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ABSTRACT

Abstract— Portfolio optimization under realistic constraints represents a computationally
intensive problem for classical financial models, particularly in volatile and high-dimensional
markets such as India. Conventional mean—variance approaches become NP-hard when
integer, cardinality, and regulatory constraints are incorporated. This paper investigates the
applicability of quantum computing techniques for constrained portfolio optimization in the
Indian financial context. The study analyzes quantum annealing and gate-based variational
algorithms, including the Quantum Approximate Optimization Algorithm (QAOA) and
Variational Quantum Eigensolver (VQE), with emphasis on Quadratic Unconstrained Binary
Optimization (QUBO) formulations. In addition, quantum amplitude estimation methods are
examined for accelerating financial risk metrics such as Value-at-Risk and Conditional
Value-at-Risk. Empirical results derived from thematic and regression analyses indicate that
perceived computational advantage and organizational readiness significantly influence
adoption intent, while quantum-related security risks act as a moderating factor. The findings
suggest that hybrid classical-quantum architectures provide a practical pathway during the
Noisy Intermediate-Scale Quantum era. The paper concludes that early-stage quantum
adoption, combined with post-quantum cryptographic preparedness, can enhance portfolio
efficiency and risk governance for Indian institutional investors

Keywords: Quantum computing; Portfolio optimization; QAOA; Financial risk; Indian
markets.

1.0 Introduction

Financial portfolio selection represents the critical challenge of optimal budget

*Corresponding author; Assistant Professor, MBA Department, Jain College Engineering and Research,
Belagavi, Karnataka, India (E-mail: sangamjadhav2222@gmail.com)

**4ssociate Professor, MBA Department, KLS GIT, Belagavi, Karnataka, India (E-mail: vrhundekar@git.edu)
***Professor, MBA Department, Jain College Engineering and Research, Belagavi, Karnataka, India

(E-mail: dr.kulkarni@jcermba.in)

*#**dssociate Professor, MBA Department, Jain College Engineering and Research, Belagavi, Karnataka, India
(E-mail: dr.vrushali@jcermba.in)

DOI: 10.17492/JPI/KLSGIT/260010



114 | Sustainable Solutions for Perusal and Practice - The Way forward

allocation among a collection of assets, such as stocks, bonds, and securities that generate
random returns over time. This fundamental problem, which has dominated quantitative
finance since the mid-20th century, is rooted in the seminal work of Harry Markowitz (1952),
who proposed that an optimal solution is achieved when an investor maximizes expected
returns while simultaneously minimizing the variance (risk) of those returns. Markowitz’s
mean-variance model also formalized the principle of portfolio diversification, suggesting
that investors should allocate budgets across many assets to ensure that the misfortune of one
does not critically influence the entire portfolio. While this bi-criteria quadratic optimization
problem is theoretically straightforward in its unconstrained form, the practical realities of
modern financial markets, particularly in rapidly evolving economies like India, introduce
complexities that often render classical computing solutions insufficient.

As financial markets become more data-intensive and globally interconnected, the
computational difficulty of portfolio optimization increases significantly. In its most basic
form, the problem involves solving a single linear system of equations. however, the addition
of realistic constraints—such as long-only positions, integer constraints (investing in fixed
increments), or cardinality limits on the number of assets—transforms the task into a Mixed
Integer Program (MIP), which is known to be NP-hard. Classical solvers often struggle with
the “curse of dimensionality” when managing thousands of assets and millions of variables,
leading to unsatisfactory precision or prohibitive runtimes. This limitation is particularly
acute in the Indian market, characterized by its high volatility and the diverse regulatory
requirements of the Securities and Exchange Board of India (SEBI). Consequently, there is
an urgent need for an explorative framework that leverages Quantum Computing to redefine
computational boundaries and enhance decision-making accuracy for Indian institutional
investors.

