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moire fringes can be eliminated. 1In short, we have once again demonstrated the versatility
of the white-light progress sysfem; a wide variety of signal processings can be easily
achieved with very cost effectiveness and high efficiency.
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I. Introduction

We have, in the past fourteen—-month period, completed several major
research programs in the supported area on white-light optical signal
processing and holography. The performances of our tasks done were very
consistent with proposed research programs supported by Air Force Office of
Scientific Research Grant No. AFOSR-83-0140. Several results, in part,
have been published in various open technical journals and have been
presented in scientific conferences. Sample copies of these papers are
included in this annual report in the subsequent sections, to provide a
concise documentation of our research program. In the following sections,
we shall give an overview of our research work done in the period from
March 15, 1984 to May 14, 1985. We shall detail some of those accomplished
works., A list of publications resulting from this support is included at
the end of this report.

II. Summary and Overview

The advances of quantum electronics have brought into use the infrared
and visible range of electromagnetic wave. The investigation of intensive
coherent light sources has permitted us to build more efficient optical
systems for communication and signal processing. However coherent optical
systems are plagued with coherent artifact noise, which frequently limits
their processing capability. However, this difficulty has 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
pure coherent sources. We have found that many optical processings can be
carried out either by partially coherent source or white-light source. The
advantages of white-light processings are: (1) It can suppress the coherent

artifact noise; (2) the white-light sources are usually inexpensive; (3)
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the processing environment is generally very relaxed; (4) the white-light
system is relatively easy and economical to operate; and (5) the
white-light processor is particularly suitable for color image processing.

In the following sections, we shall highlight some of the research
done during the period from March 15, 1984 to May 14, 1985.

2.1 Solar-Light Optical Signal Processing (Section IIIl).

We have in this period performed an experiment of optical signal
processing with natural solar light [1]. We have shown that a white-light
processor can be easily implemented with natural solar light for optical
signal processing. The basic advantage of the solar optical processing is
that the processing system does not require to carry an artificial light
source, which is very suitable for spaceborne optical processing
application. 1In addition to the simplicity, versatility, polychromaticity,
and noise immunity of the white-light processing system, the solar
processor is very durable and the operation is very cost effective,

2.2 White-Light Processing with Magneto-Optic Device (Section IV)

We have also in this period performed an application of a
magneto-optic spatial light modulator with white-light processing [2]. The
spatial 1light modulator to white-light optical signal processing is
presented. We have shcwn that the magneto-optic device responds to the
polarized white light, in which a wide range of color object patterns can
be generated. Since the magneto-optic device is a transmitted type spatial
light modulator, it is very sujitable for real-time programmable spatia.

filter synthesis and object pattern generation for optical signal

processings.
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2.3 Measurement of Noise Performance (Section V)

A measurement technique for the noise performance of a white-light
optical signal processor is also performed in this period [3]. The
technique utilizes a scanning photometer to trace out the output noise
intensity fluctuation of the optical system. The effect of noise
performance due to noise perturbation at the input and Fourier planes is
measured. The experimental results, except for amplitude noise at the
input plane, show the claims for better noise immunity, if the optical
system is operating in the partially coherent regime. We have also
measured the noise performance due to perturbation along the optical axis
of the system. The experimental results show that the resulting output SNR
improves considerably by increasing the bandwidth and source size of the
illuminator. The optimum noise immunity occurs for phase noise at the
input and output planes. For amplitude noise, the optimum SNR occurs at
the Fourier plane. In brief, the experimental results confirm the
analytical results that we recently evaluated.

2.4 white-Light Fourier Holography (Section VI)

In this period we have also developed a technique for generating broad
spectral band Fourier holograms with an encoded white light source [4].
Since this technique utilizes primary white-light construction and
reconstruction process, it is quite suitable for color Fourier hologram

image reconstruction.

2.5 Optical Generation of Speech Spectrogram with White-Light Source
(Section VII)
We have also developed a technique of generating speech spectrogram

with a white-light optical processor [5]. Since the technique utilizes a
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white-light source, the speech spectrograms thus generated are frequency
color-coded resulting in easier visual discrimination. The temporal-to-
spatial conversion of speech signal is accomplished by means of density
modulation with a CRT scanner. The scaling procedure of the speech
spectrogram as well as the frequency resolution limit of the system is
discussed.

2.6 Progress on Archival Color Film Storage (Section VIII)

In the past fourteen-month period, we have completed an investigation
of archival storage of color films with white-light optical processing
technique [6]. We have developed a spatially encoding technique such that
the moire fringe pattern inherently existing with the retrieved color image
can be avoided. To improve the diffraction efficiency of the film, we have
introduced a bleaching process so that the step of obtaining a positive
encoded transparency can be eliminated. Instead of restricting the
encoding processing in the linear region of the T-E curve, we would allow
the encoding in the linear region of the D-E curve, so that a broader range
of encoding exposure can be utilized, Experimental results indicate that
excellent color fidelity, high signal to noise ratio, and good resolution
of the reproduced color images can be obtained.

2.7 Contributed an Invited Chapter of a Book (Section IX)

We have also in the past few months published an invited chapter on

"Recent Advances in White-Light Image Processing" in the Advances in

Electronics and Electron Physics Vol. 63, edited by P. W. Hawkes (Academic

..' ..'\* - ‘..'.'.'. .‘41- .‘q .f: - "f A -'_. = '._ - IO AN -¢ - -‘. = .. \.\- \' =T '-"- "1 ‘. .. A

Press Inc.) [7]. This chapter illustrated several important color image
processing operations can be easily accomplished with white-light
processor, for which some of the results can not be obtained with digital

techniques at this time. We have acknowledged particularly to the support
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of the AFOSR. Without their support, these results could not have been
accomplished.
2.8 Remarks

We have also, in this period, investigated a microprocessor based
real-time optical signal processing. Interesting results would be surfaced
in the near future. In short, the white-light signal processing research
program, supported by AFOSR, 1is conducted extremely well as proposed. As
it can be seen, several significant results have been documented in open
literature available for the interested technical and research staffs, for
example, as listed in Section III to IX.

2.9 Future Research

Our aim in the following years is toward the following goals:

1. To synthesize a low cost microprocessor based white-light
pseudocolor encoder.

2. To carry out the white-light programmable pseudocolor encoder for
multispectral band satellite pictures, x-ray transparencies, scanning
electron micrograph, etc.

3. To develop a real-time programmable processing capability with
various spatial-light modulators.

4, To carry out various real-time signal processing applications.

5. To develop a real-time spatial/spectral signal processing
capability.

6. Provide experimental demonstrations and applications of the
principles and processing operation that we proposed.

7. To develop techniques of synthesizing a broad spectral band

complex matched filter for the white-light processing system.
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8. To develop a computer generated spatial filters program that is

. suitable for broad spectral band white-light processing, etc.
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1. Introduction

Since the discovery of laser in the earlier 60’s, the
laser has become an indispensable light source for
most of the optical signal processings [1-4]. Aside
from the disadvantage of inherent artifact noise, the
lasers are generally expensive and in some cases the
maintenance of a coherent source could be a prob-
lem. Recently we have developed a grating based op-
tical signal processing technique, which can be easily
carried out with a broad band white-light source [5].
The major advantages of the white-light processing, as
AN in contrast with the coherent counterpart, are the
. simplicity, versatility, polychromaticity, cost effi-
ciency and artifact noise immunity.

We will, however, in this paper experimentally
demonstrate that several elementary optical image
processings can be carried out by solar or sundight
. illumination. Since the solar light contains all the

visible wavelength, the experimental results that we
N will show would be in colour images.

2. Color image retrival

. +  Let us briefly describe a color image retrieval

& utilizing the solar light. Let us assume that a spa-
tially encoded transmittance of a color object trans-

parency be [6]

v 0 030-4018/84/303.00 © Elsevier Science Publishers B.V.
v (North-Holland Physics Publishing Division)
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We will show that a white-light processor can be easily implemented with natural solar light for optical signal processing.
The basic advantage of the solar optical processing is that the processing system does not require to carry an artificial light
source, which is very suitable for spaceborne optical processing application. In addition to the simplicity, versatility, poly-
chromaticity, and noise immunity of the white-light processing system, the solar processor is very durable and the operation
is very cost effective. Several elementary experimental demonstrations obtained with the solar light processing are given.
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1(x, y) = exp[IM{T,(x, »)] [1 + sgn(cos p,y)]
+ Tp(x, ¥)[1 + sgn(cos pyx)]

+ Te(x,»)[1 + sgn(cos pex)]}], M

where M is an arbitrary constant, T, Ty,,and T, g are
the red, blue, and green image irradiances of the
color object, p,, py,, and pg are the respective carrier

spatial frequencies, (x, ») is the spatial coordinate sys- .
tem of the encoded film, and

1, cosx 20,

‘3"("“")&{-1 cosx <0 .

If we place the encoded film of eq. (1) at the input
plane of a solar optical processor of fig. |, then the
first-order complex wave field at the Fourier plane,
for every A, would be

S(a,B;0) =T, (a, Bz % p,) +T (a i%pb, 5)

i

+ fg(ai-;‘—ipg,ﬁ) + f,(a,ﬁi%p,) . f’b(ai ;/Pb.ﬂ)

2n
+ i',(a,ﬁi;—ipr) -« Tz(ai%pg,ﬂ)

A

FON N AR}

',_‘,_-

+fb(a:%pb.ﬁ)ti‘g(at%pg.ﬂ). @
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where T;, f‘b and T“F are the Fourier transforms of
T,. Ty, and T respectively, * denotes the convolu-
tion operation, and the proportional constants have
been neglected for simplicity. We note that the last
cross product term of eq. (2) would introduce a
moiré fringe pattern, which can be easily masked out
at the Fourier plane. Thus by proper color filtering
the smeared Fourier spectra as illustrated in fig. 1, a
true color image can be retrieved at the output image

plane p3. The corresponding output image irradiance
would be

Kx,v)= T2(x, )+ T¥x,») + TAx. %), 3)

which is a superposition of three primary encoded
color images. Thus we see that a moiré free color
image can be retrieved from a natural solar light.
For experimental demonstration, we show a re-
trieved color image of fig. 2 obtained from the solar

" light optical processing. In view of the retrieved

color image, we sce that the reproduced color image
is spectacularly faithful with respect to the original

color object and the image contains virtually no co-
herent artifact noise,

3. Pseudocolor encoding

Most of the optical images obtained in various
scientific applications are gray-level density images.
For example, scanning electron microscopic images,
multispectral band aerial photographic images, X-ray
transparencies, infar-red scanning images, etc. How-
ever, humans can perceive in color better than gray-
level variations. Therefore a color coded image can
provide a greater ability in visual discrimination.

Let a three-level (i.e., positive, ncgative and inter-
mediate level) spatially encoding transparency be

378 :

OPTICS COMMUNICATIONS

15 October 1984

Fig. 1. A solar optical processor.

Fourwer pione

t(x,y) =exp[iM{T(x,y)[1 + sgn(cos py)]
+ Ta(x,»)[1 + sgn(cos ppx)]

+T3(x,»)[1 + sgn(cos p3x)]}], -(4)

where M is an arbitrary constant, Ty, T,, and T are
the positive, the negative, and the negative and posi-
tive product image exposures,p,,p,, and py are the
respective carrier spatial frequencies.

Again by the insertion of the encoded transparen-
cy of eq. (4) at the input plane p of the solar light
processor of fig. 1, and by various color filtering of

* the smeared Fourier spectra in the Fourier plane, a

density color coded image can be obtained at the
output plane, such as

](x’y)= T%y(x;y) + T%b(xay) + T%g(xr.v) ’

where Tf,. T%b. and T%F are the red, blue, and green
color intensity distributions of the threc spatially en-
coded images. Thus we see that a density color coded
image can be easily obtained with the solar light.

Fig. 3 shows a density pscudocolor encoded X-ray
image of a woman's pelvis, obtained with the solar
processor of fig. 1. In this color encoded image. the
positive image is encoded in red, the negative image is
encoded in blue, while the product image is encoded
in green. By comparing the pseudocolor coded image
with the original X-ray picture, it appears that the
soft tissues can be better differentiated by the color
coded image.
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Fig. 2. A retrieved color image. Fig. 3. A density pseudocolor encoded X-ay image.

Fig. 4. Samples of false<color Landsat images. (a) Band 4 is encoded in green while band § is encoded in red. (b) Band 4 is encoded
in green, band 5 is encoded red, and band 7 is encoded blue.
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4, As apply to multispectral Landsat images

Falst-color encoded Landsat images would allow
us for the discrimination of various carth surface fca.
tures. For example, forests agricultural lands, water,
urhan arcas, and strip mines can be shown on the
color coded images if cach of the thematic image
were displayed in a different color. With reference to
the spatial encoding method as described previously, a
N-spectral band encoded transparency may be de-
scribed as

NI2
1x,y)= CXP[W(,,:QH T,(x,»){1 + sgn(cos p,)]
N/2
N gk T, (x, y)[l+sgn(cosp,,x)])] k=12, .,

(5)
where T, are the multispectral band image irradiances.
We note that the use of the orthogonal samplings

(i.e., spatial encoding directions) is to avoid the moiré
fringes of the output image. Needless to say that if
the encoded film of eq. (5) is inserted at the input
plane of the solar optical processor, then false-color
encoding can be taken place in Fourier plane. The
output false-color coded image irradiances can be
shown as

N
Ix,)= El T2(x, 7\, ©)

where Ts represents the irradiance of nth spectral
band image and A,, denotes the corresponding coded
color. Thus we see that a false-color coded multi-
spectral image can be easily obtained with the solar
light processing.

