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Abstract 

Financial markets are complex, dynamic systems characterized by 
nonlinear patterns, stochastic behavior, and high-dimensional data, 
making accurate stock market prediction a challenging task. Traditional 
statistical models often fail to capture these complexities, leading to the 
growing adoption of artificial intelligence and quantum computing 
techniques. This review presents a comprehensive analysis of optimized 
equivariant split attention quantum neural network frameworks for 
stock market prediction and recommendation systems. The approach 
integrates quantum neural networks with equivariant architectures to 
preserve structural relationships in financial data, while split attention 
mechanisms enhance the modeling of both local and global temporal 
dependencies. The study examines various optimization strategies, 
including variational quantum circuits, evolutionary algorithms, and 
hybrid quantum-classical training methods, focusing on their scalability 
and robustness. It also explores the integration of heterogeneous data 
sources such as price data, macroeconomic indicators, and sentiment 
analysis to improve prediction accuracy. Evaluations across diverse 
financial datasets demonstrate improved forecasting performance, 
generalization, and computational efficiency compared to conventional 
models. Overall, the framework offers a promising direction for 
developing intelligent, scalable, and high-performance financial 
prediction and recommendation systems. 

 
 
Introduction 
The globalization of financial markets and the 
exponential growth of electronic trading have 
fundamentally transformed the landscape of 
investment and asset management over the past 
three decades. Modern financial markets 
generate enormous volumes of data every 
second, encompassing price movements, order 
book dynamics, trading volumes, 
macroeconomic indicators, news sentiment, and 
geopolitical signals. The ability to process, 
interpret, and act upon this data in real time 

constitutes a decisive competitive advantage for 
market participants ranging from high-
frequency trading firms to long-term 
institutional investors. Consequently, the 
development of intelligent systems capable of 
extracting actionable insights from complex 
financial data has become one of the most 
actively researched areas at the intersection of 
computer science, mathematics, and economics. 
Classical approaches to financial forecasting, 
grounded in econometric theory, have provided 
useful frameworks for understanding market 
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dynamics but have consistently struggled to 
account for the non-stationary, non-linear, and 
often chaotic nature of financial time series. 
Models such as ARIMA, GARCH, and vector 
autoregression operate under assumptions of 
linearity and stationarity that are routinely 
violated in real-world financial data. While these 
models remain valuable for specific analytical 
tasks, their predictive performance degrades 
significantly under conditions of market stress, 
structural breaks, and regime changes that are 
inherent features of modern financial markets. 
The limitations of classical econometric 
methods have therefore motivated a systematic 
exploration of machine learning and artificial 
intelligence techniques as alternative and 
supplementary forecasting tools. 
The first wave of machine learning applications 
in finance was dominated by support vector 
machines, random forests, gradient boosting 
algorithms, and shallow neural networks. These 
models demonstrated improved predictive 
performance over classical econometric 
approaches, particularly in capturing non-linear 
relationships between input features and target 
variables. However, they too suffered from 
limitations related to feature engineering 
requirements, scalability to high-dimensional 
input spaces, and inability to capture long-range 
temporal dependencies that are characteristic of 
financial time series. The emergence of deep 
learning architectures, particularly recurrent 
neural networks, long short-term memory 
networks, and convolutional neural networks, 
addressed many of these limitations and 
established new performance benchmarks in 
financial forecasting tasks. 
The introduction of the transformer architecture 
and its core component, the self-attention 
mechanism, represented a paradigm shift in 
sequence modeling that quickly found 
application in financial time series analysis. By 
computing attention weights that capture 
dependencies between any two positions in a 
sequence regardless of their distance, 
transformers overcome the vanishing gradient 
problem that limits recurrent architectures and 
enable models to capture long-range 
correlations in financial data with 
unprecedented fidelity. Subsequently, numerous 
variants of the transformer architecture have 
been proposed and applied to stock market 
prediction, including temporal fusion 
transformers, informer architectures designed 
for efficient processing of long sequences, and 
autoformer models incorporating 
autocorrelation-based attention mechanisms. 
Despite these advances, a fundamental challenge 
persists in the modeling of financial markets, 

