Handbook of Blind
Source Separation

Independent Component
Analysis and Applications

Edited by P. Comon and C. Jutten

STERDAM + BOSTON « HEIDELBERG * LONDON * NEW YORK « OXFORD
ARIS ¢ SAN DIEGO * SAN FRANCISCO ¢ SINGAPORE * SYDNEY * TOKYO
ELSEVIER Academic Press is an imprint of Elsevier



Contents

ADBout the editors. ... ...oieiii e XIX
S 21 T PRI xx1
(01156 10103 o I U XX111
CHAPTER 1 Introduction..........cccoviiiiiiiiiiiiiiiiieeeiieneeeeeas 1
1.1 Genesis of blind source separation.............cocoeeiiiiiiiiL, 1

1.1.1 A biological problem...........ooooiviiiiii 3

1.1.2 Contextual difficulties..........cooviiiiiiiiiiiiiiinn, 6

1.1.3 A few historical NOtes ....covvviiiriiiiiii i, 7

1.2 Problem formalization.......ccovvuiiiiiiiiii i it 10

1.2.1 Invertible MIXtUIes ..covvvvviriiiiie it i eieenns 11

1.2.2 Underdetermined mIXtUIeS ......c.vvverreeeinreeeireeeennnnnn. 11

1.3 Source separation methods ..o 11

1.3.1 Independent component analysis .............cocoeuivinnannn. 12

1.3.2 Non-temporally iid sources............cooveiiiiininn... 12

1.3.3 Other approaches............cooiviiiiiiiiii, 13

1.4 Spatial whitening, noise reduction and PCA ........................ 13

1.5 Applications ....c.cvvviinineiiiiiii 15

1.6 Content of the handbook ........cccooviiiiiiii 15
REfErENCES. .ot 19

CHAPTER 2 Information..........cccvviiiiiiiiiiiirrinine e rnnnanes 23
20 I Fo15de T L1 1ot 5 T} s N 23

2.2 Methods based on mutual information.................coiiiii 24

2.2.1 Mutual information between random vectors ............... 24

2.2.2 The mixing model and separation criterion.................. 25

2.2.3 Empirical criteria and entropy estimators.................... 26

2.2.4 Computation of entropy estimators ...............ocuevuernn. 29

2.2.5 Minimization of the empirical criteria........................ 32

2.2.6 Statistical performance .............cooiiiiii 39

2.3 Methods based on mutual information rate............ccoeveennen... 45

2.3.1 Entropy and mutual information rate ........................ 45

G T O o1 5 - 1 £ S 48

2.3.3 Estimation and Separation ...........ccoeveveieiienininininn., 53



vi

Contents

24

CHAPTER 3
3.1

3.2
3.3

34

3.5

3.6
3.7

CHAPTER 4

4.1
4.2

4.3

Conclusion and perspectives ............ocovuiuiiiiiinininiiiineninnn. 61
RETEIBNCES. .. e 62
03111 2 £ PP 65
TNErOdUCHION «.vviieee it e 65
3.1.1 Model and notation .......covieviiiiriiiiniiiie i, 66
3.1.2 Principle of contrast functions ..............cooeiiian. 66
3.1.3 Bibliographical remarks.............c.oooiiii 67
CUMUIANTS ettt et et eeeeeeeaeenes 67
MISO CONELASLS 1 vvvttttineeeetieireeeeeaiireeeeeaaanneeeeenannaeees 69
3.3.1 MISO contrasts for StatiC MIXtULES.....evveeerrenrrenreeananns 69
3.3.2 Deflation principle .....ccc.ovviiiiiniiiiiiii 71
3.3.3 MISO contrasts for convolutive mixtures .................... 72
MIMO contrasts for Static MIXLULES ..uvveereereeneenneeneeeneennes 78
3.4.1 IntroducCtion.......ooveiuieiiiiiiii it eeiiiaaens 78
3.4.2 Contrasts for MIMO static MiXtures .........oeeeeeeeeennen. 79
3.4.3 Contrasts and joint diagonalization........................... 87
3.4.4 Non-symmetric CONTIASLS «..vuvurnrrrireeereneranrnaaraeanesns 89
3.4.5 Contrasts with reference signals............................... 90
MIMO contrasts for dynamic mixtures .........c..coceeveieiiininnnn. 92
3.5.1 Space-time whitening..........c.cooviviviiiiiiiniiii.. 92
3.5.2 Contrasts for MIMO convolutive mixtures .................. 93
3.5.3 Contrasts and joint diagonalization........................... 95
3.5.4 Non-Symmetric CONLIASLS .uvvuinereeerirerinererenanienens. 99
Constructing other contrast criteria.........oevvieivieiieinn... 101
CONCIUSION . . vttt ettt 102
ReEfErENCES. . it 103
Likelihood.........ccccvvennnne e rveeetreseeeenaneranneens 107
Introduction: Models and likelithood .......ccooiiiiiiiiiiiiee, 107
Transformation model and equivariance ....................ooeni. 109
4.2.1 Transformation likelthood...........coooiiiiiiiiiiiinet, 110
4.2.2 Transformation contrast .........cooeveeirieniieriinneennnenn. 111
4.2.3 Relative variations ....oovveireeiiiiiiireeiiiiieeeeeaainnenns 111
4.2.4 The 1id Gaussian model and decorrelation ................... 113
4.2.5 Equivariant estimators and uniform performance........... 115
42,6 SUMMATY ..oviriiiiniii i e 116
Independence .........cccocoiiiiiiiiiiiiii 116
4.3.1 Score function and estimating equations ..................... 117
4.3.2 Mutual information ........ooviiiiiiiiiiiii e 118
4.3.3 Mutual information, correlationand. .. .............ooneel. 119

