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AKTyaJHoCT Ha mpobiaema

IIpo6neMbT 3a HABUTANMs HA ABTOHOMHH MOGWJIHH POGOTH B AHHAMHYHA, HEMO3HATA cpena 6e3
TIPSABAPUTEIIHO U3rpafeHn Kapth U GPS € M3KII0YHTeNHO aKTyaneH KakTo HAYYHO, Taka M
HHJIyCTPHANHO. B nucepranmsara sAcHO € apryMeHTHpaHa 3HaYMMOCTTa Ha TEMara, BKIIOUHTENHO
upe3 GokyC BbpXy M3MON3BaHeTo Ha GlomkeTer LiDAR u ap160K0 06ydeHHe ¢ MOACHIIBAHE 3a
HaMaJlsIBaHE Ha IIEHATa U CIIOXKHOCTTA HA CHCTEMHUTE.

M3cnensaneTo € cTporo HacOYeHO KbM HABHTAIMS HAa ABTOHOMHH MOOGHITHH pobotu (AMP) B
34TBOPCHH, CTPYKTYPHUPAHHU IIPOCTPAHCTBA B YCIOBHS HA HeonpeneneHoct. Ilonueprasa ce ponsTa
Ha AMP 33 OITHMU3aKs HA BBTPENIHATA IOTHCTHKA, CKIAJOBUTE ONEPALliy H pabOTaTa B ONACHH
cpenu (II0KapooIacHOCT, panarus).

Crernen Ha MO3HABAHE CHCTOSIHHETO HA MPoGIeMa H 061a XapaKTePHCTHKA HA TpyAa

Kanpuparsr pemoHcTpupa MHOTO 106po TO3HABaHE Ha CBBPEMEHHOTO CBCTOSHUE Ha
M3CIeIBAHMATA B 00acTTa Ha ABIGOKOTO 00yYeHHe ¢ MOACHIBAHE 33 HABUTAIUS HA MOGWIIHM
po6otu, BkmounteHo DQN, A2C, TRPO, PPO, kakTo 1 pomsita Ha censzopaute cucremu (LiDAR,
OIOMETpus, KamepH). JIutepaTypHusaT 0630p e MIMPOK, CHUCTEMaTHYeH U Ho0pe CTPYKTYpHUpaH,
Kato ca OOCHIEHM MNPEIUMCTBA, OTPAHMYEHUS H TNPOOIEMH Ha PasmIeKAAHUTE TOAXOMNH,
BKJIIOYMTEITHO CKOPOCT Ha 00ydyeHne, CTaOHIHOCT ¥ TOYHOCT Ha MOJIEIINTE.

ABTOPBT TIpencTaBs 3anbabOYeHO pa3bupadHe 3a HapaMeTpHTE U XapaKTEPUCTUKHUTE Ha
aBTOHOMHATa HABUTAIUA IIPH KOINECHH MOGHIHN poboTH. B netaitnu pasmiexna npobneMure npu
TIIpUJIaTaHe Ha HABUT'AIIMOHHATE aJITOPUTMH H aHAIM3UPA aKTyalH! PeIleHHs.

JAucepTanvoHHUAT TPy € CTPYKTYpHpaH B 4 Tiasu, B o6em or 150 CTPaHHLM, ChABpxKam 80
¢urypu, 23 TabmuIM M MaTeMaTMYeCKH 3aBHCHMOCTH, 105 JUTEPATypHU H3TOYHHKA M €IHO
npusoxenne. O6IIOTo BeYaTIeHue € 3a J06pe OpraHu3upaH, JOTHYHO H3rPafeH TPYyZ, B KOUTO



TCOPECTHYHATA 4YacT € IIOCIENOBATEIIHO CBLP3aHa C CHMYJTalTHOHHUTEC U CKCICPHUMEHTAIHUTE
H3CJICABAHUI.

