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By Geoffrey West, President

Bold Irreverence 
Meets Humble 
Respect

The Santa Fe Institute has been very much 
in the news this year. The latest is a recent feature 
article in Fortune magazine highlighting SFI Board of 
Trustees Chairman Bill Miller in which he generously 
credits the Institute for some of his most important 
business insights. Earlier, in October, Wired magazine 
boldly stated that “Since its founding in 1984, the 
nonprofit research center (SFI) has united top minds 
from diverse fields to study cellular biology, computer 
networks, and other systems that underlie our lives. 
The patterns they’ve discovered have illuminated some 
of the most pressing issues of our time and, along the 
way, served as the basis for what’s now called the science 
of complexity.” Incidentally, this praise appeared in an 
article featuring our distinguished “writer-in-residence” 
Cormac McCarthy!  

The observation echoes a remark by the well-known 
science-writer Philip Ball (a past editor of Nature), 
who wrote in his 2004 book Critical Mass that SFI 
is “…the center of the intellectual universe for any 
researcher interested in complex interacting systems, 
whether in physics, biology, geophysics, social science, 
or anything else.” Indeed, our research and, in particular, 
our leadership in transdisciplinary science, is featured 
in many recent books, several by SFI authors. Notable 
among these are Michael Mauboussin’s More Than You 
Know and Eric Beinhocker’s The Origin of Wealth, both 
named by strategy + business Magazine as two of the 
three “Best Business Books: Economics” in 2006, while 
More than you Know was also named by Business Week as 
one of the “Best Business Books of 2006.”

Meanwhile, our researchers continue to claim 
prestigious awards and accolades. Among these were Lisa 
Curran, who was awarded a MacArthur Fellowship, and 
David Sherrington, who won the 2007 Dirac Medal 
and Prize of the Institute of Physics. In addition, I was 
named one of Time Magazine’s “100 Most Influential 
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People in the World.” Although embarrassingly 
hyperbolic, it reflects as much, if not more, about 
the accomplishments of the Institute than it does 
about anything I have contributed. It is a marvelous 
recognition of how far we’ve come in establishing the 
crucial role of transdisciplinary thinking and complexity 
science in addressing some of the most important and 
challenging problems facing science and society. SFI has 
been and remains the leader in this hugely important 
paradigm shift.

Although SFI is dedicated to risk-taking and 
supporting more speculative investigation, our 
researchers continue to be published and recognized 
in leading scientific journals. For example, in 2006 we 
had 20 articles in Nature and Science, arguably two of 
the most important scientific journals in the world. I 
could fill another page with similar kinds of accolades 
attesting to the extraordinary impact SFI has had, and 
continues to have. Despite this, however, we must 
continually look to the future.

In this issue of the Bulletin, we look at some of those 
efforts that are casting out into the future. One area 
that some of us have been thinking about is that of 
aging and mortality. Can we conceive of an integrated, 
comprehensive theory of “aging” as a general concept 
that unifies the aging of rocks, the planet, the solar 
system, and the cosmos, with the aging of airplanes, 
bridges, cities, societies, and, of course, biological 
organisms—especially ourselves? In a similar vein, an 
effort was begun last summer under the leadership of 
David Krakauer to bring together the many disparate 
threads in the medical world and begin an exploration 
of establishing a “science-based” unified theory of 
medicine. 

As all of these examples illustrate, the work at SFI 
goes far beyond theorizing, whether in the realm of 
finance or biomedicine. That’s what makes our way of 
doing science so extraordinary. The interdisciplinary 
approach combines the best of abstraction in the form 
of theory with cutting-edge research in the field and 
laboratory; researchers such as Doug Erwin and Henry 

Wright, profiled in 
this issue, exemplify 
such an approach 
as they traverse the 
globe. Like all the 
scientists affiliated 
with SFI, they work 
with a seemingly 
contradictory 
combination of 
bold irreverence and humble respect for the rules that 
govern science, systems, and academia. 

That combination is particularly important in today’s 
environment of urgency in scientific research around 
the pressing problems of climate change, violence, 
terrorism, epidemics, and pandemics. Through 
exploring such problems, we have learned how 
important it is to recognize that perturbing one part of 
a system may have catalytic or destructive implications 
in another part of the system. While many universities 
expound the virtues of interdisciplinary research and 
developing systemic approaches to problems, the 
realities of today’s complex funding picture make such 
an approach challenging for even the most dedicated 
researcher in the most prestigious university.

The problems before us are profound, and we at SFI 
are both humbled and energized by the challenges they 
pose. This year, we’re dedicated to attracting even more 
top minds that possess the confidence and intelligence 
to challenge existing paradigms in a deep and 
thoughtful manner. We will continue to build bridges 
to other scientific institutions and initiatives and see 
ourselves as a vitally important node in an extended 
global network of dedicated scientists. 

I hope that you will join us as part of our core 
constituency this year. Contributions to the 
Unrestricted Fund support the heartbeat of SFI and 
are vitally important. If you would like to be more 
involved, either as a member of the President’s or 
Chairman’s Circle, or through a targeted gift, I would 
be pleased to speak with you personally. t
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AgingToward a Theory 
           of 

Computer artwork 

of a human female 

skeleton shows 

degeneration due 

to osteoporosis, a 

condition linked to 

aging. At left is a 

normal skeleton. The 

degeneration, seen 

from left to right 

over time, is the loss 

of height and the 

backwards curvature 

of the spine.



Santa Fe Institute scientists may not be able 
to help much with the first and last questions, but if a newly 
conceived initiative is successful, they may have quite a bit to say 
about the middle one. Starting with a planned workshop in March, 
the Institute will serve as the focal point for a major research effort 
devoted to the development of a comprehensive theory of aging. 

The idea for this venture grows out of work done by President 
and Distinguished Research Professor Geoffrey West over the past 
decade. A theoretical physicist by training, West became interested in 
regularities that biologists had been finding when they looked at many 
different kinds of species in nature. From mice to elephants, quantities 
like metabolic rates and average lifetimes seem to scale in a predictable 
mathematical way. In 1932, for example, the Swiss biologist Max 
Kleiber made a graph in which he plotted the logarithm of the 
metabolic rate of organisms (essentially the rate at which the organism 
uses energy) against the logarithm of the organism’s mass. The points 
fell on a straight line, as shown on the next page. Since then, scientists 
have found that the data for all organisms, from bacteria to whales, fall 
on the same kind of line. This law, which holds over an astonishing 20 
orders of magnitude in mass, was known to be true, but for over half a 
century no one knew why. Scientists call such a relation a “power law,” 
for reasons we’ll explain in a moment.

There are other Kleiber-like regularities out there—regularities that 
remain unexplained. Andres Kriete, of Drexel University and the Coriell 
Institute for Medical Research—as well as a member of the nascent 
SFI collaboration—in a recent paper with Geoffrey West, summarizes 
previous findings that both growth rates of organisms and the rate of 

Why are people born?

Why do they die?

And why do they spend so much time  

in between wearing digital watches?

—Hitchhiker’s Guide to the Galaxy
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By James TrefilAging
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substitutions in their DNA, scale with the same power law as metabolism. In 
addition, average lifetimes scale as well, so that bigger animals live longer than 
small ones. Heart rate, on the other hand, goes in the opposite direction—the 
larger an animal is, the slower the rate, with the slowing obeying the same kind of 
power law as lifetimes. Interestingly enough, this leads to the conclusion that the 
number of heartbeats in the lifetime of any mammal is the same as the number in 
the lifetime of any other mammal, regardless of its size. A mouse lives a few years, 
but its heart beats fast, while a long-lived human has a correspondingly slower beat. 
Statistically speaking, we all get about a billion-and-a-half heartbeats.

To a physicist like West, the existence of regularities such as this suggests that 
there must be a deep law that 
governs the metabolism of all 
organisms—a law that transcends 
the details of the way individual 
species operate. In 1999, along 
with biologists J.H. Brown and 
B.J. Enquist, he showed that there 
was, in fact, a simple explanation 
for Kleiber’s Law. Think about 
mammals as an example: As 
you go from mice to elephants, 
the main problem faced by the 
organism is to find a way to get 
nutrients to the increased number 
of cells. In mammals, this job 
is done by capillaries, the finest 
vessels in the circulatory system. 
Capillaries are basically just big 
enough to allow the passage of 
red blood cells, and since these 
cells are about the same size in 
all mammals, the size of the 
capillaries doesn’t change much 
from one animal to the next. The 
increased quota of blood thus has 
to be supplied by making more 
capillaries, and what West and his 

Kleiber’s Law  B ~ M3/4    Body Mass (kg)
           (M)
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To a physicist like West, the existence of regularities such as this suggests that 

there must be a deep law that governs the metabolism of all organisms— 

a law that transcends the details of the way individual species operate.
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colleagues showed was that the most 
efficient way to do this is to have the 
capillaries be the terminal units of what 
mathematicians call a fractal network. 

“Fractal” is a mathematical term that 
refers to a network that looks the same 
no matter the scale of the observation. 
In a fractal network, the pattern of 
arteries will look like the pattern of 
intermediate blood vessels, which 
in turn, will look like the pattern of 
capillaries. The researchers also showed 
that a necessary consequence of this 
fact is that the relation between energy 
usage and mass will follow exactly the 
power law seen in the graph. With this 
work, a 70-year biological mystery was 
solved, and the explanation was seen to 
be a consequence of a deep common 
property of living things.

Scientists refer to this sort of data 
as a power law because it says that the 
amount of energy an organism uses 
over its lifetime depends on its mass 
raised to some power. Many quantities 
of biological interest (including 
metabolic rate and lifetimes) seem to 
depend on power laws. In the figure, 
the metabolic rate depends on the mass 
raised to the ¾ power.

Since power laws seem to be 
ubiquitous in biology, it is important 
to ask how those powers are to be 
interpreted. Usually, when we see 
a number raised to a power, we understand the symbols to say “multiply the 
bottom number by itself as many times as the number that appears in the 
power.” Thus, 32 would be interpreted as three multiplied by itself, which 
would be 3x3 or the number 9. If the power is a fraction like ¼, we ask, “What 
number, when multiplied by itself four times, will give us the number being 
raised to a power?” For example, if we multiply 3 by itself four times (3x3x3x3) 
we get 81, a fact that we would represent by saying that 811/4 is 3 or, alternatively, 
that 3 is the fourth root of 81. Finally, when we see a ¾ in the exponent, we are 
being told to (a) find the fourth root and (b) multiply that root by itself 3 times. 
Thus, 81¾ is just 3x3x3 = 27.
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To give a concrete example 
of how a power law works, the 
fact that metabolism scales as 
the ¾ power means that when 
we compare a 5-pound animal 
(a small cat) to an animal that 
is 81 times as heavy (a large 
calf or small cow), the energy 
requirement of the calf will only 
be 27 times that of the cat, not 
81 times. One way of looking at 
this result is to say that the cells 
of a calf require only a third as 
much energy to operate as the 
cells of a cat.

Hidden in these regularities, 
SFI scientists believe, is the 
explanation of why biological 
organisms grow old and die. “I 
would like to understand,” West 
says, “why humans live about 
a hundred years, and not a few 
months or a few centuries.” 
His approach to the problem, 
involving the search for grand 
overarching regularities between 
organisms, can be thought of as a 
sort of “top down” method.

There is, of course, another way to come at the problem, and that is to start 
with genes and cells and try to understand how they program both obsolescence 
and death. This could be characterized as a “bottom up” approach. Many of the 
scientists in the workshop have long histories of work in this sort of biology.

SFI External Faculty Professor Walter Fontana, now at Harvard, points out 
that virtually all of the research done on aging is aimed at dealing with its 
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The larger sequoias on the planet are 

believed to be some of the oldest living 

things—existing a few thousand years. 
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clinical consequences, rather than with its deep causes. “Our ambition,” he 
says, “is to understand the nature of aging and follow its roots in molecular 
biology, organization and network theory, and evolution.” He points out that the 
development of a serious quantitative theory of aging and mortality could have 
important medical consequences, and perhaps allow us to increase both human 
longevity and health. At the moment his laboratory at Harvard is engaged in 
an attempt to obtain a massive, fine-grained data base on normal aging in a 
microscopic worm known as C. elegans. “The lab will look at the process of 
aging,” says Fontana, “and not just at lifespans.”

Eugenia Wang of the University of Louisville Medical School, who has done 
significant work on the genetic mechanisms involved in healthy aging, will also 
be involved in organizing the SFI conference and guiding future research. Her 
work has included investigations of the molecular mechanisms that prevent 
certain human cells from dividing forever in vitro, a search for genes responsible 
for defenses against oxidation in long-lived mice, and using cells from long-lived 
mice to identify unique genetic “fingerprints” that go with healthy aging.

Using both “top down” and “bottom up” approaches, and perhaps providing 
the vital link between them, will be the main focus of the work in Andres Kriete’s 
laboratory. Kriete stresses that many people have studied the aging process 
(indeed, he found a paper that listed no fewer than 300 different theories of 
aging!). Nevertheless, a theory of normal healthy aging remains outside our 
grasp. “We really don’t have a deep understanding of why we age,” he says, “nor 
why older cells are more susceptible to disease, which is a rising concern for 
health care in post-industrial graying societies.”

Talking to him, you get a picture of a living organism as a complex system of 
networks linking genes, proteins, metabolism, cell signaling, and all of the other 
chemical processes of life. His goal, part wet lab and part computer modeling, 
is to look at cells and organs from the standpoint of the systems engineer, trying 
to understand the complex feedback system that makes them operate as they do. 
He refers, only half-jokingly, to his work as simulating life “in silico,” as opposed 
to the usual laboratory in vitro process. 

Right now, the development of a comprehensive theory of aging is still 
basically a gleam in the eye of SFI researchers. The hope is that the upcoming 
workshop will develop a framework to guide future research. In the end, the role 
of SFI will be to focus scientific attention on an extremely deep and important 
topic—biological aging—that looks to be ripe for exploration.

But don’t expect things to stop there. When asked about his long-range 
plans, West got a far-away look in his eye. “I wonder,” he said, “whether there 
might not be a general theory of aging. It’s not only biological systems that get 
old—what about bridges, cars, planets? Someday I’d like to get people who know 
about these things to talk to each other here in Santa Fe.”

Now that would be a conversation worth listening to! t

James Trefil is Clarence J. Robinson Professor of Physics at George Mason University.

Hidden in these 

regularities, SFI 

scientists believe, 

is the explanation 

of why biological 

organisms grow 

old and die.



10      Santa Fe Institute Bulletin   WINTER 2007

In May 2005, Alex Matter, 
a filmmaker and son of the 
photographer Herman Matter and 
painter Mercedes Matter, 
announced the discovery of 32 early 
Jackson Pollock drip paintings. The 
full story sounded a lot like a New 
York version of Michael Frayn’s 
novel Headlong. Matter’s parents 
were friends of Pollock, close 
enough to the artist that 
photographs exist of them lounging 
about with Pollock. At least one 
biography of Pollock mentions the 
purchase of some small Pollock 
works by the Matters, and it is 
reported that Herman Matter’s 
signature is on the back of these 
works, labeling them as Pollock 
originals. It seems that the paintings 
had been languishing in a metal 
storage bin out on Long Island until 
they were discovered by Mr. Matter, 
not far from Pollock’s former home 
in the Hamptons and the scene of 
his fatal car accident. The press 
releases were accompanied by 

pictures of a grinning Alex Matter 
holding one of these paintings, 
which, at a distance and at the 
resolution of a newspaper 
photograph, looked suitably 
spattered. It’s a good story and 
certainly a plausible one. 

But, in fact, hardly a year goes by 
in which someone doesn’t claim to 
have found a long-lost Pollock—
that’s what Richard Taylor, a 
consultant for the Pollock-Krasner 
Foundation tells me. Most of these 
claims are disposed of easily, their 
faults ranging from the obvious 
(misspelled signatures—“Jackson 
Pollack”) to the subtle (materials 
that were only available after 
Pollock’s death). Some fakes are 
veterans of the auction circuit and 
reappear every few years with a new 
story (“Some hitchhiker gave this to 
a truck driver, who brought it into 
my gallery…”), while other schemes 
are almost as ingenious as the artist 
himself, even going to the extremes 
of inventing a provenance by 

By DAN RockMoRE

Is ThERE A MATh of sTylE?

The Numbers  
Nature—of our
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inserting appropriately faded 
pictures of the “discovered” work 
into obscure hard-to-find gallery 
catalogs. 

 So, how to tell real from fake? In 
spite of the fact that there is only 
one right answer, generally, 
evaluating claims of authenticity in 
the world of modern art is, well, 
more art than science. Slam-dunks 
are the situations in which the work 
is accompanied by an airtight 
provenance, consisting of 
documentation of every single 
person or institution that has ever 
owned the work (the back of a 
painting can look like a well-
traveled steamer trunk, covered with 
labels marking its appearance in 
exhibitions). Such works are also 
accompanied by records of any 
conservation incurred and a list of 
events detailing the touch-up here 
or the cleaning there. Failing this 
sort of complete biography, the 
truth begins to get a little murkier. 
Sometimes science can help. X-rays 
can reveal underpaintings or 
preliminary sketches. Analysis of the 
materials provides clues, including 
information as to the age of the 
work. But even this hard evidence 
can go only so far. Several years ago 
the photography market was 
flooded with “newly discovered” 
Man Ray prints, their authenticity 
supported by the fact that the 
photographic paper was exactly of 
the kind that Man Ray was known 
to have used 60 years ago. It was 
only later discovered that the forger 
had managed to find an old cache of 
this paper, obtain access to Man 
Ray’s negatives, and use this to 

make a new set of prints. 
So, enter the human actor. 

Connoisseurs steeped in the work 
of the artist in question apply the 
“sniff test” and either the light bulb 
goes on or it doesn’t. And the fact 
is that different connoisseurs of the 
same artist can have different senses 
of smell. Ultimately, in the case of 
Alex Matter’s bundle of proposed 

Pollocks, the experts are taking a 
close look at each painting and 
answering the question, “Is this 
work characteristic of the style of 
Jackson Pollock at this stage in his 
career?” This is the question that 
Richard Taylor asked when the 
Pollock-Krasner Foundation called 
him in to evaluate the Matter 
cache—but the way in which he 

Watery Paths (1947) by Jackson Pollock. From the Galleria Nazionale d’Arte Moderna, Rome, Italy.
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differs from his connoisseur 
colleagues is that he answered the 
question with mathematics. Taylor 
seems to have found a way to 
extract a numerical signature that 
identifies a work as an original 
Pollock. More precisely, Taylor has 
determined that a statistical 
analysis of the numbers that 
comprise the digital representation 
of the work can reliably separate 
authentic Pollocks from fakes. In 

so doing, Taylor’s work is paving 
the way for a new world of visual 
“stylometry,” that is, a growing 
discipline that is making math out 
of that seemingly impossible to 
define thing that is style. It is a 
subject that actually goes back to 
the mid-1800s, but has recently 
exploded in our world in which all 
actions and creations are fodder for 
the computer and for those with 
broad vision. The tools of trade 

find their way into all aspects of 
our life, helping to distill not only 
styles of artistic creation, but styles 
of all sorts of actions. 

MEAsuRINg sTylE

Mathematical analysis or statistical 
analysis requires that something be 
measured, so it’s not surprising that 
as applied to the arts it is able to first 
find a foothold in literature. Books, 
essays, any sort of written output, 

Peasant Dance by Pieter Bruegel the Elder. Oil on oakwood (1568). 
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present a numerical 
collection, containing all 
kinds of primary data. 
Letters, words, sentences 
and so on, can be counted 
and basic statistics can be 
gathered: How often is a 
given word used? What is 
the distribution of word 
length? What is the 
distribution of sentence 
length? etc. Do this and 
you are guaranteed to get 
numbers. What is not 
guaranteed, and hence is 
surprising, is that out of 
these numbers, patterns 
emerge, both on the scale 
of society, as well as the 
individual. In the former 
we see the patterns that 
seem to be intrinsic to any 
form of communication, 
and in the latter, we seem 
to be able to distill aspects 
of the idiosyncratic 
patterns of usage that 
form the basis of a 
person’s writing style.

The idea that 
mathematics might be useful for 
determining authorship is usually 
attributed to the 19th-century 
British mathematician Augustus de 
Morgan. De Morgan was in many 
respects ahead of his time, especially 
as regards to what appears to have 
been a broad-based investigation of 
the power and possibility of the 
formalization of thought. An 
interest in the formal or quantifiable 
aspects of creative work easily fits 
into this program. 

As recorded in his wife’s memoirs, 

de Morgan wrote a letter to a friend 
in 1854 that states, “It has always 
run in my head that a little 
expenditure of money would settle 
questions of authorship” by 
determining if the writings of “the 
latter do not deal in longer words 
than the writings of the former.” It 
must have been the case that de 
Morgan never had the extra pocket 
change to pursue this thought, as it 
was several years later in 1886 that 
the first published account of a 
mathematical analysis of literature 
appears, written by American 
physicist Thomas Mendenhall. The 
subject is Shakespeare, a favored 
focus of the question of attribution. 
Mendenhall tries to distinguish 

between Francis Bacon and William 
Shakespeare according to their 
relative use of four-letter words. It’s 
not a success, but nevertheless, a 
discipline is born. It finds a name 
when 10 years later, Wincenty 
Lutoslawski looks at 500 numerical 
attributes in each of Plato’s 
dialogues in order to reconstruct the 
order in which they were produced, 
working with the basic philosophy 
that works that are close 
mathematically should be close 
temporally. He called his 

methodology “stylometry.” 
Modern trends in stylometry pull 

from the full bag of tricks of artificial 
intelligence and advanced statistical 
analysis. Some approaches focus on 
aspects of predictability—using the 
empirical likelihood that one word is 
followed by another. These ideas 
were first proposed in the early 1900s 
by the Russian mathematician A. A. 
Markov who used them to construct 
a very simple model for the cadences 
found in Pushkin’s poem “Eugene 
Onegin.” Today, so-called “Markov 
chains” are among the most 
commonly used tools in the 
mathematical modeler’s workbelt and 
can be found identifying patterns in 
all sorts of places, ranging from 
genetic to financial data. 