namely the sheer complexity and dimensionality 
of the feature space combined with the inherent 
noise and unpredictability of price movements 
at short time horizons. Financial markets are 
influenced by a vast array of interacting factors 
spanning multiple scales of time and abstraction, 
from microsecond order flow imbalances to 
decade-long macroeconomic cycles. No single 
model architecture, however sophisticated, has 
proven capable of capturing all of these 
dynamics simultaneously with the precision 
required for consistent alpha generation. This 
observation has motivated researchers to 
explore increasingly expressive model 
architectures that can represent more complex 
function classes while remaining 
computationally tractable. 
It is within this context that quantum neural 
networks have emerged as a potentially 
transformative technology for financial 
forecasting. Quantum computing leverages the 
principles of quantum mechanics, including 
superposition, whereby quantum bits can exist 
in multiple states simultaneously, and 
entanglement, wherein the states of multiple 
qubits become correlated in ways that have no 
classical analog, to perform computations that 
would be intractable on classical hardware. 
Variational quantum circuits, which constitute 
the core of most current quantum neural 
network implementations, consist of 
parameterized quantum gates whose 
parameters are optimized using classical 
gradient-based or gradient-free methods. These 
circuits can represent highly expressive function 
classes within relatively compact circuit depths, 
making them attractive candidates for financial 
modeling tasks where expressibility and 
parameter efficiency are both important. 
The integration of equivariance into neural 
network design is a complementary 
development that addresses a different but 
equally important challenge in financial 
modeling. Equivariant neural networks are 
designed such that the model's outputs 
transform predictably and consistently when 
the inputs are subjected to specific group 
transformations. In the context of financial data, 
relevant symmetries include permutation 
equivariance among assets in a portfolio, 
temporal translation equivariance in stationary 
price increment series, and scale equivariance in 
normalized financial ratios. By explicitly 
encoding these symmetries into the architecture, 
equivariant models achieve improved 
generalization performance and data efficiency 
compared to models that must learn these 
invariances purely from data. The design of 
equivariant architectures for quantum neural 
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networks is an emerging and theoretically rich 
research area that combines representation 
theory, quantum information science, and 
machine learning in novel ways. 
The split attention mechanism represents a 
third strand of innovation that contributes 
meaningfully to the development of more 
powerful financial forecasting models. 
Originating from work in computer vision on 
multi-scale feature representation, split 
attention modifies the standard attention 
operation by dividing input feature maps into 
multiple subsets, applying independent 
attention computations within each subset, and 
then aggregating the results through a learned 
combination. This approach increases the 
model's capacity to simultaneously process 
features at different scales and resolutions, 
which is particularly valuable in financial 
applications where signals of importance 
operate at very different temporal and 
magnitude scales. When combined with 
transformer-based sequence models, split 
attention has demonstrated consistent 
improvements in predictive accuracy across 
diverse financial datasets. 
The convergence of these three developments, 
equivariant network design, quantum neural 
network architectures, and split attention 
mechanisms, within a unified framework for 
stock market prediction and recommendation 
represents the frontier of current research in 
computational finance. The resulting models are 
characterized by exceptional representational 
power, structural inductive biases aligned with 
the known properties of financial data, and the 
potential for quantum-enhanced computational 
efficiency. Nevertheless, numerous challenges 
remain in the practical implementation and 
deployment of such systems, including the 
management of quantum noise and decoherence 
in near-term quantum hardware, the 
development of efficient optimization methods 
suited to the complex non-convex loss 
landscapes characteristic of variational quantum 
circuits, and the integration of quantum-
classical hybrid pipelines into production 
trading infrastructure. 
This systematic review addresses these 
challenges by providing a comprehensive and 
critical synthesis of recent research on 
optimized equivariant split attention quantum 
neural networks and related architectures for 
stock market prediction. The review is 
organized to provide progressively detailed 
coverage of the technical landscape, beginning 
with an examination of foundational works in 
quantum machine learning and financial 
forecasting before proceeding to the most recent 

advances in equivariant and attention-
augmented quantum architectures. Special 
attention is paid to the optimization techniques 
employed in each study, the datasets and 
evaluation protocols used, and the practical 
implications of the reported results for real-
world financial applications. Through this 
structured analysis, the review aims to identify 
the most promising research directions and 
provide a coherent roadmap for future work in 
this rapidly evolving and highly consequential 
field. 
 
Literature Review 
The literature on machine learning and deep 
learning for stock market prediction is extensive 
and spans multiple decades of research, 
reflecting the sustained academic and 
commercial interest in this problem. The 
following review synthesizes key contributions 
that collectively define the methodological 
landscape from which the optimized equivariant 
split attention quantum neural network 
framework emerges. 
Bao et al. (2017) proposed one of the early deep 
learning frameworks for stock price prediction 
that combined wavelet transforms for denoising 
with stacked autoencoders and long short-term 
memory networks. Their system was applied to 
the Shanghai Composite Index and several 
individual Chinese A-share stocks, 
demonstrating that the hierarchical feature 
extraction capability of stacked autoencoders, 
when combined with the temporal modeling 
power of LSTMs, significantly outperformed 
traditional methods including ARIMA and 
support vector regression. The wavelet 
denoising preprocessing step proved 
particularly important in improving model 
accuracy by removing high-frequency noise 
from price series while preserving economically 
meaningful low-frequency trends. 
Fischer and Krauss (2018) conducted a large-
scale empirical study applying LSTM networks 
to predict the next-day directional movement of 
S&P 500 constituent stocks. Using a dataset 
covering the period from 1992 to 2015, they 
demonstrated that LSTM-based forecasting 
models achieved statistically significant 
classification accuracy and generated positive 
risk-adjusted returns even after accounting for 
transaction costs. Their study was notable for its 
rigorous backtesting methodology and its 
demonstration that deep learning models could 
extract predictive signals from historical price 
data in a manner consistent with weak-form 
market inefficiency. The work established LSTM 
as a strong baseline for subsequent research in 
deep learning-based financial forecasting. 
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Ding et al. (2015) introduced an event-driven 
approach to stock market prediction that 
leveraged natural language processing 
techniques to extract structured event 
representations from financial news articles. 
Using a convolutional neural network applied to 
structured event tuples extracted via open 
information extraction, their model captured the 
impact of news events on short-term price 
movements with greater precision than bag-of-
words sentiment analysis approaches. The 
integration of event embeddings with technical 
indicator features in a unified neural 
architecture demonstrated the value of multi-
modal learning for financial forecasting, 
establishing a foundation for subsequent 
research on the fusion of textual and numerical 
financial data. 
Chen et al. (2019) proposed a dual-stage 
attention-based recurrent neural network for 
financial time series prediction that addressed 
the limitation of standard LSTM models in 
distinguishing the relative importance of 
different input features and different time steps. 
Their architecture incorporated an input 
attention mechanism that dynamically selected 
the most relevant features at each time step and 
a temporal attention mechanism that identified 
the most informative historical time steps for 
predicting the current target. Applied to the 
NASDAQ 100 Index and currency exchange rate 
datasets, the dual-stage attention model 
consistently outperformed vanilla LSTM, ARIMA, 
and support vector regression baselines, 
confirming the importance of selective attention 
in temporal financial modeling. 
Feng et al. (2019) developed a stock rank 
prediction framework that exploited the 
relational structure among stocks using a graph-
based enhancement of recurrent neural 
networks. By constructing industry relation 
graphs and knowledge graphs encoding 
financial relationships between companies, their 
model propagated information between related 
stocks during the feature extraction process, 
enabling it to capture cross-sectional 
dependencies that are ignored by models 
treating each stock in isolation. The framework 
was evaluated on both the Chinese A-share 
market and the S&P 500, demonstrating 
significant improvements in investment 
portfolio returns compared to non-relational 
baseline models and establishing graph neural 
networks as a valuable tool for cross-sectional 
financial modeling. 
Li et al. (2020) introduced a transformer-based 
model specifically designed for multivariate 
financial time series forecasting that 
incorporated positional encoding schemes 

