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President's Message

The beginning of 1989 reminds me that we are only six months into our first full
academic year. Iam pleased that this issue of the Bulletin describes a rather remarkable
record of accomplishment in so short a period. About one-third of the pages are devoted
to economics, reflecting the fact that the ongoing program in economics represents our
current major activity. It is already sufficiently successful and promising to warrant
adoption as along-range theme. Our current planning is based on the expectation that it will
continue at least at its present level for the next several years.

The Institute ended 1988 at a spending level that is thirty percent greater than its
average over the year. Appointment of additional faculty and expansion of research to other
major themes related to the sciences of complexity will require a total expenditure about
fifty percent greater than in the past year and an activity level by the end of 1989 that will
rise to approximately twice the present level. The magnitude of a coherent program that is
broad enough to encompass the subject of complexity dictates continuing expansion over
aperiod of the next several years. In addition to the academic programs, we must plan for
doubling available physical facilities within the coming year. In view of the support that
has been extended to SFI to date, we are confident that these plans can be realized.

At the present time we anticipate strengthening our efforts to further develop adaptive
computational algorithms that can numerically simulate the behavior of complex systems,
build on our initial exploration last November of the problems of global security and a
sustainable world, and initiate a new program in theoretical ecology. These plans will be
put firmly in place as new resources are identified, and the list may be expanded. I hope
itgives you a sense of our future directions and of the challenges we face as we look forward
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Ronda K. Butler-Villa has been director
of the Institute’s publication program
since its inception in 1985. Ms. Butler-
Villa produces the camera-ready manu-
scripts for all of the Institute’s publica-
tions, including the proceedings volumes
published by Addison-Wesley. She is in a
unique position to describe the program
and to offer her vision of its future direc-
tions.

It is easy to say we are excited about
the Institute’s activities or that a lot is
coming out of the workshops, but the pub-
lications program provides the only tan-
gible evidence of what is being accom-
plished. The publications are what get
into people’s hands.

The Institute’s Editorial Board pro-
vides direction for the publications pro-
gram. The board, which is chaired by
Mike Simmons and composed of 13 Sci-

»~=2ance Board members, meets biannually,
sually in March and September, to de-
cide what should be published and the best
publication vehicles, to select editors for
the proceedings volumes, and to recom-
mend reviewers. The board also meets
once a year with Addison-Wesley to keep

the publisher informed.

The Institute’s publications include
proceedings from the workshops, the Bul-
letin, which comes out twice a year, and
other smaller announcements and updates.
The decision to publish a proceedings vol-
ume begins with the Science Board. When
a program is funded, or even just pro-
posed, the Science Board considers
whether a volume is possible: or neces-

sary and begins thinking about the publi--

cation budget. These early discussions
do not result in hard and fast decisions;
they are more likely to define probabili-
ties. For example, the Global Security
workshop was short and tentative, to get
ideas together, and no formal papers were
presented. It was clear that no proceed-
ings volume would come out of the work-
# ~hop. On the other hand, the workshop

SFI's Publication Program

Getting the Word Out

on theoretical immunology included a lot
of valuable but more speculative papers
than would be appropriate for publication
in journals. So a proceedings volume,
Theoretical Immunology, was worthwhile.
After a preliminary decision has been
made to publish the proceedings, the edi-
tor of the proposed volume, who is usu-
ally the chairman of the workshop, begins
planning the book. The chairman is in an
ideal position to assess the workshop par-
ticipants and the work that is likely to
emerge. Thus far, each editor has handled
his responsibilities differently. Theoreti-
cal Immunology included virtually every
paper that was submitted on time, but Ar-
tificial Life includes just eighteen papers.
In every case though, the editor reviews
each paper to ensure that it is well writ-
ten, accurate, and worthy of publication.
Thus far, our major publications in-
clude five proceedings volumes, which are
aimed at scientific audiences, and the Bul-
letin, which provides information acces-
sible to the general community. The most
recent book in our proceedings series is
unique. It includes the cream of the crop
of papers from our co-sponsored work-
shop on Artificial Life. They are quite

varied—a philosophical paper on the na-
ture of life, teaching children to build ro-
bots with building blocks, and the rela-
tionship of computerized flocking models
to actual flocking patterns. This will be
the first book published in the United

States on this topic and its scientific and
philosophical variety should give it a wide
audience. A particularly valuable feature
is an extensive annotated bibliography on
Artificial Life and on L-Systems contain-
ing a total of nearly 500 entries.

This year’s publication budget allows
the Institute to produce as many as four
books, which is all that we can can handle
with the present manpower. Early this
year we will send two books to press.
One is the proceedings from the 1988
summer school, which will include the
lectures presented there. The other is Lat-
tice Gas Methods for Partial Differential
Equations, which is actually volume 4 in
our proceedings series. The next planned
volume results from the workshop on the
“Interface between Computational Sci-
ence and Nucleic Acid Sequencing,”
chaired by Science Board member George
Bell of Los Alamos. Another planned
volume is the proceedings from Wojciech
Zurek’s workshop on “Complexity, En-
tropy, and the Physics of Information.”
This is a very interesting topic and may
again open our publications up to a new
market and larger audience. And in 1990,
we are planning a volume on the work-
shop on pueblo archeology, co-chaired by
Murray Gell-Mann and George Gumer-
man. That book will mark something new
in our publications and, like the book on
artificial intelligence, should be something
of more general interest. But each of these
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books will have a unique appeal and au-
dience.

Our proceedings volumes have been
successful in the academic community. A
normal academic printing is around 1500
copies, and generally within six months
of publication our books have sold 700
copies, with about the same number in
distribution, in bookstores waiting to be

To Order Volumes in
the SFI Series

Emerging Syntheses in Science

Edited by David Pines

Volume I

Hardback #15677-6; Paperback #15688-1

Theoretical Immunology, Part One
Edited by Alan Perelson
Volume IT

Hardback #15682-2; Paperback #15683-0

Theoretical Immunology, Part Two
Edited by Alan Perelson
Volume III

Hardback #15687-3; Paperback #15688-1

Lattice Gas Methods for Partial
Differential Equations

Edited by Gary Doolen et al.
Volume IV

Hardback #15679-2; Paperback #13232-X

The Economy as an Evolving Complex
System

Edited by Philip Anderson, Kenneth Ar-
row, and David Pines

Volume V

Hardback #15681-4; Paperback #15685-7
Artificial Life: Proceedings of an Interdis-
ciplinary Workshop on the Synthesis and
Simulation of Living Systems

Edited by Christopher Langton

Volume VI

Hardback #09346-4; Paperback #09356-1

Complex Systems

Edited by Daniel Stein
Volume VII _
Order numbers not available.

Volumes IV and VII should be avail-
able in May 1989. Both volumes may
be ordered now for later delivery.

To order any or all volumes, dial
(800)447-2226. Please specify hard-
back or quality paperback version when
ordering. You have your choice of de-
livery methods.

sold. Moreover, each of our books has
gone into a second printing, so we are
doing well in getting the word out. None
of our books has been a best seller—to
do that we would have to sell about 10,000
copies. While that is unlikely in an aca-
demic market, we expect it will happen
one day. The new book on artificial life
and the summer school volume are likely
candidates because they will have broad
audiences.

The Institute is developing a reputa-
tion for producing its proceedings volumes
quickly. Originally, we hoped to produce
books within about six months after a
workshop concludes, but generally the
process takes longer. Researchers usu-
ally need at least three months after pre-
senting a paper to fine tune their ideas.
They want to include the interactions at
the workshop, to give credit for contrib-
uted ideas, and to address new questions
that come up. A talk can seem very co-
hesive at the time but can have gaps that
need to be filled out in the written ver-
sion. Then, the production of the cam-
era-ready copy for our publisher, Addison-
Wesley, may take three or four months,
particularly if it is a three- or four-
hundred-page book. The production in-
volves inputting the text, indexing, editor
and author proofing, getting copyright
approvals for reuse of written material or
figures, and so on. Our books are cohe-
sive in their layout, and one of the most
time-consuming tasks is altering the illus-
trations that accompany the written text
to achieve a compatible size and style.
Finally the publisher needs three to four
months to print the book. Generally a book
takes 9 to 12 months to appear in print, a
remarkably short time for a typeset pro-
ceedings volume.

We receive manuscripts in a number
of different ways: typewritten pages,
stand-alone word-processing diskettes,
personal-computer diskettes, Sun tape, and
electronic mail. I even received a carbon
copy from the Soviet Union. It is often a
trick to convert this raw material into our
system’s formats. We now have high-
powered electronic graphics tools and I
am investigating new technologies, such
as scanners and electronic typesetters, to
streamline the production process. We use
desktop publishing technologies to pro-

duce the camera-ready package that Ad-
dison-Wesley prints and distributes. In
fact, Addison-Wesley produces only t*"
cover and title and copyright pages. T.
Institute produces everything else, ready
for printing.

In five years, I envision many changes
in the Institute’s publication program:
more books produced every year which
are a combination of proceedings, mono-
graphs, and reprints; working papers, con-
tributed by Institute academic staff mem-
bers, distributed on a weekly basis; and
an electronic bulletin board or general file
that would allow people to read papers
that are not yet published. I can also fore-
see informal newsletters about each of the
Institute’s core research areas. Eventu-
ally, our biannual bulletin could become
two publications: a smaller bimonthly
newsletter of general information for the
community and a separate journal of the
Institute.

The Institute has contracted with
Addison-Wesley to develop two new se-
ries of publications. One involves collec-
tions of reprints, possibly of articles di-
rectly connected to a research program, or
possibly to reflect somebody’s idea
what is needed in a particular field. S.
far, we have done no reprint volumes but
I can foresee such books being produced
in the future. The other type of publica-
tion that needs to be developed is a series
of monographs. Monographs could pres-
ent new material, cover the history and
development of a field, or could even pres-
ent a view of complexity suitable for a
general audience similar to James Gleick’s
Chaos. Proposed monographs and reprint
volumes will be reviewed and approved
by the Editorial Board before being sub-
mitted to Addison-Wesley.

As the Institute develops, the publi-
cations program will become more com-
plex and important, branching out from
just the printed word. Sometimes research-
ers need face-to-face contact, and it is al-
ways helpful to pull somebody into an of-
fice and write down ideas on the black-
board, but the nature of the Institute is
such that members of its research networks
will want to make contact on a daily ba-
sis. Although the world may not be read
for electronic books (most people s
work with something in hand, somethiny
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Residential Research

~The Evolution of the Economics Program

Unorthodox Economics:
SFI Research Program
Up & Running

The Santa Fe Institute’s first major
resident research program—on the Econ-
omy as a Complex, Evolving System—is
in full swing. About twenty-five research-
ers—economists, physicists, computer sci-
entists, biologists, and mathematicians—
have begun to spend periods at Santa Fe
ranging from one month to a year. Brian
Arthur, on sabbatical from Stanford Uni-
versity, is directing the program this first
year.

The economics activities here were
initiated a couple of years ago at the sug-

Getting the Word Out (continued)

with a spine to crack and to write on), an

£~ lectronic bulletin board or conferencing
.ystem would give us a very fast way to
provide information, which is vital for col-
laborative research networks. The recent
news about computer viruses has made
people a little wary of public access, but a
read-only electronic newsletter, into which
researchers can dump new thoughts or in-
formation, is certainly feasible. The Edi-
torial Board has discussed this vehicle and
a bulletin board is in the works, Finally, I
can see a place for other electronic media
such as computer disks and tapes, and even
video tapes of Institute lectures.

In the meantime, the publications pro-
gram, and I personally, continue to grow
by leaps and bounds. Each book is a new
adventure having its own problems, a dif-
ferent editor, and a different market, yet it
is a piece of the puzzle in the study of
complexity. The interrelationships of pro-
ceedings topics, the varied and insightful
authors, and the evolving terminology of
complexity—these are what keep the pro-
gram exciting.

— Ronda K. Butler-Villa
f‘\

gestion of Citicorp chairman John Reed.
Reed felt that an institute devoted to the
study of complex systems might have
something useful to say about the world
economy. In September of 1987 Philip
Anderson, Kenneth Arrow, and David
Pines assembled a small number of econo-
mists and physicists to discuss the econ-
omy as a nonlinear, evolving, adapting,
complex system. The ten-day workshop
that Arrow, Anderson, and Pines organ-
ized a year ago in September was an
enormous success. It was followed by a
similar workshop in September 1988 and
has now grown into the Institute’s first
research program conducted by scholars
in residence. “I didn’t expect that the
physicists and economists would have that
much to say to each other,” says Buz
Brock. “But ideas were put on the table
that were truly exciting to both sides.
Several of us have developed long-term
working relationships. And various cross-
disciplinary collaborations are now going
strong.”

From the rather intensive discussions
last September and the year that has fol-
lowed, two major themes have emerged
that the new program has chosen to focus
on: leamning and adaptation in the econ-
omy; and nonlinear (non-convex) mecha-
nisms in the economy.

Learning and Adaptation

In the last few years, economics has
been able to formulate and “solve” more
and more difficult strategic, expectational,
sequential decision problems, through the
use of sophisticated techniques in dynamic
programming, game theory, and comput-
able general equilibrium theory. But while
theoretical “solutions” can often be de-
rived, they are typically so complicated
that there is little hope they match the real
decisions of businessmen and other agents
in the economy. Not surprisingly, some
of the best theoreticians have begun to
slacken the assumption of complete ra-
tionality and full information, and have
started looking at models where agents
leamn and adapt their way to a solution or
equilibrium point. The SFI program is

taking up this theme of learning and ad-
aptation by introducing ideas from com-
puter science (the machine learning the-
ory of John Holland and others, for ex-
ample) and biology (the adaptation and
coevolution ideas of biologist Stuart
Kauffman, for example).

Nonlinear Mechanisms

The work on the theme of nonlinear-
ity started last year by comparing mecha-
nisms that generate chaotic attractors in
the economy with their counterparts in
physical and biological systems. Re-
searchers in the program are still inter-
ested in this, but over the past year their
ideas have begun to crystallize in a slightly
different direction. The highly techno-
logical parts of the economy appear to
operate subject to several important influ-
ences: very large design and set-up costs
for products, significant leamning effects
in manufacturing, and possibilities of stan-
dardization due to “network externalities.”
These act to give market advantage to
products that have achieved high volume
or high visibility. “It appears that the
modem, high-technology sectors of the
economy operate according to increasing
returns to quantity produced, rather than
diminishing returns,” says Arthur. “There-
fore, if we want to prescribe sensible poli-
cies in international trade, or standardiza-
tion, or market regulation in high-tech
products we need to be able to understand
interactions that induce increasing returns
or market self-reinforcement.”

It turns out that in the last two dec-
ades physicists have given deep thought
to systems with self-reinforcement, par-
ticularly in spin-glass theory and other
branches of condensed-matter physics.
One of the aims of the program is to see
if it can use the ideas and techniques of
physics to tackle specific problems in in-
creasing-returns economics. Already the
program has achieved a good understand-
ing of pattern formation, the lock-in phe-
nomenon, symmetry breaking, and mul-
tiple equilibria from comparing these phe-
nomena in the economy with their counter-
parts in physical systems. “The Institute
is well positioned to exchange theories and
techniques among economics, biology,
computer science, and physics,” says
Stuart Kauffman. *“My ideas are being
absorbed by the economists. But the ex-
change is going in both directions. I am
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beginning to apply ideas from economic
game theory in my work on cocvolution.”

Why SFI?

How successful can a small econom-
ics research program in Santa Fe expect
to be, when universities across the coun-
try can field much larger efforts in eco-
nomics research? “Economics will in due
course encompass the themes of learning,
adaptation, and increasing returns, whether
our program in Santa Fe exists or not,”
says Arthur. “But it would be hard to
bring computer scientists and physicists
interested in nonlinear phenomena and
complexity issues into a standard econom-
ics department. By being able to do this
in Santa Fe, we hope to catalyze these
new ideas and short-circuit many of the
obstacles to realizing them in economics.”

Participants are not looking for instant
success. Most believe it will take three to
five years to bring some of the ideas to
fruition.

It is not the intention of the program
to transfer techniques blindly from phys-
ics or computer science into economics.
Rather the method of working is to ex-
plore specific open problems in econom-
ics, carefully examining the opportunities
to be gained from understanding similar
problems in other disciplines.