For simplicity, three bands of multispectral scan-
ner Landsat data were processed for pseudocoloring.
These bands were from the blue-green (band 4: 0.5~
0.6 um), red (band 5: 0.6-0.7 um), and reflected in-
frared (band 7: 0.8—1.1 um) spectral regimes. The
scenc is a 78 X 107 km subsample of Landsat scene
showing a section of Susquehanna River Valley in
Sautheastemn Pennsylvania, Fig. 4 shows the results of
the false-color coded Landsat data obtained with the
solar optical processor of fig. 1. In fig. 4(a) where
band 4 is encoded green and band 5 is encoded red,
the Susquehanna River and small bodics of water are
delineated as deep red. The islands in the Susquehanna
River are easily distinguished. Strip mines are dark
red, urban areas (Harrisburg) are medium red, and

OPFHICS COMMUNICA TTONS
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agricultural lands are light red, orange, and yellow.
Fotested areas are preen, In fig. 4(h), where band 4 s
encoded green, band §'is encoded red, and band 7 is
encoded blue, the Susquchanna River appears as
violet, and the other bodies of water as shades of blue.
The surface mines and urban arcas are dark red. The
agricultural valleys are orange and the forested re-
gions are green. Thus again we see that false-color
coded images can be easily obtained with a solar op-
tical processor.

5. Conclusion

We have demonstrated that a white-light optical
processor can also utilize natural solar light for image
processing. One of the obvious advantages of the
solar light optical processing is that the system does
not require to carry its own light source. Thus the
proposed solar optical processor is very suitable for
spaceborne or satellite optical processing applications.
One can image that if an orbiting spacebome satellite
optical processor is required to carry its own light
source, for example a powerful laser, then, aside the
havier payload, the question is that how long the
light source will Jast? If one used the natural solar
light, we can easily perceive that the optical system
would continue to function for a great number of
years, possibly beyond the present civilization. Al-
though the development of the solar optical processing
is still in the infancy stage however it is not difficult
to predict that it would offer many useful applica-
tions, particularly to the space communication and
signal processing needs.

We wish to acknowledge the support of the US Air
Force Office of Scientific Research grant AFOSR-83-
0140.
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SECTION IV

White-Light Processing with Magneto-Optic Device
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Application of a magnetooptic spatial light modulator to

white-light optical processing

Francis T. S. Yu, Xiaojing Lu, and Miaofu Cao

The application of a programmable magnetooptic spatial light modulator to white-light optical signa! pro-
cessing is presented. We have shown that the magnetooptic device responds to the polarized white light,
in which a wide range of color object patterns can be generated. Since the magnetooptic device is a trans-
mitted type spatial light moduliator, it is very suitabie for real-time programmabie spatial filter synthesis

. and object pattern generation for optical signal processings. Experimental demonstrations of some of the
elementary spatial filter syntheses and pseudocolor encodings are provided.

l. introduction

The recent development of magnetooptic spatial light
modulator (also called Light-Mod) has stimulated po-
tential applications to the real-time optical signal pro-
cessing.l2 The Light-Mod consists of a layer of mag-
netic iron-garnet thin film deposited on a transparent
nonmagnetic substrate. The magnetic thin film is,
however, formed into a 2-D array of separated mag-
netically bistable mesas or pixels. As a plane polarized
light transmits through the array of the mesas, the po-
larization of the mesas can be spatially modulated by
magnetically switching through the Faraday effect.
Since the Light-Mod is a transparent type device unlike
the other spatial light modulators,34 the device is very
suitable for the applications to real-time object pattern
generation and spatial filter synthesis.

Because of the cross-array formation of the mesas, the
device has a 2-D mesh structure for which the array of
mesas or pixels can be switched on and off with an x-y
matrix addressed of currents. Thus each pixel of the
Light-Mod would take one of the only two possible
states, which depends on the direction in which the pixel
is magnetized. Thus we see that the Light-Mod is es-
sentially a binary type spatial light modulator (SLM)
in contrast with the other SLM.

Since the Light-Mod can be electrically switched, an
object pattern can be writlten on the device with a
computer; thus the Light-Mod is also a programmable

The authors are with Pennsylvania State University, Department
of Electrical Engineering, University Park, Pennsylvania 16802.
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spatial light modulator, which is particularly attractive
to the application to programmable optical pro-
cessing.

In this paper we will, however, illustrate some ap-
plications of this magnetooptics device to a white-light
optical signal processor. We will show that the device
is capable of generating various elementary spatial fil-
ters and object patterns for optical processings. Since
the device would be used in a white-light optical pro-
cessor, we will first demonstrate the effect of the device
under the polarized white-light illumination. We will
show that the device responds to a wide range of polar-
ized light, and it is suitable for generating color-coded
spatial filters and color-coded object patterns.

ii. Etfect under White-Light lllumination

We shall first illustrate the effect of spectra distri-
bution under white-light illumination. Since the device
is essentially an n X m array of transparent pixels (or
mesas), the Fourier spectra of the device would have a
similar distribution to that of a 2-D cross grating. If we
insert the Light-Mod in the input plane of a white-light
processor, we would expect a set of smeared rainbow
color Fourier spectra distributed at the spatial fre-
quency plane. Since the current Light-Mod under test
would not respond to wavelengths shorter than the
green light, their Fourier spectra would, therefore, only
smear from red to green. Nevertheless, this range of
spectral lines would provide us with a wide variety of
colors for the polychromatic processing.

To simplify our discussion on the effect under the
white-light illumination, we provide three simple object
patterns of the device, as illustrated in the left-hand
column of Fig. 1. The center column is a set of equa-
tions to represent the Fourier transforms of these object

patterns, where 1/! is the spatial frequency of the in-,

herent grating structure of the device, a is the pixel size,
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Fig. 1. Elementary patterns of the device and the corresponding smeared Fourier spectra.

A is the wavelength of illumination, and f is the focal
length of the transform lens. The corresponding
smeared Fourier spectra distributions are also shown
in the right-hand column of the same figure.

Let us now discuss the effect of the device under the
polarized white-light illumination. We assume that an
object pattern, used either as a spatial filter or as an
input object, is generated by the device with a pro-
grammable computer. If the device is illuminated by
a polarized white-light, one would see the color of the
object pattern changes as the direction of the polariza-
tion changes. Since the device responds to a broad
spectral bandwidth of light from red to green, a wide
variety of color object patterns can be generated in
which the color characterization of the device is shown
in Fig. 2. Inthis figure the outer region represents the
magnetized pixels (i.e., object pattern), and the inner
region represents the unmagnetized pixels (i.e., back-
ground). For example, if the polarizer is set at ~88°
angle relative to the vertical axis of the device, the object
pattern would be in yellow color, which has the greatest
transmittance, while the background would be in black,
as can be seen in Fig. 2. If the polarizer is turned
slightly counterclockwise, one would see that the object
pattern remains in yeliow color while the background
changes to dark green color (or red color, if the polarizer

Y = Yellow
G = Green
Re Red

8 = Blace

Fig.2. Color transmittant characteristic of the magnetooptic device
under polarized white-light illumination.

is rotated slightly clockwise). If further advancing
counterclockwise, the background would become light
green while the object pattern still remains in vellow.
We further note that. if the polarizer is set at ~104°,a
contrast reverse of the color object pattern appears. If
the polarizer is set between 180 and 95.5°, the entire
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Fig. 3. White-light optical signal processing utilizing a program-
mable spatial filter: I, white-light source; H(a,B8), spatial filter
generated by the device; L, transform lens.

device would become yellowish, a contrast reverse color
pattern would take place for further turning of the po-
larizer. Moreover, from Fig. 2 we see that the color
characterizations of the device are repeated for every
rotation of the polarizer. Thus a wide range of color
object patterns can be generated for polychromatic
signal processing.

Il. Eilementary Spatial Filtering

We shall now discuss the utilization of the Light-Mod
as a programmable spatial filter for a white-light optical
processing as shown in Fig. 3. We note that the device
is driven by a computer to generate elementary binary
spatial filters (e.g., high-pass and wedge filters).

Since the inherent grating structure of the device
produces higher-order diffractions (as shown in Fig. 1),
the separation of these higher-order signals is depending
on the sampling frequency (i.e., the grating structure)
of the device, and the spatial frequency content of the
arriving complex wave field. In other words, it depends
on the pixel size of the device, the frequency content of
the object spectra, and the focal length of the transform
lens.

We shall now investigate the effect of the output
image irradiance due to the device used as a program-
mable spatial filter. With reference to Fig. 3, the in-

tensity distribution at the output plane can be written
as®

F-S(a,B:MH(a.B)] = s{x.y) » hix,y; )

-n(x.y)-n)‘i('[-')nuinc%/ )mnc - ) ‘x-n—,y m);f)

a)? . a\ . a N )\/)
= |~ § - - - — - -,
(l = sinc (n l)mnc (m l)s(x n Y m ! (1)

where 7-! denotes the inverse Fourier transformation,
s,represents the convolution operation, S(a,5;)\) is the
Fourier spectrum of the input signal s(x,v),H(a,8) is the
amplitude transmittance of the device used as a spatial
filer, h(x,y;\} is the corresponding impulse response,
4 is the Dirac delta function, and (x,y) and («,8) are the
spatial coordinate systems. From this equation we see
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that the input signal is carried out by an (n X m) array
of amenred delta functions which nre loeated i

(A/ A/)
n—.,m-—
! !

in the output plane 1’5, We also note that the intensity
of the multiple array of output signnls (or imnges) is
proportional to magnitude square of the sinc factors in
Eq. (1), ie.,

sinc |m -

lu.m(x._v)a, sinc (n %Nz

(2)

Thus the intensity of the higher-order images decreases
rapidly as n and m increase. We would, however, treat
the zero order (i.e., m = n = 0) as the signal and the rest
of the diffracted orders as noise. Thus to improve the
output SNR, one would make the ratio a/l (wherea =
{) approached to unity. However, to make the size of
the pixel approach the size of the mesh cell of the device
is equivalent to saving that making the x-y drive lines
very thin is very difficult to achieve in practice. Nev-
ertheless, if the mesh cell of device ! is made smaller and
the focal length of transform lens f is made longer, the -
separation of the output signal with respect to the un-
wanted noise (i.e., higher-order diffractions) can be
obtained. Asanumerical example; given! = 0.127 mm
for a 48- X 48-array Light-Mod and f = 1000 mm, the
mean separation of the output smeared signals would
be Af/l = 4.3 mm for X = 5500 A. If | = 0.02 mm. the
mean separation of smeared signals would be ~27.5 mm
for the same focal length. Thus the input signal size
could be as large as 14 mm.

IV. Experimental Results

In our experiments, we show that a piece of 48- X
48-array magnetooptics light-mod is used to generate
elementary spatial filter in the Fourier plane of a
white-light optical processor as depicted in Fig. 3. The
pixel size of the device is ~0.127 mm, and the size of the
light-mod is ~Y; in. square. Needless to say that ele-
mentary spatial filters can be generated by the device
with a programmable computer. Now if we assume a
high-pass filter as shown in Fig. 4(a) is being generated
in the Fourier plane, an edge-enhanced image can be
obtained at the output plane of the processor. Since the
magnetooptic device responds to a broad band of light
waves (i.e., from red to green), it is, therefore, a simple
matter of utilizing the device to generate a color coded
high-pass spatial filter. In example. if the polarizer is
set at an angle between 95.5 and 104° of Fig. 2, a high-
pass color-coded filter of Fig. 4(a) can be generated (ice.,
low-pass region is in dark green, while high-pass region
is in vellow). And it is apparent that a color-coded
edge-enhanced image can be observed at the output
plane.

For experimental demonstration, Fig. 4(b) shows a
gray scale black-and-white input object. Figure 4(c)
is a black-and-white picture of the corresponding
color-coded edge-enhanced image obtained with the
programmable spatial filter with white-light processing.
In the original color image, the edges of the building are
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Fig. 4.
color-coded high-pass filter generated by the device; in reality, the
low-pass region is green, and the high-pass region is yellow; (b) input
object transparency; (c) black-and-white color-coded edge-enhanced
image. In reality, the edges of the building are yvellow-white, and the

(a) black-and-white picture of a

reat of the picture is greenish.

