A WAVELET TOUR
OF SIGNAL
PROCESSING

Second Edition

Stephane Mallat

Fr'l.l.ll:' Fil."l':'w n'u.'r:f.'n-'_ F}-rru
Cowrant inxiinre, New York University

e
(AP
AP
ACADEMIC PRESS

A Havrewt Scance and Technalagy Compa

Sl.l'l:ll:,;\\:l San Franosco Nn-."rh'k
Barton  Londom  Sydemy  Tokyo




Contents

FREFACE £
PREFACE TO THE SECOMD EDITION wE
NOTATION Wi

I
INTRODUCTION TO A TRANSIENT WORLD

Fowrier Kingiom
Time-Frequency Wedding
1L.Z.1  Windowed Fourer Trnsform
1LZ2  Wuavelei Transform
Rases of Time-Frequency Atoms
130 Wavelel Bases and Filier Banks
1.3.2  Tilings of Wavelet Packet and Local Cosine Bases
Bases for Whoe?
1L4.1  Approximation
1.42 Estimation
143 O II:II|3I'I'¢hhi.ﬂ\.|i
Travel Guade:
1.5.1 Reproducible Computational Science
1.5.23 Road Map
wil

-2 O de L BJ N



wiii

1

22

13

1.4
15

iz

13

14

COMTEMTE

i
FOURIER KINGDOM

Limear Time-Invarians Fillering !
2.1.1  Tmpulse Besponse

2.0.2  Tranafer Fusctions

Fourier Imegrals !

221  Fouwrer Transform in LY (R)
222 Fourier Transform in L)
213 Examples

Properties !

130 Regulasity and Decay

1.3.1 Uncerainty Principle

233 Total Markathon
Two-Drimensional Fourier Transform *
Fruhlens

m
DISCRETE REVOLUTION

Sampling Analog Sipnals !

L1l Whinaker Sampling Theorem

302 Alsing

1.1.3  General Sampling Theorems

Discrese Time-Invarinl Fillers !

3L1  Impulse Response and Transfer Function
311 Foarier Series

Finite Signals '

33,01 Cirenlor Comvolutions

33.2 Discrere Fourier Transform

33.3  Fost Fourier Transform

334 Fast Convolutions

Discrete Tmage Processing !

34.1 Two-Dimensional Sampling Theorem
342 Discrete Imige Fillening

343 Circular Convalutions and Fourier Basis
Problems

|

TF

FaF 5

prd
23
2%
7
29
o
ki
33
kL)
Aik

43
44
47
A
45
sl

55
55
57
58
50

6l
62



CONTENTE E ix
v
TIME MEETS FREQUENCY

4.1 Time-Frequency Aoms ! 67
4.1  Windowed Fourier Transform ! i)
4.1 Completensss and Subility T
4,1_1 mILIIL'E of Wigiclow 3 75
423 Discrete Windowed Firier Transionm 7
4.3 Wavelet Trunsforms ! 4
4.3.1 Real Wavelets Ho
432  Analyuc Wavelels #t
433 Discrete Wivelets © B9
44 Instanmpeous Frequency # w1
dad. 0 Windowed Fourier Ridges 4
4.4.2  Wavelet Ridges i
4.5 OQuadratic Time-Frequency Energy ! 7
4.5.1  Wigner-Ville Distribution Ll
d4.5.2  [nterferences and Posltivity 12
453 Coben's Class 116
4.5.4 Discrete Wigner-Ville Computations 2 13
A6 Problems 121

v

FRAMES
5.0  Frume Theory * 125
51.0  Frame Definition and Sampling 23
5.01.2  Pseudo Inverse 127
513 loverse Frame Computations 132
5.04 Frame Projecior aml Nolse Reduction 135
5.2 Windowed Fourier Frames 138
53 Wavclel Frames * 143
S4  Tramlanon Invarance ! 146
5.5 Dyndic Wavelet Transform * 148
5.5.1 Wavcles Desipn 130
5.5.2 “Algorithme & Trous” 153
553 Oriented Wavelets for a Vision 156