434 SUMMALY .oviitiiiiii e 121



44

4.5

4.6

4.7

4.8

4.9

CHAPTER 5
5.1

5.2

Contents

Identifiability, stability, performance...........c.c.oooiviiiinnit. 122
4.4.1 Elements of asymptotic analysis................cooveiiinn. 123
4.4.2 Fisher information matrix ...........coeveinininininnininina.. 125
4.4.3 Blind identifiability ... 126
4.4.4 Asymptotic performance ..........cocveveiiiiininiiinenennenes 126
4.4.5 When the source model is wrong ................ooill 127
4.4.6 Relative gradient and natural gradient ........................ 130
4.4.7 SUMMArY ..oovvviiiii 130
Non-Gaussian models.........cooiiiiiiiiiiiiiiiiiiiiiiiiiiens 131
4.5.1 The likelihood contrast in iidd models......................... 131
4.5.2 Score functions and estimating equations .................... 132
4.5.3 Gaussianity INdeX ....o.ooiiiiiiiiiitii i 132
4.5.4 Cramér-Raobound ..........c.ooiiiiii 133
4.5.5 Asymptotic performance ...........cocoeiiiiiiiiiiiiiiiiinan. 133
4.5.6 Adaptive SCOTES ...uiviiiiiiieit i 134
4.5.7 Algorithms ........oooiiiiiiiiiiiii 135
Gaussian models..........coooiiiiiiiiiiiii 136
4.6.1 Diagonal Gaussian models................c.cool 136
4.6.2 Fisher information and diversity ............c.oooveieiiiinit. 137
4.6.3  GaussIan CONLIASLS «.uvvvrvrtneinintinintinieineeeniiaeneanes 138
4.6.4 In practice: Localized Gaussian models....................... 140
4.6.5 Choosing the diagonalizing transform........................ 141
Noisy models .......oooviiiii 142
4.7.1 Source estimation from nOisy mMIXtUures ...................... 142
4.7.2 Noisy likelihood for localized Gaussian models.............. 143
4.7.3 Noisy likelihood and hidden variables........................ 144
Conclusion: A general VIEW ........couiiiiiiiiiiiniiiiiiiiininnns 148
4.8.1 UNILY ©euntiniiiiii i e 148
4.8.2 DIVEISILY . .uuiiiiitiii it 149
Appendix: Proofs........coooiiiiiiiiiii 152
References........oooviiiiii 153
Algebraic methods after prewhitening.................... 155
INErodUCHION «.vvvvinini i 155
5.1.1 Multilinear algebra .........cooviiiiiiiiiiiiiiiii, 155
5.1.2 Higher-order statisStiCs .......coeverririreniniinneneenenenennn. 156
5.1.3 JacObi Iteration....o.euerueiniint et et et aitertaarennannaanenns 159
Independent component analysis ...........c.coeeiiiiiiinininininnn. 161
5.2.1 Algebraic formulation.............coiiiiiiiiiiiiiii 161
5.2.2 Step 1: Prewhitening .........c.ccoveiiiiiiiiiiiinnniiinn. 163

5.2.3 Step 2: Fixing the rotational degrees of freedom using the
higher-order cumulant ... 164

vii



viii

Contents

5.3

5.4

5.5
5.6

CHAPTER 6

6.1
6.2
6.3

6.4

6.5
6.6

6.7

6.8
6.9

Diagonalization in least squares sense ............ccocveviiinineinnne. 165
5.3.1 Third-order real case........ocvvvriuiniiiiiiiiiiiinne, 167
5.3.2 Third-order complex case ...........coeuiviiiinininiiiiinnne. 168
5.3.3 Fourth-orderreal case ..........ocooiiiiiiiiiiiiin. 169
5.3.4 Fourth-order complex case ..........c.cooviiiniiiin. 170
Simultaneous diagonalization of matrix slices .....................e. 170
541 Realcase ...ooeiniiiiiiiiii i 173
542 Complex Case .....ccvviiieiiiiiiiiiiiiiiii 173
Simultaneous diagonalization of third-order tensor slices .......... 174
Maximization of the tensor trace .........c.cooveieinininnininiine. 174
References.... ... 175
lterative algorithms ........ rerevarararerararererarasenaans 179
INErOAUCEION ..\vuinttnit ettt 179
Model and goal «..ocvveininiiiiiiiii 180
Contrast functions for iterative BSS/ICA.................oooenn. 181
6.3.1 Information-theoretic CONErasts ...........cccovuevinininnnnn. 181
6.3.2 Cumulant-based approximations...............coceeeiuinnnnn. 182
6.3.3 Contrasts for source extraction..............cocueuviiruennen. 184
6.3.4 Nonlinear function approximations .......................... 185
Iterative search algorithms: Generalities...................o.oonie. 186
6.4.1 Batchmethods .......cocoiiiiiiiii 186
6.4.2 Stochastic Optimization ............ccc.oeuvviiiiniiiiniininn.n. 189
6.4.3 Batch or adaptive estimates? ...............ooo, 191
Iterative whitening ...........ocoooiiiiiiiiiiii 192
Classical adaptive algorithms ..., 193
6.6.1 Heérault-Jutten algorithm .................o 193
6.6.2 Self-normalized networks...........cooeviviiiiiiiniinie. 194
6.6.3 Adaptive algorithms based on contrasts ...................... 195
6.6.4 Adaptive algorithms based on centroids...................... 198
Relative (natural) gradient techniques ................ooooil, 199
6.7.1 Relative gradient and serial updating ......................... 199
6.7.2 Adaptive algorithms based on the relative gradient.......... 201
6.7.3 Likelihood maximization with the relative gradient ........ 202
Adapting the nonlinearities...........ccoviieiiiiiiiii.. 203
Tterative algorithms based on deflation .................cooinl, 205
6.9.1 Adaptive deflation algorithm by Delfosse and Loubaton ... 205
6.9.2 Regression-based deflation ...l 207

