a).
3areM ¢ TIOMOIIIO TpaeKTopHii renepupyiorcs iesesbie Q-snavenus Q. Hakoner,
MUHUMU3UPYIOTCA PacCTOAHUA MekAy Q u Q¢ MOMOIIBIO CTaHAapTHOI perpeccu-
OHHO¥ (DYHKITHH TTOTEPD, TAKOW KaK CPETHST KBAAPATHIECKAST ONTHOKA. DTOT MPOIECe
MOBTOPsieTcst MHOTOKPaTHO. OH TIOX0X Ha TPoIece 00yIeHus ¢ YIUTesIeM, B KOTOPOM
MIPOTHO3HBIE 3HAUEHUST ACCOIUUPYIOTCS C 1eIeBBIMI 3HaueHUsIMU. OIHAKO B TaHHOM
carydae Hy/KeH CIIoco0 MOPOKIEHNST TeJIEBBIX 3HAYEHIH /TS KasK/IOH TPAEKTOPUH, TOT/IA
Kak B 00y4€eHWUHU ¢ yYUTETIEM OHU U3BECTHBI 3apaHee.

B SARSA niesieBble 3HaUeHUs er oposkaaoTes ¢ momoiibio TD-00yuenus. B kauectse
[OSICHEHUS [IOJIE3HO PACCMOTPETh, KAK HTO IIPOUCXOAUT IIPH BHIGOPKE MeTogoM MoHTe-
KapuJio, koTopast o6cyskaanach B paszede 2.4.

IIycts manbt N Tpaekropwii T, i € {1... N}, Ha4uMHasg C COCTOAHUA S, B KOTOPOM areHT
BoiGpas aeiicrsue a. Toraa ouenka o meroay Monre-Kapno QF . (s, a) — 1o
cpejiHee 3HAYEHUI OT/1a4n BceX Tpaektopuii (ypaBaenue (3.7)). Cienyer OTMETHUTD,
410 ypasHeHue (3.7) IpUuMeHUMO K JII0O0MY HabOPY TPAaeKTOPHii ¢ 11060i HavaIbHOI
napoii (s, a):

Qv (5.0) = 2 R() @)

Ecsmm focTynna moJinast TpaeKTOPHs T, TO MOKHO PaccyuTaTh JefictButenbioe Q-3Have-
HHe, KOTOpOe areHT MoJIyJaeT Ha 3TOH TPaeKTOPUH, B TaHHOM KOHKPETHOM CIIydae — /It
Kask/1011 1apbl (s, @) B T. ITO ceayet us onpeaenenus Q-pyukuun (ypasuenue (3.1)),
Tak Kak OXKuAaHue OYAYIUX CYMMapHBIX AUCKOHTUPOBAHHBIX BOZHATPAKICHUT JIJIsT
OJTHOTO-eIMHCTBEHHOTO IIPIMepa — 3TO MIPOCTO CYMMapHOe JUCKOHTHPOBAHHOE BO3-
HArpaK/leHe, HAYMHAsI C TEKYI[Ero BPeMEHHOTO I1ara U /10 KOHIA 3IH30/1a [IJis 9TOTO
npumepa. B ypaBaennn (3.7) mokaszano, 4To aTO TakKe oreHka mo Mmetory Monre-Kapro
st Q7(s, @), Te KOJMIecTBO UCIIOTh30BaHHBIX TpaeKTopuit N = 1.

Ternepp kaxaast u3 map (s, @) B Habope JaHHBIX aCCOIIMUPYETC C IIeJIEBBIM Q-3HAYEHIEM.
MoOsKHO cKa3aTh, 4TO HAOOP AaHHBIX TIOMEUEH SIPJIBIKOM, TIOCKOJIBKY Y KasK/IO €/INHUIIbI
JIAHHBIX (S, @) €CTh COOTBETCTRYIOMIee TeneBoe snaverne Q7 (s, a).

Opun u3 MuHycoB BoIOOpKU MeTozioM MonTte-Kapsio — To, 4TO areHTy mpUXOAuTCs
KIATh KOHIIA 9MU30/1a, TPEKIE YeM MOKHO OYIeT BOCIOMB30BATLCS T O6yUeH s
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KaKMMU-HUOYIb TaHHBIMK U3 HEro. ITo o4eBUIHO 13 ypaBHenus (3.7). s pacuera
Qlmc (s, a) HY’KHbBI BO3HATPAXKIEHUSA JJIS1 OCTAJIbHON YacTU TPACKTOPUH, HAaYNHAS
¢ (8, @). DUHU30/IBI MOTYT COCTOSITH U3 OOJIBIITOTO KOJIMYECTBA BPEMEHHBIX 1TAT0OB, OTPAHU-
yeHHoro T, 4To 3amepxKuBaer o0yuenne. ITuM 00yCI0BJIeH APYTOi IOAXO K HACTPOIKE
Q-3nauenuit — TD-obyuenue.

KimoueBbiMm MoMeHTOM B TD-00y4eHUT SIBASETCS TO, YTO Q-3HAYEHUS JIJIST TEKYIIIETO
BPEMEHHOTO T1ara MOTYT OBITh OMpe/esieHbl yepes Q-3HaUeHUs JITIsT CIEYIONIET0 Bpe-
MenHoro mara. To ectb Q(s, @) onpenensoTcs: peKypCUBHO:

Q (s a)=E, 1 s rsas) [r +YE, s [Q“ (s a’)ﬂ. (3.8)

Ypasuenue (3.8) usBecTHO Kak ypaBHenue bemvana. Eciu Q-yHKINS KOppPEKTHA JIJIst
CTpaTEeruu T, TO 9TO YpaBHEHMUE JaeT TOUHBIN pesyabraT. OHO TaksKe peiaraeT crnocod
HacTpoiiku Q-3HaueHuil. MBI TOJIBKO UTO BUIEJIH, Kak BbIOOpKa MeTogoM Monre-Kapiio
MOsKeT ObITh 3ajieiicTBOBaHa 111 HacTpoilku Q™ (s, @), KOrjia JaHO MHOKECTBO TPAEKTOPUIA
OIbITa. DTOT Ke [IPUEM MOKET OBbITh IIPUMEHEH U 3[1eCh, €CJIU BOCIOJIb30BaThes TD-
o6ydeHueM /st BBIBOJIA TIEJIEBBIX 3HaUeHWiT Q. (s, a) 11s1 Kaskoit napsi (s, a).

[Ipeanomnoxkum, 4To ecTh HelipoHHas ceth Q,, npeacTasasgiomas Q-pynkuunio. B TD-
obyuennn Q. (S,, a,) II0JIyYaeTCst IOCPEACTBOM OLIEHKU PAaBOii yacTu ypaBHeHus (3.8)
¢ momomtbio Q,. Ha kaxnoit nreparun obyuennsa snauenne QF, (s,,a,) obrosmstercs,
qro6b1 iprGmsnThes k QL (s, @, ).

Ecn QF, (s, @, ) momydeno ¢ mOMOMIBIO TOit 5ke HePOHHOI CeTH, KOTopasi POU3BOJNT
u QF.(s,,a,), To mouemy s10 pabotaer? Ilouemy 91O MOKET AaTh XOPOIITYIO AMTPOK-

cumanuio Q-GyHKIMU nocje GOJIbIIOro KoandecTsa maros? Bosee moapobHo 210
obeysxnaercs B monpasaesne 3.2.1, Ho ecm KpaTko, T0 Qp, (s,, a,) mcrombayer undop-
MAI[MIO Ha IIar Briepes 1o cpauenuio ¢ Q7 (s, @, ) 1 TakuM 06pasoM MOy HaeT A0CTy L
K BO3HATPaXKAEHUIO 7 M3 CJAeLyIomero cocroanus s. Cnegopartensno, QF (sr, a,) ayTh
6osiee MHGOPMATHBHA B OTHOIIEHUH TOTO, KAKOE HAIIPABJICHUE TPUMET TPAEKTOPUSL.
Ira GopMyINPOBKA OCHOBAHA HA TIPE/IIOIOKEHUH O TOM, YTO JaHHAST HH(MOPMAIIHS O Tie-
JIEBO# (DYHKIIMM — MAaKCUMHU3UPOBAHHOM CyMMapPHOM BO3HAIPAKACHUN — BBISBJISICTCS
0 Mepe MPOXOKIEHYST TPAEKTOPUY U HEAOCTYITHA B HAYaje SIU30/1a. ITO OCHOBHOMN
npusHak 3agad RL.

Onnako ucnonab3opanne ypasuenus (3.8) aasa mocrpoenust Q). (s,, a,) COTPSKEHO
C IByMsT TPO0JIEMaMU U3-3a TIPUMEHEHUS JIBYX MaTeMaTUIeCKUX oxkuianuii. [lepsoe u3
HIX — 97O BHeIHee MaTemarniecKoe oxumarme By, o oo oo o [ mo caenyonmmv
COCTOSTHUSIM W BO3HArpask/eHUsIM. [[ponsmrocTpupyem aTo, TPenooKUB, 4TO CYIIIe-
cTByeT HabOp TPaeKTopuii {T,, T,... T, }, COEPKAIIUX KOPTEKN (S, a, 7, s"). [l Kax0ro
TAKOTO KOPTEXKa JIOCTYIIEH TOJbKO OJINH TIPUMEP CJIEIYIOIIETO COCTOSHUS S’ JIJIsT TAHHOTO
JICCTBUA.
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Eciu cpena neTepMuHupoBana, TO IPH MOJICYETE MATEMATHYECKOTO OKUIAHUS JIJIsT CIie-
NYIOIINX COCTOSTHUI TIPABUJIBHO PACCMATPUBATD TOJBKO [EIICTBUTENBHOE CIIeIyIolee
cocrostuue. Ho ecaiu cpeia croxacTudeckas, To aTo He paboraer. Boibop neiictBus a
B COCTOSTHUM S MOJKET TIPUBECTU K TIEPEXOLY CPelbl B HEKOE KOJUYECTBO PA3HBIX CJie-
JYIOIIMX COCTOSTHUH, HO B PEAILHOCTH Ha KaXK/[OM IIare HalJIi01aI0Ch TOJBKO OHO 13
HUX. DTy TPoOIEeMY MOKHO PENIUTD, €CJIU PACCMATPUBATE TOJBKO OJ[H TIPUMEP — TOT,
KOTOPBII IEHICTBUTEILHO UMETT MECTO. ITO O3HAUYAET, UTO Y OIleHKH (J-3HAYeHNS B CIIydae
CTOXACTIIECKON CPEIBI MOJKET OBITH BLICOKAS IMCTIEPCHST, HO ATO Ke O3BOJISIET CIEMATh
MaHHYIO0 OTEHKY Oostee THOKOM. VICToMb30Banme TOMHLKO OHOTO TIPHMEPA JIJIST OTIEHKH
pacTpesiesIeH s 0 CITELYIONNM COCTOSTHUSIM S’ T BO3HATPAK/ICHUSIM 7 IaeT BO3MOKHOCTD
oTGPOCHUTH BHEIITHEE MaTEMATHUECKOE OKHU/IAHIe U TepenucaTh ypapuenue bemmvara
B BHjle ypaBHenus (3.9):

Q*(s,a)=r+yEB, [Q" (s a’)]. (3.9)

Bropas npobiema — BHyTpeHHee MaTeMaTuieckoe oxunganne B, () [ . ] 110 IEWCTBHUSAM
B ypaBHern# (3.8). [lockosbKy it pacyeta Q-3Ha4eHUH NCTIOTB3YETCS TEKYIAsk OTleHKa
Q-byHKINHT, TO 9TU 3HAYEHUST JOCTYITHDI JIST BCEX IEMCTBUI B CIIEAYIONEM COCTOSTHIIH
s". TIpo6yiemMa B TOM, 9TO HEM3BECTHO pacIpefiesieHne BEPOSATHOCTEH 0 TeHCTBUSIM,
KOTOPO€e HEOOXOIMMO JIJIST TTOZICYETa MATEMATHIECKOTO OKUAAHIST. ITO MOKHO PETITHTH
¢ moMotnbio AByX anroput™oB — SARSA 1 DQN (cwm. roaBy 4).

Pemenne merogom SARSA zaxiiodaercs B UCIIOIb30BAHNAU AHCTBUA d', KOTOPOE OBLIO
JIEHCTBUTENILHO BBIOPAHO B CJIEAYIONIEM COCTOSTHUM:

Q™ (s, a)=r+vQ7 (s, @' ) =Qf sarsa (5, @). (3.10)

[Tocne peanusanuu GOJIBIIOTO KOJIUYECTBA IIPUMEPOB [IJIsl 3aJaHHBIX COCTOSHUN A0S
BbIOPAHHBIX A€HCTBUI ZOJKHA IPUOIU3UTENBHO COOTBETCTBOBATD PACIIPEAEIEHNIO
BEPOSATHOCTEN TI0 JICHCTBUAM.

Pemenne ¢ momotmpio DON — 9T0 npuMeHeHre MaKCUMATbHOTO Q-3HAYeHUS:
Q" (s,a)~r+ymaxQ’(s',a;) = Qlpon (5. @), 3.11)

YTO COOTBETCTBYET HESIBHOI CTpaTeruit BEIOOPa AEHCTBII ¢ MAaKCUMaJIbHBIM Q-3Haue-
HIEM C BEPOSITHOCTEIO, paBHoit 1. Kak GyzeT mokasano B TiaBe 4, B Q-06yueHnN HesBHAS
CTPATETHUST SIBJSIETCS JKATHOI OTHOCUTENHHO Q-3HAUEHMI, 1 Takoe MpeoOpasoBaHme
JAHHOTO YPaBHEHNUS CIIPABE/INBO".

! Tperuii abTepHATUBHBII BAPUAHT — HTO BBIBOJL PACTIPE/IETIEHIS BEPOSITHOCTEN TI0 1efiCTBH-
SIM U3 CTPATErnU U BBIYMCJIEHNE MATEMATIYECKOTO OKUIAHUST. DTOT AJITOPUTM U3BECTEH KAK
Expected SARSA. 3a gonosHuTeapHOi nHbopMaIeil obparmaiitech K riase 6 BTOporo us-
nanust kauru Catrona u Bapro «O6yuenue ¢ noakpenaennem» [132].
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Tenepb MOKHO ogcunTaTh Q) (s, a) IS KKIIOTO KOpTexkKa (S, a, 7, S, a’), BOCIIOTb30BaB-
MIUch paBoit yactwio ypasuenus (3.10)!. Kak u npu Beibopke metogom Monre-Kapaio,
Kakzas mapa (s, @) B Habope TaHHBIX CBsi3aHa ¢ Q-3HauenneM. [109TOMY /71T HACTPOIKI
anmpokcuMar GyHkimr QF(s, a) HeWPOHHOI CEThI0 MOTYT OBITh IPUMEHEHBI T€ JKe
METOJIbI, YTO U B OOYUEHUH C yUUTeJeM. 3aMEeThTe, UTO /I BBIYMCICHUS TIeJEBbIX
Q-3HauyeHuil Hy>kHa UHGOPMAIN TOJIbKO JJId CJeAYIONIero 1ara, a He s Bceil Tpa-
eKTOPUU DIIM30/a. ITO AaeT BO3MOKHOCTD IIpu TD-00yuernn 06HOBIATh Q-DYHKIINIO
HocJie MoJrydeHust Habopa U3 HECKOJIbKUX TIPUMEPOB NGO UTEPATUBHO MOCE KAKI0TO
npumepa.

TD-o6yuemne — 970 MeToz1 06ydenus ¢ GyTCTPIIIITIHIOM, Tak Kak mpu pacuete QF, (s, @)
HCHOJIB3YIOTCS CYIIECTBYIONINE OlleHKN Q-3HaueHuil 171 napwl (s, a). Ero npenmyriie-
CTBOM SIBJISIETCST CHUKEHIE TUCTIEPCHN OT[EHKU MO CPABHEHUIO ¢ BBIOGOPKON METOIOM
Mowre-Kapso. B TD-00yueHnu 3aielicTBY€eTCsI JINIITH JeHCTBUTENLHOE BO3HATPAKIE-
HIE 7 U3 CTEYIONIETO COCTOSTHYS S, KOTOPOe OOBENHAETCS ¢ OlfeHKaMu Q-3HadeHuit
TS QIITIPOKCUMAITIH OCTATBHO YacTH TOIe3HOCTH. Q-(DYHKIMNS MPecTaBasieT co0oit
MaTeMaTHIecKoe OKUAaHNe TT0 PA3HBIM TPAEKTOPHUSM 1, KaK TPABIJIO, UMeeT MEHBIYIO
JIMCTIEPCHIO, YeM TIOJTHASI TPACKTOPHS, TIPUMeHsieMast B BBIOOpKe MeTooM MomnTe-Kapiio.
OpHako OHA TOXKe BHOCUT B JIAHHBIN MOAXO/] K OOYYEHUIO CHCTEMATHYECKYIO TOTPETI-
HOCTb, BeJIb anmpokcuMarys Q-byHKITUT HereaabHa.

3.2.1. MpurHUMN METOAA BPEMEHHbBIX Pa3Nn4ui

Paccmorpum Ha pumepe, Kak mpoxoauT TD-o6yuenue. [TpeaiionoKum, 4To areHT yanuT-
csI UTPaTh B Cpe/ie, pejictaBiennoit Ha puc. 3.1. [To cyTu, aTo KOpuop, ¥ arenT J0JKeH
Hay4UTbCs TOXOAUTD JIO €r0 KOHIIA, I/Ie HAXOAUTCs XOPOollee KOHEYHOe COCTOSAHHUE S,
oTMedeHHoe 3Be371011. Beero 3iech mIsTh COCTOSHUIM: Sy Sy S5 U JIBA KOHEUHBIX — S, U S,,.
Bo3MOKHBI TOTBKO /1Ba AEHCTBUS — a, May, . Bei6op a,, TICPEBOJIUT areHTa Ha OJIHY
KJIETKY BBEPX 110 KOPUJOPY, @ @,  — Ha OJHY KJIETKY BHMU3. AT€HT BCerja HaulHaeT
UTpy U3 COCTOSHUA S, 0bo3Hadennoro S. Mrpa sakanumBaeTcs, eCIi arenT HomajaeT
B OJIHO M3 KOHEUHbIX COCTOSIHHUIA. S, — II€IEBOE COCTOSHUE, ITPU €TI0 TOCTUKEHUH areHT
noJstydaeT BosHarpaxkaenue 1. Bo Bcex oCcTaJbHBIX COCTOSHUSX BO3HATPAKIECHUE HYJTe-
Boe. Koappunuenr auckonruposanus arenta y = 0,9. Takum 06pasoM, ONTUMATBHOE
pelenue UTpbl — CTPATerns, IPU KOTOPOIA S, TOCTUTAeTCs 3a HAMMEHDBIIEE KOJTNYECTBO
maros. [Ipuunaa B TOM, 4TO BO3HATPAXKIEHUSIM, MTOJyY€HHBIM PaHbIIE [0 BPEMEHU, areHT
naet 6oJjiee BICOKYIO OLIEHKY, YeM II0JIy4eHHBIM 1035Ke. B JaHHOM c/Iy4yae HauMeHblllee

B ypasnenun Besivana 1y SARSA (3.10) HeoOX0anMO 3HATh A€iCTBIE @', KOTOPOe AeiicTBI-
TeJIbHO GBITIO BHIOPAHO areHTOM B cJie/tytoleM coctostnu s-. Kak cienctsue, B SARSA Kasapiit
KOPTESK OIbITa (S, @, 1, S, ') COMEPIKUT AONOTHUTENbHBII a1eMenT a'. B DQN, HarpoTHB, HyKHO
3HATD TOJIBKO CJIEYIOIEe COCTOSIHUE § , TOITOMY KOPTEX OIbITa UMeeT BU/L (S, @, 7, S ).
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KOJIMYECTBO HIaroB, KOTOPOE€ MOJKET MPEJAINPUHATD areHT, yT1OOBI HAWTU ONTUMAJIbHOE

penreHnune 3a1a4m Cpebl, COCTABJIAECT 3.

CocTtosiHus  Heincteua  BosHarpaxpaeHus

Sn Sn
0
BBEPX
T a‘
S, S,
0
l BHU3
a
S, : S,
0
S, S,
0
Sp Sp

Puc. 3.1. MNpocTtas cpeaa C NATbI0 COCTOSAHUAMU U ABYMS AENCTBUAMU

B KaXXA0M U3 HUX

Jluist Takoii pocToi cpesibl Q-PyHKIINSA MOJKET ObITh IIPeACTaBAeHa TabIUIIEH, B KOTOPOI
Ha KQKIYIO Tapy (S, @) NPUXOUTCS 110 OHOH KJIeTKe. ITO IPE/CTAaBIEHIE U3BECTHO KaK

tabanunas Q-byHkiu. [1ap BCero mecth, Tak Kak areHT He MO-
JKET JIeMCTBOBATH MOCJE OCTUKEHUST KOHEYHOTO COCTOSTHUS.
Onrumanbhas Q-byHKIMS onpenessgeTcs Kak OxKugaeMas CyM-
Ma JIMCKOHTUPOBAHHbIX BO3HAIPAKIEHUI 32 BBIOOD JIeUCTBUS a
B COCTOSTHUY § U TTOCJIE/IYIOIIEE CIIeIOBAHIE OTITUMATBHOM cTpa-
teruu. B maHHOM cpezie olnTUMaIbHAg CTpaTerust — 9To BIOOP
IeIICTBAA a own BO BCEX COCTOSTHUSX, TIOCKOJIBKY HTO KpaTyanmmmit
MyTh K COCTOSIHUIO S, M3 M0OOT0 JPYyroro cocTosnus. Onru-
MaJibHast JIst JaHHOM cpebl Q-(yHKIMsS B TabJanyHOM (hopme
TpejicTaBIeHa Ha puc. 3.2.

OrnrrumasbHble Q-3HaYeHMS OJTyYeHbl U3 oripe/iesieHust Q-hyHK-
1uu. PaccMoTpuM HECKOJIBKO TIPEIe/IeHTOB.

® (s, a,) — areHT BBIXOAHUT N3 KOPUOPA, MOMyIaeT HyIe-
BOE BO3HArpak/eHue, U 911130/ 3aKaHUUBAETCS, TO €CTh

Q' (s, aup) =0.

Q*(s, a)
BBEPX BHU3
S, 0 0,81

S,| 073 0.9

S,| 0,81 1,0

Puc. 3.2. OnTuManbHble
Q-3HayeHus1 Anst NPoCToM
cpeabl (cM. puc. 3.1),
y=0,9
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® (s, a, ) — areHt J0CTHraeT KOHEYHOIO COCTOSHUS, IIOJNyYaeT BO3ZHArpakieHue,
pasHoe 1, u 51113071 3aBepiuaercs, To ectb Q°(s,, a =1.

[ (SZ’ ad()wn) — areHT MOJYyYaeT HYJEBOEC BO3HATI'PDAKIECHUE U TIEPEXOUT B 83, TO €CTb
Q (82’ adown) = 71.2 + 0’9Q (83’ ad()wn) =0+ 079 1= 0’9

® (s, a,) — areHT NojyyaeT Bo3Harpaxjenue, papoe 0, i IEPEXOLUT B S,, TO €CTh
Q(sya,,)=1r,1090Q(s, a4,,)=0+09-(0+09-1)=081.

down)

Kak ¢ nomorpio TD-o6y4enust HacTpouThb onTuMaibuyio Q-pyHkimio? [Tpeanosoxmum,
YTO Kaskas kieTka tabiauibl Q-3HaveHuil nnnimanusuposana 0. [Tporecc HacTpoiiku
Q-yHKIK BKIOYaeT B cebst MosydeHne caydailHoii BBIGOPKYU TPaeKTopuii 1 0GHOBJIe-
Hue Tabaunibl Q-3HaueHuii ¢ IOMOIIBIO ypaBHeHKs BejiMana KasKiblil pas, KOrja areHT
noJry4yaeT Koprex (S, a, 1, '):

Q(s,a)=r+yQ (s’ a); (3.12)
Q(s,a)=r+09Q(s",a,, ) (3.13)

Ha puc. 3.3 B TabmmaHOI (hopMe MOKa3aH MPOIece HACTPOUKN ONTUMATIbHOM Q-(DyHKITHM
Ha Habope U3 [T TPAeKTOPUi U3 cpefbl. JlnarpaMma pasdura Ha MsaTh OJIOKOB, WYX
cBepxy BHU3. Kask il 60K COOTBETCTBYET ITPUMEPAM U3 CPEJIbI [JIst OTAECIBHO B3SITOTO
snmzopa. IlepBbiil 6JIOK COOTBETCTBYET EPBOMY SITU30/Ly, BTOPOH — BTOPOMY H T. JI.
B kax oM 6J10Ke cToIOIBI IPOHYMEPOBaHbI, Jajiee IPUBEIEHbI MOSICHEHUS K HUM B I10-
PSIIKE PACIONIOKEHNsI CIeBa HAIIPaBO.

o Q-dyHkius, HayaIo aNMU30a — 3HaYeHus Q-GYHKITMY B Havase anu3oa. B Hauase
[IEPBOTO ATTM30/[a BCE 3HAYEHUS] MHUIINATU3UPOBAHbI HYJISIMU, TAK KaK TIOKa elle HeT
nadopmaruu o GyHKITUH.

® IJnu30/] — 3TO HOMEP AIU30/IA.
e Bpemennoii mar. B xaxxzaom 6J10Ke CBOe KOJIMYECTBO mpeleneHTos. Hampumep, Bo

BTOPOM 31I130/1€ TPEIEe/IeHTOB TPH, a B UeTBEPTOM — CeMb. BpeMeHHOI MH/IEKC KasK-
JIOTO Tpelie/IeHTa BHY TP OIHOTO GJI0KA COOTBETCTBYET HOMEPY Iiara.

e [leiicTBHe — zielicTBHE, KOTOPOE BBIOMPAET areHT Ha KasK[OM IIare.

® (s,a,r,s") — IpelLeeHTsl /It areHTa Ha Kak/IoM 1are. Kask/iblii iperesieHT COCTOUT
U3 TEKYIETO COCTOSHUS S, BBIOPAHHOTO areHTOM JeHCTBUS d, II0Jy4eHHOIO BO3HA-
IPAKEHUS 7' ¥ CJIE/IYIONIET0 COCTOSIHUS S, B KOTOPOE TIepelLia cpejia.

o 7+vQ'(s,a) — neneBoe 3Havenue (TO €CThb MPaBasi YaCTh YPABHEHUS ), IPUMEHsIEMOe
B o6HoBIeHnK GyHkuuu bemmvana: Q°(s, a) =7 +yQ'(s', a’).

o Q-dyuknus, Konen anu3oxa — 3HaveHust Q-GyHKIUN B KoHile anusona. O6HOB-
nenvie pyukiun bemmmana 6bT0 TPUMEHEHO KO BCEM TIPETIEIEHTAM B TTOPSIIKE
CJIEIOBAHUSI IArOB. DTO O3HAYAET, UTO OHO TIPUMEHSJIOCH CHAYA/IA K IIPEIEEHTY,
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COOTBETCTBYIOIEMY TIEPBOMY TITary, 3aTeM — BTOPOMY U T. . B Tabivie npusesen
KOHEYHBI PE3yJIbTaT, TI0CJIE TOTO KaK K SMU30/Ly ObLIK MPUMEHEHbI BCe 0OHOBJICHMUST
(yuxium besnmana.

Q-pyHKumS, 5 3 Q-dyHKums,
Ha4vyano pemMeHHOn KOHeL,
anusona anuson, war Henctene (s, a,0,s") r+yQ* (s, a) anusona
BBEPX BHU3 BBEPX BHU3
0 0 1 1 l (5,D,0,85,) 0+0,9x0=0 s, o 0
1 2 t (5,,U,0,8) 0+0,9x0=0
o | o 1 3 | (5.D,0,5,) 0+09x0=0 S| 0 | O
o | o ! 4 | (5D, 0, 5;) 0+09x0=0 g | o |
1 5 | (S,,D,1,8,) ;

BBEPX BHU3 BBEPX BHU3
o o Slo]o
2 1 | (5, D,0,S,) 0+0,9x0=0
oo 2 2 | (5.D,0,S)  0+09x1=09 | 0 |09
2 3 (S, D, 1,S,) 1
0 1 | ’ " S| o | 1
BBEPX BHU3 BBEPX BHU3

1 S,D,0,S,) 0+0,9x0,9=0,81
ol o 8 . ® 2 * S| o |og1
3 2 ! (5,U,0,5)  0+09x1=09
0|09 3 3 t (5,U,0,5) 0+09x09=081 S:| 0 |09
o | 1 8 ¢ . (:0.0.5) 0+09x1=09 5 |5g1| 1
3 5 | (8. D, 1, 5) 1 ’

BBEPX BHU3 4 1 | (5,D,0,S,) 0+09x0,9=081 BBEPX BHU3
o |os81 4 2 t (5,U,0,8) 0+0,9x081=073 S, | 0 |0,81
4 3 ! (5,D,0,S,) 0+0,9x0,9=0,81
0 |09 4 4 t (S.,U,0,S) 0+0,9x0,81=0,73 > |0,73] 0,9
4 5 ] (5,D,0,S,) 0+0,9x0,9=0,81

0,81 1 S;|0,81| 1
' 4 6 | (S, D,0,S,) 0+0,9x1=0,9 ’
4 - | (S, D, 1,S,) 1
BBEPX BHU3 BBEPX BHU3
0 |0,81 S, | o |0,81
0,73| 0,9 5 1 1 (S, U,0,Sy) 0o S:.|0,73| 09
0,81 1 S.|0,81| 1

Puc. 3.3. Hactpoiika Q'(s, a) ans npoctoi cpeapl (cM. puc. 3.1)
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[TocJie ATH TPAEKTOPUIA, COCTOANIMX B 00MIeil cokHOCTH U3 21 1mara, TabinyHas
Q-hyHKITNS IPUHUMAET Te JKe 3HAUEHUS, UTO U oTuMasbiast Q-pyHkius (cM. puc. 3.2).
To ecTb oHa cownacy kK ONTUMAIBHOM Q-(YHKIIUMN.

B TD-06yuenuu ipu 0OHOBJIEHUH UCTIOJIB3YETCSI IEUCTBUTEBHOE BO3HATPAKIIEHIE, O~
JIy4eHHOE B CJIE/IYIOIIEeM COCTOSIHUU. JTO aeT MeKT YacTUYHOr0 BO3BPATA CUTHAJIOB
BO3HATPasKIACHUs 3a OyyIre BpeMEeHHbIe [Iard Ha 6oJiee paHHHUE [Tard [0 OHOMY IHary
3a kaskoe obHoseHne. B TD-o6ydeHun pu KaskioM BO3BpaTe JAaHHbIX Q-(DYHKIHs
BKJTIOYaeT B cebs nrdopmaiuio eiie 06 ogHom GyayiieM mmare. Yem GoJibIie BO3BPAIEHO
JAaHHDbIX, TEM 60.]1]3]_[[6 CBelIeHI/Iﬁ (6] 6yz[y1ueM BKJIIOYEHO B OIICHKY Q—q)yHKLII/H/I B MOMEHT
BpeMenu ¢. biarosapst sTomy Mexanuamy Q-(pyHKIINS MOXKET COePKaTh MH(pOpMAINIo
0 IUTUTEJIbHBIX TIEPHO/IaX BPEMEHU.

KosmuecTBo BpeMeHHBIX MIAr0B, KOTOPOEe TpebyeTcst ist TOTo, YTo6bl Q-(hyHKIMS cO-
IJTaCh, 3aBUCUT OT CPEJIbl U BHIOPAHHBIX ar€HTOM JEHCTBUH, TIOCKOJIBKY U TO U JPYTOE
BJIMsIET Ha MIPEIEJIEHTHI, UCIIOJb3yeMble JIJIsi ee HacTpoiiku. Hampumep, ecan areHT
He BeIGepeT JeficTBIE TIepexoia BBEPX /10 MIECTOTO 9u30/1a, To Q-hyHKIus Gy1eT cxo-
JUTHCS oJibie (B MaciiTabe SIM30/0B), TOTOMY YTO 10 HACTYILIEHUS 9TOTO SIU30/a
He Oyzer nadopmalmu o JeBoi yactu Q-TabJuIlbl.

3Hauenne KoauirenTa TMCKOHTUPOBAHNS Y BJIHSIET HA ONTUMAJIBbHYIO Q-(yHKIIHIO.
Ha puc. 3.4 nokazans! onTuMasibible Q-3HaU€HUS /IJIsT 9KCTPEeMaTbHbIX 3HaueHni y 0 u 1.
Ecaiu y = 0, areHT cTaHOBUTCS OJIM30PYKUM U 3a00TUTCSI JIUIITh O BO3HATPAKIEHUH,
[I0JIy4aeMOM B TEKYIIIEM COCTOIHUU. B 1aHHOM citydae eluHCTBEHHA 11apa (S, a) ¢ He-
HyneBbIM Q-3HadenueM — 370 (s, DOWN). 9To He CIMIIKOM-TO MOJIE3HO, TaK KaK
B Q-3HaueHMsIX GOJIbIIIE HE COAEPKUTCS HH(MOPMAIIUN O BO3HATPAKIEHUSAX HA Oy IIX
nrarax. Kak ciesictBue, areHT He MMeeT HU MaJIeHIero moHsATHS O TOM, KakK JIefCTBOBATD
Bs, us, Ecimy =1, To nma Beex map (s, a), 3a nckmovenneM (s,, UP), koTopas npusoanT
K 3aBEPIIEHUIO UTPBI ¢ HYJIEBbIM BO3HATPaKIeHNEM, (Q-3HaueHne paBHo 1, ToTOMY 4TO
areHT He GECIIOKOMTC O IOJTyYeHNN BO3HATPAK/ICHUS 32 CKOpeiilIee JJOCTHXKEHNE S ..

Bsrasgnem na y ¢ 1pyroit cTOpoOHBI — PaCCMOTPUM €TI0 BAUSHUE HA CKOPOCTh HACTPOUKU
Q-dyuxnuu. Majble 3Ha4ueHUs Y COOTBETCTBYIOT areHTy ¢ KOPOTKUM BPEMEHHBIM T'0-
PHU30HTOM, KOTOPBI 3aryIsiibiBaeT B Oy/IyIilee JIUIIb HA HECKOTbKO BDEMEHHBIX II1aT0B,
mo3TOMY U (Q-3HAUYEHUsI HY3KHO BO3BPAIATh 0GPATHO JIUIIh HA HECKOJIBKO MIaros. Bos-
MOJKHO, TIPH TakuX obcrositenberBax Q-byukiums 6yaer Hactpoera Geictpee. OHaKO
OHa MOJKET He COMEPsKaTh BAKHONW nHMOpMaIy o 6osiee MO3IHNX BO3HATPAKIEHUSX,
YTO IIJIOX0 CKa)KeTCs Ha TPOU3BOAMTENbHOCTH areHTa. Eciii 3HaueHue y BeJMKo, TO Ha
HACTPOWKY Q-DYHKITIHM MOKET YHTH HAMHOTO GOJbIE BPEMEHH, BE/lb TOT/IA HYKHO
BO3BpAMNIaTh 06pAaTHO WHGOPMAIINIO 0 GOTBITOM KoJmdecTBe maros. Ho momydenmast
B pesyJibTare Q-pyHkimsa Oyaer sHaunTeabHo uHbopMaTuBHee ast arenra. Cieno-
BaTEHLHO, OMTHUMAILHOE 3HAUEHNUE Y 3aBUCHUT OT cpefibl. Ha mpoTskeHnn KHUTH OyIy T
PacCMOTPEHBI TIPUMEPHI KOHKPETHDBIX 3HadeH i y. O posn ¥ 6osee mogpoOHO paccKa3aHo
B nipumMevanuu 3.1.
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Q*(s, a) Q*(s, a)
y=0 y=1
BBEpPX BHU3 BBEpPX BHUN3
S, 0 0 S, 0 1,0
S, 0 0 S, 1,0 1,0
S, 0 1,0 S, 1,0 1,0

Puc. 3.4. OnTuManbHble Q-3HauyeHus Ans npocToit cpedbl (M. puc. 3.1): cieBa—vy =0,
cipaBa—y =1
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Mpumeyanue 3.1. TOpM30OHT 3apaumn

KOS(I)(I)I/HIVIQHT AVUCKOHTHUPOBAHUA Y 3a/Ia€T TOPU3OHT 3a/1a49M JIJIA areHTa. Bausnue atoro
ITapaMeTpa Ha BCe aJITOPUTMbI CTOJIb KPUTUYHO, YTO CTOUT ITPOAEMOHCTPUPOBATD BPEMECH-
HbI€ TOPU30OHTDI, COOTBETCTBYIOIHE PAa3HBIM 3HAYEHUAM Y.

Koadduiuent y onpeensier To, HACKOJIbKO BECOMBIMY CTAHYT JIJIsI areHTa Oyayliue
BO3HArPAKIEHUS B CDABHEHUH C TIOJyYeHHBIMU Ha TeKyteM miare. OTciosa cjenyer, 4to
H3MEeHEeHNe Y BJIedeT 3a coboil mpeobpasoBanue cyTn 3a1aurt RL B mpe/icTaBIeHIN areHTa.
Ecim y Masio, To areHt OyJIeT yYUThHIBATh BO3HATPAKIECHMS 32 TEKYIIUN 1Iar U JIUIIb 32
HECKOJIBKO 1aroB B OyayiieM. 1o ahdEeKTUBHO orpaHrnyuBacet 3aj1ady RL 10 Heckob-
KMX BPEMEHHBIX [IArOB U MOKET 3HAUUTENbHO YIIPOCTUTH IPOOJIEMY pacipepeeHus
BozHarpaxaeHuil. IIpu MasoMm y 00yuyeHre MOKET [IPOUCXOAUTH ObICTPEE, BEb TOTAA
Tpebyercst Bo3BpamaTh 06parHo Q-3HAYEHMs 32 TOPU30HT areHTa Ha MEHbIIEee KOJIU-
YeCTBO MIATOB UJIM YMEHBIAETCS JAJTMHA TPACKTOPUH, HeOOXOIMMON JIJIst OGHOBIEHMUST
rpaguenta crpareruu. OGeCHeynT Ji 3TO XOPOLIYIO IPOU3BOAUTEILHOCTD, 3aBUCUT OT
[IPUPOJIbI 3324, TIOCKOJIBKY areHT Oy/IeT YUUThCS MAaKCUMI3MPOBATH BO3HATPAKIEHIS,
nosydeHnbie B Gukaiiniem Oyaymem!.

B tabur. 3.1 aust pasHbIX 3HAYEHUH Y IPUBE/IEHbI PE3YJIbTATBI IIPUMEHEHUS! IUCKOHTUPO-
BaHUsI K BO3HATPAKICHUSM, TTOJTYICHHBIM Yepes k T1aroB B OyAyieM. ITo JaeT MPeIcTaB-
JleHUe O TOPU30HTE 3a/1a4M JIJIsl areHTa IIPYU Pa3JInYHbIX 3HaueHugx Y. Hamnpuwmep, ecan

Z[I/ICKOHTI/IPOBB.HI/IQ BOBHaI‘pa?KHeHI/IIL/'I HCIIOJIb3YETCA TOJBKO ar€eHTOM, €ro Ipous3BOJUTEIb~
HOCTb OOBIYHO OIIEHWBAETCA C IMTOMOIIBIO HAKOIIJICHHBIX HEMCKOHTHUPOBAHHBIX BO3Harpa-

JKJICHUI.
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vy = 0,8, To acbbekTHUBHBII TOPU3OHT 3a/1a4M cocTaBJsieT puMepro 10 mraros, Torza kak
mpu y = 0,99 om cocrasut 200—-500 1raros.

Ta6nuua 3.1. MpuMeHeHne ANCKOHTUPOBAHWS K BO3HArpaXaeHWsiM
nocne k BpeMeHHbIX LLaros

Y BpeMeHHo war

10 50 100 200 500 1000 2000
0,8 0,110 0 0 0 0 0 0
0,9 0,350 0,010 0 0 0 0 0
0,95 0,600 0,080 0,010 0 0 0 0
0,99 0,900 0,610 0,370 0,130 0,070 0 0

0,995 0,950 0,780 0,610 0,370 0,080 0,010 0
0,999 0,990 0,950 0,900 0,820 0,610 0,370 0,140
0,9997 0,997 0,985 0,970 0,942 0,861 0,741 0,549

Xopoliiee 3HAYEHUST [JIs1 Y OMPEEIISIETCS] TeM, HACKOJIBKO 0OBIYHO OTJIOKEHBI BO3HArPa-
SKIEHVsI B cpezie. DTO MOTYT ObITh IeCSITKU, COTHY WJIK ThICsTuu 1aroB. K cuactbio, 06b14HO
Y He HY’KIAeTCsT B CTOJIb UTUTEIBHON HACTPOWKe, ISt ITMPOKOTo psiaa mpobiem 0,99 — xo-
poriree 3Havenue 1o ymosauanuio. Harpumep, B aToit kaure snauenue 0,99 ncrosnb3oBanioch
B 06yJalonux mpuMepax ajs urp Atari.

[Tose3ubIM MOKeT GBITH U TaKOH MPOCTOI TTOKA3aTe b, KaK JTHTEIbHOCTD IMU30/1A.
B HEKOTOPBIX cpefiax ecTh MaKCHMalIbHOE KostndecTBo maros. Hampumep, B CartPole mo
YMOJTIaHWITO MaKCcuMaabHas qauTenbHocTh — 200 maros. [Ipn Taknx KOPOTKHUX 2MM301axX
HET CMBICJIA B UCTIOIB30BAHIN HOJIBIIOTO 3HAYEHNUS ¥, KOTOPOE MOIPA3yMEBAET yUeT BO3-
HarpakJeHuii Ha COTHY 11aros B Oyayuiem. Harporus, B ciyuae o0yuenus urpe 8 Dota 2
¢ 80 000 maros 8 OpenAl nocuuranu yaoOHBIM IOCTEIIEHHOE YBeandeHe Koahdurmen-
Tay ¢ 0,9980 no 0,9997 [104].

Muorue cpefsl B raybokoM RL (11 cooTBETCTBYIOMNIME UM OMITUMATbHDBIE Q-(DyHKITNN)
HAMHOTO CJIOXKHEE, YeM MPOoCTast cpefia, oOCysKaaBiiascsa B 9ToM pasjene. B Gomee
CJTOKHBIX cIydasix Q-hyHKIMIO HEBO3MOKHO MPEACTaBUTh B Tabsimunoil hopme. Bme-
cT0 aTOr0 GY/IYT MCIO/IB30BAThCA Heiiponuble cetn. OHO U3 ciencTBHii — obpaTHOE
pacmpocrpanenue nubopmaiuu Oyaer MeaieHaee. Q" (s, a) He OOHOBJISAIOTCS MOJIHO-
cTbio 110 7 + YOI (S, @) M KasKA0ro IpeleieHTa, Tak Kak HelipOHHbIE ceTH 00yJ4aioTes
TOCTENeHHO TyTeM IPajiieHTHOTO cIycKa 1o cTpaterun. [Ipn kaxaoM oGHOBICHIH
Qr (s, a) Oyaer JIHIb YacTHIHO npubamKathest K 7 + YO (s, a). OnHako, HeCMOTPsST Ha
MPOCTOTY PACCMOTPEHHOTO MPUMEPA, B HeM GbLTa HATIISIIHO MPOAEMOHCTPUPOBaHa (hyH-
nameHTtasbHas KoHternws TD-o6yuenns kak MexaHu3Ma 0OpaTHOTO PacipoCTPAHEH ST
urdopmaru o GYHKIMKA BOHATPAsKAEHUE cpe/ibl ¢ Gosiee Mo3HNX Ha Gojiee paHHUE
BpEMEHHBbIE IAry.
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3.3. Buibop penctenii B SARSA

Ternepb BepHEMCST K OTKPBITOMY BOIIPOCY 13 TIPEBIAYIIETO pasjiesa: Kak MeToJ st 00-
yueHUs1 Xopolueii annpokcuMaiiy Q-GyHKIMI MOKeT ObITh IIPE0OPa30BaH B aITOPUTM
115t 00yuenus xopoiei crparerun? TD-o0ydeHue IpegoCcTaBIseT METO/ [1J1st 00yYeHus
oleHKe felicTBuil. Temepp HyKHa CTpaTerus — MeXaHu3M /IS BhIOOpa JeliCTBHIA.

[Ipenmonoxum, uTo onTuManbHas Q-GyHKIN yKe HacTpoeHa. Toraa moaesHocTsb
KaK/IOH TTApBl «COCTOSTHUE — MEHCTBIE» OY/IET MPECTABISTH HAMOOBITYIO BO3MOKHYIO
OKUTAEMYTO TTOIE3HOCTD BLIOOPA TAHHOTO AEHCTBUST. ITO AeT BO3MOKHOCTH COCTABUTD
ONITUMATIbHBI CII0c00 MeHCTBIH B 06paTHOM TOpsiziKe. Ecii areHT BO BCeX COCTOSTHUSX
BCerjia BEIOUpaeT JeHCTBUSA, KOTOPBIM COOTBETCTBYIOT MaKCUMAJIbHbIe Q-3HAUEHUS, TO
€CTb areHT JIENCTBYET XKaJIHO 110 OTHOMIEHUIO K (Q-3HAYEHUSM, TO OH JIEHCTBYET OITH-
MaJbHO. JTO MPE/IoJaraeT TaksKe OTPAHNYEHHOCTD TPUMEHNMOCTH anroputMa SARSA
JIMCKPETHBIMU MMPOCTPAHCTBAMU JIEHCTBUH, UTO MOSICHAETCS B TIpUMeYannu 3.2.

MpuMmevaHue 3.2. NpuMmeHeHue SARSA orpaHUYEHO ANUCKPETHbIMU
NMPOCTPAHCTBaMM AeACTBUI

s onpesiesiennss MaKCUMaJIbHOTO (Q-3HAYEHUS B COCTOSIHUM § HY’KHO BBIYMCJIUTD
Q-3HavyeHus VIS BCeX BO3MOKHBIX JleficTBUIT B 9TOM coctoguuu. Korza geifictBust auckper-
HBI, CIEJIATD ATO JIETKO, IOTOMY YTO MOJKHO TIEPEUNCIIUTD BCE BO3MOKHBIC JICHCTBUS 1 Pac-
cuntath NX Q-3Hauenus. OHAKO eC/H IEHCTBUST HEITPEPBIBHBI, TO HEBO3BMOKHO TTEPEYUCIUTD
ux Bee, u a10 1pobseMa. I1o sroili npuunte npumeHnMoctb SARSA 1 Ipyrux 0CHOBaHHbIX
Ha MOJIE3HOCTH METO/I0B, TaknX Kak DQN (cM. T/1aBbI 4 11 5), Kak MpaBuJIo, OTpaHUYeHa JIC-
KPETHBIMU TIPOCTPAHCTBAMH JieiicTBUil. Tem He MeHee cytecTByIOT MeTo/bl Tutnia Q7T-Opt
[64], KoTOpBIE ANIPOKCUMHUPYIOT MaKCUMaIbHOE Q-3HaYeHUe MOCPENCTBOM BHIGOPKH 13
HEIPEPBIBHOTO ITPOCTPAHCTBA JIeHCTBUI, HO OHU BBIXO/ISIT 32 PAMKU JIAaHHON KHUTH.

K HecuacTpio, ontumanbhas Q-GyHKius o0braHO HenspecTHa, OMHAKO CBSI3b MEKLY
OMTUMAJIBHON Q-(YHKIMEH U ONTUMAIBHBIMU JIEHCTBUSMU TOBOPUT O TOM, UTO €CJIN
ecTb xoportrast Q-GYHKIN, TO MOKHO HAWTH XOPOIITYTO CTPATeTnio. JTO TMPeAoIaraeT
TaK’Ke UTePATUBHBIH MOAXO/ K YIyUIIeHNIo Q-3HaueHMIA.

CHavasia MHUIMATU3UPYEM CAYIaiiHBIM 06pa3soM HEHPOHHYIO CeTh ¢ TTapaMeTpaMu 60,
KoTopas mpezcrasiser Q-GyHKImoo u obosHauena Q'(s, a; 0). 3ateM TOBTOPSIEM TPU-
BeJIEHHBIE JIaJiee TIary JI0 TeX 110P, [IOKA areHT He IIePEeCTAHEeT YIyUulIaThCs. YIydlieHne
OIIEHUBAETCST KAK CYMMa BO3HATPAKIAEHUI, TOJTyYEHHBIX 32 ATINU30/1.

1. Ucnoanzyem Q7(s, a; 0) nus meiictBuii B cpejie, 1eHCTBYS KaHO IO OTHOTIEHUIO
K Q-3HaueHunsiM. CoxpaHsieM Bce TIPEIe/IeHTHI (S, a, 7, S').

2. UWcmosb3yeM coxpaHeHHbIe mpeteileHTsl 171 oonoBIeHus: Q°(s, a; 6) ¢ MOMOIIbIo
ypaBaenus bemimana B metosie SARSA (ypasuenue (3.10)). ITo yirydiaeT oreH-
Ky Q-byHKIINU, 9TO, B CBOIO OY€PE/Ib, COBEPIIEHCTBYET CTPATETHIO, TAK KaK OIEHKH
Q-3HaueHUI Temeps JIydIIe.



96 Yactb I e ANropuTtMbl, OCHOBaHHbIE HA CTpaTErnsaxX U None3HoCTsX

3.3.1. NiccnepoBaHue 1 UCnonb3oBaHUe

ITpu KaaHBIX ACHCTBUSIX TIO OTHOIIECHNIO K Q-3HAYEHUSIM TIPO0JIEMa 3aKF0UACTCST B TOM,
YTO CTpaTerus AeTepMUHUPOBaHA. DTO O3HaYaeT, YTO IPOCTPAHCTBO COCTOSIHUN U Jieii-
CTBUI MOKeT ObITh UCCIIEIOBAHO ar€HTOM He TTOJTHOCTBIO. ECJIN areHT Beerzia Beionpaet
OJTHO U TO e JICHiCTBUE @ B COCTOSTHUY S, TO MHOTHE TIaphbl (S, @) MOTYT ObITh HUKOT/IA
UM He UCTIBITanbl. B pesysnbraTte orieHKN Q-(yHKIINN JIsI HEKOTOPBIX Tap (S, @) MOTYT
0Ka3aThCsl HETOUHBIMMU, TOCKOJIBKY 9TH (S, @) OBbLIM WHUIIHATU3UPOBAHBI CITyJaiHBIMU
BeJIMYMHAMU U HET OIbITA UX PeaJbHOTO HAOOACHNS. Y ceTh He GbLJIO BOBMOKHOCTH
WU3YYUTh 3TY YaCTh TPOCTPAHCTBA COCTOSTHUN U JIEHCTBUH, TIO3TOMY areHT MOXKeT TTpeji-
TIPUHUMATH YCIOBHO ONTUMAJIbHBIE IEHCTBUS M 3aCTPSITh B JJOKATbHOM MUHUMYME.

Jlist yeTpaHeHus 5TOro 3aTpyAHEH s Il areHTa BMECTO YKCTO 5KaHOM cTpaTeruu 00bId-
HO UCIIONb3YeTCs €-KaqHass' crpaterus.. [Ipu Takoil cTpaTerny areHT BhIOMpaeT KamaHoe
JieiicTBIE ¢ BEPOSITHOCTBIO 1 — € 1 ZIelCTBYET Ciy4ailHbIM 00pa3oM € BEPOSITHOCTBIO €.
ITO BEPOSITHOCTD MCCJIE/IOBAHUSI, TAK KaK BBITIOJTHEHUE CIydaiiHbIX eiicTBuii B € - 100 %
CJIy4aeB TIOMOTAET areHTy UCCJIeI0BATh IIPOCTPAHCTBO COCTOSTHUI U fieiicTBuil. Ho 3a nc-
CJIeOBAHMS IIPUXOAUTC ILIATUTD: II0400HAasI CTpaTerust MOKeT ObITh MeHee s dek-
TUBHA, yeM kajiHad. [I[puynHa B TOM, 4TO areHT BMeCTO JIEUCTBUI, MAaKCUMU3UPYIOTINX
Q-3HaueHust, TPEAIPUHUMAET CITyYaiHbIE JIeHCTBUS C OTJIUYHON OT HYJISI BEPOSITHOCTBIO.

ITpoTuBOpeure MeXIY TOTEHITMATHHON MEHHOCTHIO MCCIEIOBAHIS BO BPeMs 00yUe-
HUST ¥ BBIOGOPOM HAWJIYUIINX JeHCTBUIT Ha OCHOBE MH(MDOPMAIUH, TOCTYITHON areHTy
(Q-3HaueHwMiT), U3BECTHO KaK MPobieMa BHIOOPa MEKIY MCITOMb30BAHUEM CTPATETUH
U MccJeloBaHmeM cpefbl. [loJKeH 1 areHT UCIO0JIb30BaTh CBOM TEKYINe 3HAHNA,
9TOODI 1EfICTBOBATH HACTOIBKO XOPOIITO, HACKOIBKO 9TO BO3MOXKHO, UM MCCIEI0BATD,
JeHcTBYS cayvaitno? VIHOTIa uccyiefloBaHne MOKET CHU3UTH TPOU3BOUTEIBHOCTD, HO
OHO TaKJKe [IAeT MaHC OOHAPYKUTD JYUIITIE COCTOSTHIS 1 CTIOCOOBI eficTBst. MHade 910
MOXKHO BBIPA3UTh TaK: €CJIH aTeHTY JOCTYITHA ONTUMaIbHAs Q-(pYHKINS, TO OH T0JIKEH
JeficTBOBATH Xa/HO, HO BO BPeMs HACTPOHKHU Q-(GYHKIINN KaJHbIEe JeHCTBUS MOTYT
HE 1aThb €My CTaTb JIy4Ili€.

Yare Bcero aTy mpobiaeMy pemanoT caeayonM o6pa3oM: HAaYNHAIOT ¢ BBICOKOTO
3HAYEHUS €, paBHOTO Wiau 6um3koro k 1,0. Torza areHT MOKeT coBepIaTh CaydaiHbie
JedcTBUA U GBICTPO UCCIEA0BATh IIPOCTPAHCTBO COCTOSHUI 1 eiicTBuii. ITocKonbKy
B Havyasie 00yJYeHUs areHT ellle HUYero U3y4usi, TO UCI0Jab30BaTh Heuero. C TeueHrem
BPEMEHM € TIOCTETIEHHO YMEHBIIAETCsT, TAK YTO ITOCJIe MHOTHX IIAr0B MOKHO HA/IESAThCS,
YTO CTpATErHst IPUOIMBUTCS K ONTUMATBHON. Pas arent yuurcs aydmmm Q-GyHKIUAM,
a 3HAYUT, YIIYUIIACTCS ¥ CTPATETUsT, TO GOJIBIIE HET CMBICJIA B UCCICIOBAHUN 1 ar€HTY
HY’KHO JIeficTBOBaTh HoJee JKa HoO.

B uneanbHOM cirydae areHT IO TIPOTIECTBUM HEKOTOPOTO BPEMEHW HAMIET ONTHMAJIb-
Hy10 Q-QYHKITNIO, U TOT/Ia 3HAUYEHUE € MOKHO cHU3UTD 110 0. Ha nmpakTrke HacTpoeHHas

! HpOI/I3HOCI/ITCH <IICHUJIOH-Ka/THad».
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Q-GYHKIUS He IOJHOCTBIO CXOMUTCS K ONTUMAJIbHON CTpaTeruu. IT0 MOKET ObITh 00-
YCJIOBJIEHO BPEMEHHBIMY OTPAaHMUEHUSIMU, HEIPEPBIBHOCTBIO TIPOCTPAHCTB COCTOSTHUIM
WJIA BBICOKOU Pa3MepPHOCTHIO IMCKPETHBIX TTPOCTPAHCTB COCTOSIHUI, & TAK)Ke HEJIMHE-
HOU annpokcuMarpeil pyHkimil. Tem He MeHee € 00bIYHO CHUKAIOT 10 (DUKCUPOBAHHOTO
maJsioro snayenus, Harpumep 0,100—0,001, uTo 1M03BOJIAET IPOUIBOAUTH HEOOJIBIIOE
KOJIMYECTBO HETPEPBIBHBIX ATAIIOB UCCIIEIOBAHMSI.

Boia nokasana cxogumoctb TD-06ydyeHust K onTUMaabHOM Q-DYHKITN s TTHEHHON
anmpokcumaruu pyukmii [131, 137]. Oxnako B ocsieiHee BpeMsi 3HAUMTETbHBIN 1TPO-
rpecc B 00yYeHIH ¢ MOAKPEIIeHeM Oblil BbI3BaH BBEACHUEM CJOKHON HeJTMHENHON
anmpokcuManuu GyHKIW (HEHPOHHOI CeThIO ), TO3BOISAIONIEN TTPEACTABIATH TOPA3I0
6ouiee caoxkHbIE Q-PYHKIUL

K coxamnennio, cxopumoctb TD-o6yuernst ipu nepexojie K HeJIMHEHHOT armpoKcuMa-
1y QYHKIMY He rapanTupyeTcs. [loHoe pazbsicHeHUe BBIXOUT 32 PAMKH 3TOI KHUTH.
3anHTEePEeCOBAaHHOMY YUTATEJIIO CJIe/lyeT IOCMOTPETh IIPEBOCXOMHYIO JeKiio Cepres
JleBuHa TI0 TeopMHM HACTPOIKN (PYHKIINI ITOJIE3HOCTH, KOTOPAST SIBJISIETCS YaCTBIO Kypca
CS294 8 Kanudopuwuiickom yausepcutere B Bepran!, K cuactbio, Ha pakTke ObLIO
MOKa3aHo, 4TO Jake Oe3 9TOU TapaHTUU MOTYT OBITh JJOCTUTHYTBHI XOPOIIINE PE3yJIbTa-
oI [88, 135].

3.4. Anroputm SARSA

Tenepsb npuseem onucanue aproputma SARSA 1 niosicHnM, mouemy aTo MeToj| o6yde-
HU 110 aKTYaJIbHOMY OIIBITY.

[TceBnoxon SARSA c e-skaznnoii ctpaterneii mpusesiex B asroput™e 3.1. Onenka Q-yHk-
wun Q° (s, @) mapamerpusupoBana ceTpio ¢ mapameTpamu 0, 0603HaYCHHOIT Kak Q™
TaK 4ToO Q“ (s,a)=Q™ (s, a). Obparute BHUMAHNE Ha TO, YTO ONTHMAJIbHbIE HAYATbHOE
U MUHUMaJIbHOE 3HAYEHWSI [JIS1 €, @ TAKIKE CKOPOCTD €r0 YMEHbIICHHUST 3aBUCST OT CPE/IbL.

Anroputm 3.1. SARSA

1: MHMUManuM3auus CKOpoCcTu obyyeHus o
2: WHnumanusauua €
3: MHuuManusauus napameTpoB CeTu O cryYailHbIMU 3HaYeHUAMU
4: for m = 1...MAX_STEPS do
5: HakonuTe N npeueneHToB (s, @, ry, Si, d;), WCMONb3YA
= TeKkylyw €-XagHyw CTpaTeruw
6: for i = 1...N do
7: # PaccuuTaTb ueneBble Q-3Ha4eHMA ANA KaxAoro rnpeuepeHTa

' Bugeo gocrymnno Ha https://youtu.be/k1vNh4rNYec [76].
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8: Yo = +6,¥Q" (si, a;), rpe 8, = 8, ecnn s, — koHeuHoe
: = COCTOAHME, WHaye 1

9: end for

10: # PacyeT ¢yHKUMM NOTepb, Hanpumep, C MOMOLWbK CpeAHEeKBaAPATUYHON ownbKu
. 1 . 2

11: 1(e) = NZI_ (v, = @* (50> a,))

12: # O6HOBJIEHME MapaMeTpoB CeTu

13: B =6-avJ(e)

14: YMeHblleHne €

15: end for

3.4.1. AropuTMbl 06yYeHus
Mo aKTyanbHOMY OMbITY

BaskHast ocoberHOCTh SARSA cOCTOUT B TOM, UTO 3TO AI20pUmm 00y4eHus no axmyaiv-
Homy onvimy. Kak BbI MOMHUTE U3 TJIABHI 2, B ATOPUTMAX OOYIEHUS M0 aKTyaTbHOMY
OTIBITY MCTIOJTb3YeMast IS YIYIIIeHNs TeKyIel cTpaTern HHGOPMAaIns 3aBUCUT OT
CTpaTernu, KOTopast MpuMeHsTach s cbopa manubx. OOydenne Mo aKTyaTbHOMY
OITBITY MOJKET ITPOXOUTH JABYMST CITOCOOAMIL.

Bo-niepBbIx, ncrorbayemoe 1715t HACTpokn Q-hyHKINHY 11eJ1IeBoe 3HaYeHNe MOKeT 3a-
BHCETh OT CTPATETHH, KOTOPast TPUMEHSIJIACh [IJIsT TIOPOXK/IeHUs TIpelie/ieHToB. [Iprumepom
MozkeT carykuth SARSA, kak nmokasano B anroputme 3.1 (ctpoka 7). IlesieBoe 3Haue-
HUE Y, 3ABUCUT OT JEACTBUS @', KOTOPOE JAelCTBUTENbHO ObLIO BLIOPAHO B CJIEAYIOUIEM
COCTOSTHUM S'. DTO IeWCTBIE ONPEAEISIeTCS CTPaTETHeH, TTOPOsKAATOTIEel TIPeTe/IeHTHI, TO
eCTb TeKyIllel €-KalHON cTpaTeruei.

Bo-BTOPBIX, aITOPUTM MOKET OBITH AITOPUTMOM OOYUEHUS MO aKTYalbHOMY OIBITY
[PU HETOCPEACTBEHHOM 00YUEHUN CTPATETUH. DTO MOAPA3yMEBAET TAKOE N3MEHEHUE
CTpaTeruu, YTO BEPOSITHOCTH XOPOIINX /IEHCTBUI TTOBBITIAETC, a TIFIOXUX — CHUKAETCS.
Yro6bl BHIIOJHUTH JAHHOE YIIydIlieHne, He0OXOMM JOCTYTI K BEPOATHOCTIM, KOTOPbIE
TeKyIas crparTerus nprcsansaet BoiOpanHbiM geiicTusiM. REINFORCE (cwm. ria-
By 2) — mpuMep aJropuT™Ma 0OYUEHUs MO aKTYyaTbHOMY OTIBITY C HETIOCPE/ICTBEHHBIM
M3y4yeHUEM CTPaTeruu.

To, uro SARSA gBisieTCs aIrOpuTMOM O0YYEHNUS 110 AKTYaIbHOMY OIIBITY, IOBJIMIO Ha
THIT [IPETEIEHTOB, KOTOPBIE MOTYT OBITh CIIOIB30BAHBI IS HACTPOUKH arPOKCUMAIIAN
Q-dpyuxuuu B Teuenne BpeMenu. Ha Kaskioil urepanuu o6y4eHust MOryT MPUMEHSIThCSI
TOJIBKO TIPEIIEIEHTHI, HAaKOTJIEHHBIE ¢ TOMOTI[bIO TeKyIeil crpaternu. Ilocse kaxmoro
06GHOBJICHHUST TAPAMETPOB AMMPOKCUMAIITH (DYHKIIMN BCE MPEIEAEHTHI JOKHBI OBITH
OTOPOIIEHBI U TIPOIIECC HAKOILIEHUS OIIBITA JI0JIKEH HAauaThCst 3aHOBO. Tak POUCXO/NUT,
nake ecau OOHOBJIEHIE TAPaMeTPOB OBLIO HE3HAYUTENHHBIM. DTO TUTIMYHO 71T 00y Ue-
HUST HEIPOHHBIX ceTell, Koria 0OHOBJIEHNE OJIHOTO MapaMeTpa PUBOAUT K U3MEHEHUIO
crpateruu. B anropurme 3.1 9T0 BBIpaskeHO SIBHO, TaK KaK Ha Kask0H utepanum ooyue-
HUST TPOMCXOIUT COOP HOBBIX TPETIE/IEHTOB.
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[Touemy Tak BasKHO, 4TOOBI /7ist 06HOBACHUsT Q-(DYHKIINN HAa KasKAO0H UTEpaIuu Uc-
10JIb30BAJIMCh NUMEHHO TIPEIle/IeHThI, HAKOIIJIEHHbIE C TIOMOIIBIO TEKYIIeil CTpaTeruu?
Pacemorpum emnte pas TD-o6HoBenne B SARSA (ypasuenue (3.14)).

Q" (s, a)~r+yQ" (s', a;). (3.14)

Bropoii wien ypasuenus YQ™ (', a;) npeanonaraet, uto @’ 61710 BHIGPAHO ¢ IOMOIIBIO
CTpaTeruu T . ITO CeAYeT U3 onpeneaenns Q-QpyHKInI, KOTopast sABJIAETCS 0KUAAEMOI
Oyy1eil II0JIe3HOCTBIO (S, @), B IIPEIIOJIOKEH I, YTO areHT AeHCTBYET B COOTBETCTBUN
CO cTparterueii 7t,. 311eCb HEyMECTHbI IIPELEJIEHTDI, CCeHEPUPOBAHHbIE C IOMOMIBIO APYTOI
CTpaTeTuu.

IIpeznonoxum, cymecTByeT penesent (s, a, 7, s', a, ), NopoKaeHHbII cTpaTerueii T,
Hanpumep, on MOsKeT OBITH TIOJIY4eH Ha GoJiee paHHel urepalun Bo BpeMst 00ydeHus
C IPYyTUMU 3HAYEHUSMU TTapaMeTpoB O armpokenMaiun Q-(yHKIMY. @y He 0653aTeTbHO
Oyzet TakuM xe, Kak a;. JleficTBie, BBIOPAHHOE B §' CTPATErHeil T, MOKeT OBbITh APYTUM,
He TaKK1M, KaKoe IPeJIpUMeT TekyIas crparerus 7t,. Ecam ato tak, 10 Q™ (s, @) ne Gyzer
OTpakaTh OJKUAAEMOE CyMMapHoe Oyyliee IUCKOHTUPOBAHHOE BO3HATPAKICHUE 32
BBIOOD /ICHCTBYS @ B COCTOSTHUM $ B COOTBETCTBUH C T,

i (s,a)=r+yQ" (s, a)) #r+yQ" (s, ay). (3.15)

Ypasuenue (3.15) moka3bIBaeT: €CJU BMECTO (S, a,r, s, a;) WCTIONB30BATh (s, a, 7, 8, a)),
To Q™ (S, a) Gyner 06HOBJIEHA HEKOPPEKTHO. DTO BBIZBAHO TEM, YTO OHA MPUMEHSIET
orieHku Q-3Ha4eHU, TIOJyUdeHHbIE C TOMOIIIBIO MOCJIEI0BATEbHOCTH JIEUCTBUH, OTINY-
HOH OT TOH, KOTOPAsi COOTBETCTBYET TeKyIlel cTpaTernu.

3.5. Peanuzauunsa SARSA

B aTom pazzesie BbI modHakoMuTeCH ¢ peanusanueii anroputMa SARSA. Cravamra pac-
cMaTpuBaeTcs Kof epsilon_greedy, ompenensiontuii aeticteust areaTa SARSA B cpere.
3arem nzeT 0630p MeTo/Ia pacueTa 1esieBoro Q-sHauyeHwst. B KoHIle pas/iesia IPUBOAUTCS
UK OOYUEHUS CeTH 1 06CYKAAI0TCS Kaacch Memory ist SARSA.

3.5.1. e-xagHaa ¢yHKumsa Bbibopa AeNCTBUN

DOyukius BpIOOPa ACHCTBIUIT BO3BpaIlaeT ACHCTBIE d, KOTOPOE areHT JOJKEH TPE/ITPH-
HSATH B cOCcTOsTHUY . JIto6ast GyHKII BEIOOPa AeHCTBUN TPUHUMAET HAa BXOJIE COCTOS-
HUe state, anTopuT™ algorithm s qocTyma K anmmmpokcuManm (GyHKIUNT HeHPOHHON
CeThIO, a TaKKe TeJI0 areHTa body, B KOTOPOM XpaHUTCS WHGMOPMAINS O TepeMeHHON
uccienoBanus (TO €CTh €) U mpocTpaHcTBe AeiicTBuil. MyHKIMKM BhIGOPA AEHCTBUI
BO3BpAIaloT /IeHiCTBHUE, ONpeieIeHHOe aTeHTOM, U paciipejie;leHne BeposTHOCTeH, 13
KOTOPOTO OHO OBLI0 B3siTO. B ciryuae SARSA paciipesiesieHrie BRIPOKICHHOE — BCSI Be-
POSITHOCTHAST Mepa MTPUCBOEHA eHCTBII0, MAaKCUMHU3UpyfotieMy (Q-3HaueHwe.
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Kom epsilon_greedy (smucTuHr 3.1) cCOCTOUT M3 TPEX YaCTEN.

® AreHT perraer, Kak JeiCTBOBATh — CJAYYallHO WJIH jKagHO (CTPOKA 5). TO 00yCI0B-
JIEHO TEeKYTUM 3HaueHueM € (CTpoKa 4).

e Ecum geiictBus ciyyaiitbl, BbisbiBaeTcs QyHKIM BbIOOpa gAeficTBuil random (¢Tpo-
ka 6). OHa Bo3BpalllaeT JAefcTBIE U3 IPOCTPAHCTBA JAEHCTBUI OCPEICTBOM BEIOOPKH
13 CJIy4aifHOTO PAaBHOMEPHOTO pacipe/ie/ieHus BepOsITHOCTEH 110 IeHCTBUSIM.

e Ecuu neiicTBus jkajible, TO olleHUBaOTCS Q-3HAaYeHMs /IS BCeX JIefCTBUI B state.
Boibupaercst geiicTBrE, KOTOPOE COOTBETCTBYET MaKCUMaJbHOMY Q-3HAUEHUIO.
ITO BBIIOJIHAETCS IOCPEACTBOM BbI30Ba (DYHKIIMHU BBIGOPA AEHCTBHIA 110 YMOTYaHUIO
default (ctpoku 11-14).

Baskrast 0co6eHHOCTD PeaTi3aIiiny ammpokenMaIimy Q-GyHKIINT — TO, 4TO OHA BHIaeT
OTHOBPEMEHHO Bce (Q-3HaUeHUs JJIs1 OTPENIEIEHHOTO COCTOsTHM. Takas cTpyKTypa
HEWPOHHOI ceTu /i annpokcuManuu Q-gyukimu agdekTrBHee, yeM BapUAHT, KOT/Ia
Ha BXO/Ie TPUHUMAIOTCST COCTOSTHUE U JIEHICTBIE, 2 HAa BBIXOJIE BBIZIACTCS OJTHO 3HAUYEHUE.
Jlst Hee TpebyeTCs JIUTITH OJIVH IOTIOTHUTETBHBIN TIPOXOJT Y€PE3 CETh BMECTO action_dim
NPSAMBIX TIPOX0/10B. Bosiee oapo6Hy o nHGOPMAITIIO 0 TOCTPOCHUN 1 MHUTIHATH3AIIU
Pa3HbIX TUTIOB ceTel cMOTpuUTE B Tase 12.

JNuctuHr 3.1, Peanuzaums SARSA: e-xaaHas dyHKUMS Bbibopa AENCTBUIA

1 # slm_lab/agent/algorithm/policy_util.py

2

3 def epsilon_greedy(state, algorithm, body):

4 epsilon = body.explore_var

5 if epsilon > np.random.rand():

6 return random(state, algorithm, body)

7 else:

8 # Bo3BpawaeT AeNCTBME C MaKCUMasibHbiIM Q-3HayeHuem
9 return default(state, algorithm, body)
10
11 def default(state, algorithm, body):
12 pdparam = calc_pdparam(state, algorithm, body)
13 action = sample_action(body.ActionPD, pdparam)
14 return action

3.5.2. Pacuet Q-yHKUMKM NOTEPDb

Crenmytomuii miar B anroput™Me SARSA — ato pacuer Q-yHKITNN OTEPH, KOTOPas UC-
HOJIb3YeTCs [JIst OOHOBJICHNUST TTaPaMeTPOB alpoKcuMauu Q-(GyHKINN.

B smmcrunre 3.2 cHadasia A5 KasK10ro IpeleenTa B Habope paccuntbiBaercsa Q7 (S, a)
HEHCTBUS @, BHIOPAHHOIO areHTOM B TEKYIIIEM COCTOSTHUU S. DTO HOAPa3yMeBaeT MPSIMOI
IIPOXOJL Yepe3 CeTh MOJIE3HOCTH JIJIS TOJIyYeH st OlleHOK Q-3HaveHwil it Beex mmap (s, a)
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(crpoxka 11). Kak Bbl nomHUTE, B BapuaHTe ypaBHeHus besimana st SARSA niist BbI-
uncaenns QF (s, @) ncnonb3yercst AeficTBIE, KOTOPOE Ha CaMOM Jiesie ObLIO BBIOPAHO
AreHTOM B CJIE/LYIONIEM COCTOSTHUN:

Q" (s,a)=r+yQ" (s, a')= Q% (s, ). (3.16)

Takum 06pasoM, IPOUCXOAUT IOBTOPEHIE OJHOTO U TOTO JKe IIara, HO sk CJIeLYOIIX
COCTOSTHUI, a He i TeKyiux (cTtpoku 12 u 13). 3ameTbTe, uTO 1iesieBble Q-3HAUEHUS
(puKCHpPOBAHbBI, B CBSI3M C YeM Ha 9TOM Ilare rpaJlieHT He paccunTeiBaercs. [loaTomy,
4yTOOBI IPENOTBPATUTh pacueT rpagueHToB PyTorch, npsmoii mpoxo/ BbI3bIBaeTCs
B KOHTEKCTE torch.no_grad().

3aTeM BBIAEIAIOTCS OLeHKH Q-3HadeHnuii A1 AefCTBUI, KOTOPbIE Ha CAaMOM JieJie ObLIN
MPEATPUHSTHI ATEHTOM B TEKYIIIEM U CJIEAYIOIeM cocTostHusx (ctpoku 15 u 16). Pac-
roJiarast STUMU JaHHBIMU, MOKHO OIeHUTh Q. (s, a) C TTIOMOIIIBIO act_next_q_preds
(cTpoka 17). Koneunble cocTosguus, 1751 KOTOPBIX Q. (s, a) — 3TO MPOCTO TIOJyYeHHOE
BO3HarpaskieHue, 00pabaTbiBalOTCss 0COOBIM 00pa3oM. DTO JOCTUTAETCS YMHOKEHIEM
Q” (s',a") (act_next_q_preds) Ha BEKTOD, B7IEMEHTHI KOTOPOTO 1 - batch[ 'dones ' ] mme-
10T 3HaYenue 0 1T KOHEYHBIX COCTOSTHUN u 1 — B Ipyrux ciaydasx. [losyuans oreHKn
TeKyIIero u 1eneBoro Q-snadeHuii (q_preds u act_q_targets COOTBETCTBEHHO), MOJI-
canTath (hyHKIIUIO TTOTEPh TpocTo (cTpoka 18).

Heobxoanmo 3HaTh 00 OJHOM BasKHOM MOMEHTE: areHT TI0JyYaeT MHGOPMAIIUIO JIHUIIh
0 JIefiCTBIN, KOTOPOE Ha caMoM Jiesie ObLI0 BhIOpaHo. Kak ciieicTBue, OH MOJKET IOy YT
UHGOPMAIINIO TOIBKO 00 3TOM JEHCTBIH, a He 000 BCeX A0CTYIHBIX. [T0aTOMY (hyHKITHS
MOTEPb PACCYMTHIBAETCS € YIETOM JIUIIH TEX MOJE3HOCTEH, KOTOPble COOTBETCTBYIOT
JEeHCTBUSIM, BBIOPAHHBIM B TEKYIIIEM U CJIELYIOIEM COCTOSTHUIX.

JuctuHr 3.2. Peanu3aumsa SARSA, pacuet Lenesbix Q-3HaueHui
U COOTBETCTBYIOLLEN (PYHKLMM NOTEpb

1 # slm_lab/agent/algorithms/sarsa.py

2

3 class SARSA(Algorithm):

4

5

6 def calc_qg_loss(self, batch):

7 ""'"PacyeT ¢yHKLMM MOTepb, CBA3aAHHbIX C Q-3Ha4veHuAMHU,
= C MOMOLWb MNPOrHO3HOIO U LEeNneBoro Q-3HayeHuin, MOaYHEHHbIX
= 13 CcoOoTBeTCTBykWUX cetein' "’

8 states = batch['states']

9 next_states = batch['next_states']

10 ce

11 g_preds = self.net(states)

12 with torch.no_grad():

13 next_qg_preds = self.net(next_states)
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14
15

16

17

18
19

act_qg_preds = q_preds.gather(-1,

= batch['actions'].long().unsqueeze(-1)).squeeze(-1)
act_next_q_preds = next_qg_preds.gather(-1,

= batch['next_actions'].long().unsqueeze(-1)).squeeze(-1)
act_qg_targets = batch['rewards'] + self.gamma *

= (1 - batch['dones']) * act_next_qg_preds

g_loss = self.net.loss_fn(act_qg_preds, act_q_targets)
return q_loss

3.5.3. LUmkn oby4deHuns B SARSA

ITuks o6yuenust (JucTHHT 3.3) BBITJISIAT CIIEAYIONIAM 00PA30M.

1.

Ha kaskgom mare oGyueHrs BBI3BIBAETCS train U areHT MpoBepsieT, TOTOB JIH OH
k 00yuenuio (crpoka 10). Duar self.to_train ycraHaBimMBaeTCs B KJacce MaMsITH,
KOTOPBIN 00CYKIAETCS B CIEMYIONIEM PA3IEe.

Ecau npuniio Bpemst 06ydeHus, To areHT IPOU3BOIUT BHIGOPKY TaHHbBIX M3 TTAMATH
myTeM BbI3oBa self.sample() (ctpoka 11). B cayuae anropntma SARSA maket batch
BKJTIOYAET BCe MPETIEIEHTHI, HAKOTIEHHbIE C OCAETHETO ITarna 00yIeH s areHTa.

g batch paccuntsiBatores Q-gyHkius nmoteps (ctpoka 13).

Q-hyHKIMS TTOTEPb UCIOAB3YETCA JIs OJHOTO 0OOHOBJIEHUS MapaMeTPOB CETH
noJsesHoctu (crpoka 14). Korga dyukius noreps onpezaesiena, PyTorch o6Hos-
JISIET TTapaMeTPBI € TIOMOTIBIO aBTOMATHYECKOTO (M hEPEHITUPOBAHNS, UTO OUEHD
y106HO.

[ self.to_train ycranasinBsaeTcs HadaibHoe 3Hadenue 0, KOTopoe rapaHTUpyer,
YTO areHT He HauHeT 0Oydarbes, oKa cHoBa He Oyzer rotos (cTpoka 16), To ecth
He HaKOIIUT JIOCTATOYHOTO KOJNYeCTBA HOBBIX IIPeIe/IeHTOB.

O6HogIstercs € (explore_var) (cTpoka 23) B COOTBETCTBUY C BHIOPAHHBIM PACIIHCA-
HUEM, HATIPUMep C JINHEITHOI CKOPOCTHIO YMEHbIIIEHUST 3HAUEHUSI.

JNuctunr 3.3. Peanu3zaums SARSA: umkn obyyenns

1

O oo NOUVTh WwWN

[
[

# slm_lab/agent/algorithms/sarsa.py
class SARSA(Algorithm):
@lab_api
def train(self):
clock = self.body.env.clock

if self.to_train ==
batch = self.sample()
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12 .

13 loss = self.calc_qg_loss(batch)

14 self.net.train_step(loss, self.optim, self.lr_scheduler,
= clock=clock, global net=self.global_net)

15 # 06bHyneHue

16 self.to_train = 0@

17 return loss.item()

18 else:

19 return np.nan

20

21 @lab_api
22 def update(self):

23 self.body.explore_var = self.explore_var_scheduler.update(self,
= self.body.env.clock)

24 return self.body.explore_var

Pestome

Ha Bpicokom ypoBHe peannsarust SARSA cocTonT u3 Tpex 0CHOBHBIX KOMIIOHEHTOB.

1. epsilon_greedy ompe/essieT METO/ JIJIsA IENCTBUI B CPeJie COTJIACHO TEKYIIe cTpa-
TETHH.

2. calc_g_loss ICHOIBb3YyeT HAKOTJICHHBIE TIPETIeICHTHI /7T pacueTa IesieBbIX Q-3Hade-
HUI U COOTBETCTBYIONINX 3HAYEHU (DYHKIIUK [TOTEPb.

3. train MPOW3BOMNT OHO OGHOBJIEHNE MAPAMETPOB CETH TOJEZHOCTH C MTOMOIIHIO
Q-dpyuxiuu orepb. [IponcxoanT 0GHOBIEHNE BCEX 3HAUUMBIX TTePEMEHHbIX, TAKUX
Kak explore_var (€).

3.5.4. NamaTb 4ns XpaHeHUsl NakeToB NpeueaeHToB
nNpy 0byyeHUn No akTyasbHOMY OMbITY

Koz u3 nipeabiaylinero pas/eia peiojaraeT, YTo Ha MOMEHT Hauajia O0ydeHus areHTy
JOCTYIIeH Habop aKTyaJIbHBIX IIPELEIEHTOB.

IT10 BUJHO 110 self.sample() B hyukiuu train() kmacca anropurma SARSA. B atom
pasjiesie pPacCKasbIBAETCST O XPAHEHUH TIPETIEZICHTOB U MTPE0CTABJICHIH UX areHTy, KOT/Ia
OHU HYJKHBI eMY JIJIsT 00y UEHUSI.

B kuacce Memory (cM. TJIaBYy 2) MeXaHU3M XPaHEHUS U MOJYUEHUS OTbITa — KOPTEKei
(s,a,1,s,a") — abcTpakTHbil. THUIIBI IIPELeIEHTOB, KOTOPhIE MOTYT OBITh UCIIOIb30BAHBI
JUIST aNTIIPOKCUMATIAHT (DYHKIIUE 0OYUEHsT, TTOAPA3EIAIOTCS B 3aBUCHMOCTH OT AJITOPUT-
MOB 00YY€EHUS [0 aKTYaJbHOMY OTIBITY. DTO MPEIEEHTHI, HAKOIJICHHBIE C TOMOIIBIO
Tekynieil crpateruu. Kak Bbl TOMHUTE, BCe KJIACCHI MTAMATH JOJIKHBI PEATU30BbIBATD
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caenyiomue GyHKIUU: update, KoTopas A06aBJseT peleleHThl areHTa B IaMsITh,
sample, BO3BpaIIAOILY0 HAOOD JAHHbBIX /I 00yUeHNUsI, U reset ISl OYUCTKH TTAMITH.

N3-3a toro yto SARSA — sr10 anropurm TD-o0ydenusi, Hy»KHO JIMIIb J0KAaThCs
CJIEIYIOTIETO BPEMEHHOTO Tara, 4ToObl OGHOBUTH MapaMeTPhI AITOPUTMA € TIOMOIIILIO
Koprexa (s, a, 7, s, a"). Biarogapst aromy B anropurme SARSA Bo3MokHO 06ydeHHe 7o
akmyanvrnomy onvimy. TeM He MeHee UCMOJBb30BAHNE TOJBKO OTHOTO MpeTle/IeHTa Mpu
OOHOBJIEHUU MOKET IMPUBECTH K CHJILHOU 3alIyMJIEHHOCTU. B CBSI3U ¢ 3TUM OOBIYHO
NPAKTUKYIOTCS OKUJAHUE B TeUEHUE HECKOJIBKUX 1IaroB U 0OHOBJIEHUE TTaPaMeTPOB
AJITOPUTMA C [TOMOII[IO CPEIHEr0 3HAYeHUsT (DYHKIIMH TOTE€Pb, BBIYUCIEHHBIX 110 MHO-
JKECTBY TPELeJeHTOB. ITO U3BECTHO Kak nakeTHoe oOydenue (batch training). Anbrep-
HATWUBHAS CTPATETUs] — HAKOIMTH IIPUMEPHI OTbITA U3 HE MEHEe YeM OJIHOTO TIOJTHOTO
BIIM30/Ia U € TIOMOIIIBIO BCEX 9TUX JAHHBIX 32 OJ[FH Pa3 OOHOBUTH ITAPaMETPBI AITOPUTMA.
Iro HasbiBaeTcs o0yuyeHnueM 1o snusogam (episodic training).

OTHU BapUaAHThI OTPAKAIOT KOMIIPOMHUCC MEKTy CKOPOCTBIO U 3HAYEHWEM JNCIIEePCUN.
JlaHHbIe U3 PasHBIX SIU30/I0B, KaK MIPABIIO, 00JIAAl0T MEHBIIEH AucTepcueii, Ho 00yue-
HI€ AJITOPUTMA MOKET TIPOUCXOIUTH OUEHD MEJIEHHO, TAaK KaK ITapaMeTpPbl OGHOBJISIOTCST
Heuyacto. [Ipu 0OGHOBJIEHUH C TTOMOIIBIO OJTHOTO TPEIe/IEHTa JIUCTIEPCUsT HAUBBICIIIAS,
HO o6ydeHre MOKeT UATH GBICTPO. BrIGop KommuecTBa MpereieHToB, KOTopbie GyayT
HCTIOJIb30BATHCS JIUIST KAKIOTO OOGHOBIEHNUS, 00YCIOBIEH cpeoii 1 anroputMoM. Heko-
TOPBIE CPEIB MOTYT BBIIABATh IAHHBIE C YPE3BBIYAHO BBICOKOM AUCTIEPCHUEH, W TS ee
CYIIECTBEHHOTO CHUKEHUS JI0 YPOBHS, IIPU KOTOPOM areHT 00y4YaeTcst, MOXKET ITOHA/[0-
OUTHCST MHOTO TIPEIEIEHTOB. B pyrix cpeiax [uceperst JaHHbIX HU3Kast, 1 KOJIMYECTBO
MpereIeHTOB Ha OGHOBIEHUE MOXKET OBITh JIOBOJBHO MAJIBIM, YTO MOBBIIIAET MPEAO-
JIaraeMyIo CKOpoCTh 00y YEHSI.

Crekrp QyHKIIMOHAIBHOCTH: 00y4eHne 0 aKTyaJbHOMY OIIBITY, IIaKeTHOe 00ydYeHue
U SIM30AUYECKOe 00yUeHre — IIPELOCTABIAETCS IBYMs Kaaccamu Memory. Kiacc OnPo-
licyReplay peanu3yer sIn30Jn4ecKoe 06yquI/Ie, a ero 1MoToOMOK OnPolicyBatchReplay —
nakeTHoe obyuenue. IToceHmil KJace Takske MoIepKuBaeT 00yueHHe 1Mo aKTyaTbHOMY
OIIBITY TIPH YCTAHOBKE €IMHIMYHOTO paszMmepa makera. O6paTuTe BHUMAaHUE HA TO, YTO
B SARSA 7151 06yueHust 10 aKTyaJbHOMY OTIBITY HYKHBI KAK MIHUMYM J[Ba IIara
B Cpejie, 4UTOObI CTaIU U3BECTHDI CJAEAYIOLIEE COCTOSIHIE U JeCTBUE, 9YTO COOTBETCTBYET
pa3mepy rakera 2.

ITockonbky ¢ OnPolicyReplay Mbl TO3HAKOMUJIKCH B IJIaBe 2, 371eCh IIPUBOJIUTCS TOJIBKO
OnPolicyBatchReplay.

OGHOBIIeHHE MTAKEeTHOH maMsTH. /{151 1peobpasoBaHus SIM30UUECKON TaMATH B 11a-
KETHYIO MOKHO BOCITOJIb30BAThCST HACTEIOBAHUEM KJIACCOB U MEPErPY3KOH (DYHKINN
add_experience, Kak TTOKa3aHO B JIUCTUHTE 3.4.

[l makeTHON MaMATH He HYKHA BJIOKEHHAS CTPYKTYPA, KaK y 3MU30IUUECKON TTaMsI-
TH, TAK Y4TO B IUCTUHTE 3.4 TEKyLIMii IperesenT 100aBIsIeTCs B KOHTeHHEPBl OCHOBHOI
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rnaMaTu Hanpssmyto (ctpoku 8 n 9). Ecii HaKoNIeHO 0CTATOYHO TIPEleIeHTOB, KIacce
[aMsTH yCTaHaBJIMBaeT A areHrta duar o0yuenus (cTpoku 14 u 15).

Jinctunr 3.4. [lobaeneHune onbita B OnPolicyBatchReplay

1 # slm_lab/agent/memory/onpolicy.py

2
3 class OnPolicyBatchReplay(OnPolicyReplay):
4
5
6 def add_experience(self, state, action, reward, next_state, done):
7 self.most_recent = [state, action, reward, next_state, done]
8 for idx, k in enumerate(self.data_keys):
9 getattr(self, k).append(self.most_recent[idx])
10 # OTcnexuBaHue pasmepa MaMATU U KoJUvecTBa MpeLefeHTOB
11 self.size += 1
12 self.seen_size += 1
13 # MNpWHATWE peleHus o TOM, AONXEH NI areHT obyyaTbCs
14 if len(self.states) ==
= self.body.agent.algorithm.training_frequency:
15 self.body.agent.algorithm.to_train = 1

3.6. ObyyeHue areHTa SARSA

Hactpoiika areara SARSA npousBoanTcst ¢ momoribio aiina spec, cojepKkuMoe Ko-
TOPOTO TPUBEEHO B jiucturre 3.5, toTr dailn nmeercst 8 SLM Lab B s1lm_lab/spec/
benchmark/sarsa/sarsa_cartpole.json.

JNucTuHr 3.5. MpocToit daiin spec ans urpbl B CartPole ¢ nomoubio SARSA

1 # slm_lab/spec/benchmark/sarsa/sarsa_cartpole.json

2

34

4 "sarsa_epsilon_greedy cartpole": {

5 "agent": [{

6 "name": "SARSA",

7 "algorithm": {

8 "name": "SARSA",

9 "action_pdtype": "Argmax",
10 "action_policy": "epsilon_greedy",
11 "explore_var_spec": {

12 "name": "linear_decay",
13 "start_val": 1.0,

14 "end_val": 0.05,

15 "start_step": 0,

16 "end_step": 10000

17 ¥

18 "gamma": 0.99,

19 "training_frequency": 32
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20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
49
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

b
"memory": {
"name": "OnPolicyBatchReplay"
b
"net": {
"type": "MLPNet",
"hid_layers": [64],
"hid_layers_activation": "selu",
"clip_grad_val": 0.5,
"loss_spec": {
"name": "MSELoss"
s
"optim_spec": {
"name": "RMSprop",
"lr": 0.01
b
"lr_scheduler_spec": null
}
H,
"env": [{
"name": "CartPole-vO",
"max_t": null,
"max_frame": 100000
Jap
"body": {
"product": "outer",
"num": 1
s
"meta": {
"distributed": false,
"eval_frequency": 2000,
"max_trial": 1,
"max_session": 4

}s

}

PaCCMOTpI/IM OCHOBHbIE€ KOMIIOHEHTDI.

Ausropurm — 510 SARSA (crpoka 6). Crparterus Boibopa geicTBuii €-skagHast (CTpo-
ka 10) ¢ smHeitHOl ckopocTbio yMenbiienus (ctpoku 11—-17) mepemennoii uccieno-
BaHUS €. 3HAUEHUE Y YCTaHABJIUBAETCS B cTpoke 18.

ApaneKTypa CeTH — MHOTOCJIOMHBIN MEePIENnTPOH C OAHUM CKPBITBIM CJIOEM M3
64 snemenTtoB u ¢pyuknueit aktusanun SelLU (ctpoxn 25-27).

Onrumuzatop — 510 RMSprop [50] co ckopoctbio o6yuenus 0,01 (crpoku 32-35).

Yacrora 00yYeHUsT — 110 MTaKeTaM, Tak Kak Obljia BbIOpaHa mamMsTh OnPolicyBatchRe-
play (ctpoka 22). Pazmep nakera 32 (ctpoka 19), KOHTpOJIUPYeMblii TTapaMeTPoOM
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training_frequency (ctpoka 19), o3Hayaer, uTo ceTh OYAeT TPEHUPOBATHCS 110 IIPO-
MTECTBUN KKBIX 32 MIaroB..

e Cpena — s10 CartPole [18] us OpenAl Gym (crpoxa 40).
e Jlaurenapnocts 00yuenust — 100 000 maros (cTpoka 42).

e Oumuenka arenra ripousBojautcs Kaxasie 2000 maros (crpoka 50). Bo Bpems orenku €
MIPUCBAMBAETCST €T0 UTOTOBOE 3HaUeHne (cTpoka 14). 3amyckaioTest 4eTbipe 31u30-
71, 3aTeM TOACINTHIBAIOTCS CpelHNUe TTOTHBIE BO3HATPAK/IECHUS U BBIAACTCS OTIET
0 Pe3yJIbTaTax.

Yro6br 00yunth aredta SARSA ¢ momouipio SLM Lab, samycrure B TepMuHaie KOMaHIbI
u3 suctunra 3.6.

Jinctunr 3.6. O6yyeHne areHTa SARSA

1 conda activate lab
2 python run_lab.py slm_lab/spec/benchmark/sarsa/sarsa_cartpole.json
= sarsa_epsilon_greedy_cartpole train

MDaiisr spec UCTIOMB3YETCS JIJIS 3aITycKa IPOOHOTO 00yUeHust Trial ¢ 4eThIPbMSE CECCUAMU
Session, 4TOOBI MOJYYUTH YCPEAHEHHBIE PE3YIBTATDI, KOTOPIE 3ATE€M BBIBOAATCS Ha
rpaduKe ¢ T0OBEPUTEIbHBIM HHTEPBaJIOM. Takske TeHepupyeTcs rpaduk co CKOTB3SIINM
cpexanM 110 100 orenkam. Oba rpaduka puBeeHs! Ha puc. 3.5.

trial graph: sarsa_epsilon_greedy_cartpole t0 4 sessions trial graph: sarsa_epsilon_greedy_cartpole t0 4 sessions
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Puc. 3.5. MNpadukm npobHoro obyyeHms ¢ nomoLpto SARSA u3 SLM Lab Ha ocHOBe faHHbIX,
YCPEeAHEHHbIX MO YeTbIPEM ceccusiM. 10 BEpTUKaNbHON OCU OTIOXKEHbI NMOJTHbIE BO3HArPaXXAEHNS!
(oueHka mean_return Bbluncnsercs 6e3 ANCKOHTUPOBaHWS), YCPeAHEHHbIE MO BOCbMY 3MM304aM
B KOHTPOJIbHbIX TOYKaX. M0 rop13oHTaNbHOM OcK — MOMHble Kaapbl 06yyeHus. Mpaduk cnpasa —

3TO CKOMb3sllee cpegHee no oueHkaM B 100 KOHTPOSIbHbIX TOYKaXx
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3.7. Pe3ynbTaTthl 3KCNEPUMEHTOB

B atom pazjesie paccMaTpuBaeTest BIUSHEE CKOPOCTH 00YYEHUS Ha TIPOU3BOUTEBHOCTh
SARSA B cpenie CartPole. Oyuxius skcniepumentupoanust SLM Lab ucnosbssyercst
JJIST TIOMCKA TI0 CETKE TI0 MAPaMeTPy «CKOPOCTh O0YUEHUsT». 3aTeM JIJist HUX BBIBOJSTCSI
rpad MK U TPOU3BOAUTCS CPABHEHHE.

3.7.1. DKCNepuMEeHT No OnpeaesneHnto BANSHUS
CKOpPOCTU 0by4yeHuns

CKopocTh 00yUEHUST OIIPEJEIISIET, YacTO JI OOHOBJISAIOTCS TTapaMeTphl ceTi. bosiee BbI-
COKast CKOPOCTh MOJKET ciesIaTh 00yUYeHue ObICTPhIM, HO TAK/KE BBI3BATH IIEPEIIOTHEHIE
[IPOCTPAHCTBA ITaPaMETPOB U3-3a MHTEHCUBHBIX 0OHOBJIeH!IT. 11 Ha060POT, BEPOSTHOCTH
[EePENoJHEHUS HITKE, €CJIM CKOPOCTh 00YUYeHMs HU3Kast, HO CXOAUMOCTb OyIeT JOCTHU-
raThCsl O4eHb 10J1T0. [JIs HOMCKA OITUMAJIBHOI CKOPOCTH 00YY€eHUST YacTO IPUMEHSIETCSI
HACTPOITKa TUTIepIIapaMeTpPOB.

B manHOM 9KcriepuMenTe OyJIeT TIPOBEPEHO BJIUSHUE Pa3HBIX CKOPOCTEN 00ydeHusT Ha
SARSA ¢ noMo1IbIo IIOMCKa [0 CeTKE 110 GOJIBIIOMY KOJIMYECTBY CKOPOCTEH 00ydYeHNUs.
Y0661 100aBUTH crielUpUKAIMIO /I8 IIOUCKa, BOCIIOJIb3YiiTech (hallJloM spec U3 Jin-
ctuHTa 3.5, Kak 9T0 MoKa3aHo B auctuHre 3.7. B cTpoke 10 3amaeTcst TONCK IO CETKe TI0
CIIMCKY 3HaYeHUil ckopoctell 00ydenus 1r. Tlosmbiii daiin spec naxogures B SLM Lab
1o ajzpecy slm_lab/spec/benchmark/sarsa/sarsa_cartpole.json.

NuctuHr 3.7. ®ain spec ana SARSA co cneundmkaumen ans noucka no pasHbiM 3HaUYEHWsIM CKOPOCTY
0byueHus

1 # slm_lab/spec/benchmark/sarsa/sarsa_cartpole.json
2
{

"sarsa_epsilon_greedy_cartpole": {

"search": {
"agent": [{
"net": {
"optim_spec": {
10 "lr__grid_search": [0.0005, 0.001, 0.001, 0.005,
= 0.01, 0.05, 0.1]

O oONOUV AW

11 }
12 }

13 }

14 }

15 }

16 }

Jlist 3ammycka axcnepumenta B SLM Lab ucmosb3yiite KOMaH/Ibl, TPUBEICHHBIE B JIH-
ctunre 3.8.
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JinctuHr 3.8. 3anyck aKCnepyMeHTa C MOMCKOM MO pa3HbiM CKOPOCTSIM 06yYeHusi B COOTBETCTBUM
¢ charinom spec

1 conda activate lab
2 python run_lab.py slm_lab/spec/benchmark/sarsa/sarsa_cartpole.json
= sarsa_epsilon_greedy_cartpole search

Byzer samyiieH akcriepuMeHT Experiment, KOTOPBINA MOPOIUT MHOKECTBO TPOGHBIX HC-
MIBITaHUI Trial ¢ MONCTAHOBKOW Pa3HBIX 3HAUEHUI 1r B M3HAYATBHBIN (ailr spec /s
SARSA. B kaskoM mpoGHOM UCTIBITAHUU 3aITyCKAETCS [0 YeTHIPE CECCUY Session st
MOJIyYEHUs CPEeIHero 3HaueHust. Ipaduk /It MHOKeCTBA TIPOOHBIX MCIBITAHUN U €ro
BEPCHST CO CKOJIB3SIIUM cpelHUM 110 orfeHKaM B 100 KOHTPOJIbHBIX TOUKAX TTPUBEICHBI
Ha puc. 3.6.

multi trial graph: sarsa_epsilon_greedy_cartpole multi trial graph: sarsa_epsilon_greedy_cartpole
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Puc. 3.6. BnusiHne BbICOKMX CKOPOCTeH 06yyeHnst Ha npon3BoanTensHOCTb SARSA. Kak 1 oxunaanocs,
areHT obyuyaeTcs HbICTpee Npu BbICOKUX CKOPOCTSX 00yYeHus

Ha puc. 3.6 mokazaHo sIBHOE BJIMSIHUE YBEJIMUCHUS] CKOPOCTH OOYUEHUsT HA KPUBYIO
00yuenus SARSA, Kora CKOpOCTb He CJAUIIKOM BeJUKa. B oM 1 1mectoM mpoOHbIX
uctbitanusix SARSA ObicTpo nosyuaet MakcuMaibaoe BosHarpaxaerre 200 B CartPole.
Hamportus, Korjia CKOpocTh 00YUeHUsT HU3Kasl, areHT 00y4aeTCst CIUIITKOM MEJJIEHHO, KaK
[IPOJIEMOHCTPUPOBAIIN HYJIEBOE, TIEPBOE 1 BTOPOE MTPOOHBIE HCITBITAHUSI.

3.8. Pe3siome

/IBa ocHOBHBIX asmeMenTa anroputMa SARSA — aTo HacTpoiika Q-hyHKINN ¢ TTOMOTITHIO
TD-o6y4eHuss 1 METOI LISt BBIOOPA ACHCTBHII ¢ MCIOIb30BAHNEM OIIEHOK Q-3HAYEHMIA.

B Hauaje riraBbl 06CyKAAI0CH, TToueMy st oOydernust B SARSA B kauecTBe QyHKIIMN
MOJIE3HOCTH CIefyeT BoIoupath Q-dyuximio. OHa ammpoKCUMUPYETCS ¢ TOMOIIHIO
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TD-o06y4ennsi, KOTOpoe, KCXO/S U3 ypaBHeHUs BesiMana, CTpeMUTCst MUHUMU3HPOBATH
PasHUILY MeKAy ABYMs BhIpaskeHusmMu Q-dyukimu. B ocnoBe TD-00y4eHus JexuT
MBICJTb O TOM, YTO B 3371a4ax RL Bo3HArpakIeHMs OnpeesisioTcs ¢ TeUeHeM BPEMEHH.
ITO IaeT BO3MOXKHOCTD TIPH OlleHKe Q-(PYHKIINHI BO3BPAIaTh HHPOPMAIIHIO ¢ GYIyINIX
maroB Ha 6oJiee paHHUeE.

[Tocne HacTpoliku Q-hOYHKIIMN CTAHOBUTCS OYE€BUIHBIM, YTO XOPOIIIAst CTPATETH MOKET
OBITh IIOJIyYeHa IIyTeM €-3KaJHbIX AEHCTBIIT OTHOCUTENbHO Q-3HAUEHUH. DTO FOBOPUT
0 TOM, UTO areHT JCHCTBYET CIYYATHO ¢ BEPOSITHOCTHIO €, B IPYTUX CITyYasX OH BHIOUPAET
NIeliCTBUE, COOTBETCTBYIOIEe MAKCUMAJIBHOI OlleHKe Q-3Hauenust. [y moncka jydnmx
peleHuit areHTaM Hy;KHO HAfTH HaaHc MeKIy UCIOIb30BAHUEM CBOUX 3HAHWI U UC-
credosanuem cpedvl. E-KajiHast CTPATETHsT — MPOCTOH CIIOCOO PEIIeH st ITOi MPOGIEMBbL.

ITpu peanusaiuu aaroputma SARSA naubosee BaKHBIMU KOMIIOHEHTAMY STBJISI-
10TCsT UK 00yueHust 1 GyHKIUs BbIOOPA AEHCTBUI, 110 KOTOPON PacCYMTHIBAIOTCS
Q-3HavyeHus U cBg3aHHasg ¢ HUMU QYHKIU ToTepb. OHU peayn30BaHbl B METO/IaX
epsilon_greedy, calc_q_loss u train. Hakonsnenusie arentom SARSA miperiesieHTsl
XpaHATCA B KJIacce MaMsATH areHTa Memory. JTU TIPEIEIEHTDI TPEIOCTABISAIOTCS areHTy
KJIACCOM Memory BO BpeMst Kaskioro atara o0yuetust. SARSA — anmroputm oOyveHs 1o
aKTyaJbHOMY OIIBITY, TAaK KaK MPUMEHsIeMOe IUIst 00ydeHust ceTu mosie3noctu Q. (s, a)
1eJieBOe 3HaU€eHMe 00YCJIOBJIEHO cTpaTerueii cobopa mpereieHToB. Vcmoib3oBaHe mpe-
1eJIEHTOB, KOTOPbIE He OBbLIM HAKOTIEHDI ¢ TTOMOIIIBIO TEKYIIEH CTPATErnH, MOKET MPHU-
BECTH K HeBepHBIM (Q-3HaueHUsM. B CBA3M ¢ 9TUM Memory OUMIIAETCS TTOCHE KasK/I0TO
aTarna oOy4YeHus areHTa.

Bri6opky metogom Monte-Kapiio u TD-o6y4eHre MOKHO TPaKTOBATh KK Ba IPOTUBO-
HOJIOKHBIX [OJTIOCA CIIEKTPA PelleHri TPoOIeMbl IIOMCKA KOMIIPOMUCCA MEXKIY CMelle-
nueM u auctepeneit. g seeaenus B aaroput™ SARSA 1ol ipobJieMbl €ro MOAKHO pac-
HIMPUTD, 33/IaB TTAPAMETP KOJIUYECTBA IAr0B C JeHCTBUTETbHBIMU BOZHAPAXKIAEHUSIMH,
HCIIOJIb3YEMBIMU ar€HTOM, /IO OTIEHKU OCTAJIbHOM MOJIE3HOCTH € IIOMOIIBIO CETH TI0JIE3-
HOCTHU. DTO IIPOTUBOIIOJOKHO OJIHOMY TIATy ¢ JeHCTBUTENbHBIMI BO3HAIPAKIEHUSIMHI,
puMeHsieMoMY B ctanmaptHoM ajroputMe SARSA. Bo «Bsenennn B oGyueHue ¢ moj-
kperuterneM» [132] MosKHO HouepIHyTh 60Jiee oAPOOHBIE CBEAEHUS 110 9TOMY BOIIPOCY,
a TaK)Ke YBUIETh CBSI3aHHBIN ¢ HUM OoJiee 9 (DEKTUBHBII ¢ TOYKU 3PEHUs BBIYMCIEHUI
HOZIXO/] C UCIIOJIb30BaHHEM KOHTPOJIbHBIX ciienos (eligibility traces).

3.9. PekomeHgyeMas nutepaTypa
e Sutton R. S., Barto A. G. Reinforcement Learning: An Introduction. Second ed. 2018.
[nasbr 4 u 5 8 [132].

® Rummery G. A., Niranjan M. On-Line Q-Learning Using Connectionist Systems.
1994 [118].

e Tesauro G. Temporal Difference Learning and TD-Gammon. 1995. P. 58—68 [135].
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3.10. WcTtopuyeckasa crnpaska

Mertox Bpemennbix pasmanii (TD-o6ydenue) Brepsbie Obu1 mpumerer Aprypom Camioe-
JIeM B aJroputMe st urphl B maxmatsl [119, 120] Gonee 60 et nasaza. Tpuanarh et
cryctst Puuapgom CaTToHOM OBLIH TIPEICTABIEHBI TIePBbIEC ODUINATBHbBIEC PE3YJIIh-
tarel [131], moaTBepIKAAONIE CXOAUMOCTD MOJAMHOKECTBA JIMHENHBIX aJITOPUTMOB
TD-o6yuenus. B 1997 roxy Hunukmiuc u Ban Poii [137] nokasanu cxoqumocTb o0Lieit
dbopmbr anropurma TD-06yuenus ¢ auHeliHoi annpokcuManueil pyukuuii. Kpome
Toro, Ha TD-06y4eHny ocCHOBAH caMblil paHHUI aropuT™ riybokoro obyuenus — TD-
Gammon [135]. dxepaiba Tecaypo, 00beJUHIE B CBOEM aJITOPUTME MHOIOCIOMHBIN
neprentpot ¢ TD-o6yuennem u o6ydeHreM areHta Ha HTpax caMoro ¢ coboii, 1obucs
B 1991 romy urpsl Ha ypoBHe MacTepa. VcnbiTanue nposoauaoch busmiom Pobepru,
MacTepOM UTPhI B HAPZbI U OBIBIINM MUPOBLIM yeMnuonoM [135]. Bosee moapobHbIit
pacckas MOHO HallTh B crarbe [Ixkepanbaa Tecaypo Temporal Difference Learning
and TD-Gammon, BiepBbie onyOankoBaHHoil B skypHase Communications of the ACM
B Mapre 1995 roza.

Ypasuenne bennmana mosyunsio cBoe Ha3BaHue B yecTh Puuapnaa Besnmana, npo-
CJIaBJIEHHOTO MaTEMaTHKA, KOTOPBIN H300pest IMHAMITYeCKOe TporpaMMupoBaHue [34].
Vpasuenne Bemmana cofiepKuT B cebe MPUHIUI onTuManbHOoCcTH [16], KOTOPBIil
riacut: «OnruMaibHas crparerus o0JazaeT TeM CBOCTBOM, 4TO, KAKOBbI Obl HI ObLIN
[ePBOHAYAIbHbBIE COCTOSTHUE U PEIIEHIE, OCTATbHBIE PEIIEHUS TOJLKHBI 00Pa30BbIBATH
OINITUMAJIBHYO CTPATETUI0 OTHOCUTEILHO COCTOSTHUS, TIOJIYYE€HHOTO B PE3YJIbTATE TIEPBO-
ro peuierusi». B 00001eHHOM BUE €r0 MOKHO IIPEACTABUTD CJAEAYIOIUM 00Pa3oM.
[IpenonoKuM, 9TO U3BECTHO, KaK J€HCTBOBATH HAUIYUIITUM 00Pa3oM BO BCeX OYyIINX
COCTOSTHUSIX, HO HE B TEKYIIIEM COCTOSTHUH. TOT/[a TIOMCK OMTUMAJIBHOTO JIEHCTBUS B Te-
KYIIIEM COCTOSTHUU CBOJIUTCS K CPAaBHEHUIO PE3YJIbTATOB BCEX JIEHCTBUN, BO3MOKHBIX
B HEM, BKJIFOUAsT CBEJICHUSI O TIOJIE3HOCTSIX JIEHCTBHIT BO BCEX TOCEAYIONIX COCTOSTHUSX,
U BBIOOPY HAMJIYYIIETO U3 HUX. TO €CTh MOJIE3HOCTH TEKYIETO COCTOSTHISI MOKET OBITh
orpe/ieieHa PEKYPCUBHO C TIOMOIIBIO TIOJIE3HOCTET Oy My nx cocrostauii. KpaTtkyto 3aHu-
MaTeJIbHYI0 HCTOPHIO 3aPOK/ICHISI IMHAMUYECKOTO IIPOTPAMMUPOBAHIISL, 3aITUCAHHYO CO
cy10B camoro BesuimaHa, MOKHO Tipouectb B ctathe Crioapra JIpeiidyca Richard Bellman
on the Birth of Dynamic Programming [34].



[nybokue Q-cetun

B sro0ii r1aBe paccmarpuBaercs aiaroputm raybokux Q-cereii (Deep Q-Networks,
DQN), npemstosxennbrit Munxom u ero xkoseramu B 2013 rogy. Kak u SARSA, anro-
putM DQN — 9T0 OCHOBAaHHBII HA TMOJIE3HOCTIX METO/I BDEMEHHbBIX PA3JTUUMI, KOTOPBIT
anmporcumupyet Q-dbyukiuio. Hactpoennad GyHkiusa ucmnonb3yercd areHToM s
BbIGOpa AeiicTBuit. DQN mpuUMeHNM JIMIIb K CPEIaM ¢ IUCKPETHBIMU TIPOCTPAHCTBAMI
nerictBuit. Onnako DQN, B otsiimume ot SARSA, HactpanBaet He Q-G yHKITUIO JIJIST TEKY-
et crpareruu, a onmumanviyio Q-byHkiuo. ITo HeGOJBINOE, HO BAJKHOE U3MEHEHUE
MO3BOJISIET OBBICUTH YCTONYMBOCTH 1 CKOPOCTH 00y YEHHUSL.

B paznesne 4.1 ¢ nomonisio ypasaenust besuivana nnss DON nosgcHsiercs, moueMy aToT
METOJl HACTPAUBaeT ONTUMANbHYI0 Q-DyHKINI0. BajKHbIM CI€CTBUEM SIBJSIETCS TO,
yro Gaarogaps atomy DQN — anroputs ¢ 06ydeHust 110 OTJI0KEHHOMY OTIbITY. JlanHast
onTuManbHas Q-QyHKIM He 3aBUCUT OT CTpaTeruu ¢Oopa JaHHbIX, 4To o3Hadaer: DQN
MOJKET 00ydaThCst Ha Mperie/IeHTax, HAKOIIEHHBIX JIIOOBIM areHTOM.

TeopeTnueckn st TOPOKAEHUSA 06ydaomuX AaHHBIX 17ist DQN MOJKHO 3a/1eficTBOBATH
Jiobyio crpareruio. Ho mpakTHKa MOKa3bIBAET, UTO OJHU CTPATETHH TTOXOMST JIJIsl 9TO-
ro Gosbliie, yeM jpyrue. B paserne 4.2 paccMaTpUBAIOTCS XapaKTEPUCTHKI XOPOIeit
crpateruu c60pa JAHHBIX U BBOAUTCS CTPaTErus BosblMaHa B KaueCTBE albTePHATHBbI
€-)kaiHol crpaterun (cM. paszes 3.4).

B paszesie 4.3 Mbl 061yMaeM BO3MOKHOCTD IpUMeHeHus: Toro, uro DQN gpisercsa
ANTOPUTMOM OOYUEHUS TIO OTJIOKEHHOMY OTIBITY, JUUIS MOBBIICHUS 9 HEeKTHBHOCTH
BBIOOPOK 110 cpaBHeHnio ¢ SARSA. Bo Bpems 00ydeHus Bee MPEeleAeHTh, HAKOILIEHHbIE
GoJlee paHHUMM CTpaTerusiMu, Xpauarcsa B namsaru (6ydepe) npenenenTos [82] u uc-
MOJIb3YIOTCST TIOBTOPHO.

B paszerne 4.4 npeacrasien anroputm DQN, a B paszesie 4.5 paccMaTpuBaeTcst IpuMep
ero peasnsaiuu. B KoHIle ri1aBel CpaBHUBAETCS TPOU3BOIUTETBHOCT arenTa DON
B cpezie CartPole uz OpenAl Gym npu pasjM4HbIX BApUAHTAX apXUTEKTYPbI CETH.

B aT0ii I1aBe Mbl yBUAMM, 4TO 1151 ipeoOpasosanus SARSA B DON norpebyercs Jimiib
HE3HAYNTEbHOE U3MEHEHNE B OOHOBJICHNY Q-(DYHKIIN, HO B pe3yJIbrare GY/IeT ToTyYeH
AJITOPUTM, KOTOPBINT cHuMaeT MHOTHe orpaHndernst SARSA. DON naet Bo3MOKHOCTh
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YCTPAHUTD KOPPEJISIIUIO0 MEK/Y MpelieZieHTaMi 1 UCIIOIh30BATh X TIOBTOPHO ITyTeM
CaIy4aiiHON BEIGOPKH TTAKETOB U3 OOIITMPHON MaMSTH TperieAeHToB. Kpome Toro, oH 1o-
3BOJISIET BBITIOTHATE MHOKECTBO OOHOBJICHHI MTAPAMETPOB C MMOMOIIIBIO OJTHOTO ¥ TOTO JKe
MakeTa JaHHBIX. DTH W/IEU, TIO3BOJISIONINE 3HAYUTEIBHO MOBBICUTH 3(D(HEKTUBHOCTh
DON o cpaBaennio ¢ SARSA, — tema 1aHHOI TJI1aBBI.

4.1. Hactponka Q-¢pyHkummn B DQN

Kak u SARSA, DON nacrpauBaer Q-GyHKIuIo ¢ nomornpio TD-00yuenus. Pazuuia
ME3K/Ly 9TUMU aJITOPUTMAMH 3aKJII0YaeTCs B TOM, Kak cTpontes QF (s, a).

Ypasuenus (4.1) u (4.2) — aro ypaBuenus bennmana ninss DQN u SARSA coorser-
CTBEHHO:

Qion (5 @) =7 +ymaxQ” (s’ a'); (4.1)
Qsarsa (5» “)z"4'}’QTr (5'7 a'). (4.2)

B ypasuenusx (4.3) u (4.4) noxasauo, kax crpourcs Q7 (s, @) cornacuo kaxaomy n3
aJTOPUTMOB:

Qrvon (S, a) =r+ 'me,‘XQn (5,, a’)§ (4.3)
QZ:[I'ZSARS/\ (S7 a) =r+ YQK (S'» a,). (44)

DON st ouerkn QF (s, @) BMecTo AeficTBYS @', Ha caMOM JieJie BBIOPAHHOTO B CJIEALY-
IOTI[EM COCTOSTHHH ', MICIIOIb3YeT MAaKCUMAIbHOE 13 (J-3HAUCHMIT /7T BCEX BO3MOKHBIX
JIeHCTBUH, TOCTYITHBIX B 3TOM COCTOSTHIN.

B DON Q-3nHauenue, Ucroab3yeMoe B CIelyIOIeM COCTOSHUN S, He 3aBUCHUT OT CTpa-
TEeTHH, TPUMEHSBIIENCS 71 HAKOTIJIeHUsT TIpetieieHToB. [lockobky Bo3HAarpakaeHMe
U cJleyIolee COCTOSTHUE S  TIOPOKAAIOTCS CPEON /1T TAaHHBIX COCTOSTHUS S 1 JleHi-
CTBHS @, TO HUKaKas U3 dacteil oreHku Q. .pox (s, @) ne saBucur or crpaternu copa
nauHbX. 1o genaer DQN aaroputMoM 06yIeHUs 10 OMA0ACEHHOMY ONbLMY, TOCKOIBKY
HacTpoeHHast QYHKIINS He3aBICHMA OT TOTO, B COOTBETCTBUH C KaKOH CTpaTerneii mpons-
BOJISITCSI JIGVCTBUS B cpejie M HakarmBatoTest npernenerTsl [ 132]. Hampotus, SARSA —
3TO METO/L 0OYUEHUS MO aKTYaTbHOMY OIBITY, TaK KaK OH UCIOJBb3YeT JeficTBue a',
BBIOpaHHOE MO TEKYIEH CTPATETHH B COCTOSIHUY S, [JIsT pacueTa Q-3HAYEHUS JJIsI
cremyroniero cocTostHus. OH HaPSIMYIO 3aBUCHT OT CTPATETHH, TPUMEHSIBITENCST /7T
HAKOTLJICHHSI ITPeIle/IeHTOB.

. .
[Ipeanonoxmnm, uto ects 8e crpaterun ! u %, a Q™ (s, a)u Q™ (s, a) — nse Q-ynkiuy,
COOTBETCTBYIOIME STUM cTpaTerusM. IlycTh 3ajaHbl MOCTIE0BATEIBHOCTH JaHHBIX
(s, a, s al ) u (s, a,r, s a, ), MOpOsKIEeHHBIE TT' 1 T2 cooTBeTCTBeHHO. B moapaszene 3.4.1
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[I0Ka3aHo, [104eMy HpI/I Tekymei cTparerin n' u 6osiee paHHE cTpaTEruu ¢ PAHHIX
aTanos o0yuenust ° npuMenenwe (s, a, 7, s', aj ) anst 0GHOBIIEHNs TapaMeTpoB QF (s,a)
HEKOPPEKTHO.

Onnaxo, ecm npumensiercs DQN, to mipu pacuete QF oy (s, a) He UCTIONb3YeTCs HH aj,
HU @,. [TOCKOTBbKY B 060UX CIYUasix CEAYIONee COCTOSTHIE S’ OIHO U TO K€, /IS 9THX
IPUMEPOB OTIbITa 3HAYEHUA Q7 on (s,a)=r+ ymde (s' a') OMHAKOBBL, A 3HAYNT, 002
9THX TIPHMeEPA ACHCTBUTEbHDL. J{aske €C/TH TS HAKOTLICHIS KaKI0 13 TOC/Ie0BaTEIb-
HOCTeIl JAHHBIX IPUMEHSINCH pasHble crparerndt, Qf.pon (s, @) 6ymer Tem ke cambIm.

Ecmm dbynkimmm nepexo/ioB M BO3HArPAKAEHUI CTOXaCTUIECKUE, TO TIPH KaXKJOM BbI-
Gope AeiiCTBUS a B COCTOSIHUM $ MOTYT OBITh TIOJIyYEHbI Pa3JIMYHbIe 77 1 S'. DTO BHI3BAHO
TeM, yTo Q" ompezesaeTcs Kak oxKugaeMast Oyayias omoaua ot BeIOOpa /:[ef/’ICTBMH a
B COCTOSTHUM $, TaK YTO TO-TIPEKHEMY CIIPABE/UTIBO HCTIOIb30BAHIE (s a,r,s', az) hinits
obnoBeHus Q (s a) B nporuBHOM cirydae 9T0 MOKHO HUCTOJTKOBATD KAK TO, YTO CPe/ia
HeceT OTBETCTBEHHOCTD 32 BO3HATpaXAeHUE ' 1 TIePeX0/l B CJeyToliee COCTOSTHHE S’
ITO BHENIHKE YCIOBHA 110 OTHONIEHHUIO K areHTy ¥ €T0 CTPAaTeruy, Tak 4To Q/.pox (s, a)
BCe TaK jKe He 3aBUCUT OT CTPATETUU, IIPUMEHSIBIIENCS JIJISI HAKOILJIEH U TIPE1e/IEHTOB.

Ecint QFpox (8, @) He 3aBUCHT OT cTpaTernu, MCIosb30BaHHOM Uil HAKOILIEHUS TIpe-
[[e/IEHTOB, TO KaKasl CTpaTerus el COOTBETCTBYeT? JTO ONTUMAJIbHAS CTPATETUS 110
onpenenennio Carrona u bapro [132]: «CrpaTerust ' ompeiesieHa Kax Jydinasi mo
CPaBHEHUIO CO CTPATeTHell T UJIU PABHOLIEHHAS €i1, €CJIF BO BCEX COCTOSTHUSX OJKU/IAeMOe
BO3HATPAKAEHNE [TIsT Hee OOIbITNeE, YeM OKIIAEMOe BOSHATPAK/ICHUE JUISL T, I PABHO
emy. JIpyrumu ciioaMu, T’ > 7T TOT/a M TOTBKO Tor/a, Korfa V™ (s) > V™ (s) st Beex
s € §. Beerna cyiectByer X0Tst Obl OJ{HAa CTPATETUst, KOTOPAsI JIydlile, YeM BCE JPYTrue
CTpaTervy, UM PAaBHOIIEHHA UM. JTO ONITUMAJIbHAST CTPATETUSI T .

OnrumanbHasg Q-QyHKIUS ONIPEAEISeTCS Kak BRIOOD AEHCTBUA d B COCTOSHUU $ U JaJlb-
Heiilee cje/JOBaHKE ONTUMATBHON CTPATErNU T :

Q' (s,a)= max Q" (s,a)=Q" (s, a). (4.5)

Pacemorpum Q/;pox (s,a) B cBere ypasnenus (4.5). Ecan onenku must QF BepHbl, TO
ONTUMAJIbHBIM OyJeT BbIOOD HelicTBus, Makcumusupyiomero Q(s’, a'). 1o nyulnee,
YTO MOXKET C/IeJIaTh areHT. JTO 03HAYAET, YTO CTPATETHsI, KOTOPOH COOTBETCTBYET
Qf.vox (8, @), — onTumanbHas crpaterus 1.

Curemyet orMeTuTh: X0T4 11e71b DQN — HacTpoiika onTuManbHoll Q-DyHKIINH, 3TO eTie
He 3HAYWT, 4TO Bee Oy/eT moaydarses. [Ipmdaun ToMy MoskeT 61T MHOTO. Hamprmep,
B TUIIOTETUYECKOM ITPOCTPAHCTBE, IIPE/ICTABJIEHHOM HEUPOHHON CEeThIO, B IEHCTBUTEb-
HOCTHU MOJKET He cojiepKaTbes onTuManbHoi Q-pynkuun. MeTo/ bl HEBBIILYKJIOHN OIITH-
MU3aI[UH HECOBEPIIIEHHBI ¥ MOTYT He HAXOAUTh TI00aibHoro Munumyma. Kpome toro,
BpeMeHHble U BbIUNUCAUTE/IbHbIe OrpaHUYEHN YCTaHaBAUBAIOT IIpe/iesl IUTeJIbHOCTH
o6yuennst arenta. TeMm He MeHee MOJKHO CKa3aTh, YTO BEPXHsIsI TPAHUIIA TIPOU3BOIUTEb-
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HoctH it DQN onTuMasbHa 10 CPABHEHUIO C MTOTEHIIMAIBHO HEONTHUMATBHON BepX-
Helt rpanutieit g SARSA, nomydennoit npu uzydyennn Q-pyHKIIMN B COOTBETCTBUN
C €-’KaIHOU CTpaTeruen.

4.2. Bbibop pencteuii B DQN

Hecmotps na 1o uto DQN — anaroputm o6ydeHust o OTIT0KEHHOMY OTIBITY, MO-
HpekHEMY HMeET 3HaYeH e, KaKiM 00pa3oM areHT HaKallInBaeT MmpeleeHTsl. B cBsisu
C 3TUM HY’KHO PAaCCMOTPETD /IBa BAKHBIX (DaKTOpa.

Bo-11epBhIX, IIepe/] areHTOM BCe ellle CTOUT IpobiemMa BIOopa MeKIY UCIIONIb30BaHUEM
CTpaTerny 1 MCCTeIOBAHNEM CPEBI, 00CYsKaaBImasicst B iiaBe 3. B Hauame o0ydeHmst
areHTy HY’KHO OBICTPO MCCJAE0BATH IPOCTPAHCTBO COCTOSHWIT U A€HCTBUHN, YTOOBI MO~
BBICHTH CBOU IMIAHCHI Ha 0OHAPYKEHUE XOPOIIEH MOCAe0BATEIbHOCTH JIEHCTBHIL B CPEJIE.
B xome o6yuenust arent nprobperaet Bee GoJIbIe CBEIEHUTH, U I0JIsT BpEMEH! Ha Hc-
cjegoBaHne J0JIKHa ITOCTEIIEHHO YMEHbIIAaTbCA, ‘{TO6bI MOJKHO 6bIJIO TPAaTUTb 60.]1]3].[[6
yCI/IJII/If/,I Ha NCIIOJIb30OBaHUE N3YUYEHHOTO. ITO MOBBINIAET 3(1)(1)6KTI/IBHOCTB O6y‘~I€HI/IH,
MOCKOJIbKY areHT (POKYyCHPYeTCsT Ha JIYUIIUX NeiiCTBUSIX.

Bo-BTOpBbIX, ecJin IIPOCTPAHCTBO COCTOSTHUI U JIeHiCTBUIT OUeHb BEJIMKO U3-3a TOTO, YTO
COJIEP’KUT HETIPEPHIBHBIE 3HAYECHUS MJIH SIBJISIETCS IMCKPETHBIM, HO BBICOKOPA3MEPHBIM!,
TO JIa’kKe OIHOKPATHOE UCIIBITAHNE BCEX Map (S, @) MOXKET OBITh BECbMA 3aTPY/IHUTEb-
HbIM. B Takom ciryuae Q-3HaueHUs 1JIsT HETTOCETEHHBIX 1ap (S, @) MOTYT OBITh He JIyUlIle,
4yeM CJIydaiiHble.

K cuactpio, anmpokcuManust (pyHKITUN ¢ TOMONIBIO HEHPOHHBIX CETEl yCTPaHSIET 3Ty
npobieMy, Tak Kak OHU CIIOCOGHBI JIeTaTh 0600IEHsT Ha OCHOBE MOCETIEHHBIX Tap (s, @)
U [IPUMEHSITh UX K CXOJKUM? COCTOSTHUSIM U IEUCTBUSIM, KaK MOKA3aHO B ipuMedanuu 4.1.
OjHako 9T0 He peliaeT JaHHyo MpobJieMy MOJTHOCTHIO. B mpocTpaHcTBe COCTOSHUN 1 eii-
CTBUH MOTYT OCTaThCS T1apbl, KOTOPbIE OYEHD YAAJICHDBI U CUJIBHO OTJINYAIOTCS OT COCTOS-
HUU ¥ JIEWCTBUH, MCTIBITAHHBIX areHTOM. Bpsizi 7111 B 9TOM ciryuae HeHpOHHAS CeTh CMOXKET
clIeaTh Xopotiee 0600IIeH e, 1 OTCHOUHbIE Q-3HAYEHHUSI MOTYT OKa3aThCsT HETOYHBIMIL.

! Hanpumep, IpOCTPAHCTBO AEHCTBUN MOKET OIMUCHIBATHCS [IOCPEACTBOM M300pakeHui. 3Ha-
YEeHUS I [TUKCEJI0B, KaK [IPABUJIO, JUCKPETHBI, HAIIpUMeEDP, OT 0 110 255 nia ‘{epHO-6e]ILIX n30-
6pa>1<eH1/1171, HO [asKe O/ilHa KapTUHKa MOKET CO/IepKaThb ThbICAYN U MUJIJIMOHDI TAKUX ITUKCEJO0B.

CXO/ICTBO MEK/Y COCTOSIHUSIMU MU [efCTBUSIMU MOKET ObITh YCTaHOBJIEHO MHOTHMU
criocobamu, 3To oTzesbHast GoJibiiiast TeMa. IIpocToil Mepoil CX0CTBa MOKET CJYKUTD Pac-
crosiave L2. Yem MeHbIme paccrosiiue, TeM OOJIbIIe CXOACTBO MEK/Y JABYMSI COCTOSTHUSIMI
i fneiictBusiMu. OIHAKO JIUIsT BBICOKOPA3MEPHBIX COCTOSIHUH, TAKUX KaK M300PaKeHIsI,
paccrosnue L2 B mpocTpaHCTBe IIMKCEJI0B MOKET HE OXBATBIBATH BasKHBIE CJIyYal CXO/CTBA.
Harmpumep, cXoue COCTOSTHUS B UTPe BU3YaJIbHO MOTYT OBITh Pa3HBIMU. B Apyrux moaxomax
3Ty npobJIeMy IBITAIOTCS PENIUTh, HAPUMED HacTpauBasi CHauaja HU3KOpasMepHbIe Mpe-
CTaBJICHUST COCTOSTHUI, a 3aTeM U3Mepsist paccTosiHue L2 MeK/Ly Tpe/IcTaBIeHUSIMU COCTOSTHUIL
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MpumeuaHue 4.1. 0606LeHUS B HEUPOHHbIX CETAX

BakHbIM CBOMICTBOM METO/I0B alllIPOKCUMAINN (DYHKIIUIT SIBJISETCS TO, HACKOJIBKO XO-
po1Io OHM JiesTaloT 0600IIeHe /ISl He BUIECHHBIX PaHee BXOJHBIX JaHHbIX. Hatpumep,
HACKOJIBKO XOPOITH olleHKN Q-GyHKIUY JIJIs HelToceneHHbIxX nap (s, a)? Kak quneitisie
(TO ecTb JIMHENHbIE PETPecCun), TaK U HeJnHeliHbie (TO eCTh HEHPOHHbIE CETU ) METO/IbI
anmpoxrcuManuy GYHKIUET CIIOCOOHBI IeJIaTh HEKOTOPbie 0606IIEeH ST, TOT/[a KaK TabJmd-
HBIE METO/IbI — HET.

PaccMoTpum TabImaHOE TIPe/ICTaBIeHNE TSt Q" (s, a). [Ipenmososkum, 4TO TTPOCTPAHCTBO
COCTOSIHUIT 1 JIEHCTBUI OUEHD BEJIMKO M COJEPHKNT MUILIIMOHBI 11ap (S, @) U B HavaJle 06-
yueHMs Bee SYeliky, IpecTaBIIsIolI1e OTAe/bHble 3HaueHus Q7 (s, a), WHUIIATN3WPOBAHBI
Hyssivu. Bo Bpemst 06yueHust areHT rnocetaet napbl (s, @), 1 tabiauia 0GHOBIISETCST, HO JIJIst
HETIOCeIIeHHbIX Tap (S, @) Mo-TpesKHeMY Q” (s, a) =(). [TockombKy TPOCTPAHCTBO COCTOS-
HUIT 1 IefiCTBUIT BEIMKO, MHOTHE TIaphI (S, @) He OY/IyT MOCEIeHbI 1 UX ONCHKN Q-3HAYCHUH
OCTaHyTCs PaBHBIMU HYJIIO, JlaykKe €Il (S, @) ABJIAETCS KeIaeMbIM ¢ Q™ (s, a) > (. OcHoB-
Has 1pobyeMa B TOM, uTO TabJuYHOe IpecTaBienre GYHKINU He ONpeAesseT CBA3K
MEXIY Pa3HbIMU COCTOAHUAMUN N I[efICTBI/IHMI/I.

HeiipoHHble ceTu, HAIPOTUB, MOTYT AKCTPANIOIUPOBATh Q-3HAYEHUST JIJIsT H3BECTHBIX
(s, @) Ha Hem3BecTHBIE (S, @'), Tak KaKk OHM OIPEIETSAIOT B3aNMOCBSI3b MEK/Y PAa3HBIMI
COCTOSTHUSIMU U JIEUCTBUSIMU. DTO TIOJIE3HO, KOT/IA TPOCTPAHCTBO (S, @) OUeHb BEJUKO WJIN
COMIEPIKUT HECKOHEUHO OOJIBIIOE KOJIUUECTBO 3JIEMEHTOB, TaK KaK O3HAYAET, UTO areHTy
He HYKHO MOCEIATh Bee (S, @), 4UTOOBI HayInThCST XOPOTITO OTleHUBaTh Q-(QyHKINI0. ATEHTY
HY’KHO TIOCETUTD JIUIIb (S, @) U3 PErpPe3eHTATUBHOM JIJIst 3TOTO TPOCTPAHCTBA COCTOSTHUI
1 JIEHCTBUI BBIGOPKMU.

CrocoGHOCTD ceTH Jieath 0000IIEHUsT OTPAHITYEH, M CYIECTBYIOT [Ba 00X CIIyJast,
KOT/Ia 9TO 3a9aCTYI0 HEBO3MOKHO. Bo-TIepBhIX, KOT/Ia Ha BXOJI CETH TIOAAIOTCSI TAHHbIE,
3HAYUTEJ/IbHO OTJ/IMYAIONNECA OT TE€X, Ha KOTOPbIX OHa O6y‘la]lacb, BpAJ JIM Ha BbIXOJ€E
GyzyT mosrydems! xopourre pesyrpTarsl. Kak mpasmio, 06001eie 3HAUNTENIBHO Ty UIITe,
KOT/Ia TPOCTPAHCTBO BXOJIHBIX JAHHBIX SIBJSIETCSI MAJIOH OKPECTHOCTBHIO TPEHUPOBOYHDIX
JIaHHBIX. BO-BTOPBIX, HEHPOHHbIE CETH MMEIOT CBOMCTBO IE/IaTh IJIOXKHE 0000IEHN, €CIN
armpoKCUMEUpyeMast GYHKIINS UMEET TOUKH Pa3pbiBa. ITO CBS3AHO C TEM, YTO HEHPOHHBIE
CETH UCXOJAT U3 IPE/IIOJIOKEHNUSL, YUTO IPOCTPAHCTBO BXOIHBIX JIAHHBIX JIOKAIBHO TTIAJIKOE.
Ecutit BXOZIHbIE 3HAYEHNS X U X' CXOKH, TO M COOTBETCTBYIONIHE MM BBIXOAHbIE 3HAYEHUS
Y U Y’ IOJUKHBI OBITH CXOXKU.

PaccmoTpum nipumep, mpuBejieHHblil HA pUC. 4.1 1 TIPeACTABISIONINIT OJTHOMEPHYIO
cpezy, B KOTOPOI areHT MOKET XOAUTD IO IIOCKOH BepuinHe Topbl. CocTosIHIE — 3TO
IIOJIOKEHNE areHTa OTHOCUTEJIbHO ocn X, leficTBUE — N3MEHEHNEe KOOPAMHATLI X 32
mar dx, a BOHArpasKeHus! OTJI0KeHbI B0JIb ocu Y. B a0l cpesie ecTb 00pbIB, KOTOPOMY
COOTBETCTBYET TIepera/] 3HaueHU i BOSHATPAKIECHU I MTPY JIOCTHKEHUU areHTOM COCTOSI-
Hus s = x = 1. Ilagenue ¢ o6pbiBa myrem mepemMerienusa u3 s =x = 0,99 s =x'= 1,0
IIpUBeeT K PE3KOMY YMEHBIIEHUIO IIOIyYeHHOTO BO3HATPAXK/AEHHS, XOTSI COCTOSIHUS §
u s’ oyeHb Om3KK Apyr K Apyry. [lepemeliieHie Ha TO ke caMoe PacCTOSIHUE B IPYTUX
YacTsX IIPOCTPAHCTBA COCTOSIHUI HEe BBI30BET TAKOTO 3HAUNTEIBHOTO UBMEHEHUS B BO3-
Harpak/leHuu.
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CocTtosiHne

Puc. 4.1. Cpesia C 06pbIBOM C NPePLIBUCTON yHKLMEN BO3HArpaXKaEHUIA

Ecnm mpocTpaHCcTBO COCTOSTHII 1 IEHCTBUIN CPeibl BEJTMKO, TO MAaJIOBEPOSITHO, UTO areHT
CMOKeT HAyIUThCST /IaBaTh XOPOIITHe OTleHKN (Q-3HavueHnii 171 Beex ero uacteit. Ho B Takmx
Cpeziax Bee eTre MOXKHO IOOGUTBCST XOPOITeH IPOU3BOANTENLHOCTH, €CJii 06yJYeHNe areHTa
Gyzer chOKyCHPOBAHO HA COCTOAHUSAX U JIEHCTBUAX, KOTOPBIE TIPH XOPOIIEH CTpaTerum
nocenannch 6pr yaiie. Eciim o0belMHUTD 9Ty CTPaTeruio ¢ HEHPOHHON CeThio, BeJnKa
BEPOATHOCTH TOTO, UTO armpokcuManus Q-pyHkimu GyaeT Xopolna B JOKaIbHbIX 00.1a-
CTSIX, OKPY>KaOIINX YacTO MOCeIaeMble yYaCTKHU IIPOCTPAHCTBA COCTOSHUH U IeHCTBU.

CurenosaresnbHo, 1pu mpuMeHsgemoit areaToM DON cTpaternu 10/KHBI TOCETAThCST CO-
CTOSTHUS U BBIOUPAThCS IEHCTBUS, KOTOPbIE B PasyMHOII cTereHn OJU3KU K TeM, KOTOPbIe
HOCEIAIICH ObI IIPH sKaJHbIX AEHCTBHIX 110 OTHOILEHUIO K TEKyIel oneHke Q-QyHKINu
areHTa. JTo SIBJISIETCS TEKYIIIEN OIleHKOM ONTUMasbHOI cTpareruu. [oBopuTcs, 4To /1Be
CTpaTernu JIOJKHBI TOPOK/IATh CXOKUE PACTIPe/le/IeH s TaHHBIX.

Ha mpaxTiKe 5TOTO MOXKHO IOCTHYE, TPUOETHYB K €-5KaTHOI CTPATETNH, 00CY K IABIITECS
B rm1aBe 3, min ctparernu BosbiiMaHa, KOTOpast Ipe/iCTaBIeHA B CIEAYIONEM pasjie-
se. [IpumeHenne 06enx CTPaTErnii TOMOTAET areHTy COCPENOTOYUTRLCS Ha 0OyUYeHN N
Ha JIaHHBIX, KOTOPBIE OH, BEPOSITHO, MOJIYYIJI GBI, BOCTIONB30BABIIICH CBOCH OTEHKOIT
ONITUMAJIbHOI cTparerun’.

' TpyaHoctu npu HacTpolike Q-GyHKIUK 1151 GOJIBIIOTO MPOCTPAHCTBA COCTOSHUN 1 IeHCTBIN
BozumkaioT u B SARSA. Onnako, mockoabky SARSA — MeTo 06ydeHnsT M0 aKTyaIbHOMY
OITIBITY, TMPOIECC HACTPOIKK aBTOMATHYECKH (DOKYCUPYETCs Ha 06JIaCTH TTPOCTPAHCTBA CO-
CTOSTHUI ¥ IeHICTBUIL, KOTOPasi B COOTBETCTBUH CO CTPaTeTHel MOCENaeTcs 4acTo.
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4.2.1. Ctpaterna bonbumaHa

Boi6op BapuanToB peanusaiun areatoB DON uin SARSA He orpaHUYMBaeTCst JIUIIH
JKAJHOW M €-3KaJIHOM cTparerusiMu. B aToM pasjiesie paccMaTpuBaeTcs TPETUH Bapu-
anT — crparerus Bosbimana, mosyunsiag HazBaHue 110 paciipe/iesieHII0 BeposaTHOCTElH
Boapimana.

Xopoume CTpaTernm A0JIKHbI HaXO/IUTh GaJanc MEJKAY UCCJIE/I0OBAHUEM TTPOCTPAHCTBA
COCTOSIHUI U HeﬁCTBHﬁ 1 UCITOJIb30BaHNEM 3HaHHﬁ, TIOJTYY€HHDBIX ar€HTOM.

€-3Ka/[HbIe CTPATETHU JJOCTUTAIOT 3TOTO OajlaHCca TyTeM YMEHBIIEHUSI BEPOSITHOCTH €
ciydaiinoro BeiGopa seiicTBuii B xoze 00yuenus. IIpu Takoii crpareruu cHavasa 60Jib-
IIe BPEMEHU TPATUTCS Ha MCCJE0OBAHNE CPe/bl, HO CO BPeMEeHEeM BO3pacTaeT 0Js
HCTIOIb30BAHUS TTOJyYeHHbBIX 3HaHWi. OiHa 113 TP00JIeM, CBI3aHHBIX C 9THM, — TO, UTO
CTpaTerus UCCaelOBaHus HauBHASA. ATEHTBI BBITIOJHSIOT UCCTEOBAHUS CydalHBIM
00pa3oM U He UCTIOJIB3YIOT TOJIyYEHHBIE PAaHEE 3HAHUS O CPe/Ie.

Crpaterus BoJibliMaHa MbITAETCS YIAYUYIIUTH CAydaifHble MCCTIEIOBAHMS TTyTEM BbI-
6opa IeficTBUI ¢ MOMOIIBIO UX OTHOCUTENbHBIX Q-3HaueHMil. MaKCUMU3UPYIOIiee
Q-3HaueHue AECHCTBYE @ B COCTOSHUY $ OyeT BRIOMPAThCs valle, HO Besinka Oyuer
U BEPOSITHOCTD BBIOOPA JAPYTUX JEHCTBUIT C OTHOCUTEIBHO BHICOKUME Q-3HAYCHUSMU.
U Hao60poT, IEHCTBUS ¢ OYeHb HUSKUME Q-3HAUEHUSAMMU BPsI/T U OY/IyT BHIOPAHBL. DTO
TIPUBEIET K TOMY, UTO UCCJIE/I0OBAaHIE COCPEIOTOUNTCS Ha MTOCJIeI0BATEThHOCTH C MHOTO-
00eIaoIMI AeHCTBUSIMHI, MAKCUMU3UPYOIINMEU Q-3HAaueHUsI, BMECTO BHIGOPA BCEX
JeICTBUM ¢ PaBHOU BEPOSATHOCTBIO.

Y100l MOJYYNUTH CTPATErHio BosbIlMaHa, IOCTPOUM pacipeieieHIe BePOsITHOCTE 0
Q-3HaUEHUSM JIJI BCEX JICHCTBUN @ B COCTOSIHUN $ C TIOMOIITBIO JIOTHCTUYECKON (DYHKITNN
(softmax) (ypasuenue (4.6)). Jloructideckast (DyHKIIUS TTapaMETPU3UPOBAHA TEMITEPa-
Typoii T € (0, o), KOTOpas ONpeiesisieT, HACKOJbKO PABHOMEPHBIM UJIN KOHIIEHTPUPOBAH-
HBIM GyJZIET PE3yILTUPYIONIEe PacpeieieHue BeposITHOCTENH. [Ipr BLICOKIX 3HAYCHUSIX T
pacripejiesieHue BEPOSITHOCTEH CTAHOBUTCS GoJiee paBHOMEPHBIM, TP HU3KUX — GoJee
KOHIIEHTPUPOBAHHBIM. 3aTeM B COOTBETCTBUU C HTUM PacIpe/iesieHueM BEePOSITHOCTEH
BBIOMPAIOTCS ICHCTBUS, KaK MOKA3aHo B ypaBHeHun (4.7):

PeACE
Psofemax (Cl S) = Wy (46)
(0
py(als)= (4.7)

S

Pousb mapameTpa TemmiepaTypbl T B cTpaTernu bobiiMana aHATOTHYHA POJIN € B €-5KaITHON
crpaterun. OH CTUMYJIUPYET UCCTENOBAHUS TIPOCTPAHCTBA COCTOSHUN U JICHCTBUIA.
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Yro6bl TIOHATH, MOYEMY TaK TIPOUCXOUT, PACCMOTPUM TIPUMED, TPUBEACHHBIN B ypaB-
nennn (4.8):

e softmax:
x:[1; 2] = p(x):[0,27;0,73;];

e pacnpeneienne Bospivana:
T=5:x:[1;2] = p(x):10,45; 0,55];

t=2x:[1;2] > p(x):10,38; 0,62]; (4.8)
t=05:x:[1; 2] = p(x):[0,12; 0,88];
t=0,1:x:[1;2] = p(x) :[0,00; 1,00].

Boicokme sHaueHmnsT T (TO €CTh T = 5) CMEIIAIT pacipeesieHe BepOSITHOCTEN B CTO-
POHY PaBHOMEPHOTO pacipesiejieHuss. ITO MPUBOIUT K TOMY, YTO J€MCTBUS areHTa
CTAHOBSITCST B OCHOBHOM carydaitabiMu. Huskue snauenust T (1o ectb T = 0,1) 1OBBI-
[IAI0T BEPOATHOCTh BbIOOPA JeiicTBUil ¢ GobumMu Q-3HaYeHUSIMHE, IIO9TOMY areHT
Oyuer meiictBoBarh Gosiee kanHo. Ilpu T = 1 pacnpeeseHne BEpOATHOCTEN CBOAUTCS
K pacrpeieJieHuIo, TIOJTY4eHHOMY ¢ TTIOMOIIbIo JIoTucTrdeckoi dhynkiuu. Hactpoiika
3HAUEHUSI T BO BPeMs1 00YUEHUST MO3BOJISIET COATAHCHPOBATD UCCIIEI0BAHIE CPE/IBI U HC-
NoJIb30BaHMeE 3HaHWiA. BhicOKMe 3HaueHus T B Havasie obydenust OyyT cioco6CTBOBAT
HCCIeJOBAHIIO CPeIbl, HO ¢ TeUeHNEeM BPEMEHH 110 Mepe CHILKEHMs T CTpaTerus Oyaer
MPUOJIMKATHCS K JKaHOM.

OcHoBHOE TPEUMYIIECTBO cTpaTerun bojbiiMaHa Mo cpaBHEHUIO C €-KAJHON CTpa-
Terueil — MeHee ciydaiiHoe ucciaegoBanue cpenbl. Kaxapiii pas, BoiOupas neiicTsue,
areHT IPOU3BOANT BEIOOPKY @ 13 MOPOKIEHHOIO cTpaTerueil BosbiiMaHa pacrpenesieHust
BEPOSTHOCTEI 110 seficTBUsIM. BMecTo TOro uToGh! eHcTBOBATD CIydYaifHbIM 00pazoM
C BepOSITHOCTBIO €, areHT BHIOUPAET AEICTBHE a C BEPOSITHOCTDIO p(a | s). B cBsi3m ¢ aTim
BEPOSITHOCTH BHIOOPA AEUCTBUIL ¢ BRICOKUMU Q-3HadeHusMu Oyzer Boiiie. Jaxe ecan
areHT He BhIOMPAET AeiicTBYe, MAaKCUMUBHUpPYIoliee Q-3HadeHe, OH, BEPOITHEE BCETO, BbI-
Geper BTOpoe, a He TPEThEe WU YeTBEPTOE U3 ACHCTBUM, IYUIINX C TOYKU 3PEHU Q"(s, a).

Kpome Toro, crparerus Bosbiimana npuBoaut Kk 6osiee raagkoi GyHKINY, OIUCHIBA-
10111l CBA3b MEK/Ly OlleHKamMu (Q-3HaueHuii U BePOSITHOCTSIMU JIENCTBUI, YeM €-3KajiHAsT
cTparerus. PaccMorpuM B Kauectse npuMepa Tabir. 4.1, re ecTb COCTOSIHUE S C ABYMSI
JIOCTYTTHBIMH B HeM JICHCTBUAMY @, U a,. B Tabimviie cpaBHIBAIOTCS BEPOSTHOCTH BBIOOpPA
@, M a, B COCTOSINWH S TIPU €-’KaIHON CTPaTErny 1 cTpaTernu Bobiivana Ipyu n3MeHeHnH
Q'(s,a) m Q'(s, a,). Borom nmpumepe t=1une=0,1.

B 1Byx KpaiiHUX JIeBBIX CTOIONAX MPUBEICHb Q-3HadyeHus /g a, u a,. Korna onn
cuIbHO pasmdaiorces, Hanpumep Q7(s, a,) = 1, Q(s, a,) = 9, obe cTpaTerun nprcBanBa-
10T @, MaJIy1o BeposTHoCTb. Ho korza atu snavenus 6msku, Hanpumep Q7(s, a,) = 5,05,
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Q'(s, a,) = 4,95, npu €-xajHOIi cTpaTerny GOIbIIAs YACTD BEPOSTHOCTH IPUXOAUTCS Ha
a,, Be/lb eMy COOTBeTCTBYeT MakcuMaabHoe Q-snadenue. Ctparerus Bosbimana, Ha-
060poT, prcBanBaeT 0601M ACHCTBHAM OYTH OJNHAKOBBIE BeposTHOCTH, p(a,) = 0,53
up(a,) = 0,48.

Ta6nuua 4.1. BeposTHOCTY feiicTBuii

Q'(s, a,) Q'(s, a,) p(a, | s) p(a, |l s) pi(a, | s) pi(a, | s)
1,00 9,00 0,05 0,95 0,00 1,00
4,00 6,00 0,05 0,95 0,12 0,88
4,90 5,10 0,05 0,95 0,45 0,55
5,05 4,95 0,95 0,05 0,53 0,48
7,00 3,00 0,95 0,05 0,98 0,02
8,00 2,00 0,95 0,05 1,00 0,00

VHTYUTHBHO MOHATHO, 4TO HTO JIyUllle, YeM €-5KajiHast cTpaTerist. BeIGop B cOCTOSHUY
NeliCTBUS @, WK @, IPAKTHYEeCKN PaBHOIIEHEH: MX Q-3HaYeHus OYeHb OJIM3KH, 3HAUNT,
OHU JIOJUKHBI BBIOUPATHCS ¢ TIPUGIUBUTENHLHO PABHON BEPOSTHOCTBIO. ITO OTIPEAETAET
cTparerus BosbiiMana, TOT/Ia Kak €-)KaJ{Hble CTpaTeruy BeJyT K KpallHUM cJrydasiM 10-
Benenvst. Ecm ofiHo n3 Q-3HaueHuii HeMHOTO GOJIbITE IPYTOT0, TO €-XKajHast CTPATErust
MIPUCBOUT 3TOMY JIEHCTBUIO BCIO BEPOSTHOCTD Hecydaiiubix gelictBuii (1 — €). Ecom na
caretytoniei nrepanuu Apyroe Q-3HadeHUe CTAHET YyTh OOJIbIIE, E-KaJHAST CTPATETHSI
HEMe/IJIEHHO TPUCBOUT BCIO BEPOSITHOCTD HECTYYAHHBIX JICHCTBUH y3Ke 9TOMY JAEHCTBHIO.
€-JKaJIHast CTpaTerust MOsKeT ObITh MeHee CTabuIIbHOI, yeM cTparerus bosbipvana, 1 aret-
Ty MOXKET OKa3aThCs TPy/Hee ee HaCTPanBaThb.

ITpu crpaternu BosbIliMaHa areHT MOKET 3aCTPSITh B JIOKATbHOM MUHUMYME, €CJIU J1JIsT
HEKOTOPBIX YacTeil TPOCTPAHCTBA COCTOSTHUN OlleHKU Q-(hyHKIUKM HeTouHble. Pac-
CMOTpUM emte pas felictus a, u a, B cocrosunu s. [lyers Q'(s, ) =2 n Q'(s, a,) = 10,
a Texymue otenku Q" (s, a,)=2,5uQ" (s, a,) =-3. Torna a, — onrTuManbHoe IeiCTBHE,
HO TIpH cTpaTernn bosbiiMana BeposTHOCTH BRIOOPA a, Ype3BbIdaiino Masta (menee 0,5 %
npu T = 1). 13-3a 3TOro0 manCkL arenTa Ha TO, 9TO OH IONpobyeT a, 1 0OHAPYKUT,
4TO OHO JIydIe, oueHb Mabl. Ckopee Bcero, on OyeT IPO0JIKaTh BEIOMPATh @, B S.
IIpn e-xanmoii cTpaTernu, HaPOTUB, d, Oy/eT BRIOUPATHCS C BEPOATHOCTLHIO p = €/2
BHE 3aBHCHUMOCTH OT OlleHOK Q-3HaueHuil. [T0aTOMY BeJIMKa BEPOSTHOCTD TOTO, YTO
C TeueHHeM BPeMeHH olleHKa Q-3HaueHust OyIeT CKOPPEKTHPOBAHA.

OpuH 13 Ty Tell peneHus aToi mPobAEMBbI ¢ TOMOIIBIO cTparternyt BosabliMaHa — Hc-
MoJIb30BaHue GOJIBIIOTO 3HAYCHNS T B Hauasie 00yYeHust, 4TOObI C/ICTAaTh PAaclpe/ie/IeHIe
BEPOSITHOCTEH JieiicTBrii Gosiee ogHOpoaHbIM. 1o Mepe 0Oyuenus areHT mpuobperer
GOJIbIIE BHAHKH U T MOXKHO GY/IET YMEHBIITUTh, YTO TIO3BOJIUT areHTY MTPUMEHSATD TO, YEMY
oH Hayuwicst. OJIHAKO CIEAYET 03a60TUTHCSA O TOM, YTOOBI T HE YMEHBINAIOCH CIUTIKOM
GBICTPO, TAK KaK CTPATETUST MOKET 3aCTPSATH B JIOKATHHOM MUHUMYME.
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4.3. XpaHeHue npeueneHToB B NamMsATH

B atoM paszesie pacckasbiBaercs, Kak DON nosbiiiaeT o hekTHBHOCTb BBIOOPoK B SARSA
C TIOMOIIIBIO Xpanenus npeuedenmos B namsitu [82]. CHauasra pacCMOTPUM J[B€ TIPUYNHBI
Hea(hEKTUBHOCTH BBIGOPOK B aJITOPUTMAX OOYUEHHUS MO aKTYaTbHOMY OTIBITY.

Bo-11epBbIX, B alropuTMax 00ydeHus 110 aKTyaJbHOMY OIBITY JiJist OOHOBJICHMS HIapaMe-
TPOB CTPATETUU MOTYT ITPUMEHSTHCS JIUIID JIAHHbIE, COOPaHHbBIE C TTOMOIIBIO TEKYIIEN
crpareruu. Kaskiblil perie/IeHT UCIIONb3yeTCst OTHOKPATHO. ITO MOKET ObITh mpobJie-
MOIi, eCJIu OJIHOBPEMEHHO 3a/[EHICTBYIOTCS METO/Ibl alllIPOKCUMAIUU (DYHKIIUI, KOTO-
pble HACTPAMBAIOTCS C TIOMOIIBIO TPAJAMEHTHOTO CITYCKa, TAKUE KaK HEHPOHHbIC CETH.
Bce 06HOBJIEHUST TapaMETPOB JOJIKHBI OBITH HEOOIBIIUMIE, TIOTOMY YTO B IPaIEHTaX
nepefaeTcs JUMIb 3HAYNMas WH(GOPMAIIUS O HAMPABJEHUM CITyCKa B MAJIOW OKPECT-
HOCTH TEKYIIUX 3HaUYeHUI napamMeTpoB. B To ke BpeMsl /ijis HEKOTOPBIX MPEIE/IEHTOB
OIITUMAJIbHBIM ObLI0 Obl 3HAYMTEIbHOE OOHOBJICHKE [TAPAMETPOB, HAIIPUMED, ECJIH IIPO-
rHO3UPYEMbIE CEThIO Q-3HaueHUsT Q"(s, a,) n Q'(s, a,) cunbHO pasnuyaiorcs. B raknx
CJIydasix MOXKeT HoTpeGoBaThCsl MHOTOKPATHOE OOHOBJIECHIE MTAPAMETPOB € MTOMOIIIBIO
[IPEIeJeHTOB, YTOObI BOCIIOJIb30BaThCS BCel copepskaleics B HUX nHpoOpMalmeii.
AJIrOpUTMBI OOYUEHUS IO aKTYaJIbHOMY OIIBITY Ha 9TO HE CIIOCOOHBIL.

Bo-BTOPBIX, MEK/TY TIPUMEHSIEMBIMI 17T HACTPOWKHU aJITOPUTMOB O0YUYEHUST IO aKTyallb-
HOMY OIIBITY TIpele/IeHTaMi CYIIeCTBYeT CUJIbHAS KOPPEJIsIMs. ITO BBI3BAHO TEM, YTO
JTaHHBIE [T OTHOTO OOHOBJICHYST TAPAMETPOB YACTO B3SATHI U3 OJJHOTO STM30/1a, TOCKOIBKY
GyyIIie COCTOSTHIUS ¥ BO3HATPAYKICHUS 3aBUCST OT TIPEBITYIIIX COCTOSTHUI U JIeHCcTBUT.
ITO MOJKET MPUBECTH K BHICOKON IUCTIEPCUH TIPH OOHOBIEHUY TapaMeTPOB.

AsrropuT™am 00yUEHUS TI0 OTIOKEHHOMY OMBITY, TakuM Kak DON, He HY:KHO 0TOpa-
CBIBATD MPEIEIEHTHI MOCJe UX OJHOKPATHOTO ucnoab3oBanus. Jlonr-/xu Jun [82]
BIIepBbIe cjie/1al 910 HabogeHre B 1992 rory u npeajioxKu JonojHeHre K Q-00y4eHmo
[I0JI HA3BAHUEM <NaMsims npeuedenmoss (experience replay). Ou samermi, uro TD-
obyueHne MOKET ObITh MeJIJIEHHBIM 1U3-3a TIPUMEHSIEMOTO JIJIst COOpa IAHHBIX MEXaHU3Ma
IOCIE0BATEIbHBIX IIPUOIMAKEHNI, cBoiicTBeHHoro RL, 1 Heo6X0aMMOCTH 00paTHOTO
pacipocrpanenust waopmanuu Bo BpeMern. [TosbieHue ckopoctu TD-00yuenist
PaBHOCHJILHO JIUGO YCKOPEHUIO TIPOIecca IPUCBOEHNUsT KO3 (MUIIUEHTOB JI0BEPHsL, OO
COKpalleH o atara npod u ommbok [82]. B maMsiTu mperteieHToB ¢/ieJiaH yIop Ha BTOpoe
3a CYET MOBTOPHOTO UCIIOJIb30BAHMS TIPEIC/IEHTOB.

B mamsaru xpansrces k mocieanux npereienToB, HAKOIIEHHBIX areHToM. Ec/u naMaTh
3aI10JIHEeHa, TO, YTOOBI OCBOOOLUTH MECTO JIJIsl HOBBIX IIPEIEICHTOB, CAMbIE CTapbie ITPH-
Mepbl 0TOpackiBaloTesl. BBIGOPKaA OJHOTO MM HECKOJIBKUX TTAKETOB AaHHBIX U3 TAMSITH
[PEIENEHTOB TIPOM3BOAUTCS CIYUYAHO U PABHOMEPHO Ha KasKIOM aTare 00ydYeHMst

! Mo:xHO HAKOTTTH JIaHHbIC N3 GOJIBIIOrO KOJIMYECTBa IIIN30/10B. O,ZlHaKO n3-3a 9TOTO O6y‘IeHI/Ie

6yl[eT OTJIOJKEHO, a MEKAY MPEHEACHTAMN BHYTPU KaKI0TO 9IIN30/7a BCE€ PAaBHO COXPAHUTCS
CUJIbHasA KOPPEIAIA.
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arenTa. Kaskaplii M3 9TUX [MAKETOB MCIIOJIb3YETCs st OOHOBJICHUSI TTAPAMETPOB CETH,
npezcrasisgoneil Q-gyHkunio. 3Hayenue k, Kak MpaBuio, J0BOJIbHO OOJIBIIOE — OT
10 000 o 1 000 000, Torga Kak KOJUYECTBO 2JIEMEHTOB B IIaKeTe HAMHOIO MEHbIIe —
00b1uHO Meskay 32 u 2048.