Word frequencies used in one way 
or another remain the heart and 
soul of literary stylometry. Some of 
the most successful techniques focus 
on usage statistics of “function 
words.” As opposed to “content 
words,” these include pronouns, 
conjunctions, and prepositions, 
which generally carry very little 
non-contextual meaning and serve 
instead as grammatical connective 
glue. Literary style, it appears, 
resides in the degree to which we 
choose “that” rather than “which” or 
“however” as opposed to 
“nevertheless.” The starting material 
for many a stylometric analysis 
begins by first isolating and 
recording the frequencies of the 
favorite function words among 
works of known authorship and 
then, in one way or another, 
considering the degree to which the 
frequency pattern in a contested 

Taylor’s work is paving the way 

for a new world of visual  

“stylometry,” that is, a growing 

discipline that is making math out 

of that seemingly impossible to 

define thing that is style.
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work is statistically similar to the 
patterns in the secure works. Among 
other examples, function word 
usage has been used to distinguish 
between the writings of Alexander 
Hamilton and James Madison as 
well as to pinpoint authorship in 
the Wizard of Oz series. 

One of the most striking results in 
the field is the discovery that there 
are certain patterns of usage that 
seem to be simply intrinsic to the 
act of communication. In 1949, 
using a corpus of a range of works 
by a number of different authors, 
Harvard linguist George Zipf 
discovered a remarkable empirical 
fact, known today as “Zipf ’s law.” It 
states that the result of multiplying 
a given word frequency by its “rank” 
(the most frequent word has rank 
one, the second most frequent is 
rank two, and so on) was 
approximately the same over all the 
words in the corpus. Zipf published 
his analysis in an amazing book 
titled Human Behavior and the 
Principle of Least Effort, which 
derives its name from the basic 
argument that predicts the Zipfian 
discovery: Imagine any author as a 
chance-driven machine in which at 
each step a coin is tossed—if it 
lands heads up, then a previously 
used word is chosen at random, 
while if it lands tails up, then a new 
word is written down. This is a “rich 
get richer” sort of model in which 
the more a word is used in the past, 
the more likely it is that it will 
attract more use in the future. In 
fact, Zipf finds similar relations 
(called “power laws”—a familiar 
distribution in the complex systems 

world) among all sorts of ranked 
lists, ranging from sizes of towns 
(here you would consider the 
product of the population of the 
town with its rank) to income 
distributions (where it also goes by 
the name of “Pareto’s law”). 

Words can be counted—that’s the 
main reason that stylometry came 
first to literature. But, other art 
forms have natural numbers too. 
Given the success of literary 
stylometry and the empirical 
ubiquity of Zipfian behavior, it’s 
something of a surprise that it was 
not until just a few years ago that a 
broad analysis of that other great 
symbolic language that is musical 
composition was undertaken. 
Charleston College computer 
scientist Bill Manaris led a small 
group of researchers that counted 
note usage over a range of 
composers and works, and 
discovered a basic power law 
structure. Using that as the 
foundation of his analysis, he and 
his colleagues were able to derive a 
collection of statistical features from 
musical scores that successfully 
allow an automatic classification of 
musical works from jazz, classical, 
and rock n’ roll. 

AcTIoNs spEAk As louDly 

As WoRDs

Even with movement, it is possible 
to distill style from the numbers. In 
its measurement of angular 
displacements of joints and relative 
displacements of limbs, kinematic 
analysis reduces human movement 
to streams of numbers. “Plug n’ 
play” animation software is evidence 

of the fact that there is a basic 
mathematical formulation to the 
way in which we move—there is an 
average walk, run, jump, and so on. 
Stylometry comes into the picture 
as a means to give these virtual folks 
the style of movement of particular 
real people, accomplished by 
motion-capture systems (“mocap”) 
that can track and record the 
movements of a collection of sensors 
or transmitters worn about the 
body. The acquired data can provide 
a numerical record of the particular 
way that a person walks or sips 
tea—and then the animator can 
take that away, using the manner in 
which that person differs from the 
average to give a personal touch to 
an animated avatar. Motion capture 
is a modern updating of the way in 
which the early Disney animators 
worked—often tracing over stills 
gleaned from footage of the 
movements of professional dancers 
and clowns in order to acquire a feel 
for a basic movement style. Mocap 
is now a standard Hollywood 
technique, responsible for 
personified performances such as 
Tom Hanks’s animated turn as the 
conductor in Polar Express. This 
Frankensteinian “retargeting” of the 
motions of the living to the lifeless 
has even been attempted from 
cartoon to cartoon. Through an 
adaptation of the mathematics of 
mocap, Fred Flintstone can take 
dance lessons from Mickey Mouse. 

The success of motion capture for 
animation is evidence that actions 
do indeed speak at least as loudly as 
words. This is an idea that is driving 
a new generation of marketing and 
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advertising. Your shopping has a 
style that is encoded in the trace of 
clicks and eyeball dwells that you 
leave on the web, your check-out 
list at the grocery store, and your 
monthly credit card bill. The 
electronic hectorings “If you liked 
this, then you’ll like that!” are 
mathematical statements based on a 
geometry of sales-space—an item 
that you buy is encoded as a list of 
numerical attributes, and like the 
two-number lists that make up the 
x, y coordinates studied in a high 
school geometry class, these lists of 
item coordinates give geometric 
meaning to your buying habits. If 
marketers find you shopping in one 
region of their abstract product 
space, they’ve a pretty good idea 
that you may like some items 
nearby that their specially designed 
math marketing goggles allow them 
to see. This approach can even be 
applied to shopping for a mate—
that’s at least what some of the 
online dating services rely on—your 
personal style has a shape, in the 
most mathematical of terms. 

pAINTINg By NuMBERs

That the visual arts have been 
among the last to embrace any form 
of stylometry is perhaps more a 
matter of tradition than anything 
else. As a discipline, connoisseurship 
has scientific origins, usually 
attributed to Giovanni Morelli, a 
19th-century Swiss–Italian 
government official with a deep 
appreciation for the arts. It was in a 
large part shaped by an early 
education focused on the sciences, 
and, in particular, his experiences 

accompanying the renowned and 
pioneering paleontologist and 
naturalist Louis Agassiz on his 
glacier expeditions in Switzerland. 

Morelli brought the skills of an 
expert naturalist to the problem of 
looking at, comparing, and, finally, 
classifying works of art. In his major 
lifework, Italian Painters: Critical 
Studies of their Works, Morelli 
foreshadows the still unborn science 
of literary styometry as he writes, 
“As most men, both speakers and 
writers, make use of habitual modes 
of expression, favorite words and 
sayings, which they often employ 
involuntarily and sometimes even 
most appropriately, so almost every 
painter has his own peculiarities, 
which escape him without being 

aware of it.” According to Morelli, 
these “peculiarities” would find 
expression in the quiet corners of a 
work of art. Thus the “Morellian 
method” relies on the comparison 
of seemingly minor details in 
paintings: folds in drapery, a 
fingernail, or an earlobe. In Morelli’s 
view, it was only in details such as 
these, which he called the 
“grundformen” (fundamental forms) 
of the artist, that the forces of 
tradition or schooling would be 
diminished enough so that the 
artist’s true nature could shine 
through. In spirit, it is a visual form 
of Zipf ’s principle of least effort, a 
view of the artistic output as shaped 
by a battle between the expectations 
of the receiver and the predilections 
of the sender. 

Morelli was only able to apply his 
ideas with the tools he had at hand, 
mainly his eyes. Lacking digital 
scanners and image processing 
software, he built an internal 
database of grundformen that, to 
some degree, would permit him to 
distinguish between details such as 
hands painted by Boticelli and 
Bellini. But with today’s technology, 
we can begin to make mathematics 
out of Morelli. Through the use of 
“wavelet analysis,” a mathematical 
technique originally developed in 
the 1980s as a means of 
determining within sonar data the 
fingerprint of oil deposits beneath 
the ocean floor, my Dartmouth 
colleagues and I have made 
headway. We  have found that a 
statistical summary of the density of 
simple linear elements in some of 
the drawings of the great Flemish 

The crags of a mountain 

range are replicated in the 

nooks and crannies of the 

stones that comprise them, 

or the eddies of a turbulent 

river flow are themselves 

composed of eddies within 

eddies, within eddies.
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artist Pieter Bruegel the Elder, as 
extracted from high resolution 
digital scans of the originals, can 
provide a numerical signature that 
seems to act as a classifier for 
Bruegel’s work. Even more 
Morellian than that, we have 
applied the same technique to the 
comparison of details within 
Madonna and Child, a huge 
altarpiece attributed to the great 
Renaissance master Perugino, in the 
hopes of determining the number of 
artists who contributed to the work. 
Whether or not the exploration for 
oil in the oceans has resulted in a 
definitive tool for the exploration of 
oils on the wall is still up for debate. 

Wavelets are an example of a 
multiscale analysis—that is, they 
proceed by analyzing a work at 
successive levels of detail, like 
examining a work through varying 
the magnification on a microscope. 
In a wavelet analysis, what becomes 
important is the difference between 
what is measured at two scales, in a 
sense, representing the original image 
as some baseline structure to which is 
added a successive layering of detail. 

AuThENTIcATIoN ThRough 

fRAcTAls

Multiscale analysis is also at the 
heart of Richard Taylor’s approach 
to Pollock. Taylor’s investigations 
have not been driven by questions 
of provenance (although due to the 
frequent requests for authentication 
he has set-up a non-profit company 
to manage this work as well as to 
protect himself in the case of 
lawsuits). He is mainly interested in 
the work, as both a scientist and an 

artist. He had taken a year’s leave at 
one point in his career to devote 
himself to his own painting, but 
after a year decided that he was 
better off not quitting his day job. 
He brings a physicist’s eye to the 
arts, and in the case of Pollock, it 
has been a perfect storm of art and 
science that has enabled Taylor to 
find his own research in the works 
of this abstract expressionist 
master—the “chaos” for which one 
critic famously denounced Pollock’s 
work in the 1950s is something that 
Taylor saw quite literally as the 
mathematics of fractal geometry.

The word “fractal” was coined in 
1967 by the IBM mathematician 
Benoit Mandelbrot to encompass 
the geometric character of natural 
objects. The perfect lines, planes, 
and spheres of Euclidean geometry 

are Platonic abstractions, good for a 
first approximation to things like 
coastlines, landscapes, and clouds, 
but clearly fall short at describing 
the variation of the natural world. 
Mandelbrot noticed that the 
character of such natural 
phenomena was a similarity in 
scale—that at each increase in 
magnification, the structures of 
nature, complicated though they are 
(“fractal” is derived from the same 
root as fragment and fracture), 
repeat themselves, maybe not 
precisely, but to a degree that can be 
quantified. The crags of a mountain 
range are replicated in the nooks 
and crannies of the stones that 
comprise them, or the eddies of a 
turbulent river flow are themselves 
composed of eddies within eddies, 
within eddies. This is a piece of the 
connection between chaos and 
fractal geometry—the chaos that we 
now know colloquially in the 
metaphor of the hurricane in Texas 
generated by the flapping wings of 
the butterfly over China is a 
phenomenon that when put into 
mathematical pictures (not unlike 
those that can be seen on The 
Weather Channel) give images that 
exhibit this sort of self-similarity. 

A famous example of a natural 
fractal is the irregular outline of the 
coast of England, which is, to a 
degree, replicated in any stretch of 
shore beneath the cliffs of Dover. 
The latter example, due to the 
British mathematician and 
polymath, Lewis Fry Richardson, 
was Mandelbrot’s inspiration for the 
quantification of this irregularity in 
terms of its “fractal dimension,” a 

When Pollock so famously 

said, “I am nature,” or that 

“My concern is with the 

rhythm of nature…the way 

the ocean moves,” he was 

possibly closer to the truth 

than anyone gave him credit 

for and probably closer than 

he knew himself.
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number that effectively measures 
the complexity of a shape in terms 
of the degree to which it fills space 
at a given scale. The crinklier a line 
is, the more space it occupies in a 
box that surrounds it. Now, imagine 
a shape where as you crank up the 
magnification, that sort of 
“misbehavior” is replicated: You’ve 
got yourself a true fractal. 

A perfectly straight line has fractal 
dimension equal to one, while a 
square region has fractal dimension 
equal to two. Nature is generally 
somewhere in between: the coastline 
of England, the waves within waves 
of a stormy sea, the branches within 
branches of a fern leaf, our own 
circulatory or pulmonary system, or 
as it turns out, the skeins of paint in 
a Pollock drip painting. That is 
Taylor’s discovery. When Pollock so 
famously said, “I am nature,” or that 
“My concern is with the rhythm of 
nature…the way the ocean moves,” 
he was possibly closer to the truth 
than anyone gave him credit for and 
probably closer than he knew 
himself. 

Taylor has examined many of 
Pollock’s works and found a 
remarkable degree of regularity in 
the fractal dimension that can be 
computed by examining different 
color layers in the paintings. Firstly, 
what is remarkable is that Pollock 
could regularly achieve fractal 
structure. Taylor’s personal attempts 
at such a result were only successful 
when he came up with the idea of 
hanging a bed sheet from a tree and 
allowing the measurable fractal 
nature of the wind to be realized in 
dripped paint blown onto the sheet. 

Even more, there appears to be a 
fractal dimension to Pollock’s work 
that is characteristic of a given 
period, so that Pollock did, over 
periods of time, reliably reproduce 
in his work a small range of fractal 
dimensions. In fact, Taylor claims 
even more, that in his examinations 
he finds evidence for two distinct 
fractal dimensions as might be 
predicted by a documented two-step 
working style in which Pollock 
would lay down a broad underlayer 
to which he would later add detail. 

When presented with a would-be 
Pollock, Taylor performs the digital 
analysis and checks to see if the 
numbers jibe with those that have 
been computed for Pollock’s known 
work of a given period. Taylor’s 
analysis of the Matter collection 
suggested that the drip paintings 
were forgeries. However, in some 
related work, John Elton and Yang 
Wang of Georgia Tech; Jim 
Coddington, Chief Conservator at 
New York’s Museum of Modern 
Art; and I have determined that a 
generalization of fractal dimension, 
called multifractal analysis, may 
provide a more textured signature 
for the work. 

It’s significant that Taylor found a 
digital signature for Pollock. But 
what might be even more significant 
is that the art world paid attention 
to it, for this shows the art/science 
boundaries are continuing to 
become fuzzier and fuzzier. 
Presumably, this is just the 
beginning, although there will 
surely be artists whose work defeats 
a statistical approach. In the spring 
of 2007, five teams of researchers 

will converge on the Van Gogh 
Museum in Amsterdam to present 
the results of a year-long study 
aimed at uncovering a digital 
signature for Vincent van Gogh. 
And other methods of this type of 
work are emerging. An interesting 
and very general approach to 
finding a style in any digital media 
is work of the Dutch information 
theorist Paul Vitanyi, whose analysis 
focuses on the information content 
(in a statistical sense) of the work. 
His media-free approach is one that 
allows any collection of numbers to 
be compared to any other, making 
possible the idea of comparing 
works of art to works of literature. 

Stylometry opens us up to a world 
in which we are defined by our 
digital trail—the words we write, 
the websites we visit, the pictures we 
store, summarized in a statistical 
fingerprint. We are our actions. 
How very existential. t

Dan Rockmore is professor of  

mathematics and computer science  

at Dartmouth College and a member 

of the SFI External Faculty.
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These recent publications by scholars within the  

SFI family contain thought-provoking analysis, 

often challenge conventional wisdom, and demonstrate 

the depth of understanding made possible by examining 

complex systems. Subjects range from the origins of 

the universe and the extinction of species to food webs 

and water systems in Bali. Several analyze economic 

systems—such as stock markets, economic policies, 

and measures to alleviate poverty or address disparities 

in wealth and income. Spanning such a broad range of 

subjects, they reveal elements and processes that complex 

systems have in common.

Santa Fe Institute Research
OpenIng the BOOk On 

Douglas H. Erwin, Extinction: How Life on Earth Nearly 

Ended 250 Million Years Ago, Princeton University Press 

(January 30, 2006). Erwin is senior scientist and curator 

in the department of paleobiology at the Smithsonian 

National Museum of Natural History. At SFI he is an 

External Faculty member and chair of the Science 

Steering Committee.

Michael J. Mauboussin, More Than You Know: Finding Financial 

Wisdom in Unexpected Places, Columbia University Press (April 21, 

2006). Mauboussin is chief investment strategist at Legg Mason 

Capital Management, and an adjunct professor at Columbia Business 

School. At SFI he is a trustee and member of the Science Steering 

Committee. Legg Mason is a member of the SFI Business Network.



Eric D. Beinhocker, The Origin of Wealth: Evolution, 

Complexity, and the Radical Remaking of Economics, Harvard 

Business School Press (June 1, 2006). Beinhocker is a senior 

advisor to McKinsey & Company. He has held research 

appointments at the Harvard Business School, the MIT Sloan 

School, and has been a visiting scholar at SFI.

J. Stephen Lansing, Perfect Order: Recognizing Complexity 

in Bali, Princeton University Press (March 6, 2006). Lansing is a 

professor in the departments of anthropology and ecology and 

evolutionary biology at the University of Arizona and a research 

professor at SFI.
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Seth Lloyd, Programming the Universe: A Quantum 

Computer Scientist Takes on the Cosmos, Knopf (March, 

14, 2006). Lloyd is professor of mechanical engineering 

at MIT and the designer of the first feasible quantum 

computer. At SFI he is an External Faculty and Science 

Steering Committee member.

Poverty Traps, edited by Samuel Bowles, Steven N. Durlauf, 

and Karla Hoff, Princeton University Press (February 27, 

2006). Globalization and Egalitarian Redistribution, edited by 

Pranab Bardhan, Samuel Bowles, and Michael Wallerstein, 

Princeton University Press (January 9, 2006). Bowles is 

professor of economics at the University of Sienna. At SFI he 

is a Resident Faculty member and director of the Behavioral 

Sciences Program. 

Mercedes Pascual and Jennifer Dunne, Ecological Networks: 

Linking Structure to Dynamics in Food Webs, Oxford University Press 

(January 26, 2005). Dunne is a founder of the Pacific Ecoinformatics 

and Computational Ecology Lab and a visiting professor at SFI. 



Scott E. Page, The Difference: How The Power of Diversity 

Creates Better Groups, Firms, Schools, and Societies, Princeton 

University Press (forthcoming). Page is professor of complex 

systems, political science, and economics, and acting director of 

the Center for the Study of Complex Systems at the University of 

Michigan, Ann Arbor. At SFI he is an External Faculty member.

John Miller & Scott E. Page, Complex Adaptive Systems: 

An Introduction to Computational Models of Social Life, 

Princeton University Press (forthcoming). Miller is a professor 

of economics and decision sciences at Carnegie Mellon 

University and an SFI research professor.

Allon Percus, Gabriel Istrate, and Cristopher Moore,  

Computational Complexity and Statistical Physics, Oxford 

University Press (March 9, 2006). Moore is an associate 

professor in the departments of computer science and  

physics and astronomy at the University of New Mexico. At 

SFI he is an External Faculty member.
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On an oppressive morning 
in July—so hot that only diehard 
tourists are willing to brave the 
Washington Mall—Douglas 
Erwin, paleontologist and author 
of Extinction, How Life on Earth 
Nearly Ended 250 Million Years Ago 
leads the way through the twisting 
back warrens of the Smithsonian 
Institution’s National Museum of 
Natural History. It’s another world 
from the many grand exhibits in the 
public areas—a tangle of narrow 
hallways, offices, and storerooms for 
the museum’s vast collections.

Erwin, a senior paleobiologist and 
curator of the Paleozoic mollusc 
collection, stops in his office, 
whose windows overlook the other 

Smithsonian museums and whose 
shelves are crammed with the rocks 
and books that are his tools, along 
with a bumper sticker: “Do not 
meddle in the affairs of dragons, 
for you are crunchy and good with 
ketchup.” At the museum, he’s able 
to immerse himself in the world’s 
largest collection of fossils, rocks, 
and scientific and historical objects 
of all kinds—126 million lots—and 
consult with colleagues whose 
expertise in the sub-specialties of 
paleobiology are as finely honed 
and extensive as his own. “Fossil 
experts,” he says. “Insect experts…
banana experts.”

The Santa Fe Institute, where 
he’s a professor, is the polar 

By  Barbara Elizabeth 

Stewart

Cycles of Life:
Innovation
through
Extinction
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opposite, with its sparseness and 
broad windows looking out at 
piñon/juniper forest and distant 
mountains, and, most important, its 
fundamentally different intellectual 
approach. At SFI, Erwin’s focus 
turns from the concrete world of 
things toward broader, at times 
more abstract, viewpoints. “I 
interact with people in wildly 
disparate fields,” he says. “People 
who are happy to look at different 
problems and find different ways of 
looking at the same problems.”

Erwin’s primary focus is the 
Paleozoic era, that major interval 
of geologic time that began about 
545 million years ago during 
the Cambrian explosion with 

an extraordinary diversification 
of marine animals, and ended 
252 million years ago in the 
end-Permian with the greatest 
extinction event in Earth history. 
He spends his days at SFI exploring 
the most sweeping questions of 
biological evolution: How did life, 
in a relatively short time, evolve 
and explode in variety during 
the Cambrian period? And what 
happened during the end-Permian 
extinction that nearly ended life 
on Earth? Why did it happen? Did 
the same catastrophe create the 
terrestrial and marine extinctions 
or were there different causes? How 
did animal forms revive, expand, 
and innovate afterwards and how 
rapidly did that occur? What were 
the evolutionary pressures and 
biological needs that led them to 
develop as they did? 

