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Or,qoq. g-p fleuuc Ca$u4ranor rfurrcypren

Btpxy AlzcepralluoHeu TpyA sa upugo6zBaHe Ha o6pasorareJrHa H Ha) rHa crerreH ,,go6Top,.

flpoSecronaJrHo HarlpaBneHr{e: 5.2. Erenrporexurrma, eJremTporruxa rr aBToMarrr6a

,{oxropcra [porpaMa: .o CucreMr,r c rr3r(ycrBeu uHTeJleKT,,

Arrop Ha ArrcepraIII4oHHI{, TpyA: MaIi unx. Anacracur B.uaguMr{poBHa Cranoea

Teua na Al{ceprarruoHHr.r, rpyA: CI,ICTEMII C AbJIEoKo oEyqEHuE IIpu
ABTOHOMHI,ITE MOEIIJIHI4 POEOTI,I

Axrya.ruocr na upodneua

flpo6leurr 3a :r,aBvITarJvIfl. Ha aBToHoMnu uo6rnnnu po6orn B Ar.rHaMzlrHa, Herro3nara cpe4a 6es
rIpeABapI'{TeJrHo r,BrpaAeHlr KaprI,I u GPS e u3Krroqr.rreJrHo arffyaneu KaKTo Ha) rHo, TaKa r{
I'IHAycrpI'IIrJrno. B 4Iacepra],!1,flTa.rlcHo e apryr4eHTr,rpaHa 3uaqr{Mocrra Ha reMara, BKlrroqr{TeJrHo
upes Sorqyc BBpxy I,I3rIoJI3BaHero na 6ro4xercs LiDAR lr Arn6oro o6yueune c [o,4cr{JrBaHe 3a
IIaMiUUrBaHe Ha rIeHaTa I,I CJTOXHOCTTa Ha CIICTeMT{Te.

tr4scnegranero e crporo HacoqeHo KBM HaBr{raqnfl. Ha aBToHoMHrr nao6nnnr,r po6oru (AMp) r
3arBopeHl4, crpyKTyp4paul.{ flpocrpaHcrBa B ycJroBr{, Ha HeorrpeAeJreuocr. flo4ueprana ce poJrrra
ua AMP 3a orrrLIMIa3alltptfiHaBtTpelxHara Jron4crr{Ka, cKJraAoBrITe o[eparlr4r,I upalotatavoflacgr{
cpeApr (uoxapoonacHocr, pa4zaqnx).

Creuen rra rIo3HaBaHe cbcrorHrrero lra upo6.rreua u o6rqa xapanTeprrcrr{Ka Ha rp}za

Kaugu4arcr AeMoHcrpl{pa MHoro ao6po rro3HaBaHe Ha cbBpeMeHHoro cbcrorHue Ha
Idscne4Ba}JixflTa e o6racrra ta grl1orcoro o6yreur.re c noAclrJrBaHe 3a HaBlrrar{ufr. Ha uo6purura
po6oru,BKrlouureruo DQN,A2C, TRPO, PPO, xarcro ilporrraHa ceH3opHr,rre cr{creMr.r (LiDAR,
oAoMerpl'Ifi, rcarr,repz). Jluteparypnuxr o6sop e [rr4poK, c[creMaruqen z 4o6pe crpyrr)1pfipaH,
Karo ca o6cr4enu npeArrMcrBa, orpaHlllqeHvr vt npo6aerrau Ha pasnrexAaHurre [oAxoAz,
BKJTTOlrr{TeJrHo cKopocr ua o6yuenue, cra6ratnocr fi ToqHocr Ha MOAeJrr4Te.

Anroplr fipeAcraB.t sagrn6oueuo pas6upaue sa napaMerprrre H xapanTepr,rcrr{Kr.rre Ha
aBroHoMHara HaBrtaIIruI rrpla KonecHu uo6rannra po6oru. B Aerafiryt piBnrexAa npo6aeuure upu
lpllnafaHe Ha HaBI'rraUIIoIIHI{Te anrOpLITMI,I vI AHaJIu3Vtpa aKTyaJIHI,I peIIIeHI,I.,I.

.{zcepraqnoHHllrr rPYa e crpyrTypupart s 4 ruraBvr, s o6e},r or 150 crpaHr,rqu, crgrpNaql 80

$urypz, 23 ta1nwlu v MareMarr{qecKz 3aBrrcr4Mocru, 105 Jrr{TeparypH[ r.r3ToqH[Ka r{ eAHo
Ilpl4noxoHl{e. O6utoro BrIeqarJIeHI,Ie e 3a go6pe opraur{3r4paH, Jrorr4quo r4srpaAeH rpyA, B xofiro



Teoperl,IqHara qacT e IIoCJIeAOBaTeJTHO CBBp3aHa c cI,rMyJrarIiloIIHI4Te r{ eKc[epI.IMeHTaJIHI,rre

I43CJIeAB,AIlIiIfl..