IIe.nTa Ha JUCepTAIMATA

Ienra Ha IuCepTauMOHHUA TPYI MOXe Ja ce (opMynupa karo paspaboTade, oOydeHHe M
CKCIIEPMMEHTANIHA BAIMAALMs Ha CHCTEMa 3a YIOpaBIEHHE Ha aBTOHOMEH MOOMIEH pooT,
GasupaHa Ha IBI60KO OOyUYeHHE C TIOACHIBAHE M M3MION3BaIa 0CHOBHO LIDAR u omoMetpus, 6e3
npensaputenHy kaptud ¥ GPS. Tasu men e sicHO MOTHBHpaHa BHB BBBEJCHHETO W € JIOTHYHO
pasmpenelncHa B OTIACIHUTE [VIaBH YPe3 KOHKPETHH IOA3aJaqy: u300p ¥ aHaIM3 Ha aJTOPHUTMH,
CHMynannoHHO oOy4enue B 2D u 3D cpena, 1 IpeHOC KBbM peaneH poboT.

lpencrasena e enna XUIoTe3a, KOSATO CE OCHOBaHA Ha BU3MATA, Ue IOA0OPABAHETO Ha 3aJI0KEHATE
QITOPUTMM U apXMTEKTYpHH pemreHus B MeTona PPO (Momuduunpana HeBpOHHA apXHTEKTypa,
aJlanTHBHA CKOPOCT Ha 00y4YeHHME ¥ ONTUMU3HPAHO H3I0I3BaHe Ha Oy(ep 3a omuT), 61 TOBEIO K0
nono0psiBaHe Ha HABMTAIMOHHAUTE IAPAMETPH 1 IIOBE/IEHNE HA ABTOHOMEH MOGUIICH pObOT.

I{e(i)I/IHI/IpaHI/I Ca IICT 3aia4d, KOUTO Ca MOCICAOBATCIIHNU U JIOTHYECKU CBBbpP3aHU. M3nsaHeHHETO
Ha 3aJa9MTe, BOAW OO0 YCICIUHO IIOCTHUTaHe Ha 3aJaJicHara IeJl U JO IIOTBBPXKIACHUEC Ha
nocraBCHara XHIIOTe3a.

KpaTKO ChAbPAKAHME IO IVIABU

B ImaBa 1 e npezxcrasen moapobeH 0630p Ha ABIGOKOTO MAIIMHHO 0OYy4eHHE TPH aBTOHOMHU
MoOuinHKH poGotH, ¢ akneHT Bbpxy RL/DRL, QyHKIMHTe Ha BB3HATPAXKICHHE M OCHOBHHTE
amroputmu (DQN, A2C, TRPO, PPO), kakto u npoGieMuTe Npu TAXHOTO IPHIOKEHHE 3a
HagHTranus. HanpaseH e 3a161604€H CpaBHUTENICH aHAIN3 HA YeTHPH OT OCHOBHHTE alTOPHTMH B
nenabokoro obyuenme ¢ moxcmisade (DRL) — DQN, A2C, TRPO u PPO. Uscnensanute
AJITOPUTMHU €2 CHIIOCTABEHM I10 KIIFOUOBHU 33 aBTOHOMHATA HABUTAIlMs [TOKA3aTeIH, BKIIOUUTEITHO
CTabMIHOCT Ha Ipoleca Ha obyyeHue, eEKTUBHOCT NPH U3ION3BAHETO HA HATPYIAHUS OIAT
(sample efficiency), n3MCKBaHUA KM H3YUCIUTEIHATE PECYPCH H UyBCTBHTEIHOCT HA MOICIIHTE
KbM HaCTpOMKaTa Ha XMIeprapaMeTpuTe. Pasrienano € qeTaiiHo MaTeMaTHIecKOTO OIMCAHNE Ha
MapkoBcKUTe TIpOECH, KOMTO CTOAT B OCHOBATa Ha B3€MAHETO Ha PELICHHs MPHU YIPaBICHHETO
Ha aBTOHOMHM cHCTeMH. IJiaBara 3aBbpmiBa ¢ QopMmynupaHe Ha IelnTa M 3aJaduTe Ha
AWCEePTAUHNATA, KOCTO Ch3/laBa J00pa Jormdecka paMka 3a 0CTaHalara 4actT OT TPYya.

B I'maBa 2 e onmcan u3bopbT Ha cumynauponHa cpena Flatland u ROS2, nedummpana e
QyBKUMATa Ha BB3HATPAXKICHHUE U ca 00yYeHH U cpaBHeHH Hakomko DRL Mozerna 3a HaBuranus B
2D cpena. ABTOPBT yCIEIIHO U3rPak/a CHEIHATH3UPAHA eKCIIEPHMEHTANHA CPEa B CHMYJIATOpa
Flatland, paborew na 6asara ma Python Gu6nuorexure Pymunk u Pygame. 3a ynpasieHuero u
KOMyHHKALUATa MEXIY OTACIHATE MOMOYIM HA CHCTEMATa € BHEAPCH WHTETPAllHOHHHUAT



codryepen maker ROS2 HanpaBeH e CpaBHHTeNEH aHANN3 HA aIrOPUTMUTE 110 KPUTEPHH KaTo
CKOpOCT Ha 00y4eHue, CTAOUIHOCT M YCIIeBaeMOCT, KOETO II03BOJIABA APTYMEHTHpAH 1360p Ha
HaN-TIOAXOAAI MOIEJT 33 I0-HATATHINHO Pa3BHTHE.

