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U2luwwmwtuph punhwunip twpwghpp

Edwjh  wpnpwwunmpyniup: Jdbpoht wwphubph  pupwgpnd  UbpGuwjwywu
nwngnuip (UNY nupabp b gpbpb  wuthnfuwphubh' jwjit nwpwdnd  unwuwing
wpryniuwpbpnipjwtu pwqiwphy  puwgwdwnubpnd: UMt dbennubpt niiwy  Gu
hwjnuwpbipbint myjwiubpnd wnw ophuwswihnipniuutpp W ogqunwanndt| Ytpohuubipu
huswbu wwwgw wnjuiutpp Ywufuwwnbubing, wjuwbu b wy npnonwdubp Yuywgubine
hwdwp: Wn puy ywwbwnny UNt wignphpdutipp hwéwtu oguwgnpdynid Gu wjuwhuh
Spwapbpnud, npnugnud gwulwih Juppwghdp huwpwynp sk twhuwwbu dpwgpwynnbi
Ywd owwnhdwy (néndp wywpquwtiu hwynuh sk: Quuywéd dh pwuh twutjwy wnwphubiph
wwwdniginiu nubuwnu’ UNL ninpup wjuwnwpwd hweonnnipiniutbpp uyuyt Gu dhwju
2012 pywlwuhg hbwnn:

2012 p.-hu wubtwdjw ImageNet' dpgnyph 2pswtwyubpnid nddph Lhupnuh Ynnuhg
ntYwywpwd hbnwgnnnnubph fundpp Yupnnugwy dwpgb] wphbunmwywu ubjpnuwihu
gwugbiph (ULS) ypw hpdujwsd wywwnlybpubph nwuwlwpgdwu UNe dnnbi, npp gnyg nybig
phynifuwih wpryniup' bwlwunpbu gbipwquugbing pninp dJpgwyhgubiph wpryniupubipp:
Quwjwd wynwhup ULS-tp nu npwug dwpqdwu wignphedutpp dowyyt; thu nbnlu
90-wlwu pYwlwuubphu, UbGd hwonnnipniuutip sthu  wpdwuwgpyb) nunigwudwu
ophuwyubtiph unnipjwu b uwhdwuwhwy hwoynnwywu ntuntpuubph ywndwnny: AlexNet
Yngynn dnnbip uyhgp nptg funppwiht nungdwu (fuNt) hnwgnfuniejwup:

FuNt dnnbjubpu oguwgnpénd U pwqdwbpn ULS-Gp, npnup eny; Gu wwihu
unynpb njuiubph tnwpwnbuwl ubpyuywgnufutip®; Uw huwpwynpnigniu £ unbindnud
wnwyb] wpryntuwybnnpbu ophtwswihnniuubp hwjnuwpbpbp JGé swihbp nwibignn
njuubpnud’ wnwug wyn wijwiubph wnwuduwhwwnyniginiuutipp dnpny h hwjwn pbpbine
Ywd fuunph Ybpwpbipwy nput ghibhp oguwgnpdtint: fuNi-u Ytipghtu tnwiphubipht
htnwoponid Yuwnwpbg wphbunwlwy pwiwlwuniyejwu (UR) puwqudwnnid’ gpwugbiny,
ptiplu, Jwjwgnyu wpryniupubpp ywwybpubph b ptwlywu Ggqyh dowlydwu pwpn
fuunhpubiph nwun:

luNi-h qupgwgdwu  wpryniupnud wnwofuwnwgnd  wwpkg  uwb  UNi-h
Gupwnnpnutiphg Ubyp' wdpwwundwdp nwnigndp (UNLY: UN-h fjuunhpt wunpwnwnunud
E npnonuwdubp Ywjwgunn gnpdwwihu, npp owpnitwywywu thnjuwgnbignipjuu by k
gunuynd opowwywinnn dhowydwyph htinn®: Gnpdnnnipyniuutip Yuwnwpbne wipnyniupnid
gnpdwywip unwund £ pqwiht  wwpquwwnpndubp, npnug punhwunip  gnwdwpp
wnwybjwagnyuh hwugubp hwunhuwunud £ gnpdwluwih tywunwyp: Wuwnbin 2bipnp npynid
E opowlw dhowdwyph htin wudhowlwu thnfuwgnbignipjwu wpryntupnid gnpdwlwih
Jwppt nwwubine ypw' wnwug hhdudbint npupgt Jtipwhuynnnigyuu Jpw: UN-u,
ptplu, UNi-h pninp wwpwwnbuwlubphg wdtuwdnuntu £ nwuniguudwt wju dUpu, npu
hpwlwuwgynd £ Jwpnluwug L Yeunwupubph Ynndhg' nwwund' Gubing ¢hnpéhg
W ufuwiubphg, hphdudbiny wwpguwwnpnufubph b wwwndwdhongubiph  hwdwlwpgh
Jpw:  uwyws UNi-h uwfuypund wpdwuwgpwd npnpwlh  hwonnnigyniuubiph’ npw
Yhpwnbihnieyntup  uwhdwuwthwyjws £ tinkp thnpp pwuwyh huwpwynp yhbwyubp
niutignn fuunhpubph nwuny:

Funppwjht wdpwwundwdp nwnignwip (funpwihu UNL) dbennubph wju nuwut L,
npwntin ogunwgnpdynid Gu uNe Waennutp’ UNL fuunhpubp ndtine bywwnwyny: fun-
h qupgugnuwip peny] kg UNL dbennubipht nwnigwubp wnwyt] pwpn Juwppwghd b
wwjdwuwynptig UNL dbpnnubph fungnp udwénudubpp' huujwlwt wnwefuwnwgnud

'A. Krizhevsky, |. Sutskever, and G. Hinton. Imagenet classification with deep convolutional neural networks. In
Advances in Neural Information Processing Systems 25, pages 1097-1105. 2012.

%Y. Lecun, Y. Bengio, and G. Hinton. Deep learning. Nature, 521(7553):436-444, 2015.

°R. S. Sutton and A. G. Barto. Reinforcement learning: An introduction, volume 1. MIT Press, Cambridge, 1998.
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wpdwuwgnpbiny UP-h dh ownp pwpn, sindqwd fuunhpubiph nddwu hwdwp: Unwhuh
fuunhputiph nwuht GU Wwnwund hwdwlwngswihtu «Upwph» U pwpn nwqdwywnwlwu
fuwnbpp, ubnwuh gn L wjudwwn fuwnbpp, uyhwwynigubph $ninhugp, nnpnnubiph
wuonwsnt pnsnn uwppbiph Ywnwywpnwip W wyu: funppwihtu UN-h Yhpwnbhnyenup
huywjwlwu £ hpwlwt woluwphh tmwpwpunye fuunhputipnud, W wju Yupnn § inwdt UR-nud
wnyw pwpn dwpnwhpwybpubpp:

uuwywsd upwu, np UNi-h hhduwwu hweonnnieniuutipp gpwugyt) Bu Ukl gnpdwlywihg
pwnyugwé dhowdwjnptpnwd, gnjnipyntt niubignn vh o2wpp hwdwlwpgbp punyugwsd
bu pwquwehy gnpdwlwiubphg, npnup hwwfu wbwp £ hwdwgnpdwlygbu' punhwunip
uywwwyhtu hwutbine hwdwp:  Ophtuwl' wuonwsnt pnsnn uwppbiph?,  hupuwgquwg
dupbuwubpph® U pwqdwpunype w) nnpnunwht uwppbph  hwdwlwpgnwp  puwlwt
Ybpwny ubpyuwjwgynd £ npwbu hwdwgnpdwlgwih  pwqdwgnpdwlw UNL (FUNL)
fuunhputip:  Uhwgnpdwyw| UNi-h hwdwp dowyjwsd dtpnnubpp, uwlwiu, hwdwfu
whwwuh 65U pwgiwgnpdwyw| hwdwwpgbph fuunhpubph nédwu hwdwp hbGnbyw;
ndjwpnipjniuiph ywwnbwnny.

o Qnpénnniginibitph - UtS  pwqunipntl. gnpdwywiubph  hwdwwbin
gnpdnnnigyntuubiph pwaqunieniut wénwd £ Epuwynubughw| wpwg gnpéwlwiubph
pwuwyh wéh hbw: huunhpp nwbh nwpdubint hwdwp hwéwfu wuhpwdtion
E ogquwgnpéti wwwybunmpnuwgywd nwqdwdwpnigntu,  bpp  jnipupwsinip
gnpdwlw| hwdwYwpgnud £ hp Juppwaghdp' hpdudbing pwgwnwwbu ubthwlwu
thnndh Ynw,

o s uipwghntuwnpnientl. dwpquwu  pupwgpnd  jnipupwugnip - gnpdwlwih
nwqdwywpnipiniup  thninfudnd £ wnwushu - gnpdwlwiubph  wmbuwlyyniupg
dhgwywjpp nwpdubiny ng unwghnuwp,

o Uwuwlybtuppntuwgnid. hwnnpnwlygdwu U nhwnwpybihnigjut uwhdwuwhwynidubpp
Ywpnn Gu unhwbp nuwub] wwywybEunpnuwgywsd nwqiwywpnigniuubp unyuhuy
wju nbwpnid, tipp hwdwuntin gnpdnnnientbutiph pwadnientup 2wwn ULs sk,

o Ubpnpnwdubph  pwppunid. Gpp  gnpdwlwiubpp  unwund  Gu  punhwunip
wwpqlwuwpnud, wuhwwn gnpdwlwiubpp wbwp £ npngbu hpbug ubipnpnudp huh
hwonnniejwu kg,

o Uhowyuwypph  nwuniduwuppnigynit. owywnhdw| nwqdwywpnipntup  hwbwfu
wwhwugnid £ pninp gnpdwlwiubphg Ywd gnpdwlwiubph npuk Gupwpwqdnieniuhg
hwdwwbn nwnwfuwuppl) unp nwqiwyjwpnieniu’ hwdwYwpgwsd thnpdwpybing
unp gnpénnnieiniuutiph hwonpnwlwunyeniubp:

Unwuduwhwwinty hbGwwppppnigynitt ubplwjwgunn  fuunpputiph nwu £ dwutwyh
nhunwpltih, hwdwgnpdwlgwihu pwgqdwgnpdwlwy nunignidp®, npunbin wuhpwdton k
wwwybuinpnuwgywsd nwqiwywnpnipniuiiph dowynid: Ubpohtubpu hwéwfu Ywnpbih
E dwpgby YGuwmpnuwgywsd suny' dnnbuwydnpywsd dhowdwypbpnd Ywd jwpnpwwnnp
wwjdwuubpnud: Uw YJwpnn £ wwwhndtp dhowdwiph punhwunyp yhtwyh dwupu
wnbnEywwnynipjwu hwuwubhnyeniup dwpqiwu dwdwuwl, npu wjwwbu hwuwubh &
wuhwwn gnpdwywiubphu, huswbu bwb htinwgub hwnnpnwygdwu uwhdwuwthwynidubipp
gnpdwlwiubph Uholi: Ybuwpnuwgywsd Jwpgnd b wwywybunpnuwgyws Yuwnwpnid’

*. Cui, Y. Liu, and A. Nallanathan. The application of multi-agent reinforcement learning in UAV networks. 2019
IEEE International Conference on Communications Workshops (ICC Workshops), pages 1-6, 2019.

%Y. Cao, W. Yu, W. Ren, and G. Chen. An overview of recent progress in the study of distributed multi-agent
coordination. |EEE Transactions on Industrial informatics, 9 (1):427-438, 2013.

