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Abstract. The architectures of HQML systems leverage the integration of
quantum encoding of features with classical optimizations, making them operational
within the limits of NISQ devices. In this paper, we provide a systematic review of
the literature on HQML between 2018 and 2026, including landmark papers from
2014. Following a PRISMA-inspired approach, 1,247 articles were screened, resulting
in 40 key articles for comprehensive assessment. We focus on VQAs, QNNs, and
PQC:s utilized for classification and optimization tasks in the healthcare and finance
industries. Several unresolved technical challenges, such as the barren plateau issue and
the burden of data encoding, are addressed. The results show that hybrid approaches
exhibit consistent benefits in low-data and class-imbalanced scenarios: increases in
accuracy by 0.3% to 2.5% on small medical datasets and equally effective yet data-
frugal performance compared to XGBoost for detecting financial fraud. Our study has
highlighted five crucial areas that require further research, with the lack of standard
benchmarks and learning curve analysis being the most significant.

Keywords: hybrid quantum-classical algorithms, machine learning, variational
quantum algorithms, quantum neural networks, parameterized quantum circuits, NISQ
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Annotaunusi. HQML xylenepiHiH apXuTeKTypajlapbl KBAaHTTBHIK CHITaTTa-
MaJapAbl KOATAyIbl KIACCHKAIBIK OHTAIaHIBIpYIapMeH OipikTipy apkbuibl NISQ
KYPBUIFBUIAPHI MIETIHE KYMBIC icTeyre MyMKiHAiK Oepeni. Ocbl Makanana 6i3 2014
xburaaH 6acran 2026 xputra aeiiari HQML skeHiHgeri omeduerTepre xKyiemi momy
xacaiiMpi3. PRISMA-ra Heriznenren tocin OoifpiHma 1 247 makana ipikTenin, skaH-
XKakThl Oaramay ymiH 40 Heri3ri Makana TaHAanabl. bi3 JIeHcaynbIK cakray »XoHE
Kap>Kbl cajlaJlapbIHAAFbl JKIKTEy MEH OHTAWIaHIBIPY TarchlpMalapblHIA KOJIAHBI-
nateiH VQAs, QNNs xone PQCs-re Hazap aynapambi3. bappes-miaro Moceneci MeH
JEPEKTeP/Ii KOATAY ayBIPTIAIBIFBI CUSKTHI OipHEIIe MICTiIMETeH TEXHUKAIBIK KHbIH-
IBIKTap KapacTeIpburFaH. HoTmxkenep THOPUATI TOCUTIEPIIH a3 IEPEKTep MEH ChIHBIII-
TapJblH TEHIePIMCI3IITi JKaFmaiapblHAa TYPAaKThl apTHIKIIBUIBIKTAD KOPCETETiHIH
KOpCeTe/Ii: MaFblH METUITMHAIIBIK IePEKTep KUBIHTBIFbIHAA TNk 0,3%-nan 2,5%-Fa
NIeHiH eceIl )KoHe Kap KbUIBIK allasKTHIKTHI aHbIKTaya XGBoost-men canpicTeipranaa
Oipaeit Tuimal opi Aepekrepni yHeMal maimanaHansl. bi3miH 3eprreyimi3 opi Kapai
3epTTEeYIi KKET eTETiH 0eC MaHBI3Ibl OAFBITTHI aHBIKTAJIBI, OJAPIBIH IMIIHIC CTaH-
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CBI OOJIBITT TAOBLITAIBI.
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AHHoTanusi. Apxutektypsl cucteM HQML oCHOBBIBalOTCS Ha MHTETpalvu
KBAHTOBOTO KOJAMPOBAHMSI IPU3HAKOB C KJIACCHYECKUMU METO/IaMU ONITUMU3ALIUH, YTO
II03BOJISIET UCII0JIb30BaTh UX B paMKax orpanndeHui ycrpoiicts NISQ. B nannoii cra-
Th€ MBI TIPEJICTABIIIEM CHUCTEMaTudeckuii 0030p nureparypsl o HQML 3a nepuon ¢
2018 mo 2026 rox, BKJIrOYasi 3HaKOBbIe paboThl, onmyoaukoBanHbie ¢ 2014 rona. B co-
OTBETCTBUH C TIOAXOA0M, OCHOBaHHBIM Ha pekomeHaauusax PRISMA, Obu1o npoananu-
3upoBaHo 1 247 ctareii, B pe3yJibTare 4ero Uil BCECTOPOHHEH OIIEHKH ObLII0 0TOOpaHO
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40 wimroueBbIXx paboT. Mel cocpenotounBaeMca Ha VQA, QNN u PQC, ucnomnszye-
MBIX JUIs 337129 K1acCu(UKAIMK ¥ ONITUMU3AINH B cepe 31paBOOXpaHEeHUs U (PUHAH-
coB. PaccmarpuBaloTCsi HECKOJIBKO HEPEUICHHBIX TEXHHUYECKUX MPOOJIEM, TaKUX Kak
npobieMa «OeCIUIONHOTO TUIATO» M Harpyska, CBSA3aHHAs C KOAMPOBAHUEM JIaHHBIX.
Pe3ynbrarhl MOKa3pIBAIOT, YTO THOPHUAHBIE MOIXOIBI JEMOHCTPUPYIOT CTaOMIIbHBIC
NPEUMYIIECTBa B YCIOBHAX HEIOCTAaTKa JAHHBIX M AMcOaNaHca KIACCOB: IOBBIIIE-
Hue tounoctu Ha 0,3-2,5 % Ha HeOONBIINX MEIUIIMHCKUX HA0Opax JaHHBIX U CTOJb
xe 3()(HheKTUBHYI0, HO SKOHOMHYIO C TOUYKH 3PEHHUS JaHHBIX MPOU3BOJUTEIHHOCTH IO
cpaBaeHHiO ¢ XGBoost mpu 00HapykeHNN (UHAHCOBOTO MOIIIEHHUYECTBA. B Hamem
MCCIICIOBAHNHU BBIJICIICHO TISITh KJIIOYEBBIX 00jacTeil, TpeOyromuX NalbHEHIINX HC-
CJIEZIOBaHMIA, IpU4YeM HanboJiee 3HAYUMBIMU U3 HUX SIBJISIOTCS OTCYTCTBUE CTaHAAPT-
HBIX TECTOB U aHAJM3 KPUBOH 00yUYECHHUSI.

