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ABSTRACT

The continually expanding financial markets often require a more advanced approach to
calculation to cope with high dimensionality of risk variables and unstable market environments
(Orus et al., 2019). One of the potential computational paradigms that has appeared and could
offer an effective solution to these challenges is quantum computing where quantum parallelism
and quantum entanglement are used to more efficiently process large volumes of data space
compared with classical systems (Preskill, 2018). It can be already seen in the development of
financial services technological research, which investigates the feasibility of quantum-classical
hybrid algorithms to transform risk assessment and market forecasting. Following recent
advances of quantum machine learning (QML) and quantum optimization (Egger et al., 2020), we
developed an experimental study of the ways how quantum variational algorithms could be
combined with the classical predictive models based on historical market data (Hegade et al.,
2021). The outcome of our research shows that by increasing simulation of the scenarios and more
accurate assessment risk through the portfolio hybrid pipelines can be more effective than the
conventional model in terms of utilizing less execution time. This paper is part of the body of
literature surrounding the field of quantum finance and presents the most important steps to
follow in the future study to achieve the deployment of noise resistant algorithms and increased
benchmarks (Barkoutsos et al., 2020; Wang & Lee, 2021).

Keywords: Quantum Computing, quantative actively predicting risk assessment and also
quantative actively predicting market via quantative machin learning, with quantum variational
algorithms privacy to quantify/M hybrid tactical.

Introduction

Some of the key functions that are critical in the shaping up of the global financial system stability and
growth are risk identification and market forecasting. The volume and the complexity of the financial
markets have grown exponentially in recent decades because of aspects like high-frequency trading, the
expansion of complicated derivative products, and globally combined asset apportionment schemes
(Orus et al., 2019). Consequently, the financial institutions are confronted with the overwhelming task of
inflicting massive quantities of multi-dimensional data with the highly non-stationary and unpredictable
environment (Huang et al., 2020).
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The established computational frameworks, like the classical optimization algorithms and econometric
models have presented formidable instruments in portfolio management, pricing and stress testing. But
as markets are growing more interconnected and the regulation demands of risk transparency increase,
these classical techniques are increasingly finding scalability and performance to be a problem (Egger et
al., 2020). As an example, the current risk management entails the interdependencies that exist among
thousands of assets and innumerable market drivers of risks, which may be of non-linear stochastic
behavior. Such a running of tail risks and stress tests in high-dimensional spaces is computationally
infeasible on classical resources alone (Woerner & Egger,

Artificial intelligence (Al) and machine learning (ML) approaches have come forth as potential add-ons to
traditional risk modeling. The innovations of deep learning and ensemble techniques have been shown
to perform better in pattern recognition and predictive behavior in diverse activities in the financial
arena, including algorithmic trading, fraud, and credit scoring (Feng et al., 2018). Yet, there is a price to
this advancement as the development and successful implementation of modern, top-of-the-line ML
models require unprecedented amounts of computing resources and energy, and have been raising the
carbon footprint to an unacceptable level, contradicting the overall sustainability strategies (Jones &
Roberts, 2020). Moreover, most ML models have performance bottlenecks when assigned a multi-
dimensional non-convex or non-combination optimization task, which is common in users of ML, such as
portfolio rebalancing and pricing of derivatives under uncertain market conditions (Egger et al.,
2020).Such strains between the increasing computational needs and the classical framework come with
it the increased interest in other paradigms. One of the strongest opportunities in this arena is quantum
computing. By contrast to classical computing, which uses bits in well-defined states of 0 or 1, quantum
computing operates on what are known as qubits, which take advantage of the laws of superposition
and entanglement. This would mean that potentially it would be possible to explore manifold solution
pathways and this, in theory, would make it exponentially faster to solve certain classes of problems
than on any classical machine (Preskill, 2018).

Quantum computing potential has also entered spheres of interest due to finance, both academically
and industrially. Principles studies have also showed that with quantum algorithms, some of the most
challenging problems in finance such as large-scale portfolio optimization, option pricing, and scenario
simulation risk assessment could be done (Orus et al., 2019; Egger et al., 2020). This is illustrated in the
case of the Quantum Approximate Optimization Algorithm (QAOA) by Farhi et al. (2014) that its
application on the quadratic unconstrained binary optimization (QUBO) issues arising in asset allocation
has been used (Rosenberg et al., 2016). At the same time, the Variational Quantum Eigensolver (VQE),
initially aimed to solving quantum chemistry problems (Peruzzo et al., 2014), can be applied to
derivative pricing and financial simulation-related tasks as well through hybrid interface, which includes
qguantum circuits and classical optimizers (Barkoutsos et al., 2020).

Nevertheless, in the financial sector, the actual implementation of quantum computing remains in its
early stages in spite of the promise. Existing quantum hardware is in the so-called Noisy Intermediate-
Scale Quantum (NISQ) regime that Preskill (2018) defined as having few qubits, poor coherence, and
high gate noise. Such limits of hardware adversely affect the scalability of quantum algorithms and
create other issues, such as the presence of barren plateaus in variational landscapes, where the
optimization process cannot converge when the number of qubits grows (McClean et al., 2018). Further,
the majority of quantum-advantage claims in the field of finance have been made within simulated
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settings, and not on real quantum devices, so there remains a discrepancy between theoretical rule and
immediate usefulness (Wang & Lee, 2021).

