Now on to SOC. Let me start with some further miscellaneous thoughts.
Emergence vs. Reductionism
Physicists - like to use “reductionism”:
To take apart complex systems into simpler and simpler components and analyze the
simple components rst via simple laws and then build the complex system back from
its parts - “the whole equals the sum of its parts”
However, instead of reductionism, one sees (in the real world) complex consequences
"emerging" from simple laws.
Maybe, the whole is not equal to sum of its parts……
The Universe origin "theory" contains (at least) two examples of so-called emergence
and of broken symmetry
(1) Electroweak transition of particle physics…
(2) Emergence of protons/neutrons from primeval plasma of quarks and gluons.
There is an often used term, borrowed from 19th century biology,

fi

“we see emergence at every scale"

By 1932, fundamental laws for most sciences were reasonably well known.
If reductionism is the correct idea, then why are we still doing research?
Example of superconductivity(disappearance of electrical resistance in some metals
discovered in 1911) is very instructive.
It was studied (unsuccessfully) for 46 years(until 1957) thereafter.
Basic underlying theory of electrons in metals was discovered in period 1926-32.
Those 25 missing years (1932-57) seem to me to be crucial proof of failure of reductionism
- similarly for 42 years of string theory and 44 years of dark matter!).
If principles of reductionism true - know basic laws - compute consequences - should have
understood easily, but only in 1957-63 was a solution found.
Not lack of computational power.
Had ability to follow motion of all particles, computer output

superconductivity

BUT computer was unable to tell us why it happened!!
In fact, it will soon become obvious that that this type of question is meaningless!

Solution involved “broken symmetry”:
underlying laws of macro-phenomena have a symmetry
that is not manifest in consequences of laws.
Atom of gold cannot be shiny and yellow and conduct electricity
—> properties with meaning only for a macroscopic sample.
Nor can single atom of lead be superconducting:
—> something which can only happen to macroscopic sample.
Large collection of objects can behave completely differently
—> have different symmetry from anything
that separate objects can themselves exhibit.
Are broken symmetry ideas general?
Go up hierarchy of intellectual endeavors:
at each stage would be new concepts, not only not computable
but also often not imaginable from any simpler substrate.
One cannot deduce from simple facts of chemistry that self-replicating molecules are
possible.
In biology, we are beginning to indications of emergence
when studying the origins of sex, symbiosis, morphology, nervous system
and the greatest puzzle of all - the emergence of consciousness.

At many stages of biological work,
we are confronted with Steven Gould’s question Would the phenomena have looked same if ran the tape(of history) twice?
i.e., redid the experiment with exactly the same starting point
Answer seems to be a de nite NO!
So in some sense nothing is predictable from rst principles.
It seems that when history enters, determinism must leave!
Yet one still has motivation, at each stage, for an “explanation”of each concept in terms of
something simpler.
I do not argue against reductionist program itself but against the arguments associated with
it, which gives
A “Theory of Everything” the status of a “God Equation”
from which all knowledge is supposed to follow.
I see the structure of the world as a hierarchy with levels separated by stages of emergence.
This means that each is intellectually independent from its substrate.
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Reduction has value in terms of unifying sciences intellectually and strengthening their
underpinnings(understanding a single substrate) but not as program for comprehending
complexity of the world completely(understanding all the substrates together).

In 1820, great French scientist Pierre Laplace staked out ultimate claim of physicists for
intellectual hegemony over all science - and possibly a lot else.
Philosophical position named Laplacean Determinism.
Such hubris remains within minds of many physicists,
and otherwise extremely hardheaded governments
continue to shell out billions for scienti c instruments
for probing depths of atom and universe
with almost no questioning of the basic underpinning of everything.
Remarkable achievements of physics have made scarcely any difference at
all to any practical achievement of Laplace’s dream.
In fact, they have only made it less achievable than it seemed in Laplace’s day.
As we learn more about how world works,
the more we nd it depends on set of principles
which separate the operation of the complex macroscopic world
from the underlying “hardware” of fundamental physics.
Simple laws, rules, mechanisms can, when applied to very large assemblages,
lead to qualitatively new consequences.
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Thus, the remarkable simplicity and universality which my colleagues
nd in the underlying quantum physics of the universe
and the even greater simplicity for which they are striving
is increasingly irrelevant to the genuine complexity of world in which we live.