KiroueBble ciioBa: rHOpHIHBIC KBAHTOBO-KJIACCHUECKUE aJITOPUTMBbI, MAIITHH-
HOe 00y4yeHHe, BapuallHOHHbIE KBAHTOBBIEC aJITOPUTMbI, KBAHTOBBIC HEUPOHHBIE CETH,
napaMeTpu30BaHHbIE KBAHTOBBIE CXEMBI, ycTpoiicTBa NISQ

Jass  unurupoBanus: Kamanos TOK., Amemucped Amm  A0n.,
Canex Moxammen A. (2026). HccnemoBaHue THOPHIHBIX KBaHTOBO-KIACCHUYECKHX
QITOPUTMOB JIJIsI MAITMHHOTO 00yueHust // MexTyHapOaHbIH KypHas WH(OPMAIIUOH-
HBIX U KOMMYHHKAIMOHHBIX TexHomorud. T. 7. No. 27. Crp. 323-337. https://doi.
org/10.54309/1J1CT.2026.27.3.017. (Ha anrn.).

Kondaukr uHTEpecoB: aBTOPHI 3asBISIOT 00 OTCYTCTBUHM KOH(IMKTA WHTE-
pecoB.

Introduction.

Between 2012 and 2024, the number of parameters used by the state-of-the-art
machine learning (ML) models grew by around six orders of magnitude, rising from 60
million parameters used by AlexNet to 1.8 trillion parameters allegedly implemented in
GPT-4 (Semianalysis, 2023). Classical processors face basic physical limits tied to the
process of semiconductor miniaturization and the von Neumann bottleneck (Biamonte
etal., 2017). On the other hand, quantum computing presents an alternative computing
paradigm based on leveraging the properties of superposition, entanglement, and
interference to represent exponentially more information statewise in each physical bit
than classical systems (Lloyd, 1996). Contemporary quantum devices are limited by the
Noisy Intermediate-Scale Quantum (NISQ) limitations of single qubit-gate fidelities
between 99.0-99.9%, coherence times up to tens of microseconds, and errors due to
quantum gates and leakage effects (Preskill, 2018). Thus, the gap between theoretical
possibility and technological reality led to the development of hybrid quantum-classical
architectures, utilizing parameterized quantum circuits (PQCs) alongside classical ML
training schemes for utilizing quantum feature spaces under NISQ limitations (Cerezo
et al., 2021).