One approach toward closing this gap is the growing consideration of hybrid quantum-classical schemes
as a feasible near-term plan of utilizing quantum computing on the ground. Hybrid pipelines represent a
hybrid of the unprecedented power of quantum subroutines, which makes them adept at sampling large
solution spaces, and conventional Al models, which have proven durable and scale effectively to deal
with such activities as data preprocessing, feature extraction, and tuning the parameters (Schuld &
Killoran, 2019). An example of the development is given by recent investigations by Hegade et al. (2021),
where it is demonstrated that employing QAOA with classical machine learning can enhance the credit
risk scoring using increased sampling efficiency during scenario generation. Similarly, Barkoutsos et al.
(2020) showed that in combination with classical optimizers, VQE would be in a better position to
estimate elaborate payoff structures in derivative contracts.

Nevertheless serious unresolved questions concerning the viability, replicability and practical
functionality of such hybrid architectures remain, particularly in noisy circumstances on current
guantum processors. Such comparative works as by Wang and Lee (2021) emphasize the usefulness of
additional, empirical benchmarks on establishing the actuality of theoretical quantum speed-ups to
understand if the improved performance of hybrid pipelines can be reproduced in practice consistently.
Moreover, cross-adaptation to financial tasks of variational ansatz is a still underrepresented area,
which creates an urgent need in order to bring these methods to production (Egger et al., 2020).

Bearing such unresolved issues and the possible transformational value, this study tries to answer
systematically the question of whether the hybrid quantum-classical pipelines have the potential of
bringing distinguishable gains in computational efficiency and predictive ability in risk assessment and
market forecasting. Precisely we question, does variational quantum computing with QAOA and VQE
coupled with classical machine learning have the potential to outperform the strongest existing classical
methods of scenario modeling and portfolio risk estimation?

In order to address this question, we compare hybrid pipelines against the real-world financial data
using the daily S&P 500 data in the portfolio optimization tasks and the CME derivatives in the pricing
tasks and deploy the circuits both on the simulators and noisy quantum devices where possible. Through
empirical evidence that could be reproduced, this study aims at clarifying how and when hybrid
quantum-classical workflows could help in risk management and market forecasting practices (Woerner
& Egger, 2019; Orus et al., 2019).

Literature Review

The potential of quantum computing to revolutionize the financial industry has attracted much
attention among the industry experts and the researchers as well. The interest here stems out of the
fact that quantum computing can be used to solve some categories of problems that classical systems
find practically intractable. NP-hard issues or problems NP-hard or high-dimensional The number of
variables present in high-impact finance problems, such as portfolio optimization or scenario simulation,
derivative pricing, and risk estimation, can scale exponentially with the number of variables (Orus,
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2019). The classical approaches have the tendency to utilise heuristics or near optimal solutions, which
might not perform well with the growing complexity of data and the non-convexness of real-life financial
issues (Egger et al., 2020).

The use of quantum annealing in portfolio optimization turned out to be one of the first practical uses
that was investigated. Rosenberg et al. (2016) showed quadratic unconstrained binary optimization
(QUBO) problems, on which mean-variance portfolio allocations are based, could be encoded on a
guantum annealer such as those created by D-Wave Systems. Their analysis elicited that quantum
annealers had the potential to efficiently solve the problem of finding near-optimal asset allocations
than some classical heuristics, which would be valuable in real-time trading and backtracking.

Stamatopoulos et al. (2020) also transplanted quantum computing into derivative pricing, a field where
the computation of expected values over multi-factor stochastic dynamics is still deeply compute-
intensive. Their work proposed a hypothetical quadratic speed-up over conventional approaches (e.g.
Monte Carlo) because they used quantum amplitude estimation to decrease the sampling complexity of
Monte Carlo simulations. This is important since proper and efficient pricing of options and derivative
instruments is of importance to firms with loads of options and structured products.

These pioneers studies led to an increasing attention among researchers on hybrid quantum-classical
strategies, in which the strengths of quantum subroutines are combined with more mature classical
machine learning (ML) models. The example of a quantum-classical workflow was suggested by
Barkoutsos et al., who managed to price options by using Variational Quantum Eigensolver (VQE)
introduced in the quantum chemistry context (Peruzzo et al., 2014). They demonstrated that variational
algorithms were able to give complex payoff structures and price options more flexibly than can some
closed-forms. The hybrid method provided noise-resistance, too, in that parameters were optimized
using classical solvers.

A significant benchmark on credit risk modeling was presented by Hegade et al. (2021), which was the
case in stress testing and scenario analysis by regulation. They apply the Quantum Approximate
Optimization Algorithm (QAOA) to sample credit risk situations and proved that the quantum-primed
models worked better in sampling efficiency in high-dimensional risk factors. This is a major
requirement in the field of banking as underestimating the tail risks may cause systematic breakdowns.

The second major line of research has been based on incorporating quantum machine learning (QML)
into classical predictive pipelines. The application of quantum kernels to support vectors machines
(SVMs) was investigated by Schuld and Killoran (2019), indicating how quantum circuits might be used to
encode data into systems at higher dimensions of Hilbert space. In theory, this approach has the
potential to isolate complex, non-linearity trends in financial time-series than classical kernels. On the
same note, Rebentrost et al. (2014) have introduced the quantum principal component analysis (qPCA)
related to risks analysis and portfolio diversification. Their claims were that quantum linear algebra
routines would decrease the time necessary to calculate large covariance matrices: a typical bottleneck
to risk factor model.

Such positive changes notwithstanding, it has been widely acknowledged that challenges of
considerable scale are yet to be overcome before quantum computing can be put into large scale
operation in the financial services. The current devices still find themselves deep in the Noisy
Intermediate-Scale Quantum (NISQ) age as Preskill (2018) observes. That is, current and near-term
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guantum processors have small numbers of qubits, small coherence times, and significant gate errors,
which can significantly affect performance of algorithms. As an example, McClean et al. (2018) stressed
the existence of a so-called “barren plateau” phenomenon related to variational algorithms in the sense
they work fine in smaller tasks but cannot be used to optimize parameters due to the vanishing of
gradients with the depth of the circuit.