Quantum computing represents a radical departure from classical binary logic,
utilizing the principles of superposition, entanglement, and interference to process
information in fundamentally different ways. While classical bits are restricted to states of 0
or 1, qubits can exist in superposed states, allowing quantum systems to explore many paths
simultaneously and simulate the dynamic nature of financial systems more efficiently. In the
context of finance, quantum theory is increasingly used to model secondary markets,
emphasizing the importance of trading in determining security values rather than relying
solely on stochastic descriptions. For portfolio optimization, the most promising near-term
approach involves mapping the problem into a Quadratic Unconstrained Binary Optimization
(QUBO) form, which is ideally suited for Quantum Annealing processors. This mapping
translates the Markowitz model into an Ising Hamiltonian, where the minimum energy
eigenstate corresponds to the optimal investment strategy.
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The current state of quantum technology is categorized by the Noisy Intermediate-
Scale Quantum (NISQ) era, where devices possess a moderate number of qubits but are
susceptible to high error rates and de coherence. Despite these challenges, algorithms such as
the Quantum Approximate Optimization Algorithm (QAOA) and the Variational Quantum
Eigensolver (VQE) have shown potential for solving combinatorial optimization problems
on NISQ hardware. Research has demonstrated that adopting quantum superposition states
can effectively sample the vast space of potential portfolios, isolated through quantum
annealing protocols that may find global optima where classical heuristics become trapped in
local minima. Furthermore, the application of Iterative Quantum Amplitude Estimation
(IQAE) and other simulation-based quantum methods offers a quadratic speedup for risk
calculations such as Value-at-Risk (VaR) and Conditional Value-at-Risk (CVaR), which are
essential for portfolio management in volatile environments like India.

Implementing a quantum framework for the Indian market requires addressing
several systemic hurdles. First, the minor embedding problem arises because the connectivity
of current quantum hardware (such as the D-Wave Chimera graph) limits the number of assets
that can be simultaneously optimized. Second, the “ante” for quantum advantage remains
high; for complex derivatives and large-scale portfolios, the effective error rates must be
reduced significantly before practical speedups over classical CPUs are realized.
Furthermore, financial institutions must manage the duality of security threats and
opportunities. While quantum algorithms can optimize portfolios, Shor’s algorithm
simultaneously threatens the classical cryptographic primitives that secure Indian digital
banking and blockchain-based transaction systems. Therefore, any explorative framework for
the Indian market must incorporate post-quantum readiness and assessment criteria to ensure
that the economic advantages of quantum optimization do not come at the cost of systemic
vulnerability.

This research proposes a structured four-stage analysis to evaluate the feasibility of
quantum portfolio optimization in the Indian context: identifying unsatisfactory classical
bottlenecks, determining the applicability of specific quantum algorithms, assessing the
magnitude of the computational advantage, and validating the economic business case. For
institutional investors in India, a “first-mover advantage” in quantum capabilities could
provide a durable competitive edge by enabling real-time portfolio rebalancing and superior
risk modeling. This paper will explore how hybrid classical-quantum models—which
combine the stability of current systems with the exploratory power of quantum circuits—
can be tailored to handle the unique sectoral dynamics of India’s banking, insurance, and
fintech industries.

In conclusion, quantum computing is not merely an incremental processor speedup
but a transformative paradigm that addresses the inherent uncertainty of financial markets
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through a nuanced understanding of market dynamics. By developing an explorative
framework for the Indian market, this study aims to bridge the gap between technical quantum
algorithms and strategic financial management. As the hardware evolves toward fault-tolerant
systems, the integration of quantum optimization into Indian finance will be critical for
maintaining market efficiency and ensuring that national financial infrastructures remain
resilient in the face of global technological shifts.

The transition from classical to quantum computational paradigms in finance is
motivated by the inherent limitations of stochastic models in capturing the complex,
negotiated nature of market fluctuations. Modern quantitative finance is historically rooted in
the mean-variance model introduced by Harry Markowitz (1952), which defines an optimal
portfolio as one that maximizes expected return for a given level of variance, or risk. This
framework formalized the principle of portfolio diversification, asserting that spreading
budget across multiple assets prevents the misfortune of one from critically impacting the
entire collection. While theoretically robust, the application of this model to real-world
scenarios—such as the volatile Indian market—introduces computational bottlenecks when
realistic constraints like integer share requirements, transaction costs, and cardinality limits
are added. These additions transform the task into a Mixed Integer Program (MIP), which is
categorized as NP-hard, meaning the time required to find an optimal solution grows
exponentially with the number of assets.

Quantum theory offers a novel lens for modeling financial uncertainty, interpreting
market states through superposition and entanglement rather than purely stochastic random
walks. In this paradigm, a market is represented within a Hilbert space, where linear operators
generate temporal evolution through cash flows and trading. This perspective allows for the
modeling of coherent macroscopic effects and interference phenomena, which stochastic
models often ignore by assuming that trades do not alter the price distribution for subsequent
transactions. Recent research suggests that quantum algorithms, by utilizing the probability
amplitudes of quantum states, can explore the vast space of potential portfolios more
efficiently than classical brute-force or heuristic methods.