To date, there is no review in the literature that systematically synthesizes
information from multiple types of HQML algorithms (Bharti et al., 2022) or provides
comprehensive descriptive accounts without critically analyzing the evidential bases
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of any asserted quantum advantages or quantifying the impacts of the barren plateau
problem and data encoding overhead. This lack of systematic analyses limits our
capacity for identifying potentially near-term deployable HQML architectures.

This research paper intends to fill this void by conducting a PRISMA-based
systematic analysis of 40 core HQML papers published between 2018 and 2026. In
this research, the target subject area is the ecosystem of hybrid quantum-classical
algorithms. The study covers the architectural principles, performance benchmarking
and applications of variational quantum algorithms (VQAs) and quantum neural
networks (QNNs). The research question is whether HQML models using quantum
feature space can perform comparably well or better on classification and optimization
tasks involving high-dimensional datasets in low-data settings compared to classical
models.

The four research objectives of the paper include: (1) systematic characterization
of VQAs, QNNs, and PQCs; (2) quantitative synthesis of performance benchmarking
results; (3) evaluation of principal challenges, namely, barren plateaus, sensitivity to
noise, and data encoding; and (4) exploration of underdeveloped application areas,
including fintech fraud detection and medicine.

Materials and methods.

The premise chosen for structuring the literature review was the following:
hybrid quantum-classical methods show superiority over conventional classical
approaches in specific high-dimensional applications by being more parameter efficient
and expressive. In order to explore that statement, the PRISMA methodology was
modified to reflect the peculiarities of the computer science and quantum computing
fields.

The search focused on works published between 2018 and 2026. However,
foundational papers by Farhi et al. (2014) and Peruzzo et al. (2014) were included as
they established the essential QAOA and VQE algorithms.

Scopus, arXiv, IEEE Xplore, ACM Digital Library, Nature, Elsevier, Springer,
and Google Scholar were selected as the primary databases, supplemented by data
from Google Quantum Al, Xanadu, and IBM. Search terms included «barren plateau,»
«NISQ,» «parameterized quantum circuit,» «Quantum Neural Networks,» «hybrid
quantum classical,» and «Variational Quantum Algorithms.» To ensure no significant
studies were missed, reference snowballing was applied, using terms like «quantum
fraud detection» as a starting point to trace additional citations.

Inclusion criteria were strictly applied: eligible papers had to be peer-reviewed
or recognized preprints, written in Russian or English, and provide an implementation of
at least one hybrid ML approach with dataset-based experimental analysis. Conversely,
studies were excluded if they were purely theoretical, focused solely on hardware
engineering without algorithmic contributions, or lacked classical components.

Fig. 1 illustrates the screening process. The initial pool of 1,247 publications
was reduced to 894 after removing duplicates. Title and abstract screening identified
218 sources for full-text review. Following an evaluation of their methodology and
empirical clarity, 87 papers were selected, eventually resulting in a core selection of 40
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papers for data extraction.
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IDENTIFICATION DEDUPLICATION TITLE & ABSTRACT FULL-TEXT REVIEW INCLUSION
Ientibed papers Recorels after SCREENING Studses incluted in sl
from all databases duplicate removal Records after screening Records after full-text wynthesis and anabysis
titles and abstracts eligihiity assessment
Total identified: Papers remaining: Papers for further Papers eligible for Final Included Studies:
N=1247 N = B%4 analysi N = 218 inclusion: N = 87 N =40

Fig. 1. Key steps in reviewing and synthesizing literature on hybrid quantum-classical algorithms.

Table 1. Distribution of selected papers by topic area and application domain.

