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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-83-014O. 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

Oconcise documentation of our research program. In the following sections,

we shall give an overview of our research work done in the period from

42.. 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

.'1 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 III).

We have in this period performed an experiment of optical signal

processing with natural solar light [I1]. 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. In 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 light modulator to white-light optical signal processing is

*S presented. We have shrwn 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 suitable for real-time programmable spatial

filter synthesis and object pattern generation for optical signal

pprocessings.
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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

9intensity fluctuation of the optical Fystem. 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

A.- 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

J* - %
•~~~~~ ~~ Z% *" IL, •.-.---- -.- ,,. -,.,,. -. ,-- .. - . .. "
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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 in 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 4

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

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

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

3. 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, is 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.

ON., 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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SOLAR OPTICAL PROCESSING

F.TS. YU and X.X CHJEN ,
Electrical Engineering Department, The Pennsylvania State University,

University Park, PA 16802, USA

Received 27 March 1984

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.

1. Introduction t(X,Y) - exp JiM Tr(X,y) [ I + sgn(cos py)]

Since the discovery of laser in the earlier 60's, the + Tb(x, y)[ + sgn(cos PbX)]
laser has become an indispensable light source for
most of the optical signal p rocessings [ 1 -4]. Aside + Tg(x, y) [ I + sgn(cos p gx)]}], (I)

.. -from the disadvantage of inherent artifact noise, the where Mis an arbitrary constant, Tr, Tb, and Tg are
!.: lasers are generally expensive and in some cases the the red, blue, and green image irradiances of the

maintenance of a coherent source could be a prob- color object,P, Pb, adpg are the respective carrier

lem. Recently we have developed a grating based op- spatial frequencies, (x,y) is the spatial coordinate sys- 

tical signal processing technique, which can be easily

carried out with a broad band white-light source [5]. tern of the encoded film, and

The major advantages of the white-light processing, as sgn(cos x) 1, cosx 0,
in contrast with the coherent counterpart, are the -1, cos x 0.
simplicity, versatility, polychromaticity, cost effi- If we place the encoded film of eq. (1) at the input

W. ciency and artifact noise immunity, plane of a solar optical processor of fig. 1, then the

We will, however, in this paper experimentally paeo oa pia rcso ffg ,te h
d se that everta e menta la first-order complex wave field at the Fourier plane,P.demonstrate that several elementary optical imagefo e er ,w ud e..?"

processings can be carried out by solar or sun-light for everyX, would be

illumination. Since the solar light contains all the 5(a,0; X) ftr(,,0 ± 'P) + b (±f-,
visible wavelength, the experimental results that we 2r 2 b'
will show would be in colour images.

+ i.4tLfp.0 ), (al, A: P ) Lfr Pb~Tb,

2. Color image retrival

Let us briefly describe a color image retrieval (Cc, r tg(o±Lpg.
utilizing the solar light. Let us assume that a spa-
tially encoded transmittance of a color object trans- +f .b(a  Xfp ( * " ± ,(+ - - t, a± 2frP l T'sCr 27fpg, l  (2)
parency be [6]

,i 0 030-4018/84/$03.00 © Elsevier Science Publishers B.V. 377
(North-Holland Physics Publishing Division)

• [. . !:
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Sun Fig. I. A solar optical processor.

to prto.adteFripr cstacs bn s ha

Tat t urepne.Thustby ppe coo Folte ring

th e r sm e ndTareth F o u rier s e tran stor in fig 
f,%plan . responiel*dinotu thae orinlu f 2 xy[I+ g~o ~~

ion operation, and th e poriona r constants havein
been neglected for si lict. note that thelast t i th n i d e v dpCross product term of eq. (2) would introduce a tmp, . p a
moird fringe pattern, which can be easily masked out freNomeat the Fourier plane. Thus by proper color imgfiltering
sthe smeared Fourier spectra as illust rated in ig. l, a (x,ay) exp IiM {T r (x, y) the+ sgn(cos p ly)]

true color image can be retrieved at the output image
plane P3 The corresponding output image irradiance + T2(x,y) a + sgn(cos P2-)]would be

(x,.y) = T 2(X,.)+ T2(xy) + T2(Xy) , (3) + T3(x,y)[ I + sgn(cos P3X)]}] ,•(4

which is a superposition of three primary encoded where M is an arbitrary constant , Tb, and T3 are
Ms color images. Thus we see that a moids free color the positive, the negative, and the negative and posi-

image can be retrieved from a natural solar fight. time product image exposures,pi otP2, andP3 are the
For experimental demionst ration, we show a re- respective carrier spatial frequencies.

trieved color image of fig. 2 obtained from the solar Again by the insertion of the encoded transparen-
light optical processing. In view of the retrieved cy of eq. (4) at the input plane p It of the solar light
color image, we see that the reproduced color image processor of fig. 1, and by various color filtering of
is spectacularly faithful with respect to the original the smeared Fourier spectra in the Fourier plane, a
color object and therive contains virtually no co- density color coded image can be obtained at the
herent artifact noise. output plane, such as

l(x, y) = T I(Xy + T~b(x,y) + T38(x,y) ,

3. Pseudocolor encoding where TI r, Tlb. and T3 are the red, blue, and green
color intensity distributions of tihe three sxpatially en-

Most of tre optical images obtained in various coded images. Thus we see that a density color coded
scientific applications are gray-level density images image can be easily obtained with the solar light.
For example, scanning electron microscopic images, Fig. 3 shows a density pseudocolor encoded X-ray

multispectral band aerial photographic images, Xsray image of a woman's pelvis, obtained with the solar
transparencies, infar-red scanning images, etc. How- processor of fig. I1. In this color encoded image. the
ever, humans can perceive in color better than gray- positive image is encoded in red, the negative image is

level variations, Therefore a color coded image can encoded in blue, while the product image is encoded
provide a greater ability in visual discrimination. in green. By comparing the pseudocolor coded image

Let a three-level (i.e., positive, negative and inter- with the original X-ray picture, it appears that the
mediate level) spatially encoding transparency be soft tissues can be better differentiated by the color

378 coded image.378

-- *. A - ',*- *IJ•*•,.. -*- -.:. v * *A*" - - .
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Fig. 2. A retrieved color image. Fig. 3. A density pseudocolor encoded X-ray image.
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4. As apply to multispectral Llndsat images agricultural lands are light red, orange, and yellow.
Foitcsild oreis air piecn. hi i.. 4(h). where haud 4 l,

F.'lsl-color encoded andsat images would allow encoded green, band 5"is encoded red, and band 7 is
us for Ihe discriminalion of various earth surface fca. encoded blue, the Susquehanna River appears as
tures. For example, forests agricultural lands, water, violet, and the other bodies of water as shades of blue.
urhan areas, and strip mines can be shown on the The surface mines and urban areas arc dark red. The
color coded images if each of the thematic image agricultural valleys are orange'and the forested re-
were displayed in a different color. With reference to gions are green. Thus again we see that false-color
the spatial encoding method as described previously, a coded images can be easily obtained with a solar op-
N-spectral band encoded transparency may be de- tical processor.
scribed as

N12 5. Conclusion
t(x,y)-exp[iM( =. Tr(xy)[l +sgn(cospny)]• n=2+l

We have demonstrated that a white-light optical
N/2 processor can also utilize natural solar light for image

T,(x, y)[ I + sgn(cos pnx)])j , k = 1, 2, , processing. One of the obvious advantages of the
n= 2k (5) solar light optical processing is that the system does

where T, are the multispectral band image irradiances. not require to carry its own light source. Thus the
We note that the use of the orthogonal samplings proposed solar optical processor is very suitable for

-. (i.e., spatial encoding directions) is to avoid the moiri spaceborne or satellite optical processing applications.
* fringes of the output image. Needless to say that if One can image that if an orbiting spacebome satellite

the encoded film of eq. (5) is inserted at the input optical processor is required to carry its own light
plane of the solar optical processor, then false-color source, for example a powerful laser, then, aside the
encoding can be taken place in Fourier plane. The havier payload, the question is that how long the
output false-color coded image irradiances can be light source will last? If one used the natural solar
shown as light, we can easily perceive that the optical system

N would continue to function for a great number of
-(x,y) = T2 (x,y; Xn), (6) years, possibly beyond the present civilization. Al-

n 1 I( though the development of the solar optical processing

where T2 represents the irradiance of nth spectral is still in the infancy stage however it is not difficult
band image and X. denotes the corresponding coded to predict that it would offer many useful applica-
color. Thus we see that a false-color coded multi- tions, particularly to the space communication and
spectral image can be easily obtained with the solar signal processing needs.
light processing. We wish to acknowledge the support of the US Air

For simplicity, three bands of multispectral scan- Force Office of Scientific Research grant AFOSR-83-
ner Landsat data were processed for pseudocoloring. 0140.
These bands were from the blue-green (band 4: 0.5-

00.6 mim), red (band 5: 0.6-0.7 Mim), and reflected in- References
frared (band 7: 0.8-1.1 jim) spectral regimes. The IIl Li. Cutrona. EN. Lith,C.J. Patermoand Li. Porcello,
scene is a 78 X 107 km subsample of Landsat scene IRE Trans. Inlorm. Theory. IT-6 (1960) 386.
showing a section of Susquehanna River Valley in 121 A. Vander Lurt. Il.ETruns. Inform. Theory, IT-10
Smillieasicin lelnnsylvaniia. Fig. 4 shows tIhe results of (1964) 1 39.
the false-color coded Landsat data obtained with the 131 A. Vander Lugt, IEEE Proceedings 62 (1974) 1300.

4 ot solar optical processor of fig. I. In fig. 4(a) where 141 F.T.S. Yu. Optical information processing (Wilcy-
band 4 is encoded green and band 5 is encoded red, Intcrscience, New York, 1983).

bsl r.T.S. Yu, Optics Comm. 27 (1978) 23.the Susquehanna River and small bodies of water are 161 .T.S. Yu. X.X. Chen and S.L. Zhuang, Appl. Optics, to
delineated as deep red. The islands in the Susquehanna be published.
River are easily distinguished. Strip mines are dark 171 F.T.S. Yu. XX. Chen and T.I. Chao, J. Optics, to be

red, urban areas (Harrisburg) are medium red, and published.
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White-Light Processing with 

Magneto-Optic Device

.4 



* 14

Iirlrinl .l fr ts, Alll.'1 l f)l,.i . V#4. ?., Ilo 4141. N,.vep, h.r It.. I ' i
('411lgyr iK t (0 1914 y ti )lit 01 ,l t4.lteilty #or ititirl, astoI ralrliittd Ity perIslrosiin ctol' time, uio riit ow e.r.