PaSMep IIaMATU JOJIKEH 6I)IT]) JOCTAaTOYHDBIM /IJIA XPaHEHUWA IMMPEHEeAEHTOB N3 MHOKE-
CTBa 9MM30/10B. B Kax10M maxkere 0ObIYHO COAEPIKATCS TIPEIEICHTBI, B3SAThIE M3 PA3HbBIX
3MU30/I0B U MOJYYEHHBIE C TTOMOIIBIO PA3HBIX CTPATETHH. JTO MO3BOJISET YCTPAHUTD
KOPPEJISAIINIO MEK/LY TIPEIeICHTaMH, UCIIO/Ib3YEMbBIMHE 111 O0YYEHUs areHTa, 4To, B CBOIO
ouYepesib, CHUKAET JINCTIEPCUIO TIPH OOHOBJIEHUY TAPAMETPOB, CIIOCOOCTBYST MOBBINIEHUIO
crabunbHOCTH 00yUeHus. B To jke BpeMsl maMsTh J0JIKHA OBITh JOCTATOYHO MaJia JJist
TOro, YTOOBI KAkl U3 IpelefeHToB Obll BhIOpaH OGojiee OJHOrO pasa, IPexKie 4yeM
Oyzer orOpolieH, uTo jeaaet obyderne bojee apGHeKTUBHBIM.

Tax:ke BaxkHO 0TOpachIBaTh caMble cTapble U3 mpereaeHToB. I1o Mepe 00yYeH s areHTa
U3MeHsieTcs pacipeenerue nap (s, a), kotopbie HabJronax areHt. BoJjiee crapsie mpu-
MEepBbI CTAHOBATCS GECIIOJIE3HBIMHU, TIOCKOJIBKY MaJOBEPOSTHO, YTO areHT UX HOCETHT.
Eciii BpeMst 1 BBIYUCTUTEIBHBIE PECYPChI OFPAHUYEHBI, IPEANIOUTHTENBHO, YUTOOBI areHT
obyuasicst Ha pereieHTax, CoOpaHHbIX HeAABHO, IIOCKOJIBKY OHU GyIyT O0jiee 3HAaUNMBbI-
M. DTOT IPUHIUIT PeaI30BaH B hOpMe XpaHEHKs B IAMSTH JIMIIb # HanboJiee CBEKIX
TIpere/IeHTOB.

4.4. Anroput™ DQN

[TozrakomuBmMCch co Bcemn kKommornenTamn DOQN, miepeiizieM K OMUCaHNUIO CaMOTO aJl-
roputMa. [IceBnokoz nmst DOQN co crparterneit bosbiivana mpusesies B anroputme 4.1.

Ouenka Q-pynkiu Q* (s, @) mapameTpusnpoBana ceTbio ¢ apamerpamu 6, 06o3Ha-
yennoit Q, Takum 06pazoM, nmeeM O (s,a)=Q™ (s, a)

AnropuTtm 4.1. DQN

1: MHuuManuM3aumus CKoOpocTu obyyeHus o

2: WHnuymanusauma t

3: MHuuManusauus KonuyecTBa NpeuefeHTOB Ha war obyyeHus, B
4: WHWuManuM3aumMsa KosindyecTBa O6HOBNEHMI Ha nakeT, U

5: WHuumanusauma pasmepa nakeTa AaHHbIX, N

6: MHMUManuMsauma namATU npeuefeHToOB C MakKCUMajbHbiM pa3mepom K
7: WHMuManusauua napameTpoB ceTu O ciy4vailHbIMU 3HAYEHUAMU
8: for m = 1...MAX_STEPS do

9: HakonuTb U coxpaHuTb h npeueneHTOB (%, a;, n, q),

= LCNoNb3yA TeKyllylw cTpaTeruwo

10: for b = 1...B do
11: BeibpaTb b-V nakeT npeuefeHTOB M3 MaMATU
12: for u =1...U do
13: for 1 = 1...N do

14: # PaccuuTaTb ueneBble Q-3Ha4vyeHUA AN1A KaxAoro npumepa
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15: Yo =+ 6.y max Q™ (s, a;), rpe 8, =0, ecnm S| —
w KOHEYHOe COCTOSHME, WHaye 6, =1
16: end for
17: # PaccyuTaTb QyHKUMKW noTepb, Hamnpumep,
= C nomouwbl CpefHei KBaapaTU4YeCcKoW Oownbkwu
18: L(©) = 2 2 (v~ @ (s @)
19: # O6bHOBNEHME MapamMeTpoB CeTw
20: 8 =6 - aVy (6)
21: end for
22: end for
23: YMeHblleHne T
24: end for

MpbI HaurHaeM co c6opa U COXpaHeHUs JaHHBIX (CTpoKa 9), MOJTYYEHHBIX B COOTBETCTBIN
co crparerueit Bobimara, moposkaaonieit Q-3HadeHust ¢ moMoTbio Tekyieit Q™. HyskwHo
OTMETHUTb, 4TO MOKHO OBLIO BOCIIOJIB30BAThCS U €-3KaHOI cTparerueid. s o0ydeHst
areHTa MMPOM3BOANUTCS BhIOOPKa B makeToB npereeHToB u3 namsatu (ctpoku 10 u 11).
Jlis kaxoro Habopa JaHHbIX poucxoanT U obHoBIeHNIT TapameTpos. CHauasa pac-
CUMTBIBAIOTCS TleJieBble (Q-3HaUeHNUs JJIsT BCeX 3JIeMEHTOB B makeTe (cTpoka 15). 3a-
METbTE, YTO ATU PACYETHI BKIIOYAIOT BHIOOP MAKCUMU3UPYIOINIEro Q-3HaYeH e AeiCTBIS
B CJIEYTOTEM COCTOSHUU S'. DTO OJHA U3 PUIUH TOTO, 4T0 DQN TpuMeHuM JINUTITh
K cpejiaM € JIMCKPETHBIMU ITPOCTPAHCTBAMU JAHCTBUI. B 9TOM ciryyae BbIYMCIEHUS TIPO-
WU3BOISITCA OYeHb IMPOCTO — HYJKHO JIUIIb PACCYNTATh (Q-3HAYEHN I/ BCeX /IeCTBUN
1 BBIGpATh MakcuMaibHoe. OIHAKO €I TPOCTPAHCTBO JIEHCTBII HEITPEPHIBHOE, TO KO-
JITYECTBO BO3MOKHBIX EHCTBUI GECKOHEYHOE U PACCYUTATH Q-3HAUEHUS IS HUX BCEX
HeBO3MOKHO. /[pyras npudyuHa ta e, uto u B ciydae SARSA: /17151 €-3kaiHOI cTpaTerun
TpebYIOTCs ICHCTBUST, MAKCUMU3UPYIONTNe Q-3HAYCHS.

3aTeM paccuutbiBaioTca GyHKIIMN oTephb (cTpoka 18). M HakoHell, BbrYncageTCA
rpagueHT GYHKIUK IT0Teph U 0OHOBJISIOTCS apameTpsl cetn O (ctpoka 20). ITociie Bbi-
noJiHeHus Beero arana ooydenus (crpoku 10—22) obnosisgercs T (crpoka 23).

B asropurtme 4.1 mpo/ieMOHCTPUPOBAHBI /iBa IPAKTUYECKUX CJEJCTBUS U3 TOTO, YTO
DOQN sBJisietcst aJIroput™MOM 00yUYeHsI 110 OTJI0KEHHOMY ombITy. [lepBoe: Ha Kask1oi
urepanuu o6ydeHust jist OOHOBJIEHUS OIeHKU Q-(YHKITMN MOYKET ObITh UCIOIb30BAHO
6oJiee OIHOTO TIaKeTa TPere/IeHTOB. BTopoe: areHT He orpaHrdyeH ofHUM OOHOBJIEHUEM
rapaMeTpoB Ha IakeT JaHHbIX. [To jkemaHnio MOKHO HACTPanBaTh AIIPOKCUMAIUIO
Q-hyHKIIMYN 10 CXOAMMOCTH Ha Ka)KJIOM TTaKeTe JaHHBIX. JTHU Iark yBeJIMYNBaIOT BbI-
YUCTUTEBHYIO HATPY3KY Ha KayKAYI0 UTeparuio odydeHus mno cpasHenuio ¢ SARSA,
HO OHM MOTYT UM 3HAYMTEJNBHO YCKOPUTH 0Oyuenue. Tyt BosHuKaeT mpobiaeMa BbIGOpa
MY JaTbHEHM 06ydeHreM Ha MPEeIeIeHTax, KOTOpbie ObIIM HAKOIIEHBI ar€HTOM
Ha TEKYIMH MOMEHT, U UCTIOJIb30BAHUEM YJIYUIIeHHOH Q-PyHKINM /71t c60pa JIydIx
npereieHToB s obydenus. Ee oTpakaior kosmdectBo 0OHOBJIEHUIT TapaMeTPOB Ha
naker U ¥ KOJIMYeCTBO MakeToB Ha mar obydenus B. Xopoliie 3HAYeHUs JIJIst 9TUX Mapa-
METPOB 0OYCJIOBJICHBI 3a/la4eil U IOCTYITHBIMU BBIYUCIUTEIBHBIMU pecypcamut. O6bIUHO
MPUMEHSIETCST OT OJ[HOTO JIO TIATH MTAKEeTOB ¥ OGHOBJICHUH TapaMeTPOB Ha TTaKeT.
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4.5. Peannzauna DQN

DON MO3KHO paccMaTpuBaTh Kak rpeoOpasosanue aaropurma SARSA. B atom paszerie
npuBoauTes peajmsanus DQN kak paciupenus kaacca SARSA B SLM Lab.

VanillaDQN paciiupsieT SARSA U TIOBTOPHO HUCIOJIB3YET GOJBINY0 YacTh €r0 METOJIOB.
ITockousbky onenka Q-dgyukiuu B DQN npoucxoguT nHave, Hy;KHO T1ePeOTIPe/IeTUTh
calc_g_loss. Cueyer Takke BHECTH U3MEHEHUS B train, 4TOOBI OTPA3UTH JHOTIOJIHU-
TEJIBHBII BHIOOP KOJMUECTBA TTAKETOB U OOHOBJICHUI ApaMeTPOB Ha TakeT. I KoHeuHO
JKe, HY;KHO peain30BaTh XpaHEHWe TIPEIe/IEHTOB — HOBBIN KJIacc TTaMsITH Replay.

4.5.1. PacueT Q-pyHKUMN NOTEpPb

Merojn calc_g_loss asist DON nipuBesien B siuctunre 4.1, OH O4eHb TTOXOXK HA aHAJIO-
ruuHbi Mmetos B SARSA.

CHauasia st BeeX JeiCTBUIA B KasKIOM COCTOSTHUM S B TAKeTe paccuuThiBaroTcs Q7 (S, a)
(cTpoka 9). Dror Ke 1iar, Ho 6e3 yJyera rpareHTa, IOBTOPSIETCS ISl CIEIAYIOIIETO CO-
crosgang s’ (ctpokn 10 m 11).

3arem /IS KaKI0TO MPEIE/IEHTA B TTaKeTe BHIOUPAeTCst OlleHKa Q-3HaYeHVist Jis1 ICHCTBYA d,
MIPEIITPUHATOTO areHTOM B TeKyIeM coctostHrn s (crpoka 12). B crpoke 13 nutst kaskmoro
CJIEJIYIOIIErO COCTOSTHYS BHIOUPAETCSA MAKCUMATbHAS OT[CHKA (Q-3HAYEHVIsT, KOTOPAst UCTIOJb-
syercst 1yist BbrauceHust Q. pon (S, a) (ctpoka 14). B kowite paccuutbiBaetcs (yHKINS T10-
TePb C ITOMOIIHIO Q" ( s, a) Q% bon (s, a) (act_g_preds 1 max_qg_targets COOTBETCTBEHHO).

Nuctunr 4.1. Peannzaums DQN, pacyeT LeneBbix Q-3HaueHW 1 COOTBETCTBYIOLLEN GYHKUMM NOTEPb

1 # slm_lab/agent/algorithms/dgn.py

2
3 class VanillaDQN(SARSA):
4
5
6 def calc_q_loss(self, batch):
7 states = batch['states']
8 next_states = batch['next_states']
9 g_preds = self.net(states)
10 with torch.no_grad():
11 next_q_preds = self.net(next_states)
12 act_qg_preds = q_preds.gather(-1,
= batch['actions'].long().unsqueeze(-1)).squeeze(-1)
13 max_next_q_preds, _ = next_qg_preds.max(dim=-1, keepdim=False)
14 max_q_targets = batch['rewards'] + self.gamma *
= (1 - batch['dones']) * max_next_qg_preds
15 g_loss = self.net.loss_fn(act_qg_preds, max_qg_targets)
16

17 return g_loss
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4.5.2. Unkn obyyeHms DQN

[Tukr 06ydeHusT B TUCTHHTE 4.2 TPOTEKAET CIICAYIONINM 00Pa3OM.

1.

Ha xasx/iom 1iare BBITIOJIHSIETCST BBI3OB train, 1 areHT IPOBEPSIET CBOIO TOTOBHOCTh
obyuatbest (crpoka 10). Duiar self.to_train ycTaHaBIMBAETCS KJIACCOM IIAMATH.

Ecin npunio Bpems o0y4eHust, ToO areHT jejaer BbIGOpKY self.training_iter
MMaKeTOB JIAaHHBIX 13 TaMATH (cTpoka 12), Bbi3biBas self.sample() (cTpoka 13).

Kasxpiii 13 makeToB MCTIOJNB3YETCS TS BBITIOJIHEHNS self.training_batch_iter
obHoBieHui napamerpos (cTpoku 15—18). Bee 06HOB/IEHS TapaMeTPOB IIPOKC-
XOJISIT B COOTBETCTBUY C TIPUBEJEHHBIM Jlajiee OMUCAHUEM.

PaccuurpiBaetcsa Q-pyHKIusg noreps i nakera (ctpoka 16).

Q-yHKITHS TTOTEPb TPUMEHSIETCS JIJIsT OJHOKPATHOTO OOHOBJICHUS TAPAMETPOB CETH
(ctpoka 17). Korga dynkuus moreps onpeznesena, PyTorch o6HoBIger napameTpsl
C TIOMOIIIBIO OYEHB YAI0OHON (DYHKIIUE aBTOMATHIECKOTO A dHepeHIinpoBaHus.

Cymmupyiorcst 3Hauenus hyHKImuu noreps (ctpoka 18).

[Toce BBIIOIHEHUS BCeX OOHOBIEHMIT TapaMeTPOB cpefHee 3HadeHne (DYHKIUN
MOTEPh PACCUYNTHIBAETCS M 3aTTMChIBAETCS B XKypHaT (cTpoka 19).

self.to_train ycraHaBimBaeTcsl paBHBIM HYJIO, 4TOOBI rapaHTHPOBATh, YTO areHT
He HauHeT 00ydaThes 0 TOro, Kak cHoBa Oyaer rotos (cTpoka 20).

JNnctuHr 4.2. Peanusaums DQN, meTtoa obyyeHns

1

18
19

# slm_lab/agent/algorithms/dgn.py

class VanillaDQN(SARSA):

@lab_api
def train(self):

clock = self.body.env.clock
if self.to_train ==
total_loss = torch.tensor(0.0)
for _ in range(self.training_iter):
batch = self.sample()

for _ in range(self.training_batch_iter):

loss = self.calc_qg_loss(batch)
self.net.train_step(loss, self.optim,
= self.lr_scheduler, clock=clock,
= global net=self.global net)
total_loss += loss

loss = total_loss / (self.training_iter *

= self.training_batch_iter)
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20 self.to_train = 0@
21 return loss.item()
22 else:

23 return np.nan

4.5.3. lNamMaTb npeueneHToB

B sToM paszenie paccMaTpuBaeTcst KJace mamMsATu Replay, B KOTOPOM peasi3oBana ma-
MSITh TIpelieieHToB. [1py iepBoM MpOUTEHNH €r0 MOKHO IIPOITYCTUTh — 3TO HE TIOMEIIaeT
noHath aaroput™m DQN. OH BajkeH /il IOHMMaHUA 00CY KIaBIIUXCS B pasjese 4.3
uJIeii, Ha KOTOPBIX OCHOBAHO XpaHEHUE OTIbITA.

Kiacc mamstu Replay coorserctByer Memory API B SLM Lab u copepsxut Tpu 0CHOB-
HBIX METO/IA JIJIST OYUCTKU TAMSTH, T0OABIEHNST TTPETIeIeHTa 1 BHIOOPKY MaKeTa.

HNunnuanusanus v co3aanue cTpykryp nanubix B Replay. B smictunre 4.3 __init__
WHUIAATU3UPYET MepeMeHHbIe KIacca, BKIAT0Yash KJIA0UM XpaHUanIa B cTtpoke 20).
B nmamsaT Replay HY»KHO OTCJIEKUBATh TEKYIIMN pa3mep namsaTu (self.size) u pac-
MOJIOXKEHNE CAMOTO TIOCJIeIHETO Tipelte/ienTa (self.head). ITOT METO/] 3aTEM BbI3bIBAET
reset /7T CO3MIAHUS ITyCTHIX CTPYKTYP AAHHBIX.

B kiracce mamsitu Replay Bce JlaHHbIE TIPEIEJEHTOB XPAaHATCS B CITUCKaX. B otsinune ot
OnPolicyReplay u3 mopaszena 2.6.6, B JTaHHOM ciydae reset BbI3bIBAETCST OHOKPATHO
JUTSL CO3/IAHMS CTPYKTYP IAHHBIX TPU MHUTIMAIU3AINY TTaMATH. /laHHbIe B TaMsITH Xpa-
HSTCS Ha IPOTSIKEHUM BCEX 111Aar0B, YTO JIeJIaeT BO3MOKHBIM ITOBTOPHOE UCIIOJIb30BaHNEe
TIpere/IeHTOB.

JNinctuHr 4.3. Replay, nHMUManu3aumsi U cosgaHue CTPyKTYp AaHHbIX

1 # slm_lab/agent/memory/replay.py

2

3 class Replay(Memory):

4

5

6 def __init_ (self, memory_spec, body):

7 super().__init__ (memory_spec, body)

8 util.set_attr(self, self.memory spec, [

9 'batch_size',

10 'max_size',

11 'use_cer',

12 )

13 self.is_episodic = False

14 self.batch_idxs = None

15 self.size = @ # KONMMYEeCTBO COXPAHEHHbIX MNpeLefeHTOoB
16 self.seen_size = @ # obwee KONMYECTBO MPOCMOTPEHHLIX MpeLefeHTOB
17 self.head = -1 # MHOEKC caMoro nocnegHero npeuefeHTa

18 self.ns_idx_offset = self.body.env.num_envs if body.env.is_venv else 1
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19 self.ns_buffer = deque(maxlen=self.ns_idx_offset)

20 self.data_keys = ['states', 'actions', 'rewards', 'next_states’,
= 'dones']

21 self.reset()

22

23 def reset(self):

24 for k in self.data_keys:

25 if k != 'next_states': # noBTopHO uMcnonb3oBaTb self.states

26 setattr(self, k, [None] * self.max_size)

27 self.size = @

28 self.head = -1

29 self.ns_buffer.clear()

Oo6nogienne namsaru Replay. add_experience B Kiacce namsaru Replay (JIMcTUHT 4.4)
JeHCTBYeT HHaUe, YeM B KJIaccaxX MaMsITH IPU 00YUIEHIH 110 aKTYaJlbHOMY OITBITY.

Jlist mobaBIeHMsI TIPETIe/IeHTa YBeIMYUBacTcst self . head — WHJEKC CAMOTO MOCJIEIHETO
npuMepa onbita. [Tpu Boixoe nnjexca 3a mpejiesibl MacCuBa IPOUCXOJUT BO3BPAT €ro
suauenust kK 0 (ctpoka 13). Ecsin mamMsaTh He 3aloJTHEHa 10 KOHIIa, TO self.head Oymer
YKa3bIBaTh HA MyCTY0 06JIACTh B IIAMSITH, €CJIU 3all0JHEHA — Ha CAaMBIi CTapbIil mpe-
1Ie/IeHT, KOTOPBII 6y/:[eT 3aMerieH. Takum o6pa30M, B Replay xpanurcd self.max_size
CaMBIX TOCTEHUX TIPEIEIEHTOB. 3aTeM TIPEIEJeHT J00aBISeTCsT B MaMsTh (CTPo-
ku 14—18). [Ipu aToM 3HAYEHUSIM 2JIEMEHTOB CIMCKOB B XPAHUJIUIIE C MH/IEKCAMU
self.head npucBanBaloTCs 3HAYEHUS 2JIEMEHTOB TeKYIlero nperejienra. B crpo-
kax 20—22 orcaexuBaioTcs (pakTUUeCKUil pazMep MaMsTH U KOJNYECTBO BCEX IIpe-
[[eJIEHTOB, COOPAHHBIX ar€HTOM, a B CTPOKax 23 u 24 ycranaBiuBaercs (urar 00ydeHst
algorithm.to_train.

JinctuHr 4.4. Replay, nobaBneHve npeueaeHToB

1 # slm_lab/agent/memory/replay.py

2

3 class Replay(Memory):

4

5

6 @lab_api

7 def update(self, state, action, reward, next_state, done):

8 ce

9 self.add_experience(state, action, reward, next_state, done)
10
11 def add_experience(self, state, action, reward, next_state, done):
12 # CmelleHWe ykasaTesiA B roJIoBy crnucka,

= BO3BpaT K HY/NEBOMY 3/IeMEHTY Npu Heob6XOoAUMOCTM

13 self.head = (self.head + 1) % self.max_size
14 self.states[self.head] = state.astype(np.floatl6)
15 self.actions[self.head] = action
16 self.rewards[self.head] = reward
17 self.ns_buffer.append(next_state.astype(np.floati6))

18 self.dones[self.head] = done
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19 # dakTuyeckuih pasmep 3aHATON MaMATH

20 if self.size < self.max_size:

21 self.size += 1

22 self.seen_size += 1

23 algorithm = self.body.agent.algorithm

24 algorithm.to_train = algorithm.to_train or (self.seen_size >
= glgorithm.training_start_step and self.head %
= algorithm.training_frequency == 0)

Boi6opka us namsiti Replay. BoiGopka makera mpere;ieHToB BKIOUYAeT B ceOst BHIOOPKY
MHOKeCTBA [IefiCTBUTEbHBIX UHIEKCOB U BbI/IeJIeHNE HA UX OCHOBE 3HAYMMBIX [TPHMe-
POB 13 KaXK/IOTO CIIUCKA B XpaHuJuiie namstu (JucTuHr 4.5). CHavasa mocpeicTBoM
BbI30Ba (hyHKIMYU sample_idxs mpoucxoaut BeIGOp batch_size unpekcos (cTpoka 8).
W HeKehl BLIOMPAIOTCST CTyYaiiHO M PABHOMEPHO W 3aMEIAIOT SJIEMEHTBI CITHCKA WH-
nexcoB {0... self.size} (cTpoka 18). Ecain self.size == self.max_size, TOo maMsTh 3a-
MOJTHEHA /10 KOHIIA, YTO COOTBETCTBYET BHIOOPKE MH/IEKCOB U3 BCETO XPAHUIIUIIA TAMSITH.
3areM Ha OCHOBE 3TUX WHJIECKCOB (hopMUPYeETCs MaKeT mpereieHToB (cTpoku 9—14).

KacaterbHO BEIOOPKH CJIEAYET YIOMSHYTD eliie OHY jeTaib. ITOOBI yMEHBIITUTD 00beM
sanumaemoit namatu (RAM), ciegyiomue coOCTOSHM He XPaHATCs ABHBIM 00pasoM.
Omnu yske TpUCYTCTBYIOT B Gydepe COCTOSHIIA, 32 HCKIIOYEHIEM CaMbIX TIOCTEIHIX U3
Hux. Kak cienctsue, mocTpoeHne makeTa CleayonuX COCTOSTHUI HEMHOTO CJI0KHEe
U BBITTONTHATCS (PyHKIMEH sample_next_states, BbI3bIBaeMoii B cTpoke 12. 3auHTepe-
COBaHHBIN YUTATEIb MOKET [IOCMOTPETH, KaK aT0 peannszosano B SLM Lab, B slm_lab/
agent/memory/replay.py.

JinctuHr 4.5. Replay, Bbibopka

1 # slm_lab/agent/memory/replay.py

2

3 class Replay(Memory):

4

5

6 @lab_api

7 def sample(self):

8 self.batch_idxs = self.sample_idxs(self.batch_size)
9 batch = {}
10 for k in self.data_keys:
11 if k == 'next_states':
12 batch[k] = sample_next_states(self.head, self.max_size,

= self.ns_idx_offset, self.batch_idxs, self.states,
= self.ns_buffer)

13 else:

14 batch[k] = util.batch_get(getattr(self, k), self.batch_idxs)
15 return batch

16

17 def sample_idxs(self, batch_size):

18 batch_idxs = np.random.randint(self.size, size=batch_size)

19

20 return batch_idxs
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4.6. ObyyeHue areHta DQN

B nuctutre 4.6 npusesieH npumep daitia spec st ooyuenus arenta DQN. Daiir nme-
ercst B SLM Lab B s1m_lab/spec/benchmark/dqn/dgn_cartpole.json.

Jinctunr 4.6. daiin spec ans DQN
1 # slm_lab/spec/benchmark/dqn/dqgn_cartpole.json

2

3 4

4 "vanilla_dgn_boltzmann_cartpole": {

5 "agent": [{

6 "name": "VanillaDQN",

7 "algorithm": {

8 "name": "VanillaDQN",

9 "action_pdtype": "Categorical”,
10 "action_policy": "boltzmann",
11 "explore_var_spec": {

12 "name": "linear_decay",
13 "start_val": 5.0,

14 "end_val": 0.5,

15 "start_step": 0,

16 "end_step": 4000,

17 s

18 "gamma": 0.99,

19 "training_batch_iter": 8,
20 "training_iter": 4,

21 "training_frequency": 4,
22 "training_start_step": 32
23 s

24 "memory": {

25 "name": "Replay",

26 "batch_size": 32,

27 "max_size": 10000,

28 "use_cer": false

29 s

30 "net": {

31 "type": "MLPNet",

32 "hid_layers": [64],

33 "hid_layers_activation": "selu",
34 "clip_grad_val": 0.5,

35 "loss_spec": {

36 "name": "MSELoss"

37 ¥

38 "optim_spec": {

39 "name": "Adam",

40 "lr": 0.01

41 s

42 "1lr_scheduler_spec": {

43 "name": "LinearToZero",
a4 "frame": 10000

45 }s
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46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66

"gpu": false

¥

11,

"env": [{
"name": "CartPole-ve@",
"max_t": null,
"max_frame": 10000

1,

"body": {
"product": "outer",
"num": 1

s

"meta": {
"distributed": false,
"eval frequency": 500,
"max_session": 4,
"max_trial": 1

T

b
¥

Kax n B cimygae ¢ SARSA, aitnr spec cocTOUT 13 HECKOTBKUX JIEMEHTOB (BCe HOMepa
CTPOK OTHOCSITCS K JINCTUHTY 4.6).

Ausroput™ — 910 "VanillaDQN" (cTpoka 8), Takoe HazBaHKe JAHO JIs TOro, YTOOBI
OTJINYATH €r0 OT MOAUMDUKAIIMHU € TIPOTHO3HO# ceThio U3 TaBbl 5. CTparerus BHIOO-
pa zetictBuii — aT0 cTparerus bosbiimana (crpoku 9 u 10) ¢ uHEIHON CKOPOCTHIO
ymenblrenust (crpoku 11-17) mapameTpa teMiiepaTypbl T, U3BBECTHOTO KaK TiepeMeHHast
uccnenoBanus explore_var (ctpoka 11). 3nauenue y ycranaBiauBaercs B cTpoke 18.

ApXHUTEKTypa CeTH — MHOTOCJONHBIH MEPIENTPOH C OHUM CKPBITHIM CJIOEM U3
64 asremenToB (cTpoka 32) n pynkmuert akruaru SelLU (ctpoka 33).

Onrumuzatop — Adam [68] co ckopocTbio 00yuenust 0,01 (ctpoku 38—41).

Yacrora 06yuenusi — oOydyeHre HAUMHAETCS MI0CJIe TOTO, KaK areHT cesaet 32 mara
B cpezie (cTpoka 22), u B laJibHeIeM TPOUCXOUT Kax/ible ueTbipe mara (crpoka 21).
Ha xask/1oM 1iare 06ydeHust IPOU3BOUTCS BEIOOPKA YETHIPEX MAKETOB MPEIEICHTOB
u3 naMatu Replay (crpoka 20), 1 ¢ X IOMOIIbIO BBIIOJIHIIOTCS BOCEMb 0OHOBJIEHUIT
napamerpos (cTpoka 19). B nabopax comepsxurcs o 32 snementa (cTpoka 26).

IHamsiTe — Replay c coxpanenuem 10 10 000 cambIx Toc/IeTHUX TIPETEZIEHTOB (CTPO-
Ka 27).

Cpena — CartPole uz OpenAl Gym [ 18] (ctpoka 50).
JmarensHocts 06yuenus — 10 000 maros (cTpoka 52).

KonrposbHbre Touku — arenr orenubaercs kaxabie 500 mraros (crpoka 60).

Korza o6yueHne BBITIOTHSETCS ¢ TIOMOTIbIO cTpaTeruu BoJibiiMaHa, BAKHO YCTAHOBUTD
JUId action_pdtype 3HaueHue Categorical, 4ToObI areHT BHIOUPAJ A€HCTBHS U3 KATEro-
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PUAIIBHOTO PACTIPE/IETICHUS BEPOSITHOCTEH, MOPOKICHHOTO CTpaTternel Bribopa faeiicTBuii
Boabimmana. B To ske BpeMsI pH €-’KaJHBIX CTPATETUSX MCIIOJIb3YETCs BBIPOXKAEHHOE
pacnpenesienue BepositHocreil (argmax). To ecTb areHT GyaeT BBIOUpPATh AelicTBIE
€ MaKCUMaJIbHBIM (Q-3HaueHneM ¢ BeposiTHOCTHIO 1,0.

OG6parute BHUMaHKE TaKKe Ha TO, YTO B cTpaTernu BojbliMana MaKCUMaIbHOE 3HaUeHne
st T (cTpoka 14) ne orpanunueno 1, Kak B €-)Ka/IHbIX cTpaTerusix. B aTom cirydae nepe-
MeHHasT UCCIE0BAHS T IPEACTABIISIET HE BEPOSITHOCTD,  TEMIIEPATYPY, IIOITOMY OHA
MOKET TIPUHUMATD JIF000€e MOJMOKUTEIbHOE 3HaYeHe. OHAKO OHA HUKOT/IA He I0JIKHA
OBITH PABHOIT HYJIIO, IIOCKOJIBKY 9TO IPUBEIET K BOSHUKHOBEHHIO OINOOK, BHI3BAHHBIX
JleJIeHIeM Ha HOJIb.

Yro6s1 06yunTh areita DQN ¢ momorsio SLM Lab, sanycrure B TepMuHaie KOMaH/Ibl,
[IpUBe/IeHHbIe B IuCcTUHTE 4.7.

JinctuHr 4.7. O6yyenune areHta DQN urpe B CartPole

1 conda activate lab
2 python run_lab.py slm_lab/spec/benchmark/dgn/dgn_cartpole.json
= vanilla_dqgn_boltzmann_cartpole train

ITOT KO MCIOJIb3YeT (hailsl spec jijist 3amycka o0yueHust Trial ¢ 4eTBIPbMsI CECCUSIMU
Session Jiisd IIOJIyYEHUS CPEAHEro pesy/ibTaTa U BbIBOAUT TPApUKU /st IPOOHBIX UC-
[bITAHUI, TOKa3aHHble HA PUC. 4.2.

trial graph: vanilla_dgn_boltzmann_cartpole t0 4 sessions trial graph: vanilla_dgn_boltzmann_cartpole t0 4 sessions
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Puc. 4.2. Mpadvku NpobHbIx ncnbitanuii ons DQN 13 SLM Lab, ycpeaHeHHble
Mo pesynbTaTaM YeTblpex ceccuid. Mo BepTUKanbHOW OCK OTIOXEHbI MOJHbIE BO3HArPaXXAEHWS!
(mean_return Ans ouUeHKM paccumnTbIBaeTCs 6€3 AMCKOHTUPOBAHWUS), yCPeAHEHHbIE NO AaHHbIM
13 BOCbMM 3MU300B Ha MPOTSXKEHWUM KOHTPOJIbHBIX TOUeK. M0 ropu3oHTaIbHON OCK OTNOXKEHbI
Kazpbl Bcero obyyerus. Cnpasa npuseseH rpaduk o CKONMb3SLUMM CPEAHMM MO OLEHKaM
B 100 KOHTPONbHbIX TOYKaX



132 Yactb I e ANropuTMbl, OCHOBaHHbIE Ha CTPaTErmsax 1 None3HoOCTAaX

4.7. PeaynbTaTtbl 3KCNEPUMEHTOB

B atom pasjesnie paccmMaTpuBaeTcs, Kak U3MeHEHUe apXUTEKTyPbl HEHPOHHON ceTH
Bauser Ha npoussoauteabiocts DQN B CartPole. s moucka 1o ceTke mapaMeTpos
APXUTEKTYPBI CETU UCIIOJIb3YeTCsT (PYHKITUS SKcIepuMenTupoBanust us SLM Lab.

4.7.1 DKCnepuMeHT MNo onpeaeneHunio BInaHNS
ApPXUTEKTYpPbI CETU

ApxuTekTypa HeHPOHHBIX ceTeil BJAMSIeT Ha X CMOCOOHOCTh alllPOKCUMUPOBATh
(yuknuu. B aToM akcriepuMenTe BBIIOJIHAETCS IIPOCTON IOUCK 10 CeTKE Ha HECKOJIb-
KUX BapraHTaX HACTPOMKU CKPBITOTO CJIOH, 3aTEM BbIBOAATCS TpadUKU U CPaBHUBA-
€TCS TPOU3BOIUTENBHOCTD. B snctunre 4.8 okazan (hailsn spec sl 9KCIIEPUMEHTA,
pecTaBsoNnii coboil paciiMpeHHy0 Bepcuto u3 auctuara 4.6. B crpokax 8—15
3a/1a10TCS TTapaMeTPBI [TOUCKA 110 CeTKE apXUTEKTYP CKPBITLIX cJloeB net.hid_layers
Q-cetn. ITomHocTpio daiin spec umeercsa 8 SLM Lab B s1m_lab/spec/benchmark/dgn/
dgn_cartpole.json.

JinctuHr 4.8. daiin spec ans DQN co cneumndvkaumeid nomcka no pasHbIM BapuaHTaMm
ApXWTEKTYpbl CeTH

1 # slm_lab/spec/benchmark/dgqn/dqn_cartpole.json
2
{

"vanilla_dgn_boltzmann_cartpole": {

"search": {

"agent": [{

"net": {
"hid_layers__grid_search": [

10 [321,
11 [64],
12 [32, 16],
13 [64, 32]
14 ]
15 }
16 ]
17 }
18 }
19 }

O o0 NO UV~ w

B nmuctunre 4.9 npuBeieHbl KOMaH/IbL /7S 3aITyCKa 9KCIIEPUMEHTA. 3aMeTbTe, UTO 3/1eCh
HCIOJIB3YETCs TOT JKe (ailal spec, 4To ¥ 11pu 00yUeHNH, HO PeskUM 00ydeHus train us-
MeHEH Ha PesKUM IIOUCKA search.
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JIncTtuHr 4.9. 3anyck 3KCcnepuMeHTa € MOMCKOM MO pa3HbiM BapuaHTaM apxXuTeKTYpbl CeTH
B COOTBETCTBUM C (haiinioM spec

1 conda activate lab
2 python run_lab.py slm_lab/spec/benchmark/dgn/dgn_cartpole.json
= vanilla_dqgn_boltzmann_cartpole search

Taxum 06pazom, GyJIeT 3aIyIieH 9KCIePUMEHT Experiment, KOTOPBIA TIOPOUT YETHIPE
pOOHBIX UcHbITaHkud Trial. VX mosyyaror, moJcTaBisgs B UCXOAHBINA (ail spec 11t
DON c ucnomspzoBanueM crparernn boibiiMana pasuble 3HaueHns net.hid_layers.
B kaxxnom Trial 3amycKaioTCst 4eThIPe MOBTOPSIIONIIECS] CECCHM Session [T MOy YeH st
yCPeHEeHHbBIX pe3yibTaToB. Ha puc. 4.3 npuBeieHbl rpadhuKy /7isi MHOKECTBA TIPOOHBIX
WCIBITAHUI U3 9TOTO AKCIIEPUMEHTA.

multi trial graph: vanilla_dgn_boltzmann_cartpole multi trial graph: vanilla_dgn_boltzmann_cartpole
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frames frames

t0: hid_layers [32] t1: hid_layers [64] t0: hid_layers [32] t1: hid_layers [64]
t2: hid_layers [32, 16] t3: hid_layers [64, 32] 12: hid_layers (32, 16] t3: hid_layers [64, 32]

Puc. 4.3. BvsiHMe pasHbIX BapvaHTOB apXUTEKTYpbl CETU. MPOM3BOAUTENBHOCTbL CETEN C ABYMSI
CKPbITbIMK CIOSIMU, 0B1aAatoLLMMK 6osee BbICOKOM CMOCOBHOCTBIO K 0606LLEHMI0, HEMHOTO BhilLE,
YeM CeTell C OIHNUM CKPbITbIM CIOEM

N3 puc. 4.3 BUAHO, 94TO MIPOU3BOIUTETTHHOCTD CETEl € ABYMS CKPBITBIMU CJIOSMH (HC-
npitanusg 2 U 3) Bbillle, 4eM cerell ¢ ogHuM ciaoeM (ucnbitanus 0 u 1), 6aarogaps ux
MOBBIIIEHHOI cIOCOOHOCTH K 0600611eHI 0. Korma KoJmyecTBo CJI0eB ONHAKOBOE, CETH
€ MEHBIINM KOJIMYEeCTBOM 2J1eMeHTOB (ucrbiTanus 0 1 2) IpU YCJIOBUH, YTO UX CIIOCO6-
HOCTb K 0600IIEHUIO JOBOJIBHO BBICOKA, YUATCSI HEMHOTO ObICTpee. DTO CBI3aHO C TEM,
YTO B HUX HY’KHO OOHOBJISITH MEHbIIIE IapaMeTpoB. PazpaboTka apXUTeKTyPbl HEHPOH-
HOIl ceTn — TeMa TJ1aBbl 12.

V3 aKcriepuMenTa 1 TIPOOHBIX MUCIBITAaHUI BUHO, uTO TIpocToit anroput™ DQN mMosker
OBITH HEYCTOWYUBHIM M HE OYE€HDb MPOU3BOJAUTEIHHBIM. JTO OKA3bIBAIOT IUPOKUE
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JMana3oHbl OMMOOK B KPUBBIX 0OydueHMs U MoJHble BodHarpakaeHus B CartPole,
menbire 200. B caeaymolieil riaase OyayT paccMOTpeHbl MeTozbl yiyuiieHnss DQN,
MTO3BOJISIONINE C/IETATh €T0 I0CTATOUHO MOIIHBIM /7SI PelieHusT 3a1a4 Atari.

4.8. Pe3ome

B aroii tnaBe nano BBenenne B anroputM DQN. On Bo MHOTOM cx03k ¢ SARSA, HO nmeet
onHOo BaxkHoe otanyne. B DOQN nyst pacuera 1iesieBbix (Q-3Ha4eHUH NCITOTb3YETCS Ma-
KeuMasibHOe Q-3HaueHue B ciemyliomieM coctosuuu. B pesyabrate DQN HacTpanBaet
ONTUMAIBHYIO Q-PyHKINIO BMecTO Q-(YHKITH, COOTBETCTBYIOIIEH TEKYIIEH CTPATETHH.
Baarogaps stomy DQN sBiisieTcst aJropuTMoM 00ydeHus 10 OTJI0KEHHOMY OIIbITY,
B KOTOPOM HacTpoeHHas Q-(pyHKIM He 3aBUCUT OT CTpaTeruu cbopa IpereseHToB.

CurenoartenbHo, areHT DQN MOKeT MTOBTOPHO TPUMEHSITh HAKOTLJIEHHbIE TIPEK/IE TIpe-
LeJIeHThI, KOTOPble XpaHsaTcs B aMaTi. Ha Kaxnoii urepanyn o0ydeHus 111 HaCTONKY
Q-QyHKIMHU crydaiiHbIM 06pa3soM BbIOUPAETCsI OAUH MK HECKOJIBKO [IAKETOB IIPeLeIeH-
TOB. ITO TIOMOTAET YCTPAHUTD KOPPEJISIIUIO MEXKLY TTPEIeEHTAMI, UCIIOIb3YEMbIMU JIJIST
o6yuenust. CoueTaHre IOBTOPHOTO UCTIOJIb30BAHKSI IAHHBIX C yCTPAHEHUEM KOPPEJISIITAT
3HAYUTENHHO MoBbImaeT adgdekruBHocTb Bbibopku 8 DON 110 cpaBrenunio ¢ SARSA.

BoLto mokazano, uto mpuMensiemass B DQN crpaternst cbopa mpereieHToB T0KHa 00-
JIAZIaTh IBYMsI XapaKTEPUCTUKAMU: 00TeTYaTh HCCIEOBAHIE TPOCTPAHCTBA COCTOSHUIT
U C TeYEeHUEM BPEMEHU TIPUOIMKATHCS K ONTUMaIbHOU cTparteruu. OHA M3 TaKUX
cTpareruii — €-xajiHasd, HO B 9TOU IJ1aBe IIPe/ICTaBJIeH U albTePHATUBHDLIN BapUAHT, U3-
BecTHBIN Kak cTpaterus bosbimana. O1HO U3 OCHOBHBIX IIPEUMYIIECTB ATON CTpaTeruu
3aKJIIOYAETCS B TOM, YTO OHA MCCJIEAYeT IIPOCTPAHCTBO COCTOSHUI U JeiiCTBUI MeHee
cydaiHbIM 06pa3oM, 4eM e-KajiHast CTpaTerus. BTopoe ee MpenMyIecTBo COCTOUT
B TOM, UTO JEHCTBHS BHIOMPAIOTCS M3 PACTIPENETEHNsT BEPOSTHOCTEH, KOTOPOE TIABHO
U3MEHSETCS ¢ MI3MeHeHeM (Q-3HaueHU .

4.9. PekoMeHayeMas nutepaTtypa
o Mnih V., Kavukcuoglu K., Silver D., Graves A., Antonoglou I., Wierstra D., Ried-
miller M. A. Playing Atari with Deep Reinforcement Learning. 2013 [88].

e Lin L.-]. Self-Tmproving Reactive Agents Based on Reinforcement Learning, Planning
and Teaching. 1992 [82].

e Sutton R. S., Barto A. G. Reinforcement Learning: An Introduction. Second ed. 2018.
[naBer 6 7 B [132].

Levine S. Sep 13: Value Functions Introduction, Lecture 6. 2017 [76].
Levine S. Sep 18: Advanced Q-Learning Algorithms, Lecture 7. 2017 [77].
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4.10. NcTopn4yeckasa cnpaBka

Komnonent Q-o6ydenusi B DON 6b1i nipesiosket B 1989 roxy Kpucrodepom Yorkus-
COM ¥ OIIVCaH B ero KaHAUAaTCKol auccepraiuu Learning from Delayed Rewards [145].
Bekope — 8 1992 roxy — Jlour-/Ixu JIuHOM Obliia BRIABUHYTA Wes TTAMSATH [IpeIe-
JeHTOB [82]. D10 chIrpasio BaskHYIO POJib B MOBbIIeHIH 3P GheKTUBHOCTH Q-00yYeHsI.
OHaKo B ocje/yomue rojibl B 06aactu tiay6okoro Q-o6ydeHust BbIIAIONIXCS yere-
XOB JIOCTUTHYTO He OBLI0. TO U HEYAUBUTEIHHO, BElb BEIYUCIUTEIBHBIEC MOTTHOCTH
B 1990-x u Hauyase 2000-X T010B OBLIM OrPaHUYEHBI, ADXUTEKTYpa ceTeil TIyGoKoro
00yueHust TpeboBasia GOJIBIIOr0 KOJUUECTBA JaHHBIX, a CUTHAJIBI 0OpaTHON cBsisu B RL
OBLIN 3AITYMJIEHHBIMU U OTJIOKEHHBIMU. PazBuTHe BO30GHOBUIOCH TOCJIE MOSIBIECHIIST
rpaduueckux mporeccopos obiero Hazuauenus 1 Boimycka CUDA B 2006 oy [96].
Kpome Toro, emy crioco6eTBOBa MOBTOPHBIN BCIVIECK MHTEPECA K TIYGOKOMY 00YYeHUTO
B COOBIIECTBE MANTMHHOTO 00yYeHVst, KOTOPBIi Tpousotien B cepeante 2000-x rogos
u pe3ko Bo3poc mnocie 2012-to.

B 2013 roay BaskHBIM OTKPBITHEM cTaja ommybukosannas DeepMind cratbs Playing
Atari with Deep Reinforcement Learning [88]. ABTOpbI BBeJIM TEPMUH «IIyOoKKe Q-ceTr»
(Deep Q-Networks, DQN) u BiiepBbie IIPOAEMOHCTPUPOBAIN IPUMEP 0OYIEHUS € TI0-
Motpio RL cTpaTernm ympaBieHUst HETOCPEACTBEHHO HA BBICOKOPA3MEPHBIX JIAHHBIX
B Bujie U300paskeHNi. Y ryulienus He 3actaBuiin cebst xaath: B 2015 roxy Obuin pas-
paboransl aBoiinas Q-cers (Double DQN) [141] u npuopuTH3MpOBaHHASA TAMATH
npeneznentos (Prioritized Experience Replay) [121]. Oanako 0CHOBHBIM AOCTHKEHIEM
craso oObeINHEHNE AJITOPUTMA, MTPEJICTABIEHHOTO B ATOH IJIaBe, C TIPOCTOI CBEPTOUHOI
HEUPOHHOM ceThio, 06pabOTKOI COCTOSHUI 1 00yUeHneM Ha rpaduIecKoM IIPOIeccope.
B rirase 5 6ostee oapobHO o6cyxkaaercs cratbst Playing Atari with Deep Reinforcement
Learning [88].



YnydweHne DQN

B aroii riaBe paccmaTtpuBaioTed Tpu Mordukaium anroput™Ma DQN: TporHo3HbIE ceTH,
nsoitaas DON [141] u npuopuTusanpoBanHas namsaTh mperieienTos [121]. Kaxmas us
HUX pelnaer oTaeIbHy o mpodaemy B DQN, mosTomy ux oObeIMHEHIE 1aeT 3HAUNTEIb-
HOE TIOBBIIIIEHUE [TPONU3BOUTEIBHOCTH.

B pasnede 5.1 06cysKaai0Test MPOTHO3HBIE CETH, KOTOPBIE SIBJSIOTCA OTJIO0KEHHON KOHei
Q" (s, @). TIporHO3HAS CETh IPUMEHSETCS /IS TOPOYK/ICHUS MAKCHMATHHOTO Q-3HaueHIsT
B cylelytomieM coctosuuu s’ npu pacuere Q.. ITo orsinyaer ee ot anropurma DON
(cMm. TmaBy 4), B KoTopoM st pacuera Q. ucrosbsyercs QF (s, a). [Ipumenenne mpo-
THO3HOI CeTH MO3BOJISET c/le/IaTh 0Oyderne Gosee yCTONUMBBIM OJIaroaapst CHIKEHNIO
cropoctu uaMenenust Q.

[lanee B pasaene 5.2 paccMarpuBaercs anroput asoiinoit DQN, soruncasiomuii QF,
¢ MOMOTIBIO IBYX Q-ceTeii. [TepBast ceTh BHIOMpAET MAEHCTBITE, KOTOPOE COOTBETCTBYET
ee olleHKe MaKCUMaJbHOrO Q-3HaueHus. BTopasi ceTb MOpoXIaeT 1Jid 1eHCTBUS, BbI-
GpaHHOTO NepBoii ceThio, Q-3HaueHune, KOTopoe npumensiercs: B pacuere Q.. B nanmoit
MOIU(UKAITIN yUITEHO crcTeMaTndeckoe 3aBbinenne DQN oreHOUHBIX Q-3HaYeHU
0 CPABHEHWIO C HCTUHHBIME, KOTOPOE MOKET IIPUBECTH K 3aMeIJIEHUIO OOy YeH s U He-
a(hdexTUBHBIM CTpaTETUIM.

Hainbreiiniee ynyuiierre DQN MoskeT GbITh IPOU3BEAEHO 3a CUET M3MEHEHHSI TIPoIlecca
BBIOOPKU MTAKETOB MPEIEEHTOB 13 TaMsATH. BMecTo TOro 4T06b! BRIOMPATH MPETIE/IEHTHI
CJIy4aiiHO U paBHOMEPHO, UX MOKHO IIPUOPUTHU3UPOBATDH B COOTBETCTBUU C TEM, HACKOJIb-
KO OHM MH(OPMATUBHBI /IJIS areHTa Ha TeKYIuii MOMeHT. /laHHbII MeTO/T I3BECTEeH KaK
npuopumusuposannas namsmo npeyedenmog (Prioritized Experience Replay). B Hem
[PEIEIEHThI, U3 KOTOPBIX areHT MOKeT IpUobpecTu GOJbIle HABBIKOB, BBIOUPAIOTCS
gaiie, 9ueM MaTonH(GOPMaTHBHBIE. ITO 00CyKAAETCS B pasmene 5.3.

[Tocsre 3HAKOMCTBA € UAESMH, JTEKAIUMU B OCHOBE BCeX MOAM(DUKAINI, B pasziee 5.4
MIPUBOJIUTCS PeaT3alinsl, B KOTOPYTO BKJIIOYEHbBI BCE AT U3MEHEHUSI.

B koHIte T1aBbl 00BEMHSIIOTCST Pa3HbIe HJIEMEHTBI, PACCMOTPEHHBIE B IJIaBax 4 1 5,
u arenT DQN ob6yuaercs nurpam Pong u Breakout n3 Atari. Peanmmsariu, apxutexTypa
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CETH U THIEpPapaMeTpPbl OCHOBAHbI Ha aJITOPUTMAX, OTIUCAHHBIX B TPEX cTaThsax: Human-
Level Control through Deep Reinforcement Learning [89], Deep Reinforcement Learning
with Double Q-Learning | 141] u Prioritized Experience Replay [121].

5.1. [IpOrHo3Hble ceTn

[TepBoe ycoBeprencTBoBanue anroputMa DQN — 5T0 TprMeHeHne TIPOTHO3HON ceTh
st pacuera Q. Bouio npeaioskeHo MHUXOM U €ro KoJuieramu B ctatbe Human-Level
Control through Deep Reinforcement Learning [89] 1 I03BOJISI€T TIOBBICUTD YCTOMYUBOCTh
olyuenusi. IT0 00YCJIOBIEHO TeM, 4TO B iepBoHadanbHom anroputme DON QF, moctosin-
HO M3MEHseTCs, Tak Kak 3aBHCHT 0T Q (s, a). Bo Bpems O6y‘leHAI/IH mapameTpsl 6 Q-cetn
HACTPAMBAIOTCS TaK, YTOObI MUHUMHUSNPOBATH pashuity Mexay Q™ (s, a)=Q™ (s, a)n Qf,
YTO TPYHO CAENATh, Koraa Q MEHsSeTCs Ha KaK/IOM Trare 00yJYeHus.

JL71st yMeHblIeHUs B3MeHeHHi Q[ MeK/Ly HaraMu 00ydeH st IPUMEHSIETCST IPOTHO3HAS
ceTb. TO BTOPASI CETh C ITApaMeTpaMu ¢, KOTOpast sIBJSIETCST OTIOKEHHON Komuei Q-cetn
Qe (s, a). [Ipornosnas cetb Q™ (s, a) ucIosb3yercs i pacdera Q ., Kak 110Ka3aHO
B U3MeHeHHOM oOHoBJIeHUN GyHkimuK besuivana (ypasuenue (5.2)). s yrnporienus
cpaBHEHUs MpuBeeHo nexoaHoe obHosaerne DON (ypastenue (5.1)):

o (s.a)=r+ymaxQ™ (s’ a'); (5.1)
Qi (s,a)=r+ymaxQ™ (s’ a'). (5.2)

[Teproanyecku MPOUCXOAUT OOHOBIIEHIE ¢ /10 TEKYIINX 3HAYEHUTT 6, UTO U3BECTHO KaK
obnosaenue samewenuem (replacement update). Yactora 06GHOBIEHWI ¢ ONPE/ETISIETCS
BuoM 3ajgaun. Hanpumep, B urpax Atari ¢ obnosusiercs kaxabie 1000—10 000 maros
B cpeze. JIJis MeHee CJIOKHBIX 3324 MOKET He MOHa0OUThCST K AaTh TaK [0JIT0 — J0-
cTaTouHO OyzeT 06HOBIATH ¢ Kaskabie 100—1000 maros.

[ToueMy 5TO TTO3BOJISIET MOBLICUTDH YCTONIUBOCTD 00yuenus? IIpn KaKIoM BBIYHCITE-
min Q% (s, @) Q-bywkims, npecTaBIeHHas apamerpamu 0, Gy/eT HeMHOTO JIPYTOit.
[Toaromy Q. (s, a) MOJKeT IIPUHUMATh Pa3Hble 3HAUYEHUS JIJIs1 OJTHON TOM Ke mapsl (s, a).
BosmoskHo paxe, uto Qr (s, a) Ha cjeayioleM mare o0yderust Oyger 3HaYUTENbHO
OTJINYATHCS OT MPEABIIYIIEH OIMEHKN. DTa «JABWKYIIASICS 117> MOKET CHU3UTH YCTOM-
YUBOCTh 00YUEHMs], TaK KaK HESICHO, K KAKUM 3HAUCHUSIM JIOJKHA TIPUOJINKATHCS CETh.
Beenenue mporuo3Hoil cet B GyKBaJIbHOM CMBICJIE OCTAHABIUBACT «IABUKYIYIOCST
1esib». Mesxy obHoBIeHUusIME ¢ 10 O 3TH ¢ GUKCHPOBAHBI U MTPECTABIEHHAS UMU
Q-byHKIMSA He UBMEHSETCS. JTO CBOJIUT JIAHHYIO 33/1a4y K CTAHAPTHOU Perpeccun
B 00yueHun ¢ yuureseM [77]. He BbIsbiBast QyHAaMEHTATbHBIX M3MEHEHUE B UCXOIHOI
3aj1aue ONMTUMU3AIIH, TPOTHO3HAS CETh TTOMOTAET MOBBICUTH YCTONYMBOCTD 0GYICHMS
Y CHUKAET BEPOSATHOCTh BOBHUKHOBEHUS B CTPATETUN BBICOKON UCIIEPCUU WUJIU KOJIe-

Garuii [77, 89, 141].
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Paznmuus mesxy asropurMom DQN ¢ iporHo3HO# ceThbio (anropuTm 5.1) U UCXOIHBIM
anroputMoM DQN (cMm. asnroputwm 4.1) nipuBe/ieHbI adee.

YacroTa 0GHOBJIEHNUH MPOTHO3HOI ceTn F — JTOMOJHUTENbHBINA THIIEpHapaMeTp,
KOTOPBIN HYKHO BBIOUPaTh (cTpoka 7).

B crpoxe 8 mpoucxoauT WHUIMAMNIAINS JOTTOTHUTETbHON CETH KaK MPOTHO3HOM,
1 ee apameTpam ¢ MpUCBanBaIOTCsT 3HAUYEHUs 0.

B crpoke 17 y, paccunThIBaeTCs ¢ HOMOIIBLIO TPOTHO3HOI ceTn Q.

ITporuosHast cethb neprogndecku 06HOBsIETCs (cTPOKH 26—29).

CJie/tyeT OTMETHTb, UTO MMEHHO TIapaMeTphi ceTn O nenosbayiotes npu pacuere Q. (s, a)
(ctpoka 20) 1 06HOBJIAIOTCA BO BpeMst 00ydeHus (CTpoKa 22). DTO IPOMCXOINT TaK Ke,
Kak B ucxomaom aaropurme DQN.

Anroputm 5.1. DQN C NpOrHO3HOW CeTbIO

[y
-

12:
13:
14:
15:
16:
17:

18:
19:

20:

21:
22:
23:
24:
25:
26:
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28:
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MHUumManunsaumna
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MHuumManunsaumnsa
MHUUuMannsauna
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MHuumanusaumna

CKOpPOCTU 0byYeHua o

T

KonuM4yecTBa MakeToOB AaHHbIX Ha war obyyeHnua B
KonuyecTBa O6HOBNEHMIA Ha nakeT U

pa3mepa nakeTa JAaHHbIX N

namATW MnpeuefeHToB C MaKCUMasbHbIM pasmepom K
YacToTbl OBHOBNEHMA NPOrHO3HOW ceTu F
napameTpoB ceTu 0 cay4YailHbIMU 3Ha4YeHMAMU
napameTpoB MporHosHoit cetn ¢ = 6

for m = 1...MAX_STEPS do
HakonuTb M coxpaHuTb h npeueneHTos (s, d;, r, s;),
= UCMONb3ys Tekylyl cTpaTeruio

for b = 1.

..B do

BbibpaTb MakeT b npeuefeHTOB U3 MaMATH

for u

=1...U do

for 1 = 1...N do

# PaccuuTaTb uenesBble Q-3HavyeHUA A4 KaxAoro npeuepeHTa
'

Yo = n+ 6,y maxQ (s, @), rac 5, = 8, ecnn 5. -
a;
= KOHe4yHoe COCTOoAHMe, UHa4e 657 =1,

end for
# PacyeT ¢yHKUMM MOTepb, Hampumep, C MOMOWbLW CpeaHen
= KBaApaTM4YeCcKoW ownbKM

L (9) = %Zl (yi - Q" (si: ai))2

# O6HOBNEHWe MapaMeTpoB CeTU

0 =6 - aVvy ()
end for
end for
YMeHblleHne T
if (m mod F) == © then
# O6HOBMTb MapameTpbl NMPOrHO3HOW ceTu
=0
end if

end for
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[lepnonuyeckoe 3amelnieHne MapaMeTpoB ¢ IIPOTHO3HOI CeTH KOIUel ITapaMeTpoB
cetr 6 — O6IMENPUHATHII cTTOCO06 BHITTOTHEHNST 0OHOBJIEHIH. B KayecTBe abTepHATHB-
HOTO BapHaHTa Ha KaKJIOM BPEMEHHOM Iare ¢ MO;KeT MPUCBANBATLCS CPe/lHee 3HAUCHIE
Mexy ¢ 1 0, Kak 10Ka3aHo B ypaBHeHUH (5.4). ITO U3BECTHO Kak o0HoseHue Tonska
U MOJKET TPAKTOBATHCS KaK MATKOe OOHOBJIEHUME: HA KAYK/IOM Iare napamerpol ¢ 1 0
CMEIITMBAIOTCS, YTOOBI TIOPOAUTH HOBYIO MTPOTHO3HYIO ceTh. B oTamume ot o6nosenus
samewenuem (ypasaerue (5.3)), B 9TOM ciydae ¢ U3MEHSIETCST Ha KasKIOM Iiare, HO
MejlTIeHHee, YeM 00yJaioniasicst ceTh 0:

0 0; (5.3)
o« Bo+ (1-p)6. (54)

['uriepriapameTp B yIrpaBJisieT CKOPOCTHIO MI3MEHEHUST O, OTTPe/Ieisisl, B KaKO# Mepe crapast
IIPOrHO3HAS CETh ¢ COXPAHSIETCS IPU KakIoM oOHoBIeHnn. YeM Bbilie B, TeM MeieHHee
naMengercd ¢.

Y kaxmoro u3 MoaX0J0B €CTh CBOU NMPEUMYINECTBa, M HU OJIMH U3 HUX He JIydlle
apyroro. OCHOBHOE TIPEMMYTIECTBO OOHOBJICHUS 3aMEIleHIeM B TOM, YTO OJrarogapst
HEM3MEeHHOCTH ¢ Ha HEKOTOPOM KOJIMYEeCTBe 1aroB BPEMEHHO yCTPAHSIETCS «[BUXKY-
mascs 1neib». VI naoboport, mpu obHosiennn [Tossgka ¢ mo-npekHeMy M3MeHsaeTcs Ha
KasK 701t uTepanuu o0ydenust, Ho 6ojee mocrTeneHno, yeM 0. OqHaxo mpu 00HOBIEHUN
3aMeleHneM HaOIoaeTcsa JMHAMIYECKOe OTCTaBaHie MeKIY ¢ 1 0, KOTOPOe 3aBUCUT
OT YHCJIa 1IAroB, IPOIIEAIINX TTOCIe ocae Hero 00HoBaeHus 0. Y o6HoBIeHus [Tosska
HeT 3TOi 0COOEHHOCTH, TaK KakK 3HaYeHHUe, MOJYyUYeHHOE cMelleHneM ¢ U 0, ocTaercst
ITOCTOSTHHBIM.

OIII/IH "3 HEAOCTAaTKOB ITPOTHO3HBIX CeTefI — TO, 9YTO OHN MOTyT 3aMelJIATh O6y'—IeHI/Ie, I10-
cxombky QF, (8, @) rerepupyercs crapoit npornosHoii cerbio. Ecimu ¢ 11 0 — ouenn 6m3-
KKe 3HaYeHus, 00ydyeHre MOKeT ObITh HEyCTOMYMBBIM, HO €CJIM () MEHSIETCS CIIMIIKOM
MeIJIEHHO, TO IIPoLece 00ydeHnsa MOKET ObITh O0JIee IINTEIbHBIM, YeM HYKHO. {18 1mo-
HCKA PasyMHOI'0 COOTHOLIEHIS MEKIY YCTONYMBOCTBIO 1 CKOPOCTBIO 0OYUYEHUS HYKHO
HACTpauBaTh TUIEpPIapaMeTp (4acToTy OOHOBICHHS MK 3), YIIPABJISIONMI CKOPOCTHIO
usMenenus ¢. B pasgene 5.6 nokasaHo BAMAHNE U3MEHEHUST 4aCTOTHI OOHOBJIEHUS HA
arerta DQN, oOyuatomierocst urpe Pong us Atari.

5.2. ABonHasa DQN

Bropoe ycosepuiencrsoBanue aaropurma DQN — 5To npuMeHeHnue 060UH0U 0UeHKU
1t BbIuucaenus Q- (s, a). WsBectHas noj HasBanueM deotnoi DQN, nannast Bepcust
aJIrOpUTMa pelraeT IIpobaeMy 3aBblileHts olleHOK Q-3Havenuii. CHavasa pasbepemcs,
rouyeMy B ucxoiHoM asiroputme DQN nponcxouT 3aBbiliieHre 1 TTOYEMY 9TO SBJISETCS
pobIeMoii, 3aTeM OIUIIEM €€ PEleHre ¢ TOMOIIbI0 ABoHHONH DON.
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B DON Q/, (s, Cl) CTPOUTCS MyTeM BbIOOPA MaKCHMaJIbHOU OLleHKU Q-3HAueHUsI B CO-
crostiun s’ (ypastenue (5.5)):

Ty

m(s,a)=r+ymaxQ™ (s, a')=
=7 +max (Q"e (s a),Q" (s a}),....Q" (s, a, )) (5.5)

Q-3HaueHne — 9TO OKUAAEMast Oy/LyIas oT/iada OT BbIOOpa JIeiCTBUS d B COCTOSIHUM S,

nostomy pacuer maxQ™ (s', a') mogpasymesaet BBIGOP MAKCUMATBHOTO 3HAYCHNS U3
a o

Habopa 0KUAAEMBIX TI0JIE3HOCTE (Q"e (s a), Q" (s, a}),...Q" (s, a, ))

B crarbe Deep Reinforcement Learning with Double Q-Learning [141] Ban Xac-
CesIbT U JPyTue MoKasaju, 4yTo ecan Q™ (s’, a') COZEPKUT Kakue-HuOyab ommOKuU, TO
maxQ™ (', a") Gyzer MMeTh MONOKUTETBHOE CMENeHNe 1 TOMyYeHHbIe B Pe3yabTaTe
OTleHKH Q-3HAYEHMIT OKAXKYTCSI 3aBbIIIEHHBIMI. K COKAIEHIMIO, CYIECTBYET MHOTO
npuan nerounoctn Q™ (s', a'). Annpokcumanus GYHKIHIT ¢ TTOMOTIBIO HEHPOHHBIX
ceTeil HemzleabHa, areHT MOJKET He MCCJAe0BaTh CPely MOJTHOCTHIO, Ia U caMa cpejia
MoeT ObITh 3arrymiaenoit. Takum oGpasoM, cieayer oxuars, uto Q™ (s', a') 6yner
coiepKaTh OMMOKH ¥ OLeHKN Q-3HAaueHH OKayKyTCs 3aBbllleHHBIMU. Bosiee Toro, uem
1mpe BbIGOP AEHCTBUI B COCTOSHUU §', TEM OOJIbIIIE BEPOSTHOCTD 3aBbIIEHMST OLIEHKH.
KoukperHbiit mpumep mpuBesiet B mpuMedanuu 5.1,

CoBepIlleHHO He 0YEeBU/IHO, 10 KaKO CTETIeHN 3aBBIIIEeHNE OTIeHKN (Q-3HAUeHWs SIBJIS-
ercst mpobiemoit. Hammpumep, eciivt Bce otleHKr Q-3HaueHU I ObLIM 3aBBIIIEHDBI B PABHOI
Mepe, TO areHT TOo-MPesKHEeMY Gy/IeT BRIOUPATh MPaBUIBHOE ACHCTBHUE @ B COCTOSTHUH S
1 MOXKHO OKUJATb, YTO IIPOU3BOAUTENBHOCTD He yxyamuTes. bosee Toro, u3-3a ne-
OTIpe/IEJICHHOCTH 3aBbIIIIEHUE OIIEHOK MOKET Jlake OKa3arbcs 1mose3nbiM [61]. Hampu-
Mep, B Hauasie 00y4eHust 3aBbiiiieHibie orieHku QF(s, @) JIUIsl HETIOCEEHHBIX WU PEJIKO
mocernaeMbIxX map (S, @) MOTYT TIOBBICUTH BEPOSITHOCTD UX TIOCEIIEHUS, YTO TTO3BOJIUT
areHTy y3HaTh, HACKOJIbKO OHM XOPOIIU WUJITH TIJIOXH.

Opnnaxko DQN naet 3aBbiinennbie otenku Q"(s, @) 1st nap (s, @), KOTopble TOCENaioTCs
94acTo. ITO CTAHOBUTCS TIPOOIEMON JIJIST aTeHTa, €CITH UCCIE0BAHNE MM (S, @) TIPOMCXO-
AT HepaBHOMepHO. Tor/a 3assienue oreHok Q(s, a) Takke OyieT HepaBHOMEPHBIM,
YTO MOJKET IIPUBECTH K HEBEPHOMY M3MEHEHUIO PAHKUPOBAHUS JeHCTBUN OTHOCH-
tesabHo QF(s, a). TIpu Takux 0O6CTOSATENbCTBAX d, KOTOPOE areHT CYMTAET JIYUIIUM JJIsk
BBIOOPA B §, HA CAMOM JIeJie TAKOBBIM He stBistercst. Korza 3asbiiienue oterku QF(s, a)
IPOKMCXOAUT BKyIIe ¢ o6ydenueM ¢ OyrerpannuuroM (kak B DQN), B3auMOoCBsI3aHHbIe
HeBepHBIe Q-3HaveHMst OyyT 06PaTHO PacTpoCTpaHeHbl B GoJiee paHHUE TapHI (S, a)
U BHECYT CMEIEHUE U B UX OIEHKH. B CBS3U ¢ 9TUM 11e1ec000pa3HO YMEHbIIIEHIE 3a-
BBIIIIEH WS OI[eHOK Q-3HAYEHMI.

Anroputm aBoiinoit DON yMenbiaeT 3aBbliiieHre OIeHOK (Q-3HAYeHUIT TTyTeM Ha-
CTPOWKHM ABYX OIeHOK Q-(YHKIINHU, MOJTYyUYEeHHBIX Ha Pa3HBIX IMpelejeHTax. Makcu-
Musupymoiiee Q-3HaueHue JelCTBUS @' BBIOUPAETCS ¢ TIOMOIIBIO MEPBOI OIIEHKU.
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(Q-3HaueHme, ¢ IOMOIIBIO KOTOPOTO paccuuTbiBaercs Q. (s, a), MOPOKIAETCS BTOPOI
OLIEHKOI1 ¢ MOMOIIBIO JIEHCTBUS @, BBIOPAHHOTO C MCHOJIb30BAHMEM TIEPBOI OIIEHKH.
[Tpumenenue BTopoii Q-GyHKINM, HACTPOCHHON Ha IPYIUX Ipelle/ieHTaX, yCTpaugeT
MTOJIOKUTENbHOE CMEIIeHNe U3 UTOTOBOI OIEHKH.

MpumeyvaHwme 5.1. OueHKa MaKCUManbHOIro
0)XX1AaeMoro 3Ha4YeHus

3asblilieHNe OlEHOK Q-3HAYeHMiT — 9TO YaCTHbIIT cayyaii 6osiee 0011eil XOpoLIo U3BeCT-
HOI 11pobiembl. OKuzaeMoe MaKCUMAJIbHOE 3HaYeHMe B HaGOpe OLEHOUHBIX 3HAYEHUT
“MeeT MOJIOKUTENbHOEe CMellleHre, KOT/la OlleHKH 3HaueHuii 3amymiensl [128]. B DON
MaKCHMaJIbHOE OKUaeMoe 3HauYeHue — 3TO ]E[maxQ ( @) | a 3aIIyMICHHbIE OLEHKH
noposkaaiorcs Q™.

YT06BI MOHATH TPONUCXOKIEHNE ITON TPOOIEMBI, PACCMOTPUM COCTOSTHUE S, B KOTOPOM
Q"‘ (.s, a) = () ;U151 Bcex OCTYHBIX jieiicTBuil a. [Ipeanomnoxum, uto otrienku Q-3HadeHuit
3alllyMJIEHbI, HO HEe UMEIOT MOJIOKUTEIbHOTO CMEIIEHHUs, ITO MOKET ObITh CMOAETMPOBAHO
Kak BBIOOpKa Q-3HAYEeHUIl M3 CTAaHAAPTHOTO HOPMAJIBHOTO PacIIpeesIeHNst CO CPEIHUM
sHavenveM () ¥ CTaHAPTHBIM OTKJIOHEeHEM 1.

[IpenesbHOE 3HAYEHME, HA KOTOPOE OIIEHKA IIldXQ (5 a ) Gy/ieT 3aBblllIeHa, MOYKHO HAlTH,
B35B k 3HAYEHHIT U3 CTAHAAPTHOTO HOPMAJIBHOTO pacnpesesen s i BBIGPAB MaKCUMAJIb-
noe. B atom ciyuae k mpencrasiaser KonmdecTBo AeiicTBuil a’ B coctosanuu s [locae
MHOTOKPaTHOTO IIOBTOPEHMUS HTOTO MPOIecca PACCYUTHIBACM CpeIHee 3HAYCHUE IS
BCeX MaKCUMaJIbHbBIX 3H3.LIeHI/IIk/,I7 LITO6bI OLIEHUTH OKUJaeMOe MaKCUMaJIbHOE 3HAYCHUEC
JUIS KasKJI0TO k.

B tabu. 5.1 npuBeneHbl oxkugaeMble MaKCUMasiblble sHaderus npu k = 1... 10 u BeiGopke
10 000 snauenuii A kaxaoro k. [lpaBuabHoe 3HaueHMe max Q" (s a)=0,umpuk =1
OlIeHKa O’KIIaeMOT0 3HaUeHNs1 BepHa. OfHaKO II0 Mepe yBeJII/I‘{eHI/IH k B OIEHKE MOSIBIISACTCS
Bce GoJibliiee 1oJokuTesbHoe cmenienue. Hapumep, ipu & = 2 E rnaXQ (s ) =0,56,
anpuk=10 E[max(v (s,a )} =1,53.

Ta6nuua 5.1. Oxunaaemble 3Ha4YeHns maaxQ"(s, a), korga oueHkn ansg Q7(s, a) 3awyMneHsbl, HO
He nMetoT cMellenns, a Q'(s, a) = 0 ana Bcex a. 3To BOCNpou3BeaeHne skcnepumeHta Cmuta
1 Yurknepa u3 The Optimizer’s Curse [128]

percann Bl e [Elmees )]
1 0 6 1,27
2 0,56 7 1,34
3 0,86 8 1,43
4 1,03 9 1,48
5 1,16 10 1,53
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[Ipeo6Gpasosanue DQN B apoitnyio DQN mpoucxoaut npocro. Kakue usmenenus
HY’KHO BHECTH, CTaHeT monsiTHee, ecam nepermcath QL. (s, @) B Buge ypasnenus (5.6):

Qfpon (5, @) =7+ ymaxQ® (sha)=r+yQ® (s', max Q" (s, a’)). (5.6)

B asnropurme DQN j7151 BeIOOpa IeHCTBUS @' U IOJTyYeH st OlleHKH Q-(YHKIMHU JIJIsT HETO
MCTIOJIb3YETCS O/IHA U Ta ke ceTh 0. B aBoiinoit DON npuMeHsoTcs iBe pa3Hble CETH,
0 u ¢: mepBast — uist BBIGOPA @', BTOpast — it pacuera Q-3HaueHust st (s, a'):

Q;r:DohleDQN (S’ a)r + YQ% (S,’ m{?X Q“e (S’) a,))- (57)

[TocJie BBeIEHSI TIPOTHO3HOM ceTr B pasjiesie 5.1y Hac yske ecTh iBe ceTu: oGydaeMast O
u iporrosznas ¢. O6e oHM 0OYUATICH HA TIEPECEKAIOTIUXCS TIPEIEICHTAX, HO €CITH KO-
YECTBO IMIATOB MEJKILY YCTAHOBKOH ¢ = 6 IOBOJIBHO BEJIMKO, TO Ha MPAKTHUKE OHKU PaboTatoT
0-pa3HOMY — Kak JIBe pa3uble ceTu B iBoitHOIT DQN.

Ob6yuaemas ceTb 0 ncnosbsyercs ajs BolOopa aeiictuii. Baxuo obecrnednts, 4ToObI
nocJe npeobpasoBanus B asoiinyio DOQN oHa 1mo-npekHeMy HacTpauBajia OITUMAJIb-
nyto crpareruio [141]. IIporno3Has ceTb ¢ IPUMEHSETCS IS OIEHKH ATOTO I€HCTBUS.
Crenyer OTMETUTD, YTO €CIU MeXKy ¢ 1 0 HeT pacxoxK/eHusi, TO ecTh ecau ¢ = 0, To
ypaBHeHwue (5.7) CBOAUTCS K NCXOAHOMY ypaBHeHmo 11t DQN.

Hsoitnaa DON c mpornosHoii ceTbio onyucana B aaroputme 5.2, re B crpoke 17 y, pac-
CUMTBIBAETCS C TTOMOTIBIO 06EUX ceTel, 0 1 ¢. ITO €ro eANHCTBEHHOE OTIINYUE OT AJITO-
putma 5.1.

Anroputm 5.2. [1BoiiHas DQN c ueneBov ceTbio

1: WHMUManu3aumMsa CKOpOCTU 0bByyeHusa o
2: WHuumanusauma t
3: VMHuuManuMsaumua Koan4ecTBa MaKeTOB [aHHbIX Ha war oby4eHua B
4: VHuunManusauma KonnyecTBa OOHOBMEHWUW Ha nakeT U
5: WHuumanusauma pasmepa nakeTa pAaHHbiX N
6: MHMUManMsauma nNamATU npeLefeHToB C MakKCUMajbHbiM pasmepom K
7: WHMumanusaumAa 4acToTbl OBHOBJIEHMA MPOrHO3HOW ceTu F
8: WHuMuManusauma napameTpoB ceTu 6 C/yYalHbIMU 3HAYEHUAMU
9: WHuuManusaumsa napameTpoB MporHosHon cetu ¢ = 6
10: for m = 1...MAX_STEPS do
11: HakonuTb # coxpaHuTb h npeueaeHToOB (si, a,, sg),
= LCNOoNb3yA TeKyllylw cTpaTeruwo
12: for b = 1...B do
13: BbibpaTb MakeT b npeuefeHTOB W3 MaMATU
14: for u = 1...U do
15: for 1 = 1...N do
16: # PaccunTaTb UesieBble Q-3HavYeHUA ANA KaxAoro rnpeuepeHTta
17: Vi =+ 6,yQ™ (s’i, max Q" (s, a;)], roe 8, =@, ecnn
i

=S, — KOHEYHOEe COCTOsHWe, MuHade &, = 1.
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18: end for

19: # Pac4yeT OyHKUMM MOTepb, Hanpumep, C MOMOWbH CpeAHew
= KBaApaTU4YeCKOW OWUOKM

20: L) = £ T (v -0 (s @)

21: # O6bHOBNEeHME MapameTpoB CeTu

22: 8 =6 - aVy (6)

23: end for

24: end for

25: YMeHblleHne T

26: if (m mod F) == @ then

27: # O6HOBMTb MapameTpbl MPOrHO3HOW CeTu

28: =0

29: end if

30: end for

5.3. lNMproputnanposaHHas
namATb NpeueaeHToB

[Tocaennee ycosepmencroBanne DQN — 9T0 UCTIOB30BaHUE NPUOPUMUSUPOBAHHOLL
namsmu npeyedenmos (Prioritized Experience Replay, PER), Beenentoe Iloyiom
u apyrumu B 2015 rozgy [121]. Ero ocHoBHast CyTh B TOM, 4TO HEKOTOPBIE MTPELIEIE€HTDI,
XPaHSIINECS B TaMsITh, Hosiee nHGOPMATUBHDL, ueM apyrue. Eciin MoKHO 00ydaTh areH-
Ta, BeIOUpast 6osiee MHGOPMATUBHBIE TIPEIIE/ICHTHI Yallle, YeM MeHee HH(DOPMATHBHBIE,
TO areHT OyeT YUuThCst ObICTpEe.

MOJKHO TIPEJCTABHUTD, UTO TIPH PEIICHUN HOBOTO 3alaHis HEKOTOPbIE MIPEIEAEHThI (Y-
IyT cofiepskaTh OOJIbIe CBEAEHMIT, ueM apyrue. PaccMOTprM IIpuMep: areHT-aHApO]
TIBITAETCST HAYYMThCS BCTaBaTh. B Hauase KakJ0ro aMn30/a OH WHUIMAIN3UPYETCs
cuzstum Ha nosy. CHavyasa GOJIBIIMHCTBO AeiicTBUl OyIeT NPUBOANUTD K TTaJCHUIO
areHTa Ha T10J1, ¥ JIIIb HEKOTOPbIE TIPEleIeHThI OYAyT HECTH 3HAUNMYIO HHPOPMAIIUIO
0 TOM, KaKast KOMOMHAIINST ABUKEHII CYCTABOB TTO3BOJIUT IOCTHYb PABHOBECHS U BCTATh.
Jluist TOro uTOGBI HAYYNTh areHTa BCTaBaTh, 9TH TIPEIEICHTHI BasKHEE, YeM Te, B KOTOPHIX
OH ocTaeTcst Ha oty OHU TO3BOJISIIOT areHTy O6YIUThCSI TOMY, KaK Je/IaTh IIPaBUIBHO,
a He TOMY, YTO OH MOJKET cJleJlaTh HeITPaBUJIBHO. B TO jke BpeMst MO3KHO paccMaTpUBaTh
[IPEIeeHThI, B KOTOPbIX Q™ (S, a) CHUJIbHEE BCEro OTKJIOHseTcs oT Q. (s, a). ITO Hau-
GoJiee HEOKUIAHHBIE 17 ar€HTa MPEIEAEHThI, 1 MOKHO CYMTaTh, YTO OH JOJIKEH KaK
MOKHO G0JIbIIEe 00yUaThCsT HA HUX. ATEHT MOKET YUUThCs OBICTPEE, €CIU OH TPEHUPY-
eTCs Ha 9THUX Ipelle/leHTax yalle, YeM Ha MpeleleHTax, sl KOTOPBIX OH MOKeT TOYHO
npezackaszarh Qp, (s, a). B cBete aTHX pa3MbIIeHN MOKEM JIM MBI TIPEITPUHSITH YTO-TO
JIydliliee, YeM paBHOMEepHast BBIOOPKaA TIPEIeIeHTOB 13 aMsaTu? MoxKeT GbITh, BMECTO
9TOTO MIPUMEHUTD NPUOPUMUSUPOSAlHOe OOYIeHNE areHTa?

[IpuoputusaupoBanHas MaMATh Mpele/IeHTOB OCHOBAaHA Ha 3TOU ITPOCTON U UHTYUTUB-
HO MOHSITHON W/Iee, HO MIPU PeaM3aiui TaKoro 00y4eH sl BO3HUKAET J[BE MPOOJIEMBI.
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[lepBas cBsi3aHa ¢ ABTOMATUYECKIM TIPUCBOEHUEM TIPUOPUTETOB BCEM IPEIEIEHTAM.
Bropas — ¢ a¢peKTuBHOI BEIOOPKOIL IIPeLeleHTOB U3 IIaMATH C IIOMOIIBIO 9TUX IIPHO-
PHUTETOB.

EcrecTBeHHOE pelieHne mepBoil mpodIeMbl — BBIBOJI IPHOPUTETA U3 aDCOMIOTHON pas-
noctn mesky Q (s, a)u QL. (s, @), uro ussectro kax TD-ommGka. Yem Goabire pasHuia
MEK/Ty 9TUMU JIBYMsI 3HAUEHUSAMHU, TeM OOJIbIIE HECOOTBETCTBUE MEK/LY OKUAAHUSIMI
areHTa U TeM, 4TO MPOUCXOAUT HA CJEAYIONIeM IIare, U TEM CUJIbHee areHT J0JIKeH
KODPPEKTUPOBATH Qr (S, Cl). Kpowme Toro, nociie HeCJIOKHBIX BBIUUCJIEHUN U HEOOIBIITIX
usMeHenuii B peayusanuy TD-omubka 6yaeT JOCTyIHA I/ BCEX MPEHEAeHTOB KaK
yacTb anroputMoB DQN wmm aBoitnoit DQN. Ocrtaetcd aumib BOIPOC O TOM, KaKHe
MIPUOPUTETHI TPUCBAMBATH TIPETle/IEHTaM BHauase, Korga TD-ommbka elie He[OCTyITHA.
Kax mpaBuio, 9T0 pernraeTcst yCTaHOBIEHNEM JIJIST TPUOPUTETA OOTBITOTO MOCTOSHHOTO
3HAUEHUSA, YTOOBI KAyK/ABIH U3 MPEIEICHTOR O BBIOPAH XOTS Obl O/THAK/IbL.

Ioyt ¢ KoJuTeramMul MPeIJIoKIIIN JABa BapuaHTa BHIOOPKU Ha OCHOBE GaslJIOB: PAHIKI-
POBAHHYIO U IIPOIOPLUOHAIBHYIO IpropuTH3auio. O6a Moaxoaa OCHOBaHbI Ha MHTED-
HOJIALUI MEXKIY sKaJHON IpuopuTusanueil (Bceraa BbIOMparh MpereJeHTbl ¢ CaMbIM
BBICOKUM KOJIMYECTBOM OalJIOB) ¥ PAaBHOMEDPHOU CJIydaliHON BIOOPKON. DTO rapaH-
TUPYET, YTO MPeLeIeHThI ¢ GOJBIINM KOJNYeCTBOM GaslJIOB BBIOUPAIOTCS Yallle, HO Be-
POSITHOCTB BBIGOPA JIJIsI BCEX TIPELEIEHTOB OTIMYHA OT HYJIsL. 3/1eCh paccMaTpUBAETCs
TOJIbKO METO/I IPOTIOPIHOHAIBHOM nTpuopuTn3anuu. C preTajsiMu paH;KUPOBAHHON
[PUOPHUTU3AIIK MOYKHO 03HAKOMUTBCS B ctaTbe Prioritized Experienced Replay [121].
Ecmm o, — TD-omubKa 1151 i-ro IpereenTa, € — IPOU3BOJIbHO 3aJaHHasd Majias 0JI0-
sKuTesnbHast BesnunHal u 1 € [0, o), To IPUOPHUTET IPeLeJeHTa MOKET ObITh OIIpeesieH
U3 CJIeYIONero YPaBHEHUSI:
(oo + 8)“

ne
2o +<)
j J
Koncranra € HY’KHa, /IJIsI TOTO I-ITO6I)I BCe 91IN30/1bl 61)1]11/1 BI)I6paHI)I XOTA 6I)I pa3, Koraa
(,01. =0. T OTIpEeZICJIACT CTEIICHD TPUOPUTU3AIIUI. 1| = 0 COOTBETCTBYET paBHOMepHOﬁ BbI-

GopKe, Tak Kak Bee TPEIeIeHThl Oy Iy T nMeTh mpuoputeT 1. Kak mokasbiBaet ypaBHeHue
(5.9), uem GoJibliIe 1), TEM BbIIIE CTENEHDb TPUOPUTUALUIL

P(i)=

(5.8)

1n=0,0: (0, = 2,0, 0, =3,5) - P(1) = 0,50, P(2) = 0,50);
n=0,5: (0, =20, 0,=35) - P(1) =043, P(2) = 0,57);
n=10: (0, = 2,0, 0,=3,5) - P(1) = 0,36, P(2) = 0,64); (5.9)
n=15 (0,= 20 0,=35) > P(1) = 0,30, P(2) = 0,70);
N =20: (0, =20, 0,=3,5)— P(1) = 0,25, P(2) = 0,75).

! ITa € He UMeeT OTHOIIEHNS K 8-)1(3.[[H0ﬁ CTpAaTErum — I3TO APyrasd KOHCTAHTa.
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5.3.1. Boibopka no 3Ha4MMocCTH

[TpropuTH3aIus ompeesIeHHbBIX MPEIE/ICHTOB MEHSIET MATEMATHIECKOe OKUIAHUE BCETO
pacrpe/ieJIeHUsT IAHHBIX, YTO BHOCHT CHCTEMAaTHUECKYTO OIMUOKY B TIPOIlece 00yUeHNsL.
ITO MOKET OBITh UCTIPABICHO YMHOKeHHEM TD-0mubOKY 711 BCeX MPEIEIEHTOB Ha
HabOP BECOB, UTO U3BECTHO KaK 6b100pKa no suavumocmu. Koraa sHadueHHE CHCTeMaTH-
YeCKOW OMMOKI HEBEJIUKO, HETb3sI ¢ YBEPEHHOCTBIO CKa3aTh, HACKOJIBKO a(heKTHBHA
BBIOOPKA 110 3HAUNMOCTH, BE/lb IPUCYTCTBYIOT U APYTHE (haKTOPBI, TAKKE KaK 3allyMJIeH-
HOCTb JIEUCTBWI WM CUJTLHO HECTAITMOHAPHOE paciipesiesieHre JaHHbIX. OHI MOTYT BJIU-
SITh CUJIbHEE, YeM HeGOJIbIast CHCTeMaTHYecKast OMnbKa, 0COOEHHO Ha PAHHUX dTaax
obyuenust. ITloy ¢ kosmeramu [121] IpeamonoKuiu, 4To UCIIPaBIeHIe CHCTEMaTIHYe-
CKOM OMIMOKM MMEET 3HAUCHIE JIUIIb B KOHIIE 00yUeHMsI, U TIOKA3aJI HEOHO3HAUYHOCTh
adderTa oT ee ucpasieHUss. B oHUX caydasx BBeJeHUE BHIOOPKHU O 3HAYMMOCTH
MIPUBEJIO K MOBBINIEHUIO TIPOU3BOANTEIBHOCTH, B IPYTHX — pasHuIla Obljia HeBETHKA
JiuGO TIPOU3BOIUTEIBHOCTD YXYAIIanach. J[Jist IPOCTOTHI B peaiusaiini, 06CyKIaeMoi
B 3TOi1 ry1aBe, BBIGOPKA 110 3HAYMMOCTH ObLjTa omyIieHa. 3a 6oJjiee oaApoOHO nHMOD-
Marueit obparaiitech K crarbe Prioritized Experience Replay [121] u nextmn 4 (https://
youtu.be/tWNpiNzWu08) st kimacca Deep Reinforcement Learning Ceprest Jlesuna [74].

OueBUHBIM PellieHneM JIJist 100aBIeHNsI TPUOPUTU3UPOBAHHON MAMSITH TIPEIE/IEHTOB
aBisieTcst pacumpenue apoiinoit DQN c ajroputMoMm 1porHo3noii cetu. /s aToro He-
06XO0/IIMO BBITIOJIHUTD YEThIPE U3MEHEHUSI.

1. B mamsitu mperesenToB I KyKI0TO TIPereileHTa Hy;KHO XPAHUTD JAOTIOJTHUTEIbHBIN
3JIEeMEHT — ero npuoputeT (cTpoka 14 amropurma 5.3).

2. BbibopKa MaKeTOB U3 TaMSITH JIOJZKHA TPOUCXOAUTD TIPOHOPIIHOHAIBHO MX TIPHOPU-
Tetam (cTpoka 16).

HyskHo paccumtbiBaTh 1 XpaHuTh TD-ommOKu 1s npelenenTos (crpoka 22).

Haxower, ciemyer uctosibzoBars TD-ommubKu i/1st 00HOBJICHHUST TPUOPUTETOB COOT-
BETCTBYIONIUX IperieieHToB B mamsitu (ctpoku 29 u 30).

AnropuTM 5.3. [1BoiiHas DQN ¢ LieneBolt CeTbio 1 NPUOPUTU3UPOBAHHBIM GydepoM NOBTOPEHMIA

1: WHWMuManu3aums CKOpoCTU 0byyeHua a

2: WHuumanusauma t

3: WHWumanusauma Konum4yecTBa MakeTOB AaHHbIX Ha war obyyeHwua B
4: VHuunanusauma kKoanyecTBa OBHOBAEHWMW Ha nakeT U

5: WHuumanusauma pasmepa nakeTta pgaHHbiX N

6: MHMUManMsauma namATW npeuefeHToOB C MakKCUMalbHbiM pa3mepom K
7: WHMUManu3auusa 4acToTbl OBHOBNAEHUA MPOrHO3HOW ceTu F

8: MHuMuManmsauma mMakcumanbHOro npuoputeTta P

9: WHuumanusauma €

10: WHuumManusaumAa napameTpa NpUOpUTU3ALMUU N

11: WHuMumManusauma napameTpoB ceTW O cayYaiHbiMU 3HAYEHMAMM

12: WHuumanusauus napameTpoB MporHosHon cetn ¢ = 6

[y
w

for m = 1...MAX_STEPS do
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14: HakonuTb u coxpaHuTb h npeueaeHToB (%, a;, ry, Si, pJ, rae p, = P
15: for b = 1...B do
16: BblbpaTb MPUOPUTU3UPOBAHHBIA MakeT b npeuefeHTOB U3 NaMATH
17: for u = 1...U do
18: for 1 = 1...N do
19: # PaccuuTaTb ueneBble Q-3Ha4vyeHUA AN1A KaxAoro npeueneHTa
20: Y. =n+ GS&VQ"“’ (s;, max Q™ (s, a;)), rae 8, = 0@, ecau
= S, — KOHEYHOEe COCTOAHWEe, MHa4ye 5, = 1.
21: # PaccuuTaTb abconwTHyw TD-owubKy ANSA Kax[oro npeuefeHTa
22: w, = |y, - Q% (sis ay)|
23: end for
24: # PacyeT QyHKUMM MOTepb, Hanpumep, C MOMOUbH CpeaHel
= KBaApaTW4YeCcKoW ownbKm
2
25: L(®) = T3, (v - 0" (s0 @)
26: # O6HOBNEHME MapameTpoB CeTu
27: 8 =6 - av (8)
28: # OnpepeneHve nNpuMopuTeTOB ANA BCeX MNpeueneHTOB
n
29: = (|wi| + E)
t n
j wi|+ E)
30: O6bHOBNEHME 3HAYeHWA MPUOPUTETOB B NaMATU NpeLefeHTOB
31: end for
32: end for
33: YMeHblleHne T
34: if (m mod F) == © then
35: # O6HOBMTb MPOrHO3HYW CeTb
36: o =0
37: end if
38: end for

5.4. Peanuzaums ynydweHHon DQN

B arom pasnene npejcrasiena peasusaius DQN, B KOTOPYIO BKJIIOYEHbBI TIPOTHO3HAS
cetb u anroputm nBoitHON DQN. [IpnoputnampoBanHas maMsTh IPere/IeHTOB Peasin-
30BaHa Kak HOBBI KJIacC MaMsATH PrioritizedReplay 06aBJICHUEM BCETO HECKOIBKIX
CTPOK Kojta B calc_qg_loss.

Namenenusd B anroputme DOQN peanuzoBansl B kiiacce DQNBase — rmoToMke VanillaDQN.
Bouibiiiast 4acTh Kojia MOKET ObITh UCTIOIb30BaHA MOBTOPHO, HO HYKHO U3MEHHUTH init_
nets, calc_q_loss u update.

Yt00bl caenaTh pasiaudnbie BapuadThl DON 1 CBg3b MeXkKAy HUME Kak MOKHO 0oJiee
MOHSATHBIMU, KAXKJIOW BEPCUU TIPUJIAETCSI B COOTBETCTBUE OT/IEIbHBIN KJIacC, JajkKe ecin
B KOJ] He HY’KHO BHOCUTD HUKaKUX fgonoaHeHnit. [loatomy DON ¢ mpoTHO3HBIMH CeTsI-
MU peasin3oBaHa B kacce DQN, pacimupsitoniem DQNBase. A nBoiinasgs DQN peasmzoBana
B DoubleDQN, KOTOPBIA, B CBOIO OUYepeh, paciupsieT DQN.
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5.4.1. UHnumanm3aumsa cetu

NmeeT cMbICT BKpaTIle PACCMOTPETh MeTO/] init_nets u3 DQNBase (ucTuHr 5.1), Tak
KaK B HEM TTOKA3aHO, KaK TIPOUCXOANT PabOTa € ABYMST CETSIML.

B crpokax 12 u 13 cetu nHUIMATU3UPYIOTCS. self.net — 310 00yUaeMasi ceTh ¢ mapa-
MeTpamu 0, a self.target_net — nporuosuas ceTb ¢ napamerpamu ¢. Kpome toro, ectnb
IBa apyrux atpubyTa Kiaacca: self.online_net u self.eval_net (ctpoku 16 u 17).
B 3aBucmMocTH OT 3amymeHHOTo Ha BeIosTHeHNe BaprnanTa DOQN self.online_net
n self.eval_net ykasbiBaioT anbo Ha self.net, mubo Ha self.target_net. Ouu MOLYyT
YKa3bIBaTh U HA Pa3Hble CETU: OMWH — Ha self.net, a Apyroit — Ha self.target_net.
bararomapst TakoMmy moaxoy MOKHO JIeTKO TepekJtodatbes Mexay DON u aBoii-
Hoit DON ¢ mporHo3Hoii ceTpbio, MeHsIS ceTh, KOTOpasd MpucBoeHa self.online_net
u self.eval_net. B DQNBase oHI 06a yKa3bIBAIOT Ha IPOTHO3HYIO CETh.

JNinctunr 5.1. Peanuzaums ynydweHHo DQN, nHMUManusauus cetei

1 # slm_lab/agent/algorithm/dgn.py

2

3 class DQNBase(VanillaDQN):

4 ..

5

6 @lab_api

7 def init_nets(self, global_nets=None):

8 e

9 in_dim = self.body.state_dim

10 out_dim = net_util.get_out_dim(self.body)

11 NetClass = getattr(net, self.net_spec['type'])

12 self.net = NetClass(self.net_spec, in_dim, out_dim)
13 self.target_net = NetClass(self.net_spec, in_dim, out_dim)
14 self.net_names = ['net', 'target_net']

15 .

16 self.online_net = self.target_net

17 self.eval_net = self.target_net

5.4.2. PacueTt Q-dyHKUMN NOTEPDL

B calc_qg_loss (suctunr 5.2) ectb ABa OTJINYNS OT HexoaHoH peanusaiuun DON: pacuer
Q%(s', a") m 06HOBIEHNE IIPUOPUTETOB IIPELIEAEHTOB B IIAKETE.

A
Cuauana paccuntsiaeM Q" (s, @) 1u1s1 Beex feficTBuii @ BO BCeX COCTOSIHUSIX B TIAKETE
(ctpoka 9) u BeiOMpaeM jielicTBre, MaKCUMU3UpYyoliee Q-3HaueHue It KayKI0TO U3
COCTOSTHUH S.

3arem paccuntssaem Q (', @') a7ist Beex eHCTBII @’ BO BCeX COCTOSHUAX §' B TIaKeTe.
ITO BBITIOJIHSIETCS JIBAK/IBI C TIOMOTILIO self.online_net n self.eval_net (CTpO-
ku 11-14). /lasee Boibupaem jieficTere, MakcUMuU3upyiotee Q-3HadeHue, JJIs KasK10ro
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COCTOSTHUS S’ € TIOMOTITbIO self.online_net u coxpansieM B online_actions (cTpoka 16).
[Torom mpumensieM self.eval_net /st BoiGopa Q-3HaueHUH, COOTBETCTBYIONINX ITHM
neiicrBusaM (ctpoka 17). max_next_q_preds — 970 olleHKa i Q (s’, a’).

Pacuer Q[ (s, a) (ctpoxa 18) u q_loss (ctpoxa 20) Takoii )ke, Kak B UCXOAHOMN peasn-
zaruu DQN.

[l TpUOPUTU3NPOBAHHOM MAMSITU TIPEIE/IEHTOB JIOTIOJTHUTENbHO paccuuTbiBaeM TD-
OHIMOKY JIJISt BCEX TPELEIEeHTOB B TTakeTe (cTpoka 23) 1 UCIIOJIb3yeM 9TH 3HAUEHUST ISk
0OHOBJIEHUSI IPUOPUTETOB (CTPOKA 24).

JiuctuHr 5.2. Peanunzaums ynydweHHo DQN, pacyeT Q-cyHKLMM NoTepb

1 # slm_lab/agent/algorithm/dgn.py

2
3 class DQNBase(VanillaDQN):
4
5
6 def calc_qg_loss(self, batch):
7 states = batch['states']
8 next_states = batch['next_states']
9 g_preds = self.net(states)
10 with torch.no_grad():
11 # online_net ucnonb3yeTcs ans Bblbopa AenNCTBUI
= B C/efynuwemM COCTOSHUU
12 online_next_qg_preds = self.online_net(next_states)
13 # eval _net npumeHseTcs gna pacyeTta next_qg_preds
= 1A AeicTBUil, BblbpaHHbIX online_net
14 next_qg_preds = self.eval net(next_states)
15 act_qg_preds = q_preds.gather(-1,
= batch['actions'].long().unsqueeze(-1)).squeeze(-1)
16 online_actions = online_next_q_preds.argmax(dim=-1, keepdim=True)
17 max_next_q_preds = next_q_preds.gather(-1,
= online_actions).squeeze(-1)
18 max_qg_targets = batch['rewards'] + self.gamma *
= (1 - batch['dones']) * max_next_qg_preds
19 ce
20 g_loss = self.net.loss_fn(act_q_preds, max_q_targets)
21
22 if 'Prioritized' in util.get_class_name(self.body.memory): # PER
23 errors = (max_q_targets -
= act_qg_preds.detach()).abs().cpu().numpy()
24 self.body.memory.update_priorities(errors)
25 return g_loss

5.4.3. O6HOBNEHNE MPOrHO3HOWN CETU

[Tocae kask0T0 MIara 00y4eHNst BBI3bIBAETCS METO/I update ajIropuTMa, B KOTOPBIH 10-
6aBJjieHO OOHOBJIEHKE IPOrHO3HON CeTH, IPUBEAEHHOE B JIUCTUHTE 5.3.
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Peanmuzarus nipoctast. Eciin mpuMeHsietcst 0GHOBJICHHE 3aMellleHIeM, To self.net Ha-
psIMyIo Kormpyetcs B self.target_net (ctpoku 13 u 14, 21 u 22). Ecsii ucnionbayercst
obuosenve [lossika, TO pacCYNTHIBAEM CPETHEB3BEIIEHHOE 3HAYCHHUE JIJIST KasK/[OTO U3
mapameTpoB self.net u Tekymieil self.target_net. 3aTeM HCIOJIb3yeM MOJyYEHHbIE
pesyJibTathl 11 00HOBJIeHUs self.target_net (ctpoku 15 u 16, 24—26).

JucTuHr 5.3. Peanusaums yny4weHHolt DQN, 06HOB/EHWe NapaMeTpoB
MPOrHO3HOM CeTH

1 # slm_lab/agent/algorithm/dgn.py

2
3 class DQNBase(VanillaDQN):
4 .
5
6 @lab_api
7 def update(self):
8 self.update_nets()
9 return super().update()
10
11 def update_nets(self):
12 if util.frame_mod(self.body.env.clock.frame,
= self.net.update_frequency, self.body.env.num_envs):
13 if self.net.update_type == 'replace':
14 net_util.copy(self.net, self.target_net)
15 elif self.net.update_type == 'polyak':
16 net_util.polyak_update(self.net, self.target_net,
= self.net.polyak_coef)
17
18
19 # slm_lab/agent/net/net_util.py
20
21 def copy(src_net, tar_net):
22 tar_net.load_state_dict(src_net.state_dict())
23
24 def polyak_update(src_net, tar_net, old_ratio=e.5):
25 for src_param, tar_param in
= zip(src_net.parameters(),tar_net.parameters()):
26 tar_param.data.copy_(old_ratio * src_param.data +

= (1.0 - old_ratio) * tar_param.data)

5.4.4. DQN c NpOrHO3HbIMKN CETAMMU

ZIJIH peanm3ann DQN C IIPOTHO3HbIMU CETAMU HE Tp66yeTCH HMWKaKOTI'O JIOITOJTHUTEIb-
HOT'O KO/Ia, KaK ITOKa3aHO B JIMCTUHTEC 5.4.

DON ssisiercst moromkom DQNBase, a u3 sinctunra 5.1 BUHO, 4TO B HEM ITPOU3BOIUTCS
uHUIMaan3aius self.target_net, npucBauBaeMoii self.online_net u self.eval_
net. CieoBarenbto, B calc_q_loss s pacyera Q. (s, a) HUCIOJIb3YETCA OJHA CETh
self.target_net.
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JNnctuur 5.4. Knacc DQN

1 # slm_lab/agent/algorithm/dqgn.py
2
3 class DQN(DQNBase):

@lab_api
def init_nets(self, global_nets=None):
super().init_nets(global_nets)

N o v b

5.4.5. BoniHas DQN

W3 mictunra 5.5 BuaHo, uto Double DQN nacienyer DQN. Ilpu nHUIIManusanum ceTei
B init_nets mepemenHoi self.online_net npucBamBaercs self.net, a mepeMeHHON
self.eval_net — self.target_net (cTpoku 18 u 19).

Teneps npu pacuere Q. (s, a) 1151 BbIOGOpa seiicTBug a' npuMenserca self.net, Tak
Kak self.online_net ykasbiBaeT Ha Hee. self.target_net onenuBaer Q-3HaYeHUs /s
(s, a"), mMOCKOTbKY Ha Hee yKa3biBaeT self.eval_net.

JNnctmHr 5.5. Knacc DoubleDQN

1 # slm_lab/agent/algorithm/dgn.py
2
class DoubleDQN(DQN):

3
4
5 @lab_api

6 def init_nets(self, global_nets=None):
7 super().init_nets(global_nets)

8 self.online_net = self.net

9 self.eval net = self.target_net

5.4.6. MNpuopnTtn3npoBaHHas NaMsaTb NpeueaeHToB

ITpuopuTu3upoBaHHAS NAMSITH IPEIEIEHTOB U3MEHSIET MOPSIIOK BBIOOPA TIPEIIE/IEHTOB
U3 TIaMsITH, 4TO roBbiiaeT ahdextuBHOCTh BHIOOPKH B DQN. B arom paszese mosic-
HSIIOTCST UJIEN, JIEKAIINE B OCHOBE TIPHOPUTHU3UPOBAHHOMN MaMSITH MIPEIeAEeHTOB, 06Cy-
JKIaBieiics B pasjese 5.3. Kak u paccMoTpenune Ipyrux KIacCOB MaMSITH, €F0 MOKHO
[POILYCTUTH IIPU TIEPBOM ITPOYTEHUM — ITO HE IOMEIIAET OHATH yiyurieHus: B DON.

g peamuzanun PER HysxeH HOBBIN Kytace mamsiTh PrioritizedReplay. Bosbimas acts
€T0 KO/Ia — Ta JKe, YTO Yy KIacca maMsT Replay, KOTOPBIH oH paciupsieT. Tem He MeHee
Tpebyercs 106aBUTh TpY (DYHKIMI: XPaHEHUe [IPUOPUTETOB, 0OHOBJIEHUE TIPUOPUTETOB
U TIPOTIOPIIMOHATIBHY0 BEIOOPKY.

e Xpanenue npuopureroB. [IperenenT 1o/ken conepkarb CBOI IIPUOPUTET, U JLJIS
TOTO, 4TOOBI €T0 OTCJEKUBATH, HYKHO CO3/IaTh JAOMOJHUTEIbHBIN Oydep B maMsaTH



nasa 5. Yny4ywerve DQN 151

MpereIeHTOB. ATO MOKHO C/IeJIaTh, MepeorpeesnB QYHKIUU __init__, reset
1 add_experience B KJjacce IamM4aTu Replay.

e OoHoBeHHe mpuopHuTeToB. Ha Kaxkm0M aTare 06yJIeHnst areHTa MPUOPUTETH BCEX
MIpeTie/IcHTOB MOTYT MEeHAThCsA. BBeneM HOBYIO (hyHKITMIO update_priorities mis
U3MEHEHUA IIPUOPUTETOB IIPELEJCHTOB B IIaMATU U OTCJICKUBAHUS UH/CKCOB B IIAKe-
Tax, KOTOPbIe ObLIN BBIOPAHBI CAMBIMIE TTOCIEAHUMHU, YTOOBI 3HATD, KAKOI MPEIEACHT
HY/KHO OOHOBIISATD.

o IIponopuuoHaibHas BEIOOPKA. ITO camas CJI0KHas yacTh peanusanun PER. Ipe-
eJIEHTHI JIOJDKHBI BBIOMPATHCSI B COOTBETCTBUH € UX TIPUOPUTETAMU, HO, TAJKE ECIIH
MaMSATh OY€Hb GOJTBINAs, TaKas BHIOOPKA BCE PABHO JOJIKHA BBITIOMHITHCS OBICTPO,
4To6bI He 3aMeIATh obyuenue. CrefoBaTebHO, HY5KHO Mepeorpe/ie/iuTh sample_
idxs m co3math AT XpaHEeHUsT TPUOPUTETOB HOBYIO CTPYKTYPY JaHHBIX SumTree,
4To6BI BEIGOPKA OCcTaBamach a(hGeKTUBHON MPHU yBearmdeHrn pasMepa mamsarti. Cie-
JIyET OTMETHTD, YTO B TTAMSITH Replay Takoil pobJieMbl He BOSHUKAJIO, TaK KaK BCE
HHJIEKCHI BEIOUPATNCH CITyYaiHo.

[lanee MbI cHauasa 06cy,/:[I/IM HOBYIO CTPYKTYpPY /aHHBIX SumTree 1 IIOTOBOPUM O TOM,
B ueM ee 11oJib3a [ peasnnsanuu PER. 3atem enie pa3z paccMOTpuM Kjacce naMaTH
PrioritizedReplay U TO, KaK OH peaausyer GyHKIuu, HeoOxoaumbie 1y PER.

B anropurme 5.3 6bLJI0 IPOJEMOHCTPUPOBAHO, KAK IPOCTO MOCYUTATH AOCOMOTHYIO
TD-ommbky mesxay Q™ (s, a) u QF, (s, a) wnst Beex npenesientos B nakere. B ypasme-
1uu (5.8) 6bLIO MOKazaHo, Kak MpeobpasoBaTh 9Ty Bednny ommbku (06o3HaueHa |m|)
B IPUOPUTET JIJISA KAYK/IOTO U3 DIIEMEHTOB.

JIist pacgeta MpUOPUTETA OTHOTO TIPETEIEHTa TPEOYETCS CIAEANUTD 32 MI3AMEHEHUSIMU CYM-
n
MbI HEHOPMAJIM30BAaHHBIX TPUOPUTETOB zj(|0) i ‘ + 8) (3namenaresb B ypasrennu (5.8)),

KOTOpasi BBIYUCIISAETCA TI0 BCeM IperieieHTaM B amsaTu. [lonyuns Bee npuoputetsl P(7),
MOKHO TIPOU3BOJIUTD BHIOOPKY, PYKOBOJICTBYSICH UM,

paCCMOTpI/IM C]IelIyIOH.[I/Iﬁ IIoAXO0/ K BbI60pK€ ITaKeTa IIpPerneieHTOB.

n
1. TIpeoGpasyem ajroputm 5.3, 4TOOBI CJAETUTH 32 U3MEHEHUSIMU Zj(‘(’)j|+8) . lpu

n
O6HOB]I€HI/II/I IIPUOPHUTETOB CHaAYaJIa paCCYUTbIBAEM N3MECHECHNE Zj(’wj| + 8) , I{'1’06131

MTOJTYYUTh TIPABUJIbHOE 3HAYEHNE.
n
CiryuaiiHo paBHOMEPHO BBIOUPAEM YHCJIO X U3 TPOMEKYTKA 0T 0 110 Zj(lw j| + 8) .

BboinosiHseM 06X0/] BCeX MPeLeeHTOB B AMSITH, BLIYKCISAS CYMMY BCEX |(1),.| + €, omy-
YEHHBIX /[0 9TOTO MOMEHTA.

k
4. Ecnn Zi (lcoi| + 8) > x, npekparaeM 00xoz1. Fuzekc k rekyiiero o, + € coorsercrByer
[pereeHTy, KOTOPbI JI0JIKeH OBITh BBIOPAH U3 TIAMSITH.

[TosTOpsieM mmiaru 3 U 4 10 TeX 1op, MOKa He GY/IeT TOIYY€eH MOHbIN MaKeT HHIAEKCOB.

CrpouM TakeT MPeTeeHTOB ¢ TIOMOIIBIO NHIEKCOB, OTIPEIeJIEHHBIX B ITYHKTE 5.
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B aTom MeTozie TIpere/IeHThl BEIGUPAIOTCST M3 TTaMSATH COTJIACHO X NMPHOPHTETY, TI0-
CKOJIbKY 3HAUEHUS X PACTIPe/Ie/ICHBI paBHOMEPHO MeskIy O 1 Z (|0) | + s) Yem Gotbliie
|u)| + €, TeM 6OJIbIIe 3HAYECHUI U3 MHOKECTBA X Oy/IeT IPUHUMATD j-H NPENEIEHT 1 TEM
Gobiie BEPOSITHOCTD TOTO, UTO 3TO OY/IET MPETIE/IEHT, KOTOPHIA MEHSIET Z (]03 ) <x
Haz (|0) |+s)>x

ITpoGiiemMa ¢ 3TUM TMOAXOAOM B TOM, 4TO OH MEJIJIEHHBII, TOCKOJBKY JIJIST OIPEICICHUST
HHJIeKCa k TIperie/ieHTa, KOTOPbIi HYKHO BBIGPaTh, TpeGYETCs TIOCIe0BATEIBHBIN 06-
XOJI BCEX JIAHHBIX B TaMATH. Ero BeraucauteabHas clIokHOCTh O(n), TIe 1 — TeKyInii
pasmep namsitu. [Ipu BEIOOPKe MakeTa MpereieHToB MPOoIece 0JIKEH ObITh MTOBTOPEH
N (pasmep maxera) pas.

ITaMsITh MOJKET COMEPIKATH MIJITHOHDT 3JIEMEHTOB, 2 BO BPEMST 0OYUEHIIST areHTa BHIOOPKA
MAKETOB IIPOUCXOIUT OUEHD YacTO. MeTo | BBIOOPKHU, TIPH KOTOPOM BBITIOJITHSIETCSI TIEpe-
6Op BCex MPEIeICHTOB, 3HAYUTETHHO 3AME/ITUT OOYUEHHUE: €CITIM PaHbIIle OHO [TUIOCH
YaCchl WJIK JIHH, TO TETEPb OYYT YXOAUTD HEJIEIH.

B kauecTBe aThbTePHATUBHOTO BapUAHTA JIJIsT XPAaHEHUS TPUOPUTETOB MOKHO BOCITOJB30-
BaThCst GUHAPHBIM JIEPEBOM TIOUCKa (Sum tree), 3HAUCHUS B POJIUTEIBCKUX y3JaX KOTO-
POTO PaBHBI CyMMaM 3HAYEHUIT UX IOYEPHUX Y3JI0B. DTa CTPYKTYPa JaHHBIX TO3BOJISIET
IPOM3BOJNTH BRIOOPKY MPeIeIleHTOB ¢ BRUCIHTebHOI coxuocThio O(log, n) BMecTo
O(n), uto 06Cy)IAeTCS B IPUMEYaHIK 5.2, TO 3HAYUTEIbHOE YJIyYIlleHHe, eCJI 00b-
eM namaTi 60sibiioit. Hanpumep, ecim B mamsaru cogepskurcs 1 000 000 nperegenros,
TO JUIs1 BBIOOPKH MHeKca noTpebyercs b 20 maros, Tak kak log,(1 000 000) = 20,
Bmecto 1 000 000 ripu Xy t1ieM ciieHapUH, KOT/Ia TPOUCXOIUT UTePAITUs TI0 BCell TTaMsITH.

NMpumeuyaHue 5.2. BuHapHoe AepeBo, B KOTOPOM BCe Y3/bl,
KpoMe JINCTOBbIX, coaepXxaTt CyMMbl 3HAUYeHu| CBOUX AOYEepHUXx y3nos

IT0 GUHAPHOE IEPEBO MOUCKA, B JIMCTHSIX KOTOPOTO XPAHSTCSI IIPUOPUTETBI TIPEIEAEHTOB,
a BCe BHYTPEHHUE Y3JIbl COIEPIKAT CYMMbI 9JIEMEHTOB UX JI0UepHUX y3J10B. Clle[0BaTeIbHO,
B KOpHe Oy/IeT HAXOAUTHCSI CyMMa 3HAUEH Wi (‘m ‘+ a) 4 9TO U eCTh 3HAMEHATEJb B YPaB-
nennn (5.8).

Buraromapst Takoii CTpyKType fiepeBa orncKa BEIO0PKa MPEIeIEHTOB COTJIACHO UX MTPUO-
purteram ynpottaercst. CHavyana ciydailHo paBHOMEPHO BbIGUpaeM 4uciio x Mesky 0
u z](‘o7| + s)n, rocJie/iHee 3Ha4eHne MOKHO ITOJIyYUTh 3a ITOCTOSIHHOE BPEMS, 3alIPOCUB
9JIEMEHT B KOPHE JlepeBa. 3aTeM CILyCKaeMcs 110 JiepeBy J10 jiucta. Perrenue o ToM, Kakoit
JIOYePHUTT y3esr BRIOPATh, PABBIiT UJIH JIEBbIH, IPUHUMAETCST cie/tyionmm o6pazom. Eciu
x <= node. left_child, BbiGupaeMm JIeBbII JOUYEPHUI Y3 U yCTAaHABJIMBAEM €TI0 B KAUeCTBE
TeKyIIero y3aa. B mpoTuBHOM ciryyae IpucBanBaeM x = x - node.left_child u ompesensi-
€M TIpaBblif JouepHuil y3es Kak tekynuii. [Tosropsem aty nporenypy, moka He 10CTUrHEM
JIMCTOBOIO 9JIEMEHTa, M BO3BPalljaeM ero MHIEKC.

Y106bl OHSAT, I0YEMY 3TO JA€T IIPOIOPIUOHAIBHY O BBIGOPKY, PACCMOTPUM IIPUMED LISt
HECKOLKUX 9sieMeHToB. Ha puc. 5.1 mpuBenen mpuMep st MIeCTH 9JIEMEHTOB, COOTBET-
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n
CTBYIOIIUX TTECTHU TIPEIIC/ICHTaM. 3HaueHust (|C\)] ‘ + 8) JIJIA BCEX 9JIEMCHTOB ITOKa3aHbl B JIN-

CTOBBIX y3JIaX BHU3Y jiepeBa u paBubl (5, 25, 10, 0, 35, 24). ZI(|wj‘ +e)]1 =99 naxogurca
B KOpHE, BBEPXY JlepeBa.

Ecsu x Boibupaercst ciyvaiitno paBaomepro meskay 0 1 99, To 3HaueHUs X, 11 KOTOPBIX
Gy/tyT BHIOPAHbI BCE 9IEMEHTDI, IOKA3aHbl HUXKE KK/IOTO JIUCTa BMECTE C COOTBETCTBY-
TOIIAM KOJIMYECTBOM BBIGOPOK KasK/IOTO 3IEMEHTa, BBIPAKEHHBIM B TIpolieHTax. Yem Gosibiiie

n . . n

(|(n ; ‘ + 8) , TEM Jallle BBIOMpaeTcst ameMenT i. Harprmep, TIsIThIi a1eMeHT ¢ (|cof ‘ + 8) =350y-
0 )

JIeT BEIOUPAThCsT B 35 % CJIydaes, TOT/IA Kak TPETHiT ¢ (‘60 j| + 8) =10 — mmmms B 10 % coryyaes.

Ha puc. 5.1 mokasan Takske CIyCK 110 iepeBy mpu x = 37. V13 KOPHS TIepPEX0NM B JICBbIi
JIOUepHUii y3e1, Tak Kak ero sadenue 40 6osbie, uem x (x < 40). Hasee x > 30, nosromy
[Iepexo/IMM B IPaBbIil ouepHuil y3es co 3HadyenueM 10 u ycranaBaubaem x — 30 = 7.
Haxounerr, cpasauBaem 7 n 10 u, mockosbky 7 < 10, BbIOMpaeM JI€BbIH J0UEPHIIT 9JIeMEHT
u jlocturaeM Jimcra. MHjeke aToro Jicta 3, ero Mbl B UTOTe U BHIOUPAEM.

x=37

x=37-30=7

Homep

31IeMeHTa x 1 2 3 4 5 6
x4acToTta 0-5 6-30 31-40 - 41-75 76 - 99
BbIOOPKM % 6 25 10 0 35 24

Puc. 5.1. biHapHoe AepeBo U3 LWECTU 3N1EMEHTOB, B KOTOPOM BCE Y3/1bl, KPOME JINCTOBbIX,
coaepXaT CyMMbl 3HaUYEHUI CBOUX [OYEPHUX Y3/10B

Ternepb KOJMYECTBO MIATOB TIPY BHIOOPE WHJEKCA MPEIEeHTa, BKIIOYAEMOTO B IIAKET,
paBHO BBICOTE GUHAPHOTO JiepeBa, To ecTh log, n. Hampumep, ecin B maMsaTH Haxo-
mutest 100 000 mperneneHToB, TO BbIOOPKaA MHAEKCA MPOU30iiAeT 3a 17 maros, Tak Kak
log, (100 000) = 17.




154 Yactb I e ANropuTMbl, OCHOBaHHbIE Ha CTPaTErmsax 1 None3HoOCTAaX

Munnuaimsanyst maMsaTi ¥ YCTAaHOBKA HAYAJIbHBIX 3HaYeHuit. B jmcrunre 5.6 _ init_
BBI3bIBAET COOTBETCTBYIOMIUI MeTo | 13 6azoBoro kiacca (crpoka 13), KoTopbiil HHMIMA-
JIU3UPYET MePEMEHHBIE KJIACCa, BKJOYAs KIIOUYHM XPaHUIua. B mamsaru Priori-
tizedReplay TaksKe HY;KHO XPAHUTH TPUOPUTETHI U HHUITHATM3UPOBATH OUHAPHOE Jie-
PEeBO. JTO ITPOU3BOUTCS MYTEM IIEePEOTIpe/ie/IeHUsT KToueli XpaHuiuiia self.data_keys
¢ 1o6GaBICHNEM elIle OJTHOTO AJIEMEHTA JIJIst TPUOPUTETOB (cTpoka 18) 1 mocemnyoIero
MTOBTOPHOTO BbI30Ba self.reset (cTpoka 19).

reset BbI3bIBAET aHAJIOTUYHBIN MeTO/ 6a30BOr0O KJacca U AOMOJHUTENIbHO WHUIMAIN-
3uUpyer jiepeBo rnoucka (crpoka 23).

JNinctuHr 5.6. MpropuTanpoBaHHas NamsTb NpeLeaeHTOB, MHULMann3aumns 1 ycTaHoBKa
repBoHaYanbHbIX 3HaYEHUI

1 # slm_lab/agent/memory/prioritized.py

2

3 class PrioritizedReplay(Replay):

4

5 def __init_ (self, memory_spec, body):

6 util.set_attr(self, memory_spec, [

7 'alpha’,

8 'epsilon’,

9 batch_size',

10 'max_size"',

11 'use_cer',

12 D

13 super().__init__ (memory_spec, body)

14

15 self.epsilon = np.full((1,), self.epsilon)
16 self.alpha = np.full((1,), self.alpha)
17 # pobaBneHve CKaNApPHON BeUYMHbI

= nnAa npuoputeToB 'priorities’ B kawum data_keys
= |1 NOBTOpPHbLIN BbLI3OB reset

18 self.data_keys = ['states', 'actions', 'rewards', 'next_states’,
= ‘'dones', 'priorities']

19 self.reset()

20

21 def reset(self):

221 super().reset()

23 self.tree = SumTree(self.max_size)

XpaHeHue npuoputeToB. B snctunre 5.7 add_experience cHavyasia BbI3bIBAET METO]
6a30BOTO KJacca Jid gobaBJieHns B IaMdTh KopTeskeil (state, action, reward, next_
state, done (cocrosHue, JlelicTBUe, BO3HATPAXK/IEHIE, CJE/IYIOlee COCTOsIHUE, (Jiar
BbinosiHEHUs ) ) (cTpoKa 7).

3aTeM HY’KHO TIOJIyYUTh IPUOPUTETHI IIPEIEAECHTOB A/ 3afaHHbIX abcommoTHbIX TD-
ommbok error (cTpoka 8). 31ech UCIOIB3YETCsT OJJHA 9BPUCTUKA: HOBBIE IIPEIIEAEHTHI,
ckopee Bcero, OyayT 6osiee MHOOPMATUBHBIMU JIJISI aT€HTa, I09TOMY BEPOSITHOCTh MX
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BBIOOPKHU [OJIKHA OBITh BBICOKOI. DTO peaju30BaHO Kak IIPUCBOEHUE MM OOJIBIIOrO
sHauenust omuOku 100 000.

B komiie 1o6aBisieM MPUOPUTETHI KaK B TaMATh, Tak W B GuHapHOE iepeBo (cTpoku 9
u 10).

JINCTUHr 5.7. Mp1opuTU3MpOBaHHas NaMsATb NPELEAEHTOB, XPaHeHNE NMPUOPUTETOB

1 # slm_lab/agent/memory/prioritized.py

2

3 class PrioritizedReplay(Replay):

4

5

6 def add_experience(self, state, action, reward, next_state, done,
= error=100000):

7 super().add_experience(state, action, reward, next_state, done)

8 priority = self.get_priority(error)

9 self.priorities[self.head] = priority

10 self.tree.add(priority, self.head)

11

12 def get_priority(self, error):

13 return np.power(error + self.epsilon, self.alpha).squeeze()

OO6HOoBJIEHHE IPHOPUTETOB. B siucrunre 5.8 npuseseno o6HOBIEHUE TPUOPUTETOB. BJia-
rojiapsi peaiusaliy SumTree 9T0 IPorCXoAuT pocto. CHavyasa abcommorHbie TD-ommbKku
peoGpasyoTest B IPUOPUTETHI (CTPOKK 7). 3aTeM ¢ MOMOIIbI0 HHIEKCOB IPELEeeHTOB
B IaKeTe OOHOBJISIIOTCS TIPHOPUTETHI B OCHOBHOU cTpyKType mamsatu (ctpoku 9 u 10).
OGparure BHUMaHMeE: B self.batch_idxs Bcerga XpaHATCS WHIEKCHI U3 TIOCEIHUX Bbl-
OpaHHBIX TTakeToB. HakoHell, 0GHOBJIAIOTCS IPUOPUTETHI B SumTree (cTpoku 11 u 12).

JInctuHr 5.8. MNpuopnTUaMpoBaHHasi NamMsiTb NpeLeAeHToB, O6HOBIEHUE NPUOPUTETOB

1 # slm_lab/agent/memory/prioritized.py

2

3 class PrioritizedReplay(Replay):

4

5

6 def update_priorities(self, errors):

7 priorities = self.get_priority(errors)

8 assert len(priorities) == self.batch_idxs.size
9 for idx, p in zip(self.batch_idxs, priorities):
10 self.priorities[idx] = p

11 for p, i in zip(priorities, self.tree_idxs):
12 self.tree.update(i, p)

IIponopuuonanbHas BbIOOPKa. sample_idxs (ucTHT 5.9) OTBEUaeT 3a onpeeseHne
UHJIEKCOB TPEIEIEHTOB, U3 KOTOPBIX JOJKEH COCTOSITh TaKeT. [[Jist BhrOopa WHaeKca
cHavaja 6epeM yrcyio Mexay 0 u Zj(‘(oj| +s)n (ctpoxka 11). ITo uncso UCTOIB3yeTCs
JUIs1 BBIOOPA BJIeMeHTa U3 JIepeBa ¢ MOMOIIbIO IIPOIELYPbI, OIMCAHHON B IIPUMeYaHuu 5.2
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(ctpoka 12), a aTOMY 2JIeMEHTY COOTBETCTBYET UHEKC B TaMsTH PrioritizedReplay.
[Tocsie BbIGOpa BCeX MHIEKCOB OHM COXPAHSIOTC B self.batch_idxs st mpuMeHeHUs
[IPU II0CTPOEHUK Habopa TPEHUPOBOUHBIX JaHHBIX (cTpoka 13) u B self.tree_idxs —
IS MCIIOJIb30BAHMS IIPU OOHOBJIEHIH IIPUOPUTETOB (cTpoKa 14).

Cuietyer OTMETUTD, YTO JaHHAs Pealn3alius IPOIOPIHOHAIbLHON BEIOGOPKY OblIa 103a-
umcrBoBata us 6siora [Ixxepoma [Ixxenumia (https://jaromiru.com/2016/09/27/lets-make-a-dgn-
theory/). Peanmuzarniuio gepeBa moucka uniurte B slm_lab/agent/memory/prioritized.py.

Jinctunr 5.9. MproputnanpoBaHHas NamaTb NpeleaeHToB, NponopLnoHanbHas Bblbopka

1 # slm_lab/agent/memory/prioritized.py

2

3 class PrioritizedReplay(Replay):

4

5

6 def sample_idxs(self, batch_size):

7 batch_idxs = np.zeros(batch_size)

8 tree_idxs = np.zeros(batch_size, dtype=np.int)
9
10 for i in range(batch_size):
11 s = random.uniform(@, self.tree.total())
12 (tree_idx, p, idx) = self.tree.get(s)
13 batch_idxs[i] = idx
14 tree_idxs[i] = tree_idx
15
16 batch_idxs = np.asarray(batch_idxs).astype(int)
17 self.tree_idxs = tree_idxs
18
19 return batch_idxs

5.5. Oby4yeHune areHta DQN mrpam Atari

Ha faHbIii MOMEHT MBI PaCIioJiaraeM BCEMU HEOOXOMMBIMU JIeMEHTAMU J7ist 00y YeHUS
arenToB DQN urpam Atari 1o coctossHUsIM B Buzie n300paxeruii. OHAKO [JIsI IIOBbIIIe-
HUSI TIPOM3BOAUTEILHOCTH HEOOXO0MMO TIPe0OPasoBaTh COCTOSHUS M BO3HATPAKICHUS
cpezibl. DTH IpeobpasoBatist ObLIN BIIEPBbIe BBEJIECHDI B U3BECTHON cTtathe Human-Level
Control through Deep Reinforcement Learning [89] v ¢ Tex 1IOp cTajin pacipocTpaHeHHOR
MPaKTUKOM /i cpest Atari.

B atom paszerne cHauama MpUBOIATCS KPaTKIe cBeeHst 00 urpax Atari, a Takske mpeod-
Pa30BAHMS JIJIS UX COCTOSIHUI W BO3HATPAK/ICHUIA, 3aTeM — KoHbuUryparus (aiiia spec
nuts arerTa oitHO DON ¢ PER mtsa urpst B Pong n3 Atari.

Atari 2600 — ObIBIIasE paHee IOIYJIAPHOI HIPOBas KOHCOJIb (BbiyiieHa B 1977 roxy), Ha
KOTOPYIO HAPSI/LY C OPUTHHATBHBIMHU UTPaMU GBLIO TIEPEHECEHO GOTBITIOE KOJIMYECTBO CTaB-
IIUX TeIePb KJaCCUYeCKUMU apKaaHbIxX 1urp. JocTynHbie Ha Atari 2600 urpbi yacto ObLIm
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CJIOSKHBIMU, ¥ B HUX OBLIO TPY/IHO UTPaTh. TeM He MeHee UX BBIYUCIUTETbHbIE TPeOOBAHIIST
OBLTM HU3KUMH, YTO TIO3BOJIJIO JIETKO HMYJIMPOBATh X BBITOJHEHIE HA COBPEMEHHBIX
koMubioTepax. EMxocts O3Y koncosm — 128 6aiit, a UIrpoBOii 9KpaH COCTABJISET JIMIIb
160 nukcesoB B mmpuny u 210 nukcesioB B BeicoTy. besnemap ¢ kosteramu B 2012 romy
MOHSAJIN, 4TO GJIATOAAPST ITUM YCIOBUSIM UTPbI Atari SIBJISIIOTCS M/ICATbHON TECTOBO
mrathopMoii 7t aropuT™MOB 00yUeHus ¢ noakperuiennemM. OHM cosanu cpery obyde-
nus Arcade Learning Environment (ALE), B koTopoii amyJsmposatsl 6oee 50 urp [14].

B SLM Lab ucnosnbsyiorcsa urpst Atari, npegocrasisemsbie uepes OpenAl Gym [18].
Bo Bcex urpax Atari cocrosinue — 310 n300paskeHne UTPOBOTO 9KpaHa B popmare
RGB ¢ nuskum pasperenuem, 3aK0IUPOBAHHOE KaK TPEXMEPHBINI MACCUB Pa3MePOM
(210, 160, 3) (puc. 5.2). IIpocTpaHCTBO COCTOSTHUI AUCKPETHO U UMEET HECKOJIHKO
usMepenuii. B 3aBUCMMOCTY OT UTPHI areHT HA KA)KIOM BPEMEHHOM IlIare MOXKeT
npeanpussaTh ot 4 1o 18 paznuunbix geticteuii. Hanpumep, B OpenAl Gym nefictBust
B Pong — o710 0 (Geszeiicteue), 1 (nozaua), 2 (BBepx) u 3 (BHU3).

Puc. 5.2. MpyMepbl COCTOsIHMIA U3 Tpex urp Atari, npegoctaBnsieMbix Yepe3 OpenAl Gym [18]

PasMepHOCTD IIPOCTPAHCTBA COCTOSIHUIT B Atari 3HAYUMTEIbHO BbIILE, YeM B JII060I 13
BUJIEHHBIX HAM¥ JI0 cux nop urp. B xaxknom cocrostnum 210 - 160 - 3 = 100 800 us-
MepeHui Mo CpaBHEHUIO ¢ YeThiphbMst uaMepenusiMu B CartPole. Kpome Toro, urpsr
Atari namuoro ciosxnee, ueM CartPole. /[nnTebHOCTD 21IM30/10B COCTABJISIET THICSYN
IIATOB, U JIJIS TOCTUIKEH ST XOPOUIEH MPOU3BOAUTENLHOCTH TPEOYIOTCS CIOKHBIE MO~
CJIeZIOBATENBHOCTH JIeficTBUIL. B coBOKymHOCTH 9T Ba (hakTOPa 3HAUUTENBHO YCI0K-
HAIOT 3a1auy o6yderus arenTa. YToObI TOMOYb €My 00y4aThCsl B TAKUX YCJIOBUSIX,
aBTophl [88, 141] npousBesn cienyolre U3MeHEeHUs B aJITOPUTMAaX CTAaHIAPTHON
DON u aBoitnoit DON.

o CrnenuanbHasi CTPYKTypa ceTH Jiist 00paboTKu u306paskenuii. /[yt anmpokcumarmn
Q-(hyHKIIMM UCTIOJIB3YyETCS CBEPTOYHAA HEMPOHHAS CeTh C TPeMs CKPBITBIMU CBep-
TOYHBIMU CJIOSIMU ¥ OJTHUM CKPBITBIM TTOJTHOCBA3HBIM CJIOEM.
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e IlpensapurensHas 06paboTKa cocrosHumii. Brioyaer ymenbiieHne pazmepa nzobpa-
JKeHUs, IPpeoOpa3oBaHIe IIBETOB B TPAJIAIINH CEPOTO, O0BEANHEHNE Ka/IPOB U TIPOITYCK
Ka/[POB C MAKCUMaJIbHBIM 3HAYEHUEM ITHUKCEJIOB.

e IlpeasapurensHas o0paGoTka Bo3Harpaskaenuii. Ha kaxaoM BpeMeHHOM miare
BO3Harpakjenue nmpeobpasyercs B 3nadenue —1, 0, +1 B 3aBUCUMOCTH OT 3HAKA
[1€PBOHAYAJILHOTO BO3HATPAYK/ICHUSL.

® YcraHOBKa HayajJbHBIX 3HaYEHUH cpeipl. B 3aBUCMMOCTH OT UTPHI TIPU TIOTEpe
JKU3HU ITPOUCXOUT 3a/laHNe ITePEMEeHHBIM CPeJlbl HCXO/IHBIX 3HAaYeHUH, Ha4YaIbHOMY
COCTOSTHHIO — CJIYYailHOTO 3HAYEHMUSI, U IJIs1 [Iepe3arpys3ku MosKeT ObITh BEIOpaHo FIRE.

CTpyKTypa ceTH peajn3oBaHa ¢ MOMOIIbI0 Kiacca ConvNet 13 SLM Lab. TIpeoGpaso-
BaHMUST COCTOSHWHN, BOBHATPAKACHUI 1 cpeibl Hosee moApoOHO 06CYKIAIOTCS B pasie-
Jjie 10.3. Itu usmenenust 06pabdaThIBAIOTCS € TIOMOIIBIO 00epTKY BOKPYT cpeabl OpenAl
Gym. Ona He MeHsieT nHTepdEIC Cpeibl 1 TaeT BOSMOKHOCTbD TPOM3BECTH BCE JKETAeMble
npeoGpasoBaHusl He3aMeTHO. ITo Mo3BoJIsteT 00yyarh arenTa DQN mim gsoiinoii DOQN
6e3 Kakux-Tu60 UBMEHEHUT B KOJIE PACCMOTPEHHBIX PaHee pean3ariuii.

B smmcrusre 5.10 npusegena koHburypanus aisa odydenus urpe Pong us Atari arenra
asoitHoit DQN ¢ PER. @aiin umeercss B SLM Lab B s1m_lab/spec/benchmark/dgn/
ddgn_per_pong_spec.json.

JNuctuHr 5.10. ®aiin spec ans asokHoi DQN ¢ PER ¢ HacTpovikamu anst urpbl Pong 3 Atari

1 # slm_lab/spec/benchmark/dgqn/ddgn_per_pong.json

2

34

4 "ddgn_per_pong": {

5 "agent": [{

6 "name": "DoubleDQN",

7 "algorithm": {

8 "name": "DoubleDQN",

9 "action_pdtype": "Argmax",
10 "action_policy": "epsilon_greedy",
11 "explore_var_spec": {

12 "name": "linear_decay",
13 "start_val": 1.0,

14 "end_val": @.01,

15 "start_step": 10000,

16 "end_step": 1000000

17 }s

18 "gamma": 0.99,

19 "training_batch_iter": 1,
20 "training_iter": 4,

21 "training_frequency": 4,

22 "training_start_step": 10000
23 s

24 "memory": {

25 "name": "PrioritizedReplay",

26 "alpha": 0.6,



27
28
29
30
31
32
33
34
35
36
37
38
39
40
a1
42
43
a4
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78 }
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"epsilon": 0.0001,
"batch_size": 32,
"max_size": 200000,
"use_cer": false,
9
"net": {
"type": "ConvNet",
"conv_hid_layers": [
[32, 8, 4, 0, 1],
[64) 4) 2) 0) 1])
[64, 3, 1, 0, 1]
1,
"fc_hid_layers": [256],
"hid_layers_activation": "relu",
"init_fn": null,
"batch_norm": false,
"clip_grad_val": 10.0,
"loss_spec": {
"name": "SmoothLlLoss"
¥
"optim_spec": {
"name": "Adam",
"lr": 2.5e-5,
¥
"lr_scheduler_spec": null,
"update_type": "replace",
"update_frequency": 1000,
"gpu": true
}
I
"env": [{
"name": "PongNoFrameskip-v4",
"frame_op": "concat”,
"frame_op_len": 4,
"reward_scale": "sign",
"num_envs": 16,
"max_t": null,
"max_frame": 4e6
Jap
"body": {
"product”: "outer",
"num": 1
I
"meta": {
"distributed": false,
"eval frequency": 10000,
"log_frequency”: 10000,
"max_session": 4,
"max_trial": 1

159
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CaenaeM O630p OCHOBHBIX KOMITOHEHTOB.

Aaroputm — ato asoiinag DQN (crpoka 8). Urobs ucnonbszosatb DQN, 3a-
MEHHTE B CTPOKe 8 "name": "DoubleDQN" Ha "name": "DQN". ITosmTuka BbIOOpA
neiictBuii €-xanas (crpoka 10) ¢ muHEHHONH CKOPOCTHIO YMEHBINEHU: MEXK/LY
10 000 1 1 000 000 maros sHaueHue € cHukaercs ¢ Hadaabpuoro 1,00 zo 0,01
(ctpoku 12-16).

ApXHUTEKTypa ceTd — CBEPTOUYHAS HEeHPOHHAs ceTh (cTpoka 33) ¢ PYHKIUAMHA aK-
tuBaiuu ReLU (crpoka 40). B cetu ectb Tpu cBepTouHbIX c10s (cTpoku 34—38), 3a
KOTOPBIMHE CJIE/LYET OJINH TTOJHOCBSI3HBII ¢J10ii (cTpoka 39). O6yueHe IPOU3BOUTCSE
Ha rpaduuecKoM mpoieccope (CTpoka 54).

Onrumusatop — 910 Adam [68] (crpoku 47—50), a GyHKIusA HoTEPh — (DYHKLIUS
norepb Xbiobepa, Hocsamas B PyTorch HazBanue SmoothL1Loss (cTpoku 44—46).
Ona sBJgeTCS KBAAPATUIHON JIUIst aOCOIOTHBIX 3HAYCHUH MeHbIe 1 v JuHeitHOi
B OCTAJIbHBIX CJIYYasiX, 4TO JIeJIAET €€ MeHee YYBCTBUTENbHON K PE3KO BbIjeJis-
IOIUMCST 3HAYEHUSIM.

Yacrora 00yuenus: — oOydueHre Ha9HAETCsI OCJIe TOro, Kak areHt caenaer 10 000 a-
TOB B cpejie (CTpoka 22), U B IaJIbHEHTIIEM TPOUCXOUT KaKIble YeThipe Imara (CTpo-
ka 21). Ha xasxom 1mare o6ydeHust MpOU3BOAUTCS BHIOOPKA YETHIPEX TTAKETOB TIpe-
nienienToB 13 mamaTh (crpoka 20). Kaxpiit maket cofepskut 32 asemenTa (cTpoka 28)
U UCTIOJIb3YETC JIJIst OTHOTO OGHOBJIEHUS apaMeTpoB ceTu (cTpoka 19).

IMamsite — PrioritzedReplay (cTpoka 25), KOTOpPast MOKET COAEP/KATH MAKCHMYM
200 000 mpetterentoB (ctpoka 29). [Tapamerp npuopuTU3aum 1 yCTaHABINBAETCS
¢ IOMOII[BIO TIepeMeHHOI alpha (cTpoka 26), a HebOJIbIIoE TOCTOSHHOE 3HAYEHUE € —
¢ oMo11bio epsilon (cTpoka 27).

Cpena — urpa Pong us Atari (crpoka 58). JIJisd OJIyueH sI OJHOIO COCTOSTHIS 00b-
eMHSIIOTCsT YeThipe Kazpa (ctpoku 59 u 60), B iporiecce 0OyUdeHUsT BO3HATPAXKIEHUE
Ha KayKIOM BPEMEHHOM Iare mpeoOpasyeTcst COraacHo ero 3Haky B —1, 0 win +1
(ctpoka 61). [lust yckopenust o6ydeHus apaJijieJibHO ucrobsytores 16 cpex (ctpo-
Ka 62), aTOT IpOCTOi MeToT 06CYKIAeTCs B riase 8.

Jaurenapnoctb 00yuyenus — 4 000 000 maros (crpoka 64).

Koutpoabhbie Touku — arent ottenuBaetcst Kaxibie 10 000 maros (ctpoka 72). [Tapa-
METPBI CETH TaK/Ke TIPOBEPSIIOTCST B KOHTPOJIBHBIX TOYKAX MMOCJIE KK 01 OI[EHKH.

Yro6b1 06yunts arerta DQN ¢ momorsio SLM Lab, zanycrure B TepMuHaie KOMaH/Ib,
npuBeieHHbIe B Juctunre 5.11.

JiuctuHr 5.11. O6yyeHune areHTa AsoliHoi DQN c PER vrpe Pong u3 Atari

1 conda activate lab
2 python run_lab.py slm_lab/spec/benchmark/dgn/ddgqn_per_pong.json

= ddqn_per_pong train
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MDaiin spec UCIOMB3YETCS JITIsA 3aTycKa 00ydeHst Trial ¢ 4eThIPbMsI CeCCHsIMU Session,
9TOOBI TTOJMYIUTH YCPEHEHHBIE PE3YIbTAThI, KOTOPhIE 3aTEM BBIBOASTCS Ha rpaduke
C JIOBEPHUTEIbHBIM UHTEPBAJIOM. Takike reHepupyeTcs rPaduK CO CKOJIb3SIIUM CPeTHUM
o 100 onenkam. O6a rpaduka npuseeHbl Ha puc. 5.3. B Hauase oOyuenus arent Gyaer
umeth cpentuii cuer —21. [IpousBOANTETBHOCTD CTAOUIBHO MOBBINIACTCS B TEUCHUE
2 MJTH KaJIPOB, MOCJIE YeTO areHT B CPEHEM JOCTUTAET OJIN3KOTO K MAKCUMATbHOMY
cuera 21.

trial graph: ddqn_per_pong t0 4 sessions trial graph: ddgn_per_pong t0 4 sessions

c

mean_returns

mean_returns_ma
=

1] ™M M M 4M ] ™M M M 4M

frames frames

Puc. 5.3. [pacuku ycpeaHeHHbIX Mo YETbIPEM CECCUSIM pe3y/ibTaToB MCTbITaHus ABolHOM DQN ¢ PER
13 SLM Lab. Mo BepTMKanbHOM 0CK OT/IOXKEHBI MONHbIE BO3HAarpaxaeHus (Npu oLeHke mean_return
BbluMCnsieTcs 6e3 ANCKOHTUPOBAHWS) B KOHTPO/bHbIX TOYKaX, YCPeAHEHHbIE MO BOCbMW 3M1304aM,

MO ropU30OHTaNIbHOM OCK — BCe kafpbl 06yyeHus. [pacuk crnpaBa — 3TO CKOMb3sllee cpeaHee
no oueHkaM B 100 KOHTPOJIbHbLIX TOYKax

Hy)KHO OTMETHUTDb, YTO /1JIsd 06y‘{€HI/IH 9TOI'0O areHTa Tpe6yeTC}1 00JIbIIIE BBIYMCIUTEIbHBIX
PECYPCOB, YEM /IJId OIIMCAHHBIX PaHE€€ B KHUI'€ alr€HTOB. HpO6HO€ O6y‘{€HI/I€ JOJIKHO ITPO-
JIOJIZKAaTbCA OKOJIO O/THOI'O JIHA ITPU 3allyCKe Ha I'pa(bI/I‘{GCKOM Iporieccope.

5.6. Pe3ynbTaTbl 3KCNEepUMeHTOB

B arom paszesie GyieT paccMOTpeH KOMILIEKCHbII addexT ot yayurnenuit DQN, a numen-
HO Tiporuo3uoii cetu, aABoitHoi DON u PER. Haunnasg ¢ DON ¢ nporuosuoii ceTbio
(koropyto Oynem HazbiBaTh 1pocto DQN), MbI Oy1eM 3aIyCKaTh Psijl KCIIBITAHUH, YTOOBI
MIPOBEPUTDH BIAUIHUE JAHHBIX YJIyUllleHUH. B vcnbITaHug BXOJAT YEThIpE COUETAHUS:
DON, DON + PER, nsoitnas DON u asoiinag DOQN ¢ PER. 3anyck ucnbrranuii mpo-
usBoautes B cpesie Pong uz Atari. J[uist cpaBHEHUsT MX PE3YJIbTAThI BBIBOISITCS HA 00IIeM
rpacuxe.
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5.6.1. DKCnepuMeHT MNo OLEeHKe NpUMeHeHUs
asorHon DQN ¢ PER

Bo-niepBorx, ectb daii spec mst DQN, npuBenernsiii B uctunre 5.12. Ou anamorunyexn
kozy us juctunra 5.10, 3a uckmouenuem DON (crpoku 4—-8), ¢ orkmouenuem PER
ITyTeM UCIOJIB30BAHMUS TIPOCTOTO KIacca maMsiTH rpertezienToB (ctpoku 11-16) u ¢ yBe-
JinueHreM ckopoctu obydenus (crpoka 21). dror daiin ectb B SLM Lab B s1m_lab/
spec/benchmark/dgn/dgn_pong_spec.json.

JNuctuHr 5.12. ®aiin spec ans DQN ¢ HacTpoikamu ans urpsl Pong u3 Atari

1 # slm_lab/spec/benchmark/dgn/dgn_pong.json

2

3 1

4 "dgn_pong": {

5 "agent": [{

6 "name": "DQN",

7 "algorithm": {

8 "name": "DQN",

9

1o s

11 "memory": {

12 "name": "Replay",
13 "batch_size": 32,
14 "max_size": 200000,
15 "use_cer": false
16 3

17 "net": {

18

19 "optim_spec": {
20 "name": "Adam",
21 "lr": le-4,

22 s

23

24 }

25 }

Bo-BTopsix, ectb (aiin spec aist DQN ¢ PER, npuBenennbiit B muctunre 5.13, Takxke
aHaIornaHbIi iuctuary 5.10, Ho ¢ usmenenusimu 171st ipumenennst DON (ctpoku 4-8).
Iror daita umeercs B SLM Lab B slm_lab/spec/benchmark/dgn/dqn_per_pong_
spec.json.

NuctuHr 5.13. ®aiin spec ans asokHoi DQN ¢ PER ¢ HacTpovikamu anst urpbl Pong u3 Atari

1 # slm_lab/spec/benchmark/dqn/dqn_per_pong.json

2

3 4

4 "dgn_per_pong": {

5 "agent": [{

6 "name": "DQN",
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7 "algorithm": {

8 "name": "DQN",
9

10 }

11 }

B-Tpetbux, ecth aitn spec mist apoiinoit DQN, nipuBeneHublit B iuctuHre 5.14, ¢ BHe-
ceHreM u3MeHeHni B Ko u3 jmcrunra 5.10 ast orkmoyennst PER (ctpoku 11-16)
U TOBBIIIEHNS cKopocTr 0oOyueHus (ctpoka 21). dror daitn Haxoaures 8 SLM Lab
B slm_lab/spec/benchmark/dgn/ddgn_pong_spec.json.

JNuctunr 5.14. daiin spec ans aeoiiHoi DQN ¢ HacTpovikamMu ans urpel Pong u3 Atari

1 # slm_lab/spec/benchmark/dgn/ddgn_pong.json

2

3 1

4 "ddgn_pong": {

5 "agent": [{

6 "name": "DoubleDQN",

7 "algorithm": {

8 "name": "DoubleDQN",
9
1o s
11 "memory": {
12 "name": "Replay",
13 "batch_size": 32,
14 "max_size": 200000,
15 "use_cer": false,
16 s

17 "net": {

18

19 "optim_spec": {

20 "name": "Adam",
21 "lr": le-4,

22 s

23

24 }

25 }

Haxowner, ects aiin spec amis nqoiinoit DQN ¢ PER, nmokasannbiii panee B JIMCTHH-
re 5.10, Taxxxe naxonsmmiics 8 SLM Lab B s1m_lab/spec/benchmark/dgn/ddqn_per_
pong_spec.json. OGpaTure BHUMaHKE Ha TO, YTO IpU ucrobzoBanun PER ckopocTh
00y4enus, Kak IpaBuIo, MeHbIne. D10 00yciosaeno teM, uto PER uamie BoiGupaer
repexobl ¢ OOJIBIIMM 3HaUYeHHEeM OMIMOKH, UTO B CPEIHEM JaeT GOJIbIINEe TPAJAUEHTBI.
Moyt ¢ KoJIleraMu YCTaHOBHIIHU, UTO JIJIst KOMIIEHCAITUH GOJIBIIIOTO 3HAYCHIISI TPAINEH-
TOB 11€J1eCO0OPA3HO CHUBUTH CKOPOCTh OOyUYEHMS B YEThIPE pasa.

Yerbipe KOMaH/IbI 1Jist 00ydeHus atux yerbipex sepcuilt DON ¢ momorpio SLM Lab
MOKa3aHbl B iuctuHre 5.15. 751 3aBepIiieHnst BCeX UCTIBITAHMil TOTPeOyeTCst OUTH Tie-
JIBIH JIeHb ITPU 3alTycKe Ha TpaduueckoM 1polieccope. Biipouem, eciii BBIYMCTUTEIbHBIX
PECYPCOB IOCTATOYHO, OHU MOTYT OBbITH 3AITYHIEHBI TTAPAJIIIETBHO.
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JNnctunr 5.15. O6yyeHne urpe Pong 13 Atari yeTbipex BapuaHToB anroputmoB: DQN, DQN c PER,
AsoiHoi DQN v aBoiiHoi DQN ¢ PER

1

NouvphwnN

(o]

10
11
12
13
14
15

# 3anyck DQN
conda activate lab
python run_lab.py slm_lab/spec/benchmark/dqn/dqgn_pong.json dgn_pong train

# 3anyck DQN c PER

conda activate lab

python run_lab.py slm_lab/spec/benchmark/dgn/dgn_per_pong.json
= dqn_per_pong train

# 3anyck asoiHow DQN
conda activate lab
python run_lab.py slm_lab/spec/benchmark/dgqn/ddgn_pong.json ddgn_pong train

# 3anyck asowHow DQN c PER

conda activate lab

python run_lab.py slm_lab/spec/benchmark/dgn/ddgn_per_pong.json
= ddgn_per_pong train

Kakmoe us yeTbpex uCHbITaHuil Trial OPOAUT COOCTBEHHDIN TPaUK, ITIOCTPOECHHDII
Ha OCHOBE YCPe/IHEHHbBIX JIaHHBIX JIJI51 YeThIpeXx ceccuii Session. [lJ1st cpaBHeHUs OHU
BBIBOJIATCA BMECTE C IIOMOIIBIO BCIIOMOTATEJIbHOTO MeTo/ia viz.plot_multi_trial us
SLM Lab kak rpacduk 10 pe3yabTataM MHOKECTBA UCIBITAHUH (pHC. 5.4).

mean_returns

multi trial graph: DQN improvements multi trial graph: DQN improvements

20|
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]
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E
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[
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20 =20
0 m M M am 0 U] M M am
frames frames
DQN DQN+PER DQN DQN+PER
DoubleDQN CoubleDQN+PER DoubleDQN DoubleDQN+PER

Puc. 5.4. Ha rpadukax cpaBHMBaeTCs NPOM3BOAMTENBHOCTb YeTbIpEX BapuaHToB yny4weHus DQN

Ha urpe Pong u3 Atari. OXnaaemMo HaunyJllei NpousBoaAUTENLHOCTM AocTurna AsoiHas DQN c PER,

cnepom vayT DQN c PER, asoiHasi DQN 1 DQN

Ha puc. 5.4 cpaBHIBaeTCs IPOU3BOAUTENLHOCTD YEThIPEX BAPUAHTOB yuyuiienuss DQN
Ha urpe Pong n3 Atari. Kak u oxxuzsanoch, Ipyu npuMeHEHUH BCEX yCOBEPIIECHCTBOBA-
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Huii geoitnass DON ¢ PER nocruraer Hausyuineii npoussoauteabiocti. K Heit 6mska
DON c PER, 3a aumu caemyior aoitaas DQN u DQN. B 1ieiom, ucnopzosanne PER
JIaeT CYNIECTBEHHOE YIYUIICHUE W TOBBINIAET YCTOWYNBOCTD 0OYYEHVS, YTO BUIHO TIO
6oJice BLICOKUM U TJIAJIKUM KPUBBIM JIJIsT BO3HATPAKACHUH B miporiecce obydenus. Jlist
cpaBHeHus: npuMeHeHue BoitHON DQN mpuBoUT K MEHee 3HAUMMOMY YJIyUIIeHUIO.

5.7. Pe3omMe

B 570ii ry1aBe 06CyKIaMI0Ch TPU METOAA YCOBEPIIeHCTBOBaHMs anroputMa DQN, Kax-
IIBITT 113 KOTOPBIX TIpeHa3HAuEeH /JIST TIPEOIOIEHNST OTHOTO U3 €T0 HEZIOCTATKOB.

o IIporHosHas cerb, UCIOIB3YIONAS OTIOKEHHYIO KOTUIO N3HAYANBHON CeTH JIUIsk
pacuera Q. (s, @), ynpoiaer sagady ONTUMU3ALIN U O3BOJSIET CAEJIATh 00yUeHne
6oJiee yCTONYIUBDIM.

e /[IBoiinast DQN c npuMeHeHneM IBYyX Pa3HBIX CETel /Uit OlleHKN (Q-3HaYeHUsT CIeTy-
foliero cocrostiust ipu pacdere Q7 (s, @) ymenspiaer rerzerimio DON K 3aBbIlIeHIo
oreHok Q-3Hauyenuii. Ha mpaxTuke B KauecTBe JIBYX HTUX CeTeil UCMONB3YIOTCSA 00-
y4yaeMast ceTh 6 1 TPOTHO3HAS CETh 0.

o IIpuopurusmpoBaHHas MaMATh MpPeIeAeHTOB OCHOBaHA Ha TOM, UYTO He Bce Tpe-
LeAEHTBI OJJMHAKOBO NH(POPMATUBHDI I areHTa. 3ajanue 6ojee BHICOKOTO IIpU-
OpHTETA MPEIE/IEHTaM, C IIOMOIIBIO KOTOPBIX areHT MOKET MOIYYUTD GoJIbIIIE OIIbITA,
gro mamepsiercst abcomotHoit TD-ommbkoit Mmexxay QF (s, a) uQr (s, a), IMOBBITIIAET
addexrusHOCTH BbIOOPKH B DON.

Taxoxe GbL1a paccmoTpena ocobas peanusanysa DON ¢ nmpornosnoii cersio u PER, koto-
past CIIPOEKTUPOBAHA JIJist UTP Atari. ITU UTPBI SIBJISTIOTCST HAUOOJIEE CJOKHBIME CPEIAMU
13 BUJIEHHBIX HAMU /10 cUX 110p. /L7151 mocTrsKeHns BbICOKON MTPOM3BOIUTENBHOCTH HYKHO
6b17I0 TPe0bPa3oBaTh COCTOSHUA U Bo3HArpaxaeHus. [TpeobpasoBatus BKIOYAIHN B ceOst
MTOHMIKEHNE PA3MEPHOCTH ITPOCTPAHCTBA COCTOSHUIA TTOCPEACTBOM YMEHbBIIIEHUS Pa3Me-
POB nU306paskeHuii, ux 06Pe3KN 1 MPeodPa3oBaHUs IIBETOB B Ipajauu ceporo. Taxske
[IPUMEHSJIOCh COBMEIIleHNE YeThIPeX IOCJIe/[HUX COCTOSHUH, IT03BOJIAIONIee areHTy
BUJIETH HEJlaBHEE MPOIILIOE PU BbIOOpe feiicTBust. Kpome TOro, yBeTMIHBAIOCH BPEMSI
MEXKJLY MOCTeNYIONMUMI KaJlpaMu IIyTeM [10Ka3a areHTy KasKJ0ro YeTBEPTOro Kajpa.
U nakowertt, auist Q-yHKIY ObLJIA CIIPOEKTHPOBAHA CETh, CHIEIUATILHO TIPEeHA3ZHAYEHHAST
1151 06paboTKY N300paKEHMIA.

5.8. PekoMeHayeMasq nutepaTypa

® Mnih V., Kavukcuoglu K., Silver D., Rusu A. A., Veness.]., Bellemare M. G., Graves A.
et al. Human-Level Control through Deep Reinforcement Learning. 2015 [89].

® Hasselt H. van Double Q-Learning. 2010 [140].
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® Hasselt H. van, Guez A., Silver D. Deep Reinforcement Learning with Double
Q-Learning. 2015 [141].

o Schaul T., Quan]., Antonoglou I, Silver D. Prioritized Experience Replay. 2015 [121].

Wang Z., Schaul T., Hessel M., Hasselt H. van, Lanctot M., Freitas N. D. Dueling
Network Architectures for Deep Reinforcement Learning. 2015 [144].

e Bellemare M. G., Naddaf'Y., Veness J., Bowling M. The Arcade Learning Environment:
An Evaluation Platform for General Agents. June 2013 [14].
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KoMbuHMpoBaHHbIE
MeToAb!



MeToA akTopa-KpUTUKa
c npenmyLectsoM (A2C)

B panHoii riase GyIyT pacCMOTPEHbBI allfOPUTMbI aKTOpa-KpuTHKa (actor-critic), aue-
raTHO oGBbeAnHsNIE B cebe ner, ¢ KOTOPHIMU MbI TO3HAKOMIJINCEH B 9TON KHWTE,
a UMEHHO TPaINEeHT CTPATErHy ¥ HACTPOEHHYIO (QYHKITHIO MoJie3HoCcTeil. B atux anro-
PUTMaX CTPATETHsI TIOAKPETIISIETCST € TIOMOTITBIO HACMPOEHH020 NOOKPENISIOUe20 CUzHAd,
TIOPOSK/IEHHOTO C TOMOIIBIO HACTPOEHHO (DYHKITIH TTOJIE3HOCTEN. DTO TIPOTUBOIIOOKHO
REINFORCE, xoTopblii 1711 TOAKPETJIEHST CTPATETNH MCITOIb3YeT BBICOKONCIIEPCHYTO
OIIEHKY OTZa4n 1o MeToxy MonTe-Kapiio.

Bo Bcex alropuTMax akTopa-KpUTHKA IPUCYTCTBYET J[BA COBMECTHO 00Y4aeMbIX KOMIIO-
HeHTa: akmop (actor), KOTOPBIN HACTPaMBaET TAPAMETPU30BAHHYIO CTPATETUIO, U KPUMUK
(critic), HacTpanBaloUii PYHKIMIO TIOJIE3HOCTHU JIJIsT OLIEHKH T1ap «COCTOsIHUE — Jeli-
cTBUey. KpUTHK 1IpelocTaBiigeT akTopy MOAKPENIAIONINI CUTHAIL.

B 0CHOBE 9THX AJITOPUTMOB JIE)KUT COOOPAIKEHUE O TOM, YTO HACTPOEHHDIH TTOIKPETLIsI-
IOHIUI cCUTHA MOKET ObITh GoJtee MH(MOPMATUBHBIM JIJI CTPATErNH, YeM BO3HATPAK/IE-
HU4, IOCTYIIHbIE U3 cpezibl. Hampumep, paspexkeHHoe BO3HArpaxkaeHue, Ipu KOTOPOM
areHT nostydaet +1 mpu ycrexe, MoxeT ObITh TIPEOOPA30BAHO B IJIOTHBIN HOAKPETLIIS-
fomuii curnai. bosee Toro, HacTpoeHHbIe (DYHKIMY MTOJIE3HOCTH, KaK TIPABUJIO, UMEIOT
MEHBIITYIO TUCIIEPCHIO, YeM OIIeHKH oT/1aun 110 Metony Monte-Kapio. 1o cHukaer He-
OITPEJIEJIEHHOCTD 1TpU HAcTpoliKe crpareruu [ 11], yrpormas mportecce o6ydenust. OiHako
OH CTAaHOBUTCS CJoxHee. Terepb 0OyueHre CTPATernu 3aBUCUT OT KAa4eCTBA OI[EHKH
(yHkIMM nosie3HOCTH, KOTOpas HacTpamBaeTcd napasiesnbro. [loka dhyakiug noses-
HOCTH He HAuHeT MOPOK/IATh a/IEKBATHBIE CUTHAJIBI /IS CTPATETUH, YYUTHCSA BHIOMPATH
XOpolie AefcTBUsS OYAET CIOKHO.