Ilenra Ha Ar{ceprarlrrflTa

I{enm Ha .qI,IcepraIIrIoHHIxI TpyI Moxe ,4a ce Soprvrynupa Karo pa3pa6oreaue, o6yuenre r
eKcrIepI{MeHTaJrHa r,altuAa\vs Ha cucreMa 3a yrrpaBJreHue Ha aBToHoMeH lro6rznen po6or,
6azuparta ua 4rn6oxo o6yreuue c rroAcr{JrBaHe u r{3noJr3Barrla ocHoBuo LiDAR lr o4ouerpux, 6es
qperBaprrreJlHkl Kaprlr rz GPS. Tasz qen e ,cHo Morr,rBr,rpaHa BbB BbBeAegrrero u e rorlnqHo
pa3[peAeJreHa B orAeJrHrITe HraBrr qpe3 KoHKperHr.r [oA3aAauu: us6op v anu:rlrS Ha irJrropr,rrMr{,
cr.rMyJrarlr{ouno o6yreuue s 2D u 3D cpe4a, r{ rrpeHoc KGM peirJreH po6or.

flpe4crareua e e.{Ha xlrnore3a, Korro ce ocHoBaHa HaByr3r4flTa)ue uo4o6pxBaHero Ha 3aJroxeHlrre
aJrroplrrMl{ I,I apxl{TeKTypH[ pellreHr{, B Mero.4a PPO (rrloau$uqzpana HeBpoHHa apxr,rrerflypa,
aAanrrlBua cKopocr na o6y.renue 14 onrilMrr3rrpauo r{3rroJrcBaHe na 6yfep sa onrar), 6u Aosero Ao
no4o6pxeane Ha HaBIzraI{IzoHHIzre flapaMerpr,r ra floBeAeur,re Ha aBToHouen uo6rEnen po6or.

fie$lrnuparu ca rrer ga4aqv, Kor,rro ca [ocJreAoBareJrur{ u JrorurrecKz cBbp3aHu. ?Igurnuenraero
Ha 3aAarII4Te, BOALI .{O yclleluHo IIocTVraHe Ha 3aAaAeHaTa Uen rr AO IloTBbpxleHr.re Ha

NOCTABEHATA XI,ITIOTE3A.

Kparxo cr,Abplr(aHr{e no rJraBr{

B fJrasa 1 e npe4craneu nogpo6eu o6:op na [sndoxoro Marrrr{HHo o6y.renne npv aBroHoMHt4

uo6unulr po6orn, c aKrIeHr Bbpxy RL/DRL, $yrr qr,rlrre Ha Bb3Harpax.qeHrae r4 ocHoBHr{Te
aJIropI'ITMIT (DQN, A2C, TRPO, PPO), Kaxro I{ npo6nerrazre rpr{ TrxHoro rrprrJroxeHr{e 3a
HaBllrarluf,. Hanpaneu e sa4ur6o.reH cpaBHI4TeJreH auaJrrz3 Ha rrerr4pu or ocHoBHtrre aJrroptrrMr{ B

gtn6oxoro o6yuenue c roAclurBaue (DRL) - DQN, A2C, TRPO u PPO. I4scne4eanzre
irJrropLITMI{ ca cSrIocraBeHI{ rro KrroqoBl{ 3a aBToHoMHara IraBI,IrarIpu [oKaSaTeJIpI, BK]IIOqI{TeJrHO
gra6prnuocr Ha rlpoqeca na o6yrenue, e$exrlmnocr rrpkr r43rroJr3Barrero Ha Harpyrriurr4rr o[[rr
(sample efficiency), usvlcnBanvIfl KBM n3tr[cJrrrreJrHr{Te pecypcu r4 qyBcrBr4TeJrHocr Ha Mo.qeJr}rre

KBM Hacrpoitxata Ha xurrepnapaMerpvre. Pasrnegano e 4erafinno MareMarrlqecKoro olucaHr{e Ha

Maproncr<zre npoqecrl, Kot4To cro.nr B ocuoBara Ha B3eMaHero Ha perneHru npu yrrpaBJreHrrero

Ha aBToI{oMHLI cl4creMrr. lnasaTa 3aBsprxBa c SoprraynupaHe Ha rIeJrTa ra 3aAaqr,rre Ha

A[cepral{Iarra, Koero cbsAaBa 4o6pa JrorurrecKa paMxa 3a ocraHaJrara qacr or rpyAa.

