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Preface: 2008 edition

We are publishing this edition of Calculus in Context online to make it freely
available to all users. It is essentially unchanged from the 1994 edition.

The continuing support of Five Colleges, Inc., and especially of the Five
College Coordinator, Lorna Peterson, has been crucial in paving the way for
this new edition. We also wish to thank the many colleagues who have shared
with us their experiences in using the book over the last twenty years—and
have provided us with corrections to the text.
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Preface: 1994 edition

Our point of view We believe that calculus can be for our students what
it was for Euler and the Bernoullis: A language and a tool for exploring
the whole fabric of science. We also believe that much of the mathematical
depth and vitality of calculus lies in these connections to the other sciences.
The mathematical questions that arise are compelling in part because the
answers matter to other disciplines as well.

The calculus curriculum that this book represents started with a “clean
slate;” we made no presumptive commitment to any aspect of the traditional
course. In developing the curriculum, we found it helpful to spell out our
starting points, our curricular goals, our functional goals, and our view
of the impact of technology. Our starting points are a summary of what
calculus is really about. Our curricular goals are what we aim to convey
about the subject in the course. Our functional goals describe the attitudes
and behaviors we hope our students will adopt in using calculus to approach
scientific and mathematical questions. We emphasize that what is missing
from these lists is as significant as what appears. In particular, we did not
not begin by asking what parts of the traditional course to include or discard.

Starting Points

e Calculus is fundamentally a way of dealing with functional rela-
tionships that occur in scientific and mathematical contexts. The
techniques of calculus must be subordinate to an overall view of the
underlying questions.

e Technology radically enlarges the range of questions we can ex-
plore and the ways we can answer them. Computers and graphing
calculators are much more than tools for teaching the traditional
calculus.

il
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Starting Points—continued

e The concept of a dynamical system is central to science Therefore,
differential equations belong at the center of calculus, and technol-
ogy makes this possible at the introductory level.

e The process of successive approximation is a key tool of calculus,
even when the outcome of the process—the limit—cannot be ex-
plicitly given in closed form.

Curricular Goals

e Develop calculus in the context of scientific and mathematical ques-
tions.

e Treat systems of differential equations as fundamental objects of
study.

e Construct and analyze mathematical models.

e Use the method of successive approximations to define and solve
problems.

e Develop geometric visualization with hand-drawn and computer
graphics.

e Give numerical methods a more central role.

Functional Goals

e Encourage collaborative work.

e Empower students to use calculus as a language and a tool.

e Make students comfortable tackling large, messy, ill-defined prob-
lems.

e Foster an experimental attitude towards mathematics.

e Help students appreciate the value of approximate solutions.

e Develop the sense that understanding concepts arises out of working
on problems, not simply from reading the text and imitating its
techniques.

Impact of Technology

¢ Differential equations can now be solved numerically, so they can
take their rightful place in the introductory calculus course.

e The ability to handle data and perform many computations allows
us to explore examples containing more of the messiness of real
problems.

e As a consequence, we can now deal with credible models, and the
role of modelling becomes much more central to our subject.
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Impact of Technology—continued

e In particular, introductory calculus (and linear algebra) now have
something more substantial to offer to life and social scientists, as
well as to physical scientists, engineers and mathematicians.

e The distinction between pure and applied mathematics becomes
even less clear (or useful) than it may have been.

By studying the text you can see, quite explicitly, how we have pursued
the curricular goals. In particular, every one of those goals is addressed
within the very first chapter. It begins with questions about describing and
analyzing the spread of a contagious disease. A model is built, and the model
is a system of coupled non-linear differential equations. We then begin a
numerical assault on those equations, and the door is opened to a solution
by successive approximations.

Our implementation of the functional goals is less obvious, but it is still
evident. For instance, the text has many more words than the traditional
calculus book—it is a book to be read. Also, the exercises make unusual
demands on students. Most exercises are not just variants of examples that
have been worked in the text. In fact, the text has rather few simple “tem-
plate” examples.

Shifts in Emphasis It will also become apparent to you that the text
reflects substantial shifts in emphasis in comparison to the traditional course.
Here are some of the most striking:

How THE EMPHASIS SHIFTS:

INCREASE DECREASE
concepts techniques
geometry algebra

graphs formulas

brute force elegance
numerical closed-form

solutions solutions

Euler’s method is a good example of what we mean by “brute force.”
It is a general method of wide applicability. Of course when we use it to
solve a differential equation like 3/(t) = ¢, we are using a sledgehammer to
crack a peanut. But at least the sledgehammer does work. Moreover, it
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works with coconuts (like ¢y’ = y(1 —y/10)), and it will just as happily knock
down a house (like y' = cos?(t)). Of course, students also see the elegant
special methods that can be invoked to solve ¢y = ¢ and y' = y(1 — y/10)
(separation of variables and partial fractions are discussed in chapter 11),
but they understand that they are fortunate indeed when a real problem will
succumb to these special methods.

Audience Our curriculum is not aimed at a special clientele. On the con-
trary, we think that calculus is one of the great bonds that unifies science, and
all students should have an opportunity to see how the language and tools
of calculus help forge that bond. We emphasize, though, that this is not a
“service” course or calculus “with applications,” but rather a course rich in
mathematical ideas that will serve all students well, including mathematics
majors. The student population in the first semester course is especially di-
verse. In fact, since many students take only one semester, we have aimed
to make the first six chapters stand alone as a reasonably complete course.
In particular, we have tried to present contexts that would be more or less
broadly accessible. The emphasis on the physical sciences is clearly greater
in the later chapters; this is deliberate. By the second semester, our stu-
dents have gained skill and insight that allows them to tackle this added
complexity:.

Handbook for Instructors Working toward our curricular and functional
goals has stretched us as well as our students. Teaching in this style is
substantially different from the calculus courses most of us have learned from
and taught in the past. Therefore we have prepared a handbook based on
our experiences and those of colleagues at other schools. We urge prospective
instructors to consult it.

Origins The Five College Calculus Project has a singular history. It begins
almost thirty years ago, when the Five Colleges were only Four: Amherst,
Mount Holyoke, Smith, and the large Amherst campus of the University of
Massachusetts. These four resolved to create a new institution which would
be a site for educational innovation at the undergraduate level; by 1970,
Hampshire College was enrolling students and enlisting faculty.

Early in their academic careers, Hampshire students grapple with pri-
mary sources in all fields—in economics and ecology, as well as in history
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and literature. And journal articles don’t shelter their readers from home
truths: if a mathematical argument is needed, it is used. In this way, stu-
dents in the life and social sciences found, sometimes to their surprise and
dismay, that they needed to know calculus if they were to master their chosen
fields. However, the calculus they needed was not, by and large, the calculus
that was actually being taught. The journal articles dealt directly with the
relation between quantities and their rates of change—in other words, with
differential equations.

Confronted with a clear need, those students asked for help. By the mid-
1970s, Michael Sutherland and Kenneth Hoffman were teaching a course
for those students. The core of the course was calculus, but calculus as it
is used in contemporary science. Mathematical ideas and techniques grew
out of scientific questions. Given a process, students had to recast it as a
model; most often, the model was a set of differential equations. To solve
the differential equations, they used numerical methods implemented on a
computer.

The course evolved and prospered quietly at Hampshire. More than a
decade passed before several of us at the other four institutions paid some
attention to it. We liked its fundamental premise, that differential equations
belong at the center of calculus. What astounded us, though, was the reve-
lation that differential equations could really be at the center—thanks to the
use of computers.

This book is the result of our efforts to translate the Hampshire course for
a wider audience. The typical student in calculus has not been driven to study
calculus in order to come to grips with his or her own scientific questions—as
those pioneering students had. If calculus is to emerge organically in the
minds of the larger student population, a way must be found to involve that
population in a spectrum of scientific and mathematical questions. Hence,
calculus in context. Moreover, those contexts must be understandable to
students with no special scientific training, and the mathematical issues they
raise must lead to the central ideas of the calculus—to differential equations,
in fact.

Coincidentally, the country turned its attention to the undergraduate sci-
ence curriculum, and it focused on the calculus course. The National Science
Foundation created a program to support calculus curriculum development.
To carry out our plans we requested funds for a five-year project; we were for-
tunate to receive the only multi-year curriculum development grant awarded
in the first year of the NSF program. This text is the outcome of our effort.
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grace in shaping the book itself against our often contrary views. We thank
them all.

To the Student

In a typical high school math text, each section has a “technique” which you
practice in a series of exercises very like the examples in the text. This book
is different. In this course you will be learning to use calculus both as a tool
and as a language in which you can think coherently about the problems
you will be studying. As with any other language, a certain amount of time
will need to be spent learning and practicing the formal rules. For instance,
the conjugation of étre must be almost second nature to you if you are to
be able to read a novel—or even a newspaper—in French. In calculus, too,
there are a number of manipulations which must become automatic so that
you can focus clearly on the content of what is being said. It is important
to realize, however, that becoming good at these manipulations is not the
goal of learning calculus any more than becoming good at declensions and
conjugations is the goal of learning French.

Up to now, most of the problems you have met in math classes have had
definite answers such as “17,” or “the circle with radius 1.75 and center at
(2,3).” Such definite answers are satisfying (and even comforting). However,
many interesting and important questions, like “How far is it to the planet
Pluto,” or “How many people are there with sickle-cell anemia,” or “What
are the solutions to the equation z° + z + 1 = 0” can’t be answered exactly.
Instead, we have ways to approximate the answers, and the more time
and/or money we are willing to expend, the better our approximations may
be. While many calculus problems do have exact answers, such problems
often tend to be special or atypical in some way. Therefore, while you will be
learning how to deal with these “nice” problems, you will also be developing
ways of making good approximations to the solutions of the less well-behaved
(and more common!) problems.

The computer or the graphing calculator is a tool that that you will need
for this course, along with a clear head and a willing hand. We don’t assume
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that you know anything about this technology ahead of time. Everything
necessary is covered completely as we go along.

You can’t learn mathematics simply by reading or watching others. The
only way you can internalize the material is to work on problems yourself. It
is by grappling with the problems that you will come to see what it is you
do understand, and to see where your understanding is incomplete or fuzzy.

One of the most important intellectual skills you can develop is that of
exploring questions on your own. Don’t simply shut your mind down when
you come to the end of an assigned problem. These problems have been
designed not so much to capture the essence of calculus as to prod your
thinking, to get you wondering about the concepts being explored. See if
you can think up and answer variations on the problem. Does the problem
suggest other questions? The ability to ask good questions of your own is at
least as important as being able to answer questions posed by others.

We encourage you to work with others on the exercises. Two or three
of you of roughly equal ability working on a problem will often accomplish
much more than would any of you working alone. You will stimulate one
another’s imaginations, combine differing insights into a greater whole, and
keep up each other’s spirits in the frustrating times. This is particularly
effective if you first spend time individually working on the material. Many
students find it helpful to schedule a regular time to get together to work on
problems.

Above all, take time to pause and admire the beauty and power of what
you are learning. Aside from its utility, calculus is one of the most elegant and
richly structured creations of the human mind and deserves to be profoundly
admired on those grounds alone. Enjoy!
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Chapter 1

A Context for Calculus

Calculus gives us a language to describe how quantities are related to one
another, and it gives us a set of computational and visual tools for explor-
ing those relationships. Usually, we want to understand how quantities are
related in the context of a particular problem—it might be in chemistry,
or public policy, or mathematics itself. In this chapter we take a single
context—an infectious disease spreading through a population—to see how
calculus emerges and how it is used.

1.1 The Spread of Disease

Making a Model

Many human diseases are contagious: you “catch” them from someone who
is already infected. Contagious diseases are of many kinds. Smallpox, polio,
and plague are severe and even fatal, while the common cold and the child-
hood illnesses of measles, mumps, and rubella are usually relatively mild.
Moreover, you can catch a cold over and over again, but you get measles
only once. A disease like measles is said to “confer immunity” on someone
who recovers from it. Some diseases have the potential to affect large seg-
ments of a population; they are called epidemics (from the Greek words epi,
upon + demos, the people.) Epidemiology is the scientific study of these
diseases.

An epidemic is a complicated matter, but the dangers posed by contagion—

and especially by the appearance of new and uncontrollable diseases—compel
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2 CHAPTER 1. A CONTEXT FOR CALCULUS

us to learn as much as we can about the nature of epidemics. Mathemat-
ics offers a very special kind of help. First, we can try to draw out of the
situation its essential features and describe them mathematically. This is
calculus as language. We substitute an “ideal” mathematical world for the
real one. This mathematical world is called a model. Second, we can use
mathematical insights and methods to analyze the model. This is calculus
as tool. Any conclusion we reach about the model can then be interpreted
to tell us something about the reality.

To give you an idea how this process works, we’ll build a model of an
epidemic. Its basic purpose is to help us understand the way a contagious
disease spreads through a population—to the point where we can even predict
what fraction falls ill, and when. Let’s suppose the disease we want to model
is like measles. In particular,

e it is mild, so anyone who falls ill eventually recovers;

e it confers permanent immunity on every recovered victim.

In addition, we will assume that the affected population is large but fixed in
size and confined to a geographically well-defined region. To have a concrete
image, you can imagine the elementary school population of a big city.

At any time, that population can be divided into three distinct classes:

Susceptible: those who have never had the illness and can catch it;

Infected: those who currently have the illness and are contagious;

Recovered: those who have already had the illness and are immune.

Suppose we let S, I, and R denote the number of people in each of
these three classes, respectively. Of course, the classes are all mixed together
throughout the population: on a given day, we may find persons who are
susceptible, infected, and recovered in the same family. For the purpose
of organizing our thinking, though, we’ll represent the whole population as
separated into three “compartments” as in the following diagram:
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1.1. THE SPREAD OF DISEASE 3

Susceptible

Recovered Infected

\‘

The Whole Population

The goal of our model is to determine what happens to the numbers S,
I, and R over the course of time. Let’s first see what our knowledge and
experience of childhood diseases might lead us to expect. When we say there
is a “measles outbreak,” we mean that there is a relatively sudden increase
in the number of cases, and then a gradual decline. After some weeks or
months, the illness virtually disappears. In other words, the number [ is a
variable; its value changes over time. One possible way that [ might vary
is shown in the following graph.

During the course of the epidemic, susceptibles are constantly falling ill.
Thus we would expect the number S to show a steady decline. Unless we
know more about the illness, we cannot decide whether everyone eventually
catches it. In graphical terms, this means we don’t know whether the graph
of S levels off at zero or at a value above zero. Finally, we would expect
more and more people in the recovered group as time passes. The graph of
R should therefore climb from left to right. The graphs of S and R might
take the following forms:

time
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time

e

time

While these graphs give us an idea about what might happen, they raise
some new questions, too. For example, because there are no scales marked
along the axes, the first graph does not tell us how large I becomes when the
infection reaches its peak, nor when that peak occurs. Likewise, the second
and third graphs do not say how rapidly the population either falls ill or
recovers. A good model of the epidemic should give us graphs like these and
it should also answer the quantitative questions we have already raised—
for example: When does the infection hit its peak? How many susceptibles
eventually fall ill?

A Simple Model for Predicting Change

Suppose we know the values of S, I, and R today; can we figure out what
they will be tomorrow, or the next day, or a week or a month from now?
Basically, this is a problem of predicting the future. One way to deal with
it is to get an idea how S, I, and R are changing. To start with a very
simple example, suppose the city’s Board of Health reports that the measles
infection has been spreading at the rate of 470 new cases per day for the
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1.1. THE SPREAD OF DISEASE 5

last several days. If that rate continues to hold steady and we start with
20,000 susceptible children, then we can expect 470 fewer susceptibles with
each passing day. The immediate future would then look like this:

accumulated remaining
days after number of new number of
today infections susceptibles
0 0 20000
1 470 19530
2 940 19060
3

1410 18 590

Of course, these numbers will be correct only if the infection continues
to spread at its present rate of 470 persons per day. If we want to follow S,
I, and R into the future, our example suggests that we should pay attention
to the rates at which these quantities change. To make it easier to refer
to them, let’s denote the three rates by S’, I’, and R’. For example, in the
illustration above, S is changing at the rate S’ = —470 persons per day. We
use a minus sign here because S is decreasing over time. If S’ stays fixed we
can express the value of S after ¢ days by the following formula:

S = 20000 + S’ -t = 20000 — 470 ¢ persons.

Check that this gives the values of S found in the table when ¢t =0, 1, 2, or
3. How many susceptibles does it say are left after 10 days?

Our assumption that S” = —470 persons per day amounts to a math-
ematical characterization of the susceptible population—in other words, a
model! Of course it is quite simple, but it led to a formula that told us what
value we could expect S to have at any time ¢.

The model will even take us backwards in time. For example, two days
ago the value of t was —2; according to the model, there were

S = 20000 — 470 x —2 = 20940

susceptible children then. There is an obvious difference between going back-
wards in time and going forwards: we already know the past. Therefore, by
letting ¢ be negative we can generate values for S that can be checked against
health records. If the model gives good agreement with known values of S
we become more confident in using it to predict future values.
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To predict the value of S using the rate S’ we clearly need to have a
starting point—a known value of S from which we can measure changes. In
our case that starting point is S = 20000. This is called the initial value
of S, because it is given to us at the “initial time” ¢ = 0. To construct the
formula S = 20000 — 470¢, we needed to have an initial value as well as a
rate of change for S.

In the following pages we will develop a more complex model for all
three population groups that has the same general design as this simple one.
Specifically, the model will give us information about the rates S’, I’, and
R’, and with that information we will be able to predict the values of S, I,
and R at any time ¢.

The Rate of Recovery

Our first task will be to model the recovery rate R’. We look at the process of
recovering first, because it’s simpler to analyze. An individual caught in the
epidemic first falls ill and then recovers—recovery is just a matter of time. In
particular, someone who catches measles has the infection for about fourteen
days. So if we look at the entire infected population today, we can expect
to find some who have been infected less than one day, some who have been
infected between one and two days, and so on, up to fourteen days. Those in
the last group will recover today. In the absence of any definite information
about the fourteen groups, let’s assume they are the same size. Then 1/14-th
of the infected population will recover today:

I persons

today the change in the recovered population = ——.
14 days

There is nothing special about today, though; I has a value at any time.
Thus we can make the same argument about any other day:

I persons

every day the change in the recovered population = ——.
14 days

This equation is telling us about R’, the rate at which R is changing. We
can write it more simply in the form

1
R = ﬁ[ persons per day.
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1.1. THE SPREAD OF DISEASE 7

We call this a rate equation. Like any equation, it links different quan-
tities together. In this case, it links R’ to I. The rate equation for R is the
first part of our model of the measles epidemic.

Are you uneasy about our claim that 1/14-th of the infected population recovers every day? You
have good reason to be. After all, during the first few days of the epidemic almost no one has
had measles the full fourteen days, so the recovery rate will be much less than I/14 persons per
day. About a week before the infection disappears altogether there will be no one in the early
stages of the illness. The recovery rate will then be much greater than /14 persons per day.
Evidently our model is not a perfect mirror of reality!

Don't be particularly surprised or dismayed by this. Our goal is to gain insight into the
workings of an epidemic and to suggest how we might intervene to reduce its effects. So we start
off with a model which, while imperfect, still captures some of the workings. The simplifications
in the model will be justified if we are led to inferences which help us understand how an epidemic
works and how we can deal with it. If we wish, we can then refine the model, replacing the simple

expressions with others that mirror the reality more fully.

Notice that the rate equation for R’ does indeed give us a tool to predict
future values of R. For suppose today 2100 people are infected and 2500
have already recovered. Can we say how large the recovered population will
be tomorrow or the next day? Since I = 2100,

1
R = 7 2100 = 150 persons per day .

Thus 150 people will recover in a single day, and twice as many, or 300,
will recover in two. At this rate the recovered population will number 2650
tomorrow and 2800 the next day.

These calculations assume that the rate R’ holds steady at 150 persons
per day for the entire two days. Since R’ = I /14, this is the same as assuming
that I holds steady at 2100 persons. If instead [ varies during the two days
we would have to adjust the value of R’ and, ultimately, the future values of
R as well. In fact, I does vary over time. We shall see this when we analyze
how the infection is transmitted. Then, in chapter 2, we’ll see how to make
the adjustments in the values of R’ that will permit us to predict the value
of R in the model with as much accuracy as we wish.

Other diseases. What can we say about the recovery rate for a contagious
disease other than measles? If the period of infection of the new illness is k
days, instead of 14, and if we assume that 1/k of the infected people recover
each day, then the new recovery rate is

1 1
R = % = El persons per day.
ays
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If we set b = 1/k we can express the recovery rate equation in the form
R’ = bl persons per day.

The constant b is called the recovery coefficient in this context.

Let’s incorporate our understanding of recovery
into the compartment diagram. For the sake of il-
lustration, we’ll separate the three compartments. As
time passes, people “flow” from the infected compart-
ment to the recovered. We represent this flow by an
arrow from I to R. We label the arrow with the recov-
ery coefficient b to indicate that the flow is governed
by the rate equation R’ = bl.

The Rate of Transmission

Since susceptibles become infected, the compartment diagram above should
also have an arrow that goes from S to I and a rate equation for S’ to show
how S changes as the infection spreads. While R’ depends only on I, because
recovery involves only waiting for people to leave the infected population, S’
will depend on both S and I, because transmission involves contact between
susceptible and infected persons.

Here’s a way to model the transmission rate. First, consider a single
susceptible person on a single day. On average, this person will contact only
a small fraction, p, of the infected population. For example, suppose there are
5000 infected children, so I = 5000. We might expect only a couple of them—
let’s say 2—will be in the same classroom with our “average” susceptible. So
the fraction of contacts is p = 2/I = 2/5000 = .0004. The 2 contacts
themselves can be expressed as 2 = (2/1) - I = pl contacts per day per
susceptible.

To find out how many daily contacts the whole susceptible population will
have, we can just multiply the average number of contacts per susceptible
person by the number of susceptibles: this is pl - S = pST.

Not all contacts lead to new infections; only a certain fraction ¢ do.
The more contagious the disease, the larger ¢ is. Since the number of daily
contacts is pSI, we can expect ¢-pSI new infections per day (i.e., to convert
contacts to infections, multiply by ¢). This becomes a.ST if we define a to be
the product g¢p.
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1.1. THE SPREAD OF DISEASE 9

Recall, the value of the recovery coefficient b depends only on the illness
involved. It is the same for all populations. By contrast, the value of a de-
pends on the general health of a population and the level of social interaction
between its members. Thus, when two different populations experience the
same illness, the values of a could be different. One strategy for dealing with
an epidemic is to alter the value of a. Quarantine does this, for instance; see
the exercises.

Since each new infection decreases the number of susceptibles, we have

the rate equation for S:
Here is the second

S" = —aS1T persons per day . piece of the S-I-R
model

The minus sign here tells us that S is decreasing (since S and I are positive).

We call a the transmission coefficient.
Just as people flow from the infected to the recov-

ered compartment when they recover, they flow from
the susceptible to the infected when they fall ill. To
indicate the second flow let’s add another arrow to
the compartment diagram. Because this flow is due to
the transmission of the illness, we will label the arrow
with the transmission coefficient a. The compartment

diagram now reflects all aspects of our model. " recovery

transmission

We haven't talked about the units in which to measure a and b. They must be chosen so that
any equation in which a or b appears will balance. Thus, in R = bI the units on the left are
persons/day; since the units for I are persons, the units for b must be 1/(days). The units in
S’ = —aST will balance only if a is measured in 1/(person-day).

The reciprocals have more natural interpretations. First of all, 1/b is the number of days a
person needs to recover. Next, note that 1/a is measured in person-days (i.e., persons x days),
which are the natural units in which to measure exposure. Here is why. Suppose you contact
3 infected persons for each of 4 days. That gives you the same exposure to the illness that you
get from 6 infected persons in 2 days—both give 12 “person-days” of exposure. Thus, we can
interpret 1/a as the level of exposure of a typical susceptible person.

Completing the Model

The final rate equation we need—the one for I'—reflects what is already
clear from the compartment diagram: every loss in [ is due to a gain in R,
while every gain in [ is due to a loss in S.
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10 CHAPTER 1. A CONTEXT FOR CALCULUS

Here is the complete

S-I-R model S = —aSI,
I'= aSI —bl,
R = bl.

If you add up these three rates you should get the overall rate of change of

the whole population. The sum is zero. Do you see why?

You should not draw the conclusion that the only use of rate equations is to model an epidemic.
Rate equations have a long history, and they have been put to many uses. Isaac Newton (1642—
1727) introduced them to model the motion of a planet around the sun. He showed that the
same rate equations could model the motion of the moon around the earth and the motion of an
object falling to the ground. Newton created calculus as a tool to analyze these equations. He
did the work while he was still an undergraduate—on an extended vacation, curiously enough,
because a plague epidemic was raging at Cambridge!

Today we use Newton's rate equations to control the motion of earth satellites and the
spacecraft that have visited the moon and the planets. We use other rate equations to model
radioactive decay, chemical reactions, the growth and decline of populations, the flow of electricity
in a circuit, the change in air pressure with altitude—just to give a few examples. You will have
an opportunity in the following chapters to see how they arise in many different contexts, and

how they can be analyzed using the tools of calculus.

The model is part of
mathematics; it only
approximates reality

The following diagram summarizes, in a schematic way, the relation be-
tween our model and the reality it seeks to portray.

Reality Modelling Mathematics
_ the reality )
people fall ill S" = —aSI
and eventually I'=aSI — bl
recover Interpreting R = bl

the mathematics

The diagram calls attention to several facts. First, the model is a part of
mathematics. It is distinct from the reality being modelled. Second, the
model is based on a simplified interpretation of the epidemic. As such, it
will not match the reality exactly; it will be only an approximation. Thus,
we cannot expect the values of S, I, and R that we calculate from the rate
equations to give us the exact sizes of the susceptible, infected, and recov-
ered populations. Third, the connection between reality and mathematics
is a two-way street. We have already travelled one way by constructing
a mathematical object that reflects some aspects of the epidemic. This is
model-building. Presently we will travel the other way. First we need to
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1.1. THE SPREAD OF DISEASE 11

get mathematical answers to mathematical questions; then we will see what
those answers tell us about the epidemic. This is interpretation of the model.
Before we begin the interpretation, we must do some mathematics.

Analyzing the Model

Now that we have a model we shall analyze it as a mathematical object. We
will set aside, at least for the moment, the connection between the math-
ematics and the reality. Thus, for example, you should not be concerned
when our calculations produce a value for S of 44,446.6 persons at a certain
time—a value that will never be attained in reality. In the following analysis
S is just a numerical quantity that varies with ¢, another numerical quantity.
Using only mathematical tools we must now extract from the rate equations
the information that will tell us just how S and I and R vary with ¢.

We already took the first steps in that direction when we used the rate
equation R = I/14 to predict the value of R two days into the future (see
page 7). We assumed that I remained fixed at 2100 during those two days, so
the rate R’ = 2100/14 = 150 was also fixed. We concluded that if R = 2500
today, it will be 2650 tomorrow and 2800 the next day.

A glance at the full S-I-R model tells us those first steps have to be
modified. The assumption we made—that I remains fixed—is not justified,
because I (like S and R) is continually changing. As we shall see, I actually
increases over those two days. Hence, over the same two days, R’ is not fixed
at 150, but is continually increasing also. That means that R’ becomes larger
than 150 during the first day, so R will be larger than 2650 tomorrow.

The fact that the rates are continually changing complicates the mathe-
matical work we need to do to find S, I, and R. In chapter 2 we will develop
tools and concepts that will overcome this problem. For the present we’ll
assume that the rates ', I’, and R’ stay fixed for the course of an entire day.
This will still allow us to produce reasonable estimates for the values of S, I,
and R. With these estimates we will get our first glimpse of the predictive
power of the S-I-R model. We will also use the estimates as the starting
point for the work in chapter 2 that will give us precise values. Let’s look at
the details of a specific problem.

The Problem. Consider a measles epidemic in a school population of 50,000
children. The recovery coefficient is b = 1/14. For the transmission coeffi-
cient we choose a = .00001, a number within the range used in epidemic
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12 CHAPTER 1. A CONTEXT FOR CALCULUS

studies. We suppose that 2100 people are currently infected and 2500 have
already recovered. Since the total population is 50,000, there must be 45,400
susceptibles. Here is a summary of the problem in mathematical terms:

Rate equations:

S' = —.0000151,
I' = .00001S1 — I/14,
R =1I/14.

Initial values: when ¢t = 0,

S = 45400, I = 2100, R = 2500.

Tomorrow. From our earlier discussion, R’ = 2100/14 = 150 persons per
day, giving us an estimated value of R = 2650 persons for tomorrow. To
estimate S we use

S" = —.00001 ST = —.00001 x 45400 x 2100 = —953.4 persons/day.
Hence we estimate that tomorrow
S = 45400 — 953.4 = 44446.6 persons.

Since S 4+ I + R = 50000 and we have S + R = 47096.6 tomorrow, a final
subtraction gives us I = 2903.4 persons. (Alternatively, we could have used
the rate equation for I’ to estimate I.)

The fractional values in the estimates for S and I remind us that the
S-I-R model describes the behavior of the epidemic only approximately.

Several days hence. According to the model, we estimate that tomorrow
S = 44446.6, I = 2903.4, and R = 2650. Therefore, from the new I we get
a new approximation for the value of R’ tomorrow; it is
1 1
= 1 =-"-x2903.4=2074 :

R 71 71 x 2903 07.4 persons/day.
Hence, two days from now we estimate that R will have the new value 2650+
207.4 = 2857.4. Now follow this pattern to get new approximations for S’
and I’, and then use those to estimate the values of S and I two days from
Nnow.
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1.1. THE SPREAD OF DISEASE 13

The pattern of steps that just carried you from the first day to the second
will work just as well to carry you from the second to the third. Pause now
and do all these calculations yourself. See exercises 15 and 16 on page 22. If
you round your calculated values of S, I, and R to the nearest tenth, they
should agree with those in the following table.

Estimates for the first three days

t S I R S’ r R’

0  45400.0 2100.0 2500.0 —953.4 803.4 150.0
1 44446.6  2903.4 2650.0 —1290.5 1083.1 2074
2 43156.1 3986.5 2857.4 —1720.4 1435.7 284.7
3 41435.7 5422.1 31421

Yesterday. We already pointed out, on page 5, that we can use our models
to go backwards in time, too. This is a valuable way to see how well the model
fits reality, because we can compare estimates that the model generates with
health records for the days in the recent past.

To find how S, I, and R change when we go one day into the future we
multiplied the rates S’, I’, and R’ by a time step of +1. To find how they
change when we go one day into the past we do the same thing, except that
we must now use a time step of —1. According to the table above, the rates
at time t = 0 (i.e., today) are

S = —953.4, I' = 803.4, R’ = 150.0.
Therefore we estimate that, one day ago,

S = 45400 + (—953.4 x —1) = 45400 + 953.4 = 46353 4,
I =2100+ (8034 x —1) = 2100 — 803.4 = 1296.6,
R =2500+ (150.0 x —1) = 2500 — 150.0 = 2350.0.

Just as we would expect with a spreading infection, there are more suscepti-
bles yesterday than today, but fewer infected or recovered. In the exercises
for section 3 you will have an opportunity to continue this process, tracing
the epidemic many days into the past. For example, you will be able to go
back and see when the infection started—that is, find the day when the value
of I was only about 1.
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There and back again. What happens when we start with tomorrow’s
values and use tomorrow’s rates to go back one day—back to today? We
should get S = 45400, I = 2100, and R = 2500 once again, shouldn’t we?
Tomorrow’s values are

S = 44446.6, I =2903.4, R = 2650.0,
S = —1290.5, I' =1083.1, R = 207.4.

To go backwards one day we must use a time step of —1. The predicted
values are thus

S =44446.6 + (—1290.6 x —1) = 45737.2,
I =2903.4+ (1083.1 x —1) = 1820.3,
R = 2650.0 + (207.4 x —1) = 2442.6.

These are not the values that we had at the start, when ¢t = 0. In fact, it’s
worth noting the difference between the original values and those produced
by “going there and back again.”

original ~ there and
value back again difference

S 45400 45737.1 337.1
I 2100 1820.3 —-279.7
R 2500 2442.6 -b7.4

Do you see why there are differences? We went forward in time using the
rates that were current at ¢ = 0, but when we returned we used the rates
that were current at t = 1. Because these rates were different, we didn’t get
back where we started. These differences do not point to a flaw in the model;
the problem lies with the way we are trying to extract information from the
model. As we have been making estimates, we have assumed that the rates
don’t change over the course of a whole day. We already know that’s not
true, so the values that we have been getting are not exact. What this test
adds to our knowledge is a way to measure just how inexact those values
are—as we do in the table above.

In chapter 2 we will solve the problem of rough estimates by recalculating
all the quantities ten times a day, a hundred times a day, or even more. When
we do the computations with shorter and shorter time steps we will be able
to see how the estimates improve. We will even be able to see how to get
values that are mathematically exact!
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1.1. THE SPREAD OF DISEASE 15

Delta notation. This work has given us some insights about the way our
model predicts future values of S, I, and R. The basic idea is very simple:
determine how S, I, and R change. Because these changes play such an
important role in what we do, it is worth having a simple way to refer to
them. Here is the notation that we will use:

Ax stands for a change in the quantity x

The symbol “A” is the Greek capital letter delta; it corresponds to the Roman
letter “D” and stands for difference.

Delta notation gives us a way to refer to changes of all sorts. For example,
in the table on page 13, between day 1 and day 3 the quantities ¢ and S change
by

At = 2 days,
AS = —3010.9 persons.

We sometimes refer to a change as a step. For instance, in this example we
can say there is a “t step” of 2 days, and an “S step” of —3010.9 persons. In
the calculations that produced the table on page 13 we “stepped into” the
future, a day at a time. Finally, delta notation gives us a concise and vivid
way to describe the relation between rates and changes. For example, if S
changes at the constant rate S’, then under a ¢ step of At, the value of S
changes by
AS =5"- At

Using the computer as a tool. Suppose we wanted to find out what
happens to S, I, and R after a month, or even a year. We need only repeat—
30 times, or 365 times—the three rounds of calculations we used to go three
days into the future. The computations would take time, though. The same
is true if we wanted to do ten or one hundred rounds of calculations per day—
which is the approach we’ll take in chapter 2 to get more accurate values.
To save our time and effort we will soon begin to use a computer to do the
repetitive calculations.

A computer does calculations by following a set of instructions called a
program. Of course, if we had to give a million instructions to make the
computer carry out a million steps, there would be no savings in labor. The
trick is to write a program with just a few instructions that can be repeated
over and over again to do all the calculations we want. The usual way to do
this is to arrange the instructions in a loop. To give you an idea what a loop
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is, we’ll look at the S-I-R calculations. They form a loop. We can see the
loop by making a flow chart.

The flow chart. We'll start by writing down the three steps that take
us from one day to the next:

Step I Given the current values of S, I, and R, we get current S’, I’, and
R’ by using the rate equations

S = —aSI,
I'= aSI—bl,
R = bl.

Step II Given the current values of S’, I’, and R’, we find the changes AS,
AI, and AR over the course of a day by using the equations
persons

AS persons = S’ x 1 day,
day

AT persons = I’ PEROS 1 day,
day

AR persons = R’ PEROS 1 day.
day

Step III Given the current values of AS, Al, and AR, we find the new
values of S, I, and R a day later by using the equations
new S = current S + AS,
new [ = current I + Al,
new R = current R+ AR.

Each step takes three numbers as input, and produces three new numbers
as output. Note that the output of each step is the input of the next, so the
steps flow together. The diagram below, called a flow chart, shows us how
the steps are connected.

values of I values of II values of

S, I, R | §. IR " | AS, AL, AR

IT1
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1.1. THE SPREAD OF DISEASE 17

The calculations form a loop, because the output of step III is the input
for step 1. If we go once around the loop, the output of step III gives us the
values of S, I, and R on the following day. The steps do indeed carry us into
the future.

Each step involves calculating three numbers. If we count each calculation
as a single instruction, then it takes nine instructions to carry the values of
S, I, and R one day into the future. To go a million days into the future, we
need add only one more instruction: “Go around the loop a million times.”
In this way, a computer program with only ten instructions can carry out a
million rounds of calculations!

Later in this chapter (section 3) you will find a real computer program
that lists these instructions (for three days instead of a million, though).
Study the program to see which instructions accomplish which steps. In
particular, see how it makes a loop. Then run the program to check that the
computer reproduces the values you already computed by hand. Once you
see how the program works, you can modify it to get further information—for
example, you can find out what happens to S, I, and R thirty days into the
future. You will even be able to plot the graphs of S, I, and R.

A computer program
will carry out
the three steps

Rate equations have always been at the heart of calculus, and they have been analyzed using
mechanical and electronic computers for as long as those tools have been available. Now that
small powerful computers have begun to appear in the classroom, it is possible for beginning
calculus students to explore interesting and complex problems that are modelled by rate equations.

Computers are changing how mathematics is done and how it is learned.

Analysis without a computer. A computer is a powerful tool for exploring
the S-I-R model, but there are many things we can learn about the model
without using a computer. Here is an example.

According to the model, the rate at which the infected population grows
is given by the equation

I' =.00001 ST —1/14 persons/day.

In our example, I’ = 803.4 at the outset. This is a positive number, so [
increases initially. In fact, I will continue to increase as long as I’ is positive.
If I’ ever becomes negative, then I decreases. So let’s ask the question: when
is I' positive, when is it negative, and when is it zero? By factoring out [ in
the last equation we obtain

1
I'=1 <.00001 S — ﬁ) persons/day.
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Consequently I’ = 0 if either

1
I1=0 or .00001 S — — =0.
14
The first possibility I = 0 has a simple interpretation: there is no infection
within the population. The second possibility is more interesting; it says
that I’ will be zero when

1 1
00001S— L —0 o g 100000

i 71 ~ T142.9.

If S is greater than 100000/14 and [ is positive, then you can check that
the formula

1
I'=1 <.00001 S — ﬁ) persons/day

tells us I’ is positive—so [ is increasing. If, on the other hand, S is less
than 100000/14, then I’ is negative and [ is decreasing. So S = 100000/14
represents a threshold. If S falls below the threshold, I decreases. If S
exceeds the threshold, I increases. Finally, I reaches its peak when S equals
the threshold.

The presence of a threshold value for S is purely a mathematical result.
However, it has an interesting interpretation for the epidemic. As long as
there are at least 7143 susceptibles, the infection will spread, in the sense
that there will be more people falling ill than recovering each day. As new
people fall ill, the number of susceptibles declines. Finally, when there are
fewer than 7143 susceptibles, the pattern reverses: each day more people will
recover than will fall ill.

If there were fewer than 7143 susceptibles in the population at the out-
set, then the number of infected would only decline with each passing day.
The infection would simply never catch hold. The clear implication is that
the noticeable surge in the number of cases that we associate with an “epi-
demic” disease is due to the presence of a large susceptible population. If
the susceptible population lies below a certain threshold value, a surge just
isn’t possible. This is a valuable insight—and we got it with little effort.
We didn’t need to make lengthy calculations or call on the resources of a
computer; a bit of algebra was enough.
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1.1. THE SPREAD OF DISEASE 19

Exercises
Reading a Graph

The graphs on pages 3 and 4 have no scales marked along their axes, so they
provide mainly qualitative information. The graphs below do have scales, so
you can now answer quantitative questions about them. For example, on day
20 there are about 18,000 susceptible people. Read the graphs to answer the
following questions. (Note: S + I + R is not constant in this example, so
these graphs cannot be solutions to our model..)

peoplej S

40000
N

20000

10 20 30 40 50 days

peopley 1
15000

10000

5000 B
/ BRNEEES P time

10 20 30 40 50 days
people A R
40000 ——F———+—— et
20000 —
/ time

20 40 60 80 100 days

1. When does the infection hit its peak? How many people are infected at
that time?
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20 CHAPTER 1. A CONTEXT FOR CALCULUS

2. Initially, how many people are susceptible? How many days does it take
for the susceptible population to be cut in half?

3. How many days does it take for the recovered population to reach 25,0007
How many people eventually recover? Where did you look to get this infor-
mation?

4. On what day is the size of the infected population increasing most
rapidly? When is it decreasing most rapidly? How do you know?

5. How many people caught the illness at some time during the first 20
days? (Note that this is not the same as the number of people who are
infected on day 20.) Explain where you found this information.

6. Copy the graph of R as accurately as you can, and then superimpose a
sketch of S on it. Notice the time scales on the original graphs of S and R are
different. Describe what happened to the graph of S when you superimposed
it on the graph of R. Did it get compressed or stretched? Was this change
in the horizontal direction or the vertical?

A Simple Model

These questions concern the rate equation S’ = —470 persons per day that
we used to model a susceptible population on pages 4-6.

7. Suppose the initial susceptible population was 20,000 on Wednesday. Use
the model to answer the following questions.

a) How many susceptibles will be left ten days later?

b) How many days will it take for the susceptible population to vanish en-
tirely?

¢) How many susceptibles were there on the previous Sunday?

d) How many days before Wednesday were there 30,000 susceptibles?

Mark Twain’s Mississippi

The Lower Mississippi River meanders over its flat valley, forming broad
loops called ox-bows. In a flood, the river can jump its banks and cut off
one of these loops, getting shorter in the process. In his book Life on the
Mississippi (1884), Mark Twain suggests, with tongue in cheek, that some
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day the river might even vanish! Here is a passage that shows us some of the
pitfalls in using rates to predict the future and the past.

In the space of one hundred and seventy six years the Lower Missis-
sippi has shortened itself two hundred and forty-two miles. That is
an average of a trifle over a mile and a third per year. Therefore,
any calm person, who is not blind or idiotic, can see that in the Old
Odlitic Silurian Period, just a million years ago next November, the
Lower Mississippi was upwards of one million three hundred thousand
miles long, and stuck out over the Gulf of Mexico like a fishing-pole.
And by the same token any person can see that seven hundred and
forty-two years from now the Lower Mississippi will be only a mile
and three-quarters long, and Cairo [Illinois| and New Orleans will
have joined their streets together and be plodding comfortably along
under a single mayor and a mutual board of aldermen. There is some-
thing fascinating about science. One gets such wholesome returns of
conjecture out of such a trifling investment of fact.

Let L be the length of the Lower Mississippi River. Then L is a variable
quantity we shall analyze.

8. According to Twain’s data, what is the exact rate at which L is changing,
in miles per year? What approximation does he use for this rate? Is this
a reasonable approximation? Is this rate positive or negative? Explain. In
what follows, use Twain’s approximation.

9. Twain wrote his book in 1884. Suppose the Mississippi that Twain wrote
about had been 1100 miles long; how long would it have become in 19907

10. Twain does not tell us how long the Lower Mississippi was in 1884 when
he wrote the book, but he does say that 742 years later it will be only 1%
miles long. How long must the river have been when he wrote the book?

11. Suppose t is the number of years since 1884. Write a formula that
describes how much L has changed in ¢ years. Your formula should complete

the equation

the change in L in ¢ years = ... .
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12. From your answer to question 10, you know how long the river was in
1884. From question 11, you know how much the length has changed ¢ years
after 1884. Now write a formula that describes how long the river is ¢ years
later.

13. Use your formula to find what L was a million years ago. Does your
answer confirm Twain’s assertion that the river was “upwards of 1,300,000
miles long” then?

14. Was the river ever 1,300,000 miles long; will it ever be 1% miles long?
(This is called a reality check.) What, if anything, is wrong with the “tri-
fling investment of fact” which led to such “wholesale returns of conjecture”
that Twain has given us?

The Measles Epidemic

We consider once again the specific rate equations

S' = —.00001 51,
I' = .00001 SI — /14,
R =1/14,

discussed in the text on pages 11-14. We saw that at time ¢t = 1,
S = 44446.6, I =2903.4, R = 2650.0.

15. Calculate the current rates of change S’, I’, and R’ when ¢t = 1, and
then use these values to determine S, I, and R one day later.

16. In the previous question you found S, I, and R when ¢t = 2. Using these
values, calculate the rates S’, I’, and R’ and then determine the new values
of S, I, and R when t = 3. See the table on page 13.

17. Double the time step. Go back to the starting time ¢t = 0 and to the
initial values
S = 45400, I = 2100, R = 2500.

Recalculate the values of S, I, and R at time ¢ = 2 by using a time step of
At = 2. You should perform only a single round of calculations, and use the
rates S’, I’, and R’ that are current at time ¢ = 0.
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18. There and back again. In the text we went one day into the future
and then back again to the present. Here you’ll go forward two days from
t = 0 and then back again. There are two ways to do this: with a time step
of At = 42 (as in the previous question), and with a pair of time steps of
At ==+1 .

a) (At = +2). Using the values of S, I, and R at time ¢t = 2 that you just
got in the previous question, calculate the rates S’, I’, and R’. Then using
a time step of At = —2, estimate new values of S, I, and R at time t = 0.

How much do these new values differ from the original values 45,400, 2100,
25007

b) (At = +1). Now make a new start, using the values

S = 43156.1, I = 3986.5, R = 28574,
S = —1720.4, I' = 1435.7, R =284.7.

that occur when ¢ = 2 if we make estimates with a time step At = 1. (These
values come from the table on page 13) Using two rounds of calculations with
a time step of At = —1, estimate another set of new values for S, I, and R
at time t = 0. How much do these new values differ from the original values
45,400, 2100, 25007

¢) Which process leads to a smaller set of differences: a single round of
calculations with At = 42, or two rounds of calculations with At = +17
Consequently, which process produces better estimates—in the sense in which
we used to measure estimates on page 147

19. Quarantine. One of the ways to treat an epidemic is to keep the
infected away from the susceptible; this is called quarantine. The intention
is to reduce the chance that the illness will be transmitted to a susceptible
person. Thus, quarantine alters the transmission coefficient.

a) Suppose a quarantine is put into effect that cuts in half the chance that
a susceptible will fall ill. What is the new transmission coefficient?

b) On page 18 it was determined that whenever there were fewer than 7143
susceptibles, the number of infected would decline instead of grow. We called
7143 a threshold level for S. Changing the transmission coefficient, as in part
(a), changes the threshold level for S. What is the new threshold?

c) Suppose we start with S = 45,400. Does quarantine eliminate the epi-
demic, in the sense that the number of infected immediately goes down from
2100, without ever showing an increase in the number of cases?
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d) Since the new transmission coefficient is not small enough to guarantee
that I never goes up, can you find a smaller value that does guarantee [
never goes up? Continue to assume we start with S = 45400.

e) Suppose the initial susceptible population is 45,400. What is the largest
value that the transmission coefficient can have and still guarantee that [
never goes up? What level of quarantine does this represent? That is, do
you have to reduce the chance that a susceptible will fall ill to one-third of
what it was with no quarantine at all, to one-fourth, or what?

Other Diseases

20. Suppose the spread of an illness similar to measles is modelled by the
following rate equations:

S" = —.00002 S1,
I' =.00002 ST —.081,
R = .081.

Note: the initial values S = 45400, etc. that we used in the text do not apply
here.

a) Roughly how long does someone who catches this illness remain infected?
Explain your reasoning.

b) How large does the susceptible population have to be in order for the
illness to take hold—that is, for the number of cases to increase? Explain
your reasoning.

¢) Suppose 100 people in the population are currently ill. According to the
model, how many (of the 100 infected) will recover during the next 24 hours?

d) Suppose 30 new cases appear during the same 24 hours. What does that
tell us about S’?

e) Using the information in parts (c) and (d), can you determine how large
the current susceptible population is?

21. a) Construct the appropriate S-I-R model for a measles-like illness that
lasts for 4 days. It is also known that a typical susceptible person meets only
about 0.3% of infected population each day, and the infection is transmitted
in only one contact out of six.
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b) How small does the susceptible population have to be for this illness to
fade away without becoming an epidemic?

22. Consider the general S-I-R model for a measles-like illness:

S' = —aSI,
I'= aSI—bl,
R = bl.

a) The threshold level for S—below which the number of infected will only
decline—can be expressed in terms of the transmission coefficient a and the
recovery coefficient b. What is that expression?

b) Consider two illnesses with the same transmission coefficient a; assume
they differ only in the length of time someone stays ill. Which one has the
lower threshold level for S7 Explain your reasoning.

What Goes Around Comes Around

Some relatively mild illnesses, like the common cold, return to infect you
again and again. For a while, right after you recover from a cold, you are
immune. But that doesn’t last; after some weeks or months, depending on
the illness, you become susceptible again. This means there is now a flow
from the recovered population to the susceptible. These exercises ask you
to modify the basic S-I-R model to describe an illness where immunity is
temporary.

23. Draw a compartment diagram for such an illness. Besides having all the
ingredients of the diagram on page 9, it should depict a flow from R to S.
Call this immunity loss, and use ¢ to denote the coefficient of immunity
loss.

24. Suppose immunity is lost after about six weeks. Show that you can set
¢ = 1/42 per day, and explain your reasoning carefully. A suggestion: adapt
the discussion of recovery in the text.

25.  Suppose this illness lasts 5 days and it has a transmission coefficient of
.00004 in the population we are considering. Suppose furthermore that the
total population is fixed in size (as was the case in the text). Write down
rate equations for S, I, and R.
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26. We saw in the text that the model for an illness that confers permanent
immunity has a threshold value for S in the sense that when .S is above the
threshold, I increases, but when it is below, I decreases. Does this model
have the same feature? If so, what is the threshold value?

27. For a mild illness that confers permanent immunity, the size of the
recovered population can only grow. This question explores what happens
when immunity is only temporary.

a) Will R increase or decrease if
S = 45400, I = 2100, R = 25007

b) Suppose we shift 20000 susceptibles to the recovered population (so that
S = 25400 and R = 22500), leaving I unchanged. Now, will R increase or
will it decrease?

c¢) Using a total population of 50,000, give two other sets of values for S, I,
and R that lead to a decreasing R.

d) In fact, the relative sizes of I and R determine whether R will increase
or decrease. Show that

if I > %R, then R will increase;
if I < %R, then R will decrease.

Explain your argument clearly. A suggestion: consider the rate equation
for R’

28. The steady state. Any illness that confers only temporary immunity
can appear to linger in a population forever. You may not always have a
cold, but someone does, and eventually you catch another one. (“What goes
around comes around.”) Individuals gradually move from one compartment
to the next. When they return to where they started, they begin another
cycle.

Each compartment (in the diagram you drew in exercise 23) has an inflow
and an outflow. It is conceivable that the two exactly balance, so that the size
of the compartment doesn’t change (even though its individual occupants
do). When this happens for all three compartments simultaneously, the
illness is said to be in a steady state. In this question you explore the steady
state of the model we are considering. Recall that the total population is
50,000.
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a) What must be true if the inflow and outflow to the I compartment are
to balance?
b) What must be true if the inflow and outflow to the R compartment are
to balance?

c) If neither I nor R is changing, then the model must be at the steady
state. Why?

d) What is the value of S at the steady state?
e) What is the value of R at the steady state? A suggestion: you know

R+ I = 50000 — (the steady state value of S). You also have a connection
between I and R at the steady state.

1.2 The Mathematical Ideas

A number of important mathematical ideas have already emerged in our
study of an epidemic. In this section we pause to consider them, because
they have a “universal” character. Our aim is to get a fuller understanding
of what we have done so we can use the ideas in other contexts.

We often draw out of a few particular experiences a lesson that can be put to good use in new
settings. This process is the essence of mathematics, and it has been given a name—abstraction—
which means literally “drawing from.” Of course abstraction is not unique to mathematics; it is

a basic part of the human psyche.