Those questions lead to the search 
for theories and to more questions 
still: Were the end-Permian extinction 
and others throughout history, like a 
set of giant hands sweeping pieces off 
a chessboard and leaving the board 
intact or did the entire ecological 
structure significantly change? “The 
board collapses entirely, and as the 
game resumes, it becomes half chess 
and half backgammon, with some 

rules drawn from poker,” Erwin 
writes. What are the similarities 
between the biological innovations of 
recent times and those in the distant 
past? Erwin has pursued answers 
through fieldwork in locales as far-
ranging as South China, Australia, 
and west Texas, through investigation 
of gastropods and other fossils, and 
by reading literature and conversing 
with experts in his own and other 
disciplines. 

In Extinction: How Life on Earth 
Nearly Ended 250 Million Years Ago, 
the most recent of his six books 
and some 100 research papers, 
Erwin explores the possible causes 
of Permian-Triassic extinction, the 
most catastrophic of the six major 
extinctions on earth, in which 70 
percent of all terrestrial vertebrate 
species and 95 percent of marine life 
were killed during a relatively short 
period. This extinction was once 
thought to have lasted as long as 10 
million years, but in the scenario 
that Erwin and his colleague Sam 
Bowring at Massachusetts Institute of 
Technology have developed, it may 
have been as short as 100,000 years—
the geological equivalent of a year 
versus a week. The contrast between 
the richness of fossil evidence before 
and after the  
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end-Permian extinction is so sharp 
that a contemporary of Darwin’s 
thought the evidence indicated 
separate creations, meaning the 
second did not build on the first at all. 

Erwin began studying the 
end-Permian extinction as an 
undergraduate at Colgate Univer-
sity, delved into it deeply for his 
dissertation at the University of 
California, Santa Barbara, and 
continued his research during his 
years as a professor at Michigan State 
University and at the Smithsonian. 
A fan of Tony Hillerman’s Southwest 
mysteries, his book approaches the 
subject like a gigantic paleontologic 

whodunit, presenting the history 
of its exploration. He begins with 
descriptions of the varied end-
Permian fossils, which contrast 
with the stark strata of the period 
that followed, the Early Triassic. He 
considers the evidence and scientific 
reasoning behind seven theories that 
have been put forward for the cause 
of the extinction. 

One possibility is an 
extraterrestrial impact, similar to 
the massive meteoric crash in the 
Yucatán Peninsula that Luis Alvarez 
and Walter Alvarez theorized was 
the cause of the extinction of the 
dinosaurs 65 million years ago. 
It was a crash that incinerated 
everything for thousands of miles, 

sending thick layers of ash swirling 
around the earth and blocking 
sunlight. However, Erwin notes, 
while the Yucatán impact site and 
the striking excess of iridium in the 
strata have made the Cretaceous-
Tertiary extinction theory widely 
accepted, there is no such evidence 
for the end-Permian extinction. 

Another likely culprit is volcanism 
during the million-year-long 
eruptions of the Siberian flood basalts, 
which spread lava over an area larger 
than Australia. Even geologists have 
little understanding of such massive 
volcanic eruptions, but such eruptions 
could have produced much acid rain 

and triggered a short period of global 
cooling followed by a long interval 
of global warming. Atmospheric 
oxygen levels may have plummeted 
too, possibly asphyxiating life in the 
oceans. 

Erwin rejects as a cause the 
formation of the super-continent 
Pangaea, formed by land masses 
that collided into a single vast area 
extending from the north to the 
south of the globe. This incident 
supposedly forced formerly isolated 
species into competition that 
severely decreased biodiversity. 

Glaciation is another theory—
catastrophic freezing that may 
have resulted in decreases in sea 
levels by 250 meters or more. The 

disappearance of oxygen in the seas, 
which may have occurred for various 
different reasons, could have killed 
marine life and disrupted life on 
land. Finally, there is what Erwin calls 
the “Murder on the Orient Express 
theory,” that the extinction was the 
result of most or all of these causes. 

As to which is correct, Erwin 
writes, “We don’t know, or at least 
I don’t know…” After 25 years of 
research into the subject, he says it 
is no longer especially important 
for him to decide on the causes. 
“Ten years ago, I was sure I knew 
what it was,” he says. “I was wrong 
several times. I’ve given up. I’m 
curious and would very much like 
to know, but I’m not emotionally 
invested in the answer.” 

His primary focus over the past 
several years has been biological 
evolution and innovation. He’s 
looking at the Triassic period, but 
even more closely at the Cambrian 
radiation 545 million years ago, 
when major animal groups appeared 
for the first time. Understanding 
how innovation occurs has 
implications for the world of today 
and the future development of 
life. “I’m always more interested in 
what happened after the extinction 
than in the cause—in how life 
recovered,” he says. 

To find answers, he’s exploring 
fields that, on the face of it, seem 
quite separate from paleontology: 
primarily economics and 
developmental biology, which 
he’s been studying intensely, 
especially at SFI. He’s exploring 
major evolutionary factors such as 
development of genes involved in 

Erwin sees similarities in how both economic and 

biological systems construct these networks, and by 

doing so, produce the positive feedbacks that lead to 

increased wealth, or increased biodiversity.
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the building of plants and animals 
over hundreds of millions of years, 
changes in climate and marine 
chemistry, and the relationship 
between the environment and 
animals. For instance, he says, “It’s 
relatively clear that the oxygen levels 
in the oceans and the atmosphere 
rose subtly just before the 
development of animals. You can’t 
make a big animal without a certain 
level of oxygen.” 

He finds points of convergence 
in evolutionary paleobiology and 
economics as well. The similarities 
between increasing biological 

diversity and the growth of economic 
wealth, for instance, intrigues 
experts in both paleobiology and 
economics, he says. “It’s not like all 
the wealth has been sitting around 
in bank vaults since the Roman 
times.” How is wealth created? he 
wonders. What is the relationship 
between technological innovation 
and increasing economic prosperity? 
or between new evolutionary 
innovations and increased ecologic 
complexity? Similarly, how did the 
diversity of life forms innovate and 
proliferate? 

Another convergence point is in 

the development and construction 
of new niches. “How do you make 
room for personal computers?” 
he says. “Computers require a 
network of other technological 
and economic links, from plastics 
for cases to computer operating 
systems. But they also create new 
opportunities as well: flat screen 
monitors, mousepads, and the 
Internet.” Erwin sees similarities in 
how both economic and biological 
systems construct these networks, 
and by doing so, produce the 
positive feedbacks that lead to 
increased wealth, or increased 
biodiversity. 

His professional homes in 
Washington and Santa Fe are 
“maximally different,” he says—so 
much so that the adjustment back 
and forth is often physically and 
intellectually dizzying. At the 
Santa Fe Institute, he says, “I’ll 
walk up to Sam Bowles at tea and 
like an idiot, I’ll ask something 
like, ‘How do economies expand, 
anyway?’ And we’ll have a great 
conversation. Or I’ll talk to Murray 
Gell-Mann about the evolution of 
languages. Or Cormac McCarthy 
about particle physics.” 

“Santa Fe,” he says, “is about 
looking for generalities. The 
museum is about reveling in 
particularities.” t

Barbara Elizabeth Stewart, a journalist 

who lives in New York City, has written 

stories on science and other subjects 

for The New York Times, The London 

Observer, and More magazine, among 

other publications, as well as the 

Carnegie Corporation.   

This reconstruction of Marrella, prepared using an ink-wash technique, was found in the  

drawers containing archival collections belonging to Charles Doolittle Walcott (1850–1927), 

fourth secretary of the Smithsonian Institution and discoverer and collector of the famous fossils 

of the Burgess Shale. Marrella is one of the most common fossils found at the Cambrian Burgess 

Shale locality in British Columbia, Canada.
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nfectivity—the word evokes mostly ominous 
connotations, especially in today’s world of such 
potent foes as bird flu and AIDS. But put in 
the hands of the Santa Fe Institute, its facets 
beyond disease begin to emerge. During the 
Annual Business Network and Board of Trustees’ 

Symposium in Santa Fe, participants looked at those 
many facets, ranging from disease to computer viruses 
to the spread of technology as an infectious process. 
“The idea was that, like robustness and innovation, 
infectivity could be a metaphor for a great deal that 
happens at SFI,” said Researcher Doug Erwin, who 
helped plan the Symposium. As it began, SFI President 
Geoffrey West called the Institute a “safe haven” for 
such kinds of exploration for people coming from 
academic, business, and economic sectors.

The Infectiousness of Technology
Esther Dyson, SFI trustee and principal of EDventure 
(formerly with CNET Networks), discussed 
“Technology as a Vector for Infectious Ideas.” She  
began with three questions: How do “social networks” 
infect people? How can technology help transmit ideas? 
And, how is information technology itself a new idea?

She explored the first question by pointing out that 
“Every business wants to be viral,” meaning most 
companies want to “infect” people with their ideas or 
products. “But it’s not easy,” she said. People are busy, 
and they need to be attracted to things in order to give 

them their attention. Some effective 
modes that act as attractors are word-
of-mouth communication (especially 
among friends), online widgets and 
buttons that direct people to other 
websites, interesting content that will 
hold attention, and endorsements from 
reputable sources. In the latter case, 
problems may arise if the endorsements 
become a devalued currency, which 
happens when endorsers hand them 
out too freely, or in return for cross-
endorsements. Considering all this, she noted, social 
network infection is not quite like biological infection. 
It requires more work to attract, hook, and keep 
attention, because people can generally avoid infection 
if they want to.

Addressing her second question, how technology 
works as a vector for ideas, Dyson noted that 
information technology has dramatically changed 
how those in the developed world work, mostly 
because ideas spread so quickly now. Technology 
creates the means to make passive users active. It can 
be especially useful in the world of education. One 
example she cited is Fathom, a statistical software 
package that promotes exploration, investigation, and 
discovery. It doesn’t simply “do” statistics; it lets users 
see how statistics (correlations, deviations, etc.) work. 
Technology is also used today in testing students to see 
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how they’re progressing, so that educators can adjust 
programs to meet their needs. As well, technology can 
be used effectively for self-paced learning, allowing 
students time to absorb information at their own 
speed. And it can be used for performance support, 
using software to guide people through fairly difficult 
tasks in learning or on the job.

“What makes such technology persuasive?” she asks. 
Interactivity is one key component, especially when 
it can answer each user’s particular questions and 
needs. Video can also be a key because it appears so 
convincing, and, similarly, virtual worlds and games 
take people into whole other realities. If used well in the 
workplace, she noted dryly, “Software can make people 
almost as effective at work as they are at play.” 

In her last segment, Dyson explored information 
technology itself as an infectious idea. She noted first 
that access to information can be “scary” to many 

people and authorities, whether they’re running 
businesses or running countries. “Evolution is a scary 
idea for some people,” she said. “Information about 
government officials is scary for almost all government 
officials.” She cited as an example a project called the 
Sunlight Foundation, which runs a website that has a 
page for each member of the U.S. Congress. They are 
invited to post their schedules, and the public is invited 
to post information of all kinds about the Congress 
members’ performance, interests (including financial 
ones), and activities. “Through tools like this,” she said, 
“people are beginning to demand such transparency and 
responsiveness.”

Finally, she called attention to the introduction 
of Google in China, which has caused so much 
controversy. “Google doing business in China is a very 
powerful infectious force for spreading the notion that 
information is available, even though it’s limited by 

Technology is an important 
infectious force for spreading 

information. Here, two rural 
Indians work on a laptop in 

Kutch, Gujarat, India.
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the government,” she said. It’s the mere fact of making 
information available that’s important. She has tracked 
the spread of information online in a broad range of 
countries including Kazakhstan, Dubai, South Africa, 
India, China, and Russia and finds the infectiousness 
fascinating. “You can create models of such situations, 
but the reality in the world is so much messier.” 

Dyson presented “News You Can Use.” First, she 
suggested making ideas infectious and also making 
them friendly and non-pathogenlike, so they can bypass 
immune systems. “First agree with somebody, and then 
introduce your new ideas,” she said. She offered the SFI 
network as a good example, noting how important it is 
for people within the community to remain connected. 
“After a gathering such as our Summer School in 
China, consider how important it is that we answer an 
e-mail from people in places that aren’t very connected, 
reinforcing our extended community.”

Dyson concluded by offering a notion that summed 
up the purpose of the Symposium: “It’s very easy to 
add to the framework people already have,” she said. 

“What’s challenging is to change their framework—to 
have people think in a new way. In the end, the new 
frameworks are the point.”

We Live Longer Today—What Are Our 
Prospects for Tomorrow?
Bruce Levin, Samuel Candler Dobbs Professor of 
Biology at Emory University, discussed the “Politics 
and Economics of Infectious Disease.” He began by 
presenting statistics showing that life expectancy in the 
United States has been almost continuously increasing 
over the past 100 years. And although currently the 
expected lifespan of women is significantly greater than 
that of men, over the past 20 years the rate of increase 
in the life span of men exceeds that of women. “Why?” 
he asked, and then he proceeded to explore the many 
complexities that contribute to and detract from a long 
life span. 

In 1900, the top sources of mortality were 
tuberculosis, pneumonia, influenza, and 
heart disease. Today heart disease, cancer, and 

cerebrovascular diseases top 
the list. Surprisingly, medical 
intervention has played a small 
role in the dramatic increase 
in expected life span in the 
20th century. Mostly that 
increase can be attributed to 
declines in infectious disease 
mortality early in life due 
to improvements in public 
health practices, sanitation, 
and nutrition. Although 
antibiotics have proven very 
effective, reliance on them 
has led to abandonment of 
other treatments for bacterial 
diseases. “While medical 
expenditures in the U.S. 
exceed those of most other 
developed countries, some 
by nearly a factor of two, our 
expected healthy lifespan is 
significantly less than that of 

This image of an emergency hospital at Camp Funston, Kansas, is a harsh reminder of the 1918 flu pandemic, 
which killed 25 to 50 million people
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most developed countries, and is essentially the same 
as that of Cuba,” Levin said. 

One somewhat unexpected cause of mortality today 
is hospital-acquired infections. Studies have shown a 36 
percent increase in such infections between 1975 and 
1995. Extrapolating from the results of the 2005 report 
of the Pennsylvania Health Care Cost Containment 
Council for the USA at large, there were more than 
456,000 cases of hospital-acquired infections for an 
excess cost of hospitalization of approximately 70 
billion dollars. The average term of hospitalization 
of patients without hospital-acquired infections in 
Pennsylvania was 4.5 days and with a mortality rate of 
2.3 percent. The corresponding figures for patients with 
hospital-acquired infections were 20.6 days and 12.9 
percent, respectively.

One reason for such high occurrence rates today is 
that hospital populations include a greater fraction of 
patients that are immune-compromised due to age and 
underlying disease. Another factor is the use of more 
aggressive medical and surgical interventions, such as 
implanted foreign bodies and organ transplants. Yet 
another is the growing resistance to antibiotics due 
to antimicrobial use in hospitals and long-term care 
facilities. Also contributing to the problem is the failure 
of hospital personnel to follow basic infection control 
protocols, such as hand washing between patient 
contacts. “While there may be some controversy about 
the absolute magnitude of the morbidity, mortality, 
and economic burden of hospital-acquired infections 
in the U.S., it is clear that because of these infections, 
hospitals are a dangerous place to be, especially if you 
are sick,” Levin said. 

What can be done? First, Levin suggested that 
patients might want to wear buttons asking “Did you 
wash your hands?” a suggestion that sounds humorous 
but could have a strong impact. He also recommended 
forcing hospitals to fully disclose statistics of acquired 
infections; a “Consumers Report” might be created 
for hospitals and physicians that could be used as an 
economic incentive. Unfortunately, this might place 
critically ill and other patients that are more susceptible 
to infections at a disadvantage for admission to 
hospitals and/or care by established physicians. 

A key factor that needs to be addressed, he 
emphasized, is antibiotic resistance. In theory and 
practice, there is a direct relationship between the 
rate of antibiotic use and the frequency of resistance. 
“Although some may attempt to outlaw the teaching 
of evolution, it is not possible to prevent evolution 
from occurring,” said Levin, adding a bit of levity to 
the hard fact that “The evolution of resistance is an 
anticipated outcome of antibiotic use, be that use 
prudent or profligate.” However, because hospitals are 
potentially controlled environments, the frequency of 
antibiotic resistant bacteria in them can be lowered 
by the same procedures used to reduce the incidence 
of hospital-acquired infections. “Nevertheless,” he 
said, “for economic and possibly scientific reasons, we 
are unlikely to be able to sustain, much less win, the 

This graph illustrates changes in life expectancy (for individuals of different 
ages—at birth, 5 years, 30 years, 50 years, and 70 years) from 1900 to 2000.

While medical expenditures in the U.S. exceed those of most other developed 
countries, our expected lifespan is less than that of most developed countries.
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antibiotic–resistance arms race.”
Although the extent is unclear, pharmaceutical 

company innovations have almost certainly contributed 
to the increase in human life span over the past 25 
years. Curiously, part of their contribution may be 
attributed to an interesting shift in their development 
focus. “Over the past 25 years there has been a change 
in the focus of the pharmaceutical industry from 
the sick to the well,” Levin said. Today there is more 
emphasis on drugs that treat cholesterol, blood pressure, 
insecurity, menopause, sexual potency, senescence, and 
mental, social, and behavioral problems.

Levin foresees large shifts coming in the way we 
treat infections. “Sometime in the not-all-that-distant 
future, we will look back at the era of antimicrobial 
chemotherapy as a crude early post- ‘germ theory’ 
approach to the treatment of infectious disease,” he 
said. Much of the morbidity and mortality of infections 
can be attributed to immune over-responses. He 
believes that the future of treatment of infections lies in 
controlling that over-response.

Finally, Levin addressed one possible source of 
mortality that he argued could eclipse all others: 
pandemic influenza. Looming behind this concern are 
the images of the 1918 flu pandemic that swept the 
globe, killing between 25 and 50 million people. Will 
we be better off now than we were then? “Yes and no,” 
he suggested. 

We now know the etiologic agent of influenza, 
a virus, which we didn’t know in 1918 and a great 
deal more about the epidemiology of influenza and 
how to control it. We can make vaccines to reduce 
the likelihood of infection by that virus, albeit not so 
readily for a new influenza virus. We have antibiotics 
to control pneumonia and other secondary infections 
due to bacteria. We also have extensive communication 
networks for the flow of information between 
communities and the world at large. And, at least in 
the developed world, we don’t have the extraordinary 

crowding conditions of wartime 1918: the barracks, 
troop ships, and trenches.

On the downside, there are approximately three times 
as many people living in the world now as there were in 
1918, making social distancing all that more difficult. 
We now have airplanes moving potentially infectious 
people between cities and around the world at very 
high rates of speed. Although influenza has a relatively 
low infection rate—in a wholly susceptible population, 
on average, each infected person will only transmit 
the virus to two other people—it is transmitted before 
people are symptomatic, making quarantining difficult. 

Also contributing to the downside of our prospects 
for controlling the next influenza pandemic are 
logistical problems of an unprecedented magnitude. 
Included among these are making and distributing 
enough vaccines and antiviral drugs and treating and 
caring for vast numbers of people who are ill. He 
noted that the amount of transmission and thus the 
magnitude of the pandemic could be greatly curtailed 
if people stayed at home, but the logistical support 
required for food, water, and electricity for months at a 
time do not exist and would be exceptionally difficult to 
arrange. Then there would be the fallout on the global 
economy, he noted, saying, “It’s hard to imagine this 
fallout for a pandemic of the magnitude of that of the 
1918 flu, much less prepare for it institutionally.”

The conclusions are somewhat dismal, but that’s 
Levin’s point, to call attention to the challenges. Many 
people trust the government to inform and prepare 
for such outcomes, but even that, to Levin, offers little 
solace. “In general, representative democracy is not 
particularly amenable to planning for major disasters 
that have low annual probabilities of occurring, mostly 
due to the short duration of elected officials’ terms in 
office,” he said. His one bright note at the end, brought 
some hope. With an obvious bow to SFI, he quipped, 
“At least the mathematical modelers are on the case.”

Why Do superstars Have Long Tails?
P.J. Lamberson, research fellow in the Center for 
the Study of Complex Systems at the University of 
Michigan, discussed “Social Infectivity in Competitive 
Markets.” He tackled the question “Why do 

�“Although�some�may�attempt�to�outlaw�

the�teaching�of�evolution,�it�is�not��

possible�to�prevent�evolution��

from�occurring.”
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distributions with superstars have long tails?” It’s 
a reference to the question of why some products 
capture huge market shares, while at the same time, a 
wide variety of competing products continue to exist 
successfully, while capturing only small market shares. 
He modeled the problem, providing insights into how 
one might capture and hold a large market share.

The work harkens back to that of economist W. 
Brian Arthur, also present at the Symposium, who 
first posited the underlying mechanism of “increasing 
returns”—the tendency for that which is ahead to get 
farther ahead, and for that which loses advantage to 
lose further advantage. In Arthur’s original model, a 
sequence of adopters with individual preferences choose 
between two technologies. The utility they receive from 
adopting one of the technologies increases with the 
number of previous adopters of that technology. Arthur 
was able to show that in this situation, one technology 
will completely dominate the market.

So, why then, in markets where increasing returns 
operate, do we see both superstar products and product 
diversity? For example, if increasing returns explains 
the market dominance of the iPod, why doesn’t 
everyone buy one, eliminating the tail of the market 
share distribution altogether? One potential answer is 
individual preferences, but if everyone’s choice is based 
solely on their individual preferences, why would one 
product become a superstar?

To answer these questions, Lamberson created a 
model extending Arthur’s from two to many products. 
In it he combines individual preferences and increasing 
returns, and assumes that consumers only consider 
“nearby” products. That is, different consumers have 
different ranges of products that they are willing to 
consider, based on their personal preferences, and the 
choices of previous adopters only affect the utility of 
products within this range. 