°J. K. Gupta, M. Egorov, and M. Kochenderfer. Cooperative Multi-agent Control Using Deep Reinforcement Learning.
Autonomous Agents and Multiagent Systems, pages 66-83. Springer, 2017.

"ruunph $npdw) sbwlybipynuip inpdws £ 1.4 Gupwgfunad.
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(4UUY) dnnbp gpwyhs ninnniggnit £ hGnwgnuninigjut hwdwp, pwuh np udwuwwnhy
fuunhputipi wnyw Gu hpwywu woluwphh wpwpunye hwdwlwnpgbipnud:

Jdbpnhhojw| hwuqwdwupubpp nddwpwgund Gu PUML Jbennubph  Yhpwnnudp
hwwywwbu wju pwqdwgnpdwlw| hwdwywnpgbpnid, npnbn wnlw Bu Gpynwhg wyb
gnpdwywiutp:  Wunwdbuwjuhy, PUNL dbennubph pwpbwyndp owwn Yupunp &
wphGunwlwu pwuwlwuniejwdp odnywsd wjuwyhuh hwdwlwpgbp Yunnigbiine hwdwp,
npnup  Ywpnn Bu wpryniiwybnnpbu hwdwgnpdwygl) dhdjuug htn' Yhpwnwlwu
Ugwtwynipiniu ntubignn pwgnud wnwewnpwupubip (nwdknt hwdwp:

UWliwwnwuph twyuwwwyp b nhnwpyjws fuunppubpp:  Upfluwwnwuph uwywwwlu k
pwnn pwqdwagnpdwlw| dhowdwiptiph hwdwp wpryntuwytitn PUNL dsennutiph dowynwip
U quwhwuwnnwip: Unytu bywwwyhtu hwutbine hwdwp nhunwpybup hbunlyw) fuunhputpp.

1. Uwybi| wpryniuwybin RUNL dbenn, npp peny| £ viwhu hwupdtipnpbit ogunwgnpdt)
ytunmpnuwgywé  Jwpqiwu  htwpwynpniginiup wuhwwn  gnpdwYwiubiph
wwwybunpnuwgywsd nwqiwywnnipniuttip dwytint hwdwp,

2. Untindty,  htuwuhp  (benchmark)  dhowdwyp  hwdwgnpdwlygwihu  PUNL
dbpnnubph hwdwp, npp pny Yuow quwhwwbp b hwdbdwnbp ybpghuubphu
wpryniuwybunnipyniutbpp bW dwntwugb| npwug phpniegyniuutpp,

3. Uwyb PUNL dbenn, npp enyl Yuw wwywybunpnuwgyws gnpdwlwiutphu
hpwlwuwgub| dhowdwiph jwjuwdwyw| hwdwlywnpgywd nwunifuwuhpnieiniu:

Chwnwgnunipjuu opjlwnubpp: Unytu wofuwwnwupnid hwmwagnunigjwu opjtlwnubip
Gu hwunhuwund hwdwgnpdwygwihu PUNL wignpphpdutpp, funppwihtu ubjpnuwjhu
gwugbinp, owywnhdhqughwjh wignphedutipp, pwqiwgnpdwlw| nunigdwl, Juwnwnpdwu,
nunwfuwuhpdwtu b wywlbunpnuwgdwu dninbignidubipp: <Gwnwqgnuinigjwu opjtiynubip
Gu hwunhuwunwd vwl PUM wignphpdubph nunigwudwu b quwhwwndwu hwdwp

hGuwuhgutipp, dpwgpwihu dhongubipp U dbennninghwubpp:

Chnwgnunipyuu dpnnubpp:  L<bnwgnunnieniut hpwlwuwgyt| £ dJhwagnpdwlw) L
pwquwgnpdwlwy UNL, funppwihu UNy, bpwhulyynn nwnigdwu b owuinhdhquighwih
dbpnnubph oqunipjudp: Pnpduwlwt wpryniupubiph unwgdwu hwdwp Yhpwnyby Gu
opjtyunwynndunpnoqwsd b gniqwhtin dpwgpwynpdwu ybpnnubp:

Ghunwlwt unpnypp:  Unyu wotuwwnniejwt opowuwyubipnd wnwyg Gu pwoyb hbnlyw
ghinwlwu unpnypubipp.

o« owyyby £ unp punppwihu PUNL dbpnn, npp pnyp b wwjhu ubplujwugub
gnpdwlwiutph hwdwwnbn wpdtipwihtu $niuyghwt® npwbu wuhwwn gnpdwlwiutinh
wpdbipwjhu niuyghwubiph ny gdwjhtu hwdwnpnipejniu,

o Unwowpydlty £ hwdwwbn wpdbpwjhu  $niuyghwihg  wwwybunmpnuwgywd
nwquiwywpnipjwt  wprynitwybn - wnwuduwgdwu  Jbpnn, npu wwwhngnud &
Yuwjntunipniup YEunpnuwgywsd b wwywlybunpnuwgyws nwqdwywpniegniuubph
dhol,

*Npnawyh nwqiwywpnipjwt hwdwnp wpdbipwiht $ntulghwt’ Q(s, w)-p, uwhdwuynd b npwbu uywujwsd
wwnguwwpnuwfutiph gnudwp s ypdwynid w gnpdnnniiniup Yuwwnwnbijhu b wjunthbnl puin unyu nwgqdwydwpniejwu
gnndtijhu:




o Ywnnigyb) £ hwdwgnpdwlygwihu PUNL hEuwuhy dhowdwn, npu wwwhnynd k
dwutwyh nhunwnybhniye)niu, pwpn nhtwdhlyw b yhdwyubph d6d pwgunip)niu,

o Upwlyb| £ unp funppwihu RUNL dbenn, npp enyp b wwijhu gnpdwlwiubphu
wnbwywu  dwdwuwwhwndwdnd  ppwlwuwgut] dhowdwiph  hwdwywpgqwd
nwuntfuwuhpnip)nLu:

Unwgywé  wpryniupubph gnpéuwlwu  Yppwnnyeymup: PUN-U niuh JbS
Yhpwnbhnygintt - hpwywu  wofuwphp  wwpwpunye  fuunhpubpnd:  Uptuwwnwuph
wpryntupnid dpwlyywsd wignphedutipp Ywpnn Gu Yhpwndb] pwgnd pwqdwgnpdwlwg
hwdwlwngbipnud, npintin gnpdwywiutipp wbwnp £ hwdwagnpdwlygbu punhwuntp fuunhpp
(NNt hwdwp: dbpohuubipu Yuwpnn Gu Yphpwnyb) oppuwy’ wuonwsnt pnsnn uwppbiph,
hupuwquwg dtptuwubph W wpwnwnpwlwu gnpdwpwuubpnd pugqdwpunye nnpnunwjhu
uwnpbph hwdwwpgiwu hwdwp: UYthu, dowyjwsd dbpnnubpp Ywpnn Gu ogunnwgnpdyt
Gpelutynigywu uwppbph nbGlwljwpdwu, wpwuuynpnph Yunwlwpdwl, pdolulwu
wwwytipubiph b pwotujwéd qqujwlwu wgnwuwuubiph ybpndniygjuu hwdwp: Uowlyywsd
Spwapwihu gpwnwpwup, npu ogwnwwnbpbphu hwuwubih £ pwg Ynnnd, pnyp b wwihu
htonnptu  dowyb; unp PUNL wignphpdubp Ywd oquwgnpdt) gnjnipniu niubignn
dtipnnubpp unp pwqdwgnpdwlwy fuunhpubip |nwdtint hwdwn:

Lepnpnufubp:  Unbuwlununipjwl opowuwlubpnid unmwgywd wpryniupubipp ubpnynt
Gu Uh pwuh hwdwlwpgbipnid.

« QMIX  funppwjhu RUNL  wignphpdp, npp dwlwsé L wwnbuwfununiejwu
opowuwlubpnd, ubpnpdbp £ Ywih$nnuphwih Pbpplh hwdwpuwpwund dywlyyws
Ray Uwfuwqdh ubig: Ray-p puwg, gqtipwpwg dpwgpwiht dhgwdwip £, npp eny|
E wwipu ppwlwiwgul) jwjuwdwyw; UNe W UNL dnnbjubiph dwpgnud® pwgfuywd
Spwagpwynpdwt gunphhy?®: RLIb-p, npp hwunhuwund £ Ray Uwfuwgdh gpunwpwup
UNi-h dbpnnutiph hwdwp, ubpwnnid £ vh pwuh dwdwuwywyhg UNL wignphpdubn,
npnug owppnud £ uwl QMIX wignphpdp'®: Ray-p oguwgnpdynid £ hwquipwynp
UNi-h oguwwnbiptiph Ynnuhg",

o QMIX wgnpphpdp twl ubpnpdwsd b PyMARL"? hwdwlwpgnid, npp Python |tqyh
pwg gpwnwpwu £ PUNL dapnnubp dwlbint b ogunwgnpdtint hwdwn' dawyywd
Opu$npnh hwdwuwpwuntd,

o Wjuwwmwuph wpryntupnid Jopwyywd wignphpdubpu nt dpwgpwiht hwdwywngp
ubpnpytp  Gu  Highlander  Technology  Ywqdwybpwnigyniunwd, UUL, L
ubpywynuiu - guudnd  Bu whwpy  Yhpwnnipjwu  dee: Uwutwynpuwbiu,
QMIX wignpphpdu oguwgnpdynid E Highlander-h dwupngubph hwdwlywpgdwu
Spwgpwiht wwwdnpdnid, npp bwfuwnbujws £ npwuuwynpnp junwdwpdw
hwdwywpgbph hwdwp' wwypwupubph swpdbpp wwuwynpbint, ppwlwuwgubne b
owwnhdhqugubint hwdwnp:

Mupnuwuwunypjut  ubpyuyjwugynn hpfuwlwu npnypubpp: Mwonwwuniypjwu  Gu
ubpywjwgynid hbinlyw| hhduwlwu npnypubipp.

°Ray-h Ywjpkou b. https://rise.cs.berkeley.edu/projects/ray. Ynnp hwuwubih b. https://github.com/
ray-project/ray

'°RLIib-h nnynuibunwghwt hwuwubih b. https://ray.readthedocs.io/en/latest/rllib-algorithms.html:

"Ray-p Github suntidwpwuntd niup dnwn 10 hwqwip wuwnn b 1.4 hwqwn §niquiynpned:

"PyMARL-p hwuwtbih k. https://github.com/oxwhirl/pymarl

*Lbpnpdwt wywnp ubpywjwgyws k:
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. QMIX wuntuny unp PUNL Ubenn, npp eny £ wwhu dwpgb] wwywlybunpnuugywé

nwquwywpnipniuttn  Yeunpnuwgwsd Ytpwny: QMIX-u ogunwgnpdnid £ unp
whwh ubpnuwht  gwugh Swpunwpwwbnngenu, npp htwpwynpnyeniu &
wnwihu wnwyb] wpryniuwybwnpbu  dwpuhdhqugub] gnpdwywiubph  hwdwwnbin
Q-wndtipp b wwwhnynid £ Yuyniuniegyniup Yaunpnuwgywsd b wywytunpnuwgywsd
nwquwywpnipjniuutiph dhol,

. Lwjpwéwdw| thnpdwpwpwlwu  wpryntupubin, npnup hwunwwnnd Bu QMIX-h

qquih wpryniuwybnnieiniup gnyniejnwu nitubgnn PUNL dbennubph ujwwndwdp:
<phduwynp thnpdwpwpwlwu wpryniuptbin, npnup hwunwunnud Gu QMIX-h Ynnuhg
dhowdwyph yptwyh  Jepwpbipwy hwybpwy  hudnpdwghwih - oguiwgnpddwt
wuhww gnpéwlwiubph Q-wndtiputiph ny géwjhtu hwdwnpdwu Yuwplnpnig)niup,

. np htuwuhy SMAC (StarCraft Multi-Agent Challenge) dhowywjn hwdwgnpdwlygwjhu

PUNL fuunhpubph hwdwn, npp hhduywé £ hwupwhwjwn StarCraft [l nuqdwyjwpwlwu
fuwnh ypw: SMAC hGuwuhoh oqunipjudp gnjniejnit niutignn PUNL dbennubiph
(wjtwéwyw| guwhwwnnud nt hwdbdwwnntd,

. bnp funppwihut RUML wignphed, npp wthwwn gnpdwlwiubphu pny) £ wnwihu

wnbwywu  dwdwuwwhwndwdnd  ppwlwuwgut] dhowdwiph  hwdwywpgqwd
nwunifuwuppnipiniu: Swywiniu thnpdbp' dawlqwsd nwunidfuwuhpnigjuu dbpnnh
wpryniuwydbinnipyniup - quwhwwnbine W gnpnigyntt nwutignn - dhennubiph  htin
hwdbdwuwnbint hwdwp:

Uwnwgywé wpnyniupubph gpuptuniyeyniup b thnpdwpyndp:  Unwgqwd wpryntupubipp
qbynigyb) Gu hwjulywu b dhowqgquiht dh 2wpp ghunwdnnniubpnid.

