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As the high enrollment in the Universi-
ty’s various statistics courses show, there’s 
a good chance you’ve learned about re-
gression in some context. Even outside the 
classroom it’s applied everywhere, useful 
whenever a relationship between a variable 
and several factors needs to be analyzed. 
Finding such a relationship allows for pre-
diction of the variable of interest for a given 
set of independent variables. It is one of the 
most common and time-tested methods of 
statistical analysis, usually appearing as an 
essential tool in research of many different 
fields, though rarely is it the subject of a pa-
per itself. However, the scientific commu-
nity still has much to gain from regression 
in all its forms. By combining regression 
with optimization, the selection of a vari-
able that gives some function its least or 
greatest value, Robert Vanderbei, professor 
in the Operations Research and Financial 
Engineering department, has found new 
applications of the techniques in different 
fields. With two papers on the topic – one 
published in September, one submitted – 
Vanderbei’s work encourages a second look 
at how to use regression, for everyone from 
analysis experts to the minimally-techni-
cally-inclined.

The untapped potential of the application 
of regression and optimization techniques 
was what inspired Vanderbei to pursue his 
own regression analysis of climate change 
data in the New Jersey region. Using tem-
perature readings recorded by the National 
Oceanic and Atmospheric Administration, 
he was able to conduct regression analysis 
on a series of historical measures from the 
last 55 years. Vanderbei created a regres-
sion model that took into account seasonal 
variations, the solar cycle, and a historic in-
creasing linear trend in temperature. Each 
day’s average temperature was modeled 
as the sum of a constant, a variable repre-
senting the linear trend, and two sinusoidal 
functions representing seasonal and solar 
cycles, each weighted with regression co-
efficients. To find these coefficients and 

thus to derive the model, he minimized the 
total absolute deviations from the actual 
day’s temperature. According to Vanderbei, 
the field of climatology is more focused on 
theory and broader understanding regard-
ing causes of climate change, but the over-
whelming amounts of data can make it hard 
to see anything but seasonal fluctuations. 
Instead, Vanderbei’s research was more of 
a personal project, using regression to an-
swer the simple question of how the tem-
perature in the region actually behaved. 
“A picture can be worth a thousand words, 
but sometimes the picture doesn’t make it 
completely clear,” Vanderbei explained of 
the graphical presentation of temperature 
data most are familiar with. “It’s important 
to be able to extract information that isn’t 
easy to see and give a number. In that case, 
the number came out to be about an in-
crease of three degrees per century.”  

Vanderbei’s second recently completed 
work also explored the concept of putting 
a single number to a spectrum of data 
and was part of a senior thesis. Grading at 
Princeton has had its fair share of contro-
versy, with many an effort to make the policy 
as fair as possible. Yet Vanderbei sees the 
very concept of a GPA – cumulative grad-
ing, a concept most students have been fa-
miliar with for the better part of their lives 
– as a regression problem. “You take lots 
of courses, you get grades, and somebody 
computes an average. You can think of that 
as a solution to a least-squares problem,” 
Vanderbei said (least-squares describes 
the criterion for a model that best fits the 
data by minimizing the sum of the squares 
of errors). “Your GPA represents some sort 
of fundamental intelligence in your brain 
we’re trying to get a measure of…plus some 
random error – you were sick on an exam, 
who knows.” Vanderbei and ORF student 
Gordon Scharf ’12 proposed a model just 
one step more sophisticated, saying that 
the grade received in a course is deter-
mined not just by the student’s intelligence 
level but by course difficulty as well. Grades 

under this new model would be a sum of 
student aptitude, course inflation and er-
ror from approximation. A course difficulty 
measure was calculated based on the av-
erage score given out by the course. The 
course difficulty measures were then nor-
malized to some central grade such that all 
the course inflation measures would sum 
to zero.

Vanderbei, who has taught ORF307: Op-
timization, says the methods of regression 
and optimization work hand in hand in big 
data analysis. Regression is inherently a 
least squares problem and minimizing the 
error represented by the least squares is an 
optimization portion. According to Vander-
bei, many regression problems, even 
though they involve minimization and many 
variables, require only calculus – setting 
the derivative to zero, which gives the point 
of maximization or minimization – and then 
the application of a formula. For more com-
plicated problems, there are no classical 
formulas, but a computer algorithm can be 
written and implemented and the problem 
still solved. Linear programming problems 
may involve inequalities and higher dimen-
sions, but in terms of calculations, “it boils 
down to freshman calculus,” Vanderbei said 
of the concept behind finding a function’s 
extreme values. “Even with constraints, it’s 
like checking endpoints.”

Vanderbei stressed both in his publica-
tions and in person how widely available 
such work is to anyone with the minimal 
necessary background. His publication of 
the global warming study in SIAM Review 
was under the journal’s education section, 
with his point being that one doesn’t have to 
rely on political dialogue but can utilize data 
tools themselves to verify what climate sci-
entists are claiming. “How many hundreds 
or thousands of Princeton students have 
taken that sequence of [ORFE statistics] 
courses over the years, and Princeton’s 
only one school,” Vanderbei said. “There 
must be many thousands of people in the 
US who at least in some point in their life 

written by Rebecca Zhang
Professor Robert Vanderbei (ORF)

THE PROGRESS OF REGRESSION
A PICTURE CAn BE WoRTH A 
THoUSAnD WoRDS, BUT SoME-
TIMES THE PICTURE DoESn’T 

MAKE IT CoMPLETELY CLEAR. IT’S IMPoRTAnT To BE ABLE To Ex-
TRACT InFoRMATIon THAT ISn’T EASY To SEE AnD GIVE A nUMBER. 
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were capable of exactly this analysis.”
Given the technological advancements that are still sure to 

come, having society as data-literate as possible will be a neces-
sity in today’s world. Big data has become a buzzword in Princ-
eton’s ORF and COS departments as well as in many other aca-
demic fields. Research seeking alternative algorithms to solve 
regression problems in the context of big data has become more 
prevalent.

“Statistics – and the intersection of statistics with computer 
science – is going to be a big part of engineering developments 
for the next bazillion years,” Vanderbei said. “This will always 
involve trying to understand what the data is telling us, and we 
need tools for making sense of the data, which often involves 
regression.”

Familiarity with these tools are also necessary to ensure that 
they are being used properly. As with any scientific technique, 
there are caveats to how they can be applied. Any issue with re-
gression and optimization analysis tends to be that the chosen 
model doesn’t match reality. For instance, Vanderbei has devel-
oped University licensed software of simple general models, and 
ninety percent of the software’s users work on Wall Street. The 
simple model relies on historical data with an algorithm pre-
dicting the next day will behave similarly. Current models do not 
take into account information regarding the future like insider 
knowledge, which would affect the science behind the models.

From Vanderbei’s perspective, throughout engineering, one 
will always encounter error, randomness, and data, with statis-
tics being by definition data analysis. We will always be trying to 
distill our data – whether by putting a number on the linear rate 
of temperature growth or on a measure of a student’s inherent 
intelligence. It is a process that is simple enough to do and will 
be ever more useful in today’s data-driven world.
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Average Daily Temperatures at McGuire AFB

The average temperature was modeled as a constant, plus 
linear trend (red), a sinusoidal function representing seasonal 
changes and a sinusoidal function representing the solar 
cycle. The plot above shows the recorded temperature with 
the seasonal and solar-cycle variations removed and a 101-
day rolling average applied. 

Plot of actual McGuire AFB daily temperatures from 1955 
to 2010 (blue) and Vanderbei's least absolute deviation 
regression model (red). 

To test that the generated model would better represent course 
difficulty, Vanderbei used a sample of 100 courses taken by 1000 
students, each student enrolling in four. The left-hand panel shows 
the distribution of the difference between the average grade in the 
course, a stand-in for course difficulty, and inflatedness put in the 
model. The right-hand panel does the same with model-measured 
difficulty and the input inflatedness. There is a two-fold increase in 
the accuracy of measuring course inflatedness using Vanderbei's 
algorithm than relying on average grade as a measure.
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Fig. 1..  Resource allocation decisions

2

1.  If there is enough wind energy, it can be sent to the user.
2.  If there is more than enough wind energy, it can be stored 
for future use.
3/4. If there is not enough wind energy, energy can be di-
rected to the user from the grid or previous storage.

4 3
1

Storage

  
Windmill

  
grid

  

USer

Blowing Past
all the others

by Eddie Zhou interviewing Professor Arta Jamshidi (ORF)

Look around you.  The thrum of your 
laptop, the vibration of your phone, and 
the whir of your car’s engine all employ 
energy that mostly stems from the burn-
ing of fossil fuels.  The world’s supply of 
fossil fuels, however, is finite, forcing us 
to look to alternate forms of energy for 
long-term sustainability.  These renew-
able energies mainly come in the form 
of converting natural phenomena, such 
as wind and solar energy.  The nature 
of these sources, however dictates that 
there will be volatility involved in the har-
nessing of energy – it will be a stochastic 
process.  For example, the amount of sun-

light available for energy conversion may 
vary on a daily basis, and the strength of 
wind flow changes over time.

Researchers look to optimize the out-
put of these alternative energy sources, 
and the applications of operations re-
search enable optimization under the 
type of uncertainty that governs wind and 
solar energy.  Dr. Jamshidi, a post-doc-
torate researcher at Princeton, is involved 
in a collaborative effort by the PENSA Lab 
in the Operations Research and Finan-
cial Engineering department to optimize 
resource allocation in energy systems.  
For example, if the wind speed at a given 

time is slow, grid energy should be used 
to direct power towards the user.  If wind 
speed is higher at a particular time, it 
should be harnessed and either directed 
towards the user, or stored and used later.

A methodology called approximate 
dynamic programming is used to opti-
mize this allocation, and Dr. Jamshidi has 
spent the last year developing a function-
approximating algorithm that is integral 
to this methodology.  This innovative algo-
rithm can be used for value function ap-
proximation in the approximate dynamic 
setting.  Wind speed plays a role in the 
formation of this value function as an ex-

New DyNamic algorithms iN wiND eNergy systems

physics + math

v6 inno ation
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Fig. 2 .Global composite of local functions

Basis function

ogenous component and allows for pro-
jections and predictions, and decision-
making regarding the current and future 
allocations of the resource at hand.