Category / Topic Area Papers Key References Years

Variational Quantum Algorithms | 6 Cerezo et al., 2021; Farhi et al., 2014; Peruzzo | 2014-2023

(VQE, QAOA, VQC) et al., 2014; Harrigan et al., 2021

Quantum Neural Networks & 6 Schuld & Killoran, 2019; Cong et al., 2019; 2019-2024

PQCs Henderson et al., 2020; Mari et al., 2020

Hybrid Architectures & Data 4 Havlicek et al., 2019; Sim et al., 2019; Mitarai | 2018-2022

Encoding et al., 2018; Wierichs et al., 2022

Healthcare & Medical Imaging 6 Fan et al., 2024; Lusnig et al., 2024; Li et al., 2024-2025
2024; Radhi et al., 2025; Ait Mehdi et al., 2024

Finance & Fraud Detection 5 Grossi et al., 2022; Ubale et al., 2025; Cardaioli | 2022-2025
et al., 2025; Innan et al., 2024; Kyriienko 2022

Classification & Pattern 4 Long et al., 2025; Tudisco et al., 2025; Liu et 20212025

Recognition al., 2021; Gomes et al., 2023

Frameworks: Qiskit, PennyLane, | 2 Bergholm et al., 2022; Broughton et al., 2020 2020-2022

TFQ

Barren Plateaus & Trainability 4 McClean et al., 2018; Wang et al., 2021; 2018-2024
Arrasmith et al., 2021; Larocca et al., 2024

Challenges, NISQ, Quantum 3 Preskill 2018; Bharti et al., 2022; Cerezo et al., | 2018-2024

Advantage 2024

For these core papers, we identified the hardware or simulators used, application
domains, datasets, algorithm architectures, qubit counts, and performance metrics such
as accuracy, F1-score, and parameter savings. Table 1 provides a topical classification
of'this set. This focus on robust quantitative measurements enabled a direct comparison
between hybrid and classical approaches.

There are two major limitations to consider. The first is publication bias, as
unsuccessful experiments or proprietary benchmarks are rarely shared in academic
literature. The second relates to the rapid evolution of the field, where qubit counts and
error rates change so quickly, they require constant re-evaluation.

Literature Review

Quantum computational theory implies that one qubit exists in a superposition
of two basis states described as follows:
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lw) = «l0)y + BI1) (1)

where |y) is a quantum state vector; a and B denote complex probability
amplitudes; |0) and |1) represent orthonormal computational basis states. The
normalization condition states that:

lal? + 117 = 1 )

where |of?> and |B|> denote probabilities of observing the results equal to 0 and
1, correspondingly.

Acregister of n qubits can simultaneously encode an exponentially large number
of basis states compared to classical n-bit registers:

N=2" 3)

where N is the total number of basis states encoded by the register, and n is the
number of qubits.

Quantum entanglement enables circuits to represent exponentially large
probability distributions using only n physical qubits. This set of characteristics served
as grounds for the emergence of the hybrid approach due not only to elegant theory
but also as a necessity for engineering as modern IBM quantum processors (Eagle, 127
qubits; Falcon, 27 qubits; Heron) suffer from gate errors that restrict effective circuit
depth to O(100) gates after which noise dominates the computation process (Bharti et
al., 2022). Hybrid architecture aims at shifting optimization and data preprocessing
tasks to classical hardware, keeping quantum circuits as subroutines when quantum
feature space provides certain advantages.

The development of hybrid approach could be traced through three distinct
phases. Foundational stage (2014-2018) is marked by the introduction of variational
quantum eigensolver (VQE) (Peruzzo et al,, 2014) and quantum approximate
optimization algorithm (QAOA) (Farhi et al., 2014) aimed to solve problems of
quantum chemistry and combinatorial optimization. Expansion stage (2019-2021)
focused on machine learning applications driven by quantum feature spaces for support
vector machines (SVMs) (Havlicek et al., 2019), quantum transfer learning (Mari et al.,
2020), and the first survey dedicated to variational quantum algorithms (VQA) (Cerezo
et al., 2021). Starting from 2022, a new stage of maturation is being achieved focusing
on domain-specific applications, theoretical limitations identification (Larocca et al.,
2024), and extensive use of simulators.

