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1. General Overview

The dissertation presents a comprehensive, well-structured, and methodologically sound study
focused on the development of intelligent control methods for robotic manipulators using deep
reinforcement learning (DRL) in combination with model predictive control (MPC). The research
topic is highly relevant, as modern industrial environments increasingly require adaptive, precise,
and robust robotic systems capable of operating under uncertainty and dynamic conditions.

The research demonstrates a strong and coherent integration of control theory, machine learning,
and robotic system design. The structure of the dissertation is logical and consistent, covering
theoretical foundations, methodological development, and experimental validation in a systematic
manner.

2. Theoretical Foundations and Literature Review

The author provides a thorough and systematic review of the evolution of robotic control systems,
ranging from classical model-based approaches to modern paradigms such as embodied

intelligence and the integration of large-scale learning models in robotics. The discussion is well-

founded and demonstrates a strong understanding of the field.

The inclusion of macroeconomic and technological perspectives adds valuable context to the
research, clearly emphasizing the industrial importance and long-term relevance of intelligent
robotic systems in modern manufacturing environments.

3. Methodological Contributions

The methodological contribution of the dissertation is particularly significant. The proposed hybrid
control framework that combines deep reinforcement learning with model predictive control is well
justified both theoretically and practically. The separation of control levels into strategic and
operational components reflects a deep understanding of hierarchical control architectures.

The detailed description of deep reinforcement learning algorithms, including DDPG and TD3, as
well as their multi-level extensions, demonstrates a high level of technical competence. The
formulation of the trajecfory planning problem in three-dimensional space is rigorous, with clearly
defined constraints, objective functions, and evaluation metrics oriented toward real-world
industrial application.



The use of Pareto-based optimization for tuning MPC parameters is a notable and original
contribution, allowing balanced trade-offs between accuracy, trajectory smoothness, and dynamic
feasibility.

4. Reinforcement Learning Framework and Simulation Design

Another important strength of the work is the careful and systematic design of the reinforcement
learning problem. The definition of state and action spaces, environment dynamics, and reward
functions reflects a deep understanding of learning behavior in continuous control systems.

The inclusion of simulation modeling, realistic environment construction, and physical and
industrial constraints significantly enhances the applicability and credibility of the proposed
methods.

5. Experimental Results and Industrial Applications

The experimental studies cover multiple relevant scenarios, including acceleration optimization,
trajectory error minimization, and trajectory smoothness improvement. The results demonstrate
stable learning behavior, and the simulation experiments validate the feasibility of the proposed
approach under realistic operating conditions.

The application of the developed methods to industrial tasks such as arc welding and marking
further strengthens the practical relevance of the dissertation and confirms its suitability for real

industrial deployment.
6. Scientific Contributions
The dissertation makes the following key scientific contributions:

1. Development of a hybrid control architecture combining deep reinforcement learning
and model predictive control for robotic manipulators.

2. Introduction of a hierarchical learning framework, including a multi-level TD3 approach,
to improve learning stability and scalability.

3. Application of Pareto-based optimization techniques for systematic tuning of MPC

parameters.
4. Design of a realistic simulation environment incorporating physical constraints and

representative industrial task scenarios.
5. Demonstration of applicability to real industrial processes, including arc welding and

marking operations,



7. Practical Significance

The practical significance of the dissertation is high. The proposed methods address critical
industrial challenges related to precision, adaptability, robustness, and safety in robotic
manipulation. The focus on industrial processes such as welding and marking demonstrates clear
applicability in manufacturing environments. The developed approaches have the potential to
improve efficiency, reduce human error, and enhance consistency and quality in production
processes.

8. Conclusion

In conclusion, the dissertation of Mr. Momynkulov Zeinel Zeinullauly constitutes a substantial,
original, and well-executed contribution to the field of intelligent control of robotic manipulators
using deep reinforcement learning. The research demonstrates strong theoretical grounding, high
technical proficiency, and clear practical relevance.

The dissertation fully meets international standards for the award of the Doctor of Philosophy
(PhD) degree in Data Science, and the author deserves to be awarded this academic degree.
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OT3bIB

WHOCTPAaHHOTO HAyYHOTO KOHCYJIbTaHTa Ha JUCCEPTAIMOHHYIO paboTy MOMBIHKYJI0BA
3eitnesia 3eiiny/uiayiabl Ha Temy «PaspaboTrka Mogeneil riay0OKOro ooOy4deHusl C
NOJAKpPeNJIeHueM Ui  yHpaBJieHUWsl  POOOTU3HPOBAHHBIM  MAHMIYJATOPOM B
NPOMBINJIEHHBIX MNPWJIOKEHUSIX», TMPEICTABICHHYI0O HAa COUCKAaHHE CTeNeHu JA0KTOopa
¢unocopuu (PhD), O6pazosarenbras mporpamma: 8D06105 - Hayka o 1aHHBIX

