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preface
and

acl(nowleclgments

Self-organized critecality is a new way of viewing nature. The basic picture is
one where nature 1s perpetually out of balance, but organized in a poised
state—the crivical state—where anything can happen within well-defined
statistical faws. The atm of the science of self-organized criticality is to yield
nsight into the fundamental question of why nature 1s complex, not simple,
as the laws of physics imply.

Self-organized criticality explains some ubiquitous pateerns existing in
nature that we view as complex, Fractal structure and catastrophic events are
among those regularities. Applications range from the study of pulsars and
black holes to carthquakes and the evolution of life. One intriguing conse-
quence of the theory is that catastrophes can oceur for no reason whartsoever.
Mass extincrions may take placc without any external triggering mechanism
such as a volcanic eruption or a meteorite hitring the earch (although the the-

ory of course cannot rule out that this has in factoccurred ).
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Since we first proposed the idea in 1987, more than 2,000 papers have
been written on self-organized criticality, making ours the most cited paperin
physics during chac period. How Nature Works is the first book to deal with the
subject. The basic idea is simple, and most of the mathematical models that
have been used in the implementation of the theory are not complicated. Any-
one with some computer literacy and a PC can set the models up on his own to
verify the predicrions. Often, no more than high school mathematics is needed.
Some of the computer programs are even available on the Internet. Some of
the sandpile experiments are of no greater cost and difficulty than the dedi-
cated reader can perform him or herself. Unlike other subjects in physics, the
basic ideasare simple enough to be made accessible to a non-scientific audience

without being trivialized.

Many friends and colleagues have helped me, with both the research and che
book. The sctence has been all fun—in particular [ am grateful o Kurt
Wi esenfeld and Chao Tang, with whom I collaborated on the original idea,
and o Kan Chen, Kim Christensen, Maya Paczuski, Zeev Olami, Sergei
Maslov, Michael Creutz, Michael Woodford, Dimitris Stassinopolous, and
Jose Scheinkman, who pacticipated in the research that followed, bringing
the idea to life by applying it to many different phenomena in nature.
Thanks are due to Elaine Wiesenfeld for drawing the logo of self-organized
criticality. the sandpile. shown in Figure 1; to Ricard Sole for drawing the
dog-pulling Figure o; to Arch Johnston for providing Figure 2; to Jens
Feder and his group in Oslo for Figure 6 and the figures on their ricepile
experiment, Figures 15-17 and Plate 4; to Daniel Rothman and John P
Grotzinger for the photos of the Kings Peak formation, Figure 18; to Peter
Grassberger for the office version of the sandpile model, Figure 13; and to
Paolo Diodati for providing the original figures on the measurements of
acoustic emission from Stromboli, Figure 23. The impressive compurer
graphics on the sandpile in Plate 1, and the “Game of Life,” Plates 68, are
due to Michael Creutz.

A number of persons helped me increase the literary qualities of the

manuscript—unfortunately, the brevity of precise form thar is suitable for
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of all, I am grateful to Maya Paczuski and Jim Niederer who spent endless
hours improving the presentation and helping with organizing the material.
My children, Tine and Jakob and Thomas, checked the manuscript for read-
ability for non professionals, leading to revisions of several unclear passages.
Finally, Fam indebred to Jercy Lyons, William Frucht, and Robert Wexler of
Copernicus Books for substantial and invaluable help with che manuscripeat

all stages.



chapter 1

complexity

and
crltlcallty

How can the universe start with a few types of elementary particles ar the big
bang, and end up with life, history, economics, and literature? The question is
screaming out to be answered but it is seldom even asked. Why did the big
bang not form a simple gas of particles, or condense into one big crystal? We
see complex phenomena around us so often that we take them for granted
without looking for further explanaton. In fact, untl recently very lictle sci-
entific effort was devoted to understanding why nature is complex.

I will argue that complex behavior in nature reflects the tendency of
large systems with many components to evolve into a Poised, “criucal” state,
way out of balance, where minor disturbances may lead to events,

called avalanches, of all sizes. Most of the changes take place

through catastrophic events rather than by following a smooth
gradual path. The evolution to this very delicate state occurs
without design from any outside agent. The state is estab-

lished solely because of the dynamical tnteraceions
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state is self-organized. Self-organized criticalicy is so far the only known gen-
eral mechanism o generate com plexity.

To make this less abstract, consider the scenario ofachild at the beach let-
ting sand trickle down to form a pile (Figure 1). In the beginning, the pile is
flat, and the individual grains remain close to where they land. Their motion
can be understood in terms of their physical properties. As the process contin-
ues, the pile becomes steeper, and there will be little sand slides. As time goes
. on, the sand slides become bigger and bigger. Eventually, some of the sand
slides may even span all or most of the pile. At chat potnt, the system is far out
of balance, and its behavior can no longer be understood in terms of the be-
havior of the individual grains. The avalanches form a dynamic of their own,
which can be understood oaly from a holistic description of the properties of

the entire pile racher than from a reductionist dcscription of individual
grains: the sandptle is a com plex system.

N

Pl R - Wistmrrtanr

Figure 1 Sanclpile. (Drawing l:y Ms. ‘Elaine Wiesenfelcl.)
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The complex phenomena observed everywhere indicate that nature op-
rates at the self-organized critical state. The behavior of the critical sandpile
€

i which are associ-
mimics several phenomena observed across many sciences,

" ated with complexity. But before arguing that this is indeed the case, let us try

to sharpen the definition of the problem. What is com plexiry? How have sci-

entists and others addressed the problem in che past?

