
Notes

Notes for Chapter 1

The Main Themes. It is obviously an over statement to
say that which technology vendors survive over a five year
period can best be viewed as a random walk. The perspec-
tive of this book is to focus on the underlying structure of
the industry as a whole and from this perspective whether
Company A, B, or C brings relational databases to market
is less important than the fact that once relational database
technology is developed it is relatively easy to predict that
some company will bring it to market and much harder to
predict which company.

Companies themselves can be modeled and these mod-
els can be used to predict how likely a company is to remain
in the market during the next year. When models like these
are built for technology companies, although predictions
can be made based upon internal and external factors, it
is not a bad approximation over a decade to use a random
walk model in which there are probabilities each year that
the company will either grow larger, grow smaller, stay the
same, or be acquired.

A Billion IP Addresses for Each of Your Children.
Routes on the Internet change all the time. Figure 1.1 con-
tains a portion of a traceroute from 2009. As described
later in the book, data sent between two computers on the
network is divided into what are called packets and these
packets are sent from one device to another on the Internet
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in a series of what are called hops. The Linux traceroute
command sends three probes from one device to another.
The traceroute commands provides the hop number (col-
umn 1 in the figure), the time in milliseconds for each of
the three probes (columns 2, 3 and 4), the IP address of the
device (column 5), and the Internet address of the device
(column 6).

The current Internet uses 32 bits to specify an IP ad-
dress. The IP address is divided into three components.
The first specifies the type (Class A begins with a zero,
Class B with a 10, and Class C with a 110), the second
the id of the network, and the third the ID of the host or
computer. The maximum number of hosts that can be ad-
dressed in this way is 232 or about 4 billion, which seemed
a lot in 1984 when this scheme was first introduced.

Class Network Hosts
0 7 bits 24 bits
10 14 bits 16 bits
110 21 bits 8 bits

The IPv6 scheme uses 128 bits, which can be thought of
as divided into eight 16 bit segments. Each 16 bit segment
can be written as 4 hexadecimal digits. For example,

FEDC:BA98:7654:3210:FEDC:BA98:7654:3210

is an IPv6 address. The maximum number of hosts that
can be addressed in this way is 2128 or about 1038, which
seems to be a lot today.

Network Hosts
64 bits 64 bits

The estimates for the world population for 1981 and
2003 are from the US Census web site (www.census.gov).
The description of the IPv4 internet protocol is defined in in
the DARPA Internet Program Protocol Specification [125].
The description of the IPv6 internet protocol is from [63].
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Three Ages of Computing. This description of the al-
phabetic Greek number system is taken from [112, Hist-
Topics/Greek numbers.html].

The SAD History of Computing. The number system
familiar to us is called the Hindu-Arabic number system
and requires the symbol zero. The earliest historical evi-
dence for the use of the symbol zero are from 9th Century
manuscripts from India [23].

The following two formulas, which were developed in
about the 17th century, turn multiplication and division
into addition and subtraction:

ab = exp(log a+ log b)

a/b = exp(log a� log b)

Why Symbols Matter. This section is based in part on
[158].

Algorithms as Recipes for Manipulation Symbols.
Here is a simple five line Python function to illustrate how
square roots can be computed iteratively:

def square\_root(a):

x[0]=a/2.0

for i in range(1,20):

x[i] = (x[i-1] + (a/x[i-1]))/2.0

print x[i]

x={}

print ’sqrt of 5934939’

square\_root(5934939)

Here is another example of an algorithm that gener-
alizes the algorithm for finding square roots discussed in
this section. In the 1660’s Newton introduced the following
simple algorithm for computing the solutions of equations
such as f(x) = 0. As an example, to find the square root
of a, let f(x) = x

2� a. To find the solutions of a quadratic
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equation, let f(x) = ax

2 + bx+ c. To find the cube root of
a, let f(x) = x

3 � a. And to find the solutions of a cubic
equation, let f(x) = ax

3 + bx

2 + cx+ d.
The algorithm depends upon the function f

0(x) which
Newton introduced and specifies how quickly f(x) changes.
For example, if f(x) is a formula for the path of a trajectory,
then f

0(x) is a formula for its velocity.