Functions

A function describes how one quantity depends on another. In our study of
a measles epidemic, the relation between the number of susceptibles S and
the time ¢ is a function. We write S(t) to denote that S is a function of ¢.
We can also write I(t) and R(t) because I and R are functions of ¢, too. We
can even write S’(t) to indicate that the rate S” at which S changes over time
is a function of t. In speaking, we express S(t) as “S of t” and S'(t) as “S
prime of ¢.”

You can find functions everywhere. The amount of postage you pay for
a letter is a function of the weight of the letter. The time of sunrise is a
function of what day of the year it is. The crop yield from an acre of land is
a function of the amount of fertilizer used. The position of a car’s gasoline
gauge (measured in centimeters from the left edge of the gauge) is a function
of the amount of gasoline in the fuel tank. On a polygraph (“lie detector”)
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there is a pen that records breathing; its position is a function of the amount
of expansion of the lungs. The volume of a cubical box is a function of the
length of a side. The last is a rather special kind of function because it can
be described by an algebraic formula: if V' is the volume of the box and s is
the length of a side, then V(s) = s°.

Most functions are not described by algebraic formulas, however. For
instance, the postage function is given by a set of verbal instructions and the
time of sunrise is given by a table in an almanac. The relation between a gas
gauge and the amount of fuel in the tank is determined simply by making
measurements. There is no algebraic formula that tells us how the number of
susceptibles, S, depends upon t, either. Instead, we find S(¢) by carrying out
the steps in the flow chart on page 16 until we reach ¢ days into the future.

In the function S(t) the variable t is called the input and the variable
S is called the output. In the sunrise function, the day of the year is the
input and the time of sunrise is the output. In the function S(¢) we think
of S as depending on t, so t is also called the independent variable and S
the dependent variable. The set of values that the input takes is called the
domain of the function. The set of values that the output takes is called
the range.

The idea of a function is one of the central notions of mathematics. It is
worth highlighting:

A function is a rule that specifies how
the value of one variable, the input, determines
the value of a second variable, the output.

Notice that we say rule here, and not formula. This is deliberate. We want
the study of functions to be as broad as possible, to include all the ways one
quantity is likely to be related to another in a scientific question.

Some technical details. It is important not to confuse an expression like
S(t) with a product; S(¢) does not mean S x t. On the contrary, the expres-
sion S(1.4), for example, stands for the output of the function S when 1.4
is the input. In the epidemic model we then interpret it as the number of
susceptibles that remain 1.4 days after today.

We have followed the standard practice in science by letting the single
letter S designate both the function—that is, the rule—and the output of
that function. Sometimes, though, we will want to make the distinction. In
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that case we will use two different symbols. For instance, we might write
S = f(t). Then we are still using S to denote the output, but the new
symbol f stands for the function rule.

The symbols we use to denote the input and the output of a function are
just names; if we change them, we don’t change the function. For example,
here are three ways to describe the same function g¢:

g : multiply the input by 5, then subtract 3
g(x) =bxr—3
g(u) =5u—3.

It is important to realize that the formulas we just wrote in the last two lines
are merely shorthand for the instructions stated in the first line. If you keep
this in mind, then absurd-looking combinations like g(g(2)) can be decoded
easily by remembering ¢ of anything is just 5 times that thing, minus 3. We
could thus evaluate g(g(2)) from the inside out (which is usually easier) as

9(9(2)) =9(5-2-3)=g(7) =5-7—3 =32,
or we could evaluate it from the outside in as
9(g(2)) =59(2) —3=5(5-2—-3)—3=5-7—-3=232,

as before.

Suppose f is some other rule, say f(t) = t*> + 4t — 1. Remember that this
is just shorthand for “Take the input (whatever it is), square it, add four
times the input, and subtract 1.” We could then evaluate

FgB) =f(5-3-3)=f(12)=12>+4-12—1=144+48 — 1 = 191,

while
9(f(3)) = g(20) = 97.

This process of chaining functions together by using the output of one
function as the input for another turns out to be very important later in this
course, and will be taken up again in chapter 3. For now, though, you should
treat it simply as part of the formal language of mathematics, requiring a
knowledge of the rules but no cleverness. It is analogous to learning how to
conjugate verbs in French class—it’s not very exciting for its own sake, but
it allows us to read the interesting stuff later on!
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A particularly important class of functions is composed of the constant
functions which give the same output for every input. If A is the constant
function that always gives back 17, then in formula form we would express
this as h(z) = 17. Constant functions are so simple you might feel you are
missing the point, but that’s all there is to it!

Graphs

A graph describes a function in a visual form. Sometimes—as with a seis-
mograph or a lie detector, for instance—this is the only description we have
of a particular function. The usual arrangement is to put the input variable
on the horizontal axis and the output on the vertical—but it is a good idea
when you are looking at a particular graph to take a moment to check; some-
times, the opposite convention is used! This is often the case in geology and
economics, for instance.

people+ S
40000
So
20000
104, 20 30 days

Sketched above is the graph of a function S(t) that tells how many sus-
ceptibles there are after ¢ days. Given any ty, we “read” the graph to find
S(to), as follows: from the point ¢y on the t-axis, go vertically until you reach
the graph; then go horizontally until you reach the S-axis. The value Sy at
that point is the output S(t). Here tq is about 13 and Sy is about 27,000;
thus, the graph says that S(13) = 27000, or about 27,000 susceptibles are
left after 13 days.

Linear Functions

Changes in input and output. Suppose y is a function of x. Then there
is some rule that answers the question: What is the value of y for any given
x? Often, however, we start by knowing the value of y for a particular x,
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and the question we really want to ask is: How does y respond to changes
in 7 We are still dealing with the same function—just looking at it from a
different point of view. This point of view is important; we use it to analyze
functions (like S(t), I(t), and R(t)) that are defined by rate equations.

The way Ay depends on Az can be simple or it can be complex, depending
on the function involved. The simplest possibility is that Ay and Az are
proportional:

Ay =m-Ax, for some constant m.

Thus, if Az is doubled, so is Ay; if Az is tripled, so is Ay. A function whose
input and output are related in this simple way is called a linear function,
because the graph is a straight line. Let’s take a moment to see why this is
SO.

The graph of a linear function. The graph
consists of certain points (z,y) in the x,y-plane.
Our job is to see how those points are arranged. (x,y)
Fix one of them, and call it (z¢,yo). Let (x,y) be
any other point on the graph. Draw the line that (z0,%0)
connects this point to (xg, 3o), as we have done in Ax
the figure at the right. Now set

The defining property
of a linear function

Ay=m-Ax

Ar =z —z9, Ay=y—1yo.

By definition of a linear function, Ay = m - Az, as the figure shows, so the
slope of this line is Ay/Axz = m. Recall that m is a constant; thus, if we
pick a new point (x,y), the slope of the connecting line won’t change.

Since (z,y) is an arbitrary point on the graph, what we have shown is
that every point on the graph lies on a line of slope m through the
point (g, yo). But there is only one such line—and all the points lie on it!
That line must be the graph of the linear function.

A linear function is one that satisfies Ay = m - Ax;
its graph is a straight line whose slope is m.

Rates, slopes, and multipliers. The interpretation of m as a slope is
just one possibility; there are two other interpretations that are equally im-
portant. To illustrate them we’ll use Mark Twain’s vivid description of the
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shortening of the Lower Mississippi River (see page 21). This will also give
us the chance to see how a linear function emerges in context.

Twain says “the Lower Mississippi has shortened itself ... an average of
a trifle over a mile and a third per year.” Suppose we let L denote the length
of the river, in miles, and ¢ the time, in years. Then L depends on t, and
Twain’s statement implies that L is a linear function of t—in the sense in
which we have just defined a linear function. Here is why. According to our
definition, there must be some number m which makes AL = m - At. But
notice that Twain’s statement has exactly this form if we translate it into
mathematical language. Convince yourself that it says
, miles

AL miles = —13

x At years.
year

Thus we should take m to be —1% miles per year.

The role of m here is to convert one quantity (At years) into another
(AL miles) by multiplication. All linear functions work this way. In the
defining equation Ay = m - Az, multiplication by m converts Az into Ay.
Any change in x produces a change in y that is m times as large. For this
reason we give m its second interpretation as a multiplier.

It is easier to understand why the usual symbol for slope is m—instead of s—when you see that
a slope can be interpreted as a multiplier.

It is important to note that, in our example, m is not simply —1%; it
is —1% miles per year. In other words, m is the rate at which the river is
getting shorter. All linear functions work this way, too. We can rewrite the
equation Ay = m - Ax as a ratio

m = A—y = the rate of change of y with respect to x.
x

For these reasons we give m its third interpretation as a rate of change.

For a linear function satisfying Ay = m - Ax,
the coefficient m is
rate of change, slope, and multiplier.

We already use 3’ to denote the rate of change of y, so we can now write
m =1y’ when y is a linear function of . In that case we can also write

Ay =1y - Ax.
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This expression should recall a pattern very familiar to you. (If not, change y
to S and x to t!) It is the fundamental formula we have been using to calculate
future values of S, I, and R. We can approach the relation between y and x
the same way. That is, if yg is an “initial value” of y, when x = ¢, then any
value of y can be calculated from

y=vyo+y  -Axr or y=yo+m-Ax.

Units. Suppose = and y are quantities that are measured in specific units.
If y is a linear function of z, with Ay = m - Ax, then m must have units too.
Since m is the multiplier that “converts” z into y, the units for m must be
chosen so they will convert x’s units into y’s units. In other words,

units for y = units for m x units for x.

This implies

. units for y
units for m = ————=.
units for x

For example, the multiplier in the Mississippi River problem converts
years to miles, so it must have units of miles per year. The rate equation
R’ = bl in the S-I-R model is a more subtle example. It says that R’ is
a linear function of I. Since R’ is measured in persons per day and [ is
measured in persons, we must have

persons
units for R days

units for b = - =
units for 1 persons

Formulas for linear functions. The expression Ay = m-Ax declares that
y is a linear function of x, but it doesn’t quite tell us what y itself looks like
directly in terms of x. In fact, there are several equivalent ways to write the
relation y = f(x) in a formula, depending on what information we are given
about the function.

e The initial-value form. Here is a very common
situation: we know the value of y at an “initial”
point—Iet’s say yo = f(x¢)—and we know the rate
of change—Ilet’s say it is m. Then the graph is the
straight line of slope m that passes through the point

A

(z,9)

If z and y have units,
so does m

(z0,Yo). The formula for f is
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y=1v0+ Ay =yo+m-Az =yo+m(x —z9) = f(z).

What you should note particularly about this formula is that it expresses
y in terms of the initial data zg, yo, and m—as well as x. Since that data
consists of a point (zg,yo) and a slope m, the initial-value formula is also
referred to as the point-slope form of the equation of a line. It may be
more familiar to you with that name.

e The interpolation form. This time we are given
the value of y at two points—let’s say y; = f(z1)
and yp = f(z3). The graph is the line that passes
through (x1,41) and (z9,¥2), and its slope is there-
fore

Y2 — 1
m = .
To — I

Now that we know the slope of the graph we can use the point-slope form
(taking (x1, 1) as the “point”, for example) to get the equation. We have

Y2 — Y
y=wy+m(x—z) =y + 2 1(:17—:):1):]‘(:5).
To — X1

Notice how, once again, y is expressed in terms of the initial data—which
consists of the two points (z1, 1) and (2, ys).

The process of finding values of a quantity between two given values is
called interpolation. Since our new expression does precisely that, it is
called the interpolation formula. (Of course, it also finds values outside the
given interval.) Since the initial data is a pair of points, the interpolation
formula is also called the two-point formula for the equation of a line.

e The slope-intercept form. This is a special

Y (@) case of the initial-value form that occurs when the

’ initial gy = 0. Then the point (z¢,yo) lies on the

Ay y-axis, and it is frequently written in the alternate

b form (0,b). The number b is called the y-intercept.
Ar p The equation is

y=mx+b= f(x).

In the past you may have thought of this as the formula for a linear function,
but for us it is only one of several. You will find that we will use the other
forms more often.
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Functions of Several Variables

Language and notation. Many functions depend on more than one vari-
able. For example, sunrise depends on the day of the year but it also depends
on the latitude (position north or south of the equator) of the observer. Like-
wise, the crop yield from an acre of land depends on the amount of fertilizer
used, but it also depends on the amount of rainfall, on the composition of
the soil, on the amount of weeding done—to mention just a few of the other
variables that a farmer has to contend with.

The rate equations in the S-I-R model also provide examples of functions
with more than one input variable. The equation

I' =.00001 ST —1/14
says that we need to specify both S and I to find I’. We can say that
F(S,I)=.000015I—1/14

is a function whose input is the ordered pair of variables (S,7). In this
case I is given by an algebraic formula. While many other functions of
several variables also have formulas—and they are extremely useful—not all
functions do. The sunrise function, for example, is given by a two-way table
(see page 167) that shows the time of sunrise for different days of the year
and different latitudes.

As a technical matter it is important to note that the input variables S
and I of the function F(S,I) above appear in a particular order, and that
order is part of the definition of the function. For example, F'(1,0) = 0, but
F(0,1) = —1/14. (Do you see why? Work out the calculations yourself.)

Parameters. Suppose we rewrite the rate equation for I’, replacing .00001
and 1/14 with the general values a and b:

I'=aSI —bl.

This makes it clear that I’ depends on a and b, too. But note that a and b
are not variables in quite the same way that S and I are. For example, a and
b will vary if we switch from one disease to another or from one population to
another. However, they will stay fixed while we consider a particular disease
in a particular population. By contrast, S and [ will always be treated as
variables. We call a quantity like a or b a parameter.
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To emphasize that I’ depends on the parameters as well as S and I, we
can write I’ as the output of a new function

I'=T1(S,1,a,b) = aSI —bI

whose input is the set of four variables (S, I, a, b), in that order. The variables
S, I, and R must also depend on the parameters, too, and not just on
t. Thus, we should write S(¢,a,b), for example, instead of simply S(t).
We implicitly used the fact that S, I, and R depend on a and b when we
discovered there was a threshold for an epidemic (page 18). In exercise 22 of
section 1 (page 25), you made the relation explicit. In that problem you show
I will simply decrease over time (i.e., there will be no “burst” of infection) if
S < 9
a
There are even more parameters lurking in the S-/-R problem. To un-
cover them, recall that we needed two pieces of information to estimate S,
I, and R over time:

1) the rate equations;
2) the initial values Sy, Iy, and Ry.

We used Sy = 45400, Iy = 2100, and Ry = 2500 in the text, but if we
had started with other values then S, I, and R would have ended up being
different functions of ¢. Thus, we should really write

S = S(ta a, b7 507 ]07 RO)

to tell a more complete story about the inputs that determine the output
S. Most of the time, though, we do not want to draw attention to the
parameters; we usually write just S(t).

Further possibilities. Steps I, II, and III on page 16 are also functions,
because they have well-defined input and output. They are unlike the other
examples we have discussed up to this point because they have more than
one output variable. You should see, though, that there is nothing more
difficult going on here.

In our study of the S-I-R model it was natural not to separate functions
that have one input variable from those that have several. This is the pattern
we shall follow in the rest of the course. In particular, we will want to deal
with parameters, and we will want to understand how the quantities we are
studying depend on those parameters.
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The Beginnings of Calculus

While functions, graphs, and computers are part of the general fabric of
mathematics, we can also abstract from the S-I-R model some important
aspects of the calculus itself. The first of these is the idea of a rate of
change. In this chapter we just assumed the idea was intuitively clear.
However, there are some important questions not yet answered; for example,
how do you deal with a quantity whose rate of change is itself always chang-
ing? These questions, which lead to the fundamental idea of a derivative,
are taken up in chapter 3.

Rate equations—more commonly called differential equations—Ilie at
the very heart of calculus. We will have much more to say about them,
because many processes in the physical, biological, and social realms can be
modelled by rate equations. In our analysis of the S-I-R model, we used
rate equations to estimate future values by assuming that rates stay fixed
for a whole day at a time. The discussion called “there and back again”
on page 14 points up the shortcomings of this assumption. In chapter 2 we
will develop a procedure, called Euler’s method, to address this problem. In
chapter 4 we will return to differential equations in a general way, equipped
with Euler’s method and the concept of the derivative.

Exercises

Functions and Graphs

1. Sketch the graph of each of the following functions. Label each axis, and
mark a scale of units on it. For each line that you draw, indicate
i) its slope;
ii) its y-intercept;
iii) its z-intercept (where it crosses the x-axis).
a) y=—1x+3 c) br + 3y = 12
b) y=Q2z-7)/3

2. Graph the following functions. Put labels and scales on the axes.
a) V=.37-1; b) W = 600 — P2

3. Sketch the graph of each of the following functions. Put labels and scales
on the axes. For each graph that you draw, indicate
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i) its y-intercept;
ii) its x-intercept(s).
For part (d) you will need the quadratic formula

—b £+ Vb? — dac
xr =
2a
for the roots of the quadratic equation ax? + bz + ¢ = 0.
a) y =’ c)y=(z+1)?
b)y=2*+1 d)y=322+z-1

The next four questions refer to these functions:

clx,y) =17 a constant function
j(z) ==z the identity function
r(u) =1/u the reciprocal function
D(p,q) =p—q the difference function
s(y) =12 the squaring function
Q) = gz i_ flj a rational function
5 itz <0

Hx)=<2?24+2 if0<z<6
29—z if6<z

T(z,y) =r(z) + Qy)

4. Determine the following values:

c(5,-3) 3(17) c(a,b) Jj(u?+1)
j(e(3,=5)) s(1.1)  r(1/17) Q(0)
Q(2) QEB/7) D(5,-3)  D(=3,5)
H(1) H(T) H(4)  H(H(H(-3)))
r(s(=4)) r(QE3)) Q(r(3)) T(3,7)

5. True or false. Give reasons for your answers: if you say true, explain
why; if you say false, give an example that shows why it is false.
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a) For every non-zero number z, r(r(z)) = j(x).

b) If a > 1, then s(a) > 1.

c) If a > b, then s(a) > s(b).

d) For all real numbers a and b, s(a + b) = s(a) + s(b).

e) For all real numbers a, b, and ¢, D(D(a,b),c)) = D(a, D(b,¢)).

6. Find all numbers z for which Q(z) = r(Q(z)).

7. The natural domain of a function f is the largest possible set of real
numbers z for which f(x) is defined. For example, the natural domain of
r(x) = 1/x is the set of all non-zero real numbers.

a) Find the natural domains of ) and H.
b) Find the natural domains of P(z) = Q(r(2)); R(v) = r(Q(v)).

¢) What is the natural domain of the function W(t) =/ ——7

Computer Graphing

The purpose of these exercises is to give you some experience using a “graph-
ing package” on a computer. This is a program that will draw the graph of a
function y = f(z) whose formula you know. You must type in the formula,
using the following symbols to represent the basic arithmetic operations:

to indicate type
addition +
subtraction -
multiplication *
division /

an exponent

The caret “ = 7 appears above the “6” on a keyboard (Shift-6).
Here is an example:
to enter: type:
72° — 92
e (7%x"5 - 9%x72)/(x"3 + 1)
3+ 1
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The parentheses you see here are important. If you do not include them, the
computer will interpret your entry as

92 9 72° — 9z
5 5

_ 4 1= T Al
Tx 5 T Tx +1# ]

In some graphing packages, you do not need to use * to indicate a multiplica-
tion. If this is true for the package you use, then you can enter the fractional
expression above in the somewhat simpler form

(7”5 - 9x72)/(x"3 + 1).

To do the following exercises, follow the specific instructions for the graphing
package you are using.

8. Graph the function f(x) = .6x + 2 on the interval —4 < x < 4.
a) What is the y-intercept of this graph? What is the z-intercept?

b) Read from the graph the value of f(z) when x = —1 and when = = 2.
What is the difference between these y values? What is the difference between
the x values? According to these differences, what is the slope of the graph?
According to the formula, what is the slope?

9. Graph the function f(z) = 1 — 22? on the interval —1 <z < 1.

a) What is the y-intercept of this graph? The graph has two z-intercepts;
use algebra to find them.

You can also find an x-intercept using the computer. The idea is to
magnify the graph near the intercept until you can determine as many
decimal places in the x coordinate as you want. For a start, graph the
function on the interval 0 < x < 1. You should be able to see that the graph
on your computer monitor crosses the x-axis somewhere around .7. Regraph
f(x) on the interval .6 <z < .8. You should then be able to determine that
the z-intercept lies between .70 and .71. This means x = .7...; that is, you
know the location of the z-intercept to one decimal place of accuracy.

b) Regraph f(x) on the interval .70 < x < .71 to get two decimal places of
accuracy in the location of the z-intercept. Continue this process until you
have at least 7 places of accuracy. What is the xz-intercept?

The circular functions Graphing packages “know” the familiar functions
of trigonometry. Trigonometric functions are qualitatively different from the
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functions in the preceding problems. Those functions are defined by alge-
braic formulas, so they are called algebraic functions. The trigonometric
functions are defined by explicit “recipes,” but not by algebraic formulas;
they are called transcendental functions. For calculus, we usually use the
definition of the trigonometric functions as circular functions. This defini-
tion begins with a unit circle centered at the origin. Given the input number
t, locate a point P on the circle by tracing an arc of length ¢ along the circle
from the point (1,0). If ¢ is positive, trace the arc counterclockwise; if ¢ is
negative, trace it clockwise. Because the circle has radius 1, the arc of length
t subtends a central angle of radian measure t.

The circular (or trigonometric) functions cost and sint are defined as the
coordinates of the point P,

P = (cost,sint).

The other trigonometric functions are defined in terms of the sine and cosine:
tant = sint/ cost, sect =1/ cost,
cott = cost/sint, csct = 1/sint.

Notice that when t is a positive acute angle, the circle definition agrees
with the right triangle definitions of the sine and cosine:

opposite adjacent

—_— and cost = ——.
hypotenuse hypotenuse

sint =
However, the circle definitions of the sine and cosine have the important
advantage that they produce functions whose domains are the set of all real
numbers. (What are the domains of the tangent, secant, cotangent and
cosecant functions?)

In calculus, angles are also always measured in radians. To convert be-
tween radians and degrees, notice that the circumference of a unit circle is
27, so the radian measure of a semi-circular arc is half of this, and thus we
have

7 radians = 180 degrees.

As the course progresses, you will see why radians are used rather than
degrees (or mils or any other unit for measuring angles)—it turns out that
the formulas important to calculus take their simplest form when angles are
expressed in radians.
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Graphing packages “know” the trigonometric functions in exactly this
form: circular functions with the input variable given in radians. You
might wonder, though, how a computer or calculator “knows” that sin(1) =
017452406 . ... It certainly isn’t drawing a very accurate circle somewhere
and measuring the y coordinate of some point. While the circular function
approach is a useful way to think about the trigonometric functions concep-
tually, it isn’t very helpful if we actually want values of the functions. One
of the achievements of calculus, as you will see later in this course, is that it
provides effective methods for computing values of functions like the circular
functions that aren’t given by algebraic formulas.

The following exercises let you review the trigonometric functions and
explore some of the possibilities using computer graphing.

10. Graph the function f(z) = sin(x) on the interval —2 < z < 10.

a) What are the z-intercepts of sin(z) on the interval —2 < z < 107 Deter-
mine them to two decimal places accuracy.

b) What is the largest value of f(z) on the interval —2 < z < 10?7 Which
value of  makes f(x) largest? Determine z to two decimal places accuracy.

¢) Regraph f(z) on the very small interval —.001 < z < .001. Describe
what you see. Can you determine the slope of this graph?

11.  Graph the function f(z) = cos(x) on the interval 0 < z < 14. On the
same screen graph the second function g(x) = cos(2z).

a) How far apart are the a-intercepts of f(x)? How far apart are the z-
intercepts of g(x)?

b) The graph of g(z) has a pattern that repeats. How wide is this pattern?
The graph of f(x) also has a repeating pattern; how wide is t?

¢) Compare the graphs of f(z) and g(x) to one another. In particular, can
you say that one of them is a stretched or compressed version of the other?
Is the compression (or stretching) in the vertical or the horizontal direction?

d) Construct a new function f(z) whose graph is the same shape as the
graph of g(x) = cos(2x), but make the graph of f(x) twice as tall as the
graph of g(x). [A suggestion: either deduce what f(z) should be, or make a
guess. Then test your choice on the computer. If your choice doesn’t work,
think how you might modify it, and then test your modifications the same
way.]
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12.  The aim here is to find a solution to the equation sin z = cos(3x). There
is no purely algebraic procedure to solve this equation. Because the sine and
cosine are not defined by algebraic formulas, this should not be particularly
surprising. (Even for algebraic equations, there are only a few very special
cases for which there are formulas like the quadratic formula. In chapter 5
we will look at a method for solving equations when formulas can’t help us.)

a) Graph the two functions f(x) = sin(z) and g(z) = cos(3x) on the interval
0<z<1.

b) Find a solution of the equation sin(z) = cos(3x) that is accurate to six
decimal places.

¢) Find another solution of the equation sin(z) = cos(3x), accurate to four
decimal places. Explain how you found it.

13. Use a graphing program to make a sketch of the graph of each of the
following functions. In each case, make clear the domain and the range of
the function, where the graph crosses the axes, and where the function has
a maximum or a minimum.

a) Fw) = (w —1)(w = 2)(w = 3) b) Q(a) =

C)E($)2$+% d)e(x)::v—%
e)g(u)Z\/ZI f)M(u):Zzlg

14.  Graph on the same screen the following three functions:

f(z) =2%, g(x) =37, h(x) = 10°.

Use the interval —2 < x < 1.2.
a) Which function has the largest value when = —27
b) Which is climbing most rapidly when z = 07

¢) Magnify the picture at z = 0 by resetting the size of the interval to
—.0001 < x < .0001. Describe what you see. Estimate the slopes of the
three graphs.
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Proportions, Linear Functions, and Models

15.  Go back to the three functions given in problem 1. For each function,
choose an initial value z( for z, find the corresponding value yq for y, and
express the function in the form y — yo = m - (z — o).

16.  You should be able to answer all parts of this problem without ever
finding the equations of the functions involved.

a) Suppose y = f(x) is a linear function with multiplier m = 3. If f(2) =
—5, what is £(2.1)? £(2.0013)? f(1.87)? f(922)?

b) Suppose y = G(x) is a linear function with multiplier m = —2. If
G(—1) = 6, for what value of x is G(z) = 87 G(z) = 0?7 G(z) = 57
G(x) = 4917

¢) Suppose y = h(z) is a linear function with h(2) =7 and h(6) = 9. What
is 7(2.046)? h(2 + a)?

17. In Massachusetts there is a sales tax of 5%. The tax T, in dollars, is
proportional to the price P of an object, also in dollars. The constant of
proportionality is & = 5% = .05. Write a formula that expresses the sales
tax as a linear function of the price, and use your formula to compute the
tax on a television set that costs $289.00 and a toaster that costs $37.50.

18. Suppose W =213 — 17 Z. How does W change when Z changes from 3
to 7; from 3 to 3.4; from 3 to 3.027 Let AZ denote a change in Z and AW
the change thereby produced in W. Is AW = m AZ for some constant m?
If so, what is m?

19. a) In the following table, ¢ is a linear function of p. Fill in the blanks
in the table.

p B0 |T[B] |~
o |7 ol o

b) Find a formula to express Aq as a function of Ap, and another to express
q as a function of p.

20. Thermometers. There are two scales in common use to measure the
temperature, called Fahrenheit degrees and the Celsius degrees. Let
F and C, respectively, be the temperature on each of these scales. Each of
these quantities is a linear function of the other; the relation between them
in determined by the following table:
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physical measurement C  F

freezing point of water 0 32
boiling point of water 100 212

a) Which represents a larger change in temperature, a Celsius degree or a
Fahrenheit degree?

b) How many Fahrenheit degrees does it take to make the temperature go
up one Celsius degree? How many Celsius degrees does it take to make it go
up one Fahrenheit degree?

¢) What is the multiplier m in the equation AF = m - AC? What is the
multiplier x4 in the equation AC' = p- AF? (The symbol p is the Greek letter
mu.) What is the relation between p and m?

d) Express F' as a linear function of C'. Graph this function. Put scales and
labels on the axes. Indicate clearly the slope of the graph and its vertical
intercept.

e) Express C as a linear function of F' and graph this function. How are the
graphs in parts (d) and (e) related? Give a clear and detailed explanation.

f) Is there any temperature that has the same reading on the two temper-
ature scales? What is it? Does the temperature of the air ever reach this
value? Where?

21. The Greenhouse Effect. The concentration of carbon dioxide (COx)
in the atmosphere is increasing. The concentration is measured in parts per
million (PPM). Records kept at the South Pole show an increase of .8 PPM
per year during the 1960s.

a) At that rate, how many years does it take for the concentration to increase
by 5 PPM; by 15 PPM?

b) At the beginning of 1960 the concentration was about 316 PPM. What
would it be at the beginning of 1970; at the beginning of 19807

c) Draw a graph that shows COs concentration as a function of the time
since 1960. Put scales on the axes and label everything clearly.

d) The actual CO5 concentration at the South Pole was 324 PPM at the
beginning of 1970 and 338 PPM at the beginning of 1980. Plot these values
on your graph, and compare them to your calculated values.

e) Using the actual concentrations in 1970 and 1980, calculate a new rate of
increase in concentration. Using that rate, estimate what the increase in COq
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concentration was between 1970 and 1990. Estimate the CO5 concentration
at the beginning of 1990.

f) Using the rate of .8 PPM per year that held during the 1960s, determine
how many years before 1960 there would have been no carbon dioxide at all
in the atmosphere.

22. Thermal Expansion. Measurements show that the length of a metal
bar increases in proportion to the increase in temperature. An aluminum
bar that is exactly 100 inches long when the temperature is 40°F becomes
100.0052 inches long when the temperature increases to 80°F.

a) How long is the bar when the temperature is 60°F? 100°F?

b) What is the multiplier that connects an increase in length AL to an
increase in temperature AT?

c) Express AL as a linear function of AT

d) How long will the bar be when 7" = 0°F?

e) Express L as a linear function of 7.

f) What temperature change would make L = 100.01 inches?

g) For a steel bar that is also 100 inches long when the temperature is 40°
F, the relation between AL and AT is AL = .00067 AT. Which expands
more when the temperature is increased; aluminum or steel?

h) How long will this steel bar be when 7" = 80°F?

23. Falling Bodies. In the simplest model of the motion of a falling body,
the velocity increases in proportion to the increase in the time that the body
has been falling. If the velocity is given in feet per second, measurements
show the constant of proportionality is approximately 32.

a) A ball is falling at a velocity of 40 feet/sec after 1 second. How fast is it
falling after 3 seconds?

b) Express the change in the ball’s velocity Av as a linear function of the
change in time At.

c) Express v as a linear function of ¢.

The model can be expanded to keep track of the distance that the body has
fallen. If the distance d is measured in feet, the units of d’ are feet per second;
in fact, d = v. So the model describing the motion of the body is given by
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the rate equations

d =v feet per second;

v/ =32 feet per second per second.

d) At what rate is the distance increasing after 1 second? After 2 seconds?
After 3 seconds?

e) Is d a linear function of ¢? Explain your answer.

In many cases, the rate of change of a variable quantity is proportional to
the quantity itself. Consider a human population as an example. If a city of
100,000 is increasing at the rate of 1500 persons per year, we would expect a
similar city of 200,000 to be increasing at the rate of 3000 persons per year.
That is, if P is the population at time ¢, then the net growth rate P’ is
proportional to P:

P =kP.
In the case of the two cities, we have
1500
r_ _ _ _ _
P '=1500 =k P =k x 100000 so k= 100000 —

24. In the equation P’ = k P, above, explain why the units for k are

persons per year

person

The number £ is called the per capita growth rate. (“Per capita” means
“per person”—“per head”, literally.)

25. Poland and Afghanistan. In 1985 the per capita growth rate in
Poland was 9 persons per year per thousand persons. (That is, & = 9/1000 =
.009.) In Afghanistan it was 21.6 persons per year per thousand.

a) Let P denote the population of Poland and A the population of Afghanistan.
Write the equations that govern the growth rates of these populations.

b) In 1985 the population of Poland was estimated to be 37.5 million persons,
that of Afghanistan 15 million. What are the net growth rates P’ and A’
(as distinct from the per capita growth rates)? Comment on the following
assertion: When comparing two countries, the one with the larger per capita
growth rate will have the larger net growth rate.
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¢) On the average, how long did it take the population to increase by one
person in Poland in 19857 What was the corresponding time interval in
Afghanistan?

26. a) Bacterial Growth. A colony of bacteria on a culture medium
grows at a rate proportional to the present size of the colony. When the
colony weighed 32 grams it was growing at the rate of 0.79 grams per hour.
Write an equation that links the growth rate to the size of the population.

b) What is AP if At = 1 minute? Estimate how long it would take to make
AP = .5 grams.

27. Radioactivity. In radioactive decay, radium slowly changes into lead.
If one sample of radium is twice the size of a second lump, then the larger
sample will produce twice as much lead as the second in any given time.
In other words, the rate of decay is proportional to the amount of radium
present. Measurements show that 1 gram of radium decays into lead at the
rate of 1/2337 grams per year. Write an equation that links the decay rate
to the size of the radium sample. How does your equation indicate that the
process involves decay rather than growth?

28. Cooling. Suppose a cup of hot coffee is brought into a room at 70°F.
It will cool off, and it will cool off faster when the temperature difference
between the coffee and the room is greater. The simplest assumption we can
make is that the rate of cooling is proportional to this temperature difference
(this is called Newton’s law of cooling). Let C' denote the temperature of the
coffee, in °F, and C’ the rate at which it is cooling, in °F per minute. The
new element here is that C” is proportional, not to C, but to the difference
between C' and the room temperature of 70°F.

a) Write an equation that relates C" and C'. It will contain a proportionality
constant k. How did you indicate that the coffee is cooling and not heating
up?

b) When the coffee is at 180°F it is cooling at the rate of 9°F per minute.
What is k7

c) At what rate is the coffee cooling when its temperature is 120°F?

d) Estimate how long it takes the temperature to fall from 180°F to 120°F.
Then make a better estimate, and explain why it is better.
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1.3 Using a Program

Computers

A computer changes the way we can use calculus as a tool, and it vastly
enlarges the range of questions that we can tackle. No longer need we back
away from a problem that involves a lot of computations. There are two
aspects to the power of a computer. First, it is fast. It can do a million
additions in the time it takes us to do one. Second, it can be programmed.
By arranging computations into a loop—as we did on page 15—we can con-
struct a program with only a few instructions that will carry out millions of
repetitive calculations.

The purpose of this section is to give you practice using a computer
program that estimates values of S, I, and R in the epidemic model. As you
will see, it carries out the three rounds of calculations you have already done
by hand. It also contains a loop that will allow you to do a hundred, or a
million, rounds of calculations with no extra effort.

The Program SIR

The program on the following page calculates values of S, I, and R. It is a set
of instructions—sometimes called code—that is designed to be read by you
and by a computer. These instructions mirror the operations we performed
by hand to generate the table on page 13. The code here is similar to what
it would be in most programming languages. The line numbers, however,
are not part of the program; they are there to help us refer to the lines. A
computer reads the code one line at a time, starting at the top. Each line
is a complete instruction which causes the computer to do something. The
purpose of nearly every instruction in this program is to assign a numerical
value to a symbol. Watch for this as we go down the lines of code.

The first line, t = 0, is the instruction “Give t the value 0.” The next
four lines are similar. Notice, in the fifth line, how At is typed out as deltat.
It is a common practice for the name of a variable to be several letters long.
A few lines later S’ is typed out as Sprime, for instance. The instruction on
the sixth line is the first that does not assign a value to a symbol. Instead, it
causes the computer to print the following on the computer monitor screen:

0 45400 2100 2500
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Program: SIR

1 t=0

2 S = 45400

3 I = 2100

4 R = 2500

5 deltat =1

6 PRINT t, S, I, R

7 FOR k =1 TO 3

8 Sprime = -.00001 * § * I
9 Iprime = .00001 * S x I - I / 14 }Stepl
10 Rprime = I / 14

11 deltaS = Sprime * deltat
12 deltal = Iprime * deltat
13 deltaR = Rprime * deltat
14 t =t + deltat

15 S = S + deltaS

16 I =1 + deltal

17 R = R + deltaR

18 PRINT t, S, I, R

19 NEXT k

Skip over the line that says FOR k = 1 TO 3. It will be easier to under-
stand after we’ve read the rest of the program.

Look at the first three indented lines. You should recognize them as coded
versions of the rate equations

S' = —.00001 51,
I' = .00001 SI — /14,
R =1/14,

for the measles epidemic. (The program uses * to denote multiplication.)
They are instructions to assign numerical values to the symbols S’, I’, and
R'. For instance, Sprime = -.00001 * S * I (line 8) says

Give S’ the value —.00001 S1;
use the current values of S and I to get —.00001 S1.

Now the computer knows that the current values of S and I are 45400
and 2100, respectively. (Can you see why?) So it calculates the product
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—.00001 x 45400 x 2100 = —953.4 and then gives S’ the value —953.4. There
is an extra step to calculate the product.

Notice that the first three indented lines are bracketed together and la-
belled “Step I,” because they carry out Step I in the flow chart. The next
three indented lines carry out Step II in the flow chart. They assign values
to three more symbols—namely AS, Al, and AR—using the current values
of §', I') R and At.

The next four indented lines present a puzzle. They don’t make sense if
we read them as ordinary mathematics. For example, in an expression like
t = t + deltat, we would cancel the t’s and conclude deltat = 0. The
lines do make sense when we read them as computer instructions, however.
As a computer instruction, t = t + deltat says

Make the new value of t equal to the current value of t + At.

(To make this clear, some computer languages express this instruction in the
form let t = t + deltat.) Once again we have an instruction that assigns
a numerical value to a symbol, but this time the symbol (¢, in this case)
already has a value before the instruction is carried out. The instruction
gives it a new value. (Here the value of ¢ is changed from 0 to 1.) Likewise,
the instruction S = S + deltaS gives S a new value. What was the old
value, and what is the new?

Compare the three lines of code that produce new values of S, I, and R
with the original equations that we used to define Step III back on page 16:

S = S + deltaS new S = current S + AS,
I =1+ deltal new [ = current I + Al,
R = R + deltaR new R = current R + AR.

7

The words “new” and “current” aren’t needed in the computer code because
they are automatically understood to be there. Why? First of all, a symbol
(like S) always has a current value, but an instruction can give it a new value.
Second, a computer instruction of the form A = B is always understood to
mean “new A = current B.”

Lines 11-13

Lines 14-17

How a program
computes new values

Notice that the instructions A = B and B = A mean different things. The second says “new B
= current A." Thus, in A = B, A is altered to equal B, while in B = A, B is altered to equal A. To
emphasize that the symbol on the left is always the one affected, some programming languages
use a modified equal sign, as in A := B. We sometimes read this as “A gets B".
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Lines 7 and 19:
the loop

FOR k =1 TO 3

NEXT k

How the program stops
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The next line is another PRINT statement, exactly like the one on line 6.
It causes the current values of ¢, S, I, and R to be printed on the computer
monitor screen. But this time what appears is

1 44446.6 2903.4 2650

The values were changed by the previous four instructions. It is important
to remember that the computer carries out instructions in the order they are
written. Had the second PRINT statement appeared right after line 13, say,
the old values of ¢, S, I, and R would have appeared on the monitor screen
a second time.

We will take the last line and line 7 together. They are the instructions for
the loop. Consider the situation when we reach the last line. The variables
t, S, I, and R now have their “day 1”7 values. To continue, we need an
instruction that will get us back to line 8, because the instructions on lines
8-17 will convert the current (day 1) values of ¢, S, I, and R into their “day
2”7 values. That’s what lines 7 and 19 do.

Here is the meaning of the instruction FOR k = 1 TO 3 on line 7:

Give k the value 1, and be prepared later to
give it the value 2 and then the value 3.

The variable k plays the role of a counter, telling us how many times we have
gone around the loop. Notice that & did not appear in our hand calculations.
However, when we said we had done three rounds of calculations, for example,
we were really saying k = 3.

After the computer reads and executes line 7, it carries out all the in-
structions from lines 8 to 18, arriving finally at the last line. The computer
then interprets the instruction NEXT k on the last line as follows:

Give k the next value that the FOR command allows, and
move back to the line immediately after the FOR command.

After the computer carries out this instruction, £ has the value 2 and the
computer is set to carry out the instruction on line 8. It then executes that
instruction, and continues down the program, line by line, until it reaches
line 19 once again. This sets the value of k£ to 3 and moves the computer
back to line 8. Once again it continues down the program to line 19. This
time there is no allowable value that k£ can be given, so the program stops.
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The NEXT k command is different from all the others in the program.
It is the only one that directs the computer to go to a different line. That
action causes the program to loop. Because the loop involves all the indented
instructions between the FOR statement and the NEXT statement, it is called
a FOR-NEXT loop. This is just one kind of loop. Computer programs
can contain other sorts that carry out different tasks. In the next chapter we
will see how a DO—WHILE loop is used.

Exercises
The program SIR

The object of these exercises is to verify that the program SIR works the way
the text says it does. Follow the instructions for running a program on the
computer you are using.

1. Run the program to confirm that it reproduces what you have already
calculated by hand (table, page 13).

2. On a copy of the program, mark the instructions that carry out the
following tasks:

a) give the input values of S, I, and R;

o
~—

say that the calculations take us 1 day into the future;

o
~

carry out step II (see page 16);

(o
N2

carry out step III;
give us the output values of S, I, and R;

@

—
~— ~—

take us once around the whole loop;

~—

g) say how many times we go around the loop.

3. Delete all the lines of the program from line 7 onward (or else type in
the first 6 lines). Will this program run? What will it do? Run it and report
what you see. Is this what you expected?

4. Starting with the original SIR program on page 50, delete lines 7 and
19. These are the ones that declare the FOR-NEXT loop. Will this program
run? What will it do? Run it and report what you see. Is this what you
expected?
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5. Using the 17-line program you constructed in the previous question, re-
move the PRINT statement from the last line and insert it between what
appear as lines 13 and 14 on page 50. Will this program run? What will it
do? Run it and report what you see. Is this what you expected?

6. Starting with the original SIR program on page 50, change line 7 so it
reads FOR k = 26 TO 28. Thus, the counter k£ takes the values 26, 27, and
28. Will this program run? What will it do? Run it and report what you
see. Is this what you expected?

Programs to practice on

In this section there are a number of short programs for you to analyze and

run.
Program 1 Program 2 Program 3
A =2 A=2 A=2
B=3 B =3 B=3
A=B B=A A=A+8B
PRINT A, B PRINT A, B B=A+8B
PRINT A, B

7. When Program 1 runs it will print the values of A and B that are current
when the program stops. What values will it print? Type in this program
and run it to verify your answers.

8. What will Program 2 do when it runs? Type in this program and run it
to verify your answers.

9. After each line in Program 3 write the values that A and B have after
that line has been carried out. What values of A and B will it print? Type
in this program and run it to verify your answers.

The next three programs have an element not found in the program SIR.
In each of them, there is a FOR-NEXT loop, and the counter k actually
appears in the statements within the loop.
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Program 4 Program 5 Program 6
FOR k =1 TO 5 FOR k =1 TO 5 x =0
A=k "3 A=k "3 FOR k = 1 TO 5
PRINT A NEXT k x=x+Kk
NEXT k PRINT A PRINT k, x
NEXT k

10.  What output does Program 4 produce? Type in the code and run the
program to confirm your answer.

11. What is the difference between the code in Program 5 and the code in
Program 47 What is the output of Program 57 Does it differ from the output
of Program 47 If so, why?

12. What output does Program 6 produce? Type in the code and run the
program to confirm your answer.

Program 7 Program 8 Program 9

A=0 A=0 A=20

B=20 B=1 B=1

FOR k =1 TO 5 FOR k =1 T0 5 FOR k =1 T0O 5
A=A+1 A=A+B A=A+B
B=A+8B B=A+8B B=A+B
PRINT A, B PRINT A, B NEXT k

NEXT k NEXT k PRINT A, B

13. Program 7 prints five lines of output. What are they? Type in the
program and run it to confirm your answers.

14. What is the output of Program 87 Type in the program and run it to
confirm your answers.

15. Describe exactly how the codes for Programs 8 and 9 differ. How do
the outputs differ?
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Analyzing the measles epidemic

16. Alter the program SIR to have it calculate estimates for S, I, and R
over the first siz days. Construct a table that shows those values.

17.  Alter the program to have it estimate the values of S, I, and R for the
first thirty days.

a) What are the values of S, I, and R when t = 307

b) According to these figures, on what day does the infection peak? What
values do you get for S, I, and R?

¢) How can you reconcile the value you just got for S with the value we
obtained algebraically on page 187

18. By adding an appropriate PRINT statement after line 10 you can also
get the program to print values for S’, I’, and R'. Do this, and check that
you get the values shown in the table on page 13.

19.  According to these estimates, on what day do the largest number new
infections occur? How many are there? Explain where you got your infor-
mation.

20. On what day do you estimate that the largest number of recoveries
occurs? Do you see a connection between this question and 17 (b)?

21. On what day do you estimate the infected population grows most rapidly?
Declines most rapidly? What value does I’ have on those days?

22. a) Alter the original SIR program so that it will go backward in time,
with time steps of 1 day. Specify the changes you made in the program.
Use this altered program to obtain estimates for the values of S, I, and R
yesterday. Compare your estimates with those in the text (page 13).

b) Estimate the values of S, I, and R three days before today.

23.  According to the S-I-R model, when did the infection begin? That is,
how many days before today was the estimated value of I approximately 17

24. There and back again. Use the SIR program, modified as necessary,
to carry out the calculations described in exercise 18 on page 23. Do your
computer results agree with those you obtained earlier?
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25.

In exercises 22-26 at the end of section 2 (pages 46-48) you set up

rate equations to model some other systems. Choose a couple of these and
think of some interesting questions that could be answered using a suitably
modified SIR program. Make the modifications and report your results.

1.4 Chapter Summary

The Main Ideas

Natural processes like the spread of disease can often be described by
mathematical models. Initially, this involves identifying numerical
quantities and relations between them.

A relation between quantities often takes the form of a function. A
function can be described in many different ways; graphs, tables, and
formulas are among the most common.

Linear functions make up a special but important class. If y is a
linear function of x, then Ay = m - Az, for some constant m. The
constant m is a multiplier, slope, and rate of change.

If y = f(x), then we can consider the rate of change y’ of y with
respect to . A mathematical model whose variables are connected by
rate equations can be analyzed to predict how those variables will
change.

Predicted changes are estimates of the form Ay = y’ - Ax.

The computations that produce estimates from rate equations can be
put into a loop, and they are readily carried out on a computer.

A computer increases the scope and complexity of the problems we
can consider.

Expectations

You should be able to work with functions given in various forms, to
find the output for any given input.
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e You should be able to read a graph. You should also be able to con-
struct the graph of a linear function directly, and the graph of a more
complicated function using a computer graphing package.

e You should be able to determine the natural domain of a function given
by a formula.

e You should be able to express proportional quantities by a linear func-
tion, and interpret the constant of proportionality as a multiplier.

e Given any two of these quantities for a linear function—multiplier,
change in input, change in output—you should be able to determine
the third.

e You should be able to model a situation in which one variable is pro-
portional to its rate of change.

e Given the value of a quantity that depends on time and given its rate of
change, you should be able to estimate values of the quantity at other
times.

e For a set of quantities determined by rate equations and initial condi-
tions, you should be able to estimate how the quantities change.

e Given a set of rate equations, you should be able to determine what
happens when one of the quantities reaches a maximum or minimum,
or remains unchanged over time.

e You should be able to understand how a computer program with a
FOR-NEXT loop works.

Chapter Exercises
A Model of an Orchard

If an apple orchard occupies one acre of land, how many trees should it
contain so as to produce the largest apple crop? This is an example of
an optimization problem. The word optimum means “best possible”—
especially, the best under a given set of conditions. These exercises seek an
optimum by analyzing a simple mathematical model of the orchard. The

Copyright 1994, 2008 Five Colleges, Inc.
DVI file created at 11:36, 1 February 2008
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model is the function that describes how the total yield depends on the
number of trees.

An immediate impulse is just to plant a lot of trees, on the principle:
more trees, more apples. But there is a catch: if there are too many trees
in a single acre, they crowd together. Each tree then gets less sunlight and
nutrients, so it produces fewer apples. For example, the relation between the
yield per tree, Y, and the number of trees, N, may be like that shown in the
graph drawn on the left, below.

pounds,; Y pounds; Y
per tree per tree
750 750 |,
oo | T N
100 200 trees 40 180 trees

When there are only a few trees, they don’t get in each other’s way,
and they produce at the maximum level—say, 750 pounds per tree. Hence
the graph starts off level. At some point, the trees become too crowded to
produce anything! In between, the yield per tree drops off as shown by the
curved middle part of the graph.

We want to choose N so that the total yield, T', will be as large as possible.
We have T'(N) = Y (IV)- N, but since we don’t know Y (V) very precisely, it is
difficult to analyze T'(IV). To help, let’s replace Y (V) by the approximation
shown in the graph on the right. Now carry out an analysis using this graph
to represent Y (N).

1. Find a formula for the straight segment of the new graph of Y/ (N) on the
interval 40 < N < 180. What is the formula for 7'(/V) on the same interval?

2. What are the formulas for T'(N) when 0 < N < 40 and when 180 < N7
Graph T as a function of N. Describe the graph in words.

3. What is the maximum possible total yield 77 For which NV is this max-
imum attained?

4. Suppose the endpoints of the sloping segment were P and @), instead of
40 and 180, respectively. Now what is the formula for T'(N)? (Note that P
and @) are parameters here. Different values of P and () will give different
models for the behavior of the total output.) How many trees would then
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produce the maximum total output? Expect the maximum to depend on the
parameters P and Q).

Rate Equations

Do the following exercises by hand. You may wish to check your answers by
using suitable modifications of the program SIR.

5. Radioactivity. From exercise 25 of section 2 we know a sample of R
grams of radium decays into lead at the rate

-1
R = @R grams per year.

Using a step size of 10 years, estimate how much radium remains in a 0.072
gram sample after 40 years.

6. Poland and Afghanistan. If P and A denote the populations of Poland
and Afghanistan, respectively, then their net per capita growth rates imply
the following equations:

P’ = .009 P persons per year;
A" = .0216 A persons per year.

(See exercise 23 of section 2.) In 1985, P = 37.5 million, A = 15 million.
Using a step size of 1 year, estimate P and A in 1990.

7. Falling bodies. If d and v denote the distance fallen (in feet) and
the velocity (in feet per second) of a falling body, then the motion can be
described by the following equations:

d =v feet per second;

v' =32 feet per second per second.

(See exercise 21 of section 2.) Assume that when t = 0, d = 0 feet and v = 10
feet /sec. Using a step size of 1 second, estimate d and v after 3 seconds have
passed.
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Chapter 2

Successive Approximations

In this chapter we continue exploring the mathematical implications of the
S-1-R model. In the last chapter we calculated future values of S, I, and R
by assuming that the rates S’, I’, and R’ stayed fixed for a whole day. Since
the rates are not fixed—they change with S, I, and R—the values of S, I,
and R we obtained have to be considered as estimates only. In this chapter
we will see how to build a succession of better and better estimates that get
us as close as we wish to the true values implied by the model.

This method of successive approximation is a basic tool of calculus. It
is the one fundamentally new process you will encounter, the ingredient that
sets calculus apart from the mathematics you have already studied. With it
you will be able to solve a vast array of problems that other methods can’t
handle.

