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REPORT
of the scientific advisor for the dissertation thesis submitted by Aksultan Mukhanbet for
the degree of Doctor of Philosophy (PhD) in the specialty
8D06102 — Computer Engineering, entitled,

«Research and development of hybrid quantum-classical algorithms for
pattern recognition»

I, Paulo Trigo Silva, adjoint professor at Instituto Superior de Engenharia de Lisboa
(ISEL), Lisbon, Portugal, hereby submit this report to confirm that doctoral candidate,
Aksultan Mukhanbet, has successfully completed all requirements for the PhD degree.

Research Overview and Objectives

The PhD work of Aksultan Mukhanbet addresses the research and development of
hybrid quantum—classical neural networks for image recognition tasks. The research is
well situated within the context of the inherent limitations of classical deep learning
approaches, mainly in terms of computational complexity and scalability, as well as the
constraints imposed on quantum machine learning by NISQ-era hardware, including
limited qubit availability, noise, and restricted circuit depth.

The research is grounded on the hypothesis that hybrid quantum—classical models can
achieve improved classification accuracy while simultaneously reducing the number of
trainable parameters.

Given such hypothesis, the research achieves a coherent set of scientific and technical
novel contributions, which include:

* the characterization of quantum data encoding methods,
* aquantum neural network (QNN) based on a parameterized quantum circuit,
* the design of a hybrid quantum-classical neural network (HQCNN) architecture,

* a HQCNN enhancement via data re-uploading and genetic-based optimization
(HQCNN-REGA)

The dissertation is structured in a clear and coherent manner, comprising an
introduction, core technical chapters, and a conclusion. It is supported by extensive
experimental evaluation conducted on benchmark datasets, such as MNIST,
FashionMNIST, CIFAR-100, and MNISQ. The research outcomes have been
disseminated through peer-reviewed publications and international conference
presentations, that confirm both the scientific relevance and the practical potential of
the proposed contributions.
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Overall, the work reflects a clear problem-driven approach and a research methodology
grounded in a well-defined hypothesis, aligned with current challenges in the adoption
of quantum machine learning, particularly in the design of hybrid architectures.

Main Achievements

The PhD work achieves several relevant scientific and technical contributions. A central
result is the development of the HQCNN-REGA model, which integrates data re-
uploading techniques with a genetic algorithm to automate the optimization of quantum
circuit architectures. This approach addresses the combinatorial nature of circuit
design, including the selection of layers, gate operations and entanglement structures.

The work also proposes a hybrid quantum—classical neural architecture (HQCNN)
incorporating quantum convolutional and fully connected layers, demonstrating the
feasibility of integrating parameterized quantum circuits within deep learning pipelines.

From an experimental perspective, the contributions are quantified and express a high
level of classification accuracy (on benchmark dataset) with improved performance
relative to existing quantum-based approaches. The experimental evidence also shows
strong parameter reduction when compared to classical convolutional neural networks.

The contributions are supported by experimental validation across benchmark
datasets, with consistent performance improvements observed. The experimental
evidence, together with dissemination via peer-reviewed publications and international
conferences, confirm the scientific relevance and technical soundness of the work.

Observations and Recommendations

The dissertation is well structured and clearly written, demonstrating a solid
understanding of both machine learning and quantum computing principles. The
proposed contributions are technically sound, and the experimental results are
consistent and supported by experimental validation on benchmark datasets, as well as
dissemination in international conferences and peer-reviewed publications.

The contributions on hybrid architectures and optimization strategies show promising
performance, particularly in terms of parameter efficiency and classification accuracy.
At the same time, further validation on real NISQ hardware would be a valuable next
step, allowing the assessment of the proposed methods under realistic noise conditions
and operational constraints.

From a methodological perspective, future work could further explore the automated
design and optimization of quantum circuits. In this context, the use of more advanced
evolutionary strategies, such as grammar-based evolution, may offer additional
flexibility and scalability in the generation of quantum circuit architectures.
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Assessment of Relevance, Novelty and Practical Value

The PhD work addresses a highly relevant problem at the intersection of quantum
computing and machine learning, a fascinating and challenging research field in current
computer science. The focus on hybrid quantum—classical architectures, combining
quantum convolutional and fully connected layers, is well aligned with current efforts to
overcome NISQ-era constraints, particularly the trade-off between computational
efficiency and model accuracy under limited qubit resources.