B atux MeTomax oOIIENPUHSITON SBJISETCS HACTPOUKA (QYHKIIUU NPeUMYUecmed
A™(s, a) = Q"(s, @) — V™(s) st TeHepanuy MOAKPEIIIIONNX curHanoB. OCHOBHOT
CMBICJI — JIy4Ille BEIOPATh JAeiicTBIE, HCXO/s U3 eT0 3((HEKTUBHOCTH 110 OTHOIICHUIO
K IPYTUM JIEHCTBUSM, JOCTYIHBIM B OT/IETTbHO B3SITOM COCTOSTHUH, YeM MCII0JIH30-
BaTh aOCOJIIOTHOE 3HAUEHHE TIOJIE3HOCTH 9TOTO JIelicTBUsI, n3aMepsieMoe Q-(DyHKITHEI.
ITpenMyIIecTBO KOJTMIECTBEHHO OITPEAEISIET, HACKOJIBKO KaKoe-100 AeHCTBUE JTydliie
WK Xy’Ke, YeM CpeiHee U3 TOCTYIHBIX NeHCTBUH. AJITOPUTMBI aKTOPAa-KPUTHKA, Ha-
cTpauBaioiue GyHKIUIO TTPEUMYIIECTBA, U3BECTHBI KAK aJTOPUTMbI aKTOPA-KPUTHKA
¢ npenmyiiectBoM (Advantage Actor-Critic, A2C).
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Cuauauia B paszesie 6.1 Bkpartiie o0cyzknaercs aktop, kotopsiii aHaiornyen REINFORCE.
3areM B pazzese 6.2 BBOISATCS KPUTHK U JIBA PA3HBIX METO/IA OIIEHKH (QYHKIUU TIpe-
HUMYIIECTBA: BBITO/a 3a 1 aroB 1 06obIeHHas oreHka npenmytiectsa (Generalized
Advantage Estimation) [123].

B paspiesnie 6.3 puBe/ieH aJITOpUTM aKTOpa-KPUTHKA, a B pasfiesie 6.4 — mpruMep ero peaim-
3aiu. B KoHIIe T1aBbl JaHbl MHCTPYKIIMHU 10 00YYEHHIO areHTa METOIOM aKTOPa-KPUTHKA.

6.1. AKTOp

AKTOp HacTpauBaeT apaMeTPU3UPOBaHHbIE CTPATEIHH T, C HOMOLIbIO TPaIMeHTa CTPa-
TETUH, Kak okazaHo B ypaBHenuu (6.1). Ito ouenp noxoxke Ha REINFORCE (cwm. rima-
By 2), 32 HCKJIIOYEHNEM TOTO, YTO TEIIEPh B KAUECTBE TOAKPEILISIONIEr0 CUrHAIA BMECTO
ouenku oraadn R (t) no merony Monre-Kapio (cm. ypasnenue (2.1)) npumensercs
MIPENMYIIIECTBO A

® aKTOP-KPUTHK:
VoJ () =E,[ A7V, logm, (a, |s,) (6.1)

e REINFORCE:
Vo (m0) =E,[ R, (1)V,logm,(q,s,)] (6.2)

Ciieyrorum 1maroM OyieT HacTpoiika YHKIIUU TPEUMYIIECTRA.

6.2. Kputnk

Kputuku orBeyaior 3a oOyueHre ToMy, Kak OLleHUBATD Hapbl (S, @), U 3a IPUMEHEHUe
ATUX HABBIKOB JIJIsT TOPOKaeHus A”.

CHauasa mpuBOAUTCS onucanve GYHKIIMH IPEUMYIIECTBA 1 PACCKA3BIBAETCS, TIOUEMY
OHa SIBJISIETCST XOPOIITUM BBIGOPOM /1151 OIKPETISIONIETO CUTHAJIA. 3ATeM TIPE/ICTaBIICHbI
ZIBa METOJIA JIIS OTIEHKY (DYHKIIUY MTPEMMYIECTBA: BBITOJIA 32 71 TITaroB U 0606IeHHast
oneHka npeumyiectsa [123]. B saBepiieHue 00Cy K1aeTcsa UX HACTPOIKA HA IIPAKTHKE.

6.2.1. OyHKUMNA npenmyLLecTea

VHTynTMBHO MOHATHO, 4TO (DyHKIMA npenmymectsa A™(s, a,) ABIAETCa Mepoi ToTo,
HACKOJIbKO KaKOe-TO JIeCTBHE JIydllle WU XY:Ke, YeM Cpe/lHee JeiCTBUE TI0 CTPaTerun
B KOHKpeTHOM cocTostHun. [IpenmytiiectBo omnpesesisgercs: u3 ypaBHeHus (6.3):

A (s, a,)=Q" (s, a,)-V"(s,). (6.3)
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¥ 3TOro ypaBHEHUS eCTb HECKOJIBKO 3aMevaTeJIbHBIX CBOMCTB. B mepByio ouepeb 910
E,., [A" (s[ , a)} =(). Ecsu Bce ieficTBUSA 110 CyTH PaBHOLIEHHDI, TO U1t HUX A™ Meet HyJie-
BOE 3HAYEHWE U BEPOSITHOCTD UX BHIOOPA HE U3MEHSIETCSI TIPH HACTPOWKE CTPATETHH C 110~
Mo1bio A", CpaBHHTE 9TO € MOAKPEILISIOIIUM CUTHAIOM, OCHOBAaHHBIM Ha aOCOIIOTHOI
[10JIE3HOCTH COCTOSTHUS MJIH TIapbl «COCTOSIHME — JielicTBUey. B anamornynoit cutyanun
BTOT CUTHAJ UMeJT ObI TIOCTOSTHHOE 3HAYEHUE, HO OHO MOTJIO ObI OBITh OTJIMYHBIM OT HYJISL.
CuieroBaresibHO, BRIOpaHHOE JieficTBIE Gy/IeT aKTUBHO MOOIIPATHCA (€CIIN 3HAYEHUE M0-
JIOSKUTEJIBHOE) MJIM He ITooHIpAThes (1P oTpuliatesibHoM 3Hadenun ). [lockosbky Bee
JIeHCTBUST DPABHOIIEHHBI, TO HA IPAKTUKE MOTYT BOSHUKHYTH TPOOJIEMBI, KDOME TOTO, 9TO
HENIOHATHO HA MHTYUTHBHOM YPOBHE.

MozkHo 1puBecTy 60J1ee CI0KHbBII IIpUMep, KOraa BhIOpaHHoe AeiiCTBIE XysKe CPEIHEro,
HO OyKHJ[aeMasd OoT/[a4a BCe ellle MMEET IIOJIOKUTEbHOE 3HaueHue. 1o ecTh Q"(sty a{) >0,
1o A"(s, a,) < 0. B nzeane BepoATHOCTD BRIOPAHHOTO NEHCTBHSA NOTKHA CHU3NTLCS,
MOCKOJIBKY JIOCTYITHBI JIy4Iliie BAPUAHTBI. B aTOM ciydae npuMeHenune A" qaet 6osiee
MOJIXOJISAIIEE B HANIIEM TIOHUMAHWHN MOBE/ICHIE, TaK KaK BRIOPaHHOE [eHcTRIE He GyIeT
moonpsaThest. A mpumerienne QF wn naxke QF ¢ 6a30BbHIM 3HAYEHTEM MOKET CTUMYJTH-
pOBaTh 3TO JIeliCTBUE.

IIpenmyiiecTBo Takke sIBJASETCS OTHOCUTEIbHOW BeJTMYnHON. /{7151 omrpesiesieHHoro
COCTOSIHUA S M KOHKPETHOTO IEHCTBUS @ paccMaTpuBaeTcs 1oje3Hocts QF(S, a) napsl
«COCTOSIHME — JieflCTBUE» U OTHOCUTEIBHO V(S) olleHnBaeTCs, B JIUIIYIO WK XY/IIIYIO
CTOPOHY M3MEHUTCS CTPATETHs TIPU BhIOope meiicTBus a. [IpenmyinecTBo n3beraer
BbIOPAKOBKH JIEHCTBUSI 32 TO, YTO CTPATETUST HA TEKYIUH MOMEHT TPUBeEJIA K Kpaiine
TIOXOMY cocTostHmI0. VI Hao60poT, MeficTBIE He MOOTIPSIETCsT 3a IPeGBIBAHIE B XOPOTITIEM
COCTOSTHUH. DTO TIPEATIOYTHTETHHO TI0 TOH TPIUUYHHE, UTO @ MOKET BIUSTH JIUITH Ha OYIy-
HIYIO TPAEKTOPUIO, HO He Ha TO, KaK CTpaTerus J0CTUIIa TeKylero cocroguus. [leiictBue
CJIETyeT OT[eHUBATH, UCXO/IST U3 TOTO, KaK OHO M3MEHSET MOJIEe3HOCTD B OYAYIIEM.

Pacemorpum ipumep. B ypasuenun (6.4) ctpaTterus rnprBesia K XOpoieMy COCTOSTHUIO
V*(s) = 100, Torga kax B ypasuernu (6.5) cocrosuue mioxoe ¢ V(s) = —100. B o6oux
CIIydastx JeHCTBHUE TaeT OTHOCUTEIbHOE yiydinerue Ha 10, 4To oTpakeHo B OIMHAKOBOM
3HaueHuu npeumyiiectsa. OIHAKO 9TO MOKET ObITh HEOUEBUIHO, ECII CMOTPETD TOJIBKO

Ha Q"(s, a):
Qr(s, a) = 110, V*(s) = 100, A™(s, a) = 10; (6.4)
Q'(s, a) =-90, V*(s) = —100, A"(s, a) = 10. (6.5)

[Momo6Hast TpaKTOBKA (GYHKINU TPEUMYTIECTBA TIO3BOJISIET YIOBUTE J0JTOCPOUHOE
BJIMSTHUE JIEIICTBUS, MOCKOJIbKY OHA PACCMATPUBAET Bee OY/yIIKe Maru’, He MpUHUMAst BO
BHUMaHUe I(PDEKT OT Beex JIENCTBUI, IPOU3BEIEHHBIX JI0 TeKy1ero momenTa. [1lymipman

B paMKaX BpEMEHHOTO TOPU30HTa, ABHO 3aJITaHHOTIO Y.
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C KoJUIEraMu [IPe/ICTABI/IM aHAJIOTHYHYIO0 MHTEPIIPETAIUIO B CBOeli cratbe Generalized
Advantage Estimation [123].

V3Has, moueMy GyHKIMs penmytiectBa A™(s, @) — XOpOIIuii BBIGOP ISt TIOAKPEILISIO-
I[ETO CUTHAJIA B aJITOPUTME aKTOPA-KPUTHUKA, PACCMOTPUM TEIIEPh CITOCOOBI €€ OIEHK.

OueHka npenMmyLlecTBa Nno oTaaye 3a n waros

g pacuera A™ HyskabI o1ieHKH st Q" m V™. OuH U3 MOAX0/I0B — MOKHO HACTpau-
Bath Q" 1 V" 110 OT/IETBHOCTHU € TIOMOTIBIO Pa3HbIX HeHPOHHBIX ceTeil. Ho y Hero ecTh
IIBa HelocTaTKa. Bo-mepBbIX, HY/KHO T03a00THTHCS 0 TOM, YTOOBI 06€ 9TH OTEHKN OBLIH
corsiacoBanbl. Bo-BTOpBIX, 9T0 MeHee ahheKTHBHO ¢ TOUKY 3peHust o6yderust. Bmecto
3TOrO MBI OOBIYHO HACTPAMBAEM TOJBKO V™ 1 jijist oneHku Q" 0Obe/IMHSAEM ee ¢ BO3HA-
IPaKIEHUSIMU U3 TPAEKTOPUU.

Hacrpausars V” npeamoututenbree, ueM QF, mo AByM npuwanHam. Bo-mepBoix, Q" —
6ostee caokHAA DYHKITUSA U 7SI HACTPOWKM XOPOTIEH OT[EHKN MOKET MOTPE6OBATHCST
6oJIBIITE TIPIMEPOB. DTO MOJKET OBITH Kpaiite Tpo6IeMaTHIHBIM, KOTIa AKTOP U KPUTHK
TPEHUPYIOTCS COBMECTHO. BOo-BTOPBIX, moJyuenue onerku V" us Q" Mosxker ObITh GoJiee
3aTPATHBIM B BBIYUCIUTETHHOM OTHOIIeHNH. BoiBesienne omenku V7(s) us Q(s, a) Tpe-
GyeT BBIYUCIEHUS OJIE3HOCTEH /I BCEX BO3MOMKHBIX JEHCTBUIN B COCTOSIHUMY S, 2 3aTEM
MOJIyYeHUS CPe/HEB3BEIICHHOTO 3HAUEeHU BeposaTHOCTeH fneiictsuil 1 V7(s). Kpome
TOTO0, ATO 3aTPYAHUTEJILHO B CJIydae Cpell C HEITPEPBIBHBIMU JCHCTBUSMU, TIOCKOJIBKY IS
ouenku V" norpebosaiack Obl peripeseHTaTuBHas BIOOPKA AEHCTBUI U3 HEIIPEPbIBHOIO
IIPOCTPAHCTBA.

Pacemorpum nosryuenne onenku Q" uz V™.

[Tpenmonoxum, 4To y Hac ecTh ujaeanbuas omenka V'(s), rorna Q-GyHKIUS MOKET
OBITh 3aTMCaHA KAaK MHOKECTBO OJKUIAEMbBIX BO3HATPAKIACHUH JIJISI 72 [ITar0B, 3a KOTOPBIM
cremyer V(s, . ) (ypasuenwue (6.6)). UToObl yIpOCTHTD OIEHKY, Oy/ieM HCIOIb30BaTh
OJIHY TPAeKTOPUIO BO3HATPaxKAeHUi (7,... 7,) BMECTO MAaTEMaTUYECKOTO OKHMIaHUs
U TIOJICTABUM HACTPOEHHYIO KPUTUKOM & (s) Broipakenue us ypasuenus (6.7) 13BeCTHO
Kak Oy/IyIast OT/Iaua 3a 7 [aros:

Q" (Str al ) = Er~n |:r[ + ’Yr1,+1 + ’Y2rz+2 +...+ ’an;ﬂz :| + Y”‘”V" (Sl+n+1 ) = (66)

2 n nlyrn N
zr} +'le +'Y 7’1,4-2 +"‘+y n+n +Y V (‘sl.+)1+1)‘ (67)

+1

B ypaBuennu (6.7) B IBHOM BH/Ie BBIPAKEHO COOTHOIIIEHNE MEXKY CMEIEHNEM U JIUC-
nepcueii orenky. Ha 7 marax ¢ seficTBUTeIbHBIMI BO3HATPAKIAECHUSAME CMEIeHUe OT-
CYTCTBYET, HO JICTIEPCHST BBICOKAS, TAK KAK BCE OHH B3SATHI I3 O/IHOI TpaekTopu. Y V7 (s)
JICIIepCUsT HUKe, TIOCKOJIbKY OHA OTPAsKaeT MaTeMaTUIecKue OsKUIAHS 110 BCEM BUJIEH-
HBIM JIO CUX [TOP TPAEKTOPHSIM, HO €CTh CMEIIeHUe B CBSI3U C TEM, YTO OHO BbIYUCJISIETCS
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C IIOMOIIIBIO alllIpOKCUMalln (byHKHI/II/I. W3 coueranms aTux JIBYX THUIIOB OIICHKU BbITE€Ka-
€T BbIBO/L, YTO AUCIIEPCUA I[efICTBI/ITe]IbeIX BOSHaI‘pa)KlIeHI/Iﬁ TEM 60]IbIHe, yeMm GoJiblie
[I1aroB IIPOIILJIO C MOMEHTA t. bmke k t BbIT'O/la OT MCITOJIb30OBaHUA HeCMeL[IeHHOfI OIIEHKN
MOJKET IIEPEBECUTH BHECEHHYO ANCIIEPCUIO. HpI/I YBEJIMYECHUU 77 JUCIIEPCUA B OlIEHKAX,
BEPOATHO, HAYHET BbI3bIBATH HpO6JIeMbI, n Jjiyyqiie HepeI';ITI/I K OIl€HKe CO CMelleHrueM,
HO C HU3KOM lIHCHepCI/IefI. Yucsio maros ¢ I[eﬁCTBHTe]IbeIMH BO3HarpasKJieHUAMU 71
peryjnupyeTr COoTHOIEHNUE MEK/Y CMEIICHNEM 1 I[I/ICHepCHefI OIICHKMH.

O6beHuB olleHKH 3a 72 1aros s Q" ¢ V™ (S, ), TOJTyIUM (POPMYITY JIJIsT OTleHKN (hyHK-
nuu nipeumyinectsa (ypasuenue (6.8)):

Arsep(s,a,)=Q7(s,,a,)-V"(s,) =
~ r[ + ’le,+1 + ‘Y27;+2 +.t ’ynn-m + Y”H‘}n (S/+n+1 ) _‘7“ (S( ) (68)

Yucsio maroB 7 ¢ ENCTBUTEIbHBIMU BOZHATPAXKIEHUSIMU KOJTMYECTBEHHO PETYJIUPYET
JIUCIIEPCUIO OIIEHKH TIPEMMYIIIECTBA U SIBJISIETCSI TUIIEPIIAPAMETPOM, KOTOPBIM HYKHO
HacTpauBaTh. MaJjioe 3Ha4Yenue 7 JaeT OLEeHKY ¢ HU3KOI AucIepcueii, Ho OOJIbIIIM
cMmeltenreM, 60JblIoe 3HaYeHne — OIEHKY ¢ BBICOKOH Auciepcueil, Ho MEeHbIIUM
CMellleHUEeM.

O606L1eHHas oLeHKa npenMyLLecTBa

O606m1enHast oreka npenmyinectsa (Generalized Advantage Estimation, GAE) [123]
6bia mpeiokena [ybMaHOM ¥ IPYTUME B KQUECTBE YCOBEPIIEHCTBOBAHMSI OTIEHKU
10 oTa4e 3a 7 Waros st pyHKimu npenmyiiectsa. OHa peinaer npobieMy, BbI3BaH-
HYIO HEOOXOJIMMOCTBIO SIBHOTO 33/[aHUST 71 — KOJIMYECTBA [IATOB C TIOJlyYeHUEM OTIauH.
OcHOBHast ujiest 371eCh B TOM, 9TO BMECTO BBIOOPA OJIHOTO 3HAYEHUS 71 UCTIOJB3YETCS
MaccuB u3 GOJIBIIOTO KOJIMYecTBa 3HaYeHuil. TO eCTh MPEUMYIIECTBO PACCUUTHIBAETCSI
C TIOMOII[BIO CPETHEB3BENIEHHOTO 3HAUEHUSI OT/IEJbHBIX TIPEUMYIIIECTB, BBIYNCIEHHBIX
npun=1,2,3... k. llesp GAE — cyliiecTBeHHOE CHIKEHUE IUCTIEPCUH OIIEHKHU [TPU KAK
MOKHO MEHbIIIEM CMEIIEHUN.

GAE ornpesiesigercst Kak 9KCIIOHEHIIMAIBHOE CPETHEB3BEIIEHHOE 3HAYCHME BCEX OICHOK
MIPEUMYTIECTB I TIOCJAEAYIONIeH OT/auM 32 7 MAroB. TO OIpe/eIcHIe TPUBEICHO
B ypaBHenuu (6.9), a monubiii BeiBog GAE nan B npumevanun 6.1:

0

Al (s00,)=Y(v2) 8., (6.9)

=0

raed, =7, +yV(s,, ) — V'(s).

O‘leBI/IJIHO, GAE OIipeiesIAeT Cpe/THEB3BCIIEHHOE 3HAaY€HME HECKOJbKUX OIEHOK IIpe-
NMYyIIECTBa C pa3HbIMU CMEIIECHUAMN U JUCIIEPCUAMMN. GAE npuaaeTt HanboJIbIINI Bec
NMpenMynieCTBy mpu OJlHOM IlIare ¢ 60JIbIIUM cMelleHneM U HU3KON amcnepcneﬁ, a Tak-
JK€ YUUTDBIBACT BKJIa/[ OIIEHOK C MEHBIINM CMEII€HNEM 1 6oJ1ee BLICOKOM aﬂcnepcneﬁ
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pu 2, 3... n marax. VIX BKJIajl yMEHbIIAETCS 9KCIOHEHIIUAIBHO 110 MePe YBEJINYEeHU
KoJdecTBa maroB. CKOPOCTh YMEHbBINEHM peryaupyercs koaddunnentom A. Ciemro-
BaTEJILHO, YeM OOJIBIIE A, TeM BBIIIE AUCTIEPCHUSL.

MpumeuaHue 6.1. BbiBoa 0606LLEHHO OLlEHKN NPEeNMyLLecTBa

Boisox GAE He cambiil 1poCTOii, HO Hajl HUM CTOUT TIOTPYAUTHCSI, YTOOBI IOHUMATD, KK
oHa oreHnBaet hyHKIMIO penmyiiectBa. K cyactrio, B koreurnom utore st GAE 6yner
TIOJTy9eHO IIPOCTOE BBIpakeHHe, KOTOPOe I0BOJIBHO JIETKO Pean30BaTh.

A7 (n) ucniombayercs st 0603HAYEHMS OLEHKU ITPEHMYIIECTBA, BBIYUCIEHHOM 110 Toc/Ie/1y-
foleii otaue 3a n waros. Hanpumep, B ypastenusix (6.10) npusenenst AT (1), AT (2) n AT (3):
AT()=1,+9V(5,.4) =V (s.);
AT (2) =1, +91, +7V (5,,) -V (s,); (6.10)
A:' (3) = r’ + yer + ’err+2 + ’Y:;Vn (SHB ) - V" (S! )

GAE OIIpe/iesIACTCA KaK 9KCIIOHEHIINA/JIbHOE CPEIHEB3BCIICHHOE 3HAYCHNE BCEX OIIEHOK
MIPpENMMYHIECTB 110 HOC]IeI[yIOH.[Eﬁ OT/la4ye 3a 7 1aros:

Ay (5@, ) =(1=2) (AT (1) +2A7 (2) + A2 AT (3) +..), (6.11)
roe A€ [0, 1].

C ypasnenuem (6.11) He caumkom npocto paboTarh, K C4acTbio, s yipouieHus GAE
lynbman ¢ kosteramu [123] BBesn nepemennyio d;:

S, =r,+yV(s,,) — V(s). (6.12)

3ametbte, uTo 7, + YV(s,, ) — 9710 onenka nnsa Q7(s, a,) P OAHOM IIare, IOITOMY J,
npejcTaBisgeT GyHKIUIO IPEUMYIIeCTBA /Il BpEMEHHOTO 11ara ¢, pacCYuTaHHYIO JIJIst
TocJeyIoniell oT/1aun, MOJIydeHHOH 3a oinH mmar. PaccMoTpuM npejictaBieHue ¢ 1o-
MOIIbI0 & (DyHKIIMK [IPENMYIIleCTBA 1IPH 7 1arax. Bo-niepsoix, ypaBHenue (6.10) moxer
ObITh PACHUIMPEHO U TIePECaHo B Bujle ypaBHenuii (6.13). O6parure BHUMaHUe HA TO, YTO
n3 ypasnenuii (6.13) nckiodenpl Bee mpoMesxkyTodHbie unenbl ot Vi(s,, ) no V(s
ocrajnuch Tosibko V'(s,) 1 uie, conepskatuii V(s
nennu (6.10):

A ()= 49V (5,1) =V (s,
AT (2) =1, +yV"(s.,,) -V (s, +Y(Tr+1 V7 (s,,) - V" (Sr+1));
A3 =1 47V (5,.) =V (3) #7741V (5,) V7 (5,0)) +
+y’ (rr+2 YV (5,,5) = V(5,0 )),

Takas hopma 3anuc GYHKIUT TTPEUMYIIECTBA TTOIe3Ha, TAK KaK MOKA3bIBAET, YTO OHA
COCTOWT 13 MHOKECTBA TIPENMYIIECTB JIJIsT OIHOTO T1ara, BeC KOTOPBIX 9KCIIOHEHITUAIBHO
M3MEHSIETCST C POCTOM CTETEHH Y TIPY YBETNYEHIUH TTara. Y TPOCTUM € TIOMOTITBIO & YJT€HbI
ypasuenuit (6.13) u monyunm ypasuenus (6.14). B aux nmokasano, 4To mpenMyIecTBO

t+n— 1)’
) JULA TIOCJIETHETO 11Iara, KakK B ypaB-

t+n

’

(6.13)

)
)
)
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Ha 7 1imarax A"(n) — 9TO CyMMa 9KCIIOHCHIIMAJIbHO B3BCIICHHDBIX 3HAYEHUI 8, TO €CTb O/THO-
IIaroBbIX IPEUMYIIECTB!

AF(1)=38,;

(
t
AT (2)=8,+78,.; (6.14)

AT (3)=8, +78,,, +7°3,,,.
[Tonyuus Beipakenue A"(i) uepes 8, MOKHO MOJCTABUTH €ro B ypaBHeHue (6.11) 1 mosy-

quTh nipocroe Boipaxkenue 17ist GAE (ypaBuenue (6.15)):

0

Al (508,) =Y (v2) 8, (6.15)

=0

Kak GAE, tak u orteHku hyHKIIMY TPEMMYTIECTBA 110 OT/[aue 3a 71 MAroB BKJI0YAIOT KO-
a(hGUITUEHT TMCKOHTUPOBAHMS Y, KOTOPbIH OIIPEIEISIET, HACKOJIBKO aJITOPUTM YUNUThIBA-
eT Oy yliye Bo3HarpaskIeH s 110 CPaBHEHUIO ¢ TeKyIum. Kpome Toro, B 060uX cirydasix
[IPUCYTCTBYET ITapaMeTp, PEryIUPYIONIUIl COOTHOIIIEHIE CMEINEHUS ¥ IUCIIEPCUN: 71 JITIST
dbysxun npenmyinectsa u A 1t GAE. Tak yero ske Mbl go6uanch, npumenns GAE?

HecmoTpst Ha TO 9TO Kak 7, TaK 1 A PETYJIUPYIOT COOTHOIIEHNE CMEIIEHUS U TUCTIEPCUH,
OHU JIEJIAIOT ATO Pa3HBIMU criocobamMu. 3HaUEHUE 1 — JKECTKO 33/IaHHOE, TaK KaK OHO
TOYHO OIIpelesisieT TOUKY, B KOTOPOIl Iipu oifenke V-OyHKIUY BKJIIOYAIOTCS BBICOKO-
JIACIIEPCHDBIE BOZHATPAXK/IEHMSI. B IPOTUBOIIOJIOKHOCTD 3TOMY A — THOKUI TTapaMeTp:
MeHbIINE 3HAYCHUST A IPUAJLYT OO Bec olleHKe V-(hyHKIMHU, Toria Kak 60sbiime
3HAUEHUS c/leqatoT GoJiee BECOMBIMHY JIEUCTBUTEIbHBIE BO3HATPpAKIeH!sL. TeM He MeHee,
€CJIN TOJIBKO A He PaBHA HYJIIO! NI eTMHUIIE?, ee TIPUMEHEHNE TTO-TTPEsKHEMY TTO3BOJISIET
YUYUTBIBATh OLIEHKH ¢ O0Jiee BHICOKOI 1 OoJiee HUBKOI aucnepcueil BBUAY ruOKoCTu
TAKOTO MOJX0/IA.

6.2.2. Hactporika yHKUMM NpenMyLlecTsa

MbI paccMoTpe/n Ba crocoba onenkn GpyHKimn npenmyniectsa. O6a OHU Mpenoia-
raloT, 4YTO y HaC €CThb OIl€HKa Vn, KaK ITIOKa3aHO JaJiee:
. ~ HT (o TPRY
A:stcp(3,7 af) R AN Ay, YTV (3””” ) -Vr (3, ), (6.16)

t+1

0

A (5a,) = D (1) 5, (6.17)

£=0

e d, =7, +yV" (S41)— v (s,)

To, uro cBonT GAE ¥ oHOIIaroBoii orienke (GYHKIIMH TPENMYIIIECTBA, — 9TO OlleHKa 3HaYe-
HUI OT/[AYM 110 METO/IY BPEMEHHBIX PA3HOCTEN.

B atom CJydae AJisd IMoJIydeHuA OIEHKN MCIIOJIb3YIOTCS TOJIBKO ZIEIL/'ICTBI/ITe]IbHI)Ie BO3Harpa-
JKACHUA — 9TO OI€HKa BOSHaI‘pa}KI[CHI/IfI 110 METOLY MOHTC—KapHO.
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Mb1 HacTpausaem V* ¢ omornbio TD-o0yuenus Tak e, Kak Ipu HacTpoiike Q aus
DON. Bxkpartie npouecc 00y4eHus IPOUCXOIUT ceayomumM oopasoM. [TapaMerpusu-
pyem V* ¢ omotipio 6, oposkiaem Vi, 17151 KaXK0T0 M3 HAKOIJIEHHBIX areHTOM Ipe-

tar A
11e/IeHTOB, MUHUMU3UPYeM PasHuILly Mesxky V™ (s;0) 1 V], ¢ IOMOIIIbIO PerpeccnoHHol
dbyHkIMu oreph, TaKo Kak cpeHsisi KBajpatudeckas omubka. [ToBropsiem aToT
IpoI1Iecc MHOTO pas.
Vﬂ

tar

MOTYT ObITH TIOPOKIEHBI C TOMOTITHIO moboil nopxozsmeii omedku. IIpocreiinmmii
crocob — yeranosuts Vi, (s)=7+V™(s;0). D10 ecrecTBennbiM 06pasoM MOKeET GbITh
000011I€HO B OLIEHKY JJIsI 72 IIIar0B):

Vﬂ

Lar

(sl ) =74y, e YT +y"“l7" (St ) (6.18)

[+n

B kadecTBe anbTepHATHBBI MOKHO HCTIOIB30BaTh OIeHKY V1 110 MeToxy MonTe-KapJio,

tar
MIpUBeICHHYIO B ypaBHeHnH (6.19):

Vi (s)=27""n. (6.19)

Wanu 3azarh:
Vo (s,)= e (5 @)+V*(s,). (6.20)

Ha npaxTuke Bo usbeskaHue JOMOJHUTENbHBIX BBIYNCICHUN BEIOOD V7 dacTo cBsi-
3bIBAIOT C METOJIOM, TPUMCHACMBIM JIJIF OIIEHKU ITPpEUMYIIeCTBa. Haan/IMep, MOKHO
BOCTIOJIb30BAThCS ypaBHeHueM (6.18) mpu orieHKe MPermMyIIecTBa ¢ TOMOTIBIO OT/IAuH,
MTOJIYIEHHOI 32 7 aroB, uin ypasaenueM (6.20) — /7151 OIEHKY MPENMYTIEeCTBa ¢ TI0-
moribio GAE.

I[Tpu HacTpoiike V7 BO3MOKHO ITPUMEHEHMe O0Jiee TIPOABUHYTHIX TIPOIEAYD ONTHME3a-
nun. Hampumep, B ctatbe 0 GAE [123] V™ mracTpanBaeTcst ¢ TOMONIHI0 METOIA IOBEPHU-
TeNbHOM 06/1acTH.

6.3. Anroput™m A2C

371ech aKTOp M KPUTUK OOBEAUHAIOTCS IS TOJYIEHUS AJITOPUTMA aKTOPa-KPUTHKA
¢ npeumytiectBoM (A2C) (anroputm 6.1).

AnropuTtm 6.1. A2C

1: YcTaHoBka B 2 @ # Bec, perynumpywwuii SHTponuw

2: YcTaHoBKa a_ 2 @ # cKopoCTb obydeHus akTopa

3: YcTaHoBKa a_ 2 @ # CKOpOCTb OBy4eHus KpuTHKa

4: WHuumanusauma napameTpoB akTopa 6. n kpuTuka 6 cayyaiiHbiMW 3HaYeHMAMK

' Cuemyer OTMETUTD, YTO AaKTOP U KPUTUK MOTYT ObITh KaK OT/IEIbHBIMU CETAMMU, TaK 1 00IIei
ceTbio. 3a 6osiee MoApOOHBIME CBeIeHUAMU oOpaiaiitech K pasaeny 6.5.
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5:
6:

O 00 N

10:

11:

12:
13:

14:
15:
16:

17:
18:
19:
20:
21:

for episode = 0...MAX_EPISODE do

HakonuTb U coxpaHuTb AaHHble (S, ., N, Si),

= feiicTBYA B CpeAe C MOMOWbW Tekylenh cTpaTeruu

for t = 0...T7 do
PaccynTaTb MporHosHble V-3HavyeHua V“(SJ C nomoublo ceTu Kputuka 6
BblYMCAUTL MpeumyliecTBo An(st, a,), BOCMO/Ib30BABWUCHL CeTbi KpuTuka O
Paccuutatb V. (S.), NpUMeHMB ceTb KpuTuKa O,
= 1/WAN JaHHble MO TpaekTopwuu
Mpu HeobxoANMOCTM HaWTU SHTpoNui H, pacrnpeAeneHnsa AfiA cTpaTeruu
C nomouwbilo ceTn aktopa 6,. WHaye ycTaHOBUTbL B = @

end for

PacyeT ¢yHKUMM noOTepb ANA NONE3HOCTEN, Hanpumep, C MOMOLbLH

= cpepfHeil KBaApaTU4YeCKOW owubKu:

L (8) = 230, (V7 (s0) - Vi (s0))

T
PacyeT ¢yHKUMM noTepb ANA CTpaTeruu:

LDol (eA) = %Z::a (_2‘“ (St’ al‘) log T, (af | Sf) - BHt)

O6HOB/NIEHME MapaMeTpoB KPUTHUKA, Hampumep, C nomowbk SGD!:
ec = ec + acve(Lval (ec)
O6HOB/NEHME MapamMeTpoB aKTopa, Hanpumep, C nomowbk SGD:
84 = B4+ 04V, Ly (82)

end for

Bce anroputsmbl, KOTOpPbIE MbI IO CUX [IOP BCTpedasin, GOKyCHPOBAIUCH HA HACTPOIKe
YEeTO-TO OJIHOTO: KaK JIeCTBOBATH (CTpaTeTns ) UJTH KaK OIleHUBATh JAeUCTBUST (KPUTHUK).
AJITOPUTMBI aKTOPa-KPUTHKA HACTPAWBAIOT M TO U JPYTOE BMeCTe. 32 UCKIIOYeHUEM
3TOTO, BCE HMEMEHTHI ITIKJIA 0OYUEeHHST TOJIKHBI OBITH BAM 3HAKOMBI, TAK KAK OHU ObLII
YacThIO TIPUBE/ICHHBIX paHee anropuTMoB. [Ipoiizem anroputym 6.1 omnaroso.

Crpoku 1-3. ¥YcTaHoBKa 3HaueHUii BaKHBIX runepnapameTpos 3, o, o, . B onpese-
JISIeT, HACKOJIBKO HY;KHO PETYJIUPOBATH 9HTPONUIO (JieTai cMoTpuTe nasee). [lapa-
METPBI O, U 0, — 9TO CKOPOCTH 00y4eHHs, IPIMeHsAeMble TIPH ONTHMHU3AIIN 00erX
cereil. VIX 3HaueHust MOTYT ObITh OJJMHAKOBBIMY MM PasHbiMu. OHU B 3HAYNTEILHOI
CTETIeHN 3aBUCST OT PENTaeMOo 3a/1auu, U UX HYKHO HAXOJUTH OTIBITHBIM TTYTEM.

Crpoka 4. VIHunma musaius napaMeTpoB 00enx cereil cryqailHbIMI 3HAYCHUSIMHU.

Crpoka 6. Hakornsienue JaHHBIX C TIOMOIIBIO TEKYIIEN CEeTH CTpaTeruu (E)a. B atom
AJIFOPUTMe [OKa3aHO 00ydeHne Ha SIM30/aX, OAHAKO JAHHBINA [OAXOM IPUMEHIM
1 K 00yYEHHUIO Ha TTaKeTax.

Crpokn 8—10. [Lst BceX IpeLe1eHTOB (s,,a,,7,,s) B anmzone paccuurats V™ (s)
Vi (s, )nA™(s, a,) c TOMOIIBIO CETH KPUTHKA.

tar
Crpoxka 11. /151 Bcex mperie/ieHTOB (S, LA, T, S, ) B 3IIM30/1€ IPU HEOOXOAMMOCTH BbI-
YHCJIUTH SHTPOIIHIO JITTST TEKYTIETO PacIpeieIeHsI IeHICTBUI 10 CTPATeTHH Ty C TT0-
MOTITHIO CETH KPUTHKA. POJIb 9HTpOTIHH TTOAPOGHee 00CYysKIaeTCs B puMedanu 6.2,

CTOoXacTUYeCKUi TPAIUEHTHBIN CITYCK.
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Crpoku 13 u 14. Pacuer dyHkunu noreps jist nosesnoctu. Kak u B caydae ¢ anro-
purmamu DQN, B kauectse Mepbt pasamaus V7 (s, ) u V7, (s, ) Mbl BbiOnpaenm cpeztee

KBaJ[paTUIecKoe OTKIOHeHne. TeM He MeHee MOTYT ObITh MCTTOMB30BAHDI TI00OBIE
apyrue GyHKIMK T0Teph, HanpuMmep (QYHKINS T0Tepb XbioOepTa.

Crpoku 15 u 16. Onpeznenenne GyHKIUN M0TEPD 17151 cTparerun. [Ipoussoaurcs
B TO#1 e (opme, uto u B anropurme REINFORCE, ¢ nupubasienuem 1npu He-
00XOIUMOCTHU YJIeHA, COOTBETCTBYIOIIETO peryJsipusanun sutpornuu. Obpature
BHUMAaHHUE: Mbl MUHUMU3HUPYEM (DYHKIMMIO IIOTEPDH, HO IPAJANEHT CTPATErnu HyoK-
HO MaKCUMU3UPOBATh, OTCIONA W 3HAK MUHYC riepejs A" (s[,a[ )logne“ (a{ s, ), KakK
B REINFORCE.

Crpoxku 17 u 18. OGHOBJIEHIE TAPAMETPOB KPUTHKA C TIOMOIIBIO TPajiieHTa (DyHKIHN
TOTePH JIJIs1 TOJIE3HOCTEH.

Crpoku 19 u 20. O6HOBIIEHME TTAPAMETPOB AKTOPA € IOMOIIHIO CTPATErUH.

MpuMeuaHue 6.2. Perynsapusaumsi SHTPONun

Poutb perynsipusaliiy SHTPOITNH 3aKII0YaETCS B TOM, YTOObI MOOIIPSITh HCCIeI0BaHIE pas-
HBIX JIeHCTBUH. JTa ujies BIIepBbIe Obliia npenioxena Bumbsamcom u [learom B 1991 roxy
[149] u ¢ Tex noOp crasa MoIyJIsIPHBIM IPeoOPa3OBAHIEM AJITOPUTMOB OOYUEHUST C MO/
KperieHueM, 3a/IeiCTBYIOIINX IPAJNEeHT CTPATETUN.

YT006bI TIOHSTH, [IOYEMY B 9TOM CJIydae IOOLIPSETCs UCCeI0BaHe, CHavYaa CleyeT OT-
METHTh, 4TO Y O0Jiee OIHOPOAHOIO PacIpeieieHust aHTporus GoJbiie. YeM oqHOpPOIHEE
pacmpesesenye AeHCTBUI MO CTpaTeruu, TeM 60JIblile Pa3InYHbIX AeHCTBIIT OHA BbIIAeT.
Hamnporus, Meree 0HOPOHbBIE CTPATETUH, TIPOU3BOIAIINE CXOKHE JACUCTBUSI, UMEIOT
MEHBIIIYIO HTPOIIHNIO.

PaccmoTpumM, modeMy obaBJieHie SHTPOIUY B TPAAUEHT CTPaTErki, TPUBEIEHHOE B ypaB-
Henuu (6.21), nooupsier 6oiee OHOPOAHYIO CTPATEIUIO:

L, (64)= %ZLO(—A“ (5, )logn, (a,|5,)-BH, ). (6.21)

Iurponus H n napameTp  Bcerzia HeOTpHIIaTeIbHBIE, TOT/IA 3HaYeHIe —3H Bceraa oTpu-
narespHoe. Korza crparerus gasexa oT 0lHOPOHOIL, sHTpPOIHS cHIDKaeTcst, —BH pacrer
U CUJIbHEE BJIUSIET Ha (DYHKIIUIO [IOTEPH, TEM CAMBIM MOOIIPSIETCSI IEPEXOJ] CTPATErnu K 60-
Jiee ojiHopoiHON. HarpoTu, Kora crparerust GoJiee 0IHOPO/IHast, 9HTPOIHUS pactet, —BH
CHWKAETCS M BHOCUT MEHBIINI BKJIA/] B (DYHKIIMIO ITOTEPD, & Y CTPATErMH MaJIO CTUMYJIOB
IUIsT U3MEHEHUs1 Yepe3 100aBKy, COOTBETCTBYIOILYIO SHTPOTIUH.

B takom cmoco6e mpeobpazoBanus GYHKIINI MOTEPh BhIpasKeHa MPeIIToYTUTENbHOCTD

o o Aﬂ . ~
Gosbuero pasnooGpasus jeilcTuil npu ycosuu, uto wien A” (s, a/)logned (“1, |-5/.)
He YMEHbILIAEeTCs CUIKOM ciIbHO. COOTHOLIEHHE MEKLY ABYMS 9TUMU YICHAMH eJ1eBOil
(YHKINN PEeryIupyeTcs MapaMeTpoM f.
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6.4. Peanuzauusa A2C

Tenepb MbI pacCIiiojlara€émM BCeEMU H606XOZ[I/IMI:>IMI/I 9JIEMEHTaMU [IJIdA peaan3alnn ajaro-
puTMa aKTOpa-KpHUTHKA. OcHOBHBIE KOMITIOHEHTBI:

® OIleHKa IpeuMYyIecTBa, HallpuMep, 110 OT/[a4ue 3a 7 11aroB njin GAE,
([ ] (l)yHKI_II/H/I TTIOTEPD AJIA TMTOJIE3SHOCTH U CTPATETUH;

® 1uKJI 00ydeHus.

Jlasiee Mbl 0OCYIUM PeaIM3aIUI0 KaxkKI0T0 U3 9TUX KOMIIOHEHTOB, 3aKOHUUB LIUKJIOM
obyueHus, B KOTOPOM Bce OHU 00bearHAI0TCs. II0CKOIbKY METO/ aKTopa-KPUTUKA
asiisiercst koutentyaabubiM paciuinpenuem REINFORCE, ero peanusanus ynacie/o-
BaHa OT KJjacca Reinforce.

MeTos akTOpa-KpUTHKA — 3TO OCHOBAHHBIN Ha CTPATETUH alTOPUTM, TIOCKOIBKY KOMTIO-
HEHT aKTOPa HaCTPAUBAET CTPATETUIO € TTOMOIIBIO TPajiieHTa cTpaTerun. Kak ciectsue,
obyueHre aJITOPUTMOB aKTOPa-KPUTHKA TPOUCXOIUT € MOMOIIIBIO KJIACCOB MAMSITH JJIst
00yUeHUsI TI0 aKTyaJIbHOMY OTIBITY, TAKIX Kak OnPolicyReplay ¢ 06ydeHIeM Ha SITH30/1aX
ny OnPolicyBatchReplay ¢ 00yueHIEM Ha MaKkeTax JaHHBIX. [[pUBeICHHBIN f1ajiee KO
MPUMEHUM K 060UM MOAXO0aM.

6.4.1. OueHka npenMyLLecTBa

OueHKa NpenMyLLIEeCTBa MO OTAAYE 3a N Laros

OcHOBHAsA XUTPOCTD 1IPU pean3aluu oieHku Q 3a 7 MIaroB B TOM, YTO Y HAC €CTh
JOCTYII K BO3HATPAXKIEHUSIM, [OJIYIEHHBIM 32 91IU30/], B BU/IE TIOCJIE0BATETHHOCTH.
Mo2xHO napajiiesbHo pacCUuTaTh AUCKOHTUPOBAHHBIE CYMMbI 72 BOBHATPAKAEHUI 17151
BCEX DJIEMEHTOB B ITaKeTe, BOCIIOJIb30BABIIICH BEKTOPHOI apu(MeTHKOM, KaK MOKa3aHO
B aiuctunre 6.1. [Togxo/ 3akiouaeTcst B CaeyIOIIeM.

1. WMuunmanusaius BeKTopa rets olleHKaMu Q-3HaveHUi, TO eCTh 3HAYeHUSIMU OTAaun
3a n maros (cTpoka 4).

2. Tlo coobpaxenusim 9 HEKTUBHOCTH BCe BBIYNCAEHUS BHITOTHAIOTCS, HAYMHASE C 110~
CJIE/IHETO YJIeHa /10 TIepBOro. future_ret — BpeMeHHask IEPEMEHHAs JUIs CyMMUPO-
BaHUs BO3HATPaK/IEHUIT 110 Mepe HAIlero MPOJABMKEHUsI B 0GPATHOM HaIlpaBIeHHN
(crpoxa 5). OHa HHHIHATUPYETCS 3HAYCHIEM next_v_pred, TaK KaK MOCIe/IHMIL
aien Q-OIeHKH 3a 7 1aroB — a1o V™ (s, )-

3. note_dones — 910 GuHaApHAs TIepeMeHHast st 06pabOTKY IPaHMUI] SITU30/0B U JJIst
MIPEIOTBPAIIEHUS TPOOIKEHIS CYMMIPOBAHUS 32 PAMKaMU 3TTHU30/1a.

4. Obpatute BHUMaHUE HA TO, YTO Q-OIEHKA 3a 71 MIATOB OIMPEIETISIETCS] PEKYPCHBHO,
TO €CThb Q. =r +YQ, .- 9TO B TOYHOCTH OTPasKEHO B CTPOKE 8.

urrent current
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JInctuHr 6.1. Peanusaumns aktopa-KpuUTUKa, pacyeT NpenmMyLLecTs no otaade
3a n Lwaros

1 # slm_lab/lib/math_util.py

def calc_nstep_returns(rewards, dones, next_v_pred, gamma, n):
rets = torch.zeros_like(rewards)
future_ret = next_v_pred
not_dones = 1 - dones
for t in reversed(range(n)):
rets[t] = future_ret = rewards[t] + gamma * future_ret *
= not_dones[t]
9 return rets

0NV A WN

Teneppb kaaccy ActorCritic Hy:KeH METOJ IJIT pacdyeTa OIIEHOK MPEuMYIecTBa 1 T1e-
JIEBBIX 3HAUeHUN V [IJIs1 BbIUMCIIeHUsT (DYHKIIMYU TOTEPD JIJIsI TOJIE3HOCTU U CTPATETnu
COOTBETCTBEHHO. DTO OTHOCUTEBLHO MTPOCTO, KAK MIOKA3aHO B JiucTUHTE 6.2,

Curietyer yIoMsIHYTh OJ[HY BaXKHYIO JIeTasib 00 advs U v_targets. Y HUX HET TpajiieH-
TOB, KaK MOKHO BUJIETH 110 Ollepalusm torch.no_grad() u .detach() B crpokax 9—11.
B dynxnuum noteps ang crpaternu (ypaBHenue (6.1)) mpemmyIecTBO BBICTyIIaeT
JIATITh B POJIA CKAJIIPHOTO MHOKHTEJIS TPalieHTa JJoraprudma BEpOSTHOCTH CTPATETHH.
Uro kacaercs hyHKIIUU MOTEPD JJid Toje3HocTy u3 anroputma 6.1 (crpoku 13 u 14),
TO MBI IIPEJITIOJIAraeM, uTo TeieBoe V-3HaueHne (GUKCUPOBAHO, a TeIb — 9TO 0OOyYeHue
KPUTHKA TIPOTHO3UPOBAHUIO V-3HaueHU H, GIM3KUX K HEMY.

JINCTUHr 6.2. Peanusaums akTopa-KpUTMKa, pacyeT NpenMyLLecTs 3a N LWaros
1 LeneBbix V-3HaueHwit

1 # slm_lab/agent/algorithm/actor_critic.py

2

3 class ActorCritic(Reinforce):

4

5

6 def calc_nstep_advs_v_targets(self, batch, v_preds):

7 next_states = batch['next_states'][-1]

8

9 with torch.no_grad():

10 next_v_pred = self.calc_v(next_states, use_cache=False)

11 v_preds = v_preds.detach()

12

13 nstep_rets = math_util.calc_nstep_returns(batch['rewards'],
= batch['dones'], next_v_pred, self.gamma,
= self.num_step_returns)

14 advs = nstep_rets - v_preds

15 v_targets = nstep_rets

16

17 return advs, v_targets



180 Yactb II e KoMbuHMpOBaHHbIE METOARI

OueHka npenMyLLecTBa € noMoLbio GAE

Peamuzanmus GAE, mpuBenerHas B ucTuHTe 6.3, BO MHOTOM aHAJIOTUYHA Peayn3aiuu
JUTST OTIEHKHU MTPEMMYIIeCTBa 10 OTade 3a 7 maroB. B Hell ncrnosib3yercst To ke camoe
BBIYMC/IEHNE B 0OPaTHOM IIOPSIIKE, 32 UCKIIOYEHIEM TOTO0, YTO Ha KAKIOM IIare HyKHO
JIONIOJIHUTETHHO PACCUUTHIBATH WwieH & (cTpoka 11).

JinctuHr 6.3. Peanusaumns aktopa-KpuTuka, pacyet GAE

1 # slm_lab/lib/math_util.py

2

3 def calc_gaes(rewards, dones, v_preds, gamma, lam):

4 T = len(rewards)

5 assert T + 1 == len(v_preds) # Bk/4eHne B v_preds COCTOSHUI

= 11 O4HOro nocnegHero coctoAHuA next_state

6 gaes = torch.zeros_like(rewards)
7 future_gae = torch.tensor (0.0, dtype=rewards.dtype)
8 # ymHOXeHue Ha not_dones pgna y4deTa rpaHuupl

= >nu3oga (y nocnegHero anusopa HeT V(s'))
9 not_dones = 1 - dones
10 for t in reversed(range(T)):
11 delta = rewards[t] + gamma * v_preds[t + 1] * not_dones[t] -

= v _preds[t]

12 gaes[t] = future_gae = delta + gamma * lam * not_dones[t] * future_gae
13 return gaes

B sucrunre 6.4 MeTo/; KJ1acca akTopa-KpUTHUKA U1 pacyeTa IPeuMyLecTB 1 11eJIeBbIX
V-3HaueHuii MoUTH aHAJOTUYEH COOTBETCTBYIONEMY METONY [IJISI OT/Ia4u 34 1 111aroB,
HO MMeeT JIBa BAXKHBIX OTJnuus. Bo-1mepBbIX, calc_gaes (cTpoka 14) Bo3Bpamaer
MOJTHBIE OIEHKU MTPEUMYINECTB, TOT/Aa Kak calc_nstep_returns B ciydae OT/Zaun 3a
1 MaroB — olleHKN Q-3HaveHni. [loaToMy /17151 BOCCTAHOBJICHS IIEIEBBIX V-3HAUEHN
HY’KHO IPUGaBUTH IPOrHO3HbIe V-3HaueHus (cTpoka 15). Bo-BTopsIX, XOpolieii mpax-
TUKOU SIBJIAETCS YHU(UKAIUSA OIEHOK MTPEUMYIIECTB, TOJIy4eHHbIX ¢ ToMonbio GAE
(ctpoka 16).

JIncTuHr 6.4. Peanuzaumsi akTopa-KpuTrKa, pacyeT npemMyLLecTs C NoMoLLblo GAE 1 LeneBbix
V-3HayeHui

1 # slm_lab/agent/algorithm/actor_critic.py

2

3 class ActorCritic(Reinforce):

4

5

6 def calc_gae_advs_v_targets(self, batch, v_preds):

7 next_states = batch['next_states'][-1]

8 cee

9 with torch.no_grad():

10 next_v_pred = self.calc_v(next_states, use_cache=False)
11 v_preds = v_preds.detach() # adv He cymmupyeT rpaaueHTbl
12

13 v_preds_all = torch.cat((v_preds, next_v_pred), dim=0)
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14 advs = math_util.calc_gaes(batch['rewards'], batch['dones'],
= v_preds_all, self.gamma, self.lam)

15 v_targets = advs + v_preds

16 advs = math_util.standardize(advs) # yHuduxkaumsa Tonbko
= nnAa advs, a He v_targets

17 ce

18 return advs, v_targets

6.4.2. PacyeTt yHKLMM NOTEPb
A9 MONIE3HOCTUN U CTpaTermm

B smcTunre 6.5 GyHKIUS IOTEPD AJI CTPATETHH, BBIYUCIISETCS TAKUM ke 00pasoM, Kak
u B peanuzaiu REINFORCE. EnuncrBentoe oTimune — UCIOIb30BaHIE TTPEUMYIITE-
CTBa BMECTO 3HAYEHUIT OT/IaUU B KAUeCTBE TOKPEIIAIONIEr0 CUTHAA, TAK YTO METO/l U3
REINFORCE mozer ObITb yHAC/I€0BAH U IPUMEHEH IOBTOPHO (CTPOKa 7).

DyHKIMS TOTEPD JJIST MOJE3HOCTH — 3TO MPOCTO MePa Pas3INuns % (v_preds) u V.,
(v_targets). Mbl BOJIbHBI BBIOPATD JIIOOYIO MOAXOAAILYIO MEPY, TAKYIO KaK CPeHsIs
KBajparniyeckas omOKa, yCTAaHOBUB mapaMeTp net.loss_spec B (ailse spec. D10
“HUIUAAU3UpyeT HYHKIUIO 1HoTepb self.net_loss_fn, npumensgemylo B crpoke 11.

Jinctuir 6.5. Peanunzaums aktopa-kpuTrka, Aee yHKLUMM NoTepb

1 # slm_lab/agent/algorithm/actor_critic.py
2

3 class ActorCritic(Reinforce):

4

5

6 def calc_policy loss(self, batch, pdparams, advs):

7 return super().calc_policy loss(batch, pdparams, advs)

8

9 def calc_val loss(self, v_preds, v_targets):

10 assert v_preds.shape == v_targets.shape, f'{v_preds.shape}
= |= {v_targets.shape}’

11 val_loss = self.val _loss_coef * self.net.loss_fn(v_preds, v_targets)

12 return val_loss

6.4.3. LIukn oby4yeHunst akTopa-KpuTunka

AKTOpP M KPUTHK MOTYT OBITh Peain30BaHbl MO0 KaK OT/AEJIbHBIE CETH, TUO0 KaK OjlHA
ob1as cerb. TO OTPasKeHO B MeToje train u3 auctunra 6.6. B crpokax 10—15 s
00yUYEeHUST PACCUUTHIBAIOTCS (DYHKI[UU MOTEPH JUISL TIOJE3HOCTU U cTpaTeruu. Eciu
B peasnsalni 3ajeiicTByercs obimas cetb (crpoka 16), To 1Ba 3HaYeHusT (GYHKIIUH 110~
Teph 00bEIUHIIOTCS W UCTTONB3YI0TCsS 1151 ee 00yuerus (ctpoku 17 u 18). Eciu akrop
U KPUTUK — pasfiesbHbIe CETH, TO [[BA 3HAYEHU (DYHKIIMH TTOTEPh MPUMEHSIOTCS 110
OTZEJIBHOCTH 11 00yUeHust cooTBeTCTBYomuX cereil (crpoku 20 u 21). B pasaesne 6.5
ApXUTEKTYPa CETH paccMaTpuBaeTcst HoJiee eTaIbHO.
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JIncTuHr 6.6. Peann3saums aktopa-KpuTuKa, MeTos obyyeHus

1 # slm_lab/agent/algorithm/actor_critic.py

2

3 class ActorCritic(Reinforce):

4

5

6 def train(self):

7 ce

8 clock = self.body.env.clock

9 if self.to_train ==
10 batch = self.sample()
11 clock.set_batch_size(len(batch))
12 pdparams, v_preds = self.calc_pdparam_v(batch)
13 advs, v_targets = self.calc_advs_v_targets(batch, v_preds)
14 policy loss = self.calc_policy loss(batch, pdparams, advs)

= # N3 akTopa

15 val_loss = self.calc_val_loss(v_preds, v_targets) # u3 kputuka
16 if self.shared: # obuwasa ceTb

17 loss = policy loss + val_loss

18 self.net.train_step(loss, self.optim, self.lr_scheduler,

= clock=clock, global_net=self.global_net)
19 else:
20 self.net.train_step(policy loss, self.optim,
= self.lr_scheduler, clock=clock, global net=self.global_net)

21 self.critic_net.train_step(val_loss, self.critic_optim,

= self.critic_lr_scheduler, clock=clock,
= global net=self.global _critic_net)

22 loss = policy loss + val_loss

23 # BO3BpaT K HayaJbHbIM 3HAYEHUAM MepeMeHHbIX
24 self.to_train = ©

25 return loss.item()

26 else:

27 return np.nan

6.5. ApxutekTypa cetu

B asnropurMax akTopa-KpUTHKA HACTPAUBAIOTCS [IBE TAPaMeTPU3NPOBAaHHbIE (DYHKITUU:
7 (akTop) u V'(s) (KPpUTHK). ITO OTJINYAET UX OT BCEX PACCMOTPEHHBIX HAMU /IO CUX TTOP
AJITOPUTMOB, KOTOPbIE HACTPAUBAIOT O/IHY (DYHKITHIO. ECTeCTBEHHO, B 9TOM cJrydae mpu
MPOEKTUPOBAHUH HEHPOHHBIX CeTEl HYKHO paccMaTpuBaTh 6osbiie hakTopos. JJosmk-
HbI JIM OHU UMETD o011me napaMeTpoi? W eciiu aa, To CKOJIbKO?

Y 06mmux mapaMeTpoB eCTh MJII0Chl U MUHYCBI. DTO XOPOIIO ¢ KOHIIENTYAJIbHOMI TOY-
KU 3PEHMs, TaK KaK HACTPOIKa T 1 HacTpoiika V™(S) IJIst OIHOTO U TOTO K€ 3aaHMsI
B3anmMmocBsa3anbl. HacTpoiika V7(s) cBa3aHa ¢ ahheKTUBHOCTHIO OIIEHKH COCTOSTHUM,
a HACTPOIKA T — ¢ MOHUMAHKUEM TOTO, KaK BHIOMPATH ONTUMAJIbHbIE JICHCTBYS B 9THX CO-
CTOSIHUAX. Y HUX 0OII1e BXOHBIE IAHHbBIE, U B 000UX CJAYYastX XOPOIIast alllPOKCHMAIHST
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dbynkimy Briioyaet B cebst HACTPOIKY TAKOTO TIPE/ICTABJIEHUS IPOCTPAHCTBA COCTOSIHUT,
94TOObI CXOKUE COCTOSTHUST HAXOUIJIUCEH B OJJHOM KJiactepe. [[oaToMy BIIOJIHE BEPOSTHO,
410 06€ ANMPOKCUMAIIUN U3BJIEKYT BBHITOLY U3 COBMECTHOW HACTPOIKY MTPOCTPAHCTBA
COCTOSTHUI Ha HU3INX yPOoBHsIX. KpoMe Toro, 0611ie mapaMeTpsl TI03BOJISIIOT YMEHBIITUTH
ob11iee KOTMYECTBO HACTPANBAEMBIX MTAPAMETPOB, M TAKUM 06Pa30M MOKET OBITH MOBBI-
1meHa ahHEKTUBHOCTH BHIOOPOK JIJIST ANTOPUTMA. ITO 0COOEHHO BAJKHO JIJIsT AJITOPUTMOB
AKTOPa-KPUTHKA, TTOCKOJIBKY CTPATErHsl TOAKPEIISICTCS TTyTeM 00ydeHrst KPUTHKA.
Eciu cetn akTopa 1 KpUTHKA pas/iesibHble, TO IIepBas MOKET HUYEMY He HAyYUThCS /10
TeX 1Op, [TOKA MOCJIe/IHASA He CTaHeT IIPUEMJIEMO, a Ha 9TO MOXKeT YHUTH MHOT'O 111aroB
o6yuenust. OiHAKO, €CJIM Y HUX €CTh 00IIHE TTAPAMETPhI, aKTOP MOKET U3BJICYb BBITOLY
13 [IPEJICTABICHUS COCTOSIHUI, HACTPOCHHOT'O KPUTHKOM.

BricokoypoBHEBast apxuTeKTypa o0IIell ceTH, IpuBeleHHast B TIPaBoil yactu puc. 6.1,
JIEMOHCTPUPYET TUIMYHBIH OOMEH mapaMeTpaMy B aJITOPUTMAX aKTOPA-KPUTUKA.
AKTOp U KPpUTHK 00bEITHHEHBI HIKHIMU CJIOSIMU CETH. Y HUX TaKKe €CTh 110 OHOMY
WJIH TI0 HECKOJIBKO OT/IEJIBHBIX CJIOEB B BEPXHEH YacTH ceTH. ITO 00YCIOBIEHO TEM, YTO
TPOCTPAHCTBO BBIXOIHBIX JAHHBIX /IJIS KAKIOW U3 ceTell pa3Hoe: /I aKTopa 3TO pac-
npejiesieHue BEPOSITHOCTEH TI0 JICHCTBUAM, a JIJIs KPUTHUKA — OJTHO CKAJISIPHOE 3HAUEHUE,
npezicrasisaioiiee V(s). OgHako Tak Kak y Kak/I0i U3 ceTeli CBOe 3a/laHne, TO MOKHO
OKHUJIATh, YTO UM JIJIsT XOPOIieil paboThl MoTpedyeTcss HEKOTOPOE KOJUUECTBO CIEIU-
AJIbHBIX MTAPaMETPOB. DTO MOXKeET OBITH OJ[IH CJIOM BBEPXY OOIIETO Tesia UM HECKOJIBKO
cioeB. Bosee Toro, cion, crielnbuaHbIE IJIst aKTOpa U KPUTUKA, He 00SI3aTEIBHO JI0JIKHBI
COBITAZaTh 11O KOJTUYECTBY WUJIN TUITY.

Tonbko akTop AKTOP-KPUTUK
oTAe/IbHasi CeTb obLyasi ceTb

Vi(S) (S) V(S) n(S)

T T T T
?_'_1

T T T

S S S
Tonbko akTop, TONbKO KPUTUK, OO6Lwas ceTb,
OAVH unn 6onee OAVH unn 6onee OofviH unun 6onee
crnoes cnoes cnoes

Puc. 6.1. ApxuTeKTypa ceTell akTopa-KpuTHKa: cpaBHeHMe 06LLeli CeTU U OTAENbHbIX CeTel
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OpuH cepbe3Hblil HeIOCTATOK OOIIHUX TTAPAMETPOB 3aKII0YAETCS B TOM, YTO OHU MOTYT
ciesaTh 0OyueHue MeHee YCTOWYMBBIM, DTO BBI3BAHO TEM, UTO TEIEPh Y€PE3 BCIO CETh
COBMECTHO 0OPATHO PACTIPOCTPAHSIIOTCS TPATUEHTDI [I7IsT IBYX KOMITOHEHTOB: TPATHEHT
CTpATETUy U3 aKTOPa W TPaJIeHT (DYHKIIUHU TTOJIE3HOCTU M3 KPUTHKA. Macirrabbr ByX
9TUX TPAMEHTOB MOTYT Pa3INYaThCs, ¥ PA3HUIA MEXK/TY HUMU JIOJIKHA ObITH KOMIICH-
cupoBaHa, 4ToObI areHT xopoino obydascs [75]. Hanpumep, koMoHeHT sorapudma
BEPOSTHOCTH 13 (DYHKITU MTOTEPD /75T CTPATETHN HAXOMUTCS B TIpesiesiax (—oo, 0], a ab-
COJIIOTHOE 3HAaUeHNe (DYHKITMU TIPEUMYIIECTBA MOKET OBITh JIOBOJILHO MaJIBIM, 0COOEHHO
ecyii paspeleHne’ 1eficTBUS HEBBICOKOE. B COBOKYITHOCTH /1Ba aTUX (PaKTOPa MOTYT
MIPUBECTH K MaJIbIM aOCOTIOTHBIM 3HAUCHUSIM (DYHKIIMHU [TOTEPh IS cTpaTeru. B 1o jke
BpeMst MaciiTab BeJIMYuHbI (DYHKIIUU OTEPh CBSI3aH C MOJIE3HOCTHIO TPEOBIBAHKS B CO-
CTOSIHHM, KOTOPAst MOKET ObITh 04€Hb GOJIBILO.

Kommencanus pasHoCcTH MEXIY IBYMS IPAAHEHTaMHU, TIOTEHI[NATBHO PA3JINYatONH-
MIICST MacTTabaMu, 0OBITHO PEATH3YETCS Kak MPUOaBIIeH e CKATSIPHOTO Beca K OHO
u3 GYHKIWI T0TEePh, YTOOBI YMEHBITUTDH WU YBEJIUIUTH ee MaciiTab. Hanpumep,
(hYHKIMA OTEPh /7 OJE3HOCTU B iucThuHTre 6.5 Macmrabupyercst ¢ MOMOTIbIO
self.val_loss_coef (ctpoka 11). Tem He MeHee 91O elile O/lMH ruTieprapaMeTp, KOTOPBIii
HY’KHO HaCcTpauBaTh BO BpeMst 00yUEeHNUSL.

6.6. ObyyeHune areHta A2C

B aTom paszene MBI TOKaKeM, Kak OOyIUTh areHTa METOIOM aKTOPAa-KPUTHKA B UTPe
Pong u3 Atari ¢ IOMOIIbIO PA3JIMYHBIX OIIEHOK IPENMYIIeCTBA: CHAYAIA OTAa4u 32
n maroB, 3ateM GAE. [Torom mbr npumennm A2C ¢ GAE k cpene ¢ HerpepbIBHBIM
ympasienvem BipedalWalker.

6.6.1. A2C C OLEHKOWN NpenMyLLEecTBa
no otaade 3a n waros B Pong

Daiin spec, KOTOPBII HACTPAUBAET areHTa B METOJI€ aKTOPa-KPUTHKA C OTIEHKOIA TIpe-
MMYIIECTBA TI0 OT/Iave 3a 72 TMAroB, TPUBEIEH B iucTrHTe 6.7. ITOT haiin mmeetcs B SLM
Lab B s1m_lab/spec/benchmark/a2c/a2c_nstep_pong.json.

Jiuctulr 6.7. ®ann spec ana A2C no oTtaade 3a n Waros

1 # slm_lab/spec/benchmark/a2c/a2c_nstep_pong.json
2

34

Pasperenne MOXXHO HHTEPIPETHPOBATD KAK MOJICJIbHOE BPEMs, TIPOMIEIIee MEXKIY IaraMH.
Cpefibl ¢ BBICOKMM pa3perieHrneM MOJIETTUPYIOT BPeMst METTKO3EPHHUCTBIM 00pa3oM. ITo 0O3HAUA-
€T, YTO IIPU TIePeXOJie U3 OHOTO COCTOSHUA B IPYroe M3MEHEHNs HEeBEJINKH, TaK KaK IIPOXOANT
HeMHOro BpeMeHu. Cpe/ibl ¢ HUBKUM paspelieHneM MOIETUPYIOT BpeMst 6oJiee KPYITHBIMU OT-
PE3KaMM, 4TO MPUBOAUT K GOJIBIITMM U3MEHEHUSIM TIPU [IEPEXO/IE U3 OHOIO COCTOSTHUS B IPYTOE.
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"a2c_nstep_pong": {

"agent": [{
"name": "A2C",
"algorithm": {
"name": "ActorCritic",

"action_pdtype": "default",

"action_policy": "default",

"explore_var_spec": null,

"gamma": 0.99,

"lam": null,

"num_step_returns": 11,

"entropy_coef_spec": {
"name": "no_decay",
"start_val": 0.01,
"end_val": @.01,
"start_step": 0,
"end_step": ©

3

"val_loss_coef": 0.5,

"training_frequency": 5

memory": {

"ConvNet",

"shared": true,

"conv_hid_layers": [
[32, 8, 4, 0, 1],
[64) 4) 2) 0) 1])
[32, 3, 1, o, 1]

1

"fc_hid_layers": [512],

"hid_layers_activation": "relu",

"init_fn": "orthogonal_ ",
"normalize": true,
"batch_norm": false,
"clip_grad_val": 0.5,
"use_same_optim": false,
"loss_spec": {
"name": "MSELoss"
s
"actor_optim_spec": {
"name": "RMSprop",

"lr": 7e-4,
"alpha": 0.99,
"eps": le-5

¥

"critic_optim_spec": {
"name": "RMSprop",
"lr": 7e-4,
"alpha": 0.99,
"eps": 1le-5

185
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57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83

¥
"lr_scheduler_spec": null,
"gpu": true
}
JD
"env": [{
"name": "PongNoFrameskip-v4",
"frame_op": "concat",
"frame_op_len": 4,
"reward_scale": "sign",
"num_envs": 16,
"max_t": null,
"max_frame": 1le7
Jp
"body": {
"product": "outer",
"num": 1,
¥
"meta": {
"distributed": false,
"log_frequency": 10000,
"eval_ frequency": 10000,
"max_session": 4,
"max_trial": 1

¥

HpofmeMca ITI0 OCHOBHBIM KOMIIOHEHTAaM.

Asroput™M — 9T0 aKTOP-KpUTHK (cTpoKa 8), cTpaTerust BIGOpa AeiicTBUI COOT-
BETCTBYET NMPUHATOM 1Mo ymosadanuio crpareruu (ctpoka 10) ang nuckpeTHBbIX
MIPOCTPAHCTB JIeNCTBUH (KaTeropuaabHOe paciipesiesienre). SHaYeHne Y yCTaHaBIIN-
Baetcs B ctpoke 12. Ecm mrst A ykaszano lam (e null), TO 71 ONEHKH TIPEVMYIIECTB
npumensiercss GAE. Eciin BMecTo aTOr0 ykasaHo num_step_returns, TO UCIOJIb3Y-
etcs otnada 3a n maros (crpoku 13 n 14). KoadduimenT sutponun u cKopoctb
€ro yMeHbLIEHUS BO BpeMs 00ydenust 3agaiorcs B crpokax 15—21. Koadpduument
(byHKIIMYM TOTEPD /71 TTI0JIE3HOCTH OIIpe/iesieH B CTPoKe 22.

ApXHUTEKTypa ceTH — CBEPTOUHAS HEHPOHHAS CETh C TPEMS CBEPTOYHBIMU CIOSMU
Y OJIHUM TOJHOCBA3HBIM cjioeM ¢ dyukimeii aktuarun ReLU (ctpoku 29-37).
¥V akropa u KpuTHKa 0011as ceTh, yTO yKazaHo B crpoke 30. CeTh TpeHUpyercs Ha
rpabuIecKOM TIPOIIECCOPE, €CIIN OH AOCTyTeH (cTpoka 59).

Onrumuzarop — 510 RMSprop [50] co ckopoctbio 0byuenust 0,0007 (crpoku 46—51).
Ecau npuMeHsioTes pa3ieibHble CeTH, TO BO3MOKHO 33/[aHUE IPYTOTO ONITUMHU3ATOPa
7SI CeTH KpUTHKA (CTPOKU 52—57) IyTeM yCTaHOBKU 3HAUYeHsI false /7 use_same_
optim (ctpoka 42). II0CKOJIbKY B JAHHOM CJIydae ceTh 0011asi, OH He MCIOJIb3yeTCH.
3/ech HeT yMeHbIIeHHs CKOpocTH 00yueHus (cTpoka 58).
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e Yacrora o0yueHHs: — I10 [IaKeTaM, B CBSA3HU ¢ TeM 4YTO Obljia BhIOpaHa I1aMsaTh
OnPolicyBatchReplay (cTpoka 26), pasmep makera cocrtasisieT 5 X 16. 9o pery-
Jupyertcs training_frequency (cTpoka 23) U KOJUYECTBOM TAPAJIIETbHBIX CPEJI
(ctpoka 67). TTapaenbHbie cpesibl 06CYKIAOTCS B rase 8.

e Cpena — Pong us Atari [14], [18] (cTpoxka 63).

e JlaurenpHocth 00yuenust — 10 murH maros (ctpoka 69).

® Oumuenka arenra npousBoutcs kaxjabie 10 000 maros (ctpoka 78).

Jliist oOydeHus: areHTa MeTOZ0M aKTopa-KpuTHKa ¢ rromonibio SLM Lab zamycrure B Tep-
MUHAJIe KOMAH/IbI, IPUBe/IeHHbIe B IucTuHTE 6.8. AreHT /10JKeH HaYnHaTh co cueta —21

U B CPeIHEM JIOCTUTATh cueTa, GJIN3KOro K MaKCHMaIbHOMY 3HadeHno 21, mocie 2 MirH
KaJ/IpOB.

JNnctunr 6.8. ObyueHne areHta A2C no oTaaye 3a n LWaros

1 conda activate lab
2 python run_lab.py slm_lab/spec/benchmark/a2c/a2c_nstep_pong.json a2c_nstep_
pong train

Takum o6pasom, OyzeT 3alylleHo UclbiTaHue Trial ¢ 4eTbIPbMS CeCcCUsIMU Session
JUUISI TIOJTy4eHUST YCPeIHEeHHBIX Pe3yIbTaToB. Ha 3aBepiienue ncnblTaHus A0JKHO YUTH
OKOJIO TIOJIOBUHBI JIHS [1PU 3allycKe Ha rpaduueckoM mpoiieccope. I'paduk pesyibraroB
1 rpaduK CO CKOB3SIUM CPeIHUM I1I0Ka3aHbl Ha puc. 6.2.

trial graph: a2c_nstep_pong t0 4 sessions trial graph: a2c_nstep_pong t0 4 sessions

mean_returns

mean_returns_ma

1] 2™ 4M &M 8M 10M ] 2™ 4M &M 8M 10M

frames frames

Puc. 6.2. Mpadvkn yCpeaHEHHbIX MO YeTbIPEM CECCUSIM Pe3yNbTaToB UCTbITaHUS aKTopa-KpUTUKa
(C oLeHKOM NpenMyLLecTBa Mo oTAa4Ye 3a n waros) U3 SLM Lab. Mo BepTMKanbHOW OCK OT/IOXKEHbI
MOJHblE BO3HArPaXAEHWSt B KOHTPOJIbHBLIX TOYKaX, YCPeAHEHHbIE N0 BOCbMM 3MM30AaM.

Mo ropusoHTanbHOM OCK — BCe Kafpbl 06yyeHus. Mpacduk o CKOMb3SLLMM CPEAHUM MO OLEHKaM
B 100 KOHTPO/IbHBIX TOYKAX MOKa3aH cnpasa
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6.6.2. A2C c GAE B Pong

YT06bI IEPEKIIOUUTHCS € OLIEHKK [IPperMylecTBa 1o oraade 3a 7 maros Ha GAE, po-
cto uaMenure aii spec u3 guctunra 6.7, ykazas 3HaueHue Jijis lam U yCTAHOBUB JIJIsT
num_step_returns 3nadenue null, kak nokasano B juctunre 6.9. dtor daiin takxke
umeercs B SLM Lab B s1m_lab/spec/benchmark/a2c/a2c_gae_pong.3json.

JNuctunr 6.9. dann spec ana A2C ¢ GAE
1 # slm_lab/spec/benchmark/a2c/a2c_nstep_pong.json

2

3 4

4 "a2c_gae_pong": {

5 "agent": [{

6 "name": "A2C",
7 "algorithm": {
8 .

9 "lam": 0.95,
10 "num_step_returns": null,
11

12 }

13 }

3areMm st OOyUeHMs areHTa 3allyCTUTe B TEPMUHAJIE KOMAH/[bl, IIPUBEICHHbIE B JIU-
ctunre 6.10.

JNnctunr 6.10. O6yyeHne areHta A2C ¢ GAE

1 conda activate lab
2 python run_lab.py slm_lab/spec/benchmark/a2c/a2c_gae_pong.json
= 32c_gae_pong train

Byner 3amyiieno ucnbitanue Trial s nostydyenud rpadukos, IpuBeileHHbIX Ha puc. 6.3.

6.6.3. A2C no oTaaye 3a n waros
B BipedalWalker

J1o cux T10p MBI TIPOBOANIN 0OyYeHUE B AMCKPETHBIX cpeax. Kak BbI MOMHUTE, OCHOBAH-
HbIE HA CTPATETUH METOJIBI MOTYT OBITh HANPAMYIO TIPUMEHEHBI K 3a/[a9aM HEIPEPBIBHOTO
yrpasienus. Termepb paccmotpum cpey BipedalWalker, ¢ kotopoii mosHakoMusmch
B paszene 1.1.

B nuctunre 6.11 mokasan daiisn spec, KoTopbiii HacTpauBaeT areHTa A2C 1m0 oTade
3a n waros s cpeabl BipedalWalker. ®aiin xpanurcs B SLM Lab B s1m_lab/spec/
benchmark/a2c/a2c_nstep_cont.json. O6parure ocoboe BHUMaHKE HA U3MEHEHUS
B apxutekType cetu (ctpoku 29-31) u cpene (cTporu 54—57).
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trial graph: a2c_gae_pong t0 4 sessions trial graph: a2c_gae_pong t0 4 sessions
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Puc. 6.3. Mpacdmkn ycpeaHEeHHbIX MO YeTbIpeM CECCUSM pe3y ibTaToB MUCMbITaHUS aKTopa-KpUTUka
(c GAE) u3 SLM Lab

Jnctunr 6.11. daiin spec ans A2C no otaade 3a n waros B BipedalWalker

1 # slm_lab/spec/benchmark/a2c/a2c_nstep_cont.json

2

34

4 "a2c_nstep_bipedalwalker": {

5 "agent": [{

6 "name": "A2C",

7 "algorithm": {

8 "name": "ActorCritic",

9 "action_pdtype": "default",
10 "action_policy": "default",
11 "explore_var_spec": null,
12 "gamma": 0.99,

13 "lam": null,

14 "num_step_returns": 5,

15 "entropy_coef_spec": {

16 "name": "no_decay",

17 "start_val": 0.01,

18 "end_val": 0.01,

19 "start_step": 0,

20 "end_step": ©

21 ¥

22 "val_loss_coef": 0.5,

23 "training_frequency": 256
24 9

25 "memory": {

26 "name": "OnPolicyBatchReplay",

27 ¥,
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28 "net": {

29 "type": "MLPNet",

30 "shared": false,

31 "hid_layers": [256, 128],
32 "hid_layers_activation": "relu",
33 "init_fn": "orthogonal_ ",
34 "normalize": true,

35 "batch_norm": false,

36 "clip_grad_val": 0.5,
37 "use_same_optim": false,
38 "loss_spec": {

39 "name": "MSELoss"
40 B

41 "actor_optim_spec": {
42 "name": "Adam",

43 "lr": 3e-4,

a4 3

45 "critic_optim_spec": {
46 "name": "Adam",

47 "lr": 3e-4,

48 s

49 "lr_scheduler_spec": null,
50 "gpu": false

51 }

52 Jap

53 "env": [{

54 "name": "BipedalWalker-v2",
55 "num_envs": 32,

56 "max_t": null,

57 "max_frame": 4e6

58 Ip

59 "body": {

60 "product": "outer",

61 "num": 1

62 b

63 "meta": {

64 "distributed": false,

65 "log_frequency": 10000,

66 "eval_ frequency": 10000,

67 "max_session": 4,

68 "max_trial": 1

69 }

70 }

71 }

[[]IH O6y‘{€HI/IH areHTa 3allyCTUTE B TEpMHHaJI€ KOMaH/Ibl, IPUBE/ICHHbIE B JINCTUHIC 6.12.

JIncTmHr 6.12. O6yyeHne areHTa A2C no otaade 3a n waros B BipedalWalker

1 conda activate lab
2 python run_lab.py slm_lab/spec/benchmark/a2c/a2c_nstep_cont.json
= 32c_nstep_bipedalwalker train
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Byner samyuieno ucrnbitanve Trial, 9T06bI MONYYUTH TpadUKH, TPUBEICHHBIC HA
puc. 6.4.

trial graph: a2c_nstep_bipedalwalker t0 4 sessions trial graph: a2c_nstep_bipedalwalker t0 4 sessions
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Puc. 6.4. Ipaduk ycpeaHeHHbIX N0 YeTbIpeM CeccnsaM pesynbTaToB ucnbitaHns A2C no otaade
3a n waroB B BipedalWalker n3 SLM Lab

BipedalWalker — ciioxnas nenpepbiBHas cpeia, 3ajada KOTOPOU CUNTAETCS PEIICHHOIH,
KOT/Ia CKOJIB3SIIIee CpeiHee Ui TIoaHoro BogHarpaxkaenus Boie 300. Ha puc. 6.4 arent
He CMOT JIOCTUYb HTOTO 3a 4 MJIH KaZpoB. Mbl BepHEMCsI K 9T0ii pobJieMe B IJiase 7, rie
Oyzer mpejicTaBieHa Oosiee yaauHast MOMBITKA.

6.7. Pe3ynbTaTtbl SKCNEPUMEHTOB

B aToMm paspese Mbl IpOBe/ieM JIJisI AKTOPA-KPUTUKA /IBA 9KCIIEPUMEHTA C TTOMOIIBIO
SLM Lab. B nepsoM usyuaercs BAUSIHUE KOJUYECTBA [IAT0B ¢ MOMOIIbBIO OLEHKH TIpe-
UMYIIECTBA II0 OT/ave 3a 7 maroB. Bo Bropom — Biusnue A ipu ucnosb3oBanuu GAE.
B kauectBe GoJee CJI0KHOM cpezbl BosbMeM urpy Breakout us Atari.

6.7.1. DKCNepuMeHT No OnpeaeneHnto BANSHNSA OTAauu
3a n waros
KosmuecTBo 1maros 7z PETYJNNPYET COOTHONIEHNE MEXK/y CMEIIEHNEM 1 lII/ICHepCI/IEI'/JI

B OIICHKE MPEUMYTIECTBA 110 OT/Ia4€ 3a 71 IIaroB — 4Y€M BbIIIIC 77, TEM 60JbIIEe ANCIIEpCUAd.
KosanuecTBo 1maroB n — aTo HaCTpaI/IBaeMbel ruineplapameTp.

B sTom IKCIIEPUMEHTE ITyTEM ITOMCKA 110 CETKE N3YyYa€TCs 3(1)(1)€KT IIPUMEHEHM S Pa3HbBIX
3HAUYEHU 71 B METO/IE aKTOpa-KpUTHUKa C OIIEHKOI TIpENMYyIIeCTBa 110 OT/Ia4€ 3a 72 IIaroB.
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Daiin spec /1151 DKCIIEPUMEHTA SBJISIETCS PACIIMPEHHEM JUCTUHTA 6.7 ¢ ITOMOILbIO 100aB-
JieHus crienuUKaIy MoucKa 71t num_step_returns, Kak okazaHo B juctunre 6.13.

3amMerbTe, UTO Telepb MbI UCIIOJAb3YeM APYIyIo cpelny, Breakout, KoTopast HEMHOIO
cnoxuee, ueM Pong. B cTpokax 4 u 7 ykazano usmenenue cpezsl. B ctpoke 19 onpenesnen
IIOUCK IO CITUCKY num_step_returns 3nauenwnii n. [Tosnbiit aiin spec umeercs 8 SLM
Lab B s1lm_lab/spec/experimental/a2c/a2c_nstep_n_search.json.

JNuctunr 6.13. daiin spec ans A2C no oTAaye 3a n Waros co crneuuduKaumern noncka ans pasHbix
3HayeHu n num_step_returns

1 # slm_lab/spec/experimental/a2c/a2c_nstep_n_search.json

2

34

4 "a2c_nstep_breakout": {

5

6 "env": [{

7 "name": "BreakoutNoFrameskip-v4",
8 "frame_op": "concat",

9 "frame_op_len": 4,
10 "reward_scale": "sign",
11 "num_envs": 16,
12 "max_t": null,
13 "max_frame": le7
14 Ja P
15
16 "search": {
17 "agent": [{
18 "algorithm": {
19 "num_step_returns__grid_search": [1, 3, 5, 7, 9, 11]
20 }
21 3
22 }
23 }
24 }

Jlns 3amycka axcriepuMenta B SLM Lab Bocmosibayiitech KoMaHaMu 13 JucTuHra 6.14.

JIncTuHr 6.14. 3anyck sKkcrnepyvMeHTa C NMOMCKOM MO pasHbiM KOJIMYECTBAM LIAroB N Ans oTaauv
3a N LWAroB B COOTBETCTBUM C (haiifioM spec

1 conda activate lab
2 python run_lab.py slm_lab/spec/experimental/a2c/a2c_nstep_n_search.json
= 32c_nstep_breakout search

Byner 3amyten akcniepuMenT Experiment, KOTOPBIN MOPOANT MIECTh UCTIBITAHNI Trial,
BCe C pa3HBIMM 3HAYEHUSIMU num_step_returns, MOACTaBASEMBIMI B IEPBOHAYATbHBIN
(ailr spec miist akropa-kpuTrka. B kaskmoM Trial OyayT 3aimyIieHbl 10 YeThIPe CECCUN
Session s ToJTy4eHUs Cpe/iHeTo 3HaUYeHus. ['padukn pe3yrbTaToB MHOXKECTBA MC-
MBITAHUI TIOKa3aHbI Ha pucC. 6.5.
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multi trial graph: a2c_nstep_breakout multi trial graph: a2c_nstep_breakout
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3

© num_step_returns 1.0 t0: num_step_returns 1.0
t1: num_step_returns 3.0 t1: num_step_returns 3.0
t2: num_step_returns 5.0 t2: num_step_returns 5.0
t3: num_step_returns 7.0 t3: num_step_returns 7.0
td: num_step_returns 9.0 td: num_step_returns 9.0
t5: num_step_returns 11.0 t5: num_step_returns 11.0

Puc. 6.5. BnusiHWe pa3Horo unucna Laros n npy oLeHKe NpenMyLlecTsa no otaadye
3a N WaroB Ha MeTo/ akTopa-kpuTuka B cpeae Breakout. Mpu Gonbluem Konnyectse
LIAroB N NMpOV3BOAUTESNIbHOCTb JlyuLle

Ha puc. 6.5 mokasano BimstHre PA3HOTO YKCJIA [IArOB TIPH OIIEHKE TIPEUMYIIECTBA IO
oTzave 3a 7 IMAroB Ha MEeTOJ aKTopa-KpuTHKa B cpesie Breakout. ITpu GosbimeM Kosrinde-
CTBe 111aroB 7 IIPOU3BOIUTENILHOCTD Jryyliie. MoKHO Tak)ke BUJIETb, YTO 77 — He CJIULIKOM
YyBCTBUTEIbHBIN TuTIepriapametp. [Ipu n = 1 oTmava 3a n maroB cBOANUTCS K OIEHKE
OTAa4u 11O METO/Y BPEMECHHDBIX paSHOCTef/,I, YTO Ja€T HAUXY/INIYIO ITPOU3BOAUTEIBHOCTD
B JITAHHOM 9KCIIEpPUMEHTE.

6.7.2. DKCMEPUMEHT MO BbISIBIEHUIO
BNnaHunSA A B GAE

Kaxk BbI IIOMHHUTE, GAE — 9T0 sKCIIOHEHIIMaJIbHOE Cpe/IHEB3BEIICHHOEC 3HaY€HNE BCEX
OIICHOK IIpenMyIiecTBa 110 OT/[a4€ 3a 77 1aros, 1 4eM 6oIblIe yMeHI)HIaIOHII/Iﬁ KOB(I)(l)I/IIII/I-
EHT }\., TEM BbIIIE JUCIIEPCUS OLEHKN. OmnTuMaibHOE 3HAYEHHUE A — 9TO runepliiapamMeTp,
KOTOprI?I HaCTpanBa€TCd 110 KOHKPETHYIO 3a/la4vy.

B sTOM aKCcHIepuMeHTe pacCMATPUBAETCS BIUSHIIE TPUMEHEHUs PA3HbIX 3HAYEHUI A Ha
Mmeton aktopa-kputuka ¢ GAE myrem BoinosiHenus moucka 1o cerke. Daiin spec 1yst
HKCIIEPUMEHTA SIBJISIETCS PaciipenneM JiucTiara 6.9 ¢ nobasieHueM crienuduranumn
[IOMCKa 1A lam, Kak [oKa3aHo B aucTunre 6.15.

B kauecTBe cpeibl MbI Takike OyaeM ucob3osaTh Breakout. VismeHeHue cpejibl yKasa-
HO B cTpoKax 4 u 7. B cTpoke 19 3aiaeTcst mouck 1o crnucky lam 3Hauenuii A. [Tosmbrit
(aiin spec umeerca 8 SLM Lab B s1m_lab/spec/experimental/a2c/a2c_gae_lam_
search.json.
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JlncTuHr 6.15. ®aiin spec Ang MeToAa akTopa-KpUTMKa Co cneumndyrKkaumeit novcka no pasHbiM
3HayveHusaM A B GAE, lam

1 # slm_lab/spec/experimental/a2c/a2c_gae_lam_search.json

2

34

4 "a2c_gae_breakout": {

5

6 "env": [{

7 "name": "BreakoutNoFrameskip-v4",
8 "frame_op": "concat",

9 "frame_op_len": 4,
10 "reward_scale": "sign",
11 "num_envs": 16,
12 "max_t": null,
13 "max_frame": le7
14 JaB
15
16 "search": {
17 "agent": [{
18 "algorithm": {
19 "lam__grid_search": [0.50, ©.70, ©.90, 0.95, 0.97, 0.99]
20 }
21 1
22 }
23 }
24 }

WcmompayiiTe KOMaH/IBI, TPUBEICHHBIE B TUCTHHTE 6.16, 15T 3aycKa sKCTIepUMEHTA.

JIncTuHr 6.16. 3anyck 3KCNepuMMeHTa € NOMCKOM MO pa3HbIM 3Ha4YeHnsM A B GAE B cooTBeTCTBUM
¢ charinom spec

1 conda activate lab
2 python run_lab.py slm_lab/spec/experimental/a2c/a2c_gae_lam_search.json
= 32c_gae_breakout search

bBynet 3amyien skciepuMeHT Experiment, KOTOPBIN MOPOIUT IIECTh UCTIBITAHTH Trial.
JUtst KayKZI0TO U3 HUX B UCXOHBIN (hailsl spec JIst aKTOpa-KPUTUKA OYIET TTOJICTABIEHO
cBoe 3HaueHre lam. B xaskgoM Trial GyayT 3aimyIieHbl 110 YEThIPE CECCUU Session st
MOJIyYeHUs CPeIHUX pe3yabTaToB. ['pacduku 1ig MHOKECTBA UCIIBITAHUN TTOKA3aHBI
na puc. 6.6.

Kak Bugno us puc. 6.6, mpu A = 0,97 nocturaercst HAWIyIIasi IPOU3BOIUTENLHOCTD CO
CUETOM B 91TH3071aX, Oin3KknuM K 400, 4yTh MEHBIITYIO TIPOU3BOAUTEIBHOCTD AafoT A = 0,90
u 0,99. JlaHubIil 9KCTIEPUMEHT MTPOIEMOHCTPUPOBAII, UTO A — He OUeHb YyBCTBUTETbHBIN
runeprapamerp. OTKIOHeHNe 3HAYeHK A OT OINITUMAJIBHOTO CJ1a00 BJIMSAET Ha IPOU3BO-
nutenbHoCcTh. Hampumep, A = 0,70 Bce erte maet xopormii pe3ysbrat, HO mpu A = 0,50
MTPOM3BOUTETBHOCTD TIA/IAET.
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multi trial graph: a2c_gae_breakout multi trial graph: a2c_gae_breakout
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Puc. 6.6. BnusiHye pasHbix 3HaveHni A B GAE Ha MeToa akTopa-KpuTuka B cpeae Breakout.
Mpu A = 0,97 pocTuraeTcs Hamny4was nNpou3BoOAUTENbHOCTb, CleloM UayT 3HadeHns 0,90 n 0,99

6.8. Pe3iome

B 9r10ii riaBe Mbl TTO3HAKOMUJIUCH C AITOPUTMAME aKTOPA-KPUTUKA, KOTOPBIE COCTOSIT
U3 IBYX KOMIIOHEHTOB — aKTOPa W KPUTUKA. AKTOP HACTPAUBAET CTPATETHIO T, a KPU-
TUK — (yukiuio nojesnoctu V. Hacrpoennas V™ B COYETAHUIL C AeliCTBUTEIbHBIMU
BO3HATPAKIEHUSIMU UCIIOIb3YETCS [JIsT TOPOXKAEHUST MOAKPEILISIIONIEr0 CUTHAA JIJIST
crpaTernn. TaKUM CUTHATIOM 3a9aCTYIO SIBJSIETCST (DYHKIIUS IIPENMYIIECTBA.

B asropurmax akropa-KpuTrka 0ObeJMHEHbl e U3 METO/I0B, OCHOBAHHDBIX Ha CTpaTe-
IUSX ¥ TI0JIE3HOCTSX, KOTOPBIE OBLIM MTPEACTABIeHbI B IPEABLAYIINX raBax. Onrumusa-
st aktopa anasmorndia REINFORCE, Ho ¢ HacTpOeHHBIM IMTOAKPETISIONTIM CUTHAJIOM
BMECTO OIIeHKH 110 MeToty MoHTe-KapJiio, moposk/ieHHOI 13 TeKyIIell TPAaeKTOPUH BO3-
HarpakaeHui. Onrumusanus kputnka cxoxka ¢ DON B Tom, 4TO B Hell UCTIOJIb3yeTCs
METO/I BPEMEHHBIX PasHOCTEN ¢ OYTCTPAIIIUHIOM.,

B aroii riiaBe ObLTM PACCMOTPEHDI [[BA CIIOCOOA OIEHKU (DYHKIIMU [TPEUMYIIECTBA: 10
ormave 3a n maros 1 GAE. O6a Mero/ia 1M03BOJILIOT 110JIb30BaTEIsIM KOHTPOJIUPOBATDH
JIOJTIO CMENIEHNST ¥ IUCTIEPCU U B (PYHKIIUU MPEUMYIIECTBA, BHIOMPaAst, HACKOJIBKO BECO-
MOH Oyzer AECTBUTEIbHAST TPAEKTOPUSA BO3HAIPAK/ICHUN 110 CPABHEHUIO C OIEHKOI
(ynxim monesnoctn V. O1eHKa NpermMyIiecTBa Mo OTave 3a 71 MaroB KeCTKO Orpa-
nunauBaeTcs 7, Toraa kKak GAE MATKo perysmpyercst rapaMeTpoM A.

B koHI1e ryiaBbl Mbl OOCYANIIN J[Ba MOAXO0/Aa K IPOEKTUPOBAHIIO apXUTEKTYPhI HEUPOH-
HOH CeTH /7T aITOPUTMOB aKTOPA-KPUTHKA: ¢ OOTIUME MapaMeTPaMHU FJTH C TIOJTHBIM
pasjiesieHueM ceTeil akTopa U KpUTHKA.
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6.9. PekomeHayeMasa nutepatypa

® Barto A. G., Sutton R. S., Anderson C. W. Neuronlike Adaptive Elements That Can
Solve Difficult Learning Control Problems. 1983 [11].

® Schulman_]., Moritz P., Levine S., Jordan M. I., Abbeel P. High-Dimensional Continuous
Control Using Generalized Advantage Estimation. 2015 [123].

e Schulman J., Levine S., Moritz P., Jordan M. I., Abbeel P. Trust Region Policy
Optimization. 2015 [122].

6.10. UcTopuyeckas cripaBka

Bospmras gacTe KOHIENTINH, JTeKAIUX B OCHOBE COBPEMEHHBIX aTOPUTMOB aKTOPa-
KpUTHKa, Oblia BeaBuHyTa B 1983 Toay CarroHoMm, BapTo 1 AHIEPCOHOM B CTaTbe
Neuronlike Adaptive Elements That Can Solve Difficult Learning Control Problems
[11]. B Heil o3ByuymrBanach 1aesi COBMECTHOIO 00YUYEHUST ABYX B3aUMOAECHCTBYIOIUX
MOJIyJIeil: KOMIIOHEHTA CTPATETU UJIH aKTOPa, HA KOTOPBIN B 9TON TJIaBe CCBLIANNUCH
KaK Ha 3JIEMEHT accoluaTuBHOTO mmoucka (Associative Search Element, ASE), u kpu-
THKA, HA3BAHHOTO 9JieMeHTOM afanTubHoil kputuku (Adaptive Critic Element, ACE).
Aurroput™ ObLIT IPOAMKTOBAH HelipoOroiorueil — 00J1acTbhio, KOTOPas YacTo BAOXHOB-
JISIET UCCe[oBaTesiell MeTo/I0B riiybokoro obyuenusi. Hampumep, ujest CBEPTOYHBIX
HEWPOHHBIX ceTell N3HAYATbHO OBLTA TO3aMMCTBOBAHA U3 CTPOEHUSI 3PUTETHHOM KOPBI
TOJIOBHOTO MO3Ta desioBeka [43, 71]. CaTtToH ¢ KojieraMu apryMeHTHPOBAJIN TO, YTO
MO/IeJIMPOBAHNE TaKOHW CJIOKHOUW CTPYKTYPBI, KaK HEHPOH, HA yPOBHE 2JI€MEHTOB,
MOZ0GHBIX JIOTHUECKUM BEHTHUJISAM, Hettesecoobpasto. Oun npeaioxuan ASE/ACE
B KayecTBe NMEePBOHAYATBHOTO IIara B CTOPOHY MOCTPOEHUS CHUCTEM, BKIIOUAOIINX
CETH U3 CJHOKHBIX 00yIaeMbIX Mo aeMeHToB. OHI HAIESTNCH HA TO, YTO MEPEXO]I
OT TIPOCTHIX GA30BBIX HIEMEHTOB K CIOKHBIM MTOMOJKET PEIIUTh 3HAYUTENbHO Hoee
TPYZHbIE 3a/JaUH.

Haspanune ACE, BepositHo, ObL10 HaBessHo Buapoy u ap. [146], kotopeie 3a 10 ner xo
toro, B 1973 ropy, uciosib3oBaiu cioBa «00y4eHne ¢ KpUTUKOM», 4T00bI oTindaTh RL ot
o6yuenus ¢ yuureseM (supervised learning, SL) [11]". Tem He MeHee npumMenenue 00y-
YEHHOTO KPUTHUKA JIJIS YJIyUIIEeHWS TOIKPETISIONIEro CUTHAJIA, IePeIaBaeMOT0 B IPYTYIO
YacTh CUCTEMBI, OO HOBOBBeeHHeM. CaTTOH ¢ KOJIJIETaMU OSICHUJIN [TPeTHA3HAYEHITE
ACE ouenb sicio: «OH [ACE] agantuBHO pasBuBaet (QYHKIIUIO OI[EHKH, KOTOPast oJee

! B SL yuuresib JaeT BaM IpaBUJIbHbIE OTBETHI JIJIST KAXK/[0# TOUKH JIaHHBIX, TOT/Ia Kak B RL
areHTa JIMIh KPUTUKYIOT C TOMOIIBIO (DYHKITUY Bo3HATpaxkaeHnil. Kputnka ananoruyna romy,
YTO BaM TOBOPSIT: TO, YTO BBI CJIEJIaJIH, GBIJIO XOPOIIIO, TLI0XO0 WJIH TIpreMIeMo. BaMm He roBopsr,
YTO BBI IOJKHBI OBLIN BBITOJHUTH KAKOE-TO OIPEIEIEHHOE JIeHCTBIE.,
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nHGbOPMATHBHA, YeM JOCTYTHASA HATIPSAMYIO U3 CPE/lbl 00yYaloneicss CHCTEMbL. JTO
CHMZKAeT HeolpeneeHHocTh npu o0yuennu ASE [11]»1

[TpucBanBanue K0aOUINEHTOB AOBEPUSA U pa3dpeskeHHble CUTHAIBI BO3HATPAXK/Ie-
Hus — ziBe Hanbosee BaxkHbie pobaeMbl B RL. ACE penraer 3agauy npucBanBaHust
koa(dunuentos B RL myTeM NpUMeHEHUsT KPUTHUKA K TIPe00PA30BAHUIO TIOTEHIUATLHO
Pa3pesKEHHOT0 BO3HATPAKIEHMS B O0osiee MH(DOPMATUBHBII TIOTHBII TTOIKPEILISTIOITUI
curnadn. ITocse BBIXO/IA 9TOM CTATHY 3HAYMTENHHAS YaCTh MCCaETOBaHMiT OblTa cHOKy-
CHMpOBaHa HAa Pa3BUTUN JIyUNINX KPUTUKOB.

Oyuknua nperMmyInecTsa Oblia Bepsbie ynomsaryTa baiipaom B 1983 roxy [9]. Onnako
otpeziesieHre mpeumyiiectBa kak A™(s, a) = Q"(s, a) — V"(s) nano CaTToHOM ¢ COaBTO-
pamu B 1999 rony [133].

[Tocae nyGaukanun Muauxom u gpyrumu B 2016 rofy aaropurmMa aCHHXPOHHOTO aKTO-
pa-kputrka (Asynchronous Advantage Actor-Critic, A3C) HabJmozazics poct HHTepeca
K TaKUM aJroput™MaMm. B aToil cratbe GBI Mpe/ioskeH TPoCcToil MactabipyeMblil METO/T
napasen3anuu o0ydeHus B airoputMax 00y4eHusi ¢ OAKPEIIEHUEM € TOMOIIIBIO
ACHMHXPOHHOTO IPAZMEHTHOTO CITycKa. MbI pPACCMOTPUM 3TOT METO/I B TJIaBe 8.

! Ecnu bl xoTHTE GOJIBIIE y3HaTb 00 9TOM, TO BaM CTOUT IPOYUTATH OPUTMHAJIbBHYIO CTATbIO.

OHa HaricaHa IMOHSITHBIM SI3bIKOM, U B HEll XOPOIIO 0ObSICHSIIOTCS 33/1aua HA3HAYEHUST BO3HA-
rpaxkaennii B RL u pasuuia Mexy o0ydeHreM ¢ MoAKPeIieHneM U 00yYeHHEM C YUUTEIEM.



OnTnMmMsaumsa bnmxaniuen
cTpaTermm

O/1Ha U3 TPYJHOCTEl, BOSHUKAIOMIMX [IPU 00YYEHUN areHTOB € HOMOIIbIO aJITOPUTMOB
rpajiieHTa CTPATeruy, 3aKII0YaeTCs B TOM, YTO OHU CKJIOHHBI K Pe3KOMY Nadenuio
nPoOU3600UMENLHOCMU, KOTJIA aTeHT HEOKUaHHO HAUMHAET JAeCTBOBATh 110X0. I1o-
CJICZICTBUS 9TOTO TPYAHO YCTPAHUTD, TaK KaK areHT HaYMHAET MOPOKAATH IJI0XUE
TPaeKTOPUH, KOTOPbIE 3aT€M UCIIOJIB3YIOTCS /Ui IaibHEelIell HACTPOUKYU CTPaTeTuH.
Kpome Toro, kak MBI BU/1€JI, OCHOBaHHBIE HA CTPATETUN AJTOPUTMBI HEa(hHEKTUBHBI
€ TOUKU 3PEHMs KauecTBa BHIOOPKHU, TaK KaK B HUX HEBO3MOKHO [TIOBTOPHOE MCIIOJIb-
30BaHUe JaHHDIX.

Ipexncrasaennas [lygapMaHoM U ApyrUME ONTUMM3aNKs OJvoKaiiiieil crpaTerun
(Proximal Policy Optimization, PPO) — kJjiacc aJiropuT™MOB ONTHUMU3AIMHU, PEMTAIOIIIX
nBe atu mpobisembl. B ociose PPO Jiexkut ujest 0 cypporaTHoi 1esieBoit (hyHKIHH,
KOTOpast O3BOJISIET N30€KATD NAJeHUs NPOU3BOOUMETHHOCU 32 CUET TAPAHTHPOBAH-
HOTO MOHOTOHHOTO POCTa NPOM3BOANTEAbHOCTH. Ellle 0HO MpenMyInecTBO Takoi
1eJIeBON GYHKIMYT — MOBTOPHOE UCITOJTb30BAHNE JAHHBIX, TIOJYUEHHBIX TTI0 OTJI0KEH-
HOMY OIIBITY.

PPO mosxet 6bITh 3aeiictBoBana aus pacimpenns REINFORCE uiu akTopa-KpuTHKa
IIyTeM 3aMelleHns N3HAYaIbHO 1eseBoil ¢hynkiun J(,) npeobpazoBanuoii 1e1eBoii
dyukimeii PPO. dto npeobpasosaniie obecrieunsaer Goee yeroiunboe u apGeKTUBHOE
C TOYKHU 3PEHUsI Ka4eCTBa BEIOOPKH 0OydeHue.

B aroii rmase B noapaszuesne 7.1.1 obcyxkaaoTes caydan pe3koro najeHust mpousBo-
JATEIbHOCTH. 3aTeM B mojipaszese 7.1.2 paccMarpuBaeTcst pelieHne aToi mpodIeMbl
€ TIOMOIIBIO TOIXO/IA MOHOTOHHOTO yayurienust. OH BHIPasKAeTCsT B TPeoOpasoBaHui
1eIeBoi (DYHKIIUH, BBIPAsKEHHOM Yepes3 TPaIueHT CTPATETHH, B CyPPOTATHYIO 1IEJIEBYIO
pysaKRIIITO.

ITocite BBeIEHNS B TEOPETHYECKIIE OCHOBBI IepeiiieM K o0cyskaeHnto anroputma PPO
B paszesie 7.2. 3ateM B paszeJie 7.4 mokaskeM peanusaiuio PPO kak pacimmpenus airo-
purMa akTopa-kpuTrka B SLM Lab.
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7.1. CypporaTtHas ueneas pyHKUMA

B aTom pasjiesie BBoAUTCS IOHATHE CyPPOTAaTHON 11es1eBoit hyHKImY jiisd anroputma PPO.
Cuauasia B kKauecTBe 0O0CHOBAHUS 9TOTO 0OCYKAAETCA TIPOOIEMa PE3KOTO TIa[eH s TTPO-
U3BOUTEIBHOCTH, 3aTEM PACCMATPUBAETCS yCTPpaHeHHe TIPOOJIeMbl TPpeodpa3oBaHIeM
1eIeBoi (hyHKIIUU, BBIPAYKEHHOI Yepes3 rPaiueHT CTPaTeruu.

/.1.1. TlageHne npon3BoOANUTENBHOCTU

Kak Mpl Buzienn npu 06CysKAeHUH aIrOPUTMOB IPaleHTa CTPaTeriuu, CTpaTerus 1,
ONTUMU3UPYETCS ITyTEM U3MEHEHU TapaMeTPoB O ¢ MOMOIIIBIO TPAJMEHTa CTPATEruu
V, J(m,). OTO HENPAMOIi MOAXO/, TaK KaK MbI MIEM ONTUMa/bHYIO CTPATErHIO B IIPO-
CTPAHCTBE CTPATErHiA, KOTOPBIM HE MOKEM YIPABJISATh HAMPIMYt0. UTOOBI TIOHSTH, 110-
YeMy TakK MIPOUCXO/IAT, CHaYa a HYy;KHO PACCMOTPETh PA3HUILY MEKIY TIPOCTPAHCTBAMMU
cTpaTernii u mapameTpos.

B xoze ontuMusanum nouck mpomusBOAUTC 1O MOC/IE0BATEIbHOCTU CTPATeruil 1, 1.,
TL,... T, 13 Habopa Beex cTpareruii. IToT Habop u3BecTeH Kak npocmpancmso cmpamezuii' 11:

={n}. (7.1)

IlapamMeTpI3upOBaB CTPATETHIO T, , MOKHO MOMYUHTH YA00HOE BRIpAKeHHe s IPo-
cTpaHcTBa nmapameTpos 0. Kakmoe yHukambioe 0 mapaMeTpusupyer 9K3eMILISIp CTpa-
terun. [Ipocmpancmeo napamempos 0603HavaeTCst O:

@:{eeRm}, (7.2)
rae m — KOJN4YEeCTBO HapaMeTpOB.

[enesas hynkums J(T,) BBIYMCAAETCA C TOMOLIBIO TPAEKTOPHH, CO3IaHHbIX CTPATEr -
eii u3 npocrpancTBa crpateruii n, € II, HO B AEHCTBUTENBHOCTH TIOMCK ONTUMAJbHOI
CTpaTeruy IPOUCXOAUT B TPOCTPAHCTBE MTAPAMETPOB IIyTEM OTBICKAHUS MTPABUJIbHDIX
ux 3HaueHuit 6 € ©. To ecTh ympaBaeHne TPOUCXOAUT B O, a pe3yabTar mnoaydaem B 11
Ha mpakTike KOJIMYECTBO MIaroB Mpu 0OHOBIECHUU TTaPaMETPOB PETYJIUPYETCS ¢ TIOMO-
IIBIO TTApaMeTPa CKOPOCTH OOYUYEHUs O, KaK MoKa3aHo B ypaBHeHuu (7.3):

AB=aV, J(r,) (7.3)

K cosxanennio, mpocTpaHCTBa CTPATEeTHi M TapaMeTPOB He BCeT/ia KOHTPYSHTHBL, a pac-
CTOSTHUST B 000X TPOCTPAHCTBAX HE 00513aTEIHHO COMOCTABUMBI. Bo3bMeM JiBe Taphl
1

CJiesryer OTMETUTD, YTO MIPOCTPAHCTBO CTPATETMH MOKET COAepKaTh GECKOHEUHO GOJIbIIoe
YUCJIO CTPATETHI.
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napameTpos, ckazkeMm (0,, 0,) u (0,, 0,), 1 NPeAoI0KUM, YTO B IIPOCTPAHCTBE MapaMe-
TPOB PACCTOSTHUS MEJK/IY MTapaMeTpaMy B OIHOI Mape B 060UX CIydasix PaBHbI, TO €CTh
d, (6,8, =d, (6, 6,). Onnako paccToAHMS IS AP COMOCTAB/IACMBIX UM CTpaTeruii

0, Mo

dy(6,,0,) =d, (6, 63)‘:75‘17:(7‘61!7‘92):‘17: (“92’“93)' (7.4)

TToTeHIMATIBHO 3TO TPECTABIISIET TIPOOJIEMY IO TOI IPUUMHE, YTO CTAHOBUTCSI TPY/IHEE
OTIPe/IeTNTh UIEATbHBII PA3Mep TITara o, JI7ist OOHOBJIEHNST TTApaMeTPOB. 3aparee He 13-
BECTHO, HACKOJIBKO MAJOMY WJIH GONBITOMY pa3Mepy Iara OHO OYIeT COMOCTABIEHO
B mpoctpancTie crpateruii [1. Eciii 3HaYeHUE O CAUTIKOM MaJio, TO HoTpedyeTcst 60Iib-
1re urepaiuii 1 obydenue OyJeT AIUTETbHBIM. JIPyToil BApUAHT — CTPATETHST MOKET
3aCTPSITh B KAKOM-HUOY/Tb JTOKAJIBHOM MakcuMyMme. Eciiu 3Haveme o CIUIKOM BeJTH-
KO, TO Ha COOTBETCTBYIOIIEM MIare B IPOCTPAHCTBE CTPaTernii Mpou30i/ieT BbIX0/ U3
OKPECTHOCTH XOPOIIINX CTPaTeruif, YTO BBI30BET pPe3Koe MajieHNe TPOU3BOIUTENbHOCTH.
Korma aT0 cryduTcst, HOBast CTpaTerust, KOTOpast HAMHOTO XysKe, Oy/IeT HCTIOTb30BATHCS
UIST TOPOXKIEHST TIIIOXUX TPAEKTOPUH /TSI CJIEAYIONIET0 OOHOBIEHUST U PE3KO YXYIITUT
CTpaTernio Ha cienylomux urepanusx. Ilosromy Tak Tpy/HO UCITPABUTH CUTYAIIMIO 110-
cJie OJTHOKPATHOTO MaJieHus Mpou3BoauTeapHocT. Ha puc. 7.1 npeacrasieH npuMep
TAKOTO OBICTPOTO TIAJIEHHSI TPOU3BOUTETHHOCTH.

Ty » My, | 1 (n ) ) He 00513aTeIbHO 0/{MHAKOBLL TakiM 06pasowm,

session graph: reinforce_cartpole t0 s13

|
." |
of [Hi

i
@

mean_returns

x
£ 2
——

frames

Puc. 7.1. I'padvk 13 SLM Lab, AeMOHCTpUpYOLWMi NpyUMep nazeHus npoussoauTensHocT REINFORCE
B CartPole. ObpaTute BHMMaHuWe: oTAava (HEAMCKOHTMPOBaHHAs!, TO €CTb MOJIHOE BO3HarpaxaeHue
3a aNM30/) AOCTUraeT MakcuManbHoro 3HadeHust 200 u 3aTeM pesko cHukaeTcs nocne 80 000 kaapos

B npuHImmie, Ipu MOCTOSHHOM pa3Mepe Iara 3Toil mpobeMbl He n3bexkarhb. B Bbipa-
JKEHUH JUI TPJIIeHTHOr0 BOCXoxKAeHus 0 <— 6 + aV, J(m,) ckopocTb o0ydenus o, Kak
1paBuo, GMKCMpPOBaHa MK YMEHbIIAETCH, a MEHSETCs TOJIbKO Hanpasaenue V, J(1,).
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Ho ITOCKOJIbKY COITIOCTaBJIEHNE HEU3OMETPUYIHO, OTHOMY 1 TOMY K€ [TIOCTOAHHOMY pas3-
MEDY Hiara TakKKe MOIr'yT OBITH COITOCTABJIECHBI Ppa3HbI€ PACCTOAHUA B II.

Bb160p onTUMaNbHOTO 3HAYEHUs O OYIeT CUIBHO 3aBUCETh OT TOTO, B KAKOW 4acTu
npocTpancTBa cTparternii [ maxoxuTes TeKymas cTpaTerus T, ¥ Kak IPOMCXOIHUT OTO-
Gpaxenue mapameTpa 6 B okpecTHOCTD T, B IT 13 ero cobcTBennoil okpecTHOCTH B ©.
B ujteaibHOM cirydae aJrOpUTM JOJIKEH aJlallTUBHO M3MEHSITh Pa3Mep Iara Ha OCHOBe
3THX (haKTOPOB.

Jl1s onpesiesienns pagmepa 1ara, alaliTUBHO U3MEHSIOINIET0Cs B 3aBUCUMOCTH OT TOTO,
KaK KOHKPETHOE OGHOBJIEHUE B IIPOCTPAHCTBE MAPAMETPOB BJIUSIET HA TIPOCTPAHCTBO
CTpaTeryii, CHauaIa HyKHO HATH CrIoco0 M3MEPEHUsT PA3HUIIBI MEJKILY TTPOU3BOIUTEb-
HOCTBIO /IBYX CTpaTeruii.

7.1.2. MpeobpazoBaHne LeneBon GyHKLMK

B aTom pazzesie BBOAUTCA OLIpe/iesieHUue COOMHOUEHUS CMPamezuti o OMmHOCUMENbHOU
agppexmusnocmu, 110 KOTOPOMY U3MepseTCs pasHUIla MeK/y IIPOU3BOIUTEIbHOCTLIO
IIBYX cTpaTeruil. 3ateM GyIeT MOKa3aHo, Kak 9TO MOXKET ObITH MCTIOIb30BAHO IS TIPE0d-
PasoBaH 1eIE€BON (DYHKIIH, BBIDAKECHHOI B TPaJIHEHTE CTPATErnH, 4TOOBI 00ECTIEUNTh
MOHOTOHHOE yJIy4YIlleHHE IPOU3BOJUTEIBHOCTH B XO/I€ OIITUMU3AINN.

[TockosbKy mpobiieMa CBsi3aHa ¢ pa3MepoM Iara 00y4eHst, HHTYUTUBHO MOHSITHO, YTO
MOZKHO TTOTPOOOBATH BBECTH KOHCTAHTY, KOTOPast IPUBSIKET €r0 K HeKoeMy Oesomac-
HOMY pasMepy, 4ToObI TIPEIOTBPATUTD Ma/leHIe TPOU3BOAUTENbHOCTH. [IprMeHeHe
MTPABUJILHOM KOHCTAHTHI TTIO3BOJISIET BHIBECTU TO, UTO U3BECTHO KaK 100X00 MOHOMOHHOZ0
Yayuuenus'.

Bo-1epBbIX, MyCcTh laHa CTPATErust T U MyCTh ee CIeAyIomas ureparus (Tmocie 06HOB-
JieHust mapaMerpoB) GyzeT . MoKHO OTIPENETUTD COOMHOUEHUE CIPAMEZUTL N0 OMHO-
cumenvHotl 3 pexmusnocmu Kak pa3HOCTb MEXK/TY VX IeIeBBIMU QYHKIUAME (ypaBHe-
nue (7.5)). OTvMetum, 4To 3HaYeHne npeumymiectsa A™(s, a,) Beera BbIYMCAAETCS 110
CTapoii CTpaTeruu T:

J(n)-J(n)=E,_, Zy‘A“ (s,,a,)| (7.5)

! BwIBoJI, IPUBEIEHHDII B 9TOM pasjielie, SIBJSETCS Al THPOBANHON 1 Pa3BepHyTOil Bepcueit
BBIBOZIA U3 3aMedaTesbHoil sekiun Deep Reinforcement Learning, mpounTannoii Cepreem
JleBunbim B urcrutyTe B Bepkii ocerbio 2017 roga. Hekotopbie us nanbosiee CI0KHBIX JOKA-
3aTesIbCTB GYJIyT OMYIIEHbI, TOCKOJIbKY OHU BBIXOJSAT 32 PAMKH OTON KHUTH, HO JIIOOOTIBITHBII
qUTaTeh MOKET HAUTH UX B OPUTHHAIBHOM KoHcmekTe gekiun nomep 13 Advanced Policy
Gradient Methods [78] [Ixoutya AubsiMa. B 9T0li KHUTE UCIIOJIB3Y€ETCS TIOUTH TaKas 5Ke HO-
TAIWsT, KaK U B KOHCIIEKTE, TaK YTO UX OY/ET JIETKO YUTaTh U cpaBHUBaTh. Kpome TOTO, 3ammich
JIEKIIUY, B KOTOPO puBoAnTCcs GoJIblie HeTajiell, ueM B KOHCIIeKTe, 10cTyiHa Ha YouTube
noz 3arososkom CS294-112 10/11/17 (https://youtu.be/ycCtmp4hcUs).
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MpumeuaHue 7.1. BbiBoA COOTHOLUEHUS CTpaTeruii
Mo OTHOCUTEJIbHOM 3(h(PEeKTUBHOCTHU

3/1ech IPUBOJIUTCS BBIBOJL ypaBHeHus (7.5) 1JIs1 COOTHOIIEHMST CTPATETUIT 110 OTHOCHTEb-
HOM ahbdexTIBHOCTN.

[l Havasna nepenuiieM 3HaYEHUE TTIPEUMYIIECTBA B TOAXO/ISIIEM JIJIsI HAIIETO BBIBOJA
Bujie (ypaBuenue (7.6)). Ysen Q pazBepHeM B MaTeMaTUyeCcKoe OXKUIaHUE TIEPBOTO BO3-
HArpasKJACHUS U OykuaeMble V-3HaueHUS BO BCEX BO3MOXKHBIX TOCJIEAYIONNX COCTOSHI-
SIX. DTO MATEMATUYECKOE OKMIaHUe HEOOXOIMMO [IJIsl yUeTa CTOXACTHIECKUX TIEPEXO/I0B
CpeJibl, KOTOPbIE He 3aBUCST OT KOHKPETHOI CTPATernu:

A (Sz » 4, ) =Q" (Sf 4, )_ v (SI ) = E-\}nr’}NI‘(SI.|>’}‘-‘/-”1) [7 Vv ( t+1 ):| -V (S’ ) (7.6)
Wcnonb3yeM aTo BeIpaKeHue /st Tipeobpa3oBaHus IpaBoii yactu ypasHenus (7.5) cie-

JYIOTIM 00pasoM:
E, . [Zy’A" (s, a,,)} = (71.7)

120

DI RR RS AR TR ATO)| SR
knr[Zv‘ (r +YV"(SH1)—V"(%))}= (7.9)

120

:Er~n'[ZY na DV (s) - Zv Vi (s, } (7.10)

120 120

B, [zw,]ﬁam, V)T 6) |- @11

=J(x {ZY Ve (s) =2 V(s } (7.12)
=J(®)-E_.[Vi(s)]= (7.13)
-E_.[J(n)]= (7.14)
=J(7)-J(n). (7.15)

Chavasa nepedopmynupyem ypasrenue (7.5), 3aTeM M0/ICTABUM OIIPe/ie/IeHHe 3HAYEHS
npenmyiectsa u3 ypasuenus (7.6) u nomydum ypasuenue (7.8). Ha caepytomem miare
3aMETUM, YTO BHEIITHee MaTeMaTHiecKoe oxxkuane B (hakTHUeCKH Colep:KUT OXKUIa-
embie geiictsust o crparernu (B, ) 1 OXKu1aeMble COCTOSHUS 1 BO3HATPAK/IEHNs U3
(ynkmn nepexozson (E\ o p{sanlsa) ). CureroBatesibHO, MOJKHO BKJIIOUNTD BHYTPEHHEE
MaTeMaTHYecKoe OKUaHue BO BHelIHee, IOCKOJIbKY Y HIX €CTb IIePEeKPBIBAIOIINECS CO-
CTaBJIIONIMeE, YTO 1acT ypaBHenue (7.9).

3atem B ypaBuenuu (7.10) pasioxxuMm cyMMy Ha oIcyMMBbL. BBuy inneitnocT Mmate-
MATHYECKOTO OXKUIAHWS BbIIeTMM B ypaBHenuu (7.11) nepsblil wieH, KOTOPBIH MOmpo-
CTY SIBJISIETCSI HOBOII 11es1eBoii hyHkimeit J(n'). DT1o gact nam ypasaenue (7.12). Tenepn
MIPOU3BE/IEM C/IBUT MHJEKCA B MEPBOIl CyMMe B BBIPDAKEHUU JIJIS MATEMaTHUYeCKOTO
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OKUJIAHMS, 3aMEeHUB WHIEKC ¢ + 1 Ha nHgexc ¢, kotopsiil Haunuaetcs ¢ 1. Teneps 0be
CYMMBI BBITJISIIST WICHTUYHO, 32 UCKJIIOUECHUEM UHJICKCOB, IOATOMY X MOKHO COKPATHTB,
OCTaBUB JIMITD wiieH npu ¢ = 0, KoTopbiM sABAAeTes V(s,) B ypasuenun (7.13). Oynxiusa
M0JIE3HOCTH B HAYATBHOM COCTOSTHMM — 3TO MPOCTO TeseBast GyHKIus J(T), Tak Kak
VT (so) =E_, [thoy’r,J = ](1:). Tax mb1 osryuaem ypasuenue (7.14). Hakoner nieeBas
(yHKIIMS cTpaTerny T He 3aBUCUT OT HOBOH CTPATErvy T, M MOXKHO OITYCTUTh MaTeMaTH-
Jyeckoe oxkuzanue, noayuus J(n') — J(1).

CooTHolenme cTpaTeruii 1o OTHOCUTeIbHON addekTuBHOCTH J(TL') — J(TT) cayskut me-
POIl YJIydIlleHUsT TPOU3BOAUTENbHOCTHU. Eci 3HaYeHne Pa3HOCTH TTOJIOKUTENBHOE, TO
6oJiee HOBast CTpaTerusi ' Iydilie, 4eM 7. B mporiecce Urepariun mo CTpaTerusm caeiyer
Tak BBHIOPATH HOBYIO CTPATETHIO T, YTOOBI MAKCUMU3UPOBATH 3Ty pasHoCTh. C yueTom
CKa3aHHOTO MaKCUMU3AIu 1eseBol ¢pyHnkiuu J(n') paBHO3HAYHA MAKCUMU3AINN
JIAHHOTO COOTHOIIEHUs. 1 TO U Ipyroe MOKHO BBIIIOJHUTD C TIOMOIIBIO TPAMEHTHOTO
BOCXOK/ICHUS:

mng(n')@m;lx(_](n:')—‘](n)). (7.16)

Takoe orpanuuenue 1eeBoil (PyHKIMU TAKKe MOJAPa3yMeBAEeT, YTO HA KayK/I0U uTepa-
LU TI0 CTPATETUSIM CJIe/lyeT 0OeCIeUnTh HeOTPUIATeIbHOEe (MOHOTOHHOE) YIIydIlieHHE,
To ect J(t") — J(m) = 0, Tak Kak B XyJIIeM CIydae MOKHO MTPOCTO IPUHATH T’ = T, YTO
JIACT OTCYTCTBHE YJIYUIIEHU T, DTO MO3BOJUT U30€KATh Ma[eHUS TPOU3BOAUTEIHLHOCTH
HA TIPOTSKEHUM OOYUEHUsT, M MIMEHHO 9TO HAM HY’KHO.

Opnako cyuiecTByeT orpaHuyueHue, He I103B0JISI0IIee UCII0Ib30BaTh JaHHOe COOTHOIIE-
HME B KauecTBse 1eJeBoi PyHKIMU. 3aMeTbTe, YTO B BbIPaKeHUU EM,[ oA (s, a, )}
JUISL BBIYUC/IEHNS MAaTeMaTHYeCKOro oXuianus TpedyeTcs BbIOupaTh TPAEKTOPHN 110
HOBOII cTpaTeruu 7' s BBIIOJIHEHNs: OOHOBJIEHUS, HO TU' HEJOCTYIIHA /10 OOHOBJICHUSL.
Yr00bl pa3pemuTh 9TOT MapajloKe, Hy>KHO HaiiTh (opMyIMpPOBKY, KOTOpas 1acT BO3-
MOKHOCTD IIPUMEHATH JOCTYIIHYIO CTapyIO CTPATETHIO TT.

C 9TOH TETBI0 MOKHO MPEJITTONOKUTD, 4TO YCIIENTHbIE CTPATETHH 7T U T’ I0BOJIBHO OJI13-
K1 (MepOI HTOr0 MOKET CIYKUTH Majioe paccrosuue Kynnbaka — Jleiibiepa), sHaunr,
CXOKHU U pacupeziesienust cocTosinuit 1yt nux. Torna ypasuenue (7.5) MOKHO arpok-
CUMUPOBATDH C MTOMONIBIO TPACKTOPUIA M3 CTAPOI CTPAaTernu T~ T, CKOPPEKTUPOBAB MX

’

n'(a, |s

— 1/ 3HaueHus 0T[4, IIOPOKICHHBIE C 110~
w(a, s,

MOIIIBIO T, KOPPEKTUPYIOTCS YMHOKEHWEM MX Ha OTHOIIIEHNE BePOSITHOCTEH /Ie1iCTBUN
JUTST IBYX YCTENTHBIX CTPATeTHii, T 1 T'. Bo3Harpask/ieHus, CBSI3aHHbIE C IEHCTBUSIMU,

6oJiee BEPOATHBIMIE ITPU HOBOH cTpaTeruu 1, OyayT GoJiee BECOMBIMHE, a BO3HATPaK/Ie-

eecamu u3 6bl60p7€u 10 3HauUMocmu'

! BpibopKa 10 3HAaYMMOCTH — HTO METO/I OIIEHKKM HEM3BECTHOTO PACIIPEAETICHUS 110 TAHHBIM, BbI-

GpaHHBIMU U3 U3BECTHOTO paciipesesienust. [loyHblil BbiBoa ypaBHeHust (7.5) BBIXOIUT 32 PAMKI
9TOU KHUTH, HO €ro MOskHO Haiitu B jiekiu 13 Advanced Policy Gradient Methods [78].
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HU:A, CBA3aHHbIE C MEHEE BEPOATHBIMU ITPU n'ﬂeﬁCTBHHMH, — MeHee BECOMbIMMU. ,Z[aHHa}I
AIlIIpOKCUMaIA IMIpUBEAcHA B YPaBHCHU U

’ — n . ~
J(n)=J(7)=E,_, {ZA (s, a, )} ~
=0
’
m'(a,ls,)
~ n L1 _ gcp1 ’
SB[ 2 A (s ) |= " (). (7.17)
= n(al ].s,)
Hosas niesreBast hynkims B mpaBoii vactu ypaBaenus (7.17) HasbIBaeTcs cyppozamuoil
uenesol Qpynkyuell, Tak Kak COAEPKUT COOTHONICHUE MEXKIY HOBOM U CTapoil cTpa-
terustmu, T 1 . Bepxuuit ungexc CPI pacimdposbiBaercst kak conservative policy
iteration — koHcepBaTUBHAs UTEpaIs 110 CTPATETUSM.

Tetepb, 4TOOBI BOCIOJIB30BAaThCs HOBOI 11€/1eBO (QYHKIINEH B aJlTOPUTME IPaHEHTA

CTpaTeruu, Hy>KHO ITPOBEPUTD, ITPOJIOJIKAET JIU BBITIOTHATHCS TPAIUEHTHOE BOCXOXKICHIE

110 CTPATETUU TIPU ONMUMUBAUUU C NOMOULHIO IMOTL Ueslesoll pynruuu. K cuacTbio, MOKHO

MMOKA3aTh, YTO IPAJIMEHT CyPPOTaTHON 11e1eBO (DYHKITUU PaBEH TPAIUEHTY IO CTPATETHH:
CPI _

ve']‘%m (9) |90|.| - Ve-](ﬂ:(')) |9 3 (718)

old

BoiBos ipuBe/ieH B ipuMevyanuu 7.2.

MpumeyaHue 7.2. BbiBOA CypporaTHoi LeneBsoi hyHKLUmU

3pech OyieT MOKa3aHo, YTO IPAJUEHT CYPPOraTHON 1eJIeBON (DYHKIIUN PABEH rPAJIUEHTY
cTparernu, Kak yrBep:kaaet ypasHenue (7.18).

CPI
HauneM ¢ Boruuc/ienus rpaguentTa J, (n'). Jlsig aToro 3anurieM rnepeMeHHyIo 0 B SBHOM
Buze. B yactHocTH, 0603HAYMM HOBYIO CTPATErUIO T’ KaK TIEPEMEHHYTO T, & CTApyIO CTPATErHIO

T — KaK [MOCTOSTHHYIO Ty, TIPU KOTOPOIT BBIYHICIISIETCSI TPANEHT, YTO 0003HATECHO KaK |0“M. JT0
Heo6X0IMMO BBHTY SIBHOM 3aBUCHMOCTIH J. (m') o1 T, KOTOPYIO HEMB3sT OIMYCTUTD:
cpl _ Mo [ o ne(a, |Sr) _
V.. oy (9) o —VSEINKU“](I ;A a (.51 , al)m oy = (7.19)
Vo, (a,|s,)]
- Ao (g g )2\ 5 o |
T Tog1 ,22(‘1 ( I 1) TEOOM (a[ ]S,) (720)
Vo, (a,|s,)]
=E AR (s g )—— L B | 7.21
o ; ( g I) Ty (“/ |S/) 0,14 ( )
-E,, {z A™ (s, a,)V, logmy(a, |5, ), } = (7.22)
=VoJ (1), - (7.23)

CHayvasia BBIYMCJINM IPAIMEHT ITPU CTAPOIi CTPATErnK CypPOTaTHOI 11eJ1eBOii (DYHKIUN U3
ypaBhenus (7.17). 113-3a Toro uto nepeMeHHas 6 ColEpKUTCS TOJIBKO B BEPXHEil YyacTu
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OTHOMIEHUSI, Ty/Ia MOXKHO BHECTH 3HAK TPaiieHTa 1 1moryanTsh ypasuenue (7.20). Termepn
3aMETHM, UTO HIDKHSIS 4aCTh OTHONICHUS T, (al |'s, ) — 970 He 4TO MHOE, KAK 3aIIUCh Ty, Bbl-
4HC/ICHHOM 1pn 6 = O, TakuM 00pasoM rojtydaem ypastenue (7.21). Hakoner, BCIOMHIM
nipueM u3 ypaBHeHus (2.14), ¢ TOMOTBI0 KOTOPOTO MBI BBIBO/INJIN TPAJMIEHT CTPATETHH,
Vop(x6)

p(x6)
[epenucaTh OTHOMIEHNE U IPUHTH K ypaBHeHnuio (7.22). Mbl 1oyry4uiim 1mpocTo rpajiuent
crparernn V, J(1,). OTciona BoITeKaeT:

Vo.](iil (9) |o(,,(l = Vo](no) |0“m- (724)

V,log p(x | 6) = . Bocrosibayemcst TabnnuHOM 1IpousBoAHON oraprdma, 4to6bi

Ypasuenue (7.24) rOBOPUT O TOM, UTO I'PAJIUEHT CYPPOTATHO 11€J1€BO# (hYyHKIIUU paBeH
TPafIEHTY CTPATeTUH. JTO TAPaHTHSI TOTO, YTO ITPH ONITUMHU3AIINHT C CyPPOTATHON 11eIeBOI
(byHK1IITCI TIPOIOITKAET BBITIOTHATHCS IPAANEHTHOE BOCXOK/ICHIE IO CTPATETHsIM. DTO HO-
JIE3HO €l1Ie U TIOTOMY, UTO YJIy4IleHHe TPOU3BOJUTEILHOCTU TeTePb MOKET ObITh U3MEPEHO
HAPsIMYIO U MAaKCUMU3AIUS CYPPOTATHOH 11esIeBOi (DYHKIINHI 03HAYAeT MAKCUMH3AINIO
[POM3BOAUTEIBHOCTH. KpoMe TOro, Terepb HaM U3BECTHO, uTo B ypasHenuu (7.17) J ,[L " (ﬂ')
SIBJISIETCST IMHEWHON anmpokcuMaiieli J(n') — J(m), Tak Kak WX TPOU3BOIHBIE TTEPBOTO
nopsiika (TpafiieHThl) PABHBL.

CPl1 o o
[Ipexxne yeM IpUHATD J (TE') B Ka4eCTBE HOBOH I1eJ1eBOI (DyHKIMK [ aJITOPUTMA
IpajlMeHTa CTPATEr I, OCTAIOCH YIOBICTBOPHTD OJIHO Moceanee Tpebosanme. Tak kak
CP1 ’
J:(n') — a0 b npubaukenne ans J(n') — J(TT), oHa MOKET UMETh TOTPENTHOCTb.

Tem He MeHee HyKHO rapanTuposarth, uto J (1')— J (1) 20, ecm J¢ (n) = J (n') = J (n).
CJ1e10BaTe IbHO, HY/KHO TIOHATH, KAKOBA IOTPENIHOCTb 3TOrO TIPUGIMAKEHHUSL.

Ecom Meskty yCHerHbIMU CTPATETUAME T 1 T’ HAOJMIOaeTCs 3HAYUTETHHOE CXOJCTBO,
uTo u3Mepsiercst paccrosianeM KymnGaka — Jleitbiepa, To oiHa U3 HUX MOXKET ObITh 3a-
MICaHA KaK OTPAHIICHUE OMHOCUMELbHOU ZPAHULbL NPOU3BOOUMETbHOCIL crpamezuu’.
CremaeM 970, BBIPA3nuB aOCOIOTHYIO TIOTPENTHOCTD Yepe3 Pa3HOCTh MEXKIY HOBOH 1ie-
JieBoil pyHKuei J(T') v olieHKoll ee yiy4diienust J (n) +JM (n'). Torna moxxHo 3a1aTh
IPaHUIIBI TOTPENTHOCTH Yepes paccrosinue Kynbbaka — Jleiibrepa Mesxay T u '

(J (=)= J (=)= S ()| SC\/E, [ KL(x'(a,|5,)In(a,]5,)) ], (7.25)

rae C — KOHCTaHTa, KOTOPYIO HYKHO BeIOupath, a KL — paccrosune Kynpbaka — Jleii-
Guiepa’®. YpasHenue (7.25) MOKa3bIBaET, YTO €CJIHM PACIIPEAETECHS /IS YCIIEITHbIX CTpa-

' 9ro nousttue 6p110 BBeneHo B 2017 roxy B cratbe Aubsiva u ap. Constrained Policy Optimiza-
tion |2].

2 Paccrosinue Kynbbaka — Jleiibiepa mesky AByMst pacupesenerusmu p(x), g(x) mpu ciayyaii-

p(x)

q(x)

dx 17T HETIPEPBIBHBIX PACTIPE/IEJICHUIL.

nom x € X onpenensercst kak KL(p(x)[ q(x))=3 _ p(x)log
p(x)
q()

JULA TIMCKPETHDLIX pac-

npeJieTeH I WK KL(p(x) | q(x)) = I: p(x)log
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Teruii T u 7' 6imu3Ku U paccrosiiue Kynbbaka — Jleiibiepa B IpaBoii YacTy BhIPAKEHII

MaJio, TO YJIeH TIOTPENTHOCTH B JieBOi yactu Man'. [Ipu MasoM 3HaYeHUM TIOTPENTHOCTH
CPl1 ’

J (n') SIBJISIETCSI XOPOIIUM TIpubmskenueM st J(n') — J().

T

Bocrosnb3oBaBmmcsy aTuM, MOKHO JIETKO IPUNTU K TOMY Pe3yJIbTaTy, KOTOPBIN HaM HY-
sKeH, a uMeHHO_J(1") — J(1) = 0. DTo HOoCUT Ha3BaHKe nO00X00Ad MOHOMOHHO20 YAYUULCHUS
[78], Tak kak obecrieyrBaeT MoJOKUTEILHOE WK 110 KpaliHel Mepe HyJleBoe YiIydlleHe
Ha KaKJOW UTEPAIIUU TI0 CTPATETUSIM, HUKOT/IA He floiycKkas yxyaienus. C aToil 11esb1o
cHavaJa pacKkpoeM MOJYJib B ypaBaeHuu (7.25) 1 pacCMOTPUM HUZKHIOIO FPAHUILY:

J(x)=J ()= J (7) - C\ B[ KL(x(a,

s)In(a,[5,))]. (7.26)

Tenepb niepeiizieM K HAUXYAIIIEMY CJIydalo Ha Iare UTepauu 1o crpaTerusiM. Pacecmo-
TPUM BCE BapUAHTBI HOBOU CTpaTeTuu T, B KOTOPYIO TaKyKe BKJIOUEHA cTapast cTpaTe-
rust T (pasMep 1ara OOHOBJICHUST [TaPAMETPOB PaBeH HyJIto). Ecin KaHIuaaThl ¢ Tydineit
TIPON3BOAUTEJIBHOCTBIO OTCYTCTBYIOT, IIPOCTO YCTaHABJIMBAEM ' = T U HE BBIIIOJJIHSIEM
oOHOBJIeHUE Ha 3Toi urTepaiuu. Ecim 910 Tak, To ypasHenue (7.17) roBopur, 4to
: n(a,|s
) B B a) S
(e’
[IpPEeUMyIIecTBa Hajl caMOil coboil. JIJist ToXAeCTBEHHBIX cTpaTeruii paccrosuue Kyiib-
6axa — Jleitbnepa KL(7 | ) = 0.

= (), IOCKOJIbKY Y CTpAaTeruy HEeT OXKUIAeMOro

W3 ypasuenus (7.26) sicHO, 4TO 17151 TPUHATHS U3MEHEHWST B CTPATETUH OIleHKa YJIyu-
CPI
menus crpaterun Js' (n') nosskua GbITh GoJbIIe, YeM MAKCHMAJbHAsH TOTPEIHOCTD

C\/EK[KL(n’(a[ S,)|7|[T[(a[ [5)) )

Ecnu B 3a1auy ontuMusanuy B kauecTne mMTpadHOil (yHKIIMK BBECTH FPAHUILY TOTPETI-
HOCTH, TO MO’KHO TapaHTUPOBATh MOHOTOHHOE yJIydllleHne cTpaTernuu. Toraa 3azaya
ONTUMU3AIUN TPUMET CJIeYIONINH BUJL:

arg;nax(_]f')' (n')—C\/]E,[KL(n’(a, s, )Im(a, |s,))D:>
= J(x)-J(x)=0. (7.27)

[MosyyeHHoe BHIpAsKEHUE YIOBAETBOPSET HAIlEMY TOCIeHeMY TpeGOBaHIIO. ITO T10-
3BOJIsTET U30EKATH TMAJIEHUs TPOU3BOIUTENLHOCTH, KOTOPOE MOXKET MTPOU3OUTH TIPU
MCIOJIb30BAHUY TIePBOHAYAIBHOI 11esieBOH dhyHkimu J(1). CaemyeT yIOMAHYTH OTHY
BaJKHYI0 0COGEHHOCTH — MOHOTOHHOE YJIydIlIeHUe He TapaHTUPYeT CXOAUMOCTH K OII-
TUMaJIbHOU cTpaTeruu 7. Harpumep, mpoiiecc OnTUMHU3AINK CTPATETUH [O-TPEKHEMY
MOJKET 3aCTPSTD B JJOKAILHOM MaKCUMyMe, B KOTOPOM Ha KaykK/[0i UTepaIiu Mo cTpaTe-
TUSM He TIPOMCXOIUT YJIyulenus, To ectb J(1n') — J(1) = 0. Obecniederue CXOAUMOCTH
0CTAETCS TPYIHBIM OTKPBITBIM BOITPOCOM.

! Tlosnnbiil BbIBOA MOKHO HaiiTu B Jtekian 13 Advanced Policy Gradient Methods [78].
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B kauecTtBe mocsiefHero 1mara pacCMOTPUM TIPAKTHIECKYIO PEATU3AIUIO 3a/[a4 ONITHMU-
3aruu u3 ypasHenus (7.27). OqHa u3 ujieil — BBeCTH IIPSIMOe OTPaHUYeHNe PACCTOSTHUS
Kyabbaka — Jleiibiepa, Kak oKa3aHO B yPaBHEHMU:

E[KL(x(a[5,)|7(a, |s,))]<5. (7.28)

[Tapametp 8 3aaeT rpaHuIly HanGOJIbITEro 3HaUeHUs paccrostaust Kyinbaka — Jletibre-
pa, 3bPeKTUBHO OTpaHIYMBAS TO, HACKOJIBKO HOBAsI CTPATETNsI T MOKET PACXOTUTHCS CO
crapoii ctparerueil T. ByayT paccMaTpUBATBCS JIUTITH KAHAUAATHI 13 OJIU3KOH OKpecT-
HOCTH TU B TPOCTPAHCTBE CTPATETHIT. Ta OKPECTHOCTH HA3BIBAETCS 008epUMENvHOL 06-
aacmvio, a ypasuenue (7.28) — epanuueti dosepumenvinoil obracmu. 3aMeTUM, 4TO & — 5TO
TUIneprapaMeTp, KOTOPBIN HYKHO HACTPAUBaTh.

I'panuna E, [KL(n’(a, s, ) I=(a, s, ))J 3allncaHa KaKk MaTeMaTU4ecKoe OXKUJaHue 110
OJTHOMY BPEMEHHOMY IATY £, TOTOMY 11€IeCO00PA3HO TEPEICATD IEIEBYI0 (DYHKIIUIO
S (n') B TaKoii ke hopMe, Kak 1mokazano B ypasuenun (7.29). Kpome Toro, Tak kax
MBI Oy/IeM MaKCUMU3UPOBATD IeJIEBYIO (DYHKIIUIO OTHOCUTETHHO 6, BBIPA3UM CTPATErnn
uepes 0 (ypasuenue (7.30)). HoBas cTpaTerns sanmucbiBaercs Kak 1t' = T, Torza kak 60-
Jiee cTapast crpaTerus ¢ (PUKCUPOBAHHBIMU apaMeTpaMu — Kak T =1, ./l snauenus
[IPEUMYIIECTBA, BBIYUCIEHHOTO 110 CTAPON CTPATErUH, UCIIOIb3YeTCs TAKKe KPaTKas

dopma sarmcu A (s, a,) = A"

CPL{ 1 Tc'(al |S/) n :
B | 2 pn : 7.29
Jn (71:) 4 n al|Sl) (§1 at) ( )
Jcm (6) =F, MAZ‘%M . (7.30)
T (al \s[)

3ajaua ONTUMHU3AIII CTPATETMH 110 JOBEPUTENBbHOI 00J1aCTH, B KOTOPOH 00beANHEHbI
oTpaHUYeHue U CypporaTHas 1esieBas (GyHKIIWS, pejcTaBieHa B ypasHenuu (7.31):

T, (a, |SI)

0o (al | Sf)

B koneunom urore J f " (n') — 970 JuHelHoe pubimkenne J(nt') — J(T), Tak Kak ero

TPaJIieHT paBeH IPaIeHTy CTpaTeruu. ITO TapaHTUPYeT MOHOTOHHOE YJIy4IIeHne ¢ TOY-
HOCTBIO /IO OTPAaHUYEHHOH MTOTPenTHOCTH. /{7151 TApaHTUPOBAHHOTO YJIYUIIEHUS C y4eTOM
JQHHOU TIOTEHIIMAJIBHON TOTPEITHOCTH YCTAHOBUM TPAaHUILY JOBEPUTEIbHON 00J1aCcTH,
qTOObI IMMUTHPOBATH PA3HUILY MEK/y HOBOI 1 cTapoil crparerusiMu. [IpemxycMoTpes He-
BBIXO/] U3MEHEHUH B CTPATETH 3a TIPEIeIbl JOBEPUTETBHON 001aCTH, MOKHO M30eKaTh
MM/ICHUS TPOU3BOUTEIBHOCTH.

maxE, A | npu B[ KL(my(q,1s,)Im,,, (,]5,))]<8. (731)

Jluis perrenys JaHHOM 3a7a4i ONTUMU3ALNNI 110 JOBEPUTEIbHO 001acTi ObLIM IIPEe-
JIOJKEHBI HECKOJIBKO AJITOPUTMOB. BOT HEKOTOPbIE U3 HUX: €CINECMEEHHLIL ZpaA0UeHM
no cmpamezusm (Natural Policy Gradient, NPG) [63, 112, 113], sadaua onmumusa-
uuu no dosepumenvnoti obracmu (Trust Region Policy Optimization, TRPO) [122]
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u ozpanuuennas onmumusavus cmpamezuu (Constrained Policy Optimization, CPO) [2].
B ocrOBe anropuTMOB JIEKAT JOBOTHHO CIOKHBIE TEOPUH, M UX TPYAHO PEAN30BATb.
VIX TpaIieHThl MOTYT OBITH BHIYUCIUTETHHO 3aTPATHBIMI, 2 XOPOIIee 3HAYEHe 71T & TsI-
JKEJI0 TI0100paTh. ITH AITOPUTMBI BBIXO/ISIT 32 PAMKH JIAHHOU KHUTH, HO UX HE[OCTATKH
MOCTY KN OCHOBAHMEM JIJIST TIOSIBJICHNS HAIIETO CIIEAYIONIETO ATOPUTMA — ONTHMHU-
saiuu Omskaiineit crparernu (Proximal Policy Optimization, PPO).

7.2. OnNTMMM3aums bnmxanllen ctpaTermm

Crarbst Proximal Policy Optimization Algorithms [124] 6b1ta omy6ankosana B 2017 roxy
[Iynasmanom u gp. PPO — nerko peannsyembiii BBIYUCAUTEIBHO MAJT03aTPATHBIN
anroput™ 6e3 BeiOopa 8. Biarogaps sToMy OH ¢TaJ OJHUM U3 CAMBIX IIOIMYJISPHBIX
QJITOPUTMOB TPa/INEHTa CTPATEeruu.

PPO — 510 cemelicTBO a/iTOPUTMOB, KOTOPBIE PEIIAIOT 33719y ONTUMU3AIIH CTPATETNH,
OrPaHUYEHHYIO OBEPUTETBHON 00JIACTBIO, ¢ TIOMOIIBIO MTPOCTHIX U 3D HEKTUBHBIX IB-
puctuk. EcTb 1Ba BapmaHTa: TIepBbIH OCHOBAH Ha aJ[alITUPyeMoii mTpadHoi GyHKITNN
paccrostaus Kynbbaka — Jleiibiepa, a BTOPOl — Ha yCeYeHHOM 1e1eBOil (hyHKIUH.
O0a OHU MIPEJICTABJIEHDI B TAHHOM Pasjielie.

B mepByio odepens ynpocTum cypporatayio mesneByio ¢yukiuo /() sanucas
n,(a,|s
7 (0)=

[
( 5 ) Kak 110KaszaHo B ypaBHeruu (7.32). Jlust kpaTKOCTH TakKe 0003Ha-
n, (a s
Oga N0 1L
YUM IIPEUMYIIIECTBO A,n""'d Kak A, TaK KaKk U3BECTHO, YTO 3HAYEHMsI IPEMMYIIECTBA BCEr/la
PACCYNTHIBAIOTCA € TIOMOIIBIO GoJIee CTapoil CTpaTern T,
crl Ty (a/, ‘ S/) my
JM(0)=E,| ==L A" |=E,[1,(0)A, ] (7.32)
T[Oom (a’ ‘ Si )

I[Tepsbiii BapuanT PPO HasbiBaercss PPO ¢ adanmusnoil wmpagmnoi gynxuyuei pac-
crostaust Kymibbaka — Jleitbaepa. 1o npeobpasoBaHiie OrpaHUYEHUS] PACCTOSTHUSI
Kyubbaka — Jleiibnepa E, [KL(TEG (a ls)my, (als, ))J <3 B aJ[allTUBHYIO ITPapHYIO
dyukimio paccrosaust Kynnbaka — Jleitbmepa, KOTOpast BBIYUTACTCS 13 3HAYCHIST TIPe-
HUMYIIECTBA, CKOPPEKTUPOBAHHOTO BECOBBIM KoadduiinerToM 3naunmoct. Marema-
THYECKOE OKMIAHIE TIONYIEHHOTO BHIPAKEH ST — HOBAS TIeTeBast (GyHKINsI, KOTOPYIO
HYKHO MaKCUMHU3UPOBATD:

79 (0) =max, [ (0)A, BKL(m (a5 )7y, (a5 ))]  (38)

Ypasuenne (7.33) U3BECTHO KaK Cyppozamuas yenesas GynKuus co umpagpom no pac-
cmosinuio Kynvbaxa — Jletbaepa. 5 — aganTuBHbINA K09(DMULUEHT, KOHTPOJUPYOIIUIL
pasmep mmtpada no paccrostauio Kysnbaka — Jletibiaepa. OH BBITOTHSET Ty JKE POJIb,
4yTO U ypaBuenue (7.31) B ympaBiIeHUn M0BEPUTENHHON 06IACTHIO OTITUMU3ATINH.
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Yewm Gobute B, Tem Goabllie pasHuIa MEKLY T, U T, . Yem membiie f, Tem Bbiie cXo-
JKECTDb CTPATETni.

Opna u3 TpyaHocTel IpuMeHeHus IOCTOSHHOro koadduiinenTa B TOM, 4YTO U3-3a Pas-
JIMYUST MEK/Y XapaKTePUCTUKAMU Pa3HbIX 3ajlad TPYAHO 1000paTh OJHO 3HAYEHUE,
oJxo/iAlee Bo Beex caydasax. Jlaske U1 O1HOM 3a/1a4y IPU UTEPAIMK 110 CTPaTerusaM
MIPOUCXOAUT cMeHa JTan/madTa GyHKIN MOTePh, U 3HAYEHHE [3, KOTOPOE paHbIiie ObLIO
pabounM, MOKET B IAJIbHEHIIIEM CTATh HEMTOAXOISIIIM, TO €CTh €T0 HYsKHO aJIallTHPOBATh
K 9TUM U3MEHEHUsIM.

B cratbe 0 PPO B kauecTBe perieHust 3Toi pobeMbl Tpe/iaraeTcst OCHOBAHHOE Ha
9BPUCTHUKE MPABUIO OOHOBIEHHUS 3, KOTOPOE TO3BOJISIET AAATTUPOBATH €TO C TEUEHHU-
em Bpemenn. Koacddurment 3 o6HOBIsIETCS TIOCIE KaXk/0T0 0OHOBJIEHUST CTPATETHH,
U Ha caeayiolell ntepaiuu 6epercst ero HoBoe 3Hadenue. [Ipasuio oGHOBIEHNS 1T B
npuBezieHo B anrroputme 7.1. OHO MOKeT GBITh MCTIOIH30BAHO B KAUECTBE TIPOTIELYPhI
B anropurme PPO, koTopslii OyaeT nIpeacTaB/ieH Mo3Ke B 9TOM Pasjelie.

AnropuTtMm 7.1. AfantuBHbIN KO3dUUMEHT WTpadHOM yHKLMM PacCTOsIHUS
Kynbbaka — Jleiibnepa

1: YcTaHOBUTb UeneBoe 3HadveHue 6 AnA MaTOKMAAHMA
= paccTosHua Kynbbaka — Jleitbnepa

2: WHWumanusmpoBaTb B cayyaiHbM 3HaYeHUeMm

3: Wcnonb3oBaTb 60/blioe KOMMYECTBO 3MOX CTOXAaCTUYECKOro rpagMeHTHOro Chycka
= [0 MMHM-NAKeTaM, ONTUMU3UPOBATbH CYpporaTHy LeneByw OyHKLMUIO
= co wTtpapom no paccrtosaHutw Kynbbaka — Jleibnepa:

- e () = E, [r‘t (6) A, — BKL (ne (@ | s;) Il m, (a, | st))}

4: Bbluncautb & = E, [KL (r[9 (a, | s) Il m, (a, | st))}:
5: if 6 < 6. /1,5 then

6: B« B/2

7: else if 6 > 6., x 1,5 then

8: B« B x2

9: else

10: pass

11: end if

B kon1ie Kax10ii nTepanny BbIYMCIsSEM O U CPABHUBAEM €TI0 C KeJIaeMbIM 11eJIeBbIM O .
Ecmi § menbIne, yeM § ¢ HEKOTOPBIM 3aI1aCOM, TO CHIZKaeM mTpad 110 PacCTOSHUIO
Kynb6aka — Jleiibnepa myrem ymenbinenus B. Ho eci 8 6oiibiie, yem § ¢ HEKOTOPBIM
3aracom, yBesmuuBaeM mrpad, mosbiiias . KoHkperiibie 3HaueHMs [ OTIpeieIeHus
BEJIMYMHBI 3a11aca U MPaBuil OOHOBIEHNUS IS [3 TOAGHPAIOTCS OTIBITHBIM TTyTeM. ABTOPBI
BBIGpasK 1,5 1 2 COOTBETCTBEHHO, HO OOHAPYIKUIIU, UTO AJITOPUTM HE OUEHb UYBCTBUTE-
JIeH K 9TUM 3HAYCHUSIM.

Kpome Toro, 66110 3amedeno, 9to paccrosune Kympbaka — Jleiibrepa mepruogndeckn
CHJIBHO OTKJIOHSAETCS OT 1e/IeBOTo 3nauenus §_ , Ho B 6picTpo nozxcrpansaetcs. Onru-
MasIbHOE 3HaUeHHe 8 TOKe HyKHO HCKaTh SMIMPUYECKN.



210 Yactb II e KoMbuHMpOBaHHbIE METOARI

[Tpenmy1iecTBO TAKOTO 110/IX0/Ia — IIPOCTOTA peasnsaluu. Tem He MeHee OH He pelacT
npobJieMbl BBIGOPA 11e1eBOro 3HaueHus1 8. Bosiee TOTo, OH MOJKET OBITH BEIYUCIUTETHHO
3aTpaTHBIM U3-32 HCOOXOAMMOCTH orpeseeHus paccrosaust Kymbbaka — Jleiitbaepa.

PPO ¢ yceuennoii cyppozamnoii uesiesoil pynxyuell peniaet 370 0TKA30M OT OrPaHUYEHUST
paccrostus Kysbbaka — Jleitbiepa u ipumenerneM OoJiee IpocToro mpeobpazoBaHust
cypporaTHoii 1iesieBoii hynkiuu u3 ypasuenus (7.30):

J"(0)=E, [min7,(0) A, clip(7, (), 1-5 1+£)4,) | (7.34)

Ypasuenue (7.34) U3BeCTHO KaK YCeUeHHAs: CYpPOzamuas ueyesas pynkyus. 3nadeHue €
OTpPaHUYMBaeT OKPECTHOCTD, 10 KOTOPOH TPON3BOIUTCS yCeueHNne, |r[(6) —1|<e. 310 Ha-
CTpauBaeMblil TUIIepIIapaMeTp, KOTOPbIi MOKET YMEHBIIATLCS B potiecce 00yueHusl.
[TepBblii usieH BbIpaykeHUs M0 3HAKOM MUHUMYMa, min (-), — 9TO IPOCTO CypporarHas
nenesas ¢ynknus /. Bropoii unen, clip(r(0), 1 — ¢, 1 + €)A,, orpanuuuBaer o61acTb
snauenuii /P mexny (1 —€)A u (1+¢)A,. Koraa r(0) naxoaures B npe/iesiax MHTepBajia
[1—¢,1+¢g], 0b6a yneHa moj 3HAKOM MUHIUMYMa PaBHbI.

Takas teeBast GyHKITHSI TPEOTBpAIaeT OGHOBJIEHISI TTAPAMETPOB, KOTOPBIE MOTYT BbI-
3BaTh GOJIBIITIE W PHCKOBAaHHBIC M3MEHEHNS CTPaTernu m,. B kauecTBe KOJM4YecTBeHHO
MepbI GOJTBIIIX M3MEHEHHI CTPATeruy IIPUMEHsIeTCsl BePOSTHOCTHOE OTHOMIeH e 7,(6).

o, (a, | S/)

(8,4 ) = —“——==1. Ec/m1 HoBast

nonld ((l/ | St )

CTpaTerust OTJIMYaeTCsA OT CTapoid, 3Hadenwue 7,(0) oTkaoHsAeTC OT 1.

Korzia HoBast cTpaTerist paBHOLICHHA CTapoii, 7, (0) =7,

CyTb 371echb B TOM, 4TOOBI OrpanndnTh 7,(0) /10 €-oxpectHocTn [1 — €, 1 + €]. O6prunHO
MaKCHUMU3aIMsI CyPPOraTHOI 1eseBoil GyHKIuu J°P! 6e3 orpaHudyeHmii MOKeT CIIo-
co6cTBOBaTh GOJIBIIUM OOHOBJIEHUAM CTPATernu. TO BbI3BAHO TEM, YTO OJHUM U3
MeXaHU3MOB, II0CPEACTBOM KOTOPOI'O MOKET OBbITh YJIyUIlieHa IPOU3BOAUTETBHOCTD 10
1eJIeBO (DYHKIVH, SIBJISTIOTCS GOJIbIINE U3MEHEHUST 7(0). Y ceuennem neneBoit GyHKImm
MBI yCTpaHsIeM IPUYKHBI, TTOposkaatoiiue 6oJibiiie 00HOBIEHUS CTPATErui, KOTOPbIe
BBI3BAJIM OBl BBIXOL 7,(0) 13 €-0kpecTHOCTH. UTOGBI HOHATD, OYEMY 9TO TIPOUCXOINT,
paccMOTpUM cirydaii, korza 7,(0)A, npuHIMaeT GoJIbIITIE TIONOKUTEIbHbIC 3HAYCHHS TIPH
A,>0,7(0) >0 mbo A, <0,7(0) <0.

pu A, >0, r(0) > 0, ecmu 7(0) cTanoBUTCA HAMHOTO GoJbIIe 1, BepXHAA TpaHuIla
ycedenus 1 — € npuMensieTca Ui orpannyenus ceepxy 7,(0) < 1 + g, cienobaTesbHo,
J<(1+¢)A,. C npyroii croponsr, mpu A, < 0, 7(8) <0, eco 7(6) cTaHOBUTCSA HAMHO-
rO MeHblre 1, HKHASA rpaHula ycedeHus 1 — € cHOBa IpUMeHSeTCs JIJIsi OTPaHUYeHUS
ceepxy J" < (1 — e)A,. Ipu B3aTun Munumyma B ypasuennu (7.34) J*" Bcerna orpa-
HIYEHA CBEPXY OJIHUM 3 JBYX crioco60B. Kpome Toro, B3saTie MUHUMYyMa TaKkKe MO/
pasyMeBaer, 4To J" — mmeccummcTIYeCKas HUKHSISL TPaHnIla HadyalbHOH CypporaTHoil
nenesoii ¢pynkimu J°. Takum obpasom, Biusgnue 7,(0) UTHOPUPYETCS NP HOIBITKE
YIIYYIINTD HeleByio GyHKnuio 6osee yeM Ha €A, HO BCera yUNTBIBAETCH, KOT/A U3-3a
Hero 1esteBast GyHKIINS yXyITIaeTCs.
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[TockombKy J* orpanudeHa cBepxy, TO HET CTUMYJTA JITist GOJIBITIX OOHOBJICHIH, KOTOPHIE
IPUBOAAT K BhIxoy 7,(0) u3 okpectnoctu [1 — g, 1 + g]. CaesjoBarenbio, oGHOBICHMSA
crpaternu Ge30MmacHbI.

Kpowme toro, nantas resieast GyHKIMS UCIIOJIB3YET IPEIEIEHTBI, TTOPOKACHHbIE Ty , TO
ecTb nesesas QYHKINSA HE 3aBUCUT OT TEKYIIEH CTPaTeruu T, 3a MCKII0YeHneM Koab-
(urmenToB 3HAYNMOCTH. ITO JAeT HAM OCHOBAHUS /IJII MHOTOKPATHOTO TTOBTOPHOTO
HCTIOTB30BaHsI BHIOPAHHBIX TPAEKTOPHUIL /711 0GHOBJICHYST TTapaMeTpoB. TaknuM o6paszom
noBbiaercs 3G heKTUBHOCTE BoIGOpKHU anroputma. O6paTuTe BHUMAHKUE HA TO, YTO
nesieBast QYHKIMSA 3aBUCKT OT T, , KOTOpast OOHOBJIAETCS TIOCIE Kask/I0T0 Mmara obyye-
Hust. 3uaunt, PPO — aqroput™ 06ydeHus 1Mo aKTyaJbHOMY OIBITY, TO9TOMY CTapbie
TPAEKTOPUH JOJLKHBI OTOPACKIBATHCS TIOCIIE KaxK/IOTO Iara 00ydeHusI.

