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operations are presented. One approach realizes the halftone
method of nonlinear optical processing in real time by replacing
the conventional photographic recording medium with a real-time
image transducer. 1In the second approach halftoning dis
eliminated and the real-time device is used directly. In this
case the nonlinearity is obtained by the inherent nonlinear
characteristic of the real-time device. A third method uses the
ability of certain real-time devices to perform an intensity-
to-spatial frequency conversion.

Following a review of halftoning and real-time devices, a
general analysis of the halftone process considering the nonideal
characteristic of the recording medium is presented. From this
analysis one can predict the amount of degradation of the output
due to different parts of the recording medium characteristic
curve for any nonlinear transformation. Specific results for
logarithmic and level slice processes are obtained.

The problem of designing the halftone screen cell shape is .
considered for a piecewise linear recording medium by solving a
nonlinear integral equation. It is shown that the solution can
be achieved for certain monotonic functions including exponentialf
and power transformations. To obtain the solution in general, an
approximate method which considers a discrete halftone screen
density profile is described. This gives the halftone screen
density profile for any form of recording medium characteristic
curve and any type of nonlinearity by minimizing in mean-square
sense the difference between desired and degraded outputs.

The results of computer simulation for logarithmic and level
slice functions are shown. Experimental results are obtained
for an optimized halftone screen which matches the characteristig
of a liquid crystal light valve (LCLV). An overall logarithmic
transfer function is produced in real time.

The procedure for obtaining nonlinearities without halftone
preprocessing is explained. Experimental results using a
special birefringent liquid crystal device which produces a 3-bit
parallel A/D converter in real time are shown.

The variable grating mode (VGM) of ligquid crystal light
valve systems and its application in real-time nonlinear optical
processing is discussed. A detailed analysis of the variable
phase grating is made and from this the processing limitations
of the VGM are determined. Experimental results showing real-
time level-slicing with a VGM liquid crystal device are given.

Possible extensions and limitations of this work are
discussed. ‘

UNCLASSIFIED

SECURITY CLASSIFICATION OF Tutc  AGE(When Data En:




ACKNOWLEDGEMENTS

The author wishes to thank the members of his,
dissertation committée, Dr. A.A. Sawchuk, Dr. T.C. Strand,
and Dr. Z. Vorel. The advice and guidance of Dr. Sawchuk,j
the committee chairman and director of the Image Processing”

Institute, is most sincerely acknowledged.

Special thanks goes to Dr. Strand for his many helpful:

suggestions and interest in this work.

The assistance of Mr. B.H. Soffer and Mr. D. Boswell
of the Hughes Research Laboratories in performing some of

the experiments is deeply appreciated.

A number of people have contributed to the physicali
preparation of this dissertation and it is a pleasure to]
acknowledge them. Mr. Ray Schmidt of the uscC Imageé
Processing 1Institute and his staff provided photographic;

services, and Mr. Doyle Howland of USC was responsible for‘

drafting and artwork. The expert typing was done by

| Ms. Amy Yiu of USC..

Finally a personal note of gratitude goes to my wife:

| for her patience and constant encouragement during the




"course of this research.

4id



ACKNOWLEDGEMENTS
LIST OF FIGURES
ABSTRACT
CHAPTER
1. INTRODUCTION
1.1 1Introduction
1.2 Real-time nonlinear processing with
halftone screens
1.3 Real-time nonlinear processing without
halftone screens
1.3.1 Direct nonlinear processing
1.3.2 Variable grating mode
nonlinearities
1.4 Organization of the dissertation and its

[\8)

TABLE OF CONTENTS

research contributions

REVIEW OF HALFTONE NONLINEAR PROCESSING AND

LIQUID CRYSTAL LIGHT VALVE

Page
ii
viii

xXvi

10

2.1 Nonlinear optical processing with halftone

2.2

screens

Liquid crystal light valve

10
15

iv



4.

2.3 Real-time nonlinear optical processing with

halftone screens

18

HALFTONE PROCESSES WITH GENERAL RECORDING MEDIUM 22

3.1 Mathematical formulation
3.2 Binary recording mediﬁm
3.2.1 Zero order
3.2.2 Nonzero order
3.3 Halftone screen density function for some
useful nonlinearities
3.3.1 Logarithmic transformation
3.3.2 Exponential transformation
3.3.3 Power transformation

3.3.4 Level-slice transformation

DEGRADATION OF THE OUTPUT INTENSITY IN THE
HALFTONE PROCESS

4.1 Zero order

4.1.1 Degradation due to the linear toe of

the recording medium characteristic

curve in the logarithmic process

23
27
27

29

30
31
31
32
33

37

39

39

4.1.2 Degradation due to the linear part of

the recording medium characteristic

curve in the logearithmic process

44

4.1.3 Degradation due to the linear shoulder

of the recording medium characteristic

curve in the logarithmic process

44



7.

- Nonzero order

4.2.1 Degradation of the output intensity

due to nonbinary characteristic of

46

the recording medium for a level-slice

process

PIECEWISE LINEAR RECORDING MEDIUM

5.1

5.3

Halftone screen density function for
monotonic nonlinearities using a biecewise
linear recording medium

Examples

5.2.1 Power transformation

5.2.2 Logarithmic transformation

5.2.3 Exponential transformation

Comments

DISCRETE DENSITY HALFTONE SCREEN

6.1

6.2

Zero order

6.1.1 Synthesis problem (zero order)

6.1.2 Example of a function possible with
the zero order: 1logarithmic screen

Nonzero order

6.2.1 Synthesis problem (nonzero order)

6.2.2 Example of a function possible in
the nonzero order: level-slice.

screen

EXPERIMENTS WITH HALFTONE SCREENS

48

52

53

58
58

60
61

62

63
64
66

68
70

77

78

85

vi



7.1 Halftone screen fabrication
7.2 Experiments with the logarithmic screen
7.2.1 Logarithmic screen fabrication

7.2.2 Logarithmic screen performance

" b. DIRECT METHOD FOR OBTAINING NONLINEAR FUNCTIONS
IN REAL TIME
8.1 Birefringent liquid crystal device
8.2 Real-time parallel analog-to-digital
conversion
5.3 Anzlog-to-digitzl conversion experiment
8.3.1 Device transfer function

8.3.2 A/D experiment

9. NONLINEAR PROCESSING USING INTENSITY-TO-
SPATIAL FREQUENCY CUNVERSION
9.1 Variable grating mode (VGM) liquid
crystal device