The Laws of Physics Are Simple,
but Nature Is COmplex

Starting from the Big Bang, the universe is supposed to have evoltlfed accord'—
ing to the faws of physics. By analyzing experiments and .observauons, physn—
cists have been very successful in finding those laws. The innermost sec-rers of
matter have been revealed down to ever smaller scales. Martter consists of
atoms, which are composed of elementary particles such aselectrons, protons,
and neutrons, which themselves are formed by quarks and gluons,and so 01.1.
All phenomena in nature, from the largest length scales spanned-by the uni-
verse to the smallest represented by the quark, should be explained by the
same laws of physics.

One such law is Newton's second law, f = ma, which sim ply tells us thatan
object that 1s subjected to a force responds by accelgrating at a rate propor-
tional to that force, This stmple law is sufficient to describe how an apple falls
to the ground, how planetsorbic the sun, and how galaxies .are attrfxcted r.o'one
another by the force of gravity. Maxwell’s equations describe the interactions
between electrical currents and magnetic ficlds, allowing us to understand
how an electric motoror a dynamo works. Einstein’s theory of relativity says
that Newton's laws have to be modified for objects moving at high velocities.
Quantum mechanics tells us thatelectrons in an atom can only existin st:fltes
with specific energies. The electrons can jump from one state to anocher with-
outspending any time in between. | -

These laws of physics are quite simple. They are expressed in mathemati-
cal equations that can all be written down on a couple of notebook pages.

However, the mathematics involved in solving these equations, even for sim-

nle sit atians mav be attire complicated This bannens when there are mocs
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than two objects to consider. For instance, calculating the motion of two plan-
ets moving in the gravitational field of the other planets and the sun is exorbi-
tantly difficule. The problem is insoluble with penand paper, and can be done
only approximately with the help ofcomputers, buc thatis usually considered
to be a practical problem rather than a fundamenral physics problem.

The philosophy of physics since its inception has been reductionisc that
the world around us can be understood in terms of the properties of simple
building blocks. Even the Greeks viewed the world as consisting of only a few
elements. Once we have broken the world down to its simplest fundamental
laws, and the most fundamental particles have been identified, the job is com-
plete. Once we have accomplished this fear, the role of physics—the “king of
sciences —will be played out and the stage can be left to the “lesser” sciences,
such as geophysics, chemistry, and biology, to sorrout the consequences.

In some special cases, physicists have succeeded in explaining the behav-
ior of systems conststing of many parts—atoms, molecules, or electrons, For
instance, the behavior of crystals, where trillions of atoms neatly occupy the
rows and columns of a regular periodic latrice, is relatively well understood
from the basic laws of physics. Acrystalisa prime example of an “ordered” sys-
tem, where each atom has its well-defined place on a regular, pertodic grid.
The crystal is understandable precisely because it looks the same everywhere.

Ar the opposite end of the spectrum from crystals are gases, which also
consist of many atoms or molecules. Gases can be understood because their
molecules rarely interact, by bumping into one another. In contrast to the
crystal. where the atoms are ordered on a lacrice, the atomsina gasformaran-
dom, disordered system. Again, the tractability of the systemn arises from its
uniformity. The gas looks the same everywhere, although at a given time the
individual atoms at different locations move with different velocities in
different directions. On average all atoms behave the same way.

However, we do not live in a simp[e, boring world composed only of plan-
ets orbiting other planets, regular infinite crystals, and simple gases or liquids.
Qur everyday situation is not that of falling apples. If we open the window, we
see an entirely different picrure. The surface of the earth IS MY intricate con-
glomerate of mountains, oceans, islands, r'ivers, volcanoes, glaciers, and earth-

quake faults, each of which has its own cl_\_a_ra_ct_e_ristic dynamics. Unlike very or-
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dered or disordered systems, landscapes differ from place to place and from
rime to time. It ts because of this vaciation that we can orient ourselves by study-
ing the local landscape around us. I will define systems with large variability as
complex. The variability may existon a wide range of length scalea. Il"u're zoom in
closer and closer, or look out further and further, we find vartability at each
level of magnification, with more and more new details appearing. In the uni-
verse, there is variability on the greatest scale. Just about every week, there is a
new report from the Hubble telescope orbiting the earth, or from interolane-
tary satellites, on some previously undiscovered phenomenon. Compleicity isa
Chinese box phenomenon. In each box there are new surprises. Many different
quantitative general definitions of complexity have been atempted, without
much success, so let us think of complexity simply as variability. Crystals and
gases and orbiting planets are not complex, but landscapes are.

As if the variability seen in astronomy and geophysics were not enough,
the complexity has many more layers. Biological life has evolved on earth,
with myriad different species, many with billions of individuals, competing
and interacting with each other and with the environment. At che end of one
tiny branch of biology we find ourselves. We can recognize other humans be— |
cause we are all different. The human body and brain are formed by an intri-
catearrangement of interacting cells. The brain may be the mostcomplex sys-
tem of all because it can form a representation of the complex outer world.
QOur history, with its record of u pheavals, wars, religions, and Political systeins,
constitutes yet another level ofcomplexity involving modern human societies
with economies composed of consumetrs, producers, thieves, governments,
and economists.