Yceuennas nenesast pyHKIMs JP BEIYUCIAUTETIBHO MaJ03aTPaTHA, OYeHb MPOCTA JIJIst
HOHUMAHUA, U JIJIsSE €€ peanusaun TpeGyeTcst JUIb HeCKOJIbKO TPUBUAIBHBIX MTPeod-
PasoBaHUIl M3HAYAJILHOI CYypPPOTATHOM T1esieBOi (hyHKInn JrL

HawuGoJiee BBIYUCIUTENHHO 3aTPATHBIMY SIBJISTIOTCS TIATH BBIYUCICHUS BEPOSTHOCTHOTO
otHomenus 7,(0) n sHavenus npenmyiiectsa A . OHAKO 5TO MUHUMAJIbHbIE PaCYeThl,
HEOOXOIMMBbIE JIJIS JTIOOBIX AJITOPUTMOB ONTUMU3AIIUI CYPPOTATHOI T1e/1eBOil (DyHKITUH.
OcrasbHble BBIYUCACHUS — 3TO yceueHNe 1 MUHUMU3AINs, KOTOPbIE BBITIOJHSIIOTCS 32
MTOCTOSTHHOE BPEM:.

B cratbe o PPO BapuaHT ¢ yceueHHOI cypporaTHoil 1esieBoil pyHKIMe moKasai
GOJIBIITYTO TPOU3BOUTEIHHOCTD, Y€M BAPUAHT C T1eJ1eBOil (hyHKIuel co mrpadoM 1mo
paccroauuio Kynbsbaka — Jleitbnepa. Bepcusa PPO ¢ ycedenneM npeamouTuTebHeEe,
TaK Kak OHa U Ipolile, U IPOU3BOIUTEIbHEe.

Ha atom 3aBepiiaercst 06Cysk/eHre OrpaHnueHmii Ha TPaJMeHT CTPATerui B 9TON TIaBe.
Mpbr Havasnu ¢ 1meseBoi (YHKIIUK TPajiieHTa CTPAaTeTun .](9) =E, [A[ logm, (a,, |S,, )],
ucnonbdyemoil B REINFORCE, u MeToze akTopa-KpuTHKa. 3aTeM BBEJIU MOHITHE
cypporatHoii meseBoit pyuknuu J°P'(0) ¢ mepcrekTuBOl MOHOTOHHOTO YJIyUIIIeHNUs,
KOTOpPOEe 0OeCIeunBAECTCS OTPAHUYCHIEM PA3HUIIBI MEK/LY YCIIEITHBIMEI CTPATEIUsIMU.
PPO npeocTapiisieT [Ba criocoba OrpaHUueHUsI CypPOraTHOI 1eIeBOU (DYHKITHHN: C T10-
MoIIbIo mTpadHol GyHKINN paccTosiHus Kyabbaka — Jleitbepa u 9BPUCTHKH ¢ yce-
YeHHeM, 4To AaeT Ham [P i JIP coorBeTcTBeHHO. CPaBHUM BCE 9TH IesieBble (DYHKITNN
TPaJIeHTa CTPATETMH.

o IlepBonauasbHas 1esieBast (QYHKIIVSL:
J(0)=E,[ A* logm,(a,|s,) ] (7.35)
e CypporatHas 1iesieBast (PyHKIIHA:

ger (6)=E, |:7'/, (6) AT ] (7.36)



212 Yactb II e KoMbuHMpOBaHHbIE METOARI

e OrpanuyeHHas cypporatHas 1eseBasd QyHKIUS:

J"(8) npu E, [KL(nO 7, )]s 3. (7.37)
e PPO co mrpachom 110 paccrostuio KynsGaxa — JleiiGepa:
5 (0) =, [, (0) A —BKL(x, | 7., ) | (7.38)
e PPO ¢ yceuennoii cypporaTHoii nesesoit (ymximeii:
J(0)=E, [min(r, (8) A7, clip(r; (), 1—5, 1+€) A7 )] (7.39)

JUJist HATJISIIHOCTY BBIPA3UM PaBEHCTBA yepe3 0, uToObl MOKa3aTh, KAKUE U3 CTPATETUi
MEHSTIOTCS, & KaKKe UCITOIb3YIOTCS /IJII BBIUUCIEHNST 3HaueHnii mpeumyectBa. Cremyer
OTMETHTb, YTO JIIIb B U3HAYAIBHOM 1eIeBO# (DYHKIMU TeKyIasd CTpaTerus m, Ipume-
HAETCS I pacdeTa npeuMyniectsa A", Torga kak B 0CTaabHBIX (DYHKIIUAX 3a1€HCTBY-
ercst GoJlee cTapast cTpaTerus /s onpeaeeHns IpeuMyIecTsa A, ",

/.3. Anroput™m PPO

ITockoabky PPO — MeTojt rpajiieHTa CTpaTeruu ¢ mpeobpasoBaHieM IeIeBOi (DyHK-
I[MU, OH COBMECTUM ¢ 0GOUMMU U3YYEHHBIMU HAMK JITOPUTMAMU IPAJINEHTA CTPATETHH:
REINFORCE u anroputmMoM akTopa-KpuTnka. B anroputme 7.2 mokaszan PPO c pea-
JIin3alyeil yceueHHO! 1eieBoil (DyHKITMN KaK PaCIIUPEeHUs aJrToOpUTMa akTOpa-KPUTHKA
U3 raaBsbl 6.

AnropuTmM 7.2. PPO c yceueHHol LeneBol dhyHKUMEN, paclumMpsIOLLMIA anropyuTM aKTopa-KpuTuKa

1: YcTaHoBUTb B 2 0, KOIOOUUMEHT ANA perynapusauunm SHTponuu

2: YCTaHOBUTb € 2 O, MepeMeHHyn yce4yeHuA

3: YcTaHoBUTb K, 4ucno anox

4: YcTaHoBUTb N, KO/NNYeCTBO aKTOpOB

5: YcTaHoBUTb T, BpEeMEHHON TFOpU3OHT

6: YcTtaHoBUTb M < NT, pasmep MUHM-NaKeTa

7: YCTaHOBUTb O, 2 @, CKOpOCTb 0by4eHus akTopa

8: YCTaHOBUTb O 2 @, CKOPOCTb O6y4YeHUA KpUTHKa

9: WHnumanusupoBaTb napameTpbl aktopa 6, u KpuTuka O_ CayvanHbiMM 3HAYEHUAMM
10: WHuumanusupoBaTb “cTapyw" ceTb akTopa 8,

11: for i =1, 2, ..., do

12 YctaHoBute 6, = 6,

13: for actor =1, 2, ..., N do

14: 3anycTuTb cTpaTeruwo e%u B cpefe Ha T WwWaroB U HaKoOMUTb TpaeKTopuu
15: BblMCIMTE 3HayeHus npeumywecTsa A ... A C MoMolb G&M

16: PaccuutaTb V. ;, ..., V. ; C MoMollbio ceTw

= KpuTUKa 6_ /WM Mo AaHHBIM TpaeKTOopwii
17: end for



18:

19:
20:
21:
22:
23:
24:
25:
26:
27:
28:

29:

30:
31:
32:
33:
34:
35:
36:
37:
38:
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3anonHUTb nakeT pa3mepa NT HAKOMJEHHLIMU TPAEKTOPUSAMU, 3HAYEHUAMU

= npeuMywecTBa M LeneBbiMU V-3HavyeHuAMK

for epoch =1, 2, ..., K do

for minibatch m in batch do

MpuBeAeHHble [asee BblYUC/EHUS BBIMOJHAKNTCA MO BCEMY MUHW-MAKeTy m
Paccuutatb r (6))
Bbl4UCIUTD J;“P(ea) Ha ocHose r (6)) n npeumywecTs A U3 MUHM-NaKeTa
PaccuuTaTb 3Ha4eHWA 3HTponuu H , BOCMOAb30BABWWCHL CeTblo akTopa O,
OnpefennTb GYHKUMI MOTepb ANnA CTpaTeruu:

Lpol (ea) = J;ljp (ea) - BHm

PaccuuMTaTb MporHosHble V-3Hauewus V™ (s,),
= 4Cnonb3ya ceTb KpUTUKa 6

BblUMCNTL 3HaYeHue QyHKUMM moTepb

= Ha OCHOBe V-3HayeHUi U3 MUHU-NaKeTa:

Lval (GC) = MSE (‘7" (Sm) 4 thar (sm ))

O6HOBMTb MapameTpbl aKTopa, Hanpumep, C noMmolbl SGD:
ea = ea + aaVBZLpol (ea)
O6HOBUTb MapameTpbl KpUTUKa, Hamnpumep, C nomowbkw SGD:
ec = ec + acve(Lvel (ec)
end for
end for

end for

paCCMOTpI/IM AJITOPUTM II01TaroBo.

Crpoxu 1-8. YcranoBka 3HaUeHWH TUTIEPTIAPAMETPOB.
Crpoka 9. Muuinanusaius ceteit akropa u KpUTHKA.

Crpoxa 10. HuIMaIM3aIms CTapoil CeT KPUTHKA, 4TOOBI OHA BBICTYIIAJNA B Kaye-
CTBE T, TIPU pacyere BePOSITHOCTHOTO OTHOIIeHUs 7.(0).
old t

Crpoku 12—-18. O6Hossenue crapoii cetu akropa 10 HoBol. Hakorienne ganibix
TPAEKTOPUI C TOMOIIBIO CTAPOIi CETH aKTOPA U BBIUMCJICHIE 3HAUYCHUH TIPenMyTIe-
CTBa U 1eJIEBbIX V-3HaueHMil. 3aTeM TPAEKTOPHUH C TIPEUMYIIECTBAMU U T1€JIEBBIMU
V-3HaueHUSIMU COXPAHSIOTCS B IIAKET, U3 KOTOPOro OyAyT B AajibHelleM BbiOpaTh-
cs1. O6paruTe BHUMaHKE Ha TO, YTO B HTOM BEPCHM aKTOPa-KPUTHKA UCIIOJIb3YIOTCS
napaJijie/bHble aKTOPbL. MeTo 1 napaieausanuu 00CyKIaeTcs B IaBe 8.

Crpoka 19. IIpoxox o Bcemy maxeTy B 1ukJje u3 K anox.

Crpoxu 20 1 21. Beibopka MuHK-11akeToB pasmepa M 13 nakera. B atom 6J10Ke B pac-
YeTaxX IPUMEHAIOTCA BCE 9JIEMEHTDI N3 MUHU-TTaKeTa.

Crpoxku 22 u 23. Berunciienvie ycedeHHOM CyppOTaTHOM 11eJ1€BO (DYHKITUU.
Ctpoxka 24. Onpenenenne SHTPOTIUN CTPATETUH AT IEHCTBUN B MUHHU-TIAKETE.

Crpoku 25 u 26. PacueT GyHKIINN TOTEPD [IIST CTPATETH.
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o Crpoxu 28-30. Onpenesienre GyHKIIUY TOTEPD /I (DYHKITUN TTOJIE3HOCTU. 3aMeTh-
Te, ITO IeeBble V-3HAaUeHNs BBIUNCIAIOTCS B MTaKeTe OJIMH pa3 W MCIOIb3YIOTCS
MTOBTOPHO.

o Crpoku 32 u 33. OGHOBJICHNE TTAPAMETPOB AKTOPA € TOMOIIBIO FPaiieHTa (PYHKIIN
[OTEPb U CTPATETUH.

e Crpoxku 34 1 35. O6HOBIIEHE TAPAMETPOB KPUTHKA C TIOMOIIIBIO TpazuenTa (hyHKIUN
[OTEPD JIJISI [T0JIE3HOCTEI.

7.4. Peanuzauusa PPO

Mbr yaxe Buzenn, kak PPO MoxeT ObITb UCIIOJIB30BaH JIJIs PACIIUPEHUS aJITOPUTMA
aKkTopa-kpuTHKa. B atoMm paszesne paccmorpum peasmsaiiio 8 SLM Lab.

EcrectBenno, PPO moskeT pacimmpsTh Kjacc ActorCritic ¥ MOBTOPHO MPUMEHSITH
6OJIBIIIY0 YacTh ero MeTooB. liist mpeoGpasoBanust B PPO HYKHO TepeonpeesinTh
TOJIBKO JIBA METO/IA: UKJT 00ydeHns U 1iesieByio hyHkimio. Bosee Toro, npeobpasosanue
1es1eBoil PYHKIINY 3aTPAriuBaeT JIHITh (DYHKITHIO TOTEPD [IJIsI CTPATETUHN, METO/L OTIpe/ie-
JieHusT (DYHKITH TTOTEPb /IS MTOJIE3HOCTEH OCTAETCS TEM JKe.

7.4.1. PacueTt yHKUMM NOTEpb
ans crpaterum B PPO

B nuctunre 7.1 ans onpenenenuss GyHKIUA MOTEPH [JISI CTPATETHH € MTOMOTIHIO
yceueHHoil eneoit dynkuuu B PPO mepeonpepengercs poauTeabcKuii MeTOI
u3 ActorCritic.

Jlorapndm BeposTHOCTH JEHCTBUI BBIYUCISIETCS JIJIs1 TEKYTIEN U CTapol ceTel akTopa
(ctpokn 14-18). Onu ucnosb3yoTed A5 pacdyeTa BEPOATHOCTHOTO OTHOIIeHHs 7,(0)
(ctpoka 20). ObpaTuTe BHUMAHKE: Mbl BO3BOAKMM B CTEIIEHb X PA3HOCTH [JIsI IIPe0d-
pasoBaHus Joraprdma BepoITHOCTEH B OTHOIIEHIIE BEPOSITHOCTEH.

Ycedennas cypporaTHas IeseBas GyHKIUSA BEIUUCIICTCS KaK KyCOUHO-33/[aHHAS
¢ JaJbHENRNM 00beIMHEeHNEM B OQHY KPUBYIO B cTpokax 21—-24. OcranbHas 4acTh
pacyeToB (OYHKIINU TTOTEPB JJIsI CTPATETUH BBITIOTHIETCS TaK JKe, KaK B POAUTETHCKOM
MeTojIe.

Nuctunr 7.1. Peanunzaums PPO, BbluncneHne yHKUMM NoTepb Ans cTpaterim

1 # slm_lab/agent/algorithm/ppo.py
2
3 class PPO(ActorCritic):
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4
5
6 def calc_policy loss(self, batch, pdparams, advs):
7 clip_eps = self.body.clip_eps
8 action_pd = policy util.init_action_pd(self.body.ActionPD, pdparams)
9 states = batch['states']
10 actions = batch['actions']
11
12
13 # LACLIP
14 log_probs = action_pd.log prob(actions)
15 with torch.no_grad():
16 old_pdparams = self.calc_pdparam(states, net=self.old _net)
17 old_action_pd = policy util.init_action_pd(self.body.ActionPD,
= 0ld_pdparams)
18 old_log probs = old_action_pd.log prob(actions)
19 assert log_probs.shape == old_log_probs.shape
20 ratios = torch.exp(log_probs - old_log probs)
21 sur_1 = ratios * advs
22 sur_2 = torch.clamp(ratios, 1.0 - clip_eps, 1.0 + clip_eps) * advs
23 # CMeHa 3Haka, Heobxoaumas AN MakCuMMU3aLUK
24 clip_loss = -torch.min(sur_1, sur_2).mean()
25
26 # Perynapusauua sHTponuu H
27 entropy = action_pd.entropy().mean()
28 self.body.mean_entropy = entropy # obHOBNEeHME AaHHbIX B XypHane
29 ent_penalty = -self.body.entropy_coef * entropy
30
31 policy loss = clip_loss + ent_penalty
32 return policy loss

7.4.2. Unkn oby4denuns PPO

B sctunre 7.2 npusesen muks o0yuennst PPO. CHauasta crapasi ceTh akTopa 0OHOBIISI-
ercst 10 ocHoBHOU cetu (ctpoka 10). TTakeT HAKOIIEHHBIX TPAEKTOPHIT BBIOUPAETCST 13
rmamsatu (crpoka 11). B nesax noseiennst ahhekTUBHOCTH 3HAUYEHUS TTPEUMYTIECTBA
1 1iesTeBble V-3HaueHWs PAaCCUNTHIBAIOTCS M COXPAHSIOTCS /7SI NCTIOTb30BAHNUS B MITHU-
nakerax (crpoku 12—15). [IpuBenennas 3/ech Bepcusi ONTUMU3UPYET BbIYUCTIEHIIE
3HAYEHUIT TPEUMYIIECTB U 11eJIeBbIX V-3HAUEHMIT B TTAKETE B MIPOTUBOIIOJIOKHOCTD UX
pacdeTy Ha Ka:X/[OM IIare B aIropuTMe 7.2.

MbI MHOTOKPATHO TIPOU3BOJIIM UTEPAIUH 110 BCeM JaHHbIM (cTpoka 18), 4TobbI mo-
BTOPHO UCTIOJIB30BATh UX JJIst 00yueHust. JIJis KasK1oii STI0XH JaHHbIE s 00y YeH st
nessitest Ha MuHu-nakeTsl (ctpoku 19 u 20). B ocranbHOM JoTrKa 00yUeHUsT TaKast JKe,
Kak B Kacce ActorCritic. Ona BRIIOUaeT BeIYUCICHNE (DYHKITUH TTOTEPD JJIS CTPATET NN
U MOJIE3HOCTEH U UX IPUMEHEHVE /It 00yYeHUs CeTell akTopa U KPUTHKA.
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Jiuctulr 7.2. Peanunzaumsi PPO, MeToa 0byueHus

1 # slm_lab/agent/algorithm/ppo.py

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19

20
21
22

23
24

25

26
27
28

29
30

31

32
33
34
35
36
37
38
39

class PPO(ActorCritic):

def train(self):

clock = self.body.env.clock
if self.to_train ==
net_util.copy(self.net, self.old_net)
batch = self.sample()
clock.set_batch_size(len(batch))
_pdparams, v_preds = self.calc_pdparam_v(batch)
advs, v_targets = self.calc_advs_v_targets(batch, v_preds)
batch['advs'], batch['v_targets'] = advs, v_targets

total_loss = torch.tensor(0.0)

for _

in range(self.training_epoch):
minibatches = util.split_minibatch(batch,
= self.minibatch_size)

for minibatch in minibatches:

advs, v_targets = minibatch['advs'],
= minibatch['v_targets']
pdparams, v_preds = self.calc_pdparam_v(minibatch)
policy loss = self.calc_policy_loss(minibatch,
= pdparams, advs) # u3 akTopa
val_loss = self.calc_val_ loss(v_preds, v_targets)
= # N3 KpUTUKa
if self.shared: # obwas ceTb
loss = policy loss + val_loss
self.net.train_step(loss, self.optim,
= self.lr_scheduler, clock=clock,
= global net=self.global_net)
else:
self.net.train_step(policy loss, self.optim,
= self.lr_scheduler, clock=clock,
= global net=self.global net)
self.critic_net.train_step(val_loss,
= self.critic_optim, self.critic_lr_scheduler,
= clock=clock, global net=self.global critic_net)
loss = policy_loss + val_loss
total_loss += loss

loss = total_loss / self.training_epoch / len(minibatches)
# cbpoc B HayaNlbHOE COCTOAHUE

self.to_train = 0

return loss.item()

else:

return np.nan
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7.5. Oby4eHue areHTta PPO

B atom paszesie Mol Gygem o6yuats PPO urpe Pong uz Atari u peiicTBusiM B cpejie
BipedalWalker.

7.5.1. PPO B Pong

B siucrunre 7.3 npusejien aiin spec, kotopsiii HactpauBaet arenta PPO jist urpst Pong
n3 Atari. @aiin numeercsa 8 SLM Lab B s1m_lab/spec/benchmark/ppo/ppo_pong.json.

Nuctunr 7.3. daiin spec ans PPO

1 # slm_lab/spec/benchmark/ppo/ppo_pong.json

2

34

4 "ppo_pong": {

5 "agent": [{

6 "name": "PPO",

7 "algorithm": {

8 "name": "PPO",

9 "action_pdtype": "default",
10 "action_policy": "default",
11 "explore_var_spec": null,
12 "gamma": 0.99,

13 "lam": @.70,

14 "clip_eps_spec": {

15 "name": "no_decay",
16 "start_val": 0.10,
17 "end_val": 0.10,

18 "start_step": 0,

19 "end_step": ©

20 ¥

21 "entropy_coef_spec": {
22 "name": "no_decay",
23 "start_val": @.01,
24 "end_val": 0.01,

25 "start_step": 0,

26 "end_step": ©

27 ¥

28 "val_loss_coef": 0.5,

29 "time_horizon": 128,

30 "minibatch_size": 256,
31 "training_epoch": 4

32 9

33 "memory": {

34 "name": "OnPolicyBatchReplay",

35 ¥
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36 "net": {

37 "type": "ConvNet",

38 "shared": true,

39 "conv_hid_layers": [

40 [32, 8, 4, o0, 1],
41 [64, 4, 2, 0, 1],
42 [32, 3, 1, o0, 1]

43 1,

a4 "fc_hid_layers": [512],
45 "hid_layers_activation": "relu",
46 "init_fn": "orthogonal_ ",
47 "normalize": true,

48 "batch_norm": false,

49 "clip_grad_val": 0.5,

50 "use_same_optim": false,
51 "loss_spec": {

52 "name": "MSELoss"

53 B

54 "actor_optim_spec": {

55 "name": "Adam",

56 "lr": 2.5e-4,

57 Ts

58 "critic_optim_spec": {
59 "name": "Adam",

60 "lr": 2.5e-4,

61 s

62 "1lr_scheduler_spec": {
63 "name": "LinearToZero",
64 "frame": le7

65 B

66 "gpu": true

67 }

68 JaB

69 "env": [{

70 "name": "PongNoFrameskip-v4",
71 "frame_op": "concat",

72 "frame_op_len": 4,

73 "reward_scale": "sign",

74 "num_envs": 16,

75 "max_t": null,

76 "max_frame": le7

77 JaB

78 "body": {

79 "product": "outer",

80 "num": 1

81 T

82 "meta": {

83 "distributed": false,

84 "log_frequency": 10000,
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"eval_frequency": 10000,
"max_session": 4,
"max_trial": 1,

}

PaCCMOTpI/IM OCHOBHbIE€ KOMIIOHEHTDI.

Aaroput™m — 310 PPO (cTpoka 8), ctparerust Beibopa AefcTBUII COOTBETCTBYET
MPUHATON 10 YyMoJrdaHuio crparernu (crpoka 10) /171 AMCKPETHBIX MPOCTPAHCTB
neiicTBuil (KaTeropuaibHOe paciipe/ieieHre). 3HaYeHue Y yCTAHABINBAETCS B CTPO-
ke 12. /lng onenkn npeumytiects npumensietcss GAE ¢ 3ajanuem B crpoke 13 lam
1t A. [uniepriapameTp 71 yceueH sl € U CKOPOCTD €10 YMEHbIIIEHHS YKA3aHbl B CTPO-
kax 14—-20, a koapdutinent surponuu — B ctpokax 21-27. Koadbdumment pynkimm
MOTEPD JIJIs1 TI0JIE3HOCTEN OTpejiesieH B cTpoke 28.

ApPXHUTEKTypa CETH — CBEPTOUHAST HEIPOHHAS CETh C TPEMsI CBEPTOYHBIMU CIOSIMU
U OJIHUM ITOJIHOCBSI3HBIM cJioeM ¢ dbynknueil aktuBaimu ReLU (ctpoku 37—45).
¥ akrtopa u KpuTHKa 00Ias ceThb, Kak ykazano B crpoke 38. Cerb 0OyuaeTcst Ha rpa-
(uyeckom rporieccope, eciiu oH joctyien (cTpoka 66).

Onrumuzarop — Adam [68] co ckopoctbio 06yuenust 0,00025 (ctpoku 54—57).
Ckopoctb 00ydeHns yMeHbInaeTcst A0 HyJeBoi 3a 10 miuH kagpos (crpoku 62—65).

Yacrora 00yyeHHs1 — 110 IIAKETaM B COOTBETCTBUM ¢ TPeOOBaHUSIMU aJITOPUTMA,
MO3TOMY BbIOpaHa maMsiTh OnPolicyBatchReplay (ctpoka 34). KosmuecTBo 2mox
paBHO 4 (cTpoka 31), a pasmep muHu-nakera — 256 (crpoka 30). Bpementoii ro-
pusoHT T 3a1aH B CTPOKe 29, 1 YMCIIO aKTOPOB YKa3aHO B CTPOKe 74 Kak num_envs.

Cpena — Pong u3 Atari [14], [18] (cTpoxka 70).
Jmureabnoctb 00yyenust — 10 murH nraros (cTpoka 76).

Onenka arenrta rpoucxoaut kaxbie 10 000 mraros (ctpoka 85).

st tperrpoBku atoro aredta PPO ¢ momotsto SLM Lab samycture B TepMuHaie
KOMaH/IbI, ITPUBEACHHDBIC B INCTUHIC 7.4. AI‘eHT JTOJIDKEH HaUMHATDH CO cUeTa -21us cpen-
HEM JIOCTUTATh cuyeTa, BJIM3KOTO K MaKCHMaIbHOMY 21.

Nnctunr 7.4. O6byyenune areHta PPO gna Pong

1 conda activate lab
2 python run_lab.py slm_lab/spec/benchmark/ppo/ppo_pong.json ppo_pong train

JIist oy4eHus yCpeHEHHBIX PE3YIbTaToB Oy/IeT 3ammyIieHo uebitanve Trial ¢ de-
TBIPBMST CECCUSIMU Session. VcmbITaHwe TOJKHO 3aHATH OKOJIO MOJOBUHBI JTHS TIPU
3arrycke Ha rpaduueckoM mpoiieccope. ['paduk pe3yIbTaToB 1 ero CKOJIb3sIIIee CpeiHee
MpUBe/IeHbl HA puc. 7.2.



220 Yactb II e KoMbuHMpOBaHHbIE METOARI

trial graph: ppo_pong t0 4 sessions trial graph: ppo_pong t0 4 sessions
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Puc. 7.2. I'pacunkn ycpeaHeHHbIX pe3ynbTaToB Mo YeTbipeM ceccusM mcnbitadns PPO 3 SLM Lab.
Mo BepTUKabHOW OCK OTIOXEHbI YCPEAHEHHBIE MO BOCbMM 3MW304aM MOSHbIE BO3HArpaXaeHus
B KOHTPOJIbHbIX TOYKaXx. [0 ropu3oHTanbHOM ocM — Bce Kaapbl 06yuyeHus. Mo cpaBHEHWIO C METOAOM
aKTopa-kpuTvKa 13 rnaebl 6 PPO obyyaetcs n gocturaeT Hambonbluero cyeTa HaMHoro beictpee

7.5.2. PPO B BipedalWalker

Kak meron, ocnoBanmbiii Ha crpateruu, PPO MoxkeT ObITh IIPUMEHEH 1 K 3aja4aM He-
[PEPBIBHOTO yipaBienus. B juctunre 7.5 nmokasan ¢aitn spec, KOTOPbI HACTPAUBAET
arenta PPO nis cpenpt BipedalWalker. @aiin naxogurcsa 8 SLM Lab B s1m_lab/spec/
benchmark/ppo/ppo_cont.json. Obparure 0coboe BHUMAaHNE Ha aDXUTEKTYPY CETH
(ctpoku 37-39) u cpexny (cTpoku 62—65).

NucTtuHr 7.5. ®ain spec ana PPO B BipedalWalker
1 # slm_lab/spec/benchmark/ppo/ppo_cont.json

2

34

4 "ppo_bipedalwalker": {

5 "agent": [{

6 "name": "PPO",

7 "algorithm": {

8 "name": "PPO",

9 "action_pdtype": "default",
10 "action_policy": "default",
11 "explore_var_spec": null,
12 "gamma": 0.99,

13 "lam": 0.95,

14 "clip_eps_spec": {
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"name": "no_decay",
"start_val": 0.20,
"end_val": 0.0,
"start_step": 10000,
"end_step": 1000000
s
"entropy_coef_spec": {
"name": "no_decay",
"start_val": 0.01,
"end_val": 0.01,
"start_step": 0,
"end_step": ©
¥
"val_loss_coef": 0.5,
"time_horizon": 512,
"minibatch_size": 4096,
"training_epoch": 15
9
"memory": {
"name": "OnPolicyBatchReplay",
9
"net": {
"type": "MLPNet",
"shared": false,
"hid_layers": [256, 128],
"hid_layers_activation”: "relu",
"init_fn": "orthogonal_ ",
"normalize": true,
"batch_norm": false,
"clip_grad_val": 0.5,
"use_same_optim": true,
"loss_spec": {
"name": "MSELoss"
s
"actor_optim_spec": {
"name": "Adam",
"lr": 3e-4,
s
"critic_optim_spec": {
"name": "Adam",
"lr": 3e-4,
s
"lr_scheduler_spec": null,
" false

gpu":
b

"env": [{

"name": "BipedalWalker-v2",
"num_envs": 32,
"max_t": null,

221
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65 "max_frame": 4e6

66 JaB

67 "body": {

68 "product”: "outer",

69 "num": 1

70 I

71 "meta": {

72 "distributed": false,
73 "log_frequency": 10000,
74 "eval frequency": 10000,
75 "max_session": 4,

76 "max_trial": 1

77 }

78 }

79 }

ZI.HH O6y‘-I€HI/IH areHra 3alryCtTure KOMaH/Ibl N3 JINCTUHTA 768 TepMHUHaAJE.

Jiuctunr 7.6. O6yyenwne areHta PPO B BipedalWalker

1 conda activate lab
2 python run_lab.py slm_lab/spec/benchmark/ppo/ppo_cont.json ppo_bipedalwalker
= train

Byner samymieno ucnbeiTanue Trial 175 moxydeHns rpadWKOB, TPUBEACHHBIX HA
puc. 7.3.

trial graph: ppo_bipedalwalker t0 4 sessions trial graph: ppo_bipedalwalker t0 4 sessions
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Puc. 7.3. YcpeaHeHHble Mo YeTblpeM ceccusaM pesynbTaThl ucnbitaHus PPO B BipedalWalker
13 SLM Lab. 370 ucnbiTaHMe nokasano XopoLuyto NPOU3BOANTENBHOCTbL NMPU NPUBANKEHUN
peweHus Kk cyety 300
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/.6. Pe3ynbTaTthl 3KCNEpUMEHTOB

B arom paspesie Mbi ¢ tomoripio SLM Lab mpoBeziem akciiepiuMeHT 110 U3y4eHu o BIsi-
nus nepementoii A 8 GAE na PPO. B kauectse 6ostee c10&HOI cpebl Oy1eM HCIIOJIb-
3oBarb urpy Breakout usz Atari.

7.6.1. DKCNepMMEHT No onpeaeneHuto
BnaHnA A B GAE

[Tockoabky PPO peanusoBan kak pacuimpenne aktropa-kputuka ¢ npumenenieM GAE,
MBI TIPOBE/IEM TaKOM JKe 9KCIIEPUMEHT, Kak B pazzedie 6.7.2, 171 U3y4eHus BIAUSHUS pas-
ubix 3navennii A na PPO myTem noucka 1o cetke. [IpuBenensiii B uctunre 7.7 daiin
spec /IS 9KCIIEPUMEHTA — BEPCHS U3 JIMCTUHTA 7.3, IOTIOJHEHHAs e uKameii mo-
rcka /7151 lam. CTpoku 4 1 7 yKa3bIBAIOT U3MEHEHMeE CPefibl, a B cTpoke 19 ornpesesen mo-
HCK 110 CIIMCKY lam 3Hauenuii A. [Tosubiil daiin spec Haxogures B SLM Lab B slm_lab/
spec/experimental/ppo/ppo_lam_search.json.

Jinctur 7.7. daiin spec ans PPO co cneundukaumeii noucka ans pasHblx 3HaueHui lam
koacduumeHTa A B GAE

1 # slm_lab/spec/experimental/ppo/ppo_lam_search.json

2

34

4 "ppo_breakout": {

5

6 "env": [{

7 "name": "BreakoutNoFrameskip-v4",
8 "frame_op": "concat",

9 "frame_op_len": 4,
10 "reward_scale": "sign",
11 "num_envs": 16,
12 "max_t": null,
13 "max_frame": 1le7
14 Ja
15
16 "search": {
17 "agent": [{
18 "algorithm": {
19 "lam__grid_search": [0.50, ©.70, ©0.90, 0.95, 0.97, 0.99]
20 }
21 ]
22 }
23 }

N
~
-
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g sanycka skcnepumenTa 8 SLM Lab BocnosbsyiiTech KoMaHIaMy U3 JIMCTHH-
ra7.8.

JIncTuHr 7.8. 3anyck aKcnepMMeHTa C MOMCKOM MO pa3HblM 3HaveHusiM A B GAE B COOTBETCTBUM
¢ caiinom spec

1 conda activate lab
2 python run_lab.py slm_lab/spec/experimental/ppo/ppo_lam_search.json
= ppo_breakout search

bByner samymien sxcmepuMeHT Experiment, TOPOXKIAIONINAN MIECTh UCHIBITAHUN Trial,
KayK/l0€e C TO/ICTAHOBKOM Pa3HbIX 3HaYeHU U3 lam B ucxoubiil (aitan spec mis PPO.
B xaxxnom Trial 3amyckaroTcst o yeThbipe ceccun Session. Ha puc. 7.4 mpuBenensI rpa-
(pmkm pe3ysibTaTOB MHOKECTBA NCTTBITAHUH.

3xech nokasan agdekT, okazbiBaeMblil pasHbiMu 3HadeHusiMu A B GAE na PPO B cpe-
ne Breakout. IIpu A = 0,70 1poM3BOAUTEIPHOCT HAUJIYYIIAS CO CYETOM B DIIU30/€
oxoJ10 400, 6uskuii pesyabrar gaer A = 0,50. Boabinne suavyenus A, 6auskue k 0,90,
He JIaI0T XOPOIIIel IPOu3BOUTENbHOCTH. [10 cpaBHEHUIO C TAKUM K€ IKCIIEPUMEHTOM
C peleHueM TaKkoH JKe 3a/1au JIJIsT aKTopa-KPUTHUKA U3 mojipas/esa 6.7.2 ontuManbHoe
suauenwe A 171 PPO (0,70) 3HaunTe1bHO OTJINYAETCS OT 3HAYEHUS [IJIT aKTOPa-KPUTUKA
(0,90). ITpum aTOM, KaK 1 OKUAATIOCH, TPOU3BOUTENBHOCTE PPO BhIllIEe, 4eM y MeTo/1a aK-
TOpa-KpUTHKA. JlaHHBII 9KCTIEpUMEHT TIPOIEMOHCTPUPOBaJ, uto 1 B PPO A — He ouenn
YYBCTBUTEJILHBIN TUIIEPIIAPAMET.

multi trial graph: ppo_breakout multi trial graph: ppo_breakout
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Puc. 7.4. BnvsHue pasHbix 3HaveHui A B GAE Ha PPO B cpenie Breakout. Mpu A = 0,70
NpOV3BOANTENILHOCTb HawyYllas, Toraa Kak 3HaveHus A, 6nmnskue k 0,90, nokasanu
XyAlne pesynbTaThl
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7.6.2. DKCNEepUMEHT MO OnpeaesneHnIo BANSHUA
NepeMEeHHON € ANs yceyeHHoM yHKLUM NOTEPb

[TepemenHas € ornpe/iesisieT OrpaHUYMBAIONLY IO OKPECTHOCTh \rt(e) — 1|< € nna yeeuennoii
CypporaTHOH 11esieBoi (hyHKIUU B ypaBHeHNN (7.34).

B atom akcriepuMenTe paccMaTpuBaeTCs BAUSIHUE 3HAYEHWH € TIOCPEZICTBOM ITOMCKA I10
cetke. Maiin spec st AKCrepuMenTa (JUCTUHT 7.9) SIBJISIETCST paclIupPeHreM JIMCTUH-
ra 7.3 ¢ gobaBjieHeM crieludUKaIIi MoucKa uist clip_eps. Takske ucnosbayercst Goee
cioskHast cpena Qbert us Atari. B ctpokax 4 u 7 ykazaHO M3MEHEHUE CPEJIbl, a B CTPO-
ke 19 orpeiesien ouck 10 criucky clip_eps 3unadenwii €. [Tosmbiii aiis spec HAXOAUTCS
B SLM Lab B s1lm_lab/spec/experimental/ppo/ppo_eps_search.json.

Jnctunr 7.9. daiin spec ans PPO co crneundukaumeld noucka ans pasHblx 3HaueHui clip_eps €
AJ1S1 yCeYEeHHON yHKUMM NoTepb

1 # slm_lab/spec/experimental/ppo/ppo_eps_search.json

2

34

4 "ppo_gbert": {

5

6 "env": [{

7 "name": "QbertNoFrameskip-v4",
8 "frame_op": "concat”,

9 "frame_op_len": 4,
10 "reward_scale": "sign",
11 "num_envs": 16,
12 "max_t": null,
13 "max_frame": le7

14 Jap

15

16 "search": {

17 "agent": [{

18 "clip_eps_spec": {
19 "start_val__grid_search": [0.1, 0.2, 0.3, 0.4]
20 }

21 3

22 }

23 }

24 }

Jlist sanycka axcnepuMenTa B SLM Lab Bocriosbsyiitech komanmamu us ucrusra 7.10.

JIucTuHr 7.10. 3anyck 3KCNepUMEHTa C MOMUCKOM MO Pa3HbIM 3HAUEHUAM € ANs YCEUEHHOMN DYHKLMM
noTepb B COOTBETCTBUM C (haiifioM Spec

1 conda activate lab
2 python run_lab.py slm_lab/spec/experimental/ppo/ppo_eps_search.json
= ppo_gbert search
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Bynet 3amynien akcriepuMenT Experiment, cocTOSANIMI U3 YeTbIpeX UCHIbITAHUH Trial,
B KaXK/IOM U3 KOTODBIX 110 YeThipe ceccuu Session. Ha puc. 7.5 npusesenn rpaduxu
pe3yJbTaTOB MHOKECTBA UCIIBITAHUI.

multi trial graph: ppo_qbert multi trial graph: ppo_gbert
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Puc. 7.5. BavsiHne pasHbIX 3HaYeHWI € Anst ycedeHHol dyHkuuM notepb Ha PPO B cpeae Qbert.
B uenom anropmMTtM He O4YeHb YyBCTBUTENIEH K 3TOMY runeprapameTpy

Ha puc. 7.5 moxaszan achdekT mpuMeHeH s Pa3HbIX 3HAYEHUI € 15T yCEIEeHHOM (hYHKITHN
st PPO B cpeze Qbert. Hawnyuiiast ipousBoAnTeIbHOCTD gocTrraeTcs mpu € = 0,20,
B 1esi0M 9yBCTBUTENBHOCTD ITOPUTMA K 9TOMY TUTIEpPTIapaMeTpy HU3Kasi, 4TO BUIHO
10 OJIMBKUM 3HAYEHUSIM [IPOU3BOANTEIBHOCTH IIPU PA3HbBIX 3HAUCHUSX €.

7.7. Pe3ome

B 9T0i1 T1aBe paceMaTpuBazach mpodIeMa Pe3KOTo MafeHMsT MPOU3BOIUTETHHOCTH
B METOJIaX TPA/IUEHTA CTPATETMH, BEI3BAHHAS TEM, YTO TTOUCK CTPATETHUH BBITIOJTHSIETCS
ITyTeM HEMPSIMOTO YIIPABJIECHUS TTapaMeTPaMi B IPOCTPAHCTBE TTAPAMETPOB. ITO MOKET
MPUBOJNTH K HEYCTONYNBBIM U3MEHEHUSIM B CTPATETHH BO BPeMst O0yUEHUSI.

Jlnst perenust 5Toil mpobeMbl MbI TIPeoGpPa3oBaIH 1eJeByo (GYHKIUIO TPaueHTa
CTpaTeruy M MOoJYy4YUInu CypporaTHyIo 1esieBy10 (hyHKIMIO, TAaKyl0, YTO U3MEHEHUS
B IIPOCTPAHCTBE IIapaMeTPOB TaPAHTUPOBAJIN MOHOTOHHOE yJIydllleHUe CTPaTeruu.
ITO U3BECTHO KaK IIOJIX0/L MOHOTOHHOrO yayuinenus. Ha npakTuke cypporarnag 1e-
JieBast QYHKIUS MOKET OBITh MOCYMTAHA JIUIITH TPUOIU3UTETHHO, BCIEICTBIE Y€TO BO3-
HUKaeT HEKOTOPasi NOrpenIHoCTb. g TaHHO TOTPerHOCTH MOKHO 33/1aTh IPAHUILbI,
KOTOPBIE [TPEBPAIIAIOTCS B OTPAHUYEHUS T1EIE€BOIT (DYHKITUH, U TAKMM 06Pa3oM MOKHO
rapaHTUpPOBaTh yJydllleHe CTpaTerny Kak Ha IIPaKTHKe, TaK U B TEOPUH.
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Mpsr1 Buziesn, uto anroputm PPO — nipoctoii n achhekTUuBHBII TTO/IX0/1 K PENeHnTo 3a-
Jaun ontTuMusanuu ¢ orpanndenusgmu. CyiectByet Ba BapuanTa: PPO co mrpadom
o paccroguuio Kynabbaka — Jleiibinepa u PPO ¢ yceueHHOU LeeBoii pyHKIMEN.
[Mocaepuuit — 6osee MPOCTOM, BEIYMCIUTEIBHO MEHEE 3aTPATHBIN 1 GoJiee MPOU3BO-
JIATEJIbHBI.

Tpu paccMOTPEHHBIX B ATOI KHUTE aJITOPUTMA TPATHEHTA CTPATETHH SIBJISTIOTCST €CTECTBEH-
HBIM pacimupenueM apyr apyra. Hauas ¢ manbosee mpoctoro aaroputma, REINFORCE,
MbI PACIIMPUJIN €T0 JI0 METO/IA aKTOPA-KPUTHUKA, KOTOPBIN YJIyUIaeT MOAKPETLISIONTII
curHaJI, repeaBaeMblii crpaternu. Hakowerr, 6110 okasano, 4o PPO MoxKeT caiyKuth
pacumpeHneM MeTo/a akTopa-KPUTHKA, eC/id Ipeobpa3oBaTh BblucaeHre (QYHKIUN
MOTEPD JIJIST CTPATETUH, UTO TIOBBIIIAET YCTOHIMBOCTD 1 3(h(HEKTUBHOCTH BBIGOPOK B MPO-
1ecce 00y4eHust.
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MeToabl
napannenusauumu

ITpu o6eyxmenun aaroputMoB riy6okoro RL B 9Toi KHITE BO3HUKAT BOMPOC 00 WX
HU3KOI1 9P (HEKTUBHOCTH € TOUKH 3PEHUS KadeCTBa BHIOOPKU. JIJIs1 HeTPUBHAIBHBIX 32-
124 00BIYHO TPeOYIOTCST MUJIIMOHBI IIPEIE/IEHTOB, YTOOBI Ar€HT HAYYUIICST JIEHICTBOBATD
¢ XOpoTIred MPOU3BOAUTENLHOCTIO. [IHN WIN laske HeIe T MOTYT YHTH Ha TO, 9TOODI
IIOPOJIUTH JOCTATOYHOE KOJINMYECTBO MIPEHEIeHTOB, €CJIN C60p JaHHDbIX BBIITOJIHAETCA
I0CJIEI0BATEIBHO OIHUM areHTOM B PAMKaX OJIHOTO TIPOIIeCca.

Jlpyrast TeMa, BBITEKAOIIast M3 HAILMX paccyskaeHuii o6 anropurme DQN, — BaKHOCTh
pasHo006pasusl JaHHBIX A/ 00YYEHM U OTCYTCTBUS KOPPEJIAUI MeKAY HUMU I
YCTOWYIUBOTO U GBICTPOTO 0OYUEHUSI. DTO MOKET OBITH JOCTUTHYTO € MOMOIIBIO TTa-
MSITHU TIPEIeICHTOB, HO [JIsI Hee HYsKHO, 4ToOb DQN Obli peain3oBaH Kak 00yueHne
110 0TJI0KeHHOMY O1bITy. CJle/loBaTeIbHO, JAHHBIN TOJAXO0/] He TTOJXOAUT JIJIs aJro-
PUTMOB IpafiieHTa CTPATEeTUH, IO KpaifHeil Mepe He Hanpsamyto'. Tem He MeHee aTH
AJITOPUTMbBI MOTYT TIOBBICHTD [TPOU3BOUTEIHBHOCTD IIPU 00YUIEHUH HA PA3HOOOPa3HbBIX
JAHHBIX.

B aroii riaBe 06CysKAAIOTCS METOBI TTAPAJLIETU3AIIH, TPUMEHUMbIE KO BCEM aJIT0-
purMam rary6okoro RL. OHM MOTYT Kak CYIIECTBEHHO CHU3UTH BPEMS 0OyIeH s, TaK
U [I03BOJINTH HOPOXKIATh O0Jiee padHooOpasHble JaHHbIe /IS AITOPUTMOB 00ydYeHUs 110
AKTYaJIBHOMY OIIBITY.

OcHOBHas CyTh 3TUX METOJIOB — CO3/laHNEe MHOKECTBA N/IEHTUUHBIX 9K3EMIIJISIPOB
areHTa U cpejibl, KOTOpble OJTHOBPEMEHHO He3aBUCHUMO JIPYT OT IPyTa UCIOJIb3Y-
I0TCA /14 HaKOIJIeHus TpaekTopuil. IlockosbKy areHT napameTpusupoBaH CeTbIo,
MBI CO3/[aéM MHOTO OJMHAKOBBIX JEHCTBYONINX ceTeil U OXHY TJ00aJbHYIO CETh.
JleficTByIOIIIE CETU HEMTPEPBIBHO HAKAILIMBAIOT TPAEKTOPHUH, & TJI00aTbHAS CETh TIe-

1 MokHO 06y4aTh aJrOPUTMbl Ha aKTYaJIbHOM OIIBITE C JAHHBIMMU, [IOJIyYEHHBIMU [IPpU 00yUe-
HUU 110 OTJIOKEHHOMY OIIBITY, IPUMEHKB BHIOOPKY 110 3HAYUMOCTH, YTOOBI CKOPPEKTUPOBATD
Pa3HUILY MEXKY BEPOSATHOCTAMMU jeiicTBuil cTpareruii. OpHako BecoBbie KO3GhGUIMeHTb!
3HAYMMOCTH MOTYT ITUPOKO BAPbUPOBATHCS KAK B CTOPOHY CUJILHOTO YBEJTUYEHUsI, TAK 1 B CTO-
pory HyJist. [[0aTOMY TaK TPYAHO HA PAKTUKE 3aCTABUTH PabOTaTh KOPPEKIHIO C MOMOIIbIO
00y4eHsI 110 OTJIOKEHHOMY OIIBITY.
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pHOAMYECKH OOHOBJISIETCS € IOMOIIBIO JaHHBIX U3 paboumx cerell nepej nepegaveit
B HUX U3MEHEHUII.

EcTb 1Be KaTeropuu mapajuie/In3aliii: CHHXPOHHAs U acHHXpoHHast. [TepByto o6cyamm
B paszene 8.1, a Bropyio — B pasjiene 8.2.

8.1. CnHXpOHHaa napannenusayus

Korza napamnenusannsa cunxpontas (6I0Kkupyiomas), riaobaabHas ceTb mepes 06-
HOBJIEHHEM CBOWX MAPaMETPOB OKU/AET MOJTyUeHUs aKeTa OOHOBJIEHUIT OT BCeX JIeid-
CTBYIOIINX ceTell. A IeHCTBYIOIIME CETH MOCJIe OTIIPABKK OOHOBJIEHUIN OKUIAIOT, TIOKA
raobasbHas ceTh OGHOBUTCS U OTIIPABUT 0GPATHO HOBBIE TTAPAMETPHI, YTOOBI OGHOBUTH
BCe JIEUICTBYIOIIME CETU OJJHOBPEMEHHO. JTO MOKa3aHO B anroputme 8.1.

Anroputm 8.1. CHXpOHHas napannenusauns, rnobanbHoe BblYMCIEHNE rPaaNeHToB

1: YcTaHOBKa CKOpPOCTMU Oby4eHua o

2: WHuumanusauus rnobanbHoi ceTu eg

3: WHuumanusauusa N geicTBywwUX ceTew OMI, 6% » ) GMN

4: for kaxpaa fenctBykwada ceTb do synchronously

5: B3ATb napameTpbl M3 rnobasbHOW CeTU U YCTaHOBUTb SMi — eg
6: HakonuTb TpaekTopuun

7: NepepaTb TpaekTopuu B rnobanbHyw ceTb

8: OXnaaTb O6HOBNEHUA rnobasbHON ceTu

9: end for

10: OxuMAaTb MONyYeHUA TpaekTOopuh M3 BCeX AEUCTBYHWUMX ceTen
11: Bbl4MCIUTL rpafineHT V, C NOMOlbK BCEX TPaeKTopuil

12: 06HOBUTL rnobanbHyl ceTb 6, < 8, + aVg

HpI/I TaKOM BapuaHTeE TlapaJijieJim3Ma HeﬁCTBYIOHII/Ie CETU UCITOJIb3YIOTCA U1 HaKOILIe-
HUA TpaeKTOpHﬁ, KOTOPbIE OTCBIJIAIOTCA B F]IO6aJIbHy10 ceTh. A OHa OTBeJaeT 3a npuMe-
HEeHune 9Tux TpaeKTOpI/IfI UL pacdeTa Ir'pa/IMEHTOB U 0OHOBJIEHUA IapaMeTpoB. Baxxno
TO, YTO BCE ITPOUCXO/IUT C 3a/IeliCTBOBAaHMEM ATalla CUHXPOHHU3AIlMN — CMHXPOHHO.

[Tpu nmapasiesTbHOM BBIITOJIHEHUM BCe IEHCTBYIONINE CETH MOJIYYaIOT OIBIT B PA3HBIX
9K3EMILJISIPaX CPe/ibl, KOTOPBIE PA3BEPTHIBAIOTCS U CO3/IAIOT OTBETBJCHUS IS PA3HbBIX
CIIEHAPUEB, B CBSI3H CO CTOXACTHYHOCTHIO B CTPATETHX U cpenax. YTobsr obecnednTsh
3TO, HY’KHO MHUIINATN3NPOBATDH 9K3EMILISPHI EHCTBYIOMNX ceTell U cpejl ¢ TOMOTIBI0
PasHBIX CJIy4ailHbIX HaYaJIbHBIX 3HaYeHui. [lo Mepe pasBepTbIBanNd TPAeKTOPUIl IpH
MapaJiyIeIbHOM UCTIOJTHEHUHU IEHCTBYIONINE CETH MOTYT OKa3aThCs B Pa3HbIX (ha3ax cpe-
JIBL: OTHU OJIVMKe K HAuaJIbHBIM IIaraM, JIPyTiue — K KOHeUHbIM, [lapajuiesiisaius BHOCUT
pasmoobpasue B 00ydaloIIie TaHHbIEe I TI0OATLHOM CeTH, Tak Kak OHa 06yJaeTcs Ha
MHOTHX CIIeHApHsIX U (hazax cpefbl. B 1mesoM aTo mo3BosisieT cTabuam3npoBaTh cTpaTe-
TUIO, IPEACTABICHHYIO TI06ATBHON CeThIO, U cIeaTh ee HoJee YCTONUNBON K TITyMam
1 U3MEHEHUSM.
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UYepegoBanue 1pele/eHTOB U3 Pa3HbIX JeHCTBYIONNX CeTell IIoMoraeT YCTPaHUTb KOP-
PEJISITNIO IAHHBIX, TAK KaK Ha KaXKIOM BPEMEHHOM Iare riobajibHas CeTh MOJydaeT
KOJIJIEKIIMIO TIpelie/IeHTOB U3 pas3HbixX (a3 cpeapl. Hanpumep, ecau cpeia cocTouT U3
MHOTUX YPOBHEH UTPBI, TI0GATBHAST CETh, BEPOSITHO, GyIeT 06yYaThest Ha HECKOJIBKIX
U3 HUX OJTHOBPEMeHHO. J[eficTByIoIINE ceTH 1 TaK yKe OY/IyT UCCAeI0BATh PA3TUIHBIE
CIIEHAPUU 110 IPUYKHE CTOXACTUYHOCTH, HO Mbl MOKEM JIOTIOJTHUTEIbHO PA3PEHIUTh UM
HCIIOJIB30BATh Pa3HbIe CTPATETUH MCCIEOBAHIS CPE/IbI, YTOObI €Ille YBEINYUTh Pas-
HooGpasue nanubix. OnuH 13 crocobOB CAENIaTh 9TO — MPUMEHHUTD Pa3Hble CKOPOCTH
YMEHBIINECHUS J0JIH €-5KaTHON cTpaTern B Q-06yUeHUY 13 TJIaBbl 4.

B SLM Lab cunxpoHHas mapaJjuieansanns peajnsoBaia ¢ HOMOIIbI0 00epTKH I
BekTopusanuu cpesabl u3 OpenAl [99]. Ona cozmaeT MHOKECTBO 9K3EMILISIPOB CPEIBI
B Pa3HBIX MPOIECCAX, KOTOPHIE COOBIIAIOTCS ¢ OCHOBHBIM TIPOIIECCOM, B KOTOPOM Ha-
xoauTest areHT. Jlanee arent paboraer B aToM Habope cpes, ahHEeKTUBHO (HYHKITMOHHU-
pYIOIIeM KaK MHOKECTBO JIEHICTBYIONINX ceTeil. 3/1eCh MCITOJIb3YeTCsT TOT (PaKT, YTO MPU
CHHXPOHHOI MapaIyIeI3ainy IefCTBYIONINE CETH TAPAHTHUPOBAHHO PACTIONATAIOT OIHOM
U TOM ske Kotmeii riobambHoil cetn. O6epTKa I BEKTOPU3AIIMN CPEIbI — OBIIUpPHAsT
TEMa, ee JIeTaTH BBIXOAT 32 PAMKH ATOI KHUTH. M cxomubrit kox HaxoauTes B slm_lab/
env/vec_env.py B SLM Lab.

Yro06bI 3aeiicTBOBATH CUHXPOHHYIO napaienusaniio B SLM Lab, mpocro ykaxure xe-
JIaeMoe KOJIMYECTBO Cpejl num_envs B (aiisie spec. ITO IPUMEHUMO K JTI0O0OMY aJlrOpHT-
MY, MBI TI0JIb30BAJIUCh 9TUM IIPUEMOM IIPH IIPOBE/ICHUH IKCIIEPUMEHTOB 1 UCIIbITAHUHN
B 9T0i1 kHUTe. [IpMep — cTpoka 74 nucrtunra 7.3 B daiiie spec aist PPO.

8.2. ACMHXpOHHas napannenMsauus

Ecim uictionbayeTcst aciHXpoHHast (HEOJIOKUPYIOIAs ) MapalJie/M3aIs, TO II0baibHast
ceTh OOHOBJIET CBOU MAPAMETPBI, KaK TOJIBKO MOJTyYaeT JaHHbIE OT KaKO#-HuOy b aeti-
CTBYIOIIEN ceTh. AHAJIOTUYHO KasK/ast JeUCTBYIONIAs CETh TIEPUOIUYECKU OOHOBIISIET
CBOM TIaPaMETPBI JI0 TIAPAMETPOB IJI0OATBHOI CeTH. DTO 3HAUKT, 4TO HAOOPBI TAPAMETPOB
JIEHCTBYIOIMIMX CETeil MOTYT HEMHOTO PA3IMYaThCs, 9TO MMOKA3aHO B anroputme 8.2.

AcuHXpOHHAs TapaJiesnsalus Obljla BliepBbie IpuMeHeHa K rirybokoMmy RL B pabote
Muwuxa u ap. Asynchronous Methods for Deep Reinforcement Learning [87], usBectaoi
TaksKe Kak cTathst 06 anropurme A3C. OHa chIrpasia PENIaioNyo PoJib B TIOMYJISIPU3AIIUT
METO/IOB aKTOPa-KPUTHKA, TTIO3BOJIUB UM KOHKYPHUPOBATH ¢ METOAMU, OCHOBAHHBIMU
Ha rosieanoctu, Takumu kKak DQN. B pesysbraTe mprMeHeHUsI aCHHXPOHHOTO METO/A
akropa-kputuka (Asynchronous Advantage Actor-Critic, A3C) GbLiIi JOCTUTHYTHI Ca-
MbIE COBPEMEHHBIE TIOKA3ATENN TPOU3BOAUTEIbHOCTH Jiuist urp Atari. Kpome Toro, Obiia
MPOIEMOHCTPUPOBAHA BOSMOKHOCTH YCKOPEHHOTO 00yueHus aaroputMos RL Ha mpo-
1eccope, KOTOPBIN 3HAUUTETHHO JietieBe, ueM rpadudecknii. A3C — 3To MpocTo acuH-
XPOHHAST BEPCUS aJITOPUTMOB aKTOPA-KPUTHKA C OIEHKOW MPEMMYIIECTBA U3 TJIaBbl 6.
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AnropuTtMm 8.2. ACUHXPOHHasi NapannenMsaums, pacieT rpaaneHToB ANs AENCTBYIOLMX CETeN

=
()

OWoONOUTES WN PR

YCTaHOBKA CKOpPOCTU oby4eHus a
WHuumanusauma rnobanbHoit cetn B,
Whuumnanusauma N pedctsyloumx ceted 6, , 6, ,, ..., 6,
for kaxpgaa peicTBywwasa ceTb do asynchronously
B3ATb nmapameTpbl 3 r06aNbHOA CETU M yCTaHOBUTL B, , « 6,
HakonuTb TpaekTopuu
BblMMCNTL rpadneHT Vg
Nepepate V, B rnobanbHyw ceTb
end for
Mpu nonyyeHunm rpafjvmeHTa M3 AeWCTBYHWEN ceTwu
= 06HOBUTL rn0GanbHyl ceTb 6, « B, + aV,

B saToMm ipuMepe fieiicTBYIOITIE CeTU, TOMUMO HAKOILJIEHUS TPAEKTOPUH, TaK:Ke pPacCcyuu-
TBHIBAIOT COOCTBEHHbIE TPAIMEHTHI HA OCHOBE COOCTBEHHBIX JaHHBIX. [To Mepe ToTo Kak
IPajIneHThl CTAHOBATCS JOCTYTTHBIMU, OHU ACUHXPOHHO MEPECHIIAIOTCS B TI00TBHYIO
ceTh. B orsimune ot cirydast CHHXPOHHOI MapaJiieIn3aliu, B 9TOM BapraHTe HeT OOIIero
aTarna CHHXPOHU3AIINH.

Cy1iecTByeT MHOTO CITOCOO0B PeaTM3aIuit ACMHXPOHHOTO 00yUeH st. B 41cio OCHOBHBIX
MIPOEKTHBIX PEIIEHUI BXOAAT CIEAYIONIHE.

1.

C 3anasapiBaHueM u 0e3 3anasjbpiBanus. Y JHCTBYIONINX ceTell ecTh HeOOXOU-
MOCTb IIEPUOJUYECKN OOHOBJIATH CBOM IIAPAMETPBI B COOTBETCTBUU C I10OATBHON
cerpio. Yacrora 06HOBIEHNI MOKET ObITh pasHoil. Eciii o6HOBIeHE HEMEIEHHOE,
TO HIAPaMeTPhI AEHCTBYIOINIIX CeTell BCeria COOTBETCTBYIOT IapaMeTpaM IJIobalbHOI
ceru. OuH U3 c110cO6OB peansaluu 9Toro — o0IIas CeTh B NaMSATH KOMIIbIOTEPA.
OiHaKO 9TO 3HAYKT, YTO BCEM ACHCTBYIOIUM CETSIM HYKEeH JOCTYII K 00Ieil mamsi-
TH, U3-3a Yero BCe OHU J0JKHBI OBITh 3aITyII[eHbl Ha OJHO U TOH ke Mainute. Eciu
O0OHOBJIEHHUSI TIPOUCXOST U3PE/KA, Y ACHCTBYIONIMX ceTel valie Bcero OyayT KOMuu
r106a/IbHbBIX apaMeTpoB ¢ 3anaszibiBanueM. CeTb ¢ 3alas3blBaHuEeM [103B0JIsIET 00e-
CIIEYHUTh COXPAHHOCTH OOYUEHUS 10 aKTYaJTbHOMY OTIBITY JIJIS BCEX AEHCTBYIONIIX
ceTell, TaK Kak TapaHTUPYyeT HEM3MEHHOCTD CTPATETUH TIPU TIOPOKAEHUN TPAEKTOPUIA
U BBIYMCJIEHUH IPAIUEHTOB.

JlokaJbHbIi U rI00aIbHbIH PACYET IPAIUEHTOB. [ PaIeHTbl MOKHO BBIYUCIISATH KAK
JIOKAJIbHO — € TIOMOIIIBIO JIEUCTBYIONIUX CEeTel, TaK U III00aIbHO — C UCIOJIb30BAHUEM
ri06abHO cetu. JIJist 00yueHuUst 110 aKTYJIbHOMY OIIBITY TPeOYeTcst, UTOObI rpajiu-
€HThI PACCUNTBIBAIIMCH JIOKAJIBHO, TIOCKOJIBKY TI00a/IbHASA CETh TIOCTOSTHHO MEHSAETCS,
y @JITCOPUTMOB OOYUEHUSI [I0 OTJIOKEHHOMY OIBITY HET TAKOTO orpannydenus. Kpome
TOTO, U3 MPAKTHYECKUX COOOPAKEHUN CJIEYET YUUTHIBATH, HACKOJIbKO 3aTPaTeH
00MeH JAaHHBIMK MEKILY JeHCTBYOIIUMU CeTAMU U IJI00aabHOI ceThio. Ilepechlika
MESKJLY TIPOIECCAMU JIAHHBIX JIJIsI TPAEKTOPUH, KaK TIPaBuiio, GoJiee 3aTpaTHa, 4eM
OTIIpaBKa IPA/IEHTOB.

C 610KkMPOBKOIi U 6e3 6J0KUPOBKHU. [106aIbHast ceTh MOKET OBITh 3a0JIOKUPO-
BaHa BO BPeMsi OGHOBJICHUSI TAPAMETPOB, [Isi TOTO YTOOBI ATOT TPOTIECC TPOTEKAI
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HOCJIe[0BATEbHO. BhITOJIHSIeMble OJIHOBPEMEHHO OOHOBJIEHUSI MOTYT TIePEIcaTh
vactu Apyr apyra. OGbIYHO 9TO cunTaeTcs: NpobJIeMoii, 109TOMY B GOJIBIINHCTBE
curyyaeB riobajibHast ceTh OJOKUPYETCs. ITO yBeAMINBaeT BpeMsi 00ydeHus], TaK Kak
OJIHOBPEMEHHbIe OOHOBJIEHMSI HYKHO paspelnarh nocjieaosaresbo. Tem He MeHee
B Psijie 3a/1a4 B IIeJIsIX 9KOHOMUU BPEMEHU MOKET ObITh TPUMeHeHa I7I00ajibHas CeTh
6e3 6s1okuposku. Ha atom ocHosan anropurm Hogwild!, o6cysxmaembiii ganee.

8.2.1. Hogwild!

B SLM Lab acunxpoHHas mapajieinsanns peajiusoBaHa ¢ MOMOIIbIO aJropuT™Ma
Hogwild!" — 6es6aoxuposounozo MeTo/a mapaaie n3aniui CTOXaCTHIECKOTO TPAJHEHT-
Horo ciycka [93]. B Hogwild! rioGanbHast ceTh He GJOKUPYeTCs BO BpeMst 00HOBJICHMSI
nmapamerpoB. IIpu ero peasnsanuu MPUMEHSIOTCS TaksKe 001ast riaobanbHast ceTh 6e3
3aras/pIBaHus ¥ JJOKAJTbHOE BBIYHMCIEHIE TPAJUEHTOB.

[Ipeskae uem nepeiitu K pasbopy Koz, CTOUT YJIEJTUTh HEKOTOPOE BPEMSI PACCMOTPEHUTO
npuHimia paborsr anropurma Hogwild!.

C mapaseapHbIM 0OHOBIEHNEM TTAPAMETPOB TP OTCYTCTBUN GIOKUPOBKHU CBSI3aHA
mpobreMa Trepe3arvict, KOTOPas BBI3BIBAET Pa3pyIIUTETbHbIe KOHGIUKTHL. OIHAKO 9TOT
adexrT MOJKHO CBeCTH K MUHUMYMY, €CJIN IOTYCTUTD, UTO 33/1a4a ONITUMU3AIINN Pa3pe-
skeHHad. To ecTb 11 JaHHOM TapaMeTPU3NPOBAHHON HEMPOHHOM CeThIO (DYHKINH TTPU
0GHOBJIEHUH TTAPaMETPOB GYIIET, KaK TPABILIO, TIPEOOPA30BAH JIUTITH MAJIBIH UX MOAHAGOD.
B atom carygae o6HOBIIEH ST peiko GYIyT BCTYTIATE B TIPOTHBOPEYHE, U TIEPE3ATINCh Mepe-
CTaHEeT TIPOUCXOAUTH TIOCTOSTHHO. ECIM MCXOANTD M3 TAHHOTO Jonywenus 0 paspeicen -
HOCML, TO TIAPAMETPBI, TIPE0OPA30BAHHBIE TIPH MHOKECTBE OTHOBPEMEHHBIX OOHOBIIEHTH,
ABJIAIOTCS HEllepeceKalolMMICs B BepOATHOCTHOM cMblciie. Ciie1oBaTesibHO, CTpaTerust
6e3610KMPOBOYHOTO Mapasrenusma s dexTrsHa. OHa KepTByeT HeOOMBITIM KOJTITYe-
CTBOM KOH(JIMKTOB B TI0JIB3Y MOBBITIEHUS CKOPOCTH OOYUEHUS.

MO3KHO CpaBHUTBL 00€ CXeMbl, YTOOBI YBU/IETh, KAK Pa3PesKEHHOCTh IPUMEHSAETCS ISt
pacnapasiesMBaHust OGHOBJIEHUH TTapaMeTPOB, KOTOPbIe WHAUe ObLIN OBl TTOCITIEA0BA-
TenbHbIMU. [TyeTs O, — mapameTp cetu Ha i-it urepanuu. IlocienoBarenbHoe 06HOBIeHNE
MOJKeT OBITh 3aIIMCAHO B CIIEAYIONIEM BU/IE:

61 Uy 62 Uy 3 ,63 . U ysn >e"’ (81)

e u,—,,  — 0OHOBJIEHNUE, TAKOE YTO 0,,,=0,*u,— . Torma cormacuo nomymeHnuio
0 Pas3pe;KeHHOCTH HeOOoIbIIas TPYIIIa U3 @ OOHOBJIEHUI U= Uy =, COLED-
JKUT BECbMa MaJioe KOJUYECTBO MepeceKaloninxcs 3jeMeHToB. U mocseoBaTesbHble
OOHOBJIEHMSI MOTYT OBITh CKAThI A0 HAPAJLIEIbHOIO OOHOBJIEHHS, KOTOPOE @ ALICTBY-

IOIIUX CeTelt TTOPOK/IAIOT HE3aBUCHUMO JIPYT OT ApyTa, 4YTOOBI TOJIyYUTh u]. _>j+ o u].—)

jtw

! Hogwild (6esymepskHBIiT) — MeTKOE HazBaHUe /IS JAHHOTO aJITOPUTMA, Be/Ib OH [Opa3yMe-

BaeT HCYNPABJIIEMOCTD 1 OTCYTCTBHE OFpaHH‘{CHHﬁ.
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[[JIH IIPpUBEACHHDIX /JlaJie€ 3a/laHHbIX @ O6HOBJI€HI/Iﬁ, ITPOM3BO/IMMBIX ITOCJIEJOBATEIbHO
1 IapaJsjieJibHoO,

Ujsyjn Uji1ji2 Ujsig A jiw - .
0, —>>6,, »0,,,...———>0, . (nocaenoBare/ibHO);
= j+1 Joit2 joite
o, —= 0 . 0 . 0,..  (mapanienbHo)
j I+t ?D)jaz-- >Y)jsw (AP ’

[OJIy4eHHbIe B 000UX CJIyYasx IIapaMeTpbl Ha @-X UTePaIiaX TOYHO WU IPUOIU3HU-
TeNbHO paBHbl 6, =06, . CiegoBaTe/bHO, TAPAJJIETU3AINS € IOMOIIBIO W JCHCTBY-
IOIUX ceTeil MOKeT ObITh OBICTPOIL arpoKcuMaIreil, OIU3KOM K II0CAeJ0BATETbHOMY
BBITIOJIHEHNIO 06HOBIeHMIT. [T0CKOIBKY B 000MX CIydasx Mbl PeIIaeM OAHY M Ty K€
3aj1a4y ONTUMU3AINH, OHU JIOJIKHBI IaBATh OJMHAKOBbIE UJIU TTOYTH OJ[MHAKOBBIE Pe-
3yJIbTATHI.

[Tpu ucnonszoBanun Hogwild! HyskHO yIuThIBaTh, 9TO YeM GOMbINE AEHCTBYIONNX
ceTeil, TeM BBIIIe BEPOSITHOCTh KOH(MJIMKTOB [Py 0OHOBJIEHNH TTapaMeTpoB. Pa3peskeH-
HOCTH BO3HUKAET JINIIH TPU HEGOBIITOM KOJIUIECTBE MAPAIIENBHLIX omepariiii. Ecii
KOH(IMKTBI BO3HUKAIOT CJAUIIKOM 4acTo, 9TO AOILylleHUe HelIPUMEeHIMO.

HackoJsibko ompaBiaHHO JIOIYIIEHNE O Pa3peKeHHOCTH TpuMennTesibHO K RL? K He-
CYACTDIO, HTOT BOIIPOC HEJOCTATOYHO M3ydeH. Kak 6bl TO Hi ObLIO, 9TOT 110X0/1 ObLI pe-
asm3oBaH MHUXOM 1 Ip. B craThe 06 A3C. YelenHocTb npruMeHeH st JaHHOTO [10X0/1a
[IPEJIIOJIaTaeT HECKOJIBKO BO3MOKHBIX 00bsICHEH M. BO-11ePBBIX, BITOJIHE BEPOSITHO, YTO
B 3a/[a4aX, [IPU PEIIEHUN KOTOPBIX OH UCTIOJIB30BAJICS, OGHOBJIEHUST TTAPAMETPOB YaCTO
ObLIN pa3pesKeHHBIMU. BO-BTOPBIX, JIJIsT KOMITEHCAIMH [ITyMa, BHECEHHOTO KOH(DJIUKTY-
IOTIMMU OOHOBJICHUSIMU, MOTJIH OBITH TPOBEAEHDI JIOTOJTHUTEIbHBIE ATAIbI 00yUEHUSI.
B-TpeTbux, 0iHOBpeMeHHbIe OOHOBJIEHUSI TTAPAMETPOB MOTJIU [TPOUCXOIUTD PEIKO,
HATIPUMeD, 110 TO IPUYNHE, YTO ITAIbl OOHOBJIEHUS HEKOTOPBIX JEUCTBYIONUX CETEl
OBLIN pazHeCeHbl MEKIY c000il. B-ueTBepThIX, COTIACHO MCCJIE0BAHUSIM METO/IOB
cxatust HelipoHHbIX ceteit [30, 41, 90| mpemonaraeTcst, 9To BO BPeMst UX 00yUeHMsI
MHO’KECTBO MAPaMETPOB HEOOA3aTEIbHBI IMO0 U3JUIITHA, Ec/n KOHPINKTH BOSHUKHYT
1py OOHOBJIEHUH 3THX TTAPAMETPOB, TO BPSIJL JIU TO TIOBJIUSIET HA TPOU3BOJAUTEIHLHOCTD
B 1esioM. TToJrydeHHbIe Pe3YJIbTaThl MOTYT OOBSICHSATHCST COBOKYITHOCTBIO BeX (hak-
topoB. dpdexrusnocts Hogwild! B rimybokom RL ocraercst muHTEpECHOI OTKPBITOI
pOOJIEMOIA.

B ymmctunre 8.1 npusesena MunnMasibHas peanusaiusa Hogwild!, mpuMenensoro k Tu-
MUYHOMY TIporieccy oOydeHns HeiiporHoi cetr. OCHOBHAS JIOTHKA CBSI3aHA C CO3/AHUEM
CeTH 1 pa3MellieHneM ee B 00Iell maMsITu Tiepejl iepeiavyeil B IeHCTBYIONNE CETH TSI
obHoBennil. Takast MpocToTa pean3aui BO3MoKHa 61aroiapst TPEBOCXOAHOM HHTE-
rpauun PyTorch ¢ MHOrOIpOIeccoproii 06paboTKOM TaHHbBIX.

JuctuHr 8.1. MpuMep MUHUManbHOM peanmsaumm Hogwild!

1 # Mpumep MUHMManbHoOW peanusauum Hogwild!
2 import torch
3 import torch.multiprocessing as mp
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# npumepbl ceTu, onTuMu3aTopa M dyHKUMM noTepb M3 PyTorch

net

= Net()

optimizer = torch.optim.SGD(net.parameters(), 1lr=0.001)
loss_fn = torch.nn.F.smooth_11 loss

def

def

if __name__ == '__main__":

train(net):

# cospaHue data_loader, optimizer, loss_fn

net.train()

for x, y_target in data_loader:
optimizer.zero_grad() # yfanuTb BCe paHee HAKOMJIEHHble FpaAUeHTbI
# autograd HauyuMHaeT HakanAuMBaTb CleAylkWue rpagueHTbl
y_pred = net(x) # npsmoii npoxon
loss = loss_fn(y_pred, y_target) # pacuyeT ¢yHKuMM noTepb
loss.backward() # obpaTHoe pacnpocTpaHeHue
optimizer.step() # obHoBNneHwe BecoB ceTH

hogwild(net, num_cpus):
net.share_memory() # 3To 3acTaBnAeT BCe [AeicTBylwne ceTu
= 1CrMo/sb30BaTb 06Uyl MaMATb
workers = []
for _rank in range(num_cpus):
w = mp.Process(target=train, args=(net, ))
w.start()
workers.append(w)
for w in workers:
w.join()

net = Net()
hogwild(net, num_cpus=4)

8.3. ObyyeHue areHTa A3C

Ecyi K airopuT™My akTopa-KpUTHKA ¢ JIF000i (QYHKIHMEE TIpenMyIiecTBa MPUMEHEHA Ma-
paJLIesIn3aInA ¢ TIOMOIIBIO0 ACHHXPOHHOTO MeTO/1a, TO OH HasbiBaeTcs A3C [87]. Ko Bcem
peasmzoBantbiM B SLM Lab ajropurMaM MOKHO IIPUMEHUTH HapaJiIeIM3aliio IIyTeM
npoctoro pobasnenus ¢uara B ¢aiin spec. B mucrtunre 8.2 9T0 MPOAEeMOHCTPHUPOBAHO
Ha rpuMepe MOAUGUIIMPOBAHHON crielinUKAIUY A AKTOPA-KPUTHUKA U3 TJ1aBbl 6.
IMosnbiii aiin ectb B SLM Lab B s1m_lab/spec/benchmark/a3c/a3c_nstep_pong.3json

NucTuHr 8.2. daiin spec ana A3C ans wurpbl Pong v3 Atari

1 # slm_lab/spec/benchmark/a3c/a3c_nstep_pong.json

2

3
4
5

{

"a3c_nstep_pong": {
"agent": [{
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"name": "A3C",
"algorithm": {
"name": "ActorCritic",

"action_pdtype": "default",

"action_policy": "default",

"explore_var_spec": null,

"gamma": 0.99,

"lam": null,

"num_step_returns": 5,

"entropy_coef_spec": {
"name": "no_decay",
"start_val": 0.01,
"end_val": 0.01,
"start_step": O,
"end_step": ©

9

"val_loss_coef": 0.5,

"training_frequency": 5

memory": {

"ConvNet",
"shared": true,
"conv_hid_layers": [
[32) 8) 4) 0) 1])
[64) 4) 2) 0) 1])
[32, 3, 1, o, 1]
1,
"fc_hid_layers": [512],
"hid_layers_activation": "relu",
"init_fn": "orthogonal_ ",
"normalize": true,
"batch_norm": false,
"clip_grad_val": 0.5,
"use_same_optim": false,
"loss_spec": {

"name": "MSELoss"

3

"actor_optim_spec": {
"name": "GlobalAdam",
"lr": le-4

3

"critic_optim_spec": {
"name": "GlobalAdam",
"Ir": le-4

3

"lr_scheduler_spec": null,

"gpu": false

235
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57 P

58 "env": [{

59 "name": "PongNoFrameskip-v4",
60 "frame_op": "concat",

61 "frame_op_len": 4,

62 "reward_scale": "sign",
63 "num_envs": 8,

64 "max_t": null,

65 "max_frame": 1le7

66 JaB

67 "body": {

68 "product": "outer",

69 "num": 1

70 ¥

71 "meta": {

72 "distributed": "synced",
73 "log_frequency": 10000,
74 "eval frequency": 10000,
75 "max_session": 16,

76 "max_trial": 1

77 }

78 }

79 }

B macTuaTe 8.2 yeTaHaBIMBAIOTCS CHIEITH(UKAIINST MeTaJaHHbBIX "distributed"”: "synced"
(cTpoka 72) u KOJIMYECTBO AEUCTBYIOIIUX ceTell max_session, paBHoe 16 (cTpoka 73).
Onrumusatop u3MeHeH Ha Bepcuio GlobalAdam (cTpoka 47), KoTopast G0JIbIIE TTOXOUT
g Hogwild!. Takske mensiem KosmuecTso cpes num_envs Ha 8 (ctpoka 63). HyxmHo o1-
METUTB, YTO €CJIH KOJMYECTBO cpef 60JIbIIie 1, aIropuT™ CTaHeT THOPHUIHBIM € OObenHE-
HUEM CUHXPOHHBIX (BekTopuaanus cpeibl) u acuaxporubix (Hogwild!) meromos. Torma
KOJIMYECTBO JIEHCTBYIONUX CeTel COCTaBUT num_envs - max_session. C KOHIIENTyaTbHON
TOUKH 3PEHUST UX MOKHO paccMaTpuBaTh Kak uepapxuto B Hogwild! neiictyrorux cerei,
KasK/Iash U3 KOTOPBIX OPOXKAAET HECKOJIbKO CHHXPOHHBIX JIEHCTBYIONTNX CETEI.

[t 06yuenns arenta A3C ¢ O1IeHKOM ITPENMYIINecTBa 10 OT/aue 3a 72 IAroB ¢ IOMOIIbIO
SLM Lab szanycrure B TepMuHaie KOMaHIbl U3 JIUCTHHIA 8.3.

JInctuHr 8.3. ObyyeHune areHTa A3C

1 conda activate lab
2 python run_lab.py slm_lab/spec/benchmark/a3c/a3c_nstep_pong.json
= a3c_nstep_pong train

Kak 06br4HO, OyeT 3alyIieHo UCTTbITaHue Trial JJist moJydeHust TpaUKOB, TIOKa3aH-
HbIX Ha puc. 8.1. OxHako obparuTe BHUMAaHKUE Ha TO, YTO TEIEPh CECCUU UCTIONHSIOT
PoJIb aCMHXPOHHBIX JieiicTByomux ceteil. [Ipn 3amycke na I[IIY ncnbitanne 101xHO
3aHSTh JIUIITH HECKOJIBKO YACOB, XOTS JIJIs 9TOTO TIOTPedyeTest MalllHa 1o KpaifHeit Mepe
¢ 16 aapamu.
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trial graph: a3c_nstep_pong t0 16 sessions trial graph: a3c_nstep_pong t0 16 sessions

|
wn

mean_returns

mean_returns_ma

] 200k 400k 600k ] 200k 400k 600k

frames frames

Puc. 8.1. 'pacuku pe3ynbTaToB ucnbiTaHnii A3C (OLEeHka NpenMyLLecTsa No oTAauye 3a N LIaro.)
c 16 pevicTBytoMMM ceTsMU. TTOCKOMbKY CECCUM BICTYMAIOT B PONV AeCTBYIOLMX CeTell,
MO rOPU30HTAsIbHOM OCK OT/IOKEHO KOMIMYECTBO KafpoB AN1sl OTAENbHON ceTu. CnefoBaTenbHo,
MOJIHOE KOMIMYECTBO KafpoB /151 BCEX CETel paBHO CyMMe KONMYECTB KafpoB ANsl OTAENbHbIX ceTen —
10 MnH kagpos

8.4. Pe3iome

B 510l ritaBe 06CyKIATUCH J[BA MTUPOKO MPUMEHSIEMBIX METO/IA TAPaJIIe U3 IH:
CUHXPOHHAsI M aCHHXPOHHas1. BblIo MoKazaHo, 4To OHU MOTYT OBITH PEATTU30BAHBI C MO~
MOTI[bIO BEKTOpH3AIK cpejibl u anropurma Hogwild! coorsercrBenHo.

JIByMs MIPEUMYIIECTBAMU MAPAJIIETU3AIIH SBJISIOTCS YCKOPEHUe 06yUeHUst 1 T10-
BBLITIIEHME PAa3Ho06pasms JaHHLIX. [loceHee UTpaeT OCHOBHYIO POJIb B TIOBBITITEHHUI
YCTOWYUBOCTH U YIYUIIEHNN 0OYIEHUST aITOPUTMOB TparienTa crpaterni. MakTuaecKu
OT HTOTO 3ABUCHT yCIIEX WM Heyaua 00y IeHusl.

Yro6bl BEIOPATh, KAKON U3 METO/IOB TIAPAJIJIeU3aIN TPUMEHUTD, HY5KHO PACCMOTPETh
Takue uxX (haKToOPbI, KaK TPOCTOTA PEATUIAIIN, BBIYUCIUTETbHAS CI0KHOCTD M MacITab
3a/1a4u.

CuHXpoHHBIE METO/IbI (TO €CTb BEKTOPU3allMs Cpe/ibl) 3a4acTylo IIPOCThble, U UX Jierye
Pearn30BaTh, 4eM aCHHXPOHHBIE METOIBI, OCOOEHHO €CITN TTAPATIETN3AIHS UCTTOTb3Y-
€TCsT TOTBKO TpH cOope ManHbIX. [ToposKIeHre TaHHBIX, KaK MPABIIIO, MeHee 3aTPaTHO,
B CBSI3U C YeM JIJIsI OJTHOTO U TOTO JK€ KOJIMYECTBA Ka/IPOB MOTPEOYETCsT MEHBIIE PECYPCOB.
[ToaTomy Jsiydrire MacTabUpoOBaTh 0 YMEPEHHOTO KOJUYECTBA JAEHCTBYIOIINX CeTel,
narnpumep mMenee 100. Ognako aTan CUHXPOHU3AIIUN CTAHOBUTCS CLEPKUBAIOITUM
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(bakTOpOM MpU HATbHENTIIEM MacIITaGUPOBAHUH. B 5TOM ciryuae acCHHXPOHHBIE METOIbI
MOTYT OKa3aThCsI SHAYUTETBHO Hoiee GBICTPHIMU.

Heo6XonMoCThb B mapaJiieIn3aliii BO3HUKAET Jlasieko He Beeraa. OCHOBHOE MPaBUIIO:
HOTPOOYITE TIOHATE, IOCTATOYHO JIM TIPOCTA 33j1aua JIJist TOTO, YTOOBI PENUThH ee 6e3 Ta-
PaJIIIETU3ATINY, TIPESKIE YEM TPATUTD Ha MOCIEAHIO0 BpeMst 1 pecypcebl. HeobxoammocTh
HapaJuIe/In3aIuy 00yca0BIeHa TPUMEHSIEMBIM aTOPUTMOM. AJITOPUTMBI 0OYUYEHHSI TIO
OTJIOKEHHOMY OMBITY, Takue kak DQN, 3auacTyto 10CTUTAOT HANOOIBINEH TPOU3BOII-
TEJIBHOCTH (€3 MapalIeu3aIni U3-3a TOTO, YTO MAMSATH TIPEIEJICHTOB YIKe TTPEI0CTaB-
JiieT paznoobpasubie gannbie. Jlaxke ecav Ha 0OyueHUe YXOAUT 0Y€Hb MHOTO BPEMEHH,
AreHThl Mo-TpeskHeMy MOTYT 3¢ deKkTuBHO yunthesi. Ho jiist Toro, 4ToObI alrOpuTMBbI
06yYEHMS TT0 aKTYaTLHOMY OITBITY, TAKKE KAK METOJI aKTOPa-KPUTHKA, MOTJIH 06YYaThCst
Ha Pa3HOOOPA3HbIX JAHHBIX, YACTO HEOOXOANMA MTapaJLICTU3ATINS.

8.5. PekomMeHayeMas nutepatypa

® Mnih V., Badia A. P., Mirza M., Graves A., Harley T., Lillicrap T. P., Silver D., Kavu-
kcuoglu K. Asynchronous Methods for Deep Reinforcement Learning. 2016 [87].

® Niu F., Recht B., Re C., Wright S. J]. HOGWILD! A Lock-Free Approach to Pa-
rallelizing Stochastic Gradient Descent. 2011 [93].



CpaBHUTENbHbLIN aHaNU3
anropuTMoB

B aroii kHuTe GBLIN BBEICHBI TPU OCHOBHBIE XapaKTEPUCTUKHU aJITOPUTMOB. Bo-TiepBbIX,
BBIOMPAEM MBI aJTOPUTM OOYUYEHUS 110 AKTYAJTbHOMY OIBITY UJIH MO OTJIOKEHHOMY?
Bo-BTOpBIX, K KAKUM TUTIAM MPOCTPAHCTB MapaMeTPOB €ro MOKHO TPUMEHUTD?
N B-TpeTbux, Kakue (hyHKIIUKA OH HACTPAUBaET?

REINFORCE, SARSA, A2C u PPO — anroputmbl 06y9eHust MO0 aKTYaTbHOMY OTIBITY,
torna kak DOQN u aBoitnast DON ¢ PER — 1o otnoxkennomy. SARSA, DON u 1Boii-
nasg DON ¢ PER — ocHoBaHHbIe Ha TI0JIE3HOCTU AJITOPUTMbI, KOTOPbIE HACTPAUBAIOT
anmpokcnmanmio dyaknnn Q. CiefoBaTeTbHO, OHI TIPUMEHUMBI TOJTBKO K CpeiaM
C IUCKPETHBIMU IIPOCTPAHCTBAMU JICHCTBUIL.

REINFORCE — aTo B uncToM Bujie OCHOBaHHBII Ha CTPATETUN AJITOPUTM, TTOITOMY OH
HacTpanBaet TosbKo crpareriio . A2C 1 PPO — rubpuiHbie METO/IbI, HACTPAUBAIOTINE
crpareruio T 1 dhynkimio V. REINFORCE, A2C u PPO npumenumbt K cpejiaMm Kax
C IMCKPETHBIM, TaK 11 C HETIPEPBIBHBIM ITPOCTPAHCTBOM JIeHCTBUI. XapaKTepUCTUKI BCEX
aJITOPUTMOB CBejieHbI B TabJ1. 9.1,

Ta6nuua 9.1. XapakTepucTUK1 BCEX arOPUTMOB U3 3TOWN KHUMM

Anroputm O6yueHne Cpepna HacrpanBaemas pyHkumns
g:naom::;:oy"oynzm OuckpetHas | HenpepbiBHas | V™ | Q™ |Crpaterus n

REINFORCE | AkTyanbHBIH OITBIT + + +

SARSA AKTYyaJIbHBII OIIBIT +

DON OTIOKEHHBIH OITBIT +

JIBoiinas OTI0/KEHHBIN OTIBIT + +

DONc PER

A2C AKTYyaJIbHBI OIIBIT +

PPO AKTYaslbHBIN OTIBIT +

O6cysrIaBITHecs: HaMU aITOPUTMBI 00pasyIioT /iBa ceMelicTBa, Kak ToKa3aHo Ha puc. 9.1.
B kak70M ceMeiicTBe ecTh 6a30BBIN alTOPUTM, KOTOPBIN PACIIUPSIOT BCE OCTAIBHBIE.
[TepBoe cemelicTBO — ocHOBaHHbBIE Ha TIoJie3HOCTH anropuT™Mbl SARSA, DON u nBoiinas
DON ¢ PER. B stom cemeiictBe SARSA — 6azosbiii airopury. DQN MOKHO paceMarpu-
BaTh Kak pacimiperne SARSA ¢ 6oJiee BbICOKOi 2(h(DeKTUBHOCTBIO BBIOOPKH, TAK KaK B HEM
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npuMeHsieTcss obydyeHue 1o oTaoxeHHoMy onbiTy. PER u apoitnas DQN — ato paciiu-
petrst DQN, KoTopble HOBBILAIOT 2((DEKTUBHOCTD BBIGOPKH U YCTONYNBOCTD 00y YEHMSI.

Y

CHuxeHve
YCTOMYMBOCTH
SARSA REINFORCE 1 3 HEKTUBHOCTH
L ) BbIOOPKM
A 4 A
Y
DQN
\ 4
~— @@
v A2C
)
[poinHas DQN
- @@
v
v v
[MoBblWweHne
[BonHas PPO YCTOMYNBOCTHM
DQN + PER 1 apDEKTMBHOCTM
BbIOOPKM

Puc. 9.1. Bce anroputMbl B 3TOM KHUre SBNSOTCS paclumMpeHnemM SARSA n REINFORCE

Bropoe cemMelicTBO COCTOUT U3 OCHOBAHHBIX Ha CTPATErUU U KOMOMHUPOBAHHBIX AJIr0-
putmoB REINFORCE, A2C u PPO. REINFORCE — 6a30Bblii aIrOpuT™M B 9TOM
cemeiictBe. A2C — pacmupenue REINFORCE c 3amenoit olieHku oT/iauu 110 METO/LY
Mounre-KapJso na nactpoiiky dyukmmu nosesnoctu. PPO pacmupsier A2C 3a cuer mipe-
06pazoBaHUs 1eJIEBO (DYHKIMK BO M30EKAHUE PE3KOTO MAJIEHUST TPOU3BOIUTETEHOCTH
U JUUIS OBBIEHUs 9 (HEKTUBHOCTH BHIOOPKH.

13 Beex 06CYKIABIIMXCST B KHUTE aJITOPUTMOB HanboJiee TIPOU3BOIUTEIbHBIMU SIBJISI-
forcst PPO u nBotinasgs DQN ¢ PER. B cBoux cemelicTBax aTu aqropuTMbl, KaK MMPaBUJIO,
HanboJtee yeroitumsbie 1 9 (heKTUBHbIE ¢ TOYKHU 3PEHUST KauecTBa BHIOOpKU. [ToaTomy,
npucTytast K paboTe HaJl HOBOII 3a/1aueil, HAYMHATD JIydllie ¢ HUX.

[Ipunumas permenue, uto ucnosb3oBath: ABoitHyI0 DON ¢ PER nmm PPO, nysxHo paccmo-
TPETD JIBa BAXKHBIX (haKTOpa — IIPOCTPAHCTBO JIeHCTBUI CPe/Ibl U 3aTPATHOCTD ITOPOXK/ICHU
Tpaektopuil. Arent PPO MoxeT 06yduarbest B cpejiaX ¢ JoObIM THIIOM TIPOCTPAHCTBA
nericrBuii, Torza kak asoitnasg DOQN ¢ PER orpanuyena quckperubivu geiictBusamu. Tem
He MeHee BoitHass DQN ¢ PER MoskeT 00ydaThCs ¢ TIOBTOPHBIM HCTIOJIb30BAaHUEM JIaH-
HBIX, TIOPOKIEHHBIX ITPU 0OYUEHUHU 10 OTJI0KEHHOMY OIBITY € TIOMOII[BIO JTIIOOBIX JIPYTHX
METOZIOB. ITO CTAHOBUTCS TIPEMMYIIIECTBOM, KOT/IA cHOP TAHHBIX 3aTPaTeH ¢ TOYKU 3PEHIIST
PecypcoB WJIM BPEMEHHU, HAIIPUMED, €CJId HyKHO HAKAIJIUBATD AHHBIE U3 PEabHOTO
mupa. B orsame ot Hero PPO — azroput 06y4eHus 10 aKTyaTbHOMY OITBITY, TOATOMY
OH MOJKET 00y4YaThCst TOJBKO HA JAHHBIX, OPOKIEHHBIX €I0 COOCTBEHHON CTpaTerueii.
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Hauano paboTbl
c rnybokum RL

B riy6okom RL cucrema o0yueHus npeacrasisger codoii arenTa, B3auMoAeiicTByoIe-
TO CO CPeoil. ATEHTBI, B CBOIO OUEPE]Ib, COCTOIT M3 TAKUX KOMIIOHEHTOB, KaK MaMITh,
CTparers, HelPOHHbIE CETH U AJITOPUTMITYeCKUe YHKINU. KaxIblit u3 aTHX 2JIeMEHTOB
M0 OTJEABHOCTH MOXKET OBITH JOBOJBHO CJIOKHBIM, & s MOJyYeHnsT paboTocmocob-
HOTO asropuT™a rry6okoro RL oHM J0JUKHBL elile U 00beIMHATHCSA U ACHCTBOBATH CO-
BMecTHO. B pesysibrate Koj1oBast 6a3a, B KOTOPOil PEATM30BAHO MHOKECTBO JITOPUTMOB
riaybokoro RL, mepexoaut B Kiacce GOJBIUX MPOTPAMMHBIX CHCTEM C CYNIECTBEHHBIM
KOJIMYECTBOM KO/1a. Pa3Hble KOMIIOHEHTHI B HIX 3aBUCSIT JPYT OT JAPYTa, YTO MEIIaeT UM
paboTaTh CBOGOIHO U YBEIMYUBACT BEPOSITHOCTH BOHUKHOBEHUS OIMO0K. M13-3a 3T0OTO
CHCTEMY TPY/IHO 3aCTaBUThH JIEHCTBOBATD, a BHI3BATH cOOiT B ee paboTe — JIETKO.

B a70i riiaBe mpUBOAUTCST HECKOJBKO MTPAKTHYECKIX COBETOB IO OTJIAKE Peaynu3arnit
asroputMoB riaybokoro RL. B pasgese 10.1 BbI I03HAKOMUTECH C [TOJIE3HBIMU METO/IA-
MU [TPOEKTUPOBAHUS, KOTOPbBIE TIO3BOJISIOT YIIPOCTUTH KOJI. 3ateM, B pa3zese 10.2, Mbl
00Cy MM HECKOJIBKO METO/IOB OTJIajiKK, a B pazjene 10.3 — ocobbie mpreMbl 00ydeH st
arenToB B cpefax Atari. B xoHIle I1aBbI nMeeTCs CIpaBOYHUK 110 21y60komy RL, B KO-
TOPOM IIE€PEUYNCJIEHDBI ONITUMAJIbHbIE 3HAaUYE€HUA TUIIEPIIapaMeTpPOB 1JisA OCHOBHBIX aJIrO-
PHUTMOB U Cpejl, 00CYKIaeMbIX B 3TOI KHUTE. B HeM TakKe mpejicTaBieHa HHGOPMATHsT
(6] HpI/I6JII/ISI/ITeJII)HOM BPEMEHUN BBITTOTHEHUA 1 YKa3aHbI Tpe6OBaHI/I${ K BBIYUCJIUTEJIbHBIM
pecypcam.

10.1. NpreMbl NPOEeKTUPOBAHUSA NPOrpaMm

Ha caMoM BBICOKOM YPOBHE ITPOEKTUPOBAHUS HEOOXOAUMA TOUHOCTD UCIOJHEHUS
C TOUKU 3peHust Teopun 1 npaktuku. [Ipu npoextnpoBannu Hooro aaroputma RL nian
HOBOTO KOMIIOHEHTA TIepe/l €ro peaansalueil Hy>KHO TeOPETUUECKH TOKA3aTh €r0 KOP-
PEKTHOCTD. ITO OCOOEHHO Ba)KHO HA CTAIUU UCCIEA0BAHUI. AHAJIOTUYHO IIPU TTOMBITKE
pelleHust HOBOH 33j1a4u B cpejie B MEPBYIO oYepeib HYsKHO YIOCTOBEPUTHCI B TOM, YTO
OHa JIEHCTBUTEILHO PELIaeTcst ¢ IIOMOLIbio RL, 1mpesk e yeM IpuMeHsTh Kakue-in0o a-
FOPUTMBL ITO OCOOEHHO BAKHO st TIPUJIOKEHUI. Eciii 3a1aua paspernnma u aJirOpuT™M
RL reopetudecku BepeH, TO ero cO0i MOKET ObITH 00YCJIOBJIEH OIMTUOKAMU Peau3allii.
W nanbiiie HaM HYKHO 3aHUMATbCS OTIAIKON KOfa.
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OTJIa,ZIKa BKJIIOYAET B cebs orpejiesieHnue omnboK BO (bparMeHTe KO/la 1 UX UCITpaBJIECHUE.
Yacro Haubosee I[JII/ITGJII)HI)Iﬁ Iporecc — 3TO IMOMCK omunOOK U IOIBITKA TIOHATD, ITOYEMY
OHMU 3/1€Cb ITPON3O0IIJIN. Kak ToJIbKO BbI p3.306p3.]II/ICI) B OI_HI/I6KG, €€ UCIIpaBJIEHHUE MOKET
OKa3aTbCs MMPOCThIM 1 6I)ICTpI)IM.

Cy1iiecTByeT MHOTO Pa3HBIX IIPUYHH, 10 KOTOPBIM AJITOPUTMBI TIIyOOKOTO RL MOTYT 110-
TepreTh Heyaady. K Tomy ke mukibl pazpaboTku RL BBICOKO3aTPATHBI C TOUKH 3PEHIIST
pecypcoB U BpeMEHHU, UTO 3aTPYy/AHSET mpoiecc oTiaaakn. st ahhekTuBHON OTHaIK
koma RL HYKHO TIPUMEHUTH K OMPEIEIEHNIO OIMTUO0K CUCTEMATHIECKHUIT TI0IX0]T, 4UTOOBI
OBICTPO CY3UThH MEPEUEHD BO3MOKHBIX MECT UX BOZHUKHOBeHUs1. K cuacthio, ata 1mpo-
GJieMa Jasieko He HOBA B obsiacTu mpoektupoBanust 1O, U cyIiecTByeT MHOTO yCTaHO-
BUBIIUXCS XOPOIIUX MPAKTUK, KOTOPBIE MBI MOKEM TT03aMMCTBOBATD. B yacTHoCTH, 5TO
MOJLYJIbHOE TECTUPOBAHUE, KauecTBO Koja 1 pabora ¢ Git.

10.1.1. MoaynbHOe TeCcTMpoBaHue

MoynbHOE TecTUpOBaHNE — YHUBEpPcaibHoe Tpebosatme K pazpaborke xopourero [10
110 TOM IIPOCTOM IIPUYKHE, YTO J0O0U Henpomecmuposanivlil koo nebesonacen. Hamex-
uple cucteMbl 11O 0JKHBL CTPOUTHCS HA CEPbE3HBIX OCHOBAHUAX. /119 KOMIIOHEHTOB,
KOTOPbIE BBICTYIIAIOT B KA4eCTBE OA30BbBIX JIJISI [PYTOrO KO/Ia, HEOOXOIMMbI BCECTOPOHHEE
TeCTUPOBaHUe U BepUuUKAIUST KOPPEKTHOCTH MX paboThl. Ecii 0OcCHOBA HEHajIeKHASL, TO
HepaspeleHHble OMMOKY OYyT PaCpPOCTPAHATHCS U BIAUATH HA BCe HOJIbIIIEE KOJTUYe-
CTBO KOMIIOHEHTOB 110 Mepe pa3pacTanusi cucreMbl. IIporpecc 3ameyinTces, ocKoJIbKY
HAM TIPUJIETCS TPATUTE OOJIbIE BPEMEHHU HA OTJIAJIKY U MEHbIe — Ha pa3paboTKy.

Moy ibHOE TeCTHPOBAHIE TAPAHTHPYET, UTO TIPOTECTHPOBAHHDBIE KOMITOHEHTHI paboTa-
10T, KaK 33/[yMbIBaJIOCh. Kak TOIbKO hparMeHT Ko/a I0JKHBIM 00pa3oM IPOTECTHPOBAH,
MbI MOJKEM JIOBEPSITH eMy 1 00Jiee YBEPEHHO HCII0JIB30BATD €r0 IIPU IPOEKTUPOBAHIH.
Cucrematnueckoe MOy JIbHOE TeCTUPOBaHIe 6a30BOT0 KO/ CIIOCOOCTBYET YCTPAHEHUIO
TOTO, YTO MOKET PabOTaTh HENPABUIIBHO, TEM CAMBIM CY’Kasl CINCOK KaHANAATOB Ha
OmubKY TIPH OTJIATKE.

Ioxpwimue mecmamu — TOJIE3HBIN MTOKa3aTe b, IPUMeEHsIeMbIi pa3paborunkamu [1O st
M3MepeHNsl BIPaKEHHOM B IPOLIEHTAX J0JIM KOAOBOMN Gasbl, IIPOBEPEHHOI MOy IbHBIMU
tectamu. OHA PACCUNTHIBAETCS C TIOMOIIBIO MHCTPYMEHTA CTATUYECKOTO aHaIN3a, KO-
TOPBIH OTIPEIEISIET KOJMYECTBO BCEX CTPOK KOJIA WU JIOTHYECKUX TTyTeH U TPOBEPSIET,
KaK MHOTO CTPOK OXBAu€HO MPH 3aITyCKe BCEX MOYIbHBIX TeCTOB. OTHOIIEHNE ITUX Be-
JIMYUH TIpeoOpasyeTcs B IIPOIIEHT NOKPBITH TeCTaMK. Bce COBpeMEHHbIE HHCTPYMEHTHI
MO/TYJIbHOTO TECTUPOBAHUST aBTOMATHYECKU PACCUNTHIBAIOT ATOT ITOKA3aTEb U BHIIAIOT
order 0 HeM. B SLM Lab 570 npousBoauTes ¢ moMoIbio PyTest IIpy KaxIOM 3aIyCKe
MO/TYJIbHBIX TECTOB.

Kakum Gbl 3aMaHYMBBIM HU OBLIO CTOMPOIEHTHOE TIOKPBITHE TECTAMHU, OHO MOYKET
OBITH HETPOLYKTUBHBIM. BO3MOKHO, 0COIOTHOE TIOKPBITHE TECTAMU JKETATEHHO TIPU
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3allyCKe ITPOMBIIIJIEHHOT'O 1O B HpOMbIHIJIEHHOfI cpeze, HO B HEM MaJlO CMbICJIa ITpH
IIpoBEAEHNN I/ICC]IelIOBaHI/If/'I, KOTOPbIE JOJIKHBI UATH 6bICTpI)IMI/I temnamu. Hammucanue
MOYJIbHBIX TECTOB Tpe6yeT BpeMEHU 1 yCPI]II/IfI, 1 eCcJjin C HUM IIepeycep/iICTBOBATh, TO
OHO MOJKET HadaTb COIIEPHUYATD 3a IPUOPUTET C UCCJICIOBAHNEM N pa3pa60TKoﬁ. Kowm-
IIPOMUCCHOE pelIeHne — TeCTUPOBaThb HanboJIee BasKHbIIA KOZ. N aBTOPa KoJa A0JIKHa
OBITh BO3MOKHOCTh penarb, 4TO J0CTaTOYHO BayKHO /IJISA TECTUPOBAHUS. Kaxk rmokasbiBaeT
IIpaKTHKa, TECTUPOBATD CJIEAYET KO/, KOTOprfI HINPOKO MCIIOJIb3YETCA, IPEAPACIIOJNOKEH
K OIHI/I6K3.M, ABJIACTCA CJIOKHBIM MJIM 3HAYMMbIM.

Moy ibHbIe TeCTbl B GOJBIIMHCTBE CIydaeB MPOBEPSAIOT KOPPEKTHOCTD TOTO, KAK 3a-
myckaercst pparmenT koga. OHAKO HYKHO yKa3aTh, KAKOE MOBEICHUE TOJKHO OBITH
npotectupoBano. Hanpumep, B TecTe jijist GYHKIIMU YKA3bIBAIOTCS BXOJ/IHBIE JJAHHbBIE
BMECTE C OKN/ITa€MbIM PE3YJIbTAaTOM, KOTOprfI CPaBHUBAETCA C BbIYMCJIEHHBIM BBIXOHBIM
snauenueM. [l GyHKIMU OOBIYHO TECTUPYIOTCST HECKOJIBKO MOKa3aTeseii: KOppeKT-
HOCTH BBITIOJIHEHMS JIJIsE Psiia BXOAHBIX 3HAYeHUN (OJIKHBI PaCCMaTPUBATLCS 00IIue
U KpaliHWe cJIy4an) W MPaBUJIbHOCTD TUTIA U CTPYKTYPBHI JaHHBIX. Ecau B GpyHKIINN
peanusoBana (HOpPMyJIa, MPOTECTUPYHTE ee AIMIIMPUUECKU: PACCUUTAIITE BPYUHYIO He-
CKOJIbKO Y CJIEHHBIX PE3YJ/JIbTATOB U CPABHUTE MX C BBIXO/IHBIMW 3HAYECHUAMU q)yHKI_H/H/I
[Tpu ucnpaBieHnr HOBON OMMOKK TS TPEIOTBPAIIEHHS €€ TOBTOPHOTO MOSIBIECHHST
HY/KHO J100aBUTD TECT.

B xauectBe moaTBep:xaenus B auctunre 10.1 mpuBenen nmpumep Tecta, KOTOPHIN ITPOTO-
HdeT oT Havyasa /1o KoHta anroputM DON B cpenie Pong u3 Atari. Tect manimamnsupyer
areHTa U Cpey U 3allyCKaeT OJHbII UK/ 00yJYeH s Ha HeOOJIbIIoe KOJIIMYECTBO [IaroB.
HecMoTpst Ha CBOIO TIPOCTOTY, OH CITYsKIAT 0OIIeil U IIOJTHOI TPOBEPKOM, rapaHTHPYIOILE,
YTO BCE BBINOJHAETCS 6e3 HapyIeHuil. DTUM 06ecriednBaeTCst TAKKe BIIIOJTHEHE 10
BCEMY aJITOPUTMY BasKHBIX YTBEPKIACHUH, KACAIONTUXCST BBIYNCTEHUS (DYHKITUN TTOTEPh
u obHoBseHust cetr. ObIHe 6a30BbIE TECTHI, TAKKE KaK test_atari, 0COOEHHO I0JIE3HbI
[IPY Pa3pacTaHu KOJOBOI 0asbl, TAK KaK IIOMOTAIOT IPOBEPUTD, YTO HOBbIE (DYHKIIUI
He HapyIIaioT CTapyio OCHOBHYIO (DYHKIMOHAJILHOCTD.

JNuctuar 10.1. CkBosHow TecT anroputMa DQN B cpeae Pong 13 Atari

# slm_lab/test/spec/test_spec.py

from flaky import flaky

from slm_lab.experiment.control import Trial
from slm_lab.spec import spec_util

import pytest

# BCMOMOraTesibHbli MeTOA ANA 3anycka Bcex TecToB B test_spec
def run_trial_ test(spec_file, spec_name=False):

OWoONOUVLD WNERE

10 spec = spec_util.get(spec_file, spec_name)
11 spec = spec_util.override_test_spec(spec)
12 spec_util.tick(spec, 'trial')

13 trial = Trial(spec)

14 trial_metrics = trial.run()



15
16
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17 ...

18
19
20
21
22
23
24
25

assert isinstance(trial_metrics, dict)

@flaky

@pytest.mark.parametrize('spec_file,spec_name', [
("benchmark/dgn/dgn_pong.json', 'dgn_pong'),
('benchmark/a2c/a2c_gae_pong.json', 'a2c_gae_pong'),

D

def test_atari(spec_file, spec_name):

run_trial_test(spec_file, spec_name)

245

B nmuctunre 10.2 mokasaHbl /Ba ASMIIMPUYECKUX TecTa: test_calc_gaes TecTUpyeT
peanuszanuio 0600IEHHOIT OTIEHKN TPEMMYITECTBA U3 TIaBbl 6, a test_linear_decay —
(DYHKIUIO TUHEIHOTO yMeHbIIeHNs KaKoii-1n6o nepemenHoii. [Tocientee yacro uc-
nosb3yercss B SLM Lab, Hanpumep, /Ui yMEHBIIEHUST TEPEMEHHBIX UCCICTOBAHUS €
ni T. [Togo6HbIe SIMITUPUYECKUE TECTHI IMEIOT 0c060€ 3HAYCHUE JIJIS CAOKHBIX WJTH
TPYZHOPEATN3yeMbIX (YHKIINIT — OHU JJAI0T HAM YBEPEHHOCTb, YTO (DYHKITHS BO3BPA-
IIAeT OKU/IAeMbIe BBIXO/IHbIE 3HAUECHUS.

Jinctmur 10.2. NpuMepbl SMAMPUYECKMX TECTOB CO CPABHEHWEM BbIYUCIIEHHbBIX BPYYHYIO

MO HECKOMbKMM MaTeMaTUYeckuM (hOpMynaM pe3ynbTaToB C BbIXOAHBIMU 3HAYEHUsIMU DyHKLUM

1
2

VoSNV w

10

12

13
14
15
16

17
18
19
20

21
22
23
24

# slm_lab/test/lib/test_math_util.py

from slm_lab.lib import math_util
import numpy as np

import pytest

import torch

def test_calc_gaes():
rewards = torch.tensor([1., 0., 1., 1., 0., 1., 1., 1.])
dones = torch.tensor([0., 0., 1., 1., 0., 0., 0., 0.])

v_preds = torch.tensor([1.1, 0.1, 1.1, 1.1, 0.1, 1.1, 1.1, 1.1, 1.1])

assert len(v_preds) == len(rewards) + 1 # Bk4YeHue

= rocsiegHero CoCTOAHUA

gamma = 0.99

lam = 0.95

gaes = math_util.calc_gaes(rewards, dones, v_preds, gamma, lam)
res = torch.tensor([0.84070045, ©.89495, -0.1, -0.1, 3.616724,
= 2.7939649, 1.9191545, 0.989])

# ucnonb3yinte allclose BmecTo equal anAa yyeta atol

assert torch.allclose(gaes, res)

@pytest.mark.parametrize('start_val, end_val, start_step, end_step, step,

= correct', [
(0.1, 0.0, 0, 100, 0, 0.1),
(0.1, 0.0, 0, 100, 50, 0.05),
(0.1, 0.0, 0, 100, 100, 0.90),
(0.1, 0.0, 0, 100, 150, 0.0),
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25 (0.1, 0.0, 100, 200, 50, 0.1),
26 (0.1, 0.0, 100, 200, 100, 0.1),
27 (0.1, 0.0, 100, 200, 150, 0.05),
28 (0.1, 0.0, 100, 200, 200, 0.0),
29 (0.1, 0.0, 100, 200, 250, 0.0),
30 1)

31 def test_linear_decay(start_val, end_val, start_step, end_step, step,
= correct):
32 assert math_util.linear_decay(start_val, end_val, start_step,
= end_step, step) == correct

Yro6bl peruTh, KAKKE TECThI TTHCATh, TI0JE3HO CHCTEMATH3UPOBATH UX B COOTBETCTBUH
co crpykrypoii I1O u ero kommnoneHTaMu. ITO OJAUH U3 TTOBOJIOB IOTPATUTb BPeMsI Ha
yayutenue apxutekTypst I1O. Hanpumep, npu opranusaium Bcex MeTo/[0B B OJINH He-
CTPYKTYPUPOBAHHBIN crieHapuii Bee OyeT caesnano GbicTpo 1 mo-xakepcku. Ho atoro
NleTaTh He CTOUT, €CJIH TIPeImoaraetest GoJiee 4eM OTHOKPATHOE UCTTOTIb30BAHIE KOJA,
He TOBOPS Y3Ke O I0JITOCPOYHOM TIPOEKTUPOBAHIH ITPOMBIIIIIEHHO cHCTeMbI. XOopoliee
ITO [0KHO OBITH PATIMOHATBHO Pa30UTO HA OTAENHHBIE KOMITOHEHTHI, KOTOPBIE MOKHO
HE3aBUCUMO Pa3pabaThiBaTh, HCIIOIb30BATh M TECTUPOBATH. Ha MpOTssKeHNN Beeil KHUTH
MBI 00CYIKIAJI OPraHU3AIUI0 areHTa B BUJIE KOMIIOHEHTOB, TAKUX KaK KJIACCHI ITAMSITH,
caMoTo anropuT™Ma 1 Helipontoii cern. SLM Lab ciexyer mpuHINTY KOMITOHEHTHOTO
MIPOEKTUPOBAHUSA, U JIJIS KAXKJIOTO KOMIIOHEHTA Halmucanbl TecTol. Korjga ctpykrypa
TECTOB COOTBETCTBYET CTPYKType uacteit [10, MOKHO JIETKO OTCAEANUTD, 4TO OBITIO TPO-
TECTUPOBAHO U, COOTBETCTBEHHO, 4T0O paboTaet. TakiM 06pasoM cO3/aeTcss MEHTATbHAS
KapTa He MOKPBITBIX TECTAMHU CITA0BIX MECT, KOTOPBIE SBJISIIOTCS MOTEHITMATBHBIMI
KaH/M/IaTaM¥ JI/IsT BOSHUKHOBEHUS OMMOKH. 34 CYET HTOTO CYIIECTBEHHO MOBBIIACTCST
a(heKTUBHOCTD OTIAIKU.

B suctunre 10.3 mokazan npuMep KOMIOHEHTHOTO TeCTa JIJIsi CBEPTOYHON CeTH, KO-
TOpasi MPOEKTUPYETCS U TECTUPYETCS KaK He3aBUCUMBINA MOyJib. OH TIPOBEpsieT Ha-
JIn4yye XapaKTePHbIX /IJISL CEeTU 9JIEMEHTOB, TAKUX KaK apXUTEKTYpa, CTPYKTYpa JaHHbIX
1 OOHOBJIEHIE MOJIENN, YTOOBI YIOCTOBEPUTHCSI, UTO 9Ta Peasnsaliust paboTaet Tak, Kak
3a/lyMbIBAJIOCD.

JiuctuHr 10.3. MpuMepbl KOMMOHEHTHOrO TeCTa A/ CBEPTOUHOM CETU, SNEMEHTBI, MPUCYLLNE CETH,
pa3pabaTblBaloTCs M TECTUPYIOTCS B HE3aBMCMMOM MoAy/ie

1 # slm_lab/test/net/test_conv.py

2

3 from copy import deepcopy

4 from slm_lab.env.base import Clock

5 from slm_lab.agent.net import net_util
6 from slm_lab.agent.net.conv import ConvNet
7 import torch

8 mport torch.nn as nn

9
10 net_spec = {
11 "type": "ConvNet",



12
13
14
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16
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24
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28
29
30
31
32
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34
35
36
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39
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42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61

naea 10. Hauano pabotbl ¢ rnybokum RL

"shared": True,

"conv_hid_layers": [
[321 8; 4) 01 1]1
[64) 4) 2) 0) 1])
[64, 3, 1, 0, 1]

1,

"fc_hid_layers": [512],
"hid_layers_activation": "relu",

"init_fn": "xavier_uniform_",

"batch_norm": False,
"clip_grad_val": 1.0,
"loss_spec": {

"name": "SmoothL1lLoss"

¥

"optim_spec": {
"name": "Adam",
"Ir": 0.02

¥,

"1r_scheduler_spec": {
"name": "StepLR",
"step_size": 30,
"gamma": 0.1

b

gpu
}

: True

in_dim = (4, 84, 84)

out_dim =
batch_size

3

= 16

net = ConvNet(net_spec, in_dim, out_dim)

# MHMUMaANU3auMa onTuMM3aTopa CeTU M cnocoba

= J3MEHEeHUs ero CKopocTu obyyeHusa lr

optim = net_util.get_optim(net, net.optim_spec)

1r_scheduler = net_util.get_lr_scheduler(optim, net.lr_scheduler_spec)
x = torch.rand((batch_size,) + in_dim)

def test_init():

net =
assert
assert
assert
assert
assert

C

onvNet(net_spec, in_dim, out_dim)
isinstance(net, nn.Module)
hasattr(net, 'conv_model')
hasattr(net, 'fc_model')
hasattr(net, 'model_tail')

not hasattr(net, 'model_tails')

def test_forward():
y = net.forward(x)
assert y.shape == (batch_size, out_dim)

ef test_train_step():
y = torch.rand((batch_size, out_dim))
clock = Clock(1e0, 1)

loss =

net.loss_fn(net.forward(x), y)

247
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62 net.train_step(loss, optim, lr_scheduler, clock=clock)
63 assert loss != 0.0

64

65 def test_no_fc():

66 no_fc_net_spec = deepcopy(net_spec)

67 no_fc_net_spec['fc_hid_layers'] = []

68 net = ConvNet(no_fc_net_spec, in_dim, out_dim)
69 assert isinstance(net, nn.Module)

70 assert hasattr(net, 'conv_model")

71 assert not hasattr(net, 'fc_model')

72 assert hasattr(net, 'model_tail')

73 assert not hasattr(net, 'model_tails"')
74

75 y = net.forward(x)

76 assert y.shape == (batch_size, out_dim)
77

78 def test_multitails():

79 net = ConvNet(net_spec, in_dim, [3, 4])
80 assert isinstance(net, nn.Module)

81 assert hasattr(net, 'conv_model")

82 assert hasattr(net, 'fc_model')

83 assert not hasattr(net, 'model_tail')
84 assert hasattr(net, 'model_tails"')

85 assert len(net.model_tails) ==

86

87 y = net.forward(x)

88 assert len(y) ==

98 assert y[@].shape == (batch_size, 3)

90 assert y[1].shape == (batch_size, 4)

Moty ibHbIe TeCTBI BasKHbI, TOITOMY UX CJIEYeT IMUCATH YaCTO U OHU HE JI0JIKHBI OBITH
ciaoxkabiMu. DaKTUUECKW YeM OHU TIPOIILe, TeM Jiydliie. XOPOIIue TeCThl JOJKHBI
OBITH KOPOTKUMU U TIOHSITHBIMY U IIPU TOM OXBATBIBAThH BCE BAJKHBIE ACTIEKTHI TECTHUPY-
eMbIX yHKImit. KpoMe Toro, oHM 10KHBI GBITH GBICTPBIMU 1 YCTOWYMBBIMHU, TOCKOJIBKY
Y4acTo MPUMEHSIOTCS KaK TT0Ka3aTesb KauecTBa BHOBb Pa3paboTaHHOTO KOjla U TEM ca-
MBIM BJIMSIIOT Ha [TPOJIOJIKUTEIBHOCTD IIUKIIA pazpaboTku. DyHKIMKI MOKHO JTOBEPSITH
Ha OCHOBaHUH TECTOB, KOTOPBIE MOTYT MOHSATHO ¥ OBICTPO TTOKa3aTh, Kak OHa paboTaer.
Ecsn o6ecrieueHbl 10CTOBEPHOCTD U HAJIEKHOCTD, TO JAJIbHEIIINE UCCIIe/IOBAHKE U TIPO-
exTupoBanue GyayT porekath Gosee apPEKTUBHO.

10.1.2. KayecTBO KOAa

MoayanHe TECTbI HeO6XOlII/IMI)I, HO MX HEIOCTATOYHO /1JIs1 pa3pa60TI<H Xopomuiero 11O —
HYJKHO €1Ie 1 4yTOOBI CaM KO/ OBLT XOpomiero kayecrna. OH He TOJTbKO nepeaacT MHCTPYK-
1IN KOMIIbIOTEPY, HO U COAECPIKUT NAEN JIJISA ITPOTrPAMMUCTOB. XOpOIHI/Iﬁ KO/l JIETKO I1O0-
HATH U C HUM IIPOCTO pa6OTaTb KaK €ro aBTopaM, TaK 1 BCEM, KTO C HUMU COTPY/IHNYAECT.
Ecim MBI HE B COCTOSTHUY TTOHSTH OTPBIBOK KO/I4, HaTTMCAHHBIT CO6CTB€HHOpy’{HO pn
Mecdlla Ha3a/l, TO 9TO TLJIOXOM KOz, KOTOprﬁ TPYAHO IMOAACPKNBATD.
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CrangapTHast TpaKkTHKa 0OeceyeH st KadecTBa Kojia pu npoekTuposanuu 110 — BHe-
JIpeHne PeKOMEH/IAINI U3 PYKOBOJICTBA 10 CTUJIIO 0(OPMIIEHNS KO/Ia U aHAJIU3 TI0CTIe/ -
Hero. J[J1s sI3bIKa TPOTPaMMUPOBAHUS PYKOBOOCME0 NO CIULIO 0OPMAEHUSL KOOA — ITO
HAbOP JMYUIINX TPAKTUK ¥ COTTIAIICHUH M0 HanucaHuo Kojia. OH CoAepKUT PEKOMEH-
JIaIU| OT 06IIero CUHTaKkcuca (hoOpMaTUPOBAHUS U COTJIANICHIT 00 MMEHOBAHUHU JI0
KOHKPETHBIX YKa3aHUE, 4TO MOJKHO U Y€TO HEJIb3sI JICTIaTh, YTOOBI CO3/aBaTh GE30TaCHbIi
U BBICOKOIIPOU3BOAUTENBHBIN KOfI. PyKOBOICTBA MO CTHITIO 0(hOPMIIEHUST KOJIa OOBIYHO
€O3AI0TCsT HOJIBITUMHU COOBIIECTBAMHY ITPOTPAMMHUCTOB B IIEJISIX PACTIPOCTPAHEHUS 00TITe-
NPUHATHIX COTJIAIeHuiT. Biarogapst 5TOMy He TOJIBKO KOl CTAHOBUTCS GOJIee MOHATHBIM
[IPU COBMECTHOI paboTe, HO 1 TIOBBIIIAETCS €r0 KAYeCTBO B IIEJIOM.

PykoBozcTBa 110 ¢TI0 0(hOPMIIEHNS KOJIA IIOCTOSHHO U3MEHAIOT, YTOOBI TOCIEBATD 3a
Pa3BUTHEM SI3BIKOB IIPOrPAMMUPOBAHK U CMEHOU TpeboBaHuil ux coobiiecTs. OObIYHO
ux pasmeniaior Ha GitHub kak 1okyMeHTbI ¢ OTKPBITO JMIEH3UEl, KOTOPBIE MOIEP-
JKUBAIOTCS ¢ TOMOIIBI0 Kpayacopeunra. SLM Lab B kauecTBe 0CHOBHOIO pyKOBOJCTBA
1o cTuJtio odopMmIiIeHus Koja uctoabsyer Google Python Style Guide (https://github.com/
google/styleguide), a B kauecTBe ponoaHnTEIbHOr0 — Python Style Guide (https://github.com/
kengz/python) ot Ban Jlyn Kenra.

Y1006l IIporpaMMunucCTam OBLJIO JIerye IUcaTh XOpOH.[I/Iﬁ KO/, COBpEMEHHBIEC PYKOBO/ICTBA
II0 CTHNJIIO O(I)OPM]IEHI/IH Kozla Hp606p3.3y10T B ITpOIrpaMMbl, KOTOPbIE€ Ha3bIBAlOTC JIUH -
mepamu. Onn pa60Ta10T C TEKCTOBbIMU DENaKTOpaMU, obecrieunBas BU3YyaJIbHbIE 11O/~
CKa3KH1 1 aBTO(l)OpMaTI/IpOBaHI/Ie, 4TO ITO3BOJIAET CO6JIIOZ[aTb PEKOMEHAAIINN. ITH Ke
IIpOorpaMmbl IIPUMEHAIOTCA 1 JJII aBTOMATU3UPOBAHHOT'O aHaJ/JIn3a KO/ld, 4YTO IIO/JIBOAUT
HaC K CJIBI[YIOH.[eﬁ TeMe.

C MOMOIIbIO TTOCTOSTHHOTO aHAJIM3a FapaHTUPYETCST Ka4eCTBO KOJa, 106aBIEHHOTO
B pernozuropuii ITO. OOBIYHO 5TO MOPA3yMEBAET, UTO OJ[IH UK HECKOJBKO YEJIOBEK
MPOBEPAIOT BHOBb JI00aBJIEHHBIN KO/ HA JIOTHYECKYIO KOPPEKTHOCTH 1 CTPOToe COBJIIO-
JIeH1e PYKOBOJICTBA IO CTUITIO ochopMmirenus Koja. Kpynnbie rmiargopMbl XOCTHHTA KOJIA,
takue kak GitHub, nogzepskusaior ananms xoma. Ilepes npuHATIEM KasK10r0 HOBOTO
(pparmenTa Kojia ero cHavyasa mepecMaTpuBaOT MOCPEICTBOM TOTO, YTO U3BECTHO KaK
sanpoc na npunsmue usmenenuil (pull request). Ceitaac aTot pabounii mporiecc anaamsa
KOJla — cTaHjapTHas npakTuka paspaborku 110.

3a mocJIeIHNe HeCKOJIBKO JIeT aBTOMATU3MPOBAHHBII aHAIN3 KOJ[a IMHPOKO PacIpocTpa-
HUJICST ¢ TIOMOTIIBIO KOMIAHUH, TTPEAOCTABIISIONTNX OeCTIATHbIE U TIIATHbIE 00JavHbIe
CEePBUCHI JIJIsI TIPOBEPKN KauecTBa Koja, Takue Kak Code Climate [27] u Codacy [26].
Kak mpaBmiio, 3T MHCTPYMEHTBI BHITIOTHSIOT CTATHUECKUI aHATN3 KO/a ¢ TPOBEPKOIT
HECKOJBKUX JTEMEHTOB: CTPOTOTO COOMIOEHIST PYKOBOCTBA MO CTUIIO 0(hopMmITe-
HUS Koga, TpobseM 6e30TTacHOCTH, CTOKHOCTH KOJa M MOKPLITHS TecTaMu. /laHmbie
WHCTPYMEHTBHI MCIIOJIB3YIOTCS KaK MPUBPATHUKHU, TAPAHTUPYIOIINE, YTO TOJBKO KOJI,
MPOIIE/IINIT 9Tall aHAJAN3a, MOKET ObITh IPUHAT U MPUCOEAMHEH K PEIO3UTOPHIO.
Bce, uTo paccMaTprBaeTcs Kak mpobyeMa, OTHOCST K TOMY, UTO HA3bIBAETCST MexHuue-
ckum doazom. TTIomoOHO MEHEKHOMY JOJTY, TEXHUIECKUTH TOJIT PAHO VJTH TTO3/IHO TOJIKEH
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6wiTh ToTarer. OH TaksKe pacTeT: Mo Mepe paciupenus npoekra [TO HepaspereHHbie
npobIeMbl, CBA3AHHBIE C MIOXKM KOJIOM, TPOHUKAIOT BO BCe HoIbiiee 4ncsio Mect. YTobb!
obectieunTh paboTOCTIOCOOHOCTD MTPOEKTA B JIOJTOCPOUHON MEPCIIEKTHBE, BAYKHO JIEPKATH
TEXHUYECKU JIOJIT TIOJT KOHTPOJIEM.

10.1.3. Pabouni npouecc Git

Git — 2T0 COBpeMEHHbBII MHCTPYMEHT KOHTPOJISI BEPCUI MCXOIHOTO Ko/1a. Ero ocHoBHAas
ujest pocTa: Kaskoe 1o0aBaeHue 1 yaajieHne Kojaa J0JKHO TPOU3BOUTHCS KaK BHE-
CEeHHUE OTCJIE;KUBAEMBIX U3MEHEHWIT B KOJOBYIO 0agy. DTO 03HAYaeT BEPCHOHUPOBAHUE
€ TIOMOIIBIO COOOIIEHNST ¢ OIICAHUEM TOTO, YTO OBLIO ¢/lelaHo B KoMmMmuTe. Ecim name-
HeHwue Koja Hapytraet paboty 10, To MOKHO JIeTKO ¥ OBICTPO BEPHYTHCS K MPE/bIIYIIEHT
Bepcun. Kpome ToT0, pasinymns Mexa1y KOMMUTAMU MOXKHO UCTIOJTb30BATD TIPU OTJIAJIKE.
ITpocMOTpeTh UX MOKHO € TIOMOILbIO KOMaH/Ibl git diff win Ha crpanuie pull request
na GitHub. Ecin 8 HoBom koMmmute T1O BHe3anHo gaer ¢6oii, TO 9TO BBI3BAHO, CKOPEe
BCEro, MOCJCIHUMU U3MEHEHUsIME B Kojie. PaGounii nporiece Git — aTo mpocTo mocTy-
narejibHOE BHECEHHUE B KO/l U3MEHEHUN € OHSITHBIMU COOOIIEHUSIMH, & 3aTE€M PEIleH3U-
pOBaHME KOMMUTOB TIePe/l UX MPUCOEMHEHIEM K OCHOBHOU KOZOBOIT Hase.

Beuny cnosxuoctu IO jjist riry6okoro o0ydeHust U TOro, Kak JIETKO HAPYIIUTH €0 pa-
6oty, peanusaius pabodero mpoiecca Git MOKET 0Ka3aTbCs YPE3BbIYAITHO OJIE3HOI.
OH 6bLT He3aMEHUMBIM ToZICTIOpbeM TIpH paspaborke SLM Lab. O npuHOCHT 110JIb3Y
He TOJIBKO B cilyyae (DyHKIIMOHAIBHOTO KOJIA, HO U VIS OLIpe/le/IeH IS TuliepliapaMeTpoB
anropurma. Ha puc. 10.1 nposemoncTpupoBan npumMep ripejcrasienus pazianuunii B Git,
e daiin spec g arerta qsoitHol DQN HacTpanBaeTcs myTeM n3MeHeHUsT HOPMBI JIJIst
yCeUEeHUsT TPaUeHTOB, ONITHMHU3aTOPa HEHPOHHON ceTy 1 Triia 0GHOBJIeH!S ceTu. Eciin
B pe3yJibTaTe IPOU3BOAUTENLHOCTD areHTa OBBICUIACH UM TOHU3UJIACH, TO U3BECTHO
rnoyemy.

Pa6ounii mporiece Git mo3BoJIsieT OBITH YBEPEHHBIMI B BOCITPOU3BOIAUMOCTH KCITEPH-
MmentoB B SLM Lab. JI1060ii pesynbTaT MOKHO BOCIIPOU3BECTH C ITOMOIIbI0 SHA 13
Git. OH ucnosb3yeTcs 71 TPOBEPKU TOYHON BEPCUU KO/Ia, KOTOPAs IIPUMEHSLIACD TTPU
3aMycKe 9KCIepUMeHTa, U BO3Bpara K KOy MMEHHO B TOM BHUJIE, B KOTOPOM OH OBLT Ha-
mucan. bes pabouero mporecca Git Ham TIPUIIIIIOCH ObI TPUOETHYTH K U3MEHEHHIO KOJIa
BPYYHYIO, 4TO OBICTPO MOTJIO GBI CTATh 3aTPYAHUTENBHBIM M3-32 HAJUYUS B TIyOOKOM
RL MHOKecTBa U3MEHSIIONINXCS YacTen.

OcHOBHAs 4acTb BBITIOJTHAEMBIX BPYUHYIO JICHCTBUIH 1IpU aHaIn3e Koja IpelycMaTpu-
Baet mpocMoTp B Git pasnuunii, aHATOTMYHBIX TIpecTaBaeHHbM Ha prc. 10.1. B pull
request HAKATIMBAETCS HOJIBIITOE KOTUIECTBO TEHCTBUTENFHBIX KOMMUTOB JIJIST HOBBIX
byHKIMIT WM WCpaBieHUs OMUGOK. 3aTeM MOABOAATCS UTOTH U3MEHEHMIA, KOTOPbIe
BBIBOJIATCS HA CTPAHWUIIE JIJIs PEIEH3CHTOB U aBTOPOB JIJIS TIPOBEPKU U OOCYIKICHUS.
Tak npoucxoauT mocrynareiabHast paspaborka [10. Pabouwnii mporiece Git B COBOKYTTHO-
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CTH C MOLYJIbHBIMU T€CTaMU U PYKOBOJICTBAMU 110 CTUJIIO ohopMIIeHus Kojia hopMupyer
OCHOBBI COBpEMEHHOTO TTpoekTrpoBanus 110.

M @@ -38,21 +38,17 @@
38 "hid_layers_activation": "relu",
39 "init_fn": null,
18 "batch_norm": false,
41 - "clip_grad_val": 1.8,
42 "loss_spec: {
43 “name": "SmoothlLlloss”
}

15 “optim_spec”: {

14 mmmm  sle=_lab/spec/experimental/ddgn_breakout. json

Copy path

"hid_layers_activation": "relu",
“init_fa": null,
"batch_norm": false,
“clip_grad_val”: 18.8,
"loss_spect: {

“name": “SmoothlLllLoss"
"optim_spec": {

% - "name": "RMSprop”, 45 “name": "Adaa",

o - "lr': 2.5e-4, 47 "t le-4,

48 - “alpha": 9.95,

49 - "eps": le-1,

50 - "momentum”: 8.95

i ¥, 18 ¥

2 "1r_scheduler_spec”: null, 13 “1r_scheduler_spec”: null,
o "update_type": "polyak”, 58 "update_type": "replace”,
o "update_frequency”: 18, 51 “update_frequency": 1889,

viewfile 1 v

55 - "polyak_coef": 8.992,
o "gput: true 52 "gpu": true

58 H, 54 H,
ki

Puc. 10.1. CHMMOK 3KpaHa C NnpeacTaBneHneM pasnuuunii B Git ans 3anpoca Ha NPUHATUE U3MEHEHWIA
B SLM Lab v nokasom B napannenibHoOM pexuMe Koaa [0 M Nocie U3MEHEHUM

Moy IbHble TECTBI, PYKOBOACTBA 110 CTUIIIO 0(POPMJIEHNS KOJA U PELEeH3UPOBAHLE KO
MOMOTAOT YIIPABJISATH peam3ariueil cJokHbIX mpoekToB [1O. OHu 06J1er4aT MoCTpoeHIe
60J1b110TO U c10KHOTO [TO U MOMOTAIT COXPAHUTh KOPPEKTHOCTD BBITIOJTHEHUS [IPU €T0
paspacranui. F3-3a CJI0KHOCTU aJIropiuT™MOB IryboKkoro RL 1esecoo6pasHo BHEAPAT 9TH
IPaKTHKM, Kak ObL1o caenano B SLM Lab. Uto6bl y3HATE 0 crienuduKe UX IpUMeHeHs
k raybokomy RL, paccMOTpuM HeckoJbKo ipumepos pull request us perosuropus st
SLM Lab na GitHub. Ha puc. 10.2 npusenen npumep, na koropom pull request asro-
MaTHYeCKH 3aIlyCKaeT MO/YJIbHbIE TeCThI U IIPOBEPKY KauyecTBa Koza. Jlo Tex mop noka pull
request He IIPOIieT 9Ty IPOBEPKY, U3MEHEHMsI B KOJe He OyayT 0f00peHsl.

JList TOTO 4TOOBI TIPOIECC TIOCTPOEHUST CII0KHOTO [TO ObLI yIIpaBJIsieMbIM, HEOOXOAUMO
KadecTBeHHO mpoekTupoBars [10. B aToM paszesie paccMOTPEHBI JIUIITb HECKOJIBKO CO-
BETOB /I T€X, KTO Havyajl MHTEPEeCOBaThC 9TOi 0OIIUPHOI 1 T1y6oKkoii Temoii. K coxa-
JIEHUIO, 9TOMY He yuat Ha Kypcax 1o urdopmaruke. Xoporiemy IPOeKTUPOBAHUIO MOXKHO
HAYYUTHCST JIUIID B XOJI€ HEMOCPEACTBEHHOI pabOThl 1 HAKOTLICHUST OTibITa. K cuacThio,
Gurarogapst U300MJIMIO COOOIIECTB U MIPOEKTOB ¢ OTKPHITHIM HCXOIHBIM KOJIOM €T0 MOKHO
OCBOWTB, HEMOCPEJICTBEHHO YUACTBYS B 9THX TPOeKTax. Eciu BbI Gy/ieTe BHUMATETbHbI
K KOJLY, TO TIOJIy4UTh TAaKOW HABBIK OyzeT Jierko. VICXo/st U3 3TOT0, JaiiM HECKOJIBKO
PeKOMEH/IANNH, Kak HauaTh paboTath ¢ TaybokumM RL.
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2 DQN Atari specs #298
il Open o .
kengz wants to merge 3 commits into master from dgqn-atari-exps @-

Feature / Fix

* commit tweaks to DQN Atari specs

L Igraesser added some commits 20 days ago

. Increase fc layer size dgn atari v 5168120
. change spec names v 65e6133
B Merge branch 'master' into dgn-atari-exps Verified @ 2692599

Add more commits by pushing to the dqn-atari-exps branch on kengz/SLM-Lab.

0 Some checks haven't completed yet Hide all checks

1 pending and 1 successful checks

o @) cilcircleci: test Pending — CircleCl is running your tests Details
e @ codeclimate — All good! Details
O Required statuses must pass before merging Update branch

All required statuses and check runs on this pull request must run successfully
to enable automatic merging.

Merge pull request ~ | You can also open this in GitHub Desktop or view command line instructions.

Puc. 10.2. CHnmok 3kpaHa ¢ pull request B SLM Lab, B KOTOPOM Npon3BOAMTCSA 3anyck
MOAYNbHbIX TECTOB Ha YAaNeHHOM cepBepe C aBTOMaTUYeCKOl NpoBEPKOi KayecTBa koaa
¢ nomolpto Code Climate

10.2. PekoMeHZauuu no oTniagke

B atom pasziesie 6yyT pacCMOTPEHbBI HECKOJIBKO PEKOMEHIAINH 110 OTJIa/[Ke, KOTOPbIe
MOTYT MOMOUb cjiesiaTh anroputMbl RL paborocniocobubivu. M3-3a CBOMX CII0KHOCTH
U HOBHM3HBI OTJIa/IKa B riryboKoM RL ocTaercst ckopee HCKYCCTBOM, 4eM HayKoii. J[Jist aTo-
0 HEOOXOJIUM CYIIECTBEHHDII OTIBIT IPAKTUIECKOH paboThI ¢ yueToM ocobertocreit [TO
riryGOKOro 0OyUeHust, YNCIEHHBIX BBIYUCIEHHI 1 anapaTHoro obectiedenust. 1 camoe
rJIABHOE: KaK U B JIIOGOM CJIO)KHOM MPOEKTE, YTOOBI Bee 3apaboTasio, moTpedyercs mpo-
SIBUTH HEMAJIYIO HACMOUMUBOCD.
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[iaBHast 1eJ1b OTJIAAKU — ONpeeJieHIe TIEPBONPUUYMHBI cH0st. ITOT TPOIIECC 3AKIIIO-
yaercst B (haKTUYECKON M30JISIMU TIPOOIEMbI, KOT/Ia OITMOKY MILYT, CUCTEMATHYECKH
[POBEpssi pasHble MOA03pHUTENbHbIEe MecTa. BakHo, 4TOOBI 9TO POMCXOIMUIIO TIOCTIe-
noBarebHo. Clrelyer cocTaBUTh CIIUCOK TPEANOTIOKEHUIT U MOA03PUTENIbHBIX MECT
B IIOPSI/IKE MX IPHOPUTETHOCTH, 3aTEM ITPOTECTUPOBATH X 110 OAHOMY, 110 BO3MOKHOCTH
usonnposanto. Iocie Kaskp0ro HeYyIauHOTO TECTa OYEePEHON KaHANAAT BhIObIBaAET,
a cJIejtytolee Tpe/IrnoaoKeHrne yTounsiercsi. Ecau moBeset, To 9T0 OBICTPO MOKaKeT
MEPBOMPUINHY cOOSL.

Hanee ¢ nomorpio npoexta SLM Lab B 06uiux yeprax o603HayaeTcs OCHOBHOI ILJIaH
netictBuil pu otaaake B RL.

10.2.1. TpU3HaKM XXU3HU

Yrobbl y3Hath, pabGoTaet jin anroputm riybokoro RL, HYKHO MTPOBEPUTH HECKOJIBKO
OCHOBHBIX <IIPU3HAKOB KU3HU». [IpocTeiiiuM MHANKATOPOM SABJSIOTCS NOJIHOE 803HA -
epascOenue i eTo CKoIb3siiee cpeiHee. B paboueM anroputMe BOSHATPAKIEHUS JTOJKHBI
OBITH BBIIIIE, YEM Y CJYUAlHO JIeiicTBYOIIEro areHTa. Ec/i oHu mpubIUM3uTe IbHO PABHBI
WJIN HUKe, 3HAYNT, JITOPUTM He paboTaer. B 3a1auax, B KOTOPBIX yCIIEX COOTHOCUTCS
€ KOJIMYEeCTBOM 11aroB, JOIOJHUTENLHO [IPOBepbTe JJIUHY 3111304a. Eciu 3aganue ocno-
BAHO Ha GLICTPOM TIPOXOXKIEHUH, TO JTyUIe KOPOTKUE IMI30MbI, €CTU OHO BKIIOYAET
MHO>KECTBO 9TAIIOB, TO JI/INTeJbHbIE.

Kpome Toro, eciu ckopocms 00yuenus NIl NepemMenias uccie008anis YMEHbIIAIOTCs
CO BpeM€EHEM, HYKHO €llle U MPOYNUTaThb BbIBOJ CUCTEMbI OTJIAJAKH, I{TO6I)I IIPpOBEPUTD,
ITPOMCXO/IUJIO JI 3TO YMeHbIIIeHue TpaBuabHo. Hanpumep, ecim B €-kaiHON cTpaTerun
[epeMeHHas € He YMEHbIIAeTCs U3-3a KaKO-HUOY /b OIMOKM, TO aJIrOPUTM Beeraa Oyaer
JeicTBoBaTh ciyuaiinbiM oOpasoM. ITpu samycke ceccuu B SLM Lab BoinosHsteTcs me-
PHOIMUECKOE JKyPHATMPOBAHIE ITUX [IEPEMEHHBIX, KaK MTOKa3aHO B OTPHIBKE JKypHAJIa
B simctunre 10.4.

Jinctunr 10.4. MpuMep XXypHaNMpoBaHWUs ANArHOCTUYECKMUX NEPEMEHHBIX NPW 3amnycke Ceccum
B SLM Lab

1 [2019-07-07 20:42:55,791 PID:103674 INFO _ init__ .py log summary] Trial ©
= session @ dgn_pong t@_sO [eval df] epi: @ t: @ wall_t: 48059 opt_step:
= 4.775e+06 frame: 3.83e+06 fps: 79.6937 total reward: 9.25
= total reward_ma: 14.795 loss: 0.00120682 1r: 0.0001 explore_var: 0.01
= entropy_coef: nan entropy: nan grad_norm: nan

2 [2019-07-07 20:44:51,651 PID:103674 INFO __init__.py log summary] Trial ©
= session © dqn_pong_t@ s@ [train_df] epi: © t: 3.84e+06 wall t: 48178
= opt_step: 4.7875e+06 frame: 3.84e+06 fps: 79.7044 +total_reward: 18.125
= total_reward_ma: 18.3331 1loss: ©0.000601919 1lr: 0.0001 explore_var: 0.01
= entropy_coef: nan entropy: nan grad_norm: nan
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10.2.2. lnarHoctnpoBaHue rpagmMeHTa cTtpaTerum

Jls11 MeTo/IOB rpaiienTa CTpaTeruu TakyKe CYIMEeCTBYIOT XapaKTepHBIE JIJIT CTPaTernu
repeMeHHble, KOTOPble MOKHO KOHTPOJUPOBATh. ITO KOJUUYECTBEHHbIE BEJTUUUHBI,
TaKue KaK aHmponus, KOTOpble MOKHO BBIYUCJNTD 110 pacIipejieIeHII0 BePOSITHOCTEH.
Yaie Bcero B Havase 00yueHUsT CTPATETUsI HOCUT CAYYaliHBINA XapaKkTep, OITOMY
SHTPOIMS PaclpeeseHus BEPOATHOCTEH AelcTBUI 10JKHA ObITh GJIM3Ka K Teope-
THYecKOMYy MakcuMyMy. KoHkpeTHble 3HaueHust OYAYT Pa3HUTHCS B 3aBUCHUMOCTHU
OT pa3Mepa ¥ TUIla IPOCTpaHcTBa AeiicTBuil. Eciu sHTponus He yObIBaeT, 3HAUYMT,
CTPATETUsT OCTAETCS CAYIAlHON 1 00yUeHus He mporcxoauT. Korma oHa yMeHbIaeTcst
CIMIIKOM OBICTPO, OOyUeHMe areHTa TaKKe MOKET ObITh HElPaBUJIbHBIM. JTO TIOKa-
3BIBAET, YTO areHT MPEKPATII UCCIeI0BAHNEe IPOCTPAHCTBA AeHCTBUI 1 BIOUpPaeT
NEHCTBUSA ¢ OUEHb BBICOKOH BEPOATHOCTBIO. OTBIT MOKA3BIBAET, UTO eC 0OydeHne
areHTa JUMTCd 1 MJIH 1IAaroB, HO SHTPOIUS BEPOSTHOCTU BHIOOPA AeHCTBUI OBICTPO
cHmzKaercs mocJie nepsbix 1000 maros, To BecbMa MaJOBEPOSITHO, UTO areHT 00yUnTCs
ONITUMAJIBHON CTPATETUN.

Beposmuocmy neiictBrd nim gorapudm BeposaTHOCTH TECHO CBSA3aHbI ¢ 9HTPOIIMEN pac-
npejiesieHust BeposTHoCTel eiicTrit. OHM MOKa3bIBAIOT BEPOSTHOCTH BLIGOPA ICHCTBYSL.
B Hauase 06ydeHMsT BEPOSITHOCTHU JAECUCTBUI JOJIKHBI TPUOIMKATHCS K CIIyUaiTHBIM
oftHOpoiHbIM. [To Mepe 00yueHMst areHTa JIydliieil crpateriy BBIOOp MeHCTBUS H0JIKEH
MPOUCXOIUTE Gosiee 06[yMaHHO, CIEI0BATETLHO, BEPOSTHOCTD ATOTO JeHCTBUS GyIeT
B CPe/IHEM BBIIIIE.

Jlpyroii moJiesHblil mokasaTenb — paccmosnue Kyavoaxa — Jleibiepa, KoTopbiM U3-
MepsieTcst «pazmep» obnosserust crparerun. Ecau KL Maso, 3HaUNT, cTpaTeriist MesKILy
OGHOBJIEHUSIMY TAK/Ke U3MEHUIIACHh HE3HAUNTENBHO, TO €CTh TIPOTPECC B 0OYUEHUN MeJI-
JieHHbI# win HecytectseHHbIit. Ho ecomn KL BHE3amHO CTaHOBUTCST OUeHb OOJIBIITNM, 3TO
TOBOPUT HAM: TOJTBKO YTO TIPOM3OIIJIO 3HAYNTETHHOE N3MEHEeHNE CTPATeTui, KOTOpoe
MOJKET BBI3BATh PE3KOE MajieHue TIPON3BOUTENLHOCTH, KaKk 00CYIKAaTI0Ch B TIaBe 7.
B SLM Lab HekoTOpbBIE 13 9THX TIEPEMEHHBIX TAK/KE 3aHOCSTCS B JKYPHAT, KaK MOKA3aHO
B siuctunre 10.4.

10.2.3. [lnarHoctnpoBaHne AaHHbIX

Kpaiine BakHo 06€CTIednTh KOPPEKTHOCTD AAHHBIX, 0COOEHHO €CIn HHPOPMATIUST, KOTO-
poii 0OMEHUBAIOTCS CPEla ¥ ATEHT, TIPETEPIIEBAET MHOTOYUCIEHHbBIE TPEOOPA3OBAHUS.
Kaskpiii mar — 1oTeHIuanbHblii KCTOYHUK OMIMO0K. YacTo 0ueHb 110JI€3HO IIPOBOANTD
omaadxy dannvix BpyuHyto. Ha pasHbIX marax mpeoOdpasoBaHUst MOKHO OTCJEIUTh
U [IPOBEPUTH COCTOSIHUE, JeiicTBUe U Bo3Harpaxaenue. Ui cOCTOSHUN U Bo3Harpa-
KIEHUH TIOCTYTAIOTIHE U3 CPE/Ibl KCXOAHbIE IAHHbIE TIPEABAPUTEIHHO 06padaThIBAIOTCS,
COXPAHSIIOTCST ATEHTOM U 3aTEM HCIOJIb3YIOTCs B 00yueHuu. J{Jist elicTBUil TIOPOKIeH-
HBIE HEPOHHON CEThIO TaHHbIe 00BEANHSIIOTCS 1, BOBMOKHO, TIPeIBapUTEIbHO 00pada-
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THIBAIOTCS, & 3aTEM MEPEAAIOTCSI 0OPATHO B CPE/LY.
3HavYeHNd IePEeMEHHBIX Ha KaXK/IOM Tl1are MOxKHO
pacriedaTaTh U IPOBepUTH Bpy4HYyI0. [locie Toro
KaK BbI MHOTO Pa3 MPOCMOTPUTE UX, y BAC T0-
SIBUTCS UHTYUTUBHOE MIOHUMaHUE NCXOHBIX
JIAHHBIX. DTO MOMOJKET TPU 0THOPE TOJIE3HOI
OTJIAZIOYHOM MHMOPMAIINY 1 OTIPE/IeIEHUH TOTO,
YTO BBITJISIZIUT HETTPABUITHHO.

JlJist cOCTOSTHUST B BUJIE U300PAKEHUSI CIIEyeT
HE TOJIbKO BBIBECTU Ha TIEYaTh YNCICHHYIO MH-
(hopMaIHio, HO ¥ B3TJISTHYTh Ha €T0 GU3YAIU3A-
yuro. Tloe3HO BU3YaIM3MPOBATH KAK UCXO[HOE
nu300paskeHue M3 CPEIbl, TaK U MPeIBAPUTETb-
HO 06paboTaHHYI0 KapTUHKY, TOfaBaeMyto Ha
BXOJl anropuT™Ma. Eci pacmooKuTh ux psaaoM
U CPaBHWTD, TO HA CTAJUU MPEABAPUTEIHHON
00paboTKn OyZeT Ipolle OIPEAeINTh MaI03a-
MeTHBIE OIMUOKU, KOTOPbIE CIIOCOOHBI TPUBE-
CTU K TIOTEPE WK OMUOGOYHOCTH WHHOPMATINH,
npejcraBsieMoii anroputmy. [lomrarosoe mpo-
XOKIEHUE TI0 U300PaKEHUSAM WU BUIEO TIPU
3aIycKe Cpeibl TakKe TTOMOTaeT YBUAETh, Kak
areHT BBIMOJTHSCT 3aianue. Taknm 06pazoM MOsK-
HO 0OHAPYIKUTH TOpas/o 6oJIblie HHGOPMAIIUH,
YeM eCJIM POCMATPUBATH TOJHKO KOJUIECTBO
MMUKCEIOB WK KypHaibl. B mucrunre 10.5 mpu-
BezeH Meton 13 SLM Lab ans susyanusaiuu
peABapUTEIbHO 00pabOTAHHOTO U300PAKEHIL.
OH IpUMEHSIETCSI TSI TOPOKAEHMS YMEHbIIIEH-
HOTO M300paKeHMsT B OTTEHKAX CEPOro, TMOKa-
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run_lab.py

I

image

1

Puc. 10.3. Mpumep oTnagkm

n3o6paxeHus ans Atari Pong

B SLM Lab. Beepxy nokasaHo
HeobpaboTaHHOe LUBETHOE M306paxeHue,

a BHU3Y ANS CPaBHEHUS —
npeasaputenbHo obpaboTaHHoe
(YMeHbLLEHHOE ¥ B OTTEHKAX CEporo).
MOXKHO NpPOXOAUTb MO KaApaM, Haxumas
nobyto KHOMKyY

3aHHOTO 151 cpaBHeHust Ha puc. 10.3 Huske nepBoHaYaIbLHOTO M300paskeHus B hopMare
RGB us3 cpegpl. B aToM peknme mpoliece IpruocTaHaBIMBaETCs, YTOODI II0JIb30BATEND
[IPOCMOTPEJI M300paKeHUsT, U BO3OOHOBJISIETCS [T0C/Ie HasKaTH JII0O0NH KHOIKH.

Nuctunr 10.5. Metog Bu3yanusaumv npeasaputenbHO 06paboTaHHOro n3obpaxeHns Ansg oTnaaku
B SLM Lab. Mpu ero Bbi3oBe Ha NpeaBapuTenbHO 06paboTaHHOM COCTOSIHUK B BUAE M306paXkeHus To,
YTO BUAWT areHT, 6yAeT BU3yanm3npoBaTbCs U CPaBHUBATLCS C TEM, YTO NOPOXKAEHO CPeaok

1 # slm_lab/lib/util.py
2

3 import cv2

4

5 def debug_image(im):
6 Vi
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7 Bocnonb3yiiTecb 3TUM METOAOM ANA BU3yanu3auuMM TOro, 4TO BUAWUT areHT,
8 nepes NpoAO/KXEHUEM BbINMOJHEHUS OXUAAETCA HaxaTue 60N KHOMKM

9 Ve

10 cv2.imshow('image', im.transpose())

11 cv2.waitKey(0)

10.2.4. MNMpeaBaputenbHas 0bpaboTka

CoCTOSTHUS ¥ BO3HATPAKIAECHUS U3 CPEIbI TIEPE MX COXPAHEHUEM B MAMSITH areHTa UK
pUMEHEHUEM J17ist 00yueHust 00BIUHO TIPeBapUTETbHO 0O6pabaTbiBatoTest. I[ToMuMo 1mpo-
CMOTpA JIAHHBIX BPYYHYIO HY’KHO TIPOBEPUTH (DYHKIMH, TOPOKIAIONIIE JaHHble. Ecin
npeBapUTEIbHO 06paboTaHHbIE JAHHBIE BBITJISIAT HEMTPABUILHO, 3HAUWT, HPENnpOUeccop
HEKOPPEKTHO pean3yeT HeKOTOpbIe peobpasoBamiist. BoaMoskHO, HEMPaBIIIBHBI (hopMa
WJIM OPUEHTAINS BBIXOIHBIX JaHHBIX UM B PE3yJbTare ONMOOYHOTO MPUBEACHS TH-
OB Bce AanHbie Obin cBesieHbt K (. OHa HeGobInast 0co6eHHOCT 00PabOTKU TaHHBIX
n300pasKEHU I 3aKTI0UAETCS B PA3JIHUUK B COTJIAMIEHUSIX O NOPSIOKe Ce008aAHUS KAHALO8
usoopascenus. I1o coxuBIIEiics TpaUIUI IPOEKTUPOBAHKS B OOIbIIIHCTBE O1OIM0-
TeK KOMITBIOTEPHOTO 3PEHUsT KaHATBI M300PaKEHUsT HAXOSATCSA B KOHIIE, TOATOMY OHO
umeer cTpyKTypy (IHMPHHY, BbICOTY, KaHau ). B cormamenuu PyTorch us coobpaskenuit
3P HERTUBHOCTH HCTIOTB3YIOTCST OGPATHBIH MOPSIOK M CTPYKTYPA H300pasKeH st (KaHa,
BBICOTA, IIUPIHA). B n306pakeHnsx, mopoxaeHHbIX cpenoit B OpenAl Gym, npuMeHsier-
Cs1 CTapOe COTJIAIIEHNUE, TIOATOMY X HY/KHO ITPAaBUIIbHO 00pabaThIBATE MIEPe]] epeaadeit
B cBepTounyio cetb PyTorch.

10.2.5. MamMaTb

ITamsaTh areHTa paboTtaer Kak XpaHuauiie gaHHbIX. CHaYama IPOBEPSIOTCS KOPPEKT-
HOCTB CTPYKTYPBI M TUTI IaHHBIX. HyKHO Tak)ke rapaHTHPOBATh IIPABUIbHBIHN MTOPSIZIOK
JMAHHBIX. ITO 0C000 KPUTUYHO MPU TTOPOKAECHIH MOCIEe0BATETBHOCTEN TAHHDBIX JJIsT
PEKYPPEHTHOI ceTi. B 00ydueHur 1Mo akTyaJIbHOMY OIBITY JKU3HEHHO BAsKHO 0OECTIEUNTh
HCIPABHYIO OYUCTKY TIAMSTH MOCJIE Kask/0TO miara ooydyerust. [Tpu BBIGOpKE MaHHBIX 15T
o6ydeHus poBepsiiTe TakkKe KOPPEKTHOCTH METOIOB, TPUMEHIEMBIX /IS TEHEPAITHI
CITyYallHBIX WHIEKCOB U TIOJTYUCHUST JAHHBIX. Y 60JIee TPOABUHYTHIX CTPYKTYP TTaMSITH,
TAKMX KaK IPUOPUTH3UPOBAHHAS TAMSITH TIPEIE/IEHTOB, €CTh CBOU AJITOPUTMbBI BBIGOPKU
1 CTPYKTYPBI JAHHBIX, KOTOPbIE HYKHO TECTUPOBATH OT/IEJIBHO.

10.2.6. AnroputMnyeckme yHKUnn

Ecan TIOPOKACHNE JaHHBIX U X COXPaHEHME MTPONIJIN KOPPEKTHO, TO HYKHO OTJIA/INTH
HavaJbHbIE AITOpuTMUYecKue GyHKIUHU, B KoTOpbie oHu mepepaiorcs. Oyuxmun RL,
Takue Kak ypaBHeHue Besmana win 06001ieHHas oierka npenmyiiectsa (GAE),
MOTYT 6bITb JTOBOJIBHO CJIOKHBIMU, a 3HAYUT, BO3MOKHbI OIJ_[I/I6KI/I IIpr UX peain3aliun.
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Imnupuveckue MOOYIvHbLE MECMbl, AHATIOTHYHBIE TPUMEPAM, TPUBEIACHHBIM B JINCTHH-
re 10.2, TOJKHBI BBITTIOTHATHCS MYyTEM CPaBHEHUS PACCUYNTAHHBIX BPYUHYTO 3HAUECHMI
C BBIXOJTHBIMU JAHHBIMH, TIOJTYYEHHBIMHU JI7TsI peayusarui. [opoii onribKa MOKeT OBITh
o0ycioBseHa pobiieMaMy ¢ MHIEKCAMU MacCUBa, YMCAEHHBIMU ONIMOKAMK, HEyuTeH-
HbIMHU YaCTHBIMU CJIy4asiMU WJIM IIPOCTO HeBEPHbBIM npusenernnem tunos. Ciemyer
TaKyKe PACIIeYaThIBATh 1 IPOGEPSIMb 8PYUHYI0 BXOIHbIE U BBIXOHbIE 3HAUEHUS (DYHKITUN
npenmyniectsa, GyHkiuit V- nan Q-3HaueHUil U BbIUYMCJIeHHbIe 3HAYeHUST (DYHKITUN
moreps. [IpoBepbTe MOPSIOK ATUX 3HAUEHMI, NX U3MEHEHIe B TeUeHNe BPEMEHH 1 110-
CMOTPUTE, HE BBITJS/IAT JIX OHU CTPAHHO. 3a4acTyIO ATU BBIYUCICHUS TECHO CBSI3aHBI
C HEUPOHHBIMU CETSIMI.

10.2.7. HelpoHHble ceTn

Korma anroputv RL He paboTaet, CTOUT B3TJISHYTh Ha HEHPOHHYIO CETh, TOCKOJIBKY
HMMEHHO B Hell iporcxoauT obydenue. IIpoiie BCero MpoBEpUTh aApXumexmypy CeTH.
Pa3MepHOCTH BXOZHBIX U BHIXOIHBIX 3HAYEHUIT TOJKHBI ObITh KOPPeKTHBIME. CKPBITHIE
CJTOM JIOJIKHBI OBITH MPAaBUIBHOTO TUIIA U HYKHOTO pazmepa. DyHKIMKM akTHBAIY
TaKKe JIOJKHBI IPUMEHATHC JT0JKHBIM 06pasoM. Jliobbie cxxumatonme GyHKIUH,
TaKue Kak rumnepOOTMIECKITil TAHTEHC WM CUTMOUJL, CTAaHyT OTPAHUYMBATD TUATIA30H
3HAYECHMWIA, U3-32 9TOTO Y BBIXOAHBIX CJIOEB OyAyT OTCYTCTBOBATh (DYHKI[UU aKTHBA-
uu. EAMHCTBEHHOE UCKIIOYEHNEe — CeTH CTPATErnH, BbIIAIOIME HA BBIXO/E BEPOSIT-
HOCTHU JlelicTBUiA. B HUX QyHKIIMU aKTUBAIIMM MOTYT MPUMEHATLCS K BBIXOJIHOMY
croo. Kpome Toro, asnroputmsl rry6okoro RL u3BecTHBI CBOEH 4yBCTBUTEIHHOCTHIO
K TTapaMeTpaM WHUINAIN3AIUN CeTU TI0 TPUYNHE BJIWSHUS MOCTeTHNX Ha HauaJbHbIe
YCIIOBUST OOy UYCHUS.