IApplication 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 signal 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 modulator, it is very suitable for real-time programmable spatial filter synthesis

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

I. Introduction spatial light modulator, which is particularly attractive
The recent development of magnetooptic spatial light to the application to programmable optical pro-

modulator (also called Light-Mod) has stimulated po- cessing.
tential applications to the real-time optical signal pro- in this paper we will, however, illustrate some ap-
cessing.12  The Light-Mod consists of a layer of mag- plications of this magnetooptics device to a white-light
netic iron-garnet thin film deposited on a transparent optical signal processor. We will show that the device
nonmagnetic substrate. The magnetic thin film is, is capable of generating various elementary spatial fil-
however, formed into a 2-D array of separated mag- ters and object patterns for optical processings. Since
netically bistable mesas or pixels. As a plane polarized the device would be used in a white-light optical pro-
light transmits through the array of the mesas, the po- cessor, we will first demonstrate the effect of the, device
larization of the mesas can be spatially modulated by under the polarized white-light illumination. We will
magnetically switching through the Faraday effect. show that the device responds to a wide range of polar-
Since the Light-Mod is a transparent type device unlike ized light, and it is suitable for generating color-coded
the other spatial light modulators, 3, the device is very spatial filters and color-coded object patterns.
suitable for the applications to real-time object pattern II. Effect under White-Light Illumination
generation and spatial filter synthesis.

Because of the cross-array formation of the mesas, the We shall first illustrate the effect of spectra distri-
device has a 2-D mesh structure for which the array of bution under white-light illumination. Since the device
mesas or pixels can be switched on and off with an x-y is essentially an n X m array of transparent pixels (or
matrix addressed of currents. Thus each pixel of the mesas), the Fourier spectra of the device would have a
Light-Mod would take one of the only two possible similar distribution to that of a 2-D cross grating. If we
states, which depends on the direction in which the pixel insert the Light-Mod in the input plane of a white-light
is magnetized. Thus we see that the Light-Mod is es- processor, we would expect a set of smeared rainbow
sentially a binary type spatial light modulator (SLM) color Fourier spectra distributed at the spatial fre-
in contrast with the other SLM. quency plane. Since the current Light-Mod under test

Since the Light-Mod can be electrically switched, an would not respond to wavelengths shorter than the
object pattern can be written on the device with a green light, their Fourier spctra would, therefore, only
computer; thus the Light-Mod is also a programmable 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

The authors are with Pennsylvania State University, Department patterns of the device, as illustrated in the left-hand
of Electrical Engineering, University Park, Pennsylvania 16802. column of Fig. 1. The center column is a set of equa-

Received 28 April 1984. tions to represent the Fourier transforms of these object
0003.6935/84/224100-05$02.00/0. patterns, where 1/I is the spatial frequency of the in-.
0 1984 Optical Society of America. 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.

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

Let us now discuss the effect of the device under the
polarized white-light illumination. We assume that an RT
object pattern, used either as a spatial filter or as an
input object, is generated by the device with a pro- G
grammable computer. If the device is illuminated by sit Y
a polarized white-light, one would see the color of the -
object pattern changes as the direction of the polariza- .9 s G Y
tion changes. Since the device responds to a broad lb

spectral bandwidth of light from red to green, a wide o'
variety of color object patterns can be generated in V R

which the color characterization of the device is shown G' o ,,
in Fig. 2. In this figure the outer region represents the A Red

magnetized pixels (i.e., object pattern), and the inner a • Block
region represents the unmagnetized pixels (i.e., back- Fig. 2. Color tranamittant characteristic of the magnetooptic device
ground). For example, if the polarizer is set at -88 °  under polarized white-light illumination.
angle relative to the vertical axis of the device, the object
pattern would be in yellow color, which has the greatest is rotated slightly clockwise). If further advancing
transmittance, while the background would be in black, counterclockwise, the background would become light
as can be seen in Fig. 2. If the polarizer is turned green while the object pattern still remains in yellow.
slightly counterclockwise, one would see that the object We further note that, if the polarizer is set at -104", a
pattern remains in yellow color while the background contrast reverse of the color object pattern appeam. If
changes to dark green color (or red color, if the polarizer the polarizer is set between 180 and 95.5", the entire

15 November 1984 / Vot. 23. No. 22 / APPLIED OPTICS 4101
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........ h l l tile hii)tjt .4ignal im',carried out lhv.nl (r X PO arraly

of "mnr,.l (hlln f,,ndliom, wich nr'h, ,i,'id ,,,

-. in the Outpl. plane I,':. We als, note that fhe intensity
a') -1. of fh l"iilipilgh "rrnv (f "i pI)' mig,,,,Im (or i,ige.m) iP

;)rolprtiomal to magnitude square of the sinc factors in
Eq. (1), i.e.,

. uncn,,I1 2 sine m 112 (2)

Thus the intensity of the higher-order images decrease-
Compute . rapidly as n and m increase. We would, however, treat

3. utilizing program- the zero order (i.e., = n = 0) as the signal and the rest
Fable spatial filter: 1, white-light source , spatial filter of the diffracted orders as noise. Thus to improve the

generated by the device; L, transform lens. output SNR, one would make the ratio a/1 (where a _-
1) approached to unity. However, to make the size of
the pixel approach the size of the mesh cell of the device

device would become yellowish, a contrast reverse color is equivalent to saying that making the x-y drive lines
very thin is very difficult to achieve in practice. Nev-

pattern would take place for further turning of the erhpsioh-es elo eieI smd mle n

larizer. Moreover, from Fig. 2 we see that the color ertheless, if the mesh cell of device ( is made smaller and
o the focal length of transform lens f is made longer, the

characterizatns of the de i ce are repeated for every separation of the output signal with respect to the un-
rotation of the polarizer. "rhu6 a wide range of color wanted noise (i.e., higher-order diffractions) can be
object patterns can be generated for polychromatic obtained. As a numerical example; given I = 0.127 mm
signal processing, for a 48- X 48-array Light-Mod and f = 1000 mm, the

Ill. Elementary Spatial Filtering mean separation of the output smeared signals would

discuss the utilization of the Light-Mod be Xf/I - 4.3 mm for X = 5500 A. If I = 0.02 mm. the
We shall nowgrammabletspa tilit o teLight-op mean separation of smeared signals would be -27.5 mm

as a programmable spatial filter for a white-light °ptical for the same focal length. Thus the input signal size
processing as shown in Fig. 3. We note that the device could be as large as 14 mm.
is driven by a computer to generate elementary binary
spatial filters (e.g., high-pass and wedge filters). IV. Experimental Results

Since the inherent grating structure of the device In our experiments, we show that a piece of 48- X

produces higher-order diffractions (as shown in Fig. 1), 48-array magnetooptics light-mod is used to generate
the separation of these higher-order signals is depending elementary spatial filter in the Fourier plane of a
on the sampling frequency (i.e., the grating structure) white-light optical processor as depicted in Fig. 3. The
of the device, and the spatial frequency content of the pixel size of the device is p-0.127 mm, and the size of the

arriving complex wave field. In other words, it depends light-mood is -ev4 in. square. Needless to say that ele-

on the pixel size of the device, the frequency content of mentary spatial filters can be generated by the device
the object spectra, and the focal length of the transform with a programmable computer. Now if we assume a
lens. high-pass filter as shown in Fig. 4(a) is being generated

We shall now investigate the effect of the output in the Fourier plane, an edge-enhanced image can be
image irradiance due to the device used as a program- obtained at the output plane of the processor. Since the
mable spatial filter. With reference to Fig. 3, the in-tenit ditrbutonat heoututplae an e riten magnetooptic device responds to abroad band oflight
tensity distribution at the output plane can be written waves (i.e., from red to green), it is, therefore, a simple

matter of utilizing the device to generate a color coded
91 1 S(a,,0)H(a.ft)J - s(xvy) * h(x~y;),): high-pass spatial filter. In example. if the polarizer is

In -set at an angle between 95.5 and )04' of Fig. 2. a high-
Ii 1 inc -nL-,y-m llim c(lor-U lded filter of Fig. 4(0 can lie generated (i.e.,
!12 1: ) ,) X+ I I low-pass region is in dark green, while high-pass region

(/ sine n sinc(m) M x - n y - m (I) is in yellow). And it is apparent that a color-codedI M.. i ( edge-enhanced image can be observed at the output

where 7-1 denotes the inverse Fourier transformation, plane.
* represents the convolution operation, S(a,f;X) is the For experimental demonstration, Fig. 4(b) shows a
Fourier spectrum of the input signal s(xy),H(a,) is the gray scale black-and-white input object. Figure 4(c)
amplitude transmittance of the device used as a spatial is a black-and-white picture of the corresponding
filer, h(x,y;\) is the corresponding impulse response, color-coded edge-enhanced image obtained with the
6 is the Dirac delta function, and (x,y) and (ckO) are the programmable spatial filter with white-light processing.
spatial coordinate systems. From this equation we see In the original color image, the edges of the building are

4102 APPLIED OPTICS Vol. 23. No.22 15 November 1984



17

(a) (b) (c)
Fig. 7. letdhcolor encoding: (a) lnptt object; (b) object pattern

generated 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.

.~ . .) -; mostly coded in yellow, while the rest of the picture is
- . /- 1 . ." , : greenish color. Needless to say that, if the polarizer is

$ta, i - 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-
(b) c) tained with a directional or wedge filter6 ,  of Fig. 5.

Fig. 4. Edge enhancement: (a) black-and-white picture of a Figure 5(a) shows a two-shade radial spectral filter
color-coded high-pass filter generated by the device; in reality, the generated by the device. Figure 5(b) shows a black-
low-pass region is green, and the high-pass region is yellow, (b) input and-white input object of two sinusoidal waves taken
object transparency; (c) black-and-white color-coded edge-enhanced from a oscilloscope. Although these two sinusoidal
image. In reality, the edges of the building are yellow-white, and the waveforms are of the same frequency, however, therestof the picture is greenish. aeom r ftesm rqechwvr h

slopes of these two waveforms are very distinctive.
Thus these two sinusoids of different amplitudes can

Abe exclusively extracted with a wedge filter. Figures
I5(c) and (d) show a set of the results obtained by the

1 I iwedge filter of Fig. 5(a), with two sequential settings of
T T T Tthe 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

(a) obtained with a contrast reversed filter of Fig. 5(a).
(b) We shall now demonstrate a theta modulation8

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-Cc) (d) dualted with a uniform cross-grating frequency in both

Fig.5. Directional filtering: (a) black-and-white picture of a wedge directions, while the intermediate region is not modu-
filter; (b) input signal; (c) extraction of the larger signal; (d) extraction lated, and the outer region is modulated at a lower

of the smaller signal. grating frequency in the horizontal direction. Thus the
;" corresponding smeared object pattern spectra would be

"' p ,,,,, Cv,, I° '~ spatially separated along the horizontal axis in Fourier

plane. In pseudocolor encoding, we allow the zero-order (i.e., the intermediate region) and two firt-order

(i.e., the bird and the outer region) Fourier spectra to
Lo Lpass through three preselected color filters, (e.g., red,

green, and yellow), respectively, at the spatial frequency
L 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-

Comp.., , p patt. ent shades of pseudocolor encoded images can also be
obtained with different sets of the color filters and dif-

Eye ferent settings of the polarizer orientations. Thus a
Fig. 6. White-light processor with a programmable input object for wide range of pseudocolor images can be obtained with

pseudocolor encoding: I, white-light source; L, transform lens. the theta modulation technique.
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V. Conclusion
Ili cemcliisi n we li evi i, WE urjs)nr icm t i ,rw gritynSe lee le l

Iin~gie4.IAmw~l 1 tieal-ioil ligli m~ie.EIuti er Wil li is i li(-c lightle
oipticaI signalpjr(Kcessor. We have shown that the device
ret1411i14t1vi I-' Iilrizedl whili' ligl~ in which it oihfffs Iliv
adi vaniitage ol fcisir -(444 i I m~ inii f ilters sy iiei nild

ls a pgenramtion e ;rne'ein filter fre-ime oIp'l'ie:

signal processinig. Ew~en though the resolution of this
device is rather limited, however, we have shown some
tile interetiting Jifpfliciitiofis with thle white-light, illu-

L mination. Nevertheless, one of the important assets
of the device must lbe 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-

V 83-0140.
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0Measurement of noise performance for a white-light
optical signal processor

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

A measurement technique for the noise performance of a white-light optical signal processor is presented.
The technique utilizes a scanning photometer to trace out the output noise intensity fluctuation of the opti-

cal system. The effect of noise performance due to noise perturbation at the input and Fourier planes is
measured. The experimental resulls, except for amplitude noise at the input plane, show the claims for bet-
ter noise immunity, if the optical system 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-
suits 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.