56 Problems 160



6.1

6.2

6.3

64

6.5

7.1

7.2

T3

74

1.5

COMTENTS

Vi
WAVELET ZOOM

Lipschitz Regularity '

6.0.1  Lipschiie Definition ond Fourier Annlysis
6.1.2  'Wavelet Vanishing Moments

&.1.3 chulm'in- Mezsurements wiath Wavelets
Wivebet Tramsform Modulus Maxima

621 Detection of Singularitics

611 Reconstruction From Dyadic Maxima
Multiscale Edge Detection *

631 Wavelet Maoxima for lmiges *

£3.1  Fast Multiscak: Edjgs Compautations ?
Multifrastols 2

Bl Fractal Seis aml Self-Similar Functions
64,2 Simpularity Spectrum

643 Fracial Moises !

Problems

Vil
WAVELET BASES

Orthoponal Waveled Bases !

.01 Multiresalation Approaimalions

T.0.2  Scaling Function

T3 Conjugate Mieor Filters

T4 In'Which Onmhogonal Wivelets Finally Arrive
Classes of Wavelet Bases !

T.2.1 Chonsing a Wavelet

7.2.2 Shonnon, Meyer and Battle-Lemarid Wavelots
723 Daubechies Compactly Supponted Wavelets
Wanelets and Filter Banks !

7.3.1  Fast Onthogonal Wivelet Transform

T7.3.2  Perfect Reconstruction Filter Banks

7.33  Biomhogonal Boses of F(%) 2

Biorthoponal Wivels) Bases 2

Tl Construction of Bioithogonal Wavelet Bases
TA2  Bioohogonol Wavelet Design :

743  Compactly Supported Biorthogonol Wovelegs 2
7.4.4 Lifting Wovebets *

Wavelet Buses on on Interval 2

T.5.1  Perindic Wivelets

163
1654
1
169
176
176
183
LEG
159
197
2
2
205
211
216

0
] |
pal]
a3
235
a1
241
246
244
255
5%
50
‘16"
165

Ly
m
281
22



1.6

1.7

7.8

COMTENTS

7.5.2 Folded Wavelets
7.53  Boundary Wavebes *
Miuhiscale Interpolations *

T.b 1 Interpolution and Rampling Theorems

7.6.2  Interpolation Wivelel Rosis ?
Separnble Waveles Bases !

T.7.1  Separable Multiresolutioms
T.7.2  Two-lhmensional Wavelet Boases

7.7.3  Fast Two-Dimensiomal Wavebet Transform
774 Wavelet Bases in Higher Dimensions &

Problems

Vil

EE

293
293

1K)

Al
310
ETE]
34

WAVELET PACKET AND LOCAL COSINE BASES

8.1

B2

B.3

84

8.6

Wavelet Packets *

B.0.1  Wavelet Packet Tree

B.1.2  Time-Frequency Localization
B.1.3  Paricelar Wavelet Packet Bases
8.0.4  Wavelet Packet Filler Banks
Image Wavelet Packets

B.2.1  Wavelet Packel Quad-Tree
B8.L.1 Separable Filter Banks

Block Trmalforins I

B.3.1 Block Bases

B.3.2 Cosine Bases

8.3.3 Duscrete Cosine Bases

8.3.4 Fast Discrete Cosine Transforms 2
Lapped Orthogonal Transforms *
8.4.1 Lapped Projectors

8.4.2 |Lapped Onhogonal Bases
B.4.3  Local Cosine Rases

Bdd  Discrete Lapped Transforms
Local Cosine Trees *

B.5.1 Binary Tree of Cosine Bases
B.5.2 Tree of Discrete Bases

B.5.3 Image Cosine Cund-Tres
Problems

312
1.
37
333
k]
350
ERE]
341
143
34
e
Lo
350
153
353
350
361
ELT
Elih
368
m
7z
34



2.1

9.2

9.3
9.4

9.5

9.6

101

10.2

10.3

10.4

CORTERTS

IX
AN APPROXIMATION TOUR

Lanear J"q.pl'lrl11i1l1u11|:|r|.'5 !

