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Limits to what’s possible:
Universality:

 The property that the macroscopic aspects of a system
do not depend sensitively on the system’s details.

 Key figure: Leo Kadanoff

 Kadanoff’s retrospective: “Innovations in Statistics
Physics” [4]

Examples:

 The Central Limit Theorem:𝑃(𝑥; 𝜇, 𝜎)d𝑥 = 1√2𝜋𝜎𝑒−(𝑥−𝜇)2/2𝜎2d𝑥 .
 Navier Stokes equation for fluids.

 Nature of phase transitions in statistical mechanics.
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Universality

 Sometimes details don’t matter too much.
 Many-to-one mapping from micro to macro
 Suggests not all possible behaviors are available

at higher levels of complexity.
 Universality means some things are fated.

Large questions:
 How universal is universality?
 What are the possible long-time states (attractors)

for a universe?
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Fluid mechanics

 Fluid mechanics = One of the great successes of
understanding complex systems.

 Navier-Stokes equations: micro-macro system
evolution.

 The big three: Experiment + Theory + Simulations.
 Works for many very different ‘fluids’:

 the atmosphere,
 oceans,
 blood,
 the earth’s mantle,
 galaxies, …
 and ball bearings on lattices …?
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Lattice gas models
Collision rules in 2-d on a hexagonal lattice:

 Lattice matters …
 No ‘good’ lattice in 3-d.
 Upshot: play with ‘particles’ of a system to obtain

new or specific macro behaviours.
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Hexagons—Honeycomb:

 Orchestrated? Or an accident of bees working
hard?

 See “On Growth and Form” by D’Arcy Wentworth
Thompson. [7, 8]
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Hexagons—Giant’s Causeway:

http://newdesktopwallpapers.info
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Hexagons—Giant’s Causeway:

http://www.physics.utoronto.ca/
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Saturn has a hexagon:

 One side is longer than Earth’s diameter
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Hexagons run amok:

 Graphene: single layer of
carbon molecules in a perfect
hexagonal lattice (super strong).

 Chicken wire …
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Triumph of the Hexagon
From the remarkable Hexnet.org, the Global
Hexagonal Awareness Resource Center.
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Symmetry Breaking

“More is different”
P. W. Anderson,
Science, 177, 393–396, 1972. [1]

 Anderson argues against
idea that the only real
scientists are those working on
the fundamental laws.

 Symmetry breaking → different
laws/rules at different scales …

2006 study: “most creative physicist in the world”
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Symmetry Breaking

“Elementary entities of science X obey the laws of
science Y”

 X
 solid state or

many-body physics
 chemistry

 molecular biology
 cell biology⋮
 psychology
 social sciences

 Y
 elementary particle

physics
 solid state

many-body physics
 chemistry
 molecular biology⋮
 physiology
 psychology
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Symmetry Breaking

Anderson:
 [the more we know about] “fundamental laws, the

less relevance they seem to have to the very real
problems of the rest of science.”

 Scale and complexity thwart the constructionist
hypothesis.

 Accidents of history and path dependence
matter.
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Symmetry Breaking

“Critical Phenomena in Natural
Sciences”
by Didier Sornette (2003). [5]

 Page 291–292 of Sornette [6]:
Renormalization ≡ Anderson’s hierarchy.

 But Anderson’s hierarchy is not a simple one: the
rules change.

 Crucial dichotomy between evolving systems
following stochastic paths that lead to
(a) inevitable or (b) particular destinations (states).
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More is different:

http://xkcd.com/435/
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A real science of complexity:

A real theory of everything anything:
1. Is not just about the ridiculously small stuff …
2. It’s about the increase of complexity

Accidents of history vs. Universality

 Second law of thermodynamics: we’re toast soup
in the long run.1

 So how likely is the local complexification of
structure we enjoy?

 How likely are the Big Transitions?

1But: Gravity. [9]



PoCS
@pocsvox

Why Complexify?

Universality

Symmetry
Breaking

The Big Theory

Midseason Finale

For your
consideration

References

.
.
.
.
.

.
22 of 36

Why complexify?

ESSAY by \1'. Brian Arthur
i

Why Do Things Become More Complex?

F
ifty years ago our technologies.
our organizations and our lives
'\'ere less complicated than to

day. Things were simpler_ Most of us
prize this plainness, this simplidty. Yet
we are fascinated by complexity. Lately
I've been \\'ondering why the simple be
comes complex. Is there a general prin
ciple causing things to get more com·
plicated as time passes? Is complexity
useful?

One good place to look for answers to
these questions is the history of tech
nology. The original turbojet engine, de
signed by Frank Whittle in the early
1930s, was beautifulJy simple. The idea
was to propel aircraft by a jet of high
speed air. To do this, the engine took in
air, pumped up its pressure by a com
pressor and ignited fuel in it. It passed
the eA'PIOding n1i>:ture through a tur
bine to drive the compressor, releasing it
througb an exhaust nozzle at high speed
to prol1de thrust. The original prototype
worked well with just one moving part,
the compressor-turbine combination.