Using this model, he found that with no increasing 
returns all products captured roughly an equal market 
share as expected. With global increasing returns, as 
in Arthur’s model, one product won 100 percent. 
However, when consumers consider only nearby 
products, the distribution of market shares follows 
a power law in which one product, the superstar, 

captures a commanding lead, but many more products 
capture smaller and smaller shares of the market. This 
is the distribution of market share observed in many 
industries that Lamberson had set out to explain.

Watching how market share developed in the 
model over time—after the introduction of the new 
technology—reveals the following factors, much like a 
horse race:
·		Early on, it’s difficult to tell who will win.
·		To be the eventual winner, it seems to help to lead/

get ahead early, which gives you an enthusiasm 
advantage.

·		There are no guarantees—you can finish in the top ten 
even though you had a pretty low ranking early on.

·		If you cannot be the market leader, then it’s wise to 
differentiate your product from the market leader to 
capture more market share.
During discussion of the talk, W. Brian Arthur 

raised his hand. “Why didn’t I do this 20 years ago?” 
he asked. “I was afraid that you had done this 20 
years ago,” Lamberson replied, laughter filling the 
room. The exchange offered an example of a seasoned 
researcher such as Arthur seeing his work utilized and 
expanded upon, accomplishing one of the goals of the 
Symposium, and of SFI. t

To read more Symposium lecture summaries, log onto 

www.santafe.edu/network

This power law distribution illustrates one product capturing a large market 
share, while a variety of competing products continue to exist successfully 
while capturing only small market shares.
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C
harles P. Snow’s 1959 Cambridge Rede lecture on “The Two Cultures and the 
Scientific Revolution” simultaneously lamented the fragmentation of society 
into scientists and artists/humanists, and sounded a triumphant note for the 
great ascendancy of science as the true path towards understanding. Society 

still has not recovered from the characterization. We live with a dual picture, one where 
imperious scientists stick their empirical, reductive snouts where they are not wanted, 
while the relativistic artists and humanists labor at textual scholarship like 16th-century 
philosophers oblivious of the coming scientific revolution. 

In this article, inspired by a recent meeting at SFI on history and complexity, and 
using the historical sciences as my subject, I want to show that this perspective is not 
only simple-minded, but misses a whole set of mental and methodological preferences 
that do not segregate along the lines of the science–art/humanities divide. 

There is, for example, an equally interesting distinction to be made between historical 
and ahistorical explanation. In order to understand how a clock works, we can take 
it apart, reassemble the mechanism, and try to figure out how to make a very small 
wheel behave as if it were a large planet— such that the wheel and the planet mark 
the same passage of time. No need for history here, just an engineer’s ingenuity. But 
when we seek to understand how the clock came into being, from what precursor and 
what process of manufacture, then we need to consider the history of the object. The 
historical reconstruction does not follow the same logic as the sequence of the clock’s 
manufacture—the history is represented by a long chain of trials and errors, with the 
best available solutions making their way into the final product. This is very similar to 
the understanding of an organism through its development or through evolution, and 

The field of historical events is too complex and too lacking in exact analogies in its recurrence to 
coerce the mind to a particular interpretation of the causal sequence, but, even if the mind could be 
coerced, the historical observer might always turn out in the end to be an agent of history rather than 
an observer of it, with a sufficient stake in the contests of history to defy conclusions which should 
compel the mind but not compel the interested self.

—Reinhold Niebuhr, “Ideology and the scientific method,” 1953

By  David C. 
Krakauer

The insidious thing about 
the causal point of view 
is that it leads us to say:  
“Of course, it had to 
happen like that,”  where- 
as we ought to think: it 
may have happened like 
that—and also in many  
other ways.

—Ludwig Wittgenstein. 
Culture and Value. 

Published in English 
Translation, 1980

“When I was in school I studied biology. I learned that 
in making their experiments scientists will take some 
group—bacteria, mice, people—and subject the group 
to certain conditions. They compare the results with a 
second group which has not been disturbed. This second 
group is called the control group...In history there are no 
control groups.”

—Cormac McCarthy. All the Pretty Horses, 1992

The QuesT  
for PaTTerns  
in MeTa-hisTory
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Meta-history–The illusion of single sample sciences
A problem facing all historical analysis is that cosmological, 
geological, evolutionary, and cultural histories are in aggregate: 
singular events. This uniqueness precludes the use of the powerful 
scientific tools of multiple observations and replication, and all 
observations come to carry equal weight. Pascal wrote, “Had 
Cleopatra’s nose been different the whole face of the world 
would have changed.” The quote is from the Pensees on the 
topic of vanity, and refers to an exercise in the multiplication of 
contingencies. Starting with the injurious consequences of Mark 
Anthony’s love of Cleopatra following Julius Caesar’s assassination, 
Mark Anthony is pursued by Octavian, defeated at Actium, finally 
coming to a tragic end in a double suicide pact with Cleopatra. 
Pascal deems society, as a whole, vulnerable to individual acts 
of folly. This is similar to a non-robust statistic applied to data, 
where changing a single observation leads to a very different 
conclusion. Paul Valery went so far as to define history as “the 
science of what never happens twice.”

But just because history changes course frequently according to 
individual actions, might we still not find generality? Edward H. 
Carr, in his book What is History? states that “What distinguishes 
the historian from the collector of historical facts is generalization.” 
This resembles the distinction made between the natural historian 
taxonomist and the scientist. One seeks the myriad details of 
pattern, and the other—the patterns above the detail. Perhaps 

Portrait of Simonetta Vespucci, mistress of Giuliano de’ Medici (ca, 

1480), by Piero di Cosimo, at the Musée Condé, Chantilly, France.

the understanding of a constitution through legislation 
or through its historical derivation. The two modes of 
explanation are very general and represented within 
many fields.

And there is another distinction to be made between 
the truth of particulars and the truth of generalities. At 
a crime scene, a photographer best serves the interest of 
the case by preserving, with as little bias as possible, the 
configuration of the evidence. In a portrait, a painter 
can capture more than a photographer by abstracting 
away detail and representing in shape, color, and hue, 
less obvious and more essential characteristics of the 
subject. Both painting and photograph are “true” and 
span a spectrum comprising very detailed accounting 
and very general abstraction. 

In an effort at synthesis I will emphasize some striking 
parallels between history and science, and discuss a few 
biographies illustrative of particularist and generalist 
tendencies in a number of different disciplines. I will 
try to show that a contingent, historical dimension 
to a problem need not be an obstacle to science, and 
that methods exist, many of which have been applied 
in biology, to deal explicitly with limited sample sizes, 
the multiplicity of outcomes, and the problem of 
counterfactuals.

Both historical versus ahistorical explanation, and 
particular versus general representations have their 
roles in both the sciences and the arts and humanities. 
Rather than apply Snow’s demarcation criterion, we 
can inquire into these more cross-disciplinary issues 
and explore a fuller compass of ideas and personalities. 
Natural languages are thought to be better suited to 
this integration than formal languages. The primary 
reason for this is that natural language builds narratives 
of particular events through a recursive structure suited 
to the representation of arbitrarily large scales. The 
great success of Darwin’s Origin of Species in providing 
a conceptual framework for Linnaeus’s nomenclature 
without a single equation demonstrates the power of 
narrative even for a biological phenomenon. There will 
be no equations in this essay. 
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the great example of the latter is the work of Charles Darwin. 
Darwin shoehorned, somewhat shamelessly, all of natural history 
into the iterative algorithm of natural selection. While there 
appears to have been a single origin of life, there have been 
countless instances of natural selection, and the adaptive diversity 
of life provides the evidence. Biological evolution offers a strong 
model for historiography as it makes a science of sensitivity to 
initial conditions, self-similarity, and degeneracy. Darwin sought 
repetition across the particulars of lineages, having recognized that 
the phyletic whole was indivisibly unique.

The scientific method—that loose collection of properties 
including empiricism, experimentalism, quantification, falsifiability, 
parsimony, and simulation, has been built up around the possibility 
of replicability. Replication serves at least two purposes: one is the 
extraction of regularity, and the second is the building of consensus 
through independent experiments. Consensus is dependent on 
independent researchers seeking to refute one another, performing 
similar, if not identical experiments—the greater the value of the 
work, the greater the need for independent verification. There is 
a quality to science that seeks to remove the individual from the 
hypothesis. This objective distance is obtained when objects cease 
to be in Neibuhr’s phrase “agents of history.”

The difficulty of replicating observations is not unique to the 
humanities and social sciences. There are a number of empirical, 
single sample sciences, all of which have a historical dimension, 
which I refer to in the title as the meta-historical sciences. These 
include the non-adaptive, meta-historical sciences: geology and 
cosmology, and the adaptive meta-historical sciences: evolutionary 
biology, anthropology, and archeology.

Geology and cosmology are meta-historical sciences as both the 
planets and the universe have come into existence over the course of 
time from a suitable initial state. We consider these sciences within 
a variational framework, with order derived from an appropriate 
action principle, in which some function is minimized (free energy) 
or maximized (entropy). However, physical theory seeks the 
parameters that best fit these functions to a more or less complete 
body of data. The strong dependencies in the data allow that these 
lookup tables are substituted with summary, mathematical rules. 
So while there is a historical process, the laws governing history are 
fixed and few. 

Biological and anthropological theory seeks to find regularity 
within a more contingent domain, but concords with physical 
theory in trying to develop minimal-parameter models for 
observations. However, these sciences describe adaptive systems 
that historically encode functions that best fit past observations and 
effectively predict future regularities. Their unique histories have 
an enduring influence on the future, and the rules governing their 
evolution are not unchanging but transform alongside the system. 
There is a statistical, inferential quality to the adaptive, meta-
historical sciences, which echoes the inferential character of human 
theories of history. 

Merging history with Meta-history through Complexity
A basic meta-historical assumption is that contemporary 
observations cannot be understood only through the application of 
timeless rules, but need to be understood as having evolved through 
a series of symmetry-breaking events or historical contingencies—
where from a set of equally likely outcomes, one is selected. The 
trend in the natural sciences has been to reduce the dependencies 
of phenomena on their initial conditions and contingencies, and to 
isolate systems with a small number of degrees of freedom. This is 
best exemplified in physics. Explanations are shifted progressively 
away from initial conditions towards theories and laws. In systems 
with little degeneracy, this approach has proved to be highly 
effective. 

In biology, economics, and anthropology, this approach has met 
with more modest success, although the approach in these fields is 
far more recent. There has been a move, therefore, to explore new 
forms of reductive theory of greater applicability to meta-historical 
disciplines, and this has generated a portfolio of approaches related 
to complex systems science. Explanations in complex systems 
science often make use of multiple mechanisms for explaining 
order, such as natural selection and free energy minimization in 
protein folding, or human decision-making and phase transitions 
in economic markets. The use of stochastic processes to reconstruct 
molecular, phylogenetic histories is a strong example of historical 
theorizing, making use of largely ahistorical properties of chemistry 
to generate distributions of alternative, probable, molecular pasts. 
The presence of alternative states of a single system is referred to as 
meta-stability, and has played an equally important role in historical 
writing, in the form of counterfactual history.

Counterfactual history as Metastability
For want of a nail  
The shoe was lost. 
For want of a shoe 
The horse was lost. 
For want of a horse 
The rider was lost. 

In 1777 in the town of Saratoga, NY, were fought two of the 
decisive battles of the American Revolutionary war. The British 
fighting under John Burgoyne faced the Americans under Horatio 
Gates. The outcome of the engagements at Freeman’s farm and 
Bemis Heights was the defeat of the British and the subsequent 
commitment of France to the revolution. Robert Sobel in his 1975 
book For Want of a Nail: If Burgoyne Had Won at Saratoga explores 
the consequences of an American defeat, leading to the withdrawal 
of French support, the surrender of the colonies, and the final 
establishment of the United States of Mexico. The study amplifies 
the importance of a single event, through a long chain of causality, 
leading to the divergence of two national futures beyond familiar 
configurations.

For want of a rider 
The battle was lost. 
For want of a battle 
The kingdom was lost. 
And all for the want 
Of a horseshoe nail.
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Alternative histories play with the precariousness of decisions 
and critical turning points to generate an ensemble of futures. This 
ensemble undermines our confidence in the stability of factors 
generating our realized societies. Identifying the most probable 
outcomes of alternative histories is an instance of what is called 
stability analysis in non-linear dynamics. The terms of non-linear 
dynamics can be of some use in counterfactual history.

In dynamics, an important question is how many non-wandering 
sets a system possesses. A non-wandering set consists of a set of 
points in some space, such that all orbits starting from these points 
come arbitrarily close, arbitrarily often, to these points. The sets 
are classified using mathematical terms as fixed points, limit cycles, 
quasiperiodic orbits, and chaotic orbits, describing the long-term 
distribution of points in space. The motion of planets in our solar 
system represents an instance of a stable limit cycle, where the 
planets remain in stable orbits and do not collapse to a single fixed 
point or wander about chaotically.

Changing the parameters (such as the mass) of a system can 
induce a change in the composition of a non-wandering set through 
a bifurcation, whereby orbits move to the neighborhood of a new set 
of points—such as from a limit cycle to a chaotic orbit. The basin of 

attraction of a dynamical system is the set of all initial 
states approaching the attractor in a long time limit. 

From the dynamical perspective, counterfactual 
history is about establishing the basins of attraction 
of a system and identifying those parameters that 
when modified, lead to a transition from one basin 
to another or continued residence in the same 
basin—robustness. Establishing basins of attraction 
in low-dimensional mathematical models can be 
accomplished relatively easily using computers, 
but how might we go about this when dealing 
with an alternative outcome of World War II, as 
explored in Philip K. Dick’s novel Man In The 
High Castle? In this novel Japan and Germany 
come to occupy Europe and the United States—a 
disconcerting, counterfactual outcome. But the 
plot really serves as the vehicle for an exploration 
of robust properties of society, such as national 
identity, moral probity, and the spirit of resistance 
to tyranny. The Yale University Cold War historian 
John Gaddis has compared counterfactual narrative 
of this kind to Monte Carlo simulation—the 
multiplicity of possible narratives seeks to isolate 
invariant outcomes from inessential noise. 

However powerful narrative might be as an 
organizing tool, nonlinearities in physical systems 
can make the informal identification of generalities 
very difficult. In 1917 Vilfredo Pareto noted how 
the physical sciences benefited enormously from 
the theoretical convenience of living in a solar 

system with a single massive sun. This reduces the complexity of 
planetary orbits to a two-body problem—the sun paired with each 
of the planetary masses. Physics from Galileo to Newton was able 
to make progress as a result of the happenstance of a relatively 
simple distribution of planetary mass. In human history, we seldom 
observe such convenience, since multiple, equally important 
factors are often in play. The question then becomes, how is it that 
historians make any progress at all?

One way historians solve this problem is to identify analogous 
precedents and exploit remarkable properties of human psychology. 
Most events have some features that are shared. Once those 
shared features have been discovered, it is sometimes possible to 
extrapolate from one case to another—in effect, historians practice 
case law. Furthermore, counter-factual historical reconstruction 
is facilitated by the amazing ability of human brains to extract 
patterns from very high-dimensional data sets. These are the same 
reasons human chess and Go players remain competitive against 
the best of our combinatorial game algorithms. The clues to a 
quantitative science of history then lie in our ability to decompose 
dynamical systems into units serving as precedents, and develop 
more effective insights into how we detect pattern.

The Death of Marat, Jean Paul Marat, politician and publicist, dead in his bathtub,  

assassinated by Charlotte Corday. Jacques-Louis David (1748-1825). Oil on canvas. 
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Decomposition Towards a science of history and  
hidden Control Groups
Why have the social sciences and history not made more progress? 
Why is history not cumulative in the fashion of natural science? 
Bertrand Roehner and Tony Syme in their recently published Pattern 
& Repertoire in History—a work of what they call analytical history—
argue that the explanation is a failure to decompose events.

Roehner and Syme suggest that natural science has more 
effectively simplified problems through decomposition, which 
means breaking a system down into components that can be 
treated more systematically. They use the example of the physics 
of a glass of Coca-Cola placed in the sun. A full understanding 
of the physical response requires knowledge of optics (light to 
heat), statistical mechanics (propagation of heat), hydrodynamics 
(convection streams), and thermodynamics (for diffusion of heat). 
Each of these fields was worked out in simple systems where they 
could be formulated with relatively few exceptions. The power of 
the scientific method emerges in the synthesis of these ideas.

The approach Roehner and Syme advocate is to break historical 
events down into more elementary building blocks or elements of 
global events. These blocks will then be shared by very different 
events. There has only been one French Revolution, but there were 
three stormings of the Bastille, 20 meetings of the Estates General, 
and 15 instances of the confiscation of church estates. The virtue 
of the modular approach is to move from the description of the 
particular to the analysis of comparative events.

As an example of how history might make use of this approach, 
Roehner and Syme decompose several different events. These 
include the following:
•  The meeting of the Estates General (i.e., Parliament) in France: 

This involved the formation of tactical alliances between the 
bourgeoisie and the clergy, and the reduction in the authority of 
the monarch. Both of these events of 1789 are echoes of similar 
events in previous years or in different nations, such as the 
formation of parliaments of the German states.

•  Strategic planning in World War II: In 1942, Germany and its 
allies occupied continental Europe, while the United States and 
Britain controlled the seas. Russia was an ally. Replace Germany 
with France, the United States and Britain with Britain, and we 
have the Napoleonic wars.

•  Russian Revolution: The revolt of the Kronsdat (Russian naval 
arsenal) sailors in 1917 and their march on Petrograd played an 
important role in the revolution. But this was just one of several 
mutinies that occurred and were suppressed: in 1905, a mutiny 
following the death of a sailor; in 1906 a rebellion of two fleets; 
and in 1921, an uprising initiated by a new resolution opposed 
by Trotsky.

Thus through decomposition we are able to multiply the number 
of instances of an event and derive virtual control groups. While 
there is only one Homo sapiens, there are numerous species with an 
eye or ear or nose. The conditions for the evolution of these traits 
can be studied comparatively, and can thereby overcome the absence 
of the critical control groups described by McCarthy—noted in the 
opening epigraph—as the problem for a scientific history.

To illustrate the point, when considering the horse, the 
paleontologist must decompose it into informative anatomical 
units—skull, jaw, and teeth. Then he or she must find a sequence 
of homologous units through evolutionary time. Thus while the 
French revolution might be unique, its units had ancestors or 
forerunners. The revolution of 1789 is made up from a number 
of event strata with identifiable correspondences. In this way, 
history ceases to be “creationist” and becomes “evolutionist.” This 
also raises interesting questions about the relationships among 
the elements, and about topics such as scaling relationships and 
allometry, for which abstract regularities might exist and take us in 
the direction of a more law-like history.

The Culture of Particulars
Even if we were successful in identifying analogies and homologies 
in history, there remains in history a high priority placed on the 
role that particular events have played in establishing contemporary 
patterns. The ahistorical approach seeks to minimize contingency 
and downplay psychological causality when explaining pattern. 
The historical emphasizes the enduring role of initial conditions 
and contingent events unfolding from unpredictable psychological 
responses. The ahistorical tradition has been allied with those 
symbolic systems effective at expressing regularity such as 
mathematics. The historical tradition has been drawn to narrative 
expressed in the natural language of sequential particulars, 
particularly individual lives. Carlyle wrote, “History is the essence 
of innumerable biographies,” and Emerson wrote, in the same 
spirit, that, “There is properly no history; only biography.”

The particularist sees human history as a unique event whose 
exposition demands an enumeration of events. There is no denying 
that general processes are important, but since we can never know 
them (no repeatability) they resist generalization. Interestingly, 
a comparable position remains strong in the biological sciences. 
Consider a statistical analogy. With a single set of data points, 
interpolation can be preferable to a fit with a fewer number of 
parameters. This is because there will never be an opportunity to 
test the fit out of sample, on a larger, independent body of data. 
Hence the very best fit, effectively a point-by-point description of 
events, represents the desirable model. The second criticism is that 
human consciousness is both subject and object of history and, 

Thus through decomposition we are able to multiply the number of 

instances of an event and derive virtual control groups.
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hence, interpretive accounts are unavoidable. Unlike physics or 
biology, where atoms or DNA are directly subject to chemical rules, 
individuals exercise deliberative control over their futures.

Double Micro-Biography in extremis
One point I have tried to make throughout this article is that 
many of the putative antagonisms between history and the natural 
sciences are present in a variant form within history and within 
the natural sciences. It is not only a matter of replication and 
decomposition, but disposition. Some minds favor reduction, 

synthesis, and ahistoricism, whereas others favor details and 
chronicles. As an illustration, let’s consider briefly the life and work 
of Oswald Spengler and Michael Oakeshott, both historians.

Oswald Arnold Gottfried Spengler was born in 1880, the son 
of a mining engineer, and the author in 1917 of Decline of the 
West. He advocated an organic, developmental theory of history 
with all culture passing through predictable stages of a life cycle 
from birth to maturation through to senescence. Perhaps more 
a poet than an analytical mind, Spengler mixed his metaphors 
and spoke of developmental stages in seasonal terms as spring, 

summer, and autumn. In spring, the basic principles 
are arrived at, typically in terms of the religious 
beliefs of a society. A culture in full form in its 
summer realizes the potential of its principles and 
creates art and artifacts of enduring value. In the 
autumn of its development a culture enters into 
the civilization phase. Here economics dominates 
political action, nations tend towards imperialism, 
states enter into contention, and despots arise 
(Caesarism). The common principles once uniting 
society are no longer respected, and artistic creation, 
no longer rooted in a whole culture, drifts into 
fads and fashion. Western culture, according to 
Spengler, reached its phase of civilization in 1800. 
While a fastidious student of minutiae, Spengler was 
clearly influenced by Hegel, and saw in the history 
of civilization a law-like, unavoidable regularity. To 
contemporary minds, there is little compelling in 
Spengler’s writing other than his delicious pessimism 
and poetic flourishes. However, Spengler’s interest 
in historical cycles, which influenced the work of 
Arnold Toynbee, and more recently Peter Turchin, 
remains a fascinating research problem. 

