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Preface

It would be difficult to say just when the field of optical signal processing
had its inception. Certainly the birth of the laser and the discovery of off-
axis holography in the early 1960s got the field off to a running start. In the
intervening years the field has seen several cycles of bloom and doom. Right
now there seems to be a resurgence of interest and support for optical
systems and devices as solutions to recurring technological problems.

There have always been two basic characteristics of our field. First, it is a
hybrid technology, and second, it has been a practical field, proposing solu-
tions, as opposed to developing even deeper and more encompassing
theories. It is a hybrid in that it has utilized the tools, theories, and techni-
ques from many diverse disciplines—physics, mathematics, engineering,
and chemistry. This is also reflected in our academic training: some of us
come from the physical sciences and some from the engineering sciences.

This book is in a sense a microcosm of all these facets. I have tried to get
researchers from many different areas of optical signal processing to write
synopses of their current work. It is also, by and large, a practical book, in
which systems or algorithms that have been successfully tried and used are
described. This book will be of special interest to workers and researchers in
this field, students at a senior or graduate level, scientific administrators,
and scientists and engineers in general.

I would like to thank the contributors and dedicate this book to them;
most of the contributors are colleagues and friends whom I have known
since the late 1960s, as we have matured (real meaning: grown old) together
as the field has developed. I especially want to thank H. John Caulfield,
Director of the Center for Applied Optics at the University of Alabama,
Huntsville. Early on he encouraged and stimulated my interest in editing
this book. I also thank my editors at Academic Press for their patience,
help, and advice.

We all hope this book will be a useful addition to a growing field, which is
still in the process of realizing its full and rightful potential.

xiii



Contents

L1sT OF CONTRIBUTORS
PREFACE

L. Wﬁite-Light Processors

1.1 Color Image Processing

Francis T. S. Yu

I. Introduction
II. White-Light Optical Processing
III. Source Encoding and Image Samplin
IV. Color Image Processing
V. Concluding Remarks
References

%

1.2 White-Light Fourier Transformatloné*
G. Michael Morris and David A. Zwezg

I. Introduction
II. Linear System Formalism
III. Achromatic Fourier Transform Systems
IV. Design of an Achromatic Fourier Processor
V. Summary
References

II. Pattern Recognition

2.1 Optical Feature Extraction

David Casasent

I. Introduction
II. Optical Feature Extraction
III. Fourier-Transform Feature Space and Unique Sampling
IV. Hough-Transform Feature Space
V. Space-Variant Feature Space and Optical Feature Extraction

v

Xiii

—— 00 Lh B W

DN

23
26
36
56
69
70

75
76
78
81
82



vi

VI.
VII.
VIIIL.

Chord-Distribution Feature Space and Parameter Estimation
Moment Feature Space and Unique Properties

Summary and Conclusion

References

2.2 Unconventional Correlators

H. Bartelt
I. Introduction
II. Definitions and Theorems
III. Optical Correlation Systems
IV. Summary and Outlook

References

2.3 Optical Implementation of Associative Memory Based
on Models of Neural Networks

Nabil H. Farhat and Demetri Psaltis

I.
II.
III.

Iv.

V.
VI.

Introduction

Linear Systems as Association Memories

Optoelectronic Implementation of One-Dimensional Neural
Nets

Optoelectronic Implementation of Two-Dimensional Neural
Nets

Holographic Associative Memories

Conclusion

References

III. Temporal Signal Processing
3.1 Optical Architectures for Temporal Signal Processing
John N. Lee
I. Introduction
II. Basic Operations

III.
Iv.

V.
VI.

Spectrum Analysis of Continuous Functions
Time-Frequency Analysis

Discrete Operations

Summary

References

3.2 Acoustooptic Synthetic Aperture Radar Processors

Demetri Psaltis and Michael Haney

I
II.

