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Abstract:

This study aims to comparatively evaluate the predictive accuracy of three option pricing models —Black—Scholes, Heston,
and Quantum Schrodinger—to determine the most reliable valuation framework for the volatile conditions of Iran’s
derivatives market. This applied quantitative research employed real data from European call options traded on the Tehran
Stock Exchange between 2016 and 2022. The Black—Scholes, Heston, and Schrdodinger models were implemented and
calibrated in Python 3.9 using finite difference and fourth-order Runge—Kutta numerical schemes. Performance accuracy was
assessed through RMSE, MAE, and R? indices, and sensitivity to risk-free interest rate variations was examined. The results
revealed that the quantum Schrédinger model achieved the lowest prediction error (RMSE = 26.968) and the highest
coefficient of determination (R? = 0.6879), outperforming both the Heston model (RMSE = 65.029, R? = 0.6537) and the Black—
Scholes model (RMSE = 767.292, R? = 0.5091). Nonlinear adaptive models demonstrated significantly superior accuracy in
replicating the dynamic behavior of Iran’s volatile derivatives market compared to traditional linear frameworks. The study
concludes that the nonlinear quantum Schrédinger model is the most accurate and robust framework for option pricing in
the Tehran Stock Exchange. Its application can enhance risk management precision, improve market transparency, and
optimize derivative valuation strategies in emerging financial markets.
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Extended Abstract

Introduction

Accurate option pricing models constitute the foundation of modern financial engineering and play a pivotal role in market
stability, risk management, and investment decision-making. In emerging markets such as the Tehran Stock Exchange (TSE),
the inherent volatility, illiquidity, and informational asymmetry challenge the assumptions of classical linear frameworks. The
Black—Scholes model, despite its historical significance, has been repeatedly criticized for its inability to account for real-world
phenomena such as volatility clustering, return skewness, and volatility smiles (Askarzadeh & Nasiri, 2023; Nabavi Chashmi
& Abdollahi, 2018). As a result, financial researchers have increasingly turned to nonlinear and adaptive models that integrate
stochastic volatility, memory effects, and even quantum mechanical principles to capture the true dynamics of option prices.

The classical Black—Scholes model assumes constant volatility and normally distributed returns under a perfectly efficient
market environment. However, empirical evidence from emerging economies—especially Iran—has shown that such
assumptions rarely hold. In these markets, macroeconomic shocks, policy changes, and behavioral biases create conditions
where price dynamics deviate substantially from Gaussian structures (Askarzadeh & Nasiri, 2023). In this context, the linear
framework tends to systematically overprice or underprice options, reducing its predictive reliability. Consequently,
stochastic volatility models such as Heston’s have been developed to address these limitations by allowing volatility to evolve
as a random process correlated with the underlying asset’s returns (Khalili Iraqi, 2016).

The Heston model represents an important evolution from the Black—Scholes model, providing flexibility to account for
volatility dynamics and market imperfections. Nevertheless, stochastic models remain constrained by assumptions of
Markovian processes and lack the capacity to capture long-term dependencies, feedback loops, and nonlinear interactions
observed in real markets. To overcome these challenges, researchers have drawn inspiration from quantum mechanics,
particularly from the Schrodinger equation, to develop quantum-based option pricing models (Vukovic, 2015). The nonlinear
quantum model views market dynamics as wave-like phenomena, where the probability amplitudes describe the evolution
of prices over time. This approach enables the representation of both deterministic and probabilistic components of financial
behavior, thus bridging the gap between theoretical pricing and real-world fluctuations (Wroblewski, 2017).

Recent studies have further developed this perspective by formulating the quantum Black—Scholes equation and its
nonlinear Schrodinger variant (Wroblewski & Myslinski, 2022, 2023). These models incorporate adaptive nonlinear
parameters that respond to discrepancies between model-predicted and market-observed prices, thereby self-correcting in
volatile conditions. The inclusion of a nonlinear coupling coefficient (B) allows for adjustment in reaction to market
imbalances: when the model overestimates market values, § becomes positive, and when it underestimates, B turns negative.
This adaptability grants quantum models a major advantage over static frameworks.

