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1. My mathematical career

Boston University, 1993–1998 (Bachelor’s and Master’s degrees)

One of the largest urban campuses in the U.S.
32,000 students, 500 student organizations
481 classrooms, 23 libraries, 2,022 laboratories
250 programs of study (majors)
90 study abroad programs
Students from all 50 U.S. states and over 100 countries
3 Nobel Prize winners, 3 MacArthur fellows, 35 Guggenheim
fellows, several Pulitzer Prize winners among faculty
Phone invented at Boston University
Boston University awarded the first Ph.D. to a women in U.S.



1. My career as a waiter

Where I really lived from 1991 to 1998: Maison Robert Restaurant



1. My mathematical career

Brown University, 1998–2003 (Ph.D.)

Founded in 1764

One of the “Ivy League” schools

8,400 students

9% of undergraduate applicants admitted

Annual cost: $53,000

Libraries hold more than 6.8 million items

Faculty-to-student ratio is 9:1



1. My mathematical career

University of Virginia, 2003–2006 (postdoctoral position)



1. My mathematical career

University of Virginia

Ranked number 2 among U.S. public universities; business program
ranked number 5 (among public and private)

Founded and designed in 1819 by Thomas Jefferson (an important
figure in U.S. history)

Campus is a UNESCO World Heritage Site

21,000 students

25 Division I sports teams

92% of entering students ranked in top 10% in their high schools

25 Guggenheim fellows, six 26 Fulbright fellows, 3 Sloan Foundation
winners among faculty

Faculty brought in $338 million in outside grants in 2011

Notable alumni: Edgar Alan Poe, Samuel J. Goldwin Jr., Tina Fey,
Katie Couric, 2 supreme court justices, 6 U.S. ambassadors, 2
astronauts



1. My mathematical career

University of Virginia



1. My mathematical career

Wellesley College, 2006–present
(Assistant Professor 2006–2011, Associate Professor 2011–present)



1. My mathematical career

Wellesley College

One of the few remaining women’s colleges in the U.S.

Ranked in the top three best liberal arts colleges in the U.S.

Founded in 1870

Campus designed by Frederick Olmsted who designed the Central
Park in New York

2,300 students

56 majors

150 student organizations

Student-to-faculty ratio is 8:1

Annual cost: $52,000

Notable alumnae: Hillary Clinton, Madeleine Albright, Diane
Sawyer, Nora Ephron, Ali McGraw
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1. My mathematical career

Wellesley College



My real life these days...

Andrei and Iris



2. How big is mathematics?
Mathematics is divided into:

1 General

2 History and biography

3 Mathematical logic and foundations

4 Combinatorics

5 Order, lattices, ordered algebraic
structures

6 General algebraic systems

7 Number theory

8 Field theory and polynomials

9 Commutative rings and algebras

10 Algebraic geometry

11 Linear and multilinear algebra; matrix
theory

12 Associative rings and algebras

13 Nonassociative rings and algebras

14 Category theory; homological algebra

15 K -theory

16 Group theory and generalizations

17 Topological groups, Lie groups

18 Real functions

19 Measure and integration

20 Functions of a complex variable

21 Potential theory

22 Several complex variables and analytic
spaces

23 Special functions

24 Ordinary differential equations

25 Partial differential equations

26 Dynamical systems and ergodic theory

27 Difference and functional equations

28 Sequences, series, summability

29 Approximations and expansions

30 Fourier analysis

31 Abstract harmonic analysis

32 Integral transforms, operational
calculus

33 Integral equations

34 Functional analysis

35 Operator theory

36 Calculus of variations and optimal
control; optimization

37 Geometry

38 Convex and discrete geometry

39 Differential geometry

40 General topology

41 Algebraic topology

42 Manifolds and cell complexes

43 Global analysis, analysis on manifolds

44 Probability theory and stochastic
processes

45 Statistics

46 Numerical analysis

47 Computer science

48 Mechanics of particles and systems

49 Mechanics of deformable solids

50 Fluid mechanics

51 Optics, electromagnetic theory

52 Classical thermodynamics, heat transfer

53 Quantum theory

54 Statistical mechanics, structure of
matter

55 Relativity and gravitational theory

56 Astronomy and astrophysics

57 Geophysics

58 Operations research, mathematical
programming

59 Game theory, economics, social and
behavioral sciences

60 Biology and other natural sciences

61 Systems theory; control

62 Information and communication,
circuits

63 Mathematics education
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63 Mathematics education



2. How big is mathematics?

Mathematics is futher subdivided into over 5,000 subjects.