Contributions of Variational Quantum Algorithms: Trainability Problem

VQAs form the predominant family of quantum-classical machine learning
algorithms. The VQA ansatz produces a parameterized quantum state |w(0)):
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[y (6)) = U()]0) 4)

where U(0) is the parameterized unitary matrix, [W(0)) is the parameterized
quantum state, O) is the all-zero initialized state, and 0 is the vector of parameterized
rotation angles. A classical optimizer updates 0 in pursuit of minimizing the cost
function:

C(0) = W(O)H[Pp(6)) (5)

where H is the hermitian operator representing the objective Hamiltonian, and
(w(0)] is the bra of |w(©)). Optimizers such as COBYLA, SPSA, ADAM, and
parameter-shift-based methods update the parameters in search of reduced C(0).

Documented contributions include: (i) formulation of circuit-centric classifiers
(Schuld et al., 2020); (ii) quantum kernel computation matching SVMs’ 5-20-qubit
accuracy on IBM hardware (Havlicek et al., 2019); (ii1) development of expressibility
and entangling capacity as metrics for designing ansatz (Sim et al., 2019); and (iv)
QAOA achieving approximation ratios of 0.928 at depth p =5 on 20-variable Max-Cut
instances, modestly exceeding quantum annealing (0.914) at a 3.7x wall-clock time
cost (Harrigan et al., 2021).

The primary bottleneck in VQA is the barren plateau problem. McClean et al.
(2018: 4812) proved the vanishing gradient variance of the cost function:

Var[dC/26:] = 0(2™") (6)

where Var]...] is the variance of the gradient over random circuit initialization,
0C/00 is the derivative of C w.r.t. the k-th parameter, and n is the qubit count. Thus,
for n = 20, the variance of gradients fall below 107¢, requiring an exponential sample
size to overcome. Arrasmith et al. (2021) extend this result to stochastic gradient-free
optimizers. Wang et al. (2021) prove that local Pauli noise causes analogous vanishing
gradients when the circuit depth increases linearly with the number of qubits. Larocca
et al. (2024) summarize prior work and explain barren plateaus by expressibility of
ansatz, deep randomly constructed circuits, global cost functions, and entanglement.

Potential solutions proposed range from use of local cost functions, problem-
inspired ansatzes, and layer-wise training. These approaches have shown empirical
improvements on small 4-12 qubit systems yet provide no theoretical guarantees of
scalability. Anschuetz and Kiani (2022) additionally prove that VQA loss surfaces
abound in saddle-points and local minima. Critically, Cerezo et al. (2024) identify
a fundamental paradox whereby any ansatz proven to be free from the BP problem
becomes classically simulable, indicating that overcoming the BP problem may come
at the cost of quantum supremacy itself.

Quantum Neural Networks and Kernel Methods
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In brief, quantum neural networks (QNNs) represent parameterized quantum
circuits that can reproduce deep-layer learning structures. Typically, QNNs consist of
an encoding layer, multiple layers of rotations and entanglements, and a measurement
layer. Mitarai et al. (2018) devised a general method known as the parameter-
shift rule to compute the exact gradient in an analytical manner to perform end-to-
end differentiable training on quantum hardware. Recently, Wierichs et al. (2022)
generalized the parameter-shift rule to work on any class of gates.

To alleviate the depth constraint associated with NISQ hardware, Cong et
al. (2019) developed quantum convolutional neural networks (QCNNs) published
in Nature Physics. QCNNs use hierarchical local gates to provide an exponential
decrease in the circuit depth while offering a built-in immunity to barren plateaus.
Henderson et al. (2020) reached 97.4% binary classification accuracy with a 4-qubit
Quanvolutional processing technique. Also, Fan et al. (2024) achieved 98.5% binary
classification accuracy for EuroSAT dataset with a hybrid CNN consisting of 4—8 qubits
in PennyLane. Additionally, Zaman et al. (2024) conducted a modern cross-comparison
study to empirically validate those different algorithmic choices, especially those
related to circuit depth and encoding methods, affect the performance and trainability
of hybrid QNNs.

Quantum kernel methods (Schuld et al., 2019) utilize quantum feature mapping
to define a similarity measure:

k(x, x") = [{p(x)lp(x)) | (7)

where k(x, x") is the calculated kernel value representing the similarity between
the two data points; @(x), @(x’) are the quantum feature maps of the data points;
(p(x) | o(x)) is their overlap computed via multiple runs of the quantum circuit;
and |...|"2 provides a numerical result in [0, 1]. Havlic¢ek et al. (2019) successfully
implemented the method on 5-qubit ZZFeatureMap. On the other hand, Liu et al. (2021)
rigorously proved that designing datasets where quantum kernel-based approaches
outperform all classical algorithms is rather difficult.