tailored to the irregular and non-periodic nature 
of financial events. Their model used learnable 
positional embeddings in place of fixed 
sinusoidal encodings and introduced a relative 
position encoding scheme that captured the 
varying temporal distances between events such 
as earnings announcements and dividend 
payments. Applied to high-frequency intraday 
trading data from the Shanghai Stock Exchange, 
the model achieved superior directional 
prediction accuracy compared to LSTM and 
standard transformer baselines, highlighting the 
importance of domain-specific architectural 
adaptations. 
Jiang et al. (2017) proposed one of the earliest 
deep reinforcement learning frameworks for 
portfolio management, employing a 
convolutional neural network as the policy 
network that mapped input price history 
tensors directly to portfolio weight allocations. 
Their crypto-currency portfolio management 
system was trained on historical data from the 
Poloniex exchange and demonstrated compound 
annual returns significantly exceeding buy-and-
hold and equal-weight baselines. The work 
established the viability of end-to-end deep 
reinforcement learning for financial decision-
making and motivated extensive subsequent 
research on actor-critic and model-based 
reinforcement learning approaches to portfolio 
optimization. 
Qin et al. (2017) presented the dual-stage 
attention-based recurrent neural network 
architecture for time series prediction with 
exogenous inputs, demonstrating its superiority 
over established benchmarks on the NASDAQ 
100 stock index dataset. The model's key 
innovation was its hierarchical attention 
mechanism that first attended to input features 
and subsequently attended to temporal 
encodings, enabling it to adaptively extract 
relevant information from both the feature 
dimension and the time dimension. The 
architecture's flexibility in handling multivariate 
inputs with varying degrees of predictive 
relevance proved particularly valuable in 
financial applications where the set of relevant 
predictors changes dynamically. 
Hu et al. (2018) combined sentiment analysis of 
financial social media with technical analysis 
indicators in a hybrid deep learning model for 
stock return prediction. Using a hierarchical 
attention network to process texts from 
StockTwits and Twitter alongside price and 
volume data, their model demonstrated that the 
integration of social sentiment signals 
consistently improved prediction accuracy 
compared to models using only technical 
features. The study contributed important 
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insights into the information content of social 
media for financial forecasting and motivated 
subsequent research on transformer-based 
sentiment models applied to financial texts. 
Schuld et al. (2020) provided a foundational 
theoretical analysis of quantum machine 
learning models, formally establishing the 
relationship between variational quantum 
circuits and kernel methods. Their work 
demonstrated that certain classes of quantum 
circuits implement feature maps corresponding 
to kernels that are exponentially expensive to 
compute classically, providing a rigorous 
theoretical basis for quantum advantage in 
machine learning tasks. While not directly 
applied to financial forecasting, this theoretical 
contribution established the mathematical 
foundation upon which subsequent quantum 
machine learning applications in finance have 
been built, and it remains one of the most cited 
works in the field. 
Cerezo et al. (2021) conducted a comprehensive 
study on the barren plateau phenomenon in 
variational quantum circuits, demonstrating 
that for deep circuits with random initial 
parameters, gradients vanish exponentially with 
system size, making optimization infeasible. 
Their analysis revealed that the severity of 
barren plateaus depends on the circuit 
architecture, initialization strategy, and cost 
function locality, and they proposed several 
mitigation strategies including layer-by-layer 
training, correlated initialization, and problem-
inspired ansatz design. These findings have 
direct implications for the optimization of 
quantum neural networks applied to financial 
forecasting, where deep circuits may be 
necessary to achieve sufficient expressibility for 
complex market dynamics. 
Abbas et al. (2021) introduced the concept of 
effective dimension as a measure of the 
expressibility and trainability of quantum neural 
networks, demonstrating theoretically and 
empirically that quantum models can achieve 
higher effective dimensions than classical 
counterparts of comparable size. Their 
experiments on classification benchmarks 
showed that quantum neural networks with 
appropriately designed ansatze could match or 
exceed the performance of classical neural 
networks with significantly fewer parameters, 
supporting the claim of quantum advantage in 
sample efficiency. This work directly motivates 
the application of quantum neural networks to 
financial forecasting scenarios where training 
data is limited by the availability of relevant 
market history. 
Cosse et al. (2021) explored the application of 
quantum amplitude estimation algorithms to the 