9.2 Nonlinear processing with the liquid

crystal variable grating mode
9.3 Variable phase grating analysis
9.4 Experiment with the VGM device
1u. CONCLUSIONS AND FUTURE RESEARCH TOPICS
APPENDIX A
REFERENCES

85

87

91

95

96

98
100
100
103

108

109

111
114
120

124

128

130

vii



LIST OF FIGURES

Figures ' Page
2.1 Production of halftoned picture 12
2.2 The halftone encoding process 13

2.3 Desampling of the halftoned picture in a coherent

optical processing system 14

2.4 Diagram of a tunable birefringence field effect
cell (P=polarizer, A=Analyzer, TE=Transparent

electrode, M=Mirror, LC=Liquida crystal) - 17
2.5 Cross-sectional schematic of LCLV 19

2.6 Amplitude transmittance vs log exposure

characteristic of a standara linear LCLV 21

3.1 Transmittance vs input illumination density

for a genersl recording medium 24

3.2 Amplitude transmittance of the halftoned
transparency made with a recording medium

like that in Figure 3.1 24
3.3 Characteristic curve of 2 binary recording

viii



3.5

medium
Level slice transformation

Inverse function of the density profile of the
halftone screen which performs the level slice

transformation of Figure 3.4

Density profile cf the halftone screen which
performs the level slice transformation of

Figure 3.4

Typical characteristic curve of a nonbinary

recording medium

Characteristic curve of a recording medium with

a linear toe

Characteristic curve of a recording medium with

a linear part

Characteristic curve of a recording medium with

a linear shoulder

Logarithmic transfer function for a recording
medium with a linear toe
(a) binary medium €=0.0; (b)y €=1.0

(c) €=0.33; (d)y €=0.20

Logarithmic transfer function for a recording

medium with a linear part

28

35

35

36

38

40

41

41

43

45

ix



(a) binary medium €=0.0; (b) €=1.0

(c) €=0.33; (d) €=0.20; (e) ¢€=0.10

Logarithmic transfer function for a recording
medium with a linear shoulder
(a) binary medium €=0.0; (b) €=1.0

(c) e=0.33; (d) € =0.20
Level slice function

Halftone screen density for the level slice

function of Figure 4.8

Step approximation to halftone screen density

profile

Logarithmié transfer function for a piecewise
linear recording medium with gamma=1.0

(a) 1ideal

(b) degraded

(c) optimized

Halftone cell shape corresponding to
Figure 6.2
(a) 1ideal

(b) optimized

Logarithmic transfer function for a piecewise

linear recording medium with gamma=3.0

(a) ideal

47

50

50

65

71

71

72



[~}
.
~

(b) degraded

(c) optimized

Hal ftone cell shape corresponding to
Figure 6.4 72
(2) ideal

(b) optimized

Logarithmic transfer function for a piecewise

linear recording medium with gamma=5.0 73
(a) ideal

(b) degraded

(c) optimized

Halftone cell shape corresponding to
Figure 6.6 73
(a) 1igeal

(b) optimized

Logarithmic transfer function for a piecewise

linear recording medium with gamma=10.0 74
(a) 1iaeal

(b) degraded

(c) optimized

Halftone cell shape corresponding to

Figure 6.8 74
(a) 1ideal

(b) optimized

xi



Logarithmic transfer function for a piecewise

linear recording medium with gamma=1.0

(a)
(b)

(c)

Level slice transfer function for a piecewise

linear recording medium with gamma=1.0

(a)
(b)
(c)

Halftone cell shape corresponding to

ideal

l6 points in the discrete density

profile

200 points in the discrete density

profile

ideal
degraded

optimized

Figure 6.11

(a)
(b)

Level slice transfer function for a piecewise

linear recording medium with gamma=3.0

(a)
(b)
(c)

Hal ftone cell shape corresponding to

(a)

ideal

optimized

ideal
degraded

optimized

Figure 6.13

ideal

75

80

80

81

81

xii



(b) optimized

Level slice transfer function for a piecewise
linear recording medium with gamma=5.0 82
(a) 1ideal

(b) degraded

(c) optimized

Halftone cell shape corresponding to
Figure 6.15 82
(a) ideal '

(b) optimized

Level slice transfer function for a piecewise

linear recording medium with gamma=10.0 83
(a) 1ideal

(b) degraded

(c) optimized

Halftone cell shape corresponding to
Figure 6.17 83
(a) ideal

(b) optimized

Experimental set-up for real-time parallel

logarithmic filtering 88

Linear LCLV input-output transfer

characferistic : 89

xiii



7.4

7.5

(a) 1input axis x 1
(b) input axis x 10

(c) 1input axis x 100

Amplitude transmittance vs log exposure

characteristic for the LCLV of Figure 7.2

Density profile of the halftone screen

optimized for Figure 7.3 .

Transfer characteristic of the LCLV with

the optimized screen

Fourier spectra of crossed gratings
(a) multiplicative spectrum
(b) additive spectrum (result in the

zero order)

Electrical response of the pure birefringent

LC device

Optical response of the pure birefringent

LC device

Analog-to-digital converter bit planes for

three bit Gray code
System for parallel A/D conversion

Experimental set-up for real-time parallel

analog-to-digital conversion

89

90

92

93

97

97

99

101

102

xiv



8.6

Response curve of the LC device used for the
three bit A/D conversion. The solid curve is
the measured response. The dotted curve represents

the same response with a fixed attenuation 104

Direct analog-to-digital conversion. The eight
level analog input is shown at the top. Below ‘is
the binary coded output in the form of three

bit-planes of the Gray code 106
VGM domain structure 110

Construction of an optically activated VGM

real-time device 112

Implementation of a nonlinearity utilizing the
variable grating effect 113
(a) optical system

(b) components of the nonlinear transformation
Gray level resolution with VGM 114

Experimental set-up for real-time parallel

level slicing 121

Level slicing with the VGM liquid crystal

123
device

Xv



ABSTRACT

Existing methods for nonlinear optical processing

involve an intermediate photographic step which prevents
real-time operation. Although optical information
processors have a large space-bandwidth product, the
problem of real-time input has been 2 major limitation 1in
taking advantage of this processing ability. In this
research, the realization of nonlinear optical processing
in real time is 1investigated. Several techniques for
performing such operations are presented. One appfbach
realizes the halftone methaod of nonlinear optical
processing in real time by replacing the conventional
photographic recording medium with a real-time image
transducer. In the second approach halftoning is
eliminated and the real-time device is used directly. 1In
this case the nonlinearity is obtained by the inherent
nonlinear characteristic of the real-time device. 2 third
method uses the ability of certain real-time devices to

perform an intensity-to-spatial fregquency conversion.