(a)
o)

() (d)

Fig.5. Directional filtering: (a) black-and-white picture of a wedge
filter; (b) input signal; (c) extraction of the larger signal; (d) extraction
of the smalier signal.
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Fig. 6. White-light processor with a programmable input object for
pseudocolor encoding: I, white-light source; L, transform lens.
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Fig. 7. Pseudocolor encoding:  (a) Input object: (b) object pattern

generaled by the device; (c) a black-and-white color-coded iamge. In

color the bird is yellow, the square region is in green, and the outer
region is reddish.

(a)

mostly coded in yellow, while the rest of the picture is
greenish color. Needless to say that, if the polarizer is
set at a different angle, a different shade of color-coded
edge-enhanced image can be obtained. .

We shall now show a second experimental result ob-
tained with a directional or wedge filter8- of Fig. 5.
Figure 5(a) shows a two-shade radial spectral filter
generated by the device. Figure 5(b) shows a black-
and-white input object of two sinusoidal waves taken
from a oscilloscope. Although these two sinusoidal
waveforms are of the same frequency, however, the
slopes of these two waveforms are very distinctive.
Thus these two sinusoids of different amplitudes can
be exclusively extracted with a wedge filter. Figures
5(c) and (d) show a set of the results obtained by the
wedge filter of Fig. 5(a), with two sequential settings of
the polarizer: Fig. 5(c) is obtained when the vertical
region of the wedge filter is coded in black, while the
horizontal region is coded in yellow. Figure 5(d) is
obtained with a contrast reversed filter of Fig. 5(a).

We shall now demonstrate a theta modulation®
pseudocolor encoding technique with this device as
shown in Fig. 6. First, a binary black-and-white input
object of Fig. 7(a) is placed at the observation plane P.
Then a pattern of input object can be generated by the
Light-Mod with a programmable computer as shown
in Fig. 6. The object pattern of the device consists of
three distinctive spatially modulated regions as shown
in Fig. 7(b). The inner region (i.e., the bird) is mo-
dualted with a uniform cross-grating frequency in both
directions, while the intermediate region is not modu-
lated, and the outer region is modulated at a lower
grating frequency in the horizontal direction. Thus the
corresponding smeared object pattern spectra would be
spatially separated along the horizontal axis in Fourier
plane. In pseudocolor encoding, we allow the zero-
order (i.e., the intermediate region) and two first-order
(i.e., the bird and the outer region) Fourier apectra to
pass through three preselected color filters, (e.g., red,
green, and yellow), respectively, at the spatial frequency
plane of Fig. 6. Then a pseudocolor-coded image can
be obtained at the output plane as shown in a black-
and-white picture of Fig. 7(c). Needless to say, differ-
ent shades of pseudocolor encoded images can also be
obtained with different sets of the color filters and dif-
ferent settings of the polarizer orientations. Thus a
wide range of pseudocolor images can be obtained with
the theta modulation technique.
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V. Conclusion

In conclugion, we have incorpornted s progrnmmable
tingheiooptic spatind ight modulator with o white hght
optical signal processor. We have shown that the device
renponded 19 polnrized white light, in which it offees the
advantage of color-coded spatinl filters synthesis and
the generntion of psendocolor object imge. The dovice
can be used as an input programmable object and also
as a programmable spatinl filter for real-time optical
signal processing.  Kven though the resolution of this
device is rather limited, however, we have shown some
the interesting applications with the white-light illu-
mination. Nevertheless, one of the important assets
of the device must be the programmability, which, in
principle, would offer a wide range of real-time pro-
cessing capabilities. If the resolution of the device is
further improved, the device would have significant
impact to the application of modern optical signal
processing.

We acknowledge the Litton Data Systems for support
of the Light-Mod investigation and the support of U.S.
Air Force Office of Scientific Research grant AFOSR-
83-0140.
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Measurement of noise performance for a white-light

optical signal processor

Francis T. S. Yu, Le-Nian Zheng, and Fu-Kuo Hsu

A measurement technigue for the noise performance of a white-light optical signal processor is presented.
The technique utilizes a scanning photometer to trace out the oulput noise intensity fluctuation of the opti-
cal svstem. The effect of noise performance due to noise perturbation at the input and Fourier planes is
measured. The experimental results. except for amplitude noise at the input plane. show the claims for bet-
ter noise immunity, if the optical svstem is operating in the partially coherent regime. We have also mea-
sured the noise performance due to perturbation along the optical axis of the system. The experimenta) re-
sults show that the resulting output SNR improves considerably by increasing the bandwidth and source

size of the illuminator. The optimum noise immunity occurs for phase noise at the input and output planes.

For amplitude noise, the optimum SNR occurs at the Fourier plane. In brief, the experimental results con-
firm the analytical results that we recently evaluated.

. Introduction

White-light optical processors are known to perform
better in noisy conditions compared with coherent op-
tical processors, because the artifact noise in the co-
herent optical svstem is unavoidable. The analysis of
noise performance under coherent and partial coherent
regimes has been quantitatively studied by Chavel and
Lowenthal! and Chavel.? Thev show that noise fluc-
tuations caused by the pupil plane can be drastically
reduced under broadband illumination. They have aiso
pointed out that the noise at the object plane due to
defects other than the phase deviations cannot be
suppressed under partially coherent illumination.

Recently, Leith and Roth® studied the noise perfor-
mance of an achromatic coherent optical processor.
They demonstrated that such a svstem shows consid-
erable noise immunity if a broad spectral band source
is emploved. More recently, we analvzed the perfor-
mance of a white-light optical processor under noisy
environment 45

We have shown that except for the case when the
amplitude noise is present at the input plane, the re-
sulting output SNR improves considerably by in-

The authors are with Pennsyivania State University, Flectrical
Engineerimg Department. University Park, Pennsylvania 16802,
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creasing the number of filter channels (or equivalently
the spectral bandwidth) and the size of the light source
employed.

In this paper, we shall experimentally measure the
noise performance of a white-light optical processor.
We shall show that the measured results confirm the
analytical predictions.*> Aside from the noise effects
at the input and Fourier planes. we have also measured
the noise performance due to thin noise effects along the
longitudinal direction (i.e., Z axis) of a white-light op-
tical system.

ii. Noise Measurement

The white-light optical signal processor to be studied
here is described in Fig. 1. The processor is similar to
that of a coherent optical processor. except for the use
of an extended white-light source, source encoding
mask, sampling phase grating, and achromatic Fourier
transform lenses. The output light intensity distri-
bution due to the nth narrow spectral band spatial filter
in the Fourier plane can be determined by the following
integral equation*-6;

Mn rv
Hx' ¥ = j‘x.,. _’f__ Yi{xoyo)
. Iff Stxo+ a~ A/l‘n._\'o + 3)Hn(a.ﬁ)

2
- exp dxodvod A, (n

dadf

9
-1 ‘-r,r/‘ (xr'e + .\"ﬁ)

where v (xq,V0) represents the intensity distribution of
the light source at P,. An,, and A, are the longest and
shortest limiting wavelengths of the nth spectral band
filter Ho(a.8). S(xo + a = Mro,vo + B) is the smeared
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Fourier spectra of the input object s(x,y), H,(c,0) is the
nth spectral band spatial filter corresponding to the nth
channel in the system, f is the focal length of the ach-
romatic Fourier transform lens, and v is the spatial
frequency of the sampling phase grating, which can be
written as

T(x) = exp(i2xvpx). (2)

We shall first investigate the noise performance of the
proposed white-light processor under the spatially co-
herent illumination, i.e., the effects due to source size.
For convenience, we assume that the source irradiance
is uniform over a square aperture at source plane P,
which can be written as

Y(xovo) = rect (-_t_o) rect (E) s (3)
a a

where

a

Ljxol = e

rect (x_o) A
a

For simplicity. we assume that the input signal is a
1-D object independent of the y axis. The Fourier
spectrum would also be 1-D in the 5 axis but smeared
into rainbow colors along the o direction. Let the width
of the nth narrow spectral band filter be Aa,. If the
filter is placed in the smeared Fourier spectra, the
spectral bandwidth of the filter can be written as

Aap
ANn = App = Ajp = oo . (4)
The total number of filter channels can be deter-
mined,

a
O,Jxol > =
Jxol 5

Na& —A-é- &~ Ahvof . (5)
' AN, Aap,
where A\ is the spectral bandwidth of the white-light
source. Thus, we see that the degree of temporal co-
herence at the Fourier plane increases as spatial fre-
guency of the sampling grating v, increases.
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Fig. 1. Grating-based white -light optical processor:

gt N Yixp.val, source intensity distributions: £y, source
- : ~ plane: ), input plane; I’,, Founer piane: 124, output
—/_" W plane: s(x v}, obyect transparency; H, (¢}, shit fil-

ter; PM, photometer; OSC, oscilloscope; L, achro-
matic transform lenses.

For the noise measurement under temporally co-
herent illumination, we would use a variable slit rep-
resenting a broad spectral filter in the Fourier plane.
The output noise fluctuation can be traced out with a
linearly scanned photometer, as illustrated in Fig. 1. It
is therefore apparent that the output noise fluctuation
due to spectral bandwidth of the slit filter and due to the
source size can then be separately determined. We
shall adopt the definition of output signal-to-noise ratio
{SNR). as proposed in a previous paper,? for the mea-
surement of the noise performance, i.e.,

SNRA(y') & Elln(v')}/on(x'}, (6)

where I,,(v’) is the output irradiance due to the nth
channel, E|-] denotes the ensemble average, and ¢%(y”*)
1s the variance of the output noise fluctuation, i.e.,

AW 2 E[JEv)] = IE[Ia ()R, )

Evidently the output intensity fluctuation 7,,(»’) can
be traced out by a linearly scanned photometer. The
dc component of the output traces is obviously the out
signal irradiance (i.e.. E|/,]), and the mean square
fluctuation of the traces is the variance of the output
noise (i.e.. d2). Thus we see that the effect of the output
SNR due to spectral bandwidth (i.e.. temporal coher-
ence) and source size (i.e., spatial coherence) can readily
be obtained with the proposed measurement tech-
nique.

Hl. Experimental Results

In our experiments, a 75-W xenon arc lamp is used as
the white-light source. The spatial frequency of the
sampling phase grating used is ~50 lines/mm, the focal
length of the achromatic transform lenses is ~380 mm.
Both the amplitude and the phase noise plates used in
the experiments are generated by photographing a laser
speckle pattern, and the phase plate is obtained with a
surface relieving technique through an R-10 bleaching
process.” Shower glass, for strong phase perturbation,
is also utilized in the experiments. We shall first

-demonstrate the noise performance due to perturbation
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Fig. 2. Effect on output image (with a section of photometer traces) due Lo phase noise at the input plane for different spectral bandwidths.
The source size used is 0.7 mm square (i.e.a = 0.7 mm): (a) A, = 1500 A; (b) AN, = 1000 A; (c) A, = 500 A.

at the input plane. For the amplitude noise at the input
plane, the experiments have shown that there is no
apparent improvement in noise performance under
partially coherent illumination. The result is quite
conclusive with the previous prediction.34 However
for the phase noise at the input plane, the noise per-
formance of the system is largely improved with a par-
tially coherent illumination. We shall first utilize a
weak phase model (obtained by laser speckle and a
photographic bleaching process described earlier) as the
input noise. Now we consider the situation of an input
object transparency superimposing with the phase noise
at the input plane. The effect of the noise performance
of the optical svstem can then be obtained by varying
the source size and the spectral bandwidth of the slit
filter, as described in Fig. 1. Figure 2 shows a set of
output photographic images together with sections of
correspondiig photometer traces to illustrate the effect
due to spectral bandwidth of the slit filter. From these
pictures we see that the noise performance (i.e., SNR)
improves as the spectral bandwidth (i.e., temporal co-
herence) of the slit filter increases.

Quantitative measurements of the noise performance
due to phase noise at the input plane are plotted in Figs.
3and 4. From these two figures we see that the output
SNR increases monotonically as the spectral bandwidth
A\, of the slit filter increases and it linearly increases
as the source size enlarges. Thus the noise performance
for a partially coherent optical system improves as the
degree of coherence (i.e., temporal and spatial coher-
ence) relaxes. In other words, to improve the output
SNR of the white-light (i.e., partially coherent) pro-
cessor, one can either relax the spatial coherence (i.e..
the source size) or the temporal coherence (i.e., the
spectral bandwidth of the filter) or both in the optical
processing system. We stress that the experimental
results are quite compatible with the results obtained
in our recent analvsis.45

Let us now demonstrate the effect of the noise per-
formance due to strong phase noise. In the experi-
ments, a conventional shower glass is used as the input
phase noise. Figure 5 shows a set of results we obtained

0« 1mm

Q+0.7MM

Qso0.emm

SN

ourPYT

500 1000 1800 2000 2800 aapd)

Fig. 3. Output SNR for phase noise at the input plane as a function
of spectral bandwidth of the slit filter for various values of source
sizes.
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Fig. 4. Output SNR for phase noise at the input plane as a function
of source size for various values of spectral bandwidths.
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Effect of output image due to strong phase perturbation at the input plane (@ = 0.7 mm): (a) A\, = 3000 A; (b) A\, = 1500 A: (c)
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Fig. 6. QOutput SNR for amplitude noise at the Fourier plane as a
function of spectral bandwidth for various source sizes.

under various spectral bundwidth iltuminstions,  Fig-
ure 5(a) shows an output result obtained under entire
broadband white-light illumination. Although this
image is somewhat aberrated due to the thick phase
perturbation, the image is relatively immune from
random noise fluctuation. Compared with the results
obtained from Figs. 5(a)-(d), we see that the output
SNR decreases rather rapidly as the spectral bandwidth
of the slit filter decreases. Furthermore, Fig. 5(d) shows
a result obtained with a narrowband coherent source
(i.e., a He-Ne laser). Aside from the poor noise per-

176 APPLIED OPTICS / Vol. 24, No. 2 / 15 January 1985
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formance, we have noted that the output image is also
severely corrupted by coherent artifact noise.