B Inana 2 e onncar. zs6opst Ha cl4Mynaru4oHHa cpe4a Flatland z ROS2, 4eQunnpana e

Syuxqrrxra Ha B:ssHal'pax.qenvle:a ca o6yreuu u cpaBueHr,r HflKoJrKo DRL uo4ena3aqap3uta\r4s,B
2D cpeaa. Anroptr ycnerlrHo I43rpaxAa cneuuiur,r3r,rpaHa eKcneprMeHTzrJrHa cpeAa B cr{MyJraropa
Flatland, pa6oreul na 1asfia na Python 6u6nuorenprre Pymunk u Pygame. 3a ynparneHrrero rr
KOMyHPIKaIII,IflTa MexAy orAeJIHI,ITe MOAyJrr,r Ha cr4cTeMaTa e BHeIpeH uHTelpaquoHHr.r.flT



co$ryepeH Iraxer ROS2 Haupaneu e cpaBHr,rreJreH aHaJrr43 Ha aJrropr,rrMrrre rro Kpr,rreprr.r Karo
cKopocr Ha o6yveuue, cra6ulnocr I{ ycleBaeMocr, Koero rro3BoJUrBa apryrvreHTupau ras$op ua
nafi -nogxog.rrrrl MoAeJr 3a no-HarartrrrHo p€BBr4Tue.

B lflasa 3 ce pa:pa6orea 3D cI4MyJIauuoHHa cpeAa s Gazebo c 3D rrroger na po6ora, o6opylran
c LiDAR, r ce ,BrpaxAa clEcreMa sa o6yvenze ro Mero,4a PPO. flpealoxeHrr fipeurt3vrpalvr ca
cnequSuuuu uo4o6peulxl B apxl,rreKTypara Ha rB[oJBBaHara 4ra6ora HeBpoHHa Mpexa (IHM).
I4satpureno e npeqrrcl'tpaHe Ha cKopocrra ua o6yuenze (learning rate) n e oflruMlr3r{pan 6y$eprr
3a cbxpaHeHkre Ha olvra c IIeJI [ocrr,rraHe na no-6rpsa cxoAr.rMocr u cra6vtlHocr Ha MoAeJra.

Aualzsupauv ca pa3JtuiIHI4 apxl.rreKTypr{ na grn6orara HeBpoHHa Mpexa, ruileplapaMerpr4,
6y$"p 3a o[zr I{ cKopocr ua o6yreurae, Karo e rrpoBeAeu a6naqr,ronen aHaJrrr3 na uo4o6penux
MoAeJr. Pesynrarure or a6naquounnfl. alrraJwa eKcnepr,rMeHTaJrHo AoKiL3Bar n oqerurBar
LrHXktBVAyaJrHI4rIT [prlHoc Ha Bc.f,Ka eAHa or HalpaBeuprre uo4rafiur<arlr4r,r Bbpxy npafiua:ra
eSercruruocr Ha HaBlrraqrroHHara crrcreMa.

B Lrrana 4 ce onacsa peanHara eKcrrepr{MeHriurHa rrocraHoBKa c AMP Yahboom RDK X3 c
MexaHyM (oJIeJIa, ron$zryprpau c ROS2, u ce pBcJreABa [oBeAeHr{ero Ha o6yrenure MoAerkt B

pearHa 3arBopeHa cpeAa. I4:etpuren e [peqI,BeH npoqec ua xatru1pupaHe Ha nuuefinana r,r

truIoBara cKopocr ua una:r$opwara. fierafinno e orlwcala rousr.rrypaqvsra Ha co$ryepuara
apxlrrelflypa B cpeAa Ha ROS2, BKirIoqpITeJrHo ylpaBJrenzero Ha npocrpaHcrBeHr4Te
tpaucSopua\vtukrroopAl,IHarul{Te crlcreM}r upes 6w6luoreKara t/2. OcuoeeH aKqeHT e [ocraBeH
Bbpxy u3creABaHsro Ha ycrofiuueocma il rroBeAeur{ero Ha po6ora rrpr,r npeHoc Ha
HaB[raIIIroHHrl, MoAeJI or cuuyra\vfl KbM peaJrHa Sraslruecra ape1a flpone4euu ca
eKcleplrMeHTlr npu pa3rPlqeH 6pofi upenxtcrP;vtfl, r{ crleHapr4r.r, a1aJtu3]?rpa]Flu ca rpaeKTopzlz,
npafitru cbcro.fiHl,Ifl I,I ycrleBaeMocr, Karoo u e$elcrcr or [peMr,ruaBaHe or cLIMynarlrd{ KbM peiIJIHa

cpeAa. Haupanen e Aerafineu ataalruB ua po6acruocrra Ha ylpaBJreHr{ero rrpn rrpeMr,rHaBaHe [pe3
Tpacera c pil3Ju,IqeH 6pofi npenxrcrBvts, c Kogro ercrrepr,rMeHTturHo ce AoKasBa cuoco6nocrra ua
po6ora Aa HaBlrrr,rpa 6egouacuo flpu orpaHr{qeHa ceH3opna unsopuaqlrx.