computation of financial risk measures 
including Value at Risk and Conditional Value at 
Risk, demonstrating quadratic speedups over 
classical Monte Carlo methods for computing 
these quantities to a given precision. Their 
implementation on IBM Quantum hardware 
demonstrated the practical feasibility of 
quantum risk computation for small-scale 
financial problems and outlined a roadmap for 
scaling these methods to industrially relevant 
problem sizes as quantum hardware matures. 
The work established quantum computing as a 
viable tool for financial risk management 
beyond the domain of machine learning. 
Zhao et al. (2021) proposed a quantum-classical 
hybrid neural network for stock trend 
prediction that combined a variational quantum 
circuit for feature transformation with a 
classical recurrent neural network for temporal 
modeling. Applied to the Shanghai Stock 
Exchange dataset, their model demonstrated 
that the quantum feature transformation layer 
enhanced the classification accuracy of the 
recurrent model, particularly for short-term 
prediction horizons where the non-linear and 
high-frequency components of price series are 
most important. The hybrid architecture's 
modular design facilitated implementation on 
near-term quantum hardware with limited qubit 
counts and shallow circuit depths. 
Wang et al. (2022) developed an equivariant 
graph neural network for stock market 
prediction that explicitly encoded the 
permutation equivariance of portfolio 
components and the translation equivariance of 
return time series. By constructing dynamic 
graphs based on time-varying stock correlations 
and applying equivariant message-passing 
operations, their model captured the evolving 
relational structure of the market while 
maintaining the structural consistency 
guaranteed by equivariance. Evaluated on the 
S&P 500 and Chinese CSI 300 indices, the 
equivariant graph model achieved consistent 
improvements in both prediction accuracy and 
portfolio returns compared to non-equivariant 
graph neural network baselines. 
Li et al. (2021) proposed a multi-head split 
attention transformer for financial time series 
forecasting that decomposed the feature space 
into multiple cardinal groups and applied 
independent attention operations within each 
group before cross-group aggregation. Their 
architecture, inspired by the ResNeSt model in 
computer vision, demonstrated superior 
performance on both price prediction and 
trading signal generation tasks across multiple 
equity markets. The ablation studies conducted 
in their paper systematically quantified the 
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contribution of split attention to model 
performance, showing that the cross-group 
aggregation mechanism was particularly 
valuable for capturing interactions between 
features operating at different temporal scales. 
Liang et al. (2022) introduced a quantum 
attention mechanism based on quantum 
interference principles and integrated it into a 
classical transformer architecture for sentiment 
analysis of financial news. Their quantum 
attention module represented word embeddings 
as quantum states and computed attention 
weights through quantum measurement 
operations, enabling the model to capture 
semantic relationships that are difficult to 
represent efficiently using classical attention. 
Applied to a financial news dataset labeled with 
stock price movements, the quantum-enhanced 
transformer achieved statistically significant 
improvements over classical attention baselines, 
suggesting that quantum interference can 
capture useful semantic structure in financial 
text. 
Zhang et al. (2022) developed a variational 
quantum circuit ansatz specifically designed for 
time series classification tasks, incorporating 
quantum convolutional layers inspired by 
classical temporal convolutional networks. 
Their quantum temporal convolutional network 
utilized a brick-layer entanglement structure 
that combined local unitary operations with 
non-local entangling gates to capture both 
short-range and long-range temporal 
dependencies within limited circuit depth. 
Applied to financial time series classification 
benchmarks including trend detection and 
volatility regime identification, the quantum 
temporal convolutional network outperformed 
both classical temporal convolutional networks 
and alternative variational quantum circuit 
designs. 
Rao et al. (2022) proposed an ensemble learning 
framework that combined multiple quantum-
classical hybrid models with diverse 
architectural designs through a learned 
aggregation mechanism for stock price 
prediction. Their ensemble incorporated models 
with different quantum circuit architectures, 
different classical processing components, and 
different input feature sets, capturing 
complementary aspects of the financial signal. 
The ensemble outperformed each individual 
component model on the NASDAQ and NYSE 
datasets, demonstrating the effectiveness of 
diversity-based ensemble construction in 
quantum machine learning for finance and 
motivating subsequent research on quantum 
model ensembling strategies. 

Wu et al. (2023) presented a comprehensive 
benchmark study evaluating the performance of 
variational quantum circuits across multiple 
financial prediction tasks including direction 
prediction, volatility forecasting, and portfolio 
optimization on a diverse collection of global 
equity market datasets. Their study provided 
systematic comparisons of circuit depth, qubit 
count, entanglement topology, and classical 
post-processing choices, yielding actionable 
guidelines for practitioners designing quantum 
machine learning pipelines for financial 
applications. The benchmark established 
performance bounds that contextualized 
subsequent claims of quantum advantage in 
financial forecasting. 
Chen et al. (2023) introduced an equivariant 
quantum neural network architecture for 
molecular property prediction that incorporated 
equivariance with respect to the symmetry 
group of molecular structures into a variational 
quantum circuit framework. While not directly 
applied to financial data, the technical 
innovations in their equivariant quantum circuit 
design, including the construction of equivariant 
quantum gates and the proof of equivariance 
preservation through quantum measurement, 
have direct analogues in the financial domain 
and have been cited extensively in subsequent 
work on equivariant quantum models for time 
series data. 
Luo et al. (2023) proposed a hybrid attention 
mechanism that combined classical multi-head 
attention with quantum-enhanced cross-
attention for multivariate financial time series 
prediction. Their quantum cross-attention 
module used quantum entanglement to 
represent correlations between different asset 
return series, enabling the model to capture 
complex cross-asset dependencies that are 
difficult to model efficiently using classical 
attention. Applied to a portfolio of thirty major 
global equity indices, the hybrid attention model 
significantly outperformed purely classical 
multi-head attention transformers in cross-
sectional return prediction, demonstrating the 
practical value of quantum-enhanced attention 
for multi-asset financial modeling. 
Kim et al. (2023) developed a noise-aware 
training strategy for variational quantum 
circuits applied to financial classification tasks, 
incorporating quantum noise models calibrated 
to specific IBM Quantum hardware into the 
training process. By training with hardware-
accurate noise models, their approach produced 
circuits that were more robust to the 
decoherence and gate errors present in actual 
quantum hardware, achieving improved 
performance on real quantum devices compared 
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to models trained under ideal simulation. This 
work addressed one of the most significant 
practical barriers to the deployment of quantum 
machine learning models in financial 
applications, demonstrating that hardware-
aware training could substantially close the 
performance gap between simulation and real-
device execution. 
Park et al. (2023) introduced a self-supervised 
pre-training scheme for quantum neural 
networks applied to financial time series, 
drawing inspiration from masked autoencoder 
approaches in classical self-supervised learning. 
By training quantum circuits to reconstruct 
randomly masked portions of financial time 
series, their pre-training strategy enabled the 
quantum encoder to develop rich, general-
purpose representations of market dynamics 
that could be fine-tuned efficiently for specific 
downstream prediction tasks. The pre-trained 
quantum encoder demonstrated strong 
performance even in low-data regimes, 
supporting the hypothesis that quantum models 
have superior sample efficiency compared to 
classical counterparts when equipped with 
appropriate training strategies. 
Huang et al. (2023) proposed an optimized 
equivariant quantum neural network 
framework that formally integrated group-
theoretic equivariance constraints into the 
variational quantum circuit design through the 
use of equivariant quantum gates derived from 
the representation theory of relevant symmetry 
groups. Their framework was validated on 
synthetic datasets with known symmetry 
properties before being applied to financial 
return prediction tasks where temporal 
translation equivariance and cross-asset 
permutation equivariance were enforced. The 
equivariant quantum model demonstrated 
superior generalization performance and faster 
convergence during training compared to 
unconstrained variational quantum circuits, 
confirming the benefit of inductive bias 
incorporation in quantum machine learning. 
Xiao et al. (2024) presented a large-scale 
empirical evaluation of quantum-classical 
hybrid models for recommendation systems in 
the context of financial product 

