Kunihiko Kaneko Ichiro Tsuda

Complex Systems:
Chaos and Beyond

A Constructive Approach
with Applications in Life Sciences

With 111 Figures

/68 Springer



Professor Kunihiko Kaneko Professor Ichiro Tsuda

Department of Pure and Applied Sciences Department of Mathematics
University of Tokyo Graduate School of Science
Komaba, Meguro Hokkaido University
Tokyo 153-8902 Kita-10 jo, Nishi-8 chome
Japan Sapporo 060-0810

Japan

Title of the original Japanese edition:

Fukuzatsukei no kaosu-teki shinario

© 1996, Kunihiko Kaneko and Ichiro Tsuda

English translation © 2000, Kunihiko Kaneko and Ichiro Tsuda

All rights reserved.

The English edition rights are granted by Asakura Publishing Co., Ltd., Tokyo.

Library of Congress Cataloging-in-Publication Data.

Kaneko, Kunihiko. [Fukuzatsukei no kaosu-teki shinario. English] Complex systems : chaos and beyond :
a constructive approach with applications in life sciences / Kunihiko Kaneko, Ichiro Tsuda.

p.cm. Includes bibliographical references and index.

ISBN 978-3-642-63132-0  ISBN 978-3-642-56861-9 (eBook)

DOI 10.1007/978-3-642-56861-9

1. Chaotic behavior in systems. 1. Tsuda, Ichiro, II. Title.

Q172.5.C45 K34 2000 003".857-dc21 00-030752

ISBN 978-3-642-63132-0

Cover picture: Part of a schematic representation of chaotic itinerary. From: K. Kaneko, Diversity Induced
by Chaos. © May 1994, 34, Nikkei-Science, (in Japanese)

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting,
reproduction on microfilm or in any other way, and storage in data banks. Duplication of this publication
or parts thereof is permitted only under the provisions of the German Copyright Law of September 9, 1963,
in its current version, and permission for use must always be obtained from Springer-Verlag. Violations
are liable for prosecution under the German Copyright Law.

© Springer-Verlag Berlin Heidelberg 2001

Originally published by Springer-Verlag Berlin Heidelberg New York in 2001

Softcover reprint of the hardcover 1st edition 2001

The use of general descriptive names, registered names, trademarks, etc. in this publication does not imply,
even in the absence of a specific statement, that such names are exempt from tie relevant protective laws
and regulations and therefore free for general use,

Typesetting: Data conversion by LE-TgX]Jelonek, Schmidt & Viackler GbR, Leipzig
Cover design: design & production, Heidelberg
Printed on acid-free paper  SPIN: 10652079 s55/3141/di 543210



Contents

1. Necessity for a Science of Complex Systems .............. 1
1.1 Introduction .......... ... it 1
1.2 Cha0S. .ottt it i e e e 4
1.3 Chaos and Complexity ...........ccooiiiiiiiiineina.., 8
1.4 How Has Chaos Changed Our Way of Thinking? ........... 11

1.4.1 Dialectic Method to Overcome the Antithesis
Between Determinism and Nondeterminism

or Between Programs and Errors ................... 11
1.4.2 Dialectic Method to Overcome the Antithesis
Between Order and Randomness ................... 12
1.4.3 Beyond the Antithesis Between Reductionism
and Holism ............ .. i, 12
1.5 Dynamic Many-to-Many Relations and Bio-networks........ 13

1.5.1 The Necessity of Dynamic Many-to-Many Relations .. 13
1.5.2 Metabolic Systems, Differentiation, and Development . 15

1.5.3 Ecosystems ..........coiiiiiiiiiiii i, 16
1.5.4 Immune Systems ............ccoiiiiiiiina... 17
16,56 TheBrain ............coiiiiiiiiiiii .. 18
1.5.6 Rugged Landscapes and Their Problems ............ 18
1.5.7 Conclusion ..........couiiiiiiineiiineiinennnn.. 20
1.6 The Construction of an Artificial (Virtual) World........... 21
1.7 A Trigger to Emergence .................. ... .. 24
1.8 Beyond Top-Down Versus Bottom-Up ..................... 26
1.9 Methodology of Study of Complex Systems ................ 28
1.9.1 Constructive Way of Understanding ................ 29
192 Plural Views. . ...t i 30
1.9.3 Mathematical Anatomy ........................... 31
1.9.4 The Problem of Internal Observers ................. 31
2. Observation Problems
from an Information-Theoretical Viewpoint............... 33
2.1 Observation Problems of Chaos .......................... 33