Michael Oakeshott was born in 1901, the son of 
a civil servant and author in 1983 of On History and 
in 1986 of Experience and Its Modes. He thought 
of all human experience as consisting primarily 
in establishing a world of ideas, in which these 
ideas achieve a coordinated unity. Experience is 
fundamentally modal, meaning that the perspective 
or organization of our experience is diverse and 
comprised of approaches that are irreconcilable. 
The historical mode represents the attempt to 
render current experience consistent with past 
fact, whereas the scientific mode seeks consensus 
through establishing quantity. History, Oakeshott 
argues, is the attempt to account rationally for 
historical change. Historical explanation is an 
explanation of the world in terms of change and 
an exploration of the process or mechanisms of 
change. For Oakeshott, events are distinguished from The Disquieting Muses (1916) by Giorgio de Chirico, at Coll. Mattioli, Milan, Italy.
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instances—the latter the subject of scientific investigation—which 
seek to determine the minimum conditions required to explain 
observations. Events arise through their extensive dependencies, 
relations, etc. This makes causality, as practiced by scientists 
in search of quantification, effectively impossible. Oakeshott 
suggests that the defining property of history is to understand the 
equal contribution of all events across all of time—“thus every 
historical event is necessary...” he writes. Even a strong personality 
such as Frederick the Great, who might seem to have made 
disproportionately significant contributions to world affairs, needs 
to be understood in relation to the larger network of peasants 
upon whom he depended.

Neither Spengler nor Oakeshott present their ideas in a form 
familiar to the natural sciences, and yet their positions present an 
echo of debates within natural science. Oakeshott would carve 
out some frequency range and call this history. Spengler sees no 
need for restriction and insists that history is no less a mechanical 
process than biological development. Oakeshott thinks of the 
historical mode as one in which the present can only be understood 
by reconciling it with salient events in the past. Spengler thinks 
of history as important in charting the current disposition of our 
degeneration. Oakeshott wants to sever the ties between science and 
history by making them incommensurable.

It is not a stretch to see in these positions some features of 
the arguments between high-energy physicists and evolutionary 
biologists. The physicists, like Steven Weinberg, seek to restrict 
initial conditions and trace the origins of order to the earliest stages 
of the universe, whereas the biologists, such as Stephen Gould, 
stress the fundamental role of unfolding contingencies in generating 
extant biodiversity. What distinguishes both Gould and Weinberg 
from Oakeshott and Spengler is their belief in the supreme value of 
quantification and consensus. 

The epistemic spectrum
We can move beyond biography and consider historiography 
more broadly, in terms of a spectrum of descriptive detail and 
explanation, analogous to the electromagnetic spectrum of physics. 
The electromagnetic spectrum covers a range of electromagnetic 
radiation spanning the low frequency infrared through the high 
frequency gamma rays. The lowest frequencies travel the greatest 
distances and are able to diffract around obstacles but offer low 
resolution. The highest frequencies have the highest energies and 
can be used to resolve the smallest objects as they sample a large 
number of points in space and time. When building devices to 
resolve the invisible world, we deploy those frequencies best suited 
to our needs: the low frequency radio waves to scan great distances, 
and the highest frequencies to reveal the microscopic structure 
of matter. In order to understand the invisible world of history 
we need to explore an analogous full historical spectrum, using 
low frequencies for regular, granular patterns and high frequency 
methods for detailed sampling.

ranging the spectrum
The lowest frequency historical accounts, leading to a 
consideration of laws of history are highly parsimonious 
expressions of regularities that transcend all culture and all time. 
In this frequency range we could place historicist philosophers 
such as Hegel. While Hegel has not a single mathematical 
formula in his work, he championed a highly reductive, somewhat 
deterministic view of history. In Hegelian theory, an almost 
Platonic idea becomes increasingly realized through society. 
History is directed forward such that society, as long as it remains 
a part of history (the Egyptians, we are informed cryptically, 
opted out of history) produces ever more perfect representations 
of itself. This form of historicism is the most physics-like of 
histories, as it minimizes the role played by initial conditions and 
develops an aesthetic criterion for progress. 

In the intellectual low-frequency accounts exist perspectives 
adopting quantitative techniques, typically based on the application 
of statistical and dynamical models without appeal to law-like 
regularity. In his book Historical Dynamics, Peter Turchin asks 
explicitly, “Why do historical sociologists use such a limited set of 
tools?” and argues that a theory of state formation and extinction is 
inherently a dynamical problem with a dynamical systems solution 
using models derived from theoretical ecology.

Into the mid-range of the spectrum are those borrowing 
metaphors and generality from the natural sciences, downplaying 
the pivotal role of the individual, but who do not insist that the 
transfer of ideas extend to adopting quantitative techniques. 
This position is strongly advocated in John Gaddis’s recent 
book, The Landscape of History. In Landscape, Gaddis criticizes 
the idealized, reductive methods of economics with its emphasis 
on single, proxy, independent variables such as utility and 
static optimization. Gaddis favors the metaphors of complex 
systems science: sensitivity to initial conditions, self-similarity, 
and degeneracy arising from frustrated states and the value of 
simulation. Unlike Turchin, Gaddis does not model history, but 
uses concepts from dynamics as metaphors.

Into the higher-frequency, ultraviolet bands, reside those 
historians who observe patterns in nations, local communities, 
and family structures, but present their ideas in the informal logic 
of empirical argument. These frequencies constitute the median 
of historical output. And many of our outstanding contemporary 
historians can be placed here, including Kenneth Pomeranz, Niall 
Ferguson, Christopher Bayly, and Hugh Thomas.

Reaching the X-rays and gamma rays at the highest frequencies 
are historians who deride attempts to transform history into 
a branch of natural science. At these frequencies, individual 
psychology figures so large as to make statistical generality 
meaningless. As at the historicist extreme, here history becomes 
more philosophical, and the names of Vico and Herder come to 
mind. Isaiah Berlin presents some of these objections in his essay, 
“The Concept of Scientific History.” Science is associated with the 
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construction of ideal models from stable similarities across a range 
of observations. Such empirical abstraction, Berlin contends, 
needs to be based on recurrences. Science comes thereby to deal 
with the type, not the individual. Science seeks unity, whereas 
history seeks diversity. Berlin writes, “The description and 
explanatory language of historians, because they seek to record 
or analyze or account for specific or even unique phenomena…
cannot, for that reason, be reduced without residue to such 
general formulae, still less to models and their applications.” 

Like any spectrum, the division into discrete value-ranges is 
arbitrary, and ideas fall upon the line rather haphazardly according 
to temperament and training. But the spectrum metaphor has 
value by making clear that the choice of frequency band reflects the 
magnitude of the object under scrutiny, and the need to consider 
multiple frequencies in order to present the many properties of 
the historical subject. The tendentious style of history—the choice 
of only one frequency—then becomes a matter of taste, reduced 
to a preference for blue over pink. There is no question that all 
frequencies are present in history; the challenge is to find some 
means of combining them into a complete account such that 
Berlin’s individuals and types can coexist. This has been one of the 
great successes of evolutionary biology and presents great challenges 
to the sciences of complexity.

history and Complexity at the santa fe institute
Many of these thoughts were provoked at a meeting organized 
by John Gaddis and me at SFI in the summer of 2005. It 
became clear that while the will towards a common language was 
present, significant technical difficulties impeded our progress. 
The tendency of physical scientists is often to dismiss detail 
as incidental and search only for regularity. For the historian, 
great richness lies in the sequencing of the particular, and in the 
narrative plausibility of networks of causality. This, however, is also 
a very common preference in the biological and social sciences. 
Having said that, Oakeshott was certainly on to something with 
his different modes of understanding, and there seems to be a level 
at which history and natural science is probably untranslatable. 
However, there are coarse-grained realities of interest to both 
communities, and these we felt are most evident in the history of 
conflict. In conflict, competing parties arise and engage in repeated 
interactions with a concomitant redistribution of resources. The 
mathematical analysis of the chronological pattern of conflict, 
the dependence of conflict on social and technological networks, 
the hierarchical structure of society leading to feedbacks which 
modulate lower levels of conflict, and those factors promoting a 
stable peace, emerged as themes of significant common interest. 
Our next step in a projected unification will be a meeting on “The 
Complexity of Conflict in the Context of History.” This effort 
exemplifies a staple of SFI research, that progress is slow before a 
common problem and language have been established, and then 
accelerates from that point on.  t

Acknowledgements: Many thanks To Dan Rockmore, Tim Taylor, 
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article. Any remaining infelicities and obscurities are strictly of my 
own stubborn manufacture. 

David C. Krakauer is an SFI professor.

The Book (1913) by Juan Gris, at the Musee d’Art Moderne de la Ville de 

Paris, Paris, France.
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a QuanTiTaTive sCienCe of hisTory
In its ever-expanding quest to explore new frontiers, the 
Santa Fe Institute convened a group of researchers to explore 
whether there might be a quantitative science of history. 
Participants brought a broad range of viewpoints to the subject, 
which included the following: David Krakauer—Evolution of 
evolutionary theory: Narrative vs. mathematical history; Ken 
Pomeranz, UC Irvine—Long-term histories of economic growth; 
Doug Erwin, Smithsonian Institution—Paleontological history 
of the Earth; Elizabeth Saunders, Yale—Political science and 
the study of international security; Matt Connelly, Columbia—
Contemporary international history; Geoffrey West, SFI— 
Scaling and other regularities in nature; Murray Gell-Mann, 
SFI—A history of language change; and Gagan Sood,  
Yale—Knowledge, disciplines and the scientific method.
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 An Enduring   StAtE
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any theories have arisen as to why some 
forms of government—states—arise and 

endure for hundreds of years, while others fail. Early 
thinkers suggested that “great men”—transformative 
figures such as Kamehameha in Hawaii or Shaka in 
KwaZulu imposed their will on ordinary kin groups. 
Others have posited that system factors 
such as population pressure or irrigation 
management—to name only a few—impelled 
state development. However, in recent 
years, rethinking of the histories of various 
enduring states and new methods of 
archaeological excavation and survey 
have allowed more precise and 
comprehensive hypotheses. The key 
idea is simple: in order to begin to 
understand how states form, we need 
to understand the achievements 
and problems of the polities that 
preceded states.

Anthropologist Henry Wright has 
been at the forefront of this new hypothesis. 
A member of the SFi External Faculty and 
professor of anthropology at the university 
of Michigan, Wright travels the world searching 
for what is for him treasure—ancient garbage. By 
sifting through it, he finds pot sherds, animal bones, 
industrial waste, and in some areas, documents 
left by early government officials. But what’s most 
important for him is these findings’ association with 
the remains of residences, offices, palaces, forts, and 
other buildings. Much of Wright’s work involves 
mapping such places, as well as whole regions, noting 
the placement of villages, towns, and strongholds, 
and the relationship of these to traces of roads, canals, 
and other features of the landscape. By comparing 
successive mappings, he can monitor the trajectories 
of the first states.

LEssoNs fRom ThE CRadLE

Wright has studied the evidence of pre-state chiefdoms 
in southeastern north America, new Zealand, 
Madagascar, China, and, of course, the Middle East, 
particularly the Basin of the tigris and Euphrates, 
known as Mesopotamia. it’s that “cradle of civilization” 

so wrought by conflict today that still draws 
him. As a graduate student he worked in iraq 

under robert McCormick Adams, of the 
university of Chicago’s Oriental institute and 
a long-standing figure at SFi. it was during 

the 1960s when many new approaches 
in archaeology were being devised, 
and Wright wanted to use these 
approaches to explain developments 
in this earliest of civilizations. 

What he found there is evidence 
of the rise and fall of states 
and shifting centers of political 

dominance. At one such, uruk, 
the largest city in the world in about 

3200 B.C. (located in present-day iraq 
near the Euphrates), surveys by Adams 

and his german colleague Hans nissen 
showed that it was surrounded by a network of smaller 
cities, towns, and villages, through which people, 
goods, and ideas circulated in diverse ways. Wright’s 
own work, with gregory Johnson of Hunter College, 
showed similar, though smaller, cultural systems existed 
around the city of Susa somewhat earlier, in about 3600 
B.C. Adam’s surveys also revealed that radical political 
and economic changes were occurring in southern 
Mesopotamia as early as 4000 B.C. unfortunately, 

By Lesley S. King An Enduring   StAtE

Far leFt: terraced fields in modern Madagascar are reminders of days 

of early state formation, when an army of citizen-soldiers was promised 

rice paddies in return for their service. Center: a clay figurine depicting 

an important person in the ancient city of Uruk, ca. 3600-3400 BC.t
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during the 1980s, political strife in the region stopped 
research before further fieldwork could document 
the emergence of the first networks of primary states. 
Beyond these difficulties, Wright still saw a need for 
deeper understanding of the process of primary state 
formation. By chance, he was invited to undertake 
archaeology in Madagascar.

ThE IsLaNd aT ThE ENd of  

ThE WoRLd

Wright is looking at that critical point when villagers 
living in a world of kin and ritual and under the rule 
of chiefs became incorporated into larger polities 
controlled by multi-tiered hierarchies and with inter-
dependent decision-making agents. in Madagascar, a 
900-mile-long continental fragment that broke off the 
eastern edge of Africa some 170 million years ago, he 
found a new perspective. Only recently, about 1,200 
years ago, was human settlement established there. And 
only in the 18th century was an enduring state formed 

by the Merina people in Madagascar’s 
central highlands. The recent nature of 
this state, and its accompanying wealth 
of records, ranging from oral and written 
histories to relatively intact archaeological 
sites, has allowed Wright to refine his 
understanding of state origins.

So, what happened among the 18th-
century Merina to make their state 
successful? The answer is important because 
it has implications for the general question 
of how and why any system, including 
our individual cognitive systems and our 
planetary internet, is robust. As an example 

of a resilient state polity, Wright points to the ife Kingdom 
in West Africa, which formed more than a millennium ago. 
“it revived again and again because it had interlocking and 
redundant components,” he says, adding, “it’s still there!”

Fortunately, Wright’s broad view of the world 
archaeological landscape helps him to find out 
the nature of those components. For 20 years he 
was a member of the Committee for research and 
Exploration for the national geographic Society. He 
was a MacArthur Fellow, resident scholar at the School 
of American research, and is a member of the national 
Academy of Sciences. He has served on SFi’s Science 
Board and Science Steering Committee.

fRom PRE-sTaTE To sTaTE

So what processes lead to enduring states? Wright 
proposes that prior to the emergence of primary states, 
periods of intense conflict alternate with periods of 
alliance and relative peace. He sees state origins not as 
a single revolutionary breakthrough but a complicated 
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experimental process of fits and starts with many 
innovations and many failures. “Modeling this kind of 
political and economic process is a major challenge,” 
he says. “Studying cases which are closer to us in time 
and documentable by traditional history as well as 
archaeology helps us to do so.”

He has determined that the first enduring state 
in Madagascar, the Merina Kingdom, came about 
through a series of experiments performed by earlier 
rulers, successive efforts which failed but did result in 
increasingly complex control 
structures. The early efforts 
involved local leaders conquering 
villages and ports, bringing 
them together under a king’s 
rule only to be splintered later. 
The main feature of these early 
attempts is their lack of formal 
social mechanisms to insure the 
continuity of control, Wright 
notes. “Formal hierarchies 
through which information 
and goods moved were poorly 
developed, though there was 
some reorganization of local 
communities and the episodic 
constituting of strong military 
forces,” he says.

Then around 1780, 
ramboasalama, a Merina noble 
depicted in traditional histories 
as both “courageous and able” 
and “devious and avaricious,” 
took control of the marginal hill 

town of Ambohimanga. He built an army of citizen-
soldiers by promising rice paddies in return for their 
service. Archaeological studies done by Wright, with 
the research staff of the Musée d’Art et d’Archéologie in 
Antananarivo, show that ramboasalama defended his 
frontier with a system of fortified villages supported by 
the labor of his citizen soldiers. He took the throne name 
Andrianampoinimerina, “The Lord Beloved in the Heart 
of imerina,” and turned Ambohimanga into an imposing 
capital with monumental defenses and a central palace, 
placing himself at the center of the Malagasy cosmos.

in subsequent years, Andrianampoinimerina 
conquered most of the central highlands of Madagascar 
and moved his capital to Antananarivo, which is still the 
capital. He imposed a hierarchical governmental system 
with provincial governors, military commanders, judges, 
tax collectors, and police. This increased interdependence 
because no part of the government could function 
without the others. “This is a much more robust system 
than its predecessors, and it survived and prospered after 

the founder’s death,” Wright says. 
“Such systems can last hundreds 
of years, whereas pre-state systems 
generally form and fall over much 
shorter periods.” ultimately, 
Wright notes, such emergent 
primary states give rise to empires 
such as the roman Empire and 
the Han in China, and to modern 
national states. if researchers want 
to test formal models of the key 
transformation from pre-state 
to state societies, it is important 
“to precisely characterize the 
organization of successive efforts 
to build successful political 
or social formations, and the 
factors that lead to failures and 
successes,” he writes.

Wright has taken the 
insights gained from work 
in Madagascar back to 
Mesopotamia to help him pose 
new questions and design 
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In the 18th century, andrianampoinimerina, a Merina 
noble, imposed a hierarchical governmental system—
Madagascar’s first enduring state.

 Wright sees state origins not as a single 

revolutionary breakthough but a  

complicated experimental process of  

fits and starts with many innovations 

and many failures.
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new research programs. in eastern Syria, he’s helping 
to complete a regional survey as part of the British 
research team under david and Joan Oates in ancient 
nagar, known today as tell Brak, where excavation has 
revealed evidence of administration as early as 4000 
B.C. There, archaeological survey is documenting 
an explosion of large settlements at the same time, 
followed by collapse and re-emergence. “The findings 
from Brak may provide some of the best evidence of 
the first steps toward successful state organization in 
Mesopotamia,” he says. 

Even with all this progress, Wright is far from 
claiming that the problem is solved. He says what’s 
still needed is more data collected by interdisciplinary 
teams, more theoretical work, and more refinement of 
models. “it’s challenging because you have many agents 
manipulating many variables,” he says. But he remains 
optimistic. “With the kind of approaches to complexity 
that have been developed by SFi researchers, we have 
some hope of devising useful answers to this issue of 
state origins within our lifetime.” t

a WaR agaINsT hIsToRy 

In 2003, as head of a team sponsored by the 

National Geographic Society, Henry Wright 

was one of the first foreign archaeologists to 

go into Iraq after the coalition forces entered. 

What he and the team found was relatively 

little damage from the military conflict but 

massive destruction from subsequent looting. 

They found that armed gangs of men with picks 

and even power equipment have ripped sites to 

pieces in the search for salable objects—clay 

tablets with early written texts, statues, 

jewelry, and the like—destroying the layers 

within the remains of buildings and discarding 

mundane trash that might have informed 

researchers about the historical contexts of the 

more spectacular objects. “The situation there 

is far worse than we realize,” he says.

The destruction of the archaeological 

record of ancient Mesopotamia is paralleled by the destruction 

wrought by such peaceful activities as urban expansion and 

agricultural land leveling in the other heartlands of early  

state formation. Says Wright, “It is daunting to think that, with 

only limited and 

poorly supported 

efforts to retrieve 

the evidence, we 

are erasing the  

only hope we have 

for understanding  

the beginnings  

of the cultural 

worlds within  

which we live.” 
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Henry Wright continues to explore state origins throughout the world.
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S
ince its genesis, the Santa Fe Institute has always 

had an informal mandate to educate others about 

the science of complexity and illustrate how 

computer modeling could be used as a tool to 

study a plethora of systems, ranging from the immune 

system to political networks. But until recently that effort 

was more reactive than proactive, and for the most part, 

targeted at graduate students, postdoctoral fellows, and the 

local Santa Fe community. Now that’s changing in big ways. 

The Institute’s first concerted effort at education was the 

creation of the Complex Systems Summer School (CSSS), a 

month-long summer program in Santa Fe. Launched in 1988, 

the four-week school for graduate students and postdocs 

provides an intensive introduction to complex behavior in 

mathematical, physical, living, and social systems. Over 

1,200 students from all over the world, representing various 

disciplines, have participated.

The goal of the program, which is free of charge, is for 

students to gain a working knowledge of the intricacies of 

complexity science and a grasp of how to use some funda-

mental tools for its study. Since 2000, with support from its 

International Program, the Institute has launched mirror 

schools first in Budapest and more recently in Beijing. 

Learn@santafe.edu 
Creates a Blueprint  
for Complexity  
Science Education 

By Janet Stites

This mobile exhibit panel is one of many explaining complexity themes. 

It’s used as a learning tool in schools and at events.
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SFI found another, predominantly 
non-scientific, audience in the 
local community, launching its 
free, monthly public lecture series 
15 years ago. The series regularly 
attracts 200 to 400 people from 
the Santa Fe area per program. The 
flagship event of the annual series 
is the Stanislaw Ulam Memorial 
Lecture Series, which has hosted 
such luminaries as Distinguished 
Research Professor Geoffrey West, 
Nobel Laureate Murray Gell-Mann, 
Harvard University’s Richard C. 
Lewontin, and others. 

These initiatives, along with 
postdoctoral, graduate, and 
undergraduate fellowships, and 
the Institute’s ongoing scientific 
workshops—which all have 
an explicit mandate to include 
students—have created a global 
network of scholars and lay people 

familiar with complex systems 
studies. 