6.9.3 Deflationary orthogonalization ...............ocooiiinn. 207



6.10

6.11

6.12

CHAPTER 7

7.1
7.2

7.3

1.4

1.5

7.6

CHAPTER 8
8.1

Contents

The FastICA algorithm .......cocoiiiiiiii 208
6.10.1 Introduction.........covueieieieinerininiiiine e, 208
6.10.2 Implicit adaptation of the contrast in FastICA .............. 209
6.10.3 Derivation of FastICA as a Newton iteration................ 209
6.10.4 Connection with gradient methods........................... 211
6.10.5 Convergence of FastICA ..........c.cociiiiiiiiiiiininnee. 212
6.10.6 FastICA using cumulants ...........coeveviieininiiininnea... 213
6.10.7 Variants of FastICA .........ccoviiiiiiiiiiiiiiiiiiiieines 214

Iterative algorithms with optimal step size.................c.ooiiee. 216
6.11.1 Optimizing the Step S1Z€ «.....coeveieiuiiiiiiiiiiiiiananen. 216
6.11.2 The RobustICA algorithm ..o, 217

Summary, conclusions and outlook ................co 220

References. .. ... 221

Second-order methods based on color................... 2217

INErOdUCHION ..vteninii it 227

WSS ProCesses ....ovviviiuiiniiniiii i 228

7.2.1 Parametric WSS processes. ... ...oueeuiieiuineiineiininanens 230

Problem formulation, identifiability and bounds ................... 232

7.3.1 Indeterminacies and identifiability ............c.c.coeiiinie. 233

7.3.2 Performance measures and bounds............................ 237

Separation based on joint diagonalization.................c....c.... 245

7.4.1 On exact and approximate joint diagonalization ............ 246

7.4.2 The first JD-based method ..............ccooviiiiiiiiiiiinis 251

7.4.3 AMUSE and its modified versions ............c.c.ceeuennn... 251

7.4.4 SOBI, TDSEP and modified versions.........ooeeeeeueeenn... 253

Separation based on maximum likelihood .......................... 260

7.5.1 The QML approach .......cccocviiiiiiiiiiiin . 261

7.5.2 The EML approach.............ooooiiiiiiii . 266

7.53 The GMIapproach .......ccoeveviiiiiiiiiiiiiiiiin, 268

Additional 1SSUES. ....o.vuininiiiii i 270

7.6.1 The effect of additive noise ...........coceeeiieiiiiiiinn... 270

7.6.2 Non-stationary sources, time-varying mixtures.............. 273

7.6.3 Complex-valued sources ........covviiiiiinniiiiiiinin.. 275

RefereNCeS. .. .o 276

Convolutive mixtures............coceiiiiiiiiiniinininnnans 281

Introduction and mixture model..................oooiiiiiiiii. 281

8.1.1 Model and notations ............ccveviiiinininiininianannnen 281

8.1.2 Chapter Organization..........c.eueeueuenererenrenenenenanannen 282



X

Contents

8.2

8.3

8.4

8.5

8.6

CHAPTER 9

9.1
9.2

9.3

9.4

9.5

Invertibility of convolutive MIMO mixtures ............c.c.o.uenee. 283
8.2.1 General results ..........coiviiiiiiiiiiiii i 284
8.2.2 FIR systems and polynomial matrices ............c.coeuuenene. 285
ASSUMPLIONS + .. uininenii ettt ettt eie e n 287
8.3.1 Fundamental assumptions ..........c..coeveuinininneninenenne. 287
8.3.2 Indeterminacies ........o.eereineeinianneeaneeiieineeiiinneens 288
8.3.3 Linear and nonlinear SOUICES ........oovvirvieriiiniinniinnnnns 289
8.3.4 Separation condition ..........cocveiiiiiiiiiiiiiiia 291
Joint separating methods .................o 292
8.4.1 WHhItening ....ovvvvviiinin it 292
8.4.2 Time domain approaches ............c.coviiiiniiiininn.e. 294
8.4.3 Frequency domain approaches ..................... 298
Tterative and deflation methods ..................coclL 301
8.5.1 Extraction of one SoUIce .......oouvvveuiiiiiiniriiniiianeeninns 301
8.5.2 Deflation ...cviiriiitiii i 308
Non-stationary COMEEXT . ..vuvnuniuineritininiiiieia it enenanan. 309
86,1 COMEEXE .ttt ereeereeeeereereeerereaaas 309
8.6.2 Some properties of cyclostationary time-series .............. 310
8.6.3 Direct extension of the results of section 8.5 for the source
extraction, and why it is difficult to implement ............. 314
8.6.4 A function to minimize: A CONtrast? ..........coevvevvrnnnnns 318
RefereNCES. .. i 322
Algebraic identification of under-determined mixtures 325

