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Big Theorg

® f’)ig Data s Not Enough

* Biglronis Not Enough
* Theory’s Role

* Automating Science”
* Pattern Discovery

° Sensory Immersive Mathematics
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Whg We Must Compute |

Fundamental science:

r—t

® “‘mergent structures

+ Nature SPOﬂtaﬂCOUSIfj organizes
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.:mergent structures

=

- .__ngineered sgstems also spontaneously

organize
* Internet route ﬂaPPing

Power-law Internet organization

Financial markets crash

Power gricls fail spectacularlg

Social Pattem formation on the web
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Consequence

o Fach sgstem needs its own function basis

2S 'f:mergent structures not given clirectly bg the

goveming equations of motion

* We must comPute to explore t]’we Possible
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Whg we must compute ]




Pierre Simon de Laplace, Calculus of Probabilities (1776) .

* Determinism:

«

it we conceive of an inte”igence which at a given instant

comprehenc}s all the relations of the entities of this universe, it could state the

respective Positions, motions, and general affects of all these entities at any

time in the Past or future.”

* A Paracligm: “Phgsical astronomy, the branch of knowleclge which does the
greatest honor to the human mind, gjves us an idea, albeit iml:)erwcect, of what
such an inte”igence would be.”

® lgnorance: “So it is that we owe to the weakness of the human mind one of the

most delicate and Ingenious of mathematical tl’ueories) the science of chance or

Probabilitg.”
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Pierre Simon de Laplace, Caleulus of Probabilities (1776).

* Determinism: ... if we conceive of an inte”igence which at a given instant
comprehenc}s all the relations of the entities of this universe, it could state the
respective Positions, motions, and general affects of all these entities at any
time in the past or future.”

* A Paracligm: “Phgsical astronomy, the branch of knowleclge which does the
greatest honor to the human mind, gjves us an idea, albeit iml:)erwcect, of what
such an inte”igence would be.”

® lgnorance: “So it is that we owe to the weakness of the human mind one of the
most delicate and Ingenious of mathematical tl’ueories) the science of chance or

Probabilitg.”

Deterministic chaos: “... it may haPPen that small differences in the initial
conditions Produce very great ones in the final Phenomena. A small error in the
former will Produce an enormous error in the latter. Prediction becomes
imPossible

Henri Poincaré, Les Methodes Nouvelles de |a Mecanique Celeste (1892).

— _— = = — - —— i

Tuesday, September 11, 12



fixPonential Increase in Prediction Resources

a5

- Measurements| o< e

Accuracy o< e” =

Compute time| < €

[l Prediction Horizon T
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Consequence

No short cuts!

No closed-form solutions

No coml:)utational speed~ups

We must compute full trajectorg
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Why We Must Compute

* Comouting 55 response:

)

* .__.mergent organization

> Unpreclictabilit9
o Limited epis’temologg
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Consequence

ES Computationalists will be employecl

(Wejust Prove& guaraﬂteed emPlogment.)
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The Big Iron l:a”acg

Build it and theg will make progress
* Wrong!
Macl‘xines as Powemcul as many natural sgstems

* Thus, using computing to “understand’

natural processes begs the scientific question.

o The simulations are as complex as reality.

Need: Tools for understancling.
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The Big Iron l:a”acg

Build it and theg will make progress
* Wrong!
Macl‘xines as Powemcul as many natural sgstems

* Thus, using computing to “understand’

natural processes begs the scientific question.

o The simulations are as complex as reality.

Need: Tools for understancling.

Ditto Big Yk
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Frontiers I: Artificial Science
* A theorg of theorg builcling:

® Process of mocleling the order that lies
between LaPIaCian determinism and
statistics
* Direct coml:)utational support of theorg
building

* No alternative: Too nonlinear, too complex,

too much clata, too many Probes
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Artificial Particle Phgsics
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Time

99

Automated Discoverg of
Hidden Structure

|

Site

2

86
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Architecture of the Discovery Engine

(A in DCLJ
Logic Flow
l ; FME-Inconclusive
( awaiting-ces ) (CTontract Inconclulswe) [ (Not Domain) J
Countere>v<ample Spectrum Contraction ( ' T )_, Direct FME
Search T Analyzer T (Entropy reduction) el Invariance Test

_’( ces-Inconclusive ) l

A / ' ' ( perioéj-found )
(disproved-by-ces) Cdisproved-contraction) ( disproved-hmu ) l
( Expanding J (Contracting] ( Domain J
2AGNENE Database Server g ac;c;ntrol Database
(pattern.sr':mtafe.edu) S (PostgreSQL)
Linux'CIuster Client P'rograms
(coyote.santafe.edu) (CES, Entropy, dfmec)
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Automated Discoverg of
Hidden Structure