But SFI recognizes that many 
students don’t even hear the phrase 
“complexity systems science” until 
graduate school and that complexity 
science as a whole is yet to become 
part of the global consciousness 
in terms of science education. In 
response, it has turned its attention 
to a broader audience, both age-wise 
and geographically, through a new 
program dubbed learn@sfi.edu. 

Modeling Adventures
With SFI’s Ginger Richardson 
serving as coordinator, learn@
santafe.edu will operate as an 
umbrella for numerous initiatives, 
all primarily addressing the 
importance of complexity science 
education, and secondarily, the 
value of teaching computer 

modeling skills.  Richardson already 
has a world-class collection of 
scholars from both the sciences 
and education to help develop and 
execute programs worldwide. 

Central to the effort is the work 
of SFI Science Board member 
Eric Klopfer, who is on the faculty 
at the Massachusetts Institute of 
Technology. Introduced to the 
Institute in the late 1990s by his 
mentor Mitchel Resnick, Klopfer 
has already made a ripple among 
science teachers nationwide and 
in Canada with his “Adventures in 
Modeling” (AIM) workshop series. 

Backed by a series of National 
Science Foundation grants, and 
developed with the help of MIT’s 
Resnick and Vanessa Colella, this 
approach is not focused per se on 
complexity science, but on showing 
secondary and middle school 
teachers how they can implement 
computer modeling—in the form 
of agent-based games—in their 
classrooms to teach an array of 
subjects ranging from biology to 
economics to theories of cooperation, 
and demonstrate how the models can 
be used for problem solving. 

The games are based on 
Resnick’s concept of “decentralized 
thinking” as exemplified by 
the models constructed in his 
StarLogo modeling environment 
and described in his book Turtles, 
Termites, Traffic Jams, which help 
students learn about decentralized 
systems and emergent phenomena. 
They are perfect fodder for Klopfer, 
a biologist turned educator. 

“The agents interact with their 
environment—animals eating grass, 
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Eric Smith, Shelley Copley, and Harold Morowitz discuss the Institute’s work on the Origin of Life. 

This subject is slated for development as an education module.



         Santa Fe Institute Bulletin   WINTER 2007      47

molecules of water interacting 
with a box,” Klopfer says. “The 
goal is to get students thinking 
about complex systems through 
programming.” 

The team has now developed 
a set of games which emulates 
viruses, ecosystems, genetics, 
and economies to teach concepts 
such as emergence, cooperation, 
competition, and robustness. 
Originally they ran on small 
wearable computers, which looked 
like nametags. The tag would light 
up to indicate an action such as 
when the wearer was infected by a 
virus. Now, however, they are run 
on Palm-based personal digital 
assistants. 

Klopfer and his team have hosted 

dozens of workshops in Santa Fe, 
Boston, Toronto, Boulder, Mexico 
City, and elsewhere, and an ad-hoc 
community of teachers have become 
regulars, incorporating the games 
into their own classrooms and/or 
becoming workshop facilitators 
themselves. The goal is to secure 
funding to be able to host more 
workshops and allow more teachers 
to participate in their classrooms. 

Problem Solving with Complex 
Adaptive Systems
Susan Yoon, an assistant professor at 
University of Pennsylvania’s School 
of Education, participates in the 
program and has become not only a 
facilitator, but an integral member 
of the team. Raised and schooled 

in Toronto, Yoon, like Klopfer, is a 
biologist, but eventually ended up 
in education. “I was an anti-racist 
educator, working with an urban 
immigrant population, teaching 
science,” she says. “Because of our 
push toward content and testing, 
learning about scientific issues like 
values, attitudes, and ethics fell by 
the wayside. I began to see that a 
number of circumstances needed to 
line up for any change to take place.” 

She recognized that complex 
adaptive systems (CAS) served as a 
way to think about problem-solving 
and that modeling and simulations 
were a primary way to study them. 
She immersed herself in literature 
dealing with non-linear systems 
and eventually her dissertation 

Live Adventures in the CLAssroom

The Santa Fe Institute’s “Adventures in Modeling” 
collaboration with the Massachusetts Institute of 
Technology (MIT) Media Lab has trained numerous 

teachers how to create models based on complex adaptive 
systems science and how to incorporate these models into 
their classroom teaching. Unfortunately, no matter how 
much enthusiasm the teachers have when they leave the 
workshops, it’s often difficult for them to find the time to 
implement them, especially in light of meeting requirements for 
standardized tests. Finding sufficient financial support from their 
administrators is also an obstacle. 

But this hasn’t stopped workshop participant and Boston-
area high school science teacher Julie Boehm, whose students 
are thriving on the MIT games in her classes. She first heard 
about the “Adventures in Modeling” program while she was a 
student of education at Harvard and then again from another 
teacher while she was student teaching. She used some 
of the research in her ninth- and tenth-grade classes and, 
subsequently, hooked-up with MIT’s Eric Klopfer for a personal 
workshop. Since then, she has been using three of the games 

as part of her curriculum: “Live Long and Prosper,” “Big Fish, 
Little Fish,” and “Virus,” with MIT loaning her the necessary 
Palm Pilots. 

“The games are very engaging for the students,” she says. 
“When they play one, it hooks them. Whether they realize it or 
not, they’re observing and analyzing. It’s a problem they want to 
solve.” 

Boehm says that her quiet and underachieving students often 
do the best job. “Their observations are more attuned,” she 
says. “They are not trying to figure out if someone is trying to 
put something past them.” 

During the simulations, Boehm is careful to position herself 
as a facilitator, as opposed to taking a more traditional teacher/
student approach. She lets her students discuss their ideas and 
strategies for problem solving among themselves. 

Because of Boehm, other teachers in her school have been 
able to incorporate the games into their classrooms too, but 
only on a limited basis because of lack of funding. The program 
is invaluable, says Boehm. “The games reinforce the scientific 
concepts more strongly than anything else I’ve tried.”
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supervisor introduced her to Colella 
at MIT. At the first “Adventures in 
Modeling” workshop she attended, 
she played the virus game using 
the thinking tags. Ultimately, 
she incorporated them into her 
dissertation, which focused on 
decision-making in regard to genetic 
engineering. 

“The simulations and modeling 
were new,” she says. “I could see 
why visualization—in terms of 
students being able to see other 
people’s perspective—was helpful. 
And the feedback signal was very 
important to me. We don’t think 
about it, but even what we wear—
like a baseball cap representing our 

favorite team—signals to others our 
positions and beliefs.” 

Yoon continues to be involved 
with the “Adventures in Modeling” 
team. Meanwhile, back at 
Penn, her own work focuses on 
developing a framework to improve 
teacher and student understanding 
of computational modeling 
tools. For that she has developed 
what she calls FANS: Feedback 
Adaptation, Network Growth, 

Self-organization, borrowing from 
complex systems design principles. 
In a three-year study, she has found 
evidence to show that the FANS 
framework encourages professional 
goal setting, engagement in a 
strong professional community, and 
personal autonomy by enabling 
individualized purpose—all 
fundamental components in 
promoting self-organization.

In Silico Science
SFI program manager and Santa 
Fe high school science and math 
teacher Atty Mullins is also working 
with learn@sfi in several ways. 
He’s part of the “Adventures in 
Modeling” team, serving as both 
a thought leader and practitioner, 
using his own classrooms as a place 
to hone the curriculum. 

The project meshes perfectly with 
Mullins’ experience, interests, and 
concerns as an educator. “In the 
future, the way we’ll do science will 
be more computer-based ‘in silico.’” 
he says. “People will be running 
simulations on the computer. 
Complex systems lend themselves 
well to modeling, and SFI does a lot 
of modeling.” 

Top: In this StarLogo-TNG model of predator-prey dynamics, fish need to eat plankton to survive 

and reproduce. The model user leads schools of fish to food that may be spatially isolated to 

simultaneously study ecology and behavior.

Bottom: In this StarLogo-TNG model of forest fires, the character in the corner, controlled via  

keyboard or joystick, clears parts of the forest to try to limit the spread of fire. The model user 

controls wind speed and forest density to study differences in these parameters.
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How he ended up on the team 
is a bit serendipitous. He too had 
been at the MIT Media Lab in 
the early 1990s, was familiar with 
Mitch Resnick’s work, and had 
toyed with StarLogo. But he left the 
lab and moved to Santa Fe with his 
wife, who had family in town. He 
worked long-distance for a software 
company for a few years and then 
began to teach science and math. 
Through his teaching, another 
local Santa Fe teacher introduced 
him (again) to StarLogo and the 
“Adventures in Modeling” program. 
He immersed himself, quickly 
becoming part of the AIM team 
and, eventually, became a facilitator. 

Complexity Allies
But Mullins plays a larger role in 
SFI’s education effort, serving as the 
point person for the “Alliance for 
Complexity Science,” (ACE) which 
has created a national constituency 
of scholars interested in promoting 
complexity science studies at all 
levels. Formed last year, its members 
include educators and scientists from 
SFI, MIT, University of Michigan, 
University of Pennsylvania, and 
University of Pittsburg. Its mandate 
is to call for science reform in our 
schools in response to the U.S.’s 
dismal record—in relation to other 
developed countries—on teaching 
math and science. 

The committee is small and 
its task monumental. Recently 
members took a step to self-organize 
into affinity groups to cover a wide 
range of areas with the following 
titles: Philosophical Issues, 
Learning Science, CAS Concepts, 

Modeling & Simulation, Mental 
Models, Systems Thinking, and 
Interdisciplinary and Integrative 
Learning. For each they have 
identified four clusters where they 
want to take action: 1) curriculum 
design, 2) standards mapping,  
3) research, and 4) implementation. 
As well, they plan to put into place 
a way to evaluate their efforts and 
create a list of places where they 
might seek funding. 

The hard question is, How do you 
get from idea to implementation?  
At the local level, SFI researcher 
and “Adventures in Modeling” 

facilitator Irene Lee is spearheading 
an effort called “ProjectGUTS: 
Growing Up Thinking Scientifically” 
in conjunction with New Mexico’s 
Supercomputing Challenge, MIT, 
the New Mexico Institute of Mining 
and Technology, the Santa Fe Public 
School District, Santa Fe Independent 
schools, science-related local 
businesses, and local science centers. 

Having secured a grant from 
the National Science Foundation, 
the program plans to offer 200 
middle school students (particularly 
targeting area Hispanic and Native 
American students) an after-school 
curriculum in which they will study 
science, take field trips, interact 
with local businesses in the scientific 
field, and participate in a free two-
week summer session, to be held 
in the Institute’s gatehouse. There 
they will create their own models 
based on the world around them. 
In an effort to have elements of 
the program incorporated into 

curriculums, 40 area teachers will be 
trained as club leaders. 

“The impetus for GUTS came 
from a project we did with the 
Supercomputing Challenge in local 
Native American communities,” 
Lee says. “We went out to 
the pueblos to work on some 
modeling initiatives. We found 
the students were really drawn in 

A new program will evaluate the Complex Systems Summer School to determine its effective-

ness. Here, the 2006 CSSS faculty and participants enjoy the Santa Fe sunshine.
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if the models were pertinent to 
their community—as opposed to 
modeling the trajectory of a comet, 
for instance.” 

The kids created models on 
how to handle the invasive, non-
indigenous olive trees which were 
blocking their water ways, how to 
restore the native flora, and how to 
handle the stray dog problem which 
plagues the pueblos (in this model 
they wrote programs in which dogs 
were neutered or spayed).

Lee worked on a similar project 
with a number of Santa Fe 
schools—again having the students 
focus on real-life problems within 
their schools’ ecosystems. For 
this effort, the students created a 
number of models, including one to 
monitor traffic flow in their school 

parking lots, gauge the spread of flu 
through their schools, and see how 
many garbage cans a school needs 
to keep trash off the floor. In the 
latter one, the students could see 
how much of a mess one person can 
cause throwing trash on the floor, 
even if 99 others are picking it up. 

Students also created a model of 
the flow of a local river. “It had dried 
up over the last two generations,” 
Lee says. “In order to create the 
model, the students spoke to 
residents who had lived there for a 
long time to ask them what it had 
been like, finding out what types of 
plants grew nearby when there was 
water. They even spoke with a city 
planner.” At the end of the project, 
the kids shared the models with each 
other on a school-by-school basis. 

Complexity for the World
What keeps Derek Cabrera up 
at night is contemplating how 
to create a platform to bring 
complexity science education 
to a national and even global 
audience—at all levels. This 
SFI research fellow and Cornell 
University postdoc in the College of 
Human Ecology also wonders how 
the Institute can leverage its deep 
library of knowledge and resources, 
getting researchers off the campus 
and into the global scientific 
thought process at all levels. 

Cabrera, who works closely 
with Richardson, Klopfer, and 
Mullins, and is also part of the ACE 
initiative focusing on evaluating 
programs, is acting as a producer of 
sorts to create multimedia modules 

In 2006, these students 

worked at SFI as part 

of the annual National 

Science Foundation-

funded Research  

Experience for 

Undergraduate Interns 

program. 
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which can be parsed together 
depending on topic and age group 
to be incorporated with any seminar 
dealing with complexity science. 

The first production he’s working 
on will be incorporated into an 
SFI teaching module on Network 
Theory. Working in conjunction 
with Columbia University sociologist 
and postdoc Michelle Girvan 
and others, Cabrera has created 
a template for a four-day lecture 
series. The key feature is its modular 
structure, which allows facilitators 
for each section to give a self-
contained presentation, depending 
on their backgrounds and needs. 

The program will use various 
elements—graphics, videos, 
animation, audio, photographs, 
film, and interactive games—to be 
matched with a facilitator’s notes. 
This allows the series to be portable, 
held anywhere in the world without 
having all the key participants 
on site. Such a structure makes 
it easier to adjust the content for 
presentation to a specific age group, 
a non-scientific audience, or a group 
of postdocs in a specific field. For the 
Institute, the modules can be used 
for all its varied audiences, including 
the middle school kids, the Business 
Network, and the Complex Systems 
Summer School program. 

As noted above, Cabrera’s other 
contribution to the push for 
complexity science education is 
to create a system of evaluating 
programs. Working with a team at 
Cornell, he has created The Cornell 
Systems Evaluation, Evaluation 
Systems Project (SEES),  which is a 
2-year NSF-funded initiative aimed 

at developing evaluation tools for 
science, technology, engineering, 
and mathematics (also boasting its 
own acronym: STEM). 

SEES’ first year has focused on 
developing a theory and working 
protocol of systems evaluation and 
evaluation systems. In its second 
year, SEES will pilot-test its theory 
and protocol with three existing 
STEM programs, including SFI’s 
Summer Schools, both in Santa Fe 
and Beijing. This is important to 
SFI because in the past the Institute 
only had anecdotal information 
about how the program informed 
the students’ future work. “We want 
to know if the Complex Systems 
Summer School changes their 
perceptions and is a part of their 
ongoing work,” SFI’s Richardson 
says. “No one has ever done a long-
term study.”

For Cabrera, evaluation is essential 
to the process. “We can generate 
age-appropriate curriculums—
content-wise—but how do we 
evaluate the long-term effect in 
terms of the students working in an 
interdisciplinary environment?” he 
asked. “It’s difficult to know if we’ve 

changed the way they think about 
the world.” 

SFI’s efforts coincide with 
wider trends, such as a growing 
appreciation of an interdisciplinary 
complex systems approach to 
science and the promotion of 
“dry” labs. These are labs in which 
students create computer models 
to run tests, as opposed to using 
the traditional wet labs with Petri 
dishes, beakers full of chemicals, 
and gas burners.

The Institute is looking to 
the resources it already has to 
help build-out its learn@sfi.edu 
program—such as the people 
who have been affiliated with the 
Institute over the last two decades. 
A 20-year reunion of CSSS students 
is being considered as a way to 
kick-start a long-term education 
initiative. But the team is not naïve 
to the challenge of changing the 
way science is taught as a whole, 
the bureaucracy of the system, 
and the weight standardized tests 
carry in terms of the curriculums 
teachers use and if they are even 
allowed to vary from them. “I think 
we will—eventually,” responds 
Richardson. “After all, twenty years 
ago, SFI’s approach to complexity 
science was relatively unknown 
within the research community. 
Now it’s well recognized. We look 
forward to engendering the same 
sort of changes within the world of 
education.” t

Janet Stites is a freelance writer living 

in New York. She has written for OMNI 

magazine, Newsweek, and  The New 

York Times.
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work in progress: An in-depth explorAtion of An ongoing           reseArch topic

The diversity of culture 

results not only from 

the ease with which 

societies elaborate 

or reject possible 

aspects of existence. It 

is due even more to a 

complex interweaving 

of cultural traits. 

The final form of any 

traditional institution, 

as we have just said, 

goes far beyond 

the original human 

impulse. In great 

measure this final form 

depends upon the way 

in which the trait has 

merged with other 

traits from different 

fields of experience. 

…The possibilities 

are endless and the 

adjustments are often 

bizarre. The nature of 

the trait will be quite 

different in the different 

areas according to the 

elements with which it 

has combined. 

   

—Ruth Benedict, 

Patterns of Culture, 

1934

Powerful adult male macaques, such as this, and females ones as well, impartially 

break up conflicts among group members, often by simply approaching conflicts or 

using mild threats.
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The development of 

[animal] form depends 

on the turning on and 

off of genes at different 

times and places in the 

course of development. 

Differences in form 

arise from evolutionary 

changes in where and 

when genes are used, 

especially those genes 

that affect the number, 

shape, or size of a 

structure. We will see 

that there are many 

ways to change how 

genes are used and 

that this has created 

tremendous variety in 

body designs and the 

patterning of individual 

structures. 

—Sean Carroll, Endless 

Forms Most Beautiful, 

2005
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Seventy-one years and a huge 
disciplinary chasm separate Ruth Benedict— 
an anthropologist famous for her work 
on the culture and society of American 
Indians—and Sean Carroll—a biologist who 
studies the genetic mechanisms underlying the 
development of the adult fruit fly. Yet these 
brief excerpts reflect concern with a question 
so fundamental it is not only relevant to 
understanding the diversity of cultures and 
the evolution of fly development, but also the 
origin of life and the evolution of signaling 
systems. Patterns of Culture and Endless Forms 
Most Beautiful both take as their subject the 
question of how forms–organizations in the 
former case, organisms in the latter—are 
built, and how the rules of building influence 
complexity and diversity of structures we 
observe in the world. Beyond this fundamental 
question, Benedict and Carroll are united by 
an interesting hypothesis: complexity and 
diversity at any particular level are not so much 
the result of the enormous diversity in the 
underlying materials out of which a form is 
built, but in the way existing materials can be 
recombined. 

Most contemporary research on the role 
of recombination in generating complex 
form concerns the evolution of animal 
development—that is, the study of the 
process by which an adult form “unfolds” or 

develops from an embryo. There is almost no 
comparative research on rules governing the 
building of forms, to include, for example, 
viruses, fly body plans, animal societies, and 
corporations. And almost nothing is known 
about the role of recombination generally in 
this process, despite the common character 
of Carroll’s and Benedict’s remarks. That 
Benedict and Carroll both have favored a 
“recombination” hypothesis, hints, however, at 
the possibility of general construction principles 
agnostic to substrate that reoccur again and 
again because problems arising at higher levels 
recapitulate those at lower levels. In this essay, I 
will explore one such problem—conflict, and its 
role in generating complex forms. In doing so, 
I will consider the utility of recombination for 
solving problems posed by conflict. 

A common misperception is that conflict 
is only a problem in systems composed of 
unrelated individuals or individuals with 
widely varying objectives, or in systems in 
which there is a division of labor and some 
jobs are more desirable than others. One of the 
biggest challenges to structural or functional 
integrity of nearly all complex adaptive 
systems, no matter how well integrated they 
appear, is conflict. One reason for the near 
ubiquity of conflict is the lack of perfect 
informational overlap between components, 
providing incentive for components to 

By JESSIca Flack
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Complex Form Evolving 



Alpha male chimpan-

zee, Jimoh, impartially 

intervenes into a dispute 

among females, break-

ing up the fight without 

taking sides. 

replicate or persist even at the expense of 
the larger system from which they might 
be deriving benefits. This can cause what 
biologist Leigh Van Valen called the “red 
queen effect”—an evolutionary arms race in 
which components try to outdo one another. 
The outcome of an arms race is often (but not 
always) the evolution of concerted mechanisms 
for competing or for controlling the negative 
consequences of competition. The evolution of 
regulatory mechanisms translates into increased 
structural complexity—suggesting that 
selection for robustness (the ability of a system 
or its features to persist despite disruptions of 
critical components) can drive the evolution of 
increasingly elaborate forms. Finally, robustness 
is only one important feature of biological and 
social systems. The ability of cells, organisms, 
and societies to adapt to environmental change 
by invention and innovation is another, 
and the raw material for innovation is often 
provided by conflict. A challenge for biological 

and social systems is to find the level of conflict 
that fosters invention, but does not jeopardize 
robustness. The following examples of conflict 
and its consequences in two very different 
systems—the genome and animal societies—
illustrate these ideas.

Conflict Across Systems
Intragenomic Conflict
Transposons, also called “jumping genes,” are 
sequences of DNA that can switch positions 
in the genome by, for example, encoding a 
protein, called a transposase, that cuts the 
transposon out of the host or “donor” DNA 
and reinserts it elsewhere (pioneering research 
on transposons has been conducted by 
External Professor Nina Fedoroff and was the 
subject of her recent Ulam Lectures). Often, 
reinsertion will occur during the process of 
meiosis. After DNA replication, the chromatid 
(one of two identical strands making up a 
chromosome) containing the transposon is 
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duplicated, resulting in two 
transponsons: the original 
and a copy on the duplicate 
chromatid. The transposon 
on the original chromatid 
switches its position on that 
chromatid, leaving a gap. 
The host repairs this broken 
chromatid using the duplicated 
chromatid as a blueprint. This 
process results in the number 
of transposons increasing from 
one to three (the original that 
moved positions, the copy on 
the second chromatid, and a 
replacement for the gap created 
when the original moved positions). 