Introduction
Synthetic Aperture Radar

CONTENTS

97

101
126
126

129
131

135

148
156
161
161

165
166
171
174
179
189
190

191
192



CONTENTS

III.
Iv.
V.

Acoustooptic Processor
Programmable Architecture
Conclusions

References

3.3 Acoustooptic Signal Processors

Dennis R. Pape

L
IL.
III.
Iv.
V.
VI

Introduction

Acoustooptic Processor Components
Power Spectrum Analyzers
Interferometric Spectrum Analyzer
Correlators

Summary

References

IV. Nonlinear Optical Processors

4.1 Nonlinear Optical Waveguide Devices
H. A. Haus, and E. P. Ippen, and F. J. Leonberger

I.
II.
III.
Iv.

V.
VI.
VII.

Introduction

Scalar Wave Equation for Mode Analysis

Perturbational Formula for Change of Dielectric Tensor
Coherent Coupling between Modes in a Nonlinear Optical
Waveguide

All-Optical Interferometer

Nonlinear Waveguide Coupler

Nonlinear Waveguide Materials, Devices, and Design
Considerations

References

V. Transformations

5.1 Optical Transformations
Bahaa E. A. Saleh and Mark O. Freeman

I.
II.
II1.
Iv.
V.
VI

Introduction

Geometric Transformations
Transdimensional Transformations
Linear Shift-Variant Transformations
Nonlinear Transformations
Conclusions

References

vii

197
209
214
216

217
218
226
231
233
240
240

245
246
253

255
257
265

271
276

281
289
304
309
321
330
331



viii CONTENTS

5.2 Tomographic Transformations in Optical Signal Processing

Roger L. Easton, Jr. and Harrison H. Barrett

I. Introduction and Definitions 335
II. Applications 356
III. Summary and Conclusions 383
References 384
V1. Optical Numerical Processing
6.1 Optical Linear Algebra Processors
David Casasent and B. V. K. Vijaya Kumar
I. Introduction 389
II. Generic OLAP Architecture and Its Component Evaluation 390
III. Basic OLAP Architectures 392
IV. TIterative Algorithm for Solving Linear Algebraic Equations 397
V. Optical Matrix Decomposition Techniques 399
VI. Error Sources and Modeling 400
VII. Number Representation 401
VIII. Two System Case Studies 403
IX. Applications 405
X. Summary and Discussion 405
References 406
6.2 Algorithms and Software
H. J. Caulfield
I. Perspectives 409
II. Linear Analog Processor Algorithms 415
III. Nonlinear Mathematics 421
IV. Hybrid Processors 424
V. Digital Processors 425
VI. General-Purpose Optical Computers 425
VII. Fault Tolerance 425
VIII. Partitioning 426
IX. Conclusion 426
References 427
VII. Devices and Components with Applications
7.1 Fiber-Optic Delay-Line Signal Processors
K. P. Jackson and H. J. Shaw
I. Introduction 431
II. Optical Fiber Characteristics 434



CONTENTS

III.
IVv.

V.
VI.

Fiber-Optic Delay-Line Processors

Coherent Fiber-Optic Delay-Line Signal Processing
Applications

Summary and Future Directions

References

7.2 Spatial Light Modulators: Applications and Functional
Capabilities

Cardinal Warde and Arthur D. Fisher

I.

II.
III.
Iv.
V.
VI
VII.
VIII.

7.3 Optical

J. N.

I.
II.
III.
IV.
V.

INDEX

Introduction

Basic SLM Structures

SLM Applications

Architectural Considerations of Optical Processors
Fundamental Operations Performed by SLMs
Performance Limitations of Electrooptic SLMs
Specific SLM Structures

Concluding Remarks

References

Feedback Processing

Cederquist

Introduction

Background

Devices for Optical Feedback
Applications of Optical Feedback
Conclusion

References

ix

438
462
471
473
475

478
478
481
493
495
503
509
517
518

525
526
530
546
560
563

567



White-Light Processors






OPTICAL SIGNAL PROCESSING

1.1

Color Image Processing
FRANCIS T. S. YU

DEPARTMENT OF ELECTRICAL ENGINEERING
THE PENNSYLVANIA STATE UNIVERSITY
UNIVERSITY PARK, PENNSYLVANIA 16802

I. Introduction 3
II. White-Light Optical Processing 4
II1. Source Encoding and Image Sampling 5
A. Source Encoding 6

B. Image Sampling 7

IV. Color Image Processing 8
A. Color Image Deblurring 8

B. Color Image Subtraction 10

C. Color Image Correlation 12

D. Color Image Retrieval 15

E. Pseudocolor Imaging 16

F. Generation of Speech Spectrograms 19

V. Concluding Remarks 21
References 21

I. Introduction

Although coherent optical processors can perform a variety of compli-
cated image processings, coherent processing systems are usually plagued
with annoying coherent artifact noise. These difficulties have prompted us
to look at optical processing from a new standpoint and to consider whether
it is necessary for all optical processing operations to be carried out by
coherent sources. We have found that many optical processings can be
carried out using partially coherent light or white-light sources (Lohmann
[1], Rhodes [2], Leith and Roth [3], Yu [4], Stoner [5], and Morris and
George [6]). The basic advantages of white-light optical processing are (1)
it can suppress the coherent artifact noise; (2) the white-light sources are
usually inexpensive; (3) the processing environmental factors are more
relaxed, for instance, heavy optical benches and dust free rooms are not
required; (4) the white-light system is relatively easy and economical to