Emerging Problems

A number of specific research prob-
lems have emerged within the program.
Arthur and computer scientist John Hol-
land are using Holland’s genetic algorithm
and classifier system to simulate the evo-
lution of buying and selling behavior in a

Philip Anderson, Physicist, Princeton
University

Jasmina Arifovic, Economics graduate
student, University of Chicago

Kenneth Arrow, Economist, Stanford
University

Brian Arthur, Economist, Stanford
University

Robert Axelrod, Political Scientist,
University of Michigan

Per Bak, Physicist, Brookhaven
National Laboratory

Eric Baum, Physicist, California Insti-
tute of Technology

Michele Boldrin, Economist, Univer-
sity of California, Los Angeles

William Brock, Economist, University
of Wisconsin

C. Y. Chu, Economist, Academia
Sinica, Taiwan

Yuri Ermoliev, Probability theorist,
Kiev

Doyne Farmer, Dynamical systems
theorist, Los Alamos National
Laboratory

Stephanie Forrest, Computer scientist,
Los Alamos National Laboratory

John Geanakoplos, Economist, Yale
University

Geoff Grinstein, Physicist, IBM

Frank Hahn, Economist, Cambridge
University

John Holland, Computer scientist, Uni-
versity of Michigan

Bengt Holmstrém, Economics, Yale
University

Yuri Kaniovski, Probability theorist,
Kiev

Participants in the SFl Economics Program

Stuart Kauffman, Biologist, University
of Pennsylvania

David Lane, Statistician, University of
Minnesota

Blake Le Baron, Economist, University
of Wisconsin

Seth Lloyd, Physicist, California
Institute of Technology

Ramon Marimon, Economist, Univer-
sity of Minnesota

John Miller, Economics postdoctoral
fellow, Santa Fe Insititute

Barry Nalebuff, Economist, Princeton
University

Norman Packard, Dynamical systems
theorist, University of Illinois

Richard Palmer, Physicist, Duke
University

David Pines, Physicist, University of
Illinois

Steen Rasmussen, Physicist, Los
Alamos National Laboratory

Paul Romer, Economist, University of
Chicago

John Rust, Economist, University of
Wisconsin

Thomas Sargent, Economist, Stanford
University

José€ Scheinkman, Economist, Univer-
sity of Chicago

Andrei Shleifer, Economist, University
of Chicago

Eugenia Singer, Vice President,
Citibank, NA

Daniel Stein, Physicist, University of
Arizona

Michael Woodford, Economist, Univer-
sity of Chicago

stock market. John Rust, William Brock,
Ramon Marimon, and Tom Sargent are
studying how play evolves in N-persc
games when players are not well informe.
about each other’s payoffs and must learn
as they play. Rust, Miller, and physicist
Richard Palmer are organizing a computer
tournament to simulate a Double Oral
Auction. Arthur and Norman Packard are
studying cellular games, an extension of
cellular automata that allows cells to
choose their next state on the basis of a
reward structure that depends also on
neighbors’ states. Probability theorists
Yuri Ermoliev, Yuri Kaniovski, and David
Lane are applying techniques from non-
linear stochastic processes to problems in
the evolution of market structure. José
Scheinkman, Andrei Shleifer, Palmer,
Arthur, and others are attempting to use
new theories of self-organizing criticality
to study the dynamics of industrial mod-
emization in developing countries.

Plans for the program include two
short meetings to discuss research prob-
lems in the next months and a major ef-
fort involving about fifteen participants
spread over the summer. It seems that
the *“word is out” about what the program
is attempting to do. As a result, recrui
ing first-rate people—whether in physics,
biology, or economics—is not a problem.
The main obstacle to progress at the mo-
ment is on the funding side. The program
is looking for financing it can apply to
the next three to five years.

— Ginger Richardson

Can Physics Contribute
to Economics?

Physicists are not known for their
humility. There is often the feeling among
them that physics is the hardest subject
around, at least among the quantifiable
sciences, and that a sound training in phys-
ics is a license for tackling well-posed
problems in any area. Why then is eco-
nomics still at large, despite the present
interactions between the fields? Are the
problems actually hard, or are they not
well posed, or is the arrogance unjusti-
fied? The answer should surely be “all
three,” although it should also be said that
physicists do not have a monopoly on
arrogance.

Santa Fe Institute
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The real issue is the degree of simi-
larity between the fields. The underlying
/" Supposition of the dialogue between natu-
.al scientists and economists arranged by
the Santa Fe Institute is that there is
enough common ground to make prog-
ress possible. Economic systems can be
seen as complex, nonlinear, interacting
systems of many parts, and this descrip-
tion also fits problems actively studied in
the natural sciences. But, on a more de-
tailed level, is there really enough simi-
larity with economics to justify optimism?
It is crucial to go beyond generalities and
ask just how the fields differ, and how
they are alike.

Dynamical Systems vs. Foresight

Most situations in physics involve
particles or objects (e.g., wave functions
in quantum mechanics) whose future be-
havior may be predicted from a knowl-
edge of the present. No knowledge of—
or expectation about—the future is needed.
In contrast, the regnant approach in eco-
nomics, rational-expectations theory with
foresight, relies explicitly on economic
agents who can anticipate the future; the
“particles” of the theory form strategies

==0n the basis of future expectations. At

irst sight this difference is central, but on

closer examination it may not be so seri-
ous.

On the one hand, there are situations
in physics where the particles effectively
explore possible futures to determine their
behavior. Quantum mechanics and clas-
sical mechanics can both be expressed in
terms of minimizing a “path integral”
quantity across all possible future histo-
ries. In each case, however, the theory
can also be formulated in a way that avoids
the apparent dependence on the future.
Could the same be done in economics?
Can the path-integral methods developed
in physics be applied to economics?

On the other hand, the foresight ap-
proach is in trouble in economics. The
simplest way of formulating the theory
expects the agents to be infinitely smart
and well informed, a condition clearly not
fulfilled in the real world. Economists

| are now trying to construct modified
| “bounded rationality” theories which re-
quire only limited intelligence or compu-

tational power in the agents. Though
~~—oromising, these ideas are seen as less at-
ractive because, while there is often only

one way to be perfectly rational, there are
many forms of irrationality, and unique-
ness becomes a major issue. An approach
in which many of the SFI participants are
involved is to give agents only very lim-
ited ability to anticipate the future, but to
let them /earn as time progresses so as to
optimize their predictions.

A more ambitious type of learning,
also under study by SFI participants, is
the adaptive systems approach. Here the
agents again leam with experience (though
not necessarily explicitly anticipating the
future), in a rule-based framework.
Wholly new rules or modes of behavior
can evolve, and the system can adapt to a
changing environment. New strategies
may in fact co-evolve while interacting
with each other. These ideas are linked

ysical system 1twouldf '
tak -the goals of the

aﬂabxhty of gasolme) Moreover the
developmem of new goods may create
destroy dlfferem mdusmes (for ex-

ple, <
- ilce statlons but destroyed most of the

buggy whip industry). So, how does

-——John Mxller .

more closely to biology than to physics;
the laws of physics do not seem to im-
prove with the universe’s experience.

Linearity vs. Nonlinearity

Linearity should not be an issue. Eco-
nomic systems are obviously nonlinear,
as are many, if not most, systems of cur-
rent interest in physics. A more contro-
versial question concerns the direction of
feedback. Whereas a strictly linear sys-
tem can have only negative feedback if
divergence is to be avoided, positive feed-
back can occur in nonlinear systems if a
saturation mechanism operates. Such sys-
tems tend to have multiple equilibria or
resting points and great sensitivity to ini-
tial conditions. Traditionalists find it hard
to relinquish uniqueness and global sta-
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bility, but physicists are easily convinced
(especially by Brian Arthur’s examples)
and find positive feedback natural.

Deterministic vs. Stochastic
Dynamics

Realistic economic theories have to
admit the existence of external noise or
“exogenous shocks” coming from factors
not modeled economically, The dynam-
ics is thus stochastic, involving chance.
Physicists too are used to including ran-
dom noise in their equations, usually to
represent the effect of thermal fluctuations.
In physics a crucial question is the auto-
correlation of the noise; uncorrelated or
“white” noise is easily dealt with, but cor-
related noise can be very tricky. The noise
sources in economics include psychologi-
cal, social, and political effects in the popu-
lation (unless these are modeled explic-
itly, which is rare) and are surely not un-
correlated. Are the white noise theories
therefore invalid?

Even completely deterministic sys-
tems can appear to behave rather randomly
when the solutions are ‘“chaotic.” It has
been popular recently to look for such de-
terministic chaos in economics, but the fad
now seems to be dying down, as perhaps
it should. It is certainly true that nonlin-
ear economic models can have chaotic so-
lutions, but it is doubtful whether these
occur if the models are adjusted to match
reality. And the analysis of economic time
series to search for chaotic attractors is
plagued by woefully insufficient data, and
can rarely be taken seriously, Chaos may
occur microscopically, but it is unlikely
to occur collectively or to be visible
macroscopically in aggregated time series.
Could one see it by examining many time
series in parallel?

Spatial Structure

Almost all theories in physics involve
the spatial as well as the time domain.
Many phenomena with possible parallels
in economics require an interpretation for
different spatial locations. Certainly one
can use geographical location, but it may
not make the most productive analogy.
Different economic sectors seem likely to
be a better choice. In physics a crucial
determinant of behavior is very often the
spatial dimensionality, with values other
than three often being considered for theo-
retical reasons. The effective dimension-
ality for a network (or “web”) of inter-

Learning and Games

The analysis of games is important
to a broad spectrum of disciplines in-
cluding economics, biology, political sci-
ence, and sociology. This problem is
an example of game theory.

You have arranged to meet a friend
for lunch, but you forgot to specify at
which restaurant. Unfortunately, there
is not enough time to contact one an-
other. In the past you have always met
at two popular eateries, Restaurant X and
Restaurant Y. You both would rather
eat together than apart. To which res-
taurant do you go?

This is a game of coordination. The
traditional approach to solving it is to
see if there is a way to prescribe choices
such that if both players knew the pre-
scription, they both would follow it. For
example, suppose that both you and your
friend receive a message that says to
meet at Restaurant X. Given that your
friend is going to be at Restaurant X,
then it is in your best interest to go there.
Similarly, if you are going to Restau-
rant X, then it is in your friend’s best
interest to meet you there. Thus both of
you meeting at Restaurant X as a result

of the message is a solution to this
game. (This remains a solution even if
both of you would rather eat at the other
restaurant.)

The main problem with the pre-
scriptive approach is that it makes sense
only if both parties know the prescrip-
tion. An alternative approach is to in-
corporate learning models into each
agent’s behavior. What if you and your
friend often have similar lunch plans?
The experience gained over past meet-
ings could have important implications
for where you will go this time. What
if one restaurant has an outdoor patio,
and it is warm outside?

Another important element of
games is that one’s best move often
depends on the strategies that the oppo-
nents choose. Thus a very interesting
co-evolving system emerges. The best
move depends on the opponents’ moves
which in turn depend on one’s own
move. Simply performing better than
one’s opponents may be as important
as performing the best one possibly can, |
in these systems.

—John Miller

connected economic sectors is less easy
to determine. It depends in general on
the range of the interactions between sec-
tors: does cverything interact strongly
with everything else, or only with a smaller
number of related sectors? If the effec-
tive dimension is high enough, then “mean
field” methods from statistical mechanics
may work well in economics.

Microscopic Details vs. Generic
Behavior

It is generally assumed by economic
theorists that a model must be fully speci-
fied at the microscopic level; the strate-
gies of particular agents must be known
in detail. There was almost shock when
an “agent-frec” theory was suggested at
Santa Fe. And yet some very successful
theories in physics have thrown away most
of the microscopic details in a problem,
and kept only a few central features, aver-
age properties, or statistical distributions.
One important lesson of the last few dec-
ades of work in statistical mechanics has

been the realization that there are many
behavioral properties for which micro-
scopic details do not matter. There may
be just a few “universality classes” of be-
havior, in each of which the simplest pos-
sible example is adequate for describing
the generic behavior, Might not the same
be true in economics?

Can we imagine theories that take into
account little more than the topological or
statistical structure of the web of interac-
tions between economic agents or sectors?
A number of SFI participants think this is
possible, and are investigating several di-
rections. One intriguing idea is the ana-
log of “self-organized criticality” in phys-
ics: certain stochastic dynamical systems
evolve naturally towards a “critical” state
in which the distribution of both length
and time scales has a special “power-law”
form. Models in which spatial diffusion
only occurs when a threshold is exceeded

fall into this class, and it’s easy t0 findea

these conditions in economics. A tran,
tion to a higher technology does not dif-
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fuse from firm to firm, or from sector to
sector, until the pressure for change ex-

# =eeds a threshold dependent on set-up

osts and other factors. If the self-organ-
ized criticality paradigm applied, one
would expect to see scaling behavior in
economic time series and in the distribu-
tion of inhomogeneity. A detailed analy-
sis will require knowledge of the statisti-
cal structure of economic webs, perhaps
available partially in the structure of in-
put/output matrices. Of course, the whole
web structure may itself evolve in time,
as has been emphasized by Stuart
Kauffman.

Simple vs. Complex Systems

“Complex system” probably has as
many definitions as there are practitioners,
but one common theme is the existence
of many possible stable or metastable
states (or equilibria), as found in glasses,
spin glasses, neural networks, and such.
A “rugged landscape” picture is often in-
voked for the energy as a function of the
many-dimensional state of the system.
The multiple states and ruggedness usu-
ally come about through “frustration,” the
impossibility of satisfying many conflict-
ing constraints simultaneously. Are there
parallels in economics, and are economic

ystems complex in this sense?

Certainly many economic theories
have multiple solutions, though this is of-
ten regarded more as a defect than as an
expected feature. The natural scientists
find it more natural. One might also ex-
pect to find a degree of frustration in eco-
nomic systems, where, for example, trad-
ing in an optimal fashion between pairs
of agents might not satisfy more global
constraints. The reverse might also oc-
cur, in which larger markets allow better
trading for all. In any case, neither frus-
tration nor rugged landscapes have been
much investigated in economics.

Conclusion

I have described a number of simi-
larities, and some major differences, be-
tween problems in physics and in eco-
nomics. I have also posed many unan-
swered questions; there is no lack of open
problems! Since no major breakthroughs
have yet emerged from the meeting of the
fields, it is clearly too soon to call the
endeavor a success. But there seem to be
plenty of reasons for optimism, plenty of
interesting ideas needing further explora-

»~—tion, and plenty of exciting challenges for

11 involved.
— Richard Palmer

A Conversation with Kenneth Arrow

Bounded Rationality and Other Departures

Last Fall, SFI President George Cowan
and Kenneth Arrow, an economist at Stan-
Jord University and SFI Science Board
member, discussed the background of neo-
classical economics and how the SFI pro-
gram is moving in a new direction. A
Nobel Laureate in economics, Dr. Arrow
is a co-editor of The Economy as an Ev-
olving Complex System, the proceedings
of the “Evolutionary Paths of the Global
Economy” Workshop, held in September
1987. The italicized text represents Dr.
Cowan’s questions and comments.

We are eager to know what fresh ideas
there are in economics. What particularly
intrigues you? What directions are things
moving in? What stimulates change? What
does the future hold?

The next big steps forward involve
consideration of nonlinear dynamics and
future uncertainties. This is the warp and
woof of a lot of economic research.

First, let me review some current
ideas. The standard picture of the econ-
omy is one which assigns a very great
weight to the system of prices for direct-
ing the way in which the economy func-
tions.

Firms and households are assumed to
be rational in the sense that they are trying
to maximize something—in the case of
firms, their profits. A firm has various
ways of combining inputs to produce pos-
sible combinations of outputs. Each tech-
nologically feasible combination will pro-
duce a certain profit at given prices. The
firm, therefore, will choose that set of in-
puts and outputs which maximizes profit.
As prices change they choose different
combinations and different scales.

Similarly, the household, which is the
consumer, is thought of as choosing some
bundle of inputs and outputs, the outputs
usually being labor, but possibly other
commodities that they own, in order to
achieve as high a level of satisfaction or
utility as is possible. This procedure de-

fines for each firm or household a cer-
tain supply and demand for each com-
modity. The demand for any commodity
or the supply will depend not only on the
price of that commodity but on the prices
of all other commodities. If nothing else,
the rise in the price of some other good
will reduce the amount of purchasing
power available to the consumer for the
purchase of this good. In addition, the
price of gasoline, for example, affects the
extent to which people use automobiles.
The result is that for every set of prices
there are a lot of supplies and demands
that can be added up over all agents in
the economy, giving rise to a net demand.
An equilibrium set of prices means those
prices at which net demand goes to zero
for all commodities and supplies, and
remains balanced.