Following a review of halftoning and real-time
devices, a general analysis of the halftone process

considering the nonideal characteristic of the recording
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From this analysis one can predict

medium is 'bré;én£éa:“
the amount of degradation of the output due to different
parts of the recording medium characteristic curve for any
nonlinear transformation. Specific results for logarithmic

and level slice processes are obtained.

|

The problem of designing the halftone screen cellé
shape is considered for a piecewise linear recording'mediuml
by solving a nonlinear integral equation. It is shown that}
the solution can be achieved for certain monotonic%
functions including exponential and power transformations.l
To obtain the solution in general, an approximate method:
Iwhich considers a discrete halftone screen density profilej
’is described. This gives thé halftone screen density%
profile for any form of recording medium characteristicf
curve and any type of nonlinearity by minimizing' ini
mean-square sense the difference between desired and%

degraded outputs. The results of computer simulation for

logarithmic and level slice funétions are shown.

Experimental results are obtained for an optimized halftone

screen which matches the characteristic of a liquid crystal!
light valve (LCLV). An overall logarithmic transfer:

function is produced in real time.

The procedure for obtaining nonlinearities without:

halftone preprocessing is explained. Experimental resultsi
|
using a special birefringent liquid crystal device which!
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produces a 3-bit parallel A/D converter in real time are

shown.

The variable grating mode (VGM) of 1liquid crystal
light valve systems and its application in real-time
nonlinear optical processing is discussed. A detailed
analysis of the variable phase grating is made and‘from,

|
this the processing limitations of the VGM are determined.

Experimental results showing real-time level-slicing with a

1

i
1
{
'

VGM liquid crystal device are given.

Possible extensions and limitations of this work arei

discussed. ;
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CHAPTER 1

INTRODUCTION

l.1 Introduction

Optical information processing is of great interest
because of its capability for parallel processing of two
dimensional data [1-1]. This inherent characteristic of
optical processing makes it even more desirable for
operation on two-dimensional date in the form of
continuous-tone images. The analog nature of optical
processing eliminates the sampling and quantization steps
usually required before digital processing [1-2]. Linear
operations such as convolution, correlation and Fourier
transforming can be easily performed with optical

processing systems [1-3].

To extend the usefulness of optical processors, other
operations which are not necessarily linear are needed.
Several efforts have been made to extend the flexibility of
the optical processors to nonlinear operations such as
logarithms, exponeqtiation, level slicing, pseudocolor, and
analog-to-digital conversion. Marquet and Tsujiuchi [1-4]
were the first to note that the halftone screen method

could be used for nonlinear processing. Kato and Goodman

1



[1—5]Aobtained a 1o§a;ithmic transformation wusing this
method. Later Sawchuk and Dashiell [1-6] performed a level
slice transformation with the halftone method. Lohmann and

Strand [1-7] used this method to obtain analog-to-digital

conversion. Pseudocolor with the-halftone method was shown‘

by Goodman and Liu [1-8]. i

None of the above nonlinear operations has been%
i
obtained in real time. This means that the nonlinear|

1

4

transformation of an input scene cannot be done without
significant time delay. This is due to the fact that thei
input and output of these processors often rely on:
photographic techniques which are not a real-time
realization. Recent developments have simplified the:

output problem: television and solid state devices are

available to efficiently make use of the two-dimensional

processed output. In many situations, the human eye or

observer is the end user of the information, so that:
| i
' optical systems with their inherent two-dimensional nature;

are 1ideally suited to process pictorial information

intended eventually for the human observer. The major'

!difficulty lies with real-time input to these processors.
gFlexible real-time optical input modulators which can
iconvert image information into a form for input to the:
processing system are needed. Significant research over

the last several years has made progress on certain aspects

of this problem. For ordinary linear optical processing a

™
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|
|

greatvdeal'pprrdé}ésé hééAbeen‘ﬁéé;Aniﬁ“maévelaging fast,
sensitive and easily usable real-time controllable;
replacements for photographic film. There are many?
different materials and systems, each with its own%
particular characteristics and tradeoffs [1-9 to 1-13].E

One common characteristic of nearly all curient devices is:i
that they are intended to operate 1linearly with moderate‘
contrast (photographic gamma of 3) over a, broad dynamic:

range (densities of 0 to 2 or 3).

Our main goal in this research 1is to study the
feasibility of doing nonlinear optical processing using a
real-time image converter and present methods which
successfully perform such operations. We will take two
different approaches to this problem: 1) realization of the
halftone process in real time; and 2) obtaining
nonlinearities without halftone preprocessing. - In the
following we first introduce these two methods and then

present the organization of this dissertation and its

research contributions.

1.2 Real-Time Nonlinear Processing with Halftone Screens

In halftone nonlinear processing the continuous tone

- input picture is transformed into a binary picture by

contact printing the continuous input data tHrough a

halftone screen onto a high-contrast recording medium. The
product of the input and halftone screen transmittances is

3



gclipped in the process, giving an array ofAbinaryAaots%
whose size 1is a function of clip 1level, the inputi
transmittance, and the halftone transmittance profile. Thei
"periodic nature of the halftone screen causes each:
subregion of the binary image corresponding to a constant-
input intensity to become quasi-periodic. When placed in
the usual coherent optical filtering system, multiple
diffraction orders appear in the Fourier transform plane
because of the sampled input. The procedure for producing
nonlinearities involves the use of one diffraction order
combined with specially made halftone screens. A filter is
placed in the Fourier plane that transmits the light around
one diffraction order and blocks everything else. This in
effect demodulates the image [1—3]. After the filtered
diffraction order in the Fourier plane 1is inverse
transformed, the continuous nonlinearly transformed output

appears.

To realize this process in real time the photographic’
hard—clipping step should be replaéed with some real—time‘
method. This means that a real-time image converter is
needed instead of the photographic film. Among presently
' developed devices, the liquid crystal 1light valve (LCLV)
appears to be one of the most promising for use in optical
processing systems [1-12,1-13]. It offers the advantages
of 1) relatively good modulation transfer function (to 50
or 60 cycles/mm.); 2) fast, reusable, simple operation; 3)

4.
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room temperature operation; and 4) physical compactness:

‘ with minimal controlling electronics required. This is the

. type of device that has been chosen for use in real-time

" halftone processing experiments.