The novelty of the work is grounded in the integration of parameterized quantum
circuits, data re-uploading, and evolutionary optimization within a unified framework. In
particular, the use of a genetic algorithm to automatically design quantum circuit
architectures represents a novel approach in addressing the combinatorial complexity
of circuit configuration. While the individual components are known, their combined
application and adaptation to image recognition tasks under resource constraints
demonstrate a clear degree of innovation.

The experimental evidence points to achievement of efficient model configurations with
reduced parameter complexity while maintaining competitive predictive performance.
The evidence gathered on different benchmark datasets suggests robustness across
multiple evaluation metrics. The compatibility with NISQ-era devices reinforces
applicability in near-term quantum computing settings. Additional validation on real
quantum hardware would further strengthen the assessment of robustness.

Conclusion

The overall PhD work exhibits a high academic level in a research field that intersects
both the quantum computing and the machine learning. The contributions are clearly
presented, and the experimental work is systematic, technically sound, and supported
by results with both theoretical and practical relevance.

The achieved contributions represent a relevant step toward scalable and automated
quantum machine leaming. a clear advance on the state of the art of this research field.

In view of the guaity of research, methodology, results, and scientific dissemination,
the disseriation mests the requirements for the award of the PhD degree. | therefore
recommend that the candidate be admitted to the public defense of the dissertation.
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—  Professor Doctor Paulo Trigo Silva
Scientific Advisor for the Dissertation
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/InccaGoH KOFapbl HHXKEHepJIiK HHCTHTYTHI (ISEL)

AKcyaran Myxan6errig 8D06102 — «KoMIBIOTepJIiK MHXKEHePH» MaMaHABIFbI
GolbiHIa «BeliHeiepai Tanyra apHasFan rUGPHMATI KBAHTTBIK-K/IACCUKABIK
a/IrOPUTMAEPA| 3epTTey KaHe d3ip/iey» TaKbIPLIGbIHAAFbI ¢unocodpus goxropsi (PhD)
FBUILIMM JI9pesKeciH ay yliH yChIHBLIFAH AMCCePTANUACHIHA FhIIBIMU KeHeCHIiHiH,
IIKIPI

Men, [Tayny Tpuro Cunbsa, Jlucca6on HOFAPBI HHXKEHEPJIIK HHCTUTYThIHBIH ([SEL) agbloHKT
npogeccops! (JIuccabox, Mopryranus), AOKTOpPaHT AKCy/NTaH MyxaH6eTTiH FbIJIbIM JAOKTOpBI
ASpexeciH ajly YIUiH KOKeTTi 6apJiblK TaianTap/bl TabbICTh OPBIHJAFaHbIH PACTai OTHIPHII,
OCBI MiKipAi YCbIHAMBIH.

o1y 2x¢aHe 3epTTEy MaKcaTTaphI

Axkcyntan Myxau6erTiy AOKTODJIBIK AMCCEPTALMACH KeCKiHAepAi TaHy MiHJeTTepiHe
apHa/iFaH ru6puaTi KBAHTTBIK-K/JIaCCHKAIBIK HEHMPOHABIK, XeJtinep i 3epTTey MeH a3ipsaeyre
apHasiraH. Bysn sepTrey Tepey OKBITY/bIH KJIACCHKa/bIK Tacingepinzeri ecenTey KypAenimiri
MEH ayKbIMJBIJIBIFbIHA KATBICTHI KOJIJAHbICTAFbI LexTeysep, coHfai-axk NISQ asyipingeri
KBaHTTLIK MalIMHA/IBIK OKBITYFa aNNapaTThbIK KypaiJap TapanblHaH KOWbIIATIH HIeKTeyaep
(Ky6uTTED CaHBIHBIH a3/bIFHI, [Iyfap >@He Ccxemanap TepeHAIriniy mekTeysiniri)
TYPFBICBIHAH 63€KTi 60/1bIN Tabblaazbl.

3epTTey rH6pUATI KBaHTTBIK-K/IACCHKABIK MOJe/Ibiep OKbIThbIIATHIH napameTpJiep CaHbIH
asalTa OTBHIPBIN, KAACCUPHKALUIHBIH KOFaphbl JB/AIMH KaMTaMacel3 eTe anajbl Aere
fo/mkxaMFa Heriszenrex.