Something else more important is going on
when we change from the atomic to the macroscopic scale.
Seems mysterious that simplest properties of everyday materials
have little direct connection to properties of atoms of which they are made,
or to very general laws which rule atoms.
When one puts a large number of atoms of copper together they become metal:
something conceptually new,
a property that was not evident in separate atoms themselves.
What happens is called broken symmetry:
idea is that the state of a collection of particles
can choose not to have same symmetry
as underlying laws which govern those particles.
Important lessons are twofold:
1) totally new physics can emerge
when systems get large enough
that it allows them to break
the symmetries of underlying laws
2) those emergent properties can be completely unexpected
and intellectually independent
of the underlying laws

Term “emergence” arose when studying the problem of how life evolved from non-life.
No agreed answer - in fact, very few things one can say.
We see in every living object,
no matter how primitive,
the necessity for a permanent, stable structure.
Permanent structures play two roles:
most important, but less obvious, is energetic.
life - including replication involves use of stored energy and doing of work. This can be done
by some biological structure - but it requires structure!
Second is stable storage of genetic information.
Given these, the exponential growth mechanism of Darwinian evolution can do almost
everything needed from then on as we will see.
But how it all actually started to happen is beyond knowing now.
Really hard questions come at next stage:
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Life has learned - in this order - three things:
rst, to act on own behalf;
second, and “almost” implicit in that action, to be free to do so, i.e., to have free will;
and third, to be conscious, whatever that is.

I say “almost” implicit - after all, plant acts on own behalf
by sending out branches and roots
and leaving useless ones to die,
and no one "accuses" plant of having free will.
That is a big hint:
somehow the whole process of searching for light and nutrients
gradually became virtual rather than real,
and the result was the evolution of brain function.
However, in the end one has conscious objects,
relating and competing,
and the rules of the game become
only marginally in uenced
by underlying chemistry and genetics.
From these emerge ever more complex further worlds:
language, religion, money, art, politics,...
Efforts of scientists to understand emergence
of free will/consciousness
has so far been totally in vain.
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Predictability is certainly an illusion
at even the “Darwinian” level of evolution
and from there on as we will see.

Emerging Physics
We will see in class the triumph of emergence over reductionism:
that large objects such as ourselves are, in myriad ways,
a product of principles of organization and of collective behavior
which in no meaningful sense can be reduced
to the behavior of our elementary constituents.
Physics: The Opening to Complexity
In minds of the public, or even of scientists from unrelated elds,
physics is mainly associated with extremes:
big bangs and big bucks;
cosmic/subnucleonic scales;
matter in most rari ed form - single trapped atoms;
or measurements of great precision to detect phenomena
dark matter,
proton decay,
neutrino masses
which might not be there at all.
The intellectual basis for this kind of science has been expounded by many.
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The buzzword is “reductionism"
idea that goal of physics is solely
to discover “fundamental” laws
which all phenomena must obey.

Many physicists are now working at another frontier
between the mysterious and the understood:
the frontier of complexity.
At this frontier, watchword is not reductionism but emergence.
Emergent complex phenomena are not in violation of microscopic laws,
but do not appear as direct logical consequences of these laws.
That this is case will be illustrated by many examples
which show that a complex phenomenon
can follow laws independently
of the detailed substrate in which it is expressed.
Principle of emergence is as pervasive a philosophical foundation
of modern science as is reductionism.
It underlies, for example, all of biology and much of geology.
It represents an open frontier for the physicist.
It is this frontier that this class will discuss.
Is Complexity Physics?
Is It Science?
What is It?

Questions like this have been asked
by faculty members in university departments of physics
- and many other disciplines as well for decades.
They nd themselves having to assess graduate work
or applicants for jobs or tenure in strange elds like
neural networks, self-organized criticality applied to earthquakes or landforms,
learning systems, self-organization
and even such older elds as nonlinear dynamics.
The easy way out in these decisions
is to give the nod to more orthodox and traditional work and derail other stuff.
So it is a matter of some urgency to realize that “complexity” is a part of physics
or even vice versa.
For most of its history; and for most of its practitioners,
physics, as we have said, is the ultimate reductionist subject.
Physicists reduce matter to molecules, to atoms, to nuclei and electrons, to nucleons
and so on - always attempting to reduce complexity to simplicity.
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This process is found, in all of physics,
only four forces, reduced to three;
now string theorists tell us(want us to believe)
all three boil down to single
quantum gravitational, supersymmetric, utterly featureless universal interaction.