2.1 Making Approximations

In chapter 1 we looked at the specific S-I-R model:

S = —.00001 51,
I' = 0000151 — 1/14,
R =1/14,

with initial values at time ¢t = 0:
S = 45400, I =2100, R = 2500.

61
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We originally developed this model as a description of the relations among
the different components of an epidemic. Almost immediately, though, we
began using the rate equations in the model as a recipe for predicting what
happens over the course of the epidemic: If we know at some time t the values
of S(t),1(t), and R(t)), then the equations tell us how to estimate values of
the functions at other times. We used this approach in the last chapter to
move backwards and forwards in time, calculating the values of S, I, and R
as we went.

While we got numbers, there were some questions about how accurate
these numbers were—that is, how exactly they represented the values implied
by the model. In the process we called “there and back again” we used current
values of S, I, and R to find the rates, used these rates to go forward one
day, recalculate the rates, and come back to the present—and we got different
values from the ones we started with! Resolving this discrepancy will be an
important feature of the technique developed in this section.

The Longest March Begins with a Single Step

So far, in generating numbers from the S-I-R rate equations, we have as-
sumed that the rates remained constant over an entire day, or longer. Since
the rates aren’t constant—they depend on the values of S, I, and R, which
are always changing—the values we calculated for the variables at times other
than the given initial time are, at best, estimates. These estimates, while
incorrect, are not useless. Let’s see how they behave in the “there and back
again” process of chapter 1 as we recalculate the rates more and more fre-
quently, producing a sequence of approximations to the values we are looking
for.

There and Back Again Again

On page 14 in chapter 1 we used the rate equations to go forward a day and
come back again. We started with the initial values

S(0) = 45400, I(0) = 2100, R(0) = 2500,

calculated the rates, went forward a day to t = 1, recalculated the rates, and
came back a day to t = 0. We ended up with the estimates

S(0) =45737.1, I(0) =1820.3, R(0) = 2442.6
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—which are rather far from the values of S(0), I(0), and R(0) we started
with.

A clue to the resolution of this discrepancy appeared in problem 18,
page 23. There you were asked to go forward two days and come back
again in two different ways, using At = 2 (a total of 2 steps) in the first case
and At = 1 (a total of 4 steps) in the second. Here are the resulting values
calculated for S(0) in each case and the discrepancy between this value and
the original value S(0) = 45400:

step size new S(0) discrepancy

At=2  46717.6 1317.6
At=1 46021.3 621.3

While the discrepancy is fairly large in either case, At = 1 clearly does
better than At = 2. But if smaller is better, why stop at At = 17 What
happens if we take even smaller time steps, get the corresponding new values
of S, I, and R, and use these values to recalculate the rates each time?

Recall that the rate S’ (or I’ or R’) is simply the multiplier which gives
AS—the (estimated) change in S—for a given change At in ¢

AS =5 At.

This relation holds for any value of At, integer or not. Once we have this
value for AS, we can then calculate

new (estimated) S = current (estimated) S + AS

in the usual way. Note that we have written “(estimated)” throughout to
emphasize the fact that if S’ is not constant over the entire time At, then
the value we get for AS will typically be only an approximation to the real
change in S.

Let’s try going forward one day and coming back, using different values
for At. As we reduce At the number of calculations will increase. The pro-
gram SIR we used in the last chapter can still be used to do the tedious
calculations. Thus if we decide to use 10 steps of size At = .1, we would just
change two lines in that program:

deltat = .1
FOR k =1 TO 10
If we now run SIR with these modifications we can verify the following se-

quence of values (The values have been rounded off, and the PRINT statement
has been modified to show the new values of the rates at each step as well):
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Estimated values of S, I, and R
for step sizes At = .1

t S(t) I(t) R(t) S'(t) I'(t) R/(t)
0.0 45 400.0 2100.0 2500.0 -953.4 803.4 150.0
0.1 45 304.7 2180.3 2515.0 ~987.8 832.1 155.7
0.2 45205.9 2263.6 2530.6  -1023.3 861.6 161.7
0.3 45103.6 2349.7 2546.7  ~1059.8 892.0 167.8
1.0 44 278.7 3042.9 2678.4  —1347.7  1130.0 217.4

Having arrived at t = 1, we can now use SIR to turn around and go back
to t = 0. Here’s how:

e Change the initial line of the program to t = 1 to reflect our new
starting time.

e Change the next three lines to use the values we just calculated for
S(1), I(1), and R(1) as our starting values in SIR.

e Change the value of deltat to be -.1 (so each time the program exe-
cutes the command t = t + deltat it reduces the value of t by .1).

With these changes SIR will yield the desired estimates for S(0), 1(0), and
R(0), and we get

S(0) = 45433.5, 1(0) =2072.3, R(0) = 2494.3.

This is clearly a considerable improvement over the values obtained with
At = 1.

With this promising result, the obvious thing to do is to try even smaller
values of At, perhaps At = .01. We could continue using SIR, making the
needed modifications each time. Instead, though, let’s rewrite SIR slightly to
make it better suited to our current needs. Look at the program SIRVALUE
below and compare it with SIR.
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Program: SIRVALUE Program: SIR
tinitial = 0 t=0
tfinal = 1 S = 45400
t = tinitial I = 2100
S = 45400 R = 2500
I = 2100 deltat = .1
R = 2500 FOR k = 1 TO 10
numberofsteps = 10 Sprime = -.00001 * S * I
deltat = (tfinal - tinitial)/numberofsteps Iprime = .00001 * S *x I - I / 14
FOR k = 1 TO numberofsteps Rprime = I / 14
Sprime = -.00001 * S * I deltaS = Sprime * deltat
Iprime = .00001 * S *x I - I / 14 deltal = Iprime * deltat
Rprime = I / 14 deltaR = Rprime * deltat
deltaS = Sprime * deltat t =t + deltat
deltal = Iprime * deltat S =8 + deltaS
deltaR = Rprime * deltat I =1 + deltal
t =t + deltat R = R + deltaR
S =8 + deltaS PRINT t, S, I, R
I =1+ deltal NEXT k
R = R + deltaR
NEXT k

PRINT t, S, I, R

You will see that the major change is to place the PRINT statement outside
the loop, so only the final values of S, I, and R get printed. This speeds up the
work, since otherwise, with At = .001, for instance, we would be asking the
computer to print out 1000 lines—about 30 screens of text! Another change is
that the value of deltat no longer needs to be specified—it is automatically
determined by the values of tinitial, tfinal, and numberofsteps.

As written above, SIR and SIRVALUE both run for 10 steps of size 0.1.
By changing the value of numberofsteps in the program we can quickly
get estimates for S(1), I(1), and R(1) for a wide range of values for At.
Moreover, once we have these estimates we can use SIRVALUE again to go
backwards in time to ¢ = 0, by making changes similar to those we made in
SIR earlier. First, we need to change the value of tinitial to 1 and the
value of tfinal to 0. Notice that this automatically will make deltat a
negative quantity, so that each time we run through the loop we step back in
time. Second, we need to set the starting values of S, I, and R to the values
we just obtained for S(1), I(1), and R(1). With these changes, SIRVALUE
will give us the corresponding estimated values for S(0), 1(0), and R(0).
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If we use SIRVALUE with At ranging from 1 to .00001 (which means
letting numberofsteps range from 1 to 100,000) we get the table below. This
table lists the computed values of S(1), I(1), and R(1) for each At, followed
by the estimated value of S(0) obtained by running SIRVALUE backward
in time from these new values, and, finally, the discrepancy between this
estimated value of S(0) and the original value S(0) = 45400.

Estimated values of S, I, and R when t =1,
for step sizes At =107, N =0,...5,
together with the corresponding backwards estimate for S(0).

At S(1) I(1) R(1) new S(0) discrepancy
1.0 44 446.6 2903.4 2650.0 45737.0626 337.0626
0.1 44278.6648 3042.9241 2678.4111 45433.4741 33.4741
0.01 44257.8301 3060.1948 2681.9751 45403.3615 3.3615
0.001 44 255.6960 3061.9633 2682.3406 45400.3363 .3363
0.0001 44255.4821 3062.1406 2682.3773 45400.0336 .0336
0.00001 44 255.4607 3062.1584 2682.3809 45400.0034 .0034

There are several striking features of this table. The first is that if we go
forward one day and come back again, we can get back as close as we want to
our initial value of S(0) provided we recalculate the rates frequently enough.

After 200,000 rounds of calculations (At = .00001) we ended up only .0034
away from our starting value. In fact, there is a clear pattern to the values
of the errors as we decrease the step size. In the exercises it is left for you to
explore this pattern and show that similar results hold for I and for R.

A second feature is that as we read down the column under S(1), we
find each digit stabilizes—that is, after changing for a while, it eventually
becomes fixed at a particular value. The initial digits 44 are the first to
stabilize, and that happens by the time At = 0.1. Then the third digit 2
stabilizes, when At = 0.01. Roughly speaking, one more digit stabilizes at
each successive level. The table is revealing to us, digit by digit, the true
value of S(1). By the fifth stage we learn that the integer part of S(1) is
44255. By the sixth stage we can say that the true value of S(1) is 44255.4 . ..

When we write S(1) = 44255.4 . .. we are expressing S(1) to one decimal
place accuracy. This says, first, that the decimal expansion of S(1) begins
with exactly the six digits shown and, second, that there are further digits
after the 4 (represented by the three dots “...”). In this case, we can identify
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further digits simply by continuing the table. Since our step sizes have the
form At = 10~ we just need to increase N. For example, to express S(1)
accurately to six decimal places, we need to stabilize the first eleven digits in
our estimates of S(1). The table suggests that At should probably be about
107%0—ie., N = 10.

The true value of S(1) emerges through a process that generates a se-
quence of successive approximations. We say S(1) = 44255.4. . .is the limit
of this sequence as At is made smaller and smaller or, equivalently, as N is
made larger and larger. We also say that the sequence of successive approxi-
mations converges to the limit S(1). Here is a mathematical notation that
expresses these statements more compactly:

S(1) = Alirilo{the estimate of S(1)} or, equivalently,
= lim {the estimate of S(1) with At = 10""}.

N—o00
The symbol oo stands for “infinity,” and the expression N — oo is often
pronounced “as N goes to infinity.” However, it is often more instructive to
say “as IV gets larger and larger, without bound.”
You should check that similar patterns are occurring in the /(1) and R(1)
columns as well.

The limit concept lies at the heart of calculus. Later on we'll give a precise definition, but you
should first see limits at work in a number of contexts and begin to develop some intuitions about
what they are. This approach mirrors the historical development of calculus—mathematicians
freely used limits for well over a century before a careful, rigorous definition was developed.

One Picture Is Worth a Hundred Tables

As we noted, the program SIRVALUE prints out only the final values of
S, I, and R because it would typically take too much space to print out the
intermediate values. However, if instead of printing these values we plot them
graphically, we can convey all this intermediate information in a compact and
comprehensible form.

Suppose, for instance, that we wanted to record the calculations leading
up to S(3) by plotting all the points. The graphs below plot all the pairs
of values (t,S5) that are calculated along the way for the cases At =1 (4
points), At = .1 (31 points), and At = .01 (301 points).
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SA SA
46000, 46000,
) At=1 _
44000 44000 e At=.1
42000, 42000
T - T -
0 1 2 3t 0 1 2 3t
S,
46000,
44000 At= 01
42000
T -
0 1 2 3t

By the time we get to steps of size .01, the resulting graph begins to
look like a continuous curve. This suggests that instead of simply plotting
the points we might want to draw lines connecting the points as they're
calculated.

We can easily modify SIRVALUE to do this—the only changes will be to
replace the PRINT command with a command to draw a line and to move
this command inside the loop (so that it is executed every time new values
are computed). We will also need to add a line or two at the beginning to
tell the computer to set up the screen to plot points. This usually involves
opening a window—i.e., specifying the horizontal and vertical ranges the
screen should depict. Since programming languages vary slightly in the way
this is done, we use italicized text “Set up GRAPHICS” to make clear that
this statement is not part of the program—you will have to express this in
the form your programming language specifies. Similarly, the command

Plot the line from (t, S) to (t + deltat, S + deltaS)

will have to be stated in the correct format for your language. The computa-
tional core of SIRVALUE is unchanged. Here is what the new program looks
like if we want to use At = .1 and connect the points with straight lines:

Copyright 1994, 2008 Five Colleges, Inc.
DVI file created at 11:36, 1 February 2008



2.1. MAKING APPROXIMATIONS 69

Program: SIRPLOT

Set up GRAPHICS
tinitial = 0

tfinal = 3

t = tinitial
S = 45400

I = 2100

R = 2500

numberofsteps = 30
deltat = (tfinal - tinitial)/numberofsteps
FOR k = 1 TO numberofsteps

Sprime = -.00001 * S * I
Iprime = .00001 * S x I - I / 14
Rprime = I / 14
deltaS = Sprime * deltat
deltal = Iprime * deltat
deltaR = Rprime * deltat
Plot the line from (t, S) to (t + deltat, S + deltaS)
t =t + deltat
S =S + deltaS
I =1+ deltal
R = R + deltaR
NEXT k

If we had wanted just to plot the points, we could have used a command
of the form Plot the point (t, S) in place of the command to plot the line,
moving this command down two lines so it came after we had computed the
new values of t and S. We would also need to place that command before
the loop so that the initial point corresponding to ¢t = 0 gets plotted.

When we “connect the dots” like this we emphasize graphically the under-
lying assumption we have been making in all our estimates: that the function
S(t) is linear (i.e., it is changing at a constant rate) over each interval At.
Let’s see what the graphs look like when we do this for the three values of
At we used above. To compare the results more readily we’ll plot the graphs
on the same set of axes. (We will look at a program for doing this in the
next section.) We get the following picture:
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Si
46000,
3 steps
44000
L 30 steps
42000;
4
4
300 steps
0 1 2 3t

The graphs become indistinguishable from each other and increasingly
Graphs made up of look like smooth curves as the number of segments increases. If we plotted
line segments look like  the 3000-step graph as well, it would be indistinguishable from the 300-step
smooth curves if graph at this scale. If we now shift our focus from the end value S(3) and
the segments are . . .
short enough look at all the intermediate values as well, we find that each graph gives an
approximate value for S(t) for every value of ¢ between 0 and 3. We are
seeing the entire function S(t) over this interval.
Just as we wrote

S(3) = lim {the estimate of S(3) with At = 10~"}.

N—oo

We can also write

graph of S(t) = A}im {line-segment approximations with At = 107"},
The way we see the graph of S(t) emerging from successive approximations
is our first example of a fundamental result. It has wide-ranging implications
which will occupy much of our attention for the rest of the course.
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Piecewise Linear Functions

Let’s examine the implications of this approach more closely by considering
the “one-step” (At = 3) approximation to S(t) and the “three-step” (At = 1)
approximation over the time interval 0 < ¢ < 3. In the first case we are
making the simplifying assumption that S decreases at the rate S’ = —953.4
persons per day for the entire three days. In the second case we use three
shorter steps of length At = 1, with the slopes of the corresponding segments
given by the table on page 13 in Chapter 1, summarized below (note that
since At = 1 day we have that the magnitude of AS = S’- At is the same as
the magnitude of S’):

t S S’

0 45 400.0 —953.4

1 44 446.6 —1290.5

2 43156.1 —1720.4

3 41435.7

Here are the corresponding graphs we get:
personst S 1 ¢
45400 4c. oo ... 3days one AT siep

L —953.4 x 3

. 19530.8

S ) 41435.7
three small steps

t
0 1 2 3 days

Two approximations to S during the first three days

The “one-step” estimate. Assuming that S decreases at the rate
S’ = —953.4 persons per day for the entire three days is equivalent to as-
suming that S follows the upper graph—a straight line with slope —953.4
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persons/day. In other words, the one-step approach approximates S by a
linear function of ¢. If we use the notation S;(t) to denote this (one-step)
linear approximation we have

One-step estimate: S(t) ~ Sy(t) = 45400 — 953.4 ¢ .

Because the one-step estimate is actually a function we can find the value
of Si(t) for all t in the interval 0 < ¢ < 3, not just t = 3, and thereby get
corresponding estimates for S(t) as well. For example,

S1(2) = 45400 — 953.4 x 2 = 43493.2
S (1.7) = 45400 — 953.4 x 1.7 = 43779.22..

The “three-step” estimate. With three smaller steps of size At = 1,
we get a function whose graph is composed of three line segments, each
starting at the (¢,.5) point at the beginning of each day and with a slope
equal to the corresponding rate of new infections at the beginning of the day.
Let’s call this function S3(¢). The three-step estimate S3(t) is hence not a
linear function, strictly speaking. However, since its graph is made up of
several straight pieces, it is called a piecewise linear function. Recalling
that the equation of a line through the point (xg, o) with slope m can be
written in the form y = m(z — x¢) + yo, we can use the values for S (which
correspond to the y-values) and S’ (which give us the slopes of the segments)
at times t = 0, t = 1, and t = 2 calculated above to get an explicit formula
for S5(t):

y=—953.4(t —0) + 45400  f0<t<1
S5(t) = { y=—12905(t — 1) + 44446.6 if1 <t <?2
y=—1720.4(t — 2) + 43156.1 if2<t<3

Note that we have used < in the defining formulas since at the values
t =1 and t = 2 it doesn’t matter which equation we use. This is equivalent
to saying that the straight line segments are connected to each other. Since
the slopes of the three segments of S3(¢) are progressively more negative,
the piecewise linear graph gets progressively steeper as t increases. This
explains why the value S3(3) is lower than the value of S;(3). While it
is rare that we would actually need to write down an explicit formula like
this for the piecewise-linear approximation—it is easier, and usually more
informative, just to define S5(¢) by its graph—it is nevertheless important to
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realize that there really is an approximating function defined for all values
of ¢ in the interval [0, 3], not just at the finite set of ¢ values where we make
the recalculations.

By the time we are dealing with the 300-step function Szg(t) we can’t
even tell by its graph that it is piecewise linear unless we zoom in very close.
In principle, though, we could still write down a simple linear formula for
each of its segments (see the exercises).

An appraisal. The graph of S;(t) gives us a rough idea of what is
happening to the true function S(t) during the first three days. It starts off
at the same rate as S’, but subsequently the rates move apart. The value
of S| never changes, while S’ changes with the (ever-changing) values of S
and I.

The graph of S3(t) is a distinct improvement because it changes its di-
rection twice, modifying its slope at the beginning of each day to come back
into agreement with the rate equation. But since the three-step graph is still
piecewise linear, it continues to suffer from the same shortcoming as the one-
step: once we restrict our attention to a single straight segment (for example,
where 1 < ¢ < 2), then the three-step graph also has a constant slope, while
S’ is always changing. Nevertheless, S3(¢) does satisfy the rate equation in
our original model three times—at the beginning of each segment—and isn’t
too far off at other times. When we get to S300(¢) we have a function which
satisfies the rate equation at 300 times and is very close in between.

Each of these graphs gives us an idea of the behavior of the true function
S(t) during the time interval 0 < ¢ < 3. None is strictly correct, but none is
hopelessly wrong, either. All are approximations to the truth. Moreover,
S3(t) is a better approximation than S (¢)—because it reflects at least some
of the variability in S’—and Ssg(t) is better still. Thus, even before we have
a clear picture of the shape of the true function S(¢), we would expect it to
be closer to Sspo(t) than to S3(t). As we saw above, when we take piecewise
linear approximations with smaller and smaller step sizes, it is reasonable to
think that they will approach the true function S in the limit. Expressing
this in the notation we have used before,

the function S(¢) = lim {the chain of linear functions with At = 10~"}.

N—oo
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Approximate versus Exact

You may find it unsettling that our efforts give us only a sequence of approx-
imations to S(3), and not the exact value, or only a sequence of piecewise-
linear approximations to S(t), not the “real” function itself. In what sense
can we say we “know” the number S(3) or the function S(¢)? The answer
is: in the same sense that we “know” a number like /2 or 7. There are two
distinct aspects to the way we know a number. On the one hand, we can
characterize a number precisely and completely:

7. the ratio of the circumference of a circle to its diameter;
V/2: the positive number whose square is 2;

On the other hand, when we try to construct the decimal expansion of
a number, we usually get only approximate and incomplete results. For
example, when we do calculations by hand we might use the rough estimates
V2 ~ 1.414 and 7 ~ 3.1416. With a desk-top computer we might have
V2~ 1.414213 562373095 and 7 ~ 3.141 592 653 589 793, but these are still
approximations, and we are really saying

V2 = 1.41421356237309...
7 = 3.14159265358979... .

The complete decimal expansions for v/2 and 7 are unknown! The exact val-
ues exist as limits of approximations that involve successively longer strings
of digits, but we never see the limits—only approximations. In the final sec-
tion of this chapter we will see ways of generating these approximations for
V2 and for .

What we say about 7 and /2 is true for S(3) in exactly the same way.
We can characterize it quite precisely, and we can construct approximations
to its numerical value to any desired degree of accuracy. Here, for example,
is a characterization of S(3):

The S-I-R problem for which a = .00001 and b = 1/14 and for
which S = 45400, I = 2100, R = 2500 when ¢t = 0 determines
three functions S(t), I(t), and R(t). The number S(3) is the
value that the function S(¢) has when ¢t = 3.

You should try to extend this argument to describe the sense in which
we “know” the function S(¢) by knowing its piecewise-linear approximations.
Try to convince yourself that this is operationally no different from the way
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we “know” functions like f(z) = /2. In each instance we can characterize
the function completely, but we can only construct an approximation to
most values of the function or to its graph.

All this discussion of approximations may strike you as an unfortunate
departure from the accuracy and precision you may have been led to expect
in mathematics up until now. In fact, it is precisely this ability to make quick
and accurate approximations to problems that is one of the most powerful
features of mathematics. This is what goes on every time you use your
calculator to evaluate log3 or sin37. Your calculator doesn’t really know
what these numbers are—but it does know how to approximate them quickly
to 12 decimal places. Similar kinds of approximations are also at the heart
of how bridges are built and spaceships are sent to the moon.

A Caution: The fact that computers and calculators are really only
dealing with approximations when we think they are being exact occasionally
leads to problems, the most common of which involves roundoff errors.
You can probably generate a relatively harmless manifestation of this on
your computer with the SIRVALUE program. Modify the PRINT line so it
prints out the final value of t to 10 or 12 digits, and try running it with
a high value for numberofsteps, say 1 million or 10 million. You would
expect the final value of t to be exactly 1 in every case, since you are adding
deltat = 1/numberofsteps to itself numberofsteps times. The catch is
that the computer doesn’t store the exact value 1/numberofsteps unless
numberofsteps is a power of 2. In all other cases it will only be using an
approximation, and if you add up enough quantities that are slightly off,
their cumulative error will begin to show. We will encounter a somewhat less
benign manifestation of roundoff error in the next chapter.

Exercises

There and back again

1. a) Look at the table on page 66. What is your best guess of the exact
value of I(1)? (Use the “...” notation introduced on page 66.)

b) What is the exact value of R(1)?

2. We noted that the discrepancy (the difference between the new estimate
for S(0) and the original value) seemed to decrease as At decreased.

a) What is your best estimate (using only the information in the table) for
the value of At needed to produce a discrepancy of .001 ?
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b) More generally, express as precisely as you can the apparent relation
between the size of the discrepancy and the size of At.

3. a) Suppose you wanted to try going three days forward and then coming
back, using At = .01. What changes would you have to make in SIRVALUE
to do this?

b) Make a table similar to the one on page 66 for going three days forward
and coming back for At =1, .1, .01, and.001.

¢) In this new table how does the size of the discrepancy for a given value
of At compare with the value in the original table?

d) What value of At do you think you would need to determine the integer
parts of S(3) and R(3) exactly?

Piecewise linear functions

4. Using this three-step approximation, what is S3(1.7)7 What is S3(2.5)7

5. How would you modify SIRVALUE to get Ss3000(3) ? Do it; what do you
get?

6. What additional changes would you make to get the values of ¢, S, and
S” at the beginning of the 193rd segment of Ss09(t) ? [HINT: You only need
to alter the FOR k = 1 TO numberofsteps line (since you don’t want to go
all the way to the end) and the PRINT line. (Note that after running the loop
for, say, 20 times, the values of t and S are the values for the beginning of
the 21st segment, while the value of Sprime will still be the slope of the 20th
segment. )]

7. Suppose we wanted to determine the value of S300(2.84135).

a) In which of the 300 segments of the graph of Ssp(¢) would we look to
find this information?

b) What are the values of ¢, S, and S” at the beginning of this segment?
¢) What is the equation of this segment?

8. How would you modify SIRVALUE to calculate estimates for S, I, and
R when t = —6, using At = .05 ? Do it; what do you get?
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9. We want to use SIRPLOT to look at the graph of S(t) over the first 20
days, using At = .01.

a) What changes would we have to make in the program?

b) Sketch the graph you get when you make these changes.

c¢) If you wanted to plot the graph of /() over this same time interval, what
additional modifications to SIRPLOT would be needed? Make them, and
sketch the result. When does the infection appear to hit its peak?

d) Modify SIRPLOT to sketch on the same graph all three functions over
the first 70 days. Sketch the result.

The DO-WHILE loop

A difficulty in giving a precise answer to the last question was that we
had to get all the values for 20 days, then go back to estimate by eye when
the peak occurred. It would be helpful if we could write a program that ran
until it reached the point we were looking for, and then stopped. To do this,
we need a different kind of loop—a conditional loop that keeps looping only
while some specified condition is true. A DO-WHILE loop is one useful way
to do this. Here’s how the modified SIRPLOT program would look:

Set up GRAPHICS
tinitial = O
t = tinitial

S = 45400
I = 2100
R = 2500

Iprime = .00001 * S * I - I / 14
deltat = .01
DO WHILE Iprime > O

Sprime = -.00001 * S * I

Iprime = .00001 * S x I - I / 14
Rprime = I / 14

deltaS = Sprime * deltat

deltal = Iprime * deltat
deltaR = Rprime * deltat

Plot the line from (t, 8) to (¢t + deltat, S + deltaS)
t =t + deltat

S =S + deltaS
I =1 + deltal
R = R + deltaR
LOOP
PRINT t - deltat
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The changes we have made are:

e Since we don’t know what the final time will be, eliminate the tfinal
= 20 and the numberofsteps = 2000 commands.

e Since the condition in our loop is keyed to the value of I’, we have to
calculate the initial value of I’ before the loop starts.

e Instead of deltat = (tfinal - tinitial)/numberofsteps use the
statement deltat = .01.

e The key change is to replace the FOR k = 1 TO numberofsteps line
by the line DO WHILE Iprime > O.

e To denote the end of the loop we replace the NEXT k command with
the command LOOP.

e After the LOOP command add the line PRINT t - deltat. (The reason
we had to back up one step at the end is because due to the way the
program was written, the computer takes one final step with a negative
value for Iprime before it stops.)

The net effect of all this is that the program will continue working as
before, calculating values and plotting points (t, S), but only as long as
the condition in the DO WHILE statement is true. The condition we used here
was that I’ had to be positive—this is the condition that ensures that values
of I are still getting bigger. While this condition is true, we can always get
a larger value for I by going forward another increment At. As soon as the
condition is false—i.e., as soon as I’ is negative—the values for I will be
decreasing, which means we have passed the peak and so want to stop.

10. Make these modifications; what value for ¢ do you get?

11.  You could modify the PRINT t command to also print out other quan-
tities.
a) What is the value of I at its peak?

b) What is the value of S when I is at its peak? Does this agree with the
threshold value we predicted in chapter 17

12.  Suppose you change the initial value of S to be 5400 and run the pre-
vious program. Now what happens? Why?
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13.  Suppose we wanted to know how long the epidemic lasts. We could use
DO-WHILE and keep stepping forward using, say At = .1, so long as I > 1.
As soon as I was less than 1 we would want to stop and see what the value
of t was.

a) What modifications would you make in SIRVALUE to get this informa-
tion?
b) Run your modified program. What value do you get for ¢?

¢) Run the program using At = .01. Now what is your estimate for the
duration of the epidemic? What can you say about the actual time required
for I to drop below 17

14. a) If we think the epidemic started with a single individual, we can
go backwards in time until / is no longer greater than 1, and see what the
corresponding time is. Do this for At = —1, —.1, and — .01. What is your
best estimate for the time that the infection arrived?

b) How many Recovereds were there at the start of the epidemic? This would
be the people who had presumably been infected in a previous epidemic and
now had immunity.

2.2 The Mathematical Implications—
Euler’s Method

Approximate Solutions

In the last section we approximated the function S(t) by piecewise-linear
approximations using steps of size At = 1, .1, and .01. This process can
clearly be extended to produce approximations with an arbitrary number of
steps. For any given step size At, the result is a piecewise linear graph whose
segments are At days wide. This graph then provides us with an estimate
for S(t) for every value of ¢ in the interval 0 < t < 3. We call this process
of obtaining a function by constructing a sequence of increasingly better
approximations Euler’s method, after the Swiss mathematician Leonhard
Euler (1707-1783). Euler was interested in the general problem of finding
the functions determined by a set of rate equations, and in 1768 he proposed
this method to approximate them. The method is conceptually simple and
can indeed be used to get solutions for an enormous range of rate equations.
For this reason we will make it a basic tool.
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To begin to get a sense of the general utility of Euler’s method, let’s use it
in a new setting. Here is a simple problem that involves just a single variable
y that depends on t.

rate equation: ' = .1y <1 - 15%)’

initial condition: y = 100 when t = 0.

To solve the problem we must find the function y(¢) determined by this rate
equation and initial condition. We’ll work without a context, in order to
emphasize the purely mathematical nature of Euler’s method. However, this
rate equation is one member of a family called logistic equations frequently
used in population models. We will explore this context in the exercises.

Let’s now construct the function that approximates y(t) on the interval
0 <t <75 using At = .5. We can make the suitable modifications in
SIRPLOT or SIRVALUE to get this approximation. Suppose we want to
view the approximation graphically. Here’s what the modified SIRPLOT
would look like:

Program: modified SIRPLOT

Set up GRAPHICS

tinitial = 0

tfinal = 75
t = tinitial
y = 100

numberofsteps = 150
deltat = (tfinal - tinitial)/numberofsteps
FOR k = 1 TO numberofsteps
yprime = .1 x y *x (1 - y / 1000)
deltay = yprime * deltat
Plot the line from (t, y) to (t + deltat, y + deltay)
t =t + deltat
y =y + deltay
NEXT k

As before, words in italics, like “Plot the line from. . . to” need to be translated
into the specific formulation required by the computer language you are using.
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When we run this program, we get the following graph (axes and scales
have been added):

Yi
1000¢
800¢
600
400¢

2007

—'

10 20 30 40 50 60 70

As before, what we see here is only an approximation to the true solution
y(t). How can we get some idea of how good this approximation is?

Exact Solutions

For any chosen step size, we can produce an approximate solution to a rate
equation problem. We will call such an approximation an Euler approxi-
mation. In the last section we saw that we can improve the accuracy of the
approximation by making the steps smaller and using more of them.

For example, we have already found an approximate solution to the prob-
lem

=y (1- ) —1
y' =1y Too) ¢ ¥(0) =100

on the interval 0 < ¢t < 75, using 150 steps of size At = 1/2. Consider
a sequence of Euler approximations to this problem that are obtained by
increasing the number of steps from one stage to the next. To be system-
atic, let the first approximation have 1 step, the next 2, the next 4, and so
on. (The important feature is that the number of steps increases from one
approximation to the next, not necessarily that they double—going up by
powers of 10 would be just as good. A slight advantage in using powers of 2
is to maximize computer accuracy.) The number of steps thus has the form
2971 where j =1, 2, 3, .... If we use y;(t) to denote the approximating
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function with 27=! steps, then we have an unending list:

y1(t) : Euler’s approximation with 1 step
y2(t) : Euler’s approximation with 2 steps
y3(t) : Euler’s approximation with 4 steps

y;(t) : Euler’s approximation with 277! steps

Here are the graphs of y;(¢) for j = 1,2,...,7 plus the graph of y;1(t):
Y

1250+
1000~
750 -
500 -

250 -

10 20 30 40 50 60 70 t
These functions form a sequence of successive approximations to the

true solution y(t), which is obtained by taking the limit, as we did in the
last section:

y(t) = lim y;(t).

J]—00

Earlier we noticed how the digits in the estimates for S(3) stabilized. If we
Functions and graphs  plot the approximations y;(t) together we’ll find that they stabilize, too. Each
can be limits, too graph in the sequence is different from the preceding one, but the differences
diminish the larger j becomes. Eventually, when j is large enough, the graph
of yj11 does not differ noticeably from the graph of y;. That is, the position
of the graph stabilizes in the coordinate plane. In this example, at the scale
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in the graph above, this happens around j = 11. If we had drawn the graph
of y15 or ys9, it would not have been distinguishable from the graph of 3. It
is this entire process of calculating a sequence of successive approximations
using increasingly many steps as far as is needed to get the desired level of
stabilization that is meant when we talk about Euler’s method.

The program SEQUENCE shown below plots 14 Euler approximations
to y(t), increasing the number of steps by a factor of 2 each time. It demon-
strates how the graphs of y;(t) stabilize to define y(t) as their limit.

Program: SEQUENCE
A sequence of graphs for y’ = .1y(1 — y/1000); y(0) = 100

Set up GRAPHICS
FOR j = 1 TO 14
tinitial = 0 )
tfinal = 75
t = tinitial
y = 100
numberofsteps = 2 ~ (j - 1)
deltat = (tfinal - tinitial) / numberofsteps
FOR k = 1 TO numberofsteps
yprime = .1 x y * (1 -y / 1000)
deltay = yprime * deltat
Plot the line from (t, y)
to (t + deltat, y + deltay)
Color the line with color j
t =t + deltat
y =y + deltay
NEXT k )
NEXT j

Program:

Notice that SEQUENCE contains the program SIRPLOT embedded in
a loop that executes SIRPLOT 14 times. In this way SEQUENCE plots 14
different graphs. The only new element that has been added to SIRPLOT is
“Color the line with color j”. When you express this in your programming
language it instructs the computer to draw the j-th graph using color number
J in the computer’s “palette.” In the exercises you are asked to use the
program SEQUENCE to explore the solutions to a number of rate equation
problems.
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Approximate solutions versus exact

By constructing successive approximations to the solution of a rate equation
problem, using a sequence of step sizes deltat = At that shrink to 0, we
obtain the ezact solution in the limit.

In practice, though, all we can ever get are particular approximations.
However, we can control the level of precision in our approximations by
adjusting the step size. If we are dealing with a model of some real process,
then this is typically all we need. For example, when it comes to interpreting
the S-I-R model, we might be satisfied to predict that there will be about
40500 susceptibles remaining in the population after three days. The table
on page 66 indicates we would get that level of precision using a step size of
about At = 1072, Greater precision than this may be pointless, because the
modelling process—which converts reality to mathematics—is itself only an
approximation.

The question we asked in the last section—In what sense do we know a
number?—applies equally to the functions we obtain using Euler’s method.
That is, even if we can characterize a function quite precisely as the solution of
a particular rate equation, we may be able to evaluate it only approximately.

A Caution

We have now seen how to take a set of rate equations and find approximations
to the solution of these equations to any degree of accuracy desired. It
is important to remember that all these mathematical manipulations are
only drawing inferences about the model. We are essentially saying that if
the original equations capture the internal dynamics of the situation being
modelled, then here is what we would expect to see. It is still essential at some
point to go back to the reality being modeled and check these predictions to
see whether our original assumptions were in fact reasonable, or need to be
modified. As Alfred North Whitehead has said:

There is no more common error than to assume that, because pro-
longed and accurate mathematical calculations have been made,
the application of the result to some fact of nature is absolutely
certain.
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Exercises

Approximate solutions

1. Modify SIRVALUE and SIRPLOT to analyze the population of Poland
(see exercise 25 of chapter 1, page 47). We assume the population P(t)
satisfies the conditions

P'=.009P and P(0)= 37,500,000,

where ¢ is years since 1985. We want to know P 100 years into the future;
you can assume that P does not exceed 100,000,000.

a) Estimate the population in 2085.
b) Sketch the graph that describes this population growth.

The Logistic Equation

Suppose we were studying a population of rabbits. If we turn 100 rabbits
loose in a field and let y(¢) be the number of rabbits at time ¢ measured in
months, we would like to know how this function behaves. The next several
exercises are designed to explore the behavior of the rate equation

y =1y <1 - 15@) ; y(0) =100

and see why it might be a reasonable model for this system.

2. By modifying SIRVALUE in the way we modified SIRPLOT to get SE-
QUENCE, obtain a sequence of estimates for y(37) that allows you to specify
the exact value of y(37) to two decimal places accuracy.

3. a) Referring to the graph of y(¢) obtained in the text on page 82, what
can you say about the behavior of y as t gets large?

b) Suppose we had started with y(0) = 1000. How would the population
have changed over time? Why?

¢) Suppose we had started with y(0) = 1500. How would the population
have changed over time? Why?

d) Suppose we had started with y(0) = 0. How would the population have
changed over time? Why?
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e) The number 1000 in the denominator of the rate equation is called the
carrying capacity of the system. Can you give a physical interpretation
for this number?

4. Obtain graphical solutions for the rate equation for different values of
the carrying capacity. What seems to be happening as the carrying capacity
is increased? (Don’t restrict yourself to ¢ = 37 here.) In this problem and
the next you should sketch the different solutions on the same set of axes.

5. Keep everything in the original problem unchanged except for the con-
stant .1 out front. Obtain graphical solutions with the value of this constant
= .05, .2, .3, and .6. How does the behavior of the solution change as this
constant changes?

6. Returning to the original logistic equation, modify SIRVALUE or DO-
WHILE to find the value for ¢ such that y(¢) = 900.

7. Suppose we wanted to fit a logistic rate equation to a population, starting
with y(0) = 100. Suppose further that we were comfortable with the 1000 in
the denominator of the equation, but weren’t sure about the .1 out front. If
we knew that y(20) = 900, what should the value for this constant be?

Using SEQUENCE

8. Each Euler approximation is made up of a certain number of straight
line segments. What instruction in the program SEQUENCE determines the
number of segments in a particular approximation? The first graph drawn
has only a single segment. How many does the fifth have? How many does
the fourteenth have?

9. What is the slope of the first graph? What are the slopes of the two
parts of the second graph? [You should be able to answer these questions
without resorting to a computer.]

10.  Modify the line in the program SEQUENCE which determines the num-
ber of steps by having it read numberofsteps = j, and run the modified pro-
gram. Again, we are getting a sequence of approximations, with the number
of steps increasing each time, but the approximations don’t seem to be get-
ting all that close to anything. Explain why this modified program isn’t as
effective for our purposes as the original.
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11.  Modify SEQUENCE to produce a sequence of Euler approximations to
the function y(t) that satisfies the conditions

y=2y(b—y) and y(0)=1.
on the interval 0 < ¢ < 10. [You need to change the final ¢ value in the
program, and you also need to ensure that the graphs will fit on your screen.]

a) What is y(10)? [If you add the line PRINT j, y just before the line NEXT
j, a sequence of 14 estimates for y(10) will appear on the screen with the
graphs.]

b) Make a rough sketch of the graph that is the limit of these approxima-
tions. The right half of the limit graph has a distinctive feature; what is
it?

¢) Without doing any calculations, can you estimate the value of y(50)?
How did you arrive at this value?

d) Change the initial condition from y(0) =1 to y(0) = 9. Construct the
sequence of Euler approximations beginning with numberofsteps being 1,
and make a rough sketch of the limit graph. What is y(10) now? Explain
why the first several approximations look so strange.

12. Modify SEQUENCE to construct a sequence of Euler approximations
for population of Poland (from exercise 1, above). Sketch the limit graph
P(t), and mark the values of P(0) and P(100) at the two ends.

13.  Construct a sequence of Euler approximations to the function y(t) that
satisfies the conditions

y'=2t and y(0)=0

over the interval 0 < ¢ < 2. Note that this time the rate 3’ is given in
terms of ¢, not y. Euler’s method works equally well. Using your sequence
of approximations, estimate y(2). How accurate is your estimate?

14. Construct a sequence of Euler approximations to the function y(t) that
satisfies the conditions

y' = and y(0)=0

1+¢2
over the interval 0 <t < 1. Estimate y(1). How accurate is your estimate?
[Note: the exact value of y(1) is 7, which your estimates may have led you to

expect. By using special methods we shall develop much later we can prove
that y(1) = 7]
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2.3 Approximate Solutions

Our efforts to find the functions that were determined by the rate equations
for the S-I-R model have brought to light several important issues:

e We often have to deal with a question that does not have a simple,
straightforward answer; perhaps we are trying to determine a quantity
(like the square root of 2, or S(3) in the S-I-R model), to find some
function (like S(t)), or to understand a process (like an epidemic, or
buying and selling in a market). An approximation can get us started.

e In many instances, we can make repeated improvements in the approx-
imation. If these successive approximations get arbitrarily close to
the unknown, and they do it quickly enough, that may answer the ques-
tion for all practical purposes. In many cases, there is no alternative.

e The information that successive approximations give us is conveyed in
the form of a limit.

e The method of successive approximations can be used to evaluate many
kinds of mathematical objects, including numbers, graphs, and func-
tions.

e Limit processes give us a valuable tool to probe difficult questions.
They lie at the heart of calculus.

Even the process of building a mathematical model for a physical system can be seen as an
instance of successive approximations. We typically start with a simple model (such as the S-I-
R model) and then add more and more features to it (e.g., in the case of the S-I-R model we
might divide the population into different subgroups, have the parameters in the model depend
on the season of the year, make immunity of limited duration, etc.). Is it always possible, at
least in theory, to get a sequence of approximating mathematical models that approaches reality
in the limit?

In the following chapters we will apply the process of successive approx-
imation to many different kinds of problems. For example, in chapter 3 the
problem will be to get a better understanding of the notion of a rate of change
of one quantity with respect to another. Then, in chapter 4, we will return to
the task of solving rate equations using Euler’s method. Chapter 6 introduces
the integral, defining it through a sequence of successive approximations. As
you study each chapter, pause to identify the places where the method of
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successive approximations is being used. This can give you insight into the
special role that calculus plays within the broader subject of mathematics.

To illustrate the general utility of the method, we end this chapter by
returning to the problem raised in section 1 of constructing the values of /2
and 7 to an arbitrary number of decimal places.

Calculating m—The Length of a Curve

Humans were grappling with the problem of calculating 7 at least 3000 years
ago. In his work Measurement of the Circle, Archimedes (287-212 B.C.) used
the method of successive approximations to calculate 7 = 3.14 ... . He did
this by starting with a circle of diameter 1, constructing an inscribed and
a circumscribed hexagon, and calculating the lengths of their perimeters.
The perimeter of the circumscribed hexagon was clearly an overestimate
for m, while the perimeter of the inscribed hexagon was an underestimate.
He then improved these estimates by going from hexagons to inscribed and
circumscribed 12-sided polygons and again calculating the perimeters. He
repeated this process of doubling the number of sides until he had inscribed
and circumscribed polygons with 96 sides. These left him with his final
estimate

2841 6675

<m<3

3.1409...=3
20174 46731

= 3.1428 . ..

In grade school we learned a nice simple formula for the length of a circle,
but that was about it. We were never taught formulas for the lengths of
other simple curves like elliptic or parabolic arcs, for a very good reason—
there are no such formulas. There are various physical approaches we might
take. For example, we could get a rough approximation by laying a piece of
string along the curve, then picking up the string and measuring it with a
ruler. Instead of a physical solution, we can use the essence of Archimedes’
insight of approximating a circle by an inscribed “polygon”—what we have
earlier called a piecewise linear graph—to determine the length of any curve.
The basic idea is reminiscent of the way we made successive approximations
to the functions S(¢), I(t), and R(t) in the first section of this chapter. Here
is how we will approach the problem:

e approximate the curve by a chain of straight line segments;

e measure the lengths of the segments;
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e use the sum of the lengths as an approximation to the true length of
the curve.

Repeat this process over and over, each time using a chain that has shorter
segments (and therefore more of them) than the last one. The length of the
curve emerges as the limit of the sums of the lengths of the successive chains.

Distance Formula If we are given two points P;(z1,¥;) and
Py(z5,y2) in the plane, then the distance between them is just

d =/ Az? + Ay?
= \/(1'2 —21)% + (y2 — y1)?

That this follows directly from the Pythagorean theorem can be
seen from the picture below:

Y

X
We’'ll demonstrate how this pro- Yy
cess works on a parabola. Specifi- (1,1)
cally, consider the graph of y = 2?2 / ’
on the interval 0 < z < 1. At the
right we have sketched the graph and y = 2?

our initial approximation. It is a
piecewise linear approximation with
two segments whose end points have
equally spaced z-coordinates.

(.5,.25)

We can use the distance formula to find the lengths of the two sxegments.
first segment :/(.5 — 0)2 + (.25 — 0)2 = .559016994
second segment :1/(1 —.5)2 + (1 — .25)2 = .901387819
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Their total length is the sum
.559016994 + .901387819 = 1.460404813.

The following program prints out the lengths of the two segments and
their total length.

Program: LENGTH
Estimating the length of y = 2 over 0 < z < 1

DEF fnf (x) = x = 2

xinitial =0

xfinal =1

numberofsteps = 2

deltax = (xfinal - xinitial) / numberofsteps
total = 0

FOR k = 1 TO numberofsteps

x1 = xinitial + (k - 1) * deltax
Xxr = Xinitial + k * deltax

yl = fnf(x1)

yr = fnf(xr)

segment = SQR((xr - x1) ~ 2 + (yr - yl) =~ 2)
total = total + segment
PRINT k, segment

NEXT k

PRINT numberofsteps, total

Finding Roots with a Computer

When we casually turn to our calculator and ask it for the value of \/i, what Calculators and
does it really do? Like us, the calculator can only add, subtract, multiply, —computers really work
and divide. Anything else we ask it to do must be reducible to these oper- by making
ations. In particular, the calculator doesn’t really “know” the value of /2. approximations
What it does know is how to approximate v/2 to, say, 12 significant figures

using only elementary arithmetic. In this section we will look at two ways we

might do this. Apart from the fact that both approaches use successive ap-

proximations, they are remarkably different in flavor. One works graphically,

using a computer graphing package, and the other is a numerical algorithm

that is about 4000 years old.
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A geometric approach

Exercise 9 on page 40 considered the problem of finding the roots of f(z) =
1 — 222 A bit of algebra confirms that v/2/2 is a root—i.e., f(v/2/2) = 0.
The question is: what is the numerical value of \/2/2?

We'll answer this question by constructing a sequence of approximations
that add digits, one at a time, to an estimate for v/2 /2. Since the root lies at
the point where the graph of f crosses the z-axis, we just magnify the graph
at this point over and over again, “trapping” the point between x values that
can be made arbitrarily close together.

first digit first siz digits
determined T determined

3.707107

-1 z 1 .60 x .80 707100 z 707110

The graph of y = 1 — 222 under successive magnifications

If we make each stage a ten-fold magnification over the previous one, then,
as we zoom in on the next smaller interval that contains the root, one more
digit in our estimate will be stabilized. The first six stages are described
in the table below. They tell us \/i/ 2 = .707106. .. to six decimal places
accuracy.

Since this method of finding roots requires only that we be able to plot
successive magnifications of the graph of f on a computer screen, the method
can be applied to any function that can be entered into a computer.

The positive root of 1 — 222

when the root lies between: the decimal expansion
lower value upper value of the root begins with
.70 .80 7
.700 710 .70
7070 7080 707
70710 70720 7071
707100 707110 70710

7071060 7071070 707106
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An algebraic approach — the Babylonian algorithm

About 4000 years ago Babylonian builders had a method for constructing
the square root of a number from a sequence of successive approximations.
To demonstrate the method, we’ll construct v/5. We want to find  so that

22 =5 or T = —.

The second expression may seem a peculiar way to characterize x, but it is
at least equivalent to the first. The advantage of the second expression is
that it gives us two numbers to consider: z and 5/x.

For example, suppose we guess that x = 2. Of course this is incorrect,
because 22 = 4, not 5. The two numbers we get from the second expression
are 2 and 5/2 = 2.5. One is smaller than /5, the other is larger (because
2.5% = 6.25). Perhaps their average is a better estimate. The average is 2.25,
and 2.25%2 = 5.0625.

Although 2.25 is not \/5, it is a better estimate than either 2.5 or 2. If
we change x to 2.25, then

5
x =225, —=2222, and their average is 2.236 .
x

Is 2.236 a better estimate than 2.5 or 2.2227 Indeed it is: 2.2362 = 4.999696.
If we now change x to 2.236, a remarkable thing happens:

5
xr=2236, — =2.236, and their average is 2.236!
x

In other words, if we want accuracy to three decimal places, we have already
found /5. All the digits have stabilized.

Suppose we want greater accuracy? Our routine readily obliges. If we set
xr = 2.236000, then

5
xr = 2.236000, — =2.236136, and their average is 2.236068 .
x

In fact, /5 = 2.236068 . . . is accurate to six decimal places.
Here is a summary of the argument we have just developed, expressed in
terms of \/a for an arbitrary positive number a.
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If x is an estimate for +/a,
then the average of = and a/x

is a better estimate.

Once we choose an initial estimate, this argument constructs a sequence of
successive approximations to y/a. The process of constructing the sequence
is called the Babylonian algorithm for square roots.

A procedure that tells us how to carry out a sequence of steps, one at
a time, to reach a specific goal is called an algorithm. Many algebraic
processes are algorithms. The word is a Latinization of the name of the
Persian astronomer Muhammad al-Khwarizmi (c¢.780 A.D.—c.850 A.D.), who
lived and worked in Baghdad. The title of his seminal book Hisab al-jabr
wal-muga bala (830 A.D.)—usually referred to simply as al-Jabr—has a Latin
form that is even more familiar to mathematics students.

The Babylonian algorithm takes the current estimate x for y/a that we
have at each stage and says “replace = by the average of x and a/x.” This kind
of instruction is ideally suited to a computer, because A = B in a computer
program means “replace the current value of A by the current value of B.” In
the program BABYLON printed below, the algorithm is realized by a FOR -
NEXT loop with a single line that reads “x = (x + a / x) / 2".

The three-step procedure that we used in chapter 1 to obtain values of
S, I, and R in the epidemic problem is also an algorithm, and for that
reason it was a straightforward matter to express it as the computer program

SIRVALUE.
Program: BABYLON
An algorithm to find \/a

a=>5 Output:
x =2 2.25
n==6 2.236111
FORk =1T0n 2.236068

x=(@x+a/x) /2 2.236068

PRINT x 2.236068
NEXT k 2.236068
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Exercises

In many of the questions below you are asked to do things like divide an arc
into 2,000,000 segments or find a certain number to 8 decimal places. This
assumes you have fast computers available. If you are using slower machines
or programmable calculators, you should certainly feel free to scale back
what is called for—perhaps to 200,000 segments or 6 decimal places. Use
your own common sense; there’s no value in sitting in front of a screen for an
hour waiting for an answer to emerge. To approximate a length by 200,000
segments will take 10 times as long as to approximate it by 20,000 segments,
which in turn will take 10 times as long as the 2,000 segment approximation.
If you start with the cruder approximations, you should be able to get a good
sense of what is reasonable to attempt with the facilities you have available,
and modify what the problems call for accordingly.

1. By using a computer to graph y = 2% — 2%, find the solutions of the
equation 2% = 2% to four decimal place accuracy.

The program LENGTH

2. Run the program LENGTH to verify that it gives the lengths of the
individual segments and their total length.

3. What line in the program gives the instruction to work with the function
f(z) = 22?7 What line indicates the number of segments to be measured?