1. O0muii 0030p

Hucceprannonnasi paboTa mpeacTaBisieT co00M KOMILIEKCHOE, XOPOIIO CTPYKTYPUPOBaHHOE U
METOJI0JIOTUYECKH 000CHOBAHHOE MCCIIEIOBaHKE, MOCBAIEHHOE pa3paboTKe UHTEUIEKTYalbHBIX
METOJIOB YIpPAaBIIEHUS POOOTU3MPOBAHHBIMU MAHUITYJIATOPAMU C HCIOJIB30BAHUEM TITyOOKOTO
oOyuenus ¢ nojkperienneM (Deep Reinforcement Learning, DRL) B couetanuu ¢ ynpaBiieHHEM
Ha ocHOBe mporHosupyromet wmoxenu (Model Predictive Control, MPC). Tematuka
MCCJIEI0BAHMS SBIISIETCSI BEChbMa aKTyaJIbHOW, OCKOJIBKY COBPEMEHHBIE MTPOMBIIUICHHbBIE CPE/IbI
Bc€ B Oousbmedl creneHu TpeOyIOT aJanTHBHBIX, TOYHBIX W HAIEKHBIX POOOTHU3MPOBAHHBIX
CUCTEM, CIOCOOHBIX (PYHKIIMOHUPOBATH B YCIOBHUSIX HEONPENEIEHHOCTH W JUHAMHYECKH
WU3MEHSIOIIEHCS CPEBI.

UccnenoBanne AEMOHCTpUPYET TJIyOOKYI0O M TOCJIEAOBATEIbHYIO HMHTETPAIMI0O TEOPUHU
YIOPABJICHUS, MAIIMHHOTO OOY4YeHUsS M MPOCKTUPOBAHUS POOOTOTEXHUYECKUX CHCTEM.
CrpykTypa amccepTanuu JIOTUYHA W TOCJIEIOBATENIbHA, OXBAThIBas TEOPETHUYECKUE OCHOBBI,
pa3pabOTKy METOJ0JIOTHH U SKCIIEPUMEHTAIIbHYIO BAJIUIAIIMIO CHCTEMHBIM 00pa3oM.

2. Teoperu4yeckue 0OCHOBBI U 0030p JTUTEPATYPbI

ABTOp TpeAoCTaBIsAeT MOAPOOHBIM M CHCTEMATH3UPOBAHHBIA 0030p JBOIIOIUU CHUCTEM
yIpaBieHUusT poOOTaMHU - OT KJIACCUYECKUX TOJXOJ0B, OCHOBAHHBIX HAa MaTEMAaTHUYECKUX
MOJCISIX, /10 COBPEMEHHBIX IapamurM, Takux kak embodied intelligence (BommomEéHHBIN
WHTEJUIEKT) W HHTETpals KPyMHOMACIITa0HBIX OOyd4aromux Mojeneid B POOOTOTEXHUKY.
N3noxenue SBISETCS XOPOIIO apTyMEHTUPOBAHHBIM M JAEMOHCTPUPYET TITyOOKOE MOHUMAHHUE
MpeMETHON 00J1acTH.

Bxirouyenue MAaKpO3KOHOMHUYCCKNX W TCXHOJOIMYCCKHUX aCIICKTOB HpI/IILaéT HCCIICIOBAHHUIO
AOITOJTHUTCIIbHY IO OCHHOCTD, 4ETKO HOI[‘-IépKI/IBaSI IMPOMBIIIIJICHHY O 3HAYNMOCTD u
AOJITOCPOYHYIO aKTYaJIbHOCTh MHTCJIJICKTYAJIbHBIX pO6OTI/IBI/Ip0BaHHBIX CUCTEM B COBPCMCHHBIX
IIPONU3BOJACTBCHHBLIX YCIOBHAX.

3. MeTo10JIOTHYeCKUH BKJIA]

MeTto0I0rHYecKil  BKJIaJl JUCCEPTAllUU SABJISETCS OCOOCHHO 3HayuMbIM. [IpemioskeHHas
TUOpHUIHAS apXUTEKTypa YIpaBiIeHUs, OOBESIUHSIONIAs TITyOOKOe 00yUYeHHE ¢ TOAKPEIICHUEM U
yIIpaBJeHUE HA OCHOBE MPOTHO3UPYIOIIEH MOJENN, XOPOIIO 0OOCHOBaHA KaK C TEOPETUUYECKOH,
TaK U C MPAKTUYECKON TOUKHW 3peHus. Pa3neneHue ypoBHEUW ymnpaBieHUs HA CTpaTErHYECKUE U
OTIEpaIlMOHHBIE KOMITIOHEHTHI OTpa)kKaeT TJIyOOKOE MOHHUMAHUE HEPAPXUYECKUX aAPXUTEKTYP
yITpaBIICHHUS.