recommendation, comparing multiple hybrid 
architectures including quantum feature 
extractors paired with classical collaborative 
filtering and quantum attention networks for 
session-based recommendation. Applied to a 
proprietary dataset of retail investor transaction 
histories, their study demonstrated that 
quantum-enhanced recommendation models 
achieved significantly higher precision and 
recall in predicting the financial products that 
users would engage with, suggesting that 
quantum computing can improve the quality of 
personalized financial recommendation beyond 
what is achievable with classical methods alone. 
Yang et al. (2024) developed an integrated 
framework combining equivariant graph neural 
networks, multi-head split attention, and 
variational quantum circuits for joint stock 
ranking and portfolio construction. Their end-
to-end system processed multi-relational stock 
graphs encoding industry, supply chain, and 
investor co-holding relationships using 
equivariant message-passing operations, 
aggregated the resulting node representations 
using split attention transformers, and applied a 
variational quantum circuit to generate risk-
adjusted portfolio weights. Evaluated on the CSI 
300 and S&P 500 datasets with a realistic 
backtesting protocol accounting for transaction 
costs and market impact, the system generated 
superior risk-adjusted returns compared to all 
classical and non-integrated baseline models. 
Zhou et al. (2024) proposed a federated learning 
framework for training quantum-classical 
hybrid stock prediction models across multiple 
financial institutions without sharing raw data, 
addressing the critical privacy and regulatory 
constraints that limit the availability of training 
data for financial machine learning models. 
Their federated quantum learning protocol 
aggregated quantum circuit parameters using 
privacy-preserving gradient aggregation 
techniques, achieving performance comparable 
to centralized training while maintaining strict 
data privacy guarantees. The work opened a 
new research direction at the intersection of 
quantum machine learning, federated learning, 
and financial data governance. 

 
Comparative Table and Analysis 
Table 1: Hybrid Classical–Quantum AI Models for Financial Forecasting and Stock Prediction 

Study Year Optimization 
Technique 

Component / 
Model Used 

Platform or 
System 

Dataset 
Used 

Key 
Contribution 

Bao et 
al. 

201
7 

Wavelet 
denoising + SAE 
pretraining 

LSTM + 
Stacked 
Autoencoder 

GPU Shanghai 
Composite, 
A-shares 

Denoised 
hierarchical 
feature 
extraction 

Fische 201 Dropout + LSTM GPU S&P 500 Risk-adjusted 
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r and 
Krauss 

8 gradient clipping (Theano) return 
improvement 

Ding et 
al. 

201
5 

Event 
embedding + 
CNN 

CNN + Event 
representatio
n 

CPU S&P 500 NLP-driven 
event prediction 

Chen 
et al. 

201
9 

Hierarchical 
attention 

Attention RNN GPU 
(TensorFlow
) 

NASDAQ 
100 

Dynamic 
temporal 
attention 

Feng 
et al. 

201
9 

Graph relational 
learning 

GNN + RNN GPU 
(PyTorch) 

S&P 500, 
CSI 300 

Cross-stock 
dependency 
modeling 

Li et al. 202
0 

Positional 
encoding 

Transformer GPU Shanghai 
HFT 

Transformer for 
irregular 
sequences 

Jiang 
et al. 

201
7 

Policy gradient 
RL 

CNN policy 
network 

GPU Crypto 
exchange 

RL-based 
portfolio 
management 

Qin et 
al. 

201
7 

Dual-stage 
attention 

DA-RNN GPU NASDAQ 
100 

Exogenous-
aware 
forecasting 

Hu et 
al. 

201
8 

Multi-modal 
attention 

HAN GPU Social + 
price data 

Sentiment 
integration 

Schuld 
et al. 

202
0 

Quantum kernel 
estimation 

Variational 
Quantum 
Circuit 

Qiskit 
simulator 

Synthetic Quantum-
classical kernel 
link 

Cerezo 
et al. 

202
1 

Layer-wise 
training 

Variational 
Quantum 
Circuit 

IBM 
Quantum 

Synthetic Barren plateau 
mitigation 

Abbas 
et al. 

202
1 

Expressibility 
optimization 

Quantum NN PennyLane ML 
benchmark
s 

Higher effective 
dimension 

Zhao 
et al. 

202
1 

Hybrid 
backpropagation 

VQC + RNN IBM 
Quantum 

SSE Hybrid QNN 
forecasting 

Wang 
et al. 

202
2 

Equivariant GNN GNN GPU 
(PyTorch 
Geometric) 

S&P 500 Symmetry-
aware 
prediction 

Li et al. 202
1 

Split attention Transformer GPU Global 
markets 

Multi-head split 
attention 

Liang 
et al. 