1. Take a guess, no matter how bad. Call the guess x0.

2. Let xn+1 = xn � f(xn)/f 0(xn), for n � 0.

3. If xn+1 � xn is small, stop (the answer is xn+1); oth-
erwise, goto Step 2.

Before Newton’s algorithm, there was no simple general
method to solve algebraic equations, no matter how good
the symbols you had nor how fast the computing device.
Newton’s algorithm changed all that.

Computing Devices: From Paper to Chips. For more
information about the Rhind papyrus, see [12]. For more
information about Euclid’s Elements, see [44].

Case Study: The Slide Rule. A still useful and influ-
ential reference book of mathematical tables is the Hand-
book of Mathematical Functions with Formulas, Graphs,
and Mathematical Tables [1]. The handbook is over 1000
pages long and contains a wide variety of di↵erent mathe-
matical tables.

For the next few paragraphs we discuss in more detail
how the multiplication of two numbers can be computed by
adding two related numbers. For example, in a first course
in trigonometry, one usually sees the following formula:

sin(A) ⇤ cos(B) = (1/2) sin(A+B) + (1/2) sin(A�B).

Formulas like these, together with a table of sines and
cosines, can be used to reduce multiplications to additions
as follows:
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1. To multiply a times b, first use a tables of sines to
find numbers A and B such that a = sin(A) and
b = sin(B).

2. Compute A+B and A�B.

3. Use the table of sines to find sin(A+B) and sin(A�
B).

4. Add the two numbers together from Step 3 and di-
vide by 2. By the formula above, this is the desired
product of a and b.

In these days of calculators and spreadsheets, it is hard
to appreciate why in many cases it is easier to multiply two
numbers together using these four steps involving additions
and mathematical tables instead of multiplying the num-
bers directly. Perhaps the best way to understand this is
to try one night when you are having trouble sleeping, to
multiple the numbers 1.84825884 and 489.83238535 both
ways.

Today’s logarithm function and its inverse, the expo-
nential function, are quite close to the functions that John
Napier introduced in the 16th century. Their are two es-
sential properties of these functions: First, multiplication
is reduced to addition:

ab = exp(log a+ log b).

Second, division is reduced to subtraction:

a/b = exp(log a� log b)

Here exp can be thought of as a function that undoes a
logarithm, in the sense that, if in a table of look up values,
the logarithm function is the look-up from left to right, then
the exp function is the complementary look-up from right
to left. These two formulas and a table of logarithms were
used to add and multiple numbers for sometime before the
invention of the slide rule.
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The history of the logarithm is adapted in part from
[40]. Information about Edmund Gunter is adapted in part
from [112, Biographies/Gunter.html].

From Mainframes to Devices. The quote from Win-
ston Churchill is from a speech he gave to the Royal College
of Physicians in London, in 1944. The quote from Ludwig
Wittgenstein is from [153, page 1]. For information about
the IBM System 360, see [128]. For data about the di↵usion
of personal computers, see [46].

Case Study: Punch Cards. This case study is adapted
from [83].

The Second Era: Desktop Software Applications
and the PC. Information about VisiCalc is from [14].

The Fourth Era: Clouds of Devices and Services. It
would be convenient if the fourth era had a well recognized
name, such as the term “web,” which so nicely character-
ized the third era. Instead, various terms are used today for
the fourth era, such as “Device Net” and “EmNet” [100].
Also, sometimes the term “Cloud” is used, although this is
generally used for something else [84]. It is still very early
in the Fourth Era and I expect a name will catch on before
long.

Case Study: Routers In fact, not all computers
on the internet have unique IP addresses. First, with the
current IP addressing scheme (IPv4), they are simply not
enough addresses. Second, for security reasons, many com-
puters are behind firewalls and have IP addresses that are
part of private networks. This is not all that di↵erent than
the telephone system. Telephones that are part of a PBX
system usually share a common phone number and are ac-
cessed through an extension number.

The example in this section of how routers work is
adapted from [154], page 160–164.
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Notes for Chapter 2

The Title. The Oxford English Dictionary defines com-
moditization as a noun with the meaning of commodifica-
tion. Commodification is defined as “The action of turning
something into, or treating something as, a (mere) com-
modity; the commercialization of an activity, etc., that is
not by nature commercial [118].” As used in this Chapter,
commoditization is perhaps better defined as “the process
by which a good or service transitions from a relatively
scarce and expensive item to one that is widely available
and inexpensive.” In short, items that are commodities are
ubiquitous.