4. FEach segment has a left and a right endpoint. What lines in the program
designate the z- and y-coordinates of the left endpoint; the right endpoint?

5. Where in the program is the length of the k-th segment calculated? The
segment is treated as the hypotenuse of a triangle whose length is measured
by the Pythagorean theorem. How is the base of that triangle denoted in the
program? How is the altitude of that triangle denoted?

6. Modify the program so that it uses 20 segments to estimate the length
of the parabola. What is the estimated value?

7. Modify the program so that it estimates the length of the parabola us-
ing 200, 2,000, 20,000, 200,000, and 2,000,000 segments. Compare your
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96 CHAPTER 2. SUCCESSIVE APPROXIMATIONS

results with those tabulated below. [To speed the process up, you will cer-
tainly want to delete the PRINT k, segment statement that appears inside
the loop. Do you see why?]

Number Sum
of line segments of their lengths
2 1.460404 813
20 1.478 756 512
200 1.478 940994
2000 1.478 942 839
20000 1.478 942 857
200000 1.478 942857
2000000 1.478 942857

8. What is the length of the parabola y = 22 over the interval 0 < z < 1,
correct to 8 decimal places? What is the length, correct to 12 decimal places?

9. Starting at the origin, and moving along the parabola y = 22, where are
you when you’ve gone a total distance of 107

10. Modify the program to find the length of the curve y = 3 over the
interval 0 < x < 1. Find a value that is correct to 8 decimal places.

11. Back to the circle. Consider the unit circle centered at the origin.
Pythagoras’ Theorem shows that a point (x,y) is on the circle if and only if
2?4+ 1y? = 1. If we solve this for y in terms of z, we get y = £v/1 — 22, where
the plus sign gives us the upper half of the circle and the minus sign gives
the lower half. This suggests that we look at the function g(z) = v/1 — z2.
The arclength of g(z) over the interval —1 < x < 1 should then be exactly
Tr.

a) Divide the interval into 100 pieces—what is the corresponding length?

b) How many pieces do you have to divide the interval into to get an accuracy
equal to that of Archimedes?

c) Find the length of the curve y = g(x) over the interval —1 < x < 1,
correct to eight decimal places accuracy.

4
1+ 22

12.  This question concerns the function h(z) =
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a) Sketch the graph of y = h(x) over the interval —2 < z < 2.
b) Find the length of the curve y = h(z) over the interval —2 < x < 2.

13. Find the length of the curve y = sinx over the interval 0 < x < 7.

The program BABYLON

14. Run the program BABYLON on a computer to verify the tabulated
estimates for v/5.

15. In whatever computer language you are using, it should be possible to
tell the computer to print out more decimals. Your teacher can tell you
how this is handled on your computers. Modify BABYLON to run with at
least 14-digit precision in this and the following problems. Also modify the
program so it prints out the square of the estimate each time as well. What
is the estimated value of v/5 in this circumstance? How many steps were
needed to get this value? Use the square of this estimate as a measure of its
accuracy. What is the square?

16. Use the Babylonian algorithm to find 1/80.

a) First use 2 as your initial estimate. How many steps are needed for the
calculations to stabilize—that is, to reach a value that doesn’t change from
one step to the next?

b) Since 92 = 81, a good first estimate for /80 is 9. How many steps are
needed this time for the calculations to stabilize? Are the final values in (a)
and (b) the same?

17. Use the Babylonian algorithm to find v/250 and /1990. If you use
2 as the initial estimate in each case, how many steps are needed for the
calculations to stabilize? If you use the integer nearest to the final answer as
your initial estimate, then how many steps are needed? Square your answers
to measure their accuracy.

18.  The Babylonian algorithm is considered to be very fast, in the sense
that each stage roughly doubles the number of digits that stabilize. Does your
work on the preceding exercises confirm this observation? By comparison,
is the routine that got the estimates for S(3) (computed with the program
SIRVALUE) faster or slower than the Babylonian algorithm?
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2.4 Chapter Summary

The Main Ideas

The exact numerical value of a quantity may not be known; the value
is often given by an approximation.

A numerical quantity is often given as the limit of a sequence of suc-
cessive approximations.

When a particular digit in a sequence of successive approximations
stabilizes, that digit is assumed to appear in the limit.

Euler’s method is a procedure to construct a sequence of increas-
ingly better approximations of a function defined by a set of rate
equations and initial conditions. Each approximation is a piecewise
linear function.

The exact function defined by a set of rate equations and initial condi-
tions can be expressed as the limit of a sequence of successive Euler
approximations with smaller and smaller step sizes.

Expectations

You should be able to use a program to construct a sequence of
estimates for S, I, and R, given a specific S-I-R model with initial
conditions.

You should be able to modify the SIRVALUE and SIRPLOT programs
to construct a sequence of estimates for the values of functions defined
by other rate equations and initial conditions.

You should be able to use programs that construct a sequence of Eu-
ler approximations for the function defined by a rate equation with
an initial condition. The programs should provide both tabular and
graphical output.

You should be able to estimate the values of the roots of an equation
f(x) = 0 using a computer graphing package.
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e You should be able to find a square root using the Babylonian algo-
rithm.

e You should be able to find the length of any piece of any curve.
Chapter Exercises

1. a) We have considered the logistic equation

v =1 (1~ )

On page 81 we looked at the resulting graph of y vs. t, using the starting
value y(0) = 100. There is another graphical interpretation, though, that is
also instructive. Note that the logistic equation specifies 3" as a function of y.
Sketch the graph of this function. That is, plot y values on the horizontal
axis and gy’ values on the vertical axis; points on the graph will thus be of
the form (y,y’), where the y’-coordinate is the value given by the logistic
equation for the given y value. What shape does the graph have?

b) For what value of y does this graph take on its largest value? Where does
this y value appear in the graph of y(t) versus ¢?

¢) For what values of y does the graph of y’ versus y cross the y-axis? Where
do these y values appear in the graph of y(t) versus t7

Grids on Graphs

When writing a graphing program it is often useful to have the computer draw
a grid on the screen. This makes it easier to estimate numerical values, for
instance. We can use a simple FOR-NEXT loop inside a program to do this.
For instance, suppose we had written a program (SIRPLOT or SEQUENCE,
for instance) with the graphics already in place. Suppose the screen window
covered values from 0 to 100 horizontally, and 0 to 50,000 vertically. If we
wanted to draw 21 vertical lines (including both ends) spaced 5 units apart
and 11 horizontal lines spaced 5,000 units apart, the following two loops
inserted in the program would work:
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FOR k = 0 TO 20
Plot the line from (5 * k, 0) to (56 * k, 50000)
NEXT k

FOR k = 0 TO 10
Plot the line from (0, 5000 * k) to (100, 5000 * k)
NEXT k

You should make sure you see how these loops work and that you can modify
them as needed.

2. If the screen window runs from —20 to 120 horizontally, and 250 to 750
vertically, how would you modify the loops above to create a vertical grid
spaced 10 units apart and a horizontal grid spaced 25 units apart?

3.  Go back to our basic S-I-R model. Modify SIRPLOT to calculate and
plot on the same graph the values of S(t), I(t), and R(t) for ¢t going from 0
to 120, using a stepsize of At = .1. Include a grid with a horizontal spacing
of 5 days, and a vertical spacing of 2000 people. You should get something
that looks like this:

|1
\
\ Y
\ Y
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\ /
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Chapter 3

The Derivative

In developing the S-I-R model in chapter 1 we took the idea of the rate of
change of a population as intuitively clear. The rate at which one quantity
changes with respect to another is a central concept of calculus and leads to a
broad range of insights. The chief purpose of this chapter is to develop a fuller
understanding—both analytic and geometric—of the connection between a
function and its rate of change. To do this we will introduce the concept of
the derivative of a function.

3.1 Rates of Change

The Changing Time of Sunrise

The sun rises at different times, depending on the date and location. At 40°
N latitude (New York, Beijing, and Madrid are about at this latitude) in the
year 1990, for instance, the sun rose at

7:16 on January 23,
5:58 on March 24,
4:52  on July 25.

Clearly the time of sunrise is a function of the date. If we represent the time
of sunrise by 7' (in hours and minutes) and the date by d (the day of the
year), we can express this functional relation in the form 7' = T'(d). For
example, from the table above we find 7'(23) = 7:16. It is not obvious from
the table, but it is also true that the the rate at which the time of sunrise
is changing is different at different times of the year—7T" varies as d varies.

101
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102 CHAPTER 3. THE DERIVATIVE

We can see how the rate varies by looking at some further data for sunrise
at the same latitude, taken from The Nautical Almanac for the Year 1990:

date time date time date time

January 20 7:18 March 21 6:02 July 22 4:49

23 7:16 24 5:58 25 4:52

26 7:14 27 5:53 28 4:54
Let’s use this table to estimate the rate at which the time of sunrise is
Calculate the rate changing on January 23. We'll use the times three days earlier and three
using earlier and days later, and compare them. On January 26 the sun rose 4 minutes earlier
later dates than on January 20. This is a change of —4 minutes in 6 days, so the rate of

change is .
minutes

~ —.67 minutes per day.
6 days

We say this is the rate at which sunrise is changing on January 23, and we

write )
minutes

/ ~ —
T'(23) =~ —.67 day
The rate is negative because the time of sunrise is decreasing—the sun is
rising earlier each day.

Similarly, we find that around March 24 the time of sunrise is changing
approximately —9/6 = —1.5 minutes per day, and around July 25 the rate
is 5/6 ~ +.8 minutes per day. The last value is positive, since the time of
sunrise is increasing—the sun is rising later each day in July. Since March
24 is the 83rd day of the year and July 25 is the 206th, using our notation
for rate of change we can write

minutes minutes

T'(83) ~ —1.5 . T'(206) ~ 8

day day

Notice that, in each case, we have calculated the rate on a given day by using times shortly
before and shortly after that day. We will continue this pattern wherever possible. In particular,
you should follow it when you do the exercises about a falling object, at the end of the section.

Once we have the rates, we can estimate the time of sunrise for dates not
given in the table. For instance, January 28 is five days after January 23, so
the total change in the time of sunrise from January 23 to January 28 should
be approximately

inut
AT ~ —.67 minutes x 5 days = —3.35 minutes.
day
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In whole numbers, then, the sun rose 3 minutes earlier on January 28 than
on January 23. Since sunrise was at 7:16 on the 23rd, it was at 7:13 on the
28th.

By letting the change in the number of days be negative, we can use this
same reasoning to tell us the time of sunrise on days shortly before the given
dates. For example, March 18 is —6 days away from March 24, so the change
in the time of sunrise should be

inut
AT ~ —1.5 % X —6 days = +9 minutes.

ay
Therefore, we can estimate that sunrise occurred at 5:58 + 0:09 = 6:07 on
March 18.

Changing Rates

Suppose instead of using the tabulated values for March we tried to use our
January data to predict the time of sunrise in March. Now March 24 is
60 days after January 23, so the change in the time of sunrise should be
approximately

AT ~ —.67 minutes x 60 days = —40.2 minutes,
day

and we would conclude that sunrise on March 24 should be at about 7:16
— 0:40 = 6:37, which is more than half an hour later than the actual time!
This is a problem we met often in estimating future values in the S-I-R
model. implicitly assume that the time of sunrise changes at the fixed rate
of —.67 minutes per day over the entire 60-day time-span. But this turns out
not to be true: the rate actually varies, and the variation is too great for us
to get a useful estimate. Only with a much smaller time-span does the rate
not vary too much.

Here is the same lesson in another context. Suppose you are travelling in
a car along a busy road at rush hour and notice that you are going 50 miles
per hour. You would be fairly confident that in the next 30 seconds (1/120
of an hour) you will travel about

miles 1

—0h = — mile = 2200 feet.
our X 120 our B mile 00 feet

The actual value ought to be within 50 feet of this, making the estimate
accurate to within about 2% or 3%. On the other hand, if you wanted to

A position & 50
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estimate how far you would go in the next 30 minutes, your speed would
probably fluctuate too much for the calculation

miles

1
A position & 50 X 3 hours = 25 miles

our

to have the same level of reliability.

Other Rates, Other Units

In the S-1-R model the rates we analyzed were population growth rates.
They told us how the three populations changed over time, in units of persons
per day. If we were studying the growth of a colony of mold, measuring its
size by its weight (in grams), we could describe its population growth rate
in units of grams per hour. In discussing the motion of an automobile, the
rate we consider is the velocity (in miles per hour), which tells us how the
distance from some starting point changes over time. We also pay attention
to the rate at which wvelocity changes over time. This is called acceleration,
and can be measured in miles per hour per hour.

While many rates do involve changes with respect to time, other rates
do not. Two examples are the survival rate for a disease (survivors per
thousand infected persons) and the dose rate for a medicine (milligrams per
pound of body weight). Other common rates are the annual birth rate and
the annual death rate, which might have values like 19.3 live births per 1,000
population and 12.4 deaths per 1,000 population. Any quantity expressed
as a percentage, such as an interest rate or an unemployment rate, is a
rate of a similar sort. An unemployment rate of 5%, for instance, means
5 unemployed workers per 100 workers. There are many other examples of
rates in the economic world that make use of a variety of units—exchange
rates (e.g., francs per dollar), marginal return (e.g., dollars of profit per dollar
of change in price).

Sometimes we even want to know the rate of change of one rate with
respect to another rate. For example, automobile fuel economy (in miles per
gallon—the first rate) changes with speed (in miles per hour—the second
rate), and we can measure the rate of change of fuel economy with speed.
Take a car that goes 22 miles per gallon of fuel at 50 miles per hour, but only
19 miles per gallon at 60 miles per hour. Then its fuel economy is changing

Copyright 1994, 2008 Five Colleges, Inc.
DVI file created at 11:36, 1 February 2008



3.1. RATES OF CHANGE 105

approximately at the rate
A fuel economy 19 — 22 miles per gallon

A speed ~ 60 — 50 miles per hour

= —.3 miles per gallon per mile per hour.

Exercises

A falling object. These questions deal with an object that is held motion-
less 10,000 feet above the surface of the ocean and then dropped. Start a
clock ticking the moment it is dropped, and let D be the number of feet it
has fallen after the clock has run ¢ seconds. The following table shows some
of the values of t and D.

time distance
(seconds)  (feet)
0 0.00
1 15.07
2 56.90
3 121.03
4 203.76
5 302.00
6 413.16
7 535.10

1. What units do you use to measure velocity—that is, the rate of change
of distance with respect to time—in this problem?

2. a) Make a careful graph that shows these eight data points. Put time
on the horizontal axis. Label the axes and indicate the units you are using
on each.

b) The slope of any line drawn on this time-distance graph has the units of
a velocity. Explain why.

3. Make three estimates of the velocity of the falling object at the 2 second
mark using the distances fallen between these times:

i) from 1 second to 2 seconds;

ii) from 2 seconds to 3 seconds;

iii) from 1 second to 3 seconds.
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4. a) Each of the estimates in the previous question corresponds to the
slope of a particular line you can draw in your graph. Draw those lines and
label each with the corresponding velocity.

b) Which of the three estimates in the previous question do you think is
best? Explain your choice.

5. Using your best method, estimate the velocity of the falling object after
4 seconds have passed.

6. Is the object speeding up or slowing down as it falls? How can you tell?

7. Approximate the velocity of the falling object after 7 seconds have passed.
Use your answer to estimate the number of feet the object has fallen after
8 seconds have passed. Do you think your estimate is too high or too low?
Why?

8. For those of you attending a school at which you pay tuition, find out
what the tuition has been for each of the last four years at your school.

a) At what rate has the tuition changed in each of the last three years?
What are the units? In which year was the rate the greatest?

b) A more informative rate is often the inflation rate which doesn’t look at
the dollar change per year, but at the percentage change per year—the dollar
change in tuition in a year’s time expressed as a percentage of the tuition at
the beginning of the year. What is the tuition inflation rate at your school
for each of the last three years? How do these rates compare with the rates
you found in part (a)?

c¢) If you were interested in seeing how the inflation rate was changing over
time, you would be looking at the rate of change of the inflation rate. What
would the units of this rate be? What is the rate of change of the inflation
rate at your school for the last two years?

d) Using all this information, what would be your estimate for next year’s
tuition?

9. Your library should have several reference books giving annual statistics
of various sorts. A good one is the Statistical Yearbook put out by the United
Nations with detailed data from all over the world on manufacturing, trans-
portation, energy, agriculture, tourism, and culture. Another is Historical

Copyright 1994, 2008 Five Colleges, Inc.
DVI file created at 11:36, 1 February 2008



3.1. RATES OF CHANGE 107

Statistics of the United States, Colonial Times — 1970. Select an interest-
ing quantity and compare its growth rate at different times or for different
countries. Calculate this growth rate over a stretch of four or five years and
report whether there are any apparent patterns. Calculate the rate of change
of this growth rate and interpret its values.

10.  Oceanographers are very interested in the temperature profile of the
part of the ocean they are studying. That is, how does the temperature T
(in degrees Celsius) vary with the depth d (measured in meters). A typical
temperature profile might look something like the following:

temperature

4° 8 12° 16° 20°

250
500
750 e

2 1000
é- 1250
1500
1750
2000

(Note that since water is densest at 4° C, water at that temperature settles
to the bottom.)

a) What are the units for the rate of change of temperature with depth?
b) In this graph will the rate be positive or negative? Justify your answer.

c) At what rate is the temperature changing at a depth of 0 meters? 500
meters? 1000 meters?

d) Sketch a possible temperature profile for this location if the surface is
iced over.

e) This graph is not oriented the way our graphs have been up til now. Why
do you suppose oceanographers (and geologists and atmospheric scientists)
often draw graphs with axes positioned like this?

Copyright 1994, 2008 Five Colleges, Inc.
DVI file created at 11:36, 1 February 2008



108 CHAPTER 3. THE DERIVATIVE
3.2 Microscopes and Local Linearity

The Graph of Data

This section is about seeing 8:00
rates geometrically. We
know from chapter 1 that 7:00

we can visualize the rate of
change of a linear function

as the slope of its graph. 6:00

Can we say the same thing

about the sunrise function? 5:00 - /
The graph of this function

appears at the right; it plots 4:00
the time of sunrise (over the

course of a year at 40° N latitude), as a function of the date. The graph
is curved, so the sunrise function is not linear. There is no immediately
obvious connection between rate and slope. In fact, it isn’t even clear what
we might mean by the slope of this graph! We can make it clear by using a

jan mar may july sept nov

microscope.
Zoom in on the graph Imagine we have a microscope that allows us to “zoom in” on the graph
with a microscope near each of the the three dates we considered in section 1. If we put each

magnified image in a window, then we get the following:

C
8:00
= | - | - g
7:00 ——=
a
- =
]an mar may july sept nov
b ,/
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Notice how different the graph looks under the microscope. First of all, it
now shows up clearly as a collection of separate points—one for each day
of the year. Second, the points in a particular window lie on a line that
is essentially straight. The straight lines in the three windows have very
different slopes, but that is only to be expected.

What is the connection between these slopes and the rates of change we
calculated in the last section? To decide, we should calculate the slope in
each window. This involves choosing a pair of points (dy,77) and (ds, T3) on
the graph and calculating the ratio

AT T -T
Ad  dy—dyi
In window a we’ll take the two points that lie three days on either side of

the central date, January 23. These points have coordinates (20,7:18) and
(26,7:14) (table, page 102). The slope is thus

AT 714 -7:18  —4 minutes 67 minutes

Ad ~ 26—-20  6days day

If we use the same approach in the other two windows we find that the line
in window b has slope —1.5 min/day, while the line in window ¢ has slope
+.8 min/day. These are exactly the same calculations we did in section 1
to determine the rate of change of the time of sunrise around January 23,
March 24, and July 25, and they produce the same values we obtained there:

min min min

T'(23) ~ —.67 —, T'(83) ~ —1.5 —, T'(206) ~ .8 ——.

(23) day (83) day (206) day
This is a crucial observation which we use repeatedly in other contexts; let’s

pause and state it in general terms:

The rate of change of a function at a point is equal to
the slope of its graph at that point, if the graph
looks straight when we view it under a microscope.

The Graph of a Formula

Rates and slopes are really the same thing—that’s what we learn by using a
microscope to view the graph of the sunrise function. But the sunrise graph
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consists of a finite number of disconnected points—a very common situation

when we deal with data. In such cases it doesn’t make sense to magnify the

graph too much. For instance, we would get no useful information from a
High-power window that was narrower than the space between the data points. There is
magpnification is no such limitation if we use a microscope to look at the graph of a function
possible with a formula ;o)) by a formula, though. We can zoom in as close as we wish and still see

a continuous curve or line. By using a high-power microscope, we can learn

even more about rates and slopes.

Consider this rather complicated-looking function:

24 a%cosx 4 1.5"
N 2 + 2 )

f(x)

Let’s find f/(27), the rate of change of f when z = 27. We need to zoom in
on the graph of f at the point (27, f(27)) = (27,69.859043). We do this in
stages, producing a succession of windows that run clockwise from the upper
left. Notice how the graph gets straighter with each magnification.

y
100 78
80 70.4
74
60 70.2
72
40 70
: 70
20 /\ " 69.9
/\ A\ A E
—\7 \flo\/ \up \/ 20/ 30 x . 68 69.6
-20 26.8 269 27 271 272
-40

69.

69.8595 69.863

69.8594 69.862 69.88
69.861

69.8593 . :
69.86 69-86\5\
69.8593 . —
s0.6501 69.859\E\ :
\E\ 69.858 , 6984
69.859 : =

69.857
69.856 26.98 2699 27  27.01 27.02

69.8589

69.8588

26.998 26.999 27 27.001 27.002

26.9998 26.9999 27 27.0001 27.0002
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We will need a way to describe the part of the graph that we see in a window.
Let’s call it the field of view. The field of view of each window is only one-
tenth as wide as the previous one, and the field of view of the last window is
only one-millionth of the first! The last window shows what we would see if
we looked at the original graph with a million-power microscope.

The field of view
of a window

The microscope used to study functions is real, but it is different from the one a biologist uses to
study micro-organisms. Our microscope is a computer graphing program that can “zoom in” on
any point on a graph. The computer screen is the window you look through, and you determine

the field of view when you set the size of the interval over which the graph is plotted.

Here is our point of departure: the rate f’(27) is the slope of the
graph of f when we magnify the graph enough to make it look
straight. But how much is enough? Which window should we use? The
following table gives the slope Ay/Ax of the line that appears in each of the
last four windows in the sequence. For Ax we take the difference between
the x-coordinates of the points at the ends of the line, and for Ay we take
the difference between the y-coordinates. In particular, the width of the field
of view in each case is Ax.

Az Ay Ay/Ax
.04 —1.08150824 x 102 —.270 377066
.004 —1.08933827 x 1073 —.272 334 556
.0004 —1.08941649 x 1074 —.272354 131
.00004 —1.08941728 x 1075 —.272 354 327

As you can see, it does matter how much we magnify. The slopes Ay/Ax
in the table are not quite the same, so we don’t yet have a definite value
for f'(27). The table gives us an idea how we can get a definite value,
though. Notice that the slopes get more and more alike, the more we magnify.
In fact, under successive magnifications the first five digits of Ay/Az have
stabilized. We saw in chapter 2 how to think about a sequence of numbers
whose digits stabilize one by one. We should treat the values of Ay/Ax as
successive approximations to the slope of the graph. The exact value of
the slope is then the limit of these approximations as the width of the field
of view shrinks to zero:

Ay

/ o — 1; -7
f(27) = the slope of the graph = Algilo Ay
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In the limit process we take Ax — 0 because Az is the width of the field of
view. Since five digits of Ay/Az have stabilized, we can write

F1(27) = —.27235. . ..

To find f/(z) at some other point z, proceed the same way. Magnify the
graph at that point repeatedly, until the value of the slope stabilizes. The
method is very powerful. In the exercises you will have an opportunity to
use it with other functions.

By using a microscope of arbitrarily high power, we have obtained further
insights about rates and slopes. In fact, with these insights we can now state
definitively what we mean by the slope of a curved graph and the rate of
change of a function.

Definition. The slope of a graph at a point is the limit of the
slopes seen in a microscope at that point, as the field of view
shrinks to zero.

Definition. The rate of change of a function at a point is the
slope of its graph at that point. Thus the rate of change is also
a limit.

To calculate the value of the slope of the graph of f(z) when x = a, we
have to carry out a limit process. We can break down the process into these
four steps:

1. Magnify the graph at the point (a, f(a)) until it appears straight.

ro

Calculate the slope of the magnified segment.

Bl

Repeat steps 1 and 2 with successively higher magnifications.

-

Take the limit of the succession of slopes produced in step 3.

Local Linearity

The crucial property of a microscope is that it allows us to look at a graph
locally, that is, in a small neighborhood of a particular point. The two
functions we have been studying in this section have curved graphs—Ilike
most functions. But locally, their graphs are straight—or nearly so. This is
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a remarkable property, and we give it a name. We say these functions are
locally linear. In other words, a locally linear function looks like a linear
function, locally.

The graph of a linear function has a definite slope at every point, and
so does a locally linear function. For a linear function, the slope is easy
to calculate, and it has the same value at every point. For a locally linear
function, the slope is harder to calculate; it involves a limit process. The
slope also varies from point to point.

How common is local linearity? All the standard functions you already
deal with are locally linear almost everywhere. To see why we use the quali-
fying phrase “almost everywhere,” look at what happens when we view the
graph of y = f(x) = 2?/3 with a microscope. At any point other than the
origin, the graph is locally linear. For instance, if we view this graph over the
interval from 0 to 2 and then zoom in on the point (1,1) by two successive
powers of 10, here’s what we see:

“e((99, .993322)

As the field of view shrinks, the graph looks more and more like a straight
line. Using the highest magnification given, we estimate the slope of the
graph—and hence the rate of change of the function—to be
, Ay 1.006656 — .993322  .013334
Py~ 32 - -
Ax 1.01 — .99 .02
Similarly, if we zoom in on the point (.001,.01) we get:

= .6667.

(-.2333, .379) (.2333, .379)

(.00128, .01179)

(-.00738, .0379) (.00738, .0379)

(001, .01)

(.001, .01)

(00101)

(.00072, .00803)
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In the last window the graph looks like a line of slope

.0118 — .0082 .0036

00128181 — .00074254  .00053937 6.67

f/(.001) ~

At the origin, though, something quite different happens:

(-.465, .6) (465, .6)

(-00046, .006) __(.00046, .006)

(-0147,.06) (0147, 06)

(0,0)
0, 0)

0.0

The graph simply looks more and more sharply pointed the closer we zoom
in to the origin—it never looks like a straight line. However, the origin turns
out to be the only point where the graph does not eventually look like a
straight line.

In spite of these examples, it is important to realize that local linearity is a
very special property. There are some functions that fail to be locally linear
anywhere! Such functions are called fractals. No matter how much you
magnify the graph of a fractal at any point, it continues to look non-linear—
bent and “pointy” in various ways. In recent years fractals have been used in
problems where the more common (locally linear) functions are inadequate.
For instance, they describe irregular shapes like coastlines and clouds, and
they model the way molecules are knocked about in a fluid (this is called
Brownian motion). However, calculus does not deal with such functions. On
the contrary,

Calculus studies functions that are
locally linear almost everywhere.
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Exercises
Using a microscope

1. Use a computer microscope to do the following. (A suggestion: first look
at each graph over a fairly large interval.)

a) With a window of size Az = .002, estimate the rate f'(1) where f(z) =
x* — 8.

b) With a window of size Az = .0002, estimate the rate ¢’(0) where g(x) =
107,

¢) With a window of size At = .05, estimate the slope of the graph of
y=t+2tatt="7.

d) With a window of size Az = .0004, estimate the slope of the graph of
w=sinz at z = 0.

2. Use a computer microscope to determine the following values, correct to 1
decimal place. Obtain estimates using a sequence of windows, and shrink the
field of view until the first 2 decimal places stabilize. Show all the estimates
you constructed in each sequence.

a) f'(1) where f(z) = 2* — 8.
b) A'(0) where h(s) = 3°.
¢) The slope of the graph of w =sin z at z = 7/4.
d) The slope of the graph of y =t +27" at t = 7.

e) The slope of the graph of y = 22/3 at 2 = —5.

3. For each of the following functions, magnify its graph at the indicated
point until the graph appears straight. Determine the equation of that
straight line. Then verify that your equation is correct by plotting it as
a second function in the same window you are viewing the given function.
(The two graphs should “share phosphor”!)

a) f(x)=sinx at x = 0;

b) pt)=t+2"att=T,

c) H(zx)=2??at x=—b.

4. Consider the function that we investigated in the text:

2+ 23 cosz + 1.5%

flw) = 2 + 12
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a) Determine f(0).

b) Make a sketch of the graph of f on the interval —1 < z < 1. Use the
same scale on the horizontal and vertical axes so your graph shows slopes
accurately.

¢) Sketch what happens when you magnify the previous graph so the field
of view is only —.001 < = < .001.

d) Estimate the slope of the line you drew in the part (c).

e) Estimate f’(0). How many decimal places of accuracy does your estimate
have?

f) What is the equation of the line in part (c)?

5. A function that occurs in several different contexts in physical problems
is

sin x
g(z) = -

Use a graphing program to answer the following questions.

a) Estimate the rate of change of ¢ at the following points to two decimal
place accuracy:

g, 427, 4@, gBGI.

b) Find three values of x where ¢'(z) = 0.

¢) In the interval from 0 to 27, where is g decreasing the most rapidly? At
what rate is it decreasing there?

d) Find a value of = for which ¢'(z) = — 0.25.

e) Although ¢(0) is not defined, the function g(x) seems to behave nicely in
a neighborhood of 0. What seems to be true about g(x) and ¢'(x) when z is
near 07

f) According to your graphs, what value does g(x) approach as x — 07
What value does ¢'(x) approach as x — 07

Rates from graphs; graphs from rates

6. a) Sketch the graph of a function f that has f(1) =1 and f'(1) = 2.
b) Sketch the graph of a function f that has f(1) = 1, f/(1) = 2, and
F(1.1) = —5.
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7. A and B start off at the same time, run to a point 50 feet away, and
return, all in 10 seconds. A graph of distance from the starting point as a
function of time for each runner appears below. It tells where each runner is
during this time interval.

a) Who is in the lead during the race?

b) At what time(s) is A farthest ahead of B? At what time(s) is B farthest
ahead of A?

c) Estimate how fast A and B are going after one second.

d) Estimate the velocities of A and B during each of the ten seconds. Be
sure to assign megative velocities to times when the distance to the starting
point is shrinking. Use these estimates to sketch graphs of the velocities of
A and B versus time. (Although the velocity of B changes rapidly around
t =5, assume that the graph of B’s distance is locally linear at ¢t = 5.)

e) Use your graphs in (d) to answer the following questions. When is A
going faster than B? When is B going faster than A? Around what time is
A running at —5 feet/second (i.e., running 5 feet/second toward the starting
point)?

50

:g? 40 /] N

S // ‘\\
% 20 / \\
© 10

—

0 5 10
time (seconds)
8. For each of the following functions draw a graph that reflects the given
information. Restate the given information in the language and notation of
rate of change, paying particular attention to the units in which any rate of
change is expressed.

a) A woman’s height h (in inches) depends on her age ¢ (in years). Babies
grow very rapidly for the first two years, then more slowly until the adolescent
growth spurt; much later, many women actually become shorter because of
loss of cartilage and bone mass in the spinal column.
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b) The number R of rabbits in a meadow varies with time ¢ (in years). In
the early years food is abundant and the rabbit population grows rapidly.
However, as the population of rabbits approaches the “carrying capacity” of
the meadow environment, the growth rate slows, and the population never
exceeds the carrying capacity. Each year, during the harsh conditions of
winter, the population dies back slightly, although it never gets quite as low
as its value the previous year.

¢) In a fixed population of couples who use a contraceptive, the average
number N of children per couple depends on the effectiveness E (in percent)
of the contraceptive. If the couples are using a contraceptive of low effec-
tiveness, a small increase in effectiveness has a small effect on the value of
N. As we look at contraceptives of greater and greater effectiveness, small
additional increases in effectiveness have larger and larger effects on N.

9. If we graph the distance travelled by a parachutist in freefall as a function
of the length of time spent falling, we would get a picture something like the
following:

1400 v
/

1200 //
1000 /!

800

600 7
400 //
200

distance fallen (feet)

T
0 1 2 3 4 5 6 7 8 9 10 11 12 13
time (seconds)

a) Use this graph to make estimates of the parachutist’s velocity at the end
of each second.

b) Describe what happens to the velocity as time passes.

¢) How far do you think the parachutist would have fallen by the end of 15
seconds?

10. True or false. If you think a statement is true, give your reason; if
you think a statement is false, give a counterexample—i.e., an example that
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shows why it must be false.
a) If ¢'(t) is positive for all ¢, we can conclude that ¢(214) is positive.
b) If ¢'(t) is positive for all £, we can conclude that ¢g(214) > g(17).

c¢) Bill and Samantha are driving separate cars in the same direction along
the same road. At the start Samantha is 1 mile in front of Bill. If their
speeds are the same at every moment thereafter, at the end of 20 minutes
Samantha will be 1 mile in front of Bill.

d) Bill and Samantha are driving separate cars in the same direction along
the same road. They start from the same point at 10 am and arrive at the
same destination at 2 pm the same afternoon. At some time during the four
hours their speeds must have been exactly the same.

When local linearity fails

11.  The absolute value function f(z) = |z| is not locally linear at = = 0.
Explore this fact by zooming in on the graph at (0,0). Describe what you
see in successively smaller windows. Is there any change?

12. Find three points where the function f(z) = |cosz| fails to be locally
linear. Sketch the graph of f to demonstrate what is happening.

13. Zoom in on the graph of y = 2%/° at (0,0). In order to get an accurate
picture, be sure that you use the same scales on the horizontal and vertical
axes. Sketch what you see happening in successive windows. Is the function
245 locally linear at x = 07

14. Is the function z%° locally linear at x = 1? Explain your answer.

15. This question concerns the function K(z) = 2%/,

a) Sketch the graph of K on the interval —1 < z < 1. Compare K to the
absolute value function |z|. Are they similar or dissimilar? In what ways?
Would you say K is locally linear at the origin, or not?

b) Magnify the graph of K at the origin repeatedly, until the field of view
is no bigger than Az < 1071°. As you magnify, be sure the scales on the
horizontal and vertical axes remain the same, so you get a true picture of the
slopes. Sketch what you see in the final window.

c) After using the microscope do you change your opinion about the local
linearity of K at the origin? Explain your response.
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3.3 The Derivative

Definition

One of our main goals in this chapter is to make precise the notion of the
rate of change of a function. In fact, we have already done that in the last
section. We defined the rate of change of a function at a point to be the
slope of its graph at that point; we defined the slope, in turn, by a four-step
limit process. Thus, the precise definition of a rate of change involves a limit,
and it involves geometric visualization—we think of a rate as a slope. We
introduce a new word—derivative—to embrace both of these concepts as we
now understand them.

Definition. The derivative of the function f(z) at z = a is its
rate of change at x = a, which is the same as the slope of its
graph at (a, f(a)). The derivative of f at a is denoted f’(a).

Later in this section we will extend our interpretation of the derivative
to include the idea of a multiplier, as well as a rate and a slope. Besides
providing us with a single word to describe rates, slopes, and multipliers,
the term “derivative” also reminds us that the quantity f’(a) is derived from
information about the function f in a particular way. It is worth repeating
here the four steps by which we derive f'(a):

1. Magnify the graph at the point (a, f(a)) until it appears straight.
2. Calculate the slope of the magnified segment.
3. Repeat steps 1 and 2 with successively higher magnifications.

4. Take the limit of the succession of slopes produced in step 3.

We can express this limit in analytic form in the following way:
. Ay . fla+h)— f(a—h)
, E— J—
fila) = Alimao Az illlg%) 2h '
The difference quotient

Ay _ flat+h) = fla—h)

Az 2h
is the usual way we estimate the slope of the magnified graph of f at the
point (a, f(a)). As the following figure shows, the calculation involves two
points equally spaced on either side of (a, f(a)).
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1f(a+h)
Ay 1 f(a)
— {fta=n)
a = h CIL a ll— h
. Ay = fla+h) = fla—h)
a T Ar=2h
Estimating the value of the derivative f’(a)
Choosing points in a window. To estimate the
slope in the window above, we chose two particular
points, (a—h, f(a—h)) and (a+h, f(a+h)). However, Ay | fla+h)
any two points in the window would give us a valid 1f(a)
estimate. Our choice depends on the situation. For Az
example, if we are working with formulas, we want
simple expressions. In that case we would probably . .
replace (a — h, f(a — h)) by (a, f(a)). We do that in ¢ ath
the window on the left. The resulting slope is Ay = f(a+h) — f(a)

By _ fla+h) = f(a)

Ax h
While the limiting value of Ay/Ax doesn’t depend on the choices you make,
the estimates you produce with a fixed Az can be closer to or farther from
the true value. The exercises will explore this.

Data versus formulas. The derivative is a limit. To find that limit we
have to be able to zoom in arbitrarily close, to make Ax arbitrarily small.
For functions given by data, that is usually impossible; we can’t use any Ax
smaller than the spacing between the data points. Thus, a data function of
this sort does not have a derivative, strictly speaking. However, by zooming
in as much as the data allow, we get the most precise description possible
for the rate of change of the function. In these circumstances it makes a
difference which points we choose in a window to calculate Ay/Az. In the
exercises you will have a chance to see how the precision of your estimate
depends on which points you choose to calculate the slope.
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For a function given by a formula, it is possible to find the value of the
derivative exactly. In fact, the derivative of a function given by a formula is
itself given by a formula. Later in this chapter we will describe some general
rules which will allow us to produce the formula for the derivative without
going through the successive approximation process each time. In chapter 5
we will discuss these rules more fully.

Practical considerations. The derivative is a limit, and there are always
practical considerations to raise when we discuss limits. As we saw in chapter
2, we cannot expect to construct the entire decimal expansion of a limit. In
most cases all we can get are a specified number of digits. For example, in
section 2 we found that

2 + 3 cosx + 1.5%

if f(z) = . , then f'(27) = —.27235....

The same digits without the “...” give us approximations. Thus we
can write f'(27) ~ —.27235; we also have f'(27) ~ —.2723 and f/(27) =~
—.272. Which approximation is the right one to use depends on the context.
For example, if f appears in a problem in which all the other quantities are
known only to one or two decimal places, we probably don’t need a very
precise value for f’(27). In that case we don’t have to carry the sequence
of slopes Ay/Ax very far. For instance, if we want to know f’(27) to three
decimal places, and so justify writing f'(27) ~ —.272, we only need to con-
tinue the zooming process until the slopes Ay/Ax all have values that begin
—.2723 ... . By the table on page 111, Ax = .0004 is sufficient.

Language and Notation

o If f has a derivative at a, we also say f is differentiable at a. If f is
differentiable at every point a in its domain, we say f is differentiable.
e Do locally linear and differentiable mean the same thing? The awkward
case is a function whose graph is vertical at a point (for example, y = J/x
at the origin). On the one hand, it makes sense to say that the function
is locally linear at such a point, because the graph looks straight under a
microscope. On the other hand, the derivative itself is undefined, because
the line is vertical. So the function is locally linear, but not differentiable, at
that point.

There is another way to view the matter. We can say, instead, that a
vertical line does have a slope, and its value is infinity (co). From this point
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of view, if the graph of f is vertical at © = a, then f’(a) = oco. In other
words, f does have a derivative at x = a; its value just happens to be cc.
Which view is “right”? Neither; we can choose either. Our choice is a
matter of convention. (In some countries cars travel on the left; in others,
on the right. That’s a convention, too.) However, we will follow the second
alternative. One advantage is that we will be able to use the derivative to
indicate where the graph of a function is vertical. Another is that locally
linear and differentiable then mean exactly the same thing.
e Suppose y = f(x) and the quantities x and y appear in a context in which
they have units. Then the derivative of f’(z) also has units, because it is the
rate of change of y with respect to x. The units for the derivative must be

units for output y

units for ' = - - )
units for input x

We have already seen several examples—persons per day, miles per hour,
milligrams per pound, dollars of profit per dollar change in price—and we
will see many more.

e There are several notations for the derivative. You should be aware of them
because they are all in common use and because they reflect different ways
of viewing the derivative. We have been writing the derivative of y = f(x)
as f'(x). Leibniz wrote it as dy/dz. This notation has several advantages.
It resembles the quotient Ay/Axz that we use to approximate the derivative.
Also, because dy/dx looks like a rate, it helps remind us that a derivative is
a rate. Later on, when we consider the chain rule to find derivatives, you’ll
see that it can be stated very vividly using Leibniz’s notation.

Convention: if the
graph of f is vertical
at a, write f'(a) = 00

Leibniz's notation

The German philosopher Gottfried Wilhelm Leibniz (1646-1716) developed calculus about the
same time Newton did. While Newton dealt with derivatives in more or less the way we do,
Leibniz introduced a related idea which he called a differentia—'infinitesimally small’ numbers

which he would write as dx and dy.

The other notation still encountered is due to Newton. It occurs primarily
in physics and is used to denote rates with respect to time. If a quantity y
is changing over time, then the Newton notation expresses the derivative of
y as ¢ (that’s the variable y with a dot over it).
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The Microscope Equation
A Context: Driving Time

If you make a 400 mile trip at an average speed of 50 miles per hour, then
the trip takes 8 hours. Suppose you increase the average speed by 2 miles
per hour. How much time does that cut off the trip?

One way to approach this question is to start with the basic formula

speed x time = distance.

The distance is known to be 400 miles, and we really want to understand
how time T depends on speed s. We get T as a function of s by rewriting
the last equation:

400 miles

T hours = - .
s miles per hour

To answer the question, just set s = 52 miles per hour in this equation.
Then T" = 7.6923 hours, or about 7 hours, 42 minutes. Thus, compared to
the original 8 hours, the higher speed cuts 18 minutes off your driving time.

What happens to the driving time if you increase your speed by 4 miles
per hour, or 5, instead of 27 What happens if you go slower, say 2 or 3 miles
per hour slower? We could make a fresh start with each of these questions
and answer them, one by one, the same way we did the first. But taking the
questions one at a time misses the point. What we really want to know is
the general pattern:

If I'm travelling at 50 miles per hour, how much does any
given increase in speed decrease my travel time?

We already know how 7" and s are related: 7" = 400/s hours. This
question, however, is about the connection between a change in speed of

As = s — 50 miles per hour
and a change in arrival time of
AT =T — 8 hours.

To answer it we should change our point of view slightly. It is not the relation
between s and 7', but between As and AT, that we want to understand.
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Since we are considering speeds s that are only slightly above or below
50 miles per hour, As will be small. Consequently, the arrival time T will be
only slightly different from 8 hours, so AT will also be small. Thus we want
to study small changes in the function 7" = 400/s near (s,7") = (50,8). The
natural tool to use is a microscope.

T
hrs
10F
As

81 AT

6
1 1 1 S
47 50 53 mph

How travel time changes with speed around 50 miles per hour

In the microscope window above we see the graph of 7' = 400/ s, magnified
at the point (s,7") = (50, 8). The field of view was chosen so that s can take
values about 6 mph above or below 50 mph. The graph looks straight, and
its slope is 77(50). In the exercises you are asked to determine the value of
T'(50); you should find 7"(50) ~ —.16. (Later on, when we have rules for
finding the derivative of a formula, you will see that 7"(50) = —.16 ezactly.)
Since the quotient AT /As is also an estimate for the slope of the line in the
window, we can write

AT

As
If we multiply both sides of this approximate equation by As miles per hours,
we get

~ —.16 hours per mile per hour.

AT ~ —.16 As hours.

This equation answers our question about the general pattern relating
changes in travel time to changes in speed. It says that the changes are
proportional. For every mile per hour increase in speed, travel time decreases
by about .16 hours, or about 9% minutes. Thus, if the speed is 1 mph over
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50 mph, travel time is cut by about 9% minutes. If we double the increase in
speed, that doubles the savings in time: if the speed is 2 mph over 50 mph,
travel time is cut by about 19 minutes. Compare this with a value of about
18 minutes that we got with the exact equation 7' = 400/s.

Notice that we are using As and AT in a slightly more restricted way
than we have previously. Up to now, As measured the horizontal distance
between any two points on a graph. Now, however, As just measures the
horizontal distance from the fixed point (s,7") = (50, 8) (marked with a large
dot) that sits at the center of the window. Likewise, AT just measures the
vertical distance from this point. The central point therefore plays the role
of an origin, and As and AT are the coordinates of a point measured from
that origin. To underscore the fact that As and AT are really coordinates,
we have added a As-axis and a AT-axis in the window below. Notice that
these coordinate axes have their own labels and scales.

Every point in the window can therefore be described in two different
coordinate systems. The two different sets of coordinates of the point labelled
P, for instance, are (s,7) = (53,7.52) and (As, AT) = (3,—.48). The first
pair says “When your speed is 53 mph, the trip will take 7.52 hrs.” The
second pair says “When you increase your speed by 3 mph, you will decrease
travel time by .48 hrs.” Each statement can be translated into the other, but
each statement has its own point of reference.

T
hrs AT

T
[N}

10

1 1 1 S
47 50 53 mph

The microscope equation: AT =~ —.16 As hours

We call AT ~ —.16 As the microscope equation because it tells us how
the microscope coordinates As and AT are related.
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In fact, we now have two different ways to describe how travel time is
related to speed. They can be compared in the following table.

GLOBAL LOCAL
coordinates: s, T As, AT
equation: T =400/s AT ~ —.16 As
. exact approximate
properties: . .
non-linear linear

We say the microscope equation is local because it is intended to deal only Global vs. local
with speeds near 50 miles per hour. There is a different microscope equation descriptions

for speeds near 40 miles per hour, for instance. By contrast, the original
equation is global, because it works for all speeds. While the global equation
is exact it is also non-linear; this can make it more difficult to compute. The
microscope equation is approximate but linear; it is easy to compute. It is
also easy to put into words:

At 50 miles per hour, the travel time of a 400 mile journey
decreases 9% minutes for each mile per hour increase in speed.

The connection between the global equation and the microscope equation is
shown in the following illustration.

AT & — 16As
T
R —
h
40 | .
-3 o
30 -
20
0 | . . | I | S

0 10 20 30 40 50 60 7IO miles per hour
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Local Linearity and Multipliers

The reasoning that led us to a microscope equation for travel time can be
applied to any locally linear function. If y = f(x) is locally linear, then at
T = a we can write

The microscope equation: Ay = f'(a)-Ax

We know an equation of the form Ay = m - Az tells us that y is a linear
function of z, in which m plays the role of slope, rate, and multiplier. The
microscope equation therefore tells us that y is a linear function of x
when x is near a—at least approximately. In this almost-linear relation,
the derivative f’(a) plays the role of slope, rate, and multiplier.

The microscope equation is just the idea of local linearity expressed an-
alytically rather than geometrically—that is, by a formula rather than by a
picture. Here is a chart that shows how the two descriptions of local linearity
fit together.

y = f(x) is locally linear at = = a:

GEOMETRICALLY ANALYTICALLY
When magnified at (a, f(a)), When z is near a,
the graph of f is almost straight, y is almost a linear function of x,
and the slope of the line is f’(a). and the multiplier is f'(a).
microscope window
Ay

microscope equation

‘ Az Ay~ f'(a) - Az

Of course, the graph in a microscope window is not quite straight. The
analytic counterpart of this statement is that the microscope equation is not
quite exact—the two sides of the equation are only approximately equal.
We write “~” instead of “=". However, we can make the graph look even
straighter by increasing the magnification—or, what is the same thing, by
decreasing the field of view. Analytically, this increases the exactness of the
microscope equation. Like a laboratory microscope, our microscope is most
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accurate at the center of the field of view, with increasing aberration toward
the periphery!

In the microscope equation Ay = f'(a) - Ax, the derivative is the
multiplier that tells how y responds to changes in . In particular,
a small increase in x produces a change in y that depends on the sign and
magnitude of f’(a) in the following way:

e f'(a) is large and positive = large increase in v,
e f'(a) is small and positive = small increase in ¥,
e f'(a) is large and negative = large decrease in v,
(a)

e f'(a) is small and negative = small decrease in y.

Yi

Ay

AX Ax

For example, suppose we are told the value of the derivative is 2. Then
any small change in x induces a change in y approximately twice as large. If,
instead, the derivative is —1/5, then a small change in = produces a change in
y only one fifth as large, and in the opposite direction. That is, if x increases,
then y decreases, and vice-versa.

The microscope equation should look familiar to you. It has been with us
from the beginning of the course. Our “recipe” AS = S’ - At for predicting
future values of S in the S-I-R model is just the microscope equation for the

function S(t). (Although we wrote it with an “=" instead of an “~” in the

Copyright 1994, 2008 Five Colleges, Inc.
DVI file created at 11:36, 1 February 2008

The microscope
equation is the recipe
for building solutions

to rate equations



130 CHAPTER 3. THE DERIVATIVE

first chapter, we noted that AS would provide us only an estimate for the
new value of S.) The success of Euler’'s method in producing solutions to
rate equations depends fundamentally on the fact that the functions we are
trying to find are locally linear.

The derivative is one of the fundamental concepts of the calculus, and
one of its most important roles is in the microscope equation. Besides giving
us a tool for building solutions to rate equations, the microscope equation
helps us do estimation and error analysis, the subject of the next section.

We conclude with a summary that compares linear and locally linear
functions. Note there are two differences, but only two: 1) the equation for
local linearity is only an approximation; 2) it holds only locally—i.e., near a
given point.

If y = f(x) is linear, If y = f(x) is locally linear,
then Ay = m - Ax; then Ay = f’(a) - Ax;
the constant m is the derivative f’(a) is
rate, slope, and multiplier rate, slope, and multiplier
for all z. for x near a.
Exercises

Computing Derivatives

1. Sketch graphs of the following functions and use these graphs to deter-
mine which function has a derivative that is always positive (except at = = 0,
where neither the function nor its derivative is defined).

1 -1 1 -1

v=p V=7 VTm it

What feature of the graph told you whether the derivative was positive?

2. For each of the functions f below, approximate its derivative at the given
value x = a in two different ways. First, use a computer microscope (i.e.,
a graphing program) to view the graph of f near x = a. Zoom in until the
graph looks straight and find its slope. Second, use a calculator to find the

value of the quotient
fla+h) = fla—h)

2h
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for h = .1, .01, .001, ..., .000001. Based on these values of the quotients, give
your best estimate for f'(a), and say how many decimal places of accuracy
it has.

a) f(x)=1/x at x = 2. ¢) f(z)=a3at z = 200.
b) f(z)=sin(7x) at z = 3. d) f(x)=2%atz=>5.

3. In a later section we will establish that the derivative of f(z) = z* at
x = 11is exactly 3: f/(1) = 3. This question concerns the freedom we have
to choose points in a window to estimate f’(1) (see page 121). Its purpose is
to compare two quotients, to see which gets closer to the exact value of f'(1)
for a fixed “field of view” Az. The two quotients are

_ Ay flat+h)—fla—h)
Az 2h

In this problem a = 1.

a) Construct a table that shows the values of Q; and Q, for each h = 1/2F,
where k£ = 0,1,2,...,8. If you wish, you can use this program to compute
the values:

@1 and (Qy = — =

Az h

a=1
FOR k = 0 TO 8
h=1/2"k
ql = ((@a+h) " 3-(a-h) "3/ (2xh)
g2 =((a+h) "3-a7~3)/h
PRINT h, qi, g2
NEXT k

b) How many digits of () stabilize in this table? How many digits of Q57
¢) Which is a better estimator—@Q; or Q2?7 To indicate how much better,
give the value of h for which the better estimator provides an estimate that
is as close as the best estimate provided by the poorer estimator.