Thus, the world that we actually observe is full of all kinds of structure
and surprises. How does variability emerge out of simple invariable laws?
Most phenomena that we observe around us seem rather distant from the
basic laws of physics. It is a futile endeavor to try to explain most natural phe-
nomena in detail by starting from particle physics and following the trajecto-
ries of all particles. The combined power of all the computers in the world
does not even come close to the capacity needed for such an underraking.

The fact that the laws of physics specify everything (that they are deter-
..minicr:,-\ s i—pnmlwm:w.mw



6 How Nature Works

physics during the last two centuries combined with the advances of modern
high-speed com puters—that everything can be understood from “firse prin-
ciples”"—has been thoroughly shattered. About thirty years ago, in the in-
fancy ofthe computerera, there was a racher extensive effort, known as limits fo
growth, thac had the goal of making global predictions. The hope was to be able
to forecase, among other things, the growth of the human population and its
impact on the supply of natural resources. The project failed miserably be-
cause the outcome depended on unpredictable factors not explicicly incorpo-
rated into the program, Perhaps predictions on global warming fall inco the
same category, since we are dealing with long-term predictions in a com plex
system, even though we have a good understanding of the physics of weather,

The lawsof physicscan ex plain how an apple falls but not why Newton, a
partofacomplex world, was watching the apple. Nor does physics have much
to say abouc the apples origin, Ultimately, though, we believe that all the com-
plex phenomena, including biological life, do indeed obey physical laws: we
are simply unable to make the connection from atoms in which we know chat
the laws are correct, through the chemistry ofcom plicated organic molecules,
to the formation of cells, and to the arrangement of those cells into living or-
ganisms, There has never been any proof of a metaphysical process not fol-
lowing the laws of physics chat would distinguish living matter from any
other. One might wonder whether this state of affairs means that we cannot
find general “laws of nature” describing why the ordinary things that we actu-
ally observe around us are complex rather than simple.

The question of the origin of complexity from strmple laws of physics—
maybe the biggest puzzle of all—has only recently emerged as an active sci-
ence. One reason is that high-spced computers, which are essential in this
study, have not been generally available before. However, even now the science
of complexiry is shrouded in a good deal of skepticism—it is not clear how
any general result can possibly be hclpful, because each science works well
within its own domain.

Because of our inability to directly calculate how complex phenomena
atone level arise from the physical mechanisms w0rk'\ng ata dcepcr level, sci-
entists sometimes throw up their hands and refer to these phenomena as

“emergent.” They just pop out of nowhere. Geophysics emerges from astro-
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physics. Chemistry emerges from physics. Biolog)f' cmcrgcs from chemistry
and geophysics, and so on. Each science develops its own jargon, anci works
-wil:h its own objects and concepts. Geophysicists talk abour tectonic plate
motion and earthquakes without reference to astrophysics, biologists de-
scribe the properties and evolution of species without reference to geo-
Physics, economists describe human monetary transactions without refer-
ence to biology, and so on. There is nothing wrong with that Because of the
seeming inttaccability ofcmergcnt phcnomcna, no other modus opcrandi is
possiblc. Ifno new phenomena emerged in large systems out of the dynamics
of systems working ata lower level, then we would need no scientists but par-
ticle physicists, stnce there would be no other areas to cover. But then there
would be no particle physicists. Quality, in some way, emerges from quan-
tity—burt how? First let us review a couple of previous approaches to dealing

with compléx phenomena.

Storyteﬂing Versus Science

The reductionist methods of physics—dertailed predictions followed by com-
parison with reproducible experiments—are impossible in vast areas of sci-
entific interest. The question of how to deal with this problem has been
clearly formulated by che eminent paleontologistand science writer Stephen

Jay Gould in his book Wonderful Life:

How should scientists operate when they must try to explain the resulcof
history, those inordinately complex events thatcan occur butonce in detaiicd
glory? Many large domains of nature—cosmology, geology, and evolution
among them—must be studied with the tools of history. The appropriate
methods focus on narrative, not experiment as usually conceived.

Gould throws up his hands and argues that only “storytelling” can be
used in many sciences because particular outcomes are contingent on many
single and unpredictable events. Experiments are irrelevant in evolution or
paleontology, because nothing is reproducible. History, including thatof cvo—
lution, is just “one damned thing after another.” We can explain in hindsight
what has happened, but we cannot predict whart will happen in the ﬁiturc.
The Danish philosopher Soren Kierkegaard expressed the same view in his
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famous phrase “Life is understood backwards, but must be lived forwards
[ Livet forstaas baglaens, men maa leves forlaens)”

Sciences have traditionally been grouped into two categories: hard sci-
ences, in which repeatable events can be predicted from a mathematical for-
malism expressing the laws of nature, and sof sciences, in which, because of
their inherent variability, only a narrative account of distinguishabie events
post mortem is possible. Physics, chemistry, and molecular biology belong o
the first category; history, biological evolution, 2nd economics belong to the
second.