9.0.1  Linear Approximation Esror

®.1.2  Lincar Fourer Approximations

9.1.3  Linear Multiresoluticn Approximations
204 Karhunen-Logve Approximations z
Mon-Linear Approxtinations |

B0 Mon-Lincar Approximation Error
9.2.2 Wavelet Adaptive Grids

923 Besov Spaces

limage Approximstions with Wavelets !
Addaptive Basis Selection *

8.4.1 Best Basis and Schor Concavity

94,2  Fasl Best Busis Search in Trees

943  Waveler Packet and Local Cosine Best Bascs
Approximations with Pursuits *

9.5.1  Basis Pursun

9.5.2 Muoiching Pursuit

9.53 Owthogonal Mawching Pussuit

Froblems
X
ESTIMATIONS ARE APPROXIMATIONS
Bayes Versus Minmmax x

10.1.1 Bayes Estimation

112 Minimax Estimation

Diaganal Estimation in o Basis .

1021 Diagomal Estmation with Cracles
10,22 Theesholding Estimation

10.2.3 Thresholding Refinements *

10.2.4 Wavelet Thresholding

10,25 Best Basis Threshobding

Minimax Optimality *

I0.3.1  Linear Diagonal Minimax Eslimotion
10,3.2 Ohosymmeiric Sets

1033 Mearly Minimay with Wavelers
Restoration *

10.4.1 Estimation in Arbitrary Goussian Moise
10.4.2 Inverse Problems and Deconvolstion

T

iTR
EL
gl
380
330
Eb] ]
g
308

Ak
411
413
417
418
421
428
430}

435
415
2

e
430
455
451
A0k
460
LG
4T
479
486
486
441



0.5

10.6

0.7

1.2

1.3

14

1.6

Al
AZ
AJ
A4
AS

CORTENTE

Coherent Estimation

10.5.1 Coherent Basis Threskalding

10,52 Coherent Mutching Pursat

Spectrum Estimation

10L6.1 Pewer Spectrum

10,62 Approximute Karhunen-Lodve Search ?
10,63 Locally Statiomary Processes *
Problems

Xl
TRANSFORM CODING

Signal Compression 2

LY Sdate of the An

11.1.2 Compression in Orhonormal Bases
Distortion Rate of Cuantization *

112,01 Entropy Caoding

1022 Scalar Quaniistion

High Bit Rate Compression ?

T30 Bt Allocation

11.3.2 {]:|'.h|1rr'|:|.| Basis and Karhunen-Lodwve
11.3.3 Transparent Aucdio Code

Images Compression 1

140 Determindstie Dhstortion Rate
11.4.2 Wavelet Image Coding

11.4.3 Block Cosine Image Coding

11.4.4 Embedded Transform Coding
11.4.5 Minimas Distortion Rate ?

Viden Signals *

11.5.1 Oypiical Flow

11.5.2 MPEG Video Compression
Froblems

Appendix A
MATHEMATICAL COMPLEMENTS

Functions and Integrition
Banach and Hilber Spaces
Biases of Hilbert Spaces
Linear Operators

Separsble Spaces and Bases

il

01
M2
1]
M7
SE
b
ala
S

54l
593
595

bl



xiv

B3

COMTENTE

Random Vectors and Covariance Operitors
Driracs

Appendix B
SOFTWARE TOOLBOXES

WaveLan
LasTWave
Freeware Wavelel Toolboxes

BIBLIOGRAPHY 1)
INDEX 629

A94
]|

603
Lok
Gl




	27102 0
	27102 1
	27102 2
	27102 2 DX
	27102 3
	27102 3 DX
	27102 4
	27102 4 DX
	27102 5