I. Introduction creasing the number of filter channels (or equivalently
White-light optical processors are known to perform the spectral bandwidth) and the size of the light source

better in noisy conditions compared with coherent op- employed.
tical processors, because the artifact noise in the co- In this paper. we shall experimentally measure the
herent optical system is unavoidable. The analysis of noise performance of a white-light optical processor.
noise performance under coherent and partial coherent We shall show that the measured results confirm the
regimes has been quantitatively studied by Chavel and analytical predictions. 45 Aside from the noise effects
Lowenthal' and Chavel.2 They show that noise fluc- at the input and Fourier planes. we have also measured

-' tuations caused by the pupil plane can be drastically the noise performance due to thin noise effects along the
reduced under broadband illumination. They have also longitudinal direction (i.e., Z axis) of a white-light op-
pointed out that the noise at the object plane due to tical system.
defects other than the phase deviations cannot be
suppressed under partially coherent illumination. II. Noise Measurement

Recently, Leith and Roth" studied the noise perfor- The white-light optical signal processor to be studied
mance of an achromatic coherent optical processor. here is described in Fig. 1. The processor is similar to
They demonstrated that such a system shows consid- that of a coherent optical processor. except for the use
erable noise immunity if a broad spectral band source of an extended white-light source, source encoding
is employed. More recently, we analyzed the perfor- mask. sampling phase grating, and achromatic Fourier
mance of a white-light optical processor under noisy transform lenses. The output light intensity distri-
environment.4. 5  hut ion due to the nth narrow spectral band spatial filter

We have shown tint except for the case when the in the Fourier plane can be determined by the following
amplitude noise is present at the input plane, the re- integral equation4l-:
suiting output SNR improves considerably by in- f ::. if . (xoo

ss:- tx, + a- X(fo. o + a

L. exp -_1 2- 1X' + I)d dld d nX

The authors are with Pennsylvania State University, Electrical I + I I
Engineerig Department. University 'ark, Pennsylvania 16802. where -y (xno) represents the intensity distribution of

Received 1 July 1984 the light source at Po. Ih, and Nit are the longest and
o(K)369 .5/85/02ol,.06$02.00/0. shortest limiting wavelengths of the nth spectral band
C, 1985 Optical Society of America. filter H, (o ) S(xo + a - Xfi ,y0 + 0) is the smeared
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Fourier spectra of the input object s(x,y), Hn (a, 3 ) is the For the noise measurement under temporally co-
" nth spectral band spatial filter corresponding to the nth herent illumination, we would use a variable slit rep-

channel in the system, f is the focal length of the ach- resenting a broad spectral filter in the Fourier plane.
romatic Fourier transform lens, and i 0 is the spatial The output noise fluctuation can be traced out with a
frequency of the sampling phase grating, which can be linearly scanned photometer, as illustrated in Fig. 1. It
written as 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

We shall first investigate the noise performance of the shall adopt the definition of output signal-to-noise ratio
proposed white-light processor under the spatially co- (SNR). as proposed in a previous paper,4 for the mea-
herent illumination, i.e., the effects due to source size. surement of the noise performance, i.e.,
For convenience, we assume that the source irradiance SNR.(Y1 I ElJ,(Y'81c/,,('i, (6)
is uniform over a square aperture at source plane P 0,
which can be written as where I,(y') is the output irradiance due to the nth

wc channel, E.] denotes the ensemble average, and n,")
Vl~xo.Yo) - rect -rect -(3) is the variance of the output noise fluctuation, i.e.,

where u
2a(y') ' Ell') " IEII, .y'112. (7)

1,1X0 Evidently the output intensity fluctuation In (N') can
( ,) o = -, be traced out by a linearly scanned photometer. The

rect dc component of the output traces is obviously the out
0,I01 >2 signal irradiance (i.e.. EIIJ), and the mean square

2 fluctuation of the traces is the variance of the output
For simplicity, we assume that the input signal is a noise (i.e., a'). Thus we see that the effect of the output

1-D object independent of the y axis. The Fourier SNR due to spectral bandwidth (i.e.. temporal coher-
spectrum would also be 1-D in the / axis but smeared ence) and source size (i.e., spatial coherence) can readily
into rainbow colors along the a direction. Let the width be obtained with the proposed measurement tech-
of the nth narrow spectral band filter be Aan. If the nique.
filter is placed in the smeared Fourier spectra, the
spectral bandwidth of the filter can be written as Ill. Experimental Results

.,.- In our experimenLs, a 75-W xenon arc lamp is used as
f fl the white-light source. The spatial frequency of the

" **The total number of filter channels can be deter- sampling phase grating used is -50 lines/mm, the focal
mined, length of the achromatic transform lenses is -380 mm.

ABoth the amplitude and the phase noise plates used in
N A __ (5) the experiments are generated by photographing a laser

AZ2 Aa speckle pattern, and the phase plate is obtained with a
where AX is the spectral bandwidth of the white-light surface relieving technique through an R-10 bleaching
source. Thus, we see that the degree of temporal co- process.7 Shower glass, for strong phase perturbation.
herence at the Fourier plane increases as spatial fre- is also utilized in the experiments. We shall first

* ., quency of the sampling grating vo increases. -demonstrate the noise performance due to perturbation

174 APPLIED OPTICS / Vol. 24. No. 2 / 15 January 1985
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Fig. 2. Effect on output image (with a section of photometer traces) due to 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) AX, 1000 A; (c) AX , - 00 A.

A

. ,- at the input plane. For the amplitude noise at the input
plane, the experiments have shown that there is no 0.1mm
apparent improvement in noise performance under 10
partially coherent illumination. The result is quite
conclusive with the previous prediction.3 4 However

U l for the phase noise at the input plane, the noise per- 0.0.5mm
formance of the system is largely improved with a par-
tially coherent illumination. We shall first utilize a

r:: Iweak phase model (obtained by laser speckle and a
* '. Jphotographic bleaching process described earlier) as the

input noise. Now we consider the situation of an input 1
object transparency superimposing with the phase noise 2 1at the input plane. The effect of the noise performance 1,of the optical system can then be obtained by varying

the source size and the spectral bandwidth of the slit Soo 000 100 2000 2500
filter, as described in Fig. 1. Figure 2 shows a set of
output photographic images together with sections of Fig. 3. Output SNR for phase noise at the input plane as a function
correspondi;ig photometer traces to illustrate the effect of spectral bandwidth of the slit filter for various values of source

corrspodi-ig hotoete trcesto llusrat th efectsizes.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- o
herence) of the slit filter increases.

Quantitative measurements of the noise performance
due to phase noise at the input plane are plotted in Figs.
3 and 4. From these two figures we see that the output
SNR increases monotonically as the spectral bandwidth / X . soo
AX,, of the slit filter increases and it linearly increases * I.
as the source size enlarges. Thus the noise performance a / loo
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 6)',5001
SNR of the white-light (i.e., partially coherent) pro- ,
cessor, one can either relax the spatial coherence (i.e.. 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 2

in our recent analysis. 4.5  
.

Let us now demonstrate the effect of the noise per-formance due to strong phase noise. In the experi- e o rC amm)
ments, a conventional shower glass is used as the input Fig. 4. Output SNR for phase noise at the input plane as a function
phase noise. Figure 5 shows a set of results we obtained of source size for various values of spectral bandwidths.
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Fig. 5. Effect of output image due to strong phase perturbation at the input plane (a 0.7 mm): (a) AX,, 3000 A; (b) AX,. = 1500 A; (c)
AX, = 500 A; (d) obtained with a He-Ne laser.

formance, we have noted that the output image is also
severely corrupted by coherent artifact noise.

We shall now demonstrate the noise perfdrmance of

a white-light optical processing system due to noise at
the Fourier plane. With reference to the same mea-

0.5,mm 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
Soo ,000 1500 &nl processor improves as the degree of temporal and spatial

Fig. 6. Output SNR for amplitude noise at the Fourier plane as a coherence decreases.
function of spectral bandwidth for various source sizes. 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 SNI1 iA a20e ~iu pclr mlithilm~tos Fig- onlotwllic iocre~iig tmicli~in of mliectral batidwidth

ure 5(a) shows an output result obtained under entire , The SNR also increases as the source size in-
broadband white-light illumination. Although this creases. However, compared with the case of phase
image is somewhat aberrated due to the thick phase noise at the input plane of Fig. 2, the improvement of

perturbation, the image is relatively immune from the noise performance is somewhat less effective com-
random noise fluctuation. Compared with the results pared with the phase noise at the input plane. Once
obtained from Figs. 5(a)-(d), we see that the output again we see that the experimental results are compat-
SNR decreases rather rapidly as the spectral bandwidth ible with the analytical results that we obtained in our
of the slit filter decreases. Furthermore, Fig. 5(d) shows previous papers.4 .5
a result obtained with a narrowband coherent source We shall now provide the result of noise performance
(i.e., a He-Ne laser). Aside from the poor noise per- due to thin phase noise along the optical axis (i.e., Z

176 APPLIED OPTICS / Vol. 24. No. 2 / 15 January 1985
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c,li,.vin ilhill l mi on. Nouilhelt',4. lhe ph l te _i n

il ithe 1'ourier plane can, in principle. be iolatiylv elimi-
n-,fl iml. ,d dlil,,r v,-rv Ir mi,, lli.,.d'l l ,, i,, ,,, if ,u 'h oif lh,,I-

