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PREFACE

This book represents the deterministic operations research course that I have taught
to mathematics, computer science, and engineering students over the past 10 years. It
deals with the study of linear optimization (both continuous and discrete), emphasiz-
ing the modeling of real problems as linear optimization problems and the designing
of algorithms to solve them, covering topics in linear programming, network opti-
mization, and integer programming.

In this book, I emphasize three aspects of deterministic operations research:

1. Modeling real-world problems as linear optimization problems.

2. Designing algorithms (both heuristic and exact methods) to solve these prob-
lems.

3. Using mathematical theory to improve our understanding of the problem, to
improve existing algorithms, and to design new algorithms.

Although these aspects are important for both researchers and practitioners of opera-
tions research, they are not always in the forefront of operations research textbooks. It
is true that many books highlight optimization modeling and algorithms to solve these
problems; however, very few, if any, explicitly discuss the algorithm design process
used to solve problems. This book is intended to fill that gap.

My intended audience for this book is a junior/senior mathematics course in
deterministic operations research. It will serve as both comprehensive text for
such a course and a reference book for future exploration of the subjects. The
book can also be used for operations research courses in engineering departments
and for first-year graduate courses in linear optimization. It is not meant to be
a reference book for researchers, but to be a book for people wanting to learn
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xii PREFACE

about linear optimization problems and techniques. A student using this book
should have been exposed to (multivariable) calculus and linear algebra, whenever
possible.

Iintroduce concepts and approaches by mixing in many examples to both demons-
trate and motivate theoretical concepts and then proving these results. Advanced ideas
are described in a common-sense style that illustrates the core aspects of the idea in
ways that are easy to understand, motivates the reader to understand how to think
about the problem, not just what to think, and illustrates this using concrete examples.
Each chapter of the book is designed to be the continuation of the “story” of how to
both model and solve optimization problems by using the specific problems (linear
and integer programs) as guides. This enables the reader (and instructors) to see how
solution methods can be derived instead of just seeing the final product (the algorithms
themselves).

I begin this book with an introduction to linear optimization modeling, incorpo-
rating many common modeling constructs through examples. In class I typically take
about 20-25% of the term to discuss various models and the modeling process, so it
is no surprise that the modeling chapters encompass that much of the book. I feel it is
important for students to be able to translate a real-world situation into a mathematical
language (here as an optimization model), be able to solve it using an optimization
package, and be able to interpret the results. It is also important for students to see that
there is a difference between the model and the data, and I try to emphasize this by
discussing the general form of various constructs. I end my discussion of modeling by
illustrating some common operations research problems and how they are solved. In
addition, the exercises discuss various applications that have appeared in the research
literature over the past 20 years.

Once the importance and usefulness of linear and integer programming models
have been illustrated, I take a different approach to solution methods than most books.
Typically, at an introductory level, solution methods for optimization problems are
presented in the following style: (a) the problem is defined, (b) a solution technique
is described and illustrated, and (c) the solution method is proven correct (it gives the
correct answer) and various properties are studied. I illustrate how to design methods
to solve these problems by first introducing the algorithm design paradigm through
the use of heuristic methods for common integer programming models and then
discussing general optimization approaches and showing how to use the properties
of linear programs to specialize these general methods. This illustrates the algorithm
design process.

I have found that the algorithm design process (which is key to deterministic
operations research) can best be introduced through heuristic methods. This allows
us to concentrate on the design itself without having to worry about finding the
optimal solution. Once we have designed a few simple algorithms we are ready to
search for optimal solutions by first learning through an example what properties
an optimal solution must have and then designing (and improving) an algorithm to
satisfy them.

One challenge facing instructors is the lack of a formal background in the subject,
especially for mathematics professors. Many may not be familiar with how algorithms
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are designed, the importance of modeling and proper model formulation, and how
models and the algorithms that solve them interact. This book will help such instruc-
tors understand these ideas and present them to the students. The book emphasizes
the thought process involved with modeling optimization problems and both the de-
sign and the improvement of algorithms to solve these problems. Each chapter builds
upon the previous ones to illustrate these ditferent aspects. For example, by the time
the reader is formally introduced to the simplex method (the primary algorithm for
solving linear programs), we will have discussed how this algorithm could have been
developed, giving the reader “ownership” of the algorithm.

This book is organized around the three aspects of deterministic operations re-
search that I want to emphasize. The first four chapters discuss an introduction to
operations research and optimization modeling. Chapters 5 through 8 discuss algo-
rithm design for (continuous linear) optimization problems, culminating in the formal
discussion of the simplex method. This includes an introduction to continuous op-
timization algorithms, convexity, Farkas’ lemma, and the algebraic and geometric
study of polyhedra. All of this culminates in the simplex method. Many will find it
unusual to see the simplex method appear as late as Chapter 8 in this book. This is
by design; I want to emphasize the importance of modeling first (and hence there
are four chapters on models) and the algorithm design process next. This means
that the simplex method, the end result of the design process, is important but not
the sole focus of the book. In fact, because it is central to much of what we dis-
cuss in the book, it is symbolic that the simplex method is found in the middle
chapter.