CrornercrBlre Ha trpeAJroll(eHara MeroArrra Ha rr3cJreABaHe rI nocraBeHrrre IIeJr r ?ilraytil

flpeAnoxenara MeroAI,IKa e nocJleAoBareirHa u 4o6pe cauracyBaHa c rleJrra u 3aAaqure Ha

Arrcepra{I,ulTa: or 2D crrMynalllrr uusiop Ha iI[ropr{TBM, rrpe3 3D cuvrynaqvsr ottrvtMr{3arlru Ha
MoAeJIa, Ao peaJIHI,I exclrepr,rMeurrz c Srnsuvecxu po6or. I,Isnoaseauero Ha Flatland u Gazebo,
3aeAHo c ROS2, e aAeKBareH H cbBpeMeHen us6op, xofiro rro3BoJrflBa KoHTpoJrr,rpauo o6yreuue lr
cpaBHr,rTeirHo nJraBeH npeHoc KBM peaJrHa cpe.qa.

Karo rpurvqna 6enexra Moxe.4a ce or6enexr{, qe B HflKoI{ qacru MeToA[rKara 6ra iraorna la6.slle
ollucaHa no-gerafinno or riIeAHa roqKa Ha Bb3npor43BoAl,rMocr-HanprrMep [o-TorrHr4 IIapaMerpI,I
Ha xapAyepa 3a clrMyJlauilIr, BpeMeBH pa3xoA sa o6yuenue, KaKTo u uo-@oprraan:aa craruc.ruqecKa



o6pa6orxa Ha pe3yJrrarllTe (rone.re [oBTopeHr,rrr, AoBep[TeJrHkr rrHTepBiIrrI4, TecroBe 3a

snauuuocr).

Ilpuuocu

B 4ucepraquouut4s. TpyA aBToptt e Qoprraynupan gerairJreH crrrcbx c [punocr,r. Currau, ue

[peAcraBeHut 6poft npr,rHocu e r{3Jr}rrrrHo pa3ruupeH, Karo B Hero ca BrrroqeHu pyrr,rHHu
pIHxeHepHI.r saI:aqv, eraflu or co$ryepnara ron$lrrypaqru{ raro rann6pkrpaHe ua nrtarQoprrz u
nacrpofira Ha KoopArrHarHI{ cl{crervrra s ROS2 u [ocJreAoBareJIHI,I crbrrKu or cl{MynarlrroHHoro

MoAenlrpaHe. Tesu Aefinocrr,r IIo cBoflTa cblqHocr flpeAcraBJr.f,Bar rr3rrbJIHeHI{e Ha KoHKperHr,ITe

3AAaqil rIO A[CepTaqvIflTa, a He caMocTo.[TeJrH]I HayqHr4 r4rA HayqHo-npl{JroxHl4 I]ocTvxeHlrfl.

Ha 6asara Ha KpI,ITuqeH nperneA Ha rrpoBeAeHvrre vscnexBalnfl. r,r pezrJrHo rrocr[rHarr4Te
pe3yJlrar[, [peAnaraM lrpl{Hocrrre Ha AomopaHTa .qa 6sla;r [peqr.r3r.rpaHr,r Ao cJreAHr{Te rpu
ocHoBHrr HayqHo-IlpuJloxHr.r frpt4Hoca, KoLtTo cboTBeTcTBar na o6ercrusHr,rTe pe3yJrTaT]r B TpyAa:

1. Hayrno-npuJroxeH rIpLIHoc (Mo4z$lrrarlru H orrrr.rMn3arlr4fl Ha ilrropr4TtMa 3a

)mpaBJIeHI,Ie): Paspa6oteHa e ruo4u$uqupaHa apxr4Ter(rypa ua DRL a-uropumua PPO

(Proximal Policy Optimization) upes apxr.rrerffyprm rpoMeuu e gan6orara HeBpoHHa

Mpexa, BHe.{prBaHe Ha a4arrruBHa cKopocr ua o6yreru,re r,r orrruMu3arlra, ua 6y$epa sa

orILIT. rlpes Aerafinen a6naqraonen auarru3 e AoKa3aHo MareMarrrqecKrr vr

eKcrIepLIMeHTiurHo, qe uo4ufizraquurc 3Hatrr,rTerHo ycKopsBaT cxoAr,rMocTTa r,r

rroBrrrrraBar cra6lrrurocrra ua o6yrenraero.

2. flpuaoxen rlpnlroc (Etauuo cr,rMyna{proHHo MoAen4paue B ROS2): CrsIaAeHa u
co$ryepuo I,IHTerpI4paHa e IIflJIocrHa MeroAoJrorufl,3a erarrHo recrBaHe Ha aBToHoMHara

HaBHraIIrrfl - or AByMepHa cpeAa (Flatland) Ao peiurr4crr.rqua rpur43MepHa cpeAa (Gazebo),

6azupana Ha cLIMyJILIpaHu Aau:rtrr or 6ro4xeren LiDAR ceu3op (M5200) u oAoMerpzr.