Gould rightﬁilly attributes che variability of things, and therefore their
complexity, to contingency. Historical events depend on freak accidents, so if
the tape ofhistory 1s replayed many times with slighrly different initial con-
ditions, the outcome will differ vastly each time, The mysterious occurrences
of incidents leading to dramatic outcomes have fascinated historians and in-
spired fiction writers. Real 1ife’s dependence on freak events allows the

- fiction writer a huge amountof freedom, withour losing credibility.

Historians explain events in a narrarive language where event A leads w0
event B and Cleads wo D. Then, because of event D, event B leads to E. How-
ever, if the event C had not happened, then D and E would not have happened
either. The course of history would have changed into another sequence of
events, which would have been equally well explainable, in hindsighr, with a
different narrative. The discovery of America involved a long series of events,
each of crucial historical im portance for the actual outcome: Columbuys’ par-
ents had to meet each other, Columbus had o be born, he had to go to Spain
to get funding, the weather had to be reasonable, and so on. l-liscory is unpre-
dictable, but not unexplainable. There is nothing wrong with this way of
doing science, in which the goal is an accurate narrative account of spectfic
events. It is precisely che overwhelming impact of contingency that makes
those sciences interesting. There will always be more surpyises in store for us.
Incontrast, simple predictable systems, suchasan apple falling to the ground,
become boring after a while.

In the soft sciences, where contingency is pervasive, detailed long-term
prediction becomes impossible. A science of evolutionary biology, for exam-

ple, cannot explain why there are humans and elephants. Life as we see it
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today is just one very unlikely outcome among myriad other equally unlikely

Possibilities. For example, life on earth would be totally differenc if che di-
nosaurs had not become extiner, perhaps as a consequence of a meteor hitting
the earth instead of continuing in its benign orbit. An unlikely event is likely
to happen because there are so many unlikely evenes thatcould happen.

But what underlying properties of history and biology make them sensi-
tive to minor accidental events? In other words, what is the underlying nature
of the dynamics that leads to the interdependence of events and thus to com-
plexity? Why can incidencs happen that have dramaric global consequences?
Why the dichotorny of the sciences into two quite disparate groups with
differenc methods and styles, since presumably all systems in che final analysis
obey the same laws of nature?

Before going into the decails of the theory, letus explore, in general terms,
whata science of complexity could be.

What Cana Tl'ieory
ofCOmplexity Explain?

If all that we can do in the soft, complex sciences is to monitor events and
make short-term predictions by massive computations, then the soft sciences
are no place for physicists to be, and they should graceﬁilly leave the stage for
the “experts” who have detailed knowledge about their particular frelds. Ifone
cannot predict anything specific, then what is the poine?

In a well-publicized debate in January 1995 ac the Linnean instituce in
London, between the biologist Stuart Kauffman of the Santa Fe Institw te,and
John Maynard Smith of the University of Sussex, England, author of The
Theory of Evolution, Smith exclaimed that he did not find the subject of com-
plexity interesting, precisely because tt has not explained any detailed factin
nature,

Indeed, any theory of complexity must necessarily appear insufficient.
The vartability precludes the possibility that all detailed observations can be
condensed tnto a small number of mathemarical equations, similar to the

fundamencal laws of physics. At most, the theory can explain why there is vari-

1billrv arwvwhat freieal
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of a particular system will be. The theory will never predict elephants. Even
under the most optimistic circumstances, there will still be room for histori-
ans and fiction writers in the future.

A general theory of complex systems must necessarily be abstract. For ex-
ample, a cheory of life, in principle, must be able to describe all possible sce-
narios for evolution. It should be able to describe the mechanisms of life on
Mars, if life were to occur. This is an extremely precarious step. Any general
model we might constructcannot have any speciﬁc reference to actual species.
The model may, perhaps, not even refer to basic chemical processes, or to the
DNA molecules thar are integral partsof any life form that we know.

We must learn to free ourselves from seeing things the way they are! A
radical scientific view, indeed! If, following traditional scientific methods, we
concentrate on an accurate description of the details, we lose perspective. A
theory of life is likely to be a theory of a process, not a detailed account of ur-
terly accidental details of that process, such as the emergence of humans.

The theory must be statistical and therefore cannot produce speciﬁc de-
tails. Much of evolutionary theory, as presented for instance in Maynard
Smith’s book, is formulated tn terms of anecdotal evidence for the various
mechanisms at work. Anecdotal evidence carries weight only if enough of it
can be gathered to form a statistical statement. Collecting anecdotal evidence
can only be an tntermediate goal. In medicine, it was long ago realized that
anecdotal evidence from a single doctor’s observarion must yteld to evidence
basedona large, statistically significant set of observations. Confrontation be-
tween theories and experiments or observations, essential for anyscientificen-
deavor, takes place by comparing the statistical features of general patterns.

The abstractness and the statistical probabilistic nature of: any such theory might
appear revolting to geophysicists, biologists, and economists, ex pecting to aim
for photographic characterizarion of real phenomena.