B I'maBa 3 ce paspaGorsa 3D cumynanmonna cpena B Gazebo ¢ 3D mozen Ha po6orta, obopynBan
¢ LiDAR, u ce msrpaxma cucreMa 3a 06yuenue mo Metona PPO. Ipeanoxenu u peanu3upaHu ca
crenuuYHY 000pEHHs B ApXUTEKTYpaTa Ha U3ION3BAHATA TBI60KA HEBPOHHA Mpexa (JHM).
H3BBpmieHo e npenusupane Ha ckopocTTa Ha o0ydenue (learning rate) u e onTUMu3HpaH OydepsT
34 CHXPAaHEHHE HA ONHTA C LE] IOCTUTaHe Ha Mo-0bp3a CXOAMMOCT M CTAaOHIHOCT Ha MOJENa.
AHaNIM3UPaHA ca PasIM4HU ApXHTEKTYpH Ha NBIOOKAaTa HEBPOHHA MpeXa, XHIlepliapaMeTpH,
Oydep 3a onuT U ckopocT Ha 00yYeHue, KaTo € MpoBeNeH aGlalHOHeH aHalu3 Ha nonoOpeHus
Mozen. Pesynrarure oT aOnaMOHHMS aHAIM3 EKCIIEPMMEHTAJHO [OKA3BaT M  OICHABAT
VHIUBUTYaTHUAT MPHHOC Ha BCSAKA CIHA OT HANpaBEeHHUTe MOAM(HUKAIMK BBPXy KpaiiHara
€(QEKTHBHOCT Ha HaBUTAI[MOHHATA CHCTEMA.

B TaBa 4 ce ommcBa peanHara eKCIepUMEHTanHa HocTaHoBKa ¢ AMP Yahboom RDK X3 ¢
MeXaHyM Kojena, koHdurypupan ¢ ROS2, u ce usciensa moseneHnero Ha o0ydeHUTE MOLEIH B
peanHa 3arBopeHa cpepa. MsepmieH e mpeluseH Hpouec Ha KaauOpupaHe HAa JHUHEHHaTa M
BITIOBAaTa CKOPOCT Ha Iuiardopmara. Jleraiinno e ommcaHa koH(HUrypanusata Ha codTyepHara
apXuTeKTypa B cpema Ha ROS2, BKIIOYHTENHO YHPABIEHWETO HA IPOCTPAHCTBEHHTE
TpaHC()OpMALMH ¥ KOOPAMHATHHTE CHCTEMH 4Ype3 Oubnuorexara ¢f2. OCHOBEH aKIEeHT € IOCTaBeH
BbDXY H3CIEABAHETO HAa YCTOMYMBOCTTa H IIOBEACHHETO Ha poboTa IpU NpeHoC Ha
HAaBUI'allMOHHUA MOIeN OT CHMyJalus KbM peadHa ¢u3ndecka cpena IlposeneHnm ca
CKCIICPIMEHTH IpPU pasinudeH Opod HpEemATCTBHSA H CLEHAPHM, aHAIHU3UPAHU ca TPACKTOPHH,
KpaiHi CBCTOSIHUSL U YCIIEBAEMOCT, KaKTO i epeKTHT OT IIPEMHHABAHE OT CHMYJIAIHA KbM peaTHa
cpena. HarpaseH e neraiined anainus Ha poGacTHOCTTa Ha YIIPABIECHUETO [PU IPEMUHABAHE TIPE3
TpaceTa ¢ pa3innyeH Opoi NPEemnsTCTBYA, C KOCTO CKCIEPUMEHTANHO CE J0Ka3Ba CIIOCOOHOCTTA Ha
po6oTa 1a HaBUrHpa 6e30MacHO IPH OrPaHAYeHa CEH30pHA MH(OPMAIIHL.