Every math paper is identified by one (or more) of these
subjects.

About 90,000 new math papers are published each year –
that’s 90,000 new theorems each year!

About 1400 new math doctorates are awarded in U.S. each
year (and growing).

Mathematics is now more important than ever since the
amount of data that is being accumulated and exploited in
various disciplines can only be managed and made sense of
with mathematical tools.

Students majoring in any science, economics, psychology,
business, or management are now strongly encouraged to
double major or minor in math.

Google search for “Why is mathematics important?” gives
56,400,000 hits.



3. What do mathematicians do?

Lots of mathematicians teach math in schools, colleges, and
universities. But about half of math Ph.D.’s work in non-academic
jobs:

Financial institutions and consulting firms

Governments

Insurance companies

Science and engineering consulting firms

Scientific institutions and research agencies

Computer industry



3. What do mathematicians do?

Mathematicians are employed by thousands of companies and
agencies, including

Apple

Facebook

Google

Intel

Microsoft

Environmental Research
Institute

Food and Drug
Administration

National Security Agency

National Weather Service

NASA

U.S. Army

World Bank

American Express

Chase Bank

Morgan Stanley

Gap

Exxon Corporation

General Motors Corporation

Harper Collins Publishers

Hughes Aircraft Company

Boeing



3. What do mathematicians do?

Mathematicians might work as

Biomathematicians model natural and biological processes. They may
investigate the effectiveness of vaccination programs in preventing epidemics.

Mathematical consultants assist with business and research projects that
demand advanced knowledge of mathematics. They may work on mathematical
problems in mechanics, electromagnetic theory, economics, communication
networks or the petrochemical industry.

Financial mathematicians develop probabilistic and other models of stock
markets, options and currency futures.

Statisticians solve problems in finance, business and government. They plan,
organize, analyze and interpret studies to provide usable information for a wide
range of activities. They may be involved in agricultural or health research,
evaluating government programs, assessing environmental problems, improving
manufacturing or business processes, or forecasting future economic conditions.

Actuaries manage and monitor risk by evaluating the likelihood of future events
and designing creative ways to reduce the likelihood and impact of undesirable
events. They may evaluate uncertainties associated with life or property or
casualty insurance, annuities, social security, worker’s compensation, pension or
other employee benefit plans.



3. What do mathematicians do?

Theoretical mathematicians (like me)...

...seek to advance mathematical science by developing new
principles and new relationships between existing mathematical
principles.

Let’s look at some places math is hiding in your daily lives:



4. Applications of mathematics – Google PageRank

How does Google know which pages are most relevant to your search?
Larry Page and Sergey Brin used linear algebra to solve this problem (and
built an empire on it).

Suppose the internet consists of 4 pages, with links between them as
shown below. An arrow from page i to page j means that there is a link
from page i to page j .

1 //

�� %%

3oo

2

99

// 4

ee OO

Each page is initially equally important, so the pages share 1/4 of the
total importance of the internet. Can think of this as a vector

v =


1/4
1/4
1/4
1/4





4. Applications of mathematics – Google PageRank
But now we want to increase the importance of a page if other pages
have links to it. For example, page 1 has three links to each of the other
three pages, so page 1 passes on 1/3 of its importance to those pages.
Similarly, page 3 passes on all of its importance to page 1. This can be
represented by adding values to the arrows:
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A better way to encode this information is with a matrix

A =


0 0 1 1/2

1/3 0 0 0
1/3 1/2 0 1/2
1/3 1/2 0 0


Column i corresponds to the way page i passes on importance. So for

example, entry in column 2 and row 3 is 1/2 since page 2 has two

outgoing arrows and one of them is to page 3.