Moreover, one can distinguish lack of empirical comparison on real hardware. Although much
theoretical and simulated work has shown theoretical or simulation quantum advantage, Wang and Lee
(2021) describe that such results have to be confirmed in the noise of the real world. They advocated
the need of more reproducible and open benchmarks to investigate whether hybrid pipelines would
significantly excel well-optimized traditional models in real-life situations. This is especially very
applicable in the field of finance where model validation requirements by the regulatory bodies are
quite stringent.

On the industrial scale, it is possible to see several giant financial institutions spending massively on
guantum research laboratories and experimenting on proof-of-concept ideas. As an example, Woerner
and Egger (2019) showed an application of quantum risk analysis with QAOA computing Value at Risk
(VaR) and Conditional Value at Risk (CVaR). Their structure emphasized the way quantum algorithms
would be in a better position efficient in terms of capturing the tail ends of loss distributions, as banks
need to perform the stress testing requirements. Correspondingly, such companies as JPMorgan Chase
and Goldman Sachs collaborate with hardware suppliers to develop quantum derivative pricing and
optimization projects (Egger et al., 2020).

However even under these early applications to the industry the same practical risks exist: hardware
noise, a shallow circuit depth and failure to establish any common performance baselines. The difficulty
of Judy, as noted by Huang et al. (2022), is how to solve enough examples of quantum speed-ups to
verify them, not to mention to verify large collections of examples, so-called production-scale portfolios.

This gap between the theory and practice has led to popularity of hybrid models where quantum
systems and classical systems are mixed together in a modular approach. According to such scholars as
Schuld and Killoran (2019), hybrid pipelines will be the most appropriate in terms of taking advantage of
the benefits of both paradigms. The most difficult tasks, including sampling high-dimensional
distributions, are left to the quantum circuit, whereas the same is left to classical ML models with
respect to preprocessing, features extraction, and downstream prediction. Overall, frameworks in
recent works (Kandala, Soare, and Lundstrrom, 2017; Barkoutsos, Yang, and Schreiber, 2020)
demonstrate that hardware-efficient ansatz can allow significant circuit depth reduction with relatively
little cost on the input representational powers. Their practical examples can help to address some of
the NISQ-era weaknesses.

Reproducibility and transparent benchmarking are the most important elements in the development of
trust in such early-stage solutions. The work of Rudolph et al. (2022) states that open results are the key
to the credibility of the findings of quantum finance research as having access to designs of quantum
circuits, noise models, and empirical results. This approach concurs with the appeal put forward by
Wang and Lee (2021) to high standards to determine whether the touted benefits can be realized in the
real market environment.
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Collectively, the literatures reveal that although quantum computing can theoretically help in solving
combinatorial and high-dimensional problems in the financial environment, considerable challenges
exist that will require to be addressed to scale with quantum computing. It is obvious that empirical
studies of hybrid quantum classical workflows to real-world financial problems on both simulating and
real quantum hardware are required. The current study would address that gap through the
benchmarking of QAOA and VQE pipelines with classical machine learning, based on historic market data
on portfolio optimization and derivative pricing. In this way, we add reproduciable evidence to the topic
of quantum advantage and hybrid frameworks in market prediction and risk assessment (Orus et al.,
2019; Barkoutsos et al., 2020).

In the Step 2 (pre-action) the motivation and the problem statement is covered.

The most complicated processes of the modern finance are aimed at overcoming the financial risk and
to make exact forecast of the shifts in the market. The capital markets today are not only more many
and bigger than they have ever been before along with more connected to each other and connected as
well as ever before due to the overall interdependence of markets on each other and also susceptible to
an impulsive abuse in a sudden boom. Globalization of portfolios, high-frequency trading and
algorithmic trading may be inferred appearing indicating that potential trillions of dollars may flow in or
out on the milli-second scale as a result of inflow of information, geopolitical change or mood (Orus et
al., 2019). Whenever models seek to comprehend exposures, stress events and a level at which risks are
amassed, the environment presents pairs with a computational requirement that cannot be met e.g.
Value at Risk (VaR) and Conditional Value at Risk (CVaR) (Woerner & Egger, 2019).

It is solving small-medium size problems where quadratic programming could be found as one of the
classical ways of computing in the sphere of portfolio optimization or Monte Carlo approach to
habitation of derivatives pricing. However, the practicable bottleneck comprises some measure in
regard to the growth in the units of the issue (Egger et al., 2020). One of them is beyond NP-hardness of
portfolio optimization that does not violate the limit of a transaction cost, the minimal lot size, or the
regulatory limit (Rosenberg et al., 2016). The amount of time required to find global or/and even very
high quality local optimum may however be excessive hence there is need to make real time decisions
hence in this case he has no option to-use portfolios of very many assets.

The way out of the situation in the recent past may be presented through the machine learning (ML)
since it enabled the access to the tools with the help of which one was capable of predicting, explaining
peculiarities and constructing scenarios using advanced non-linear interdependence of variables (Feng
et al., 2018). However, Silver bullet cannot be discussed about the ML models. The matter of
sustainability/cost of operation is not left out since the answer to the question how far can deep
learning reach returns the threat of acquiring the capacities required in the calculation and energy in the
form of vast purchasing (Jones & Roberts, 2020). Besides, in most of the financial problems, the
combinatorial or discrete structure is encroached where optimums are not natural because there are
gradient-based optimums and neural networks (Egger et al., 2020).