Like most other real-time devices, ‘the LCLV has

generally been optimized for a large linear dynamic range,

"in contrast to the hard-clipping characteristic required

' for halftone processing. Given the choice of a linear LCLV

for real-time halftone input, methods of predicting the

?degradation“ and compensating for the nonideal
. characteristic have been studied. Dashiell and Sawchuk
“have investigated some implications of non-ideal recording
;materials [1-14]. They found methods to compensate - for
§finite gamma and finite saturation of the photographic film

for monotonic nonlinearities.

We will consider a recording medium with a general

shape of characteristic curve and try to compensate for its

' nonideal characteristic for general nonlinear functions.

1.3 Real-Time Nonlinear Processing Without Halftone

Screens

We present two different methods for obtaining
nonlinearities without halftone screens; a) direct; b)

variable grating mode.

1.3.1 Direct Nonlinear Processing



[ To achieve nonlinear functions without halftone
Iscreens the inherent nonlinear characteristic of a
|

recording medium or real-time transducer is directly used.!

. This invovles the proper biasing and selection of operating

i

points on a nonlinear curve to directly achieve a

point-by-point intensity transformation. The processing{

may take place with incoherent illumination, avoiding the |
|

problems of speckle, phase noise, and the possible;

necessity for a laser source. It also requires a lower:

space-bandwidth product on the real-time input device

because the halftone screen is eliminated. One drawback is,

- that the flexibility of this technique is considerably more,

limited than halftoning. Tai, Cheng and Yu [1-15] havez
!
 obtained a logarithmic nonlinearity directly (not in real:

time) using photographic film with special processing. . ‘

1.3.2 Variable Grating Mode Nonlinearities

This method involves the conversion of different input

1intensities to a local phase-modulated grating whose!
- spatial frequency is a function of the brightness. Wheng
" the variable grating is placed in the front focal plane ofE

a coherent Fourier transform processor, the difference in.

“local spatial frequency should cause different input levels:
_to be effectively placed at different points in the
. transform plane. By selective filtering and recombination’

l . . o ‘
. of .the transform components, various nonlinearities should.
|




be possible. This method relies on the behavior of certain
liquid crystal real-time devices which have shown the

variable grating mode in experiments [1-16].

1.4 Organization of the Dissertation and 1Its Research

Contributions i

In the second chapter we review halftone nonlinear%
processing and characteristics of a liquid crystal 1ight;
valve (LCLV) as a real-time image converter. We then;
explain how these two techniques can be combined to produce:
nonlinearities in real time. Chapter 3 presents a?
formulation of the halftone process with a nonbinary:
recording medium. This formulation relates the input and%
output intensities through the halftone screen parametersé
and the recording medium characteristic curve. The results

for the binary recording medium are obtained as a special’

‘case of the general recording medium.

-

In Chapter 4 we use the formulation of chapter three
to predict degradations due to the nonbinary characteristicé
of the recording medium. The result of computer?
simulations for different parameters of the recording?

medium characteristic are shown.

1 In Chapter 5 vWe try to compensate for the degradations
by analytical methods. It is shown that for some

nonlinearities we can obtain the halftone screen parameters

L_*,, I ‘—— 7,




{without any precompensation for the nonbinary recording

‘ medium.
|

. Chapter 6 gives a new analysis of the halftone process

|

+

1
i

. in which the halftone screen density function is considered

as a discrete function. With such analysis we describe new.

ioptimized methods of halftone screen design. Results of
computer simulation for different parameters of the

recording medium characteristic are shown.

In Chapter 7 we discuss methods of making halftone
' screens and present experimental results for a real-time
logarithmic process using an optimized halftone screen with

a LCLV.

Chapter 8 explains how the nonlinear characteristic of
a special birefringent LCLV can be used to generate an

analog-to-digital conversion nonlinearity directly without

any halftone preprocessing. The result of an experiment

producing a 3-bit parallel A/D conversion in real time is

shown.

In Chaptef 9 the variable grating mode VGM of the
liquid crystal and its application in real-time nonlinear
processing 1is discussed. In a detailed analysis we
determine the processing 1limitations of the VGM effect.
Preliminary experimental results using a VGM liquid crystal

device for real-time level slicing is presented.



; Chapter 10 discusses conclusions and possible!
: i
| extensions of this work.

i

The specific research contributions of this work are;
énow described. The analysis of the halftone nonlinear;
:process has been extended to predict the nonlinear
" input-output curve with any recording medium characteristic
~curve shape and any halftone screen cell shape. New
;analytical design formulas for halftone cell shape with a
fpiecewise linear recording medium and certain
1nonlinearities have been derived. New design procedures
" for halftone screen cell shape are presented which produce
screens that compensate for the nonideal characteristic of
ithe recording medium with any nonlinearity. New me%hods‘
have been develdped for obtaining real-time nonlinear.

functions without halftone preprocessing using the

birefringent liquid crystal device and the variable grating

mode (VGM) liquid crystal device. Experimental

: !
~demonstrations of logarithm, 3-bit parallel A/D conversion,i

and level slice functions in real time have been made.



CHAPTER 2
REVIEW OF HALFTONE NONLINEAR PROCESSING AND

THE LIQUID CRYSTAL LIGHT VALVE

In this chapter we review nonlinear halftone;
processing and the liquid crystal light valve (LCLV) as a.
real-time image converter. We then discuss how they can be:
combined to produce parallel nonlinear transformations in

real time.

2.1 Nonlinear Optical Processing with Halftone Screens

Halftone nonlinear optical processing methods rely on
| a pulse -width modulation intermediate step, in which the
input data is coded, and a filtering part that recovers a

continuous-tone picture from the coded one [2-1]. The:

. pulse-width modulation step, often called the halftonei
gprocess, transforms a continuous-tone picture 1into a
ipicture with only two levels of density. The resulting
!picture is called a halftonéd picture. ‘It consiéts of
§gr6ups of dots or bars depending on whether the halftone
~screen used in the process 1is one or two-dimensional.

. Corresponding to each density level in any part of the

~original picture a group of equal-area dots or a series of

10
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equal-width bars is present in the halftoned picture. The

"area of the dots or the width of the bars is a function of!