The recent study from Mari et al. (2020) demonstrates the viability of the
quantum transfer learning approach by obtaining nearly 94% accuracy on the
Hymenoptera classification task with a pretrained ResNet-50 as a feature extractor
along with a 4-qubit PQC.

Domain-Specific Applications

One area where HQML has gained popularity as a research topic is healthcare
due to large-sized data sets in medical applications as well as critical diagnostic
outcomes. Radhi et al. (2025) provided a systematic review of 28 articles published
between 2018 and 2024, finding QSVM, QCNN, and hybrid approaches as dominant
approaches in classifying brain tumors, detecting skin lesions, and identifying patients
with COVID-19 infection. A hybrid HQNN with federated learning delivered higher
AUC for diagnosis of hepatic steatosis using amodel of 5 qubits and 20 data-reuploading
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layers for processing 100 features (Lusnig et al., 2024). A hybrid quantum-classical
CNN (QCCNN) reached 97.7% accuracy when classifying breast cancer using WDBC
data set (Li et al., 2024). Gomes et al. (2023) employed a combination of discrete
variational autoencoder and a restricted quantum Boltzmann machine deployed in the
D-Wave quantum computer to design 2,331 new chemical molecules in the ChEMBL
database.

In finance, Grossi et al. (2022) provided the first study demonstrating the
application of end-to-end QSVM-based classifier for detection of financial fraud. It
was concluded that quantum computing provides a complementary rather than superior
approach to exploring the feature space. In their study, Ubale et al. (2025) introduced
a hybrid model with a classical LSTM and variational quantum circuit trained using
the parameter-shift method. The proposed solution delivered improved F1 and recall
on detecting fraud on credit card transactions with computation time of 45-65 seconds
per training epoch. Finally, Cardaioli et al. (2025) benchmarked QSVM, VQC, and
HQNN vs logistic regression, random forest, and XGBoost on IBM AML data set.
Results show similar accuracy to XGBoost but with the benefit of having to use much
smaller training sets.

When working with the standard benchmark datasets, Long et al. (2025)
reported 99.1% accuracy of QSVM on binary MNIST task. In case of the Iris database
(150 records), VQC reaches 95-98% accuracy. A methodology drawback of almost
all benchmark studies concerns the restriction regarding qubit number leading to
training quantum models with dimensionality-reduced inputs (using PCA to reduce
the dimensionality down to 4—16 features).

Simulation Frameworks

Three software packages stand out in the field of experimental HQML research.
The PennyLane (Bergholm et al., 2022) library, developed by Xanadu, implements
automatic differentiation of quantum circuits through the parameter-shift rule for
PyTorch, TensorFlow, and JAX frameworks. Its default.qubit simulator consistently
executes circuits involving 20-24 qubits while the lightning.qubit GPU-based plugin
provides 5-10x higher performance for circuits above 15 qubits. Of the analyzed
papers, 24 works (60%) use PennyLane. Qiskit Machine Learning (IBM) provides
implementations of QSVM, VQC, and QNN algorithms, can simulate a statevector
up to 30 qubits and was used in 12 studies (30%). Finally, the TensorFlow Quantum
(Broughton et al., 2020) framework, combining Google’s Cirq framework with Keras,
accounted for the last four publications (10%).

Barriers to Practical Application

Five critical technical barriers emerge from an analysis of existing research.
First, the barren plateau paradox [Eq. (6)]. As shown by Cerezo et al. (2024), provably
trainable quantum circuit architectures become classically simulatable, leaving
little room for optimism regarding scalable advantages of variational QML with
contemporary design principles. Second, quantum data loading: loading n classical data
points into a quantum state takes O(n) time, thereby preventing any speedups for large
datasets. While amplitude encoding provides theoretically unlimited speedup, it either
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requires quantum RAM (which cannot be built yet) or state preparation procedures that
go well beyond the capabilities of NISQ computers. While angle encoding is feasible,
it imposes a severe restriction on the expressive power of the feature space. This is
another issue often ignored by authors who report speedups.