4. Repeat all the steps of the last question for the function f(z) = /x at
x = 9. The exact value of f'(9) is 1/6.

Comment: Note that, in section 1, we estimated the rate of change of the
sunrise function using an expression like (); rather than one like ()5. The
previous exercises should persuade you this was deliberate. We were trying

Copyright 1994, 2008 Five Colleges, Inc.
DVI file created at 11:36, 1 February 2008



132 CHAPTER 3. THE DERIVATIVE

to get the most representative estimates, given the fact that we could not
reduce the size of Ax arbitrarily.

5. At this point you will find it convenient to write a more general derivative-
finding program. You can modify the program in problem 3. to do this by
having a DEF command at the beginning of the program to specify the func-
tion you are currently interested in. For instance, if you insert the command
DEF fnf (x) = x ~ 3 at the beginning of the program, how could you sim-
plify the lines specifying q1 and g27 If you then wanted to calculate the
derivative of another function at a different z-value, you would only need to
change the DEF specification and, depending on the point you were interested
in, the a = 1 line.

6. Use one of the methods of problem 2 to estimate the value of the deriva-
tive of each of the following functions at x = 0:

T

y=2° y=3" y=10% and y=(1/2)".

These are called exponential functions, because the input variable x appears
in the exponent. How many decimal places accuracy do your approximations
to the derivatives have?

7. In this problem we look again at the exponential function f(z) = 2* from
the previous problem.

a) Use the rules for exponents to put the quotient

fla+h) — f(a)
h

in the simplest form you can.
b) We know that
. f(h) — f(0)
) —
0) = i =

Use this fact, along with the algebraic result of part (a), to explain why
f'(a) = f(0) - 2.

8. Apply all the steps of the previous question to the exponential function
f(z) = b" with an arbitrary base b. Show that f'(x) = f’(0) - b".
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9. a) For which values of = is the absolute value function y = |z| differen-
tiable?

b) At each point where y = |z| is differentiable, find the value of the deriva-
tive.

The microscope equation

10.  Write the microscope equation for each of the following functions at the
indicated point. (To find the necessary derivative, consult problem 2.)

a) f(z)=1/x at z=2. c) f(z)=2%at x = 200.
b) f(z)=sin(7x) at z = 3. d) f(z)=2%at x =5.

11. This question uses the microscope equation for f(z) = 1/z at © = 2
that you constructed in the previous question.

a) Draw the graph of what you would see in the microscope if the field of
view is .2 units wide.

b) If we take x = 2.05, what is Az in the microscope equation? What
estimate does the microscope equation give for Ay? What estimate does the
microscope equation then give for f(2.05) = 1/2.057 Calculate the true value
of 1/2.05 and compare the two values; how far is the microscope estimate
from the true value?

¢) What estimate does the microscope equation give for 1/2.02? How far is
this from the true value?

d) What estimate does the microscope equation give for 1/1.9957 How far
is this from the true value?

12.  This question concerns the travel time function 7' = 400/s hours, dis-
cussed in the text.

a) How many hours does a 400-mile trip take at an average speed of 40 miles
per hour?

b) Find the microscope equation for 7" when s = 40 miles per hour.

c) At what rate does the travel time decrease as speed increases around 40
mph—in hours per mile per hour?

d) According to the microscope equation, how much travel time is saved by
increasing the speed from 40 to 45 mph?
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e) According to the microscope equation based at 50 mph (as done in the
text), how much time is lost by decreasing the speed from 50 to 45 mph?

f) The last two parts both predict the travel time when the speed is 45 mph.
Do they give the same result?

13. a) Suppose y = f(z) is a function for which f(5) = 12 and f'(5) = .4.
Write the microscope equation for f at x = 5.

b) Draw the graph of what you would see in the microscope. Do you need
a formula for f itself, in order to do this?

c) If x = 5.3, what is Az in the microscope equation? What estimate does
the microscope equation give for Ay? What estimate does the microscope
equation then give for f(5.3)?

d) What estimates does the microscope equation give for the following:
f(5.23), f(4.9), f(4.82), f(9)? Do you consider these estimates to be equally
reliable?

14. a) Suppose z = g(t) is a function for which g(—4) = 7 and ¢’(—4) = 3.5.
Write the microscope equation for g at t = —4.

b) Draw the graph of what you see in the microscope.

c) Estimate g(—4.2) and g(—3.75).

d) For what value of ¢ near —4 would you estimate that ¢g(t) = 67 For what
value of ¢ would you estimate g(t) = 8.57

15. If f(a) = b, f'(a) = —3 and if k is small, which of the following is the
best estimate for f(a + k)7

a+ 3k, b+ 3k, a+3b, b—3k, a— 3k, 3a —b, a* —3b, f'(a+k)

16. If f is differentiable at a, which of the following, for small values of h,
are reasonable estimates of f'(a)?

flath)—fla—h)  fla+h)—fla—h)

h 2h
flat+h)—f(h)  fla+2h) = fla—h)
h 3h

17. Suppose a person has travelled D feet in t seconds. Then D'(t) is the
person’s velocity at time t; D'(t) has units of feet per second.
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a) Suppose D(5) = 30 feet and D’(5) = 5 feet/second. Estimate the follow-
ing:

D(5.1) D(5.8) D(4.7)
b) If D(2.8) = 22 feet, while D(3.1) = 26 feet, what would you estimate
D'(3) to be?

18.  Fill in the blanks.

a) If f(3) =2 and f/(3) = 4, a reasonable estimate of f(3.2) is

b) If g(7) = 6 and ¢'(7) = .3, a reasonable estimate of g(6.6) is
c) If h(1.6) =1, W'(1.6) = —5, a reasonable estimate of h(___ ) is 0.

d) If F(2) =0, F'(2) = .4, a reasonable estimate of F/(_ ) is .15.
e) If G(0) =2 and G'(0) = , a reasonable estimate of G(.4) is 1.6.
f) If H(3) = —3 and H'(3 ) , a reasonable estimate of H(2.9) is —1.

19. In manufacturing processes the profit is usually a function of the num-
ber of units being produced, among other things. Suppose we are studying
some small industrial company that produces n units in a week and makes a
corresponding weekly profit of P. Assume P = P(n).

a) If P(1000) = $500 and P’(1000) = $2/unit, then

P(1002) ~ P(995) ~ P( ) ~ $512

b) If P(2000) = $3000 and P'(2000) = —$5/unit, then

P(2010) ~ P(1992) ~ P( ) &~ $3100

c) If P(1234) = $625 and P(1238) = $634, then what is an estimate for
P'(1236)?
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3.4 Estimation and Error Analysis

Making Estimates
The Expanding House

In the book The Secret House — 2/ hours in the strange and unexpected world
in which we spend our nights and days (Simon and Schuster, 1986), David
Bodanis describes many remarkable events that occur at the microscopic level
in an ordinary house. At one point he explains how sunlight heats up the
structure, stretching it imperceptibly in every direction through the day until
it has become several cubic inches larger than it was the night before. Is it
plausible that a house can become several cubic inches larger as it expands
in the heat of the day? In particular, how much longer, wider, and taller
would it have to become if it were to grow in volume by, let us say, 3 cubic
inches?

For simplicity, assume the house is a cube 200 inches on a side. (This is
about 17 feet, so the house is the size of a small, two-story cottage.) If s is
the length of a side of any cube, in inches, then its volume is

V = s cubic inches.

Our question is about how V' changes with s when s is about 200 inches. In
particular, we want to know which As would yield a AV of 3 cubic inches.
This is a natural question for the microscope equation

AV ~ V'(200) - As.

According to exercise 2c¢ in the previous section, we can estimate the value
of V'(200) to be about 120,000, and the appropriate units for V' are cubic
inches per inch. Thus

AV =~ 120000 As

3 cubic inches ~ 120000 M x As inches,
inches
so As ~ 3/120000 = .000025 inches—many times thinner than a human
hair!
This value is much too small. To get a more realistic value, let’s suppose
the house is made of wood and the temperature increases about 30°F from
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night to day. Then measurements show that a 200-inch length of wood will
actually become about As = .01 inches longer. Consequently the volume
will actually expand by about

cubic inches
AV 2 120000 —————= 5 01 inches = 1200 cubic inches.
inches
This increase is 400 times as much as Bodanis claimed; it is about the size
of a small computer monitor. So even as he opens our eyes to the effects of
thermal expansion, Bodanis dramatically understates his point.

Estimates versus Exact Values

Don’t lose sight of the fact that the values we derived for the expanding
house are estimates. In some cases we can get the exact values. Why don’t
we, whenever we can?

For example, we can calculate exactly how much the volume increases
when we add As = .01 inches to s = 200 inches. The increase is from
V = 200° = 8,000,000 cubic inches to

V = (200.01)* = 8001200.060001 cubic inches.

Thus, the exact value of AV is 1200.060001 cubic inches. The estimate is
off by only about .06 cubic inches. This isn’t very much, and it is even less
significant when you think of it as a percentage of the volume (namely 1200
cubic inches) being calculated. The percentage is

.06 cubic inches

= .00005 = .005%.
1200 cubic inches %

That is, the difference is only 1/200 of 1% of the calculated volume.

To get the exact value we had to cube two numbers and take their differ-
ence. To get the estimate we only had to do a single multiplication. Estimates
made with the microscope equation are always easy to calculate—they in-
volve only linear functions. Exact values are usually harder to calculate. As
you can see in the example, the extra effort may not gain us extra informa-
tion. That’s one reason why we don’t always calculate exact values when we
can.

Here’s another reason. Go back to the question: How large must As be
if AV = 3 cubic inches? To get the exact answer, we must solve for As in
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the equation

3 =AV = (200 + As)® — 200°
= 200% + 3(200)*As + 3(200)(As)* + (As)® — 200°.

Simplifying, we get
3 = 120000 As + 600(As)? + (As)?.

This is a cubic equation for As; it can be solved, but the steps are compli-
cated. Compare this with solving the microscope equation:

3 = 120000 As.

Thus, another reason we don’t calculate exact values at every opportunity is
that the calculations can be daunting. The microscope estimates are always
straightforward.

Perhaps the most important reason, though, is the insight that calculating
V' gave us. Let’s translate into English what we have really been talking
about:

In dealing with a cube 200 inches on a side, any small change
(measured in inches) in the length of the sides produces a change
(measured in cubic inches) in the volume approximately 120,000
times as great.

This is, of course, simply another instance of the point we have made before,
that small changes in the input and the output are related in an (almost)
linear way, even when the underlying function is complex. Let’s continue
this useful perspective by looking at error analysis.

Propagation of Error
From Measurements to Calculations

We can view all the estimates we made for the expanding house from another
perspective—the lack of precision in measurement. To begin with, just think
of the house as a cubical box that measures 200 inches on a side. Then
the volume must be 8,000,000 cubic inches. But measurements are never
exact, and any uncertainty in measuring the length of the side will lead to an
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uncertainty in calculating the volume. Let’s say your measurement of length
is accurate to within .5 inch. In other words, you believe the true length lies
between 199.5 inches and 200.5 inches, but you are uncertain precisely where
it lies within that interval. How uncertain does that make your calculation
of the volume?

There is a direct approach to this question: we can simply say that the
volume must lie between 199.5% = 7,940,149.875 cubic inches and 200.53
= 8,060,150.125 cubic inches. In a sense, these values are almost too pre-
cise. They don’t reveal a general pattern. We would like to know how an
uncertainty—or error—in measuring the length of the side of a cube propa-
gates to an error in calculating its volume.

Let’s take another approach. If we measure s as 200 inches, and the true
value differs from this by As inches, then As is the error in measurement.
That produces an error AV in the calculated value of V. The microscope
equation for the expanding house (page 136) tells us how AV depends on
As when s = 200:

AV = 120000 As.

Since we now interpret As and AV as errors, the microscope equation be-
comes the error propagation equation:
cu. in.

error in V' (cu. in.) ~ 120000 < _
inc

) x error in s (inches).

Thus, for example, an error of 1/2 inch in measuring s propagates to an
error of about 60,000 cubic inches in calculating V. This is about 35 cubic
feet, the size of a large refrigerator! Putting it another way:

if s =200 = 0.5 inches, then V' = 8,000, 000 = 60, 000 cubic inches.

If we keep in mind the error propagation equation AV =~ 120000 As, we
can quickly answer other questions about measuring the same cube. For
instance, suppose we wanted to determine the volume of the cube to within
5,000 cubic inches. How accurately would we have to measure the side? Thus
we are given AV = 5000, and we conclude As ~ 5000/120000 ~ .04 inches.
This is just a little more than 1/32 inch.

Relative Error

Suppose we have a second cube whose side is twice as large (s = 400 inches),
and once again we measure its length with an error of 1/2 inch. Then the
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error in the calculated value of the volume is
AV ~ V'(400) - As = 480000 x .5 = 240,000 cubic inches.

(In the exercises you will be asked to show V’(400) = 480,000.) The error in
our calculation for the bigger cube is four times what it was for the smaller
cube, even though the length was measured to the same accuracy in both
cases! There is no mistake here. In fact, the volume of the second cube is
eight times the volume of the first, so the numbers we are dealing with in
the second case are roughly eight times as large. We should not be surprised
if the error is larger, too.

In general, we must expect that the size of an error will depend on the
size of the numbers we are working with. We expect big numbers to have big
errors and small numbers to have small errors. In a sense, though, an error
of 1 inch in a measurement of 50 inches is no worse than an error of 1/10-th
of an inch in a measurement of 5 inches: both errors are 1/50-th the size of
the quantity being measured.

A watchmaker who measures the tiny objects that go into a watch only as accurately as a
carpenter measures lumber would never make a watch that worked; likewise, a carpenter who
takes the pains to measure things as accurately as a watchmaker does would take forever to build
a house. The scale of allowable errors is dictated by the scale of the objects they work on.

Absolute and
relative error

The errors Ax we have been considering are called absolute errors;
their values depend on the size of the quantities x we are working with. To
reduce the effect of differences due to the size of x, we can look instead at
the error as a fraction of the number being measured or calculated. This
fraction Az/z is called relative error. Consider two measurements: one is
50 inches with an error of £1 inch; the other is 2 inches with an error of +.1
inch. The absolute error in the second measurement is much smaller than in
the first, but the relative error is 23 times larger. (The first relative error
is .02 inch per inch, the second is .05 inch per inch.) To judge how good or
bad a measurement really is, we usually take the relative error instead of the
absolute error.

Let’s compare the propagation of relative and absolute errors. For ex-
ample, the absolute error in calculating the volume of a cube whose side
measures S is

AV = V'(s) - As.

The absolute errors are proportional, but the multiplier V’(s) depends on
the size of s. (We saw above that the multiplier is 120,000 cubic inches per
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inch when s = 200 inches, but it grows to 480,000 cubic inches per inch when
s = 400 inches.)

In section 5, which deals with formulas for derivatives, we will see that
V'(s) = 3s% If we substitute 3s? for V’(s) in the propagation equation for
absolute error, we get

AV ~ 35 As.

To see how relative error propagates, let us divide this equation by V = s3:

AV 3s%-As _3As

vV o8 T
The relative errors are proportional, but the multiplier is always 3; it doesn’t
depend on the size of the cube, as it did for absolute errors.

Return to the case where As = .5 inch and s = 200 inches. Since As
and s have the same units, the relative error As/s is “dimensionless” —it
has no units. We can, however, describe As/s as a percentage: As/s =
5/200 = .25%, or 1/4 of 1%. For this reason, relative error is sometimes
called percentage error. It tells us the error in measuring a quantity as a
percentage of the value of that quantity. Since the percentage error in volume
is

AV 60,000 cu. in.

V8,000,000 cu. in.
we see that the percentage error in volume is 3 times the percentage error in
length—and this is independent of the length and volumes involved. This is
what the propagation equation for relative error says: A 1% error in measur-
ing s, whether s = .0002 inches or s = 2000 inches, will produce a 3% error
in the calculated value of the volume.

=.0075 = .75%

Exercises
Estimation
1. a) Suppose you are going on a 110 mile trip. Then the time 7' it takes
to make the trip is a function of how fast you drive:
110 miles

T(v) = =110v"" hours.
(v) v miles per hour Ov Ours

If you drive at v = 55 miles per hour, T" will be 2 hours. Use a computer
microscope to calculate 7"(55) and write an English sentence interpreting
this number.
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b) More generally, if you and a friend are driving separate cars on a 110 mile
trip, and you are travelling at some velocity v, while her speed is 1% greater
than yours, then her travel time is less. How much less, as a percentage of
yours? Use the formula 7"(v) = —110v~2, which can be obtained using rules
given in the next section.

2. a) Suppose you have 600 square feet of plywood which you are going to
use to construct a cubical box. Assuming there is no waste, what will its
volume be?

b) Find a general formula which expresses the volume V' of the box as a
function of the area A of plywood available.

c¢) Use a microscope to determine V/(600), and express its significance in an
English sentence.

d) Use this multiplier to estimate the additional amount of plywood you
would need to increase the volume of the box by 10 cubic feet.

e) In the original problem, if you had to allow for wasting 10 square feet of
plywood in the construction process, by how much would this decrease the
volume of the box?

f) In the original problem, if you had to allow for wasting 2% of the ply-
wood in the construction process, by what percentage would this decrease
the volume of the box?

3. Let R(s) = 1/s. You can use the fact that R'(s) = —1/s% to be
established in section 5. Since R(100) = and R'(100) =
, we can make the following approximations:

1/97 ~ 1/104 ~ R( ) &~ .0106.

4. Using the fact that the derivative of f(x) = /z is f'(x) = 1/(2y/x), you
can estimate the square roots of numbers that are close to perfect squares.

a) For instance f(4) = and f'(4) = , 80 V4.3 ~ .
b) Use the values of f(4) and f’(4) to approximate /5 and v/3.6.
c) Use the values of f(100) and f’(100)to approximate v/101 and /99.73.
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Error analysis

5. a) If you measure the side of a square to be 12.3 inches, with an uncer-
tainty of +.05 inch, what is your relative error?

b) What is the area of the square? Write an error propagation equation that
will tell you how uncertain you should be about this value.

c) What is the relative error in your calculation of the area?

d) If you wanted to calculate the area with an error of less than 1 square
inch, how accurately would you have to measure the length of the side? If
you wanted the error to be less than .1 square inch, how accurately would
you have to measure the side?

6. a) Suppose the side of a square measures = meters, with a possible error
of Az meters. Write the equation that describes how the error in length
propagates to an error in the area. (The derivative of f(x) = 22 is f'(z) = 2z;
see section 5.)

b) Write an equation that describes how the relative error in length propa-
gates to a relative error in area.

7. You are trying to measure the height of a building by dropping a stone
off the top and seeing how long it takes to hit the ground, knowing that the
distance d (in feet) an object falls is related to the time of fall, ¢ (in seconds),
by the formula d = 16¢2. You find that the time of fall is 2.5 seconds, and
you estimate that you are accurate to within a quarter of a second. What
do you calculate the height of the building to be, and how much uncertainty
do you consider your calculation to have?

8. You see a flash of lightning in the distance and note that the sound of
thunder arrives 5 seconds later. You know that at 20°C sound travels at
343.4 m/sec. This gives you an estimate of

meters

H sec x 343.4 = 1717 meters

sec
for the distance between you and the spot where the lightning struck. You
also know that the velocity v of sound varies as the square root of the tem-
perature T" measured in degrees Kelvin (the Kelvin temperature = Celsius
temperature + 273), so

o(T) = kVT
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for some constant k.
a) Use the information given here to determine the value of k.

b) If your estimate of the temperature is off by 5 degrees, how far off is
your estimate of the distance to the lightning strike? How significant is this
source of error likely to be in comparison with the imprecision with which
you measured the 5 second time lapse? (Suppose your uncertainty about the
time is .25 seconds.) Give a clear analysis justifying your answer.

9. We can measure the distance to the moon by bouncing a laser beam off a
reflector placed on the moon’s surface and seeing how long it takes the beam
to make the round trip. If the moon is roughly 400,000 km away, and if light
travels at 300,000 km/sec, how accurately do we have to be able to measure
the length of the time interval to be able to determine the distance to the
moon to the nearest .1 meter?
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3.5 A Global View

Derivative as Function

Up to now we have looked upon the derivative as a number. It gives us
information about a function at a point—the rate at which the function is
changing, the slope of its graph, the value of the multiplier in the microscope
equation. But the numerical value of the derivative varies from point
to point, and these values can also be considered as the values of a new
function—the derivative function—with its own graph. Viewed this way the
derivative is a global object.

The connection between a function and its derivative can be seen very
clearly if we look at their graphs. To illustrate, we’ll use the function I(t)
that describes how the size of an infected population varies over time, from
the S-I-R problem we analyzed in chapter 1. The graph of I appears below,
and directly beneath it is the graph of I’, the derivative of I. The graphs
are lined-up vertically: the values of I(a) and I’(a) are recorded on the same
vertical line that passes through the point ¢ = a on the t-axis.
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To understand the connection between the graphs, keep in mind that the
derivative represents a slope. Thus, at any point t, the height of the lower
graph (I') tells us the slope of the upper graph (I). At the points where I is
increasing, I’ is positive—that is, I’ lies above its t-axis. At the point where [
is increasing most rapidly, I’ reaches its highest value. In other words, where
the graph of I is steepest, the graph of I’ is highest. At the point where I is
decreasing most rapidly, I’ has its lowest value.

Next, consider what happens when [ itself reaches its maximum value.
Since [ is about to switch from increasing to decreasing, the derivative must
be about to switch from positive to negative. Thus, at the moment when [ is
largest, I’ must be zero. Note that the highest point on the graph of I lines
up with the point where I’ crosses the t-axis. Furthermore, if we zoomed in
on the graph of I at its highest point, we would find a horizontal line—in
other words, one whose slope is zero.

All functions and their derivatives are related the same way that I and
I' are. In the following table we list the various features of the graph of
a function; alongside each is the corresponding feature of the graph of the
derivative.

function derivative
increasing positive
decreasing negative
horizontal Zero
steep (rising or falling) large (positive or negative)
gradual (rising or falling) small (positive or negative)
straight horizontal

By using this table, you should be able to make a rough sketch of the graph of
the derivative, when you are given the graph of a function. You can also read
the table from right to left, to see how the graph of a function is influenced
by the graph of its derivative.

For instance, suppose the graph of the function L(x) is
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Then we know that its derivative L’ must be 0 at points a, b, ¢, and d; that the
derivative must be positive between a and b and between ¢ and d, negative
otherwise; that the derivative takes on relatively large values at e and g
(positive) and at f and h (negative); that the derivative must approach 0 at
the right endpoint and be large and negative at the left endpoint. Putting
all this together we conclude that the graph of the derivative L’ must look
something like following;:

Conversely, suppose all we are told about a certain function G is
that the graph of its derivative G’ looks like this:

O
I2X

Then we can infer that the function G itself is decreasing between a and b
and is increasing everywhere else; that the graph of G is horizontal at a, b,
and c; that both ends of the graph of G slope upward from left to right—the
left end more or less straight, the right getting steeper and steeper.

Formulas for Derivatives
Basic Functions

If a function is given by a formula, then its derivative also has a formula,
defined for the points where the function is locally linear. The formula is
produced by a definite process, called differentiation. In this section we
look at some of the basic aspects, and in the next we will take up the chain
rule, which is the key to the whole process. Then in chapter 5 we will review
differentiation systematically.
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Most formulas are constructed by combining only a few basic functions
in various ways. For instance, the formula

7 sinx
81’

uses the basic functions 27, sinz, and y/z. In fact, since \/z = £'/2, we can
think of 27 and /r as two different instances of a single basic “power of
x”—which we can write as z?.

The following table lists some of the more common basic functions with
their derivatives. The number c is an arbitrary constant, and so is the power
p. The last function in the table is the exponential function with base b. Its
derivative involves a parameter k;, that varies with the base b. For instance,
exercise 6 in section 3 established that, when b = 2, then ky ~ .69. Exercise 7
established, for any base b, that kj is the value of the derivative of b* when
x = 0. We will have more to say about the parameter k;, in the next chapter.

3z

function derivative
c 0
aP paP~t
sin x COS T
Cos T —sinx
tan x sec?
b® kp - b

Remember that the input to the trigonometric functions is always measured in radians; the
above formulas are not correct if x is measured in degrees. There are similar formulas if you
insist on using degrees, but they are more complicated. This is the principal reasons we work in
radians—the formulas are nice!

For example,

e the derivative of 1/x = 271 is —272 = —1/2%;

1
e the derivative of w = w'/? is tfracl2w™"/? = ——;
/ 2w
m—1.

e the derivative of 2™ is m2™*; and

e the derivative of 7% is k, - % =~ 1.14 7w”.
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Compare the last two functions. The first, 27, is a power function—it is
a power of the input x. The second, 7% is an exponential function—the
input x appears in the exponent. When you differentiate a power function,
the exponent drops by 1; when you differentiate an exponential function, the
exponent doesn’t change.

Basic Rules

Since basic functions are combined in various ways to make formulas, we
need to know how to differentiate combinations. For example, suppose we
add the basic functions g(z) and h(x), to get f(z) = g(x) + h(xz). Then
f is differentiable, and f'(x) = ¢'(z) + h'(z). Actually, this is true for all
differentiable functions g and h, not just basic functions. It says: “The rate
at which f changes is the sum of the separate rates at which g and h change.”
Here are some examples that illustrate the point.

If f(z)=tanz+27% then f'(z)=sec’z— 62",

If f(w)=2"++vw, then f[f'(w)=Fk?2"+ (and ko = .69).

1
2Vw

Likewise, if we multiply any differentiable function g by a constant ¢, then
the product f(x) = cg(x) is also differentiable and f’(x) = c¢/(z). This says:
“If f is c times as large as g, then f changes at ¢ times the rate of g.” Thus
the derivative of 5sinz is 5cosz. Likewise, the derivative of (5z)? is 50 x.
(This took an extra calculation.) However, the rule does not tell us how to
find the derivative of sin(5z), because sin(5x) # 5sin(z). We will need the
chain rule to work this one out.

The rules about sums and constant multiples of functions are just the first
of several basic rules for differentiating combinations of functions. We will
describe how to handle products and quotients of functions in chapter 5. For
the moment we summarize in the following table the rules we have already
covered.

function derivative
f(x)+g(x)  fl(z)+d(z)
c- f(z) c- f'(z)

With just the few facts already laid out we can differentiate a variety of
functions given by formulas. In particular, we can differentiate any polyno-
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mial function:
P(z) = ap2™ + ap_12™ " + -+ ag2® + ayz + ag.

Here a,, a,_1, ..., as, a1, ag are various constants, and n is a positive integer,
called the degree of the polynomial. A polynomial is a sum of constant
multiples of integer powers of the input variable. A polynomial of degree 1
is just a linear function. The derivative is

P'(z) = na,a" '+ (n — Dap_12" 2 + - - 4 2a00 + ay.

All the rules presented up to this point are illustrated in the following
examples; note that the first three involve polynomials.

function derivative
Tr+ 2 7
S5at — 223 202 — 622
Sat — 223 4+ 17 202 — 622
3ul® 4+ 5u® — mud +u — V2 45uM + 44" — 3mu? 4+ 1
6107 +17/2° 6-k10 107 — 85/
3sint — 263 3cost — 6t
mcost — /3tanx + w2 —7msinz — v/3sec’z

The first two functions have the same derivative because they differ only by
a constant, and the derivative of a constant is zero. The constant kqy that
appears in the fourth example is approximately 2.30.

Exercises

Sketching the graph of the derivative

1. Sketch the graphs of two different functions that have the same deriva-
tive. (For example, can you find two linear functions that have the same
derivative?)

Copyright 1994, 2008 Five Colleges, Inc.
DVI file created at 11:36, 1 February 2008



3.5. A GLOBAL VIEW 151

2. Here are the graphs of four related functions: s, its derivative s, another
function ¢(t) = s(2t), and its derivative ¢/(t). The graphs are out of order.
Label them with the correct names s, s, ¢, and .

: \ : Ay
AWA AW
VARY. VARY. M

3. a) Suppose a function y = g(z) satisfies g(0) = 0 and 0 < ¢'(x) < 1 for
all values of z in the interval 0 < x < 3. Explain carefully why the graph of
g must lie entirely in the triangular region shaded below:

y
3
2
1 .
X
0 1 2 3 4

b) Suppose you learn that g(1) = .5 and g(2) = 1. Draw the smallest shaded
region in which you can guarantee that the graph of g must lie.

4. Suppose h is differentiable over the interval 0 < z < 3. Suppose h(0) = 0,
and that

H5<h(r) <1 for 0<z<1
<HW(x)<.5 for 1<x<?2
—1<h(x) <0 for 2<2<3

Draw the smallest shaded region in the z, y-plane in which you can guarantee
that the graph of y = h(x) must lie.
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5. For each of the functions graphed below, sketch the graph of its deriva-

tive.
[ y i y i y
/ X X I X
\Y y \% y Vi y
X X X
Vii. y viii. y iX. y
X /\ X \ X
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Differentiation

6. Find formulas for the derivatives of the following functions; that is, dif-
ferentiate them.

a) f(x)=32" — 3ot + 72 — 17
b) gx) = VBV +

) ()
f) F(2) =7 27+ (1/2)*
)

g) P(t) = —%t2 +vot + dy (a, vy, and dy are constants)

7. Use a computer graphing utility for this exercise. Graph on the same
screen the following three functions:

1. the function f given below, on the indicated interval,

2. the function g(z) = (f(z +.01) — f(x — .01)) /.02 that estimates the
slope of the graph of f at x;

3. the function h(z) = f’(x), where you use the differentiation rules to

find /.
a) f(x)z on—1<z<1.
b) f(z)= Tonl<zx<S8.
c) flx)= \/Eon 25 < x<0.
d) f(z)=sinz on 0 <z < 27.

The graphs of g and h should coincide—or “share phosphor”—in each case.
Do they?

8. In each case below, find a function f(x) whose derivative f'(z) is:

a) f'(z) =12z
b) f'(z) = 5a”.
¢) f'(x) =cosx +sinz.

d) f'(x) =az®+bx +c.
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9. What is the slope of the graph of y =z — /z at x = 47 At x = 1007 At
x = 100007

3

10. a) For which values of x is the function z — x* increasing?

3 rising most steeply?

b) Where is the graph of y =z — x
c) At what points is the graph of y = x — 23 horizontal?

d) Make a sketch of the graph of y = x — 2? that reflects all these results.

5
11. a) Sketch the graph of the function y = 2x + — on the interval .2 <
x

xz < 4.
b) Where is the lowest point on that graph? Give the value of the z-
coordinate ezactly. [Answer: x = /5/2.]

12. What is the slope of the graph of y = sinx + cosx at x = 7/47

13. a) Write the microscope equation for y = sinx at = = 0.

b) Using the microscope equation, estimate the following values: sin.3,
sin.007, sin(—.02). Check these values with a calculator. (Remember to
set your calculator to radian mode!)

14. a) Write the microscope equation for y = tanz at x = 0.

b) Estimate the following values: tan.007, tan.3, tan(—.02). Check these
values with a calculator.

15. a) Write the microscope equation for y = \/x at x = 3600.

b) Use the microscope equation to estimate /3628 and /3592. How far are
these estimates from the values given by a calculator?

16. If the radius of a spherical balloon is r inches, its volume is %m’?’ cubic
inches.

a) At what rate does the volume increase, in cubic inches per inch, when
the radius is 4 inches?

b) Write the microscope equation for the volume when r = 4 inches.
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¢) When the radius is 4 inches, approximately how much does it increase if
the volume is increased by 50 cubic inches?

d) Suppose someone is inflating the balloon at the rate of 10 cubic inches
of air per second. If the radius is 4 inches, at what rate is it increasing, in
inches per second?

17. A ball is held motionless and then dropped from the top of a 200 foot
tall building. After ¢ seconds have passed, the distance from the ground to
the ball is d = f(t) = —16t> + 200 feet.

a) Find a formula for the velocity v = f'(t) of the ball after ¢ seconds. Check
that your formula agrees with the given information that the initial velocity
of the ball is 0 feet/second.

b) Draw graphs of both the velocity and the distance as functions of time.
What time interval makes physical sense in this situation? (For example,
does t < 0 make sense?” Does the distance formula make sense after the ball
hits the ground?)

¢) At what time does the ball hit the ground? What is its velocity then?

18. A second ball is tossed straight up from the top of the same building
with a velocity of 10 feet per second. After ¢ seconds have passed, the distance
from the ground to the ball is d = f(t) = —16¢% + 10t + 200 feet.

a) Find a formula for the velocity of the second ball. Does the formula
agree with given information that the initial velocity is +10 feet per second?
Compare the velocity formulas for the two balls; how are they similar, and
how are they different?

b) Draw graphs of both the velocity and the distance as functions of time.
What time interval makes physical sense in this situation?

¢) Use your graph to answer the following questions. During what period of
time is the ball rising? During what period of time is it falling? When does
it reach the highest point of its flight?

d) How high does the ball rise?

19. a) What is the velocity formula for a third ball that is thrown downward
from the top of the building with a velocity of 40 feet per second? Check
that your formula gives the correct initial velocity.

b) What is the distance formula for the third ball? Check that it satisfies
the initial condition (namely, that the ball starts at the top of the building).
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¢) When does this ball hit the ground? How fast is it going then?

20. A steel ball is rolling along a 20-inch long straight track so that its
distance from the midpoint of the track (which is 10 inches from either end)
is d = 3sint inches after ¢ seconds have passed. (Think of the track as
aligned from left to right. Positive distances mean the ball is to the right of
the center; negative distances mean it is to the left.)

a) Find a formula for the velocity of the ball after ¢ seconds. What is
happening when the velocity is positive; when it is negative; when it equals
zero? Write a sentence or two describing the motion of the ball.

b) How far from the midpoint of the track does the ball get? How can you
tell?

¢) How fast is the ball going when it is at the midpoint of the track? Does
it ever go faster than this? How can you tell?

21. A forester who wants to know the height of a tree walks 100 feet from
its base, sights to the top of the tree, and finds the resulting angle to be 57
degrees.

a) What height does this give for the tree?

b) If the measurement of the angle is certain only to 5 degrees, what can you
say about the uncertainty of the height found in part (a)? (Note: you need
to express angles in radians to use the formulas from calculus: 7 radians =
180 degrees.)

22. a) In the preceding problem, what percentage error in the height of the
tree is produced by a 1 degree error in measuring the angle?

b) What would the percentage error have been if the angle had been 75
degrees instead of 57 degrees? 40 degrees?

¢) If you can measure angles to within 1 degree accuracy and you want to
measure the height of a tree that’s roughly 150 feet tall by means of the
technique in the preceding problem, how far away from the tree should you
stand to get your best estimate of the tree’s height? How accurate would
your answer be?
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3.6 The Chain Rule

Combining Rates of Change

Let’s return to the expanding house that we studied in section 4. When the
temperature T' increased, every side s of the house got longer; when s got
longer, the volume V' got larger. We already discussed how V' responds to
changes in s, but that’s only part of the story. What we’d really like to know
is this: exactly how does the volume V' respond to changes in temperature
T? We can work this out in stages: first we see how V' responds to changes
in s, and then how s responds to changes in 7T'.

Stage 1. Our “house” is a cube that measures 200 inches on a side, and the
microscope equation (section 4) describes how V' responds to changes in s:
cubic inches of volume

AV ~ 120000 inch of length - As inches.

Stage 2. Physical experiments with wood show that a 200 inch length of
wood increases about .0004 inches in length per degree Fahrenheit. This is
a rate, and we can build a second microscope equation with it:

As = 0004 inches of length

AT d F
degree F eerees &

where AT measures the change in temperature, in degrees Fahrenheit.

We can combine the two stages because As appears in both. Replace
As in the first equation by the right-hand side of the second equation. The
result is

S -
AV ~ 120000 SRS 004 DS AT Gegrees F.
inch degree F

We can condense this to

AV ~ 48 cubic inches - AT degrees F.
degree F
This is a third microscope equation, and it shows directly how the volume
of the house responds to changes in temperature. It is the answer to our
question.
As always, the multiplier in a microscope equation is a rate. The mul-
tiplier in the third microscope equation, 48 cubic inches/degree F, tells us
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the rate at which volume changes with respect to temperature. Thus, if the
temperature increases by 10 degrees between night and day, the house will be-
come about 480 cubic inches larger. Recall that Bodanis (see section 4) said
that the house might become only a few cubic inches larger—say, AV = 3
cubic inches. If we solve the microscope equation

3~48 - AT

for AT, we see that the temperature would have risen only 1/16-th of a
degree F'!

The rate that appears as the multiplier in the third microscope equation
is the product of the other two:

cubic inches cubic inches inches
48 ——— —— =120000 ———— x .0004 ———.
degree F inch . degree F
Each of these rates is a derivative:
cubic inches cubic inches inches
48 ——————— =120000 ———— x .0004 ——.
degree F inch . degree F
dV/dT dV/ds ds/dT

We wrote the derivatives in Leibniz’s notation because it’s particularly help-
ful in keeping straight what is going on. For instance, dV/dT indicates very
clearly the rate at which volume is changing with respect to temperature, and
dV/ds the rate at which it is changing with respect to length. These rates
are quite different—they even have different units—but the notation V"’ does
not distinguish between them. In Leibniz’s notation, the relation between
the three rates takes this striking form:

av._dv ds

dl ds dT’
This relation is called the chain rule for the variables 7', s, and V. (We’ll
see in a moment what this has to do with chains.)

The chain rule is a consequence of the way the three microscope equations
are related to each other. We can see how it emerges directly from the
microscope equations if we replace the numbers that appear as multipliers in
those equations by the three derivatives. To begin, we write

av ds

AV%E-AS and Aszd—T-AT.
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Then, combining these equations, we get

v ds

AV ~ —  —

ds dT

In fact, this is the microscope equation for V' in terms of 7', which can be

written more directly as

-AT.

1%
AV ~ — - AT.
dT
In these two expressions we have the same microscope equation, so the mul-

tipliers must be equal. Thus, we recover the chain rule:

v ds _dv
ds dT  dT’

Recall that Leibniz worked directly with differentials, like dV and ds, so a derivative was a genuine
fraction. For him, the chain rule is true simply because we can cancel the two appearances of
“ds" in the derivatives. For us, though, a derivative is not really a fraction, so we need an

argument like the one in the text to establish the rule.

Chains and the Chain Rule

Let’s analyze the relationships between the three variables in the expanding
house problem in more detail. There are three functions involved: volume is a
function of length: V' = V(s); length is a function of temperature: s = s(T);
and finally, volume is a function of temperature, too: V = V(s(T)). To
visualize these relationships better, we introduce the notion of an input—
output diagram. The input—output diagram for the function s = s(7') is
just T" — s. It indicates that T is the input of a function whose output is
s. Likewise s — V says that volume V' is a function of length s. Since the
output of T" — s is the input of s — V| we can make a chain of these two
diagrams:
T —s— V.

The result describes a function that has input 7" and output V. It is thus an
input—output diagram for the third function V = V(s(T)).

We could also write the input—output diagram for the third function sim-
ply as T'— V; in other words,

T—YV equals T—s—V.
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We say that T'— s — V is a chain that is made up of the two links 7" — s
and s — V. Since each input—output diagram represents a function, we
can attach a derivative that describes the rate of change of the output with
respect to the input:

ds av av
drT ds drT
T S s —V T —V
Here is a single picture that shows all the relationships:
av
dT
[ - .
as v
dT ds

We can thus relate the derivative dV//dT" of the whole chain to the derivatives
dV/ds and ds/dT of the individual links by

v dV ds
dT — ds dT’
The same argument holds for any chain of functions. If u is a function of
x, and if y is some function of u, then a small change in x produces a small

change in u and hence in y. The total multiplier for the chain is simply the
product of the multipliers of the individual links:

dy dy du

The chain rule: = .
dx du dx

Moreover, an obvious generalization extends this result to a chain containing
more than two links.

A simple example. We can sometimes use the chain rule without giving it
much thought. For instance, suppose a bookstore makes an average profit of
$3 per book, and its sales are increasing at the rate of 40 books per month.
At what rate is its monthly profit increasing, in dollars per month? Does it
seem clear to you that the rate is $120 per month?
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Let’s analyze the question in more detail. There are three variables here:

time ¢ measured in months;
sales s measured in books;
profit p measured in dollars.

The two known rates are

d_p B dollars d @ B books
ds ~ book an dt  month’

The rate we seek is dp/dt, and we find it by the chain rule:
dp dp ds

dt  ds dt
dollars " books
book month

dollars

=3

=120

month

Chains, in general. The chain rule applies whenever the output of one
function is the input of another. For example, suppose v = f(z) and y =
g(u). Then y = g(f(x)), and we have:

dy
dz
X - u ...................... = ) @ = @ . d_u
du dy dr du dx
dz du
Let’s take
u = z* and y = sin(u);

then y = sin(z?), and it is not at all obvious what the derivative dy/dz ought
to be. None of the basic rules in section 4 covers this function. However,
those rules do cover u = x? and y = sin(u):

du dy

pri 2x and Ty cos(u).
We can now get dy/dz by the chain rule:
dy dy du
A kg 9.
dr  du dx cos(u) - 2
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Since we are interested in y as a function of x—rather than u—we should
rewrite dy/dx so that it is expressed entirely in terms of x:

If y=sin(z?), then g—y = 2 cos(u) = 2x cos(x?).
x

Let’s start over, using the function names f and g we introduced at the
outset:
u=f(z) and y=g(u), so y=g(f(z)).

The third function, y = g(f(x)), needs a name of its own; let’s call it h. Thus

y = h(z) =g(f(z)).
We say that h is composed of g and f, and h is called the composite, or
the composition, of g and f.
The problem is to find the derivative b’ of the composite function, knowing
¢ and f’. Let’s translate all the derivatives into Leibniz’s notation.

dy dy du
We can now invoke the chain rule:

d dy du
W(w) = 2 ==L 22 = g'(u) - f(x).
Although A’ is now expressed in terms of ¢’ and f’, we are not yet done. The
variable u that appears in ¢'(u) is out of place—because h is a function of
x, not u. (We got to the same point in the example; the original form of the
derivative of sin(z?) was 2z cos(u).) The remedy is to replace u by f(z); we
can do this because u = f(x) is given.

The chain rule: h'(xz) = g’(f(x))- f'(x) when h(x) = g(f(x))

There is a certain danger in a formula as terse and compact as this that it
loses all conceptual meaning and becomes simply a formal string of symbols
to be manipulated blindly. You should always remember that the expression
in the box is just a mathematical statement of the intuitively clear idea that
when two functions are chained together, with the output of one serving as
the input of the other, then the combined function has a multiplier which is
simply the product of the multipliers of the two constituent functions.
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Using the Chain Rule

The chain rule will allow us to differentiate nearly any formula. The key is
to recognize when a given formula can be written as a chain—and then, how
to write it.

Example 1. Here is a problem first mentioned on page 149: What is the
derivative of y = sin(5x)7 If we set

y = sin(u) where u = b,
then we find immediately

;i_z = cos(u) and du_ 5.

Thus, by the chain rule we see

dy B dy du B B
T e A cos(u) - 5 = 5cos(bx).

Example 2. w = 2%, Set

u

w =2 and U = COS Z.

Then, once again, the basic rules from section 4 are sufficient to differentiate
the individual links:

d d
% = ko 2¢ and d_: = —sin z.
The chain rule does the rest:
dw dw du u . : cos z
E—@'%—k22 - (—sinz) = —kg sin 22°%°%.

Example 3. p = V/7t3 + sin®¢. This presents several challenges. First let’s
make a chain:
p=+u  where u = Tt> +sin’t.

The basic rules give us dp/du = 1/2+/u, but it is more difficult to deal with
u. Let’s at least introduce separate labels for the two terms in wu:

q="T1t and r =sin®t.
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Then J p p p
du _aq | ar Y 542
I dr + o and i 21¢°.

The remaining term r = sin?t = (sint)? can itself be differentiated by
the chain rule. Set

r = where v =sint.
Then p p
r v
T _9 R
7 v and o cos(t),
SO
dr B dr dv

T d d 2vcost = 2sint cost.
The final step is to assemble all the pieces:

2112 + 2sint cost
2V/7t3 + sin® ¢

By breaking down a complicated expression into simple pieces, and ap-
plying the appropriate differentiation rule to each piece, it is possible to
differentiate a vast array of formulas. You may meet two sorts of difficulties:
you may not see how to break down the expression into simpler parts; and
you may overlook a step. Practice helps overcome the first, and vigilance the
second.

Here is an example of the second problem: find the derivative of y =
—3cos(2z). The derivative is not 3sin(2z); it is 6sin(2x). Besides remem-
bering to deal with the constant multiplier —3, and with the fact that there
is a minus sign in the derivative of coswu, you must not overlook the link
u = 2x in the chain that connects y to x.

dp dp du 1 9 )
— = —— = ——- (21" +2sintcost) =
A dudl n/u ( + 2sin cos)

Exercises

1. Use the chain rule to find dy/dx, when y is given as a function of z in
the following way.

a) y = bu— 3, where u =4 — Tz.

b) y = sinu, where u =4 — Tx.

c) y = tanu, where u = 3.
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d) y = 10", where u = 2.

e) y=u*, where u = 2% +5.

2. Find the derivatives of the following functions.

a) F(x) = (92 + 62°)5.

b) G(w) = +v4w? + 1.

c) S(w)=+/(4w? + 1)3.

d) R(z) = ﬁ (Hint: think of o & (1—2)1)
e) D(z) =3tan (%)

f) dog(w) = sin®(w® + 1).

g) pig(t) = cos(2").

h) wombat(x) = 51/

3. If h(z) = (f(x))® where f is some function satisfying f(93) = 2 and
1/(93) = —4, what is h/(93)?

4. If H(z) = F(2? — 4x + 2) where F' is some function satisfying F’(2) = 3,
what is H'(4)?

5. If f(x) = (1 + 2?)5, what are the numerical values of f/(0) and f/(1)?
6. If h(t) = cos(sint), what are the numerical values of h'(0) and h/(m)?

7. If f'(z) = g(x), which of the following defines a function which also must
have ¢ as its derivative?

flx +17) f(17x) 17f(z) 17+ f(x) f(17)

8. Let f(t) = t*> + 2t and g(t) = 5t3 — 3. Determine all of the following:

F'@), g'(0), g(f(1), flg(0), ' (), f'(g(1)), (f(g(£)))', (9(f(#)))"

9. a) What is the derivative of f(z) = 27"?
b) Sketch the graphs of f and its derivative on the interval —2 < x < 2.

c) For what values(s) of x is f'(z) = 07 What is true about the graph of f
at the corresponding points?
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d) Where does the graph of f have positive slope, and where does it have
negative slope?

10. a) With a graphing utility, find the point & where the function y =
1/(32? — bz + 7) takes its maximum value. Obtain the numerical value of x
accurately to two decimal places.

b) Find the derivative of y = 1/(32% — 5z +7), and determine where it takes
the value 0.

[Answer: y' = —(6z — 5)(32? — 5x +7)72, and ¥ = 0 when = = 5/6.]

c) Using part (b), find the eract value of x where y = 1/(32? — 5z +7) takes
its maximum value.

d) At what point is the graph of y = 1/(32% — 5z + 7) rising most steeply?
Describe how you determined the location of this point.

11. a) Write the microscope equation for the function y = sin \/x at x = 1.

b) Using the microscope equation, estimate the following values: sin+/1.05,

sin v/.9.

12. a) Write the microscope equation for w = /14 z at x = 0.

b) Use the microscope equation to estimate the values of +/1.1056 and
V/.9788. Compare your estimates with the values provided by a calculator.

13.  When the sides of a cube are 5 inches, its surface area is changing at
the rate of 60 square inches per inch increase in the side. If, at that moment,
the sides are increasing at a rate of 3 inches per hour, at what rate is the
area increasing: is it 60, 3, 63, 20, 180, 5, or 15 square inches per hour?

14. Find a function f(z) for which f’(z) = 3z*(5 + 2*)!°. Find a function
p(z) for which p'(z) = 2?(5+ 2°*)!°. A useful way to proceed is to guess. For
instance, you might guess f(x) = (5 + 23)!'. While this guess isn’t correct,
it suggest what modification you might make to get the answer.

15. Find a function g(¢) for which ¢'(¢) = ¢t/v/1 + t2.
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3.7 Partial Derivatives

Let’s return to the sunrise function once again. The time of sunrise depends
not only on the date, but on our latitude. In fact, if we are far enough north
or south, there are days when the sun never rises at all. We give in the table
below the time of sunrise at eight different latitudes on March 15, 1990.

Latitude 36°N 38°N 40°N 42°N 44°N 46°N 48°N 50°N
Mar 15 6:10 6:11 6:12 6:13 6:13 6:13 6:14 6:14

Thus on March 15, the time of sunrise increases as latitude increases.

Clearly what this shows is that the time of sunrise is actually a function
of two independent inputs: the date and the latitude. If 7" denotes the time
of sunrise, then we will write 7" = T'(d, \) to make explicit the dependence of
T on both the date d and the latitude A. To capture this double dependence,
we need information like the following table:

Latitude 36°N 38°N 40°N 42°N 44°N 46°N 48°N 50°N
Mar 3 6:24 6:27 6:31 6:33 6:34 6:36 6:38 6:40

7 6:20 6:22 6:25 6:26 6:27 6:29 6:30 6:32

11 6:15 6:17 6:19 6:19 6:20 6:21 6:22 6:23

15 6:10 6:11 6:12 6:13 6:13 6:13 6:14 6:14

19 6:06 6:06 6:06 6:06 6:06 6:06 6:06 6:06

23 6:01 6:00 5:59 5:59 5:58 5H:5b8 5B 55T

27 556 554 5:53  5:52  5:H1  5:50 549 548

Thus we can say 7'(74,42°N) = 6:13 (March 15 is the 74-th day of the year).
Note, though, that at this date and place the time of sunrise is changing in
two very different senses:

First: At 42°N, during the eight days between March 11 and March 19, the
time of sunrise gets 13 minutes earlier. We thus would say that on
March 15 at 42°N, sunrise is changing at —1.63 minutes/day.

Second: On the other hand, on March 15 we see that the time of sunrise
varies by 1 minute as we go from 40°N to 44°N. We would thus say
that at 42°N the rate of change of sunrise as the latitude varies is
approximately 1 minute/4° = 4.25 minutes/degree of latitude.

Two quite different rates are at work here, one with respect to time, the
other with respect to latitude.
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We need a notation which allows us to talk about the different rates at
which a function can change, when that function depends on more than one
variable. A rate of change is, of course, a derivative. But since a change
in one input produces only part of the change that a function of several
variables can experience, we call the rate of change with respect to any one
of the inputs a partial derivative. If the value of z depends on the variables
x and y according to the rule z = F(x,y), then we denote the rate at which
z is changing with respect to x when x = a and y = b by

0z
Fy(a,b or b —(a,b).
(8 orby  Si(ab)
We call this rate the partial derivative of F' with respect to . Similarly,
we define the partial derivative of I’ with respect to y to be the rate at which

z is changing when y is varied. It is denoted

0z
F,(a,b) or o (a,b).
There is nothing conceptually new involved here; to calculate either of these
partial derivatives you simply hold one variable constant and go through
the same limiting process as before for the input variable of interest. Note
that, to call attention to the fact that there is more than one input variable

present, we write

% rather than 3—;,
as we did when x was the only input variable.
To calculate the partial derivative of I with respect to x at the point
(a,b), we can use

0z . Fla+ Ax,b) — F(a,b

Similarly,
0z . F(a,b+ Ay) — F(a,b
Fy(a.t) = 5o a.t) = fin HOTESW 2T,

By using this notation for partial derivatives, we can cast some of our
earlier statements about the sunrise function 7' = T'(d, A) in the following
form:

Ta(74,42°N) ~ —1.63 minutes per day;
T\(74,42°N) ~ +.25 minutes per degree.
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Partial Derivatives as Multipliers

For any given date d and latitude A we can write down two microscope
equations for the sunrise function 7'(d, A). One describes how the time of
sunrise responds to changes in the date, the other to changes in the latitude.
Let’s consider variations in the time of sunrise in the vicinity of March 15
and 42°N.