4. Applications of mathematics – Google PageRank

To update the inital (equal) importance of the four pages, we multiply
the vector v by the matrix A and get a new vector

A · v =


0 0 1 1/2

1/3 0 0 0
1/3 1/2 0 1/2
1/3 1/2 0 0

 ·


1/4
1/4
1/4
1/4

 =


0.37
0.08
0.33
0.20


So now we have a ranking of the four pages. But when there are billions
of pages, we need to keep going since a lot of them will still be equally
important after this single multiplication. Multiplying by A again refines
the ranking:

A·(A·v) = A2 ·v =


0 0 1 1/2

1/3 0 0 0
1/3 1/2 0 1/2
1/3 1/2 0 0

·


0.37
0.08
0.33
0.20

 =


0.43
0.12
0.27
0.16


Can keep going like this and compute Ak · v for any positive integer k.



4. Applications of mathematics – Google PageRank

Question is whether this process always gives a better result with each
new iteration. Answer: Yes! (Power Method Convergence Theorem)

The real problem that Brin and Page solved was that of dangling nodes –
disconnected components of the internet. They use probability to
“connect” all the components and compare them.

Google crawlers go to servers and collect information about content and
links in all the pages in the world, arrange this in a giant matrix, and
then run this multiplication algorithm for as long as possible to get a
ranking of pages. This multiplication is difficult since the matrix is so big,
so there is a lot of mathematics that goes into making it easier.

So when you do a search, PageRank isolates all the pages which contain
your search string, and then displays them according to this ranking.

In the last twenty years, a new subfield of mathematics has emerged –

Internet Mathematics – which studies the creation and propagation of

information through the web. It is a combination of probablility, linear

algebra, graph theory, dynamical systems, etc.



4. Applications of mathematics – Cryptography

For most of our history, the only way to exchange information in secret
was to first agree on a keyword and then use some kind of encryption
algorithm to encrypt and decrypt messages. If the encrypted message is
stolen or intercepted, it is useless without the keyword.

With the advent of global economy in the 1960s, the exchange of
keywords became impractical (there were people traveling across the
world with briefcases filled with keywords to be exchanged between
banks, governments, and other institutions).

One of the coolest applications of mathematics is the resolution of this
problem – two parties no longer have to meet to agree on a secret key! In
fact, the exchange that leads to the establishment of a key need not even
be secure – it’s ok if this communication is intercepted by anyone! This
is called public-key cryptography.

One of the first public-key algorithms was based on simple principles of
number theory as follows:

Suppose Bob wants to send a message to Alice in secret.



4. Applications of mathematics – Cryptography

Alice:
Chooses large prime numbers p and q (hundreds of digits),
Computes p · q; call this number n,
Publishes n; this is one part of the public key,
Chooses a large number e that is relatively prime to p− 1 and q− 1,
Publishes e; this is the other part of the public key,
Finds the number d such that d · e has remainder 1 when divided by
(p − 1) · (q − 1); this is the secret, or private key.

Bob:
Turns his message into a number P, called plaintext,
Computes Pe , divides the result by n, and sends the remainder of
the division C to Alice; this is ciphertext.

Alice:
Computes C d , divides the result by n, and the remainder is P!!!
(because of Euler’s Theorem)

Interceptor:
Has n, e, and C , but cannot recover P since she does not have d!
She could find d if she had enough time – billions of years. d is
practically impossible to find (but not theoretically) essentially since
factoring numbers into primes is very hard.



4. Applications of mathematics – Cryptography

This is called the RSA cryptosystem. There are now various other
cryptosystems based on other kinds of mathematics (elliptic
curves, lattices, discrete logarithms, etc.)

Any time secure communication on the internet or through cell
phones has to occur, some kind of mathematical public-key
cryptosystem does this job. These cryptosystems are built into
computer and cell phone hardware and software. Without them,
modern ways of communication that we all rely on would be
limited, innefective, and perhaps even impossible.

Here are few more applications (images courtesy of the American
Mathematical Society):



Making Movies 
Come Alive
Many movie animation techniques are based on mathematics. Characters,
background, and motion are all created using software that combines pixels
into geometric shapes which are stored and manipulated using the mathe-
matics of computer graphics.

Software encodes features that are important to the eye, like position,
motion, color, and texture, into each pixel. The software uses vectors,
matrices, and polygonal approximations to curved surfaces to determine the
shade of each pixel. Each frame in a computer-generated film has over two
million pixels and can have over forty million polygons. The tremendous
number of calculations involved makes computers necessary, but without
mathematics the computers wouldn’t know what to calculate. Said one
animator, “. . . it’s all controlled by math . . . all those little X,Y’s, and Z’s that
you had in school—oh my gosh, suddenly they all apply.”