With maturation of physics,
new and different set of paradigms began to develop
that pointed another way
— toward developing complexity out of simplicity.
This is particularly emphasized in concept of “broken symmetry"
the ability of large collections of simple objects
to abandon their own symmetry
as well as the symmetries of forces governing them
and to exhibit an “emergent property” of new symmetry.
“Emergent” is philosophical term from 19th-century debates about evolution,
implying properties that do not preexist in system or substrate.
Life and consciousness, were thought to be emergent properties.
Now we must include
dynamical instabilities,
deterministic chaos,
spontaneous pattern formation,
fractals
and the beginnings of self-organization.
Everything jumbled together by remarkable idea of Bak and coworkers
that many of phenomena of nature exhibit scaling laws
determined by self-organized behavior
like that which occurs at the critical points of standard phase transitions.

As one probes deeper into the origin of universe or the interior of quarks,
it has never been questioned that one is doing physics.
By contrast, traditional, reductionist physicists
and, for sure, funding agencies can be left vaguely disturbed or hostile as new elds
lead us up hierarchy of complexity toward sciences such as geology, developmental
biology, ,computer science, arti cial intelligence or even economics.
There can be a somewhat surprising lack of understanding
of what those working in these new elds are doing.
If broken symmetry, localization, fractals and strange attractors
are not “fundamental” what are they?
Joining together into general subject matter
all various ideas about ways new properties emerge
science of complexity.
Whole Truths False in Part
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If I had to give my own de nition of “complexity science”,
I would say —- it is the search for
general concepts, principles and methods
for dealing with systems which are so large and intricate
that they show autonomous behavior
which is not reducible to properties of the laws and concepts,
as opposed to reductionist assumption for study of detail.

Complexity is, at this time, an enormous, rapidly growing and diversifying eld.
Complexity is a subject which has an annoying propensity to de ne itself,
almost in spite of efforts of many to avoid the word
as a vague, unde nable generalization,
welding together a wealth of different ideas.
For my money “complexity” is a state of mind,
embracing any study of a realistic system
which negates the strong reductionist(once called constructionist)
point of view which assumes everything follows from fundamental laws,
and emphasizes appearance of emergent phenomena of all kinds,
at least intellectually independent of the microscopic substrate in which they appear.
This attitude is often mistaken for "holism" or for a rejection of scienti c reductionism
but it is neither.
Many of its ideas appeared either as parts of computer science
or as results of computer investigations, but many did not,
and in my opinion the greatest problem the eld faces
is maintaining its sometimes tenuous connection with the non-virtual world,
especially considering the seductive nature of computer work
and the fascination of the public with the images the computer produces.
Complexity science mainly results from the creative tension
between two intellectual traditions:
the creative side of computer science, and the natural science of complex systems.
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I believe rmly that complexity, however de ned, is the scienti c frontier.

More Thoughts Before Proceeding.......
Consider a collection of electrons,
or a pile of sand grains, a bucket of uid, an elastic network of springs,
an ecosystem, or the community of stock-market dealers.
Each of these systems consists of many components that interact
through some kind of exchange of forces or information.
In addition to these internal interactions,
the system may be driven by some external force:
an electric or a magnetic eld, gravitation (in case of sand grains),
environmental changes, and so forth.
The system will now evolve in time under the in uence of the external driving forces
and the internal interaction forces.
What happens?
Is there some simplifying mechanism that produces a typical behavior
shared by large classes of systems, or
will the behavior always depend crucially on the details of each system?
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Idea by Bak and coworkers contained the hypothesis that,
indeed, systems consisting of many interacting constituents
may exhibit some general characteristic behavior.

The seductive claim was that, under very general conditions,
dynamical systems organize themselves into a state
with a complex but rather general structure.
The systems are complex in the sense that no single characteristic event size exists:
there is not just one time and one length scale that controls
the temporal evolution of these systems.
Although the dynamical response of the systems is complex,
the simplifying aspect is that the statistical properties of relationships are described
by simple power laws.
Moreover, some of the power law exponents may be identical for systems
that appear to be very different from a microscopic perspective.
The claim by Bak was that this typical behavior develops
without any signi cant “tuning” of the system from the outside.
Further, the states into which systems organize themselves
have the same kind of properties exhibited by equilibrium systems at the critical point
(where a normal phase change takes place).
Therefore, Bak described the behavior of these systems as self-organized criticality (SOC).
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The hope was that here was a dynamical explanation
of why so many systems in nature
exhibit complex spatial and temporal structures.