Perhaps too much emphasis has been put on detailed prediction, or fore-
castng, in science in today’s materialistic world. In geophysics, the emphasis
1s on predicting speciﬁc earthquakes or other disasters. Funding is provided
according to the extent to which the budget agencies and reviewers judge that
progress might be achieved. This leadsto charlatanism and even fraud, not to

menbion thar onad ceiermricre 4 me embdned ~Eeb o ~commee ©0 1 1o ol . 1
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gis in economics 1s on predicrion of stock prices and other economic indica-
.grs, since accurate predictions allow you to make money. Not much effort
i-;;,s been devoted to describing economic systems in an unbiased, detached
way, asone would describe, say,an ant’s nest,

Actually, physicists are accustomed to dealing with probabulistic theories,
in which the specific outcome of an experiment cannot be predicted—only
certain statistical features. Three fundamental theories in physics are of a sta-
tistical nature. First, statistical mechanics deals with large systems in equilib»
rium, such as the gas of atoms in the air surrounding us. Sratistical mechanics
tells us how to calculate average properties of the many atoms forming the gas,
such as the temperature and the pressure. The theory does not give us the po-
sitions and the velocities of all the individual atoms (and we couldn’t care less
anyhow). Second, quantum mechanics tells us that we cannot pi’edict both
the speciﬁc position and velocity of a small Particle such as an electron at the
same time, but only the probability that an experiment would find the parti-
cle atacercain position. Again, we are most often interested only in some aver-
age property of many electrons, as for instance the electric current througha
wire, which may again be prediceable. Third, chaos theory tells us that many
simple mechanical systems, for example pendulums that are pushed periodi-
cally, may show unpredictable behavior. We don't know exactly where the
pendulum will be after a long time, no matter how well we know the equa-
tions for its motion and its intctal state.

As pointed out by the philosopher Karl Popper, prediction is our best
means of distinguishing science from pseudoscience. To predict tlie statistics
of actual phenomena rather than the speciﬁc outcome is a quite legitimare
and ordinary way of confronting theory with observations.

Whart makes the situation for biology, economics, or geophysics concep-
wally different, and what makes it more difficult to accept this state of affairs,
is‘that the outcome of the process is important. As humans, we care about the
specific state of the system. We don’t just observe the average properties of
many small unpredictable events, but only one specific outcome in its full
glory. The fact that we may understand the statistical properties of earth-

quakes, such as the average number of earthquakes per year ofacertain size in

acertain area. is of little consolation to thase wha have been affected by larae
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devastating earcthquakes. In biology, it is important that the dinosaur van-
ished during a large extincrion event and made room for us.

Psychologically, we tend to view our pacticular situation as unique. Itis
emotionally unacceptable to view our entire existence as one possible fragile
outcome among zillions of others. The idea of many parallel possible un-
verses is hard to accept, although it has been used by several science-fiction
writers. The problem with understanding our world is that we have nothing
to compare it with.

We cannot overcome the problem ofu npredictability. Kierkegaard’s phi-

losophy represents the fundamental and universal situation of life on earch,

So how can there be a general theory or science of complexity? If such a theory
cannot explain any spcciﬁc derails, what is the theory supposed to explain?
How, precisely, can one confront theory with reality? Without this crucial
step, there can be no science.

Fortunately, there are a number ofubiquitous general empirical observa-
uons across the individual sciences that cannot be understood wichin the sec
sfreferences developed within the specific scientific domains. These phenom-
'na are the occurrence of large catastrophic events, fractals, one-over-f noise

t /f noise), and LZipf'slaw. A litmus test of a theory of complexity is its ability
o explain these general observations. Why ate they universal, thacis, why do

ey pop up everywhere?

—atastrophes Follow a Simple Pattern

}ecause of their composite nature, complex systems can exhibit catastro phic
sehavior, where one part of the system can affect many others by a domino
ffect. Cracks in the crust of the earth propagate in this way to produce earth-
luakes, sometimes with tremendous energies.

Scientists studying earthquakes look for speciﬁc mechanisms for large
vents, using a narrative individual description for each event in isolation
rom the others. This occurs even though the number of earthquakes of a
nven magnitude follows a glaringly simple distribution function known as
he Gutenberg—Richter law. It turns out that every time there are abour 1,000
arthquakes of, say, magnitude 4 on the Richter scale, there are 100 earth-

|uakes of magnitude 5, 10 of magnitude 6, and so on. This law is il lustrated in
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Figure 22, which shows how many earthquakes there were of each magnitude -
in a region of the southeastern United States known as the New Madrid
earthquake zone during the period 1974~1983. Figure 2b shows where those
earthquakes took place. The size of the dots represents the magnitudes of the
eacthquakes. The information contained in the figures was collected by Arch
C. Johnston and Susan Nava of the Memphis Srate University. The scaleis a
logarithmic one, tn which the numbers on the vertical axis are 10, 100, 1,000
instead of 1, 2, 3. The Gutenberg-Richter law manifests itself as a straight line
in this plot.

N (Earthquakes/ Year)

0.1

0.0 T T T T T -
t 2 3 4 5 6

Magrutude {my) - Lag E

(a) (b)

19741583

Figure 2. (a) Distribution ofeart}lq\ml(e magnitudes 1n the New
Madrid zone in the southeastern United States during the period