For More Information:
Mathematics for Computer Graphics Applications, Michael E. Mortenson, 1999.
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Designing Aircraft

The flow of air (and water) has been studied for over a hundred years, but
only recently have mathematicians begun to understand the complicated
phenomenon of turbulence that is a crucial part of aerodynamics. With
mathematics and modern computers, wind tunnels are now seldom used in
aeronautical design.

The Navier-Stokes equations describe fluid flow, but there is no precise
solution to these partial differential equations.The faster the fluid flow, the
more a nonlinear term in the equations increases, which increases the diffi-
culty of generating numerical solutions to the equations. So, turbulence
affecting aircraft is especially hard to understand—beyond even the compu-
tational power of today’s supercomputers. Advances in theory are
necessary to allow current technology access to the problem.
Mathematicians are now verifying Richardson’s and Kolmogorov’s laws: two
hypotheses which attempt to explain turbulence.

For More Information:
What’s Happening in the Mathematical Sciences, Vol. 3, Barry Cipra.
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Deciphering DNA 

Anyone who has used a garden hose knows that knots appear in strange
places. Scientists have found that a branch of mathematics called knot
theory appears in many familiar places, including in our DNA. Mathematics
plays a key role in understanding how DNA functions and replicates itself.

Certain enzymes cut a strand of DNA at one point, pass another part of the
strand through the gap, and then seal the cut. Knot theory gives insight on
how frequently an enzyme has to act, from which one can infer how long
the enzyme might take to make a product. This kind of complex manipula-
tion is significant in many cellular processes—including DNA repair and gene
regulation—and is the type of problem central to the theory of knots.

For More Information:
What’s Happening in the Mathematical Sciences, Vol. 2, Barry Cipra.

Left: Photograph courtesy of Paul Thiessen.
Right: Photograph courtesy of the University of Minnesota.
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Investing in Markets

The past twenty years has seen the creation of many new sophisticated
financial instruments, such as derivatives, which have helped drive the
economy. Financial derivatives are mathematical instruments whose value is
derived from the value of something else, and while some view them as
risky, their purpose is to lessen risk by sharing it with others.

The present value of a future option is approximated with a multivariable
integral. Unfortunately, the complexity of the multivariable integral increases
exponentially with the number of components in the option. Thus, tradi-
tional ways of approximating quickly leave the realm of computer
calculation. New methods (quasi-Monte Carlo methods using low discrep-
ancy sequences) require fewer samples while yielding greater accuracy.
These methods make the desired calculations feasible.

For More Information:
What’s Happening in the Mathematical Sciences, Vol. 3, Barry Cipra.
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Routing Traffic 
through the Internet
Understanding the way packets of information move through the Internet is
a challenging problem. Internet traffic behaves quite differently from tradi-
tional phone-line traffic. Fractal-based modeling has been successful in
describing aspects of Internet data traffic ranging from the inter-keystroke
times of a person typing to the sizes of files transferred.

While the characteristics of phone calls are generally predictable, the
Internet has features—like length of session—that are often unpredictable
and behave nothing like voice traffic. For example, as the observed time
period in a phone network increases, the traffic patterns smooth out. With
Internet data, however, no smoothing out ever occurs—the traffic patterns
show bursts over both long and short time scales. Describing the new
Internet with new mathematics might make our experience with the
Internet more predictable.

For More Information:
“Where Mathematics Meets the Internet,” Walter Willinger and Vern Paxson,
Notices of the American Mathematical Society, September 1998.
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Mapping the Brain

Mathematics is used to understand how to precisely identify the parts of the brain
that correspond to specific functions. Current research involves mapping our three-
dimensional brain to two dimensions, similar to translating a globe to a map. Yet
because of the many fissures and folds in the surface of the brain, mapping our
brains is more complex than converting a globe to a map.

Points of the brain that are at different depths can appear close in a conventional
image. To develop maps of the brain that distinguish such points, researchers use
topology and geometry, including hyperbolic and spherical geometry. Conformal
mappings — correspondences between the brain and its flat map that don’t distort
angles between points — are especially important to accurate representations of
the brain. Just as a map of the earth aids navigation, conformal mappings serve as
a guide for researchers in their quest to understand the brain.