So prices are a result of demands and
supplies reacting to create an equilibrium
in each situation. Here we are assuming
a process by which a set of prices that are
not in equilibrium can be altered. We are
assembling a great deal of information
which is dispersed throughout the econ-

Kenneth J. Arrow
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omy in this process. Defects in this in-
formation can trigger the statement that
the economy is out of equilibrium. It is
somewhat more problematic-to determine
how, with good information, we can guide
the economy from an out-of-equilibrium
position to equilibrium. This is still an
open question.

The present analysis goes further.
Obviously, a great many economic deci-
sions are made with a view to the future.
For example, when one buys a house, one
is expecting to use that house in the fu-
ture; the ability to use that house will de-
pend upon the ability to pay for the elec-
tricity, gas, and so forth. Similarly, in
the case of a business firm, expenditures
are made, that is, investments in plant and
equipment are made. These are inputs to
produce future output and are justified
only to the extent that output in the future
will eventually cover the relevant costs.
In an idealized model of an economy, we
now have markets for all future goods.
Thus, an automobile manufacturer who
constructs and equips a plant is, at the
same time, selling the product of that
plant—automobiles produced five years
hence. Therefore, in this ideal model the
same structure given to the current-equi-
librium case applies.

I shall mention two implications. For
one, many markets have to clear. In each
the supply has to equal demand. Sec-
ondly, this process gives rise to a path in
quantities and to a path in prices. It has
usually been assumed, without analysis,
that these paths tend to converge to a sta-
tionary state. Somewhat more exactly, in
light of the fact that both technology and
population are increasing, they converge
to a steadily growing path.

To complete this picture of the ideal
model, we have to allow for uncertainty.
For example, innovations will take place
in agricolture and we don’t know what
the weather will be. So, the ideal model
goes one step further and says there should
be a separate market for every future good
for each possible history of contingencies.

Again, we are multiplying the number of
markets. This picture is very complex.
We immediately notice that many mar-
kets are being assumed that do not, in
fact, exist. We do not have many ways of
contracting to deliver goods in the future,
except in very limited markets, such as
agricultural commodities. We certainly
have no great number of markets for re-
sults contingent on events, although they
exist: insurance policies are the most ob-
vious example.

But most of the markets called for by
this idealization are nonexistent. Some-
times they can be replaced by a chain of
other markets. To some extent this hap-
pens, but very clearly the economy, in its
intertemporal and risk-bearing aspects, is
not fully regulated by markets that exist,
even in combination. Therefore, a notion
that has played an effective role both in
theory and even in practice is that eco-
nomic agents anticipate correctly what
prices would be in markets that don’t ex-
ist. Notice this doesn’t mean, for example,
that the price of wheat five years from
now is supposed to be anticipated cor-
rectly; of course, we know that there are
contingencies. But we are saying that for
any given set of contingencies, we can
predict what the price of wheat will be.

In the end, we still have a lot of prob-
lems. We have a problem of how prices
even come to work. What is the process
by which they make the market? The
suggestions I've made turn out mathemati-
cally not to imply convergence, in gen-
eral, except under a very restrictive hy-
pothesis which we do not want to make.
We have a problem that the standard
model requires incredibly many markets,
and the substitute model requires incred-
ible recalculation. The suggestion, there-
fore, is that we have to emphasize a dif-
ferent kind of world, one in which people,
instead of optimizing and rationally fore-
casting the future, are engaged in much
more limited operations more suitable to
constraints on human reasoning and cal-
culating abilities and even to those abili-

ties as augmented by computers.

As a new point of view we tumn to
bounded rationality, a departure from the
mainstream tradition. We no longer can
assume that every agent is a perfect cal-
culator. This point of view is given a
great deal of emphasis by Herbert Simon.
Simon argued that people do not maxi-
mize. When they’re forecasting the fu-
ture, they do not perform the task of ra-
tional analysis. Modern cognitive psy-
chology is almost dominated by emphasis
on imrationality in the formation of beliefs
and expectations, and experiment after
experiment has confirmed this.

In this view does a very large number of
participants in a given market expand the
space in which the calculation occurs?
In other words, is the operation of a mil-
lion brains additive in some sense and
mutually supportive?

My answer to that is unequivocallv===

yes and no. Yes, because it is true tha.
different people can explore different parts
of the universe and the competitive
struggle would suggest that those who do
the best exploration will triumph in the
end. If the result of the exploration is to
do something more cheaply, then that will
drive the others out of business or cause
them to imitate it so the idea will spread.
On the other hand, many people spend
most of their creative power in trying to
figure out what other people are doing.

And I suppose they're also influenced by
what the other guy is doing, the herd in-
stinct.

One possibility is that people don’t
innovate enough because if most people
aren’t innovating, they assume non-inno-
vation must be the right thing. Then you
have a second-order effect that says if eve-
rybody is doing something, I’m not going
to make any money doing it that way.
The only hope is to do something differ-
ent. So it might work in either direction.

We are trying now to use tools which—=—-=,

are developed in other disciplines bu.
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which deal with somewhat analogous
problems. We do not expect these tools
are transplantable without change because
they were developed to address a differ-
ent set of phenomena. The intertemporal
equilibrium path, as I have suggested, is
supposed to converge toward a steady state
or steady growth. However, we can make
all the assumptions with perfect foresight,
well-behaved production-possibility sets,
and so forth, and still it turns out that other
behavior, including chaotic behavior, is
possible.

Even cyclic behavior, I suppose . . .
Cyclic behavior or chaotic behavior,
yes. All these have been exhibited within
models that are highly classical. This is
more undermining than might appear. It
isn’t merely that we get a bigger repertory
of solutions. The chaotic solutions are
disturbing because it’s incredible that you

#~ :an have perfect foresight along a chaotic

path. The existence of a chaotic solution,
in a sense, undermines the idea of perfect
foresight. This points to an interesting
way in which economic analysis differs
from physics. In economics the particles,
i.e., agents, are endowed with some kind
of foresight. Their image of the future
affects the present. But experienced
people are not entirely crazy, and their
image of the future and the real future
may not be entirely different. People do
have some idea of what’s going to hap-
pen. Their idea of what’s going to hap-
pen affects what they do today; what they
do today affects what’s going.to happen.
So one really unsolved problem has to do
with including limited foresight, We have
some idea how to model perfect foresight.
We have very little way of knowing how
to model limited foresight, even to define
the term. I think that the dynamic analy-
sis will have to be modified to account
for foresight. It is already in our present
models but it is treated as perfect, which
is not realistic.

—

I assume that foresight, however limited,
will tend to be self-fulfilling.

Not necessarily, but that is frequently
the case. The opposite is also sometimes
true. Robert K. Merton produced the idea
of a self-fulfilling prophecy and a self-
denying prophecy. A classic example has
to do with elections. Suppose we have
polls showing that “A” is going to win.
One possible consequence is that the sup-
porters of “A” don’t bother going to the

“...we have to emphasize a dif-
ferent kind of world, one in
which people...are engaged in
much more limited operations
more suitable to constraints on
human reasoning and calculat-
ing abilities and even to those
abilities as augmented by com-
puters.”

polls, while supporters of “B” may double
their efforts. Of course, the opposite is
also possible. Other examples: Suppose
a stock’s price has been rising steadily. If
tomorrow's price is the same as today's, I
might assume the stock price has stopped
rising. Then I'll get out of the stock and
that, of course, will cause the price to fall.
An important reason for holding stocks is
that they will continue to provide a good
rate of return in capital gains. Any as-
sumption that will make them reach a peak
may not cause the peak to be maintained
but may cause it to go down.

People operate in a complex environ-
ment. Rationality enters at two levels here,
first at the level of forming a model and
using it for prediction, and second at the
level of behavior. At the first level you
just don’t have enough experience to re-
ally get a whole model; you only have a
limited set of observations. You can’t
even use those efficiently due to limita-
tions beyond your control. So, we find
that biologists and computer scientists in-

spired by biologists have been discussing
the idea of getting better and better, not
all at once, but step by step. We can
discuss several different levels. We can
consider a landscape in which we are
trying to climb a fitness peak. The prob-
lem is that there may be more than one
peak. In fact, even if there’s only one
peak, it would be pretty hard to climb if it
is complicated. On top of that, we have
the fact that I am gradually adjusting to
conditions around me, and so are all the
other economic agents in the systems; this
may correspond to the idea of co-evolu-
tion. Our objective is moving around be-
cause other people are involved. And fi-
nally, in the economic world and, indeed,
in the biological world, the outside envi-
ronment is changing. We have ice ages
and hot periods in economics, new inno-
vations, foreign competitors, and all the
rest of the things in the world that change
and evolve.

So, we must include the question of
leamning, of adaptation, and the fact that
the agents influence each other, and that
the underlying environment can change.
We’d like to think that such concepts come
back to the very beginning when we spoke
of adjusting prices until they come to equi-
librium, so that the process becomes a
leaming process. We are reluctant to en-
tirely abandon the idea of intertemporal
equilibrium. So we are trying to borrow
and modify these new tools to incorpo-
rate a kind of dynamic analysis that goes
beyond what is already in economics. The
variety of behavior that these processes
can exhibit has not been understood until
the last few years. Another new factor is
further development of the role of learn-
ing feedback. How do people behave,
what simple response mechanisms are
available to them in order to adjust to
changing information?

In intertemporal equilibrium there are
various factors influencing the particular
level of equilibrium. Some kinds of infor-
mation are available very rapidly and

Winter-Spring, 1989
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other kinds more slowly. The various fac-
tors may change at very different rates.
What are the appropriate time scales?

If the information disseminates rap-
idly, prices may change rapidly.

In that case, what would we mean by in-
tertemporal equilibrium?

In the new scheme there will not be
intertemporal equilibrium, but there will
be some concept that takes the place of
that which changes all the time.

Let’s go back and review the fresh breezes
in economics. You introduced bounded
rationality and . . .

Also genetic algorithms, biological
analogies, and fitness landscapes.

What we're talking about in all of these
cases is a learning and adaptive process.
Well, bounded rationality is kind of a
constraint on the learning process. I also
want to draw from cognitive psychology
because we’ve developed certain patterns
that tell us how people actually behave.

But, in general, what you're saying is that
there is a process going on among these
agents by which everybody learns, remem-
bers, and adds to the total stock of infor-
mation which is being applied to a par-
ticular situation.

Well, the memory aspect is interest-
ing. The genetic algorithm, if you take it
literally, is static. At any moment you’ve
just got a given set of rules. One thing
the genetic algorithm doesn’t do is remem-
ber the path it takes. New observations
cause you to modify rules. Those obser-
vations are no longer available. They’re
incorporated in the packaging. If we have
settled on a new set of rules in some sense
the past is not relevant. If some brand-
new rule came into the set, one thing we
might do is go back over the past and
consider how well it might have worked
in the past. It wouldn’t be difficult to add
except it would impose tremendous mem-
ory demands.

But the human memory is capable of that
kind of thing. It may operate in precisely
that way.

There are some approaches which
depend upon using the whole past. There
are other approaches in which you start
where you are now and never mind how
you got there. In the price adjustment,
the simplest rule is, if demand exceeds
supply, raise the price in that market.
You’re only looking at the present situ-
ation. It’s true the prices you're starting
with are the result of the whole past but
you only use the present. You forget about
the rest of your story. Even though theo-
retically, you could go back and look at
the points on that demand function, and
ask if it is a plausible demand. So there
are, so to speak, two schools of thought,

“So we are trying to borrow
and modify these new tools to
incorporate a kind of dynamic
analysis that goes beyond
what is already in economics.”

one of which says you start with a certain
approximation and then you go on. An-
other group says you never leave the past
out.

In a two-person game, there’s an out-
come. We both know the pay-offs, so I
observe his strategy, and I'll pick a strat-
egy which is optimal against his. Having
played many times, I’ll note that he’s made
strategy choices. I now assume he’s going
to use these strategies with probabilitics
proportional to their frequencies. So at
any moment all the past elements appear
in the summary form. But now you’re
throwing out some information; you’re not
using the whole past because all you're
using is the summary.

You could save something. You could date
every input.

You could do that but is there a way
you could effectively use those data?

I think the mind does date and otherwise
identify data inputs and weights each in-
put by some set of rules that uses this
kind of information.

Perhaps so. I would tend to say that
the near past is more likely to be relevant
than the distant past.

I think we do that. Conversely, we might
have reason to discount the near past.

You're moving down the slippery
path toward rationality. When you say
the mind is that intelligent, you’re imply-
ing really rational analysis.

But the mind tends to operate that way.
We know it doesn’t do it well. The
psychologists find there are some circum-
stances when you are very conservative,
and other times when you over-react to
current data. People can ignore basic data,
past experience, and react too much to

the current situation. Sometimes they pre- s,

sume a long history summed up in on¢
fact, but there’s a tendency to look only
at the latest information and never mind
the long term. People also tend to be
quite indifferent to the size of the sample.
They feel just as strongly about it if it’s
two to one as if it’s twenty to ten. Yet,
obviously, any theory you can think of
would suggest that you ought to be a lot
more sure about a fact when it’s twenty
to ten than when it’s two to one. So there
are certain biases; some tend to over-em-
phasize the present relative to the past,
and some tend to develop inflexibility.

We touched on many interesting questions
but left some out, ethical standards, for
instance. And we barely touched on some
of the properties that are apparently com-
mon to all complex systems like multiple
solutions rather than unique solutions, and
rarely, if ever, best solutions. Perhaps we
should leave these questions for another
time, not too far in the future, I hope.
Thank you very much.

pro—_—
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The Second Annual SFI Economy Workshop
. How to Follow a Great First Act

The September, 1988, workshop on
the global economy as a complex adap-
tive system seemed to those of us partici-
pating to be an appropriate sequel to last
year’s opening workshop. The sense one
had was of a consolidation and deepening
of a number of lines of thought which
originated at the first meeting but had
needed a year’s time to develop into a
programmatic approach to coherent re-
search directions. The meeting was
slightly shorter and considerably less for-
mal than last year’s and leaned much less
on formal presentation than on subgroup
meetings; one even sometimes had a feel-
ing that almost the entire workshop would
meet as a working group on one subject
or another.

I would like, more for the sake of
opening a discussion than closing one, to
identify three basic themes which seemed
to continue through the two meetings, and
at least two new ideas—perhaps “tools”
in a general sense—which surfaced and

#~*~which seem to be important to the future
Jevelopments.

Themes

The three themes were, first, further
developments essentially on prediction and
analysis of the economy as a dynamic sys-
tem. While we are still keeping in mind
the whole spectrum of learning algorithms,
a major effort should be to establish a net-
work sharing data so that different meth-
odology may be used on the same data as
well as allowing a maximum input of par-
allel time series. Doyne Farmer seems to
be making progress with the troublesome
question of how to introduce exogenous
data.

A second theme is a continuation of
the “economic web” ideas of ‘the earlier
workshop. The grand project which
seemed to emerge from this grouping was
the possibility of modeling the process of
economic and technological growth as a
complex web of interdependent agents,
each of which can grow in productivity
with an “entry cost” which is decreased
by the growth of neighboring entities:
automobile production encouraging mod-
emnization of steel plants as well as the
construction of roads and fast-food out-
lets; this kind of dependency infinitely pro-

liferating was the picture we had in our
minds. We felt such a web would exhibit
“self-organized criticality” and hence noisy
behavior on all scales.

A third theme I would designate as
general studies of game playing and mar-
kets. Such special topics as Wicksell tri-
angles and the development of money,
double oral auctions, and so forth belong
in here: my sense is that coherent themes
in this area have not yet emerged but that
some quite massive and important issues
specifically in the global economy—debt
problems, trade barriers, exchange mar-
kets, industrial strategies—have their ap-
propriate forum in this area. I found fas-
cinating the questions about the origin and
meaning of money, which one can only
approach this way. Perhaps the most valu-
able aspect of this kind of activity is that
it offers a wide variety of examples of
non-classical economic behavior contra-
dicting conventional equilibrium ideas, and
as-such is a relatively painless way of lib-
erating our minds from the conventional
wisdom.

Limits of Rationality

One of the new sets of ideas which
impacted in several places was the exami-
nation of the limits of rationality which
Ken Arrow specifically talked about, as
well as Andrei Shleifer, and which was a
major area of discussion. To .my mind,
rational expectations were shown to be an
exceptional phenomenon, which I felt was
associated more with economists’ \hopes
that a general equilibrium exists in\prin-
ciple, than with observations of actual eco-
nomic behavior. It may be that poker play-
ers act on rational expectations as they
play, but if their behavior were really ra-
tional would they be playing poker at all?