1974 -1 983. collected by Arch Johnston and Susan Nava of
Memplﬁs State University. The points show the number of eartl\quakes
with magnitude larger than a given magnitur]e m. The straight line 1nd:-
cates a power law distribution ofearthqua](es. This simple law 15 known
as the Gutenberg—Riehter law. (b) Locations of the earthqual(es used 1n
the plot. The size of the dots represent the magnitudes of the earthqual(es.
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The horizontal x-axis is also logarithmic, since the magnitude m mea-
sures the logarithm of the energy released by the earthquake, rather than the
energy itself. Thus, an earthquake of magnitude 6 is ten times stronger than
an earthquake of magnirude 5, and an earthquake of magnitude 4 is ten times
stronger than an earthquake of magnitude 3. An earthquake of magnitude 8
is 10 million times more energetic than one of magnitude 1, which corre-
sponds toa farge truck passing by. By using worldwide earthquake catalogues,
the straighe line can be extended to earthquakes of magnitudes 7, 8, and o.
This law is amazing! How can the dynamics of all the elements of a system as
complicated as the crust of the earth, with mountains, valleys, lakes, and geo-
logical structures of enormous diversity, conspire, as if by magic, 1o produce a
law with such extreme simpliciry? The law shows that large earthquakes do
not play a special role; they follow the same law as small ear[hquakes. Thus, i
appears that one should not try to come up with speciﬁc explanations for
[arge earthquakes, but rather with a general thcory encompassing all earth-
quakes, large and small. '

The importance of the Gutenberg—Richter law cannot be exaggerated. [t
is precisely the observation of such simple empirical laws in nature that motivates us to search
for a theory of complexity. Such a theory would complement the effores of geo-
physicists who have been occupied with their detailed observations and theo-
rizing on specific large earthquakes and fault zones without concern about
the general picture. One explanation for cach earthquake, or for each fault.

In their fascinating book Tales of the Earth, Officer and Page argue that the
regularity of numerous catastrophic phenomena on earth, including flood-
ing, earthquakes, and volcanic eruptions, has a message for us on the basic
mechanisms driving the earth, which we must unravel in order to deal with
those phenomena (or, perhaps, to understand why we cannot deal with
them),

In economics, an empirical pattern similar to the Gurenberg—Richter
law holds. Benoit Mandelbrot, of IBM's T. J. Watson Cenrer in New York,
pointed out in 1966 that the probability of having small and large variations
on prices of stocks, cotton, and other commodities follows a very simple pat-
tern, known as a Levy distribution. Mandelbrot had collected data for the

variation of cotton prices from month to month over several years. He then
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“counted how often the monthly variation was between 1o and 20 percent, how

often the variation was between 5 and 10 percent, and so on, and plotted the
results on a logarithmic plot (Figure 3). Just as Johnston and Nava counted
how many earthquakes there were of each size, Mandelbrot counted how
many months there were with a given price variation. Note the smooth tran-
sition from small variations to large ones. The distribution of price changes
follows approximately a straight line, a power law. The price variations are
“scale free” with no typical size of the variations, just as earthquakes do not
have a typical characteristic size.

Mandelbrot studied several different commodities, and found that they
all followed a similar pattern, but he did not speculate about the origin of the
regular behavior that he observed. Economists have chosen largely to ignore
Mandelbrot's work, mostly because it doesn’t fit into the generally accepted
picrure. They would discard large events, since these events can be atcributed
o speciﬁc “abnormal circumstances,” such as program trading for the crash

of October 1987, and excessive borrowing for the crash of 192q. Contingency
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Fig\_.u-e 3. (a) Montlily variations of cotton prices (Mandell)rot. 1963)
durmg a period of 30 months. (i)) The curve shows the number of mont s
where the relative variation exceeded a given fraction. Note the smooth
_trat_isition from small variations to large variations. The straight line
indicates a power law. Other commodities follow a similar pattern.
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is used as an argument for statistical exclusion. Economists often “cull” or
“prune” the data before analysis. How can there be a general theory of events
that occur once? However, che fact that large events follow the same law as
small evenes indicates that there is nothing special about those events, despite
their possibly devastating consequences.

Similarly, in biological evolution, Professor David Raup of the University
of Chicago has pointed out that the distribution of extinction events follows a
smooth distribution where large events, such as the Cretaceous extinction of
dinosaurs and many other spectes, occur with f'airiy well defined probability
and regularicy. He used data collected by Jack Sepkoski. who had spent “ren
years in the library” researching the fossil records of thousands of marine
species. Sepkoski split geological history into 150 consecutive periods of 4 mil-
lion years. For each period, he estimated what fraction of species had disap-
peared since the previous period (Figure 4). The estimate is a measure of the ex-

tnceion rate. Sometimes there were very few extinctions, less than ercent,
fy
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Figure 4, Biological extinetions over the last 600 mllion yedrs as
recorded l)y John Seplcosid. Jr. who spent 10 years 1n the library collect-
ing the data from the fossil record. The curve shows the estimated per-
centage of families that went extinct w_itl‘lin intervals of approximately 4

million years (Seplcoslci. 1993).
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and sometimes there were more than 50 percent extinctions. The famous Cre-
taceous event in which the dinosaurs became extinct is not even among the
most prominent. Raup simply counted the number of periods in which
the relative number of extinctions was less than 10 petcent, how many periods
the variation was between 10 and 20 percent, and so on, and made a histogram
(Figure 5)- This is the same type of analysis that Mandelbrot made for cotton

prices: extinction rates replace price variations, 4-million-year intervals replace
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Figure 3. Histogram of the extinction events from Figure 4 as shown
l:y Raup. Tl‘le cliagram shows t]le number of four-m;nion-year periods
where the extinction rate was within a given range. The large well-
known extinetion events appear 1n the tail of the curve.
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monthly ones. The resulting histogram forms a smooth curve, with the num-
ber of large events extending smoothly from the much larger number of small
events.