1.
2.

Bocbmas roguyHas HayyHasa kKoHdepeHuua PAY, EpesaH, Apmenus, 4-8 pekabpa 2017r.,

BMVA Symposium on Reinforcement Learning in Computer Vision, London, UK, May 9,
2018,

. 35th International Conference on Machine Learning, Stockholm, Sweden, July 10-15,

2018,

. [eBaTaa rognyHaa HayuHas KoHdepeHumua PAY, EpesaH, Apmenus, 3-7 pexkabpa 2018r.,
. 18th International Conference on Autonomous Agents and MultiAgent Systems, Montreal,

Canada, May 13-17, 2019,

. 33rd Conference on Neural Information Processing Systems, Vancouver, Canada, De-

cember 8-12, 2019,

. 5th Deep Reinforcement Learning Workshop, Vancouver, Canada, December 13-14,

2019:

Upfluwwmwuph  wpryntupubpp  puuwpydl Bu wp-Nnwwluu hwdwuwpwuntd,
Gplwup whnwlwu hwdwuwpwunwd b <K FUU hudnpdwnhlwih b wdnndwnwgdwu
wpnpGdubph huunphunnunnud wugywgywsd ubdhuwpubiph pupwgpnty:

Cpwwwpwlnfubpp:  Unbuwfununipjuu pbdwih yepwpbpjw) nwwapyb) 5 ghunwlwu
wluwnwp:

Wluwwnwuph éwywip b Yuwnngwépp: Upjuwwmwuph dwywip Ywgund £ 116 by:
UWojuwwnwupp pwnwugwsd b ubpwdnieiniuhg, bGpbip gnifuutiphg, Ggpwlwgnieiniuhg
U gqpwywunipjwu gwulyhg: Gpwlwunypjwtu gwuyp ubpwnnd £ 142 wofuwwnnieyniu:
Upfuwwnwupp ubpwnnud £ 27 uluwp W 8 wnniuwly;
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U2luwwnmwuph hwdwnnun ujupwugpnieyniup

Lbpwényeyniu pwdund hhduwynpynid | phidwih wpnhwlwunyegjwup, dbwytpwynid
GU wpluwwnwuph bywwnwyp, ghunnwlwu unpnyep, Yhpwnwlw ywuwynientup, huswbu
twl hwyhpéd dwuntwuynid £ wotuwnmwuph Enigyniup:

Qnifu 1-p Uppqwsd b nwuniduwuppynn fuunhpubipp punhwunip puuwpydwup: Lwuh np
funppwjhu RUNL-h dGennubpp hhduynud U nwuwywu UN-h, luMi-h W funppwjhu UNL-
h dbennubtiph ypw, hwuqudwunpbt nunifuwuppynud Gu yepohuubiphu wbunteyniutibnp,
uywpwgpynwd GU fuunhputipp, npudépubint nu gnynieintu niubkignn wignphpdubinp:

1.1 Gupwgqnitfup ujwpwagpnwd £ UNL fuunhpu ne nwuwywu UNL wignphpdutipp: UNw-h
Uwywwnwlu £ unynpb’ htuswbu £ wuhpwdbion ppwyhbwlyubipht hwdwwwunwufuwubiguby
wjuwhuh gnpdnnnupiniuubip, np wnwytjwgnyuh hwugdh pywiht ywpglwwnpnidp®:

UNi-h fuunppp wwpquagnyu nbwpnid ubpwnnd £ dhwjn gty nwunwfuwnnn W
npnond Ywjwgunn, npht wujywunud Gu gnpdwlup (agent):  Snpdwlwihg nnipu
wdbu hug Yngynid £ dhowyuwyp (environment): dwdwuwyh wdbl nhulypbin ¢ pwjhu
ghpdwywip uwnwunwd £ dhowdwiphg o: nhwmwpynud (observation) W Ywuwwnpnid k
uy qnhpénnnipyniup (action):  dwdwuwlh hweonpn pwjhtu gnpdwywip uwnwund k
pYwihu 7. ywpglwwpnuip (reward)' npwbiu Yuwnwpwd gnpdnnnieyniuubph wpryniup:
Snpdwlwiht sh hwnnpnynid, b np gnpdnnniegyniuutipp wbwp £ Yuwnwpybu: $nfuwntup,
thnpé&biiny wnwipptip gnpdnnniejniuutin, bw wbwnp £ hupunipnyu pwgwhwjnh, A npnawlyh
hpwyhbwyubipnd np gnpdnnnieniutbpt B wnwybjugnyu swihngd  wwpglwwnpynid:
Llwp 1-nd ubpyuwjwgynid £ gnpdwlwih bW dhowduwiph dhol thnfuwgnbignigyniup UNe-nid:

Lhwpdtipnptiu nhwnwnytih >
dhowdwyptipnid gnpdwlwiu nuipnuiyhnpbu sl
nhnwpynd £ dhowdwyph  ubplw  s¢  spewpyeo] wupgl oyl
Jhéwlyp' o; = s Uwutwlyhnptu L
nhnwnytih - dhowywptipnud - gnpdwlwih o e €

nhunwnpynudubipp wwpniuwynid Gu
uwhdwuwthwy wbntynienu dhowdwiph  Lwp  1: Snpdwlwih UL dhowdwyph
st ypbwlh Jwuhu: thnfjuwgntignieyntup UNL-nid

Lhwpdbpnptu  nhwwpyh  UN-h
fuunhpp Ywpbp £ duwybpwb) npybu Uwpyndjwu npnonudubph gnpdpupwg (UNS)
(Markov Decision Process): UN%-p ubipyuwywgynd £ (S, U, P, R,~) huguyh dhongny,
npnbn S-p Ypbwlubph Jbpowdnp pwqdnugniuu £, hul ¢-u' gnpdnnnipjniuubipp
ytipowynp pwqgunipiniup: P : S x U x S — [0, 1] ubpluwjwgunud £ ypbwlubph wugdwu
hwjwuwlwuwhu pwotuntdp, npnbin P(s,u,s’) = Plsi1 = §'|se = s,ur = u], huy
R : 8 xU — R-U wwpglwwnpdwu $niuyghwt, npnbin R(s,u) = E[reqilse = s,ue = ul.
v € [0, 1]-u dwnwynid £ npwbu wwpgquwwnpdwu gbinsdwu gnpdwyhg:

dwdwuwyh wdbu ¢ pwjhu gnpdwlwih twywwmwlu £ punpbp wju gnpdnnnyeiniup,
npu wnwybjwgnyuh Yhwuguh uwywuynn qbinswé awhnypp, npp wpynwd £ hbnbyw
pwlwdlny’ Ry = rop1 + yrera + Y2reps + o0 = Y00 (4 repng1t v gnpdwlhgp npnpnud k
wwwaqw wwpglwwnpnwfubph wnlw wpdbpp:

Snpdwlwiph  Jwppp uywpwgpdnd £ 7 nuwqiwqwpnpjudp  (policy), npu
wpunwwwwybpnd £ yhdwlubph  pwgdnipiniuhg  nbwyh  gnpdwlwiph  htwpwynp
gnpdnnnigyntuubinu puwnpbint  hwjwuwywunp)niup: Nwqdwywpnipyniup  Yupnn
E |pubp nbunbpdhuwgqws, npwnbin gnpéwlwip s yhbwynd downmwwbu punpnd k
unyu gnpdnnniginiup’ v = 7(s), Ywd uwnjuwuwnhl, npwnbin gnpdnnniginiuubiphg
Jnipwpwgnipht hwdwfuwwnwufuwubgynid £ npnawyh punpnigjwu hwjwuwlwunigndy'
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m(uls) = Plue = wu|se = s]: Uuwhpuny, UNL fuunph uwywuwwyu £ dowyb) dvp
nwquwdwpnieinitu, nptu wnwdbjwgnyuh £ hwugunud uwwuynn gbinsywsd  pwhnypep
pninp s € S yhbwlubiph nbiwpnid:

7 nwquwywpnipjwu wpdbpwjhtu $niulghwts (value function) uwhdwuynid k npwtu
uywuywd owhnyp s yhbwynwd u gnpdnnnipjniup Ywuwwpbihu W wjunthbnle pun
nwquwywpnipjwu gnpdbihu' Q- (s,u) = Ex[Rils: = s,us = u]: Oywhdw| wpdbipwjhu
$nuuyghwt uwhdwuynd £ npwbu Q. (s,u) = max: Qx(s,u),: Mubuwny owunhdw| Q-
$niuyghw' Yupnn bup dawltip owywnhdw m+ nwqdwywpnieiniup, npp dhown wgwhwpwp
E gnpénud Q.-h ujwwndwdp’ 7.(s) = argmax ., Q.(s,u): dwdwlwyh pupwgpnld
wnwowplyyt] Gu pwgnud dbpnnubp UNL fuunphpp (mdtint hwdwp' dnwnwpybing Q-
$niuyghw: UNe-nud wnwgluwnugdwup uwwunwsd wignphpdubnhg £ Q-nwnignuip™, npp
pninp s € S Wu € U qnygbiph hwdwp wwhnd £ Q(s, u)-h wpdbpubipp hwdwwwwnwutuwu
wrnwwynid: Nunigwudwt pupwgpnid, tpp gnpdwlwiu wnlw nwqdwyjwnpniejwdp
gnpdnnnigyniuutp £ Yuwwpnd dhowdwipnd bW unwund npwig hwdwwwwnwufuwu
wwpqlwwnpnudubpu, wnwyh wpdbipubipp pwpdwgynd Gu: Npnawyh wwydwuubiph
pwywpuwnbint nwpnd Q-ntunignudp gnigwidhwnnid £ owuinhdw| Q.-hu:

1.2 Gupwqnifup ubpywjwgund £ ruNi-u Ybpwhuyynn nwngdwu  fuunhpubpp
opowtwlubpnd: Bupwglfunid hwugqwdwunpbu nwnifuwuppynd Bu ULS-Gp, guugbiph
wnwpwwnbiuwy dwpunwpwwbnnienuubp bW dwpqiwt dwdwuwlwyhg dbpnnubn:

1.3 Gupwgqnijup vhwynpnd £ uN-u UNL fuunph hbn W nuunwduwuppnid funppwjht
UNt dbpnnubph nwup, npnup ogunwgnpdnd Gu funppwihu ULS-tp UNt fuunhpubiph
(ntédwl hwdwp: UNL nwuwlw (wgnuwwht) dbpnnubpp tywunwwhwpdwp s6U wju
UNS-tpnud, npunbin Jhdwlubph S pwgdnieyniup hulwywwu §: Oppuwy' bwpnh fuwnnud
Jh6wlubiph pwqunuyejwu hgnpnygyniup 10%° Ywpgh k, gn fuwnnud® 107, huy «Upwph»
hwdwwpgswiht fuwntipnud' 25684%84%4 1. Cywpwynp (nidnwdutiphg yayu £ Q-$niulghwih
dninwpynwfu ULS-tph dhongny:

Funppwjht UNi-h wnwohtu  hwonnywd dnnbip funppwiht Q-gwugbpu &u (DQN),
npnugnud Q-$niulghwu ubpyuywgywsd £ npybiu ULS' Q(s, u;0): Uwpqiwu dwdwuwy
gnpdwlwu puwnpnd £ gnpdnnnuegniutpp’ Glubind  nwinifuwuppnepjwt (explo-
ration) npnpwlyh dbennhg, huswhuht £ e-wqwh nwnfuwuhpnieiniup, Gpp 1 — ¢
hwywuwywunygjwdp punpynud £ owinhdwy gnpdnnnipjniup’ argmax,, ., Q(s,u; 0), hul e
hwjwuwlwuntpjwdp punpynud £ ywnwhwlwu gnpdnnnie)niu:

1.4 Gupwgqnijut nwnwuwuppnd £ PUNL fubnhpp U gnjnuegniu niutignn PUNL
wignphedutipp: - <wdwgnpdwygwihu PUNL futinhpp Yupbih £ slwytpwby npubu
wwwybunpnuwgwsé dwutwyh nhwwplbih UNS (decentralised partially observable
MDP)'®" uquywd hbwnlyw| npjwyhg' (S,U, P, R, Z,0,n,7): s € S ulwpwgpnd k
dhowywjph yhbwyp: dwdwuwyh wdbu ¢ pwjpu jnipupwugnip ¢ € A = {1,..,n}
gnpdwlw punpnud £ w® € U gnpdnnnipinit’ uquiny gnpdwlwiutph hwdwunbn u €
U = U" gnpdnnnigniup: Fnpdnnnieyniup Ywwnwnpbihu dhowdwiph ypdwlyp hnthnfuynid
Glutny yhdwlubph wugdwu hwjwuwYwuwihu pwofunidhg' P(s’|s,u) : SxUx S — [0, 1]:
Pninp gnpdwlwiutipp Yhund Gu punhwunp wwpglwwpndp' puin R(s,u) : S x U — R
Pnuuyghwyh: v € [0, 1]-p wwpglwwnpdw gbinsdwu gnpdwyhgu t:

Thunwplbup dwutwyh nhuwplbih dhowduwptipp, npuntin jnipwpwtignin: gnpduwljuwy
unwund k z € Z nhrnwpynid’ Glubing nhnwpynwdubiph O(s, a) : S x A — Z $niulghwjhg:
Snipwpwugnip gnpdwlwy niuph gnpdnnnipintu-nhwnwpynud gnygbiph ywwdnipiniu 7¢ €

"*C. Watkins and P. Dayan. Q-learning. Machine Learning, pages 279-292, 1992.

V. Mnih, K. Kavukcuoglu, D. Silver, et al. Human-level control through deep reinforcement learning. Nature,
518(7540):529-533, 2015.

'°F. A. Oliehoek and C. Amato. A Concise Introduction to Decentralized POMDPs. SpringerBriefs in Intelligent
Systems. Springer, 2016.



T = (Z x U)*, pun nph Jupbh b dowyb 7¢(u®|7¢) : T x U — [0, 1] nwquwywpnipjniu:
Cwdwwnbin 7 nwqiwywpnipjwt hwdwp Ywpnn Gup uwhdwub] hwdwwnbin wpdbipwjhu
$niuyghw’ Qx (se, ur) = Ex [Refse, ue], npinbin Re = 3007 7 et

YUUY wuwjdwuubpnd dhowydwiph s yhbwyp, huswbiu uwl pninp gnpdwlwiubph
nhunwnpynudubipt nu gnpdnnnipniutbpp  hwuwubh  Gu Yeunpnuwgywd  dwpqdwu
pupwgpnud: Gnpdwlwiubph wwwybunpnuwgwsd nwqdwywpnipniuubpp dwpgnidhg
htwun wpnn Gu hhdugb Jhwju ubthwywu nhnwpynidubph W gnpdnnnugyniuubph Jpw:

Wuwhup  pwqdwgnpéwlw| fuunph  hwdwp  gnpéwlwiubph  gnpdnnnigyniuutiph
wpryniupubpp - wwwnowé  Yepwnd  ubpyuyjwgubp wwhwuond £ YEunpnuwgywd
wndtipwjht $niighw’ Qeor, npp hhduynud £ dhowdwyph s € S Yntwlh U gnpdwlwiutinh
hwdwwnbin gnpdnnnigjwt u € U Jpw: Uwlwju udwu $niuyghw nddwn t unynpb, tipp
wnlw Gu Uté pyny gnpdwlwiubin, pwuh np U pwquniejwl hgnpnipjniup Epuwynubughwg
wénw £ gnpdwlwiubiph n pUh wéh htwn: Lnyuphuly Geb wju Ywpbh £ unynpb, wwpq
&' puswbu Yupbh £ npwuhg wnwuduwgub] wwywlbunmpnuwgywsd nwqdwydwpnienu
Jnipwpwiuginip gnpdwlwih hwdwp:

Muwpqugnyu nwdnwdu £ hpwdwnyb Yeunmpnuwgywd wpdbpwihu $niuyghwipg, W
[eny| lnw| jntpwpwusinip a gnpdwywihtu unynpb] wuhwwnwlwu wpdbipwihu Q. $nuyghw
wulwiu Ybpwny, puswbu wuluwiu Q-nwnignud dhpnnnud (1QL)7: Wu  dnunbignudu,
wjuniwdtuwjuhy, wuwnbunwd £ PUNL  fuunhpubipnid  gnpdwlwiubiph  thnthnfuynn
nwqdwywpnipjniutubiph wpnyniupnid wnwowgwd ny unwghnuwpnie)niun:

Luwpwynp £ uwl unynpby [hndpu Yeunmpnuwgywsd wpdbpwihu Q:o: $niulighw, npp
hhdujws & hwdwwnbin u gnpdnnnipjwu Ypw, W oginwgnpdt wjit' wwywybunpnuwgywsd
nwqdwywpniejniuubph wnwuduwgdwu hwdwp, huswbu ophuwly COMA dbennnud '
Uwlwju winwhuh wpdbipwjht Qo $niblyghwip dwpgnip wuppwgnpdbh k, bpb
gnpdwlwiutinh phyp 2wwn UGS t:

VDN dtipnnp'® thnpantd £ unynpb hwdwinbin wpdbipwiht Qo (7, u) $niulghw, npntin
7 € T = 7T"-Uu hwdwwnbin nhunwpynid-gnpdnnnienitu qnygbiph wwwndniegyniuu £: VDN-
p ubpywjwgunud £ Qio-p npwbiu wnwudhu gnpdwlwubph wpdbpwihu Qo (74, u®;6%)
$niuyghwubiph gnuiwn' Quoe(T,u) = S0 Qi(7%,u';60%), npnup hhduqwd Gu dhwyu
utithwlwu nhwnwpyndubiph b gnpdnnnigynitutiph Wwwdnipjwu Yypw: VDN-p pny b
wwihu ubpyujwgub] Jhwiu dniuyghwubp, npnup ubpluwjwgynd Gu npwbu wnwudhu
Q. dnuuyghwubph gdwihtu hwdwnpniegniu: Wuntwdbuwuhd, fuunph pwpn bnyjwu
L Jtd pUny gnpdwlwiubph wnwinigjwt wwwbwnny pwgnd hpwlwu dhowywpbn
wwhwuond GU npwbugh gnpdwlwiubpp dowlyblu Qior-h wnwybp pwpn, ns qéwjhu
dwlynnpwgnud: Pwgh wyn, VDN-U wuwmbunud £ Yeunpnuwgywsd nwunigdwt dwdwuwy
hwuwubh s € S yhdwyh ybpwpbipjw) nbnblwwnynieginiup, npp upnn £ bywuwnt
wnwyb 62gphin Qtoe-h Nuniguidwn:

Qintfu 2-nid RUNL fuunphpubpp (nddwtu hwdwp wnwownpyynwd £ QMIX dbpnnp,
npp [pwgund £ gnnieyniu niubignn RAUNL wignpppdubpnd wnw Jh gwpp pwgbp:
Unyu gjfunid wipynwd £ QMIX-h dwupwypyhn uupwghpp, b puuwpyynid £ ybpohupu
wnwybnpintup  gnjnieinu niubignn Jbennutpp bwwndwdp: Snijup ubpwnnd |
(wjuwdwyw| thnpédwpwpwlwu wpryniupubp, npnup hwunwnnd Bu QMIX-h qquiih
wpryniuwybuinnie)niup gnjnyeiniu niutignn APUNL dbpnnutiph ulwundwdp:

M. Tan. Multi-agent reinforcement learning: Independent vs. cooperative agents. Proceedings of the Tenth Inter-
national Conference on Machine Learning, pages 330-337, 1993.

'®J. N. Foerster, G. Farquhar, T. Afouras, et al. Counterfactual multi-agent policy gradients. Thirty-Second AAAI
Conference on Artificial Intelligence, 2018.

'°P. Sunehag, G. Lever, A. Gruslys, et al. Value-Decomposition Networks For Cooperative Multi-Agent Learning Based
On Team Reward. International Conference on Autonomous Agents and Multiagent Systems, pages 2085-2087, 2017.
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21 Gupwgqiunid uwpwgpws £ PUNEnWd wnlw Jwpnwhpwdbpubphg  dayp'
huswbu ubpyuwjwgub b oguwgnpdt gnpdnnnieyniuutiph wpdtipwihu $niulyghw, npp
Yhpwnynid £ UNL wignphpdubph Ubd dwuh Ynnudhg: Snpdwlwiubph gnpdnnniegyniuutiph
wpryntupubpp - wwwowd  Yepwny  ubpluyugubp wwhwuend £ Yeunpnuwgqwd
wndtipwjht nighw’ Qror, npp hhduynud £ dhowwyph yhbwlyh L gnpdwlwiutinh
hwdwwbn gnpénnnigjwt dpw:  Ldwu $nwuyghwu nddwp £ unynpbp b pyny
gnpdwlwutph  wnywjnigywt  wwpwgwnd, UL unyuphuy wju  unynpbint nbwpnud
wwpq sk puswbu  Yupblh £ jnpwpwugnip gnpdwlwih  hwdwp  wnwuduwguby
wwwybunpnuwgwsé nwqdwdwpnipinit:  Nwnfuwuppnipjwtu - Yuplnp - fuunpp |
hwulwuwyp, b wprynp YEunpnuwgyws dwpgndp eny) Yunw undnpbip hwdwwnbn Q:or,
npp Yupnn £ Swlinpugyty pun gnpdwlwih Q. dniuyghwitiph wjuwtiu, np wwjwhnyyh
Yuyntunipniup YEunpnuwgywsd b wywybEunpnuwgywsd nwqiwywnpnieniuttiph dholi:

2.2 Gupwginiut wunpwnwnund £ bh owpp wignphpdutiph, npnup thnpéb) Gu
(ot hwdwgnpéwygwihu RUNL fuunhpp: Wuwbn ubplwjwugynd Gu  ybpohuubiphu
uwhdwuwthwynwiubpp, bW dwntwgynid Bu npwug bW QMIX dbpennh wwppbpnieiniuutpp:

2.3 Gupwqiund  wnwowpyynd £ QMIX wignpppdp PUNL  fuunhpubpp
(nddwu  hwdwp: Wagnpppdh hpdpnd  puywsé £ wju  nwuwnnniejniup, np VDN
dbennnid  Qior-h  fuhun  Swlwinpwgnip  wuhpwdbionn sk, npwbugh  dowyytu
wwwybunpnuwgwsé nwqdwywpnigyniuutip,  npnup  hwdwhnity G hwdwwnbn
yeunmpnuwgywsd nwqdwdwpnypwu hbwn: Hw hwdwp wuhpwdbon £ dhwju hbnbyw)
wwjdwuh pwywpwpnuip'

argmax,; Q1(7',u")

argmax Qot(7,u) = : : ()]
¢ argmax ., Qn (7", u")

(1)-p eny| £ wwihu wpryntuwybnnptu punpbp owywnhdw) hwdwwnbn u gnpdnnnieniup,
npp hwdpulunud § jnipwpwginip a gnpdwywih Ynndhg pun ubthwywu Q. dniulghwih
owwnhdw| u* gnpdnnniejwl punpnigjwu htiwn:

VDN-h ubpYuwjwgnwip pwywpwpnud £ (1)-pu: WniwdGuwjuhy, QMIX-u niuwy k
ubpywjwgub $niuyghwubiph 2w wybiih hwpniuwn punwuhp, npnup bu pwywpwpnid Gu
(1)-hu: Unununnuntpiniup Yupnn § wwpunwnpyb)' Q:o:-h W jnipwpwiusinip Q. dhol' hiunlywy
wwjdwup nubny.

aQtot
0Qa

(2)  wwpdwuht  pwdwpwpbine hwdwp QMIX-U oguiwgnpdnud £ Quo-h Uh
Swpnwpwwbwnyeiniu, npu pungpynid £ henlyw) Bpbp pwnwpphsubpp' gnpéwlwitipp
guwbiglin (agent networks), huwnbtips gutig (mixing network) W hhwtipgwugtiph®® (hypernet-
work) pwqgunteyntu: Liwp 2-nud wwnybpywsd Gu QMIX-h pwnwnnphs dwubipp:

Snipwpwugnip a gnpdwlwih hwdwp gnninu niuh Uk gnpdwlwih gwug, npp
ubpyuwywgunud £ upw wpdbpwiht Qo (7%, v®) pniuyghwu: Wu ubplujwgywsd & npwbu
DRQN gwug®, npp hhdugws £ niynipbun L8-h Yypw? b dwdwtwyh wdbu pwjihu npwtiu
dntinp unwuntd £ wuduwyw of nhnwpynidu nt gnpdwlwih ybpoht uf_; gnpdnnnieniup
(inbu Llwnp 2qg):

Fuwnuhs gwugu hpbuhg ubpywjwgunud £ ninpn mwpwddwu (feedforward) ULS, npp
dnunpnid unwunwd £ gnpdwlwiubph gwubiph Gptipp, W «juwnunw» £ gbpohuutiphu

*D. Ha, A. Dai, and Q. V. Le. HyperNetworks. International Conference on Learning Representations, 2017.

*'M. Hausknecht and P. Stone. Deep Recurrent Q-Learning for Partially Observable MDPs. AAAI Fall Symposium on
Sequential Decision Making for Intelligent Agents, 2015.

*’S. Hochreiter and ). Schmidhuber. Long short-term memory. Neural computation, 9(8):1735-1780, 1997.
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t f
Ql(TI,u%) Qn(T", uf) MLP

Qi(rh,u}) Qn(m",u7) (o}, uy_y) (o}, up 1) (ofug 1)
(w) (r) (@)
Lhwp 2: (w) hvwnuhy gwugh Ywnnigwsépp.  Jwupdh gnyund wwwnlybpwsé Gu
hhwtpgwugbpp, npnup wpuwdénd GU fuwnups guwugh wwpwdbwnpbpp (Yepohuubipu
wwuwnybpJwsd Gu Yuwnyw gnyund): (p) QMIX-h punhwunip dwpnwpwwbwneniu: (g)
Snpodwlwiutiph gwugbph Yunnigwdpp:

dnunwninu Yapwny' wpnwdting Qe:-h wipdbipp (LUwp 2w): Npwbugh pwywpwnyh
dnununnunipjwt (2) ywjdwup, fuwnuhs gwugh Yohnubpp wbwnp £ |hubu ng pugwuwywu:

fuwnuhs  guwugh Ughnubpu  wpdbpwynpynid  Bu  hhwbipgwugbph  dhongny:
Snipwpwtgnip hhwbpgwug dnunpnid unwunwd  dhowdwiph s ypdwlyp b wpinwsdned
fuwnuhs gwugh vty sGpinp Yohnubipp: Pninp hhwbpgwugbipp Yuqdws tu dbalwlwu
gdwjhu stipinbphg, npnug hwenpnnud | pwgwpdwl wnpdbp $niuyghwt' Yohnubiph ng
pwgwuwywunipniup wwwhnybint hwdwp: Lwp 2w-nd Wwnybpjwsd Gu fuwnupy
gwugu ni hhwybtpgwugtipp:

QMIX-p dwpgynud £ dhupdhqugubin hbnlyw) Ynpuinh  $niuyghwt' £(9) =
E |:(1" + Y maXy/ Qtot(‘r’, l.ll7 5/§0_) - Qtot(‘rv u7’5;0))2i| ’ nnmbrl 9__U th gUJUgh
0 wwpwdbpbph pwqunipjut  wwwbbuu £, npp «uwnbigynwi» £ nwunigwudwu
dwdwuwy b pwpdwgynd dhwju npnawyh pwuwyh hnbpwghwubphg htwnn: QMIX-
h Swpnwpwwbnnyeniup pny; £ wwihu dwpgbp pninp Yndwynubunbpp  (fuwnuhs,
gnpdwlwiubiph L hhwbipgwgtinp)” dhuhdhqugutiny dhuyl wju Ynpunh $nityghw b
ogunytiiny ufuwjutiph htitmwnwpé tnwwpwddwu (backpropagation) Ubennhg **: (1) wwjdwuh
pwywpwpywdnipiniup pny| b wwihu dwpuhdhquiguli Qer-p gdwjht dwdwuwlnud' puwn
gnpdwlwiutinh n yh:

2.4 Gupwgqumd quwhwwnynd Gu QMIX; VDN L wy dbennubipny ubiplujwgynn
wndbipwih $niulyghwitiph niuhybpuwinugniip wwng dwnphguht fuwnh 2unphhd,
npp wwpniwiwynd £ Bpyne gnpdwlw: Pnpduwlw dwuwwwphny hwuwnwwnynd k, np
QMIX dbpennp Ywpnnwunwd £ unynpb] wnwyb] 6ogphin Q-pniuyghwih ubpyuwjwgned,
nph wprynitupnud dowlynud £ fuunph owywnhdw| nwqdwywpnieniup: VDN-hu W djnwu
dtipnnubiphu sh hwonnynwd nwunigwubip 62gnphin Q-pniuyghw, nph wpryntupnd dowyynid
£ ng oyuinhdw| pwqdwagnpdwlw| nwqdwywnnieniu:

2.5 Gupwqjfund uwpwgnpynud k StarCraft Il dhowywypp, nph 2unphhy quwhwwnynid §
QMIX dtipnnp W hwdtidwwnynwd VDN U IQL wignphredutiph htiwn: StarCraft 1l-p hwupwhuwyjwn
nwqiwywpwlwu (strategy) fuwn L, npunbn fuwnwgnnubpp qhuynpubphg pwunyugwsd
pwuwyubp Gu Yugdnid b wywnbpwgdnid dhdjwug nbd: StarCraft ll-nwd Yeuwnpnuwunid Gup
wuwwlybtippntwgyws dhypnlwnwywpdwi fuunph ypw, npuinkin jnipwpwugnip gnpdwljuwy
ntYwywpnud £ pwuwyh dsy ghuynp: Unyu gjfunid nhunnwpynud Gup ugbuwpubp, npunbin
pwpnuntigh hwlwnwy Ynndnud guinuynid Gu Bpynt pwuwlutip, npnughg dtyp nblwywpyntd

>*D. Rumelhart, G. Hinton, and R. Williams, Learning representations by back-propagating errors. Nature,
323(6088):533-536, 1986.
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E UNe gnpdwlwiubph, huy dnwp' hwdwYuwpgswihtu dpwagph Ynndhg, npp npulinpnud |
Spwgpwynpywsd dwpunwywpnyeniu: Pwpdwpynuwdubiph pupwgpnid ogunwgnpdynud Gu
3-hg 9 ghuynp wwpniuwynn 6 ugbuwp: Lwp 3-nud wwwnlbpwsé £ 5m ugbuwpp:
Uhowywjpu wnwyt| hwugqwdwunpbu ujwpwgnynid £ hwenpn gfuncd:

2.6 Gupwqjunid ubpywjwgynid Gu QMIX, VDN L
IQL Jbennubph gnigunpqwé  wpryniupubipp' StarCraft
Il dhowdwypnud: Npwbiugh quwhwwygh jnipwpwgnip
dtipnnh wpryniuwybiwnniegyniup, Juwmwpynd Gu hGnlyw
pwjbpp. Jnipwpwgnip - dbGpnnh  jnipuipwitiginip
nunigwudwtu  dwdwuwly hpwlwuwgynd £ dbpnnh
dwpgnud 100 dwpwun Gplwpnygjwdp, npptu hwonpnnd &
20 thnpéuwlwu dwpunn (npnug pupwgpnid Yhpwnynid Gu
wqgwh dwpunwywpnipyniutbn): Uwpnbph wju winynup,
npnwd  dbennhtu  hwonnynd £ hwnpwhwpb] pouwdniu, Jwujwubup hwnpwuwyh
gnpdwlhg (win rate):

Ljwp 4-nd  wwwlbpdws bGu —loL —VON —QMIX

gnigwpbpdwd  Uhohti  hwnpwuwyh EO‘ e 100
anpdwlhglbpn  QMIX, VDN L 27| ol ORSpareeial
QL dJbpnnubph  nwnigwudwu |
dwdwuwy 2 ugbuwpubph hwdwp
(95%  Juwwhnigjwu  dhowlw)ph
htiwn dhwuht): 3nipwpwignip
fragn ds;nt;gtgvﬂt:nn ; ugbuwpnid 5m 1c_3s 5z
npawpyytl wuquu: .