The world, possibly, and certainly
most people’s perceptions of it, is much
less foreseeable than economists have as-
sumed. One is left wondering whether
the common sense which, for instance, ig-
nores prior probabilities, is not rooted in a
possibly healthy skepticism about any re-
ceived wisdom or apparently inevitable
outcome.

In any case, the relative weakness of
anticipation—or a high discount rate for
the future—makes the economy much

more similar to ordinary dynamical sys-
tems and thus much more likely to have
behaviors physicists can understand, as
well as to have unstable, chaotic, or noisy
behavior. This encourages me to look
more seriously at the possibility of low-
dimensional chaos or of more compli-
cated behavior such as self-organized
criticality.

Self-Organized Criticality

This latter topic was a new “tool”
which I brought to the community: an
idea pioneered by Per Bak for physical
systems, it is an attempt to explain the
widespread occurrence of “scale-free”
behavior such as fractal shapes of beaches,
clouds, landscapes, aggregates, etc.; and
relate this to scale-free dynamic behavior
such as the ubiquitous “1/f noise” which
is exhibited by such different systems as
the river Nile and neurons firing.

The idea refers to a situation in which
there is a wide difference in scale between
the microscopics of the system and the -
rate at which it is driven. The canonical
example is sand flowing through an hour-
glass and sliding down the pile, where the
individual grain motion is much faster than
changes in the pile as a whole. It is ar-
gued that for many models of such sys-
tems the system is driven to a new so-
called “critical state” where large areas
are nearly unstable, and a single additional
“grain of sand” can cause an avalanche of
almost any scale.

I am eager to test this idea on models
of economic “webs” to see if they can
exhibit self-organized critical instability,
and I hope that the webs group will even-
tually get some such system formulated.

In general, 1 sense a growing willing-
ness among the economists to go a bit be-
yond the normal boundaries of their sub-
Ject, and possibly a greater attempt to ap-
proach economic professionalism on the
part of the physical scientists. 1 still see
the program as an adventure in more or
less gently tuming aside some channels
in economics—hardly the mainstream!—
into new and more promising directions.
For those new directions nonlinearity,
positive-feedback effects, and lack of fore-
sight dominate economic behavior, in con-
trast to mainstream economics. If we do
not attempt this task, we have no reason
for being. We can do no less than try to
find a set of paradigms for the future, even
if their first versions look very primitive,
arbitrary and/or artificial.

— Philip Anderson
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Research Programs

‘88 Reviews, 89 Designs

SFl Hosts Complex
Systems Summer
Schools

Because of its relative newness and inter-
disciplinary nature, the subject of com-
plex systems is not easily accessible to
researchers as a whole and to students in
particular. While several universities are
beginning to establish centers for research
and teaching in complex systems, strong
programs around the country are still sev-
eral years in the future; the 1988 school
was the first of its kind offered in the
U.S.

1988 School

Ask a participant in last summer’s
Complex Systems Summer School what
she did during her vacation and, instead
of another Winnebago anecdote, you'll
hear about neural nets, cellular automata,
and adaptive algorithms. For a month last
summer seventy-five scientists—graduate
students, postdoctoral fellows, and senior
researchers—explored the intellectual ter-
ritory of “complex” behavior in mathe-
matical, physical, and living systems.

q;m

n‘z_ar

Covering such seemingly diverse ter-
rain as pattern formation in physics and
chemistry, disordered systems, chaos, bi-
omolecular evolution, statistical mechan-
ics, and economics, the School focused
on the connections among these systems.
These systems are not linked by virtue of
their physical nature, but rather by the
emerging tools for studying these phenom-
ena—techniques which combine experi-
mental observation, mathematical analy-
sis, and numerical simulations and which
depend in large part on theoretical dynam-
ics and the tremendous increase in avail-
able computing power over the last dec-
ade.

Professor Daniel Stein of the Physics
Department at the University of Arizona
directed the School. The program, which
was held on the campus of St. John’s Col-
lege in Santa Fe, was supported by the
Department of Energy, Research Corpo-
ration, the Alfred P. Sloan Foundation,
and several sponsoring institutions—the
Center for Nonlinear Studies at Los
Alamos National Laboratory; the Univer-
sities of Arizona, Illinois, New Mexico,
and Texas; Sandia National Laboratories;
and the Santa Fe Institute, which acted as
fiscal and administrative agent.

St. John's College, Santa Fe, NM; by Lisa Law Productions © 1988, reprinted with permission.