Self-organized criticality became a
candidate for the sought-after theory of complexity.
One reason for the intense interest SOC has received
is that it combines two fascinating concepts self-organization and critical behavior
to explain a third, no less fascinating and fashionable, notion: complexity.
Phenomena in very diverse elds of science have been claimed to exhibit SOC behavior.
It started out with sandpiles, earthquakes, and forest res.
Next came electric breakdown, motion of magnetic ux lines in superconductors,
water droplets on surfaces, dynamics of magnetic domains, and growing interfaces.
The idea was soon suggested to apply to economics, and SOC models have more recently
been proposed as ways of understanding biological evolution(as we will see).
It is useful to understand what the name self-organized criticality is meant to imply.
The term consists of two parts.
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Self-organization has for many years been used to
describe the ability by certain nonequilibrium systems
to develop structures and patterns in the absence
of control or manipulation by an external agent.

Examples include the growth of patterns in chemical reactions and
the development of structure in biological systems.
The word criticality has a very precise meaning in equilibrium thermodynamics.
It is used in connection with phase transitions (strictly speaking, continuous transitions).
When the temperature of the system is precisely equal to the transition temperature,
something extraordinary happens.
For all other temperatures, one can disturb the system locally and the effect of the
perturbation will in uence only the local neighborhood.
However, exactly at the transition temperature, the local distortion will propagate throughout
the entire system.
In addition, the effect decays only algebraically rather than exponentially.
Although only “nearest neighbor” members of the system interact directly, the interaction
somehow effectively reaches across the entire system.
The system becomes critical in the sense that
all members of the system in uence each other.

fl

fl

This critical behavior of thermodynamic systems(at phase transitions) is well understood. One
of my graduate advisors, Kenneth Wilson, got the Nobel Prize for explaining this.

Bak suggested that a large group of systems behaves very much
like thermodynamical systems right at the phase transition temperature.
Moreover, these dynamical systems will drive themselves into states
characterized by algebraic correlations
- unlike systems in thermodynamical equilibrium, for which external tuning is essential.
What kind of systems will evolve into a SOC dynamical state?
A separation of time scales is required.
The process connected with the external driving of the system
needs to be much slower than the internal relaxation processes.
The prototypical example is an earthquake.
The stress in the earth’s crust is built up on the scale of years
owing to the motion of the tectonic plates.
The stress is subsequently released in a few seconds or minutes during an earthquake.
The separation of time scales is intimately connected
with the existence of thresholds and metastable states.
It is the existence of a threshold that ensures the separation of time scales.

Think again about some solid friction effects - or “earthquakes” produced by you!.
Say you want to push your piano across the oor.
You slowly increase the force you apply to the piano.
At rst, nothing happens; the piano is stuck.
The stress between the oor and the bottom of the piano
builds up as the applied force increases.
At a certain point, the friction forces between the oor and the piano
are not able to counteract the applied force any longer.
The piano does a rapid jump ahead,
and the stress in the piano- oor interface is released.
The applied force drops, the piano is stuck again, and the cycle starts over.
The applied force has to build up in order to overcome a certain threshold.
This occurs over a time scale much longer than
the short time interval it takes the piano to jump ahead.
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During the build-up phase, energy is gradually stored.

This energy is then released, or dissipated,
nearly instantaneously at the moment the piano moves forward.
If no threshold for motion existed - that is, if the piano were, say, standing on ice
- then the piano would move ahead continuously
and the energy would be dissipated at the same rate as it is pumped into the system.
The actual friction force that the piano must overcome at a given moment
will depend on the microscopic details of how the rough piano bottom
interlocks with the rough surface of the oor.
This means that there are many different states in which the piano
will remain stuck even in the presence of an applied force.
All these states are metastable.
The friction forces induce strain in the oor as well as in the piano,
and this strain corresponds to a certain amount of stored elastic energy.
Thus, despite the piano- oor system being in a stable (i.e., time-independent) state,
the system is not in the lowest energy state.
It is in one of many metastable states.
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Among all the metastable states, some are of particular importance:
the set of con gurations visited by the piano as it performs the jerky motion.