3. flpunoxen trpktHoc (Ycnemua Sim2Real varrru4aqiw.): PearuszpaH r.r ercnepr{MeHraJrHo

oIIeHeH e ycnellreH rlpeHoc Ha o6yrenure MoAeJru or cr,rMynaq[rr K6M peirrrHa Srzsuvecra
cpe,qa (Sim2Real) Bspxy uo6znen po6or Yahboom RDKX3 c MeKaH)ad KorreJra. ,{orasaua
e po6acrnocrra Ha cucreMara 3a ylrpaBJreHrrenpnusltrBaHe Ha npensrcrBus B 3arBopeHkt

npocrpaucrBa B ycJloBus. Ha HeorlpeAeJreHocr u [pr,r Jrrrlca na GPS u upelBapr{reJrHo
r43Ipa.{eHH KapTkt.

Ily6.uuraqur rro Arrceprarlrrfl Ta

KauAuAarut e flpeAcraBiln 7 nay,twu rry6rnraqzu, cBbp3aH[ c reMara Ha AuceprarlrzoHHr,rJr rp)a,
BKJIIoIIITeJIHO CTaTI{Ilt B Crru}AEozfl. LI AoKJraArI ua rOnfrepeHrlr,rkt. flpawr gO6pO BrreqaTJreHHe, qe

Bc[tIKI4 nyGnuraqrrr ca peSepupanu s Scopus, Koero floAqepraBa r{ 3acr{JrBa Ha)ErHrrr rr rray{Ho-



nplIJIoxHI'I, [oTeHIII4aJr Ha ,qI4cepTaIIAflTa. fly$rr{Karlkrr,ITe oTpa3.,{BaT ocHoBHr{Te eTaflpr oT

TBCJIeABaHeTO---OT CI,IMyiTaIIUOHHI,ITe MOAeJrr{ AO peaJrHr,rTe eKcrreprrMeHTkt-r4 rroKa3BaT

[ocJreAoBaTeJIIIO Ha) rHO pa3BI,ITrre IIO TeMaTa.

Orleuxa Ha crorBercrBlrero ua anropeQepara c rr3rrcrBarrtflTa3^ rr3rorBrrrrero My, KaKTo r,r

HA aAeKBaTHOCTTa Hl OTpa3SBaHe rra OCHOBHT.TTe IIOIO}I(eHIIq w, [prrHocrrTe Ha

ArrcepTarluoHH[s Tp]Z.

flpe4ctareruulT aBTopeftepar Ha Mar. rnnx. Anacracux Btagr4Mr,rpoBr{a Craeosa HaubJrHo

CIOTBeTCTBa Ha HOpMaTI'IBHI{Te LI3I4CKBaHI4fl 3a HeToBOTO I43rOTBsHe, KaTO nO cTpyKTypa, O6eu v
cr".qr"pxaHrre cJreABa crpl{rrlHo Jlorplxara r4 HoMepaq[rrra ua paspa6oreHpr.fl Ar,rceprarlr{oHeu TpyA.

Tercmr e clrcreMarrr3l4paH e o6eN{ or 32 crpaHrrqu rrr BKJrroqBa Bcr{rrKr{ 3aAtJrxlrreJrur,r

KoMtIoHeHTI{: o6uta xapaKTepl,Icrlma, uo4po6Ho pe3roMe rro HraBrr, HafrHo-npIIJIoxH}r r{

rrpI,IJIoxHkI npI{HocI{, crII{cbK ua ny6ruraquvffe v a6crparr na aHrnraficKrr e3r.rK.

MnenuR, rrpenopr,Krr n 6e.trexrcu

Karo qxlo Al,IcepralluoHHrrrrr rp)E Ha Mar: r{Hx. Artactacus, Cnasosa e paspa6oreH Ha MHoro
BIrcoKo Ha)AHo LI HayqHo-[pllJloxHo nraao. Tlscre4Bar.rz,flTa ca [poBeAeHI,I c]rcreMaT]Iquo, c
npeIIIr3eH npexoA or reoperr,rqHr,r nocraHoBKr{ KbM cuvryrrat\ktt4 kr Sunanna tpusuuecra
peirJII{3aIILrf,. flocrurnarure pe3yJrrarv AeMoHcrpr,rpar? qe.{oKTopaHTbr rrpr4TexaBa sa4rn6oueHra

TeoperrlqHlr no3uaHrrfl u3arla4lukr npaKTllqecKrz1yrr.entrfl, s o6racrra na po6orurara, ]r3r(ycrBeu]rs
pruTeJreKr u co$ryepuoro fiH)r(enepcrBo.