Ocel  Hosmxkamra CyHeHe OTbIpHIN, 3epPTTEeY adCbiHJa FBIJIBIMU JKDHE TEeXHUKAJIbIK,

KAHANLIKTAPALIH GIpTYTac KeleHi aAbIHAbI, COHBI, imiHpge:

TTHIK AEPEKTEPAl KoATay aficTepiHiy cunaTTaMachl,
TDASHTEH KBaHTTHIK CXeMa HerisiHjeri KBaHTTBIK HeMpOHABIK et (6ynaH api
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BIK HEHDOHBIK eIl apXHTeKTypachlH xo06anay (6yaaH api

* ZepexTepAl KaHTa XYKTey XoHe TreHeTHKaIbIK a/JrOpUTM/ep HerisiHAe OHTaWIaHABIPY
HQCNN-REGA) apksuist HQCNN-zi xeTingipy.

-SPTauMs KyYPBUIBIMBI HAKTEI 8pi KMCBIHABI KYPBIIFaH, 01 KipicriegeH, Herisri TEeXHHKaNbIK
SV 7EpA3H KoHe KOPBITBIHABIAAH Typaibl. OHblH HaTwxesnepi MNIST, FashionMNIST,
AR-100 =ane MNISQ cusakTh STA/IOHABIK JIePEKTep XKUBIHTBIFbIH/AA XKYPrisiarexH ayKbIM/Jbl
SCmepwmenTanAbl GaranaymMeH HerisZesred. 3epTTey HaTWKesepi peneH3usiIaHaThiH
FUTEATAS0Aa MapUAaHbIn, XaIbIKapasiblK KoHepeHUUAIapaa YCBIHBLIFaH, 6YJ1 YChIHBLIFaH
230 7EMEnepaiH FRUILIMHM MaHBI3/AbUIBIFBIH 3, NPpaKTHKAJBIK 9JI€YeTiH e pacTai bl

Aarme amFanna, OV KYMBIC KBAaHTTBIK MAIIHMHAIBIK OKBITYABI €HTi3y/iH, aTan aWTKaHza
SUST SPXHTeKTypanapAbl a3ip/ieyAiH e3ekTi MiHAeTTepiHe coiikec KeseTiH, HaKThI

A7FaH THNOTe3afa Herisjle/reH alKbIH Macesiesik-Garjapianrad Tacin MeH
CHaMacChIH KepceTe/i.
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Herizri xxeTicTrikTep

Ochbl AuccepTanMsIBIK XyMBIC aschiHAA GipKaTap MaHBI3[bI FBLIbIMH-TEXHUKABIK ynecrep
KoCbUIAbL  Herisri  HeTwxenepfis 6ipi - KBaHTTBIK CXemManap apXUTeKTYpacbiH
OHTaHJaHAbIPY /b ABTOMaTTaHABIPY YUIiH JlepeKTepai KaiiTa XYKTey 9JliCTepiH reHeTHKa/IbIK
anroputmmeH 6ipiktiperin HQCNN-REGA mogenin o3ipsiey Gosibin TaGeLiagbl. By Tacia
KabaTTapAbl, KBAaHTTHIK  KaKmajapMeH OPBIHAA/IATBIH  ONepalUs/apAbl JKoHe IaTacy

KYPBUIBIMAAPEIH TaHAAy/Abl KOCA aNfaH/Ja, CXeMajlapAbl >oGasayably KOMOHMHATOPJIBLIK,
CUNATBIH ecKepezi.

JKyMbIcTa COHBIMEH KaTap NapaMeTpJIEHIeH KBAHTTBIK CXeMa/lapAbl TepeH OKBITY
KOHBeHepJiepiHe HHTerpauusanay MYMKIHJIrH KepceTeTiH, KBaHTTBIK, KOHBOJ/IIOLIUSA/BIK, KaHe
TOJIBIK Gaii1aHbICKaH KabaTTapAbl KAMTHTBIH FMGPUATI KBAHTTBIK-K/JIaCCHKAJTBIK HeHpOH/BIK
apxuTekTypa (HQCNN) ychIHbLAFaH.