These states are marginally stable.
A slight increase in the applied force can lead to almost any response.
Sometimes the increase in the force will be able to bring the piano forward by a small jump.
At other times the increase in applied force
might not even be able to make the piano move,
and at still other times the same amount
of increase of the driving force might
induce a large jump forward.
Bak originally envisaged the marginally stable states
as characterized by the lack of any typical time or length scale.
This is precisely the case for the con gurations
of a thermodynamic system at the critical temperature.
The lack of a typical scale leads to simple correlation functions.
One nds, as anticipated, that the distribution functions
describing the frequency with which various events
occur in the SOC state exhibit power laws.
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The Gutenberg-Richter law for the distribution
of energy releases in earthquakes is such a power law.

If E is the energy released during an earthquake,
then the probability for an earthquake of that size is given by

P (E) ⇠ E

B

.

This kind of distribution is seen again and again in SOC model systems.
For example, in toy models of sandpiles one nds
that the distribution of lifetimes of the avalanches
as well as the distribution of avalanche sizes
follow power law behavior.
The original ambition of the Bak was to explain
why spatial fractals and fractal time series,
known as “1/f uctuations,”
are so ubiquitous in nature.
The properties of fractals have been studied intensively over the last several decades.
Despite these investigations, very little is known about why fractals are formed in nature.
It is not understood as yet, what aspects of the evolution or dynamics of macroscopic systems
are responsible for the formation of fractals.
Many materials form crystalline structures, for example, metals and common kitchen salt.
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fl

We know why this is the case:
the principle of minimum energy selects the ordered crystalline phase.

Fractals are certainly not the lowest energy con guration
that can be selected in thermodynamic equilibrium,
hence some kind of dynamical selection must occur.
How can SOC possibly be an explanation of 1/f noise and of fractals?
The speculation by Bak was as follows:
A signal will be able to evolve through the system
as long as it is able to nd a connected path of above-threshold regions.
When the system is either driven at random or started out from a random initial state,
regions that are able to transmit a signal will form some sort of random network.
This network will be modi ed, or correlated,
by the action of the internal dynamics induced by the external driving.
The dynamics stop every time the internal dynamics have relaxed the system,
so that all local regions are below threshold.
The slow external drive will eventually bring some region above threshold once again,
and the internal relaxation will restart.
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The result is a complicated, delicately interwoven web
of regions that are coupled dynamically.

When we continue to drive the system
after this marginally stable SOC state has been reached,
we will see ashes of action as the external perturbation
manages to spark off activity through different routes within the system.
The intricate nature of the combined operation of the external driving
and the internal relaxation of the threshold dynamics
makes it natural to imagine that
the network of connected dynamical paths
has some sparse “percolation” like geometry(to be discussed).
It could well be that the structure of this dynamical network has a fractal geometry;
at least this was the suggestion of Bak.
If the activated regions consist of fractals of various sizes,
then the duration of the induced relaxation processes
traveling through these fractals
can also be expected to vary greatly.
It is well known that many different-acting time scales
can, under certain circumstances, lead to so-called 1/f noise.
Bak imagined that this is precisely what happens in SOC systems.

fi
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Now to develop speci cs……………..

Quick Pass #1
Will repeat all ideas presented in detail later……

SOC in a Nutshell
It is the attempt to explain the occurrence of complex phenomena
What is a System?
A group of components functioning as a whole
Obey the Law!
Single components in a system are governed by rules that dictate how the component
interacts with others
System in Balance
Predictable
States of equilibrium
Stable, small disturbances in system have only local impact

Systems in Chaos
Unpredictable
Boring

Example Chaos: White Noise

Edge of Chaos

Emergent Complexity

Self-Organized Criticality: Defined
Self-Organized Criticality can be considered as a characteristic state of criticality which is
formed by self-organization in a long transient period at the border of stability and chaos

Characteristics
Open dissipative systems
The components in the system are governed by simple rules
Thresholds exists within the system
Pressure builds in the system until it exceeds threshold
Naturally Progresses towards critical state
Small agitations in system can lead to system effects called
“avalanches”
This happens regardless of the initial state of the system

Domino Effect: System wide events
The same perturbation may lead to small avalanches up to system wide avalanches

Sandpile Model (more later)

Power Law
Events in the system follow a simple power law
Power Law: graphed

slope =-t

Most changes occurs through catastrophic events rather than a gradual change
<—> Punctuations or large catastrophic events that effect the entire system

How did they come up with this?
Nature can be viewed as a system
It has many individual components working together
Each component is governed by laws e.g, basic laws of physics
Nature is full of complexity
Earthquake distribution