By switching positions, transposons cause 
mutations. Transposons move around the 
genome and copy themselves without regard 
for the host, and are consequently considered 
“selfish genetic elements.” This can cause 
conflict not only with other genetic elements 
and other transposons, but also with host 
organisms. Hosts, in turn, have evolved 
conflict management strategies for dealing 
with transposons. For example, hosts suppress 
prevalent transposons, either by causing 
transposons to mutate, or by “silencing” them. 
The story, however, is more complicated than 
a simple arms race between transposons and 
host organisms. Although most inserts are 
harmful and selected against, transposons, by 
duplicating, deleting, or rearranging genes, are 
potentially a rich source of genetic variability. 
The transposon-as-genomic-alchemist is 
hypothesized to be important during times of 
stress and when the environment is changing 
rapidly because, by facilitating genomic 
rearrangement, the space of potential solutions 
can be more completely sampled. Finally, 
functions of transposons, such as their ability 
to cleave and rearrange DNA, have turned out 
to be very useful to hosts in some contexts. 

For example, the evolution of the adaptive 
immune system found in vertebrates appears 
to have depended on the host co-opting the 
ability of transposons to recombine DNA. 
The adaptive immune system uses this 
generic recombination mechanism to build 
a multitude of slightly different components 
that play a critical role in recognizing antigens 
(substances that provoke an immune response). 
The production of many components with 
minor differences allows for the recognition 
of a much larger set of antigens and, 
consequently, makes the immune system more 
robust and adaptable to pathogens than it 
would be otherwise. 

Behavioral Conflict
In animal societies, conflicts over status and access 
to resources are common and can be resolved by 
combatants or through third-party intervention. 
In gregarious species, conflicts among pairs can 
spread to involve multiple individuals. In the case 
of large conflicts, containment and termination 
of aggression by third parties is important. In 
some societies, successful intervention relies 
on consensus among combatants about the 
intervener’s capacity to use force. Consensus 
reflects a general perception that an individual is 

This DNA transposon is forming a characteristic stem-and-loop structure. Transposons are 

discrete segments of DNA that move around chromosomes joining together DNA segments 

that have no structural or ancestral relationship to each other. Their ability to recombine 

with dissimilar DNA segments gives rise to mutations, which, in turn, increases the diversity 

of genetic material available. They represent a mechanism for evolutionary change among 

biological systems.
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powerful. In many macaque societies, the degree 
to which one individual perceives another as 
capable of using force is communicated using a 
special subordination signal. Group consensus 
about an individual’s capacity to use force arises 
from the network of these signaling interactions, 
and this produces a power structure. The degree 
of variance in the resulting power distribution can 
modulate the cost to third parties of intervening 
into conflict. Third-party policing, a form of 
physically impartial intervention in which none 
of the combatants is treated preferentially by 
the intervener, appears to require a fat-tailed, or 
high variance, power distribution. This is because 
policing is intrinsically costly as the simple act of 
approaching a conflict increases the probability of 
being attacked. Individuals who are perceived by 
the group as very powerful (and are in the tail of 
the power distribution) run little risk of receiving 
aggression in response to their interventions and, 
consequently, can afford to break up fights. 

Policing is critical to organizational 

robustness because it controls (rather than 
completely suppresses) the frequency and 
intensity of conflict. Conflict management 
through policing enables individuals to 
build more integrated, larger, and diverse 
social networks providing critical social 
resources. Thus third party policing is an 
important social invention that promotes 
robustness and social complexity and yet 
allows for innovation by managing rather 
than eliminating conflict or pathologically 
eliminating components that only occasionally 
create problems. This invention of policing 
was itself made possible by two others: the 
invention of special signals communicating 
subordination and the coding of a fat-tailed 
power structure into the network of these 
signaling interactions. It was the combination 
of these three inventions that enabled pigtailed 
macaques to build oligarchical societies 
ruled by small groups of benign despots (the 
policers). In contrast, other macaque species 
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In 1979, the Egyptian-Israeli Peace Treaty was signed on the White House North Lawn. Egyptian President Anwar Al Sadat 

shakes hands with Prime Minister Menachem Begin. United States President Jimmy Carter helped negotiate the treaty by 

bringing the two leaders together at Camp David, Maryland.
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have uniformly hierarchical societies. These 
arise from the combination of subordination 
signals, a uniform power distribution (in 
which there are power differences but no 
individual is disproportionately powerful), and 
partial (rather than policing) interventions 
favoring one combatant over the other, used 
by third-parties to prevent group members 
from moving up the dominance hierarchy. 
Facultatively egalitarian societies arise when 
unstable power structures (due to the absence 
of subordination signals) are combined with 
fluid, short-lived leveling coalitions between 
group members.  

Provisional Principles
The previous examples illustrate two 
provisional principles concerning the role of 
conflict in the evolution of form. The first 
principle is conflict is a complexity ratchet. 
Behavioral conflicts among monkeys drove the 
evolution of an elaborate mechanism—third-
party policing—for controlling the severity, 
frequency, and spread of fights, and in doing 
so promoted more elaborate and robust 
forms of socially valuable interactions among 
group members outside the conflict context. 
Intragenomic conflict arising when transposons 
copy themselves throughout the genome led 
to the evolution of mechanisms in the host for 
transposon control and suppression, and also 
provided a generic recombination mechanism 
critical to the invention of the adaptive 
immune system of vertebrates. 

A second provisional principle is conflict 
drives invention and recombination of 
inventions produces innovation. The diversity 
of organizational structures characteristic of 
the macaque genus appears to be due partly 
to variation in the properties of three critical 
social inventions, each resulting from the 
need to manage conflict: status signals, power 
structure, and third-party intervention. The 
ability of transposons to recombine and 

reorganize DNA allows them to compete 
more effectively against one another, the 
host, and other selfish genetic elements. 
Transposon mechanisms for duplication, 
deletion, or rearrangement of genes, 
although costly to the host in the context 
of host-transposon conflict, proved useful 
to vertebrate hosts in the context of host-
pathogen conflict by facilitating evolution of 
an immune system capable of responding to 
a larger number of pathogens. Thus we may 
have a generic recombination mechanism 
arising out of conflict that was co-opted 
by the competitor for use against yet other 
competitors in other contexts. 

The issues discussed in this essay reflect 
one component of a larger SFI research 
collaboration led by Research Professors Doug 
Erwin, David Krakauer, and myself. Critical 
objectives of this collaboration include (a) 
accounting for the diversity and complexity of 
forms in the evolution of living systems, and 
(b) developing a theory of form transitions. 
Of interest is how the invention of new 
information-processing mechanisms and new 
control, robustness, and variation production 
mechanisms interact with the environment in 
the generation of organizational complexity 
and diversity. Also of interest is how robustness 
requirements, the availability of neutral 
space, niche construction, and conflict drive 
or impede these inventions. The project 
draws data and insights from a number of 
fields, including macroevolution; evolution 
of development; behavioral and cultural 
evolution; ecology; population genetics; game 
theory; computer science; and information 
theory; and builds on the work of other SFI 
researchers including Walter Fontana, Jim 
Crutchfield, Eric Smith, Geoffrey West, Erica 
Jen, Brian Arthur, Marc Feldman, Jennifer 
Dunne, Nihat Ay, and Jon Wilkins. t

Jessica Flack is an SFI research fellow.
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What might it mean to have a 
unified theory of medicine? In 
physics, the search for a unified theory 
suggests determining the nature of 
physical laws, and how these interact with 
fundamental building blocks to capture 
essential regularities in the behavior of 
matter, such as galaxy formation among self-
gravitating masses. In the physical domain, 
the ultimate goal of theory is generality 
achieved through highly compressed 
mathematical descriptions, leading, in 
turn, to accurate predictions. There is little 
of a dichotomy between a theoretical and 
a practical science, as both are served by 
the reductionist program: experimental 
reductionism to sub-atomic particles, and 
mathematical reductionism, to, for example, 
symmetry principles. These have proven to 
be efficient paths to successful interventions 
into the physical world: the space program, 
transistor technology, and lasers attest to this.

In biology, theory and experiment have 
remained more divided. This is primarily 
a result of the huge, combinatoric space 
afforded by DNA and protein sequences, 
and the resulting multiplicity of cellular 
and multicelluar organization. The huge 
degeneracy of biological forms seems to 

require a detailed understanding of each 
system in terms of its own unique history. 
The experimental reduction to chemical 
constituents has not been paralleled by a 
complementary mathematical reduction. 
Might there be some general principles 
by which we could organize biological 
diversity? This is one of the aims of systems 
biology. We have one extremely successful 
example: Darwin’s theory of evolution 
by means of natural selection. Although 
Darwin’s theory helps us to understand the 
biological world, it does not really allow us 
to predict future events or to intervene into 
these events purposefully. In the biomedical 
sciences, which have no unifying theory, 
understanding biosystems has been far less 
important than remedying them. Voltaire 
wrote the following: “The art of medicine 
consists in amusing the patient while nature 
cures the disease.” Before we establish the 
mathematical foundations of a theoretical 
medicine, it will be necessary to identify 
regularities in the system dynamics of the 
body. Such a program requires a quantitative 
approach that spans the existing specialties. 
This was the objective of a recent meeting 
at SFI on the Foundations of Theoretical 
Medicine, sponsored by the National 

By David C. Krakauer

Finding

general principles 
   For medicine
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Institutes of Health. 
Practicing physicians have always been 

aware of important parallels among 
medical specialties. There has never been, 
however, a systematic way of identifying 
commonalities in the etiology of disease and 
their mechanisms of origin. With such an 

understanding there would be a prospect 
of improved health care through a selective 
targeting of overlapping causes. While it is 
clear that patients show significant variability 
in susceptibility to disease and in response 
to treatment, this variation need not be 
understood exclusively in terms of the 

Computer artwork shows a molecule of deoxyribonucleic acid (DNA) on a human hand. DNA is composed of two strands twisted into a double helix. 

Each strand consists of a sugar-phosphate backbone (orange) attached to nucleotide bases (blue). There are four different bases: guanine, cytosine, 

thymine, and adenine. DNA contains sections called genes, which encode the body’s genetic information.
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There has never been a 

systematic way of identifying 

commonalities in the etiology of diseases 

and their mechanisms of origin. With such 

an understanding there would be a prospect of 

improved health care through a selective targeting  

of overlapping causes.
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detailed differences in their physiological and 
cellular processes. Similarly, some diseases 
are clearly very complex, involving multiple 
organ systems and symptoms; without a 
consistent framework for understanding 
the meaning and mechanisms of such 
complexity, we tend to ascribe these patterns 
to the unique interactions in any given 
patient.

In order to establish a theoretical medicine, 
the consensus of the meeting was that we 
need to come to a better understanding 
of a number of core concepts, which 
include variability, complexity, modularity, 
adaptability, robustness, and scaling. These 
concepts have been at the forefront of 
research in complex adaptive systems at SFI, 
spanning genomics, immunology, evolution, 
statistical physics, and economics. At the 
meeting at SFI, we explored each of these 
themes and attempted to identify their 
relevance to a new theoretical medicine. 

We concluded that an understanding 
of key concepts from the study of 
complex systems will pave the way to 
a more unified, predictive medicine by 
supplementing the current focus of research 
on properties unique to the organ system 
and the individual, with properties shared 
by multiple, hierarchical systems. On the 
one hand, this should give us greater insight 
into core inter-dependencies that need to be 
considered with targeted treatment regimes. 
Secondly, this would introduce a new form 
of treatment aimed at modifying coarse-
grained, or multi-system properties neglected 
by the current preference for focal therapies. 
Some of the areas in which we made progress 
at the meeting were in reviewing relevant 
measures of complexity in physiological 
time series related to statistical correlates of 
health and recovery, the relationship between 
neural events and immune system dynamics, 
and the vital role played by sleep cycles in 

disease susceptibility. What struck many of 
us as a surprise is that several of the concepts 
that we had assumed rarified and the subject 
of pure research, could come to provide a 
potential foundation for the study of truly 
complex systems—the human body and 
mind. For example, in the analysis of the 
electrocardiogram (ECG) trace, information 
theoretic measures of heart rate that show a 
self-similarity over multiple scales of time are 
diagnostic of good health. This combination 
of information theory and scaling theory is 
an active area of research at SFI under the 
robustness program.

The meeting comprised 15 faculty 
members and 20 graduate students, selected 
nationally from the biomedical sciences. 
The faculty represented immunology, 
neurology, cardiology, chronobiology, 
internal medicine, and mathematical biology. 
Both a medical doctor and a researcher in 
the field represented each discipline. The 
7-day meeting was principally aimed at 
educating the next generation of medical 
students in mathematical techniques and 
integrative, cross-disciplinary styles of 
thinking. It encouraged a high frequency of 
discussion and a very iconoclastic attitude 
towards existing medical education and 
practice. At the end of the meeting, one of 
the more frequent remarks from the students 
was, “Now that we understand how bad 
the situation in medicine is, and how many 
new ideas and mathematical techniques are 
required, how can we return to our medical 
schools, where few will understand what 
we are talking about and where we will not 
learn what we need to know?” If there ever 
was a potential role for SFI—to provide the 
mathematical and conceptual foundations 
for a new approach to medicine in schools 
and research labs—this might be it. t

David C. Krakauer is an SFI professor.



SFI hosted its first International Fellows Global Meeting September 15–19, 
2006. Seventeen former International Fellows as well as international visitors who 
have participated in the SFI International Program returned to the Institute to 
share their latest research, develop new collaborations, and learn about initiatives 
in complexity science around the world.  The far-flung community—coming from 
home institutions in the Former Soviet Union and Eastern Europe, China, India, 
and Latin America—assembled at the Star Hill Inn, a private astronomy retreat 
outside Santa Fe in the foothills of the Rocky Mountains. 

Group rapporteur Carlos Rodriguez-Sickert, professor in the Sociology Institute 
at the Catholic University in Santiago, Chile, notes: “Compared to other seminars 
I have attended at SFI, the global meeting was particularly representative of SFI’s 
interdisciplinary approach to science. Previous seminars, although rich in alternative 
disciplinary perspectives, were always organized around some well-defined theme, 
such as robustness or inequality. In the global meeting, by contrast, topics ranged 
from birdsong to quantum computers. Instead of retreating to our own research 
agendas, we each made an extra effort to look for areas of common interest and 
eventual future collaboration.”

To this end, the fellows—representing a broad range of mathematical, physical, 
biological, and social sciences—each talked about their respective current research 

Global Fellows Meeting:

At the first International Fellows 
Global Meeting, researchers came 
to Santa Fe from all over the world 
to share their experiences with SFI 
science.
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Strengthening the  
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projects and how a complexity science approach has impacted their work. For 
example, Claudia Codeço, from the Scientific Computation Program at Fiocruz in 
Rio de Janeiro, explained her latest theoretical models for the dynamics of vector 
and water-borne infectious diseases—in particular, leptospirosis and cholera. 
Sociology professor Balazs Vedres, from the Central European University in 
Budapest, discussed his research into the relationship between business networks 
and political ties during Hungary’s social transformation from 1987 to the present. 
SFI External Faculty member and former Senior Fellow Hao Bailin reported on 
some of his recent work that includes observations of real DNA and protein data 
leading to biology-inspired mathematics, including combinatorics, graph theory, 
and formal language theory.

 “This was a group of motivated researchers who share a common view on how 
science should be done,” says Rodriguez-Sickert. We’re all strongly identified with 
SFI—and grateful—but also attached to our institutions in our countries of origin.” 
This combination led to a group-level sense of responsibility, he noted, and a need to 
reciprocate the opportunity that had been given to them by developing local means 
in their home countries that could work as SFI’s spores. Conversations among the ex-
fellows were fruitful, he added, predicting an auspicious future for the proliferation 
process. “Many of us face a critical mass problem in our countries and the idea of an 
interconnected community of researchers/institutions is a very appealing opportunity 
to reconcile both our identification with SFI and our attachment to our local 
academic communities,” he says.

Indeed, simply from a geographical perspective, the interconnections are broad 
and rich ranging from Bariloche to Siberia. “We hoped the meeting would be more 
than an exchange of scientific ideas—and we were not disappointed,” says Shannon 
Larsen, director of SFI’s International Program. The primary motivation for the 
meeting was to connect researchers across the world who may have common interests 
or who face similar issues in their home countries. Many of the former fellows 
have been working to develop complexity groups, institutes, or curricula, and face 
challenges working across departments and developing interdisciplinary teams.

In tandem with the seminars were several “semi-academic” events, as Rodriguez-
Sickert characterizes them. “It was great fun to watch the stars with an astronomer 
at Star Hill, and have a guided visit to Pecos National Historic Park with such a 
generous expert as Tim Kohler,” he says. “The collateral activities also gave us the 
opportunity to have extended discussions of our research agendas and, maybe more 
importantly, to analyze alternative paths which could guarantee the prolongation of 
the program beyond the terms of the international fellowships.”

The international wine-tasting event was also a success with participants. They 
ranked 14 wines, ranging from what Rodriguez-Sickert termed a “noble” Shiraz 
that one of the Argentinean delegates brought, to a “provocative” New Mexican 
potion. “In any case, beyond rankings, the wine tasting was representative of the 
diversity and richness of the incipient network the meeting established,” he says. 
“Indeed, the group-bonding experience that accompanied it strengthened the 
network’s affective substrate.” t

The primary 

motivation for the 

meeting was to 

connect researchers 

across the world 

who may have 

common interests 

or who face similar 

issues in their home 

countries.  



Gabriela Barrantes, Escuela de Ciencias de la 
Computación e Informática, Universidad de Costa Rica, 
San José, Costa Rica
Automated Methods for Creating Diversity in Computer 
Systems

Juan Camilo-Cardenas, Professor, Facultad de 
Economia, Universidad de Los Andes, Bogotá, Colombia
Experiments on Cooperation and Social Networks

Claudia Codeço, Associate Researcher, Scientific 
Computation Program, Oswaldo Cruz Foundation 
(Fiocruz), Rio de Janeiro, Brazil
Mathematical Modeling of Tropical Diseases
 
Miguel Fuentes, Física Estadística, Centro Atomico 
Bariloche, Bariloche, Argentina
Effective Markovian Approximation: A Path Integral 
Approach 

Hao Bailin, Head, T-Life Research Center, Fudan 
University, Shanghai, China
Complexity of DNA and Protein Sequences: Observation 
of Real Data

Nelley Kovalevskaya, Senior Researcher, Institute for 
Water and Environmental Problems, Barnaul, Russia
Visual Modeling by Contextual Influences in 
Environmental Information Systems

Li Wei, Group Member, Department Biological Physics, 
Max-Planck Institute for the Physics of Complex Systems, 
Dresden, Germany
Individual Strategies in Complementarity Games and 
Population Dynamics 

Pablo Marquet, Professor, Facultad de Ciencias 
Biologicas, Pontificia Universidad Católica de Chile, 
Santiago, Chile
Towards a Unified Theory of Ecology 

Gabriel Mindlin, Professor, Department of Physics, 
University of Buenos Aires, Buenos Aires, Argentina
The Physics and Neural Control of Birdsong
 
Beáta Oborny, Associate Professor, Department of 
Plant Taxonomy and Ecology, Loránd Eötvös University, 
Budapest, Hungary
Contact Processes, Spreading of Populations in Space, 
and the Boundaries of Species Distributions
 

Juan Pablo Paz, Department of Physics, University of 
Buenos Aires, Buenos Aires, Argentina
The Emergency of Classicality and the Quest for the 
Quantum Computer
 
Silvina Ponce Dawson, Department of Physics, 
University of Buenos Aires, Buenos Aires, Argentina
Intracellular Turing Patterns

Carlos Rodriguez-Sickert, Professor, Instituto de 
Sociología, Universidad Católica de Chile, Santiago, 
Chile
When in Rome, Do as the Romans Do: The Coevolution 
of Altruistic Punishment, Conformist  Learning, and 
Cooperation 

Sitabhra Sinha, Faculty Member of the Theoretical 
Physics Group, Institute of Mathematical Sciences, 
Chennai, India
Are Complex Systems Unstable? 

David Storch, Research Fellow and Vice-Director, 
Center for Theoretical Study, and Assistant Professor, 
Department of Ecology, Charles University, Prague, 
Czech Republic
Geometry of Species Distributions: Null Models of 
Biodiversity Patterns 

Balazs Vedres, Assistant Professor, Department of 
Sociology and Social Anthropology, Central European 
University, Budapest, Hungary
Politicized Business Ties: Business Groups in  
Post-Socialism 

External Faculty member Tim Kohler shows Global Fellows through Pecos 
National Historic Park.

la
u

r
a

 w
a

r
e

Research Presentations

         Santa Fe Institute Bulletin   WINTER 2007      63



Wednesday, February 7, 7:30 p.m.

More than Pretty Pictures: The Power of Images in Science
Felice Frankel is a senior research fellow in the faculty of arts and sciences at Harvard University, where 
she heads the Envisioning Science program at Harvard’s Initiative in Innovative Computing (IIC). She holds 
a concurrent appointment as a research scientist at the Massachusetts Institute of Technology. She is the 
author of Envisioning Science, The Design and Craft of the Science Image. 

Discussant: Geoffrey West, president and distinguished professor, Santa Fe Institute

Visual communication tends to transcend barriers of linguistic facility and educational background; it 
attracts and communicates where other methods intimidate. However, while visual representations now 
appear widely in science and engineering and are having a profound impact on how we talk to each other, 
many attempts to visually communicate science are confusing rather than clarifying. Just as writing a 
science article encourages one to create an order of comprehension, so it is with the visual expression of 
scientific concepts. By exploring the process of making images of all sorts, this talk will enliven scientists 
and introduce non-scientists to the power of visually thinking and expressing science.

Wednesday, March 14, 7:30 p.m.