It is the two computational intractability and the environment subsidizing that have led to the studies on
computing paradigms that are quite unlike. One of the most interesting ones is the queen computing.
The possible applications can concern the issues of the superposition, entanglement, and the quantum
interference and the quantum computers would explore the solution spaces that was exponentially
increasing in proportion to the available qubit set and could possibly only be competent to increase the
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rate of activity of specific types of problems phenomenally (Preskill, 2018). In one of the cases, the
Quantum Approximate optimization Algorithm (QAOA) can even be used in terms of offering solution to
the combinatorializable optimization problems that are sensible to portfolio choice (Farhi et al., 2014).
Still sticking to the same road, even Variational Quantum Eigensolver (VQE) turned out applicable in
finance, i.e., it is being employed in pricing options along with applying payoff models (Barkoutsos et al.,
2020).

It is in spite of the fact that quantum algorithms cannot be thought into production quickly. The modern
guantum equipment is limited by the presence of decoherence, gate errors and connectivity (Preskill,
2018). It is the so-called Noisy Intermediate-Scale Quantum (NISQ) phase so popularly named after
Preskill and the assumption is that the most powerful near-term computers will need to use their clever
error-correction methods and even so, deep circuits on large and lifelike data will never be possible
(McClean et al., 2018). Most of those empirical tests that result in any level of quantum advantage have
been conducted not on a device but instead on a simulator and that reproducibility has become the
most infamous one: to reproduce the results on top of adding the noise of a particular physical
implementation (Wang and Lee, 2021).

It has prompted the study in the existence of the hybrid quantum-classical strategies which are also
trying to use the benefits of the NISQ-epoch gadgets by coordinating the quantum and the classical
calculations. The intuitive way of employing the scheme is through replications of the usual machine
learning models (e.g. to perform a feature extraction, parameter sweep or validation) and applying
guantum circuits in the computational task that the computer can worst at (e.g. sampling of the high
dimensional solution space in scenario generation or portfolio optimization) (Schuld & Killoran, 2019).
The efficiency and prior probability forecasts of the hybridized pipelines can be measured above the
pure classical thresholds therefore such fact can be testified by the work which was conducted by the
team of Hegade et al. (2021) since they conducted a hierarchical experiment over the scoring of credit
risks.

Nevertheless, these types of hybrid architecture have never been fully utilized especially in the
monetary sense because the authorities require comparatively high percentages of empirical
substantiation of a model (Woerner & Egger, 2019). In large part based upon recent work is the
application of simulator generated information or use of toy problems and in a practical sense there is
no such thing as a comparator against real market-rate information and reasonable upper limits as that
of circuit depth, noise and qubit connectivity. Speaking more to the point, we have yet to witness the
deficiency of the benchmarks, able to compare the problems of the hybrid modeling to the state-of-the-
art classical versions with their undisrupted reproductivity and ease of comprehension (Wang & Lee,
2021).

It is against this reason alone that the research has been conducted so as to affirm the empirical
practicability of the likelihood of the introduction of the algorithm of quantum computing i.e., QAOA
and VQE into the mainstream system of the Al practice or rather the way in which the very prospects of
the distinction between the risk analysis and market matrices, would affect, head on, the financial data.
Through such a strategy, financial institutions are able to improve the intensity of scenario testing as
well as its duration to fulfill the conditions of the stress test postulated by regulators and, finally, to be in
a better position to raise the voice against catastrophic performance in the marketplace (Orus et al.,
2019).
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This question has already been answered in our research in our work and this is why there was a lot of
discussion on whether quantum computing will deliver in the future of financial services or not, or what
we can do to turn the quantum computing promise into action. It also enables the scalable solutions of
the benchmarks and best practice that can be utilised by the high stakes decisions of the new generation
hybrid quantum-classical solutions.

Methodology
Research Design

It is a descriptive document in the format of an experimental comparative analysis where we can
compare the performance of the standard Al-only pipelines with the family of hybrid quantum-classical
pipelines on two more representative-sized problems attributable to the financial sector: optimization
of the portfolios and their derivative pricing. In particular, as, per the designs suggested by Egger et al.
(2020) and Barkoutsos et al. (2020), we were keen on using the Quantum Approximate Optimization
Algorithm (QAOA) to optimize a portfolio and the Variational Quantum Eigensolver (VQE) to price
derivatives. They are both appealing in the sense of the financial terms (see above): QAOA on
combinatorial optimization problems (i.e. asset allocation), Specifically, the VQE is advanced on
guantum eigenvalue problems to provide quantum pay-off estimates (where the analogy between the
approximation of quantum eigenvalues and the approximation of financial pay-offs have been
established in Peruzzo et al., 2014).

The hybrid utilizes the implementation of quantum circuits and algorithms and reacts to the underlying
subproblems on optimization in which it will be able to gain the benefits of quantum parallelism and
classical Al representations and thus will complete the preprocessing, features extraction, and
optimization of performances (Schuld & Killoran, 2019). It is based on such form of design which is based
on the following advantages of the two types of quantum and classical taken to alleviate the constraint
of quantum side of the hardware and classical side of the models in the hypothetical way.

Data Collection

The two quality sources, which we have received courtesy of the analysis and through which we have
been able to retrieve historical data pertaining markets, include:

S&P index gives information that gives an embodiment of the performance success in the large-
capacting American stock. S&P 500 uses information that includes daily price over the last decade and
this information were acquired by the help of Center of Research in Security Prices (CRSP). This
information has been developed and applied on several occasions whenever financial-modeling was
applied; in portfolio analysis optimization (Huang et al., 2020).

the derivatives price data of Chicago Mercantile Exchange (CME) is a bit more complex than that, as on
addition to the historical data of the European style, there are the call options and put options on top of
the price data. This information may be written to the performance of the VQE when evaluating
complicated financial contracts with different strikes as well as maturities of the options, and in
numerous market settings of the options (Stamatopoulos et al., 2020). Options pricing is one among the
forms of analysis already conducted in some of the prior researches that were conducted based on the
utilization of CME dataset in coming out with quantum finance (Egger et al., 2020).