1989 Summer School

Advisory Committee

Peter Carruthers (Chairman), Physics,
University of Arizona

Philip W. Anderson, Physics, Princeton

Kenneth J. Arrow, Economics, Stanford
University

Parsi Diaconis, Mathematics, Harvard
University

Mitchell Feigenbaum, Physics, Rockefeller
University

Marcus Feldman, Institute for Population &
Resource Studies, Stanford University

Murray Gell-Mann, Physics and Astronomy,
Califomia Institute of Technology

John Hildebrand, Neurobiology, University
of Arizona

W. Daniel Hillis, Thinking Machines
Corporation

John Holland, Computer Science and Engi-
neering, University of Michigan

Stuart Kauffman, Biochemistry and Biophys-
ics, University of Pennsylvania

Martin Kruskal, Mathematics, Princeton
University

David Pines, Physics, University of Illinois

Harry Swinney, Physics, University of Texas

Stephen Wolfram, Center for Complex
Systems Research, University of
Nlinois

Steering Committee

David Campbell, Center for Nonlinear
Suudies, Los Alamos National
Laboratory

Erica Jen, Los Alamos National Laboratory

L. M. Simmons, Jr., Los Alamos National
Laboratory and Santa Fe Institute

Daniel Stein, Physics, University of Arizona
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An important part of the School will

~~~ be the publication of the lecture notes in

r\

r\

book form. The aim is to provide stu-
dents and researchers in the general sci-
entific community with an overview of
the emerging concepts of complex behav-
ior and their application to specific sys-
tems. The book, Complex Systems, ed-
ited by Dan Stein, will be available in
late Spring, 1989, as part of the series
Santa Fe Institute Studies in the Sciences
of Complexity.

Less tangible but equally significant
are the continuing work, the interactions,
and new ideas resulting from last sum-
mer. “I have gotten a surprising number
of fresh research ideas from the summer
school,” says one student. “For instance,
from Farmer’s talk I began thinking about
how to formalize his prediction theory by
reconstructing the tangent space of a vec-
tor field from the dynamical systems or-
bits generated experimentally. Also, Pro-
fessor Erica Jen and I have begun think-
ing about how to apply CA’s to the
symbolic dynamics arising in physical
systems.”

The complex systems summer
schools originated in conversations among
Peter Carruthers, David Pines, L. M. Sim-
mons, and others at the SFI. Carruthers
served as chair of the 1988 steering com-
mittee and is chairing the 1989 advisory
committee. Pines is a member of both
the 1988 and 1989 advisory committees,
and Simmons is on the steering commit-
tees of both schools.

1989 School

A mathematician in the Theoretical
Division at Los Alamos National Labora-
tory and a faculty member of the 1988
Summer School, Erica Jen will direct the
second Complex Systems Summer School,
June 5 to 30, 1989, again at St. John's
College. The overwhelmingly-enthusias-
tic student response, both critically and in
terms of the large number of applications,
has borne out the sponsors’ original intui-
tion that there is a strong need for an an-
nual program of this sort.

Sponsors of the 1989 School are
Brandeis University; Center for Nonlin-
ear Studies, Los Alamos National Labo-
ratory; Institute for Physical Science and
Technology, University of Maryland;

1989 Summer School Faculty

Course Lecturers

W. BIALEK, Berkeley: pattern recog-
nition and hearing

J. BOWER, Caltech: computational
and experimental neurobiology

L. BLUM, ICSI/Mills: theory of com-
putation over the reals

B. BOGHOSIAN, Thinking Machines:
modeling physical systems with
cellular automata '

L. EPSTEIN, Brandeis: oscillators and
nonlinear chemical dynamics

J. D. FARMER, Los Alamos: chaos,
prediction, and adaptive networks

C. GREBOGI & J. YORKE, Maryland:
fractal and chaotic dynamics

C. LEVINTHAL, Columbia: 3-D bio-
logical structures from 1-D infor-
mation

G. ODELL, Washington, & G. OSTER,
Berkeley: mechano-chemical
models in cell and developmental
biology

D. SHERRINGTON, Imperial College:
complexity due to disorder and
frustration

Research Week Advisors/Speakers

J. KELLER, Stanford: randomness in
mathematical and physical systems

M. KRUSKAL, Princeton: nonlinear
differential equations

J. LEBOWITZ, Rutgers: statistical
mechanics of cellular automata

D. VAN ESSEN, Caltech: information
processing in primate visual
systems

S. WOLFRAM, Illinois: directions of
complex systems research

Seminar Speakers

H. CHEN, Los Alamos: lattice gas
models

M. FEIGENBAUM, Rockefeller:
scaling dynamics

B. HASSLACHER, Los Alamos:
discrete models of field theories

D. HOLM, Los Alamos: Hamiltonian
chaos in nonlinear optical polariza-
tion dynamics

E. JEN, Los Alamos: one-dimensional
cellular automata

R. KRAICHNAN, Los Alamos:
Navier-Stokes turbulence

C. LANGTON, Los Alamos: artificial
life

S.LLOYD, Caltech: physical
measures of complexity

S. ORSZAG, Princeton: fluid
dynamics

A.PERELSON, Los Alamos:
mathematical immunology

W. TAM, Arizona: pattern formation
in chemical systems

W. ZUREK, Los Alamos: algorithmic
randomness and physical entropy

Sponsors

Brandeis University

Center for Nonlinear Studies, Los
Alamos National Laboratory

Institute for Physical Science and
Technology, University of
Maryland

Santa Fe Institute

University of Arizona

University of California System

University of Hlinois

University of Texas

Santa Fe Institute; University of Arizona;
University of California System; Univer-
sity of Illinois; and the University of
Texas.

As in 1988, next year’s school will
include formal lectures comprising a2 num-
ber of “short courses” on selected topics.
The subjects provide a representative treat-
ment of the subject of complex systems,
with an emphasis consistent with, but dif-
ferent from, last year’s program. They

too will be collected in a proceedings vol-
ume. As last year, the school will feature
a state-of-the-art computer lab. Research
facilities to be set up at St. John’s next
summer include computer workstations,
experimental equipment, and software and
reference material provided by the spon-
soring institutions and the individual lec-
turers.

Following three weeks of short
courses, a last “Research Week” will be

Winter-Spring, 1989
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devoted to individual projects, discussion
sessions, computer workshops, laboratory
demonstrations, and informal interactions.
“In the final week,” says Director Erica
Jen, “students will have the opportunity
to do something with the ideas and tech-
niques of complex systems. It will be a
time for absorbing, assessing, and apply-
ing the material presented in the first three
weeks, and should prove to be one of the
most interesting components of the Sum-
mer School program.”

The Human Iimmune
System: AIDS, Abzymes,
and Evolution

The human immune system is the
common denominator in a disparate array
of theoretical and applied fields, from re-
search on AIDS and the development of
abzymes (a new class of catalytic mole-
cules based on the synthesis of antibod-
ies) to speculative investigations of evo-
lution. The Institute’s work involving the
immune system began in June, 1987 with
a workshop in theoretical immunology and
continued in an October, 1988 workshop,
“Modeling the Interaction of HIV with
the Immune System.” Another meeting,
scheduled for the spring of this year, will
explore applied molecular evolution and
maturation of the immune response.

Modeling the Interaction of HIV with
the Immune System

This workshop brought together more
than thirty theorists and experimentalists
with diverse backgrounds to exchange
knowledge and perspectives—experimen-
talists working on AIDS, mathematical
modelers, and epidemiologists. Although
the immune system lies at the confluence
of these disciplines, AIDS research has
not, for the most part, directly combined
them. For example, experimentalists have
done little mathematical modeling of any
kind; epidemiologists have developed sta-
tistical models of the incidence and spread
of AIDS, but generally do not have ex-
tensive knowledge of the immune system
or how HIV infection develops within an
individual; and immune system modelers
have done relatively little work in model-

ing HIV infection. To date, most of our
knowledge about HIV has been gained in
vitro, but the segregation of disciplines in
AIDS research has contributed to ques-
tions about the relevance of the circum-
scribed world of a petri dish to “real-
world” phenomena.

Alan Perelson, who works on mathe-
matical models of the immune system at
Los Alamos National Laboratory and was
the workshop’s organizer, explained the
workshop’s purpose: “AIDS is important
enough that we didn’t want to go the usual
route, to be totally academic, working on
a model, publishing it, and then waiting
months for somebody to read it and de-
cide whether it’s interesting enough to test
experimentally: a two-year cycle. By es-
tablishing these ties at the workshop we
hoped to speed up this process. The ex-
perimentalists who attended were anxious
to spend time with the theorists and vice
versa.”

Fifteen papers were delivered in for-
mal sessions, and impromptu ad hoc ses-
sions were formed to pursue particular
questions. The presentation topics in-
cluded epidemiology, pathogenesis, and
several mathematical models of molecu-
lar processes. The presentations helped
clarify the areas of knowledge and gener-
ated challenging debates about assump-
tions and results, particularly regarding the
mechanisms by which HIV virions kill
healthy cells.

Mathematical modeling of HIV and
immune system interactions is still a nas-
cent enterprise, one that presents a
uniquely complex situation—previous im-
munological models have not had to con-
sider wholesale molecular processes that
destroy the immune system itself. The
traditional immunological models may not
provide insight into HIV interactions.
Theorists and experimentalists benefited
from the cross-fertilization, and directions
for future research emerged. An experi-
mentalist studying the molecular biology
of HIV is planning experiments to refine
understanding of the mechanisms that ac-
tivate the virus, which can remain dor-
mant in infected cells for extended peri-
ods of time. Dr. Giorgio Parisi, a theo-
retical physicist from the University of
Rome, presented a speculative paper on

ways HIV could infect the immune sys-
tem. Dr. Mark Greene, from the Univer-
sity of Pennsylvania, will conduct experi-
ments to test these novel ideas. Dr. Car--
los Castillo Chavez of Cornell University
and Dr. Kenneth Cooke of Pomona Col-
lege, experts in epidemiological modeling,
began a collaboration with Dr. David
Pauza of the Salk Institute. They will draw
on epidemiological models to design ex-
periments to test the role of macrophages
in HIV infection in an individual. Epi-
demiological models commonly incorpo-
rate the idea of reservoirs of infection in
animals; macrophages are immune system
cells that act as reservoirs for HIV viri-
ons.

Because the results presented at the
workshop were largely experimental,
speculative, or preliminary, a proceedings
volume will not be published. However,
the resulting collaborations will ensure
continued communication among the par-
ticipants, and another meeting in six
months to a year is possible. According
to Dr. Perelson, “Unlike some professional
meetings, in which people have to be
dragged back to the conference rooms, the
participants were anxious to return to busi-
ness. Some sessions actually started ahead
of schedule. I'm certain that people will
stay in touch as a group, write to each
other, and so on. In my own modeling
work, which pursues some of the issues
raised at the meeting, it will be a lot eas-
ier to pick up the phone and throw ideas
off experimentalists.”

Applied Molecular Evolution and
Maturation of the Immune Response
The immune system very rapidly
manufactures and adapts a profusion of
molecules, particularly the antibodies that
recognize disease-causing agents. This
rapid evolution, by a process called clonal
selection, is very similar to the Darwinian
concept of natural selection. In fact, the
genes coding for antibodies mutate up to
a million times faster than other genes in
the human body. During maturation of
the immune response, antibodies of pro-
gressively higher affinity for the incom-
ing antigen are formed. So, within every
individual, an observable microcosm of the

evolutionary principles of mutation and™

selection is continually occurring. These
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complex processes of molecular evolution
are integrally related to both aspects of a
qual-themed workshop organized by Sci-
ence Board members Stuart Kauffman and
Alan Perelson. Applied molecular evolu-
tion will examine how the emerging syn-
thesis of molecular biology and biotech-
nology can literally evolve useful new
molecules, vaccines, drugs, and enzymes.
The second theme will focus on evolu-
tionary processes, both within the immune
system and more globally.

Attendants at the workshop will in-
clude molecular biologists, immunologists,
physicists, and instrument designers de-
veloping recombinant DNA techniques to
create novel genes and proteins. One class
of these synthetic molecules, called
abzymes, are antibodies that act as en-
zymes. Antibodies come in a myriad of
shapes, which allows them to complement,
or fit, foreign molecules. An enzyme is a
protein molecule that simultaneously fits
two other molecules into its structure, en-
hancing their reaction by creating close
physical proximity. The artificial design
of enzyme-type catalysts has not enjoyed
great success. However, it is now clear

#"hat antibodies which bind the transition
state of a reaction can catalyze the reac-
tion. This fact prompts the general hope
that novel proteins able to catalyze virtu-
ally any desired reaction can be found by
the large-scale exploration of “protein
space.” Recently pioneered recombinant
DNA techniques now allow the develop-
ment of massive applied molecular evolu-
tion procedures to evolve such enzymes
de novo.

The other part of the workshop will
bring together theorists and experimental-
ists interested in evolutionary processes
within the immune system, as well as the
relationship of those processes to our un-
derstanding of natural selection. The adap-
tive maturation of the immune system by
clonal selection can be thought of as an
optimization process in which a huge
number of protein molecules have vary-
ing degrees of usefulness. The fitmess of
a molecule to perform a specific job, as a
function of its molecular sequence, can
be visualized as a landscape with numer-
ous hills and valleys. Physicists have been
studying this kind of representation in

terms of energy levels in disordered me-
dia. Manfred Eigen, of the Max Planck
Institute and a member of the Santa Fe
Institute Science Board, has done semi-
nal work with these ideas as they relate
to evolution.

The workshop will consider the
evolution and adaptation of proteins, and
their relationship to landscapes. The
underlying assumption is that molecu-
lar optimization in the adaptation of the
immune system is not merely acciden-
tal—it results from complex dynami-
cally ordered states associated with natu-
ral selection.

The Matrix of Biological
Knowledge

The “Matrix of Biological Knowl-
edge” (Bio-Matrix) project, which be-
gan with a 1987 Santa Fe Institute work-
shop, addresses the pressing need to
organize, intelligently access, and make
widely available the wealth of biomedi-
cal information confronting researchers.
‘At a minimum this entails identifying
and coordinating access to the prolifer-
ating biomedical databases. More pro-
spectively, the Bio-Matrix project will
codify the laws, empirical generaliza-
tions, and physical foundations of bi-
omedical knowledge; integrate analyti-
cal tools into a knowledge-based man-
agement system; and support rea-
soning mechanisms—in particu-

Issues

In October, 1988, nearly fifty scien-
tists representing various database and re-
search projects, along with representatives
from the National Institutes of Health and
the National Science Foundation, met at a
SFI-sponsored meeting to assess current
needs and future directions of the Bio-
Matrix project. Support for the meeting
was provided by the National Institutes of
Health; the co-chairmen were Professor
Harold Morowitz, George Mason Univer-
sity, and Dr. Christopher Overton, Unisys.
Some of the issues discussed were:

System Architecture. The group dis-
cussed the architecture of the needed sys-
tems and the need to develop an implem-
entation plan which defines areas for de-
velopment and directed research, as well
as areas which require open-ended re-
search.

Standards and Software Distribution.
The group discussed the issues of data-
base and interface standards, and the trade-
off between standards and open research.
They considered how the Bio-Matrix
might be distributed, and explored the
roles of public domain software (¢.g., Gnu-
emacs, X-windows, etc.) vs. commercial
software.

Education. Participants debated the
best ways to educate the biomedical re-
search community at large about the Bio-
Matrix project, as well as how to increase

lar, reasoning by analogy and ho-
mology—over the biological
domain.

One of the ultimate goals of
the Bio-Matrix project is to pro-
vide support for the identification
of new generalizations and
higher-order biological laws
which are being approached but
may be obscured by the simple
mass of data. More immediately,
the concepts and technologies
embodied in the Bio-Matrix are
essential for the full exploitation

KNOWLEDGE BASES
{Artificial Intelligence,
BiclogyTheory, etc.)

DATABASES
{Data Management)

INFORMATION
STORAGE AND
RETRIEVAL

of the information generated in
the large-scale, complex genome
mapping and sequencing projects
now being initiated.

LABORATORY AND FIELD BIOLOGY DATA AND KNOWLEDGE

PHYSICS AND CHEMISTRY
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communication and collaboration within
the Bio-Matrix community.

Finally, researchers discussed the
Identification and Coordination of Data-
base and Research Projects, including the
identification of database and research
projects germane to the Bio-Matrix, and
how to coordinate research efforts among
projects to minimize duplications and
maximize short- and long-term results.

Communication

Communication to date has been
helped by the establishment in 1987 of a
Bio-Matrix electronic bulletin board. This
electronic mailing list allows exchange of
information among people interested in
the Bio-Matrix concept. At present sub-
scribers on the Internet and BITNET re-
ceive notices directly; the list currently
contains some 70 names. In addition, ar-
rangements have been made to have the
bulletin board read directly by users of
BIONET, the molecular biology comput-
ing resource, and from there a gateway
has been established into SEQNET, the
British molecular biology information net-
work. It also reaches Europe and Austra-
lia directly. The bulletins are also posted
to USENET, a network of some 20,000
Unix machines in North America, Europe,
Australia, and Japan. Direct readership is
about 100 (some of the “direct” readers
are mail gateways in various universities
in the U.S.). Potential readership from all
nets and subscribers is in the tens of thou-
sands, but a realistic estimate of the total
number of people who see the notices is
about 1,000-1,500. The direct mailing list
has doubled in size since being estab-
lished, with all of that growth by word of
mouth or via the relays.

In April of 1988 an electronic mail
archive server was established at the Theo-
retical Biology and Biophysics Group, Los
Alamos National Laboratory. This is an
e-mail response program which permits
anyone with access to electronic mail to
send a request to the server for informa-
tion. The server at present contains bulle-
tin board notices, the Santa Fe Workshop
report, and the Listing of Molecular Biol-
ogy (LiMB) databases. Soon to be added
are a listing of participants and their inter-
ests in a database form. To date there have
been approximately 250 accesses of the

archive server. A British reader of the list
has recently established a personnel data-
base in England, independently of the one
planned by researchers in the US. These
efforts will be joined to minimize
duplication.

The Matrix Newlsetter

The first newsletter recently was sent
by the SFI to all Matrix Workshop par-
ticipants, and further newsletters are
planned. The newsletter consisted of no-
tices from the electronic bulletin board
and announcements about the archive
server, as well as biological database is-
sues. Interested readers can obtain a copy
of future issues by contacting Della
Ulibarri at the SFI.

Meetings Planned

One outcome of the meeting was the
plan for a one-day pilot course “Informa-
tion Technology for Biologists,” to be held
at George Mason University this spring.
Dr. Walter Panko of BBN, Inc., and Pro-
fessor Harold Morowitz of George Ma-
son University are program organizers.
There will also probably be a Matrix
workshop at the second “Macromolecules,
Genes, and Computers” meeting in
August, 1989,

The Paths to Global
Security

What will be the prerequisites for
global security in a world that no longer
relies on nuclear deterrence to discourage
resort to war? Two dozen scholars, sci-
entists, and public and corporate leaders
considered this and other questions at a
November workshop “The Elements of
Global Security” co-sponsored by SFI and
Los Alamos National Laboratory. As with
other studies at SFI, the initial focus was
on identifying parts of a very complex
system and on the question of whether
the essential interactions of the parts can
be evaluated in a more broadly scoped
study of the entire system. In this in-
stance, the subject was the system that
that strengthens or threatens global secu-
rity. “The consensus of this first meet-
ing,” said program chair George Cowan,
“was on the need to develop a more com-
prehensive view of the system, however

approximate, that might better inform
problem-solving efforts. The collabora-
tive involvement of a wide range of ex:
perts should help us to identify most of
the factors that may be critical and their
relative importance as a function of time.
A planning committee has been appointed,
and it will meet early in 1989 to consider
an agenda for future SFI action.”

Emerging Themes

Several major themes emerged from
the November discussions:

Although there were some sugges-
tions for strengthened bilateral initiatives
between the U.S. and U.S.S.R., more em-
phasis was placed on the need for broad
multilateral “mechanisms” to form and in-
corporate global policies addressing prob-
lems of environment, ecology, and ex-
haustible resources; of international trade
and finance; and of the transnational flows,
including the migrations of peoples, that