Dr. Jamshidi explains that his algo-
rithm has “three distinctive characteris-
tics that set it apart: it is real-time, ac-
curate, and computationally efficient”.  As 
mentioned above, the algorithm continu-
ously takes in a stream of data – in the 
case of a wind harvester, the external data 
may be wind.  As the external data flows 
in, each value point enters a different re-
gion of space – a different locality.  Dr. 
Jamshidi notes, “The assignment order 
of each data point is not important”.  As 
each point enters  a different locality, and 
as more points fill up a singular locality, 
a local model is approximated within the 
locality.  Herein lies the real-time char-
acteristic of the algorithm – as the data 
stream flows, each local model continu-
ously adapts to the new value points, and 
shifts to form a better approximation.  For 
example, given a few varying wind speeds, 
the approximated function may be linear, 
but as more data flows in, a quartic ap-
proximation might form, enabling a bet-
ter and more accurate prediction for the 
value function.  

As these local models continuously 
shift, however, two things are simultane-
ously happening.  One contributes to the 

computationally efficient benefit of the 
algorithm, and the other forms the very 
essence of how this method flows.

First, as the local model forms, “The 
data points are not actually stored within 
the algorithm”, says Dr. Jamshidi.  “They 
are replaced with a statistical represen-
tation of all current data points”.  This 
allows for less bulk in terms of memory 
storage, and consequently, a more com-
putationally efficient methodology.  

Secondly, there is an overarching 
global model that is continuously being 
formed and adapted as the data stream 
flows in.  Its nature is the combination 
of all the local model functions, or ba-
sis functions, among different regions of 
space – therefore, as the local models 
adapt  to the incoming data, so does the 
global model.  Using the previous ex-
ample of a shifting quartic function, the 
global model might be composed of a lin-
ear function from time a to time b, a quar-
tic function from time b to time c , and a 
sinusoidal function from time c to time d.  
Our global model, therefore, would be the 
sum of these functions, giving an accu-
rate model of a value function from time 
a to time d.  This method relates to the 
nature of dynamic programming – to take 
a complex problem and break it down 
into smaller parts.  As Dr. Jamshidi’s al-
gorithm shows, the global composite of 

all local basis functions and the global 
model is the sum of its parts, and is ap-
proximated in a much more computation-
ally efficient manner.

Dr. Jamshidi says that the accuracy of 
this algorithm reaches the “benchmark 
accuracy set by pre-existing algorithms, 
but its computationally efficient and real-
time characteristics set it apart”.  The 
development of such an algorithm has 
large potential benefits on the optimiza-
tion of energy systems as a whole.  He 
affirms that “this algorithm is designed 
for stochastic search with various appli-
cations in renewable energy systems and 
we anticipate to find useful applications 
of this method in approximate dynamic 
programming”.  

A computationally efficient method 
of deciding when to use wind and when 
to use the grid will lower costs for har-
nessing not only wind, but any nonlinear, 
dynamic, and time-dependent source of 
energy.  This method could work with a 
set of sunlight data – the relative intensity 
of the sun on a given day, and help decide 
when to store the solar energy, or when 
to use it directly.  A study of weather pat-
terns in conjunction with this optimization 
could aid in projecting future decisions, 
and alongside Dr. Jamshidi’s algorithm, 
could make the decision to adapt more 
renewables a simpler and easier one.

Locality

physics + math

v 7inno ation
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written by James Siderius
interviewing Professor Stone

Conformal Coating

Particle begins 

embedded in a 

coat of water.

A magnet drives the 

charged particle for-

ward through oil.

Ultraviolet light 

polymerizes the 

coating of water.

The particle is 

successfully 

coated.

UV light

magnet

1 432

    The use of fluid dynamics throughout en-
gineering has manifested itself in many me-
chanical projects familiar to the everyday 
person. Fluids behave much differently than 
solid-state objects, and it’s through the com-
plexity of this behavior that it lends a unique 
ability to perform certain engineering tasks. 
However, this complexity poses more prob-
lems than solutions if not analyzed properly. 
From the study of macroscopic turbulence, 
which occurs in fast moving streams, to the 
nuances of laminar flow in slowly moving 
systems, the vast range of intricate proper-
ties fluids allow, as well as require, a level of 
specificity to their application. Such speci-
ficity is accentuated to an even greater scale 
when dealing with microfluidics, as Profes-
sor Stone’s team has in the last few years. 
Working with these complex fluids, the team 
has found an array of possible innovations, 

including groundbreaking work in the way 
thin fluid films are identified and applica-
tion to the coating of small devices. This 
research is predicated on several principles 
of microfluidics, including anything from 
quantitative modeling to colloidal structures 
of fluids on small scales.
    One specific method developed by Pro-
fessor Stone’s team deals with multi-phase 
flow systems, which result from two or 
more fluid layers with different chemi-
cal compositions flowing separately with a 
meniscal divide. The methodology involves 
using this multiphase flow to coat small 
objects that are often hard to coat using 
other techniques. Conformal coating, which 
is used to coat commonplace objects such 
as plastics or metals with more desirable 
materials, either for texture or practical-
ity, becomes much more difficult when the 

size of the object shrinks noticeably. Profes-
sor Stone’s team, however, may have found 
a way to circumvent this issue through the 
use of microfluidics. The team developed 
a technology that could coat small objects, 
such as tiny particles or even cells, which 
Stone referred to as “conformal coating of 
micron-sized objects.” This approach em-
ploys a device that has a multiphase flow 
between a layer of oil and a layer of water, 
in which the microscopic particle of inter-
est is embedded in the layer of water. As 
the water flows, a magnet drives the par-
ticle of small, but non-zero charge, into the 
oil, while the particle retains a coating of 
water. From here it is possible to use ultra-
violet light to polymerize the water layer of 
the particle with a thin layer of the desired 
coating. Stone explains that his team used 
the device to coat particles that were “five 

MICROFLUID  DYNAMICS

v
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microns wide, or one-twentieth of the width of 
the human.”  This method provides an effec-
tive way to create a thin shell of coating for any 
small particle provided it has some magnetic 
properties and is mostly water-soluble to allow 
for polymerization.
        Throughout these developments, Stone’s 
team dealt with small-scale fluids, which con-
tributed to a new degree of complexity. Micro-
scopic fluids in these devices allowed for lami-
nar flows, which were slower, more controlled 
and more easily predicted mathematically than 
faster-moving turbulent flows. However, the 
complexity of the microfluidic systems arises 
not from the flows but from the combined ef-
fects of the different fluids, particles, poly-
mers and the like involved in the flow. Unlike 
macroscopic flows, new considerations, such 
as the size of individual particles and surface 
effects, could no longer be validly neglected. 
For smaller systems, the ratio between the 
volumes of individual droplets of fluid com-
pared to their surface areas begins to shrink. 
As this ratio drops these surface effects, such 
as the texture and the charge distribution of 
each droplet, become much more relevant. 
Thus, certain aspects in the design of these 
new technologies, such as the characterization 
of flow, are much easier using microfluidics; 
however, other, more complex subtleties often 
complicate the process.
      Research in microfluidic applications and 
complex fluids is certainly not finished. Cur-
rently, Stone’s team is working to improve 
its use to measure the effects and nature of 
biofilms. Essentially, biofilms occur when 

cells and polymers combine on a surface to 
produce an unwanted “sticky gunk,” such as 
plaque on teeth or puss in a wound. Both the 
cell and the polymer feed off each other so the 
cell can proliferate and survive on the surface. 
Knowing this, it made intuitive sense to many 
researchers before this time that the biofilm 
would reside entirely on the surface. However, 
such would be a misconception. Using a mi-
crofluidic channel with interspersed L-shaped 
bents, Stone’s team used a common type of 
bacteria in a laminar flow to generate a bio-
film in the channel. As most any previous study 
would have hypothesized, the biofilm appeared 
to lie on the surface of the channel. However, 
scanning a microscope through the center of 
the microfluidic channel, his team uncovered 
a certain amount of the biofilm floating in the 
middle of the pipe, contrary to popular belief. 
As the flow continued, eventually the biomass 
would actually clog up the entire channel. 
When asked why no one else stumbled onto 
this result before, Stone replied by saying 
“[Others said] this pipe is supposed to be emp-
ty, and all the biomass is supposed to be on 
the surface. Well, no one ever looked.” Conse-
quently, Stone’s team is now beginning to focus 
on how biofilms are manifesting themselves as 
three-dimensional structures floating inside 
systems. The question becomes which effects 
are involved to cause the re-arrangement of 
biofilms from simple two-dimensional struc-
tures on surfaces to complex geometrical for-
mations in space. Perhaps we can continue to 
look to microfluidics and their applications for 
the answer to our unresolved questions.

floating 
biofilm 

particles

From the study of macroscopic turbulence, which occurs 
in fast moving streams, to the nuances of laminar flow in 
slowly moving systems, the vast range of intricate prop-
erties fluids allow, as well as require, a level of specificity 
to their application. 

expected 
surface 
biofilm

physics + math

v

Science Action

SA1

Putting Science and 
Learning into Action

Climate SCienCe
FuSion PhySiCS
engineering at large

Take up a camera and show how science touches our daily lives!
•  Want to communicate what you’re learning in class to a global audience?
•  Ready to explore strange science mysteries beyond your lectures and labs?
•  Willing to challenge yourself by stepping into your professors’ shoes?

Tell the story of a scientific fact or claim on film in 5 minutes or less and present 
your unique vision at the SA1 Awards Ceremony at the end of Spring term.