2.0 Quantum Optimization Approaches

The literature primarily categorizes quantum portfolio optimization into two
computational models: Quantum Annealing and Gate-based systems. Quantum annealing,
exemplified by D-Wave systems, is a specialized process that identifies the ground state of a
system’s Hamiltonian to solve combinatorial optimization problems. To utilize this hardware,
the Markowitz problem is typically reformulated as a Quadratic Unconstrained Binary
Optimization (QUBO) problem and then mapped to an Ising Hamiltonian. In this mapping,
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the minimum energy eigenstate of the operator corresponds to the optimal investment
strategy. Empirical studies, such as the analysis of the Abu Dhabi Securities Exchange, have
validated that quantum annealers can identify optimal portfolios comparable to classical
genetic algorithms. However, these systems face the minor embedding problem, where the
physical connectivity of qubits (e.g., the Chimera or Pegasus graphs) limits the complexity
and number of assets that can be simultaneously processed.

Alternative gate-based algorithms, such as the Quantum Approximate Optimization
Algorithm (QAOA) and the Variational Quantum Eigensolver (VQE), are designed for the
Noisy Intermediate-Scale Quantum (NISQ) era. QAOA utilizes parameterized quantum
circuits to find approximate solutions to optimization problems. To improve performance,
researchers have proposed using Conditional Value-at-Risk (CVaR) as an objective function
within these variational frameworks to smooth the energy landscape and accelerate
convergence. Furthermore, Layer-VQE has been introduced to mitigate the problem of local
minima by iteratively adding layers to the ansatz, demonstrating better gate-count efficiency
than standard QAOA. For institutional investors in the Indian context, these algorithms offer
the potential to handle complex arbitrary constraints, such as liquidity limits or sectoral
weightings, through techniques like Quantum Zeno dynamics, which restrict the system’s
evolution to a valid “in-constraint” subspace.

3.0 Simulation and Risk Assessment

Beyond optimization, Monte Carlo methods are vital for pricing financial derivatives
and evaluating risk metrics like Value-at-Risk (VaR) and Conditional Value-at-Risk (CVaR).
Classical Monte Carlo simulations rely on the Law of Large Numbers, where the estimation
error scales as $O(1/\sqrt{N})$, requiring millions of samples for high precision. In contrast,
the Quantum Amplitude Estimation (QAE) algorithm offers a quadratic speedup, achieving
an error scaling of $O(1/N)$. This has profound implications for the Indian banking sector,
where real-time risk modeling and derivative pricing are essential for maintaining market
competitiveness.

However, the standard QAE algorithm requires deep circuits and Quantum Fourier
Transforms (QFT), which are highly susceptible to noise in current hardware. To address this,
“NISQ-friendly” variants like Iterative QAE (IQAE) and maximum likelihood-based QAE
have been developed, which eliminate the need for QFT and provide a smoother continuum
between classical and fully quantum methods. Despite these advancements, the “ante” for
practical quantum advantage remains high; resource analysis suggests that pricing complex
derivatives may require thousands of error-free logical qubits and millions of gates, a
milestone estimated for the next decade.
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4.0 Quantum Machine Learning in Forecasting

The integration of Quantum Machine Learning (QML) into financial forecasting
represents another significant research frontier. QML algorithms, such as Quantum Support
Vector Machines (QSVM) and Quantum Neural Networks (QNN), leverage quantum-
enhanced feature spaces to capture complex data relationships that are hard to simulate
classically. In tasks like fraud detection, QSVM has demonstrated the ability to detect patterns
that classical algorithms find challenging, particularly when combined in hybrid classical-
quantum ensembles. For credit scoring, single-qubit models using data re-uploading have
shown that even minimal quantum resources can approximate complex bounded functions
for binary classification.

Moreover, Quantum Orthogonal Neural Networks have been proposed to reduce
redundancy in learned features, matching classical performance for credit risk assessment
while utilizing significantly fewer trainable parameters. These models are particularly
relevant for emerging markets like India, where data may be imbalanced or scarce. By
employing error mitigation techniques such as M3 (Matrix-free Measurement Mitigation),
researchers have narrowed the gap between noisy hardware execution and ideal simulations,
proving that QML is increasingly viable for practical financial forecasting.

