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Complexi{y Measures

* Deterministic Complexities:
. Algorithmic Complcxitg: Ko!mogorov, Clﬂai’cin, Solomonoff, Martin-Lof, Levin, ...
A ComPutational Complexi’cg: Blum, Cook, Hartmanis, Karp, ERon %
* Measures of Randomness: Thermodgnamic entro[:)g clensitg, source entropg rate, metric entro[:)g: Boltzmann, Shannon, Kolmorogov, Sinai, ...
. Thermodgnamic dep’ch: PagelsJ Llogd
* Statistical Complexities:
* Randomized (Computational) Com[:)lexitg: CookJ KarpJ
* Information-Theoretic: Entropg convergence & mutual information
® Fxcess Entropgz del Junco, Ralﬁe, Cru‘cchﬁ'eld, Packard, l:eldman, Debowski
* Stored Information: Rothstein, Shaw
* Effective Measure Complexi’cgz Grassberger, Lindgren) Nordahl
* Reduced Renyi Information: SzePFalusg, Gyorgyj, Csordas
. Com[:)lcxity: Bennetixl=n Arnold,
> Regular~l_anguage ComPlexitg: Wolfram
* Structural Complexi’cgz Crutchfield, Feldman, shaliz, Young, Upper
e Logica‘ De[:)th: Bennett
. SoPhistication: A’clan, KOPPCI,
* Effective Complexi’cgz Gell-mann, Llogd,
* Grammatical Complexitgz Auerback, Procaccia, ...

* Coarse-Grained ComPlexitgz Zhang



Coml:)lexit9 Measures ...

* Inference Complexitie:s:
* Minimum Message Length: Boulton, Wallace, ...
* Stochastic/Predictive Complexitg) Minimum Description Lengtlﬁ: Rissanen, Dawid
* Akaike/Boltzmann Information Criterion: Akaike, ...
* €-Machine Reconstruction: Crutchfield, Young
* Bottleneck Complexitg: Bialek, TiShb}j) Neumenen
* Nonconstructive complexities:
. KoimogorowChaitin
. Logical Del:)tlﬂ
- Sophistication
* Thermodgnamie DCPti'l

*



Sgnopsb

® Homework:

Complexi‘cﬂ Measures-—--A bibliogral:)hg

www.santafe.edu/projects/CompMech/tutorials/ComplexityMeasures.pdf



Complex Sgstems = Non*

Nonlinear
Nonstationary
Nonreductionist
Nonequilibrium

NonPertu rbative



What is interesting, motivating, uniquej

ditficult about complex sustems?
Ay

¢ Toravery broad class, one cannot clevelop Preolictive theories: hﬂ > ()

* Over time the sgstems generate Patterns than are not speciﬁed in the

equations of motion

* Must infer from the system itselt how it should be described &

representeci

2 J Discipline-conveﬂtional rePresentations often lead to systems

aPPCBFiﬂg more ranclom ancl more 5truc’tura”9 complex than tlﬁég arc



What is Complex Sgstems Theorg?

Borrows heavilg from
* Statistical Phgsics
- Dgnamical Systems Theorg
. Tlﬁeorg of Computation
* Machine Learning

* Modern Statistics (MaxEnt, Bayes, MDL, Gral:)hical Models, ...)

Does a Theorg of Complex Systems Exist?



s Theorg Cven lmPortant’?

Ascientific Views

* Wolfram: No, it's all a special case that needs subjectivitg at every stage
* Gould historicism: No, it’s Iargelg frozen accidents

* Deconstructionists

Avoidances

* Alreadg have what we need, we simplg need to applg it!

* Math anxiety

* L’)ut‘cerﬂg co”ecting

* What has theorg done for me latelg’? Nothingl ... bias toward experiment



What Kind of Theory for Complex Sgstems?

QComplex Sgstems (truly novel) rec]uire new

scientific metho&ologies

XS ‘ixl:)erimental epistemologg

* Task Phi!osophg to help (can P]’]ilOSOPl’]CFS?)



Kinds of Theorg

* Descriptive: power laws, scaling laws, ...

