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Preface

Uncertainty quantification is both a new field and one that is as old as the
disciplines of probability and statistics. The present novelty lies in the synthesis
of probability, statistics, model development, mathematical and numerical analysis,
large-scale simulations, experiments, and disciplinary sciences to provide a compu-
tational framework for quantifying input and response uncertainties in a manner
that facilitates predictions with quantified and reduced uncertainty. This is the
topic of this book.

Uncertainty quantification for physical models can be motivated in the context
of weather modeling. Models for complex phenomena, such as dust-induced cloud
formation, are approximate and uncertain, as are the parameters in these models.
Additional errors and uncertainties are introduced by the numerical algorithms and
experimental data used to approximate and calibrate the models. In the first step
of the prediction process, data assimilation or model calibration techniques are used
to determine input parameters and initial conditions so that quantities of interest,
such as temperature or relative humidity, match current conditions. The second step
entails the prediction of future weather conditions with uncertainties quantified by
probabilistic statements—e.g., 95% change of rain—or uncertainty cones of the type
reported for hurricanes or tropical storms.

Whereas model calibration and uncertainty propagation comprise the primary
aspects of the prediction process, their implementation for large-scale applications
requires a wide range of supporting topics. These include aspects of probability,
statistics, analysis, and numerical analysis as well as the following topics: param-
eter selection, surrogate model construction, local and global sensitivity analysis,
and quantification of model discrepancies. The interdisciplinary nature of the field
is augmented by the fact that all of these components must be investigated and
implemented in the context of the underlying applications.

The explosive growth of uncertainty quantification as an interdisciplinary field
is due to a number of factors: increasing emphasis on models having quantified
uncertainties for large-scale applications, novel algorithm development, and new
computational architectures that facilitate implementation of these algorithms.

In Chapter 2, we detail five applications where model predictions with quanti-
fied uncertainties are critical for understanding and predicting scientific phenomena
and making informed decisions and designs based on these predictions. These ap-
plications are weather models, climate models, subsurface hydrology and geology
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models, nuclear reactor models, and models for biological phenomena. Whereas the
presence and role of uncertainties in these applications has long been recognized,
the development of computational models that quantify and incorporate uncertain-
ties is receiving increased attention. The reliance of scientists and policy makers on
such models is expected to grow rapidly as the field of uncertainty quantification
for predictive sciences matures and computational resources evolve.

The relatively recent development of supporting mathematical and statistical
theory and algorithms is a second factor supporting the growth of the field. For
example, the adaptive DRAM and DREAM algorithms discussed in Chapter 8 for
Bayesian model calibration were developed within the last ten years. These algo-
rithms are presently being investigated in the context of climate and groundwater
models. Similarly, much of the sparse grid theory discussed in Chapter 11 was
developed in the last twenty years, although the original concept is much older.

The availability of massively parallel computer architectures and hardware
has further bolstered uncertainty quantification for complex and large-scale appli-
cations. The DREAM algorithms are inherently parallel, and recent versions of
DRAM are being implemented on parallel architectures. It is anticipated that field
programmable gate arrays (FPGAs) will be increasingly utilized for uncertainty
quantification as high-level tools are developed to reduce programming overhead.
The fact that we operate in increasingly data-rich environments will also benefit
uncertainty quantification, and we anticipate increased interaction between data
mining, high-dimensional visualization, and uncertainty quantification.

The growth in the field has spawned the introduction of interdisciplinary
courses on uncertainty quantification, and this text owes its genesis to the author’s
development of such a course at North Carolina State University in 2008. This text
was written with the goal of introducing advanced undergraduates, graduate stu-
dents, postdocs, and researchers in mathematics, statistics, engineering, and natural
and biological sciences to the various topics comprising uncertainty quantification
for predictive models. To achieve this, we motivate a number of the topics using
very basic examples that should be familiar to most readers. We have included
numerous definitions and significant detail to provide a common footing for a wide
range of readers. Because this is a new and evolving field, we indicate open research
questions at various points in the text and provide research references in the Notes
and References at the end of each chapter.

Various resources will be maintained at the website http://www.siam.org/
books/cs12 to augment the text and provide a mechanism to update the material.
This includes data employed in exercises as well as a future erratum.

This text has benefited significantly from graduate students, postdocs, and
colleagues whose comments have improved the exposition and reduced the number
of typos by orders of magnitude. Specifically, sincere thanks are extended to Nate
Burch, Amanda Coons, John Crews, John Harlim, Zhengzheng Hu, Zack Kenz,
Christine Latten, Jerry McMahan Jr., Keri Rehm, Mami Wentworth, and Lucus
Van Blaircum for their attention to detail and candid feedback regarding parts
of the manuscript. The author is also extremely grateful to Brian Adams and
Karen Willcox for their feedback during the review process; the book is significantly
improved due to their detailed comments.

http://www.siam.org/books/cs12
http://www.siam.org/books/cs12
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The support provided by several funding agencies has been instrumental both
for related research and the writing of this text. These agencies include the Air Force
Office of Scientific Research (Dynamics and Control Program), the Department of
Energy Consortium for Advanced Simulation of Light Water Reactors (CASL), and
the National Science Foundation (Research Training Groups in the Mathematical
Sciences). Part of this text was written while the author was a Faculty Fellow
in the 2011–12 Statistical and Applied Mathematical Sciences Institute (SAMSI)
Program on Uncertainty Quantification. Collaboration and interactions during this
year significantly influenced aspects of the book, and the author very gratefully
acknowledges the scientific and financial contributions from this program. Finally,
I would like to thank Elizabeth Greenspan from SIAM for her assistance and en-
couragement throughout the process of writing this book.

Ralph C. Smith
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