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Calculus and the
Architecture of Curves

The cover photograph shows

the Guggenheim Museum in Bilbao,
Spain, designed and built 1991-1997
by Frank Gehry and Associates.

With its implied motion and its cluster
of titanium-clad components, this is
surely the most arresting and original
building of our time.

The highly complex structures that
Frank Gehry designs would be impos-
sible to build without the computer.
The CATIA software that his architects
and engineers use to produce the computer
models is based on principles of calculus—fitting
curves by matching tangent lines, making sure
the curvature isn’t too iarge, and controlling
parametric surfaces. “Consequently,” says
Gehry, “we have a lot of freedom. | can play
with shapes.”

The process starts with Gehry’s initial
sketches, which are translated into a succession
of physical models. (More than 200 different
physical models were constructed during the
design of the Bilbao museum, first with basic
wooden blocks and then evolving into more sculp- record the coordinates of a series of points on a
tural forms.) Then an engineer uses a digitizer to physical model. The digitized points are fed into a




computer and the CATIA soft-
ware is used to link these
points with smooth curves.
(It joins curves so that their
tangent lines coincide; you
can use the same idea to
design the shapes of letters in the Laboratory Project
on page 236 of this book.) The architect has consid-
erable freedom in creating these curves, guided by
displays of the curve, its derivative, and its curvature.
Then the curves are connected to each other by a
parametric surface, and again the architect can do so
in many possible ways with the guidance of displays
of the geometric characteristics of the surface.

The CATIA model is then used to produce another
physical model, which, in turn, suggests modifica-

tions and leads to additional computer and physical
models.

The CATIA program was developed in France
by Dassault Systémes, originally for designing
airplanes, and was subsequently employed in the
automotive industry. Frank Gehry, because of his
complex sculpturai shapes, is the first to use it
in architecture. It helps him answer his question,

“How wiggly can you get and still make a
building?”



Preface

Changes in the Second Edition

When the first edition of this book appeared four years ago, a heated debate about cal-
culus reform was taking place. Such issues as the use of technology, the relevance of
rigor, and the role of discovery versus that of drill were causing deep splits in mathe-
matics departments. Since then the rhetoric has calmed down somewhat as reformers
and traditionalists have realized that they have a common goal: to enable students to
understand and appreciate calculus.

The first edition was intended to be a synthesis of reform and traditional approaches
to calculus instruction. In this second edition I continue to follow that path by empha-
sizing conceptual understanding through visual, numerical, and algebraic approaches.

The principal way in which this book differs from my more traditional calculus
textbooks is that it is more streamlined. For instance, there is no complete chapter on
techniques of integration; [ don’t prove as many theorems (see the discussion on rigor
on page xi); and the material on transcendental functions and on parametric equations
is interwoven throughout the book instead of being treated in separate chapters. Instruc-
tors who prefer fuller coverage of traditional calculus topics should look at my books
Calculus, Fourth Edition and Calculus: Early Transcendentals, Fourth Edition.

= The data in examples and exercises have been updated to be more timely.

= Several new examples have been added. For instance, [ added the new Example 1
in Section 5.4 (page 381) because students have a tough time grasping the idea of
a function defined by an integral with a variable limit of integration. I think it
helps to look at Examples | and 2 before considering the Fundamental Theorem
of Calculus.

= Extra steps have been provided in some of the existing examples.
= More than 25% of the exercises in each chapter are new.

= Three new projects have been added. The one on page 198 asks students to design
a roller coaster so the track is smooth at transition points. The project on page
472, the idea for which [ thank Larry Riddle, is actually a contest in which the
winning curve has the smallest arc length (within a certain class of curves).

= A CD called Tools for Enriching Calculus (TEC) is included with every copy of
the second edition. See the description on page xi.

= Chapter 1 has been reorganized. Instead of the full section on modeling in the
first edition, I have moved some of this material into Section 1.2 and split the
old 1.2 into two sections. The vast majority of users liked the coverage of para-
metric curves in Chapter 1, but for the convenience of those who prefer to defer
parametric equations I have moved this material to the last section of Chapter 1.

