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Abstract: In the study of volatility in financial markets, stochastic volatility model has
become an important tool in the field of derivatives pricing with its unique theoretical
perspective and strong empirical explanatory power. Aiming at the pricing problem of
financial derivatives, this paper systematically analyzes the theoretical basis and
application method of stochastic volatility model. Through the in-depth discussion of
model construction, parameter estimation strategy and its practical application in
derivatives pricing, this paper reveals the significant effect of stochastic volatility model in
improving pricing accuracy and enhancing risk management ability. The paper also points
out the limitations of the model in dealing with the pricing of derivatives in different
market environments, and puts forward the corresponding improvement direction. The
results show that the stochastic volatility model has a wide application prospect in the
financial derivatives market and is of great significance in promoting the innovation and
development of financial theory and practice.

1. Introduction

In the vast field of finance, the pricing of derivatives always occupies the core position, and its
accuracy is directly related to the profit distribution and risk control of market participants. With the
increasing volatility of the market, the traditional Black-Scholes model is not able to explain and
predict the price of derivatives. In this context, the stochastic volatility model came into being,
which provides a new perspective for derivatives pricing with its in-depth characterization of
volatility dynamics. This study aims to introduce this model, explore its applicability, advantages
and challenges in the pricing of financial derivatives, and reveal its application value in the actual
financial market through empirical analysis, in order to provide useful references for further
improving the theory and practice of derivative pricing.

2. Development and classification of stochastic volatility model
2.1 The origin of stochastic volatility model
The development of stochastic volatility model is rooted in a deep understanding of the inherent

volatility characteristics of financial markets and its impact on asset prices. As early as the 1970s,
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the Black-Scholes Model opened a new chapter in the pricing of financial derivatives with its
concise mathematical form and accuracy for European option pricing™. However, this model is
based on the assumption of fixed volatility, which is inadequate in the face of actual market
volatility. It is this tension between theory and reality that gives birth to the stochastic volatility
model. The stochastic volatility model was first proposed in 1987 by John Hull and Alan White,
who treated volatility as a random process that evolved over time, allowing the model to better
capture market uncertainty. The academic and practical circles continue to expand and deepen this
model, and a variety of Stochastic volatility models such as Heston model, stochastic Alpha, Beta,
and Rho (SABR) model are formed. These models have their own characteristics, or focus on the
jump of volatility, or emphasize the non-linear feedback of market information, or pay attention to
the interaction between volatility and asset prices, which together constitute a colorful classification
system of stochastic volatility models, providing a more solid theoretical foundation for the pricing
of financial derivatives.

2.2 Main classification of stochastic volatility model

The main classification of stochastic volatility model reflects the deepening and expansion of
financial scholars' understanding of the nature of market volatility. (1) Heston model, as a classic
representative of stochastic volatility model, takes volatility as a square-root diffusion process by
introducing the hypothesis of mean reversion, thus subtly solving the volatility smile phenomenon.
(2) The Stochastic Volatility (SV) model family is further subdivided into the SV model and the
jump-diffusion SV model with its comprehensive capture of the randomness of volatility. The latter
introduces the Jump term to cope with the impact of market emergencies on volatility. (3) Although
GARCH model and its variants do not completely belong to the category of stochastic volatility
model, they describe the agglomeration of volatility through autoregressive conditional
heteroscedasticity, which is similar to the stochastic volatility model. (4) SABR model, with its
excellent fit of volatility smile and leverage effect, has become an important tool in the pricing of
derivatives market, especially in the field of interest rate derivatives. Finally, local volatility models,
such as the Dupire equation, treat volatility as a function of the underlying asset price, providing a
more refined perspective on derivatives pricing. These models have their own characteristics and
complement each other, which together constitute a rich spectrum of stochastic volatility models
and provide a multi-dimensional analytical framework for the volatility research of financial
markets. Under this framework, researchers can select appropriate models for pricing and risk
management according to different market characteristics and derivative types.