[TonpoOHOE omucaHKe aJrOPUTMOB TIIYOOKOTro 00yUeHHUs ¢ MoJKperieHremM, Bkitodas DDPG u
TD3, a Takke uX MHOTOYPOBHEBBIX PpACIIMPEHUH, JAEMOHCTPUPYET BBICOKMH YpPOBEHb
TEXHUYECKOW KOMIIETEHTHOCTH. [l0CTaHOBKA 3a/1a4M IIIAHUPOBAHUSA TPAEKTOPUU B TPEXMEPHOM



IIPOCTPAHCTBE BBIIOJIHEHA CTPOrO U KOPPEKTHO, C YETKO OINPEACIEHHBIMH OIPAHWYCHHUSIMH,
HeneBbIMM  QYHKIMSIMU W METPUKaMHU  OLICHKH, OPHEHTHUPOBAHHBIMU Ha  peajbHbIC
POMBIILICHHBIE IPUMEHEHUS.

Hcnons3oBanue ontumuzanuu Ha ocHoBe Ilapeto jyst HacTpoiiku nmapamerpoB MPC sBnsercs
3HAYUTEIBHBIM U OPUTMHAJIBHBIM BKJIAJIOM, TO3BOJISIONIMM 00€CriedynuBaTh COAIAaHCUPOBAHHBIN
KOMIIPOMHUCC MEXY TOYHOCTBIO, TNIABHOCTHIO TPACKTOPUU U JMHAMUYECKOUN peain3yeMOCThIO.

4. Cpena o0yueHus ¢ NOJAKPeENJIeHUEM U MPOEKTHPOBAHUE MO/IEJTUPOBAHUSA

Emé omHOM BaXHOW CHJIBLHOW CTOPOHOM pabOThI SBISETCS TINATEIbHAS W CHCTEMaTHYECKas
pa3paboTka 3ajaun oOyueHusi ¢ mojkperuieHueM. OnpeaesieHUue MPOCTPAHCTB COCTOSIHUNA M
NEUCTBUN, IWHAMUKU CpEIbl, a TakKkKe (QPYHKUUNA BO3HArpaXIEHUS OTpakaeT TIiIyOoKoe
MMOHUMAaHUE TTOBEICHNUS] OOYUEHHUS B CUCTEMAaX HEMPEPHIBHOTO YITPABIICHHUS.

Bxirouenue HMUTAOUOHHOI'O MOZACIUPOBAHUA, IMOCTPOCHUA peaHHCTH‘lHOfI Cpcabl, a TaKKC
(bHSI/I‘IeCKI/IX U TIPOHU3BOACTBCHHBIX OFpaHI/I‘-IeHI/Iﬁ CYICCTBCHHO IOBBIMACT IMPHUMCHHUMOCTbL U
AOCTOBECPHOCTD IMPCIIIOKCHHBIX MCTOJOB.

5. kcnepuMeHTAbHBIE Pe3yJbTAaThl U NPOMbILNLIICHHbIE IPUMEHEHUS

DKCIepUMEHTAIbHbBIE UCCIEAOBAHUS OXBATHIBAIOT HECKOJIBKO 3HAYMMBIX CIIEHAPUEB, BKIIOYAsS
ONTUMHU3AIMIO YCKOPEHHUSI, MUHUMHU3AIMIO OIIUOKH TPACKTOPUM U TMOBBIIICHUE IIJIaBHOCTU
TpaekTopun. [lomydeHHbIe pe3ynbTaThl JEMOHCTPUPYIOT CTaOWUIILHOE TOBEACHHE OOYYEHHS, a
MMHUTAIUOHHBIE SKCIEPUMEHTHI MOATBEPKAAOT PEATU3YEMOCTh MPEIJIOKEHHOIO MOAXoAa B
YCJIOBUSIX, TPUOMMKEHHBIX K peaJIbHOM SKCILTyaTalluH.

[Ipumenenne pa3pabOTaHHBIX METOAOB K MPOMBIIIIEHHBIM 3a7]auaM, TAKUM KakK JAyroBasi CBapKa
U MAapKUpPOBKa, JOINOJHUTEIBHO YCHJIMBAET MPAKTUYECKYH) 3HAYMMOCTh JUCCEPTALHU U
MOATBEPKIAET €€ MPUTOTHOCTbD I BHEAPEHUS B pealibHbIEC MPOU3BOACTBEHHBIE TPOLECCHI.