Observation model...........cooiiiiiiiii 325
Intrinsic identifiability ... 326
9.2.1 Equivalent representations...............veeueuiuiiienennnnn. 326
9.2.2 Main theorem ...........ooiiiiiiiiiiiiiiiiii 327
9.2.3 COre eqUAtION .. vuvinitinie ittt 329
9.2.4 Identifiability in the 2-dimensional case ...................... 330
Problem formulation ..............oc 332
9.3.1 Approach based on derivatives of the joint characteristic
function.....ooooiiii 332
9.3.2 Approach based on cumulants ... 333
Higher-order tensors ...........ccooooiiiiiiiii 337
9.4.1 Canonical tensor decomposition .................coeuuennennn. 338
9.4.2 Essential uniqueness..............ocovuviiiiiiiniiiiniiiniiane. 340
9.4.3 COMPULALION 1.t tutiiiett ittt et et ettt teaeeaeenaeeenass 344
Tensor-based algorithms ..o 345
9.5.1 Vector and matrix representations «..........oceeveeeeeenennn. 345

9.5.2 The 2-dimensional case.........ooviiiiiieiiiiiiiiiiinieiinns 346



Contents

9.5.3 SOBIUM fammily «......v.vveeeeeeeersseeeeeeeeeeseneeeeeen. 350

9.5.4 FOOBIfamily ..........cooooiiiii 354

9.5.5 BIOME family ...c.oviuiniiiiiiniiiiiiiieee e 357

9.5.6 ALESCAF and LEMACAF .......ooiiiiiiiiiiiiiiiiiiins 359

9.5.7 Otheralgorithms ................. 360

9.6 Appendix: expressions of complex cumulants....................... 360
References. ... 362
CHAPTER 10 Sparse component analysis ..............c.cocveenne. ...367
10.1 IntrodUCtion ...........ociiiiiiiiiiiiiiiiiiiiii e 367
10.2 Sparse signal representations ............ccoveviniuininiininininennnn. 370
10.2.1 Basic principles of sparsity .......o.ovvviuiiiiiiiieiiiin... 371
10.2.2 DICUHONAIIES «.uviniiniiitiitiiiiitt ittt eeeeaneens 372
10.2.3 Linear transforms........cooovviiiiiiiiiiiiiniieeeen, 373
10.2.4 Adaptive representations.......oeveeerererenrnenenennenenenen 374

10.3 Joint sparse representation of MIXtULES ...........covuveuerenennenss 374
10.3.1 Principle.....oooiiiiiiiii 375
10.3.2 Linear transforms ... .cocveveruieieininiiiiiieieaeaenane. 375
10.3.3 Principle of {7 minimization ............ccoeuviiiuiiiiininenn. 377
10.3.4 Bayesian interpretation of £7 criteria ............coceeuinenn. 377
10.3.5 Effect of the chosen £7 criterion ..........cccoevvuiuininnan.n. 379
10.3.6 Optimization algorithms for 7 criteria..........cocveuennne. 381
10.3.7 Matching pursuit ........cocoeiiiiiiiiiiiiiiiii e, 385
10.3.8 SUMMALY «oeviniiiiiiiii e 386

10.4 Estimating the mixing matrix by clustering ......................... 388
10.4.1 Global clustering algorithms ..........c.cooooiiiiiiit, 389
10.4.2 Scatter plot selection in multiscale representations.......... 391
10.4.3 Use of local scatter plots in the time-frequency plane....... 395

10.5 Square mixing matrix: Relative Newton method.................... 396
10.5.1 Relative optimization framework ...................cool. 397
10.5.2 Newton method .......covevuiuiiiiiiiiiiiiiiiiiiiinns 398
10.5.3 Gradient and Hessian evaluation...........c.ccoveveenennn. 399
10.5.4 Sequential OPtIMIZALION ... euvueneeeneniirine et eiaeaanns 400
10.5.5 Numerical illustrations...........c.cocoeslvrniiininiininnnnen. 401
10.5.6 Extension of Relative Newton: blind deconvolution........ 402

10.6 Separation with a known mixing matrix...........c.coeeeiiinian.n. 403
10.6.1 Linear separation of (over-)determined mixtures ............ 404
10.6.2 Binary masking assuming a single active source ............. 405
10.6.3 Binary masking assuming M < P active sources ............. 405
10.6.4 Local separation by ¢ minimization ......................... 406
10.6.5 Principle of global separation by £* minimization........... 407