The partial derivative Ty(74,42°N) of T' with respect to d is the multiplier
in the first of these microscope equations:

AT ~ Ty(74,42°N) - Ad.

For example, from March 15 to March 17 (Ad = 2 days), we would expect
the time of sunrise to change by

AT ~ —1.63 2 « 9 days = —3.3 minutes.
day
Thus, we would expect the time of sunrise on March 17 at 42°N to be ap-
proximately
T(76,42°N) =~ 6:09.7.
The partial derivative T)(74,42°N) of T' with respect to A is the multiplier
in the second microscope equation:

AT = Ty(74,42°N) - A\

If, say, we moved 1° north, to 43°N, we would expect the time of sunrise on
March 7 to change by

AT ~ 25 2« 1 degree = .25 minute.
deg

The time of sunrise on March 15 at 43°N would therefore be
T(74,43°N) =~ 6:13.25.

We have seen what happens to the time of sunrise from March 15 to
March 17 if we stay at 42°N, and we have seen what happens to the time
on March 15 if we move from 42°N to 43°N. Can we put these two pieces
of information together? That is, can we determine the time of sunrise on
March 17 at 43°N? This involves changing both the date and the latitude.

Copyright 1994, 2008 Five Colleges, Inc.
DVI file created at 11:36, 1 February 2008

The microscope
equation for dates

The microscope
equation for latitudes



The total change

To find a partial
derivative, treat the
other variable as a
constant

170 CHAPTER 3. THE DERIVATIVE

To determine the total change we shall just combine the two changes AT
we have already calculated. Making the date two days later moves the time
of sunrise 3.3 minutes earlier, and travelling one degree north makes the time
of sunrise .25 minutes later, so the net effect would be to change the time of
sunrise by

AT ~ —3.3 min + .25 min ~ —3 minutes.

This puts the time of sunrise at 7'(76, 43°N) =~ 6:10.

We can formulate this idea more generally in the following way: par-
tial derivatives are not only multipliers for gauging the separate effects that
changes in each input have on the output, but they also serve as multipliers
for gauging the cumulative effect that changes in all inputs have on the out-
put. In general, if z = F(z,y) is a function of two variables, then near the
point (a,b), the combined change in z caused by small changes in x and y
can be stated by the full microscope equation:

The full microscope equation:
Az = F,(a,b) - Ax + Fy(a,b) - Ay

As was the case for the functions of one variable, there is an important
class of functions for which we may write “=” instead of “~” in this relation,
the linear functions. The most general form of a linear function of two
variables is z = F'(x,y) = mx + ny + ¢, for constants m, n, and c.

In the exercises you will have an opportunity to verify that for a linear
function z = F(x,y) = mx+ny+c and for all (a,b), we know that F,(a,b) =
m and Fy(a,b) = n, and the full microscope equation Az = Fy(a,b) - Az +
F,(a,b) - Ay is true for all values of Az and Ay.

Formulas for Partial Derivatives

No new rules are needed to find the formulas for the partial derivatives of
a function of two variables that is given by a formula. To find the partial
derivative with respect to one of the variables, just treat the other variable
as a constant and follow the rules for functions of a single variable. (The
basic rules are described in section 5 and the chain rule in section 6.) We
give two examples to illustrate the method.

Copyright 1994, 2008 Five Colleges, Inc.
DVI file created at 11:36, 1 February 2008



3.7. PARTIAL DERIVATIVES 171

Example 1. For z = F(z,y) = 32y + 5y*\/z, we have

5y
2\

1 2
Fy(z,y) = 3y(27) + 5y°—~= = 6ay +

2Vx
Fy(x,y) = 32 + 10y/x

Example 2. For w = G(u,v) = 3u’sinv — cosv + u, we have

0

Y 15utsinu+1
ou

0

9 305 cosv + sin o
ov

The formulas for derivatives and the combined multiplier effect of partial
derivatives allow us to determine the effect of changes in length and in width
on the area of a rectangle. The area A of the rectangle is a simple function
of its dimensions [ and w, A = F(l,w) = lw. The partial derivatives of the

area are then
F(l,w)=w and F,(l,w)=1I.

l Al
~ -~ ~ ~ =~
.
w area = [-w ~——area = w - Al
\
Aw { area = | - Aw «l—area = Al - Aw

Changes Al and Aw in the dimensions produce a change
AA~=w-Al+1-Aw

in the area. The picture below shows that the exact value of AA includes
an additional term—mnamely Al - Aw—that is not in the approximation w -
Al +1-Aw. The difference, Al - Aw, is very small when the changes Al and
Aw are small. In chapter 5 we will have a further look at the nature of this
approximation.
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Exercises

1. Use differentiation formulas to find the partial derivatives of the following
functions.

a) x2y.

b) Vz+uy.

c) 2y + 51 — /T +y.

d) 10%v.
Y
e) =
. y
£ J
) s T
22
g) 17— — 2’siny + .
Y
ny & k2
) U
i) 2y/x Yy — Tcosw.
j) ztany

2. On March 7 in the Northern Hemisphere, the farther south you are the
earlier the sun rises. The sun rises at 6:25 on this date at 40°N. If we had
been far enough south, we could have experienced a 6:25 sunrise on March
5. Near what latitude did this happen?

3. The volume V of a given quantity of gas is a function of the temperature
T (in degrees Kelvin) and the pressure P. In a so-called ideal gas the func-
tional relationship between volume and pressure is given by a particularly
simple rule called the ideal gas law:
T
V(T,P)=R—
( Y ) P Y
where R is a constant.
a) Find formulas for the partial derivatives Vi (T, P) and Vp(T, P)

b) For a particular quantity of an ideal gas called a mole, the value of R can
be expressed as 8.3 x 103 newton-meters per degree Kelvin. (The newton is
the unit of force in the MKS unit system.) Check that the units in the ideal
gas law are consistent if V' is measured in cubic meters, 7" in degrees Kelvin,
and P in newtons per square meter.
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c) Suppose a mole of gas at 350 degrees Kelvin is under a pressure of 20
newtons per square meter. If the temperature of the gas increases by 10
degrees Kelvin and the volume increases by 1 cubic meter, will the pressure
increase or decrease? By about how much?

4.  Write the formula for a linear function F'(z,y) with the following prop-
erties:

Fo(z,y)= .15 for all x and y
Fy(z,y) =231 for all z and y
F(4,1) =8

5. The purpose of this exercise is to verify the claims made in the text
for the linear function z = F(z,y) = mx + ny + ¢, where m, n and ¢ are
constants.

a) Use the differentiation rules to find the partial derivatives of F.

b) Use the definition of the partial derivative F,(a,b) to show that F}.(a,b) =
m for any input (a,b). That is, show that the value of

F(a+ Az,b) — F(a,b)
Az

exactly equals m, no matter what a and b are.

¢) Compute the exact value of the change
Az = F(a+ Az, b+ Ay) — F(a,b)

corresponding to changing a by Az and b by Ay.

uv

3+uv
a) Approximate the value of the partial derivative G,(1,2) by computing
Aw/Au for Au = +.1, +.01, ..., £.00001.

b) Approximate the value of G,(1,2) by computing Aw/Awv for Av = +.1,
+.01, ..., +.00001.

c) Write the full microscope equation for G(u,v) at (u,v) = (1, 2).

6. Suppose w = G(u,v) =

d) Use the full microscope equation to approximate G(.8,2.1). How close is
your approximation to the true value of G(.8,2.1)?
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7. a) A rectangular piece of land has been measured to be 51 feet by 2034
feet. What is its area?

b) The narrow dimension has been measured with an accuracy of 4 inches,
but the long dimension is accurate only to 10 feet. What is the error, or
uncertainty, in the calculated area? What is the percentage error?

8. Suppose z = f(z,y) and
F3.12) =240,  £(3.12)=7,  £,(3,12) = 4.

a) Estimate f(4,12), f(3,13), f(4,13), f(4,10).

b) When x = 3 and y = 12, how much does a 1% increase in x cause z to
change? How much does a 1% increase in y cause z to change? Which has
the larger effect: a 1% increase in x or a 1% increase in y?

9. Let P(K, L) represent the monthly profit, in thousands of dollars, of a
company that produces a product using capital whose monthly cost is K
thousand dollars and labor whose monthly cost is L thousand dollars. The
current levels of expense for capital and labor are K = 23.5 and L = 39.0.
Suppose now that company managers have determined

oP oP

—(23.5,39.0) = —.12 ~~(23.5,39.0) = —.20.
o (23:5,39.0) . 57 (235,300) 0

a) Estimate what happens to the monthly profit if monthly capital expenses
increase to $24,000.

b) Each typical person added to the work force increases the monthly labor
expense by $1,500. Estimate what happens to the monthly profit if one more
person is added to the work force. What, therefore, is the rate of change of
profit, in thousands of dollars per person? Is the rate positive or negative?

¢) Suppose managers respond to increased demand for the product by adding
three workers to the labor force. What does that do to monthly profit? If
the managers want to keep the profit level unchanged, they could try to alter
capital expenses. What change in K would leave profit unchanged after the
three workers are added? (This is called a trade-off.)

10. A forester who wants to know the height of a tree walks 100 feet from
its base, sights to the top of the tree, and finds the resulting angle to be 57
degrees.
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a) What height does this give for the tree?

b) If the 100-foot measurement is certain only to 1 foot and the angle mea-
surement is certain only to 5 degrees, what can you say about the uncertainty
of the height measured in part (a)? (Note: you need to express angles in ra-
dians to use calculus: 7 radians = 180 degrees.)

¢) Which would be more effective: improving the accuracy of the angle mea-
surement, or improving the accuracy of the distance measurement? Explain.

Copyright 1994, 2008 Five Colleges, Inc.
DVI file created at 11:36, 1 February 2008



176

CHAPTER 3. THE DERIVATIVE

3.8 Chapter Summary

The Main Ideas

The functions we study with the calculus have graphs that are locally
linear; that is, they look approximately straight when magnified under
a microscope.

The slope of the graph at any point is the limit of the slopes seen
under a microscope at that point.

The rate of change of a function at a point is the slope of its graph
at that point, and thus is also a limit. Its dimensional units are (units
of output)/(unit of input).

The derivative of f(x) at x = a is name given to both the rate of
change of f at a and the slope of the graph of f at (a, f(a)).

The derivative of y = f(z) at © = a is written f’(a). The Leibniz
notation for the derivative is dy/dx.

To calculate the derivative f’(a), make successive approximations
using Ay/Ax:
Ay . flat+h)—fla—h)
/ _ —_J _ —
o) = fmxe =i 2 2

fla+h)— f(a)
- :

The microscope equation Ay = f’(a):Ax describes the relation
between x and y = f(z) as seen under a microscope at (a, f(a)); Az
and Ay are the microscope coordinates.

The microscope equation describes how the output changes in response
to small changes in the input. The response is proportional, and the
derivative f’(a) plays the role of multiplier, or scaling factor.

The microscope equation expresses the local linearity of a function in
analytic form. The microscope equation is exact for linear functions.

The microscope equation describes error propagation when one quan-
tity, known only approximately, is used to calculate another.
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The derivative function is the rule that assigns to any x the number

f'(z).

The derivative of a function gives information about the shape of the
graph of the function, and conversely.

If a function is given by a formula, its derivative also has a formula.
There are formulas for the derivatives of the basic functions, and
there are rules for the derivatives of combinations of basic functions.

The chain rule gives the formula for the derivative of a chain, or
composite of functions.

Functions that have more than one input variable have partial deriva-
tives. A partial derivative is the rate at which the output changes with
respect to one variable when we hold all the others constant.

If a multi-input function is given by a formula, its partial derivatives
also have formulas that can be found using the same rules that apply
to single-input functions.

A function z = F(x,y) of two variables also has a microscope equa-
tion:
Az = Fy(a,b) - Az + Fy(a,b) - Ay.

The partial derivatives are the multipliers in the microscope equation.

Expectations

You should be able to approximate f’(a) by zooming in on the graph
of f near a and calculating the slope of the graph on an interval on
which the graph appears straight.

You should be able to approximate f'(a) using a table of values of f
near a.

From the microscope equation Ay = f'(a) - Az, you should be able to
estimate any one of Az, Ay and f’(a) if given the other two.

If y = f(x) and there is an error in the measured value of z, you should
be able to determine the absolute and relative error in y.
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e You should be able to sketch the graph of f if you are given the graph
of f.

e You should be able to use the basic differentiation rules to find the
derivative of a function given by a formula that involves sums of con-
stant multiples of xP, sinx, cosx, tanz, or b”.

e You should be able to break down a complicated formula into a chain
of simple pieces.

e You should be able to use the chain rule to find the derivative of a
chain of functions. This could involve several independent steps.

e For z = F(z,y), you should be able to approximate any one of Az,
Az, Ay, Fy(a,b) and F,(a,b), if given the other four.

e You should be able to find formulas for partial derivatives using the
basic rules and the chain rule for finding formulas for derivatives.
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Chapter 4

Differential Equations

The rate equations with which we began our study of calculus are called
differential equations when we identify the rates of change that appear
within them as derivatives of functions. Differential equations are essential
tools in many area of mathematics and the sciences. In this chapter we
explore three of their important uses:

e Modelling problems using differential equations;

e Solving differential equations, both through numerical techniques like
Euler’s method and, where possible, through finding formulas which
make the equations true;

e Defining new functions by differential equations.

We also introduce two important functions—the exponential function and
the logarithmic function—which play central roles in the theory of solving
differential equations. Finally, we introduce the operation of antidifferen-
tiation as an important tool for solving some special kinds of differential
equations.

4.1 Modelling with Differential Equations

To analyze the way an infectious disease spreads through a population, we
asked how three quantities S, I, and R would vary over time. This was
difficult to answer; we found no simple, direct relation between S (or I or
R) and t. What we did find, though, was a relation between the variables
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S, I, and R and their rates S’, I’, and R'. We expressed the relation as a
set of rate equations. Then, given the rate equations and initial values for S,
I, and R, we used Euler’s method to estimate the values at any time in the
future. By constructing a sequence of successive approximations, we were
able to make these estimates as accurate as we wished.

There are two ideas here. The first is that we could write down equations
for the rates of change that reflected important features of the process we
sought to model. The second is that these equations determined the variables
as functions of time, so we could make predictions about the real process we
were modelling. Can we apply these ideas to other processes?

To answer this question, it will be helpful to introduce some new terms.
What we have been calling rate equations are more commonly called dif-
ferential equations. (The name is something of an historical accident.
Since the equations involve functions and their derivatives, we might bet-
ter call them derivative equations.) Euler’s method treats the differential
equations for a set of variables as a prescription for finding future values of
those variables. However, in order to get started, we must always specify
the initial values of the variables—their values at some given time. We call
this specification an initial condition. The differential equations together
with an initial condition is called an initial value problem. Each initial
value problem determines a set of functions which we find by using Euler’s
method.

If we use Leibniz's notation for derivatives, a differential equation like S’ = —aS1T takes the
form dS/dt = —aSI. If we then treat dS/dt as a quotient of the individual differentials dS
and dt (see page 123), we can even write the equation as dS = —aSTdt. Since this expresses
the differential dS in terms of the differential dt, it was natural to call it a differential equation.
Our approach is similar to Leibniz's, except that we don't need to introduce infinitesimally small
quantities, which differentials were for Leibniz. Instead, we write AS ~ —aSTI At and relay on
the fact that the accumulated error of the resulting approximations can be made as small as we

like.

To illustrate how differential equations can be used to describe a wide
range of processes in the physical, biological, and social sciences, we’ll devote
this section to a number of ways to model and analyze the long-term behavior
of animal populations. To be specific, we will talk about rabbits and foxes,
but the ideas can be adapted to the population dynamics of virtually all living
things (and many non-living systems as well, such as chemical reactions).

In each model, we will begin by identifying variables that describe what
is happening. Then, we will try to establish how those variables change over
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time. Of course, no model can hope to capture every feature of the pro-
cess we seek to describe, so we begin simply. We choose just one or two
elements that seem particularly important. After examining the predictions
of our simple model and checking how well they correspond to reality, we
make modifications. We might include more features of the population dy-
namics, or we might describe the same features in different ways. Gradually,
through a succession of refinements of our original simple model, we hope for
descriptions that come closer and closer to the real situation we are studying.

Single-species Models: Rabbits

The problem. If we turn 2000 rabbits loose on a large, unpopulated island
that has plenty of food for the rabbits, how might the number of rabbits vary
over time? If we let R = R(t) be the number of rabbits at time ¢ (measured in
months, let us say), we would like to be able to make some predictions about
the function R(t). It would be ideal to have a formula for R(¢)—but this is
not usually possible. Nevertheless, there may still be a great deal we can say
about the behavior of R. To begin our explorations we will construct a model
of the rabbit population that is obviously too simple. After we analyze the
predictions it makes, we’ll look at various ways to modify the model so that
it approximates reality more closely.

The first model. Let’s assume that, at any time ¢, the rate at which the
rabbit population changes is simply proportional to the number of rabbits
present at that time. For instance, if there were twice as many rabbits, then
the rate at which new rabbits appear will also double. In mathematical
terms, our assumption takes the form of the differential equation

dR rabbits
1 — =k
(1) o R

month

The multiplier k is called the per capita growth rate (or the reproductive
rate), and its units are rabbits per month per rabbit. Per capita growth is
discussed in exercise 22 in chapter 1.2.

For the sake of discussion, let’s suppose that k = .1 rabbits per month per
rabbit. This assumption means that, on the average, one rabbit will produce
.1 new rabbits every month. In the S-7-R model of chapter 1, the reciprocals
of the coefficients in the differential equations had natural interpretations.
The same is true here for the per capita growth rate. Specifically, we can say
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that 1/k = 10 months is the average length of time required for a rabbit to
produce one new rabbit.

Since there are 2000 rabbits at the start, we can now state a clearly
defined initial value problem for the function R(t):

dR

i 1R R(0) = 2000.
By modifying the program SIRPLOT, we can readily produce the graph of
the function that is determined by this problem. Before we do that, though,
let’s first consider some of the implications that we can draw out of the
problem without the graph.

Since R'(t) = .1 R(t) rabbits per month and R(0) = 2000 rabbits, we see

that the initial rate of growth is R'(0) = 200 rabbits per month. If this rate
were to persist for 20 years (= 240 months), R would have increased by

rabbits
month

AR = 240 months x 200

= 48000 rabbits,
yielding altogether
R(240) = R(0) + AR = 2000 + 48000 = 50000 rabbits

at the end of the 20 years. However, since the population R is always getting
larger, the differential equation tells us that the growth rate R’ will also
always be getting larger. Consequently, 50,000 is actually an underestimate
of the number of rabbits predicted by this model.

Let’s restate our conclusions in a graphical form. If R’ were always 200
rabbits per month, the graph of R plotted against ¢t would just be a straight
line whose slope is 200 rabbits/month. But R’ is always getting bigger, so
the slope of the graph should increase from left to right. This will make the
graph curve upward. In fact, SIRPLOT will produce the following graph of
R(t):

actual graph
e
k]
g graph if rabbits
g increased at 200
< per month forever
2000

-t

o
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Later, we will see that the function R(t) determined by this initial value
problem is actually an exponential function of ¢, and we will even be able to
write down a formula for R(), namely

R(t) = 2000 (1.10517)".

This model is too simple to be able to describe what happens to a rabbit
population very well. One of the obvious difficulties is that it predicts the
rabbit population just keeps growing—forever. For example, if we used the
formula for R(t) given above, our model would predict that after 20 years (t =
240) there will be more than 50 trillion rabbits! While rabbit populations
can, under good conditions, grow at a nearly constant per capita rate for a
surprisingly long time (this happened in Australia during the 19th century),
our model is ultimately unrealistic.

It is a good idea to think qualitatively about the functions determined by a differential equation
and make some rough estimates before doing extensive calculations. Your sketches may help you
see ways in which the model doesn't correspond to reality. Or, you may be able to catch errors
in your computations if they differ noticeably from what your estimates led you to expect.

The second model. One way out of the problem of unlimited growth is to

modify equation (1) to take into account the fact that any given ecological
system can support only some finite number of creatures over the long term.
This number is called the carrying capacity of the system. We expect that
when a population has reached the carrying capacity of the system, the pop-
ulation should neither grow nor shrink. At carrying capacity, a population
should hold steady—its rate of change should be zero. For the sake of speci-
ficity, let’s suppose that in our example the carrying capacity of the island
is 25,000 rabbits.

What we would like to do, then, is to find an expression for R’ which is
similar to equation (1) when the number of rabbits R is near 2000, but which
approaches 0 as R approaches 25,000. One model which captures these fea-
tures is the logistic equation, first proposed by the Belgian mathematician
Otto Verhulst in 1845:

) R — kR (1 B E) rabbits

b ) month’

In this equation, the coefficient k is called the natural growth rate. It
plays the same role as the per capita growth rate in equation (1), and it has
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the same units—rabbits per month per rabbit. The number b is the carrying
capacity; it is measured in rabbits. (We first saw the logistic equation on
pages 80-86.) Notice also that we have written the derivative of R in the
simpler form R’, a practice we will continue for the rest of the section.

If the carrying capacity of the island is 25,000 rabbits, and if we keep
the natural growth rate at .1 rabbits per month per rabbit, then the logistic
equation for the rabbit population is

25000/ month

R'z.lR(l R ) rabbits

Check to see that this equation really does have the behavior claimed for it—
namely, that a population of 25,000 rabbits neither grows or declines. Notice
also that R’ is positive as long as R is less than 25000, so the population
increases. However, as R approaches 25000, R’ will get closer and closer to
0, so the graph will become nearly horizontal. (What would happen if the
island ever had more than 25,000 rabbits?)

These observations about the qualitative behavior of R(t) are consistent
with the following graph, produced by a modified version of the program
SIRPLOT. For comparison, we have also graphed the exponential function
produced by the first model. Notice that the two graphs “share ink” when

R near 2000, but diverge later on.

A

exponential solution

25,000

number of rabbits

logistic solution

2000

-t
0

By modifying the program SIRVALUE, we can even get numerical an-
swers to specific questions about the two models. For example, after 30
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months under constant per capita growth, the rabbit population will be more
than 40,000—well beyond the carrying capacity of the island. Under logistic
growth, though, the population will be only about 16,000.

In the following figure we display several functions that are determined
by the logistic equation

;L R
a1 )

when different initial conditions are given. Each graph therefore predicts
the future for a different initial population R(0). One of the graphs is just
the t-axis itself. What does this graph predict about the rabbit population?
What other graph is just a straight line, and what initial population will lead
to this line?

While the logistic equation above was developed to model a physical problem in which only
values of R with R > 0 have any meaning, the mathematical problem of finding solutions for
the resulting differential equation makes sense for all values of R. We have drawn three graphs
resulting from initial values R(0) < 0. While this growth behavior of ‘anti-rabbits’ is of little
practical interest in this case, there may well be other physical problems of an entirely different
sort which lead to the same mathematical model, and in which the solutions below the ¢—axis
are crucial.

Solutions to the logistic equation R' = .1R (1 — R/25000)
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Two-species Models: Rabbits and Foxes

No species lives alone in an environment, and the same is true of the rab-
bits on our island. The rabbit population will probably have to deal with
predators of various sorts. Some are microscopic—disease organisms, for
example—while others loom as obvious threats. We will enrich our popula-
tion model by adding a second species—foxes—that will prey on the rabbits.
We will continue to suppose that the rabbits live on abundant native vegeta-
tion, and we will now assume that the rabbits are the sole food supply of the
foxes. Can we say what will happen? Will the number of foxes and rabbits
level off and reach a “steady state” where their numbers don’t vary? Or will
one species perhaps become extinct?

Let F' denote the number of foxes, and R the number of rabbits. As
before, measure the time ¢ in months. Then F' and R are functions of ¢:
F(t) and R(t). We seek differential equations that describe how the growth
rates F’ and R’ are related to the population sizes F' and R. We make the
following assumptions.

e In the absence of foxes, the rabbit population grows logistically.

e The population of rabbits declines at a rate proportional to the product
R - F. This is reasonable if we assume rabbits never die of old age—
they just get a little too slow. Their death rate, which depends on the
number of fatal encounters between rabbits and foxes, will then be ap-
proximately proportional to both R and F'—and thus to their product.
(This is the same kind of interaction effect we used in our epidemic
model to predict the rate at which susceptibles become infected.)

e In the absence of rabbits, the foxes die off at a rate proportional to the
number of foxes present.

e The fox population increases at a rate proportional to the number of
encounters between rabbits and foxes. To a first approximation, this
says that the birth rate in the fox population depends on maternal fox
nutrition, and this depends on the number of rabbit-fox encounters,
which is proportional to R - F'.

Our assumptions are about birth and death rates, so we can convert
them quite naturally into differential equations. Pause here and check that
the assumptions translate into these differential equations:
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R’:aR(l—%)—cRF:aR—%RQ—cRF

F'=dRF —¢eF

These are the Lotka—Volterra equations with bounded growth. The
coefficients a, b, ¢, d, and e are parameters—constants that have to be
determined through field observations in particular circumstances.

An example. To see what kind of predictions the Lotka—Volterra equations
make, we’ll work through an example with specific values for the parameters.

Let
= 1 rabbits per month per rabbit

= 10000 rabbits

.005 rabbits per month per rabbit-fox
= .00004 foxes per month per rabbit-fox
= .04 foxes per month per fox

O /Lo o
I

(Check that these five parameters have the right units.) These choices give
us the specific differential equations

R = .1R— .00001 R? — .005 RF
F' = .00004 RF — .04 F

To use this model to follow R and F' into the future, we need to know
the initial sizes of the two populations. Let’s suppose that there are 2000
rabbits and 10 foxes at time ¢ = 0. Then the two populations will vary in
the following way over the next 250 months.

30007~ ~ — 30
o\
/o
2500 ; \ = 25
| \ Fa
" /\X/ \ / N foxes -
5 2000—/— \ / N - 20 2
g / \ \ / AN / 2
= \
5 1500 \ A S 15 o
\ St~ =
g Il \\ // —
E / ol 2
S 1000 A 10 3
- rabbits\ / \\_/
500 5
of . o
0 50 100 150 200 250

time (months)
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A variant of the program SIRPLOT was used to produce these graphs.
Notice that it plots 100F rather than F’ itself. This is because the number of
foxes is about 100 times smaller than the number of rabbits. Consequently,
100F and R are about the same size, so their graphs fit nicely together on
the same screen.

The graphs have several interesting features. There are different scales for
the R and the F' values, because the program plots 100F instead of F. The
peak fox population is about 30, while the peak rabbit population is about
2300. The rabbit and fox populations rise and fall in a regular manner. They
rise and fall less with each repeat, though, and if the graphs were continued
far enough into the future we would see R and F' level off to nearly constant
values.

The illustration below shows what happens to an initial rabbit population
of 2000 in the presence of three different initial fox populations F'(0). Note
that the peak rabbit populations are different, and they occur at different
times. The size of the intervals between peaks also depends on F'(0).

3000 !
. F(0)=5
2500 }
(2] —
2 . F(0) = 15
8 20001+ |
® A% d e A
\-l6 \ \\ ! (O) - 5 '/' \- .
g 1500\ A G S g
2 VA 7 /TN ST,
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2 1000\ SO NN ; d
c VoV 7/ A NNk R \\\.
\ \\ \ /. / NI A4 ~
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0 F ]
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time (months)

Rabbit populations for different initial fox populations

We have looked at three models, each a refinement of the preceding one.
The first was the simplest. It accounted only for the rabbits, and it assumed
the rabbit population grew at a constant per capita rate. The second was also
restricted to rabbits, but it assumed logistic growth to take into account the
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carrying capacity of the environment. The third introduced the complexity
of a second species preying on the rabbits. In the exercises you will have
an opportunity to explore these and other models. Remember that when
you use Euler’s method to find the functions determined by an initial value
problem, you must construct a sequence of successive approximations, until
you obtain the level of accuracy desired.

Exercises

Single-species models

1. Constant per capita Growth. This question considers the initial
value problem given in the text:

R’ = 0.1 R rabbits per month; R(0) = 2000 rabbits.

a) Use Euler’s method to determine how many rabbits there are after 6
months. Present a table of successive approximations from which you can
read the exact value to whole-number accuracy.

b) Determine, to whole-number accuracy, how many rabbits there are after
24 months.

¢) How many months does it take for the rabbit population to reach 25,0007

2. Logistic Growth. The following questions concern a rabbit population
described by the logistic model

R
R=01R <1 - m) rabbits per month.
a) What happens to a population of 2000 rabbits after 6 months, after 24
months, and after 5 years? To answer each question, present a table of
successive approximations that allows you to give the exact value to the
nearest whole number.

b) Sketch the functions determined by the logistic equation if you start with
either 2000 or 40000 rabbits. (Suggestion: you can modify the program
SIRPLOT to answer this question.) Compare the two functions. How do
they differ? In what ways are they similar?
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3. Seasonal Factors Living conditions for most wild populations are not
constant throughout the year—due to factors like drought or cold, the envi-
ronment is less supportive during some parts of the year than at others. Par-
tially in response to this, most animals don’t reproduce uniformly throughout
the year. This problem explores ways of modifying the logistic model to re-
flect these facts.

a) For the eastern cottontail rabbit, most young are born during the months
of March—-May, with reduced reproduction during June-August, and virtually
no reproduction during the other six months of the year. Write a program
to generate the solution to the differential equation R’ = k(1 — R/25000),
where k = .2 during March, April, and May; k = .05 during June, July, and
August; and k£ = 0 the rest of the year. Start with an initial population
of 2000 rabbits on January 1. You may find that using the IF ... THEN
construction in your program is a convenient way to incorporate the varying
reproductive rate.

b) How would you modify the model to take into account the fact that
rabbits don’t reproduce during their first season?

4. World population. The world’s population in 1990 was about 5 billion,
and data show that birth rates range from 35 to 40 per thousand per year
and death rates from 15 to 20. Take this to imply a net annual growth rate
of 20 per thousand. One model for world population assumes constant per
capita growth, with a per capita growth rate of 20/1000 = 0.02.

a) Write a differential equation for P that expresses this assumption. Use
P to denote the world population, measured in billions.

b) According to the differential equation in (a), at what rate (in billions of
persons per year) was the world population growing in 19907

c) By applying Euler’'s method to this model, using the initial value of 5
billion in 1990, estimate the world population in the years 1980, 2000, 2040,
and 2230. Present a table of successive approximations that stabilizes with
one decimal place of accuracy (in billions). What step size did you have to
use to obtain this accuracy?

5. Supergrowth. Another model for the world population, one that actu-
ally seems to fit recent population data fairly well, assumes “supergrowth”—
the rate P’ is proportional to a higher power of P, rather than to P itself.
The model is

P' = .015 P'2.
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As in the previous exercise, assume that P is measured in billions, and the
population in 1990 was about 5 billion.

a) According to this model, at what rate (in billions of persons per year)
was the population growing in 19907

b) Using Euler’s method, estimate the world population in the years 1980,
2000 and 2040. Use successive approximations until you have one decimal
place of accuracy (in billions). What step size did you have to use to obtain
this accuracy?

¢) Use an Euler approximation with a step size of 0.1 to estimate the world
population in the year 2230. What happens if you repeat your calculation
with a step size of 0.017 [Comment: Something strange is going on here. We
will look again at this model in the next section.]

Two-species models

Here are some other differential equations that model a predator-prey inter-
action between two species.

6. The May Model. This model has been proposed by the contemporary
ecologist, R.M. May, to incorporate more realistic assumptions about the
encounters between predators (foxes) and their prey (rabbits). So that you
can work with quantities that are about the same size (and therefore plot
them on the same graph), let y be the number of foxes and let x be the
number of rabbits divided by 100—we are thus measuring rabbits in units of
“hectorabbits”.

While a term like “hectorabbits” is deliberately whimsical, it echoes the common and sensible
practice of choosing units that allow us to measure things with numbers that are neither too
small nor too large. For example, we wouldn't describe the distance from the earth to the moon
in millimeters, and we wouldn’t describe the mass of a raindrop in kilograms.

In his model, May makes the following assumptions.
e In the absence of foxes, the rabbits grow logistically.

e The number of rabbits a single fox eats in a given time period is a
function D(z) of the number of rabbits available. D(z) varies from 0 if
there are no rabbits available to some value ¢ (the saturation value)
if there is an unlimited supply of rabbits. The total number of rabbits
consumed in the given time period will thus be D(z) - y.
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e The fox population is governed by the logistic equation, and the carry-
ing capacity is proportional to the number of rabbits.

a) Explain why D(z) = % (d some constant) might be a reasonable
x

model for the function D(z). Include a sketch of the graph of D in your
discussion. What is the role of the parameter d? That is, what feature of
rabbit — fox interactions is reflected by making d smaller or larger?

b) Explain how the following system of equations incorporates May’s as-
sumptions.

fzax(l—z)— cry
b x+d

ey(1- Y
r=er(1-5)

The parameters a, b, ¢, d, e and f are all positive.

¢) Assume you begin with 2000 rabbits and 10 foxes. (Be careful: x(0) #
2000.) What does May’s model predict will happen to the rabbits and foxes
over time if the values of the parameters are a = .6, b = 10, ¢ = .5, d = 1,
e =.1 and f = 2?7 Use a suitable modification of the program SIRPLOT.

d) Using the same parameters, describe what happens if you begin with 2000
rabbits and 20 foxes; with 1000 rabbits and 10 foxes; with 1000 rabbits and 20
foxes. Does the eventual long-term behavior depend on the initial condition?
How does the long-term behavior here compare with the long-term behavior
of the two populations in the Lotka—Volterra model of the text?

e) Using 2000 rabbits and 20 foxes as the initial values, let’s see how the
behavior of the solutions is affected by changing the values of the parameter
¢, the saturation value for the number of rabbits (measured in centirabbits,
remember) a single fox can eat in a month. Keeping all the other parameters
(a, b, d, ...) fixed at the values given above, get solution curves for ¢ = .5,
c=45,¢c= 4, ..., c= .15 and ¢ = .1. The solutions undergo a qualitative
change somewhere between ¢ = .3 and ¢ = .25. Describe this change. Can
you pinpoint the crucial value of ¢ more closely? This phenomenon is an
example of Hopf bifurcation, which we will look at more closely in chapter
8. The May model undergoes a Hopf bifurcation as you vary each of the
other parameters as well. Choose a couple of them and locate approximately
the associated bifurcation values.
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7. The Lotka—Volterra Equations. This model for predator and prey
interactions is slightly simpler than the “bounded growth” version we con-
sider in the text. It is important historically, though, because it was one of
the first mathematical population models, proposed as a way of understand-
ing why the harvests of certain species of fish in the Adriatic Sea exhibited
cyclical behavior over the years. For the sake of variety, let’s take the prey
to be hares and the predators to be lynx.

Let H(t) denote the number of hares at time ¢t and L(t) the number of
lynx. This model, the basic Lotka—Volterra model, differs from the bounded
growth model in only one respect: it assumes the hares would experience
constant per capita growth if there were no lynx.

a) Explain why the following system of equations incorporates the assump-
tions of the basic model. (The parameters a, b, ¢, and d are all positive.)

H =aH—-bHL
L'=cHL—-dL

(These are called the Lotka—Volterra equations. They were developed
independently by the Italian mathematical physicist Vito Volterra in 1925-
26, and by the mathematical ecologist and demographer Alfred James Lotka
a few years earlier. Though simplistic, they form one of the principal starting
points in ecological modeling.)

b) Explain why a and b have the units hares per month per hare and hares
per month per hare-lynx, respectively. What are the units of ¢ and d? Ex-
plain why.

Suppose time t is measured in months, and suppose the parameters have
values

a=.1 hares per month per hare
b = .005 hares per month per hare-lynx
¢ =.00004 lynx per month per hare-lynx
d=.04 lynx per month per lynx

This leads to the system of differential equations

H =1H—.005HL
L' =.00004 HL — .04 L.
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¢) Suppose that you start with 2000 hares and 10 lynx—that is, H(0) =
2000 and L(0) = 10. Describe what happens to the two populations. A good
way to do this is to draw graphs of the functions H(t) and L(t). It will be
convenient to have the Hare scale run from 0 to 3000, and the Lynx scale
from 0 to 50. If you modify the program SIRPLOT, have it plot H and 60L.
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number of hares
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You should get graphs like those above. Notice that the hare and lynx
populations rise and fall in a fashion similar to the rabbits and foxes, but
here they oscillate—returning periodically to their original values.

d) What happens if you keep the same initial hare population of 2000, but
use different initial lynx populations? Try L(0) = 20 and L(0) = 50. (In
each case, use a step size of .1 month.)

e) Start with 2000 hares and 10 lynx. From part (c), you know the solutions
are periodic. The goal of this part is to analyze this periodic behavior. You
can do this with your program in part (c¢), but you may prefer to replace
the FOR-NEXT loop in your program by a variety of DO-WHILE loops (see
page 77). First find the maximum number of hares. What is the length
of one period for the hare population? That is, how long does it take the
hare population to complete one cycle (e.g., to go from one maximum to the
next)? Find the length of one period for the lynx. Do the hare and lynx
populations have the same periods?

f) Plot the hare populations over time when you start with 2000 hares and,
successively, 10, 20, and 50 lynx. Is the hare population periodic in each
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case? What is the period? Does it vary with the size of the initial lynx
population?

Fermentation

Wine is made by yeast; yeast digests the sugars in grape juice and produces
alcohol as a waste product. This process is called fermentation. The alcohol
is toxic to the yeast, though, and the yeast is eventually killed by the alcohol.
This stops fermentation, and the liquid has become wine, with about 8-12%
alcohol.

Although alcohol isn’t a “species,” it acts like a predator on yeast. Un-
like the other predator-prey problems we have considered, though, the yeast
does not have an unlimited food supply. The following exercises develop a se-
quence of models to take into account the interactions between sugar, yeast,
and alcohol.

8. a) In the first model assume that the sugar supply is not depleted, that
no alcohol appears, and that the yeast simply grows logistically. Begin by
adding 0.5 1b of yeast to a large vat of grape juice whose carrying capacity
is 10 lbs of yeast. Assume that the natural growth rate of the yeast is 0.2
Ibs of yeast per hour, per pound of yeast. Let Y (¢) be the number of pounds
of live yeast present after ¢t hours; what differential equation describes the
growth of Y7

b) Graph the solution Y (¢), for example by using a suitable modification
of the program SIRPLOT. Indicate on your graph approximately when the
yeast reaches one-half the carrying capacity of the vat, and when it gets to
within 1% of the carrying capacity.

¢) Suppose you use a second strain of yeast whose natural growth rate is
only half that of the first strain of yeast. If you put 0.5 1b of this yeast into
the vat of grape juice, when will it reach one-half the carrying capacity of the
vat, and when will it get to within 1% of the carrying capacity? Compare
these values to the values produced by the first strain of yeast: are they
larger, or smaller? Sketch, on the same graph as in part (b), the way this
yeast grows over time.

9. a) Now consider how the yeast produces alcohol. Suppose that waste
products are generated at a rate proportional to the amount of yeast present;
specifically, suppose each pound of yeast produces 0.05 1bs of alcohol per hour.
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(The other major waste product is carbon dioxide gas, which bubbles out of
the liquid.) Let A(t) denote the amount of alcohol generated after ¢ hours.
Write a differential equation that describes the growth of A.

b) Consider the toxic effect of the alcohol on the yeast. Assume that yeast
cells die at a rate proportional to the amount of alcohol present, and also
to the amount of yeast present. Specifically, assume that, in each pound of
yeast, a pound of alcohol will kill 0.1 Ib of yeast per hour. Then, if there are
Y lbs of yeast and A Ibs of alcohol, how many pounds of yeast will die in
one hour? Modify the original logistic equation for Y (strain 1) to take this
effect into account. The modification involves subtracting off a new term that
describes the rate at which alcohol kills yeast. What is the new differential
equation?

¢) You should now have two differential equations describing the rates of
growth of yeast and alcohol. The equations are coupled, in the sense that
the yeast equation involves alcohol, and the alcohol equation involves yeast.
Assuming that the vat contains, initially, 0.5 Ib of yeast and no alcohol,
describe by means of a graph what happens to the yeast. How close does
the yeast get to carrying capacity, and when does this happen? Does the
fermentation end? If so, when; and how much alcohol has been produced by
that time? (Note that since Y will never get all the way to 0, you will need
to adopt some convention like Y < .01 to specify the end of fermentation.)

10. What happens if the rates of toxicity and alcohol production are dif-
ferent? Specifically, increase the rate of alcohol production by a factor of
five—from 0.05 to 0.25 lbs of alcohol per hour, per pound of yeast—and at
the same time reduce the toxicity rate by the same factor—from 0.10 to 0.02
Ib of yeast per hour, per pound of alcohol and pound of yeast. How do these
changes affect the time it takes for fermentation to end? How do they affect
the amount of alcohol produced? What happens if only the rate of alcohol
production is changed? What happens if only the toxicity rate is reduced?

11. a) The third model will take into account that the sugar in the grape
juice is consumed. Suppose the yeast consumes .15 1b of sugar per hour, per
Ib of yeast. Let S(¢) be the amount of sugar in the vat after ¢t hours. Write
a differential equation that describes what happens to S over time.

b) Since the carrying capacity of the vat depends on the amount of sugar in
it, the carrying capacity must now vary. Assume that the carrying capacity
of S 1bs of sugar is .4 .S lbs of yeast. How much sugar is needed to maintain
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a carrying capacity of 10 Ibs of yeast? How much is needed to maintain a
carrying capacity of 1 1b of yeast? Rewrite the logistic equation for yeast so
that the carrying capacity is .4 S lbs, instead of 10 lbs, of yeast. Retain the
term you developed in 9.b to reflect the toxic impact of alcohol on the yeast.

¢) There are now three differential equations. Using them, describe what
happens to .5 lbs of yeast that is put into a vat of grape juice that contains
25 lbs of sugar at the start. Does all the sugar disappear? Does all the yeast
disappear? How long does it take before there is only .01 Ib of yeast? How
much sugar is left then? How much alcohol has been produced by that time?

Newton’s law of cooling

Suppose that we start off with a freshly brewed cup of coffee at 90°C and set
it down in a room where the temperature is 20°C. What will the temperature
of the coffee be in 20 minutes? How long will it take the coffee to cool to
30°C?

If we let the temperature of the coffee be @) (in °C), then @ is a function
of the time ¢, measured in minutes. We have Q(0) = 90°C, and we would
like to find the value ¢; for which Q(¢;) = 30°C.

It is not immediately apparent how to give () as a function of t. However,
we can describe the rate at which a liquid cools off, using Newton’s law of
cooling: the rate at which an object cools (or warms up, if it’s cooler than
its surroundings) is proportional to the difference between its temperature
and that of its surroundings.

12.  In our example, the temperature of the room is 20°C, so Newton’s law
of cooling states that )'(¢) is proportional to @) — 20, the difference between
the temperature of the liquid and the room. In symbols, we have

Q =—k(Q—20)

where k is some positive constant.
a) Why is there a minus sign in the equation?

The particular value of k& would need to be determined experimentally. It
will depend on things like the size and shape of the cup, how much sugar
and cream you use, and whether you stir the liquid. Suppose that k has the
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value of .1° per minute per °C of temperature difference. Then the differential
equation becomes:

Q' = —.1(Q —20) °C per minute.

b) Use Euler’'s method to determine the temperature @) after 20 minutes.
Write a table of successive approximations with smaller and smaller step
sizes. The values in your table should stabilize to the second decimal place.

¢) How long does it take for the temperature @ to drop to 30°C? Use
a DO-WHILE loop to construct a table of successive approximations that
stabilize to the second decimal place.

13.  On a hot day, a cold drink warms up at a rate approximately propor-
tional to the difference in temperature between the drink and its surround-
ings. Suppose the air temperature is 90°F and the drink is initially at 36°F.
If @ is the temperature of the drink at any time, we shall suppose that it
warms up at the rate

Q = —-0.2(Q —90) °F per minute.

According to this model, what will the temperature of the drink be after
5 minutes, and after 10 minutes. In both cases, produce values that are
accurate to two decimal places.

14. 1In our discussion of cooling coffee, we assumed that the coffee did not
heat up the room. This is reasonable because the room is large, compared to
the cup of coffee. Suppose, in an effort to keep it warmer, we put the coffee
into a small insulated container—such as a microwave oven (which is turned
off). We must assume that the coffee does heat up the air inside the container.
Let A be the air temperature in the container and () the temperature of the
coffee. Then both A and () change over time, and Newton’s law of cooling
tells us the rates at which they change. In fact, the law says that both @’
and A’ are proportional to () — A. Thus,

Q' =—ki(Q—A)
A/ = k2(Q - A)v

where ki and ko are positive constants.

a) Explain the signs that appear in these differential equations.
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b) Suppose k; = .3 and ko = .1. If Q(0) = 90°C and A(0) = 20°C, when
will the temperature of the coffee be 40°C? What is the temperature of the
air at this time? Your answers should be accurate to one decimal place.

c¢) What does the temperature of the coffee become eventually? How long
does it take to reach that temperature?

S-I-R revisited

Consider the spread of an infectious disease that is modelled by the S-I-R
differential equations

S = —.00001 51,
I'=".00001SI —.081,
R = 081.

Take the initial condition of the three populations to be

S(0) = 35,400 persons,
1(0) = 13,500 persons,
R(0) = 22,100 persons.

15. How many susceptibles are left after 40 days? When is the largest
number of people infected? How many susceptibles are there at that time?
Explain how you could determine the last number without using Euler’s
method.

16. What happens as the epidemic “runs its course”? That is, as more and
more time goes by, what happens to the numbers of infecteds and suscepti-
bles?

17.  One of the principal uses of a mathematical model is to get a qualitative
idea how a system will behave with different initial conditions. For instance,
suppose we introduce 100 infected individuals into a population. How will
the spread of the infection depend on the size of the population? Assume the
same S-1-R differential equations that were used in the previous exercise, and
draw the graphs of S(t) for initial susceptible population sizes S(0) ranging
from 0 to 45,000 in increments of 5000 (that is, take S(0) = 0, 5000, 10000,
..., 45000). In each case assume that R(0) = 0 and 7(0) = 100. Use these
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graphs to argue that the larger the initial susceptible population, the more
rapidly the epidemic runs its course.

18. Draw the graphs of I(¢) for the same initial conditions as in the pre-
vious problem. Using these graphs you can demonstrate that the larger
the susceptible population, the larger will be the fraction of the popula-
tion that is infected during the worst stages of the epidemic. Do this by
constructing a table displaying lax, tmax, and Ppax, where [,y is the max-
imum value of I(t), tyax is the time at which this maximum occurs (that
i8, Tnax = I(tmax)), and Pu.y is the ratio of I, to the initial susceptible
population: Ppax = Inax/S(0). The table below gives the first three sets of

values.
S(O) Imax Pmax tmax
5000 100 0.02 0
10000 315 0.03 > 100

15000 2071 0.14 66

Your table should show that there is a time when over half the population
is infected if S(0) = 45000, while there is never a time when more than
one-fourth of the population is infected if S(0) = 20000.

Constructing models

Systems in which we know a number of quantities at a given time and would
like to know their values at a future time (or know at what future time they
will attain given values) occur in many different contexts. The following are
some systems for discussion. Can any of these be modelled as initial value
problems? What information would you need to resolve the question? Make
some reasonable assumptions about the missing information and write down
an initial value problem which would model the system.

19. We deposit a fixed sum of money in a bank, and we’d like to know how
much will be there in ten years.

20. We know the diameter of the mold spot growing on a cheese sandwich
is 1/4 inch, and we’d like to know when its diameter will be one inch.
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21.  We know the fecal bacterial and coliform concentrations in a local swim-
ming hole, and we’d like to know when they fall below certain prescribed
levels (which the Board of Health deems safe).

22.  We know what the temperature and rainfall is today, and we’d like to
know what both will be one week from today.

23.  We know what the winning lottery number was yesterday, and we’d like
to know what the winning number will be the day after tomorrow.

24. We know where the earth, sun, and moon are in relation to each other
now, and how fast and in what direction they are moving. We would like to
be able to predict where they are going to be at any time in the future. We
know the gravity of each affects the motions of the others by determining the
way their velocities are changing.

4.2 Solutions of Differential Equations

Differential Equations are Equations

Until now, we have viewed a system of differential equations as a set of
instructions for “stepping into the future” (or the past). Put another way,
an initial value problem was treated as a prescription for using Euler’s method
to determine a set of functions which were then given either graphically or
in tabular form.

In this section we take a new point of view: we will think of differential
equations as equations for which we would like to find solutions in terms of
functions which can be given by explicit formulas. While it is unfortunately
the case that most differential equations do not have solutions which can be
given by formulas, there are enough important classes of equations where
such solutions do exist to make them worth studying. When such solutions
can be found, we have a very powerful tool for examining the behavior of the
phenomenon being modelled.

To see what this means, let’s look first at equations in algebra. Consider
the equation 22 = z + 6. As it stands, this is neither true nor false. We
make it true or false, though, when we substitute a particular number for x.
For example, x = 3 makes the equation true, because 32 = 3 + 6. On the
other hand, = 1 makes the equation false, because 12 # 1+6. Any number
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that makes an equation true is called a solution to that equation. In fact,
2? = 2 + 6 has exactly two solutions: x = 3 and z = —2.
We can view differential equations the same way. Consider, for example,

the differential equation

dy 1

dt 2y’
Because it involves the expression dy/dt, we understand that y is a function
of t. As it stands, the differential equation is neither true nor false. We make
it true or false, though, when we substitute a particular function for y. For
example, y = v/t = t'/? makes the differential equation true. To see this,
first look at the left-hand side of the equation:

dy _ 1412 L

dt 2 2/t
Now look at the right-hand side:
1 1

2 2/t

The two sides of the equation are equal, so the substitution y = v/t makes
the equation true.

The function y = t?, however, makes the differential equation false. The
left-hand side is

dy
L=
dt ’
but the right-hand side is
1 1
2 262

Since 2t and 1/2t? are different functions, the two sides are unequal and the
equation is therefore false.

We say that y = /t is a solution to this differential equation. The
function y = t? is not a solution. To decide whether a particular function is
a solution when the function is given by a formula, notice that we need to
be able to differentiate the formula.

If we view differential equations simply as instructions for carrying out Euler's method, we need
only the microscope equation Ay ~ y’ - At in order to find functions. However, if we want to
find functions that are solutions to differential equations from our new point of view, we first
need to introduce the idea of the derivative and the rules for differentiating functions.
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Just as an algebraic equation can have more than one solution, so can a
differential equation. In fact, we can show that y = v/t + C' is a solution to

the differential equation
dy 1
dt 2y
for any value of the constant C. To evaluate the left-hand side dy/dt, we
need the chain rule (chapter 3.6). Let’s write

y=+u  where u=t+C.