We shall now demonstrate the noise performance of
a white-light optical processing system due to noise at
the Fourier plane. With reference to the same mea-
surement technique as proposed in Fig. 1, the effects of
amplitude noise at the Fourier plane are plotted in Fig.
6. In contrast with the amplitude noise at the input
plane, we see that the output SNR increases monoton-
ically as the spectral bandwidth of the slit filter in-
creases. The output SNR also improves as the source
size enlarges. Thus, for amplitude noise at the Fourier
plane, the noise performance of a white-light optical
processor improves as the degree of temporal and spatial
coherence decreases.

Figure 7 shows the noise performance of a white-light
processor for phase noise at the Fourier plane. From
this figure, once again we see that the output SNR i« a
monotonic increasing function of spectral bandwidth
AN,. The SNR also increases as the source size in-
creases. However, compared with the case of phase
noise at the input plane of Fig. 2, the improvement of
the noise performance is somewhat less effective com-
pared with the phase noise at the input plane. Once
again we see that the experimental results are compat-
ible with the analytical results that we obtained in our
previous papers.4:

We shall now provide the result of noise performance
due to thin phase noise along the optical axis (i.e., Z
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axis) of the optical system. Figure 8 shows the variation
of output SNR due to phase noise inserted in various
planes of the optical system. From this figure we see
that the output SNR improves drastically for phase
noise inserted at the input and output planes under
temporal and spatial partially coherent illumination.
The noise performance is somewhat less effective for the
phase noise at the Fourier plane, even under partially
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coherent ilumination.  Nonelheless, the phnse noise
at the Fourier plane can, in principle, be totatly elimi-
nnted under very brondbnned illaminntion, if ench of the
naise channels is uncorrelated. We have also noted that
the output SNR is somewhat lower for higher spatial
cobherent illuminntion (i.e., smaller source size). I
other words, the output. SNR ean also be improved with
extended source illuminntion.

The noise performance, due to amplitude noise along
the 7 axis of the proposed optical processor, is plotted
in Fig. 9. From this figure we see that the output SNR
improves as the noise pertiirbation moved awny from
the input and output planes and where the optimum
SNR occurs at the Fourier plane. Again, we see that the
output SNR is somewhat higher for larger source sizes
(i.e., lower degree of spatial coherence). However we
stress that the noise performance cannot be improved
with partially coherent illumination, if the amplitude
noise is placed at the input or at the output plane.

{tv. Summary and Conclusion

We have devised a technique for measuring the noise
performance of a white-light (i.e., partially coherent)
optical signal processor. We have utilized a scanning
photometer method to obtain the output intensity
traces of a partially coherent system operating in noisy
conditions. The effects of output SNR due to the am-
plitude and the phase noise at the input and Fourier
planes were quantitatively studied. The experimental
results show that there has been no improvement in
noise performance due to amplitude noise at the input
plane. However the output SNR improves drastically
for the phase noise at the input plane with a partially
coherent (i.e., temporal and spatial cohergnce) illumi-
nation. For very strong input phase disturbance, the
experiments show that the output noise can essentially
be eliminated, if it is under very broadband illumina-
tion.

As for the performance due to noise at the Fourier
plane, the experimental results show that the output
SNR improves for both the amplitude and phase noise
under a partially coherent regime. However the overall
improvement is somewhat lower than the effect due to
phase noise at the input plane, under the same partially
coherent (i.e., temporal and spatial coherence) illumi-
nation. .

We have also measured the noise performance due to
thin noise effects along the Z axis of the optical pro-
cessing system. The experimental results show that
optimum noise immunity occurs for phase noise at the
input and output planes, and optimum output SNI?
occurs for amplitude noise at the Fourier plane. The
results also indicate that a higher output SNR can in
fact be obtained for more relaxed temporal and spatial
coherence constraints.

In concluding this paper we stress that the experi-
mental results are quite compatible with the analytical
results that we recently evaluated .4

We acknowledge the support of the U.S. Air Force
Office of Scientific Research grant AFOSR-83-1040.
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This paper describes a technique for generating broad spectral band Fourier holograms with an encoded white light
source. Since this technigue utilizes primary whitc-light construction and reconstruction process, it it quite suitabic for
color I‘ourier hologram image reconstruction. Experimental results are also given.

1. Introduction

The construction of Fourier transform hologram
for a two-dimensional object transparency with co-
herent optics was first introduced by Vander Lugt
in 1964 in the application to complex signal detection
{1]. Since then efforts have been made to develop
techniques for making Fourier holograms with inco-
herent light.

Recently, Courjon and Bulabois [2—-4] had dem-
onstrated a technique of producing Fourier holograms
with a spatially incoherent source. They utilized an in-
terference filter and a holographic transparency to
achicve a high degree of coherence illumination for
the Fourier hologram construction and the hologram
image reconstruction was obtained with narrow spec-
tral band illumination. Although good experimental
results have been reported, however the technique is
limited to monochrome hologram image reconstruc-
tion. Ferriere et al. [S] have also demonstrated a tech-
nique of generating Fourier holograms with an incoher-
ent source. They utilized dispersive prisms and a slit
filter to achieve a high temporal coherence (i.e, nar-
row hand illumination) for Fourier hologram genera-
tion. Although positive results have been repurted in
their article, however the image quality is rather poor,
The major drawback of this technique must be due to
low-light construction process, in which results with
poor noise performance.

In this paper we shall describe a technique of pro-

384

ducing a broad band Fourier hologram with a white-
light source. The technique utilizes a high efficient dis-
persive grating and a source encoding mask for the
Fourier hologram generation. Since the hologram con-
struction utilizes all colors of visible light. this tech-
nique is suitable for color Fourier hologram image re-
construction.

2. Construction and reconstruction process

We shall now describe a technique of generating a
broad spectral band Fourier hologram with a white-
light processing technique |6}, as schematized in fig. 1.
A high diffraction efficient phase grating is used to dis-
perse the spectral content of the light source into rain-
bow color at the back focal plane of the achromatic
lens L. To alleviate the constraint of recording medi-
um due to limited dynamic range, we shall spatially
sample the smeared optical light source with periodic
pinholes such that a sequence of partially coherent
sources for various spectral colors can be obtained at
the source plane Py. The intensity distribution of these
encoded sources, for various A,,, would he

N
7(xg.yo) =K Z: cit, [Ixg. Vo - fergdg A7, 1. (1)

n=l

where K is a proportionality constant,

0 030-4018/85/803.30 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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Fig. 1. A technique of generating a broad spectral band
}ouncr hologram with a whate-light source. S, white-light
source.

cir, [r/ar,] =1, 0<r<ar,

=(, otherwise,

4r,, is the radius of the nth sampling pinholes, f'is the
focal length of the achromatic lens. v is the spatial
frequency of the phase grating. A, is the main wave-
length within the nth sampled source. and (xq. vq) is
the spatial coordinate system of the source plane P.
To achieve the required spatial coherence at the input
plane P . it is apparent that the size of the sampling
pinholes should be small compared with the overall
input object, such as

br, <A,k ()

where /i denotes the separation between the reference
point and the input object s(x. v) as shown in fig. 1.

To maintain a high temporal coherence for Fourier
hologram construction, it is required that the wave-
length spread AA,, over the nth sampling aperture
should satisfy the following inequality

AN, I\, € Bplyg (3)

where 4v is the spatial frequency handwidth of the in.
put obyect sy, v) and py is the spatial frequency of
the phase grating.

Thus we sce that a sequence of encoded partially
coherent sources arc illuminating the input plane P, .
Since the source encoding mask is covered over a wide
§pcclrn| content of the smeared white-light source., it
is apparent that N discrete Fourier holograms, for dif-
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ferent wavelengths, can be synthesized. et us now as.
sume that the input plane contains an object transpar-

ency and a reference pinhole. as described in the follow-

Ing equation:
fx.v)=ss(x+h/2,v)+8(x - I/2, v). 4)

where s(x. v) denotes an input object function, 8 (x, v)
denotes the Dirac delta function, and A is the main sep-
aration between the target and the reference pinholes.
1t is therefore apparent that a broad band Fourier
hologram can be interferometrically generated in the
Fourier plane P,. If we assume that the holographic
construction is in the linear region of the recording
emulsion, the amplitude transmittance distribution of
the recorded Fourier hologram would be

N .
H(a,8) = :Z?N {K1S(a, B + fugh,)I?

n+0

+ Kzls(a. B+fu0>\")l

X cos[(2mh/\, N+ ¢(a, B+ fugh,)]} . (5

where K} and K, are arbitrarily proportional constants,
S(a, f: N,) is the Fourier spectrum of input object func-
tion s(x, 3, A,), (a, B) is the spatial coordinate system
of the Fourier plane, A, is the main wavelength of the
nth quasi monochromatic coherent source, f'is the focal
length of the achromatic transform lens L,, and vy is
the spatial frequency of the grating.

oUTRYUT
PL ANF

/
* Y
' {1} HOLOGRAM

P MAGE

Fig. 2. Youner hologram image reconstruction with whate-
hght processing.
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I iteresting to note that il the broad band holo-

gram FHia. B) is iluminated by a heam of encoded white-
light scynee (shown in fig, 2) such s

A
K, g\ =C EN ciry(a, B+ fugh, X)), («,
n=-

n+

where Cis a complex proportionality constant, then the
complex light field at the output plane would be

gy = [ [ E@ B0 H@ 0)
X exp(-i(2n/A ) ax + fx)] da df . (7)

By substituting egs. (5) and (6) into eq. (7). we have
&(x, 1 })

N
= ,§1 Ci5(x, 3 A) *s(x, yi N,) * 5" (=x, =1 A,)

AV
+ 20 Cob(x, yiN) * [stx +h, piA,)
n=1}

+5* (=x +h, =y N, (8)

where C; and C, are complex constants. * denotes the
convolution operation and the superscript » represents
the complex conjunction. The corresponding output
irradiance can be shown as

16,9)= [ an, lgbeyiN2dN, forn=12 N
9
which is approximated by
N
I(x,y)= O\, E {(Kis(x, )y 0) * 8% (x, ¥ A)

n=]

+Ky[Isx +h, pi A+ 1sx = by A2,
(10)
where K, and K, are proportionality constants. * de-
notes the correlation operation. From this equation

we see that two hologram images of s(x, v) would be

diffracted around x = 24 at the output image plane of
fig. 2.
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3. Experimental result

We would now provide a couple of experimental re-
sults obiained with the proposed white-ight Fourier
holographic process. In our experiments, a 75-W
xenon are lamp with a1 o square pinbole is used as
a white-hght source. A sinusoidal phase grating of about
110 lines/mm, with 25% diffraction cfficiency for the
first-order diffraction. is used to disperse the spectral
content of the light source. The achromatic transform
lenses used are about 750 cm focal length. The source
encoding mask composes a set of peniodic circular pmn-
holes of about 40 um and their spacing is about 2.5 mm.
The separation between the reference aperture and the
input target object is about 8 mm. The size of the refer-
ence aperture is roughly about 300 um.

We shall now show a couple of Fourier hologram
images obtained with this white-light processing tech-
nique. Fig. 3(a) shows a gray scale object. with a ref-
erence pinhole, used as an input transparency. A broad-
band Fourier hologram is generated as shown in the en-
larged photograph of fig. 3(b). Fig. 3(c) shows a pair
of twine holographic images obtained with this tech-
nique. As compared with the original object, the fea-
ture of the hologram image can readily be seen. al-
though the image quality is still needed to improve.

One of the features of the white-light Fournier holo-
graphy must be the color image reconstruction. Fig.
4(a) shows a set of binary color English characters.
with a reference pinhole. used as input object to gener-
ate a broad-band color Fourier hologram. Fig. 4(b)
shows a pair of color holographic images obtained
with this techmque. Although the image quality of
this result is still somewhat poor. however as compared
with the original transparency. the color reproduction
is rather faithful. Nevertheless. this result may be the
first white-light colour Fourier hologram image that s .
ever reconstructed.