Although large eventsoccur witha well-defined probability, chis does not
mean the phenomenon is periodic, as Raup thought it was. The fact that an
earthquake has not taken place for a long time does not mean that one is due.
Thessituation is similar to thatof a gambling roulette. Even ifon average black
comes out every second time, that does not mean that the outcome alternates
between black and red. After seven consecutive reds, the probability that the
next event is black 1s still 1/2. The same goes for earthquakes. That events
occur atsome average interval does not mean that they are cyclical. For exam-
Ple, the fact that wars happen on average, say, every thirty years, cannot be used
to predict the next war. The variations of this interval are large.

Again, speciﬁc narratives may explain each large catastrophe, but the reg-
ularity, not to be confused with periodiciry, suggests that the same mecha-
nisms work on all scales, from che extinctions taking place every day, to the
largest one, the Cambrian explosion, causing the extinction of up to 95 per-
cencofall species, and, Forcunatcly, the creation of a sufﬁciently compensating
nurmber of species. -

Thatcartastrophes occur atall is quite amazing. They stand in sharp con-
trast to the theory of uniformitarianism, or gradualism, which was formed in
the last century by the geophysicist Charles Lyell in his book Principles of Geol-
ogy. According to his thcory, all change 1s caused by processes that we currcntly
observe, which have worked at the same rate at all times. For instance, Lyell
proposed that landscapes are formed by gradual processes, rather chan catas-
trophes like Noah's flood, and the features that we see today were made by
slow persistent processes, with time as the “great enabler” that eventually
makes large changes.

Lyell’s uniformitarian view appears perfectly logical. The laws of physics
are generally expressed as smooth, continuous equations. Since these laws
should describe everything, it is natural to expect that the phenomena that we
observe should also vary in a smooth and gradual manner. An opposing phi-
losophy, catastrophism, claims chat changes take place mostly through sud-

den cataclysmic events. Since catastrophism smacks of creationism, it has
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been largely rejected by the scientific community, despite the fact thatcaras-

rophes actually rake place.

| Fractal Geometry

Mandelbrot has coined the word fractal for geometrical structures with fea-
tures of all length scales, and was among the first to make the astounding ob-
servation that nature is generally fracral. Figure 6ashows the coastof Norway,
which appears as a hierarchical structure of fiords, and fjords within fords,
and fjords within fjords of fjords. The question “How long is a typical fjord?”

as no answer—the phenomenon is “seale free.” [fyou see a picture of part of
P Y P

F;gure 6. (a) The coast of Norway. Note t]le “fractal.“ }tierarc}lical
geometry, with fjor&s, and ﬁords within fjords, and so on. Mandelbrot
}las pointed out tl\at landscapes often are fractals. (E-om Fecler. 1988.)
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Figure 6. Continued (b) The lengt}t L of the coast measured by cover-

ing the coast with boxes, like tl'le ones sllown n (a). of various Iengt}ls 3.
The straight line 1ndicates that the coast 1s fractal. The slope of the line
yields the "fractal dimenston” of the coast of Norway. D=152.

the flord, or partof the coastline, you wouldn'tknow how large itis if the pic-
ture does not also show a ruler. Also, the length measured depends on the
resolution of the ruler used for the measurement. A very large ruler that
measures features only on the scale of miles will yield a much smaller esti-
mate of the length than ifa fine ruler, which can follow details on the scale of
meters, 1s used.

One way of representing this is to measure how many boxes of a certain
size § are needed to cover the coast. Obviously, the smaller the box, the more
boxes are needed to cover the coast. Figure 6b shows the logarithm of the
length L measured with boxes of size 3. Had the coast been a straight line, of
dimension 1, the number of boxes would be inversely proportional to 8, so the
measured length would be independent of 8, and the curve would be flat. If
you measure the length of a line, it doesn’t matter what the size of the ruler is.
However, the number of boxes needed grows much faster than that since the

boxes have to follow the wrinkles of the coastline, so the straight line has a
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slope. The negative slope of the line gives the “fractal dimension” of the coast.
‘Fractals in general have dimensions that are not stmple integer numbers.
Here, one finds D = 152, showing thar the coast is somewhere between a
straight line with dimension 1 and a surface of dimension 2.

A mountain range includes peaks that may range from centimeters to
kilometers. No size of mountain is typical. Similarly, there are clouds of
all sizes, with large clouds looking much like enlarged versions of small
clouds. The universe consists of galaxies, and clusters of galaxies, and clusters
of clusters of galaxies, and so on. No size of fjord, mountain, or cloud is the
“right” size.

Alotofwork has been done characterizing the geometrical properties of
fractals, but the problem of the dynamical origin of fractals persists—where
do they come from? “Fractals: Where is the Physics?” Leo Kadanoff of the
University of Chicago asked in a famous editorial in Physics Today in 1987. Un-
forrunately, the rle was generally viewed as a rhetorical dismissal of the
whole concept of fractals rather than a legitimace cry for an understanding of
the phenomenon.

The importance of Mandelbrot's work parallels that of Galileo, who ob-
served that planets orbir the sun. Just as Newton's laws are needed to explain
planetary motion, a general theoretical framework is needed to explain the -
fractal structure of Nature. Nothing in the previously known general laws of

physics hines at the emergence of fractals.