The Difference: How the Power of Diversity Creates Better Groups, Firms,  
Schools, and Societies 
Scott E. Page is professor of complex systems, political science, and economics at the University of 
Michigan and an External Faculty member of the Santa Fe Institute. He is author of The Difference and co-
author of Complex Adaptive Systems.

Discussant: Jon Wilkins, professor, Santa Fe Institute

Why can teams of people find better solutions than brilliant individuals working alone? And why are the 
best group decisions and predictions those that draw upon the very qualities that make each of us unique? 
The answers lie in diversity—not what we look like outside, but what we look like within: our distinct tools 
and abilities. Moving beyond the politics that cloud standard debates about diversity, Page discusses why 
difference beats out homogeneity, whether you’re talking about citizens in a democracy or scientists in the 
laboratory. He examines practical ways to apply diversity’s logic to a host of problems, and along the way 
offers surprising examples, from the redesign of the Chicago “El” to the truth about where we store our 
ketchup.
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Wednesday, April 18, 7:30 p.m.

Inevitable Life?
D. Eric Smith is a professor at the Santa Fe Institute and a senior member of SFI’s Frontiers in Integrative 
Biological Research (FIBR) program supported by the National Science Foundation.

Discussant: David C. Krakauer, professor, Santa Fe Institute

Perhaps the most fundamental question of biology is why life exists on Earth at all. How—and more im-
portantly why—did it emerge, and how has it managed to persist for almost four billion years in the face 
of constant shocks and perturbations? Many researchers have supposed that the emergence of life hinged 
on a sequence of improbable events; at the same time, they have taken for granted the ability of life on 
Earth to persist indefinitely and to “freeze in” the consequences of early accidents. Smith argues that there 
is ample evidence for a different interpretation: the emergence of life was an inevitable outcome of geo-
chemistry on the early Earth, and the same forces responsible for emergence have continued to support 
the persistence of life ever since. Metabolism, in particular, preserves the oldest regularities of incipient life, 
and through these we can partly retrace the progression from the geological to the living world. 

Wednesday, May 9, 7:30 p.m.

New Mexico’s Renewable Energy Future
Ben Luce, a physicist at Los Alamos National Laboratory, is director of the New Mexico Coalition for  
Clean Affordable Energy.

Discussant: Jessika Trancik, postdoctoral fellow, Santa Fe Institute

New Mexico has made significant progress over the past decade adopting strong renewable energy incen-
tives and requirements; these, in turn, have led to significant solar, wind, and biomass development in the 
state. Luce explains some of these cutting-edge technologies, including new wind power and large-scale 
“concentrating solar power” technologies, some of which could be providing a large fraction of New Mexi-
co’s power in the near future. He will also describe new photovoltaic (solar electric) technologies, including 
some that almost completely diminish the need for costly materials such as silicon. On the policy side, he 
will discuss the continuing implementation of the state’s Renewable Energy Standard, along with associ-
ated tax incentives and other energy legislation. 

Wednesday, June 13, 7:30 p.m.

Stylish Mathematics
Dan Rockmore is professor of mathematics at Dartmouth College and External Faculty member at 
the Santa Fe Institute. He is the author of Stalking the Riemann Hypothesis and co-author of Music and 
Computers: A Theoretical and Historical Approach. Rockmore is a semi-regular commentator for Vermont 
Public Radio; his essays and reviews appear in The New York Times, the Dallas Morning News, and other 
media.

Discussant: D. Eric Smith, professor, Santa Fe Institute

All too often we see mathematics and the arts as two different sides of the science/humanities coin. In this 
talk Rockmore explores a place where the two come naturally together through new research. In today’s 
world in which almost all aspects of life are brought to the common medium of the computer, it is now 
possible to quantify and extract the style of an artist via computation. Examples are gleaned from the 
literary, visual, and dance arts, and include applications to the problem of authentication.
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Wednesday, July 25, 7:30 p.m.

Sexual Violence During War
Elisabeth Wood is professor of political science at Yale University and professor at the Santa Fe Institute. 
She is the author of Insurgent Collective Action and Civil War in El Salvador and Forging Democracy from 
Below: Insurgent Transitions in South Africa and El Salvador.

Discussant: To Be Announced 

Sexual violence during war varies in extent and takes distinct forms. In some conflicts, it is widespread, 
yet in others—including some cases of ethnic conflict—it is quite limited. In some conflicts, sexual violence 
takes the form of sexual slavery; in others, torture in detention. After discussing this variation, Wood 
suggests an approach to explaining this variation.

Wednesday, August 15, 7:30 p.m.

Investor Behavior and Market Efficiency
Terrance Odean, Willis H. Booth Professor of Banking and Finance at the Haas School of Business, 
University of California at Berkeley

Discussant: J. Doyne Farmer, professor, Santa Fe Institute

The trading records of hundreds of thousands of individual and institutional investors show that individual 
investors tend to trade too frequently, hold on to their losing investments, and buy stocks that are in the 
news. Psychological motivations for these behaviors are overconfidence, a desire to avoid feeling regret, 
and the limits of human attention. These trading behaviors lead to substantial reductions in portfolio returns 
for individual investors. Furthermore, the trading of individual investors forecasts future asset returns.

Tuesday, Wednesday, and Thursday, September 11, 12, and 13, 7:30 p.m.

Ulam Memorial Lecture Series: Ancient Perspectives on Future Climate
Daniel Schrag is director of the Laboratory for Geochemical Oceanography at Harvard University. A 
2000 MacArthur Fellow, Schrag studies the history of oceans and climate using analytical chemistry and 
modeling. His projects cover the widest range of time scales. Currently, he is using corals from the Pacific 
to study El Niño and modern ocean circulation, deep-sea sediments to study the last ice age (20,000 years 
ago), and ancient sediments to study the Neoproterozoic Snowball Earth.

Discussant: Doug Erwin, curator of Permian Gastropods, National Museum of Natural History and 
professor, Santa Fe Institute

The increase in atmospheric CO2 due to burning coal, oil, and gas represents an unprecedented and 
uncontrolled experiment on the planet Earth. We know from air bubbles trapped in ice cores that CO2 has 
never been higher than 300 parts per million in the last 650,000 years, and from indirect measurements, 
we think it was not significantly higher than this for tens of millions of years. Exactly how the rise in CO2 
will affect the Earth over the next few centuries remains uncertain. Geologic records of climate change over 
Earth history, as well as observations of neighboring planets, provide a variety of important lessons that 
can guide us in evaluating the risks of future climate change. In the first lecture, Schrag will discuss the 
paleoclimate history of Mars and Venus in the context of the Earth, exploring what regulates Earth’s climate 
and how it might have been different in the past before modern forms of multicellular animals evolved. 
In the second lecture, he will explore the extremes of hot and cold climates on Earth, including the warm 
climates of the Eocene, the ice ages of the Pleistocene, and the Neoproterozoic Snowball Earth. In the final 
lecture, he’ll address the question of future climate change. He’ll also assess the level of risk and possible 
steps to prevent harmful effects. 
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Wednesday, October 17, 7:30 p.m.

Borders and Gateways: Computer Networking in Everyday Life
Stephanie Forrest is professor and chairman of computer science at the University of New Mexico 
in Albuquerque and research professor at the Santa Fe Institute. She is a member of the Adaptive 
Computation Group at UNM, where she studies adaptive systems, including genetic algorithms, 
computational immunology, biological modeling, and computer security.

Discussant: David C. Krakauer, professor, Santa Fe Institute

New electronic technologies deal with the very essence of human society: communication between people. 
Computer networking has enhanced communication in unprecedented ways, leading to a society that is 
continually on-line and connected. This transformation is creating new forms of human interaction, with 
implications for locality and boundaries, privacy and identity, and the speed of social exchange. Cyberspace 
is beginning to merge with the physical world as reflected in chat rooms, massive multiplayer games, 
and economic and energy systems. In this talk, Forrest will describe some of the technical underpinnings 
that support computer networking, some of the risks that accompany the current technology, and various 
proposals for mitigating those risks. In order to manage new communication technologies, society may 
have to rethink basic notions such as freedom, anonymity, privacy, and security. 

Wednesday, November 14, 7:30 p.m.

Technology Creating Technology
W. Brian Arthur is an External Faculty member at the Santa Fe Institute and visiting researcher at 
Intelligent Systems Lab, PARC. Formerly he was dean and Virginia Morrison Professor of Economics and 
Population Studies at Stanford. He has been associated with SFI since 1987. Currently he is writing a book 
titled The Nature of Technology, to be published by Simon & Schuster. 

Discussant: J. Doyne Farmer, professor, Santa Fe Institute

Technology—the collection of devices and methods available to us as humans—grows over historical 
time by a self-reinforcing mechanism. Novel technologies are created out of building blocks that are them-
selves technologies, and they go on to become potential building blocks for the construction of further new 
technologies. In this sense, technology creates itself out of itself. W. Brian Arthur will explore these ideas 
by looking at the evolution of technology both in human history and in an artificial computer world. In 
both cases, technology builds by bootstrapping itself from few building-block elements to many, and from 
simple elements to complicated ones. Arthur will also discuss links with biological evolution. 
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The lectures are made possible through support from community 
supporters and are underwritten by Los Alamos National Bank. 
For information on how you can help support the SFI Community 
Lecture Series, please contact Ginger Richardson at 505/946-2749, 
or grr@santafe.edu.

There is no admission charge, but seating is limited. The talks are 
held at the James A. Little Theater on the campus of the  
New Mexico School of the Deaf, 1060 Cerrillos Road, Santa Fe.

For more current information about a particular talk, visit  
www.santafe.edu/events/talks-public-lectures.php  
or call 505/984-8800.

Please contact the Santa Fe Institute to arrange for sign language 
interpretation if necessary.
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Science Board
This group of 

scientists and 

educators, drawn 

from a wide variety 

of fields, oversees 

the general direction, 

integration and quality 

of the Institute’s 

research. These are the 

newest members:

With his appointment 

as co-chair (with Simon Levin) of 

the Science Board, David K. 

Campbell continues in a new role 

his long-standing relationship with 

SFI.  Provost at Boston University, 

Campbell’s most recent work focuses 

on possible observable consequences 

of chaos and quantum chaos in 

nanoscale structures and true 

many-body studies of the effects of 

electron-electron interactions in novel 

materials. He is editor-in-chief of the 

quarterly journal Chaos.

Walter Fontana, systems 

biology professor at Harvard 

Medical School, views aging as a key 

problem in systems biology. “The 

phenomenon of aging touches on 

every important and as yet ill-defined 

concept in biology,” he says. (See 

“Toward a Theory of Aging” in this 

issue for more about this work.) In 

2005, he established the Fontana Lab 

to address fundamental problems 

in systems biology.  Prior to his 

appointment at Harvard, Fontana was 

a member of the Resident Faculty at 

SFI, 1998 to 2004.

The James Tobin Professor of 

Economics at Yale University John 

Geanakoplos’s research interests 

include various aspects of economic 

theory. In 1990–1991 and again in 

1999–2000 Geanakoplos directed the 

economics program at the Santa Fe 

Institute, and he continues active 

collaborations with the community. 

Geanakoplos teaches mathematical 

economics and microeconomic 

theory at Yale and also directs the 

Cowles Foundation for Research in 

Economics there. 

Eric Klopfer, Scheller Career 

Development Professor of Science 

Education Technology at the 

Massachusetts Institute of Technology 

and director of the MIT  Teacher 

Education Program, develops 

computer games and simulations 

for learning science and complex 

systems. For him, SFI science is about 

fundamental concepts that transcend 

disciplines. “Most importantly it is 

about research and education around 

TransiTions
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these significant paradigms of modern 

science,” he says. Klopfer works 

with teachers, enabling them to use 

technology to enhance science learning 

in kindergarten through high school.

Science Board Co-Chair Simon 

Levin is Moffett Professor of 

Biology and director of the Center 

for BioComplexity at Princeton 

University. His work involves 

evolution of diversification and 

conservation implications of 

ecological work. Levin is a 2005 Kyoto 

Prize Laureate, with his award citing 

his work “for the establishment of 

the field of spatial ecology and the 

proposition of the biosphere as a 

‘complex adaptive system.’” 

Professor of Geochemistry in the 

Department of Earth and Planetary 

Sciences at Harvard University 

and Director of the Laboratory 

for Geochemical Oceanography 

Dan Schrag studies oceans and 

climate using analytical chemistry 

and modeling. In particular Schrag 

uses Pacific corals to study El Niño 

and modern ocean circulation, 

deep sea sediments to study the 

last ice age, and ancient sediments 

to study Neoproterozoic Snowball 

Earth. Schrag will deliver SFI’s 2007 

Ulam Memorial Lectures “Ancient 

Perspectives on Future Climate” in 

September.

Science Steering Committee
This group meets on a bi-monthly 

basis to advise the SFI administration 

on science issues. SFI welcomes this 

new member:

For Tanmoy Bhattacharya, 

SFI science offers a cross-disciplinary 

approach to research and discovering 

the laws for emergent systems in 

terms of the elementary dynamics. 

As a staff member at Los Alamos 

National Laboratory and faculty 

member at SFI, his research includes 

studying the available genetic history 

of the HIV virus and testing how 

the evolution of the virus has been 

constant in time. 

Board of Trustees
SFI’s trustees are drawn from leaders 

in business and finance, the academic 

world, and the public sector. Here 

are the newest additions to an 

accomplished roster:

Elizabeth Hughes Eginton 

serves as senior vice president and 

director of corporate strategy for 

Legg Mason Capital Management. 

Before joining Legg Mason in 2005, 

she worked at McKinsey & Company 

consulting with asset management 

and financial services clients on 

strategy and business development. 

Private investor Dan Lynch 

promotes internet use and computer 

networking. His investments 

include a variety of internet start-

up companies. Lynch, founder 

of CyberCash, Inc. and Interop 

Company, a division of Key3Media, 
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resides in St. Helena, CA, where he 

tends grapes at his small winery. 

Legg Mason’s Senior Vice President, 

Chief Investment Strategist 

Michael J. Mauboussin’s 

work focuses on creating value for 

both the company and the investor. 

His multi-disciplinary approach has 

been featured in many national 

publications, including his most 

recent book More Than You Know: 

Finding Financial Wisdom in 

Unconventional Places (Columbia 

University Press, 2006).

Garrett Thornburg is chairman, 

chief executive officer, and founder of 

Thornburg Investment Management, 

Thornburg Securities Corporation, 

and Thornburg Mortgage Corporation. 

Thornburg has gained recognition 

as a leader in innovative investment 

strategies. 

External Faculty
The driving force of SFI’s scientific life 

is its network of external researchers, 

affiliated with universities and 

research institutions throughout 

the world. Here are the most recent 

additions:

As Professor and Chairman of 

Computer Science at the University 

of New Mexico, Stephanie 

Forrest studies computer immune 

systems. “Although there are many 

differences between living organisms 

and computer systems, we believe 

that the similarities are compelling 

and could point the way to improved 

computer security,” she says. Forrest’s 

other research topics include cancer 

as an evolutionary system, genetic 

algorithms, and biologic modeling. 

James Hartle’s research focuses 

on relativity and quantum cosmology 

at the University of California, Santa 

Barbara, Department of Physics. He 

sees the central problem in modern 

cosmology as finding a simple and 

compelling theory of the initial 

conditions of the universe that will 

predict testable correlations among 

observations today.

 

Ray Jackendoff, professor 

emeritus and advisor to the 

linguistics program at Brandeis 

University, researches the semantics 

of natural language. He also 

has worked extensively with the 

relationship between conscious 

awareness and the computational 

theory of mind, syntactic theory, and 

musical cognition. Jackendoff’s new 

book, Language, Consciousness, 

Culture: Essays on Mental Structure, 

is due out in 2007. 

Associate Professor at the University 

of Chicago John Padgett 

continues his work on Renaissance 

Florence primarily through tracing 

empirically and through modeling 

the catalytic co-evolution of multiple, 

cross-cutting social networks over 

time. For the past fifteen years, 

Padgett has been constructing 

from primary archival sources a 

massive quantitative data set about 

social-network evolution over the 

two hundred years: 1300–1500. 

Renaissance Florence was the 

arena for many history-altering 

organizational and technical 

inventions in numerous domains.

Postdoctoral Fellows
Several parts of the SFI research 

program host postdoctoral fellows 

and researchers. Here are the newest 

fellows:

Aaron Clauset’s research 

spans several areas of the study 

of complex systems. His primary 

research focuses on the development 

of statistical models of, and data-

analysis methods for, complex 

networks in the social, biological, 

and technological fields. Much of 

this work has been methodological, 

bringing together tools from 

statistics, learning theory, computer 

science, and physics. His current 

research focuses on directly 

modeling the highly heterogeneous 

structure of networks, e.g., the 

hierarchical organization of modular 

structures, and the development 

of a mathematically principled 

framework for testing network 

hypotheses. In addition to these 

areas, he is interested in statistical 
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models of conflict (terrorism) and 

macroevolution. These foci pose 

interdisciplinary questions about the 

origin of certain empirical patterns 

such as scaling laws that can possibly 

be best explained using ideas from 

physics or statistics. Clauset received 

his Ph.D. in computer science from 

the University of New Mexico.

Charles Efferson holds a joint 

postdoctoral fellowship appointment 

at SFI and the Institute for Empirical 

Research in Economics at the 

University of Zurich. His work focuses 

on human economic behavior 

including social learning, social 

preferences, and consideration of 

humans as an ecologically successful 

species. A growing evolutionary 

literature provides many explanations 

for how and why humans seem 

to be so successful in this regard. 

Efferson is working on developing 

a complementary ecological theory 

that integrates consumer-resource 

modeling from both economic 

growth theory and theoretical 

ecology. 

Miguel Fuentes’ interests are 

wide ranging, but in particular he 

works on mathematical models 

of biological systems. He has 

investigated theoretical and 

experimental models describing 

biological and chemical systems 

under the frame of reaction 

convection diffusion equations 

and stochastic processes. As a 

postdoctoral fellow at the Consortium 

of the Americas for Interdisciplinary 

Sciences (University of New Mexico), 

he studied evolution and formation 

of patterns in bacterial populations. 

Fuentes has also conducted research 

at the Statistical Physics Group at 

Centro Atómico Bariloche.

Emily Gamber Burkhead’s 

research interests are in ergodic 

theory and dynamical systems, and 

in particular, symbolic dynamics 

and cellular automata. Burkhead 

completed a master’s project that 

investigated a particular classification 

of one-dimensional cellular automata, 

and then developed a topological 

classification of cellular automata 

in higher dimensions for her Ph.D. 

thesis (completed at the University of 

North Carolina at Chapel Hill).

Daniel Hruschka studies how 

human institutions arise, persist, 

and change, by focusing on a 

particularly small-scale process—the 

cultivation and maintenance of 

dyadic social relationships, while 

focusing on social relationships as 

simplified models for understanding 

institutional dynamics. As a doctoral 

student in anthropology at Emory 

University, he approached these 

problems using social network 

analysis, agent-based modeling, 

comparative sociology, and 

ethnographic fieldwork. At SFI, he will 

extend this work by using behavioral 

experiments to study how individuals 

regulate behavior (their own and 

others’) in the context of long-term 

relationships.

Sander van Doorn, who 

received his Ph.D. from the University 

of Groningen in the Netherlands, is 

interested in the interaction between 

ecology and evolution. One of his 

core research interests is sympatric 

speciation, and he works on various 

topics that are connected with 
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this research area, e.g., frequency-

dependent selection, the maintenance 

of genetic variation under disruptive 

selection, and the evolution of 

assortative mating. Another favorite 

research theme is sexual selection. 

This work has concentrated on 

the evolution of complex mating 

preferences and the coevolutionary 

dynamics of mating preferences and 

condition-dependent signaling and 

the evolution of sex chromosomes.

Awards
Kenneth J. Arrow, SFI Science 

Board member and professor 

at Stanford University, received 

the nation’s top science honor, 

the National Medal of Science, 

for his contributions in the field 

of economics. President Bush 

presented the National Medals of 

Science and Medals of Technology 

to 10 people and 5 companies, 

saying the medals were the “highest 

award a president can bestow for 

astounding achievement in science 

and technology.” The National Medal 

of Science Award, established by 

Congress in 1959, is administered 

by the National Science Foundation, 

while the National Medal of 

Technology, established by Congress 

in 1980, is administered by the 

Commerce Department.

Samuel Bowles, SFI research 

professor, will present a keynote 

address to the human development 

and economics staff of the World 

Bank at their annual Human 

Development Week, October 31–

November 3.

Jim Brown, SFI External Faculty 

member and Science Steering 

Committee member and professor 

at the University of New Mexico, 

was recently elected Honorary 

Member of the American Society of 

Mammalogists, the highest honor 

conferred by the ASM.

Lisa Curran, SFI external professor 

and professor at the School of Forestry 

and Environmental Sciences at Yale 

University, has been awarded a 2006 

MacArthur Foundation Fellowship. The 

fellowship award describes Curran 

as a “Tropical Forester combining 

expertise in ecological processes with 

insights into the realities of forest 

communities to address deforestation 

and its environmental consequences 

in endangered areas around the 

world.”

Peter Schuster, SFI External 

Faculty member and professor at 

the University of Vienna, has been 

elected president of the Austrian 

Academy of Sciences.

David Sherrington, SFI External 

Faculty member, has been chosen 

to receive the 2007 Dirac Medal 

and Prize of the Institute of Physics. 

The prize is awarded annually 

for “outstanding contributions to 

theoretical (including mathematical 

and computational) physics.”

SFI President and Distinguished 

Professor Geoffrey B. West 

was awarded the Weldon Memorial 

Prize. The prize is given to the person 

who, in the judgment of the electors, 

has, “in the 10 years next preceding 

the date of the award, published the 

most noteworthy contribution to 

the development of mathematical 

methods applied to problems in 

biology.” t
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