4. Conclusion

We have described a technique of generating a
broad spectral band (i.e.. white-light) Founer holo-
gram. The technique utilizes light dispersion and
source sampling method to obtain a set of narrow-
band partially coherent sources for the hologram
construction process. Since the techmque utilizes
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white-dight illumination, it is quite suitable for color
Foutier hologiaphic imaging.
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White-light optical speech spectrogram generation

F.T.S.Yu, T. W. Lin, and K. B. Xu

A white-light optical processing technique of generating speech spectrogram is presented. The speech spec-
trograms thus generated are frequency color-coded resulting in easier visual discrimination. The temporal-
to-spatial conversion of speech signal is accomplished by means of density modulation with a CRT scanner.
The scaling procedure of the speech spectrogram as well as the frequency resolution limit of the svstem is
discussed. Experimental demonstrations of the proposed frequency color coded speech spectrograms gen-
erated by the proposed white-light optical processing technique are given.

1. Introduction

Since development of the first electronic sound
spectrograph by Bell Telephone Laboratories nearly
four decades ago,! great strides have been made in the
field of speech analysis. The electronically generated
sound spectrograph has been widely used for various
applications including such areas as linguistics, pho-
netics, speech synthesis, and speech recognition.
However, an optical system utilizing the Fourier
transform properties of the positive lens offers a viable
alternative to the electronic counterpart. The multi-
channel optical processor suggested by Cutrona et al.?
was found to be able to utilize efficiently the 2-D nature
of an optical system. Moreover, by sacrificing the
multichannel capability of such a processor, Thomas?
pointed out the feasibility of generating a near real time
spectrum analysis for large space-bandwidth signal.
Later Yu* reinforced Thomas's concept in the synthesis
of a coherent optical sound spectrograph. He pointed
out that a near real time optical sound spectrograph can
be dgsigned and constructed at a competitively low
cost.

In this paper, we will describe a technique of gener-
ating multicolor speech spectrograms with a white-light
optical processor. This technique utilizes a cathode ray
tube (CRT) scanner density modulator to convert a
temporal signal to a spatial signal that is suitable for
white-light signal processing. To obtain a color-coded
speech spectrogram, a dispersive element such as a
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grating (or prism) can be used at the input plane of the
processor. In frequency color encoding, a narrow slit
is placed over the smeared color signal spectra at the
Fourier plane so that a frequency color encoded spec-
trogram can be recorded. ln the following, we shall
describe the basic performance of this white-light op-
tical spectrum analyzer as applied to speech signals.
The frequency resolution limit of the system as well as
the frequency scaling of the spectrogram will be given.
Experimental demonstrations of the color-coded speech
spectrograms, obtained with the white-light processing
technique, will be provided.

Il. Temporal-Spatial Signal Conversion

It is well known that an optical processor is capable
of performing 2-D spatial Fourier transformation.
However, the processing of time signais bv optical
means necessitates the transformation of the signals tq
a 2-D spatial format. Generally speaking, there are two
ways of performing this conversion, namely, the density
and the area modulation techniques.® Nevertheless,
the density modulation method is the simplest and most
commonly used technique in practice.” We shall use
a density modulation technique for temporal-to-spatial
signal conversion and also show that the temporal-
spatial formats obtained from this technique are very
suitable for color-coded spectrogram generation with
a white-light source.

The conversion can be obtained by displaying the
time signal with a CRT scanner and then recorded on
& moving photographic film. In other words. the time
signal is first applied to the Z axis of a high-resolution
CRT scanner to produce an intensity modulated elec-
tron beam so that the fluorescence light intensity varies
linearly with the input signal voltage. Since the signal
voltage is usually a bipolar function and the light in-
tensity is a positive real quantity, an appropriate bias
should be added with the time signal to produce a
density modulated signal. To ensure a linear density
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transmittance is linearly proportional to the intensity

of CRT display, can be produced by imaging the CIUT

- display onto a moving photographic film. Figure 1(a) FiLmDmven
o~ shows the schematic diagram of the conversion process. (@)
~ The recorded format, as typified in Fig. 1(b), can then
be inserted into the input plane of the optical processor
‘\:: for spectrogram generation.
o~ In the time-spatial conversion recording, the speed
of the recording film limits the highest-frequency con-
- tent of the signal to be recorded. For example, if the
-~ * highest frequency content of the signal is v cps, the
" speed of the film motion should be ¥
) v2v/R, 1)
vy where R is the spatial frequency limit of the film. Thus unEe
- it is apparent that to resolve the highest frequency (o)

-

content of the recorded format, the speed of the re-
cording film should be so adjusted higher than the ratio
of v/R. Unfortunately, the finite optical processing

Fig. 1. (a) Temporal-to-spatial signal conversion. L, imaging lens.

(b) Segment of recorded format.

window would set the speed limit of the recording film.

. A higher speed of the recording film would result in a
i lower frequency resolution of the spectrogram genera-
tion, thus corresponding to a wideband spectrogram

analysis.® However, this drawback may be alleviated

4 by utilizing a higher-resolution CRT scanner. Never-
?:‘: theless, in practice, a higher-resolution CRT tends to
= be more expensive. Moreover, the frequency resolution
of the optical processor is also limited by the source size

as well as the point spread function of the imaging lens

e and, of course. the width of the optical window in the
: processor. Thus the speed of recording film should be

restricted by the following inequality:

. -

l.l
v

v < Wy, (2)

where W is the width of the optical window of the pro-
cessor and v, is the lowest frequency limit.

Fig. 2. White-light optical sound spectrograph. L, achromatic
transform lens.
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iil. System Analysis

Let us now discuss a white-light optical spectrum
analyzer as depicted in Fig. 2, where Ly, Ly, and L are
achromalic Fourier transform lenses.  If the recorded
format of a time-spatial signal, as described in Sec. 1,
is loaded in a linear motion film transport at the input
plane of the processor, a slanted set of rainbow smeared
Fourier spectra in the Fourier plane can be observed.
We note that the effect of the phase grating at the input
plane is to disperse the signal spectra in a direction
perpendicular to the recorded input format (i.e., di-
rection of the film motion), so that a set of nonover-
lapping slanted (or fan-shaped) rainbow color smear
spectra can be displayed at the Fourier plane. 1t is now

apparent that, if a slanted narrow slit is properly utilized
at the Fourier plane, as illustrated in the figure, a fre-
quency color-coded spectrogram can be recorded at the
output plane, with a moving color film. T'he color-
coded spectrographic signal can also be picked up by a
color TV camera for displaving, storage, transmission,
and further processing by electronic or digital system.
We further note that, by simply varving the width of the
input optical window, one would expect to obtain the
so-called wideband and narrowband spectrograms. In
other words, if a broader optical window is utilized for
the spectrogram generation, a high spectral resolution,

corresponding to a narrowband spectrogram, can be
obtained.

15 March 1985 / Vol. 24, No. 6 / APPLIED OPTICS 837

=

.
a
.
a
:
N
.
a



~

&z

AT |

..

"

e e
LY

’4(.“.,‘ 'g:.“’ »

e

l~ .“,")

A

SN

However, by inerensing the spectral resolution of the
spectrogram, we would expect 1o lose the spatinl (e,
Lirne) renolution  Convernely, il the apiien) window i
narrewer, which corresponds to o wideband analysis, a
loss of spectral resolution is expecied.  However, loss
of the spectenl resolution improves the thme resolution
of the spectrogrnm,  ‘This time bandwidth relationship
is in [net the consequence ol the Heisenberg's uncer-
tainty relation in quantum mechanics.?

For simpheity in analysis, we let the light source be
a square white-light source.  The source irradiance may
be written as

yilxo.va:A) = S(A) rect (%0) rect (V_hn) . (3)

where S(A) is the spectral distribution of the light
source, b denotes the size of the square source, and

(x) L|x| <b,
rect | =] =
b 0. otherwise.

With reference to Wolf's partial coherence theoryl© the
mutual coherence function at the input plane P; of the
spectrum analyzer of Fig. 2 would be

Fixpyixayad) = fylxoyod)
{ 2T ol )
- ex ! — |xolXx; — X
p N olxy 2

+ yoly1 = yz)l} dxodyo, 4)

where the integration is over the source irradiance. By
carrving out the integration, the mutual coherence
function at plane P, becomes

b -
Tixy,yix2,y2;A) = KS(M) sine [IL;‘/—XZ—)]
bly, —
- sinc ﬂ__(_v]_yz)] ! (5)
A
where
in(
sinc(my) & sin(rx) )

and K is an appropriate constant.

Now, if the time-spatial signal format is inserted at
the input plane P, of the processor, the mutual coher-
ence function behind the input plane would be

M(xnyixayzA) = Tixyyx2yad) expligoly, = yal
X X2
ot t*(x9) t [— t{—| - (6)
(x1)t*(x9) rec (W) rec (W)

where the exponential factor represents the phase
transform of the 1.1 phase grating, ¢, is the angular
spatial frequency of the grating, t(x) is the amplitude
transmittance function of the recorded format, and W
is the width of the input optical window as shown in the
figure. Thus it is apparent that the mutual coherence
function arriving at the Fourier plane P, would be

Fprngrpagzdy = [T aviaga )
cexpl=1lx Py + ¥1qy = x2p7 = vag2)]
-dx|d>\|dl’9d_\‘1. (7)

where the proportional constant is ignored for conve-
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mence, md () s the anpualar spatinl fregquency
coordinate system which can be writtenas p ¢ 2ra/fA,
g 2 2a A and (o1 in the apatind conntlinntor ryatem
of the Fourier plane 17,

Ry properly substituting Fg. (6) into g (7) and in-
tegrating over the vy and v, varinbles, we have

A (l—i)—l + q—‘—)"— q“)

Fipngupagad) = Stk rect “hlgy - g

2rh

- 1 sinc

el
. rec W rec W

-expl=t{x,p, = xap}dx dx, (8)

Hx ) (xy)

Thix, — xﬂ]

For simplicity of illustration, we assume that the
input format is a single sinusoidal signal, i.e.,

tix) =14 cos(pox) forally, (9)

where py is the spatial frequency of the sinusoid. Since
the cosine function of Eq. (9) can be written into two
exponential functions, we focus our attention merely to
one of the diffraction order, that is,

t(x)t*(x2) = explipolx) = x2}] (10}
By substituting Eq. (10) into Eq. (8), we obtain

I'(p1,g1ip2.92:A) = S(A) rect . 8lqi= q2)

wb(x; — x3)

« ff sinc N

explipatxy = x0)]

- rect (;—;}) rect (x—v;) exp|=i(x;p1 = x2p9)}dx1dxs.

(1

Since the interest is centered at the output irradiance, »
by letting p; = p2 = p and ¢, = g2 = q, the irradiance
at the Fourier plane would be

Aftq = go)
1(p.g:\) = SN rect [—“—Z—"l

]l(p). (12)

where

7?b(.!1 - XQ)

I(p) £ ff sinc N ]explrpo(xl - 12l

. rect (:—4’/) rect (L':) expl=ily, = xdpldrdr, (174

To investigate the variation of the output irradiance
due to the width of the input optical window, Fig. 3
shows a plot of the normalized intensity variation of Eq.
(13) for two values of W. From this figure we see that
a narrower spread of output irradiance corresponds to
a broader optical window W at the input plane. Thus
a narrowband spectrogram can be generated in this
manner. On the contrary, if a narrower optical window
is utilized, a broader spread of the output irradiance is
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Fig.3. Normalhzed output spectral distribution as a function of input
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expected. Thus a wideband spectrogram may be gen-

.erated with a narrow optical window.

To have a better understanding of Eq. (12). two ex-
treme cases of the light source will be discussed in the
following:

(a) If we assume that the broadband light source is
vanishingly small (i.e., b6 — 0), then

. {”b(xl - 12)]
lim sin¢ j|—————| =1,
h—0 A

and Eq. (12) takes the form

Aig —
I(p,g:A) = S(A) rect [-Agb—%)] - W2sinc2[r W(p — po)].
T

(14)

This result describes a completely spatially coherent
illumination.
{b) On the other hand, if the light source becomes
infinitely large (i.e., b6 — ®), then
o Imblxy—x9)
lim sin¢ [-———
b}
where K is an appropriate constant, and Eq. (12) be-
comes

= Ko(xy ~ x9),

1(p.g:\) = SOA) rect [“—"—qi)

] w2 (15)
This result corresponds to a completely spatially inco-
herent illumination. Nevertheless, the proposed
white-light spectrum analyzer, as can be seen, is oper-
ating in a partially coherent mode.