diminish the autonomy of nations in the
determination of their own destinies.
These mechanisms must be pursued within
the framework of the nation states even
though they may no longer be the most

appropriate unit. The problem of loss of = >

confidence in political leadership was
mentioned several times in a number of
different contexts. However, policy-mak-
ing at government levels will remain cen-
trally important in implementing key de-
cisions. Policy-making must be pursued
at many other levels also—through inter-
national undertakings by scientific and
technological organizations, through trade
associations and international corporations,
and by joint ventures in the arts and
humanities.

A root cause of many of the prob-
lems that may lead to war or to a drastic
decrease in the welfare of people every-
where is the uncontrolled growth of popu-
lation in many parts of the world. The
ability of the globe to support increasing
numbers of people is limited by available
arable land and water, by the environ-
mental impact of energy use, pollutants,
and deforestation, and by the pace of de-
velopment and deployment of new tech-
nologies. Population growth will lead to
serious problems within only a few dec-

ades. It was suggested that the politica’

will to address the problem of population
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control is so lacking that effective mecha-
nisms will have to rely on new science
and technology coupled with non-govern-
mental channels of implementation.

Related to population growth and the
increasing demand for energy is the prob-
lem of the exhaustion of critical resources
and its ecological and environmental ef-
fects. Energy use is currently so ineffi-
cient that many temporary solutions are
still available. The “Greenhouse Effect”
may be the most serious of the looming
threats. Multilateral action is a prerequi-
site and, contrary to past practice, major
decisions must be made before the threats
are definitely described: the need for risk
assessment is immediate, and new indices
that measure the problems and incorpo-
rate the costs into measures of GNP must
be developed.

Major Changes

The group noted that the international
economy is now so closely knit and inter-
dependent that it is dangerous to ignore
‘he major changes that have occurred in

the past couple of decades. The domi-
nant status of Japan in controlling the
“blue chips in play” in world trade and
finance is new, and failure to accept this
fact could have disastrous effects. There
are many sources of global insecurity
embedded in the economic system, includ-
ing major decreases in economic growth
of both short- and long-term cyclical na-
ture; chronic poverty and exhaustion of
resources, not only in the Third World,
but also in advanced countries; unmet ris-
ing expectations in disadvantaged nations;
and the intensive pursuit of economic
dominance as a source of national secu-
rity.

Finally, workshop members observed
that the threat of major war continues, but
it is probably not as immediate as other
looming threats. Careful attention will
have to be paid to any instability caused
by desirable reduction in levels of nuclear
arms, to the continuing problems of nu-
clear proliferation in volatile areas of the
world, and to the management of crises.

However, it should be assumed that cata-
strophic war will be avoided in the next
several decades, and that the time must
be used to find solutions to non-military
threats. “Thc message that major war is
no longer an option is apparently finding
increasing acceptance,” writes Cowan,
“and may eventually be generally ac-
knowledged. As this threat decreases,
other threats are growing and will quickly
become our major concerns.”

Computational Science
and Nucleic Acid
Sequencing

Nearly one hundred molecular biolo-
gists, computer scientists, mathematicians,
and diverse other scientists met in Santa
Fe, December 12-16, 1988, at a workshop
on “The Interface between Computational
Science and Nucleic Acid Sequencing.”

The workshop was chaired by Sci-
ence Board member George Bell and Tom
Marr, both of Los Alamos National Labo-
ratory. It was co-sponsored by the Los
Alamos Center for Human Genome Stud-
ies, the National Center for Supercomputer
Applications, and the Santa Fe Institute,
and was supported by the U.S. Depart-
ment of Energy, Office of Health and
Environmental Research.

Mapping the Human Genome

In large part the meeting was moti-
vated by the Human Genome Program
which aims to develop maps of the hu-
man genome, including high-resolution
genetic linkage maps, physical maps of
each chromosome, and, ultimately, the
sequence of the three billion nucleotides
comprising the human genome. Beyond
the problem of dealing with the sheer
numbers of nucleotides involved, individ-
val differences (polymorphisms) are es-
sential features of each map and of the
sequence itself. To capture, organize,
make easily available, and begin to com-
prehend these data will require the devel-
opment of many computational tools. The
workshop focused on the computational
challenges posed by this information on-
slaught, the current state of relevant data-
bases and analysis methods, and directions
for needed research.
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Although these topics are given spe-
cial urgency by the advent of the Human
Genome Program, other “megase-
quencing” projects to sequence bacterial
and yeast genomes, together with prog-
ress in sequencing technology, made the
workshop timely. One important outcome
of the gathering will be a proceedings vol-
ume which will be issued late this year as
part of SFI's Studies in the Sciences of
Complexity series.

Participants reviewed anticipated
computing needs of the Human Genome
and other programs, together with exist-
ing capabilities. At present, the human
genetic linkage map is assembled by the
Howard Hughes Institute at Yale, while
the sequence database is assembled as
GenBank at Los Alamos, together with
complementary efforts at the European
Molecular Biology Laboratory and in Ja-
pan. A pilot project has been started at
Los Alamos to provide a national reposi-
tory for physical mapping data of various
resolutions. It was agreed that there is a
need for image processing and data man-
agement Systems that will enable individ-
ual laboratories not only to organize their
own map and sequence data but to submit
them directly to central databases. Gen-
Bank will soon be in the form of a rela-
tional database, although some scientists
saw the need for object-oriented and hi-
erarchical databases in the future. It was
agreed that all databases need to be linked
in a transparent manner and must be ac-
cessible to individual investigators through
their specific workstations. The National
Library of Medicine, through its Center
for Biotechnology Information, plans to
play a major role in coordinating this ef-
fort.

Using Supercomputers

How to detect functionally significant
patterns in DNA and protein sequences
was another major concemn of the work-
shop. A standard procedure is to com-
pare a new sequence with all Known ones
in a search for significant similarity. Par-
ticipants discussed the use of the CRAY
X-MP supercomputer, as well as mas-
sively parallel computers such as the Con-
nection Machine and the DAP-1, for such
comparisons. Alan Lapedes, a Los Alamos
National Laboratory staff member and a
SFI External Associate Professor reported
some exciting results on the use of adap-

tive neural networks to detect protein cod-
ing regions, including the intron-exon

issue concerns the extent to which ex-
ons correspond to functional domains
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splice junctions, in human DNA. Se-  of proteins. AN
quences potentially regulating gene ex- In the past few years, many mo-
pressions are more difficult to detect.  lecular biologists have come to regard
Many of these are sequences that are rec-  computer databases and analysis pro-
ognized by specific proteins. Craig Ben-  grams as important components of their
ham of Mt. Sinai School of Medicine gave  research. “In the near future such com-
an elegant review of how the partial un-  puter-based tools will be indispensable,”
twisting of the DNA double helix may  said program co-chair Tom Marr, *“Par-
induce the formation of local structures ticipants at this workshop were united
that can be recognized by proteins. in their belief in the importance of this
Finally, the classic problem of pre- field and in their enthusiasm for a meet-
dicting protein structure and function from  ing which fostered collaborations in this
sequence data was discussed. Several ap-  highly interdisciplinary research. We
proaches to predicting secondary structure ~ look forward to another workshop in
from sequences were presented. A major  1989.”
Academic Visitors to SFl, 1988
Ralph Abrahams, University of Cali- Stuart Kauffman, Biochemistry and
fornia, Santa Cruz Biophysics, University of Pennsyl-
W. Brian Arthur, Economics, Stanford vania
University Timothy Kehoe, Economics, Univer-
Kenneth Arrow, Economics, Stanford sity of Minnesota
University Gottfried Mayer-Kress, University of
John Dasjvic, Statistics, Central California, San Diego, and Los
Bureau of Statistics, Oslo, Norway Alamos National Laboratory
Richard Day, Economics, University of ~ John Miller, Santa Fe Institute postdoc- ~\
Southern California toral fellow
Rob Deboer, Biology, University of David Lane, Statistics, University of
Utrecht, The Netherlands Minnesota
Lloyd Demetrius, Max Planck Institut Alan Lapedes, Los Alamos National
Ute Dressler, University of Géitingen Laboratory
Yuri Emmoliev, Glushkov Institute of Wentian Li, Physics, University of
Cybemnetics, Kiev, USSR Hlinois
Doyne Farmer, Los Alamos National Seth Lloyd, Physics, California
Laboratory Institute of Technology
Andy Ford, University of Southern Tom Meyer, University of Illinois
California Alexander Mikhailof, Landau Institute,
Stefanie Forrest, Los Alamos National USSR
Laboratory Norman Packard, Center for Complex
Brian Goodwin, Biology, The Open Systems Research, University of
University in the United Kingdom Illinois
Frank Hahn, Economics, Cambridge Richard Palmer, Physics, Duke
University University
Yehuda Hoffman, Los Alamos Fred Richards, Physics, University of
National Laboratory Illinois
John Holland, Computer Science and John Rust, Economics, University of
Engineering, University of Wisconsin
Michigan Gerald Silverberg, Maastricht Eco-
Yuri Kaniovksy, Glushnov Institute of nomic Research Institute, The
Cybernetics, Kiev, USSR Netherlands
Daniel Stein, Physics, University of
Arizona T
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David Pines

As co-chairman of the Institute’s Science
Board, David Pines brings a broad back-
ground in theoretical physics and consid-
erable experience in institution-building
to his consideration of the Institute’s in-

£#~ellectual directions. Dr. Pines is a pro-

Lessor of physics in the Center for Ad-
vanced Study at the University of Illinois
at Urbana-Champaign, and served as the
first Director of that Center. Awards he
has received reflect his research interests
in condensed matter physics: the Eugene
Feenberg Memorial Medal for Contribu-
tions to Many Body Theory in 1985, the
PAM. Dirac Silver Medal for the Ad-
vancement of Theoretical Physics in 1984,
and the Freimann Prize in Condensed
Matter Physics in 1983. A member of the
National Academy of Sciences and the
American Philosophical Society, the Acad-
emy of Science of the US.S.R.; a Fellow
of the American Academy of Arts and Sci-
ences and the American Association for
the Advancement of Science, Dr. Pines’
current research interests range from neu-
tron stars to high-temperature supercon-
ductors. He is a past chairman of the
Theoretical Division Advisory Committee
at Los Alamos and is currently a Fellow
in the Advanced Study Program in High
Temperature Superconductivity at Los

/ lamos, where this interview took place.

An Interview with David Pines

Breaking Disciplinary Barriers

What has been your role in the Institute’ s
work?

I’'m proud to be counted among the
founders. During one of my visits to Los
Alamos Nick Metropolis invited me to join
the Senior Fellows in a discussion of the
design of a research and teaching institu-
tion in Santa Fe. It was an interesting
concept, and Santa Fe an excellent choice
for its location. I suggested that Murray
Gell-Mann, who was also visiting the labo-
ratory, be invited as well. There ensued a
series of meetings over the next year or
two, during which we exchanged ideas on
what would be the best scientific focus
for the institute, what should be the scale,
what was the right mix of students and
faculty, how best to broaden the initial
group of founders, and the like. Out of
each two- to three-hour meeting would
come a somewhat different view of the
institute. Gradually our views converged,
and the present concept of the Institute
emerged. This process of defining the In-
stitute was really an evolutionary, adap-
tive process, of just the kind we encoun-
ter in the complex systems which are the
focus of much of our work.

The two founding workshops of the
Institute, held in October and November,
1984, played a key role in that evolution.
The workshops played a multiple role.
First, and most important, they let us ex-
plore with a significant group of our aca-
demic peers the validity of our basic con-
cept of the Institute as an institution with-
out disciplinary barriers which would fo-
cus on scientific problems which neces-
sarily involve a number of different disci-
plines. Second, they enabled us to ex-
plore both a broad range of potential top-
ics for our research agenda, and a broad
spectrum of scientists who might wish to
help us pursue that agenda. I thought the
papers given at these workshops were of
sufficiently high calibre and lasting inter-
est that it would be good to put out a
published proceedings for which, perhaps
not surprisingly, I wound up as Editor.

Since those early days I've served the
Institute in many different capacities: as
Trustee; Vice-President; Chairman of the

Board of Trustees; as the convenor of our
two workshops on “The Economy as an
Evolving, Complex System”; and as Co-
Chairman, with Murray Gell-Mann, of the
Science Board. I'm particularly happy to
be working with the Science Board, which,
during these formative years of the Insti-
tute, has the responsibility for defining and
overseeing the intellectual agenda of the
Institute, and to be working closely with
Murray. We’ve known one another well
for some thirty-seven years; we have
worked together in physics; we share a
common vision of the Institute, and a
commitment to helping it develop into an
absolutely first-rate teaching and research
institution.

As co-chair of the Science Board, I
have made a special effort to identify the
people and research areas we should bring
to the Institute, to inquire whether we have
put together the right mix of people for a
given workshop or research program, as
well as whether the topics we examine
possess significant commonalities. I have
tried to get a hands-on feeling for what
we are doing by participating in a number
of different workshops, including those,
such as the economy or global security,
which lie far from my immediate exper-
tise and research experience. I’ve also
tried to make sure that we stick to our
core concept of the Institute, that of de-
veloping an Institution which will play a
major role in defining the scientific and
educational agenda of the twenty-first cen-

tury.

How will you go about defining that
agenda?

First of all by focusing on a related
group of scientific problems which are
likely to shape the directions for science
in the next century. These involve, for
the most part, the study of complex sys-
tems, systems which are inherently non-
linear, dynamical and adaptive, systems
which evolve. Some measure of the range
and interconnectedness of such problems
may be found in the volume, Emerging
Syntheses in Science, which contains the
proceedings of our founding workshops.
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There our speakers addressed topics as
diverse as molecular and human evolu-
tion and the conscious and unconscious
stream of thought, and discussed the pos-
sibility of building bridges between biol-
ogy, statistical mechanics, and computer
science, of reconstructing the past through
chemistry, of viewing war in an evolu-
tionary perspective, and of applying re-
sults from the study of dynamical sys-
tems to human behavior. One common
characteristic of these problems is that
their study does not typically lie within
the boundaries of a single discipline;
rather, these problems are transdiscipli-
nary, requiring for their solution a broad
mix of disciplinary skills.

Research universities which tend to
be run along departmental, and thus dis-
ciplinary, lines find it difficult to develop
programs in complex systems research,
While an increasing number are estab-
lishing centers in which faculty from
many different departments come to-
gether to work on complex systems, such
centers rarely provide tenure appoint-
ments, a privilege which is reserved for
the departments. This means that young
scientists who work in such a center, no
matter how gifted, all too often do not
receive a tenure appointment, since de-
partments tend to focus on the perpetu-
ation of the sub-fields which currently
make up their disciplines. Departments
find it difficult to cut back on the num-
ber of appointments made within exist-
ing sub-fields of the department in favor
of emerging sub-fields which do not pres-
ently fall within the department’s juris-
diction. Moreover, how are they to evalu-
ate young scientists who are working out-
side the present departmental boundaries?
It was difficulties of just this kind which
led Sid Drell, a distinguished physicist
who has played a major role in arms con-
trol research, to resign recently as co-
director of Stanford’s Center for Interna-
tional Security and Arms Control. Sid
resigned because he was unable to se-
cure faculty appointments for the distin-
guished group of research associates who
have been working with him at the
Center.

Our solution to this problem is to
establish an institution which would be
free of the restrictions and bounds im-
posed by the departmental structure, one
which would encourage young scientists

to borrow freely from different disciplines
and to focus on the problem of a particu-
lar complex system, viewed as a whole,
rather than a discipline-driven aspect of
that problem. In establishing an institu-
tion with no disciplinary barriers we hope
not only to attract a remarkable group of
scientists to work at the Institute, but to
provide support for their counterparts in
universities, by setting rigorous standards
for what constitutes excellence in research
on complex systems,

You mentioned Santa Fe as being a sig-
nificant place for the Institute. Why?

Its historical position as the oldest city
in the United States, its geographical lo-

“An additional commonality is
our effort to look at problems as
a whole, rather than chopping
them up into little pieces...The
problems we address are fun-
damentally nonlinear, which
means you can'’t really chop
them into little pieces. You've
got to solve the whole thing.”

cation, its climate. For a community of
its size it has a fascinating mix of cul-
tures: the Indian culture, which continues
to play a real role in the spirit of Santa
Fe; the legacy of the Spaniards in the
Spanish-American culture; and most re-
cently, the Anglo culture represented by
the painters and writers who have been
attracted to Santa Fe since the early part
of this century. Moreover, there’s no real
academic center of scientific excellence
between, say, Chicago, Urbana, and Madi-
son in the Midwest and the West Coast.
With Los Alamos, a major interdiscipli-
nary scientific laboratory, nearby, estab-
lishing a major new scientific institution
in Santa Fe seems to be both timely and
desirable.

What are the roles of fundamental, theo-
retical, and experimental research at the
Institute?

I wouldn’t make a distinction between
fundamental and theoretical research. For
the most part, it’s fundamental research
that people are carrying out here. The

dichotomy is really between theoretical
and experimental work, or between basic

and applied research. We're doing basic—™\

research, mostly theoretical, and we’t
trying to keep in very close touch with
experimentalists, to guarantee that the
work carried out here explains or is con-
firmed by experiment. We also have the
idea that some of the things we’re work-
ing on could lead, perhaps on a very short
time scale, to interesting applications.

What to you see as the most significant
contributions made by the Institute in its
brief history?

I can list at least five: Our work-
shops on problems as diverse as the econ-
omy, global security, and the immune sys-
tem, which have brought together indi-
viduals of markedly different backgrounds
who have discovered a common interest
and shared goals, and which have led to
nascent research networks in these areas;
the creation of our Science Board, which
contains a marvelous mix of scientists who
have made major contributions within a
given discipline, but who are now inter-
ested in studying complexity in one of its
many guises and in advising SFI on pro-

grams and people; our co-sponsorship ande—,

management of the first summer scho.
devoted to complex systems, directed most
ably by Dan Stein of the University of
Arizona; our resident research program on
the economy as an evolving complex sys-
tem which grew out of a workshop, and
is bringing together economists, theoreti-
cal physicists, computer scientists, and
biologists, to work on fundamental ques-
tions which may lead to new paradigms
for economics; and our publications pro-
gram, which, beginning with Emerging
Syntheses in Science, has made available
to scientists everywhere the proceedings
of our workshops and summer schools.

Another of our accomplishments has
been in the field of pure and applied im-
munology, where we have brought to-
gether people doing theoretical work with
practitioners and laboratory workers.
We’ve established the ground rules for a
successful interaction between the two
groups and hope that we can bridge what
was a significant gap between theory and
application in that area.

There was a wonderful mix of papers in—

Emerging Synthesis in Science. It i

22

Santa Fe Institute



cluded papers by a psychiatrist and a psy-
chologist about the nature of conscious-

¢ ess. Has the Institute pursued that area?

© Yes. At the last meeting of the Insti-
tute’s Science Board, Jerome Singer, a
clinical psychologist from Yale, and David
Rumelhart, a Stanford psychologist whose
interests include learning algorithms and
neural networks, proposed that we hold a
workshop which would examine the inter-