Moreover, the quantum perspective aligns conceptually with advances in artificial intelligence (Al) and machine learning.
Hybrid frameworks such as quantum neural networks employ principles of superposition and entanglement to learn complex,
non-Gaussian relationships within financial data (Paquet & Soleyman, 2022). These models have been shown to outperform
conventional predictive algorithms by better approximating multi-dimensional, chaotic market behavior. Similarly, quantum-
inspired Al systems have demonstrated exceptional performance in high-frequency trading environments, where real-time

adaptability and nonlinearity are crucial (Vandanapu et al., 2024). Such developments indicate that quantum mechanics not
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only provides a novel mathematical foundation but also serves as an emerging computational paradigm for financial
prediction (Pasupuleti, 2025).

Parallel to computational progress, recent behavioral finance research suggests that quantum thinking—the cognitive
ability to tolerate uncertainty and ambiguity—enhances decision-making in volatile environments (Wang & Li, 2024). This
supports the idea that financial models based on quantum probability structures may better reflect real human decision
processes, which are inherently probabilistic and context-dependent rather than deterministic. The convergence of quantum
theory, stochastic mathematics, and behavioral economics thus signals a paradigm shift toward more realistic and responsive
frameworks for financial modeling.

From a mathematical standpoint, the nonlinear Schrodinger approach benefits from advances in applied stochastic
analysis, which provides rigorous tools for solving complex, time-dependent financial equations (Weinan et al., 2019). This
integration allows quantum models to describe systems that exhibit randomness and determinism simultaneously, closely
mirroring market behavior. Numerical implementations of these models, particularly through the Runge—Kutta fourth-order
method, have proven both stable and accurate for solving financial wave equations (Kartono et al., 2020).

Empirical and comparative studies in Iran underscore the importance of testing such advanced models in local contexts.
For instance, while (Askarzadeh & Nasiri, 2023) compared the Black—Scholes and binomial tree models and confirmed their
structural inadequacy in the Iranian options market, (Nabavi Chashmi & Abdollahi, 2018) found that returns from European,
American, and Asian options on the TSE exhibit distinct volatility patterns, implying that more flexible pricing frameworks are
needed. Against this backdrop, the present research was designed to evaluate the predictive accuracy of three major
paradigms—linear (Black—Scholes), stochastic (Heston), and nonlinear quantum (Schréodinger)—under identical
computational and empirical conditions.

The study thus contributes to financial theory and practice by systematically comparing the three generations of option
pricing models within the same empirical framework. It hypothesizes that the nonlinear quantum Schrédinger model, due to
its adaptive, wave-based, and feedback-sensitive nature, will outperform the classical and stochastic counterparts in
predicting fair option values in the Tehran Stock Exchange.

Methods and Materials

This research adopted a quantitative, comparative, and applied design. Real data from 30 actively traded European call
option contracts on the Tehran Stock Exchange were collected from 2016 to 2022. Each contract included at least 70 trading
days of valid price observations. The variables included the underlying asset price, strike price, risk-free interest rate, time to
maturity, and implied volatility.

Three models were implemented under identical computational conditions:

1. The Black—Scholes model, assuming constant volatility and log-normal asset returns.

2. The Heston model, incorporating stochastic volatility through a correlated variance process.

3. The nonlinear Schrodinger quantum model, representing option price dynamics as a financial wave function evolving
under a nonlinear potential term.

Numerical simulation and calibration were conducted in Python 3.9, using libraries such as NumPy, SciPy, and Matplotlib.

The fourth-order Runge—Kutta method was employed for time integration, while a central finite-difference scheme
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approximated spatial derivatives. Calibration of the nonlinear coupling parameter 8 in the Schrédinger model utilized a binary
search algorithm to minimize the Root Mean Square Error (RMSE) between predicted and market-observed prices.

Model performance was evaluated using RMSE, Mean Absolute Error (MAE), and the coefficient of determination (R?).
Sensitivity analyses were also performed by systematically varying the risk-free interest rate to assess each model’s stability
under changing macroeconomic conditions.