ChLOTBETCTBHE HA NPpEeATOREeHATa METOANKA HA U3CIeIBAaHE H MOCTABEHUTE LeJI M 3aJa4u

IlpennoxkeHara METOAHKA € IIOCIENOBaTeNHA W N0Ope ChIIACYBaHA C IENTa M 3a1audTe Ha
AucepTanuATa: oT 2D cuMynaims 1 u360p Ha alnropuThM, mpe3 3D cuMynaiys 1 ONTHMH3AIH Ha
Mofena, 0 pealHH EKCIEPUMEHTH ¢ (usndeckd po6oT. M3momssanero Ha Flatland u Gazebo,
3aenHO ¢ ROS2, e afexsaren u chBpeMeHeH H360p, KOHTO MO3BOMISBA KOHTPOIHPAHO 00ydeHHE H
CPaBHUTEJIHO IIJIABEH NIPEHOC KbM peallHa cpejia.

Karo kputnyna Genesxka Moxe 11a ce 0TOENekKH, Ye B HAKOM YacTH METORMKaTa 61 Moria aa Obe
OIMCaHa IO-ACTAHIIHO OT IMIEIHA TOYKA Ha BH3IPOM3BOAUMOCT—HAIPUMED TIO-TOYHM HapaMeTpH
Ha Xap/yepa 3a CHMyJIallii, BpEMEBH pasxo[ 3a 00ydeHHe, KaKTo U Mo-(hopMajiHa CTaTHCTHIeCKa



obpaboTka Ha pesynratuTe (TIOBEYE IMOBTOPEHMS, JOBEPUTENHH HHTEPBAIA, TECTOBE 3a
3HAYUMOCT).

IIpuHocHu

B nmucepranuoHHus Tpyn aBTOpPBT € (QOpMyNHpan IeTaillieH CIUCHK ¢ mpuHocH. CMmaraM, de
OPEACTaBEHUAT OpOM NMPUHOCH € M3JIUIIHO Pa3lIMpPEH, KaTo B HEro €a BKIKYEHH PYTHHHH
WHKCHEPHU 3aJa4y, €TalK OT copTyepHaTa KOHGHUIypalys Kato KaruOpupaHe Ha 11aThopMu 1
HACTpOiiKa Ha KoopauHarHu cucTteMu B ROS2 m mocienoBatenHy CTBIKA OT CHMY/IAIHOHHOTO
Mozenipare. Te3n NeHHOCTH 110 CBOATA CBUIHOCT IIPEACTABISABAT U3MBIHCHNE HA KOHKPETHHTE
3a/1a4M 110 AMCEPTALMATA, @ HE CAMOCTOSTEIHY HayYHH WM HayIHO-IIPUIIOKHH [TOCTHKEHMS.

Ha Oaszara ma KpUTHYICH MNPETIICA Ha TNPOBCACHUTEC M3CIICABAHMA H PEaJHO ITOCTUTHATHUTE
pe3yiTary, npeiaraM IIpUHOCUTE HAa JOKTOpaHTa Aa 6’[:-IlaT NIpEeIU3upaHn A0 CICAHUTEC TPH
OCHOBHH Hay4YHO-IIPMJIOXKHHU IIPHHOCA, KOUTO CHOTBETCTBAT Ha 0OEKTUBHUTE PE3yaTaTHu B Tpyaa:

1. Hayuno-npunoxen mnpunoc (Moaudukamus W ONTHMH3AIMS HA AaITOPUTHEMA 33
ynpaejienue). Paspaborena e mommduimpana apxurekrypa Ha DRL amropursma PPO
(Proximal Policy Optimization) 4pe3 apXWTeKTypHH NPOMEHH B IBIOOKAaTa HEBPOHHA
MpeXa, BHEAPABAHE Ha aJanTHBHA CKOPOCT Ha 0Oyd4eHHe M onTUMHu3auus Ha Oydepa 3a
omur. Ypes geraiieH abnalMoOHEH aHaNM3 € JOKAa3aHO MATEMAaTHYeCKH U
€KCIIEPUMEHTAJIHO, Y€ MOAU(HKAIMUTE 3HAYUTEIHO YCKOPABAT CXOAMMOCTTa M
TIOBUILABAT CTAOMIHOCTTA Ha O0YYCHUETO.

2. Ilpunoxen mpuHoc (ErtamHo cuMymanuonHo wmopenupane B ROS2): Cw3magena u
co)TyepHO MHTErpHpPaHa € IIOCTHA METOOJIOrHs 32 €TAIIHO TECTBAHE HA ABTOHOMHATA
HaBHUralys — OT AByMepHa cpena (Flatland) no peamuctiana Tpunsmepsa cpena (Gazebo),
GasupaHa Ha CHUMyNMpaHu TaHHH OT GromkereH LiDAR censop (MS200) u onomerpus.