Juanaszonvl 3nauenuii BXOIHBIX W BBIXOIHBIX JJAHHBIX TOKE HYKHO TIPOBepsTh. Heli-
POHHBIE CETH JIOBOJBHO UYBCTBUTEIBHBI K PA3HBIM MacIiTabaM BXOJHBIX 3HAYEHUH,
[109TOMY OOIIENPUHSATON MPAKTHUKON SIBJISETCS HOPMaJn3alis BXOAHBIX 3HAUYE€HUI
ceTu 1o uaMepeHusiM. Bo Bpems o0ydeHust sKejaTesibHO U30erath ObiCmpo pacmyusux
Gdynxuuii nomepsv. Eciin Ha BBIXOJIE CETU BJPYT MOSBISETCS 3HaUYeHWe NaN, TO OueHb
BEPOSITHO, YTO HEKOTOPDIE U3 TIAPAMETPOB CETH CTAIN OECKOHEUHBIMU 13-32 CEPhE3HBIX
0GHOBJIEHWI, CBA3AHHBIX C YPE3MEPHO GOJIBITMMY 3HAUEHUSIMU (DYHKIIUE noTeph. Toraa
HY>KHO MCIIPABUTD BbIUKCIIEHME 1TOTepb. K TOMY e ecTb Xopoliiee mpakTuyeckoe mpa-
BUJIO — BCET/Ia UCTIOIb30BATH yceuenue zpaduenmog ¢ Hopmoii ot 0,5 1o 1,0, Tak Kak 910
03BOJIsIeT N30eKaTh 3HAUNTEIbHBIX OOHOBJIEHUH MTapaMeTPOB.

3areM mpocseuTe, 4ToObl Ha Tarax 00yYeHust IeHCTBUTENBHO MTPOUCXO/III0 OOHOBIIE-
HUe napamempos cemu. Eciv mapaMeTpbl OCTAIOTCS HEM3MEHHBIMI TI0CJIe MHOKECTBA
3TaIoB 00yUYeHUsT ¢ HEHYJIEBBIMU 3HAUCHUAME (DYHKIIUU [IOTEPD, TO IPOBEPHTE 2pagh
goryucienui. OOBIYHO MPUYNHA 3aKJI0YAETCS B OTCOEANHEHIH Tpada — B KAKOM-TO
MecCTe MENOYKN BBIYMCICHUH OT BXOIHBIX /IO BLIXOJHBIX 3HAUEHUH BIPYT MPEKPATHIOCH
pacrpocTpaHeHre TPaJUEeHTOB, TOITOMY 0OGPATHOE PACIIPOCTPAHEHUE HE MOKET ObITh



258 Yactb III e [IpakTuka

B [TOJIHOI Mepe MPUMEHEHO KO BCEM COOTBETCTBYIOIINM OllepaIusiM. B coBpeMeHHBIX
dpeitMBopKax Tay60KOT0 06YUYEHMsI €CTh BCTPOEHHbIEC TIPOBEPKHU, CUTHATIU3UPYIOIINE
06 orcoennHeHH rpada BEIYUCICHUE 1 MOKA3BIBAIOIINE, TPABUIBHO JIH BBIYUCIISIOTCS
rpaguenTsl. B SLM Lab peasmszosan MeTo-1eKOpaTOp [1J1sI 1AroB 00ydeHust, KOTOPbIi
B peskuMe pa3paboTKH aBTOMATHYECKH MPOBEPSIET HATNYHE OOHOBJICHWIT TApaMeTpoB
ceTH. ITo nokazaHo B yuctunre 10.6.

Jinctunr 10.6. B SLM Lab peanusoBaH MeToA-AeKOPaTop, KOTOPbIN MOXET 6bITb MCMONb30BaH
COBMECTHO C METOAOM OnpefeneHuns wara obyyeHus. B pexxume pa3paboTku OH aBTOMaTUYeECKU
NpoBepsieT Hannume 06HOBMIEHWI NapaMeTPOB CETU U BbIAAET OLIMOKY, €C/iM NpoBepKa
3aBepLumnach Heyaaden

1 # slm_lab/agent/net/net_util.py

2

from functools import partial, wraps

from slm_lab.lib import logger, optimizer, util
import os

import pydash as ps

import torch

import torch.nn as nn

OV ooNOUV bW

10 logger = logger.get_logger(__name__)

11

12 def to_check_train_step():

13 '"'YcnoBue pna 3anycka assert_trained''’

14 return os.environ.get('PY_ENV') == 'test' or util.get_lab _mode() == 'dev'

15

16 def dev_check_train_step(fn):

17 e

18 [llekopaTop, npoBepsiwnii, AeAcTBUTENbHO M Ha net.train_step npoucxogut
= npaBuUIbHOE OGHOB/IEHME BECOB CeTU

19 CpabaTbiBaeT, Tonbko ecnu to_check_train_step paBHo True
= (pexum dev/test)

20 @example

21

22 @net_util.dev_check_train_step

23 def train_step(self,...):

24 cee

25 e

26 @wraps(fn)

27 def check_fn(*args, **kwargs):

28 if not to_check_train_step():

29 return fn(*args, **kwargs)

30

31 net = args[@] # cHavyana ceTb 3ajaeT CBOW MapameTpbl

32 # nony4YuTb napameTpbl 4O OOHOBNEHWUA ANA  CpaBHEHUA

33 pre_params = [param.clone() for param in net.parameters()]
34

35 # 3anycTutb train_step, nony4uTb 3HayYeHuA QPyHKUUM MOTEpb

36 loss = fn(*args, **kwargs)
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37 assert not torch.isnan(loss).any(), loss
38
39 # nony4YuTb napameTpbl Nnocne O6HOBMEHUA ANA CpaBHEHUA
40 post_params = [param.clone() for param in net.parameters()]
41 if loss == 0.0:
42 # ecnu 3HayveHuMA QYHKLMM MOTepb HyneBble,
= TO OGHOBJ/IEHME He [OJIKHO MPOUCXOAMUTH
43 for p_name, param in net.named_parameters():
44 assert param.grad.norm() ==
45 else:
46 # npoBepuTb OOHOBNEHMA MapameTpoB
47 try:
48 assert not all(torch.equal(wl, w2) for wl, w2 in

= zip(pre_params, post_params)),f'MapameTp mMogenu
= He 6bl1 o6HOBMEH Ha train_step(), nposepbTe,
= He OTKJIWYMNCA M TeH3op oT rpada. MoTtepu: {loss:g}’

49 logger.info(f'MapameTp mofenu obHoBneH Ha train_step().
= MoTepu: {loss: g}')
50 except Exception as e:
51 logger.error(e)
52 if os.environ.get('PY_ENV') == 'test':
53 # ecnu BbINONHAETCA MOAY/IbHbIi TECT, CreHepupoBaTb
= JCK/IHYeHNe
54 raise(e)
55
56 # npoBepuTb HOpPMbI FpajMeHTOB
57 min_norm, max_norm = 0.0, le5
58 for p_name, param in net.named_parameters():
59 try:
60 grad_norm = param.grad.norm()
61 assert min_norm < grad_norm < max_norm, f'Hopma rpagueHTa

= nns {p_name}, paBHas {grad_norm:g}, BbIXoAWUT

= 33 npegenibHble 3HayveHua {min_norm} < grad_norm
= < {max_norm}. OyHkuus noTepb: {loss:g}.

= [lpoBepbTe Bally CeTb W BbluMC/eHUe PyHKUMM noTepb. '

62 except Exception as e:

63 logger.warning(e)

64 logger.info(f'3HayeHns HOpM rpagWMeHTOB YCMEWHO Mpowau MpoBepky. ')
65 logger.debug( 'MpoBepka O6HOBNEHMI MapaMeTpoB Mpowna ycrewHo. ")

66 # COXpaHUTb HOpMbl FpadUeHTOB ANA OT/AaAKKW

67 net.store_grad_norms()

68 return loss

69 return check_fn

Ecau yHKITNSA TTOTEPH pacCUNTHIBAETCS KaK paciipeiesieHIe, TI0JyYeHHOE U3 MHOKECTBA
OT/IEJIBHBIX 3HAUYEHUH TIOTEPD, TO KAXK/IYIO U3 HUX MOKHO IIPOBEPUTH, YTOOBI TapAHTHU-
POBATh, YTO BCE OHU MOPOKAAIOT KOPPEKTHOE TIOBEIEHHE TPK 00yUYeHIH 1 OOHOBJICHUN
napaMerpoB. YToObI IIPOBEPUTD OTIEJIBHO B3STBIE (DYHKUUU NOMEPD, TPOCTO OTKIIOUUTE
apyrue GYHKIUU MOTEPh 1 3aIlyCTUTE HECKOJIBKO 1Iaros oOydenust. Hampumep, B airo-
pUTMe aKTOPa-KPUTHKA C 00TI[el CeThio (DYHKITUS OTEPh — TO CyMMa (DYHKIIUHN [OTEPh



260 Yactb III e [IpakTuka

JUIST CTPATEruH ¥ MOJIe3HOCTH. UTOObI TPOBEPUTD TIEPBbIE, IPOCTO YCTPAHUTE TIOTEPH,
CBSI3AHHBIE C TIOJIE3HOCTSIMU, U 3aIlycTUTE 00y4YeHre, 4TOObI YII0OCTOBEPUTHCS, UTO CETh
o6HoBJIsIETCS 10 (DYHKIIUY TOTEPh JJISA CTPATETUH. 3aTeM, OTKJIIOYUB BTOPBIE MOTEPH,
cziesaiiTe To ke caMoe /I TPOBEPKU (DYHKIIUU TIOTEPD JIJIS OJIE3HOCTEN.

10.2.8. YnpolieHue anroputMa

3avactyio aropuT™bl Try60Koro RL cOCTOAT 113 MHOTHX KOMITOHEHTOB, U TPY/IHO 3acTa-
BUTH UX Bce paboTaTh OJHOBPEMEHHO. J[JIst CJIOKHBIX 33/1a4 CYIIECTBYET IPOBEPEHHBII
METOJl — YNpouenue: HadaTh ¢ CAMOTO HEOOXOMMMOTO, 2 TIOTOM TOOABISTH OCTATHBIE
KOMITOHEHTBI. M bl BUJIE/IH, UTO PAa3JIMUHBIE aIrOpuTMbl rrybokoro RL sBisttoTest pac-
MIUPEHUSAME 1 MOAU(DUKAIIIAME H0JIee MPOCTHIX aITOPUTMOB, KaK TIOKa3aHO B JIePeBe
cemeiictsa aaroputmoB RL na puc. 9.1. Hanpumep, PPO — aro yayumenue A2C 1o-
Cpe/icTBOM U3MeHeHus (PyHKITNH 1TOTeph /iJid cTpaTternn, a A2C, B cBOTO ouepe/lb, — 3TO
npeobpasosanne REINFORCE. Mbl MOKeM ¢ 10JIb30M 17151 cebsl TPUMEHUTD OHU-
MaHue cBsasell Mexay ajropurmaMu. Eciu peanusauus PPO He paGortaer, TO MOKHO
OTKII0UKTh PyHKIMIO oTeph PPO, uTob6b! mpespatuth ero B A2C, 1 COCPELOTOUUTHCS
Ha TOM, 4TOObI CHavasa IoOUTHCSA PabOTOCIIOCOOHOCTH TIOCIETHETO. 3aTEM MBI MOKEM
CHOBA BKJIIOYUTDb PACIIUPEHNE U OTJIAUTH BECH AITOPUTM.

ITOT METOJL TPUMEHUM U IIPU TOCTPOEHUH aJropuT™Ma ¢ Hyss. Hanpumep, MOKHO cHa-
vana peasmzoBarb REINFORCE, a korga on 3apabotaer — paciiupuTh €ro JI0 peasiu-
saruu A2C. Korga v Tot cranet pabounM, MOKHO PaCIIupuTh €ro 0 peanusarmu PPO.
ITO BIUCHIBAETCS B MOJIEJIb HACJIEI0BAHMS KJIACCOB, B KOTOPOU GoJiee CI0KHBIN KIace
pacmupsier 6osiee TPocToil 6azoBbIi Kiaacc. KpoMe TOTo, TaHHBIH MOIXO0/ TI03BOJISIET
HCIOJIb30BAaTh KOMIIOHEHTBI IIOBTOPHO, a 3HAYUT, COKPATUTH KOJIMYECTBO HOBOTO KO/IA
DU OTJIAJIKE.

10.2.9. YnpolieHue 3agaum

[Ipu peas3aIuyt U OTIAAKE AITOPUTMA YacTO GBIBAET 1eJeco06pasHO CHAYAA MPOTe-
CTUPOBATh €T0 Ha 3aj[a4ax mnornpoiie, Takux kak CartPole. O6brano st 60s1€e mpocThix
3aj1au TpeGyeTCss MEHbIIE HACTPOEK THIIEPIIAPAMETPOB, & UX PElICHUEe MEHee 3aTPATHO
C TOYKM 3peHus Berancaenuii. Hampumep, o6yuenue arenra urpe CartPole mosker 6b1Th
3amyIeHo Ha ckpomuoM LITY B TeueHne 1eCATKOB MUHYT, TOTAA KaK s 3aIycka 00y-
YeHus areHTa B urpe Atari MosKeT moHagoOUThCs HECKOIBKO TpadhuuecKux mporeccoposn
U YHZyT Ha 9TO Yachl win gaxe gHU. COCPEOTOUMBIIICH CHaYa A Ha O0Jiee TIPOCTHIX
3a1auax, MOKHO YCKOPUTD TPOIECCHI OTIAAKN U Pa3pabOTKH, Beb KAKIAsT NTEPATIHsT
TECTOB CTAHOBUTCST HAMHOTO OBICTpeEE.
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Ho paxe ecau Bce paboTaer 1pu penreHnn GoJiee MpoCThIX 3a4a4, TO He 00s3aTeIbHO
IPSIMO IIEPEHOCUTCA Ha GoJtee TpyAHble Ipob/ieMbl. B Koze Bce paBHO MOTYT OCTaBaThCs
Kakue-uuOy b ommnbku. Kpome Toro, 1us 6oree CI0KHbIX 3aa4 MOTYT IIOTPeOOBAThHCS
HoBble npeobpasosanus. Hanpumep, 8 CartPole ucno/ibsyercs pocToe cocTossHuE
C YETBIPbM dJIEMEHTaMU, 1 /IJIA PEIIeHNA €€ 3a/a4u HyKHa CETb C MHOTOCJIONHBIM 1ep-
nentporoM. Ho B urpe Atari cocrostHus — a1o n306paskeHus1, 1 HeoOX0MMa CBEPTOU-
Hasl CeTh, COBMEIEHHAs ¢ KaKOM-HUOY b IPeABAPUTEIbHOI 00paboTKON 300paskeHmii
1 Ipeo6pasoBaHNUSMK CPEIbL. ITH HOBBIE KOMIOHEHTBI BCE TaK JKE HY;KHO OTJIAKUBATH
" TECTUPOBATH, HO 60]11)]_[1351 YJaCTb OCHOBHbBIX KOMIIOHEHTOB 6yIIeT YKe IIPpOTECTUPOBAaHa,
YTO 3HAYUTETHLHO YIIPOCTUT OTAAJKY.

10.2.10. N'vnepnapameTpbl

Hecmorpst #a To uto Tiry6okoe RL MokeT ObITh BeChbMa 4yBCTBUTEIBHBIM K IHITEPIIA-
pameTpam, 3a4acTyio X HACTPOHKA — 9TO JIMIITb Majias YacThb TIpoIecca OTIaK!, eCan
MBI PeaJIN3yeM CyIIeCTBYOIUI aaroput™. Hepeako MOKHO 06paTtuThest 3a pabounMu
ruieprapaMeTpaMu K UCCIel0BaTeIbCKUM CTaThIM WJIN peau3allisaM U [IPOBEPUTD,
JIOCTUTAET JIM ¢ HUMU HaIll aleHT COITOCTaBUMOH ITpousBouTesnbnoct. [locse Toro xak
HCITPABJICHBI OCHOBHBIE OIMMOKH, MOKHO 3aHATHCST TOHKOW HACTPOWKOM THIepIapame-
TPOB ¥ TOTIBITATHCS JOOUTHCS HANIYUIINX Pe3yabTaToB. Jljist cipaBku: B pasaeie 10.4
MPUBEIEHBI TTOAPOOHbIE CBEACHNS 06 9P (PEKTUBHBIX 3HAYCHUSAX THIIEPTIAPAMETPOB JIJIsT
Pa3HBIX AJITOPUTMOB U CPe, 00CYKIAEMbIX B 3TOI KHUTE.

10.2.11. Pabounin npouecc B SLM Lab

TCay6okoe obydenue ¢ NOAKPEIJICHUEM MO GOJIbIIEH YaCTH OCTAETCSA HMITUPUIECKON
HAyKOIi, OATOMY BIIOJIHE €CTECTBEHHO TIPUHATH HAa BOOPY KeHIe pabounil mporiece Ha-
YUHO-UCCIIEI0OBATEIBCKOM IEATEIBHOCTI. JTO TTO/IPA3yMeBaEeT BbIIBIKEHIE HEKOTOPBIX
TUIIOTE3, Olpe/iesieHie IePEMEHHbBIX U IPOBeeHIe 9KCIEPUMEHTOB JIJIsI TIOMyYeH s
pesyabTaToB. Ha 3aBepiienne Kakoro U3 9KCIEPUMEHTOB MOTYT YUTHU JTHU WJIW He-
JIEJIH, TI03TOMY, BBIOUPast, KAKON 9KCIIEPUMEHT 3aIlyCTUTh, HY;KHO PYKOBOACTBOBATHCSI
ornpe/ieJieHHOI cTpaTterueil. [Togymaiite, Kakue U3 9KCIEPUMEHTOB MOTYT OBbITh TIPHU-
OPUTU3UPOBAHBI, KAKKE TPOBOAUTHCS TTapaJie/IbHO U KaKie HanboJiee MepCerneKTHBHBL
Yt006bI OTCJEKUBATD BCE 9KCIIEPUMEHTBI, BEIITE JJAO0PATOPHbIE 3aIIUCH C OTYETAMH O pe-
syapratax. B SLM Lab 510 MOKHO fe/1aTh, co3aBas KOMMUTBI C KOZOM, UCIIOJIb3YeMbIM
LTSI 9KCIIEPIMEHTA, 1 3aITUCHIBAsI B MH(MOPMAIOHHBII OTYET Pe3yJIbTaThl HKCIIEPUMEHTA
BMmecte ¢ SHA us Git. Bee otyerst BHocaTes kak pull request B GitHub, 1 ux Moo
HOJIYYUTh BMECTE C aHHBIMHU, HEOOXOAUMBIMU JIJISI BOCIIPOU3BEICHUS 9KCIIEPUMEHTA.
[Tpumep otuera m3 SLM Lab nokasan na puc. 10.4.
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Double DQN Lunar Lander benchmark #203
RRSERSN kengz merged 2 commits into master from ddqn-lunar-bench B2 on Sep 30, 2018

Abstract

Benchmark for Lunar Lander environment with the Double DQN algorithm

Methods

* Polyak updates for the target net
* Epsilon greedy exploration strategy

To Reproduce
1. JSON spec: double_dqn_epsilon_greedy_lunar_spec.txt

2. git SHA (contained in the file above): 96894d1

Results

All the results contributed will be added to the benchmark, and made publicly available on Dropbox.

B 1. full experiment data zip: (please find our contact in README and request a "Dropbox file request”
to upload it to the public benchmark folder.)
@ 2. experiment graph:

Puc. 10.4. CHumok 3kpaHa B SLM Lab c pull request c oTyeToM 06 3kcnepumeHTe. B 3anpoc
BXOAAT onucaHue MeToaos, Git SHA, dalin spec, rpaduku u apyrue HeobxoamMmble
NS BOCMPOWU3BEAEHUS AaHHble

CoBeTbl, IPUBEJICHHBIE B 9TOM Pas/ieJie, He SIBJSIOTCS UCUEPITBIBAIOIUMU — Oard MOTYT
BO3HUKATDH CAMBIMU PasHbIMU criocobamu. OJIHAKO 9TH COBETHI IIOMOTYT HAYaTh OTJIA/KY,
TOT/Ia KaK B OCTAJIBHBIX CJIy4YasiX TIPUETCS TPOBOJUTD dKCIIEPUMEHTHI BpyuHyto. He cTo-
UT TaK/KE OTKA3bIBATHCST OT OOPAIIEHNSI K CYIIECTBYIOIIUM Peau3aI[isiM, HAlluCAHHBIM
JIPYTUMU JIIO/IbMU, TaK KaK OHU MOTYT ITPOJIUTH CBET HA T€ MOMEHTBI, KOTOPBIE Mbl MHAYE
yiycruiu Ob1. IIpocto GyabTe T06POIOPSIIOUHBIME IPAKIAHAMEI CTPAHBI OTKPBITOTO
HCXOJIHOTO KOJIa ¥ KaK CJIeyeT Guarofapure Ipyrux Jojel 3a ux pabory.

[[JIH Xopomeﬁ OTJIa/IKN HeO6XO]_II/IMO NMPpOAYMaHHO IOAXOAUTH K ITOCTPOCHUIO T'MIIOTE3
n penieHnro HpO6JI€‘M, 4TO IIpolie caenaTb, IpUAEpKUBAACHh XOPOHINX ITPAKTUK ITPOECK-
TUPOBaHU. MHuorue HpO6JIeMbI Tpe6YIOT yr]IY6JIeHHOFO pacCMOTpPEHUA KOJa, U HEPEAKO
Ha ToO, YTOOBI AJITOPUTM RL 3apa60TaJ1, YXOZAT HEACIN NJIN TasKE MECATIbL. ,Z[]IH YeJioBEKa
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OCHOBHbIE COCTABJISIIONINE — 3TO TIO3UTUBHBIN HACTPOI 1 OrpOMHOE yIiopcTBo. Eciin Be-
PUTD B yCIIEX U MTPOSIBJISITH HACTOMYUBOCTD, TO PAHO WJIN MTO3/IHO BCE HAJIAIUTCS, U, KOT/Ia
9TO IPOU30IieT, Harpana OyAeT JOCTONHOI.

10.3. MNpakTnyeckmne npmemsl B Urpax Atari

B aToMm paszesie Mbl PACCMOTPUM HECKOJIBKO OCOOBIX MPUEMOB JIJIST TOCTHIKEHUST XO-
portirei Mpou3BoANTENBHOCTH B cpeiax Atari. Cragama o6CyanM pa3Hblie BEPCUN CPET,
nocrynabie B OpenAl Gym, a 3aTeM pacCMOTPHUM IIaTU TIPEIBAPUTETHHON 00pabOTKI
nH(pOPMAITIH U3 CPE/IbI, CTABIINE CTAHAAPTHON TPAKTUKOM.

B OpenAl Gym npepsiaraiorcsi MHOTOUMCIEHHbIE Bapualnuu cpej Atari. Hanpuwmep,
B HEM €eCTb I1lIeCTb Bepcuii cpenpl Pong.

Pong-v4.

PongDeterministic-v4.

PongNoFrameskip-v4.

Pong-ram-v4.

Pong-ramDeterministic-v4.

& Lk W=

Pong-ramNoFrameskip-v4.

Bce onu pazmble ¢ TOUKM 3peHWsT BHYTPEHHEN pean3alini, HO B UX OCHOBE JIEKUT OTHA
u Ta xe urpa. Hanpumep, NoFrameskip mogpasyMeBaet, 4To U3 Cpeibl BO3BPAIAOTCSI
HeoOpaboTaHHbIE Ka/IPhI, TIOITOMY TIOJIb30BATE/HN JIOJKHBI PEATU30BAaTh COOCTBEHHBII
MeXaHU3M MpoIycka Kaapos. Cpeia ram BO3BpaIiaeT JaHHbIE U3 OTIEPATUBHON TaMSATH
KaK COCTOsIHUE, a He Kak uzobpaskenue. B 6oJiblieil 4acTu ncciefoBaTebCKol JuTepa-
Typs! 15t Pong ucnonsayiotcest cpemst ¢ NoFrameskip i PongNoFrameskip-v4.

[Ipu ucnonpsosanuu sepcuu NoFrameskip npepsaputenpnas o6paboTKa JaHHBIX
B OCHOBHOM peaJIM3yeTcs U YIPaBJISETCs T0Jb30BaTe s iMu. JacTo oHa HarucaHa Kak
obeprka Haz ncxoaHoii cpenoit. Penosuropuii GitHub ms Baselines ns OpenAl ocraer-
Cs1 OCHOBHBIM CIIPABOYHMKOM 10 00epTKaM JiJist OTeabHbIX cpea. B SLM Lab muorue us
HUX TaKKe IIPUMEHAIOTCA B MO/LYJIe wrapper B s1m_lab/env/wrapper.py, Kak [I0Ka3aHO
B ctunre 10.7. Bee ot 06epTKH CayKaT A/ y4eTa KaKuX-HUOYIb crenuduuecKix
ocobennocreii cpen Atari, KoTopble 06CYKIAIOTCS B 9TOM KOPOTKOM Pasjielie.

Jinctunr 10.7. B SLM Lab BHeapeHbl 06epTku AN npeaBapuTenbHO 06paboTky nHdbopMauum cpeabl
13 OpenAl Baselines. 9Tn MeToAbl NCMONB3YIOTCA ANS CO3AaHUa cpea Atari, B Ha3BaHUW KOTOPbIX eCTb
Yactb NoFrameskip, ans 0byueHus v oueHku anroputmoB. Ciofia He BKIIIOYEHO 60/bLIMHCTBO OTPbLIBKOB
KOAa, HO OHM ecTb B MCXoAHOM chaline B SLM Lab

1 # slm_lab/env/wrapper.py
2
3
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def wrap_atari(env):

MpumeHeHne TuUNUYHOro Habopa obepTok ans urp Atari'''’
assert 'NoFrameskip' in env.spec.id

env = NoopResetEnv(env, noop_max=30)

env = MaxAndSkipEnv(env, skip=4)

return env

12 def wrap_deepmind(env, episode_life=True, stack_len=None):

13
14
15
16
17
18
19

20
21
22

ObepTka anAa cpeapl Atari B cTtune DeepMind'''
if episode_life:
env = EpisodicLifeEnv(env)
if 'FIRE' in env.unwrapped.get_action_meanings():
env = FireResetEnv(env)
env = PreprocessImage(env)
if stack_len is not None: # npuMeHWTb KOHKaTEHaLMI
= 1158 u3obpaxenua (1, 84, 84)
env = FrameStack(env, 'concat', stack_len)
return env

23 def make_gym_env(name, seed=None, frame_op=None, frame_op_len=None,
= reward_scale=None, normalize_state=False):

24

25
26
27
28
29
30

31
32
33

34
35
36
37

38
39
40
41
42
43
44
45
46

0bwmnin meTon ANA co3paHuA nwboin cpenpl Gym;
= aBTOMaTM4Yecku obepTbiBaeT Atari'''’
env = gym.make(name)
if seed is not None:
env.seed(seed)
if 'NoFrameskip' in env.spec.id: # Atari
env = wrap_atari(env)
# LNA MOHWTOPMHIra He NPOU3BOAUTCA yCeyeHue
= BO3HarpaxAeHwWin — OHWM ycekawTcA B namaTu Atari
episode_life = not util.in_eval_lab_modes()
env = wrap_deepmind(env, episode_life, frame_op_len)
elif len(env.observation_space.shape) == 3: # cpefa c COCTOAHUAMU
= B Buae MU306paxeHui
env = PreprocessImage(env)
if normalize_state:
env = NormalizeStateEnv(env)
if frame_op_len is not None: # npuMeHUTb KOHKaTeHauul
= nns u3obpaxenua (1, 84, 84)
env = FrameStack(env, 'concat', frame_op_len)
else: # cpefa Cc COCTOAHMAMM B BEKTOpPHOW dopme
if normalize_state:
env = NormalizeStateEnv(env)
if frame_op is not None:
env = FrameStack(env, frame_op, frame_op_len)
if reward_scale is not None:
env = ScaleRewardEnv(env, reward_scale)
return env
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NoopResetEnv. [Ipu nepesamycke urpsl Atari Ha4aJIbHOE COCTOSTHIE, IT€PEAaBAEMOE
are’Ty, — 9TO CIAYYalHbBIN Kajp, B3ATHIN U3 11epBbIX 30 KaJipOB B UCXOIHON CPEJIE.
CurysKUT 1151 IPeIOTBPAIleHUs 3ATTOMUHAHWS CPE/IBl AaT€HTOM.

FireResetEnv. B HEKOTOPBIX UTpax Mpu repesarycke Hy>kHO HaxkumaTh FIRE. Hanpu-
Mep, B Breakout tpebyercst, 4ToOBI TIPH cTapTe UTPOK 3aIyCTIII Mstu. [laHHas 06epTKa
JleJIaeT 3TO OJIMH a3 TPH Hepesanycke, yToObl FIRE He SBJISIOCH JeHCTBUEM areHTa
BO BPeM:I UTPHL.

EpisodicLifeEnv. Bo MHOruX urpax Atari 60JbIioe KOJMIeCTBO KU3Hel. B 0CHOB-
HOM areHT Jrydiiie 00y4aeTcst, eCJIU BCe KIM3HU BOCIIPUHIUMAIOTCST KAK PABHOIIEHHBIE.
Ira obepTKa PACXOLYET MO OIHOM JKU3HU HA KaK/[bIil HOBDIN SMTU30I.

MaxAndSkipEnv. /[yt TOro 4TOGBI areHT 0OYYUIICS XOPOTIeH CTPATEeruu, pasHuIla
MEK/LY IByMsI [TOCJIEIOBATEIBLHBIMU COCTOSHUAMU CIUITKOM Mavia. /L1 yBeanueHus
3TOTO PA3JINYUsT ATEHTAM 33/[A€TCST OTPAHUYEHUE HA BBIOOD JIEHCTBUS HA KAXK/IOM YeT-
BEPTOM BPEMEHHOM Iare!, a BhIOpaHHOE JIEHCTBUE TOBTOPSETCS B TIPOMESKY TOUHBIX
Kajipax, KOTOPbie TIPOIyCKAIOTCs 3TOl 06epTKOit. To, 4To areHT pacieHuBaeT Kax s,
U, ,, BJICHCTBUTEILHOCTH SABJIATCA S, U S, , . JlomomuTesbHo a1a 0bepTKa BbIOUpa-
€T TIMKCEJIbl ¢ MAKCUMAJIbHBIMU 3HAYCHUAMU M3 BCEX COOTBETCTBYIONIMX MTUKCEIOB BO
BCEX MPOMYIIEHHBIX Kajipax. [lJist Kax0To uKceaa 6epeTcss OTAebHBII MAKCUMYM.
B HEKOTOPBIX UTpax OHU 0OBEKTHI BU3YAJIU3UPYIOTCS TOJBKO B UETHBIX KaJpax,
a JIpyrue — TOJbKO B HEYETHBIX. B 3aBUCUMOCTH OT 4acTOTBI IIPOILYyCKa Ka/IpOB 3TO
MOJKET TIPUBECTH K TOMY, 4TO HEKOTOPBIE OOBEKTBI GYIYT TIOJHOCTHIO UCKITIOUEHBI 13
coctostHust. BeIOOp 13 TPOMYIIEHHBIX KAJPOB MTHKCENA ¢ MAKCUMAIbHBIM 3HAYEHIEM
peliaeT MoTEeHIUANBHYIO TIPOOJIEMY.

ScaleRewardEnv. Maciutabupyer Bo3HarpaskieHue 3a BpeMenHoii mar. HauGosee
YacTO IPUMEHAeMbIii Koa(dUIEHT MacITabupPOBaHus it UTP Atari ycekaeT Bo3-
HarpakaeHue 10 sHauernii —1, 0 u 1. 3Hak Gepercs Kak y HCXOJIHOrO 3HAUEHMUsT, 9TO
[IOMOTaeT IPUBECTH MACIITA0 BOSHATPAsKACHUIT IS PA3HBIX UIP K OHOMY CTAHAAPTY.

PreprocessImage. OGepTKa A5 HpeaBapuTeabHONR 00paboTKN M300paKkeHnil
¢ cobuoienreM cornarerus 06 nzobpaskenusix PyTorch (kanau 1iseta uaer mep-
BbiM). OHa yMeHbIIaeT n300pakeHne u IMePEBOUT €r0 B OTTEHKHU CEPOTO, 3aTEM
MEHSET MOPSIOK 0Ceit, UTOOBI OHO COOTBETCTBOBAJIO COTJIAIIEHHIO O IEPBOM KaHaJe
B PyTorch.

FrameStack. /IJ1st GOJIBIIMHCTBA areHTOB KasK bl Ka [P, TIOCTYMAIONIIT Ha BXOJL CETH,
opMupyercst coBMelieHHeM YeThIPeX CIAYIONIIX APYT 3a IPYyroM H300pakeH il 13
urpsbl. B aToit obeprie peannzosan ahHeKTUBHBIN METOJI COBMEIIEHNS Ka[POB, KOTO-
Pblil IuIIb IIpeobpasyeT JaHHble B COBMEIIEHHOEe N300pasKeHue BO BpeMsl 00ydeHusl.
CoBMeriienue KajipoB MOTUBUPOBAHO TE€M, UTO B OT/IETIBHO B3SITOM KaJ[Pe CO/IEPIKUTCS
He Bed moJte3nas nHGOpMaIys 0 COCTOSIHII UTPBL BemoMuuTe o0cy K aeHne pasiu-
it mesxay MIITIP u gactuuno nabmomgaembivu MITIIP B npumedanun 1.1 B riase 1.

B TIPOCTPaHCTBE Invaders JIJIS TOTO, YTOOBI Jla3epbl OB BU/IHBI, 9TO 3HAYCHME N3MECHEHO Ha
I[CflCTBPIC yepes KaKbIe TpU Iara.
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Urpsr Atari ve apasiorest uneanbabiMu MITTIP, moatomy cocrosinyie urper He MOXKET
OBITH BBIBEICHO U3 OJIHOTO HABIIOAEMOTO COCTOsTHYS — n300paskenus. Hampuwmep,
AreHT He MOXKET JIOTa/IaThCsl O CKOPOCTU U HATIPABJIEHUH JIBUKEHUS OOBEKTOB B MIPE
MO eIMHCTBEHHOMY H306pakeHuio. TeM He MeHee 3HATh 9TH 3HAYCHUS BAJKHO, ITPHU-
HUMas pellieHre, KaK JefiCTBOBAaTh, U 9TO MOKET CTATh PEIIAIONIIM (HaKTOPOM B JI0-
CTHKEHUH XOPOTIIETO CYeTa WJIH MPOUTpLIIie B urpe. [liist pererust aToit mpobiembr
IIPEIBIYTIIE YeTHIPE Kajipa COBMEINAIOTCS Tepe/l iepenaveil nux areHty. OH MOXKeT
HCTI0JIb30BAaTh COBOKYITHOCTH Ka/[POB M3 YEThIPEX M300PaKEHUN /IS TIOTyYCHUST
BaJKHBIX CBOICTB, TAKMX KaK JBIIKEHIE 0ObeKTa. Torma pasMepHOCTh Tepe/laBacMbIX
areHTy coctosinuii cranosurcs (84, 84, 4).

Kpome Toro, 115t TAKMX aITOPUTMOB, KaK akTOp-KpUTHK u PPO, ncnosb3yrorcst BeKTO-
PU3MPOBAHHbIE CPE/IBL. ITO MOMMMHUITUPOBAHHAS CPEJIa, IPECTABIISAIONIast COO0U BEKTOP
U3 MHOTOYKCJIEHHBIX TTAPAJITIEBHBIX 9K3eMILISIPOB UTPbI, 3aTYIIEHHBIX HA OTIETbHBIX
IIITY. [Taparenusaliyst O3BOJIET YAYYIINTD MPOIiece 00yYeHHs 3a CUET TOTO, YTO BbI-
GopKa IIPOUCXOANUT HAMHOTO ObICTPEe U CTaHOBUTCs GoJstee pazHoobpasHoil. Ona Takske
BXOJIUT B MOZLYJIb s1m_lab.env.vec_wrapper ¢ obeprkamu cpezs 8 SLM Lab.

10.4. CnpaBOYHMK Mo rnybokoMy oby4yeHuto
C NoAKpeneHneM

B aToMm pasjesie nipezicTaBier Habop runeprnapaMeTpoB AJIs aJITOPUTMOB U cpefl, 06cy-
JKZlaeMbIX B KHUTe. Ha morck Xopolnx HayaabHbIX 3HAaYeHU /1711 HAaCTPONKY rumepria-
paMeTpoB aJITOPUTMA MOKET YHTH MHOTO BPEMEHH. JTOT Pa3ziesi 3a/lyMbIBAJICS ITPOCTO
KaK CIpaBoYHas HHGOPMAIUs, KOTOpast MOKeT ObITh TT0JIE3HON ITPU HACTPOTiKe.

Mbl pazesnin rutiepliapaMeTpsl s HeCKOJIbKUX cpejl Ha KaTeropuu 110 ceMeicTBam
aIropUTMOB. JlaHHbIE TAOJIHIIBI TOKA3BIBAIOT, KAKUE M3 TUIIEPIAPAMETPOB 3HAUNTEIbHEE
MEHSIOTCS TIPU CMeHe CPebl. Petiiast HOBYIO 3a/1auy, HY/KHO HAYMHATh ¢ H0Jiee UyBCTBHU-
TeJTBbHBIX (CUJIBHO MEHSIONNXCS ) TUTIePITapaMeTpoB.

B kon1e IIPUBOAUTCA KpaTKO€ CpaBHEHUE ITPOU3BOJIMUTEJIbHOCTU PA3HbIX aJITOPUTMOB
B HECKOJIbKUX CpeJaX.

Bosee mmpoxuii Habop rureprapamMerpoB alrOpPUTMOB U CPaBHEHUE IIPOUBBOAUTEIb-
HOCTH I HUX uMeloTes B pertosutopun SLM Lab no cebliike https://github.com/kengz/
SLM-Lab/blob/master/BENCHMARK.md.

10.4.1. Tabnuupbl rMnepnapaMeTpos

B sTOM pasiesie IpuBOASTCS TPU TabJIUIIBI THIIEPIIAPDAMETPOB, CKOMIIOHOBAHHBIE B CO-
OTBETCTBUY ¢ OCHOBHBIMHU BH[AMU AJITOPUTMOB. B ¢T0/I611aX TIOKa3aHO HECKOJIBKO
[PUMEPOB CPeJl, K KOTOPBIM MOKET OBITh MPUMEHEH JaHHBIN aJrOpUT™M (AUCKPETHOE
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WJIN HETIPEPBIBHOE YIIPABJIEHIE) U KOTOPbIe BBICTPOEHBI CJI€BA HANIPABO B MOPSIIKE
BO3PACTaHUs CI0KHOCTU. HyKHO OTMETUTH, YTO B COOTBETCTBHU C COTJIANIEHUEM
10 JITOPUTMAaM [IJIsT BCeX UTp Atari MCIOJIb3YIOTCS OHU U T€ K€ TUIlePIIapaMeTphl.
Uckmouennem spistiorest REINFORCE 1 SARSA, nockosbky oHM He Tak ysk 4acTo
BCTPEYAIOTCS HA TIPAKTHUKE.

I'mnepriapaMeTpsl IPUBECHBI JI7Ts1 KOHKPETHOTO aJITOPUTMA, HO K €T0 BapUallisaM MpH-
MeHuMa OoJibliasg YacTh X 3Haderuii. B Tabi. 10.1 mokasanbl rumeprapaMeTpbl 1
nsoitaoit DON ¢ PER, nx mosxuo 3azetictBoBath 1 1711 DON, DON ¢ PER u nBoiiHoii
DON, 3a ogHUM UCKITIOUEHNEM — MTPU UCTTOIb30BaH PER HYKHO CHU3UTDH CKOPOCTH
o0yuenus (cm. mogpasaen 5.6.1).

Ta6nuua 10.1. MmnepnapameTpbl Ans ABoiHoi DQN ¢ PER B pasHbIx cpeaax

MinepnapameTp/cpena LunarLander Atari
algorithm.gamma 0,99 0,99
algorithm.action_policy €-JKa[Has €-JKa[Has
algorithm.explore_var_spec.start val 1,0 1,0
algorithm.explore_var_spec.end_val 0,01 0,01
algorithm.explore_var_spec.start_step 0 10 000
algorithm.explore_var_spec.end_step 50 000 1000 000
algorithm.training_batch_iter 1 1
algorithm.training_iter 1 4
algorithm.training_frequency 1 4
algorithm.training_start_step 32 10 000
memory.max_size 50 000 200 000
m memory.alpha 0,6 0,6
memory.epsilon 0,0001 0,0001
memory.batch_size 32 32
net.clip_grad_val 10 10
net.loss_spec.name SmoothL1Loss SmoothL1Loss
net.optim_spec.name Adam Adam
net.optim_spec.Ir 0,00025 0,00025
net.Ir_scheduler spec.name OtcyrerByer OrcyrerByer
net.Ir_scheduler spec.frame — —
net.update_type replace replace
net.update_frequency 100 100

IIpodoncenue
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Ta6nuua 10.1 (npogomkeHne)

M'nepnapameTtp/cpena LunarLander Atari
net.gpu False True
env.num_envs 1 16
env.max_frame 300 000 10 000 000

B a6 10.2 npusesnenst runiepnapamerpsl st A2C ¢ GAE. 9ot sxe Habop runepriapa-
MeTpOB MOsKeT ObITh npuMened K A2C ¢ OLIEHKOI IIPenMyIIecTBa [0 OTAAYe 32 72 LIaroB,
HYKHO Jinib 3aMeHuTsb crieniuuueckuii 1yis GAE algorithm.lam Ha algorithm. num_

step_returns Ui OT/1a4¥ 3a 7 111ar0B.

Ta6nuua 10.2. M'vnepnapameTpbl Ans A2C (GAE) B pa3Hbix cpegax

Minepnapamerp/cpena LunarLander BipedalWalker |Atari
algorithm.gamma 0,99 0,99 0,99
algorithm.lam 0,95 0,95 0,95
algorithm.entropy _coef spec.start_val 0,01 0,01 0,01
algorithm.entropy_coef spec.end_val 0,01 0,01 0,01
algorithm.entropy coef spec.start_step 0 0 0
algorithm.entropy coef spec.end_step 0 0 0
algorithm.val loss coef 1,0 0,5 0,5
algorithm.training_frequency 128 256 32
net.shared False False True
net.clip_grad val 0,5 0,5 0,5
net.init_fn orthogonal orthogonal orthogonal
net.normalize False False True
net.loss_spec.name MSELoss MSELoss MSELoss
net.optim_spec.name Adam Adam RMSprop
net.optim_spec.Ir 0,002 0,0003 0,0007
net.Ir_scheduler_spec.name OrcyrerByer OrcyrerByer OrcyrerByer
net.Ir_scheduler spec.frame — — —

net.gpu False False True
env.num_envs 8 32 16
env.max_frame 300 000 4000 000 10 000 000

Haxomner, B Ta6.1. 10.3 nokasansr runeprnapamerpsl a1t PPO. OHu 70CTyIHbL Kak (haiijbl
spec 1t SLM Lab B nanke slm_lab/spec/benchmark/, KoTopast, KpOME TOTO, COLEPKUT
MHOTO IPYTUX HACTPOEHHBIX (ailyioB spec. MIX MOKHO 3a1yCTUTh HEITOCPEICTBEHHO
¢ nomoIneio komang SLM Lab, kotopsie 6yayT pacemorpenbl B moapaszaese 11.3.1.




naea 10. Hauano pabotbl ¢ rnybokum RL 269
Ta6nuua 10.3. MvnepnapameTpbl ans PPO B pa3Hbix cpeaax
MinepnapameTp/cpena LunarLander BipedalWalker |Atari
algorithm.gamma 0,99 0,99 0,99
algorithm.lam 0,95 0,95 0,70
algorithm.clip_eps_spec.start_val 0,2 0,2 0,1
algorithm.clip_eps_spec.end_val 0 0 0,1
algorithm.clip_eps_spec.start_step 10 000 10 000 0
algorithm.clip_eps_spec.end_step 300 000 1000 000 0
algorithm.entropy_coef spec.start_val 0,01 0,01 0,01
algorithm.entropy coef spec.end val 0,01 0,01 0,01
algorithm.entropy coef spec.start_step 0 0 0
algorithm.entropy coef spec.end_step 0 0 0
algorithm.val loss_coef 1,0 0,5 0,5
algorithm.time horizon 128 512 128
algorithm.minibatch_size 256 4096 256
algorithm.training_epoch 10 15 4
net.shared False False True
net.clip_grad val 0,5 0,5 0,5
net.init_fn orthogonal orthogonal orthogonal
net.normalize False False True
net.loss_spec.name MSELoss MSELoss MSELoss
net.optim_spec.name Adam Adam Adam
net.optim_spec.Ir 0,0005 0,0003 0,00025
net.Ir_scheduler spec.name OrcyTerByer OtrcyrerByer LinearToZero
net.Ir_scheduler_spec.frame — — 10 000 000
net.gpu False False True
env.num_envs 8 32 16
env.max_frame 300 000 4000 000 10 000 000

10.4.2. CpaBHeHMe Npon3BoaNTENbHOCTN anropuTtMoB

B sTom pazjiesie cpaBHUBaeTCST TPOU3BOJAUTENBHOCTD PA3JIMYHBIX aJITOPUTMOB B He-
CKOJIbKHX CpefiaX, KOTOPBIE CJAEYIOT B TIOPSIZIKE BO3PACTAHMS X CJIOKHOCTH.

PesyabraTsl, npuBeaennbie B Tabs. 10.4, u rpaduky, MoKa3aHHbIE B 9TOM pasjeJie,
JIAIOT TIPE/ICTABJIEHUE O CPABHUTEIBHON TPOU3BOIUTEIBHOCTU PA3HBIX aJITOPUTMOB.
OpmHaKo B 3aBUCHMOCTHU OT TUIIEPIIAPAMETPOB PE3YJIbTAThI MOTYT 3HAYNTEIHHO BAPhH-

pOBaTbCA.
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BoamoskHa Gosiee TOHKast HACTPOWKA THIIEPTIAPAMETPOB, KOTOPAS MOKET TIPUBECTH K W3-
MEHEHMIO OTHOCUTEJIBHOTO YIIOPAI0YEHMS AJITOPUTMOB, €CJIM OHU UMEIOT CXOXKYIO I1PO-
U3BOAUTETBHOCT. HO eciii pa3pbiB B MTPOUSBOAUTEIBHOCTH HOJIBIINOIT, MATOBEPOSITHO,
YTO JlaJIbHeI1ast HaCTPOIKa U3MEHUT yIopsiJioueHue.

VmeiiTe B BULY, YTO HET aJTOPUTMA, KOTOPbIH ObL ObI JIydIuM Bo Beex cpeaax. PPO
B I1€JIOM TIOKa3bIBAET HAWJIYUIIYIO TPOU3BOUTEbHOCTD, HO B HEKOTOPBIX Cpejlax JIyd-

MUMU MOTYT OKa3aTbCsA IPYTUE aJITOPUTMDBI.

Ta6nuua 10.4. OKoHYaTENbHbIE 3HAUYEHWUS CPEAHUX BO3HArpaXaeHuii mean_returns_ma. 310
ckonb3siiee cpeaHee no 100 KOHTPOSIbHLIM TOYKaM AJ1s MOJIHbIX BO3HArPaXKAeHU, YCpeaHEHHbIX
no pesyfbTaTaM YeTbIPpEX CECCUI B UCMbITAHUM. Pe3ynbTaThl NOSyYeHbl C rneprnapaMeTpamu,
npveeaeHHbIMK B nogpasaene 10.4.1

Cpepna/anroputm | DQN | ABoiiHas DQN c PER | A2C (n-warosbiit) | A2C (GAE) |PPO
LunarLander 1924 [232,9 68,2 25,2 214,2
BipedalWalker — — 187,0 15,7 231,5
Pong 16,3 20,5 18,6 19,2 20,6
Breakout 86,9 178,8 3941 372,6 445,4
Qbert 2913,2 {10 863,3 13 590,4 12 4981 13 379,2
multi trial graph: LunarLander multi trial graph: LunarLander
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multi trial graph: BipedalWalker multi trial graph: BipedalWalker
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multi trial graph: Breakout
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10.5. Pe3ome

Joburbest Toro, 4toObl anroputmbl riaybokoro RL paboranu, MoKeT 0Ka3aTbCs He-
mpocToii 3aj1aueil. B aT0il riaBe Mbl 00CyANIN HEKOTOPbBIE (D (hEKTUBHBIE TPAKTUKY
MPOEKTUPOBAHUS KO/, KOTOPBIE IOMOTYT BaM 3aJI0KUTh OCHOBBI U cjieJaTh Gojee
VIIPaBJISIEMBIMU PEATUBANUIO U OTIAAKY. DTU TEXHUKU COAEPKAT MOYIbHBIE TECTHI,
PYKOBOJICTBA TI0 CTUJIIO O(OPMIIEHISI KOJIa, ABTOMATU3UPOBAHHBIN aHAIM3 KOJIa U pa-
60unii nporecc Git.

3areM MbI [ePelTh K MPAaKTUYECKUM COBETaM M0 OTJajike. B HIX BOIIM TpoBEpKa Ha
HaJInuue <IIPU3HAKOB KMU3HU», IPOBEPKA JaHHBIX BPYUHYIO U IIPOBEPKA KOMIIOHEHTOB
areHTa, TAKMX KaK MPETpoIeccop, NaMsTh, HeHPOHHAsE CETh U CaM aJiITOPUTM OOYUEHUSI.
A Taxske B ynciie OOIMX COBETOB — YIIPOIIEHNUE 33/Ia4ll 1 BHEPeHHe PabounX MPOIECCOB
HAay4YHOH e TelbHOCTH. MBI BKpaTiie 00Cyiniu 0cobbie TPUeMbl YCIENTHOTo 00y YeH st
areHTOB Urpam Atari. U B KoHIle nepedrcinam Habopbl ONTUMAIBHBIX THUIIEPTIAPAMETPOR
JUIs OCHOBHBIX aJITOPUTMOB U CPejt, 06CysKaeMbiX B aT0ii kHure. Haeemest, uto ato Oy-
JIET TTOJIE3HBIM PYKOBO/ICTBOM K JIEHCTBUIO JIJIs1 T€X, KTO CTOJIKHYJICS C 9TUMU 33/la4aMu
BIIepBbIE.

I/II[GI/I, pacCMOTpEHHbIE B 3TON TyiaBe, HE SABJIAIOTCA MCYEPIIbIBAIOINUMU — CIl€HaApUueB
U o1unbOoK Ky/Za 6obire. Tem He MeHee JaHHbI€ COBETHI — XOPOIlas OTIIpaBHasA TOYKa
JJIA OTJIAIKU. ZI]IH N3ydeHusd Ipyrux METOAMNK Tpe6yeTCH 60J1b1e IIPAKTHUY€CKOTO OIIbI-
Ta. HpI/I BCeM MHOI‘OO6paBI/II/I IIOTEeHIITNAJIbHbIX omunboK HEPEAKO MPUXOJIUTCA TPATUTD
Heae/In Uian aKe MECAIIbI Ha ITOITBITKN 3aCTaBUTh peaan3alinio pa6OTaTb. 3aHuMaThCs
I‘JIy6OKI/IM O6y‘{€HI/IeM C NOJIKpeIJiIeHneM HEIPoCTO, HO Harpa/a 3a TO, 4YTO A0BEJI 10
yYMa ‘ITO-HI/I6yI[b CJIOKHOE, OY€Hb MOTUBUDPYET. W s TOrO, 4yTOOBI He 6pOCI/ITb J1€JI0 Ha
IOJITyTH, BaskKHEH BCETo BEPUTDH B YCIIEX U ITPOABJIATDH HACTOMYUBOCTb.



SLM Lab

Ha nporsskenun Bcell KHUIM MbI 110J1b30Baanch SLM Lab mig samycka ucnbrranmii
1 9KCIIEPUMEHTOB. JTa IJIaBa 33/lyMbIBAJIACh KaK CIIPABOYHUK 110 €€ OCHOBHBIM (hyHK-
MM M KOMaH/IaM.

Ona HaunHaeTcst ¢ 0630pa aITOPUTMOB, peannszoBantbix B SLM Lab. anee uzer 60-
Jiee oipobHOe 06cysKaeHMe (halima crerubUuKaInu, BKI0YAs CHHTAKCHC HACTPOMKI
MOWCKA I10 TUTIepIapaMeTpaM. 3aTeM JIaHO BBejleHre BO (hpeiiMBOPK 9KCIIEPUMEHTH -
pPOBaHUS, KOTOPBIN BKJIIOYAET HE TOJIbKO CECCHUIO Session, UCIbITaHue Trial u aKC-
MEepUMEHT Experiment, HO U OCHOBHBIE KOMaH/IbI OubnoTeKN. [1aBa 3aKaHYNBAETCS
paszbopoM aBTOMATHUYECKK TeHePUPYeMbIX pu ucrnoabsoBanm SLM Lab rpadukos
U JIAaHHbIX.

3nech npeanosaraercest, uto SLM Lab Oblia ycTaHOBIEHA B COOTBETCTBUH ¢ HHCTPYK-
LUSIMU, TIPUBEJEHHBIMEI BO BBeseHnn. Vcxonublii koz pocryned Ha GitHub o cebuike
https://github.com/kengz/SLM-Lab. TlockombKy B 6I/I6JII/IOT6Ky 4acTo 106aBISIOTCS HOBbIE
AJNTOPUTMBI U (DYHKITNN, 71T STOW KHUTH BbBIJIeJIeHa cTelaabHast BeTBb book.

11.1. AnroputMmsl, peanu3oBaHHble B SLM Lab

B SLM Lab ectb peanusaiiuu aropuT™MoB, KOTOPbIE MbI 00CY K/ B 9TON KHUTE:

REINFORCE [148];

SARSA [118];

DON [88];

nsoiinasg DON [141], npuoputusupoBanHas nmaMsTh npereeHToB [121];
aKTOP-KPUTHK ¢ TipenmytiectBoM (A2C);

PPO [124];

acuuxpoHHbIi aktop-kpuTnk (A3C) [87].
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HobGasienne GyHKIUN U aJIrOPUTMOB IIPOUCXOAUT Yacto, 1 SLM Lab aktusHo pas-
pabarbiBaercst. BoT HECKOJIBKO IIPUMEPOB HEIABHO BBEICHHBIX PACIITUPEHIUIT OCHOBHBIX
AJITOPUTMOB.

e KomOunuposannasg namats nperegerntos (Combined Experience Replay, CER)
[153]. 910 mpocras MopgudUKAIKS MAMSATH TIPEIEIEHTOB, B KOTOPOil Haubosee
CBEKHE MPEIENEHTDI Beera A00aBIsioTCst B KOHel[ Habopa JaHHbBIX JIJIsT 00yUYeHusI.
Agropst CER 10Ka3ajiu, 4To 3T0 CHUKAET YyBCTBUTETbHOCTD areHTa K PasMepy ma-
MSITH [IPEIIECHTOB, yMEHbIast BpeMst HACTPOUKU 3TOTO TTapaMeTpa.

o Jlysnbnas DQN [144]. B aToM asroputMe UCIIO/b3yeTcs Tpeobpa3oBaHue TUIIO-
BOIi CTPYKTYPbI HEHPOHHOI CETH, TPUMEHSIEMO JIJisl anpokcuManuu Q-GyHKIum
B DQN. B DON cerb 06bI4HO BbIJaeT HEMoCpeAcTBeHHO Q-3Hadenus. JlysibHas
DON packirajpiBaet 3Ty OIEHKY Ha JIBE YaCTHU: OIEHKY (PYHKIIUU MTOJE3HOCTU CO-
crostauil V™ u pyHKImio npeumytiectBa A%, ITH OIEHKH 00beINHSIOTCS BHYTPH
MOJLYJIsI CETH JIJIST TTOJIYIEHIST UTOTOBOU OlleHKHU Q-3HaueHui, ¢ TeM uyToGb (hopma
OKOHYATEeJIbHBIX BBIXOJIHBIX 3HAUEHMIT ceTu Obliia Takoil ke, kKak B DQN. JlambHeii-
mee oGydeHne MPOUCXOAUT TOYHO Tak e, Kak B camoM anroputme DQN win ero
BapuanTax. /lyambias DQN ocHOBaHa Ha TOM, YTO B HEKOTOPBIX COCTOSTHUSX BBIOOP
JICHCTBUI He TaK YK BasKeH M He3HAYUTEJIbHO BJIMSACT HA BBIXO/HBIE JaHHbIE, TOTIA
KaK B JIPYIUX 9TO KpUTUYECKU BaxkHO. CJIe10BaTeNbHO, 11€TeCO06Pa3HO OTAEIUTh
OIEHKY MOJIE3HOCTU COCTOSTHUIT OT OIeHKY MperMyTiecTBa. Ha MomenT mybmkarum
aziropurMa yaabHONH DQN 1M GbLIH JOCTUTHY ThI HAMJIYYIIIHE PE3YJIbTAThl B UTPaX
Atari.

o Markuii akTop-kputuk (Soft Actor-Critic, SAC) [47]. D10 ajropurM akTopa-Kpu-
THKA, CIIEINATBHO CIIPOEKTUPOBAHHBIN KaK YCTOWUNBBINA 1 9(hHEKTUBHBIN ¢ TOUKN
3penus Kauectsa BbiOOpKU. Ero apdexrusrocts Boib6opku bimie, yem y A2C u PPO,
[IOCKOJIBKY 9TO AJTOPUTM OOYUYEHUsI 110 OTJIOKEHHOMY OIIBITY, TAK YTO B HEM BO3-
MOJKHO ITOBTOPHOE UCIIOJIh30BAHKE JAHHBIX, XPAHSIIIUXCS B TAMSTH TIPEIleIeHTOB.
Etle B HEM IPUMEHSIETCSI TTIOXO0/] IO MAKCUMU3AIUI SHTPOIIIH, TPUOABJISTIONIHI
SHTPOIMIHBIN UJIeH K 11eJieBoii hyHKiuu. [locpescTBOM MaKCUMU3AIUK KaK 9HTPO-
AW, TaK W OTJAYN areHT YYUTCS JOCTUTATh BBICOKUX BO3HATPAKIECHUN, 1€HCTBYS
HACTOJIBKO CJIYYaitHO, HACKOJBKO BO3BMOXKHO. ITO fiemaeT SAC MeHee ySI3BUMBIM,
U, KaK CJIeACTBYE, 00yUeHe CTAHOBUTCS OOJIee YCTOMNIMBBIM.

B SLM Lab peanusanusa Bcex aaropuTMoB pasjeieHa Ha TPU KOMIIOHEHTA, KOTOPBIM
COOTBETCTBYIOT TPH KJIacca.

® Algorithm. OGpabaTbiBaeT B3aMMOENUCTBUSI CO CPEION, PEATU3YeT CTPATErHIO
BbIOOpA JIEHCTBUH, BHIUNCISIET CIIEUBUTHYIO IS aJrOpUTMa (QYHKIHIO TOTEPD
1 3amyckaeT aTar ooyuerus. [ToMnmo aToro, Kiace Algorithm yrpasiser ApyrumMu
KOMIIOHEHTaM!1 U B3aMMO/IEHCTBUSIMU MeXK/y HUMHU.
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® Net. XpaHUT HEHPOHHbBIE CETH, KOTOPbIE BBICTYIIAIOT B KAYECTBE AIIIPOKCUMAIN
(yukuit 15 anroputma.

® Memory. [IpenocraBisieT He0OXOMNMOE TSI OOYUEHNS XPAHUIUIIE TAHHBIX 1 OCY-
MIECTBJISIET BO3BPAT K UCXOIHBIM 3HAYCHISIM.

OprannsoBaHHbIE TAKUM 00Pa30M PeaTH3aIni MOTYT MOJTb30BAThCS PEUMYTIIECTBAMU
HacJIeIOBaHUsT KIaccoB. BoJiee TOro, B KaXK/I0M KOMIIOHEHTE UMEETCsI CTaHIapTHBII
API, yepes KOTOPBIN POUCXOAAT B3AUMO/ICHCTBUE U MHTETPAIIUS PA3HBIX 2JIEMEHTOB.
Hacaenosanue u crangaptieii AP ynpomaior peasusanuio 1 TeCTUPOBaHUE HOBBIX
KOMITOHEHTOB. [[JIsT HATJISIIHOCTH PACCMOTPUM B KAUeCTBe IIPUMepa MPUOPUTU3UPOBAH-
HyIo namsth nperenentos (Prioritized Experience Replay, PER).

Bo BBesentnom B riiase 5 PER uaMeHen MexanuaM BbIOOPKU U3 IIAMSTH IIPELEJEHTOB.
Eciin KopoTKo, B ctangapTHoM airoputme DQN mpetieieHThl BBIOUPAOTCS U3 MaMSITH
ciydailHO paBHOMepHO, Toriaa kKak B PER BbiOopKa mpereieHTOB MPOUCXOIUT B CO-
OTBETCTBUU C pacipejie;leHNEeM BePOSITHOCTEH, MOJyYeHHBIM U3 MTPUOPUTETOB BCeX
npereeHToB. IIpereaerTaM Heo6X0AUMO TPUCBOUTH TIPUOPUTET, KOTOPBI 0OBIYHO
ocHoBaH Ha abcosotHON TD-omubKe. 3HAUUT, TIPUOPUTETHI AKTYATbHBIX IIPEIeIeH-
TOB HY’KHO OOHOBJIATH Ha KasKIOM dTale 00yuyeHrs areHTa. 3a UCKII0UYEeHHEM 9TOr0
naMsATh IpeleieHToB 1 Ipoleaypa odydyeHns Takue e, kKak B aaroputme DQN.
B SLM Lab sT0 peannsoBano mocpeacTBoM Kiacca HaMAaTu PrioritizedReplay, Ko-
TOPBII HAcIenyeT OT Replay U KOTOPOMY 1I09TOMY Tpedyercs b 0koj10 100 cTpok
HOBOTO Koja. Mexoaubiil ko Haxoaurcsa B SLM Lab B s1lm_lab/agent/memory/
prioritized.py.

ITpu Takoi CTPYKType O MEPEe TOTOBHOCTH KOMIIOHEHT MOJKET OBITh He3aMe [TUTE b=
HO TIPUMEHEH KO BCeM TOAXOASIUM anroputmam. Hamnpuwmep, aBoitaas DQN moxer
aBToMaTnyecku ncroib3oBath PER, mockonbky ona nacaeayet or DQN. Anasmornano
nyanabHast DQN MoXKeT UM MoJIb30BaThCsl, TAK KaK OHA PeaTu30BaHa HE3aBUCHUMO Tpe-
obpasoBaHueM KJjacca Net, KOTOpbIi B3aumoeiictyer ¢ mamsitbio PER uepes craH-
naptabiii APIL

SLM Lab cupoektupoBana /11 MAaKCUMAJIBHOTO IIOBTOPHOIO MCIOJIb30BAHM KOMIIO-
HEHTOB — 3TO IIPUHOCUT AOIOJHUTE/IbHYIO BbIT'O/ly OT COKpallleHUA KO/ia U YBeJTNMYEHUA
TIOKPBITHUA TECTaMU. OCHOBHHH naesa B TOM, YTO Mbl MOKEM JOBEPATH XOPOIIO YCTOAB-
IMMMCA KOMIIOHEHTaAM W COCPEJOTOYUTDb BHUMaHME JIMIIb Ha T€X, KOTOPbIE HaXO/[ATCA
B IIPOTIECCE UCCIIEI0BaHMs U Pa3padoTKu. K ToMy ke TakK mpoiie M30JIUPOBATh BJIMSTHIE
Pa3HBIX 9JIEMEHTOB: KOMIIOHEHTBI TPOEKTUPYIOTCS TaK, YTOOBI MX MOKHO OBLJIO JIETKO
BKJIIOUATh M OTKJIIOYATH WJIN 3aMEHSTh Ha JIPyTHEe — BCe ¢ MOMOIIbIo (aiira spec. ITO
MIOMOTAET IIPY OTJIAJIKE, & TAKKE OIEHKEe HOBBIX UJIEl, TIOCKOJIBKY TaK MPOIIE YCTAHOBUTD
6a30BbIC 3HAUCHUSI.
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11.2. ®ann spec
B sTOM pasjiesie Mbl paceMOTpuM, Kak chopmupoBats daiis spec B SLM Lab.

B SLM Lab Bce HacTpanBaeMbie THIIEpPIIAPAMETPHI AJITOPUTMA YKA3bIBAIOTCA B (haiije
spec. ITO TPOEKTHOE PellieHre MPU3BAHO MOBBICUTH BOCIIPOU3BOJIUMOCTD IKCIIEPU-
MeHTOB B TiiybokoMm RL. [l peaanzoBaHHOrO KO/a, KaK IPABIIIO, OCYILECTBIISAETCS
KOHTPOJIb BEPCUIA, ¥ €0 MOXKHO OTcJieskuBaTh ¢ momolibio SHA ¢ Git. Ho g 3amycka
IKCTIIEPUMEHTA TPeGyeTesT TAKKe YKa3aTh THITEPIapaMeTphl, KOTOPDIE HE OTCIEKUBAIOTCST
KaK YacTh KoJla. DTU HEMOCTAIOIINE UTH CKPBITHIE TUTIEPIIAPAMETPBI — OJIUH U3 UCTOY-
HUKOB TIPO6IEMbI BOCIIPOM3BEAEHUS HKCIIEPUMEHTOB B Ti1y6okoM RL, Tak kak He cyie-
CTBYET CTaHJAPTHOI TIPAKTUKHU UX OTCJIEKUBAHUS TIPU KAJKIOM 3aITyCKe 9KCIIEPUMEHTA.
Jluist petienust aToit mpobsiemsl B SLM Lab Bce rumiepriapaMerpbi mpeicTaBIeHb! B OJHOM
aiine spec. Ouu aBromatuuecku coxpansgiorcs Bmecte ¢ SHA ¢ Git u cayuaitnbim
HavaJbHBIM 3HAUEHUEM, KOTOPOE MCIIOJIb3YETCST KaK YacTh BBIXOJHBIX 3HAYEHUI, TT0-
POKTAeMBIX JIJIST KQK/[OTO 3aITyCKa.

B smuctunre 11.1 mokasan npumMep oTpbIBKa daiiia spec, COXpAHEHHOTO TTOCJIe 3aIyCcKa
obyuenust. SHA ¢ Git (ctpoka 22) 1o3BoJIsieT BOCCTAaHOBUTH BEPCHIO KOIa, IIPUMEHSIB-
HIyIoCS JIJIA 3aIlycKa spec, a ciaydaliHoe HadaabHOe 3HaueHue (CTpoKa 23) ympolnaeT
[IOBTOPHOE MOJIEJINPOBAHIIE CTOXACTUYECKOTO MIPOIIECCa B areHTe U CPeJIe.

JNuctunr 11.1. Mpumep daiina spec, coxpaHeHHOro Bo BpeMsi ceccumn BMecTe ¢ SHA ¢ Git 1 cnydyaiHbiM
HayasibHbIM 3HaYEHNEM

14

2 "agent": [

3 {

4 "name": "A2C",

5

6 }

7 1,

8 .

9 "meta": {

10 "distributed": false,
11 "log_frequency": 10000,
12 "eval_frequency": 10000,
13 "max_session": 4,

14 "max_trial": 1,

15 "experiment": 0,

16 "trial": @,

17 "session": @,

18 "cuda_offset": 0,

19 "experiment_ts": "2019_07_08 073946",
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20 "prepath": "data/a2c_nstep_pong_ 2019 07_08 073946/

= 32c_nstep_pong to_se",
21 "ckpt": null,
22 "git_sha": "8687422539022c56ae41600296747180ee54c912",
23 "random_seed": 1562571588,
24 "eval_model_prepath": null,
25 "graph_prepath":

= "data/a2c_nstep_pong 2019 07_08 073946/graph/a2c_nstep_pong to0 _se",
26 "info_prepath":

= "data/a2c_nstep_pong_ 2019 07 08 073946/info/a2c_nstep_pong_to _se",
27 "log _prepath":

= "data/a2c_nstep_pong 2019 07_08 073946/log/a2c_nstep_pong_te_so",
28 "model_prepath":

= "data/a2c_nstep_pong 2019 07_08 073946/model/a2c_nstep_pong_teo so"
29 s
30 "name": "a2c_nstep_pong"
31 }

ITpu TakoM criocobe mpoeKTupoBatus i060i sxcepument B SLM Lab moskHO 3a-
IIyCTUTDH TIOBTOPHO € TIOMOIIBIO (afiia spec, KOTOPBIN COAEPKUT BCe TUTIEPIIAPAMETPHI
n mosmydensbiii ¢ Git SHA nug ncronb3oBasineiicst Bepcun koza. B daiine spec ecthb
BCsT MH(bOpPMAINS, HeOOXOIMMAsT [IJIsT TOTO, YTOOBI B NOIHOM 00BEME B0CHPOUIBECIL
axcnepumenm 6 RL. ITo nenaercs myTeM MPOCTON MpoBepKky Koja Ha Hammune SHA
¢ Git u BbITIOSTHEHNST cOXpaHeHHOH crieruduranun. Ha npoTsskennn Beeil KHUTH MBI
MOJIB30BAJINCE (hailmaMu spec JIJISE TPOBEJICHIS NCTIBITAHNN 1 9KCIIEPIMEHTOB, TETePhb
pPaccMOTPUM ITOT (haiiJT B JIETAJISX.

B SLM Lab aiin spec ucriosibayeTcest IUist CO3/1aHust areHTa u cpefibl. Ero ¢opmar craH-
JIAPTU3UPOBAH B COOTBETCTBUU € IPUMEHSIEMOIT B OGUOIMOTEKE CTPYKTYPOU MOJLYJIbHBIX
komrionenToB. Cocrasiisiionue ¢aiiyia spec.

1. agent. (DOpMaT CITMCKa ITO3BOJIAET 3allyCKaThb HECKOJIbKUX ar€HTOB. O,ZIHB.KO JIJIA Ha-
X I_IEJIE‘I'71 MbI MOJKEM IIPEAIIOJOKNUTD, YTO ar€HT TOJbKO OJMH. Ka)KlII)II'/JI 9JIEMEHT
CIITMCKa — 9TO CHGHI/I(bI/IKaHI/IH areHra, cogepikaliast CHeHH(bHKaHHH JIJIA €TI0 KOMIIO-
HEHTOB:

® algorithm — OCHOBHBIE TAPAMETPHI, CIIETTU(MUUHBIE /171 KOHKPETHOTO aJITOPUTMA,
TaKue KakK BUJ[ CTPATEernH, TTapaMeTPhl AJITOPUTMA, CKOPOCTU YMEHBITIeHUsT KO-
(bUIIUEHTOB U TIOPSIIOK 00YYEH;

® memory — OIpe/essieT, KaKyIo MaMITh TPUMEHSITh B COOTBETCTBUH C AJITOPUTMOM,
a TaksKe Bce crieliuduyeckue JIJist aMsITH TUIIEPIIaPaAMETPhI, TaK1e KaK pa3Mepbl
ImaKeTa u caMOM IMaMsITH;

® net — THUII HEMPOHHOI CETH, APXUTEKTYPA €€ CKPBITHIX CJ0EB, (DYHKITUU aKTHBA-
IIUU, yCeUEeHUE TPAIUEHTOB, (DYHKIHS TOTEPDh, ONTUMHU3ATOP, CKOPOCTH YMEHD-
enust, Meto/1 o6HoBJeHust 1 ipumeHenne CUDA.

2. env. Mcnionp3yercd Takxke hopmar criucka i1 oAep:KKU HECKOIbKUX cpejl, HO Ha
JIAHHBII MOMEHT MBI MOKEM CYUTATD, YTO Cpejia TOJIbKO oiHa. OH yKa3bIBaeT, KaKyto
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Cpejy UCTIONIB30BaTh, 33/Ia€T HE0OA3aTETLHOE KOJMMYECTBO MIATOB HA AITU30/T U TIOJTHOE
IO MaroB (KaapoB) B Session. Takike OMpeesisieT METOIBI TIPEBAPUTETBHON 00-
paBOTKHU COCTOSTHUI 1 BO3HATPAYKAEHU U KOJMUYECTBO CPE/l B BEKTOPH3UPOBAHHOI
cpene (cM. raasy 8).

3. body. 3amaer crocob TPUBSI3KI areHTa K cpefam. MOKHO TTPOUTHOPUPOBAT /7SI Ha-
IIETO CIIyYasi ¢ e[INHCTBEHHBIM areHTOM U OJIHOM CPEIoil — MTPOCTO BOCHOIb3YHTECH
3HAYEHUAMU 110 YMOJIYaHHUIO.

4. meta. BoicOKOypOBHEBast HACTPOWKA 3aITyCKOB OMOIMOTEK . 3a1a€T KOJTNIECTBO HC-
IIBITAHUI Trial U ceccHii Session IIPH 3aITyCKe, YACTOTY OLIEHKH U Ky PHATUPOBAHUS
U HepekJioueHne Ha aCuHXPoHHOE 00yuenue (CM. rasy 8).

5. search. TumepmapaMeTpsl, 0 KOTOPBIM IPOUCXOIUT MOUCK, U METOJIBI UX BBIOOPA.
[TovCK MOKHO BBITIOJTHSTH O JTIIOOBIM TIePEMEHHDBIM B (haiiire spec, BKIIOUAs TIepe-
MEHHBIE CPEJIbl, XOTs OOBIUHO TIPUMEHSIETCS MOAHAO0D MePEMEHHbIX areHTa.

11.2.1. CuHTaKCcKUC noucka B spec

CuHTakcuc /Ui yKazaHus TUIlepIapaMeTpa, o KOTOPOMY TTPOU3BOIUTCS TTONCK, CJie-
nytoruii: "{key}_ {space_type}": {v}. 31ecb {key} — 3TO Ha3BaHWe TUIIEPIIAPAMETPA,
OIIPEJIEJIEHHOTO B OCTaJIbHOM yacTu (aiiia. {v} 0ObIYHO 3aaeT AMANA30H [TOUCKA, KaK
pu ciaydaiinoM moucke. Tem He MeHee s obecnieuenns 6oJiee rHOKUX CTpaTeruii mo-
HCKA v MOKET OBITh IIPEACTABICHO TAK/KE CIIMCKOM BbIOMPAaEeMbIX 3HAYEHUHN WU CPEHIM
3HAUEHNEM ¥ HOPMaJIbHBIM OTKJIOHEHUEM JIJIsT paciipesiesienns BepositHocTeil. B SLM
Lab M0KHO BbIOMpPATh M3 YeThIPEX paciipeie/ieHuil, 110 ABa I AUCKPETHbIX 1 Helpe-
PBIBHBIX TIEPEMEHHBIX, U TO, KAK MHTEPITPETUPYETCS V, 3aBUCHT OT space_type, B KOTOPOM
olpezieIeH MeTO BIOOPKU 3HAUEHMIA.

® space_type /Ui IMCKPETHBIX IT€PEMEHHDBIX:
® choice: str/int/float. v — CIMCOK BBIOMPAEMbIX 3HAUEHUI;
® randint: int. v =[low, high).
® space_type /114 HEIIPEPBIBHBIX IIEPEMEHHBIX:
® uniform: float. v = [low, high);
® normal: float. v = [mean, stdev).
[lonoHNTENIBHO B KayecTBe space_type IOCTYITHO grid_search /g nTepaiuu 1o Bcemy

CIHCKY BBIOMPAEMBIX 3HAYEHU I BMECTO UX CIIyYaiiHOW BBIOGOPKHU, IPUBEIEHHON paHee.
MbI BeTpeyain 5TOT METO/[ BO BCeX IIaBaxX 00 aJrOPUTMAaX B KHUTE.

PaccMoTpuM crienuduKaIiio moncka, KoTopast MOKeT ObITh UCIIOJb30BaHA IS 3aITyCKa
skcrepumenTa B SLM Lab. B nannom akcnepumenTe Mbl o0yuaem areata DQN ¢ 1po-
rHo3Ho# ceThio urpath B CartPole. TTonck BBITIOTHAETCS TIO TPEM THITEPIIAPAMETPAM:
K09 PUIUEHTY AUCKOHTUPOBAHUS Y, KOJMUYECTBY TTAKETOB, BEIOUPAEMbIX M3 TTAMSITH
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Ha KaK/I0M I1Iare 06y‘-IeHI/IH, 1 yacToTe OOHOBJICHUS 3aMelleHmneM J1Jisa HpOFHOSHOfI CEeTH.
spec IIpUBe€/ICH ITOJIHOCTbIO B JINMCTUHTE 11.2. Kamaaﬂ CTPOKa cHabxkeHa KOMMECHTapuem
C KPAaTKHM OIIMCaHUEM TUIIepIllapaMeTpa.

Jnctunr 11.2, Cneundmkaumsa nomcka ans DQN B CartPole

1 # slm_lab/spec/experimental/dgn/dgn_cartpole_search.json

2
34
4 "dgn_cartpole": {
5 "agent": [{
6 "name": "DQN",
7 "algorithm": {
8 "name": "DQN", # Ha3BaHMe Knacca 3anyckKaemoro anroputma
9 "action_pdtype": "Argmax", # pacnpepenevue
= BepoATHOCTEeWl AeWCTBMIA CTpaTeruun
10 "action_policy": "epsilon_greedy", # meTon BbI6OpKM AeicTBUI
11 "explore_var_spec": {
12 "name": "linear_decay", # Kak yMeHblWaeTcAa
= nepemeHHas WUCCNefoBaHUA
13 "start_val": 1.0, # HavanbHoe 3HayeHue
= MepeMeHHOW WCCnefoBaHuA
14 "end_val": 0.1, # MMHMUManbHoe 3Ha4veHue
= MepeMeHHOW WUCCnefoBaHUA
15 "start_step": 0, # BpemeHHOW war Havana
= yMeHbleHNA 3HaYeHus
16 "end_step": 1000, # BpemeHHOl wWar 3aBepuweHuA
= yMeHblEeHNA 3Ha4YeHun
17 ¥
18 "gamma": 0.99, # Ko3pIULMEHT AUCKOHTUPOBAHMA
19 "training_batch_iter": 8, # obHOBneHuih napameTpoB Ha nakeT
20 "training_iter": 4, # nakeToB Ha war obyyeHus
21 "training_frequency": 4, # Kak 4acTo oby4aTb areHTa
22 "training_start_step": 32 # BpemeHHOM war Ha4vana obyyeHuA
23 ¥
24 "memory": {
25 "name": "Replay", # Ha3BaHue knacca namATv
26 "batch_size": 32, # pasmep BblbMpaemMoro M3 namsaTU nakeTta
27 "max_size": 10000, # MakcMManbHOe KOAUYeCTBO
= XpaHUMbIX MpeLefeHTOoB
28 "use_cer": false # ucnonb3oBaTb /I KOMOMHUPOBAHHYKH MaMSATb
= MpeLefeHTOB NpUMepoB
29 ¥
30 "net": {
31 "type": "MLPNet", # Ha3BaHue knacca ceTu
32 "hid_layers": [64], # pa3mep CKpbITbIX CNoeB
33 "hid_layers_activation": "selu", # ¢yHkUMs akTuBauuM
= CKpbITbIX CJI0EB
34 "clip_grad_val": 0.5, # makcumanbHas HOpMa rpagueHTa
35 "loss_spec": { # cneuudukaums dyHKUMM MOTepb
36 "name": "MSELoss"

37 s
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"optim_spec": { # cneuudukauua onTummsaTopa
"name": "Adam",
"lr": 0.01
¥
"1lr_scheduler_spec": null, # cneuupukauma
= J3MEeHEeHUs CKOpOCTU 0byyeHus
"update_type": "polyak", # meTon obHOBneHuA
= [pPOrHO3HON CeTun
"update_frequency": 32, # kak 4YacTo O6HOBNATH
= MPOrHO3HYKW CeTb
"polyak_coef": 0.1, # Bec napameTpoB ceTwu,
= [puMeHAeMbIX Npu O6HOBNEHUN
"gpu": false # ucnonb3oBaTb M rpadpuyeckui
= npoueccop npu obyyeHuu

}
}a
"env": [{
"name": "CartPole-v@", # Ha3BaHue cpeppl
"max_t": null, # makcumanbHOoe KOJIMYECTBO WAroB Ha 3MW304
"max_frame": 50000 # MakcUMasbHOe KOJMYEeCTBO WAroB Ha Ceccuw
Ja
"body": {
"product"”: "outer",
"num": 1
1
"meta": {
"distributed": false, # ucnonb3oBaTb M ACMHXPOHHYKW Napanienusauuio
"eval_frequency": 1000, # kak 4acTO OLUEHMBATb areHTa
"max_session": 4, # KonM4ecTBO 3anyckaembiX Ceccui
"max_trial": 32 # KonM4ecTBO 3anycKaemblX WUCMbITAHWUN
3
"search": {
"agent": [{
"algorithm": {
"gamma__uniform": [0©.50, 1.0],
"training_iter__randint": [1, 10]
I3
"net": {
"optim_spec": {
"lr__choice": [0.0001, 0.001, 0.01, 0.1]
}
}
3
}

B nmuctunre 11.2 B ctpokax 64—76 oripejiesieHbl TpU 1epeMeHHbBIE, 10 KOTOPBIM ITPOUC-
XOJIUT TIOUCK. ITO OJ[HA HETIPEPBIBHAS TIEPEMEHHAsT gamma, 3HAUCHUST KOTOPO#T BBIOUpa-
FOTCS C TIOMOIIBIO CJIYYaitHOTO paBHOMEPHOTO pactpesenerus. [lonck mo quckpeTHON
MepeMeHHOM training_iter MPOM3BOANTCS ¢ PABHOMEPHOI BRIOOPKOIA 11eJIBIX 3HAUCHHIA,
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npuHamiexamux mpomeskyTky [0, 10). CkopocTs 00yueHst 1r BhIOMPAeTCs CIydaiiHbIM
obpasom u3 crucka [0,0001; 0,001; 0,01; 0,1]. D10 MLIIOCTPALA HEKOTOPBIX METOIOB
BBIGOPA, KOTOPBIE MOTYT MPUMEHSATHCS MIPU MOUCKE Mo rutepnapamerpam B SLM Lab.

ITpwu 3amycke akcriepuMenTa GOJIbINOE 3HAYCHUE UMEET e1Ile O/[HA TIepeMeHHast, max_trial
(cTpoka 62). Ona onpezenser, Kakoe KOJUYeCTBO HabOpOB TUIepnapaMerpos Oyaer
MOPOKAATHCS U UCTIOJIB30BATLCA MIPHU 3allyCKe UCTIBITAaHN. B anHoM npumepe mnpu
max_trial = 32 uMerorcs 32 cirydaiinble KOMOMHAIMY 3HAYeHUII gamma, training_iter
1 1r, KOTOPbIE CTAHYT 3aMellaTh CBOU 3HAYEHU 110 YMOJTYAHUIO B TIOJTHOM haiijie spec.
B pesyJibrare jijist 3amrycka uCnbITaHuii Oy yT 3ajeiictBoBanbl 32 (aiiia spec ¢ pasHbl-
M1 HaboOpaMu TUTIEpIapaMeTpoB. B KakoM ucnbitaniu GyiyT 3aIyieHbl 10 YeThipe
ceccuu Session (crpoka 61).

Tenepp, Korga Mbl 3HAEM, Kak Tucath Gail spec, pACCMOTPUM 3aITyCK 9KCIEPUMEHTA
¢ nomotbsio SLM Lab.

11.3. 3anyck SLM Lab

ITposenenne akcepuMenTa B riiyOokoM RL 0ObIYHO BKIIOUAET B ce0OsT TECTUPOBAHHUE
pasHbIX HaGOPOB THIEpIapamMeTpoB. PesyibraTsl B riry6okoM RL oTimyaoTest BHICOKOI
aMcTiepeneii ke Ui OJIHOTO M TOTO Ke Habopa TuieprnapaMeTpoB. B ¢Bssu ¢ aTum
XOPOIIO 3apeKOMeHIoBaIa cebst TPAKTUKA BBITOJHEH VST MHOKECTBA 3aIyCKOB C MPHU-
MEHEHNEM Pa3HbIX C.Hy‘{af/,IHI)IX HavyaJIbHBIX 3HAYECHUN 1 ycpeaHenuda pe3yabTaToB.

Ira npakTHKa BHeApeHa Bo (GpeliMBOPK sKcrepumenTrpoBanus B SLM Lab, kotopsbiii
MeeT UePAPXUYECKYIO CTPYKTYPY U3 TPEX KOMIIOHEHTOB.

1. Ceccus (Session). Ha camom HuzKHEM ypoBHE (hDpeiiMBOPKA 3KCIIEPUMEHTHPOBA-
nus B SLM Lab naxoaurces ceccust, B KOTOPOIl BbIOJHSIETCS UK yiipaBieHus RL.
B HeM TIPOUCXO/ISIT MHUTMATU3AIHS aT€HTa 1 CPEIBI ¢ TOMOIIBIO OT/IEBHOTO Habopa
TUTEPIApaMeTPoOB U 3aJaHHOTO CIYYaiiHOTO HaYaIbHOTO 3HAYEH WS, a TaKkKe 00yde-
Hue arenTa. [1o 3aBepiieHny cecCum B ATIKY € AaHHBIMY JIJIT aHAIA3A COXPAHATIOTCS
00y4YeHHBIN areHT, (haiisr spec, faHHbIe U TPapUKU.

2. Hcoprtanue (Trial). 3amycKaloTcsd HECKOJIbKO CECCUil ¢ IPUMEHEHUEM OJIHOTO
U TOTO ke Habopa TUIeprapaMeTpoB U Pa3HbIX CAYYaiHBIX HAYATbHBIX 3HAYCHHIA.
3areM pe3yJbTaTbl CECCU YCPEHAIOTCA U CTPOATCS TPAPUKH JI5 UCTIBITAHUIA.

3. dxcnepumenrt (Experiment). Ha camom BbicOKOM YypoBHe (hpeiiMBOPKA 9KCIIepH-
MeHTupoBaHusg B SLM Lab skcriepuMeHT 1IOpOsKaeT pasjauuHble HaOOPbI THIIEP-
rapaMeTpoB M 3aIyCKaeT UCTIBITAHUE JIJIST KasKJI0TO U3 HUX. Ero MOKHO TTOHUMaTh
Kak ucciaenoBanue Ha Temy «Kakue 3HaYeHUS Y 1 CKOPOCTH 0OYUYEeHHUS JA0T CaMoe
ObicTpoe 1 HanboJsiee YCTOMYMBOE PellleHre, eCIi APYTUe TIePeMeHHbIe 0CTAIOTCS
MOCTOSIHHBIMU ?». [10 3aBepIiieHNN AKCIIEPUMEHTA UCITBITAHUS] CPABHUBAIOTCS 110
rpacdukam JIJIsi MHOXKECTBA UCTTBITAHUT.
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11.3.1. KomaHabl SLM Lab

Pacemorpum ocroBuble koManbl B SLM Lab, cocrasiennbie 1o ma6ioHy python
run_lab.py {spec_file} {spec_name} {lab_mode}. CyliecTByIOT 4eTbipe OCHOBHbIE
KOMaH/IbI /I PA3HbIX CJIY4YaeB [IPUMEHEHUA.

1. python run_lab.py slm_lab/spec/benchmark/a2c/a2c_nstep_pong.json a2c_nstep_
pong dev. Pesknm pa3paboTKH OTIMYAETCST OT OMUCAHHOTO paHee PesknMa 00ydeHUsT
TEM, YTO OH OTPaHUYEH OJHUM CEAHCOM, B HEM BU3YaIU3UPYETCS CPEA, IPOBEPSIOTCS
00HOBJIEHMSI IIAPAMETPOB CETU U BEAETCsI IOAPOOHbII Ky pHA OTIaIKN.

2. python run_lab.py slm_lab/spec/benchmark/a2c/a2c_nstep_pong.json a2c_
nstep_pong train. OGy4yeHue arenTa ¢ IOMOIIBIO 3aJaHHON crelpUuKaiuu IIyTeM
TTOPOYKIECHU NUCITBITAHUA.

3. pythonrun_lab.py slm_lab/spec/benchmark/a2c/a2c_nstep_pong.json a2c_nstep_
pong search. 3aIyck aKCIIEPUMEHTA C TIOMCKOM 110 TUIIepliapaMeTpaM ¢ TIOPOK/IeHH-
€M OJTHOI'0 9KCIepUMeHTa.

4. python run_lab.py data/a2c_nstep_pong_ 2018 06_16_214527/a2c_nstep_pong_
spec.json a2c_nstep_pong enjoy@a2c_nstep_pong_t1_s@. 3arpyska u3 namnku data/
B SLM Lab arenra, COXpaHEHHOTO TIOC/IE 3aBEPIICHNS UCIIBITAHKS U SKCIIEPUMEHTA.
Pesxnm enjoy@a2c_nstep_pong_tl_s@ 3aaeT UCIBITAHUS U cecCUU (haiira MOIEI.

11.4. AHanu3 pe3ynbTaToOB 3KCNepUMeHTa

[Tocse okoHYaHUS 9KCIIEPUMEHTA JaHHbIE aBTOMATUYECKU BBIBOJIATCA B TAIKY, pa3Me-
LEHHYIO B SLM-Lab/data/. B aToM paszesne ciesian yrop Ha UCIIOJIb30BaHUE JAHHBIX I
ryOOKOTO aHAIN3a SKCIIEPUMEHTA. DKCIePUMEHTAIbHBIE JAHHbIE OTPAKAIOT HEPAPXUIO
«ceccust — UCIbITAHNE — SKCIIEPUMEHT», 06y KaaBiryiocs B pasgene 11.3. Mbl gagum
0030p JaHHbIX, redepupyeMbix SLM Lab, conmpoBoxkaas ux npumepaMu.

11.4.1. O630p 3KCnepnMeHTaNbHbIX AaHHbIX

[Tomyuaemble B X07ie 9KCTIEPUMEHTOB JJAHHBIE ABTOMATUYECKN COXPAHSIOTCS B TIANTKe
data/{experiment_id}. {experiment_id} — 9T0O KOHKaTeHAIUsI Ha3BaHUS (haiiya spec
1 BpEMEHHOW MeTKH, CTeHEPUPOBAHHON TTPU 3aITyCKe 9KCITEPUMEHTA.

Jluist Kask 01 ceccuu co3gaioTest rpaduK KPUBOil 00yUYeHMsI ¢ €10 CKOJIb3SIINM CPEIHUM,
coXpaHeHHbIe TTapaMeTpbl Mojiesin areHTa, Gaitn CSV, copep:kaiinii 1aHHbIe CECCUU,
1 TTOKA3aTe N Ha YPOBHE ceccuu. /laHHbIe CeCCHM COCTOSIT M3 BO3HATPAK/IEHNH, (DYHKITUN
[OTEPb, CKOPOCTH 00yYeHNs, 3HAYEHMsI IIepeMeHHOl nccirenoBanus u T. 1. Ha puc. 11.1
MIPUBEJIEH TIPUMeP IPadUKOB JIJIsT CECCUU IKCIIEPUMEHTA C AaKTOPOM-KPUTUKOM U3 TTO]1-
paznena 6.7.1.
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session graph: a2c_nstep_pong t0 s0
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Puc. 11.1. Mpumepsl rpacdmkoB ans ceccuu. Mo BEPTUKANbHON OCK OT/IOXKEHbI MOJHbIE
BO3HArpaXki€HUsi B KOHTPOJIbHbIX TOYKaX, YCPeAHEHHbIE MO AAHHBIM U3 BOCbMMU 3MM30A40B.
Mo ropusoHTasNbHOM 0CM — BCe Kaapbl 06y4eHus. CrpaBa nokasaH rpacmk CO CKOMb3SLWMM CPEAHUM
no oueHkaM B 100 KOHTPOsbHbIX TOYKax

[Tpy KaskIOM UCTIBITAHNY CO3/IaeTCst IPAPUK YCPEAHEHHBIX MO CECCHSIM KPUBBIX 00yUeH st
C IOBEPUTETBHBIM MHTEPBAJIOM B Tipesiesiax £1 crangapTHoe oTkIoHeHue. Takske BKITIOYeHa
BepcHst 3TOro rpaduKa co CKOIb3AMNM cpeliHM. Kpome Toro, BBIIATOTCS TIOKA3aTes I Ha
yposue ucnbitanus. Ha puc. 11.2 mpogemoncTprupoBan npumep rpayKoB s UCITBITAHMEL.

trial graph: a2c_nstep_pong t0 4 sessions
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Puc. 11.2. Mpumepbl rpadvKoB ANs UCMbITAHUM, YCPEAHEHHBIX MO AaHHbIM ceccuit. Mo BepTUKanbHOM

OCM OT/IOXKEHbI MOJIHblE BO3HArpaXKAeHUs1 B KOHTPOJIbHbIX TOUKaX, YCpeAHEHHbIE MO AAHHBIM U3 BOCbMMU

3MnM30A40B. Mo ropu3oHTaNbHOM 0cK — Bce Kaapbl 06yyeHusi. CnpaBa nokasaH rpadmk co CKONb3sLWMM
cpeaHuM no oueHkaM B 100 KOHTPOSIbHBIX TOYKax
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IKCIIEPUMEHT MTOPO’KAAET rpaduK, HA KOTOPOM CPaBHUBAIOTCS PE3YJIbTAThI BCEX UC-
IIBITAHMIA, a TAKKE BEPCUIO CO CKOJIB3SIIUM cpefiHuM. /lomosHuTeIpHO co3maeTcs daiin
CSV non nazsanuem experiment_df. OH CO/IEPKUT UTOTOBbIE 3HAUEHUST TTEPEMEHHBIX
U Pe3yJIbTaThl 9KCIIEPIMEHTA, OTCOPTUPOBAHHBIE B TIOPSIZIKE YXY/IIIEHUS TIPOM3BOANTEb-
HOCTH TP MCTIBITAHUSIX. DTOT (hailsr peiHazHaueH /75T TOTO, YTOOBI SICHO TIOKA3aTh J[1a-
MA30HbI 3HAYCHUIT TUTIEPIapaMeTPOB U UX KOMOMHAIINHU OT CAMBIX YCIIEITHBIX /[0 CAMBIX
Heynaynbix. Ha puc. 11.3 npuBezens! npuMepsl TpaKOB /1J1I MHOKECTBA UCITBITAHUT.
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t2: num_step_returns 5.0 t2: num_step_returns 5.0
t3: num_step_returns 7.0 t3: num_step_returns 7.0
t4: num_step_returns 9.0 t4: num_step_returns 9.0
t5: num_step_returns 11.0 t5: num_step_returns 11.0

Puc. 11.3. MpuMepbl rpadmkoB Ans psiaa UCTIbITaHWI

11.5. Pe3ome

B aroii rmase 6osee meTanbHO paccMaTPUBAIACH MTpUIaraeMast K KHUTe 6ubmorTeka
SLM Lab. Mb1 o6cyaniy peajizoBaHHble B Heil aJlTOPUTMBI U IIPUMEHSAEMbIE JJIST UX
HACTPOIKK (haitsl spec. [[03HAKOMUINCH ¢ OCHOBHBIMU KOMaHAAMU OUGIHOTEK.

3aTeM Mbl paccMOTpein (DPeUMBOPK IKCIIEPUMEHTUPOBAHUS, COCTOSIIUN U3 KJIACCOB
Session, Trial u Experiment, K&KABI U3 KOTOPBIX CO3/AET rpa(bHKH U JIJaHHBbIE, I10-
JIe3HbIE JIJId aHaINU3a IIPOU3BOAUTEIBHOCTI aJITOPUTMA.

SLM Lab HaxoauTcst B riporiecce ak TUBHOI paspabOTKH, U B €€ MOCIEAHIOI BEPCUIO YacTO
JO0ABJISTIOTCS] HOBBIE aJITOPUTMbI M (PYHKIMK. UTOOBI BOCTIONB30BATHCS MU, TIEPEHnTe
B OCHOBHYIO BeTBb master penosuropus GitHub 1o ccpuike https://github.com/kengz/
SLM-Lab.



ApXUTEKTYpa ceTen

HeiipoHHtbie ceTu SIBAAIOTCS KOMIIOHEHTAMHU BCEX aJlTOPUTMOB, 0OCYIKIaEMbIX B 9TOM
kuure. OHAKO /10 9TOTO MOMEHTA MBI ellle HU Pasy He PaccMaTpuBaju MoApOOHO
HU yCTPOWCTBO 9TUX CeTel, HU Te MmoJie3Hbie (hYHKIIMOHATBHBIE BOBMOKHOCTH, KOTO-
pble OHU peocTaBsoT pu 00bepnHenuu ¢ RL. Iesb aT0il riassr — Gosiee OJm3K0E
3HAKOMCTBO C TIPOEKTUPOBAHUEM U 00yUeHUEM HEWPOHHBIX CeTell B KOHTEKCTE TIryho-
xoro RL.

['maBa HaumHaeTCs ¢ KPATKOTO BBEIEHNS B Pa3Hble ceMeiicTBA HEMPOHHBIX CETeH 1 TUTIBI
JQHHBIX, Ha 00PabOTKE KOTOPHIX OHK CIEIHATU3UPYIOTCS. 3aTeM MbI TIOTOBOPUM O TOM,
KaK BBIOPATH MOAXO/AIIYIO CETh, MCXO/SA U3 JABYX XapaKTEPUCTHK CPEbl: HACKOIBKO
OHa JIOCTYITHA ISt HAOI00eHUs W KAKOBA TIPUPOJIA TIPOCTPAHCTBA COCTOSTHUN. UTOObI
0XapaKTepU30BaTh JOCTYITHOCTD CPEIbI /7t HAGIIOACHWS, OOCYIUM PA3HUILY MEKLY
MapKOBCKKM IIpolieccoM npunatus pemenuii (MIIIIP) u yactuuno HabmomzaeMbiM
MapKOBCKIM IIPOLIECCOM IPUHATHA pemtennii (dactiano nabmonaembiii MIIIIP). Kpome
TOrO, BBEJIEM TPH Pa3HbIX BUJa YacTUYHO Habmoxaembix MITITP.

B ocrasnbHOl yacTu riiaBel paccmarpuBaercst Net APT uz SLM Lab, B koTopom nHKar-
CyJMpoBaHa (DYHKIIMOHAILHOCTD, O0IIast iJist 00yUeHMsI HEHPOHHBIX CETeil B KOHTEKCTE
ray6okoro RL. Mbl cetaeM 0030p HEKOTOPBIX JKeJTaTeIbHBIX cBOWCTB Net APT u Ha
npuMepax u3 SLM Lab mokazeM, Kak 971 CBOICTBA MOKHO PeaIn30BaTh.

12.1. Buabl HEMPOHHbIX CETEN

Heiipontibie ceTt MOTyT GBITH OGBEIMHEHBI B CEMENCTBA B COOTBETCTBUH C UX 0COOEH-
HOCTSIMU, PEIaeMbIMU UIMU 33/Ia4aMU U TUTIOM BXOJIHBIX JIAHHBIX, ¢ 06pabOTKON KOTOPHIX
OHU XOPOIIIO CHPABJIAIOTCS. ECTh TP OCHOBHBIE KATETOPUI: MHOTOCJIOMHBIE MIEPIENTPO-
ubl (multilayer perceptron, MLP), cBeprounbie Heiiponnbie ceru (convolutional neural
networks, CNN) u pexyppenTHbie HeiiporHbie cetu (recurrent neural networks, RNN).
ITHU BUJIbI HEHPOHHBIX CETEH MOKHO KOMOMHUPOBATD W TI0JIyYaTh THOPH/IBI, HAIPUMED
CNN-RNN.
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Kask/oe n3 cemMeiicTB XapaKTepusyeTcst THTIAMHU CJI0EB, COCTABJISIONIUX CETh, U CTOCOO0M
OPraHU3aIMK [T0TOKA BEIYUCIEHUI. DTU CEMENCTBA MOKHO TaK)Ke IOHUMATh B TOM CMBIC-
Jie, YTO OHU BKJIIOYAIOT B ce0sI pa3invHble MePBOHAYATIbLHBIE 3HAHUSI O CBOMX BXOJ[HBIX
3HAUYEHUAX W UCTIOJNB3YIOT 9TH 3HAHUS JIJISI TOTO, YTOOBI JIydliie 06yd4aThCsl Ha TaHHBIX
C olpeziesieHHBIMU XapakTepuctukamu. /lasee B 9TOM pasjielie uiier 04enb KPaTKui
0030p XapaKTepUCTHK OCHOBHBIX CEMEICTB HeMPOHHBIX ceTell. YuraTesn, 3HaKOMbIe
C HEHPOHHBIMU CETSIMH, MOTYT €r0 TIOJTHOCTHIO MPOIMYCTUTD WU B3TJIAHYTH JIUIIb HA
puc. 12.4. Kenaomumm noayuuts 6osiee moApoOHbIE CBEIECHNST PEKOMEH/IYEM JIBE Tpe-
BocxoHbie kuuru: Neural Networks and Deep Learning Maiikia Husbcena [92] u Deep
Learning STua Tyndemnoy, Momya Benkno u Aapona Kypsuiis [45]. O6e 6bimn 10-
CTYITHBI OHJIAITH HA MOMEHT HAITUCAHUS ATHX CTPOK.

12.1.1. MHOrocnonHble NEepLENTPOHbI

Muorocoiiabie neprentporsl (MLP) — cambiii iipocToil u Hanbosee o0l BUL HEll-
poHHBIX ceTell. OHM COCTOAT TOJBKO U3 NOJHOCBA3HBIX C10€E. B TIOJHOCBA3HOM CJI0€e
BCE BBIXO/{HbIE 3HAYEHUS U3 IIPEbLIYIIEr0 CJI0S CBA3aHbl CO BCEMU Y3JIaMU TEKYIIero
CJI0S TIOCPENICTBOM OITpe/Ie/IEHHBIX BeCOB. K BBIXO/IHBIM 3HAUCHWSAM BCEX IIJIOTHBIX CJIOEB
06BIYHO TPUMEHSTIOTCS HeTMHEeHHbIe (GYHKIMT akTuBarui. OHU TPUAAIOT HEPOHHBIM
CeTsIM BbIPA3UTEJbHOCTD, JeJIas BO3MOYKHON allllpPOKCUMAIIMIO BeCbMa CJIOKHDIX HeJll-
HEWHBIX (PYHKITUI.

MHOTOCJIONHbBIE TIEPIENTPOHBI SIBJAAIOTCS CETSIMU OOIIEr0 HA3HAUEHUS, U UX BXO/HbIE
3HAUEHUST TIPEJ/ICTABJIEHBI OJTHUM BEKTOPOM ¢ 1 aneMeHTamu. MLP nesnator oueHs maso
TIPE/IIIOJIOKEHUH O MTPHUPOo/ie CBOMX BXO/IHBIX JaHHBIX. Hamnpumep, oHn He KOJUPYIOT
HUKAKYI0 MH(GOPMAIIMIO O CBA3SX MEXKAY Pa3HbIMU U3MEPEHUSMHU BXOJHBIX JAHHDBIX.
B aTOM 0/1HOBpEeMEeHHO 3aKJI0YAI0TCs KaK UX CUJIA, TAaK U OTPAHMYEHHOCTh. ITO TI03BO-
JisieT MHOTOCJIOMHBIM TIPerienTPOHAaM pacCMaTpUBaTh BXOHbIE 3HAYEHUsT C PA3HbBIX TOUEK
3penust. OHU MOTYT pearnpoBaTh Ha rII06aIbHbIE CTPYKTYPbI U MAGJ0HbI, OOHAPYKUBAST
XapaKTePUCTUKH, SIBJISIONIECS KOMOMHAIIMSMI BCEX BXOIHBIX 2JIEMEHTOB.

O/HAKO0 MHOTOCJIOIHBIE TIEPIENTPOHBI MOTYT TaKKe UTHOPUPOBATL CTPYKTYPHI B /IaH-
HBIX, Ha KOTOPBIX OHU 00ydaioTcsa. PaccMoTpuM 1Ba n300paskeHns, IpUBeAEHHbIE Ha
puc. 12.1, a u 6. Ilepsoe — 310 poTorpadus ropHOro Meii3axa, a BTOpoe BbITJISAAUT KaK
CITYYaifHbIN NIyM. 3HAUEHUS TTUKCENIOB Ha puc. 12.1, a, 1IeMOHCTPUPYIOT OYeHb CUJIbHYIO
[IPOCTPAHCTBEHHYIO KOPPEJISIIMIO B IBYX U3MePeHMsIX. B GOJIBIINHCTBE ClydaeB HalexK-
HBII [MOKa3aTeb 3HAYEHUsI OT/IEbHOTO TIMKCEIa — TO 3HAYEHUS COCETHUX MTUKCEJIOB.
3HaueHune nukceaa Ha puc. 12.1, 6, HAMPOTUB, HE UMEET CUIIBHOI KOPPEJIAIUI CO 3HA-
YEeHUSIMU COCEHMX ¢ HUM IHKCeI0B. JIboe peanncTiuiHoe n3o0pakeHue B ropasio
Goableii crenenn nogo6Ho puc. 12.1, a, yem puc. 12.1, 6, mokasbIBast BBICOKYIO CTEIEHb
JIOKAJIbHOW KOPPEJISIIINN B 3HAUEHUSIX TTUKCENOB.
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Puc. 12.1. CpaBHeHue cdoTorpadum rop co cnyyaiHbiM U3o6paxeHvem

JIByMepHast CTPYKTypa H300paskeHUsE He SBJISETCS JTETKOAOCTYMHOM st MLP, Tak Kak
nepe;1 mojaveii Ha BXO HEHPOHHOMU ceTr Kaxkaoe n3obpakeHue OyaeT mpeodpazoBaHo
B JUTMHHBIH OIHOMEPHBIN crincok uucest. [lepen oGyueHneM MOKET TPOU30UTH TIepe-
CTaHOBKA 3HAUCHUH TIMKCEIOB B CJYYAllHOM MOPSIIKE, TPUYeM OYAET MOJYIeHO 9KBIBA-
JICHTHOE OJTHOMEPHOE TIPe/ICTaBICHIE N300pakeHust. /it CpaBHEHUST TPEICTABbTE, YTO
MIPOU3OMIET, €CII BBHITIOJTHUTD CIYYAHHYIO TIEPECTAHOBKY MMUKCEIOB ABYMEPHOTO M30-
Opaskerust. Takum o6pasoM u ObLT TosryueH puc. 12.1, 6, — cayaaifHON mepecTaHOBKOI
nukcesioB puc. 12.1, a. B 1ByMepHOM TIPOCTPaHCTBE Pa3HUIIA MEKIY ITUMU (pparMeH-
TaMU, OYEBUJIHA, U TIO0 OMHOMY JIUIIb puc. 12.1, 6, HEBO3MOKHO OIIPEAETUTD, UTO MPE/I-
CTaBJIAIOT co60 muKcesbl. CMBICIT HTHX MUKCEJIOB MPOIIE BBISIBUTD 0 UX 3HAYCHUSIM
B COBOKYITHOCTH C PACTIOJIOKEHUEM B IBYMEPHOM TIPOCTPAHCTBE.
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KouBepranust IByMepHOTO N300pasKeHUs B OJHOMEPHBII BEKTOP — TPUMEpP MOTEPU
MeTanH(pOPMAIMH 0 COCTOSTHIN, KOTOPast boJiee IeTaibHO 0bcyskaaeTcs B paszene 14.4.
V306pakeHus ABYMEPHBI IO CBOEH CYTH, B HUX KaKIbIil MUKCEJ CBA3AH C IPYTHUMU
MUKCETaMK B IBYMEPHOM mpocTpaHcTse. [Ipu mpeobpasoBaHuyt B OJHOMEPHOE MPe/-
cTaBJjieHUe 3a/1a4a ycsoxHsaercd. CeTn HyKHO PEKOHCTPYUPOBATD /IByMEPHbIC B3au-
MOCBSI3H MEJK/TY TIMKCEJIAMH, TAK KaK 9Ta WHMOOPMAIIUsA HEOYEBH/IHA TIPH TAKOM CIIoco6e
[Ipe/ICTaBICHUS BXO/IHBIX JTAHHBIX.

JIpyras 0coO6eHHOCTh MHOTOCJIOIMHBIX TIEPIENITPOHOB — TEHEHIINS K OBICTPOMY POCTY
KoJsinyecTBa napamerpoB. Hanmpumep, paccmorpum MLP, mpunumatomuii Ha BXo/ie 3Ha-
venns u3 R™ ¢ apyms ckperteivMut ciosgyu ¢ 1024 1 512 y31aMu 1 BHIXOIHBIM CIOEM U3
necsitu yauoB. Oyukinust, Beranciasiemas MLP, npusenena B ypasuenuu (12.1), bynkius

akTuBalUi — curmonza o(x)= T
+e

fon(0) = (W, 6(Wx +b,) +b,), (12.1)

rae W, u W, — MaTpunpl Becos, a b1 u b2 — BekTopbl cMemenuil. B W, conepxurcs
1024 - 784 = 802 816 snementos, B W, — 512 - 1024 = 524 288 s;1emeHTOB, @ B BEKTOPaX
CMEIIeHUI b1 u b2 — 1024 u 512 a1eMeHTOB cOOTBETCTBEHHO. TOr/Ia KOJIMYecTBO Tapame-
TpoB cetr cocraisier 802 816 + 524 288 + 1024 + 512 = 1 328 640. [To cerogusHuM
MEPKaM 9TO MaJIeHbKasi CeTh, HO U y Hee eCTh MHOTO TIapaMeTPOB, KOTOPbIE HY;KHO Ha-
CTPOUTH. DTO MOKET ObITh IIPOOIEMATUYHO 110 TOI IIPUYKHE, YTO KOJIUYECTBO IIPHUMEPOB,
HEOOXOIMMBIX JIJIS HACTPOMKK ONTUMAJIbHBIX 3HAYEHMIT 11 KasK[0r0 U3 IapaMeTpPOB,
YBEJINYMBAETCS ¢ POCTOM OOIIEro YKcaa HapaMeTpoB B ceTh. BoJibllioe KoJIuuecTBo
HOJAIONIMXCS HACTPOMKE ApaMeTPOB BKYIIE ¢ Hea(h(DEKTUBHOCTHIO BEIOOPKHU TEKYIIIX
AJIrOpUTMOB I1y60Koro RL MOKeT IpUBECTH K TOMY, 4TO 00ydYeHUe areHTa 3aTsIHeTCs
Haj10J1T0. 3-32 3TOr0 MHOTOCJIOWHBIE TTEPIENITPOHBI JIyUIlie BCETO MOIXOIST IS CPeJl
C JIByMsl CBOMCTBAMU: MX MTPOCTPAHCTBO COCTOSIHUI MMEET MAJIyIO Pa3MEPHOCTD U JIJIst
bopMHUpOBaHK IPU3HAKOB TPEOYIOTCS BCE DI€MEHThI COCTOSTHUSL.

Haxomnerr, y MHOTOCJIOWHBIX MEPIICNITPOHOB HET MAMSATH, TO €CTh OHU 3HAIOT TOJBKO
0 TEKYIIUX BXOIHBIX 3HAUCHUSAX U HUUETO He TOMHAT O npeabiaynux. B MLP na Bxopg
[OAAIOTCS HEYIOPA0YeHHbIe 3HAYEHN, IIPeABAPUTEIbHAT 00pabOTKa KasKA0r0 U3 KO-
TOPBIX TPOUCXOIUT HE3ABUCUMO OT IPYTUX.

12.1.2. CBEPTOYHbIE HEMPOHHbIE CETU

Caeprounsle neiiponnsie cetr (CNN) npeycienn B 00yuennn 1o uzodpaxkenusim. CNN
CIIPOEKTUPOBAHBI CIIENMAIBHO [T UCCJIEI0BAHUST IIPOCTPAHCTBEHHON CTPYKTYPHI [aH-
HBIX B BUjie U300paKEeHUIT, TOCKOJIBKY OHM COJIEPIKAT OJIMH HMJIU JIBA CBEPTOUYHBIX CJIOS,
KaJKJIbIil U3 KOTOPBIX COCTOUT U3 HECKOJIbKUX SI/IEP CBEPTKHL.

IIJIE[ ITOJIy9€HN A BBIXO/IHDBIX 3HAYEHUH K TIOAMHOKECTBY BXOHbBIX 3HAaYEeHUI MHOTO-
KPAaTHO TIPUMEHAIOTCA AApa CBEPTKU. rOBOpI/ITCHZ IIpoun3oILIa ceepmra 1no ﬂ&py, qTo
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Ha3sbIBaeTcA oliepanueii ceepmru. Hanpumep, MOSKHO IIPUMEHUTH CBEPTKY K JIBYMEPHOMY
n306paKEHMIO /TSI TIOJYYEHUST Ha BHIXO/IE IBYMEPHbBIX 3HAYeHUH. B aToM cirydae oxHO-
KpaTHoe MpUMEHEHHe siipa OYeT COOTBETCTBOBATH €0 TPUMEHEHHIO K HeGOMBIIOMY
YYaCTKY U300PaKEHVs, COCTOSAIIEMY M3 HECKOJIBKHUX TIMKCEIOB: 3 X 3 UK 5 X 5 TTHKCe-
J10B. PesysibraT aT0I o1tepaiiuy — cKaJspHOE BBIXOJHOE 3HAYCHUE.

[[aHHOG CKaJISIPHOE BbIXO/ITHOE 3HAYECHNE MOJKET OBITDH HMHTEPIPETUPOBAHO KaK CUT'HAJI
0 HaJU4Yuu uiau oo OTCYTCTBUU OTAEJIbHO B3ATOI'O IpHU3HaKa B JIOKaJIbHOI obJyactu
BXOAHDBIX JITaHHBIX, IIPUMEHUTEJ/IbHO K KOTOpOfI 9TO 3HaueHue ObLIO ITOJIYy4€HO. CJIelIO-
BaTeJIbHO, /[P0 MOKHO paCCMaTprBaTb KakK JIOKAJIbHBII AETEKTOP NIPU3HAKOB, TaK KaK
OHO BbI/IA€T BbIXO/IHbIEC 3HAYE€HNW A Ha OCHOBE ITPOCTPAHCTBEHHO COIIPAKEHHOT'O IIOJAMHO-
JKeCTBa BXOIHDbIX ITPU3HAKOB. H,ZIPO (,ZIE‘TGKTOI) HpI/ISHaKOB) IIPpUMEHAECTCA JIOKAJIBHO 110
BCEMY I/1306pa>KeHI/IIO JULA TIOJIYUEHU S Kapmbvl NPUHAK06, B KOTOpOﬁ OIIMCaHbI BCEe MeCTa,
rjae Ha JaHHOM I/ISO6pa>K€‘HI/II/I BCTpEYACTCA OHpeI[e]IeHHbIﬁ ITpU3HaK.

OIUHOYHBIH CBEPTOYHBIN CJIOH, KaK TPABUIO0, COCTOUT U3 HEKOTOPOTO KOJTMYECTBA
szep (00b19HO 8—256), Kask10e U3 KOTOPBIX MOKET HACTPAMBAThCS ONPENENsATh OT-
NeTbHBIN Mpu3Hak. Hampumep, 01HO S1po MOXKET HACTPAUBATHCS HAXOAWTH BEPTH-
KaJIbHbIe TTPSIMOJIMHEHBIE pebpa, BTOPOe — TOPU3OHTAIBHBIE MPSMOTHHENHbBIE pebpa,
a Tperbe — KpUBOJMHeHoe pebpo. [Ipu KOMOUHUPOBAHUY CJIOEB MOCJIEYIOIIUE CIOK
MOTYT HACTPanBaThCs Ha Bee OoJjiee CIOKHbIC MPUBHAKKM ¢ MOMOIIBIO BBIXOIHBIX 3Ha-
YeHUll JeTEKTOPOB MPU3HAKOB MPEbIAYIIEro ciosi. Hanpumep, Ha BBICOKOYPOBHEBOM
cJIoe ceTH OfiHa (DYHKITHS MOsKeT HayUNThCS OIPEIeNITh pakeTKy B urpe Pong n3 Atari,
a Ipyrast — MSTIHK.

OJHO U3 MPEUMYIIECTB TAKOH CTPYKTYPBI CII0EB — CIOCOOHOCTD sifipa 0OHAPYKUBAThH
HaJIMuKe IPU3HAKA BHE 3aBHCUMOCTH OT TOT'O, TJIe OH TIOSIBJISIETCST HA H300PasKEeHIH. ITO
BBIFOIHO, TaK KaK [IOJIOKEHNe II0Je3HbIX IIPU3HAKOB Ha PA3HbIX N300PaKEHMIX MOKET
BapbupoBatbcs. Hampumep, B urpe Pong n3 Atari MEHSIIOTCS KakK TMO3UINNA PAKETOK
UIPOKA ¥ €ro OIIIOHEHTa, TaK U Msva. IIpuMeHNB K M300PasKeHNIO AP0 — «IE€TEKTOP
PaKeTKW», TIOJYYUM BYMEPHYIO KapTy PACIOJIOKEHUS BCEX PAKETOK HA PUCYHKE.

C MOMOTI[HIO CBEPTOK CETh «HECIIIATHO» YUUTCST TOMY, YTO KOHKPETHast KOMOMHATIHST
3HAYEHUH MPEJCTABISAET OJMH W TOT JKe TPU3HAK B PA3HBIX YACTIX U300PaKEHU.
C TOUKM 3peHNsT KOJNIECTBA TAPAMETPOB CBEPTOUHBIE cJion 3(hheKTHBHEe, YeM TTOTHO-
cBsaztbie. OHO AIPO MOKET OBITH MPUMEHEHO JIJIS ONPEAETEHUST OJHOTO U TOTO JKe
mpu3HaKa B M060M MecTe M300paskeHist — HaM He HYKHO HACTPAWBATD OTAENbHOE
SIIPO OOHAPYKUBATH HTOT MPU3HAK HA MHOKECTBE IPYTUX y4acTKOB. B pesybrare mpu
[IPUMEHEHUU CBEPTOYHBIX U [TOJHOCBSA3HBIX CJIOEB K BXO/HBIM JIaHHBIM C OJIMHAKOBBIM
YHCJIOM HJIEMEHTOB Y TIEPBBIX Oy/IET 3HAYUTENHHO MEHBIIE TTAPAMETPOB, YEM Y BTOPBIX.
ITO IIPOUCXOJUT BCJIEICTBUE MHOTOKPATHOTO IIPUMEHEHUS OJJHOT0-e/IMHCTBEHHOTIO S/1pa
K GOJIBIIOMY KOJMYECTBY MOYYACTKOB BXOAHBIX TAHHBIX.

Hemocratok CBEPTOYHBIX CJIOEB — UX JIOKAJTBHOCTD: OHU 3a pa3 06pabaThiBAIOT JIUIIh
YacTh MPOCTPAHCTBA BXOJAHBIX 3HAYEHUIT I UTHOPUPYIOT IJI00AJIBHYIO CTPYKTYPY HU30-
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6paxenust. OHAKO robasbHas CTPYKTYPa 4acTo MMeeT Oouibiioe 3HadeHue. Pacemo-
TpuM erie pa3 urpy Pong uz Atari. /lyig goctuskenus Xxopoiieid mpou3BOIUTEIbHOCTH
[IPY IPUHATHY PEIeHUs O IeHICTBUN HYKHO UCIIOJIb30BATh B3AMMHOE MECTOIIOIOKEHITE
MSTYHKA U PaKeTOK. MecTonosokeHne MOKHO 33/IaTh TOJBKO OTHOCHTEIBHO BCETO TIPO-
CTPAHCTBA BXOIHBIX 3HAYEHUI.

OrpaHnyeHnHOCTb CBEPTOK YACTO HUBEJIUPYETCST 32 CUET YBEJINUEHUST PEETITUBHOTO MOJIST
anep Ha 6oJiee BBICOKMX YPOBHAX'. DTO 3HAYUT, 4TO yBeanunBaercs adexTusnas 06-
JIACTP TIPOCTPAHCTBA BXOAHBIX 3HAYEHUIT, KOTOPYIO 00pabaThiBaeT Aapo, — Takue sjapa
MOTYT «BHJIETh» OOJIBIIYIO YaCTh IPOCTPAHCTBA BXOAHBIX 3HaYeHM. YeM GoJibIie perier-
TUBHOE TI0JIe s/[pa, TeM GoJiee riodaibHoii OyaeT ero nepciekTuBa. AJbTepHaTHBHBII
nojixoft — nobasienre Hebombimoro MLP oBepx CNN, 4TOGOBI TIOIYIUTH TPEUMYIIECTBA
oboux cemeiicTs. Bepuemcst x mpumepy ¢ Pong Atari. Ha Beixone us CNN OyzayT mouy-
YeHbl IByMepHbIE KAPThI, COAEPIKAIIIE MECTOTIOIOKEHMST MSIYUKA U PAKETOK. DTU KapPThI
MepeflaloTCst B KaueCTBe BXOAHBIX 3HaueHuil B MLP, KoTopbiil 00beinHseT BCIO 9Ty
nH(pOPMAITHIIO U BBIZIACT JIeHiCTBHE.

Kak 1 y MHOTOCJIOIHBIX MEPIIENTPOHOB, Y CBEPTOUHBIX HEHPOHHBIX CETEN HET MaMSITH.
Opnnaxo, B oranune or MLP, CNN wujeaibHO MOAXOAAT JiJist 00yU€eHUs 110 M300paske-
HUSM, TaK KaK OHW TPEI0JIaraloT HaJuyre ITPOCTPAHCTBEHHOM CTPYKTYPhI Y CBOMX
BXOJ[HBIX JIaHHBIX.

Bouee toro, npumMenenue siep — 3(hOEKTUBHBIN COCOO YMEHBIIEHUST YUCIa TTapaMe-
TPOB B CETH, KOTJIA KOJTMYECTBO 3JIEMEHTOB Ha BXO/IE BEJINKO, @ B KAXKIOM TUITUYHOM
1 POBOM TIPECTABIEHUN U300PaKEHUS €CTh THICSYN, & TO U MUAJIIUOHBI 3JIEMEHTOB,
Oaxrrueckn CNN 3HAYUTETBHO ITPEBOCXOSAT BCE OCTAJbHBIE CEMeICTBA HEIPOHHBIX
cereil B 00yuennu o uzobpaxkenusm. [loaTomy rIaBHOE TIPAKTUYECKOE MTPABKIIO TJIa-
CHT: €CJIU MIPEIOCTABIISIEMOE CPEIOi COCTOSTHIE — ATO U300paKkeHne, BKIIOYNUTE B CETh
HECKOJIBKO CBEPTOYHBIX CJIOEB.

12.1.3. PekyppeHTHbIE HEMPOHHbIE CETH

Pexyppenthbie Heiipornbie cetrt (RNN) crienmainsupyrores Ha 00y4eHnn Mo Mocae10-
BaTeJIbHO TIepPeaBaeMbIM TaHHBIM. J[JIst HIX oHa MHGOPMAIIMOHHAS eTUHUIIA COCTOUT
U3 TI0CJIeIOBATEBHOCTU AJIEMEHTOB, KJKIBIH M3 KOTOPBIX ABJIsieTcs BeKTOpoM. RNN,
B otsimune oT MLP 1 CNN, ucxoauT n3 npearnosoxeHus, YTo TOPSIIOK MOJTydeH s dJ1e-
MEHTOB MeeT 3HaueHwue. [Ipeyioxkennst — OMUH U3 MPUMEPOB TUTIOB IAHHBIX, KOTOPbIE
RNN xoporo o6pabarsisaior. Kaxkaplii a1eMEeHT MOCIEA0BATEILHOCTH — 9TO CIOBO,
a TIOPSI/IOK CJIOB BJIMSIET HA CMBICJI TIPE/ITIOKeHUs B 1esioM. OnHako nHGOpMaImoHHas
e/IMHUTIA MOKET OBITh ¥ MOCJE0BATETBHOCTBIO COCTOSHIIH, HATIPUMED YIIOPSI0UEHHOT
MOCJIEZIOBATEHHOCTIO COCTOSTHUT, HAOJIIOIAEMBIX aTEHTOM.

! HaHpHMep, C ITOMOIIIBIO OHepa]_[PII?I O6’be]II/IHeHI/IH, paClIMPEHHBbIX CBEPTOK, NEPUOANYIECKUX

CBEPTOK NJIN GOIBITIX Anep.
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Otmuuresnbaoit yeptoit RNN sBisieTcst To, 4TO OHM XPaHST COCTOSIHUS, TO €CTh 3a110-
MUHAIOT 9JIEMEHTBI, KOTOpbIe Bujeau npexae. [Ipu o6paboTke sjeMenTa 1ocje 0Ba-
TenbHOCTH X, RNN HOMHUT Mjyniue nepe HUM 5JIeMEHTBI X, X, ... X; ,. ITO JOCTUTAETCs
C MOMOIIIBIO CIEIUANbHBIX PEKYPPEHTHBIX CJI0EB CO CKPBIThIM cocTosiHueM. CKpbITOe
COCTOSTHHE — 3TO HACTPOEHHOE MPEICTABIEHIE 9JIEMEHTOB B ITOCIEI0BATETBHOCTH, KO-
TOpPbIE CETh BU/EJIA 10 TEKYIIEr0 MOMEHTa, i OHO OOHOBJISIETCS ITPU KAsKIOM TIOJIyYeHUN
ceTbio HOBOTO 3iemMenTa. [lamsaTh RNN cooTBeTCTBYeT JIJIMHE MTOCeI0BATEbHOCTH,
B HayaJie HOBOII 1ocjIeI0BaTeIbHOCTH CKpbiToe coctostHre RNN o6HyJisiercst. Jlosras
kparkocpoutast mamsith (Long Short-Term Memory, LSTM) [52] u pekyppeHTHBIH 610K
c refitamu (Gated Recurrent Unit, GRU) [21]| — nauboJiee TUITMYHbBIE CJIOU ¢ TAKUMHU
XapaKTepUCTHKAMI.

ITpuMenenye MeXaHU3Ma JIJIST 3aTIOMUHAHIST TIPOTILIOTO TIeTeco00pa3Ho, Koraa udop-
MaIis, IpeiocTaBsieMast cpejioil Ha mare ¢, He OXBaTBIBAeT B MOJIHOI Mepe Bce, YTO
6b1J10 GBI MOJIE3HO 3HATH B TEKYIIUI MOMEHT. PaccMOTpUM cpety-1aGupuHT, B KOTOPOii
AreHT IS [IOJIyYeHUs MTOJI0KUTEbHOTO BO3HATPAKIECHUS MOKET TIOJAHUMATD 30JI0TbIe
MOHETDI, OABJIAIONINECS B OTHUX U TeX ke MecTaX. [Ipe/onoxum Takxke, 4T0O 30710Tbie
MOHETBI ITOCJIE TOTO, KaK WX MOJHSJ areHT, MOTYT CHOBA TIOSIBJISITHCST TI0 UCTEYEHUN (PUK-
CHUPOBAHHOTO ITPOMEXYTKA BpeMeHH. /laske ecsii areHT MOKeT BHU/IETh, T/le HaXOASITCS
BCE CYIIECTBYIOIINE HA TEKYIIMIT MOMEHT MOHETBI, OH MOXKET JINTIb TIPE/III0JIaraTh, KOT/ia
OT/IeJIbHBIC MOHETBI TTOSIBSITCS CHOBA, €CJIM OH MTOMHUT, KaK JIaBHO UX 1oHsAI. Hecsoxk-
HO TIPEJCTaBUTD, YTO IIPYU OTPAHUYEHHOM BPEMEHU JIJIsI MAKCUMU3AIUK cueTa HY>KHO
CJIeIUTD 3a TeM, KaKie MOHETBI ¥ KoT/la OH IToAHUMAaeT. {1 9ToTo 3a/laHus areHTy 110-
TpebyeTcst MaMsiTh, a 3T0 ocHoBHOE TTpenmyInectBo RNN nepex CNN uaun MLP.

K cuacTbio, HeT HeOGXOIANMOCTH OTPAHUYHBATLCST BLIGOPOM UCKJIFOUUTETBHO CETH OJIHOTO
tuna. Hao6opoT, oueHb pacrpocTpaneno cosaanne THOPUAHBIX CeTel, COCTOSIINX U3
MHOXKECTB MOJICETEH, KOTOPhIE MOTYT BCE MTPUHAJIEKATD K Pa3HbIM ceMeiicTBaM. Hampu-
Mep, MOJKHO CIIPOEKTUPOBATH CeTh ¢ MojtysieM 0Opabotku coctostauii — MLP nain CNN
C MpejicTaBlIeHneM HeoOPabOTAHHOTO COCTOSIHUSI' HA BBIXOJE U C MOJLYJIEM BPEMEHHOM
o6paboTku, KotopbiM siBJstercst RNN. Ha KaskioM BpeMeHHOM Tiiare HeoOpaboTaHHoe co-
CTOSTHUE TTPOXOIUT YePe3 MOy b 00pabOTKI COCTOSTHUI ¥ BBIXO/IHBIE IJAHHBIE TEPEIAI0T-
cs1 Ha Bxozt RNN. 3arem RNN wucriosibayer sty nH(GOpMAaInio, 4TOObI BbIAATh KOHEUHBII
pesyJibrar Ha Bbrxoje o0tieit cetr. Cetb, ofaceTsiMu Kotopoi sisiisiiorest 1 CNN, 1 RNN,
HazbiBaeTcsi CNN-RNN. ITockonbky MLP odenb yacTo NpUMEHSIOTCS B KauecTBe He-
GOJIBIINX JIOTIOJHUTEIBHBIX TTO/ICETEN, X 0OBIYHO HE YIIOMUHAIOT B 9TOM HA3BaHUU.

[Monsenem nrorn: RNN sydine Bcero MOAXOAST IS 32124, T/i€ IaHHbIE MTPEICTaBICHbI
KaK yIopsilodeHHble 11ocjaenoBaTeabHocTi. B konrekere riaybokoro RL onu 06b14H0
HCIIOJIb3YIOTCA, KOTZa areHTy JJA NPUHATHUA ONITUMaJTbHBIX peIlIeHI/Iﬁ HeO6XO[[I/IMO
IMOMHHTD, YTO MMPOUCXONIIO HA TPOTSIKEHUN JTUTETTHHOTO BPEMEHH.

! B Takom Ipe/cTaBJeHUN, KaK IIPpaBUJIO, MEHbIIIE 3JIEMEHTOB, Y€M B II€PBOHAYAa/JIbHOM CO-

CTOAHHNU.
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12.2. PekomeHaaumm
Mo BbI6OpY CEMENCTBA CeTEN

[Tocne BBeIeHMS pa3HbIX BUIOB HEHPOHHBIX CeTEl MOKET BOSHUKHYTh BOTIPOC: KAKUeE U3
HUX areHT JT0JIKEeH IPUMEHSITH IS KOHKPETHOM cpeibl? B aTOM pasjese 06cysKaaroTest
PEKOMEH/IATINAH 110 BBIOOPY CEMENCTBA ceTell Ha OCHOBE XapaKTEPUCTUK CPEJIBL.

Bee cpeapr rrybokoro RL MoryT paccMarpuBaThest Kak TOPOKAAIONIIE MTOCTET0BA-
TesbbIe Manubie. Mbr Bumesnn, uto RNN crermamusupyorcest Ha 06paboTie 9TOTo BU/Ia
BBIXOZIHBIX JaHHBIX. Tak modemy ske He rcmoab3oBaTh RNN i CNN-RNN B rirybokom
RL Bcerma? /Ijist oTBeTa Ha 5TOT BOIPOC HEOOXOMMO 0OCYIUTh passmanst Mex iy MITTTP
1 yactTuyHo HabsonaeMbimu MITIIP.

12.2.1. CpaBHeHune MIIP
N YacTUYHO Habnoaaembix MIMMP

3mech Mbl BKpaTiie noBToprM dopmasbhoe onpeneienne MIIIIP, kotopoe 6bLIO HaHOo
B tiiaBe 1. MIITIP — aTo MaTemaTmueckast MOJIesTb TIOCJIEIOBATEIBHOTO TIPUHATHUS Pe-
menwnii. B ochoBe MIIIIP siexut GyHKITNS TEPEX0/I0B, KOTOPAs MOJEJUPYET Tepexo/
COCTOSIHUA S, B cefytoniee coctosinue s, , . Dynkunsa nepexogos MIIIIP npusenena
B ypaBHeHuu (12.2):

s, ~P(st, |s,a). (12.2)

OyHKIMsA 11epexo0B 001ajaeT MapKOBCKMM CBOMCTBOM — IIEPEXOJl B S, ; TIOJIHOCTBIO
ONPE/IENIAETCs TEKYIIMM COCTOAHUEM U JielicTBUEM (S, a,). Panee B a1u3o/ie areHT MOT
HaOJII0IaTh MHOTO COCTOSTHUT g Syoe+ S, 1, HO OHM HE HECYT KaKOI-1160 TOTIOTHUTEIBHON

nHGOPMAITIHU O TOM COCTOSTHIH, B KOTOPOE TIepeHIeT cpea.

[ToHsiTHE COCTOSTHUS BCTPEYAETCST B IBYX CIydasiX. Bo-TlepBbIX, €CTh COCTOSTHHE, KOTOPOE
[OPOJKAAETCS Cpeiol, HabJII0JaeTCss aTeHTOM 1 HasblBaeTcsl HabJII0IaeMbIM COCTOSTHMU -
eM s,. Bo-BTOpBIX, ecTh cocTosHME, KOTOPOE NCNOMB3YeTCs (DyHKIMEH Mepexonos, —
BHYTPEHHEE COCTOSTHUE CPEJIb S, .

Ecnu cpena asasercsa MIIIIP, To oHa OIMCHIBAETCSA KAK NOAHOCTBIO HAOII00AeMASL,
u s, =s™. Harrpumep, o6e 3anaun, CartPole u LunarLander, — nmosHocTbio Habmosa-
emble cpezbl. CartPole npegocraBisger Ha Kask0M BPEMEHHOM 11are YeThIPE eAUHUIIbI
nH(POPMATTIH: TIOJIOKEHUE TEIEKKU OTHOCUTETHbHO JMHEWHOW OCH, CKOPOCTH TETEKKH,
YTOJI HAKJIOHA CTEPKHS U CKOPOCTH BEPITHHBI cTepikHs. C yueToM IeNCTBUS — JABUKE-
HUSI BJIEBO WJIHM BIIPABO — JAHHOM WH(MOPMAITUH TOCTATOYHO JIJIST OTIPEAESICHUST CIIEy-
IOIIEr0 COCTOSTHUSI CPEIBI.

Bwmecre ¢ Tem BHYTpPEHHEE COCTOAHNE CPe/Ibl MOKET 6bITI) CKPDBITO OT arexHra, TO €CTb
int

s, #5,". Takue TUIIBI CPell U3BECTHBI KaK wacmuuno nabdmodaemvie MIIIIP (partially
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observable MDP, POMDP). DyHKius 1epexooB y yactuuHo HabogaeMbix MITITP
Takas e, kak y MIIITP. Oanako yactuuno Habmogaembie MIIIIP npegocraBisiior
areHTy He BHyTPEHHee COCTOSHIE CPeibl S, a HabJ1i0/1aeMoe COCTOSTHUE S,. ITO 3HAYNT,
4TO areHTy GOJIbIIe He M3BECTHO BHYTPEHHEE COCTOSHUE S, 1 eMy TIPUXOIUTCS 1e/1aTh
BBIBOJL O HEM MCXO/I U3 BCEX HAOI0/IaeMBIX COCTOAHMIA (S, S, ... S, S,).

BuyTpennue cocTosiHUS IIOJTHOCTBIO OIIUCBIBAIOT HHTEpeCyIoliylo Hac cuctemy. Hanpu-
Mep, B Pong u3 Atari Bo BHyTpeHHee COCTOSIHYE CPejibl S, GY/yT BKIIOYEHbI MECTOTIO-
JIOKEHIS U CKOPOCTH PAKeTOK 1 Imaprka. HabioaeMble COCTOSHYSA S, KaK IIPaBILIO, CO-
TePIKAT UCXOHBIE TAHHbIE, TIEPeaBaeMble CEHCOPAMMU CHCTEMBI, HATTPIMED N300paskeHme
urpbl. Bo BpeMst Urpbl 10 3TOMY H300paskeHIIO MbI JIeJIAeM 3aKJII0UEHUE O BHYTPEHHEM
COCTOSIHUU CPEJIbL.

Pacemorpum Mogudunmposannyio sepeuio cpenbl CartPole. TIpeamosoxum, 4to cpega
HA KaK[OM BPEMEHHOM IIIare MpeoCTaBJsieT TOJIbKO ABE eMHUIIbI NHMDOPMAIIH: TI0-
BUIHIO TEJIEKKH OTHOCUTEJIBHO JTUHEHHON OCH U yroJl HakjIoHa crepskHs'. Ito Habo-
JlaeMOe COCTOSHUE S, TaK KaK y areHTa ecTb J10CTyIl K aHHoil undopmaimn. ITpu atom
cpezia, IOMUMO TIO3UIIUU TEJEKKH U YIJIa HAKJIOHA CTEPKHSI, OTCJIEKUBAET ellle U CKO-
POCTU TEJIEKKH U CTEPKHSI. ITO BHYTPEHHEE COCTOSTHUE CPEIbl, TAK KaK OHO TIOJIHOCTHIO
OIIHCBIBAET TEJIEKKY CO CTEPIKHEM.

Jlo HacTosIIIero MOMeHTa He ObLIO0 HeOOXOAUMOCTH MPOBOUTH PA3JIMUe MEKIY Ha-
GJIFOIaeMbIM U BHYTPEHHUM COCTOSTHUSIMU, TaK KaK MbI paccMarpuBasu Tobko MITIIP.
BHyTpeHHee cocTosHIe — 9TO TO, 4To areHT Habmogaer B MITIIP. Oxnako B yacTUYHO
Ha6monaembix MITIIP HaM HysKeH ¢r1oco0, O3BOJILIONUN pasindaTh Mex1y coOoi
Ha0JIf0/IaeMble U BHYTPEHHUE COCTOSTHUSI CPEIBL.

Yacriuro Habmogaembie MITITP MOKHO paszeinTh Ha TPX KaTerOpHIL:

® IIOJIHOCTBIO Ha6JIIO[[aeMbI€ IIpr1 4aCTUYHO U3BECTHOU NCTOpUU;
® II0JIHOCTBIO H8.6JIIOHa€MbIe ITpU ITOJTHOCTBIO M3BECTHON HNCTOPUHN;

® HUKOT/Za IIOJITHOCThIO HE Ha6JHOZIa€MbIC.

IToanocTtpio Habmoxaembie MIIIIP npy YacTHYHO U3BECTHOM MCTOPUH. B Taknx
cpelax BHyTPEHHEee COCTOSIHUE s MOKHO BBIBECTH U3 HECKOJIBKUX MOCJEAHNX HAGII0-
NIaeMBIX COCTOSHUM (S, S, ... S, k), rie 3HadeHue k MaJjio, HarpuMep ot 2 110 4. B neom
CuUTaeTCsI, YTO OOJIBIINHCTBO UTP Atari 06J1aa0T 3T0iT XapaKTepucTruKoii [65]. Pacemo-
TPUM B KauecTBe puMepa HaburoaemMoe cocrosiiue B urpe Breakout Atari. Ha puc. 12.2
MOKa3aHbI TaTGOPMa areHTa, MOJOKEeHNE MIUKa, HepaspyIleHHbIe OJIOKU, OCTABIIEeCst
KOJIMYECTBO JKU3HEH areHTa u c4eT. ITOTO MOUYTH J0CTATOYHO, YTOObI OTIPE/IEIUTh, B Ka-
KOM BHYTPEHHEM COCTOSHUU HAXOJUTCS UTPa, 32 UCKJIIOUEHUEM OJIHOH CYIeCTBEHHON
yactu MHGOPMAIMN — HANIPABJIEHN, B KOTOPOM JABUKETCS Mst4. ET0 MOXKHO MTOJIYYNTD,

Hali pasHUILy MEKIY S, M S, . 3Hasd, B KAKOM HallpaBJEHUM JIETUT M4, MOKHO OIIpe-

U ManHas mopudukanus Oblia npeaioxera Boeperpa u ap. B Recurrent Policy Gradients [147].
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JICJINTb, B KAKOM COCTOAHMNHN HaXO/IUTCA cpe,z[ai,
1 IIPEATIONIOKNTD, YTO HpOHSOﬁHET JlaJIbIIIe. Ecnn
Ba’KHO BbIBECTU HE TOJBKO CKOPOCTbH MsAYa, HO
1 €Tro yCKOpeHue, TO JIJIsd OIIEHKW 9TUX 3HAUYCHU I
MOJKHO MCITIOJIb30BaTh TPU MPEAbIYIINX HabJ10-
JIa€MbIX COCTOAHNMA.

Kaxk MbI y2xe Buiesv B riase 5, jjist urp Atari o6-
LIENPUHATOM IIPAKTUKON SIBJIAIOTCS BBIOOD KasK-
JIOTO YeTBEPTOro Kajipa 1 00beIMHEeHe YeThIPex>
TAKUX KA/[POB C YYETOM IIPOITYIIIEHHBIX. ATEHT MO-
JKET BOCIIOJIb30BAThCS PA3IMYMAMKI MEXKIY 00b-
e/IMHEeHHBbIMY KaJIpaMHU, TIePe/JaHHbIMU HA BXO]I
KaK OJIHO 3HAueHUe, JJIsI BbIBEJIEeHUsI II0JIe3HOM
uH(GOPMALIK O IBUKEHUSX 00bEKTOB B UIPeE.

Moanocteio Hadmogaempbie MIIIIP npu noJ-
HOCTBIO H3BECTHOI1 HCTOpPUH. B 5T1x cpenax Beer-
JIa MOKHO OTIPEIEINTH BHYTPEHHEE COCTOSTHUE Puc. 12.2. Virpa Breakout u3 Atari
UTPBI, TPOCJIEINB NCTOPHIO BCEX HAOTIONAEMBIX

cocTostHmit. JlaHHoe CBOMCTBO ecTh, HarpuMmep, y T-o6pasHoro mabupuHTa, MpeioKeH-
Horo Bpemom Bakepom B Reinforcement Learning with Long Short-Term Memory [10].
Ha puc. 12.3 mokaszana cpefa, KOTopast COCTOUT U3 JJIAHHOTO KOPHAOPA € TIEPIIEHIAKY ISP~
HBIM €My OTPE3KOM B KOHIIe. ATEHT HAYMHAET BCET/Ia B OTHOM M TOM K€ COCTOSTHUY BHU3Y T.
On HabumosIaeT TOMBKO CBOE GmsKaiitee OKPy/KEHHe, 1 Ha KasKI0OM BPEMEHHOM MIATe eMY
JOCTYTIHBI YEThIPE AeHCTBUS — IBUKEHWS BBEPX, BHU3, BJCBO MJIN BIIPABO. ATEHTY HY/KHO
NPUIATH B TIEJIEBOE COCTOSTHNE, KOTOPOE BCETIA HAXOANTCS B OHOM U3 KOHIIOB TTOTIEPEYNHBL.

Puc. 12.3. T-06pa3sHbiii nabupuHT [10]

B navanbHOM cocTosTHUM WI'PbI are’uT Ha6JIIOI[8.eT, Ha KaKOM KOHII€ TTEPERJIAINHbI Ha-
XO/IUTCA 1IEJIb. B KaKIOM 31IN30/1€ TTOJIOKEHNE TIEJIEBOTO COCTOAHUA MEHSAETCA, IIEPEXO/IA

B Breakout u3 Atari MsiYuK [BIIKETCSI C TIOCTOSIHHON CKOPOCTBIO, TO9TOMY MbI MOKEM HUTHO-
pupoBath uHbopMaInio 6osee BEICOKOTO TTOPSI/IKA, TAKYTO KaK YCKOPEeHHe.

He coBcem BepHO, 371eCh IPOUCXOANUT HATOKEHNE TPEX IPOIYIIEHHBIX KaJpOB M TOTO KajIpa,
KOTODBIiT MOKa3bIBACTCST areHTy. — [Ipumeu. nayu. peo.



296 Yactb III e [IpakTuka

Ha IPOTUBOTIONOKHBIN ee KoHell. 110 IOCTHKEHU Y TePEKPecTKa areHT MOKET BhIOpaTh —
MOWTH HAJIEBO MJIN HAITPaBO. ECM OH JABMIKETCS K 11eJIEBOMY COCTOSTHUIO, MTPA 3aBepIIia-
eTCs ¢ BO3HATPAK/ICHUEM 4, €CJIU Ke K HEBEPHOMY KOHILY ITOTIEPEYMHBI — € BO3HATPAK-
nernneM —1. TIpu ycioBuM 4To areHT MOKET OMHUTH TO, YTO HAGJIOAl B HAYAJIbHOM
COCTOSTHWH, BCET/Ia BO3MOKHO €TO ONITHIMalbHOe TToBesieHwe. CireloBaTesIbHO, 3Ta Cpesia
MOJTHOCTBIO HAGTI0IAEMAsT TTPH MOTHOCTHIO U3BECTHON UCTOPHUHU HAOIIOMAEMBIX COCTOSTHIH.

Paccmorpum apyroit npumep nus DMLab-30 [12] — 6ubianorexu ¢ OTKPBITHIM KC-
XOZHBIM KoztoM 0T DeepMind. Muorue us ee cpeji CIPOEKTUPOBAHbI CIIEIUANbHO ISt
TECTUPOBAHUS TTAMSITH areHTa, CJeI0BaTeIbHO, OHU TIOMA/AI0T B KATErOPUIO YACTUIHO
Habmonaembix MIITIP. natlab_varying_map_regrowth — 5T0 3aaHue, B KOTOPOM areHT
JOJIKeH cobupaTh rpubbl B HATypaJucTHYHOI cpege. Habmonaemoe cocrosinue — 910
uzobpazkenue B popmare RGBD!, renepupyemoe B COOTBETCTBUU C TEKYIIEH MO3MIIN-
eil arenra. [IpubansnTebHO Yepe3 MUHYTY TPHObI CHOBA BBIPACTAIOT B TEX Ke CaMbIX
MECTax, TO €CTh areHTy BBITOJHO TIOMHUTD, KaKue rpubbl OH cOOpasl i Kak JAaBHO 3TO
MIPOU30IILTO0. DTa cpejia MHTePeCHa TeM, YTO KOJUYECTBO HabTI0IaeMbIX COCTOSTHUI, He-
00X0MMOE areHTy /ISl BhIBOJIA BHYTPEHHETO COCTOSHUS UIPBI, BADBUPYETCS B 3aBUCHU-
MOCTH OT IlIara 1 IPeJIPUHATHIX areHToM AeiicTBuil. 110 9Toii npuuKHe 11e1ecoob6pasHo
UCIIO/NB30BaTh IIOJHYIO MCTOPUIO HaOMI0AAEMBIX COCTOSHUM, YTOOBI areHT He YILYCTII
BKHYIO MH(OpMAINIO.

Huxkoraa noanocteio e Hadmogaembie MIIIIP. B s1ux cpeax HeBO3MOKHO C/IeJIaTh
BBIBOJI O BHYTPEHHEM COCTOSIHUMY §,™, Ia’ke KOT/la M3BECTHA BCSI NCTOPHS HAOII01aeMbIX
COCTOAHMI (S, S,... S, |, $,). [IOKep — Urpa ¢ TaKoi XapaKTePUCTUKOIL: IasKe eI BaM U3-

BECTHDBI BCE€ C/TaHHDIE /IO CUX TIOP KaPTbI, Bbl HE 3HACTE, KAKNE U3 HUX Ha PYKaX Y UTPOKOB.

Wi paccMOTPUM 3aa4y HaBUTALUU, B KOTOPO areHT HOMeIIeH B GOJIbLIYI0 KOMHATY
C PSZIOM PasHOLBETHBIX IAPOB. Pacosiokenye mapoB reHepupyeTcs: CIydaiiibiM 00-
pa3oM B Havase KasKI0TO 3MU30/1a, U B KOMHATE BCET/Ia eCTh TOTBKO OMH KPACHBIN Tap.
J1J1s1 BOCHPUSATUS CPEbI ar€HT IKUIIMPOBAH 4epHO-0eI0i KaMepoll 0T epBoro Jimla, 1o-
ATOMY M300pasKEHHUS ¢ KaMepbl — 9T0 HabJoaeMble coCTosTHUS. [Tpe/mookum, 3aanue
areHTa COCTOMT B TOM, YTOObI IIEPEITH K KPaCHOMY LIapy. 3ajiaua HEIPOTUBOPEYUBA, HO
63 LBETHBIX U300PaKEHMIT OH He MOKET BOCIIPUHUMATD LIBETA IIAPOB, TO €CTh HUKOTAA
He pacrioJiaraeT JJ0CTaTOYHON nH(opMaIlueii st pereHus 3a/1a49u.

12.2.2. Bbibop ceTen ans cpen

Ecau nana HoBas cpena, To Kak MOXKHO OTNPEeanTh, ABageTcsa ona MITIIP nau ogauMm
U3 TPeX TUIOB YacTUIHO HabogaeMbix MIITIP? Xopouiuil moAxox 3aKIH04aeTcst
B TOM, 4TOOBI YAETUTh HEKOTOPOE BPeMsI TOMY, YTOOBI TIOHATH cpeay. Kak uemoBek
BBIIOJIHI Obl 910 3aganue? CaM 11o1bITancs Obl IIOUTPaTh B cpee. MoxKeM 1 Mbl pe-
IINTh, KAKOe AeiicTBHE Jyulle BRIOpaTh Ha KasKIOM BPEMEHHOM Ilare, OCHOBBIBASCH Ha
nHOOPMALIH, TIOJyYeHHON 13 0HOro Hab/ogaeMoro cocrosnus? Eciu na, To cpena,

! RGB mmoc ray6una (Depth).
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ckopee Bcero, MIIIIP. Eciu Her, TO TOra CKOJIbKO HaOI0AAEMbIX COCTOAHMI HY5KHO
3aIIOMHUTD JIJIST ONTUMAJIBHOTO BBITTOJHEHUS 3a/JaHUsI? ITO HECKOJIBKO COCTOSHUI NN
Bea ucropus? Torma, 110 Beell BULUMOCTH, Cpefa — 9T0 YacTuuHo Habmoxaembrii MIIIIP,
KOTOPBIN SABJISIETCS MMOJHOCTHIO HAGJII0aeMbIMU, KOIAd UCTOPHUSA U3BECTHA YaCTUYHO
WJIH TTIOJTHOCTBI0. HaKOHEII, pacCMOTPUM, OTCYTCTBYET JIH B HCTOPUHU HAOTIOIAEMBIX CO-
CTOSHMI Kakasi-HUOY b BaxkHas nHbopMarus? Eciii 9To Tak, To cpejia MOKeT ObITb Ya-
cTuaHo HabmonaeMbiM MITTIP, koTopblii HUKOIIA He HabJiogaeTcs noiHocTbio. Kak a1o
BJIMSIET HA TIOTEHITUATILHYTO TTPOU3BOIUTENHLHOCTH? Bee elre MOKHO MOIyYrTh XOpoIliee
peliienvie WK 3ajjaua Hepazpeninma? Eciu npuemiemast pou3BOIUTENbHOCTh MOKET
ObITH JOCTUTHYTA, HEB3UPast Ha OTCYTCTBYE UHMOPMAIUK, TO IPUMeHeHne TIyOOKOro
RL Bce erre BO3MOXKHO.

MbI 0XapaKTepu30BaJIH CPEJIbI 10 BO3MOKHOCTU WX HAON00eHUs — B KAKOU MEPE BHY-
TPEHHEE COCTOSTHUE CPEIbl MOKET OBITh BBIBEIEHO U3 HAOIIOMAEMBIX COCTOSTHUN, DTOT
MOZIX0/] MOKHO COBMECTHUTD ¢ HH(OPMAIHEN 0 TPOCTPAHCTBE COCTOSTHUN CPEJIBI, UTOOBI
MOJIYYUTh HEKOTOPOE TIPEACTABJICHIE O TOM, KaKast apXUTEKTypa HEHPOHHOIT ceTn Gyer
HarboJIee TOXO/ISIIEH JIJIST aTeHTa.

OTHOCHUTEIHbHO BO3MOKHOCTH HAOIOLEHUS cpenbl HauboJiee BayKHO IS HEeHPOHHOU
CeTH, XPAHUT OHA COCTROSHIUE WA HET, TO €CTh MOKET JIM 3aIllOMUHATh UCTOPHIO HAGJI0-
JTA€MbIX COCTOSTHUI.

MLP 1 CNN He XpaHST COCTOSTHUSI, TOITOMY OHU OOJIBIIIE TIOXOJISAT JIJIST CPEJl, KOTOPBIE
apagiores MIITTP, Tak kak UM He HY>KHO TOMHUTH HUKaKoi uctopurt. OHU TaK:Ke MOTYT
[OKa3bIBaTh XOPOIIIYIO IPOU3BOAUTETbHOCTD, OYAyYN TIPUMEHEHHBIMU K YaCTHYHO Ha-
6smogaembiM MITTIP, KOTOpbIE CTAaHOBATCS MOJHOCTBIO HAGJII0AEMBIMU TIPH YaCTUYHO
usBecTHOI ncropun. OHAKO B 9TOM cJIydae HeOOXOAUMO TaK peodpasoBaTh Hab Iro1ae-
Mbl€ COCTOSIHUSE, YTOOBI Ha BXOJL CETH MOCTYyIIaIa uHMOPMALUs O R IIPEAbILYIINX BpEMEeH-
HBIX 1arax. Takum crroco6om MoskHO obecrieunts repenady B MLP 1 CNN B Bue 01HOTO
BXOJIHOTO 3HAYEHUS WHMDOPMAITNH, TOCTATOTHON JIJISI TOTYUYEHUST COCTOSTHUS CPEJIbI.

RNN XpaHAT COCTOSTHUS, TOATOMY OHU JIyUIlle BCETO MOAXO/AT JIJISl YACTUUHO HaOJII0-
naembix MIIIIP, koTopble SBJISAIOTCS IIOJIHOCTBIO HaO/I04aeMbIMH, €CJIM U3BECTHA BCSI
HCTOPUSL. ITO CBSI3AHO C TeM, UTO 3ajiaua TpebyeT 3alOMUHAHUS TIOTEHITUATBHO JJTMHHOI
HocJjie0BaTebHOCTH HabogaeMbix coctosHuil. RNN MoryT gocturarh Xopolieii mpo-
U3BOAUTEIBHOCTH B yacTUYHO HabonaemMbix MITTIP, koTopbie HUKOIA HE SBJISIIOTCS
MOJTHOCTBI0 Hab o 1aeMbiMu. Ho B 3TOM cilydae BBICOKAsI TPOU3BOAUTENBHOCTD areHTa
He TapaHTUPYEeTCST — MOKET OKa3aThCsI, UTO CIAUIIKOM MHOTO NH(pOPMAIUN OTCYTCTBYET.

Kak Biimsier mpocTpaHcTBO cocTostHuit Ha BhIOOP cetn? B pasnese 12.1 roBopurcst, 4to u3
Tpex cemeiicTs ceteit CNN — Hanbosree ToXoIsIie it 00yYeHUs [0 TAaHHBIM B BUJIE
usobpaxenuii. CieoBaTeIbHO, ecii HabJI0IaeMble COCTOSTHUSI — 9TO M300PasKeHN,
Kak B urpax Atari, To o6br4Ho siyutiie Bcero uciosibzosatb CNN. B ocTaqbHbBIX caydasix
nocrarouno MLP. Eciiu HabiiogaeMoe cocTOsIHYE TIPeICTaBIeH0 KOMOUHAIEN JaHHbIX
B BU/Ie N300PKEHUIT 1 IAHHBIX B IPYTUX (hopMarax, To I X 00pabOTKU PaCCMOTpPHTE
BO3MOJKHOCTb IIPUMEHEHNsT MHOKeCTBa mo/iceTelt, Bkiouaoniero MLP u CNN.



298 Yactb III e [IpakTuka

Econ cpesia mostHOCTBIO HAGJI0IaeMa MPU TIEJTMKOM M3BECTHON MCTOPUU VJIH HUKOT/IA
He HabJII01aeTCs II0JIHOCThIO, TO BaxKHO MMeTh nojcerb RNN. TTonpobyiiTe rubpuaHyio
cetb, Kotopas ucnobzyer CNN wmin MLP a1g 06paboTku HabIH0gaeMbIX COCTOSHUI
riepe/i iepe/iaveii JaHHbIX B 1moziceTb RNN.

Ha puc. 12.4 noaBoauTcs uTor oOCyKAeHU Cpel M apXUTeKTyphl cereil. Ha nem
MPUBEEHBI HEKOTOPbBIE PACIIPOCTPAHEHHbIE BAPUAHTHI CETEH /IJIsT KaXKI0TO U3 TPeX ce-
meiicTB: MLP, CNN 1 RNN, a rax:xe mist rubpugaoiit CNN-RNN. B npsMoyronbHIKax
CO CILJIONTHON PaMKO#i TTOKa3aHbl 06s13aTeIbHBIE TTOJICETH, C TTYHKTUPHOI PaMKOiT — /10~
MOJTHUTETbHBIE. TaKke HA PUCYHKE OTMCAHBI XaPAKTEPUCTUKN BXOAHBIX IJAHHBIX CETEH,
MPUMePbI HEKOTOPBIX CPeJl 1 HECKOJIBKO aJTOPUTMOB, KOTOPbIE TOCTUTAIOT JIYUIITUX
MoKasareJsieil MPON3BOAUTENbHOCTU TIPU COOTBETCTBYIONIUX THITAX CETEl.

MLP/FC
P SR
MLP/FC RNN
R I T -
~ MLP/FC | RNN MLP/FC
””” T’””” /777777l777777\ TTTTTTRTTTTTT
MLP CNN MLP CNN MLP
MLP CNN RNN CNN-RNN
HnakopasmepHble N306paxeHus, MocneposartensHO MocnepoBaTenbHOCTH
BBOA | paHHble, pa3oBbiit pasoBbIi BBOAMMbIE JAHHbIE n3obpaxeHuii, opyrue
BBOJ, AAHHbIX BBOJ, AAHHbIX (wnn nocneposa- BO3MOXHblE€ MOAYNN,

TeNbHOCTU AaHHbIX)  06pabaTbiBaloLlime BXOAHbIe
[aHHble B dopmarax,
OT/INYHBIX OT N300PAXKEHM

Cartpole, Urpbl Atari Dota 2 DMLab-30,
Cpegpi | LunarLander, HandManipulateBlock

BipedalWalker,
Humanoid, Ant

A TD3, SAC ApeX, DQN*, Open Al Five (PPO)  IMPALA, R2D2
pmrn(n);. ZaBoiHasi DQN, Open Al Five (PPO)

nyanbHas DQN

! MLP: MHOrOCNOMHBIN NepLEenTPOH *3Ta apxuUTeKTypa Ucnonb3oBanach
Lnoacem FC: NONHOCBS3HLIN CRoii B OPUMMHAbHBIX CTATbAX

Ob6s3aTenbHble CNN: cBepTO4Hast HeipOHHas ceTb
noaceTtun RNN: pekyppeHTHas HelpoHHas ceTb

Puc. 12.4. CeMeiicTBa HEMPOHHbIX CeTel
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B uucio cpex, kotopbie Mbl 00cyskaaeM B kuure, sxoaar CartPole, LunarLander
u BipedalWalker. Yepes OpenAl Gym mocTynssl aBe 6oJiee CA0KHbIE CPEbl C He-
pepbiBHBIM yipasieHneM — Humanoid u Ant. Bee onu asasiores MIIIIP, koTopsie
MPEIOCTABJISIIOT areHTy HU3KopasMepHoe HabrogaemMoe cocrostane. Takum o6pasom,
UX 337124 JIy4llie BCero penatsb ¢ momoirbio MLP. Ha MoMeHT Hanmmucanus aTux CTpoK
aJTOPUTMaMU JIBOMHOTO TPa/IMEHTA JIETEPMUHUPOBAHHON cTpareruu ¢ 3ajep:kkoit (Twin
Delayed Deep Deterministic Policy Gradient, TD3) [42] 1 MsTKOro akropa-KpuTHKa
(Soft Actor-Critic, SAC) [47] B cpegax Humanoid u Ant ¢ npumenenuem jmib MLP
GBIV IOCTUTHY T HAVJTYYIIHE PE3YIbTATHL.

Ha nporskennn 9T0it KHIUIM MBI 9acTo 00CysKaaeM Urpbl Atari. ITu cpeabl 1o Hobleit
YyacTu — yacTuaHo Habogaembie MITIIP, KoTopble ABJISIOTCS MOJTHOCTHIO Hab IO [aeMbl-
MU IIPU YaCTUYHO U3BECTHOI nctopun. Habmogaemoe coctosiHue — 9T0 n300pakeHue
B opmare RGB, B cBs131 ¢ yeM A1 IOA0OHBIX 3a1a4 y4iire Beero moaxoaat CNN. [l
TaKUX CPell 3a MOCJAeJHIE HECKOIBKO JIET HAMIYYIIIIe OLEHKH OBLIM TOJYY€EHbI CETIMI,
conepsanmmu kommornenT CNN, narpumep, DON [88], nBoitnas DQN [141], xyaapHas
DON [144] u ApeX [54].

