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ABSTRACT

There is an extensive mathematical literature on a wide range of
optimization problems, from a substantial, coherent literature on
deterministic optimization which has yielded a library of powerful
solvers, to a highly fragmented set of communities that address
optimization problems in the presence of different forms of un-
certainty with very little little in the way of standard solvers.
Yet, surprisingly little attention has been given to the process of
translating real-world decision problems, which almost universally
require dealing with uncertainty, into mathematical models.

Our presentation is, necessarily, grounded in applications which
span a massive class we refer to as sequential decision problems
which evolve through a sequence of “decisions,” which we control,
and “information” (more precisely “exogeneous information”) that
comes from outside of our control. Sequential decision problems
pretty much span any problems that involve decisions, since any
static problem (where we make a set of decisions and then stop)
is simply a special case.

This is the first in a series of volumes that focus on bridging the
gap between real-world decision problems and models that can
be implemented on the computer. This volume focuses on the
first step, called “framing the problem,” which involves describing
a problem in terms of terms in English that are a necessary
first step to creating any model that might be translated to the
computer. The first stage of the modeling process (there are
three) starts by identifying performance metrics, the decisions
that design and control our system, and the uncertainties that
affect its performance.

A defining characteristic of this first volume is that there is no
math. This discipline was enforced to emphasize the philosophy
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that all mathematical models start in English. However, our choice
of questions is determined by what we would need to create a
mathematical model. This does not mean that the lessons in
this volume are only useful for building mathematical models.
People make decisions every day without the use of computers.
Our feeling is that the requirements of a mathematical model
can help people think more clearly about a problem, even if a
computer is never going to be used. We refer to this as analytical
thinking.

This volume does not address a number of issues that are addressed
in the later stages: how to make a decision, what information
is needed to run our system (and how to get it), and the steps
required to implement and evaluate the decisions in the field.
These critically important elements of a controllable system need
to wait for subsequent volumes.

Our presentation is supported by the use of as many applications
as we could fit. The applications reflect the experiences of the
author, with some additional problems thrown in to reflect the
vast diversity of problems that involve decisions. Despite these
noble intentions, we cannot come close to providing even a sample
of the breadth of problems that require making decisions. Our
hope is that we provide enough of a foundation to allow readers
to adapt the ideas to their individual settings.




Preface

Problem solving generally starts with unstructured situations that emerge
because of a desire to improve performance in some way. Problems do not
always need mathematical models, but we are going to use the structure of
mathematical models to guide how to think about problems. The degree to
which problems need simple models on computers (think of spreadsheets), or
more sophisticated models, varies from one problem to the next. Ultimately,
we are going to use a very general modeling framework to guide how we think
about problems.

For most of my career, I approached problems as shown in Figure 1. I
would start with a physical problem, translate it to a mathematical model,
and then implement it on the computer. The problem with this approach is
that I would start with a particular mathematical modeling style, and then
collect the data needed to fill in my preconceived modeling framework.

I have come to learn that this approach breaks down in the context of the
richer problems that arise in practice. The limitations of my initial approach
would reveal itself as it became clear that the model was not solving the real
problem. This would start an iterative process that I called “From the lab, to
the field, and back.”

As T tackled an ever-evolving range of problems, I managed to develop
a more flexible modeling framework that captures a much richer set of prob-
lems that I now call sequential decision problems. This shifted the emphasis
from modeling a particular problem to understanding the problem before the
modeling process was started.

The process of understanding complex problems such as those that arise
throughout business, but also health (especially public health), energy and
some financial applications, has long been recognized by consultants who
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Figure 1: The bridge between the real world and the computer is a mathematical
model.

approach the problems under the umbrella of terms like “decision analysis”
where they recognize a step they call “framing the problem.” This may be
done without regard to the use of any particular tool.

Professional optimization specialists, on the other hand, approach the
process as I would, looking to fill in the blanks for a well-defined modeling
framework that would fulfill the requirements of optimization software for
solving any of a number of (typically deterministic) optimization problems.
The problem is that the modeling process is performed within the limitations
of the optimization software. The most prominent limitation has been the
handling of uncertainty which is pervasive in real applications.

This book is motivated by the development of a very general modeling
strategy we call the “universal modeling framework” which was designed to
represent any sequential decision problem. The framework covers a virtually
unlimited range of problems (static problems are just one special case), jus-
tifying the use of the adjective “universal.” The defining philosophy of this
framework is given by:

Model first, then solve.

This means modeling the problem before deciding how to “solve” it (by this
I mean, how to make the decisions that allow us to achieve an improved
solution).

Sequential decision problems have been approached in the research liter-
ature by over a dozen distinct communities, using eight different notational
systems, a number of modeling frameworks and a range of tools motivated
by applications from different problem settings. Books representing each of
the different communities are depicted in figure 2. Every one of these books
assumes that we are solving a problem with a well-defined objective function,
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Figure 2: The “jungle of stochastic optimization” capturing the contributions by
many communities to the problem of making decisions under uncertainty.

pre-defined decisions and a clear model of the uncertainties.

This volume makes none of these assumptions. Most important, we do not
even start with a mathematical model. Instead, we develop a process that we
refer to as “framing the problem” which consists of asking questions where the
answers form of the foundation of the mathematical model in the universal
modeling framework. We design a framing process that, as with other efforts
at framing, starts in English. But rather than the very general language of
consultants wading through complex business problems, our framing process
is guided by the universal modeling framework which provides a direct path
to a computer model.

Our universal modeling framework has three critical features:

1) It is completely general, in that it can represent any sequential decision
problem (static problems are simply a special case).

2) The framework does not make any preconceived assumptions about how
decisions will be made.

3) Decisions are made with methods called “policies.” We describe four classes
of policies which, combined with hybrids of two or more classes, include
any method for making decisions, including whatever method is being
used in practice.

The modeling framework is so general that it allows us to approach any problem
that involves making decisions. Instead of solving well-defined math problems
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Figure 3: The modeling cycle: From problem, to framing, to model, to software,
back to problem.

that are posed in the books in figure 2, we need a more general vocabulary
that can capture the richness of problems in this class.

To accomplish this, we are replacing figure 1, which steps from problem
to model to software, to the one depicted in figure 3, where we start with a
general statement of the original problem described in the language of domain
experts. We then transition to the framing step, which involves answering
a series of questions in English, but which produces answers that translate
directly to the universal modeling framework, without any preconceived notion
of how we are going to solve the problem.

There are three stages in the process of designing and implementing models,
but this volume will focus on the first one that starts by looking for answers
to three questions:

1) What are the performance metrics?
2) What types of decisions are being made (and who makes them)?

3) What are the forms of uncertainty that affect the performance of the
system?

By insisting that this entire discussion be made in English, we avoid the
subtle assumptions that insert themselves when using a mathematical model.
However, in Volume II, we will show how to convert the answers to these
questions into mathematics. Without this step, the volume would devolve into
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the discussions that can be found in any of a number of business books which
may be entertaining to executives, but would never be implementable on a
computer.
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