Btnperrz orrI4qHI,ITe BneqarreHr.{rr or A}rceprat\ilara, c rleJr no4o6pxeaue Ha 6r4eqara
HayqHol,I3cJre.qoBareJrcKa 4efinocr Ha aBTopa, Mora Aa orflpaB, cJreAHlITe rrpenopbKra ra 6enexxu:

- Otuocno trpeAcraBflIrero na rpaQuuHllfl Marepuar: B rrflKou or rJraBr4Te rpa(fuxure,
uso6pasxraqr pe3yJlTarl{re or o6yveHl{ero Ha MoAeJrr,rre (nanp. Kpr,rBr,rre ua Synxqlura
Ha BE3HarpiDKAenve), rqe 6tAat no-go6pe orqereHr upas6pauu arco 6s4ar uo-4erafinno
pa3rlLtcHlr Ha JrereHAilTe I{ cKaJIpITe, 3a la 6slar [o-JrecHo qerr4Mr{ B caMocrorreJleH
KOHTEKCT.

- BrAeuIo pa3Blrrrre: flpeuopturaM Ha AoxTopaHra Aa rrorbpcu Bb3MoxHocrr,r 3a recrBaHe
na paspa6oreHara clrcreMa B AIuIHaMI{tIHkr cpel.u c rro-BrrcoKa rbcrora Ha HerrpeABHAuMr4

rpell{rcrBl,Irl (uanpurvrep ABrIxeq}I ce xopa), sa Aa ce flpoBepkr rrpeAeJrBr na po6acrnocr
na rrao4z fr raq vrp amkrfl . PPO anrop uruira.

EeneNxu:

Mo4u(puqnpanmT or Bac PPo a-uroplrrtM BrrroqBa npoMeHu B apxr,rreKrypara Ha
grn6oxara HeBpoHHa Mpexa. Kar tegra [poMenrr pesnercrnpar Bbpxy rr3nrrcJrr{TeJrHara



HaroBapeHocr (BpeMero 3a o6pa6orKa Ha elr,rn mxr) npu r43rrbJrHeHLre Ha aJrropr{TbMa B
peturHo BpeMe AupermHo Bbpxy 6opAoaux KoMrrrorbp na po6ora?
flocrurnara JIrr e rIEJrHa cl{HxpoHu3arlrrfl c qecrorara Ha orrpecH.f,BaHe Ha AarrnfiTe or
ROS2?

3axnroqenue

flpe4cranenraxr AI'IcepraIII4oHeH Tp)tr orroBap.fl Ha rr3ucnBalnflTa ga upr.r4o6ranane na
o6pasouarennara v HayqHa crerreH ,,goKrop'o r upo$ecrrouirJrHo HanpaBJreHr4e 5.2

,,Erelrrpotexul{Ka, eJIeKTpoHIdKa I{ aBToMarr{r<a". TpyAtr cbAtpxa xcuo SopnayJrrapaHa rleJr,

nocJIeAoBaTeJIHa MeTOAI{Ka, OpI,IrUHaIIHH HayrrHo-rrpprJroxHt4 r4 [pr,rJroxHufipt4ldocvt, noAKpeneHr4

c:rc cI,IMyJIaItrI4oHHI,I upeautuu eKc[epvMeuTaJrHr,r pe3yJrraru. B 3aKJrroqeH]re AaBaM rroJroxr.rreJrHa

oueHr(a Ha Ar4cepTarlproHHr{ TpyI.

Y6eleno rrpeflopr"qBaH Ha HayqHoro xypu Aa ilpvubrkt Ha Man rrH)fi. Anacracus
Bnaguuuposua Crasona o6pasoeareJrHara r,r Ha) rHa crerreH ,rAorTopc6 n upo$ecnoHaJruo
Ha[paBJreHue 5.2. E.rrercTp orexHrrKa, eJreKTpoHr{Ka rr aBToMarrrma.

[ara: 05.06 .2026 r. rlnen na x)?r.rro: /'"rtl
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REVIEW

By: Assoc. Prof. Denis Safidinov Chikurtev, PhD
On the Dissertation Thesis for acquiring the educational and scientific degree "Doctor"

(PhD)
Professional Field: 5.2. Electrical Engineering, Electronics and Automation

Doctoral Program: Artificial Intelligence Systems
Author of the Dissertation: Mag. Eng. Anastasia Vladimirovna Slavova

Dissertation Topic: DEEP LEARNING SYSTEMS IN AUTONOMOUS MOBILE ROBOTS

Relevance of the Problem

The problem of autonomous mobile robot navigation in dynamic, unknown environments without
pre-built maps and GPS is highly relevant from both a scientific and industrial perspective. The
dissertation clearly argues the significance of the topic, specifically focusing on the use of budget-
friendly LiDAR and deep reinforcement learning to reduce the cost and complexity of such
systems.
The research is strictly focused on the navigation of Autonomous Mobile Robots (AMRs) within
enclosed, structured spaces under conditions of uncertainty. The role of AMRs in optimizing
internal logistics, warehouse operations, and performance in hazardous environments (e.g., fire
hazards, radiation) is strongly emphasized.