Christmas and Easter. Easter Day is often described
as the first Sunday after the full moon that occurs next
after the vernal equinox [146]. The subtlety is that the full
moon in this description is not the full moon as observed
by an astronomer but rather an ecclesiastical full moon
as determined from tables agreed to by an ecclesiastical
council. These tables roughly, but not exactly, follow the
astronomical full moon. The reference [146] contains a good
description of how these tables work and how they di↵er
from astronomical observations.

Danti’s Law - The Commoditization of Time. Merid-
ian lines are describe on page 23 of [73]. Information about
the accuracy of various types of clocks and watches is from
[107]. Information about the solar year using the calendars
of Julius Caesar’s, Gregory XIII and Kahan is from [69].

The Commoditization of Space. This section is
based upon information about Harrison and his chronome-
ters from the following sources: [129], [67, pages 169–177],
and [68, pages 26–29].

Moore’s Law – The Commoditization of Process-
ing Power. The quote by Gordon Moore is from a video
transcript [94]. The projection is contained in the 1965
Electronics Magazine article [93].
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Commoditization is All Around Us. The history of
the meter is taken from [68, pages 278–280].

Storage and Johnson’s Law. In 2011, you can get a
2 TB disk for less than $100. In 2007, you could buy a
Seagate 750 GB Barracuda 3.5 inch Ulta-ATA/100 internal
hard drive for $309.00 from Amazon (the retail prices is
$399.99). This disk drive has four platters and spins at
7,500 rpm. is 4 inches by 5.8 inches and weighs 1.5 pounds.

The data about disks from mainframe computers is from
the Disktrend web site. The first three columns of this table
was extracted from www.disktrend.com on June 10, 2002.
The remaining columns are computed.

Software and Stallman’s Law. Richard Stallman’s vi-
sion for free software is described in [136]. Stallman is a
social activist. A good overview of his social activism can
be found on his web site (www.stallman.org).

GNU is an abbreviation for Gnu is Not Unix.
Microsoft’s Client Business Unit had $13.2 billion of

revenue in 2006 and $12.1 billion of revenue in 2005 [91].
Microsoft’s overall revenue for 2006 was $44.3 billion and
$39.8 billion in 2005.

In June 2005, Sun Microsystems posted more than 5
million lines of source code from their Solaris operating
system as part of an initiative that transforms a proprietary
operating system that Sun estimates cost $500 million into
an open source operating system called Open Solaris. [138].

A good analysis of how to estimate source lines of code
(SLOC) has been done by David A. Wheeler [157]. In par-
ticular, the SLOC estimates for the Red Hat Linux distri-
bution are from this paper. This paper also contains the
COCOMO estimates. More information can also be found
on his web site (www.dwheeler.com/sloc).

The size of the Debian Linux distribution are from the
papers [4] and [54]. These references also contain informa-
tion about the SLOC for the various Microsoft Windows
distributions.

There is no agreed upon methodology for measuring
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SLOC. Di↵erent tools will report somewhat di↵erent re-
sults. It is especially di�cult for an outsider without ac-
cess to the Microsoft source code to estimate the SLOC. For
this reason, all the SLOC of code should be considered ap-
proximate, but especially those for the Microsoft Windows
systems.

My comments about designs for successful open source
software projects is in adapted in part from [152].

Data and the Bermuda Principles GenBank is main-
tained by the U.S. National Institute of Health. More in-
formation about GenBank can be found at the NIH web
site (www.nih.gov), which is the source of the information
here.

According to the Netcraft Web Server Survey there were
108,810,358 distinct websites in February, 2007. In Decem-
ber 2010, Netcraft estimated that there were approximately
266,848,493 web sites. So assuming that 0.1% of these con-
tained some open data, then there would be over 100,000
sources of open data. This is a very, very rough estimate.

Network E↵ects. Since the convention when writing
semi-popular books about technology is to make technical
assertions, but not always to check them, we will assume
in this section, for simplicity, that Metcalf’s Law is true.

The quote from Bill Gates is from [48].