" the corresponding density level in the original picture and%

‘ t
- the density profile of the halftone screen. Thus, the;

information about the original picture density levels is

encoded . into areas of the dot groups or the widths of bars

present in the halftoned picture. The method is shown in

'Fig. 2.1.. The input 1illumination passes through the

‘original picture transparency and falls on a periodic array

‘of partially absorbing dots or lines (halftone screen).:

~The light transmitted by the halftone screen falls upon a

hard-clipping photograpic film which acts as a thresholding

device and records a binary image. The operation for a one

dimensional halftone screen 1is shown in Fig. 2.2. Note

- that the densities of the input' picture transparency . and

the halftone screen add together to effectively partially

absorb this illumination at any point. Depending on

- whether this sum of densities is less than or greater thané

the threshold density of the hard-clipping film, it will or;

- will not be activated. This causes the amplitude

. transmittance for the encoded picture transparency to look

:like Fig. 2.2(e). From the amplitude transmittance of the

" halftoned picture we see that the effect of the halftone

process on the input picture is equivalent to sampling. If
this sampled picture is used as an input to a coherent

optical processing system as shown in Fig. 2.3, different

L : R ¥ ¥
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m
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Figure 2.1 Production of halftoned picture
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—;iffféction ordefé appear in the filter plane. To be abl;}
to successfully filter out any single order, the spatial%
frequency of the halftone screen should be much greater%
than. the maximum spatial frequency present in the inputi
picture. Assuming that such a requirement holds, we cané
put a simple spatial filter in the Fourier plane and select%
one of the orders. The selected order is then transformed
back to éive a desampled image in the output plane of the§
processor. The intensity at any point of this output

picture is then a nonlinear function of the corresponding

point in the input. The form of this nonlinearity is

. determined by the shape of the halftone screen density

profile and the diffraction order selected in the spatial:

filtering system. Details of the mathematical relationship

between the output and input intensities will be worked out

. in the following chapters.

;2.2 Liquid Crystal Light Valve

1

The term “"liquid crystal" is applied to substances;

' whose rheological behavior is similar to that of fluids but

whose optical behavior is similar to the crystalline state

over a given temperature range [2-2]. One class of liquid

crystals called nematics is the most common type used 1in

devices whose properties interest us. The nematic liquid
crystal phase is formed by many organic compounds. The

most significant common feature of all these compounds is

15
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that they have 1long rodlike molecules [2-3]. When an

material is reoriented in space by both the field and ionic

conduction effects. If the conductivity of the liquid

. the nematic is simply reoriented by the field [2-4].

; The field effect operation of a LC device is based on
|
!

the electrically controlled birefringence characteristic of

placed between a transmitting electrode and a reflecting
mirror. ‘An incident polarized beam of 1light on the
transmitting electrode will be reflected back from the
'mirror while traveling through the liquid crystal as shown

'in Fig. 2.4.

electrical field 1is applied to a 1liquid crystal, the:

whereas in the absence of significant conductivity effects,

i

crystal is sufficient, conduction effects will predominate,?

the nematic liquid crystsl. The LC layer is normally:

Depending on the voltage across the 1liquid crystal,.

the reflected light will experience some phase retardation|

'

due to reorientation of the LC molecules by the field.;

. This phase retardation can be detected as an intensity

polarizer that is either parallel or perpendicular to the

one in the incident beam. With such arrangement we have a
light wvalve in which the electric field variation across
the LC controls the intensity variation of the output beam

;(reflécted light). Now, if we introduce a photoconductor

L. . e e e e

variation if we pass the reflected light through a second

16



Figure 2.4
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Diagram of a tunable birefringence field
effect cell (P=Polarizer, A=Analyzer,
TE=Transparent electrode, M=Mirror,
LC=Liquid crystal
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jlayer in the system we can transform the intensity’
-variation of a second light source (input light) to voltage
variation across the photoconductor that in turn can be
transferred to voltage variation across LC. Hence, the end
result is a light controlled light valve. This is shown in
Fig. 2.5 with a light blocking layer added to separate the
input and output beams. If the LC is twisted by 45O we
could get a dark off-state and the resulting device would
be the so-called standard linear LCLV [2-5]. This device
can be made to operate with a speed of about 30

frames/second or TV frame rate.

2.3 Real-Time Nonlinear Optical Processing with Halftone

Screens

To realize the halftone process in real time both the
halftoning step and output readout should be performed
rapidly. As described in chapters 1 and 2 the output is
easy to obtain in real time. To achieve the halftoning in
real time the photographic hard-clipping medium should be
replaced with a real-time image converter. The ideal
real-time device should have two properties: 1) the ability
to convert an incoherent imége to a coherent imaée; 2)
infinite gamma. Everywhere in this work we define the
parameter gamma as the slope of the linear portion of the
output amplitude transmittance vs. log of input intensity

of the real-time image transducer. Our definition of gamma

18
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Figure 2.5 Cross-sectional schematic of LCLV
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;should not be confused with the photographic definition ofj
gamma as the slope of the linear part of density vs. log of
the input intensity. The first property is common to many
image transducers and the liquid crystal light valve (LCLV)
described shares this property. On the other hand, almost
all real-time image <converters are optimized for linear
processing and do not possess the second property. This
can be seen from Fig. 2.6 where a typical characteristic of

a standard linear LCLV is shown.

In the following chapters we investigate this problem
by developing a new formulation of the halftone process and
presenting methods for the compensating for nonideal

characteristic of real-time image converters.
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CHAPTER 3

HALFTONE PROCESSES WITH GENERAL RECORDING MEDIUMS

Halftone nonlinear processes, described in chapter

. two, have been formulated with the assumption that a binary

1
i
i
i
i

i recording medium is used in the halftoning step [3-1].

With this assumption, once the output intensity is

1
I

expressed as a function of input intensity and the halftone
‘screen density profile (analysis), we can easily invert the
iproblem and get the halftone screen density profile given
the relationship between the output and input intensities

(synthesis).  Unfortunately, almost all recording media

deviate from the binary assumption. This deviation which

is quite small for high contrast photographic films, is

quite noticeable for any real-time image converter at the:

present time [3-2,3-3]. Consequently, to appreciate the:

halftone processes fully, we should remove the assumption
of 2 binary recording medium from the very beginning of our
. mathematical formulation of these processes. Dashiell and
JSawchuk have considered the effects of finite gamma and
saturation density of the recording medium on halftone
Aprocess by modifying the formulas for the ideal recording

medium [3-4].
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1

This formulation does not predict the effects of the
curved portions of the recording medium characteristic
curve on the overall nonlinear transformation. Moreover
the formulation is restricted to monotonic halftone cell
shapes. 1In this chapter we present a formulation of the
halftone process which considers a recording medium with a
characteristic curve of general shape and predict the final
degradation of the output due to such characteristic curve
for any halftone screen cell shape. This formulation is
used for the case vof a binary recording medium and its

result is compared with previous derivations.