3. Ilpunoxen npunoc (Yenemna Sim2Real Bamunanust): Peanusupan ¥ eKclepUMEHTATHO
OLIEHEH € YCIIENEeH IPEHOC Ha 00yUeHUTEe MOEH OT CHMYJIAalys KbM peaaHa (Uu3ndecKa
cpena (Sim2Real) Bpxy Mobuner pobor Yahboom RDK X3 ¢ mexanyM Koiena. JlokasaHa
€ po0acTHOCTTa HA CHCTEMATa 3a yIpPaBICHHE TP N30IrBaHe Ha NIPENATCTBHS B 3aTBOPEHU
IPOCTPAHCTBA B YCJIOBHUS Ha HEONpPENeNeHOCT U npu iurca Ha GPS m mpeaBaputenno
U3rpafieH: KapTH.

IMy0nmkanum mo AUcepTANMATA

KaunnparsT € npencrapun 7 HayqHH MyOIUKAIMY, CBBP3aHH C TEMATa Ha JUCEPTAMOHHMS TP/,
BKJIIOYMTEIHO CTaTHH B CIIUCAHUSA U JOKJIAIU Ha KoH(pepenuuu. [IpaBu 100po BleuanieHue, ye
BCUYKHM ITyONHMKalyy ca pedepupaHu B Scopus, KOETO IOAYEPTaBa ¥ 3aCU/IBA HAYYHHS U HAYYHO-



IIpUJIOJKHHUA NOTCHIHAT Ha JUCECpTalyITa. HY6JII/IKEH_[I/II/ITC OTpa3saBaT OCHOBHHTC €TalM OT
H3CJICABAHCTO—OT CHMYIAUUOHHUTE MOJACIM [0 PpCalHHUTEe CKCOCPHMEHTH—H IIOKa3Bar
MOCJIEA0BATEIIHO HAYYHO PA3BUTHUEC 110 TEMaArTa.

Onenka Ha CHOTBETCTBHETO Ha aBTopediepaTa ¢ H3UCKBAHUATA 32 H3TOTBAHETO MY, KAKTO H
Ha aJleKBaTHOCTTA HA OTPa3siBaHEe Ha OCHOBHUTE IIOJOKEHHSI M NPUHOCHTE Ha
AUCePTAMUOHHUS TPYA.

IpencrapenusaT apropedepar Ha Mar HMHXK. AHactacus Biagumuposna CllaBoBa HaIbJIHO
CBOTBETCTBA HAa HOPMATHBHHUTE M3UCKBAHMUA 33 HETOBOTO M3TOTBsIHE, KATO 110 CTPYKTYpa, 06eM H
CBABPXKAHUE CICABA CTPUKTHO JIOTMKATA M HOMEpaLHATa Ha pa3paboTeHUs AUCEPTALMOHEH TPYI.
TexcrbT € cucrematusupan B 00eM OT 32 cTpaHWIM M BKIKOYBA BCHYKM 3aIBIDKHTEITHH
KOMIIOHEHTH: O0Ila XapaKTepPUCTHKA, MOAPOOHO pe3oMe MO IVIaBH, HAYYHO-TIPHIOKHH U
IPHIOKHU IIPUHOCH, CIIUCBHK Ha IMyOIUKAIMUTE U aOCTPaKkT Ha aHIIMMCKU €3HK.

MHueHus, NpenopbKA U 0eJIesKKH

Karo nsno nucepranmoHHUAT TPy Ha Mar. MHK. Anacracus ClaBosa € pa3pabGoTeH Ha MHOTO
BUCOKO HAayYHO W HAyYHO-TPHIIOKHO HMBO. M3cienBaHusATa ca mpoBeNeHH CHCTEMaTH4HO, C
IPEUU3CH IPEXOA OT TEOPETHYHM IIOCTAHOBKM KBbM CHUMYJAUMU H (uHAIHA (QHU3MYECKa
peamuzanust. [locTurnartuTe pe3ynTaTu JEMOHCTPHPAT, Y€ JOKTOPAHTHT IPUTEXkKABa 3abI00ICHN
TEOPECTHYHH [TO3HAHMS M 3aBUIHU NIPAKTHYECKU yMEHHA B 00/IacTTa Ha pOOOTHKATA, H3KYCTBEHHS
HHTENEKT U COPTYEPHOTO HHKEHEPCTBO.