For More Information:
http://www.math.fsu.edu/~mhurdal/research/flatmap.html
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Revolutionizing Computing

In about 20 years, computer chips will be so small that the effects of quantum
mechanics will replace the physical laws we take for granted. While today’s
computing is based on bits that are either 0 or 1, the basic unit in quantum
computing is the quantum bit—the qubit—which can be 0 and 1 simultaneously
(with a probability associated with each). In the strange world of quantum
computing, complicated procedures such as factoring large numbers are done much
faster because the many steps involved can be done concurrently.The ultimate goal
of mathematicians, physicists, computer scientists, and engineers in the field is to
create a quantum computer that could solve in seconds some problems that would
take today’s most powerful computers billions of years to solve.

Among the capabilities of a quantum computer would be the ability to do the calcu-
lations necessary to break today’s electronic encryption methods. This is not as
alarming as it may sound, because cryptographers have already designed algorithms
to take advantage of the quantum mechanics principle that observing a system’s
state changes it.Thus, users of a quantum communications network could detect any
attempt to intercept their communication. It is somehow ironic that the laws that
govern the barrier to the miniaturization of today’s computers may provide a boon
to future computing.

For more information: “Rules for a Complex Quantum World,” Scientific American,
November 2002, Michael A. Nielsen.
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Bringing Robots to Life

Robots of all shapes and sizes now perform tasks as routine as vacuuming the
living room floor and as remarkable as discovering a hydrothermal vent on the
ocean floor. Geometry, statistics, graph theory, differential equations, and linear
algebra are some of the areas of mathematics that allow navigation and decision
making so that robots can function autonomously and do things we either can’t,
or would rather not, do.

The robot pictured below not only dances but also greets visitors and escorts
them to their destinations, providing news and weather updates along the way.
Abilities like these require algorithms for vision, pattern recognition, speech
recognition, and dealing with uncertainty so that accumulated error doesn’t
render the robot ineffective. Most researchers think that we are a long way
from creating machines that behave like humans, but improving algorithms will
improve the capabilities of robots, which have already served in space, in rescues
at disaster areas, and in the operating room, where physicians use robotic arms
that allow for more precise, less invasive surgery.

For more information: Robots, Ruth Aylett
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Making Connections

People in a society, neurons in the brain, and pages on the Web, along with their
connections, are all examples of networks. Mathematicians study characteristics of
networks, such as the number and distribution of connections, to discover what such
attributes may reveal about the intrinsic nature of a network. For example, the colors
in the picture below indicate how disruptive deleting a node would be to the
network, in this case a living cell.The discovery and verification of network properties
such as this has significance for applications ranging from the microscopic to the
worldwide, including the protection of both computers and humans against viruses.

The study of networks spawned the phrase “six degrees of separation”, the theme of
a game involving actors’ connections via common film appearances. In an experiment
done in the 1960s, over 100 randomly chosen people in the Midwest were found to
be connected to a Massachusetts stockbroker (by a friend of a friend of a friend, and
so on) in an average of just six steps.That people halfway across the country could
be so closely connected was quite a revelation and proved that even a large network
could be a “small world”.Today, researchers use parameters from graph theory and
probability in analyzing networks to determine whether an elaborate network, be it
a power grid or actors connecting to Kevin Bacon, is indeed a small world after all.

For more information: “Scale-Free Networks”, by Albert-László Barabási and
Eric Bonabeau, Scientific American, May 2003
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Locating, locating, locating

Originally designed for military use, the Global Positioning System (GPS) now lets
boaters, drivers, and hikers pinpoint their location to within a few meters. Most of
GPS's functionality is derived from arithmetic, algebra, and geometry.The time it
takes for a signal to travel from a transmitting satellite to a GPS receiver estab-
lishes the distance between the two, which places the GPS user on an imaginary
sphere centered at the satellite. Similar calculations are done concurrently using
other satellites. Once corrections for the difference between satellite and receiver
clocks are made, the GPS user's location must be one of the points of intersection
of three spheres.