Yet over the years, jet engines stead
ily become more complicated. Why?
Comrnerdal and military interests e..\:ert
constant pressure to overcome limits
imposed by eA'treme stresses and tem
peratures and to handle e.,ceptional sit
uations. Sometimes these improvements
are achieved by using better materials,
more often by adding a subsystem. And
so, over time, jet designers achieve high
er air pressures by using not one but an
assembly of many compressors. They
increase effidency by a guide-vane con
trol system that admits more air at high
er altitudes and velocities and prevents
engine stalhng. They increase combus
tion temperatures, then cool the white
hot turbine blades by a system that cir
culates air inside them. Ther add bleed
valve systems, afterburner 'assemblies,
fire-detection systems, fuel-control sys
tems, deidng assemblies.

But all these additions require subsys
tems to monitor and control them and
to enhance their performance when they
run into limitations. These subsystems
in turn require subsubsystems to en
hance their performance. .till this indeed
improves performance-today's jet en
gine is 30 to .50 times more powerful
than Whittle's. But it ends up encrust
ing the original simple system with sub
system upon subsystem and subassern-

92 SCIENTITlC AMEJuc."", May 1993

bly upon subassembly in a I·aslly com
plicated array of intercormected mod
ules and parts, Modern engines have
up"·ards of 22,000 parts.

There's nothing wrong with this in

crease in comple.\.ity. We can admire it.
On the outside, jet engines are sleek
and lean; on the inside, complex and
sophisticated. In nature, higher organ
isms are this way, too. On the outside,
a cheetah is powerful and fast; on the
inside, even more complicated than a
jet engine. A cheetah, 100, has temper
ature-regulating systems, sensing sys
tems, control functions, maintenance
functions-all embodied in a complex
assembly of organs, cells and organ
elles, modulated not by machinery and
electronics but by interconnected net
works of chemical and neurological
pathways. The steady pressure of com
petition causes evolution to "disco\'ern

new fWlctions occasionally that push
out performance limits. There's some
thing wonderful about this-about how,
over eons, a cheetah forms from its sim
ple multicellular ancestors.

B
ut sometimes the results of grow
ing comple..\.ity are not so stream
lined. For example, 60 years ago

in most universities, bringing in and
managing research grants might have
occupied only a few people. These func
tions now require a development de
partment, legal department, sponsored
projects office, dean-or-research office,
grants accounting department, bud
get-control office, naval research of
fice, technology licensing office. In part,
such growth is necessary because the
research-grant world itself is more com
plicated (and so complexity engenders
further complexity). But often, new bu
reaucratic offices and departments be
come entrenched because the career in
terests they create overpower any eA1er·
nal competitive forces that might pare
them away, In 1896 my O\\ll university,
Stanford, had only 12 administrators. It
is still leaner than most, yet now it has
more administrators than the British
had rurming India in the 1830s.

It's that way \\~th our lives, too. As we
become better off, we gain more ways
to squeeze more performance from
our limited time. We acquire a car, pro
fession, house, computers, fimess pro
grams. pets, a pool, a second car. Fine.

But all these bring "ith them main
tenance, repairs, appointments, obliga

tions-a thousand subactilities to keep
them going. In this case again. the m·er
all result is increased complexity of de
batable effectiveness.

So in answer to the original question,
I belie\'e there is a general la\\": com
ple.\:ity tends to increase as functions
and modifications are added to a sys
tem to break through limitations, han
dle exceptional circumstances or adapt
to a world itself more comple.". This ap
plies, if you think about it, not just to

technologies and biological organisms
but also to legal systems, ta" codes, sd
entific theories, even successive releas
es of software programs. Where forces
e..\.i.st to weed out useless functions, in
creasing complexity delivers a smooth,
efficient machine. Where they do not, it
merely encwnbe:-s.

But. interestinglYl even when a s)'s
tern gets lumbered dmm ',ith compli
cations, there is hope. Sooner or later a
ne\,' simplifying conception is discov
ered that cuts at the root idea behind
the old system and replaces it. Coper
nicus's dazzlingly simple astronomical
system, based on a heliocenttic uni

verse, replaced the bopelessly compli
cated Ptolemaic system. Whittle's jet en
gine, ironically, replaced the incurably

complicated piston aeroengine of the
1930s before it also became complex.
And so growing comple."';ty is often fol
lowed by renewed simplicity in a slow
back-and-forth dance, "ith complication
usually gaining a net edge over time.

The writer Peter Matthiessen once
said, "The secret of well-being is sim
plicity." True. Yet the secrel of evo
lution is the continual emergence of
complexity. Simplicity brings a spare
ness, a grit; it cuts the fat. Yet com
ple."';ty makes organisms like us possi
ble in the first place. Complexity is in
deed a marvel v..-hen it evolves naturally
and delivers pov\lerful performance.
But when we seek it as an end or al
low it to go unchecked, it merelv ham
pers. It is then that we need to discover
the ne"· modes, the bold strokes, thaI
bring fresh simplicity to our organiza
tions, our teclmology, our government,
our lives.