3.1 Mathematical Formulation

For a general recording medium in the halftone process
we should replace the binary characteristic curve of
Fig. 2-2a by a curve 1like Fig. 3.1. This causes the
amplitude transmittance of the halftoned picture to
consist of pulses that are no longer rectangular as shown
in Fig. 3.2. The amplitude, width and shape of these
pulses depend on the input picture density levels, halftone
screen density profile, and the shape of the characteristic
curve of the recording medium. Each group of these pulses
corresponds to a constant intensity subregion in the input
picture. The period L (Fig. 3.2) of the halftone screen is
chosen to be small in comparison with the period of the

highest spatial frequency component in the input picture,

23



Figure 3.1 Transmittance vs input illumination density

for a general recording medium

0 —ex

Figure 3.2 Amplitude transmittance of the halftoned
transparency made with a recording medium
like that in Figure 3.1
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Eso any local region of the amplitude transmittance of the;
. halftoned transparency is approximately a periodic sequence:

of pulses and can be expanded in complex Fourier series

+
t, (x) = Z B, exp (-j2wkx/L) ' (3.1)
h k=-64{
1where
2mkx
B

1 L
Ek =7 IO th(x)e dx. | (3.2)
- In the above sum each term represents a grating order, and
" when we take the Fourier transform of the halftoned picture
in the coherent optical processor, these orders appear in
" the Fourier ‘plane as 1isolated spectral islands. The
;spatial filter in this plane selects a single order.

Hence, the resulting intensity distribution at the

processor output is

2
T, (T5,0k) = Byl
L .szx " (3.3)
0

which relates the intensity at any point of the output
picture to the amplitude transmittance of the halftoned
picture and the selected order. Now t; (X) can be related
to the input intensity as follows. Let the local input

picture intensity that produced the above train of pulses

25

m



on the halftoned picture be denoted by I;,. If the density
variation of one period of the halftone screen is
represented by f(x), then the intensity transmitted by the
U-f(x)

halftone screen is I, _-°1

amplitude transmittance versus log exposure curve of the

recording medium be described by g(logE), then we can write
t (x) = gl{loglI, +10"F¥) 1} = gllogr, -£(x)] (3.4)
h in “%in ‘ *

and replacing it in Eq. (3.3), we have

. 2Tkx
=T

dx|? (3.5a)

I_(1; k) = |2 [ ; gllogI, -£(x)]e
which relates the intensity at any point of the output
picture to the intensity of the corresponding point in the
input picture through a nonlinear integral relationship.
When the specific forms of g(logE) and f(x) are substituted
in this relationship and the integral is solved, the
overall relation between the output intensity and the input
intensity 1is nonlinear. This nonlinearity depends on

g(logE), f(x) and the value of the order selected.

The above formulation could be performed in terms of
the . intensity transmittance, 1(Xx), of the halftone screen
rather than its density profile. In this case, for
simplicity, we also need the transmittance versus éxposure
curve of the recording medium, T(E), rether than g(logE).

If we go through similar arguments as above we get
26



2Tkx |
J

L _—
J i1, ct0le T ax|? . (3.5b) |
0 |

3.2 Binary Recording Medium

The characteristic curve of a binary recording mediumi
%is shown in Fig. 3.3. Ideally a=0, and b=1l. Note that
. this form of characteristic curve is applicable to aé
?positive transparency. We could also consider the more.
ifamiliar.negative transparency although the basic results
|
'remain the same. We will choose the positive transparency
" curve because they are more similar to the characteristic
. curves for real-time devices. We now simplify the general

relationship of Eg. (3.5a) using the characteristic curve

lof Fig. 3.3.
3.2.1 Zero order

For the zero order case k=0, and Eg. (3.5a) becomes §

L
= {= - 2 3.6
Io(Iin'o) = {L[ . gllogI, f(x)1dx}“. ( )

. Considering Fig. 3.3 we can write

a (3.7)

if 1oinn—f(x) < logIr then g}logE)

and

b. (3.8)

if loinn—f(x) > logIr then g (logE)

27
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g(log E)

-
log I, log E

Figure 3.3 Characteristic curve of a binary
recording medium
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Assuming £(x) to be a monotonically increasing function we!

have
if x> £ (log=R) then g(logE) = a (3.9)
r
and
-1 Iin
if x < £ (logjf—) then g(logE) = b. (3.10)
r
When used in Eq. (3.6), this gives
I.
-1 in
£ (1oqI—) 0
1 r 2
I (1, ,k) = {=I J bdx + f adx] }“(3.11)
o'"in L 0 I.
f-l(logjéﬂ)
r
or after simplification
(b-a) .~1,,  Tin,,2
IO(Iin,k) = [a+ T —f (1ogj;—)] (3.12)

r
which is the same as the results obtained previously for

the case a=U, b=1 [3-1] except for the fact that it is

obtained in a more straightforward manner and can easily be.

generalized.
3.2.2 Nonzero order

For k=0, the above simplifications for the

characteristic curve can be used in Eq. (3.5) to obtain

I.
£ (Log=2) j2mkx L  2mkx

J
I (T ,k)=|%f Tpe” T dX+I ae” U dx]lz- (3.13)

0

-1 Iin
f (long—)
r
29




let

-1 Iin
= £ (logjf—d
r

X1

then

'2nkxl

- B e
2rkx
L

[
-

-
e
|

-_2nkxl
~1) (e L .y

1

_ (b-a)2

=g (e
417k

2 Tkx (3.14)

Tk

1

_ (b-a)? . 2 Tkxg
=~ 35 sin —g—
m°k

~after replacing = for X, we have

2 I.
k) = {82l sin2[%§ £ (Log2D) 1. (3.15)

I (I,
° Tk r

in’

v )

‘This also agrees with the previously obtained results

[3_]-] .

3.3 Halftone Screen Density Functions for Some Useful

- Nonlinearities

The halftone screen density function for different
nonlinearities with the general recording medium will be
determined in later chapters. Here, for our reference we

will find the halftone screen density functions for the

- - . : B 30



nonlinearities.