Xi



xii  Contents

10.6.6 Formal links with single-channel traditional sparse approx-

IMATION o eatnttisessteteiea et te e e e e 408
10.6.7 Global separation algorithms using ¢* minimization ....... 408
10.6.8 Iterative global separation: demixing pursuit ................ 409
10.7 Conclusion........cooiiiiiiiiiiiiiiiii 410
10.8 Outlook ...evniniiiii 412
References.........ooooiviiiiiiiiiii 414
CHAPTER 11 Quadratic time-frequency domain methods .............. 421
111 Introduction ....euee e 421
11.2 Problem statement .............cooiviniiiiiniiiiiiiiiiee 422
11.2.1 Model and assumptions ............c.cveuviiuiiniinineiieniane, 422
11.2.2 Indeterminacies and sources estimation ...................... 422
11.2.3 Spatial whitening ..........ocoiiiiiiiiiiiiii 423
11.2.4 A generalization to the noisy case.............c.occeceeinn.n. 425
11.3 Spatial quadratic ¢-f spectra and representations.................... 427
11.3.1 Bilinear and quadratic transforms ................cooonin. 427
11.3.2 Spatial bilinear and quadratic transforms..................... 427
11.3.3 (Spatial) quadratic time-frequency representations .......... 428
11.3.4 (Spatial) bilinear and quadratic time-frequency spectra ..... 430
11.3.5 Descriptions of key properties and model structure; addi-
tional assumptions about the sources .........c...cooeninil. 430
11.3.6 Example .....ooooiiiiiiii 432
11.4 Time-frequency points selection ............coeuveuiiiniiiiuiinian.n. 435
11.4.1 Automatic time-frequency points selection in a whitened
10703 8173, 436
11.4.2 Automatic time-frequency points selection in a non-whitened
o0} 41 < 438
11.5 Separation algorithms...........cocoviiiiiiiiiiii 440
11.5.1 Joint diagonalization and/or joint zero-diagonalization
I S L1 ST ROt 441
11.5.2 Whitened-based separation algorithms ....................... 443
11.5.3 Non-whitened based separation algorithms.................. 445
11.5.4 Algebraic methods and classification..........c..oooeeiiniis 449
11.6 Practical and computer simulations ..........c..cooiiiiiiin, 452
11.6.1 Synthetic source signals ............coooiiiiiiiii 452
11.6.2 MIXTULE tventeenen e ettt etean e eeaaeeeaaes 453
11.6.3 Time-frequency points selection ..........c.coeveuvnieininen. 453
11.6.4 ReSults ..vuvnenniniiiii i 455
11.7 Summary and conclusion..........oooiiiiiiiiiii 462

AN =1 (= 410 T PP 464



Contents

CHAPTER 12 Bayesian approaches ....... e meeerrerrrrerraaaaaiiaas 467
12,1 INtrodUCtION ..ovviinneiiee et e et e et e e eaaaans 467
12.2 Source separation forward model and notations..................... 468
12.3 General Bayesian scheme .............oooviiiiii 470
12.4 Relationto PCA andICA ... 471
12.5 Prior and likelthood assignments ... 477

12.5.1 General assignments.......cocvvvvvriririninininiieininiiinnen. 478
12.5.2 Physical priors .......c.coooiiiiiiiiiiiii 479
12.6 Source modeling.........coeveveviiiiiiiiiiii 482
12.6.1 Modeling stationary white sources................cooouinnnin. 482
12.6.2 Accounting for temporal correlations of the sources........ 486
12.6.3 Modeling non-stationary SOULCES. ........evuvuinininennnnenen. 488
12.7 Estimation SChemes .......vvuviiiiieeeeii e e eiieeeaiaeeaans 493
12.8 Source separation applications .........ccocoviiiiiiiiiiii 494
12.8.1 SPectrOmetry....oouuiiuiiiiieeiie ittt i, 494
12.8.2 Source separation in astrophysics .............ccooeiiiinit. 494
12.8.3 Source separation in satellite imaging................ooeeies 495
12.8.4 Data reduction, classification and separation in hyperspec-
tral IMaging......ooveeveiiiiiiii 497
12.9 Source charaCteriZation .......vevireeenueernnteeraiieeeaeeeenneeennns 499
12.9.1 Source separation and localization .................oeiin. 499
12.9.2 Neural sOUICE eStIMATION «vvvrrreerreerennnerrnnneerineeeenes 501
12.9.3 Source characterization in biophysics......................... 504
12,10 Conclusion ....ovuuiiiii i e e 508
RETEIBNCES. ..t 509

CHAPTER 13 Non-negative mixtures...... f e meeeeeererereeeeeeaeannns 515
131 INtrodUCtIONn ..ottt e e 515
13.2 Non-negative matrix factorization............coovviviiiniiiinininn., 515

13.2.1 Simple gradient descent ...........ooviviiiiiii 517
13.2.2 Multiplicative updates ...........coeviiuiiiiiiiiiiiiiiniinn.n. 518
13.2.3  Alternating least squares (ALS).........cooooviiiiiiiinnn, 520
13.3 Extensions and modifications of NMF ..., 521
13.3.1 Constraints and penalties ...........coceuiuiiiiiiiiiiinnnn.n. 521
13.3.2 Relaxing the non-negativity constraints ...................... 525
13.3.3 Structural factor COnStraints ...ovveerreeeeeieeenreeineannanns. 526
13.3.4 Multifactor and tensor models.............c.cooiiiiiiiiil, 528
13.3.5 ALS Algorithms for non-negative tensor factorization ..... 532
13.4 Further non-negative algorithms.................ooo 534
13.4.1 Neural network approaches ...............cooiviiin. 534
13.4.2 Geometrical methods .......c.coovviiiiiiiiiiiiiiiiiii, 535