Dota 2 — cioxnas urpa ¢ GOJBbIIMM KOJUIECTBOM areHTOB, sl KOTOPOil TpedyioTcs
CTpATETUH C IMHHBIM BPEMEHHBIM ropu3oHTOM. OHa MOKET OBITh OXapaKTepU30BaHa
Kak yactuyHo Habmogaembiii MIIIIP, KOTOpBIii cTAaHOBUTCS MOJHOCTHIO Hab01a-
eMbIM, eciu u3BecTHa noaHas ucropus. Arentsl PPO u3 OpenAl Five [104] npu-
MeHSIOT mosrydaeMbie u3 API urpsr HabiofaeMble COCTOSHYS B popMare, OTINYHOM
ot uszobpaxkenuii. Cocroguue comepxut 20 000 2/1eMEHTOB U BKJIIOYAET KapTy UTPHI
u uHdopMaIuio o Apyrux arenrax. g takoro cocrosinus noaxoaut tui cetu MLP.
[TockosbKy urpa TpedyeT A0JTOCPOUHBIX CTPATETHIL, ATEHTY HYKHO IOMHHUTDH UCTOPHIO
HabJII0IaeMbIX COCTOSTHUIL. /laHHbie, moJrydeHHble Ha Bbixoge MLP, 3ateMm nepenatorcst
B cetb LSTM ¢ 1024 snementamu. 3a ZONOJHUTENbHBIMU CBEJEHUSIMEI 00 aPXUTEKTYPe
Mozesu obpamaiirech k pasgeny «Ctpykrypa Mozes» B mocte 06 OpenAl Five [104].
OO6beIMHNB 3HAYUTEIBHBIE YCUIIUS TIO TPOEKTUPOBAHUIO C BEIYUCIUTETLHOM MOTI[BIO,
onu B 2019 rogy cMoru mobeauTh Ay4IInX B MUpe UTPpokos [107].

B cpemax us DMLab-30 nabmogaemblie cOCTOSIHISA OCHOBAHbI Ha n300pakenuax. Hau-
Jlydnias apxurektypa — oobenunenue Monysieii CNN u RNN, uTo6bl ceTu MOIJII XOPo-
110 06pabaThIBaTh N300PAKEHUST U OTCIEKUBATD UCTOPHUIO HAOIIOAAEMBIX COCTOSHMIA.
IMPALA [37] u R2D2 [65] — nBa airopurMa, 06ecieqrBaonMX HAUBBICIIYIO IPOK3-
BOJUTEIBHOCTD B 9TUX CpefiaX, B 000uxX ucnoabsyiores rubpuambie cet CNN-RNN.

I naxowner, emte oxna npegocrasasgemas OpenAl cpepa — HandManipulateBlock.
[les1b — U3MEHUTD OpUeHTAINIO GJIOKA, HAXOASAIIETOCS B POOOTU3UPOBAHHOI pyKe. ITO
CJTOKHAST CPeJia ¢ HEITPEPBIBHBIM YIIPABJIEHUEM, B KOTOPOiT pobOT MMeeT 24 cTerieH: CBO-
607161, HabumoaeMoe cocTosiHue TpeiCTaBIeHo KOMOUHAINElH TpeX M300paskeHuii Py K
¢ 6JIOKOM 1 BEKTOPa, OTUCHIBAIONIETO PACTIOIOKEHIE KOHUMKOB TajibiieB pobora [98].
Yrobbl BHECTH pazHoobpasue B obydatomue panmbie, OpenAl B KaskgoM anusoje 3a-
JIAeT CJayJaliHble 3HAUYEHUST HEKOTOPBIX BHYTPEHHIX MTAPAMETPOB CPEJIbI, TAKUX KaK BEC
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6J10Ka. B ¢BsA31 ¢ 9THM U151 pellieHts 3aJaHus areHTy TpeOyeTCsl BhIBOANTD BHYTPEHHUE
[apaMeTphl I SIIM30/a C IOMOILbIO IOCIeA0BATEIbHOCTEI HabII0IaeMbIX COCTOSHMIA,
nepeznasaemMbix B RNN. B uciiosbsyemoii [1st 9T0ro 3agaHus ceTu s 00paboTku u 00b-
enuHeHMst HabJonaeMbix coctosHuil npumensiorcss CNN u MLP, nocieoBareibHOCTh
obpaboTaHHbIX cocTOAHMIT Tepenaercsa B RNN.

Pe3siome. HeiiponHble ceTrt MOSKHO pas3/iesInTh Ha ceMelcTBa 110 TUITY JAHHBIX, Ha KOTO-
PBIX OHU JTydtite Beero obyvaiorest. Ecth Tpi ocnosHbIx Trma ceteit: MLP, CNN 1 RNN,
KOTOPbIE HAMIYUIITUM 06PasoM TOAXO/IAT Uit 00pabOTKH HEYTIOPSIOUEHHBIX HU3KO-
PasMEPHBIX JIAHHBIX, M300paKEeHUIT U MOCTIEA0BATETbHOCTEN COOTBETCTBEHHO. Kpome
TOTO, BO3MOKHO CO3/[aHIe THOPUAHBIX CeTEl, COCTOSIINX U3 MHOKECTBA TIO/CETEl,
TPUHATEKANX K PasHbIM ceMeticTBaM. MbI Takske obcyamin pasuuiry mesxay MITITP
n yactruno HabmogaembiMu MITITP. Cpexpr B RL pasidaiorcs B 3aBUCUMOCTH OT IIPO-
CTpaHCcTBa HAOIIOIAEMBIX COCTOSIHUI 1 OT TOro, siBasiorcss onn MITTTP win yactuaHo
Habsomaembivit MIITIP. Kak Mbl BUe/ I, Ha OCHOBaHUH 9TOM MHMOPMAIIMH MOKHO
BBIOpATh HAWITYUIIYIO apXUTEKTYPY CETH sl PEIIEHNST 3a/Iauil B KOHKPETHOI cpejie.

Terepsb 0OpaTHMCst K MPAKTUYECKOIT aCTH TPOEKTUPOBAHIS HEWPOHHBIX CeTell It
raybokoro RL.

12.3. Net API

B asropurmax riry6okoro RL sageiicTByIoTcs HeIipoHHBIE ceTH. XOTSI allliPOKCUMUPY-
eMble CeTsIME (DYHKITUE PA3JIMYalOTCs B 3aBUCMOCTH OT aJITOPUTMA, Y TIPOTIECCOB 00-
YUYEHUsI 9TUX CeTell MHOTO OOIINX MPOIEAYP, TAKUX KaK BbIYMCICHIE (DYHKI[UH TTIOTEPD
u o6HOBIIeHKE apamMeTpoB. CIre[oBaTeIbHO, /I BCEX HEMPOHHBIX CeTel, TPUMEHIeMbIX
PasHBIMK aJIFOPUTMAMH, 11€1€CO00Pa3HO UCIIO/Ib30BaTh CTaHAapTU3npoBaHHbIil Net API.
Kpome Toro, MOy IbHBIE KOMITOHEHTBI CETE O3BOJISIOT YMEHBIITUTD KOJTMYECTBO KOJIa
U T€M CAMbIM YIIPOCTUTD YTEHUE U OTJIA/KY PEATU30BAHHBIX aJITOPUTMOB.

K Net API g riy6okoro RL npenbsBasiores cieayione TpeboBaHusl.

1. BbiBeneHue pa3MEepHOCTH BXOHOTO U BBIXOJHOTO c0eB. Pa3MepHOCTH BXOHOTO
1 BBIXO/IHOTO CJIOEB MEHSIOTCS B 3aBUCUMOCTH OT cpe/ibl ¥ asiropuT™Ma. OHU MOTYT
OBbITH BBIBE/ICHBI ABTOMATUYECKH, YTOOBI TIOJIB30BATEISIM HE MIPUXOANIIOCH KasK[bIil
pa3 yKa3bIBaTh UX BPYUYHYIO. ITa (DYHKIIUA 9KOHOMUT BPeMs M yMEHbIIIaeT KoJinye-
CTBO OMMGOK B KOJIE.

2. ABTOMatHyeckoe co3JaHHe ceTU. APXUTEKTYpa CETH 3aBUCUT OT CPEJIbI U CEPhE3HO
BJIMSIET HA MTPOM3BOANTENLHOCTD ajiroputMa. [lockosbky B RL mpuHsATO Mpo6oBaTh
MHOTO Pa3HBIX BUOB aPXUTEKTYPbI CETH, JYUIIle YKA3bIBATh €€ B KOH(PUTYPAITHOH-
HOM (haiiie, BMECTO TOTO YTOOBI MEHSTD KOJI. s 9TOr0 HYKEH METO/I, KOTOPbIil Ha
OCHOBe KOH(MUTypaIii OyAeT aBTOMAaTHYECKN CO3/[aBaTh COOTBETCTBYOIIYO Hefi-
POHHYIO CETb.
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3. IJran o0yvenus. BceM HEIHPOHHBIM CETSIM HY/KHBI TAITBI 00YIEHUST, KOTOPHIE BKIITO-
YaroT pacyer GYHKIMN MOTEPh, BBIYMCICHNE TPAJIMEHTOB 1 OOHOBJICHIE TTAPAMETPOB
ceTu. ITH HIaTrd CTOUT CTAHJAPTU3UPOBATH B PaMKax OJHOHM (DYHKIIUM, KOTOPYIO
MOTYT IIOBTOPHO MCI0JIb30BATh BCE AJITOPUTMBI.

4. TIpenocrapiaenue 6a30BbIX MeTOHOB. API Kak o6o0uKa Hajl OUOIMOTEKOIT HEHPOH-
HBIX CETel JOJIKEH TaKKe IMPeLOCTaB/IATh HanOOoIee JacTO UCIIOAb3yEMbIe METOBI,
Takue Kak (QYHKIMKM aKTUBAIMK, ONTUMHU3aTOPbI, YMEHBIIIECHUE CKOPOCTH 00yUEHUST
1 KOHTPOJIBHBIE TOUKH MOJIEJIN.

[Tpusenenublii B inctunre 12.1 Net — 210 6a30BbIii KJ1acc, B KOTOPOM Pean30BaHbl He-
CKOJIBKO PACIIPOCTPaHEHHbIX METOI0B, OH umeercsa B SLM Lab B s1m_lab/agent/net/
base.py. TOT 6a30BbII KJacc paciiupsercs Kiaccamu MLPNet, ConvNet 1 RecurrentNet,
CO3/ITAHHBIMH JIJ15T PAa3HBIX TUTIOB HEHPOHHBIX CETe.

Nuctunar 12.1. Onpeaenenvie Metogos API B 6a3oBoM knacce Net

1 # slm_lab/agent/net/base.py

2

3 class Net(ABC):

4 "' 'ABCTpakTHbI knacc Net ana onpegsenenus metopgos API'''
5

6 def __init_ (self, net_spec, in_dim, out_dim):

7 iy

8 @param {dict} net_spec — ¢aitn spec pna net

9 @param {int|list} in_dim — pa3mepHocTb(M) Ha BXode ceTH.

= 06bl4HO in_dim=body.state_dim
10 @param {int]|list} out_dim — pasmepHocTb(M) Ha Bbixoge
= ceTu. 06bMHO out_dim=body.action_dim

11 e
12
13

14 @abstractmethod

15 def forward(self):

16 "' 'CnepylwmMin war ANnA KOHKPETHOW apXxuTekTypbol cetun' '’
17

18

19 @net_util.dev_check_train_step

20 def train_step(self, loss, optim, 1lr_scheduler, clock, global_net=None):
21 "' 'BbinonHAeT oAHO ObHOB/eHMe napameTpoB ceTu'''

22

23

24 def store_grad_norms(self):

25 "' "XpaHUT HOpMbl rpagMeHTOB AaA oTnagkm'''

26

Kirace Net mojepskuBaercs Takske HabopoM GYHKIUH-YTUIIAT, ¢ TIOMOIIBI0 KOTOPBIX
ABTOMATHUYECKH CO3/IACTCSI CETh ¥ IPEA0CTABIISIOTCS TT0JIE3HbIE METOIbI Ga30B0OM GHOIMO-
TEKW HEHPOHHBIX ceTeil. PaceMoTpuM Kaxaoe u3 tpebosanuii Kk API gerasbHo.
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12.3.1. BbiBeaeHMe pa3MepHOCTEN BXOAHOMO
N BbIXOAQHOrO CloeB

Yr06bI CO31aTh CETh IIPABUJIBHO, HY3KHO BHIBECTH PA3MEPHOCTU BXOAHOIO U BHIXOIHOTO
cji0eB. PazMepHOCTh BXOIHOTO CJI0ST 33/1a€TCs TPOCTPAHCTBOM COCTOSTHUI cpesbl. Ha-
[IPUMEP, €CJIN COCTOSTHUS CPEJIbI — 3TO BEKTOPBI ¢ 16 aieMeHTaMu, TO BO BXOJHOM CJIO€
NOJKHO GBITh 16 y3710B. A ecain HabI0[aeMble COCTOSHUSA — 9TO N300pasKeHUs B Ipa-
JALIAX CEPOro pasMepoM 84 X 84 IMKCeI0B, TO BXOAHOM CJI0M 10J7KeH ObITh OIIpe/iesieH
kak marpuiia pazmeproctu (84, 84). Kpome Toro, CNN io/5KHA BKJIIOYATh HECKOJIBKO
KaHaJsoB, a 711 RNN Hy)KHO 3HATH AJUHY TIOCTIeI0BATEIbHOCTH.

PasmepHOCTDb BBIXOZHOTO CJIOST OIIPEEIIIeTCs TPOCTPAHCTBOM JCHCTBUI CPe/ibl U aJiro-
PUTMOM, IPUMEHSIEMbIM [/t 00ydeHus areHTa. Mcexoas u3 06CysKIaeMbIX B 9TON KHUTE
AJITOPUTMOB TJ1yOOKOTO RL, HY’KHO PacCMOTPETh TP BapUAHTA BBIXOIOB CETU. ATEHT
MOKeT HacTpanBarh Q-(pyHKINIO, cTpaTeruio, uian crpareruio u V-pyukiuio. Torpa
BBIXOJIBI CETU OYIYT IpPeACTaBIeHbl Q-3HAYCHUSIME, BEPOSITHOCTAMU ACHCTBUN 1IN
BEPOSITHOCTSIMM JIeHCTBUN 1 V-3HAaUeHUSIMU COOTBETCTBEHHO.

OnpejenuTs pasMEepPHOCTD Ha BBIXOJE CJIOKHEE, 4YeM Ha BXoje, moatomy B SLM Lab
BKJIIOYEHEI HECKOJIBKO BCIIOMOTATENbHBIX METO/0B, MPUBEEHHbBIX B aucTrHre 12.2.
B 6ubmoTexe 9T METO/IbI PacIioNoKeHbl B s1m_lab/agent/net/net_util.

Cnauasa Metos; get_policy_out_dim (cTpoku 3—19) BBIBOAUT Pa3MEPHOCTH BBIXOJHOTO
CJIOS1, KOT/Ia CEeTh HACTPANBaEeT CTPATETHIO.

e PasMepHOCTB NpoCTpaHCTBA AEHCTBUI Cpellbl COXpaHsIeTCst B aTpubyTe areHTa
body.action_dim (cTpoka 5).

o Cuyyau AMCKPETHOTO MPOCTPaHCTBa 0OpadaThiBalOTCs B cTpokax 6—12 — Korma
netictBruit MHOTO (cTpoku 7—9) nim koryia oHo ozHo (ctpokn 10—-12).

o Curyyau HEIPEPBIBHOTO MPOCTPaHcTBa 0OpabarbiBaloTcst B cTpokax 13—18 — xoraa
neiictBuit Maoro (crpoku 17 u 18) win koraa ono oxuo (ctpoku 15 u 16).

3arteM mMeTon get_out_dim (cTpoku 21—31) BBIBOAUT BBIXOJHYIO Pa3MEPHOCTD U3
anroputMma cetu. Ecim anroputm HactpauBaet V-QyHKIMIO (MCIIOAb3YeT KPUTHKA),
TO 106aBJISIETCS IOMOJHUTETBHBIN BBIXOIHON CJION € OJIHUM BBIXOJHBIM 3HAYECHUEM
(ctpoku 24—28). B nHOM ciryyae pa3aMepHOCTb Ha BBIXO/IE — 9TO IPOCTO PA3MEPHOCTH
Ha BBIXOzie ceTu ctparerun (ctpoku 29 u 30).

Q-dyHKINIO MOKHO PacCMATPUBATh KaK 9K3EMILISIP AMCKPETHON cTpaTerun Argmax
(st MaKkcUMaTbHOTO Q-3HAaU€eHMs BePOSITHOCTD pasHa 1). TakumM 06pasomM, Mbl MOJKEM
UCIIOJIh30BATh BHIXOIHYIO PABMEPHOCTD CETH CTPATETUH, KOT/IA AJITOPUTM 3a/eiCTByeT
Q-ceTb.
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1 # slm_lab/agent/net/net_util.py

A wN

O 00N O WU

10
11
12
13
14
15
16
17
18
19
20
21
22

23
24
25
26
27
28
29
30
31

def

def

get_policy out_dim(body):
"' '"BcnomMoraTesnbHbiii MeToh ANA Cco3[aHuA ceTu cTpaTeruu out_dim
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= 1A OCHOBHOW YacTW ceTu B 3aBUCMMOCTM OT is_discrete, action_type'"'

action_dim = body.action_dim
if body.is_discrete:
if body.action_type == 'multi_discrete':
assert ps.is_list(action_dim), action_dim
policy out_dim = action_dim
else:
assert ps.is_integer(action_dim), action_dim
policy out_dim = action_dim
else:
assert ps.is_integer(action_dim), action_dim

if action_dim == 1: # ecnu peiicTBMe oAHO, ucnonb3yiTe [loc, scale]

policy out_dim = 2
else: # peicTBuit MHoro — [locs], [scales]
policy out_dim = [action_dim, action_dim]
return policy_out_dim

get_out_dim(body, add_critic=False):
'''Co3paHue out_dim knacca NetClass pnsa OCHOBHOM 4acTu ceTwu,
= pcxops u3 is_discrete, action_type u wu3 Toro,
= fo6aBnaeTcAa M MoAynb Kputuka'''
policy out_dim = get_policy out_dim(body)
if add_critic:
if ps.is_list(policy_out_dim):
out_dim = policy_out_dim + [1]
else:
out_dim = [policy_out_dim, 1]
else:
out_dim = policy_out_dim
return out_dim

Merton get_out_dim ucrosib3yeTcs AJisi CO37aHUsT HEHPOHHBIX CETell BHYTPH KJIACCOB
anroput™MoB. B mmuctunre 12.3 npusenen npumep u3 Reinforce. Korza cetb cosnaercs
B MeTo/ie init_nets (cTpoku 7—13), BbIX0/[HAsI pA3MEPHOCTD OIPEAESETCS € TIOMOIIIBIO
MeToza get_out_dim (ctpoka 10).

JNuctuar 12.3. Co3paHure cetu B knacce Reinforce

1 # slm_lab/agent/algorithm/reinforce.py

2

3 class Reinforce(Algorithm):

4
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5

6 @lab_api

7 def init_nets(self, global_nets=None):

8 ce

9 in_dim = self.body.state_dim

10 out_dim = net_util.get_out_dim(self.body)

11 NetClass = getattr(net, self.net_spec['type'])

12 self.net = NetClass(self.net_spec, in_dim, out_dim)
13

Boibpanubiii kiace Net (MLPNet, ConvNet miin RecurrentNet) HHUIMATIU3UPYETCS C 110~
MOIIIbIO crieluUKay net u ompejieIeHHbIX BXOAHOW M BbIXOJHOU pa3MepHOCTEN
(ctpoku 11 1 12). Teriepb paccMOTPUM, KaK € TOMOIIBIO ATUX BBIXOIHBIX 3HAUYCHUN KJTacC
Net co3maeT aK3eMILISp HEPOHHOI ceTH.

12.3.2. ABTOMaTMYeCKoe Co3aHne CeTU

Kiace Net ymeet cTpouTh HEipOHHbBIE CETH 110 331aHHOI crierudukanyu net. B mmctun-
re 12.4 mpuBongTcs nBa npumMepa creruduraiuii net: onun aiug MLP (ctpoku 2—10),
a npyroii st CNN (ctpoku 21-44). Y MLP ecTb CKpBITBI# cJI0l 13 64 9/1eMEHTOB
(ctpoku 7-8), pynriusa aktuBanuu SeLU (ctpoka 9), HopMa ycedeHUsT TPalueHTOB
10 0,5 (ctpoxka 10), dyukims nmoreps (ctpoku 11-13), onrumuzarop (ctporu 14—17)
U paciiicanne yMeHblieHust ckopoctu 00yuerus (crpoka 18). ¥ CNN ecTh TpH CKPBITHIX
CcBepPTOUYHBIX cyios (cTpoku 26—31) 1 OIH MMOJTHOCBSI3HBIN cJI0H (CTpOKa 32), B OCTAIb-
HOI YacTy ee crenupuKaiuy yKa3anbl CTaHaPTHbIE KOMITOHEHTDI, aHaJgorndHbie MLP
(crpoku 33—43).

Nuctuar 12.4, MNpumep cneumndukaumm net ans noctpoerHuns Net

1q

2 "reinforce_cartpole”: {

3 "agent": [{

4 "name": "Reinforce",

5 ..

6 "net": {

7 "type": "MLPNet",

8 "hid_layers": [64],
9 "hid_layers_activation": "selu",
10 "clip_grad_val": 0.5,
11 "loss_spec": {

12 "name": "MSELoss"
13 s

14 "optim_spec": {

15 "name": "Adam",
16 "lr": 0.002

17 s
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18 "1lr_scheduler_spec": null
19 }

20

21 "dgn_pong": {

22 "agent": [{

23 "name": "DQN",

24

25 "net": {

26 "type": "ConvNet",

27 "conv_hid_layers": [

28 [32, 8, 4, 0, 1],

29 [64, 4, 2, 0, 1],

30 [64, 3, 1, 0, 1]

31 1,

32 "fc_hid_layers": [256],
33 "hid_layers_activation": "relu",
34 "clip_grad_val": 10.0,

35 "loss_spec": {

36 "name": "SmoothLlLoss"
37 s

38 "optim_spec": {

39 "name": "Adam",

40 "Ir": le-4,

41 },

42 "1lr_scheduler_spec": null,
43

44 }

BruyTtpu kiracca Net UCTosib3yeTcs Ipyrasi BCIoMoraTebHast (DYHKITUS JIJIST TIOCTPOEHUS
€T0 CJI0EB € TIOMOIIBIO KIacca-KoHTelinepa Sequential us PyTorch. Kmace MLPNet mpu-
MeHsieT MeTo build_fc_model (sctunr 12.5) 17151 TOCTPOEHUST TIOJTHOCBSI3HBIX CJIOEB,
a ConvNet JIOTIOJTHUTEIBHO UCTIOJIB3YeT MeTo/] build_conv_layers (suctunr 12.6) ars
CBEPTOYHBIX CJIOEB.

Meroj build_fc_model npuHuMaeT ciucok dims pasMepHOCTEN CI0eB, KOTOpbie 000-
3HadeHbl B crieriudukamnum net kak hid_layers ausg MLP unun fc_hid_layers mis
CNN. IIpoxo/ist B 1UKJIE TI0 PAa3MEPHOCTSIM, OH CTPOUT ITOJTHOCBSI3HbIE CJIOU nn . Linear
(ctpoka 10) ¢ moGasierreM GyHKinil akrupanuu (crpoku 11 u 12). 3arem, yToObI
MMOJIHOCTHIO c(hOPMHUPOBATH HEHPOHHYIO CETh, 3TU CJIOU MTOMEIAI0TCS B KOHTeHep
Sequential (cTpoka 13).

JinctuHr 12.5. ABToMaTuyeckoe co3faHue CeTu, NOCTPOEHNE NOSTHOCBSA3HbIX COEB

1 # slm_lab/agent/net/net_util.py

2
3 def build_fc_model(dims, activation):
4 "' 'CTpouT MONHOCBA3HYW MoAenb, 4Yepepya nn.lLinear

= 1 activation_fn
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5 assert len(dims) >= 2, 'B dims ponxHbl 6bITb MO KpaiHei mepe
= pa3MepHOCTW Ha BXOAe U Bbixoge'
6 # 6epem nonepemMeHHO 3neMeHTbl M3 dims u cospaem

= napbl dims (in, out) ana kaxmoro crnos

7 dim_pairs = list(zip(dims[:-1], dims[1:]))

8 layers = []

9 for in_d, out_d in dim_pairs:

10 layers.append(nn.Linear(in_d, out_d))

11 if activation is not None:

12 layers.append(get_activation_fn(activation))
13 model = nn.Sequential(*layers)

14 return model

B kmacce ConvNet ompesiesieH crieliuaabHBIN MeTO build_conv_layers /ST aHAJIOTHY-
HOTO ITOCTPOECHUS CBEPTOYHBIX CJIOEB, XOTS Y HETO €CTh JOIOJHUTEIbHbIE KOMIIOHEHTHI,
XapaKTepHble 7151 CBePTOYHDIX CeTe.

JIncTuHr 12.6. ABTOMaTUYeCKOe Co34aHne CETU, MOCTPOEHNE CBEPTOYHbIX C/I0EB

1 '# slm_lab/agent/net/conv.py

2
3 class ConvNet(Net, nn.Module):
4
5
6 def build_conv_layers(self, conv_hid_layers):
7 Vi
8 CTpouT BCe CBEpTOYHble C/IoM B CeTU
= |1 coxpaHAseT uX B mojenu Sequential

9 i
10 conv_layers = []
11 in_d = self.in_dim[0]
12 for i, hid_layer in enumerate(conv_hid_layers): # BxoaHoi kaHan
13 hid_layer = [tuple(e) if ps.is_list(e) else e for e in hid_layer]

= # orpaHuyeHue Ha npeobpasoBaHWe CMUCKA B KOpTex
14 # hid_layer = out_d, agpo, war, [OMONAHeHWEe, paclWupeHue
15 conv_layers.append(nn.Conv2d(in_d, *hid_layer))
16 if self.hid_layers_activation is not None:
17 conv_layers.append(net_util.get_activation_fn(

= self.hid_layers_activation))

18 # B nepBblii C/NION He BKAKWYAETCA HOpMasnM3auuA nakeTa
19 if self.batch_norm and i != 0:
20 conv_layers.append(nn.BatchNorm2d(in_d))
21 in_d = hid_layer[@] # ob6HoBneHue go out_d
22 conv_model = nn.Sequential(*conv_layers)
23 return conv_model

Wcxomasit KO AJIST aBTOMAaTUYECKOTO TTOCTPOEHUST Pa3HbIX TUTIOB HEHPOHHBIX ceTel
naxogaures B SLM Lab B s1m_lab/agent/net/. Yurarh ero He 006g3aTelbHO, HO MOKET
OBITH 10JIE3HO, YTOOBI JIyUllle HOHUMATh KJIacchl Net.
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12.3.3. LWWar obyyeHuns

B 6asoBoM kiacce Net peasn3oBaH CTaHAAPTU3MPOBAHHBIA METO/ train_step, UCIIOJb-
3yeMbIil BCeMU MOJKIaccaM Jjist OOHOBJIeHUsE TapaMeTpoB. OH COOTBETCTBYET CTaH-
JAPTHOM JIOTHKE HACTPOUKH CeTH B TIIyOOKOM 00yUYeHIH, KaK TOKa3aHo B inctunre 12.7.
PaccmoTpriM ocHOBHBIE TIIATH.

1.

O6HOBIIEHHE CKOPOCTH OOYUYEHUS 10 PACITHCAHUIO U3MEHEHHST CKOPOCTH 00yYeHUsT
u MeToja clock (cTpoka 8).

Ouwninenne x CyniecTBYIONNX TPajineHToB (cTpoka 9).

AJIropuT™ paccuuTaet cBOIO (PyHKIIUIO TIOTEPb TePe]l Tiepeaadell ee 3HAUEHMS B 9TOT
MeTo/1. JIJist BBIYMCIEHUS TPAJUEHTA € TIOMOIIBI0 0OPATHOTO PACIIPOCTPAHEHHST BbI-
3biBaeTcs loss.backward() (cTpoka 10).

[Tpu HeOOXOAMMOCTH BBIIOJIHAETCI ycedeHue rpaarenTta (crpoku 11 u 12). 3o
MPEOTBPATHT CIUIIKOM 3HAYUTETBHOE OOHOBJIEHUE TTAPAMETPOB.

C 1IOMOIIBIO ONITUMU3ATOPA OOHOBJIAIOTCS ITapaMeTpbl cetu (cTpoka 15).

Ecam o6y4enne mporcxXoAuT aCHHXPOHHO, TO B 9TOT MeToZ OyzeT nepegano global
net, 4TOOBI MepeaTh JOKATbHBIE TPAAUEHTDI B II06aNbHYI0 ceTh (cTpoku 13 u 14).
[Tocsie OGHOBIIEHUST CETU TIOCTEHIE TAPAMETPBI TJI00AIBHOU CETH KOTTMPYIOTCS
B JIOKQJIbHYIO ceTh (cTpoku 16 u 17).

DyuKnus-aekopaTop @net_util.dev_check_training_step npumeHsieTcs 1Jst
[IPOBEPKU TOr0, 0OHOBJIEHBI Ji napaMeTpbl cetu. OHa aKTUBHA TOJBKO B PEKUME
paspaboTku (6oJiee geTaabHO paccMarpuBaercst B paszese 10.2).

Jinctunr 12.7. CTaHAapTU3MPOBaHHbIM METOA OBHOBNEHMS NMApaMeTPOB CETU

1
2

3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19

# slm_lab/agent/net/base.py

class Net(ABC):

@net_util.dev_check_train_step
def train_step(self, loss, optim, 1lr_scheduler, clock, global_net=None):
1r_scheduler.step(epoch=ps.get(clock, 'frame'))
optim.zero_grad()
loss.backward()
if self.clip_grad_val is not None:
nn.utils.clip_grad_norm_(self.parameters(), self.clip_grad_val)
if global_net is not None:
net_util.push_global grads(self, global net)
optim.step()
if global_net is not None:
net_util.copy(global net, self)
clock.tick('opt_step')
return loss
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12.3.4. MNMpepocTtaneHne 6a30BbIX METOAOB

B ymctunre 12.8 npuBeeHbl HECKOJIBKO IIPUMEPOB TOIO, KaK € IIOMOILbIO KOPOTKOIO
KOJla MOYKHO TIpeZIocTaBuTh moJiestbie pyHkimn PyTorch B SLM Lab.

get_activation_fn (crpoku 3—6) u get_optim (cTpoku 22—27) NeMOHCTPUPYIOT TIPHU-
MeHeHre KOMIIOHEHTOB U3 crieluGuKauy net 71t MoJayIeHus U UHUITTATU3AIIHT COOT-
BeTCTBYIONMX Ki1accoB PyTorch ¢ 1embio vx ucmonp3oBanust B Kiaccax Net.

get_lr_scheduler (crpoku 8—20) — s10 IIpocTo 0bepTKa At LRSchedulerClass us
PyTorch. MoxHO Takke IPUMEHSATD TOJIb30BATEIbCKIE PACIIMCAHIS, ONPe/IeIeHHBIE
B SLM Lab.

save (cTpoku 29—-31) u load (cTpoku 33—36) — 1IpoCThie METOIBI /IJISI COXPAHEHUS U 3a-
IPY3KH MTaPaMeTPOB CETU B KOHTPOJbHBIX TOUKAX.

JNuctunr 12.8. MNpenoctasneHne pacnpocTpaHeHHo hyHKLUMOHanbHocTu PyTorch

1 # slm_lab/agent/net/net_util.py

2
3 def get_activation_fn(activation):
4 "' 'BcrnoMoraTesibHbli MeTo4 ANA MOpOXAEHMA
= OyHKUMIA akTuBauum ansa cetun''’
5 ActivationClass = getattr(nn, get_nn_name(activation))
6 return ActivationClass()
7
8 def get_lr_scheduler(optim, lr_scheduler_spec):
9 "' 'BcnoMoraTesnbHbli MeTo4 ANA aHanuM3a napameTpoB
= 1r_scheduler u cospanua optim.lr_scheduler us PyTorch'''
10 if ps.is_empty(lr_scheduler_spec):
11 1r_scheduler = NoOpLRScheduler(optim)
12 elif 1lr_scheduler_spec['name'] == 'LinearToZero':
13 LRSchedulerClass = getattr(torch.optim.lr_scheduler, 'LambdalR")
14 frame = float(lr_scheduler_spec['frame'])
15 1r_scheduler = LRSchedulerClass(optim, 1lr_lambda=1lambda
= x: 1 - x / frame)
16 else:
17 LRSchedulerClass = getattr(torch.optim.lr_scheduler,
= 1r_scheduler_spec['name'])
18 1r_scheduler_spec = ps.omit(lr_scheduler_spec, 'name')
19 1r_scheduler = LRSchedulerClass(optim, **1r_scheduler_spec)
20 return 1lr_scheduler
21
22 def get_optim(net, optim_spec):
23 "' 'BcnomMoraTeNibHblii MeToh A8 aHanu3a napamMeTpoB OMNTUMM3aTopa
= 1 co3jaHuA onTumMusaTopa Ana cetn'''
24 OptimClass = getattr(torch.optim, optim_spec['name'])

25 optim_spec = ps.omit(optim_spec, 'name')
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26 optim = OptimClass(net.parameters(), **optim_spec)

27 return optim

28

29 def save(net, model path):

30 "' '"CoxpaHeHue BeCOB MOAeNV MO ykKasaHHomy nyTtu'''

31 torch.save(net.state_dict(), util.smart_path(model_path))
32

33 def load(net, model_path):

34 3arpy3ka BecOB Mofe/M W3 yKa3aHHOro nyTu B moayib cetu'''
35 device = None if torch.cuda.is_available() else 'cpu’

36 net.load_state_dict(torch.load(util.smart_path(model path),

= map_location=device))

12.4. Pe3iome

B aT0ii Ts1aBe MBI COCPEIOTOUNITNCH HA TTPOEKTUPOBAHUN U PEATTN3AINN HENPOHHBIX
cereil st riry6okoro RL. BrpaTiie paccMOTpesiu TPH OCHOBHBIX ceMelicTBa ceteil: MLP,
CNN u RNN u 06¢y /1t HeKOTOPbIE PEKOMEH/IAIINH, KAK, OCHOBBIBASICH HA XapaKTepH-
CTHKAX CPeIbl, BBIOPAThH TOAXO/SIIEE CEMEHCTBO ceTel.

Basknas xapakrepuctuka cpeibl — sapisiercst ona MITIIP win yactuuHo HabIoaeMbIM
MIITIP. CymectByet Tpu THma acTnaHo Habmomaembrx MITITP: mosHocThio HabIio-
JlaeMble IIPY YaCTUYHO U3BECTHOM UCTOPUH, TIOJIHOCTBIO HaOII04aeMble IIPH II0JIHOCTHIO
U3BECTHOM MCTOPUU U HUKOT/[A IIOJIHOCTHIO He HaOI0jaeMble.

MLP u CNN xopouto noaxonar ang pemenus MIIIIP u yactuuno HabII0aeMbIX
MIIIIP, koTOpbI€e SABISIOTCS TIOJHOCThIO HaGJII0JaeMbIMU TIPU YaCTHUYHO U3BECTHOI
ucropun. RNN 1 RNN-CNN — gia yactuano xHabsogaembix MIITIP, kotopbie sBsi-
I0TCS TIOJTHOCTHIO HAGJIIOJAEMbIMHK TP TIOJHOCTHIO U3BECTHON ncTopuu. Kpome Toro,
RNN moryT (X0Ts 9T0O 1 He TApAaHTUPOBAHO) YIIYUIITUTH TPOU3BOANTETHHOCTH B YACTUIHO
HabmoaeMbix MIITIP, KoTopble HUKOT/IA TOJTHOCTBIO He HAOTIOIAF0TCSL.

Ectb Hab0p METOIOB, KOTOPbIE YACTO MCMIOMB3YIOTCS U JITIsT TIOBTOPHOTO TTPUMEHEHST
cTanzapTusnpoBanbl kKak yacTbh Net API. Onu ynpomaior peasnsanuio airoputrMoB
1 BKJIIOYAIOT BbIBe/IeHUE Pa3MEPHOCTEl BXOTHOTO U BBIXO/IHOTO CJIOEB, aBTOMATHYECKOE
CO3/IaHUE CEeTEH U CTAHAAPTU3UPOBAHHBIN IIar OOy ICHUS.

12.5. PekomeHayeMas nutepartypa

OcHoBHas

@ Nielsen M. Neural Networks and Deep Learning. 2015 [92].
e Goodfellow I, Bengio Y., Courville A. Deep Learning. 2016 [45].
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ITo CNN

® LeCun'Y. Generalization and Network Design Strategies. 1989 [71].

e Cox D., Dean T. Neural Networks and Neuroscience-Inspired Computer Vision.
2014 [28].

ITo RNN

Karpathy A. The Unreasonable Effectiveness of Recurrent Neural Networks. 2015 [66].

® Cho K. Natural Language Understanding with Distributed Representation. 2015.
P. 11-53[20].

Bakker B. Reinforcement Learning with Long Short-Term Memory. 2002 [10].
OpenAl Blog. OpenAl Five. 2018 [104].



AnnapaTHoe
obecneyeHune

Csoum ycrexom ray6okoe RL gacTnuno 0653aHO0 MOSIBJAEHUIO MOITHOTO AIlNapaTHOTO
obGecrieuenst. [Tpu peaymsaiiu aropuT™MoB Tiry6okoro RL He 06oiiTrch 6e3 6a30BbIX 3HaA-
HUI 0 KoMnbioTepe. K ToMy ske 9Tu aaroputmbl motpebasior B 6o1bImx oGbemMax JaHHbIe,
HaMsATh U BBIYUCIUTETbHBIE pecypebl. [Ipr 06yuenny areHTa moje3Ho MMETh BO3MOKHOCTh
OIIEHMBATh MOTPEBIAEMYIO AITOPUTMOM MAMSATH M HEOOXOAMMbIE €My BBIYMCIUTENbHBIE
PECYPCBI, a TAKKE YIIPABISATH 2((HEKTUBHOCTBIO NCIONb30BAHMS JAHHBIX.

JTa I71aBa IPU3BaHa JaTh BaM IIPE/ICTABJIEHIE O THIIAX JAHHBIX, BCTPEUAIOIIUXCS B TIIy-
6oxkom RL, ux pazmepax u 06 onTumusaiuy ux npuMenenns. CHavama KPaTko OMKCHI-
BaioTcs paboTa U B3aUMO/IEICTBIE KOMITOHEHTOB aIlliapaTHOro 06eCeyeHust, TAKUX
KaK I[eHTPAJIBHBII IIPOIIECCOP, OTIEPATUBHAS MTAMITh U rpaduuecKuii mpoieccop. 3aTeM
B paszesie 13.2 nan 0630p TUIIOB JaHHBIX, a B paszeiie 13.3 06cy:KaaoTest pacipocTpaHe -
Hble B riryGoKOM R THIIBI TAHHBIX ¥ MTPUBOAUTCS HECKOILKO PEKOMEH/IAIiT 10 pabore
¢ HUMU. B KOHIIE T/IaBbI 7151 CIIPABKU TIPUBEIEHBI TPeOOBAHSI, TIPEIBSIBISIEMbIE K all-
mapaTHOMY 00eCTIeYeH IO MPH 3aITyCKe PA3HBIX THIIOB 9KCIIEPUMEHTOB B Ty60KoM RL.

Ira uHbOPMAIIUs TIPUTOUTCS MIPU TIATENBHON OTJaJIKe 1 BHIGOPE almapaTHoro obe-
CIIeYeHMs WK YIIPABIeHUH UM B IyOokoM RL.

13.1. KomnbloTep

Ceifyac KOMITBIOTEPBI TOBCEMECTHO — 3TO HAIIH TesieOHBI, HOYTOYKHU, HACTOJIBHBIE KOM-
btoTePbI U 00JIauHble (YAaJIeHHbIE) CePBUCHL. MbI IPOIILIH JOJITHIT Ty Th € TEX TP, KaK
Apta Jlasoeiic Hamcasia nepBbiil anroput™, a AsiaH ThIOpUHT H300pesT YHUBEPCATIbHBIN
KOMITbIOTEp — MammHy Thioputra. [lepBble KOMITBIOTEPDI OBLIN OTPOMHBIMU MEXaHMU-
YeCKUMHU YCTPOUCTBAMU, COOPAHHBIMU U3 TIO-HACTOSIIEMY JBUKYIIUXCS YacTeid, Kya
[IPOTPAMMBI 3arPYKaIUCh ¢ ePGOKAPT U B KOTOPHIX ONMTHOKH GBI CAMBIME HACTOSIIIIN-
M sKyKamu', HbIHEITHIe KOMITBIOTEPBI 3JIEKTPOHHbIE, MAJIEHbKIE U OBICTPHIE U BHEIITHE
CUJIbHO OTJIMYAIOTCA OT CBOUX IIPe/LIeCTBeHHUKOB. BOIbIIMHCTBO JI0/ieil 101b3YI0TCs

! 3abaBHblil GakT 0 TPOUCXOKICHUN TEPMUHA «KOMIBIOTEPHBIN Gary — 9T0 B OYKBAJIbHOM

CMBICJIE JKYK, KOTOPBIH IONaT BHYTPh PAHHETO MEXaHNIeCKOTO KOMITBIOTEPA 1 BBI3BAJ B HEM
c60ii. JIroAsaM NPUIIIOCH OTKPBITH MALUINHY U OUUCTHUTD €€.
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HMHU, COBEPIIIEHHO HE MHTEPECYSICh TeM, KaK OHU paboTaioT, — 3TO MPUBUIETUS KUBYIIIX
B KOMIIBIOTEPHYIO 3TI0XY.

Jlasxe aBOMIOTIMOHNPYST, KOMITBIOTEP OCTAETCS TPOCTO peasn3anieil MarmmHbl ThIOpHHTa,
1 9TO 3HAYUT, YTO OIIPEIeIEHHbIE 9JIEMEHTBI ero KOHCTPYKIIMK He MeHsoTcs. Komibiorep
COCTOUT M3 MPOIECCOpa U ONEPATUBHOM NaMATH, KOTOPbIE COOTBETCTBYIOT CUUTHIBA-
IoITiell TOJTOBKE U JieHTe B ManuHe ThiopruHTa. APXUTEKTYpPa COBPEMEHHOTO KOMITBIOTEPA
3HAYUTEIHHO YCAOKHNIACH B OCHOBHOM PAJIN PEIlleHNsT TPAKTUIECKUX 33714, TAKIX KaK
XpaHeHue ¥ Tepe/iavya JaHHBIX U YCKOPEHHbBIE uTeHue U 3anuch. Ho B KoHeuHOM cueTe
KOMITHIOTEP BCE TaK ke 0OpabaThiBaeT HHGOPMAIIHIO U B HEM BCET/IA €CTH TIPOTIECCOP
1 ollepaTUBHAL [1aMSTb.

Cuauasa paccMoTpuM 1poiieccop. Ceituac B HeM COIEPKUTCS HECKOIBKO BbIYUCIUTEN b~
HBIX syiep — mporieccopos (central processing unit, CPU), HanipuMep ABa WK YeThIpe.
Kamoe si71po MoKeT ObITh MHOTOIIOTOYHBIM, YTO TIO3BOJISIET EMY 3aITyCKaTh eIHHOBpe-
MeHHO 6oJiee OHOTO TI0TOKA. [109TOMY Ha YITaKOBKeE TPOIEeccopa MOKET ObITh HATHCAHO,
HaTpumMep, «2 s7pa, 4 TOTOKa» — TO/IPa3yMeBaeTCsI, ITO B HEM /IBa S/Pa, B KAXK/IOM 13
KOTOPBIX I10 /IBa TIOTOKA.

Paccmorpum ator pumep GoJiee getanbHo. KoMibiorep ¢ ABYMS paMu 1 Ye€ThIPbMs
MMOTOKAMH MOJKET BBIJIABATh KOJUYECTBO ITOTOKOB 32 KOJIMYECTBO TIPOIECCOPOB, XOTSI
YUCJIO A/iep MeHble. ITO 0OYCIOBIEHO TEM, YTO YeThIPe IOTOKA JAI0T BO3MOMKHOCTD
3amycTUTh YeThipe npoiecca co 100%-Hoit 3arpy3koii kaxabiii. Tem He MeHee TTpu
HEOOXOMMOCTH MOKHO 3aIlyCTHTh TOJIBKO JBa Mporiecca 6e3 rmeproTOYHOCTA U Ma-
KCUMM3UPOBATH MTPOU3BOAUTEILHOCTD JIBYX sijiep. BOT Tak 1eHTpasbHBII POTIECCOD
1 MokeT TokasbiBaTh 200 % 3arpy3ku. MaKkCUMasIbHBIN ITPOIIEHT 3aBUCUT OT KOJIMYECTBA
[IOTOKOB B OJIHOM SIJIPE.

B 3aBucHMOCTH OT peskuMa siipa MOTYT ObITh PEOPTaHU30BaHbI U AEHCTBOBATD, KaK
6y/To mporieccopos GoibIie, 4eM Ha caMoM Jesie. [1o aToil puurHe HacTosAIMe Aapa
M3BECTHBI KaK (pU3nvyecKue mpoIieccopbl, a OPraHU30BaHHbBIE TOTOKN — KaK JIOTHYECKUE
MIPOIECCOPBI. DTO MOKHO MTPOBEPUTH C TIOMOIIIHIO KOMaH/IBI TepMUHaia 1scpu B Linux
i SPHardwareDataType B system_profiler B MacOS. B muctunre 13.1 mokasan cepBep
Linux ¢ 32 normueckumu nporeccopamu, a paktudecku ato 16 ¢pusnyeckux rporecco-
POB C IByMsI IOTOKAMU HA KaKIIOM.

JNuctmHr 13.1. MNpumMep BbiBOAA ANst KOMaHAbI Iscpu, B KOTOPOM MokasaHa MHdopMaums
0 npoLieccope Ha cepsepe Linux. B MawuHe ecTb 16 pusmyecknx sigep n 32 nornyeckmx sapa,
yacToTa npoueccopa — 2,30 'y

1 # Ha Linux pnsa BbiBoAa MHOpMaLuu O npoueccope 3anyctute ~lscpu’

2 $ 1lscpu

3 Architecture: X86_64

4 CPU op-mode(s): 32-bit, 64-bit
5 Byte Order: Little Endian
6 CPU(s): 32

7 On-line CPU(s) list: 0-31

8 Thread(s) per core: 2
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9 Core(s) per socket: 16

10 Socket(s): 1

11 NUMA node(s): 1

12 Vendor 1ID: GenuinelIntel
13 CPU family: 6

14 Model: 79

15 Model name: Intel(R) Xeon(R) CPU E5-2686 v4 @ 2.30GHz
16 Stepping: 1

17 CPU MHz: 2699.625

18 CPU max MHz: 3000.0000
19 CPU min MHz: 1200.0000
20 BogoMIPS: 4600.18

21 Hypervisor vendor: Xen

22 Virtualization type: full

23 L1d cache: 32K

24 L1i cache: 32K

25 L2 cache: 256K

26 L3 cache: 46080K

27 NUMA node@ CPU(s): 0-31

28

3HAYUT, Mbl MOKEM, YBEJIMYKB [0 MAKCUMYMa KOJMUYECTBO IIOTOKOB, 3aIlyCTUTD GOJIbIIE
IIPOIECCOB, PAOOTAIOIIIX ME[JICHHEE, UJIH, MAKCUMU3UPOBAB KOJHMUYECTBO SI/Iep, — MEHb-
1re TporeccoB, pabotaronx ObicTpee. [IepBhIil pesKUM PEKPACHO TTOAXOMAUT IS TIO-
MCKa 10 TUTIepIapaMeTpaM, KOoT/a apajiesibHO 3aIyCKaeTcsl MHOTO CeCCHUiA, a BTOPOI
CTOUT IIPUMEHSATB JIJI1 yCKOPEHHOTO 3aIlyCKa HECKOJIBKUX OTAEIbHBIX CECCHI 00yUeHNsI.
OrpaHuyeHneM SIBJISETCS TO, YTO OAUH IIPOIECC He MOKET UCII0JIb30BaTh GoJiee OHOr0
S7Ipa, TO3TOMY, 3aITyCTUB MEHBIIIE TIPOIECCOB, YeM KOJTMYECTBO (PUBMUECKUX S7Ie€P, MBI
He MOJIy9rM HUKAKOTO TIPEUMYTIECTBA.

B mporieccope ecth BHyTpeHHUI TaiiMep, KOTOPBIM COBepIaeT OANH TaKT IIPU BBITOJ-
HEHWH KaKI0H OTepaIlii, ero TAKTOBAs YacTOTa SBJSETCS MEPOI YacTOTHI TTpoTieccopa.
W3 nazsanus mozesu B imctunre 13.1 (ctpoka 15) oueBnano, uto wactora — 2,30 I'T,
TO ecThb 2,3 MJIH TAKTOB B CEKyH/y. PeasibHas TaKTOBAsi 4aCTOTA B OTIPE/IeJIEHHBIIT MOMEHT
BPEMEHM MOKEeT BaPbUPOBATHCS B 3aBUCUMOCTH OT MHOKECTBA (haKTOPOB, TAKUX KaK
GesomacHast pabodas TemMIIepaTypa IIpolreccopa (3JeKTPOHUKA MO-IIPEKHEMY U3TOTaB-
JinBaeTcs u3 (pu3nvecKux JeTaseii, KOTopble MOTYT IEPErpeBaThCs ).

[Ipotteccop MOKHO PasorHaTh, YTOOI 3aCTABUTH €ro paboTaTh enle GpicTpee. ITO MOKHO
paspemuts B BIOS nipu 3arpyske, Ho cHavgasIa /71 3al[UTHI TPOIECCOPa, KaK IIPABUIIO,
YCTaHABJIUBAIOT CEPhE3HOE JKUAKOCTHOE oxakaerue. st riybokoro RL pasroHsaTh
mporieccop He 00s13aTeTbHO, M 9TO HEBBITIOTHUMO TTPU UCTIOTb30BAHNY YAATEHHOTO
cepBepa, HO ecJiu BbI paboTaete Ha HACTOJILHOM KOMITBIOTEPE, TAKOH BAPUAHT BO3MOJKEH.

Ternepb nepeiiieM K maMsaTH KOMITbIOTEPa. ECTh HECKOIBKO BUIOB TTAMSITH, KOTOPbIE 06-
PasyIoT uepapxuio ot GuIKalIeil K mporieccopy o Hanbosee otaanerHoi. Yem Gmke
[aMSATDb K IPOIECCopy, TeM MeHbIIIe 33/IepKKa [IPH Iiepejiadye JaHHbIX, CJIel0BATEIbHO,
JIOCTYII K JIAaHHBIM TIPOUCXOANT ObicTpee. OHAKO OHA, KaK TPABUIIO, MEHBIIIE, TaK KaK
B MaJIEHBKOM IPOI[ECCOPE MHOTO MAMSITH HE TOMeCTUTCST. ITOOBI KOMIIEHCHPOBATH 3TO,
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(ppaI‘MeHTI)I JIaHHDbIX, KOTOPbIE ITPUMEHAIOTCS Yallle BCETO, IOMEUIAIOTCA B IIaMATh, 6JII/ISKyIO
K IIPOIECCOopY, TOr/la KaK 6OJH)I_HI/IG, HO MeEHee BOCTpe6OBaHHI)Ie JIaHHbIE — B 6outee JIAJIbHIOIO.

BHyTpu mpoieccopa ectb PericTphl [IJisl XPAaHEH ST HHCTPYKIUN 1 0OpabaThiBaeMbIX
JIAHHBIX — 3TO caMasi MajieHbKast U ObicTpas naMsTh. Jlajee waer Kall, B KOTOPOM BO
u36eKaHue MOBTOPHBIX BBIYUCJECHUN COIEPIKATCS YACTO U MHOTOKPATHO HCIIOJIb3YEMbIE
nannbie. B muertunre 13.1 (cTpokn 23—26) npuBeieHbI pa3Hble BUJBI KIII-TIAMSTH, BCE
OHM MeJIJICHHEE, YeM PETUCTPHI.

Caenyromas namsts — oneparuBaast (Random Access Memory, RAM). Bo Bpems
BBITIOJIHEHUST TIPOTPAMM B HEe 3arPY/KAlOTCs U B HEll HAXOMISITCS JIaHHbIe, KOTOPbIe 00-
pabarbiBatoTcst mpoteccopoM. Koria roBopsiT 0 3arpy3sKe JaHHBIX B AMSITD WU O TOM,
YTO MPOIIECCY He XBaTaeT maMsATh, umeercs B Buay RAM. Ha maTepuHCKoil mi1aTe KOM-
bioTEPa 0OBIYHO YCTAHOBJIEHO HE MEHEE YETBIPEX CJIOTOB JIJISt OTIEPATUBHON [TAMSITH, TO
€CTb, eCJIU 3AMEHUTH YeThIPe KapThl 110 4 Thaiit Ha cTosibKo ke KapT 1o 16 Thaiir, maMsrh
yBesmunrest ¢ 16 go 64 Toaiir.

ITpu 3arrycke porpamMMbl HaC OOBIYHO HHTEPECYET UCIIOIb30BAHUE TIPOIIECCOPA 1 OTIEPa-
TuBHOU namsaTu. Vngopmaius o mporieccope npuBeieHa patee, YTo Kacaercst uHgopma-
i o 3arpyske RAM, To B Heil oTo6pakaioTest Ba ducsia: VIRT (BUPTYalbHast TAMSITD )
1 RES (pesuzentHas maMaTh). Ha puc. 13.1 mokazan CHUMOK 9KpaHa CUCTEMHOU aHen
yIIPaBJIEHUSI, CTEHEPUPOBAHHON € TIOMOIIbIO Glances [44]. B OCHOBHBIX cTOMOIAX CITH-
CKa MPOIIECCOB OTOOPAKEHBI MIPOLEHT 3arPy3KH MpoIleccopa, 3arpyska mamsiti (RAM)
B mpoueHTtax, VIRT u RES.

cpu [ 37.9%] cpu N\ 37 72.4% 5% LOAD 4-core
MEM [ 72.4%] user: t 2 1 min: 11.83
swAP [ 61.5%] system: [5.79§ e 5 min: 12.19

idle: 62.1% ree : . ree: 15 min: [HEEEA

Rx/s TASKS 376 (1134 thr), 375 run, @ slp, 1 oth sorted by CPU consumption
ab
b @ CPU%
b 97.7
b 11.5
b £ 8.5
ab @ o)
3Kb
ab
@b

Command
python run_lab.py sl

&

M% VIRT RES PID USER TIME+ THR NI
4,816 297M 1292 0: 2 L]
252M 50174 : 22 (1]

166M 74443 8 L]

38.7M 99622 215 2 L]

79.8M 50176 1h13: 31 L]

50175 E (1]

M 50171 a

89 a

36023 L]

M 49884 L]

M 51956 L]

293 a

338 L]

345 1]

301 L]

325 a

SENSORS . . 265 L]
Battery 180% . . . . 267 a
269 L]
264 a
55351 ]

o e

Python fusr/lecal/bi
Atom

Atom Helper --type=r
Atom Helper --type=g
loginwindow console
Dropbox /firstrunupd
Spotify

System Pref.
SystemUIServer
sharingd

homed

fontd

useractivityd
UserEventAgent (Aqua
distnoted agent

1sd

cfprefsd agent
ViewBridgeAuxiliary

utunl

4
0]
4
B

.

ad

o =

DISK 1/0
diske 26K

FILE 5Ys Used
/ (diskis1l) 77.16
_ate/var/vm 3.00G

CODODTDODDH DN WW
(=

@

(]

DWW WU W WO

Puc. 13.1. CHMMOK 3KpaHa CUCTEMHOW MaHeNM ynpaBieHusi, CreHEpUPOBaHHONM C MOMOLLbIO
MHCTPyMeHTa MoHUTOpUHra Glances [44]. Ha Hell nokasaHa BaXkHasi CTaTUCTUKa 3arpy3ku npoueccopa,
MCNob30BaHNs NamsaT, BBOAA/BbIBOAA M NMPOLIECCOB
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B BepxHeii yacTu pucyHKa BUIHO, UTO BCST ONlepaTUBHAS TaMsITh (MEM total) aTOro KOM-
nbioTepa coctasiister 8,00 T'6aiit. B mmepBoii crpoke Tab/IMIbl 3aJaHIil MOXKHO BUAETD, YTO
151 BeITTosTHeHus ripotteccoB L1I1 3aneiictByercs wa 97,7 %.

Peasbublii 00beM RAM, 3aHATON IPOIIECCOM, MTOKa3aH KaK Pe3UICHTHAS IaMsATh RES —
OH JIOBOJIBHO MaJI, 4TO I0OPOCOBECTHO OTPAKEHO B TIpoIieHTe MEM. Harmpumep, BepxHUit
MIPOIIECC UCTIOB3YeET 3,6 % OIepaTUBHOIM TaMsITH, 4TO COOTBeTCTBYeT 297 MbaiiT pesu-
JICHTHOI TTAMSITH U3 BCEX MOCTYIHBIX 8 [OaiiT.

OmHako pacxo/l BUPTYJIbHOM MTaMATH 3HAYUTEILHO TIPEBOCXOIUT 3TOT TTOKA3ATENb —
cyMMa 3HadeHuii B crosote VIRT npesbiinaet 40 [Gaiit. Maktuuecky BUpTyasbHas ore-
paTUBHASI TAMSITH — 9TO TIPOCTO OI[EHKA 00beMa MAMSITH, KOTOPBIH MOXKET OTPeO0BaTHCST
nporpammve. Harpumep, 8 Python o6bsiBiieHue GoJbIIoro mycToro MacCuBa BO BPeMst
BBITIOJIHEHUS TIOBBICUT OTIEHKY KOJIMUYECTBA BUPTYAJIBHOM MAaMATH, HO HUKaKas aMsATh
He Oy/IeT 3aHATa, TIOKa MACCHB HE 3aTI0JHAT PeasibHbIe JaHHbIE.

Pasmep BUPTYaIbHOI MAMSATH He BBI3BIBAET MPOOIIEM, TIOKA PE3UICHTHAS TIAMSITh HE TTpe-
BBILIIAET peajibHblil 00beM JoCTyIIHOI RAM, nHaye Mbl PUCKYEM TeM, U4TO [aMsITh 3a-
KOHYUTCST 1 paboTa KOMIThIOTEPA HAPYIITUTCSL.

PerucTpbl, 91T 1 OTlepaTUBHAS TAMSITH — 9TO GBICTPast pabodast TaMsITh, HCIIOTb3yeMast
TSI BBIYHCICHWH, HO OHA HeTlocTosTHHAsA. [Ipn mepesarpyske KOMIbIOTEPA 9TA TTAMSTh
00BIYHO OuHIaeTcsl. B KOMIIbIOTEPE JIJIST MOCTOSTHHOTO XPaHEHUsST HH(MOPMAIIUN TTPHU-
MEHSIOTCS KeCTKHe AMCKU TN TePeHOCHBIE HAKOMNUTEH, TaKne KakK (el -KapThl.
B 3aBucHMOCTH OT ammapaTHOTO 0GeCTIedeH sl TIMCK MOKET COXPAHATH OOJIBIIOE KO-
Jn4ecTBO WH(MOPMAIIUK € IOBOJIBHO BBICOKON CKOPOCTBIO YTEHUS U 3alIUCH, YTO OTO-
GpaskeHo B JieBoi yactu puc. 13.1, B myHKTax DISK I/0 u FILE SYS. Hecmotpst Ha 9T0,
JIAHHDBII THTI TAMSTH BCE PABHO MeJlJIEHHee, YeM HeTIOCTOsTHHAS TTaMsITh. YeM pasibiie
MaMsITh OT TIPOIECCOPA, TEM MEHDINE €€ CKOPOCTDh YTEHUST U 3aIMCH, HO TeM GOJIbIIe
oO0beM. TIpuHuMas perreHue 06 yIpaBieHUN JaHHBIME BO BPEMsI CeCCHE 0OyUeHUS,
MOJIB3YHTECh HTUM TTPABUJIOM.

ITporeccop BMecTe ¢ OnepaTUBHOI MaMSATHIO PEACTaBALIOT cCOO0N YHUBEPCATbHOE
ycrpoiictBo. Bes mporieccopa KOMITBIOTED miepecTaet ObITh KoMibiotepom. CoracHo 3a-
KOHY Mypa ero BbIYMCJIUTENbHAS MOIITHOCTh BO3pAacTaeT dKCIIOHEHIINaAbHO. TeM He Me-
Hee TT0X03Ke, 4TO Hallla TTOTPeOHOCTD B BBIYUCUTEBHBIX PECYPCAX pacTeT etie ObicTpee,
Be/lb € YBEJMYEHNEM MOIITHOCTH KOMITBIOTEPOB PACIITUPHIICS TOPUBOHT TIpobieM, Tpeby-
fomux perennst. Paciser riry6okoro o6ydeHust — MpeKpacHblii TOMY TpuMep, OH JlaKe
JIBUTAET BIIepe/l MHIYCTPHIO alllIaPaTHOTO 0OECIIEYeHNsI.

Xot4 1polieccopbl yHUBEPCAIbHbIE U JOBOJIBHO MOIIHbIE, OHU HE BCEr/ia 110CIIeBaIOT
3a HAIIUMU BBIYUCAUTENbHBIMU TOTpebHOCTsIMU. K c4acThio, BBITIONHIEMbIE HAMU
BBIYHCIIEHUS 3a4aCTYIO COCTOSAT U3 0COOBIX TUTIOB omeparuii. /I HUX MOKHO CIIpo-
eKTHPOBATH CIIEIUATBHOE allliapaTHOEe obecredenne, Ha KOTOPOM BbICOKast ahpeKThB-
HOCTb BBIYMCJIEHUI JJOCTUTAETCS 34 CYET OTKa3a OT YHUBEPCAJIBHOCTH LEHTPAIbHOTO
mpoleccopa.
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OH 13 TaKUX MIPUMEPOB — MaTpU4Hble onepanny. [lockoIbKy ¢ TOMOIIBIO MaTPUIL
MOJKHO KOAUPOBATh 1 IIPpeobPa3oBbIBaTh JaHHbIE, Ha HUX OCHOBaHa PaboTa ¢ u306paske-
HUusMU. [[BYDKEHMST KaMephl, TOCTPOEHHUE MMOJUTOHAIBHOI ceTku (mesh), ocsetienue,
MOCTPOEHNE TEHEH U OIpeie/IeHne TPAEKTOPUH JIyda — BOT THUIIUYHbIE (DYHKITUN KOM-
MBIOTEPHOT TpabUKH, TPUMEHSIEMbIE B JII0O0# 13 OUOIUOTEK /I BUSYATU3AIiN, 1 BCE
3TO MATPUUHbIE otiepaliu. J[Jist BOCIPOU3BeeHUs BUIEO € GOJIBIIOI CKOPOCTHIO HYKHO
BBITIOJTHSITH MHOJKECTBO TAKUX BBIYUCIECHUN — 3TO 00YCJIOBUIIO PAa3BUTHE TPAhUIECKIX
npotieccopos (graphics processing unit, GPU).

Crayvasia rpadmdeckre mporieccopbl HAIILIN TPUMEHeHre B MHIycTpun Buaeourp. Ilpen-
BectHukamut GPU Oblin rpadudecKue mpoIeccopbl B UTPOBBIX aBToMaTax. OHE pas-
BUBAJINCh BMECTE C MEPCOHATBHBIMUA KOMITbIOTEpaMu U Bujeourpamu, u B 1999 romy
B Nvidia uzo6pemr GPU [95]. IlapajienbHo TBOpYeCKHe CTyUN, Takie Kak Pixar
u Adobe, ToMoTa/IN 3aJI0KUTH OCHOBBI MHLYCTPUN KOMITBIOTEPHON rpaduKu, co3iaBast
U PacipoCTpaHsist MporpaMMHoe obecIieueH e U aJITOPUTMBbI [T TPAhUIECKUX MPO-
1ieccopoB. Mrpoku, rpacdudeckrie Au3aifHepbl 1 aHIMATOPBI CTATT OCHOBHBIMHE TTOTPe-
6urensimu GPU.

Caeprounbie ceTH, 0OpabaTbiBaoiie H306paskeHsT, TAKKe 3aeHCTBYIOT MHOTO MATPIY-
HbIX orepanuii. CiieoBaTeIbHO, TO, YTO MCCAEI0BATENH IITyGOKOTO 00yUeHUs HAUHYT
BHeapaTh GPU, 6bu10 siniib BorpocoM Bpemenu. Koria a1o HakoHeI MpousoIio, 06-
JIACTD TIIYOOKOTO 0GYUEH ST CTala CTPEMUTENHHO PA3BUBATHCSL.

3a cYeT TOTO UTO JIOPOTOCTOSIINE MATPUYHBIE BBIYUCIEHUS TPOU3BOUT TPAPUIECKIH
MIPOIIECCOP, IEHTPATBHBII TPOIIECCOP OCBOOOKIAECTCS VIS BHITIOJTHEHUS IPYTUX 3a-
nmannii. Pacuetsr Ha GPU mpoucxonsat mapajieabHo n BecbMa 3P @PEeKTUBHO M3-3a €T0O
y3Kol criertnanusanuu. [1o cpaBaenuio ¢ nenTpaabHbiM 1ipotteccopoM GPU conepskut
ropasio GOJIbIle BBIYUCTUTENBHBIX SIZIEP, M Y HETO aHAJIOTHYHAST APXUTEKTYPA MTAMSITH:
perucTpbl, ko1 1 RAM, xoTs nociennss o0b4Ho Merbiie. YToObl OTIPaBUTH JaHHbIE
Ha 00paboTKy B rpaduuecKuii poIeccop, CHauaIa HysKHO 3arPy3UTh MX B OIIEPaTHBHYIO
namath GPU. B smctunre 13.2 nmpuBenen npumep nepemerierus co3gannoro Ha 111
tensopa PyTorch B oneparushyio mamsits GPU.

JiucTuHr 13.2. MNpuMep co3aaHus Ha LEHTpanibHOM MnpoLeccope TeHsopa PyTorch v ero ganbHenwero
nepeMeLLeHnst B ONepaTUBHYIO NaMsTb rpacdmyeckoro npoLeccopa

1 # npumep Kopa ANs nepemeleHua cosgaHHoro B LM TeH3opa B GPU(RAM)
2 import torch
3
4 # ykasaTb AOCTYMNHOE YCTPOWCTBO
device = 'cuda:@' if torch.cuda.is_available() else 'cpu'’

v = torch.ones((64, 64, 1), dtype=torch.float32)
# 3aTem nepemewaetca B GPU
10 v = v.to(device)

5
6
7 # TeH30p CHa4vana co3paeTtca Ha UM
8
9
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Boruucienust, koropsie 6buin MeanerabiMu Ha 1[I, Ha GPU ouyTuMo yCKOpsoTCs.
ITO OTKPBHLIO Tiepest riyOboKuM 00y4eHnEM HOBbIE BOSMOKHOCTH — UCCJIEA0BATENN
CTaJTN TPEHUPOBATH HOJIBINHIE IO Pa3Mepy U TTyOuie CEeTH Ha BCe BO3PACTAIONIEM KO-
YecTBe JAHHBIX. ITO MIPUBEJIO K TIOJIYIEHHIO CAMBIX TEPEIOBBIX PE3YJIHTATOB BO MHOTHX
obJacTax, BKJIIOYast KOMIBIOTEPHOE 3peHie, 00paboTKy eCTECTBEHHOTO sI3bIKa W Pac-
nosHasanue peun. I'paudeckrie mpoIeccopbl criocobCTBOBAIN GBICTPOMY PA3BUTHIO
riy6oKOro 0OyUeHNUs M CBSI3aHHBIX obJacTeil, BKiovast riaybokoe RL.

Hecmotpst na cBoio ahdekTuBHOCTD, TpadmuecKe Mpoieccopbl BCe JKe ONTHMU3UPOBAHbBI
1t 06paboTKy rpaduKy, a He HePOHHBIX ceTeil. JIJis IPOMBIIILIEHHBIX ITPUI0KEHIIT
naske BoamoxkHOcTel GPU He xBaTaeT. ITO CTAJIO TOJIKOM K PA3BUTHIO APYTUX TUTIOB
CIEIUAT3UPOBAHHBIX MPOTieccopoB. CTpeMsich y0BIeTBOPUTE aTH moTpebrocTH, Google
B 2016 romy 00bsBIIIa O BRIXOAE TEH30PHOTO Ipolieccopa (tensor processing unit, TPU).
ITO MO3BOJIUIIO IIPUBHECTHU B MIPUJIOKEHMSI LI TITyOOKOTO 00yUeHUs «Ha HOPI0K OoJiee
BBICOKYIO IIPOM3BOAUTENBHOCT> [58]. MakTuvecku cospanubiii DeepMind asropurm
riy6okoro obyuenust ¢ nogkperiearem AlphaGo paborai Ha TEH30PHBIX MTPOIIECCOPAX.

B atom pasziese, MOCBAMIEHHOM MPOTPAMMHOMY 00€CTIEYeHHUT0, MBI OOCYIVIIH OCHOBHbIE
COCTABJISIONIIE KOMIIBIOTEPA — TIPOIIECCOP U MaMATh. LleHTpaIbHbIH mpotieccop yHU-
BepcajieH 1 MOXKeT 06pabaThiBaTh 3a Pa3 OrpaHMYEHHOE KOJMYECTBO aHHbIX. B rpadu-
YeCKOM ITPOIIECCOPEe eCTh MHOTO s/1ep, KOTOPbIe CIEINaTN3NPYIOTCS Ha TTapasjieIbHbIX
BBIUKCJICHUSAX. TEeH30pHbBIE TPOIECCOPDI MTPEeITHA3HAYECHBI JIJIT TEH30PHBIX BBIYMCJICHUN
B HeHPOHHBIX ceTsax. Heszasucnmo ot creruanusanun Jio6oil mpoieccop HyKaaeTcs
B HajuIeXKaruM 06pa3oM CIPOEKTHPOBAHHOM apXUTEKTYPE TTAMSITH, BKIIOYAOIIEH pe-
rUCTphI, Kaml u© RAM.

13.2. Tunbl Aa@HHBbIX

YT00BI BBITIOIHSATH BEIYUCACHUS 9P (HEKTHBHO, HYKHO MTPEACTABIATH cebe 06acTh 3a-
JIav’ ¥ ee BPEMEHHYIO CTIOKHOCTD. /15T MOOBIX TIPIIIOKEHNH, MHTEHCUBHO MCTIOIB3Y-
IOIINX JIAHHbBIE, TAKUX Kak Ty6okoe RL, 110J1e3HO TIOHUMATh HEKOTOPbIE BasKHbIE JIETAJIN
1 TIPOIIECCHI HA BCEX YPOBHSIX, OT MPOTPAMMHOTO /10 anmapaTHoro. Ml paccmoTtpenn
YCTPOMCTBO KOMITbIOTEPA, TEIleph Pa30BbeM MHTYUTHUBHOE NPe/CTaBJeHNe O IaHHbIX,
KOTOpbIE 4acTo BCTpevaiorest B riaybokom RL.

BuT — nanMenbInas equHAIQ, TPHIMEHseMas I N3MepPeHIs KOJIMIecTBa NH(OPMAaIIN.
CoBpeMEHHBIX JAHHBIX OY4EHb MHOTO, M0TOMY Hy:kKeH Goubimii Mmacmtab. Mcropu-
YeCKU TaK CJIOMKUJIOCD, 4TO 8 6uT — ato 1 Gaiir, mnu 8 6ut = 1 Gaiit. Haunnas ¢ atoro
MecTa UCIoJIb3yioTes MeTpudeckue npucrasku: 1000 6aiir — sto 1 kunobaiir (Kbaiir),
1000 000 GaiitT — s10 1 Merabaiit (MbaiiT) u T. 1.

Komuposanue nHbOpMAIIUU HOCUT OOIIHIA XapaKTep, ITO3TOMY JIIOObIE TaHHbIE MOKHO
3aKOAUPOBATh Kak udpoBbie OUTHL. JlaHHBIE, €CIU OHU €llle He B YHCI0BOM (hopMare,
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npeobpasyloTcs B UMC/Ia IIePel TeM, Kak GbITh PeCTaBJEHHBIMU B BUE OUTOB B alllia-
patHOM obecniedennn. Mzobpakenne KOHBEPTUPYETCA B 3HAYCHUS TUKCETIOB, 3BYK —
B 4ACTOTbI U aMILIUTY/Ibl, KATErOPUA/IbHbIE JAHHbIE — IIyTEM IIPAMOIO KOAMPOBAHUS
B BEKTOPBI, CJIOBA — B BEKTOPbI M T. JI. 3aTEM Ha YPOBHE allllapaTHOr0 00ecIeyeHtsI
YICIIa IpeodpasyoTest B OUTBL

Opun Gaiir, nin 8 6uTt, 611 BEIOpaH B KauecTBe OOMICIPUHATON HAMMEHbIIEH eIMHUIIbL
nHpopmaru ymbiieHHo. COTsIacHO MpaBUJTy BO3BE/ICHUS B CTENIEHb CTPOKA JITTITHON
8 6uT criocobHa npeacTaBiIATh 28 = 256 pasAUuHbIX IIPEI0KeHuI, TO ecTh 1 GailT Mo-
JKET MPeJCTaBIATh 256 pasanyHbIX ynces. B 6ubamoTekax YucAeHHbIX METO0B, TAKUX
Kax numpy [143], ¢ MOMOIIBIO 3TOTO peaTM30BAHbI 1IEJTble YUCJIA PA3HBIX TUATIA30HOB, TO
ecTb Oe3s3HaKoBble 8-OuTOBbIE 1IeIble uint8: [0, 255] — u 1e/ble 8-GUTOBbIE CO 3HAKOM
int8: [-128, 127].

BaiiThl MOAXOAAT AJIsk XPAaHEHUS JAHHBIX ¢ HEOOJIBIIMM JUAla30HOM YKMCJIOBBIX 3HaUe-
HUH, TAKUX KaK 3HAYEHUS MUKCEJI0B u300paxkenuii B rpajganusx ceporo (0—255), mo-
CKOJIbKY 3aHnMaeMoe GaiiTOM IIPOCTPAHCTBO B IIaMSATU MUHUMAIbHO. Pazmep omxHOro
yrcsra popMaTa uint8 cocrasisier 8 6ut = 1 GaiiT, mosaTOMY I H300paKeHMs B rpaja-
IUSX CEPOTO, YMEHBIIIEHHOTO /10 pagMepa 84 X 84 MuKcesoB, HY;KHO COXPAHUTD BCETO
suimb 7096 yucen, To ectb 7096 Gaiit = 7 Kbaiit. Ha Muinon takux nsobpaxeHuit
B IAMSATH TpeleaeHToB moHagoourtces 7 Koaiir - 1 000 000 = 7 T'6aiit, uro ymenaercs
B OTIEPATUBHOM MaMSITH CAMbIX COBPEMEHHBIX KOMITHIOTEPOB.

PasymeeTcst, 4TO TaKON MaJIEHBKHUIT IMANIA30H HEOCTATOUEH JIJIst T[eJieit GOJIBITNHCTBA
BBIYHCIIUTENBHBIX OTIEpAIlid. Y IBOUB padMep OGUTOBON CTPOKH, MOKHO PEasn30BaTh
16-6uToBbIE 11€JIbIE YKCIa ¢ TOPa3ao OOJIbLUIMM JuanasoHoM, int16: [-32 768, 32 768].
Kpome Toro, mockoibKy 16-6uToBas CTpOKa JOCTATOUHO JJIMHHAS, OHA MOKET OBITh
NCITOJIb30BaHa /IJIs1 peaan3daliii 4urces ¢ H]IaBaIOHlefI SaHHTOfI, KOTOPbI€ N3BECTHDBI KaK
copmar float U ABJISIOTCS AECTUYHBIMU YHCTaMU. ITo faet 16-61ToBbie Yrcsa ¢ ria-
Baioreil 3amaToil float16. Peammsanus [eCSITUIHBIX YHCENT, KOTOPYIO MBI He Oynem
3€Chb paCcCMaTpUBaTh, HECKOJIbKO OT/INYAETCA OT peain3alliu 1eJIbIX YN CeJI. HeBSI/IpaH
HAa 9TO Pasjnyue, Kak JJIst [eJBIX, TAK ¥ IS TeCATHYHBIX YUCeT UCTIOMb3YI0TCs GUTO-
BbIE CTPOKMU OIHOTO M TOI'O ke pasMepa 16 6ut = 2 Gaiira.

Hecko/ibKo pas OBTOPUB yABOEHIE OUTOB, MOKHO Peai30BaTh IIEJIble YKCIa i YHC/Ia
¢ IUIaBaoLeH 3an4Tol, 3annMatomue 32 u 64 6ura, 4To cocTasiAeT 4 u 8 GaliT cooTBeT-
CTBEHHO U ZiaeT int32, float32, int64, float64. OgHAKO KaskIoe yaBOeHUE 6UTOB 6yaeT
YMEHBIIATh CKOPOCTh BEIYUCJICHUI B IBa Pasa, TaK Kak OMTOBbIE OIepallii Hy KHO Oy1eT
IIPOBOAUTD Ha B [Ba Pasa OOJIbIIEM KOJMYECTBE DJIEMEHTOB B OUTOBOM CTpoKe. Bosbie
OUTOB He BCerja 3HAUMT JIydille, Belb 32 HUX MPUXOAUTCS ILJIATUTh YBEJIUIEHEM Pas-
MEepOB U yMeHbIIIEHNeM CKOPOCTH BbIYUCJIEHUH.

[Hesbie uncsa MoTyT ObITH pealn30BaHbl Kak int8, intl6, int32, int64 ¢ guamasoHoM,
CUMMETpUYHBIM oTHOCUTEbHO (. CMeleHne Havasa auana3ona Ha () mo3BossieT pea-
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JIN30BaTh Oe33HAKOBBIE IIeJIble YMCa Kak uint8, uint16, uint32, uint64. Ilesble yncaa
C Pa3HBIM KOJUUYECTBOM OUTOB Pa3IMYalOTCs Pa3MEPOM, CKOPOCTBIO BHIUMC/ICHUH U TIPe/I-
CTaBJIsIeMbIM JIMAIIa30HOM 3HAYEeHUIA.

[TpucBoenme 1e10My UncCIy CO 3HAKOM 3HAYEHU 32 TIpejieJlaMU ero Inara3oHa BhI3bI-
BaeT TieperoJiHeHre ¢ Hellpe/ICKa3yeMbIM TTOBe/leHeM W HapyIiaeT apudmMeTniecKue
pacuetbl. be3znakoBble 11eJTbIe YNCIA HUKOT/IA HE MTePETNOJHSII0TCS, BMECTO 9TOTO OHU
MoOJI4a IIPOU3BEAYT BBIYMCIIEHU 110 MOJLYJIIO, HAIIPUMED, np.uint8(257) = np.uint8(1).
Taxoe moBeenne, MOKeT ObITh, U JKeJIATENbHO B HEKOTOPBIX IIPUIOKEHUSIX, HO B 00JIb-
HIUHCTBE CJIy4YaeB CJeJyeT aKKyPaTHO BBbIIIOJHATbL HUCXO/AIlee IPUBeIeHNe JaHHbIX
K MeHbLIMM (popMaTam Oe33HAKOBBIX LeJIbIX Yrcell. Ecim 3HaYe s 9KCTPEMYMOB HY/KHO
OTPAHUYUTD, BBITIOJTHUTE UX yCeueHue Mepes] HUCXOASIIUM TPUBeIEHUEM. ITO IIOKa3aHO
B sinctunre 13.3.

JucTuHr 13.3. MpocToi CKpUNT, AEMOHCTPUPYIOLLMIA CPAaBHEHME Pa3MEPOB M METOAbI ONTUMU3ALIMK
[N pa3HbIX TUMOB AaHHbIX

import numpy as np

1

2

3 # ocTeperaiTecb NepenosiHEHUA AMaNa3oHa MpWU HUCXOAAWEM MPUBEAEHWU TUMOB
4 np.array([0, 255, 256, 257], dtype=np.uint8)

5 # => array([ 0, 255, 0, 1], dtype=uint8)

6
7
8

# ecnM MakcuMManbHOe 3HauveHue 255, BbINONHUTbL yceyeHue nepej NpuBefeHUeM
np.clip(np.array([0, 255, 256, 257], dtype=np.intil6),

= 9, 255).astype(np.uint8)

# => array([ @, 255, 255, 255], dtype=uint8)

(o)

Hauunas ¢ 16 6ur 4iciia ¢ miaBaionieil 3aiaToii MOryT ObITh peajin3oBaHbl Kak floatl6,
float32 uiu float64. OHM pa3IMUAIOTCS Pa3MePOM, CKOPOCTHIO BBIYUCIEHUHN 1 TOYHO-
CTBIO JIECATUYHBIX YUCEJI, KOTOPBIE OHM MOTYT IIPEJACTABJIATE, — 4eM (oJibiie 6UTOB, TEM
BbIIIe TOYHOCTD. [loaTOMY floatl6 M3BeCcTHBI Kak (hOpMaT ¢ TTOJIOBUHHON TOYHOCTBIO,
float32 — ¢ oAUHAPHON TOYHOCTHIO, a float64 — ¢ ABOMHON TOYHOCTBIO (MU TIPOCTO
double). BocbMu6uTOBOII peasmsaliiy Yucel ¢ IaBaioiieil TOYKOil HeT, TaK Kak MeHb-
I1ast TOYHOCTD HEHAJIE/KHA JI7Tst OOJIBIIIMHCTBA TIPUIOKeHu . [T0JIOBUHHAS TOYHOCTD BbI-
YUCJIEHUIT TIO3BOJISIET Y/IBOUTH CKOPOCTD 110 CPABHEHUIO C O/IMHAPHOM, 1 ee JIOCTAaTOYHO
IS PACYETOB TaM, r7ie He TpeOyeTcss GOMBITOTO KOTMIECTBA 3HAKOB TOCIE 3aTISITOH.
Oma TaksKe ueaTbHa JJIsT XPAHEHUST, TIOCKOJIBKY Y GOJTBITHHCTBA He0OPaboTaHHBIX
JaHHBIX KOJIMYECTBO 3HAKOB TIOCJIE 3ATISITON HEBEIUKO. J[JIst GOTBITMHCTBA BHIYUCTCHUIT
XBaTaeT OJJMHAPHOI TOUHOCTH, ¥ 3TO HanboJiee PACIpOCTPAHEHHBIN THTI, HCTIOJIb3YEMBbIIT
BO MHOTHUX [TPOTPaMMaX, BKJIOUast riybokoe obydenue. J[BoiHAst TOYHOCTD B OCHOBHOM
3ape3epBUPOBAHA /IJISl CePbE3HbIX HAYUHbIX BbIYMCJICHUH, TAaKUX Kak dusndeckue hop-
MYJIbI ¢ GOJIBIITUM KOJHYECTBOM 3HAUAIINX PaspsioB. [Ipu BEIOOPE MOAXOAAIIETO TUTIA
JUISL TIPeJICTaBJIeHUsT YrceJl ¢ IJIaBalollell 3arsToil cpe/in mpoyero cJjeyeT yYuTbIBaTh
KOJIMYECTBO 6alTOB, CKOPOCTD, TUATIA30H, TOUHOCTH W TOBE/ICHHUE MTPHU TIEPETTOTHEHHUH.
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13.3. OnTMMK3aumsa TMnoB AaHHbIX B RL

MBI ysKe MOJTyInIIn TIOHATHE O TOM, KaK JIaHHbIe BOIIONIAIOTCS Ha allliapaTHOM YPOBHE,
a Tarke 00 OrpaHUYEHUSIX pazMepa, CKOPOCTH BBIYMCJEHU, IMarasoHa U TOYHOCTH.
Jluctunr 13.4 coepKUT HEKOTOPbIE U3 9THX TUIIOB JAHHBIX B numpy ¥ Pa3Mepbl 3aHM1-
MaeMoii UMK aMATH. PaccMOTpUM Terepb, Kak OHY CBSI3aHbI € JAHHBIMH, YaCTO BCTPE-
YAIOIUMHUCS B TIIy6oKoM 00ydeHuu u raybokom RL.

Jiuctuur 13.4. I'Ipocr0|71 CKpUNT, B KOTOPOM MOKa3aHbl pa3Hbl€ TUMbl AaHHbIX U UX pa3Mepbl

1

NouvphwnN

8

9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

26
27
28
29
30
31
32
33
34

import numpy as np
# Ba30Bble TUMbl AaHHbIX U UX pa3mepbl

# B KOMMblTepe AaHHble KOAUPYHTCA Kak 6uThl,

# nosToMy pa3Mep AaHHbIX onpefenseTcs KONM4eCTBOM 6UTOB

# Hanpumep, u np.intl6, u np.floatl6 3aHumawT 2 baiTa,

= XOTA YMCNa C NNaBawwei 3anAaToi nNpeAcTaBfieHbl WHaye, YeMm Lesble

# 8-6uTOBble 6E33HAKOBble Lenble Yucna, AuanasoH [0, 255]

# pasmep: 8 6uT = 1 6ant

# NpuMeHANTCA ANA XpaHeHMA W306paxeHWin WA COCTOAHWUI Manoro pasmepa
np.uint8(1).nbytes

# 16-6uTOBbIe Lesble Yucna, AuanasoH: [-32768, 32768]
# pasmep: 16 6uT = 2 6aiTa
np.int16(1).nbytes

# 32-6uTOBble Uenble Yucna, 4 6ainTa
np.int32(1).nbytes

# 64-6uTOBbLIE UeNble yucna, 8 6anT
np.int64(1).nbytes

# 4yucna c nnaBawlel 3anATOW MONOBUHHOW TOYHOCTU, 2 baiTa
# MOryT 6bITb HEAOCTATOYHO TOYHLIMU AN BbIMUCIEHWUIA,

= HO MOAXOAAT ANSA XpaHeHWUA 6O0/SbWMHCTBA AAHHbIX
np.floatl6(1).nbytes

# yucna c nnaBawwei 3anAaTol OAMHAPHON TOYHOCTU, 4 6ailTa
# MCNoNb3ywTCA NO YMONYaHW B GOJSIbWMHCTBE BbIYUCIEHUN
np.float32(1).nbytes

# yucna c nnaBawwei 3ansaToW ABOWHOW TOYHOCTU, 8 6alT
# B OCHOBHOM 3ape3epBMpOBaHbl A1 BbICOKOTOYHBIX pacyeToB
np.float64(1).nbytes

B GoubinnHcTBe 6MOIMOTEK HEHPOHHbIE CETH 110 YMOJYAHUIO MHUIIUAIU3UPYOTCS
1 BBIYHCJIISIOTCS ¢ TIOMOIIBIO float32. 3HAUMT, BCe UX BXOHbBIE JaHHbIE TOJIKHBI TIPUBO-
IUTHCS K float32. OxHako float32 He Bcer/a ONTUMAaJIeH I XpaHeHUs JaHHBIX 13-3a
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cBoero 6oJIbIIoro pasmepa B Oaiitax (32 6ura = 4 Gaiita). [TycTb oquH Kaap AaHHbIX RL
cocrapJiger 10 K6ailT 1 B maMsITH [IPELeAEHTOB HyKHO XpaHuTh 1 MiIH kaapos. O6muit
pasmep paser 10 I'GaiiT, uTo npeBbiniaeT 00beM 0OBIYHOI OllepaTUBHON naMsaTu. Beren-
CTBYIE 9TOTO K JAHHBIM YaCTO MIPUMEHSIOT HIUCXO/ISIIee TPUBeeHNE THIIOB U XPAHIT UX
B hopMare ¢ MOJIOBIHHOI TOYHOCTHIO floatlé.

BoJIbIIyI0 9acTh JaHHBIX, KOTOPBIE HYKHO XPaHUTD B IIIyOGoKoM RL, COCTABIAIOT COCTOSI-
HUs, AefCTBUS, BO3HArpakaeHus 1 Oyses curaai done, 03HaYaoIil KOHeI[ SIIU30/4.
ECTB ele J0IMOJTHUTEJIbHbIC HepeMeHHbIe, HeO6XO[[I/IMI)Ie JJIA KOHerTHbIX aJIFOpI/ITMOB
WM U1 OTJIa[KH, TaKue Kak V- u Q-3Hadenus, ToraprudMbl BEPOITHOCTH 1 SHTPOIINL.
OO6BIYHO JAHHBIE 3HAYCHUS — 2TO OO0 HeOOJIbIINe IIeJIble Y CJIa, JTUO0 YKcIa ¢ I11aBa-
TolTel 3araToi HU3KOM TOUHOCTH, TO3TOMY [IJIsSI XPaHEeHUsI TOI0NIYT BapUaHThI uints,
int8 wiu floatile6.

[TprmeM 1 MJTH Ka/ipOB B Ka4eCTBE MEPbI CTAHAAPTHOTO KOJMYECTBA JAHHBIX, XPAHUMbBIX
B TIAMSITHU TIPEIEJIEHTOB. BOJBITUHCTBO 3TUX MTEPEMEHHDBIX, 32 UCKJIIOYEHHEM COCTOSI-
HUW, — CKaJSIpHBbIE 3HaYeHUs. [ Kaska10i CKaJIApHON TIepeMeHHOM JJIsT XpaHeHUs
MIJLIMOHA 3HAYEHUI TIOTPeOyeTCst MUILIMOH 3J1eMeHTOB. IIpu ncmob3oBaHnu uints mo-
nagobures 1 000 000 - 1 6aiit = 1 M6aiiT, a 11 float16 — 1 000 000 - 2 Gaiit = 2 MobaiiT.
Pasnuna B pasmepe B 1 MoOaiiT HecyuecTBeHHa it OOJBIIMHCTBA COBPEMEHHBIX
KOMIIBIOTEPOB, [T09TOMY BO U30esKaHKe PUCKOB CIyJYaiiHO MOTepH AeCATUUHBIX Pas-
PSIIOB WJIM OTPAHWYEHUS [[Uara3oHa 3HAYEHUI JIJIsi BCEX TIePEMEeHHBIX TTOBCEMECTHO
npuMmensercd floatlse.

TeM He MeHee GOBITMHCTBO YCUIIUH TI0 ONTUMU3AIMN TAMATH TPUXOAUTCS Ha paboTy
C COCTOSTHUSIMU, TIOTOMY 4TO OHH COCTABJISIIOT OOJBIIYIO YaCTh JAHHDIX, TOPOKIAEMbIX
B ry6okom RL. Ecaiu coctosinne — 0THOCUTENBHO HEGOJBITON TEH30D, HATIPUMED
Bekrop mHoit 4 B CartPole, To MOKHO HcIIob30BaTh floatl6. OnruMusaIus HyKHa
TOJILKO TOT/Ia, KOT/Ia BCE COCTOSTHUS OOJIbIe, Kak n3obpaxkenus. B Hamm gau paspe-
menne u306pakeHnii, reHePUPYEMbIX KaMepPaMy MM UTPOBBIME JIBUKKAMU, OOBIUHO
Boimre, yeM 1920 x 1080 nukcesnos, 1 pasMep TakUX U300pakeHUIT MOKeT OBITH He-
CKOJIBKO MerabaiiT. ITycTh cocTostHre — 3T0 MasieHbKoe uzobpakenue B hopmate RGB
pasmMepoM 256 x 256 iukcesoB co 3HaueHustMu float32. Torma oHO coCTOSIHIE B BUJIE
usobpaskenust coctaBut (256 - 256 - 3) - 4 Gaiit = 786 432 Gaiita = 786 Kbaiir, a na 3a-
IPY3Ky MUJIJIMOHA TAKUX U300pasKeHUH B OTIePaTUBHYIO MaMATh oTpedyercs 786 ThaiiT.
Taxue 06beMbI He 10 CUIaM Jaske GOJIBITUM CepBepaM.

ITpu npeobpaszoBaHiy H300PAKEHIISI B TPAJAIIUI CEPOTO TPH IIBETOBBIX KAHAA CBOSTCS
JI0 OJTHOTO, TO €CTh pa3Mep cokpaiiaercs 10 262 [6aiiT, Ho 9TO Bce paBHO CIUIIKOM MHO-
ro. [Ipu nonmwkernu pasperrenus ¢ 256 x 256 10 84 X 84 nmukcesna pa3Mep yMeHbIIAETCST
MpUGIUBUTEBHO B 1€BATH pas — 10 28 T6aiit. [Tpu TakoM ckaThy YacTh WHGOPMALIUT
OyjeT morepsiHa, ¥ 3HAYEHUST MUKCETOB TTOCJIe TIOHUKEHUsT paspelieHus OyIyT 3aBu-
ceThb OT anropuT™a ckaTis. OOpaTrTe BHUMaHUE TaKKe Ha TO, 4TO [ePBOHAYAIbHBIE
suavyenud B popmare RGB — 210 1esbie yncia ¢ auanazonom 0—255, Ho pu peobpa-
30BaHUM B TPAJIAIINU CEPOTO OHU KOHBEPTUPYIOTCS B float32 ¢ OlMHAPHON TOYHOCTHIO
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u anazonom 0—255. [yt GoJIbITMHCTBA 3714 He TPeGYIOTCS BBICOKOTOUHbIE 3HAUCHVIST
MAKCEJIOB, TOITOMY MOYKHO TIPOM3BECTH 06paTHOE MPpeobpa3oBaHue B uints, 4To yMEHb-
LIUT pasMep ellle B YeTbipe pasa.

B koHeuHOM Br/Ie M300paskeHe B IPajalisX Ceporo pasMepoM 84 X 84 mukcea co 3Ha-
YeHussMU uint8 sanumaert Juiib 84 - 84 - 1 Gaiir = 7096 Gaiir. MuLinon usobpasxkennii —
npubausuTebHo 7 ['6aiiT, 94TO J1ETKO YMECTUTCA B OIEPATUBHOMN aMATH OOJIBIINHCTBA
COBPEMEHHBIX KOMITbIOTePOB. B suctutire 13.5 mpuBeseHo cpaBHeHne pa3MepoB TaHHBIX
Ha BCEX 9Tarax ONTUMU3AIIH.

JinctuHr 13.5. Pa3mepbl AaHHbIX, NpeAHa3HauYeHHbIX /15 XpaHeHWsl B MaMsiTU NpeLeseHToB,
Ha pas/nMyHbIX 3Tanax onTUMU3aLmu

1 import numpy as np
# Pa3mepbl AaHHbIX, yao6Hue ONA OTNnagku C ucnonb3oBaHuem RAM

# namAaTb npeuefeHTOB C 1 M/H JaHHbIX B dopmaTte
= uint8 3aHumaeT 1 M6ant

6 np.ones((1000000, 1), dtype=np.uint8).nbytes
7

8 # nmamATb npeuefeHTOB C 1 M/AH JaHHbIX B dopmaTe
= floatl6 3aHMmaeT 2 Mb6aWT
9 np.ones((1000000, 1), dtype=np.floatl6).nbytes
10
11 # ymeHblleHHOe W306paxeHue B rpajaumax ceporo
= C nukcenamu Tuna uint8 3aHumaeT ~ 7 Kbant
12 np.ones((84, 84, 1), dtype=np.uint8).nbytes
13
14 # namATb npeuefeHToB € 1 MAH u3obpaxeHuit 3aHumaeT ~ 7 [6anT
15 np.ones((1000000, 84, 84, 1), dtype=np.uint8).nbytes
16
17 # pasmep HeobpaboTaHHOro ManeHbKOro n3obpaxeHus
= ~ 262 K6aiT, 4To B 37 pa3 bonble, 4Yem pasmep
= MpuBeLEeHHOro paHee M306paxeHun
18 # 1 MAH Takux WM306paxeHuin 3aHAn 6bl 262 M6anT —
= C/IMWKOM MHOTO ANA CTaHAAPTHBIX KOMMbOTEpoB
19 np.ones((256, 256, 1), dtype=np.float32).nbytes

ITpu 3amycke peajbHOTO anropuT™a riry6okoro RL morpebieHne maMsatu MoKeT 6OJIb-
1€, YeM JIJIs XpaHeHUsT JAaHHBIX B Br/Ie Habopa COCTOSTHUI, AeiCTBIIL, BO3HATPAKICHUI
u done, B3SITHIX TI0 OT/IETBHOCTH. B OCHOBaHHBIX Ha MMOJIE3HOCTH aJITOPUTMaX B ITAMSITH
MIPEIEe/ICHTOB HY;KHO XPaHUTH CJIE/IYIOIIee COCTOSTHIE /IS KopTesKa (S, a, 1, s"). [pu ipez-
BapUTeIbHOI 06paboTKe cocTosHMiA 13 urp Atari derbipe Kaapa oObeaunsiorcs. 3 atux
coobpaskeHU I pazMep TpedyeMOil MaMsITH MOKET YBEJUUUThCS B HECKOJIBKO Pas, IPUTOM
YTO B TEOPUU HEOOXOAUMBIN 00beM HeoOPaOOTAHHBIX COCTOSTHUI He M3MEHITCS.

[[]IH 3(1)(1)€KTI/IBHOI‘O yHpaBJieHUA ITaMATbIO CTOUT IMTPUJIOKUTD JOITOJTHUTEbHDbIE YCUINA
K TOMY, 4yTOOBI 00ECIIeYUTD XpaHeHne MUHUMaJIbHO HeO6XOHI/IMOI‘O KoJinyeCcTBa JaHHbIX.
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OcHoBHas CTpaTerus — XpaHUTb MATKHUE CCbIJIKW Ha IIEPEMEHHDbIE 1 Pa3pellaTh UX, TOJIb-
KO KOI'/la OHH HeO6XOlII/IMbI I BBIYMCJICHUI. HaHpI/IMep, MOKHO O6’beI[I/IHI/ITb Ka/Ipbl
N3 NCXOAHbIX COCTOHHI/II';I, 4yTOODBI CO3/1aThb IIPpeABaprUTEIIbHO O6pa60TaHHO€ COCTOAHUME
60JIbIIIero Ppa3Mepa, HEMOCPEACTBEHHO I1E€pe/] Hepeaaqeﬁ B CE€Thb.

ITomumo JITaHHDbIX, 3HAYNTE/IbHbIM HOTpe6JI€HI/IeM IHaMATH OT/INYaETCA CaMa HeﬁpOHHaH
ceThb. CeTh IPSAMOTO pacipoCTpaHeHus U3 ABYX cJoeB MoxkeT 3aHnuMarb 100 Moaiit
B OTIEPATUBHOIT TTAMSITH, TOT/IA KaK cBepTouHas cetb — 2 [6aiit. OObeKT Tensor MOXKeET
UCI0J1630BaTh RAM Ipu HAKOILTEHUH TPaIEHTOB JIJist autograd, XOTst 0OBIYHO B 3aBUCH-
MOCTH OT pa3Mepa MaKkeTa OH 3aHMMAeT HECKOJIbKO Merabaiit. Bee aTo Hy:KHO yunThIBaTh
[IPU 3aMyCKe CECCUU OOYIEHUSI.

[Tocie o6cyskaerus abdEKTUBHOIO XpaHeHUsT MH(MOPMAIMK B OIIEPATUBHON HaMsTH
1T u GPU paccmoTpum niepeMeliieHre JAaHHBIX U3 XPAHUJINIIA B HEHPOHHYIO CETh /I
BBIYUCTICHUT.

[ToCKOJIBbKY JaHHbIE IIEPENAIOTCS C 3aAePKKOM, 00YCI0BIEHHOI allllapaTHhIM o0ecIreye-
HUEeM, K UX CO3/IaHUIO 1 ITepeMeleHUI0 HY»KHO TTOJXO/IUTh cTpaTernyecku. Yem MeHblle
nepefaeTcsd AaHHBIX, TEM JIyYIlle, TT03TOMY CTOUT ONTUMU3UPOBATH XPAHUIUIIE, KaK
ropopusioch panee. Ilesb — rapanTupoBaTh, UTO IMepeiadya JaHHLIX He CTaHeT Y3KUM
MecToM B miporiecce obyuenus, kak Koraa [[I1/GPU paboraer BXOJIOCTYIO, OKUas
nepeiaur JaHHbIX, UK KOT/[a 0JIbIIast 4acTh POIIECCOPHOTO BPEMEHU PACXOYeTCsT Ha
repeMeliieHre U KOITMPOBaHUe JaHHBIX.

YacTh naMsTH KOMITBIOTEPA, KOTOPast PacosioskeHa OJIMsKe BCETO K IIPOIIECCOPY U KOTO-
POii MBI 0OBIYHO MOJKEM YIIPABJISATH IPOTpaMMHO, — 370 RAM. Eciin 3arpyska gaHHbIX
B OMEPATUBHYIO TaMsTh (D(heKTUBHAS, TO TJIABHOE Y3KOE MECTO IIPH Mepeade JaHHbIX
yCTpaHEeHO.

[Tepen nepenaveii B HEMPOHHYIO CETh TAHHBIE HYKHO MPE0dPa3oBaTh B 00BEKTHI Tensor,
4TOOBI 06ECTIEYNTh MOJIEPIKKY PA3IUUHBIX MU DEPEHITMATBHBIX OTIePAIlUil, TAKUX
kak autograd. Ecsim nanmbie yske 3arpysKeHbl Kak numpy B OMEPATUBHYIO TAMATH I[CH-
TpasbHOTO TIpotieccopa, To PyTorch mpocTo ccbliaercst Ha HUX TIPU cO3/IaHK Tensor
6€e3 JIOTIOTHUTEIBHOTO KOMUPOBAHUS. JTO JejaeT paboTy ¢ HUM YPe3BbIYailHO MPO-
croit u acpdexTuBHO. [IpruMep onepanuu ipeo6GpasoBaHist numpy B Tensor MPUBEICH
Bsmmcrunre 13.6. [lanee on nepesaetcs us onepatuBHoii namsatu LLI1 nernocpenctsernto
B SA[pa JIJIT BBIYUCJICHWUH.

Jinctunr 13.6. MNpumeHeHune PyTorch aaHHbIX nuMpy B onepaTMBHOM NMaMsTy npoueccopa
[N5 HENOCPEACTBEHHOrO Co3AaHusa Tensor

1 import numpy as np

2 import torch

3

4 # PexkomeHAauuMu Mo MepemelleHn AaHHbIX W3 XpaHuauWa B cCeTb ANA BbIMUCIEHUN
5

6 # YacTo AaHHble MOCTYMNawT B BbICOKOTOYHOM ¢opmaTe, Takom kak float64
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7 # HO 3TO He TaK yx yAobHO anAa oby4deHua (Hanpumep,
= 1306paxeHns C BLICOKMM paspelleHWeM, MOoNyHeHHble U3 Urpbl)
8 # nna xpaHeHuAa nonb3yiTecb int/float Hu3KOW TOYHOCTHM
9 # 4TOO6bl CHM3UTb NoTpebieHWe onepaTWUBHOW MaMATH
= GoNnee YeM B BOCeMb pa3, Hanpumep, npeobpasoBaHue (float64 B uint8)
10
11 # pnA XpaHeHWA MOAXOAMT rMOHMXKallWee npuBeaeHue
= naHHbIX B dopmaTax C nnasawwein 3anaTtoi Kk floatlée
12 state = np.ones((4), dtype=np.floatl6)
13
14 # pnA Toro 4TO6bl XpaHWTb U306paxeHUA B MaMATW MpeLefeHTOB
= |1 4TO6bl OHM MOMEWaNUCb B ONEpaTUBHOW NaMATH,
15 # npumeHAiTe dopMaT, ONTUMU3UPOBAHHLIA MOCPEACTBOM YMEHbLEHUA
= pa3Mepa M MOHWXAWWEro MNpuBeAeHuA
16 im = np.ones((84, 84, 1), dtype=np.uint8)
17
18 # HemocpeACTBEHHO nepes nepefaveil AaHHbIX B HENPOHHYW CeTb [AJ18 pacyeToB
19 # BbINONHUTE WUX NpuBefeHMe K Heobxopumomy dopmaTy, obbidHO 3TO float32
20 im_tensor = torch.from_numpy(im.astype(np.float32))

Ecym MBI XOTHM MCITO/IB30BATH 711 BBIYHCAEHUI rpadUIecKuii poIeccop, To Hy>KHO
niepeziaTh TeH30pbI U3 onepatuBHOi namatu {11 B oneparusnyto namate GPU. Ha ko-
MUPOBAHUE U CO3/IaHKE JAHHBIX MOHATOOUTCS OTIOJHUTEIbHOE BPeMsi. JIJIst KPYITHBIX
ceTell HAKJIAIHbIE PACXObI HA MEPEIavy AaHHBIX BOCIIOTHSIOTCSI YCKOPEHUEM BBIUHC-
Jiennii Ha rpauaeckom mporeccope. OIHAKO /I MEHBITNX ceTell (HAlpUMep, C OTHUM
CKPBITBIM cJioeM, coctosnm MeHee yeM u3 1000 equnuir) GPU He jaet 3HaunTEIHOTO
yckopenust 1o cpaBuennio ¢ 1111, moatoMy obyueHre MOKET 3aMeIITUThCSA U3-32a U3-
Jep:kek mepenavyn qaaHbX. OTCI0/1a BBITEKAET MPAKTHYECKOe TIPABUIIO: He TIPUMEHSTh
rpadguyecKuil mporeccop sl MaJTeHbKUX CeTel.

TMockobKy B Try0OKOM 00yUYeHIN HEHPOHHBIE CETU B OOJIBITUHCTBE CBOEM OTHOCHUTEIIb-
HO HeOOJIbIITHIE, TO TpaUIECKUl TPOIECCOP 3aUACTYIO He 33/eWCTBOBAH TOJTHOCTHIO.
[lpyroe y3koe MecTO MOKET BOBHUKHYTH M3-32 CPE/IbI, €CIU JJAHHbIC TEHEPUPYIOTCS
MejieHHo. Kak Bbl moMHUTE, TpadiuecKrie mpoeccopbl U3HAYAIBHO ObLIN CO3/aHbI
JUISL UITP, TaK 9TO OOJIBITMHCTBO UTPOBBIX JBUKKOB MOKHO YCKOPUTH C UX MTOMOIIIBIO.
ITY OMNIUI0 MOKHO TPUMEHUTD W K IPYTUM (DU3UUECKUM JIBIKKAM U cpefiaM. Takum
006pazoM, BO3MOKHO HCIOJIb30BaHUE TPAPUUECKOTO TIPOIECCOPA [IJIsT YCKOPEHUS TO-
POKICHUS TAHHBIX B CPejie.

EH_[e O/THO IIOTEHIINAJIbHOE Y3KO€ MECTO BO3HUKAET, KOI'la 06yquI/Ie AJITOPUTMa IIPOKC-
XOAUT IapaJijieJIbHO C IIOMOIIBIO MHOKECTBA IIPOIECCOB. HPI/I HCITIOJIb30BaHMMN MHOKE-
CTBa y3JI0B, paClIpe€JIEHHBIX Ha 6OJIBIIOM KOJINYECTBE Malll1H, COO6H.[€HI/Ie MEX/Yy HUMN
MO’KET OBbIThH Me/IJIEHHDbIM. HpeHHO‘-ITI/ITe]IbHee 3allyCKaTb o6yquHe Ha OJTHOM MOIITHOI
MalllnHeE, IIOCKOJIbKY TOI'la NCYE3al0T HpO6JIeMbI KOMMYHHKaIlU MEK/Y ITpOIeCCaMU.

Kpome Tor0, B paMKax 0[HO# MAIlIMHbI CAMBIH OBICTPBII CIOCOG COBMECTHOTO UCTIONb-
30BAHUST IAHHBIX MHOKECTBOM IMapaJIeJIbHBIX pab0UnX MPOIECCOB — 3TO 00IIast orle-
paTuBHas naMTh. Tak ycTpaHsieTcs repejada JaHHBIX MeX/1y rpolieccaMmi. baarogaps
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unterpaiuu PyTorch ¢ moxyaem multiprocessing 8 Python nmento 210 u npoucxoaut
[PY BBI30BE METOJIA CeTH share_memory (), 4TOObI MOJETUTHCS TTApAMETPaMU TI0GATBHOI
CeTU CO BCEMU JIEICTBYIONIMMU TIPOIIECCAMH, KaK MOKa3aHo B JucTuHTe 8.1.

Kpaiinmii ciayyaii — Korza pasmep JJaHHbIX HACTOJLKO BEJIHMK, YTO UX HEBO3MOXKHO
pPasMeCTUTDb B OIIEPATUBHON IIaMATH, & MOXKHO XPAHUTD TOJBKO B [IOCTOSIHHON [TaMATH.
3alnch Ha )KeCTKUN JUCK U YTeHHe C Hero Ype3BblYailHo Me/JIeHHbIe 110 CPABHEHUIO
¢ nepeMelieHeM JaHHbIX BHYTPU OllepATUBHON [IaMSATH, [109TOMY 3/IeCh HyKeH pa3-
yMHbLI 110ax0/1. Harpumep, MOXKHO 3a1/IaHMpOBaTh 3arpy3Ky (gparmenTa JlaHHbIX /10
TOTO, KAK OH TIOHAI0OUTCS JIJIsT BLIMUCIEHUTH, 4TOOBI IPOTIECCOPY HE MPUXOUIOCH SKIATh.
Kak TosibKo oTazaeT HeoGX0ANMOCTD B OJIHOM (hparMeHTe JaHHBIX, YAAJISAITE €ero, 4To6bI
0CBOGOIUTD OTIEPATUBHYIO MAMSTh JIJIsI CJAEYIONIEro (hparMeHTa.

Vcxost M3 CKa3aHHOTO 10 MTOBOJIY AlIAPATHOrO 00ecedeHs HaC HHTEPECYET, T/ie
nipousBouTh Bbruncienus (Ha ILI1 nan GPU), rae pazmerniars ganHbie (orepaTuBHAas
MaMsATh), KaK MHOTO JIAHHBIX oMeraeTcst B RAM u kak n3beskaTh y3KUX MECT MPH Mo-
POKIIEHUH U TIepe/lave JAHHBIX.

13.4. Bbibop annapaTHoro obecne4yeHus

[T0/1b3ySICh OMYYEHHBIME TPAKTUYECKUMH CBEIEHUSIME O IIPUMEHSIEMbIX JaHHbIX, MbI
MOKEM COCTaBUTD TPeOOBAHUS K allllapaTHOMYy obecrieueHunio A raybokoro RL.

Bcee He ocHOBaHHbBIE HA U300PAKEHUSX CPE/bl, 00CYKIaeMble B 9TOM KHUTE, MOKHO 3a-
nyckarh Ha HOyTOyKe. TOMBKO MCIOMB3YIONe N300PaKEHUsT CPE/Ib, TAKUE KaK UIPbI
Atari, BBIUTPBIBAIOT OT ITpUMeHeHus rpadudyeckoro nporeccopa. 15 HUX Mbl pEKOMEH-
JIyeM OJINH rpadudecKuii mporieccop 1 1o KpaliHeil Mepe 4eTbIpe BBIYUCTUTETBHBIX S/IpPa.
Ha sToM 060pyI0BaHIK MOKHO 3allyCTUTD JIJist Atari 0f(HO MCIIBITaHUE, COCTOSIIEE U3
YeThIPEX CECCUTL.

CranpapTHbie TeXHIYecKue TpeGOBAHUS [/ HACTOJIBHBIX KOMITBIOTEPOB — 9TO Ipa-
duyeckuii mporeccop GTX 1080, uersipe siapa ¢ wacToroii Bbimte 3,0 [T u 32 ['Gaiit
onepatuBHoi mamsTu. Y Tuma JleTTMepca ecTb MPeBOCXOHOE PYKOBOJICTBO 110 cOOpKe
HACTOJIbHBIX KOMITBIOTEPOB JUJIsT TIyOOKOTO 00yU€eHUsI, JOCTYITHOE TI0 CChliKe https://
timdettmers.com/2018/12/16/deep-learning-hardware-guide [33]. /[pyroii BapumanT — apenjaa
YAAJIEHHOTO cepBepa B obiake. JIJist Havaa XOpoIo MoJ0HIeT cepBep ¢ rpaduuecKum
IIPOIIECCOPOM U YEeTBIPHMSI SIIPAMU.

Bripouem, jiuist Gostee MaciTaGHBIX HKCIIEPUMEHTORB JKEIATEIbHO PACIIoaraTh 60IbIei
BBIYUCIIUTEILHON MOIIHOCTBIO. /1 HACTOJIEHBIX KOMITBIOTEPOB 3TO 0OBIYHO TTOIPA3yMe-
BaeT yBeJIMUEHNE KOJIMIecTBa sijiep. Bapuant B obiiake — apen/a cepsepa ¢ 32 sijjpaMu
u 8 rpaduyecKuMu Mpoleccopamu. B kauecTBe abTepHATUBBI PACCMOTPHUTE CEPBED
¢ 64 aapamu u 6es rpaduyeckoro mpoieccopa. Kak Mbl Brgenu B riiaBe 8, HEKOTOPbIE
anaropuTMbl, Takre kak A2C, MOTYT BBIIIOJIHATBCS TTAPAJJIETBHO HA MHOYKECTBE sifiep,
4TOGBI KOMIIEHCUPOBATH OTCYTCTBHE IPAhUUECKOTO TPOIECCOPA.
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13.5. Pe3ome

B I‘JIY6OKOM RL mosieano mMeTh BO3MOKHOCTH OIIEHUTDb Tpe6OBaHI/IH AJITOPUTMa K I1a-
MATHN N Oé'beMy BBIUMCJICHNI. B 9T0I riaBe Mbl TMOoJIyunJin IpeACTaBJ€HNE O pa3Mepax
OCHOBHBIX TUTIOB JTaHHBIX, BCTPEYAIONINXCA B RL, TaKMX KaK COCTOAHUA B BU/I€ BEKTOPOB
n I/1306pa>KeHI/II>'I. A TakKke OCBETUIN IIPUYMHDBI POCTa HOTp€6]IeHI/I${ MMaMATH aJITOPUTMOM.

[ToMuMO 3TOTO MBI BKpaTIle PaccMoTpesin pasubie Buibl ripoiieccopos — [T u GPU.
I'pacbraeckite POTIECCOPHI YAIIe BCETO 3aIE€HCTBYIOTCS IS YCKOPEHTsT 00YUeH st B Cpe-
X, MCTIOJIB3YIONNX U300PasKeHHsI.

[TpuBesennble B 9TOH Iy1aBe peKOMEH/IAIMK TIPU3BAaHbI IOMOYb OITUMU3UPOBATD T10-
Tpebiienue maMaTr arroputMamu raybokoro RL 3a cuer Gosree ahheKTUBHOTO UCTONb-
30BaHU4 BBIYUCINUTEIBHBIX PECYPCOB.



YacTtb IV

[1lpoekTupoBaHue cpen



CocTosaHus

Perrenne HOBOI 3asaun B rry6okoM RL mojapasymeBaet cospanue cpezbl. [Toatomy
Tenepb MBI TepeiiieM OT aJITOPUTMOB K KOMIIOHEHTAaM CTPYKTYPBI CPe/lbl, KOTOPBIMU
SIBJISTIOTCS] COCTOSTHUS, JICHCTBYS, BO3HATPAKACHUS U (DYHKITUS 1epexo1oB. [Ipu mpo-
€KTUPOBAHWH CPEIbI MBI CHAYA/Ia MOJIETTUPYEM 33J1a4y, a 3aTeM pelaeM, Kakyto WHhOp-
MAITUIO U KaK cpefia I0JKHA TIPEOCTABIISITD MTOTh30BATEIISIM.

B RL kpaiite BaskHO, 4TOOBI cpejia TPEA0CTABIIANA JOCTATOUHO MH(MOPMAIMHN JIJIS Peliie-
Hud 3agaun RL anropurmom. U aTo o/1Ha 13 KItoueBbIX (hYHKITUN COCTOSTHUM, KOTOPbIe
SABJISIOTCS TPEJIMETOM ATOM TJIABbL.

CHavasa IpuBeIeM HECKOIBKO IPIMEPOB COCTOSTHUT KaK U3 PeasIbHOTO MUPA, TaK U 13 CPef]
RL. B caemyronux pasziesiax Mbl pACCMOTPUM BaKHBIE JI7TsT TPOEKTUPOBAHNS BOIIPOCHI.

e Iloanora. COZIep)KI/IT JIN IIpeJiCTaBJieHnEe COCTOAHUA JOCTATOYHO I/IHq)OpMaHI/II/I
O BHEIITHEM MUPE JIJIs1 pEeHuA lIaHHOI‘/JI 3a11a‘{1/1?

o Caoxnoctb. Hackombko ahheKTUBHO MpeicTaBIeHe U HACKOJbKO OHO BBIUNCIIHU-
TeJIbHO 3aTPaTHO?

e Ilorepu nndopmanuu. TepsieTcst JIU B TIPEACTABIEHIN KaKast-HHOy b nHbopMaIis,
HApuUMep, Ipu MpeoOpasoBaHuN U300PAKEHUS B TPAIAIINN CEPOTO WJIH TIPH YMEHb-
MIEHUH €TO Pa3MEPHOCTH?

B niocsiesHeM paszesie OyayT pacCMOTPEHbI HEKOTOPbIE U3 YaCTO IPUMEHSIEMbIX IIPHEMOB
peABapUTebHOI 06PabOTKI COCTOSTHUIA.

14.1. MprMepbl COCTOSHUM

CocTosgHme — 3TO I/IHq)OpMaHI/IH, OIIMCbIBaoIas Cpeay. OHo Tak:Ke MOKeT paccMma-
TPUBATbCA KaK HEYTO Ha6JHOZIa€MO€, TO €CTb Ha60p IHapaMeTpoB, IMMoAAal0MUXCA 13-
MGPEHI/IIO1. CocToanusa — 310 60JblIe YeM TIPOCTO YHrCJa, MPEeACTABIAIONINE UTPY NJIN
MO/Z€JIb, 3allyIIIEHHYIO Ha KOMIIbIOTEDE. AHaJTOTUIHO cpella — 9TOo 60JIbIIE YEM IIpoCcTO

t Taxoe orpejeseHne Ha6JHO]IaeMOFO obbeKTa IIHMPOKO HUCIIOJb3YECTCS B (bI/ISI/IKe n urpaet

OCHOBHYIO POJIb BO MHOTUX TEOPHAX, BKIIIOYAA KBAHTOBYIO MCXaHUKY.
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KOMIIbIOTEPHAA MOJIeJIb 171 3a/1auu RL, cpezibl BKIIIOYAIOT CUCTEMBI U3 PEaJIbHOTO MUPA.
PaccmoTpum HECKOJIBKO TPUMEPOB COCTOSTHUT.

Bce, 4TO MBI BUAMM, CJIBIIINUM U OIyIIaeM, — 9TO COCTOAHUS OKPYIKalolleil cpesibl.
Ito nHpopMaIms, KOTOPYIO MBI MOKEM «UBMEPUMb» C TIOMOIITHIO HAIIETO BOCTIPUSITHUS
MOCPEICTBOM OPTAHOB TYBCTB, TAKMX KaK TJIa3a, YIiu, Koxa. Hapsiay ¢ neobpaboTanHoit
4yBCTBEHHON MH(MOPMAIIHEN COCTOSTHUSI MOTYT COIEPKATh A0CTPAKTHBIE CBEICHNUST, TAKIE
KaK CKOPOCTH IBIKYIIETOCST OOBEKTA.

Tak:xe ectp nHOpPMAIH, KOTOPYIO Mbl MOKEM BBISIBJISITH KOCBEHHO, C TIOMOTIIHIO
WHCTPYMEHTOB — HANPUMeEP, MATHUTHBIE TI0JIs, UHPPaKpacHoe U3IydeHue, yabTpa-
3BYK ¥ HeJaBHO OOHapy:KeHHbIe TpaBUTal[MOHHBIE BOJHBI!. JKUBOTHbIE, BOCTIpUsATIE
KOTOPBIX OTJIMYAETCS OT HAIeTo, ONYIAI0T CBOe OKpYysKeHue nHave. Hanpumep,
cobaKy He PasIMyaroT KPACHbII W 3eJIeHBIN [[BETa, HO UX 00OHSHUE HAMHOTO JIyYIile
YeJIOBEYECKOTO.

Bce aTu mpuMepHI SIBISIOTCS COCTOSHUSAMA — WHGpOPMaInei o cpefe, U3MepeHHOH
C TIOMOIIBIO PA3TUIHBIX HHCTPYMEHTOB BOCTIPUATHS, THOO GHOTIOTHIECKUX, THOO Me-
xanndeckux. OfHA U Ta JKe Cpefia MOXKeT BBIIaBAaTh PAa3HbIe CBEACHUS B 3aBUCUMOCTI
OT KOHTEKCTA U TOT0, YTO U3MEPSIETCs, TO eCTb MH(MOPMAIIU MOXKET MEHSTbCS B COOT-
BETCTBUHU C TOUKOH 3peHust nHANBUAA. HyKHO yUUTBIBATD 3Ty NPUHIIUITNAIBHO BAXKHYIO
H/IET0 U PYKOBOACTBOBATHCS €10 TIPH TMPOEKTUPOBAHIN CHCTEM 00paboTKM nHbOpMa-
1My — He ToJbKo B RL, HO 1 B 110BCce/1HEBHOI JKU3HU.

Cpejbl 13 peajibHOTO MUPA COEPIKAT MHOTO CJI0KHOM nHopmaiiun. K cyactbio, ¢ aT0i
CJTOSKHOCTBIO MOKHO GOPOTHCS, UTO W SABJSETCS TeMOil naHHo#l riasbl. Ho moka pac-
CMOTPHM TIPOCTBIE COCTOAHUA. B BUleonrpax, Takux Kak Kjiaccuueckue Urpbl Atari
(puc. 14.1), cocrosiHust HabGJIIOAIOTCS Yepe3 BUAEO- U 3BYKOBOI MOTOKU — IpaduKy
UTPBI HA DKPaHe U 3BYK M3 KOJOHOK. Y po6OTOB, Kak (hU3UYECKUX, TAK U MOJIEIH-
PYeMBIX, COCTOSTHUSI GoJiee BBICOKOTO YPOBHSI, HAIPUMEP YIJIbI TIOBOPOTA, CKOPOCTh
u kpyrammii Moment cycrasa. Coctosinus B RL crapaioTest ynpocTuTh, 4To0bI HC-
KJIOUUTH OECII0Ie3HbIi (DOHOBBIH IyM 11 T0O0UHBIE 3(h(MHEKTHI 1 CKOHIIEHTPUPOBATHCSI
TOJIbKO Ha MH(OPMAINK, KOTOPYIO MPOEKTUPOBIIUK CUNTaeT 3HaunMoi. Hanpumep,
MOJIEJIBI0 POOOTA MOTYT HE YUUTHIBATHCS TPEHHUE, COTPOTUBIIEHUE BO3/LyXa, TEILIIOBOE
paciiupeHue u T. JI.

Bakno otsimuaTh COCTOSHUSA OT IelicTBUI 1 Bo3Harpaskaenuii. Cocrosinue — 310 ungop-
MAIlust 0 Cpefie, ake e He ObLIO MPEANPUHSITO HUKAKOTO JAEHCTBUS U HE MOJYIEeHO
HUKaKOTO Bo3HarpakeHus. [eiicTBre — 9To BANAHHIE, OKa3biBAEMOE Ha CPe/ly CYIHO-
CTBIO, KOTOpAsi CPEIOi He SABJISETC, a ABJIAeTCs areHToM. Bo3narpaskaenue — ato popma
MeTanH(bOpPMaIlnU 0 TIepexo/ie COCTOSHUHN, BLI3BAHHOM MTPUJIOKEHHBIM JICHCTBUEM.

' Yerpipraanaroro centsiopst 2015 roga LIGO (o ynpasienuem Kamudopauiickoro n Mac-
CauyCeTCKOTO TEXHOJOTHYECKUX MHCTUTYTOB) BIIepBbie 0OHAPYIKIIA TPABUTAIIHOHHbBIE BOJI-
uel [80]. IT0 HeiicTBUTENbHO 3HAYNMOE OCTIDKEHUE B HAyKe.
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Puc. 14.1. Mpumepsl urp Atari ¢ uBeTHbIMU n3obpaxkeHnsmMm B popmate RGB (TeH3opbl paHra 3)
B KauyecTBe COCTOsIHMI. OHM JOCTYMHbI Kak YacTb npeanaraemoii OpenAl Gym [18] cpeapl
ans obyyeHusi no apkaaHbiM urpam (Arcade Learning Environment, ALE) [14]

CocTosiHre MOKET OBITH TIPEICTABIEHO € TIOMOIIBIO JIOOOH TOAXOAAIEH CTPYKTYPBI
JAHHBIX, HATPUMED CKAJISIPHOI BeJTMYUHBI, BEKTOPA UJIH MTOPOKIaioNiero Tenzopal. Ecim
OHO He SBJISIETCS YUCTEHHBIM U3HAUAIBHO, €T0 BCETa MOJKHO 3aK0oaupoBaTh. Hampu-
Mep, B eCTECTBEHHOM SI3bIKe CJIOBA UJIM CUMBOJIBI B UMCJIEHHOM BUIE MOSKHO TIOJTYYHUTh
C TIOMOII[BIO BEKTOPHBIX MPE/ICTABICHIUHN cJI0B. Takske MHMOPMAIIUIO MOKHO GHEKTHBHO
0To6pasnTh? B CIUCOK TebiX ynces. Hanpumep, 88 kiaBuiiamM MuaHMHO MOKHO MTPHU-
CBOUTH YHUKAJTbHBIE METKU C TIOMOIIBIO 11esbIX umcen [1, 2... 88]. Cocrossnue MmoxeT
MMeTh TUCKPETHBIE NN HelIPEPhIBHbIE 3HAUEHUS VTN UX coueTanus. Harmpumep, yaitank
MOJKET ITOKA3bIBATh, YTO OH BKJIIOUEH (JIMCKPETHOE COCTOSTHIIE ), U ITPEIOCTABJISATH CBOIO
TEKYIIYIO TeMIeparypy (HernpepsiBHOE cocTosiHue). [[poeKTHpoBIUK 110 CBOEMY yCMO-
TPEHUIO UCTIOJIB3YET YA0OHOE JIJIsT aJITOPUTMA MPEICTaBIeHNE MH(MOPMATIUH.

CocTosiHUE S — 3TO 3JIEMEHT IIPOCTPAHCTBA COCTOSHUI §, TOTHOCTBIO 33/1aI0IIETO BCe
3HAYEHUS TIePeMEHHBIX, KOTOPBIMH XapaKTEePU3YeTCs COCTOSTHUE CPefibl. B cocrostHnM
MOsKeT ObITh GOJIbIIE OHOTO djieMeHTa (U3MEPEHUST), KaxK/Iblil 13 KOTOPBIX MOKET
ObITH KaK JIUCKPETHBIM, TAK ¥ HEITPEPBIBHBIM U 00J1a/1aTh JI0O0H MOIITHOCTHIO®, Y 100HO
MIPEICTABIATH COCTOSIHIE C TIOMOIIBIO TEH30POB € JAHHBIMI OTHOTO THIIA (I[eJI0T0 WJIN

Temszop — ato obobueHHast nHbOpMannonHast cTpykrypa ¢ N nzmepenusimu. CKassipHast Be-
snurHa (OIMHOYHOE YUCJI0) — TeH30p panra 0, y BekTopa (criucka yncesr) pasr 1, y MaTpuirst
(Tabuauiipl ynces) panr 2, y Kyba paHr 3 u T. 1.

buexrusnoe OTO6pa>K€HI/Ie — 9TO MaTeMaTU4YeCKUi TEPMUH IJIA OTO6pa>KeHI/I$I OJMH K OHO-
MY 9JIEMEHTOB /IBYyX MaCCUBOB, TO €CTb YCTaHOBJIEHWA B3aUMHO OJITHO3HAYHOT'O COOTBETCTBUA
MEXK/Yy MaCCHUBaMU. B cBoux TIPUJIOKEHUAX MbI 00BIYHO OUEKTUBHO 0To6pa>1<aeM MaccuB
B CIIMCOK II€JIbIX YMCeJI, Ha‘-IPIHaIOHlHﬁCH cO0.

MOH_[HOCTB ABJIAETCA Mepofx’[ «BCJIUYMHDBI» MaCCUBaA N UCITOJIb3YETCS AJIA PA3JIMYCHUA MEXKY
JUCKPETHBIMU 1 HEITPEPBIBHBIMU MaCCUBaMMU.
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C IIABAOIIEHl 3aIIATOi1 ), IOCKOJIBKY 9TOT0 OKUAAIOT GOJNBIIMHCTBO OUOINOTEK I BbI-
yrCcJAeHNH, TakuX Kak numpy, PyTorch wim TensorFlow.

Panr 1 cTpyKTYpa COCTOSTHUST MOTYT OBITh JTI06BIMHI '

ckassipas Besinunna (Ten3op panra 0) — reMmiiepaTtypa;
BeKTOp (TeH30p panra 1) — [mo3utust, CKOpOCTb, yTOJI, YII0Bast CKOPOCTH [;

MaTtpuiia (TeH30p paHra 2) — MUKCEbl B TPAIAIASIX CEPOTo U3 UTphl Atari;

KkyG maHHBIX (TeH30p paHra 3) — 1BeTHbIe nuKceabl B hopmare RGB us urpsr Atari
(cM. ipuMepsl Ha puc. 14.1).

[ToMMMO 9TOrO, COCTOSIHIE MOKET OBITh KOMOUHAIeH TeH30poB. Harpumep, KOMIIbIO-
TepHasA MOJIENb POOOTA MOJKET TPEOCTABJIATD TI0JIE 3peHus poboTa Kak M300paKeHne
B hopmate RGB (Tensop panra 3), a yriibl ero CycTaBOB — KaK OTAETbHBIN BekTOp. /L7151
06paboTKM MOIaBaEMbIX Ha BXOJ[ PA3HBIX TTO CTPYKTYPE TEH30POB MOTPebyeTCst ocobast
APXUTEKTYPa HEHPOHHOI ceTH, B IAaHHOM CJIydae OT/e/IbHble TeH30Pbl PACCMaTPUBAIOTCS
KaK MOJICOCTOSTHUSA, KOTOPBIE BMECTe 00pa3yIioT 061iee COCTOSTHIE.

I[Tosryuyus ob1iee omucaHe COCTOSHMIA, PACCMOTPUM PabOUMil IIPOLIECC IPOEKTUPOBAHIL
COCTOSHUM, TTOKa3aHHbIN Ha puc. 14.2. [Iporecc HaunHaeTcs ¢ IPUHATHUSA PEIICHUS
0 TOM, KaKyIo WH(OPMAITHIO 0 BHENITHEM MUPE U B KaKOI (hpopMe BKIIOUNTD B COCTOSTHUE.
Hamnpumep, 9/1eKTpPOMArHUTHBIN CIIEKTP MOKET OBITH IIPECTABJIEH PA3HBIMU CIIOCOGAMU:
JAHHBIMI C pajiapa Win Juaapa, usoopaskenusimu B popmare RGB, kaproii riy6uH, Te-
MTOBBIMY U300PKEHUSMU U T. /. B KOHEYHOM cuere BBIGpaHHAS WH(MOPMAIIUSA MOKET
ObITh OlKMCaHa Kak reobpabomanioe (Ucxo0noe) cocmosinue.

MbI MOKEM HCIIOIB30BATD 3HAHUS O 33j1a4e /IS YIIPOIIEHUS COCTOSHUS, TPEICTABIISAA
MOJIE3HYIO C Halllell TOYKU 3peHust nHMOpPMAIio B 6oJice SSBHOM BUjle — HaIllPUMED,
YMEHbITas pasMepbl H300pakeHui u Tpeobpasyst ero B Tpajalini ceporo. Takoe coctost-
HITe MOJKET OBITD OMTUCAHO KaK CUHMESUPOBAHHOE COCMOSHUE CPEITBL.

ATeHT MOKET B3sTh KaK UCXO/[HOE, TaK U CUHTE3MPOBAHHOE COCTOSTHUE CPEJIbI U JI0-
HOJHUTENBHO 00paboTaTh ero AJist cOOCTBeHHbIX Hy: k1. Hampumep, pag m3o0paskenuit
B rpaJlaliusix CePOro MOKeT ObITh COBMELIEH JIJISl IIOJTyYeHUsE OJHOTO BXOAHOIO 3HAYEHMSL.
ITO UBBECTHO KaK npedsapumenvio 00pabomantoe cocmosmue.

BosbmeM B KauecTBe MpaKTUUIECKOTO TpuMepa urpy Pong us Atari ¢ puc. 14.1. Ito
JIByMepHast UTpa B HACTOJILHBII TeHHUC. B Hell eCcThb /IBe PAKETKN W OJIMH IIAPUK, PaKeT-
KOI cjieBa yrpaBJsieT cpejia, a TOH, 4TO CcIipaBa, — UTPOK. TOT, KTO 3acTaBJIsIeT OIIIO-
HEHTA TPOIYCTUTD MAPUK MUMO PAKETKH, 3apabaThiBAeT OUKO, ¥ UTPa 3aKAHUMBACTCSI
nocsie 21 payuzga. YToObl BBIUTPATh, aT€HTY HYKHO YMETh OTPEAEISATD MOJ0KEHUE
Mmapuka u 06enx pakeTok.

! CHOBa TepMUHOJIOTHSL: PAHT, TPyOO TOBOPS, — 9TO KOJIMYECTBO M3MEPEHIH TEH30Pa, TOT/Ia KaK

CTPYKTYypa TIPE/ICTABIISIET COOOM pasMephl aTHX n3Mepenuil. Harnpumep, cTpyKTypoil BekTopa
us necsaru anemertos Oyner (10), crpykrypa MaTpuiisl 2 X 4 — (2, 4).
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BHeLwHWn Mnp

Cpena l

Heob6paboTaHHOE COCTOSHME,
HanpuMep nsobpaxeHus,
[aHHbIe C AaT4YVKOB

I

CnpoekTpoBaHHOE COCTOSIHME,
HanpuMep YMeHbLUEHHOE/CYy6aNCKPeTH-
31MPOBaHHOE/B rpagauusax Ceporo

I

CnpoeKkTMpoBaHHOE COCTOSIHNE, HAanpUMep
C U3BJIEYEHNEM BbICOKOYPOBHEBOM
CTPYKTYPbI, MO3ULLMKN, CKOPOCTM

AreHt v

MpeaBaputensHo obpaboTaHHOE
COCTOsIHNE, Hanpumep
06beauHEHNE/HaNoXeHne KagpoB

Puc. 14.2. MMoTok nHdOopMaLumm U3 BHELIHEro M1pa Ha BXO4 anropuTMa

B Pong neob6pabomanioe cocmosinue — 3To MOTydaeMoe Ha KOHKPETHOM BPEMEHHOM
Imare ¢ 9KpaHa KOMIbIOTepa 1iBeTHOe nzobpaskenie B hopmare RGB, koTopoe comep:kut
HOJIHYIO, HeoT(UIBTPOBAHHYIO MH(OPMAHIo 00 Urpe. AreHTy, 4TOOBI BOCIIONb30BATHC
Heo6PabOTaHHBIM COCTOSTHUEM, MIPHUIILIOCH OBl HAYIUTHCSA OMPEICIIATh, KAKUMH T1abJ10-
HaMW B ITUKCEJIaX TIPE/ICTABJICHBI IAPUK W PAKETKH, M ONIPEAETSATD UX IBUKEHUS TT0 TTHK-
cesiaM. TOJIbKO TOT/Ia OH CMOT ObI Ha4aTh BHIPA0ATHIBATH BBIUTPHIIIHYIO CTPATEIUIO — TI0
KpaiiHeil Mepe, TaK MOCTYINJI Obl YeJIOBEK.
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O/Hako HaM ysKe U3BEeCTHO, YTO 1oJie3Has HH(OPMaIus BKIIIOYACT IIO3UIUN 1 CKOPOCTH
MaHHBIX 06BHEKTOB. MBI MOJKEM € TIOMOTIIBIO ATOTO 3HAHUS CO3/IATh CUHMEIUPOBAHHOE
cocmosmue. ONH N3 KAHAWIATOB HA TAKOE COCTOSTHHE — BEKTOP, B KOTOPOM UHCIaMU
[PE/ICTABJIEHBI TIO3UTIUK U CKOPOCTH 0OEHX PAKETOK U TapuKal. ITO COCTOSTHIE COAEPIKUT
ropas/io MeHblIie HHDOPMAIIHH, KOTOPYIO MOKHO 06pabaThiBaTh, 4eM UCXOOHOE COCMOSIHUE,
HO aJIFCOPUTMY HAMHOTO TIPOIIE YUNUTLCS HA €0 HEJABYCMBICTIEHHOM CO/IEPKUMOM.

Paccmorpum apyroit npumep — cpeny CartPole uz OpenAl Gym (puc. 14.3). Eii no-
CTYIHBI 1 HeoOpaboTaHHOe N300pasKeHne, U CUHTE3NPOBAHHOE COCTOSHNIE, KaK MOKa-
3ano B sictunre 14.1. CuHTE3UPOBAHHOE COCTOSIHUE — ITO TO, YTO HETIOCPENCTBEHHO
BO3BpaIIaeTcst MeTojaMu env.reset (ctpoka 15) u env.step (ctpoka 37) API cpenpbr.
Heob6pa6Gorantoe cocrosnue B Bujie usoopaxenus B popmare RGB mosker ObITh 101y~
YEeHO ¢ TTOMOIIBIO (DyHKITNY env.render(mode="rgb_array') (cTpoka 21).

Puc. 14.3. CartPole-v0 — camast npoctas cpega v3 OpenAl Gym. Llenb — yaepXxuBaTb CTEPXEHb
B paBHoBecuM B TeyeHne 200 BpeMeHHbIX LWaroBs, ynpasnss nepeMeLLeHnsiMM TeNEXKN BNeBO-BrNpaBo

Ecom 3aMeHUTh 0OBIYHOE COCTOSTHIE HEOOPaOOTaHHBIM B BU/IE H300paskeHUs B (hopMa-
te RGB, mobomy anroputmy 6yIeT HAMHOTO TPY/HEE PENTUTH 3aj1auy, KOTOpas WHade
6b171a 6B TPOCTOIT. DTO BHIZBBAHO TEM, UTO TETIEPh ar€HTY TPUXOUTCS BBITIOIHATH TOPA3/I0
6oubitie paboThl. OH JOJEKEH JI0TaaThest, Ha KaKOW Habop MUKCEJI0B HYKHO obpataTh
BHUMaHUE, BBIICHUTD, KaK WIEHTU(PHUIMPOBATH OOBEKThI TEJIEKKY U CTEPKHS HA U300pa-
JKEHIU, OTIPEIEIUTD TTAPAMETPbI ABUKEHUST OOBEKTOB U3 M3MEHEHUH HAOOPOB TINKCEJIOB
MEKTY U300PasKEHUSIMIE U T. JI. ATEHT JI0JIKEH 13 BCEX 3HAUCHUH TIMKCETOB OT(OUIBTPOBAT
LIYMbI, BBIJIEJINTD [10JIe3Hble CUTHAIbL, CPOPMUPOBATH BLICOKOYPOBHEBDBIE IIOHATHS U 3aTeM
BOCCTaHOBUTb MH(DOPMAINIO, AHATIOTUYHYIO TOH, KOTOPask IPEI0CTABIISACTCS CUHTE3UPO-
BaHHBIM COCTOSTHUEM B BUJIE BEKTOpA U3 MO3UINI 1 ckopocTeil. Tosbko mocse aToro on
MOJKET COOOIIUTH COOTBETCTBYIONIHE TIPUSHAKY CBOECH CTPATErUH IS PENTCHUST 3a/IaUH.

' DTO TUNOTETNYEeCKHIT TPIMep CHHTE3MPOBAHHOTO COCTOSTHIS; UTPOBOH CPe/IOi IIpe/iaraeTcst
JIAIITB HeOOPabOTaAHHOE COCTOSTHIE B BU/IE H300PasKEHMsI.
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JNuctuHr 14.1. Mpumep koga Ans NosyyeHnst Heo6paboTaHHOMO U CUHTE3MPOBAHHOMO COCTOSIHUIM
n3 cpeabl CartPole-v0

=

# oTpbIBOK KoAa ANA uccneposaHua cpeabl CartPole
import gym

# WHMUMaNM3MpOBATb CpeAy W MPOBEPUTb ee MPOCTPAHCTBA COCTOAHMWIA U AelCTBMiIA
env = gym.make('CartPole-vo')

print(env.observation_space)

# => Box(4,)

print(env.action_space)

# => Discrete(2)

# MakcumanbHoe 4ucno waroB T ANA HOPMasbHOrO 3aBeplweHus cpepnpl
print(env.spec.max_episode_steps)

# => 200

O oo NOUVThWN

PR R R R
A WNRO

# NpUCBOMTbL NepemMeHHbIM Cpeabl HavaslbHble 3HAa4YeHUA W MPOBEPUTb ee COCTOAHUA
state = env.reset()
# npumep coCTOAHMA: [MNO3UUMA, CKOPOCTb, Yrona, yrioBas CKOPOCTb]

[
o un

17 print(state)

18 # => [0.04160531 0.00446476 0.02865677 0.00944443]
19

20 # nonyy4uTb TeH30p WU306paxeHus U3 BU3yanusaTopa,

= yKa3aB pexum mode='rgb_array'
21 im_state = env.render(mode='rgb_array')
22
23 # TpexmepHblii TeH30p, KOTOpbIN ABNAeTCA u3obpaxeHunem B popmaTe RGB
24 print(im_state)
25 # => [[[255 255 255]
26 # [255 255 255]
27 # [255 255 255]
28 #
29
30 # cTpyKTypa TeH30pa u3obpaxeHus — (BblCOTa, WWPWUHA, KaHan)
31 print(im_state.shape)
32 # => (800, 1200, 3)
33
34 done = False
35 while not done:

36 rand_action = env.action_space.sample() # cnyuvaiiHoe peiicTBue
37 state, reward, done, _info = env.step(rand_action)

38 print(state) # npoBepuTb, Kak U3MEHWNOCb COCTOAHUE

39 im_state = env.render(mode='rgb_array')

HeoGpaboTaHHoe COCTOSTHIE [I0JIKHO COJEPIKATh BCIO OTHOCAIILYIOCS K 3a1a4e nH(Op-
Mal[1io, HO [0 HEMY HaMHOTO TpyjHee 00ydarbcst. B HeM 3a4acTyr0 MHOTO JIMIITHKX
cBeleHUi 1 (POHOBBIX MIYMOB, IOATOMY 3a M3BJIeYeHHE U KOHTEKCTYaJIU3alkio 9TOl
urdopManuu B yao0HON Gopme HEM30EKHO IPUXOAUTCS TIATHTH POCTOM 3aTpPaT Ha
obpaborky. ITosnast, HeobpaboranHas nHboOpMaLus AaeT O6AIbIITYI0 CBOGOLY, HO yBe-
JIMYUBAET HArPY3Ky Ha M3BJICYEeHKE 13 Hee M0Je3HbIX IPU3HAKOB U X HHTEPIIPETAIHIO.
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CHHTE3UPOBAHHOE COCTOSTHUE OOBIYHO COMEPIKUT BbIJICTEHHBIE CUTHAJBI, KOTOPbIE
ropaszio ynobuee st ob6ydenust. Ho ectb prck morepu BaskHoit nrdopmarmn — 6oJee
noipobHo 310 obCcyKkaaeTcst B pasaerne 14.4. Cpebl MOTYT MPEIOCTABIATh Kak HEOO-
paboTaHHble, TAK U CHHTE3UPOBAHHbIE COCTOsTHUSA. Kakoe n3 HUX BHIOPATD, 3aBUCHT OT
resn. C moMoIipio 6oJee CIOKHBIX HeoOpaboTaHHBIX COCTOSTHUN MOKHO TIPOBEPUTH
YCTOMYMBOCTD U ITPEEIIb IPUMEHUMOCTH aJlrTOpuT™Ma. bostee ipocTbie cuHTe3MpOBaHHbIE
COCTOSTHUSI MOKHO MCIIOJIb30BATD [IJIS1 HEIIOCPE/ICTBEHHOTO PelIeHU 3a/[auH.

UccnenoBareabcKue Cpebl TATOTEIOT K O0Jiee TIPOCTHIM COCTOSTHUSIM, ¢ KOTOPBIMU
MOKHO 6bICTpO BBITIOJIHATDH BbIUYVCJICHMA. OT‘IaCTI/I 9TO BbI3BAHO TEM, UTO J1JIA O6y‘{eHI/Iﬂ
6e3MOoIeJIbHBIX METOIOB Ty6oKoro RL Tpebyercst MHOTO MpeleieHToB, HOITOMY 4TO-
TO GoJIee CI0KHOE 3aTPYAHMUIIO Obl 0OyUueHre. ITo OyIeT 0OCTaBaThCA Y3KUM MECTOM /10
TEX MOP, MOKA He TIPOU30UIET CYIIECTBEHHOTO MOBBIIEHUS 3(DPEKTUBHOCTH BHIOGOPOK.
B cpenmax kimaccudeckoro u pobororexumueckoro yrpasietus usz OpenAl Gym [18]
1 MuJoCo [136] oTHOCHTETBHO HU3KOPA3MEPHbBIE CHHTE3UPOBAHHBIC COCTOSHUS BKJITIO-
YAIOT MO3UIMU, CKOPOCTH M YIJIbI CyCTaBOB. /laske 0CHOBAHHbBIE HAa M300paKEHUSAX
UTPOBBIE CPe/bl U3 Atari 1aloT KapTUHKM, HU3KOTO Pa3peIieHnss KOTOPBIX J0CTaTOUHO
TSI PEIIEHUST 3a/IaUH.

COBpeMeHHbIe BU/IEONTPHBI 3a9aCTYIO JIOBOJIBHO CJIOKHBI 1 P€aJIMCTUYHBI 1 6J1ar0/:[ap;1
IIPpOAYMaHHBIM UT'POBBIM /IBUJKKaM O4Y€Hb XOPOIIO UMUTUDPYIOT pea]IbeIfI MUDP. Cocrost-
HUSA VI 9TUX UT'PD MOTYT OBITH OTHECEHBI K CIIOCOOaM BOCIIPpHUATHA peajibHOTO MHPa,
TaKUM KaK KaMepa € BUJOM OT II€EPBOTO JINIa 1 0OBEMHBII 3BYK U3 KOMHbIOTepHOﬁ HUTPbI.
ITrembr BHpTyaJIbHOﬁ PE€abHOCTH 00ecIIeYnBaloT BBICOKOTOUHOE CTEPEOCKOITNYECKOE
(TPEXMepHOG) 3p€HuneE, a X KOHCOJIU IIPEIOCTaBJIAIOT 06paTHy10 CBs3b, ITI03BOJIAIONLY IO
HCIIbITbIBATb TAKTUJIbHbBIE OIIYIIEHUA 1 BI/I6paL[I/II/I. B ApPKa/HbIX MIyTEPax € ITIOMOIIbIO
ITO/IBUKHDBIX cuieHui NMUTHUDPYIOTCA aKe (1)I/ISI/ILIBCKI/IG I[BI/DKEHI/Iﬂl.

ITHU TUTIBI CTIOKHON MEPIENTUBHON NHGOPMAIIH BCE ellle PEIKO IPUMEHSIOTCS B UC-
ciepoanusix M. ToMmy ecTb HECKOJIBKO MPUYKH: CYIIIECTBEHHbBIE TPEOOBAHUS K Xpa-
HUJINIIAM JIAHHBIX ¥ BBIYUCIICHUSIM, a TAKKE TO, 4TO pa3paboTka maatdopm s cpelt
Bce ellle HaXOAUTCs Ha HavanbHoit ctaauu. K cyacTteio, 3a mocyiesnne HECKOJIBKO JieT
B KauecTBe HAJCTPOEK HaJl MOUIHBIMU UTPOBBIMHU JIBVKKAMU TOSBUIINCH OoJiee pea-
suctuanbie cpefbl RL. B ux uncsno sxogur Unity ML-Agents [59], Bkiouaionas ie-
CKOJIBKO MOJIEJIbHBIX CPeJl, HAICTPOEHHbIX Hajl UTPoBbiM nBukKkoM Unity. Kpome Toro,
510 Deepdrive 2.0 [115] (1a octose Unreal Engine) ¢ obecrieuerreM peanrncTudaeckoi
Mozienn yipassenust apromobuiem. A takxke Holodeck [46] (Ha ocHoBe Unreal Engine)
C BBICOKOTOUHBIM MO/IEJTUPOBAHUEM BUPTYATbHBIX MIPOB. DTO OTKPHIBAET COBEPIIEHHO
HOBBII MTPOBOH IIALIAPM I elte OoJiee CI0KHBIX 3afanuii B RL.

CI0XHOCTD IIPpOCTpaHCTBa COCTOSTHUI COOTBETCTBYET CJIOKHOCTU 3a1a4U, ITOCTECAHSIA
3aBUCUT TaKKe OT TOTO, HACKOJIbKO XOPOHIO CITPOEKTUPOBAHbI COCTOAHUWA. CprKTypa

! Crout HO6BIB8.TB B 3aJjie C UTPOBbIMU aBTOMAaTaMU, ‘{TO6BI HCIIBITATb HOBBIC OIYUICHU S

(1 XOPOIIEHBKO ITOBECETNTHCS).
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COCTOSTHUSI MOKET Kak 0OECIIeunTh peleHe 3a1a4u cpefibl RL, Tak v cjresiath ee Hepas-
PEIMON.

OG6BEKTBI, € KOTOPBIME MBI YaCTO B3aUMOJIEHCTBYEM, CJIyKaT OCHOBOI JIJIST TIPOEKTHPOBA-
HUST COCTOSTHUST. MHOTHE U3 HUX [EePENAoT BU3YaTbHYIO HH(MDOPMAIIHIO, BE/[b Y YETI0BEKA
3peHne — OCHOBHOM KaHAJ BOCTIPUATH. TeMIepaTypa u BeC M3MePSTIOTCS TI0 TPayu-
POBaHHBIM IIIKAJIAM, COCTOSIHIE 9JIEKTPUIECKOTO MPUOOPA TIOKA3BIBAIOT €r0 CBETOBBIE
UHIUKATOPBI, JIABJICHUE W CKOPOCTh OTOOPAKAIOTCS U3MEPUTEIHHBIMU YCTPOUCTBAM,
3a urpoit creaat 1o Tabo. EcTh 1 HeBU3yaIbHbIE KAaHAJBI, TAKHE KaK 3BYKOBOI CUTHAT
aBTOMOOMIISE Wit BUOpaiuu tesiehoHa B 0€33ByUHOM PesKUMe. ITO MIPUMEPBI TOTO, KAK
MOKHO M3MEPUTb 1 TIPEACTABUTh HHGOPMAINIO 0 cructeMe. JKuBst B MHGOPMAIIMOHHY 0
3TIOXY, MbI TaK TIPUBBIKJIN BCE U3MEPSITh, YTO UJEU JJIST TPOEKTUPOBAHUST COCTOSTHUI
MOKHO HAWTH TIOBCIONLY.

Xopormast CTPyKTypa cpe/ibl MOBBIIACT CKOPOCTh UCCIIEOBAHUIT 1 pazpabOTKH MPUITOKe-
Huit. Ho ee HY;KHO BCecTOPOHHE TeCTHPOBATH, YTOGBI MOJIB30BATEISM HE IPUXOAUIOCH
C Hell BO3UTHCST U UCTIPABJIATH MPOOIEMBbI, He CBSI3aHHBIE ¢ UX paboToil. B ocHOBHOM
OpenAl Gym 6bLI cO3/1aH /IS TOTO, YTOOBI IPEAOCTABIISTH OOIINPHBII HAOOP CTaHAAPT-
HBIX HAJIE)KHBIX CPEJl C THIATEJIbHO CIIPOEKTUPOBAHHBIMU COCTOSTHUSIMU, IEHCTBUSIMU
1 BO3HATPAXKIAEHUSIMU. XOPOIIUH JM3aiTH BKYIIE ¢ TPOCTOTON MPUMEHEHUST U MPOCTON
sunensueii nossosman OpenAl Gym cTaTh HCHBITaTeNbHOI TabGopaTopueii A1 ucce-
JloBaTeJIel ¥ TeM caMBbIM BHECTH BKJIAJ B passuTiie obmactu. C MOMEHTA CBOETO CO3/IAHYIST
OH CTaJl OJTHUM W3 CTAHIaPTOB Jie-PakTo /st cpejl B rry6okoM RL.

HecMmoTpst Ha Ba)KHOCTD TIPOEKTUPOBAHUST COCTOSTHUI B TiIyGOKOM RL, (hopMasibHbIX HJIH
MCYEPIIBIBAIOIIUX PYKOBOJCTB 110 HeMy Masio. TeM He MeHee prodpereHne J0CTaTOuHbIX
HaBBIKOB B IIPOEKTUPOBAHNM COCTOSHUHN — MJIA 110 KpaifHell Mepe MOHUMaHue 3TOTr0
rpoliecca — JIOTOJIHSIET OCHOBHBIe 3HaHus anroputMoB RL. Bes atoro Bam He pemuTh
HOBBIX 3aJ1a4.

14.2. NonHOTa COCTOAHUS

[ToroBopuM o cTpyKType HeobpaboTaHHOTO cocTostHUsA. CaMblil BasKHBIN BOIPOC: COIEp-
JKUT JI1 He06PabOTAHHOE COCTOSTHUE JI0CTATOUHO HHMDOPMAIMHN JIJIsT PEIIECHUST 3a/1a4?

OcHOBHOE TTPABUIIO: TIOAYMAITE O TOM, Kakast HH(OPMAIHst He0OXOAUMA IS PETTeH s
3a/1a4M. 3aTeM PacCMOTPUTE JAOCTYIMTHOCTD 3TOH nHMopMary Bo BHentHeM Mupe. Ecim
uHOOPMATINS TOTHAS, TO 3a/a9a NOIHOCTLI0 HAOI00aemas, HaTprMep, UTPY B TITaXMaThI
MOKHO HOJTHOCTBIO TIPE/ICTaBUTh MO3UIINSMU BeeX (pUTYp Ha JocKe. 3aada ¢ HeTloJIHOH
nHGbOPMAIIEN SIBISIETCST YaACmuuto Hab00aeMoll, TPUMED — TTOKEP, TJIe UTPOK HE MOJKET
BUZIETD KapThI IPYTUX UTPOKOB.

COCTOHHI/IG, KOTOPOE€ COZIEPIKUT IOJIHYIO I/IH(bOpMaL[I/HO, njaeajbHOE, HO OHO HE BCEr/a
BO3MOJKHO N3-3a TECOPETUYCCKUX NI ITIPAKTHUYCCKUX OI‘paHH‘-IeHPIﬁ. I/IHOF,ZIB. COCTOAHUE,
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MOJTHOCTBIO HABTIOIAEMOE B TEOPUH, HE SIBJISIETCST TAKOBBIM Ha TIPAKTHKE M3-3a [ITyMOB,
HeNIeaTbHbIX YCJIOBUN WITH IPYTUX HEYITEHHBIX (hakTopoB. Hampumep, mpu MCmoIb30-
BaHUU POOOTOB B PEATHHOM MHUPE CUTHAIY TPEOYeTCs BpeMsI Ha TIPOXOKAECHUE OT KOM-
MbIOTEPA K JIBUTATEJISIM, TIO3TOMY JIJIsI BBICOKOTOUHOTO YIIPABJIECHUS HY5KHO YUUTHIBATH
o100HbIe 3(DHEKTHL.

B wacTuuHo HabII01aeMOM COCTOSIHUM BJIMSTHUE HEMOJHON MHMOPMAIIUU MOKET TIPO-
SIBUTBCS B PA3HBIX CUTYAIUAX. ATEHT MOKET YMETb KOMIIEHCUPOBATD HIYMBI 1 3a/I€PKKU
B CPeJIe, ecM OHU He cauikoM Gobinne. Ho ecoin 3HaveHMe 3a1€psKKY CTUTITKOM BEJTH-
KO, UTPaTh B OHJIAIH-BUACOUTPHL, JIs1 TOOEIbI B KOTOPBIX PEIEHNUST HY/KHO TPUHUMATh
3a JI0JIA CEKYHIBI, CTAHOBUTCA HEBO3MOKHO.

anee mpu 06pabOTKe MCXOMHOTO COCTOSHUS HYKHO PACCMOTPETh BTOPUYHBIE TIPHU-
3HAKM.

1. Kaxwe TUIIBI JAHHBIX UCIIOJB3YIOTCA: IMCKPETHDIE I HEITPEPBIBHBIE, TIJIOTHBIE NN
paspeskeHHbIe? ITUM ollpe/ieiseTcs NOoAXOAANMN (hopMar 1peicTaBIeHNs JaHHbIX.

2. KakoBa MOTIIHOCTb TIPOCTPAHCTBA COCTOSHUI? ByeT i mopoKIeHe COCTOSHUN
MAJI03aTPATHBIM C TOYKU 3peHust BbraucaeHuii? OT 9TOro 3aBUCUT BO3ZMOKHOCTb
ni, Hao60pPOT, HEBO3MOKHOCTH MOTYYEHUST HEOOXOAUMOTO JIJIst 00ydeHrst 0ObeMa
JTAHHBIX.

3. CKOJIBKO JJaHHBIX HY’KHO JIJIs1 perienust 3a1a4u? OIHO U3 IPaBUJL: HYKHO OTIEHUTD,
CKOJIBKO JIAaHHBIX MOHAI0OUIOCH OBl /LIS PEIIEHUsT ITON 3a/laui YEJIOBEKY, 3aTeM
YMHOKUTH 9TO KosmuecTBo Ha yrcsio oT 1000 g0 100 000. Sto jmiinb mpubIusuTeib-
Hasl OI[eHKa, peaybHOe KOJTIYECTBO OTIPeIesIIeTCs XapaKTepoM 3a/1au, CTPYKTYPOit
coctostHus U 39(PHEKTUBHOCTHIO TTPUMeHSIeMoro anroputMa. Hampumep, denoBeky
Moxet moHanoouThest ot 10 10 100 313008, YTOOBI HAYUUTHCST XOPOIIO UTPATH
B urpy us Atari. AJaropurmy, Kax mpasuio, Tpedyercsa 6omee 10 M Kagpos (0K0JI0
10 000 s11113010B), YTOOBI UTPATH HA TOM K€ YPOBHE.

[[JIH OTBETa Ha 3TU BOITPOCHI HY KHbI 9KCIIEPTHbBIC 3HAHWA HpelIMeTHOfl obJ1acTy U 110~
HHUMaHHueE CyTHU 3a/a4H, 0Cco6EeHHO ecan JIO CHX TIOPp €€ HUKTO HE perall. O1eHuBaThH 9TH
MOMEHTDI CJIEIYET CKBO3b ITPU3MY CJIIOKHOCTHU PE3YJIbTUPYIOMIETO COCTOAHUA.

14.3. Cno>XHOCTb COCTOSIHUSA

CocTosHUS TIPe/ICTaBJIEHBI CTPYKTYPAMU JIAHHBIX, U, KaK MPU BCIKOM TIPOEKTUPOBA-
HUU CTPYKTYP JAHHBIX, HAM HYKHO PACCMOTPETb MX BBIYMCIUTENbHYIO CJIOKHOCTD.
ITa CJI0KHOCTb MOYKET IPOSIBJISATHCS B IBYX (hOpMaX: paspeumumocmu v aghgexmugrnocmu
npedcmasienus npusHaxos. Jlajiee TPUBOJSTCS HECKOJIBKO PEKOMEHIAIUE 110 TIPOEK-
TUPOBAHMIO 3(MEKTUBHBIX MPEACTABIEHUI COCTOSTHIH, TPUYEM OHU TPUMEHMMBI KaK
K HeoOpabOTaHHBIM, TaK U K CHHTE3UPOBAHHBIM COCTOSTHUSIM.
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PaspemmmocTs! HapsiMyio CBsI3aHAa € MOIIHOCTBIO IIPOCTPAHCTBA cOoCcTOsSHII. Kakos
pasMep Kakioro U3 mpuMepoB AaHHbIX? CKOJBKO MPUMEPOB HYKHO, YTOOBI TIONTYIUThH
XOpolllee ITPe/ICTABIEHEe BCell 3a1a4u U PeuTh ee? Kak BbI IOMHUTE, KaJlp COOTHOCHUTCST
CO BCEMHU JIAHHBIMU, TOPO3KIAEMBIMI 32 BDEMEHHOM 11ar. M bl BUIEJIH, 4TO aJITOPUTMAM
RL 151 X0polieii Npou3BOAUTEIBHOCTH B Urpax Atari 00bIYHO TPeOYIOTCS MUJLIUOHBI
KapoB. TUMUYHBIIT KaJ[p YMEHBITEHHOTO H300PAKEHSI B TPAJIAIISIX CEPOTO 3aHIMACT
7 Ko6aiir, torma 10 mun Kazpos coorsercryer 10 000 000 - 7 K6aiit, uro gaer 7 T'aiir.
Hackosbko BeicokuM Oyzaer norpebaenne namat (RAM), 3aBUCUT OT TOro, CKOJIBKO
KaJIPOB areHT COXpaHseT 3a pas. JJist cpaBHEHUST pACCMOTPUM COBPEMEHHYTO UTPY C BbI-
COKHUM PaspelieHreM, pasMep KasKA0ro n3o0paskenust kotopoii — 1 M6aiit. O6paboTka
10 MJIH KaapoB paBHOCKUJIbHA BhluncaeHusM Hax 10 T6aiit nanHeix. Bor moromy-To
MOHUKEHWE PA3MEPHOCTH U300PasKEHUIT — XOpotias uies>.