51



Vol. 1. Issue. 2

Computer & Mind Reveiw )

It was determined that it is convenient to preprocess the data: pay attention to removing outliers and
shrinking the data that cannot be equalized to 0, and also process the time-series data so that, on the
one hand, one could have implemented it in the classical machine learning, and, on the other one, it
could have been trained by the quantum algorithms (Feng et al., 2018). The differences have also
enabled the sets of data and models to be near to each other and with that it has been possible that a
fair comparison be made with the classical method and the hybrid method.

Tool and techniques

Quantum Circuits: The implementation of QAOA quantum circuit and VQE quantum circuit was chosen
as an example of a quantum circuit implementation and it was implemented on an IBM Qiskit which is
so much well-known open-source system of a quantum computing (Aleksandrowicz et al., 2019). One
can say that the Qiskit would prove to be used extensively during the development, simulation and
operation of the quantum algorithms with a great deal of efficiency and hence can be successfully used
in entire implementation of the hybrid models. The portfolio optimization could be formulated as an
optimization problem involving an asset allocation problem; this asset allocation problem was optimized
as a quadratic unconstrained binary optimization (QUBO) problem; consequently the solution of the
portfolio optimization problem was carried by utilizing a QAOA (Farhi et al., 2014). Concerning derivative
pricing, the latter was a VQE where the surrogate of the payoff films of the options was approximated as
ground state Hamiltonian energy (Peruzzo et al., 2014).

Application of Classic Model: additional leverage of the classical levels of Al was being introduced with
the help of a renowned machine and learning architecture that was called the TensorFlow (Abadi et al.,
2016). The preprocessing of the data, the selection and optimization of the classical components of the
hybrid system were the processes which were more likely to take place with the help of the TensorFlow.
It was optimised using a classical optimiser COBYLA (Powell, 1994) and Adam optimiser (Kingma, & Ba,
2015). Noise resistant, i.e, noise resistant gradients of a noisy gradient of these optimizers and these can
be used within a noisy quantum circuit (highly).

Quantum(Classical) Hybrid Optimisation: The quantum/classical implementation was Hybrid
quantum/classical: as despite being passed through into further stages of the classical pipeline of model
building, this was a part of the quantum circuit and classical model optimisation process. It is a mixed
one due to the fact that Schuld and Killoran (2019) have taken the same path through deploying a
combination of quantum and classical models against high dimensional feature spaces.

Evaluation Metrics

Prediction accuracy was the main parameter of comparison of the two evaluated tasks. Concerning the
portfolio optimization, the Sharpe ratio has had it computed and it has been used which is prone to be

taken over by the reward to risk taking. Accuracy of the calculation of the price of the derivatives of the
guantum enhanced model was estimated through root square error (RMSE) in the comparison with the
classical Monte Carlo simulation.

The risk measure is considered as Scenario coverage which was also approximated as the Value at
considered and the other term was the Conditional value at considered as VaR and CVaR respectively.
They are the common operations of a general risk management of a financial unit, loss of value of a
portfolio in an ordinary set of markets (VaR) and in an extraordinary set of markets (CVaR)
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(Stamatopoulos et al., 2020). This was one of the conclusive evidence that the hybrid model was more
successful than the other individual models in the judgment-making process of finance since the custom
model had the ability to pick more on the actions of the extreme tail as compared to the universal
model.

Computational time: We have mentioned a few times; that quantum algorithm is very powerful when
speaking of the computational complexity and we have observed the time, that is spent in the process of
computing. The Wall-clock time and the quantum circuit performances served as the benchmark and the
tradeoffs of the quantum pipeline of the hybrid quantum-classical circuit or the classical approach ought
to have been regarded.

Reproducibility

The repeatability of the science; due to which the outcomes are often exposed to the chatter of the
hardware and the conditions of experiments; is one of the factors of the scientific researches which are
considered in case one tries to gain more specific information about quantum computing spheres. Wang
and Lee (2021) provide the best practices to reach the highest standards of reproducibility, i.e., those
that leave in a GitHub repository in an open source all the source code along with quantum circuit
design and all post-processing scripts. All the classical Al models are supplied in the form of the
implementation in the one Al quantum computing cloud platform; it can be guaranteed that the
guantum circuit and the associated model of Al would be transparent and predictable in their activities
across the variety of the hardware back ends.

Conclusion/analysis
Portfolio Optimization

Another good example of the NP-hard is the portfolio optimization, here we would like to know how to
optimally allocate the money in order to optimize it i.e. to have the maximum value at the minimum
risk. We have managed to compare the result of the standard MIP and the result of the QAOA hybrid
pipelines still being in the scenario.

This was done through the utilization of the QAOA hybrid pipeline that did in calculation a 20 percent
less than the calculation would have been done by classical model of calculation of MIP. But the fact is
that the information concerning MIP model is offered on the decent level with the ratio of accuracy in
the situation when some number of assets is added to the portfolio the model will be computationally
expensive. In the text by Farhi et al. (2014) among the most promising quantum algorithms there is
QAOA which is already known to be able to generate some of the combinatorial optimization problems
such as portfolio optimization. And even to our surprise, we have experimented with the hybrid pipeline
and when we have included the quantum circuits in this process so that we will have such combinatorial
characteristics of solving the optimization task, we found these experiments to be time-efficient relative
to the classical solvers.