All videos will be posted to the Princeton Science Action website.
For more info, visit http://www.princeton.edu/scienceaction

Kick-off Orientation Meeting:
Thursday, Feb. 7

Science Action is a program within the Princeton Writing Program.
Science Action is funded and supported by the following Princeton university sponsors:

episode 1

W S
Writing in
Science & 
Engineering

E

Writing in Science & Engineering

W S E

Writing in Science & Engineering

W S E

Writing in Science & Engineering

W E

Writing in Science & Engineering

W S E

Writing in Science & Engineering

W S E

i
S



10 inno ation

For years, nuclear fusion has been the 
holy grail of alternative energy. With the po-
tential to provide virtually limitless quanti-
ties of power -- all without the greenhouse 
gases produced by fossil fuels -- fusion 
might just be the solution to one of the most 
immediate challenges of our generation. 
Why, then, aren’t our homes being lit with 
fusion energy? 

Nuclear fusion occurs when two nuclei 
of some lightweight element (usually hy-
drogen) literally fuse to form one, heavier 
nucleus. Some of the mass of this new 
nucleus is then lost and converted to en-
ergy in the form of heat. This heat, scien-
tists hope, could be harnessed to serve as a 
power source, just as the energy produced 
by nuclear fission already is today. 

The problem is that fusion is much more 
difficult to facilitate than fission; it’s harder 
to clump atoms together than it is to split 
them apart. To accomplish the former, one 
must overcome electrostatic repulsion be-
tween the positive charges of both constitu-
ent nuclei. Thankfully, researchers have de-
veloped several means of surmounting this 
obstacle. Some involve accelerating nuclei 
with the aid of lasers, while others relay 
upon bombarding hydrogen atoms with ex-
otic subatomic particles known as muons. 

But the most promising 
method seems to be ther-
monuclear fusion, a pro-
cess by which hydrogen is 
heated to temperatures so 
extreme that the energies 
of nuclei are great enough 
to overcome electrostatic 
repulsion if they collide in a 
certain manner. 

In order to raise heat 
to the levels required for 
fusion to occur, scientists 
confine hydrogen within 
designed magnetic cham-
bers known as Tokamaks.  
When plasma -- an ex-
ceedingly hot soup of charged hydrogen 
particles -- is formed, it tends to expand 
rapidly, given the intense pressures gen-
erated by high temperature. Plasma cools 
as it expands, so some force is necessary 
to hold the hydrogen together. In our sun, 
this force is gravity; in Tokamaks, this force 
is provided by a carefully crafted magnetic 
field. As a result of the plasma’s contained 
volume, heat added in these experimental 
setups directly increases the energy den-
sity (energy per unit volume) of the active 
samples. Over the last several decades, this 

technique has resulted in small-scale, con-
trolled fusion experiments in laboratories 
across the globe.  

The catch is that the energy released 
from fusion reactions has thus far been 
only about as much as the energy required 
to initiate them. Scientists have determined 
that reactions achieve an optimal energy 
output at a specific plasma density, but ex-
perimenters observe that the plasma often 
degenerates at a density limit below this 
ideal value. This issue, dubbed the Green-
wald Limit, has perplexed fusion scientists 
for decades.

But two physicists working at the Princ-
eton Plasma Physics Laboratory (PPPL) 
may have found an answer.

David Gates, a principle research physi-
cist at PPPL, and Luis Delgado-Aparicio, 
then a post-doctoral fellow also at PPPL 
(now a staff research physicist) have pro-
posed a theory which links the density limit 
with the appearance of magnetic “islands” 
within plasma. These three-dimensional 
regions collect impurities which flake off 
of Tokamak walls (often in the form of car-
bon), cooling the plasma and functioning 
effectively as electrical resistors. As power 
flows through the plasma, heat radiates out 
of the aforementioned islands. When more 
heat flows out from the impure regions than 
can be pumped in, the current which ran 
through the plasma to constrain its shape 
ceases. By crippling this electromagnetic 
constraint, Gates and Delgado-Aparicio’s 
islands cause the plasma to lose shape and 
break down.

HOT hydrogen
by James Evans, interviewing professor david gates

Fusion
a comparison

Fission

times greater energy output  than that 
released in chemical reactions.

times greater energy output than fis-
sion.

Fusion occurs in nature - stars, such 
as the sun experience nuclear fusion.

Fission involves splitting an atom into 
two or more smaller atoms.

Fusion involves fusing two or more at-
oms into one larger atom.

Fission does not occur in nature.

1000000 3-4

Left: Luis Aparicio-Delgado, Right: David Gates

v
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The appearance of magnetic “is-
lands” within plasma can be thought 
of as small weak spots on the surface 
of a balloon.

As a balloon expands, a small amount 
of air may begin to hiss out through 
tiny holes that appear in weak spots. 

As the expansion increases, weak 
spots may tear open, popping the 
balloon in the process. 

Problems with nuclear Fusion

To visualize this phenomenon, these is-
lands can perhaps be thought of as small 
weak spots on the surface of a balloon. As 
a balloon expands, a small amount of air 
may begin to hiss out through tiny holes 
that appear in the weak spot. But as the ex-
pansion increases, the weak spot may tear 
open, popping the balloon in the process. In 
Tokamaks, the same idea holds, except the 
mechanism of breakdown involves the flow 
of electricity, rather than air.  

Although from this analogy the island 
theory may seem rather obvious, deriving 
a relationship between the impurities, heat 
loss, and plasma breakdown was anything 
but. The first academic reference to plasma 
islands surfaced in the early 1980s, but a 
decade passed before physicists made any 
association between those islands and the 
density limit.

“The pieces required to assemble this 
theory were basically all there,” Gates ex-
plained. “There was a paper on this subject 
that was reasonably complete, but it was 
theoretical and they really didn’t under-
stand where to apply this idea. They iden-
tify these radiation driven islands, but they 
never connected the idea of the islands with 
the limit.”

In fact, Delgado-Aparicio and Gates also 

had to approach the problem tangentially. 
The two were first inspired by the observa-
tion that another related theory almost per-
fectly aligned with data from an operational 
Tokamak. Soon thereafter, in late 2011, 
Gates and Delgado-Aparicio met to discuss 
an incipient model and began manipulating 
an equation which they thought might be 
able to quantify the density limit. 

“We started scribbling things and real-
ized that it was really much simpler than 
the equation we were using. There are a 
bunch of things that make this into a simple 
relationship which you wouldn’t have antici-
pated,” Gates continued, “and it turns out 
that most of the complicated dependencies 
cancel.”

Of course, the real test of the theory will 
be whether the phenomena it predicts can 
be observed experimentally. Plans are cur-
rently in place to conduct an experiment in 
which power will be injected directly into the 
island regions. The team plans to measure 
the density and temperature of the plasma 
following power injection; if experimental 
data agree with expected values from Del-
gado-Aparicio and Gates’s equations, the 
two can be more confident that their model 
accurately reflects reality.

With the density limit explained, re-

searchers may be able to design improved 
Tokamaks that minimize the possibility of 
disruption. Such machines will remain in-
tegral in the quest for commercial fusion, 
since the self-sustaining reactions they ig-
nite remain the most viable means of gener-
ating electricity from the fusion of hydrogen 
nuclei. These new Tokamaks could succeed 
the likes of ITER -- the $20 billion reactor 
currently being built in Cadarache, France, 
by an international collaboration involving 
the United States and European Union and 
scheduled for completion in 2019.   

But perhaps more powerful than its im-
pact on fusion research, the development 
of Gates and Delgado-Aparicio’s theory is 
a testament to the vitality of the scientific 
community. Even though the initial work 
on thermonuclear islands may have had “a 
weak initial push,” as Gates says, there was 
enough information available for he and 
Delgado-Aparicio to connect the dots.

“These opportunities are still out there, 
to explain something basic that’s never 
been explained,” Gates said.

“The fact that you can integrate a bunch 
of ideas over a series of time and come up 
with something meaningful is very excit-
ing.”

physics + math
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Thinking at the 
Speed of Light: 
The Photonic 
Neuron

Using optical devices to 
mirror neural networks

by Stacey Huang, interviewing Professor Prucnal

Thinking. Even though it’s pretty much 
the fastest thing we can do, the process of 
thinking doesn’t happen instantaneously. 
This phenomenon easily demonstrated by 
the old dollar trick, in which your friend 
drops a dollar and you must catch it. You 
can put your hand as close as possible, but 
it’s impossible to catch the dollar immedi-
ately. Indeed, our thought processes and 
transmissions are limited by the speed of 
electrochemical interactions between the 
neurons in our brains, which explains the 
delay between when something is seen and 
when the hand reacts. Even computers, 
which rely on electrical signals to process 
data, are limited in the same way. But a re-
search team at Princeton University led by 
Professor of Electrical Engineering Paul 
Prucnal has now overcome that boundary. 
The research team has developed and is 
currently working on improving a new effi-
cient processing device that is based on the 
neurons in our brains—except 100 million 
times faster.

The new processing device, known as the 
“photonic neuron”, is essentially an optical 
counterpart of physiological neurons. Pho-
tonic neurons act dynamically like real neu-
rons, rather than linearly like the traditional 
processing devices used in computers. As 

they are based on our own brain cells, the 
photonic neuron can also learn and devel-
op, just as we do. In the brain, information is 
stored not in distinct locations or “storage 
spaces” as is the case with regular com-
puters, but rather in connections between 
neurons and the strength of these connec-
tions. New information coming in can either 
reinforce or weaken existing connections 
depending on the strength of the received 
signal. This principle, known as “spike-
timing-dependent plasticity” or STDP, was 
carried over to the photonic neuron. This 
means that instead of having to program 
adjustments in anticipation of future con-
straints or recalibrate the system manually 
every time to adjust to new environments or 
constraints, the photonic neurons can ad-
just themselves.

So what does a photonic neuron look 
like? Currently, it’s a big box in the research 
lab, but the researchers plan to scale it 
down and incorporate the photonic neuron 
into an optical circuit as laser diodes, which 
will be integrated on a chip about 5 microns 

wide. (To put that into perspective, an aver-
age human hair is about 100 microns wide!) 
Optical circuits, which are currently used in 
their simplest form within internet routers, 
are similar in function to their electronic 
counterparts—the main difference is that 
optical circuits are simpler. Instead of the 
many parts that comprise an electrical cir-
cuit, in an optical circuit there are only neu-
rons and the connections between neurons, 
just as in our brains.