The basic principles of GPS are simple, but reducing error when using satellites
more than 10,000 miles away to calculate locations is not. Information theory
extracts reliable data from weak signals (which have less than a billionth of the
power of those received by your television) and mathematical models of the
atmosphere account for slight changes in speed as signals travel through different
layers on their way to earth. Differential GPS reduces error even further by using
land-based stationary receivers, whose precise positions are known. Eventually
real-time GPS will be so accurate — with errors on the order of inches — that it
will guide cars and allow planes to land in zero visibility.

For More Information: "Retooling the Global Positioning System," Scientific
American, Per Enge, May 2004.
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Recognizing Speech

Current speech recognition systems perform fairly well in non-conversational
settings such as dictation or requests for directory assistance. Applications like
this may not appear impressive, but because of accents, inflections, and pauses,
even such simple situations require sophisticated techniques to transform
speech waveforms into words accurately. One of the most common techniques is
a mathematical tool known as a hidden Markov model, involving conditional probabili-
ties, which trains on candidate sounds so as to locate the best match for a given
input.

Dictating directions to machines, a luxury now, may become a necessity as input
devices become too small. Researchers are looking for new mathematical models
and algorithms (which will probably use subjects like statistics and machine learning)
that can filter out noise, understand casual speech, and adjust to different speakers.
Those are difficult problems, but once solved, it won't be long before your voice
replaces your keyboard, mouse, and–best of all–your many remotes.

For More Information: Speech Processing: A Dynamic and Optimization-Oriented
Approach, Li Deng and Douglas O'Shaugnessy, 2003.
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Compressing Data

Through digitization, films that require 10,000 feet of tape now fit on a disk less
than five inches in diameter.An important part of digitization is data compression,
which involves converting a large file to a smaller version, from which the original
(or a close approximation) can be recreated. Linear algebra, probability, graph
theory and abstract algebra are among the areas of mathematics at the foundation
of various compression algorithms that make modern technologies such as DVDs,
HDTV and large databases, possible.

No one technique can fulfill the compression requirements of all media. For
example, wavelet compression—based on a fairly new mathematical tool—works
well with images and audio files, but not as well with text files.Yet regardless of the
application, compression algorithms use redundancy and relatedness in data to
make storage and transmission more efficient. Does compression work? U b t jdg.

For More Information: Introduction to Data Compression, Khalid Sayood, 1996.
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Boldly Going
The “tubes” below are illustrations of low-energy pathways along which space vehicles
can travel using far less fuel.The recent discovery of these pathways has made previ-
ously impossible missions feasible. Much of space travel depends on calculus,
trigonometry, and vector analysis, but the existence of these routes derives from an
area of mathematics called dynamical systems applied to the mutual interaction of the
gravities of the sun, nearby planets, and moons.

Calculations of forces between two celestial bodies and their orbits are fairly direct,
but to understand orbits and trajectories when more than two bodies are involved,
dynamical systems and chaos theory are necessary. Even the simplest extension
beyond two bodies, the three-body problem, has been proven to have no explicit general
solution. Some special cases, however, have been solved and applied not only to
mission design, but also now to atomic physics to study the paths of certain excited
electrons.Thus, mathematics is locating new routes for space travel and establishing
connections between the atomic and the cosmic.

For More Information: "Ground Control to Niels Bohr: Exploring Outer Space
with Atomic Physics," Mason A. Porter and Predrag Cvitanović, Notices of the American
Mathematical Society, October, 2005.
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Playing the Game
Video games are a lot of fun, but they’d be much less fun without mathematics. 
Geometry, calculus, and linear algebra all help make characters, scenes, and action 
look less two-dimensional and more realistic. And, as one game company executive 
noted, advancing through mathematics is similar to working through the increas-
ingly more difficult levels of a video game. Who knows, by graduation you may have 
enough skills to save the world.

Much of a character’s movement involves inverse kinematics: For example, what 
should the angles of the foot, shin, and upper leg be as a character runs? This is 
an important area of research that also involves collision and contact detection 
(obvious in the real world, but requiring explicit calculation in the video world). 
There can be an infinite number of answers to such problems but fast algo-
rithms must find realistic solutions in less time than you can say “The leg bone’s 
connected to the hip bone.” 