5.0 Strategic Framework and Post-Quantum Security

To systematically evaluate the economic feasibility of these technologies, a four-

stage analysis framework has been proposed:

1. Identifying unsatisfactory classical bottlenecks.

2. Determining the applicability of specific quantum algorithms.

3. Assessing the magnitude of the computational advantage.

4. Validating the economic business case relative to implementation costs.

While quantum computing offers computational rewards, it also introduces systemic
risks to the Indian digital infrastructure. Algorithms like Shor’s threaten the RSA and ECC
encryption that secures digital banking and blockchain transactions. Consequently, the
development of Quantum-Resistant Blockchains utilizing Post-Quantum Cryptography
(PQC)—such as lattice-based or hash-based digital signatures—is an urgent priority for
ensuring the long-term integrity of financial transactions.

In conclusion, the literature suggests that while the NISQ era provides preliminary
proofs-of-concept for quantum portfolio optimization and machine learning, the transition to
fault-tolerant systems is necessary for a definitive industrial “leap”. For the Indian market, a
hybrid approach combining the stability of classical systems with the exploratory power of
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quantum circuits remains the most promising path toward redefined market efficiency and
robust risk management.

6.0 Results and Discussions

The results of this explorative framework, derived from the systematic analysis of
the sources, demonstrate that quantum computing (QC) is perceived as a transformative yet
dualistic force within the financial sector. The following sections present the results and
discussion of the text analytics conducted on the integrated data architecture, incorporating
themes identified through expert interviews and statistical validation from surveys.

6.1 Results of thematic analysis

The qualitative analysis of the sources identified several core themes regarding the
adoption of quantum technologies. These themes serve as the foundation for a grounded
theory of “Strategic Ambidexterity under High Uncertainty.”

Theme 1: Perceived Technological Advantage and Computational Efficiency

Participants and sources emphasize that QC provides unparalleled potential for high-
precision Monte Carlo simulations, real-time portfolio optimization, and advanced fraud
detection. The “quadratic speedup” offered by algorithms like Quantum Amplitude
Estimation (QAE) is a primary driver for institutional interest, particularly in pricing complex
derivatives.

Theme 2: The Security Duality (Opportunity vs. Threat)

A recurring theme is the paradoxical nature of quantum progress. While QC offers
optimization benefits, Shor’s algorithm poses an existential threat to classical cryptographic
primitives like RSA and ECDSA. This has led to the “harvest now, decrypt later” concern,
where adversaries record current encrypted data to decrypt it once fault-tolerant quantum
hardware arrives.

Theme 3: Organizational Readiness and Absorptive Capacity

Results indicate that organizational readiness is a prerequisite for adoption. This
includes building internal competencies, IT investment, and a culture of innovation.
However, there is a significant “talent scarcity” bottleneck, as developing quantum software
requires specialized knowledge in physics and computer science.

Theme 4: Sectoral Heterogeneity in Adoption Logic

The sources reveal that different financial sectors approach QC with distinct logics:
e Banks: Primarily driven by regulatory compliance and risk governance.

¢ Fintechs: Driven by competitive intensity and the need for strategic partnerships.
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o Insurers: Characterized by structural conservatism and a focus on internal absorptive

capacity.

7.0 Quantitative Findings and Model Validation

The quantitative analysis validated the relationships between technological,
organizational, and environmental factors. The following tables summarize the regression

results and hypothesis testing.

Table 1: Regression Results (Direct Effects)

Path Coefficient ($\beta$) | t-value | p-value Result
Techn?loglcal A@vantages $\rightarrow$ 0.423 213 <0.001 Supported
Adoption Intention
Organ¥zat10nal Readmess $\rightarrow$ 0371 578 <0.001 Supported
Adoption Intention
Envi tal P ight

nvironmental Pressures $\rightarrow$ 0212 591 0.004 |Supported (Weak)
Adoption Intention
Security Concerns $\times$ Tech Advantages 0198 341 0.001 Supported
(Moderation)
Strategic ?artnerships $\times$ Env Pressures 0276 412 | <0.001 Supported
(Moderation)

Table 2: Hypotheses Testing Summary

Hypothesis | Statement Outcome Insight
H1 Tech advantages drive adoption. Strong Support | Core driver of computational edge.
H2 Org readiness influences intention. | Supported Prerequisite for effective integration.
H3 Env pressures drive adoption. Partial Support | Contingent on regulatory clarity.
H4 Determinants differ by industry. Strong Support | Banking vs. Fintech shows divergence.
HS5 Security concerns moderate Supported Fears dampen willingness to adopt.

advantages.