play between the chemistry and neural
networks and human behavior. They want
to see if they can begin to establish links
between the applied side, how the brain
functions as described by a clinical psy-
chologist, and the thus far quite theoreti-
cal models of neural networks.

In the workshops held so far have com-
monalities begun to emerge in the quest
for underlying principles?

Early on, in the founding workshops,
as we explored the areas in which we
might most profitably concentrate, and
considered the people we’d try to attract,
we began to explore the possibility that
there may be integrative principles at work
in systems as diverse as the economy, the
human brain, or the functioning of the

peeimmune system.

It is tempting to belicve that these
exist. For example, is it possible that in a
broad class of complex systems one en-
counters metastable states which may not
be the most favorable energetically, but
from which it is very difficult to escape.
A system moving between such states may
not be able to evolve to a more favorable
environment unless substantial energy is
supplied or, say, a sequence of highly cor-
related motions takes place. This qualita-
tive paradigm seems equally appropriate
for physical systems (spin glasses), indi-
vidual states of mind (e.g., depression),
group behavioral patterns (e.g., the nu-
clear family), economic systems (third-
world debt), or nation states (the Soviet
political system). We will be discussing
many such possible threads of complex-
ity at an SFI workshop next February on
“The Nature of Complex Adaptive Sys-
tems” which Murray Gell-Mann and I are
chairing.

An additional commonality is our ef-
fort to look at problems as a whole, rather
than chopping them up into little pieces,

#~—and arguing that it is enough to combine

olutions for the separate pieces. The

problems we address are fundamentally
nonlinear, which means you can’t really
chop them into little pieces. You've got
to solve the whole thing. A very approxi-
mate, largely descriptive, model solution
which reflects attention to all the differ-
ent relevant components of the problem
is better than an exact solution to a tiny
piece of the problem. Thus, in examining
a complex system, it is essential to bring
together experts who are familiar with all
the various parts of the system,

The importance of that approach was
emphasized at our November exploratory
meeting on “The Elements of Global Se-
curity.” I raised the possibility of view-
ing global security as an evolving adap-
tive complex system. It was agreed that
were we to do so, it was important at the
outset to develop a comprehensive ap-
proach to global security. Again, in this
meeting we tried to have a real range of
participants: from physical scientists who
may not have worked on the problem but
who are interested in thinking about new
applications for their ideas, to practitio-
ners, experts on national security prob-
lems and political scientists who have
devoted their professional careers to un-
derstanding problems of development.

It's a startling idea, to put theoretical
physicists in a room with political scien-
tists to talk about global security.

Yes, and what emerged from the
meeting is that a role for the Institute to
play is to look at the whole system, not
simply its military aspects, as is tradition-
ally done in describing security. There
was a consensus that as important as, in
the long term more important than, mili-
tary security, is a mixture of economic
and ecological security, that is paying at-
tention to the needs of society as a whole
in terms of human and natural resources
and developing them in such a way that
they’re renewable. A key aspect is the
development of connections between theo-
retical studies of the ecology and econom-
ics.

A developing country, driven by eco-
nomic concerns, may in the process de-
stroy its ecology and make it all but im-
possible to continue to develop rapidly.
I’'m overstating, of course, but things like
that have gone on. In the interests of rapid
development, for example, agricultural ex-
periments in large parts of the Soviet Un-

ion, under circumstances not fully appre-
ciated, have simply destroyed the land for
generations to come. There are many such
examples; one major concern in this area
might be the examination of the likeli-
hood of one worsi-case scenario, the dis-
placement of onc-third of the world’s
population in the next thirty years.

What do you mean hy displacement?

The land they’re on would be under-
water. That’s the worst-case scenario of
the greenhouse effect, and it’s pretty star-
tling. How do we plan for it? If it’s true,
can you change the rate at which it’s hap-
pening by paying real attention to what
you’re doing to the environment? How
do you make a model for the social con-
sequences? What are the political conse-
quences for countries that have massive
borders on the seas? All of that can’t be
divorced from the military side. What
will cause the next set of conflicts? Will
these be driven by limited resources, or
by the instabilities brought about by lim-
ited resources?

It may turn out to be essential to
global security for the United States and
Europe, the Soviets, and the Japanese, the
third-world countries, including China,
and the African countries to develop ways
of working very closely together, with a
degree of cooperation that at the moment
looks like a wild dream. So one is led to
ask what new kinds of institutional ar-
rangements might be possible, arrange-
ments aimed at solving economic and eco-
logical problems on a scale which cannot
be dealt with by any single country.

First you have to decide how to de-
fine problems of global security in a way
that can be communicated and understood
by people working on it. So the feeling
was that while many people are working
on parts of this problem, one possible role
for the Institute would be to design a re-
search year in which we bring together
people from many different disciplines,
whose knowledge is an essential compo-
nent of any kind of integrated picture, to
explore what kinds of even very crude
models might be applicable and useful.

What do you mean when you use the term
model?

A comparatively simple mathemati-
cal model that incorporates a number of
key elements and displays highly nonlin-
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ear dynamical behavior. One aspect of
such studies would be how the demon-
stration of the extent to which everything
is linked inextricably, by asking what hap-
pens if you change one aspect. If the
world is at a given level of stability, what
happens if one-third of the developed area
of the world is underwater? There you’re
just changing one element, the ecology.
That’s a gross example, a gross perturba-
tion. But you can ask questions about
smaller perturbations. What happens if
the temperature increases at a modest one
percent a year instead of two percent a
year. Can you begin to estimate the con-
sequences?

One of the participants pointed out
that the Canadians are proposing to de-
velop a whole new class of nuclear sub-
marines to go under the Arctic ice. If the
warming trend continues, the estimate is
that the time these submarines would come
on line will be just about the time the ice
is melted. That's an example of a quite
unexpected interplay of the military side
and the ecological side.

Has anyone attempted the kind of mathe-
matical model for global security that
you're describing?

We were told at the meeting that some
thirteen or fourteen global models have
been developed, all notably unsuccessful.
The natural question is why? Our instinc-
tive feeling is that they’ve failed because
they haven’t taken into account all of the
relevant factors, and that those which have
been included have been treated in too
linear a fashion; that the essential nonlin-
carity of the system has not been recog-
nized. Naturally one of the things we
want to do is to have someone tell us in
great deal about the failed models.

Of course, our work on the global
economy is closely related, and may pro-
vide a useful guide on how we should
proceed. We had an exploratory meeting
about two and a half years age, in which
John Reed and some of his senior execu-
tives from Citicorp demonstrated the ina-
bility of existing economic models to ac-
count for the evolution of the global econ-
omy. It was quite clear that there was a
problem and that it wasn’t being tackled
by conventional techniques available to
€conomists,

Follow-on workshops on the econ-

omy in September 1987 and this past Sep-
tember have led to the formulation of a
number of well-defined problems that
physicists and chemists and economists
can work on together. If we’re successful
in solving some of these, we may in time
make it possible to develop an understand-
ing of the economy as a highly complex,
nonlinear, adaptive system. We all ex-
pect something substantive will emerge.
Again we’ve talking about the long term,

“If we do our job right we should
hit some dead ends, but so far
we seem to have been singu-
larly successfuly in defining
areas of research which are
signficant...”

We hope that within a decade we can come
up with a set of algorithms and paradigms
that apply to the real world. In that proc-
ess we'll try to make use of all the rele-
vant factors which need to be included in
a realistic model of the global economy.

How can a model, mathematical or other-
wise, account for essentially unpredictable
events, for example charismatic leaders?

Who could have possibly predicted
Gorbachev? He’s accomplished a remark-
able amount. He seems to have an excel-
lent instinct for bringing about change.
But he certainly wasn’t predictable. And
it’s hard to decide the extent to which the
changes are the result of Gorbachev. Was
the system inevitably going it that direc-
tion? One never knows. But again, those
political changes are going to affect the
Soviet economy in a profound way, in a
way that’s likely not describable in any of
the usual economic models.

In a sense then, aren’t the kinds of mod-
els you're talking about reactive, descrip-
tive after the fact, rather than truly pre-
dictive?

One doesn’t expect them to be pre-
dictive for a very long time. Initially, what
you look for are purely phenomenologi-
cal models with some underlying mathe-
matics, that properly describe effects and
reproduce features we can observe. If
that’s accomplished, we can go on to ask
whether such models possess any predic-

tive possibilites. For example, that is what
Doyne Farmer is now doing with stock
market prices.
series of market prices, which may reflec.
an underlying chaotic behavior, to see
whether these series can then be used to
predict long-term or short-term market
behavior.,

Have there been any notable dead ends in
any of the Institute’ s endeavors, any cases
in which different disciplines did not mix
productively?

Well, I would say not yet. In a way,
almost everything we’ve tried has worked.
That’s marvelous, but it has consequences.
‘When you start something and it seems to
be working, you have a responsibility to
carry on. That is a great drain on the
human and financial resources of the In-
stitute. If we do our job right we should
hit some dead ends, but so far we seem to
have been singularly successful in defin-
ing areas of research which are signifi-
cant and identifying a core group of sci-
entists from a broad mix of disciplines to
work on these problems.

We have made some mistakes. We
held early on a workshop on complex

adaptive systems, in which we tried te=~==\

search for integrating principles. It wa.
a very interesting workshop, but we made
a mistake in that we didn’t work hard
enough to ensure that participants were
around for a long enough period to work
together, and we did not ensure that there
was a proceedings. It was a meeting in
which people would come and go; par-
ticipants would describe their work; ev-
eryone there would listen, and then a new
set of people would appear with a new
audience. It didn’t have the kind of con-
tinuity that we’ve come to realize is nec-
essary to make workshops genuinely ef-
fective. I think having a written record is
a very good idea, good for those who par-
ticipate, as well as those who can’t. It is
always good to be forced to write down
your ideas and organize them so that there
is a clear record.

There is one other notable exception
to our record of success, our inability as
yet to identify a donor who has the means
and interest to give us somewhere between
fifteen and five hundred million dollars,
the sort of endowment we need to move

most effectively to the next stage. W=

very much need an appreciable endow
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ment in order 1o realize our promise, but
haven’t found that person or persons yet.

»~Apart from that I think we’ve been fabu-

.ously successful in the rate at which
we’ve grown. Just eighteen months ago
we moved into a building that initially
was pretty much deserted and now the
place is jam packed with researchers and
activities.

Has the significant flow of knowledge in
the Institute’s workshops been from the
hard sciences to the softer ones? After
all, the physicists and mathematicians
seem to be the common denominator at
Jjust about every workshop.

We are far more than a collection of
natural scientists handing out wisdom and
social scientists receiving it. For example,
in our program on the economy, the physi-
cists are learning as much from the econo-
mists about constructing a model that’s
relevant to the economy as the economists
are learning about the physicists’ tech-
niques. Genuine collaborations are
evolving. Behavioral scientists have made
impressive contributions to our program.
At the recent meeting on global security,
for example, we had two anthropologists
and an archaeologist. Our archaeologist
was Robert McCormick Adams, who is
the Secretary of the Smithsonian Institu-
tion. We are pleased to count him as one
of the founders of the Institute, and one
of his many contributions was the idea
that we get together with John Reed and
others at Citicorp to explore the evolu-
tionary aspects of the economy.

That leads to my last question. Where is
the Institute heading?

In brief, toward a continued period
of rapid growth, constrained only by our
financial resources. Thanks to major sup-
port from the National Science Founda-
tion, the Department of Energy, and the
John and Catherine D. MacArthur Foun-
dation as well as contributions from a
number of individuals and other founda-
tions, we have been able to demonstrate
the validity of the basic concept of the In-
stitute—that this is the right time to bring
together scientists from a broad spectrum
of fields and disciplines to work together
on a broad spectrum of complex adaptive
systems, from the immune system to the
economy. We have moreover demon-
strated our ability to move from an ex-

ploratory workshop to a full-fledged work-
shop to a resident research program and
research network.

All of the pieces are in place for fur-
ther continued rapid growth. The Insti-
tute has a very strong experienced presi-
dent in George Cowan, who is now able
to spend full time in that position. George
has assembled an unusually able adminis-
trative team, whose abilities have been
demonstrated repeatedly during the past
year. The Science Board is at its full com-
plement, and has identified a core group
of scientists who have initiated an intel-
lectual agenda which is filled with both
promise and accomplishment. In some
areas, such as the economy as a complex,
evolving system, the transition from work-
shop to a full-fledged research network of
scientists at many different institutions is
well underway. The Institute is in the
process of appointing its first group of
External Professors, who hold academic
positions elsewhere but who are deeply
involved in research programs of keen in-
terest to SFI. External Professors will
spend part of each year at the Institute,

and are expected to be active participants
in SFI resident research programs and SFI
research networks. Thus the Science
Board and the External Professors will
both oversee existing research programs
and take responsibility for initiating new
ones.

The next significant step will likely
be the selection of an initial group of ten-
ure faculty. The timing of this step will
depend upon the ability of the Institute to
secure the endowment and added annual
support needed to attract a tenured staff
member. Based on the experience which
Murray and I have had with prospective
Science Board members (the response to
an invitation to join is typically greeted
with a resounding “Yes, it’s a marvelous
idea, when can I start to work?"), SFI has
every reason to be optimistic that as its
financial condition permits, it will be able
to assemble an absolutely first-rate group
here in Santa Fe, and I wish them every
success.

—Dan Tyler
Dan Tyler is a writer in the International Technolo-
gv Division at Los Alamos National Laboratory.
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Complexity, Entropy, and the Physics of
Information: A “Manifesto”

Editor’s Note: In May, 1989, Wojciech
Zurek, a staff member in the Theoretical
Division at Los Alamos National Labora-
tory and an External Associate Professor
at SFI will chair a Santa Fe Institute work-
shop on complexity, entropy, and the phys-
ics of information. It is anticipated that
the workshop will be the first step in es-
tablishing SFI as the hub of a network fa-
cilitating collaborations between re-
searchers working on different aspects of
the “physics of information.” Below,
Zurek outlines several long-standing prob-
lems in physics along with the relatively
new points of view which suggest deep
connections between information and the
natural sciences.

The specter of information is haunt-
ing sciences. Thermodynamics, much of
the foundation of statistical mechanics, the
quantum theory of measurement, the phys-
ics of computation, and many of the is-
sues of the theory of dynamical systems
with applications to biology and computer
science share information as a common
theme. Among the better established, but
still mysterious, hints about the role of
information are:

* A deep analogy between thermody-
namic entropy and Shannon’s entropy.
Since the introduction of Maxwell’s De-
mon' and, particularly, since the celebrated
paper of Szilard? and even earlier discus-
sions of Smoluchowski,® the operational
equivalence of the gain of information and
the decrease of entropy has been widely
appreciated. Yet, the notion that a sub-
jective quantity such as information could
influence “objective” thermodynamic
properties of the system remains highly
controversial.*

It is, however, difficult to deny that
the process of information gain can be
directly tied to the ability to extract use-
ful work. Thus, questions concerning
thermodynamics, the second law, and the
arrow of time have become intertwined
with a half-century-old puzzle, that of the
problem “of measurements in quantum
physics.

* Quantum measurements are usually
analyzed in abstract terms of wave func-
tions and hamiltonians. Only very few
discussions of the measurement problem
in quantum theory make an explicit effort
to consider the crucial issue—the transfer
of information. Yet the act of obtaining
knowledge is the very reason for making
a measurement. Formulating quantum
measurements and, more generally, quan-
tum phenomena in terms of information
should throw a new light on the problem
of measurement, which has become diffi-
cult to ignore in light of new experiments
on quantum behavior in macroscopic
systems.®

The central—and still unsettled—is-
sue of the quantum theory of measure-
ment is the clash of the predictions of the
Schrédinger equation with our human per-
ceptions. For if quantum theory applies
to arbitrarily large objects—including us,
“the observers”—all the possible out-
comes of the measurement should occur
with a finite probability each time the
measurement is carried out. That is, if

quantum uncertainty is responsible for the
coin landing “heads” or “tails,” both of

these options should happen each time th™™

coin is flipped! The same should appl,
to roulette wheels in Las Vegas. More-
over, if the decisions made by us are at
some level influenced by quantum phe-
nomena in our brain—as is likely to be
the case—then a similar statement applies
to these decisions and their consequences.
The world around us should contain all of
the “branches” corresponding to all of the
possible outcomes, and it should continue
branching each time a quantum phenome-
non with several possible outcomes takes
place. However, our everyday experience
tells us that measurements have definite
outcomes. Only a single branch appears
to survive. The remainder of the tree is
somehow “pruned.”¢

The difficulty of finding out what
causes “pruning” was apparent to the
founders of quantum theory (see articles
collected in Ref. 7) The problem is, how-
ever, even more pressing today than it was
a half-century ago: Immediately after its
inception quantum mechanics could have
been considered only “provisional” and

its domain of applicability limited to th "

microscopic. However, experiments per-
formed more recently make it abundantly
clear that quantum theory is almost cer-
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tainly valid for arbitrarily large objects.’

Moreover, even if it were to be supplanted

some more fundamental theory, its
paradoxical” features are here to stay.

The distinction between what is and
what is known to be, so clear in classical
physics, is blurred, and perhaps does not
exist at all on a quantum level. For in-
stance, energetically insignificant interac-
tions of an object with its quantum envi-
ronment suffice to destroy its quantum na-
ture, Itis as if the “watchful eye” of the
environment “monitoring” the state of the
quantum system forced it to behave in an
effectively classical manner. Yet, even
phenomena involving gravity, which hap-
pen on the most macroscopic of all the
scales, bear the imprint of quantum me-
chanics.

* Black hole thermodynamics has, for
instance, established a deep and still
largely mysterious connection between
general relativity, quantum, and statisti-
cal mechanics. Related questions about
the information capacity of physical sys-
tems, fundamental limits on the capacity
of channels, the origin of entropy in the
Universe, etc., are a subject of much re-

#:nt research.

In fact it was recently suggested that
the whole Universe—including configu-
rations of its gravitational field—may and
should be described by means of quan-
tum theory.® Interpreting results of the
calculations performed on such a
“Wavefunction of the Universe” is diffi-
cult, as the rules of thumb usually involved
in discussions of experiments on atoms,
photons, and electrons assume that the
“measuring apparatus” as well as “the