IV. Frequency Calibration and Resolution

We shall now discuss the frequency calibration of the
proposed white-light optical speech spectrogram. The
accuracy of the frequency measurement depends on the
width of the input optical window as well as the width
of the sampling slit at the Fourier plane. By adjusting
these parameters, a properly calibrated speech spec-
trogram can be generated at the output plane.

et us assume that the transform lenses are achro-
matic {i.e., df/0A = 0) and the angular spatial frequency
of the input phase grating is go. Thus we see that the

PI*W"‘.T~"‘ E Al -t et oh Sut S bt AR IS T A A0 i) ‘;,1 e ted e e Sl A te i Aai i ek Al Y A i At e A et A s T
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Fourier spectrum of the phase grating would be dif-
fracted at g

= (A/2m)yq, 161

where fis the toeat length of the aheromatic teanstorm
lens. Since g, (16) is linearly proportional to the
wavelength of the light source, a rainhow color of
smenred spectra can be observed along the (3 axis in the
Fourier plane .. For simplicity, we assume that input
format is a single sinusoid of spatial frequency pg; then
the Fourier spectra points are located at

o=z ;—ipo. (173
For convenience, we use the positive value of Eq. (17)
in our discussion. By taking the ratio of Egs. (16) and
(17), we have

a=ﬂ)ﬁ. (18}
q6

where we assume that p, « gg, and go is the spatial

frequency of the phase grating. Thus we see that the

frequency locus of the input signal can be properly
traced out in the Fourier plane. In view of Egs. (16) and
(17), and the fact that g¢ > po, we-further see that the
spectrum of the input signal would disperse into a
rainbow color at a slanted angle in the Fourier plane. It
is, therefore, apparent that, if a narrow masking slit is
properly utilized in the Fourier plane, a frequency
color-coded spectrogram can be obtained at the output
plane.

Now let us suppose that the masking slit can be de-
scribed as

A
B=—0!q0+amn7, : (19)
2r

where Aq denotes the upper or lower limit of the source
wavelength depending on the slit orientation. and tany
is the slope of the slit. By substituting Egs. (16) and

(17) into Eq. (19), we have
_Qn()\—XQ)
Pe= A tany '

which can be written as

p =Pt geh = Aot (20)
27 27 A tany

where v is the time frequency of the input signal. Thus
we see that the temporal frequency of the input signal
and the spectral wavelength of the light source form a
nonlinear function, as plotted in Fig. 4(a). Figure 4(h}
shows the experimental result Lo confirm this rela-
tionship. Nevertheless this nonlinearity of fre-
guency-spectral wavelength relationship can be lin-
earized by using an appropriate curve slit instead of a
linear one in the Fourier plane.

We shall now discuss the frequency resolution of the
proposed system. We note that the frequency resolu-
tion is primarily limited by the width of the input op-
tical window, the source size. and the width of the
sampling slit in the Fourier plane. To investigate these
effects, we assume that the size of the white-light source
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is b. Then the size of a point spread image would be

b’ = bf/f’, (21)

where f" and f are the focal lengths of collimating and
achromatic Fourier transform lenses, respectively.
Thus the width of the point spread image at the spatial
frequency plane would be

Ao

vy X/ v X/'

Since the width of input optical window affects the
spectral resolution of the processor, the width of the
spectral lines in hertz for a point source is

(22)

(23)

where v is the speed of the film motion, and W is the
width of the input optical window.

For simplicity, we shall treat these two factors (i.e.,
source size and width of optical window) independently.
It is apparent that the spread of the smeared spectral
line (i.e., frequency resolution) of the system can be
approximated by the following equation:

Avy = p/W,

(24)

. an b 2+ 1\2)172

Av = [(A)? + (Arg)?]V 2= l(-}-\;) (W] l .
As an example, if we let v = 195 mm/sec, b = 90 um, A
= 0.55 um, W = 35 mm, and ' = 762 mm, the frequency

spread of the proposed optical spectrum analyzer is Av
= 42 Hz, which corresponds to a narrowband analysis
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(c.g., narrowband specech spectrogram).  However, we
see that the overall output resolution of the spectral
spread is determined by the width and orientation of the
sampling slit at the Fourier plane, as illustrated in Fig.
5. Thus the effective output frequency resolution can
be shown as

W, W |
lsin("y ~¢) tan(y - ¢)l '
where W, and W, are the width of the smeared fre-
quency spectral line and the width of the sampling slit,
¢ is an appropriate conversion factor, and v and ¢ are
defined in the figure.

From this equation we see that the effective output
frequency resolution is proportional to the diagonal
region of the spectral line that intersects the sampling
slit, as shown in the shaded area. Therefore, the overall
output frequency resolution is somewhat lower than the
width of the smeared spectral line, i.e.,

Ave = ¢lhy + ho) =

(25)

Av, 2 Av. (26)

This is the price of the color encoding. Nevertheless
the price we paid is considered small compared with the
advantages we gained from the white-light pro-
cessing.

V. Experimental Demonstrations

In our experiments, a 75-W xenon arc lamp with a
90-um pinhole was used as a white-light source. A
phase grating of 80 lines/mm was used as a dispersive
element at the input plane. A narrow slit of ~70 um is
inserted in the Fourier plane for color encoding. The
focal length of the achromatic transform lens was ~350
mm.

In the experimental demonstration, we show two sets
of color-coded speech spectrograms obtained with this
technique, as depicted in Figs. 6 and 7. The frequency
contents of these spectrograms are encoded in rainbow
color from red to blue for upper to lower frequencies.
These spectrograms were produced by a sequence of
English words, testing, one, two, three, four, spoken by
a male and a female voice, respectivelv. Figure 6 shows
a set of narrowband speech spectrograms representing
a 45-Hz bandwidth resolution. Figure 7 illustrates a set
of wideband speech spectrograms with a 300-Hz
bandwidth analysis. From these sets of spectrograms,
we see that the basic structure of the spectrographic
contents is preserved. The characterization of the
formant variation can readily be identified. Since Fig.
6(a) is produced by a low-pitched voice (i.e., male), the
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spectrogram shows more abundant harmonics as com-
pared with the high-pitched voice in Fig. 6(h),

It is worthwhile to mention that although the nar-
rowband spectrogram is capable of resolving the spec-
tral contents of a speech, it loses the time striation, as
can be seen in Fig. 6. On the other hand, the wideband

38

apectrogriamn of Fig, 7 are cnpbile of renolving the time
resolution, but it fails to resolve the spectral linew. We
nede that the trading of time aud fregqueney reaclutions
bedween the wide and narrow spectrogenme s essentinlly
the well-known ArAt coneept in the communication
theory (e, ArAl 2 1), which s relisted (o the famous

Heisenberg's uncertainty principle” in quantum me-
chanicen.

Vi. Conclusion

In this paper, we have presented a method of gener-
ating a continuous frequency color-coded speech spec-
trogram with a white-light processing technioque. The
proposed system not only offers a low-cost alternative
but also eliminates the coherent artifact noise. More-
over, the multicolor display of the spectrogram is
adapted to the natural sensitivity of human eyes and
thereby provides improved visual discrimination.
Nevertheless, we want to stress that due to the very

Jimited resolution of the CRT scanner used in our ex-

periments, the results that we obtained only extended
to 1.6 kHz. This limitation is more pronounced for a
wideband spectrographic analysis, which is primarily
due to low-light performance of narrower optical win-
dow used at the object plane. However, to our experi-
ence, if a higher-resolution CRT scanner is utilized, the
frequency range can easily push up to 4 kHz. This

frequency range is commonly used for most telephonic
systems.
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SECTION VIII
Progress on Archival Color Film Storage
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PROGRESS REPORT ON ARCHIVAL STORAGE
OF COLOR FILMS UTILIZING
A WHITE-LIGHT PROCESSING TECHNIQUE

F. T. §. YU, X. X. CHEN and S. L. ZHUANG

SUMMARY ' In this paper. we report a spatially encoding techni-
que such that the moire fringe pattern inherently existing with the
retrieved image can be avoided. To improve the diffraction efli-
ciency of the film, we have introduced a bleaching process so that
the step of obtaining a positive encoded transparency can be
climinated. Instead of restricting the encoding processing in the
linear region of the T-E curve, we would allow the encoding in the
linear region of the D-E curve, so that a broader range of encoding
exposure can be utilized. Experimental results indicate that excellent
color fidelity. high signal to noise ratio, and good resolution of the
reproduced color images can be obtained.

INTRODUCTION

Archival storage of color films has long been an
unrcsolved problem for the film industry. The major
reason is that the organic dyes used in color films are
usually unstable under prolonged storage, often
causing gradual color fading. Although there are
several available techniques for preserving the color
images, all of them possess certain definite draw-
backs. One of the most commonly used techniques
involves repetitive application of primary color filters,
so that the color images can be preserved, in three
separate rolls of black-and-white film. To retrieve
the color image. a system with three primary color
projectors are used. These fiims should be projccted
in perfect unison so that the primary color images
will be precisely recorded on a fresh roll of color fiim.
However. this technique has two major drawbacks :
first, the storage volume for each film is tripled. Second,
the reproduction system is rather elaborate and
expensive.

The use of monochrome transparencies to retrieve
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Traitement d'image

Image processing
Codage couleur

Color encoding

Amtlioration d'une technigue de traitement
en Jumiére blanche pour ’archivage de films en couleurs

RESUME : Dans cet article nous décrivons une technique de
codage spatial qui évite les effets de moiré dans I'image restituée.
Pour améliorer l'efficacité du réseau de diffraction formé par le
film. nous avons introduit une technique de blanchiment qui
¢limine le tirage d'un positif. Au lieu de restreindre le codage dans la
partie linéaire de la courbe transmission-éclairement, il est possible
de coder sur la partie linéaire de la courbe eflicacité de diffraction-
eclairement. ce qui élargit la gamme d'expositions. Les résultats
expérimentaux montrent une excellente fidélité des couleurs. un
grand rapport signal sur bruit et une bonne résolution dans la
restitution des images en couleurs.

color images was first reported by Ives {l1] in 1906.
He introduced a slide viewer that produced color
images by a diffraction phenomenon. Grating either
of different spatial frequencics or of azimuthal oricnta-
tions were used. More recently, Mueller [2] described
a similar technique, employing a tricolor grid screen
for image encoding. In decoding, he used three quasi-
monochromatic sources for color image retrieval.
Since then, similar work on color image retricval
has been reported by Macovski [3). Grousson and
Kinany [4]. and Yu [5]. However. those techniques
suffer a major drawback : namely. the moire fringes
in the retrieval color image will not be avoided.

We will, in this paper. report a spatially encoding
and decoding process such that the moire (ringe
pattern can be avoided by spatial filiering. To improve
the diffraction efliciency. we have introduced a
bleaching processing for the encoded film in which
the step of generating a positive transparency can be
eliminated. We have also experimentally demonstrated
that the spatially encoding process should not be
restricted to the linear region of the H-D curve.
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Instead, it is recommiended (o encode in the lincar
repion of the diffreaon efheieney verss exposiire
curve (called D-I5 curve). Detail experimental pro-
cedure of this archival storage technigue is presented.
Prchimigary results of retrievil color images  are
provided. Comparisons with original color trans-
parcncy are also given,

SPATIAL ENCODING AND DECODING

We shall now describe a spatial encoding technique
utilizing a white-light source. A color transparency
is used as an object to be encoded, by sequentially
exposing with primary color of lights, onto a black-
and-white film, as illustrated in figure 1. The encoding
is taken place by spatial sampling ; the primary color
images of the color transparency. with a specific
sampling frequency and a predescribed direction onto
a monochrome film. In order to avoid the moire fringe
pattern in the retrieval color image, we propose to
sample onc of the primary color images in onc inde-
pendent spatial coordinate, and the remaining two
primary color images in the other independent spatial
coordinate, as shown in figure 2. Since any mixture
of red with green or with blue colors produces a wide
range of intermediate colors, we propose 1o cncode
the red color image in one independent spatial coor-
dinate direction, and the blue and green color images
in the other remaining independent coordinate direc-
tion. Thus a small amount of color spread (i.e., color
crosstalk) from blue to green (but not from green to
blue) may not be avoided. However this small amount
of color spread will not cause significant adversed
effect in the retrieved color image, for primarily two
reasons : first, a slight mixture of blue into green
will not produce significant color changes. Second,
strictly speaking all the color transparencies are not
natural colors. thus a small amount of color deviation
would not be noticeable by human perception.

I ( ‘ Collimated White Light

-]- 5 Color Tronsparency

2f
——Oblechve

Primary Color Filler

Groting
> Contoct
Phofogropmc Film

F16. 1.~ Sequentiol spotial eolor encodings.

—
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X x L3
NI B ___1 R
y — y~ R
Grating | Grating 2 Grating 3

(For Biue Color) (For Green Color) {For Red Coior)

FiG. 2. — Positions of the three spatial samplings.