13.4.3 Algorithms for large-scale NMF problems ................... 537

xiii



xiv  Contents

13.5 Applications .......coooiviiiiiiiiiiiiiii 539
13.5.1 Air quality and chemometrics.............coovviiiiiinin, 539
13.5.2 Textanalysis........cooovuviiiiiiiiiininiii, 540
13.5.3 Tmage processing........coceveviuiuininiieninininiiniienininenn, 541
13.5.4 Audio analysis.........cooiiiiiiiiiiiiiiii, 541
13.5.5 Gene expression analysis............cocuvuvuiiineinnininn.n. 541

13.6 Conclusions.......c.cooeiiiiiiiiiiiiiiiiii 542

References.........coovviiiiiiiiiiii 542
CHAPTER 14 Nonlinear mixtures........... Crerieraranraeee cirennenes. 949

141 INtroduction ...c.vvveinie it 549

14.2 Nonlinear ICA in the general case...........ooooviiiiii. 550
14.2.1 Nonlinear independent component analysis ICA).......... 550
14.2.2 Definitions and preliminary results.....................oeee. 550
14.2.3 Existence and uniqueness of transforms preserving indepen-

ENCE ccneeiiti e 551

14.3 ICA for constrained nonlinear mixtures .............ccceeiiienie. 554
14.3.1 Structural CONSLIAINES ...euvnenereieiiiniiniieeniaenenanaen, 554
14.3.2 Smooth transforms ........covuieiiiiiiiiiiie 555
14.3.3 Example of linear mixtures ............ccoooviiiiiiinin.n. 557
14.3.4 Conformal mappings..........cocoeuvuiriiiiiiiiiininininnnnn. 557
14.3.5 Post-nonlinear (PNL) mMiXtures........ccovveeieieenennnnnnen.. 558
14.3.6 Bilinear MIXEUIES. ....euenenenenieenteneneneneneneeeenenenns 561
14.3.7 A class of separable nonlinear mappings ..................... 563

14.4 Priors ON SOUICES «..vuvineintintintititiitiitiiiiii it ieaeeaaaas 567
14.4.1 Bounded sources in PNL mixtures.........c.cocveeiniiinn.nn. 567
14.4.2 Temporally correlated sources in nonlinear mixtures....... 568

14.5 Independence criteria .........covvviiininiiiiniiiiinini 570
14.5.1 Mutual information .........cccoiviiiiiiiiiiiiiniiin, 570
14.5.2 Differential of the mutual information ....................... 573
14.5.3 Quadratic Criterion . .ueueureeeneneeneeeenereeeneeeaeaneannes 574

14.6 A Bayesian approach for general mixtures ..................ooll 575
14.6.1 The nonlinear factor analysis (NFA) method ................ 576
14.6.2 Extensions and experimental results ..............c.o.ooonie. 579
14.6.3 Comparisons on PNL miXtures ..........ccveveeenininannnne. 579

14.7 Other methods and algorithms ... 580
14.7.1 Algorithms for PNL mixtures.........ccccoeuvininiiniininnnn. 580
14.7.2 Constrained MLP-like structures............cccoevevueninenee. 580
14.7.3 Other approaches............c.cocoiiiiiiiiiiiiiiiini 581

14.8 A few applications.........ccccoeuviiiiiiiiiiiii 581

14.8.1 Chemical SENSOTLS . .vvvtentitttiiiii ettt eeninnes 582



Contents

14.8.2 GAS SENSOIS . .vviintiiiiiii e 582
14.8.3 Show-through removal ..., 583

14.9 Conclusion......coevuvuieiein i 584
References. ..o 586
CHAPTER 15 Semi-blind methods for communications................. 593
15,1 INtrodUcCtion ..e.e.eeeeeeeiein it 593
15.1.1 Blind source separation and channel equalization ........... 593
15.1.2 Goals and organization of the chapter........................ 594

15.2 Training-based and blind equalization.....................ol 595
15.2.1 Training-based or supervised equalization.................... 595
15.2.2 Blind equalization ............ccooievuiiiiiiiiiiiinieanen, 595
15.2.3 A classical blind criterion: the constant modulus............ 596

15.3 Overcoming the limitations of blind methods....................... 597
15.3.1 Algebraic solutions ..........coooiiiiiiiiiiiiiiii 597
15.3.2 Multi-channel systems...........ccocoviiiiiiiiiiiiiiin, 598
15.3.3 Semi-blind approach...........c.cooiiiiiiiiiiiiii 598

15.4 Mathematical formulation............oooiiiiiiiiii 599
15.4.1 Signal model..........cooooiiiii 599
15.4.2 INOTALIONS .. vtvittiniititiit ettt e 600

15.5 Channel equalization criteria.............ccoooiiiiiiiiiiiiiin.. 601
15.5.1 Supervised, blind and semi-blind criteria..................... 601
15.5.2 Relationships between equalization criteria.................. 602

15.6 Algebraic equalizers........cocoviiiiiiiiiiiii 604
15.6.1 Algebraic MMSE equalizer ..........c.cocoiiiiinniiinnn. 604
15.6.2 Algebraic blind equalizers .................ooco 605
15.6.3 Algebraic semi-blind equalizers ...................oool 610

15.7 Tterative equalizers ..........oovuvuiuiniiiiiiniinii e, 610
15.7.1 Conventional gradient-descent algorithms ................... 610
15.7.2  Algorithms based on algebraic optimal step size............. 612