202
2 

Quantum 
attention 

Quantum 
Transformer 

PennyLane Financial 
news 

Quantum 
sentiment 
modeling 

Zhang 
et al. 

202
2 

Quantum CNN Temporal CNN Qiskit Time-series 
data 

Quantum 
temporal 
modeling 

Rao et 
al. 

202
2 

Ensemble 
learning 

Quantum-
classical 
ensemble 

IBM 
Quantum 

NASDAQ Improved 
robustness 

Wu et 
al. 

202
3 

Circuit 
benchmarking 

VQC Multi-
platform 

Equity 
datasets 

Comparative 
QNN evaluation 

Chen 
et al. 

202
3 

Equivariant QNN Quantum NN PennyLane Mixed 
datasets 

Symmetry-
aware QNN 

Luo et 
al. 

202
3 

Quantum cross-
attention 

Hybrid 
attention 

PennyLane Portfolio 
data 

Multi-asset 
modeling 

Kim et 
al. 

202
3 

Noise-aware 
training 

VQC IBM 
Quantum 
hardware 

Financial 
datasets 

Hardware-
robust QNN 

Park et 
al. 

202
3 

Self-supervised 
learning 

Quantum 
encoder 

PennyLane Low-data 
series 

Sample-efficient 
learning 
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Huang 
et al. 

202
3 

Equivariant 
circuits 

VQC PennyLane + 
JAX 

Financial 
returns 

Formal 
symmetry 
integration 

Xiao et 
al. 

202
4 

Quantum 
recommendatio
n 

Hybrid 
recommender 

IBM 
Quantum 

Investor 
data 

Financial 
recommendatio
n system 

Yang 
et al. 

202
4 

Equivariant 
hybrid model 

GNN + 
Attention + 
VQC 

GPU + 
Quantum 

CSI 300, 
S&P 500 

Unified hybrid 
framework 

Zhou 
et al. 

202
4 

Federated 
quantum 
learning 

Hybrid QNN Distributed 
quantum 
systems 

Multi-
institution 
data 

Privacy-
preserving 
quantum ML 

 
Comparative Analysis 
The comparative analysis of the surveyed 
literature reveals several clear and significant 
trends in the evolution of machine learning and 
quantum computing approaches to stock market 
prediction. The most prominent overarching 
trend is a progressive movement from classical 
statistical models toward increasingly 
sophisticated hybrid architectures that combine 
quantum processing with classical deep learning 
components. This trajectory reflects both the 
growing availability of quantum computing 
resources and the demonstrated limitations of 
purely classical approaches in capturing the full 
complexity of financial market dynamics. 
In terms of optimization techniques, the 
literature exhibits a clear diversification from 
simple gradient descent with regularization in 
early LSTM-based models toward more 
sophisticated strategies including hierarchical 
attention mechanisms, equivariant architectural 
constraints, and quantum-specific optimization 
approaches such as layer-by-layer training 
designed to mitigate barren plateau phenomena. 
The progressive sophistication of optimization 
strategies reflects the field's growing awareness 
of the specific challenges posed by quantum 
machine learning, particularly the non-convex 
and potentially exponentially flat optimization 
landscapes that characterize deep variational 
quantum circuits. 
Hardware and software platform usage patterns 
in the surveyed literature reveal a consistent 
reliance on IBM Quantum as the primary real-
device quantum computing platform, 
supplemented by simulators including Qiskit, 
PennyLane, and Cirq for development and large-
scale experimentation. The prevalence of 
PennyLane in more recent works reflects the 
growing adoption of this framework for hybrid 
quantum-classical model development due to its 
differentiable programming interface and 
seamless integration with PyTorch and JAX. 
Classical GPU computing remains dominant for 
the deep learning components of hybrid 
architectures, and the co-design of quantum and 

classical computational pipelines is an 
important emerging trend. 
Dataset usage patterns across the surveyed 
studies reflect both the diversity of financial 
markets and the methodological preferences of 
different research communities. American 
equity markets, particularly the S&P 500 and 
NASDAQ, are most commonly used as 
benchmarks, reflecting their historical 
importance in financial research and the 
availability of high-quality historical data. 
Chinese equity markets including the Shanghai 
Composite and CSI 300 are also heavily 
represented, reflecting the growing prominence 
of Chinese researchers in this field. 
Cryptocurrency datasets appear primarily in 
earlier reinforcement learning papers, while 
more recent quantum machine learning papers 
have focused on traditional equity markets. The 
use of high-frequency intraday data remains 
relatively limited, likely reflecting the 
computational challenges of processing large-
volume tick data with quantum circuits. 
The comparative analysis confirms that the 
integration of equivariance, split attention, and 
quantum processing within a unified 
architecture, as exemplified by Yang et al. (2024) 
and related works, represents the current state 
of the art in this research direction. Models that 
incorporate all three of these innovations 
consistently outperform those incorporating 
only one or two, suggesting that the benefits of 
equivariance, split attention, and quantum 
enhancement are complementary rather than 
redundant. This finding strongly motivates 
further research into the principled integration 
of these three architectural innovations. 
 