2.3 Advantages and application scenarios of stochastic volatility model

The advantage of stochastic volatility model is that it can capture the dynamic changes of
financial market volatility more accurately, so as to show its unique charm in multiple application
scenarios. Compared with the traditional fixed volatility model, the stochastic volatility model
greatly improves the accuracy of option pricing by introducing the randomness of time variables,
especially when explaining and predicting the shape of volatility smile and implied volatility
surface!?, When dealing with extreme market events, such as financial crisis or market crash, the
stochastic volatility model can better simulate the sharp changes of volatility through jump
diffusion and other mechanisms, providing a more solid theoretical basis for risk management!®l. In
terms of application scenarios, stochastic volatility models play an important role in options trading,
structured product pricing, asset allocation and value at risk (VaR) calculation. For example, in
options trading, traders can use stochastic volatility models to hedge volatility risk, while in
structured product pricing, models can help financial institutions design more complex financial
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products that meet market needs. In addition, the stochastic volatility model helps investors to build
a more stable portfolio by considering the time variability of volatility in asset allocation. In value
at risk calculation, the application of the model enables financial institutions to assess potential
losses more accurately, so as to effectively allocate capital and control risk.

3. Construction and parameter estimation of stochastic volatility model
3.1 Basic framework of stochastic volatility model

The basic framework of the stochastic volatility model is built on a profound insight into the
nature of volatility in financial markets, and its core is to regard volatility as a random process
evolving over time. This framework first assumes that the change of asset prices follows a diffusion
process, in which the drift term and the diffusion term are both affected by a random volatility
factor. On this basis, the model describes the interaction between asset prices and volatility by
introducing one or more stochastic differential equations. Specifically, the basic framework of
stochastic volatility model usually contains the following key components: First, the dynamic
process of asset prices, which is usually set as geometric Brownian motion or diffusion process with
jumps; The second is the dynamic process of volatility, which is often assumed to be a process of
mean reversion or long memory. Third, the correlation structure between asset prices and volatility
is reflected by the correlation coefficient, which reveals the internal relationship between market
risk and return. In terms of parameter estimation, the construction of model requires reasonable
assumptions and accurate estimation of parameters, which not only involves statistical
characteristics such as mean, variance and correlation of volatility, but also includes in-depth
understanding of market environment and clever application of mathematical modeling skills.
Therefore, the basic framework of stochastic volatility model not only provides a more refined
analysis tool for financial markets, but also poses higher theoretical and practical challenges for
researchers.

3.2 Estimation method of model parameters

The estimation method of stochastic volatility model parameters is a key step in the process of
model construction, and its accuracy is directly related to the performance of the model in practical
application. In order to capture the complexity and dynamics of model parameters, researchers have
developed a variety of estimation methods, each with its own characteristics, aiming to approximate
the true value of parameters from different angles. Maximum likelihood estimation (MLE), as a
classical method to estimate parameters by optimizing how well a model fits market data, relies on
the exact calculation of the likelihood function and the iterative process of logarithmic
maximization. The Bayesian estimation method introduces the prior distribution and transforms the
parameter estimation into the solution of the posterior distribution. This method fully considers the
uncertainty of parameters, and provides the possibility for parameter estimation of complex models
through sampling techniques such as Markov chain Monte Carlo (MCMC). The generalized
moment method (GMM) uses the linear combination of the model moment conditions to estimate
the parameters by minimizing the distance function. This method shows strong robustness when
dealing with nonlinear and non-normal distribution data. Based on this, the fusion of frequency and
Bayes has given birth to hybrid estimation methods such as empirical Bayes and hierarchical Bayes,
which show greater flexibility when dealing with parameters with hierarchy and correlation. In
practice, the estimation of model parameters still faces many challenges, such as solving nonlinear
equations, ensuring numerical stability and improving computational efficiency. To this end,
researchers are constantly exploring new algorithms and techniques, such as particle filtering,
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Kalman filtering, and optimization algorithms in machine learning, which provide richer and more
efficient options for estimating parameters of stochastic volatility models.

3.3 Strategies for model optimization

AStochastic volatility model optimization strategy is very important to improve model
performance and parameter estimation efficiency. Strategy selection and application combines
mathematical theory with statistical methods and a deep understanding of the complexity of
financial markets. In order to avoid local optimization, researchers use global optimization
algorithms such as simulated annealing and genetic algorithm to improve global optimization ability.
In terms of computational efficiency and stability, gradient descent and its variants (such as
stochastic gradient descent and Adam algorithm) converge rapidly through iterative updating. For
high-dimensional data and complex models, gradient-based optimization strategies such as BFGS
and L-BFGS accelerate convergence by approximating Hessian matrices. Considering the
nonlinearity of volatility parameters, constraint optimization techniques such as SQP and interior
point method are introduced to ensure the rationality of the parameters. In practice, multi-scale
analysis and hybrid optimization strategies combine the advantages of different methods to achieve
a balance between global search and local adjustment. With the development of technology,
optimization strategies based on deep learning, such as neural network optimization, provide new
perspectives and methods for parameter estimation.