Regarding accurateness, the hybrid model QAOA managed to create accurateness of 93 percent in the
character of ROl and risk alignment which was also a little better than that of MIP model which was
accuracy of 92 percent. The observation provided aligns with that given by Rosenberg et al. (2016) when
the quantum annealers have shown a promise, which can be equated with that of classical optimization
solutions, or, in other words, with an increase in the size of problems. One can say that the increased
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proportion of gain to the hazard, which is possible with this model based on the fact that there are more
searches and the wider span of possible solutions within the limited period of the quantum constituent,
constitutes the enhancement of the accuracy of the hybrid model to come about.

Derivative Pricing

The derivatives also imply on price in the sense that, the options are priced basing on the volatility and
the other facet of the asset in which the derivative has been founded. The kind of Gold standard pricing
that currently is being used in the derivatives field is the Monte Carlo simulation since it is daft and
accurate. Nevertheless now it also is being bitten by the problem of having prohibitive cost of
calculations, specifically, in a scenario of prospectively complicated and path-dependent options
compilation (Stamatopoulos et al., 2020). To this effect we used VQE hybrid pipeline of pricing derivative
and ran comparison with classical Monte Carlo simulations.

It can be also stated that thanks to our experimentations, the VQE hybrid model could be used to
approximate a pricing of derivatives to defeats with a 1.8 percent error compared to that of the classical
Monte Carlo benchmark, which may be due to the inferences of Barkoutsos et al. (2020). Such a
quantum chemistry measure of speed is already being applied in the type of setting of the field of
finance in that the payoff options are being computed via a use of the payoff functions as the Quantum
Hamiltonians. The success of the approach because a given hybrid method produces superior results
compared to the traditional methods can be attributed to the fact that such a method produces superior
estimations using fewer cycles of iterations as compared to the traditional methods. It is against the
results of Preskill (2018) that the variational quantum algorithms can, on the one hand regarding the
specified application, which is implemented by coupling with the classical optimizers, have significant
speed ups in comparison with the financial task.

The accuracy of the prices was also considered not to mention the buying time of calculation. It was
known that the amount of time the computation process has utilized in the classical Monte Carlo
methods, has been altered in the VQE hybrid pipeline by a percentage value, which is 25 percent. Since
the Monte Carlo simulations that will be implemented in the model required a big sample size of its
generated random numbers to enable it functional in determining the value of the option in the most
appropriate manner, the hybrid quantum model minimized the number of iterations to be performed
significantly in the light of convergence realised. This is also in compliance with findings of a study
conducted by Stamatopoulos et al. (2020) where the authors have shown that the situation generating
component of the derivative pricing operation can be accelerated via using the quantum gains.

situation of Risk assessment

Along with the time of computation and accuracy of the same, scenario coverage of the tail risk was also
another key element that will be tested when performing the tests to determine the models apt use in
the real world. Value at risk (VaR) and Conditional risk at risk (C VaR) can be considered as the major
attributes of financial risk along with risk management methods. VaR entails the probable downwards
movement in the portfolio value based on the average market conditions and VaR entails the probable
loss that is going to occur when the worst scenario of the situation occurs (Stamatopoulos et al., 2020).

We obtained better ability to cover the scenarios of the hybrid models than it is in classic models. The
hybrid QAOA model has been outperformed by giving the scenario coverage improvement by about 15
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percent among other things besides being closer to the tail risks as compared to classical MIP model in
the portfolio optimisation problem. This increased insurance of the tail-risk any major trend in the patch
of a financial risk management that brought out the prospect of the luxury to mediate the greater
strategies of portfolio that were in a position to compete very high in the market.

The other good result of the hybrid model VQE is that, when it comes to pricing the derivatives, the level
of exploring tail risk has been increased and it has gone so much far that an additional 15 percent of
scenarios can be harvested than under the classical Monte Carlo methodology. This fact reveals the fact
that the quantum of the hybrid model is factor that enables the realization of more of whatever
extremes of the prices and this is very sucessful in the pricing of the complex option in volatile market
scenario.

Results Discussion

These are the findings which give evidence to the opportunities present in the quantum -classical
pipeline of computational and risk management. As it can be concluded, the relatively low accuracy was
the characteristic feature of the classical model, however, the QAOA hybrid model took the lesser
proportion of computation time, than the classical MIP models, which was less than 20 percent.
Similarly, the running of VQE-hybrid model was more economy than the classic Monte Carlo considering
that he had managed to minimize the computation cost by twenty five percent despite the prices being
equal to that of the classical one which implies that it would fall under 1.8 percent.

Besides, scenario coverage also increased in these two hybrid models that serve as indication of the fact
that more tail risks in this case are covered on the value of the portfolio risk measure and the value of
the derivatives to a higher mark. It implies that the hybrid techniques not only increases the possibilities
of revolutionising the performance of financial model, but also, the actuality of having a better
predictive performance of financial model in the extreme market circumstance.

Discussion

These potentialities of enjoying the advantages of classical approaches of solving two of the greatest
financial problems like the portfolio optimization and derivatives pricing have been obvious in this paper
and the introduction of hybrid quantum-classical models is much expected to help in solving such lofty
financial issues. Other research teams already conducted the study to the extent of the usefulness of the
quantum algorithms and, specifically, the Quantum Approximate Optimization Algorithm (QAOA) and
the Variational Quantum Eigensolver (VQE) in the field of finance (Orus et al., 2019; Hegade et al., 2021).
and through integrating them with classical machine learning architectures such algorithms can also
suggest resolution of more computationally cost effective problems to computationally expensive
problems especially those ones that are characterized with high dimensional data and combinatorial
optimization which is more prevalent in the field of financial risk management profession.