While it is still inconceivable to obtain 
the level of the complexity of the multi-bil-
lion neuron network of the human brain for 
the time being, photonic neurons have the 
advantage of being immensely fast. While 
our neurons rely on a mix of electrical sig-
nals and chemical transmitters, the pho-
tonic neuron (as its name suggests) relies 
on light to transmit and process data. This 
means the only limit on how fast data can 
be managed is the speed of light. While the 
use of fiber-optics to transmit information 
is common in today’s society, optical pro-
cessing devices certainly aren’t—especially 

v

While our neurons rely on a mix of electrical signals and 
chemical transmitters, the photonic neuron (as its name 
suggests) relies on light to transmit and process data. 
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those that can work off the principles of 
computational neuroscience.

In fact, the research idea was first con-
ceived when the researchers noticed a 
natural correlation between neurons and 
photons. As Professor Prucnal describes 
it, “We’re not just trying to put optical 
things together in a cute way. We’re try-
ing to find a commonality so that there’s a 
natural mapping. The physics of what goes 
on in the laser is actually the same kind of 
process as what’s going on in the neuron, 
except faster.” Trying to find those com-
monalities between biological and optical 
processes, however, is one of the greatest 
challenges for the researchers. The proj-
ect relies heavily on concepts from both 
computational neuroscience and photonic 
signal processing, but it can be tricky de-
ciding what parts of each field are relevant 
and what parts aren’t. Discovering the ap-
plicable connections, and designing the 
photonic neuron accordingly, can therefore 
be immensely difficult. At the same, gradu-
ate student Alex Tait says that trying to weld 
the two fields together is the most exciting 
part of the project. “That’s the innovation,” 
he points out.

This innovative thinking is exactly what 
makes the photonic neuron effective. As 

compared with conventional processing de-
vices, the photonic neuron is not only stron-
ger and more versatile, but it can quickly 
encode vast amounts of information that 
any traditional digital system would strug-
gle with. As such, the implications of this 
research project are limitless: while the full 
scope of what the photonic neuron can do is 
not yet clear, what is clear is that we live in 
a data-dominated world of technology. That 
data needs to be processed—and when the 
task is too much for traditional computers 
to handle, the photonic neuron can step in 
to complete the job.

Radar and radio frequency communica-
tions, in which the data enters at terahertz 
rather than gigahertz speeds, is simply 
overwhelming for digital computing. There 
are a myriad of applications in which a large 
number of high-frequency signals need to 
be processed and tracked. From phone 
antennas (think retro phones) with hun-
dreds of elements that transfer thousands 
of signals to complex wireless networks in 
factories, hospitals, schools, and even de-
fense communications, the needs for data 
processing are quickly surpassing the lim-
its of what traditional computers can cope 
with. Another conceivable application of the 
photonic neuron is in high resolution sat-

ellite cameras on the gigapixel scale. The 
“learning” feature of the neurons could be 
used in image-recognition software to pro-
cess these immense images. From Google 
Maps to GPS, the need for a quick and ef-
fective processing device is growing. In a 
similar vein, photonic neurons could allow 
researchers to analyze three-dimensional 
systems—like the weather and plasmas, 
which are difficult to model using digital 
systems—with pattern recognition and con-
trol. The possibilities are simply endless.

At the moment, the largest boundary 
preventing the photonic neuron from be-
ing incorporated into existing technology 
is cost. As a relatively new and unfamiliar 
piece of technology, integrated photonics 
is still a pricey field. Yet, the need for pro-
cessing devices that can handle colossal 
amounts of data in our increasingly data-
driven world is skyrocketing, and there is 
already a place in the market for this tech-
nological advancement. Large corpora-
tions like Intel and IBM have shown inter-
est in the product, so if the photonic neuron 
can be adapted to the existing systems of 
those companies, there may be a clear road 
ahead for these promising devices. But like 
thinking, those things don’t happen instan-
taneously.

299,792,458m/s

When compared to chemical neurons found in nature, Prucnal’s photonic neuron is 
over a million times faster.

100m/s

CHEMICAL LIGHT
spEEd

CoMpArIson
neuron 

vs.
photonic neuron
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WordNet
Attempting to 

Understand Human
Communication 

by Kiran Vodrahalli, interviewing Prof Fellbaum

INTRODUCTION
This past August, Ross Donovan (‘16) 

participated in perhaps the largest proj-
ect aimed towards understanding human 
language: WordNet. After emailing several 
Princeton professors about his interest in 
linguistics, Ross found Professor Christiane 
Fellbaum willing to give him some sum-
mer work he could do from home.  Word-
Net is a database of linguistic connections, 
focused on highlighting the links of mean-
ing between words.  What Ross specifically 
worked on was pairing nouns with verbs 
that would be used with them. For instance, 
if the noun were a drug (perhaps “Tyle-
nol”), verbs that would often be linked to 
it were “taken” or “treat”. Ross found that 
the definition of the noun informed the verb 
usage; in other words, that the meaning of 
the noun was tied very closely to the verbs 
that go with it. The kind of work Ross did 
(human creation of associations) is very 
important for WordNet:  only humans can 
provide information about human usage of 
language, and by building a vast lexicon of 
associations, we can better understand how 
we communicate. 

HISTORY OF WORDNET  
 Back in the 1980s, linguists were 

more interested in symbolic linguistics as 
opposed to computational linguistics. The 
idea for WordNet in fact began as a psycho-
linguistic experiment that sought to deter-
mine how individual humans stored con-
cepts in their brains. The idea of a semantic 
network in the context of human language 
first arose in the 1960s when M. Ross Quil-
lian and Allan Collins developed the idea 
that concepts are stored categorically in a 

manner that is hardwired into the way hu-
mans learn language from an early age. 
Essentially, this means there is a hierarchy 
to the way we consider specific objects in 
our world. For instance, take the idea of a 
canary. In the semantic network, the clas-
sification “animal” might be the highest, 
followed by “bird”, and then more specifi-
cally “songbird”, until finally, the specific 
“canary” is reached. Of course, there can be 
several other associations at each tier, but 
this is the main chain. Having this concept 
in mind, Quillian and Collins performed an 
experiment they thought would justify their 
theory. What they did was they took sever-
al people and asked them a series of very 
simple questions and timed the responses 
with a stop-clock. To take the canary as an 
example again, they might have asked “Do 
animals breathe?”, followed by “Do birds 
breathe?”, and then successively “Do song-
birds breathe?” and finally “Do canaries 
breathe?”. They noticed a striking pattern—
at each deeper level of their imagined hier-
archy, the response was longer in forthcom-
ing. Of course, there was an outstanding 
flaw in their experiment: mainly, that it was 
known at the time that words and concepts 
that were used more often were more eas-
ily accessible by the brain. In other words, 
that “canary” was likely not used as often as 
the word “animal” in daily speech was likely 
a confounding variable in the study. Nev-
ertheless, it gave them confidence in their 
model of a hierarchical structure of asso-
ciations. So, the question eventually arose 
as to whether it was possible to apply this 
kind of semantic structure to a large part 
of the English lexicon. Could they actually 
build a well-connected network of associa-

tions spanning the entire English language? 
The answer, it turned out, became WordNet. 

FELLBAUM 
Professor Fellbaum has been a central 

part of WordNet’s team from its conception 
in 1985, when Princeton professor George 
Miller, one of the leaders of  the field of cog-
nitive science, decided to follow through on 
this question. Originally, the interest was 
more focused on the question of how word 
associations worked in the human mind, 
but WordNet developed in directions and 
grew to proportions that were completely 
unexpected at the start. Fellbaum said that 
she first realized how prolific WordNet had 
become at one linguistics conference in the 
early 1990s. Because the conference was 
primarily intended for more pure linguists, 
Fellbaum was a bit confused as to why she 
was invited. At the end of one talk, the pre-
senters mentioned they had used Word-
Net—Fellbaum was so surprised she asked 
“You use WordNet?!” Everyone else there 
laughed and said, “Yes, of course! We’re all 
using WordNet!”  

WordNet, primarily, is a tool for com-
putational linguistics that allows a user to 
measure semantic similarity. Understand-
ing the meaning of words is key to making 
sense of vast amounts of linguistic data, in 
other words, WordNet creates a modicum 
of human intelligence behind any program 
making use of it. The other parts of un-
derstanding language (parsing, identifying 
parts of speech, segmenting scripts (for ex-
ample, Traditional Mandarin or Devanagari 
into distinct “words”)) are all reasonably 
well done automatically by way of two ap-
proaches: symbolic, where linguistic rules 
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are applied to make sense of data, and 
statistical (this, incidentally, is Google’s ap-
proach), where a huge corpus is trawled to 
identify patterns, which are then corrected 
or reinforced with the addition of new data. 
However, these two approaches have inher-
ent flaws in that they cannot completely 
tackle the hidden links and meanings be-
hind words. For example, puns and idioms 
cannot be easily recognized by a statistical 
approach. WordNet’s approach (and, in fact, 
Professor Fellbaum’s) is to use elements of 
both the symbolic and statistical approach-
es where each is strongest. 

What WordNet does differently, then, is it 
records the ties of meaning between words 
through its unique data organization. The 
fundamental structure in WordNet is hierar-
chy: essentially everything in WordNet is un-
derstood as a subgroup of some classifica-
tion, with links to other classifications. The 
synset is the most basic conceptual group 
that uses the hierarchy built into WordNet. 
Synsets are groupings of words that all rep-
resent a unique concept. The words in the 
synsets are then tied together in various 
semantic ways. These relations are typically 
between words that are the same part of 
speech. For example, synonymy is the most 
basic relation: it is encoded by two words 
being in the same synset. Hyponymy is the 
form the hierarchical structure takes; if one 
word, “canary” is a member of a larger class 
“bird”, then a “canary” is a “bird” (which is 
in turn an “animal”, which implies that “ca-
nary” is an “animal”). Meronymy splits ob-
jects into their parts. A “wing” is a part of a 
“bird”, but it can also be a part of a “plane”.  
The verbs and adjectives have their own hi-
erarchies. Verbs are primarily organized by 

the question “to what extent?” (how fast, 
how intense, how bright, etc.) while adjec-
tives are paired in terms of their antonyms. 
“Indirect” antonyms are close synonyms 
typically. Adverbs are usually associated 
with the adjectives they are derived from. 
There are also connections between these 
various parts of speech, and that is the proj-
ect Ross was participating in this past sum-
mer (he helped tie actions (verbs) to nouns). 

