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Advances in scientific computing have made modeling and simulation an important part
of the decision-making process in engineering, science, and public policy. This book
provides a comprehensive and systematic development of the basic concepts, principles,
and procedures for verification and validation of models and simulations. The emphasis
is placed on models that are described by partial differential and integral equations and
the simulations that result from their numerical solution. The methods described can be
applied to a wide range of technical fields, such as the physical sciences, engineering, and
technology, as well as to a wide range of applications in industry, environmental regulations
and safety, product and plant safety, financial investing, and governmental regulations.
This book will be genuinely welcomed by researchers, practitioners, and decision-makers
in a broad range of fields who seek to improve the credibility and reliability of simulation
results. It will also be appropriate for either university courses or independent study.

WILLIAM L. OBERKAMPF has 39 years of experience in research and development in
fluid dynamics, heat transfer, flight dynamics, and solid mechanics. He has worked in both
computational and experimental areas, and taught 30 short courses in the field of verification
and validation. He recently retired as a Distinguished Member of the Technical Staff at
Sandia National Laboratories.

CHRISTOPHER J. ROY is an Associate Professor in the Aerospace and Ocean Engineering
Department at Virginia Tech. After receiving his PhD from North Carolina State University
in 1998, he spent five years working as a Senior Member of the Technical Staff at Sandia
National Laboratories. He has published numerous articles on verification and validation
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Preface

Modeling and simulation are used in a myriad of ways in business and government. The
range covers science, engineering and technology, industry, environmental regulations and
safety, product and plant safety, financial investing, design of military systems, govern-
mental planning, and many more. In all of these activities models are built that are mental
constructs of how we believe the activity functions and how it is influenced by events
or surroundings. All models are abstractions of the real activity that are based on many
different types of approximation. These models are then programmed for execution on a
digital computer, and the computer produces a simulation result. The simulation result may
have high fidelity to the actual activity of interest, or it may be complete nonsense. The
question is: how can we tell which is which? This book deals with various technical and
procedural tools that can be used to assess the fidelity of modeling and simulation aspects
of scientific computing. Our focus is on physical processes and systems in a broad range
of the natural sciences and engineering.

The tools discussed here are primarily focused on mathematical models that are repre-
sented by differential and/or integral equations. Many of these mathematical models occur
in physics, chemistry, astronomy, Earth sciences, and engineering, but they also occur in
other fields of modeling and simulation. The topics addressed in this book are all related to
the principles involved in assessing the credibility of the models and the simulation results.
We do not deal with the specific details of modeling the physical process or system of inter-
est, but with assessment procedures relating to the fidelity of the models and simulations.
These procedures are typically described by the terms verification and validation.

We present the state of the art in verification and validation of mathematical models
and scientific computing simulations. Although we will discuss the terminology in detail,
verification can simply be described as “solving the equations right” and validation as
“solving the right equations.” Verification and validation (V&V) are built on the concept
of quantitative accuracy assessment. V&V do not answer the entire question of simulation
credibility, but they are key contributors. V&V could be described as the processes that
provide evidence of the correctness and/or accuracy of computational results. To measure
correctness, one must have accurate benchmarks or reference values with which to compare.
However, the majority of simulations of complex processes do not have a computable or
measurable reference value. For these situations we must rely on numerical error estimation

Xi
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xii Preface

and estimation of the effects of all of the contributors to uncertainty in system responses.
In verification, the primary benchmarks are highly accurate solutions to specific, although
limited, mathematical models. In validation, the benchmarks are high-quality experimental
measurements of system response quantities of interest. These experimental measurements,
and the detailed information of the system being tested, should also have carefully estimated
uncertainty in all of the quantities that are needed to perform a simulation of the experiment.

Mathematical models are built and programmed into software for the purpose of making
predictions of system responses for cases where we do not have experimental data. We refer
to this step as prediction. Since prediction is the usual goal of modeling and simulation,
we discuss how accuracy assessment results from V&V activities enter into prediction
uncertainty. We discuss methods for including the estimated numerical errors from the
solution of the differential and/or integral equations into the prediction result. We review
methods dealing with model input uncertainty and we present one approach for including
estimated model uncertainty into the prediction result. The topic of how to incorporate
the outcomes of V&V processes into prediction uncertainty is an active area of current
research.

Because the field of V&V for models and simulations is in the early development stage,
this book does not simply provide a prescriptive list of steps to be followed. The procedures
and techniques presented will apply in the majority of cases, but there remain many open
research issues. For example, there are times where we point out that some procedures may
not be reliable, may simply not work, or may yield misleading results.

As the impact of modeling and simulation has rapidly increased during the last two
decades, the interest in V&V has also increased. Although various techniques and proce-
dures have been developed in V&V, the philosophical foundation of the field is skepticism.
Stated differently, if the evidence for computer code correctness, numerical error esti-
mation, and model accuracy assessment are not presented as part of a prediction, then
the V&V perspective presumes these activities were not done and the results should be
questioned. We feel this is the appropriate counter balance to commonly unsubstantiated
claims of accuracy made by modeling and simulation. As humankind steadily moves from
decision making primarily based on system testing to decision making based more heavily
on modeling and simulation, increased prudence and caution are in order.
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