= [ have added a new (optional) section (5.7) called Additional Techniques of Integra-
tion. The idea is not to provide encyclopedic coverage, but rather to give a brief
treatment of the simplest trigonometric integrals (enough to deal with the simplest
cases of trigonometric substitution) as well as simple cases of partial fractions.
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= [ have rewritten Section 9.2 to give more prominence to the geometric description
of vectors.

= As before, sigma notation is introduced briefly in Sections 5.1 and 5.2. In this
edition, fuller coverage is provided in the new Appendix F, for those who need a
more thorough review.

{} Fea'ures . ° ° ° o . . ° ° . ° o ° ° . . ° ° .

Conceptual Exercises

Pages 108, 128, 139, 377, 580, 765, 776

Pages 155, 169-170
Pages 716, 724, 757758
Pages 818, 934, 943-944

Pages 129, 170
Pages 179, 437

Pages 140, 548

Real-World Data

Pages 11, 15
Pages 376, 356

Pages 423, 686
Pages 756757
Pages 808, 845

Projects

Page 530

Page 236

Page 415

The most important way to foster conceptual understanding is through the problems
that we assign. To that end I have devised various types of problems. Some exercise
sets begin with requests to explain the meanings of the basic concepts of the section.
(See, for instance, the first couple of exercises in Sections 2.2. 2.4,2.5,5.3, 8.2, 11.2,
and 11.3.) Similarly, review sections begin with a Concept Check and a True-False
Quiz. Other exercises test conceptual understanding through graphs or tables (see
Exercises 1-3 in Section 2.7, Exercises 31-38 in Section 2.8, Exercises 1-2 in Sec-
tion 10.2, Exercises 27, 30, and 31 in Section 10.3, Exercises 9-14 in Section 1.1,
Exercises 3-4 in Section 11.7, Exercises 13—14 in Section 13.2, and Exercises 1, 2,
11, and 23 in Section 13.3). Another type of exercise uses verbal description to test
conceptual understanding (see Exercise 8 in Section 2.4; Exercise 48 in Section 2.8;
Exercises 5, 9, and 10 in Section 2.10; and Exercise 53 in Section 5.10). I particu-
larly value problems that combine and compare graphical, numerical, and algebraic
approaches (see Exercises 30, 33, and 34 in Section 2.5 and Exercise 2 in Section 7.5).

My assistants and [ have spent a great deal of time looking in libraries, contacting
companies and government agencies, and searching the Internet for interesting real-
world data to introduce, motivate, and illustrate the concepts of calculus. As a result,
many of the examples and exercises deal with functions defined by such numerical
data or graphs. See, for instance, Figures 1, 11, and 12 in Section 1.1 (seismograms
from the Northridge earthquake), Figure 5 in Section 5.3 (San Francisco power con-
sumption), Exercise 12 in Section 5.1 (velocity of the space shuttle Endeavour),
Example 5 in Section 5.9 (data traffic on Internet links), Example 3 in Section 9.6
(wave heights), Exercises 1-2 in Section 11.1 (wind-chill index, heat index), Exer-
cises 1-2 in Section 11.6 (Hurricane Donna contour map), and Example 4 in Sec-
tion 12.1 (Colorado snowfall).

One way of involving students and making them active learners is to have them work
(perhaps in groups) on extended projects that give a feeling of substantial accom-
plishment when completed. Applied Projects involve applications that are designed
to appeal to the imagination of students. The project after Section 7.3 asks whether a
ball thrown upward takes longer to reach its maximum height or to fall back to its
original height. (The answer might surprise you.) Laboratory Projects involve tech-
nology; the project following Section 3.5 shows how to use Bézier curves to design
shapes that represent letters for a laser printer. Writing Projects ask students to com-
pare present-day methods with those of the founders of calculus—Fermat’s method
for finding tangents, for instance. Suggested references are supplied. Discovery Pro-
Jects anticipate results to be discussed later or cover optional topics (hyperbolic func-
tions) or encourage discovery through pattern recognition (see the project following
Section 5.8).



