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In the field of statistics, the Sequential Monte Carlo (SMC) method has emerged
as a powerful tool for tackling complex probabilistic problems. Introduced by Del
Moral in the early 1990s, SMC has gained popularity due to its ability to
overcome the limitations of traditional Monte Carlo methods when dealing with
high-dimensional, non-linear, and partially observed problems.

What is Sequential Monte Carlo?

Sequential Monte Carlo, also known as the particle filter or the bootstrap filter, is
a recursive method that allows for efficient sampling of a sequence of probability
distributions. It involves propagating a set of particles through time, where each
particle represents a possible state of a dynamic system. These particles are
updated iteratively to reflect the posterior distribution at each time step.

The SMC algorithm consists of four major steps:
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1. Initialization: A set of particles is generated from an initial probability
distribution.

2. Propagation: The particles are propagated forward in time using transition
probabilities to match the system dynamics.

3. Weighting: The particles are assigned weights based on their likelihood of
being consistent with the observations.

4. Resampling: A subset of particles is selected proportionally to their weights,
and duplicates are created to maintain the desired sample size.

By iteratively repeating these four steps, SMC explores the sequence of
probability distributions and provides a powerful tool for estimating states,
parameters, and predicting future observations in complex models.

Applications of Sequential Monte Carlo

SMC methods have found widespread applications in various fields, including:

1. Tracking and Navigation

SMC has been extensively used in tracking and navigation systems, where it
helps estimate the trajectory of objects based on noisy measurements. By using
particle filters, SMC can provide accurate and robust estimations in scenarios
with uncertain and non-linear dynamics.

2. Robotics

In robotics, SMC plays a crucial role in localization and mapping tasks. By
integrating sensor measurements with probabilistic models, SMC allows robots to
estimate their position and build maps of their environment, even in complex and
dynamic settings.



3. Econometrics

Sequential Monte Carlo methods have also found applications in econometrics,
allowing researchers to estimate complex economic models and make
predictions about future economic variables. SMC overcomes the computational
challenges associated with high-dimensional models and partially observed data.

Advantages of Sequential Monte Carlo

SMC offers several advantages over traditional Monte Carlo methods:

1. Handling High-Dimensional Problems

Traditional Monte Carlo methods often struggle to efficiently handle high-
dimensional problems due to the curse of dimensionality. SMC, on the other
hand, is well-suited for such problems as it sequentially updates the particles,
allowing for more efficient exploration of the state space.

2. Dealing with Non-Linear and Non-Gaussian Models

SMC has been specifically designed to handle non-linear and non-Gaussian
models. By introducing a set of particles, SMC can approximate the posterior
distribution even in cases where analytical solutions are not available.

3. Adaptability to Partially Observed Data

Many real-world problems involve partially observed data, where only a subset of
the system's states or measurements is available. SMC can effectively handle
such scenarios by incorporating available observations and generating particles
consistent with the observed data.

Sequential Monte Carlo methods have revolutionized the field of statistics by
providing a powerful tool for tackling complex probabilistic problems. With its
ability to handle high-dimensional, nonlinear, and partially observed systems,



SMC has found applications in diverse fields, including tracking, robotics, and
econometrics. The algorithm's recursive nature and adaptability make it a
valuable asset for estimating states, predicting future observations, and making
informed decisions based on probabilistic models.
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This book provides a general to Sequential Monte Carlo (SMC) methods, also
known as particle filters. These methods have become a staple for the sequential
analysis of data in such diverse fields as signal processing, epidemiology,
machine learning, population ecology, quantitative finance, and robotics.

The coverage is comprehensive, ranging from the underlying theory to
computational implementation, methodology, and diverse applications in various
areas of science. This is achieved by describing SMC algorithms as particular
cases of a general framework, which involves concepts such as Feynman-Kac
distributions, and tools such as importance sampling and resampling. This
general framework is used consistently throughout the book.

Extensive coverage is provided on sequential learning (filtering, smoothing) of
state-space (hidden Markov) models, as this remains an important application of
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SMC methods. More recent applications, such as parameter estimation of these
models (through e.g. particle Markov chain Monte Carlo techniques) and the
simulation of challenging probability distributions (in e.g. Bayesian inference or
rare-event problems), are also discussed.

The book may be used either as a graduate text on Sequential Monte Carlo
methods and state-space modeling, or as a general reference work on the area.
Each chapter includes a set of exercises for self-study, a comprehensive
bibliography, and a “Python corner,” which discusses the practical implementation
of the methods covered. In addition, the book comes with an open source Python
library, which implements all the algorithms described in the book, and contains
all the programs that were used to perform the numerical experiments.
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