Pnpp 6 ugbtwpubipnid QMIX-ht kﬂ:jlgwnztjl-{h Lr?‘;’f’wtﬁgnhfl:ﬂ' QMIX dtpnnUtinh
hwonnynwd £ gnyg wwy jwywagnyu ’
wprynwupp: Wu wybilh wpwag b hweonn  Yuwpnnwuntd unynpb) hwneb] hwywnwynpnhu
pwu VDN-p: IQL dtpnnh gnyg wpjwd wpryntupubipp Jwwnwgnyuu Gu, pwuh np wju
Utennhu sh hwonnynid hwnpwhwpbp FUNE-nW wnjw dhowywph ng unwghnuwpntgjwu
fuinhpp:

Llwp 3: 5m ugbuwp:

@
@

@
c

S
_—

Test Win Rate %

Test Win Rate %
S
S

n
S
N
S

500.0k 1._(?m 15m 2.0m 05560k Lom T8m 20m 25m 30m

Ywwnwpwsd bu uwb npny
—QMIX  =—QMIX-Lin =—=QMIX-NS =—VDN-S thnpétip, npnup quwhwwnid Gu

100

e e yGunpnuwgywsé  nunigwudwu
o e puewigpnud uhgwduwinh dhtwlh
E / : dwuhtu hwybyw hudnpdwghwyh
f

H
S
=}

@
S

2

@
=]

o A
v/ /\w AN

ognwgnpénudp,  huswybu  uwl
QMIX-nwd wuhwwn gnpdwywiubiph

S
S

Test Win Rate %
&
=)

Test Win Rate %

JM:

N
=)
N
=)

. A2 Q-wndtiputiph  ng  qdwjhu
500.0k l,_?m 15m 2.0m 500.0k 1.0m 1v_5rm 20m 25m 3.0m hLuLjUJq_ndl,u‘U Lllununr]nl_[ajn[un.
5m 1c_3s 5z Upryntupubipp npywd Gu

Lhwp 5 QMIX, QMIX-Lin, QMIX-NS L VDN-s blwn 5-nu, npintin QMIX-NS-p
Ubennubiph hwnpwuwlh gnpdwlhgubipp: (QMIX no state) QMIX dbennh
wnwug  dhgwyuwyph s yhdwyh
ognwgnpddwu utpnnu Lk, hul QMIX-Lin-p oquwagnpénd £ Q-pniulgwubiph gqdwjhu
hwdwnpnigyntu (ny géwiht hwdwnpnipjwt thnfuwpbu): Pwgh wyn, nwnifuwuhpdws
VDN-S dtennp, npp VDN wignphpuh wju duwhnfunwdu k, npu oguinwagnpénid | dhowywiph
s ypdwyh dwuhu hunpdwghwu: Unwgywd wpnyniupubiphg Yupbh £ Ggpuwywgubi, np
U s-h oguwgnpdnuip, U ns gdwjht hwdwnpnigjniup wuhpwdbon Gu wnwyb) jwy
nwqdwywpniinit Jowybint hwdwn:
2.7 Gupwqjunid wdthnthjwsd Gu gnifu 2-nd unwgywd wprynitupubip ni hwyhpéd
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owpwnnyws Gu hbnwgw hGnwgnunnieniuubiph tywwnwyubipp:

Ginifju 3-nid wnwownpyynd £ unp hbuwuhy dhowdwyp RUNL fuunhpubiph nddwu
hwdwp, nph wuntuu | StarCraft-h pwqdwagnpéwlw| dwpwnwhpwytip (StarCraft Multi-Agent
Challenge) Ywd wwpqwuwbu SMAC, npp hhdujwd b hwupwhwjwn StarCraft Il fjuwnh Ypw:

3.1 Gupwgqgnijup hhduwynpnwd £ PUNL fuunhpubiph hwdwp unp hGuwuhp dhowdwph
wuhpwdbounnieniup: RUNL ninpinh - wnwgluwnwgdwup  funspinnuinnn - wnwugpwjhu
fuunhp £ nuunigwudwu b quwhwwndwu hwdwp unwunwpunwgywd htuwuhg (benchmark)
dhowywjph pwgwlwynigyniup: Quwywéd Ybipghu wwphubphu hwdwgnpdwyguwhu PUNL
fuunph [nddwu hwdwp d6& pYny wotuwnnipniuubph hpwwwpwldwup' henhuwyubph
Ynnuhg, npwbu Ywunt, wnwowpyynd Gu vElwuqudjw dhowywjpbin, npnup swihwquug
wwpq Gu Ywd hwpdwpbgywsé Gu wnwownlynn wignphpdubphu: Uhwgnpdwyw) UNi-
nud ALE** U MujoCo®® unwunwpun dhowydwjptipp b8 wnwopupwgh hhdp tu hwunhuwgt:
Wunwwdbuwjuhy, funppwihu PUNE-h hwdwp wpw U bdwuwwnhw dhowywjpbin:

<hdp punnuubing Jbpngpup' B8 wuhpwdbonneyniu £ wnwowund  unbindtint
ndjwphu htuwuhy, npp Ywpnn § ogunwgnpdyt FUNL wignphpdutp dowybint, dwpgbnt,
hwdtdwwnbint b wnwopupwgp quwhwwnbint hwdwp:

3.2 Gupwqiunid ubpyuwjwgqwd £ hwyhpd wluwply gnnyeniu niubgnn - wju
dphowdwjpbph  dwupt, npnup ogquwagnpdybp Gu  PUNL  wignphpdubp  dowytint
hwdwp:  Bupwgund Jwupwdwut  ubpluwjwgdws bBu npwug pbpnyenuubpu nt
uwhdwuwthwynidubipp:

3.3 Bupwqjfunud hwyhpt ubpyujwyws b wouwnwuph hwdwp dawyjwsd Spwgpwihu
wwwn$npdp, npp pwg hwuwubh £ Github snbdwpwunu®®: Uu wwpniuwynd £ QMIX,
VDN, COMA L IQL dbpnnutiph hpwlwuwgnuwfubpp: Muwundnpdp dowldwd £ Python
ltquny U oguwgnpénud E hwupwhwn PyTorch gpwnwpwup ubpnuwhu gwugbiph
htitn - wpfuwwnwuph  hwdwp: MNwndnpdu  oguwgnpdnd £ opjhunwynndunpnaywd
Spwapwynpdwu hhdnwuputipp: dbpghuhu pwnwnphsubpu nwubu dnnniywp Yunnigywdp,
husp enyp £ wwihu hbunnpbu  oquwgnpdty PUNL wighphpdutiph  wwpwwnbuwy
Ywpgwynpndubip, huswbu twl hbonnpbu Jowlybp unp wignphpdutin: Muwwndnpdp
pny| £ wwihu dpwaph woluwwnwupp Yuwnwpb) NVIDIA gpwbhlywlwu pwpunbph Jpw!
ogwnytiiny CUDA wbluuninghwjhg, husu wwwhnynid £ dbennutiph gbpwpwg dwpgnidp
hwilwwwwwuluwl uwppwynpnidubiph wnywjniejwu nbiwpnid:

3.4 Bupwqfund Jwupwdwut ywpwgpynwd £ SMAC htuwuhop: SMAC-p hhdudwé &
StarCraft Il nwqiwyjwpwywu fuwnh dhypnjwnwdwpdwu ypw, npp fuwnh Yuplwgnyu
pwnwnphsubiphg £ U wunpwnwnunw £ wuhwwn ghuynpubiph nGlwywpdwup: Uowlyywsd
htuwuhp dhowywjphu punpny Gu vh 2wpp hwwlnieniutbp, npnup wnw Gu pwgnid
hpwlwu pwqdwagnpdwlw| dhowywpbipned.

+ Uhgwywyph dwutiwyh nhrwplybiihniginiu. huswbu dh awpp hpwlwu fuinhpupniud
gnpdwlwutipp vhwju uwhdwuwhwy wnbntynipniu Gu unwund dhowywiph dwuht
(ophuwy’ wuonwsnt pnsnn uwppbiph W hupuwgquwg dbptuwutph nGlwywpnud),

e Gnpdwlwiubph Ubé pwqdnyeniu.  wnlw £ dhush 27 gnpdwlw| wwpniuwynn 14
ugbiwp,

o Bplwpwdwdlybn nwqdwywnnieniuutp dywybint wuhpwdbonnieniu. hwnpwuwy
wmwubint hwdwp  wwhwuoynd £ dh swpp hwonpnuywu  dwpunwyjwpwlwu

*M. G. Bellemare, Y. Naddaf, ). Veness, and M. Bowling. The arcade learning environment: An evaluation platform
for general agents. Journal of Artificial Intelligence Research, 47:253-279, 2013.

»E. Todorov, T. Erez, and Y. Tassa. Mujoco: A physics engine for model-based control. In 2012 IEEE/RSJ International
Conference on Intelligent Robots and Systems, pages 5026-5033, 2012.

**https://github.com/oxwhirl/pymarl
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npnanfutiph Yuywgnid,

o Yhbwyubph ubd pwqunieniu.  wmwpwwbuwy ghuynpubph wnwjnieyniuu ni
pwpwbqubph UbGd swihbpp bwywuwnnd Bu huwpwynp yhbwyubph hufuwjwlwu
pwqguniRjwu unbinddwup,

o Gnpdnnnipniuiph Uté pwqunipnu.  dwdwuwyh wdbu pwjhu gnpdwywiutiphg
Jnipwpwitginipp Ywpnn £ hpwywuwgub) dhusl 70 gnpdnnnientu,

o Cwdwlwpgywsd phdwiht  wotuwwnwuph  wuhpwdbounieniu. ghuynpubipp
nGuwdwpnup  wwhwugnd £ wuhww  gnpdwlwijubphg  npulinpb]  fuhuwin
hwdwlwnpgywd nwgdwywpnip)nil, husp swihwquug Yupunp £ RUNL fuunhpubiph
hwduwp,

o Unnfuwuwnmhynip)ntu. hwywnwynpnh  hpwlwuwgpwd nwqdwywpnipniuttipp

thntpnfugnud — GU,  huly  ghtynpubiph - thwdthniguph YGpwihgpwynpdwu
dwiwuwywhwwnywdp ywwnwhwlwu dednipiniu k:

SMAC-u wnwohtu PUNL hbuwuhy dhowdwinu £, npu odwnjwd £ dtpnhhgjwy pninp
hwunynipyniuutipny W eny; £ wwhu wnwyb] hwlywwmwnp qguwhwwntp PUNL dbennubiph
wpryniuwybunnip)niun:

SMAC-h  ugbitwpubipp  hwwny
dowyws bu phdwihu woluwwmwuph
dh  2wpp  hUwppubph  h hwjn
quip unnigbijnt hwdwp:
Uhypnjwnwdwpdwt Yuplnpwgnyu
huwpp t, ophuwy hwjwpwywu
Ypwly wpdwybp (focus fire), nph

Llwp 6: SMAC htiuwthoh npny ugbiwputip: dwdwuwy pninn ghuynputipp

hwidwlwpgwd Ypwy Gu wpdwynud
unyu hwlwnwynpnh ypw, nph dwhhg hbnn hwdwlwpgwd Ypwy U wpdwynwd
hwonpn hwlwnwynpnh ypw b winwbiu gwpniuwy: UGY wy Yupunp huwpp £ pwyehugp
(kiting), nph dwdwuwly wnwyb| wpwg Jwgnn gnpdwlwip unhwnid £ hwywnwynpnhu
uwgb| hp Gwlhg, nph pupwgpnd tw dwdwuwly wn dwdwuwly wwwnynd t, Juwu
hwugunwd pouwdniu, hushg htwnn swpniwy thwhunwwnmph nhdnud: SMAC-nid wnjw
GUu pwqnud pwpwunbqubp, npntn hwlwnwynpnh pwuwyh swihbpp bwwunpbu UGd Gu
gnpdwlwiutiph puwtiwyh swihtiphg, hugp unhuwnud £ gnpdwlwiuiph npulinpb Yuwwpjug
hwidwlwpgywd phiwjht wofuwwnmwup: Lwp 6-nid Wwwnybpdwsd £ SMAC-h Uh pwup
ugbiiwp:

SMAC-nid  gnpdwlwiubpp npwbu nhwnwpynd unwund  Gu  Jbywnph  nbupny
ntintyntpintu npnawyh htnwynpnigywu ypw gunuynn phdwyhgubiph U pouwdhubiph
Ytipwpbpjwu: Wu wwpniwwynwd £ hGnlyw| inbntynyeniutbpp. hnwdnpniegyniu, Yywuph
duwgnpn, gpwhh duwgnpn, ghuynph nwup: Uwhwgwd, husybiu twl hbinnt gunuynn
phdwyhgubph dwuhu nbntYynie)niu hwuwubih sk gnpdwywiubphu: Uhowdwiph yptwyn,
npp hwuwubh £ dpwju dwpquiwu pupwgpnud, wwpniuwynwd £ pninp ghuynpubiph
Ynpnhuwwubipp, Yjwuph nLgpwhh duwgnpnubpp, hwdthnnubph (hgpwynpgwénie)niup
L wyu:

Snpéwywiubpp Ywpnn Gu owpdybti 4 ninnnipjwdp, Ywug wnub, huswbu twl
hwpéwyyby jnipwpwugnip hwywnwynpnh ypw, ny gunuynd b pwwlwiuwswih dnwn:
Cwbwfu hwlwnwynpnht wbuubing hbGwnn  wuhpwdbon £ dninbuw| upwu  Ypwy
wpdwybing wnwye: Pninp gnpdwlwiubpp unmwunwd Gu punhwunyy ywpglwwnpnd
hwywnwynpnht Juwu wwwbwnbint, hwlwnwynpn ghuynpubipht nguswgubiint Yud
wdpnne dwpwup hwnpebint wpryntupned:
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SMAC-p hwnnpnwgyntd £ StarCraft 1l-h gwpdhsh htitn SC2LE gpwnwpwuh® dhongny:

3.5 bupwqjund ubpyuwwgdws £ SMAC
—w  hGuwuhh Yhpwndwt  dbennwpwunienLun:
o Lbpwnjwd n htuwuhsh ognwgnpddwu

All Maps

2
g

@
8

Lao M wipryntupnid unwgywd wnryntuptiph
g ubpywjwgdwu  Ywpgp:  Lwlb  uywpwgpwsd
i tu  dhowdwiph  wwpwdbnpbph  enywnpbih
20 thnthntunieniuttipp, huswbiu bwb wuthnfuwphubih

0 00 025 05 075 Thg‘l) 125 15 175 20 qwnq_ujqnnnl_lrubnn, nnnhp Uu{l.uumnld Gu

dtpnnubph wpnwp hwdbdwwndwup:
Liwp 7: Lwnpwuwyh dhohu 3.6 Gupwqund puuwpyynd L SMAC
gnpdwyhgubpp  SMAC-h  pninp  hbuwuhony  quwhwuindwsd  gnjniggnit niukignn
ugbuwnubipnid: RUML  wignpppdutiph  wpryniuwybunniejniup:

Oguwgnpdyly Gu QMIX, VDN, 1QL u COMA
dbennubipp: L{wp 7-nd wwwnytpywsd Gu pninp 14 ugbuwpnid dbennubph thnpdwpldwu
wpryntupubipp, npnup thwuwnnid Gu, np QMIX dbennp gnyg £ viwhu wnwyb jwy wprynitup
w)| dbennubph hwdbdwwn: Gupwgjfund twl wnnwyh wnbupny ubpwnjwd t pninp
ugbuwpubipnid unyu dbpennutiph gnyg wpdwsd wpryniupubipp: Uwpqdwt wjwpunhg hbunn
QMIX dbennh gnigunpwd wpryniuwybnnieiniup gbipwquugnd £ Gpypnpn (wywagnyu
wpryntupt wpdwuwgpwsé VDN dbipnnht 22.2% nnynuny:

Gupwgun twl dwupwdwut Ubpyuwjugyws Gu hnpédwpyywsd PUNL wignphpdubph
wprynwupubpp  gnipwpwitginp ugbuwpph hwdwp: LYwpwgpdwd  Gu  dbennubiph
hwonnnigyniuuph  gpwywlwuubpp  Ynuypbn  ugbuwpubpnud, huswbu  uwl
dwuntwugynd BU npwug uwhdwuwhwynwdubpp (ophuwy' dhowdwyph ns pwydwpwp
nwnwfuwuhpnieniup): 3.7 Bupwgpnifup hwyhpé wdthnhinud £ SMAC hkuwuhg dhowdwjpp’
pugdtny ytpohuphu Yuplnigyniup b uwhdwubiny hbnwqw pwpbjwydwu dpwgnbipp:

Gintfu 4-nid wnwowpyynd £ unp RUNML dbenn, npp pnyp £ wwhu wbwlw
dwiwuwywhwwnydwsénid hpwlwuwgub| dhowywiph hwdwwpgwsd niuntfuwuppnijniu:

4.1 Gupwqiund ubpyuyugynud £ PUNENWd bpwuwlwih dh fuunhp' ypdwyubph L
gnpdnnniegyniuutiph gbipdtd pwqdnyeniuuph nunwfuwuhpnigyniup: Pwut wju §, np
dwdwuwlwyhg PUNL dbennubnu ogunwgnpdnud Bu wuhwwn gnpdwlwiutiph Ynnuhg
hpwlwuwgynn wwng, sninnnpnwé hbinwgnunnipyniutibn: Wunwdbuwjupy, owuinhdwy
nwqdwywpnipniup hwéwfu wwhwuond £ pninp gnpdwlwiutphg Ywd gnpdwywiubiph
nput Gupwpwqunienuhg hwdwwnbn nwnfuwuhpbp unp nwqdwywpniginiup pwugntd
pwjiph Ywd wdpnnowlwu Lwhgnnubiph pupwgpnud’  hwdwdéwjubigwd puwnpbiing
wwwwhwlwu gnpdnnniejniuubip:

Swynp, qnnieyniu nibgnn dbennutiphg  ng Jbyp  ghudwsd sk dhowyuwyph
nunwfuwuhpnigjwt bdwuwwnhw nwqdwywnntjwdp, nph pugwlw)nijwu wpryntupntd
PUNL ybpnnutpp hwbwfu unynpnid Gu ng owyinhdw| nwqdwywpniegyniuubip:

4.2 Bupwqjund wnpynd £ MAVEN (multi-agent variational exploration) ubennh
uqupwaghpp  pwqdwgnpéwlw| dhowywipubph  hwdwlwpgwsé  nunwfuwuhpnigjwu
hwdwp: MAVEN dbiennnid gnpdwlwiubiph @-gwugbipp hhdudnid Gu z thnthnjuwlwuh
Ypw, npp jnipwpwginip bwyhgnnhg wnwe wwwnwhwlwunpbu punpynid | jwnbunwhu
wmwpwonpniuhg  ogunwgnpdtiny - dhowdwiph  wnlw  Jpbwyp: Uw  Yuwwpynd
£ hhwbpgwugbph ounphhy U ewqwh dbennhu  wwpgund £ hwdwlwpgwd
nunwfuwuhpnigyntt hpwlwuwgubiine huwpwynpnieiniu, pwuh np pninp gnpdwwiutiph
hwdwp 2-u punhwunip k:

70. Vinyals, T. Ewalds, et al. StarCraft Il: A New Challenge for Reinforcement Learning. arXiv:1708.04782, 2017.
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Quot(T,1;2) Npwbugh  jwwnbuwnwhhu 2

1 M Loss thnihnfuwlwuh Jntpwpwgnip

([ Latent policy | wpdbiphu hwlwwwwwuluwup
””I‘”(“”ZO T o) dhowwyph Jnipwhwiwnndy
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Development and Evaluation of Efficient Deep Multi-Agent Reinforcement
Learning Methods

Abstract

Machine learning (ML) has recently become a practical technology with widespread industrial
usage across numerous domains. ML methods can automatically learn patterns from data and
use them for making predictions or other outcomes of interest. ML algorithms are therefore
commonly used in applications where the desired behaviour cannot be preprogrammed or the
optimal solution is unknown.

Reinforcement learning (RL) is a subfield of ML concerned with how agents ought to act in
an environment to maximise the rewards received from the environment. The recent success
of deep learning, a family of methods for learning representations, allowed RL methods to
advance the state-of-the-art of Artificial Intelligence on a number of challenging tasks, such as
computer gaming, board games and robotic control.

Although most of the success of RL has been in the single-agent domain, many real-world
environments consist of multiple agents that need to cooperate to achieve a common goal. For
example, the coordination of autonomous drones, self-driving cars, and multi-robot systems in
production factories is becoming increasingly critical. Nonetheless, methods for single-agent
RL are poorly suited for such tasks due to several unique challenges, such as large action
space, decentralisation, nonstationary and credit assignment. These challenges make it hard
to successfully scale multi-agent RL (MARL) with a large number of agents which is crucial for
building artificially intelligent systems that can productively cooperate to solve difficult tasks in
a wide range of real-world applications.

A particularly challenging class of problems in MARL is partially observable, cooperative,
multi-agent learning, in which a group of agents must learn to coordinate their behaviour while
conditioning only on their private observations. This is an attractive research area since such
problems are relevant to a large number of real-world systems. Partial observability and com-
munication constraints often necessitate the learning of decentralised policies, which condition
only on the local action-observation history of each agent. Fortunately, decentralised policies
can often be learned in a centralised fashion in a simulated or laboratory setting. This could
grant access to additional state information, otherwise hidden from agents, and remove inter-
agent communication constraints. The paradigm of centralised training with decentralised
execution has recently attracted attention in the RL community. However, many challenges
surrounding how to best utilise the centralised training opportunity in the presence of many
learning agents remain open.

The Goal and Problems Considered

The goal of this work is to develop and evaluate efficient MARL methods for complex multi-agent
environments. To this end, we consider the following objectives:

1. Develop an efficient MARL method that takes full advantage of centralised training op-
portunity for training decentralised policies,

2. Build a challenging benchmark for MARL methods that allows to evaluate and compare
their effectiveness and identify their limitations,

3. Develop a MARL method that allows decentralised agents to perform coordinated explo-
ration of the environment.



Practical Applications

Cooperative MARL has tremendous real-world applicability. The algorithms designed within
the scope of this work can be straightforwardly applied to numerous multi-agent systems are
comprised of a group of agents that need to cooperate to solve a common task. For instance,
they can be used for coordination problems for self-driving cars, unmanned aerial vehicles
and other multi-robot systems. Furthermore, they can also be used for traffic routing, medical
image analysis, fleet management and a great number of other multi-agent coordination tasks.

The open-source MARL framework developed within the scope of this work allows for out-
of-the-box development and can be easily used for training on new multi-agent environments.

Provisions Presented for Defence
The following provisions are presented for defence:

1. A novel MARL method called QMIX that can train decentralised policies in a centralised
end-to-end fashion. QMIX features a novel neural architecture that allows tractable max-
imisation of the joint action-value and guarantees consistency between the centralised
and decentralised policies,

2. An extensive empirical evaluation of QMIX which illustrates that QMIX significantly out-
performs the existing MARL methods. Thorough ablation studies that investigate the
influence of the inclusion of extra state information and the necessity of non-linear trans-
formations of agent Q-values in QMIX,

3. A novel benchmark environment for deep MARL called the StarCraft Multi-Agent Chal-
lenge (SMAC) which is based on the popular real-time strategy game StarCraft Il and
focuses on decentralised unit micromanagement. Rigorous evaluations of the existing
MARL algorithms using the SMAC benchmark and revelations of their limitations that
require algorithmic improvements,

4. A novel deep MARL method that achieves committed, temporally extended exploration of
multi-agent environments. An extensive empirical evaluation of the developed exploration
method against existing algorithms.