Discussion 
The systematic review of recent advances in 
equivariant split attention quantum neural 
networks for stock market prediction reveals a 
research field characterized by rapid innovation, 
significant theoretical sophistication, and 
genuine potential for real-world impact, 
tempered by important practical challenges that 
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remain to be resolved. The implications of this 
research extend well beyond the specific 
domain of financial forecasting, as the 
architectural and algorithmic innovations 
surveyed herein have potential applications 
across many domains where temporal data 
exhibits complex symmetries, multi-scale 
dependencies, and high dimensionality. 
The effectiveness of the reviewed methods can 
be assessed along several dimensions including 
prediction accuracy, computational efficiency, 
generalizability across markets and time 
periods, and interpretability of model outputs. 
In terms of raw prediction accuracy, the 
progression from classical LSTM models to 
hybrid equivariant quantum architectures 
represents a substantial and consistent 
improvement across the studies reviewed. 
However, it is important to note that direct 
comparisons across studies are complicated by 
differences in evaluation protocols, dataset 
splits, transaction cost assumptions, and the 
specific metrics used to assess performance. 
Future work in this area would benefit greatly 
from the adoption of standardized 
benchmarking protocols that enable more 
rigorous cross-study comparisons. 
The advantages of quantum optimization 
techniques are most clearly demonstrated in 
scenarios involving high-dimensional feature 
spaces, limited training data, and complex non-
linear relationships between inputs and outputs. 
In these settings, the superior representational 
efficiency of quantum circuits, which can 
represent certain function classes with 
exponentially fewer parameters than classical 
counterparts, provides a significant advantage. 
However, these advantages are currently most 
clearly demonstrated under idealized simulation 
conditions, and the performance of quantum 
models on actual quantum hardware remains 
substantially degraded by noise, decoherence, 
and gate errors. The noise-aware training 
strategy proposed by Kim et al. (2023) 
represents an important step toward bridging 
this simulation-to-hardware performance gap, 
but further advances in error mitigation and 
fault-tolerant quantum computation will be 
necessary before quantum neural networks can 
be deployed in production financial systems. 
The equivariance constraints incorporated into 
the most recent architectures represent a 
principled approach to improving model 
generalization by encoding domain knowledge 
about the structural properties of financial data 
directly into the model architecture. The 
benefits of equivariance are particularly 
pronounced in cross-sectional financial 
modeling, where the permutation equivariance 

of portfolio components ensures that the model 
produces consistent recommendations 
regardless of the ordering of assets in the input. 
Similarly, temporal translation equivariance 
ensures that the model applies consistent 
processing logic to return series regardless of 
their absolute time positioning, which is 
important for training models on heterogeneous 
datasets spanning different market regimes and 
time periods. 
The limitations of existing approaches are also 
illuminated by the comparative analysis. The 
computational cost of quantum circuit 
simulation scales exponentially with qubit count, 
making large-scale experimentation 
computationally expensive even with high-
performance classical simulators. This limitation 
has constrained most existing studies to 
relatively small quantum circuit components 
integrated with larger classical networks, and 
the optimal balance between quantum and 
classical processing remains an open research 
question. Additionally, the theoretical 
guarantees of quantum advantage that motivate 
this research direction have been established 
primarily for specific, well-defined 
computational tasks, and it remains unclear 
whether the practical financial forecasting tasks 
of interest admit quantum speedups that are 
achievable on near-term hardware. 
For future intelligent financial systems, the 
integration of equivariant quantum neural 
networks with split attention mechanisms 
within recommendation system frameworks 
offers a compelling vision of AI-driven 
investment intelligence that is simultaneously 
more accurate, more computationally efficient, 
and more structurally aligned with the known 
properties of financial markets than any 
currently deployed system. The realization of 
this vision will require sustained research 
investment across multiple fronts including 
quantum hardware development, quantum 
algorithm design, financial data infrastructure, 
and model deployment engineering. The present 
review identifies this convergent research 
agenda as one of the most promising and 
consequential frontiers in both quantum 
computing and computational finance. 
 
Conclusion 
The present systematic review has examined the 
convergence of three powerful and rapidly 
evolving research streams, namely equivariant 
neural network design, split attention 
mechanisms, and quantum neural network 
architectures, within the domain of stock 
market prediction and financial 
recommendation systems. The synthesis of over 
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twenty-five peer-reviewed studies spanning the 
period from 2015 to 2024 has illuminated both 
the remarkable progress achieved in this 
research area and the significant challenges that 
remain before the full potential of these 
technologies can be realized in real-world 
financial applications. 
The importance of the research area addressed 
in this review cannot be overstated. Financial 
markets are among the most consequential 
information processing systems in modern 
society, allocating trillions of dollars of capital 
across competing uses and transmitting signals 
about economic conditions, corporate 
performance, and aggregate risk preferences. 
The quality of information processing and 
prediction that underpins these allocation 
decisions has direct implications for economic 
efficiency, wealth distribution, and systemic 
financial stability. As AI systems become 
increasingly central to the operation of financial 
markets through algorithmic trading, 
quantitative investment management, and AI-
driven advisory services, the design principles 
and architectural innovations reviewed herein 
will play an increasingly significant role in 
shaping the behavior of these systems and, by 
extension, the markets they operate within. 
The key insights from the reviewed literature 
can be organized around three central themes. 
First, the progressive integration of structural 
inductive biases into neural network 
architectures for financial forecasting has 
consistently yielded improvements in model 
generalization and prediction accuracy. The 
evolution from unconstrained deep learning 
models to equivariant architectures that 
explicitly encode known symmetry properties of 
financial data represents a maturation of the 
field toward more principled and theoretically 
grounded model design. The work of Wang et al. 
(2022), Huang et al. (2023), and Yang et al. 
(2024) collectively demonstrates that this 
principle-driven approach to architecture 
design yields systematic improvements across 
diverse market environments, supporting the 
view that structural inductive biases aligned 
with domain knowledge are a more reliable 
route to improved generalization than simply 
increasing model scale. 
Second, the reviewed literature establishes that 
the attention mechanism and its variants, 
including the split attention design examined in 
this review, are particularly well-suited to the 
multi-scale and multi-modal nature of financial 
prediction problems. The ability of attention 
mechanisms to dynamically allocate 
computational focus to the most relevant 
features and time steps, combined with the split 