For additional material on Metcalfe’s Law and network
e↵ects, see [116] and [117] and the references contained
there.

The list of characteristics of network e↵ects in technol-
ogy markets is adapted from [131] and [149].

There is no name that I know of to refer to the network
e↵ect associated with software and data. In this book I use
the names Linus’ Law and Pearson’s Law after Linus Tor-
valds, the the lead developer of Linux, and Karl Pearson, a
statistician who lived from 1857 to 1936.
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Notes for Chapter 3

A Case Study in Innovation: Approximating Solu-
tions to Equations The Pythagorean Theorem, relating
the shorter sides a and b of a right triangle to the longer
side c: c

2 = a

2 + b

2, is usually one of the first theorems a
student learns.

The first known statements of the relation appear on
Babylonian tablets dating from the period 1900–1600 B.C.
The first proof is thought to be due to Pythagoras (c.560–
c.480 B.C.) or to someone from Pythagoras’ school. All
we know for certain is that the first written proof that is
extant is due to Euclid (c. 300 B.C.) Euclid’s treatment of
this theorem was the standard treatment for hundreds of
years.

It is important to remember that the equation as writ-
ten today is relatively recent: Euclid gave a geometric (not
algebraic) statement and a geometric proof.

If we substitute a = b = 1 into the equation c

2 = a

2+b

2,
then c

2 = 12 + 12 = 2 and c is the square root of 2. More
generally to find the square root of a number c, we need to
need a solution x to an equation of the form:

f(x) = x

2 � c = 0.

With this notation, the Newton-Raphson iteration takes
the form:

xn+1 = xn � f(xn)/f
0(xn), n � 1.

Continuing our example of computing the square root of
c using f(x) = x

2 � c, we have that f

0(x) = 2x. More
generally, f 0(x) is what is called the derivative of f(x) and
measures the rate of change of the function f(x).

Here is another example of the Newton-Raphson method.
To find a seventh root of a number c, i.e., solutions to the
following equation:

x

7 = c,

you can use the following Newton-Raphson iteration:
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1. Begin with a guess, say x0 = 1.

2. Compute

xn+1 = xn � x

7
n � c

7x6n
, n � 1.

3. If xn+1 and xn are close together, stop because you
have found the seventh root of c. If not, return to
Step 2.

Of course, computers are well suited for computing these
types of iterations.

For more information, about the history of the Newton-
Raphson algorithm, see [34, page 169].

The simple computer program for computing square
roots would never work in practice: First, the program runs
into an error if we divide by zero. So we must check for this.
Second, sometimes five iterations is enough, sometimes it
isn’t. We must check for this. Soon we find ourselves with
a longer program.

Checking the various di↵erent special cases cases quickly
takes over as the major task. It turns out that it is easy
to leave out various special cases and that as you add more
and more cases it becomes easier and easier for them to
begin to conflict. This is a simple example of why it is
di�cult to write even simple programs.

Most computers today follow IEEE Standard 754 for bi-
nary floating point arithmetic. Under this standard, float-
ing point numbers are written as +/- d.ddd x 10eee. The
number eee is called the exponent and the number d.ddd
is called the significand or mantessa. For example, a 32 bit
representation for floating point numbers allocates 1 bit for
the sign, 8 bits, for the exponent, and 23 bits for the sig-
nificand. This provides about 8 decimal digits of accuracy
for the significand [52].

Even though only 8 decimal digits are significant, the
default behavior for simple programs is to write out more
than 8 digits after the decimal point. It is important to
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realize that in general these are incorrect. To get more ac-
curacy, one either needs to use a 64 bit or larger represen-
tations for the floating point numbers or to use specialized
programs that use variable length representations. With
the latter, operations are much slower, but much greater
accuracy can be obtained.

A Case Study in Clutter: Business Intelligence.
This section was written in 2003. At that time, a key
word search using “business intelligence” was done using
the online DM Review site www.dmreview.com on March
9, 2003; 1392 documents were returned. A key word search
using “business intelligence” was done on Google on March
9, 2003; Google reported that 1,1600,000 were identified
containing this phrase. In 2011, a search on Google for
“business intelligence” returned approximately 124,000,000
documents containing this phrase.