For More Information: Essential Mathematics for Games and Interactive Applications, 
James Van Verth and Lars Bishop, 2004.
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Tripping the Light–Fantastic
Invisibility is no longer confined to fiction. In a recent experiment, microwaves 
were bent around a cylinder and returned to their original trajectories, rendering 
the cylinder almost invisible at those wavelengths. This doesn't mean that we're 
ready for invisible humans (or spaceships), but by using Maxwell's equations, which 
are partial differential equations fundamental to electromagnetics, mathematicians 
have demonstrated that in some simple cases not seeing is believing, too.

Part of this successful demonstration of invisibility is due to metamaterials–
electromagnetic materials that can be made to have highly unusual properties. 
Another ingredient is a mathematical transformation that stretches a point into 
a ball, "cloaking" whatever is inside. This transformation was discovered while 
researchers were pondering how a tumor could escape detection. Their attempts 
to improve visibility eventually led to the development of equations for invisibility. 
A more recent transformation creates an optical "wormhole," which tricks 
electromagnetic waves into behaving as if the topology of space has changed.

We'll finish with this:

For More Information: “Metamaterial Electromagnetic Cloak at Microwave 
Frequencies,” D. Schurig et al, Science, November 10, 2006.
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Predicting Climate 
What’s in store for our climate and us?  It’s an extraordinarily complex ques-
tion whose answer requires physics, chemistry, earth science, and mathematics 
(among other subjects) along with massive computing power. Mathematicians 
use partial differential equations to model the movement of the atmosphere; 
dynamical systems to describe the feedback between land, ocean, air, and ice; and 
statistics to quantify the uncertainty of current projections. Although there is 
some discrepancy among different climate forecasts, researchers all agree on the 
tremendous need for people to join this effort and create new approaches to 
help understand our climate.

It’s impossible to predict the weather even two weeks in advance, because almost 
identical sets of temperature, pressure, etc. can in just a few days result in drasti-
cally different weather.  So how can anyone make a prediction about long-term 
climate? The answer is that climate is an average of weather conditions. In the 
same way that good predictions about the average height of 100 people can be 
made without knowing the height of any one person, forecasts of climate years 

into the future are feasible 
without being able to predict 
the conditions on a particular 
day.  The challenge now is to 
gather more data and use 
subjects such as fluid dynamics 
and numerical methods to 
extend today’s 20-year projec-
tions forward to the next 100 
years.

For More Information: Mathematics 
of Climate Change: A New Discipline for 
an Uncertain Century, Dana Mackenzie, 
2007.
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Analyzing Data

Much of modern research—from genome sequencing to digital surveys of outer 
space—generates tremendous amounts of multi-dimensional data. Unfortunately, 
visualizing dimensions higher than three is not easy, which makes analyzing and 
understanding the data difficult. Topology, a branch of mathematics concerned 
with the properties of geometrical structures, helps make sense of large data sets 
by providing a way of classifying the shapes of these sets. It’s especially useful for 
locating groups of similar points called “clusters”, which can, for example, distin-
guish between distinct types of a given disease, each requiring its own treatment. 

Topology (specifically algebraic topology) is also important in the operation of 
wireless sensor networks, which are used in applications as diverse as monitoring 
automobile traffic and controlling irrigation. Combined with numerical integration, 
results from algebraic topology provide the complete picture based on strictly 
local data. The advantage is that such sensor networks, maintained without GPS 
or other distance measures, are generally much cheaper to operate. So, in the 
case of irrigation, mathematical discoveries made almost a century before the 
advent of today’s technology save money while helping us use precious water 
wisely. In topological terms, just like the Möbius strip: What goes around, comes 
around. 

For More Information:  “Topology and Data”, Gunnar Carlson, Bulletin of the 
American Mathematical Society (Vol. 46, No. 2), April 2009.

H(       )
*
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Adding Depth

The substantial use of digital technology in films has landed mathematics a leading 
role (mostly uncredited) in many recent hits. That role is now expanding as direc-
tors and animators are beginning a new era of movies, in which mathematics 
helps introduce another dimension to the two-dimensional screen. The images 
you see are created with geometry, linear algebra, partial differential equations, 
and vector analysis. Animators’ algorithms employ ideas from these and other 
areas to depict the reflection and refraction of light and create life-like images of 
hair, water, and skin—even when it’s blue. 