4. Application of stochastic volatility model in the pricing of financial derivatives
4.1 European option pricing

The application of stochastic volatility model in the pricing of financial derivatives, especially in
the pricing of European options, has shown its unique theoretical charm and practical value. This
model greatly improves the accuracy of option pricing by introducing the randomness of volatility,
thus providing more reliable pricing reference for investors and financial institutions in the complex
financial market environment. In European option pricing, stochastic volatility model fully
considers the sensitivity of option value to volatility. By constructing partial differential equations
including stochastic volatility factors, such as the volatility equation in Heston model, dynamic
characterization of option pricing is realized. This characterization not only reflects the
time-varying characteristics of market volatility, but also reveals the deep market structure behind
the volatility smile phenomenon. On this basis, the model is solved by numerical methods, such as
finite difference method, Monte Carlo simulation, etc. These methods show strong adaptability in
dealing with nonlinear and non-Markov problems. Especially in the face of extreme market events,
the stochastic volatility model can better capture the jJumping and agglomeration effects of volatility,
so as to provide a more reasonable explanation for the risk premium of European options. In
addition, the model's accurate estimation of Greek letter parameters in the pricing process, such as
Delta, Gamma, Vega, etc., provides a quantitative basis for investors' hedging strategies and
enhances the ability of market participants in risk management. The application of stochastic
volatility model in European option pricing not only reflects the deep integration of financial
mathematics and statistics, but also promotes the healthy development of financial derivatives
market in practice.

4.2 Asian option pricing
The application of stochastic volatility model in the pricing of financial derivatives, especially in

the pricing of Asian options, is particularly important. The payment function of Asian option
depends on the average price of the underlying asset, which makes its pricing more complicated
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than that of European option. Stochastic volatility model solves the problem of path-dependent
derivatives pricing effectively by modeling the randomness of volatility and the integral
characteristics of asset price path. In applications, the models combine to model asset price and
volatility processes, such as the extended Heston model, which uses Monte Carlo simulations to
generate price paths and calculate option expectations, demonstrating flexibility and accuracy in
dealing with nonlinear, non-Gaussian features. In addition, the model simplifies the solution of
complex integrals through transformation and approximation, and improves the pricing efficiency.
Model parameter estimation and calibration are crucial to pricing accuracy. The application of
stochastic volatility model has enriched the pricing theory of path-dependent derivatives and
provided refined risk management tools for market participants.

4.3 Construction of implied volatility surface

The application of stochastic volatility model in the pricing of financial derivatives, especially in
the construction of implied volatility surface, shows the combination of theory and practice. This
surface is an intuitive mapping of market volatility, and its construction is a combination of
mathematics, statistics and market practice, which is highly complex. The curved surface reflects
the relationship between the option price and the expected volatility of the market, while the model
provides the theoretical basis for construction through the dynamic structure. In the construction
process, the model digs deeply into the transaction data, extracts the implied volatility information,
and uses parameter estimation techniques, such as least square method and maximum likelihood
estimation, to match the observed price and model prediction, and determine the parameters to fit
the actual market. The model also considers volatility smile, time decay and dynamic changes of
surface, and introduces random factors such as jump diffusion and random interest rate to truly
reflect market volatility expectations. The complexity of structure and the accuracy of parameter
estimation are the keys to construct a surface. The curved surfaces of the model construction inform
pricing and provide tools for risk management, trading strategies, and product innovation.

5. Conclusion

This paper shows the important position of stochastic volatility model in the pricing of financial
derivatives through the systematic study of stochastic volatility model. From model construction to
parameter estimation, to the construction of implied volatility surface, this paper elaborates the key
steps of stochastic volatility model in theory and practice. Although stochastic volatility model has
achieved remarkable results in improving pricing accuracy and optimizing risk management, it still
has some limitations and needs further research and improvement. Looking forward to the future,
with the continuous deepening of the financial market and the progress of financial engineering
technology, the stochastic volatility model is expected to play a greater role in the field of financial
derivatives pricing, providing more accurate decision support for market participants.
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