The Imperative to be in the Upper Right. There are
a lot of industries in which a company can choose from in
order to be a leader. The U.S. Department of Commerce’s
book describing the North American Industry Classification
System (NAICS) is 1390 pages long [143]. The NAICS
uses six digits to identify particular industries: the first two
digits designate a business sector, the third digit designates
a subsector, the fourth digit designates an industry group,
and the fifth digit designates a particular industry. For
example, NAICS code 511210 includes packaged computer
applications software. See [143] for more details.

Who Clutters. In the Seventh Century B.C.E, standard
technology for predicting the future included the entrails
of beasts and the motion of the stars. Virgil was a Roman
poet who was born in 70 B.C.E, died in 19 B.C.E., and
who wrote an epic, which consolidated some of the legends
about the ancestors of the Romans. Here is a description
of a seer from Book X of his Aeneid [150]:

Third in the line was Asilas, the mighty seer
who mediated between men and gods, and who
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knew the secrets held by the entrails of beasts,
the stars in the sky, the voices of birds, and the
flash of presaging thunderbolts, ...

Virgil, The Aeneid, Book X, translated by G.
R. Wilson Knight [150].

Sources of Clutter: Features. The five page mar-
keting brochure “Crystal Reports XI: Feature Comparison
by Version and Edition” contains over 150 features. This
brochure was retrieved from the the Business Objects web
site on November 20, 2005.

A Case Study in Innovation: Databases. The mar-
ket research firm IDC estimate of the size of the database
market in 2004 was reported in eWeek in the article “Study:
2004 Database Market Grew 12 Percent” [148]. IDC esti-
mated the following worldwide sales of databases as follows:
Oracle - $6.2 Billion (41 percent of the market); IBM - $4.59
Billion (31 percent of the market); Microsoft $2.01 Billion
(13 percent of the market); Other vendors 2.21 Billion (15
percent of the market).

A brief description of the history of SQL is in [99] pages
162-164.

A Case Study in Innovation: Searching for primes.
Since a natural number n always has 1 and n as factors,
these are not considered when deciding if a number can be
factored into a product of smaller numbers. For example,
even though 7 = 1 ⇥ 7, 7 is still considered to be a prime
number. If a number n is not prime it is called composite .

Historical facts about Mersenne primes are from [27]
and [28], which are excellent resources. The tables listed
the large known prime by year from there also. Some of
the table entries were computed using a simple Python pro-
gram.

Here is a Python program for computing primes using
the Sieve of Erastosthenes.
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def sieve(n):

candidates = range(1, n+1) # [1, ..., n+1]

candidates[0] = 0 # candidates[0]=1 is not prime

for p in candidates:

if p: # skip zeros

if p*p>n:

break # done

for q in range(p*p, n+1, p): # sieving

# candidates[q-1]=q is not prime

candidates[q-1] = 0

# return non-zero candidates

return filter(None, candidates)

# print first n primes

n = 100

print sieve(n)

A Python implementation of the Sieve of Erastosthenes.

Lock-In or the Tyranny of Vendors and Users. The
discussion of vendor lock in strategies is adopted from [131,
Page 117].

A Case Study in Innovation - Routing Packets. Class
A, B, and C IP addresses are being replaced by a new ap-
proach, which more e�ciently allocates the address space
called Classless Inter-Domain Routing or CIDR.

Notes for Chapter 4

The Basic Equation of Marketing. Innovators, early
adopters, main street, and laggards are well described in
[92]. The core ideas are also well described in [38].

How Long to Reach Main Street. The average price
for a car in 1914 is from the Cadillac Database [26]. See
also [6] and [22]. The corresponding 2003 price was calcu-
lated using the US Department of Labor’s Bureau of Labor
Statistics estimate of the consumer price index of 10.0 for
1914 and 181.7 for 2003 [18]. According to the US Census
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Bureau, the US population is about 270 Million, so that
using an estimate of 100 Million for the consumer market
underestimates its size.

Case Study: The Nike Pagasus. The history about
the Nike Pegasus is from the Nike web site [105].

Technology Roadmaps. The table describing the semi-
conductor roadmap is from the International Technology
Roadmap of Semiconductors (ITRS) [66].