Then the left-hand side is the function
dy _dy dv 1,1
dt  du dt  2\/u 2Vt+C
Since the right-hand side of the differential equation is
- 1
2y 22/i+C

the two sides are equal-—no matter what value C' happens to have. This
proves that every function of the form y = +/t+ C is a solution to the
differential equation. Since there are infinitely many values that C' can take,
the differential equation has infinitely many different solutions!

If a differential equation arises in modelling a physical or biological pro-
cess, the variables involved must also satisfy an initial condition. Suppose
we add an initial condition to our differential equation:

dy 1
PR and y(0) = 5.

Does this problem have a solution—that is, can we find a function y(t) that is
a solution to the differential equation and also satisfies the condition y(0) =
57

Notice y = v/t is not a solution to this new problem. Although it satisfies
the differential equation, it fails to satisfy the initial condition:

y(0) = V0 =0 #5.

Perhaps one of the other solutions to the differential equation will work.
When we evaluate the solution y = vt + C at t = 0 we get

y(0) =vV0+C =VC.
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We want this to equal 5, and it will if C' = 25. Thus, y = t+25 is

a solution to the initial value problem. Furthermore, the only value of C An initial v:
which will make y(0) = 5 is C' = 25, so the initial value problem has only problem
one solution of the form v/t + C. Here is the graph of this solution: only one solu
Y
.................. y — \/t_i_—25
5 ............................................

As always, you can use Euler’'s method to find the function determined by
an initial value problem, and you can graph that function using the program
SIRPLOT, for example. How will that graph compare with this one? In the
exercises you can explore this question.

Checking solutions versus finding solutions. Notice that we have only
checked whether a given function solves an initial value problem; we have not
constructed a formula to solve the problem. By this point you are probably
wondering where the given solutions came from.

It is helpful to continue exploring the parallels with solutions of algebraic
equations. In the case of the equation 2> = x + 6, there are, of course,
methods to find solutions. One possibility is to rewrite 22 = x + 6 in the

form 22 — 2 — 6 = 0. By factoring 2°> — x — 6 as
-2 —6=(r—3)(z+2)

we can see that either z —3 =0 (so x = 3), or z+2 =0 (so z = —2).
Another method is to use the quadratic formula

—b+Vb? — 4dac
l’ g
2a

for the roots of the quadratic function az?+bx+c. In our case, the quadratic
formula yields

—(-1)+/1-4-1-(=6) 1+£4/1+24 145
2-1 B 2 2

xr =

so again we find that x must be either 3 or —2.
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Thus we have at least two different methods for finding solutions to this
particular equation. The methods we use to solve an algebraic equation
depend very much on the equation we face. For example, there is no way
to find a solution to sinx = 2% by factoring, or by using a “magic formula”
like the quadratic formula. Nevertheless, there are methods that do work.
In chapters 1 and 2 we dealt with similar problems by using a computer
graphing utility that could zoom in on the point of intersection of two graphs.
In chapter 6 we will introduce another tool, the Newton—-Raphson method,
for finding roots. These are both powerful methods, because they will work
with nearly all algebraic equations. It is important to recognize that these
numerical methods really do solve the problem, even though they do not give
solutions in closed form the way the quadratic formula does.

The situation is entirely analogous in dealing with differential equations.
The methods we use to solve a differential equation depend on the equation
we face. A course in differential equations provides methods for finding for-
mulas that solve many different kinds of differential equations. The methods
are like the quadratic formula in algebra, though—they give a complete solu-
tion, but they work only with differential equations that have a very specific
form. This course will not attempt to survey the methods that find such for-
mulas, although in the next sections we will see effective methods for dealing
with some special subcases.

It is important to realize, though, that Euler’s method is always there
if we can’t think of anything cleverer, and it really does provide solutions.
In fact, most initial value problems have one, and only one, solution, and
Euler’s method can be used to determine this unique solution. If we can also
find a formula for the solution, then it must be the same solution as that
produced by Euler’s method. In more advanced courses you will see a proof
that this is true in general, provided some mild conditions are satisfied. To
emphasize the importance of this idea, we give it a name:

Existence and Uniqueness Principle
Under most conditions, an initial value problem
has one and only one solution.

The existence and uniqueness principle is one of the most important mathe-
matical results in the theory of differential equations.

We will continue to rely primarily on Euler’s method, which generates
solutions for nearly all differential equations.
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However, there are clear benefits to having a formula for the solution
to a differential equation, allowing us to investigate questions that we can’t
answer very well if we only have solutions given by Euler’s method. In this
section, we will look at some of those benefits.

World Population Growth

Two models

In the exercises in the last section, we looked at two different models that seek
to describe how the world population will grow. One model assumed constant
per capita growth—rate of change proportional to population size. The other
assumed “supergrowth”—rate of change proportional to a higher power of
the population size. Let’s write P for the population size in the constant per
capita growth model and @) for the population size in the supergrowth model.
In both cases, the population is expressed in billions of persons and time is
measured in years, with ¢t = 0 in 1990. In this notation, the two models are

P
constant per capita: =.02P P(0) = 5;

dt
supergrowth: % =.015Q"% Q(0) =5.

By using Euler’s method, we discover that the two models predict fairly
similar results over sixty years, although the supergrowth model lives up
to its name by predicting larger populations than the constant per capita
growth model as time passes:

/ P o)

—10 4.09 4.08
0 5.00 5.00

10 6.11 6.18
50 13.59 1594

These estimates are accurate to one decimal place, and that level of accuracy
was obtained with the step size At = .1.

However, the predictions made by the models differ widely over longer
time spans. If we use Euler’s method to estimate the populations after 240
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years, we get
At P(240) Q(240)

1 6.046 x 102 1.979 x 1010
01 6.073 x 102 92573 x 10!
001 6.075x 10> 3895 x 10!

As the step size decreases from 0.1 to 0.01 to 0.001, the estimates of the
constant per capita growth model P(240) behave as we have come to expect:
already three digits have stabilized. But in the estimates of the supergrowth
model, not even one digit of )(240) has stabilized.

In this section we will see that there are actually formulas for the func-
tions P(t) and Q(t). These formulas will illuminate the reason behind the
differences in speed of stabilization in the estimates.

A formula for the supergrowth model

Without asking how the following formula might have been derived, let’s
check that it is indeed a solution to the supergrowth initial value problem.

(% —.003 t) B

First of all, the formula satisfies the initial condition Q(0) = 5:

Q1) =

Q(0) = (%) — (B =5

To check that it also satisfies the differential equation, we must evaluate
the two sides of the differential equation

d@Q 1.2
= 015Q".

Let’s begin by evaluating the left-hand side. To differentiate Q(t), we will
write () as a chain of functions:

1
Q=u""’ where u=——.003t.

V5
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Since Q = u~>, dQ/du = (—5)u~5. Also, since u is just a linear function of ¢
in which the multiplier is —.003, we have du/dt = —.003. Consequently,

dQ  dQ du

At du dt
= (=5)u"%- (-.003)
= .015u"

Ordinarily, we would “finish the job” by substituting for u its formula in
terms of t. However, in this case it is clearer to just leave the left-hand side
in this form.

To evaluate the right-hand side of the differential equation (which is the
expression .015 Q'?), we would expect to substitute for @ its formula in terms
of t. But since in evaluating the left-hand side, we expressed things in terms

of u, let’s do the same thing here. Since Q = u™>,

Q1.2 — Q6/5 — (u—5)6/5 — u—5v6/5 — U_G.

Therefore, the right-hand side is equal to .015u =% But so is the left-hand
side, so Q(t) is indeed a solution to the differential equation
dQ

—~ = 01502
dt @

Notice two things about this result. First, when we work with formulas we have greater need for
algebra to manipulate them. For example, we needed one of the laws of exponents, (a®)¢ = a®¢,
to evaluate the right-hand side. Second, we found it simpler to express @ in terms of the
intermediate variable u, instead of the original input variable t. In another computation, it might
be preferable to replace u by its formula in terms of . You need to choose your algebraic strategy
to fit the circumstances.

Behavior of the supergrowth solution

It was convenient to use a negative exponent in the formula for Q(¢) when
we wanted to differentiate (). However, to understand what the formula tells
us about supergrowth, it will be more useful to write () as

Q(t) = (W) 5—
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This way makes it clear that @) is a fraction, and we can see its denominator.
In particular, this fraction is not defined when the denominator is zero—that
is, when

1 1/%
o5~ 003t=0, or t= /O—ég —241.6... years after 1990,

Consider what happens, though, as t approaches this special value 241.6. ...
The denominator isn’t yet zero, but it is approaching zero, so the fraction @
is becoming infinite. This means that the supergrowth model predicts the
world population will become infinite in about 240 years!

Let’s see what the predicted population size is when ¢ = 240 (which is
the year 2230 A.D.), shortly before () becomes infinite. We have

-5
Q(240) = (% — (.003)(240)) ~ 4.0088 x 10"

Remember that () expresses the population in billions of people, so the su-
pergrowth model predicts about 4 x 10% people (i.e. 400 quintillion!) in
the year 2230. Refer back to our estimates of ()(240) using Euler’s method
(page 207). Although not even one digit of the estimates had stabilized, at
least the final one (with a step size of .001) had reached the right power
of ten. In fact, estimates made with still smaller step sizes do eventually
approach the value given by the formula for @:

step size Q(240)

1 0.1979 x 104
.01 2.5727 x 101
.001 2.8249 x 101

.0001 3.9999 x 101
.00001 4.0069 x 1011

Let’s look at the relationship between the Euler approximations of () and
the formula for @) graphically. Here are graphs produced by a modification
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of the program SEQUENCE.

i

101 Q)

5101

At=2and & =1
ol . At=.1
60 120 180 240

The range of values of @) for 0 < ¢ < 240 is so immense that these graphs
are useless. In a case like this, it is helpful to rescale the vertical axis so
that the space between one power of 10 and the next is the same. In other
words, instead of seeing 1, 2, 3, ..., we see 10, 10%, 103, .... This is
called a logarithmic scale. Here’s what happens to the graphs if we put a
logarithmic scale on the vertical axis:
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1011 Q(t)

] At=1
109 -
107 | At=1

| At=2
105 4
103 4
101 ]

‘ ‘ ‘ oot

10-1- 60 120 180 240

Euler approximations and the formula for @)

The second graph makes it clearer that the Euler approximations do indeed
approach the graph of the function given by our formula, but they approach
more and more slowly, the closer ¢ approaches 241.6. . ..

Graphs are made with logarithmic scales particularly when the numbers being plotted cover a
wide range of values. When just one axis is logarithmic, the result is called a semi-log plot; when

both axes are logarithmic, the result is called a log—log plot.

Since Q(t) becomes infinite when ¢ = 241.6... , we must conclude that
the solution to the original initial value problem is meaningful only for ¢ <
241.6... . Of course, the formula for ) works quite well when ¢ > 241.6. ..

It just has no meaning as the size of a population. For instance, when
t = 260 we get

1 -5
Q(260) = (5— — (.003)(260)) ~ (—.05522) 75 ~ —1.948 x 10°.
V5
In other words, the function determined by the initial value problem is defined
only on intervals around ¢ = 0 that do not contain ¢t = 241.6... .
The formula for @'(t) is informative too:

Q1) = 015 (WY
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Since )" has the same denominator as @, it becomes infinite the same way
Q) does: Q'(t) — oo ast — 241.6... . Because Euler’'s method uses the
microscope equation AQ ~ ' - At to predict the next value of (), we can
now understand why the estimates of )(240) were so slow to stabilize: as
Q' — 00, AQ — oo, too.

A formula for constant per capita growth

The constant per capita growth model for the world population that we are

considering is

P
— =.02P P(0) =5.
=0 (0)=5

This differential equation has a very simple form; if P(t) is a solution, then
the derivative of P is just a multiple of P. We have already seen in chapter 3
that exponential functions behave this way (exercises 5-7 in section 3). For
example, if P(t) = 2', then

ar = .69-2'=.69P.

dt
Of course, the multiplier that appears here is .69, not .02, so P(t) = 2 is not
a solution to our problem.

However, the multiplier that appears when we differentiate an exponential
function changes when we change the base. That is, if P(t) = b, then
P'(t) = ky - b', where k;, depends on b. Here is a sample of values of k, for
different bases b:

b ky

5 —.693147. ..
2 693147 . ..
3 1.098612. ..

10 2.302585 . ..

Notice that k; gets larger as b does. Since .02 lies between —.693147 and
+.693147, the table suggests that the value of b we want lies somewhere
between .5 and 2.

We can say even more about the multiplier. Since P’(t) = k; - P(t) and
P(t) =b', we find

P0)=Fky -P0)=ky- 0" =ky-1 =k,
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In other words, k; is the slope of the graph of P(t) =b' at the origin.

Thus, we will be able to solve the differential equation dP/dt = .02 P if
we can find an exponential function P(t) = b' whose graph has slope .02 at
the origin. This is a problem that we can solve with a computer microscope.
Pick a value of b and graph b'. Zoom in on the graph at the origin and
measure the slope. If the slope is more than .02, choose a smaller value for b;
if the slope is less than .02, choose a larger value for b. Repeat this process,
narrowing down the possibilities for b until the slope is as close to .02 as you
wish. Eventually, we get

P(t) = (1.0202)".
You should check that P’(0) = .02000... ; see the exercises.

Thus P(t) = (1.0202)" solves the differential equation P’ = .02 P. How-
ever, it does not satisfy the initial condition, because

P(0) = (1.0202)° = 1 # 5.

This is easy to fix; P(t) = 5 - (1.0202)" satisfies both conditions. More
generally, P(t) = C (1.0202)" satisfies the initial condition P(0) = C as well
as the differential equation P'(t) = .02 P(t). To check the initial condition,
we compute

P(0)=C(1.0202)°=C-1=C.
The differential equation is also satisfied:
P'(t) = (C (1.0202)") = C - ((1.0202)")’ = C - (.02 (1.0202)") = .02 P(¢t).
So we have verified that the solution to our problem is
P(t) = 5(1.0202)".

Because exponential functions are involved, constant per capita growth
is commonly called exponential growth. In the figure below we compare
exponential growth P(t) to “supergrowth” Q(t). The two graphs agree quite
well when ¢t < 50. Notice that population is plotted on a logarithmic scale
(a semi—log plot). This makes the graph of P a straight line!
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10 11-
] Q)
109 -

107 4
105 4
103 4
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10t -

01 60 120 180 240
The graphs of P(t) and Q(t)

Differential Equations Involving Parameters

The S-I-R model contained two parameters—the transmission and recovery
coefficients a and b. When we used Euler’s method to analyze S, I, and R,
we were working numerically. To do the computations, we had to give the
parameters definite numerical values. That made it more difficult to deal
with our questions about the effects of changing the parameters. As a result,
we took other approaches to explore those questions. For example, we used
algebra to see that there was a threshold for the spread of the disease: if
there were fewer than b/a people in the susceptible population, the infection
would fade away.

This is the situation generally. Euler’s method can be used to produce
solutions to a very broad range of initial value problems. However, if the
model includes parameters, then we usually want to know how the solutions
are affected when the parameters change. Euler’s method is a rather clumsy
tool for investigating this question. Other methods—ones that don’t require
the values of the parameters to be fixed—work better. One possibility is to
start with a formula.

The supergrowth problem illustrates both how questions about parame-
ters can arise and how useful a formula for the solution can be to answer the
questions. One of the most striking features of the supergrowth model is that
it predicts the population becomes infinite in 241.6. .. years. That prediction
was based on an initial population of 5 billion and a growth constant of .015.
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Suppose those values turn out to be incorrect, and we need to start with
different values. Will that change the prediction? If so, how?

We should treat the initial population and the growth constant as parameters—

that is, as quantities that can vary, although they will have fixed values in
any specific situation that we consider. Suppose we let A denote the size of
the initial population, and k the growth constant. If we incorporate these
parameters into the supergrowth model, the initial value problem takes this

form: 0
- 1.2 _
T —kQ™ Q) =4

Here is the formula for a function that solves this problem:

Qlt) = (\/12 _ .th) B

Notice that, when A = 5 and k£ = .015, this formula reduces to the one we
considered earlier.

Let’s check that the formula does indeed solve the initial value problem.
First, the initial condition:

Q(0) = ( ! —.21{:-0)_5: (%)_5:(32)5:14.

Next, the differential equation. To differentiate ()(¢) we introduce the chain

1
=y where u=—=—.2kt.
? VA
We see that d@Q/du = —5u%. Since u is a linear function of ¢ in which the
multiplier is —.2k, we also have du/dt = —.2k. Thus, by the chain rule,
dQ dQ du _6 _6
dt ~ du dt W (= 2k) = ku

That is the left-hand side of the differential equation. To evaluate the right-
hand side, we use the fact that Q = u=°. Thus

]{5@1-2 — kQG/E’ — k(u_S)ﬁ/s = ]{,’U_E’.G/S = ku_ﬁ-

Since both sides equal ku~°, they equal each other, proving that Q(t) is a
solution to the differential equation.
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Next, we ask when the population becomes infinite. Exactly as before,
this will happen when the denominator of the formula for Q(¢) becomes zero:

1 1
— 2kt =0, or t= .
VA 2kvA

Here, in fact, is a formula that tells us how each of the parameters A and k
affects the time it takes for the population to become infinite.

Let’s use 7 (the Greek letter “tau”) to denote the “time to infinity.” For
example, if we double the initial population, so A = 10 billion people, while
keeping the original growth constant k = .015, then the time to infinity is

1
’7‘:7
003 x V10

By contrast, if we double the growth rate, to £ = .030, while keeping the
original A = 5, then the time to infinity is only

1
Tzi
006 x /5

Conclusion: doubling the growth rate has a much greater impact than dou-
bling the initial population.

For any specific growth rate and initial population, we can always cal-
culate the time to infinity. But we can actually do more; the formula for 7
allows us to do an error analysis along the patterns described in chapter 3.4.
For example, suppose we are uncertain of our value of the growth rate k;
there may be an error of size Ak. How uncertain does that make us about
the calculated value of 77 Likewise, if the current world population A is
known only with an error of AA, how uncertain does that make 77 Also,
how are the relative errors related? Let’s do this analysis, assuming that
k= .015and A =5.

Our tool is the error propagation equation—which is the microscope equa-
tion. If we deal with k first, then

~ 210.3 years.

~ 120.8 years

or
AT ~ — - Ak.
T o k

We have used partial derivatives because 7 is a function of two variables, A
as well as k. If we write
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then the differentiation rules yield

Ok 2vVA 2v/5
Thus A7 ~ —16106 - Ak. For example, if the uncertainty in the value of
k = .015 is Ak = +.001, then the uncertainty in 7 is about F16 years.
To determine how an error in A propagates to 7, we first write

x (.015)7% ~ —16106.

1
_ —A_1/5.
TT 2k
Then 5 L1 )
T —6/5 _ - —6/5
e -~ x5 ~ —9.7.
A~ 5 2k 5x 2x 015

The error propagation equation is thus A7 ~ —9.7 - AA. If the uncertainty
in the world population is about 100 million persons, so AA = +.1, then the
uncertainty in 7 is less than 1 year.

To complete the analysis, let’s compare relative errors. This involves a
lot of algebra. To see how an error in k propagates, we have

Ak 1
and T =

S 2k2¥/A kA

We can therefore compute that a given relative error in k propagates as

AT ~

Ar Ak 2kVA Ak
T o2rVA 1k

Thus, a 1% error in k leads to a 1% error in 7, although the sign is reversed.
To analyze how a given relative error in A propagates, we start with

1 AA
5 2kAS/5

AT ~ —

Then

Ar 1 AA 2kVA 1 AA

T 5 2kASA 1 5 A
This says that it takes a 5% error in A to produce a 1% error in 7. Conse-
quently, the time to infinity 7 is 5 times more sensitive to errors in k than

to errors in A.
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The exercises in this section will give you an opportunity to check that
a particular formula is a solution to an initial value problem that arises in a
variety of contexts. Later in this chapter, we will make a modest beginning on
the much harder task of finding solutions given by formulas for special initial
Special methods give ~ value problems. There are more sophisticated methods for finding formulas,
formulas; general when the formulas exist, and they provide powerful tools for some important
methods are numerical . hloms, especially in physics. However, most initial value problems we
encounter cannot be solved by formulas. This is particularly true when two
or more variables are needed to describe the process being modelled. The
tool of widest applicability is Euler’s method. This isn’t so different from
the situation in algebra, where exact solutions given by formulas (e.g. the
quadratic formula) are also relatively rare, and numerical methods play an
important role. (Chapter 5.5, presents the Newton—Raphson method for
solving algebraic equations by successive approximation.) In most cases that
will interest us, there are simply no formulas to be found—the limitation lies
in the mathematics, not the mathematicians.

Exercises

In exercises 14, verify that the given formula is a solution to the initial value
problem.

1. Powers of y.

) v =y%y(0) =5 y(t)=1/(:—1)
b) ¥ =v% y(0) =5 y(t)=1/y/5 —2t
) ¥y =y y(0) =5 y(t)=1/¢/5 — 3t

d) Write a general formula for the solution of the initial value problem gy’ =

y", y(0) = 5, for any integer n > 1.

a

e) Write a general formula for the solution of the initial value problem gy’ =
y", y(0) = C, for any integer n > 1 and any constant C' > 0.

2. Powers of t.

a) ¥ =1, y(0) =5 y(t)=3t°+5
b) ¥ =1 y(0) =5 y(t)=4t"+5
o) ¥ =t y(0)=5 yt)=3t"+5

Copyright 1994, 2008 Five Colleges, Inc.
DVI file created at 11:36, 1 February 2008



4.2. SOLUTIONS OF DIFFERENTIAL EQUATIONS 219

d) Write a general formula for the solution of the initial value problem y’ =
t", y(0) = 5 for any integer n > 1.

e) Write a general formula for the solution of the initial value problem y’ =
t", y(0) = C for any integer n > 1 and any constant C'.

3. Sines and cosines.
a) ¢ =—y,y ==z 2(0)=1, y(0) =0: x(t) = cost, y(t) = sint

b) ' = —y, v =z, 2(0) = 0, y(0) = 2(t) = cos(t +7/2), y(t) =
sin(t 4 m/2)

4. Exponential functions.

a) vy =23y,y(0)=5 y(t)=>5-10"
=C: y(t)=C-10

¢) ¥y =-23y,y(0)=5 yt)=5-10"

d) ¢ =4.6ty, y(0) =5 y(t)=5-10"

o
~—
QQ\
|
b
w
=
<
—~
)
~—

5. Initial Conditions.
a) Choose C so that y(t) = v/t + C' is a solution to the initial value problem

1
/
= — == 1

Y=g, vB) =17
b) Choose C so that y(t) = —1/(t + C) is a solution to the initial value
problem

v =y y(0)=-5
¢) Choose C so that y(t) = —1/(t + C) is a solution to the initial value
problem

World population growth with parameters

6. a) Using a graphing utility or a calculator, show that the derivative of
P(t) = (1.0202)" at the origin is approximately .02: P’(0) ~ .02. Since quick
convergence is desirable, use

AP POO+h)—P0O—h) (1.0202)" — (1.02020)~"
At 2h N 2h
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b) By using more decimal places to get higher precision, show that P(t) =
(1.0202013)" satisfies P'(0) = .02 even more exactly.

7. a) Show that the function y = 2%/'6% satisfies the differential equation
dy/dt = y. Use the chain rule: y = 2%, u = t/.69. (Recall that ks = .69....)

b) Show that the function y = 269 satisfies the differential equation

dy/dt = ky.
c¢) Show that the function P(t) = A - 25/ is a solution to the initial value
problem

dpP

— =kP P(0) = A.

Note that this describes a population that grows at the constant per capita
rate k from an initial size of A.

8. a) Show that the function y = 10%/23 satisfies the differential equation
dy/dt = y. Use the chain rule: y = 10%, u = ¢/2.3. (Recall that kiy =

23....)
b) Show that the function y = 10%/23 satisfies the differential equation
dy/dt = ky.
c¢) Show that the function P(t) = A-10¥"/23 is a solution to the initial value
problem

dP

—=kP P(0) = A.

o (0)

This formula provides an alternative way to describe a population that grows
at the constant per capita rate k from an initial size of A.

9. a) The formula P(t) = 5 - 2¥%/:% describes how an initial population of
5 billion will grow at a constant per capita rate of k persons per year per
person. Use this formula to determine how many years t it will take for the
population to double, to 10 billion persons.

b) Suppose the initial population is A billion, instead of 5 billion. What is
the doubling time then?

¢) Suppose the initial population is 5 billion, and the per capita growth
rate is .02, but that value is certain only with an error of Ak. How much
uncertainty is there in the doubling time that you found in part (a)?
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Newton’s law of cooling

There are formulas that describe how a body cools, or heats up, to match
the temperature of its surroundings. See the exercises on Newton’s law of
cooling in section 1. Consider first the model
ar
dt
introduced on page 197 to describe how a cup of coffee cools.

—1(T—20)  T(0) =90,

10. Show that the function y = 271%/% is a solution to the differential
equation dy/dt = —.1y. (Use the chain rule: y = 2% u = —.1¢/.69.)

11. a) Show that the function
T =70-271% 420

is a solution to the initial value problem dT'/dt = —.1(T — 20), T'(0) = 90.
This is the temperature T of a cup of coffee, initially at 90°C, after t minutes
have passed in a room whose temperature is 20°C.

b) Use the formula in part (a) to find the temperature of the coffee after 20
minutes. Compare this result with the value you found in exercise 12 (b),
page 198.

¢) Use the formula in part (a) to determine how many minutes it takes for
the coffee to cool to 30°C. In doing the calculations you will find it helpful
to know that 1/7 = 2728 Compare this result with the value you found in
exercise 11 (c), page 198.

12. a) A cold drink is initially at Q = 36°F when the air temperature is
90°F. If the temperature changes according to the differential equation

d
d_ctg = —.2(Q — 90)°F per minute,

show that the function Q(t) = 90 — 54 - 272%/:69 describes the temperature
after ¢ minutes.

b) Use the formula to find the temperature of the drink after 5 minutes
and after 10 minutes. Compare your results with the values you found in
exercise 12, page 198.

13. Find a formula for a function that solves the initial value problem

aQ
CE-——kQ-4) QO =B
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A leaking tank

The rate at which water leaks from a small hole at the bottom of a tank
is proportional to the square root of the height of the water surface above
the bottom of the tank. Consider a cylindrical tank that is 10 feet tall and
stands on one of its circular ends, which is 3 feet in diameter. Suppose the
tank is currently half full, and is leaking at a rate of 2 cubic feet per hour.

14. a) Let V(t) be the volume of water in the tank ¢ hours from now.
Explain why the leakage rate can be written as the differential equation

for some positive constant k. (The issue to deal with is this: why is it
permissible to use the square root of the volume here, when the rate is known
to depend on the square root of the height?)

b) Determine the value of k. [Answer: k =~ .3364; you need to explain why
this is the value.]

15. a) How much water leaks out of the tank in 12 hours; in 24 hours? Use
Euler’s method, and compute successive approximations until your results
stabilize.

b) How many hours does it take for the tank to empty?

16. a) Use the differentiation rules to show that any function of the form

k2 9
_ — if <t <
V() = 4(0 ) if 0<t<C

0 if C<t

satisfies the differential equation.

b) For the situation we are considering, what is the value of C? According
to this solution, how long does it take for the tank to empty? Compare this
result with your answer using Euler’s method.

c¢) Sketch the graph of V (¢) for 0 < t < 2C, taking particular care to display
the value V'(0) in terms of k£ and C.
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Motion

Newton created the calculus to study the motion of the planets. He said
that all motion obeys certain basic laws. One law says that the velocity of
an object changes only if a force acts on the body. Furthermore, the rate
at which the velocity changes is proportional to the force. By knowing the
forces that act on a body we can construct—and then solve—a differential
equation for the velocity.

Falling bodies—with gravity. A body falling through the air starts up
slowly but picks up speed as it falls. Its velocity is thus changing, so there
must be a force acting. We call the force that pulls objects to the earth
gravity. Near the earth, the strength of gravity is essentially constant.

Suppose an object is x meters above the surface of the earth after ¢
seconds have passed. Then, by definition, its velocity is

x
v = — meters/second.
dt /
According to Newton’s laws of motion, the force of gravity causes the velocity

to change, and we can write
dv
a7
Here g is a constant whose numerical value is about 9.8 meters/second per
second. Since x and v are positive when measured upwards, but gravity
acts downwards, a minus sign is needed in the equation for dv/dt. (The
derivative of velocity is commonly called acceleration, and g is called the

acceleration due to gravity.)

17.  Verify that v(t) = —gt + vy is a solution to the differential equation
dv/dt = —g with initial velocity vy.

18. Since dzx/dt = v, and since v(t) = —gt + vg, the position x of the body
satisfies the differential equation

dx

== —gt + vg meters/second.

Find a formula for x(¢) that solves this differential equation. This function
describes how a body moves under the force of gravity.
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19. Suppose the initial position of the body is xg, so that the position z is
a solution to the initial value problem

x
i —gt+ v x(0) = zp meters.

Find a formula for z(t).

20. a) Suppose a body is held motionless 200 meters above the ground, and
then released. What values do xy and vy have? What is the formula for the
motion of this body as it falls to the ground?

b) How far has the body fallen in 1 second? In 2 seconds?
¢) How long does it take for the body to reach the ground?

Falling bodies—with gravity and air resistance. As a body falls, air
pushes against it. Air resistance is thus another force acting on a falling
body. Since air resistance is slight when an object moves slowly but increases
as the object speeds up, the simplest model we can make is that the force of
air resistance is proportional to the velocity: force = —bv (reality turns out
to be somewhat more complicated than this). The multiplier b is positive,
and the minus sign tells us that the direction of the force is always opposite
the velocity. The forces of gravity and air resistance combine to change the

velocity:
dv
priai bv meters/second per second.
21. Show that
v(t) = % (2_bt/'69 — 1) meters/second

is a solution to this differential equation that also satisfies the initial condition
v(0) = 0 meters/second.

22. a) Show that the position z(t) of a body that falls against air resistance
from an initial height of xy meters is given by the formula

x(t) = zo — %t — % (2_“/'69 — 1) meters.

b) Suppose the coefficient of air resistance is b = .2 per second. If a body
is held motionless 200 meters above the ground, and then released, how far
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will it fall in 1 second? In 2 seconds? Compare these values with those you
obtained assuming there was no air resistance.

¢) How long does it take for the body to reach the ground? (Use a computer
graphing package to get this answer.) Compare this value with the one you
obtained assuming these was no air resistance. How much does air resistance
add to the time?

23. a) According to the equation dv/dt = —g — b, there is a velocity vy
at which the force of air resistance exactly balances the force of gravity, and
the velocity doesn’t change. What is vr, expressed as a function of g and
b. Note: vr is called the terminal velocity of the body. Once the body
reaches its terminal velocity, it continues to fall at that velocity.

b) What is the terminal velocity of the body in the previous exercise?

The oscillating spring. Springs can smooth out life’s little irregularities (as
in the suspension of a car) or amplify and measure them (as
in earthquake detection devices). Suppose a
spring that hangs from a hook has a weight at its
end. Let the weight come to rest. Then, when
the weight moves, let x denote the position of the
weight above the rest position. (If x is negative,
this means the weight is below the rest position.) - X

If you pull down on the weight, the spring pulls § e HL%S;“ on
it back up. If you push up on the weight, the

spring (and gravity) push it back down. This

push is the spring force.

icm

The simplest assumption is that the spring force is proportional to the
amount z that the spring has been stretched: force = —c?z. The constant
c? is customarily written as a square to emphasize that it is positive. The
minus sign tells us the force pushes down if > 0 (so the weight is above the
rest position), but it pushes up if z < 0.

If v = dx/dt is the velocity of the weight, then Newton’s law of motion
says

% = .
Suppose we move the weight to the point x = a on the scale, hold it mo-
tionless momentarily, and then release it at time ¢ = 0. This determines the
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initial value problem
¥ =wv z(0) =a
v =—c*z v(0)=0.

24. a) Show that
x(t) = acos(ct) v(t) = —acsin(ct)

is a solution to the initial value problem.

b) What range of values does x take on; that is, how far does the weight
move from its rest position?

25. a) Use a graphing utility to compare the graphs of y = cos(z), y =
cos(2x), y = cos(3z), and y = cos(.5z). Based on your observations, explain
how the value of ¢ affects the nature of the motion x(t) = a cos(ct) for a fixed
value of a.

b) How long does it take the weight to complete one cycle (from x = a back
to x = a) when ¢ = 17 The motion of the weight is said to be periodic, and
the time it takes to complete one cycle is called its period.

c) What is the period of the motion when ¢ = 2?7 When ¢ = 3?7 Does the
period depend on the initial position a?

d) Write a formula that expresses the period of the motion in terms of the
parameters a and c.

26. a) The parameter ¢ depends on two things: the mass m of the weight,
and the stiffness k of the spring:

k
c=1/—.
m
Write a formula that expresses the period of the motion of the weight in

terms of m and k.

b) Suppose you double the weight on the spring. Does that increase or
decrease the period of the motion? Does your answer agree with your intu-
itions?

¢) Suppose you put the first weight on a second spring that is twice as stiff
as the first (i.e., double the value of k). Does that increase or decrease the
period of the motion? Does your answer agree with your intuitions?
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d) When you calculate the period of the motion using your formula form
part (a), suppose you know the actual value of the mass only to within 5%.
How accurately do you know the period—as a percentage of the calculated
value?

4.3 The Exponential Function

The Equation ¢y’ = ky

As we have seen, initial value problems define functions—as their solutions.
They therefore provide us with a vast, if somewhat bewildering, array of
new functions. Fortunately, a few differential equations—in fact, the very
simplest—arise over and over again in an astonishing variety of contexts.
The functions they define are among the most important in mathematics.

One of the simplest differential equations is dy/dt = ky, where k is a
constant. It is also one of the most useful. We used it in chapter 1 to
model the populations of Poland and Afghanistan, as well as bacterial growth
and radioactive decay. In this chapter, it was our initial model of a rabbit
population and one of our models of the world population. Later, we will
use it to describe how money accrues interest in a bank and how radiation
penetrates solid objects.

In this section we will look at the solutions to differential equations of this
form from two different vantage points. On the one hand, we already have
named functions which solve such equations—the exponential functions. On
the other hand, the fact that Euler’'s method produces the same functions
will allow us to prove properties of such functions and to compute their values
effectively.

In chapter 3 we established that the solutions to dy/dt = ky are exponen-
tial functions. Specifically, for each base b, the exponential function y = b’
was a solution to dy/dt = ky, - b* = ky -y, where k; was the slope of the graph
of y = b' at the origin. In this approach, if the constant k& changes, we must
change the base b so that k, = k.

Exercise 7 in the previous section (page 220) opened up a new possibility:
for the fized base 2, the function

y = ohkt/.6931...

was a solution to the differential equation dy/dt = kt, no matter what value
k took. There was nothing special about the base 2, of course. In the next
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exercise, we saw that the functions

Y= 10kt/2.3025...

would serve equally well as solutions.
In fact, we can show that, for any base b, the functions

y = btk
are also solutions to dy/dt = ky. Construct the chain
y="0b" where u = kt/ky.
Then dy/du = ky - b* = ky, - y, while du/dt = k/k,. Thus, by the chain rule

we have

dy dy du k
at du d YR T
If we express solutions to dy/dt = ky by exponential functions with a
fized base, it is easy to alter the solution if the growth constant k changes.

We just change the value of k in the exponent of b*/%. Let’s see how this
works when b = 2 and b = 10:

differential solution solution

equation base 2 base 10
dy

2 = 16 2.231t 10.069t
dt Y

dy

-2 =18 2.260t 10.078t
dt Y

Notice that the growth constant k gets “swallowed up” in the exponent of
the solution when k has a specific numerical value. The number that appears
in the exponent is k divided by ko = .6931... (when the base is 2) and by
k19 = 2.3025. .. (when the base is 10).

The most vivid solution to dy/dt = ky would use the base b for which
ky, = 1 exactly. There is such a base, and it is always denoted e. (We will
determine the value of e in a moment.) Since k. = 1, k¥ would stand out in
the exponent:

differential solution

equation base e
dy

— = .16 eto!
dt Y

dy

— =.18 e18t
dt Y
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The simplicity and clarity of this expression have led to the universal adop-
tion of the base e for describing exponential growth and decay—that is, for
describing solutions to dy/dt = ky.

The use of the symbol e to denote the base dates back to a paper that Euler wrote at age
21, entitled Meditatio in experimenta explosione tormentorum nuper instituta (Meditation upon
recent experiments on the firing of cannons), where the symbol e was used sixteen times. It is
now in universal use. The number e is, like 7, one of the most important and ubiquitous numbers
in mathematics.

By design, y = €' is a solution to the differential equation dy/dt = y. In
particular, the slope of the graph of y = €' at the origin is exactly 1. As we
have just seen, the function y = e** is a solution to the differential equations

dy/dt = ky whose growth constant is k. Finally:

The general initial

y = C - e is the solution to the initial value problem value problem for
exponential functions

dy B B
e ky y(0) = C.

We can check this quickly. The initial condition is satisfied because e® = 1,
50 4(0) = C - e*? = (C -1 = C. The differential equation is satisfied because

(C~ekt), =C- (ekt), =C ke =ky.

We used the differentiation rule for a constant multiple of a function, and we
used the fact that the derivative of e* was already established to be k e*t.

The Number e

The number e is determined by the property that k., = 1. Since this number Finding e with a
is the slope of the graph of y = ¢! at the origin, one way to find e is with ~ computer microscope
a computer microscope. Pick an approximation F for e and graph y = f*.
Zoom in the graph at the origin, and measure the slope. If the slope is more
than 1, choose a smaller approximation; if the slope is less than 1, choose a
larger value. Repeat this process, narrowing down the value of e until you
know its value to as many decimal places as you wish.

We already know E = 2 is too small, because the slope of y = 2! at the Under successive
origin is .69. Likewise, E = 3 is too large, because the slope of y = 3! at the magnifications:
origin is 1.09. Thus 2 < e < 3, and is closer to 3 than to 2. At the next €=2.71828. ..
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stage we learn that 2.7 is too small (slope = .9933) but 2.8 is too large (slope
= 1.0296). Thus, at least we know e = 2.7.... Several stages later we would
learn e = 2.71828 . .. .

While the method just described for finding the value of e works, it is
somewhat ponderous. We can take a very different approach to finding the
numerical value of e by using the fact that e is defined by an initial value
problem. Here is the idea: e is the value of the function e! when ¢t = 1, and
y(t) = €' is the solution to the initial value problem

y=y y(0)=1.

We can then find e = y(1) in the usual way by solving this initial value prob-
lem using Euler’s method. Due to some convenient algebraic simplifications,
this approach yields powerful insights about the nature of e.

Suppose we take n steps to go from t = 0 to t = 1. Then the step size is
At = 1/n. The following table shows the calculations:

Finding y(1) by Euler’s method when ¢y’ =y and y(0) = 1

t Y Y=y Ay =y' - At
0 1 1 1-1/n
1/n 1+1/n 1+1/n (14+1/n)-1/n

2/n (1+1/n)? (1+1/n)? (1+1/n)?-1/n
3/n (1+1/n)3 (1+1/n)3 (1+1/n)3-1/n

n/n (14+1/n)"
The entries in the y column need to be explained. The first two should be
clear: y(0) is the initial value 1, and y(1/n) = y(0) + Ay =1+ 1/n. To get
from any entry to the next we must do the following:
new y = current y + Ay

= current y + 3 - At

= current y + current y - At

= current y - (1 4+ At)

= current y - (14 1/n)
The new y is the current y multiplied by (1 4+ 1/n). Since the second y is

itself (1 + 1/n), the third will be (1 + 1/n)?, the fourth will be (1 4 1/n)?,
and so on.
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Euler’s method with n steps therefore gives us the following estimate for

e =y(1) =y(n/n):
e~ (1+1/n)"

We can calculate these numbers on a computer. In the following table we
give values of (1 + 1/n)" for increasing values of n. By the time n = 2%
(about 10'?), eleven digits of e have stabilized.

n (14+1/n)"

20 2.0

24 2.638

28 2.712992

212 2.717950 081

216 2.718261 089905
220 2.718 280 532 282
224 2.718 281 747 448
228 2.718 281 823 396
232 2.718 281 828 142
236 2.718 281 828439
240 2.718 281 828 458

The true value of e is the limit of these approximations as we take n
arbitrarily large:

e = lim (1+1/n)" = 2.71828182845904 . . .

n—oo

We can generalize the preceding to get an expression for e for any value
of T'. In exactly the same way as we did above, divide the interval from 0 to T’
into n pieces, each of width At = T'/n. Starting from ¢ = 0 and y(0) = 1 and
applying Euler’s method, we find, using the same algebraic simplifications,
that after n steps the value for ¢ will be T" and y will be (1 + T'/n)". Since
these approximations approach the true value of the function as n — oo, we
have that

e’ = lim (1+7T/n)" for any value of 7.

n—oo
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Differential Equations Define Functions

There is an important point underlying the operations we just performed hav-
ing to do with the question of computability. While it may be appalling to
think about doing it by hand, there is nothing conceptually difficult about
evaluating an expression like (1 4+ 1/1000)'°°—all we need are ordinary ad-
dition, division, and multiplication. In fact, for any differential equation,
Euler’s method generates a solution using only ordinary arithmetic.

By contrast, think for a moment about the earlier method for evaluating
e by evaluating expressions like (2.718:%001 — 271879901} /.0002 and seeing
whether we get a value bigger than or less than 1. While a calculator or a
computer will readily give us a value, how does it “know” what 2.718:900
is? The fact is, it doesn’t have a built-in exponentiator which lets it know
immediately what the value of this expression is any more than we do. A
computer—like humans—can essentially only add, subtract, and multiply.
Any other operation has to be reduced to these operations somehow. Thus
when we use a computer to evaluate something like 2.718%°1 we actual
trigger a fairly elaborate program having little directly to do with raising
numbers to powers which produces an approximation to the desired number.
It turns out that if you use the key on your calculator to evaluate 2° it
doesn’t come up with the answer by multiplying 2 by itself 5 times, but uses
this more complicated program.

There is often a large gap between naming and defining a function, and
being able to compute values for it to four or five decimals. Think about
the trigonometric functions for a moment. You have probably seen several
definitions of the cosine function by now—as the ratio of the adjacent side
over the hypotenuse of a right triangle, or as the z-coordinate of a point
moving around a circle of radius 1. Yet neither of these definitions would
help you calculate cos(2) to five decimals. It turns out that most methods
for evaluating functions are based on the way the derivatives of the functions
behave. While we will have much more to say about this in chapter 10,
Euler’s method is a good first example of this.

Returning to exponents, think what would be involved in evaluating V3
using the pre-calculus concept of exponents. We might first get a series of
rational approximations to /3 = 1.73205081...: 17/10 = 1.7, 173/100 =
1.73, 433/250 = 1.732, and so on. We would then calculate

Copyright 1994, 2008 Five Colleges, Inc.
DVI file created at 11:36, 1 February 2008



4.3. THE EXPONENTIAL FUNCTION 233

217/10 — ( %)17
2173/100 — ( 1%)173
2433/250 — ( 2%)433

Even evaluating the first of these approximations would involve finding the
10th root of 2 and raising it to the 17th power, which would not be easy. We
would continue with these approximations until the desired number of digits
remained fixed.

By contrast, evaluating eV3 by Euler’s method is very straightforward.
As we saw above, it reduces to evaluating (1 4+ 1.73205.../n)" for increas-
ing values of n until the desired number of digits remains fixed. Moreover,
this same process works just as well for any kind of exponent—positive or
negative, rational or irrational.

In fact, all the properties of the exponential function follow from the fact
that it is the solution to its initial value problem, so we could have made
this the definition in the first place. This would have given us the benefit of
coherence (not having to distinguish among different kinds of exponents) and
direct computability. It would also directly reflect the primary reason the
exponential function is important, namely that its rate of change is propor-
tional to its value. Since the process of deducing the properties of a function
from its defining equation will be important later on, and since it is a good
exercise in some of the theoretical ideas we’ve been developing, let’s see how
this works.

We will assume nothing about the function y = ¢'. Instead, we be-
gin simply with the observation that each initial value problem defines a
function—its solution. Therefore, the specific problem

y=y y0)=1

defines a function; we call it y = exp(t). At the outset, all we know about
the function exp(t) is that

exp’(t) = exp(t) exp(0) = 1.

As before, we can use Euler’s method to evaluate exp(1), which we will call
e. From these facts alone we want to deduce that exp(t) = ¢’ for all values
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of t. We will actually show this only for all rational values of t, since there is,
as we've seen, a bit of hand-waving about what it means to raise a number
to an irrational power. The following theorem is the key to establishing this
result.

Theorem 1. For any real numbers r and s,

exp(r + s) = exp(r) - exp(s).

We will prove this result shortly, but let’s see what we can deduce from
it. First off, note that

exp(2) = exp(1 + 1) = exp(1) - exp(1) = (exp(1))* = €.

Notice that we invoked Theorem 1 to equate exp(1+ 1) with exp(1)-exp(1).
In a similar way,

exp(3) = exp(2 + 1) = exp(2) - exp(1) = (exp(1))? - exp(1) = (exp(1))” = ¢,

Repeating this argument for any positive integer m, we get
Corollary 1. For any positive integer m,

m

exp(m) = (exp(1))™ = e,

We can also express exp(t) in terms of e when ¢ is a negative integer. We
begin with another consequence of Theorem 1:

1 =exp(0) = exp(—1+1) = exp(—1) - exp(1).
This says e = exp(1) is the reciprocal of exp(—1):

exp(—1) = (exp(1)) " = e,

Since —2 = —-1—1, =3 = —2 — 1, and so forth, we can eventually show that
Corollary 2. For any negative integer —m,
exp(—m) =exp(—1—1—...—1) = (exp(—1))" = (exp(1)) " = e ™.

We can even do the same thing with fractions. Here’s how to deal with
exp(1/3), for example:
exp(1l) = exp (% + % + %)
— exp(1/3) - exp(1/3) - exp(1/3)
= (exp(1/3))”,
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so exp(1/3) is the cube root of exp(1):
exp(1/3) = (exp(1))"/* = 1.

A similar argument will show that
Corollary 3. For any positive integer n, exp(1/n) = e'/™.

Finally, we can deal with any rational number m/n:
exp(m/n) = (exp(1/n))™ = (/)" = em/™.

This leads to

Theorem 2. For any rational number r, exp(r) = (exp(1)) =€’

In other words, Theorem 1 implies that the function exp(t) is the same
function as the exponential function e!~—at least when ¢ is a rational number
m/n, as claimed. We could now prove that exp(¢) = e’ when ¢ is an irrational
number, which would require being clearer about what it means to raise a
number to an irrational power than most high school texts are.

We adopt a more attractive option. Since exp(t) and e agree at rational
values of ¢, and since exp(t) is well-defined for all values of t—including
irrational numbers—we define ! for irrational values of ¢ by setting it equal
to exp(t).

Proof of Theorem 1

The proof uses the Existence and Uniqueness Principle for differential equa-
tions we articulated earlier: if two functions satisfy the same differential
equation and satisfy the same initial conditions then they have to be the
same function.

Theorem 1 involves two fixed real numbers, r and s. We fix one of them,
say 7, to define two new functions of ¢:

P(t) =exp(r+1)  Q(t) = exp(r) - exp(t).

We shall show that both of these functions are solutions to the same initial

value problem:
dy
=Y y(0)=exp(r).
(Remember, exp(r) is a constant, because r is fixed.)
If we show this, it will then follow that P(t) and Q(t) must be the same

function.
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Since

P(0) = exp(r + 0) = exp(r)
Q(0) = exp(r) - exp(0) = exp(r) - 1 = exp(r),
P(t) and Q(t) both satisfy the initial condition y(0) = exp(r).
Next we show that they both satisfy the differential equation ¢y = y:
Q'(t) = (exp(r) - exp(t))" = exp(r) - (exp(t))" = exp(r) - exp(t) = Q(t),

so Q(t) is a solution.
To differentiate P(t) we construct a chain:

P = exp(u) where u=r+t.
Then dP/du = exp(u) and du/dt =1, so

dP du
= .= 1=P(t)-1=P

W explu) 1= P(1) 1 = P(1),
so P(t) is also a solution.

Therefore P(t) and Q(t) must be the same function. It follows then that

P(t) = Q(t) for all values of ¢, in particular for £ = s. But this means that

exp(r +s) = P(s) = Q(s) = exp(r) - exp(s),

which is exactly the statement of Theorem 1, and so completes the proof.

P'(t)

Now that we have established exp(z) = e, we will call exp(z) the expo-
nential function and we will use the forms e* and exp(z) interchangeably.
The following theorem summarizes several more properties of the exponential
function.

Theorem 3. For any real numbers r and s,

exp(s) >0
1
=P(~) = Cols)
exp(r — s) = exp(r)
p(r —s) xp(s)

exp(rs) = (exp(r))” = (exp(s))".

To make the statements in this theorem seem more natural, you should
stop and translate them from exp(x) to e*. Proofs will be covered in the
exercises.
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Exponential Growth

The function exp(x) = e, like polynomials and the sine and cosine functions,
is defined for all real numbers. Nevertheless, it behaves in a way that is quite
different from any of those functions.

One difference occurs when x is large, either positive or negative. The sine
function and the cosine function stay bounded between +1 and —1 over their
entire domain. By contrast, every polynomial “blows up” as x — 4o0. In
this regard, the exponential function is a hybrid. As x — —o0, exp(x) — 0.
As x — 400, however, exp(x) — +00.

Let’s look more closely at what happens to power functions z™ and the
exponential function e* as * — oo. Both kinds of functions “blow up”
but they do so at quite different rates, as we shall see. Before we compare
power and exponential functions directly, let’s compare one power of x with
another—say x? with 2°. As x — oo, both 2% and z° get very large. However,
22 is only a small fraction of the size of 2°, and that fraction gets smaller,
the larger z is. The following table demonstrates this. Even though 22 grows
enormous, we interpret the fact that #2/2% — 0 to mean that 22 grows more
slowly than x°.

T x? x5 22 /xb
10 102 10° 1073
100 104 1010 1076
1000 106 10%° 107?
| | | l
00 00 00 0

It should be clear to you that we can compare any two powers of x this
way. We will find that 2P grows more slowly than z? if, and only if, p < ¢.
To prove this, we must see what happens to the ratio z?/z9, as x — +oc.
We can write 2 /x% = 1/277P, and the exponent ¢ — p that appears here is
positive, because ¢ > p. Consequently, as r — oo, z97P — oo as well, and
therefore 1/2797? — (0. This completes the proof.

How does e* compare to 2?7 To make it tough on e*, let’s compare it to
2%, We know already that 2°° grows faster than any lower power of z. The
table above compares 2°° to €. However, the numbers involved are so large
that the table shows only their order of magnitude—that is, the number of
digits they contain. At the start, 2% is much larger than e*. However, by
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the time z = 500, the ratio z°°/e® is so small its first 82 decimal places are
zero!

T 250 @ 1.50/612
100 ~ 10190 ~ 10% ~ 10°6
200 10115 1086 10%8
300 10123 10130 1077
400 10130 10173 10~44
500 10134 10217 1083

! I ! i
00 00 00 0

So 2% grows more slowly than e*, and so does any lower power of x.
Perhaps a higher power of x would do better. It does, but ultimately the
ratio 2P /e* — 0, no matter how large the power p is. We don’t yet have all
the tools needed to prove this, but we will after we introduce the logarithm
function in the next section.