Analysts predict that television viewing in 3D will eventually become common-
place, although it could take a few years. Presently, researchers are working to 
solve problems such as managing the many different viewing angles possible at 
home. Their efforts will give us more than richer entertainment, too. Scientists 
will be better able to visualize objects, such as molecules, with 3D-technology and 
surgeons will have the ability to design more precise treatments and implement 
them more effectively.

For More Information: “The Race for Real-time Photorealism,” Henrik Wann Jensen and Tomas 
Akenine-Möller,  American Scientist, March-April 2010.
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Sounding the Alarm 

Nothing can prevent a tsunami from happening—they are enormously powerful 
events of nature. But in many cases networks of seismic detectors, sea-level moni-
tors and deep ocean buoys can allow authorities to provide adequate warning to 
those at risk. Mathematical models constructed from partial differential equations 
use the generated data to determine estimates of the speed and magnitude of a 
tsunami and its arrival time on coastlines. These models may predict whether a 
trough or a crest will be the first to arrive on shore. In only about half the cases 
(not all) does the trough arrive first, making the water level recede dramatically 
before the onslaught of the crest.

Mathematics also helps in the placement of detectors and monitors. Researchers 
use geometry and population data to find the best locations for the sensors that 
will alert the maximum number of people. Once equipment is in place, warning 
centers collect and process data from many seismic stations to determine if an 

earthquake is the type that will generate 
a dangerous tsunami. All that work must 
wait until an event occurs because it is 
currently very hard to predict earth-
quakes. People on coasts far from an 
earthquake-generated tsunami may have 
hours to take action, but for those closer 
it’s a matter of minutes. The crest of a 
tsunami wave can travel at 450 miles per 
hour in open water, so fast algorithms for 
solving partial differential equations are 
essential.

For More Information: “Surface 
Water Waves and Tsunamis,” Walter 
Craig, Journal of Dynamics and Differential 
Equations, Vol. 18, no. 3 (2006), pp. 525-549.
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Sustaining the Supply Chain

It’s often a challenge to get from Point A to Point B in normal circumstances, 
but after a disaster it can be almost impossible to transport food, water, and 
clothing from the usual supply points to the people in desperate need. A new 
mathematical model employs probability and nonlinear programming to design 
supply chains that have the best chance of functioning after a disaster. For each 
region or country, the model generates a robust chain of supply and delivery 
points that can respond to the combination of disruptions in the network and 
increased needs of the population.

Math also helps medical agencies operate more efficiently during emergencies, 
such as an infectious outbreak. Fluid dynamics and combinatorial optimization 
are applied to facility layout and epidemiological models to allocate resources 
and improve operations while minimizing total infection within dispensing 
facilities. This helps ensure fast, effective administering of vaccines and other 
medicines. Furthermore, solution times are fast enough that officials can input 
up-to-the-minute data specific to their situation and make any necessary redis-
tribution of supplies or staff in real time.

For More Information: Supply Chain Network Economics: Dynamics of Prices, 
Flows, and Profits, Anna Nagurney, 2006.
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Harnessing Wind Power 

Mathematics contributes in many ways to the process of converting wind power 
into usable energy. Large-scale weather models are used to find suitable locations 
for wind farms, while more narrowly focused models—incorporating interac-
tions arising from factors such as wake effects and turbulence—specify how to 
situate individual turbines within a farm. In addition, computational fluid dynamics 
describes air flow and drag around turbines. This helps determine the optimal 
shapes for the blades, both structurally and aerodynamically, to extract as much 
energy as possible, and keep noise levels and costs down. 

Mathematics also helps answer two 
fundamental questions about wind 
turbines. First, why three blades? 
Turbines with fewer blades extract less 
energy and are noisier (because the 
blades must turn faster). Those with 
more than three blades would capture 
more energy but only about three 
percent more, which doesn’t justify the 
increased cost. Second, what percentage 
of wind energy can a turbine extract? 
Calculus and laws of conservation 
provide the justification for Betz Law, 
which states that no wind turbine can 
capture more than 60% of the energy 
in the wind. Modern turbines gener-
ally gather 40-50%. So the answer to 
someone who touts a turbine that can 
capture 65% of wind energy is “All Betz 
are off.”

For More Information: Wind Energy 
Explained: Theory, Design and Application,  
Manwell, McGowan, and Rogers, 2010.  
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Thank you!