FELLBAUM TODAY 
However, WordNet is an ever-evolving 

project. One problem with WordNet is being 
tackled by Amy Zhou (‘13) (who has Profes-
sor Fellbaum as her advisor) is the ambigu-
ity of glosses in WordNet. Glosses are the 
definition part of synsets. A gloss is a string 
of words that describes the synset. How-
ever, the words in this string can be quite 
ambiguous because they can belong to mul-
tiple synsets. Consider “rock” for example. 
“rock” in WordNet might be a part of a syn-
set associated with rock’n’roll, but also a 
part of a synset related to granite. This con-
fusion potentially results in errors if glosses 
are being used. Amy is attempting to solve 
this problem by tagging each word in each 
gloss with its correct synset. 

Professor Fellbaum’s research is partic-
ularly geared towards the science of under-
standing inference—in other words, how do 
people make assumptions and gather more 
information than what is said? Consider the 
sentence “It is certain John cheated on the 
exam” compared with “It is annoying John 
cheated on the exam.” Although the second 
sentence never explicitly states that John 
cheated, as the first sentence does, by in-
ference, we can tell that John cheated. This 

topic is very difficult to tackle because the 
distance between the parts of the sentence 
that allow people to make a total inference 
can be very far apart. Thus, the semantic 
understanding that WordNet encodes is 
necessary to even begin to tackle this prob-
lem.  

Professor Fellbaum also collaborates 
with people in other countries to help devel-
op WordNets for languages other than Eng-
lish.  Foreign languages are similar in that 
they have the same structure –they’re all 
networks of associations. Currently, she is 
helping figure out how to impose a WordNet 
structure on the Native American (Algon-
quian) language Cree, which is quite a dif 
ficult challenge because the part of speech 
is usually distinguished through vocal into-
nation. However, Fellbaum believes it can 
be done. She speculates that it’s possible 
a hierarchical tree structure for language 
exists within all human minds, considering 
the way children learn to associate objects 
within classes first (a child who has grown 
up in the country might mistake a dog for a 
goat).  More evidence in favor of her hypoth-
esis comes from vast surveys of  people’s 
word association graphs. A person may be 
asked to say what they think of when the 
word “dog” is said: the responses tend to 
be quite uniform, the majority will say “cat.” 
These studies, having been carried out on 
huge data sets, are fairly robust, which sug-
gests that the way humans conceive of con-
cepts is rather uniform. If it is true that all 
humans share our organization of concepts 
as a hierarchical tree, WordNet’s inherent 
structure is somewhat universal. 

 as  as 

CANARY

any of several small Old 
World finches

a female singer

someone acting as an informer 
or decoy for the police

having the color of a canary; 
of a light to moderate yellow

Adjective

Noun

Noun

Noun
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Every word has multiple 

definitions as seen here; 

each definition is its own 

entity within WordNet, 

and is grouped with its 

synonyms in a ‘synset.’

Synsets are linked 

to other synsets by 

heirarchy and other 

relationships
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THE FUTURE 
Professor Fellbaum believes she will 

stick to the field of computational linguistics 
for the rest of her life because it contains 
some of the most deep and sophisticated 
problems yet to be solved in the area of un-
derstanding humans.

When asked about speech understand-
ing, she said there’s a huge increase in diffi-
culty of analysis because there are so many 
more variables involved, including tone and 
particularly variations in speech patterns. 

Regarding artificial intelligence, Profes-
sor Fellbaum believes real intelligent pro-
grams that can truly pass the Turing Test 
(for example, being able to answer the ques-
tion “Which is larger, the small elephant or 
the big mouse?”) will take a long time and a 
lot of work to arrive. 

CONCLUSION 
Professor Fellbaum’s passion has been 

and continues to be understanding how 
people use language. Today, WordNet has 
moved beyond its psycho-linguistics roots 
and has become a ubiquitous and powerful 
tool in computational linguistics to answer 
this question. The distribution between the 
statistical and symbolic approaches is a lot 
more balanced these days than it was in 
the 1980s in large part due to the success 
the WordNet approach has experienced. 
The number of papers that cite WordNet 
has leaped near uncountable. Though the 
WordNet’s website used to maintain a list of 
all the papers that cite WordNet, recently, it 
has become unfeasible because of the al-
most exponential growth of the citations. 
The broadness of WordNet’s applications  
has also only increased over time. Today, 

WordNet has also branched out beyond 
solely linguistic analysis. It is used for ap-
plications including natural language pro-
cessing, textual analysis, and artificial intel-
ligence programs (in particular, many of the 
most promising challengers to the Turing 
test make use of WordNet). In fact, Profes-
sor Fellbaum has collaborated with the cre-
ators of Watson, the famous Jeopardy robot, 
which also uses WordNet to answer some of 
the most difficult Jeopardy questions.  How-
ever, our knowledge increases only little by 
little over the years because this is such a 
complex problem. But as computational 
power increases, and as the corpus of data 
increases, our comprehension of the most 
formidable tool in the human ability to com-
municate well, language, will only get better 
and better.

CANARY FiNCH OSSiNE PASSERiNE BIRD VERTEbRATE CHORdATE

iNCREASiNg SPECiFiCiTy
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Nouns and verbs 
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hierarchies, by 

relationships such as 

hypernyms (‘is a’) 
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Magic Bullet Fluorine
by lucas Ho interviewing Professor John groves 

Imagine if there were a company that 
developed a drug capable of killing all the 
cancer cells in a patient’s body, the catch 
being that it has a chance of causing acute 
organ failure once the liver breaks it down. 
Because of these side effects, the drug fails 
clinical trials and never makes it to market 
– an unfortunate fate of many promising 
drugs. Luckily, Princeton University chem-
istry professor John Groves’ new research 
has come up with a way to prevent this un-
fortunate event. His research has shown 
that replacing carbon-hydrogen bonds in 
drugs with carbon-fluorine bonds can im-
prove their efficacy by reducing the drugs’ 
side effects. It does so through a sophisti-
cated mechanism. The liver is responsible 
for breaking down drugs, as a few college 
students are painfully familiar with. What 
fewer people are aware of is that the break-
down of drugs can frequently create inter-
mediates, known as metabolites, which 
can be harmful to the body such as those 
formed during the break down of alcohol. 
However, not all metabolites are injuri-
ous. For instance, alcohol’s harmful me-
tabolite decomposes into vinegar, which is 
completely benign. In fact, some metabo-
lites are beneficial. For instance, consider 
Plavix, a heart drug that is actually itself 
inert but becomes a metabolite that inhibits 
blood clots.

Now consider another drug, ibuprofen, 
an anti-inflammatory drug and pain reliever 
that oral surgeons often recommend to pa-
tients after wisdom tooth extraction. Unlike 
Plavix, however, it breaks down in to toxic 
metabolites and can thus cause liver and 
kidney damage as side effects. Professor 
Groves’ lab has created a synthetic enzyme 
that performs the fluoridation described 

previously, which can potentially make ibu-
profen less prone to breakdown and de-
crease the probability of its adverse effects. 
According to Professor Groves, this hap-
pens because carbon-fluorine bonds are 
even stronger than the carbon-hydrogen 
bonds that permeate most drugs, including 
ibuprofen. This is caused by a greater dif-
ference in the electronegativity (the ability 
of an element to hold on to electrons) be-
tween carbon and fluorine than between 
carbon and hydrogen. This means that 
fluorine holds on to some of carbon’s elec-
trons, which gives the two elements oppo-
site charges, increasing their attraction and 
bond strength. This is why fluorocarbons, 
or chemicals comprised exclusively of C-F 
bonds, are some of the most chemically 
stable in all of nature. Other than electro-
negativity, fluorine’s atomic radius (the size 
of an atom) makes it an ideal substitute 
for hydrogen. Since fluorine is only slightly 
larger than hydrogen, the structural change 
that fluoridation causes will not be very sig-
nificant; as a result, fluoridation often will 
not alter the drugs’ effects. This is in stark 
contrast to the past, when methyl and phe-
nyl were used to replace hydrogen. Those 
substitutions are much larger, so they alter 
the structure of the drug more and, thereby, 
changing the effects of the drug.

As mentioned previously, Professor 
Groves’ research can be used to help drug 
companies pass FDA clinical tests, which 
are known to be time-consuming and cost-
ly. In fact, they are often the bottleneck of 
the pharmaceutical industry. According to 
Professor Groves some otherwise perfect 
drugs don’t get approved because they 
form toxic metabolites. Based on Professor 
Grove’s research, if the C-H bonds in those 

failed drugs are replaced with the stronger 
C-F bonds they will have less of a metabolic 
burden (the same method previously men-
tioned) and those drugs will have a higher 
chance of reaching that coveted finish line. 
From these applications, it can be seen that 
Professor Grove’s lab has the potential to 
save many lives.

In fact, Professor Groves is already 
thinking about the next steps to take. After 
all, research is an endless endeavor that 
keeps on building on itself. His group’s new 
synthetic enzyme works only on C-H bonds 
in substances with a tetrahedral molecular 
geometry (one atom at the center with four 
atoms located at the corners of a tetrahe-
dron). There are many different molecular 
geometries, and not all drugs have tetra-
hedral geometries. A notable example is 
paracetamol, better known as Tylenol. De-
spite its efficacy, it has a harmful metabo-
lite, a quinone, that can cause liver failure. 
In fact, this quinone is why Tylenol overdose 
causes more calls to poison control centers 
than overdose of any other pharmacologi-
cal substance. If fluoridation could be per-
formed on Tylenol as well, these overdoses 
could be prevented and many patients’ lives 
could be saved. 