Case Study: Grid Computing. The following facts
about SETI@home are from a 2002 article about the project
[5]. SETI@home was announced in 1998 and the first soft-
ware was released in May, 1999. By July 2002, over 3.8 mil-
lion individuals had participated in the project by down-
loading the SETI@home application and donating cycles
to the computation. During the 12 month period starting
in July, 2001, the average throughput of the project was
27.36 Teraflops. A Teraflop is a trillion floating point op-
erations per second, such as an addition or multiplication
of two floating point numbers. According to the 2002 Top
500 List of the most powerful computers, the SETI@home
virtual supercomputer ranked as one of the top ten super-
computers that year [139].

The USA Today article describing shared computing is
from [70]. The business week article is from [123]. An
excellent introduction to grid computing is the book The
Grid: Blueprint for a New Computing Infrastructure [47].

Context. There is no term that I am aware of that refers
to factors such as complexity, lock-in and standards that
a↵ect the rate at which new technology is adopted by the
marketplace. For lack of a better alternative, I use the term
context in this book.

In [58], the Boston Consulting Group analyzed various
markets and pointed out that the top three vendors usually
prospered, while the others struggled along.

See [116, page 37] for more discussion about the role of
e�ciency for inexpensive goods or services.
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Forces E↵ecting Technology Adoption. Information
about the growth in the user base of Hotmail is from a
Microsoft Press Release [89].

Case Study: Adoption of Relational Databases. The
description of the technology adoption of relational databases
is based in in part on [99], [55] and [135]. The time line and
major events are described in [99, pages 159–169], and [37].

The complexity of querying navigational databases, such
as hierarchical and network databases, is described in text-
books on databases, such as [37] and [132].

The number of installations and downloads for MySQL
is from the MySQL web site (www.mysql.com).

Case Study: Adoption of Open Source Linux Ker-
nel. The email is from Linus Torvalds [140]. The esti-
mates for the number of Linux users is from [86].

Notes for Chapter 5

Introduction. The quote “Big Data is a Big Deal” is the
title of Tom Kalil’s March 29, 2012 blog post (www.white-
house.gov/blog/2012/03/29/big-data-big-deal).

Thinking About Big Data. The study by Peter Lyman
and Hal R. Varian about how how much new information
is created each year can be found on their web site called
“How Much Information? 2003” [82]. The project carefully
collected data in 1999 and 2002 and published an analysis
of the data in 2000 and 2003. The quote is from their 2000
analysis. In 2003, they revised their 1999 estimate upwards
from 1–2 Exabytes to 2–3 Exabytes. It would be nice to
include a more recent estimate, but I am not aware of a
more recent one that is as authoritative as their 2000 and
2003 studies. The 2003 study contains the estimate that
new information from streaming data (such as a person to
person telephone call) is about 3-3.5 times larger than the
new information from data that is stored on media, such as
a hard disk.
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Marissa Mayer, the Vice President for Search Products
& User Experience at Google, gave a talk at Xerox PARC
in Palo Alto California on August 13, 2009 (www.parc.com-
/event/936/innovation-at-google.html).

The table illustrating the sizes of kilobytes, megabytes,
etc. of storage is adapted from [159].

The Commoditization of Data. The announcement
by Nikon that it is concentrating on manufacturing digital
cameras is from January 12, 2006 edition of the New York
Times.

The Data Gap. The data in the first table in this section
about earned doctorates is from [103]. The information
from the second table about the amount of storage required
for di↵erent types of multimedia files is from [57].

The British naturalist Charles Darwin lived from 1809
to 1882. The British Penny Post was introduced in 1840.
With the Penny Post, a letter could be sent anywhere within
England for a penny.

The estimate of 28,800 minutes corresponding to 20
days assumes that a messenger on a horse travels approxi-
mately 50 miles per day. Of course, your mileage (carrying
data on a horse) may vary.

In December 2004, Google announced that it is work-
ing with Harvard University, Stanford University, the Uni-
versity of Michigan, Oxford University and the New York
Public Library to digitize the books in their libraries and
make them available through Google [17].

Extracting Knowledge from Data. GenBank is a pub-
licly available database containing genetic DNA sequences
maintained by the U.S. National Library of Medicine and
National Institute of Health. As of February, 2008 it con-
tained approximately 85,759,586,764 bases from over 260,000
di↵erent organisms. See [97] and [9].