15.8 Performance analysis..........ovuiuiiiiiiiiiiiiiiiiiiiiiinaen, 616
15.8.1 Performance of algebraic blind equalizers.................... 616

15.8.2 Attraction basins of blind and semi-blind CP equalizers.... 618
15.8.3 Robustness of optimal step-size CM equalizers to local

o34 13 o 619
15.8.4 CP equalizers for a non-minimum phase channel ........... 621
15.8.5 Blind CM and semi-blind CM-MMSE equalizers............. 624
15.8.6 Influence of pilot-sequence length.............c..oooiiinie. 626
15.8.7 Influence of the relative weight between blind and super-

VISEd CIILETIA . . euiuititii ittt et et eeeeeees 627

15.8.8 Comparison between the CM and CP criteria............... 627

XV



Xvi Contents

15.9 Semi-blind channel estimation ............cccoeviviiiiiiiiiiininnn, 628
15.10 Summary, conclusions and outlook ..............cocoeeiiiiiinin, 632
References............oooii 633
CHAPTER 16 Overview of source separation applications ............. 639
16.1 Introduction ..........c.coiiiiiiiiiiiiiiiiiii 639
16.1.1 CONtEXL..vinriniiiiiiiiii i 639
16.1.2 Historical survey ...........oooiiiiiiiiiiiinii, 639
16.1.3 Organization of this chapter.................cooiiine. 641
16.2 How to solve an actual source separation problem.................. 642
16.2.1 Blind or semi-blind ..o 642
16.2.2 ICAfOrBSS ..ouiviiiiiiii 643
16.2.3 Practical use of BSS and associated issues..................... 644
16.3 Overfitting and robustness .........c.cocveviiiiiiiiiiiiiiiinen.. 645
16.3.1 OVerfitting .....c.vviviniiiniiiiiciiiee e 645
16.3.2 RODUSLNESS ..uvneviininininiiiiiiiiii e 646
16.4 Illustration with electromagnetic transmission systems ............ 648
16.4.1 A variety of source natures and mixture configurations .... 648
16.4.2 A case study on radio-frequency identification (RFID) ..... 649
16.4.3 A system with multi-path ionospheric propagation......... 655
16.4.4 Using other signal properties.............cooooviiiiiiiiinnn. 658
16.5 Example: Analysis of Mars hyperspectral images.................... 658
16.5.1 Physical model of hyperspectral images ...................... 658
16.5.2 Decomposition models based on ICA ........................ 660
16.5.3 Reference data and classification................coeeiiine. 661
16.5.4 ICA results on hyperspectral images.............c.cocoeuenne. 662
16.5.5 DISCUSSION 1 uvtuiiitiiie et 665
16.5.6 Beyond ICA: semi-blind source separation................... 665
16.5.7 Conclusion .....c.euvineuiuiniiiiniiiii e 666
16.6 Mono- vs multi-dimensional sources and mixtures.................. 668
16.6.1 Time, space and wavelength coordinates ..................... 668
16.6.2 Analyzing video frames from cortical tissues ................ 670
16.6.3 Extracting components from a time series of astrophysical
luminance IMages .........c.cvevevniiiiiiiiiii 671
16.7 Using physical mixture models or not ..............ccoeiiiini. 672
16.7.1 Mother vs fetus heartbeat separation from multi-channel
ECG recordings.........ccovuiiiiiiiiiiiiiiiiiiiiien, 672
16.7.2  Analysis of heart control from single-channel ECG......... 674
16.7.3 Additional comments about performance evaluation ....... 676
16.8 Some conclusions and available tools...............cooi. 676

REfOIENCES. . i 677



Contents
CHAPTER 17 Application to telecommunications........................ 683
17,1 INtrodUCtion .....eieiuiiii e 683
17.2 Data model, statistics and problem formulation .................... 687
17.2.1 Observation model .........ccoooviiiiiiiiiiiiiiiiiiin. 687
17.2.2 Data STATISTICS . enveuenneneneenit it eiee et eneaeeneaeenenens 690
17.2.3 Formulation of the problem...................o. 696
17.3 Possible methods .........ccviiiiiiiiii 696
17.3.1 Treating the mixture as a convolutive one.................... 696
17.3.2 Treating the mixture as an iNStantaneous one................ 709
17.4 Ultimate separators of instantaneous MiXtures ...................... 712
17.4.1 Source separator performance .............ocveviinininnnn.n. 712
17.4.2 Ultimate SEparator......ocveuuieirinineneniinenereenenenenen. 713
17.4.3 Ultimate performance. .........vevuereeniinineneneenenenen.n. 714
17.5 Blind separators of instantaneous MIXTULES «......c.eueueuenenenennn. 716
17.5.1 JADE for stationary uncorrelated paths...................... 716
17.5.2 JADE for cyclostationary uncorrelated paths................ 718
17.5.3 JADE for cyclostationary correlated paths................... 723
17.5.4 Performance illustration ...........c.cociiviiiiiiiiiiininin.. 724