A drawing of Groves’ synthetic 
enzyme.

Metabolic 
Pathways of 
Ibuprofen

Metabolism after fluoridation, using 
Prof Groves’ synthetic enzyme

No metabolites because 
of the strength of Carbon 
Fluoride bond

Metabolite formation, 
potentially harmful 
resultsNormal metabolism in the liver
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How can infants, within hours of be-
ing born, recognize a human face?  After 
all, prior to birth, they had never before 
seen any human face, much less their own. 
Professor Ghazanfar and his colleagues in 
the Primate Neuroethology Laboratory at 
Princeton University have proposed a novel 
hypothesis to this enigma: that the circuits 
in the fetal brain involved in oral and facial 
movements, or somatosensory movements, 
generate a ‘map’ based on self-generated 
movements that fetuses are known to pro-
duce in utero. The topography of this map is 
then conserved in order to maximize energy 
efficiency in neural pathways, and thus pro-
jected in the visual cortex. The implication 
of this hypothesis is that a baby’s immedi-

ate recognition of a human face is linked to 
its own oral and facial movements made 
during development.

 This facial recognition hypothesis is tied 
to the lab’s research into the in utero devel-
opment of marmoset monkeys, influenced 
by prior research on the Macaque monkey 
lip smack and the marmoset turn-taking 
communication behavior. The Macaque lip 
smack, a friendly exchange between mon-
keys, is a great source of comparison be-
tween species as it requires eye contact 
and has an exchange-like structure that 
approximates conversation. 

Human conversation has a stereotypic 
rhythm – across languages and cultures, it 
has a rhythm falling between 3 and 8 hertz, 

and for years speculation existed about 
whether speech from an ancestral primate 
would share this same rhythm. Ghazan-
far’s lab was the first to examine this long-
standing query. Observation and analysis of 
recorded lip smacks led to the conclusion 
that the lip smack falls within the same 3 
to 8 frequency range as human communi-
cation. Not only does the adult lip smack 
fall within the same range as humans, but 
also, as Professor Ghazanfar explains, “the 
rhythmicity of lip smacks across develop-
ment followed the exact same trajectory as 
in humans.”  

This trajectory is one we are all famil-
iar with – babbling toddlers have a high 
variability of sounds and frequencies, and 

Lip-Smacking macaqueS and in utero marmoSetS: 
inSigHtS into deveLopment 

Julia metzger interviewing professor ghazanfar
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speak at quite a slow speed, and growing 
up corresponds to gradual reductions in 
this variability and increased control and 
speed. Macaque monkeys, Ghazanfar’s lab 
showed, share this same pattern: younger 
monkeys have the same highly variable, 
low speed lip smacks that gradually change 
into a low variability, high speed communi-
cation mechanism. Furthermore, Ghaza-
nfar’s lab measured extremes of the hertz 
scale to determine if monkeys exhibit the 
same drop in intelligibility that humans do 
outside the 3 to 8 range. When faced with 
two videos of computer-generated avatars 
simulating monkey lip-smacks, Macaque 
monkeys preferentially looked toward the 
6 hertz lip-smacks, the natural range for 
smacking, rather than either the 3 hertz or 
10 hertz frequencies.

Building on these strong connections 
discerned between lip-smacks and human 
communication, Ghazanfar’s lab began ex-
amining the communication of another spe-
cies, the marmoset.  The marmoset is an 
arboreal primate species that has a specific 
call used to indicate location. More than just 
indicate location, however, this call also ex-
hibits a sophisticated form of communica-
tion called turn-taking.

There is a phase-relationship between 
the two calling monkeys, a dynamic inter-
face similar to that which occurs between 
humans: when one speaker in a conver-
sation, for example, increases speed, the 
other responds to this change, usually in 
following the new behavior. Ghazanfar’s 
lab developed a computational model to 
simulate the phenomenon involved in this 
turn-taking behavior by mimicking the neu-
ral components involved. To explore the 
process of communication development, 
he weakened this model to predict commu-
nication in early life, and the observed be-
havior in juvenile marmosets “totally sup-
port the predictions of the model.” When 
marmosets are young and still developing, 
the connection between the nodes is weak 

and their responses to calls just basic in-
dications of location, but there is a turning 
point of transition where turn-taking begins 
to occur. 

Ghazanfar’s lab is now beginning to ex-
plore factors that can possibly influence the 
acquisition of these vocalizations and the 
marmoset’s process of learning these turn-
taking skills.  Specifically, his lab is study-
ing ultrasound videos of marmosets in ute-
ro, and has discovered a specific movement 
of the lips toward the end of gestation that 
approximates the movement a marmoset 
makes to produce a call. Ghazanfar’s lab 
predicts that this oral and facial movement 
has a direct impact on communication de-
velopment, with results of both positive and 

negative amplification sequences. 
The more a marmoset moves her lips in 

utero, for example, the more vocal she will 
become when born and the more opportu-
nities for improvement she will encounter, 
thus developing communication ability and 
turn-taking more quickly. Equipped with the 
ability to track the marmoset from birth to 
adulthood, this lab’s research will explore 
the impact of oral and facial movement on 
the development of communication in the 
marmoset, the results of which will hope-
fully shed light on the influence of a human 
fetus’ in utero movements – on both its rec-
ognition of the human face, as Ghazanfar’s 
lab has hypothesized, and on communica-
tion development.

Lip-smacking of Macaques as recorded by Professor Ghazanfar 
and his collegues show the same pattern as human speech.

The graphs below trace the movement of the 
macaques’ lip, tongue, and hyoid.

Key Upper and lower lip markers

Upper tongue marker

Lower hyoid marker
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Imagine living in a world several kilo-
meters beneath the ground, with scorching 
temperatures of 120°C, a crushing pressure 
of 500 atmospheres, and no oxygen or light. 
The environment is extremely alkaline, and 
the water is up to three times as saline as 
seawater.  Microbial organisms have lived 
here undisturbed for eons, oblivious to the 
change of time and the rise and fall of the 
ages.  Where did they come from?  And how 
do they do it?

Professor Tullis Onstott of the Geosci-
ences Department has dedicated the last 
30 years to answering these monumental 
questions on subterranean life.  His 2011 
co-discovery of the nematode qw the deep-
est multicellular organism known to man-
kind, has opened the door to new possibili-
ties in the realm of extreme life on earth 
and even life on other planets.  He, along 
with his colleague Gaetan Borgonie of the 
University of Ghent in Belgium, were able to 
demonstrate conclusively that these half-
millimeter-long worms do indeed dwell 
in the depths at which they were found 
and are biologically different from surface 
nematodes.  Onstott’s current work in geo-
microbiology has multiple implications for 
fields ranging from climate change to the 
origins of life.  However, his research inter-
ests were not this complex from the start; 
in fact, it was the much simpler bacterium 
that launched him on his quest for discov-
ering increasingly complex creatures in the 
most unexpected places. 

Professor Onstott’s journey to the middle 
of the earth started in the 1980s, when he 
became involved in the U.S. Department of 
Energy’s mission to clean up the radioactive 
water contamination the laboratories had 
generated during the Cold War.  Research-
ers had already proposed the idea of using 
bacteria for bioremediation, but when On-
stott’s team drilled wells into the ground-
water sites to implant them, they found that 
bacteria were already there.  “That was a 
new discovery,” says Onstott, “because at 
the time, in the ’80s, the general consensus 
among biologists was that life ended below 

the soil zone, that everything was fed by 
sunlight.  But they were wrong!”  The team 
published their findings in the early ’90s, 
and other geologic fields in turn began to 
search for extreme forms of life.  “So very 
quickly the field recognized that it wasn’t 
these crazy people from DOE who didn’t 
know what they were talking about, that in 
fact, there is a deep subsurface biosphere 
that exists on our planet with an aggre-
gated living biomass that is comparable to 
that that exists on the surface of our planet.  
And that’s what really got me hooked.  We 
can go to Mars and see nothing on the sur-
face, but the aggregate matter beneath the 
surface of Mars could be quite large…sub-
stantial!  But how would you ever detect it?”

On Earth, Onstott explains, it is very diffi-
cult and expensive to obtain clean samples 
by drilling, and the sample contamina-
tion risk is high due to the circulating air 
needed to cool the temperature and remove 
toxic gases from the mines.  In addition, wa-
ter may leak from higher mining levels and 
introduce organisms foreign to the deeper 
levels.  His team ventured four kilometers 
down into South Africa’s mines, which are 
the deepest in the world, and filtered the 
water to obtain data on the organisms’ 
origins and mechanisms of life.  The geo-
chemistry of the water and the geological 
structure of the mine were examined to 
prove that the organisms found were not a 
result of mixed samples from drilling.  In 
microbes Onstott has discovered, the low 
levels of radioactive carbon-14, which is 
produced only in the atmosphere, suggest 
that they had not been in contact with air for 
thousands of years.

Getting beneath the surface of another 
planet is an even greater challenge since 
drilling is not yet an option, but scientists 
have developed a method to detect poten-
tial extraterrestrial life using “atmospheric 
biomarkers” such as oxygen and methane, 
which may indicate the presence of biologi-
cal activity.  According to Onstott, “Subsur-
face life often generates gases, methane 
gas.  Most of our natural gases are actu-

ally made by subsurface bacteria.  If that 
gas leaks from the depths up into the at-
mosphere, it could represent a signal of 
life.  Of course there are volcanoes that also 
produce methane, but on our planet, ninety 
percent of the methane in our atmosphere 
came from the bacteria beneath the surface 
or close to the surface.” Methane is not pro-
duced in the atmosphere of Mars, and UV 
radiation destroys methane and renders it 
unstable.  In addition, the atmosphere is 
constantly oxidizing methane into carbon 
dioxide, so the present methane cannot be 
lingering in the air from millions of years 
ago.  However, scientists have measured 
that 200-300 tons of methane gas are pro-
duced each year on Mars.  Therefore, some-
thing must be pumping it in the air—either 
living things or geological activity.  NASA’s 
recently-launched Curiosity rover is “sniff-
ing” the Martian air to determine whether 
methane is being biologically, and not in-
organically, created on Mars by looking at 
concentrations and isotopic compositions 
of the gas—“a signature for determining 
whether it’s produced by life.”