Degree of Knowledge of the State of the Problem and General Characteristics of the Thesis

The candidate demonstrates an excellent grasp of the current state of research in the field of deep
reinforcement learning for mobile robot navigation, including DQN, AzC, TRPO, PPO, as well as
the role of sensor systems (LiDAR, odometry, cameras). The literature review is comprehensive,
systematic, and well-structured, discussing the advantages, limitations, and challenges of the
examined approaches, including training speed, stability, and model accuracy.
The author presents a profound understanding of the parameters and characteristics of autonomous
navigation in wheeled mobile robots. The challenges of applying navigation algorithms are
analyzed in detail alongside up-to-date solutions.
The dissertation is structured into 4 chapters, spanning 150 pages, containing 80 figures, 23 tables
and mathematical dependencies, 105 literary sources, and one appendix. The overall impression is
that of a well-organized, logically constructed work in which the theoreti cal part is consistently
linked with simulation and experimental studies.

Aim of the Dissertation

The aim of the dissertation can be formulated as the development, training, and experimental
validation of a control system for an autonomous mobile robot based on deep reinforcement
learning, utilizing primarily LiDAR and odometry without pre-built maps and GPS. This goal is
clearly motivated in the introduction and logically distributed across individual chapters through



specific subtasks: the choice and analysis of algorithms, simulation training in 2D and 3D
environments, and transfer to a real robot.
A central hypothesis is presented, based on the vision that improving the core algorithms and
architectural solutions within the PPO method (modified neural architecture, adaptive learning
rate, and optimized experience replay buffer utilization) would lead to an improvement in the
navigation parameters and behavior of an autonomous mobile robot.
Five sequential and logically connected tasks are defined. The execution of these tasks leads to the
successful achievement of the specified goal and confirms the stated hypothesis.

Brief Content by Chapters

In Chapter 1, a detailed overview of deep machine learning in autonomous mobile robots is
presented, focusing on RL/DRL, reward functions, core algorithms (DQN, A2C, TRPO, PPo),
and the problems of their application in navigation. A thorough comparative analysis of four main
algorithms in deep reinforcement learning (DRL) - DQN, A2C, TRPO, and PPO - is conducted.
The examined algorithms are compared based on indicators critical to autonomous navigation,
including training process stability, experience replay efficiency (sample efficiency),
computational resource requirements, and model sensitivity to hyperparameter tuning. A detailed
mathematical description of Markov processes, which form the basis of decision-making in the
control of autonomous systems, is covered. The chapter concludes with the formulation of the
dissertation's aim and tasks, establishing a solid logical framework for the rest of the thesis.
In Chapter 2, the choice of the Flatland simulation environment and ROS2 is described, the
reward function is defined, and several DRL models are trained and compared for navigation in a
2D environment. The author successfully builds a specialized experimental environment in the
Flatland simulator, which operates using the Python libraries Pymunk and Pygame. The integration
software package ROS2 is deployed for system module management and communication. A
comparative analysis of the algorithms is performed based on criteria such as training speed,
stability, and success rate, allowing for a well-reasoned selection of the most suitable rnodel for
further development.
In Chapter 3, a3D simulation environment in Gazebo is developed featuring a 3D robot model
equipped with LiDAR, and a training system using the PPO method is built. Specific
improvements in the architecture of the utilized Deep Neural Network (DI.IN) are proposed and
implemented. The learning rate is refined, and the experience replay buffer is optimized to achieve
faster convergence and model stability. Various DNN architectures, hyperparameters, experience
buffers, and learning rates are analyzed,culminating in an ablation analysis ofthe enhanced model.
The results of the ablation analysis experimentally prove and evaluate the individual contribution
of each modification to the final efficiency of the navigation system.
In Chapter 4, the real experimental setup using the AMR Yahboom RDK X3 with Mecanum
wheels, configured with ROS2, is described, and the behavior of the trained models in a real indoor
environment is investigated. A precise calibration process of the platform's linear and angular
velocity is performed. The coftware architecture configuration within the ROS2 environment is
described in detail, including the management of spatial transformations and coordinate systems
via the tD.l:}rrary. Main focus is placed on investigating the robot's stability and behavior during
the transfer of the navigation model from simulation to a real physical environment (Sim2Real).
Experiments are conducted across a variety of obstacle counts and scenarios, analyzing
trajectories, final states, and success rates, as well as the effects of moving from simulation to



reality. A detailed analysis of control robustness when traversing paths with varying obstacle
densities is performed, experimentally proving the robot's ability to navigate safely with limited
sensory information.

Compliance of the Proposed Research Methodology with the Stated Aim and Tasks

The proposed methodology is consistent and well-aligned with the aim and tasks of the
dissertation: from 2D simulation and algorithm choice, through 3D simulation and model
optimization, to real-world experiments with a physical robot. The use of Flatland and Gazebo,
alongside ROS2, represents an adequate and modern choice that enables controlled training and a
relatively smooth transfer to a real environment.
As a critical note, it can be mentioned that certain parts of the methodology could have been
described in greater detail regarding reproducibility-for instance, more precise simulation
hardware parameters, training time consumption, and a more formal statistical processing of the
results (more iterations, confidence intervals, significance tests).