Third, the effects of ambient noise and decoherence make it difficult to obtain
reliable results using real hardware. Techniques like Zero-Noise Extrapolation and
Probabilistic Error Cancellation (Arrasmith et al., 2021) partially mitigate gate errors
but come at the expense of exponentially increasing the necessary number of runs,
thereby eliminating the computational advantage.

Fourth, classical statevector simulation becomes computationally intractable
beyond 50 qubits, fixing the practical validation ceiling at approximately 24-30 qubits
on standard hardware and forcing validation exclusively on miniaturized problem
instances.

Fifth, the general lack of benchmarking standardization poses a critical barrier
to reproducibility. In contrast to classical machine learning, HQML does not have
a universally recognized set of benchmarks. Papers frequently employ disparate
preprocessing procedures, varying hardware specifications and optimizations
hyperparameters. Moreover, most publications report the peak performance of a
particular random initialization without conducting further statistical analyses.

Results and discussion.

In the sample of 40 articles, the method breakdown is as follows: PQC-based
QNNs and VQC classifiers are mentioned in 18 publications (45% of all applied machine
learning research); QSVMs and quantum kernel methods are used in 10 papers (25%);
hybrid QAOAs are discussed in 6 publications (15%); generative quantum models
(QGANSs, QVAESs) are referenced in 6 articles (15%). Publication periods include six
articles (15%) in 20202021, fourteen articles (35%) in 2022—-2023, and twenty articles
(50%) in 2024-2026, implying the rapid acceleration of research outputs supported
by better hardware availability and more advanced framework development. Table 2
includes 19 representative articles among the reviewed corpus.

The results from quantitatively validated metrics, as shown in Fig. 2, consistently
demonstrate performance enhancements within specific domains but not exceeding
particular thresholds. Small but measurable improvements in accuracy between +0.3%
and +2.5% over classical algorithms are found for small medical and image datasets
(under 5,000 instances), conducted under the condition of strict hardware restrictions
to just four physical qubits. Hybrid architectures prove to have significantly higher
recall and F1-scores in extremely imbalanced classification problems (fraud detection,
rare disease identification) compared to conventional models, while showing generally
similar (but not better) performance to XGBoost models on comprehensive datasets.
The most promising quantum advantages are likely to manifest themselves in one
of three conditions: (1) when problems are inherently quantum in nature (molecular
simulations); (2) when the data regime is extremely small, so that classical models
may suffer from serious overfitting issues; and (3) in classification scenarios where
quantum kernels can create separation planes impossible to be achieved through
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efficient classical feature spaces (Schuld et al., 2019; Liu et al., 2021).
Table 2. Summary of representative hybrid QC-ML studies (19 of 40 reviewed).

Author(s) Year Algorithm Application Dataset Qubits Performance Framework
Cerezo et al. 2021 VQAs (Survey) General ML N/A N/A Comprehensive review Multiple
Havlicek et al. | 2019 QSVM, QKE Classification Custom 5-20 Competitive w/ classical | Qiskit
Mari et al. 2020 Hybrid TL Image Classif. Hymenoptera 4 ~94% accuracy PennyLane
Henderson 2020 Quanvolution Image Classif. MNIST 4 97.4% vs 97.1% TFQ/
etal. PennyLane
Grossi et al. 2022 QSVM + Ensemble Fraud Detect. Real card data 5-15 Improved precision Qiskit
Wang et al. 2021 Noise-induced Barren VQA training Synthetic 4-16 Gradient analysis Cirq
Plateaus
Larocca et al. 2024 BP Review VQA training Multiple Various Theoretical proof Multiple
Ubale et al. 2025 Hybrid QLSTM Fraud Detect. Credit card 4-8 Improved F1/Recall PennyLane
Fan et al. 2024 HQCCNN Image Classif. EuroSAT+ 4-8 98.5% accuracy PennyLane
MNIST
Lusnig et al. 2024 HQNN + FedL Liver diagnosis Biopsy images 5 Improved AUC PennyLane
Lietal. 2024 QCCNN + TransLearn Breast cancer WDBC dataset 4 97.7% vs 97.1% PennyLane
Long et al. 2025 QCQ-CNN MNIST classif. MNIST 4 99.1% accuracy PennyLane
Tudisco et al. 2025 Multi-VQC QNN Healthcare 3 UCI datasets 4-6 Outperforms SVM PennyLane
classif.
Cardaioli etal. | 2025 QSVM+VQC+HQNN AML Fraud IBM AML 4-8 Comparable to PennyLane
XGBoost
Gomes et al. 2023 DVAE + RBM Drug discovery ChEMBL D-Wave 2331 new structures D-Wave
Anschuetz & 2022 VQA Landscape ML optimization | Synthetic 6-12 Local minima proof Cirq
Kiani
Ait Mehdi 2024 Hybrid TL + QNN Skin cancer ISIC 4 86.94% vs 84.49% PennyLane
etal.
Schuld et al. 2020 Circuit-centric Classification Synthetic 4-10 Theor. framework PennyLane
Zaman et al. 2024 Hybrid QNN Comparison MNIST 4-12 Depth analysis PennyLane