The speed of exponential growth has had an impact in computer science.
In many cases, the number of operations needed to calculate a particular
quantity is a power of the number of digits of precision required in the answer.
Sometimes, though, the number of operations is an exponential function of
the number of digits. When that happens, the number of operations can
quickly exceed the capacity of the computer. In this way, some problems
that can be solved by an algorithm that is straightforward in theoretical
terms are intractable in practical terms.

Exercises

The exponential functions b*

1. Use a graphing utility or a calculator to approximate the slopes of the
following functions at the origin and show:

a) If f(t) = (2.71), then f’(0) < 1.
b) If g(t) = (2.72)", then ¢'(0) > 1.
c) Use parts (a) and (b) to explain why 2.71 < e < 2.72.

2. a) In the same way find the value of the parameter k;, for the bases b =
.5, .75, and .9 accurate to 3 decimal places.
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b) What is the shape of the graph of y = b" when 0 < b < 17 What does
that imply about the sign of k;, for 0 < b < 17 Explain your reasoning.

Differentiating exponential functions

3. Differentiate the following functions.
7631’

&
~—

C’ekx, where C' and k are constants.
1.5¢t

1.562t
2e3T _ 327

=3
SN~—

e e

ecost

—
~— ~—

=

Find partial derivatives of the following functions.
ety
322e2Y

e sinv

NS PN

usin(v)

(o
N

e

Powers of e

5. Simplify the following and rewrite as powers of e. For each, explain your
work, citing any theorems you use.

a) exp(2x + 3)
b) (exp(z))?
c) exp(17z)/exp(bx)

6. Use the second property in Theorem 3 to explain why

lim exp(t) = 0.

t——o00

7. This purpose of this exercise is to prove the fourth property listed in
Theorem 3: exp(rs) = (exp(s))”, for all real numbers r and s. The idea
of the proof is the same as for Theorem 1: show that two different-looking
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functions solve the same initial value problem, thus demonstrating that the

functions must be the same. The initial value problem is
/

y=ry y(0)=1.

a) Show that P(t) = exp(rt) solves the initial value problem. (You need to
use the chain rule.)

b) Show that Q(t) = (exp(t))” solves the initial value problem. (Here use
the chain @) = u", where u = exp(t). There is a bit of algebra involved.)

¢) From parts (a) and (b), and the fact that an initial value problem has a
unique solution, it follows that P(t) = Q(t), for every ¢t. Explain how this
establishes the result.

Solving ' = ky using ¢!

8. Poland and Afghanistan. Refer to problem 25 in chapter 1.2.

a) Write out the initial value problems that summarize the information
about the populations P and A given in parts (a) and (b) of problem 21.

b) Write formulas for the solutions P and A of these initial value problems.

¢) Use your formulas in part (b) (and a calculator) to find the population
of each country in the year 2005. What were the populations in 19657

9. Bacterial growth. Refer to problem 26 in chapter 1.2.

a) Assuming that we begin with the colony of bacteria weighing 32 grams,
write out the initial value problem that summarizes the information about
the weight P of the colony.

b) Write a formula for the solution P of this initial value problem.
¢) How much does the colony weigh after 30 minutes? after 2 hours?

10. Radioactivity. Refer to problem 27 in chapter 1.2.

a) Assuming that when we begin the sample of radium weighs 1 gram, write
out the initial value problem that summarizes the information about the
weight R of the sample.

b) How much did the sample weigh 20 years ago? How much will it weigh
200 years hence?

11. Intensity of radiation. As gamma rays travel through an object,
their intensity I decreases with the distance = that they have travelled. This
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is called absorption. The absorption rate dI/dx is proportional to the
intensity. For some materials the multiplier in this proportion is large; they
are used as radiation shields.

a) Write down a differential equation which models the intensity of gamma
rays I(z) as a function of distance z.

b) Some materials, such as lead, are better shields than others, such as air.
How would this difference be expressed in your differential equation?

¢) Assume the unshielded intensity of the gamma rays is Iy. Write a formula
for the intensity I in terms of the distance x and verify that it gives a solution
of the initial value problem.

12. In this problem you will find a solution for the initial value problem
y' = ky and y(tg) = C. (Notice that this isn’t the original initial value
problem, because ¢, was 0 originally.)

a) Explain why you may assume y = Aek? for some constant A.

b) Find A in terms of k, C and t.

Solving other differential equations

13. a) Newton’s law of cooling. Verify that
Q(t) = 70" + 20

is a solution to the initial value problem Q'(t) = —.1(Q — 20), Q(0) = 90.
What is the relationship between this formula and the one found in problem
11 in section 27

b) Verify that
Q) = (Qo—A)e™™ + 4
is a solution to the the initial value problem Q'(t) = —k(Q — A), Q(0) = B.

What is the relationship between this formula and the one found in prob-
lem 13 in section 27

14. In An Essay on the Principle of Population, written in 1798, the British
economist Thomas Robert Malthus (1766-1834) argued that food supplies
grow at a constant rate, while human populations naturally grow at a con-
stant per capita rate. He therefore predicted that human populations would
inevitably run out of food (unless population growth was suppressed by un-
natural means).
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a) Write differential equations for the size P of a human population and the
size F' of the food supply that reflect Malthus’ assumptions about growth
rates.

b) Keep track of the population in millions, and measure the food supply
in millions of units, where one unit of food feeds one person for one year.
Malthus’ data suggested to him that the food supply in Great Britain was
growing at about .28 million units per year and the per capita growth rate
of the population was 2.8% per year. Let ¢ = 0 be the year 1798, when
Malthus estimated the population of the British Isles was P = 7 million
people. He assumed his countrymen were on average adequately nourished,
so he estimated that the food supply was F' = 7 million units of food. Using
these values, write formulas for the solutions P = P(t) and F = F(t) of the
differential equations in (a).

c¢) Use the formulas in (b) to calculate the amount of food and the population
at 25 year intervals for 100 years. Use these values to help you sketch graphs
of P = P(t) and F = F(t) on the same axes.

d) The per capita food supply in any year equals the ratio F'(t)/P(t). What
happens to this ratio as ¢ grows larger and larger? (Use your graphs in (c)
to assist your explanation.) Do your results support Malthus’s prediction?
Explain.

15. a) Falling bodies. Using the base e instead of the base 2, modify the
solution v(t) to the initial value problem

d
d—zz—g—bv v(0)=0
that appears in exercise 21 on page 224. Show that the modified expression

is still a solution.

b) If an object that falls against air resistance is z(t) meters above the
ground after ¢ seconds, and it started xy meters above the ground, then it is
the solution of the initial value problem

dz
pri v(t) z(0) = xo,

where v(t) is the velocity function from the previous exercise. Find a formula
for x(t) using the exponential function with base e. (Compare this formula
with the one in exercise 22 (a), page 224.)
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¢) Suppose the coefficient of air resistance is .2 per second. If a body is held
motionless 200 meters above the ground, and then released, how far will it
fall in 1 second? In 2 seconds? Use your formula from part (b). Compare
these values with those you obtained in exercise 22 (b), page 224.

Interest rates
Bank advertisements sometimes look like this:

Civic Bank and Trust

e Annual rate of interest 6%.
e Compounded monthly.

o Effective rate of interest 6.17%.

The first item seems very straightforward. The bank pays 6% interest per
year. Thus if you deposit $100.00 for one year then at the end of the year
you would expect to have $106.00. Mathematically this is the simplest way
to compute interest; each year add 6% to the account. The biggest problem
with this is that people often make deposits for odd fractions of a year, so
if interest were paid only once each year then a depositor who withdrew her
money after 11 months would receive no interest. To avoid this problem
banks usually compute and pay interest more frequently. The Civic Bank
and Trust advertises interest compounded monthly. This means that the
bank computes interest each month and credits it (that is, adds it) to the
account.

Month Start | Interest End
1 | $100.0000 .5000 | $100.5000
2 | $100.5000 .5025 | $101.0025
3 | $101.0025 .5050 | $101.5075
4 | $101.5075 5075 | $102.0151
5 | $102.0151 5101 | $102.5251
6 | $102.5251 .5126 | $103.0378
7 | $103.0378 5152 | $103.5529
8 | $103.5529 5178 | $104.0707
9 | $104.0707 5204 | $104.5911

10 | $104.5911 .5230 | $105.1140
11 | $105.1140 .5256 | $105.6396
12 | $105.6396 .5282 | $106.1678
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Since this particular account pays interest at the rate of 6% per year and
there are 12 months in a year the interest rate is 6%/12 = 0.5% per month.
The following table shows the interest computations for one year for a bank
account earning 6% annual interest compounded monthly.

Notice that at the end of the year the account contains $106.17. It has ef-
fectively earned 6.17% interest. This is the meaning of the advertised effective
rate of interest. The reason that the effective rate of interest is higher than
the original rate of interest is that the interest earned each month itself earns
interest in each succeeding month. (We first encountered this phenomenon
when we were trying to follow the values of S, I, and R into the future.) The
difference between the original rate of interest and the effective rate can be
very significant. Banks routinely advertise the effective rate to attract de-
positors. Of course, banks do the same computations for loans. They rarely
advertise the effective rate of interest for loans because customers might be
repelled by the true cost of borrowing.

The effective rate of interest can be computed much more quickly than
we did in the previous table. Let R denote the annual interest rate as a
decimal. For example, if the interest rate is 6% then R = 0.06. If interest is
compounded n times per year then each time it is compounded the interest
rate is R/n. Thus each time you compound the interest you compute

(B0

where V' is the value of the current deposit. This computation is done n
times during the course of a year. So, if the original deposit has value V,

after one year it will be worth
R n
(1 " _) v
n

For our example above this works out to

0.06\ **
(1 + T) V = 1.061678V

and the effective interest rate is 6.1678%.
Many banks now compound interest daily. Some even compound interest
continuously. The value of a deposit in an account with interest compounded
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continuously at the rate of 6% per year, for example, grows according to the
differential equation
V' =0.06V.

16. Many credit cards charge interest at an annual rate of 18%. If this rate
were compounded monthly what would the effective annual rate be?

17. In fact many credit cards compound interest daily. What is the effective
rate of interest for 18% interest compounded daily? Assume that there are
365 days in a year.

18.  The assumption that a year has 365 days is, in fact, not made by banks.
They figure every one of the 12 months has 30 days, so their year is 360 days
long. This practice stem from the time when interest computations were
done by hand or by tables, so simplicity won out over precision. Therefore
when banks compute interest they find the daily rate of interest by dividing
the annual rate of interest by 360. For example, if the annual rate of interest
is 18% then the daily rate of interest is 0.05%. Find the effective rate of
interest for 18% compounded 360 times per year.

19. In fact, once they’ve obtained the daily rate as 1/360-th of the annual
rate, banks then compute the interest every day of the year. They compound
the interest 365 times. Find the effective rate of interest if the annual rate
of interest is 18% and the computations are done by banks. First, compute
the daily rate by dividing the annual rate by 360 and then compute interest
using this daily rate 365 times.

20. Consider the following advertisement.
Civic Bank and Trust
e Annual rate of interest 6%.
e Compounded daily.

o Effective rate of interest 6.2716%.

Find the effective rate of interest for an annual rate of 6% compounded daily
in the straightforward way—using 1/365-th of the annual rate 365 times.
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Then do the computations the way they are done in a bank. Compare your
two answers.

21. There are two advertisements in the newspaper for savings accounts
in two different banks. The first offers 6% interest compounded quarterly
(that is, four times per year). The second offers 5.5% interest compounded
continuously. Which account is better? Explain.

4.4 The Logarithm Function

Suppose a population is growing at the net rate of 3 births per thousand
persons per year. If there are 100,000 persons now, how many will there be
37 years from now? How long will it take the population to double?

Translating into mathematics, we want to find the function P(¢) that
solves the initial value problem

P'(t)=.003P(t) and  P(0) = 100000.

Using the results of section 3 we know that the solution is the exponential

function
P(t) = 100000 2%,

The size of the population 37 years from now will therefore be

P(37) = 100000 '
= 100000 x 1.117395
~ 111740 people

To find out how long it will take the population to double, we want to find
a value for ¢ so that P(¢) = 200000. In other words, we need to solve for ¢ in
the equation

100000 e = 200000.

Dividing both sides by 100,000, we have

o003t _ o

We can’t proceed because one side is expressed in exponential form while
the other isn’t. One remedy is to express 2 in exponential form. In fact,
2 = 9817 a5 you should verify with a calculator. Then

003t _ o _ 693147

e implies 003t = .693147,
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so t = .693147/.003 = 231.049. Thus it will take about 231 years for the
population to double.

To determine the doubling time of the population we had to know the
number b for which
exp(b) = b =2,

This is an aspect of a very general question: given a positive number a,
find a number b for which
e’ =a.

A glance at the graph of the exponential function below shows that, by
working backwards from any point a > 0 on the vertical axis, we can indeed
find a unique point b on the horizontal axis which gives us exp(b) = a.

Yi
20 y:e

15

3 2 -1 1 2 b 3 X

This process of obtaining the number b that satisfies exp(b) = a for any
given positive number a is a clear and unambiguous rule. Thus, it defines a
function. This function is called the natural logarithm, and it is denoted
In(a), or sometimes log(a). That is,

In(a) = log(a) = {the number b for which exp(b) = a} .
In other words, the two statements
In(a) =b and exp(b) =a

express exactly the same relation between the quantities a and b.
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The question that led to the introduction of the logarithm function was:
what number gives the exponent to which e must be raised in order to produce
the value 27 This number is In(2), and we verified that In(2) = .693147.
Quite generally we can say that the number In(x) gives the exponent to
which e must be raised in order to produce the value x:

@ = g,

If we set y = In(z), then x = ¢¥ and we can restate the last equation as a
pair of companion equations:

@ =z and In(e¥) =y.

The first equations says the exponential function “undoes” the effect of the
logarithm function and the second one says the logarithm function “undoes”
the effect of the exponential function. For this reason the exponential and
logarithm functions are said to be inverses of each other.

Many of the other pairs of functions—sine and arscsine, squareroot and
squaring—that share a key on a calculator have this property. There are even
functions (at least one can be found on any calculator) that are their own
inverses—apply such a function to any number, then apply this same function
to the result, and you're back at the original number. What functions do
this? We will say more about inverse functions later in this section.

Properties of the Logarithm Function

The inverse relationship allows us to translate each of the properties of the
exponential function into a corresponding statement about the logarithm
function. We list the major pairs of properties below.

exponential version logarithmic version
=1 In(1) =0

edtb—ca. cb In(m - n) = In(m) + In(n)
e —b = eayeh In(m/n) = In(m) — In(n)
(e?)5 = a8 In(m®) = s - In(m)

range of e? is all positive reals ~ domain of In(x) is all positive reals
domain of e? is all real numbers range of In(z) is all real numbers

e¥ - 0asx— —o0 In(z) - —ccasx — 0
e? grows faster In(x) goes to infinity slower
than 2", any n > 0 than '/, any n > 0
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For each pair, we can use the exponential property and the inverse re-
lationship between exp and In to establish the logarithmic property. As
an example, we will establish the second property. You should be able to
demonstrate the others.

Proof of the second property. Remember that to show In(a) = b, we need to
show e’ = a. In our case a and b are more complicated. We have

b ; In(m) + In(n)

Thus, we need to show

In(m) + In(n)

(& =m-n.

But, by the exponential version of property 2,

In(m) +In(n) _ JIn(m) . In(n)

e -e =m-n,

and our proof is complete.

The Derivative of the Logarithm Function

Since the natural logarithm is a function in its own right, it is reasonable to
ask: what is the derivative of this function? Since the derivative describes
the slope of the graph, let us begin by examining the graph of In. Can we
take advantage of the relationship between In and exp—a function whose
graph we know well—as we do this? Indeed we can, by making the following
observations.

e We know the point (a,b) is on the graph of y = In(z) if and only if
b =1In(a).

e We know b = In(a) says the same thing as a = eb.

b

e Finally, we know a = e” is true if and only if the point (b, a) is on the

graph of y = e”.

Putting our observations together, we have
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(a,b) is on the graph of y = In(z)
if and only if
(b,a) is on the graph of y = e¥.

Reflection across The picture below demonstrates that the point (a,b) and the point (b, a) are
the 45° line reflections of each other about the 45° line. (Remember that points on the
45° line have the same z and y coordinates.) This is because these two points
are the endpoints of the diagonal of a square whose other diagonal is the line

= .
y yi
(a, b) ‘//»/
b-.- " """"""""" //'(b1 b)
laa "(b.a)
; b X

Since we have just seen that every point (a,b) on the graph of y = In(z)
corresponds to a point (b, a) on the graph of y = e, we see that the graphs
of y =In(z) and y = €” are the reflections of each other about the line y = x.

Yi
y=¢
I/’
’/
’/
’/
,/
’/
’/
I/ —_
S y = Inx
’/
’/
/ s,
’/
//
1/'/ X
//
’/
4
Microscopic views at Finally, since the two graphs are reflections of one another, a microscopic

mirror image points  view of In(x) at any point (b, a) will be the mirror image of the microscopic
view of of e” at the point (a,b). Any change in the y-value on one of these
lines will correspond to an equal change in the x-value in its mirror image,
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and vice versa. The figure below shows what microscopic views of a pair
of corresponding points look like, showing how a vertical change in one line
equals the horizontal change in the other, and conversely.

Yi

e y=Inx

It follows that the slopes of the two lines must be reciprocals of each other.
This says that the rate of change of In(z) at x = b is just the reciprocal of
the rate of change of e” at x = a, where a = In(b). But the rate of change
of € at x = In(b) is just e™®) = b. Therefore the rate of change of In(z) at
x = b is the reciprocal of this value, namely 1/b. We have thus proved the
following result:

Theorem 1. (In(x)) = 1/x.

Note that one interpretation of this theorem is that the function In(x) is
the solution to a certain initial value problem, namely
dy 1
= = — 1) =0.
o=y
As was the case with the exponential function, we can now apply Euler’s
method to this differential equation as an effective way to compute values of
In(x). Applications of this idea can be found in the exercises.
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Exponential Growth

The logarithm gives us a useful tool for comparing the growth rates of ex-
ponential and power functions. In the last section we claimed that e* grows
faster than any power z? of x, as x — +00. We interpreted that to mean

for any number p. Using the natural logarithm, we can now show why it is
true.
To analyze the quotient Q = z?/e”, we first replace it by its logarithm

In@ =In(z/e®) =In(aP) —In(e”) = plnx — .

Several properties of the logarithm function were invoked here to reduce In Q)
to plnx — x. By another property of the logarithm function, if we can show
In ) — —oo we will have established our original claim that ) — 0.

Let y=In@Q = plnz — z. We know y is increasing when dy/dz > 0 and
decreasing where dy/dx < 0. Using the rules of differentiation, we find

dy _p
de  ©
The expression p/z — 1 is positive when z is less than p and negative when x

is greater than p. For x near p, the graph of y must therefore look like this:

Y

/\

Since dy/dx remains negative as = gets large, y will continue to decrease.
This does not, in itself, imply that y — —oo, however. It’s conceivable that
y might “level off” even as it continues to decrease—as it does in the next
graph.
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Y

However, we can show that y does not “level off” in this way; it continues
to plunge down to —oo. We start by assuming that x has already become
larger than 2p: x > 2p. Then 1/x < 1/2p (the bigger number has the smaller
reciprocal), and thus p/xz < p/2p = 1/2. Thus, when = > 2p,

dy p 1 1
—==—-1l<=-=1=——.
de «x 2 2
In other words, the slope of the graph of y is more negative than —1/2. The
graph of y must therefore lie below the straight line with slope —1/2 that we

see below:
Yy

This guarantees that y = In@Q) — —oo as © — oco. Hence () — 0, and since
Q) = x?/e”, we have shown that e” grows faster than any power of x.

The Exponential Functions b*

We have come to adopt the exponential function exp(z) = e* as the natural
one for calculus, and especially for dealing with differential equations of the
form dy/dr = ky. Initially, though, all exponential functions * were on
an equal footing. With the natural logarithm function, however, a single
exponential function will meet our needs. Let’s see why.

If b is any positive real number, then b = e™?. Consequently,

- (elnb)x _ elnbm’c.
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In other words, b¥ = e“’, where ¢ = Inb. Thus, every exponential function
can be expressed in terms of exp in a simple way. This is, in fact, the way
computers evaluate exponents, since the computer can raise any number to
any power so long as it has a way to evaluate the functions In and exp. For
instance, when you ask a computer or calculator to evaluate 275 (2 to the 5th
power in most computer languages), it will first calculate In 2, then multiply
this number by 5, then apply exp to the result. That is, it evaluates 2° by
thinking €°"2! While this may seem a roundabout way to come up with
32, its virtue is that the computer needs only one algorithm to calculate any
base to any power, without having to consider different cases.

This expression gives us a new way to find the derivative of b*. We already
know that

(%) = ¢ €%,

for any constant c¢. This follows from the chain rule. When ¢ = In b, we get
(bx)/ — (eln(b) . x)/ _ ln(b) . eln(b) T ln(b) A ba:‘

Thus, y = b¥ is a solution to the differential equation

dy
A | .
O n(b) -y

In chapter 3, we wrote this differential equation as

dy

% kby

We see now that k, = In(b).

We can use the connection between k;, and the natural logarithm, and
between the natural logarithm and the exponential function, to gain new
insights. For example, on page 212 we argued that there must be a value of
b for which k;, = .02. This simply means

Inb = .02 or bh=e%,

In other words, we now have an explicit formula that tells us the value of b
for which &k, = .02:
b=e"=1.02020134....
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Inverse Functions

Most of what we have said about the exponential and logarithm functions
carries over directly to any pair of inverse functions. We begin by saying
precisely what it means for two functions f and g to be inverses of each
other.

Definition. Two functions f and g are inverses if

flg(a)) =
and g(f(b))

for every a in the domain of g and every b in the domain of f.

a
b

Observe that if f and g are inverses of each other, then each one “undoes”
the effect of the other by sending any value back to the number it came from
via the other function. One implication of this is that neither function can
have two different input values going to the same output value. For instance,
suppose by and by get sent to the same value by f: f(b1) = f(b2). Applying
g to both sides of this equation we would get by = g(f(b1)) = g(f(ba)) = bo,
so b; and by, were actually the same number. This is an important enough
property that there is a name for it:

Definition. We say that a function f is one-to-one, usually written as 1-1,
if it is true that whenever x; # x5 then it is also the case that f(x1) # f(x2).
Equivalently, f is 1-1 if whenever f(z1) = f(z2), then it must be true that
r1 = Ta.

We have thus seen that only functions which are one-to-one can have inverses.
This means that to establish inverses for some functions, we will need to
restrict their domains to regions where they are one-to-one. Let’s re-examine
the examples we mentioned earlier to see how they fit this definition.

Example 1. Suppose f(z) = exp(z) and g(x) = In(z). Then the equations
f(g(a)) = exp(In(a)) = @) — ¢ fora >0
and g(f(5)) = In(exp(t)) = In(e”) = b

hold for all real numbers b and for all positive real numbers a. The domain
of the exponential function is all real numbers and the domain of the natural
logarithm function is all positive real numbers.
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Example 2. Suppose f(x) = 2% and g(z) = /z. The squaring function
is not invertible on its natural domain because it is not one-to-one. Since a
number and its negative have the same square, we wouldn’t know which one
to send the square back to when we took the square root. We can’t avoid
the problem by saying that g(4) = %2, since a function has to have only
one output for each input. The squaring function is invertible, though, if we
restrict it to non-negative real numbers. Then

f(g(a)) = (Va)* =a (for a >0)
and g(f(b)) = Vb2 =0 (for b>0).

The domain of the square root function is all b > 0.

Note that we could have restricted the domain of f in another way to
make it one-to-one by considering only non-positive real numbers. Now g is
no longer the inverse of this restricted f. For instance, g(f(—3)) = g(9) =
3 # —3. What would the inverse of f be in this case?

Example 3. Suppose f(x) = sin(z) and g(x) = arcsin(x). Since f is not
one-to-one on its natural domain, we again need to restrict it in order for

it to have an inverse. By convention, the domain of sin(z) is taken to be
—r/2 <z <m7/2

f(g(a)) = sin(arcsin(a)) = a (for —1<a<1) and
g(f(b)) = arcsin(sin(b)) = b (for —7/2 <b < 7/2).
Each pair of inverse functions share corresponding properties, just as the

logarithm and exponential functions do—the particular properties depending
on the particular functions. But two they all share are

e The range of f is the domain of g.
e The domain of f is the range of g.

The exercises check this for examples 2 and 3.

Finally, the graphs—and therefore the derivatives—of a function and of its
inverse are mirror images, exactly like those of the exponential and logarithm
functions. We begin with the same list of observations.

e We know the point (a,b) is on the graph of y = g(x) if and only if
b=g(a).
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e We know b = g(a) says the same thing as a = f(b).

e Finally, we know a = f(b) is true if and only if the point (b, a) is on
the graph of y = f(x).

As before, putting our observations together, we have

(a,b) is on the graph of y = g(z)
if and only if
(b,a) is on the graph of y = f(z).

Exactly as before, we have that the point (a,b) and the point (b,a) are
reflections of each other about the line y = x. Since we have just seen that
every point (a,b) on the graph of y = g(z) corresponds to a point (b,a) on
the graph of y = f(x), we again see that the graphs of y = g(x) and y = f(x)
are the reflections of each other about the line y = x.

Finally, since the two graphs are reflections of one another, the local linear
approximation of g(z) at any point (a, b) will be the mirror image of the local
linear approximation of f(z) at the point (b,a). Any change in the y-value
on one of these local lines will correspond to an equal change in the z-value
in its mirror image, and vice versa. Just as before, it follows that the slopes
of the two lines must be reciprocals of each other. This says that the rate
of change of g(x) at x = b is the reciprocal of the rate of change of f(z) at

r = a, where a = g(b). But the rate of change of f(z) at x = ¢(b) is just ..

f'(g(b)). Therefore the rate of change of g(z) at = b is the reciprocal of
this value, namely 1/f"(g(b)). We have thus proved the following result:

Theorem 2. If the functions f and g are inverses, then g is locally linear at
(b,a) if and only if f is locally linear at (a,b). When local linearity holds,

Exercises

1. Determine the numerical value of each of the following.

a) In(2e) b) In(e?) c) et d) In(\/e)
e) 61n2 f) 631n2 g) (61n2)3 h) 621n3
i) In10 j) In10? k) 10 1) eln 1000
m) In(1/e) n) In(1/2) 0) e~ In2 p) e~3n2
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2. a) In the text we noted that the function Inx is the solution to the

initial-value problem
dy 1
- =— 1)=0
so that we can use Euler’'s method to compute values for Inz. Use this
method to evaluate In2 to 3 decimal places. What value of Az gives the

desired accuracy?

b) If you now wanted to calculate In 6 to 3 decimals, can you think of a better
way to do it than simply starting at z = 1 and running Euler’s method out
to x = 67 Remember the basic properties of logarithms, and figure out a
way to use the results of part (a).

¢) Suppose you had figured out that In2 = 0.693147.... How would you
use Euler’s method to calculate In 1300 quickly? You might find the fact that
210 = 1024 helpful.

3. The rate of growth of the population of a particular country is propor-
tional to the population. The last two censuses determined that the popu-
lation in 1980 was 40,000,000, and in 1985 it was 45,000,000. What will the

population be in 19957

4. Find the derivatives of the following functions.

a) In(3x) d) In(2})
b) 17In(zx) e) 7T1n(3648)
c) In(eW)

5. Suppose a bacterial population grows so that its mass is
P(t) = 200¢- 12t grams

after ¢ hours. Its initial mass is P(0) = 200 grams. When will its mass
double, to 400 grams? How much longer will it take to double again, to 800
grams? After the population reaches 800 grams, how long will it take for yet
another doubling to happen? What is the doubling time of this population?

6. Suppose a beam of X-rays whose intensity is A rads (the “rad” is a unit
of radiation) falls perpendicularly on a heavy concrete wall. After the rays
have penetrated s feet of the wall, the radiation intensity has fallen to

R(s) = Ae™355  rads.
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What is the radiation intensity 3 inches inside the wall; 18 inches? (Your
answers will be expressed in terms of A.) How far into the wall must the
rays travel before their intensity is cut in half, to A/27 How much further
before the intensity is A/47

7. Virtually all living things take up carbon as they grow. This carbon
comes in two principal forms: normal, stable carbon—C!2—and radioactive
carbon—C™". C'" decays into C'? at a rate proportional to the amount
of C* remaining. While the organism is alive, this lost C!* is continually
replenished. After the organism dies, though, the C'* is no longer replaced,
so the percentage of C'* decreases exponentially over time. It is found that
after 5730 years, half the original C'* remains. If an archaeologist finds a
bone with only 20% of the original C'* present, how old is it?

8. The human population of the world appears to be growing exponentially.
If there were 2.5 billion people in 1960, and 3.5 billion in 1980, how many
will there be in 20107

9. If bacteria increase at a rate proportional to the current number, how
long will it take 1000 bacteria to increase to 10,000 if it takes them 17 minutes
to increase to 20007

10. Suppose sugar in water dissolves at a rate proportional to the amount
left undissolved. If 40 Ib. of sugar reduces to 12 Ib. in 4 hours, how long will
you have to wait until 99% of the sugar is dissolved?

11.  Atmospheric pressure is a function of altitude. Assume that at any
given altitude the rate of change of pressure with altitude is proportional to
the pressure there. If the barometer reads 30 psi (pounds per square inch)
at sea level and 24 psi at 6000 feet above sea level, how high are you when
the barometer reads 20 psi?

12. a) An important concept in many economic analyses is the idea of
present value. It is used to compare the values of different possible pay-
ments made at different times. As a simple example, suppose you had a
small wood lot and had the choice of selling the timber on it now for $5,000
or waiting 10 years for the trees to get larger, at which point you estimate
the timber could be sold for $8,000. To compare these two options, you
need to convert the prospect of $8,000 ten years from now into an equivalent
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amount of money now—its present value. This is the amount of money you
would need to invest now to have $8,000 in 10 years. Suppose you thought
you could invest money at an annual interest rate of 4% compounded con-
tinuously. If you invested $5,000 now at this rate, then in 10 years you
would have 5000 e = $7,459.12. That is, $5,000 now is worth $7,459.12 in
10 years—both amounts have the same present value. Clearly $8,000 in 10
years must have a slightly greater present value under the assumption of a
4% annual interest rate. What is it?

b) On the other hand, if you can get a higher interest rate than 4%, the
present value of the $8,000 will be much less. What is the present value of a
payment of $8 000 ten years from now if the annual interest rate is 8%7

c) At what interest rate do $5,000 now and $8,000 in ten years have the
same present value?

13.  Use properties of exp to prove the following properties of the logarithm.
(Remember that Ina = b means a = exp b.)

a) In(1) = 0.
b) In(m/n) = In(m) — In(n).

¢) In(m") =nln(m).

14. a) Use a graphing program to find a good numerical approximation to
(Inz)" at x = 2. Make a short table, for decreasing interval sizes Az, of the
quantity A(Inz)/Aw.

b) Use a graphing program to find a good numerical approximation to (e*)’
at x = In(2) = 0.6931.... Make a short table for decreasing interval sizes
Az, of the quantity A(e”)/Ax.

c) What is the relationship between the values you got in parts (a) and (b)?

15. Find a solution (using Inx) to the differential equation

f'(z) =3/x satisfying f(1) = 2.

16. a) Find a formula using the natural logarithm function giving the so-
lution of ¥/ = a/x with y(1) = b.

b) Solve P’ =2/t with P(1) = 5.
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17. Find the domain and range of each of the following pairs of inverse
functions.

a) f(z) = 2? (restricted to x > 0) and g(z) = /.
b) f(x) =sin(z) (restricted to —7/2 < x < w/2) and g(z) = arcsin(z).

18. Show that f(x) = 1/ equals its own inverse. What are the domain
and range of f?

19. Let n be a positive integer. and let f(z) = 2”. What is an inverse of
f? How do we need to restrict the domain of f for it to have an inverse?
Caution: the answer depends on n.

20. a) What is the inverse g of the function f(z) =1 — 3z7?
b) Do f and g satisfy Theorem 27

21. What is an inverse of f(z) = z* — 47

22.  Use the relationship between the derivatives of a function and its inverse
to find the indicated derivatives.

a) ¢'(100) for g(z) = /.
b) ¢'(v/2/2) for g(z) = arcsin(z).
c) ¢'(1/2) for g(x) =1/x.

23. a) Use Theorem 2 and the fact that (2?)’ = 2z to derive the formula
for the derivative of \/x.

b) Use Theorem 2 and the fact that (z")" = nz"~! to derive the formula for
the derivative of /x

24. Compare the rates of growth of e* and b* for bothe <band 1 < b < e.

4.5 The Equation y' = f(t)

Most differential equations we have encountered express the rate of growth of
a quantity in terms of the quantity itself. The simplest models for biological
growth had this form: 3’ = ky and ¢y = kyP. Even when several variables
were present—as in the S-I-R model and the predator-prey models—it was
most natural to express the rates at which those variables change in terms of
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the variables themselves. Even the motion of a spring (pages 225-227) was
described that way: the rate of change of position equalled the velocity, and
the rate of change of velocity was proportional to the position.
Sometimes, though, a differential equation will express the rate of change

of a variable directly in terms of the input variable. For example, on page 223
we saw that the velocity dz/dt of a body falling under the sole influence of
gravity is a linear function of the time:

dr

E = —gt + vg.
Here x is the height of the body above the ground, g is the acceleration due
to gravity, and v is the velocity at time ¢t = 0. This equation has the general

form
dx

— = f(t),
" )
where f(t) is a given function of t. We will now consider special methods
that can be used to study differential equations of this special form.

Antiderivatives

To solve the equation of motion of a body falling under gravity, we must find
a function z(t) whose derivative is given as

¥ = —gt + vy.

We can call upon our knowledge of the rules of differentiation to find .
Consider —gt first. What function has —gt as its derivative? We can start
with #2, whose derivative is 2t. Since we want the derivative to turn out to
be —gt, we can reason this way:

—gt = 9. 2t = —g x the derivative of 2.

2
This leads us to identify —gt?/2 as a function whose derivative is —gt. Check
for yourself that this is correct by differentiating —gt?/2.

Now consider vy, the other part of dx/dt. What function has the constant
vp as its derivative? A derivative is a rate of growth, and we know that
the linear functions are precisely the ones that have constant growth rates.
Furthermore, the rate is the multiplier for a linear function, so we conclude
that any linear function of the form vyt 4+ b has derivative vy.
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If we put the two pieces together, we find that
_ 9
o(t) = =5 £+ vt +b

is a solution to the differential equation, for any value of b. (Recall from sec-

tion 2 that a differential equation can have many solutions.) We constructed

this formula for x(t) by “undoing” the process of differentiation, a process The antiderivative
sometimes called antidifferentiation. The function produced is called an of a function
antiderivative. Thus:

—gtz + vot + b is an antiderivative of — gt 4+ vy

because — gt + vy is the derivative of — gtz + vt + b.

Note that a function has only one derivative, but it has many antiderivatives. All the functions

If F(t) is an antiderivative of f(¢), then so is F(t) + C, where C is any F(x) +C are

constant. antiderivatives of F'(x)
The list of functions and their derivatives that we compiled in chapter

3 (see page 146) can be “turned around” to become a list of functions and

their antiderivatives. Note that the antiderivative column should really be

labelled “an antiderivative” since we could add a constant to any of the listed

functions and still have an antiderivative for the function in the first column.

function antiderivative
0 c
D _1 ptl _
x St (ifp#£ 1)
x ! Inz
sin x —Ccosx
CcOS T sin x
expx = €* expx = €*
T 1 3z
b Inb b

Notice the formula for the antiderivative of zP requires p + 1 # 0, that is,  Every power of z has
p # —1. This leaves out 7. However, the antiderivative of 7! is Inz, so an antiderivative
no power of x is excluded from the table.

We also had differentiation rules that told us how to deal with different
combinations of functions. Each of these rules has an analogue in antidiffer-
entiation. The simplest combinations are a sum and a constant multiple.
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function antiderivative
f(z) F(z)
g9(z) G(z)
c- f(x) ¢ F(z)
f(x) + g(z) F(z) + G(x)

We defer a discussion of the analogue of the chain rule to chapter 11.

With just these rules we can find the antiderivative of any polynomial,
for instance. (Recall that a polynomial is a sum of constant multiples of
powers of the input variable.) Here is a collection of sample antiderivatives
that illustrate the various rules. To emphasize the fact that antiderivatives
are determined only up to an additive constant, various constants have been
tacked on—any other constant would work just as well. You should compare
this table with the one on page 150.

function antiderivative
S5zt — 23 2b — tat 4+ 17
5t — 22° + 17z 2 — fat 4 Ha? — 243.77
6-10%+17/27 6-10°/In10 — 17/62% + .002
3sint — 2t3 —3cost — 2t* +5In7
7TcosT + 2 msin + wlr — 1272

Euler’s Method Revisited

If we know the formula for an antiderivative of f(t), then we can write down
a solution to the differential equation dy/dt = f(t). For example, the general
solution to p
Yy 2 .

— =12t sint

dt tl
isy = 4t3 — cost + C. In such a case we have a shortcut to solving the
differential equation without needing to use Euler’s method. Often, though,
there is no formula for an antiderivative of f(t)—even when f(¢) itself has
a simple formula. There is no formula for the antiderivative of cos(t?), or
sint/t, or v/1+ 3, for instance. In other cases, f(¢) may not even be given
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by a formula. It may be a data function, given as a graph made by a pen
tracing on a moving sheet of graph paper.

Whether we can find a formula for an antiderivative of f(¢) or not, we
can still solve the differential equation dy/dt = f(t) by Euler’s method. It
turns out that Euler’s method takes on a relatively simple form in such cases.
Let’s investigate this in the following context.

Let V be the volume of water in a reservoir serving a small town, measured
in millions of gallons. Then V is a function of the time ¢, measured in days.
Rainfall adds water to the reservoir, while evaporation and consumption
by the townspeople take it away. Let f be the net rate at which water
is flowing into the reservoir, in millions of gallons per day. Sometimes f
will be positive—when rainfall exceeds evaporation and consumption—and
sometimes f will be negative. The net inflow rate varies from day to day;
that is, f is a function of time: f = f(¢). Our model of the reservoir is the
differential equation

av

- = f(t) millions of gallons per day.

Suppose f(t) is measured every two days, and those measurements are
recorded in the following table.

time ¢ rate f(t)
(days) (108 x gals. per day)

0 .34

2 A1

4 —-.07

6 —.23

8 —.14

10 .03

12 .08

Note that in this table we are able to write down the rate for all values of
t immediately, without having to calculate the intermediate values of the
dependent variable V. This is in marked contrast with most of the examples
we’ve looked at in this course where we had to know the values of all the
variables for any time t before we could calculate the new rate value at that
time. It is this simplification that gives differential equations of the form
y' = f(t) their special structure.
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If we assume the value of f(¢) remains constant for the two days after
each measurement is made, we can approximate the total change in V' over
these 14 days.

The following table tells us two things: first, how much V' changes over

The accumulated each two-day period; second, the total change in V' that has accumulated

change in V

Calculating just
the accumulated
change in y

by the end of each period. Since At = 2 days, we calculate AV by
AV =V'-At = f(t) - At =2- f(t).

starting current accumulated ending

t AV AV t

0 .68 .68 2

2 .22 .90 4

4 —.14 .76 6

6 —.46 .30 8

8 —.28 .02 10
10 .06 .08 12
12 .16 .24 14

At the end of the 14 days, V' has accumulated a total change of .24 million
gallons. Notice this does not depend on the initial size of V. If V' had been
92.64 million gallons at the start, it would be 92.64 + .24 = 92.88 million
gallons at the end. If it had been only 2 million gallons at the start, it would
be 2 + .24 = 2.24 million gallons at the end. Other models do not behave
this way: in two weeks, a rabbit population of 900 will change much more
than a population of 90. The total change in V' is independent of V' because
the rate at which V' changes is independent of V.

We can therefore use Euler’s method to solve any differential equation
of the form dy/dt = f(t) independently of an initial value for y. We just
calculate the total accumulated change in y, and add that total to any given
initial y. Here is how it works when the initial value of ¢ is a, and the time

step is At.
starting current accumulated ending
t Ay Ay t
a fla) - At previously a+ At
a+ At fla+ At) - At accumulated a+ 2At
a+ 2At fla+2At) - At Ay a+ 3At
a+ 3At fla+ 3At) - At N a+ 4At
: : current :
a+ (n—1)At fla+ (n—1)At) - At Ay a+nAt
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The third column is too small to hold the values of “accumulated Ay.”
Instead, it contains the instructions for obtaining those values. It says: to
get the current value of “accumulated Ay,” add the “current Ay” to the
previous value of “accumulated Ay.”

Let’s use Euler’s method to find the accumulated Ay when ¢t = 4, given
that p
d_?; = cos(t?)

and t is initially 0. If we use 8 steps, then At = .5 and we obtain the
following:

starting current accumulated ending

t Ay Ay t

0 .5000 .5000 5
5 .4845 .9845 1.0
1.0 .2702 1.2546 1.5
1.5 —.3141 .9405 2.0
2.0 —.3268 .6137 2.5
2.5 .4997 1.1134 3.0
3.0 —.4556 .6579 3.5
3.5 4752 1.1330 4.0

The following program generated the last three columns of this table.

Program: TABLE

DEF fnf (t) = COS(t ~ 2)

tinitial =0

tfinal = 4

numberofsteps = 2 ~ 3

deltat = (tfinal - tinitial) / numberofsteps

t = tinitial

accumulation = 0

FOR k = 1 TO numberofsteps
deltay = fnf(t) * deltat
accumulation = accumulation + deltay
t =t + deltat
PRINT deltay, accumulation, t

NEXT k
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TABLE is a modification of the program SIRVALUE (page 65). To emphasize
the fact that it is the accumulated change that matters rather than the
actual value of y, we have modified the program accordingly. Note that
accumulation always starts at 0, no matter what the initial value of y is.
The first line of the program takes advantage of a capacity most programming
languages have to define functions which can then be referred to elsewhere
in the program.

As usual, to find the exact value of the accumulated Ay, it is necessary

to recalculate, using more steps and smaller step sizes At. If we use TABLE
to do this, we find

number accumulated
of steps Ay
23 1.13304
26 .65639
29 .60212
212 .59542
215 .59458
218 .59448

Thus we can say that if dy/dt = cos(t?), then y increases by .594...when ¢
increases from 0 to 4.

In the same way we changed SIRVALUE to produce the program SIR-
PLOT (page 69), we can change the program TABLE into one that will plot
the values of y. In the following program all those changes are made, and
one more besides: we have increased the number of steps to 400 to get a
closer approximation to the true values of y. The output of PLOT is shown
immediately below.

A

1,

accumulated Ay

The accumulated Ay when dy/dt = cos(t?)
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Program: PLOT

Set up GRAPHICS
DEF fnf (t) = COS(t ~ 2)
tinitial =0
tfinal = 4
numberofsteps = 400
deltat = (tfinal - tinitial) / numberofsteps
t = tinitial
accumulation = 0
FOR k = 1 TO numberofsteps
deltay = fnf(t) * deltat
Plot the line from (t, accumulation)
to (t + deltat, accumulation + deltay)
accumulation = accumulation + deltay
t =t + deltat
NEXT k

Let’s compare our reservoir model with population growth. The rate
at which a population grows depends, in an obvious way, on the size of the
population. By contrast, the rate at which the reservoir fills does not depend
on how much water there is in the reservoir. It depends on factors outside the
reservoir: rainfall and consumption. These factors are said to be exogenous
(from the Greek ero-, “outside” and -gen, “produced,” or “born”). The
opposite is called an endogenous factor (from the Greek endo-, “within”).
Evaporation is an endogenous factor for the reservoir model; population size
is certainly an endogenous factor for a population model.

Precisely because exogenous factors are “outside the system,” we need
to be given the information on how they vary over time. In the reservoir
model, this information appears in the function f(¢) that describes the rate
at which V' changes. In general, if y depends on exogenous factors that vary
over time, we can expect the differential equation for y to involve a function
of time: J

Y
U )
Thus, we can view this section as dealing with models that involve exogenous
factors.
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The differential equation of motion for a falling body, dxz/dt = —gt + vo, indicates that gravity
is an exogenous factor. In Greek and medieval European science, the reason an object fell to the
ground was assumed to lie within the object itself—it was the object’s “heaviness.” By making
the cause of motion exogenous, rather than endogenous, Galileo and Newton started a scientific
revolution.

Exercises
1. Find a formula y = F(t) for a solution to the differential equation
dy/dt = f(t) when f(t) is
a) bt —3 d) 12Vt
b) 6 — &5 + 2273 e) 20+ 7/t
¢) be! —3sint f) 5et — 1/t

2. Find G(5) if y = G(z) is the solution to the initial value problem

dy 1
dr 22 y(2) =3.

3. Find F(2) if y = F(z) is the solution to the initial value problem

dy 1
2=z 1) = 5.
o=z yd)

4. Find H(3) if y = H(z) is the solution to the initial value problem

Z—i =2°—72°+19  y(-1)=5.

5. Find L(-2) if y = L(z) is the solution to the initial value problem

dy 3
o =€ y(1) =6

6. a) Sketch the graph of the solution to the initial value problem

dy

yri sinz y(0)=1
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over the interval 0 < z < 4.

b) By finding a suitable antiderivative, evaluate y(2).

7. a) Sketch the graph of the solution to the initial value problem

dy _ . 4 _
Ip = sin(z”) y(0)=0

over the interval 0 < x < 5. (This one can’t be done by finding a formula
for the antiderivative.)

b) What is the slope of the solution graph at z = 07 Does your graph show
this?

¢) How many peaks (local maxima) does the solution have on the interval
0<x<5h?

d) What is the maximum value that the solution achieves on the interval
0 < x <57 For which value of x does this happen?

e) What is y(6)7

8. a) What is the accumulated change in y if dy/dt = 3t>—2t and t increases
from 0 to 17 What if ¢ increases from 1 to 27 What if ¢ increases from 0 to
27

b) Sketch the graph of the accumulated change in y as a function of ¢. Let
0<t<2

9. a) Here’s another problem for which there is no formula for an antideriva-
tive. Sketch the graph of the solution to the initial value problem

dy sinx

on the interval 0 < z < 40. [Note: sinx/x is not defined when x = 0, so take
the initial value of  to be .00001. That is, use y(.00001) = 0.]

b) How many peaks (local maxima) does the solution have on the interval
0 <x <407

¢) What is the maximum value of the solution on the interval 0 < x < 407
For which z is this maximum achieved?
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4.6 Chapter Summary

The Main Ideas

A system of differential equations expresses the derivatives of a set
of functions in terms of those functions and the input variable.

An initial value problem is a system of differential equations to-
gether with values of the functions for some specified value of the input
variable.

Many processes in the physical, biological, and social sciences are mod-
elled as initial value problems.

A solution to a system of differential equations is a set of func-
tions which make the equations true when they and their derivatives
are substituted into the equations.

A solution to an initial value problem is a set of functions that
solve the differential equations and satisfy the initial conditions. Typ-
ically, a solution is unique.

Euler’s method provides a recipe to find the solution to an initial
value problem.

In special circumstances it is possible to find formulas for the solution
to a system of differential equations. If the differential equations involve
parameters, the solutions will, too.

Systems of differential equations define functions as their solutions.
Among the most important are the exponential and logarithm func-
tions.

The natural logarithm function is the inverse of the exponential func-
tion.

The graphs and the derivatives of a function and its inverse are
connected geometrically to each other by reflection.

Exponential functions b¥ grow to infinity faster than any power of
x.
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The solution to dy/dx = f(z) is an antiderivative of f—that is, a
function whose derivative is f.

Expectations

You should be able to use computer programs to produce tables and
graphs of solutions to initial value problems.

You should be able to check whether a system of differential equations
reflects the hypotheses being made in constructing a model of a process.

You should be able to verify whether a set of functions given by formulas
is a solution to a system of differential equations.

You should be familiar with the basic properties of the exponential and
logarithm functions.

You should be able to express solutions to initial value problems involv-
ing exponential growth or decay in terms of the exponential function.

You should be able to solve dy/dx = f(x) by antidifferentiation when
f(x) is a basic function or a simple combination of them.

You should be able to analyze and graph the inverse of a given function.
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Chapter 5

Techniques of Differentiation

In this chapter we focus on functions given by formulas. The derivatives of
such functions are then also given by formulas. In chapter 4 we used infor-
mation about the derivative of a function to recover the function itself; now
we go from the function to its derivative. We develop the rules for differenti-
ating a function: computing the formula for its derivative from the formula
for the function. Then we use differentiation to investigate the properties
of functions, especially their extreme values. Finally we examine a powerful
method for solving equations that depends on being able to find a formula
for a derivative.

5.1 The Differentiation Rules

There are three kinds of differentiation rules. First, any basic function has
a specific rule giving its derivative. Second, the chain rule will find the
derivative of a chain of functions. Third, there are general rules that allow us
to calculate the derivatives of algebraic combinations—e.g., sums, products,
and quotients—of any functions provided we know the derivatives of each of
the component functions. To obtain all three kinds of rules we will typically
start with the analytic definition of the derivative as the limit of a quotient
of differences:

Definition. The derivative of the function f at x is the value

of the limit Flo+ A) — f(a)
o, S A L10

275
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In this chapter we will look at the cases where this limit can be evaluated
exactly. Although using this definition of derivative usually leads to many
algebraic manipulations, the other interpretations of derivatives as slopes,
rates, and multipliers will still be helpful in visualizing what’s going on. The
process of calculating the derivative of a function is called differentiation.
For this reason, functions which are locally linear and not locally vertical
(so they do have slopes, and hence derivatives at every point) are called
differentiable functions. Our goal in this chapter is to differentiate functions
given by formulas.

Derivatives of Basic Functions

When a function is given by a formula, there is in fact a formula for its
derivative. We have already seen several examples in chapters 3 and 4. These
examples include all of what we may consider the basic functions. We
collect these formulas in the following table.

Rules for Derivatives of Basic Functions

function derivative
mx + b m
x" ra’ !
sin « COS T
COS T —sinx
e’ e’
Inx 1/x

In the case of the linear function ma + b, we obtained the derivative by
using its geometric description as the slope of the graph of the function. The
derivatives of the exponential and logarithm functions came from the defini-
tion of the exponential function as the solution of an initial value problem.
To find the derivatives of the other functions we will need to start from the
definition.

An example: f(x)=2?

We begin by examining the calculation of the derivative of f(z) = z3 using

the definition. The change Ay in y = f(z) corresponding to a change Ax in
x is given by
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Ay = f(x + Azx) — f(x)
= (z + Az)® — 2?
= 32° - Az + 32(Ax)* + (Az)>.

From this we get

oy e Ay
filz) = lim 3o

= Alim0 372 + 31 - Az + (Ax)*.
To see what’s happening with this expression, let’s consider the specific
value z = 2 and evaluate the corresponding values of Ay/Ax for successively
smaller Az.

Ax 2?2 + 6Ax + (Ax)? Ay/Ax

1 124 .6 + .01 12.61

.01 12 + .06 + .0001 12.0601
.001 12 + .006 + .000001 12.006001

.0001 12 4+ .0006 + .00000001 12.00060001
.00001 12 + .00006 + .0000000001 12.0000600001

It is clear from this table that we can make Ay/Ax as close to 12 as we like
by making Az small enough. Therefore f/(2) = 12.

Note that in the table above we have used positive values of Az. You
should check to convince yourself that if we had used negative values of Ax
we would have come up with a different set of approximations Ay/Ax, but
that the limit would still be the same, namely 12—it doesn’t matter whether
we 