observer” are much larger than the quan-
tum system. This is clearly not the case
when the quantum system is the whole
Universe. Moreover, the transition from
quantum to classical in the early epochs
of the existence of the Universe is likely
to have influenced its present appearance.

The three puzzles above lie largely
in the domain of physics. The following
issues forge connections between the natu-
ral sciences and the science of computa-
tion, or, rather, the subject of information
processing regarded in the broadest sense
of the word.

' s Physics of computation explores
timitations imposed by the laws of phys-

the Arrow of Time

The first law of thermodynamics
says that energy is conserved. It is nei-
ther created nor destroyed. The second
law of thermodynamics states, in effect,
that, although energy does not alter its
total quantity, it may lose quality. The
name Rudolf Clausius gave to the meas-
ure of this loss of quality was entropy,
from a Greek word meaning “transfor-
mation.” When a quantity of heat flows
out of a hot body, its entropy decreases
by the amount of heat divided by the
original temperature of the hot body.
When that same quantity of heat flows
into a cool body, its entropy increases
by the amount of heat divided by the
original temperature of the cool body.
Since the temperature is larger in the
first case and smaller in the second, the
fraction of entropy decrease is smaller
than the fraction of entropy increase;
thus a net increase of entropy occurs in
the transfer. This increase occurs every
time heat flows from a higher to a lower
temperature, the basic process by which
work is extracted from a heat source.
This process is accompanied by an irre-
versible increase in entropy. Clausius
summed it up this way:

The Second Law of Thermodynamics, Entropy, and

The energy of the universe is a constant.
The entropy of the universe increases.

Entropy measures a physical prop-
erty, the accessibility of the energy of a
given system state. Ludwig Boltzmann
and J. Willard Gibbs forged the crucial
connection between thermodynamics
and microphysics: that entropy is pro-
portional to the logarithm of the total
number W of microphysical configura-
tions of the system which are consis-
tent with its macroscopic properties such
as pressure, density, and temperature.
The probability of a configuration is
equal to the inverse of this number,
1/W. Hence Shannon’s information-
theoretic entropy H is expressed by an
essentially identical mathematical for-
mula. Entropy measures the degree of
disorder in the system.

Entropy increase in a closed sys-
tem is an irreversible process: It does
not decrease unless some extra source
of energy intervenes to push it back “up-
hill.” It is thus a physical index of the
one-way irreversible flow of time. One
can distinguish earlier from later by
measuring the increase of entropy.

ics on the processing of information. It is
now established that both classical and
quantum systems can be used to perform
computations reversibly.® That is, com-
putation can be “undone” by running the
computer backwards. It appears also con-
ceivable that approximately reversible
computer “chips” can be realized in prac-
tice. These results are of fundamental
importance, as they demonstrate that, at
least in principle, processing of informa-
tion can be accomplished at no thermody-
namic cost. Moreover, such considera-
tions lead one to recognize that it is actu-
ally the erasure of the information which
results in the increase of entropy.

The information which is being proc-
essed by the computer is a concrete “rec-
ord,” a definite sequence of symbols. Its
information content cannot be measured
adequately in terms of Shannon’s proba-
bilistic definition of information. One

must instead quantify the information con-
tent of the specific, well-known “record”
in the memory of the computer—and not
its probability or frequency of occurrence,
as Shannon’s formalism would demand.
Fortunately, a relatively new develop-
ment—a novel formulation of the infor-
mation theory—has been already put for-
ward.

* Algorithmic randomness—an alter-
native definition of the information con-
tent of an object based on the theory of
computation rather than on probabilities—
was introduced two decades ago by Solo-
monoff, Kolmogoroff, and Chaitin.!® It is
equal to the size of the shortest message
which describes this object. For instance,
a string of 10°0’s and 1°s:

01010101010101. ..

can be concisely described as “5 « 10* 01
pairs.” By contrast, no concise descrip-

Winter-Spring, 1989

27



tion can be found for a typical, equally
long string of 0’s and 1’s generated by
flipping a coin. To make this definition
more rigorous, the universal Turing Ma-
chine—a generic universal computer—is
usually considered to be the “addressee”
of the message. The size of the message
is then equal to the length—in the num-
ber of “bits”—of the shortest program
which can generate a sufficiently detailed
description (for example, a “plot™) of the
object in question.

It is tempting to suggest that physical
entropy—the quantity which determines
how much work can be extracted from a
physical system—should take into account
its algorithmic randomness. This sugges-
tion can be substantiated by detailed dis-
cussions of examples of computer-oper-
ated engines as well as by results con-
cerning the evolution of entropy and al-
gorithmic randomness in the course of
measurements. It provides a direct link
between thermodynamics, measurements,
and the theory of computation. More-
over, it is relevant to the definition of
complexity.

The meaning of complexity, its meas-
ures, its relation to entropy and informa-
tion, and its role in physical, biological,
computational, and other contexts has
become an object of active rescarch in
the past few years. These issues are cen-
tral to the formulation of the new sciences
of complexity and it is appropriate that
SFI should begin research in these areas.
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Maxwell’s Demon

In the nineteenth century a Scot-
tish scientist, James Clerk Maxwell,
conceived an imaginary creature now
called Maxwell’s Demon.! He imagined
a small intelligent being residing in the
microworld of a vessel of gas which is
in a state of maximum entropy, that is,
in a state of uniform temperature and
pressure throughout the vessel. The ves-
sel is separated into two compartments
by a partition. Even though the macro-
scopic temperature of the gas is uni-
form throughout, individual molecules
will move at widely varying speeds.
The Demon’s task was to sort the fast
and slow molecules into two separate
compartments by opening and shuuing
a perfectly frictionless door. For the
sake of argument, the Demon was sup-
posed not to expend any energy when
opening or shutting the sliding door.

Regardless of whether or not this
feat was practically possible, it was
conceivable in principle, and suggested
a way of violating the law of entropy
increase. If the Demon could unmix
the molecules of gas, so that the fast
ones were in one compartment and the
slow ones in the other, the system would

have a hot compartment and a cold
compartment. The entropy of the sys-
tem would have been decreased with-
out expending any energy, it would be
possible to extract additional work from
the gas, and the second law of thermo-
dynamics would have been violated.
The Demon would have reversed an ir-
reversible process and achieved a re-
sult ruled impossible by thermodynam-
ics. Careful analysis® resolves the para-
dox by showing that a mechanical
Demon will heat up.

However, even if the Demon uses
no physical energy when sorting, he
does need information about each mole-
cule in order to decide where to put it.
Is information itself enough to reduce
the entropy of a system? Leo Szilard?
in 1929 argued that the Demon, simply
by acquiring the information necessary
to sort the molecules, creates as much
entropy as he eliminates. Therefore,
according to Szilard, not only work
must be paid for by the irreversible
degradation of energy measured by the
increase in entropy, but an increase in -
entropy is also the price of informa-
tion.

matic, permanently effective, perpetual
motion machine, in spite of the molecular
fluctuations, but such a device might, per-
haps, function regularly if it were appro-
priately operated by intelligent beings.”
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with these words:

“One can even set up quite ridiculous
cases. A catis penned up in a steel cham-
ber, along with the following diabolical
device (which must be secured against di-
rect interference by the cat): in a Geiger
counter there is a tiny bit of radioactive

substance, so small, that perhaps in the
course of one hour one of the atoms de-
cays, but also, with equal probability, per-
haps none; if it happens, the counter tube
discharges and through a relay releases a
hammer which shatters a small flask of
hydrocyanic acid. If one has left this en-
tire system to itself for an hour, one would
say that the cat still lives if meanwhile no
atom has decayed. The first atomic de-
cay would have poisoned it. The wave
function of the entire system would ex-
press this by having in it the living and
dead cat (pardon the expression) mixed
or smeared out in equal parts.

It is typical of these cases that an in-
determinacy originally restricted to the
atomic domain becomes transformed into
macroscopic interdeterminacy, which can
then be resolved by direct observation.”

The English translation, entitled “The

present situation in quantum mechanics. ™ =

by John D. Trimmer was originally pui
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Book Reviews

_~Read On

This is the first of what will be a regular
Bulletin feature highlighting new and re-
cent publications of interest to students of
the sciences of complexity.

An Introduction to Chaotic Dynamical
Systems

By Robert L. Devaney (Addison-Wesley,
1987)

Nonlinear dynamical systems theory
has come to play an increasingly impor-
tant role in a number of fields of modern
science. Its ideas are ubiquitous in the
study of complex systems. This book of-
fers a useful and quite accessible intro-
duction to many of the most important
ideas.

Devaney is a mathematician and this
is an introductory mathematics text. It is
devoted to the fundamental ideas and treats
them carefully, proving many theorems
and foregoing much of the expected dis-
cussion of applications. Nevertheless, the

w™“reatment is useful and accessible to non-

.nathematicians because the text assumes
little more than an education in advanced

Complexity (continued)
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From the Big Bang to Black Holes (Ban-
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‘ — Wojciech Zurek

calculus and linear algebra and presents a
largely self-contained treatment. More-
over, the discussion is illuminated by many
illustrations, numerous examples, and sup-
plementary exercises. Even those readers
who do not want to follow the mathemati-
cal details of all the proofs should find
this a valuable introduction. The main
ideas are clearly presented and well illus-
trated.

The book considers only discrete,
dynamical systems (iterated maps). The
longest chapter, half the book, is devoted
to one-dimensional dynamics and offers
extensive discussion of the logistic
map F“(x) = ux(1-x). Among the impor-
tant topics covered are chaos, bifurcation
theory, and the period-doubling route to
chaos. The second third of the book cov-
ers dynamical systems in two and three
dimensions beginning with linear maps
and proceeding through such subjects as
Smale’s horseshoe map, attractors, the
Hopf bifurcation, and ending with a short
section on the Henon map. A relatively
short final chapter on complex analytical
dynamics begins with a summary of the
elements of complex analysis, but readers
not already familiar with that subject may
find the subsequent discussion of quad-
ratic maps, periodic points, and Julia sets
tough going. Each chapter ends with a
useful set of suggestions for further, more
advanced reading.

It is commonplace in the community
of dynamical systems practitioners that
experimental mathematics is, if not a pre-
requisite for progress, at least a very valu-
able source of insight. Moreover, the beau-
tiful computer graphics displays that re-
sult from these experiments are a source
of fascination and inspiration for most who
see them. Apart from the cover display
of the Julia set of the complex exponen-
tial function, there is no hint of this in
Devaney’s book and this is a loss. Even
the lengthy and lucid discussions of the
logistic map are not illustrated by the usual
computer-generated display of the period-
doubling route to chaos.

Unfortunately the index is minimal.
Ubiquitous terms like fixed point and criti-
cal point receive a single entry—to the
page on which they are defined. The stu-
dent secking a list of examples and exer-
cises is which the term appears will look
in vain.

These are minor shortcomings. 1
found this book to be generally well writ-
ten. It will reward the reader with a solid
understanding of the topics it covers and

it provides good preparation for more ad-
vanced topics.
— L. M. Simmons, Jr.

Signal: a whole earth catalog; Commu-
nication Tools for the Information Age
Edited by Kevin Kelly (Harmony Books,
1988).

Anyone familiar with the other Whole
Earth Catalogs will feel at home puttering
around in this one. The names have
changed but the style, the generally infor-
mative reviews, the eclectic breadth of
coverage, the slightly counter-culture fla-
vor, and the occasionally wacky entries
are just what you remember. So is the
general impression that this is a useful
tool for access to and information on lots
of hard-to-find or even hard-to-find-out-
about items. The subject is information
and communications, broadly interpreted.
The book is organized under somewhat
arbitrary main topical headings with nu-
merous subheadings. Some of the main
headings are listed below, together with a
list of subtopics that I found noteworthy.

Prime information: Books (on sub-
jects such as fractals, chaos, cellular auto-
mata, and cybemetics), journals (includ-
ing Wolfram’s Complex Systems, cellular
automata boards, a brief catalog of com-
puter viruses, and even a review of the
Artificial Life Workshop sponsored by SFI
and Los Alamos National Laboratory.

The order of languages: mostly
books and a little software covering pro-
gramming languages and techniques, hack-
ers, writing, wordprocessing, mathemat-
ics, and foreign languages.

Publishing frontiers: online data-
bases, desktop publishing, independent
publishing, reference and news sources,
and a section on *“small magazines of the
fanatic.”

Network societies: electronic net-
works, bulletin boards, and conferencing
systems with some software and books.

Visual knowledge: maps, computer
graphics (books, journals, software).

Digital thinking: personal computer
purchasing, care, software, books, share-
ware; robotics.

Information civics: copyright, intel-
lectual property, freedom of information.

Most readers will find at least a few
items in Signal that they want to explore
further.

— L. M. Simmons, Jr.
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August 21-27

Late August

Mid-September

Sept. 25-30

October 13-15

1989 Calendar
January 25 Public Lecture: “Chaos: Making a New Science”
James Gleick, author, Chaos: Making a New Science
February 10-13  “Integrative Workshop on the Nature of Adaptive Complex
Systems”
Co-chaired by Murray Gell-Mann, California Institute of
Technology, and David Pines, University of Illinois
March 11 Annual Meeting of the Science Board of the Santa Fe Institute
March 12 Annual Meecting of the Board of Trustees of the Santa Fe Institute
March 13-15 Research Network Meeting, Economics Program
Chaired by John Holland, University of Michigan
March 27-31 “Applied Molecular Evolution and Maturation of the Immune
Response”
Co-chaired by Stuart Kauffman, University of Pennsylvania, and
Alan Perelson, Los Alamos National Laboratory
May 28-June 10  “Complexity, Entropy, and the Physics of Information”
Chaired by Wojciech Zurek, Los Alamos National Laboratory
Late May “Proteins, Glasses and Spin Glasses”
Co-chaired by Hans Frauenfelder and Robert D. Young,
University of Illinois
June 4-June 30  “Complex Systems Summer School”

Erica Jen, Los Alamos National Laboratory, Director

“Evolution of Human Language”
Co-chaired by Murray Gell-Mann, California Institute of
Technology, and Jack Hawkins, University of Southern California

“Theoretical Ecology”
Co-chaired by Marcus Feldman, Stanford University, and
John Roughgarden, Stanford University

Annual workshop of the Economics Research Program

“The Organization and Evolution of Prehistoric Southwestern
Society”
Chaired by George Gumerman, University of Southern Illinois

“Modeling the Relationship of Human Cognition with Emotion”
Co-chaired by David Rumelhart, Stanford University, and
Jerome Singer, Yale University

Other workshops to be scheduled:

“Public Policy Studies,” Chaired by Murray Gell-Mann
“Global Security,” Chaired by George Cowan

Board News

Philip Anderson was elected to the
Japanese Academy of Science in Septem-
ber, 1988.

Los Alamos National Laboratory Di-
rector Sig Hecker was recently induced
into the National Academy of Engineer-
ing. The Academy cited him for his re-
search in plutonium and his leadership in
developing energy and weapons systems.

Bela Julesz has retired from AT&T
Bell Laboratories to become a State of
New Jersey Professor of Psychology and
Director of the newly established Labora-
tory of Vision Research at Rutgers Uni-

~ versity. He will retain his part-time ap-

pointment as “Continuing Visiting Pro-
fessor” in the Biology Department, Cali-
fornia Institute of Technology.

George Kozmetsky received several
awards in 1988. An inductee into the
Texas Hall of Fame, he also was honored
with the Thomas Jefferson Award con-

ferred by the Transfer of Technology S¢ 1.

ciety, and was named Doctor of Humane
Letters by St. Edward’s University.

In addition to the SFI double-volume
Theoretical Immunology, Alan Perelson
had two other volumes appear in 1988,
Perelson is editor (along with Byron Gold-
stein, Micah Dembo, and J. Jacquez) of
Nonlinearity in Biology and Medicine, the
proceedings volume of the seventh annual
conference of the Center for Nonlinear
Studies. Stem Cell Proliferation and Dif-
ferentiation: A Multiple Branching is a
research monograph co-authored with C.
Macken.

David Pines was recently elected to
the Academy of Sciences of the U.S.S.R.

Louis Rosen was instrumental in ini-
tiating an international conference on
Technology-based Confidence Building
which will be hosted by Los Alamos Na-
tional Laboratory and will take place in
Santa Fe this summer. The Laboratory
recently awarded Rosen for outstanding
service, citing his role as originator and

first Director of the the Clinton P. Ande’g-__\

son Meson Physics Facility.
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The Santa Fe Institute wishes to thank all
those who provided core and program
support during 1988:

Academic Institutions
University of Arizona
University of Illinois
University of Texas

Foundations

Esther A. and Joseph Klingenstein Fund

Richard Lounsbery Foundation

John D. and Catherine T. MacArthur
Foundation

The Needmor Fund (George S. Stranahan)

Russell Sage Foundation

Seth Sprague Educational and Charitable
Foundation

Laboratories
Los Alamos National Laboratory
Sandia National Laboratories

- oard News (continued)

Gian-Carlo Rota was recently
awarded the Steele Prize by the American
Mathematical Society. He will spend the
month of March, 1989, in Sardinia.

Isadore Singer received the Wigner
Medal in July, 1988. Between profes-
sional achievements, he reached the Quar-
ter-Final round in the Acton/Boxborough
Tennis Tournament.

Jerome Singer’s report “Family Me-
diation and Children’s Cognition, Aggres-
sion and Comprehension of Television: A
Longitudinal Study,” recently appeared in
the Joumal of Applied Developmental
Psychology. In Sydney, Australia, he
addressed the International Congress of
Psychology on “Imagery, Cognition and
Health.”

Anthony Turkevich, who received
the Pregel Award of the New York Acad-
emy of Sciences, is working with the West
Germans on an experiment on the Soviet
space mission to Phobos, a moon of Mars.
The mission will get to Phobos early this

year. The experiment is designed to de-

“rmine the chemical composition of this
0000,

Governmental Support
Department of Energy
National Institutes of Health
National Science Foundation

Corporations

Barclay’s Bank

Citibank

H. J. Heinz Company Foundation
Sun Microsystems Inc.

Trinity Capital Corporation

Individuals

Philip Anderson, Princeton
Theodora Baer, Santa Fe
Ann Barber, Rockville

Eric Baum, Pasadena
William Beyer, Los Alamos
Malcolm Brachman, Dallas
Stewart Brand, Sausalito
May & Curtiss Brennan, Santa Fe
Tish Butler, Santa Fe
George Cowan, Los Alamos
Robert Craig, Keystone

Irwin & Florence Cromwell, Santa Fe

Jerry Donato, Syracuse

James Downey, Santa Fe
Caroline B. Emeny, Cleveland
Michael Freeman, Santa Fe
Gordon Getty, San Francisco
Margaret Gray, Santa Fe
Michael Harrison, Los Alamos
Robert Hart, Santa Fe

Eric Hines, Las Cruces

Evan Iverson, Los Alamos
Daniel Kelly, Santa Fe

Carol Kinney, Albuquerque
Don Kummer, St. Louis
Frederic S. Laise, Santa Fe

H. R. Landmann, Santa Fe
Stephen Laveson, Portland
Cyrene Mapel, Albuquerque
John Martin, Santa Fe

James Moderall, III, Westchester
Lynne Moor, Santa Fe

Tom L. Moore, Santa Fe
Portia Moyers, Santa Fe
Larom Munson, Santa Fe
Darragh Nagle, Los Alamos
Anne Bateman Noss, Santa Fe
Thomas Pick, Chicago

Bruce Poster, Santa Fe

Hope P. Ritchie, Santa Fe
Nan S. Robinson, New York
Asis Sarkar, Philadelphia

L. M. Simmons, Jr., Santa Fe
Arthur H. Spiegel, Albuquerque
J. I. Staley, Wichita Falls

Eugene Stark, Los Alamos
Vladimir Stefanovich, West Germany
Thomas Thompson, Albuquerque
Charles Tyng, Santa Fe

Philip F. Voegelin, Santa Fe
Hans von Briesen, Jr., Santa Fe
Herman Wisenteiner, Santa Fe
Ranier Wollman, Santa Fe

iﬁbn’ of' éommunlcatlons and
media technologxes curremly takmg .
~.place on a global scale : o

asa V'léltmg SClenLlSl at the Massachu- "
: setts Ins_tltute of Technology S Medla

onic commumcauon
‘Brand puts it, the

- Media Lab’s under]ymg focusis “how
Z.-ihumans connect how they are con-

connectbetter Brand’ s time there re-
sulted in his 1988 book The Media
- Lab: Inventmg the Future at MIT. He

~On January 25, writer’ James
Glelck -author of thebest seller Chaos:
Making aNew Science will discuss the
~ birth and development of the science
of complexity. Again; the talk will be
at St. John’s College.
Admission to the program is free.
“For furthérinformation call Andi Suth-
- erland at 984 8800 :
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