W BRl4N ARTHUR is Monison Pm·
fessor ofEcal10mics at Stanford and ex
ternal professor ar the Santa Fe 1nsri
rute, where he invesO"gates the econo
m)' as an evolving, complex sysrem.

i

I'

I

!
\

“Why do things become more complex?”
W. Brian Arthur,
Scientific American, 268, 92, 1993. [2]

 Argues that evolution toward increased
performance brings a ratcheting cycle of
complexification and simplification.

 Jet engine replaced the complex piston engine and
then itself became more complex.

 Complexification ≡ evolution of algorithms?
 Differential equations and stories ⊂ Algorithms.
 Life is a loaded word: The Search for

Extraterrestrial Algorithms (SETA)?
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Why complexify?

Driving complexity’s trajectory:
 Big Bang
 Randomness leads to replicating structures;
 Biological evolution;
 Sociocultural evolution;
 Technological evolution;
 Sociotechnological evolution.
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Freeman Dyson’s of West’s “Scale”: [3]

The Key to Everything (nybooks.com)

“The astronomer Fang Lizhi published with his wife, Li
Shuxian, a popular book, Creation of the Universe (1989),
which includes the best explanation that I have seen of the
paradox of order and disorder.
The explanation lies in the peculiar behavior of gravity in
the physical world. On the balance sheet of energy
accounting, gravitational energy is a deficit.
When you are close to a massive object, your gravitational
energy is minus the amount of energy it would take to get
away from the mass all the way to infinity.
When you walk up a hill on the earth, your gravitational
energy is becoming less negative, but never gets up to zero.
Any object whose motions are dominated by gravity will
have energy decreasing as temperature increases and
energy increasing as temperature decreases.”
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Dyson:
“As a consequence of the second law of thermodynamics,
when energy flows from one such object to another, the hot
object will grow hotter and the cold object will grow colder.
That is why the sun grew hotter and the planets grew cooler
as the solar system evolved.
In every situation where gravity is dominant, the second law
causes local contrasts to increase together with entropy.
This is true for astronomical objects like the sun, and also
for large terrestrial objects such as thunderstorms and
hurricanes.
The diversity of astronomical and terrestrial objects,
including living creatures, tends to increase with time, in
spite of the second law.
The evolution of natural ecologies and of human societies is
a part of this pattern. West is evidently unaware of Fang
and Li’s insight.”

Note: Unfortunately, Dyson takes the (disastrously wrong)
biological scaling stuff as being sorted.
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“Creation of the Universe”
by Zhi and Xian (1989). [9]
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Complexification—the Big Transitions:

 Big Bang.
 Big Random-

ness.
 Big

Structure.
 Big

Replicate.
 Big Life.
 Big Evolve.

 Big Word.
 Big Story.
 Big

Number.
 Big Farm.
 Big God.
 Big Make.
 Big City.
 Big Culture.

 Big Science.
 Big Data.
 Big Information.
 Big Algorithm.
 Big Connection.
 Big Social.
 Big Awareness.
 Big Spread.
 Big …?
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The absolute basics:

Modern basic science in three steps:

1. Find interesting/meaningful/important phenomena,
optionally involving spectacular amounts of data.

2. Taste matters. Develop taste in research.

3. Describe what you see.

4. Explain it.

Unlocks our (limited) ability to: Create, predict, and control.

And be good people: Share.

Beware your assumptions: Don’t use tools/models because
they’re there, or because everyone else does …
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This is a thing that could be next:

Principles of Complex Systems, Vol. 2
Once was CocoNuTs:
The PoCS strikes
back

CSYS/MATH 303:
Complex
Networks
@networksvox
@storyologyvox

 Branching networks (rivers, cardiovascular
systems).

 The Church of Quarterology.

 Optimal (re)distribution networks (hospitals,
coffee shops, airlines, post, Internet).

 Structure detection for complex systems.

 Moar Contagion.

 Random networks-arama.

 Distributed Search.

 Organizational networks.

 Deeper investigations of scale-free networks.
Eh.

 and more …



PoCS
@pocsvox

Why Complexify?

Universality

Symmetry
Breaking

The Big Theory

Midseason Finale

For your
consideration

References

.
.
.
.
.

.
32 of 36

This is also part of a thing that could be
next:
Principles of Complex Systems, Vol. 2
Storyology
Episode VI:
PoCS with ewoks

CSYS/MATH ???:
@storyologyvox

 Exploring texts of all kinds, centrality of stories.

 News, social media, fiction, Twitter.

 Dark arts of text parsing, cleaning, regular
expression.

 Measuring happiness and sadness through
text.

 Measuring and understanding cultural
evolution through texts: legal and government
texts, music lyrics, news.

 Structure, dynamics, and evolution of stories.

 Possible expansion to other storytelling
realms: Music, images, audio, video, sports,
games.
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