Performance Benchmark: Classical vs. Hybrid QC-ML

100+
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Breast Cancer (Li et al., 2024) Skin Lesion (Ait Mehdi et al., 2024) MNIST (Henderson et al., 2020)

mmm Classical EEE Hybrid

Fig. 2. Comparative performance benchmark of hybrid quantum-classical architectures against classical
baselines.

These research gaps have been noted to have direct implications in terms of
methodology: (1) the need for proper comparison to state-of-the-art classical models
(XGBoost, LightGBM) and not simplistic baseline comparisons (logistic regression);
(2) the lack of rigorous statistical evaluation of the variability of the models in question
due to randomness in model initialization and data splitting techniques; (3) inadequate
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investigation of encoding techniques and their impact on performance in classifying
data in financial transactions; (4) the lack of studies into HQML models for fintech
fraud detection using standardized open-source data sets; and (5) learning-curve
analysis for the performance of hybrid and classical models as a function of increasing
size of the training data set.

The resolution of research gaps (4) and (5) provides the main reason behind
pursuing further experiments to continue the research. Previous studies used proprietary
or simulated datasets, and did not include learning curve evaluations (Grossi et al.,
2022; Ubale et al., 2025). In the upcoming experiments, the publicly available Kaggle
credit card fraud detection dataset will be used to compare QSVM and VQC against
rigorous baselines.

Conclusion.

This systematic review provides an analysis of 40 essential sources regarding
hybrid quantum-classical ML architectures during the period from 2018 to 2026. All
four research objectives are met, including developing a taxonomic classification of
HQML architectures, synthesizing numerical metrics on the performance of different
models, evaluating the available evidence on the quantum advantage, and outlining
five specific research gaps.

Hypothesis validity: As shown in the results section, hybrid QC-ML models
outperform classical counterparts in situations of limited training data and unbalanced
classes, achieving 0.3 to 2.5 percentage point increases in accuracy on small medical
datasets and parity on benchmarks for detecting financial fraud in terms of being
equally efficient with significantly lower data requirements. Thus, the reviewed
empirical evidence confirms the initial hypothesis of quantum advantage in certain
conditions. The specific characterization can be defined as offering parameter efficiency
in constrained scenarios rather than general quantum supremacy.

The most widely adopted paradigm among HQML architectures is based on
VQAs, while the barren plateau problem (Cerezo et al., 2024) poses serious concerns
about scalability of variational approaches in NISQ computing. In turn, QNNs have
proven to be competitive when compared to classical neural networks in terms of
medical imaging and fraudulent activities detection tasks. Finally, the potential of
using quantum transfer learning in combination with PennyLane simulations without
any need for physical hardware is highlighted.

To scale up the deployment of HQML architectures, it is necessary to meet
three technical requirements, including quantum error correction for hybrid circuits
deeper than O(100) gates, having sufficient number of qubits for processing higher-
dimensional features without substantial dimensionality reduction, and defining
community standards for benchmarking and comparing different techniques
statistically. The experimental methodology used here serves as a basis for evaluating
QSVM and VQC architectures in imbalanced low-data scenario of credit card fraud
detection using simulation frameworks on common computational resources.
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