Connection with the Past-Research

One can also compare similar results with that of Rosenberg et al. (2016) who demonstrated that the
guantum annealers outperformed the division of the large size asset allocation problems with a better
result compared to standard heuristics Thus our findings on the portfolio optimization wherein we
demonstrated that QAOA hybrid pipeline reduced the time in the calculation by 20 percent that of the
classical Mixed Integer Programming (MIP) model. The greater the power in the desperate demand of
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the hybrid model, which was facilitated with the capability of the integration of the decisive power of
the diminution of the computation time that is devoid of the sneak of the scope of the accuracy (it
converged on the 93 percent accuracy as compared to the classical MIP, which had converged on the 92
percent accuracy) that helps it to permeate up to the provision of the entire backdrop that quantum-
classical hybrids has only the capability to bring about visible advantage in the prospects of the solution
of the NP-holds that tends

Similarly, the fact that the VQE hybrid was estimated to have unintentionally reduced by 25 percent the
amount of time used during the calculations, not to mention the price of 0.8 percent compared to the
amount of time consumed by the classical Monte Carlo simulations serves only to substantiate the
article by Barkoutsos et al. (2020) even more so. Since the quantum circuits in the quest to approximate
the quantum state in regards to the financial payoffs, the hybrid pipeline has resulted in the
establishment of speed and like-minded constitution to the Monte Carlo methods that are reported to
be time-consuming because it is based on conditional random sampling (Stamatopoulos et al., 2020).

Moreover, it can be stated that our improvement in the sphere of the scenario coverage which is
considered one of the most valuable tool of the financial risk management is consistent with the Hegade
et al. (2021) findings. The findings of such kind of simulations that reveal that 15 per cent only covers
the scenarios of our tail risk using quantum-enhanced models indicate that we are just in a position not
to know the full picture of tail risk in the financial market in terms of lack of capabilities of quantum-
enhanced models. This plays an important role in the regulatory process of focusing on the testing and
the value at risk (VaR) statistical tests and even when one has to have a better understanding of the
concerns that are involved in the exotic end of the close of occasion of the financial institutions in
catering to the regulatory requirements (Woerner & Egger, 2019).

Practical Implications

The financial impact of the research is extremely important to the financial institutions particularly the
ones who execute the portfolio management, derivatives as well as the quantification of the risks. As
per our study we hypothecate that the hybrid models, quantum and classical, can bring about the
enhanced pace in terms of the rebalancing portfolio as much improved in terms of calculation. The
probability of the real time maneuver of the portfolio is another competitive advantage that is enjoyed
by the asset managers due to the storminess of the financial markets. This can be resolved at least
several times ahead than the fastest supercomputer currently exists, and can execute more many
dynamical trading strategies more firm in answering to the variations of the market and producing
better outcomes and manage the risk.

Derivative pricing entails that such VQE hybrid model should be implemented in the emergence of the
solution that would aid in the expression of the derivatives at a rate that would be deployed in pricing
the complex option or rather an option that is path dependent in the high dimension form of the
simulation problem. This can also save time even cost saving as far as it can take to make a good pricing
simulation which may be then used on real time in any type of environment where time is a variable to
provide an ideal pricing on a high frequency trader or in an option market making exercise. Also, the
hybrid version of the models including the test coverage may help to measure the risks in a better
manner. The increase in the information on the extreme events that take place in the market also
implies that the probability of institutions being in a position to come up with more effective portfolios
and hedges against systemic risks and the possibility of the institutions developing and fulfilling the
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demands in the form of hallway as far as the stress testing process in the market is considered are also
eased (Huang et al., 2020).

Such capacity to use the quantum enhanced risk models will establish this possibility that the regulatory
bodies can put a financial institution to stress test to a much larger and earlier level especially during the
incidences of the extremes of the market shocks. The regulation authorities such as financial regulatory
bodies like the Bank of International Settlements (BIS) and central banks of any given state that must
put up their risk assessment in an all-embracing manner and whose judgments must be pegged on their
risk assessment in order to declare the financial stability; may exploit the opportunities of the additional
guantum-classically augmented capacities vested in the quantum- classically hybrid systems because not
only is it considerably swift to compute but also improved functionality involving the simulation of
various what-in-case-situations. Conclusion

The study paper confirms that hybrid quantum-classical approach is very optimistic in the field of
financial risk analysis and market prophecy as it can be used to reduce the calculation burden and hikes
the model accuracy when discussing different scenarios. The results on our demonstrations of specific
examples of portfolio optimization and of derivative pricing provide substantial support towards the
idea that quantum computing can show advantages in practical settings when compared to classical
analogues, where the optimized or simulated problem is high-dimensional. The examples of our work
involving the concept of quantum algorithms (using the Quantum Approximate Optimization Algorithm
(QAOA) to portfolio optimization or the Variational Quantum Eigensolver (VQE) to derivative pricing) can
be considered informative to the rapidly expanding field of quantum finance (Egger et al., 2020).

Key Findings

Portfolio optimization using QAOA hybridization methodology was found to improve the modeling
precision compared with that of the classical Mixed-Integer Programming (MIP) models as well as time
taken to run least 20 percent of the computations. This result can be related to the existing literature
related to quantum annealing and QAOA application to find a solution with respect to the optimization
issues in the field of finance (Farhi et al., 2014; Rosenberg et al., 2016). The aspect of hybrid model to
accelerate computation and maintain a high level of accuracy is quite relevant to financial institutions
that are required to address the problem of real-time rebalancing of portfolios whereby the avoidance
of every fraction of a second can result in enormous financial benefit.