1 ,I7b+mtw 'h (li.Iiebs is tlcorrehiled. We have ilo noted I hat
- - -_ 0.0,ms I lhe liit milil SN I is sonewhat lower for higher spatiml

Sco herei lt ilhim ii lnfi mi (i.., iiiill r sourt'e sizl ). in I .1
o omm oilther w4irds, I Iti I ptI SNII caiin ilmt IW im proved wit1h

,* . " . '.exleldld mouirce illmuiionlim.
0 /' The noise performance, due to amplitude noise along

S/the Z axis of the proposed optical processor, is plotted
, '7 in Fig. 9. From this figure we see that the output SNR

improvem oS the noise pertuirhation moved away from
00 00 0 2000...0...the input and output planes and where the optimum

S ,oo ,000 00 2000 2500 ao , nc ( SNR occur- at the Fourier plane. Again, we see that the
Fig. 7. Outil SNI{ for pliase noise at the Fourier planeasn function output SNR is somewhat higher for larger source sizes

of sot,,ce size for various values of spectral bandwidths. (i.e., lower degree of spatial coherence). However we

stress that the noise performance cannot be improved
with partially coherent illumination, if the amplitude

.4 I noise is placed at the input or at the output plane.

ait\ I IV. Summary and Conclusion
We have devised a technique for measuring the noise

..performance of a white-light (i.e., partially coherent)
0 ' optical signal processor. We have utilized a scanning

0o0?,t I 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-

+ 2 ', plitude and the phase noise at the input and Fourier
I SOZ o.planes were quantitatively studied. The experimental

41 1 1Z results show that there has been no improvement in
I noise performance due to amplitude noise at the input
Fig. 8. Variation of the output SNR due to thin phase noise as a plane. However the output SNR improves drastically

function of the Z direction for various source sizes. for the phase noise at the input plane with a partially

coherent (i.e., temporal and spatial coherence) illumi-
nation. For very strong input phase disturbance, the
experiments show that the output noise can essentially

,a be eliminated, if it is under very broadband illumina-X tion.?
. OT MITIAs 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

0 9%. 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

A. o 1001  coherent (i.e., temporal and spatial coherence) illumi-
nation.

We have also measured the noise performance due to
0- - thin noise effects along the Z axis of the optical pro-

INPU PLA FOURIER PLANE OUTPUT PLANE cessing system. The experimental results show that ,i

Fig. 9. Varintion of the oulput SNR due to thin omplitude noise as optimum noise immunity occurs for phase noise at the
a junction of the Z direction for various source sizes. input and output planes, and optimium output SNR

occurs for amplitude noise at the Fourier plane. The

axis) of the optical system. Figure 8 shows the variation results also indicate that a higher output SNR can in
fact be obtained for more relaxed temporal and spatial :.

of output SNR due to phase noise inserted in various coherence constraints. I%
planes of the optical system. From this figure we see In concluding this paper we stress that the experi-
that the output SNR improves drastically for phase mental results are quite compatible with the analytical
noise inserted at the input and output planes under results that we recently evaluated. .5

temporal and spatial partially coherent illumination.
Z-! The noise performance is somewhat less effective for the We acknowledge the support of the U.S. Air Force
1 "phase noise at the Fourier plane, even under partially Office of Scientific Research grant AFOSR-83-1040.

15 January 1985 / Vol. 24, No. 2 / APPLIED OPTICS 177



25

11P. ('havel and S, I..itwenithol anI ~uend O' herence in Opicaln
lii i, P'to.. . iti I I N-,i1ap I It s i in iimiol.. .1 ()1. 1 K.t All o t

4. . I . i:. is,. . Aln. uothNii .is. Pericironcti alu n Arluriminlic i

4 it Whiite-Iight Optical Signal PrfKes~tur. 1: TJempornallv Partially
Cohewrent I llunmination.- .1. O pt . Sow. Ago. A 1. 489) (19.11.

5. F. T'. S. Yu:. K. S. Shaik. and S. L. Zhuang. "Noise Peirltormance (of
n WhiceI ighut Optical Signsil lrtooouir. 11: Spoat uilly l'nrtusilly
Coherent Illumination," Appi. I'hys. R136, I (19851.

6. M. Horn and E. Wolf. Principles of Optics (Plergamon, New York,
1913A).

7. B. J. Chang and K. Winick, "Silver-Halide Gelatin Holograms,"

Proc. Soc. Photo-Opt. Instrum. Eng. 215, 172 (1980).

17 PLE PIC o.2,N.2 5Jnay18



1 26

I
I

ASECTION VI

White-Light Fourier Holography

.4.

°4

- ,r*...** '-.''C-



27

VfolIIII' '2. liUllhi 6 Ull W It (iMMIINIP A I I( INS 14iI1,1.,i41 P'IN

WIIIIE-LIGIIT FOURIER IIOLO(RAI'IIY

I".T.S. Y(J l I.K. lISt/

Electrtal Engineering I)epartment. The Pennsylvania State University,
University Park, PA 16802. USA

Received 17 August 1984

This paper describes a technique for generating broad spectral band Fouricr holograms with an encoded White light
, . source. Since this technique utilizes primary white-light construction and reconstruction process. it Ot quite suitable "Of

color Fourier hologram image reconstruction. Lxperimental results arc also given.

1. Introduction ducing a broad band Fourier hologram with a white-
light source. The technique utilizes a high efficient dis-

The construction of Fourier transform hologram persive grating and a source encoding mask for the
for a two-dimensional object transparency with co Fourier hologram generation. Since the hologram con-
herent optics was first introduced by Vander Lugt struction utilizes all colors of visible light, ees tech-
in 1964 in the application to complex signal detection nique is suitable for color Fourier hologram image re-
[I 11. Since then efforts have been made to develop construction.

techniques for making Fourier holograms with inco b
herent light.

Recently. Caution and Bulabois [2-41 had dem- 2. Construction and reconstruction process
onstrated a technique of producing Fourier holograms
with a spatially incoherent source. They utilized an in- We shall now describe a technique of generating aterference filter and a holographic transparency to broad spectra) band Fourier hologram with a while.
achieve a high degree of coherence illumination for light processing technique 161, as schentatized in fig. 1.i

.r" the Fourier hologram construction and the hologram A high diffraction efficient phase grating is used to dis- " I

..,,image reconstruction was obtained with narrow spec. perse the spectral content of the light source into rain-
tral band illumination. Although good experimental bow color at the back focal plane of the achromatic

results have been reported, however the technique is lens L0 . To alleviate the constraint of recording medi-
limited to monochrome hologram image reconstruc- um due to limited dynamic range, we shall spatially2 tion. Ferriere et al. 151 have also demonstrated a tech- sample the smeared optical light source with periodic
nique of generating Fourier holograms with an incoher- pinholes such that a sequence of partially coherent
ent source. They utilized dispersive prisms and a slit sources for various spectral colors can be obtained at
filter to achieve a high temporal coherence (i.e, nar- the source plane P0 . The intensity distribution of these
row band ilhmination) for Fourier hologram genera- encoded sources, for various Xn -would be

S,.tiom. Allhligh positive resuths have heett repn led hit
".their article, however the image quality is rather poor." t(XO)'O) = K cirn [Ix0),y 0' - filoN3"nAtn I , I)

The major drawback of this technique must be due to n= l
low-light construction process, in which results with
poor noise performance. where K is a proportionality constant,

In this paper we shall describe a technique of pro-

384 0 030-401 8/85/53.30 © Elsevier Science Publishers B.V.
s(North-Holland Physics Publishing Division)
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Icicili waiveckiigt s, cain he syeiitlcd. l ci us iiqiw as-

C(ILAIORsuni that thc input plane contains an object transpar-
- 'ARATING ncy and a reference pinhole, as described in the follow.

CNCIOM MASAing equation:
.7 x PAN f(x,. i) =s(x + Ir/2, ") + h (x - /r/2,Yi) .(4)

0Stv L *FouRoR where s(x. v) denotes an input object function, 6 (x,.i)
>1HOOGAMdenotes the Dirac delta function, and ht is the main sep.

~,z '~"'aration between the target and the reference pinholes.
'7~ECE.A It is therefore apparent that a broad band Fourier

APITfM 'V hologram can be interferometrically generated in the
CJECT Fourier plane P2. If we assume that the holographic

* I construction is in the linear region of the recording
Fig. 1. A technique of generating a broad spectral band emulsion, the amplitude transmittance distribution of
Vourier holograni with a white-ight source. S, white-light the recorded Fourier hologram would be
source.

I, O~'A~,H(c,6) {KtIlS(Q, 3+ fvoXn) 2

n*0

* ~0, otherwise + K2 IS(C, 1 +fv0 X~)l

Lr, is the radius of the nth sampling pinholes, fis the X cosIJ(21rh/X f) + 00 6 + ft..,x,)] I. (5)
focal length of the achromatic lens. t'o is the spatial
frequency of the phase grating. X. is the main wave- where K 1 and K 2 are arbitrarily proportional constants,
length within the Pith sampled source, and (x0 .v0o) is S(Q. 0.. X,~) is the Fourier spectrum of input object func.
the Spatial Coordinate system of the source plane P0. tion s(x,v; X,1) (ci, 13) is the spatial coordinate system
To achieve the required spatial coherence at the input of the Fourier plane. X. is the main wavelength of the
plane P1.I it is apparent that the size of the sampling nth quasi monochromatic coherent source, fis the focal
pinholes should be small compared with the overall length of the achromatic transform lens L2 , and vo is

Uinput object, such as the spatial frequency of the grating.

Ar. <AX,,1h .(2)

where ht denotes the separation between the reference 
V0EA Tpoint and the input object s(x.JI') as shown in fig. 1. -AIN

To maintain a high temporal coherence for Fourier L.x1 zNO4MS

hologram construction, it is required that the wave- I . PLANE

length spread AXn over the nth sampling apertureL~ I.~.% f-

should satisfy the following inequality / II ," * te

Ax p~ L.' HOL(3)AM

where 5t' is the spatial frequency bandwidth of the in. -~v
16 , ,I L PLANF

ptil l hgci xt.t)and P,) is the spatial lItcqucncy of
the phase grat ing.

Thtus we see that a sequence of encoded partially
coherent sources arc illuminating the input plane Pi . P.AG

Since the source etncoding mask is covered over a wide '
Spectral content of the smeared white-light soure. it F~ig. 2. )-ourier hologram imiage reconstruction with white-
is apparent that A' discrete Fourier holograms, for dif. light processing.