Here is the argument that the square root of 2 is ir-
rational. Assume not. In other words, assume that there
are integers p and q such that (p/q)2 = 2. Then p

2 = 2q2.
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Factor both p and q into a product of primes. Then p

2 is
factored into a product of the very same primes as p, but
each occurs twice as often in the factorization of p2 as it
does in the factorization of p. Therefore, p2 has an even
number of prime factors. So does q2. Now since q

2 has an
even number of primes, 2 · q2 has an odd number of primes
(it has just one more). This is a contradiction, q2 cannot
have both an even and an odd number of prime factors. We
conclude that the equation (p/q)2 = 2 has no solution for
integers p and q. This is the same thing as saying that the
square root of two cannot be written as a quotient of two
integers and is therefore irrational.

For more information about how simulation is used to
study surface temperatures and global warming, see the
National Academy of Science report on surface temperature
[101].

For the story about why Ulam named the method Monte
Carlo, see [61], page 238.

In October, 2004, the International Human Genome Se-
quencing Consortium, reduced the estimated number of
human protein-coding genes from 35,000 to only 20,000–
25,000 [111]. Although the number may continue to shrink,
our current understanding of the coding of proteins, protein
interactions, and metabolic pathways is based upon much
more than just genes.

Case Study: Mar’s Orbit, Brahe’s Data and Ke-
pler’s Law Tycho Brahe did not publish his celestial ob-
servations, which occupied 17 volumes, but they were used
by other astronomers, including Kepler. Brahe’s data for
the orbit of Mars can be found in [120]. See “A Brief His-
tory of Cosmology [114]” for a concise online history of
cosmology describing the models of Ptolemy, Copernicus,
Brahe, Kepler, and Newton.

Pearson’s Law. It seems clear that the value of a column
of data grows as it is included in larger and larger collections
of other columns, as long as their is a common key for
linking di↵erent rows in the various columns. On the other
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hand, whether the value grows linearly, quadratically, or
at some other power is not so clear. Odlyzko and Tilly
investigated the growth in power of a network containing n

sources [117]. They conclude that the power of a network
grows more like n log n, rather than the n

2 that occurs in
Metcalfe’s Law. The same power may very well apply here.

Karl Pearson (1857–1936) introduced a formula for quan-
tifying the correlation between two columns of data and
the chi-squared test, both of which are used extensively in
statistics. For more information about him, see [124]. Note
that if two columns of data are normalized using their mean
and standard deviation (into what are called z-values), then
the Pearson correlation coe�cient of two columns of data
is simply the average of the row-by-row product of the
columns.

The analysis about voting in Palm Beach County is
adapted from [133]. The data is from: election.dos.state.fl.us.

Lessig’s Law: Data Just Wants to Be Free The gene
(UID 31657232) was obtained from the online GenBank
database

http://www.ncbi.nlm.nih.gov/genbank/,

which is maintained by NCBI, which is part of the National
Library of Medicine.

The Bayh-Doyle Act or University and Small Business
Patent Procedures Act was passed by the U.S. Congress
in 1980. Prior to this act, research by a university small
business, or non-profit organization that was based upon
federal funding could not be easily commercialized since
the government retained the ownership of all patents and
other intellectual property resulting from the research. This
changed with the Bayh-Doyle Act, as the first paragraph
of the Act makes clear:

It is the policy and objective of the Congress to
use the patent system to promote the utilization
of inventions arising from federally supported
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research or development; to encourage maxi-
mum participation of small business firms in
federally supported research and development
e↵orts; to promote collaboration between com-
mercial concerns and nonprofit organizations,
including universities; to ensure that inventions
made by nonprofit organizations and small busi-
ness firms are used in a manner to promote
free competition and enterprise without unduly
encumbering future research and discovery; to
promote the commercialization and public avail-
ability of inventions made in the United States
by United States industry and labor; to ensure
that the Government obtains su�cient rights
in federally supported inventions to meet the
needs of the Government and protect the pub-
lic against nonuse or unreasonable use of inven-
tions; and to minimize the costs of administer-
ing policies in this area.

U.S. Code 200-212, Title 35, Chapter 18, Patent
Rights In Inventions Made With Federal Assis-
tance.