Touno BocpousBoAsIas 3a/auy (TO €CTh UCTOJIB3YIONAsd BHICOKOKAYECTBEHHbBIE
U300pakeHnst U3 UTPBI) MOJIENb CPEJIbI MOKET TIOPOK/AATh HeoOpaboTaHHbIe TaHHbIe
B TaKNX KOJINMYECTBaAX, YTO BBHIYUCJIACHUA CTAHYT TPY/AHOBBIITOTHUMbBIMU Ha TTPAKTUKE.
IToromy HeoOpaboTaHHbIE COCTOSIHUS 3aUaCTYIO CJIEAYeT CKaTh U Ipeodpa3oBaTh B HaJl-
Jieskarmum 00pazoM 0ToOpaHHble IPU3HAKY, 3HAUMMBIE st 3a1a4u. [IpoeKkTuposanue
NPU3HAKOB — YPE3BBIYANHO BasKHast 4acTh PEIIeHus 3a1a4un, ocobenno Hosoi. He Bee
MIPU3HAKHU PABHOIIEHHBI, TO3TOMY HYKHO PACCMOTPETDh MX 3(PHEKTUBHOCTD.

IIycTp cymecTByeT MHOXKECTBO IIPe/ICTaBIeHUI BO3MOKHDIX IIPU3HAKOB, TOI/1a BO3-
HUKaeT HEeCKOJILKO BOIIPOCOB. UTO IIPOM30IIET 1P 3allyCKe ¢ HUMU OIHOI'O U TOTO JKe
amropurma? Bymer s xpannsuiine 6osbinm? He cTareT Jm perieHne HelmpakTHIHBIM
13-32 BBICOKOH BBIYHUCAUTENBHON CIOKHOCTH? KakoBbI BBIYMCANUTEIbHbBIC 3aTPaThl Ha
U3BJIEUEHNE TIPU3HAKOB U3 He0OGPaboTaHHOTO COCTOAHMS? MBI HIIIEM MUHIUMAIBHO /10~
CTaTOYHOE ITpe/IcTaBJIeHIe IIPU3HaKa, KOTOPOE JiejlaeT BIYUCICHUS Pa3pelMMbIMU U He
MOPOXK/IAET CIUITKOM MHOTO IAHHBIX, KOTOPBIE HYKHO 00pabaThiBaTh.

IepBast xopotiast cTpaTerust — 3To ckatie HeoOpaboTanHOro cocTosiHst. CI0KHOCTD
NPOTOPIMOHAJIBHA PA3MEPY JAHHBIX: ueM GoJIbIie GUTOB 0JKeH 06paboTaTh ANrOpuT™,
TeM GOJIBIIE TPOCTPAHCTBA U BpeMeHHU eMy morpebyercst. OcHOBaHHbIE Ha U300paKe-
HUSIX UTPBI — XOpoImuil npumep. IIpu KOAUPOBAHUN UTPBI B BBICOKOM Pa3pelieHnun
COXPaHSIeTCs Best epBoHavYaibHast madopmarust. Ho urobst urpats adhhekTuBHO, peji-
KO HY’KHBI U300pa’KeHUsT ¢ BBICOKUM Pas3pellieHneM, KOTOPbIe 3aTPATHO TIPOU3BOAUTH
1 06pabaThIBaTh.

Ecn JLJIA O6pa6OTKI/I BXO/ITHOT'O I/1306pa>K€‘HI/IH TIPpUMEHAECTCA CBEPTOYHAA CETh, KON~
YECTBO IIMKCEJIOB 6yZIET KaCKa/IMPpOBAaTbCA BHU3 110 BCEM CJIOAM U YUCJIO BBIYMCJIEHUIA
BO3pacCTeT. boiee PaITMOHAJIBbHO BOCIIOJIB30BATHCA CTAaHAAPTHBIMU IIpUEMaMU CKATUA

B I/IIIq)OpMaTI/IKe paBpeIHHMOfI CHUTACTCA 3a/lada, KOTOPasaA MOKET ObITH penieHa 3a MmoJImHO-
MHaJbHOE BPpEM:I.

Mertozbl npeaBapuTebHO 00paboTKI 00CYKAA0TCS B pasziese 14.5, pacyer moTpebisieMoit
MAMSITH IPUBOAUTCS B ryiase 13.
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nso0pakeHnil. Pasmep yMEHbIIMTCS 10 IIPUEMIEMOTrO 3HAYeHUS — CKaKeM, 84 X 84 1u-
KCEJIOB, & BBIYMCJIEHUST TPONIOPIIMOHAIBHO YCKOPATCS. Jlaske Ha COBpEMEHHOM MOITHOM
anmapaTHoM 06ecIeYeHUY YMEHbIIEHNE Pa3Mepa H300PaKeHIH MOJKET ChITPATh Pellia-
IOTIYIO POJIb B TOM, YTOOBI MOZIE/Ib TIOMECTUIACH B TIAMATH U, CJIE/I0BATEIBHO, CECCHST
06yUYeHUs COKPATUIIACH C MECATIEB JIO JTHEH.

CJI0KHOCTD PACTET TAKIKe 110 TIPUYHHE KOMOMHATOPHOTO B3PhIBA MOCJIE KasKIOTO JI0-
GaBJIEHUS IOTIOJTHUTETBHOTO U3MepeHust. Jlake KOT/ia U3MEePEHUST IPEICTABIISIOT (hyH-
JAMEHTAJILHO PA3JIMYHbIC TUITHI MHMOPMAIINH, KOJTMUECTBO U3MEPEHUH BCE K€ MOKHO
YMEHBIIUTD € HOMOIIBIO Pa3yMHOr0 IpoekTrpoBatusd. CHOBa 06paTUMCS K BUAECOUTPAM.
BMecTo UCTOIb30BaHUS TIOJTHOIIBETHOTO TPEXKAHAIBHOTO M300pakeHust B (hopmare
RGB mMbi MOskeM TIpeoGpa3oBaTh €ro B OTTEHKH CEPOTo ¢ OAHUM KaHaioM. OHaKO 9TO
MIPpUMEHNMO TOJIBKO TOT/[a, KOr'Zla IIBET HE UMEET 6OJII)IHOFO 3HaUYCHUAg. ECJII/I 6bI (I)I/IJH)M
«Marpuiia» 6611 yepHo-6eibiM, Heo 6b1710 GbI HEIIPOCTO OTJIUYUTD KPACHYIO TaOJETKY OT
cuteil. [Ipu npeobpasoBatyy U300paKeHKs B OTTEHKH CEPOT0 IPOMCXOUT YMEHbIICHIE
TPEXMEPHOTO 0OBEMHOTO MAaCCUBa IMTUKCEIOB (¢ IBETOBBIMU KaHAJaMMU) 10 ABYMEPHOI
MATPUIIBI TUKCETOB B TPAIAIISIX ceporo (6e3 IBETOBBIX KAHAJIOB) U CJIOKHOCTH CHUKA-
€TCs1 110 3aKOHY KyOnueckoro KopHst. [Toatomy B urpax Atari, TOMUMO yMEHbBIIIEHUST Pa3-
Méepa COCTOSHUMN, 0OBIYHO BBIIOJIHAETCS UX IIPeo0pPasoBaHne 13 [BETHBIX N300pasKeHuil
B TPaJIalliil CEPOTO.

[lpyras crparterust cxkaTust HGOPMaAIMU — POEKTUPOBaHKe MTPU3HAKOB. Beromuute
PasHUILY MEXKIY HEOOPAOOMAHHBIM Vi CUNMEUPOBAHHBIM COCTOSTHUAMU. TIpoekTrpoBaHie
[IPU3HAKOB — 9TO IIPOLECC IIPE0OPA30BAHUS [IEPBOIO BO BTOPOE, TO €CTh EPEX0/L OT HU3-
KOYPOBHEBOU HEOOpaboTaHHOI MH(MOPMAIIMK K BBICOKOYPOBHEBBIM TIPEICTABICHISIM.
KoneuHo ke, Mbl orpaHndeHbl HOOPMAIIeid, I0CTYITHON B NUCXOIHOM COCTOSHUN. Bo3b-
MmeM B kauyectse ipuMepa CartPole. BmecTo nzobpaskenus cpejia MOKeT ObITh JJAKOHUYHO
[pejicTaBjieHa BCEro YEThIPbMS YNCAAMU: JIJIs1 TEJEKKU — I0JIOKEHUEM 1 CKOPOCTBIO
BIOJIb Ocu X, /IS CTEPIKHST — YTJIOM HaKJOHA U YTJIOBOI cKOpocThio. K Tomy ke Takoe
COCTOSIHIE HAMHOTO GoJiee MH(MOPMATUBHO, TAK KaK aJlTOPUTMY HE HY’KHO BBIIIOJIHSITh
JOTIOJIHUTENIbHY0 PaboTy, uTOOBI U3 HeOOPaBGOTAHHOTO 300PAKEHUST YACHUTD TOHSI TS
TTO3UTINI U CKOPOCTEH.

[TpoeKkTUPOBIIUK COCTOSHUI MOKET TI0 CBOEMY YCMOTPEHUIO BPYYHYIO 3aKOIMPOBATD
noJsie3Hyio ndopmManuio. B sapucuMoctn ot ero Boi6opa HOBOE KOJIMPOBAHUE MOKET
KaK YIIPOCTHUTD, TaK W YCJAOKHUTH 3aauy. [[ycTh MBI He UCIIOMNb3yeM it 00yueHust
cocTosgHue B BUje usobpaskenus uz Pong uz Atari. Torna kakyio cojepkaTeabHyIo
BBICOKOYPOBHEBYIO MH(POPMAIMIO MOKHO U3BJIeUb 13 He0OPpaboTaHHOTO N300paKeH s,
4T00BI CHOPMHUPOBATH JTAKOHUYHOE TIPEICTABIIEHIE UTPDI TT0 AHAJIOTUH C TIPHMEPOM JIJIsT
CartPole us npezbiymiero a6sara? MoKHO MPETION0KUTD, YTO TAKOE CHHTE3UPOBAH-
HOe cocTosiHME Oy/IeT BKIIOYATh MO3UIMN, CKOPOCTH U YCKOPEHUs1! apuka 1 PaKkeTok
areHTa u ero omnmoHeHTa. Ecim He yuecTh nndopmannio o pakeTke ONMOHEHTA, TO
! YCKOpeHI/Ie H€O6XOI[I/IMO, TaK KaK 9€M JO0JIbIIE ITapUK OCTAE€TCA B UTPE, TEM 6OJIBU_I6 €ro CKO-
POCTb.
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UIpa yCJIOKHUTCS, IOCKOJIbKY areHT He CMOKET MCCJIeIOBATh MOBe/[eHe IIPOTUBHIKA
U TIPELy IPEsKAaTh ero aeiictsus. I Hao60poT, eciii BKIIOYUTH CKOPOCTH MapuKa u 0be-
UX PAKETOK, 33/[a4a YIIPOCTUTCS, TAaK KaK areHTy He HY;KHO OyJIeT YIUTHCS OIIEHIUBAThH
CKOPOCTH 10 UBMEHEHUIO MTO3UIINIA C TeUeHUEM BPEMEH.

[IpoekTUpOBaHEM MTPU3HAKOB JOCTUTAIOTCS BA PE3YJIbTATA: MOMIHOCTH COCTOSTHUS
OII[YTUMO YMEHBIIAETCSI, & €T0 CJIOKHOCTH 3HAUMTEILHO CHIKaeTcs. [Tpu Beibope Bpyd-
HYI0 13 HeOOPabOTaHHOTO COCTOSTHUS TOJIBKO TOAXOAAIIMX MPU3HAKOB UCKII0YAETCSI
HeHysKHasg MHPOPMAIHs U ocTaeTest HoJiee KOMITAKTHOE CHHTE3MPOBAHHOE COCTOSTHUE
C MEHBIIUM KOJMYECTBOM uaMepeHuil. [IoMrUMO 9TOTO, CHHTE3UPOBAHHOE COCTOSTHUE
MOJKET COZIEPKATh MH(BOPMAIIIIO, KOTOPYIO MOKHO TOJILKO BHIBECTH 13 HEOOPAOOTAHHBIX
JIAHHBIX, HO He HAaOJII0/IaTh HEMOCPEACTBEHHO. XOPOIIHI IIPUMEpP — CKOPOCTH 0OBEKTOB.
Korza ati mpusHaky NpeicTaBIeHbl B CHHTE3MPOBAHHOM COCTOSTHUY HAIIPSAMYIO, areHTY
He HYKHO YYUTHCS M3BJIEKaTh UX U3 HeoOpaboTaHHOTO coctostaust. [1o cyTu, GoJrbinast
4acCTb pa6OTbI 110 TIOHNMAaHU1IO 3a/1a4U YK€ BBIIIOJIHEHA 34 ar€HTa. HOJIqu/IB CUHTE3UPO-
BaHHOE COCTOSIHUE, ar€HTY HYKHO JIUIIb BOCIIOJIb30BATHCSI UM U COCPEIOTOYUTLCS Ha
HEIOCPEICTBEHHOM PellleHIN OCHOBHOM 3aiaui.

Opue 13 HeIoCTaTKOB (POPMUPOBAHUS MPU3HAKOB B TOM, YTO B XOJI€ HETO MONATAIOTCS
Ha JIoJIeil, KOTOPbIE, UCXO/Is U3 CBOVX 3HAHUI 0 3a/[a4e, ONPEIEISIOT 3HAYUMY0 HH(OpP-
Maluio B HeoOpaboTaHHBIX JaHHbIX, YTOObI CIIPOEKTUPOBATh 3 OEKTUBHOE U 1IEJIeCO-
06pastoe mpecTaBIeHe MPI3HAKOB. B aToM mporiecce, 110 cpaBHeHuIo ¢ HeobpaboTam-
HBIMU TAHHBIMU, HEM36EKHO KOAUPYETCst GOJIBIIE YeTOBEUECKUX TIPHOPUTETOB TI0 TOT
NPUYKHE, YTO MBI UCTIOJIb3YEM CBOU 3HAHUS U 9BPUCTUKH JIJIsI TOTO, 4TOOBI 0TOOPATH TO,
YTO CYUTAEM ITPUTOHBIM. ATEHT, KOTOPBII YUUTCST 110 TAKOMY COCTOSTHUIO, OTTPEIEJIEHHO
He JIEJIAET 9TO C HyJIsT O-HACTOSTIEMY, HO €CJTH HATlTa TIaBHAs 32a00Ta — PEIeHne 3a/1aur,
TO He 0 YeM OeCTIOKOUTHCS. B pesysbraTe IPOEKTHPOBAHUS TPU3HAKOB MOSIBIISTIOTCS
COCTOSTHUS, COJEPKUMOE KOTOPBIX TIOCTPOEHO KOPPEKTHO € TOUKU 3PEHUS YETOBEKA,
U 9TO MOBBIIIAET UX MHTEPIPETUPYEMOCTD. [IpaB/a, KTO-TO MOXKET BO3Pa3UTh, YTO 110
TO# JKe CaMOU TIPIYIHE TaKIe COCTOSHIS CTAHYT MeHee 0000TEHHBIME WITH ¢ GOJThITTedt
BEPOSTHOCTBHIO GY/IyT BRIIOYATH YETOBEIECKIE OITHOKH.

XO0Tb TPOEKTUPOBAHNE TIPU3HAKOB U JKeJATeJbHO, HO Ha MPAKTUKE OHO HE BCer/ia BO3-
MokHO. Hanpumep, ecJin 3ajiaHie — 9TO paclio3HaHue H300paskeHU I Wi BU3YalbHBII
mepexo/l Mo CTPaHUIaM, TO HEIeJIecO00Pa3HO BPYYHYIO CO3/aBaTh COCTOSHUS, YU~
THIBAIOTIME BCE 3HAUMMBIE TIPU3HAKN HA M300PAKEHUU, HE TOBOPSI YKE O TOM, YTO 3TO
MOKET TPOTUBOPEUUTD Tieu. Kak Obl To HU OBLITO, Jaske HECMOTPSI HA UPE3BBIYANHY 0
CJIO3KHOCTD, TIOPOH TO CTOUT NMPUJIOKEHHBIX YCHIri. O4eHb CJI0KHbIE UTPbI, TAKHE
kak Dota 2!, cirysxaT mpuMepoM TOro, 4TO, KOT/Ia /IJIsT TIPOEKTUPOBAHIS COCTOSTHUI Tpe-

Dota 2 — nomyssiprasi urpa ot eSports, B KOTOPO# IBe KOMAH/IbI 110 TISITh NTPOKOB, BEIOPAB
repoes Gosiee uem uz 100 mepcoHaskei, cpaxaroTes 3a BpaskecKuil TpoH. O6mupHas Kapra
U yMOIIOMPAYUTETbHOE YUCJI0 KOMOUHAIMIA TIePCOHAKEl 1 HABBIKOB IEJIAI0T TY UTPY UPes-
BBIYAITHO CJIOKHOM.
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GYIOTCST KOJIOCCABHBIE YCUIIUsT, TPUMEHEH e HeoOpaboTaHHBIX M300PaKeHUH CHIIBHO
3aTpynHSAET pelieHne 3a/1a4H.

Yro6s1 urpath B Dota 2, OpenAl cupoekTupoBaji OrpOMHOE UTPOBOE COCTOSTHIE,
coJiepIKaliee OIIeJIOMJISIoNIee KOJTMIECTBO MorydeHHbix u3 APl urpsr anemenToB —
20 000. CocTosgHue BRIIOYAET CBA3AHHYIO ¢ KapTOil MH(MOPMAITNIO, TAKyI0 KaK JaH/I-
madT 1 BpeM:sT MeKIY BO3POsKAeHUEeM repoeB. COCTOSTHIE TaKsKe COIEPIKUT 7T KaK/[0-
TO 13 TEPOEB U IPYTUX IOHUTOB HAOOP CBEICHWH, TAKUX KaK aTaka, 3/I0POBbE, MO3UIIHS,
CIIOCOOHOCTH U TIPEIMETHI. ITO TUTAHTCKOE COCTOSAHIE 00pabaThIBACTCS 110 OT/IE/Ib-
HOCTH, 3aTeM 00benuHsieTcst nepes nepepayeit 8 cetb LSTM us 1024 asemenToB. 3a
6osee moapobHOU nHPOpMaIueil 00 apXUTEKType MOJeaN obpalaiTech K pasaeny
«Crpykrypa mozenu» B mocre 06 OpenAl Five [104]. O6bequHUB 3HAUNTEIBHbBIE WH-
JKEHEPHBIE YCUIUSA € BBIUMCIUTETbHOI MOIHOCTHIO, B 2019 Toty OHU cMOT/IH oG IUThH
Jydimux B Mupe urpokos [107].

Taxum 06pa30M, TIPOEKTUPOBAHNE TTPU3HAKOB BO3SMOKHO U TIPUBETCTBYETCA, 0COOEHHO
KOT/la BaKHBIC 3JIEMEHTDI UTPbI U3BECTHBI 1 MOTYT OBITD JOBOJIBHO ITPOCTO OIIMCAHDI.
BepOHTHbI HpO6JIeMbI C TéM, KaK1e 3 O4E€BUIHBIX 3JIEMEHTOB BKJ/IIOYAaThb B CUHTE3UPO-
BaHHOe cocTostHue. B HUrpax Hac 0OBIUHO MHTEPECYIOT Bellr, KOTOPbIE MEHAIOTCA WUJIN
JIBUTAIOTCA. B pO6OTOT€‘XHI/IKe — IIO3UINH, YTJIbl, CWJIbI U KPYTAIINE MOMEHTDBI. IIJIH (bOH-
Z[OBOI';I 6I/IP)KI/I ITI0JIESHBIMU IIOKA3aTEJIAAMU TOPTOB 6yI[yT €MKOCTb PbIHKA, UBMEHEHUA IIE€H,
CKOJIb3dAMINEe Cpeanne n T. 1.

He cymectByer 4eTKuX 1 olipe/ie/IeHHbIX IIPaBUJI IPOeKTHpoBaHus 3G (eKTUBHLIX CO-
CTOSTHMIA 110 HeoGpaboTaHHBIM JaHHBIM. OIHAKO HUKOT/IA He OYIeT JTUITHIM MOTPAaTHTh
BpeMst, UTOOBI MOHATH 3a/[auy, BKIOUUTH B COCTOSIHUE 3HAHUS O TIPEIMETHOI 00J1acTh
U KOHTEKCT. TO 0cO00 ONMPABAAHHO B IIPAKTHUYECKUX MPUIOKEHUSIX.

[To cyTH, MpoeKTUPOBAHNE COCTOSTHUIN 3aKJIIOUAETCS B CKATUX WH(MOPMAIH U yCTpaHe-
HUW IIIYMOB, TIO3TOMY CTOHUT OTIPOOGOBATH BCE COOTBETCTBYIOIIIE CTAHAAPTHBIE METOJIBL.
B o61em, paccMoTpuTe cieayloiiee.

1. Ouesnanas undopmanus. ITo-To, UTO AT YETOBEKA KAKETCSI 3HATUMBIM C TTEPBOTO
B3TJISI/A, HATTPUMED TIO3UITIY PAKETKH, MsTarKa 1 010k0B B Breakout, mpocto motomy
YTO 3TO OOBEKTHI UTPBI.

2. Kourpdakruueckasi uadopmanusi. Eciv x OTCyTCTBYET U 3a/[a4a HE MOXKET OBIThH
perreHa, TO HyKHO BKI0UNTH B Hee x. Korma B CartPole mHemoctymma ckopocTb
006DHEKTA, MBI HE MOJKEM TIPE/TTONOKITD, Ky/la OH ABUIKETCS, TOITOMY BasKHO MPE/-
YTaJbIBaTh ABUKEHUSA 0OBEKTOB — HTO 03HAYAET, YTO CKOPOCTH OJKHA MTPUCYT-
CTBOBATb.

3. MuBapuaHTHOCTb (1103aMMCTBOBAaHO U3 (husukm). YTo ocTaeTcsd NOCTOSHHBIM WK
WHBApUAHTHBIM MTPU TPE0OPA30BAHUSIX, TO €CTh IPOSIBJISET cuMMeTputo? Hampumep,
CartPole naBapriaHTHa K TOPU30HTAIbHBIM ITEPEMEIICHUSIM, TOKA OHI HE YXOJIAT 32
sxpat. [10aTOMy aBCOMIOTHOE TIOJIOKEHUE TEJIEHKKH BI0Jb 0ch X HE UMEET 3HAYCHVST
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U MOJKET OBITh UCKITIOUEHO. A TIajleHre CTePyKHsI He MHBAPUAHTHO K MOBOPOTY TI0
BEepPTUKAJH, IIOCKOJIbKY CUJIA TSXKECTU JIEHCTBYET TOJIBKO B OJHOM HAIIPABJICHUU.
ITOT (hakT oTpaxkaeTcs yrjaoM HaKJIOHA U YIJIOBOH CKOPOCTBIO.

4. W3menenus (1103anMcTBoBaHO 13 Gusukn). OOBIYHO HAC HHTEPECYET TO, YTO MEHSIET-
cs. smennace sin no3unust Msiya? [lena Berpocia nim ymana? [lepeasunynacs am
pobopyKa? ITH U3MEHEHHST MOTYT OBITh 3HAYUMBIMHU, IPIUTOM UYTO JAPYTHE — (DOHOBBIE
myMbl — Het. HampuMmep, aBTOMUIOTUPYEMOMY aBTOMOOWIIIO He HY/KHO 3aMedaTh
JIETSIIINE IO BETPY JIUCThs. BO3HUKaeT 3aMaHYMBasi MbIC/Ib, YTO areHT J0JIKEH HGecIio-
KOWUTBCST JIUIITH 00 M3MEHEHUSIX, KOTOPbIE MOT'YT BBI3BATh €ro AeicTBIs. TeM He MeHee
CYILECTBYIOT BasKHbIE HCKIIOUNTEIBHO HAOII0[aeMble H3MEHEHMUsT, TAKHE KaK CUTHAJ
cBeTo(hopa, KOTOPBIM MBI HE MOXKEM YTIPABJISTh, HO KOTOPOMY JIOJIKHBI IOAYHMHATHCS.
B esiom ocHOBHAS Mziest TaKOBa: BKJTIOUYATh B COCTOSHIE 3HAUNMBbIE BEIIH, KOTOPbhIE
U3MEHSIOTCS U BAUSIOT Ha JOCTIKEHUE 1eTu. B To jKe BpeMs pU3HaK, KOTOPBIH
areHT He KOHTPOJMPYET W KOTOPBIN He BHOCHUT BKJIAJ B JIOCTHKEHUE TEJIH, MOKHO
HUCKJIIOUNTD.

5. IlepemenHbie, 3aBucsiue OT BpeMeHU. MHore, HO He BCe U3MEHEH U TPOUCXOISIT
BO BPEMEHHU, a He B TPOCTPAHCTBE. TeM He MeHee 10 nH(pOPMAITH U3 OZIHOTO KaIpa
(BpeMEHHOTO T1ara) HeBO3MOYKHO OIMPEIeJUTh HUKAKOe U3MEHEHNE BO BPEMEHHU.
Eciit oskupiaercst, 4to 3HaueHue x OYAeT MEHSIThCSA CO BPEMEHEM, TO B COCTOSTHUE

dx
CIIeyeT BKJIIOYNTh - Hanpumep, B CartPole nmeer 3nadenue uaMeHeHys IO3ULIUH,
CJIeI0BaTEIbHO, CKOPOCTD BasKHA.

6. Ilpuumna u caenacreue. Eciiu 1es1b Wiy 3aj1anue SABJISIIOTCS CJIEICTBUEM JIPYTUX
HpI/I‘{I/IH (a O6bI‘{HO 3TO TaK), TO TOJIKHDBL 6I)ITI:; BKJIIOYEHDbI BCE 3JIEMEHTDBI HpI/I‘{I/IHHO-
CJI€ICTBEHHOU I[EIIN.

7. YcrosBumecs CTaTUCTUYECKUE WIH KOJNYeCTBeHHbIe I0Ka3aTe M. 3/IPABblii CMBICT
MOJICKA3bIBAET, UTO MPU TEXHUIECKOM aHAIM3e TOPTOB HA OUPIKe CIIENyeT paccMma-
TPUBATh TaKMe MOKA3aTeJN, Kak eMKOCTb U CKOJIB3siIne cpene. [lenecoobpasmee
BKJIIOUUTD YCTOSBIIUECS 3HAYCHUST, 4eM BBOJMTH COOCTBEHHBIE 10 HE0OPaboTaHHBIM
IEHOBBIM JaHHbIM ¢ (hoHI0BOI 6Gupsku. He HyKHO n306peTaTh KOJIeco.

Haxomert, HepeaKo MoTe3H0 O3aNMCTBOBATD TIPHEMBI 113 00JIACTEH ¢ POICTBEHHBIMU VLTI
AHAJIOTUYHBIMHU 3ala4aMi 1 TUIIaMU JITAaHHDBIX. I[JIH H306pa>KeHHﬁ HCHOHbSyﬁTe METO/bI
YMEHBIITEHNsT pa3Mepa, MPeodPA3OBAHNS B TPAIAIIUHI CEPOTO, CBEPTKH 1 COBMETIEHIST 113
KOMTIBIOTEPHOTO 3PEHNsT, KOTOPhIe cmocobeTBoBaMH TpoaBikeniio RL. Hampnmep, Bee
COBPEMECHHDBIE PE3YJIbTATbhI B UTPAX Atari JOCTUTHYTBI C TOMOII[bIO CBEPTOYHBIX HeﬁpOH-
HBIX ceTeil. Eciu mannble pazpeskeHHble, IPUCMOTPUTECH K MPEACTABIEHUSIM CJIOB 13
06paboTKu ecTecTBEHHOTO s13biKa (natural language processing, NLP). TIpu nocsienosa-
TEJILHO Mlepe/laBaeMBbIX JIAHHBIX CHOBa o6patuTech K NLP 1 mpuMeHuTe peKyppeHTHbIE
ceru. He crecHsisich, mpuBJieKaiiTe Jr0ObIe TIPHEMbI U3 ITUPOKOTO CIIEKTpa 00JIacTei,
TaKUX KaK TEOPHUST UTP U cTapbiil 100pbiil nckyccTBerHbil naTesiekt (GOFAT) s
UTP, KIACCHIECKAST MEXAHUKA 7SI POOOTOTEXHUKH, KIACCHIECKOE YITPABIEHUE IS
YIIPABJISTIONUX CUCTEM U T. JI.
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14.4. lNoTepsa nHpopMaLmm 0 COCTOSHUN

HPOGKTI/IPOBaHI/Ie COCTOAHMA HAYMHAECTCA C Ha60pa AOCTYITHBIX CBeieHUI 13 He06pa-
6GOTaHHOIO COCTOSHUA. 3aTeM JULA TIOJTYIEHUA JKEJIa€EMOI'0 KOHEYHOTO Ha60pa CBeIeHU
B (bopMe CUHTE3NPOBAHHOI'O COCTOAHUSA MOy T OBITh IIPpUMEHEHDbI pa3JIMYHbIE METO/IbI
CciRaTuA. HPI/I I9TOM 4aCTb I/IH(bOpMa]_[I/II/I MO’KET ObITh IIoTepAHa, B IPOTUBHOM CJIydae
IIpoIecC Ha3bIBA€TCA CKaTUEM 6e3 IIOTEPb.

B aTom pasjesie Mbl PACCMOTPUM PACTIPOCTPAHEHHYTO OMUOKY TIPH MTPOEKTUPOBAHIN
COCTOSTHUIT TT0 HEOOPAOOTAHHBIM COCTOSTHUSIM — BEPOSITHOCTD 10mepu BaxkHOH nHbOp-
Mar. OTBETCTBEHHOCTD 3a TO, YTOOBI ITOTO He MTPOUCXO/IIIIO, JIEKHUT HA TTPOCKTHPOB-
muke. MBI pacCCMOTPUM MHOTO TIPAKTHYECKUX TIPUMEPOB, BKJII0OUas MpeobpasoBanue
n306paKeHVst B TPAAIINH CEPOTO, TUCKPETHZAIIIO, KOJTU3UN XEITUPOBAHUS U TIOTEPH
MeTanH(bOpMaIlny, BOSHUKAIONINE U3-32 HEKOPPEKTHOCTH MTPE/ICTABICHUS.

14.4.1. MNMpeobpa3oBaHne n306pakeHni
B rpagauunn ceporo

[Tpu yMeHbBIIEHUN pasMepa M300paskeHs MPOCKTUPOBITUKN JIOJKHBI BU3YAJTBHO
MPOBEPUTD, HE CTAJIO JIU OHO CJIUITKOM Pa3MbITBIM — He CTAJIO JIU €T0 paspelienue
CJIUIIKOM HU3KMM, — YTOOBI €10 MOXKHO OBIIO MCMOJIb30BaTh B AajabHelmeM. bosee
TOTO, B BUICOUTPAX HEKOTOPHIE HIEMEHTBI 3aKOJIMPOBAHBI IIBETOM, YTOOBI JTIOAM GBIITIO
npoiie urparb. IIpn cskaTum 1BeTHHIX n3obpaskenuil B hopmare RGB no rpagaimii
CEepoTo MPOCTEAUTE 32 TeM, YTOOBI TIPU ITUX U3MEHEHUSX He MPOTAIN KII0YeBbIE
3JIEMEHTBL. DTO MOKET MPOU30NTH, KOTZIA BO3SHUKAIOT KOJIJIU3WH XEIIMPOBAHUS TIPU
orobpakeHnu GOBIIEro MACCHBA YrcesT (TPEXMEPHOTO TeH30pa, n306pakeHust B (hop-
mare RGB ¢ Tpemsa kaHasamu) B MEHBIINI MaccHB (IBYMEPHBIN TEH30D, M300pasKeHe
B Tpazaiusax ceporo). Torna sHayeHus SpKOCTU Pa3HBIX IIBETOB MOTYT OKa3aTbhCs
MPAKTUYECKH OTMHAKOBbIM.

Ha puc. 14.4 npuBezies ipuMep notepu nHGOPMAIIUH TP TIPe0OPA30BAHNH B TPAJIAIIN
ceporo. B OpenAl o6yuasnu arenra B urpe Seaquest uz Atari [103], rie urpok nosyuaer
BO3HATPAKAEHUS 32 yIIpaBJIeHNe TOABOAHOM noikoii. Ha nipeasapurenbHo o6paboraH-
HOM U300paKEeHUHU € 3eJIEHBIM U CHHUM I[BETAMU OBLIN COMIOCTaBJIEHbI OUeHb OJIU3KHE
3HAUYEHUS B TPAJAIIUAX CEPOTO, UTO CAEJNAN0 UX HEPATUYUMbBIMU. 3-3a 9TO ommbKu
aKyJIbI TPOTUBHUKA CJAUJUCDH € (POHOM U CTATW HEBUJMMBIMU I/ areHTa (IIpejicTaB-
JieHUe JIJI anroputMa Ha puc. 14.4). YTpara aToil Kputndeckoii yactu nugopmanun
HEraTUBHO CKa3aJach HA MPOU3BOAUTEIbHOCTU. K cUacThio, €CTh MHOTO JIPYTHX CXEM
npeoGpazoBaHust B Tpajanuu ceporo. Jlanuoii mpobieMbl MOKHO U36€KaTh, BHIOPAB
MOXOJISAIIYI0 CXeMY, KOTOPasi He BbI30BET MCUE3HOBEHUS aKyJl, KaK NTOKA3aHO Ha HC-
[IPaBJIECHHOM TIpe/icTaBieHnu Ha puc. 14.4. He cymuiectByeT abCOTIOTHO HAJIEKHON CXEMBbI
npeobpasoBaHus B IPajIalliil CEPOTo, TIOITOMY TIPEABAPUTENLHO 06paboTaHHbIE 30~
OpasKeHUsT BCETIa HYKHO TPOBEPSITH BPYYHYIO.
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Puc. 14.4. MNpeobpa3oBaHre B rpaaLmmn CEPOro MOXET MPUBECTU K UCYE3HOBEHUIO
K/IIOYEBbIX 371EMEHTOB Urpbl, OTCIOAA BbITEKAET XOpOLLEe NpaBusIo: BCeraa NpoBepsiTh
npeaapuTenbHo obpaboTaHHble M306paxeHns npy oTnaake. MzobpaxeHne B3STO
13 OpenAl Baselines: DQN [103]

14.4.2. AnckpeTtmsaums

Jlpyrast pactipocTpaneHHas IpUYMHA TIOTepU WHMOPMAIINN BOZHUKAET ITPH INCKPETH3a-
I[MU1 HEIIPEPBIBHBIX 3HAYEHUIA, TO €CTh 0TOOPAKEHUH HEIIPEPBIBHOIO WK OECKOHEYHOTO
Jliaria3oHa 3Ha4eHni B MaCCUB AMCKPETHBIX KOHEUHBIX 3HaYeHMil. Bo3abMeM B KauecTBe
[puMepa 3ajatue, pejroarailiiee CYuThiBaHUE ITOKa3aHNIl aHATIOTOBBIX YacoB. B 3a-
BHCHUMOCTH OT TOTO, TIOKa3aHUsT KAaKOU CTPEJIKU, YACOBOM MJIM MUHYTHOM, JKeJIaTebHO
CUMTHIBATH, HYKHO TIPUMEHSITh Pa3Hble CXeMbl UCKpeTusaluu. Eciv 3aanue cocTout
TOJIBKO B CYUUTBIBAHUHU YACOB, €CTh CMBICJI IUCKPETU3UPOBATDL yToJ Ha 12 yacTeit, mo-
CKOJIBKY Ha Idepbiarte ToabKo 12 3HaueHnil yacoB. Ec/iM HYsKHO CUUTHIBATH MUHYTHI,
9TOro OyIer HeJOCTaTOuHO. B 3aBUCHMOCTH OT HYKHOI TOYHOCTH ITOKA3aHUST YacOB
JIOJIKHBI ObITh IMCKPETU3NpoBanbl Ha nHTepBasbl 10 30, 10 win 1 mumn. JlioOble MeHbIIne
3HAYEHUS CTAHOBSITCS JIJIs Y€JI0BEYECKOTrO IJias3a Hepa3anuuMbiMu. DaKkTiyecku geieHmst
Ha 4acax — 9TO O/IHA M3 CXeM JIMCKPETU3AIINH, [IOMOTaoasi HaM CUNTBIBATH BPEMSI C J10-
IIyCTUMOI CTENEHBIO TOYHOCTU. JTO BJIUSIET U HA TO, KAK Mbl Ha3bIBaeM BpeMst. Biasierery
4acoB C JeJEHUSIMHU TOJIBKO 110 30 MUH Ha BOIIPOC O TOM, KOTOPbIiI Yac, CKOpee BCEro,
JIacT OTBET 110 OJHOI U TOM ke cxeMe aucKperusaru, 6yap to 10:27, 10:28 wiu 10:29.
ITOT YeJIOBEK HABEPHSIKA CKAXKeT: «/lecsiTb TpuaaThy. JlaHHbIil IPUMED IEMOHCTPUPYET
TO, KaK JIMCKPETU3AIMSI BbI3bIBAET TIOTEPIO MH(POPMAITH (U TYT HEUEMY YAUBJISTHCS ).

14.4.3. KOH(MKTbI XelnpoBaHus

/lBa mpepIymux npuMepa — 9TO YACTHbIE CJIyYal TOTO, YTO U3BECTHO KaK KOHOIUKM
xewuposanus (hash conflict). On BoszHuKaeT, Korga 6OJIBIINNA MACCUB JAHHBIX CHKIMA-
€TCs JI0 MEHBINEr0 MacCHBa, KOTOPBIN HE COCOOEH MPEICTAaBUTh BCE PASIIMUYAIONIHECST
aneMeHThL. CJie[oBaTesIbHO, KOJITM3UN BO3HIKAIOT, KOT/IA PA3HbIE 2JIEMEHTHI U3HAUATTh-
HOTO MaccuBa 0TOOPAYKAIOTCSI B OJIHO U TO JK€ 3HAYEHUE MEHBIIETO MACCUBA.
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Csxatrie MHPOPMAIIUU MOKET IPUBECTH K KOH(MJINKTAM XeIIUPOBAHUS, HO OHU HE BCe-
rjaa craHoBatcs npobaemoil. Eciu B3risinyTh Ha npumep Seaquest us Atari, To Bce
CXeMBI TIPeoOPa3oBaHUA B TPAIAIUN CEPOTO MPUBOIAT K KOH(MIMKTAM XEITMPOBAHNUS,
HO JIVIITb HEKOTOPBIE U3 HUX BBI3BIBAIOT TTPOOIEMY, CBI3AHHYIO C HCYC3HOBCHUEM aKy.JT
Ha puc. 14.4. K HecyacTbio, HET TIPOCTHIX CIIOCOOOB OTPEIETEHUST TOTO, KAKUE U3 KOH-
(hIIMKTOB XeIMUPOBAHUST HEOIATONPUATHBI, TaK KAaK 9TO 3aBUCHUT OT 3aia4n. HykHo mo-
JIOJKUTHCS HA TPOBEPKY MTPIMEPOB JTAHHBIX BPYYHYIO.

B noBcenHeBHOI JKU3HU MBI TOXKE UCIBIThIBAEM KOH(MJIUKTHI XelupoBanus. Jlioan
HCTIOJIBb3YIOT 1[BETA JIJIs Mepe/ladyi CeMaHTUKH, HallPUMep, KpacHbIM — OMacHOCTb, 3e-
JIEHBIIT — 0e30IIaCHOCTD, TPUBBIYHBIE KPACHO-/KEJITO-3€IEHBIE JIAMITIOYKH CTOSIT B CBE-
tTodopax mo Bcemy Mupy. CyIiecTByeT TeXHOJIOTHS, TTO3BOJISIONIAS OTHOM JTaMITOUKe
CBETUTHCS BCEMU ITUMU I[BETAMU ToTlepeMeHHo. V1 X0Th ee mpuMeHeHne OIlpaB/IaHo
SKOHOMUYECKU U TEXHOJOTUYECKU, BOK/IEHUE CTAHET YPE3BBIYANHO OMACHBIM JIJISI JIT0-
Jleil, He Pas/IMJarolinX BeTa; UM OyeT OYeHb TPYAHO CKa3aTh, KPACHBIH 9TO CBET WU
3esienblil. [lToaTomy B cBeTOdopax MmpoporKaoT yCTaHABANBATE TPU OT/I€bHBIE MOHO-
XPOMHBIE JIAMIIOYKH.

14.4.4. NoTepn MeTanHdopMaumnm

Hexkoropas yactb ntngopmaimm mpesocTaBisieT BBICOKOYPOBHEBbIE 3HAHWS O TAHHDIX,
€ KOTOPBIMK MbI IMeEM J1eJ10. ITo MeTanHopMalus — uHGopMaiys o6 nHOOPMAIHIL.
PaccmoTpuM HECKOJTBKO IIPUMEPOB.

B maxmarsl UrparoT Ha ABYMEPHOIL OCKe, U Y UTPOKOB He BO3HUKAET MPobJIeM ¢ repe-
MenenneM Guryp Bo BpemMsd urpbl. OTebHble 1eHCTBUTEIHHO BBICOKOKIACCHBIE
HUTIPOKU MOTYT UI'PDAaTbhb B yME€, 3allOMUHAas MMO3NITUN (bl/ll"yp 1 Ha3bIBas BCJIYX XO/IbI,
Takue Kak «cJIoH ¢ A2 Ha D5». CuenaTh 970 TpyHee, 4eM Ha PeajbHON J0CKe, TaK Kak
UIPOK JIOJIKEH CO3/aTh MbICJIEHHBII 00pa3 mo3unuii Ha BOoOpaskaeMoil JOCKe, HO 9TO
BIIOJIHE BO3MOJKHO.

B nraxmarax KOOpZIMHATBI OTCUYUTHIBAIOTCS B IBYX HATIPABJIECHUSX: /IJIST TOPU30HTATBHBIX
MO3UIUI UCIIOAb3YIOTC GYKBBI JIATUHCKOTO ajihaBuTa, [1Jisl BEPTUKAJbHBIX — YKCJIA.
Jlist mpuMepa mepeiineM K OQHOMEPHBIM KOOPAUHATAM, 0TOOPAa3UB ABYMEPHbIE KOOPIN-
Hatbl B Habop u3 64 uncen, ckaxem Al — 1, B1 — 2.. A2 -9, B2 — 10... H8 — 64. Xox
«cyon ¢ A2 Ha DS5» Temnephb cTaHeT X00M «CJIOH ¢ 9 Ha 36».

[Ipezncrasbre cebe UTpy B IAXMAThl B 9TON OJHOMEPHOI cucteMe. ITO HAMHOTO TPY/I-
Hee, TOCKOJIbKY Telepb HaM HY’KHO TipeobpasoBars uncia 9 u 36 obparao B A2 u D5,
4TOObI CMOYb BU3YaIU3MPOBATH MO3UIUK (DUTYD HA IBYMEPHON J0CKe. 3/eCh Mpej-
[OJIATaeTCsl, YTO Mbl MTPAJIM B IIIaXMaThl paHblie. [ToizeM elie fablie u npeacTaBuM,
KaK HOBUYKOB 3HAKOMSIT C IIIaXMaTaMu, He TI0Ka3bIBast MM JBYMEPHYIO 0CKY, a JIUIIb
oIMcaB Bee TpaBuJia ¢ MOMOIIbIO HOBOH 0OZIHOMEPHOI cucTeMbl KoopauHaT. BoJee
TOTO, UM JIaJKe He TOBOPST, YTO HTO ABYMEPHAst UTPA, TAK YTO Y HUX HET [PeCTaBAeHIsI
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00 ee IPOCTPAHCTBEHHOM XapaKTepe. BHe BCAKOrO COMHEHUsI, HOBUYKHU OyAyT B He-
JIOYMEHWH.

SBnsercs m 910 cxxaTreM 6e3 oTeph? Bee aByMepHbIE KOOPAMHATHI 0TOOPAsKEHDI
B 64 pas3IMUHBIX YMCIa — KOH(MDIUKTH XeIMUPOBAHNS OTCYTCTBYIOT. Tak moyemy ke
UIPaTh CTAJIO HAMHOTO TpyaHeil? KosnuecTBeHHas MIPOBEPKA HE MOKAXKET HAM, YTO
He B MOPSIIKE, HO KaueCTBEHHAs BBIABUT pobeMy. OOpaTuB ABYyMEPHbIE KOOPIMHATHI
B O/IHOMEPHbIE, MBI ICKJTIOYUJIN CBEJICHUS O IBYMEPHBIX CBA35IX. MbI IIDOUTHOPUPOBAIIN
TOT (DAKT, YTO UTPA PACCUNTAHA HA JIBA NU3MEPEHUST 1 (DUTYPHI [IEPEMEIIAIOTCST B IBYMEP-
HOM IIPOCTPAHCTBE, MOTOMY IMpaBuia ObLIN IPAMOTHO pa3paboTaHbI /st 9TUX JIBYX
uaMmepenuit. Harpumep, NOHATHS «IlIaX» W «MaT», 3ABUCSIINUE OT IBYMEPHOTO PACIIOJIO-
JKEHUSI, CTAaHYT OYeHb CTPAHHBIMU B OJITHOMEPHBIX KOOPJMHATAX.

To ke camoe TIPOM30IILIO HA 3ape PACIIO3HABAHUS ITUDP
1o n300paskeHsIM (HATTPUMED, ¢ TIOMOTIBI0 Habopa MaH-
Heix MNIST [73]) emie 1o Toro, Kak cTajan MIPUMEHATHCS

£

Puc. 14.5. /306paxeHune

cBeprouHble cetr. M300paskeHne Hape3aioch Ha MOJIOCKH, Lpbl 8 13 MNIST. 370
KOTOpbIE [[063BJIHJII/ICI) APYyT 3a APYyTrOM B BEKTOP, U OH €CTECTBEHHOE IByMEPHOE
nepegaBasica Ha Bxojq MLP. Heyausurenbho, uto cetu NpeacTaBneHne Nerko
OBLIIO HEJIETKO PACIio3HaBaTh MUMPHI, YUUTHIBAsI, YTO OHA naeHTMdMUMpoBaTL

HOJIyYasIa 0JIHOMEPHYIO BEPCHUIO M300paKeHUS 1 He 3HAJIA,
YTO OHO JIOJKHO GBITH IBYMEPHBIM. DTa mpobaema Oblia
peliena, Korjia CTaju IIPUMEHSTh IByMEPHBbIE CBEPTKH,
paspaboranubie 119 00paGbOTKK ABYMEPHBIX JaHHBIX. Puc. 14.6. Bor Tak
Ha puc. 14.5 nokasas npumep wudpbl 8, B3ATIA 13 HaGo-  BPIAAMT PUC. 14.5, Okatbin
N A0 OAHOMEPHOTO BEKTOPA,

pa gauabix MNIST [73]. Byayuu c:xaToii 10 ojfHOMepHO- DY COEMHEHMM BCEX CTPOK
TO BEKTOPA, OHA BBITJISI/IAT KakK Ha prC. 14.6 (BEKTOP OYEHb  gmecTe. Y3HaTh B 3TOM 8 OueHb
JUTUHHbIH, TTO9TOMY [TOKa3aH YaCTUYHO ), YTO 3HAYUTETHHO CIOXHO

Tpy/IHee UIeHTUGUINPOBATH Kak 8.

Jlanublii crieHapuii — mpuMep nomepu memaungopmavyuy. Takag oTeps He CTAHOBUTCS
OYEBU/IHOM cpady Ipu IIPOcMOTpe MHMOPMAIIMN — HY’KHO PACCMOTPETD €€ BHEITHUN
KoHTeKcT. Hampumep, Kostektus 3 64 dnces B maxMaTax HIUEro He CKaskeT HaM
0 IBYMEPHOCTH JIAHHBIX — 3TOT KOHTEKCT JIOJIKEH MPEI0CTaBIAThCs u3BHe. [logobHas
MeTanH(popMalus CyIecTBYeT He TOJIbKO B nPOCMpPancmee, Ho U BO 8PEeMEHU.

Pacemorpum kagp us cpenst CartPole ipu ¢ = 1 (puc. 14.7, a). IIpeanonoxim, uTo y Hac
€CTh JIOCTYII TOJIBKO K H300PasKEHHI0, HO He K CHHTE3MPOBAHHOMY COCTOSTHIO. [JIsi/is1 Ha
ATOT OT/IEJILHO B3SITHIN KaJIP, CMOXKEM JIM Mbl CKa3aTh, YTO IPOU30ieT npu ¢t =2, 3 u T. 1.7
ITO HEBO3MOJKHO. be3 1ocTyIa K COCTOSTHUIO HaM HEU3BECTHBI CKOPOCTH TEJIEKKU UJTH
crepykHst. CTepsKeHb MOKET CTOSITh HETIOJ[BUKHO, TIAJIaTh BJIEBO WJIM BIIPaBo. TOJIbKO
[IOCMOTPEB BCe APyTHe Kaphbl Ha OoJiee MO3MHUX BpeMeHHbIX marax (cM. puc. 14.7, 6—2),
MBI Y3HaeM, 4TO CTEPKEeHb T1aJIaeT BIEBO. ITO UILTIOCTPUPYET OTCYTCTBUE BBICOKOYPOB-
HeBOW MH(MOPMAIIUU O TOM, KaK Cama UHGOPMayus UBMEHSIeMCsl C MeueHUuem 8PEeMEeHIL.
Crioco6 BoccTaHOBJIEHUs 9TOM MH(POPMAIMN 3aKII0YAETCA B TOM, YTOObI cOGPATh 110-
CJIeI0BaTEIbHbIE KaJPbl BMECTE U CYUTATH 9TO OJHUM HaOMIOACHIEM.
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I R N

a)t=1 6)t=2 B)t=3 rt=4

Puc. 14.7. YeTblpe nocnegoBaTenbHbIX kagpa ans cpeabl CartPole

Ha puc. 14.7 MoxHO HabJI0aTh [10CAE[0BATEIbHOCTD UBMEHEHUH, TIOCKOJIbKY CHUMKHI
ObLIN ClIeJIaHbl ¢ PallMOHAIbHBIMU MHTepBaaMu. Hala ciocoGHOCTb BOCIIPUATHSI 9TUX
W3MEHEHUH OTpe/essieTcss YaCTOTOW CMEHBI KaJ[poB. B BRICOKOKAaUECTBEHHBIX UTPax
yacrora 6oJibiie 60 KagpoB B CEKYH/LY, I0ITOMY JIJISI UTPOKOB BUEO BBITJISIUT Helpe-
poiBHBIM. OJTHAKO MPU BBICOKOI YaCTOTE CMEHbI KJ[POB U3MEHEHUST MESK/LY TI0CJIeI0Ba-
TeJIbHBIMU KaJpaMu MaJibl. BeIOUpast 4acToTy CMEHbI KaApoB /1151 00yUeHus, HyKHO 00e-
CTIEYNTD PA3JINIMMOCTh UBMEeHEHUH. UTO KBATM(MUIIUPYETCS KaK Pa3ImunMOe, 3aBUCHT
OT BocTipuHUMAIOMIETO. JI10/111 MeHee YyBCTBUTETHbHBI K MI3MEHEHUSM, YeM MAITUHbBI, TAaK
4T0, ec/i OOBEKT Ha DKPAHE CMECTUTC Ha 1 IMKCEJL, JIIO/IM, CKOpee BCETo, 3TOr0 He 3a-
MeTsT. B 10 jke BpeMst uaMeHeHus OyAyT HAKaIIMBAThCA U C TEYEHHEM BPEMEHU CTaHyT
6osiee pasnnunMbiMi. OTCI0/]a BbITEKAET OOIIECIPUHATAS CTPATEI NSl AKIIEHTUPOBAHMS
[OCJ/Ie[0BATEIbHBIX U3MEHEHHUIT ITyTeM IIPOILyCKa KaPoB, TO €CTh BBIOOPKHU OJHOIO Kapa
13 KaxkbIX £ kaapos. [1Jist urp ¢ yacToToil cMeHbl kaapos 60 onTuMaibHa 4acToTa Ipo-
nycka k = 4. DToT MeToz yrpouiaer o0ydyeHue I areHTa, KpoMe TOro, OH YMeHbIlaeT
ob1Iee KOTMYECTBO JaHHBIX, KOTOPBIE HY/KHO XPaHHTh.

Ecuin 6b1 HaM ceffuac cKasajiu, 4To KaJpbl HA puc. 14.7 IpourpeiBaloTcst B 0OpaTHOM
HOPSAJIKE, TO MBI TPUIILIN OBl K 3aKJTIOUEHUTO, YTO CTEPIKEHb Ha CAMOM JleJie He MaaeT
BJIEBO, & TIOTHSIICS U TTa/laeT BpaBo. JlomkHa ObITh aHa MeTanHMOPMAIUS 0 nopsiodke
credosanus danmvix. COXPAHUTD €€ MOYKHO C TIOMOTITBIO PEKYPPEHTHO HEHPOHHOI ceTH,
JPYTOi crIocob — TiepeiaTh MOC/Ie[0BATENFHOCTD KapoB 1o mopsiiky B MLP wiun CNN.

Hamr noceamii npyuMep — TEKCT Ha KUTACKOM 43bIKe, B KOTOPOM CUMBOJIBI 3AITMCAHBI
B TabIIHIIE, A TIPE/ITOKEHIE COCTOUT U3 TTOCTEI0BATENFHOCTH CUMBOJIOB. VIHOT A TTpes-
JIO’KEHUS IOJIKHDL YUTATbCA CJIeBa HAllpaBO CBePXy BHU3, IOPOIi cCBepXy BHU3 CJIeBa Ha-
IPaBo, a B psijie CayvYaeB CBepXy BHU3 CIIpaBa HasieBo. KpoMe TOro, KHUTY MOKHO YMTATD
cJIeBa HATIPABO WJIU CIIPaBa HAJIEBO, MIPaB/a, 9TO OOBIYHO COOTBETCTBYET HAMPABICHUIO
MOTOKA Tpeioxkennii. Ecim momsitatbest 06y4aTh HEHPOHHYTO CETh MO ABYMEPHOIT
TabJIHIe KUTAHCKITX CMBOJIOB, He 3Has, B KAKOM HATTPABIEHNH HYKHO YUTATD, TO OHA
YBUJUT TOJBKO GECCBAZHYIO MOCJAE0BATEIBHOCT OTAETbHBIX CUMBOJIOB. VcTOpUs 13
KHUTH OY7IeT yTepsiHa.

[TpuMepbI IEMOHCTPUPYIOT, KaK MOKET TTPOUCXOIUTH TIOTEPsT MH(POPMAIINT SSBHBIM U He-
SBHBIM 00pa3oM. DTOT BH/] IOTEPh MOKET BCTPEYATHC B CAMBIX HEOKUIAHHBIX MECTaX.
Bce motepu Takoro posa MOKHO Ha3BaThb MH(MOPMAITMOHHON CJIETIOTOM — MO aHAJIOTUN
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C I[BETOBOM CJICNIOTOH, HO B IPYTUX U3MepeHusax u gopmax uHdopmaluu, BKiovas
MeTanH(pOPMAIIUIO U BHENTHUIT KOHTEKCT.

Taxum 06pasoM, IIPU CKATUK AaHHBIX TIPOBEPSIATE, HEe TPOMBOIILIA JIK oTeps KHMOD-
MalUu, ¢ IOMOIIBIO METOLOB, 00CYKAAEMBIX B 9TOIL IJIaBe.

o CuayuaiiHoe uckmouenne (OCHOBHas TIpoBepka). IIpoBepbTe, 4TOOI KIFOUEBasT MH-
opmarus He Oblia CIydYaiiHO YITyIeHA.

o Kouduukr xemmposanus (dricieHHas nmposepka). IIpu orob6paskeHin 60JIbIIero Ha-
6opa B MEHBbIIee IPOCTPAHCTBO IIPOBEPHTE, YTOOBI He MPOUBOLLIO CAMSHII 9JIEMEHTOB,
KOTOPbIE JIOJIKHBI OCTABATHCS PA3JTUUNMMbIMU.

o Uudopmaimonnas cienora (KauecTBeHHast poBepka). [[posepbre, 4TOObI ¢ TOUKU
3peHIsT YeoBeKa He ObLIO TOTEPh KAk HESTBHON 1 KaueCTBEHHON WH(MOPMAITHH, TaK
u MeTanH(opMaInm.

OCHOBHOE ITPAKTUYECKOE [TPABUJIO: BCET/IA JIyUIlle BHITOJTHUTD OTJIAJIKY CKaTON uH(pOP-
Maruu BpyuHyo. ECJI 4esoBeK He MOKET BOCIIOJIB30BATHCS CKATHIM U300pakeHIEM
WJIM COCTOSIHKMEM, YTOObI UTPaTh B UTPY WK PELIMTh 3ajauy, HEYAUBUTEIBHO, UTO aJl-
TOPUTM TOXKE OKQKETCS HeyJIauHbIM. DTOT IIPUHITUI IIPUMEHUM He TOJIbKO K UTPaM, HO
U B 11eJIOM K JiI00bIM 3agadam. Eciin cocrosiHue — 910 u3obpaskeHue, BUyaJlusupyiire
€T0 U PACCMOTPHTE, €CJIM 3BYK — MPOCYIIANTE, €CJIU 9TO KaKue-To aGCTPAKTHBIE TEH30-
PBbI — pacrieyataiiTe uX W IIPOBEPhTE 3HAUEHNsI. Bo3bMUTE HECKOIBKO MPUMEPOB U TI0-
poOyiiTe 1eficTBOBaTh, OCHOBBIBASICH Ha HUX. B KOHIIE KOHIIOB, BCE, YTO KACAETCS CPEIbl,
JIOJIKHO MIMETh CMBbICJI JIJIsE YesioBeKa. MosKeT oKasaThbCs, 4To pobeMa 3aK/II04aeTCst
He B aJITOPUTME, a B CHHTE3UPOBAHHOM COCTOSTHWH, TIPEIOCTABJISIONIEM HEAOCTATOUHO
nadopmaImm.

ITpeo6pasoBanme cCOCTOSAHUN U3 HEOOPaOOTAHHBIX B CUHTE3UPOBAHHbBIE MOKET OBITh
peasn30BaHo Kak MOJYJIb IIpenpoueccopa coctoanuil. OH MOKeT NPUMEHATHCS OO0
BHYTPH CPE/IbI, OO IyTeM Npeodpa3oBaHmst areHTOM COCTOSIHUS, MPOM3BEAEHHOTO Cpe-
1o, Tie ero nemoab30BaTh, 3aBUCUT OT TOTO, YeM MBI YIIPABJISIeM: HAITPUMED, ECJIU CPe/ia
[pe/ICTaB/IeHa TPETbeil CTOPOHOIL, JJIOTMYHO PEaIn30BaTh IPENPOLECCOP BHYTPU areHTa.

14.5. MNpenBaputenoHas 06paboTka

B aToMm pasziesie Mbl pacCMOTPUM paclpoCTPaHEHHbIE PeaTnu3alluy TPeIBAaPUTETbHON
obpaboTku. TToMrMo 3T0T0, HoJIee AeTaTbHO PACCKAKEM O MIPOMYCKE KaJPOB. ITOT pas-
JIeJI [IPU TIEPBOM UTEHUU MOKHO MPOMYCTUTE Oe3 yiepOa [Jist TOHUMAaHUSI CJIE/LYIOTIX
pas/enos.

I[Ipenporieccop — 370 HyHKIM, TIPeoOPasyoIas JaHHbIe epejl UX UCTIOMb30BAHUEM.
[penBapuTensHas 06paboTKa XapaKTepHa He TOJIBKO 7151 Trybokoro RL — oma mupoko
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MIPpUMEHAETCA B MalllTMHHOM O6y‘-IeHI/II/I. B 11€JIOM IIpeABapUTEJIbHaA 06pa60TI<a JIaHHBIX
BBITIOJTHAETCA ITO MHOTUM TIPUYUHAM, CPE/IN KOTOPBIX CJICAYIOMINE.

® Ouucrtka. Hanpumep, mpu anaimse ecTeCTBEHHOTO S3bIKA U3 TPEJIOKEHUN YIais-
I0TCS1 HEeCTaHAapTHBIE CHMBOJIBI.

e Yucnennoe npencrasienne. O6padarbiBast €CTECTBEHHBIN A3bIK, HeJIb3s1 BBIIOIHATD
BBIYKMCJICHNUST HEIIOCPEACTBEHHO Ha/l CHMBOJIaMU ayihaBuTa. VX Hy;KHO 3aKOANPOBATD
Kak uncya, Takue Kax 0, 1, 2... uiv BEKTOPHbIE MTPEJICTABIEHUST CJIOB, KOTOPbIE MOKHO
Oyzer nepegaTh B HEHPOHHYIO CETb.

o Craumaprusamus. HopmManusamust BXOAHBIX JaHHBIX MTUPOKO TPUMEHSIETCS JIJIST
TOTO, YTOObI CMBICJI U INANIA30H 3HAYCHUH BCEX MPU3HAKOB OBLIN aHAJIOTHYHBIMU.
CeTrt MOTYT yZ€JISATh MPU3HAKaM OGOJIbIIE WM MEHbIIIe BHUMAaHUS B 3aBUCUMOCTH
OT UX OTHOCUTEJBHOTO MaciTaba. Yacto Maciitad MOKeT OBITh TPOU3BOJIBHBIM (Ha-
HpUMep, JAJTMHA MOJKET U3MEPSIThCS B MUJIJIMMETPAX UJIM METPaXx ), HO 3TO HE J0JLKHO
BAUATEH Ha oOyuenne. HopMannsanus mo3BoIsieT MPe0TBPATUTH 9TO BIUSHIE,
BBITIOJTHSIST JIJIST KQJKIOTO MTPU3HAKA BBIYUTAHIE CPEJHETO 3HAYECHUS U JleJICHIEe Ha
cpejiHee KBajipaTHyecKoe OTKIOHEHHE.

e UccaenoBanne. 3a4acTyio HESICHO, KAKOE MTPe/ICTaBIeHUe JAHHBIX HAUTyUIIiee /I
KOHKpeTHOM 3aaun. OJiHa U3 COCTABJIAIONINX TIPOTIECCA HKCIIEPUMEHTUPOBAHMS —
UCIIBITAHKME PA3HBIX METOJIOB TIPEABAPUTETBHON 0OPAOOTKH, TAKMX KAK BEKTOPHBIE
[pejICTaBJIeH s, KOAUPOBaHeE, MPpeodpPasoBaHue B TPALAIMU CEPOTO, CyOIUCKPeTH-
3a1ust u 00beIMHEHNE Ka/[POB.

14.5.1. CranpgapTtumsaums

YTo6BI cTaHAAPTU3UPOBATH HAOOP MAHHBIX, CHAYAIA PACCUNTHIBAIOT 00IIIee CpeHee
3HAUEHUe U CpeJHee KBApaTUIecKoe OTKJIOHEHNE, 3aTeM U3 3HAUeHU I KasKIoN
eIMHUTIBI JAHHBIX BBIYUTAIOT CPEHEE M PA3HOCTD JIEJISAT Ha CpeHee KBa[paTHiecKoe
orknonenue. Terepsb obiee pactnpeaesneHue 6yaeT CAMMETPUYHBIM OTHOCUTENBHO
0 co cpenHUM KBagpaTUYECKUM OTKJIOHEHHEM, PAaBHbIM 1. DTO [MOKa3aHO B ypaBHe-
nun (14.1):

xX—-X

xstd :T_ (141)

1 peannsoBaHo B iuctunre 14.2 (ctpoku 2—6).

[IpyToii TecHO CBSI3aHHBIN METO/l — 3TO HOPMAJIU3AINS TAHHBIX, CIY>KaIas 11 MacIiTa-
OUPOBAHUA OUANA30HA 3HAYeHUI KaXK/0T0 IIPU3HAKa B HaOope JaHHbIX JI0 IIPOMEKYTKA
meskay 0 u 1. Ilyerb gan HaGop JaHHBIX, TOT/A It KasKIOrO IPU3HAKA HAlleM MUHUMYM,
MaKCHUMYM U Pa3bpoc 3HAUEHWIT, 3aTeM W3 3HAUEHUST [JIsI KaXK[0W eJMHUIIbI TAHHBIX
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BBIYTEM MUHUMYM ¥ Pa3/eJIMM Pe3yJbTaT Ha BEJIUYNHY pazbpoca 3HaYeHWH. DTo Mo-

Ka3aHo B ypaBHenun (14.2):

=" %uhn (14.2)
x

norm x
max min

U peasr3oBaHo B yinctunre 14.2 (ctpoku 8—15).

JinctuHr 14.2. MeTog CTaHAapTM3auUmMmn TeH3opa

1 # wcxopgHbt kof: slm_lab/agent/algorithm/math_util.py
2 def standardize(v):

3 '''MeToA CcTaHAapTM3auuMuM MaccuBa numpy paHra 1'''
4 assert len(v) > 1, 'Cannot standardize vector of size 1°
5 v_std = (v - v.mean()) / (v.std() + 1le-08)

6 return v_std

7

8 def normalize(v):

9 '''MeTo4 HOpManusauuMuM MaccuBa numpy paHra 1'''
10 v_min = v.min()
11 v_max = v.max()
12 v_range = v_max - v_min
13 v_range += 1e-08 # orpaHuyeHue npu AeneHuun
14 v_norm = (v - v_min) / v_range
15 return v_norm

Merozbl 13 juctusra 14.2 paboTaroT TOJIBKO JJIsT JAHHBIX, TIOJTYYEHHBIX TPU 00y YEHIH
0 OTJIOKEHHOMY onibITy. B RL aHHbIe OPOKAAIOTCA IPU OOYUEHUH 110 aKTYaJIbHOMY
OIIBITY, TO €CTh 06Pa3yIOTCs MOCTEIIEHHO C TeYeHeM BPpeMeHH Yepe3 B3auMOIeHCTBIS
arerTa co cpejoii. Ciie/joBaTebHO, HY}KEH METOJ CTAHAAPTU3AIUN TT0JYYeHHBIX TTPU
00yYeHNN 110 aKTyaJIbHOMY OIIBITY JAaHHBIX JJs COCTOSAHUI. Peasusanmio oHmait-
craHgapTusauu MokHo Haiitu B SLM Lab B s1m_lab/env/wrapper. py.

Itu apdekTuBHBIE METO/IBI NIMPOKO ITpUMeHsioTcs. OHAKO CHaYaIa BAsKHO IIPOBEPUTD
BU3YaJIbHO, 4TO B TIpoOIecce He Oblia yTepsiHa HUKaKast Kpurudeckas uugopmaigust. [Ipo-
UJIIIOCTPUPYEM 9TO Ha IIPUMepe.

PaceMoTpuM pasHooOpasmHyio cpefy ¢ (GUKCHPOBAHHBIMU MO MECTOMOJIOKEHUIO TIPH-
3HaKaMU, Takyto Kak Kapra B Dota 2. Teppuropualibible U KJI0YeBble 00bEKThI UTPhI
3aUKCUPOBAHBI B KOHKPETHBIX JIOKAIUSIX. [IPEAMONOKUM, 9TO BO BpeMst 00yUeHUsI
areHT BUIUT TOJIbKO CTAH/IAPTU3NPOBAHHBIE KOOPAWHATHI MecTomookeHn . [Tockombky
KapTa 60JIbIIAs], BEJIMKA BEPOSITHOCTD TOTO, YTO ar€HT CMOSKET UCCIIEJOBATH JIUIIb MAJTYIO
ee 9acTh. ITO 3HAYUT, UTO €T0 CTAHAAPTU3UPOBAHHDIE AaHHbIE OYAYT TPEICTABIATH
TOJIBKO ATOT HEOOIBIIOi y4acTOK KapThl. ECIM MOMECTHTH areHTa Ha HeUCCIIEIOBAHHYTO
TEPPUTOPUIO, TO PA3BPOC WM CTAHAAPTHOE OTKJIOHEHUE JAHHBIX BHE3AITHO U3MEHUTCS.
ITO MOKET ITPUBECTH K TTOSIBJICHUIO TIOC/IE CTAHIAPTU3AINT AHOMAJIbHBIX €/IMHUIT TAHHBIX
¢ mpeieTbHbIMU 3HaYeHusIME. Elte G0sbiiast mpobJieMa 3aKI04aeTcst B TOM, YTO MOTYT
CMECTUTbHCS 3HAUYEHUST, KOTOPBIM COTIOCTABJIEHBI BUIEHHBIE TIPEXKE COCTOSIHUS, U TEM
CaMBIM U3MEHUTCST MX CMBICIL. ECIIH cTaHIapTH3AIHST MTH HOPMATH3AIINS T1eJ1ecO000Pa3HbI,
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HO Ty100aj1bHast MHGOPMALIUS TOKe HeOOXOANMA, TO MOKHO IepejiaBaTh areHTy u 06pabo-
TaHHble, 1 HeoOpaboTanHble ganubie. B apxurextype arenta OpenAl Five abcomornas
[TO3UIIMS HA KapTe CTAHOBUTCS OJTHUM U3 BXO/HbIX 3Hauenuii [ 104].

[ToaBojs nTorK, HYKHO CKa3aTh, YTO CTAHJAAPTU3AIMS 1 HOPMAJIU3AIlUA — YPEe3BbIYaliHO
yo6HbIe METO/IbI OYMCTKU Habopa MaHHbIX. OHU MOTYT GbITh MOJE3HBIMU JJIst OOYUYeHMsT,
HO IIPUMEHSITD UX CJIe/lyeT 0cTOPOKHO. CBe/leHnst 00 OTHOCUTELHBIX H3MEHEHUSIX TIPH
npeoOpasoBaHiy COXPAHSIOTCH, HO abcooTHas robanbHas HH(GOPMAIINS MOKET ObITh
yrpauena. Jljist peainsaliiy STUX METOIOB HYKHO TIyOOKOE TOHUMaHKe Habopa TaHHBIX
1 nH(GOPMAIIH, HCOOXOAMMOM JJIsT PEITEHUST 3aJaUl.

14.5.2. NMpenBaputenbHas 06paboTka n3obpakeHnn

[BeTHOE U POBOE M300pasKeHE OOBIYHO MPEICTABIEHO TPEMSI [IBETOBBIMU KAHAJIAMU:
KPACHBIM, 3€JIEHBIM U CUHUM, KOTOpBIe cOKparieHHo obosHauyainTcst RGB (Red, Green,
Blue). Dto pasnoskenne n306pakeHUsT HA TPU JABYMEPHBIX CJIOs, KaKI0e 3HAUCHIE Ha
KOTOPBIX TIPEJICTaBJISIeT MHTEHCUBHOCTD (SIPKOCTH ). CireZ1oBaTeIbHO, KaXKABIN CJIOH — 2TO
HHTEHCUBHOCTH OTHOTO U3 I[BETOBBIX KaHAIOB n300paskertist. COBMEIEeHEM IBYMEPHbIX
CJIOEB JIPYT € IPYTOM 06pasyeTcst TpexMepHbIil Tensop. Kaskapiii mukcen Gyner Busya-
JIM3UPOBATBHCS KAK KOMOMHAIMSI €T0 MHTEHCUBHOCTEN B OCHOBHBIX I[BETOBBIX KaHAJIAX.
Ha coBpeMeHHBIX KMIKOKPUCTAJTNYECKUX MOHUTOPAX KaXiblii (hU3NYECKUil THKCe
B IEHCTBUTETHHOCTH SABJISETCS TPEMST PACTIONOKEHHBIMU BILJIOTHYIO IPYT K APYTY KPO-
MIEYHBIMU CBETOAMOAMU KPACHOTO, 3€JIEHOTO ¥ CUHETO IBETOB. VI3/ameka HaM BUTHBI
[[BETHBIE N306PaKEHVIs], HO HE3aMETHbI CBETOIMO/IBL.

JLJist Kask10ro M300pakeH st HAJIMUIKE TPEX IIBETOBBIX KAHAJIOB MO/IPasyMeBaeT HaIUILe
Tpex HabOPOB 3HAUCHUI, TIOITOMY JIJIS €r0 XpaHeHwust moTpeGyeTcst B TpU pasa OoJibIie
MecTa, YeM TSI MOHOXPOMHOTO n300pasketust. C MOMOIIBIO B3BEIIEHHBIX CYMM TPEM
3HAYEHUSM KAJKIOTO IIBETHOTO TMHUKCEIa MOXKET OBITH COMOCTABIEHO OJHO CKAISPHOE
3HaYeHUe. ITO HA3BIBACTCS NPEOOPAZ0BANHUEM 6 2PAOAUUL CEPO20, A PE3YIBTUPYIOTIEE
u300paKeHIe SIBJISIETCS IBYMEPHBIM TEH30POM, KOTOPbIIl 3aHUMAET B TPU Pa3a MEHbIIIE
MeCTa Ha 3a[lOMUHAIOIIEM YCTPOICTBE, YeM MepBOHavaIbHOe n300paskerue. Beca 1iBeToB
ciretyeT mo0upaTh aKKypaTHO, 4TOObI He BBI3BaTh KOH(JIMKTA Xeuposanus. K cua-
CTBIO, B CTAaHAAPTHBIX OUOIMOTEKAX KOMITBIOTEPHOTO 3PEHHUST €CTh BCTPOECHHbIE METOIBI
npeobpa3oBaHust B TPAJAIINE CEPOTO € MOCTOSTHHBIMU KO dUIEHTAMH.

axe nocsie mpeobpa3oBaHUs B TPAJIAIINN CEPOTO PaspelieHre COBPEMEHHOTO TTudpo-
BOTO M300paskeHUsT BCE €lle OCTAeTCS BHICOKUM. I3-3a 9TOro Ha M300paskeHUM OKa-
3BIBAETCsI TOPA30 OOJIbIIE TIMKCEIOB, ueM Tpedyercs B mpolecce ooyuerns. HyxHo
YMEHbBIINTh U300paxkeHue, uTOObI COKPATUTh KOJINYECTBO 3HAUEHUN B TEH30PE U TeM
CaMbIM YMEHBUINTh YUCJIO JIEMEHTOB, HYKIAIOIUXCA B XpaHeHny 1 06paboTke. ITO
HasbiBaetcs cybouckpemusavueti (downsampling) wim ymensmennem pasmepa. C cy6-
JMUCKpeTusalueil cBsizana mpobiemMa pasMbIThsT H300PaKEHUI W YACTUIHOI TTOTEpU
uHpopmarn. CymecTByeT MHOTO aJITOPUTMOB CyOIUCKPETU3AIII, IPU KOTOPBIX Pas-
MBITHE U300PaKeHIT IPOUCXOAUT HO-PAZHOMY.
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[Topoii mosie3Ha TOABKO YacTh U306paskeHus, a GecrosesHbie YacT — 0OBIYHO HTO
paMKa — MOKHO OTOPOCUTH, 4TOOBI elile 6OJIbIe YMEHBIIUTh PasMep U300pakeHUs.
Kak mpaBuJio, aTo JIeJIaeTcst € TIOMOIIBIo 06pesku (cropping) u3odpaskeHusi. B HEKOTOPhIX
urpax Atari B BepXHEl U HUKHEH 4acTSIX MOKA3bIBAETCS CUET. ITH YACTH HE CBSA3aHbI Ha-
MPSIMYIO ¢ COCTOSTHUEM UTPBI, TOATOMY UX MOJKHO 00pe3aTh, XOTsI HET HUYETO CTPAIITHOTO
B TOM, 4TOOBI OCTABHUTD.

U nocsieiiee — WHTEHCUBHOCTD MUKCEJNOB HA M300PAKEHUH MPECTABIEHA T[EJIbIM
YHCJIOM, KOTOPOE MOKET IPUHUMATH 256 3HaueHwit B mHTepBasie 0—255. OOUIenpuHaTO
TIPOUBBOIUTD HOPMALUIAUUIO U300PANCEHUS TIYTEM TIPUBEIEHUST €TO K TEH30PY UHCE
C TIABAIONIEN 3aTSITON 1 TT09JIEMEHTHOTO JIeJICHUsI TIOCJIE/IHETO HA BEJIMYUHY UHTEP-
Basia 255. Takum 06pasoM, OKOHYATETbHBINA TEH30P U300paKeHust OYIeT CoAepKaTh
3HaueHud B uanasone 0—1.

Bce ati MeToABI MpeaBapuTeIbHOI 06paboTKI MOKHO KOMOMHUPOBaTh. 113 c006-
paxkeHuit ahPEKTUBHOCTH UX MTPUMEHSIOT B CJCAYIONIEM TTOPSI/IKE: TIPeodpasoBaHue
B IPaJIalliyl ceporo, CyOANCKpeTusaIust, o0o6peska U HopMaau3alust u3obpaskenus. B -
crunre 14.3 npusenenn peanusanust 8 SLM Lab mertosoB nipeasapurensHoit 06paboTku
u300paKeHN, a TAKKe OT/IETbHBIE MX KOMOMHATIITL.

JuctuHr 14.3. Metoabl NpeaBapuTenbHO 06paboTku n3o6paxeHuii B SLM Lab

1 # ucxopgHbit kop: slm_lab/lib/util.py
2 import cv2

3 import numpy as np

4

5 def to_opencv_image(im):

6 "' 'Mpeobpa3oBaHue B CTPyKTypy u3obpaxenusa h,w,c B OpenCV'''
7 shape = im.shape

8 if len(shape) == 3 and shape[@] < shape[-1]:

9 return im.transpose(1, 2, 9)
10 else:
11 return im
12
13 def to_pytorch_image(im):
14 "' 'NMpeobpa3oBaHue B CTpPYKTypy u3obpaxeHwua c,h,w B PyTorch'''
15 shape = im.shape
16 if len(shape) == 3 and shape[-1] < shape[0]:
17 return im.transpose(2, 0, 1)
18 else:
19 return im
20
21 def crop_image(im):
22 '''0bpe3Kka He MCMONb3YEeMblX HUXHUX paMoOK B urpax Atari'''
23 return im[18:102, :]
24
25 def grayscale_image(im):
26 return cv2.cvtColor(im, cv2.COLOR_RGB2GRAY)
27

28 def resize_image(im, w_h):
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29 return cv2.resize(im, w_h, interpolation=cv2.INTER_AREA)
30
31 def normalize_image(im):
32 "' "Hopmanusauma u3obpaxeHus AeneHMeM Ha MaKCWMManbHOe 3HaveHue 255'""°
33 return np.divide(im, 255.90)
34
35 def preprocess_image(im):
36 e
37 MpeaBapuTenbHaa obpaboTka M306paxeHus
= c nomowbi MeTofoB OpenAl Baselines: grayscale, resize
38 B resize BMecTO 06pe3ku npumeHAeTCA pacTAruBaHue
39 e
40 im = to_opencv_image(im)
41 im = grayscale_image(im)
42 im = resize_image(im, (84, 84))
43 im = np.expand_dims(im, ©)
44 return im

14.5.3. NpeaBaputenbHas 06paboTka BpeMeHHbIX AaHHbIX

[TpenBapuTenbHas 06pabOTKA BPEMEHHBIX JAHHBIX UCIIOIB3YETCS TSI BOCCTAHOBJIEHUS
WJTA KOHIIEHTPAIUH TTOJyYaeMOil Ha MHOKECTBE BPEMEHHBIX MIATOB WH(MOPMAIIUH, KO-
TOPYIO B IPOTUBHOM cJiydyae GbLI0 ObI TPYAHO WM HEBO3MOKHO 3aMETUTDH MO OIHOMY
U300PAKEHUIO.

Ectb nBa 9¢hPeKTUBHBIX METO/Ia MPEABAPUTENBHOM 06paGOTKYM BPEMEHHBIX JaHHBIX:
obvedunenue kadpoe (frame concatenation) u nakonienue xadpoe (frame stacking).
OHU IPUMEHSIOTCS JIJIS y4eTa MoJydaeMoil 3a MHOTO TTaroB WHMOOPMAIIUN, TAaKOH KakK
IBICKeHMEe 00beKTOB B Pong n3 Atari u OpsIOK cJie/IoBaHWsI H3MEHEHWUI BO BPEMEHH.

O06bennienye 1 HAKOTJIEHHE MOTYT UCITOIb30BATHCS COBMECTHO C JIIOOBIMU HEPEKYP-
peHTHBIME ceTsmH. ITycTs s, — cocrosmnme, mojaBaeMoe Ha BXOJ ceTH 6e3 KaKoTo-11b0
obbenumenist i Hakoruienus. CobupaeM B 00TIIel CIOKHOCTH ¢ KAIPOB, T/Ie ¢ — JITH-
Ha TPy OO BEAMHEHUY W HAKOTUICHUH, ¥ CBOJIMM UX B OJIUH TEH30P C OMOIIBIO 00b-
eHeHUs (HaIpuMep, np . concatenate) niu Hakomenust (Haripumep, np. stack [143]).

3areM mepeaeM TIpeABaApUTETLHO 06paboTaHHOe COCTOSTHIE Ha BXOJ CETH. 3aMEThTE,
MOCKOJIBKY Y HOBOTO BXOJIHOTO 3HAYEHHUST JIPYTasi CTPYKTYPA, IJIs er0 00pabOTKU BXOIHOI
CJIOH ceTH ToJIKEeH OBITH COOTBETCTRYIONNM 06pazoM Moauduimposan. [Ipu obyuennn
CeTh HACTPAMBAETCST BU/IETD TIO3UIIH B TIPEIBAPUTETHHO 00pabOTAaHHBIX BXOIHBIX J[aH-
HBIX IIpe/ICTAaBJICHHBIMY B IIOPS/IKE CIe[0BaHUS BO BPEMEHU — I10CJIe [1ePBOTO Kajpa
WJIeT BTOPOH 1 T. JI.

PazamIa MeXIy IBYMs 3TUMH METO/aMU 3aKJI0YaeTCsI B CTPYKTYpe pe3yabTUpY-
IOTIETO BBIXOAHOTO 3HaYeHus. [Ipn 06beIUHEHNH COXPAHSIETCST PAHT TeH30pa, HO
YBEJIUUUBAETCS Pa3Mep U3MEPEHUs, TI0 KOTOPOMY Mpoucxoaut obbveanuenue. Ha-
npumep, mocyie 0ObeANHEHUS YeThIPEX BEKTOPOB OYET MOJY4YeH BEKTOP B YEThIpe
pasa juiMHHEE, YeM nepBoHavaabHblil. O6beuHeHne 0OBIYHO TPOU3BOIUTCA HAJL
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COCTOAHUAMM, HE ABJIAIONTUMUCA H306pa>KeHI/IHMI/I, 4TOOBI X MOKHO OBLIO JIETKO
nepenaTrb B IPOCTYIO CETh MHOTOCJIOMHOTO nmepruenTpoHa ¢ COOTBETCTBEHHO YBEJIN-
YEHHDbIM BXOJIHBIM CJIOEM.

ITpu HakorIeHIH, HA0OOPOT, PAHT TEH30PA YBEJHUUUBAETCS Ha 1 ¢ cOXpaHeHneM CTPYK-
TYpBI 6a30BBIX TEH30POB. ITO PABHOCUIHHO YITOPSIOUEHUIO TTOCTEA0BATENHLHOCTH
cocTostHuil B crivcke. HarpuMep, HaKOILIEHIE YeThIpeX u300pakeHUl B rpajaiiusx
ceporo (IByMepHbIe TEH30PBI) AT TPEXMEPHDIH TEH30p. ITO AHATOTHYHO M306pa-
’KEHNIO ¢ YeTBIPbMS KaHaJaMH, TOJIBKO Teleph KaHAIBl COOTBETCTBYIOT HE I[BETaM
dopmara RGB, a BpemennbiM 1osunuaM. Hakomiere 0ObIYHO BBIIIOJIHAETCS I
COCTOSTHUH B BH/ie N300pasKeHNH B TPAIATINSIX CEPOTO, a TPEABAPUTENHHO 06paboTaH-
HBIN TPEXMEPHBIN TEH30P MOAETCST B CBEPTOUHYIO CETh KaK U300pakeHUE C YETHIPHMSI
KaHaJIaMu.

Kpowme Toro, o6bennienye 1 HaKOTJIEHIE COCTOSTHUI MOYKHO COYETATh C APYTUMHU Me-
TOZIAMU TIPEIBAPUTENbHOI 06paboTku. Hampumep, MOXKHO, KaK 0OBIYHO JIEJIAeTCsT JIJIsT
cpen Atari, cHauazia mpeiBapuTeIbHO 06paboTaTh M306PAKEHUST C TOMOTIHIO METOJIOB
u3 suctunra 14.3, a 3aTeM HaKOIUTD UX.

IIponycx xadpos (frame skipping) — aT0 MeTOT BpEMEHHOI TIPEIBAPUTETBHOI 00pabOTKH,
KOTOPbIl MeHsieT 3(hheKTUBHYIO 4acTOTy KajpoB. Harpumep, ipu 3navenuu 4 Jijist mpo-
MyCKa KaJIPpoB B BUJIEO OyIeT HAGIOIaThCs JIMIITb KajK/IbIi YeTBEPTHII Ka/Ip, a OCTaIbHbIE
cTaHyT 0T6packBaThCst. ITO hopma CyOANCKPETU3AIIMH LIS BPEMEHHbBIX IAHHbIX.

[Tpotryck kaapoB vaiiie BCEro BBIMOJIHIETCS B Buleonurpax. Bujieo nokaspiBaercs Ha 9Kpa-
He ImyTeM GbICTPOIl BUSyaIM3al[|K Psijia MAYIIIX APYT 3a ApyroM nsobpaxeruii. acrora
BU3yaJIN3aIMU HA3bIBAECTCSA YACTOTON KAJPOB, HATIPUMED, /1T COBPEMEHHBIX BUJICOUT]
o710 60 Kazpos B cekyray (FPS). [l miaBHOro BoCIpousBeieHus BIIeo HeoOXoauma
BBICOKAST YACTOTA KAJPOB, UTO O3HAUAET MOKA3 OOJBIITOTO KOJMIECTBA H300PAKEHIH 32
KOpoTKOe BpeMsi. IMeHHO noaToMy (ailsibt ¢ pubMaMu 06bIYHO OTPOMHBIE.

Ecavt BBIIOKUTH B Psiji BCe U300PAKEHUsI, COCTABJSIONINE BUIEO, TO X OYIeT MHO-
ro — GoJIbIIe, YeM HYKHO A1 00ydeHus arenTa xopoureii crparerun. MameHnenus na
GOJIBIIMHCTBE N300pakeHUi OYAyT CAUMIKOM MaJibl, YTOObI ObITh 3HAYMMbBIME, — JTO
HY’KHO, 4TOOBI BIEO OBLIO IJIaBHBIM, HO OeciiosesHo iyt o6ydyenus. OOyuaroremycs
areHTy Tpebyercst BOCHIPMHUMATD 3HAYMMbIE PA3INYUsA MKy Kaapamu. UTo emme xyxe,
06paboTka BeexX M306pakeHU OyeT CAUIITKOM BHIUMCIUTETLHO 3aTPATHON U HEIIPOU3-
BOZNTEITHHOM.

ITportyck GOMBITIMHCTBA KaJPOB PEIIACT TIPOOTIEMY JIUIITHUX JAHHBIX B BU/EO C BBICOKUM
FPS. 3azaB B kayecTBe puMepa 4acToTy TPOIyCKa KapoB 4, Mbl Gy/1eM BU3YaTU3HPO-
BaTh TOJHKO KasK/BIH YETBEPTHIH KaIp U 0OTOPACHIBATH BCE M30OPAKEHUST MEKTY HUMU.
K Tomy ke cpejia 3HAUMTETHHO YCKOPUTCS U3-32 TOTO YTO BU3yaus3anus OyIeT 1mo-
TPeOJIATH MEHbIIIE BEIYUCTUTETLHBIX PECYPCOB. DTO CTAJIO OOIIENPUHATON MPAKTHKOT
muist uTp Atari ¢ MOMEHTa, KOTZIa B OpurnHambioil ctatbe 0 DQN [89] 6511 ipesmosken
c110co6 cospanns ahPeKTUBHON YacTOTh Kagpos 15 FPS. IToT ke MeTo MOKeT ObITh
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HCIIOJIb30BAH U B JIPYTUX BUICOUTPAX, XOTS JIJIST KAXK/IOH M3 CPell HyKHO TT006paTh Mo/i-
XOJISILYIO YaCTOTY HPOITYCKA KajIpOB.

ITo 6OJIBIIIOMY CUETY, MPOITYCK KaJPOB He OTPAHUUEH TOJIBKO BUIEO — OH MOXKET ObITh
npUMeHEH K 060 (hopMe BPEMEHHBIX JIAHHBIX, UMEIOIIEl TapamMeT], PABHO3HAUHBIIT
JacToTe Ka/IpoB. B KauecTBe MpUMeEpPOB MOKHO TIPUBECTH CUTHAJIBI HAa (hOHIOBOM PHIHKE,
ayJIMO[aHHbIe, BUOpAIK 00BEKTOB 1 T. I Y MEHBIIIEHUE YACTOTI BEIOOPKH, IO CYTH,
SIBJITETCST METO/IOM BPEMEHHON CYOANCKPETH3AIIITL.

HecMmoTpst Ha ¢BOTO 3(h(HEKTUBHOCTD, MTPOMYCK KAAPOB COMPSIKEH € PSIOM TTPOBIEM.
B Buzeonrpax 4acTo BCTPEUAIOTCS MEPIIAIOIINE 3TIEMEHTHI, TaKNe KaK aHMMUPOBAHHBIE
HepCOHaKK B KJaccuueckoM Mario uim 6;oku B Breakout us Atari. K coxkanenuto, eciu
JacTOTa TPOTIYCKA KAJPOB COBIAJET C YACTOTONH MEPIIAHWS 3TUX 3JIEMEHTOB, TO OHU
He Gy/IyT BU3yaM3UPOBAHBI JOJLKHBIM 00pa3oM. Viin, uTo ere Xyske, Mbl BOOOIIE MX
He YBUINM, eCJTU OYIYT MOTyYeHbI TOTBKO Te KAPBI, T7Ie T JIEMEHTHI 3aTEMHSTIOTCS.
CriemoBatenbHO, MOJKET OBITH OTEPSTHA KAKasI-TO BAKHAST MHMOPMATINS.

OjHO 13 OGXO/IHBIX PEIIEHUIT — B3STh WIYIIIE TOAPSIL TPOIYIIEHHBIE KAJIPhI U BBIOPATH
MaKCHMaJIbHOE 3HaYeHIEe (MAKCUMATBHYIO SIPKOCTD) Ha Tkces. O6paboTka mepBoHa-
YaJIbHO TIPOITYIIEHHBIX IAHHBIX TIPUBEIET K YBEJNUEHNIO KOJTMYECTBA BBIUNCIECHNN 1,
BO3MOJKHO, 3aMeIUT o0yuerue. Bosee TOro, 3/1ech PEANOIaraeTcs, 4To Mbl 3auHTe-
pecoBaHbl B APKUX 2JIEMEHTAX, HO B HEKOTOPBIX UTPaX MPUMEHSIETCS TeMHAsT 1IBETOBAs
cXeMa, IOITOMY KJIFOUEBbIE 3JIEMEHTBI UTPBI OY/IyT, HA0OOPOT, TeMHBIMHI. B 5TOM Carydae
noTpebyeTcst BIOMPaTh MUHIMAIbHbBIE 3HAYCHUS THKCEIOB.

Bosee mpocroe perenvie mpobaeMbl, BBI3BAHHON PETYJISAPHBIM MPOIMYCKOM KaIpOB,
3aKJTIOYAETCST B TOM, YTOOBI IEJIATH 9TO CTOXACTHYECKN. PACCMOTPUM B KaueCTBe MILTIO-
CTpAIMK CJIYYaliHBIi TPOIYCK KaJ[POB € 4acToToi 4. /17151 9TOr0 creHepupyeM 1 COXpaHuM
B [TAMSITH CJIEYIONIME YeThIPe KaJIpa, 3aTeM CIyYaiiHbIM 00pasoM BbIOEpeM OIMH U3 HUX
JUIST BU3yaJIM3alini, a octaabHbie oTOpocum. Heoctatok aToro MeTozia B TOM, 4TO OH
BHOCHUT CTOXaCTUYHOCTD, BbIPAXKEHHYIO B CJIyYalHBIX 3a/I€PIKKaX KaJPOB, YTO MOYKET
OBITH TPUEMJIEMO JIJIST MHOTHX, HO HE JIJIST BCEX 3ajad. DTOT METO/] TIPEIBAPUTENbHON
06paboTKI MOJKET MOCTABUTD MO/ YTPO3Y PEIeHuUe 33/[a4r CPEbl, eCJIu TpebyeTcst cTpa-
TEeTHUs ¢ TOYHOCTBIO 710 Ka/ipa. CTpaTeruy ¢ TOYHOCTBIO /10 Kaipa PEasbHO CYIIECTBYIOT
B kubepcnopre. [Tpocto mocMoTpuTe Ha MUPOBO#T PEKOPJL TI0 CKOPOCTHOMY ITPOXOJK/IE-
HUO Urpbl Super Mario Bros, 4To6bl yBUAETD, KaK JIYUIIAe PEKOPACMEHBI TSI YCIEITHOTO
BBITTOJTHEHUST OT/IEJIbHBIX 33/IJaHNII JIECTBYIOT CTPOTO B OIIpe/ieJIeHHBIX Kaj[pax.

B 0611emM-T0, He CyIIEeCTBYET HACaTbHOrO METO/IA TPOITYCKa KaIPOB, IPUIOKUMOTO KO
BceM 3azayaM. Y Bcex cpell U HabOpOB JaHHBIX CBOM OCOGEHHOCTH, II09TOMY CHadasa
HY’KHO TIOHSITh JaHHBIE, & TOTOM BBIOMPATD MOAXOASIIIIA METO/[ ITPOTTYCKa KaPOB.

[Tporyck KaZpoB MOKHO TPUMEHSITH U K AeiicTBrsiM. Vrpast, soan o6sramno Habmoma-
10T MHOKECTBO KaJIPOB JIO TOTO, KaK MPEAIPUHATD JeicTBIe. ITO Pa3yMHO, Be/lb HaM
HY>KHO MTOJIYYHUTb JOCTATOUHO WH(DOPMATIIH, TIPEK/IE YeM MPUHSTH B3BEIIEHHOE Pelre-
nue. [Ipu mpoxosk/eHNN KaKI0i UTPHI €CTh CBOS W/leabHAsT CKOPOCTH BBITIOJHEH WS
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o deKTUBHBIX AelicTBUil. s NIyTepoB He0OXOAUMBI ObICTPBIE PedIIEKCH, TOrIA KAk
B CTPATETHUYECKUX UTPaxX TPeOyeTcss MeTIEHHOE | JIOJITOCPOUHOE Manuposanue. O61ie-
MPUHSTBIN MOKa3aTeib — KOJUYECTBO JleicTBUl B MuHyTY (actions-per-minute, APM)
B IPEJIIOJIOKEHUH, UTO YACTOTA CMEHbI KaJ[poB noctosinHa (Harpumep, 60 [y). s
Harmero 06CysKaeHnst 6oIee HaTesKHbIM STBISETCS OOPATHBIN TTOKA3aTeTh — KOJTNYECTBO
KaZpoB Ha jeiicteue (frames-per-action, FPA), mosydeHHoe Je/leHIeM YacTOThl CMe-
Hbl kajipoB Ha APM. Bceem urpam nipucyiie cBoe pacrpesneneane FPA: qunaMuanbim
urpaM — bosee HusKKe 3Hadenust FPA, a urpam B MeisieHHOM TeMIie — 6oJiee BBICOKHE.
ITocKoJIbKY MbI COBEpLIAEM JeliCTBIE OJMH Pas 3a MHOro KaapoB, FPA B 6oJibuiHcTBE
CJIy4aes J0JIKHO ObITh Bbiiie 1.

[Ipn peammzanum porrycka KaipoB /i AeUCTBUH HY>KHO yUecThb O/IHY ieTamb. [Ipesmmo-
JIOAKHM, Y CPEIbl ECTh OCHOBHASI PeaibHasl YACTROMA CMEHbL KAOPOE, TOTIA KaK IIPOITYCK
KaJIPOB JIaeT MEHBIIYIO 3¢hexmusiyio uacmomy cmenvt kaopos. I1pu nmpomycke KagpoB
COCTOSTHUSI BOCITPUHUMAIOTCS ¢ 9 (PEKTUBHON YaCTOTOI, U C TOM JKe YaCTOTOM TIPEITPU-
HUMaloTcs jelictBud. [lo oTHOMIEHNIO K peasibHbIM KazipaM FPA paBHOIIEHHO yacToTe
nporrycka Kazpos. «Iloj karmoToms maru B cpesie TpoU3BOSITCS € PeaTbHON YaCcTOTON
CMEeHBI KaJIPOB, TTO3TOMY B KaXKJIOM PEaJbHOM KaJ[pe OXKUAeTCsI COOTBETCTBYIOIIEe
JIefICTBUE, B CBSI3M C 3TUM C TOUKHM 3peHust BHyTpeHHel cTpykTypbl FPA Bcerna pasHo 1.
CrenoBaTebHO, MPU MPOITYCKe KaJPOB HYKHO PEATM30BaTh JIOTUKY MPEI0CTaBIEHU S
JIeCTBHIA ¢ peabHOI 4acTOTOl 1Ipoiycka kaapoB. OObIYHO 9TO BLIIIOJHSIETCS allrOPUT-
MOM TIPOTIYCKa KaZIPOB CPE/IBI.

B HexkoTOpBIX cpejiax JIoIycKaeTcs He BBIIOJIHATD AeicTBUA. B aToM ciyyae HU4ero
He HY/KHO JIeJIaTh, 1 GECTTOKOUTHCS CJACAYET JIUITh O MPEIOCTABICHUN ACHCTBUN ¢ a-
(bekTHBHOI YacTOTOIT CMEHbI KaZpoB. B apyrux ciyyasax cpezibl TpedyIOT JeiicTBIIL ¢ pe-
AJTbHOM YaCTOTOI CMEHBI Ka/poB. Ecin fieficTBHA He MMEIoT HaKOIUTeTIbHOTO atherTa,
TO OHU MOTYT 0€30TaCHO TIOBTOPSITHCS B MPOTMYTIEHHBIX Kaapax. Haxkarne KHOTKI
MmbIin B Dota 2 006J1aaeT aTUM CBOMCTBOM: YKCJIO TIOBTOPHBIX HAKaTHUIH, CeTaHHBIX
HUIPOKOM /10 (haKTUYECKOro BBIIIOJIHEHNA JIeHCTBUSA, He uMeeT 3HadeHus. TeM He MeHee
€CJIN y JIeCTBUIT eCTh HAKOMUTEIbHBIH 9(h(eKT, TO OHM MOTYT BCTYTIATh B TPOTHBOPEYNE.
Hanpumep, 6pocok 6ananom B MarioKart [84] o6magaer HakonureabHbIM 29 HeKToM:
GaHaHBI — IEHHBINH PeCypC, HE CTOUT PACXOA0BATh MX BIIYCTYIO HA TOBTOPSIIOIINAECS
neiictBust. BesomacHbiil BapuanT — GeszieiicTBre (MIPEA0CTABIEHIE XOJOCTIX IEHCTBUI
nn null) B IPOITyCKaeMbIX Kajipax.

Ecim FPA cauiikom HU3KOE JIJIsl UTPBI, TO areHT CTAHOBUTCS 2UNEPAKMUBHDIM W €TO
JEHCTBUS MOIYT CTaTh IPOTUBOPEUNBBIMU. ITO SIBJIEHUE CIIOCOOHO pruobpecTu GopMy
OPOYHOBCKOIO JBIKEHUS — CIYIaiiHOTO OIyKAAHUS ¢ YCPEAHEHUEM 110 OOJIBIIOMY KO-
JinuecTBy JeiicTBuil. Jlaske Korza yactoTa rnpoiycka KajapoB uaeaibia, FPA Bce paBHo
MOJKET OKa3aThCs CUIIKOM HU3KUM.

Onno u3 cpescts nosbiennst agdexkrusaoro FPA — momumMo nporrycka kajapos /i
COCTOSIHUIA ITPOILyCKaTh elle U aeiicTBus. YTobsl monyunth addextusHoe FPA co sHave-
HUEM 5, IMest 4acTOTy TPOITyCKa Ka[pOoB IJIsI COCTOSTHUM, PaBHYIO 4, HY;KHO ITPOIYCTUTh
5 aheKTUBHBIX KAJPOB JI0 N3MeHeHust feiicTBust. K meficTBUsIM Takske MOKHO TTOBTOPHO
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MPUMEHHUTD TE JKe CAMbIE METO/BI TIPOIYCKA KA[POB € TOCTOSTHHBIMU W CTyYaiiHbIMI
unTepBasaMu. Torga OTHOCUTENBHO BHYTPEHHEH peabHO YacTOTh CMEHbBI Ka[POB
COCTOSIHUSI BU3YAJIU3UPYIOTCS KasK/Ible 4 peasibHbIX Kajpa, a AeHCTBUS BBIITOJTHSIIOTCS
Kaskzbie 5 - 4 = 20 peasbHbBIX KaIpOB.

AHaZOTHYHO TOMY, KaK TIPOITYCK AEHCTBHIT pettaeT MpobIeMy 2unepakmueHocmu azenmd,
MPOIYCK KaJPOB /ST COCTOSTHUH PEITaeT TMPOBIEMY 2unepuyecmeumenvHocmi azenma.
Bes mpormycka Kajpos areHt 6yzer 06ydaThest Ha Mo Pa3indaloninxcsl COCTOSHUSIX,
4TO 03HAYAET, YTO OH JIOJUKEH OBITH YYBCTBUTEIHHBIM K MAJIbIM M3MeHeHusiM. Eciin
nocjie 00yYeHUsT HEOKUIAHHO BBECTH MIPOITYCK KaJIPOB, TO MPUBOJSIIUE K YCIIEXY U3-
MEHEHST B COCTOSTHUSIX OYIyT CTUTITKOM BEJTWKHY JIJIST ATEHTA — OH OKAKETCsT THIEPUYB-
CTBUTEJILHBIM.

Wrak, nig cocTosSTHUI TIPOITYCK KaZPOB MOYKET MTPOU3BOJAUTHCS KAK C TTOCTOSTHHBIMU
MHTEPBaJIaAMU, TaK U CJIyYaiHbIM 00pasoM. ITO IPUBOAUT K PA3INUNIO MEXKILY PeaIbHOI
1 5 GEKTUBHOI 4aCTOTOI CMEHBI KaZIpOB, 1 MOKET MOHAZ00UTHCs ocobass oOpaboTka
BBIIIOJIHEHUS aroB B cpeje. Kpome Toro, Hponyck KajpoB MOKeT ObITh HPUMEHEH
U K JIENCTBUSIM.

14.6. Pe3iome

B aroii ritaBe 6L PACCMOTPEHBI HEKOTOPbIE BasKHBIE CBOUCTBA COCTOSIHUN ¥ UX Pas-
HOOGpasmbie (hOPMBI, TakMe Kak BEKTOPBI MH M306paskenus. Takske ObLIO yCTAaHOBIEHO
pasiyre MexIy HeoOpabOTaHHBIM M CHHTE3MPOBAHHBIM COCTOSTHUSMYL.

Clrietyer mpoaHaIM3upoOBaTh, COAEPKUT JIU HeOOPAOOTAHHOE COCTOSTHUE, TIONYIEHHOE
U3 BHEIHEr0 MUPA, TIOJIHBINH HABOP CBeleHnil, HeOOXOAUMBIX JIJIS PENICHIS 3a/laui.
3areMm, MCXOJIsI 3 ITOTO, CIIPOEKTUPOBATD TPECTABIEHUE COCTOSIHUST — HAGOP BbI-
OGpaHHbBIX BPYUHYIO CBEIEHHUIA, TI0JIC3HBIX C HAIllel TOUKK 3peHust. [IpU POeKTUPOBAHUH
COCTOSIHUSI HY>KHO YUUTBIBATD P/l BXKHDBIX (DAKTOPOB — IIPEXK/IE BCEIO €r0 CJIOKHOCTD,
MOJTHOTY ¥ TIoTepu wHbopMaruu. /171st yro6eTBa HCMOMB30BAHNS BRIUMCIUTETBHAS CJIOK-
HOCTb COCTOSTHUI JI0JKHA ObITH HU3KON. MbI TakKe 0OpaTHIN BHUMAHKE Ha HEKOTOPBIE
HOTEHIUAIbHBIE TIPOGIEMbI, YTOOBI TAPAHTUPOBATH, YTO B MPEACTABICHUN COCTOSHUS
He MMPOUCXOAT MOTEPU KPUTHUECKU BAKHON 7T PENIeHUs 3a/1aui WH(DOpMAII.

B xoH11e MBI pacCMOTPETN HECKOJBKO PACTIPOCTPAHEHHBIX METOIOB MPEBAPUTEIBHOIM
00pabOTKH COCTOSTHUI, TAKUX KaK CTaHAAPTH3AIMs YUCIEHHbBIX TaHHBIX, YMEHbIIECHIE
pasmepa, mpeobpasoBaHiie B IPalalliii CEPOro U HOPMAJIM3AIU /IS IAHHBIX B BUJIE U30-
OpaskeHuI, a TakKe COBMeIeHHUe ¥ IPOIYCK KaPOB JJIsI BpeMEHHBIX JaHHBIX.



[encrteus

ﬂeflCTBI/Ie — 9TO IIOJIydaeMO€ Ha BbIXO/I€ ar€HTa 3Ha4Y€HNE, KOTOPOE€ U3MEHAET Cpey,
BbI3bIBas €€ IMepexo/ B CaeAyIonee COCTOAHMNE. CocrostHue Ha6JHO/Ia€TCH, JeficTBIE
ITPpON3BOANTCA.

ITpoekTrpoBaHue AeHCTBUIT MMeeT OOJIbIIoe 3HAYEHHUE, TOCKOJIbKY OHU JafOT areHTy
COCOOHOCTD UBMEHSATH cpefty. OT TOro, Kak CIIPOEKTUPOBAHBI J€HCTBUS, 3aBUCHT, Oy/IET
yIpaBJeHre CHCTEMON JIETKUM MJIN TPY/THBIM, CJIEZIOBATETHHO, 3TO HATIPSIMYIO BIHUSIET HA
CJIOKHOCTD 3a/1aur. KOHKpeTHast CTPYKTYpa YIPaBJICHUS MOKET OBITh PAIIMOHAIBHOM
JUIST OTHOTO YeJIOBEeKa, HO JIUIIEHHOH cMbIca Jiuid ipyroro. K cyacTbio, OHO U TO ke
NeficTBIE BCeTia MOXKET OBITH TIPOM3BEIEHO padHbIMu criocobamu. Hampumep, Kopob-
KOI1 mepeiad aBTOMOOUIIST MOSKHO YITPABJISITH BPYYHYIO MJIH @BTOMATUIECKH, HO JIIOIH
06BIYHO CYUTAIOT, YTO BTOPOI BAPUAHT IIPOIIIE.

MHorue BbIBO/IbI, C/leJIaHHbIe B rJ1aBe 14, IPUMEHUMbI U K TTPOEKTUPOBAHUIO JIEHCTBUIA.
ITo crpykType aTa ry1aBa cxo’ka ¢ OCTaJbHBIMU: CHAYAJIA JJAHbI IIPUMEPHI HEKOTOPHIX
JefcTBII U paccKazaHo 00 OCHOBHBIX IIPUHIIUIIAX IIPOEKTUPOBAHMUS, 3aTEM PACCMOTPEHbBI
MMOJIHOTA M CJIOKHOCTD JIECTBUIA.

15.1. MpumMepbl AencTeni

B noBcenneBHO¥ KU3HU IEHCTBUSI MOTYT HIPOSIBJISATHCS B Pa3HbIX (DOPMax, OT 3HAKO-
MbIX /10 HEOKN/JaHHDbIX. Bce, YTO MOJKET NPOU3BOAUTH U3BMEHEHMA B Cpe/ie, CHUTAECTCA
netictBreM. VITpoBble KOHTPOJLIEPDI U MY3bIKaJIbHbIE UHCTPYMEHTBI — OJIMH U3 CAMbIX
MIPUBBIYHBIX TIPUMEPOB AJIEMEHTOB yIIPaBJIeHus jlelicTBusgMu. J[pyroit — duszunueckue
TepeMeIeH st Halero Tesa. [[BukeHrst poOOPYKN BHYTPH SMYJISAIINN — BUPTYATbHBIE
JICUCTBUA.

B uncne Meree 3HaKOMBIX HAXOIATCS TOJOCOBbIE KOMAH/Ibl BUPTYadbHOMY aCCUCTEH-
Ty — JIeHCTBUSI, 3aCTABJISTIONINE €T0 BBITIOJHATH 3a7ianust. Komnraube MypJbIKaHbe — 9TO
nelicTBUE 1719 MPUBJICUEHUS BHUMAHUA Jofiell. MarHuTHOe ToJie TOPOKIaeT CUTY,
JEHCTBYIOIIYO Ha 3apsizKeHHble YacThIbl. DakTuyecKu AeiicTBUSA MOTYT IIPHOGPETATh
00y10 (hopMY IIPU YCIOBUH, YTO 9TO UHGOPMAL, KOTOPYIO MOKHO IepeaTh, YT00bI
W3MEHUTDb CUCTEMY.
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Kax u peasbHbie cpejibl, IEHCTBUS TOKE MOTYT OBITH caoxkHbIMI. Hampumep, pabora
PYKOI — 9T0 cytokHast (hopMa YIPABJIEHUS € TIPUBJIEYEHIEM OOJIBIIIOTO YUCIa MYCKYJIOB,
TOYHBIX KOOP/IMHAT U JIOBKUX peaklil Ha Boz/eiicTBre OKpysKatolell cpebl. Mbl, J0/1u,
[OKa PacTeM, TPATUM MHOTO JIET Ha TO, 4TOObI OBJIaJIeTh BCeM aTHM. B Mozennpyembix
cpefiax AEUCTBUS YacTO YIIPOIIAKOT, HAIPUMEP, POOOPYKa MOKET UMETh JI0 ICCSATH CTe-
reneit cBoGObI. ITO CYIIECTBEHHO OTIUYAETCS OT CJAOKHOCTH Y€JIOBEYECKON PYKU, HO
He Bcer/a ABJIeTcs HeJoCTaTKOM.

[Tox06HO COCTOAHUAM, IERCTBUA MOTYT OBITh IIPEACTABIEHDI KK YUC/IA, YIIOPI0YEHHbIE
B BUJIE JIOOBIX TOAXOSIINX CTPYKTYP AaHHBIX. VX HY;KHO IPOEKTUPOBATH, YTOOBI OHU
JOJIKHBIM 00pasoM IMPEACTAB/ISIN HH(DOPMALINIO, HEOOXOAUMYIO I MCIIOIb30BAHI
AJITOPUTMOM. DTO TaKKe sIBJsieTcst (hOPMUPOBAHUEM IIPU3HAKOB, M 3/IECh C TEM JKe yCIe-
XOM MO’KHO ITPUMEHUTD ITPOlyMaHHble TPUHITUIIBI ITPOEKTUPOBAHUS.

[leticTBrE @ — 9TO 2JIeMEHT MPOCTPAHCTBA AEUCTBUIT A, OIIpeeIsSIoNniero Bce BO3MOKHbIE
JIeHiCTBUST, KOTOPbIE MOKET BOCIIPUHUMATH cpejia. [leiicTBrst MOTYyT ObITh IUCKPETHBIMU
¥ POHYMEPOBAHHBIMY C UCIMIOJBb30BAHUEM TIEJIBIX 3HAYCHWH, KaK KHOTIKN ¢ HOMepaMiu
aTakeil B indTe, NN HENPEPHIBHBIMU C BENECTBEHHBIMU 3HAUYEHUSIMU, KaK HasKaTHe
neganu raza B Marnae. OHU Takske MOTYT ObITh KOMOMHAIMEN UCKPETHBIX U HETpe-
PBIBHBIX 3HAUEHWI, KaK B CJlydyae ¢ YaAWHUKOM, Y KOTOPOTO €CTh KHOIKA BKJIIOUEHUS
(IMCKpeTHOE 3HAYEHWE) 1 PETYJISITOP YPOBHSI TEMITEPATYPBI (HETpephIBHAS BETMUnHA ) .
JlelicTBIE MOKET COCTOATH M3 Gojiee YeM OJ[HOTO djieMeHTa (M3MEPEHUSs), U KAk bl
9JIEMEHT, KaK JUCKPETHBIN, TaK 1 HEIPEPBIBHBIN, MOKET UMETh JIOOYIO MOITHOCTb.

Jliist ynobeTBa M COBMECTUMOCTH CO CTAHAAPTHBIMU OUOINOTEKaMI JIJIsT BBIYUCICHUIT
JIENCTBUS TaKKe KOJUPYIOTCS KaK TeH30PBI € JAaHHBIMU O/HOTO Thma (int, float), panr
U CTPYKTYPa KOTOPBIX MOTYT OBITH JTIOOBIMU:

® cxaymgpHas BeandynHa (TeH3op panra () — peryssatop TemMiepaTypsl;
@ BekTOp (TEeH30p paHra 1) — KyIaBUIIM MUAHWHO;

® wmatpuiia (TeH30p paHra 2) — KHOIKHU KaJbKyJISITOpA.

BaxxHo yrnmoMsTHYTh pasinune MesKIy U3MepeHreM U MONTHOCTBIO. Y peryJisiTopa Temiie-
paTypbl €CTh TOJILKO OJIUH 2JIEMEHT U, CJIE/I0OBATEILHO, OJTHO U3MEPEHNE, HO €T0 3HAYEeHVEe
HETPEepPhIBHO, 3HAUUT, €TO MOIITHOCTD |R1 ‘ Y mmarmro 88 KIaBUII, Kaxk/1ast U3 KOTOPBIX
py rpybOM pacCMOTPEHUU SBJISIETCs OUHAPHOIT (HasKaTa WK HET), TaK YTO MOIHOCTh
MIPOCTPAHCTBA AEHCTBUI [7TsT THaHuHO — 2%, PaHT 1 cTpyKTypa TeH30pa AeHCTBUH po-
CTO MTOKA3bIBAIOT, KaK YIOPSI/IOUYEHBI €T0 2JIEMEHTHI.

BobmMHCTBO 2J1eMEHTOB YIIPaBJIEHUS, ¢ KOTOPBIMU MBI MOKEM HEMOCPENCTBEHHO
B3aMMO/IEHICTBOBATDh, UMEIOT BCETO JHINDb panr 2. Perymnartopsl, TenedoH, KaaBuatypa
! Mozxno BO3pPa3nTh, YTO B peaJIbHOM MHUPE BCE ABJIACTCA TUCKPETHBIM C KaKOI‘;I']II/I6O MUHUMaJIb-
HOIl CTEIleHbI0 leO6HOCTI/I, HO Ha TEOPETUYECKOM YPOBHE MPEANOYTUTEIBHO paCCMaTPUBATDh
HEKOTOPBbIE BEIIU KaK HEIIPEPbIBHBIC.
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U TMAHWHO — 3TO TEH30PbI ieiicTBUi panra 1. My3bIKaabHBIN CHHTE3aTOP U MYJIBTUTAY
B cMapT(hOoHe — TEH30PbI paHTa 2, Kak U KpaH B JyIile, I7ie 0OBIYHO €CTh O[HA PYYKa, MO/
HUMasI KOTOPYIO, MOJKHO PETYJINPOBATh HATIOP BOJIbI, & [IOBOPAYMBAsS — TEMIIEPATYPY.

Tenzopsl AelicTBUH paHTa 3 XOTH U PEIKO, HO Bee ke BeTpevyatores. OuH U3 TIPUMEpPOB —
KOHTPOJIJIEp BUPTYaJIbHOH PeasibHOCTH, TIO3BOJISTIONINI 3aXBaT IBUKEHUS B TPEXMEPHOM
npocrpancTse. Wi nipezicraBbre cebe ckal ¢ GOIBITIM KOJTUYECTBOM sTieek, 06pasy-
IONUX TPEXMEPHYIO CeTh, ABEPIAMU KOTOPBIX YIIPABJSIOT C TTOMOIIBIO KOMITbIOTEPA.
ITH BUPTYAJIbHBIE KHOMKHU <«3aKPBITh/OTKPBITH> (DOPMUPYIOT TPEXMEPHYIO CXEMY.

Kpowme Toro, neiictBre MoKeT ObITh KOMOUHaIKel TeH30poB. YallHMKOM MOKHO yIIpaB-
JISITH € TIOMOIIBIO KHOIIKH, HAJKaTHEM KOTOPOI €ro MOKHO BKJIIOUHUTH, U PYUKHU PeTy-
JIUPOBKHU TeMIepatypsl. DJ-KoHTpoJiep — npumep ¢ 6orathiM HaGOPOM U3 KHOIIOK,
PETYJISITOPOB, TIOJ3YHKOB W MIPOUTPBIBATENEH MJIACTUHKUA. B KOMIIBIOTEPHBIX UTPaX,
KaK [IPaBUJIo, TPeOYIoTCs KOMOMHUPOBAaHHbBIE BXOHbIE 3HAUEHUST, TAKUE KaK HaKaTHs
KJIABUIII HA KJIaBUATyPe U ABUKEHUs MbIIIbi0. BojieHe aBToMOOMIIS TaKsKe Mopas-
yMeBaeT MHOT'O 9JIEMEHTOB YIIPaBJIeHU: TIeflajlb Ta3a, TOPMO3, PYJib, KOPOOKa repeaad,
CBETOBOI MHIIUKATOP U T. JI.

Korna seiicTBus npejpcTaBieHbl MHOXKECTBOM TEH30POB C Pa3HbBIMKU CTPYKTYPaMU,
HYKHO, 4TOObI B HeHPOHHOI CeTH 1151 HUX OBLIM OTeIbHbIe BRIXOAHBIE CIOU. ITH Pas-
JIMYAIOIIMECS TEH30Pbl PpACCMATPUBAIOTCI KaK MOAAEHCTBIS, BMecTe 00pa3ylolue
CMeIlllaHHOEe JIENCTBUE.

HeCMOTpH Ha TO 4TO ﬂeﬁCTBHH BBITIOJTHAET areHT, OHN OIIPEIeTAI0TCA cpeﬂoﬁ, penia-
IOH_[eIL/,I, KaKune 3 HUX IpuemMJIeMbl. Arenrt IIPUHUMAET COCTOAHUA U IIeIL/,ICTBI/IH TaK, KakK
OHU 3aJaHbl B Cpeae, TEM HEe MEeHee OH MOJKET IIpeaABapuTeJIbHO Hp606paSOBbIBaTb nx
JJIA CBOUX L[e]Ief/,I IIpn yCJIOBWH, 9TO OKOHYATETbHBII (l)OpMaT 110/IlaBa€MbIX Ha BXO/l CETU
JIAaHHBIX 6szeT KOPPEKTHBIM.

B 1ies1oM ecth Tpu criocoba mpoeKTUPOBAHUS JAEHCTBUI KaK CUHTYJISIPHBIX, CHHTYJISTPHO-
KOMOUHUPOBAHHBIX ¥ COCTABHBIX. PACCMOTPUM HECKOJIBKO MTPUMEPOB.

B npocThix cpeziax ynpasieHre B OCHOBHOM cunzyisipHoe. JleiicTBIe — 9T0 TeH30p paH-
ra 0 (CKaJsIpHAs BEJIMYMHA), TTOATOMY areHT MOKET BBIOJIHSITH TOJBKO OHO [IefCcTBIE
3a pas. B CartPole nocrymbie feiicTBISI — mepeMerieHst 1ubo BJIEBO, TOO0 BIPABO, HO
areHT OTHOBPEMEHHO MOJKET BbI6paTb TOJIBKO O/THO U3 HUX.

Opnnaxo ato He Beerzia Tak. CTapblit UTPOBON KOHTpoJIiep Atari mojiiep;KuBaeT KoM-
GuHaIK ICHCTBUI, HATPUMEP HAKATHE KHOTIKY JIJIs BBICTPEJIA U MOBOPOT JIZKOMCTHKA
IS TiepeMeltieHust B urpe. [Ipu mpoeKTHpOBaHUY CPe/Ibl IAHHbBIEC COYCTAHUST MOTYT OBITh
PeaM30BaHbI TAK, YTOOBI TIPEACTABIATHCS ATEHTY OTAETBHBIMHU JIEHCTBISIMH, YTO MOJKHO
omucaTh Kak CUHTYJIsIpHbIe KoMOMHaImH. Ha mpakTHKe 9T0 I0CTUTAeTCST OTHBIM Tepe-
YUCJICHIEM BCEX BO3MOKHBIX KOMOWHAITHI U COMTOCTABJICHUEM UM CITUCKA T[EIIBIX YHCEJT.
Baaronmapst Takoil CTpyKType YIIPOIaeTcsl CO3/[aHIe CETU CTPATErHH, TIOCKOJIBKY HYKeH
TOJIBKO OJIUH BBIXOJHOM CJIOH. AreHT OyzieT BHIOUPATh HA KAXKIOM BPEMEHHOM Ilare
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O/ZTHO M3 IEJIbIX Y CEJI, KOTOPOMY IIpU IIe€pe/lavde B CpeEAy 6leeT COITIOCTaBJIEHO O6paTHO€
coYeTaHre CUTHa/JIOB KHOITKH 1 ZDKOP'ICTI/IKB..

BrIBatoT ciryuau, KOT/Ia U3-3a CAUIIKOM GOJIBIIOTO MACCHBA CUHTYJISIPHBIX KOMOMHA-
Uil 33/1a49a yIpaBJIeHusT YCIOKHSIETCsT. B poGOTOTEXHUKE areHTaM 4acToO TPUXOIAUTCS
OJHOBPEMEHHO KOHTPOJJIMPOBATH MHOJKECTBO KPYTAIIUX MOMEHTOB MJIN YIJIOB IIOBOPOTa
CYCTaBOB, KOTOPbIE TIPEACTAaBJIEHbBI PA3/IMYHBIMU BEIECTBEHHBIMU YN CJIaMU. I[JIH IIOJIHO-
O MEePEUYNCIEHUsT BCEX 9TUX COYETAHUN MOTPeOyeTCst HEOTPaBIAHHO GOJIBIITON MACCUB
yuces. B Takux ciaydasx M3MepeHus: OCTABJIAIOT PAa3eJbHBIMU, TAK YTO AEHCTBHUE CO-
cmoum u3 cyOneiCTBHIA, TI0 OAHOMY Ha KaKI0€ U3MEPEHIE.,

[etictBus B RL mpoekTupyioTcst IpenMyIecTBeHHO /71T MCIOJIb30BAHMST MAlllTHAMU
WJIM IPOrpaMMHBIM o0eclieyeHreM, HO Mbl MOJKEM 4YepIiaTh BJOXHOBEHUE B pasHO-
00pasHbIX U306peTaTeIbHBIX DJIEMEHTaX YIIPaBJIeHNUsI, pa3pabOTaHHbBIX JJIs YeTOBeKa.
Psit mpumepoB tipuBejien B paszeste 15.5. Mbl 3auMcTBYeM OTTY/[a OCHOBHOM TIPUHITHIL
[IPOEKTHPOBAHUS: DJIEMEHTBI YIIPABJIEHUSI JOJKHbBI OBITh 3HAKOMBIMU U MHTYUTHBHO
MTOHATHBIMU JIJIS TTOJTh30BaTe e, Tak KaK 3TO TTO3BOJISIET UM JIydllle TOHUMAaTh, KaKoe
BJIMSTHIIE OKa3blBAlOT UX jAeiicTBust. 1lesecoobpasHo Tak MPOEKTUPOBATH dJIEMEHTHI
VIIpaBJIEHU ¥ /IS AlllIapaTHOTO, U JJIsk IPOrPaMMHOTO obecrieueH s, 4ToObl UX OBLIO
Tpoire TOHNMAaTh, a 3HAYWT, U JIeTde OTIaKUBaTh. KpoMe TOro, THTYUTUBHOCTD 3JIeMeH-
Ta yIpaBJIeHUS 1aeT BO3MOKHOCTD TIePe/laBaTh PhlYary yIpaBaeHus OT TPOTPAMMHOTO
obecriedeHnst 0OyueHHOMY YesIoBeKy. ITa GYHKIMI 0COOEHHO I0JIe3Ha B aBTOMATH -
YEeCKUX CUCTEMAX YIIPaBJIEeHHUsI, aBTOIMIOTUPYEMBIX aBTOMOOMIISIX M 3aBOACKOM 060-
pPy/llOBaHWM.

Mbr, Gy/yun JObMHY, B TIOBCETHEBHON KU3HU KOHTPOJUPYEM MHOTHE BEIIH, YTO MO-
JKET CJIY’KUTb KaK XOPOITUMU, TaK 1 IJIOXUMU ITPUMepaMi ITPOEKTUPOBAHUS 1eliCTBUI.
[IpoexkTUpOBaHKE HIEMEHTOB YIPABICHUA B IIEJIOM MOJIAAAET Mo Hojiee MHUPOKYIO
KaTeropuio nHTEpMENRCcOB M0MB30BaTENsA, KOTOPask OTHOCUTCSA K 06J1acTh paspaboTKu
B3aMMO/ICHCTBUI MEXK/Y UM U CUCTEMOI. XOopolie nHTepdenchl MoIb30BaTE JOTKHBI
6bITH 3((DEKTUBHBIME U IPOCTHIMU B TIpMeHeHH . [1710X0 CIIPOEKTHPOBAHHDIE SIIEMEHTBI
YIIPABJICHUST MOTYT C/IeJIaTh 3a/[aHue 6oJiee CIOKHBIM, CUIIbHEE TTOJIBEPAKEHHBIM OIUG-
KaM U ITOPOM OIMacHbIM.

15.2. NonHoTa g4encTBui

[Tpu 3aannu IpOCTPAHCTBA AECTBUIL HYKHO 06€CIIeYnTDb IIPeA0CTaBIeH e I0CTATOYHO
Pa3HOIIAHOBOTO M TOYHOTO YIIPABJIEHUA ISl PEIIeHUS 33/la4l — 3TO U €CTb NOAHOMA.
MozkeMm Jin Mbl KOHTPOJIMPOBATD BCE, YeM HaM HY3KHO YTIPABJISATH?

JIist Havasa moIe3Ho MOyMATh, 4TO YeTOBEK MCIOTB30BAT OBI /TSI YIIPABIEHHUS CHCTE-
MO{1, UTOOBI PETTUTD 33/1a4y. 3aTeM MPOAHATM3NPOBATH, KAKast CTETIeHb TOYHOCTH U Ka-
KOIl paHT 3J1eMEeHTOB ylpaBieHus Tpebytorcs. Hampumep, HIyCTpraabHbIM POOOTAM
MOTYT TIOHAZTOOUTLCS HJIEMEHTHI YITPABIEHHS ¢ TOYHOCTHIO /[0 J0JIeH Tpajyca, HO UM
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He HY’KHO JJaJIeKO IiepeMelaThes. B To se BpeMs 4eloBeKy 3a pyJieM aBTOMOOKIIs Heob-
XOJIMa TOYHOCTD JIMIITh [0 HECKOJIbKUX I'PA/yCOB, HO MallIMHA J0JKHA ObITH CHOCOOHON
COBEPILIATD ITOE3KK Ha GOJIbIINE PACCTOSHUSL.

[IpuHuMas permerre o TOM, ¥mo HY;KHO KOHTPOJHUPOBATH, MBIl MOKEM YepIaTh BOX-
HOBEHWeE Y JIO/IEl, HAIIPUMED, TIOCMOTPETh Ha CTPYKTYPY Bujeourpsl. Ho arent mosker
YIIPaBJISITh CUCTEMOI cOBceM MHaue. Hanpumep, Malimia MOKeT KOHTPOJIMPOBATH MHOTO
Belleil 0JIHOBPEMEHHO ¢ GOJIBIION TOUHOCTBIO, a JIIOASM 9TO OUEHb CJI0KHO. ITO JIUIIb
OJIMIH IIPHMEP TOTO, HACKOJIbKO II0-PA3HOMY JIOAM 1 aT€HThl MOTYT YIIPABJATH POOOTO-
TEeXHUYECKOU CUCTEMOI.

B BueonTpax BCTPEUAOTCS OJHU U3 CAMBIX JIYUIIMX U GOTATBIX CTPYKTYP 9JIEMEHTOB
yIpaBIeHUs. TO U HEYAUBUTEIBHO, YIUTHIBAS CYIIECTBYIONIEE PasHOOOPa3¥e Urp U TO,
YTO MHOTHE U3 HUX UMUTHUPYIOT CIIEHAPUN U3 PeaTbHOTO MUPa. Kak mpaBuio, mpoeKTH-
pOBaHVE HJIEMEHTA YIIPABJIEHSI TIPOUCXOUT CJAEAYIONUM 00Pa3oM.

CHauasia, MCXO/S U3 UTPOBOI JIMHAMUKH, OTIPEAETUTE IEMEHTbI, KOTOPbIME J0JIKEH
YIPaBJIATh UTPOK IS TOCTHKEHUSI e, XOPOIIO eCJIU €CTh TeOPeTHIeCcKas MOJIeb
UTPBI, 0OBIYHO TTPE/ICTABICHHAS B BUJE OJIOK-CXEMBbI, OTTMCHIBAIONIEH BCE NTPOBBIE CIIEHA-
puu. IIposepbre X paboTOCIOCOOHOCTD, YTOOBI XOTS Obl B TEOPHK 00ECIIEUNTh KOPPEKT-
HOCTb BBISIBJICHHBIX 9JIEMEHTOB U TIPEANMCAHHBIX UM JIEHCTBUIT. ITO rapaHTHs TOTO, UTO
IEfCTBHS OTpee/ieHbl TOMHOCTHIO. Kak TOIbKO a1eMeHThl MAeHTU(DUIINPOBAHDI, BBISIC-
HUTE CIOCOOBI yIIpaBIeHust UMI. Eciin urpa MMUTHPYET PeaibHOCTb, TO 9TO I0JIZKHO ObITh
OTHOCHUTEJIBHO MTPOCTO, BE/Ib 9JIEMEHTBI YIPABJCHUA MOTYT MMUTHUPOBATH CBOM aHAJIOTH
U3 peasibHOM KU3HU. B Apyrux cirydyasix HeoOXOAMMO TIPOEKTUPOBAHHE.

Ecom npoextnpoBaHue ajieMeHTa yIpaBaeHUs OCYIIECTBUMO, TO HYKHO PAacCMOTPETh
caemyionte (hakTopbl: THTYUTUBHOCTD U 3 dekTuBHOCTS. OHU HE TOJIBKO MO3BOJISAIOT
€03/1aTh ONTUMAJIbHbBII UTPOBOM TIPOIIECC, HO U BIAUSIOT Ha CJIOKHOCTD Urpbl. [110x0
CIIPOEKTUPOBaHHbIe NHTEPMEICH MOTYT CAENATh 3aJaHNue HAMHOTO O0JIee CJIOKHBIM, YeM
cremyet. IIpoekTrpoBaHue MOKHO 00€CTIeUnBaTh ONTUMAIBLHOE COOTHOIIEHIE MEKILY
JIAKOHUYHOCTBIO 1 MHOTOCJIOBHOCTHIO. [Ipeamnonoskim, uto B urpe ects 100 pazmmunbIx
nevictBuil. Moskao nMmetsh 100 KHOIIOK, IO O/{HOI Ha JIeCTBHE, HO 9TO CJUIITKOM MHOTO-
cnoBHo. Takske 910 MOTyT ObITH J1Ba THdepOaTa 1o 10 BapuaHTOB, KOMOMHAIIMSM KOTO-
pbix conioctasistiorest 9t 100 eiicTBUi, HO 9TO CAUIIKOM JIAKOHUYHO U MAJIOTIOHSTHO.
JleficTBHSIM MOSKET OBITh TIPUCYIIA €CTECTBEHHASE CXeMa KaTeropUsaliiy, HarpuMep Habop
aTak, Habop 3aKJIMHAHMIA 1 HaGOP IPUMHUTUBOB ABIKEHHIT, TAKMX KaK TIepeMellieHne Biie-
B0 1 BIpaBo. Torma 6oiee ecTecTBEHHBIM OYIET Pas/Ie/IUTh 9JIEMEHTbI YIIPABJIEHUSI 110
9TUM KaTeropusiM. BHyTpH KaK/I0ii KaTeropuu MOKHO MCIIOJIb30BaTh 001 KOMITAKTHBII
IU3aliH ¢ HECKOIbKUMU KHOTTKaMU, TI0 OTHON Ha KaK/IbII 9JIeMEeHT U3 KaTeTOPUU.

Haxkowner, nocJie 3aBepIiieHts MPOEKTUPOBAHUS U PeaJn3allii 3J1eMeHTa yIIpaBJIeHNs
ITPOEKTUPOBIIUKY HYKHO €T0 TIPOTEeCTUPOBaTh. [IpoBephTe MmyTeM BepudUKaIm 1 cpas-
HEHUS C IPUMEHSABIICHCS IIPU Pean3allii TEOPETUYECKOHN CXeMOH, 1eHCTBUTEIBHO JIN
HA0OP JeHCTBIIA, IOCTYITHBIX C TIOMOIIBIO CTPYKTYPBI, SIBJISIETCST TOJTHBIM, 3aTeM Hallu-
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IIUTE PSAJT MOLYJIBHBIX TECTOB M YIOCTOBEPHTECh, UTO Peau3anus AeiicTBuil pabouast
1 XOJI UTPBI He HapylaeTcsl. YacTo MOyJIbHbIE TECThI AOMOJHUTEIBbHO TPOBEPSIOT,
9TOOBI BHIXOHBIE 3HAYEHIST HAXOMJINCH B MPe/IesiaX 3a[aHHOTO [Mana3oHa, Tak Kak
npe/iesibHble 3HAYEHMS MOTYT BbI3BATh HEOXKUIAHHOE TIoBeieHue. [l TOTBEPKACHUS
MOJIHOTBI JIEHCTBUI TIPOBEPHTE, YTOOBI B MIPOEKTE HE OBLIN YIIYIIEHbI KaKie-HUOY b
HY>KHbIE JIeHCTBUS WU He ITPOU3BOIUIINCH KaKNe-TO IOCTOPOHHUE JIEHCTBUS, KOTOPbIE
He OBLIN 3a[yMaHbl M3HAYATHHO. Kak TpaBmiio, poreccesl POEKTHPOBAHUS U TECTHPO-
BaHUS TTOBTOPSAIOTCS HECKOIBKO Pa3 ¢ YJIydIlleHneM U TOHKON HaCTPOUKON CTPYKTYPHI,
[IOKa OHA He CTaHeT IPUEeMJIEMON 711 BLIITYCKA UTPHI.

Tot e Tpotiecc MPOEKTUPOBAHUS, TIOMUMO UTP, MOKET OBITH 9(PPEKTUBHO MTPUMEHEH
K HEUTPOBBIM [PUJIOKEHUSAM, HO TOT/Ia BO3HUKAET PsJl BOIIPOCOB. Bo-11epBbIX, 4TO
MbI XOTHM, 4TOOBI areHT JieJiajl B JaHHON cpege? DTOT BOIPOC, OTBET Ha KOTOPDIA, 110
GOJIBIIIOMY CUETY, IAETCST TIPU OTIPEIeJICHUN 11eJIeBOU (DYHKIIUU CPEJIbI, TOMOTAET 3a-
JIaTh HallpaBJeHNe, KOTOPOro cjenyeT MPUAep:KMBaThCs MPU COCTABIECHUH TTOJHOIO
nabopa geiicteuil. Bo-BTOpBIX, KaKM 06Pa3oM areHT MOKET BIMATD Ha cpeny? Kaku-
MU 2JIEMEHTAMU areHT JIOJIKEH YIPaBJIAThH? A 4TO HACYET 2JIEMEHTOB, KOTOPbIE areHT
He MOJicem KOHTPOJIMPOBATL? ITO KacaeTcsl yCTAHOBJIEHNS CYIIECTBYIONINX KaTeropuit
neicTBuil. B-TpeTbix, Kak areHT Gy/eT MU YIIPaBJISATh? DTO ONPEAEsieT BOSMOKHbIE
CXeMBI ITPOEKTUPOBAHMS JIJIST TIPEYCMOTPEHHBIX /IECTBUN 1 TIpe/iylaraeT MHTYUTHBHBIE
u ahdeKTUBHbBIE CIIOCOOBI X KOAUPOBAHUS. Peasn30BaHHBINA TPOEKT YIIPABJISIONIETO
BJIEMEHTA HYKHO TIPOTECTUPOBATH AHAJIOTMYHBIM 06Pa3OM.

O6patuMcst K POOOTOTEXHUKE U B KaueCcTBE IMPUMEPA PACCMOTPUM 3a[aHUe, B KOTO-
POM HY’KHO IOAHUMATh 00beKThl. POGOTH3MpPOBAHHAS PYKa ABUMKETCS BIOJb TPEX
oceif, clieIoBaTeIbHO, Y AeHCTBHS OyAeT TPU MPOEKIIUHU, TI0 OXHOM /IS KasK10i OCH.
Pyka MoskeT ¢cBOGO/IHO JIBUTATHCST B CTOPOHY 00hEKTa, HO y Hee HET BO3MOKHOCTH €T0
nogobpare. Takast cTpyKTypa AeiicTBUIl HeloJIHa, I09TOMY 3aaHKe He MOKET ObITh
BBITTOJTHEHO. ITO MOKHO MCIIPABUTD, TPUKPEINUB K KOHITY PYKU 3aXBaT JIJIsT IPEIMETOB.
VY oKOHYATEeIbHOro paboyero sIeMeHTa YIPABIeHUs eCTh YEThIpe U3MEePEHUS: TPU [T
HepeMeneHns PyKU U OAHO I 3axBara. Tenepb po60TU3NPOBAHHAS PYKa MOKET Bbl-
MOJTHUTH TOJIHBIA HaGOP 3alyMaHHbBIX ACHCTBUI U JOCTHYDb CBOEIT TIEJIH.

[Ipearnoa0KKuM, Mbl XOTUM CO3[aTh MHTEPMENc A1 yIpaBaeHns poOOTU3NPOBAHHON
pykoii. Kakast ctpykrypa Oyzaer ontuManbHON? Yem GyayT OTJIMYATHCS APYT OT ApyTa
unTepdeiice st poboTa Mo/ yrpaBJieHreM MaIInHbl U desoBeka? OJiH U3 BapuaH-
TOB — JICHCTBUS, TIPE/ICTABICHHBIC YETHIPbMS YUCIAMH, COOTBETCTBYIOIIMMHU TPEM OCSIM
1 oJ{HOMY 3axBatry. Takoil CTPYKTYpoOii IIpoliie BCEro YIPaBJIATD C TOMOIIBIO MAIIUHBI,
a JIJst YeJIoBeKa aTo OyJIeT He TaK YK JIETKO U UHTYUTUBHO. EMy cHawasia Hy:KHO Oy/ieT
03HAKOMUTLCS ¢ TEM, KaK YUCIa 0TOOPAKAIOTCS B IEHCTBUTETBHBIE COCTOSTHUST POOO-
TU3UPOBAHHOIN PYKH, HE TOBOPS YKE O TOM, YTO HAOUPATh OT/IEJbHbIC YHCIA OH Oy/IeT
TIOBOJTIBHO MeJeHHo. /715 4emoBeka ynobHee CTPyKTYPa, BRIIOYAIOIAST TP TOBOPOTHBIX
JIICKA, C KOTOPBIMU COIIOCTABJIEHO BpallleHre BOKPYT OCei, U OJIH TOJI3YHOK JIJIS CXKATHS
U pa3;KaTud 3aXBara.
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HpI/IHHB penieHue o TEXHUYECKO peanmsannmn lIefICTBHfI, MOJKHO OIIPpEAE/INTD ITOJIXO-
JAnie TATIbL IAHHBIX U1 UX KO/IMPOBAaHNWA B IIPaBUJIbHBIX IWalla30HaXx. Ecau anement
yIpaBJIeHUA IPUHUMAET JUCKPETHBIC 3HAYEHUA, TO €TI0 MOJKHO BOIIJIOTUTH B KHOIIKE
I MHAWKATOopeE C ZII/ICKPGTHOﬁ MITKAJION 1, COOTBETCTBEHHO, 3aKOANPOBATh KaK IEJJ0€
yncyao. Ecinu 3Hauenus HEIIPEPbIBHbIE — PeaIN30BaTb B BU/IE ITIOJISYHKA 1 3aKOANPOBATh
KaK BellecTBeHHOe YK CJI0.

BaskHOo 10OMThCsI PABHOBECHUST MEK LY JTAKOHUUHOCTHIO U BBIPA3UTEIbHOCTBIO CTPYKTYPHI
npocTpaHcTBa eficTBril. Korja mpocTpancTBo NENCTBUIA CITUIITKOM MAJIO, aT€HT MOKET
OKa3aThCs HECIIOCOOHBIM YIIPABJIATH CUCTEMOI € JI0CTATOYHOM TOYHOCTHIO. B Xymmem
cJydae OH BOOOIIE He CMOJKET BBITIOJTHUTD jKejlaeMoe 3aanne. Ecim mpocTpaHCcTBO
HEHCTBUIL CIUITKOM OOLIMPHOE WU CJIOKHOE, 00yYaThCsl YIIPABJIECHIIO CUCTEMOI CTaHeT
HAMHOTO Tpy/Hee. B ciemytoniem pas/iesie Mbl PACCMOTPUM HEKOTOPbIE METO/IbI PETYJIH-
POBaHUA CIOXKHOCTU JACHCTBUI.

15.3. CNoOXXHOCTb AencTsum

OO6Cy M HECKOJIBKO CTPATETHil perieHust IPOOJIEMbI CIOKHOCTH ACHCTBHI, BKIHOUAsT
obbepuHene U pasjiejeHne AeHcTBIIL, IPUMEHEeHUE YCIOBHbBIX IefCTBII, IMCKpeTh3a-
U0 HETIPEPBIBHBIX JIEMCTBUI U UCTIOJb30BaHNE MHBAPUAHTHOCTH B CPEJIE.

OHI/IH U3 c11ocoboB O6pa]].[€HI/IH JIIOHGI;'I CO CJIOKHBIMU 3JIEMEHTAMU YIIPpaBJI€HUA — I3TO
O6’beZ[I/IHeHI/I€ HU3KOYPOBHEBBIX ZIeﬁCTBHﬁ B O/THO BBICOKOYPOBHEBOE.

Y nuannno 88 kmasunr. YTo6bl HAYYUTHCS UTPATh Ha HEM, HYKHO BCIO JKU3HB TTPaK-
TUKOBAThCsL. IIpu ympaBieHUN TaKUM OOJIBIINM KOJTMYECTBOM KJTABHII, UTPAsT, MbI
He (hokycupyemcs Ha OZIHON KJIaBHIIle 3a Pa3, TaK Kak HaIll MO3T 3TOro He ymeeT. Kpome
TOTO, KOHIIEHTPUPOBATbCA Ha OT/IEJIbHBIX KiIaBUIlaX HeaeKTHBHO — HAMHOTI'O IIPOILIie
YIIOPSIZIOUUTD WX TIOCIE0BATENLHOCTH B OoJtbIine mabaoubr. [Ipu HancaHUU MY3bIKI
JUTSL TIMAHWHO U UTPE HA HEM MCIIOJIb3YIOT aKKOP/IbI, FaMMbI I UHTEPBAJIBL.

B koMIbIOTEPHBIX UTPax, Takux Kak Dota 2 u StarCraft, MHOTO KOMIIOHEHTOB U OTPOM-
HO€ ITPOCTPAHCTBO BO3MOXKHBIX cTpareruil. [Ipuaercsa nposecTu MHOTHE TO/BI TTEPE]]
9KpPaHOM, 4TOOBI HAYUYUTHCS UTPATh B TaKKe UTPBI HA MPO(eCcCHOHAIBHOM YPOBHE.
OOBIYHO B UTPE €CTh MHOTO KOMAH/IHBIX KHOIIOK JIJISI YIIPABJIEHUS IOHUTAMY U WX JIeHi-
CTBUSIMU. Y MeJIble NITPOKU He UTPAIOT HA YPOBHE OT/EIbHBIX JIEHCTBUI — OHU TIPUMe-
HSTIOT KOMAH/IHbIE KJIABUIITH OBICTPOTO JOCTYTa, KOMOMHAIIME KHOIIOK U OBTOPUMBIE
MaKpoKoMaH/pl. C OTIBITOM 3TO KOAMPYETCS B UX MBIIIEYHON TTAMSTH, IT0 MEPE TOTO
KaK OHU HAXOJAT Bce GOJIbIIE KOPOTKUX My TEH, 4UTOOBI TOHU3UTH CIOKHOCTD ACHCTBUT,
PeopraHu3yst ux u cozuanBas mabJI0HbI H0JIee BBICOKOTO YPOBHSL.

Dakrrueckn BbICOKOYPOBHEBbLIC H_Ia6JIOHbI PaBHO3HAYHbBI CX€MaM YyTIpaBJICHUA, C(l)OpMI/I-
POBaHHBIM U3 IMTEPBOHAYAJIBHDBIX 9JIEMEHTOB YIIPpaBJIE€HMA, — TOYHO TaK K€, KaK aKKOP/Ibl
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SIBJISTIOTCST DJIEMEHTAPHBIMY CXeMaM¥ YIIPABJICHUsI, COCTABICHHBIMU M3 OTACTHHBIX
KJIABUIIL DTOT METOJI ABJIAETCSA (hOPMON Memaynpasienus, i JTOAU TPUMEHSTIOT €To M0~
crostrHo. [Toka HaM elre HeM3BECTHO, KAK 3aCTABUTD areHTOB RL aBTOHOMHO TPOEKTHPO-
BaTh COOCTBEHHBIE CXeMBI yTTpaBiertst. CreoBaTebHO, 3aHNIMATLCST METAY TPABICHHEM
HaM TIPUJIETCS] CAMOCTOSITEILHO — MBI CTABUM ceOst Ha MX MECTO U TIPOCKTUPYEM ITH
11abJIOHbI CO CBOEH TOUKH 3PEHUSI.

MHora feiicTBrE Mpolile TPEACTAaBUTh He KaK OJIHO CJIOKHOE JIEHCTBUE, a KaK KOMOU-
HAITITO MHOKECTBA CYOIeCTBII.

Hanpumep, paccMOTpUM UTpy-1IyTep, B KOTOPOil UTPOK LEJUTCH B 9KPaH pa3sMepoM
84 x 84 nmkcena. IIpy TPOEKTUPOBAHUU JICHCTBUS <IIEJIUTHCI> MBI MOJKEM TIPEICTA-
BUTH €ro U KaK OJHOMEPHOE, U KaK JAByMepHoe. BbIOOp AeliCTBUSA B IBYMEPHOM TIPO-
cTpaHcTBe GyeT IPOUCXOMNUTD C YIETOM JIBYX PACIIPEIeTEHIH MOTTHOCTBIO 84 KakIoe.
Ecsiu 6ueKkTBHO 0TOGPA3UTh 9TO B OJIHOMEPHOE POCTPAHCTBO, TO €0 MOIIHOCTH Oy/IeT
84 - 84 = 7096. B sToM ciryuae sieiictBue OyeT BBIOMPATHCS M3 OJIHOMEPHOTO paciipe-
NIeTIEHVsT, BeChMa OOTITIPHOTO 1 Pa3peskeHHOT0. Pa3pekeHHOCTh MOJKET OCTOKHUTD BbI-
[IOJIHAEeMble ar€HTOM MCCJIe/IOBAaHUS CPE/Ibl U UCKYCCTBEHHO YCJIOKHUTD 3aj1a4y. [Ipe-
craBbTe cebe, YTo UTPOKY HY/KHO BBIOMPaTh u3 7096 KHOMOK, — CKOpPee BCEro, OH BhIyYUT
JIMIITb HECKOJIBKO U OYJIET TI0JIb30BAThCSI UIMU, UTHOPHUPYsE ocTasibHbie, 10 cpaBHEHUIO
C 9TUM BBIOOPKA U3 IBYMEPHOTO MPOCTPAHCTBA HAMHOTO yI00HEe.

Econ a5 3aj1aum ecTeCTBEHHBIM SBJISETCA yIIpaBjeHde BO MHOKECTBE U3MEPEHUH,
KaK B CJIy4asx C MaXMaTHOH JI0CKOH UM UTPOBOI KOHCOJIBIO, TO TIPU IIPOEKTUPOBAHNN
IeACTBUI HyKHO HaiiTu Gaanc MeKIy BhIPA3UTeNbHOCTDIO U pa3HooOpasueM. Bee ns-
MEpPEHUA MOKHO OCTaBUTD Pa3/IeJIbHbIMI WJIN 6I/IeKTI/IBHO OTO6paSI/ITb B OJTHO M3Mepe-
rre. Hamruwme coummkoM GOJTBIITOTO YHCIa U3MEPEHHH TMOBBITIAET CIOKHOCTD 2JIEMEHTA
yIIpaBJIeHNd, TOCKOJIbKY areHTy HY>KHO MCCJIEZ0BATD U YUUTHCA KOHTPOJIMPOBATD OT-
JleJIbHbIe CyOeiicTBUS OHOTO felicTBust. Ho MbI TakKe BUJIEH, YTO PasjieieHue Jeii-
CTBUI B COOTBETCTBUM C MHOKECTBOM I/ISMepeHI/Iﬁ MOJKET 6bITb Bq)qJEKTHBHLIM CHOCO6OM
YMEHbIIIEHUS MOITHOCTH ITPOCTPAHCTBA JIeHCTBUI.

OO61mas peKoMeHJAIM: TaKUe BEIU, KaK COYeTaHUsl KHOIIOK, Jy4dllle KOAUPOBATh KaK
YHUKaJIbHBIE A€HCTBU, IOTOMY YTO TaK UX [IPOIe 0OHAPYKUBATD, 0COOEHHO €CJI KOM-
OGUHAIMSA COCTOUT M3 JTMHHON MOCAE0BATEIBHOCTH CyOAeACTBUI.

MBI TaksKe BUIEN, YTO JeHCTBUSI UTPOBOIO KOHTPOJLIepa Atari MOKHO OMEKTUBHO OTO-
OpasuTh B OZHOMEPHBIN BEKTOP, KOTOPOMY COIIOCTABJIEHbI BCE BOZMOKHbBIE KOMOMHALINN
JUJISI KHOIIOK U JIKOWCTUKA.

ITO MOKeT ObITh IOJE3HBIM B HEKOTOPBIX CIleHAPUAX, HO He Bcerga. Ha npumepe
¢ IIaxMaTaMu ObLIO II0KA3aHO, KaK [epPeBo/l X0A0B (GUTYD U3 IBYMEPHOIrO IIPOCTPAHCTBA
B OJIHOMEPHOE MOKET 3aTPYIHUTD UTPY. B Ipyrux ciryuyasx OMeKTuBHOE 0TOOpasKeHe
B OJTHOMEPHBINT MACCUB HACTOJIBKO Pa3/lyBaeT MPOCTPAHCTBO JIEHCTBUH, UTO €r0 IIPOCTO
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HepeasbHO PUMEHATH Ha MpakTHKe. Ecn B3sTh M306paskeHie U3 COBPEMEHHON BUICO-
UIPBI [IPU HOJIHOSKPAHHOM peskiMe ¢ paspernerneM 1920 x 1080 mukcenos u GUEKTUBHO
0T0OPa3UTh €ro B OJHOMEPHBII BEKTOP, TO MOIIHOCTH BeKTopa coctaBut 2 073 600.

OJtHO M3 OMIIMPUIECKUX MTPABII — TIPU OMEKTUBHOM OTOOPAsKEHIN ITPOCTPAHCTRA JeH-
CTBUH 2J1eMeHTA YIIPABJICHNS B MACCUB € MEHBIIIEH, YeM ITepBOHAYAIbHAS, PA3MEPHOCTBIO
MPOAHAMBUPYITE PaspeKeHHOCTH U oTepr nHbopMmarmn. Ecim mpu 6UeKTHBHOM 0TO-
GpaskeHUY TEPSIIOTCS KIIOUYEBBIE CBE/ICHS VI METanH(pOPMAIIUsT, TAKKE KaK TIPOCTPaH-
CTBEHHBII XapaKTep YIPaBJIeHUs, TO ero ciaeayer uzberatb. [ockonbky 6HEKTHBHOE
oTo6paskeHne B MEHBIIee M3MEPEHHUE MOBBIIIAET €r0 MOIHOCTh, KOHTPOJIbHAS BHIGOPKA
13 3TOTO U3MEPEHNS MOKET HEOKUJAHHO CTATD CAUIIKOM Pa3pekKeHHOH.

Jlpyroii (hakTop, KOTOPBIH CleIyeT YIUTHIBATD, KOT/IA PEUb UIET O TIOHMKEHUH CJIOK-
HOCTH, Kacaercsi abCOJIOTHOTO U OTHOCUTEIBHOTO KOHTPoJist. B Dota 2 areHT MOKeT
YIIPaBJISAITH GOJIBIIMM KOJIMIECTBOM IOHUTOB Ha OOTIMPHO# UTpoBoii Kapre. [Tpu mpoek-
TUPOBAHUU 9JIEMEHTA YITPABJIEHUSI JJIsI TIEPEMETIEH IS FOHUTOB C MOMOIIbIO a0COFOTHBIX
KOOP/JIMHAT X U I PETeHNE 33/[a91 CTAHOBUTCS TOYTH HEBO3MOKHBIM ITPOCTO U3-32 OTPOM-
HOTO pazMepa KapThL. JIydiiiast cxeMa yIpaBJIeHUsT — MO3BOJIUTh ar€HTY CHauaia BBIOPaTh
IOHUTA, TIOJIYYUTD €r0 TEKYIILYIO TIO3UIIHIO, 32TEM BHIOPATH OTPAHUUYEHHBIE OTHOCUTE/IBHBIE
CMEIIEHUS 10 X U § U TPUMeHUTD K Hemy. B arente OpenAl st Dota 2 [104] Takum 06-
Pa30M Ha MOPSIOK CHUZUIIN MOTITHOCTh MAacCHBA JICHCTBUI TIPU TTEPEMETIEHUSAX. ITO Pa-
6oTtaet U IpH JHOOBIX OOJIBITNX PA3MEPHOCTSIX IEUCTBU, HO C €CTECTBEHHBIM MOPSITKOM
cJieloBaHUs 3HAYEHUH, TAaKUM Kak ITKaJa 3HadyeHui. Vcrnoab3oBanrne OTHOCUTETTbHOTO
Mactiraba MOKeT CUIIbHO COKPATUTh MOIITHOCTD [TPOCTPAHCTBA JICHCTBUIA, ¥ B Pe3yJibTaTe
MOJKET OBITh HAWJIEH MOJIXO/] K PEIIEHUIO 33/1a4M, OBIBIICH HEPa3pEeInMOi.

[IpenmyIIIeCTBO JAHHOTO TTOXO0/IA 3AKTIOYAETCS B TOM, YTO OTHOCUTEIbHBIE CMETIECHUST
M0 X ¥ J MOKHO TIPUMEHUTD K TOHUTY, T/ie ObI OH HU HAXO/MJICS, TOITOMY TaKast cCXeMa
yrpaBJeHust obmagaet cumMerpreit meperoca. OOYUMBIHCE TIOJE3HOMY MAHEBPY, aTEHT
cpasy ske MOJKeT TTPUMEHSITh €T0 K I0HUTaM B JI0O0M MecTe Ha Kaprte. OIUH 1 TOT Ke
MaHeBP MOKHO 3(DPEKTUBHO 0OBEAUHATE C IPYTUMHU CYOAEHCTBUSIMU B PA3INIHBIX
CIIEHAPUSAX ¥ IAPOM TIOYIaTh PA3HOTIIIAHOBBIE AeHiCTBUST, 06ydasch MHOKECTBY HoJee
IPOCTHIX CYyOMeRCTBUI.

BaxHO TO, 4TO BO3MOKHOCTH OTHOCUTEIHLHOTO KOHTPOJIsI 00yCI0BIEHA TPUPOJIOiL
JTAHHOM 33j1aun — ee JIOKaIbHOCThIO. [locKkoIbKy yIIpaBiieHue 1epeMelieHusIMI IOHUTa
rnMeeT 3HaYeHUe JIUIIb /IS €T0 OKPECTHOCTH, TO MEPEABIKEHIS IOHUTA — 3TO JIOKAJIbHAS
3a/a4a, K KOTOPOH MOKHO TPUMEHUTH OTHOCUTEIbHBIN KOHTPOJIb. OTHAKO HEJI0CTATOK
3TOr0 — HEBOCHPUMMUYHUBOCTD 110 OTHOIIEHUIO K JIIOOBIM TJI00QIbHBIM CTPATETHSIM,
CBSI3AHHBIM C TEPPUTOPUEH WU KaPTOii, KOTOPbIE He SABJIAIOTCS JOKATbHBIMU, UTOObI
PEIINTh HEJIOKAJIBHBIN ACIEKT 3a/[aud, HY)KHO BOCCTAHOBUTD II00ATbHBIN KOHTEKCT
1 IOTIOJTHUTEJIbHYT0 HH(OpMAIIHIO.

YHPOCTI/ITB HereprBHbeI KOHTPOJIb MOJKHO ITYTEM IUCKPETU3AINN. HpI/I 9TOM HYKHO
TIoAyMaTh O pa3dpelieHU ITPOCTPAHCTBA, TO €CTh O TOM, HACKOJIBKO GOIBITIMA OKaKyTCsA
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«TIMKCEJbI», KOT/Ia HETPEPBIBHOE TIPOCTPAHCTBO Gy/eT mpeobpasoBano B ceTky. Ecaun
paspeliieHre CJAUIIKOM TPy0oe, areHTy TIPUAETCS TIPUIOKUTD HEMAJIBIE YCUITUST, ITOOBI
[IPEIOCTAaBUTD IIPABUJILHYIO AlllIPOKCUMAIIMIO. Ec/ii OHO CIMIIKOM BBICOKOE, 3ajiaya
MOXKET CTaTh Hepa3peIrnuMOi ¢ BBIYUCIUTEIbHON TOUKHU 3peHud. /uckpeTusanuio cie-
JIYET BBITIOJHSATE ¢ OCTOPOKHOCTBIO, YTOOBI HE TIOJIYYUTh MPOCTPAHCTBO ACHCTBUI CO
CJIUTITKOM GOJIBITION MOTITHOCTBIO.

Jlpyras moteHuanbHast mpobjaemMa — 3TO BBeJEHNUE UCKYCCTBEHHBIX OTPAHMYEHUI
B IIPOCTPAHCTBE, KOTOPOE B IIPOTUBHOM CJjiydae ObLIO HempepbiBHbIM. I1ycTh Hempe-
PBIBHOE TIPOCTPAHCTBO JICHCTBUI ¢ iana3oHoM 3HaueHuit oT () 10 2 TuCKpeTu3npyeTcs
B 1esibie uncita 0, 1, 2. Torma onpaspanto i okpyrienne yncaa 1,5 1o 2 mpu auckpe-
Tuzanun? EcIu npy [UCKpeTU3aluy UCIOAb3YeTCs CAMIIKOM IPpyboe paspelienne, Mbl
PHUCKYeM JI0 HEKOTOPOI CTETIeHN yTPATUTh TOTHOCTH U UYBCTBUTETHHOCTD IUCKPETUIN-
POBAHHBIX JIEHCTBUI.

M, JIFO/TH, TOJIB3yEMCs HHTYUTHBHBIM MOHUMaHUEM 33[a9l U CIIOCOOHOCTBIO K aJlall-
TaIuK, YTOOBI YUUTHCS, TECTUPOBATH HAIIU 2JIEMEHTDI YITPABICHUsT U HACTPAUBATH WX
YYBCTBUTEJNHHOCTD JIJIs IOCTHXKEHUST GalaHca MEK/Ly TOYHOCTBIO U 3(DPEKTUBHOCTDIO.
MbI HOHUMaEeM, HACKOJIBKO GOJIBIITM JOJKHO OBITh TIPUPAIEHNE TEMIIEPaTyPhl B TEP-
MOCTaTe WM HACKOJBKO YyBCTBUTENbHBIM JOJKEH OBITH PETYJISITOP TPOMKOCTH Ha
koJioHke. [Ipyroe BakHOe pasjiyue MeKJy JIIOAbMU ¥ MalllMHAMU — BPeMsl PEaKIUU.
MaruHbl MOTYT PearnpoBaTh MPeIeJbHO GBICTPO, TIOITOMY MOJKET TTOHAI0OUTHCS BBECTH
orpaHMYeHUe CKOPOCTHU areHTa, 4TOObI OH JIeiiCTBOBA Kaskiible N BpEMEHHbIX IAros,
VIS IPEIOTBPAIIEHUST €T0 THTIEPaKTUBHOCTH. VIHave n3-3a ObICTPOiT CMEHbI IeHCTBUI —
HENTPATU3aIUN BAUSHU TPEBIIYIINUX ACHCTBUI B KOPOTKHE TPOMEKYTKU BPEMEHU —
pesyabTupYyIolee 1eiCTBIE MOKET CTAaTh CIyJYallHBIM U UMITYJTbCUBHBIM. B nrpax Atari
NpUMEHSIETCs BBIGOPKA ¢ YacTOTON MPOITycKa KaJpoB 4, 4TOObI 3alaHHOE JeiiCTBIE MO~
BTOPSIJIOCH BO BCEX MPOTTYIIEHHBIX Ka/[paxX MTPH BHYTPEHHEM TTPOXOsK/IEHIH M0 PeaTbHBIM
Kazipam Urpbl. KpoMe Toro, MOKHO TI03BOJIUTH areHTy aaliTUBHO MOAOUPATh st cebst
neaJbHy1o YacTOTY MPOITyCKa KaipoB, UCXO/Is U3 clieHapust. Jlionn yske Tak jiesaloT —
HarpuMep, B Tetris Mbl YCKOPsieM UTPY, KOT/Ia FOTOBBI OBICTPO OIYCTUTH OJIOK.