385-
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II I IIl n',rllig to holC that II Iht' blnad and 1lb- 3. Lxperinieltal result

grami I/Ia. 0) is i ihm inated Ihby . beallm of enco(le( while.
11l1l N%wllce (Olltowm Ii 11g. 2) siuch aS We would now provide a couple of experimental re-

A' stills 0h hiltd w ih 1 t1"L pIIo oscd W Ilitc-liglt [ouric t

h" ( X= E (,holographic process. In our experiments. a 75.-W
Pr=- N xcno arc laimp with 1 1 mii ,,1tiltlie ulinhole .i used .o%,
pman t a wlhite-Iiglit source. A sinusoidal plase grating of about

110 lines/inimn. with 25% diflraction efficiency, for tile
- where C is a complex proportionality constant, then the first-order diffraction, is used to disperse the spectral

complex light field at the output plane would be content of the light source. The achromatic transform
% lenses used are about 750 cm focal length. The source
gtx,y: X) ff L:'(aI3 X)H(aj3) encoding mask composes a set of periodic circular pim-

holes of about 40 Mm and their spacing is about 2.5 mm.

X exp[-i(2ir/Xf)(ox + ax)J do d3. (7) The separation between the reference aperture and the
, B s n ( ( n ( einput target obiect is about 8 mm. The size of the refer-

By substituting eqs. (5) and (6) into eq. (7), we have ence aperture is roughly about 300/am.

g(xYWe shall now show a couple of Fourier hologram
,iages obtained with this white-light processing tech-

Anique. Fig. 3(a) shows a gray scale object, with a ref-
,C6(x,y; X) * s(x,s'; Xn ) * s*(-.x, -';n) erence pinhole, used as an input transparency. A broad-

n=" band Fourier hologram is generated as shown in the en-
. • A'larged photograph of fig. 3(b). Fig. 3(c) shows a pair

N of twine holographic images obtained with this tech-
+ F C2 6(x,y; X) * [s(x + h,y; X,) nique. As compared with the original ob.ect, the fea-

ture of the hologram image can readily be seen, al-
though the image quality is still needed to improve.

, .*+ s* (-x + h, -y: X,) ] , (8) One of the features of the white-light Fourier holo-
graphy must be the color image reconstruction. Fig.

where C1 and C2 are complex constants, * denotes the 4(a) shows a set of binary color English characters.
convolution operation and the superscript * represents with a reference pinhole, used as input object to gener-

the complex conjunction. The corresponding output ate a broad-band color Fourier hologram. Fig. 4(b)
irradiance can be shown as shows a pair of color holographic images obtained

with this technique. Although the image quality of
I(xy) = f a,, lg(x, .; ,X)12 dX , for n = 1.2. ... A'. this result is still somewhat poor. however as compared

(9) with the original transparency. the color reproduction
, , which is approximated by is rather faithful. Nevertheless, this result may be the

N first white-light colour Fourier hologram image that is

I(xy)f Axn Z {K1s(x,).,X,) * s*(x, YXn) ever reconstructed.
n=1

i'21 4. Conclusion
+ K 2 Ils(x + h,y; X,)l 2 + ls(x - h,i';) 2 ] 4. C s

(10) We have described a technique of generating a

where K1 and K 2 are proportionality constants. * de- broad spectral band (i.e.. white-light) Fourier holo-
notes the correlation operation. From this equation gram. The technique utilizes light dispersion and

we see that two hologram images of s(x, Y) would be source sampling method to )btain a set of narrow-
diffracted around x ±h at the output image plane of band partially coherent sources for tile hologram
fig. 2. construction process. Since tle technique utilizes

386
%'

, L

. -" •. - - .-16" .•% i _ % * " = 
'

'



30

IFig. 3. Fourier hologram image reconstruction. (a) Input object with a reference pinhole. (b) A broad band Fourier hologram. (c)
i Fourier hologram images.

Fig. 4. Color hologram image. (a) Input objct with reference pinhole. (b) Color Fourier hologram images.
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Optical Generation of' Speech Spectrogram
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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 system is
discussed. Experimental demonstrations of the proposed frequency color coded speech spectrograms gen-
erated by the proposed white-light optical processing technique are given.

I. Introduction grating (or prism) can be used at the input plane of the
Since development of the first electronic sound processor. In frequency color encoding, a narrow slit

spectrograph by Bell Telephone Laboratories nearly is placed over the smeared color signal spectra at the
four decades ago, I great strides have been made in the Fourier plane so that a frequency color encoded spec-
field of speech analysis. The electronically generated trogram can be recorded. In the following, we shall
sound spectrograph has been widely used for various describe the basic performance of this white-light op-
applications including such areas as linguistics, pho- tical spectrum analyzer as applied to speech signals.
netics, speech synthesis, and speech recognition. The frequency resolution limit of the system as well as
However, an optical system utilizing the Fourier the frequency scaling of the spectrogram will be given.
transform properties of the positive lens offers a viable Experimental demonstrations of the color-coded speech
alternative to the electronic counterpart. The multi- spectrograms, obtained with the white-light processing
channel optical processor suggested by Cutrona et al.2  technique, will be provided.
was found to be able to utilize efficiently the 2-D nature
of an optical system. Moreover, by sacrificing the II. Temporal-Spatial Signal Conversion
multichannel capability of such a processor, Thomas3  It is well known that an optical processor is capable
pointed out the feasibility of generating a near real time of performing 2-D spatial Fourier transformation.
spectrum analysis for large space-bandwidth signal. However, the processing of time signals by optical
Later Yu 4 reinforced Thomas's concept in the synthesis means necessitates the transformation of the signals tq
of a coherent optical sound spectrograph. He pointed a 2-D spatial format. Generally speaking, there are two
out that a near real time optical sound spectrograph can ways of performing this conversion, namely, the density
be designed and constructed at a competitively low and the area modulation techniques. 6 Nevertheless,
cost.5  the density modulation method is the simplest and most
In this paper, we will describe a technique of gener- commonly used technique in practice.7 We shall use

ating multicolor speech spectrograms with a white-light a density modulation technique for temporal-to-spatial
.- optical processor. This technique utilizes a cathode ray signal conversion and also show that the temporal-

tube (CRT,) scanner density modulator to convert a spatial formats obtained from this technique are very
temporal signal to a spatial signal that is suitable for suitable for color-coded spectrogram generation with
white-light signal processing. To obtain a color-coded a white-light source.
speech spectrogram, a dispersive element such as a The conversion can be obtained by displaying the

time signal with a CRT scanner and then recorded on
a 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

The authors are with Pennsylvania State University, Electrical linearly with the input signal voltage. Since the signal
Engineering Department, University Park, Pennsylvania. voltage is usually a bipolar function and the light in-

Received 10 September 1984. tensity is a positive real quantity, an appropriate bias
0003-6935/85/060836-06$02.00/0. should be added with the time signal to produce a
C 1985 Optical Society of America. density modulated signal. To ensure a linear'density
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do(hwn within thluIhivir nv~iot of' (th , (T scitimr. CR,
F eir l lim . ti ,e t e , to r n u .lit uii 11 1.1 ;( in It'd ij u t E , I l iv 1 i e in EIII n A I

the (CI'Il scanwr toi produce the vertical sweep. 'To
mnainl i te uniformily of sweep intensity, 1 lie scan
rale .41huh I et (Ivi( co ernidlvrnly higher I ll thw itmixi-
muam freq(luncy content. of the input signil. Thus I he
HigililI woutId 4)e aimplayed oiI the (C T screen as a uni- "0AM
form intensity scan at each vertical sweep. Conse-
(lu1ni ly. A spt itiliv rcord(ed Iormal wire, nitilit ud, .
transmittance is liniearly proiiortional I.o the intensity
of (IT display, cim be ip(lhi ed by ioiaging tih (lT
display onto a moving photographic film. Figure 1(a) FILM DRIVER

shows the schematic diagram of the conversion process. (a)
The recorded format, as typified in Fig. I(b), can then
be inserted into the input plane of the optical processor

ILA. for spectrogram generation.I
-., 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

v - vIR, (1)
where R is the spatial frequency limit of the film. Thus
it is apparent that to resolve the highest frequency (b)
content of the recorded format, the speed of the re- Fig. 1. (a) Temporal-to-spatial signal conversion. L, imaging lens.
cording film should be so adjusted higher than the ratio (b) Segment of recorded format.
of v/R. Unfortunately, the finite optical processing
window would set the speed limit of the recording film.
A higher speed of the recording film would result in a A "
lower frequency resolution of the spectrogram genera- %. Y  I,
tion, thus corresponding to a wideband spectrogram 84
analysis.8 However, this drawback may be alleviated ,'

by utilizing a higher-resolution CRT scanner. Never-
theless, in practice, a higher-resolution CRT tends to X.
be more expensive. Moreover, the frequency resolution v
of the optical processor is also limited by the source size L, was v Lt
as well as the point spread function of the imaging lens I G

.-. and, of course, the width of the optical window in the / Ls

processor. Thus the speed of recording film should be x Pt P
restricted by the following inequality:

t, 5 Wi', (2) Fig. 2. White-light optical sound spectrograph. L, achromatic4 where W is the width of the optical window of the pro- transform lens.
cessor and P, is the lowest frequency limit.
Ill. System Analysis apparent that, if a slanted narrow slit is properly utilized

Let us now discuss a white-light optical spectrum at, the Fourier plane, as illustrated in the figure, a fre-
analyzer as depicted in Fig. 2, where LI, L 2, and L. are quency color-coded spectrogram can be recorded at the
achromatic loIirier t.ramsform lenses. If the recorded outpuit plane, with a moving color Iilm. The color-
format of a time-spatial signal, as described in Sec. 11, coded spectrographic signal can also be picked up by a
is loaded in a linear motion film transport at the input color TV camera for displaying, storage, transmission,

4r. plane of the processor, a slanted set of rainbow smeared and further processing by electronic or digital system.
Fourier spectra in the Fourier plane can be observed. We further note that, by simply varying the width of the
We pote that the effect of the phase grating at the input input optical window, one would expect to obtain the
plane is to disperse the signal spectra in a direction so-called wideband and narrowband spectrograms. In
perpendicular to the recorded input format (i.e., di- other words, if a broader optical window is utilized for
rection of the film motion), so that a set of nonover- the spectrogram generation, a high spectral resolution,
lapping slanted (or fan-shaped) rainbow color smear corresponding to a narrowband spectrogram, can be
spectra can be displayed at the Fourier plane. It is now obtained.