“One-Over-f " Noise: Fractals in Time

A phenomenon called 1 /f (one-over-f ) “noise” has been observed in systems
asdiverse as the flow of the river Nile, light from quasars (which are large, far-
away objects in the universe), and highway traffic. Figure 7a shows the light
from a quasar measured over a period of eighty years. There are features of all
sizes: rapicl variations over minutes, and slow variations over years. In fact,
there seems to be a gradual decrease over the entire period of eighcy years,
which mighr lead to the erroneous identification of a general rendency to-
ward decreasing intensity within a human lifetime, a tendency that needs ex-

planation‘
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The signal can beseenasa superposition of bum ps ofall sizes; it looks like
amountain landscape in time, rather than space. The signal can, equivalently,
be seen as a superposition of- periodic signals of all frequencies. This is another
way of stating that there are features at all time scales. Just as Norway has
fiords of all sizes, a 1/f signal has bumps of all durations. The strength or
“power” of its frequency component is farger for the small frequencies; 1 15
inversely proportional to the frequency, f That is why we call it 1/f noise,
although it might be musleading to call it noise rather than signal. A simple
example is the velocity of a car driving along a heavily trafhcked highway.
There are periods ofstop and goofall lengths of time, corresponding to trafhic
jamsofall sizes. The British geophysicist ]. Hurstspenta lifetime studying che
water level of the Nile. Again, the signal is 1 /f, with intecvals of high levels
extending over short, intermediate, and long periods.

Figure 7 also shows the record of global average temperature variation
onearth over the same period. This record is rising over roughly the same pe-
riod as the quasar intensity decreases. One could conclude thart the changes
of quasar intensity and global temperature are correlated, but most reason-
able peop[e would not. In fact, the temperature variations can also be inter-
preted as /f noise. The apparent increase in temperature mighe well be a
statistical fluctuation rather than an indication ofglobal warming generated
by human activity. Amusingly, De. Richard Voss of IBM has demonstrated
that the variations in music have a I/fspccrrum. Maybe we write music to
mirror nature,

One-over-f noise is different from random white noise, in which there are
no correlations berween the value of the signal from one moment to the next.
In Figure 7c the white noise pattern has no slow fluctuations, that is, no large
bumps. White noise sounds {ike the hiss on the radio in becween stations rather
than music, and includes all frequencies in an equal amount. A simple peri-
odic behavior with just one frequency would be just one tone continuing for-
ever. The 1 / 'f noise lies between these two extremes; it is interesting and com-
plex, whereas white noise is simple and boring. Amazingly, despite the fact that
1/ fnoise is ubiquitous, there has been no general understanding ofits origin. It
has been one of the most stubborn problems in physics. Sometimes the spec-

trum is not 1/f, buc 1/f* where ot is anexponentwith a value between oand 2.
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Flgure Z (a) Light emitted from a quasar cluring a period of 80 years
from 1887—1 967 (Press. 1 978). Note the pattern of fast. slow. and
intermediate range fluetuations. This type of signal 1s known as one-over-f
nowse {1/fnoise), and 1s extremely common 1n nature. (b) Global tempera-
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Egure Z Continued (c) For comparison. a “boring" random, white noise
pattern 15 also shown. This pattern has no slow fluctuations, 1., nO large

bumps.

Zipf's Law
Ina remarkable book that came out in 1949, Human Bebavior and the Principle of
Least Effort, Professor George Kingsley Zipf of Harvard University made a
number of striking observations of some simple regularities in systems of
human origin. Figure 8a shows how many cities in the world (circa 1920) had
more than a given number of inhabitants. There were acouple of cities larger
than 8§ million, ten larger than 1 million, and 100 larger than 200,000. The
curve isroughly astraighe lineona logarithmic plot. Note the similarity with
the Gutenberg—Richcer law, although, of course, the phenomena bcing de-
scribed couldn't be more different. Zipf made similar plots for many geo-
graphical areas and found the same behavior.

Zipfalso counted how often a given word was used in a piece of literature,
such as James Joyce's Ulysses or a colleccion of American newspapers. The tenth

most frequently used word (the word of“rank” 10) appeared 2,65 3 times. The
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gwentieth most used word appeared 1,3 11 times. The 20,000th most frequent
E;ord was used only once. Figure 8b shows the frequency of words used in the
f}nglish language versus their ranking. The word of rank 1, the, is used wich a
frequency of g percent. The word of rank 10, [, hasa frequency of t percent, the
word of rank 100, 52y, is used with a frequency of o.1 percent, and soon. Again, a
remarkablestraight line emerges. It does not matter whether the dara are taken
from newspapers, the Bible, or Ulysses—the curve is the same. The regularity
expressed by the straight lines in the logarithmic plot of rank versus frequency,
with slope near unity, is referred to as Zipf 's law,

Although Zipf does allude to the source of this regulariry being the indi-

vidual agent trying to minimize his effort, he gave no hints as to how to get

10,000
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Figure 8. (a) Ranl(ing of erties ])y s1ze awum?l the )'rear 1920 (prf
1949). The curve shows the number of eities 1n which the populatmn

exceeds a given si1ze or, equivalently. the relative ranking of eities versus

their populat;on.