The next question follows:  given that the 
microorganisms have been down there for 
so long, how do they sustain themselves 
without running out of energy?  A central 
argument against the existence of subter-
ranean life focuses on the concept of entro-
pic death, which occurs when organisms’ 
buildup of waste products leads to a termi-
nation of thermodynamic drive in energy, 
similar to the way positive and negative 
charges in a battery build up on the respec-
tive terminals and electrons can no longer 
be transferred in the depleted battery.  

However, when Onstott’s team went into 
the mines, they found organisms living in 
water dating back to hundreds of millions of 
years ago, and attributed their unique sub-
sistence to ambient radiation in rocks.  This 
ionizing radiation dissociates water into hy-
drogen gas and hydrogen peroxide, and the 
hydrogen peroxide interacts with the rock 
to form oxidized sulfate, which is an energy 
source for the bacteria.  The reactions don’t 

gina Sun interviewing professor tullis onstott, Department of Geosciences

aLienS from middLe eartH
extreme Life on our pLanet and Beyond
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stop there; the bacteria use hydrogen and 
sulfate to generate sulfide, and the sulfide 
combines with hydrogen from the initial 
splitting step to oxidize sulfide to sulfate, 
recharging the entire system.  “That pro-
cess can take place for billions of years,” 
says Onstott, “which means that for any 
solar system where we’ve got water and 
rocks, we’ve got energy.”

It is precisely these bacteria that allow 
the multicellular Halicephalobus mephisto 
to survive.  The tiny amount of oxygen pres-
ent below the surface may explain how the 
nematodes live down there, as they have 
adapted to extremely low levels of oxygen.  
Another source of sustenance may include 
the bacteria present on rock surfaces that 
are available for consumption by the tiny 
worms.  Similar to the tubeworms living in 
hydrothermal vents we are more familiar 
with, these and many other bizarre multi-
cellular organisms have a way to metabo-
lize organic matter without using the oxy-
gen-consuming Krebs cycle.  The genome 
of the nematodes is being sequenced here 
at Princeton to see what genetic differences 
allow them to exist in such extreme condi-
tions.  If they reproduce, are they different 
from their ancestors?  Are there evolution-
ary forces at work?  If so, how could these 
genetic adaptations give rise to life on other 
planets?

“There’s still a lot more interesting work 
to be done out there, in terms of extreme 
life here on our planet, that can inform us 
of the possibility of life out there in the solar 
system.”  Professor Onstott smiles, “Within 
my lifetime we’ve moved from speculating 
what might exist on Mars to the stage of 
detecting life of Mars.  Within the next ten 
years easily, we’ll be able to tell whether life 
exists on the surface or beneath Mars.”

“Halicephalobus             
mephisto,    

              the deepest multicelluar   
   organism known to mankind, 
     has opened the door to new 
          possibilities in the realm of 
                           extraterrestrial life.” 

extraterrstrial life
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Flow chart: how bacteria get their 
energy from water and rocks.

Several kilometers below surface...
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From Stem Cells to nucleoli:

by Alex Schindele
interviewing Professor Clifford Brangwynne

A typical cell undergoes growth, trans-
formation and decay in a way guided by the 
genetic handbook in its DNA. Most cells in 
the human body remain static, only able 
to perform the function assigned to them. 
However, stem cells, which have been the 
center of much controversy, have the amaz-
ing property of maintaining their plastic 
state, the ability to turn into any other type 
of cell.

This ability is crucial to every organism, 
since it allows an organism to produce an 
offspring with nothing more than just a 
single cell that can divide and is capable of 
becoming any other type of cells present 
in the adult organism. Princeton Univer-
sity researchers and others have dedicated 
themselves to understanding what causes 
some cells to remain in their plastic state 
and others to go down a specific path.

Divide and propagate
So what causes some cells to be able 

to differentiate into any other type of cell? 
Professor Clifford Brangwynne, a Chemi-
cal and Biological Engineering researcher, 
and other researchers suspect RNA-pro-
tein granules to be one of the causes. The 

RNA-protein granules inside the cell are 
made up of a strange solid-liquid phase of 
the material filling the inside of the cell. 
These granules guide the self-assembly 
and growth of the target cell, but they also 
excite researchers because they seem to 
grant cells the ability to be stem cells, or 
totipotent.

A typical cell, as it grows, goes down a 
path where it divides and differentiates, but 
it cannot turn back into its original state. 
The cell’s life cycle can be described using 
the analogy of a ball on a hill – a light push 
in the original state of the cell causes it to 
go down the hill towards a certain path of 
growth. However, the ball cannot roll back 
up the hill, much like the cell cannot return 
to its original state of plasticity.  

Research regarding why the cell goes 
down a particular state and cannot return 
buzzes with potential. The germ granules 
Brangwynne’s lab has been working on are 
seen as an “immortal elixir” as they set 
aside cells that do not differentiate. Brang-
wynne theorizes that this occurs because 
these germ granules are “sequestering 
RNA and proteins so that the cell is kept 
in a totipotent state.” The germ granules 

thus have a role in preventing certain RNA 
or proteins from forming, which would oth-
erwise lead to the cell differentiating, to al-
low the cell to retain the ability to separate 
and produce all types of cells in a certain 
organism.

The cell’s control center
Another facet of Professor Brangwyn-

ne’s research involves understanding the 
physical properties of specific cell com-
ponents that self-assemble. Unlike most 
of the complex organelles that students 
learn in biology, Brangwynne investigates 
non-membrane-bound components such 
as germ granules and the cytoskeleton that 
gives a cell structure and order. The main 
focus in this field of Brangwynne’s research 
centers itself on the nucleoli, the small par-
ticles in the nucleus which produce ribo-
somes, which in turn produce the proteins 
which are based on the DNA’s instructions. 
Because of their indirect role as producers 
of proteins, activity in the nucleolus indi-
cates cell growth, such as in the frog eggs 
the lab experimented on.

The behavior of the nucleoli inside the 
nucleus drew the interest of some of the re-

Engineering Cells on a Microscopic Scale
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searchers in the Chemical Engineering lab. 
A number of nucleoli are scattered through-
out the inside of the nucleus, like droplets 
of oil in a bowl of water. However, unlike 
oil, the nucleoli remain apart and do not 
fuse together. This is crucial to the proper 
functioning of the cell because the proper 
functioning of the cell determines the size 
and scatter of the nucleoli. If these nucleoli 
were to fuse, severe consequences could be 
in store for the cell in question – after all, 
the size of the cell and its components are 
determined by the ratio of surface area to 
volume. The nucleoli might not operate, as 
it should, if at all.

While researching the internal mecha-
nisms of frog eggs, Brangwynne’s lab dis-
covered a stunning fact about nucleoli – the 
nucleoli are held in place by a network of 
protein fibers called actin filaments. Actin 
was previously well-known as a muscle fi-
ber, as well as a crucial component of the 
cytoskeleton which gives a cell its struc-
ture. However, to see actin in the nucleus 
of all places surprised the researchers in 
Brangwynne’s lab. 

Delving into the behavior of the nucleoli 
and other subcellular components required 

a solid understanding of soft matter phys-
ics. Soft matter physics, a subfield of a 
rapidly advancing area of study called con-
densed matter physics, focuses on materi-
als which are sensitive to small perturba-
tions like electric and magnetic fields that 
can affect the material.  Think of a blob of 
shaving cream – it’s composed mainly of 
liquid and air, yet it sits still on a surface as 
if it were a solid. The physics of soft matter 
– materials that are tangibly “soft” – both 
confuse and excite scientists on the van-
guard of engineering research.  Some com-
mon examples of these materials are gels, 
emulsions and foams. Investigating these 
macroscopic materials gives a hint as to 
how tiny cell suspensions act and helps an-
swer questions about why certain material 
properties arise from the structure of cell 
components.

The future of bioengineering
The advances made regarding the nucle-

olus, too, arouses the interest of the scien-
tific community because of its implications 
for cell growth and its role in cancer. Recent 
advances have allowed pathologists to de-
termine the existence of cancers in patients 

through remarkable ways. One method that 
holds potential is observing the behavior 
of the nucleolus to determine the state of 
cancer in patients. Because cancer cells 
divide and reproduce uncontrollably, they 
require a large number of ribosomes and, 
as a result, nucleoli, to meet this demand 
for proteins.

Furthermore, a connection is emerging 
between the previously mentioned subcel-
lular components and neurodegenerative 
diseases. RNA and protein granules scat-
tered around the cell, instead of staying 
apart in the highly organized structure of 
the cell, start to clump together and form 
large aggregates or plaques in the brain. 
Brangwynne hopes that in the future it will 
be possible to prevent these plaques from 
forming, potentially even “melting away” 
neurodegenerative plaques that have 
formed. Brangwynne’s advances in bioengi-
neering and their subsequent influences on 
medicine could potentially treat illnesses 
like Alzheimer’s disease and cancer with 
better effectiveness.



24 inno ation

Thinking, learning, and planning are 
some of the complex operations that have 
continually perplexed scientists as they 
try to understand the human brain. Unlike 
many neuroscientists, who study individual 
neurons and pathways in the brain, Dr. Mat-
thew Botvinick, with his lab at Princeton 
University, has taken a broader view, con-
necting our brain to our actions in an inter-
disciplinary combination of neuroscience, 
psychology, and sociology. Botvinick has 
come up with some fascinating theories in 
his models of decision-making and human 
behavior that incorporate computer science 
and machine learning.

The behavior Botvinick currently studies 
is goal directed behavior, more commonly 
known as “planning.” Goal directed behav-
ior is defined contrary to habitually rein-
forced actions. An example of a habitual ac-
tion would be a mouse that gets food every 
time it presses a lever. 