> Phenomenological Theorg

* Impose observables: modifier genes, morphogenetic fields, ...
* Fower laws,
* Predictive Theorg
* First Principles
* Provide counterfactuals
* Qualitative T]ﬂeorgz symmetries, algebraic & number-theoretic Prol:)erties,
* Formal Tlﬂeorg
. Conceptual hggiene
* Check |ogica| consistency
> lclenthcg tractable Problems
* Explorator9 Theorg
* [nventive: 56|1C~Organizecl Criticalitg, AlChemg
* Narrative Theorg
* Just-50 Story
* It could happen this way (though it needn't)
. Metaphorical Theorg: XisY
* X =culture &V = biological evolution
* X=economy &Y = ecologg
* Simulation?

* |5 simulation theorg? No, methodologica”g & Practica”g akin to experiment



What Kinds of Tixperimcnt for Complex Sgstems’?

* Contrast with conventional:

* Huge amounts of data to do qualitative work
* Examples:

* Brain Imaging (e.g. MEG)

* “SHStem”Jevel Neurophgsiologg

* N vivo Evolutionarg Pol:)u|ation Dynamics
* Gray area between:

+ Simulation and exploratorg theorg builcling



lecorg’s Role at SFI

» What kind of tlicorg 1s S cngagccl in and should sF1 do tlﬂcorg at all?

2 4

* [focus on matlicmatical lounc

ations and new theoretical frameworks

* Mathematical invention must

be a Primarg activitg

* Aid in articulating mathematical work and Prol)lcms that need attention

l:)ﬂ tlwc largcr nonSF! mathematical community

* Must engage the mathematical communitg more activclg

* Provide results that the aPPliccl disciplines use and that are aclaptccl to

their Particular (complicated) sgstcms.

* Goal: Mal<ing the world safe for tlicorg



Theoretical Frontiers

What is information? ... in goocl shape.

nat is structure? ... 1n okag shape.

Fre e meaning’?
hat is function?
hat 1s aclap’tation?

hat is coordination?

AR W e o 5 i

nat are trust ancl reputation?

And how do these arise when theg are not origina”g Present?



Tol:)ical Areas

XS Dgnamics
® Networks
o Statistical Inference

« Theoretical Tools

» Software ‘.ingineering Tools



Dgnamics

Dgnamica] systems & statistical mechanics analgses of:
® | earning

* Aclaptation

* Evolution

* Collectives: Multiagent systems, ...

* Coordination & CooPeration

®...your favorite here ...



Networks

& Structure: Architecture, In goocl shape

* DB namics: Architecture's interaction with

belﬂavior, the frontier

See Complexitg Magazine SPecial Issue on Networks

Fall 2002



Statistical Inference

How to connect complex systems thcorg to experiment?

* Measurement Tlneorg

* Nonlinear l\/\ocleling

. Quanthcging complexitg (estimation of measures)

* Randomness versus structure; stochasticitg versus causalitg

* Information Processing and comPutation

> o



Theoretical Tools

Well established, but requirecl for work in complex systems theorg
» Statistical mechanics
* Phase transitions and critical Phenomena, Ergodic thcorg, Canonical models & Phenomena,

* Nonlinear clgnamics

® Deterministic chaos, BiFurcation/singularitg thcory, Stabilitg/instabilitg measures, ngbolic clgnamics,

® Pattern formation theorg (center manifold theorg)

* Stoclﬁastic processes
* Information and cocling theories

> ComPuta’cion theorg

voo



Software Engineering Tools

* Simulation Plahcorms

* SWARM

* Tierra

2 Analgsis tools
* Visualization
* Database

* Language clevelo[:)ment

> o



Recent nonUS Coml:)lex Sgstems Inttiatives

Novel Computation:

& PBRSRC www.cpsrc.ac.uk/ website/ gow/ Vichanel.ast?PAnellD=§790é'bannerlink%ﬁC:Panel%ZODetails

Complex Networks:

N e ) 25 www.comp.Iceds.ac.uk/seth/cluster/
Biologica”g lnsPirecl 5<~:|1C~Organization In Dgnamical Networks (BISON)

0 (Exgstence: G

Scaling in Social Networks

SN (Exgstence: o5



Discussion please ...
5

This talk at

www.santafe.edu/~chaos/Talks/ CSTheorg Retreat. PCI]C