15 March 1985 Vol. 24. No. 6 / APPLIED OPTICS 837
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N4 Iectrlogrilin. Wwoil ti11 ('epet to) lostI' 11'slnililIl (I.e., 2rrr(iilI'My l~ w ii/li hfri eXu,

na~rrow~er, w.hichi corresnsI0(I to11 i(It fh widba illyis, i of, I lie Folurier plane '2.

loss5 ofmeI r~eid res4lu1 ion1 is expected. I lowever, loss5 HY Jprop~erkv sti451 ito ti ig Fit. (6) into( FAI. (7)1(mid1114-

ofI he mpvv't r(4trui. Thiis I ihIe Iidiwidl It reint imbl~ishi
is, in IiictQ i I( v t4 qe( oIc( (4! the I Ivieti beirg's utIctr- x[ + _2

tainty relation in quantum mechanics.9  2 J)
For siO IplicitY Vi iii llysis, we leit Ihe light source he l~ q; 2 q: iAreel 7r h1 I-

11 square white-light source. T1he source irradiance may
lbe written (IS sin J. b~ Xf L y) I I(X I t*(x21

-y(xn,.v 1,A) = 5(A) rF ~eet (3Feet (3)-~(L

where SWX is the spectral distribution of the light tIrc
source, b denotes the size of the square source, and *exlplx - r 2 P2 ) IdildX 2 (9

rect( .= 1LIXI 1 6.b For simplicity of illustration, we assume that the
Feet b 0. otherwise. input format is a single sinusoidal signal, i.e.,

With reference to Wolf's partial coherence theory1 0 the t(x) = I+ co~pr for al . (9)
mutual coherence function at the input plane P1 of the
spectrum analyzer of Fig. 2 would be where p0 is the spatial frequency of the sinusoid. Since

the cosine function of Eq. (9) can be written into two
f~x 1,Y,;X2 .)v2:A) =ffY(XO-YO;X) exponential functions, we focus our attention merely to

one of the diffraction order, that is,
*exp {- 27 JXo(X I - X2)

xft(X(t(X2) -eXPi 1P X, - X2)] (10)

+ YO(YI -Y2)j dxodyo, (4) By substituting Eq. (10) into Eq. (8), we obtain

where the integration is over the source irradiance. By
carrying out the integration, the mutual coherence [Af ( 2ir - /n

Ifunction at plane P1 becomes P'(P1,ql;P2,q2:A) =S(A) rect - .(q 1- q2 )

rtx1y1;xy2;) = S(A)~ 1 rb(xj - X2)j bbx-x)

K S i e F -f Sf f lC si e]~ 2 explip tyi - x-)

F f eet F~ ect ()exp(ip, - XP)d d2
where W

sinc~rX) ~snr)(I
7rx Since the interest is centered at the output irradiance,

and K is an appropriate constant, by letting p, = P2 = p and q, = q, the irradiance

Now, if the time-spatial signal format is inserted at at the Fourier plane would be
the input plane P1 of the processor, the mutual coher-rAfq-q)
ence function behind the input plane would be 1(p~q;A) =SWA Feet Jfq- o (p), (12)

tP '(X 1,Y I;12-Y 2: A r I(X 1,Y Jx 2 -Y 2 ;A ex plqoIf(y I - Y2) whr

*t(X I)t (X 2 ) reet F eet (6) l ) AT rbix, -X2)

where the exponential factor represents the phaseAf eppnx-x) I
transform o4f the I -D phase girating, (1(, is the angulanr . rvc' rct ni 11i ip-11 X I - X -,)p juIdl 2,

spatial frequency of the grating, t(x) is the amplitude
transmittance function of the recorded format, and W To investigate t he Variat ion of t he out put irradiance
is the width of the inplut op~tical window as shown in the dutohewthoteintotcawidFg.3
figure. Thus it is apparent that the mutual coherence sosapo ftenraie nest ait(no q

funcionarrvin at he ourer laneP 2  oul be (13) for two values of W. From this figure we see that

'(P1q%;P2 q2;X) =fflz a narrower -spread of output irradiance corresponds to
expi-x ~ + - - y~2)1 a broader optical window W' at the input plane. Thus

.dXI1d-I 1xP1d+. (7q -1P -~21 a narrowband spectrogram can he generated in this
manner. On the contrary, if a narrower optical windowv

where the proportional constant is ignored for conve- is utilized, a broader spread of the output irradiaince is
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1 0 "Vourher spectruin of thet phase grating would he dil-
fracted al 

06 _W: 35.. X If =~, (A//2. ,, ff W)

.W . - where i. I lhe locil 1trlgl 11( i lli ilncr,,,il ic I rim-4lirii
i ,"5=OO.z J( ls. Siiice E';q. (0I) is linearly proportional to the

wnveligl t Ihe ligll sciirc, n rniiiiow color of

04 siiueir((l spectra cuan hlit observed idlolig tilt axis in liet
z Fourier plane 1'.,. For simplicity, we assume that input

0.2 
format is a single sinusoid of spatial frequency po; then
the Fourier spectra points are located at

0.0 = f :t -Pp. (17i
10% 0 100 3CO 400 500 600 'PO0O So 00 1000 -4 2r"

"-rREouLCY (HZ) For convenience, we use the positive value of Eq. (17)
in our discussion. By taking the ratio of Eqs. (16) and

Fig. 3. Normahized output spectral distribution as a function of input
frequency for two sizes of optical windows. (17), we have

expected. Thus a wideband spectrogram may be gen- Qc

erated with a narrow optical window, where we assume that. po << qo, and q0 is the spatial
To have a better understanding of Eq. (12), two ex- frequency of the phase grating. Thus we see that the

treme cases of the light source will be discussed in the frequency locus of the input signal can be properly
following: traced out in the Fourier plane. In view of Eqs. (16) and

(a) If we assume that the broadband light source is (17), and the fact that q0  Po, we-further see that the
vanishingly small (i.e., b - 0), then spectrum of the input signal would disperse into a

lim sine [rb(xi - x 2)1 rainbow color at a slanted angle in the Fourier plane. It
- m ml ,7 = , is, therefore, apparent that, if a narrow masking slit is

properly utilized in the Fourier plane. a frequency
"-- and Eq. (12) takes the form color-coded spectrogram can be obtained at the output

SIX) rect o)W 2 sinc2lrW(p pol plane.
2pb Now let us suppose that the masking slit can be de-

(14) scribed as

This result describes a completely spatially coherent +q a tan , (19)

" illumination. 2r

(b) On the other hand, if the light source becomes where Xo denotes the upper or lower limit of the source
infinitely large (i.e., b - -), then wavelength depending on the slit orientation, and tan-y

1 b(xi- X is the slope of the slit. By substituting Eqs. (16) and
lim sinc Kb(x, - X2), (17) into Eq. (19), we have

qn(X - o
where K is an appropriate constant, and Eq. (12) be- -

comes X tan.
S- Wwhich can be written as

I(pq;X) = S() rect f(q- q0) W2. (15)
2 II . - . (20)

This result corresponds to a completely spatially inco- 2r 2rX tan-

herent illumination. Nevertheless, the proposed where i, is the time frequency of the input signal. Thus
white-light spectrum analyzer, as can be seen, is oper- we see that the temporal frequency of the input signal
ating in a partially coherent mode. and the spectral wavelength of the light source form a
"F u y ban d s tnonlinear function, as plotted in Fig. 4(a). Figure 4(b)

shows the experimental result to confirm this rela-
We shall now discuss the frequency calibration of the tionship. Nevertheless this nonlinearity of fre-

proposed white-light optical speech spectrogram. The quency-spectral wavelength relationship can be lin-
accuracy of the frequency measurement depends on the earized by using an appropriate curve slit instead of a
width of the input optical window as well as the width linear one in the Fourier plane.
of the sampling slit at the Fourier plane. By adjusting We shall now discuss the frequency resolution of the
,these parameters, a properly calibrated speech spec- proposed system. We note that the frequency resolu-
trogram can be generated at the output plane. tion is primarily limited by the width of the input op-

Let us assume that the transform lenses are achro- tical window, the source size, and the width of the
matic (i.e., d//oA = 0) and the angular spatial frequency sampling slit in the Fourier plane. To investigate these

- of the input phase grating is q(,. Thus we see that the effects, we assume that the size of the white-light source

15 March 1985 / Vol. 24, No 6 / APPLIED OPTICS 839
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W11 Y-0

0
h,

Fig. 5. )etermination of the output spectral resolution.

(e.g., nirrowhiind leech mloecl.rograrn). I iowver, we
0 see that the overall output resolution of the spectral

WAVELENGTH spread is determined by the width and orientation of the
(a) sampling slit at the Fourier plane, as illustrated in Fig.

5. Thus the effective output frequency resolution can' i be shown as

- • where W, and W. are the width of the smeared fre-

D quency spectral line and the width of the sampling slit,
OUJ t is an appropriate conversion factor, and y and 0 are
U. Soo defined in the figure.

0l 1 From this equation we see that the effective output
WAVE LNWoT 0 frequency resolution is proportional to the diagonal

(NM) region of the spectral line that intersects the sampling
slit, as shown in the shaded area. Therefore, the overall(b) output frequency resolution is somewhat lower than the

Fig. 4. Variation of input frequency vs spectral wavelength of the width of the smeared spectral line, i.e.,
light source: (a) calculated result; (b) experimental result At > AV. (26)

is b. Then the size of a point spread image would be This is the price of the color encoding. Nevertheless
the price we paid is considered small compared with the

V= bf/f', (21) advantages we gained from the white-light pro-
where f' and f are the focal lengths of collimating and cessing.
achromatic Fourier transform lenses, respectively. V. Experimental Demonstrations
Thus the width of the point spread image at the spatial In our experiments, a 75-W xenon arc lamp with a
frequency plane would be 9 0 -gm pinhole was used as a white-light source. A

b' by phase grating of 80 lines/mm was used as a dispersiveAc f X element at the input plane. A narrow slit of -70 pm is
Since the width of input optical window affects the inserted in the Fourier plane for color encoding. The

spectral resolution of the processor, the width of the focal length of the achromatic transform lens was -350
spectral lines in hertz for a point source is mm.

In the experimental demonstration, we show two sets
AV2 - vIW, (23) of color-coded speech spectrograms obtained with this

where v is the speed of the film motion, and W is the technique, as depicted in Figs. 6 and 7. The frequency
width of the input optical window, contents of these spectrograms are encoded in rainbow

For simplicity, we shall treat these two factors (i.e., color from red to blue for upper to lower frequencies.
source size and width of optical window) independently. These spectrograms were produced by a sequence of
It is apparent that the spread of the smeared spectral English words, testing. one, two, three, four, spoken by
line (i.e., frequency resolution) of the system can be a male and a female voice, respectively. Figure 6 shows

I. approximated by the following equation: a set of narrowband speech spectrograms representing
1, t 12 +1[211/2 a 45-Hz bandwidth resolution. Figure 7 illustrates a set

AV = l(AV 2 + (Ac2 )
2112 (-+ - V (24) of wideband speech spectrograms with a 300-Hz

\ ))f' W I, bandwidth analysis. From these sets of spectrograms,
As an example, if we let v = 195 mm/sec, b = 90 gm, X we see that the basic structure of the spectrographic
= 0.55 um, W = 35 mm, and f' = 762 mm, the frequency contents is preserved. The characterization of the
spread of the proposed optical spectrum analyzer is Ai' formant variation can readily be identified. Since Fig.
. 42 Hz, which corresponds to a narrowband analysis 6(a) is produced by a low-pitched voice (i.e., male'), the

840 APPLIED OPTICS / Vol. 24, No. 6 / 15 March 1985I
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remolution. but it hiilq t.o resolve I he mil((tral liiiew We
toi~othie~ 4rtii 1, ili,r null Urn'.oavr'nriIiii
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it'ory (i.v., AlI ) whith reloed tI t(, I' " 111011
I - ' - Heisenbcrg's uncertninty p~rinciple" in qunntum Me-

TIME ('ILL)

(a) VI. Conclusion

- In this paper, we have presented -a method of gener-
ating a cofltifluoulS frequelncy coplor-coded speech Spvc-

1.5 trogramn with a white-light processing techinioque. The
2.' proposed system not only offers a low-cost alternative

0WM-J but also eliminates the coherent artifact noise. More-
0: 0.5.. =~ ~ over, the multicolor display of the spectrogram is

2 3 4 adapted to the natural sensitivity of human eyes and
TIME i SECT thereby provides improved visual discrimination.