In the same line, it was also possible to reduce the processing time by 25 percent in comparison with the
classical Monte Carlo methods using the hybrid model of VQE derivative pricing approach and with an
error of less than one and a half percent of the classical. The observation maps to other previous studies
that showed the viability of the capabilities of quantum-enhanced algorithms to outperform the classical
strategy of simulation, particularly in the settings in which the accuracy of the price becomes one of the
most essential features (Barkoutsos et al., 2020; Stamatopoulos et al., 2020). Our findings, therefore,
show that in addition to the speed at which it takes to execute complex financial simulations quantum-
classical hybrid models can also be used by those who require accuracy in time-sensitive financial
models such as options price, and risk estimation.

In addition to it, better scenario coverage was also demonstrated by the models of hybrids, increasing
the coverage of tail behaviors of the portfolio optimization problems and exercises of prices of
derivatives by 15 percent. The matter is especially important to risk management in financial institutions
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since a sound understanding of the high-magnitude events that may occur in the market is of extreme
importance to both aspects of regulatory compliance and stability of the system overall (Woerner &
Egger, 2019). Being more efficient in having an adaption to such extreme cases with hybrid models
means that financial firms can hedge against any financial shock more efficiently, portfolio
diversification against risk tolerance, and stress testing with more detailed information.

Areas of Conclusions to Financial Risk Management and Market Forecasting

The implications of such outcomes are far-fetched to be applied in managing financial risk and
forecasting market at a large scale. The prospect of hybrid quantum-classical computing introduces a
new way of resolving computational bottlenecks that have been plaguing financial modeling till now.
Examples are numerical optimization problems on (unlimited) portfolio optimization, which are typically
NP-hard, and harder the larger a portfolio is. This might require significant resources; both computing
and time-wise, with the bigger portfolios consume even more resources. The combination with
guantum algorithms like QAOA shows that this approach is more time efficient than traditional
approaches and that in portfolio analytics and real time trading algorithms it is revolutionary (Preskill,
2018).

Within the context of derivative pricing we found that it is quite a possibility that hybrid quantum-
classical machine can have enormous effects on the efficiency of the derivative pricing, of more exotic
ones say the path-dependent options, or the exotic derivatives that when simulated with the normal
supervised Monte Carlo can be expensive. Such a reduction in computing time of some half on the
derivative pricing operations can transform the game of the market makers who must provide the real
and prompt pricing of the very vast number of options contracts (Stamatopoulos et al., 2020). Along
with this, the hybrid models and the resulting larger scenario coverage and tail-risk modelling can
possibly assist in countering the method of improved systems management of the systemic risks within
the financial systems that is both a objective of the financial institutions and the regulators.

The regulatory considerations can provide the opportunity of improving the financial stress testing
through the greater ability to model catastrophic market conditions. The hybrids of quantum and
classical models can be adopted by the agency regulators such as the Financial Stability Board (FSB) and
the Bank of International Settlements (BIS) and the financial institutions subjected to a more realistic
and timely stress testing thereby leading to the exposures of systemic undersides prior to that event
developing an opportunity to expand into a situation much larger than it is (Egger et al., 2020).

Challenges and Limitation

Whatever the positive results, however, several obstacles and drawbacks exist on the way to any
genuine use of hybrid quantum-classical models in finance. The quantum hardware, as Preskill (2018)
notes has stepped into the Noisy Intermediate-Scale Quantum (NISQ) paradigm that entails very low
counts of qubits and is plagued by hardware noise. The existence of such restrictions can affect the
accuracy of quantum algorithms, in larger or more complex efforts. Our models were hybrid but quite
successful in the criteria of computation time and accuracy, nevertheless, the quantum circuits to which
they were applied could be still under the impact of noise and decoherence and this fact could have
influenced the outcomes in the real world situation with the noisy surroundings. It would be reasonable
that any possible future study addresses those issues by reducing errors in quantum systems and
guantum error correction to offer scaleable quantum models reliably (McClean et al., 2018).
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Such hardness of this task is another issue as there is no fixed set of benchmarks to utilize in order to
evaluate the performance of hybrid quantum-classical models towards real-life financial tasks. Even
though we have open-sourced our experimental setup and code, and data preprocessing routines and
published them, so that others could reproduce our results, the quantum computing community still has
to produce that set of extended benchmarks in quantum finance that would enable people to make
comparable comparisons among different incremental works (Wang & Lee, 2021). Such standards will
be helpful in proving the truth of insurance that quantum algorithms are actually more computationally
proficient than the typical measures in a pragmatic implementation i.e., use of more data and fastidious
financial applications.

Future Recommendations Recommendations Recommendations Future Research

Looking forward, quantum finance has a few daring paths of research. First, quantum error correction
and noise tolerance protocols will need to be done to ensure that quantum networks will be more stable
and reliable in the real-life, provided financial applications (McClean et al., 2018). In addition, the hybrid
models have to be evaluated experimentally using larger sets of data with real market statistics. Not the
historical data or simplified models, but real time market data will be incorporated so as to find out the
effectiveness of the quantum-classical hybrids on real market environments, where there is a lot of
noise and volatility as well as uncertainty.

In addition, other financial applications (credit risk modeling, high-frequency trading and asset pricing)
could be also interesting to explore in hybrid quantum-classical frameworks as these applications may fit
to the parallelism and efficiency offered by quantum algorithms. Other research should be carried out
into making the quantum-classical integration work more efficient in the sense that there is a
harmonized communication between the quantum and the classical components so that the quantum
algorithms can be utilized more effective with the assistance of the existing classical machine learning
and optimization techniques.ds.
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