Contributions

In the dissertation thesis, the author has formulated a detailed list of contributions. I consider the
presented number of contributions to be excessively expanded, as it includes routine engineering
tasks, software configuration stages-such as platform calibration and coordinate system setup in
ROS2-and sequential steps of simulation modeling. By their nature, these activities represent the
execution of specific tasks within the dissertation rather than independent scientific or scientific-
applied achievements.
Based on a critical review ofthe conducted research and the actual results achieved, I propose that
the doctoral candidate's conkibutions be refined into the following three main scientific-applied
contributions, which correspond to the objective results in the work:

o Scientific-Applied Contribution (Modification and optimization of the control
algorithm): A modified architecture of the DRL algorithm PPO (Proximal Policy
Optimization) has been developed through structural changes in the deep neural network,
the introduction of an adaptive leaming rate, atdthe optimization of the experience buffer.
Through a detailed ablation analysis, it is proven mathematically and experimentally that
these modifications significantly accelerate convergence and increase training stability.

o Applied Contribution (Stage-by-stage simulation modeling in ROS2): A comprehensive
methodology for stage-by-stage autonomous navigation testing has been created and
software-integrated-spanning from a two-dimensional environment (Flatland) to a realistic
three-dimensional environment (Gazebo), based on simulated data from a budget LiDAR
sensor (MS200) and odometry.

o Applied Contribution (Successful Sim2Real validation): A successful transfer of the
trained models from simulation to a real physical environment (Sim2Real) has been
implemented and experimentally evaluated on the mobile robot Yahboom RDK X3 with
Mecanum wheels. The robustness of the control system in avoiding obstacles within
enclosed spaces under conditions of uncertainty, and in the absence of GPS and pre-built
maps, has been proven.



Publications on the Dissertation

The candidate has presented 7 scientific publications related to the topic of the dissertation thesis,
including joumal papers and conference proceedings. It makes i good impression that all
publications are indexed in Scopus, which emphasizes and strengthens the scientihc and scientific-
applied potential of the dissertation. The publications reflect the main phases of the research-
from simulation models to real-world experiments-and show continuous scientific development
on the topic.

Assessment of the compliance of the abstract with the requirements for its preparation, as
well as the adequacy of the reflection of the main points and contributions of the dissertation.

The presented dissertation abstract (autoreferat) by Mag. Eng. Anastasia Vladimirorma Slavova
fully complies with the regulatory requirements for its preparation, strictly following the logic and
numbering of the developed dissertation thesis in terms of structure, volume, and content. The text
is systematized within a volume of 32 pages and includes all mandatory components: a general
characteristic, a detailed sunmary by chapters, scientific-applied and applied Contributioni, a list
of publications, and an abstract in English.

Opinions, Recommendations, and Notes

Overall, the dissertation thesis of Mag. Eng. Anastasia Slavova is developed at a very high
scientific and scientific-applied level. The research was conducted systematiCaly, with a i.eci-se
transition from theoretical propositions to simulations and final physical realization. The achieved
results demonstrate that the doctoral candidate possesses deep theoretical knowledge and enviable
practical skills in the fields of robotics, artificial intelligence, and software engineering.
Despite the excellent impressions of the dissertation, with the aim of improving the author's future
research activities, I can offer the following recommendations and notes:
Regarding the presentation of graphical material: In some of the chapters, the graphics
depicting the model training results (e.g., the reward function curves) would be better evaluated
and understood if the legends and scales were written out in greater detail, making them easier to
read in an independent context.
Future development: I recommend that the doctoral student seek opportunities to test the
developed system in dynamic environments with a higher density of r,,'rFredictable obstacles (e.g.,
moving people) in order to verify the limits of robustness of the modified PPO algorithm.

Notes:

1 Your modified PPO algorithm includes changes to the architecture of the deep neural
network. How do these changes reflect on the computational workload (the processing time
per step) when executing the algorithm in real-time directly on the robot's onboard
computer?
Has full synchronization with the data refresh rate of Ros2beenachieved?2



Conclusion

The presented dissertation thesis meets the requirements for acquiring the educational and
scientific degree "Doctor" (PhD) in the professional field 5.2 "Electrical Engineering, Electronics
and Automation". The work contains a clearly formulated aim, a consistent methodology, and
original scientific-applied and applied contributions supported by simulation and real experimental
results. In conclusion, I give a positive evaluation of the dissertation thesis.
I confidently recommend to the Scientific Jury to award Mag. Eng. Anastasia Vladimirovna
Slavova the educational and scientific degree "Doctor" (PhD) in the professional field 5.2.
Electrical Engineering, Electronics and Automation.

Datez 05.06.2026

Jury Member:
(Assoc. Prof. Denis Chikurtev, PhD)
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