6. Hayunbie pe3yabTarhl
HuccepTanionHas padoTa BHOCUT CJIEAYIOIINE OCHOBHBIE HayUHbIE PE3yJIbTAThI:

1. Pa3paboTka ruOpHIHON apXUTEKTYpbl yIIpaBiIeHUs, 00bEeIUHAIONIEH TIIyOOKOoe 00yUeHHe
C TOAKPEIUICHHEM M YIPABICHUWE HAa OCHOBE MPOTHO3ZUPYIOIIEHM MOJNEIH JUIs
POOOTU3UPOBAHHBIX MAHUITYJISITOPOB.

2. Baeaenue uepapxuueckoil cpenbl 00yueHHUs], BKJIIOYasi MHOTOYpOBHEBbIN moaxon TD3,
TSl TIOBBITIIEHUS CTAOMIIBHOCTH OOYYEHHUS U MacCIITaOMPYEMOCTH.

3. IlpuMeHeHue MeETOAOB oONTUMHU3auMuM Ha ocHoBe llapeTto 1 cucremarmdeckon
HacTpoiku napamerpos MPC.

4. Pa3paboTka peaJlMCTUUYHOM UMHUTALMOHHOM cpedbl, BKIIOYAIOMIEH (u3nueckue
OTPAaHUYCHUS U PENPE3CHTATUBHBIC CLHEHAPUU IPOMBILUICHHBIX 3a1a4.

5. JleMOHCTpauus NPUMEHHMOCTH K PEAJIbHBIM ITPOMBIIUICHHBIM MpOLEccaM, BKIKOYas
omnepaluu JyroBOi CBapKU U MapKUPOBKH.



7. IlpakTH4YecKasi 3HAYUMOCTh

[IpakTuueckass 3HaYUMOCTh JAMCCEPTALIMOHHON paboThl sBISETCS BBICOKOW. [IpenoxeHHbIe
METO/Ibl HAIPABJICHBI HA PEIICHUE KIIFOYEBBIX IIPOMBIIUIEHHBIX 33/1a4, CBA3aHHBIX C TOYHOCTHIO,
aJaNTUBHOCTBIO, HAAEKHOCTBIO U  O€30MACHOCTBIO POOOTHU3UPOBAHHBIX  MAHUITYJISALIMIMA.
OpueHTanss Ha TakKuWe NPOU3BOJCTBEHHBIE TNIPOLIECCHI, Kak CBapka H MAapKUPOBKa,
JEMOHCTPUPYET SABHYIO IPUMEHUMOCTD PE3YJIbTATOB UCCIEA0BAHUS B IPOU3BOJICTBEHHOM CpeEle.
Pa3paborannbie moaxoapl 00J1aJal0T NOTEHIIUATIOM JJIs MOBBIIEHUS 3P(HEKTUBHOCTH, CHUKEHUS
YeJIOBEUECKOro (pakTopa, a TakkKe YJIy4IIeHUs CTAaOMJIBHOCTH M KaueCTBa MPOU3BOJCTBEHHBIX
IIPOLIECCOB.

8. 3akiaouenue

B 3akimoueHue cienyer OTMETHTh, YTO AMCCEpTallOHHAs padoTa rocnoauHa MoOMBIHKYJI0Ba
3eiiHesia 3eliHyJ1ayJIbl NIPEJCTaBISET COOON 3HAYUTENbHBIN, OPUTMHAIBHBIA U Ka4eCTBEHHO
BBITIOJIHEHHBIM BKJIAJ B 0OJACTh HMHTEIUIEKTYaJbHOTO YIPaBIEHUS POOOTU3UPOBAHHBIMU
MaHUMNYJIATOPAaMU C UCIOJb30BaHUEM IIyOoKoro oOydeHus c nojakpersieHuem. MccrnenoBanue
JEMOHCTPUPYET IPOUYHYIO TEOPETHUECKYIO OCHOBY, BBICOKMH YPOBEHb TEXHUUECKON NTOATOTOBKHU
Y OYEBUIHYIO MIPAKTUYECKYIO 3HAYUMOCTb.

JuccepranoHHass paboTa TMOJHOCTBIO COOTBETCTBYET MEXAYHAPOJHBIM  CTaHAApTaM,
NPEIbSIBIAEMbIM K MOPUCYXKIACHUIO CcTerneHu AoKTopa ¢uiaocopun (PhD) no nHanpaBimenuro
«Hayka 0 JaHHBIX», a €€ aBTOP 3aCIyKUBACT MIPUCYKICHUS JAHHOU aKaJIEMUYECKOU CTEIEHU.
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