H6 Partnerships amplify env pressure. | Supported Alliances enhance ecosystem access.

8.0 Discussion and Grounded Theory Development

The results synthesize into a Grounded Theory of Quantum Readiness, which posits
that adoption is not a discrete event but a staged process of awareness, readiness, and

implementation.
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e The Paradox of Anticipatory Investment: Unlike previous technological shifts (like Al or
cloud), QC requires anticipatory adoption. Financial institutions must invest in
competencies and Post-Quantum Cryptography (PQC) long before fault-tolerant
hardware is commercially available. This creates a strategic challenge where the cost of
preparation must be balanced against the uncertainty of technological timelines.

e Strategic Ambidexterity: A key finding is the necessity of strategic ambidexterity: the
ability to simultaneously exploit current secure classical systems while exploring
disruptive quantum opportunities. This is particularly evident in the “defensive” adoption
of quantum-resistant blockchains to secure assets against future Shor’s algorithm attacks.

o The Role of the Innovation Ecosystem: The research highlights that partnerships are not
optional but essential. Fintech firms, in particular, rely on collaborations with hardware
providers and research institutions to overcome resource constraints. This suggests that
the future of the Indian market will likely be shaped by hybrid classical-quantum
frameworks rather than pure quantum transitions.

e Limitations and “Quantum Noise”: While the theoretical business case for QC in finance
is strong, practical implementation faces the “bitter truth” of the NISQ era. Quantum
noise and decoherence currently restrict computational depth, making real-world risk
measurements (like VaR) susceptible to errors that render them unusable in high-stakes
environments without advanced error mitigation.

9.0 Conclusion for the Indian Market Framework

For the Indian context, the results suggest a four-stage adoption path:

1. Awareness: Identifying classical bottlenecks in high-volatility scenarios.

2. Readiness: Investing in quantum-safe protocols and local talent hubs.

3. Experimentation: Utilizing hybrid solvers (like QBSOLV) for sub-problems in portfolio
management.

4. Implementation: Full integration once logical qubit counts reach the threshold for
quantum advantage, estimated for the next decade.

Quantum computing represents a paradigm-shifting frontier that redefines
computational possibilities for the financial sector by utilizing superposition and
entanglement to solve multidimensional optimization problems that are classically
intractable. This research concludes that the adoption of quantum portfolio optimization
within the Indian market is not a discrete event but a staged process consisting of awareness,
readiness, and implementation. While perceived technological advantages, such as enhanced
computational efficiency and scalability, are the primary drivers of adoption intention, these
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factors are significantly moderated by systemic security concerns and the “harvest now,
decrypt later” threat.

The implications of this explorative framework suggest that a “first-mover
advantage” can provide Indian financial institutions with a durable competitive edge by
enabling superior market efficiency and real-time risk assessment. Successfully navigating
this transition requires strategic ambidexterity, where firms simultaneously exploit secure
classical systems while exploring disruptive quantum opportunities to mitigate future
vulnerabilities. Furthermore, the study highlights that strategic partnerships with technology
providers and research institutions are essential to overcome the scarcity of specialized
quantum talent and the high capital requirements of R&D investments.

Significant limitations persist, as the current Noisy Intermediate-Scale Quantum
(NISQ) era is characterized by low-fidelity hardware, high error rates, and a severe shortage
of stable, error-free qubits. Practical, commercial-scale risk measurement and high-precision
derivative pricing remain out of reach for the foreseeable future because current hardware
capacity is several magnitudes below the necessary threshold for fault-tolerant execution.
Additionally, data loading bottlenecks and the lack of scalable quantum random access
memory (QRAM) continue to limit the end-to-end processing of the massive datasets
common in modern financial environments.

The future scope of this research should prioritize the development of hybrid
classical-quantum frameworks that combine the stability of current infrastructures with the
exploratory power of quantum circuits. Future investigations must also focus on the practical
integration of post-quantum cryptography (PQC) and quantum-resistant blockchain
architectures to safeguard Indian digital banking systems against Shor’s algorithm. As
hardware advances toward the milestone of 1,000 error-free qubits, this framework will
evolve to support real-time portfolio rebalancing, high-frequency statistical arbitrage, and the
accurate identification of market regimes in highly volatile emerging economies.
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