3
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4 FRANCIS T. S. YU

operate; and (5) the white-light processor is particularly suitable for color
image processing.

II. White-Light Optical Processing

An achromatic partially coherent processor that uses a white-light source
[7] is shown in Fig. 1. The white-light optical processing system is similar
to a coherent processing system except for the following: It uses an extended
white-light source, a source-encoding mask, a signal-sampling grating, multi-
spectral band filters, and achromatic transform lenses. For example, if we
place an input object transparency s(x, y) in contact with a sampling phase
grating, the complex wave field, for every wavelength A, at the Fourier plane
P, would be (assuming a white-light point source)

E(p,q; )= JJ s(x, y) exp(ip,x) exp[—i( px+ qy)] dx dy

=S(p—Po»q) (1)

where the integral is over the spatial domain of the input plane P, (p, q)
denotes the angular spatial frequency coordinate system, p, is the angular
spatial frequency of the sampling phase grating, and S(p, q) is the Fourier
spectrum of s(x, y). If we write Eq. (1) in the form of a spatial coordinate
system (o, B), we have
B(a 80 =5(«—3Lp..8) @)
o
where p=Q2w/Af)a, q=(27/Af)B, and f is the focal length of the achro-
matic transform lens. Thus we see that the Fourier spectra would disperse
into rainbow color along the a-axis, and each Fourier spectrum for a given
wavelength A is centered at a = (Af/27)p,.
In complex spatial filtering, we assume that a set of narrow spectral band
complex spatial filters is available. In practice, all the input objects are

Source Input X Sampling a H (a, B) Output  x'
sampling image phase grating plane

7 ]
Exfeéd l \ y

white-light P
source

Fig. 1. White-light optical signal processor.



1.1 COLOR IMAGE PROCESSING 5

spatial frequency limited; the spatial bandwidth of each spectral band filter
H(p., g») is therefore

H(pna qn)a al<a<a2
0, otherwise

H(pmqn)={ (3)
where p,=Q2n/A.f)a, q.=27/A.f)B, A, is the main wavelength of the
filter, a;=(A,.f/27)(p,+Ap) and a,=(A,f/27)(p,—Ap) are the upper
and lower spatial limits of H(p,, g.), and Ap is the spatial bandwidth of
the input image s(x, y).

Since the limiting wavelengths of each H(p,, q,) are

, +A =
n=a2L  and a,=a "R (4)
po—Ap potAp
its spectral bandwidth can be approximated by
4p, A 4A
LY g L L (5)

" p—(ap)? po "
If we place this set of spectral band filters side by side and position them

properly over the smeared Fourier spectra, the intensity distribution of the
output light field can be shown to be

I(x,y)= Z=1A)«n |s(x, y; An) * h(x, y; A,)? (6)

where h(x, y; A,,) is the spatial impulse response of H(p,, ¢,) and * denotes
the convolution operation. Thus the proposed partially coherent processor
is capable of processing the signal in complex wave fields. Since the output
intensity is the sum of the mutually incoherent narrowband spectral irradi-
ances, the annoying coherent artifact noise can be suppressed. It is also
apparent that the white-light processor is capable of processing color images
since the system uses all the visible wavelengths.

III. Source Encoding and Image Sampling

We now discuss a linear transform relationship between the spatial
coherence (i.e., mutual intensity function) and the source encoding [8].
Since the spatial coherence depends on the image-processing operation, a
more relaxed coherence requirement can be used for specific image-
processing operations. Source encoding is to alleviate the stringent coher-
ence requirement so that an extended source can be used. In other words,
source encoding is capable of generating appropriate spatial coherence for
a specific image-processing operation so that the available light power from
the source can be more efficiently utilized.