Thesis Structure

The total length of the thesis is 116 pages. The thesis is comprised of an introduction, four
chapters, a conclusion and bibliography. The work includes 27 figures and 8 tables.
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Paspa6otka u oueHka 3¢ppeKTUBHBIX METOAO0B rNMy60KOro MHOroareHTHOro
ob6y4yeHus c nogxpenneHmem

Pesome

MawumnHHoe obyuenne (MO) B nocnepHee Bpema CTano MpakTUYHOW TEXHONOIMUENR W LLUMPOKO
ucronb3yeTca BO MHOrux obnactax npombiluneHHocTn. Metoabl MO moryT aBTOMaTMyeckm
“3BneKaTb 3aKOHOMEPHOCTM U3 laHHbIX U UCMOb30BaTb UX AJ1IA NPOrHO3MPOBAHUA UK LPYrUX
peleHunii, npepcTasnaowux uHtepec. [loatomy anroputmbl MO 06bi4HO Mcnonb3ytoTcA
B MPWUNOXKEHWAX, TAe MHenaemoe MOBefeHUe He MOMeT ObiTb 3amporpammuMpoBaHO UM
ONTUManbHoe peLleHne HEU3BECTHO.

O6yyenue c nogkpenneruem (Of1) - ato obnacTb MO, cBA3aHHaA C TeM, Kak areHTbl AONMHbI
LelicTBOBaTb B OKpyatoLLeli cpefe, YTobbl MaKCMMMU3MPOBATb BO3HArpaxaeHuaA, nonyyaemble
OT OKpyxatoLLeil cpefbl. HepasHue ycnexu rnybokoro obyyeHus (cemeiicTBO MeTofOB AnA
obyyeHua npepcrasnenuii) nossonunm metogam Ol npopBMHYTb 06nacTb WCKYCCTBEHHOMO
WHTenneKTa B Takux obnacTaAX, Kak KOMMbIOTEpPHble Urpbl, HaCTONMbHblE UIrpbl U yrpaBneHue
pobotamu.

Xota 6onbluaa yvactb ycnexa Ofl 6bima pocTurHyta B cpefax C OfHMM areHToM,
MHOTMe peanbHble CPeAbl COCTOAT U3 HECKONbKMX areHTOB, KOTOpble AOMMHbI COTPYLHUYATb
Mexpy coboil pna pocTuseHua obliei uenu. Hanpumep, KoopguHauua aBTOHOMHbIX
6ecnunoTHbIX NeTaTenbHbIX annapatoB, aBTOMOOUNEN C aBTOMATUYECKUM YrpaBieHuem u
CUCTEM C HECKONbKUMM poboTaMy Ha NMPOM3BOACTBEHHbIX MPefnpUATUAX NpeobpeTaeT Bce
6onee BaxHoe 3HayeHune. Bce me metopbl opHoareHTHoro Of nnoxo NoaxopAT AnA peLleHus
TakuX 3afay M3-3a HECKONbKUX YHUKanbHbIX Mpobnem, Takux Kak 6oMblLUoe MpOCTPaHCTBO
pelicTBuii, [eleHTpanusauua, HecTaLuMOHApHOCTb W  pacnpefeneHue KpeauTos. 3
npobnembl 3aTpyAHAIOT ycreLuHoe maclutabuposaHue mHoroareHTHoro Of (MOIT) ¢ 6onblumm
KOJIMYECTBOM areHToB, KOTOpoe WMMeeT 6osbliuoe 3HayeHue [fiA CO3JaHUA WUCKYCCTBEHHbIX
MHTEeNNeKTyanbHbIX CUCTEM, CMOCOOHbIX 3hPEKTUBHO B3aMMOAENCTBOBaTL ANA PeLUeHuA
CNOMHbIX 33[,a4 B LUIMPOKOM CMeEKTPe peanbHbIX NMPUNOKEHWIA.

OcobeHHo cnoxHbiM Knaccom npobnem B MOl ABnAetcA YacTuMyHO Habnopaemoe,
KoonepaTuBHOE, MHOroareHTHoe oby4yeHue, B KOTOPOM rpynna areHToB AOMMHa Hay4YuTbCA
KOOPAMHMPOBATb CBOE NMOBefeHNe, ONUPaACh TONbKO Ha CBOM INYHble HabntofeHUA. ITo OYeHb
npuBnekaTenbHaa obnacTb UCCNefoBaHU, NOCKONbKY Takue Npobnembl akTyanbHbl AiA pAga
peanbHbIX cucteM. YacTuyHaa HabnofaeMocTb U KOMMYHUKALMOHHbIE OrpaHWYeHuA 4acTo
TpebyHoT U3yYeHNA AeLeHTPaNIM30BaHHO CTpaTerum, KoTopas ONMpaeTCA TONbKO Ha NIOKalbHO
uctopun HabniofeHunii u peiicteuil kaxporo areHta. K cyacTbio, [eLeHTpann3oBaHHYHO
CTpaTernio MOXHO U3y4aTb LLeHTpaaM30BaHHO B MOAeNnpyemoit nnv nabopatopHoii obctaHoBKe.
DT0 MOKET MpefocTaBUTb LOCTYM K AOMONHUTENBHON MHGOPMaLMU O COCTOAHUM Cpepbl,
MHaye CKpbITOI OT areHToB, W YCTPaHWTb OrpaHUYeHUA CBA3N Mexpay areHTamu. [lapagurma
LleHTpanu30oBaHHOro oby4YeHWA C [eLeHTpann30BaHHbIM WCMONHEHWEM HEAABHO MNpUBAEKna
BHUMaHue coobuiectBa Ofl. Tem He meHee, MHorve npobnembl, CBA3aHHble C TeM, Kak
MaKCUMaNbHO MCMONb30BaTb BO3MOMHOCTU LEHTPann30BaHHOro obyyeHWA B MPUCYTCTBUK
MHOIUX 0By4atoLLMX areHTOB, OCTatOTCA OTKPbITLIMU.

Ll,enb U pacCMmaTpuBaéemblie 3agayiun

Llenbto paHHoli paboTbl ABnAeTcA paspaboTka U oueHKa adpdpekTnBHbIX mMeTopoB MOI ana
COXHbIX MHOTOAreHTHbIX cpef. [lnA 3Toro Mbl paccCMOTPUM CeaytoLLe 3afaun:

1. Paspabotka adpcpektBHoro metopga MOI, KoTopblii  monHOCTbIO — McCMonb3yeT
BO3MOMHOCTW LLeHTpann3oBaHHOro oby4YeHuA ANA MOArOTOBKW [EeLeHTPann30BaHHbIX
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cTpaterui,

2. CospaHue beHumapka ana metopos MOTT, KOTopbIlili NO3BOAUT OLEHWUTb U CPaBHUTb UX
3pPeKTUBHOCTb U BbIABUTbL UX OrpaHUyeHus,

3. Paspabotka metopa MOI1, KoTopblii no3BonAeT [eLeHTPanu3oBaHHbIM areHTam
BbINOMHATb CKOOPAMHUPOBAHHOE UCCNEfOBAHNE OKPYKatoLLell cpefbl.

npaKTM‘leCKMe npumeHeHus

KoonepatvsHoe MOl umeeT orpomHOe npakTUYecKoe MpUMEHEHME. Anroputmbl,
pa3paboTaHHble B pamkax AaHHO paboTbl, MOTyT ObiTb HEMOCPEACTBEHHO MPUMEHEHbI K
MHOFOYUCNEHHBIM MHOIOAreHTHbIM CHUCTEMaM, BKJIOYAIOLLMM TPYNMy areHToB, KOTopble
LOMKHbI B3aMMOAeiicTBOBaTb [A/1A pelueHua oblueil 3apaun. Hanpumep, oHu moryTt 6bITb
MCMoNb30BaHbl 1A peLleHna npobnem KOopAWHauuM AnA aBToMobuMnell C aBTOMaTU4ecKUM
ynpaBneHveMm, 6ecnioTHbIX NeTaTeNbHbIX annapatoB U APYruX MynbTU-PO6OTOTEXHUYECKNX
cnctem.  Kpome TOro, oHM TaKkKe MOryT MCMONb30BaTbCA AJ1A MapLupyTU3auuu Tpacuka,
aHanMsa MeMUMHCKUX U30bpameHnii, ynpaBneHUA TPaHCMOPTHbIX CPEACTB U MHOMECTBa
APYrux 3ajay KoOpAWHaLMW HecKonbkux areHToB. [lporpammHoe obecrneyeHue ¢ OTKPbITbIM
KofoM, paspaboTaHHOe B pamkax AaHHO paboTbl, Takie AaeT BO3MOMHOCTb C JErkoCTbHO
npumeHATb meTogbl MOI gna obyyeHnA B HOBbIX MHOFOAreHTHbIX Cpefax.

MonoxeHus npeacTaBneHHble ONA 3aLUTbI
,D,J'IH 3alunTbl NpPeEACTaBI€Hbl CNeayroLLne NonoKeHNA:

1. HoBbiii  metop, MOIT nop HaseaHmem QMIX, KoTtopblii  Moser — obydaTtb
LeLeHTpanvM3oBaHHO! cTpaTernm LeHTpanusoBaHHbIM criocobom. QMIX obnapaet HoBoI
HelipOHHOI apxuTeKTypoii, KoTopas no3sonAeT fobuTbCA 3chheKTUBHON MaKCcMMU3aLum
COBMECTHbIX AeiCTBUIA 1 obecneynBaeT CornacoBaHHOCTb MeMAY LEeHTpanM3oBaHHON K
AeLeHTpann3oBaHHoO cTpaTernamu,

2. O6wwupHble amnupuyeckue pesynbtatbl Ana Metoga QMIX, koTopble nokasbiBatorT,
yto QMIX 3HauuTenbHo npeBocxoguT cyuiecTsytowime metonbl MOTN. TwatenbHble
UCCnefoBaHUA UAMOCTPUPYIOT BaMHOCTb BKIOYEHWA MHPOPMALIMM O COCTOAHUM Cpefbl
1 HeobXxoZMMOCTH HenuHeliHbIx NpeobpasoBaHuii Q-3HaveHuit areHToB B QMIX,

3. HoBasa cpepa tectuposanua ana rnybokoro MOIT nop, HaseaHuem StarCraft Multi-Agent
Challenge (SMAC), kotopas ocHoBaHa Ha nonynapHoil ctparternyeckoit urpe StarCratft |l
U OpMeHTMpOBaHa Ha 3afaye MUKPOYMpaBieHUs, Tae Kaxjasa efuHULA KOHTPONMpyeTca
HE3aBMUCUMbIM areHTOM W [OoM¥Ha AelicTBOBaTb Ha OCHOBE JIOKa/bHbIX HabntofeHui.
O6LmpHoe nccnegosaHue u cpaBHeHue cyecTteytowmnx anroputmos MOIT ¢ nomoLbio
SMAC, 4TObbl NOHATL MX HEJoCTaTKK, TpebytoLLme ynyyLIeHUA anropuTMoB,

4. Hosblii  meton rnybokoro MOI, KoTopblii NO3BONAET  HECKONbKUM  areHTam
MPOJONMMUTENBLHOE BPEMEMA COBEpLLATh CUCTEMATUYECKOE MCCNEA0BaHIE MHOMOareHTHO
cpefbl. TLlaTenbHOE aMNMpUYeckoe ncciefoBaHne U CpaBHeHe pa3paboTaHHOro MeToaa
c cywecTsytowummn anroputmammn MOTT.

CrpykTypa aucceprauuu

O6wwii obbem pucceptauum coctasnaet 116 cTpanul. [ucceptauma coctouT U3 BBEAEHWA,
yeTbIpex rna., 3aKNHOYEHUA U criucka nuTepatypbl. Pabota Bkntoyaert 27 pucyHkos v 8 Tabnuu,
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