3.3.1 Logarithmic Transformation

-
1
!
|
|

This transformation can be obtained in the zero order..

i
lHence from Eq. (3.14)
|
!

in I

e oy I,
1 r (1, .0 = [a+®rle  (og 1%, (3.16)
: r

t
; ,
[For a logarithmic transformation

% IO(Iin,O) = Klog(I; /I.) (3.17)

. where K is a constant. Combining Eg. (3.17) and
' Eq. (3.16), we get

I. I.
Klog (=2) = fa+iP=2) 71 (1051012, (3.18)

L
r r

Binafy recording med ium for several specifieél

!

|

!

'
'

I.
If we let log.j%Ebe represented by f(x) and note that

r
£-l[£(x)]1=x then Eq. (3.18) can be written as
_ 1 b-a_,2
f(x) = K[a+—t—x] (3.19)

which gives the density profile of the halftone screen for

"a logarithmic transformation.
3.3.2 Exponential Transformation

This transformation can also be obtained in the zero
order. We want

31



Eig R —

(3.20)i

'
'
]

where o and B are constants. Combining Eg. (3.20) and:

' Eq. (3.16) we get

lin ‘
Ir (b-a) -1 Iin 2 ‘
o (B) = [a+—L—- f (log—T—)] (3.21):
r |
or T
1og(—I—)
o s S
a (g)L10 = [a+22)e™d (159102, (3.22)
r
From this we can write
f(x)] 3 |
a(B)[lo = [a+19321x]2. (3.23)

Taking the logarithm of both sides twice and simplifying,
we obtain

(b’a)x]—loga}-log logB. (3.24)§

L

f(x) = log{2logla+

This gives the density profile of the halftone screen for:

" an exponential transformation.

3.3.3 Power Transformation

This is another example of a transformation possible

in the 2zero order. We want

32,



| .
I (I, ,0) = y(=%? (3.25)

where vy and ) are constants. Combining this with

Eg. (3.16) we have

I, oy I,
(7§E)A = [a+(bLa)f 1(109752)]2 (3.26)
r - by
or
Iin
Alogjf—- 1. )
vy (10) T o= asfBraleml(goq 20 (3.27)
r
from which we can write
vy ) o atbrady 2, (3.28)

Taking the 1logarithm of both sides of Eq. (3.28) and

simplifying we obtain

f(x) = %log[a+iéiélx]-% logy . (3.29)

This gives the density profile of the halftone screen for a

power transformation.
3.3.4 Level Slice Transformation

In this case the desired input and output intensities

are

33



0
2 < 1
Io = c for Il < Iin < I2
0 for I2 < I, .
— Tin

(3.30) :

and this equation is shown in Fig. 3.4. To obtain thisE

transformation we should use the first order, i.e., k=1 in

Eg. (3.15). We have

(b—-a)2

- o 2T
Io(Iin,l) = —?— sin

-1 IinA

Combining Eq. (3.30) and Eq. (3.31) we can see that

I.
~1 in, _
£ (logt) =0 for Iin < Il,
£l ii—3) = Lgjp~1 S for I. < I._ < I
og’Ir = gsin -a Jtor 4y T tin 27
~and
-1 Iin
f (10912:) =L for I., 2 I,.

These are summarized in Fig. 3.5 where

-1 cm

si —
in b-a

3|

From Fig. 3.5 we can obtain the density profile

(3.31)

(3%32)

(3.33)

of the

halftone screen for the level slice transformation as shown

| i.n Figo 3.6-
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Figure 3.5 Inverse function of the density profile of

the halftone screen which performs the level

slice transformation of Figure 3.4
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Figure 3.6
performs the level slice transformation

of Figure 3.4

Density profile of the halftone screen which
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CHAPTER 4
DEGRADATION OF THE OUTPUT INTENSITY IN THE

HALFTONE PROCESS

The nonbinary characteristic of the recording medium
in the halftone process is the main source of degradationg
of the output intensity. This analysis theoreticallyi
predicts the departure of the nonlinearity achieved fromi
the ideal so that a compensation for this effect can be%
included in the design of the halftone screen. A typicali
characteristic curve of a nonbinary recording medium is%
shown in Fig. 4.1. Comparing this figure with the%
characteristic curve of a binary medium shown in Fig. 3.3{;
we can see that there are three distinct regions in these%
two curves that make them different. As shown in }ig. 4.1,
they are usually referred to as the toe, the linear part, |
and the shoulder of the characteristic curve. The effect%
of finite gamma and finite saturation of the recording;
medium on the halftone process has been considered beforez
[4-1). 1In the following analysis, we will show how each of:
these three regions of the characteristic curve contributes
to the final degradation of the output intensity. Thei

i

analysis will be done separately for the zero and nonzero
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Figure 4.1 Typical characteristic curve of a

nonbinary recording medium
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orders.

4.1 Zero Order

"medium characteristic curve affect IO(I

The general formula relating the output intensity in

the zero order to the input intensity from Eq. (3.6) is

-
_—
H
~

o
-
1]
~

ol |

L 2
JO g[loinn—f(x)]dx} . (4.1)

To find out how different parts of the nonbinary recording

in'o)' we can use

the halftone screen density profile that 1is designed for

the binary recording medium and some model characteristic

curves which are binary in every respect except for their

toe, linear part, or shoulder as shown in Fig. 4.2,

“Fig. 4.3, and Fig. 4.4. This has been done for the

.logarithmic process as explained in the following sections.

~4.1.1 Degradation Due to the Linear Toe of the -Recording.

;Medium Characteristic Curve in the Logarithmic Process

In this case

I (I3,/0) = K log(I; /T.) (4.2)

.where K is a constant and I, is shown in Fig. 3.3. For the

ideal recording medium the halftone screen density profile

from Eq. (3.19) is

(b-a) X] 2

£(x) = %[a+-—z—— i (4.3)
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>
logl, loglI, logE

Figure 4.2 Characteristic curve of a recording
medium with a linear toe
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I
log I, log I, Tog E

Figure 4.3 Characteristic curve of a recording
medium with a linear part

-
logl, logl, log E

Figure 4.4 Characteristic curve of a recording
medium with a linear shoulder



Let

rf
i

log(Iin/Ir)
and (4.4)
log(Iz/Il)

m
I

anéd now use Eq. (4.2), Eg. (4.3) and the characteristic
curve of Fig. 4.2 in Eq. (4.1). For simplicity assume a=0,
b=1. After some simplification the result is