2.2 Undecidability and Entire Description..................... 37



X

Contents

23 ADemonin Chaos ........cooiiiiiiiiiiii i,
2.4 Chaosinthe BZReaction ...............................
2.5 Noise-Induced Order...........................cooi.....
2.6 Could Structural Stability Lead to an Adequate Notion

of aModel? . ...
2.7 Information Theory of Chaos ............................

CMLs: Constructive Approach
to Spatiotemporal Chaos ....................... ... ...
3.1 From a Descriptive to a Constructive Approach
of Nature.......cooiiiiiiii i
3.2 Coupled Map Lattice Approach to Spatiotemporal Chaos. ...
3.2.1 Spatiotemporal Chaos .............. ...l
3.2.2 Introduction to Coupled Map Lattices ..............
3.2.3 Comparison with Other Approaches ................
3.3 Phenomenology of Spatiotemporal Chaos
in the Diffusively Coupled Logistic Lattice .................
3.3.1 Introduction ............ .o,
3.3.2 Frozen Random Patterns and Spatial Bifurcations .. ..
3.3.3 Pattern Selection with Suppression of Chaos .........
3.3.4 Brownian Motion of Chaotic Defects
and Defect Turbulence ............................
3.3.5 Spatiotemporal Intermittency (STI) ................
3.3.6 Stability of Fully Developed Spatiotemporal Chaos
(FDSTC) Sustained by the Supertransients ..........
3.3.7 Traveling Waves............coiiniiiiiiiiinnnnn.
3.3.8 Supertransients ............ ... il
3.4 CML Phenomenology as a Problem of Complex Systems . ...
3.5 Phenonemology in Open-Flow Lattices ....................
3.5.1 Introduction ...............iiiiiiiiiiiiiiit,
3.5.2 Spatial Bifurcation to Down-Flow ..................
3.5.3 Convective Instability and Spatial Amplification
of Fluctuations. ......... .. ..o,
3.5.4 PhaseDiagram............ ... . i it
3.5.5 Spatial Chaos............coiiiiiiiiiiiiiiiiii
3.5.6 Selective Amplification of Input ....................
3.6 Universality ........cootiiiiiireiiniiiiiiiiiiiannn
3.7 Theory for Spatiotemporal Chaos.........................
3.8 Applications of Coupled Map Lattices.....................
3.8.1 Pattern Formation (Spinodal Decomposition) ........
3.8.2 Crystal Growth and Boiling .......................
3.8.3 Convection .........cuuiiiiiiiiii i
3.8.4 Spiral and Traveling Waves in Excitable Media.. ... ...
3.8.5 Cloud Dynamics and Geophysics ...................

47



Contents

3.8.6 Ecological Systems ................ ... ..l
3.8.7 Evolution ...........cooiiiiiiiiiii

Networks of Chaotic Elements ............................
41 GCMModel ...
4.2 Clustering .......oviiiiiiii it e
4.3 Phase Transitions Between Clustering States...............
4.4 Ordered Phase and Cluster Bifurcation....................
4.5 Hierarchical Clustering and Chaotic Itinerancy .............
4.5.1 Partition Complexity ................oiiiiiiiL.
4.5.2 Hierarchical Clustering . ...........................
4.5.3 Hierarchical Dynamics ............................
4.5.4 Chaotic Itinerancy............ ... ..ot
4.6 Marginal Stability and Information Cascade ...............
4.6.1 Marginal Stability ........... ... ...
4.6.2 Information Cascade..............................
4.7 Collective Dynamics ..........oviiiiiiiiiiiniiiiinnnan
4.7.1 Remnant Mean-Field Fluctuation ..................
4.7.2 Hidden Coherence ..............ccoiiiiii ...
4.7.3 Instability of the Fixed Point
of the Perron-Frobenius Operator ..................
4.7.4 Destruction of Hidden Coherence
by Noise and Anomalous Fluctuations ..............
4.7.5 Heterogeneous Systems................ ... .ot
4.7.6 Significance of Collective Dynamics .................
4.8 Universality and Nonuniversality ...................... ...
4.8.1 Universality of Clustering and Other Transitions .....
4.8.2 Globally Coupled Tent Map:
Novelty Within Universality .......................