Bbropekn OTIMYHMTE BrEYaTIEeHUs OT AWCEpPTALMATa, C Lea momobpssaHe Ha Objelnara
HayYHOHM3CIICAOBATENICKA ICHHOCT HAa aBTOPa, MOTa J1a OTIPABS CICAHUTE MPENOPLKU N OEIeKKH:

- OrHocHO mpeJcTaBAHeTO Ha rpadHYHUs MaTepuai: B Hsikou or rasure rpadukure,
n300passABaIy pe3yNTaTUTe OT OOYYCHHETO Ha MOJENNTE (Halp. KpHBHTE Ha (yHKIUATA
Ha BB3HArpaXkJIeHue), e ObJaT M0-100pe OTYCTCHU U pa3bpanu ako ObJaT Mo-AeTaiIHo
PasnuCHM Ha JICTCHOUTE M CKAJIWTE, 3a Aa ObAaT MO-JIECHO YETUMH B CaMOCTOSTEJIEH
KOHTEKCT.

- bbaemo passurne: IIpenopsuBaM Ha JOKTOPAaHTA [a MOTHEPCH BH3MOYKHOCTH 33 TECTBAHE
Ha pazpaboTeHaTa CHCTeMa B JUHAMHYHH CPEIH C I0-BHCOKA MBCTOTA Ha HENPEABHIUMU
HPENATCTBUSA (HAaIpUMep JBIKEINH CE X0pa), 32 1a CC IPOBEPH MPEAENBT Ha poOacTHOCT
Ha Mopuummpanus PPO anroputeM.

Benexku:

- Mopudpuuupanusar or Bac PPO anropursm BrIXOYBA IIPOMEHH B apXUTEKTypaTa Ha
nen0oKaTa HEBPOHHA Mpexka. Kak Te3u mpomeHu pedieKTHpar BepXy M3YHCIMTETHATA



HaTOBAPEHOCT (BpeMeTo 3a 00paboTKa Ha eIMH TaKT) [IPH M3IGIHEHHE HA ATOPHTHMA B
peanHo BpeMe TUPEKTHO BEPXY OOpPAOBHUS KOMITIOTBHP Ha pobora?

- llocturnara nu e MbIHA CHHXPOHM3ALHS ¢ YECTOTATa Ha ONpECHsABAaHE HA JAHHHTE OT
ROS2?

3akaroyeHue

IlpencraBeHuUAT OWCEPTALMOHEH TPYA OTIOBaps Ha M3UCKBAaHUATA 3a INpUAoOHMBaHE Ha
o0pasoparenHaTa H HaydHa CTEIEH ,JJOKTOP® B TNpPO(EeCHOHATHO HAmpaBlIeHHE 5.2
»EJICKTPOTEXHNKA, €TEKTPOHUKA M aBToMaTHka“. TpyasT Chabpxka SCHO (opMynHMpaHa eI,
T0C/IENI0BATENHA METO/IMKA, OPUTHHAIHYM HAYYHO-IPUIOKHHI U IPHUIIOKHA IPUHOCH, MOAKPEIEHH
ChC CUMYJIAIIMOHHH U PEAIHU €KCIIEPUMEHTAIIHHU pe3yATaTi. B 3aximroueHue 1apaM MoJIOKMTeTHA
OLleHKA Ha JUCePTalHOHHU TPY.

Vbeneno mpemophuBaH Ha HAyYHOTO JKYpH .1a MPHCHAM HA Mal. HHXK. AHacracus
Biaagumuposua Ciasosa o0pa3oBaTenHaTa U HaydHa CTEIEH ,,AOKTOP® B NpodeCHOHAIHO
HanpasieHue 5.2. EjleKTpoTexHuKka, eJIeKTPOHHKA H ABTOMATHKA.
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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, A2C, 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 theoretical 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 model for
further development.

In Chapter 3, a 3D 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 (DNN) 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 of the 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 tf2 library. 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 of the conducted research and the actual results achieved, I propose that
the doctoral candidate's contributions be refined into the following three main scientific-applied
contributions, which correspond to the objective results in the work:

e 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 learning rate, and the 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.

e 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.

e 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 journal papers and conference proceedings. It makes a good impression that all
publications are indexed in Scopus, which emphasizes and strengthens the scientific 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 Vladimirovna 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 summary by chapters, scientific-applied and applied contributions, 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 systematically, with a precise
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 unpredictable 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?

2. Has full synchronization with the data refresh rate of ROS2 been achieved?



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.

Date: 05.06.2026 / o2/
Jury Member:
(Assoc. Prof. Denis Chikurtev, PhD)
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