Due to the reward associated with press-
ing the lever, the mouse presses the lever 
and this action becomes reinforced in the 
mouse’s brain. As a result of this reinforce-
ment, the action of pressing the lever be-
comes a default behavior for the mouse. On 
the other hand, goal directed behavior, or 
“planning,” is not based on past experience, 
but on future expectations. In this same 
example, the mouse would have exhibited 
goal-directed behavior if it could have un-
derstood the mechanics of the lever (ie. how 
it released food) and pressed it because it 
expected to get food. 

For this reason, goal directed behavior is 
often called model-based behavior since it 
requires having a model of how the world 
works, or an understanding of how one ac-
tion causes a particular result.

Botvinick’s recent work has been to cre-
ate computational models for goal directed 
behavior. The most simplistic view is that 
we explore every option we have and choose 
the one with the best possible outcome. 
This is the traditional view, which Botvinick 
calls “thinking forward.” However, Botvinick 
has greatly changed the traditional under-
standing by introducing a new view: think-
ing backwards. Instead of exploring the 
options we have, the model he is studying 

and pursuing involves expecting an optimal 
outcome and finding the possible paths to 
reach it. For example, instead of considering 
one’s immediate options for tonight (walk to 
Nassau, stay in one’s dorm, go to the Street, 
walk to the dining hall, etc.), one could sim-
ply decide that they want to eat good food. 
Using that knowledge, one would then 

consider the various places that serve the 
best food and decide where to walk based 
on that. Botvinick believes that humans can 
think both forwards and backwards whether 
we are consciously aware of it or not.

For humans, however, there is another 
caveat to making decisions and solving 
problems: capacity limitations. In other 

Modeling Decision-Making and Planning
By Abrar Choudhury
With Professor Matthew Botvinick
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words, humans cannot store and consider 
every possibility in the same way a com-
puter can. Botvinick hypothesizes that our 
capacity is limited and relatively uniform, 
but our representations of various possi-
bilities can be made compact. This explains, 
for instance, why a chess grandmaster 
can appear to think several moves ahead, 
while a novice appears to have more diffi-
culty considering all the possibilities in just 
one move. A chess grandmaster who looks 
at the board does not memorize the posi-
tion of every piece, but simply remembers 
the positions of important pieces in relation 
to one another. His representation is more 
compact than that of a layperson’s. Thus, he 
uses the same memory capacity in a more 
efficient manner. 

These representations are referred to 
as “subtasks” because they are usually in-
termediary steps towards a larger goal. For 
instance, a compact representation or sub-

task one might have is “walking to the din-
ing hall.” In our brains, we do not break it up 
into the individual actions of opening a door, 
walking outside, turning left, etc. Instead, 
we think of it as a whole, which is a much 
more efficient use of our memory. As a re-
sult, having subtasks can allow us to break 
down and solve problems quickly, but we 
have to have the correct subtasks, or else 
they will hinder us tremendously or prevent 
us from finding more optimal solutions.

Nonetheless, Botvinick has found that 
our brains are incredibly efficient at dis-
covering optimal subtasks through finding 
“bottlenecks.” For instance, when we pump 

gas, we can either put in our credit card, or 
take the cap off the gas tank. The order does 
not matter. However, the next action, putting 
the pump in the car is the bottleneck, since 
both the other actions have to occur before 
it does. Using this bottleneck, the brain can 
group the tasks preceding it together into a 
subtask. In fact, through fMRI scans, Bot-
vinick has found that representations of 
similar items reside spatially closer to one 
another in our brain, reinforcing the idea of 
grouping. Furthermore, this ties back into 
the idea of planning because our ability to 
see that two separate actions can lead to 
the same eventual result allows us to come 
up with better and more efficient predictive 
models when we think both forward and 
backward.

The brain is one of the least understood 
parts of the human body, and our under-
standing of it seems to change every day. 
Its complexity has made modeling human 
behavior impossible if we simply try to rep-
licate the brain neuron for neuron. As a 
result, scientists try to model behavior on 
a macro scale from a sociological point of 
view. Botvinick’s interdisciplinary work re-
defines some of the assumptions scientists 
made about how humans think and lays 
the groundwork for developing fascinating 
new models of human behavior. Hopefully, 
understanding how we make decisions will 
help us make better decisions. Further-
more, as the fields of artificial intelligence 
and machine learning grow, these predictive 
decision making models will no doubt play 
a vital role.
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by Kevin Zhang

It is common knowledge that emissions 
of greenhouse gases (GHGs) and reactive air 
pollutants have numerous deleterious effects. 
Research about the link between greenhouse 
gas emissions and climate change is reported 
almost daily in the news, and research re-
ports describing increased incidence of car-
diorespiratory diseases. Premature mortality 
resulting from exposure to air pollution has 
led to regulations to limit their concentrations 
in the atmosphere. Information about air pol-
lution can be found literally everywhere, from 
the classroom to highway road signs to the 
weather report. Although much is known 
about the harmful effects of air pollution and 
climate change, scientists and public policy 
makers still struggle to determine the most 
desirable ways to reduce these effects. Us-
ing various scientific techniques, however, 
Denise L. Mauzerall, Professor of Environ-
mental Engineering and International Affairs, 
helps shape policy that improves air quality 
and reduces climate warming.

Although many people associate the re-
lease of all air pollutants with global warm-
ing, Mauzerall states that this is a miscon-
ception. Global temperature is determined 
by the net amount of energy that the earth 
receives from the sun. While the earth is 
absorbing much of this energy, it is also los-
ing a substantial amount back into space. If 
there is a difference in the amount of energy 
being absorbed and the amount being lost, 
some global warming or cooling will occur. 
This difference is measured as radiative forc-
ing, and can be caused by many chemicals. 
For example, carbon dioxide and methane, 
two molecules responsible for global warm-
ing, have positive radiative forcing, conse-
quently driving the temperature of the planet 
upwards. However, fine white particles like 
sulfate, which is formed from sulfur emitted 
largely from coal combustion, have negative 
radiative forcing and actually slow the rate of 
climate warming by reflecting energy back to 
space. Removing this latter group of air pol-
lutants from the atmosphere, while benefiting 
human health, will likely increase the Earth’s 
temperature.

To maximize the advantages that policy 
changes would have on air pollution, Mauzer-
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all focuses on air pollutants that have posi-
tive radiative forcing. Namely, she has been 
working with black carbon (soot), meth-
ane, and tropospheric ozone. Reducing the 
quantity of these air pollutants in the atmo-
sphere has co-benefits for public health, 
agriculture, and climate. She has worked to 
determine the magnitude of black carbon’s 
radiative forcing more accurately, evaluated 
the effects of ozone on agricultural yields, 
and studied the benefits of reducing meth-
ane emissions. In one of her past projects, 
she evaluated the impacts that air pollu-
tion had on public health in China, and as-
sessed the benefits that could be realized 
through the implementation of best avail-
able emission control technology (BACT) 
and advanced coal gasification technologies 
(ACGT).

Because air pollutants can travel far 
from their source, often thousands of miles 
away, Mauzerall also analyzes the transport 
of air pollutants using atmospheric models 
of regional and global air pollution, as well 
as coupled chemistry-climate models. In 
particular, she analyzes air pollution in Chi-
na, the largest rapidly developing country, 
and in the United States, the largest devel-

oped country, because of the quantity of air 
pollutants they emit. As a result of global 
weather patterns, the pollutants emitted 
from one country may travel across conti-
nents and oceans and affect human health 
and climate far from their source.

     To investigate the transport of air pol-
lutants from area to area, the computer 
models that Mauzerall uses divide the at-
mosphere into “cubes” that extend from the 
ground into the stratosphere. Inside these 
“cubes,” the computer analyzes chemical 
emissions, chemical reactions, wind pat-
terns, and solar radiation, among other fac-

tors. Transport of chemicals from one cube 
to the next can be analyzed mathematically, 
and deposition of the atmospheric chemi-
cals back onto the ground can be modeled. 
These models allow Mauzerall to predict 
the effects of air pollution on health, ag-
riculture, and climate. Through one of her 
projects, she developed the global chemi-
cal transport Model of Ozone and Related 
Tracers, version 2 (MOZART-2), which has 
allowed her to study the various processes 
that occur during the transport of air pollu-
tion across wide areas.

  Before coming to work at Princeton, 
Mauzerall worked for the EPA and was in-
strumental in the implementation of the 
Montreal Protocol, an international treaty 
designed to protect stratospheric ozone, a 
molecule that absorbs much of the ultra-
violet radiation from the sun. The Montreal 
Protocol is considered the most successful 
environmental treaty in the world. It has 
succeeded in phasing out production of 
most ozone depleting substances, includ-
ing chlorofluorocarbons (CFC) commer-
cially known as “Freons.” Because CFCs 
are strong greenhouse gases, effectively 
absorbing infrared radiation, Mauzerall ex-
plains that the Montreal Protocol’s phase-
out of their production has had the largest 
benefit of anything the world has done to 
reduce climate warming so far. Shortly af-
ter graduating from college while working 

for an environmental consulting firm ad-
vising the U.S. Environmental Protection 
Agency, she had the elegant idea to clean 
machines that were being used in the man-
ufacturing of electronics simply with soap 
and water, instead of with CFCs. This idea 
was later applied to electronics manufac-
ture and became part of the US ability to 
meet President George H. W. Bush’s re-
quirement that the U.S. would phase out 
production of CFCs “given alternatives ex-
ist.”

  In the future, Mauzerall’s group hopes 
to determine the origin of the black car-
bon that reaches the Himalayas and the 
Arctic regions of Asia, as the presence of 
black carbon in these regions can raise the 
temperature locally and endanger the gla-
ciers. She will also work to compare cur-
rent losses of agriculture crop yields due 
to surface ozone exposure with the losses 
that are predicted in the future due to cli-
mate change, and identify strategies that 
will reduce surface ozone. Recently, she 
has led graduate workshops in the Wood-
row Wilson School that have helped identify 
fast action mitigation strategies to reduce 
radiative forcing that can be implemented 
using current regulatory authorities. With 
her research, policy makers will be better 
equipped with information that allows them 
to maximize the efficacy of air pollution 
policies.
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