Findings

Descriptive statistics revealed that the underlying asset prices exhibited substantial dispersion, consistent with the
structural heterogeneity of the Iranian market. The average remaining maturity of the analyzed options was approximately
0.11 years (roughly 41 days), indicating the short-term nature of most contracts. The average risk-free rate of 28.9% reflected
the inflationary environment and monetary fluctuations during the study period.

In terms of predictive accuracy, the quantum Schrodinger model achieved the best overall performance, with RMSE =
26.968, MAE = 21.53, and R% = 0.6879. The Heston model ranked second, producing RMSE = 65.029 and R? = 0.6537, while
the Black—Scholes model displayed the weakest results, with RMSE = 767.292 and R? = 0.5091. These differences were
statistically significant according to t-tests and ANOVA results at the 0.01 level.

Visual analysis of the pricing surfaces confirmed these findings. The Black—Scholes model generated smooth and nearly
planar surfaces, reflecting its inability to capture local volatility spikes. The Heston model introduced moderate curvature due
to stochastic variance, while the Schrédinger model displayed complex, wave-like undulations that closely mirrored actual
market fluctuations. Sensitivity analysis showed that the quantum model maintained stability even under significant changes
in the interest rate, whereas the Black—Scholes model’s error increased sharply under similar conditions.

Overall, the results indicated that the Schrodinger model not only minimized pricing errors but also exhibited greater
numerical stability and adaptability under turbulent market conditions.

Discussion and Conclusion

The empirical evidence strongly supports the hypothesis that nonlinear, quantum-based approaches offer superior
predictive accuracy in option pricing, particularly within emerging and volatile markets. The poor performance of the Black—
Scholes model underscores the limitations of assuming constant volatility and normal return distributions, assumptions that
are clearly violated in real market data. The model’s tendency to overprice or underprice options is consistent with its
theoretical rigidity and the absence of feedback mechanisms to adjust for dynamic fluctuations.

The intermediate performance of the Heston model validates the contribution of stochastic volatility modeling but also
highlights its boundaries. While the model successfully captures time-dependent variance, it still relies on a parametric
structure that cannot account for the multi-scale, feedback-driven nature of financial dynamics. Its partial improvement over
the Black—Scholes framework confirms the importance of introducing randomness, yet it remains insufficient for fully
explaining nonlinear dependencies in the Iranian market.

In contrast, the superior results of the Schrodinger quantum model illustrate the advantage of embedding financial
processes within a nonlinear and adaptive system. The inclusion of the B term effectively transforms the pricing equation into
a self-correcting mechanism, capable of responding to evolving market conditions. By representing price behavior as a wave

function subject to potential interactions, the model captures both the local (short-term) and global (systemic) components
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of volatility. This duality mirrors the interplay between individual trader decisions and aggregate market outcomes, thus
achieving a level of realism absent in classical frameworks.

The results also align with contemporary theoretical and computational advancements. The convergence of financial
modeling with quantum dynamics and artificial intelligence—demonstrated by hybrid systems such as quantum neural
networks—signals a new direction in predictive finance. These systems leverage quantum superposition and entanglement
to analyze multi-dimensional data spaces, achieving higher efficiency and adaptability. Consequently, quantum-based
financial models, including the Schrédinger framework, can be seen as precursors to broader quantum-fintech integrations
that will define the next generation of risk analysis and portfolio management tools.

From a practical perspective, the study suggests that quantum nonlinear models could serve as robust alternatives for
derivative valuation in markets characterized by uncertainty and instability. Their adaptability to fluctuations in interest rates
and volatility makes them particularly suitable for policy-sensitive economies like Iran. Furthermore, by improving pricing
precision, such models can contribute to reducing arbitrage opportunities, enhancing transparency, and fostering investor
confidence.

In conclusion, the findings of this study demonstrate that the nonlinear Schrédinger quantum model provides the most
accurate, stable, and adaptive framework for option pricing in the Tehran Stock Exchange. This approach not only bridges
theoretical gaps between physics and finance but also offers practical benefits for emerging markets facing structural
inefficiencies. Future research should explore the integration of quantum models with deep learning algorithms and

macroeconomic variables, thereby advancing the frontier of quantum-inspired financial analytics.
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