JKCNEPHMEHTTIK TYPFBIJAH afFaHja, aBTOPJIAP/ABIH Y/1eci CAaHABIK JAepeKTepMeH Heriszge/rex
MOHE  KOJIAAHBICTAFbl  KBAaHTTBIK  TacCijjepMeH Ca/lbICTBIDFAHAA  JKaKCapThlIFaH
CHNaTTaMajapel 6ap (3TaJOH/BIK ACPEKTED KHUBIHTBIFBIH/AFBI) MOFapPhl KIacCUPUKaALHs
AsajiriMeH  KepiHexl.  SxcnepuMeHTTIK AICPEKTEpP  COHBIMEH KaTap KJ/aCCHKa/bIK
KOHBOJIIOUMANBIK HEHPOHABIK KeJlijepMeH CanbICThIpFaH/Aa IapaMeTpsiep CaHbIHBIH
anTap/bIKTal KbICKapFaHbIH KepceTeji.

KYMBICTBIH, ysleci eHIMAINIKTIH TYPaKTbl XaKcapraHbl GadKanFaH 3TaJOHABIK flepeKTep
KUBIHTBIFBIH/AFbI 3KCIIEPUMEHTA/I/Ibl TEKCEPYMEH AaJIeNieHe i, JKCIIEPUMEHTTIK JepekTep,
COHJIaH-aK  HOTHKeNepAiH  pelieH3WsNaHaTbIH GacbIBIMAAp  MeH Xa/JbIKapaablK
KOHQEepeHUUsIap apKblJbl TapaTblIybl OCbl 3KYMBICTHIH, FbIJIBIMH MaHbI3ALLIBIFEl MeH
TeXHHKaJIbIK Heri3Aiirin pacranasl,

EckepTyJiep MeH ychIHBICTap

Avcceprauusa alKblH KYpBLIBIMFA He JKoHe TYCIHIKTI TiZMeH 3>KasbliFaH, Oy aBTOPABIH,
MALIMHAJILIK  OKBITY MEH KBaHTTBIK ecenTey/lep NpPUHLUITEPIH TEPEeH TYCiHeTiHiH
auraKTaiAbl. YCBIHBIIFAH FhIJIBIMH Y/IECTEp TEeXHHMKa/IbIK TYPFbIAAH HETi3/ieNreH, asn
SKCIEPHMEHTAJIAbl HSTHXKeJep >Xyienl GoOJbIN TaGbLIAABI KaHe 3TAJIOHABIK, JAepeKTep
HBIHTBIFBIH/JAFbI SKCIIEPUMEHTA/IAbI TEKCEPYMEH PaCTaJIFaH, COHBIMEH KaTap Xa/ibIKapablK,
KoHepeHIMANap/Aa XKoHEe peLieH3UANaAHATbIH BacelIBIMAApAA YChIHBIIFaH,

['bpuati apxurektypanap Men OHTAH/JIAaHABIPDY CTPATErUsiapbl CaNachIHAAFbl FhIIbIMH
y/ecTep, acipece mnapameTpJiepAiH THiMzgiiiri Men KMaccuPUKaLUa Ja/Airi TyprbIChIHAH
Y/IKeH YMIT KYTTipeTin eHiMAiniKTI KepceTin oTbIp. CoHbIMeH KaTap, HaKThl NISQ annapaTThIK
KacakTamacelHAa opi Kapaill Texcepy JKyprisy - ychIHbUIFaH aAlicrepAi bIHAMBI Iy
KaF/jaiIapsl MeH naitganany IeKTey/epin/ie 6aranayra MyMKiHJIK 6epeTiH MaHbI3AbI KeJeci
Kajaam 6osiap eni.

OAicHaMasblK TYPFbIJAH  asiFaH/a, GojamiaK 3epTTeysepAe KBaHTTHIK cxeMmasapAbl
aBTOMAaTTaH/ABIPBIIFAH )K0Ganay KoHe OHTAH/IaHABIPY MacenenepiH emkel-Terxeii
sepAesieyre 6osafbl. Byn koHTekcTTe rpammarukara HeTi3Je/reH 3BOJIOLMA CHSAKTHI
KETINAIpINITeH  9BOIIOLHANBIK CTPATETHUAIapAbl  MaWJalaHy  KBAaHTTHIK cxeMasap
APXUTEKTYpachlH TreHepalysa/iay KesiHJe KOCbIMIIA HKEMAINIK meH MaclITabTanyAbl
KaMTaMachbl3 eTyi MyMKiH.
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O3eKTisirin, KaHabIFbIH K9HE NPAKTHKAJIBIK KYH/ABLIBIFbIH 6aranay