The central dogma of molecular biology is that DNA
produces RNA in a process called transcription, and that
RNA produces proteins in a process called translation. Dur-
ing the Human Genome Project, it began to be realized that
di↵erent proteins could be produced from the same genes.
For example, it turned out that genes were divided into re-
gions that coded directly for proteins (exons) and regions
that do not (introns). By selecting di↵erent exons for in-
clusion, a single gene can produce many di↵erent proteins.
This is an example of a process called alternate splicing.
So even though by the end of the project, the gene count
was reduced from about 35,000 to about 26,000, the num-
ber of proteins that could be produced from these 26,000
genes was estimated to be much higher than the 35,000 or
so proteins than would be produced by 35,000 genes us-
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ing only the most basic form of translation. By 2004, the
estimated number of human genes was reduced further to
between 20,000 to 25,000.

BLAST is an abbreviation for Basic Local Alignment
Search Tool. BLAST is an algorithm that compares two
sequences for similar subsequences [3]. For example, the
sequence of a newly identified gene in one organism con-
taining a thousand base pairs can be compared to the entire
4 billion base pairs of the human genome in GenBank.

Case Study: The World Population. The table that
estimates the world population at various historical times
is from [142].

The Shape of Data. The XML description of the sta-
tistical model that classifies an Iris into three types is from
www.dmg.org.

Computing statistical profiles while maintaining privacy
is an active area of research today. It is important to note
that although statistical profiles can be assembled without
using any personally identifying information, this does not
mean that profiles computed in this way cannot be ana-
lyzed to reveal personal information. Here is a hypothet-
ical example of how this can occur. Assume that tables
of counts are computed that count the number of students
that missed 1 day of school, 2 days of school, 3 days of
school, etc. Assume that another table of counts contains
the average number of days of school missed by students
who had various diseases. By putting these two tables
together and combining it with some personal knowledge
(such as one of your friends missed thirty days of school),
you might be able to guess what disease he or she had, es-
pecially if there were only a few people in the school that
missed that many days of school.

These types of opportunities to identify personal infor-
mation from summary or aggregated data have been known
to be a problem for a long time and is one of the reasons
that the U.S. Census only releases information at a fairly
high level of summarization.
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For more information, about the Google Page Rank al-
gorithm, see [15].

Here is the R code used to compute the page ranks for
the example in this section.

# initial page ranks

a <- c(0.25, 0.25, 0.25, 0.25)

# number of incoming edges

c <- c(2.0, 1.0, 1.0, 1.0)

# random surfer factor

d <- 0.85

# for simplicity, perform 10 iterations

for (k in 1:10)

{

a[1] <- (1-d) + d*(a[3]/c[3])

a[2] <- (1-d) + d*(a[1]/c[1])

a[3] <- (1-d) + d*(a[1]/c[1] + a[2]/c[2] + a[4]/c[4])

a[4] <- (1-d)

wt <- sum(a)

a <- a/wt

print(a)

}

Case Study: Consumer Credit and Why Not all
Databases About 190 Million Americans Are Bad
The data about reported fraud is from the US Federal Trade
Commission [144]. The data was retrieved from the web site
www.consumer.gov/sentinel on September 1, 2002 for the
years 2001, 2002, and 2003; on September 10, 2006 for the
years 2004 and 2005; and on March 10, 2008 for the year
2007. The data for 2004 and 2005 was revised when the
2006 data was released. Percentages are computed using
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data from [144] and data from Visa about the estimated
yearly dollar volume of credit card transactions [151]. Data
about the growth in credit consumer credit from 1970 to
2001 is from [141].

Creating Digital Data. For more information about the
OdorDB, “Databases for the Functional Analysis of Olfac-
tory Receptors” [36].

Using Data to Make Decisions If a statistical model
predicts one of two possible outcomes (n = 2) and each
outcome can be true or false (m = 2), then the number
of possible types is four (4 = 2x2). More generally, the
number of true/false outcomes is 2n.

Case Study: NASA’s EOS. According to an article
by Lee Gomes in the Wall Street Journal [53], in August,
2006, there 6.1 million videos, compromising 45 terabytes
of digital data, that had been viewed 1.73 billion times.
Approximately 50% of the viewers were under 20 years of
age. The total time spent viewing the videos was 9,305
years.
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