(b) Nevertheless, we want to stress that due to the very
Fig 6.Blak-nd-hit potoraps o nrroban clorcodd limited resolution of the CRT scanner used in our ex-
Fig 6.Blck-nd-hie potorahs f nrrwbad clo-coed periments, the results that we obtained only extended

speech spectrograms (-45-Hz bandwidth): (a) obtained with a male t . ~.Ti iiaini oepoone o
'I..voice; (b) obtained with a female voice. 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

Q0.frequency range can easily push up to 4 kHz. This
U08 - frequency range is commonly used for most telephonic

.*t. 06 ~ 1 V , systems.

I2 3 45TIME (SEC)
(a)
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PROGRESS REPORT ON ARCHIVAL STORAGE
OF COLOR FILMS UTILIZING

A WHITE-LIGHT PROCESSING TECHNIQUE

"'4,I F. T. S. YU, X. X. CHEN and S. L. ZHUANG

MOTS Cl-s Kn-N WORI)S

Traitement d'image Image processing
Codage couleur Color encoding

Amelioration d'une technique de traitement
en lumiere blanche pour I'archivage de films en couleurs

SUMMARY In this paper. we report a spatially encoding techni- RESUME : Dans cet article nous decrivons une technique de
- que such that the moire fringe pattern inherently existing with the codage spatial qui evite les effets de moir6 dans ]'image restitue.

retrieved image can be avoided. To improve the diffraction effi- Pour ameliorer I'efficacite du reseau de diffraction form€ par IC
ciency of the film, we have introduced a bleaching process so that film, nous avons introduit une technique de blanchiment qui
the step of obtaining a positive encoded transparency can be 61imine le tirage d'un positif. Au lieu de restreindre le codage dans la
eliminated. Instead of restricting the encoding processing in the partie lineaire de la courbe transmission-eclairement, il esit possible
linear region of tie T-E curve, we would allow the encoding in the de coder sur la partie lin6aire dc ia courbe elficacite de diffraction-
linear region of the D-E curve, so that a broader range of encoding eclairement. cc qui 6largit la gamme d'expositions. Les resultats
exposure can be utilized. Experimental results indicate that excellent experimentaux montrent une excellente fideliti des couleurs. un
color fidelity, high signal to noise ratio, and good resolution of the grand rapport signal sur bruit et une bonne resolution dans la
reproduced color images can be obtained, restitution des images en couleurs.

:!

INTRODUCTION color images was first reported by Ives [I] in 1906.
He introduced a slide viewer that produced color

Archival storage of color films has long been an images by a diffraction phenomenon. Grating either
unresolved problem for the film industry. The major of diffcrent spatial frequencies or of azimuthal oricnta-
reason is that the organic dyes used in color films are tions were used. More recently, Mueller [2] described

" usually unslable under prolonged storage, often a similar technique. employing a tricolor grid screen
causing gradual col fiding. Although there are fIOr image encoding. In decoding. lie used three quasi-
several available techniques for preserving the color monochromatic sources for color image retrieval.
images, all of them possess certain definite draw- Since then, similar work on color image retrieval
backs. One of the most commonly used techniques has been reported by Macovski [3). Grousson and
involves repetitive application of primary color filters, Kinany [4]. and Yu [5]. However. those techniques
so that the color images can be preserved, in three suffer a major drawback, namely. the moire fringes
separate rolls of black-and-white film. To retrieve in the retrieval color image will not be avoided.
the color image, a system with three primary color We will, in this paper, report a spatially encoding
projectors are used. These films should be projected and decoding process such that the moire fringein perfect unison so that the primary color images pattern can be avoided by spatial filtering. To improvc
will be precisely recorded on a fresh roll of color film. the diffraction efficiency, we have introduced a
However. this technique has two major drawbacks : bleaching processing for the encoded film in which
first, the storage volume for each film is tripled. Second, the step of generating a positive transparency can be
the reproduction system is rather elaborate and eliminated. We have also experimentally demonstrated
expensive. that the spatially encoding process should not be

The use of monochrome transparencies to retrieve restricted to the linear region of the H-D curve.



41

(,) V. 1, S. Yi X. X. (011N. S.. /.,eAN' .1)/i. Opl'. /'ar).% 195. vol. 04. 1" 2

hised, it is Ieconlnlieided io ecode in tie linear . S I

curve (called I)-h curve). l)etail cxperinlicnital plo-
ecdur- 0o" this archival storage Iechniqie is presented. y
IPelinllha;try t'eslls ol relrieval chr ill liges ae
provided. ('omparisons with original color trans-
patency are also given. Grating I Gr ting 2 Gr ting 3

NFN Blue Color) (For Green Color) (For Red Color)SPATIAL ENCODING AND DECODING

We shall now describe a spatial encoding technique FIG. 2. - Posiions t the three .palial sampings.
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-while 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 We shall now demonstrate that the moire fringes
a monochrome film. In order to avoid the moire fringe can be avoided with the proposed encoding-decoding
pattern in the retrieval color image, we propose to

technique. Let this intensity transmittance of thesample one of the primary color images in one indc- encoded films be 15]
pendent spatial coordinate, and the remaining two
primary color images in the other independent spatial T,(x, y) = K { T,(x, y) [I + sgn (cos p, y)] +
coordinate, as shown in figure 2. Since any mixture
of red with green or with blue colors produces a wide + T,(x, j,) [I + sgn (cos p, x)] (I)
range of intermediate colors, we propose to encode + 7',(x, y) 11 + sgn (cos p, x)] } -
the red color image in one independent spatial coor-
dinate direction, and the blue and green color images where T,(x, y) is the encoded black-and-white negative
in the other remaining independent coordinate direc- transparency, K is an appropriate proportionality
tion. Thus a small amount of color spread (i.e., color constant. T,. T, and T. are the red. blue. and green
crosstalk) from blue to green (but not from green to color image exposures, p,. ph, and p. are the respective
blue) may not be avoided. However this small amount carrier spatial frequencies, (x, v) is the spatial frequency
of color spread will not cause significant adversed coordinate system of the encoded film. y is the film
effect in the retrieved color image, for primarily two gamma 16), and
reasons first, a slight mixture of blue into green
will not produce significant color changes. Second, sgn (cos x) -o x (2)strictly speaking all the color transparencies are not 1 cos x < O.
natural colors, thus a small amount of color deviation
would not be noticeable by human perception. Instead of obtained a positive image transparency.

through a contact printing process of Eq. (2) as
proposed in a previous paper 15]. we shall bleach the
encoded negative-image film to obtain a phase object
transparency [7. 8]. Let us assume that the bleached

Coimated White Light transparency is encoded in the linear regionof the
diffraction efficiency D versus exposure E (e.g.. as
shown in fig. 6). The amplitude transmittance of the

ZZColor Transparency bleached transparency can be written

T , y) = exp[iqpx, .')J . (3)

2f where 4)(x. v) represenits the phase delay distribution.
which is proportional to the exposure of the encoded
film 191. such as

, zz Objective O(x. Y) = M { T(x..I) [I + sgn (cos ,, y)] +

+ Th(x, *y) I + sgn (cos pt x)] (4)
2f Primary Color Filler + T",(x. y) I1 + sgn (cosp. x),

Grating where M is an appropriate proportionality constant.
> Contact If we place this bleached encoded film at the input

Photographic Film plane P, of a white-light optical processor. as illus-
trated in figure 3. then the complex light distribution
due to Ikx. v). for every . at the spatial frequency

Fiv. I.-- Seqientia/.spati/ rn, ,1m1,hn '.. plane P2 can be determined by the following Fourier60t
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By expanding l(x. v) into exponent~ial serics. Eq. (5) can be written

S(a.f:) it1~ + " + io'.X. 0ii + ~ exr{ - 7 (OX + Ih) d.x d 1 6
By substituting Eq. (4) into Eq. (6) and retaining the first-order and the first-order convolution terms we have(6

