CHAOS

FROM THEORY TO APPLICATIONS

ANASTASIOS A. TSONIS

University of Wisconsin at Milwaukee
Milwaukee, Wisconsin

Springer Science+Business Media, LLC



Library of Congress Cataloging-in-Publication Data

Tsonis, Anastasios A.
Chaos : from theory to applications / Anastasios A. Tsonis.
p. cm.
Includes bibliographical references and index.

1. Chaotic behavior in systems.
Q172.5.C45T77 1992
003'.7--dc20 82-24411
CIP

Cover illustration: A painting by the renowned Greek painter Takis Alexiou. It depicts
the order within strange attractors and the randomness they generate.

ISBN 978-1-4613-6482-5 ISBN 978-1-4615-3360-3 (eBook)
DOI 10.1007/978-1-4615-3360-3

© 1992 Springer Science+Business Media New York
Originally published by Plenum Press, New York in 1992
Softcover reprint of the hardcover 1st edition in 1992

All rights reserved

No part of this book may be reproduced, stored in a retrieval system, or transmitted in any
form or by any means, electronic, mechanical, photocopying, microfilming, recording, or
otherwise, without written permission from the Publisher



CONTENTS

PART I NOTES

CHAPTER 1
INTRODUCTION ... ...ttt R 3
CHAPTER 2
MATHEMATICAL NOTES . ... ittt e 7
1. Probability Distributions, Expectations, and Moments ............ 7
2. The Autocorrelation and Spectral Density Functions . .......... .. 8
3. Stability Analysis .. ........... . 17
CHAPTER 3
PHYSICS NOTES . ...ttt e e e 33
1. Conservative versus Dissipative Dynamical Systems ............. 33
2. Integrable and Nonintegrable Dynamical Systems ............... 42
3. Ergodic versus Nonergodic Dynamical Systems ................. 44
4. Autonomous SYStEMS . . .. ...ttt e 45
CHAPTER 4
ONFRACTALS .. ... e e 49
1. Topological, Euclidean, and Fractal Dimensions ................ 49
2. A General Way to Measure the Fractal Dimension .............. 52
3. Some Interesting Properties of Fractal Objects .................. 53
4, “Fractality” in Time Series .............. ... ... ..., 55
5. Power Spectra for Fractional Brownian Motions and the

Exponent H ... ... .. . . . e 60



X CONTENTS

PART II: THEORY
CHAPTER 5
ATTRACTORS . ..\ttt ettt et e 67
1. Strange ATMIactOrs . ...ttt 73
2. Some Other Examples of Dissipative Systems Exhibiting Strange
AHIACIOTS .. ... 78
3. Delineating and Quantifying the Dynamics .................... 83
4. Determining the Various Dimensions and Lyapunov Exponents for a
System of Ordinary Differential Equations ..................... 94
5. Multiple Attractors and Fractal Basins ........................ 97
6. AnObvious Question . ...................... ... 100
CHAPTER 6
BIFURCATIONS AND ROUTESTOCHAOS . ........................ 103
1. Hopf Bifurcation ........... ... . ... ... ... ... .ccciiinn... 103
2. Pitchfork Bifurcation and Period Doubling ..................... 107
3. Hip Bifurcation and Period Doubling . ........................ 115
4. Explosive Bifurcations . .................. .. .. ... 118
5. Fold Bifurcation ............ ... ... ... ... ... ... . ... ... ..., 119
6. Universality and RoutestoChaos ............................ 126
7. The Genesis of a Strange Attractor ........................... 131
8. Chaos: A Synonym of Randomness and Beauty ................ 132
CHAPTER 7
CHAOSELSEWHERE . ... ... ...ttt 137
1. Hamiltonian Chaos ............ ... ... ... ... ... ... ........ 137
2. Quantum Chaos . ............... ... 141
3. Low-Dimensional Chaos in Infinite-Dimensional Systems ........ 142
PART III: APPLICATIONS
CHAPTER 8
RECONSTRUCTION OF DYNAMICS FROM OBSERVABLES ............. 149
1. Phase-Space Reconstruction—Method of Delays .. .............. 149

2. The Choice of 7 . ... .. . . . 151



CONTENTS xi

3. Phase-Space Reconstruction—Singular System Approach ......... 156
4. Estimating Dimensions .............. ... ... ... ... ..., 158
5. How Many Points Are Enough? ............................. 162
6. Distinguishing Chaotic Signals from Nonchaotic or from Random

Fractal Sequences . .............. .. 173
7. Testing for Nonlinearity ................ ... ... ... ... 177
8. Other Approaches to Estimate Dimensions .................... 178
9. Estimating the Lyapunov Exponents from Time Series ........... 179
CHAPTER 9
EVIDENCE OF CHAOS IN “CONTROLLED” AND “UNCONTROLLED”
EXPERIMENTS . ...ttt e i d i 189
1. Chemical Experiments ..................................... 189
2. Nonlinear Electrical Circuits ........... R 193
3. Couette-Taylor System ........... ... .. ... ... .. ... ...... 194
4. Rayleigh-Bénard Convection . ............................... 196
5. Other Experiments .. .................coiiuinininennnnenann. 200
6. Do Low-Dimensional Attractors Exist in “Uncontrolled” Physical

SyStemS? . .. 202
CHAPTER 10
NONLINEAR TIME SERIES FORECASTING .. ..........ccoovuuinn... 213
1. Global and Local Approximations . .......................... 215
2. Examples . . ... 222
3. Input-Output Systems . ................ouiiininin.. 224
4, Neural Networks ......... ... .. .. .. ... .. ... ... .. ........ 226
5. Examples . ... ... 231
6. Using Chaos in Weather Prediction ........................... 235
7. Chaos and NOISE . . ... ...t 238
8. Nonlinear Prediction as a Way of Distinguishing Chaotic Signals

from Random Fractal Sequences ............................. 241
CHAPTER 11
OTHER DEVELOPMENTS AND TRENDS IN THE APPLICATION OF CHAOS 245
1. Shadowing . ........ ... ... ... ... 245
2. Noise Reduction ............ ... ... ... ... .. ... i, 247

3. Statistical Noise Reduction . ... .......... ... ... .. ....... ... 255



xii CONTENTS

4. Some Additional Comments on the Effect of Truncation and

Roundoff Error on Simulated Chaotic Trajectories .............. 256
5. Control of Chaos .............. ... .. ... . .. i 258
REFERENCES . . ...t e e 259




<<
  /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 149
  /ColorImageMinResolutionPolicy /Warning
  /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 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /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 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /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 <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