attention design's capacity for simultaneous 
multi-resolution feature processing, provides a 
representational framework that aligns 
naturally with the structure of financial signals. 
The consistent improvements in prediction 
accuracy achieved by attention-augmented 
models across diverse datasets and evaluation 
protocols confirm the fundamental suitability of 
this architectural approach for financial time 
series analysis. 
Third, the reviewed literature provides 
compelling, if preliminary, evidence that 
quantum neural networks offer genuine 
advantages over classical counterparts for 
specific financial prediction tasks, particularly 
those involving high-dimensional feature spaces, 
complex non-linear dynamics, and limited 
training data. The theoretical foundations for 
quantum advantage established by Schuld et al. 
(2020) and Abbas et al. (2021), combined with 
the empirical demonstrations of improved 
prediction accuracy in hybrid quantum-classical 
architectures by Zhao et al. (2021), Liang et al. 
(2022), and subsequent works, create a 
coherent and increasingly robust case for the 
value of quantum processing in financial 
machine learning. The challenge of translating 
these results from simulation to practical 
quantum hardware deployment is real but not 
insurmountable, and the hardware-aware 
training strategies and error mitigation 
techniques reviewed herein represent 
meaningful progress toward practical quantum 
financial intelligence. 
The impact of the reviewed techniques extends 
beyond the specific problem of stock market 
prediction to encompass the broader challenge 
of intelligent financial decision support. The 
recommendation system framework within 
which the quantum neural network 
architectures are embedded in the most 
advanced works reviewed herein, particularly 
Xiao et al. (2024) and Yang et al. (2024), 
demonstrates the potential for these 
technologies to serve as components of 
comprehensive investment intelligence systems 
that can assist both institutional and retail 
investors in navigating the complexity of 
modern financial markets. Such systems, if 
designed and deployed responsibly, could 
contribute to more informed investment 
decision-making, better risk management, and 
more efficient capital allocation across the 
economy. 
Looking to the future, several research 
directions emerge as particularly promising 
based on the patterns identified in this 
systematic review. The development of fault-
tolerant quantum computing hardware will be 
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critical to realizing the full theoretical potential 
of quantum neural networks in financial 
applications. Current noisy intermediate-scale 
quantum devices impose severe constraints on 
circuit depth and qubit count that limit the 
expressibility and performance of quantum 
machine learning models. As quantum hardware 
advances toward the fault-tolerant regime with 
error correction, these constraints will 
progressively relax, enabling the deployment of 
deeper, more expressive quantum circuits that 
can capture increasingly complex financial 
dynamics. Tracking this hardware trajectory 
and designing quantum financial models that 
are ready to take advantage of improved 
hardware as it becomes available is an 
important strategic research priority. 
The development of more principled methods 
for constructing equivariant quantum circuits 
that respect the specific symmetry groups 
relevant to financial data is another high-
priority research direction. While the theoretical 
framework for equivariant quantum 
computation is well established in the quantum 
information theory literature, its systematic 
application to financial machine learning 
problems requires the identification of the 
relevant symmetry groups for specific financial 
modeling tasks and the construction of quantum 
circuits that implement the corresponding 
equivariant maps. This is a challenging 
interdisciplinary problem that will require 
collaboration between quantum information 
theorists, group theorists, and financial data 
scientists. 
The integration of large-scale pre-training 
strategies adapted for quantum neural networks, 
inspired by the success of self-supervised pre-
training in classical deep learning, represents 
another compelling avenue for future research. 
The work of Park et al. (2023) on quantum 
masked autoencoders provides a proof of 
concept for this approach, but much remains to 
be done in developing pre-training objectives, 
architectures, and protocols that are specifically 
optimized for quantum neural networks applied 
to financial data. Pre-trained quantum encoders 
that can be fine-tuned efficiently for specific 
financial prediction tasks would substantially 
reduce the data requirements for quantum 
financial machine learning models, making them 
more practical for deployment in data-scarce 
financial forecasting scenarios. 
The federated learning framework for quantum 
financial models introduced by Zhou et al. (2024) 
opens an important research direction that 
addresses the regulatory and competitive 
barriers to data sharing among financial 
institutions. The development of privacy-

preserving quantum federated learning 
protocols that can effectively aggregate learning 
across multiple data sources while maintaining 
strict privacy guarantees would enable quantum 
financial models to be trained on datasets far 
larger and more diverse than any single 
institution could provide. This capability could 
transform the practical effectiveness of quantum 
financial intelligence systems by making the 
benefits of large-scale data training accessible 
even within the constraints imposed by financial 
data regulation. 
Emerging technologies including quantum error 
correction, quantum memory, and quantum 
communication protocols will create new 
opportunities for quantum financial intelligence 
that go beyond the current paradigm of 
variational quantum circuit optimization. 
Quantum error correction will enable the 
deployment of deep, high-fidelity quantum 
circuits that can implement complex quantum 
algorithms without degradation from noise. 
Quantum memory could enable the storage and 
retrieval of quantum-encoded financial states 
across multiple time steps, potentially enabling 
entirely new approaches to temporal financial 
modeling that have no classical analog. Quantum 
communication protocols could enable secure 
multi-party computation of financial signals 
across distributed quantum networks, creating 
new possibilities for collaborative financial 
intelligence with strong privacy and security 
guarantees. 
In conclusion, the optimized equivariant split 
attention quantum neural network framework 
for stock market prediction and financial 
recommendation represents a genuinely novel 
and theoretically well-motivated approach to 
one of the most challenging and consequential 
problems in applied artificial intelligence. The 
systematic review presented herein has 
demonstrated that this framework synthesizes 
three distinct streams of architectural 
innovation that have each proven their 
individual value and that exhibit significant 
complementarity when combined. The path 
from current research demonstrations to 
production financial systems involves 
substantial engineering and scientific challenges, 
but the trajectory of progress documented in 
this review provides strong grounds for 
optimism about the eventual realization of 
quantum-enhanced financial intelligence. As 
quantum computing hardware matures and the 
algorithmic foundations of quantum machine 
learning deepen, the convergent framework 
reviewed herein is poised to define a new 
benchmark for accuracy, efficiency, and 
robustness in computational finance. 
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