Chapters 9 through 11 discuss the duality theory of linear programs and the algo-
rithmic and modeling ramifications of the theory. I also discuss Lagrangian duality
and briefly mention optimality conditions for general nonlinear programs. In Chapters
10 and 11, I cover uses of duality, including sensitivity analysis, parametric program-
ming, and such algorithmic uses as dual simplex, column generation, Dantzig—Wolfe
decomposition, and the primal—dual interior point algorithm. Each of these topics
highlights how theoretical results can be used to improve how we solve problems
computationally.

Chapters 12 through 15 continue our algorithmic design theme by discussing net-
work optimization and integer programming methods. I have incorporated some topics
not typically given in introductory books, such as various label-correcting algorithms
for the shortest path problem (as opposed to just Dykstra’s method), the importance
of preprocessing and probing in integer programming, cover inequalities for 0-1
knapsack constraints, lifting of valid inequalities, and branch-and-cut algorithms.
In fact, the integer programming material in Chapter 14 introduces methods that
are being implemented in software packages for integer programs. I finish the book
with a discussion of modern metaheuristic techniques for discrete optimization prob-
lems. The methods form the backbone of many heuristic approaches to hard discrete
problems.

Supplemental material will be key to the course, which will be placed on a dedicated
web site http://www.rose-hulman.edu/~rader/DOR for the book. This includes the
appropriate models (in various modeling languages) for each example in Chapters 2,
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3, and 4, as well as Maple and Matlab content for many calculations used in the
book. This will enable students and instructors to learn the concepts being introduced
without needing to worry about software implementations. A collection of solutions
to exercises is available to students; in addition, a full solutions manual will be made
available for instructors.

The material from this book can be covered entirely over a two-semester sequence
of courses. The core material of this book is contained in Chapters 5-9. Any course
that includes the Simplex method (Chapter 8) needs Chapters 5-7 as background
material. When I teach a course during one term using the material from this book,
I have covered the following chapters over 40 class meetings (50 minutes each):
Chapters 1, 2, 3,5,6,7,8,9, 11.1-11.3, 13, and 14.1-14.5. In this course, I spend
8-10 lectures on material from Chapters 2 and 3 (optimization modeling); this is due
to my personal bias toward the importance of optimization modeling, and users of
this book would not need to spend as much time on these topics. I have included a
more detailed topics list on the web site.

I have added various topics to this book that are optional materials to cover in
a class, but provide the reader with more advanced topics for future study. These
include (but are not limited to) sections on Farkas’ lemma (Sections 6.3 and 9.5),
Lagrangian duality (Section 9.7), parametric programming (Section 10.4), Dantzig—
Wolfe decomposition (Section 11.3), primal-dual interior point algorithm (Section
11.6), network optimization algorithms (Chapter 12), and valid inequalities for 0—1
linear constraints and branch-and-cut algorithms (Sections 14.5 and 14.6).

It is impossible to write a book without any help or guidance, and that is especially
true of this book. I want to thank John Wiley & Sons for publishing this book and to
acknowledge in particular my editors Susanne Steitz-Filler and Jacqueline Palmieri
for their assistance and guidance throughout this process.

I also want to acknowledge the comments I have received from colleagues Susan
Martonosi and Kevin Hutson and other anonymous reviewers regarding the topics
presented and their order and from the 10 years’ worth of students at Rose-Hulman
Institute of Technology who have used early versions of this manuscript as their
primary material and have pointed out errors and omissions. Any errors that remain
are of course my own.

I especially want to acknowledge Diane Evans, Richard Forrester, Allen Holder,
and Mike Spivey, who have used this book in their classes. They have each provided
me with numerous suggestions and comments on how to improve the presentation
of material. Our conversations regarding the material has been immeasurable, and I
cannot thank them enough for their contributions.

My colleagues in the Mathematics Department at Rose-Hulman Institute of Tech-
nology have been very supportive during the time I wrote this book. I particularly
want to thank S. Allen Broughton, Ralph P. Grimaldi, and Jeffery J. Leader for their
support and advice.

I could not even begin to work on such a project without the lifelong support of
my parents Mary and David Rader. They sacrificed plenty to allow me the education
that led to this project, and words cannot express my gratitude.
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Last, but certainly not least, I want to thank my wife Concetta for her help with
this project. Her love and support, as always, is greatly appreciated. I also want to
thank our children Megan and Abigail for being patient with me when I needed to
work instead of play, and for knowing when I needed to play instead of work.

DAvVID J. RADER, JR.

Terre Haute, Indiana
April 2010
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CHAPTER 1

INTRODUCTION TO OPERATIONS
RESEARCH

1.1 WHAT IS DETERMINISTIC OPERATIONS RESEARCH?

Today, many “operations” problems are routinely solved throughout business and
industry. These include determining work shifts for large departments, designing
production facilities to maximize the throughput, allocating scarce resources (such
as raw materials and labor) to meet demands at a minimum cost, or determining
which investments to place available funds. Such problems are very different from
the traditional problems that students of mathematics, science, and engineering often
face, because there are no physical laws that can be used; for example, knowing how to
use Newton’s second law or Ohm’s law will not help solve these industrial problems.
To handle such problems, different mathematical models must be used.