17.6 Instantaneous approach versus convolutive approach: simulation
PeSUlES .. i 726
17.6.1 BSS algorithms and measures of performance ............... 726
17.6.2 Performances.........coviieiiiiieiiiiiiiiiiiiiiiineeeeen, 727
17,7 Conclusion.......ouvuiuiuiiiii e 729
References.............ooooiiiii 730
CHAPTER 18 Biomedical applications...........cceveevvviiiiiiinnnnnn. 737
18.1 INtrodUCtion . ..vvieiuiniiii i 737
18.2 One decade of ICA-based biomedical data processing .............. 739
18.2.1 Electromagnetic recordings for functional brain imaging... 739
18.2.2 Electrocardiogram signal analysis .............c.coeeuienenee. 746
18.2.3 Other application fields ...........cooooiiiiiine. 757
18.3 Numerical complexity of ICA algorithms ......................c.... 758
18.3.1 General tools.......cuvuiiiiiiiiiiiiiiii 759
18.3.2 Complexity of several ICA algorithms ....................... 760
18.4 Performance analysis for biomedical signals ......................... 763
18.4.1 Comparative performance analysis for synthetic signals.... 764
18.4.2 ICAof realdata.....c.coovuiiiiiiiiiiiiiiiiiin, 771
18.5 Conclusion.......c.iuiuviiiiiiiiiiiii 772

RE EIENCES. ettt e 772

Xvii



xviii  Contents

CHAPTER 19 Audio applications ..........ccoveviiiiiiiniiiniierienees 779
19.1 Audio mixtures and separation objectives............cccovvuiuninnnn. 779

19.1.1 Recorded mixXtures.........c.cocvvvuviuiininiininiininnininnin... 780

19.1.2 Synthesized MIXtUIES ... ...vvuenininiiiiiiiiiiiiiienanane, 782

19.1.3 Separation objectives and performance evaluation .......... 783

19.2 Usable properties of audio sources .............ccoevviiiuiiiiininnnn. 787

19.2.1 Independence ...........coeviviiiininininiiiiiiiinineeenenes, 787

19.2.2 SParsity o.eoveeiiiiiiiiiiii i 788

19.3 Audio applications of convolutive ICA ...l 790

19.3.1 Multichannel filtering ...........coocoiiviiiiiiiii, 790

19.3.2 Time-domain convolutive ICA ...............ooiini. 794

19.3.3 Frequency-domain convolutive ICA ..............ccoeiuiin. 799

19.4 Audio applications of SCA ........ccoiiiiiiiiiiiiiiiiiia 806

19.4.1 Time-frequency masking.............coocoiiiiiiiiin.. 807

19.4.2 Instantaneous SCA .........cciiiiiiiiiiiiiiiiiiii 808

19.4.3 Convolutive SCA .......ooiiiiiiiiiiiiii 810

19.5 Conclusion.......cocoeiviiiiiiiiii 814
References............ooooiiiii 815

GlOSSAIY ...t e 821



122

ETG-Fachbericht

Isoliersysteme bel
repetierenden impulsformigen
Spannungsbeanspruchungen

Vortrage des ETG-Workshops am 8. Juli 2009 in Hannover

Veranstalter:
Energietechnische Gesellschaft im VDE (ETG)
Fachbereich ,Q2 Werkstoffe, Isoliersysteme und Diagnostik“

In Zusammenarbeit mit

e [|EEE German Chapter der Power & Energy Society
e Deutsches Komitee der CIGRE

Wissenschaftlicher Tagungsleiter:

Prof. Dr.-Ing. Ernst Gockenbach,
Gottfried Wilhelm Leibniz Universitat Hannover

mit CD-ROM

VDE VERLAG GMBH - Berlin - Offenbach



Isoliersysteme, 08.07.2009 in Hannover - VDE VERLAG GMBH - Berlin - Offenbach

Inhalt

1 Fast Repetitive Voltages in the Power System

T. Bengtsson, F. Dijkhuizen, L. Ming, F. Sahlén, L. Liljestrand, D. Bormann, R. Papazyan,
M. Dahlgren, ABB Corporate Research, Visterds, Sweden

2 CIGRE- und IEC-Aktivititen

Prof. Dr.-Ing. Ernst Gockenbach, Gottfried Wilhelm Leibniz Universitit Hannover

3 Kriechstromfestigkeit von polymeren Isolierstoffen bei erhohten Frequenzen

M. Haim, K. Stimper, Universitit der Bundeswehr Miinchen, Neubiberg;
R. Birsch, Hochschule Zittau/Gorlitz

4 Beanspruchung von Isolatoren bei Sendefrequenzen

J. Seifert, Lapp Insulator GmbH & Co. KG, Wunsiedel

5 Dielektrische Probleme bei Leistungselektronik

F. Jenau, Th. Mertens, S. Azer, Technische Universitit Dortmund

6 Beanspruchung von Elementen in der Niederspannungstechnik
R. Plath, H. Emanuel, OMICRON electronics GmbH, Berlin

7  Wirkungsweise und Alterungsverhalten von Metalloxidvaristoren um Uberspannungsschutz

in umrichtergespeisten Antriebssystemen
A. Rocks, V. Hinrichsen, Technische Universitit Darmstadt

8 Wicklungsisolierung umrichtergespeister rotierender Maschinen — Belastung, Festigkeit,
Qualifizierung

M. Kaufhold, Siemens AG, Niirnberg

9 Breakdown Strength of oil/Paper insulation systems at sinusoidal voltage stresses at higher
Frequencies

M. Nagel, T. Leibfried, Technische Universitit Karlsruhe

17

21

29

41

49

57

65

81