Gutenberg-Richter Law

——->

Fractals
Geometric structures with features of all length scales (e.g. scale free)
Ubiquitous in nature
Fractal:
Coast of
Norway

Snowflakes
Coast lines
1-over-f (1/f) noise

Log (Length) Vs. Log (box size)

1/f noise has interesting patterns

no patterns

Can SOC be the common link?
Ubiquitous phenomena
No self-tuning
Must be self-organized
Is there some underlying link
Experimental Models
Sand Pile Model (details later)
An MxN grid Z
Energy enters the model by randomly adding sand to the model
We want to measure the avalanches caused by adding sand to the model
Example Sand pile grid
Grey border represents the edge of the pile
Each cell, represents a column of sand
Model Rules
Drop a single grain of sand at a random location on the grid
Random (x,y)

Update model at that point: Z(x,y) —> Z(x,y)+1

If Z(x,y) > Threshold, sparks an avalanche

Set threshold = 3

Adding Sand to pile
Chose Random (x,y) position on grid
Increment that cell l Z(x,y) —> Z(x,y)+1
Number of sand grains indicated by color
Avalanches
When threshold has been exceeded, an avalanche occurs
If Z(x,y) > 3

Before and After

Domino Effect
Avalanches may propagate

Observances
Transient/stable phase
Progresses towards Critical phase
At which avalanches of all sizes and durations
Critical state was robust
Various initial states. Random, not random, all end up same!
Measured events follow the desired Power Law
Size Distribution of Avalanches
Conclusion
Shortfalls
Does not explain why or how things
self-organize into the critical state
Cannot mathematically prove that
systems follow the power law

Quick Pass #2
Will repeat all ideas presented in detail later……

Evolution Via Self Organization

Self Organized Criticality

Self-Organized Criticality
Per Bak
1948-2002

“Complex behavior in nature reflects the tendency
of large systems with many components to evolve
into a poised, "critical" 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 established solely because of the
dynamical interactions among individual elements
of the system: the critical state is self-organized.
Self-organized criticality is so far the only known
general mechanism to generate complexity.”

Avalanche Behavior
The sand pile builds . . . grain . . . by grain . . .
by grain . . .

by grain . . .

by grain . . .

by grain . . .

by grain . . .

by grain . . .

Building toward the critical state . . .
Where it avalanches
building

building

building

avalanche avalanche avalanche

Avalanche - a large mass of snow, ice, etc., detached from a
mountain slope and sliding or falling suddenly downward.
Avalanche - anything like an avalanche in suddenness and
overwhelming quantity: an avalanche of misfortunes; an avalanche
of fan mail.

Power Law Sand Supply

Now, imagine the sand supply follows a
power law (or is fractal), with different
numbers of grains falling at different times.
Avalanches will follow a power law
distribution.

Earth Temp.
curve over the
past 400,000
years

suggestive?

1929 stock
market crash

1987 stock
market crash
suggestive?

Examples of Extreme
Avalanches
Cascading Power Grids Failures – when a hub is
required to carry more than it is capable of carrying,
and so crashes, leading to the next hub to crash, etc.
North America blackout 1965

North America blackout 2003

suggestive?

Examples of Extreme
Avalanches
Extinctions
8000

Distribution of Geologic Life Spans
of Fossil Genera

Number of Genera

6000

Note that most genera have a life span of 10
million years or less, and that very few
genera survive over 100 million years. This
is a power law relationship.
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Life Span (millions of years)

power laws!!
Are mass extinctions different
from background?
50

Extinction Intensity For
Phanerozoic Genera
In 106 Time Intervals (stages)

Note that the number of large extinctions are
very infrequent. The largest, the Permian, is
the only one of its size. Smaller extinctions—
<10 %—on the other hand, occurred in over 50
separate geological stages.
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Life is a Self Organized Critical
phenomena

Number of Geologic Stages
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Stuart Kauffman

“The critical point is not, as Stuart
Kauffman once described it, “a nice place
to be.”
So “survival of the fittest” does not imply
evolution to a state where everybody is
well off.
On the contrary, individual species are
barely able to hang on - like the grains of
sand in the critical sand pile.”

Systems are always at the critical
point, or if they are not at the critical
point they are evolving toward the
critical point.
That is, the common idea that systems
evolve toward equilibrium is a
misperception of reality.