2 71 )\ - 71

~~~~~ 71 2 7t 2ir 7l±r1 lt± p

+ L P, g) +' P(~ +3 ±b + ± I) (7)

Blue Color Filter

-. ~Sk Coed CFlrliltrr

Stopd Coanr Greenr Coo(Ve

F 1(;. 3. Whl~e light pripees.%ar for spatial color deco(ding. 1. extended
while lig/it source; L trants form lens; T(.s. y), bleached encoded

transparencri. FIa.. 4. -- Color ypatial filtering tth /IaI , al Ireluuwicy pille i.

the lourier plane wotuld be
where T, band Tqare the Fourier transforms of T,,

T ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~; an ersetvl. dntsth ovlto (.1)= /T, ad T resectvel, * enoes te cnvoutio St(. . ,Popecration, and the proportional constants have been 2i
neglected for simplicity. We note that, the last cross
product term of Eq. '(7) would introduce a moire + Tb 0' f + To + -v.I (8
fringe pattern, parallel to encoding gratings of blue2n2n
and green. in the retrieved color image. N~evertheless. wee ad;, r h epcierd le nall of those cross product terms can be properly whre co.o w.avndth are the espectimed land.
masked out at the lourier plane. Thus by proper color gree color alngts.tib tho utu imispae
filtering those, first-order smeared Fourier spectra, thcopelitdsrbuons
as shown in figure 4, a moire free true color image s~,y ,x., x~~, ,xy x~.v,
can he retrieved at the output image plane P. The (.y ,x )epip)+T~.1 x~xb
corresponding complex light field immediately behind + T.(N:. 0i expi - hxp 0,) . (9)
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1lh1 outlput iiage irradiance is thercfore ios. I and 2. it will not ge nerate any undeslrahic moire
frmigcs ,xcept ;r r grid hetlween grIalings 3 and 1,

I1\..1) I'.C(,.r) 1 '1..) I 1..1) . IIt) aiwd 3 and 2. Whcicas giatin s I aml 2 ac paralic-
superimposed. it producCs a moire lringc pattern of

which i% a stipcroilioh of tilrec prilary ellcod(l .
p

ilia
ll i-citicy I'., - Ip, - p. I in t eme direction

color images. 'lhus we see that a moire free color of gratings I and 2.
irnage can indeed be obtained. Since the last term of Eqtl. (7) rcprescns the Fourier

Wc shall now discuss the effct of moire l'ringc transform ol this moire fringc pattern, the resolution
pattern in more dtail. It is well known that a moire of the retrieved encoded color image (blue or green)
pattern is produced by the overlaying of two or more is limited by the size of the color spatial filtcrs. as
gratings [10. 11]. When two gratings of spacing a and h illustrated in figure 4. Therefore. the spatial frequcncy
arc superimposed with an obliquity angic of 0, the requirements of the gratings I and 2can bedctcrmincd
moire fringe spacing d can be written as by the following equation

habI3

d = ia + - 2 ab cos 0 p,(p+ 2 ph) (1

and this slope of the moire fringe is The resolution limit of retrieved color image is

b sin 0 l
tan 4= (12) P=I I = Pb, (16)b - osO 0 1.PP,-P P

* where h is the index of moire pattern (h 0, + , and the spatial frequency of the moire fringe pattern is
+ 2, ...) which represents the resultant moire fringes
as an indexed family of curves (see rcf. II). If these . p - ph I P (17)
two gratings are perpendicularly superimposed at an
angle 0 = 90,. then they form a cross grating pattern,
without moire fringes I11]. Thus, by proper selection of desirable grating fre-

On the other hand, if two gratings are parallel- quencies, which depends upon the resolution limit
superimposed on the top of the other (i.e., 0 = 00), of the object transparency, the spatial frequency
than a beating frequency parallel to those gratings content of the moire pattern can be determined. With
would occur. The corresponding fringe spacing is appropriate color filtering, the encoded Fourier

spectra as illustrated in figure 4, a moire free color
d hab image can be obtained.d = l - -" '(13)

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

2 71',itP. = d ---- -P 1 (14) In our experiment, we utilized three Kodak primary
color filters of No. 25. 47B and 58 for the encoding .'

where p. = 2 z,/a and p= 2 it/b are the spatial and decoding process. The characterizations of these
frequencies of the two gratings. filters, illuminated by standard A illuminant 112. 13],

We shall now investigate the moire fringe effects are specified by the C.I.E. diagram, as shown in
due the spatial encoding of figure 2. Since grating figure 5. The corresponding trichromatic coefficients
no. 3 is perpendicularly superimposed with grating of these filters are tabulated in the following

No. 25 - R* 6 150 A x = 0.68) Y, 0.320 z, = 0
No. 58 - G ) = 5 5M A x, = 0.302 j,, = 0.692 z, = 0.(0X), (18)
No. 47B - B* = 4 3) A xl, = 0.169 =, - 0.(X)7 z,,= (.824,

and W, x, = 0.448 Yw = 0.408 4 = 0.144.

where R. G*. B* and H'] denote the red, green, blue decoding filters are the same type of color filters used
w

and white colors, respectively, x y+ z = I. and for the encoding. The trichromatic coefficients arex. y. and zare the trichromatic coefficients obtained expected to be the same as those in Eq. (18). except
from the chromaticity coordinates of the C.I.E. for the white color, that is
chromaticity diagram 112. 13]. Grating frequency of
40 lines/mli is used for red and green color image 'xw = 0.310, y, = 0.316. Z,. = 0.374. (19)
encodings, and grating frequency of 26.7 lines/mm is
used for blue color image encoding. A xenon arc lamp We shall now illustrate that any choice of color can
is used for the white-light processing. and the color be reproduced by a simple transformation from C.I.E.

_.-,,"A



1 44

Y lici i' a 11C aiil I-% a1 l ie fii ICIII 011101 It L001h ILICII(S.

ly sLibsIitil ing IIle, I richromitIc coellicients (it I -,q. (I X)
11114 Iq4. (21I), we liaivt.

0.8 % R 1.8 (X ~ 0.714 V 0I140)/,
G -0(.915 X' + 1.944 Y + 01.171 Z . (22)

0.7IB 0.014 anX 0.031 Y + 2.810Z.

06 P The chromaticity coordinalies can be determined in

0.5 P1 the following definitions:

0. ~R -1.688 X -0.734 Y- 0.340 Z

0.4~~~ T+ G+ B 0.787 X +1.179 Y+ 2.641 Z'

W" G --0.915 X + 1.9441Y + 0.171 Z
Q3 R+G+B 6.78-7X+ 1.179 Y +2.4

and
0.2

b B _0.014X-0.031 1'+2.810Z
T R+G+ B 0.787 X +1.179 Y +2.641 Z'0.1

Er where r, g. and b are the chromaticity coordinates.
-x Thus, any choice of color can be one-to-one homo-

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 logously reproduccd with this color transformation.
Although the color retrieval is evaluated within

FI. .Croatciy oodiats nC.I.E. the triangle defined by R* G* B* of figure 5, any
Fic.5.-Ciaomaicit cordiaie '~color point outside the triangle can be replaced by the

nearness neighboring point onl thc boundary of tile
triangle, for example, p can be replaced by p'. Since
the hue is generally keeping it up, it will not introduce

to R * G * B * as described in the following equation significant adversed effect by human perception.
151 In practice, we need only to control the exposure ratio

of thle enicodings such that white color object can be

R = K, X + K2 Y~ + (3 Z, retrieved by a white-light processor. With riference
to these available exposure ratios, a broad dynamicG = K,4 X + K53 Y + K(, Z, (20) range of encodings onto a typical photographic plate

and B = K7 X + Ks Y + K9 Z, can then be achieved, as shown in figure 6.

where R, G, and B are the red, green, and blue color
tristimulus values, and X, Y, and Z are the C.I.E.
tristimulus values, and the K's arc arbitrary constants.

4 We note that these tristimulus values can be expressed
as 114, 151:

X xG .X11 20 C

7 Y Yc YB

R yiw - - ,10 -Kodake 546o Film

0WXGX Exposure range 0.03-02 mcs

XRt X Xj, 0 0! 0.2 0.3 04 05

* R Y ~ Exposure(mcs)

G yw R Z , (21) f
XR X14 XB .4

YR YNw Yn 0"

Zit Z Zi? 1.0- Kodak546oFilm
o Exposure range o oi-Ooo mcs

X R XG X

________ Us 10 .o 0.0
an -X11 X6, X14-- Log Exposure (mcs)

Y R YG Y" F (;. 6. -- A broad expo.ure range of ('n cofd ipis.



I111111MUFAF-AW Cr . K AM VW I VT IFf 1-IJ -- M

45
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hli our e xp)sl.neitLt, the encoding insp.iencies
are made by Kodak technical pan filn 2415 and -. i.a Kodak
K lki ljllin| S.I(,(. 'I lie nntv;ntai tt i, nn '2l/, /le I. ,,

Kodak lihn 24 15 is lhat it is I low contrast filin wilh Non / o5.beohn
it icIm iw'ly lat spt 'ial it-'sn . eto . -t% slitwin iii lipul " 7. /
t he di advantage is that this film is coated with a ,
thin layer of dyed-gel backing. for which it introduces .

;Iddit ional noise through the bleaching process.
Although the microfilm used is a clear base film, a

however. it is a high gamma film and the spectral - 30 !.o 0o
response decreases somewhat in the red color region, o(mc

as shown in figure 7. In order to compensate this low V 20 0 e46oF,s o e h t i h e o o e i n /x~ N o Blea ched

spectral response. one would encode the red wave- x No-bleached
length with a higher exposure. Needless to say that.

, a, the resolution and contrast of the retrieval color image
are also affected by this developing process of the film.

It should emphasize that. to avoid the shoulder o
region of the D-E curve, the film should be preexposed.
Otherwise. it would introduce low exposure nonlinear o
/, effect which causes color unbalance in the retrieval xs. 0.0efetwihcassclrunaac nth erea Log Exposufelmcs)

image. The plots of diffraction efficiency versus
exposure for Kodak 2415 and 5460 films with Fi;. .- - 71 lifix ol dillration, ciitlitic versus Ct.\7,,nr(, Itor

40 lines/rim sampling frequency. are plotted in figure 8. Kodak.lihn 2415 and 5460 Ior a 40 lnes/mm sampling.
From the figure. we see that the bleached encoded
films offer a higher diffraction efficiency, the optimum
value occurs at exposures 8.50 x 10-' mcs and
1.95 x 10' 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. the original color transparency as shown in figure /0.
Second, by subdividing the remaining exposure, taken By comparing the results of ligure 9 with figure 10.
the account of the film spectral response, into three we see that the retrieval color images are spectacularly
parts for the red, green, and blue color images. faithful, with virtually no color cross-talk. Although

* For experimental demonstrations, we would like the resolution and contrast are still far below the
to provide two results obtained by Kodak 2415 and acceptable stage for applications, however these
Kodak 5460 encoding films, as shown respectively drawbacks may be overcome by utilizing a more
in figures 9a and 9b. From these figures we see that suitable film. for which a research program is currently
the moire free color images can indeed be obtained, under investigation. We are confident that bettcr
We also see that the retrieved color image, obtained results would be obtained from our future research
by this Kodak Microfilm 5460, provides a higher in this program.
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- CONCLUSION
gel backing causes additional noise level through In conclusion, we would like to point out that.".,', bleaching process. For comparison, we also provide Incclsow wudlieopitouth.
bp ossa technique of spatial encoding for archival storage

of color films utilizing a white-light processing is
presented. The encoding is taken place with red color
image on onc independent coordinate, and blue and

2.0 green color images on another independent coordinate,
so that the moire free color image can be retrieved

e1.0" KadoS 24laFilm a the output plane. We have also introduced a
Ie ,bleaching process to convert a negative encoded

image into a phase object encoded transparency.
00 - in which the step of generating a positive encoded

K~odak 5461 01" transparency can be avoided. Experimental results
show that spectacularly faithful color images can be

7o obtained with the technique. Although the resolution
, and contrast are still below the general acceptable

I I,, stage for practical application. however bN using a
5900 3500 4000 4500 5000 5500 0ooo 6500 ?000 more suitable encoding film these drawbacks may be

Wavelength (1) eliminated.

We acknowledge file support of tit, U.S. Air Foirce
K. FIG. 7. - Spectral responses of Kodak nlit-s 2415 and 5460. Office of Scienrific Research grant A FOSR-81-0148.
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- iG. 9. - Colo pictures reproduced hi this technique.

(a) obitned h v Kodak 2415:
(b) obtained b.1 K odak 5460.
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* - I. INTRODUCTION

* Signal processing originated with a group of electrical engineers whose
1% ~~~inleresI wasN ma~inly cuitered on dlcilricatJ tommufliali ot. Nonel heless, from)

the very beginning of the development of signal processing. thc interest in its
applicafion (o imauge proccssing has ncvcr been totlly disregarded. InI rcent
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demonstrated that filhe white-light iniage processor is v'ery economlhca ad
easy to operate, in contrast withI coherent counterparts. Therefore we woil[(

ex pect that the whIitc-ligl imalae 1)i-ccssor would oiler it broader rangc of
application to many scientific imageries.

In this chapter. we have also described sonic of the recent adv'ances 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
operations can be evaluated from the stand point of conventional linear
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 electro-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
threshold of widespread application. I hope that this chapter will serve a basic

r. 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.
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