ECA 22: Table of a Million Theorems

States n-DCL ECA 22 Nonexpanding n-DCL
n Size Number Contracting Domains
1 3 2 OZ G
2 7 2 (oo NSt EL
3 78 0
4 1,388 2 /\8, i (DGR
5 35,186 5 ((11)(11 4+ 01)*(10) 4+ 00)*

(AR (0 0= 15 (A COOERL ) N0 ) )
Q0% R e 00 o R 6] 9 e | W 60 B 61
(LCOI3@e = 1)) [ (60 ) o0l
({0 HaE (15500 A=00N. 1 TO0EE0]):

6 153182613 268 267 A9

QED
Two years ago: Estimated compute time ~ 5 Beowulf years!
One year ago, (first) proof took ~ 1 week: speed ~ 7000 tph.

Proof now takes ~ several hours: speed ~ 106 tph!
> X 4
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Automated Discoverg of
Hidden Structure

ECA 22’'s Particle Catalog
Domains Process Language
AV /\O =000

/\O = (1110 + 0000)*
A1 o*
N2 (01)*
N3 (0011)*
Particles Wedges
o /\O OOlA/\O
/\?A,llllB//\O
5} /\O 01,4/\O
1103//\
/\8 OOlB//\é
Interactlons
a+aoa— 0
o =
o+ 6 T /\a Bgas
B a —[gas
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Frontiers |l

Tools of Discoverg

« Nature of complex sgstems & human Percel:)tion

. + Howto clesign tools that aid pattern Aiscoverg?

o Towards a Cognitive f

I e e g Y e T e R o e O o L e R ——
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The Holodeck is Here!
Keck CAVES

* Sensorg Immersive Environment
¢ 10x10’x8 Room

o Three Walls + Floor:

Fach a stereoscol:)ic

Projection screen

o5 B 2

S500K$

http: 7 keckcaves.org/

Tuesday, September 11, 12 22


http://keckcaves.ucdavis.edu
http://keckcaves.ucdavis.edu

Interactive Protein Design
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Deterministic Chaos




The Macroscol:)e

* OPen Source/DIY
 COTS
* 5K$
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Asgm Ptopia




Closing Remarks

| + Nature ancl our CIGSigﬂCCl WOf’lCl arc complex

2 ComPuti

_' * Our (col

Practice s out of date: Positivclg l 9th century

ng, has been and is a consequence

ective) view of modern scientific

~ * Response: Fattern Discovery
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Whg we must compute ]

o Fundamental Mathematics: Intrinsic Randomness
* Nonlinear clgnamical sgstems [Kolmogorov 1958];
+ Chaotic systems: Shannon entropy hy, > 0
* Kolmogorov{jwaitin [1963] complexi‘cﬂ of Data:
* Size of shortest Turing Machine Program to
Precﬂict Data
» ke complexitg = Shannon entropy [Brudno 1978] :

Program| oc ¢/+Patal

Tuesday, September 11, 12
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Frontiers |l: Pattern Discoverg

1

+ Human Perception as a communication channel

¢

_ Match vast output to human Perccptual oanclwiclt]ﬁ
; Stuclg human (multimoclab Pcrce]:)tion and
conceptualization to match bandwidth

1 e Computing Psgchop]ﬁgsics: Ee, browser brought
" constellation of existing Capabilities within human
attention span.

> Beyoncl Presentation to interaction: Feedback
channel
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Baconian Science Algorithm
[ Select Domain ]

}

H 3Pothcsize: H

- J

¥

& D)

Test: R

- J

v
Refine: H « AR—-T)

\_ J

-




Baconian Science Algorithm
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Consequence

S ngbolic mathematics is Funclamentang
imited [Chaitin]

* We must coml:)ute to know
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Complex Systems 1 (1987) 417-452

Equations of Motion from a Data Series’

James P. Crutchfield
Bruce S. McNamara'

Physics Department, University of California,
Berkeley, CA 94720, USA

Abstract. Temporal pattern learning, control and prediction, and
chaotic data analysis share a common problem: deducing optimal
equations of motion from observations of time-dependent behavior.
Each desires to obtain models of the physical world from limited in-
formation. We describe a method to reconstruct the deterministic
portion of the equations of motion directly from a data series. These
equations of motion represent a vast reduction of a chaotic data set’s
observed complexity to a compact, algorithmic specification. This
approach employs an informational measure of model optimality to
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