We shall now demonstrate that the moire fringes
can be avoided with the proposed encoding-decoding
technique. Let this intensity transmittance of the
encoded lilms be [5)

T x,y) = K{TJAx.»){1 + sgn(cosp, y)] +
+ Ty(x, 1 + sgn{cos p, x)] (1)
+ T (x,y) [l + sgn(cos p, x)] } 77,

where T ,(x, ) is the encoded black-and-white negative
transparency, K is an appropriate proportionality
constant. T,. T\, and T, are the red. blue. and green
color image exposures, p, Ps and p, are the respective
carrier spatial frequencies, (x, ) is the spatial frequency
coordinate system of the encoded film. y is the film
gamma [6), and

l.cosx 2 0
é . > L) 2
sgn (cos x) {—1.cosx<0‘ (2)

Instead of obtained a positive image transparency.,
through a contact printing process of Eq. (2) as
proposed in a previous paper [5). we shall bYleach the
encoded negative-image film 10 obitain a phase object
transparency [7. 8]. Let us assume that the bleached
transparency is encoded in the linear region of the
diffraction efficiency D versus exposure E (e.g.. as
shown in fig. 6). The amplitude trunsmittance of the
bleached transparency can be written

t(x, y) = expligix. y)]. (3

where ¢(x. 1) represents the phase delay distribution,
which is proportional to the exposure of the encoded
film [9]. such as

dlx.y) = M{TAx. )]} + sgnicosp, V)] +
+ Tux, »{! + sgncosp, x)] (4)
+ T,(x. )1 + sgnicosp, x)] | .

where M is an appropriate proportionality constant.
If we place this biciached encoded film at the input
plane P, of a white-light optical processor. as illus-
trated in figure 3. then the complex light distribution
due to 1(x, y), for every 4, at the spatial frequency
plane P, can be determined by the following Fourier

“ vy
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FiG. 3. Whae light processor for spatial color decoding. 1, extended
whie light source;, L. transform lens. Tix, y). bleached encoded
transparency.

where T,. T, and T, are the Fourier transforms of T,,
T, and T, respectively. * denotes the convolution
operation. and the proportional constants have been
neglected for simpheity. We note that, the last cross
product term of Eqg. (7) would introduce a moire
fringe pattern. parallel 10 encoding gratings of blue
and green. in the retrieved color image. Nevertheless,
all of thosc cross product terms can be properly
masked out at the Fourier plane. Thus by proper color
filtering those firsi-order smeared Fourier spectra,
as shown in figure 4, a moire free true color image
can be retrieved at the output image plane P,. The
corresponding complex light field immediately behind
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g; wanstormation
. f AN
B Mo, fiih) = 1A, F) exp :-;/—(a.\ t i) [dady
. T » 2n (5)
. = explipix, v)| cxpl - 17 (ax + fiv) [dxdy,
& By expanding t(x. ) into exponential serics, Eq. (5) can be written
Bl Sta. i 4) = [ H I+ iplx, y) + %[id)(.\'. »E+ }cxp[— i:i.—;.t(a.\' + /iy)J dx dy. (6)
K‘( . L1 ?
By substituting Eq. (4) into Eq. (6) and retaining the first-order and the first-order convolution terms we have :
~ , L Al - A
af N St f:4) = T.(a. B+ ﬁp,) + T,<a t 5= P If>
W) . + T a;tip[i-ﬁ-'f' aﬂ+-2ip T a+—;;p[f (7
g E-J " 2nl'e 4 Wl - nlr h =2 b
. A - A - i N M
‘}-; + Tr(“‘ﬁiﬁpr)"’y(“ iﬂpa‘ﬂ) + Th<a iﬁl’h'ﬁ)"l‘u(aiﬂ’,u‘ﬁ>.

Biue Color Filter

Q ;/ “
Red Color Fiiter _| AN D
——s

= D

z

o

e

N

Green Color Filter

Fi1G. 4. — Color spatial filtermg a1 the spatial frequency  plane.

the Fourier planc would be

. o f
S(x, f) = T,<a. f - ﬁp,)

) in ! N ig !
+ 'l,,(u - T“;p,. [f) + 7,(a + 5P /f) (8)

where /. 4,. and 2, arc the respective red. blue. and
green color wavelengths. At the output image plane,
the complex light distribution is

s(x, y) = T,(x, v)explivp,) + T,(x. v)explixp,) +
+ T Ax. vexpl— ixp). (9)
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‘The output image irradiance s theretore
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which i a superposition ol three primary encoded
color mmages. Thus we see that a moire {ree color
image can indeed be obtained.

We shall now discuss the cfleet of moire Iringe
pattern in more dtail. It is well known that a moire
pattern is produced by the overlaying ol two or more
gratings [10. 11]. When two gratings of spacing ¢ and b
arc superimposed with an obliquity angle of 0, the
moire fringe spacing d can be written as :

_ hab ()
Jat + b* ~ 2abcos
and this slope of the moire fringe is
bsin
e = T boos0" 12

where /s the index of moire pattern (h =0, + 1,
+ 2....) which represents the resultant moire fringes
as an indcxed family of curves (sec ref. 11). If these
two gratings arc perpendicularly superimposed at an
angle 0 = 900, then they form a cross grating pattern,
without moire fringes [11].

On the other hand, if two gratings are parallel-
superimposed on the top of the other (ie., 0 = 09),
than a beating {requency parallel to those gratings
would occur. The corresponding fringe spacing is

hab
d =Ta=b1’ (13)

and the relevant (i.e., moire) spatial frequency is

2n
pm=T=|pa_pb|9 (14)

where p, = 2n/a and p, = 2n/b are the spatial
frequencics of the two gratings.

We shall now investigate the moire fringe cffects
due the spatial encoding of figure 2. Since grating
no. 3 is perpendicularly superimposed with grating

No.25 -~ R* :21=6150A x,

No. S8 = G* 2 =5500A «x
No.47B — B*: 2 =430A x,
and w% . Xy

where R*. G*. B* and W denote the red, green, blue
and white colors, respectively, x + 3 + = = 1, and
x. v. and ¢ arc the trichromatic cocfTicients obtained
from the chromaticity coordinates of the C.LE.
chromaunicity diagram [12. 13]. Grating {requency of
40 linesymm is used for red and green color image
encodings, and grating frequency of 26.7 lines/mm is
used for blue color image encoding. A xenon arc lamp
is used for the white-light processing. and the color
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nos. Land 201t will not generate any undesirable moire

fringes except o cross grid between gratmps 3 and |1,
and Vand 20 Whareas gratings |and 2 are paraliel-

superimposed. it produces a moire fringe pattern of

spatial brequency g, = | p, — p, |10 the same direction
of gratings | and 2.

Since the last term of Eq. (7) represents the Founer
transform of this moire fringe pattern. the resolution
of the retrieved encoded color image (blue or green)
1s limited by the size of the color spatial filiers. as
illustrated in figure 4. Therefore, the spatial (requency
requirements of the gratings 1 and 2 can be determined
by the following equation

1 3

The resolution limit of retrieved color image is

1
/’=|P9—Ph|=‘il’h- (16)

and the spatial frequency of the moirc fringe pattern is

]
pm=lp,,—p.,l=5m- (17)

Thus, by proper sclection of desirable grating fre-
quencies, which depends upon the resolution limit
of the object transparency, the spatial frequency
content of the moire pattern can be determined. With
appropriate color filtering, the encoded Fourier
spectra as illustrated in figure 4, a moire free color
image can be obtained.

EXPERIMENTAL DEMONSTRATION

In our experiment, we utilized three Kodak primary
color filters of No. 25. 47B and 58 for the encoding
and decoding process. The characterizations of these
filters. illuminated by standard A illuminant {12. 13},
are specified by the C.LE. diagram, as shown in
figure 5. The corresponding trichromatic coefficients
of these filters are tabulated in the foliowing :

= 0680 y, =0320 z, =0
0302y, = 0692 z, = 000, (1%)
0169 y, = 0007 =, = 0824,

= 0448 y, = 0408 z, = 0.144,

decoding filters are the same type of color filters used

for the encoding. The trichromatic coeflicients are

expected to be the saume as those in Eq. (18). except

for the white color. that 1s

WE:x, = 0310, »y, =0316. z, =0374. (19)
We shall now illustrate that any choice of color can

be reproduced by a simple transformation from C.LE.
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F1G. 5. — Chromaticity coordinates in C.1.E.

to R* G* B* as described in the following equation
(14, 15).

R=K, X+K,Y +K,Z,
G=K, X+Ks;Y+K,Z,
B=K, X+ KgY +Kg2Z,

(20)
and

where R, G, and B are the red, green, and blue color
tristimulus values, and X, Y, and Z are the C.LE.
trisimulus valucs, and the K's arc arbitrary constants.
We note that these tristimulus values can be expressed
as (14,15} :

X x; Xy
Y yo Vs
' Z zz iy
R = )'W " R )
Xy Xg Xy
Yw Yo Ja
2w 2 2
xg X X
Jr Y )y
z Z :
<R B
G = y» ’ (21)
) Xg Xy Xy
Yr Yw Fa
g Iy :B
Xp x; X
Y Ve Y
: : /
and B =y, K .
Xg Xg Xy
Yr Yo Iw
o
. . e o -

=" . “» ‘-'- \‘"o -

oS Yu, NOONGoeng SO Znoan 0

where the v oand es e the tnchnomanc cocllicents.
By substituting the trichromatic coellicients of ig. (1K)
mto L 2, we have
R - TORE N 07y oMo/,
G=—-0915X +194 Y + 0171 Z.
and B 0014 X = 0031 Y + 28107

(22)

The chromaticity coordinates can be determined in
the following dcfimtions :

, A R _ 1688 X —-0.734 Y -0.340 Z
T R+G+B 0BT X+1179Y+2641Z°
a G —0915X+1944 Y +0.171 Z
g= = . (23)
: R+G+B 0787 X +1.179Y +2641 Z
and
pa B 0014 X -0.031 Y+2810Z

" R+G+B 0781 X+1.119Y+2641 2"

where r, g. and b are the chromaticity coordinates.
Thus, any choice of color can be one-to-onc homo-
logously reproduced with this color transformation.

Although the color retrieval is evajuated within
the triangle defined by R* G* B* of figure 5, any
color point outside the triangle can be replaced by the
ncarness neighboring point on the boundary of the
triangle, for example, p can be replaced by p'. Since
the hue is generally keeping it up, it will not introduce
significant adversed effect by human perception.
In practice. we nced only to control the exposure ratio
ol the encodings such that white color object can be
retrieved by a white-light processor. With reference
to these availablc exposure ratios, a broad dynamic
range of encodings onto a typical photographic plate
can then be achieved, as shown in figure 6.

:.,E o
=
o 20
K
=
w
% ot Kodok 5460 Film
14 Exposure range 003~02 mcs
b=
(=] n
A_( 1 I 1 1 J
o [«X] 02 03 o4 05
Exposure{mcs)
20t
=y o
= o—
% o o
o /
10F / Kodok 5460 Film
/ Exposure range 00i~005 mcs
-]
° ./°/1 [ 1
26 20 1.0 00
Log Exposure {(mcs)
Fiii. 6. ~— A broad expasure range of encodings.
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Ly our expenmient, the encoding tiansparencies
arc made by Kodak technical pan film 2415 and
Kodak  Nicrolilm S4o0. The wdvantage of  usimp
Kodah Bl 2418 g8 that icis o low contrast film with
strchively Dat spectial response, as shown o figee 7.
The disadvantage is that this lilm is coated with a
thin layer of dyed-gel backing. for which it introduces
additonal noise  through  the  bleaching  process.
Although the microfilm used is a clear basc film,
however, it is a high gamma film and the specural
responsc decrcases somewhat in the red color region.
as shown in figure 7. In order to compensate this low
spectral response. one would encode the red wave-
length with a higher exposure. Needless to say that,
the resolution and contrast of the retrieval color image
are also aflected by this developing process of the film.

1t should emphasize that. to avoid the shoulder
region of the D-E curve, the film should be preexposed.
Otherwise. it would introduce low exposurc nonlinear
cffect which causes color unbalance in the retricval
image. The plots of diffraction efliciency versus
exposure for Kodak 2415 and 5460 films with
40 linesymm sampling frequency. are plotted in figure 8.
From the figurc. we see that the bleached encoded
films offer a higher diffraction cfiiciency, the optimum
value occurs at exposures 8.50 x 10”% mcs and
1.95 x 107} mcs. respectively for Kodak films 2415
and 5460. With these optimum exposures, it is possible
to optimize the encoding process in the following :
first. by preexposuring the film beyond the toe region.
Second, by subdividing the remaining exposure, taken
the account of the film spectral responsc, into three
parts for the red, green, and blue color images.

For experimental demonstrations, we would like
to provide two results obtained by Kodak 2415 and
Kodak 5460 encoding films, as shown respectively
in figures 9a and 9b. From these figures we see that
the moire free color images can indeed be obtained.
We also see that the retrieved color image, obtained
by this Kodak Microfilm 5460. provides a higher
image quality (i.e., higher resolution and lower noise
level). The primary reason is that, commercially
available. Kodak 2415 is coated with a thin layer of
dyed-gel backing. Accordingly. this thin layer of dyed-
gel backing causes additional noise level through
bleaching process. For comparison, we also provide

2.0
Z 10 |- Kodok 2418 Film
>
K]
[
&
g 0o }-
- Kodak 5460Film
10
20 ) 1 1 i 1 I ot 1

2500 3000 3500 4000 4500 %000 3500 6000 6500 7000

Wavelength 1)

F1G. 7. — Spectral responses of Kodak films 2415 and 5460,
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FiG. 8. ~- The plots of diffraction ceffiviency versus exposure for

Kodak film 2415 and 5460 for a 40 linesymm sampling.

the original color transparency as shown in figure /0.
By comparing the results of figure 9 with figure 10,
we sce that the retrieval color images are spectacularly
faithful. with virtually no color cross-talk. Although
the resolution and contrast are still far below the
acceptable stage for applications, however these
drawbacks may be overcome by utilizing a more
suitable film. for which a research program is currently
under investigation. We are confident that bettcr
results would be obtained from our future research
in this program.