Mathematical Model A mathematical model is a collection of variables and the
relationships needed to describe important features of a given problem.

Until World War II, most businesses and industries did not worry about such oper-
ations problems. This was partly because no formal mathematical discipline directly
handled these problems, and partly because there was no urgent need for them. During
World War II, military planners began working with scientists and mathematicians in
order to apply a scientific approach to the management of the war effort, in which they

Deterministic Operations Research: Models and Methods in Linear Optimization, by David J. Rader, Jr.
Copyright © 2010 John Wiley & Sons, Inc.



2 INTRODUCTION TO OPERATIONS RESEARCH

began to devise mathematical models to deal with such issues. After the war, others
began to look at these techniques for industry, which brought about the beginning of
Operations Research.

Operations Research Operations research (OR) s the study of how to form math-
ematical models of complex science, engineering, industrial, and management
problems and how to analyze them using mathematical techniques.

Operations research is the name most often used to describe the mathematical study
of such problems. In business, it is also known as Management Science or Opera-
tions Management. Typically, OR is divided into two areas: deterministic operations
research, where all parameters are fixed, and stochastic operations research, where
we assume some of the problem parameters are random. This book deals exclusively
with deterministic operations research.

There have been many successful and interesting applications of operations re-
search techniques since the 1940s. In fact, operations research has been used to solve
many diverse problems.

1. Scheduling ACC Basketball. Nemhauser and Trick [67] discussed how they
used OR techniques to determine successful schedules for the Atlantic Coast
Conference basketball season, which consists of a round-robin schedule among
10 teams stretching from Maryland to Florida.

2. Designing Communication Networks. Balakrishnan, Magnanti, and Mirchan-
dani [4] look at the problem of designing survivable networks with high band-
width in order to minimize costs. These problems have great importance due
to the explosion of phone, cable, and video services.

3. Scheduled Aircraft Maintenance. Gopalan and Talluri [51] studied how to
schedule aircraft maintenance when there are many operating restrictions in
place, such as making sure the aircraft is at the correct maintenance location
within a certain amount of time.

4. Truck Dispatching for Oil Pickup. Bixby and Lee [16] look at the vehicle routing
and scheduling problem that arise from an oil company’s desire to better utilize
truck fleets and drivers.

5. Component Assignment in Printed Circuit Board Manufacturing. Hillier and
Brandeau [58] consider the problem of determining the minimum cost assign-
ment of various components to insertion machines that are used in the automated
assembly of printed circuit boards.

OR is much more than the formation of mathematical models of problems; it also
deals with the solution of these models and the evaluation of their solutions with
regard to the real-world problem. In deterministic OR models, we typically formulate
the problem as an optimization problem, where we want to minimize or maximize a
function (such as costs, profits, time, etc.) given that the solution must satisfy certain
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restrictions and requirements (demand met, scarce resources, etc.). Such optimization
problems are often referred to as Mathematical Programs.

Mathematical Program A mathematical program or Optimization Model
is a mathematical structure where problem choices are represented by
decision variables. Using these decision variables, mathematical programs
look to optimize some objective function of the decision variables subject
to certain constraints that limit the possible choices (values of decision vari-
ables). It can be written in the most general form (assuming maximization
problem)

max { f(x): x € S},

where x is a vector of decision variables, f(x) is the objective function, and
the set S is the set of values for the decision variables satisfying all of the
constraints.

The three highlighted terms in the above definition, decision variables, objective
function, and constraints, represent the fundamental concerns of any OR model. In
fact, it is the objective function that makes a model an optimization model. This
was fairly revolutionary in 1947, when George Dantzig used an objective function to
determine which decisions were better than others. Before that, there was not much
thought given in modeling toward objective functions; instead, basic ground rules
given by those in authority were used to guide the search for the “best answer.”!

But how do we create a mathematical model? That is the real question in any study
of operations research. The whole modeling process involves a four-stage cycle:

1. Problem Definition and Data Gathering. Here is where the real work begins.
Actually knowing what problem we wish to model is more important than
most people realize. If we have no idea what we want to determine, how do
we know if we have a reasonable solution or not? Next, a modeler must observe
the system and collect data to estimate any parameters of the model.

2. Creating the Mathematical Model. Once the problem is defined and data have
been collected, it is now time to develop a model of the situation. This involves
determining decision variables, constraints, and objectives that are needed in
the problem. Sometimes it involves only determining which formula we need
to use. Models can be either deterministic, as studied in this book, or stochastic,
in which case our data are more important because we need them to verify
assumptions on probability distributions, means, and so on.

3. Solving the Mathematical Model. This can have many different forms. If we
have a deterministic optimization model, we try to find the values of the

'Danllig reminisces about this in Ref. [26].