O/uH 13 caMbIX YAOOHBIX METOJ0B CHUKEHUS CJA0KHOCTHU, B 11€JI0M IPUMEHUMBbII
K JIEHCTBUSIM U COCTOSTHUSIM, — 9TO CUMMETPHS. B maxmaTax areHTy He Hy;KHO YUUThCS
urparb 3a 06e CTOPOHBI 110 OTAeJbHOCTH. EC/in OH Ha MecTe BTOPOro UIPOKa, TO €My
HY3KHO JIMIIb TIOBEPHYTH A0CKY (€ abCOIOTHBIMKI KOOPAMHATAMM ) U 3a/€HICTBOBATD YiKe
HACTPOEHHYIO cTpaTeruio. Takum 06pasoM, BHE 3aBUCMOCTH OT TOTO, Ha KaKOH CTOPOHE
HAXOJIUTCS areHT, OH IPUMEHSET JIJISI UTPbI OJIHU U Te JKe CTaH/apTHbie KOOP/UHATHI.
CumMmerpus MokeT ObITb IPOCTPAHCTBEHHOM WM BpeMeHHOo. PacipocTpaneHnmbie
THIIBI CHMMETPHUH — CUMMETPHST TIEPEHOCA, OCEBast, 3epKaibHasl, CliupasbHast (BparieHme
€O cMeleHreM) U T. 1. Bce oHU MOryT OBITH OTMCaHbl KaK (DYHKIHOHATbHBIE TIPEO6-
pasoBaHusl. Byayun sagjaHHBIMU OJHOKPATHO, IPe0OPA30BAHKS MOTYT IIPUMEHATHCS
K COCTOSIHUSIM U JIEMCTBUSM JIJIsI TIOHUKEHWS HA TIOPSIZIOK MOITHOCTU MTPOCTPAHCTB CO-
CTOSTHUIA U JIECTBUIA.
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Jlnst RL 0cobGeHHO XapaKTepHO HAJIMYKE HECUMMETPIYHBIX B3aHMOCBSI3eH MEKILY CO-
CTOSTHUSIMHE 1 JieficTBUsIME. [IPOCTPaHCTBO COCTOSTHUI, KaK MPABIIIO, HAMHOTO GOJIbIIe
U CJIOJKHEe, YeM MPOCTPAHCTBO JieiicTBUN. TeH30pbl COCTOAHUN 0OBIYHO coAepKAT
6oJIbIIIE 2JIEMEHTOB U YacTO JEMOHCTPUPYIOT OGoJIbliiee pasHooOpasue, 4eM TEH30PbI
neiicrBuii. Hapumep, cocrosiiue B Bujie usobpaskenus uz Pong us Atari (mocJie rnpeji-
BapUTEJIbHOIT 06paGOTKI) coepsKUT 84 - 84 = 7096 1nuKcenoB. A KaxKIblil THKCE MOKET
MPUHUMATH OJHO U3 256 3HAYEHWIH, UTO AT MOIIHOCTD ITPOCTPAHCTBA COCTOSTHU,
paBuyio 2567, CpaBHuTe 3TO ¢ IefiCTBUEM, Y KOTOPOTO €CTh O/[HO U3MEPEHKE U KOTO-
poe MOXKET TPUHUMATD OJTHO U3 YeThIPEX 3HAUYEHNA, TaK YTO MOITHOCTD TIPOCTPAHCTBA
nericteuil! 4! = 4.

Korza npocTpaHcTBO AeHCTBUI MAJIO 10 CPABHEHUIO ¢ OOIITMPHBIM POCTPAHCTBOM CO-
CTOSTHUI CO 3HAUUTEIbHBIMU BAPUAIIUSIMU, aT€HTY HYKHO HACTPOUTD (DYHKITUIO «MHOTHE
K OJHOMY», B KOTODPOIi MHOI'M€ COCTOSIHIS 0TOOPAKAIOTCsI B OLHO U TO e [AelCTBHe.
Bonapiee mpocTpaHCTBO COCTOSHUI COAEPKUT MHOTO MH(MOPMAIINH, TTIOMOTAOTIEH
JeaaTh BbIOOP U3 OTHOCUTENbHO Masoro Habopa geiictuil. Eci 6b1 ObLIO clipaBei-
JIUBO 00paTHOE, TO CeTH, HA0OOPOT, MOTPEeGOBATIOCH OBl HACTPOUTD (PYHKIHIO «OAUH KO
MHOTUM», B KOTOPOii O[HO COCTOsIHIE 0TOOPakaeTcsk BO MHOTO BO3BMOKHBIX JIEHCTBHIA.
B atom ciyuae nipeiocTaBisgeMoil cocTosTHIEM MH(POPMAIMN MOYKET 0Ka3aThCsl HeJl0-
CTAaTOYHO JIJist BBIOOPA MEKY [eACTBUSIMU.

ITycTb Tensop cocrosnuii s HeceT n, 6uT nHbOPMAIMY, a TEH30P JeiicTBIIl a — n, GuT.
Ecsiut 7111 KOPPEKTHOTO OTpefiesieHnst OHOTO OuTa AeficTBIsT TpebyeTcst oMuH 6UT
uHMOPMAIK U3 COCTOSHUA, TO, YTOObI BCE BO3MOKHbIE 3HAUEHUS @ OBLIU MOJHOCTHIO
Pa3IMUUMBIMU, HYKHO TI0 KpaitHeit Mepe, 4To0bI . = 1. IIpn n < n_ 3T0 HEBO3MOXKHO,
MO9TOMY HEKOTOPbIE U3 3HAUEHUH a OY/IyT HEAOCTATOYHO OTIPE/IE/IEHBI.

st Pong n3 Atari 3ajaua moposKeHnsT OJTHOTO U3 YeThIPEeX BO3MOKHBIX 3HAYEHUH
JeCTBUA I 3aJaHHOIO GOJIBIIOrO MPOCTPAHCTBA COCTOSHUI XOPOILO OIpe/e/ieHa,
U COCTOSIHMS COAEPKAT AOCTATOUHO UHGOPMALUK, YTOObI aJITOPUTM HAYYMJICS OITH-
MasibHO# cTpareruu. [IpeacraBbTe cebe 0OpaTHYIO CUTYAIIIO, KOT/IAa HY5KHO MTOJYYHUTh
nsobpaskeHe, IPUTOM YTO 3a/aHbl JIMIIb YeThIpe 3HaYeHus geicTBuil. CreHeprupoBarh
HOJIHOE PasHoOOpasre n300paskeHNi, ¢ KOTOPBIME MbI CTa/IKMBaeMcst pu urpe B Pong,
OyzeT HeIpocTo.

Hakownerr, npu noucke 1moixoza K penieHuio HOBO 3aiauyn HauMHalTe ¢ caMoil mpo-
CTOH CTPYKTYPBI IeCTBUH (TO JKe caMoe KacaeTcsT COCTOSTHUN ). XOpOIIo, ecyiu repBast
CTPYKTYypa jieiicTBUil Gy/IeT OrpaHUyeHHO#, YTOOBI MOKHO OBLIO CKOHI[EHTPUPOBATHCS
Ha HpOCTeﬁIHHX ACIIEKTax 3a/a4u. YHPOH.IGHI/IE 3a/la4dl MOJKET 6I)ITB BeCbMa IT0JIE3HbIM
JUISI TIOCTETIEHHOTO TIOCTPOEHUsT pelieHus. Ecn nepBoHavasbHast CTPYKTYpa KaxKeTcst
MHOTOO00EIIAIOTIEH 1 ar€HT MOKET HAYIUTHCS PEITATh YIIPOTIEHHYIO BEPCHIO, TO MOKHO
MOCTEMENHO MOBBINIATH CIOKHOCTD, Aeast 3a/1a4y OoJiee peaTncTHIHON U TpubIIn-
JKEHHOI K ITOJIHOW Bepcuu. B Xo/e mocTerneHHoro mpoABIKEH IS TPOEKTUPOBAHUST MbI
CMOZKeM JIyYIlie TIOHSTh PUPOLY 3a/1a4U ¥ TO, KAK areHT YUUTCS ee PEIIaTh.

U MeiictBus 8 Pong B OpenAl Gym: 0 (Gesaeiictsue), 1 (mogaua), 2 (BBepx), 3 (BHU3).
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MeTOlIbI ITOHMKEHHA CJIOKHOCTH B OCHOBHOM KaCalOTCsA I[(%I‘/)ICTBI/II‘/JIy HO X MOJKHO ITpH-
MCHHUTDH U K COCTOAHUAM, KOT'/Id 9TO YMECTHO. HOI[BOLIH WTOT, [IpUBE/IEM PEKOMEH/[all N
OTHOCUTEJIBHO CJIOKHOCTH B IIPOEKTUPOBAHUN COCTOSTHUIA.

1. BbIMOAHUTH OMEKTHBHOE OTOOpaskeHHEe B MEHbIIIee KOJINUYECTBO U3MEPEHHIT IH
paszenenue Ha Goublee yncao uaMepenuii. buekTusHo oTOGpasUTE NEHCTBUS
B OZIHOMEPHOE MTPOCTPAHCTBO, YTOOBI OGHAPYIKUTE CJIOKHBIE COUETAHUsT CyOIeHCTBI,
[IPUMEHUTE pas/ieieHe U3MEePEeHUH AeiCTBUI 111 yMEHbIIEHUS UX MOIIIHOCTH.

2. TlepexmoyeHne MesK1y a0COMIOTHBIM U OTHOCHTEIbHBIM YIIPABIECHHEM. Y IPOCTHTE,
HOJIB3YSICh IPEUMYIIECTBOM OTHOCUTEIBHOTO JACHCTBHS [JIsl JIOKAJIbHbIX DIEMEHTOB
VIpaBJIeHUs], TIPUMEHsIITe aOCOMOTHBIN MaciiTab st TI00ATbHBIX 9JIEMEHTOB
yIpaBJIeHHUsI.

3. HMuckperusanus. [lonprTaiiTech He OTXOAUTH OT M3HAYATBHON MTPUPO/IBI JIEMEHTA
yIpaBJeHusl, HO /U1l yIIPOIeHUsT 33/IeHCTBYHTe TUCKPeTU3aInio, TPU 3TOM y/10CTO-
BEpPbTECH, UTO paspeleHne J0CTaTOYHOE.

4. YmpoiieHue ¢ noMomp0 cumMeTpud. [lombrTaiiTech HAMTH CHUMMETPHIO B I€HCTBHUSAX
Y TIPUMEHUTE €€ JIJIsl YMEHbIIEHWS TTPOCTPAHCTBA €U CTBUIA

5. IIpoBepka COOTHOLIEHHS MEKTY Pa3MepPaMH POCTPAHCTB COCTOSIHUI 1 I€HCTBHIA.
C TOYKM 3PEeHUsI 3PABOr0 CMbIC/IA IIPOCTPAHCTBO AEHCTBIIL He IOJKHO ObITh GoJiee
CJIOXKHBIM, YeM TIPOCTPAHCTBO COCTOSIHUIA, — B OCHOBHOM HAMHOTO MEHbIIIE.

6. Ilepexon ot nmpocroro k ciaoxkuomy. Haunnaiite ¢ caMoil TpocToii CTPYKTYPHI /1€l -
CTBUIA,  3aTEM TIOCTETIEHHO MOBBIIIANTE CIIOKHOCTD.

15.4. Pe3iome

B nauasie aTOl TJ1aBbI TOBOPUIIOCH O pa3paboTKe 2JIEMEHTOB YIPABICHUS s JIIOJIeH
KaK MUCTOYHUKe UJell, OHA CPAaBHUBAJIACH C IPOEKTUPOBAHUEM JIEHCTBUN [IJIs1 aT€HTOB.
Bouiu Taxke paccMOTpeHbI TTOJTHOTA U CIIOKHOCTD eHCTBUH: ONTUMAJIbHAS CTPYKTYpPa
JNENCTBUN [IOJIKHA TT03BOJIATH areHTaM a((heKTUBHO YIIPABJIATh BCEMU 3HAYNMbBIMU
KOMIIOHEHTaMU B CpeJie U He J0JUKHA 6e3 HeoOX0AMMOCTH YCJA0KHATH 3a1a4y. B koHIe
[IPUBEJIEH P/l PEKOMEH/AIN 110 YMEHbBIIEHUIO CJI0KHOCTH B CTPYKTYPe JeHCTBUI.

15.5. MpoekTupoBaHne AeNCTBUN
B MOBCEAHEBHOW XWU3HU

ITOT pas/iesl OMKMCHIBAET PsIJI MHTEPECHBIX W HEOOBIUHBIX CTPYKTYP ACHCTBUI IS JTHoIei
U [TPU3BaH CTaTh UCTOYHMUKOM BIOXHOBCHWS.

[TpoekTrpoOBaHUe AEHCTBUI AJIst JiFojeii GoJIbIle U3BECTHO KaK Au3aiitH uHTepdeiica
noabszosaresa (UI). 1o obmupHas u pasnoobpasHas JUCHUILINHA, OXBAThIBAIONAS
MHOKECTBO 00J1acTel, 0T pa3paboTKK MPOMBIIIIJIEHHBIX TIPOAYKTOB JI0 UTP, @ ¢ HEJaBHUX
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op — Beb-Au3aiiH 1 IPOEKTUPOBaHUe IPUIoKeHnil. HecMOTps Ha TO 4TO TepMUH
BO3HUK HE/[ABHO, IN3aiTH NHTep(eNCcoB CyNiecTBOBA Ha MPOTSKEHUN BCEHl UCTOPUN
YeJIoBeUeCTBa, HAUMHAS C MEPBHIX JONCTOPUUECKUI KaMEHHBIX TOTIOPOB, CIETaHHBIX
HAITMMU TIPEJIKaMU, U 3aKaHYMBasi coBpeMeHHbIMU cMapTdonamu. OH Beer/ia BJMsI HA
Haille B3auMojieicTBre ¢ okpyskeHueM. [Ipu moncke ujelt y1g XopoIiero nu3aifHa uH-
Tepdeiica CTOUT OCTAHOBUTHLCS HA UTPAX U MY3bIKAJIbHBIX MHCTPYMEHTAX, TOBCEMECTHO
PACIIPOCTPAHEHHBIX B YEJIOBEYECKOM OOILECTBE.

[To cyTH, My3bIKaJIbHbIE MHCTPYMEHTBI — 3TO YCTPOWCTBA yIIPABICHUS, B3aUMOJIeH -
CTBYIOIIINE C BO3TYXOM C I[eJIBIO TTOPOXK/ICHIS CJIOKHBIX COCTOSTHIH B 3BYKOBOI hopme
MIOCPE/ICTBOM IIIUIIKOB, BBITYBAaHUS BO3/TyXa WJIN YAAPOB. J[JIs1 MOTydeHnst KaueCTBEHHOTO
3ByYaHMst UX HEOOXOIMMO CKPYITYJIE3HO U3TOTOBUTh BPYYHYIO U TIATETHHO HACTPOUT.
[ToMUMO 3TOTO, TIPOUBBOAUTEIIO HEOOXOIMMO YUeCTh 0OCOOEHHOCTH TI0JIb30BATEIECI:
UMeIOT 3HaYeHNe Pa3Mep UX PYKHU, CUJIa U TPEHUPOBAHHOCTB TaJIbIleB. [lepBokIaccHbIi
CKPHUIIAY ChirpaeT Ha OOBIYHON COBPEMEHHON CKPUITKE JIyUllle, YeM HOBUYOK Ha CKPUITKE
CrpaauBapu (CKPUIIKH, M3TOTOBJIEHHBIE ceMeiicTBoM CtpaguBapu B 1700-x rogax u 10
CHUX TIOP CYUTAIONMECs HePeB30HAeHHBIMUI B Mupe). Toraa Kak BbIAONUNCS My3bIKaHT
MOJKeT U3BJI€Ub M3 TAKOTO MHCTPYMEHTA OTPSICAIONIYIO BUPTYO3HYIO MY3bIKY, BbI3bIBA-
OTIYT0 CUJTBHBIE SMOIIH.

PaccmoTpuM KiaccuuecKre KJIABHUITHbIE HHCTPYMEHTHI, KOTOPbIE TPOU3BOIST 3BYK
C TIOMOIIIBIO BO3/YIITHBIX CTOJOOB (OpraH), IUIKOB CTPYH (KJIaBECHH) WK YAAPOB IO
cTpyHaMm (MMMaHWHO ). PazHble perucTpel OpraHa U KJIaBecwHa U eI MMaHUHO MTOBBI-
IAIOT 3BYK [1PY BBIBEPEHHOM KaCaHUH KJIABUIIL. Mbl BUJIEIH, UTO IEHCTBUST JIJIST THAHUHO
MOKHO YIIPOCTUTD A0 88 LIEJIBIX YKCEI, HO 9TOr0 HEAOCTATOUHO AJIsl 00ydeHus pobora
MPaBUJIBHON UTPe HA HeM. B peasibHOCTH Ha KaKIyI0 KJIABUITY MUAHWUHO MOYKHO Ha-
JKMMATh ¢ PA3HBIM YCUJIMEM, TOPOsKIast muxue (piano) u epomxue (forte) Horsl. Kpome
TOrO0, B IIMAHUHO €CTh TPU HOKHbIE MeJalu A/ IpeoOpasoBaHus 3ByKa: aeeas (soft),
cpednss (sostenuto) u npasas (damper). B pesysibrare cI0KHOIO B3aUMOIEHCTBUS 9THX
VIIPABJISIONINX IEMEHTOB BO3HUKAET 6OraToe 3ByYaHue, TaK 4TO MOJIEIUPOBAHUE JIeki-
CTBUI 1 COCTOSIHUIT (3BYKOB), IPOM3BOANMBIX ITHAHUHO, GBITIO OBl HEIIPOCTHIM 3aIaHIEM.
Bce ke 9T0 BOBMOKHO U ysKe ObLIO Pean30BaHo B U(POBHIX IIMAHUHO (CHHTE3aTOPaX ),
XOTsI MIX 3By4YaHue Bee ellle OT/IMYaeTcst OT 3By4YaHust Hacrosiiero. /s obyuenus poboTa,
UTPAIOIIETO Ha TIMAHWHO, CIIEPBA MOYKHO TOIBITATHCS BUOU3MEHUTH TPOTPaMMHOe 00e-
CIIeUEHMeE [IJIsk CHHTE3aTOPa, [IEPEBE/Ist €r0 B BUPTYAJIBHYIO CPELY, a Tocje AaTh pPodoTy
00y4aThCsT Ha IOPOTOM TIUAHWHO ¢ PUCKOM TIOJIOMKH TIOCJIETHETO.

Jlionu He mepecTaioT M306peTaTh HOBBIE MY3bIKAIbHbIE MHCTPYMEHTEI. COBpEMEHHbIE
MY3BIKaJTbHBIE KAaHPHI, TAKHE KaK 9JIeKTPOHHAS TAaHI[eBAIbHAS My3bIKa 1 TEXHO, U3BECT-
HBI T€M, YTO JIOMAIOT CTEPEOTHITBI U CO3/IAI0T HOBOE 3ByUaHUE C TIOMOIIBbIO COBPEMEHHBIX
TexHosoruit. OIMH U3 APKUX IPUMEPOB BHOBD CO3/[AHHBIX MHCTPYMEHTOB — HOBBIN BU
MUM-KJIaBUATYPbI 0] HazBaHueM Seaboard [116]. OH BBIBOANT MUAHIHO HA YPOBEHb
HEMPEPBIBHOTO yTpaBiieHns:: B Seaboard BMECTO OT/IE/IBHBIX KJIABHUIIT €CTh OJIHA BOJTHOBAST
[TOBEPXHOCTH, HAIIOMUHATOIIAS OYePTAHUAME KJIaBUATypy NUaHWHO. [IpukocHOBeHMe
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K JIIOOOH TOUKE 9TOii MOBEPXHOCTH IIPOU3BOAUT 3BYK M3 OLHOIO 13 MHOTOYMCIEHHBIX
[IPOrPaMMHBIX TIpeceToB (ruTapa, CTpyHHbIE U T. 1I.). BoJiee TOTo, ero 4yBCcTBUTETbHAS
MOBEPXHOCTD pacmosHaeT 1maTh Tuios Kacanust (5D Touch): cuny Haskatus (strike),
JaBjieHue 1ocie Haxatus (press), ckopoctb nogabema (lift), aABuskeHus BaeBO-BIPaBO
(glide), nBuskenust BBepx-BHU3 (slide). Kpome Toro, st HOBBIX TUIIOB YIIPaBJIE€HUS
ROLI, npoussoautenem Seaboard, ObL1u BBeieHbI HOBbIE YCIOBHbIE 0003HAUEHMSI /15T
naptutyp. MakTHUECKH € yU4ETOM JIBYMEPHOI IIOBEPXHOCTH, TISITH TUIIOB KACAHUS U €Ille
OJIHOT'O JIJIS1 3BYKOBBIX IIPECETOB Y 9TOIO HHCTPYMEHTa B OOIIEH CI0KHOCTH BOCEMb
U3MEPEHUN: CeMb HEITPEPBIBHBIX W OJHO IUCKPeTHOE. B3risinyTh Ha HETO B AeiicTBUN
MOKHO B Buzeo Ha YouTube u Ha ero co6cTBeHHOM calite https://roli.com/products/blocks/
seaboard-block.

Urper — apyToii mpeKkpacHbIil UICTOYHUK U/Iei /111 IPOeKTUPOBAHUS 3JIeMEHTOB yIIPaB-
serust. CyTIecTBYsI B 4eJIOBEIECKOM COOOIIECTBE € TABHUX BPEMEH, UTPBI PA3BUBAIOTCS
BMeCTe C JIOCTYITHBIMHE TexXHOJIOTHsIMU. Kakiioe oKoJIeHre 1urp ¢ coOCTBEHHBIMU CPEIOi,
TPYAHOCTSIMU IPOEKTUPOBAHMS K HOBOBBEIEHUSIMU OTPaXKaeT TEXHOJIOTHIO CBOEH I1TOXM.
Korza fiepessitiiast yepenuiia crana oGbIaHbIM siBJIeHHEM, B KuTae mpumyMatu 1oMuHO,
JOCTYITHOCTH OyMaru Mo3BoJIIA CO3/IaTh UTPAJIbHbIE KapThl. B UTPax JOKOMIIBIOTEPHOI
ATIOXU YIIPABJIECHUE W B3AUMO/ICHCTBUE TPOUCXOIIN C TIOMOITBIO (PU3NIECKIX UTPOBBIX
3JIEMEHTOB, TAKUX KaK JJOMUHO, KAPTBI, KOCTH, TIaXMaTHbIE (DPUTYPBI, MPAMOPHBIE TAPH-
KU, AJIOYKH U T. 1.

B paHHIOI0 KOMITBIOTEPHYIO 9110XY 9JIEKTPOHHBIE UTPBI CTAJIH TTOMYJISTPHBIMU GJ1aroapst
UTPOBBIM aBTOMATaM, Ipesk/e Becero Atari u Sega. BeiBojirMble Ha 9KPaHbl 3TUX MAIIUH
u300pakeHsi COOTBETCTBYIOT coctostHusiM B RL. VIX ympasiistioniue siemMeHTsl — (hu-
3UYeCKUe KHOTIKY ¥ ZKOHCTUK — COOTHOCATCS € AAeHCTBUsMU. PazpaboTyuku HTpoBbIX
ABTOMATOB JIOJIKHBI, KpOMe pa3paboTKU UTP, CO3/aBaTh €llle U MOAXOISIIIIe IS HIX
uHTePGhERCH HeOOXOANMBIX HTEMEHTOB ypaBaeHus. [1opoil 9To moapasyMeBaeT 130-
6perenre nHTepdeiica HOBOTO 3JIEMEHTA YIIPABJIEHUS], TOMUMO OOBIYHBIX [KOMCTHKA
1 KHOTIOK. MHOTrMe u3 3TUX paHHUX WHHOBAIMK U MTOHBIHE HATJISHO TIPEACTABICHBI
B 3aJ1aX UTPOBBIX aBTOMATOB. B 1TyTepax ecTb MIaCTUKOBBIE TUCTOJIETBI UM IKONCTUKH,
U3 KOTOPBIX MOKHO IEJIUTHCS TI0 MUTIEHSM Ha 9KPaHe U CTPesisATh. VIrpbl co cTpebboii
U BOXKIeHIeM, Takue Kak Jurassic Park 1994 roga miist Sega, 1OIOIHEHBI TIOABUKHBIMU
CUJICHbSIMU, IBUTATONITUMUCST, KOT/Ia UTPOKOB Ha 9KpaHe TPeCceyioT TNHO3aBPhL. B Th-
MTUYHOM TOHOYHOM MTPOBOM aBTOMATE €CTh PYJib, HOKHBIE eI U KOpoOKa mepe/a.
B ranteBanbhoit urpe Dance Dance Revolution — KOBpuK, Ha KOTOPBII HTPOKU MOTYT
HACTYTATh, YTOOBI CTPEJIKU PUTMA Ha KPaHe COBMAAIN ¢ MY3bIKON. B pyTrX UrpoBhIx
ABTOMATAaX MMEIOTCS YHUKAIbHbBIE 3JIEMEHTB! YIIPABJICHN, CO3/IaHHbIC CIIeIIUAIbHO JIJIS
UX UI'P, TAaKKE KaK JIYK U CTPeJia, MOJIOTOK, KpaH-MallliHa U T. L.

HepeHoc TEXHOJIOTUH 3JIEKTPOHHBIX UI'P ITIOPO/INJI KOHCOJIbHBIE UT'PHI. boabmmucTBo 13
HHUX YHACJIEAOBAJIO 9JIEMEHTDI YIIpaBJIEHUA CBOUX IIPEAIICCTBEHHUKOB C IBYyMS KHOII-
KaMu, HO ZI)KOﬁCTI/IK M3 apKa/IHbIX UT'P OBII 3aMEHEH Ha YEeTbIpE€ OTAC/IbHbIE KHOIIKH CO
CTpeJIKaMU. Korz.‘[a KOHCOJIbHbBIC UTPbI CTAJIN MOITYJIAPHBIMUY, TPOU3BOAUTEIN, TAKNE KaK



372 Yactb IV e [lpoekTupoBaHue cpes

Sony u Nintendo, Hayai BBOJAUTH B CBOU YCTPOICTBA HOBBIE 3JIEMEHTBI YIPaBJICHUS.
¥V Hux yske OblTa TPUBBIYHAST (HOPMa, KOTOPYIO MBI BUIMM CETOJIHST, — TT0 YEThIPe KHOTIKY
Ha KaK/IOM CTOPOHE C JIOTIOJHUTEIbHBIMU KHOTIKAMU JIBUKEHUS BJIEBO W BITPABO BBEP-
xy. CoBpeMeHHbBIE KOHCOJIbHBIE crcTeMBbI, Takre Kak PSP u Xbox, uMeroT JUKONCTHUK,
MO3BOJIAIONIMI BEPHYTHCS K Hosiee MOJTHOMY KOHTPOJIIO HaJl HanpasjienueM. B 6osee
IPOABUHYTHIX IIPUCTABKAX, B unciae Kotopbix Wii u Switch or Nintendo, ects Taxke
TUPOCKOIIMYECKUE 3JIEMEHTDI YIIpaBJIeHNUs, pacIlO3HAIONINE ABUKEHUS B TPEXMEPHOM
IIPOCTPAHCTBE.

ITo Mepe MIPOKOro PacpoCcTPpaHEeHUs IEPCOHANBHBIX KOMITBIOTEPOB OBICTPO BO3POCIIO
KOJINYECTBO KOMIIBIOTEPHBIX UTP, U IPOCKTUPOBAHME 3JIEMEHTOB YIIPABJIEHUS BCKO-
pe PacHupuIOCh 0 KIaBUATyPbl U MBIIIN. B Gojiee IPOCTHIX UTPax HKOWCTUK U JIBE
KHOIKY PAHHUX KOHCOJIEH OOBIYHO UMUTUPYIOTCSI KHOTIKAMU CO CTPEJKAMU U JIBYMsI
JIPYTUMU KHOTIKaMU. BBejieHne ABMKEHNH 1 METYKOB KHOTIKOW MBITITN OTKPBLJIO HOBbIE
BO3MO’KHOCTH, TaKHe KaK [TAaHOPaAMUPOBAaHUE — B3IJISA]] CBEPXY Ha TIepeMeIeHUs] UTPOKA.
Baarogapst atomy crasim 60siee MHTYUTHBHO MOHSATHBIMU UTPbI-TITyTEPhI OT MIEPBOTO JIUIIA,
Takue Kak Doom, I71e KHOIIKU CO CTPeJIKaMU UCIIOJIb3YIOTCA /IS IiepeMellleHnsl UTPOKa,
a MBIIIb — JIJISI TOTO YTOOBI TIOBOPAYMBATH KaMePY, LEJIUThCS U cTpesisiTh. I1o Mepe Bospac-
TaHWS CJIOKHOCTHU UTP TO K€ CaMOe MTPOUCXO/UIIO € IEHCTBUAMU B HUX: JIJIS TIOJTYYeHUST
KOMOUHUPOBAHHBIX XOJIOB MOJKET 33/I€ICTBOBATHCS HAKATUE COUETAHUST MHOKECTBA KHO-
oK. B 3aBUCMOCTH OT KOHTEKCTA UTPBI ZICHCTBUA MOTYT OKa3aThCs TIeperpy KeHHbIMU.
B StarCraft u Dota 2 gecsitku u gake cCOTHU 00bEKTOB, KOTOPBIMU HY/KHO YIIPABJISATh,
HO ¥ 4eJIOBEKA-TO BCETO JIECATD MasbieB. [[09TOMY B Irpe MPOEKTUPYIOTCsT 0006TIEHHbIE
9JIEMEHTBI YIIPABJICHMUsI, IPUMEHUMbIE K PA3HBIM UTPOBBIM KOHTEKCTAM ¥ OOBEKTAM.
Ho gase B 9TOM cirydae JIJist TAKUX UTP TPeOyeTcst IBa/IaTh PasJIMUHbIX KHOTIOK, U TIepe-
BOJI 9TUX CJIOKHBIX CUCTEM yIIpaBJeHud B cpeaibl RL 3atpyanuTesies.

C uszobpereHreM cMapT(hOHOB OBLITO CO3AHO HOBOE UTPOBOE YCTPOICTBO U 3aPOANIIACH
UHLyCTPUst MOOUITBHBIX UTP. VITPOBBIE COCTOSTHUSI U 9JIEMEHTHI YIIPABJIECHUS IIepeMe-
CTUJIMCh Ha MaJIeHbKWIT CEHCOPHBII 9KpaH, Tle Ar3aiiHepbl BOJIbHBI CO3/aBaTh J1100bIe
BUpTyasbHble nHTEPdelicel. HekoTopbie cMapThOHBI NMEIOT THPOCKOITNYECKHE TaTYUKH,
YTO MO3BOJISIET NCIIOJIH30BATh YCTPOUCTBO B KAUECTBE PYJIsI B TOHOUHBIX UTPaX.

MBI JOCTULIM HOBOTO pyOeska TEXHOJIOTUY PA3BIeUeHNI — BUPTYalIbHON peaabHOCTH
(virtual reality, VR). Y:e cos3gaHbl IPUMUTHBHBIE KOHTPOJLIEPHI ABUKEHMIL, 110~
3BOJISIONIME T10JIb30BATEJIAM JIeiCTBOBATh BHYTPU TPEeXMepHOii cpe/ibl ¢ apderTom
MOJTHOTO TpucyTcTBUA. [lnatdopMbl BUPTYaibHOU peaibHoCTH, Takue Kak Oculus [97]
u HTC Vive [53], nctiosib3yior mopTaTuBHble KOHCOJIN € JaT4nKamMu JBrkeHns. OHu
TaKsKe MOTYT TIPUMEHSTD CEHCOP Ha 0CHOBe 06paboTKH BU3yaabHoit mHhopmarnu Leap
Motion [69] st OTCIEKUBAHUS IBVSKEHUE PYKU U TATBIEB, YTOOBI HOBBICUTH CJIOXK-
HOCTh M HHTYUTUBHOCTH yIpaBjaeHus. VR-tiepuaTku — ere oJinH crnocob ceskeHus 3a
pyKamu — MOTYT ObITh 33/IeWCTBOBAHBI JIJIsl CO3/[AHUST [TPOCTPAHCTBEHHBIX BUPTYAJIbHBIX
006BEeKTOB 1 MaHUTTYTPOBaHust UMHU. C WX TOMOTITHIO XYIOKHUKHI CO3/IAI0T BETTMKOJIETT-
HBbIE TPEXMEPHBIE BUPTYATbHbBIE CKYJIBIITYPBI, HEBO3MOKHBIE B pealbHOM Mupe. Ha atn
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CKYJIBIITYPbI MOKHO CMOTPETD ITOCPEICTBOM dKpaHa uin VR-1iema, moKIo4eHHbIX
K TOH JKe caMOil BUPTYaJbHOU PeasbHOCTH.

Jlpyrast IefiCTBUTEIBHO BIIEYATIISAIONIAst, HO MEHEee U3BECTHASA TEXHOJIOTHsT — Opacier
¢ HeiipounTepdeiicom or CTRL-Labs [29]. 3To GeckoHTaKTHBIN Gpacjier, KOTOPbI pe-
TUCTPUPYET HEPBHBIE CUTHAJIBI, TOCHIITAEMbIE U3 TOJOBHOTO MO3Ta MOJIh30BATEJIS K €T
pyKe, U 3aTeM TI0 HIM BOCCO3/IaeT COOTBETCTBYIONINE PYKY ¥ TaJell. DTO 3BYIHUT KaK
Hay4dHast (haHTACTUKA, HO OH ysKe OBLT MPOJIeMOHCTPUPOBaH B urpe Asteroid u3z Atari.
Ha MOMeHT Halmcanust STUX CTPOK GpacyieT Bee ellle HaXOAUTCst B aKTUBHOI pa3paboTke.

[ToMrMO UTP U My3BIKH, MHOTO KPEaTUBHBIX CTPYKTYP YIIPABJICHIS MOKHO HAHTH B CO-
BPEMEHHOM MCKYCCTBE — MHTEPAKTUBHBIX HHCTALIAIINGX. OHU IPUBOIATCA B /IeHCTBHE
HEOOBIYHBIM CITOCOGOM — € TIOMOIIBIO TEHEl, CBeTa, KeCTOB WK 3ByKa. XyAoKHuK /[a-
Huasb Posun [31] criennanusupyeTcs Ha CO3/[aHnK MHTEPAKTUBHBIX 3€PKaJl, B KOTOPbIX
HCTIOJB3YIOTCS YepHble U Gesble TUINTKH, KYKJIBI-TPOJIIIH U UTPYIIEYHbIEe THHTBUHBI,
Bpataminecss Ha GONbIION ceTke. DTH 0OBEKTHI TI0 CYTH SIBJSIOTCS «ITHKCETaMU»
(husnueckoro «arpanas. Pacnonoxkennas psagoM nHdpakpacHas KaMmepa 3aXBaTbIBaeT
CUJTY3T YeJIOBEKA M OTPAsKAET ero Ha CETKe, KaK B 3epKajie. B aToM TBopueckoM mmpuMepe
C TOMOIIIO CUITYITA JIBUIKYITETOCS Y€TOBEKA YIIPABJISIOT CETKON U3 APKUX 3a6aBHBIX
UTPYIIEK.

Hakomerr, uTo He MeHee BasKHO, 0ObIYHbIE TIOBCEHEBHBIE OOBEKTHI, ¢ KOTOPHIMI MbI B3au-
MOJIEHCTBYEM, TaKXKe CIIOCOOHBI BIOXHOBUTH Ha TIPOEKTUPOBaHMe AeicTBuil. Jlis Hac
NPUBBIYHBI TUITHYHBIE NHTEPhENRCH YIIPABIEHVS, TAKUE KAK KHOIKH, HAOOPHbIE JTUCKH,
MOI3YHKH, TEPEKITIOUaTeN N U poraari. HecMOTpst Ha TO 9TO OHE, KaK MPABUJIO, MEXaH-
YeCcKHe, BUPTYalbHble HHTEP(hENCHI CTPEMSITCS UX CHIMUTHPOBaTh. B KauecTBe I0TONTHI-
TeJIBHOI JINTEPATYPhI 10 MPOEKTUPOBAHUIO UHTEP(HEIICOB 2JIEMEHTOB YITPABJICHHUS HACTO-
sITeIbHO pekoMenyeM kuury Jlonambaa Hopmana The Design of Everyday Things [94].



Bo3HarpaxaeHus

B 9101t KOPOTKOii IyIaBe N3yvyaeTcs MPOEKTUPOBAHKE BOSHATPAKICHUH, 0OCYKAAOTCS MX
poJh B 33j1auax RL 1 HEKOTOPbIe BasKHbIE TPOEKTHBIE pelieHust. B vacTHOCTH pacemaTpu-
BAtOTCsT MacITal, pasMep, 4acTOTa BOSHATPAKICHUS U BOSMOKHOCTD €TI0 UCTIOTb30BAHIISI
npu paszpaboTke curHaja. B KOHIIE TTaBbl TPUBOAUTCS PSI/I IPOCTHIX PEKOMEH AU IO
MTPOEKTUPOBAHMIO.

16.1. Ponb BO3HarpaxaeHun

CHTHAJBI BOBHATPAXKAEHUS ONPENETSIOT 1eIeBYI0 (DYHKITUIO, KOTOPYIO areHT JMOJLKeH
MaKCUMHU3UPOBaTh. Bo3HarpaskieHne — 3To CKaJsIpHAs BEJMYNHA, TTOJyIaeMast U3 Cpelibl
U npucBanBaiomas KoahUImenT 10Bepusi KOHKPETHOMY TEPEXONY S, d, S, KOTOPBI
TIPOU30IIIEJI B CBS3M C EHCTBUEM @ areHTa.

[IpoexTrpoBaHue BO3HATPAKIACHWI — OJIHA U3 OCHOBHBIX mpobiem B RL, nsBectHas
CBOCH CJIOKHOCTBIO IO HECKOJBKUM pUYuHaM. UTOOBI MHTYUTHBHO MPABUILHO MPHU-
cBauBaTh KO3(DMUITMEHTBI TOBEPHS, TO ECTh CYUTh, KAKOH TIePeX0/] GBI O THMATHHBIM
(TT0JI0KUTETbHOE BO3HATPAK/IEHWE ), HEUTPAJbHBIM (HYJIEBOE BO3HATPAK/IEHUE) WU
HeylauHbIM (OTPHUIATENbHOE BOZHATPAKACHIE), HEOOXOUMO yraybieHHoe 3HaHUe
cpensl. [laske eco MbI TIPUHSIIN PEIIEHNE 0 3HAKE BO3HATPASKIEHIIS, HAM BCE ellle HY>KHO
BBIOPATH €r0 BEJIMINHY.

Ecan ogHOMY IIepexo/y IPUCBOEHO BO3HArpakjeHue +1, a Apyromy — BO3HArpaskie-
aue +10, To, rpy6o roBOpsi, MOCTEHMIT B IeCsITh pa3 BaskHee nepsoro. Ho 3auactyio He-
SICHO, KaK OTIPeNesIsITh 9TOT MactiTad. [TOCKOIbKY areHT, KOTOPBIN 00y9aeTcst, TPUMEHSIST
B KAQUeCTBe MOAKPETUIIONNX CUTHATIOB BO3HATPAKIEHNST, BOCTIPUHIMAET X GYKBAIBHO,
TO U CTPYKTYPa BO3HATPAKIEHUN 10/KHA ObITh OYKBaIbHOU. BoJiee TOro, areHT MOKeT
HAYYHUTHCS 370YTOTPEOIISITH BO3HATPAKIEHISIMHU, HAN/T HEOKUTAHHYIO CTPATETHIO WX
HCIIOJIB30BAHNS, He TPOSIBIISIS 33y MAHHOTO TIOBEIEHNsT. B pe3yibTare, 4TOOBI areHT CTa
BecTH cebst KOPPEKTHO, CTPYKTYPY BO3HATPAKAEHUI TOTPeOYETCST 9aCTO HACTPANBATD,
4 9TO MOIPA3yMeBAET MHOTO PYUHOIT pabOTBL.

.HIOZII/I 3a4aCTYIO OIINPAIOTCA Ha MHTYUINIO, KOT/Ia p€4b UIAET 06 OII€HKe BKJIaJla UX
ﬂeﬁCTBHﬁ B JIOCTMKEHUEC I1C/TH. Taxast cBoero PO/ia BHYTPECHHAA C1oCOOHOCTh Ha3Ha-
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qaTb KO3(1)(1)I/IHI/IBHTI)I A0BEpUA CKJIAAbIBACTCA N3 OIIbITa N snanuii. C aToro Xopo1iIo
Ha4ynHaTb IPpU IIPOEKTUPOBaHNN BOSHana)KlIeHI/Iﬁ, CTUMYJINPYIOINX TIPpaBUJbHOE
IIOBE€/IEHME areHTa.

Bosuarpaskaenue — 310 oOpaTHbII cUTrHaI, WHOOPMUPYIOIINUN areHTa 0 TOM, HACKOJIb-
KO XOPOIIO WU [IJIOXO OH IeicTBYeT. ATeHT 00bIYHO 0OydaeTcs ¢ HyJist, y HEro Her
HUKAKUX MPEBAPUTENbHBIX 3HAHUM UJIU 3/[PABOTO CMBICJIA, TOATOMY OH TTPAKTUYECKU
He OrpaHuyveH B McclepoBaHnu jeiicTBuil. CUTHAI BO3HATPAXK/IEHUS, OTIEHUBAIOIINI
JIMIID Pe3yJIbTaT, HO He BBIIOJIHEHNE 3alaHus, He perjaMeHTrpyeT HabJogaeMble
TUTIBI TOBE/IEHUS aT€HTa HE3AaBUCUMO OT TOTO, HACKOJIbKO HEAJIeKBATHBIMU OHU MOTYT
OBITH. ITO 0OYCIOBIEHO TEM, UTO 3alada 9aCTO HeyHHKaJIbHAs — CYIIECTBYET MHOTO
myTeil, BeAynmx K MHOXKECTBY pelieHunii. OHAKO ¢ 4eJ0BEUECKON TOUKU 3PEHUS
TaKkue HeHOPMaJibHbIe TUTIBI IOBEJEHUST HEKeNaTelbHbl U PACCMAaTPUBAIOTCS KaK
omuboYHbIE.

Mo3KHO TIOTIBITATHCS HCIIPaBUTDb 9TO, HAJIOKNB HEKOTOPbIE YCJIO0BHA Ha areHTa, O/JTHaKO
Jlajke CepbE3HbIE OT'PaHNYEHUA CBO60,HI:)I JIeCTBUIA MOTYT OKa3aTbCsl HEJOCTATOYHbIMU.
OFpaHI/I'-IeHHOCTb Hartrei MYCKYJIaTypbl IIOMOI'a€T HaM XO/IUTb OIITUMaJIbHBIM 06pa30M,
HO €CJIM Mbl 3aXOTHM, Hallla ITOXO/IKa MOJKET OBITD CTpaHHOfL AJIbTepHaTI/IBa — IIPpO-
EKTUPOBaHHE BOBHaI‘pa?KZ[eHPIfI. Taxk xe xak JIIOAW MOT'YT XOANUTb €CTECTBEHHO NJINU HE-
€CTECTBEHHO B 3aBUCUMOCTHU OT CBOMX ueneﬁ, BO3HArpaKaA€HuA MOKHO CIIPOEKTUPOBATb
TakK, 4TOOBI CTUMYJIMPOBATH JKe€JIaeMO€ IIOBEJICHNE areHTa, I10 KpaﬁHeﬁ MEpE B TEOPpUH.
Ecsu 651 HaM IIPUIIJIOCH B TOYHOCTU BOCIIPOMU3BECTHU HeO6XOZ[HMbII>i CUTHaJI BO3Harpa-
JKACHUA 151 I-IeJIOBeKOl'[O,ZIO6HOI>'I IOXOAKH, MOKHO IIPEACTAaBUTH, HACKOJIBKO 9TO OBLIO OBI
CJIOJKHBIM, YUUTBIBAs TO, KaK MHOI'O KOMIIOHEHTOB JIOJI?KHbBI ITPaBUJIbBHO Q)yHKL[I/IOHI/IpO-
BaTb [JIA JOCTUIKEHU A ITOCTaBJIEHHOI 3a/]aUl.

[l TpoeKTHPOBAHMS ONTUMATBHOTO CUTHAJIA BO3HATPAKAEHUST HY/KHO OIpe/IeIUTh,
KaKue TUIIbI IOBe/IeHUsI JKeslaTebHbl, 3aTeM IIPUCBOUTH UM COOTBETCTBYIOIME BO3HA-
rpaskierst. [Ipu 5TOM CJIeyeT TPOSIBISATE OCMOTPUTETBHOCTD, YTOOBI HE UCKJIIOYUTh
JIpPyTre BO3MOKHBIE XOPOIITne AeHcTBU. 3aTeM celyeT IPOTeCTUPOBATh W OIIEHUTD
areHTOB, YTOOBI IPOBEPUTH TIPUEMIIEMOCTD Pa3paboTaHHOTO CUTHAJIA BO3HATPAYKIACHUSI.
Jl1s1 TpPUBMAMIBHBIX UTPOBBIX 33/1a4 3TO BBIITOJHUMO, BMECTE C TEM OCTAeTCSI HesICHBIM,
HACKOJIBKO HTO BO3MOKHO MJIV TIPAKTUYHO JIJIst GOJIee CAOKHBIX CPE/I,

Kax 6561 TO HIT GBITTO, XOPOIIIO CIIPOEKTUPOBAHHDIE CUTHAIBI BO3HATPAXKIEHIIS IS KOH-
KPETHBIX 33/1a4 MOTYT TIO3BOJIUTH HaM MPOABUHYTHCS TOBOJIBHO MATEK0. ITO OBLIO
MIPOIEMOHCTPUPOBAHO HepaBHUMHU JocTukeHnsMu B RL, Takumu xak Dota 2 ot
OpenAl [104] u pobororexunueckne ManuiyJsitopbl [ 101]. B atux npuMepax GbyHKIN
BO3HATPAKIECHIH OBLIN TIIATEIBHO HACTPOEHBI JIFOAbMI, 1 ar€HThI CMOTJIN IOCTHYb BIIe-
YATISIONNX Pe3yabTaToB. [[pOeKTHpOBaHYE BO3HATPAKAECHIH OBIIO BAKHON 4acThio
YCIIENTHOTO 00YYEHMs areHTOB. DTH PE3YJIbTaThl HABOAAT HA MBICJIb O TOM, YTO OPOT
CJIO3KHOCTH, 110CJIe KOTOPOrO Py4YHOe [IPOEKTUPOBaHMe BO3HAIPAKACHUI CTAaHOBUTCS
HelpueMJIeMbIM, JOBOJBHO BBICOK. BO3HUKAET eCTeCTBEHHBIM BOIIPOC: CYNIECTBY-
10T JIM TIPOOTEMBI, [IJIsT KOTOPBIX HEBO3MOYKHO Pa3dpaboTaTh OMTHMAThHbIE CUTHADI



376 Yactb IV e [lpoekTupoBaHue cpes

BOSHaI‘pa)KlIeHI/IH? Ecim HET, TO IPOCKTUPOBaHNE XOPOIINX CUT'HAJIOB BO3HATIPAKAECHW A
OBLIO ObI BO3MOKHBIM JJIA 3a/laHnA mo6oii CJIOJKHOCTH, XOTSI OHO MOJKET OKa3aTbCA TPY /-
HBIM 1 BpeMsA3aTPaTHbBIM. PaCCMOTpI/IM C YYE€TOM CKa3aHHOI'O HEKOTOPbIE ITPAKTUYECKNE
PEKOMEH/IAIIMH T10 ITPOEKTUPOBAHUIO BOBHaI‘pa?KlIeHHfI.

16.2. PekoMeHAaUMM NO NPOEKTUPOBAHMIO
BO3HarpaxaeHum

CurHas Bo3HArpask/IeHUs MOKET ObITh Pa3PesKeHHbIM WK [IOTHBIM. B 11epBoM ciyuae
Ha GOJIBITMHCTBE BDEMEHHBIX [IATOB BBIIAETCS] CUTHAI HEUTPATbHOTO BO3HATPASKIEHIIST
(06b1uto 7 = 0), a MOJOKUTEIHHOE WK OTPUIIATEIbHOE BO3HAIPAXKAEHUE — TOJIBKO
KOT/Ia cpe/ia 3aBepIIAeTCs WU JelCTBIe areHTa UMeeT peliaioiiee 3Hadenue. Bo BTo-
pOoM caryuae, Ha060POT, IPEJOCTABIISIETCS MHOTO He HEUTPAIbHBIX CUTHAJIOB BO3HATPA-
JKIEHW, TIOKA3bIBAIONINX, ObLJIO MOC/Ae/Hee JAeiiCTBUE XOPOIIUM UK TIOXUM. V1 areHT
TakuM 00pPa30M TIOJYYaeT MOJOKUTENbHOE UM OTPUIATEIbHOE BO3HATPAKICHIE HA
GOJIBIIMHCTBE BPEMEHHbIX IHATOB.

CooTBeTCTBHE 3HAUYCHUS BO3HATPAKICHUSA KJIACCY «XOPOIIee», «<HEUTpaJbHOE> UITH
«TIJIOX0€» OTHOCUTEJBHO, TO €CTh YMCJIOBas ITKaJIa 7151 BO3HATPasK/IEHU — 3TO ITPOEKT-
Hoe perieHre. VIMEHHO TOTOMY CTaHAAPTU3AINST BO3HATPAXKIEHU T BO BPEMsI 00y YeHsT
arenTa onpasaanta. Cpeaa MoKeT ObITh CIIPOEKTUPOBAHA TAK, YTO BCE 3HAYECHUS BO3-
HarpaskJeHil OTPUIIaTeJbHbIE, 4 MJIOXUE BO3HATPAK/IEHUS elile 0Jiee OTPUIATETbHBIE,
yeMm xoporire. [TockosbKy areHT Beeria MaKCUMU3UPYET TIeJIeBYI0 (DYHKITUIO, 3HAYCHUS
BO3HATPAK/ICHWI BCE PABHO HY/KHO YIOPSAAOUMBATEH TAK, YTOOBI y JYUIINX BO3HATPA-
KIeHuH ObLn GoJiee BBICOKHE 3HAUEHUS.

XoTst 9T0 1 He 00513aTEJHHO, C MATEMATHYECKOU TOYKHU 3PEHUST 1EeCO0OPa3HO YCTAHO-
BUTD JIJIs1 HEUTPAJIbHBIX BO3HATPAKACHWH 3Hauenue (), U1 IJIOXUX — OTPUIlATeIbHbIE
3HAUEHMUS, a JIJIs1 XOPOIIUX — IHOoJIOKUTesbHble. Takas cCTpyKTypa IIpocTa /IJist IOHUMa-
HUS, K TOMY JKe 00J1a/[aeT XOPOIITMMU MaTeMaTHIeCKuMu cBoiictBamu. Harpumep, eciiu
NIKAJTa BO3HATPAXKIAECHUI TIEHTPUPOBAHA OTHOCUTEIBHO (), TO MOJKHO JIETKO U3MEHUTD €€
Mactirrab Kak Jist OJIOKUTENBHOM, TAK U JIJIST OTPHUIIATETBHON CTOPOH Iy TEM YMHOKEHUST
Ha CKaJIIPHYIO BEJINYUHY.

Bosnarpaxzaenue omnpesesiaerca Kak 7, = ’R(s, a, s'), MI03TOMY Ha TIepPBOM Illare MpoeKTH-
POBaHMs BO3HATPKIEHU BBISICHSETCSI, B UeM COCTOSIT XOPOIIIHe WK TJIOXUE TTIePeXoibl
BHYTPHU cpefibl. [IoCKOIbKY B Iepexo/1 BKITI0OYeHO JIeHCTBHE @, BbI3BaBIIIee Tepexo/] U3 COCTO-
SHUA $ B §', TIOJIE3HO CUCTEMATHYECKN TPOHYMEPOBATD BCE BO3MOKHBIE Tiepexo/ibl. OHaKo
B CJIOKHBIX CPeIax MEPEXO0B MOKET OBITh CIIUIIKOM MHOTO, YTOOBI X TIEPEUUCTUTD,
MO3TOMY HaM HY KHbI 60Jiee PasyMHbIE METO/IBI TPOEKTUPOBAHUST BO3HATPAKIEHIL.

Ecmu ato BO3MOJKHO, pa3/ieJINTE MePexoabl B COOTBETCTBUU C IIPaBUJIaMU Ha XOPpOIIne
" ILJIOXHE, 3aTeM HpHCBOﬁTe BO3HarpakaeHms Ha OCHOBaHUHM 9TUX ITPaBUJIL. Bo muormx
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3a[JAHUSIX MOKHO IIPOCTO TIPUCBOUTD KOIDMUITHEHT IOBEPUS, ICXO/ISI U3 COCTOSTHUS S,
B KOTOPOE MPOU3O0IIEN Tiepexo, 6e3 yuera mpeablylero cocrosuus. Hanpumep,
B CartPole Bosuarpaxaenue 0,1 IpuCBaNBAETCS BCEM COCTOSTHUSM, T/I€ CTEPIKEHb
He TIaJIaeT, He3aBUCUMO OT TOTO, KaK¥e JAeHCTBI TIPeAPUHUMAINCE JIJIST €T0 yaep:Ka-
HUS B BEPTUKAJIBHOM TI0JIOKEHUU. B TO jke BpeMst BO3HATPaKIEHWST MOKHO JIaBaTh,
OCHOBBIBAsSICh JIIIb Ha Aeiicteun. Hamnpumep, B cpene LunarLander or OpenAl neHoit
KayK/I0TO 3aKUTAHUST OCHOBHOTO JIBUTATEJISI SIBJASETCS HEOOMBINOE OTPUIIATETLHOE BO3-
HaTPaK/IeHeE.

K cuacrpio, Bo3HarpaxkeHus NIMPOKO PACIPOCTPAHEHBI B UTPaX, XOTs HA3bIBAIOTCS
M0-JPYTrOMY — CYeT UTPbl. YUeT OYKOB XapaKTepeH /i UTP 110 TOM MpUYKHE, YTO
B HUX BCETJIA €CTh TTOOCANUTENb WITH 3a[aHIe, KOTOPOE HYKHO BBITIOMHUT. QUK MOTYT
MPENOCTABIATHCS B IBHON 4MCIOBON (hopMe, 0OBIYHO ¢ 0TOOpaKeHNEM Ha HKpaHe,
WJIM B HESIBHON HEYMCIIOBO# (hopMe, Takoil Kak 0ObsIBICHUE TIOOEIBI WU TPOUTPHITITA.
CHoBa MbI MOKEM 0OPAaTUTLCS K UTPaM 32 WESIMU U METOJAMHU JIJIs TIPOCKTUPOBAHWS
BO3HATPAKICHUI.

[Tpocreiiiias ¢hopMma Bo3HArpaxaeHus — OMHapHast: 1100e1a WU IPOUTPHIIL, YTO MO-
JKeT ObITh 3aKoANpoBaHo Kak 1 u 0 coorBercTBeHHO. ONMH U3 TIPUMEPOB — MIAXMATHL
Kpowme Toro, cpeiHee Bo3HATpask/ieHIE 32 HECKOJIBKO PAYH/IOB TAaKOH UTPBI TPEKPACHO
1peobpasyercs B BEPOATHOCTb BHIUIPbIIIA. B POJIEBBIX CIOKETHBIX UTPaX OObIYHO HET
cuera, HO MbI TIO-ITPEKHEMY MOKeM JI00aBUTh OMHAPHBII CYET 3a TIPEO/I0JIEHIE KAKIOTO
sTama, YToObl CTUMYJIMPOBATH OKOHYAHWE UTPBI.

[[pyraﬂ (bOpMa BO3HarpakJA€eHusl — OJ/IMHOYHOE CKAJIAPHOE 3HAaY€HNE, KOTOPOE IOCTE-
IIEHHO YBEJINYNBAECTCA 110 MEPE TOT'0, KaK UTPOK HaKallJINBa€T 6osbi1e 0ukoB. Bo MHOrMX
HUTpax €CThb I€JIM, KOTOPbIX HYKHO JOCTHUYb, 06'beKTbI, KOTOpbIE Tpe6yeTC§1 CO6I/IpaTb,
1 9Tallbl, KOTOPbIC CJCAYET HpOfITPI. 3a KaX/IYIO N3 9TUX ueﬂeﬁ W KaKIbIN 13 00BEKTOB
MIPpUCBaNBAIOTCA OYKH, ITO MEPE MMPOXOKACHNS UTPBI OHU CYMMUPYIOTCA B OKOHYATEJIb-
HBII CYET, 110 KOTOPOMY PaHKUPYETCA YCIIEX BCEX UTPOKOB. Takue HaKOTTUTEIHHEIE BO3-
HarpaskI€HuA IIOKa3bIBAIOTCA B UTPAX OT ITPOCTHIX /10 cpezIHeﬁ CJIO}KHOCTH. ITO CBSI3aHO
C TEM, UYTO 0 CHX I1OPD H8H8C006p3.3HI)IM OCTa€TCA NMPUCBaANBATh OYKHN 3a BCE 3HAUYNMbIC
HUTPOBBIE IJIEMEHTHI, obecrieunBas IIpn 9TOM, 4TOOBI UX CyMMa KOPPEKTHO OTO6pa>KaJIa
KOHCUYHYIO II€JIb UTPbI.

HaKOHeH, B 6OJIBH_H/IX 1 CJIOJKHBIX UT'PaX MOT'YT OTCJIEKMBATBCS BCIIOMOTAaTEJIbHBIE CUETA,
HO UX He 00sI3aTeIbHO CyMMEPOBaTh ¢ KOHEUHOIA 11e1eBoil (hyHKIMel urpsl. B urpax-
CTpaTerusx peajabHOro BpeMmenu Harmoxobue StarCraft 1 Command & Conquer ot-
CJIEKUBAIOTCS CY€Ta, BKIIOYAIOTINE 3/[aHUs], UCCIIEIOBAHNS, PECYPChI U IOHUTBI, HO OHU
He 00513aTeJIbHO COOTHOCSTCST C KOHEYHBIM pe3ysibTaToM urpsl. B Dota 2 Beriomoraresin-
HbIE CYETa, TAKKE KaK TTOCJIEIHUE YAAPbI, 30JI0TO U TIOJTyYeHHBIH OIIBIT, TIIATEILHO OTCJIe-
JKUBAIOTCS] HA IPOTSKEHUH UTPBI, HO B KOHIIE TOOEkK/IaeT KOMaH/a, KOTopast paspyinia
BPAKECKHUH TPOH. ITU BCIIOMOTATEJNbHBIE CYETA YACTO TIOMOTAIOT TIPOUH(MOPMUPOBATH
0 IIPOTPeCce B I0JITO JUISIIEICsS UTPe, TOKa3bIBast IPEUMYIIECTBO OJHON CTOPOHBI HEPe/]
BTOPOIi, 1 OTPasKAIOT KOHEYHbIH pe3yibTaT. OHAKO IpK GJaronpUsTHBIX TTOKA3aTEJSAX
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nobe/ia He BCeria rapaHTUPOBAHA, TOCKOIBKY UTPOK ¢ MEHBIITMME BCITOMOTATEIbHBIMI
CUeTaMU BCe PABHO MOJKET BBIUTPaTh. Ciel0BaTEIbHO, BCIIOMOTATEIbHbIE CUETA — ITO
HabOP BO3HATPAKICHUH, OT/CIBHBII OT T1eJ1eBOi (hyHKIN Urpsl. HeeMoTpst Ha 910, OHU
BCe JKe TT0JIe3HbI B KAUeCTBe JeHCTBUTENBHBIX CUTHATIOB BO3HATPAXKIEHNUST, TAK KAK MOTYT
nomoub arerty obydarbest. OpenAl Five [104] ucrions3yioT couetanme BCIIOMOTATE N b-
HBIX CUETOB C KOHEUHOI 1e/IeBOH (hyHKITMEN KaK CUTHAJ Bo3HArpaxkaenus s Dota 2.

,IIJIH urp c 1'[066110131 WU TIDOUTPDBITIEM, TAKUX KaK MaXMaTbl, TPDYAHO CIIPOCKTUPOBATH
XopoIiee IMPpOMEKYTOYHOE BO3HarpaK/JeHue. HpI/ILII/IHa I9TOTO 3aKJ/JI04YaceTCAa B TOM,
4TO IIPU aCTPOHOMUYECKOM KOJIMYECTBE BapMaHTOB PaCCTAaHOBKU (1)I/H‘yp 00BEKTUBHO
CJIOJKHO OIIpeAe/INTh, HACKOJIbKO XOpolI TOT, KOTOprﬁ HaXOoAUTCA Ha JOCKeE. Koneunoe
BO3HarpaskA€eHune nmpocTo COCTABJIACT 1 JLJIA HO6elII/ITeJIH n0 JUISL TIPOUTPABIIETO, a ITPO-
MEKYTOYHOE BO3HarpaXjaeHne HyJjaeBoe — 3TO pa3pe>KeHan71 CUTHAJI BO3HArpaxX/I€HUA.

HampammmBaercs BoIrpoc: KOT/ia 3alaHie ONpeie/IeHO M HaM U3BECTEH JKelaeMblil KOHeU -
HBII PE3YJIbTAT, KOTOPBII MOJKET JIETKO OBITh TIPHCBOEH B KAYECTBE BO3HATPAKIEHUS, 110-
yemy ObI IPOCTO HE MPUAEPKUBATHCS PA3PEKEHHOTO BOSHATPAKICHHS, KaK B [TaXMaTaX ?

Cy1iecTByeT KOMIPOMUCC MEK/Y PA3PEKEHHBIMU U IJIOTHBIMU BO3HATPAKIAEHUSIMU.
XoTst pa3pesKeHHbII CUTHAJ JIETKO YKa3aTh, 110 HEMY HAMHOTO TPY/AHEe YUUTHCSI, TaK
Kak U3 cpejibl 06paTHO MOCTYMaeT HAaMHOTO MeHbIle HHMOPMAIUU. ATEHT JOJIKEH
JKJIaTh 3aBEPIIEHVSE 3a[aHVst, UTOOBI TIOJYUUTh CUTHAJ BO3HATPAKIECHNS, HO [IaXKe TOT/Ia
y HETO HET MPOCTOTO CHocoba cKazaTh, KAKOe 13 ACHCTBUI Ha TPOMEKYTOYHBIX TTarax
OBIJIO XOPOIITNM, a KaKoe — MJIOXUM. Pa3peskeHHbIe BOSHATPAYKAEHUS CUIIBHO CHUZKAIOT
2 GeKTUBHOCTh BBIOOPKHU B 3ajiaye, IOITOMY areHTy g o0ydyeHus norpebdyercst Ha
nopsiok Gorblie peteenToB. [T0poil pa3pekeHHOCTb BO3HATPAKIEHIH MOKET CTATh
NPUYUHON HEPAa3PENMMOCTH 3a/ladll BBUJY TOTO, YTO areHTY ITOCTYMAeT TaK MaJo
uHbOpMaNNT, YTO OH He cITocoOeH 0OHAPYKUTH PE3YMTATUBHYIO MOCTEI0BATENb-
HOCTH jieiicTBUi. TIpH MJIOTHBIX BOZHATPaKACHUSAX cUTyalus obpaTHas. XOTs Mpo-
MEeKYTOUHbBIE BO3HATPAKIEHIS MOKET OBITH TPYAHO YKA3aTh, 0OpaTHast HH(MOPMATIUs
U3 CPEJIbI MOCTYAET HE3aMe/JINTENbHO, T0ITOMY AreHT Yallle MOJIyYaeT CUTHAJDL, 110
KOTOPBIM 06y4aeTcs.

OO6BIYHO IPUMEHAIOTC KOMOMHUPOBAHHbIE IIOTHBIE U PA3PEKEHHbIE BO3HATPAKAEHNUS,
a MX Beca BapbUPYIOTCS C TeUEHUEM BPeMEHH TaK, 4TOOBI IIOCTENEHHO MEPEXOIUTh OT TIep-
BBIX KO BTopbIM. O1pe/ie/iuM KOMOMHUPOBaHHOE BO3HATrpaskeHue B ypaBHeruu (16.1):

r=20r

+
dense rsparse’

(16.1)
rmed=1—-0.

B xojte 06yueHust areHTa 3HaUeHre KoaddurmenTa § mocTerneHHo ymenbinaercs ¢ 1 10 0.
Hebobmas eTanb IPOEKTHPOBAHNS — MBI HCKJIIOUH/IN U3 7, KOHEYHOEe BO3HATPAK-
JAeHue, ‘—ITO6bI HE€ YUUTBIBATD €TI0 JIBAXK/Ibl.
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[L10THBIE BOZHATPAKAEHMs Ha paHHeil (hase 00yueHMsI IiepealoT areHTy MHOTO 00paT-
HOU MHMOPMAITNH, YTO MOKET TOMOYb eMY C UCCIeoBaHuEM cpeibl. [Ipennonoxm,
4TO I[eJIb areHTa B poOOTU3UPOBAHHOM 3aJaHi — MOLOUTH K (pary Ha OTKPBITOI
MecTHOCTH. KoHeuHOoe Bo3HArpask/eHne, MoayyaeMoe B KOHIIE 913071, — TO TPO-
cro 1, eciim on noctur rara, u —1, ecam Het. Ilycrb pacctosinue ot arenrta 10 dJia-
ra d (arent, biar), TOT/IA MOJIE3HBIM TJIOTHBIM HEMe/IJIEHHBIM BO3HAIPAsKIEHUEM MOKET
OBITH OTpHUIIATEIbHOE paccTosgnue 7, = —d(arent, ¢uar). Brauase aTo mm0THOE BO3-
Harpak/JeHue moMoraeT HayuduTh areHTa TOMY, YTO COBEpIIaeMble UM TepeMeIeH s
M3MEHSIOT paccTosinue 10 (Jiara ¥ MUHUMU3UPOBATD 9TO PACCTOSIHIE XOPOIIO C TOUKU
3peHus 1eyaeBoil yHkim. Mcexomast u3 aToro, oH 06ydyaercs cTpaTerni MUHUMUA3AIIHT
paccrosiHus. TTocsre TOro Kak areHT HEMHOIO 00YYUTCsI, MOYKHO YOPaTh JOIIOJHUTEIBHOE
caraemoe, cHu3KB 3Hadenue 8 o 0. Ha MomenT oTkII04eHuUsA 7,  Ta jKe camas cTpa-
Terus OyieT crrocoOHa MPaBUIbHO (BYHKIIMOHUPOBATH, HCIIOJIb3Y sl JIUIIb Pa3PeKeHHbIE
BO3HATPAKIECHUSI.

Y1065l TOHITH, HACKOIBKO BKHBIMU MOTYT OBITH TIJIOTHBIE BO3HATPAKIEHNS, TPOCTO
TpesiCcTaBbTe cebe TO JKe caMoe 3ajIaHue, HO JIUIITH ¢ Pa3PesKeHHBIMI BOSHATPAKIEHUSIMI.
BeposgTHOCTD TOTO, UTO areHT, CAyYalHO GIyKAAIONNN TT0 OOTTMPHOMY TBYMEPHOMY
MPOCTPAHCTBY, KOTAA-T1O0 TOCTUTHET (hJara, Ype3BLIdaiino Maia. BobIryo 4acTh
BpeMeHU OH OyzieT TepreTh Heyaaun. Jlaxke peIkuxX cirydaes ycrexa GyaeT CIauIKoM
MaJIo JiUIst 00y 4Y€eHsI, He TOBOPS ysKe 00 OTKPBITHU KOHICTIIIMH MUHUMU3AIIUN PACCTOS-
Hud. BepodaTHOCTD TOTO, YTO areHT HAy4YUTC PENIaTh Ty 3a/a4y Aaske 3a JJIUTeIbHOe
BpeMs, HU3Kag.

JIpyToii MpOABUHYTHIH IPUEM PEIeHus MPOOJEMbI Pa3PEsKEHHBIX BOZHATPAKACHNN —
nepepacnpedenenue sosnazpaxcoenuii (reward redistribution). CyTs ee B ToM, 4T0OBI
B3STh KOHEYHOE BO3HATPAKAEHKE, Pa3/eJIUTh €r0 Ha 4aCTH U IIePePacIPeAeInTh He-
KOTOpbIE M3 HUX /IS TIPUCBOEHUS K03(D(PHUIMEHTOB J0BEPUs 3HAYNMbBIM COOBITUSAM Ha
POMEKYTOYHBIX Hiarax. Ec/im paspaboTunKy BO3HArpask/AeHUiT N3BECTHBI TAKUE 3HA-
YpMble COOBITHS, TO 9TO AOBOJBLHO IIPOCTO, HO HE BCEr/Ia MX MOKHO JIETKO OIIPENEIUTD.
OHO U3 pelenuii — OLeHUTD UX, coOpaB GOJIbIIOE KOJINYECTBO TPACKTOPUIL, BbIIEIUB
pacIpocTpaHeHHbIe IA0JIOHBI U CBI3aB X ¢ KOHEYHBIMU BOZHATPAKICHIAMU. DTO Pop-
Ma aBTOMAaTUYECKOTO IIPUCBOEHUS KO3((ULMEHTOB A0BEPUS, €€ IPUMEPOM SABJIAETCS
RUDDER [8], paspa6oransniii LIT AT Lab.

[TpoTuBOIOJIOKHOCTD Iepepaciipe/ie/leHusl BOSHATPAKICHUI — OMIL0NCEHHOE G03HA-
epancdenue (reward delay), mpr KOTOPOM BCe CHTHATIBI BOHATPASKICHIIS OTKJIA/IBIBAIOTCST
Ha HECKOJIbKO BPEeMEHHBIX 11aroB. Hanpumep, Tak mpoucxonuT IpU MPOITyCKe KaJPOB.
Baskno, 4T0ObI BO3HATPAKIEHUS U3 TIPOITYIIEHHBIX KAJPOB He TEPSIIUCH — MTOJHOE
BO3HATpakIeHNE TOJKHO OCTABATHLCA PABHBIM BO3HATPAKIECHUIO B UCXOJHOM Cpefie.
ITO IOCTUTACTCA 32 CYET XPAaHEHUS BO3HATPAKICHUH U3 TTPOMEKYTOUHBIX KaZ[POB
1 UX TIOCJIEYIONEero CYMMUPOBAHUS C 1EJIbI0 TIOJy4eHUsT BO3HATPAXKIAEHUS s CJie-
aytoriero Bei6panHoro kaapa. CyMMupoBaHueM 00eCTIeTMBAETCS U TO, YTO CUTHAJ
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BOBHArPAK/ICHYST 06Ia/IaeT THHEIHOCTBI0, 6Iaroapst KOTOPOil OH MOJKeT paboTarh Ipu
70601 YacToTe TPOTTyCKa KampoB 6e3 M3MEHEHsT TIeTeBO (DY HKITN.

ITpu npoexkTUpoBaHUM CHUTHAJA BO3HATPAXKIACHUS CIeyeT YUUTBIBATH €ro Mpoduib
pacupeznesenud. Bo MHOTUX ajnropuTmMax BO3HArpask/leHUE MCII0JIb3YeTCsl B pacyere
(byskimu nmotepb. Bosbioil pasMep Bo3HATPaskIeHUS MOXKET TPUBECTH K OTPOMHBIM
3HaYeHUAM (DYHKIIUU TTOTEPb W BBI3BATH PE3KUH pocT rpagneHToB. Co3dnaBasg (OyHKITMIO
BO3HATpasKAeHU, usberaiite npeaeabHbIX 3HaueHni. Takum 06pasomM, 11e1ecoodpasHo
NPUABATh CUTHAJIY TaKyI0 CTPYKTYPY, 4TOOBI CTATUCTUYECKUE JaHHBIE OBLIN Pa3yM-
HBIMU — CTaHAAPTU3UPOBAHHBIMU, C HYJIEBBIM CPEIHUM 3HAUCHUEM U O€3 TIPEIeTbHbIX
3HayeHuit. MaJjo Toro 4To Ha U3JIMIIHE CJIOXKHYIO CTPYKTYPY BO3HATPAKACHUH yiijeT
MHOTO BPEMEHU U CHJI, TAK OHA ellle U 3aTPYAHUT OTJIa/IKy cpesibl u arenTa. [Ipu aTom Het
HUKAKOl yBEPEHHOCTH B TOM, 4TO OHa OyzeT paboTaTh 3HAUNTENHHO TyUIile, YeM Ooee
mpocTast cTpykTypa. CJIOXKHBIN CUTHAJ BO3HATPAK/ICHUS 3a4aCTYIO SBJISCTCH PE3YJIb-
TATOM YPE3MEPHOIi KOHIIEHTPAIIMK Ha OT/eJIbHBIX ClIeHAPUAX, I09TOMY MaJOBEPOSTHO,
9TO WX MOXKHO Oy/1eT 0600TIHUTH TP M3BMEHEHUSIX B CPETIE.

Erte ogna netanb MpOeKTUPOBAHUS CUTHAJIA BO3HATPAKAEHU, O KOTOPOW HYKHO
3HATh, — ATO apenda sosnazpancoenuil (reward farming) v 63iom gosnazpaicoenuil
(reward hacking). B c7TosKHBIX cpelax TPyIHO TPEIBUIETH BCE BO3MOKHBIE CIIEHAPUH.
CuTtyanusi, KoTZia UTPOK HaXOIUT B BUIEOUTPE BPEIOHOCHBII KO/ WU JIA3eiKy W 1O-
CTOSTHHO WIMU 3JI0YTIOTPeOISIET 71T TOMYIeHUsT YPe3BBIYaiiHoO GOMBITNX BO3HATPA-
JKJIEHWI, PACCMATPUBAETCS KaK OMUOKA, JIasKe €CJIU 9TO Pa3peIieH0 B PAMKaX UIPBL
VmenHO 3TO POU3OIILTIO, KOT/Ia OCHOBAHHBIN HA 9BOJIONMOHHON CTPATEruu areHT,
CO3JIaHHBIH TPYTTON uccaegoBaTesneil n3 MpaiiGyprckoro yHuBepcuTeTa, CyMme
oOHapyxuTh omnOKy B urpe Qbert uz Atari [23]. On BbIONHMI cHEPUIECKYIO
MOCJIeIOBATETFHOCTD ICHCTBIIH, KOTOPAast BRIIOUNJIA TPU30BYI0 aHNMAI[IIO, HEOTPaH!-
YEHHO YBEJMUMBAIOIIYIO KOJMYECTBO OYKOB B Urpe. Bueo o HasBanuem Canonical ES
finds a bug in Qbert (Full) Boi naiinere Ha YouTube, nepeiizis o cepuike https://youtu.be/
meE5aaR10Zs [22].

BsJioM Bo3HArpakIeHUst B BUIECOUTPAX MOKET OBITH BECEJBIM U 3aHUMATEIbHBIM, HO
B IIPUKJIATHBIX TIPUJIOKEHUAX OH MOJKET OKa3aThCS TIOTEHITUATIBHO BPEJIOHOCHBIM 1 IMe-
IOIIUM cepbe3Hble rocencTBUs. Berpeya cucrtembl RL, yiipaiistionieii poMbIIIeHHBIM
anmapaTHbIM 00eCTieYeHeM, C BPEJOHOCHBIM KOJIOM C HEYNPABJISEMBIM MPOIIECCOM,
MOJKET BBI3BATD TIOJIOMKY IOPOTOCTOSITIETO 060PYOBAHUS UITH TPABMUPOBAHIE JO/EH.
Tax xax HazHaUeHHe K03 OUITNEHTOB JOBEPHS TECHO CBSI3aHO C ONpe/iesIeHIeM TToBeie-
HUSI aTeHTa 1 ero YIIPaBJIeHNeM, OHO SIBJISIETCST OJTHUM 13 OCHOBHBIX TIPEZIMETOB MUCCIIE0-
Bauus B 6e3omacuoctr IV, Xopoiiiee BBeIeHNE B ITAHHYIO TEMY MOXKHO HAUTH B CTAThe
Concrete Problems in Al Safety [4]. Hy»KHO OTBETCTBEHHO HOAXOAUTD K IIPOEKTHUPOBAHIIO
cpert 1 06yIEHHUTO aTeHTOB, YTOOBI H36EKATh HErATUBHBIX MOGOYHBIX A(h(HEKTOB MpH pas-
BePTHIBAHUU crcTeMbI RL B peaibHbIX YCIOBUSIX. DTO MO3BOJUT IIPEOTBPATUTD B3JIOM
BO3HATPAKAEHUH, 06€CTeINTh KOHTPOJb, CTUMYINPOBATH OE30TTACHBIE UCCITEOBAHNST
Y TAaPaHTHUPOBATH YCTOWYUBOCTD CHCTEMBI.
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B ciyyae B3jioMa CUrHas BO3HArpasK[AeHUs paccMaTpuBaercs Kak ommbounsiii [100],
MOTOMY MIPOEKTUPOBIIUK AOJKEH UCIIPABUTE OIMTHOKY B CPeJie WTH TIEPETPOEKTHPOBAT
YacTh 9TOTO cuTHaTa. Her BepHOTO crocoba y3HATDh, B KAKOM MECTe MOKET MTPOU30HTH
B3JIOM BO3HATDAXKIEHUS, TIPU TTIOUCKE HYKHO MOJTATATHCS HAa HAOJIIOMEHNST B TECTOBOIT
cpene. Oun 13 CrIoco60B C/IeIaTh 9TO — 3AMUCATH BCE BO3HATPAYKAEHUS, TIOJYYECHHbIE
BO BpeMsi 00yUeHUsT, U TPOAHAIU3UPOBATH UX. BBIUKCAUTE cpejiHee 3HAUeHUE, MOJLY,
cpejiHee KBa[paTUUECKOe OTKJIOHEHNUE, 3aTeM TIPOCMOTPHUTE UX Ha MTPEJMET TIPeeTbHBIX
WJTH OTKJIOHSIOIUXCST OT HOPMBI 3HaueHwid. Ecii o6Hapy KeHbl Kakne-HuOyIb MpeIeb-
HbIe 3HAYEHUS, OTIPE/IETTUTE COOTBETCTBYIONINE CIIEHAPUN U TIPOBEPHTE UX BPYUHYTO,
4T0OBI YBUJIETD, KAKMM ObLIO MTOBE/ICHUE areHTa, MOPO/IMBIIIEE TAKHE HEOOBIYHBIE 3HAUE-
HUA Bo3HarpaxkaeHus. [ ynpoleHus oTJaaKu MOKHO 3aIIiCaTh BUJIEO C IPUMEPaMiu
3TUX CIIEHAPUEB WJIHU TIPOCTO HAGJIIONATH CPELY BIKUBYIO, €CJU CYIIECTBYIOT CIIOCOObI
BOCIIPOM3BEICHUS OIMTIMOOYHBIX CIIEHAPHUEB.

Mpbr B HEKOTOpOﬁ CTEIICHN OXBAaTHUJIM OCHOBBI ITPOEKTUPOBAHUA BOSHana)KZIeHHﬁ. HO]_I-
BO/JIA UTOI'U, IIPUBEAEM HECKOJIBKO (baKTOpOB, KOTOpbIE CJIEAYET YUYUTBIBATDH IIPU TIPO-
CKTUPOBAHWUM CUTHaJ/Ia BOSHATPaK/ICHUA.

e Ucnoab3yiiTe Xxopouine, HeHTpajabHble U IIOXUE 3HAYCHUS] BO3HArpasKJeHui.
[Tesrecoo6pa3Ho HAYaTh ¢ MPUMEHEHHUS TOJOKUTENbHBIX 3HAYCHUH KaK XOPOTIHX,
3aTeM IepeiiTh K HyJIeBbIM — KaK HEHTPaJIbHBIM U OTPHUIIATEIbHBIM — KaK IJIOXUM.
Buumaresbto oTHOCHTECH K MactTaby, usberaiite mpeaebHbIX 3HAYCHIA.

® BboiOupaiite pa3peskeHHbIE WK IUIOTHbIE CUTHAJIBI BO3HArpaskaeHuii. [lepsbie erko
IIPOEKTUPOBATH, HO YACTO OHU CHUJIBHO YCJIOKHSIOT 3a/1a4y, BTOPbIE TPYAHO ITPOEKTH-
pOBaTh, HO OHU JIAIOT ar€HTY HAMHOTO HOJIbIIE 0OPATHOM MHMDOPMATIHH.

[ ] CJIe,Z[PITe 3a 0€30IaCHOCTBIO H BEPOATHOCTHIO B3JIOMa Bosﬂarpamnennﬁ. IIocro-
STHHO OlleHMBaiTe areHToB, 4TOOBL YAOCTOBEPUTHCA, UTO B3JIOMa BO3HATPaK/IACHWA
HE IIPOUCXOAUT. Hy)KHO OTBETCTBEHHO o6yanb areiTa U IMpoeKTHUpoBaThb Cpeay,
yT0OBI 06€ECIIeYnTh 6E30IIACHOCTD paSBepHyTOﬁ B p€aJIbHbBIX YCJIOBHAX CUCTEMDbI.

Curnas Bo3Harpask/IeHUsI MOSKHO pacCMaTpUBATh B KayecTBe TTOCPEHNKA JIJIs Tiepe-
Jlauy HAKOTIJICHHBIX YeJIOBEKOM 3HAHWIMA, TPUCYIINX €My OKUIAHUI U 37IPABOTO CMbICJIA
areHTy, KOTOPbII BceM aTuM He obsagaer. Ha Tekymuit Moment B RL aredT moHumaer
U BUJIUT 33/laHUE COBCEM HE TaK, KaK Mbl, JII0/IN. Ero eIMHCTBEHHOI 11€JIbIO SIBJISIETCS
MaKCUMU3AIUs 11eJ1eBOi (hyHKIIMH, 2 BCE TUIIBI €T0 TTOBEJeHUS TTPOUCTEKAIOT U3 CUT-
HaJIOB Bo3HarpaxjaeHus. /[y moomnperns KOHKPETHOTO MTOBe/IeHNs HYKHO TTOHSITh,
KakuM 00pasoM MPUCBaWBaTh BO3HATPAKAEHUSI, YTOOBI OHU TIPOSIBJISLINCH KaK 110~
6ouHbIil aderT Makcumusauu meaeBoil GyHkimu. OMHAKO HE BCETIa BO3MOKHO
UIeaJIbHO CITPOEKTUPOBATH BO3HATPAK/ICHUSA. ATEHT MOKET HEBEPHO MCTOJKOBATD
HaIllM HAMEPEHUS U PENIUTh 3a/la4y COBCEM He TaK, KaK Mbl XOTUM, /IJa’Ke eCJu TIpu
ATOM IIPOJI0JIKAET MAKCUMU3WPOBATH TTOJIHOE BO3HATpaxaeHue. [loaTtoMy /i1 rnmpoek-
TUPOBAHKS ONITUMAJIbHBIX CUTHAJIOB BO3HATPAKIECHIS HEOOXOAMMO 3HAHUE YEJOBEKOM
[peIMETHON 06J1acTH.
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16.3. Pe3tome

B 210i1 ry1aBe 0 MPOEKTUPOBAHUN BO3HATPAsKACHUN 00CYsKIAIUCH GaNaHC MEKILY pas-
PEKEHHBIMU U TJIOTHBIMU CUTHAJIAMY BO3HATPAKICHMUS, 4 TAKXKE BAKHOCTh MaciiTaba
BO3HATpakAeHuil. TaresapHo CrpoeKTUPOBaHHAS (MYHKITHS BO3HATPAKAEHUN MOXKeET
ObITh BechMa a(hPeKTUBHOM, Kak 1moKkasanu pesyabraThl OpenAl 8 Dota 2. OnTuMaib-
HBIIT CUTHAJT BO3HATPAKICHUS HE JIOJIKEH OBITH CJAUIIKOM 000OIIEHHBIM U KOHKPE-
TU3UPOBAHHBIM U JIOJKEH CTUMYJINPOBATD JKeJlaeMoe TIOBe/leHIe areHTa. TeM He MeHee
omuboYHast CTPYKTYpa BO3HATPAsKACHUIT MOKET BBI3BIBATH HEOKUIAHHbIC TUIIBI TIOBE-
JIeHUs. JTO U3BECTHO KaK B3JIOM BO3HATPAKIAEHUN M MOXKET MIPEACTABIATH YTPO3Y JJIST
CUCTEMBI, PA3BEPHYTON B YCJIOBHSIX IPOMBINIIIEHHON aKcruryaTaru. OTciofia ciaenyer,
YTO MPU PasBePTHIBAHUY cucTeMbl RL B peabHbIX YCIOBUSAX HEMb3st 3a6bIBaTh 06 00€-
crieyeHny 6e30TacHOCTH.



DyHKUNA nepexonos

[Tocse cocTostHMA, HefICTBUN U BO3HATPAKIECHUI OCTAJIOCh PACCMOTPETH TTOCTAETHU
KOMIIOHEHT, HeOOXOMMBbIiT /17151 (QYHKITHOHUPOBaHUsE cpeibl RL, — (QYHKIINIO Tepexo/Ios,
TaKykKe N3BECTHYIO KaK MOJIEITb.

Mogenb cpesibl MOXKeT OBITH 3aporpaMMUpOBaHa WK HacTpoeHa. [Ipasumia mpo-
rpaMMUPOBaHUA OOIIHE ¥ MOTYT MO3BOJUTH CO3/IaTh CPE/bI C PA3JUYHBIMU CTEre-
HAMU caokHOCTH. [I[axMaThl IPEKPACHO OMUCHIBAIOTCS TIPOCTHIM HAGOPOM TIPABILIL.
[Ipu MojtesMpoBaHiK poGOTOB ATTPOKCUMUPYIOT TUHAMUKY POOOTA ¥ €T0 OKPYKEHME.
CoBpeMeHHbIE KOMIIBIOTEPHBIE UTPBI MOTYT GbITh OY€Hb CJAOKHBIMH, HO UX MPOJIOJIKAIOT
€03/1aBaTh C OMOIILIO IIPOTPAMMHBIX UTPOBBIX JIBUMKKOB.

OmHako TP MOZIEJTMPOBAHUN 33/1a4, KOTOPbIEe HEBO3MOXKHO 3(h(HEKTUBHO 3ariporpam-
MUPOBATD, MOJIEJb CPEIbI MOSKHO HACTPOUTH. Harpumep, MogempoBaHue KOHTAKTHOTO
B3aUMOJICHCTBUSE B POOOTOTEXHUKE C TIOMOIIBIO TIPABHJI IPOTPAMMUPOBAHUST 3aTPY/THU-
TEJIbHO, TO3TOMY B Ka4€CTBE aJIbTEPHATUBDI €TI0 IbITAIOTCSA HACTPOUTD T10 H36JIIOII€HI/IHM
13 PeaTbHOTo MUpa. J[JIsT MPUKITAHDBIX 337144, T/Ie COCTOSTHUS 1 IEHCTBUST — aOCTPAKTHBIE
BEJIMYNHDBI, CJIOKHDBIC IJIA TTIOHUMAaHWUA 1 MOAEJINPOBaHMA, HO [IJII KOTOPBIX JOCTYITHO
MHOTO JIAHHBIX O MePexojax, QYHKIUIO MEPEXOI0B MOKHO HACTPOUTD. Y CPEI MOTYT
6bITb TaKXKe I'I/I6pI/I[[HI)IC MOEJIN, KOTOPbIEC YaCTUYHO 3alIPOrpaMMUPOBAHDBI, 4 YaCTUYHO
HACTPOEHBDI.

B aT0ii ri1aBe IpuBOAATCSA HEKOTOPbIE PEKOMEH/IAIIUU 110 IIPOBEPKE OCYIIECTBUMOCTH
noctpoenust GyHKIMH TEPEXOOB U OI[EHKE TOTO, HACKOJIBKO OJIM3KO OHA AIIIIPOKCUMU-
pYeT peasibHYIO 3a/iauy.

17.1. NpoBepka ocCyLLeCTBUMOCTH

Kak Bbl momMHuTE, (hyHKIMS IEPEX0/I0B 3a1aHa Kak P(s, , | | s, @) M 061a/1aeT MAPKOBCKUM
CBOWICTBOM, YTO O3HAYAET: TIEPEXO/] TIOJHOCTBIO OMPEAENSIETCS TEKYITUMI COCTOSTHUEM
u nefictBueM. B Teopun HY;KHO PacCMOTPETh, MOXKHO JIM TIOCTPOUTH MOJIEJIb B TAKOM
(opme. Ha mpakTuke cHavasia aHaJIM3UPYIOT, SIBIISIETCS JIU TOTEHITUATBLHO BO3MOXKHBIM
MOCTPOEHHE MOJIEH € TTOMOTIIBIO MTPABUJI, (DU3NIECKOTO JBMIKKA, UTPOBOTO JIBUYKKA NN
HaGopa JJaHHbIX.
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B aToMm paspeste npezcTaBieHbl HECKOJIBKO IIPABUJI IIPOBEPKU HA OCYILECTBUMOCTD, KOTO-
pble HY’KHO BBITIOJIHUTD JI0 MOCTPOEHUsI (DYHKIMU TIepexoioB. TpebyeTcst paccMOTPETh
cremyroniee.

IIporpammupoBanue wiu o0yuenue. MoykHO jin mocTpouTh cpeay RL 6e3 ncmosib-
30BaHU4 JaHHBIX, IIyTeM BBISICHEHMS M [IPOrPAMMUPOBAHUS [TPABUJI IIEPEX0/10B?
B03MOKHO JIH TIOJTHOE OTHCcaHue 3aaun HabopoM mpaBui? TIpuMepamu sIBJISTIOTCST
HACTOJIBHBIE UTPBI, TAKVE KaK TMAXMATHI, U (PH3MUYECKIE CUCTEMBI, TAKHE KaK POOOTHL.
Ecam 5T0 HEBO3MOXKHO MJINM HEMTPAKTUYHO, TO MOJIETh MOXKHO JIMIITb HACTPOUTD Ha
OCHOBE JITAaHHBIX.

Ilosnnora ganHHbIX. Ecin Moziestb Hy»KHO HacTpauBaTh 110 JAHHBIM, TO IOCTYIIHbI JI1
OHM B IOCTATOYHOM KoJimdecTBe? TO eCcTh I0CTATOUHO JIN TAHHBIE PEMPEe3eHTATHB-
HbI? Eciiu Het, MOKHO Jit coOpaTh OOJIbIE JaHHBIX MU BOSMECTUTD HEOCTAOIIHE?
Bce Jsiv aHHbIe ABJISIIOTCS MOJHOCTBIO HaboaeMbiMu? Eciti Het, Mojiesih MOJKeT
OKa3aThCsI HETOUHOH, KAaKOB B 3TOM CJIydae TIPHeMJIeMBIH TOPOT TTOTPEITHOCTH ?

3arpaTtHOCTH AaHHBIX. VIHOTa TOPOJKICHYE JAaHHBIX MOKET OBITh 3aTPATHBIM:
IIPOIECC 3aHUMAET MHOTO BPEeMEHH WJIM OKa3bIBAETCS HEIEIeBbIM 110 TOH IpuynHe,
4TO cOOP peaTbHBIX JAHHBIX TO[PAa3yMEBAET JJIUTEIbHBIE I[UKJIBI U JOPOTOCTOSIIINE
pecypcebl. Hanprvep, peaibHbIil po6OT TOPOTOH 1 IBUTAETCS ME/IJIEHHEE, YEM €T0
MOJIeJIb, HO JIJIst CO3/JAHUS PEATTMCTUYHOMN MOJIEIN MOKET NoTpeboBaThCst CHavYaIa
HAKOIUTD JJAHHBIE O JIEHCTBUTEbHBIX ABHKEHUSX POOOTA.

A ddexTuBHOCTD BHIOOPKH AaHubIX. 1151 T1y60K0ro RL mo-npeskHeMy XapakTepHbl
HU3Kast 3PEKTUBHOCTD BBIGOPKHU U 1J10Xast 06001aI011as crocoOHOCTh. ITO 3HAYUT,
YTO MOJIENTb 33a4YH JIOJKHA MIMETh BBICOKYIO IOCTOBEPHOCTB, UTO, B CBOIO OYepe/Ih,
TpebyeT GOMBINOro KOJINYECTBA JAHHBIX /I TOCTPOCHUST MOJIE/I U YBEIUUHBACT
CTOMMOCTD ee 0Oyuenust. Jlaske ecan (hyHKINS MEPEXOOB POTPAMMUPYEMast, Ha
MOJIYYEHE PEATHCTUYHON MOJICITH BCE PABHO MOJKET OBITh 3aTPAYCHO MHOTO BPEMEHH
u cuit. Harpumep, y BUzieourp caMble CIOKHbBIE TTPOTPAMMUpyeMble (hyHKITUN TTepe-
XOJIOB, ITOJIyYeHNe KOTOPBIX MOKET CTOUTH MIJIJTHOHBI I0JITTAPOB.

OGyueHue 10 aKTyaJIbHOMY WJIH OTJIOKEHHOMY ombiTy. Korza manubie cobupaior
B OTPBIBE OT JIEWCTBUTEILHOTO areHTa RL, 310 paccmarpuBaeTcss Kak oOydeHue 1o
OTJIOKEHHOMY OTIBITY. EC/IM MOIesTb CTPONTCS Ha TaHHBIX, TIOJIYYEHHbBIX TPU 00yUe-
HUU 110 OTJIOKEHHOMY OIBITY, OYJIET JIK HTOTO J0CTATOUHO, YTOObI YUECTh BJIMSHUE
B3anMozeiicTBus ¢ arenToM? HampuMep, 06ydaronniicss areHT MOKET HU3YUUTh HO-
BBIE YaCTHU TIPOCTPAHCTBA COCTOSTHUI, M3-3a 4ero MOTPeOYIOTCsT HOBBIE JIAHHbIC 15T
3aTMOTHeH ST TIPOGESTIOB B MOJIENH. 3/1eCh HEOOXOMNM OHJIAWH-TTOAXOI, TO €CTh pa3-
BEPTbIBAHUE areHTa B PeabHbIX YCJIOBUAX /IS B3AMMOJEHCTBUA € [IeHCTBUTENbHON
3aziaueil st c6opa AOTOTHUTETBHBIX JAHHBIX. BO3MOKHO Ji11 5107

OO0yuenne Win NPOMbILLIEHHAs SKCILTyaTanus (B CBA3U C IIPEABIIYIIUM IIyHKTOM ).
I[Ipesk e yeM MOKHO OYIET UCIIOJIb30BaTh areHTa, 00YYEHHOIO ¢ IOMOIIBIO HACTPOEH-
HOI MOJIeJIN, er0 HY>KHO OIIEHUTDH C YU4eTOM JIeCTBUTEIbHON 3a1aun. be3omnacHo jiu
TECTHPOBAHUE areHTa B YCJIOBHUSX TPOMBITIIJICHHO akciryaranun? Kakum o6paszom
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MOJKHO TaPaHTUPOBATD, UTO €r0 MOBe/IEHUE He BhIW/IET 3a pa3yMHble Tipesiesibl? Ecim
HEOKUJIAHHOE TI0Be/IeHUE MMPOSIBUTCS B TIPOMBIIIIJIEHHON JKCILIyaTalluu, TO KaKUM
MOKET 0Ka3aThCst (DUHAHCOBBIN yiep6?

Ecim 511 IpOoBEpKHM Ha OCYIIIECTBUMOCTD MTPOHIEHBI, TO MOKHO TIPUCTYTIUTD K KOHCTPYH-
poBanuio ¢pyukiuu nepexozos. IIpu moctpoennu Mojenn Hy>KHO y4ecTb HECKOJIbKO
XapaKTepUCTUK 337[a4H, KOTOPBIMU OTIPE/IeJISTIOTCS TIOIXO/ISIITIE METOJIBIL.

o JlerepMuHHPOBaHHBIE 3a1aYH ¢ M3BECTHHIMU NPaBUJIAMH MEPEXOI0B — HAIPH-
MeEp, maxMarThl. Ha ocnose usBecTHBIX TIpaBUJI, HAIIPUMEP C ITOMOIIIBIO XPAaHNMMOTO
CJIOBAps, CTPOUTCA AeTEPMUHUPOBAaHHAS (QYHKIUS OTOOPAKEHH. DTO MOKET OBITh
3ammcano Kak s, ~ P(s, | s, a,) =11, 4To paBHO3HAYHO, KaK IIpAMas (QyHKIU,
1€ S, = foierminisic(Sp @,)- IIPH OCTPOGHMH MOJIENIH MOKHO MCIIOJIb30BATh CyIIECTBY-
omume ABUKXKH C OTKPBITBIM NCXOAHBIM KOAOM MJIN KOMMEPUYECKHNE MHCTPYMEHTDI.
EcTb MHOKECTBO TTPEBOCXO/IHBIX UTPOBBIX M (PU3UUECKUX JIBUKKOB, TAKUX KaK
Box2D [17], PyBullet [19], Unity [138] u Unreal Engine [139]. VIx MoxHO mnpu-
MEHSTB JIJIs1 TTOCTpoeHus psifia cpell RL, OT mpocThIX IByMEPHBIX UTPYTIIEYHBIX 33719
JI0 BBICOKOPEAJMCTIHYHBIX aBTOMOOUIBHBIX TPEHAKEPOB.

o Croxactuueckue (HeJAeTEPMUHHUPOBAHHbBIE ) 3a/1aUH C U3BECTHOM THHAMHKOM — Ha-
[IPUMeEp, PEATUCTHYECKIE POOOTIH3UPOBAHHbBIE MOJIEN. 3/1€Ch YaCTh IMHAMUKH CTO-
XaCTHUYeCcKast 10 CBOEH IPUPO/IE, & OCTATIbHOE — 3TO JeTEPMUHUPOBAHHAST TUHAMUKA
¢ pobapiieHneM ciydaitabix mymos. Hanpumep, pusndeckas cucreMa MOKeET ObITh
CMOJIE/INPOBAHA 110 JIeTEPMUHIUPOBaHHbIM MpaBuiaM. Ho urolObl caenath ee Gosee
PEAMCTUYHOM, IIPUHSATO YUUTHIBATH CJIyYaliHble IIyMbl, TAKKE KaK TPeHue, BUOpauu
WJIN IIyM JlaTanka. B sTom ciydae Mozgens mepexoos uMeet BUA S, ., ~ P(s, , | S, a).

o CroxacTuyeckue 3a/1aud ¢ HeU3BECTHOI IMHAMUKON — HaTpuMep, CJI0KHOE yTIpaB-
JIEHUE 3allacaMy U1K OIITUMM3AIAA POk CO MHOKECTBOM HEHAOII0aeMbIX 1 He-
IPe/ICKa3yeMbIX KOMITOHEHTOB. [[0CKOIbKY /IMTHAMUKA HEN3BECTHA, €€ HY;KHO HACTPOUTD
110 anHpiM. CobMpaloTes Bee 10CTyIHbIE JaHHbie B QOPME ..., S, @, S, , 4, . , ... 1 CTPO-

UTCS TUCTOTPaMMa, 9TOOBI 3apUKCHPOBATD YaCTOTY S, , | /I 3aaHHBIX S, d,. 3aTeM

IUCTOrpaMMe COIIOCTABJSAETCS THII PACIIPEAeJIeHNsT: rayccoBo, bepry.uim, Gera-pac-

npezesierre u T. 1. TakuM 00pasoM IOJIy4aloT paciipe/ieieHust BEpOTHOCTE B BUe

P(s, ., |s ., 4,) — HACTPOEHHOI MOJIe/TH. DTOT IIPOIlece MOKHO MPeoOPa30BATh B 3a/[aHIIe

00yueHns ¢ yduTesieM 110 HacTPOiiKe pacipe/ie/IeHus BEpOSATHOCTel 110 TAHHbIM C S, d

B Ka4eCTBE BXOJHbIX 3HAUEeHNI 1 SL i BBIXO/JHOTO I1€JI€BOTO 3HAUYCHMA.

t

e 3amauu, KOTOPBIE HE MO TYMHSIOTCS MAPKOBCKOMY CBOIMCTBY, HAIPUMED CJIOKHbIE
BUIeOUTPBI. B 910l cutyanuu ayis onpeaenenust GyHKIUE MEPEXo10B TpeOyoTCst
JUTUTEJIbHbIE BpEMEeHHbIe TOPU30HTHI. ECTh /1B pacipocTpaHeHHble cTpaTerun. Ecim
(byHKIIMSA 11€pexo10B IIporpaMMHUpyeMast, KOHIIEHTPUPYIOTCS Ha IOCTPOEHNUU PeaJiu-
CTUYHON MOJIENTH, KOTOPast He 00sI3aTEIbHO SIBJISIETCST MADKOBCKOU. 3aTeM MpUHUMa-
€TCSI PeleHe, TOJKHBI JIU COCTOSHYS, TIOKa3bIBAEMbIE aT€HTY, OBIThH MAPKOBCKUMIL.
Ecsi BaskHO, 4T0OBI OBIJIO UMEHHO TaK, MOKET TIOTPEOOBATHCSI IOBTOPHO CIIPOEKTH-
POBaTh COCTOSIHIE, 1abbl BKIIOUUTH J0CTaTOUHO HH(OpMaIii. B mpoTiBHOM ciydae
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COCTOSTHUST MOTYT OBITH TPOIIE, TOT/A /IS aTeHTa 3a/[a4a CTAaHOBUTCS YaCTUYHO
HabmogaeMbiM MITTIP. Ecoiu (hyHKIIUS [I€PEXO0B HACTPAUBAETCS, MbI HE MOKEM
TI03BOJINTH cebe TAaKyI0 POCKOIIIb, TIOCKOJIbKY JaHHbIC S, @, 17151 00yUeHMUs JIOJIKHbI
COZIEPIKATH IOCTATOUHO MHMOPMAIINH, 4TOOBI IOJTHOCTHIO OMPEETUTD CIELY IO
nepexoji. B aToMm ciryuae ocHOBHAsI cTpaTerust — Mepeonpeie/INTh COCTOSTHUE, YTOObI
OHO CTAJI0 MAPKOBCKUM.

Kax y6eZII/ITbCH, YTO IMOCTpOEHHAasA MO/IEJIb ABJIAECTCA JOCTATOYHO PEATMCTUYHDBIM IIPpE/I-
CTaBJICHUEM 38.[[3.‘11/1? ITo IO/IBO/IUT HAC K TEME CJIEIYIOIIETO pa3/ieJia.

17.2. lNpoBepka peanncTUYHOCTU

Jlob6as MO/I€Jib, alllIPOKCUMUPYIOIas peajyibHOE SIBJIEHNE, CKOpee BCETO, HECOBEPIICH-
Ha. CJIGI[OBaTe]IbHO, HYXHBI METO/IbI OIIEHKW TOTO, HACKOJbHKO XOPOIila MOJIy4YeHHad
alllIpOKCHUMalln. B atom pa3zeJsie cHavdaJjia O6cy>KH3.IOTCH HEKOTOpbIC N3 NCTOYHUKOB
omnboK MOJ€JIN, a 3aTEM PACCTOAHUE KyJIb6aKa — JIef/’I6JIepa KaK KOJIMYeCTBEHHAaA
OIl€HKa IMOTPEITHOCTH.

Moo BbIZAE/JIUTDb IB€ OCHOBHbBIE ITPUYHWHBI HECOBEPIICHCTBA MO/ICJIN.

B nepBom ciryuae mossHoe MojieTMpoBaHue Kaxk0To U3 acTeKTOB 334l MOJKeT OKa-
3aThCsl HEOCYIIECTBUMBIM, B CBSI3U C YeM BBITIOJIHAIOTCS yIipoliieHus. Harpumep, npn
MOJIETUPOBAHUHT POOOTU3UPOBAHHON PYKHM MOTYT HE YUUTHIBATHCS TPEHUE, BUOPAIIHH,
TETIOBOE paciiupenue u fehopMallii, BBI3BAHHbBIC CTOJKHOBEHUSAMU ee (hU3UIEeCKUX
yacTei, KOTopble CyIecTBYIOT B peasibHOM Mupe. Ha rpakTike HeKoTopble JaHHble TIPOCTO
HelocTynHbL. Bo3bMeM B KauecTBe IpuMepa pekoMeHryembie huibMbl. [losiesHo 3HaTh
JKAHPBI, KOTOPbIe HPaBITCS YeJ0BeKY, HO TOJYYUTh 3TH CBEJeHUsI HAIIPSMYIO HEBO3-
MO>KHO, UX MOKHO JIMITITb BBIBECTH, OCHOBBIBASICh HA paHee MPOCMOTPEHHBIX (hUITbMaX.

Bropoii cirydait 00yc/1oBIeH OrpaHIYEHHOCTHIO NCCIEI0OBAHUS CPE/IbI IIPU HACTPOEHHOM
dbyHKIMM TIEpEeX010B. 31ech IMPobaeMa B TOM, YTO HEKOTOPBIE U3 IIEPEX0I0B MOTYT OCTa-
BaThCsI HEIIOCEIIEHHBIMU JI0 TOTO, KaK aJIrOPUTM OYZIeT Pa3BePHYT B PEabHbIX YCIOBHIX
JUTSE B3AUMOJICHCTBHS CO CPeloi. ITO MPOUCXO/IUT, KOT/IA IIPOCTPAHCTBO COCTOSHUI Ha-
CTOJBKO BEJIUKO, UTO HACTPONKA XOPOIIEH MOJIETN [IJIT BCeX COCTOSHUN TMPAKTHIECKI
HellesecoobpasHa. BMecTo 3Toro 00BIYHO COCPEROTAUYNBAIOTCS HA HACTPOIKE ONTH-
MaJIbHOU MOJIeJIN JIJIsI IEPEXO0/I0B, KOTOPbIE, BEPOSITHEE BCETO, BCTPETATCS areHTy. Ecin
MO/IeJIb He YUUTHIBAET MEPEXO/IbI, C KOTOPHIMU areHT CTAJKUBAETCS B TTPOMBIIILIEHHON
AKCILTyaTallluu, TO, ECTECTBEHHO, OHA MOJKET BBITIOJIHATH HETOUHbIE TIepexo/ibl. Ho 910
He 03HAYaeT, YTO areHT He MOKeT 00ydaThest Ha OrpaHMYeHHOM MOJIEJIM.

Mojiesib MOKHO HACTPAMBATH T10 JIAHHBIM [IUKJIUYECKH CeayomuM obpazom. CHavaa
HAKAIJIMBAIOT TTOIHAO0P JaHHBIX U3 PEATHHOTO MUPA ¥ UCIIOJIBb3YIOT UX JIJIsI HACTPOHKU
mozienn. OHa OyzieT almpoOKCUMUPOBATh PEANBHOCTh ¢ HEKOTOPOU TIOTPENTHOCTHIO. 3a-
TeM MOKHO OOYYHTH areHTa, Pa3BePHYTh €r0 B YCJIOBUAX TIPOMBIIITIEHHON 9KCILTyaTa-
I[UH, HAKOTIUTH OOJIbIIIE JaHHBIX O MEPEX0/Iax M MOBTOPHO HACTPOUTH MOJIEJIb, YTOOBI
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YJIy4dlInuTh €e€. JTOT IIpoI1ECC IMMOBTOPAETCA /10 TEX I1OP, ITOKa omnbKa He CHU3UTCS 110
IIPpUEMJIEMOTO ITOPOTOBOTO 3HAYECHUA.

Ternepb HEOOXOAMMO BBECTH TIOHSTHE OMUOKU MEKIY HACTPOCHHOM MOJIEIIBIO ¥ 3aj1a-
4yell, KOTOPYIO OHa armpoOKCUMHUPYeT. OHpeI[eJII/IM (DYHKIIMN TIEPEXOI0B MPH 0OYyUEHUN
U TIPOMBIIIIEHHON SKCILTyaTanuu Kak P (s’ |s,a) u P._(s'|s, a) cooTBeTCTBEHHO.

rain prod

Mbur TTOTYINJIN /IBa pacClipeeJICHUA BepOHTHOCTeI/I " MOKEM U3MEPUTD PA3HUITY MEKIY
HHUMHU C ITIOMOIIbIO CTaHAaPTHBIX METOIOB.

Paccrosaue Kymnnbaka — Jleitbrepa' mmpoko pUMEHSIETCS JI7ist U3MEPEHHsI TOTO, Ha-
CKOJIBKO OJTHO paciipejie/ieHre BePOsITHOCTEH OTKIOHSIeTCs OT AApyTroro. [Ipeanonoxum,
HaM JIaHbl /[Ba pactpenenenus p(s), q(s) caydaiinbix 3Hadennii nepemeroi s € S. [lycrb
p(s) — peanmbHOe pactpesiesienne, a g(s) — ero anmpoxkcumariust. Mcnoas3ys paccrosinne
KJI, MOKHO OTIpe/Ie/InTh, HACKOJBKO ¢(S) OTKJIOHSIETCS OT PEATbHOTO P(S).

Paccrosinue KJI fjist iuckpeTHOl 1iepeMeHHOoN ipuBejieHo B ypaBuenun (17.1):

KJ(p(s)lq(s))= ;p s)log 8 (17.1)

Boipaskerue B 060011eHHOI (hopMe J1JIsT HEIIPEPHIBHOM MepeMEHHOM TOIyYeHO IPOCTHIM
mpeobpa3oBaHMeM CyMMbI JIUCKPETHBIX 3HAYEHUI B HEMIPEPBIBHBIN MHTETPAJ, KaK IM0-
KazaHo B ypaBuenuu (17.2):

Kﬂ(p(s)Hq(s)):_[ p(s )103., G )ds (17.2)
a(s)

Paccrognue KJI — aro Heotpunaresbroe ynciao. Korza ono pasao 0, anmpokcumMupy-
Iolllee pacipesiesieHe ¢ He OTKJIOHSAETCS OT PeaTbHOTO Pacpe/ie/ieHns p, TO eCTh /[Ba
pactpenenenus pasabl. Yem Oosbiie paccrosiue KJI, Tem 60Jblite OTKJIOHEHUE ¢ OT p.
ITOT IOKazaTesb K ToMy ke acummeTpuuen, To ecth KJI(p | q) # KJI(q | p) B o6umem
cayygae. [Tomumo atoro, paccrosinue KJI n3-3a CBOMX 1OJIE3HBIX CBOMCTB IPUMEHSETCS
B psje anroputmMoB RL /i1 uamepeHust OTKJIOHEHUH Mesk/y CTpaTernsiMu Ha Pa3HbIX
UTEPANUX, KAaK Mbl BU/IEJTN B TJIaBe 7.

Paccrosinne KJI Takxke MoKeT OBITH HCTOJTKOBAHO Kak moTepst uHGOPMAIUU TIpU
UCIIOJIb30BAaHNUU ¢(S) /IS alllpoKcUMaIuu peasibHoctu p(s). B mamiem ciyvae peasib-
HOCTh — 310 P d(s |'s, @), mosrydenHast py MPOMBIIIEHHOMN SKCILTyaTaluH, a allpPOKCH-
Marus — tralu(s rod ¥ Py — YCIIOBHBIE
BEPOSATHOCTH, HO paCCTOHHI/Ie KJI MO3XHO TIPOCTO MOJICYUTATD /IS KAYK/IOTO KOHKPETHOTO
3K3eMILJISIpa YCJIOBHBIX nepeMeHHbIX. IIycTh p = Ppro 4 =P, apaccrosuue KJI

train’
MeKTy HUMU 3anucano B ypaBuenuu (17.3):

' ' P (s']s a
s, )||1m(s|s,a)) Z;fprod(s|s,a)log%, (17.3)

KIL (P (75

! M3BecTHO TakyKe KaKk OTHOCUTEIbHAS OHTPOIINA.
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I10 muckpeTHas GhopMa 3alucH, MPU HEOOXOAUMOCTH MOJTydeHUs (hOPMBI JIJIsT Helpe-
PBIBHBIX [IEPEMEHHBIX TIPe00OpasyiiTe CyMMy B HHTETPAJL.

Ypasuenue (17.3) npuMeHNMO K OJJMHOYHON TIape (S, @), OJJHAKO HaM HY’KHO OTIEHUTh
paccrostamne KJI qs moesn B 11e10M 110 BeceM niapam (s, a). Ha mpakTuke /7151 aTOTO HC-
MOJIB3YIOT IPUEM, YaCTO BCTPEYAOIINiics B KHUTE, — BBIOOPKY MeTogoM MonTe-Kaparo.

Y0681 YJIyduiTb MOEJIb C €ro IOMOIIIbIO, paCC‘lHTbIBafITe 1 OTCJIe;KUBaiiTe paccToAHne
KJI na Ka)KIIOﬁ nurepanmmn O6y‘{€HI/IH MO/ICJIN 1 €€ Pa3BEPTbIBAHUA AJIA OKCILIyaTal[un.
Tem cambIM obecrieunBaeTcs TO, 4TO ptruiu He 6YI[€T C/IMIIKOM CHUJIbHO OTKJIOHATBHCA OT

Pp‘_D " ITo mpomIecTBUN MHOKECTBA UTEPALIUI 00yUEHNUST LENbIO JOKHO CTaTh YMEHbIIIe-

HHE PaCCTOAHUS KJI no IIPpHUEMJIEMOT'O TIOPOTOBOTO 3HAYECHUA.

B a10ii riaBe MbI OKa3asu, Kak MocTpouth P(s'] s, @) 1151 cpesibl ¢ yuetoM TpeboBaHus
ee peajlucTUIHOCTH. Ternepp, UMest Ha BOOPYKEHUU MHCTPYMEHTAPHUIL [/ BBITIOJTHEH ST
B 04T GYKBAJIBHOM CMBICJIE TPOBEPKH PEANUCTUYHOCTH, MOKHO mepeiiTu K GoJiee
NpakTHYecKnM Borpocam. KakoBbl pacripesesienus JaHHbIX, JOCTYITHBIE A/ 00ydeHusT
Y MPOMBIIIIEHHON 9KCIIyaTaluu, U B 4eM pasjmdue Meskay anmu? Kak Oyzer ycrpa-
HATBCSI Pa3pbiB MEKLY 0OyUeHUeM U MPOMbIIIJIEHHON dKCITyaTaiuein? OTu BOpOCh
0COOEHHO BasKHBI JJIs1 IPOMBIIIIEHHBIX [IPUJIOKEHUI, T/ie JaHHbIE YacTO OTPAHUYEHbI
U UX TPYJHO TIOJYYUTh, TAK YTO OHM OYYT MPEACTABASATH JUIIb NOAHAO0P U3 MOJHOTO
pacrpeiesieHus ePEXOA0B IS AHCTBUTENBHON 3a/a49r. JIOCTYITHbIE JAHHbIE TTIOBJIHS-
0T Ha Ka4eCTBO MOJIEJIH, YTO, B CBOIO OY€pPe/lb, CKaKeTCst Ha 0OyueHun airoput™a RL.
Y106kl aroput™bl RL ObLIn IPUMEHUMBbI 32 paMKaMK 00y4YeHuUst, HYKHO 0000IUTH
UX 32 MpefeTaMu JaHHBIX A1 00y4eHUs P PasBePThIBAHMK TSI TIPOMbBIILICHHOI
aKCILTyaTaluu. Eciin paspbiB MeKLy JAHHBIMU Il OOYYEHUsT U TPOMBIIILIEHHON 9KC-
IULyaTaliy CAMIIKOM BEJIUK, ar€HT MOKET [OTePIeTh Heyaauy Ha Habope, OTJIMYHOM OT
oGyuaroniero. BoaMoskHO, /1711 yMEHbIIEHsI 9TOTO Pa3pbiBa IIOHAI00UTCS UTEPAaTHBHOE
YJIYYIIEHNE MOJIEIH.

17.3. Pe3ome

B aT011 r1aBe MBI paceMOTpeH (DYHKIINU TTEPEX0I0B, TaKKe U3BECTHBIE KaK MOIETN
cpen. Mogiesib MoJKeT OBITh 3aITPOrpaMMEIPOBAHA € TIOMOIIIBIO TIPABUJI HJIH HACTPOEHA TI0
JaHHBIM. MBI TIPEICTABUIIM CITICOK TIPOBEPOK OCYIIECTBUMOCTH IIPOTPAMMUPOBAHII NN
HACTPONKH MOJIEJTN. 3aTeM PACCMOTPENH PA3IUIHbIE (DOPMBI, KOTOPBIE MOKET MTPIHMU-
Math (QYHKIIMS [IepexoioB. B koHile ObL10 mpescTaBiieHo paccrostiue Kybbaka — JIei6-
Jiepa B KaueCTBe METO/1a OIEHKH TIOTPENTHOCTH MTOCTPOECHHOM MOJIEIN OTHOCUTEIHHO
PeabHOTO PaCIpe/IeIeHNs TePEXOIOB.



3aKr4yYeHune

B nauaste kaurn 3agaua RL 6bi1a chopmysmposatna kak MIITIP. B wactsax I u IT BBeeHbI
OCHOBHBIE CeMeNCcTBa aropuT™MOB Tirybokoro RL, mpumMennmbie K petennto MIITIP —
OCHOBaHHbBIE HA CTPATETUHU U TIOJIE3HOCTH U KOMOUHUPOBaHHbIe MeTobl. B wacTu 111
OCHOBHOE BHUMAHMUE Y/IEISITOCH TPAKTHIECKUM ACTIEKTaM 0OYUEHUST aTeHTOB € OXBATOM
TaKUX TeM, KaK OTJa[Ka, apXUTEKTypa HEHPOHHON CeTH U ammapaTHoe obeciieueHue.
B Hee Taxyke Boles CIpaBOYHKK 110 TayOokomy RL, copepskaiuii cBeieHust O TUIep-
rapaMeTpax 1 MPOU3BOAUTEIHLHOCTH AJITOPUTMOB LIS OT/EbHBIX 33/1a4 KJIACCUYECKOTO
yrpasJieHus 1 HekoTopbix cpen Atari u3 OpenAl Gym.

[TpoexTrpoBaHMe cpef| CTaIo MOAXO/SAIINM 3aBepIeHeM KHUTH, TIOCKOJIBKY 3TO BasKHASI
YacTh MPAKTHIECKOTO mpuMeHeHus Tirybokoro RL. Ecoiu HeT cpefi, TO 1 areHTy HeYero
permark. [TpoexTrpoBatue cpesl — OOIMIMPHAST 1 HHTEPECHAST TEMA, TOITOMY MbI CMOTJIN
JIUITITh KPaTKO 3aTPOHYTh HEKOTOPBIE U3 BAXKHBIX uzieil. Yacts IV caiemyer moHnMaTh He Kak
TIyOOKMI 1 IeTATBHBIET 0030P TEMBI, 2 KaK PSI/T PEKOMEH/IAIHIT BLICOKOTO YPOBHSI.

Haneemcst, KHUTa MOCTYIKIIA TTOJE3HBIM BBeleHNeM B Taybokoe RL 1 X0Th oTdacTi
repejiaia Te BIOXHOBEHNUE, JIIOOOMBITCTBO U TPU3HATEIBHOCTD, KOTOPBIE MbI HCITBITHIBA-
€M, U3yuasl 9Ty TeMy U IIpUHUMasl yyactue B ee passutun. Hazseemcst, uto ona rosporpesia
U Balll KHTEPEC U BaM CTAJIO J0GOMBITHO GoJibIine y3HaTh 0 Try6okom RIL. Tak 4to Mbr
3aBepIaeM KHUTY KPAaTKUM YIIOMUHAHUEM PsiIa OTKPBITHIX MCCJIE0BATETbCKIX BOIIPO-
COB C TPUBEIEHIEM TaM, T/Ie 9TO HEOOXOANMO, CCBITIOK Ha MOCeHHe PabOTHI B TAHHBIX
obsacTsX. ITO He MOJHBIN Tepedetb, HO OTIPaBHASA TOYKA B GECKOHEUHO MHTEPECHOIT
1 GBICTPO MEHSIONIEHCST 0OIACTH CCIEIOBAHMIA.

Bocnpon3soanMoCTb

Ha Tekymuuit MOMEHT anropuT™bl riy6okoro RL u3BecTHBI HeCTaOMIBHOCTBIO, UyB-
CTBUTEJIBHOCTBIO K THIIEpIIapaMeTpaM U BBICOKOH Juciiepcueil oy4aeMoro pelieHns,
YTO JIeJIaeT Pe3yJIbTaThl TPYAHOBOCITPOU3BOAMMBIMU. B cTarhe Xenmepcona u ap. Deep
Reinforcement Learning that Matters conep;xuTcst IpeBOCXOIHBII aHAIN3 9TUX TPOOJIEM
U TIPE/IJIaTaeTCst HECKOIbKO BO3MOKHBIX crtoco60B perernst. OfUH U3 HUX — JIydliie
BOCTIPOM3BOMMBIH pabGoUmil POIece, K MPUMEHEHUIO KOTOPOTO MBI CTAPAJHCh IO/
TOJIKHYTH B 3TON KHUTE ¥ TIpHIaraeMoi k ueit 6ubimoreke SLM Lab.



390 3akto4eHne

OTpbIB OT peanibHOCTU

OH u3BecTeH TakXKe Kak MpobJeMa epexo/ia U3 CUMYJISIIUHOHHON CPeIbl B PEAILHYIO
(simulation-to-reality [sim-to-real] transfer problem). Hepeako oGyuars arenra riry-
60koro RL B peasibHBIX YCIOBUSIX CJIOKHO M3-32 BBICOKON CTOMMOCTH, 3HAUUTETHHDBIX
BPEMEHHBIX 3aTpaT U TpeGoBaHMil HE30TTacHOCTH. 3a4acTyIo areHTa 00yYaroT B BUPTY-
AJTbHOM cpejie M Pa3BOPAuMBAIOT B PEATHbHBIX YCJI0BUSIX. K HeCUaCThIO, TOJYYUTh TOUHYIO
BUPTYJIBbHYIO MOJIEJIb PEAJIbHOTO MUPA TPYJHO — 3TO HA3bIBAETCS OTPBIBOM OT pealib-
HOCTU U TIOPOJKIAeT TPobJIeMy TepeHoca MOJIE/IH, CBSI3aHHY0 ¢ 00yUYeHIEM areHTa Ha
pacrpe/ieJIeHH JAHHbBIX, OTJIMYHOM OT TECTOBBIX JTAHHBIX.

OpiH 13 pacIpoCTPAHEHHBIX TIOXO/0B K PENTEHHIO TAHHON MPOOIEMBI 3aKTI0YAETCS BO
BBEJIEHUN CJIYYaliHBIX [IIyMOB B MOJIeJib Tipu 00yuennu. B Learning Dexterous In-Hand
Manipulation or OpenAl [98] a1 aT0OTO 3aKaK0TCA CIydYaiiHble 3HAYEHUSA (DUSUIECKIX
CBOFICTB MOJIENTH, TAKMX KaK Macca OObEKTa, €T0 IBET U TPEHUE.

MeTaoby4yeHune 1 MHoro3aga4yHoe obyyeHue

OnHO U3 OrpaHUYeHUN AJITOPUTMOB U3 9TON KHUTHM CBA3aHO C TeM, YTO OHU IIPU BbI-
MOTHEHUH KQKIOTO 3aMaHIsT 00yIatoTCst ¢ HyJIsd, 9TO BecbMa HeabbekTnsHO. MHOTHE
3ajlau’ eCTECTBEHHBIM 00Pa30M B3aMMOCBsI3aHbl. Harrpumep, MmIoBIbI COPEBHYIOTCST BO
MHOYKECTBE CTUJIEH, TaK KaK 9TH TEXHUKHU TECHO CBSI3aHbI IPYT ¢ ApyroM. [Ipu obydenm
HOBOMY CTUJIIO CITOPTCMEHAM He MPUXOUTCSA KK pa3 yUUTbCS IJIaBATh C HYJIA.
Bosee obmuii mpumep — KOr/a JIOAU PACTYT, OHU YYaTCs YIPABIATH CBOMM TEJIOM
U IPUMEHSTIOT 3TU 3HAHUS K OBJIQJICHNIO MHOJKECTBOM Pa3HbIX ABUTATEIBHLIX HABBIKOB.

MeTaoby4eHue — 9T0 MOAXOJ K PEIIEHUIO JaHHOI 3a7aun [yTeM 00y4eHus: TOMy, KakK
HYXHO YYUTbHCA. AJIFOPI/ITMBI HpOeKTI/IpyIOTCH Tak, qTO6BI y4IuThCAa TOMY, KaK HAyInUTbCA
BBIIIOJIHATH HOBOe 3afanue ahdekTuBHo. VX 00yueHne IpoucxoautT Ha nabope B3au-
MOCBSI3aHHBIX 00ydalomux sagannii. Onun us npumepos — crathst Ournna u ap. Model-
Agnostic Meta-Learning for Fast Adaptation of Deep Networks [40].

MHuorosasautoe obyderue cBsi3aHo ¢ 6osee 3hhHeKTUBHBIM 00YUEHUEM BBITIOJHEHITIO
MHO’KECTBA 3a/IaHUH TTyTEeM UX COBMECTHOTO M3ydeHus. [Ipmmepsr 1anHoTO TIOAXOA —
asroput™ Distral! or Texa u ap. [134] u anroputm akropa-umurtaropa’ or Ilapusorto
c xosneramu [110].

! Hassanue obpasosano ot caos distill («obmuii») u transfer learning («rpancdeproe obyue-
HIEey ). DTO METOJL [APAJIJIEJIU3AIIUI, TIPU KOTOPOM paboune ceT 0OMEHMBAIOTCS MEKILY COOO0iT
He [TapaMeTpaMH, a cTpaTeruel, Boopasiieil B cebst oBeieHe, obIiee [Jist BCeX 3alatuii. —
Ipumeu. nep.

B MeTozie akTOpa-MMHTATOPA O/THA CTPATETHYECKast CeTh (MMUTATOP) YUUTCS BBITOJHSTD PSIT
PABJIMYHBIX 33/IaHIil IO/l PYKOBOACTBOM HECKOJBKIX IKCIEPTOB (aKTOPOB). O6ydYeHHbIT
OK3EMILISIP CETH MOJKET B JajibHelieM GbITh TIPUMEHEH K HOBBIM 3aj1auaM 0e3 KaKux-Jmbo
TIpeIBAPUTEIBHBIX 9KCIIEPTHBIX YKasaHuit. — IIpumeu. nep.
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MHoOroareHTHble 3aa4un

[Tpumenenue RL k MHOTOAreHTHBIM 3a/1auaM MPE/ICTABIACTCS BIIOJIHE €CTECTBEHHBIM.
[Tpumep Tomy — OpenAl Five [104], Te ¢ momornisio anroputma PPO nigaTh oTmepHbIX
areHTOB HAYYMJIMCh UTPATh B ceTeByto urpy Dota 2. [Tpu poctoii HacTpoiike Koadduim-
€HTOB, YPaBHOBCIINBAIONINX MHMBU/yaIbHbIE 1 KOMaH/HbIe BO3HATPAsKACHMS, aBTOPaMU
OBLIO 3aMEUEHO TIPOSIBJIEHIE Y aT€HTOB COTJIACOBAHHOTO ToBeieHust. Asiroputm FTW ot
DeepMind [56] urpas B MHOrOIIOJIb30BaTeNbCKYI0 UIpy Quake, mpuMmensiss oOyuere Ha
OCHOBe ecTecTBeHHOTO 0TO0pa 1 rrybokoe RL. Ilembio kaskmoro arenTa GbITa MAKCHMH-
3aIKst BEPOATHOCTU MOGE/BI €r0 KOMaH/IbI.

2P PEKTUBHOCTb BbIOOPKM

Huskas addekTHBHOCTD BBIOOPKE aJropuT™MoB riiy6okoro RL 3HAUMTEIBHO OTrpaHu-
YBaeT UX IPUMeHeHne K peajbubiM 3agadaM. OnuH 13 croco60B PeIeHns 910 mIpo-
GsieMbl — oObesuHenre Mozesei cpeabl. Hepasrue npumepbl — anroputmbl MB-MPO!
[24] SimPLe? [62] ot KiaBepsr u Kaiizepa ¢ nx KoJureraMu COOTBETCTBEHHO.

Jpyroil BapuaHT — peTpocieKTuBHas namsath nperegertos (Hindsight Experience
Replay, HER) [6]. B ocHOBe 3TOTO METO/1 JIEZKUT TO, YTO JIFOU YUATCS HA OIIHOKAX TaK jKe
XOPOIIIO, KaK U Ha YCIIENTHBIX MMONBITKAX pelenust 3agaun. B anroputme HER ma Tpaek-
TOPHSX 33IaI0TCSI HOBBIE BO3HATPAK/ACHIST, KOTOPbIE MPEATIOJIATaioT, YTO areHT CAeTasl
B BIIU30/1€ UMEHHO TO, 4TO U J0JFKEH ObLI CIe/IaTh, DTO IOMOTAET eMY UCCJIEI0BATH CPELy
MPY Pa3pekeHHBIX BO3HATPAsKICHUSIX, TIOBBIIIAST TeM CaMbIM a(h(HEeKTUBHOCTDH BHIGOPKH.

0606LweHne

Crioco6HOCTD K 0600111eHIT0 anropuT™MOB Tiiybokoro RL ocraercst Huskoit. Ouu yacto
06y4aIoTCs U TECTUPYIOTCSI HA OJIHUX M TEX JKE€ CPEIAX, UTO JENAeT MX CKIOHHBIMHU K TIe-
peobyuennio. Haripumep, B cratbe Natural Environment Benchmarks for Reinforcement
Learning [152] JKaHr 1 ero KoJuIeru oKasajiu, 4To MPOCTOT0 3aIlyMICHUsT H300paKeHni

! Model-Based Meta-Policy-Optimization — OCHOBaHHast Ha MOJIEJISIX METAOITUMM3ALIKS [0~
JIATUKY. AJITOPUTM UCHOJIB3YeT aHcaMOJib 00y UEHHbBIX MOJIEIEH 1JIs1 MEeTa00yYeHUsT CTPATeruu,
KOTOpas MOKeT ObITh OBICTPO aaTHPOBaHa K 060N MOIEN 13 JaHHOTO aHcaMOJId 32 OJIMH
mar rpajiuenta crpareruu. — [pumeu. nep.

2 Simulated Policy Learning — MeTO IMHUTAIIMOHHOTO OGYYEHUST CTPATErni — aJTOPUTM TIy6o-
kxoro RL, ocHoBaHHBII HAa MOJIEJISIX TPOTHO3UPOBaHus Bueo. B anroputme SimPLe, momumo
cpenel amysitopa Atari 2600, mpuMenseTcs nMUTHpYyIoiias ee cpena (Moesb Mupa). Y aTux
cpezt o0IIre TPOCTPAHCTBA ACUCTBUI 1 BO3HATPAYKICHUH, i OHU TTPOU3BO/ISIT BU3YaIbHbIE Ha-
GJTIO/IEHUST B OJIHOM U TOM ke hopmare. [les1b — ¢ HOMOIIBI0 UMUTHPYIOIIEH cpe/ibl 00y IUThCS
cTpareruu, Kotopas OyIeT MOKasbiBaTh XOPOIIYO IIPOM3BOANUTEIBHOCTD B IEPBOHAYAIBHOI
cpene. — Ipumeu. nep.
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B urpax Atari 10cTaTo4HO, /T TOTO YTOObI OOYYEHHBIN areHT MOTEPTIET MOJTHYIO He-
yraay. J/luist perernst 910l mpo6aeMbl OHU TPUMEHUIIH TIPH 00YYEHIN areHTOB TPeos-
pasoBaHHbIe cpe/bl Atari, BcTaBUB B UTPbI (POHOBOE BUJICO.

B npempiyiem npuMepe n3MeHEHHsI BHOCHJIUCH B CPEILy, @ OCHOBHOE 33JIaHIe OCTa-
BAJIOCH OZHUM U TeM ske. OHAKO HYKHO, YTOOBI areHTa MOKHO OBLIO HCIOJIH30BATH
JUUIs He BUJIEHHBIX UM CBSI3AHHBIX 3a/aHMil. /IJIs1 TeCTHPOBaHM MOKHO CO3/1aTh CPELY,
KOTOpast Gy/ieT MocTeneHHo MopokK/aTh HOBBIE, HO CBSI3aHHbIE 3aanus. /[Ba mprMepa —
urpa Obstacle Tower [60] ¢ mopos/aeHueM sJ1eMEHTOB U ypoBHeii u cpega Animal-Al
Olympics [7] ¢ HabopoM He CBA3AHHBIX APYT € APYIOM 3aJaHuii I/ TPEHUPOBKU
U OTIEHKH.

NccnegoBaHue 1 CTPYKTypUpoBaHue
BO3HarpaxaeHum

O6yanb al€HTOB B Cpe€JaX C pa3peKEHHbIMU BO3HAI'PAK/ICHUAMU CJIOKHO 110 TOI 1pu-
YHHE, 4TO Cpela JaeT MaJio HH(bOpMaHI/IH O TOM, KaKHue HeﬁCTBHH JKeJraTeJIbHbBI. HpI/I nc-
CJIe/lI0BaHNN Cpe/ibl areHTaM TPY/HO 06Hapy>KI/ITb IT0JIE3HbIC ﬂeﬁCTBHH, 1 OHM 4aCTO
3aCTPEBAIOT B JIOKAJIbHOM MUHUMYME.

Bo MHOTHX CJIy4asix BO3MOKHO [TPOEKTUPOBAHUE JOTIOJHUTETBHBIX BO3HATPAKIECHUI,
KOTOPBIE CTHUMYJIUPYIOT MOBE/IEHNE, TIOMOTAIOIee PeluTh 3a1auy. Hampumep, B cpezie
BipedalWalker [ 18] BMecTO TOTO, 4TOODI IaBaTh AareHTY BO3HATPAKIEHUE, TOIBKO €CIIH
OH CMOJKET JIOUTH JIO TIEJIH, €TO TIOOIIPSIIOT 3a [BUKEHNUE BIIEPE]] M HAKA3BIBAIOT 32 [TPUJIO-
JKEHUe KPYTSAIIEro MOMEHTa U Tiajienne. Takue [I0THbIE BOSHATPAKIEHHSI CIIOCOOCTBYIOT
addekTUBHOMY TPOAIBIYKEHUIO areHTa BIEPEI.

Bupouem, npoekTrpoBaHue BO3HATPAsKACHUIT 3aHMMAaeT MHOTO BPEMEHH, TAK KaK OHU
wacTo 00ycoBIeHbl crienuukoil 3axaun. OIuH 13 Criocob0B PeleHus ATOI MPoGIeMb
B TOM, 4TOOBI IaBaTh areHTy BHYTPEHHEE BO3HATPAKICHUE, KOTOPOE OyIeT MOTHBUPOBATD
MCCJIeI0BAHNE HEMCIIBITAHHBIX COCTOSTHUI M Pa3BUTHE HOBBIX HaBBIKOB. ITocmepnmii
nprMep mog0OHOT0 BOZHATPAYKIEHUS areHTa 3a JIOOIBITCTBO MPUBOAUTCS B paboTe
Curiosity-Driven Exploration by Self-Supervised Prediction Tataka u ap. [111].

B anropurme Go-Explore [36] Dkodder ¢ KosmeraMu UCIoab3yi0T HHOM TOAXOI,
OCHOBAHHBIN Ha TOM, UTO UCCIIEA0BAHUE MOXKET ObITh Gosiee a(hHEeKTUBHBIM, €CJIM HAUH-
HATbh €T0 C TIEPCIIEKTUBHBIX COCTOSIHUI, a He ¢ Havasa anu3oza. /st peanusanuu aToro
obyueHve pa3essaior Ha hasbl uccaeoBaHus U nMuTanui. B nepsoii dase arent Go-
Explore uccnenyer cpemy caydaitnbiM 06pasoM 1 3alIOMIUHAECT HHTEPECHBIE COCTOSTHUS
C BEAYIIMMU K HUM TpaekTopusiMu. Bo BTopoii dhase o npousBOAUT UCCIEIOBAHUS
HE C HYJISI, & C COXPAHEHHBIX COCTOSTHUIA.



[TpnnoxXxeHuns



ictopus rnybokoro obyyeHus
C noAKpensieHneM

1947 rox. Beibopka metogom Monre-Kaparo.

1958 rox. [leprenTpoH.

1959 rox. Merton Bpementbix passinuuii (TD-o06yuenue).
1983 ron. ASE-ALE — 11epBblii aJirOpuT™M aKkTopa-KpUTHKA.
1986 roa. Asroput™ 06paTHOIO PacIpOCTPAHEHUS OUIIOKH.
1989 ron. Cseprounbie Heliponnbie cet CNN.

1989 rox. Q-obyueHwue.

1991 roa. TD-Gammon.

1992 rox. REINFORCE.

1992 ropx. IMamsrs npenenentos (Experience Replay).

1994 ron. SARSA.

1999 rox. B Nvidia cosmanu rpaduueckuii mporeccop.
2007 ron. Bermyck CUDA.

2012 rox. Cpeapl aia obydenus 1o apkagabiM urpam (Arcade Learning Environment,
ALE).

2013 rox. DON.

Susapp 2015 roga. O606menHas omenka npenmyinectsa (Generalized Advantage
Estimation).

Deppanb 2015 roga. DQN obecriedeHo yipapieHne Ha ypoBHe yejoBeKa B Atari.
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®espaib 2015 roga. TRPO.

Centsiopp 2015 roga. I'paguent riay6okoil nerepmuaupoBanHoii crpaterun (Deep
Deterministic Policy Gradients, DDPG) [81].

Cenrs6pb 2015 roza. [Isoitnas DQN.
Hos6pn 2015 roma. yambsras DQN [144].

Hos6ps 2015 ropa. Illpuoputnsuposantas namarh npeneaentos (Prioritized Experience
Replay).

Hoa6pb 2015 roga. TensorFlow.

Derpaib 2016 rona. A3C.

Mapr 2016 roma. AlphaGo nobexnn JIu Cenosist co cuerom 4:1.
Mionb 2016 roga. OpenAl Gym.

Mionb 2016 roga. ['eHepatuBHO-cocTsI3aTeIbHOE IMUTAIMOHHOE 00yuenue (Generative
Adversarial Imitation Learning, GAIL) [51].

Oxrs16pn 2016 roga. PyTorch.

Mapt 2017 rozma. He 3aBucsiiee ot mogenn metaobyuenne (Model-Agnostic Meta-
Learning, MAML) [40].

Mionb 2017 roga. Obyuenue ¢ nmogkperienreM Ha pacupegenenusax (Distributional
RL) [13].

Wroas 2017 roma. PPO.
Asryct 2017 roga. OpenAl coirpan B Dota 2 ¢ peasbubIME UTpokaMu co cuetom 1:1.

Asryct 2017 roma. Berpoennsiit Mozmyaib JiobonbiTersa (Intrinsic Curiosity Module,
ICM) [111].

Oxtsa6ps 2017 roga. Rainbow [49].

Hexabpb 2017 roga. AlphaZer [126].

slasapp 2018 roga. Msrkuii akrop-kputuk (Soft Actor-Critic, SAC) [47].
Derpainnb 2018 roma. IMPALA [37].

Mionb 2018 roga. Qt-Opt [64].
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Hos16pb 2018 roma. Go-Explore penin sagauy cpeast Montezuma’s Revenge [36].

Ilexabpb 2018 roma. AlphaZero ctan cunbHERIINM B HCTOPUU UTPOKOM B TIIAXMATHI, TO
1 CETH.

Hexabpb 2018 roga. AlphaStar [3] mobemu 0AHOroO U3 IyYIIMX UTPOKOB B MUPE B UTPE
StarCraft 11.

Anpenb 2019 roga. OpenAl Five mobe/in MUpoBbIX 4eMInoHoB B Dota 2.

Maii 2019 roga. FTW noctur yposhs denobeka B urpe Quake IIT Arena B anmsone
Capture the Flag [56].



[1puMepsbl cpea

Ha cerogusinHuii genp B rrybokom RL mpezictaBiies mupovailinmii BBIGOp cpejt, mpei-
JlaraeMbIx psagoM 6ubanorek Ha Python. [lajee ajist cipaBKy Mepedrc/ieHbl HEKOTOPbIe
13 HUX.

1.

Animal-AI Olympics [7], https://github.com/beyretb/AnimalAI-Olympics — copeBHOBaHM
g MU ¢ TectaMu, OCHOBAaHHBIMI Ha ITO3HABATEIbHBIX CIIOCOOHOCTSIX JKUBOTHBIX.

Deepdrive [115], https://github.com/deepdrive/deepdrive — Mo e IMPOBaHIE BOKIECHUS
aBTOMOOWIIA.

DeepMind Lab [12], https://github.com/deepmind/lab — Hab0p CIOKHBIX 3a7aHMil 110
TpeXMepHOI HABUTAIIMY U PETIEHNIO TOJIOBOJIOMOK.

4. DeepMind PySC2 [142], https://github.com/deepmind/pysc2 — cpena StarCraft I1.

5. Gibson Environments [151], https://github.com/StanfordVL/GibsonEnv — peajucTUUHOE

BOCITIpUATHE /1JI51 BOIVIOIIEHHBIX ar€HTOB.

Holodeck [46], https://github.com/BYU-PCCL/holodeck — BBICOKOTOUYHBIE MOJENH, CO3-
nanHble ¢ momomibio Unreal Engine 4.

7. Microsoft Malmo [57], https://github.com/Microsoft/malmo — cpesbt Minecraft.

8. MuJoCo [136], http://www.mujoco.org/ — dhuU3nUeCKUil IBUKOK C MOJIETMPOBAHUEM

10.

11.

12.

13.

POOOTOTEXHUYECKUX 3a/1aY.

OpenAl Coinrun [25], https://github.com/openai/coinrun — cpena, CoO3aHHasT CIEIH-
aJIbHO 71 KOJIMYECTBEHHOM oreHKkn obobmaemoctu B RL.

OpenAl Gym [ 18], https://github.com/openai/gym — orpoMHbIii BBIGOP CPeJL st Kjiac-
cryeckoro ynpasienus, Box2D, pobororexuuku u Atari.

OpenAl Retro [108], https://github.com/openai/retro — peTpourpsl, B Uncjie KOTOPHIX
Atari, NEC, Nintendo u Sega.

OpenAl Roboschool [109], https://github.com/openai/roboschool — poGoTH3NPOBaHHbIE
CpeJibl, HACTPOEHHbIE IS UCCIIEI0BAHMIA.

Stanford osim-RL [129], https://github.com/stanfordnmbl/osim-rl — cKeJleTHO-MblIIeYHAs
cpena RL.
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14. Unity ML-Agents [59], https://github.com/Unity-Technologies/ml-agents — HaGop cpe,
CO3MIAaHHBIX C IIOMOIIBIO UTPOBOTO ABMKKA Unity.

15. Unity Obstacle Tower [60], https://github.com/Unity-Technologies/obstacle-tower-env —
NPOIEYPHO TTIOPOKAAEMAst CPEIA, COCTOSIIASA U3 MHOKECTBA YPOBHEH (aTasKeil ), Ha
KaKZIOM M3 KOTOPBIX areHT JIOJIKEH PEINUTh 3aaHust Il ePeXo/ia Ha CJIe YOIt
YPOBEHb.

16. VizDoom [150], — urpoBoii cumyssgtop VizDoom, KOTOPbIil MOJKHO HCIIOIB30BATH
Bmecte ¢ OpenAl Gym.

B aroii kaure paccmoTpeno muoro cpes u3 OpenAl Gym, Bkitoyast HeIIpepbIBHYTO CPety
Pendulum-v0 u HeckoIbKO Jierko KoHGUryprpyeMbix auckperHbix cpei: CartPole-v0,
MountainCar-v0 u LunarLander-v2. [Isist 6ojiee CJIOXKHBIX CPEl UCIIONb3YIOTCS HEKO-
Topbie urpsl U3 Atari, Takue kak PongNoFrameskip-v4 u BreakoutNoFrameskip-v4.

b.1. lInckpeTHble cpeabl

B aToMm paszene npepocrasieno jeraabioe onucanue cpen CartPole-v0, Moun-
tainCar-v0 u LunarLander-v2 u3 OpenAl Gym, a taksxe PongNoFrameskip-v4
u BreakoutNoFrameskip-v4 ns Atari. Hekoropble cBe/IeHUSI B3IThI 13 IEPBOHAYATbHOI
nokymenTarn Wiki mo OpenAl Gym.

B.1.1. CartPole-v0

Ira npocreiiniasg urposas 3a1aua B OpenAl Gym, UpoKo npuMeHsieMast 71 OTIAKH
aJITOPUTMOB, BIiepBbie Oblia onucana bapro, CarroHom u Aunepconom [11]. Crep-
JKeHb 3aKPETIEH Ha TeTeKKe, KOTOPast MOJKET TEPEMETIATRCS O TOPOXKKe Ge3 TpeHwst
(puc. B.1).

Puc. B.1. Cpepaa CartPole-v0, Lenbio KOTOPOI SIBASETCS yAepXXaHWe B PaBHOBECUMN CTEPXKHS
Ha npoTskeHnn 200 BpeMEeHHbIX LIaros
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1. IleneBast GyHKIMA — yIePKUBATh CTEPKEHD B BEPTUKAIBHOM MTOJIOKEHUH HA TIPO-
TsoxeHnn 200 BpeMeHHBIX 111aroB.

2. CocrosHue — MaCCHB U3 YeThIPEX JIEMEHTOB: | TO3UIINSI TEJEKKH, CKOPOCTD TETEK-
KU, YTOJI HAKJIOHA CTEPIKHS, YIJIOBast CKOPOCTH cTepkus |, Hampumep: [—0,03474355;
0,03248249; —0,03100749; 0,03614301].

3. JleiictBue — wesoe unciao us Habopa {0, 1}, o3Hayalolee IepeMeleHne TeleKKN
BJIEBO WJIN BIIPaBO, Harpumep: ) — epeMecTuThb BJIEBO.

4. BosHarpazkaeHue cocTaBisieT +1 3a KaXKablil BDeMEHHOIT I1ar, Ha KOTOPOM CTEP;KEHb
OCTaeTcsl B BEPTUKAJIbHOM ITOJIOJKEHUM.

5. 3asepumenue b0 IpU HageHUK CTePKH (OTKIOHEHME Ha 12° 0T BepTHKa/n ), 1160
MIPH BBIXOJIE TETEKKU 3a TTPEIeThl 9KPaHa, T1O0 TOCTe MAKCHMATFHOTO KOJTMIeCTBA
BpeMeHHBIX 11aros, papHoro 200.

6. Cumraercs pemeHHoilt TPy cpeHeM MoHOM BosHarpakaennn 195 3a 100 mociemno-
BaTEJIbHbIX 31IN30/10B.

b.1.2. MountainCar-v0

ITO 3aj1a4a ¢ pa3PesKEHHBIMU BO3HATPAKICHUSIMU, KOTOPast ObLIa TIPe/JIoKeHa DHIPIO
Mypom [91] u B KOTOPOIi HyKHO packayaTh MaliuHy 6e3 COOCTBEHHOTO JIBUTATEJIS TAK,
4yTOOBI OHA 3aeXajia Ha BePUIMHY X0JMa, OTMedeHHYIo (uarom (puc. B.2).

Puc. B.2. Cpega MountainCar-v0, uenb KOTOpol — packauyunBasl MalUMHy BAEBO W BMpaBo, AOCTUYb
BEPLUMHBI X0SIMa 3a KpaTyaliluee BpeMmsi
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1. IleneBasi GpyHKIMSA — JIOKATUTH MAIIMHY /10 (hJiara.

2. CocrosiHHe — MAacCUB U3 JIBYX 5JIEMEHTOB: | [TO3UIIMs MAITMHbBI; CKOPOCTh MAIIUHbI |,
narpumep: [—0,59025158; 0].

3. JeiictBue — 1esoe yncyio us Habopa {0, 1, 2}, cooTBETCTBYIOIIEE TOJTUKY BJIEBO, He-
TIOABUKHOMY CTOAHUIO U TOTYKY BIIPAaBO, HAIIPUMED 0, ‘-ITO6BI TOJIKHYTBH BJIEBO.

4. BosHarpasaenne — moka He Oy/IeT JOCTUTHYTA BEPITHHA X0IMa, Ha KaKIOM Bpe-
MEeHHOM Tare jgaercs —1.

5. 3aBepiiieHne, KOTr/[a MAIINHA JOCTUTAET BEPIIMHBL XOJIMA UJIU [TOCJIE MAKCUMAIBHOTO
KOJIMYECTBA BPEMEHHBIX MIaros, paBHoro 200.

6. Cuuraercs pemieHHOU TIpu cpefHeM ToTHOM Bo3HarpaxkaeHnn —110 3a 100 mocire-
JIOBATEJbHBIX ATTU30/I0B.

B.1.3. LunarLander-v2

Iro Goiee cI0KHAS 3aa4a YIIPABJIEHNU, Ie areHT JOJKEH YIIPaBIATh 0CAL0YHBIM
MOZLYJIEM 1 IIPIIYHUTH ero0, He pa3Ous. KomuecTso Tommsa 6eCKOHEUHO, a IOCAL0YHAS
Ioazka, obosHayeHHas AByMs (piakKaMu, BCeria HaxoauTes B ientpe (puc. b.3).

Puc. B.3. Cpeaa LunarLander-v2, uenb — ynpasnsia Nocafo4HbIM MOAYSIEM, NMPUTYHUTb
ero mexay AByMs dnaxkamu, He pasbuB 1 MCMOIb30BaB MYHUMAIbHOE KOJTMYECTBO FOpHYero
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IleneBast GyHKIUA — TPUITYHUTH MTOCATOYHBIN MOJYJIb, He Pa3bUB U MOTPATUB
MeHblIiie TorBa. [losHoe BogHarpaskaenue 3a perienne — +200.

CocrosiHue — MacCUB M3 BOCbMU 3JIEMEHTOB: [KOOpANHATA X, KOOPAUHATA ¥, TIPO-
eKITST CKOPOCTH Ha 0Ch X, TIPOEKITHST CKOPOCTH HA OCh Y, YTOJ HAKIOHA MOJYJIS,
YTI0BAST CKOPOCTH MOJIYJIsT, KOHTAKT C TIOBEPXHOCTLIO JIEBOM OTIOPHI, KOHTAKT C TO-
BEPXHOCTHIO TIpaBoii onopsi |, Harpumep: [—0,00550737; 0,94806147; —0,55786095;
0,49652665; 0,00638856; 0,12636393; 0,0; 0,0].

HeiicrBue — nemnoe uncao us nabopa {0, 1, 2, 3}, o3HavaroIee He3amyIIeHHbIe IBU-
raTejii U 3ayKUTaHue JIEBOTO, OCHOBHOTO U [PABOTO JIBUTATEIEl; HarlpuMep, 2 cO0T-
BETCTBYET 3aITyCKY OCHOBHOTO JIBUTATEJIS.

Bosuarpaskaenue cocrasisier —100 3a pasoureiii Moyib, mo —0,3 Ha BpeMeHHOU
mar 3a 3akuranrie ocCHOBHOTO jBuraresis, ot +100 go +140 3a mocazaky, mo +10 3a
KasK/IbIif KOHTAKT C TIOBEPXHOCTHIO OJHO U3 OTIOP.

3aBepinenne, Korjia mocal0uHbIi MOJYJIb TIPUAYHUICS WK pazbuscs aubo nocie
MaKCHUMAaJIbHOTO KOJIMYECTBA BPEMEHHBIX maroB, pasuoro 1000.

Cunraercs peueHHO# 1pu cpeziieM rosiHoM BozHarpaskaernu 200 3a 100 nocneno-
BaTEJbHBIX MIATOB.

b.1.4. PongNoFrameskip-v4

IT0 OCHOBaHHAA Ha N300pakeHusIX urpa Atari, co-
CTOSINIAST U3 MsI4a, JIEBOI PAKeTKM O] yIIPaBJe-

HUEM TTPOTPAaMMBbI U MTPABOI PAaKeTKU TIOJ] yIIPaB-
seanem arenta (puc. b.4). Ileap — molimaTh Ma4
U 3aCTaBUTH OIIMIOHEHTA €T0 MPOIyCcTUTh. rpa
qunrtest 21 payu.

1.

IleneBasi GyHKIUS — MAaKCUMU3UPOBATH CUET
urpst 10 +21.

Cocrosinie — Ten3op usoodpaxkenus B popmare
RGB co crpykrypoii (210, 160, 3).

HeiictBre — 1esoe yncio u3 nabopa {0, 1, 2, 3,
4, 5} NI yIpaBIeHUs CUMYJISITOPOM UTPOBOM
MIPUCTABKH.

Bosnarpaskaenue coctapisietr —1, ecsi My Puc. B.4. Cpeaa PongNoFrameskip-v4,

[IPOILYCTHJI areHT, ¥ +1 — ecJIv ONIOHEHT. OCHOBHas Lieflb kOTOPOV — nobeanTs
MPOrpaMMHOro CoMepHMKa criesa

3asepuienue nocJie 21 paynja.

Cuutaercs peleHHoit Ipu MakcUMu3aInu cpejrero cueta 3a 100 mocsenoBaTesnb-
HBIX 3TIU30/I0B, BO3MOKHO JIOCTUKEHNEe Hauydliero cuera +21.
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b.1.5. BreakoutNoFrameskip-v4

Iro urpa us Atari Ha ocHOBe U300paKEHMIA, B KOTOPOI
ecTh OTOKHU, MSTINK, U TITAT(hOPMa, PACTIONOKEHHAS BHU3Y
skpana (puc. B.5). Ilenb — paspyururh Bee 610KH, 0TOU-
Basg MAUMK TIatopMoil. JKusub Tepsercs KaxKablil pas,
KOT/Ia MSTYMK TA/IaeT MUMO TITAT(HOPMBIL.

IeneBast GyHKIUS — MAKCUMAJIBHBII CUET B UTPE.

2. Cocrosmne — TeH30p u3o6paxkens B hopmate RGB
co ctpykrypoii (210, 160, 3).

3. JeiicrBue — 1esoe yucao us nadopa {0, 1, 2, 3} ana
yIpaBJIeHUs CUMYJIITOPOM UTPOBOI TIPUCTABKH.

4. BosHarpaxaeHue — olpe/iesisieTcs JOTMKOM Urphl.

3aBepmeHHe, KOTr/1a BCE JKU3HU ITOTEPAHDI.

Puc. B.5. Cpega
BreakoutNoFrameskip-v4,
OCHOBHas! LieNlb KOTOpOu —
paspyLueHue Bcex 6110K0B

Cuuraercs penieHHOi TPy MaKCUMU3AINU CPETHETO
cuera 3a 100 mocsrefoBaTeIbHbBIX SIIN30/0B.

b.2. HenpepbiBHbIE Cpeab!

B uucno cpex Henpepsisaoro ynpasiaenus B OpenAl Gym Bxomar sagauu poOOTH3M-
posanHoro ynpasiaerust Pendulum-v0 u BipedalWalker-v2. B atom pasmere mpeacras-
JIEHO [IeTaJbHOe ONUCAHIEe JAHHBIX CPEJl, YaCTh MH(POPMAIIUU B3Ta U3 OPUTUHATIBHOI
nokymenTtarun Wiki mo OpenAl Gym.

B.2.1. Pendulum-v0

ITO 3aj1a4a HENPEPBIBHOTO YIIPABJIEHUs], B KOTOPOU areHT MPUKJIAJAbIBAET KPY TSI
MOMEHT K II€PEBEPHYTOMY MAsTHUKY 0e3 TpeHwus, 4To0bl PacKadyaTh ero A0 BEPXHEro
BEPTUKAJILHOTO TIOJIOXKEHWS U yIepsKuBaTh TaM (puc. b.6).

1. HexeBasi GpyHKOMSA — pacKaumBaTh MASITHUK U YAEPKUBATH €TO B BEDXHEM BEPTH-
KaJIbHOM ITOJIOKEHUH.

2. CocrosiHue — MaCcCUB U3 TPEX AJIEMEHTOB, CO/IEPKAIINI YTOJI IIApHUPA 6 1 ero yriio-
. . db

BYIO CKOPOCTb: [COSG, sin®, z} marpumep: [0,91450008; —0,40458573; 0,85436913].

3. IeiictBue — vucJio ¢ miasaiolieit 3amsatoil u3 npomexkyrka [—2,0; 2,0], coorser-

CTBYyIOIIEe IPUIOKEHHOMY K IAPHUPY KPYTSIEeMY MOMEHTY, Haripumep 0 1ipu oT-

CYTCTBUU KPYTAIIEr0 MOMEHTA.

2
4. BosHarpakJeHHe OTpesIe/IsIeTCs] 3 YPaBHeH s —(92 + O,1di +0,001M? ], e M —

KPYTSIINH MOMEHT.
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Puc. B.6. Cpeaa Pendulum-v0, Luenb — Tak packayaTb NepeBepHYTHIN MasiTHUK, YTO6bl OH MPUHAS
BEpXHee BepTUKasIbHOE MOJIOXKEHWE 1 OCTaBasiCsl B HEM

5. 3aBepuieHHe MOoC/e MaKCMMATbHOTO KOJIMUECTBA BPEMEHHBIX 1TaroB, paBHoTo 200.

6. CunTaercst pemeHHO’ P MaKCUMHU3AINN CPEHETO TIOJTHOTO BO3HATPAKICHHMS 32
100 mocJsieoBaTENIbHBIX SIIU30/0B.

b.2.2. BipedalWalker-v2

ITO 33/1a9a HETIPePBIBHOTO YIIPABJIEHNS, B KOTOPOH areHT CKAaHNUPYeT CBOE OKPY’KeHIe
€ TIOMOIIIBIO IATYMKA-TUIapa poboTa U ABUTaeTcst BIpaso 6e3 magenuii (puc. B.7).

1. IlemeBast GyHKIMSA — WATH BIIPABO, HE Ta1ast.

2. CocrosiHue — MacCUB U3 24 9JIeMeHTOB: [yToJl HaKJIOHa KOPITyca, YTII0Bas CKOPOCTh
KOpILyca, CKOPOCTh 110 ocu X, CKOPOCTD 110 ocH Y, yroJ mapHupa Geapa 1, ckopoctb
mapHupa 6eapa 1, yroa mapHupa KojeHa 1, CKOpocTb MIiapHUpa KoJieHa 1, KOHTakT
¢ semsteit Horu 1, yrout mapHupa 6ezipa 2, CKOpocTh mapHupa Gejipa 2, yroJ map-
HUPa KOJIEHA 2, CKOPOCTH MAPHUPA KOJIeHa 2, KOHTAKT ¢ 3emJeit Horu 2... 10 moka-
3annuit mmapal. Hampumep, [2,74561788e—03; 1,18099805e—05; —1,53996013e—03;
-1,60000777e-02... 7,09147751e—-01; 8,85930359e-01; 1,00000000e+00;
1,00000000e+00].

3. eiicTBHe — BEKTOP M3 YETBIPEX YHCEJI C TIaBAOIIEH 3aMATON CO 3HAUCHUAMNI
B unrtepsaie [—1,0; 1,0]: [kpyTsiuiuit MOMeHT U cKopocTh Oenpa 1, Kpy TSIl Mo-
MEHT ¥ CKOPOCTh KoJieHa 1, KPyTAIIIil MOMEHT ¥ CKOPOCTh Oepa 2, Kpy TSIl
MOMEHT ¥ CKOpPOCTh KosieHa 2], nampumep: [0,09762701; 0,43037874; 0,20552675;
0,08976637].
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Puc. B.7. Cpepa BipedalWalker-v2, uenb — nepemelleHne areHTa Bnpaso 6e3 nageHuit

4. BosHarpaskmeHue — 3a J[BUKeHNE BIIpaBo MakcuMasibHO /10 +300 1 —100 3a majsienne
pobora.

5. 3amepuienue, Korja Tejio podoTa KacaeTcst 3eMJIH, JIOO0 TIPH JOCTUKEHNUH TIEeJIH, Pac-
MOJIOKEHHOI cIIpaBa, JI0O0 Toc/e MaKCHMAJIBHOTO KOJUUYECTBA BPEMEHHBIX IaroB,
pasroro 1600.

6. Cunraercs pemeHHou 11pu cpeHeM rosrHoM Boznarpaxaennu 300 3a 100 mocseno-
BaTeJIbHbIX 3IINU30/10B.
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