AtasFaH AHccepTauusaaa Kasipri 3aMaHfbl MHQOPMaTHKaHBIH, KBI3BIKTBI 9pi Kypaesi canacel -
KBAaHTTLIK ecenTeysiep MeH MalldHAMbIK OKBITYABIH TYHiCKeH »epiHZeri aca esekTi macese
KapacTeIpbliabl. KBaHTThIK KOHBOJIOUMSAIBIK 9HE TOJBIK baki/laHbICKaH KabaTTapabl
6ipikTipeTiH ru6puaTi KBAHTTLIK-K/IACCHKa/bIK apXHTEKTypasapra GackIMABIK Gepy - NISQ

KYMBICTBIH aHa/bIFBl - TIAPaMETPJ/IEHreH KBAaHTTBIK CXeMaJiapzbl, AepeKkTepai Kaiita
KYKTEYAl KoHEe  3BOMIOLHANIBIK OHTaHIaHABIPY AbI 6IPTYTacC  KypbLIbIM ascbIHAA
MHTerpanusaiayelHaa. Atan aiTkanga, KBAHTTBEIK CXEMa/lap apXMTEeKTYpPachblH aBTOMATThI
TYPA€ 06ajay YIliH reHeTHKa/IbIK ITOPHTMAI KOJIJAHY - cxeMasap KOHOUTYpaLUsIChIHBIH,
KOMGMHATOPJIBIK KypAeniniri MBCeJIeCiH WwenyAeri xaHa Tocin 6obin TabbLnagsl, Xekeneren
KOMITOHeHTTepi 6ypbIHHAH Genrii GoJsiFaHBIMEH, 01apAbI Gipnece Kosany xoHe pecypcrapel
LIeKTeyJ1i xarjaiaa Kkeckingepai TaHy TarncelpManapeina GeitiMaey WHHOBALMAMBIK JleHreitin
afKbIH KepceTezi.

JKCepUMEHTTIK AEPeKTep Gacekere KabinerTi Gomkay Kabinerin CaKTah OThIphIN,
MapaMeTp/epiHiy, Kypaeniiri TOMEHJETIIreH THIMAI Mogenn KOHQHUIypauusaaapbx Xacay
MYMKIHZAIriH alirakTaiigol. OpTYypJi TecTisik AEPEKTEP XKUBIHTBIFbIHAA AJBIHFAH MaJliMeTTep
Garasay/biH, KenTere KepceTKilTepi 6oiibiHma HOTHXXeNIepAiH, TYPaKThIIbIFbIH KepceTeji,
NISQ payipiniy KYPbIIFbLIAPBIMEH YiHeciMaiiri 6y MoAenbaepain MaKbIH G0J1aIaKTaFbl

KBAHTTBIK ecenTeyJ/lep xaraaibiHaa KOJAAHBUTY MYMKIHAIrIH HblFaiTagel. HakTel KBaHTTHIK

*KabAbIKTap/Aa KocbIMma TEKCepYy XKYpPrisy HaTHXKeNepAiH, OPHBIKTBIIBIFLIH Garaayabl ofaH
api 6ekiTe Tycnek.

KophITBIH B

3epTTey 6GapbIChIHAA a/bIHFaH HOTHIKeJIep ayKeIM/bl api ABTOMATTAHABIPLIIFAH KBAHTTHIK
MAIIMHANBIK OKBITY 6aFblThiH AAMBITYAaFbl MaHbI3AbI KafaM GOJIbII TabblLI1agbl KoHe 6y
dTaJ/IFaH FhIJIBIM Ca/lachIHAAFb] esieysi cepmisticri anFaKTaigbl,

3epTTeyain, MOFapbl camachlH, KOJIAAHBIIFaH 9JliCHAMaHbIH, JAsieKTiliriu JKOHE FBIJBIMH
KAPUANTAHBIMAAD/bIH, Ma3MYH/bLIBIFbIH Heriare aZa OTBIPEIN, JgUCCepTaLUs ¢unocodpus
AoKTOpbl (PhD) papexecin He/IeHy YIIIH KaKeTTi TajanTapzsiy Gap/biFbiHAa caif gem
ecenTeiMid. OceiFay GaitaHbICThI, KaHAHAATTBI AUCCEPTALUSHbI KapHs Koprayra xiGepyai
YCBIHAMBIH.

/Koibl KoHbLIFaH /

Ipodeccop pokrop ITayno Tpuro Cunsa
,Z[HCCGpTauPlHJIblK KYMBICTBIH FBIIBIMH KEHecIici
2026 xbLnrnr 20 cayip
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