3

2
40°K € _
(t+7) for loinn < logI,

9e2

1/2
{zaK-——[(t+€)3/2—(t—%)3/2]+K1/2(1-a)(t- %)1/2}2

3e 2
Io(Iin’o)= for logI2 < loinn < % (4.5)
1/2
1/2 _&,1/2 a,. _€,_20K _E 3/2_ o 2
for 1 < logl
K — in )

The quantity o is defined in Fig. 4.3. These equations
have been calculated for a =0.1 and different €'s. This.
means that the height of the toe is kept constant while its
slope changes. This way the input intensity range over
which the linear toe exists is extended to higher values of
€. The result is shown in Fig. 4.5. From this figure it
is seen that increasing € causes the tranéfer curve to lose
some dynamic range while its shape is preserved. If we
assume a curved toe rather than a linear toe, we expect to
get some small change in the shape of the transfer curve

o 42
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Figure 4.5 Logarithmic transfer function for a

recording medium with a linear toe

(a) binary medium'e=0; (b)Y €=1.0;

(c) €=0.33; (d) €=0.20;
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but same loss of dynamic range.

4.1.2 Degradation Due to the Linear Part of the Recording|

Medium Characteristic Curve in the Logarithmic Process

Using the assumptions of section 4.1.1 and the!
lécharacteristic curve of Fig. 4.4 in Eq. (4.1) we get afteré

some simplification

952(t-_) for loinn < logI, ;
- )3/2_ (- 3/2,2 1 ;
EIo(Iin'O) = 9e [(t+§ (t- ] for'loglzf;oglin<K7(4.6)‘
1/2
£ €,3/2 1
[ (t- —-) (t— ) ﬁ*l] for X < lOinn

. where we assume a=0 and b=1. These equations have been'
"calculated for different values of € The result is shown
in Fig. 4.6. From this figure, we can see that extending
the 1linear part of the recording medium characteristici

!
1

~curve to larger input intensity values causes the transferi

curve to lose dynamic range and also to change shape.é

iAlthough the loss in dynamic range is undesirable, the

transfer curve shape change is even less desirable.

4.1.3 Degradation Due to the Linear ‘Shoulder of the
Recording Medium Characteristic Curve in the Logarithmic

" Process
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Figure 4.6 Logarithmic transfer function for a
recording medium with a linear part

(a) binary medium €=0; (b) €=1.0;
(c) €=0.33; (d) €=0.20; (e) €=0.10
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Using the assumptions of section 4.1.1 and the
characteristic curve of Fig. 4.5 in Eq. (4.1) we get after

some simplification
K[Ell—ﬁl(t+€)3/2+B(t+%)1/2]2 for logI, <logl,

R(ZUB) [ (645932 (e-5) ¥ 2148 (245 /%)

0)

I, (14 for logI,<logI; <1/K (4.7)

(1-8) ,, _€,_2(1-8) € 13/2,2
2B (e-5) 25527

(t-3 3z (t-

1
for g < 1ogIin .

where we assume a=U and b=1 as before. The result of the
above equations for 8=.9 and different values of € are
shown in Fig. 4.7. The transfer curve change is seen to be

similar to the one for the linear toe.

Noting that the input intensity range over which the
toe and shoulder of the recording medium characteristic
curve are present is usually much smaller than the range
for the linear part, we can conclude that the linear part
is responsible for most of the degradation in the output
intensity for a monotonic nonlinearity like the logarithmic

process.

4,2 Nonzero Order

The general formula relating the output intensity in

the nonzero order to the input intensity from Eqg. (2.5) is
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Figure 4.7 Logarithmic transfer function for a
recording medium with a linear shoulder

(a) binary medium €=0; (b) e=1.0
(c¢) €=0.33; (d) €=0.20
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L .
{ gllogr, -f(x)]e L dx|2 (4.8)

where k is the order selected and the rest of the

parameters are explained in section 4.1.1. To find the

degradation due to each part of the characteristic curve of
the recording -medium, we can go through the same sort ofi
procedures as in the zero-order case. The specific example%
we consider here is the level slice function. It turns outE
in this case that the calculations simplifyannithedifferent%
parts of the recording medium characteristic curve do not’

have to be considered separately. This is shown in the

following sections.

: 4.2.1 Degradation of the Output Intensity Due to thei
| Nonbinary Characteristic of the Recording Medium for a

fLevel—Slice Process

The level slice function is a nonmonotonic:
i
! nonlinearity and hence we have to use a nonzero order to’
obtain this function. Since it has only one sign change in:

éits slope the first order should be used. We want to have

0 for Iin < Ia
_ 2
Io(Iin’l) = c for Ia < Iin < Ib (4.9)
0 for Ib < Iin'

For simplicity we choose c2=i%l The form of this function
m
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is shown in Fig. 4.8. With an ideal recording medium show;w

in Fig. 3.3 and a=0, b=1, the halftone screen density fromi

Fig. 3.6 is
L H
log(Ia/Ir) 0 < x < > -
Elx) = (4.10) '
| L |
i log (I, /I ) > <x <L
!as shown in Fig. 4.9. From Eg. (4.8) the output intensity
for a general recording medium in the first oxder is E
| L L j2£¥ .
: Io(Iin,l) = |f Io g[loinn-f(x)]e dx| (4.11)
and subgtituting for f(x) from Eqg. (4.10) we have
| 1 L/2 jg-TIT—‘—}E
| Io(Iin'l) = IE{J' g[loinn-log(Ia/Ir)]e dx + -
|
i 2mx (4.12)
| - [logI. -log(I,/I_)] T }|2
! L/2g 0gijn o9/l e
{
! or
!
! _ l -
[ Io(Iin,l) = ;7{g[loglin log(Ia/Ir)]
: (4.13)

2
-g[loinn-log(Ib/Ir)]} .

From this equation we can say that the output intensity is
| obtained by shifting the recbrding medium characteristic
curve by amounts log(Ia/Ir) and log(Ib/Ir) (determined from
the level slice characteristic), subtracting these. shifted
;curves from each others, and then squaring the result.

This shows how a perfect level slice function is obtained
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Figure 4.8 Level slice function
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Figure 4.9 Halftone screen density for the
level slice function of Figure 4.8
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when we have a binary recording medium with a
characteristic curve shown in Fig. 3.3. On the other hand,
for a nonbinary recording medium with a characteristic
curve like Fig. 4.1, the toe and shoulder of this curve
makes the sharp corners of the level slice function rounded
and the linear part of this curve make the ri<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>