Significance of Coupled Chaotic Systems
to Biological Networks........... ... ... ... ... . ...
5.1 Relevance of Coupled Maps
to Biological Information Processing ......................
5.2 Application of Coupled Maps to Information Processing ... ..
5.2.1 Memory to Attractor Mapping
and the Switching Process .........................
5.2.2 Chaotic Itinerancy and Spontaneous Recall ..........
5.2.3 Optimization and Search by Spatiotemporal Chaos
as Spatiotemporally Structured Noise ...............
5.2.4 Local-Global Transformation by Traveling Waves —
Information Creation and Transmission
by Chaotic Traveling Waves .......................



XII

Contents

5.2.5 Selective Amplification of Input Signals

by the Unidirectionally Coupled Map Lattice ........ 170
5.3 Information Dynamics of a CML with One-Way Coupling ... 171
5.4 Design of Coupled Maps and Plastic Dynamics............. 175
5.5 Construction of Dynamic Many-to-Many Logic
and Information Processing . ............... ... ... ...... 178
5.6 Implications to Biological Networks ....................... 179
5.6.1 Prototype of Hierarchical Structures ................ 180
5.6.2 Prototype of Diversity and Differentiation ........... 180
5.6.3 Formation and Collapse of Relationships ............ 184
5.6.4 Clustering in Hypercubic Coupled Maps;
Self-organizing Genetic Algorithms ................. 184
5.6.5 Homeochaos ...........ccoiiiiiiniriiiiiinnnn... 186
56.6 Summing Up ..., 189
Chaotic Information Processing in the Brain.............. 191
6.1 Hermeneuticsof the Brain ............................... 191
6.2 A Brief Comment on Hermeneutics
(the Inside and the Outside) .................cooiiia... 194
6.3 A Method for Understanding the Brain and Mind -
Internal Description ......... ... ... oot 195
6.4 Evidence of Chaos in Nervous Systems .................... 196
6.5 The Origin of Neurochaos .............. ... ot 198
6.6 The Implications of Stochastic Renewal of Maps............ 203
6.6.1 ChaoticGame .............coiiivrirrirnnnnnnnn.. 203
6.6.2 Skew-Product Transformations..................... 204
6.7 A Model for Dynamic Memory ............covinvuenn.... 205
6.8 A Model for Dynamically Linking Memories ............... 206
6.9 Significance of Neurochaos............... ...t 212
6.10 Temporal Coding............o it 214
6.11 Capillary Chaos as a Complex Dynamics .................. 219
6.11.1 Significance of Capillary Pulsation
in the Brain Functions ............................ 219
6.11.2 Embedding Theorems............................. 220
6.11.3 Experimental Systems ................. ..., 221
6.11.4 Reconstruction of the Dynamics.................... 222
6.11.5 Calculations of Lyapunov Exponents................ 224
6.11.6 The Condition Dependence ........................ 226
6.11.7 Cardiac Chaos ..........coviiiiniiiiniiiinenn... 230
6.11.8 Information Structure............................. 231

6.11.9 Implications of Capillary Chaos .................... 235



Contents

7. Conversations with Authors ..............................

7.1 Concluding Discussions................c.oiiiiiiiin...

7.2 Questions and ANSWErS........covvviievrerennnnnnnnnnnn..
7.2.1 The Significance of Models

in Complex Systems Research......................

7.2.2 ChaoticItinerancy...............coviviiinneinn...

7.2.3 New Information Theory and Internal Observation ...

References.......... ..o i e

Index . ..o e




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200039002000280039002e0033002e00310029002e000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