CONCLUSION

In conclusion. we would like 10 point out that.
a technique of spaual encoding for archival storage
of color films utilizing a white-light processing 1s
presented. The encoding is taken place with red color
image on onc independent coordinate, and blue and
green color images on another independent coordinate,
so that the moire free color image can be retrieved
al the output planc. We have also introduced a
bieaching process to convert a negative encoded
image into a phase object encoded transparency.
in which the step of generating o positive encoded
transparency can be avoided. Experimental results
show that spectacularly faithful color images can be
oblained with the 1echnique. Althougt the resoluuon
and contrast are still below the general acceptable
stage for practical application. however by using a
morc suitable encoding film these drawbacks may be
eliminated.

We acknowledge the support of the US. Air Force
Office of Scientific Research grant AFOQSR-R1-014%.
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FiG. 9. — Color piciures reproduced by this technique.

(a) obtained hy Kodak 2415 ;
(b) obtamed by Kudak 5460).

Fic

0 -

Color mcture of the orgmal color image.
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o I. INTRODUCTION
. o ] Signal processing originated with a group of clectrical engincers whose
.y interest was mainly centered on celeetrical communication, Nonetheless, from
the very beginning of the development of signal processing, the interest in its
,.:‘ application to image processing has never heen totally disregarded. In recent
~
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demonstrated that the white-hght image processor is very cconomical and \
casy to operate, in contrast with coherent counterparts. Therefore we would
expect that the white-light image processor would ofler a broader range of
application to many scientific imageries,

In this chapter, we have also described some of the recent advances in
white-light image processing. We have demonstrated that color image
deblurring. color image subtraction. color image retrieval, and pseudocolor
encoding can be easily carried out by the proposed white-light processing
technique. We have also shown that these white-light image processing

R operations can be evaluated from the stand point of conventional lincar
systems.

In spite of the flexibility of digital image processing, optical methods offer
the advantage of capacity, color, simplicity, and cost. Instead of confronting
each other, we can expect a gradual merging of the optical and digital
techniques. The continued development of optical-digital interfaces and
various elcctro-optics devices will lead to a fruitful result: hybrid optical-
digital image processing techniques, utilizing the strengths of both processing
operations. Furthermore, I believe that white-light image processing is at the
threshoid of widespread application. | hope that this chapter will scrve a basic
foundation, already established in part, to help guide interested readers
toward various imaginative image processing applications. In view of the
great number of contributors, I apologize for possible omissions of appro-
priate references.

ACKNOWLEDGMENTS

The support of the U.S. Air Force Office of Scientific Research in the area of white-ight
optical processing is gratefully acknowledged.

REFERENCES

. D. Gabor, Laser speckle and its ciminanon. IBAf J. Res. Der. 14, 509 (197t

F.T. S Yu. "Opucal Informanion Processing ™ Wiley (Interscience). New York, 1983,

G 1 Rogers, Non-coherent oplical processing Opt. Laser Technol . 7, 183 (1979)

- K. Bromley, An oplical mcoherent correliition. Opi. Acta 28, 35 (1974).

. M. A. Monahan, K. Bromley, and R. P. Bocker, Incoherent optical correlatons. Proc. 1EEE
6%, 121 (1977

6. G. L. Rogers, “Noncoherent Optical Processing.”™ Wiley, New York, 1977

[ T




X. LIST OF PUBLICATIONS RESULTING FROM AFQOSR SUPPORT

FTIY
[

1. S. T. Wu and F. T. S. Yu, "Source Encoding for Image Subtract ion,"
Optics Letters, Vol. 6, pp. 452-454, September, 1981.

71

2. F. T. S. Yu and J. L. Horner, "Optical Processing of Photographic
Images,' Optical Engineering, Vol. 20, pp. 666-676, September--
October 1981.

3. F. T. S. Yu, "Partially Coherent Optical Processing of Images,"

o SPIE Proceedings on "Processing Images and Data from Optical

- Sensors," Vol. 292, pp. 2-8, 1982.

. 4, F. T. S. Yu and J. L. Horner, "Review of Optical Processing of

- Images,' SPIE Proceedings on Processing Images and Data from
Optical Sensors,' Vol. 292, pp. 9-24, 1982,

-;: 5. F. T. S. Yu, S. L. Zhuang and T. H. Chao, "Color Photograrhic-
Image Deblurring by White-Light Processing Technique,' Journal

.\ of Optics, Vol. 13, pp. 57-61, March-April, 1982.

’ ‘.“

. 6. S. T. Wu and F. T. S. Yu, "Image Subtraction with Encoded Extended

Incoherent Source,” Applied Optics, Vol. 20, pp. 4082-4088,
December 1981.

F. T. S. Yu, S. L. Zhuang and S. T. Wu, "Source Encoding for
Partial Coherent Optical Processing,' Applied Physics, Vol. B27,
Pp. 99-104, February 1982,

S. T. Wu and F. T. S. Yu, "Visualization of Color Coded Phase
Object Variation with Incoherent Optical Processing Technique,"
Journal of Optics, Veol. 13, p 3 111-114, Mav-June, 1982.

S. L. Zhuang and F. T. S. Yu, '"Coherence Requirement for Partially
Coherent Optical Information Processing,' Applied Optics,
Vol. 21, pp. 2587-2595, July 1982.

F. T. S. Yu and S. T. Wu, '"Color Image Subtraction with Encoded
Extended Incoherent Source,'" Journal of Optics, 13, 183 (1982).

S. L. Zhuang and F. T. S. Yu, "Apparent Transfer Function for
Partially Coherent Optical Information Processing,' Applied Physics,
B28, 359-366, August, 1982.

Y. W. Zhang, W. G. Zhu, and ¥. T. S. Yu, "Rainbow Holographic
Aberrations and Bandwidth Requirements," Applied Optics . 22. 164 (1983),

F. T. S. Yu, X. X. Chen, and S. L. Zhuang, "Progress Report on
Archival Storage of Color Films with White-Light Processing Tech-
nique," submitted to Applied Optics.

T. H. Chao, S. L. Zhuang, S. Z. Mao and F. T. S. Yu, "Broad
Spectral Band Color Image Deblurring," Apnlied Optics . 22, 1439 (1983).

F. T. S. Yu, Optical Information Processing, Wilev-Interscience,
N.Y., 1983.




T R

N .
&
% 170
'
W

18.
-
R 19.
2
[q.‘ 200
o 21.

ii 22.

23.
"
L
.;._ 24,
s 25.
W
A
8

26.
(D)
¢

vt Lalad

51

F. T. 8. Yu, "Source Encoding, Signal Sampling and Filtering for
White-Light Signal Processing," Proceedings of 10th International
Optical Computer Conference, pp. 111-116, April 6-8, 1983.

X. J. Luand F. T. S. Yu, "Restoration of Qut-of-Focused Color
Photographic Images," Optics Communications, Vol. 46, pp. 278-833,
July (1983).

C. Warde, H. J. Caulfield, F. T. S. Yu and J. E. Ludman, "Real-Time
Joint Spectral-Spatial Matched Filtering," Optics Communications,
Vol. 49, pp. 241-244, March (1984).

F. T. S. Yu, "Source Encoding, Signal Sampling and Spectral Band :
Filtering for Partially Conerent Optical Signal Processing," K
Journal of Optics, Vol. 14, pp. 173-178, July-August (1983).

F. T. S. Yu, "Recent Advances in White-Light Optical Signal ;
Processing," Conference on Laser and Electro-Optics, Cleo '83
Technical Digest, pp. 28-30, May (1983).

F. T. S. Yu, X. X. Chen and T. H. Chao, "Density Pseudocolor
Encoding with Three Primary Colors," Journal of Optics, Vol. 15,
pPp. 55-58, March-April (1984),.

F. T. 8. Yu, S. L. Zhang and K. S. Shaik, "Noise Performance of a
White-Light Optical Signal Processor: Part I, Temporally Partially
Coherent Illumination, Journal of the Optical Society of America A,
Vol. 1, pp. 489-494, May (1984).

F. T. S. Yu, F. K. Hsu and T. H. Chao, "Coherence Measurement of a
Grating-Based White-Light Optical Signal Processor," Applied Optiecs,
Vol. 23, pp. 333-340, January (1984).

F. T. S. Yu, "Advances in White-Light Optical Signal Processing,"
Proceedings on Optical Information Processing Conference I1I, NASA
CP-2303 Conference publication, pp. 53-69, August (1983).

S. L. Zhuang, "Coherence Requirements, Transfer Functions and 4
Noise Performance of a Partially Coherent Optical Processor," ]
Ph.D. Dissertation, Pennsylvania State University, University Park, g
PA, 1983.

T. H., Chao, "A Grating-Based White-Light Optical Signal Processor,"
Ph.D. Dissertation, Pennsylvania State University, University Park,
PA, 1983.

N S AL X R LS L) .-_'.'&.-_'.-...,‘; RS LRI

0P ORI ORD STE RGP LR RS ORI




S A an Sk it v =

7

..
)

B& <54

ol ol
‘atm

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

-----

X. J. Lu, "Pseudocolor Encoding with White-Light Processing System,"
Optics Communications, pp. 13-16, November (1983).

J. E. Ludman, B. Javidi, F, T. S. Yu, H. J. Caulfield and C. Warde,
"Real-Time Colored-Pattern Recognition," SPIE Proceedings of Spatial

Light Modulators and Applications, Vol. 465, pp. 143-149, January
1984,

F. T. S. Yu, X. X. Chen and S. L. Zhuang, "Progress Report on Archival
Storage of Color Films Utilizing a White-Light Processing Technique,"
Journal of Opties, Vol. 16, pp. 59-61, January-February (1985).

F. T. S. Yu, T. N. Lin and K. B. Xu, "White-Light Optical Speech
Spectrogram Generation," Applied Optics, Vol. 24, pp. 836-841, March
(1985).

F. T. S. Yu and G. W. Petersen, "A Low=Cost High-Quality Pseudocolor
Encoder for Remote Sensing Applications," submitted to Photogrammetric
Engineering and Remote Sensing.

B. Javidi and F. T. S. Yu, "Optics at Pennsylvania State University,"
Optical Engineering, Vol. 23, SR, pp. 068-071, May/June (1984),

F. T. S. Yu, X. J. Lu and M. F. Cao, "Applications of Magneto-Optic
Spatial Light Modulator to White-Light Optical Processing," Applied
Opties, Vol. 23, pp. 4100-4104, November (1984).

F. T. S. Yu and X, X. Chen, "Solar Optical Processing," Optics
Communications, Vol. 51, pp. 377-381, October (1984).

F. T. S. Yu and H. Mueller, "A Low-Cost White-Light Optical
Processor," IEEE Transaction of Education (in press).

F. T. S. Yu, "Recent Advances in White-Light Image Processing," IC0-13
Conference Digest on "Optics in Modern Science and Technology," pp.
412-413, August (1984).

F. T. S. Yu and X. X. Chen, "A Low-Cost White-Light Pseudocolor
Encoder for Astronomical Imaging Applications," International
Conference on "Progress in Optical Physiecs," Melbourne, Australia,
August 15-17, 1984,

F. T. S. Yu, L. N. Zheng and F., K. Hsu, "Noise Measurement of a
White-Light Optical Signal Processor," Applied Optics, Vol. 24, pp.
173-178, January (1985).

H. M. Mueller, "A Low-Cost White-Light Optical Processor," M.S.

Dissertation, Pennsylvania State University, University Park, PA,
198“ L]

F. T. S. Yu and F. K. Hsu, "White-Light Fourier Holography," Optics
Communications, Vol. 52, pp. 384-388, January (1985).

R

o



-

)

e SN0 B Sa S Sl 2 24

41,

42,

43,

hy,

45.

53

F. T. S. Yu and F. K. Hsu, "Generation of Broadband Fourier
Holograms," SPIE Proceedings on "Application of Holography," Vol. 523,
pp. 319-323, January (1985). -

F. T. S. Yu, White-Light Optical Signal Processing,
Wiley-Interscience, NY, May 1985.

F. T. S. Yu, "Garden of White-Light Optical Signal Processing," Optics
News, Vol. 11, pp. 5-8, May (1985)(invited).

F. K. Hsu, "White-Light Fourier Transform Holography," M.S.
Dissertation, Pennsylvania State University, University Park, PA,
1985.

M. S. Dymek, "Color Image Processing with Computer-Generated Spatial
Filters in a Dispersed White-Light Optical System," Ph.D.
Dissertation, Pennsylvania State University, University Park, PA,
1985.

PO R R T R A R S PR ORI S 00 NP S S it ey



AR R

e g

W AT e e




